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Abstract 
While Saccharomyces cerevisiae is a popular organism to produce ethanol, its fermentation performance is affected at high 
sugar concentrations due to osmotic stress. We hypothesized that adaptation under ionic stress conditions will improve 
the fermentation performance at high sugar concentrations due to cross-stress adaptation. We, therefore, adapted a high-
performance yeast strain, S. cerevisiae CEN.PK 122, to increasing salt concentrations in an industrial medium. Control cells 
were adapted in the medium without added salt. The cells adapted to 3.5% (w/v) salt concentration demonstrated a superior 
performance when fermenting 10–30% (w/v) glucose. When fermenting 30% (w/v) glucose, the ethanol yields of the adapted 
cells (0.49 ± 0.01 g  g−1) were about 30% higher than the control cells (0.37 ± 0.01 g  g−1) and are comparable with the best 
reported to date for any medium employed. Similar improvements were also observed when fermenting 10% (w/v) sucrose. 
However, little improvement in fermentation was observed at the higher temperature tested (40 °C), even though the growth 
of the adapted cells was greater when tested in YPD medium. The improvements in fermentation at 30 °C were primarily 
related to the faster growth of the adapted cells and not to an increase in specific intake rates. Additionally, a significantly 
reduced lag phase was also observed when fermenting 30% (w/v) glucose. Thus, our work shows the application of a simple 
strategy to significantly improve high-gravity fermentation (HGF) performance through adaptation.
Key points  
• Cell adapted on 3.5% NaCl made 28% more ethanol when fermenting 30% glucose.
• The adapted cells had reduced lag phase, grew faster, and produced less glycerol.
• The improvements were not related to increased specific rates of production.
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Introduction

Industrial bioethanol production typically employs 
Saccharomyces cerevisiae because it can produce high 
ethanol titers and provide high rates of fermentation 
(Dhar et al. 2011). Another advantage of S. cerevisiae 
over other fermentative organisms such as Escherichia 

coli and Zymomonas mobilis is that the biomass can be 
used as a feed which adds value to the whole process. 
However, this also means that the yeast used should not be 
a genetically modified organism (GMO). The economics 
of industrial fermentations can be improved by fermenting 
a high concentration of sugar (Pereira et al. 2010). Most 
yeast strains show reduced fermentation efficiency when 
fermenting high-gravity sugar solutions and at elevated 
temperatures (Kitichantaropas et al. 2016).

Exposure to high-gravity sugar solution causes osmotic 
stress to yeast cells. Previous studies suggest that there is a 
significant overlap in the osmotic and ionic stress responses 
and in ionic stress and heat stress responses (Melamed et al. 
2008; Dhar et al. 2011; Szopinska et al. 2011; Pandey et al. 
2019). Exposure to salt stress leads to systemic changes in 
yeast cells at multiple levels (Mulet et al. 1999; Melamed 
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et al. 2008). Short-term exposure to NaCl stress and high 
glucose has been shown to negatively impact the formation 
of beta-glucan during alcoholic fermentation (Varelas et al. 
2017). However, most previous studies have looked into the 
short-term responses of the cells to the stresses (Aguilera 
et al. 2010; Dragosits and Mattanovich 2013).

