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Abstract
The production of second-generation (2G) ethanol remains an interesting proposition for the implementation of sustain-
able and net carbon–neutral energy systems. To be economically viable, 2G biorefineries must make use of all processing 
streams, including the less desirable pentose (C5) sugar stream. In this work, a strategy of sequential dilute acid and alkaline 
pretreatment of the lignocellulosic feedstock, switchgrass, was implemented for improving the fermentable sugar yield. The 
hemicellulose-enriched hydrolysate obtained after dilute acid pretreatment was fermented by a newly isolated wild Schef-
fersomyces parashehatae strain—UFMG-HM-60.1b; the corresponding ethanol yield (YPS) and volumetric productivity 
(QP) were 0.19 g/g and 0.16 g/L h, respectively. The remaining switchgrass cellulignin fraction was subjected to optimized 
alkaline delignification at 152 ºC for 30 min. Then, the delignified solid fraction was subjected to contiguous enzymatic sac-
charification and fermentation releasing a glucose (C6) sugar stream. The control yeast strain, Saccharomyces cerevisiae 174, 
displayed an ethanol YPS of 0.46 g/g and QP of 0.70 g/L h for the C6 sugar stream, whereas the above-mentioned wild strain 
presented YPS and QP of 0.29 g/g and 0.38 g/L h, respectively. Upon combining the conversion of hemicellulose (37%) and 
cellulose-derived sugars (57%), the wild S. parashehatae strain provided higher yield (94%) than the generic S. cerevisiae 
(90%). Henceforth, our sequential two-stage pretreatment and fermentation of C5 and C6 sugar streams provides a pathway 
for maximum utilization of switchgrass carbohydrates for 2G ethanol production.

Keywords  Sequential acid-alkaline pretreatment · Full factorial design · Hemicellulosic hydrolysate · Enzymatic 
saccharification · C5 fermentation

Introduction

Bioethanol production is an economical and environment-
friendly alternative to fossil fuels as well as contributing 
towards energy independence. It can also offer socio-eco-
nomic advantages, such as increase in farming income 
for developing countries and reduction of greenhouse gas 
emissions [1]. Bioethanol has long established itself as the 
world’s main biofuel source and the global bioethanol mar-
ket is valued at $34 billion in 2020, which is expected to 
grow at a compound annual growth rate of 14% and reach 
$65 billion by 2025 [2]. In 2020, the world bioethanol pro-
duction was about 26 billion gallons; the USA leads the 
industry at 14 billion gallons, followed by Brazil at 8 billion 
gallons [3].
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Bioethanol can be obtained from different raw materi-
als including starches, lignocellulose, and algae, which are 
accordingly named as first-generation (1G), second-gener-
ation (2G), and third-generation (3G) biofuels. Lignocel-
lulosic biomass does not compete with food production [4], 
and ethanol production from lignocellulosic feedstocks, such 
as switchgrass, would increase the productivity per hectare 
of marginal lands [5], and improve biodiversity and the 
potential for carbon sequestration [6]. Despite these advan-
tages, large-scale implementation of 2G ethanol production 
is still under development and is faced with multiple chal-
lenges in achieving economic viability. Complete avail-
ability and use of carbohydrate monomers remain a barrier, 
in addition to technological difficulties in microbial strain 
development for pentose (C5) fermentation, unit integration, 
and system optimization for higher fractionation efficiency 
and co-product utilization [7, 8]. Hence, development of 
strategies for feasible deconstruction of switchgrass biomass 
will benefit the 2G biofuel industry.

The major components of switchgrass are cellulose 
(32–34%), hemicellulose (26–27%), and lignin (17–18%) 
[9]. Pretreatments are usually applied to reduce biomass 
recalcitrance and to increase the hydrolytic efficiency of cel-
lulose and hemicellulose polymeric fractions into ferment-
able sugars (i.e., glucose, xylose, galactose, and arabinose). 
Lignin is recovered from the pretreatment hydrolysates and 
commonly used as a fuel source in biorefineries. The result-
ing sugars are fermented to ethanol, which is then distilled 
for fuel purposes [10]. Among the different biomass pre-
treatment techniques, including organosolv and ionic liquids 
fractionation, dilute acid and alkaline pretreatments are more 
promising because they require lower capital investment and 
are technologically undemanding [11]. Dilute acid pretreat-
ment facilitates deacetylation and subsequent fractionation 
of hemicellulose from lignocellulosic feedstocks, whereas 
the alkaline pretreatment facilitates lignin removal (and to a 
certain extent hemicellulose) via de-esterification of lignin-
carbohydrate linkages [11]. When implemented in tandem, 
these two techniques could complement each other and facil-
itate systematic deconstruction of lignocellulosic biomass.

