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. Current technologies for bioethanol production rely on the use of freshwater for preparing the

. fermentation media and use yeasts of a terrestrial origin. Life cycle assessment has suggested that
between 1,388 to 9,812 litres of freshwater are consumed for every litre of bioethanol produced.
Hence, bioethanol is considered a product with a high-water footprint. This paper investigated the
use of seawater-based media and a novel marine yeast strain ‘Saccharomyces cerevisiae AZ65' to
reduce the water footprint of bioethanol. Results revealed that S. cerevisiae AZ65 had a significantly

. higher osmotic tolerance when compared with the terrestrial reference strain. Using 15-L bioreactors,

. S. cerevisiae AZ65 produced 93.50 g/L ethanol with a yield of 83.33% (of the theoretical yield) and a

© maximum productivity of 2.49 g/L/h when using seawater-YPD media. This approach was successfully
applied using an industrial fermentation substrate (sugarcane molasses). S. cerevisiae AZ65 produced

: 52.23 g/L ethanol using molasses media prepared in seawater with a yield of 73.80% (of the theoretical

: yield) and a maximum productivity of 1.43 g/L/h. These results demonstrated that seawater can
substitute freshwater for bioethanol production without compromising production efficiency. Results

. also revealed that marine yeast is a potential candidate for use in the bioethanol industry especially

: when using seawater or high salt based fermentation media.

. An ever-growing population and shifting demographics have led to a continuous increase in global demand for
energy. Total world energy consumption is predicted to rise from 549 quadrillion British thermal units (Btu)
* in 2012 to 815 quadrillion Btu in 2040'. Therefore, world CO, emissions related to energy will rise from 32.20
. billion metric tons in 2012 to around 43.20 billion metric tons in 2040 with an increase of 34% over the projected
. period!. The Inter-Governmental Panel on Climate Change (IPCC) has reported that, among greenhouse gases,
CO, accounts for nearly 55% of the global warming, and therefore, reduction of CO, emissions from fossil fuels
is an urgent issue to reduce the global warming trend®. Increasing awareness of global warming, climate change
combined with petrol price rises has led to the search for alternative sustainable sources of energy. Bioethanol has
© been considered one of the best fuel alternatives because it is a liquid fuel and has similar characteristics to petrol.
° Hence, governments in many countries have implemented policies to increase the percentage of bioethanol in
. their fuel mixes. These policies have promoted a three-fold increase in bioethanol production over the past decade
© (2000-2010)°.
The Agriculture Organization of the United Nations (FAO) projected that global ethanol production will
* increase from about 120 billion L in 2016 to nearly 137 billion L by 2026*. However, the water footprint (WF) of
. bioethanol ranges from 1,388 to 9,812 litres of water for each litre of ethanol produced; with the majority of the
© water used in the cultivation of the substrate crops®. With the increasing concern about water shortage, water con-
sumption could be a potential barrier for the expansion of bioethanol production. Gerbens-Leenes and Hoekstra
. concluded that global freshwater resources are limited and allocation of water for bioethanol production on a
- large scale will be at the cost of water allocation for food and other usages. Therefore, the water usage issue could
: soon be included in the food and land usage debate®.
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Several approaches could be applied to reduce water footprint of bioethanol including the use of marine
biomass instead of land based biomass and the replacement of freshwater with seawater in the fermentation
process”®. Seawater accounts for about 97% of the world’s water and covers approximately 71% of the world’s
surface. It is a renewable water source and readily accessible in many countries around the world. Hence, the use
of seawater for preparing the fermentation media could be an attractive approach for bioethanol production’.
Additionally, seawater contains a spectrum of minerals and as such may avoid the addition of essential nutrients
currently required for commercial fermentation media®. Thus, using seawater in fermentations could potentially
improve the overall economics of the process and make a positive impact on overcoming both the freshwater and
energy crises”'’. Some early investigations have been carried out to replace freshwater with seawater in bioenergy
plant cultivation!!, lignocellulosic raw material pre-treatment'>!?, enzymatic hydrolysis'* and bioethanol fermen-
tation stages of the production system'. However, bioethanol fermentation efficiency was low in the presence of
seawater with a bioethanol concentration of no more than 11.60 g/L'5. This is probably due to the high osmotic
and inhibitor stresses that suppressed the fermentation capacities of the yeast strains used in these studies.

Current industrial yeast strains are predominately isolated from terrestrial environments. Utilising these yeast
strains for bioethanol production using seawater-based media could be challenging as seawater has a high salt
content (around 3.50%). Hence, in the last two decades, there have been continuous efforts to isolate and exploit
marine microorganisms for bioethanol production and beyond”!®. Research on yeast isolated from marine envi-
ronments revealed that these organisms have several promising features over terrestrial yeast strains, especially
with regard to osmotic tolerance, cold adaptability and metabolism of marine derived simple sugars”!”. Marine
yeast fermentation using freshwater and commercial glucose has resulted in bioethanol production of 122.50 g/L
from 297 g/L of glucose'®. In a fermentation of a red seaweed Kappaphycus alvarezii hydrolysate containing
5.50% reducing sugar, around 12.30 g/L bioethanol was obtained using a Candida sp. isolated from a marine
environment'.

In this study, we report a detailed investigation on bioethanol production using seawater-based media and a
new marine yeast strain S. cerevisiae AZ65’. Various marine yeast strains were screened for bioethanol produc-
tion. Then selected yeast strains were explored for their osmotic tolerance (salts and sugars) in comparison to an
industrial terrestrial yeast S. cerevisiae NCYC2592. Finally, the fermentation efficiency of marine yeast using a
medium prepared with seawater replacing freshwater was demonstrated in 15L fermenters. Although the water
requirements during the fermentation process was estimated at around 5 to 11litres of water for producing one
litre of bioethanol, the replacement of this amount of water with seawater will immensely increase the efficiency
of the process at the industrial scale.

Materials and Methods

Seawater preparation. Seawater (SW) was used in this paper for media preparation and dilutions. Seawater
was obtained from Skegness, Lincolnshire, UK, which is located on the North Sea. The seawater was filtered using
glass microfiber filters (pore size, 1.20 pm; Whatman®) and autoclaved at 121 °C for 15 min, then stored at 4°C
until required. Synthetic seawater (SSW) was prepared according to the formula suggested by Fang et al.?! and the
compositions for 1X SSW and 2X SSW are shown in Supplementary Table ST1.

