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Abstract
The pre-treatment of lignocellulose material towards cellulosic bioethanol production releases microbial inhibitors that 
severely limit the fermentation ability of Saccharomyces cerevisiae. This study evaluated to what degree robust xylose-
capable strains may improve the fermentability of non-detoxified sugarcane bagasse (SCB) slurries derived from steam 
explosion (StEX) and further compared this to slurries derived from ammonia fibre expansion (AFEX) pre-treatment. 
Initial screening in separate hydrolyses and co-fermentation processes using StEx-SCB hydrolysates identified S. cerevi-
siae TP-1 and  CelluXTM4 with higher xylose consumption (≥ 88%) and ethanol concentrations (≥ 50 g/L), and ethanol 
metabolic yields (≥89% relative to theoretical maximum), even in the presence of approximately 8 g/L of acetic acid. Under 
industrially relevant pre-hydrolysis simultaneous saccharification and co-fermentation (PSSCF) conditions of high solids 
loading (15%, w/w) and low enzyme dosage (8 mg protein per gram untreated biomass), the fermentation of StEx-treated 
SCB whole slurry achieved ethanol yields of 208 and 224 L per Mg raw dry SCB using S. cerevisiae TP-1 and  CelluXTM4, 
respectively. Under the same solids loading and enzyme dosages, the PSSCF of ammonia fibre expansion  (AFEXTM) pre-
treated SCB achieved ethanol yields of 234 and 251 L per Mg raw dry SCB using TP-1 and  CelluXTM4, respectively. The 
study achieved non-detoxified whole-slurry co-fermentation using StEx pre-treated SCB, with higher ethanol yields than 
previously reported, by utilising robust xylose-capable strains. The results of this work provide insights into the potential 
use of inhibitor-tolerant S. cerevisiae strains TP-1 and  CelluXTM4 as ethanologens for the fermentation of steam-exploded 
and undetoxified SCB whole slurries.
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Introduction

Feedstock or raw material processing is of key importance 
for 2G biorefineries, as maximising ethanol yields through 
the efficient conversion of all the available polymeric carbo-
hydrate substrates in the feedstock is essential for improving 
the economic viability of prospective cellulosic biorefiner-
ies [1]. Current technologies for the biologically mediated 
conversion of lignocelluloses to ethanol commence with a 
thermochemical pre-treatment step to render the polymeric 
fractions embedded in the plant cell wall more accessible 

for enzymatic degradation [2, 3]. However, a majority of 
these pre-treatment technologies result in the generation 
of intrinsic biomass- and pre-treatment-derived degrada-
tion products, which have inhibitory effects in subsequent 
enzymatic hydrolysis [4] and fermentation processes [5]. 
Hence, for maximising ethanol yields, the fermentation of 
biomass-derived hexoses (i.e., glucose, mannose, and galac-
tose) and pentoses (i.e., xylose, arabinose) in the presence of 
pre-treatment-derived inhibitors is one of the fundamental 
bottlenecks for large scale and economical cellulosic ethanol 
production [6, 7].

Saccharomyces cerevisiae, the most widely used micro-
organism in industrial sucrose and corn starch ethanol pro-
duction, remains one of the leading candidate ethanologens 
for cellulosic ethanol production due to its general robust-
ness and relatively high tolerance to microbial stresses such 
as pre-treatment inhibitors and fermentation metabolites 
[5]. Through rational metabolic engineering interventions, 
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pentose (particularly xylose) fermenting capacity in S. 
cerevisiae has been pursued through the cloning of fungal 
xylose reductase and xylitol dehydrogenase (XR-XDH) or 
the cloning of bacterial or fungal xylose isomerase (XI) 
pathways into S. cerevisiae strains [8]. However, genetically 
engineered xylose-fermenting yeast strains generally display 
higher sensitivity phenotypes to stressful conditions (e.g., 
in the presence of high weak acid, chemical inhibitors, and 
ethanol concentrations), resulting in lower overall fermenta-
tion yields [9].

Steam explosion (StEx) is a mature thermochemical pre-
treatment that uses water as the solvent/catalyst to overcome 
the recalcitrance of a wide array of lignocellulosic feed-
stocks. However, at industrially relevant pre-treatment con-
ditions, StEx generates weak acids (particularly acetic acid 
from the deacetylation of O-acetyl groups in hemicellulose), 
furan aldehydes (derived from the dehydration of glucose 
and xylose), and phenolic compounds (from the cleavage of 
acid- and alkali-labile lignin-carbohydrate complexes) that 
are found in the resultant pre-treated slurry [10]. Among the 
pre-treated slurry (herein referred to as whole slurry, contain-
ing both solids and pre-treatment liquor) processing options 
available, the use of the whole slurry in downstream enzy-
matic hydrolysis and co-fermentation (utilisation of both pen-
toses and hexoses) both is one of the strategies considered for 
reducing the biorefinery capital expenditure (CAPEX) and 
operating expenditures (OPEX). Using whole slurries effec-
tively avoids costs associated with solid/liquid separation, 
washing, reclamation of excess process water, detoxification, 
and salt disposal [11, 12]. The fermentation of inhibitor-laden 
StEx whole slurries (without detoxification) by laboratory 
recombinant strains such as S. cerevisiae 424A (LNH-ST) 
was, however, significantly limited by the synergistic action 
of microbial stresses such as pre-treatment-derived inhibitors 
and fermentation metabolites [6]. In comparison, the same 
recombinant strain achieved near complete xylose consump-
tion (96%) and high ethanol yields (0.46 g ethanol/g sugars) 
in hydrolysates derived from pre-treatment technologies, 
such as ammonia fibre expansion (AFEX), that is known 
to generate limited amounts of microbial inhibitors [6]. It 
is clear that robust strains are required to “close the gap” 
between ethanol yields observed in fermentations utilising 
harsher StEx pre-treated material and that of fermentations 
using milder AFEX pre-treated material.

