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Separated saccharification and fermentation (SHF) of lignocellulose suffers from inhibitions of high-titer
monosaccharides on cellulase activity during hydrolysis step. However, SHF operations are required for the
production of intracellular products to avoid the challenges associated with separating cells from lignin residues.
This study developed an enzyme-free re-hydrolysis strategy to enhance sugar recovery from wheat straw solid
residues after conventional enzymatic hydrolysis. By leveraging the cellulase already adsorbed on the solid
residues, approximately 50 % of the remaining cellulose was hydrolyzed without additional enzyme input. The
liquid fraction from re-hydrolysis was separated and recycled as process water for next round of hydrolysis of
fresh wheat straw, increasing the overall glucose yield to 85.3 + 1.4 % - an improvement of approximately 8.0 %.
After the biodetoxification of hydrolysate, the fermentation efficiencies of intracellular microbial lipid and
single-cell proteins were increased by 17.6 % and 21.0 %, respectively. This closed-loop approach not only
improves hydrolysis efficiency and product synthesis, but also minimized enzyme and water consumption, of-
fering a cost-effective and scalable strategy for lignocellulose-based biorefining.

1. Introduction

Lignocellulosic biomass, the most abundant raw feedstock in nature,
principally comprises cellulose, hemicellulose, lignin and ash [1]. Hy-
drolyzing the lignocellulosic biomass into monosaccharides by cellulase
cocktail and then bio-transforming the sugars into biochemicals or
biofuels are important parts of biorefining [2]. The enzymatic hydrolysis
(saccharification) process is the most critical part of the lignocellulosic
biorefinery process [3].

There are two main different configurations for lignocellulosic bio-
refinery, separated saccharification and fermentation (SHF) and simul-
taneous saccharification and fermentation (SSF) processes [4]. An
obvious advantage of SHF is the possibility to choose the optimal con-
ditions for both enzymatic hydrolysis and fermentation steps as they are
temporally and spatially separated [5]. Nevertheless, the major draw-
backs of SHF are the feedback inhibition on cellulase activity by the
accumulated mono- and di-saccharides and the chances of contamina-
tion, which can reduce the production yield [6]. To overcome these is-
sues, SSF has been proposed, where the hydrolysis and fermentation
occur in a single vessel, and the sugars are fermented immediately so
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that it alleviates the end-product inhibition and improves the hydrolysis
efficiency [3,7]. The major drawback of SSF is finding the compromised
conditions for both hydrolysis and fermentation. Moreover, the lignin
cannot be separated before fermentation, so extra mixing is needed [8].
Both the biocatalyst and fermenting microorganism cannot be recycled
during the SSF process [6]. Therefore, SSF does not apply to the fer-
mentations of intracellular products such as microbial lipid, single-cell
proteins (SCP), or polyhydroxyalkanoates because of the difficulties
associated with lignin residue separation from the cell and intracellular
products. In such cases, SHF is the only reasonable option for biorefinery
fermentations.

Much effort is still needed to make the enzymatic hydrolysis involved
in the SHF process more efficiency [2]. Various strategies have been
proposed to enhance the enzymatic hydrolysis efficiency of lignocellu-
lose in SHF process, such as new bioreactor or process designs [9-11],
optimization of pretreatment process and cellulase mixture [12], addi-
tion of additives [13,14], etc. However, in many conventional hydrolysis
processes, achieving a higher overall sugar yield often requires an
increased cellulase dosage, which can further exacerbate the already
significant cost contribution of enzymes. One method that can reduce
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the cost of hydrolysis is to recycle the cellulase by either separating the
enzymes from the solid or liquid phases, or recycling the solid and/or
liquid phase directly [15]. Liquid recycling is generally combined with
other process steps e.g., elution or concentration [16]. And the free
enzyme recovered from the liquid showed low digestibility due to the
loss of synergistic effect [17]. Direct recycling of enzyme-bound to the
solid residues after enzymatic hydrolysis is an easier operation and more
economical [18,19].

Qi et al. reported that dilute acid pretreated wheat straw showed
lower hydrolysis yield, but adsorbed more cellulase on solid residues
compared to dilute alkali treated sample [20]. Zheng et al. demonstrated
the interaction force adsorption at molecular level and enzymatic ac-
tivity between lignin and cellulase in acid pretreated sugarcane bagasse
[21]. Considering the acid pretreated has been deemed economically
feasible at a larger scale compared to other pretreatments [22], one
possible way is to make use of the residual cellulase enzymes adsorbed
on acid pretreated solid lignocellulose feedstock.