Microorganisms. Nine marine yeast strains including; Candida viswanathii AZ8, S. cerevisiae AZ65, S. cer-
evisiae AZ71, Wickerhamomyces anomalus AZ80, Pichia kudriavzevii AZ83, Issatchenkia orientalis AZ88, S. cer-
evisiae AZ118, Candida glabrata AZ127 and Candida albicans AZ142 were used in this study. These strains were
isolated, identified and characterized by Zaky et al.*. Propagation of each strain -from frozen stocks- was carried
out using seawater-YPD (SW-YPD) medium containing (w/v) 1% yeast extract, 2% peptone, and 2% glucose at
pH 6 £0.20 (seawater was used instead of freshwater for medium preparation). The propagation was performed
aerobically in an orbital shaker (150 rpm) at 30 °C for 48 h. Working stock culture of each strain was prepared
from the propagated cultures on SW-YPD agar slope (as above +2% agar) and kept at 4°C.

S. cerevisiae NCYC2592 strain (www.ncyc.co.uk) was used in this study as a terrestrial reference yeast strain.
It was maintained using the same method as the marine yeasts, but the YPD media were prepared using reverse
osmosis water (ROW) instead of seawater. S. cerevisiae NCYC2592 is a distiller strain that shows high fermenta-
tion performance, and has been well characterised previously for sugar utilisation and tolerance to various inhib-
itory compounds. Hence, it was chosen in this study for the comparison with our new marine yeast strains?>*.

Fermentation using Mini Fermentation Vessels (MFVSs).  Preparation of MFVS. Fermentation exper-
iments were conducted at a miniature scale (100 mL) using mini fermentation vessels (MFVs). The MFV's were
assembled manually in the lab from the following items; i) 150 mL glass serum bottle (Wheaton, USA) ii) mag-
netic flea, iii) Bunsen valve, iv) rubber septum, vi) metal crimp. A magnetic flea was placed into the bottle which
was then plugged with a cotton or sponge plug for sterilisation. Bottles, Bunsen valves and the rubber septa were
sterilised separately at 121 °C for 15 min. Sterilised bottles were supplied with fermentation medium and the
yeast inoculum then plugged with a rubber septum and sealed by a metal crimp to form anaerobic condition for
fermentation. A Bunsen valve was inserted on the top to allow gas outlet (schematic diagram of MFV is presented
in Supplementary Fig. SF1).

Inoculum preparation. Yeast inoculum was prepared as follows: i) a loopful of yeast growth, from the yeast
slope, was inoculated into 20 mL of YPD broth in a 50-mL conical flask then incubated in an orbital shaker at
30°C and 150 rpm for 48h, ii) the culture was then transferred into a 500-mL conical flask containing 200 mL of
YPD (2% glucose, 2% peptone, 1% yeast extract (w/v)) and incubated for another 48 h under the same conditions,
iii) yeast cells were harvested using a benchtop centrifuge at 3000 rpm for 3 min. (Eppendorf, UK). The yeast
pellets were then washed three times by dissolving and harvesting them with sterile ROW. Clean yeast pellets
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were re-suspended in sterile ROW to form a concentrated liquid yeast inoculum with an ODg, of 500. MFV's
were inoculated with 100 uL of the concentrated yeast inoculum to reach a starting cell concentration of 0.50 at
ODy. Depending on the experiment, SW or SSW was used to replace ROW for media preparation and inoculum
preparation.

Fermentation media. Depending on the objective of each experiment, different fermentation media were used
as follows:

a) Screening for high ethanol producing marine yeast was conducted using YPD media prepared in SW (SW-
YPD) and ROW (ROW-YPD) which contains 5.50% glucose, 2% peptone, 1% yeast extract (w/v) dissolved
in either ROW or SW.

b) Salt tolerance experiment was conducted using 7 different media as follows: i) ROW-YPD medium
containing 5.50% glucose, 2% peptone, 1% yeast extract (w/v) dissolved in ROW, ii) NaCl-YPD medium
containing 5.50% glucose, 2% peptone, 1% yeast extract (w/v) with the addition of 3%, 6% and 9% (w/v)
NaCl dissolved in ROW, iii) SW-YPD medium containing 5.50% glucose, 2% peptone, 1% yeast extract
(w/v) dissolved in SW, iv) SSW-YPD medium containing 5.50% glucose, 2% peptone, 1% yeast extract
(w/v) dissolved in SSW and 2X SSW.

¢) Glucose tolerance experiment was conducted using SW based medium, containing 2% peptone, 1% yeast
extract (w/v) and different concentrations of glucose (10, 15, 20, and 25% (w/v)).

All fermentation media were autoclaved at 121 °C for 15 min after adjusting pH to 6 using 1 N HCl and/or
NaOH.

Culture conditions and data processing. Inoculated MFV's were then placed on a 15-position magnetic stirring
plate (2mag, magnetic motion, Munich, Germany) set at 400 rpm and incubated in a static incubator at 30 °C for
the required fermentation time. The rates of fermentation were monitored by measuring the weight loss (WL)
using an analytical balance at regular time points during the fermentation until no further WL was observed.
WL is analogous to the released CO, from the Bunsen valve of the MFVs during fermentation. At the end of
the fermentation, samples from each MFV were prepared for HPLC analysis to quantify the concentrations of
glucose, ethanol and other metabolites, such as glycerol and acetic acid. All fermentations have been carried out
in triplicate.

The Specific Fermentation Rate (SFR) was calculated for the exponential weight loss (WL) period using
Equation 1. The maximum SFR was used to compare the fermentation rates of marine yeasts with the reference
terrestrial yeast.

WL at sample point (n + 1) — WL at sample point (n)
WL at sample point (n) (1)

SFR

Fermentation using 15 L bioreactors. Large scale fermentations were conducted in a batch mode using 15L,
in-situ sterilisable, stainless steel bioreactors (Techfors-S, Infors-HT, Bottmingen, Switzerland) with 10 L working
volumes.

Inoculum preparation. Inoculum of the marine yeast S. cerevisiae AZ65 were prepared for 10 L fermentation
media using the following protocol: i) a loopful of yeast growth from the yeast slope was inoculated into 20 mL
of SW-YPD medium in a 50-mL conical flask then incubated in an orbital shaker at 30 °C and 150 rpm for 48 h,
ii) the culture was then transferred into a 500-mL conical flask containing 200 mL of SW-YPD medium and
incubated for another 48 h under the same conditions, iii) 100 mL of the yeast culture was used to inoculate 1L of
SW-YPD medium in a 2L conical flask and incubated at 30 °C and 150 rpm for 48h, iv) yeast cells were harvested
by centrifugation (Beckman, Model-J2-21) at 5000 rpm and 10 °C for 5min., v) harvested yeast was washed three
times by suspending and re-harvesting them with sterile SW, vi) clean yeast pellets were re-suspended in steri-
lised SW to form a concentrated slurry yeast inoculum with ODy, of 500. All steps were conducted under aseptic
conditions.

