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Abstract
The conversion of Eucalyptus biomass to ethanol via fermentation is beset with challenges including efficient sugar utilisa-
tion, the presence of inhibitors, expensive nutrients, and low yields. To address some of these challenges, this study evaluated 
Thermosacc Dry® and GSF335 xylose recombinant yeast in fermentations using acid pretreated Eucalyptus grandis fibre 
and hydrolysates. These fermentations were supplemented with novel and low-cost nutrients. Contrary to previous reports, 
the inclusion of trace metals in saccharification and hydrolysis fermentations of whole slurries did not eliminate the inhibi-
tory effects of acetic acid. Elevated levels of xylitol and acetic acid suggested a redirection of carbon flux to redress redox 
imbalances in both yeast types. Using GSF335 propagated in xylose-enriched liquors, and Nutri-Plex Plus™, diammonium 
phosphate, or crude dried spent yeast as nitrogen sources, saccharification and hydrolysis fermentations produced ethanol 
yields ranging from 141.4 to 145.6 kg t−1 dry weight E.grandis. Inclusion of yeast hulls and trace metals in simultaneous 
saccharification and fermentations yielded 175.6 kg ethanol t−1 dry weight E.grandis, corresponding to a 64.4% conversion 
efficiency. Results from this study support the use of novel low-cost waste by-products as nutrient supplements in bioetha-
nol production from Eucalyptus biomass. Furthermore, they have implications for the production of bioethanol from other 
lignocellulosic materials and warrant further investigation.

Keywords  Bioethanol · Eucalyptus grandis · Nutrient supplements · Saccharification and hydrolysis fermentation · 
Simultaneous saccharification and fermentation · Xylose fermenting yeast

Abbreviations
CTec 2	� Cellic® CTec 2 cellulase mixture
DSY	� Dried spent yeast
FPU	� Filter paper units
NPP	� Nutri-Plex Plus™
PSSF	� Prehydrolysis and simultaneous saccharification 

and fermentation
SHF	� Saccharification and hydrolysis fermentation
SSF	� Simultaneous saccharification and fermentation
WIS	� Water insoluble solids
WS	� Whole slurries
WSM	� Whole slurries with trace metal additives

YEP	� Media comprising yeast extract and peptone
YH	� Yeast hull
YHM	� Yeast hull with trace metal additives
YPG	� Media comprising yeast extract, peptone, and 

glucose
YPGX	� Media comprising yeast extract, peptone, glu-

cose, and xylose

1  Introduction

Concerns about the availability and escalating demand for 
conventional fossil fuels, and their contribution to global 
warming, are driving research in commercial scale devel-
opment of alternative transportation fuels. Lignocellulosic 
materials are an attractive raw feedstock for biofuel and bio-
based chemical production due to their availability, low cost, 
and potential for mitigating greenhouse gas emissions [1]. 
Despite the attractiveness of lignocellulose as a low-cost 
feedstock for ethanol production, commercial exploitation at 
an industrial scale has yet to be realised. Efficient conversion 
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of lignocellulose to bioethanol via bioprocessing generally 
involves three main stages: chemical pretreatment, enzy-
matic hydrolysis, and fermentation. The pretreatment step 
is crucial in exposing holocellulose for subsequent produc-
tion of hydrolysates containing liberated sugars to support 
fermentation [2].

However, producing bioethanol and commodity chemi-
cals using hydrolysates sourced from lignocellulosics pre-
sents a number of challenges. Hydrolysates produced from 
lignocellulosic biomass are nutrient deficient and contain a 
complex mixture of inhibitors, which adversely affect the 
growth and fermentation capabilities of yeast [3, 4]. For 
example, hydrolysates from Eucalyptus species typically 
contain less than 0.1% total nitrogen, which is more than 
tenfold less than grain mashes used in conventional etha-
nol fermentations [5]. Given that nitrogen is vital for both 
active cell growth and ethanol production, it is crucial that 
lignocellulosic fermentations are supplemented with assimi-
lable nitrogen [6]. Materials abundant in free amino nitro-
gen provide an excellent source of assimilable nitrogen to 
support growth of Saccharomyces cerevisiae yeast during 
fermentation [6, 7].

In addition to supplying free amino nitrogen, proprietary 
yeast extracts and nutrient mixtures provide essential vita-
mins, trace elements, sterols, and unsaturated fatty acids 
for membrane synthesis during fermentation [7]. However, 
use of proprietary yeast extracts and nutrient mixtures is 
prohibitively expensive under industrial settings. Low-cost 
agro-industrial discards potentially provide a viable alter-
native source of free amino nitrogen and crucial nutrients. 
Several studies demonstrate greater yeast activity under high 
gravity fermentation conditions by using low-cost industry 
by-products such as corn steep liquor, spent sulphite liq-
uor, cheese whey, and brewer’s spent yeast [7–9]. The latter 
is noteworthy owing to its similarity to proprietary yeast 
extract nutrient mixtures. Further to this, while significant 
improvements in ethanol yields from addition of brewer’s 
spent yeast to fermentation of maize and cassava mashes 
have been reported [9], prospects for using brewer’s spent 
yeast to improve ethanol yields from lignocellulosic hydro-
lysates have not been investigated.

As advocated by several authors [10–12], low-cost 
agro-industrial discards may also have potential to miti-
gate the effects of inhibitors found in lignocellulosic 
hydrolysates. Inhibitors frequently found in lignocellu-
losic hydrolysates include furan aldehydes and phenolics, 
which originate from the breakdown of sugar and lignin, 
and acetic acid released during hemicellulose deacetyla-
tion [13]. Kelbert et al. [10] demonstrated that addition 
of cheese whey and potassium metabisulfite to Eucalyp-
tus globulus hydrolysates enhanced the tolerance of yeast 
to inhibitors during fermentation. When compared with 
unamended hydrolysates, saccharification and hydrolysis 

fermentations (SHF) and simultaneous saccharification 
and fermentations (SSF) yielded up to 2.3- and 7.4-times 
greater ethanol titres, respectively. The reasons for this 
were not clear; however, the introduction of trace metals 
contained within the two amendments may have played 
a role.

Trace metals such as magnesium, zinc, and calcium have 
previously been reported to counteract weak carboxylic 
acid inhibitory effects on yeast in lignocellulosic fermen-
tations [14, 15]. This is significant because lignocellulosic 
hydrolysates can contain relatively high levels of acetic and 
other carboxylic acids. Supplied at low concentrations, these 
trace metals are critical co-factors for S. cerevisiae growth, 
glycolytic/ethanol metabolic pathway enzyme functioning 
and have been associated with protecting yeast from ethanol 
toxicity and thermal stress [7, 16]. For example, Xu et al. 
[16] reported that adding zinc to culture medium with high 
acetic acid content increased ethanol yield and productiv-
ity by 28% and 67%, respectively. Similarly, inclusion of 
calcium was found to mitigate acetic acid effects leading to 
shorter fermentation times with significantly higher yeast 
viabilities [17]. Ismail et al. [11] likewise found that aug-
menting xylose-enriched medium with Zn, Mg, and Ca trace 
metals appreciably improved resilience of S. cerevisiae to 
acetic acid.

