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Abstract

Lignocellulosic materials are one of the most abundant renewable resources whose exploitation for the production
of biochemicals and biofuels is the major challenge in the area of industrial biotechnology due to inhibition of growth
and product formation by the toxic compounds released upon their hydrolysis. Indeed the bioprocess that can
produce industrial products from hemicellulose hydrolysates in the presence of toxic compounds is economical than
the process which involves detoxification. In this study, the ability of halotolerant strain Debaryomyces nepalensis
NCYC 3413 to convert non-detoxified xylose enriched hemicellulose hydrolysates from corn cobs, rice straw,
sugarcane bagasse and wheat straw to xylitol was evaluated. It was found that this strain has the capability to grow
in all hemicellulose hydrolysates and convert xylose to xylitol without detoxification of hydrolysates. The maximum
xylitol concentration of 14.6 g L' was obtained from corn cobs and wheat straw with productivities of 0.16 and 0.20 g
L' h' respectively at a yield of 0.30 g g''. Whereas sugarcane bagasse and rice straw gave xylitol yields of 0.31 and
0.32 g g respectively with 14.2 g L-" maximum xylitol and productivities were calculated to be 0.20 and 0.15 g L' h*
respectively. The presence of high glucose hindered xylitol production by producing ethanol. Based on our findings,
we suggest that (i) D. nepalensis is a promising strain for ecofriendly xylitol production as it exhibits broad specificity
to lignocellulose substrates, fermentation of mixed sugars and (ii) tolerance towards lignocellulosic inhibitors making

the process more economical.
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Introduction

Lignocellulosic Materials (LCMs) are the most abundant,
inexpensive and renewable raw materials typically composed of 45%
cellulose, 30% hemicellulose, 20% lignin, 5% minerals etc. [1] can be
exploited for the production of a wide range of value added products
of industrial interest. Among them xylitol, a pentose alcohol has been
used as a sugar substitute which has anticariogenic, microbiostatic
and insulin independent metabolic nature [2-5]. A recent study on
rats confirmed its antidiabetic nature [6]. It has been approved by the
US Food and Drug Administration (FDA) as a safe food additive [7].
The extremely low Glycemic Index (GI) of 7 has made it a promising
substituent for glucose which has GI of 100 [8]. The price of xylitol is
$5-7 kg™. The current value of xylitol market is $340 million [9] with
applications in sugar free gums, sugar free confectionaries, common
foods and drinks, dietetic products, oral hygiene, pharma and cosmetic
products, as well as in anti-cancer and anti-AIDS (betulin) products.

The current xylitol production involves the employment of high
temperatures (80-140°C) and pressures (up to 50 atm) with expensive,
toxic raney-nickel catalyst for the hydrogenation of xylose which is a
non-economical and non-ecofriendly process. Hence, biotechnological
production of xylitol employing lignocelluloses as substrates would be
an ideal substitute for the chemical route [10]. Since xylose is a major
sugar found in hemicellulosic fraction of LCMs, its conversion to
xylitol provides an economically viable operation at large scale [11].
The demand-supply ratio for xylitol has been constantly rising for the
past few years. But the ecofriendly exploitation of lignocelluloses for
xylitol production is still a persistent challenge in the field of white
biotechnology.

Since lignocelluloses differ in their composition and recalcitrant
nature, which leads to the production of Hemicellulose Hydrolysates
(HCHs) with various concentrations of sugars and inhibitors upon
pretreatment [12]. None of the existing detoxification strategies are
ideal since they neither remove inhibitors completely nor retain
fermentable sugars entirely [13,14]. Hence, the use of microbes with
higher inhibitor tolerance would be economical to avoid the loss of
sugars and to exclude a costly and time consuming unit operation
detoxification [15].

Previously, we isolated halotolerant yeast Debaryomyces nepalensis
NCYC 3413, from rotten apple, which is capable of utilizing both
hexoses and pentoses. This strain has shown to produce xylitol with
0.51 g g yield and 0.72 g L' h! productivity when xylose was used as
sole carbon source [16]. It could also grow in a broad range of pH (3-
11) and temperature (8-42°C). The salt tolerance up to 2 M NaCl, 3 M
KCl and 1 M LiCl is the remarkable property of this strain, maintained
by the accumulation of glycerol, sorbitol and other polyols under
hyperosmotic conditions [17]. The NADPH specific xylose reductase
enzyme (EC 1.1.1.21) that converts xylose to xylitol, from this strain
was characterized [18].