Recently, several works have reported on the successful 
fermentation of non-detoxified whole slurry hydrolysates 
derived from autohydrolysis-type pre-treatments by recom-
binant S. cerevisiae strains [13], demonstrating high xylose 
consumption (> 80%), ethanol concentrations (> 38 g/L), 
metabolic yields (> 78%), and overall ethanol productivi-
ties (0.57 g/L/h) [14–16]. Furthermore, Brandt et al. [17] 
overexpressed six genes in industrial recombinant strain S. 
cerevisiae  CelluXTM1 to confer enhanced strain resistance to 

weak acid, furan aldehyde, and phenolic compound stresses. 
The resultant transformant strain, S. cerevisiae TP-1, dem-
onstrated higher inhibitor resistance, detoxification, and 
ethanol production phenotypes relative to the parent strain 
in non-detoxified spent sulphite liquor [17]. These studies 
demonstrate the impressive advances in the development of 
sufficiently hardened yeast strains to support the efficient 
fermentation of non-detoxified whole slurry hydrolysates 
obtained from hydrothermal pre-treatments.

In this study, we evaluated the effect of robust yeast on 
the potential ethanol production from steam-exploded versus 
AFEX pre-treated sugarcane bagasse (SCB) using industrial 
S. cerevisiae strains under industrially relevant conditions 
(i.e., high solid loadings to achieve high ethanol concentra-
tions). First, we evaluated the fermentability of StEx pre-
treated SCB whole slurry hydrolysates using S. cerevisiae 
strains: TP-1, TP-50, E50, and  CelluXTM4 in fermentations 
using separate hydrolysis and co-fermentation (SHCF) pro-
cess configuration. Successively, the two best-performing 
yeast strains were selected and used as ethanologens to 
compare the fermentability of StEx-SCB whole slurry to 
AFEX-pre-treated SCB in a fed-batch pre-hydrolysis simul-
taneous saccharification and co-fermentation (PSSCF) con-
figuration operating under industrially relevant solids load-
ings and enzyme dosages. Finally, mass balances from the 
PSSCF experiments for both StEx- and AFEX-treated SCB 
were developed to estimate the overall ethanol yields per 
tonne of untreated SCB and subsequently compared with 
literature-reported yields for SCB. The results of this work 
provide significant insights into the improvements in the 
overall ethanol yields from steam-exploded non-detoxified 
sugarcane bagasse slurries versus that of AFEX pre-treated 
material, facilitated by the use of efficient industrial xylose-
fermenting and inhibitor-tolerant ethanologens. Therefore, 
the limitation of ethanol yields as a consequence of micro-
bial inhibition from StEx-whole slurry fermentations (at the 
same pre-treatment severity used in this work) can be allevi-
ated by using S. cerevisiae TP-1 and  CelluXTM4.

Materials and Methods

Biomass, StEx, and AFEX Pre‑Treatment

Fresh sugarcane bagasse (SCB) was collected from two local 
sugar mills in Malelane (Mpumalanga, South Africa) and 
Mount Edgecombe (Kwazulu Natal, South Africa) and pre-
pared as previously described by Mokomele et al. [6]. The 
composition of untreated SCB (g/100 g DM) consisted of 
39.5 ± 0.4% glucan, 25.2 ± 0.1% xylan, 1.23 ± 0.38 ara-
binan, 3.43 ± 0.04 acetyl, 6.02 ± 0.42 extractives, 19.4 ± 
0.1% Klason lignin, and 2.9 ± 0.7% ash content. StEx pre-
treatment of SCB was conducted in an automated batch 
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pilot-scale unit (IAP GmBH, Graz, Austria) equipped with 
a 19-L StEx reaction vessel, a 100-L discharge vessel, and a 
40-bar steam generator [18]. SCB was pre-treated at 200 °C 
and 10 min, with three 100 g samples of the pre-treated slurry 
collected and characterised in terms of the total solids (TS), 
water-soluble solids (WSS), water-insoluble solids (WIS), 
and degradation product content in the WSS. The remaining 
slurry was vacuum packed and stored at −20 °C and used 
within 7 days. Pilot-scale AFEX pre-treatment of SCB was 
performed in a pair of 450 L vertical packed-bed reactors 
at Michigan Biotechnology Institute (Lansing, MI, USA) as 
described by Mokomele et al. [19]. Pre-treatment conditions 
included ammonia to biomass loading of 0.7 g NH3/g dry 
biomass, water loading of 0.6 g H2O/g dry biomass, tem-
perature range of 80–120 °C, and residence time of 60 min.

Enzymes

Commercial fungal enzyme preparations Cellic® CTec2 
(138 mg protein/mL), Cellic® HTec2 (138 mg protein/
mL), and Pectinex Ultra-SP (31 mg protein/mL) were used 
in enzymatic hydrolysis and ethanol production experiments. 
These enzymes were generously donated by Novozymes 
(Copenhagen, Denmark). The protein content for each cock-
tail was estimated using Kjeldahl nitrogen analysis (AOAC 
Method 2001.11). Combinations of CTec2, HTec2, and 
Pectinex Ultra-SP previously optimised by Mokomele et al. 
[6] for StEx-treated SCB and AFEX-treated SCB were used 
during enzymatic hydrolysis and fermentation.

Microbial Strains

Four industrial genetically engineered xylose-fermenting 
yeast strains were used to ferment StEx pre-treated SCB 
whole slurry hydrolysates. Recombinant strains S. cerevi-
siae TP-1, S. cerevisiae TP-50 and S. cerevisiae E-50, and 
S. cerevisiae  CelluXTM4 were kindly provided by Dr. BA 
Brandt (full description of strains in Brandt et al. [17]) with 
permission from Leaf by Leasaffre (Leaf Technologies, 
France). S. cerevisiae TP-1 was derived from recombinant 
parent strain S. cerevisiae  CelluXTM1 and was rationally 
engineered to overexpress six genes to confer increased 
resistance to selected weak acids, furan aldehydes, and phe-
nolic compounds. S. cerevisiae TP-50 and S. cerevisiae E-50 
are evolutionary engineered variants of S. cerevisiae TP-1 
and  CelluXTM1, respectively, that have been evolved over ~ 
50 generations in repeated batch cultures using increasing 
concentrations of spent sulphite liquor as a selective pres-
sure. The more recent S. cerevisiae  CelluXTM4 is the fourth 
generation of the  CelluXTM commercial strain collection. 
Stock culture aliquots of each strain were contained in 40% 
(v/v) glycerol and stored at −80 °C.