Challenges associated with producing bioethanol from 
lignocellulosic materials are further compounded by the fact 
that lignocellulose sugar streams contain up to 20% pentose 
sugars, which are resistant to fermentation by industrial S. 
cerevisiae [18, 19]. Since economic production of lignocel-
lulosic ethanol is reliant on utilising hydrolysates contain-
ing both C6 hexose and C5 pentose sugars, research efforts 
have predominantly focused on engineering heterologous 
pathways for efficient fermentation of C5 sugars, especially 
xylose [20]. Most metabolic engineering work has focused 
on S. cerevisiae, owing in part to its tolerance to lignocellu-
losic inhibitors, ethanol, and high sugar concentrations, and 
because S. cerevisiae consistently performs under industrial 
settings [19]. However, recombinant xylose-fermenting yeast 
are seldom reported to concomitantly ferment C5 and C6 
sugars economically, with ethanol yields typically falling 
short of those required for viable commercial production 
[19, 20]. Accounts which approach viable targets are gen-
erally restricted to cellulose-enriched hydrolysate liquors 
derived from solid materials devoid of C5 sugars [21]. This 
raises uncertainty concerning the merits of using lignocel-
lulosic-derived C5 sugar-enriched liquors to produce etha-
nol. As an alternative to this approach, Vancov et al. [22, 
23] demonstrated that utilising C5 sugar-enriched liquors 
for propagation of recombinant yeast introduced efficien-
cies into processing, thus improving the viability of using 
recombinant xylose-fermenting yeast to produce ethanol 
from lignocellulosic materials.
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Despite significant progress toward developing tech-
nologies for viable commercial production of ethanol from 
lignocellulosic materials, there remains a need to improve 
procedures for conversion of materials such as eucalyptus 
biomass to ethanol to overcome poor ethanol yields and high 
processing costs [24]. Consequently, this study investigated 
inclusion of novel low-cost nutrient supplements in fermen-
tations of hydrolysates derived from Eucalyptus grandis to 
improve ethanol yields and is the first to report utilisation 
of spent brewer’s yeast with the aim of improving ethanol 
yields from fermentation of lignocellulosic hydrolysates. 
The performance of the industrial Thermosacc Dry® and the 
recombinant xylose-fermenting “GSF335” [25] S. cerevisiae 
strains were also compared using previously unreported fer-
mentation parameter combinations.

2 � Materials and methods

2.1 � Materials

Unless otherwise stated in the text, all chemicals were 
acquired from Sigma Chemical Co. (St. Louis, MO) and 
were of reagent grade or above, including acid and bases, 
antibiotics, antifoam, salts, solvents, and analytical stand-
ards. Novozymes (Denmark) provided the enzyme blend 
Cellic® CTec 2 (CTec 2). Thermosacc Dry® (Thermosacc) 
yeast was supplied by Lallemand (USA), and the recom-
binant GSF335 strain was kindly provided by VIB (Bel-
gium) for use in ethanol fermentations. The GSF335 strain 
is derived from Ethanol Red® and is a xylose fermenting 
yeast selected for its tolerance to lignocellulosic inhibitors 
[25]. Yeast extract and peptone were obtained from AMYL 
Media (VIC, Australia), and Nutri-Plex Plus™ (NPP) was 
supplied by Lallemand Biofuels & Distilled Spirits (GA, 
USA) and used as per the manufacturer’s instructions. NPP 
is a patented yeast nutrient mixture that stimulates yeast 
cell proliferation and viability, promoting efficient ethanol 
fermentations. Diammonium phosphate was acquired from 
EnolTech (Vic, Australia).

Brewer’s spent yeast was sourced from the Stone & Wood 
Brewing Company (Byron Bay, NSW Australia) and used in 
preparation of dried spent yeast (DSY) and yeast hull (YH) 
additives. These additives were prepared by suspending 
brewer’s spent yeast (10% w/v) in milli-Q water and mixing 
at 50 °C at 100 rpms in a glass vessel for 24 h. The resulting 
yeast autolysate was centrifuged for 20 min at 10,000 g to 
separate the DSY into a supernatant fraction and the YH into 
a pelletised fraction with each fraction subsequently freeze 
dried (Telstar Cryodos 50 freeze dryer, Spain) prior to stor-
age. Subsamples of each fraction were also sent to Vintes-
sential Laboratories (Victoria, Australia) for determination 
of free amino nitrogen levels using the NOPA assay.

E. grandis material was sourced and prepared as described 
by McIntosh et al. [24]. Briefly, powdered E. grandis was 
pre-treated in a 2-L Parr reactor (Parr Instruments, USA) 
with dilute H2SO4 at a concentration 4.8 wt% on solids and 
at a biomass to liquid ratio of 1:6 (wt/wt) and the Parr reac-
tor temperature was set to 190 °C held for 15 min. National 
Renewable Energy Laboratory procedures [26] were used 
to determine the composition of pre- and post-treated fibres 
which corresponded to 100% and 70.7% recovery, 38.3% and 
47.8% glucan, 9.6% and 2.9% xylan, and 26.0% and 38.3% 
lignin, respectively.

2.2 � Hydrolysate preparation

Separate enzyme hydrolysis was carried out in 1-L glass 
reactor vessels (Duran GLS80) equipped with an overhead 
stirrer (RZR 2020 Heidolph, Germany). Reactor vessels 
contained 700-g total mass reaction material consisting of 
unwashed pretreated fibre (10% dry weight equivalent), 10 
filter paper units (FPU) CTec 2 g−1 dry weight pretreated 
fibre, and the remainder made up with 20 mM citrate buffer 
(pH 5.0). Whole slurry hydrolysates (WS) were similarly 
prepared except that whole pre-treated slurries, consisting 
of pre-treated solids and liquors adjusted to pH 5.0, were 
used. Enzyme saccharification was undertaken in the reactor 
vessels at 50 °C with a constant stirring speed of 100 rpm 
for 72 h. The recovered hydrolysates were filtered through a 
1.2-µm glass micro-fibre filter and, if needed, were adjusted 
to pH 5.0 using KOH. The resulting solution was chilled for 
12 h to allow fine particles to settle, vacuum filtered through 
a 0.45-µm cellulose nitrate membrane filter, and kept in a 
sterile container at 4 °C for up to 24 h.