In this study, the major lignocelluloses such as corn cobs, sugarcane
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bagasse, rice straw and wheat straw were chosen for the evaluation of
the fermentation capacity of D. nepalensis. Without detoxification, the
hydrolysates rich in glucose obtained from corn cobs and wheat straw
were used to study the influence of initial glucose on xylitol production
and hydrolysates rich in xylose obtained from all four LCMs were used
for the evaluation of xylitol production by D. nepalensis after xylose
enrichment. Hence, the main originality of this work is the use of a
novel halotolerant strain D. nepalensis for the conversion of various
hemicellulose hydrolysates into value added compounds like xylitol
and ethanol without any pretreatment after hydrolysis, yielding a
cheaper bioprocess.

Materials and Methods

Raw materials

Corn cobs and rice straw were collected from Tirupati agriculture
fields (Andhra Pradesh, India) and Chittoor agriculture fields (Andhra
Pradesh, India) respectively. Sugarcane bagasse was obtained from
local shops around IIT Madras, Chennai (Tamil Nadu, India) and
Wheat straw from Muzaffarpur crop fields (Bihar, India) during the
year 2013-2014.

Preparation of hemicellulose hydrolysates

The dry raw materials were ground in a mixer, passed through
mesh screens and selected the particle size ranging from 0.02-0.1 cm
for preparation of hydrolysates rich in glucose whereas 0.5-2 cm for
hydrolysates rich in xylose. The ground biomass was mixed with 1%
(v/v) H,8O, at a ratio of 1 g of biomass to 20 ml of acid solution (1:20)
and autoclaved at 120°C, 103 kPa pressure for 15 min. After filtration
by cheese cloth, the hydrolysates were neutralized by solid NaOH and
concentrated by vacuum freeze drying in a lyophiliser (Christ Alpha
1-2 LD Freeze Dryer, UK) at -45°C and were sterilized and stored at
4°C until further use. The concentrated HCHs were directly taken for
fermentation without any detoxification. The precipitants formed after
neutralization and concentration were removed by centrifugation at
6700 x g for 10 min.

ATR-FTIR analysis

For comparative investigation of the structural changes within
cell walls of selected LCMs and the effectiveness of dilute acid on the
release of ligno-sugars (Sugars from lignocellulose), we recorded the
ATR-FTIR spectra of dilute acid treated biomass with raw material
as control, in duplicates on Bruker alpha ATR IR equipped with zinc
fillnide crystal. For each sample a total scans of 24, from wave number
4000 to 800 cm™ in absorbance mode at 2 cm resolution were taken
and we focused on the region corresponding to the hemicelluloses and
lignin i.e. 1500 to 1800 cm™. Results were interpreted by comparing
with previous reported literature [19-24].

Microorganism, maintenance and inoculum preparation

Debaryomyces nepalensis NCYC 3413 was maintained on a solid
YPP medium consisting of 10 g L yeast extract, 20 g L peptone and 5
g L pectin at pH 7.0 and incubated at 30°C for 26 h. A loopful of cells
was transferred into the 50 ml seed media (YPD), pH 7.0 in 250 ml
Erlenmeyer flask containing 10 g L' yeast extract, 20 g L peptone and
20 g L' dextrose and incubated for 12 h in a rotatory shaker at 30°C
and 180 rpm [16].

Medium and fermentation conditions

The concentrated corn cobs and wheat straw hydrolysates rich in

glucose were directly taken for fermentation with addition of 2 g L
yeast extract. But the concentrated hemicellulose hydrolysates rich in
xylose from all four LCMs were enriched with xylose up to 50 g L™
by taking external pure xylose and (NH,),SO, 3 g L''; K.HPO, 6 g
L7 Na,HPO, 3 g L''; yeast extract 1 g L' were added along with trace
elements. All the components were autoclaved separately and mixed
subsequently such that the final medium volume was 20 ml in a 100
ml Erlenmeyer flask. The initial pH of the medium was adjusted to 6.0
using H,PO,. 2.5% v/v seed corresponding to 0.1 g Cell Dry Weight
(CDW) L' from YPD was taken as inoculum. All the flasks were
incubated at 30°C, 180 rpm in a rotatory shaker. A single sample of 0.5
ml volume was collected in aseptic conditions at regular intervals of 24
h for 5 days and analyzed for metabolites by High Performance Liquid
Chromatography (HPLC) and CDW at OD 600 nm.