Batch fermentation using marine yeast and YPD prepared using seawater (SW-YPD medium). Fermenters were
filled with 10 L of SW-YPD fermentation media containing 1% yeast extract, 2% peptone, and 20% glucose dis-
solved in seawater at a starting pH of 6. Sterilisation for the media and the bioreactor was conducted at 121 °C for
15 min. After autoclaving, fermentation medium was aerated for 1 h using compressed air at a rate of 10 L/min.
Aerated media was aseptically inoculated with the concentrated yeast inoculum to achieve a final cell density of
about 0.50 ODyg,. Fermentation was carried out at 30 °C and a stirring rate of 200 rpm. Samples were collected
at regular time points. In order to achieve anaerobic condition during ethanol fermentation, no additional air or
oxygen was injected into the vessels after the initial oxygen was consumed by the yeast. The fermentations were
carried out in triplicate.

Batch fermentation using marine yeast and molasses prepared using seawater (SW-Molasses medium). The molas-
ses used in this study was a commercial product of sugarcane molasses (horse feed supplement grade) called ‘NAF
Molasses’ that was purchased online from Amazon.co.uk. The total sugar content in this product was stated to
be 45% (w/w). In order to remove unwanted inorganic particles, the crude molasses was treated as follows: 500 g
of molasses was transferred into a measuring cylinder (1000 mL) and made up to 1L with seawater to achieve
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a final concentration of 50% molasses (w/v). The diluted molasses was then transferred into a 2 L Duran bottle
and supplemented by 5-10 mL of concentrated H,SO, (98%) to lower the pH to 3.50, then 2mL of 50% sterilised
antifoam A (Sigma Aldrich, UK) was added. The bottle was then placed in an autoclave and heated at 100 °C for
45 min. The heated bottle was left to cool down to 55 °C then transferred into a cold room (4 °C) and left to stand
overnight. Under aseptic conditions, the clear solution on the top of the molasses (about 70% of the total volume)
was transferred into a sterile Duran bottle and the sediment was discarded.

For fermentation, the 15L fermenter was firstly filled with 4L of seawater then sterilized at 121 °C for 15 min.
6L of the treated molasses solution was transferred aseptically into the bioreactor to obtain a molasses medium
concentration of 30% (w/v). The medium was supplemented with 3 mL of antifoam (50% v/v, in seawater) and
10mL of urea solution (20% w/v, in seawater) and the pH was adjusted to 5.50 using NaOH (50% w/v). The
medium was aerated for 1 h using compressed air at a rate of 10 L/h. Aerated media was aseptically inoculated
with the concentrated yeast inoculum to achieve a final cell density of about 1.0 ODy,. Fermentation was carried
out at 30 °C and stirring rate of 200 rpm. Samples were collected at regular time points. Anaerobic condition was
achieved in the bioreactor as no air or oxygen was injected into the vessels during the fermentation. The fermen-
tations were carried out in triplicate.

HPLC analysis. Glucose, sucrose, fructose, glycerol, acetic acid and ethanol were analysed using a HPLC
method developed by Zaky et al.?>. Briefly, a JASCO HPLC system was used, consisting of a JASCO AS-2055
Intelligent auto sampler, a JASCO PU-1580 Intelligent pump (JASCO), and a JASCO RI-2031 Intelligent refrac-
tive index detector. The separation column was Hi-Plex H column (7.7 x 300 mm, 8 pm), operating at 35°C. The
mobile phase was 0.005N H,SO, at a flow rate of 0.40 mL/min. The injection volume was 10 pL and the total
running time was 32 min®.

Statistical analysis. Microsoft Excel was used to calculate data means and standard deviations. Statistical
analysis was performed using the analysis of variation (ANOVA) with the statistical software GraphPad Prism6,
(GraphPad, Software, Inc., CA, USA), a P-value < 0.05 was considered statistically significant.

Results

Screening for ethanol producing marine yeast.  Using a small scale fermentations (100 mL), 9 marine
yeasts were screened for ethanol production from YPD media containing 5.50% (w/v) glucose which had been
prepared using ROW and SW. S. cerevisiae NCYC2592, an industrial distillers yeast was used as a terrestrial refer-
ence for comparison. The fermentation was carried out anaerobically at 30 °C for 30 h. The fermentation rate was
monitored as a weight loss over the fermentation period. Glucose utilisation and fermentation output (ethanol,
glycerol and acetic acid) were determined using HPLC.

In fermentations using ROW-YPD, marine S. cerevisiae strains (AZ65, AZ71, and AZ118) had faster fer-
mentation rates when compared with the reference strain (S. cerevisiae NCYC2592). In general, non-S. cerevi-
siae yeasts had slower fermentation rates, however, two of them (. orientalis AZ88 and C. glabrata AZ127) had
faster fermentation rates in the first 8h of the fermentation when compared with the reference strain (Fig. 1A).
Fermentations using SW-YPD indicated that marine S. cerevisiae strains (AZ65 and AZ118) had significantly
faster fermentation rates when compared with the reference strain (p < 0.05). Two non-S. cerevisiae marine
strains (AZ88 and AZ127) had a fast rate of fermentation initially; but after 12h, their fermentation rates slowed
in comparison with the reference strain (Fig. 1B).

Tables 1 and 2 show glucose consumption, ethanol concentration, productivity and yield in these fermenta-
tions using ROW and SW based media. All S. cerevisiae strains - including the reference strain - utilised all of
the glucose provided in the fermentation media (55 g/L) within 30 h of fermentation regardless of the type of
water being used (ROW or SW) for media preparation. Moreover, two of the non-S. cerevisiae marine strains
(I orientalis AZ88 and C. glabrata AZ127) also utilised all the glucose present in the fermentation media but only
when ROW was used for media preparation. The other non-S. cerevisiae strains did not fully consume the glucose
provided in the media with either ROW or SW. Generally, glucose utilisation was faster when ROW was used in
the fermentation media for all strains.

