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Marlous van Dijk, Friederike Mierke, Yvonne Nygard and Lisbeth Olsson”

Abstract

Propagation conditions have been shown to be of considerable importance for the fermentation ability of Saccharo-
myces cerevisiae. The limited tolerance of yeast to inhibitors present in lignocellulosic hydrolysates is a major challenge
in second-generation bioethanol production. We have investigated the hypothesis that the addition of nutrients
during propagation leads to yeast cultures with improved ability to subsequently ferment lignocellulosic materi-

als. This hypothesis was tested with and without short-term adaptation to wheat straw or corn stover hydrolysates
during propagation of the yeast. The study was performed using the industrial xylose-fermenting S. cerevisiae strain
CRO1. Adding a mixture of pyridoxine, thiamine, and biotin to unadapted propagation cultures improved cell growth
and ethanol yields during fermentation in wheat straw hydrolysate from 0.04 g g~' t0 0.19 g g~' and in corn stover
hydrolysate from 0.02 g g~' t0 0.08 g g~". The combination of short-term adaptation and supplementation with the
vitamin mixture during propagation led to ethanol yields of 0.43 g g~" in wheat straw hydrolysate fermentation and
041 gg~"in corn stover hydrolysate fermentation. These ethanol yields were improved compared to ethanol yields

metals, Industrial Saccharomyces cerevisiae strains

from cultures that were solely short-term adapted (0.37 and 0.33 g g~'). Supplementing the propagation medium
with nutrients in combination with short-term adaptation was thus demonstrated to be a promising strategy to
improve the efficiency of industrial lignocellulosic fermentation.

Keywords: Corn cob hydrolysate, Wheat straw hydrolysate, Inhibitor tolerance, Vitamins, Nitrogen source, Trace

Introduction

The limited tolerance of Saccharomyces cerevisiae to
inhibitors present in lignocellulosic hydrolysates is a
major challenge in second-generation bioethanol pro-
duction (Palmqvist and Hahn-Higerdal 2000; Hemansi
et al. 2019). Synergistic effects have been reported
between lignocellulosic inhibitors (Oliva et al. 2006; Ding
et al. 2011), as well as between lignocellulosic inhibitors
and process conditions prevailing during lignocellulosic
fermentations (e.g. high osmolarity, poor mixing, etc.), as
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reviewed by Piotrowski et al. (2014). Among the strate-
gies used to counteract inhibitory effects, the addition
of inorganic nutrients to lignocellulosic fermentation
medium has been shown to improve the fermentation
performance (Jorgensen 2009; Xiros and Olsson 2014;
Kelbert et al. 2015). The present study takes another
approach by investigating the effects of nutrient addi-
tion to the propagation on lignocellulose fermentation
performance of S. cerevisiae. It also investigates whether
the efficiency could be improved further by combining it
with short-term adaptation.

Strategies for improved lignocellulose fermentation
Despite the existence of complete biosynthetic path-
ways in the Saccharomyces cerevisiae genome to
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produce B vitamins (Perli et al. 2020), most chemically
defined media for yeast cultivations include these vita-
mins to support faster cell growth (Verduyn et al. 1992).
Additionally, supplementation of nutrients such as bio-
tin, magnesium, or zinc to the fermentation medium
have been reported to improve ethanol tolerance, and
thus ethanol productivity in media without lignocel-
lulose hydrolysates (Dombek and Ingram 1986; Winter
et al. 1989; Alfenore et al. 2002; Zhao et al. 2009). The
addition of manganese in yeast fermentation has been
reported to improve xylose consumption under acetic
acid stress (Ko et al. 2016), while the addition of com-
plex nutrients to high-gravity lignocellulose fermen-
tation has been shown to improve the fermentation
performance (Xiros and Olsson 2014). Nutrient supple-
mentation to the lignocellulose fermentation medium
directly thus appears to improve the fermentation effi-
ciency. However, information is lacking on the effects
of addition of nutrients to the propagation media and
how such additions change the cells capacity to ferment
lignocellulose hydrolysates.

Short-term adaptation is achieved by propagating yeast
in dilute lignocellulosic hydrolysate medium. Physiologi-
cal parameters such as viability, biomass yield, and fer-
mentation capacity have been reported to increase during
fermentation following short-term adaptation compared
to cultures propagated in a medium without hydrolysate
(Alkasrawi et al. 2006; Nielsen et al. 2015; Zhang et al.
Zhang et al. 2019; van Dijk et al. 2019). Alternatively, evo-
lutionary engineering, or long-term adaptation, of yeast
strains has been shown to be successful in increasing the
efficiency of fermentation through increased inhibitor
tolerance (Marti'n and Jonsson 2003; Tomds-Pejo et al.
2010; Brandt et al. 2019). However, hydrolysate compo-
sition, and thus inhibitor abundance, varies depending
on the feedstock (Klinke et al. 2004; Almeida et al. 2007),
seasonality (Bunnell et al. 2013; Greenhalf et al. 2013),
and method of substrate pretreatment (Chundawat et al.
2010). As inhibitor profiles vary, there is a risk that yeast
strains will be evolved for a specific inhibitor profile,
leading to a sub-optimal efficiency for others.