Our previous optimization of dilute acid pretreatment for 
switchgrass showed that, at 140 °C and 40 min, using 1% 
(v/v) of sulfuric acid as catalyst, we could maximize xylose 
recovery at a concentration of 22 g/L in the liquid hydro-
lysates [12]. However, subsequent enzymatic saccharifica-
tion efficiency of the cellulignin fraction was low, at only 
49%. When the dilute acid pretreatment temperature was 
increased to ≥ 160 °C, it improved the enzymatic sacchari-
fication efficiency to up to 96%, but also caused significant 
degradation of xylose and produced fermentation inhibitors 
like furfural [13]. Hence, to improve xylose recovery, we 
adopted less severe dilute acid conditions but followed suit 
with alkaline delignification for enhancing the subsequent 

cellulose conversion. Past research has shown that, due to 
its recalcitrant nature, switchgrass requires severe alkaline 
pretreatment with high NaOH loading (15.4%) at 130 °C 
for 30 min to achieve saccharification efficiencies exceeding 
90% [14]. Another study conducted relatively mild alkaline 
pretreatment at 5.5% NaOH loading and 100 °C, but required 
6 h to achieve 63% conversion of switchgrass biomass [15]. 
Thus, the process efficiency of previously reported alkaline 
pretreatment conditions does not meet the required cost ben-
efits, making it difficult to implement on a large scale. In our 
study, we propose to use sequential dilute acid and alkaline 
pretreatment such that we could adopt milder conditions and 
reduce chemical use, while simultaneously maximizing glu-
cose and xylose yields.

Aside from an efficient pretreatment process, the con-
comitant fermentation of pentose (C5) and hexose (C6) 
sugars is an important strategy to improve the commercial 
viability of 2G biorefineries [16, 17]. In this context, the 
physiological characteristics expected in an ideal fermen-
tation microorganism are broad-spectrum substrate uptake, 
ability to withstand high sugar and alcohol concentration, 
resilience to lower pH, resistance to inhibitory compounds, 
and minimal byproducts formation [18]. Although Saccha-
romyces cerevisiae is largely employed in industrial alcohol 
fermentations because of its outstanding performance, it 
lacks the ability to assimilate C5 sugars. New yeast strains 
capable of metabolizing C5 sugars are under development by 
the use of genetic engineering tools [19–21]. Scheffersomy-
ces stipitis NRRL Y-7124 has been reported to convert C5 
sugars through a xylose-to-xylulose redox pathway, whereas 
S. cerevisiae strains have been engineered to transport xylose 
through heterologous gene expression [8, 22]. However, the 
engineered yeast strains experience drawbacks because of 
their susceptibility to inhibitors, which are generated during 
biomass pretreatment [8]. Moreover, it is also important to 
develop differential strategies apart from genetic engineer-
ing to enhance the productivity of yeasts. Hence, there is a 
need to seek wild yeast strains that are naturally robust. Few 
reports on wild strains have shown that they can assimilate 
both C5 and C6 sugars and synthesize ethanol with robust 
process efficiencies and scale-up properties [23]. In our 
previous work, immobilized Scheffersomyces parashehatae 
UFMG-HM-52.2 was reported to metabolize C5 sugarcane 
hydrolysate [23]. Recently, another novel wild strain isolated 
from the tropical fauna of Brazil, classified as S. parasheha-
tae UFMG-HM-60.1b, has shown the potential to metabo-
lize switchgrass C5 hydrolysates for the first time.

In this study, we have compared the fermentation of 
switchgrass sugars by the conventional S. cerevisiae as well 
as the novel S. parashehatae UFMG-HM-60.1b strain. This 
approach aims to evaluate the feasibility of harnessing a 
natural C5-metabolizer for ethanol fermentation by utiliz-
ing lignocellulosic hydrolysates as the sole carbon source. 
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Henceforth, the switchgrass biomass was initially subjected 
to dilute acid pretreatment for separating the hemicellulose 
fraction and the remaining cellulignin fraction was subjected 
to alkaline delignification to enhance cellulose conversion. 
To maximize C6 sugar yields, a 22 full factorial optimiza-
tion was carried out by varying the time and temperature of 
alkaline pretreatment. Ethanol production from S. cerevi-
siae 174 and S. parashehatae UFMG-HM-60.1b strains was 
evaluated using the switchgrass enzymatic hydrolysates. In 
a parallel approach, ethanol production from switchgrass 
hemicellulosic hydrolysates was evaluated solely by using 
the wild strain. This work was performed with the impetus 
of maximizing switchgrass sugar utilization, which would 
eventually increase biorefinery profitability.

Materials and Methods

Biomass

Switchgrass biomass (Panicum virgatum L. var. Alamo) was 
supplied by the Department of Biological & Agricultural 
Engineering at the University of Arkansas, in Fayetteville, 
USA. The switchgrass biomass composed of leaves and 
stalk was dried and ground in a Wiley mini-blade mill such 
that the biomass particle size was reduced below 20 mesh 
(0.84 mm).

