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Abstract

Large amount of cassava pulp is produced as by-product of industrial tapioca production. The value-added process of this
low-cost waste is to use it as a substrate for bioethanol production. However, during the pulp pretreatment by acidifica-
tion combined with steam explosion, many yeast inhibitors including acetic acid, formic acid, levulinic acid, furfural and
5-hydroxymethylfurfural are generated and these compounds have negative effects on the subsequent fermentation step.
Therefore, the objective of this study was to investigate whether the repeated cultures of Saccharomyces cerevisiae SC90
could alleviate this problem. To obtain the inhibitor tolerable cells, the repeated culture was performed by growing yeast
cells to a specific growth rate (u) of 0.22 h™! or higher (80% of the u in control) and then transferring them to progressively
higher concentrations of hydrolysate ranging from 20 to 100% (v/v). The results showed a tendency of longer lag phase as
well as time to reach maximum cell number (z,,,,.) with an increase in hydrolysate concentration. However, the repeated
culture at the same hydrolysate concentration could shorten both lag period and ¢, .. Interestingly, the growth and fermen-
tation efficiency of adapted cells in 100% hydrolysate were significantly higher (p < 0.05) than those of non-adapted cells
by 38% and 27%, respectively.
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Introduction

Bioethanol production from lignocellulosic materials, as
an alternative energy source to fossil fuels, has been used
for decades in many countries (El-Naggar et al. 2014). In
Thailand, the government recently launched a 10-year plan,
with private and public sector investment expected to reach
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$11.3 billion, to produce biochemicals, biopharmaceuticals
and biofuels from sugarcane and cassava (Lane 2017). Lig-
nocellulosic materials are waste products from many agro-
processing industries and can be an inexpensive and abun-
dant source of biomass (Balat 2011). Lignocellulose mainly
comprises cellulose, hemicellulose and lignin and occurs in
all plant materials where they are constituents of the struc-
ture of cell walls. Cellulose and hemicellulose are polysac-
charide chains composed mainly of glucose, galactose, man-
nose, xylose and arabinose. The processes of releasing the
sugars from structural carbohydrates during extraction are
complex and not always complete (Kumar et al. 2009; Sun
and Cheng 2002).

Cassava (Manihot esculenta Crantz) is an important crop
in Thailand used mainly for the production of flour. Cassava
flour production was reported to have had a pulp by-product
of some 7.3 million tonnes in 2015 (Trakulvichean et al.
2017). In the past, this pulp by-product was largely dis-
carded, but it is high in starch and fermentable sugars from
lignocellulosic materials that can be used as a substrate in
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ethanol production (Balat 2011). Various treatments of cas-
sava pulp have been tested to assist the process of breaking
down these structural carbohydrates, before fermentation,
including dilute acid hydrolysis combined with heating (Agu
et al. 1997). During this process of exposure to acids at high
temperatures, sugars derived from the lignocellulosic mate-
rial are a major product, but there are other compounds from
decomposition that are released including formic acid, acetic
acid, levulinic acid, furfural and 5-hydroxymethylfurfural
(5-HMF). These compounds may inhibit the metabolism
of yeast cells used in fermentation of the hydrolysate and
impact on growth, biomass production and their fermenta-
tion performance (Almeida et al. 2007).

Several methods have been successful in increasing fer-
mentation efficiency from lignocellulosic hydrolysate by
microorganisms (Fein et al. 1984; Landaeta et al. 2013;
Larsson et al. 2001). In particular, Saccharomyces cerevi-
siae has been developed to achieve higher ethanol produc-
tion since it is fast growing in both aerobic and anaerobic
conditions and has a high tolerance to both high ethanol
concentrations and inhibitors generated during hydrolysate
extraction (Olsson and Hahn-Hégerdal 1993). S. cerevisiae
SCI0 has been previously selected for its high fermentation
performance in the production of ethanol from sugarcane
molasses and is being used for ethanol production on an
industrial scale by several alcoholic beverage companies in
Thailand (Pornpukdeewattana et al. 2014). However, it has
not been used in industrial-scale production of ethanol from
lignocellulosic materials.

Naturally, the yeast strains can be adapted to resist the
inhibitors and have been successful in improving ethanol
yield (Silva and Roberto 2001; Silva et al. 2011). Pornpuk-
deewattana et al. (2014) adapted cells of SC90 by cultur-
ing them for two cycles at various cassava pulp hydrolysate
concentrations. Therefore, the objective of the research was
to test whether the adaptation of SC90 to inhibitors could
be improved further by increasing the number of culture
cycles in the cassava pulp hydrolysate. The adaptation
process involved passing SC90 through cycles of cassava
pulp hydrolysate and testing its fermentation performance,
growth rate and the conversion of inhibitors, starting at 20%
concentration followed by progressive transfer to concentra-
tions up to 100%.

Materials and methods

Raw material

Fresh cassava pulp was provided by Khow Chang Eah Tapi-
oca and Sago Industry Co. Ltd., Chonburi, Thailand. The
pulp was dried at 60 °C using a tray dryer until the weight

was constant, milled and sieved through 40 mesh. It was
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then kept dry in a closed container at room temperature until
required for use.

Yeast strain and growth medium

The yeast S. cerevisiae SC90 was obtained from the Faculty
of Agro-industry, King Mongkut’s Institute of Technology
Ladkrabang, Bangkok, Thailand. The culture was grown
in yeast extract—peptone—dextrose (YPD) (10.0 g/L yeast
extract, 20.0 g/L peptone, 20.0 g/L glucose, pH 5.5) agar
slant and incubated at 30 °C for 48 h. The strain was then
maintained at 4 °C.

