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Abstract Many toxic compounds are produced and
released in the hemicellulosic hydrolyzates during the acid
pretreatment step, which are required for the disruption of
the lignocelluloses matrix and sugars release. The con-
ventional methods of detoxification i.e. overliming, acti-
vated charcoal, ion exchange or even membrane-based
separations have the limitations in removal of these toxic
inhibitors in fermentation process. Hence, it is imperative
to explore biological methods to overcome the inhibitors
by minimizing the filtration steps, sugar loss and chemical
additions. In the present study we screened sixty-four
strains of yeasts to select potential strains for detoxification
of furfural, acetic acid, ferulic acid, 5-hydroxymethyl fur-
fural (5-HMF) as carbon and energy source. Among these
strains Pichia occidentalis M1, Y1’a, Y1’b and Y3’ showed
a significant decrease in the toxic compounds but we
selected two best yeast strains i.e. P. occidentalis Y1'a and
P. occidentalis M1 for the further experiments with an aim
to remove the fermentation inhibitors. The yeasts P. occi-
dentalis Y1'a and P. occidentalis M1 were grown aerobi-
cally in sugarcane bagasse hemicellulose hydrolysate under
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submerged cultivation. For each yeast, a 2% full factorial
design was performed considering the variables—pH (4.0
or 5.0) and agitation rate (100 or 300 rpm), and the per-
centage removal of HMF, furfural, acetic acid and phenols
from hemicellulosic hydrolysates were responsive vari-
ables. After 96 h of biological treatment, P. occidentalis
M1 and P. occidentalis Y1'a showed 42.89 and 46.04 %
cumulative removal of inhibitors, respectively.

Keywords Microbial detoxification - Sugarcane bagasse -
Dilute acid hydrolysis - Inhibitors

Introduction

Lignocellulosic materials are mainly composed of cellu-
lose, hemicellulose and lignin [1, 2]. The carbohydrate
fraction of lignocellulosic materials, if harnessed judi-
ciously, can serve as an excellent building block for the
production of renewable ethanol and other commodity
chemicals via microbial fermentation. Production of fuel
ethanol from lignocellulosic biomass so called second-
generation (2G) ethanol is an important necessity due to the
heavy usage of gasoline worldwide and environmental
pollution. The 2G ethanol is completely renewable and is
able to reduce atmospheric pollution due to the lower
release of carbon dioxide, while offering several geo-po-
litical benefits [3]. Sugarcane bagasse (SB), a fibrous pro-
duct after extraction of juice is an excellent carbohydrate
source (~ 67 %) for 2G ethanol production [3].
Conventional process of ethanol production from lig-
nocellulose biomass comprises of four major steps: pre-
treatment (responsible for the disruption of lignocellulosic
matrix), enzymatic hydrolysis (leading to depolymerization
of cellulose into glucose by the action of cellulolytic
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enzymes), the fermentation (which is the conversion of
sugars to ethanol, generally carried out by yeast); distilla-
tion, rectification and dehydration steps (for separation and
purification of the final product) [4]. The pretreatment of
SB is an inevitable step to increase the accessibility of
carbohydrate fraction towards enzymatic action [3]. Dilute
acid hydrolysis of lignocellulosics is a fast and effective
process but, it has bottlenecks, such as, by-product for-
mation and non-selectivity [5]. Dilute sulfuric acid pre-
treatment precisely acts on hemicellulose releasing
hemicellulosic monomers and releasing some undesired
compounds like furans (5-hydroxymethylfurfural and
hydroxymethylfurfural), phenolics, weak acids, and others.
The dilute acid pretreatment is conducted at high temper-
ature and pressure, and the reaction time takes for seconds
or minutes [3]. Sulfuric acid (H,SOy4) is mostly used cat-
alyst, but other weak acids, such as: hydrochloric acid
(HC) and nitric acid (HNOs) have also been used for the
hemicellulose removal from variety of lignocellulosic
materials [6].

Inhibitory compounds generated in lignocellulosic
bioethanol production are main hurdle faced during the
hydrolysis process. One of the main challenges associated
with 2G ethanol production is to overcome the cumulative
negative effect of cell wall derived inhibitors on the fer-
menting microorganisms during fermentation reactions [7—
11]. Inhibitory compounds like acids, furans and phenolic
compounds interferes the fermenting microorganisms and
complete process by reducing ethanol yield and produc-
tivity during fermentation. These inhibitors negatively
affect the performance of microorganisms in the fermen-
tation process [5]. Concentration of these inhibitors pro-
duced depends on process conditions and raw materials
used for hydrolysis. Furans and phenol monomers pro-
duced during hydrolysis of lignin are also major cofactors
which inhibit or slow down the hydrolysis process. Gen-
erally, furans and phenolic compounds constrain growth
and rate of ethanol production. Therefore, it is essential, to
remove these inhibitors prior to fermentation in order to
obtain the desired ethanol or any other metabolite.
Detoxification process can be categorized into physical,
chemical and biological methods. Biological methods
certainly have unique advantages. Further, to consolidate
the detoxification and ethanol or xylitol fermentation so
called simultaneous detoxification and fermentation (SDF)
is also possible by the appropriate use of microorganisms
in a single vessel [11].

