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Abstract
To evaluate the supplementation of the sugarcane bagasse and straw hemicellulosic hydrolysate with sugarcane syrup, which 
is a sucrose-rich co-product, for xylitol production by Candida guilliermondii FTI 20037. Recently, we demonstrated that 
sucrose supplementation to sugarcane straw hemicellulosic hydrolysate favoured this bioprocess. A mixture 1:1 of sugar-
cane bagasse and straw was submitted to dilute-acid hydrolysis with  H2SO4 to obtain the hemicellulosic hydrolysate, which 
was concentrated, detoxified and autoclaved. Three sugarcane syrup concentrations (0.83, 2.50 and 3.33% v/v) were added 
to the hemicellulosic hydrolysate, which was also supplemented with rice bran extract,  (NH4)2SO4,  CaCl2·2H2O. Next, a 
full factorial design was performed to assess the replacement of conventional nutrients by sugarcane syrup. Fermentations 
were performed in 125 mL Erlenmeyer flasks containing 50 mL of fermentation medium, for 48 h at 30 °C and 200 rpm. 
Improvements of 16.85% and 12.24% in xylose uptake rate (1.04 ± 0.01 g L−1 h−1) and xylitol volumetric productivity 
(0.55 ± 0.02 g L−1 h−1), respectively, were achieved with syrup supplementation (2.50% v/v), which led to a final xylitol 
titer of 26.19 ± 0.02 g L−1. Conventionally employed nutrients (rice bran extract,  (NH4)2SO4 and  CaCl2·2H2O) did not have 
significant influence on xylitol production when sugarcane syrup was added to the fermentation medium. Sugarcane syrup 
as a nutritional supplement improved xylitol production from a mixture of bagasse and straw, becoming an alternative to 
reduce costs in the formulation of the fermentation medium and contributing to the integration of this bioprocess in a sug-
arcane biorefinery.
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Statement of Novelty

A mixture of the sugarcane lignocellulosic by-products 
bagasse and straw was employed as raw material for xylitol 
bioproduction. Sugarcane syrup was evaluated as nutritional 
supplementation of the hemicellulosic hydrolysate based 
on its content of sucrose, nitrogenous compounds, vitamins 
and minerals, aiming to the possibility of replacing nutrients 
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conventionally employed. To the best of our knowledge, this 
is the first time that these streams derived from sugarcane 
processing were used for formulation of the fermentation 
medium for xylitol bioproduction. This strategy can contrib-
ute to improve the feasibility of this bioprocess because of 
the potential reduction of costs associated to the fermenta-
tion medium and the possibility of integrating it in a sugar-
cane biorefinery.

Introduction

The bio-based economy is an alternative to reduce the 
dependence on the non-sustainable exploitation of fossil 
resources. This emerging economy uses vegetal biomasses as 
input for bioenergy and high added-value chemicals produc-
tion in integrated facilities known as biorefineries [1, 2]. The 
sugarcane agroindustry, based in one of the most important 
and traditional crops in Brazil [3], has an enormous potential 
to diversify and valorize its portfolio of products in the con-
text of a biorefinery. Sugarcane juice and the lignocellulosic 
by-product bagasse are currently used as feedstock to obtain 
sugar, ethanol and energy, whereas the other by-product, 
straw, is partially kept in the field or used along with bagasse 
[3, 4]. Bagasse and straw, all together, correspond to two 
thirds of the total energy content and to approximately 28% 
of the harvested sugarcane mass (dry basis) [3–5], which 
is estimated in 647.6 million tons for 2017/2018 season in 
Brazil [6]. Innovative processes focused on the complete 
bagasse and straw conversion into high added-value chemi-
cals can be integrated to the sugarcane value chain.

According to Werpy and Peterson [7], xylitol is one of 
the high added-value chemicals capable of economically and 
technically supporting the low-value biofuel production in 
integrated biorefineries. This sugar alcohol has applications 
in food and pharmaceutical industries and a growing market 
[8, 9]. Xylitol commercial production is based on the chemi-
cal hydrogenation of xylose purified from hemicellulosic 
hydrolysates, which is an expensive and inefficient process 
[9, 10]. Biotechnological production is an alternative for 
chemical processes based on xylose biochemical conversion 
into xylitol by a NADPH-dependent Xylose Reductase (XR) 
by pentose-assimilating yeasts [11, 12].