The aim of the present study was to investigate the
effects of nutrient supplementation of various vitamins,
trace metals, and nitrogen sources during the propa-
gation of the industrial xylose-fermenting strain of S.
cerevisiae, CRO1, with and without the presence of lig-
nocellulosic hydrolysate (short-term adaptation). The
cells that were propagated under different conditions
were evaluated on their efficiency to ferment lignocel-
lulosic hydrolysates. We hypothesized that the addi-
tion of nutrients during propagation would produce
cells with improved capacity to ferment lignocellulosic
hydrolysates.
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Materials and methods

Microorganism and cultivation

The industrial strain of S. cerevisiae used in this study
was CRO1, kindly provided by Taurus Energy AB, Swe-
den. This strain harbors the xylose-utilization genes Xyl1
(xylose reductase) and Xyl2 (xylitol dehydrogenase) from
Pichia stipitis, and overexpresses the endogenous XKS1
(xylulokinase) gene. This strain has also been subjected to
evolutionary engineering to improve its xylose fermenta-
tion efficiency and its tolerance to lignocellulosic inhibi-
tors. It was stored at —80 °C in a 30% (w/w) glycerol
solution.

Seed cultivation

Before propagation, the frozen cell stock solutions were
thawed and grown for 24 h in synthetic minimal medium
containing 20 g L™! glucose at pH 6.0. Other components
were added according to Verduyn et al. (1992), with the
exception of ammonium sulfate, which was replaced by
2.3 g L' urea to prevent acidification of the medium.
Incubation was performed at 30 °C on an orbital shaker
(IKA, Germany) at 200 rpm (orbital diameter: 20 mm) in
250 mL shake flasks with a working volume of 50 mL.

Propagation
Aerobic propagation was performed in 250 mL shake
flasks with a working volume of 50 mL. Cultures were
inoculated to an OD of 0.1, incubated at 30 °C and agi-
tated at 200 rpm in an orbital shaker. The propagation
control medium consisted of 2.3 g L™ urea, 3 g L™*
potassium phosphate, 0.5 g L' magnesium sulfate, and
0.11 pg L™! p-biotin. As a carbon source, 30 g L™! glucose
and 15 g L™ of xylose were used. Various nutrients were
added during propagation in an initial screening, includ-
ing vitamins, trace metals, and different nitrogen sources,
according to Table 1. Choice of nutrients and their con-
centrations resulted from a literature search. Certain
conditions were selected and tested in an experiment
where fermentation cultures were scaled-up (Table 2).
Additionally, all propagation conditions in Table 1 and
Table 2 were tested in the presence of 40% (w/w) wheat
straw hydrolysate (WSH), or 20% (w/w) corn stover
hydrolysate (CSH), as these concentrations were found
to result in efficient short-term adaptation. The control
media contained the same glucose and xylose concentra-
tions as the hydrolysates in the corresponding adaptation
media. After propagation, cells were harvested, washed
ina 9 g L™! sodium chloride solution, and resuspended in
fermentation medium.

Fermentation
In the initial screening fermentation cultures with a
working volume of 1 mL were carried out using 48-well
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Table 1 Screening experimental conditions, stating concentrations of nutrients additions

Propagation

Fermentation

Experimental set A
Control medium
0.165 pg L™ of o-biotin
044 pg L=! of p-biotin
1 mg L™" pyridoxine
1'mg L~" thiamine
1 mg L~" pyridoxine, 1 mg L~" thiamine, and 0.44 ug L~ of p-biotin
50 mg L™ zinc sulfate
10 mg L™ manganese chloride
30 mg L™ " iron sulfate
5 g L~! ammonium sulfate as nitrogen source (4 phosphate buffer)
344 g L~ peptone as nitrogen source (4-phosphate buffer)
Control medium (4 phosphate buffer)
Experimental set B
Control medium
0.165 ug L™" of p-biotin
0.44 ug L~ of p-biotin
1 mg L~" pyridoxine
1 mg L~" thiamine
1 mg L™ pyridoxine, 1 mg L™ thiamine, and 0.44 ug L™ of p-biotin
50 mg L~ zinc sulfate
10 mg L~" manganese chloride
30 mg L~ "iron sulfate
5g L=" ammonium sulfate as nitrogen source (+ phosphate buffer)
344 g L' peptone as nitrogen source (4+ phosphate buffer)
Control medium (4 phosphate buffer)

Control medium
Control medium
Control medium
Control medium
Control medium
Control medium
Control medium
Control medium
Control medium
Control medium
Control medium
Control medium

Control medium

0.165 ug L' of p-biotin

0.44 ug L~" of p-biotin

1 mg L~" pyridoxine

1 mg L~ thiamine

1 mg L™" pyridoxine, 1 mg L™ thiamine, and 0.44 pg L™ of p-biotin
50 mg L™ zinc sulfate

10 mg L™ manganese chloride

30 mg L™ " iron sulfate

59 L~" ammonium sulfate as nitrogen source (+ phosphate buffer)
3.44 g L~ peptone as nitrogen source (4 phosphate buffer)
Control medium (4 phosphate buffer)

Propagation was performed in shake flasks and fermentation in microbioreactors. Each row indicates the combination of the propagation and fermentation medium

used. Unless otherwise stated nutrients were added to the control medium

Table 2 Scaled-up experimental
concentrations of nutrients additions

conditions, stating

Propagation Fermentation

Control medium Control medium

1 mg L' pyridoxine Control medium

1mg L™ thiamine Control medium
1'mg L™" pyridoxine, 1 mg L™" thiamine, and Control medium

044 ug L~ of p-biotin

Propagation and fermentation were both performed in shake flasks. Each row
indicates the combination of the propagation and fermentation medium used.
Unless otherwise stated nutrients were added to the control medium

FlowerPlates in a Biolector I (m2p-labs GmbH, Ger-
many). The microbioreactor fermentations were per-
formed in the anaerobic chamber of the device, at 30 °C,
while being agitated at 800 rpm and flushed with nitrogen
gas. Scattered light was used as a measure of cell growth
(arbitrary units), and values were recorded every 20 min.
Fermentation was continued for 48 h, at which time sam-
ples were taken for OD and HPLC measurements.