In this study, a cellulase-free re-hydrolysis strategy was proposed.
This involves a second hydrolysis step of the solid residue obtained after
the first enzymatic hydrolysis of acid pretreated wheat straw, without
adding any new cellulase. The liquid fraction from re-hydrolysis was
separated and recycled as process water for next round of hydrolysis of
fresh wheat straw. Clarified hydrolysate containing mixed
lignocellulose-derived inhibitors (furfural, 5-hydroxymethylfurfural,
acetic acid, etc.) was biodetoxified by a unique fungi Paecilomyces var-
iotii FN89. The biodetoxified hydrolysate was further used for microbial
lipid and single-cell proteins by an engineered oleaginous yeast Tricho-
sporon cutaneum MP11. The benefits of this method include (i) maximum
hydrolysis of the unhydrolyzed cellulose component in solid residues
without adding additional fresh cellulase; (ii) improvements in
fermentable sugars yield and production efficiency; (iii) no significant
fluctuation in hydrolysis solids loading, final sugars concentration and
yield in repeated rounds of hydrolysis; (iv) no contamination during the
hydrolysis owing to the presence of inhibitor cocktails which can be
efficiently removed by the consequent submerged liquid bio-
detoxification; (iv) successful application for the production of intra-
cellular microbial lipid and single-cell proteins. This method overcomes
the limiting factors of low sugar yield and fermentation efficiency in SHF
process, facilitating its industrial application.

2. Materials and methods
2.1. Feedstock

The raw wheat straw was collected and coarsely chopped on the farm
(31°9'605'N, 118°12'709"E) in Nanyang city, Henan province, China,
and then milled by a hammer crushing machine through a mesh of 10
mm in diameter. The raw wheat straw contained 34.55 % (w/w) of
cellulose, 21.91 % (w/w) of xylan, 20.36 % (w/w) of lignin and 9.57 %
(w/w) of ash based on dry weight according to the methods described by
National Renewable Energy Laboratory (NREL) report [23].

The milled wheat straw was then pretreated on a pilot scale. The
pretreatment was conducted at a high solid/liquid ratio of 2:1, 175 °C
for 5 min. The acid dosage for pretreatment was determined by a base
pH-approaching method to correct the fluctuating pretreatment effi-
ciency by a simple titration procedure [24]. The dosage of sulfuric acid
catalyst was 4.0-5.0 % (w/w) based on the dry weight of wheat straw.
After pretreatment, the pretreated wheat straw was discharged from the
bottom outlet of the reactor. No aqueous water was released during the
pretreatment, because the pretreated feedstocks absorbed all the free
water (both the acid catalyst solution and the condensed water from
vapor steam). The pretreated feedstocks were in solid particles form
(moisture ~50 % w/w), instead of slurry form. The pretreated wheat
straw contained 298.4 mg/g of cellulose, 56.6 mg/g of xylan, 37.8 mg/g
of glucose, 106.7 mg/g of xylose, 27.2 mg/g of acetic acid, 3.7 mg/g of
5-HMF, 4.0 mg/g of furfural, 465.5 mg/g of lignin, ash and other
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components based on dry weight.

Commercial cellulase Cellic CTec 3HS was purchased from Novo-
zymes (Beijing, China). The filter paper activity (FPA) and protein
content of cellulase was 220.2 FPU/mL and 90.1 mg/mL, respectively,
according to the instructions. The reagents were purchased from Sino-
pharm Chemical Reagent Co., Shanghai, China.

2.2. Strains and culture

Trichosporon cutaneum MP11 strain (CGMCC 20481) was used for
single-cell proteins and lipid production [25]. T. cutaneum MP11 was
obtained from the wild-type strain T. cutaneum ACCC 20271 by
long-term evolution combined with centrifugal enrichment [26].
T. cutaneum MP11 was preserved on yeast extract peptone dextrose
(YPD) plates. The nutrient for single-cell proteins contained 1 g/L of
KH3POy, 1 g/L of MgS04-7H30, and 24 g/L of (NH4)2SO4. The nutrients
for lipid production contained 1.0 g/L of KHyPO4, 0.5 g/L of yeast
extract, 0.5 g/L of MgS04-7H0, and 0.22 g/L of (NH4)2SO4.

Paecilomyces variotii FN89 (CGMCC 17665) was used for the bio-
detoxification of wheat straw hydrolysate [27]. P. variotii FN89 was
preserved on potato dextrose agar (PDA) plates. The seed culture con-
tained 2 g/L of KHyPOy4, 1 g/L of MgS04-7H20, 1 g/L of yeast extract, 1
g/L of (NH4)2S04, and 20 g/L of glucose. No nutrients were added
during the biodetoxification.