2.3 � Yeast inoculum preparation

Routine culturing of Thermosacc and GSF335 yeasts was 
performed in 1-L baffled Erlenmeyer flasks with a YPG 
broth comprising 10 g L−1 yeast extract and 20 g L−1 pep-
tone (YEP) and 20 g L−1 glucose. Both yeasts were grown 
overnight (up to 12 h) at 30 °C on an orbital shaker at 
250 rpm. After growth, cells were harvested by centrifuga-
tion, washed twice, and resuspended in 0.9% sterile saline 
prior to optical density measurements at 600 nm (OD600). 
Dry weight yeast biomass was calculated using OD600 read-
ings against predetermined growth curves adjusted to dry 
weight equivalents according to the equation below:

where x is cell biomass in g L−1 and OD600 is optical density 
at 600 nm.

(1)x =
(OD

600
+ 2.1843)

3.9941
R2 = 0.9417
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Preparation of GSF335 inoculum specifically for use in 
fermentations was similarly undertaken except that glucose 
was substituted with xylose-enriched pre-treatment hydro-
lysate liquors to provide the primary sugar source. Cultures 
were prepared in Erlenmeyer flasks containing 200-mL 
filter-sterilised pre-treatment hydrolysate liquors, YEP, and 
10 mg L−1 tetracycline. Flasks were seeded with GSF335 at 
a rate of 1 g L−1 and incubated at 30 °C on an orbital shaker 
set to 200 rpm. At time intervals specified in the text, 1-mL 
aliquots were withdrawn for analysis of sugars, by-products, 
and ethanol. Yeast cell biomass was determined as described 
above.

2.4 � Separate hydrolysis fermentations

Preliminary SHF experiments were carried out in 120-mL 
serum bottles with silicone crimp-tops, fitted with a water 
trap to release gases and exclude oxygen. The fermentation 
media contained enzyme saccharified water insoluble solids 
(WIS) or WS with YEP and 10 μg mL−1 tetracycline to a 
total volume of 60 mL. Fermentation media were adjusted to 
pH 5.0 with KOH prior to filtration. Yeast strains were also 
fermented with YPGX synthetic media comprising of 10 g 
L−1 yeast extract, 20 g L−1 peptone, 40 g L−1 glucose, and 
20 g L−1 xylose. Fermentations with YPGX functioned as 
the control treatment for the purpose of providing a compar-
ative benchmark for fermentations with WIS and WS treat-
ments. A fourth “WSM” treatment was also included which 
involved adding trace metal supplements to WS hydro-
lysates at the following rates: 0.86 g L−1 MgSO4, 0.052 g 
L−1 ZnSO4, 0.294 g L−1 CaCl2. These levels correspond 
to upper cofactor limits and are recognised for improving 
fermentation performance [6, 7, 11, 27]. Batch SHF were 
initiated by inoculating yeast cells at a rate of 4.0 g L−1, 
followed by sparging with nitrogen for 10 min to provide 
anoxic conditions. The serum bottles were quickly sealed 
with silicon septa crimp tops. Up to four serum bottles were 
coupled to a water trap and incubated at 35 °C on an orbital 
shaker set to 50 rpm. At times denoted in the text, 0.5-mL 
volume samples were withdrawn through the silicon septa 
tops using sterile syringes for quantification of sugars, by-
products, and ethanol. SHF experiments were carried out in 
triplicate and repeated twice.

For nutrient supplement assessments, SHF were under-
taken in Bioflo 110 2.0-L benchtop bioreactors (New 
Brunswick Scientific, USA). The fermentation medium 
consisted of enzyme digested WIS supplemented with the 
following: YEP and 10 μg mL−1 tetracycline, 0.55 g L−1 
NPP, 10 g L−1 DSY, and 300 mg L−1 YH with trace met-
als (YHM) at rates specified above. To minimise slow or 
“stuck” fermentations, yeast assimilable nitrogen levels in 
hydrolysates were adjusted to approximately 400 ppm with 
diammonium phosphate prior to inoculation for SHF with 

YHM. Fermentations were inoculated with GSF335 at a 
rate of 4.0 g L−1 and sparged with nitrogen to expel oxygen 
and establish anoxic conditions. Fermentation mixes were 
adjusted and maintained at pH 5.0 with5 M KOH before 
and during fermentation. The temperature of the bioreactor 
was kept constant at 35 °C while agitation was maintained 
by setting the overhead stirrer speed to 100 rpm. A con-
denser was fitted to the bioreactor head plate to decrease 
evaporation of fermentation broth. To avoid excessive 
foaming and clogging of the exhaust filter, a foam probe 
and antifoam 204 were employed. For determination of 
yeast biomass, sugars, by-products, and ethanol concentra-
tions, 0.5-mL samples were taken at times denoted in the 
text, centrifuged at 8000 g for 5 min, and syringe filtered 
(Sartorius 0.45 μm Minisart®, Germany) prior to analysis.

2.5 � Simultaneous saccharification 
and fermentation

Unwashed fibre was used in all SSF. SSF and pre-hydroly-
sis SSF (PSSF) were carried out in sterile 1-L Duran GLS 
80® glass reactors with a mounted overhead stirrer (RZR 
2020 Heidolph, Germany). The fermentation reaction con-
tained wet pretreated fibre (10% dry weight equivalent), 
1.6 g L−1 diammonium phosphate, and 300 mg L−1 YHM 
with sterile milli-Q water added to achieve a final weight 
of 700 g. The slurry was adjusted to pH 5.0 with 10 M 
KOH before adding 15 mg L−1 tetracycline and 10 FPU 
CTec 2 g−1 dry weight unwashed fibre. Immediately after 
inoculation with GSF335, the reactor was sparged with 
nitrogen and immersed in a water bath held at 35 °C. The 
overhead stirrer speed was set at 100 rpm to maintain agi-
tation of the fermentation mix. For sugar, by-product, and 
ethanol determinations, 0.5-mL samples were collected at 
times denoted in the text, centrifuged at 8000 g for 5 min, 
syringe filtered, and analysed. PSSF were performed in 
a similar manner to SSF, except that pre-hydrolysis was 
performed for 24 h at 50 °C, and fermentation was initi-
ated by adding GSF335 after cooling to 35 °C. GSF335 
was added to all fermentations at a rate of 4 g L−1 and SSF 
and PSSF experiments were carried out in duplicate and 
repeated twice.

2.6 � Fermentation parameter calculations

Maximum specific growth rates were estimated during the 
exponential growth phase, as defined by Jeon et al. [28].

The maximum specific glucose and xylose uptake rates 
(qsmax,) and maximum specific ethanol production rates 
(qpmax,) were analysed during the exponential growth phase, 
and estimated using the following equations:
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where Δs and Δe represent changes in substrate (glucose 
or xylose) and ethanol concentrations across time (Δt), 
respectively, and xav represents the average biomass con-
centration across time. Biomass, substrate (glucose and 
xylose), and ethanol concentrations are denoted by x, s, and 
p, respectively.

Ethanol product yield was calculated using total sugar 
consumption and determined as follows:

where ei and ef are the initial and final ethanol concentra-
tions, and si and sf are the initial and final total fermentable 
sugars (glucose and or xylose) concentrations.