Inoculum Preparation

The inoculum for all fermentations was prepared using a 
two-step protocol to condition the yeast cells for improved 
fermentation performance upon exposure to inhibitor-
stressed conditions [17]. Pre-seed cultures of the four indus-
trial strains used in this work were initially cultivated from 
the glycerol stock cultures in test tubes containing 10 mL 
YPDX media (20 g/L glucose, 4 g/L xylose, 10 g/L yeast 
extract, 20 g/L peptone) and incubated at 30 °C and 150 rpm 
in a rotary shaker for 24 h. The seed culture was prepared by 
inoculating 1.5 g CDW/L of the pre-seed cultures into 250 
mL Erlenmeyer flasks containing pre-conditioning media 
that was composed of 75 mL YPDX media and 25 mL of 
StEx pre-treatment liquor. StEx pre-treatment liquor was 
derived by filtering the solids from the StEx pre-treatment 
whole slurry. After inoculating the pre-conditioning media, 
the seed cultures were incubated at 30 °C and 150 rpm in 
an orbital shaker for 24 h. The pre-conditioned seed culture 
was thereafter harvested by centrifuging at 1500 × g for 10 
min, and the yeast pellets were used as inoculum for whole 
slurry hydrolysates fermentation and PSSCF experiments.

Fermentation of StEx SCB Whole Slurry

The fermentation capability of the four selected industrial 
xylose-fermenting yeast strains was evaluated in two sets 
of experiments as shown in Fig. 1. In the first set, the fer-
mentation capability of the four selected recombinant strains 
was evaluated on non-detoxified StEx-SCB whole slurry 
hydrolysate using a separate hydrolysis and co-fermenta-
tion (SHCF) process configuration. The performance of the 
strains was compared in terms of the ethanol yield, final eth-
anol concentration, and specific ethanol productivity. In the 
second set of experiments, two of the best-performing strains 
from the first set were subsequently used to evaluate their 
suitability as ethanologens for the PSSCF of non-detoxified 
StEx-treated SCB whole slurry and AFEX pre-treated SCB.

Yeast Screening: Preparation and Fermentation of StEx‑SCB 
Whole Slurry Hydrolysate Using Separate Hydrolysis 
and Co‑Fermentation (SHCF) Configuration

The yeast screening used a SHCF fermentation configura-
tion. The StEx-treated SCB whole slurry was enzymatically 
hydrolysed in 1000 mL baffled Erlenmeyer flasks with a work-
ing volume of 400 g at a solids loading of 15% (w/w) and an 
enzyme dosage of 40 mg protein/g glucan. A relatively high 
enzyme dosage was used to overcome the impact of the inhibi-
tors and end-product inhibition on the activity of the hydrolytic 
enzymes. This enabled the production of non-detoxified enzy-
matic hydrolysates with relatively high sugar concentrations 
that are anticipated for commercial biorefineries [20]. To avoid 
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mixing issues associated with high solids loading enzymatic 
hydrolysis, the whole slurry was added using a fed-batch strat-
egy, with half the slurry added at t = 0 h and the remainder 
at t = 3 h. The enzymatic hydrolysis mixtures were supple-
mented with 50 mM potassium phosphate buffer to regulate 
the hydrolysis/ fermentation pH, 50 mg/L chloramphenicol to 
prevent bacterial contamination, and subsequently incubated at 
50 °C and 180 rpm in an orbital shaker. After 72 h of hydroly-
sis, the hydrolysis slurry was centrifuged at 8000 × g for 30 
min. The sugar-rich supernatant was supplemented with 0.5% 
(w/w) corn steep liquor (CSL) as nitrogen source, pH adjusted 
to 5.5 using 10 M KOH, before being filter sterilised through a 
0.22-μm polyethersulfone filter into a sterile bottle (Millipore 
Stericup). The sterile whole slurry hydrolysate was refrigerated 
at 4 °C until use (used within 1 day).

The fermentation of the sterile StEx-SCB whole slurry 
hydrolysates was performed in 100 mL serum bottles with 
a working volume of 40 mL and incubated at 30 °C and 150 
rpm in an orbital shaker. Each serum bottle was inoculated 
with the pre-conditioned seed culture at OD600 of 3.0 (~1.8 
g CDW/L). After inoculation, serum bottles were capped 
with sterile butyl rubber stoppers, sealed with an aluminium 
crimp, and pierced with two hypodermic needles to facili-
tate  CO2 release, sampling, and micro-aerobic fermentation 
conditions. Samples were withdrawn once every 24 h, and 
the sugar, ethanol, and furan aldehyde content of the cell-
free supernatants was quantified via HPLC analysis. Each 
hydrolysate fermentation assay was performed in triplicate.

Simultaneous Saccharification and Co‑Fermentation 
with Pre‑Saccharification (PSSCF)

Fed-batch PSSCF of both the StEx-treated SCB whole slurry 
and the AFEX-treated SCB at 15% (w/w) solids loading 
were carried out in baffled 250 mL Erlenmeyer flasks using 

an enzyme dosage of 20 mg protein/g glucan and a total mix-
ture weight of 100 g. The biomass was added in two steps 
half at t = 0 h and the remainder at t = 3 h, and the PSSCF 
flasks were supplemented with 50 mM phosphate buffer, 
0.5% (w/w) CSL, and 50 g/L chloramphenicol (antibiotic), 
and the pH was adjusted using 10 M KOH or 8 M HCl after 
biomass addition. The PSSCF runs were conducted with an 
initial 48-h pre-saccharification step at 50 °C, pH 5.0, and 
200 rpm to liquefy the pre-treated biomass and to produce 
high sugar concentrations prior to yeast inoculation [21]. 
After pre-saccharification, seed cultures of the recombinant 
strains were inoculated at to an initial OD600 of 3.0; the 
incubation temperature and shaking speed were lowered to 
35 °C and 180 rpm, respectively; and the PSSCF proceeded 
for an additional 96 h (144 h total pre-saccharification + 
SSCF time). For the duration of the PSSCF, samples were 
withdrawn once every 24 h and quantified by HPLC analy-
sis. Each PSSF assay was performed in triplicate.