Propagation conditions that showed to affect fermen-
tation efficiency were selected from the screening results
and scaled-up to be performed in 500 mL screw-top
shake flasks (Duran, Germany) with a working volume
of 200 mL. The shake flasks were incubated at 30 °C
and agitated at 150 rpm in an orbital shaker. A one-way
valve was connected to the cap (Eppendorf, Germany)
to allow for carbon dioxide release, while another con-
nection allowed for sterile sampling through a swabable
valve without opening the shake flask. Weight loss due to
carbon dioxide release was monitored and used to deter-
mine the progress of the fermentation.

The fermentation control medium consisted of 80%
(w/w) WSH or 70% (w/w) CSH, supplemented with
2.3 g L' urea, 3 g L™! potassium phosphate, 0.5 g L™
magnesium sulfate, and 0.11 pg L~! p-biotin. Each fer-
mentation was inoculated to an OD of 1.0. During the
initial screening, in experimental set A (Table 1), nutrient
additions to the propagation were investigated followed
by fermentation in the control medium (no additional
nutrients). In experimental set B (Table 1) nutrient
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additions to both the propagation and fermentation were
investigated. In the scaled-up experiments, fermentations
were only performed without additional nutrient addi-
tions (Table 2).

Raw material, pretreatment, and enzymatic hydrolysis
Hydrolysates from two different lignocellulosic materials
were used: wheat straw and corn stover. The wheat straw
and corn stover were impregnated in a 0.2% (w/w) solu-
tion of sulfuric acid for at least 1 h. The resulting material
was filter pressed to a dry matter content of 40% (w/w),
and subsequently incubated in a steam pretreatment
unit for 10 min at 190 °C (wheat straw) or 200 °C (corn
stover), as described earlier (Linde et al. 2008).

In order to obtain liquid hydrolysates, the steam-pre-
treated slurries were first diluted to a water insoluble
solids content of 10% (w/w). The enzyme cocktail Cellic
Ctec 2 (Novozymes, Denmark) was added to the steam-
pretreated wheat straw slurry at a concentration of 10
FPU gy)s. Enzymatic hydrolysis was performed in a
stirred reactor at 45 °C, pH 4.8. The sugars and degrada-
tion products in the resulting WSH and CSH were deter-
mined (Table 3).

Analytical methods

Cell density measurements

The optical density (OD) was determined at 600 nm
using a Genesys 20 spectrophotometer (Thermo Scien-
tific, USA). The value measured from filtered samples
was subtracted to compensate for the background of the
medium. The cell dry weight (CDW) was determined by
filtering appropriate volumes (containing a minimum of
10 mgqpyw and a maximum of 40 mg.py on the filter)
of cell culture through a pre-dried and weighed 0.45 pm
polyethersulfone membrane (Sartorius, Germany). The

Table 3 Composition of the liquid fractions of the wheat
straw and corn stover hydrolysate after enzymatic
hydrolysis

Wheat straw hydrolysate Corn stover

(gL™ hydrolysate
(gL™
Glucose 753 68.0
Xylose 382 242
Arabinose 6.4 50
Cellobiose 86 6.4
Formic acid 16 20
Acetic acid 5.1 52
Levulinic acid 0.0 0.1
HMF 0.1 0.2
Furfural 28 30
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filters containing samples were washed with deionized
water and dried again in a microwave oven at a power
output of 385 W for 15 min, before final weighing.

Metabolite and inhibitor analysis

The concentrations of extracellular metabolites, sug-
ars, and inhibitors were determined with HPLC, using
a refractive index detector (Jasco, Italy). Measurements
were performed on filtered samples (0.2 um nylon mem-
brane filters, VWR, USA). Glucose, xylose, arabinose,
formic acid, acetic acid, 5-(hydroxymethyl) and furfural
(HMEF), were separated using a Rezex ROA-Organic Acid
H* column at a flow rate of 0.8 mL min*, at 80 °C, using
5 mM sulfuric acid solution as eluent.

Results

The influence of different nutrient additions to the
propagation and fermentation media on lignocellulose
fermentation performance was first tested using a micro-
bioreactor system. This allowed for parallel screening of
many conditions. The results obtained from these tests,
i.e. the ethanol yield and xylose consumption, were used
for informed design of the subsequent fermentations in
shake flasks.

Screening of vitamin supplementation during cell
propagation

In the screening experiments pyridoxine, thiamine, and
biotin were added to the propagation media both sepa-
rately and combined. Results showed that the addition
of a mixture of pyridoxine, thiamine and biotin, dur-
ing propagation led to an increase in the ethanol yield
on total sugars during WSH fermentation (0.43 g g™ ),
compared to non-supplemented, unadapted cultures
(0.07 g g%, Fig. 1a). Pyridoxine addition increased the
ethanol yield (0.22 g g%, Fig. 1a), whereas thiamine sup-
plementation did not lead to any increase in ethanol yield
when using unadapted cultures (Fig. la), compared to
their respective control cultures. In the case of adapted
cells, no clear increase in ethanol yield during WSH fer-
mentation was observed when the propagation culture
was supplemented with any of the vitamins or the mix-
ture (Fig. 1a).