Yeast cell biomass product yield was determined as 
follows:

where xi and xf are the initial and final yeast cell mass, and 
si and sf are the initial and final total usable carbon (glucose, 
xylose, and or acetic acid) concentrations.

Xylitol product yield is defined as the average of the sum 
of produced xylitol relative to cell biomass at sampling and 
is calculated according to the following equation:

(2)qsmax =

(

1

xav

)

(

Δs

Δt

)

(3)qpmax =

(

1

xav

)

(

Δe

Δt

)

(4)Ye∕s =
ef − ei

si − sf

(5)Yx∕s =

[

xf − xi
]

[

si − sf
]

(6)Yxylitol∕x =

[(

xylyitol
/

x

)

t0
+ ......+

(

xylitol
/

x

)

t48

]

n

where xylitol is the amount of accumulated xylitol, x is bio-
mass at specified sampling time point (t0, t2, t4 …. t48), and 
n is the number of sampling points.

Glycerol product yield is defined as the average of the 
sum of produced glycerol relative to cell biomass at sam-
pling time and is calculated according to the following 
equation:

where glycerol is the amount of accumulated glycerol, x is 
the biomass at the specified sampling time point (t0, t2, t4 
…. t48), and n is the number of sampling points.

Acetate product yield is defined as the average of the sum 
of produced acetate relative to cell biomass at sampling time 
and was calculated according to the following equation:

where acetate is the amount of accumulated acetate, x is 
biomass at specified sampling time point (t0, t2, t4 …. t48), 
and n is the number of sampling points.

The ethanol volumetric productivity (EVP) was based on 
the following equation:

where Δe represents the change in ethanol concentrations 
throughout time period Δt.

Ethanol conversion efficiency (%) measures the fermenta-
tion’s efficiency in relation to the starting material and was 
calculated as follows:

where 0.51 is the theoretical yield of ethanol per sugar 
quantity.

(7)Yglycerol∕x =

[(

glycerol
/

x

)

t0
+ ......+

(

glycerol
/

x

)

t48

]

n

(8)Yacetate∕x =

[(

acetate
/

x

)

t0
+ ......+

(

acetate
/

x

)

t48

]

n

(9)EVP =
(

Δe

Δt

)

(10)Conversion eff iciency (%) =
Total ethanol per pretreated substrate

(0.51 ×
[

total C6 + C5 in original material
]

)
× 100

2.7 � Analytical methods

The composition of fermentation and hydrolysate sample 
were analysed and identified using high performance liquid 
chromatography (HPLC). The Waters Empower® software 
was used to operate the HPLC system, which included a sol-
vent supply system (Controller 600 Waters, Milford, MA), 
an auto sampler (717, Waters), and a differential refrac-
tometer (410, Waters). Sugars were detected and measured 

using a Carbo-H guard cartridge (Rezex™) pre-column and 
an RHM-Monosaccharide (7.8 mm × 300 mm, Rezex™) 
column. The RHM column was maintained at 60 °C while 
sugars, acetic acid, furfural, 4-hydroxymethylfurfural, 
and ethanol were eluted using a mobile phase made up of 
degassed milli-Q filtered water containing 0.005 M H2SO4 
at a constant flow rate of 0.6 mL min−1. Retention times 
(RT) of analytical grade standards were used to identify and 
quantify peaks in test samples.
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2.8 � Statistical analysis

To identify significant variations between means, the 
data were analysed using one-way analysis of variance 
(ANOVA) with the real statistics data analysis tool in 
Microsoft Excel (365 ProPlus). A Tukey HSD post hoc 
analysis (α = 0.05) was conducted using the rapid pub-
lication-ready MS word table for one-way ANOVA [29] 
to determine the significance of differences between 
the groups.

3 � Results and discussion

3.1 � Saccharification and hydrolysis fermentation 
with Thermosacc

Substrate utilisation and product profiles of Thermosacc in 
SHF with YPGX, WIS, WS, and WSM are shown in Fig. 1a–d 
and kinetic parameter results are summarised in Table 1. The 
analysis provides information on the maximum specific rates 
of growth, sugar uptake, and includes ethanol titres.

Fig. 1   Fermentation profiles of Thermosacc in (a) YPGX, (b) WIS, 
(c) WS, and (d) WSM and GSF335 in (e) YPGX, (f) WIS, (g) WS, 
and (h) WSM sugar hydrolysates at 35  °C for 48  h. WSM hydro-
lysate supplemented with trace metals (MgSO4·7H2O, ZnSO4, and 

CaCl2) as specified in Sect.  2. YPGX, yeast peptone media + glu-
cose + xylose; WIS, water insoluble solids; WS, whole slurries. Error 
bars denote standard error (n = 6)

Table 1   Kinetic analysis of Thermosacc and GSF335 in YPGX syn-
thetic media, WIS, and WS Ctec 2 digest hydrolysate sugar streams. 
a–dMeans ± standard error in a row without a common superscript let-

ter differ (p < 0.05) as analysed by one-way ANOVA and the Tukey 
test, except for ethanol titre (n = 6)

Kinetic parameters Thermosacc GSF 355

YPGX WIS WS WSM YPGX WIS WS WSM

μmax (h−1) 0.15 ± 0.0 0.05 ± 0.0a 0.01 ± 0.0 0.010 ± 0.0b 0.17 ± 0.00 0.08 ± 0.0 0.04 ± 0.0a 0.05 ± 0.0a

qsmax,glucose (g g−1 h−1) 1.66 ± 0.09a 1.23 ± 0.05c 0.83 ± 0.01d 0.75 ± 0.0d 1.45 ± 0.01b 1.45 ± 0.01b 1.17 ± 0.03c 1.54 ± 0.01ab

qpmax (g g−1 h−1) 0.77 ± 0.01a 0.65 ± 0.02b 0.40 ± 0.0c 0.36 ± 0.01c 0.65 ± 0.02b 0.79 ± 0.02a 0.54 ± 0.02 0.77 ± 0.01a

YE/S (g g−1) 0.47 ± 0.02a 0.47 ± 0.0a 0.43 ± 0.0ab 0.41 ± 0.01b 0.47 ± 0.0a 0.46 ± 0.01a 0.44 ± 0.0ab 0.43 ± 0.01ab

Yxylitol/x (g g−1) 0.07 ± 0.0a 0.04 ± 0.0ac 0.10 ± 0.0 0.23 ± 0.01 0.03 ± 0.0bc 0.02 ± 0.0c 0.06 ± 0.0ab 0.17 ± 0.01
Yacetate/x (g g−1) 0.07 ± 0.0a 0.08 ± 0.01a 0.06 ± 0.01a 0.27 ± 0.01 0.02 ± 0.0b 0.02 ± 0.0b 0.02 ± 0.01b 0.17 ± 0.05
Yglycerol/x (g g−1) 0.36 ± 0.01 0.32 ± 0.0 0.25 ± 0.0a 0.20 ± 0.01c 0.22 ± 0.01b 0.29 ± 0.01 0.20 ± 0.0c 0.23 ± 0.01ab