Xylitol efficiency and productivity in this bioprocess are 
highly dependent on oxygen availability during fermenta-
tion, since oxygen supply restriction leads to xylitol accu-
mulation due to  NAD+-dependent xylitol dehydrogenase 
(XDH) activity decrease, enzyme that catalyzes the xylitol 
oxidation into xylulose [12]. Nonetheless, the carbon flow 
through the central metabolic pathway decreases as conse-
quence of limited XDH activity. Such process impairs cell 
growth, energy formation and NADPH regeneration, which 
is an important challenge for xylitol production by yeasts 

whose XR is exclusively dependent on NADPH, such as 
Candida guilliermondii [12], affecting mainly the volumet-
ric productivity.

Utilization of a co-substrate that can be simultaneously 
metabolized with xylose is a strategy to overcome the limita-
tion on the regeneration of NADPH, as well as to meet the 
demand for energy and carbon intermediates, under limited 
oxygen availability [13, 14]. Although hemicellulosic hydro-
lysates counts on carbon sources other than xylose, mainly 
on glucose and arabinose, these other sources may not be 
suitable co-substrates, because glucose can cause catabolic 
repression in xylose metabolism [13, 14] and poor arabinose 
assimilation [15]. Thus, supplementation of an additional 
carbon source as co-substrate can become a sustainable strat-
egy, because agro-industrial by-products or co-products can 
be used and they may supply other nutrients that replace 
conventional nutritional sources [14].

In this regard, we recently showed that supplementation 
of sucrose as a co-substrate to sugarcane straw hemicellu-
losic hydrolysate favored xylitol production by C. guillier-
mondii FTI 20037 [16]. This result leads to the possibil-
ity of using complex sources of sucrose, such as sugarcane 
molasses or syrup that are obtained during the sugar and 
ethanol production processes, as nutritional supplementa-
tion of the fermentation medium, which can benefit the yeast 
performance and the process feasibility by replacing more 
expensive nutrients. Thus, the effect of supplementation of 
sugarcane syrup to the sugarcane bagasse and straw hemi-
cellulosic hydrolysate on xylose-to-xylitol bioconversion by 
Candida guilliermondii FTI 20037 was studied in the pre-
sent work, aiming to the integration of xylitol production in 
a sugarcane biorefinery.

Methods

Materials

Sugarcane bagasse and straw were kindly provided by Usina 
Iracema—Grupo São Martinho, Iracemápolis, SP, Brazil. 
Sugarcane straw was mechanically ground. Both biomasses 
were dried until reaching approximately 10% moisture con-
tent. Sugarcane syrup was kindly donated by the micro-
brewery at Escola de Engenharia de Lorena—Universidade 
de São Paulo (EEL-USP). Concentrations of the measured 
carbohydrates in the sugarcane syrup were (g L−1): sucrose 
(446.53), glucose (248.76) and fructose (230.26). All chem-
icals were analytical grade and were provided by Sigma-
Aldrich, Brazil.
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Hemicellulosic hydrolysate preparation

A sugarcane bagasse and straw mixture 1:1 (w/w) was sub-
jected to dilute-acid hydrolysis in a jacketed 40 L AISI316 
stainless steel reactor under the following conditions: 1% 
(w/v)  H2SO4, 1:10 solid:liquid ratio, for 20 min at 121 °C. 
The liquid fraction, which corresponded to the sugarcane 
bagasse and straw hemicellulosic hydrolysate (BSHH), was 
separated from the solid fraction through filtration and pre-
served at 4 °C. BSHH was concentrated at vacuum (70 °C) 
in order to achieve threefold xylose concentration based on 
Rodrigues et al. [17]. Subsequently, it was detoxified through 
pH adjustment in two stages: first, pH adjustment to 7.0 by 
using CaO and to 2.5 by using  H3PO4. The procedure was 
followed by the adsorption treatment with 1.0% (w/v) acti-
vated charcoal, at 60 °C and 100 rpm for 30 min [18]. The 
precipitates deriving from the detoxification procedure were 
separated through vacuum filtration. BSHH was autoclaved 
at 111 °C for 15 min in order to be used as fermentation 
medium, which was stored at 4 °C.

