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Abstract

Objectives Major lignocellulosic inhibitory com-

pounds found in sugarcane-based industrial hydro-

lysate samples were tested in laboratory and industrial

yeast strains, as well as in lactic acid bacteria, in order

to verify their effects on important physiological

parameters.

Results Saccharomyces cereviaise SA-1, an indus-

trial strain, stood out as compared to the remaining

strains for virtually all inhibitors investigated. This

strain presented the highest growth rate and the lowest

lag-phase in the presence of acetic acid, levulinic acid,

p-coumaric acid, ferulic acid, and HMF, when com-

pared to the other strains. In sugarcane-based hydro-

lysate fermentations, both SA-1 and CEN.PK113-7D

presented similar fermentation performances. Indus-

trial isolates of contaminating lactic acid bacteria were

evaluated in the presence of an inhibitory cocktail,

containing a mixture of 76.6 mM acetic acid, 1.3 mM

HMF, 7.1 mM furfural, and 1.9 mM p-coumaric acid.

Whilst all yeast strains were unable to grow under such

conditions, bacteria had an average inhibition of

roughly 50% on their growth rates.

Conclusions Overall, industrial strain SA-1 might be

a promising microbial chassis for second generation

ethanol production and for future metabolic and

evolutionary engineering strategies, and for strain

robustness understanding.

Keywords Lignocellulosic ethanol �
Lignocellulosic inhibitors � Yeast � Lactic acid

bacteria � Fermentation

Introduction

The production of ethanol from sugarcane is highly

relevant in the upcoming transition from fossil to

sustainable transportation fuels. During industrial

production of ethanol from sugar fermentation, yeasts

face a variety of stress conditions, which includes high

concentrations of ethanol and salts (Auesukaree et al.

2009; Benjaphokee et al. 2012; Della-Bianca and

Gombert 2013; Lam et al. 2014), high temperatures

(Auesukaree et al. 2009; Benjaphokee et al. 2012;

Della-Bianca and Gombert 2013; Caspeta and Nielsen

2015), and constant contamination by lactic acid

bacteria (Basso et al. 2014; Reis et al. 2018). In

addition to these stress factors, sugarcane-based
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fermentation differs significantly from other pro-

cesses, such as in corn-based, because in the former

yeast cells are subjected to a continuous recycling

process that lasts for the whole harvest season

(comprising around 250 days a year). This is an

important characteristic that highlights the occurrence

of a heterogeneous yeast population dynamics in

which industrial strains become selected by adapting

not only to the stress factors mentioned above, but also

outcompeting wild yeasts and bacterial contaminants.

Such bacterial strains do display robust growth profiles

at acidic pH values normally found during the

fermentation step (Della-Bianca et al. 2013).

Additional obstacles arise in second-generation

(2G) ethanol production processes, in which lignocel-

lulosic residues are the feedstock for fermentation. In

addition to the problems of pentose fermentation,

physical-chemical pretreatment steps generate various

microbial inhibitors that severely affect yeast physi-

ology and therefore compromise the fermentation

process as a whole (Palmqvist and Hahn-Hägerdal

2000; Klinke et al. 2004; Skerker et al. 2013; Caspeta

et al. 2015). Lignocellulosic-derived inhibitors are

formed during the pretreatment of biomass and depend

mainly on the type of biomass used and on the process

conditions (Klinke et al. 2004; van Maris et al. 2006).

Many studies have been performed on the formation of

by-products during the pretreatment of sugarcane

bagasse. Knowledge on the formation of by-products

from lignocellulosic material is very beneficial when

the decomposed lignocellulose is used in a fermenta-

tion process. These by-products can result in problems

downstream, since they can inhibit growth and impair

fermentative performance of microorganisms (van der

Pol et al. 2014).

In the present study, we have investigated the

composition of industrial lignocellulosic hy-

drolysates, and we have evaluated the severity of the

main lignocellulosic inhibitory compounds on cell

growth rate and on elongation of the lag phase in four

strains of Saccharomyces cerevisiae, as well as on

lactic acid bacteria, isolated from industrial sugarcane

ethanol processes. Yeast strains evaluated included the

laboratory strain S. cerevisiae CEN.PK113-7D and its

diploid version CEN.PK112, and two industrial strains

from the fuel ethanol industry, namely S. cerevisiae

SA-1 and JAY270, a derivative strain from PE-2. The

effects of varying concentrations of representative

inhibitory compounds, such as weak acids, furan

derivatives and phenolics, were evaluated on physio-

logical parameters (Adeboye et al. 2014).