In fermentations using ROW, ethanol productivity of marine S. cerevisiae strains AZ65 and AZ71 were statis-
tically higher than that of S. cerevisiae NCYC2592 (p =0.04 and 0.03, respectively). When SW was used, ethanol
productivity of these strains, AZ65 and AZ71, were 1.62 and 1.47 g/L/h, respectively, which was 51% and 38%
higher than the reference strain (S. cerevisiae NCYC2592). Interestingly, ethanol yields (based on the utilised
glucose) were always higher when SW-based media was used with all strains used in this study. This may be due
to the fact that the presence of salt in the fermentation media decreases the growth of yeast cells?** so, less glu-
cose was consumed for biomass production and, therefore, more glucose was converted to ethanol. The highest
ethanol yield using ROW was 82.36% (calculated as a percentage of the theoretical yield), which was achieved
by the reference strain while the highest ethanol yield using SW was 92.48%, which was achieved by the marine
yeast S. cerevisiae AZ65.

Ethanol production ranged from 12.99 £0.37 to 23.10 £ 0.25 g/L using ROW-YPD and from 13.83 £0.34
t0 25.94 4 0.52 g/L using SW-YPD. The production of ethanol by 6 strains, including the reference strain, was
higher using SW-based medium; while, 4 strains (AZ8, AZ83, AZ88 and AZ142) produced more ethanol using
ROW-based medium. The production of glycerol was slightly higher when SW was used compared with using
ROW and ranged from 1.2540.11 to 4.00 £0.17 and from 1.14 £ 0.03 to 3.73 +0.10 g/L respectively; however,
two marine strains (AZ8 and AZ88), produced slightly higher amounts of glycerol using ROW in comparison
with SW.
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Figure 1. Screening for ethanol producing marine yeast using (A) SW-YPD medium and (B) ROW-YPD
medium. AZ8 to AZ142 are nine marine yeast strains under investigation for bioethanol production NCYC2592
is a terrestrial S. cerevisiae strain used as a reference for comparison. Weight loss - as a result of CO, release
from the MFVs - was measured during the fermentation at different time intervals to assess the fermentation
performance of each yeast strain. The experimental error bars represent the standard deviation of the three
replicates.

Investigating the effect of glucose and salt concentrations on the fermentation performance
of two marine S. cerevisiae strains. Screening for marine yeast with high fermentation performance
revealed that two marine S. cerevisiae strains (AZ65 and AZ118) could be potential candidates for bioethanol
production using SW-based fermentation media. These strains and the reference strain (S. cerevisiae NCYC2592)
were further investigated for their fermentation ability in the presence of different salt concentrations (3-9%
NaCl, SSW and 2X SSW). They were also investigated for their fermentation ability in the presence of different
glucose concentrations (10, 15, 20 & 25%).

Fermentation performance of marine S. cerevisiae under high salt concentrations. When
using ROW fermentation media, there were no differences in the fermentation rates for all strains in this study
(Fig. 2A). Fermentations under different NaCl concentrations revealed that S. cerevisiae NCYC2592 had a slower
rate of fermentation in media containing 3 and 6% of NaCl when compared with the marine strains (Fig. 2B,C).
In addition, the results showed that fermentation media containing 9% NaCl inhibited the fermentation of S.
cerevisiae NCYC2592; while fermentations with marine strains were characterised by a long lag phase before the
fermentations commenced (Fig. 2D). Fermentations with marine yeast using SW-based medium were completed
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S. cerevisiae NCYC2592 14 100.00 1.9240.05 23.10£0.25 82.36 82.36 1.65
C. viswanathii AZ8 30 87.73 1.54£0.09 19.99+1.71 71.26 81.22 0.67
S. cerevisiae AZ65 13 100.00 2.20£0.19 22.98+0.47 81.93 81.93 1.77
S. cerevisiae AZ71 13 100.00 2.131+0.16 22.86+0.78 81.50 81.50 1.76
W. anomalus AZ80 30 57.90 1.40+0.01 12.9940.37 46.31 79.98 0.43
P, kudriavzevii AZ83 30 81.28 1.92+£0.13 18.714+0.80 66.69 82.05 0.62
I orientalis AZ88 30 100.00 3.671+0.14 21.44+0.37 76.44 76.44 0.71
S. cerevisiae AZ118 13 100.00 1.89+0.14 22.39+0.14 79.82 79.82 172
C. glabrata AZ127 30 100.00 3.731+0.10 20.54+0.33 73.24 73.24 0.68
C. albicans AZ142 30 76.82 1.1440.03 17.184+0.21 61.24 79.71 0.57

Table 1. HPLC analysis of fermentation samples of marine yeasts under screening for ethanol production using
ROW-YPD medium. *Calculated as a percentage of the theoretical yield (0.51) based on the total glucose (55 g).
bCalculated as a percentage of the theoretical yield (0.51) based on the utilised glucose.

S. cerevisiae NCYC2592 24 100.00 2.384+0.10 25.75+0.58 91.80 91.80 1.07
C. viswanathii AZ8 30 59.91 1.46 £0.05 16.1440.21 57.54 96.05 0.54
S. cerevisiae AZ65 16 100.00 2.5440.04 25.9440.52 92.48 92.48 1.62
S. cerevisiae AZ71 16 100.00 3.0340.08 23.594£0.29 84.09 84.09 1.47
W. anomalus AZ80 30 58.96 2.0540.18 13.834+0.34 49.31 83.65 0.46
P, kudriavzevii AZ83 30 74.87 2.2940.20 17.78+£1.90 63.39 84.66 0.59
I orientalis AZ88 30 76.25 3.334+0.20 19.17+0.81 68.34 89.62 0.64
S. cerevisiae AZ118 22 100.00 2.934+0.22 23.72+1.16 84.58 84.58 1.08
C. glabrata AZ127 30 80.31 4.00£0.17 21.42£0.77 76.38 95.11 0.71
C. albicans AZ142 30 51.58 1.25+0.11 13.9940.49 49.87 96.67 0.47

Table 2. HPLC analysis of fermentation samples of marine yeasts under screening for ethanol producing yeast
using SW-YPD medium. *Calculated as a percentage of the theoretical yield (0.51) based on the total glucose
(55g). ®Calculated as a percentage of the theoretical yield (0.51) based on the utilised glucose.

within 14 h, however, NCYC2592 required over 24 h before completion (Fig. 2E). Faster fermentation rates with
shorter lag phases were obtained when SSW was used instead of SW (Fig. 2F). When 2X SSW fermentation
medium was used, marine strains finished their fermentations within 24 h, however, S. cerevisiae NCYC2592
required 36 h before completion (Fig. 2G).