This study was aimed to develop a biological detoxifi-
cation method for sugarcane bagasse hemicellulosic
hydrolysates. For this, the yeasts Pichia occidentalis Y1'a
and P. occidentalis M1 [12] were grown in concentrated
sugarcane bagasse hemicellulosic hydrolysate. For both the
strains of yeast, a 22 full factorial design was carried out.

The variables, pH (4.0 or 5.0) and agitation rate (100 rpm
or 300 rpm), were evaluated and the percentage removal of
HMF, furfural, acetic acid and phenols after 96-h of bio-
logical treatment were responsive variables.

Materials and Methods
Yeast Screening

Sixty-four strains of yeasts were screened to search for
potential strains for detoxification of furfural, acetic acid,
ferulic acid, HMF as carbon and energy source. Of these,
only two strains of Picchia occidentalis were selected for
detoxification (ISMD) of sugarcane bagasse hemicellulosic
hydrolysate.

The growth medium for yeasts was composed of 6.7 g/l
of yeast nitrogen base (YNB), 18.0 g/l agar and with dif-
ferent concentrations of individual (furfural, 0.2820 g/l;
5-HMF, 0.0149 g/1; total phenolics, 3.13 g/1) and combined
toxic compounds (furfural, 0.2820 g/1 + 5-HMF,
0.0149 g/1 + total phenolics, 3.13 g/l). The medium con-
taining the toxic compounds (hydroxymethyl furfural,
furfural, acetic acid, ferulic acid and syringaldehyde) was
prepared for the screening of the yeasts.

Preparation of Sugarcane Bagasse Hemicellulosic
Hydrolysates

The sugarcane bagasse was hydrolyzed in vertical rotary
drum reactor of 50 L capacity at 121 °C for 10 min with
H,SO4 (98 %) at 1:10 solid/liquid ratio (100 mg of
H,SO, g~' dry sugarcane bagasse). The hydrolyzed
hemicellulose was recovered after filtration and subse-
quently concentrated at 70 °C under vacuum to obtain a
fivefold increase in the xylose content.

The pH of the hemicellulosic hydrolysate was adjusted
with 2 M NaOH according to the values of design exper-
iment. It was filtered and subsequently autoclaved at
110 °C for 15 min. Then, hydrolysate was centrifuged
under aseptic conditions at 2600x g for 20 min to remove
the suspended solids, in order to use the hydrolysates for
biological detoxification experiments.

Inoculum Preparation

Pichia occidentalis Y1'a (Genbank accession number:
KP033405) and P. occidentalis M1 (Genbank accession
number: KP033404) were obtained from stock strains of
Social Insects Study Center, Rio Claro Biosciences Insti-
tute, Sao Paulo State University (UNESP—Universidade
Estadual Paulista, Rio Claro, Sdo Paulo State, Brazil). Both
the strains were identified according to the standard

@ Springer



174

Indian J Microbiol (Apr-June 2016) 56(2):172-181

methods described by Melo et al. [8]. All the strains were
maintained at 5 °C in 2 % Sabouraud Agar Medium. The
medium used for inoculum preparation contained 10 g/l of
yeast extract, 20 g/l of peptone and 20 g/l of glucose. For
inoculum preparation, loopful of cultures were transferred
to 250 ml Erlenmeyer flasks containing 100 ml of YPX
medium (10.0 g/l yeast extract, 20.0 g/l peptone, 30.0 g/l
xylose, pH 6.0). The flasks were incubated at 30 °C,
200 rpm for 24 h. After 24 h of incubation, the cells were
recovered by centrifugation (2000xg, 20 min) at room
temperature, washed, centrifuged again and suspended in
sterile distilled water to obtain an initial concentration of
0.5 g/l. Erlenmeyer flasks (500 ml) each containing 200 ml
of medium closed with cotton plugs were incubated in
rotary shaker (New Brunswick Scientific, Edison, NIJ,
USA) at 200 rpm for 24 h at 30 °C.