In general, this study revealed the outstanding

performance of one of the industrial strains, namely

SA-1, in comparison to the other strains evaluated.

The majority of the inhibitors tested had a smaller

impact on the growth rate and on the lag phase of this

strain when compared to the remaining strains. This

observation corroborates the hypothesis that industrial

yeast strains from the first-generation (1G) ethanol

industry, selected to withstand stress conditions

inherent to this process, are interesting candidates

for increased robustness in 2G ethanol production.

Material and methods

Yeast and lactic acid bacteria strains

and maintenance

Two reference laboratory strains for physiological

studies and functional genomics were used, being one

haploid CEN.PK 113-7D (van Dijken et al. 2000) and

one diploid CEN.PK 112 (van den Broek et al. 2015)

was obtained from the Centraalbureau voor Schim-

melcultures, Utrecht, The Netherlands. We also used

two industrial strains widely employed in the Brazilian

sugarcane ethanol industry, namely SA-1 and

JAY270, a derivative of PE-2 (Basso et al. 2008;

Della-Bianca et al. 2013). The genotypic characteris-

tics of the strains used in this work are summarized in

Table 1. The bacterial strains used in this work were 4

lactic acid bacteria obtained from fermented molasses

in industrial ethanol plants located in Brazil (Zimotec,

Luiz de Queiroz College of Agriculture, Piracicaba,

Brazil). Lactic acid bacteria were grown in plates

containing solid MRS broth, incubated at 37 �C for 48

h.

Stock cultures were prepared by growing cells in

shake flasks containing 100 mL MRS (for lactic acid

bacteria) or YP medium (10 g yeast extract L-1, 20 g

bacteriological peptone L-1) with 20 g L-1 initial

glucose (for yeasts). After overnight growth at 30 �C
and 200 rpm, 20% (final concentration, v/v) glycerol

was added and 1 mL aliquots were stored at - 80 �C.

Stock cultures were used to prepare pre-cultures for

shake flask cultivations.
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Lignocellulosic hydrolysates

The lignocellulosic hydrolysates samples for inhibi-

tory compound determinations were kindly provided

by Novozymes Latin America Ltda. (Araucária,

Brazil) and by the Brazilian Bioethanol Science and

Technology Laboratory (CTBE, CNPEM, Campinas,

Brazil). Two sugarcane bagasse samples were pre-

treated by steam explosion (STEX) with dilute phos-

phoric acid (9.5 mg H3PO4 g dry solids-1) at 180 �C
for 5 min. The pretreated material, both liquor

(samples 1 and 2) and solid cellulose-lignin (samples

3 and 4) fractions were then digested with the Cellic�
CTec3 enzyme mixture at 50 �C for 72 h. Sample from

CTBE (sample 5) was obtained according to Zetty-

Arenas et al. (2019). In brief, the sugarcane bagasse

was hydrothermally pretreated in a 350-L Hastelloy

C-276 reactor (POPE Scientific Inc., Saukville, USA)

under 160 �C, 60 min, and solid-to-liquid ratio of 1:10.

The pretreated liquor was then collected and filtered

(Nutsche filter, POPE Scientific, USA) and subse-

quently transferred to the acid-post-hydrolysis step in

a 2-L stainless steel reactor (PARR Instrument Com-

pany, Moline, USA) using H2SO4 aqueous solution

(0.4 wt %) at 130 �C and 200 rpm for 30 min.

Cultivation medium

Yeast cells were cultured in YPD (10 g yeast extract

L-1, 20 g bacteriological peptone L-1, and containing

20 g glucose L-1) whereas lactic acid bacteria was

cultured in MRS (containing 20 g glucose L-1). Yeast

cells were also cultured in a defined medium,

containing glucose (10 g L-1) as the only carbon and

energy source. The composition of the defined

medium used during shake flask cultivations was the

one described by Luttik et al. (2000). The medium

contained (in g L-1): NH2CONH2 (urea), 2.3; KH2-

PO4, 3.0; K2SO4, 6.6; MgSO4�7H2O, 0.5; and trace

elements consisting of (mg L-1) EDTA, 15, ZnSO4-

7H2O, 4.5, MnCl2�2H2O, 0.84; CoCl2.6H2O, 0.3;

CuSO4�5H2O, 0.3; Na2MoO4�2H2O, 0.4; CaCl2�2H2O,

4.5, FeSO4�7H2O, 3.0, H3BO3, 1.0, KI, 0.1. A solution

containing vitamins was filter-sterilized and added to

the medium to a final concentration of (mg L-1)

d-biotin, 0.05; calcium pantothenate, 1.0; nicotinic

acid, 1.0; myo-inositol, 25; thiamine�HCl, 1.0; pyri-

doxine.HCl, 1.0, and p-aminobenzoic acid, 0.20. The

medium had its pH adjusted to 6.0 with addition of

KOH.