Microorganism and Inoculum Preparation

Candida guilliermondii FTI 20037 was preserved at 4 °C 
in malt extract agar slants and used for inoculum prepara-
tion in a semi-defined medium containing (g L−1): xylose 
(30.0), rice bran extract solution (20.0),  (NH4)2SO4 (2.0) and 
 CaCl2·2H2O (0.1). A loopful of grown cells was transferred 
to 125 mL Erlenmeyer flasks filled with cultivation medium 
(50 mL). The full flasks were incubated in rotary shaker 
(New Brunswick Scientific Inc., Edison, NJ, USA) for 24 h 
at 30 °C and 200 rpm. Cells were retrieved by centrifugation 
(2000×g) for 20 min, rinsed twice with sterile distilled water 
and re-suspended in an adequate volume of sterile distilled 
water in order to be used as inoculum at initial concentration 
1 gDCW L−1.

Xylitol Production from Sugarcane Bagasse 
and Straw Hemicellulosic Hydrolysate 
Supplemented with Sugarcane Syrup

The study about the effect of BSHH supplementation with 
sugarcane syrup on xylitol production was divided in two 
stages. First, three sugarcane syrup concentrations (% v/v) 
were used to supplement the fermentation medium: 0.83, 
2.50 and 3.33. The fermentation medium corresponded 
to the BSHH supplemented with nutrients conventionally 
employed in previous studies (rice bran extract,  (NH4)2SO4, 
 CaCl2·2H2O) [15, 16, 19] at the same concentrations used 
for inoculum preparation. An experiment without sugarcane 
syrup addition was utilized as a control. Second, a  23 full 
factorial design with three repetitions at the center point was 
performed to assess the complete or partial replacement of 

conventional nutrients by sugarcane syrup in the concentra-
tion determined in the first stage. Assessed variables and 
levels are shown in Table 1. The initial pH in all experiments 
was adjusted to 5.5 by using NaOH and was not controlled 
during the experiments. Batch fermentations were carried 
out in 125-mL Erlenmeyer flasks containing 50 mL of fer-
mentation medium. The full flasks were incubated in rotary 
shaker for 48 h at 30 °C and 200 rpm.

Analytical methods

Xylose, glucose, arabinose, xylitol, ethanol, glycerol and 
acetic acid concentrations were measured through high-
performance liquid chromatography (HPLC) (Agilent 1200, 
Kyoto, Japan). The device was equipped with a refractive 
index detector and used a Bio-Rad Aminex HPX-87H col-
umn (Hercules, CA, USA), as well as 0.01 N  H2SO4 as elu-
ent, at 45 °C and flow rate 0.6 mL min−1. Sucrose and fruc-
tose concentrations were quantified through HPLC in the 
same equipment, but at this time, deionized water was the 
eluent at 60 °C and flow rate 0.4 mL min−1. Samples were 
prepared through filtration in Sep-Pak C18 cartridges.

Furfural and 5-HMF concentrations were also set through 
HPLC by using RP-18 column (Hewlett-Packard, Palo Alto, 
CA, USA) and ultraviolet light detector (SPD-10A UV–Vis, 
Waters Corp., Milford, MA, USA) with acetonitrile:water 
(1:8) and 10% acetic acid as eluent at 25 °C and flow rate 
0.8 mL min−1.Aliquots of 5 mL of the samples were diluted 
in 200 mL of distilled water in order to determine the con-
centration of phenolic compounds. The pH of the samples 
was adjusted to 12; absorbance was measured at 280 nm 
(DU 640B spectrophotometer, Beckman Coulter, Brea, CA, 
USA) and concentration was determined based on the meth-
odology by Gouveia et al. [20]. Cell concentration was deter-
mined by measuring the absorbance at 600 nm (DU 640B 
spectrophotometer, Beckman Coulter, Brea, CA, USA) and 
calculated based on the calibration curve between absorb-
ance and cell dry weight. Viable cell counts were estimated 
through the methylene blue staining technique by using the 
Neubauer cell counter chamber.