Medium and Detoxification Conditions

The concentrated sugarcane bagasse hemicellulosic
hydrolysate was supplemented with 6.7 g/l of YNB
(Sigma-Aldrich, USA). Fifty milliliter of medium was
taken in Erlenmeyer flasks (125 ml capacity), and inocu-
lated with 0.5 g/l of cells. The biological detoxification was
conducted at different agitation at 30 °C for 96 h on rotary
shaker (New Brunswick Scientific—Edison, NJ, USA).
Assays were performed in triplicates. Aliquots of 50 ml
samples were taken at times 0, 24, 48, 72 and 96 h for the
quantification of p-glucose, pD-xylose, D-arabinose, HMF,
furfural, phenols and acetic acid, and pH and cell growth
determination.

Analytical Methods

The concentrations of glucose, xylose, arabinose and acetic
acid were determined by HPLC with a refraction index
detector (Waters 410; Milford, MA, USA). The samples
were diluted in a ratio of 1:10 and filtered through a Sep Pak
C18 filter. Subsequently, samples were injected into the
chromatograph, using the following conditions: column BIO-
RAD Aminex HPX-87H (7.8 x 300 mm) (Bio-Rad,
Hecules, CA, USA), a temperature of 45 °C, eluent: 0.005 M
sulfuric acid, flow 0.6 ml/min in a sample volume of 20 pL.
Furfural and 5S-HMF was also determined by HPLC with UV
detector (Waters 2487/USA). The samples were filtered
through Schleicher and Schuell membrane, 0.45 um and
subsequently injected into the chromatograph using the fol-
lowing conditions: column Eclipse XDB-C18 5 pm
(4.6 x 150 mm), a temperature of 25 °C, eluent: acetonitrile
and water at a ratio of 1:8 with 1 % acetic acid and phos-
phoric acid, flow 0.9 ml/min, sample volume of 25 pl. Total
concentration of phenolics was determined by method
described by Gouveia et al. [13]. Cell growth was determined

@ Springer

Table 1 Composition of sugarcane bagasse hemicellulosic hydro-
lysates after acid hydrolysis and concentrated fivefold by vacuum
evaporation

Compounds Hemicellulose Hemicellulose
hydrolysates before hydrolyzates After
concentration (g/1) concentration (g/1)

Xylose 14.19 69.65

Glucose 1.52 7.32

Arabinose 1.43 7.08

Acetic acid  0.85 3.15

Furfural 0.2820 0.1680

5-HMF 0.0149 0.0378

Phenolics 3.13 8.87

pH 0.99 0.24

by measuring absorbance at 600 nm using a Bioespectro SP-
220 spectrophotometer. Cell concentration was calculated
based on the relationship of optical density and cell dry
weight through a calibration curve. Statistical analysis of the
experiments was performed using Statistica 8.

Results

Preparation of Sugarcane Bagasse Hemicellulosic
Hydrolysates

After hydrolysis, hemicellulose hydrolysate was concen-
trated by vacuum concentration process to increase the
concentration of sugar in hydrolysate. Table 1 shows the
composition of hemicellulose hydrolysates before and after
the vacuum concentration process. Xylose was the major

Fig. 1 Yeasts growth tested in positive control (glucose as carbon
source), after 21 days of incubation at 25 °C
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constituent in the hydrolysate (14.19 g/I) showing the
maximum depolymerisation of hemicellulosic fraction
from sugarcane bagasse. Also, glucose has been released
from the hemicellulose or/and cellulose fractions. How-
ever, most of the cellulose remained in substrate and is not
hydrolyzed by dilute acid hydrolysis. Fermentation inhi-
bitors i.e. acetic acid, furfural, 5-HMF were also produced
in hydrolysate. The non-concentrated acid hydrolysate also
contained furfural (0.2820 g/), 5-HMF (0.0149 g/1) and

Fig. 2 Yeast strains MI YI'a, YI'b, and Y3’ and Pichia occidentalis
S-7, CCTCC M2006098 used as standard growth observed in the
combination with higher concentrations of the toxic compounds
tested

total phenolics (3.13 g/l). The vacuum evaporated acid
hydrolysate represents almost fivefold increase of each
component present in native hydrolysate except acetic acid,
furfural and total phenolics.