Yeast and lactic acid bacteria cultivations

The effect of various inhibitors on the growth rate

9and on the lag phase of yeast strains was performed

in 50 mL-falcon tubes, using 25 mL of the defined

media described above, containing glucose as the only

carbon and energy source. This defined media, con-

taining a single inhibitory compound, was prepared

using the concentrations reported in Table 2. For the

physiological characterization of yeast strains in the

presence or in the absence of p-coumaric acid (5 mM),

cultivations were performed in 500-mL shake flasks,

containing 100 mL of the defined media with glucose

as the only carbon and energy source. Precultures for

these experiments were grown overnight in an orbital

shaker at 30 �C and 150 rpm in 250-mL shake flasks

containing 50 mL of the defined medium plus glucose

(without the addition of any inhibitory compound). All

cultivations were inoculated to an initial OD600 of 0.3

and incubated in an orbital shaker at 30 �C and 150

rpm.

The growth kinetics of yeast and lactic acid bacteria

strains were performed in the presence or in the

absence of a combination of inhibitory compounds

(denoted here as an ‘‘inhibitory cocktail’’) containing a

mixture of 76.6 mM acetic acid, 1.3 mM HMF, 7.1

mM furfural, and 1.9 mM p-coumaric acid.

Table 1 Yeast strains used in this study

Strains Relevant characteristics Reference

S. cerevisiae CEN.PK113-7D MATa, MAL2-8c, SUC2 van Dijken et al. (2000)

S. cerevisiae CEN.PK112 MATa, MATa van den Broek et al. (2015)

S. cerevisiae SA-1 MATa, MATa, Amplified SNA/SNZ Basso et al. (2008) and Della-Bianca et al. (2013)

S. cerevisiae JAY270 Heterothallic, MATa, MATa, PE-2 derivative Argueso et al. (2009)
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Precultures for these cultivations were grown over-

night in an orbital shaker at 30 �C and 150 rpm in

250-mL shake flasks containing 50 mL of complex

medium (YPD for yeasts and MRS for lactic acid

bacteria) without the addition of any inhibitory

compound. Cultivations were inoculated to an initial

OD600 of 0.3 and performed in 250-mL shake flasks

containing 50 mL of complex medium (YPD for

yeasts and MRS for lactic acid bacteria) with and

without the addition of the ‘‘inhibitory cocktail’’.

Flasks were incubated in an orbital shaker at 30 �C and

150 rpm.

Hydrolysate fermentations were performed with

hydrolysate sample 1 and sample 2 (Table 2), both

supplemented with 10 g yeast extract L- 1 and 20 g

bacteriological peptone L- 1. In addition to that,

sample 1 was also supplemented with glucose

(* 110 g L- 1) to match sample 2. In order to

evaluate the fermentability of the hydrolysates, sample

1 was used for fermentations in two conditions:

without pH adjustment (pH 3.9) and with pH adjust-

ment (pH 4.9), using KOH. An additional set of

fermentation experiments were performed with sam-

ple 2 in two conditions as well: without dilution and

with dilution with demineralized water, by adding

0.75 volumes of hydrolysate and 0.25 volumes of

water. Fermentations using strains CEN.PK113-7D

and SA_1 were performed in 50 mL-falcon tubes,

containing 25 mL of the of these treated hydrolysate

samples. For that, precultures were previously grown

overnight in an orbital shaker at 30 �C and 150 rpm in

250 mL shake flasks containing 50 mL of YPD.

Fermentations were inoculated to an initial OD600 of

1.0 with each strain separately and incubated in an

orbital shaker at 30 �C and 250 rpm. Samples were

collected for glucose, glycerol and ethanol

quantifications.

Determination of biomass concentration

During cultivations, biomass concentration was indi-

rectly assessed using optical density measurements

performed on culture samples, using a spectropho-

tometer, at 600 nm (OD600). During shake flask

cultivations, cell concentration was indirectly deter-

mined by spectrophotometry and the data were

converted into cell concentration in terms of grams

dry cell weight per volume. For this purpose, in each

cultivation the final sample had both its OD600 and its

dry cell weight determined. Dry weight was deter-

mined gravimetrically, in duplicate, by filtering a 10

mL culture sample through a 0.45 lm (for yeasts) or

0.22 lm (for lactic acid bacteria) filter membrane. The

filter was subsequently washed with distilled water,

dried in a microwave oven and weighed (Olsson and

Nielsen 1997).