Microorganisms

S. cerevisiae 174 was obtained from the culture collection of 
Department of Biotechnology in Lorena School of Engineer-
ing—SP-Brazil, while S. parashehatae UFMG-HM 60.1b 
was kindly provided by the culture collection of Yeast Ecol-
ogy and Biotechnology Laboratory at the Federal University 
of Minas Gerais, in Minas Gerais, Brazil. Stock cultures of 
both S. cerevisiae and S. parashehatae were prepared by 
transferring a loopful of cells from the slant into 125-mL 
Erlenmeyer flasks containing 50 mL of medium (pH 5.5) 
composed of glucose (30 g/L), yeast extract (10 g/L), and 
peptone (20 g/L). The flasks were incubated in a Innova 
4000 rotatory shaker-incubator (New Brunswick Scientific, 
CT, USA) at 30 °C for 24 h, at 100 rpm for S. cerevisiae 
and 200 rpm for S. parashehatae. After cultivation, both 
yeasts were separated via centrifugation at 2777 × g for 
10 min at room temperature, washed with sterilized water, 
re-suspended, and used as inoculum in the batch fermenta-
tion processes [24].

Dilute Acid Pretreatment

About 20 g of milled switchgrass biomass and 1% (w/v) 
sulfuric acid solution were mixed in a 1 L Parr 4525 reactor 

(Moline, IL, USA) at 1:10 solid-to-liquid ratio and pre-
treated at 140 °C for 40 min at 144 rpm. Pretreatment time 
was measured after the reactor reached the desired tempera-
ture and the process was stopped by circulating cold water 
through the cooling coils. Pretreated slurry was separated 
into liquid and solid fractions using a Buchner funnel lined 
with Whatman #1 filter paper. The liquid fraction, termed 
here as “hemicellulosic hydrolysate,” was recovered from 
several runs, combined, and then concentrated under low 
vacuum and no heat using a Savant SPD 1010 SpeedVac 
concentrator (Thermo Scientific, Ashley, NC). The final 
volume of the concentrate was 400 mL. Composition of 
the concentrated hemicellulosic hydrolysate is provided in 
Table 1.

The concentrated hemicellulosic hydrolysate was detoxi-
fied according to the method adapted from [25] in order to 
reduce the concentration of fermentation inhibitory com-
pounds generated during the dilute acid pretreatment. In 
short, the detoxification process consisted of the following: 
(i) increasing the pH from 0.5 to 7 with NaOH solution; (ii) 
reducing the pH to 5.5 with phosphoric acid and addition of 
activated charcoal at 2.5% (w/v); and finally (iii) incubat-
ing at 30 °C for 1 h and 200 rpm. After detoxification, the 
hydrolysate was filtered under vacuum in order to separate 
the liquid fraction and autoclaved at 0.5 atm (110 °C) for 
20 min before being used in the fermentation process.

*Concentrated composition from ten runs; #average and 
standard deviations for N = 3.

Alkaline Pretreatment of Cellulignin and Enzymatic 
Hydrolysis

The cellulignin fraction obtained after dilute acid pretreat-
ment was subjected to alkaline delignification in a 1 L 
digester (B03-1L, PHD Equipamentos para Laboratório, 
Piracicaba-SP, Brazil), according to the maximum feasible 
ranges for the independent variables defined in this meth-
odology [26–28]. Sodium hydroxide solution (1% w/v) was 
used as catalyst and the cellulignin fraction was loaded at 

Table 1   Chemical composition of the hydrolysates used in the C5 and 
C6 fermentations

Component Concentration (g/L)

Hemicellulosic concen-
trate*

Enzymatic 
hydrolysate#

Xylose 147.6 ± 2.5 1.3 ± 0.1
Glucose 56.9 ± 0.6 27.5 ± 2.1
Furfural 1.3 ± 0.0 -
5-Hydroxymethyl furfural 1.0 ± 0.0 -
Acetic acid 13.0 ± 0.1 -
Formic acid 12.9 ± 0.1 -
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1:10 solid-to-liquid ratio [29]. A 22 full factorial design was 
implemented, using the Statistica software for Windows 
(v5.0 Stat Soft Inc., Tulsa, OK, USA), to investigate the 
effects of two independent process variables: temperature 
(90 and 152 °C) and time (0.5 and 1.5 h) on the glucose 
yield (%) resulting from the enzymatic saccharification of 
the alkaline pretreated biomass. After treatment, the solid 
fraction was recovered by filtration using muslin cloth and 
washed with running tap water until neutral pH and dried 
at 45 °C. Three replicates of the alkaline pretreatment were 
implemented at the center point and one run per block was 
implemented for the four factorial points (Table 2). The 
response surface model predicting the interaction between 
the input variables and their relationship with the output 
response was depicted by a first-order polynomial equation. 
An analysis of variance (ANOVA), conducted by pure error 
analysis, was performed to validate the regression model and 
coefficients [30]. Any statistical significance was established 
for p < 0.05.