Table 1  Variables and levels of the  23 full factorial design with tripli-
cate at the center point performed for study of substitution of conven-
tional nutrients by sugarcane syrup

Independent variables Symbol Levels

− 1 0 + 1

(NH4)2SO4 (g L−1) X1 0 1.0 2.0
Solution of rice bran 

extract (g L−1)
X2 0 10.0 20.0

CaCl2·2H2O (g L−1) X3 0 0.05 0.1
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Results and Discussion

Effect of Different Sugarcane Syrup Concentrations 
Used to Supplement Sugarcane Bagasse and Straw 
Hemicellulosic Hydrolysate (BSHH) on Xylitol 
Production by C. guilliermondii FTI 20037

Sugarcane bagasse and straw hemicellulosic hydrolysate 
(BSHH) was supplemented with different sugarcane syrup 
concentrations (0.87%, 2.50% and 3.33% v/v). The effect 
of such process on xylose-to-xylitol bioconversion by C. 
guilliermondii FTI 20037 was herein studied. Carbohydrate 

and toxic compound (acetic acid, phenolic compounds, fur-
fural and 5-HMF) composition in the fermentation media 
is presented in Table 2. This table shows that BSHH sup-
plementation with sugarcane syrup increased the carbohy-
drate content of the fermentation media in comparison to 
the control medium, since this co-product is rich in sucrose, 
glucose and fructose. Sugarcane addition to BSSH resulted 
also in increase of total phenolic compound concentrations 
(Table 2). Such outcome can be explained by the content 
of phenolic compounds in the sugarcane syrup, as already 
reported by Duarte-Almeida et al. [21]. Total phenolic com-
pound concentration increase could indicate a more chal-
lenging fermentation medium for the yeast performance, 
since these compounds can inhibit yeast growth, and metab-
olism, depending on their concentration [22]. Cortez and 
Roberto [23] showed that vanillin (2 g L−1) and syringal-
dehyde (2 g L−1) mixtures completely inhibited cell growth 
by C. guilliermondii FTI 20037, when it was grown in a 
medium in which xylose was the main carbon source.

Profiles of xylose, glucose and sucrose consumption by 
C. guilliermondii FTI 20037 in BSHH supplemented with 
different sugarcane syrup concentrations are presented in 
Fig. 1. Two xylose consumption stages were identified, both 
in experiments with and without sugarcane syrup supple-
mentation. The first stage concerned the accelerated xylose 
consumption in the first 8 h of fermentation, which corre-
sponds to approximate xylose uptake rate 2.1 g L−1 h−1. The 
second stage regards slow and constant xylose consump-
tion from 8 h until the end of the fermentation process. The 
accelerated xylose consumption evidenced at the beginning 
of the fermentation was simultaneous with glucose con-
sumption, which was completely exhausted in this period 

Table 2  Composition of the sugarcane bagasse and straw hemicellu-
losic hydrolysate (BSHH) supplemented with different concentrations 
of sugarcane syrup

ND not detected

Compounds Sugarcane syrup concentration (% v/v)

0 0.87 2.50 3.33

Xylose (g L−1) 42.90 47.63 45.10 47.58
Glucose (g L−1) 4.50 6.75 10.72 12.79
Arabinose (g L−1) 6.93 7.72 7.79 9.48
Sucrose (g L−1) 0.00 3.72 11.16 14.88
Fructose (g L−1) 0.00 1.92 5.76 7.68
Acetic acid (g L−1) 3.30 3.53 3.52 3.84
Total phenolic com-

pounds (g L−1)
2.62 2.70 2.97 3.15

Furfural (g L−1) ND ND ND 0.005
5-HMF (g L−1) 0.13 0.14 0.15 0.15

Fig. 1  Profiles of xylose (A. 
solid line), sucrose (A. dashed 
line) and glucose (B. solid line) 
consumption by C. guilliermon-
dii FTI 20037 in BSHH supple-
mented with different concen-
trations of sugarcane syrup 
(% v/v): 3.33 (blue triangle), 
2.50 (red square), 0.83 (green 
diamond), 0 (violet circle)
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(Fig. 1), regardless of its concentration in the fermentation 
media (Table 2).