Inoculum preparation

The inoculum preparation method was modified from
Pornpukdeewattana et al. (2014). One loop of yeast cells
from an agar slant was added to a 125 mL Erlenmeyer flask
containing 25 mL of YPD medium and incubated at 30 °C
with a shaking speed of 200 rpm for 24 h. Then the starter
was transferred to a 500 mL flask containing 225 mL of
YPD. The culture was incubated as described above for
48 h. Cells were recovered by centrifugation at 2683 X g at
4 °C for 20 min and then the supernatant was separated. The
supernatant was added to the wet cell at a ratio of 1:1 (mL
supernatant to g wet weight) and was used as the inoculum.

Cassava pulp hydrolysis

Preparation of cassava pulp hydrolysate was modified from
the method described by Srinorakutara et al. (2006) which
was shown to yield a high content of reducing sugars. Dried
cassava pulp was hydrolyzed using diluted sulfuric acid
(0.6 M) with the solid to liquid ratio of 1:10 (g dry weight
to mL diluted acid), followed by heating in an autoclave at
120 °C for 30 min. The reaction mixture was cooled at room
temperature. The residual solid was filtered using a white
cloth before the pH of the filtrate was adjusted to 5.5 with
10 M NaOH. The pH adjusted hydrolysate was centrifuged
at 9056xg at 4 °C for 20 min to remove the precipitate that
had occurred during neutralization. The concentration of
inhibitors (acetic acid, formic acid, levulinic acid, furfural
and 5-HMF) and the total sugar presented in hydrolysate
was then determined. Flux distribution of material during
cassava pulp hydrolysis was evaluated by relying on the data
obtained from the modified protocol for the determination of
structural carbohydrates and lignin in biomass developed by
the National Renewable Energy Laboratory (NREL) (Sluiter
et al. 2012) (Supplementary I). The ready-to-use cassava
pulp hydrolysate was stored at —20 °C until required for use.
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Preparation of the adaptation media

The medium formulations for adaptation were designed to
have a similar initial concentration of fermentable sugars and
varied with the concentration of cassava pulp hydrolysate.
However, the total sugar in cassava pulp hydrolysate was
62.95 g/L (Supplementary II, Table SII-1) consisting both
fermentable and non-fermentable sugars. Glucose, fructose,
sucrose and maltose are generally recognized as fermentable
sugars for yeast Saccharomyces cerevisiae; therefore, the
summation of these sugar concentrations can be presumable
as the concentration of fermentable sugars (Lujan-Rhenals
and Morawicki 2016). The sugar composition in hydrolysate
was analyzed using high-performance liquid chromatog-
raphy (HPLC) which was modified from the protocol for
the determination of structural carbohydrates and lignin
in biomass developed by NREL (Sluiter et al. 2012) (Sup-
plementary IIT). Glucose was only one of the fermentable
sugars whereas xylose and arabinose were non-fermentable
sugars in hydrolysate that can be detected by HPLC (Sup-
plementary III, Table SIII-1). The concentrations of glucose,
xylose, and arabinose were 45.47 +0.23, 2.52 +0.03, and
1.74 +£0.06 g/L, respectively.

The assimilation of sugars was also analyzed by monitor-
ing the reduction of total sugar during SC90 fermentation
in cassava pulp hydrolysate medium to confirm the value of
fermentable sugar concentration obtained by HPLC tech-
nique. The concentration of fermentable sugars estimated by
monitoring the reduction of total sugar during fermentation
of SC90 was 46.52 +0.56 g/L (Supplementary III, Table
SIII-2) which was slightly higher than the value obtained
from HPLC (Supplementary III, Table SIII-1). However, in
this present work, the value obtained from total sugar was
used because the concentration of sugar analysis by HPLC
did not cover other sugars.

The adaptation media were prepared by diluting the cas-
sava pulp hydrolysate to the concentrations of 0 (control),
20, 40, 60, 80 and 100% (v/v) of the initial concentration
of the hydrolysate. The initial concentration of fermentable
sugars in all media was adjusted to approximately 46.52 g/L
using glucose. All media in 1 L were supplemented with
5.00 g/L yeast extract, 7.50 g/L (NH,),SO,, 3.50 g/L
KH,PO,, 0.75 g/LL MgSO,-7H,0 and 1.00 g/L CaCl,-2H,0,
adjusted to pH 5.5 and autoclaved at 121 °C for 15 min
(Kouteu Nanssou et al. 2016).

Adaptation of the yeast strain to improve
the inhibitor tolerance

The adaptation procedure of S. cerevisiae SC90 was modi-
fied in accordance with Pornpukdeewattana et al. (2014)
where the experiments were conducted in 1000 mL flasks
containing 300 mL of adaptation media. The control
medium was inoculated to obtain the initial cell concen-
tration of 3 x 107 cell/mL and incubated at 120 rpm and
30 °C for 48 h. The samples were withdrawn at 0, 1, 2, 3,
4,8, 12, 24, 36 and 48 h for measuring yeast growth. The
specific growth rate (u) and the time to achieve maximum
cells (#,,,..) obtained from the control were used as the
reference value for growth assessment.