†Determined using enzymatic saccharification of sequen-
tially pretreated switchgrass; (0) = center point, (-) = lower 
level, and ( +) = higher level in this full factorial design.

The enzymatic hydrolysis of sequentially pretreated 
switchgrass was performed in a 125-mL Erlenmeyer flask 
containing 3 g (dry wt.) of pretreated solids and 40 mL of 
citrate buffer (50 mM, pH 4.8). The substrate soaked in 
citrate buffer was supplemented with a cellulase enzyme 
cocktail obtained from Dyadic International, Inc. (Cellulase 
CP CONC; 20 FPU/g of the dry substrate) and surfactant 
(Tween 20 at 0.1 g/g). Enzymatic hydrolysis was performed 
at 50 °C and 150 rpm in the Innova 4000 shaking incubator 
for 48 h. Samples were collected at different time intervals, 
centrifuged, and analyzed to determine the sugars released. 
Glucose concentration after enzymatic hydrolysis step was 
used to calculate the digestibility (% of cellulose converted 
to glucose per gram of biomass), by using a correction fac-
tor of 0.9 according to the equation proposed by Lu et al. 
[31]. Enzymatic hydrolysis was performed for the optimized 
treatment conditions.

Fermentation of Switchgrass Enzymatic Hydrolysate

S. cerevisiae and the wild S. parashehatae strains were used 
for the fermentation of switchgrass enzymatic hydrolysate. 
For S. cerevisiae, the enzymatic hydrolysate was supple-
mented with yeast extract (1 g/L), peptone (1 g/L), diam-
monium hydrogen phosphate (1 g/L), dipotassium hydrogen 
phosphate (1 g/L), and magnesium sulfate and manganese 
sulfate (each at 0.5 g/L) and adjusted to pH 5.5 [23]. Fermen-
tation assays were carried out in 125-mL Erlenmeyer flasks 
containing 50 mL of supplemented hydrolysate medium 
and 0.5 g/L of yeast suspension. The experiments were per-
formed in the shaking incubator at 30 °C, 150 rpm for 96 h. 
In another set of fermentation, S. parashehatae–inoculated 
enzymatic hydrolysate was supplemented with ammonia sul-
fate (5 g/L), malt extract (3 g/L), and yeast extract (3 g/L). 
Fermentation assays were carried out in a similar fashion at 
30 °C and 200 rpm for 96 h. In both experiments, samples 
were collected periodically to determine the sugar consump-
tion and production of ethanol.

Fermentation of Switchgrass Hemicellulosic 
Hydrolysate

Switchgrass hemicellulosic hydrolysate was diluted to 
achieve xylose concentration of 23 g/L and then was sup-
plemented with ammonium sulfate (5 g/L), malt extract 
(3 g/L), and yeast extract (3 g/L) [23]. Fermentation assays 
were carried out in 125-mL Erlenmeyer flasks containing 
50 mL of supplemented hemicellulosic hydrolysate medium 
and 0.5 g/L of S. parashehatae cell suspension [23]. The 
experiments were performed in the shaking incubator shaker 
at 30 °C and 200 rpm for 96 h. In both experiments, sam-
ples were collected periodically to determine the sugars 
consumption and production of ethanol. Both C5 and C6 
fermentation assays were carried out in triplicate and the 
statistical significance was evaluated for α = 0.05.

Analytical Methods

Glucose, xylose, and ethanol concentrations were deter-
mined using a Shimadzu LC- 10AD (Kyoto, Japan) high-
performance liquid chromatography system, coupled to a 
refractive index detector, and equipped with a Aminex HPX-
87H analytical column (300 × 7.8 mm; Bio-Rad, Hercules, 
CA, USA). Sulfuric acid at 0.01 N was used as an eluent at 
a flow rate of 0.6 mL/min, column temperature of 45 °C, and 
injection volume of 20 μL.

Scanning electron microscopy (SEM) analysis of samples 
was performed as previously described in [32]. The X-ray 
diffraction (XRD) analysis was performed by using a Seifert 
ISO-Debyeflex 3003 (Germany) instrument. The crystallin-
ity was analyzed by regulating the diffractometer at 40 kV, 

Table 2   Full factorial design with triplicate at center point for the 
alkaline pretreatment of switchgrass cellulignin

Experiment Time (h) Temperature (ºC) †Glucose 
yield (%)

1 0.5 (-) 90 (-) 47.8
2 1.5 ( +) 90 (-) 51.2
3 0.5 (-) 152 ( +) 59.7
4 1.5 ( +) 152 ( +) 60.4
5 1 (0) 121 (0) 52.8
6 1 (0) 121 (0) 53.0
7 1 (0) 121 (0) 54.7
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30 mA; radiation wavelength was Cu Kα (λ = 1.54 Å). A 2θ 
range of 10 to 50 degrees was used with a step size of 0.05° 
for scanning all samples. The crystallinity index (CrI) of 
biomass powder was calculated by the empirical peak height 
method described by Segal et al. [33].