YE (%) 91.7 ± 2.0a 91.2 ± 0.2a 84.8 ± 0.6ab 79.7 ± 0.9b 91.7 ± 0.6a 90.3 ± 2.0a 86.8 ± 0.3ab 83.5 ± 1.0ab

Ethanol titre (g L−1) 20.9 ± 0.89 19.6 ± 0.04 16.3 ± 0.04 17.1 ± 0.23 27.3 ± 0.07 21.1 ± 0.25 17.2 ± 0.03 17.4 ± 0.56
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Thermosacc readily metabolised glucose in SHF with 
WIS and WS hydrolysates (Fig. 1a–d). During SHF with 
WIS, glucose was completely consumed within 10 h to pro-
duce 19.6 g ethanol L−1. This equates to an ethanol yield 
of approximately 91% which is similar to results reported 
for saccharification and hydrolysis fermentations with 
hydrolysates produced from other eucalyptus species [13, 
24]. Apart from initial glucose uptake and ethanol produc-
tion rates, the kinetic profile of Thermosacc in SHF with 
WIS was statistically similar to SHF with YPGX (Table 1), 
implying that the WIS hydrolysate was relatively free from 
fermentation inhibitors.

Slight differences in final ethanol yields between SHF 
with WIS and SHF with YPGX indicate that sugars in the 
WIS hydrolysate were channelled to unidentified metabo-
lites other than glycerol, xylitol, or acetate. The latter three 
by-product yields per cell biomass were statistically similar 
in both SHF with WIS hydrolysates and SHF with YPGX 
media. Glycerol product yields (Table 1) were significantly 
(p < 0.05) greater in SHF with YPGX and SHF with WIS 
compared with SHF containing WS, and probably signify 
the yeast’s efforts to rectify oxidation–reduction imbalances 
arising from rapid ethanol production (i.e. higher qpmax; 
Table 1) [30]. The apparent co-elution of other fermentable 
monosaccharides on the HPLC column falsely implies that 
Thermosacc readily metabolised xylose in both SHF with 
WIS and SHF with WS (Fig. 1b, c, and d).

Compared to SHF with YPGX and SHF with WIS, μmax, 
qpmax, and ethanol yields were significantly (p < 0.05) lower 
in fermentation with WS and WSM (Table 1), inferring that 
carryover inhibitors in the pre-treatment liquor impacted 
yeast growth and ethanol production, regardless of the addi-
tion of trace metals. Dilute acid pre-treatment is known to 
release chemicals that deleteriously influence downstream 
processes such as enzyme hydrolysis and fermentation [31, 
32]. These inhibitors are formed during the release and 
breakdown of sugars and lignin, namely furans, phenolic 
compounds, and organic acids. However, the relatively low 
level of furan aldehydes in WS hydrolysates, and their lack 
of detection beyond time zero, indicates that they were not a 
factor involved in Thermosacc’s poor performance.

Acetic acid is known to limit yeast growth and ethanol 
production at and above 3 g L−1 [31]. At pH 5, undissociated 
acetic acid (approximately 2 g L−1 at pH 5.0 according to 
the Henderson-Hasselbach equation) lowers intracellular pH 
levels in yeast [33]. To maintain intracellular pH for optimal 
metabolic functioning, yeast cells consume ATP to expel 
H+ ions. Consequently, the diversion of metabolic energy 
significantly lowers specific growth rates, the rate of ethanol 
production, and yield per gram of substrate. In the present 
study, acetic acid concentrations were measured at 5.9 g L−1, 
which indicates that acetic acid was the inhibitory compound 

that most likely affected the performance of Thermosacc 
during SHF (Fig. 1, Table S1).

Interestingly, SHF with WSM accumulated more xylitol 
(up to 1.1 g L−1) toward the end of the fermentation. Presum-
ably this was in response to incomplete xylose metabolism. 
However, as indicated by the results presented in Table 1, 
xylitol and acetate accumulation per cell mass were signif-
icantly (p < 0.05) greater than in SHF with YPGX, WIS, 
and WS. Acetate is normally produced under fermentative 
conditions when S. cerevisiae generates excess NAD+ dur-
ing glycerol biosynthesis. The latter is required to main-
tain redox flux owing to divergent (anabolic) reactions 
[33, 34]. Acetaldehyde is oxidised to acetate under these 
circumstances by NAD+ aldehyde dehydrogenase encoded 
by ALD3, which is primarily activated by salt stress [35]. 
However, the relatively low glycerol product yield observed 
for SHF with WSM (Table 1) indicates that addition of trace 
metals explicitly re-routed carbon flux to sustain redox 
equilibria.

S. cerevisiae contains additional aldehyde dehydroge-
nases which are not only capable of oxidising acetalde-
hydes but function to detoxify inhibitory furans [35, 36]. 
The ALD6 gene of S. cerevisiae encodes for the NADP+ 
dependant cytosolic acetaldehyde dehydrogenase. Expres-
sion of the ALD6 gene is known to be induced by 5-hydrox-
ymethyl furaldehyde and the activity of cytosolic acetalde-
hyde dehydrogenase is known to increase by up to 100-fold 
in the presence of Mg2+ [37, 38]. Thus, in SHF with WSM, 
an apparent redox imbalance may have been triggered by 
ALD6 activation and subsequent oxidation of acetaldehyde 
to acetate to produce excess NADPH. This excess NADPH 
was then likely balanced by xylose reduction to xylitol via 
aldose reductase, a reaction that effectively acts as a redox 
sink but embodies a futile carbon flux. Other than accumula-
tion of xylitol and acetate, the net effect of this was signifi-
cantly less ethanol (Table 1).

Contrary to studies reporting that fermentation media 
supplemented with zinc negates acetic acid inhibition and 
improves carbon flux to ethanol [11, 27], during this study 
addition of zinc to SHF with acetic acid laden hydrolysates 
did not improve the performance of Thermosacc yeast. Pre-
sumably, anticipated benefits of trace metal additions to SHF 
with WS were dominated and masked by factors as discussed 
above which led to high levels of xylitol and acetate.

3.2 � Saccharification and hydrolysis fermentation 
with GSF335

Fermentation profiles for GSF335 in SHF with YPGX 
synthetic media and WIS, WS, and WSM hydrolysates are 
shown in Fig. 1e–g and an analysis of kinetic parameters 
measured during fermentation is summarised in Table 1. 
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Consistent with Thermosacc SHF, glucose in WIS was rap-
idly fermented by GSF335 within 10 h, producing 21.1 g 
ethanol L−1, equivalent to an ethanol yield of 90.3%. Despite 
significant differences in growth rates observed between 
SHF with YPGX and SHF with WIS, the kinetic charac-
teristics of GSF335 were similar to Thermosacc (Table 1). 
Although xylitol and acetate were continuously detected 
after 8 h, their concentrations in SHF with WIS were sig-
nificantly lower than Thermosacc at the same time point 
(Fig.  1), confirming that GSF335 fermented xylose to 
ethanol.