Analytical determinations

Culture supernatants and hydrolysate samples for

analytical determinations were obtained by centrifu-

gation and used for determining the concentrations of

sugars (glucose), organic acids, furan derivatives,

ethanol, and glycerol. The compounds were separated

by HPLC using an HPX-87H ion-exchange column

(Bio-Rad) at 60 �C, with 5 mM H2SO4 as the mobile

phase, at a flow rate of 0.6 L min-1. Glucose, ethanol,

acetate, glycerol, succinate, and lactate were detected

using refractive index detector.

The determination and quantification of phenolic

compounds in hydrolysate samples were based on the

modified methodology proposed for Kammerer et al.

(2004), samples were analysed via high performance

liquid chromatography with Supelco Inc. C18 column

waters Spherisorb ODS-25 5 lm, 250 mm 9 4.6 mm,

Table 2 Identification of

the inhibitory compounds

present in industrial

lignocellulosic hydrolysates

n.d. not detected

Inhibitor Concentration in hydrolysate (mM)

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Glycolic acid 2.97 18.80 5.13 9.73 5.00

Acetic acid 74.14 137.89 31.64 23.48 115.74

HMF 1.51 2.89 0.37 0.03 0.36

Furfural 9.72 11.09 1.18 0.21 0.08

p-Coumaric acid 2.56 1.68 0.66 n.d. 2.62

Ferulic acid 0.26 0.29 n.d. n.d. 0.67

Vanillic acid 0.30 n.d. 0.26 n.d. 0.77
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the mobile phase used were compound for 2% (v/v)

acetic acid in water (eluent A) and 0.5% acetic acid in

water and acetonitrile (50:50, v/v; eluent B) using a

gradient program: 10–15% B (10 min), 15% B

isocratic (3 min), 15 to 25% B (7 min), 25 to 55% B

(30 min), 55 to 100% B (1 min), 100% B isocratic (5

min), 100 to 10% B (0.1 min). The total run time was

60 min, with 1.0 mL/min flow rate and oven temper-

ature of 30 �C. The injection volume for all samples

was 10 lL. Monitoring was performed with a

Shimadzu UV detector at wavelengths of 280 nm

and 320 nm simultaneously. The concentrations of the

compounds were calculated from calibration curves

obtained from standard solutions. All analytical

quantifications were performed as single injections.

MALDI-TOF calibration, sample preparation,

and MS analysis

Identification of the lactic acid bacteria was performed

according to the protocol described by Avanzi et al.

(2017) (Avanzi et al. 2017). MS calibration was

performed using protein calibration standard I. Equip-

ment calibration and spectra acquisition had the same

method established following Bruker Daltonics stan-

dards. Each spectrum had 240 reads from 50 laser

shots from different positions (automated mode) in

positive linear mode. Single colonies were used for

mass spectra analysis in a MALDI Biotyper Ultraflex-

treme (Bruker Daltonics, Bremen, Germany). A

previous step of protein extraction was necessary in

order to increase the spectra quality. This protein

extraction was performed by adding 50 lL of 70%

formic acid directly in the bacterium colony, followed

by addition of 30 lL acetonitrile and sonication. The

cell extract was transferred to the MALDI Biotyper

polished steel target plates followed by addition of 1

lL of a-cyano-4-hydroxycinnamic acid in saturated

solution with 50% acetonitrile and 2.5% trifluo-

roacetic acid. The Biotyper 3.0 software compared

the obtained spectra with a reference database spectra

from Bacteria, Archaea, and Eukarya domains (total of

5625 species) and expressed the resulting similarity

value as a log score. A score higher than 2.0 indicated

identification of species, a score higher than 1.7

indicated genus identification, whereas any score

under 1.7 meant no significant similarity of the

spectrum with any database entry.