The yeast cells from the control medium were collected
and used for inoculation into a new adaptation medium
with the lowest concentration of cassava pulp hydrolysate
(20% v/v). Fermentation and growth were monitored as
described above. Cells were continually cultivated in the
same medium until the u was equal to or higher than 80%
of the reference value and ¢, was not longer than 7.
of the control experiment. Cells were then transferred to
the new adaptation medium with higher concentrations of
cassava pulp hydrolysate (40, 60, 80 and 100%). The initial
cell concentration of every adaptation cycle was adjusted
to 3 x 107 cell/mL. The samples were withdrawn at 0,
4, 8,12, 24 and 48 h to determine cell growth, glucose
consumption, ethanol production and content of inhibi-
tors for each of the first and last cycles in each adaptation
medium. The adaptations were performed in triplicate and
consecutively for 960 h. At the end of the adaptation, the
adapted cells were preserved by sub-culturing in 100%
hydrolysate medium to maintain their ability of inhibi-
tor tolerance. Then the adapted cells were investigated for
growth and fermentation performance compared with the
non-adapted cells.

Examination for the pattern of adaptation

The spot plate technique was used to confirm that the
adaptation procedure used to obtain yeast cells was a
short-term adaptation. The adapted cells were sub-cultured
in 0% hydrolysate agar medium every 48 h for ten times
and preserved in this medium. Then the adapted cells,
sub-cultured and preserved in 0% and 100% hydrolysate
medium, were cultured in 0% and 100% hydrolysate liquid
medium, respectively, at 30 °C with a shaking speed of
200 rpm for 24 h. The cell concentration was adjusted to
3 x 107 cell/mL and serially diluted to generate cell sus-
pensions at concentrations 107*, 107 and 107°. A volume
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of 10 uLL from each dilution was spotted onto the surface
of the 0, 50 and 100% hydrolysate agar plates. The plates
were incubated at 30 °C for 72 h and the results were
recorded by a photograph.

Comparison of growth and fermentation
performance of adapted and non-adapted
cells in 100% hydrolysate medium

A non-adapted and an adapted S. cerevisiae SC90 were
grown in 0% hydrolysate medium (control medium) and
100% hydrolysate medium, respectively. Both were incu-
bated using the procedure as described above to prepare the
non-adapted and adapted yeast inoculums. The experiments
were conducted in 1000 mL flasks containing 300 mL of
the 100% hydrolysate medium. Both strains were then sepa-
rately inoculated into 100% hydrolysate medium to obtain
the initial cell number of 3 x 107 cell/mL. The fermentation
was at 30 °C with shaking of 120 rpm for 72 h. Cell growth
was monitored at 0, 4, 8, 12, 18, 24, 36, 48, 60 and 72 h. The
glucose and ethanol concentrations were determined during
fermentation. The results of adapted and non-adapted cells
were compared. The spot plate technique was also applied
for assessing the ability of adapted and non-adapted cells to
grow in the 100% hydrolysate agar medium.

Analytical methods and data analysis
Investigation of growth and viability

The growth and viability of the yeast cells were monitored
by staining with methylene violet and observing them under
a light microscopy where the dead cells were dyed violet and
viable cells were not dyed (Smart et al. 1999). The number
of dead and live cells was counted using a hemacytometer.
The p and lag time (7,,) were estimated using the graphical
methods from a linear regression of the natural logarithm
of a number of viable cells versus time (exponential growth
curve) (El-Mansi and Bruce Ward 2006).

Ethanol fermentation performance

The fermentation performance of the experiments was
assessed as kinetic parameters as previously described (Keat-
ing et al. 2006). Ethanol yield (Yp/g; g ethanol/g glucose) was
calculated from the maximum concentration of ethanol pro-
duced divided by sugar consumed. Volumetric productivity
(Q; g/LL h) was calculated from the maximum concentration
of ethanol produced divided by attenuation time. Attenuation
time was the time that achieved the highest concentration of
ethanol. Fermentation efficiency (%) was calculated from
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the observed ethanol yield divided by the theoretical yield of
ethanol fermentation from glucose (0.51 g ethanol/g glucose)
multiplied by 100.

Total sugar

The total sugar concentration was determined by the phe-
nol-sulfuric acid colorimetric method using glucose as a
standard (Dubois et al. 1956). This is a rapid method for quan-
tifying the total soluble sugars presented in hydrolysate sam-
ples that can break down sugars into monosaccharides with
concentrated sulfuric acid. The reaction mixture was meas-
ured in a spectrophotometer (UV-1601 Shimadzu, Japan) at
480 nm.

Ethanol and inhibitors in acid form

The content of ethanol produced during fermentation and con-
centration of inhibitors (acetic acid, formic acid and levulinic
acid) were quantified using high-performance liquid chroma-
tography (HPLC) (Nexera Shimadzu, Japan). The supernatant
was filtered through a 0.2-um syringe filter before analysis and
detected using a refractive index (RI) detector. A Supelcogel
H 59346 column (250 X 4.6 mm, Sigma-Aldrich, France) was
used with the column temperature of 30 °C. Phosphoric acid,
0.1% (w/v) in water at a flow rate of 0.17 mL/min, was used
as the mobile phase.

Furfural and 5-HMF

Analysis of furfural and 5-hydroxymethylfurfural (5-HMF)
was according to Martin et al. (2017) using a diode-array
detector in the HPLC system. The ZORBAX RRHT SB-C18
column (3 x50 mm, 1.8 pm) was operated with a flow rate of
0.5 mL/min. A formic acid solution (0.1% v/v) and acetonitrile
solution (0.1% v/v) were used as eluents. The absorption was
measured at 282 nm at a column oven temperature of 40 °C.

Statistical analysis

The experiments were performed in triplicate and expressed
as mean values. The standard deviation (SD) of mean value
was expressed as error bars. The mean and SD of a set of
values were calculated using Microsoft Excel 2010 with the
AVERAGE and STDEYV functions. Statistical significance was
assessed using an unpaired two-tailed ¢ test at the (p <0.05)
level.