Analytical methods

The concentration of metabolites glucose, xylose, xylitol, arabinose,
glycerol, acetate, HMF and furfural were estimated by HPLC (Jasco)
equipped with refractive index detector using Aminex HPX-87H
column (Bio-Rad, Richmond, USA) at 45°C with 0.01 N H,SO, as
the mobile phase at a flow rate of 0.6 ml min™ with injection volume
of 20 pl. All samples were sterilized and filtered through 0.2 um
nylon filters prior to injection. The lignin present in hydrolysate was
estimated by the method modified from Lahdetie et al. [25] using
UV-visible spectrophotometer at 290 nm. The absorption maxima for
Lignin (Product No. 370959; Sigma Aldrich) was found to be 290 nm
(Shimadzu UV spectrophotometer) used as standard. The cells were
pelleted by centrifugation at 2600xg for 5 min and resuspended in
autoclaved water and washed twice prior to measuring optical density
(OD) at 600 nm. The g CDW L was determined by using the pre-
calibrated correlation CDW=0.33xOD 600 nmxdilution factor [16].

Results and Discussion

Preparation and composition of hemicellulose hydrolysates
rich in glucose

Intensified research has been done to develop many pretreatment
strategies to digest hemicellulose into either oligo or monosaccharides
[11]. Among them dilute acid pretreatment has been reported to be
most advantageous by its pronounced effects on solubilisation of
hemicellulose and subsequent release of monosaccharides. It also
involves low investment and operational costs. Albeit, many acids
have shown to be efficient, the cheap acid, sulfuric acid in the range
of 0.5-1.5% at temperatures 121-160°C has been used widely [11]. No
pretreatment method is best, since the formation of lignocellulosic
inhibitors is inevitable. But compared to the existing methods dilute
acid is cheap and useful to get the hydrolysates easily [11]. Table 1
represents the release of sugars and inhibitors from the hydrolysates at
the set particle size. The release of xylose and glucose was higher from
corn cobs than wheat straw before concentration. These hydrolysates
were concentrated and found to be rich in glucose.

Xylitol production with HCHs from corncobs and wheat
straw

Since glucose was the predominant sugar released we studied its
influence on xylitol production from corncobs (Figure 1A) and wheat
straw (Figure 1B) hydrolysates by D. nepalensis. It produced high
amounts of ethanol than xylitol, with high glucose consumption rates
from both hydrolysates (Table 2). These results were supported by the
fermentation of mixed sugar substrates by same strain in synthetic
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Corn cobs Wheat straw
Compound Before After Before After
(g L) concentration  concentration | concentration | concentration
Xylose 7.75+03 254 6.3 £0.05 22
Glucose 156.5+0.7 39 11.6+0.2 45.8
Arabinose 1.0+ 0.01 3.1 3.3+0.05 13.2
Acetic acid 20+0.8 4.5 22+017 5.7
Acid soluble 2.3+0.07 6.8 3.7+0.08 7.7
Lignin
5-HMF 0.1+0.07 0.3 0.08 £ 0.01 0.22
Furfural 0.05 + 0.03 0.07 0.08 + 0.06 0.1

Table 1: Composition of hydrolysates rich in glucose. Values before concentration
presented are mean of triplicates + SD. The concentrated hydrolysates were taken
for fermentation.
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Figure 1: Time course of ethanol production by Debaryomyces nepalensis
NCYC 3413 with non-detoxified hydrolysates rich in glucose. (A) corn cobs,
(B) wheat straw; glucose (#), xylose (®), xylitol (m), biomass (A ), ethanol
(O); Results are representative of three independent experiments.

medium [16]. D. nepalensis produced ethanol with 0.22 g g* yield and
0.14 g L' h'! productivity from corn cobs hydrolysate whereas 0.20 g
g'yield and 0.13 g L' h! productivity from wheat straw hydrolysates.
Therefore, high glucose in the medium caused catabolite repression
which led to poor utilization of xylose resulting in low xylitol yield.
Similar observation has been reported in C. tropicalis [26]. But the
promising ethanol yield obtained by this strain could also be useful for
2G ethanol production after efficient detoxification of hydrolysates and
optimization of fermentation conditions. Since our aim was to obtain
high xylitol yield by D. nepalensis in non-detoxified lignocellulosic

hydrolysates, we increased the particle size taken for acid hydrolysis
and obtained the hydrolysates rich in xylose.