Calculation of physiological parameters, graph

generation and statistical analysis

The maximum specific growth rate was obtained by

plotting the natural logarithm of OD600 values against

time and then calculating the slope of the straight line

corresponding to the exponential growth phase (by

linear regression). The lag phase was estimated

visually, when the slope of the natural logarithm data

presented a positive value. Yield coefficients (conver-

sion yield) were calculated as the absolute value of the

slope of a straight line: the biomass yield (Ysx) from a

plot of cell concentration data against substrate

concentration data (for this purpose the OD600 values

were first converted into grams dry cell weight per

volume) and the product (ethanol or glycerol) yield

(Yse or Ysg) from a plot of product concentration data

against substrate concentration data, as reported by

Della-Bianca and Gombert (2013).

Graph generation and statistical analysis were

performed using GraphPad Prism 7.00 (GraphPad

Software, Inc.). Results are expressed as mean ± s-

tandard deviation or as mean ± deviation of the mean.

Results and discussion

Lignocellulosic inhibitors compounds present

in industrial hydrolysates

Initially, we aimed to identify and to quantify major

lignocellulosic inhibitory compounds in various sug-

arcane bagasse hydrolysates obtained by two different

sources. For that, we used high-performance liquid

chromatography in reverse phase and normal phase,

depending on the class of the compound analysed.

Thus, the most abundant organic acid found in the

samples was acetic acid, as reportedly previously

(Palmqvist and Hahn-Hägerdal 2000). Similarly, the

main phenolic compound was p-coumaric acid,

whereas furan derivatives found were HMF and

furfural (Table 2). These results are in agreement

with a detailed study published on sugarcane bagasse

hydrolysates (van der Pol et al. 2014).
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Effect of main lignocellulosic inhibitory

compounds on industrial and laboratorial S.

cerevisiae strains

Expanding the global production of lignocellulosic

ethanol requires microorganisms with increasing

resistance to pre-treatment process inhibitors

(Almeida et al. 2007; Adeboye et al. 2014). Under-

standing how these molecules impact on the perfor-

mance of S. cerevisiae is of paramount importance to

implement strategies to increase its robustness toward

lignocellulosic inhibitory compounds, such as evolu-

tionary engineering. In this sense, we deemed to

investigate in a systematic fashion the physiological

effects of major organic acids (acetic and levulinic

acid), phenolic compounds (p-coumaric and ferulic

acid), and furan derivatives (HMF and furfural) found

in sugarcane-based hydrolysates on S. cerevisiae

strains that are normally found in Brazilian ethanol

plants (Basso et al. 2008). For that purpose, four

strains, including two laboratory (CEN.PK113-7D and

CEN.PK112, the haploid and the diploid versions,

respectively) and two industrial (SA-1 and JAY270, a

derivative of PE-2) strains, were evaluated in the

presence of these inhibitors. The impact of these

compounds on quantitative physiological parameters,

such as maximum specific growth rate and duration of

the lag phase, were assessed in defined medium

supplemented with individual compounds. Concen-

tration thresholds were based on previous studies

performed by our group as well as on literature data

(van der Pol et al. 2014; Adeboye et al. 2014).

Furans derivatives

During the pre-treatment process, the thermal oxida-

tion of pentoses and hexoses lead to the formation of

2-furaldehyde (furfural) and 5-hydroxymethyl furfural

(HMF), respectively (Palmqvist and Hahn-Hägerdal

2000). In cultures containing 20 mM furfural,

CEN.PK113-7D and CEN.PK112 presented the lar-

gest extension of the lag phase in relation to the

remaining industrial yeasts. In this condition, SA-1

exhibited the lowest lag phase elongation (Table 3). In

addition, none of the strains could grow at 40 mM

furfural.

Despite the increase of the lag phase in the

laboratory strains, their growth rates were higher

when compared with the two industrial strains (Fig. 1).

This observation seems to be related to the difference

in how these yeasts metabolize furfural. The labora-

tory strains, on one hand, only grew after complete

exhaustion of furfural from the growth medium. The

industrial strains, on the other hand, resumed growth

before exhaustion of furfural (data not shown).

According to Almeida et al. (2007), the growth

observed in the presence of furan derivatives is due

to the possibility of S. cerevisiae to convert furfural

and HMF to less toxic alcohols. The reduction of

furfural is preferentially dependent on NADH, and the

reduction of HMF has been mainly associated with the

consumption of NADPH (Wahlbom and Hahn-Häger-

dal 2002). These reductions provide NADP ? suffi-

cient for NADPH regeneration, maintaining a redox

balance during the detoxification of these compounds

(Liu et al. 2009). Overall, growth rates were reduced

for all strains when compared to the control condition,

according to previous investigations around furfural

(Azhar et al. 1981; Boyer et al. 1992; Navarro 1994).