S. cerevisiae has many advantages for adaptive evolution 
studies due to its ease of culture and well-established meth-
ods for its analysis and molecular manipulation. Given the 
overlap in cellular responses to osmotic and ionic stresses 
and the ease of adaptation of S. cerevisiae, we hypothesized 
that long-term adaptation in ionic stress conditions should 
improve the fermentation performance of S. cerevisiae in 
high-gravity fermentation. We have chosen ionic stress over 
heat stress based on two reasons: (a) while some correla-
tion between heat and osmotic stress has been suggested 
in the literature, we believe that osmotic and salt stresses 
have greater similarity than heat and osmotic stress. (b) In a 
typical lab, adaptation at higher temperature would require 
purchasing a separate shaking incubator—a significant 
additional expenditure and space requirement, which may 
not be feasible. Ionic stress adaptation is, therefore, easier 
to implement and is likely to be more effective than heat-
stress adaptation for high-gravity fermentations. We have 
used CEN.PK 122 cells for testing the effect of adaptation 
because previous studies have indicated that these cells have 
comparative fermentation performance to CEN.PK 113-7D 
cells when fermenting a high-gravity sugar solution (Pereira 
et al. 2010b). Our results show that adaptation to salt stress 
in 10% (w/v) glucose improves fermentation performance 
in both normal-gravity (10% w/v sugar) and high-gravity 
(30% w/v glucose) fermentation. Thus, our work suggests 
salt-stress adaptation as a simple, non-GMO method, to sig-
nificantly improve ethanol titers and fermentation rates in an 
industrial medium and should, in principle, be applicable to 
other industrial strains.

Material and methods

Medium components

We have used a cost-effective medium, originally developed 
by Pereira et al. (2010a) for high-gravity fermentations, for 
both adaptation and fermentation. The medium components 
including glucose, yeast extract, peptone, and agar were 
obtained from Hi-Media Laboratories (Mumbai, India). 
Corn steep liquor (CSL) was obtained from Sigma (India). 
All chemicals used were of analytical grade unless men-
tioned otherwise. The medium contained 10% (w/v) glucose 
as the carbon source, 3% (v/v) CSL, 2.3 g  L−1 urea, 3.8 g  L−1 
 MgSO4·7H2O, and 0.03 g  L−1  CuSO4·5H2O (Pereira et al. 
2010). The initial pH of the medium was set to 5 (Ganigué 

et al. 2016). For very high-gravity (VHG) fermentation, the 
medium contained 30% (w/v) glucose and 5% (v/v) CSL. 
The medium was sterilized by filtering through a 0.22-µm 
polystyrene membrane. For fermentations in YPD medium, 
yeast extract (10 g  L−1) and peptone (20 g  L−1) were dis-
solved in water and autoclaved at 121 °C for 20 min. Upon 
cooling, a filter-sterilized 50% (w/v) glucose solution was 
aseptically added to the medium to a final concentration of 
2% (w/v).

Yeast strain and basic culture conditions

S. cerevisiae CEN.PK 122 cells were maintained at 30 °C 
in 250-mL Erlenmeyer flasks containing 50 mL culture. 
The flasks were shaken at 180 rpm in a shaking incuba-
tor (New Brunswick Innova 44R, Eppendorf AG, Ham-
burg, Germany). For long-term preservation, the cells were 
resuspended in a medium containing 25% (v/v) glycerol and 
stored at − 80 °C.

Adaptation of S. cerevisiae to increasing 
concentration of salt (NaCl)

The adaptation was performed by serial passaging every 
24 h in 250-mL shake flasks. Cells were seeded at an 
optical density  (OD600) of 1.0 in the shake flasks. For 
adaptation to increasing concentrations of NaCl, the 
cells were grown in 10% (w/v) glucose and the NaCl 
concentration in the medium was increased gradually 
from 0.5 to 3.5% (w/v), as detailed below. Control cells 
were passaged in parallel, but in the control medium 
without any added salt.

For the adaptation, every step change in NaCl 
concentration was made on agar plates and the colony 
obtained was then transferred to a liquid medium 
containing the same concentration of NaCl. Initially, 
the control (unadapted) cells were streaked onto a plate 
containing 0.5% (w/v) NaCl. Once the colonies appeared, 
the largest colony was transferred to the liquid medium 
containing 0.5% (w/v) salt and passaged every 24 h. Once 
the culture started to grow well, the culture was spread 
on plates containing 1.5% (w/v) NaCl and the largest 
colony obtained was then transferred to a liquid medium 
containing 1.5% (w/v) NaCl and serially passaged every 
24 h. Again, when a luxurious growth appeared, i.e., there 
were 1.5 ×  108 colony-forming units per mL of culture, 
the culture was plated on agar plates containing 2.0% 
(w/v) NaCl and the process was repeated. Finally, the 
NaCl concentration was increased to 3.5% (w/v), first in 
agar plates and then in liquid medium. To account for the 
possibility of improved fermentation due to continuous 
passaging in a medium containing 10% (w/v) glucose, 
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the control cells were also passaged in parallel in the 
industrial medium without any added NaCl. When the 
control cells were plated on plates containing NaCl, no 
colonies appeared. This indicated that the adapted cells, 
but not the control cells, have become salt-tolerant.