Ethanol yield (YPS) and volumetric productivity (QP) 
were considered response variables for analysis of signifi-
cance and were calculated at the time corresponding to a 
consumption of more than 90% of fermentable sugars. YPS 
(g/g) is defined as the ratio between ethanol production (g/L) 
and sugar consumption (g/L), whereas QP (g/L h) is the ratio 
between ethanol production (g/L) and fermentation time (h).

Results and Discussion

Effect of Sequential Pretreatments on Switchgrass 
Chemical Composition

The in natura chemical composition of switchgrass biomass 
was 40 ± 0.5% glucan, 24 ± 1% xylan, 7 ± 0.7% arabinan, 
21 ± 0.5% total lignin, 5 ± 0% total extractives, and 2 ± 0% 
ash, on oven dry weight basis. The scheme for sequential 
pretreatment, enzymatic saccharification, and fermentation 
of switchgrass is provided in Fig. 1; changes in the chemical 
composition of pretreated solid fractions were compared and 
conversions of xylose and glucose sugars by the conven-
tional and wild yeast strains were evaluated. After dilute acid 
pretreatment, cellulose and lignin content of switchgrass 
biomass increased by 20% and 76%, respectively, while 
the hemicellulose content decreased by 68%. These results 
are aligned with previous reports [34], where under similar 
severity of dilute acid pretreatment, switchgrass cellulose 
and lignin content increased by 20% and 50%, respectively, 
while the hemicellulose content decreased by 73%. Dilute 
acid hydrolysis breaks down glycosidic bonds, releases 
acetyl groups, and depolymerizes hemicellulose [35], 

resulting in xylan solubilization, which in turn increases 
biomass cellulose and lignin content.

The switchgrass cellulignin obtained from dilute acid 
pretreatment was subsequently subjected to alkali pretreat-
ment and the response was roughly a 1.7-fold increase in 
cellulose content with simultaneous reduction of lignin and 
hemicellulose content (Fig. 1). The alkali catalyst serves as 
delignifying agent via disruption of structural interunit link-
ages and reduction of lignin’s degree of polymerization [36]. 
The two-stage pretreatment was demonstrated to be effective 
with only 12% (w/w) of lignin remaining in the pretreated 
solids. Although several strategies could be implemented to 
achieve similar results, chemically mediated biomass pre-
treatments represent low-cost methods that are promising 
for industrial implementation [37].

Optimization of Alkaline Pretreatment 
of Switchgrass

The time and temperature conditions for alkaline pretreat-
ment were chosen based on previous reports [26–28], where 
a non-pressurized low-level severity was set at 90 ºC, center 
point was set at 1 atm pressure (121 ºC), and the maximum 
severity was set at 152 ºC. The lowest and highest time vari-
ables were 0.5 h and 1 h, respectively. Statistical significance 
of the studied variables was evaluated using analysis of vari-
ance (ANOVA), where glucose yield (%) from enzymatic 
saccharification was set as the response variable (Table 3).

R2 = 0.95967; pure error mean square = 1.068233.
*Significant at α0.05; DF degrees of freedom.
As shown in Table 3, only the temperature variable had a 

significant effect on glucose yield, at 95% confidence level, 
indicating that severe alkaline pretreatment temperatures are 
required for switchgrass cellulignin. Since time was not a 
significant factor affecting enzymatic saccharification, the 
low-level setting (0.5 h) was selected for optimized condi-
tions aiming for operating cost reductions. Thus, the final 

Fig. 1   Flowchart of switch-
grass biomass pretreatment 
and conversion of the resulting 
hemicellulosic and enzymatic 
hydrolysates into ethanol using 
the control (S. cerevisiae 174) 
and wild (S. parashehatae 
UFMG-HM-60.1b) yeast strains
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selected conditions for alkaline pretreatment of switchgrass 
cellulignin were 0.5 h and 152 ºC. For this study, we did 
not consider temperatures above 152 ºC because it would 
increase the energy costs and compromise the process viabil-
ity. As shown in Fig. 2, optimization of alkaline pretreat-
ment was centered on a linear model with R2 = 0.95967 
(which implies that the response factor was effectively sat-
isfied by the proposed model) without curvature (p < 0.05). 
The model for glucose yield, as a function of pretreatment 
time and temperature, is represented by using real values 
in Eq. (1):