The Specific Fermentation Rate (SFR) for the three yeasts was calculated based on the WL data obtained
under NaCl concentrations ranging from 0 to 9% which was reported in Fig. 2A-D, as shown in Supplementary
Fig. SF2A. Data revealed that SFR of the reference strain (S. cerevisiae NCYC2592) dropped from 0.38 h™" at 0%
NaCl to 0.044h~' at 6% NaCl. The critical inhibitory NaCl concentration for S. cerevisiae NCYC2592 was esti-
mated to be 6.40%. In contrast, the critical inhibitory NaCl concentration for S. cerevisiae AZ65 and AZ118 were
13.70% and 14.40%, respectively (Supplementary Fig. SF2A). Plotting the SFR of marine yeasts S. cerevisiae AZ65
and AZ118 in fermentations using SSW and 2X SSW into SF2B showed the data fit the trend lines very well. It
was observed that S. cerevisiae NCYC2592 fermented faster in SSW and 2X SSW than those of in NaCl alone. This
suggests that certain salt(s) in the SSW improved S. cerevisiae NCYC'’s resistance to osmotic stress. This was also
confirmed in the fermentations using natural SW. The SFR for all tested yeasts were clearly higher in fermenta-
tions using actual SW than that in fermentations with NaCl or SSW (Supplementary Fig. SF2B), suggesting that
certain element(s) in seawater provide beneficial impacts for osmotic stress resistance.

Fermentation performance of marine S. cerevisiae under high glucose concentrations. Results
revealed that marine strain S. cerevisiae AZ65 recorded the best fermentation rates with all glucose concentrations
while the reference strain recorded the lowest fermentation rates (Fig. 3). Using media containing 10% glucose, all
strains finished the fermentation within 68 h, however, reference strain NCYC2592 required 36 h, AZ118 required
24h and AZ65 required 20h to complete their fermentations (Fig. 3A). In case of media containing 15% glucose,
all strains were also able to complete the fermentation, however, NCYC2595 required the maximum scheduled
fermentation time of the experiment while AZ118 required 30h and AZ65 required 24 h (Fig. 3B). When 20%
glucose was added to the fermentation media, NCYC2592 did not complete the fermentation in the time-frame
used for assessment and AZ118 required the maximum time of the experiment while AZ65 completed the fer-
mentation within 36 h (Fig. 3C). No strain could complete the fermentation using SW-YPD media supplemented
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Figure 2. Fermentation performance of two marine yeast strains when exposed to salt stress using YPD media
dissolved in different saline solutions (A) ROW, (B) NaCl 3%, (C) NaCl 6%, (D) NaCl 9%, (E) SW, (F) SSW,
(G) 2X SSW. AZ65 & AZ118 are two marine S. cerevisiae strains. NCYC2592 is a terrestrial S. cerevisiae strain
used as a reference for comparison. Weight loss as a result of CO, release from MFVs was measured during the
fermentation at different time intervals to assess the fermentation rate of each yeast strain. The experimental
error bars represent the standard deviation of the three replicates.

with 25% glucose. However, the weight loss, as a result of the ethanol fermentation, recorded by AZ65 was 9.95g
while AZ118 and NCYC2592 recorded 7.56 and 4.89 g, respectively (Fig. 3D). The results clearly indicated that the
marine strain AZ65 was more tolerant to osmotic stresses compared to the reference and the other marine strains
(AZ118), especially at a sugar concentration of 25%.
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Figure 3. Fermentation performance of two marine yeast strains when exposed to osmotic stress using YPD
media containing glucose concentrations (10, 15, 20, 25%) dissolved in seawater. (A) Glucose 10%, (B) glucose
15%, (C) glucose 20%, (D) glucose 25%. AZ65 & AZ118 are two maine S. cerevisiae strains. NCYC2592 is a
terrestrial S. cerevisiae strain used as a reference for comparison. Weight loss as a result of CO, release from
MFVs was measured during the fermentation at different time intervals to assess the fermentation rate of each
yeast strain. The experimental error bars represent the standard deviation of the three replicates.

HPLC analyses for ethanol production revealed that the marine strain AZ65 produced significantly higher
concentrations of ethanol when compared with the reference strain when using SW-YPD media at all glucose
concentrations (Fig. 4). The results also revealed that AZ65 produced significantly higher concentrations of eth-
anol comparing with the other marine strain (AZ118) when using SW-YPD media containing 25% glucose. No
significant difference in ethanol production between all yeast strains was observed when ROW-YPD medium
containing 10% glucose was used (Fig. 4).

Table 3 detailed the fermentation output of these three strains using various glucose concentrations. The ref-
erence strain was able to utilise 100% of the glucose in the fermentation media during the experiment at the
concentration of 10% only. The highest ethanol yield was 83.77% and highest ethanol productivity was 1.19 g/L/h
both of which were obtained when ROW media containing 10% glucose was used. Ethanol yield and productivity
generally decreased as the concentration of glucose in the SW media increased, the lowest yield and productivity
were 36.05% and 0.68 g/L/h, respectively. The lowest glycerol and acetic acid were produced from ROW medium
and recorded 4.92 £0.20 and 0.37 4-0.01 g/L, respectively. The production of glycerol and acetic acid increased
as the glucose was increased in the SW fermentation media and reached 10.50 £ 0.25 and 1.10 £ 0.04 g/L, respec-
tively (Table 3).

The marine strain AZ118 recorded better results when compared with the reference strain. The strain utilised
100% of the available glucose in fermentation media that contained up to 15% glucose. The highest ethanol yield
and productivity were obtained from ROW medium and recorded as 87% and 1.85 g/L/h, respectively. Ethanol
yield and ethanol productivity in SW media ranged from 82.56 to 53.06% and 1.85 to 0.99 g/L/h, respectively. The
lowest glycerol and acetic acid concentrations were produced from ROW medium and recorded 3.93 £ 0.34 and
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10% (ROW) 36 100.00 4924020 |0.37£0.01 42.724+0.27 | 83.77 83.77 1.19
10% 40 100.00 7.604+0.31 | 0.66+0.01 37.36+1.77 |73.25 73.25 0.93
NCYC2592 | 15% 68 74.44 9.36+0.49 |0.7440.03 50.34£1.55 | 65.80 88.40 0.74
20% 68 57.22 10.0040.66 | 0.9440.06 51.73+2.83 |50.71 88.62 0.76
25% 68 43.03 10.5040.25 | 1.1040.04 45.96+1.57 | 36.05 83.77 0.68
10% (ROW) 24 100.00 7.414+1.25 |0.3740.04 45444131 |89.10 89.10 1.89
10% 30 100.00 7.91£0.91 |0.5940.02 44.074+0.43 | 86.41 86.41 1.47
AZ65 15% 36 100.00 9.574+0.35 | 0.6440.02 55.07£1.25 |71.98 71.98 1.53
20% 46 100.00 12.574+0.28 | 0.83+£0.03 83.75+1.33 |82.11 82.11 1.82
25% 68 87.64 15.454+0.84 | 1.0840.02 91.04+1.70 |71.40 81.47 1.34
10% (ROW) 24 100.00 3.934+0.34 |0.1640.02 44.37+1.31 |87.00 87.00 1.85
10% 30 100.00 6.78+0.17 | 0.50£0.04 42.10£1.77 | 82.56 82.56 1.40
AZ118 15% 36 100.00 8.854+0.42 |0.7040.04 54.83+£0.17 | 71.67 71.67 1.52
20% 46 91.99 12.58+0.24 | 1.124+0.04 81.28+1.89 |79.69 86.63 1.77
25% 68 69.01 13.344+0.89 | 1.3640.09 67.65+0.64 | 53.06 76.89 0.99