3 Biotech (2019) 9:76

Page50f13 76

Results and discussion

The contents of total sugar and inhibitors in cassava
pulp hydrolysate

Several publications on acid hydrolysis for the pretreat-
ment of biomaterial showed that a stronger hydrolysate
condition generated higher concentrations of inhibitors
(Supplementary II, Table SII-1). Cao et al. (2010) used
corn stover hydrolyzed with 2.0% (v/v) sulfuric acid at
121 °C for 90 min. Huang et al. (2011) pretreated corn
stover with dilute sulfuric acid 3.0% (g/g dry corn stover)
at 190 °C for 3 min. Tian et al. (2011) used the wood of
lodgepole trees (Pinus contorta) pretreated with bisulfite
and sulfuric acid placing the wood pulp in a digester at
180 °C for 25 min. Soleymanpour et al. (2018) also noted
that an increase in acid concentration resulted in increased
formation of inhibitory compounds and rise of the sugar
decomposition rate. The source of biomass and the harsh-
ness of the pretreatment could affect types and proportions
of inhibitors and sugars produced in the hydrolysate.

In our study, cassava pulp hydrolysis yielded rela-
tively high total sugar concentration (62.95 +0.76 g/L)
in the hydrolysate, while gave out fewer types and lower
concentrations of inhibitors (14.68 +0.01 mM acetic
acid, 0.43 +0.00 mM levulinic acid and 0.10 +0.00 mM
5-HMF) than previously reported (Supplementary II,
Table SII-1). These results might be due to mild hydrolysis
(0.6 M sulfuric acid with the solid to liquid ratio of 1:10
and heating at 120 °C for 30 min), a condition that broke
down less sugars and generated low inhibitor contents.

The analysis of material distribution during cassava
pulp hydrolysis is presented in Supplementary I. Ten
grams of cassava pulp (9.54 g of oven dry weight) was
hydrolysed with 100 mL of 0.6 M sulphuric acid. The ini-
tial hydrolysate was collected and the insoluble residual
was washed twice. The solutions from the first and second
wash were then collected. The volume and chemical com-
position of the initial hydrolysate, the first wash and the
second wash were analyzed and calculated for mass recov-
ery and sugar yield. The mass recovery of the initial hydro-
lysate, the first wash, the second wash, insoluble residual
and total mass recovery were 52.75, 16.78, 3.78, 18.67
and 91.98%, respectively (Supplementary I, Table SI-1).
About 8% of an unaccounted mass was possible to contain
other soluble components such as protein, lipid and other
acid soluble minerals because the chemical composition
analysis in this work was subjected to total sugar, total
lignin, total inhibitors and insoluble residue. Therefore,
the total soluble solid (TSS) in each fraction was analyzed
and calculated for total mass recovery (Supplementary I,
Table SI-2). The total mass recovery calculated based on

TSS showed the reasonable value of 99.63%. This was a
confirmation of the presence of other substances in the
initial hydrolysate, the first wash and the second wash that
were not total sugar, lignin and inhibitors.

Changes in S. cerevisiae SC90 growth profiles
during adaptation to cassava pulp hydrolysis

The number of cycles run in the media with 20, 40, 60,
80, and 100% hydrolysate was two cycles (1st and 2nd
cycles), two cycles (3rd and 4th cycles), three cycles
(5th—-7th cycles), five cycles (8th—12th cycles), and seven
cycles (13th—19th cycles), respectively. The maximum total
cells and viability of SC90 from sequential adaptation in
each medium are shown in Table 1. The maximum total
cell number of the control medium was 1.99 x 108 cell/mL.
Interestingly, in the media with 20% and 40% hydrolysate,
the maximum total cell number was slightly increased to
approximately 2.6 x 10% cell/mL and 2.4 x 10% cell/mL,
respectively. This result was supported by the finding of
Greetham (2014) in which acetic acid concentration as low
as 10-25 mM had little or no negative impact on growth.
Moreover, the acetic acid at 25 mM enhanced growth com-
pared to the control without inhibitor. The time to achieve
maximum cell number (7,,,,.) in the first cycle of the media
with 20% hydrolysate was 12 h which is equal to the control
medium. The increase in #,,,,. to 24 h was observed in the
first cycle of the media with 40% hydrolysate compared to
the control medium. The increase in the hydrolysis concen-
tration above 40% resulted in both lower maximum total
cell number and longer ¢,,,.. The maximum total number
of cells in the last adaptation cycle in the 60, 80 and 100%
hydrolysate was 11, 13 and 34% higher, respectively, than
in the first cycle.

At low hydrolysate concentrations, there were lower lev-
els of inhibitors, where the cells had not been acclimatized.
Increasing the hydrolysate concentration led to have higher
levels of inhibitors that resulted in a lower number of cells
in the first cycle. The repeated cell adaptations in the same
media, especially at 80 and 100% hydrolysate showed that
cells can be more tolerant to the inhibitors. It can be sup-
ported by an increase in total cell numbers, shorter lag time
(f19) and 1., (Table 1). The reduction in the t,,, that was
observed when cells were repeatedly cultivated in the same
concentration of inhibitors was also consistent with the find-
ings of Wallace-Salinas and Gorwa-Grauslund (2013) and
Koppram et al. (2012).