No improvements in xylose consumption were seen
when the vitamins were added separately during the
propagation. However, supplementation with the mix-
ture of vitamins led to improved xylose utilization during
WSH fermentation (8.2 g L™!, Fig. 1b), compared to the
control medium (0.4 g L™}, Fig. 1b). No improvement was
seen in xylose consumption when vitamins were added
to the adapted cultures (Fig. 1b). The addition of biotin
alone during propagation (0.165 and 0.44 pg L") did not
lead to a clear improvement in fermentation performance
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Fig. 1 Influence of vitamin supplementation during propagation of Saccharomyces cerevisiae strain CRO1 on fermentation performance in
microbioreactors using a medium containing 80% (w/w) wheat straw hydrolysate. a The ethanol yield on total sugars, and b consumed xylose after
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in either unadapted or adapted cultures, compared to
when the yeast was propagated without supplementation
(data not shown).

When CSH was used as fermentation medium, no
growth was observed in unadapted cultures propagated
in the control medium, with pyridoxine, or with thiamine
supplementation, or in adapted cultures with thiamine
supplementation, (data not shown). Under these condi-
tions, the ethanol yields were between 0.00 and 0.07 g g~
(Fig. 2a). Only minor xylose consumption was observed
in these cultures after 48 h (Fig. 2b).

Under the other conditions investigated: unadapted
cultures supplemented with the vitamin mixture, and
adapted cultures grown in the control medium, with pyr-
idoxine, and with the vitamin mixture, the ethanol yields
were between 0.24 g g~* and 0.30 g g ! (Fig. 2a). As in the
case of WSH, the ethanol yields from the fermentation
of CSH were not improved using the adapted cells when
supplemented with the vitamin mixture (0.28 g g™,
compared to the control medium (0.30 g g~ ! Fig. 2b).

Screening of different nitrogen sources

during propagation

Urea was used as the nitrogen source in the control
medium. In order to investigate the influence of the
nitrogen source on the short-term adaptation effect,
urea was replaced with ammonium sulfate or peptone
during propagation. WSH fermentation growth curves
obtained from the studies in microbioreactors showed

that cultures in which urea was used as the nitrogen
source grew better than cultures with ammonium
(data not shown). Urea and peptone supplementation
resulted in similar ethanol yields for both adapted and
unadapted cells (0.36—0.37 g g™, Table 4). The ethanol
yield achieved with adapted cells when ammonium was
used as the nitrogen source was lower than the yields
obtained using the other nitrogen sources (0.21 g g~*,
Table 4), which is consistent with the finding that all
the glucose was not consumed after 48 h (data not
shown). The trends in xylose consumption when urea
and peptone were used as nitrogen sources mirrored
those of the ethanol yields. Higher xylose consumption
was observed when using urea as the nitrogen source
(15 L™! for unadapted and 14 g L™! for adapted cells),
compared to ammonium (11 g L™! for unadapted and
3 g L™ ! for adapted cells), or peptone (12 g L™! for una-
dapted and 13 g L™ for adapted cells, Table 4).

In CSH, ammonium-supplemented cultures of CR0O1
performed similarly to those supplemented with urea
(Table 4). In contrast, cultures supplemented with
peptone showed lower ethanol yields (0.20 g g™' for
unadapted and 0.27 g g~! for adapted CRO1, Table 4),
and xylose consumption (2.2 g L™ for unadapted and
2.9 g L7! for adapted CRO1, Table 4), than with the
other two nitrogen sources.
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Fig. 2 Influence of vitamin supplementation during propagation of Saccharomyces cerevisiae strain CRO1 on fermentation performance in

microbioreactors using a medium containing 70% (w/w) corn stover hydrolysate. a The ethanol yield on total sugars, and b consumed xylose after
48 h. Results of unadapted cultures are shown in black and results of adapted cultures are shown in grey

Table 4 Influence of different nitrogen sources in the propagation medium on the ethanol yield on total sugars
and xylose consumption of CRO1 during fermentation of wheat straw and corn stover hydrolysates

Nitrogen source

Wheat straw hydrolysate

Corn stover hydrolysate

Ethanol yield (g g™")

Consumed xylose
L™

Ethanol yield (g g™")

Consumed
xylose (g L™")

No adaptation Urea® 0.3640.02
Ammonium® 0354001
Peptone® 0.3540.01
Adaptation Urea® 0.3640.00
Ammonium?® 0.21+0.01
Peptone© 0.37+0.00

15.1+£04 0.3540.03 74+10
11.4£05 0.2940.00 49407
126+06 0.2040.02 22408
14.7+04 0.36£0.02 95+06
33406 0.3440.01 83+03
13.8+£0.3 0.27£0.01 29+03

223gLP5.0gL7";34gL7"

Screening of trace metal supplementation during cell
propagation

Zinc, manganese, or iron were added to propagation
media to investigate their effect on lignocellulose fermen-
tation performance. The addition of trace metals to the
propagation of CRO1 in the medium without hydrolysate
added led to impaired growth (OD,q, reached between
0.2 and 1.5, Additional file 1: Table S1). Fermentation
media could not be inoculated with cells grown under
these conditions due to insufficient growth. The addi-
tion of trace metals to the adapted cultures led to simi-
lar growth to that seen with vitamin additions (OD,g,
reached between 3.3 and 4.1, Additional file 1: Table S1).
No significant differences in growth, ethanol yield, or
xylose consumption during fermentation by adapted

CRO1 grown in the presence of trace metals were seen,
compared to the non-supplemented conditions, in either
WSH or CSH (data not shown). As no improvements
were seen, trace metals were not further investigated.

