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Abstract The cell viability and fermentation perfor-
mance often deteriorate in fermentations of spent sulphite
liquor (SSL). This investigation therefore addresses the
question of how different cultivation conditions for yeast
cells influence their ability to survive and boost the ethanol
production capacity in an SSL-based fermentation process.
The strains used as pitching agents were an industrially
harvested Saccharomyces cerevisiae and commercial dry
baker’s yeast. This study therefore suggests that exposure
to SSL in combination with nutrients, prior to the fer-
mentation step, is crucial for the performance of the yeast.
Supplying 0.5 g/l fresh yeast cultivated under appropriate
cultivation conditions may increase ethanol concentration
more than 200%.

Keywords Spent sulphite liquor - Ethanol - Yeast -
Microbial infections - Pitching

Introduction

At present, two methods are used industrially to separate

cellulose from both lignin and hemicellulose in the forestry
industry. The most common one is the sulphate process,
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which is used for almost all paper pulp production. The
sulphate process, kraft pulping, is an alkali process in
which a strong cellulose fiber is produced [22]. The black
liquor derived from this process contains lignin, extrac-
tives, and organic acids as well as lignin and carbohydrate
degradation products. The hemicellulose in the wood is
consequently totally hydrolyzed and not fermentable [22].
The sulphite process, which includes acid treatment of the
wood material, produces high-grade cellulose by different
cooking steps of the wood. During the different process
steps, hemicellulose and lignin are degraded, but not totally
decomposed. This liquid, usually referred to as spent sul-
phite liquor (SSL), contains fermentable glucose and
mannose in addition to degradation products and cooking
chemicals [22].

Along with the monosaccharides, SSL contains 5-hy-
droxymetylfurfural and furfural, organic acids, wood
extractives, dissolved solids, and residues from the cooking
process such as sulphite, and is therefore a highly inhibi-
tory fermentation medium [2, 6, 20]. In addition, the
insufficient levels of available nitrogen, phosphor, and
some vitamins may limit cell growth, and eventually
results in energy deprivation and deteriorating fermentation
capacity. While Saccharomyces cerevisiae (Baker’s yeast),
the preferred industrial ethanol-producing organism, is
known for its industrial robustness, it may be severely
inhibited under these conditions, which will result in poor
productivity and incomplete fermentation.

There are different methods to attack this problem, e.g.,
detoxification of the SSL medium [10-12, 18, 19, 25].
Other approaches may involve fermentation strategy,
choice of yeast strain, manipulation of external conditions
such as temperature, and increased nutrient concentration.
It is also possible to boost the yeast concentration during
ongoing fermentation [9, 19].
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It is also important to keep in mind that industrial
microbiological processing of monosaccharides is easily
subjected to infections by undesired microbes. In the case
of ethanol fermentation, these infections can be by bacteria
such as lactic acid bacteria [23] and acetic acid bacteria
[17], but also by wild yeast [4]. Infected fermentations
result in decreased ethanol yield, but a boosting strategy
can, to a large extent, reverse this effect.

Studies on spent sulphite liquor fermentations and yeast
viability appear to be lacking, although it is known that
yeast cells will respond positively to an adaptation or
training period before being exposed to the challenges
offered by, e.g., lignocellulosic media [1, 21]. This study
therefore focuses on how the use of a pitching agent affects
the fermentation of SSL. It also deals with the difference
between commercial bakers yeast and yeast adapted to SSL
when it comes to the fermentative capacity and tolerance to
storage.

Materials and method
Organism

The fermenting organism was an industrial strain of the
species Saccharomyces cerevisiae, obtained by isolation
from Domsjo Fabriker industrial ethanol production plant
located in Ornskoldsvik, Sweden, and it is deposited at the
Culture Collection University Goteborg (CCUGS53310).
The start inoculum was a mixture of microorganisms har-
vested from the same site. This mixture (sludge) contained
the complete microbiological community existing in an
industrial ethanol fermentation plant; mainly yeast (S. ce-
revisiae), lactic acid bacteria [23], and acetic acid bacteria
[17]. After harvest, the mixture was allowed to settle for
approximately 1h in order for the microorganisms to
sediment. The supernatant was discarded and the micro-
organisms were concentrated by centrifugation at 2,910 g
for 5 min in room temperature and weighed prior to
inoculation.