Despite simultaneous consumption of xylose and glucose 
has been observed in various studies of xylitol production 
by yeasts, xylose was assimilated in slower rates than those 
found after glucose depletion [15, 24, 25]. On the other 
hand, studies have evidenced sequential consumption of 
glucose and xylose [14, 19, 26–28]. This behavior has been 
related to the competition for transportation systems between 
glucose and xylose and the inhibition that glucose exerts on 
the induction of the enzymatic machinery for xylose metabo-
lism [26, 29, 30]. The profiles of xylose and glucose con-
sumption by C. guilliermondii FTI 20037 at the beginning of 
fermentation recorded in the present study (Fig. 1) contrast 
with the conventional results in studies of xylitol production 
from xylose and glucose mixtures media. Further experi-
ments are necessary in order to better understand the causes 
of the accelerated xylose consumption at the beginning of 
the fermentation. It cannot be related to the supplementation 
with sugarcane syrup, because this result was recorded also 
for the fermentation medium without syrup addition.

Regarding the second stage of xylose consumption, 
hemicellulosic hydrolysate supplementation with sug-
arcane syrup led to an increase in the xylose uptake rate 
in comparison to the absence of syrup [from 0.89 ± 0.00 
to 1.04 ± 0.01 g L−1 h−1 with 2.50% (v/v) syrup], which 
represent 16.85% increase. Improvement in xylose uptake 
rate here evidenced can be associated to the consumption 
of sucrose, which was constituent of the sugarcane syrup 
added to the fermentation media (Table 2). Sucrose exhaus-
tion was evidenced after 8 h when the lowest sugarcane 
syrup concentration (0.83% v/v) was used, and after 24 h 
at concentrations 2.50% and 3.33% (v/v) (Fig. 1). As can 
be observed in this figure, sucrose was simultaneously con-
sumed with xylose, regardless the different concentrations 
of this disaccharide in the composition of the fermentation 
media (Table 2). Simultaneous consumption of xylose and 
sucrose was also evidenced in our previous work, in which 
we studied the effect of sucrose supplementation at different 
concentrations to the hemicellulosic hydrolysate obtained 
only from sugarcane straw [16]. Furthermore, according to 
the aforementioned study, sucrose addition (10 g L−1) led 
to 8.88% increase in the xylose uptake rate (1.11 g L−1 h−1) 
in comparison to the sucrose-free medium (1.02 g L−1 h−1) 
[16].

Sucrose positive effect on xylose assimilation is related 
to its utility as co-substrate during xylitol production bio-
process. Breakdown of this disaccharide supplies glucose 
and fructose, which may be used as carbon and energy 
sources to meet the unsatisfied demand caused by the xylose 
incomplete metabolism under oxygen-restricted conditions. 
These hexoses derived from sucrose consumption can 
improve NAPDH regeneration through Pentoses Phosphate 

Pathway [31], favoring XR activity, and increase cell bio-
mass formation, improving consequently the xylitol forma-
tion rate [13, 14, 25, 32]. Particularly, in the case of glucose, 
these positive effects on xylose-to-xylitol bioconversion have 
been demonstrated by studies in which glucose was added 
to the fermentation media or this hexose was constituent 
of the hemicellulosic hydrolysate [13, 15, 25, 33, 34]. It is 
noteworthy that in those cases the positive effects of glucose 
depend closely on the glucose:xylose ratio [15, 25, 32–34] 
and/or on the mode of addition of this hexose to the fermen-
tation media [13, 33], since glucose can also cause catabolic 
repression to xylose assimilation, as discussed previously. 
In this context, simultaneous sucrose and xylose consump-
tion observed in the present study becomes an important 
feature for the use of this disaccharide as co-substrate. Based 
on our results, glucose and fructose released from sucrose 
hydrolysis did not impair xylose assimilation, which can be 
related to the transportation and hydrolysis system that may 
be involved on sucrose assimilation.