2.3. Clarified wheat straw hydrolysate preparation

The pretreated wheat straw was neutralized by adding CaCO3 pow-
der. The saccharification was conducted in a 5-L bioreactor equipped
with a helical impeller (BaoXing Bioengineering Equipment Co., Ltd.,
Shanghai, China). The saccharification lasted at 50 °C, 150 rpm for
24-72 h. The dosage of cellulase for saccharification was 2-4 mg pro-
tein/g substrate (dry weight). The solids loading was 30 % (w/w). The
slurry was discharged from the bottom outlet of the bioreactor after
saccharification, then centrifuged (Beckman J-26XP, Brea, CA) at 8000
rpm for 10 min to remove the solid residues. The supernatant of the
slurry was collected and used for subsequent biodetoxification and
fermentation.

2.4. Fresh cellulase-free re-hydrolysis of solid residues

The solid residues from wheat straw saccharification were collected
by centrifugation, washed and used for re-hydrolysis. The re-hydrolysis
of the solid residues was at 20 % (w/w) solids loading, 50 °C, 200 rpm
for 12 h. No fresh cellulase was added because the solid residues
adsorbed part of the cellulase during the saccharification. The hydro-
lysate of solid residues was centrifuged at 8000 rpm for 10 min, and then
the supernatant was collected to replace part of the process water added
in the next round of saccharification of wheat straw. The hydrolysate
derived from the saccharification of pretreated wheat straw and the re-
hydrolysis of solid residues was centrifuged to obtain the supernatant
and solid residues. The supernatant was sent to biodetoxification and
fermentation, and the solid residues were sent to the next round of re-
hydrolysis, solid/liquid separation and saccharification.

2.5. Biodetoxification

The main inhibitors including acetic acid, 5-HMF and furfural in
clarified wheat straw hydrolysate were removed by the unique bio-
detoxification strain P. variotii FN89. P. variotii FN89 was cultured in
seed medium at 37 °C, 300 rpm for 24 h. The dry cell weight (DCW) of
P. variotii FN89 in seed medium was approximately 0.5 g/L. The seed
culture was inoculated to the hydrolysate at a ratio of 10 % (v/v). The
biodetoxification was conducted at 37 °C, 750 rpm, 1.0 vvm until the pH
of the hydrolysate started to decrease [27]. After the biodetoxification,
the sodium hypochlorite (1.5 g/L) was added to the hydrolysate in order
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to inactivate the biodetoxification strain.

2.6. Single-cell proteins and lipid fermentation

T. cutaneum MP11 was cultured on a YPD plate at 30 °C for 72 h.
Then one colony was picked up, inoculated to 20 mL of fresh YPD liquid
medium, and cultured at 30 °C, 200 rpm for 24 h. The culture broth was
then inoculated into 100 mL of fresh YPD liquid medium at a ratio of 10
% (v/v), and cultured for 24 h as the seed. The seed was inoculated to the
biodetoxified hydrolysate at the ratio of 10 % (v/w). Specific nutrient
salt cocktails were added to regulate the strain’s preference for the
accumulation of single-cell proteins or lipid. The fermentation was
conducted at 30 °C, 600 rpm, 1.0 vvm for 96 h. The fermentation pH was
maintained at 5.0 by automatically adding 2 M HySO4 and 5 M NaOH.

2.7. Yield and titer calculations

The yield of glucose was calculated according to Eq. (1) as follows:

s XX X fi

Glucose yield (%) = (€))

where v (L) is the volume of the hydrolysate; [glu]; (g/L) is the con-
centration of glucose in the hydrolysate after saccharification; [glu]s (g/
L) is the concentration of glucose in the slurry before saccharification; s
(g) is the mass (dry weight) of the pretreated wheat straw used for
saccharification; x; (%) is the content of cellulose in the pretreated
wheat straw; f; is the coefficient for the conversion of cellulose to
glucose, which is 1.11.

The titers of single-cell proteins and lipid were calculated according
to Egs. (2-3) as follows:

cx (v1 —vy) x 14 X 6.25
m

@

Nitrogen content (%) : w =

where w (%) is the nitrogen content of the dry cell mass; ¢ (mol/L) is the
concentration of standard HCI solution for titration, which is 0.0993
mol/L; v; (mL) is the volume of standard HCI solution used for titration;
V5 (mL) is the volume of standard HCI solution used for titration of blank
sample; 14 is the molar mass of nitrogen; 6.25 is the coefficient for the
conversion of nitrogen to protein; m (g) is the dry cell weight.

wXxXm
V3

Single cell protein titer (g/L) = 3)

where w (%) is the nitrogen content of the dry cell mass; m (g) is the dry
cell weight; v3 (mL) is the volume of fermentation broth.