Strain CEN.PK113-7D did not grow at both con-

centrations of HMF tested (16 and 32 mM). The

diploid strain, on the other hand, was able to grow at 16

mM, albeit with 1/3 of the growth rate without HMF

and presenting a slight elongation of the lag phase

(Table 3). Industrial strains grew on the two concen-

trations tested, and lag phase was only slightly

delayed. Remarkably, only the industrial strains grew

at the highest concentration tested (32 mM).

Organic acids

Organic acids released from the pre-treatment of

lignocellulosic materials are known as weak acids, due

to their moderate values of pka, being 4.25 for acetic

acid, 3.75 for formic acid (Adeboye et al. 2014), and

4.66 for levulinc acid (Soni et al. 1982), for example.

Upon entering the cell, via the plasma membrane,

weak acids dissociate and lead to an increase in cell

intracellular pH (Pampulha and Loureiro-Dias 1990).

To restore intracellular pH, cells export protons at the

expense of ATP (Larsson et al. 1999). This mechanism

is responsible for the reduced growth rate often

observed in cells exposed to weak acids (Larsson

et al. 1999; Caspeta et al. 2015). In the present

investigation, none of the strains could grow at 200

mM acetic acid or 200 mM levulinic acid. 50 mM

acetic acid in non-buffered medium exhibited an

elevated toxic effect on cell growth, and SA-1 was the
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only strain able to grow under these conditions. In

cultures containing 25 mM of levulinc acid, the

inhibitory effect was very intensive for all strains,

except for SA-1 (Fig. 1).

Cunha et al. (2015) reported that concentrations of

1.9 to 3.0 g L-1of weak acid (like acetic acid) in

laboratory (CCUG53310) and industrial (PE-2) yeasts

produce a large inhibitory effect, two mechanisms are

proposed to explain this fact according to (Russell

1992). The first theory proposes that accumulation of

the dissociated form of acid in the cell (due to the low

extracellular pH) leads to intracellular acidification

and consequent toxic effects at various levels of

cellular metabolism. The second, known as decou-

pling theory, states that the decrease in cytoplasm pH

resulting from weak acid flux activates ATP-

dependent proton pumps to neutralize pH, leading to

ATP depletion.

Phenolic compounds

Analyzing the influence of the phenolic compounds in

the growth rate of the strains, we observed that, in

general, the industrial strains showed a better perfor-

mance in comparison to the laboratory strains. Strain

SA-1 was again superior as compared to the other

strains, presenting no elongation in the lag phase and

its maximum specific growth rate was virtually

unaffected by the presence of the inhibitory com-

pounds, except for 7 mM p-coumaric acid, that caused

a reduction of 30% as compared to the control

condition (Fig. 1, Table 3). In accordance with

previous results reported by Adeboye et al. (2014),

the presence of these type of phenolic compounds did

not lead to elongation of the lag phase, but only

reduction in the growth rates, at a dose-dependent

manner.

During the experiments performed with ferulic

acid, strain CEN.PK113-7D was the most affected.

This effect can be observed by an elongation of the lag

phase at 1.3 mM ferulic acid. Surprinsinly, an increase

in the concentration of ferulic acid from 0.4 to 1.3 mM

did not cause a further decrease in the growth rate.

These data demonstrate the different inhibition pro-

files among the phenolic compounds used, also

verified by Adeboye et al. (2014). The inhibitory

effect of phenolic compounds is a function of the

combination of the occurrence of functional side

groups (such as methoxy groups) and the presence of

unsaturated bonds in the structure of the compound

(Adeboye et al. 2014). Ferulic acid and p-coumaric

acid are both caracterizated to have 2 carbon atoms

sharing a double bond and linking the carboxylic

Table 3 Duration of the lag phase (h) in cultures with different lignocellulosic inhibitory compounds (mM)

Strains Control Acetic acid Levulinic acid HMF Furfural p-coumaric acid Ferulic acid

50 200 25 200 16 32 20 40 2.5 7 0.4 1.3

CEN.PK113-7D 1 [ 96 [ 96 14 [ 96 [ 96 [ 96 30 [ 96 1 [ 96 3 6

CEN.PK112 1 [ 96 [ 96 3 [ 96 3 [ 96 36 [ 96 3 [ 96 3 3

SA-1 1 15 [ 96 3 [ 96 3 3 3 [ 96 1 3 1 1

JAY270 1 [ 96 [ 96 3 [ 96 3 3 24 [ 96 1 [ 96 1 1
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group to the aromatic ring. They only differ in the

presence of a methoxy group present in the aromatic

ring, in the case of ferulic acid.