Screening of nutrient supplementation

during both propagation and fermentation

Thus far, only results from cultures with nutrients supple-
mented during propagation have been described (experi-
mental set A, Table 1). A screening was also carried out
where nutrients were supplementing to both propaga-
tion and fermentation (experimental set B, Table 1). No
improved cell growth, ethanol yield or xylose consump-
tion was observed when experimental set B was com-
pared to set A. We therefore concluded that cells that
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have been propagated under conditions that allowed
them to maintain their capacity to efficiently ferment
lignocellulosic hydrolysate without the need for further
nutrient addition during said fermentation.

Vitamin addition during propagation in shake flasks

After the initial experiments in microbioreactors, fer-
mentation was scaled up to be carried out in shake
flasks with a working volume of 200 mL. Based on
the results of screening in microbioreactors, a num-
ber of conditions were chosen for further investiga-
tion: the control medium, pyridoxine, thiamine, and
the vitamin mixture. Similar trends were observed in
the shake flask fermentation (i.e. ethanol yield, xylose
consumption, and furfural detoxification) of both WSH
and CSH. Unadapted CRO1 cultures to which the vita-
min mixture had been added showed growth in both
WSH and CSH (final OD 2.4 and 4.7, respectively), as
well as furfural depletion. No xylose consumption was
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observed under these conditions and the ethanol yields
reached were 0.19 g g~' (WSH) and 0.08 g g~* (CSH,
Table 5). Unadapted CRO1 cultures supplemented only
with thiamine, only with pyridoxine and those grown
in the control medium, showed no growth. The etha-
nol yields were below 0.04 g g7}, and no xylose was
consumed within 48 h, for either of the hydrolysates
(Table 5). Furthermore, furfural was still present in the
medium at 48 h.

Growth (defined as at least one doubling of the OD
value) was observed in both WSH and CSH for all
adapted cultures except for CSH supplemented with
thiamine (OD,g, 3.3-5.0, Table 5). Fermentation by
adapted cells that showed growth, gave xylose consump-
tion (3.0 g L™'-7.2 g L™!) and ethanol yields (0.33 g g~
0.43+g g~') that were higher than those with unadapted
cultures. Furthermore, furfural depletion was observed,
whereas no depletion was seen with unadapted cultures
(Table 5). Thiamine supplementation of the CSH medium

Table 5 Results of anaerobic fermentation of unadapted and adapted CRO1 cultures with and without the addition

of vitamins
Conditions ODg¢oonm Ethanol yield (g g™") Overall specific ethanol Consumed xylose  Furfural
Propagation medium productivityf (g OD~" h~") (gL™) depletion
Wheat straw hydrolysate
No adaptation
Control 14£00 0.04£0.00 0.03£0.00 - No
Thiamine 13£0.1 0.04£0.01 0.05£0.01 - No
Pyridoxine 12+0.1 0.03+£0.01 0.03+0.01 - No
Mixture® 24411 0.19+£0.11 0.11+£0.01 - Yes
Adaptation?
Control 39+04 0.3740.00 0.13£0.01 33+05 Yes
Thiamine 33+08 0424£0.01 0.13£0.02 53+07 Yes
Pyridoxine 34408 0.41+£0.00 0.13+£0.02 72409 Yes
Mixture® 34+£08 043£0.01 0.13£0.02 6.7£0.5 Yes
Corn stover hydrolysate®
No adaptation
Control 1.5+00 0.02+£0.02 0.03£0.00 - No
Thiamine 14+£0.1 0.03+£0.02 0.03+£0.02 03+0.1 No
Pyridoxine 1.6+0.1 0.0140.00 0.01£0.00 0.6£09 No
Mixture® 4.7+03 0.08£0.00 0.02+0.00 05+0.1 Yes
Adaptation®
Control 38+05 0.33+£0.01 0.10£0.01 30£10 Yes
Thiamine 1.9£05 0.14£0.02 0.09£0.01 0.7£0.1 Yes
Pyridoxine 45402 0404£0.01 0.09£0.01 41+11 Yes
Mixture® 50+£0.1 041£0.01 0.10£0.00 56+04 Yes

a

b

Mixture of 1 mg L™" pyridoxine, 1 mg L™" thiamine, and 0.44 ug L~" biotin

4 Fermentation medium contained 80% (w/w) wheat straw hydrolysate

¢ Fermentation medium contained 70% (w/w) corn stover hydrolysate

f

Cultures were propagated in medium containing 40% (w/w) wheat straw hydrolysate

Cultures were propagated in medium containing 20% (w/w) corn stover hydrolysate

Overall specific ethanol productivity was calculated using the ethanol and OD values measured at the ty, and the t,g, sampling points
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resulted in impaired growth (OD,g, 1.9), low xylose con-
sumption (0.7 g L™!), and a low ethanol yield (0.14 g g %)
(Table 5). The specific ethanol productivity of adapted
CRO1 cultures did not increase as a result of supplemen-
tation with vitamins (Table 5).

Discussion

The role of nutrient additions during propagation has
not been extensively investigated for lignocellulosic
hydrolysate fermentations, and here we demonstrated
the potential to improve the process by focusing on the
propagation step. Earlier studies have shown that short-
term adaptation during propagation can improve cellular
performance significantly and here we screened different
nutrients as an alternative and complementary approach
to improve the propagation.

The screening of addition of different vitamins to the
propagation in the present study showed that addition of
a mixture of vitamins during yeast propagation improved
the fermentation performance of unadapted cells, but
not that of adapted cultures in both WSH and CSH. This
indicates that vitamin supplementation, as well as short-
term adaptation, altered the metabolic states of the cul-
tures, allowing the cells to cope better with the harsh
environment of the lignocellulosic hydrolysate medium.
Vitamin synthesis, like biosynthesis, requires consider-
able energetic input from the cell, therefore, supplemen-
tation with vitamins could allow for re-allocation of that
chemical energy towards growth and synthesis and stor-
age of compounds that improve robustness.