Analytical Techniques

Monomeric sugars (glucose, xylose, arabinose), aliphatic 
acids (acetic acid, formic acid), and furan aldehyde (furfural, 
5-HMF) fermentation products (lactate, xylitol, glycerol, and 
ethanol) were determined by Thermo Separation Product 
HPLC system on an Aminex HPX-87H ion exchange col-
umn equipped with a Bio-Rad H cartridge guard column 
(Bio-Rad, Hercules, CA, USA). The column temperature 
was maintained at 65 °C, with 5 mM  H2SO4 as the mobile 
phase at a flow rate of 0.6 mL/min. The peak detection for 
sugars, fermentation products, and aliphatic acids was per-
formed using a refractive index detector (Shodex, RI-101), 
whereas the furan aldehydes were detected using a RS Vari-
able Wavelength UV detector set at 280 nm. Phenolic com-
pounds were analysed on Dionex  UltiMateTM 3000 HPLC 

Fig. 1  Experimental approach 
for evaluating the ferment-
ability of StEx-treated SCB 
whole slurry and AFEX-treated 
biomass. Strains were screened 
using a separate hydrolysis and 
co-fermentation process con-
figuration (SHCF) whereas the 
follow-up fermentations used 
a pre-hydrolysis simultaneous 
saccharification and co-fermen-
tation process configuration 
(PSSCF)
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System equipped with an Aminex HPX-87H (7.8×250 mm) 
and a RS Variable Wavelength UV detector. The mobile 
phases used for elution were water (A) and acetonitrile (B) 
at a flow rate of 0.7 mL/min.

Calculations

For hydrolysate fermentation experiments, the ethanol yield 
(Yp/s) was determined from the amount of ethanol gener-
ated relative to the sum of monomeric glucose and xylose 
at t = 0 h. The ethanol metabolic yield was calculated from 
the ethanol generated relative to the consumed amounts 
of glucose and xylose and compared to the stoichiometric 
maximum. The specific glucose or xylose uptake (qglucose or 
qxylose) was determined from the amount of substrate con-
sumed whereas the specific ethanol production rates (qethanol) 
were determined from ethanol produced (g) per cell mass 
(g). The maximum growth rate (μmax) was calculated during 
the exponential growth phase by plotting the natural loga-
rithm of the cell  OD600 as a function of time. The ethanol 
yields from PSSCF were estimated based on the weight of 
ethanol produced relative to the weight of initial polymeric 
glucan and xylan content input to the flasks. The overall 
PSSCF productivity was calculated to the amount of ethanol 
generated relative to the overall processing time, i.e., 144 h.

Statistical Analysis

The experimental data is presented as means ± standard devia-
tion of triplicate experimental runs. The statistical significance 
of the experimental results was determined through a one-way 
analysis of variance (ANOVA) in combination with Tukey’s 
post hoc HSD test for multiple comparisons (Minitab Inc., 
State College, PA, USA). The null hypothesis was accepted 
or rejected at a 95% confidence interval (p < 0.05).

Results and Discussion

Chemical Composition of StEx and AFEX Pre‑Treated 
SCB and Whole Slurry Enzymatic Hydrolysate

The chemical composition of the StEx-SCB whole slurry 
after pre-treatment, the hydrolysate derived from the enzy-
matic hydrolysis thereof, and the AFEX-treated SCB are 
presented in Table 1. Post-pretreatment, the total glucan, 
and xylan recovered in both the pre-treated solids and pre-
treatment liquor were 97% and 76%, respectively. Hence, 
this suggests that an equivalent of 3% and 24% of the glucan 
and xylan in the untreated biomass were degraded to vari-
ous undesired products during the pre-treatment of the bio-
mass, respectively. These carbohydrate recoveries for StEx-
pre-treated SCB are similar to those achieved elsewhere in 

literature at similar pre-treatment temperatures of 205 °C 
and 10 min residence time [6, 19]. The water-insoluble sol-
ids of the StEx-SCB whole slurry were enriched in glucan 
and Klason lignin content, whereas the pre-treatment liquor 
was composed of predominantly hemicellulose-derived total 
sugars (34.0 g/L), acetate (5.87 g/L), formate (0.57 g/L), 
and furan aldehydes (0.958 g/L). Acetate, a product of the 
hydrolysis of the acetyl groups in hemicellulose during StEx 
pre-treatment, was present in the highest quantity in the pre-
treatment liquor, with concentrations similar to that achieved 
in literature for hydrolysis of sugarcane bagasse [22, 23]. 
However, furan derivatives, furfural and 5-hydroxymethyl 
furfural (5-HMF), concentrations generated were lower 
than those reported for  H2SO4 or  SO2-impregnated StEx 
pre-treatment of SCB at similar pre-treatment temperatures, 
suggesting that either lower reaction times or temperatures 
are required for acid-impregnated StEx pre-treatment to limit 
sugar dehydration [24, 25]. Vanillic acid, ferulic acid, p-cou-
maric acid, 3,4-dihydrobenzoic acid, syringic acid, vanillin, 
syringaldehyde, and coniferyl aldehyde were quantified as 
the predominant phenolic compounds in the pre-treatment 
liquor, with their cumulative concentration being 232 mg/L. 
These phenolic compounds typically originate from the acid-
catalysed cleavage of ether and ester linkages in lignin mac-
romolecules of monocots [26].

High solids loading enzymatic hydrolysis (at a high 
enzyme dosage of 40 mg protein/g glucan) of the non-detox-
ified whole slurry generated a hydrolysate with increased 
glucose (80.8 g/L), xylose (33.7 g/L) and acetate (8.11 g/L) 
concentrations due to the enzyme-mediated degradation of 
the structural carbohydrates and soluble oligosaccharides 
(p < 0.05). The formate (0.81 g/L) concentration increased 
slightly whereas, furan aldehyde (0.717 g/L) and phenolic 
compound concentrations (158 mg/L) were slightly reduced 
compared to the pre-treatment liquor, primarily due to 
the addition of water and enzymes during the enzymatic 
hydrolysis (p < 0.05). Based on the total fermentable sugar 
(monomeric glucose + xylose) concentration in the whole 
slurry hydrolysate, a maximum ethanol concentration of 
58.4 g/L (based on a theoretical yield of 0.51 g ethanol /g 
sugar) could be generated from the hydrolysate. This would 
be significantly higher than the minimum recommended eth-
anol concentration (40 g/L) from fermentation to minimise 
energy costs for downstream ethanol recovery. The structural 
composition of AFEX-treated SCB was adopted from [27].