Screening of Yeast for Detoxification

We have screened sixty-four yeast strains for their potential
to use as detoxification of compounds present in hemicel-
lulose hydrolysates (Fig. 1; Table 2). Among these, P.
occidentalis M1, Y1'a, Y1'b and Y3’ showed a significant
decrease in the combination of toxic compounds acetic
acid, syring aldehyde, ferulic acid, furfural and HMF in
synthetic culture medium (Fig. 2). Out of these tested
strains, we selected two yeast strains i.e. P. occidentalis
M1 and Y1'a for further experiments with an aim to
remove the fermentation inhibitors from sugarcane bagasse
hemicellulosic hydrolysates. A 22 full factorial design with
three repetitions in central point was carried out consider-
ing two process variables-pH and agitation. Cumulative
inhibitors removal (%) refers to the difference between the
initial and final concentrations of 5-HMF, furfural, phenols
and acetic acid concentrations from hemicellulose hydro-
lysates after vacuum concentration process. Tables 3 and 4
show the initial and final concentrations in g/l of toxic
compounds present in hemicellulosic hydrolyzate before
and after the biological treatment step employing the
strains of Picchia occidentalis M1 and Yl'a all
experiments.

According to Pareto diagram, agitation (X2) showed
significant reduction of inhibitors (90 %). However, pH

Table 3 Initial and final concentrations of toxic compounds in hemicellulose hydrolyzate treated biologically by Picchia occidentalis M1 (g/L)

Exp. Concentration HMF Furfural Acetic acid Total phenols Total concentration Removed amount of toxic
(g/L) (g/lL) (g/L) (g/L) (g/Ly* compounds (%)°
1 Initial 0.0364 0.1402 1.3 6.373 7.85 19.43
Final 0.0297 0.1256 0.91 5.26 6.325
2 Initial 0.0324 0.0153 1.47 6.04 7.557 22.87
Final 0.002 0.0043 1.2 4.623 5.829
3 Initial 0.0371 0.1135 1.12 6.51 7.781 36.29
Final 0.0005 0.0065 0 4.95 4.957
4 Initial 0.032 0.0925 1.42 6.41 7.954 42.89
Final 0.0017 0.0007 0 4.54 4.542
5 Initial 0.0341 0.1359 2.06 5.31 7.538 39.52
Final 0.002 0.007 0 4.55 4.559
6 Initial 0.0341 0.1284 2.04 5.356 7.562 39.98
Final 0.002 0.007 0 4.53 4.539
7 Initial 0.0335 0.1229 2.09 5.27 7.521 39.01
Final 0.002 0.005 0 4.58 4.587

# “Total concentration” (g/L) refers to the sum of the concentrations of HMF, furfural, acetic acid and total phenols

® “Removed amount of toxic compounds™ (%) refers to the difference between initial concentration and final total concentration (g/L)
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Table 4 Initial and final concentrations of toxic compounds in hemicellulose hydrolyzate treated biologically by Picchia occidentalis Y1'a (g/L)

Exp. Concentration HMF Furfural Acetic acid Total phenols Total concentration Removed amount of toxic
(g/L) (g/L) (g/L) (g/L) (g/Ly* compounds (%)"
1 Initial 0.037 0.1443 1.02 6.495 7.696 17.69
Final 0.035 0.0293 0.92 5.35 6.334
2 Initial 0.0322 0.0575 1.57 6.02 7.679 20.5
Final 0.0018 0.0035 1.33 4.71 6.105
3 Initial 0.037 0.1283 2.13 6.52 8.815 46.04
Final 0.0009 0.0051 0 4.75 4.755
4 Initial 0.0317 0.1002 1.43 5.9 7.462 38.97
Final 0.0015 0.002 0 4.55 4.553
5 Initial 0.034 0.1394 2.02 5.69 7.882 43.08
Final 0.0016 0.005 0 4.48 4.486
6 Initial 0.0347 0.1415 2.04 5.63 7.842 42.79
Final 0.0016 0.0049 0 4.48 4.486
7 Initial 0.034 0.1374 1.9 5.7 7.769 4241
Final 0.0015 0.0031 0 4.47 4.474

# “Total concentration” (g/L) refers to the sum of the concentrations of HMF, furfural, acetic acid and total phenols

° “Removed amount of toxic compounds” (%) refers to the difference between initial concentration and final total concentration (g/L)

(X1) and the interaction factor (X1 and X2) showed no
significant removal of inhibitors for both strains of P.
occidentalis. The agitation variable (X2) acted positively in
the removal of toxic compounds (Fig. 3). Experiment 4
(pH 5.0, 300 rpm) demonstrated the most significant
cumulative removal (42.89 %) of toxic compounds by P.
occidentalis M1 (Table 5) allowing the removal of
94.77 % of 0.032 g/l 5-HMF, 99.19 % of 0.0925 g/l fur-
fural, 29.17 % of 6.41 g/l phenolics and 100 % of 1.42 g/l
acetic acid. On the other hand, experiment 3 (pH 4.0 and
300 rpm) showed the most significant cumulative removal
(42.89 %) of toxic compounds by P. occidentalis Y1'a
(46.04 %), i.e. 97.68 % of 0.037 g/l HMF, 96.06 % of
0.128 g/1 furfural, 27.15 % of 6.52 g/l phenol and 100 %
of 2.13 g/l acetic acid.