Thiamine addition to the propagation medium
inhibited fermentation performance in CSH medium.
Growth inhibition by thiamine in S. cerevisiae cul-
tures has previously been observed, possibly due to
the depletion of intracellular pyridoxine (Nakamura
et al. 1982). The reason for difference in growth inhibi-
tion by thiamine in CSH and WSH cultures observed
in the present study could be due to presence of dif-
ferent inhibitors in the respective hydrolysates. The
complex picture of the inhibitory action by individual
inhibitors makes it impossible to pin-point the cause
of the differences seen. The results from the vitamin
screening indicated that the combination of pyridoxine,
thiamine, and biotin might be required for short-term
adaptation. Alternatively, the addition of the mixture
of vitamins could simply make cellular resources avail-
able for inhibitor tolerance mechanisms. Pyridoxine
(vitamin Bg) was included in the experimental design as
it has been shown to exhibit better antioxidant prop-
erties than vitamin C or E (Bilski et al. 2004; Mooney
et al. 2009). Thiamine (vitamin B;) has been shown to
be involved in the maintenance of redox balance under
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oxidative stress conditions (Wolak et al. 2014, all indi-
cating that these vitamins may contribute to increased
robustness when cells are challenged.

Furfural is known to inhibit glycolysis in yeast (Baner-
jee et al. 1981), and furfural detoxification has been
reported to be an important coping strategy of S. cerevi-
siae (Liu 2011). Our results confirmed that the cultures
must first detoxify the medium by depleting the fur-
fural before growth and fermentation can commence.
Cultures that had depleted furfural started to grow and
produce ethanol, while the opposite was observed in all
cultures that still contained furfural. Furthermore, our
data shows that the addition of the vitamin mixture to
the propagation improved the ability of cultures to con-
vert furfural during the fermentation.

Devantier et al. (2005) have reported that the specific
ethanol productivity remains high and constant during
the exponential growth phase, but ethanol productivity
decreased when the cells stopped to grow. Similarly, our
results also show a correlation between cell mass increase
and ethanol productivity, pointing out the importance of
increase of growth ability during the fermentation.

Unadapted propagation cultures that had been sup-
plemented with the vitamin mixture showed improved
ethanol yields on total sugars when used to ferment
WSH and CSH (WSH from 0.0408 g g~ to 0.19 g g~*
and CSH from 0.0208 g g~* to 0.08 g g'). The ethanol
yields were further improved when adaptation and sup-
plementation of the vitamin mixture were combined,
to 0.43 and 0.41 g g}, respectively, compared to 0.37
and 0.33 g g™, respectively for adapted cultures with-
out vitamin addition. Regarding xylose consumption,
fermentations inoculated with cultures supplemented
with pyridoxine and the vitamin mixture performed
better than those inoculated with thiamine-supple-
mented cultures, and all the vitamin-supplemented
cultures performed better than the non-supplemented
cultures. This indicates that although short-term adap-
tation during propagation improves lignocellulose
fermentation performance without vitamin supplemen-
tation, nutrient supplementation during the short-term
adaptation can further improve the effect. This study
shows the promising potential of nutrient addition dur-
ing cell propagation to improve the fermentation of lig-
nocellulosic hydrolysates.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513568-020-01070-y.

Additional file 1: Table S1. Growth during the propagation of CRO1
expressed as ODg, values measured after 48 h. (Values given are the aver-
age of two duplicate experiments in shake flasks).



https://doi.org/10.1186/s13568-020-01070-y
https://doi.org/10.1186/s13568-020-01070-y

van Dijk et al. AMB Expr (2020) 10:157

Acknowledgements
Borbala Erdei and Mats Galbe from Lund University kindly provided the ligno-
cellulosic hydrolysates. Taurus Energy AB supplied the yeast strains.

Authors’ contributions

Experimental design and planning were performed by MvD, YN, and LO.
Experiments were executed and data was processed by FM. Data analysis was
done by MvD and FM. The article was written by MvD with contributions from
YN and LO during drafting and revising. All authors read and approved the
final manuscript.

Funding
This study was funded by the Swedish Energy Agency (Project Number
41252-1).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 2 June 2020 Accepted: 18 July 2020
Published online: 28 August 2020

References

Alfenore S, Molina-Jouve C, Guillouet S, Uribelarrea J-L, Goma G, Benbadis
L (2002) Improving ethanol production and viability of Saccharomyces
cerevisiae by a vitamin feeding strategy during fed-batch process. Appl
Microbiol Biotechnol 60:67-72

Alkasrawi M, Rudolf A, Lidén G, Zacchi G (2006) Influence of strain and cultiva-
tion procedure on the performance of simultaneous saccharification
and fermentation of steam pretreated spruce. Enzyme Microb Technol
38:279-286

Almeida JRM, Modig T, Petersson A, Hahn-Hagerdal B, Liden G, Gorwa-
Grauslund MF (2007) Increased tolerance and conversion of inhibitors in
lignocellulosic hydrolysates by Saccharomyces cerevisiae. J Chem Technol
Biotechnol 82:340-349. https://doi.org/10.1002/jctb.1676

Banerjee N, Bhatnagar R, Viswanathan L (1981) Inhibition of glycolysis by
furfural in Saccharomyces cerevisiae. Eur J Appl Microbiol Biotechnol
11:226-228. https://doi.org/10.1007/BF00505872