Screening of Industrial Xylose‑Fermenting Yeast 
Strains for Tolerance of Inhibitors in SCB Whole 
Slurry Hydrolysate

The SHCF fermentation profiles for converting the hydro-
lysate obtained from enzymatic hydrolysis of the StEx-
treated SCB whole slurry to ethanol are presented in Fig. 2, 
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and the corresponding fermentation performance parameters 
are presented in Table 2. The non-detoxified hydrolysates 
were generated from 15% w/w solids loading enzymatic 
hydrolysis to attain high initial sugar and inhibitor concen-
trations to simulate the synergistic action of multiple stress 
conditions on xylose utilisation, including inhibitors and 
osmotic stress at the beginning of the fermentation and high 
ethanol stress towards the end of the fermentation [16, 31].

For all four yeast strains, fermentation proceeded well 
with glucose rapidly consumed to completion within 24 h, 
resulting in ethanol concentrations greater than 38 g/L even 
in the presence of acetic acid concentrations of approxi-
mately 8.3 g/L. The fast-initial glucose consumption by 
these strains demonstrated their higher affinity for glucose 
and their robustness for the rapid utilisation of glucose in 
the inhibitor-laden whole slurry hydrolysate. Furthermore, 
all four strains showed slow to no diauxic xylose fermenta-
tion traits given the extended time between sampling points, 

even though xylose was consumed at a slower rate relative 
to glucose [32]. In literature, S. cerevisiae 424A (LNH-ST) 
demonstrated a similar trend, with glucose consumed to 
completion within 24 h and slow xylose fermentation phe-
notype potentially due to the lack of high-affinity xylose 
transporters in the presence of glucose [6].

Overall, the highest xylose consumption, ethanol con-
centration, ethanol metabolic yield, and overall ethanol pro-
ductivity were achieved by  CelluXTM4, reaching 98%, 53.8 
g/L, 92% (based on consumed sugars), and 0.75 g/L/h after 
72 h of fermentation, respectively (Table 2). Fermentation 
with the TP-1 strain was also characterised by high xylose 
consumption (88%) and metabolic yield (89%), with the 
final ethanol concentration reaching 50 g/L. However, TP-1 
required 120 h of fermentation to achieve high xylose con-
sumption and demonstrated a 4.5-fold lower-specific xylose 
fermentation rate (qxylose) compared to  CelluXTM4, suggest-
ing that the TP-1 strain may have lower xylose affinity or 

Table 1  Chemical composition 
of AFEX-treated SCB, StEx-
treated SCB whole slurry, and 
StEx-treated SCB whole slurry 
hydrolysate

Abbreviations: G-OS, glucooligosaccharides; X-OS, xylooligosaccharides; A-OS, arabinoologosaccha-
rides; BDL, below detection limit; SCB, sugarcane bagasse
1 Dry basis

Components AFEX-SCB StEx-SCB pre-treat-
ment whole slurry

StEx-SCB pre-treatment 
whole slurry hydrolysate

Polymeric structural components in solids
 Glucan (g/100g DM)1 39.15 ± 0.88 56.53 ± 2.60 -
 Xylan (g/100g DM)1 24.53 ± 0.44 6.74 ± 0.81 -
 Arabinan (g/100g DM)1 1.34 ± 0.48 0.28 ± 0.06 -
 Acetyl (g/100g DM)1 0.62 ± 0.11 1.44 ± 0.22 -
 Klason Lignin (g/100g DM)1 16.92 ± 0.51 27.14 ± 0.45 -
 Ash (g/100g DM)1 2.88 ± 0.09 3.44 ± 0.65 -
Water soluble structural components in pre-treatment liquor or hydrolysate
 Monomeric glucose (g/L) - 1.05 ± 0.18 80.82 ± 2.21
 G-OS (g/L) - 2.99 ± 0.54 3.10 ± 1.01
 Monomeric xylose (g/L) - 8.62 ± 0.22 33.71 ± 0.96
 X-OS (g/L) - 19.26 ± 3.62 6.02 ± 1.61
 Monomeric arabinose (g/L) - 1.37 ± 0.37 1.15 ± 0.05
 A-OS (g/L) - 0.76 ± 0.34 BDL
 Acetic acid (g/L) - 5.87 ± 0.72 8.11 ± 0.43
 Formic acid (g/L) - 0.57 ± 0.24 0.81 ± 0.07
 Lactic acid (g/L) - BDL BDL
 Furfural (mg/L) - 863.92 ± 85.56 651.33 ± 16.03
 5-HMF (mg/L) - 93.78 ± 22.16 66.00 ± 1.89
 Vanillic acid (mg/L) - 12.20 ± 3.70 10.35 ± 0.73
 Ferulic acid (mg/L) - 29.78 ± 3.34 17.02 ± 1.22
 p-Coumaric acid (mg/L) - 75.61 ± 8.11 60.23 ± 3.34
 3,4-Dihydrobenzoic Acid (mg/L) - 7.01 ± 1.26 2.48 ± 0.61
 Syringic acid (mg/L) - 26.75 ± 3.45 9.61 ± 3.51
 Vanillin - 51.65 ± 0.48 36.82 ± 1.21
 Syringaldehyde (mg/L) - 20.31 ± 1.78 14.38 ± 1.13
 Coniferyl aldehyde (mg/L) - 8.44 ± 0.31 6.81 ± 0.81
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lower ethanol and/or inhibitor stress tolerance phenotypes 
relative to  CelluXTM4. The evolved strains (TP-50 and E50) 
demonstrated lower overall xylose consumption and specific 
xylose consumption rates compared to  CelluXTM4 and TP-1, 
suggesting that these evolved strains might have lost some 
part of their xylose utilisation ability during the course of 
their evolution [15, 33, 34]. As expected, no xylitol forma-
tion was detected from the fermentation runs of all four yeast 
strains, as strains contain XI-xylose pathway.

Figure 3 illustrates the time-based profiles of the furan 
aldehydes (furfural and 5-HMF) during the fermentation 
of the non-detoxified hydrolysate (Fig. 3a–d) and the final 
concentrations of the phenolic compounds quantified at the 
end of the 120 h of fermentation period (Fig. 3e). As shown 
in Fig. 3a–d, all four strains demonstrated near complete 
furfural and 5-HMF detoxification phenotypes within 24h 
of fermentation, indicating that these strains were effective 
in detoxifying furan aldehydes [35].

