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In this work, the capacity to produce ethanol of auxotrophic strains belonging to the CEN.PK family of the
yeast Saccharomyces cerevisiae has been investigated.

Shake flask experiments were set up to study the ethanol production by the auxotrophic S. cerevisiae
CEN.PK strains in terms of biomass and ethanol yield, the latter was evaluated on both glucose and biomass.
The test was carried out in a rich-complex medium with 2 and 15 % w/v initial glucose concentration. The
results obtained, compared with those of the prototrophic CEN.PK strain, indicated that the fermentative
capacity of the auxotrophic strain in 2 % glucose was comparable at all to the prototrophic one, whereas
using 15 % initial glucose, the auxotrophic CEN.PK strain exhibited a more than doubled ethanol yield on
biomass.

The fermentative capacity of both the prototrophic and the auxotrophic strain was also tested after having
refreshed the exhausted medium with glucose to restore the initial 15 % concentration. In these conditions,
the amount of ethanol produced by the auxotrophic strain per mass unit, resulted to be double with respect
to the prototrophic one.

In the light of these results, yeast culture based on auxotrophic CEN.PK, strains could be taken into
consideration as culture capable to produce ethanol with a low amount of microbial cells and so potentially
suitable to be used for ethanol production by immobilized system.

1. Introduction

Nowadays is of considerable interest the study of techniques for the production of ethanol by fermentation
in order to convert biomass into liquid fuel, as a way to replace or supplement other type of fuels, especially
fossil (McKendry, 2002; Caspeta et al., 2013).

To this purpose, the investigation addressed to search new yeast strains capable to produce ethanol in
peculiar cultivation conditions, could represent a valid contribution for the research in this field (Nielsen et
al., 2013).

To our knowledge, a study focused on ethanol production by auxotrophic yeasts strains has not yet been
made. Among the auxotrophic yeast mutants, those obtained by the yeast Saccharomyces cerevisiae are
of great importance. Indeed, they have played an important role in the development of yeast classical genetic
techniques, yeast molecular biology, genetic and metabolic engineering (Sherman et al., 1986; Sherman,
1991).

The present work is aimed at investigating the capability of some auxotrophic S. cerevisiae strains to produce
ethanol and comparing their performances to the prototrophic strain.

The idea of studying ethanol production by auxotrophic yeast strains stems from the behaviour in aerated
fed-batch reactor of auxotrophic strains belonging to the CEN.PK family of the yeast S. cerevisiae observed
by Landi et al.(2011). Particularly, it was observed that, notwithstanding severe growth limiting conditions
were applied to avoid over-flow metabolism (Enfors, 2001), auxotrophic yeasts had a strong tendency to
produce ethanol with respect to the prototrophic parental strain. In addition, it was observed that the greater
the number of autotrophies the faster was the metabolic shift from respiratory to fermentative metabolism
with ethanol production (Landi et al., 2011).
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In the present study, two strains belonging to the CEN.PK family (van Dijken et al., 2000), the prototrophic
CEN.PK113-7D and two auxotrophic strains CEN.PK113-5D and CEN.PK2-1C bearing one and four
auxotrophies, respectively, have been taken into consideration to investigate the differences in their
capability to produce ethanol.

The fermentative capacity of these strains was studied, allowing them to proliferate in a rich-complex medium
based on YEP (Yeast Extract and Peptone) suited to promote fermentation (Hahn-Hagerdal et al., 2005) at
two different initial glucose concentration, namely 2 and 15 % (w/v). The test made at 15 % (w/v) glucose
concentration has been prolonged, for the two strains, CEN.PK113-7D and CEN.PK2-1C, after glucose
depletion in the medium, by renewing only glucose concentration and by monitoring the ability to produce
ethanol.

2. Materials and methods

2.1 Saccharomyces cerevisiae CEN.PK strains

The microorganisms used in this work are three yeasts strains belonging to the CEN.PK family of
Saccharomyces cerevisiae namely the prototrophic CEN.PK 113-7D (MATa URA3 HIS3, LEU2 TRP1 MAL2-
8c SUC2) and the auxotrophs CEN.PK113-5D (MATa ura3-52 HIS3, LEU2 TRP1 MAL2-8c SUC2) and
CEN.PK2-1C (MATa ura3-52 his3-A1 leu2-3,112 trp1-289, MAL2-8c SUC2). They were purchased at
EUROSCAREF collection (www.uni-frankfurt.de/fb15/mikro/euroscarf).