Preparation and composition of hemicellulose hydrolysates
rich in xylose

As can be seen in Table 3, under the tested conditions the corn cobs
showed maximum release of xylose 24.5% w/w compared to others.
Sugarcane bagasse and wheat straw gave mostly similar xylose yields
18% w/w and 16% w/w respectively. But rice straw released low xylose
13% w/w. Apart from xylose; they also released other monosaccharides
such as glucose and arabinose in low yields. All LCMs released the
inhibitors of microbial growth namely acetate, Acid Soluble Lignin
(ASL), 5-HMF and furfural upon acid hydrolysis. Corn cobs and
sugarcane bagasse produced high levels of acetic acid 1.45-1.47 g L*
compared to other LCMs. Sugarcane bagasse, rice straw, corn cobs
and wheat straw produced ASL (g L") 3.6, 2.8, 1.8 and 0.9 respectively.
5-HMF was produced in high amounts by sugarcane bagasse and low
in case of wheat straw. Furfural production was observed to be highest
in corn cobs (50 mg L*) and lowest in the case of rice straw (27 mg L*).

ATR-FTIR spectroscopic analysis

ATR-FTIR a surface technique that penetrates to a depth of 1-2
um was used to analyze cell wall structural changes of LCMs [19]. In
sugarcane bagasse (Figure 2A) and wheat straw (Figure 2B), carbonyl
band at 1740 cm’, ascribed to hemicellulose [20] was drastically
reduced upon hydrolysis due to its breakdown [21]. The C=0O
stretching and aromatic vibration bands at 1640 cm™ and at 1511
cm! [22] in wheat straw upon hydrolysis, were reduced, compared
to raw material due to simultaneous release of lignin cross linked to
hemicellulose. Whereas it was opposite in case of sugarcane bagasse,
the appearance of bands at 1590-1660 cm™ [23] and 1511 cm™ indicates
partial release of hemicellulose, exposing the lignin which led to its re-
localization. It might be due to deposition of spherical lignin droplets
on the surface of biomass produced during pretreatment at low pH and
temperature >150°C [24]. In case of corn cobs the bands corresponding
to lignin (1515 to 1642 cm™) were exposed (Figure 2C) upon hydrolysis
indicating removal of hemicellulose resulting in re-localization of
lignin. Unlike other tested LCMs rice straw (Figure 2D) showed similar
pattern of bands with slight change in absorbance at all regions of
spectra in both raw and treated materials indicated its high recalcitrant
nature among the tested LCMs which is corroborated by the low
concentration of xylose in its HCH as mentioned in Table 3. However,

Corn cobs Wheat straw
Glucose (g L) 38.76 £ 0.11 43.7+1.25
Xylose (g L) 25.10 £ 0.55 20.4 £ 0.52
Arabinose(g L") 3.1+0.20 13.0 £0.00
Acetate (g L) 4.2+0.10 5.0+0.12
Acid soluble Lignin (g L") 6.6 +0.84 7.6 £1.00
Max. xylitol (g L") 0.17 £0.02 1.14+0.21
Max. glycerol (g L") 3.13+0.15 4.56 + 0.24
Max. ethanol (g L") 6.9 +0.45 7.2+0.46
Ethanol yield (g g") 0.22 £0.01 0.20 £ 0.01
Ethanol productivity (g L-'h"") 0.14 £ 0.01 0.13+0.01
Glucose consumption rate (g L™ h') 0.40 £ 0.00 0.36 +0.01
Overall Glucose utilization (%) 100 £ 0.00 99.45+0.28
Biomass yield (g g') 0.27 £ 0.01 0.29 £ 0.02