Traditionally, microbial stresses caused by both furfural 
and 5-HMF inhibit yeast glycolysis, deplete intracellular 
NAD(P)H and ATP pools, and damage intracellular proteins 
[5, 36]; hence, their detoxification during the glucose con-
sumption phase mitigates their effect on the xylose fermenta-
tion capacity of these four industrial strains. When present at 
sub-lethal concentrations, Almeida et al. [37] suggested that 

both furfural and 5-HMF can be reduced by some inhibitor-
tolerant yeast strains to form their furan alcohol equivalents 
(furfuryl alcohol and 2,5-bis-hydroxymethylfuryl alcohol, 
respectively).

Similarly, lignin-derived phenolic aromatic aldehydes, 
viz. vanillin, syringaldehyde, and coniferyl aldehyde, were 
also quantified at significantly lower concentrations after the 
fermentation period for all four yeast strains relative to the 
initial hydrolysate (p < 0.05), as seen in Fig. 3e. Although 
initially present at significantly lower concentrations (0.23 
g/L) relative to furan aldehydes (0.95 g/L) and aliphatic 
acids (> 6.0 g/L), phenolic aldehydes such as coniferyl alde-
hyde and vanillin have previously demonstrated significantly 
higher S. cerevisiae toxicity even at low concentrations [22, 
26]. Hence, these phenolic aldehyde detoxification traits 
suggest that microbial stress due to phenolic aldehydes are 
more limited, allowing these robust strains to exhibit more 
efficient xylose fermentation capacity.

However, apart from  CelluXTM4, there were minor 
increases in the total phenolic aromatic acid (p-coumaric 
acid, ferulic acid, syringic acid, vanillic acid, and 3-4-dihy-
drobenzoic acid) concentration after fermentation rela-
tive to the hydrolysate (p < 0.05). The minor increments 
in p-coumaric acid and ferulic acid were the primary fac-
tors for the higher total phenolic aromatic compound 

Fig. 2  Time profiles for the fermentation of steam exploded and un-
detoxified sugarcane bagasse whole slurry hydrolysate. Fermentation 
used (a) S. cerevisiae TP-1, (b) S. cerevisiae TP-50, (c) S. cerevisiae 
E50, and (d) S. cerevisiae  CelluXTM4 strains. Fermentations were 

performed with an initial inoculum of 1.5 g CDW/L at pH 5.5, 30 °C, 
and a shaking speed of 150 rpm for 120 h. All hydrolysates were sup-
plemented with 0.5% (w/w) corn steep liquor
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concentration. Like the phenolic aldehydes, Larsson et al. 
[38] found that the inhibitory effect of phenolic acids is 
significantly stronger than that of aliphatic acids such as 

acetate and formate. Furthermore, phenolic compounds 
have been shown to increase the toxicity of aliphatic acids 
[17, 39]. As such, these inhibitory compounds within the 

Fig. 3  An illustration of the 
time-based detoxification of 
furan derivatives (furfural and 
5-HMF). (a–d) Furan degrada-
tion during the fermentation of 
steam exploded and un-detox-
ified sugarcane bagasse whole 
slurry hydrolysate using S. cer-
evisiae TP-1, TP-50, E50, and 
CelluXTM4. (e) A comparison 
of the phenolic acid and alde-
hydes before and after fermenta-
tion of the steam-exploded and 
un-detoxified sugarcane bagasse 
whole slurry hydrolysate

(a) (b)

(c) (d)

(e)
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hydrolysate may result in cumulative microbial inhibition, 
detrimentally affecting the xylose-fermentation capacity of 
TP-1, TP-50, and E50 in non-detoxified StEx-SCB whole 
slurry hydrolysate.

Recent research has suggested that hydroquinones (e.g., 
p-benzoquinone) and small aliphatic aldehydes (e.g., for-
maldehyde), which both can be found in high-severity 
steam exploded hydrolysates [40], may have an even more 
pronounced inhibitory effect on S. cerevisiae relative to 
some phenolic acids and aliphatic acids such as acetate [10, 
41]. Hence, future quantification of the phenolic aldehyde, 
phenolic acid, hydroquinone, and small aliphatic aldehyde 
concentrations accumulated in the cells or in the reaction 
medium as a function of fermentation time could provide 
valuable insights of the fate of these products in the pres-
ence of high ethanol and acetic acid concentrations in the 
fermentation of inhibitor-laden hydrolysates [42].

Remarkably, the industrial xylose-capable  CelluxTM4 
and TP-1 strains displayed encouraging SHCF results. Fur-
thermore, the fermentation capacity of the four industrial 
yeast strains used in this work was compared to some of the 
most promising xylose-fermenting yeast strains (ferment-
ing non-detoxified hydrolysates) reported in literature [28, 
29] (Table 2). Among the most efficient xylose-fermenting 
yeasts reported in literature, recombinant S. cerevisiae 
strains RWB218, GS1.11-26, XH7, and LF1 have demon-
strated high xylose consumption (> 80%), ethanol concen-
trations (> 38 g/L), metabolic yields (> 78%), and overall 
ethanol productivities (0.57 g/L/h) in non-detoxified StEx 
generated whole slurry hydrolysates derived from various 
lignocellulosic residues [13, 14, 16]. Despite its low specific 
xylose uptake rate and therefore low overall volumetric pro-
ductivity, TP-1 achieved xylose consumption (88%) akin to 
RWB218, XH7, and LF1 with higher metabolic yields and 
ethanol concentrations.

The results of this work have demonstrated that  CelluXTM4 
can produce volumetric ethanol productivities that were 
2-fold higher than TP-1, while generating xylose consump-
tion, metabolic yield ethanol concentrations higher than those 
demonstrated by RWB218, GS1.11-26, XH7, and LF1. Even 
with a volumetric ethanol productivity only surpassed by 
S. cerevisiae LF1, the results from this work suggest that 
 CelluXTM4 is one of the more promising industrial xylose-
fermenting yeast strains for the efficient conversion of both 
glucose and xylose in inhibitor-laden hydrolysates derived 
from autohydrolysis based pre-treatment technologies such 
as StEx. It must be noted, however, that the direct comparison 
of the fermentation of non-detoxified hydrolysates of various 
strains presented in literature is not trivial due to the differ-
ences in the source of raw biomass, type of pre-treatment, 
pre-treatment conditions, the microbial stress tolerance and 
background of the selected strains, the application of detoxi-
fication methods, and ultimately the levels multiple stress 

factors (e.g., ethanol, sugars, salt content, inhibitors) pre-
sent in the hydrolysates. Regardless, these results generated 
using robust xylose-capable strains indicate a promising leap 
towards using StEx-derived whole slurry material in indus-
trial cellulosic ethanol production processes.