A pure culture of the industrial strain of Saccharomyces
cerevisiae was inoculated to each one of fermentations in
order to boost the system with fresh yeast. Thus, a fixed
amount of yeast is added to the fermentation in order to try
to increase ethanol yield. Commercial dry bakers yeast
(CBY) was used as reference.

Cultivation medium
Three different cultivation media were used for growth of
fresh yeast. Medium one contained 20 g/l glucose, 3 g/l

yeast extract and 3.42 g/l (NH4),SO, suspended in tap
water (YD). Medium two consisted of spent sulphite liquor
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(SSL) from the Domsjo Fabriker plant supplemented with
3.6 g/l KH,PO4, 7.5 g/l (NH4),SO4, 0.09 g/l ZnSO4e7
H,0, 0.97 g/l MgSO4e7 H,0, and 50 pg/l biotin. Medium
three consisted of a 1/1 mixture of the two above described
media. The synthetic medium was autoclaved in 120°C for
20 min and then cooled to 30°C before use. The SSL was
used directly and was slowly heated to 30°C prior to
inoculation.

Cultivation strategy

A preculture was started by inoculating yeast grown on an
agar plate containing 20 g/l yeast extract agar (MERCK
KGaA), 20 g/l glucose and 20 g/l peptone (YPD) to a
liquid medium containing yeast extract, glucose and pep-
tone with the same concentrations as the agar plate. The
temperature was regulated to 30°C in a shake-bath. Sub-
sequently, the preculture was further inoculated into an
Infors HT Minifors fermentor with a working volume of 4
1, containing 500 ml of medium one. Cultivation of yeast
was carried out by 24 h of aerobic batch cultivation fol-
lowed by 34 h of feeding of one of the three media; SSL,
YD or SSL/YD. The batch cultivation was performed with
a temperature set to 30°C and pH continuously adjusted to
5.0 by 5 M NaOH and the air flow was set to 3.3 vvm.
The feed rate was 85 ml/h. The temperature and the air
flow were the same both during batch and fed-batch
cultivation.

Fermentation medium and fermentation strategy

SSL supplemented with 10.2 ml/l 25% ammonium and
171 mg/l KH,PO4 was used as fermentation substrate. The
pH was adjusted to 5.0 by 5 M NaOH prior to fermenta-
tion. The fermentations were performed in 300-ml Erlen-
meyer flasks with a total fermentation volume of 150 ml.
The fermentation time was 12 h, the temperature was
30°C, and the agitation (in an orbital shake) was 150 rpm.
The pH was not regulated during fermentation. Starter
culture (sludge) and pitching agents were inoculated
together at time zero of all fermentations.

Sampling technique during cultivation
and during fermentation

Samples were withdrawn from the cultivation of new yeast
via a sterile vessel connected to the fermentor. Samples
from the fermentations were withdrawn with a sterile syr-
inge at the end of each fermentation. Glucose concentration
was determined using a Boehringer Mannheim/R-BIOP-
HARM Glucose kit. The ethanol concentration was deter-
mined using a Boehringer Mannheim/R-BIOPHARM
Ethanol kit.
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Storage conditions

The pitching agent was stored for 86 h in the cultivation
medium with no supply of air. Temperature was 30°C and
the agitation was 150 rpm.

Cell viability

Measurements of the cell viability were performed using
YPD-agar plates for yeast and MRS-agar supplemented
with cycloheximide for lactic acid bacteria. The YPD-agar
plate contained 20 g/l yeast extract agar (MERCK KGaA),
20 g/l glucose, and 20 g/l peptone. The MRS-agar plate
contained MRS broth and 100 mg/I cycloheximide.