2.2 Shake-flask culture

Growth in shake-flask cultures was performed at 30 °C in 500 ml Erlenmeyer flasks containing 100 ml of
rich-complex medium based on YEP (Yeast Extract and Peptone), having the following composition (w/v): 1
% yeast extract, 2 % peptone (BectonDickinson & Co.) added with 2 or 15 % a-D-glucose (Sigma Aldrich).
These culture media are mentioned in the text as YEPD2 and YEPD15. When glucose in YEPD15 was
completely depleted, the fermentation test was prolonged by refreshing the exhausted medium with new
glucose in order to achieve again the 15 % w/v initial glucose concentration. The fermentation test was
prepared in duplicate for each strain considered and the shake flask inoculum came from an exponential
pre-culture in an amount such as to give the initial optical density at 590 nm (O.D.s90) of 0.1.

2.3 Analysis

Samples were quickly withdrawn from shake-flasks, filtered on 0.45 ym GF/A filters (Millipore, Bedford, MA
USA) and the filtrates analysed to determine residual glucose and ethanol concentrations. Residual glucose
(g L") in the medium was determined by enzymatic D-Glucose assay (GOPOD - Megazyme International,
Ireland Ltd). Ethanol production was evaluated with the enzymatic kit from Megazyme. All the samples were
analysed in triplicate showing a standard deviation always lower than 5 %.

Biomass dry weight for yields calculation was determined by a calibration curve relating O.D.s90 to cell
density.

3. Results

3.1 Screening of S. cerevisiae CEN.PK strains for their fermentative capacity

To test fermentative capacity, three strains belonging to the CEN.PK family of the yeast S. cerevisiae namely
a prototrophic strain CEN.PK 113-7D and two auxotrophic, CEN.PK 113-5D and CEN.PK2-1C bearing one
and four auxotrophies, respectively (for details see Materials and Methods) were taken into consideration.
These strains were allowed to grow in 500 mL shake-flasks containing 100 ml YEPD2 or YEPD15, as
described in section 2.2. The fermentative capacity has been evaluated by determining ethanol
concentration in the medium when glucose was completely exhausted. As far as the test at low glucose
concentration, in YEPD2, the time of glucose depletion was quite similar for all the strains tested and it
resulted to be 9-10 h (data not shown). Contrarily, with high glucose concentration of YEPD15, glucose
depletion time differed significantly between the prototrophic strain and the auxotrophic ones, being 19 h for
CEN.PK 113-7D and 30-31 h for CEN.PK 113-5D and CEN.PK2-1C.

Figure1, shows that, all the strains in YEPD2, exhibited a similar final ethanol production of about 5-6 g L.
Also in the presence of a significantly higher glucose concentration as in the case of YEPD15, no significant
difference in final ethanol was observed between the prototrophic and the auxotrophic strains even if final
ethanol achieved was obviously higher than that produced in YEPD2.

A more fruitful comparison between prototrophic and auxotrophic strains was accomplished when, besides
ethanol amount obtained, ethanol yields (Table 1) based on biomass unit (Ye/x) or glucose consumed (Ye/G)
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were considered. Indeed, a significant increase in Yec was always noticeable in YEPD15 with respect to
YEPD?2.
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Figure 1: Fermentative capacity of S. cerevisiae CEN.PK strains under investigation: YEPD2 cultivation
medium (light grey), YEPD15 cultivation medium (dark grey). Experiment were performed in duplicate and
S.D. was always lower than 7 %.

The increase in ethanol yield on glucose (Ye/G), observed in YEPD15, for all the strains considered, joined
with the increase of ethanol yield per biomass unit (Yeix, see Table 1) which was particularly relevant in the
case of the auxotrophic strains. Indeed the Yex values in YEPD15 for both the auxotrophic strains
CEN.PK113-5D and CEN.PK2-1C, were more than double if compared to the prototrophic CEN.PK113-7D
(Table 1).

Table 1: Ethanol yield on glucose (Ye/c) and ethanol yield on biomass (Ye/x). The parameters were
obtained after glucose depletion for 20 and 150 g L™ initial glucose. S.D. was always lower than 5%.

glucose  biomass YerG YEix

gL gL gg’ gg’(dw.)
CEN.PK113-7D o o 023 407
CEN.PK113-5D x o 0410 Tz
CEN.PK2-1C 150 00 0469 16

3.2 Fermentative capacity of CEN.PK strains in exhausted medium

In order to assay the capability of the auxotrophic yeast strains to produce ethanol over time, the fermentation
test in YEPD15 (section 3.1), has been prolonged for the CEN.PK2-1C strain having four auxotrophies, by
restoring the 15 % glucose in the exhausted medium and compared with the prototrophic CEN.PK113-7D
strain assayed in the same condition. During this experiment, ethanol production was monitored over time
(Figure 2A) since the beginning of the first fermentation test in fresh YEPD15.
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Figure 2: Effect of glucose addition on the fermentative capacity of S. cerevisiae CEN.PK113-7D (full circles)
and CEN.PK2-1C (empty circles): ethanol concentration (A) and ethanol yield on biomass (B). Points of
discontinuity marked with dotted line represent the time at which glucose was replenished after its depletion.