Table 3. HPLC analysis for fermentations using SW-YPD media containing increased glucose concentrations
(10-25%). *Calculated as a percentage of the theoretical yield (0.51) based on the total glucose used in the
fermentation medium. *Calculated as a percentage of the theoretical yield (0.51) based on the amount of utilised
glucose by the end of the experiment.

100
ONCYC 2592 2

BWAZ65
BAZ118

Ethanol (g/L)
8

10% (ROW) 10% (SW) 15% (SW) 20% (SW) 25% (SW)
Glucose Concentrations

Figure 4. Comparing ethanol production by 2 marine strains and the reference strain using SW-YPD media
containing increased glucose concentrations (10, 15, 20, 25%) dissolved in seawater. ab<Columns bearing
different superscript in the same treatment differ significantly (p < 0.05). The experimental error bars represent
the standard deviation of the three replicates.

0.1610.02 g/L, respectively. The production of glycerol and acetic acid increased as the concentrations of glucose
increased in the SW fermentation media and reached 13.34 4+ 0.89 and 1.36 4- 0.09 g/L, respectively (Table 3).

The best performance was obtained by the marine strain AZ65. This strain could utilise 87% of the glucose
present in a fermentation medium that contained 25% glucose after 68 h of fermentation. In addition, this strain
utilised 100% of the glucose present in all other fermentation media (10, 15, 20% glucose) in less than 50 h of fer-
mentation. The highest ethanol yield and ethanol productivity were obtained from ROW medium and recorded
89.10% and 1.89 g/L/h, respectively. The lowest ethanol yield was 71.98% from SW with 15% glucose while the
ethanol yield from the other SW media was above 80%. The best ethanol productivity from SW-based media was
1.82 g/L/h and was obtained using SW media of 20% glucose, while the lowest ethanol productivity was 1.34 g/L/h
which was obtained when using SW media containing 25% glucose. The lowest glycerol and acetic acid were pro-
duced from ROW medium and recorded 7.41 £ 1.25 and 0.37 £ 0.01 g/L, respectively. The production of glycerol
and acetic were increased as the glucose was increased in the fermentation media and reached 15.45+ 0.84 and
1.08 £0.02 g/L, respectively (Table 3).

Assessing bioethanol production of marine S. cerevisiae AZ65 using seawater-based mediain 15 L
bioreactors. Ethanol production by the marine yeast strain, S. cerevisiae AZ65, using SW-YPD
medium. Fermentations revealed that the marine strain S. cerevisiae AZ65 was capable of efficiently converting
high concentrations of glucose (20-25%) into ethanol using seawater-based media. Then, the performance of this
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0 0.8640.09 0.00 0.00+0.01 0.0040.00 0.00 0.00 0.00
8 1.52£0.03 13.75 1.15+0.29 7.15+1.39 6.38 46.16 0.89
18 3.88+0.03 43.88 6.76+0.48 |33.72+1.25 |30.06 69.01 1.87
22 7.48+0.03 54.45 9.30+0.14 |48.74+0.19 |43.44 79.79 2.22
24 11.8440.04 61.40 11.124+0.41 |59.75+2.91 |53.24 86.71 2.49
28 11.9240.01 69.58 11.78+0.42 | 68.314+1.06 |60.89 87.49 2.44
34 12.314+0.11 83.18 12.19+0.16 |79.81+1.16 |71.13 85.51 2.35
42 17.254+0.66 98.06 13.574+0.21 |93.30+0.36 | 83.16 84.80 2.22
48 17.184+0.14 | 100.00 13.66+0.43 | 93.50+1.59 |83.33 83.33 1.95

Table 4. HPLC analysis for fermentations conducted in 15-L bioreactors using SW-YPD media and the marine
strain S.cerevisiae AZ65. *Calculated as a percentage of the theoretical yield (0.51) based on the total glucose
(220g). *Calculated as a percentage of the theoretical yield (0.51) based on the utilised glucose at the time of

analysis.
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Figure 5. Changes in the concentration of glucose, ethanol, glycerol and biomass in fermentations conducted
in 15L bioreactor using SW-based medium and the marine strain S. cerevisiae AZ65. (A) SW-YPD medium;
(B) SW-Molasses medium. The experimental error bars represent the standard deviation of the three replicates.