Fermentation experiments

All the fermentation experiments were conducted in 500-
mL Multivessel fermenters (Multifors 2, Infors HT, Swit-
zerland) containing 300 mL medium with 300-rpm stir-
ring and no aeration. Also, the pH of the media was not 
adjusted during the course of the fermentations.

For growth studies on YPD medium, the cells previ-
ously adapted in the industrial medium were centrifuged 
and resuspended in the YPD medium. The culture was 
then inoculated in the fermenters containing 300 mL of 
YPD medium with an initial OD of 1.0.

The inocula for the fermentation experiments were also 
grown in the same fermenters at 30 °C in the medium 
without any added salt. The incubation periods of the 
inocula for the control and the adapted cells were 12 and 
9 h, respectively. These time periods were chosen to ensure 
that (a) the two inocula were in exponential growth phase, 
(b) the ODs of the two inocula were similar (18.82 ± 0.96 
for control cells and 17.41 ± 0.81), and (c) at least half of 
the glucose initially added in the inocula remained unu-
tilized (remaining glucose was 59.3 ± 2.11 g  L−1 for the 
control cells and 51.61 ± 1.9 g  L−1 for the adapted cells). 
Culture samples at the desired time points after inocula-
tion were taken using a sampler attached to the fermenters 
(Supersafe, Infors HT, Switzerland).

Fig. 1  Improvement in the growth of cells with passaging in a 
medium containing 3.5% (w/v) NaCl. The cells previously grown in 
a medium containing 2% (w/v) NaCl (passage 0) were passaged sev-
eral times in the medium containing 3.5% NaCl and the change in the 
OD in 24-h period was recorded for each passage. Data presented as 
mean ± S.D. of n = 3 independent replicates

Fig. 2  Growth of the control and the salt-adapted cells when grown 
in YPD medium containing 2% (w/v) glucose at 30 °C (top row, a–c) 
or at 40 °C (bottom row, d–f) in the presence of increasing concen-

tration of 0% (a and d), 1.5% (w/v, b and e) and 3.5% (w/v, c and f) 
NaCl. Asterisk represents statistically different values from the con-
trol cells, p < 0.05, n = 2 independent fermenter runs
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Analysis of substrate consumption and product 
formation

Glucose, sucrose, and ethanol in the culture medium were 
analyzed using HPLC (1260 Infinity, Agilent Technolo-
gies, Santa Clara, CA, USA) as follows: 1 mL culture 
was sampled at the desired time points and centrifuged at 
9300 × g for 10 min. The supernatant was filtered using a 

0.22-μm nitrocellulose syringe filter (Millipore). For the 
HPLC analyses, 10 μL of the appropriately diluted and 
filtered supernatant was injected into an Aminex HPX 87H 
(300 × 7.8 mm) column (Bio-Rad, India) maintained at 
40 °C. Four millimolars of  H2SO4 was used as the mobile 
phase at a flow rate of 0.3 mL/min. A refractive index (RI) 
detector was used to detect the molecules. The molecules 
were quantified by dividing the sample peak area with the 
peak area of standards at their specific retention times.

Strain reusability experiment

We seeded the medium containing 30% (w/v) glucose with 
1.0 OD of the cells, and the fermentation was continued up 
to 120 h. We call this the fermenter 1 (F1). Three subse-
quent fermenters (F2–F4) were inoculated at  OD600 of 1.0 
with the inoculum coming from the preceding fermenter.