Pre‑Hydrolysis and Simultaneous Saccharification 
and Co‑Fermentation of Un‑Detoxified Steam 
Exploded Sugarcane Bagasse

The S. cerevisiae TP-1 and  CelluXTM4 strains were selected 
from the SHCF screening as the two best-performing strains 
and were subsequently used to evaluate ethanol production 
from StEx-SCB whole slurry compared to AFEX-SCB bio-
mass in PSSCF runs (Table 3, Fig. 4). This would indicate 
how robust strains may effectively bridge the performance 
gap between the lower fermentability of material generated 
using harsher StEx pre-treatment versus the higher ferment-
ability of the less harsh AFEX pre-treated materials. The 
PSSCF runs also evaluated whether the presence of un-
hydrolysed solids in tandem with the pre-treatment derived 
inhibitors would impact the xylose fermentation capacity 
of TP-1 and  CelluXTM4 as was previously reported for S. 
cerevisiae 424A (LNH-ST) [46].

Enzymatic hydrolysis for the PSSCF experiments was 
performed using a more industrially relevant enzyme dos-
age of 20 mg/g glucan (~8 mg/g of untreated dry bagasse) 
using mixtures of CTec2, HTec2, and Pectinex Ultra-SP. 
The sugar, ethanol, and acetate profiles during PSSCF with 
TP-1 and  CelluXTM4 are shown in Fig. 4. After 48 h of pre-
saccharification at the relatively low enzyme loading, the 
reaction mixtures from both the StEx-SCB whole slurry 
and the AFEX-treated SCB solids contained glucose and 
xylose concentrations that were marginally higher than 40 
g/L and 20 g/L, respectively (Fig. 4 a, c). Conversely, the 
acetic acid concentrations in the AFEX reactions flasks were 
about 3-fold lower than the StEx whole slurry flasks. This 
was primarily due to the dominant ammonolysis reactions 
that cleave the ester-linked O-acetyl groups in hemicellulose 
to form acetamide instead of acetic acid during AFEX pre-
treatment [6].

After the inoculation of TP-1, glucose was rapidly con-
sumed within 24 h, with the final ethanol concentration 
reaching 33 and 36 g/L for the StEx-SCB whole slurry and 
AFEX-SCB fermentations respectively, after 144 total reac-
tion time (Fig. 4a, c). Xylose was consumed to near comple-
tion (< 1.5 g/L residual xylose) after 120 h for both experi-
ments, indicating that most of the monomeric xylose that 
was simultaneously released by the hemicellulases from the 
soluble oligomers or the insoluble xylan was consumed the 
TP-1 strain. Similarly, PSSCF carried out with  CelluXTM4 
resulted in the near complete glucose and xylose consump-
tions in both the StEx-SCB and AFEX-SCB whole slurry 
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experiments (Fig. 4 b, d). Moreover, the xylose consumption 
rate and the final ethanol concentrations from  CelluXTM4 
were marginally higher than those achieved with TP-1 (p 
< 0.05), suggesting that the presence of the unhydrolysed 
solids might not have a significant impact on the xylose 
fermentation capacity of both TP-1 and  CelluXTM4. These 
results indicate that both strains were able to effectively 
ferment both StEx and AFEX materials, exhibiting only 
a 3.0 g/L difference in ethanol titres between the different 
pre-treated slurries. This demonstrates that using inhibitor-
resistant yeasts can overcome the inhibitor issues related to 
the fermentability of StEx pre-treated material, closing the 
performance gap between the fermentability of StEx and 
AFEX pre-treated material.

The robust nature of both the S. cerevisiae TP-1 and 
 CelluxTM4 strains were emphasised by their performances 
in StEx-SCB slurry PSSCF fermentations containing ace-
tic acid in access of 6.0 g/L (Fig. 4a, b; Table 2) as com-
pared to sugarcane bagasse fermentations in literature [24, 
45]. Furthermore, both TP-1 and  CelluXTM4 demonstrated 
strong furfural and 5-HMF detoxification phenotypes in the 
PSSCF experiments StEx-SCB whole slurry experiments, 
with both furan aldehydes completely assimilated within 24 h 
after inoculation (data not shown). These results suggest that 
the concentrations of these furan aldehydes in SCB that was 
steam exploded at a pre-treatment severity of 3.94 (200 °C, 
10 min) are likely below the inhibition concentrations for the 
TP-1 and  CelluXTM4 strains. This highlights the robust nature 
of these strains to maintain fermentation ability in the pres-
ence of access lignocellulose-derived microbial inhibitors.

The ethanol titres from the PSSCF fermentations (Fig. 4, 
Table 3), although very promising, remain below the 40 g/L 
concentration required for economical ethanol distillation 
[47]. The overall yields from the non-optimised PSSCF 
strategy used in this work may have been reduced by bio-
mass recalcitrance or inhibition of the hydrolytic enzymes 
by lignin and pre-treatment-derived inhibitors [4] that are 
present in the reaction medium [48–50]. The optimisation 
of the PSSCF process may further improve the ferment-
ability of StEx pre-treated material using the S. cerevisiae 
TP-1 and  CelluXTM4 strains, forwarding the development 
of economical industrial cellulosic bioethanol production 
processes. Nonetheless, even in the presence of potential 
enzyme inhibition, the results of this study demonstrated 
that the use of S. cerevisiae TP-1 and  CelluXTM4 resulted in 
superior StEx-treated whole slurry PSSCF than previously 
reported.

Mass Balances for PSSCF Process

The ethanol yield per tonne of untreated SCB provides a 
metric for quantifying the combined effect of biomass 
recalcitrance, enzyme inhibition, and microbial inhibition Ta
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for various pre-treatment, hydrolysis, and fermentation 
process combinations. The results from the PSSCF experi-
ments using AFEX- and StEx-treated SCB and the inhibi-
tor-tolerant yeast strains TP-1 and  CelluXTM4 were used to 
generate process mass balances and to estimate the overall 
ethanol yield per tonne of untreated SCB (Fig. 5). Owing to 
the absence of significant carbohydrate degradation, AFEX 
only increased the nitrogen content of the pre-treated bio-
mass by approximately 1.5 kg per 100 kg of untreated SCB. 
In contrast, StEx resulted in the recovery of 97% and 76% 
of polymeric glucan and xylan in the whole slurry relative 
to the glucan and xylan content in the untreated biomass, 
respectively, demonstrating a 3% and 24% loss of glucan 
and xylan, respectively, due to sugar degradation during 
StEx pre-treatment. However, the sugar loss to degrada-
tion obtained in this study was lower than that observed in 
Mokomele et al. [6] primarily due to the lower pre-treatment 
severity used during StEx pre-treatment in this study.