Bilski P, Li MY, Ehrenshaft M, Daub ME, Chignell CF (2004) Symposium-in-print
vitamin B6 (pyridoxine) and its derivatives are efficient singlet oxygen
quenchers and potential fungal antioxidants. Photochem Photobiol.
https://doi.org/10.1562/0031-8655(2000)071%3c0129:sipvbp%3e2.0.co;2

Brandt BA, Jansen T, Gorgens JF, Zyl WH (2019) Overcoming lignocellulose-
derived microbial inhibitors: advancing the Saccharomyces cerevisiae
resistance toolbox. Biofuels Bioprod Biorefining 13:1520-1536. https://
doi.org/10.1002/bbb.2042

Bunnell K, Rich A, Luckett C, Wang YJ, Martin E, Carrier DJ (2013) Plant maturity
effects on the physicochemical properties and dilute acid hydrolysis of
switchgrass (Panicum virgatum, L.) hemicelluloses. Acs Sustain Chem Eng
1:649-654. https://doi.org/10.1021/5c4000175

Chundawat SPS, Vismeh R, Sharma LN, Humpula JF, Sousa LD, Chambliss CK,
Jones AD, Balan V, Dale BE (2010) Multifaceted characterization of cell
wall decomposition products formed during ammonia fiber expan-
sion (AFEX) and dilute acid based pretreatments. Bioresour Technol
101:8429-8438. https://doi.org/10.1016/j.biortech.2010.06.027

Devantier R, Scheithauer B, Villas-Bdas SG, Pedersen S, Olsson L (2005) Metabo-
lite profiling for analysis of yeast stress response during very high gravity
ethanol fermentations. Biotechnol Bioeng 90:703-714

Ding MZ, Wang X, Yang Y, Yuan YJ (2011) Metabolomic Study of interactive
effects of phenol, furfural, and acetic acid on Saccharomyces cerevisiae.
Omi J Integr Biol 15:647-653. https://doi.org/10.1089/0mi.2011.0003

Page 9 of 10

Dombek KM, Ingram LO (1986) Magnesium limitation and its role in apparent
toxicity of ethanol during yeast fermentation. Appl Environ Microbiol
52:975-981

Greenhalf CE, Nowakowski DJ, Yates N, Shield |, Bridgwater AV (2013) The
influence of harvest and storage on the properties of and fast pyrolysis
products from Miscanthus x giganteus. Biomass Bioenergy 56:247-259.
https://doi.org/10.1016/j.biombioe.2013.05.007

Hemansi Gupta R, Yadav G, Kumar G, Yadav A, Saini JK, Kuhad RC (2019) Sec-
ond generation bioethanol production: the state of art. Springer, Cham,
pp 121-146

Jorgensen H (2009) Effect of nutrients on fermentation of pretreated wheat
straw at very high dry matter content by Saccharomyces cerevisiae.
Applied biochemistry and biotechnology. Springer, Berlin, pp 44-57

Kelbert M, Romani A, Coelho E, Pereira FB, Teixeira JA, Domingues L (2015)
Lignocellulosic bioethanol production with revalorization of low-cost
agroindustrial by-products as nutritional supplements. Ind Crops Prod
64:16-24. https://doi.org/10.1016/j.indcrop.2014.10.056

Klinke HB, Thomsen AB, Ahring BK (2004) Inhibition of ethanol-producing
yeast and bacteria by degradation products produced during pre-
treatment of biomass. Appl Microbiol Biotechnol 66:10-26. https://doi.
0rg/10.1007/500253-004-1642-2

Ko JK, UmY, Lee S-M (2016) Effect of manganese ions on ethanol fermentation
by xylose isomerase expressing Saccharomyces cerevisiae under acetic
acid stress. Bioresour Technol 222:422-430. https://doi.org/10.1016/J.
BIORTECH.2016.09.130

Linde M, Jakobsson E-L, Galbe M, Zacchi G (2008) Steam pretreatment
of dilute H,SO,-impregnated wheat straw and SSF with low yeast
and enzyme loadings for bioethanol production. Biomass Bioenergy
32:326-332

Liu ZL (2011) Molecular mechanisms of yeast tolerance and in situ detoxifica-
tion of lignocellulose hydrolysates. Appl Microbiol Biotechnol 90:809-
825. https://doi.org/10.1007/500253-011-3167-9

Martin C, Jonsson LJ (2003) Comparison of the resistance of industrial
and laboratory strains of Saccharomyces and Zygosaccharomyces to
lignocellulose-derived fermentation inhibitors. Enzym Microb Technol
32:386-395

Mooney S, Leuendorf JE, Hendrickson C, Hellmann H (2009) Vitamin B6: a long
known compound of surprising complexity. Molecules 14:329-351

Nakamura I, OhmuraY, Nagami Y, Kamihara T, Fukui S (1982) Thiamine accu-
mulation and growth inhibition in yeasts. Microbiology 128:2601-2609.
https://doi.org/10.1099/00221287-128-11-2601

Nielsen F, Tomas-Pejo E, Olsson L, Wallberg O (2015) Short-term adaptation
during propagation improves the performance of xylose-fermenting Sac-
charomyces cerevisiae in simultaneous saccharification and co-fermenta-
tion. Biotechnol Biofuels 8:219

Oliva JM, Negro MJ, Saez F, Ballesteros |, Manzanares P, Gonzalez A, Ballesteros
M (2006) Effects of acetic acid, furfural and catechol combinations on
ethanol fermentation of Kluyveromyces marxianus. Process Biochem
41:1223-1228. https://doi.org/10.1016/j.procbio.2005.12.003