Calculation of lag time or  (tlag)

The lag time for the cells growing in the 30% (w/v) glucose 
was calculated for the period where exponential growth was 
observed using the formula given below:

where x(t) is the OD at time t, x0 is the initial OD, μ is the 
specific growth rate of the culture, and tlag is the lag time.

Taking natural log (ln) and solving for tlag we get:

Statistical analysis

All the experiments were performed in biological duplicates 
and the data are expressed as mean ± S.D. of two independ-
ent fermenter runs. All data were statically analyzed and 
plotted using Sigma Plot version 12.5, SYSTAT Software 
Inc. Statistical significance was calculated using the paired 
Student t-test.

x(t) = x0 + e
�(t−tlag)

tlag = t −
1
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Fig. 3  Growth and fermentation profiles of control and salt-adapted 
cells when grown in a medium containing 10% (w/v) glucose without 
NaCl at 30 °C. a Growth profile of the cells. b Glucose consumption 
and ethanol production profiles. Asterisk represents statistically dif-
ferent values from the control cells, p < 0.05, n = 3 independent fer-
menter runs

Table 1  Fermentation parameters of the cells when grown on 10% (w/v) glucose at 30 °C

The growth rate was calculated for the logarithmic growth phase (3–12 h for control and 0–9 h for adapted). The consumption and production 
rates were calculated for the period where a linear consumption or production was observed (6–18 h for control, 3–15 h for adapted) and the spe-
cific intake or production rates were calculated in approximately the middle of this period (9 h time point for both cell types). See Supplemen-
tary File, Table S1 for individual values. Data presented as mean ± S.D. of n = 3 independent fermenter runs. *p < 0.05

Cell type Growth rate  (h−1) Glucose uptake rate (g 
(L h)−1)

Ethanol production rate 
(g (L h)−1)

Specific uptake rate (g 
(g h)−1)

Specific produc-
tion rate (g (g 
h)−1)

Control 0.26 ± 0.01 4.87 ± 0.35 2.53 ± 0.01 0.68 ± 0.07 0.35 ± 0.04
Adapted 0.32 ± 0.02* 6.20 ± 0.19* 3.10 ± 0.06* 0.53 ± 0.02* 0.27 ± 0.02*
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Results

Adaptation of cells in the control medium 
and the medium containing 3.5% (w/v) NaCl

Figure 1 shows that with continuous passaging in the liq-
uid medium containing 3.5% NaCl, the OD of the cultures 

after 24 h of inoculation increased with increasing number 
of passages. There was an increase in the 24-h growth until 
about 64 passages, and thereafter, no further increases were 
observed. Note that the cells for adapting at 3.5% NaCl con-
centration (the passage number 0 here) came from a culture 
that was previously adapted to grow on 2.0% (w/v) NaCl. 
The control cells did not grow in the medium containing 
3.5% salt (not shown).

Growth in YPD medium containing different 
concentrations of salt at 30 °C and 40 °C

The adapted cells grew to a higher OD in all the condi-
tions tested (Fig. 2). The difference in the OD between the 
salt-adapted and the control cells was significantly greater 
(p < 0.05 using t-test, Supplementary File) when the cells 
were grown in the medium containing 3.5% salt as com-
pared to the lower salt concentrations tested at 40  °C 
(Fig. 2F). However, the difference was not significantly 
greater at 30 °C (p = 0.06, Fig. 2C).