Effect of Sequential Pretreatment 
and Saccharification on Biomass Structure

Switchgrass biomass, in natura, after sequential pretreat-
ments and enzymatic hydrolysis was evaluated using SEM 
(Fig. 3) and X-ray diffraction analyses. Through SEM analy-
sis, it was determined that the natural integrity of original 
biomass was intact, where the fibers were aligned and pores 
undetectable, implying that cellulose is likely coated and 
protected by hemicellulose and lignin (Fig. 3A). After dilute 

(1)Glucose Yield = 26.42 + 7.29 × time + 0.21 × temperature − 0.04 (time × temperature)

acid pretreatment (Fig. 3B), evident disruption of the sur-
face layer was observed, owing to the depolymerization of 
hemicellulose and to some extent the damage resulting from 
pressure and temperature. However, the deeper layers and 
the fiber core were undisturbed. By contrast, the subsequent 
alkaline pretreatment (Fig. 3C) caused a clear rupture of 
fibers and disruption of compactness, which was visualized 
as voids and surface disorganization, and attributed to lignin 
removal. Results presented in Fig. 3 show that the strategy 
of using dilute acid followed by alkaline pretreatment was 
effective for breaching the tightly woven switchgrass cell 

walls, as compared to solely dilute acid pretreated biomass.
The results obtained from X-ray diffraction demon-

strated that partial removal of lignin and hemicellulose led 
to increase in CrI of pretreated biomass. Switchgrass in 
natura presented a CrI of 48%, whereas after dilute acid 
and subsequent alkaline pretreatments, the respective CrI 
increased to 51% and 55%. It is well known that, structurally, 
hemicellulose and lignin can be classified as heteropolymers 
with a hyperbranched structure [38, 39]. Therefore, they 
possibly comprised the amorphous moiety of the complex 

Table 3   ANOVA results of 
the first-order model for 22 full 
factorial design

Factor DF Sum of square 
(SS)

Mean sum of 
square

F value Significance (p > F)

Time (A) 1 4.18 4.18 3.19 0.1864
Temperature (B) 1 110.58 110.56 103.50 0.0095*
A × B 1 1.80 1.80 1.69 0.3238
Lack of fit 1 2.76 2.76 2.58 0.2491
Pure error 2 2.13 1.06
Total SS 6 121.45

Fig. 2   Interaction between 
time and temperature variables 
selected for optimizing the alka-
line pretreatment of switchgrass 
cellulignin. (A) Glucose yield 
as a function of pretreatment 
time and temperature; (B) 2D 
surface plot for time × tempera-
ture showing the center point
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lignocellulosic molecular arrangement. When sequential 
pretreatments are employed, removal of lignin and most of 
hemicellulose leads to the reduction of amorphous constitu-
ents and increases the overall crystallinity. Similar results 
have been reported for sugarcane bagasse, where sequential 
pretreatments led to successive increase in CrI [40, 41]. Fol-
lowing the enzymatic saccharification, CrI of leftover solid 
residues decreased to 37.5% which is to be expected after 
biologically catalyzed depolymerization of crystalline cel-
lulose moieties of switchgrass.

Ethanol Production from Hemicellulosic 
and Enzymatic Hydrolysates

The liquid hydrolysate generated after enzymatic sacchari-
fication was employed as carbon feedstock for ethanol pro-
duction by the benchmark S. cerevisiae strain, establishing 
parameters for comparison of fermentation performance 
with the wild strain, S. parashehatae. The fermentation 
yield and kinetics of sugar consumption of S. cerevisiae 
are displayed in Fig. 4; about 100% of the initial glucose 

Fig. 3   Scanning electron 
microscopy images of switch-
grass biomass; (A) in natura 
(500 ×); (B) dilute acid-pre-
treated (500 ×); (C) dilute acid 
and alkaline pretreated (500 ×); 
and (D) sequentially pretreated 
and enzymatically hydrolyzed 
(1000 ×)

Fig. 4   Ethanol production 
from switchgrass enzymatic 
hydrolysate by using the control 
S. cerevisiae 174 yeast strain 
(Means and standard deviation 
for N = 3)
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concentration was depleted within 10  h, while ethanol 
concentration reached 12 g/L within 17 h. The yield fac-
tor (YPS), which was estimated based on the sugars con-
sumed during the fermentation process, was 0.46 g ethanol/g 
glucose, while the productivity rate was 0.70 g/L h. Since 
the theoretical maximum yield of ethanol from glucose or 
xylose is 0.51 g/g, this S. cerevisiae strain provided a 90% 
conversion thereby justifying its current popularity in the 
bioethanol industry [42].