The specific growth rate (u) of the control medium
and low hydrolysate concentration at 20 and 40% was
0.27-0.30 h™!. The cells that had been moved to the new
media contained 60, 80 and 100% hydrolysate showing a
decrease in p of the first cycle to 0.24, 0.21 and 0.20 h!,
respectively (Table 1). The decrease in growth rate when
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Table 1 Summary of vitality of S. cerevisiae SC90 during the adaptation process

Experiments Maximum total cell num- Viability (%) Specific growth rate Time to obtain maximum Lag time (h)
ber (cell/mL) (us h™h cell number
(fnaxes 1)
Control 1.99+0.04 x 108 92.04 +2.46 0.28+0.00 12 0.9
20% hydrolysate medium
1st cycle? 2.55+0.16x 108 91.18+2.40 0.27+0.01 12 1.5
2nd cycle® 2.58+0.17x 108 89.41+0.48 0.30+0.01 12 1.0
40% hydrolysate medium
3rd cycle® 2.42+0.06x 108 98.60+0.23 0.28+0.01 24 1.9
4th cycle® 2.44+0.01x10® 98.94+0.23 0.30+0.01 12 L5
60% hydrolysate medium
Sth cycle? 1.95+0.10x 108 99.00+0.05 0.24+0.02 36 2.1
6th cycle 2.03+0.13x 108 98.99+0.50 0.25+0.01 24 1.9
7th cycle® 2.16+0.06x 10 98.58+0.46 0.26+0.01 12 L5
80% hydrolysate medium
8th cycle® 1.74+0.06x 108 98.16+1.13 0.21+0.01 48 2.0
9th cycle 1.74+0.07x 108 99.01+0.76 0.21+0.01 36 1.9
10th cycle 1.74+0.15x 108 99.63+0.64 0.22+0.01 36 1.6
11th cycle 1.88+0.13x 108 98.83+2.03 0.23+0.01 24 1.6
12th cycle® 1.96+0.12x 108 99.06+0.34 0.23+0.01 12 1.6
100% hydrolysate medium
13th cycle* 1.52+0.10x 108 98.31+£1.10 0.20+0.01 48 1.9
14th cycle 1.48+0.14x 108 99.24+0.37 0.20+0.01 48 1.7
15th cycle 1.68+0.11x10% 99.26+0.38 0.21+£0.02 36 1.5
16th cycle 1.55+0.02x 10% 99.40+0.63 0.19+0.01 24 1.5
17th cycle 1.67+0.16x10% 98.88+1.12 0.21+0.01 12 1.3
18th cycle 1.97 +£0.06x 108 99.11+£0.93 0.23+0.01 12 1.3
19th cycle® 2.04+0.07x 108 99.69+0.53 0.24+0.00 12 1.3

The values are reported as mean+SD from the experiment in triplicate excepting the lag time that was estimated from the average value of
growth in the form of viable cell number. Superscripts * ° represent the first cycle and last cycle of each hydrolysate concentration, respectively

the culture was transferred to the media with the higher
concentration of hydrolysate confirms the findings of Wal-
lace-Salinas and Gorwa-Grauslund (2013). Koppram et al.
(2012) also explained that the extended #,,, prior to the cell
recovery could be caused by a modification of the physi-
ology of cells adapted under inhibitor stress. There was a
gradual improvement in the growth rate because of increas-
ing number of beneficial mutant cells that outnumbered the
non-beneficial mutants. The results of the present study
indicate that at higher concentrations of inhibitors, it was
necessary to sub-culture in the same medium several times
until 4 was not less than 80% of that of the control condi-
tion (0.28 h™"), which was 0.22 h™!. Yeast cells from the
control medium transferred into the media with 20, 40 or
60% hydrolysate provided a p within the acceptable range
of 0.22 h™'. However, when cells were transferred to the
80 or 100% hydrolysate, they showed lower u than in the
previous media running at lower hydrolysate concentrations.
The cultures were consequently repeated for five and seven
cycles to obtain a u value >0.22 h~!. This effect may be due
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to a higher concentration of inhibitors in the media with a
higher concentration of hydrolysate.

Regarding our results, the amounts of acetic acid, lev-
ulinic acid and 5-HMF were 14.68 +0.01, 0.43 +0.00 and
0.10+0.00 mM, respectively (Fig. 2 and Supplementary
Table S1). All substances are known to be toxic compounds
to microorganisms. The severity of the inhibitor depends on
various factors including yeast strain used, the adaptation
ability of yeast strain to inhibitors, fermentation process,
type of inhibitors as well as combined synergistic effect
of several toxic compounds (Mussatto and Roberto 2004).
Furan derivatives, furfural and 5-HMF, are toxic compounds
generated from pentose and hexose degradation, respectively
(Mussatto and Roberto 2004). They could inhibit the func-
tions of several glycolytic enzymes resulting in a reduction
in the u, biomass yield (Yx,5), volumetric productivity (Q)
as well as ethanol yield (Ypg) but instead increased in f,,,
(Almeida et al. 2007; Palmqvist and Hahn-Higerdal 2000).

The major weak acids generated during hydrolysis are
acetic acid, formic acid, and levulinic acid. They have



3 Biotech (2019) 9:76

Page70of13 76

been shown to possess inhibitory effects on yeast by reduc-
tion in biomass and ethanol yield (Larsson et al. 1999;
Palmgqvist and Hahn-Hégerdal 2000). Bauar et al. (2003)
reported that the weak acids could inhibit cell growth
by reducing aromatic amino acid assimilation from the
medium. The level of acid toxicity depended upon the fer-
mentation conditions (Mussatto and Roberto 2004).