Growth and fermentation of salt stress–adapted 
and control cells in normal (lacking NaCl) medium 
containing 10% (w/v) glucose or sucrose

The growth rates of the control and the adapted cells 
in the normal medium containing 10% glucose were 
0.26 ± 0.01   h−1 and 0.35 ± 0.02   h−1, respectively. Simi-
larly, the  OD600 of the cells at the 12-h time point (the time 
point where the  OD600 difference was the maximum) was 
17.2 ± 2.0 and 27.9 ± 1.5, respectively, i.e., a difference of 
62%. The adapted cells reached the stationary phase in just 
15 h, while the control cells took 21 h to reach the same 
(Fig. 3a). There was no significant difference (p > 0.05) in 
the final OD of the adapted and control cells, which was 
approximately 35 ± 2.7. Both types of cells completely 
utilized the 10% glucose in 27 h. The final ethanol titer of 
the adapted cells was greater (43.0 ± 0.5 g  L−1) than that 
of the control cells (40.4 ± 0.7 g  L−1) (Fig. 3b). The etha-
nol productivities for the control and the adapted cells were 
2.53 ± 0.01 and 3.07 ± 0.05 g (L h)−1, respectively. The other 
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Fig. 4  Growth and fermentation profiles of control and salt-adapted 
cells when grown in a medium containing 10% sucrose (w/v) without 
NaCl at 30 °C. a Growth profile of the cells. b Sucrose consumption, 
and ethanol production profiles. Asterisk represents statistically dif-
ferent values from the control cells, p < 0.05, n = 2 independent fer-
menter runs

Table 2  Fermentation parameters of the cells when grown on 10% (w/v) sucrose at 30 °C

The specific growth rates were calculated for the logarithmic growth phase (0–20 h for both cell types). The consumption and production rates 
were calculated for the period where a linear consumption or production was observed (10–25 h for both cell types) and the specific intake 
or production rates were calculated in approximately the middle of this period (15-h time point for both cell types). See Supplementary File, 
Table S2 for individual values. Data presented as mean ± S.D. of n = 2 independent experiments. *p < 0.05

Cell type Growth rate  (h−1) Sucrose uptake rate (g 
(L h)−1)

Ethanol production rate 
(g (L h)−1)

Specific uptake rate (g 
(g h)−1)

Specific produc-
tion rate (g (g 
h)−1)

Control 0.17 ± 0.01 3.60 ± 0.07 1.78 ± 0.12 0.70 ± 0.11 0.34 ± 0.04
Adapted 0.26 ± 0.02* 4.12 ± 0.03* 2.09 ± 0.07 0.48 ± 0.04 0.24 ± 0.03
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fermentation parameters are given in Table 1. The values 
of the fermentation parameters for the individual replicates 
along with the time period for which the specific values were 
calculated are provided in Supplementary File, Table S1. 
There was about 40% increase in the volumetric glucose 
uptake rate and a 20% increase in the ethanol production rate 
of the adapted cells as compared to control cells. However, 
the specific intake rates and production rates of the adapted 
cells were slightly lower than that of the control cells. All 

the above stated differences were statistically significant 
(p < 0.05).

When sucrose was used as the carbon source, the 
maximum OD of the control and the adapted cells were 
33.9 ± 0.4 and 36.6 ± 0.6, respectively (Fig. 4a) after 40 h 
of culture (p < 0.05). The final ethanol concentrations 
were 46.83 ± 0.12 g  L−1 and 50.0 ± 0.2 g  L−1 (Fig. 4b) for 
the control and the adapted cells and the ethanol yields 
were 0.47 ± 0.01 g  g−1 and 0.50 ± 0.02 g  g−1, respectively 
(p < 0.05 for both ethanol titers and yields). Thus, the fer-
mentation efficiency was 85% for the control cells and 92.5% 
for the adapted cells. The fermentation parameters are given 
in Table 2. The values of the fermentation parameters for the 
individual replicates along with the time period for which 
the specific values are reported are provided in Supplemen-
tary File, Table S2. The growth rate and the volumetric 
sucrose uptake rate of the adapted cells were significantly 
greater than that of the control cells (p < 0.05). The other fer-
mentation parameters were also improved by approximately 
20% in the adapted cells as compared to control cells, though 
the differences were not statistically significant.