According to the review of Flores et al. [35], in Saccha-
romyces cerevisiae and some non-Saccharomyces yeasts 
sucrose is hydrolyzed extracellularly and the monosaccha-
rides released are transported to the interior of the cell. If 
this was the case for C. guilliermondii FTI 20037, extracel-
lular release of hexoses did not affect xylose assimilation, 
probably because the activities of the hydrolytic enzyme 
(similar to invertase), the transport system and the intra-
cellular enzymatic machinery were strictly regulated and 
coordinated, avoiding extracellular or intracellular accu-
mulation of hexoses. On the other hand, it is also possible 
that the sucrose breakdown occurred intracellularly after be 
transported, or even in the periplasmatic space [35], case 
in which extracellular accumulation of hexoses was not 
possible, and intracellular sucrose hydrolysis and hexoses 
metabolism were tightly regulated avoiding hexoses accumu-
lation. In this regard, Williamson et al. [36] demonstrated a 
existence of a sucrose/H+ symport transportation system and 
α-glucosidase for sucrose assimilation in Candida albicans. 
A similar mechanism was proposed by Tamburini et al. [14] 
for maltose assimilation by C. tropicalis, in which maltose 
is transported by a symport system, hydrolyzed by a maltase 
and the glucose released regulates these steps, keeping low 
intracellular levels of this hexoses and avoiding negative 
effects on the induction of XR and XDH. Lee et al. [26] 
also demonstrated that cellobiose did not interfere on xylose 
assimilation by C. guilliermondii FTI 20037 and that this 
disaccharide did not inhibit XR or XDH induction.

Profiles of xylitol production and cell growth by C. guil-
liermondii FTI 20037 in BSHH supplemented with differ-
ent sugarcane syrup concentrations are presented in Fig. 2, 
which also shows the ethanol concentration profiles. Eth-
anol is a by-product of the xylitol production bioprocess. 
Table 3 summarizes the main results of the effect of BSHH 
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supplementation with sugarcane syrup at different propor-
tions on xylitol production by C. guilliermondii FTI 20037.

Sugarcane-syrup concentration increase up to 2.50% (v/v) 
was related to the increased final xylitol concentration and 
volumetric productivity. The highest final xylitol concen-
tration and volumetric productivity values were obtained 
in the fermentation medium with 2.50% (v/v) sugarcane 
syrup concentration, which represented increases of 11.63% 
and 12.24%, respectively, in comparison to the syrup-free 
medium (Table 3). The increments on final xylitol concen-
tration and volumetric productivity were coherent with the 
improvement of xylose assimilation associated with the 
simultaneous sucrose consumption, as discussed previously. 
Furthermore, other compounds besides sucrose found in sug-
arcane syrup, such as nitrogenous compounds or minerals, 
could also have beneficial effect on yeast performance [37].

BSHH supplementation with the highest sugarcane syrup 
concentration evaluated in the present study (3.33% v/v) 
resulted in 9.32% and 10.90% reduction in xylitol production 
and volumetric productivity in comparison to experiments 
with lower syrup concentrations; however, values were 

similar to those recorded in the absence of this co-product 
(Table 3). The xylitol production reduction observed for the 
highest sugarcane syrup concentration may result from the 
xylose consumption restriction also observed in this experi-
ment (Fig. 1). These results can be related to the higher con-
tent of hexoses and sucrose when syrup was supplemented at 
the highest concentration in comparison to the other media. 
Silva and Felipe [15] reported that glucose:xylose ratios 
higher than 1:5 were related to reductions on xylose con-
sumption and xylitol production by C. guilliermondii FTI 
20037. Although we did not evidence the catabolic repres-
sion of xylose consumption, the glucose:xylose ratio in the 
medium with the highest syrup concentration (1:3.7) was 
higher than 1:5.

To the best of our knowledge, our study is pioneer in 
addressing the influence of hemicellulosic hydrolysates 
supplementation with sugarcane syrup on xylitol biotech-
nological production. Nevertheless, the herein recorded 
results can be compared to those reported in our recent 
study, which aimed at assessing the effect of sugarcane straw 
hemicellulosic hydrolysate supplementation with sucrose as 

Fig. 2  Profiles of xylitol (A. 
solid line) ethanol (A. dashed 
line) and cell biomass (B. solid 
line) formation by C. guillier-
mondii FTI 20037 in BSHH 
supplemented with different 
concentrations of sugarcane 
syrup (% v/v): 3.33 (blue 
triangle), 2.50 (red square), 
0.83 (green diamond), 0 (violet 
circle)
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Table 3  Effect of 
supplementation of sugarcane 
syrup at different concentrations 
to BSHH on xylitol production 
by C. guilliermondii FTI 20037

a Fermentation efficiency was calculated as the relation between the experimental and theoretical 
(0.917 g g−1) yield of xylose-to-xylitol bioconversion