Table 2: Summary of fermentation of the non-detoxified hydrolysates rich in glucose
by Debaryomyces nepalensis NCYC 3413. The byproduct ethanol was produced
in high amounts and no utilization of xylose was observed due to presence of high
glucose. Values presented are mean of triplicates + SD.
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Corn cobs Rice straw Sugarcane bagasse Wheat straw
Compound
gL’ % wiw gL’ % wiw gL’ % wiw gL’ % wiw
Xl 12.3+0.64 245+1.28 6.5+ 0.50 13.0+£1.0 9.0+0.30 18 £0.60 8.12+0.14 16.2+0.28
ose
y (33) (23.2) (32) 27.7)
Glucose 0.87 £0.25 1.73+0.50 0.77 £ 0.20 1.53 £ 0.41 1.5+045 2.9+0.90 0.47 £ 0.05 0.9+0.11
u
(1.7) (4.4) (7.5) (1.5)
. 1.9+£0.30 3.87 £ 0.60 0.4 +0.53 0.77 £1.06 0.53+0.15 1.0+ 0.30 1.3+0.35 2.7+0.70
Arabinose
(1.8) (1.3) 2) (2.7)
. 1.47 £ 0.31 2.94 +£0.06 0.2+0.27 0.4+0.54 1.45+0.42 29+0.84 0.47 £0.15 0.94 +£0.30
Acetic acid
(6.3) (4) (6) (3.5)
Acid soluble 1.8+ 0.03 3.6+0.06 2.8+0.08 56+0.17 3.60+0.16 7.2+0.32 0.9 +0.08 1.8+0.16
Lignin (4.1) (8.4) (10.8) (2.7)
5-HME 0.09 £ 0.06 0.18+0.12 0.3+0.01 0.6 £ 0.02 0.42 £ 0.08 0.84 +0.16 0.01+0.05 0.02 £0.1
(0.1) (0.8) 1) (0.03)
Furfural 0.05 £ 0.02 0.1+0.04 0.027 + 0.01 0.05 +0.02 0.04 £ 0.005 0.08 + 0.01 0.03 £ 0.01 0.06 + 0.02
urfural
(0.04) (0.02) (0.03) (0.05)

Table 3: Composition of Hemicellulose hydrolysates rich in xylose.

Values presented are mean of triplicates + SD before concentration. Parentheses indicate the concentrated values upon vacuum freeze drying.

A B
0.03 0.03
o
] X
X o AN
8 0.02 8 o SN 0.024
e ’ v
< T J \
©
Qo
[
2
2 0.01+
<
T T 0.00 1 1
1500 1600 1700 1800 1500 1600 1700 1800
D
0.006
2 0.004
8 0.004
c
(1]
Ke]
o 0.002
2 0,002
<
0.000 T T 0.000 , .
1500 1600 1700 1800 1500 1600 1700 1800

Wavenumber (cm-)

Wavenumber (cm™)

Figure 2: ATR- FTIR spectra of lignocellulosic materials. (A) sugarcane bagasse, (B) wheat straw, (C) corn cobs, (D) rice straw; Raw material
(dotted line), dilute acid treated (thick line). The prominent structural changes observed in all tested LCMs after acid hydrolysis expect in rice
straw indicated its low amenability towards the set of hydrolysis conditions employed. The band 1511-1642 cm' corresponds to lignin whereas
1740-1760 cm™ ascribed to hemicelluloses. Analysis was performed in duplicates and best of the two was represented.

the overall results indicate that the acid hydrolysis conditions applied
were enough to breakdown high fraction of hemicellulose in corncobs,
moderate fraction in sugarcane bagasse and wheat straw, and low
fraction in rice straw.

Xylitol production from major lignocelluloses

It is obvious that initial substrate concentration is a crucial
factor influencing product yield and productivity [27]. Therefore,
we conducted the fermentation studies by maintaining same initial
xylose concentration in all HCHs to overcome the ambiguity caused
by variations in initial substrate concentrations among the HCHs.

Nevertheless to evaluate the tolerance efficiency towards lignocellulosic
inhibitors, lignocellulose compatibility of the strain and to make the
bioprocess economical; detoxification, a prime unit operation was
omitted. However, addition of external xylose, nitrogen source, macro
and micro elements to the HCH, made it diluted such that 5-HMF
and furfural concentration became undetectable in the initial HCH
fermentation broth. But the potent inhibitors which can establish
synergistic inhibition [28], acetate and ASL remained in high amounts.
Sugars and inhibitors composition in concentrated HCHs before
taking for fermentation are represented in Table 3.
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Figure 3: Time course of xylitol batch fermentation by Debaryomyces nepalensis NCYC 3413 with non-detoxified hemicellulose hydrolysates
rich in xylose. (A) corn cobs, (B) rice straw; (C) sugarcane bagasse, (D) wheat straw; xylose (®), xylitol (®m), biomass (A); Results are

representative of three independent experiments.