Unfortunately, S. cerevisiae cannot metabolize xylose; 
thus, no changes occurred in xylose concentrations dur-
ing the course of fermentation (Fig. 4). No lag phase was 
detected, indicating that the presence of xylose did not 
repress the anabolic pathway or glucose catabolism to any 
extent. Early investigations have documented a noticeable 
catabolic repression of an engineered S. cerevisiae strain 
whenever cultivated in the presence of xylose [43]. Fur-
thermore, when an engineered pentose metabolizing S. cer-
evisiae YRH400 strain was investigated for the conversion 
of pretreated switchgrass biomass into ethanol, a 11.4% 
increase was reported when compared to the S. cerevisiae 
D5A control [44]. Interestingly, S. cerevisiae YRH400 did 
not completely exhaust the xylose concentrations as 6.3 g/L 
of residual xylose was detected in the media at the end of the 
cycle. The current ethanol concentration at 12.5 g/L is com-
parable to that of a similar S. cerevisiae D5A strain reported 
in the previous study.

The search for new microorganisms capable of metabo-
lizing pentoses through the pentose phosphate pathway 
(PPP) is still open. The novel-wild strain S. parashehatae 
UFMG-HM-60.1b was isolated from the Brazilian fauna 
and was previously identified to be capable of synthesizing 
ethanol from xylose sugars. Hence, for the first time, this 
novel yeast strain has been tested for its capability to utilize 
switchgrass enzymatic hydrolysates, the results of which 
are displayed in Fig. 5. The glucose concentration in the 
hydrolysate decreased to 0 g/L within 24 h. However, due 
to the ease of hexose assimilation in the first 18 h, xylose 
which is normally metabolized through the PPP pathway 
was inhibited and catabolically repressed [45]. Organisms 
with natural pentose fermentation capabilities have the ten-
dency to assimilate glucose readily over any other available 
carbon sources [46]. As expected, after glucose exhaustion, 
the xylose concentration of enzymatic hydrolysate declined 
sharply to 0.5 g/L between 24 and 36 h. Ethanol production 
reached its peak at 9 g/L within 24 h, corresponding to YPS 
and QP of 0.29 g/g (glucose + xylose) and 0.38 g/L h, respec-
tively. In comparison to the fermentation performance of the 
generic S. cerevisiae strain, the wild S. parashehatae showed 
lower efficiency despite its ability to assimilate C5 sugars. 
Nonetheless, these results may indicate that the wild strain 
is capable of continuously consuming C5 sugars even after 
the depletion of C6 sugars. These results are similar to the 
conversion performance of S. stipitis NRRL Y-7124 which 

Fig. 5   Ethanol production 
from switchgrass enzymatic 
hydrolysate by using the wild 
S. parashehatae UFMG-HM-
60.1b yeast strain (means and 
standard deviation for N = 3)
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was reported to produce an ethanol yield and productivity of 
0.33 g/g and 0.34 g/L h, respectively, for a medium contain-
ing both pentoses and hexoses [22].

The low ethanol yield determined for S. parashehatae 
could be attributed to the fact that ethanol was metabo-
lized during the final stage of fermentation, likely due to 
the overaccumulation of oxidized cofactor NAD+ and ensu-
ing need for regeneration. After xylose transport to the cell 
plasma, reduction to xylitol occurs through stepwise reac-
tions mediated by xylose reductase with the assistance of 
the cofactor NAD(P)H. The xylose reductase enzyme can 
be either be NADPH or NADH dependent, suggesting that 
cofactors in the reduced forms are required to initiate xylose 
consumption. It is possible that, in this wild yeast strain, 
xylose reductase required NADH over NADPH due to its 
constitutive affinity. Therefore, lack of NAD+ regeneration 
would have prevented this yeast strain from effectively utiliz-
ing xylose. It is important to note that, concomitant to the 
decrease in xylose concentration, the ethanol concentration 
also started falling supporting the fact that the wild yeast’s 
metabolism showed flexibility under redox stress. Capacity 
of consuming ethanol in situations of carbohydrate scarcity 
has been reported before with other strains [40]; therefore, 
this wild yeast strain will require controlled feeding rate as 
well as metabolite removal during fermentation to prevent 
ethanol losses.

The wild strain was also used to ferment the hemicellu-
losic hydrolysate, whose initial xylose and glucose concen-
tration was adjusted to 23 g/L and 9 g/L, respectively. As 
denoted previously, despite the high concentration of xylose, 
glucose was easier to assimilate due to lower enzymatic and 
transport requirements. However, distinct behavior was 