Parameter Sugarcane syrup concentration

0 0.83 2.50 3.33

Final xylitol concentration (g L−1) 23.45 ± 0.19 25.61 ± 1.32 26.19 ± 0.86 23.75 ± 0.88
Xylitol volumetric productivity (g L−1 h−1) 0.49 ± 0.00 0.53 ± 0.03 0.55 ± 0.02 0.49 ± 0.02
Xylose-to-xylitol yield (g g−1) 0.60 ± 0.01 0.56 ± 0.03 0.60 ± 0.01 0.53 ± 0.03
Fermentation efficiency (%)a 61.97 ± 0.90 57.72 ± 3.28 62.27 ± 1.49 54.33 ± 2.81
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co-substrate on xylitol production by C. guilliermondii FTI 
20037 [16]. Results in the aforementioned study showed that 
sucrose addition (10 g L−1) to the fermentation medium led 
to significant improvement (12.88% and 8.69%) in the final 
xylitol concentration (36.11 g L−1) and volumetric produc-
tivity (0.75 g L−1 h−1), respectively, in comparison to the 
control medium (31.99 g L−1 and 0.69 g L−1 h−1, respec-
tively). These improvements are similar to the ones recorded 
in the present study (11.63% and 12.24% in xylitol concen-
tration and volumetric productivity), despite the differences 
between the values of these parameters in the previous and 
the present studies.

BSHH supplementation with sugarcane syrup was also 
related to increased cell growth (Fig. 2). The highest net cell 
biomass was obtained in the fermentation medium with the 
highest sugarcane syrup concentration (3.33% v/v), which 
represented 110.27% increase in comparison to the absence 
of this co-product. The complex sugarcane syrup composi-
tion explains such outcome, since sugarcane syrup can be 
a source of sugars, mainly of sucrose (45%), glucose (25%) 
and fructose (23%), as verified in the present study and 
reported in literature [38, 39], but also a source of minerals, 
nitrogenous compounds, among others [37]. These com-
pounds can favor yeast growth and turn sugarcane syrup 
t into a potential nutritional supplement for fermentation 
media.

Cell growth improvement promoted by BSHH supple-
mentation with sugarcane syrup could have both positive and 
negative effects on xylitol production. Firstly, the increased 
cell growth possibly favored xylitol production and volumet-
ric productivity, since higher cell biomass concentrations 
could be related to higher xylose consumption and xylitol 
formation rates (Figs. 1 and 2). On the other hand, higher 
cell growth could also be the evidence of higher propor-
tions of carbon derived from xylose assimilation used for 
cell growth. Such process affects xylitol accumulation and, 
consequently, bioconversion efficiency, which was actually 
lower or barely similar to the efficiency observed without 
sugarcane syrup (Table 3). Similar considerations were 
made by Tochampa et al. [32] when studied the effect of 
glucose as co-substrate on xylitol production by Candida 
mogii in a defined medium.

Similar to the cell growth results, supplementation of 
BSHH with higher sugarcane syrup concentrations was 
related to increased ethanol production (Fig. 2). The high-
est ethanol production (15.28 ± 2.09 g L−1) was reached in 
the fermentation medium with the highest sugarcane syrup 
concentration (3.33% v/v), which corresponded to 232.90% 
increase in comparison to the control (4.59 ± 0.33 g L−1). 
Ethanol production increase due to supplementation with 
sugarcane syrup resulted from the increment in hexoses 
and sucrose contents in the fermentation medium. Ethanol 
is not only a by-product of xylose metabolism but also a 

major fermentation product from hexoses metabolism under 
the micro-aerobic conditions adopted in the present study 
[40–42].