Growth of GSF335 in SHF with WS and SHF with WSM 
was considerably slower than in SHF with YPGX, with up 
to three to four times lower μmax in SHF with WSM. As 
was the case for Thermosacc, high acetic acid levels of up 
to 5.9 g L−1 (Table S1) in SHF with WS most likely had an 
adverse effect on growth of GSF335 and consequently, etha-
nol yields. In SHF without trace metal addition, glucose was 
exhausted by 10 h to produce ethanol titres of 17.2 g L−1, 
which is equivalent to an ethanol yield of 86.8%. Likewise, 
in SHF with WSM, glucose was mostly consumed within 
10 h and ethanol titres averaged 17.4 g L−1, representing 
an ethanol yield of 83.5%. While ethanol yields were not 
significantly different to those for SHF with Thermosacc, 
glucose utilisation and ethanol production rates (qpmax) were 
notably higher in all SHF with GSF335 (Table 1), as indi-
cated by more rapid declines in glucose levels and produc-
tion of ethanol within the first 8 h (Fig. 1c, d, g, and h). 
These results support the notion that recombinant GSF335 
is better suited to fermenting biomass hydrolysates than non-
recombinant S. cerevisiae, owing to its xylose to ethanol 
metabolic flux capacity and also possibly its tolerance to 
inhibitors. This is further supported by significantly lower 
xylitol and acetate product yields (Table 1) observed for 
SHF with GSF335relative to SHF with Thermosacc. How-
ever, incomplete xylose utilisation and lower ethanol yields 
in SHF with WS and SHF with WSM were also observed. 
This might be explained by previous findings indicating that 
high acetic acid levels diminish the xylose fermentation per-
formance of recombinant yeast [39, 40].

Ismail et  al. [11] reported that ethanol yields and 
acetic acid tolerance of recombinant xylose fermenting 
S.cerevisiae increased with the addition of trace metals to 
xylose-enriched synthetic media. However, this was not 
observed during the present study. In fact, the addition of 
trace metals in the SHF with WSM treatment negatively 
affected the performance of GSF335, resulting in lower 
ethanol titres compared to SHF with WIS and SHF with 
WS. This may have been due to a persistence of futile 
xylose carbon flux in GSF335, which was unexpected. An 
apparent accumulation of xylitol also indicates that the 
ability of GSF335 to metabolise xylose to ethanol under 
high acetic acid levels may have been impaired despite 

trace metals being present. Supplementation with Mg2+ 
may be double-edged, in so far as Mg2+ being a requi-
site for Lachnoclostridium phytofermentans recombinant 
xylose isomerase (XI) activity in GSF335 [41] and its 
native ALD6 aldehyde dehydrogenase. Although xylitol 
marginally inhibits the recombinant XI in GSF335 [41], 
the possibility of protracted low-level suppression of XI 
as xylitol accrues cannot be ruled out. Coupled with the 
effects of high acetate levels, xylose flux may have shifted 
away from ethanol in favour of xylitol and acetate produc-
tion in SHF with WSM. Although supplementary trace 
metal addition to lignocellulosic hydrolysates does not 
appear to benefit ethanol productivity and/or yields from 
recombinant xylose fermenting yeast such as GSF335, 
there is some evidence to indicate value (e.g. high ini-
tial glucose uptake and ethanol production) in trace metal 
addition which warrants further investigation.

3.3 � Propagation of GSF335 in xylose‑enriched 
prehydrolysate

GSF335 recombinant yeast was propagated in xylose-
enriched prehydrolysate liquors as outlined in Sect. 2.3. 
The intent of cultivating inoculum in prehydrolysates is to 
pre-adapt yeast and hasten lignocellulosic fermentation [42], 
thus providing cost savings.

The proficiency of GSF335 to propagate under aero-
bic batch culture conditions in undiluted prehydrolysate 
E. grandis liquor is shown in Fig. 2. Almost all sugars 
and acetic acid were consumed within 24 h, represent-
ing about 98% of the total usable carbon (TUC), to pro-
duce approx. 9.9 g L−1yeast biomass. This corresponds 
to a yield (Yx/s) of 0.42 g yeast g−1 TUC, equating to a 
productivity of 0.41 g L−1  h−1. The observed biomass 
yield was also equivalent to 45.4 kg t−1 dry weight E. 
grandis. Extending growth beyond 24 h did not signifi-
cantly increase yeast biomass. Although xylitol was not 
detected, significant ethanol and trace amounts of glyc-
erol were produced during the initial stages, with the for-
mer exceeding expectations.

Yeast produced ethanol rather than biomass under aero-
bic conditions when glucose concentrations are > 1.0 g L−1. 
This phenomenon is known as the “Crabtree effect” [6]. As 
indicted in Fig. 2, initial prehydrolysate liquor glucose and 
xylose concentrations were 5.8 g L−1 and 14.7 g L−1, respec-
tively. At the 10-h measurement point, glucose and xylose 
(5.7 and 14.2 g L−1, respectively) were completely consumed 
to produce 7.4 g L−1 ethanol and 2.9 g L−1 yeast biomass 
(Fig. 2). The theoretical ethanol yield from the 5.8 g L−1 glu-
cose is only 3.0 g L−1 (0.51 conversion factor); thus, ethanol 
yields above this amount can be attributed to conversion of 
xylose to ethanol by GSF335. This apparent redirection of 
xylose away from yeast growth and toward production of 
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ethanol is consistent with previous observations of GSF335 
propagation in prehydrolysate liquors from cotton gin trash 
[22, 23]. With the exhaustion of sugars by 10 h, GSF335 
began to assimilate and deplete accrued ethanol and acetic 
acid. Given the inefficiency of ethanol re-assimilation (a loss 
of 1 ATP molecule) [43], the relatively low yield of yeast 
biomass was not entirely unexpected.

Moderating input sugar concentration, or the spe-
cific growth rate of GSF335 below a certain critical 
value, by using a fed-batch fermentation approach could 
potentially mitigate the Crabtree effect to improve yeast 
biomass production. However, this requires further 
study. Judicious addition of cellulases and xylanases, 
to increase monomeric sugar levels in prehydrolysate 
liquors used to propagate yeast, may also improve pro-
duction of yeast biomass.

3.4 � Saccharification and hydrolysis fermentation 
with nutrient supplements

Based on its ethanol fermentation performance, GSF335 was 
selected for further assessment of nutrient supplements in 
SHF with WIS. Diammonium phosphate was used as a nitro-
gen source in SHF supplemented with yeast hulls and trace 
metal supplements were added or omitted for comparison. 
Fermentations were pitched with GSF335 inoculum cultured 
in xylose-enriched pretreatment liquors. A summary of the 
main fermentation kinetic analyses and SHF profiles is pre-
sented in Table 2 and Fig. 3, respectively.