Discussions

Xylose and arabinose are the monomeric pentose sugars
from hydrolysis of the hemicellulose fraction [9, 14]. Also,
glucose produced in hydrolysate is from hemicellulose or/
and cellulose fractions [15]. Acetic acid is derived from the
hydrolysis of the acetyl groups linked to the monomers of
this polymer [9]. Xylose sugar has the highest concentra-
tion in the hemicellulosic hydrolysates due to the consid-
erable amount of xylan present in hemicellulose [15, 16].
After vacuum evaporation of hydrolysate, acetic acid,
furfural and total phenolic compounds might have

evaporated or eliminated during the filtration of concen-
trated hydrolysates, therefore did not show the fivefold
increase in concentarion. The pH of the concentrated
hydrolysate was slightly decreased. These results are in
well accordance with the studies of Martiniano et al. [17]
and Milessi et al. [18].

Vacuum concentration process is essential to increase
the concentration of sugars in the lignocellulosic hydro-
lysates [19]. The concentration of xylose, glucose and
arabinose increased in accordance with the concentration
factor employed (fivefold). However, acetic acid, 5-HMF,
furfural and phenolics concentrations did not show the
same behavior. The concentration of acetic acid was
increased, but not according to concentration factor used,
which may be related, in part, to the volatility of it.
Phenolics and 5-HMF concentrations showed the same
behavior, suggesting a partial volatilization and/or degra-
dation of 5-HMF [20]. Also, Furfural concentration might
be reduced due to its volatile nature. Our results showed
resemblance with the report of Parajé et al. [19] and Car-
valho et al. [20]. Detoxification results of hdrolysates by
four strains i.e. P. occidentalis M1, Y1'a, Y1'b and Y3’
corroborates with the work of Fonesca et al. [21].

Hou-Rui et al. [22] also, used P. occidentalis CCTCC M
206097 to remove fermentation inhibitors from sugarcane
bagasse hemicellulosic hydrolysates and confirmed that
this strain was able to remove 100 % of 2.0 g/l acetic acid
and 0.02 g/l furfural. Likewise, Fonseca et al. [21]
employed the same yeast strain P. occidentalis CCTCC M
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Fig. 3 Pareto diagram representing the estimated effects of the
variables and their interactions to a confidence level of 90 %
(p = 0.1) for removal of toxic compounds by Pichia occidentalis
strains M1 (a) and Y1'a (b)

Table 5 Experimental matrix of full factorial 2% design of experi-
ments with the variables’ values and the cumulative inhibitors
removal (%) in each experiment by Pichia occidentalis M1 and P.
occidentalis Y1'a

Experiment Real levels Cumulative inhibitors removal (%)
X X5 P. occidentalis  P. occidentalis
(pH) (rpm) Ml Y1l'a

1 4.0 100 19.43 17.69

2 5.0 100 22.87 20.50

3 4.0 300 36.29 46.04

4 5.0 300 42.89 38.97

5 4.5 200 39.52 43.08

6 4.5 200 39.98 42.79

7 4.5 200 39.01 4241

@ Springer

206097 and reported 6.1 % removal of 3.3 g/l acetic acid,
100 % of 0.02 g/l of HMF and 100 % of 0.16 g/l furfural,
after 72 h of biological detoxification. These results
showed that P. occidentalis is a promising candidate for the
in situ removal of toxic compounds from hemicellulosic
hydrolysate. It is important to note that 5-HMF and furfural
removal are not only related to the type of yeast used in the
process, but also the kind of lignocelullosic material used
to obtain the hemicellulosic hydrolysates. The different
hemicellulosic hydrolysates provide different percentages
removal by P. occidentalis [21].

This study demonstrates the potential of the yeasts for
removal of inhibitors under the experimental conditions,
pH (4.0 or 5.0) and agitation rate (100 rpm or 300 rpm),
employing microbial detoxification approach. P. occiden-
talis M1 and P. occidentalis Y1'a exhibited the significant
cumulative removal of inhibitors by 42.89 and 46.04 %,
respectively. The major advantage of inhibitors removal by
biological treatment is the cost-effectiveness and the min-
imization of filtration steps. Whereas, other detoxification
methods required substantial investments. Also, biological
treatment is an eco-friendly, economically-viable and can
be used for the industrial applications.
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