observed in this case regarding the concomitant metabolism 
of C5 and C6 sugars. As shown in Fig. 6, glucose was rapidly 
consumed at a higher rate in the beginning, but did not trig-
ger an acute catabolic repression of xylose which was con-
tinuously assimilated albeit at a relatively lower rate. Ethanol 
concentration peaked at roughly 6 g/L within 38 h of fer-
mentation, wherein glucose and xylose were fully depleted 
at approximately 25 and 35 h, respectively. The calculated 
ethanol yield and productivity corresponded to 0.19 g/g 
(glucose + xylose) and 0.16 g/L h, respectively. Similar to 
the enzymatic hydrolysate, after xylose depletion, ethanol 
started to be metabolized as a substrate from the hemicel-
lulosic hydrolysate for cell survival. A small concentration 
of ethanol (~ 1 g/L) was also found to be relegated for xylitol 
production (data not shown). As a result, it was assumed that 
xylose was mainly directed towards ethanol synthesis. S. 
stipitis has been reported to utilize xylose-rich hydrolysates 
producing a maximum ethanol concentration of 4.9 g/L 
after 24 h [47]. The course of fermentation by S. stipitis 
showed great resemblance to the current study and similarly 
displayed low levels of xylitol production throughout the 
process [47]. By analyzing the results obtained with cel-
lulosic and hemicellulosic hydrolysates, it could be inferred 
that glucose, to some extent, was mainly used to produce 
ethanol and xylose served as a carbon source for cellular 
maintenance. The diverse effects from different sugar-based 
mediums may also indicate that the wild yeast presented 
a versatile metabolism and could broaden the spectrum of 
yeast sugar utilization. When the substrate was glucose rich, 
ethanol production by the wild yeast achieved higher conver-
sion (Fig. 5); however, in case of hemicellulose hydrolysates, 
its response was sub-optimal. Interestingly, the conditions 

Fig. 6   Ethanol production from 
switchgrass hemicellulosic 
hydrolysate by using the wild 
S. parashehatae UFMG-HM-
60.1b yeast strain (Means and 
standard deviation for N = 3)
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and parameters of the fermentation processes were identical, 
except for the predominant sugar composition, which leads 
to the assumption that the cellular requirements for ethanol 
fermentation must be different for the wild yeast. Hence in 
this case, despite xylose consumption, the ethanol produc-
tion was poor. Further investigations are needed to trace pos-
sible nutritional parameters influencing C5 fermentation in 
this wild yeast strain.

It is well known that assimilation of xylose contributes 
to the consumption of NAD+ and accumulation of NADH, 
by the action of NAD+-dependent xylitol dehydrogenase, 
which mediates the conversion of xylitol into D-xylulose and 
enters the PPP as a “shunt” [48]. This overaccumulation of 
reduced cofactor NADH may stimulate ethanol production, 
regeneration of NAD + and subsequently alleviate NAD + /
NADH cofactor imbalance. By the acknowledgement of this 
mechanism, inexhaustible efforts have been applied on the 
task of constructing microbial strains capable of efficiently 
assimilating different sugar types simultaneously. Genetic 
engineering tools allowed the aggregation of exogenous 
genes in recombinant microorganisms, especially S. cerevi-
siae, to overcome this challenge [49]. The involvement of 
natural wild strains with the ability to metabolize pentoses 
plays a crucial role in this trend, by providing the genes 
as well as metabolomic insights. In this context, the strain 
exploited in this work may also be categorized as a com-
petitive alternative for consolidating ethanol production in 
biorefineries due to low xylitol accumulation and minimal 
catabolite repression in addition to the ability to consume 
both C5 and C6 sugars.

The novel, wild Brazilian S. parashehatae strain has 
potential for further research to assess the optimal condi-
tions for ethanol fermentation. Wild xylose-consuming yeast 
strains that do not require genetic modifications could be 
more profitable and cost-effective. The bottleneck of mod-
ern biorefineries lies in the search for efficient microorgan-
isms that can “readily” harness lignocellulosic materials as 
a whole for the synthesis of a variety of bio-based products 
[50]. In that context, it will be beneficial to investigate the 
ample metabolic pathways that reside in the newly isolated 
yeast strain. Also, combining the current tailored fermenta-
tion processes with the emerging metabolomics technology 
will make high productivity of biorefineries achievable and 
reproducible.

Conclusions

This work demonstrated that a sequential dilute acid and 
alkaline pretreatment process could be employed to maxi-
mize C5 and C6 fermentable sugar recovery from switch-
grass biomass. Physico-chemical characterization of pre-
treated solids highlighted the importance of sequential 

pretreatment in reducing recalcitrance and increasing enzy-
matic saccharification yield. A newly isolated wild yeast 
strain, S.  parashehatae strain—UFMG-HM-60.1b, was 
shown to metabolize both the hemicellulosic and enzymatic 
hydrolysates of switchgrass and thus improved the overall 
ethanol yield. One of the bottlenecks of industrial-scale 2G 
ethanol production is the lack of efficient and readily avail-
able microorganisms capable of metabolizing both C5 and 
C6 fractions. Henceforth, the current investigation highlights 
a strain that could aid in the design of sustainable and profit-
able biorefineries.
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