Under industrially relevant solids loading and limited 
enzyme loading conditions, the PSSCF of AFEX-treated 
SCB using TP-1 and  CelluXTM4 produced ethanol yields of 
50 and 54% relative to the theoretical maximum estimated 
from the polymeric glucan and xylan input to the PSSCF 
process, respectively. These ethanol yields correspond 
to overall process yields of 234 and 251 L of ethanol per 

tonne of untreated SCB, respectively. These ethanol yields 
achieved for PSSCF of AFEX-treated SCB using both TP-1 
and  CelluXTM4 were lower than those reported previously 
[6]. The lower ethanol yields observed were primarily due 
to (i) the use of older cellulase and hemicellulase generation 
(CTec2 & HTec2 vs CTec3 & HTec3), (ii) lower enzyme 
dosages i.e. 25 mg vs. 20 mg protein per gram glucan, and 
(iii) the higher AFEX pre-treatment severity used in this 
study relative to the study presented by Mokomele et al. [6]. 
Nonetheless, the PSSCF of StEx-treated SCB whole slurry 
generated ethanol yields of 208 and 224 L of ethanol per 
tonne using S. cerevisiae TP-1 and  CelluXTM4, respectively. 
The ethanol yields were lower compared to those achieved 
from the PSSCF of AFEX-SCB, suggesting that carbohy-
drate loss due to degradation during StEx pre-treatment 
could be a decisive factor that needs to be further considered 
to close the gap in yields between AFEX-SCB and StEx-
treated SCB whole slurries. The lower process yields for 
the StEx-treated SCB relative to the AFEX-SCB reveal the 
effect of carbohydrate loss due to sugar degradation during 
StEx pre-treatment; therefore, the fermentability of StEx-
treated SCB is no longer limited by the formation and detri-
mental effects of microbial inhibitors on S. cerevisiae.

To establish commercially viable cellulosic biorefineries, 
a major goal for cellulosic ethanol production is to achieve 

Fig. 4  Comparison of PSSCF of AFEX-treated SCB solids and StEx-
treated SCB whole slurry using S. cerevisiae TP-1 and S. cerevisiae 
CelluXTM4. All the PSSCF experiments were carried out with a 
48-h pre-saccharification at 50 °C followed by a simultaneous sac-

charification and co-fermentation period of 96 h at 35 °C using a total 
solid loading of 15% (w/w), inoculum of 1.8 g CDW/L, and enzyme 
dosage of 20 mg protein per gram glucan. Arrows illustrate the time 
when the yeast cells were inoculated
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Fig. 5  Mass balance com-
parison between PSSCF of 
AFEX-treated and StEx-treated 
SCB fermentations. Compari-
son of the mass balances and 
overall ethanol yield per tonne 
of untreated sugarcane bagasse 
for PSSCF of AFEX-treated and 
StEx-treated SCB using S. cer-
evisiae TP-1 and S. cerevisiae 
 CelluXTM4
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efficient conversion of both hexose and pentose sugars to 
ethanol (high yield per unit of untreated feedstock), high eth-
anol concentrations from fermentation (> 40 g/L), high vol-
umetric productivity, and low enzyme loadings. The ethanol 
yields for the PSSCF of the StEx-treated SCB whole slurry 
using  CelluXTM4 (224 L/Mg RDM) were higher than those 
previously reported by Mokomele et al. [6] using the recom-
binant yeast strain S. cerevisiae 424A (LNH-ST) in SHCF 
(204 L/Mg RDM). As previously discussed, the degradation 
products in the StEx-SCB whole slurry and the fermentation 
metabolites from the glucose-consumption phase limited the 
xylose uptake by S. cerevisiae 424A (LNH-ST) thus achiev-
ing lower ethanol yields even at the higher enzyme loadings 
used in that study. In contrast, the PSSCF of the StEx-SCB 
whole slurry using TP-1 achieved ethanol yields that were 
equivalent to those reported by Mokomele et al. [6] (205 
L Mg/RDM) and also higher than those reported by Mesa 
et al. [44] due to the efficient fermentation of the ferment-
able glucose and xylose released by the hydrolytic enzymes. 
Furthermore, higher volumetric ethanol productivities were 
achieved by the PSSCF experiments relative to the SHCF of 
StEx-treated SCB whole slurries.

Literature reported ethanol yields for AFEX-treated SCB 
range from 272 to 324 L/Mg RDM (Table 3). The PSSCF 
of AFEX-SCB using both  CelluXTM4 and TP-1 produced 
ethanol yields of 234 and 251 L/Mg RDM, which were lower 
than this literature-reported range. These results suggest that 
either SHCF is a more efficient process relative to PSSCF for 
AFEX-treated SCB or that the PSSCF process is limited by 
biomass recalcitrance at low enzyme loadings.

Conclusions

In this study, we evaluated the glucose and xylose fermen-
tation capability of five XI-pathway industrial recombi-
nant yeast strains on StEx-treated undetoxified SCB whole 
slurry hydrolysates. The S. cerevisiae TP-1 and  CelluxTM4 
strains demonstrated high acetate, furan aldehyde, and phe-
nolic detoxification phenotypes, resulting in near complete 
combined glucose and xylose conversion (> 96%) and high 
ethanol concentrations (> 50 g /L) from the fermentation 
of StEx-treated and undetoxified SCB whole slurry hydro-
lysates. Under industrially relevant PSSCF solid loadings 
and low enzyme dosages, both S. cerevisiae TP-1 and 
 CelluxTM4 facilitated the consumption of nearly all the glu-
cose and xylose released by the hydrolytic enzymes, from 
inhibitor-laden StEx-treated SCB whole slurries and inhibi-
tor deficient  AFEXTM-treated SCB biomass. This work dem-
onstrates that TP-1 and  CelluXTM4 are robust strains that can 
efficiently convert both glucose and xylose from inhibitor-
laden autocatalyzed StEx whole slurries into ethanol.
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