The time to obtain the maximum cell numbers (¢,,,..)
was one of the parameters that indicated the adaptabil-
ity of cells. In the control medium and 20% hydrolysate
medium, ¢, was as low as 12 h, but 7, increased when
the hydrolysate concentration was increased to 40-100%.
However, the repeated cycle in the same hydrolysate con-
centration resulted in a reduction in ¢, .. This implies that
the adaptation of cells during the repeated cycles enhanced
tolerance to the toxicity of the inhibitors (Table 1). The
adapted cells obtained in this experiment were only a tran-
sient or short-term adaptation which has been previously
reported as phenotypic plasticity of yeast (Narayanan et al.
2016). In the present work, the results of spot plate experi-
ment in Fig. 1 were used as the evidence to confirm the
pattern of adaptation. The adapted cells lost the ability to
withstand inhibitors after they were sub-cultured in the 0%
cassava hydrolysate medium. However, the adapted cells
that were maintained in 100% hydrolysate medium can
retain the ability to tolerate the inhibitors (Fig. 1). Thus,
the preservation of the adapted strain in 100% hydrolysate
medium was important to maintain its ability to tolerate
inhibitors. The possible reasons for a higher concentra-
tion of inhibitors in the media with a higher concentration
of cassava pulp hydrolysate during SC90 adaptation are
presented in the next section.

Changes in the inhibitor concentration during S.
cerevisiae SC90 adaptation in cassava pulp
hydrolysate

The major inhibitors in cassava hydrolysate were acetic acid,
levulinic acid and 5-HMF (Supplementary Table S1). The
concentration of inhibitors increased with increasing concen-
tration of hydrolysate used (Fig. 2). At the beginning of incu-
bation, the concentrations of acetic acid were 4.08 +0.04,
7.75+0.08, 10.13+0.01, 14.16 +£0.12 and 15.96 +0.09 mM
and for 5-HMF they were 0.035+0.004, 0.043 +0.002,
0.051+0.003, 0.076 +0.002 and 0.103 +0.003 mM, respec-
tively, for 20, 40, 60, 80 and 100% hydrolysate levels. The
concentration of acetic acid was higher than that of formic
and levulinic acid, which was consistent with the findings
of Tian et al. (2011) and Tomas-Pej6 et al. (2010). They
also found that acetic acid was a major inhibitor in biomass
hydrolysate. Nilvebrant et al. (2003) reported that furfural
is normally found in lower concentration than 5-HMF. In
this experiment, furfural was undetectable (Supplementary
Table S1).

In pretreatment of lignocellulosic material, S-HMF is
generated from hexose sugar degradation and can be con-
verted to formic acid and levulinic acid. Therefore, the
lower concentration of levulinic acid and the inability to
detect formic acid that was observed was related to the low
breakdown level of 5-HMF (Palmqvist and Hahn-Hézgerdal
2000; Thomas et al. 2002). Acetic acid is formed from the
deacetylation of acetyl group in hemicellulose structures and
may be generated from furfural under acid hydrolysis when
heated. It has been reported that acetic acid is a minor prod-
uct produced during yeast fermentation. In the present study,
cassava pulp acid hydrolysis performed using 0.6 M sulfuric

Tested medium

0% cassava hydrolysate
(Control)

Maintenance
medium

50% cassava hydrolysate

100% cassava hydrolysate

Dilution of cell suspension

10 10§ 106 10+

0% cassava
hydrolysate

100% cassava
hydrolysate

Dilution of cell suspension

Dilution of cell suspension

108 10°¢ 10+ 105 106

Fig.1 Loss of the ability to withstand the inhibitors by adapted cells preserved in 0% cassava hydrolysate medium compared with the adapted

cells preserved in 100% cassava hydrolysate medium
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acid at 120 °C for 30 min resulted in a low concentration of
5-HMF (approximately 0.1 mM), which confirmed results
reported by Lacerda et al. (2013). They studied the influence
of acid concentrations on sisal pulp pretreated with 5% (v/v)
sulfuric acid (approximately 0.5 M) at 100 °C with a reaction
time of less than 120 min and detected very low amounts of
both furfural (<0.26 mM) and 5-HMF (< 0.04 mM). They
also found that formic acid could be detected when using
concentrations of sulfuric acid of between 15 and 25% (v/v)
(approximately 1.5-2.5 M). Therefore, the type of inhibitors
and their amount depend on both the type of lignocellulosic
material and pretreatment methods.

In the present work, the patterns of the inhibitor concen-
tration changes were similar in all hydrolysate concentra-
tions for both the first cycle and last cycle of each hydro-
lysate concentration (Fig. 2). The acetic acid concentration
was continuously decreasing from the beginning to 8 h of
incubation and the concentration has again increased after

Pielase clla)l auan .
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12 h of incubation. The acetic acid can be assimilated by
the formation of acetyl CoA and then entering the Kreb’s
cycle. However, it can be generated as by-product during
yeast fermentation (Palmqvist and Hahn-Higerdal 2000;
Thomas et al. 2002). The levulinic acid was rapidly pro-
duced in the early stages during the first 8 h of incubation
and then showed the constant concentration until the end of
the process. It confirmed the findings of Thompson et al.
(2016) who found that the concentration of levulinic acid
was increased during fermentation.

For the concentration of 5-HMF, it was rapidly reduced
in the first 8 h of incubation. Palmqvist and Hahn-Hézgerdal
(2000) have previously shown that S. cerevisiae was able to
enzymatically convert HMF to less toxic compound. HMF
was reduced to 2,5-bis-hydroxymethylfuran (HMF alcohol)
under aerobic and anaerobic conditions (Liu et al. 2004).
Koppram et al. (2012) found that cells acquired the ability of
improving furan transformation during adaptation. The data
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of formic acid are not shown because its concentration was
below the detection limits. This implies that the sequential
adaptation of SC90 in converting inhibitors can be consid-
ered an important modification that might contribute to a
higher tolerance against inhibitors released during cassava
pulp pretreatment.