Fermentation performance of the control 
and the salt‑adapted cells at 40 °C

There was no significant difference in the specific growth 
rates of the control and adapted cells when grown at 40 °C 
with 10% (w/v) glucose in the industrial medium (Fig. 5a). 
The cultures reached similar ODs of about 32.3 ± 0.7 in 
50 h of fermentation. The ethanol titers of the cultures 
with the control and the adapted cells were 40.5 ± 0.7 g 
 L−1 and 43.8 ± 1.2 g  L−1 (p > 0.05) respectively in 50 h 
of fermentation (Fig. 5b). The yield of the process was 
0.429 ± 0.002 g  g−1 and 0.454 ± 0.008 g  g−1 (p = 0.055) for 
the control and adapted cells, respectively. While the volu-
metric and specific glucose intake rates were slightly higher 
for the adapted cells than the control cells, the difference was 
not statistically significant (Table 3). Similarly, the ethanol 
volumetric or specific productivities were also not differ-
ent. The values of the fermentation parameters for the indi-
vidual replicates along with the time period for which the 
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Fig. 5  Growth and fermentation profiles of control and salt-adapted 
cells when grown in a medium containing 10% (w/v) glucose without 
NaCl at 40 °C. a Growth profile of the cells. b Glucose consumption 
and ethanol production profiles. Data presented as mean ± S.D. of 
n = 2 independent fermenter runs. Asterisk denotes p < 0.05

Table 3  Fermentation parameters of the cells when grown on 10% (w/v) glucose at 40 °C

The specific growth rates were calculated for the logarithmic growth phase (0–25 h for both cell types). The consumption and production rates 
were calculated for the period where a linear consumption or production was observed (10–30 h for both cell types) and the specific intake 
or production rates were calculated in approximately the middle of this period (15-h time point for both cell types). See Supplementary File, 
Table S3 for individual values. Data presented as mean ± S.D. of n = 2 fermenter runs

Cells Growth rate  (h−1) Glucose uptake rate (g 
(L h)−1)

Ethanol production rate (g 
(L h)−1)

Specific uptake rate (g 
(g h)−1)

Specific produc-
tion rate (g (g 
h)−1)

Control 0.12 ± 0.01 3.10 ± 0.13 1.48 ± 0.10 1.06 ± 0.12 0.51 ± 0.01
Adapted 0.12 ± 0.01 3.67 ± 0.23 1.55 ± 0.04 1.33 ± 0.01 0.56 ± 0.06
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specific values are reported are provided in Supplementary 
File, Table S3.

Very high‑gravity fermentation of the control 
and the salt‑adapted cells

There was a significantly longer lag phase of 5.1 ± 0.2 h 
in the control cells compared to just 0.98 ± 0.15 h for 

the adapted cells (p < 0.01, Supplementary File) when 
fermenting 30% (w/v) glucose (Fig.  6a). The adapted 
cells also grew at a faster rate when grown on 30% (w/v) 
glucose (Table 4). The adapted cells reached stationary 
phase after 30 h of growth while the control cells took 
39 h for the same. The highest ODs, reached after 48 h 
of fermentation, were about 28 and 31 for the control 
and the adapted cells, respectively (p < 0.05). Both 
types of cells increased their ethanol titers until about 
84 h (Fig. 6b). The ethanol titer for the adapted cells 
was significantly higher than that for the control cells 
throughout the fermentation. The highest ethanol titers 
reached were 137 ± 1.4 g  L−1 and 106 ± 1.8 g  L−1 for the 
adapted and the control cells, respectively (p < 0.01). This 
corresponds to a 28% increase in the ethanol titers. The 
titers correspond to ethanol yields of 0.37 ± 0.005 g  g−1 
and 0.487 ± 0.007 g  g−1 for the control and the adapted 
cells, respectively (p < 0.01). Therefore, the fermentation 
efficiencies were 72.5% and 95.4% for the control and 
the adapted cells, respectively. The volumetric ethanol 
productivities were 1.83 ± 0.06 g (L h)−1 and 2.21 ± 0.05 g 
(L h)−1 (p < 0.05) for the control and adapted cells, 
respectively. The other fermentation parameters are shown 
in Table 4. The values of the fermentation parameters for 
the individual replicates along with the time period for 
which the specific values are reported are provided in 
Supplementary File, Table S4. The specific uptake rate 
was increased by 25% in the adapted cells compared to 
the control cells.