Corn cobs Rice straw Sugarcane bagasse Wheat straw

Glucose (g L) 1.8+0.10 3.2+1.04 4.1+£0.36 1.0+ 0.01
Xylose (g L") 51.7+1.19 46.9£4.20 47.4 £1.09 50.0 + 0.51
Arabinose(g L) 34+0.20 1.3+£0.10 1.0+ 0.01 1.7+£0.03
Acetate (g L) 4.2+0.10 23+0.12 3.5%0.13 2.0+0.09

Acid soluble Lignin (g L") 3.5+0.12 76+0.14 8.3+0.15 2.0+0.12
Max. xylitol (g L") 146+1.18 14.3 £ 0.64 14.2+0.76 14.6 £ 0.41

Max. ethanol (g L") 26+0.32 2.1+£0.51 2.9+0.61 14+0.15
Max. glycerol (g L) 3.8+0.77 0.83 +£0.80 0.48 £ 0.10 3.6+0.27
Xylitol yield (g g) 0.30 £ 0.02 0.32 +0.02 0.31 +0.01 0.30 £0.02
Xylitol productivity (g L™ h) 0.16 £ 0.01 0.15 +0.01 0.20 +0.01 0.20 £+ 0.01
Xylose consumption rate (g L' h') 0.42 +0.01 0.49 +0.04 0.49 +0.01 0.54 +0.03
Overall xylose utilization (%) 95.6 +1.16 100 £0.00 100 +0.00 100 +0.00
Biomass yield (g g') 0.16 £ 0.01 0.23 +£0.04 0.28 +£ 0.02 0.21 +0.01

Table 4: Summary of xylitol batch fermentation by Debaryomyces nepalensis NCYC 3413 with non-detoxified hemicellulose hydrolysates rich in xylose. Among all
hydrolysates the overall xylose utilization and biomass yield were low in corn cobs due to prominent lignocellulosic inhibitors synergistic effect. Values presented are mean

of triplicates + SD.

Maximum xylitol produced by our strain D. nepalensis NCYC 3413
was estimated to be in the range of 14.0-14.6 g L' in all tested LCMs.
Xylitol yield was found to be 0.30 g g from corn cobs HCH (Figure
3A), 0. 32 g g from the rice straw HCH (Figure 3B), 0.31 g g from
sugarcane bagasse HCH (Figure 3C) and 0.30 g g from wheat straw
HCH (Figure 3D). Productivity was calculated to be 0.15 + 0.01 g L*
h' in corn cobs and rice straw whereas 0.20 + 0.01 g L' h™ in case
of sugarcane bagasse and wheat straw. The xylitol production from all
tested LCMs was summarized in Table 4.

Among the natural xylitol producing microbes Candida species
convert xylose to xylitol with high efficiency [29]. Misra et al. obtained
0.37 g g xylitol yield and 0.15 g L' h™! productivity using corn cob non-
detoxified hydrolysates by adapted strain of C. tropicalis [30] which
was mostly equal to xylitol production by D. nepalensis (Table 4). Ping

et al. studied xylitol production by C. tropicalis CCTC M2012462 in
non-detoxified corn cob hydrolysate medium consisting of 3.5 g L
acetate, 0.39 g L furfural, and 0.42 g L' 5-HMF. The obtained yield
and productivity were 0.7 g g' and 0.46 g L' h™' respectively [15], high
compared to D. nepalensis. The presence of high acetate was responsible
forlow productivity by D. nepalensis (Table 4). Cell growth is drastically
decreased when concentration of acetate is increased in case of C.
parapsilosis [30]. Similar results were observed for D. nepalensis, with
an extended lag phase. D. nepalensis has been shown to produce xylitol
in a growth dependent manner [16]. The cofactor NADPH is required
for the xylose reductase activity to convert xylose to xylitol and NADH
for the downstream enzyme, xylitol dehydrogenase to convert xylitol
to xylulose. The cofactor imbalance leads to the secretion of xylitol.
NADPH produced by pentose phosphate pathway whose intermediates
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enter into TCA cycle to generate energy for cell growth. If the TCA cycle
flux increases the growth associated production of xylitol increases.
Since acetate inhibition was pronounced, it led to poor growth and
resulted in low xylitol production [28,31].