strain in 15 L bioreactors was assessed. SW-YPD (20% glucose) fermentation medium was prepared using natural
seawater and inoculated with the marine strain S. cerevisiae AZ65 at a rate of 0.86 £ 0.09 OD. Fermentation was
conducted anaerobically at 30°C and 200 rpm for 48 h. Yeast growth, ethanol concentration, glycerol concentra-
tion and the remaining glucose concentration were monitored at regular time intervals, and the results are shown
in Fig. 5A and Table 4. Yeast growth reached a maximum OD of 17.25 £ 0.66 after 42 h. All available glucose was
utilised by 48 h and there was a concurrent conversion of the glucose into ethanol. The maximum ethanol produc-
tion (93.50 4 1.59 g/L) was recorded at 48 h with 83.33% of the theoretical yield. Ethanol productivity increased
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EtOH EtOH EtOH
Time Fructose Total Sugars Consumed Yield® Yield® Prod.
(h) Growth OD | Sucrose (g/L) | Glucose (g/L) | (g/L) (g/L) Sugars (%) Glycerol (g/L) | EtOH (g/L) (%) (%) (g/L/h)
0 1.05£0.05 18.03£2.29 60.86 £ 0.40 59.92 £+ 049 138.80£2.37 0.00 0.00 0.00 0.00 0.00 0.00
4 3.74+0.12 14.22+2.41 53.30+1.39 53.33+£2.42 120.84 £1.97 12.91 0.66+0.27 1.88+0.11 2.65 21.14 0.47
8 5.70+0.21 13.27+291 47.04£2.75 49.65+2.68 109.97 £6.54 20.79 2.74£0.58 4.10£0.51 5.79 28.94 0.51
16 9.76 £0.18 12.454+3.06 29.80+2.38 44.3442.09 86.60£1.63 37.59 5.22+0.65 18.361+2.30 2591 68.94 1.15
20 11.304+0.17 10.134+0.36 14.324+1.97 35.53+3.39 59.98 +£5.38 56.79 7.88+£0.95 28.51+£2.90 40.25 71.36 1.43
30 11.914+0.07 6.23£0.25 3.33+0.48 10.89+2.57 20.45+3.27 85.27 9.48 +0.40 41.87+£2.73 59.16 69.47 1.40
34 12.064+0.10 5.53£0.79 1.77 +1.54 6.90+2.36 14.21+4.68 89.79 10.674+0.35 48.44+2.86 68.48 76.21 1.42
44 12.3440.26 1.694+0.28 0.75+1.30 1.93+1.65 4374247 96.87 12.544+1.19 51.76 £4.82 73.15 75.48 1.18
48 12.4440.29 0.87+£0.71 0.05+0.09 0.00 0.92+0.65 99.33 13.17+1.15 52.23+£2.19 73.80 74.31 1.09

Table 5. HPLC analysis for fermentations conducted in 15-L bioreactors using SW-Molasses media and the
marine strain S.cerevisiae AZ65. *Calculated as a percentage of the theoretical yield (0.51) based on the total
sugar (138.8g). "Calculated as a percentage of the theoretical yield (0.51) based on the utilised glucose.

during the first 24 h and reached 2.49 g/L/h, and then decreased during the second 24 h and reached 1.95 g/L/h by
the end of fermentation. Glycerol production showed a consistent increase and reached a maximum concentra-
tion of 13.66 & 0.43 g/L after 48 h of fermentation.

Ethanol production by the marine yeast strain, S. cerevisiae AZ65, using SW-Molasses medium. The production
of bioethanol using sugarcane molasses instead of commercial glucose was carried out. The fermentation was
conducted under anaerobic conditions at 30 °C and 200 rpm for 48 h. The fermentation medium was prepared
using sugarcane molasses at a concentration of 30% (w/v). The clarification and dilution for the molasses was
done using seawater and the total initial sugars were determined by HPLC to be 138.8 +-2.37 g/L. Yeast growth,
ethanol concentration, glycerol concentration and the remaining sugar concentrations were monitored at regular
time intervals (Fig. 5B and Table 5). Yeast growth reached a maximum OD of 12.44 £ 0.29 after 48 h of fermenta-
tion. Almost all available sugars (99.33%) were utilised by the end of the fermentation and there was a concurrent
conversion of sugars into ethanol. It was noticed that the rate of sucrose utilisation was slower than that of glucose
but faster than fructose. The final ethanol production was 52.23 £2.19 g/L with a yield of 73.80% of the theoretical
yield. Ethanol productivity increased with time and reached a maximum of 1.43 g/L/h after 20 h then decreased
to 1.09 g/L/h by the end of the fermentation. Glycerol production showed a consistent increase throughout the
fermentation period and reached a maximum concentration of 13.17 £1.15g/L.

Discussion

Coastal environments have been identified as being amongst the most diverse and microbially rich environ-
ments®®. Although, marine fungi have been reported to have an active role in utilising available nutrients in
marine environments?, their suitability for fermentations under osmotic stress conditions has not been investi-
gated intensively. In this paper, the evaluation on the suitability of marine yeasts for ethanol production revealed
that the marine strains, S. cerevisiae AZ65 and AZ118, performed significantly better than the reference strain
(terrestrial S. cerevisiae NCYC2592) when seawater was used to prepare the fermentation media. It was observed
that fermentation rates of all non-S. cerevisige strains were slower than that of the reference strain, regardless of
the type of fermentation media being used (Fig. 1). This finding supports S. cerevisiae as the preferred microor-
ganism species for ethanol production.

Osmotic stress induced by the presence of salts is an important factor that affects yeast’s performance dur-
ing fermentation®. Presence of salts of any kind has been shown to reduce glucose utilisation, cell growth and
production of ethanol?”. Improving salt tolerance has been highlighted as an important parameter for improv-
ing yeast performance in fermentation®®*!. S. cerevisiae is a salt-sensitive yeast while other yeasts such as
Zygosaccharomyces rouxii have been shown to be more tolerant to the presence of salt*2. However, the sequencing
of the S. cerevisiae S288C genome? has led to insights into how S. cerevisiae responds to high external salt concen-
trations leading to conclusions on how the yeast modifies its genetic make-up to accommodate the changes in the
extracellular environment®*. In this study, results obtained from ethanol fermentation experiments revealed that
marine S. cerevisiae AZ65 and AZ118 both had a higher tolerance to the presence of salts in the natural seawater,
synthetic seawater and saline solutions containing up to 9% NaCl, when compared with the terrestrial reference
yeast S. cerevisiae NCYC2592. This finding indicates that yeasts of marine origin have higher tolerance to osmotic
stress induced by the presence of salts®. This observation supports a pervious finding that surrounding environ-
ment could play a significant role in improving the tolerance of S. cerevisiae to stresses induced by the presence
of salts™.

It was also observed that fermentation rates using SSW-based media were higher than those using SW-based
media even though both types of media contained a similar profile of salts. This suggested that natural seawater
might contain unidentified inhibitors such as trace minerals. Studying these inhibitors may lead to way to avoid
their effects (by water treatment or yeast modification) on yeast growth and the efficiency of fermentation. It was
also observed that fermentation rates using a medium containing 3% NaCl was slower than fermentation rates
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using SSW-based medium (3.50% total salts) and similar to the fermentation rates obtained in 2X SSW-based
medium (7% total salts). This could suggest that some salts, other than NaCl, may have a positive role in relieving
the inhibitory effect of NaCl on yeast.