It is worth noting that during fermentation test, in both fresh and exhausted YEPD15, the prototrophic S.
cerevisiae CEN.PK113-7D, grew faster and produced always more ethanol in comparison with the
auxotrophic CEN.PK2-1C (Figure 2A). The better performance exhibited by CEN.PK113-7D corresponded
to faster glucose consumption. As a consequence, refreshing of the exhausted medium in the case of the
prototrophic strain, was anticipated (after 19 h incubation) with respect to the auxotrophic one (after 31 h
incubation) as shown in Figure 2A by dot lines which represent the link between two points that are ethanol
concentration achieved before and after medium refresh, the latter resulting always lower due to dilution
effect.

To better compare the fermentative capacity of the strains examined, ethanol yield on biomass (Yexx) has
been plotted against the time (Figure 2B) highlighting that Ye/x increased continuously for both CEN.PK113-
7D and CEN.PK2-1C and achieved a plateau value when the strains were not able to produce ethanol
anymore due to the higher concentration of this by-product (more than 100 g L) (Walker, 1998) as shown
in Figure 2A. ltis interesting to observe that the capability of CEN.PK 2-1C to produce ethanol per mass unit
was always higher than that of CEN.PK 113-7D (Figure 2B).

The results showed that, notwithstanding the prototrophic strain grew faster, the auxotrophic one had the
ability to produce higher amount of ethanol per mass unit without a net increase in biomass.

After the last glucose addition, further medium refreshing attempt did not produce any change in the
brothculture probably due to a, significantly cell viability loss (data not shown) caused by the high ethanol
concentration achieved and nutrient depletion.

4. Conclusions

To study aspects of ethanol production related to both prototrophic and auxotrophic yeast strains,
experiments were performed at two different concentration of the initial carbon source, namely 2 and 15 %
(w/v) of glucose. 2 % (w/v) glucose concentration is commonly used in shake flasks for cultivation study with
S. cerevisiae (Saghbini et al., 2001) whereas YEPD15 broth formulation was suitably chosen with the aim
to achieve a significant ethanol concentration (Alfenore et al., 2002).

For CEN.PK2-1C and CEN.PK113-7D, the test in YEPD15 was prolonged by adding to the depleted medium
new glucose to test both their fermentative capacity and their robustness. This is the reason why a four
auxotrophies-bearing strain, CEN.PK2-1C was chosen as a representative auxotrophic strain having been
resulted as the highest potential producer strain (Landi et al., 2011).

During cultivation in YEPD2, as expected, ethanol resulted to be growth associated (data not shown) and
its amount produced per cell mass, was in the range reported in the literature, 3 g g™'4.w. (Valadi et al., 1998)
as well as biomass and ethanol yields on glucose (Lievense and Lim, 1982; Enfors, 2001). This occurred
regardless of whether the strains were auxotrophic or not.
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When YEPD2 was replaced by YEPD15, an increase in ethanol yield on both glucose (Yec) and biomass
(Yex) was observed, the latter ranging between 5-10 g g™'a.w.. The highest Yex values were achieved with
the auxotrophic strains independently of the number of the auxotrophies.

Moreover a further increase in Yeix, with time, has been found, when yeast went on growing after addition
of glucose to the exhausted medium to restore the initial glucose concentration. This behaviour highlighted
that ethanol produced per mass unit can be strongly affected by cell age, ethanol concentration in the culture
medium and/or the ratio between the main energy and carbon source (glucose) and other nutrients that is
by non-balanced medium where, presumably, yeast cell are forced to divert an higher amount of glucose
towards maintenance. This behaviour was more pronounced in the case of auxotrophic strains as already
shown in the literature (Paciello et al., 2009; Paciello et al., 2010; Landi et al., 2011).

The present work represents the starting point to initiate an investigation on yeast physiology to have a
deeper insight on yeast catabolism under different environmental conditions. This study should be aimed at
isolating new auxotrophic strains capable to ferment with very low biomass yield. Such type of yeast strains
could be exploited in the field of ethanol production with immobilized cells (Najafpour et al., 2004; de Alteriis
et al., 1992; Parascandola et al., 1992) with countless advantages such as diminishing of cell leakage,
control of biofilm thickness and reduction of mass transport limitation phenomena (Qureshi et al., 2005).
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