C. guilliermondii FTI 20037 has been shown to produce xylitol
with 0.71 g g yield, 0.56 g L' h'! productivity from rice straw HCH
containing inhibitors (g L"!) 1.82 acetate, 0.51 5-HMF and 0.13 furfural
[32]. The low xylitol production obtained with D. nepalensis from rice
straw HCH due to the presence of high acetate and ASL compared
to the HCH used for above Candida strain. The observed extended
lag phase was possibly due to the time needed for the strain to show
tolerance towards the acetate that entered into the cell, by balancing
the intracellular physiological pH (Figure 3B). Albeit, many species of
Candida genus are best known natural xylitol producers, the rice straw
HCH containing (g L") 53.8 xylose, 19.5 glucose, 8.9 arabinose, the
strains namely, C. boidinii Y-17213, C. blankii Y-17068, C. tropicalis
1Z-5351, and C. guilliermondii 1Z-1332 have been shown to produce
negligible xylitol yields (g g*) 0.17, 0.18, 0.20 and 0.21 respectively,
when compared to other Candida species which attributes to their
intolerance towards lignocellulosic inhibitors [33]. When compared
to these Candida strains, D. nepalensis tolerance towards inhibitors
was higher and it utilized the total xylose within 72 h with xylose
consumption rate of 0.49 g L' h™' (Figure 3B).

In case of sugarcane bagasse HCH the acetic acid concentration
has much less effect on fermentation below 5 g L' when compared to
rice bran, eucalyptus as well as in synthetic medium [34]. So here the
observed inhibition was obviously due to the presence of high levels of
lignin oligomers and polymers and their synergism with acetic acid.
D. nepalensis when compared to its close relative D. hansenii which
has shown to produce xylitol from detoxified sugarcane HCH with
0.76 g g yield and 0.44 g L' h! productivity [9], the production was
nearly half due to presence of lignocellulosic inhibitors (Table 4).
Nevertheless, innate xylose to xylitol conversion ability of the strain
was less than D. hansenii, since it has given a maximum xylitol yield of
0.51 g g* and productivity of 0.72 g L' h* when pure xylose was used as
substrate in synthetic medium [16].

Canilha et al. reported the highest xylitol production from
detoxified wheat straw HCH composed of (g L!) 30.5 xylose, 1.6 acetate
etc. by C. guilliermondii at optimized conditions with 0.9 g g yield
and 0.5 g L' h! productivity [35]. Though the present results are not
comparable (Figure 3D), but intriguing, the possible high production
after detoxification and subsequent optimization of fermentation
conditions. Recently, Ramesh et al. by using the response surface
methodology enhanced the xylitol yield from corncobs by Pachysolen
tannophilus MTTC 1077 to 0.8 g g' [36]. On the other hand D.
nepalensis was shown to grow, assimilate and ferment the sugars even
in non-detoxified wheat straw unlike C. tropicalis AS2.1776. Moreover,
addition of external xylose to the HCHs did not affect the evaluation
process, validated by obtaining similar xylitol yields from all four tested
HCHs, though the variations in the concentration of ligno-sugars
among the HCHs before xylose enrichment.

Conclusions

For the first time we report the assimilation and fermentation of
hemicellulose hydrolysates without detoxification by halotolerant
yeast Debaryomyces nepalensis NCYC 3413. We explored the broad
specificity of this strain towards lignocellulosic substrates. Albeit,
xylitol yield and productivity were moderate compared to other strains
with non-detoxified hydrolysates, the strain has shown high tolerance

towards lignocellulosic inhibitors. Therefore, strain adaptation and
further optimization of fermentation conditions could increase the
xylitol production at large scale. The efficient utilization of hexoses and
pentoses present in hydrolysates by a single strain is an intriguing factor
to integrate the production of ethanol and xylitol at industrial scale for
the complete utilization of lignocellulosic sugars. In conclusion, this
study revealed novel properties of D. nepalensis which are requisite for
economical bioconversion of lignocelluloses to value added products.
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