The control cells produced a maximum of about 65 g 
 L−1 glycerol while the adapted cells produced only about 
34 g  L−1 (p < 0.05) (Fig. 6c). The glycerol levels increased 
until about 90 h in the control cells and until 60 h in 
the adapted cells. A slight consumption of the glycerol 
produced was seen beyond these times. Therefore, in the 
adapted cells, the carbon that is otherwise lost as glycerol 
in the VHG fermentation is significantly reduced and this 
could be one of the reasons for the high yield of ethanol 
in the adapted cells.

Reusability of the cells in 30% glucose

We seeded the 30% (w/v) VHG broth with 1.0 OD of 
the adapted cells, and the fermentation was continued 
for up to 120 h. We call this fermenter 1 (F1) and the 
subsequent fermenters were serially inoculated (Fig. 7). 
It was observed that the adapted cells maintained their 
performance until the F3. In F4, the titers got reduced 
by 20 g  L−1 in comparison to F1 (p < 0.05). Therefore, 
the adapted cells were able to maintain their fermenta-
tion performance up to 480 h of continuous fermentation 
though longer culture without the salt stress reduced their 
performance.
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Fig. 6  Growth and fermentation profiles of control and salt-adapted 
cells when grown in a medium containing 30% (w/v) glucose without 
NaCl at 30 °C. a Growth profile of the cells. b Glucose consumption 
and ethanol production profiles. c Glycerol production profile. Data 
presented as mean ± S.D. of n = 2 independent fermenter runs. Aster-
isk denotes p < 0.05
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Discussion

Some previous studies have used SD medium or mild 
aeration while reporting similar yields with VHG 
fermentation (Kucharczyk and Tuszyński 2017; Pandey 
et al. 2019; Henriques et al. 2018). However, such medium 
or process modifications are costly to implement at a 
large scale (Humbird et al. 2017). In this paper, we have 
presented salt-stress adaptation as a simple-yet-effective 
method to improve VHG fermentation, improving the 
titers by about 30% and increasing the efficiency very 
significantly. The titers and the fermentation efficiency 
that we have achieved by our simple method, in a simple 
medium and using a simple process, are comparable to 
the best reported in the literature at 30% glucose in any 
medium. We have used serial passaging for the adaptation 
because it is significantly less dependent on equipment 

and easier to implement. An alternative to potentially 
speed up the process of adaptation could be to use 
chemostats (Li et al. 2018). Also, while we have used 
NaCl as the ionic stress inducer, other salts, e.g., KCl, 
may also produce a similar response. However, because 
higher intracellular concentration of NaCl is more toxic 
to the cells than higher KCl, it is likely that the adaptation 
on NaCl activates more cytoprotective pathways.

Growth in the medium with 30% (w/v) glucose 
impacted several cellular parameters compared to growth 
in the medium with 10% glucose. This included growth 
rate, final OD, and specific glucose intake rate. The salt 
stress–adapted cells, on the other hand, were less impacted 
by exposure to 30% glucose. The titers and the fermen-
tation efficiency that we have achieved by our simple 
method, in a simple medium and using a simple process 
are comparable to the best reported in the literature at 30% 
glucose in any medium.