Ethanol concentrations reached in the experiment using 
the highest sugarcane syrup concentration (Fig. 2) were 
higher than those evidenced in previous studies on xylitol 
production by C. guilliermondii FTI 20037 from hemicel-
lulosic hydrolysates without the supplementation with hex-
oses-rich nutrients [41, 43]. The high hexose-fermenting 
ability and ethanol production (approximately 90 g L−1) of 
this yeast were recently demonstrated in a defined medium 
[42]. Nevertheless, native xylose-fermenting yeasts have 
already shown low tolerance to ethanol [42, 44]. Based on 
our results, the recorded ethanol concentrations could have 
negative effect on the performance of C. guilliermondii FTI 
20037. Such assumption is evidenced by the lower xylitol 
production in the experiment with the highest syrup addi-
tion in comparison to the other experiments (Fig. 2). Simi-
lar results were recorded by Kim et al. [13] and Walther 
et al. [27], which studied the effect of glucose on xylitol 
production by C. tropicalis on defined fermentation media. 
Glycerol is also a by-product of xylose metabolism, and its 
formation was observed in all experiments, although there 
was no difference between the assessed conditions (data not 
shown).

Replacement of the Conventional Nutritional 
Supplementation with Sugarcane Syrup Addition

Bagasse and straw hemicellulosic hydrolysate supple-
mentation with sugarcane syrup at concentration 2.50% 
(v/v) favored xylose consumption and xylitol production 
by C. guilliermondii FTI 20037. The partial or complete 
replacement of conventional nutrients used for fermenta-
tion medium formulation [rice bran extract,  (NH4)2SO4 and 
 CaCl2·2H2O] with the supplementation with sugarcane syrup 
was investigated. Experiments were performed based on a  23 
full factorial design with three repetitions at the center point. 
Table 4 summarizes the xylose consumption, bioconversion 
efficiency and xylitol volumetric productivity results.

The highest bioconversion efficiency (60.74%) and xylitol 
volumetric productivity (0.54 g L−1 h−1) values, and one of 
the highest xylose consumptions (98.51%), were recorded in 
experiment 3, in which the rice bran extract solution was not 
used to supplement the fermentation medium. Similar results 
were recorded for the center point experiments (Table 4), 
in which all nutrients were employed half of the concentra-
tion conventionally used in the supplementation [15, 16, 19]. 
Nevertheless, based on the statistical analysis of the col-
lected data, all studied variables had non-significant effects 
on the xylitol volumetric productivity and bioconversion 
efficiency (p > 0.05) responses; only the variable  (NH4)2SO4 
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had main significant and positive effect on xylose consump-
tion (p < 0.05).

According to the recorded results, the use of sugarcane 
syrup as nutritional supplement in xylitol production from 
the hemicellulosic hydrolysate of the bagasse and straw 
mixture allowed replacing the nutrients conventionally 
adopted for this bioprocess: rice bran extract,  (NH4)2SO4 
and  CaCl2·2H2O. Such outcome can be explained by the fact 
that sugarcane syrup is a source of several nutrients since 
its complex composition includes nitrogenous compounds, 
minerals and vitamins [37, 45]. Actually, sugarcane syrup 
has been already used as substrate in the production of many 
products such as ethanol, hydrogen, methane and levan [37, 
46, 47].

Conclusion

Sugarcane syrup, which is a co-product from sugar and alco-
hol processes, can be used as nutritional supplementation 
for xylitol production by C. guilliermondii FTI 20037 from 
bagasse and straw hemicellulosic hydrolysate. Xylose con-
sumption and xylitol volumetric productivity were improved 
by the hemicellulosic hydrolysate supplementation with sug-
arcane syrup at concentration 2.50% v/v, which was associ-
ated with the potential positive effects of simultaneous con-
sumption of xylose and sucrose as co-substrate. Sugarcane 
syrup concentration increase to 3.33% (v/v) reduced xylitol 
production but favored cell growth and ethanol formation 
as a by-product from this bioprocess. When hemicellulosic 
hydrolysate was supplemented with sugarcane syrup (2.50% 
v/v), the nutrients conventionally adopted [rice bran extract, 
 (NH4)2SO4 and  CaCl2·2H2O] in studies on xylitol production 

from lignocellulosic biomasses had no significant effects 
on this bioprocess. Therefore, sugarcane syrup can replace 
these nutrients, which in consequence, may contribute for 
xylitol production cost reduction and for its integration to 
sugarcane biorefineries.
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