Ethanol fermentation performance during S.
cerevisiae SC90 adaptation in cassava pulp
hydrolysate

The highest ethanol concentration was reached at 8 h of
fermentation. The gradual adaptation of SC90 in each
adaptation medium resulted in an improvement in its rate
of glucose utilization. However, a decrease in volumetric
productivity (Q) and fermentation efficiency was observed
at 80 and 100% hydrolysate medium (Table 2). These effects
were caused by the toxicity from the inhibitors generated at
the higher concentration of hydrolysate (Fig. 2). In the first
step, the medium without hydrolysate was used as the con-
trol, which provided a very high fermentation efficiency of
up to 96.15%. The adaptation in the first cycle in 20% hydro-
lysate showed a slight decrease in fermentation efficiency
compared to the control. Although the 20% hydrolysate
contained inhibitors formed during the pretreatment, they
were present at a very low level, about 3 mM of the initial
acetic acid concentration as described previously (Fig. 2).
Several research works presented that low concentration of
acetic acid could improve ethanol production. Thomas et al.
(2002) found that fermentation in the presence of acetic acid

provided a higher ethanol concentration than in its absence.
Greetham (2014) also found that the acetic acid content of
less than 25 mM had no effect on the metabolic output asso-
ciated with growth and ethanol production of yeast. Larsson
et al. (1999) provided additional information that low con-
centration of acids can increase the ethanol yield which may
be caused by stimulating the production of ATP.

The fermentation efficiency during adaptation in 20%
hydrolysate was 94.83% in the first run and 96.12% in the
second run. There were no significant differences in fermen-
tation ability, including the Yp,q, Q, sugar consumption and
fermentation efficiency during repeated cultivation cycle.
Decreasing Yp,g and fermentation efficiency were found in
the last cycles of 60, 80 and 100% hydrolysate compared to
those of the first cycle (Table 2). Meanwhile, the increase in
maximum total cell number (Table 1) and Yy, (Table 2) was
found in the last cycles of 60, 80 and 100% hydrolysate com-
pared to those of the first cycle. This could be explained by
the flux distribution into anabolism and energy metabolism
of carbon during ethanol fermentation in the yeast. In the
first cycle, cells might have to adapt to the higher concen-
tration of inhibitors, which required more energy that could
be obtained from ethanol fermentation. This was obviously
shown by high Ypq in the first cycle compared to that of the
last cycle (Table 2). Moreover, after the cells adapted to
tolerate inhibitors in the last cycle, the cell growth increased
and the carbon source available for ethanol fermentation
decreased. This characteristic of fermentation confirmed the
findings of Zhu et al. (2009) who showed yeast adaptation
using a step-by-step gradual increase in the concentration

Table 2 Kinetic parameters

of ethanol production during Experiments Re.lt‘e of glucose Ethanol yield Biomass yield Yo}umetric produc- Fern.lentation
adaptation of S. cerevisiae SC90 utilization (g/L/h)  (Yps; g/8) (Yys; cell/g) tivity (Q; g/L/h) efficiency (%)
Control 6.08 0.49 4.09 x 109 3.20 96.15
20% hydrolysate medium
Ist cycle® 5.61 0.48 5.49 x10° 3.14 94.83
2nd cycle®  6.02 0.49 5.55 x10° 3.19 96.12
40% hydrolysate medium
3rd cycle® 6.52 0.46 4.60 x 105 2.96 89.37
4th cycle® 6.57 0.47 4.64 x10° 3.09 93.10
60% hydrolysate medium
Sth cycle? 6.80 0.44 3.41 x10° 2.86 86.35
Ttheycle®  7.49 0.41 3.78 x 10° 291 80.09
80% hydrolysate medium
8th cycle? 6.77 0.43 3.03 x10° 2.80 84.50
12th cycle®  7.58 0.40 3.41 x10° 2.62 78.96
100% hydrolysate medium
13th cycle®  7.96 0.36 2.44 x10° 2.32 69.91
19th cycle®  7.62 0.32 3.27 x 10° 2.06 62.14

The attenuation time of all experiments was 8 h. Superscripts * ® represent the first cycle and last cycle of
each hydrolysate concentration, respectively
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over the range between 10 and 50% of corn stover filtrate
loading. They observed that the content of residual xylose
has gradually increased with increasing filtrate loading
together with an increase of ethanol produced in the initial
step and a decrease in its content in later steps.

Comparison of growth and fermentation
performance of adapted and non-adapted cells
in 100% hydrolysate medium

The biological method such as yeast adaptation became
more attractive in overcoming inhibitors present in ligno-
cellulose hydrolysate which practically resulted in reducing
both the cost of detoxification process and loss of ferment-
able sugars in pre-treated hydrolysates (Parawira and Tekere
2011). In the present work, adapted cells of SC90 in the final
run were obtained and then cultured in 100% hydrolysate to
assess their growth and performance in ethanol fermenta-
tion compared to non-adapted SC90. This showed that the
number of living cells and the viability of the adapted cells
were higher than those of non-adapted cells (Fig. 3a, b;
Table 3). The u was then calculated at the log phase where
the adapted cells had a growth rate of 0.22+0.00 h~! com-
pared to 0.19+0.00 h~! for non-adapted cells (Table 3). The
fag of both, adapted and non-adapted, cells as relatively low,
0.3 and 0.7 h, respectively.