In fermentations using high concentrations of glucose in seawater, the marine S. cerevisiae AZ65 strain per-
formed significantly better than the reference terrestrial strain (Fig. 4). Urano et al. (2001) studied the fermen-
tation ability and salt tolerance of yeasts isolated from various aquatic environments (upper stream of Arakawa
river, middle and lower streams of Tamagawa rivers and sea coasts of Kemigawa in Chiba prefecture and of
Chemigahama in Choshi city) and concluded that yeasts with higher salt tolerance and higher fermentation abil-
ity were marine yeasts**. Khambhaty et al.'® validated the ability and efficiency of a marine isolate (Candida sp.)
to grow and ferment galactose to ethanol in the presence of different types of salts (NaCl, CaCl,, and KCI) and
at different concentrations (0-15%). This yeast strain yielded 1.23 to 1.76% ethanol from seaweed hydrolysates,
containing different concentrations of sugar (2.70 to 5.50%) and salt (6.25 to 11.25%)"°.

Low ethanol yield was obtained by the reference strain in fermentations using media with high sugar content
(>15%). Liu et al.*® claimed that fermentations conducted in stressful environments involving very high gravity
medium results in incomplete utilisation of glucose at the end of fermentation. In addition, the stressful condition
leads to slow yeast growth and low cell viability that will lead to a lower ethanol production®®. However, ethanol
yields were very similar in seawater-based media containing up to 20% glucose using our marine yeast (S. cere-
visiae AZ65) investigated in this study. This finding indicates that S. cerevisiae AZ65 is a promising candidate for
bioethanol industry especially when the fermentation media contain high amount of salts as in case of cellulosic
and seaweed ethanol.

Fermentations in 15-L bioreactors were applied using the new marine strain S. cerevisiae AZ65 to explore
their performance in seawater fermentations at elevated scales. Using SW-YPD medium containing 22% glu-
cose confirmed that S. cerevisiae AZ65 is an efficient yeast for industrial ethanol production. Zaky et al., (2014)
recently reviewed bioethanol production using marine yeasts’. Various ethanol titres have been reported, ranging
from 12.30 to 68.50 g/L with one exception of 122.50 g/L”'%. In comparison with these results, the ethanol con-
centration achieved by S. cerevisiae AZ65 was amongst the highest that reported in the literature. These findings
indicate the commercial potential of S. cerevisiae AZ65, especially since the results in this study were obtained
in fermentations using seawater rather than freshwater. Ethanol yield in this study could have been enhanced by
supplying a low amount of air or oxygen during the fermentation (micro-aerobic condition). Liu et al., (2016)
found that supplying low amounts of oxygen during a very high gravity ethanol fermentation enhanced the yield
and productivity of ethanol®. Oxygen advances cell recovery through the TCA cycle and respiration pathway by
retaining vital cellular components during synthesis and carbon utilisation. Oxygen helps yeast synthesise sterols
and unsaturated fats required for maintaining a healthy cell membrane®.

In this study, elevated fermentation at 15-L scale was applied using an industrial substrate (molasses) pre-
pared in seawater to further validate the suitability of a seawater fermentation strategy at the industrial level and
to explore the potential of the marine S. cerevisiae AZ65 strain for use within the bioethanol industry. Although,
sucrose is the major sugar in raw molasses, and accounts for about 50% of the total sugars, the chemical analysis
of our clarified molasses showed lower amounts of sucrose when compared with glucose and fructose. This was
probably due to the addition of concentrated sulphuric acid (H,SO,) and heating for 1h during molasses prepara-
tion®®. In line with results obtained by D’Amore et al.**, we noticed that yeast favours the utilising of glucose, then
sucrose and lastly fructose when they are present together in the fermentation medium. These fermentations only
used seawater and molasses and no additional minerals were added indicating that seawater has the capacity to
provide the essential minerals for cell growth and ethanol production®.

Results obtained in the current study demonstrated the potential for the application of marine yeast and sea-
water in bioethanol production. Typical industrial scale bioreactors of corn ethanol production contain around
76% water, 12% ethanol and 12% of solids by the end of the fermentation. Hence, If seawater was used in the
fermentation, roughly 7litres of high quality freshwater (distilled) can be obtained with each litre of ethanol
produced (Supplementary Fig. SF3). Further advantages of using seawater in fermentations for bioethanol pro-
duction include; a) the minerals in seawater will potentially reduce the need to add minerals to the fermentation
media, b) the production of sea salt as an additional product, and ¢) production of salted high protein animal
feeds that can be used to eliminate the cost of adding minerals to the animal diets. In addition, the salt content in
seawater is not favourable for terrestrial microorganisms and therefore may play a role in controlling microbial
contamination in the bioreactors.

In addition to bioethanol production, seawater fermentation approach has been suggested for baker’s yeast
production*” and succinic acid production’®. The advancement of seawater fermentation approach could include
the use of marine substrates, especially seaweed, as a substrate for fermentation accommodating the concept of
marine fermentation where the whole system is run on marine elements (seawater, marine substrates, and marine
microorganisms) (Supplementary Fig. SF4)341. Thus, using seawater in fermentations could potentially improve
the overall economics of the fermentation process and have a strong impact on overcoming freshwater, food and
energy crises.

Fermentations using seawater occurs in the same manner as fermentation using fresh water on lab scale.
However, on an industrial scale, corrosion may be an issue when using metal pipes in the system. This issue could
be avoided by replacing the metal pipes with Polyvinyl Chloride (PVC) and Chlorinated Polyvinyl Chloride
(CPVC) pipes that are already widely used in various applications. Corrosion may also occur inside the ferment-
ers, especially in an aerobic fermentation, but the addition of a coating material to existing fermenters or use of
corrosion resistant steel for manufacturing new fermenters could solve this problem.
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Conclusion

The marine environment has a huge potential as a source for new yeast isolates with promising properties. The
marine S. cerevisiae AZ65 strain showed excellent fermentation capability using SW-based media when compared
with the reference terrestrial yeast S. cerevisiae NCYC2592 and the other marine yeasts belong to different species.
Experiments under high osmotic stress induced by the presence of salt and/or glucose, revealed that marine S.
cerevisiae AZ65 is a halotolerant and osmotolerant yeast strain. S. cerevisiae AZ65 tolerated up to 9% NaCl and
converted glucose into ethanol efficiently in SW-based medium containing up to 25% glucose. Fermentations
in 15L bioreactors using S. cerevisiae AZ65 produced 93.50 and 52.23 g/L ethanol from SW-YPD medium and
SW-Molasses medium, respectively. The results indicated that the marine yeast strain S. cerevisiae AZ65 is a
promising ethanol producer under osmotic stress.

Availability of data and materials. The datasets and yeast strains used in the current study are available
from the corresponding author (ASZ) on reasonable requests.
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