While the specific growth rate of the cells was reduced 
by half or more at 40 °C compared to 30 °C in the indus-
trial medium, the specific consumption and production 
rates (increased by about 50%. These results indicate that 
cells require greater energy to sustain themselves at higher 
temperatures and the salt adaptation-induced changes do 
not confer a significant resistance against high-temperature 
stress in the industrial medium. However, the adapted cells 
grew faster at 40 °C compared to the control cells in YPD 
medium (Fig. 4d–f). Thus, the cross-stress response of 
salt-stress adaptation for heat stress is weak and dependent 
on the culture medium employed.

The salt stress–adapted cells showed faster growth and 
higher volumetric intake and production rates, but not 
higher specific intake rates when fermenting glucose or 
sucrose in the industrial medium at 30 °C. Identifying the 
molecular basis of the adaptive evolution (Gresham and 
Dunham 2014) will provide insights into the mechanism 
of improved growth and fermentation performance under 
VHG conditions.

Exposure to high-osmolarity solutions has been shown to 
activate the high-osmolarity glycerol (HOG) pathway that 
increases the production of the osmoprotectant glycerol by 

Table 4  Fermentation parameters of the cells when grown on 30% (w/v) glucose at 30 °C

The specific growth rates were calculated for the logarithmic growth phase (9–24 h for the control cells and 3–15 h for the adapted cells). The 
consumption and production rates were calculated for the period where a linear consumption or production was observed (see Supplementary 
File for the specific period) and the specific intake or production rates were calculated in approximately the middle of this period (48-h time 
point for both cell types). See Supplementary File, Table S4 for individual values. Data presented as mean ± S.D. of n = 2 independent fermenter 
runs. *p < 0.05

Cells Growth rate  (h−1) Glucose uptake rate (g 
(L h)−1)

Ethanol production rate (g 
(L h)−1)

Specific uptake rate (g 
(g h)−1)

Specific produc-
tion rate (g (g 
h)−1)

Control 0.15 ± 0.01 5.54 ± 0.04 1.83 ± 0.06 0.47 ± 0.01 0.16 ± 0.01
Adapted 0.19 ± 0.01* 6.95 ± 0.21* 2.21 ± 0.05* 0.60 ± 0.03* 0.19 ± 0.01*
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Fig. 7  Performance of the salt stress–adapted cells for serial fermen-
tations of 30% (w/v) glucose. The salt-adapted cells were serially 
tested for four fermenter runs in presence of 30% glucose and not 
containing any added NaCl. The cells from the previous fermenter 
run (e.g., F1) were used to inoculate the next fermenter run (e.g., F2). 
The optical density (OD 600 nm) and ethanol and glycerol titers were 
measured. Data presented as mean ± S.D. of n = 2 independent fer-
menter runs. Asterisk denotes p < 0.05
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the cells (Hohmann 2002; Tekolo et al. 2010; Pastor et al. 
2013; Heit et al. 2018). The reduced glycerol production in 
the adapted cells during the VHG fermentation indicates 
alternative mechanisms of osmoprotection such as increased 
level(s) of some other osmoprotectant(s), activation of efflux 
pumps, or changes in membrane composition.

Given that our strain was adapted to grow in 3.5% 
(w/v) NaCl concentration, it is also pertinent to compare 
the performance with marine strains that are exposed to 
similar salt concentrations. The ability of marine strains 
to ferment in seawater has been proposed to reduce the 
freshwater footprint of the bioethanol process (Zaky et al. 
2018). Some salt-tolerant yeast strains were isolated from 
toddy (alcoholic beverage) and had shown improved fer-
mentation at 30 °C and 40 °C in presence of 7.5% NaCl 
in the YPD medium (Arachchige et al. 2019), a labora-
tory medium. Our adapted cells also show a significantly 
reduced lag phase and higher ODs in YPD medium in the 
presence of 3.5% NaCl at 30 °C and 40 °C (Fig. 2C and F).

Thus, our work shows the utility of the salt-stress adap-
tation to improve the HGF of yeast cells in an industrial 
medium which may be applicable to other strains as well.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00253- 021- 11566-7.
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