Reproducibility

The fermentations were performed with a base of industrial
sludge harvested randomly during a period of 9 months. It
is of utmost importance to harvest sludge at different times
in order to validate the effect of the pitching agent in an
industrial context where process variations in the rest of the
factory can influence ethanol production and the compo-
sition of microbes. In order to determine the standard
deviation of the ethanol concentration between the same
sets of fermentations performed at different times, Stu-
dent’s ¢ test was used.

Results and discussion

The cell viability and fermentation performance is often
deteriorating in SSL-based environments. Hence, in many
cases it is necessary or at least beneficial to add fresh yeast
to the fermentor. This investigation addresses the question
of how different cultivation conditions for a yeast culture
that subsequently will be used as pitching agent in SSL
fermentations will influence its capacity to survive and
improve the ethanol production capacity. Four different
cultivation conditions were compared, commercial dry
bakers yeast, and cells cultivated in YD, SSL or a 1/1
mixture of YD and SSL, respectively.

Influence of yeast additions in SSL-based fermentations

The ethanol concentration did increase with an addition of
fresh-grown yeast (Fig. 1). Results obtained in this study
indicate with 90% certainty (determined using Student’s
t test) that yeast grown on SSL produces a more than two-
fold increase in ethanol concentration in subsequent fer-
mentations with SSL as fermentation media compared to
fermentations without any addition of fresh yeast. In order
to ferment a harsh media like SSL within a reasonable
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Fig. 1 Ethanol concentrations after 12 h of fermentation in SSL
media using sludge from an industrial ethanol production plant with
or without addition of fresh yeast. Bars I and 2 represent control
experiments using only sludge with a concentration of 2.0 or 2.5 g/l
(dw), respectively. Bars 3—6 show results when 2.0 g/l (dw) of sludge
was pitched with 0.5 g/l (dw) of commercial dry baker’s yeast (CBY),
or with cells cultivated in YD, SSL or a mixture of YD and SSL,
respectively. Cultivation of yeast used for pitching was performed in
fed-batch cultures and the cells were harvested immediately at the end
of the feeding period. The error bars indicate the standard deviation
of a minimum of four sets of experiments

time-span it therefore seems advantageous to cultivate the
fermenting organism, S. under conditions
resembling the subsequent fermentation medium [1, 21].
An increased level of nutrients during growth did
increase the ethanol concentration even more, although the
difference between pure SSL and supplemented SSL is not
statistically significant. After 12 h of fermentation, a more
than two-fold increase in ethanol concentration was
obtained with 95% certainty when yeast cultivated in a
mixture of YD/SSL were used as pitching agents, com-
pared to sludge as pitching agent (Fig. 1). If the fresh yeast
is cultivated in a mix of rich nutrients (YD) and SSL it is
suggested that the yeast will be able to produce a biomass
with proper levels of e.g., nutrients, proteins, and energy to
sustain a high performance and viability in a harsh, nutri-
ent-poor environment offered by SSL. This may decrease
the lag phase and result in a higher productivity as well as a
longer life span, which would be of importance in e.g.,
continuous fermentations where the yeast is exposed to the
challenging conditions during an extended time period. It
has been shown that S. cerevisiae has the potential to adapt
to harsh conditions and is therefore suitable for industrial
fermentations [19, for review see 22]. Accordingly, a cor-
relation between fermentation ability and stress tolerance
has been shown in S. cerevisiae wine strains [8], and the
results obtained in this investigation suggest that this may
also be true for the industrially harvested S. cerevisiae used
in this study. The addition of commercial bakers yeast

cerevisiae,
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Table 1 Ethanol production after the addition of different amounts of
fresh yeast pitched to the spent sulphite liquor (SSL media) inoculated
with sludge from an industrial ethanol plant

Growth Pitched cells of S. cerevisiae Ethanol (g/1)

media (g/l, dry weight)

YD 0.2 2.63 £ 0.07 g/
0.8 6.47 £ 0.33 g/l

SSL 0.2 5.30 £ 0.01 g/l
0.8 10.05 £ 0.09 g/1

YD/SSL 0.2 4.84 £+ 0.27 g/l
0.8 1431 £ 1.5 g/l

The ethanol concentration is an average of two separate experiments
and =+ indicates maximum/minimum values

results in a minimal increase in ethanol concentration
(Fig. 1) and even though it is an attractive option due to its
simplicity, it does not have any significant effect on the
ethanol productivity under these conditions.