Effect of p-coumaric acid on yeast physiology

We also aimed to investigate the effects of p-coumaric

acid, the major phenolic compound found in sugarcane

lignocellulosic materials, on the physiology of indus-

trial yeast strains. For that, strains of S. cerevisiae,

including one laboratory (CEN.PK113-7D) and two

industrial strains (JAY270 and SA-1), were grown in

the presence of this compound, in defined medium.

The presence of 5 mM p-coumaric acid resulted in a

lower growth rate of strain CEN.PK 113-7D (Fig. 2) as

compared to the industrial strains. Under these con-

ditions, biomass yields were higher in JAY270 and

SA-1 when compared to the lab strain, whereas

ethanol yield was lower in the industrial strains as

compared to the lab one (Fig. 2). Interestingly, the

growth of the laboratory strain and the industrial

JAY270 strain were virtually abolished at 7 mM p-

coumaric acid, whereas SA-1 was still able to grow

under this condition, with a maximum specific growth

rate of 0.20 h-1 (data not shown). Adeboye et al.

(2014) reported that p-coumaric acid presented a

dose-dependent inhibition to growth rate on industrial

strain Ethanol Red, cultured in synthetic media with

glucose as the carbon and energy source. Moreover, p-

coumaric acid completely arrested yeast growth at 9.7

mM.

Differential effects of lignocellulosic inhibitors

between yeast and lactic acid bacteria

In industrial processes to produce ethanol from sugar-

cane, yeasts are not the only players. Lactic acid

bacteria are present in virtually all industrial plants

(Costa et al. 2008; Basso et al. 2008; Della-Bianca et al.

2013), and will certainly be present in second-gener-

ation processes (Collograi et al. 2019). Therefore, 4

industrial lactic acid bacteria isolates from first gener-

ation process were evaluated in the presence of

selected inhibitors. The lactic acid bacteria strains

were firstly identified using MALDI Biotyper as being

L. paracasei, except for LAB1 which was not identified

by this method (Table 4). They were also character-

ized, in terms of conversion yields, in MRS medium.

The growth kinetics of lactic acid bacteria LAB1,

LAB2, LAB3 and LAB4, in the presence of an

inhibitory cocktail containing a mixture of 76.6 mM

acetic acid, 1.3 mM HMF, 7.1 mM furfural, and 1.9

mM p-coumaric acid, was analysed. The formulation

of this cocktail was based on the compounds identified

in hydrolysate samples and literature data (van der Pol

et al. 2014). Whilst the two yeast strains, including the

industrial one, were unable to grow under such

conditions (Fig. 3e, f), bacteria had an average

inhibition of roughly 50% on their growth rates

(Fig. 3a–d). Analysing the fraction of inhibition in

relation to the control (expressed as the relation

between growth rate with inhibitors/ growth rate

without inhibitors) for each isolate we could find 0.56,

0.50, 0.21 and 0.47 for the isolates LAB1, LAB2

LAB3 and LAB4, respectively. L. paracasei is part of

the L. casei group, that consists of obligatory

homofermentative and facultative heterofermentative

bacteria (De Angelis and Gobbetti 2011).

The interest in the study of lactic acid bacteria in

industrially relevant conditions for the production of

biofuels is due to the fact that such strains are tolerant

to the various stresses present in these processes, such

as high concentrations of ethanol and salts, and

extremes of pH and temperature (Bosma et al. 2017).

In this way, it is pertinent to evaluate their perfor-

mance (in terms of growth) in the presence of

lignocellulosic inhibitors.
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Fig. 2 Effect of p-coumaric acid on the physiology of laboratory

and industrial yeast strains. Growth rates and yield coefficients in

defined medium containing 5 mM of p-coumaric acid for strains

CEN.PK113-7D (black bar), JAY270 (white bar), and SA-1

(grey bar). Legend: *p\ 0.05 vs. CEN.PK113-7D (unpaired

Student’s t test). Ysx, biomass yield; Yse, ethanol yield; Ysg,

glycerol yield. Results are given as average values from triplicate

experiments and error bars represent the standard deviation
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The inhibitory effects of sugarcane-based

lignocellulosic hydrolysates on S. cerevisiae

strains

In order to test the fermentability of the hydrolysate

samples investigated in this study, two of the samples

(samples 1 and 2, Table 2), containing high concen-

trations of HMF, furfural, acetic acid, and p-coumaric

acid, were tested. For this purpose, strain CEN.PK113-

7D and strain SA-1 were inoculated with a starting

OD600 of 1.0 in the hydrolysates, that were previously

supplemented with yeast extract (10 g L-1) and

peptone (20 g L-1).