Generally, GSF335 fermentation profiles in WIS hydro-
lysates augmented with different nutrient supplements 
appeared to be similar (Fig. 3). Excluding NPP and M, most 
SHF displayed rapid consumption of glucose within 6 h with 

Fig. 2   Aerobic propagation of 
GSF335 in undiluted eucalyptus 
prehydrolysate liquor as growth 
medium. Error bars denote 
standard error (n = 4)

Table 2   Fermentation kinetic profiles of GSF335 in WIS enzyme 
digested hydrolysate sugar streams supplemented with different 
nutrients (as specified in Sect.  2). YEP, yeast extract plus peptone; 
NPP, Nutri-plex plus™; M, trace metals (MgSO4·7H2O, ZnSO4, 

and CaCl2); DSY, dried spent yeast; YH, yeast hulls; YHM, yeast 
hulls + trace metals. a–cMeans ± standard error in a row without a 
common superscript letter differ (p < 0.05) as analysed by one-way 
ANOVA and the Tukey test, except for ethanol titre (n = 4)

Kinetic parameters WIS

YEP NPP M DSY YH YHM

μmax (h−1) 0.08 ± 0.0a 0.04 ± 0.0b 0.04 ± 0.0b 0.09 ± 0.01a 0.07 ± 0.0a 0.04 ± 0.01b

qsmax,glucose (g g−1 h−1) 1.44 ± 0.02a 1.05 ± 0.0 0.89 ± 0.03 1.42 ± 0.02a 1.34 ± 0.06a 1.47 ± 0.01a

qsmax,xylose (g g−1 h−1) 0.13 ± 0.01a 0.09 ± 0.0c 0.08 ± 0.0c 0.15 ± 0.0a 0.13 ± 0.01a 0.11 ± 0.01b

qpmax (g g−1 h−1) 0.78 ± 0.02 0.52 ± 0.01b 0.50 ± 0.01b 0.67 ± 0.02a 0.65 ± 0.02a 0.70 ± 0.0a

YE/S (g g−1) 0.48 ± 0.01 0.46 ± 0.0a 0.45 ± 0.0a 0.45 ± 0.0a 0.45 ± 0.0a 0.45 ± 0.0a

Yx/s (g g−1) 0.04 ± 0.0a 0.02 ± 0.0b 0.03 ± 0.0ab 0.06 ± 0.01 0.0 ± 0.03ab 0.02 ± 0.0b

Yglycerol/x (g g−1) 0.29 ± 0.01b 0.26 ± 0.0 0.31 ± 0.0b 0.37 ± 0.01 0.34 ± 0.01a 0.34 ± 0.01a

YE 93.2 ± 1.71 90.3 ± 0. 72a 89.0 ± 0.11a 88.8 ± 0.49a 88.8 ± 0.26a 88.8 ± 0.12a

Ethanol titre (g L−1) 21.1 ± 0.25 20.6 ± 0.15 20.0 ± 0.06 20.0 ± 0.04 20.2 ± 0.02 20.0 ± 0.01
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concomitant xylose use after 4 h, leading to rapid increases 
in ethanol titres. Fermentation kinetics (Table 2) reinforces 
these observations with significantly higher initial sugar 
uptake (qsmax) and ethanol production (qpmax) rates noted in 
YEP, DSY, YH, and YHM treatments. Although the reasons 
for this are not clear, it appears that during the latter three 
nutrient amended SHF sugar flux may have been redirected 
toward co-metabolite and biomass production. Indeed, sig-
nificantly higher biomass and glycerol product yields were 
observed in DSY supplemented fermentations (Table 2). In 
this instance, DSY induced faster cell growth (μmax) and 
likely altered the NAD+/NADH redox status. As mentioned 
above, yeast typically restores redox equilibria via glycerol 
production [34, 44]. Fermentations with yeast hulls with or 
without trace metals likewise generated significantly higher 
glycerol product yields than SHF with YEP. Fermentations 
with YEP yielded marginally higher ethanol titres (21.1 g 
L−1) and yields (93.2%) compared to other nutrient aug-
mented SHF.

Unlike SHF described in Sect. 3.2, addition of trace met-
als did not increase xylitol or acetate levels. In fact, only 
trace amounts of xylitol were detected, while acetic acid 
concentrations were comparatively low and similar across 
all nutrient augmented fermentations (Fig. 3). Presuma-
bly, initial acetic acid and xylose levels in the hydrolysate 

fermentation media were too dilute to trigger futile xylose 
cycling. Fermentations supplemented with trace metals 
alone did, however, show significantly lower initial sugar 
uptake and ethanol production rates. The reasons for this 
are not clear but may be related to suboptimal growth fac-
tor (viz. vitamin cofactors, ergosterol, and fatty acids) con-
centrations in the media. The metabolic implications for 
yeast cells having to synthesise these de novo are the diver-
sion of energy and metabolites away from cell biomass and 
ethanol production [45].Though small in magnitude, the 
impact of this was evident in the results which indicated 
significantly lower ethanol yields and cell productivities 
(Table 2). This scenario could equally apply to other nutri-
ent supplemented SHF because they are not as nutritiously 
inclusive as YEP [12, 46].

The fermentation performance of GSF335 in SHF con-
taining YEP was notably better than SHF with other nutrient 
adjuncts. This is consistent with studies which have found 
that higher levels of free amino acid and amino acid type 
in yeast extracts facilitate rapid protein synthesis owing to 
direct assimilation instead of deamination and resynthesis 
[3, 47]. Despite significant differences in kinetic param-
eters (Table 2), diammonium phosphate, NPP, and DSY 
amended SHF had similar ethanol yields. If the entire pre-
treatment and fermentation process is considered inclusively, 

Fig. 3   Bio-flow 110 fermentation profiles of GSF335 in WIS hydro-
lysates at 35  °C for 48  h supplemented with (a) yeast extract plus 
peptone (YEP), (b) nutri-plex plus™ (NPP), (c) trace metals (M), 
(d) dried spent yeast (DSY), (e) yeast hulls (YH), and (f) yeast 

hulls + trace metals (YHM). Trace metals (MgSO4·7H2O, ZnSO4, and 
CaCl2) at concentration specified in Sect. 2. Error bars denote stand-
ard error (n = 4)
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differences in ethanol efficiencies and titres may diminish 
and become irrelevant under industrial conditions owing to 
scale-up and handling losses.