The effect of the amount of yeast added

An increased inoculum size affects ethanol productivity
positively, independently of the growth media [9]. The
increase in ethanol concentration is, however, not propor-
tional to the increase in cell mass (Table 1). A fourfold
increase in cell mass results in a two to three-fold increase
in ethanol concentration. A difference is, however, noticed
when comparing yeast grown with and without SSL present
in the medium. Inoculation of 0.2 g/l fresh yeast grown in
YD, to SSL fermentations does not affect ethanol con-
centration at all (Table 1). The same inoculation of yeast
cultivated in the presence of SSL, on the other hand, affects
ethanol concentration positively already at this limited cell
concentration (Table 1). It has been proposed that an initial
cell concentration of 10’ CFU/ml is preferable [7], which
roughly corresponds to an inoculation size of 0.5 g/l (dw).
In fermentations inoculated with 0.2 g/l (dw) of fresh
grown yeast, no difference in improved ethanol concen-
tration can be seen between yeast grown in pure SSL and
yeast grown in SSL supplemented with nutrients. However,
at higher concentrations of yeast additions (0.5 and 0.8 g/l
dw), a positive effect on ethanol productivity by addition of
nutrients was observed. Hence, a cultivation medium based
on SSL and supplemented with nutrients give rise to more
active and resistant yeast cells.

How will the storage of yeast affect its capability
as a pitching agent?

From a production process point of view, it would be most

valuable if the good characteristics of yeast cultivated
under proper conditions could prolong its life-span as a
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Fig. 2 Ethanol concentrations after 12 h of fermentation in SSL
media using sludge from an industrial ethanol production plant
without or with addition of commercial dry baker’s yeast or yeast
cells that were produced and stored for a period of 86 h. Bars I and 2
represent control experiments using only sludge with a concentration
of 2.0 or 2.5 g/l (dw), respectively. Bar 3—6 shows results when 2.0 g/
1 (dw) of sludge was pitched with 0.5 g/l (dw) of commercial dry
baker’s yeast (CBY) or with yeast cultivated in different media (YD,
SSL YD/SSL) and stored for 86 h. The error bars indicate max/min
values of two separate experiments

valuable pitching agent. However, when stored yeast cells
were added to the SSL fermentation broth, there was no
positive effect whatsoever in terms of ethanol production
(Fig. 2). The results showed low fermentative capacity in
subsequent SSL fermentations. Storage often includes
exposure of the yeast to minimal concentrations of carbon
and nutrients, which may lead to reduced energy content of
the cell and in turn lower the fermentative capacity. This is
further supported by Thomsson et al. [24], who suggests
that carbon starvation prior to fermentation results in an
almost complete loss of fermentative capacity of S. cere-
visiae. Nilsson et al. [16] suggests that the physiological
state from which the cells originate affects the fermentative
capacity after storage. Storage conditions can be optimized
[13, 14] but freshly grown yeast will still most likely be
superior to stored yeast (Figs. 1, 2).

Comparison of increasing inherent yeast concentrations
and addition of new yeast

Figure 3 illustrates the effect of increasing the concentra-
tion of inherent cell mass. A fermentation with 6-8 g/l
(dw) sludge results in the same ethanol concentration as
fermentations inoculated with 2 g/l (dw) sludge and 0.5 g/
(dw) fresh yeast grown in SSL (Fig. 1). This suggests that
almost a 2.5-fold increase in cell concentration is needed in
order to increase ethanol concentration to the same level as
when fresh grown yeast is added to the fermentation. This
increases the need for very effective cell retention. The
ethanol concentration will also most likely decrease with



J Ind Microbiol Biotechnol (2011) 38:1787-1792

1791

12.0

10.0

8.0 El

6.0 1

Ethanol (g/l)

4.0

ol

Sludge g/l (dw)

Fig. 3 Ethanol concentrations after 12 h of fermentation in SSL
media using different amounts of sludge. The error bars indicate
max/min of two separate experiments

time due to a possible viability loss of the cells. Enhanced
productivity may at the beginning be reached with
increased concentration of inherent yeast, but in order to
achieve continuous high-productivity pitching of fresh
grown adapted yeast may be preferable.