Palmaqvist E, Hahn-Hagerdal B (2000) Fermentation of lignocellulosic hydro-
lysates. I inhibition and detoxification. Bioresour Technol 74:17-24

Perli T, Wronska AK, Ortiz-Merino RA, Pronk JT, Daran J (2020) Vitamin require-
ments and biosynthesis in Saccharomyces cerevisiae. Yeast 37:283-304.
https://doi.org/10.1002/yea.3461

Piotrowski JS, Zhang YP, Bates DM, Keating DH, Sato TK, Ong IM, Landick R
(2014) Death by a thousand cuts: the challenges and diverse landscape
of lignocellulosic hydrolysate inhibitors. Front Microbiol. https://doi.
0rg/10.3389/fmicb.2014.00090

Tomas-Pejo E, Ballesteros M, Oliva JM, Olsson L (2010) Adaptation of the xylose
fermenting yeast Saccharomyces cerevisiae F12 for improving ethanol pro-
duction in different fed-batch SSF processes. J Ind Microbiol Biotechnol
37:1211-1220. https://doi.org/10.1007/510295-010-0768-8

van Dijk M, Erdei B, Galbe M, Nygdrd Y, Olsson L (2019) Strain-dependent vari-
ance in short-term adaptation effects of two xylose-fermenting strains
of Saccharomyces cerevisiae. Bioresour Technol 292:121922. https://doi.
org/10.1016/j.biortech.2019.121922

Verduyn C, Postma E, Scheffers WA, Vandijken JP (1992) Effect of benzoic-acid
on metabolic fluxes in yeasts—a continuous-culture study on the regula-
tion of respiration and alcoholic fermentation. Yeast 8:501-517. https://
doi.org/10.1002/yea.320080703


https://doi.org/10.1002/jctb.1676
https://doi.org/10.1007/BF00505872
https://doi.org/10.1562/0031-8655(2000)071%3c0129:sipvbp%3e2.0.co;2
https://doi.org/10.1002/bbb.2042
https://doi.org/10.1002/bbb.2042
https://doi.org/10.1021/sc4000175
https://doi.org/10.1016/j.biortech.2010.06.027
https://doi.org/10.1089/omi.2011.0003
https://doi.org/10.1016/j.biombioe.2013.05.007
https://doi.org/10.1016/j.indcrop.2014.10.056
https://doi.org/10.1007/s00253-004-1642-2
https://doi.org/10.1007/s00253-004-1642-2
https://doi.org/10.1016/J.BIORTECH.2016.09.130
https://doi.org/10.1016/J.BIORTECH.2016.09.130
https://doi.org/10.1007/s00253-011-3167-9
https://doi.org/10.1099/00221287-128-11-2601
https://doi.org/10.1016/j.procbio.2005.12.003
https://doi.org/10.1002/yea.3461
https://doi.org/10.3389/fmicb.2014.00090
https://doi.org/10.3389/fmicb.2014.00090
https://doi.org/10.1007/s10295-010-0768-8
https://doi.org/10.1016/j.biortech.2019.121922
https://doi.org/10.1016/j.biortech.2019.121922
https://doi.org/10.1002/yea.320080703
https://doi.org/10.1002/yea.320080703

van Dijk et al. AMB Expr ~ (2020) 10:157

Winter JF, Loret M-O, Uribelarrea J-L (1989) Inhibition and growth factor
deficiencies in alcoholic fermentation by Saccharomyces cerevisiae. Curr
Microbiol 18:247-252

Wolak N, Kowalska E, Kozik A, Rapala-Kozik M (2014) Thiamine increases the
resistance of baker’s yeast Saccharomyces cerevisiae against oxidative,
osmotic and thermal stress, through mechanisms partly independent
of thiamine diphosphate-bound enzymes. FEMS Yeast Res. https://doi.
org/10.1111/1567-1364.12218

Xiros C, Olsson L (2014) Comparison of strategies to overcome the inhibitory
effects in high-gravity fermentation of lignocellulosic hydrolysates. Bio-
mass Bioenergy 65:79-90. https://doi.org/10.1016/j.biombioce.2014.03.060

Zhang K, Wells P, Liang Y, Love J, Parker DA, Botella C (2019) Effect of diluted
hydrolysate as yeast propagation medium on ethanol production. Biore-
sour Technol 271:1-8

Page 10 of 10

Zhao XQ, Xue C, Ge XM, Yuan WJ, Wang JY, Bai FW (2009) Impact of zinc sup-
plementation on the improvement of ethanol tolerance and yield of
self-flocculating yeast in continuous ethanol fermentation. J Biotechnol
139:55-60. https://doi.org/10.1016/J.JBIOTEC.2008.08.013

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1111/1567-1364.12218
https://doi.org/10.1111/1567-1364.12218
https://doi.org/10.1016/j.biombioe.2014.03.060
https://doi.org/10.1016/J.JBIOTEC.2008.08.013

	Nutrient-supplemented propagation of Saccharomyces cerevisiae improves its lignocellulose fermentation ability
	Abstract 
	Introduction
	Strategies for improved lignocellulose fermentation

	Materials and methods
	Microorganism and cultivation
	Seed cultivation
	Propagation
	Fermentation
	Raw material, pretreatment, and enzymatic hydrolysis
	Analytical methods
	Cell density measurements
	Metabolite and inhibitor analysis


	Results
	Screening of vitamin supplementation during cell propagation
	Screening of different nitrogen sources during propagation
	Screening of trace metal supplementation during cell propagation
	Screening of nutrient supplementation during both propagation and fermentation
	Vitamin addition during propagation in shake flasks

	Discussion
	Acknowledgements
	References