Sample 1 was also supplemented with glucose

(* 110 g L-1) in order to have a similar concentration

as the other hydrolysate (sample 2). In fermentations

Table 4 Identification and

characterisation of 4

isolated lactic acid bacteria

in MRS medium

N.D. not determined at the

species level

Results are given as average

values from duplicate

experiments

Isolate Identification Conversion yields (g g-1)

Lactate Acetate Ethanol Biomass

LAB1 N.D. 0.58 0.28 0.11 0.11

LAB2 L. paracasei ssp

paracasei DSM 8742

0.63 0.31 0.09 0.17

LAB3 L. paracasei ssp

paracasei DSM 20008

1.11 0.00 0.00 0.24

LAB4 L. paracasei ssp 1.11 0.00 0.00 0.24
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Fig. 3 Effect of inhibitory

compounds on the growth

kinetics of industrial lactic

acid bacteria and the yeasts

S. cerevisiae CEN.PK-

1137D and SA-1.

Cultivations were

performed using MRS, in

the case of LAB1-4 (a–d,

respectively), or YPD, in the

case of S. cerevisiae

CEN.PK113-7D (e) and S.

cerevisiae SA-1 (f),
supplemented with (closed

symbols) or without (open

symbols) a cocktail of

lignocellulosic inhibitors

containing (in g L-1): 4.6

acetate, 0.17 HMF, 0.68

furfural, and 0.31 p-

coumaric acid). Results are

given as average values

from duplicate experiments

and error bars represent the

deviation of the mean
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performed with this sample, glucose was fully con-

sumed within 80 h by both strains, and ethanol reached

around 50 g L-1. Surprisingly, CEN.PK113-7D con-

sumed glucose faster than the industrial strain

(Fig. 4a), but ethanol yield was virtually identical for

both strains (0.43 ± 0.01 g g-1 for CEN.PK113-7D,

and 0.43 ± 0.00 g g- 1 for SA-1). When pH was

adjusted from 3.9 to 4.9 with KOH addition, glucose

was consumed within 20 h, and no difference in terms

of glucose consumption and ethanol production was

observed between the strains (Fig. 4b).

In fermentations performed with the other hydro-

lysate (sample 2), glucose consumption and ethanol

production were not observed by both strains (Fig. 4c).

Glucose was only consumed in this medium when the

hydrolysate was diluted with water, by adding 0.75

volumes of hydrolysate and 0.25 volumes of water. In

this condition, ethanol titres were slightly higher in

fermentations performed with SA-1 than with

CEN.PK113-7D (Fig. 4d). It is worth mentioning that

glycerol titres were lower in fermentations performed

with the industrial strain (2.13 ± 0.08 g L-1) when

compared to the laboratorial strain (2.56 ± 0.27 g

L-1), which could be an indicative of a reduced stress

response in the former strain (van Dijken et al. 2000;

Basso et al. 2008).

Conclusions

The present investigation identified, and quantified

major lignocellulosic inhibitory compounds present in

industrial samples of sugarcane bagasse hydrolysates.

Their effects on important physiological parameters

were evaluated in laboratory and industrial S. cere-

visiae yeast strains, that could serve as candidate

microbial platforms in the 2G ethanol industry.

Therefore, we conclude that robust 1G yeast strains
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Fig. 4 Fermentation of sugarcane-based lignocellulosic hydro-

lysates by S. cerevisiae CEN.PK113-7D and SA-1. a Hy-

drolysate (sample 1) supplemented with glucose without pH

adjustment (pH 3.9); b hydrolysate (sample 1) supplemented

with glucose with pH adjustment (pH 4.9); c hydrolysate

(sample 2) without pH adjustment (pH 4.8); d hydrolysate

(sample 2) diluted with water (hydrolysate/water, 3:1, by vol.).

Glucose (closed symbols) and ethanol (open symbols) concen-

trations in fermentations performed by CEN.PK113-7D (circles)

and SA-1 (squares) strains. Results are given as average values

from duplicate experiments and error bars represent the

deviation of the mean
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might be ideal candidates for lignocellulosic pro-

cesses. However, lactic acid bacteria will certainly be

a source of concern in 2G processes due to their

potential resistance toward these lignocellulosic

inhibitory compounds as compared to yeast strains.
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