Accounting for monomeric sugar loss during pretreat-
ment and enzyme saccharification, estimated ethanol titres 
per tonne of dry E. grandis for SHF with YEP, NPP, trace 
metal only, DSY, YH, and YHM supplements were 149.5 kg, 
145.6  kg, 141.4  kg, 141.4  kg, 142.6  kg, and 141.4  kg, 
respectively. These yields equate to conversion efficiencies 
of between 51.9 and 54.8% t−1 dry weight E. grandis, or 
69.5% and 73.5% based on recovered pretreated fibre. These 
results are comparable to reported studies examining the 
use of other low-cost nutrients in eucalyptus-based fermen-
tations. For example, supplementation with an optimised 
nutritional mixture comprising of corn steep liquor, cheese 
why powder, yeast extract, urea, and K2O5S2 in SHF with 
hydrothermally pretreated E.globulus yielded ethanol titres 
of 39.6 g L−1 and 39.7 g L−1 after 120-h and 72-h fermen-
tations [10, 47]. Although these ethanol titres are notably 
better than those attained in this study, the former benefited 
from greater fibre and cellulase/xylanase loads during SHF 
media preparation and included intrinsic fermentable sugars 
in the nutrient mixture. Even so, the theoretical conversion 
efficiencies of 52.5% and 54.2%, based on holocellulose 
content per tonne dry weight raw eucalypt, were less than 
observed for SHF during the present study.

3.5 � Simultaneous saccharification 
and fermentation with pretreated fibre

SSF and PSSF were conducted with WIS to evaluate the 
value of YHM supplements under simulated industrial fer-
mentation conditions. The YHM combination was selected 

for further study based on its low cost, reported ability to 
mitigate inhibitors [15–17], and potential for fast fermenta-
tion (high glucose uptake and qpmax; Table 2).

Fermentation profiles for the SSF and PSSF with GSF335 
are shown in Fig. 4. During SSF, GSF335 rapidly metabo-
lised residual glucose and xylose to produce 11.6 g L−1 etha-
nol within 12 h. Continuous fermentation of glucose and 
xylose by GSF335 prevented cellulase substrate inhibition, 
and ethanol production extended up to 144 h, peaking at 
25.1 g L−1. In PSSF, initial prehydrolysis (24 h) produced 
29.6 g L−1 glucose (Fig. 4b) which was promptly consumed 
within 12 h (at 36 h). Thereafter, GSF335 incrementally 
fermented xylose. The ethanol volumetric productivity for 
PSSF 12 h after inoculation achieved 1.68 g L−1 h−1 while 
SSF produced only 0.97 L−1 h−1 within the same period. 
The slow rate of ethanol production during SSF was prob-
ably due to a lower concentration of free glucose and xylose 
resulting from inadequate cellulase hydrolysis at 35 °C. 
Nonetheless, despite similar final volumetric productivities 
of 0.17 g L−1 h−1 for SSF and PSSF, SSF achieved a higher 
ethanol titre and theoretical yield of 74.0%, whereas PSSF 
produced ethanol titres and yields of 24.3 g L−1 and 71.8%, 
respectively.

Based on mass data, ethanol yields for SSF and PSSF 
configurations were estimated at 175.6 and 170.4 kg t−1 dry 
weight raw E. grandis, respectively. The ethanol conversion 
efficiency per tonne dry weight E. grandis for SSF and PSSF 
was 64.4% and 62.5%, respectively, and was calculated rela-
tive to fermentable holocellulose sugar content. The lower 
than anticipated conversion and ethanol yields for the PSSF 
can be attributed to sugar losses during pretreatment. Sub-
optimal conditions created by compromising temperature 
to 35 °C and ethanol accrual during fermentation may also 

Fig. 4   Fermentation profiles of GSF335 in (a) SSF and (b) PSSF con-
figurations with 10% (dry weight equivalent) unwashed pretreated 
fibre, 10 FPU CTec 2 g DW.−1, at 35 °C for 144 h. For PSSF, the ini-
tial 24-h hydrolysis was conducted at 50 °C. Dashed vertical lines (b) 

correspond to GSF335 inoculation and commencement of fermenta-
tion at 35 °C. Each data point indicates the mean of two independent 
runs with duplicates included within reach run. Error bars in repre-
sent standard error (n = 4)
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have diminished cellulase and yeast activity [48, 49]. None-
theless, ethanol titres and conversion efficiency were notably 
higher than for SHF (Fig. 3), but slightly lower than reported 
for previous studies of SSF using eucalyptus hydrolysates 
supplemented with low-cost nutrients.

Kelbert et al. [10, 47] described ethanol titres of 50.4 
and 54.0 g L−1 in SSF with hydrothermally treated E. 
globulus supplemented with a nutrient mixture contain-
ing an undefined level of fermentable sugars. The latter, 
coupled with higher fibre and cellulase/xylanase loads in 
the SSF, would have greatly influenced final ethanol titres. 
Estimated ethanol yields were 231.1 and 242 kg t−1 dry 
weight E. globus, equating to cellulose and holocellulose 
conversion efficiencies of 91.2% and 66.8% [10] and 85.0% 
and 70.0% [47], respectively.

Cunha et al. [50] reported an ethanol titre of 93 g L−1, 
equating to an ethanol yield of 94% in SSF containing 25% 
pretreated E. globulus mixed with cheese whey powder 
and high enzyme loads (cellulase and β-galactosidase). 
Besides serving as a low-cost nitrogen source, high lactose 
levels (60%) in the cheese weigh powder boosted ethanol 
production. If considered on a dry tonne basis, the mixture 
(comprising 10.6% cheese weigh powder) would yield a 
final ethanol titre of 346 kg with a theoretical conversion 
of 65.3%.

In all reported E. globulus studies, use of high cellulase 
and auxiliary enzymes during SSF coupled with added 
fermentable sugars resulted in ethanol titres beyond yields 
anticipated from eucalyptus fibre alone. This raises the ques-
tion as to whether these additives increase processing costs 
and potentially negate gains in ethanol yield.

4 � Conclusion

The findings of this study demonstrate the potential for 
using low-cost nutrient supplements sourced from agro-
industrial discards in place of more expensive proprietary 
yeast extracts and nutrient mixtures for producing ethanol 
from lignocellulosic materials. Dried spent brewer’s yeast 
and yeast hull with trace metals performed as well as other 
additives during saccharification and hydrolysis fermenta-
tions. However, the combination of simultaneous sacchari-
fication fermentations with the yeast hull and trace metal 
combination delivered the best result, producing 175.6 kg 
ethanol equivalent to a conversion efficiency of 64.2% t−1 
dry weight E.grandis.

Additionally, the study supports previous research which 
highlights the potential for utilising xylose-enriched pre-
treatment hydrolysates to cultivate xylose fermenting recom-
binant yeast strains to improve efficiencies in ethanol pro-
duction. However, the study also found that supplementing 

xylose- and acetic acid-enriched hydrolysates with trace 
metals may alter the yeast’s redox balance during fermenta-
tion, consequently redirecting carbon flux from ethanol to 
production of other metabolites.

To progress on the work undertaken during this study, 
future research should focus on evaluating the dried spent 
brewer’s yeast and yeast hull with trace metals combinations 
in pilot scale fermentations to assess commercial viability. 
Future research should also focus on improving understand-
ing of how trace metal additions affect the metabolic func-
tions of xylose fermenting recombinant yeast propagated in 
crude pretreatment hydrolysate liquors.
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