Comparison between the adapted and the original
strains of SC90 in terms of glucose consumption and
ethanol production is shown in Fig. 3c, d and Table 3.
The adapted cells produced significantly higher (p <0.05)

ethanol concentration, Yp/g, fermentation efficiency and
Q. These results were in line with the report of Silva and
Roberto (2001) who suggested that the evolution of micro-
organisms to tolerate inhibitors can improve the fermenta-
tion efficiency of the lignocellulosic biomass.

The results of this study were compared to the work
of Landaeta et al. (2013) who studied the adaptation of
S. cerevisiae NRRL Y-265 by cell recycle batch fermen-
tation. They adapted yeast using media with sequential
increase in inhibitor concentrations (five different inhibi-
tor concentrations). These media imitated the content of
inhibitors to those in eucalyptus chip hydrolysate. The
kinetic parameters (u, Yp,5 and Q) of their experiment are
presented in Table 3. They showed that adapted strain
cultivated in steam-exploded eucalyptus hydrolysate can
improve the y and Q by 70% and 10%, respectively, over
non-adapted strain. Our results showed that the adapted
cell elevated the u and Q to 17% and 46%, respectively,
compared to those of non-adapted cell. However, the u
and Q of Landaeta et al. (2013) were much lower than our
experiment for both adapted and non-adapted cells.

Our findings also were similar to those reported by
Parekh et al. (1986). They demonstrated that adapted yeast
cells of Candida shehatae and Pichia stipites from recy-
cling the yeasts in fresh aspen wood hydrolysate medium
several times increased ethanol production by 13% com-
pared to non-adapted strains. Also Pornpukdeewattana
et al. (2014) tested ethanol fermentation in cassava pulp
that had been pretreated with dilute acid and showed

Fig.3 The change of viable A B
cells (a), viability (b), glucose 200x108 120
consumption (c) and ethanol o
production (d) of adapted cells § 150x10° — 100
(triangle symbols) and non- g 2
adapted cells (circle symbols) Y 100x10° 2 80
in 100% hydrolysate medium. 3 3
Data represent the averages : . ;E 60
with error bars obtained from % 50x10
triplicate experiments S
S 0 284
0 20 40 60 80 0 20 40 60 80
Incubation time (h) Incubation time (h)
C D
70 25
—_ 60 —~ 20
= 50 o
2 =]
o 40 -1
0 o
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E
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Table 3 The comparison of
kinetic parameters from the
process with adapted and non-
adapted cells

Kinetic parameters

This experiment Study of Landaeta et at.

(2013)

Adapted cells Non-adapted cells  Adapted cells Non-
adapted
cells

Lag time (h) 0.3 0.7 nd nd
Specific growth rate (u; h™") 0.22+0.00 0.19+0.00 0.05 0.03
Maximum cell number (x 108 cell/mL) 1.75+0.05 1.27+£0.02 nd nd
Ethanol yield (Yps; g ethanol/g glucose)  0.43+0.01* 0.34+0.01° 0.48 0.48
Fermentation efficiency (%) 83.82+1.37*  66.04+2.94° nd nd
Volumetric productivity (Q; g/L h) 2.47+0.01* 1.69+0.08° 0.53 0.48

For the data of this experiment, the values are reported as mean+SD from the experiment in triplicate
excepting the lag time that was estimated from the average value of growth in the form of viable cell num-
ber. The mean values in each row with different letters indicate significant differences (p <0.05). For the
study of Landaeta et al. (2013), they compared growth and fermentation efficiency of adapted and non-
adapted cells in eucalyptus hydrolysate

nd no data

0.42 g/g of ethanol yield from adapted cells and 0.35 g/g
from non-adapted cells.

The spot plate experiment of the adapted and non-
adapted cells of SC90 on agar plates with different con-
centrations of hydrolysate was used to investigate the
inhibitor tolerance ability. Strong growth was observed for
both adapted and non-adapted cells in the 0% hydrolysate

(control), but the medium containing 50% hydrolysate
inhibited cell growth only in the non-adapted cells. When
the hydrolysate concentration was increased to 100%,
there was still growth of adapted cells but the growth of
non-adapted cells was completely inhibited. Thus, it is
clear that the adapted cells were more tolerant to inhibi-
tors in cassava pulp hydrolysate than the non-adapted cells
(Fig. 4).

Fig.4 Impact of hydrolysate
concentration on the adapted T Strain Dilution fold of cell suspension
and non-adapted cells growth 107 105 105
on spot plates at 30 °C for 72 h
Non adapted cells
0% cassava
hydrolysate medium
(Control)
Adapted cells
Non adapted cells
50% cassava
hydrolysate medium
Adapted cells
Non adapted cells
100% cassava
hydrolysate medium 2
Adapted cells
&f&m&ﬁ @ Springer
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Conclusion

From the overview, it can be concluded that SC90 can
be adapted to improve its growth and production of etha-
nol from the hydrolysate of the waste from the cassava
flour-processing industry. This adaptation was achieved
by progressively increasing the concentration of the cas-
sava pulp hydrolysate over repeated cultures of SC90.
Several adaptation cycles were required to improve the
u and reduce f,,.. This adaptation can be assumed to
be acclimatization. The Yp/g of adapted cells was signifi-
cantly higher (p <0.05) than that of the non-adapted cells
by approximately 27%. The reason for this improvement
was that repeated cultures made the SC90 more able to
tolerate metabolic inhibitors produced during the hydroly-
sis of cassava pulp. The inhibitors were acetic acid, lev-
ulinic acid and 5-HMF. This implies that adapted cells
were acclimated by the repeated cultures giving a higher
resistance to toxins compared to the parent cells. It would
be more advantageous to use an adapted strain of SC90 in
industrial ethanol fermentation from cassava pulp.
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