Influence of yeast additions on the amount of bacteria

The amount of viable yeast cells does increase in the SSL
fermentation when new yeast is added, the highest amount
of viable cells being obtained by the addition of cells grown
in YD/SSL (Table 2). Also, the addition of commercial dry
baker’s yeast results in an increase in the number of viable
cells. Despite this, the ethanol concentration remains
unaffected (Fig. 1). Hence, it seems as if the added com-
mercial dry baker’s yeast are surviving, at least for a limited
amount of time, in the harsh environment but it is not very
active in terms of ethanol production. Fermentations with a
yeast inoculum grown in SSL/YD exhibited the highest
viable yeast cell concentration and a tenfold decrease in

Table 2 Viable yeast and bacterial cells per ml of fermentation
media after 12 h fermentation in SSL media

Growth medium Yeast CFU/ml Bacterial CFU/ml

2x105+19 x 10° 2 x 10°+ 1.5 x 10°

REF* x

YD 8 x 10°+2.6 x 10° 3 x 10° + 6.0 x 10*
SSL 1 x 10" £49 x 10° 3 x 10° + 4.0 x 10°
YD/SSL 3x 107 +12x 107 2 x10°+ 1.8 x 10°
CBY 2x 10" +16 x 107 ND°

Original cell density was 2.0 g/l (dw) sludge plus 0.5 g/l (dw) fresh
yeast. The bacterial cells were derived solely from the sludge. Stan-
dard deviation was calculated from a minimum of four separate
experiments

# Sludge 2.0 g/1 (dw) without any additions

® ND not determined

bacterial cell concentration (Table 2). This also coincides
with the highest ethanol concentration (Fig. 1). The addi-
tion of yeast cells cultivated under other conditions did not
affect the number of viable bacterial cells (Table 2). Bac-
terial contaminants compete for the amount of fermentable
sugars and micronutrients, as well as increase the amount of
inhibitors, e.g., organic acids [15], which may influence
ethanol production [5]. Even though the number of viable
bacterial cells observed in our study is below the amount
that is commonly believed to influence ethanol production
[3, 15], it cannot be ruled out that the reduction of bacterial
cells in our investigation is indeed important. Most proba-
bly, the substrate as well as the composition of the bacterial
community will have an influence on the significance of the
bacterial cell number. This study has focused on the con-
centration of lactic acid bacteria but we have indeed indi-
cations that Acetobacteria are especially troublesome in this
respect and may lead to severe reductions in yeast-cell
viability as well as ethanol production.

Conclusions

If cultivation of the yeast is performed with the same
substrate as the subsequent fermentation, ethanol concen-
tration will be increased. It is therefore suggested that,
under such conditions, the yeast will be able to produce a
biomass with proper levels of the specific enzymes and
proteins needed under suboptimal fermentation conditions
in order to sustain a high performance and viability in a
harsh media like SSL. With a total hexose concentration of
36 g/l, an inoculation of 0.8 g/l (dw) of the pitching agent
grown in SSL/YD produces an ethanol concentration of
78% of the theoretical ethanol concentration within 12 h of
fermentation. A viable yeast culture may also indirectly
suppress microbial infections, which may otherwise be a
problem in continuous fermentations. This investigation
also suggests that a relatively low concentration of bacte-
rial cells can significantly decrease ethanol productivity by
S. cerevisiae. In an ethanol production plant with a nutri-
ent-poor and challenging substrate, it is of utmost interest
to make a well-balanced calculation on how much and how
well adapted yeast culture that is optimal for usage as
pitching agents under these conditions.
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