The yields of single-cell proteins and lipid were calculated according
to Eq. (4) as follows:

V4 X C1

Productyield (8/g) = boll,) —ve < (gl — BorTl)

vs x ([glul, + @

where v4 (mL) is the volume of final obtained fermentation broth; c (g/L)
is the titer of single-cell proteins or lipid; vs (mL) is the volume of initial
fermentation medium; [glu]s and [xyl], are the concentrations of sugars
in initial fermentation medium; [glu]s and [xyl]s are the concentrations
of residual sugars in final obtained fermentation broth.

2.8. Analytical methods

The compositions of biomass and solid residues were determined
according to the NREL report [23]. DCW was determined from the dif-
ferences in weight of the dried centrifugation tube with and without
cells. Lipid was extracted and quantified by chloroform-methanol
method after the lysis of cells using a 4 M HCI solution. Glucose,
xylose, acetic acid, 5-HMF, and furfural were determined by HPLC
method [28].
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3. Results and discussion

3.1. Saccharification of wheat straw at higher solids loading led to lower
glucose yield

The saccharification of pretreated wheat straw was conducted at
different solids loadings (15 %, 20 %, 25 %, 30 %, w/w) with the
cellulase dosage of 4 mg protein/g substrate (equivalent to 10 FPU/g
substrate) (Fig. 1). The glucose yield decreased significantly with higher
solids content. When the saccharification was conducted at 15 % (w/w)
and 20 % (w/w) solids loading, the glucose yield reached 96.2 + 1.6 %
and 86.3 + 1.6 % at 48 h (Fig. 1c), while the total sugars (glucose and
xylose) concentration was only 82.4 + 6.2 g/L and 103.4 + 1.0 g/L
(Fig. 1a and b). In order to obtain higher concentration of fermentable
sugars, the saccharification was conducted at 25 % (w/w) and 30 % (w/
w) solids loading, while the glucose yield was only 79.0 £+ 1.5 % and
79.6 + 2.5 % (Fig. 1c). Over 95 % of free glucose was generated in the
first 24 h of saccharification. Prolonging the saccharification period had
limited effect on improving the glucose yield at high solids loadings.

The cellulase dosage for high-solids loading saccharification has
been widely investigated. Ying et al. reported that the glucose yield was
only about 50 % at 20 (w/w) solids loading with the cellulase dosage of
10 FPU/g substrate using acid-pretreated poplar, while the glucose yield
was higher than 80 % with the cellulase dosage of 40 FPU/g substrate
[29]. Unless the accessory enzymes and additives were added, the
cellulase dosages in most studies were more than 10 FPU/g substrate
[30]. Our previous study also indicated that 4 mg protein/g substrate
(10 FPU/g substrate) is the lowest enzyme dosage for the saccharifica-
tion of dry acid pretreated biomass [31,32]. The ineffective mass
transfer has been considered as the major factor that leads to the
decreased hydrolysis efficiency, particularly under high solids loadings
[33]. While intensified mixing is commonly applied to mitigate mass
transfer limitations, it may simultaneously alter other key factors
influencing cellulose hydrolysis [34]. Vigorous mixing can accelerate
the release of glucose, which at high concentrations severely inhibits
cellulase activity. Operating batch hydrolysis under controlled
mass-transfer-limited conditions can enhance sugar yields by reducing
product inhibition [35].

3.2. Proof of the concept for re-hydrolysis of solid residues derived from
saccharification

The reduction in glucose yield at higher solids loading indicated that
there is a large amount of unhydrolyzed fractions in solid residues after
saccharification. The contents of the residual cellulose and xylan com-
ponents in solid residues were determined after 24 h’s saccharification
of pretreated wheat straw at solids loadings of 25 % (w/w) and 30 % (w/
w) (Fig. S1a) (see supplementary materials). The xylose content in the
solid residues is independent of the solids loading, which was less than 2
% (w/w) indicating almost all the xylan was hydrolyzed during the
pretreatment and saccharification. But the contents of unhydrolyzed
cellulose reached 7.6 £ 0.3 % and 8.0 + 0.5 % in the solid residues after
the saccharification at 25 % (w/w) and 30 % (w/w) solids loadings.

In addition to residual cellulose and xylan, the solid residues con-
tained a large amount of lignin, insoluble ash and calcium sulfate [36,
37]. The residual lignin can adsorb part or even most of the cellulase
during the enzymatic hydrolysis through a synergistic effect of multiple
factors, such as hydrophobic electrostatic, hydrogen-bonding interac-
tion forces and enzyme surface polarity, etc. [21]. The solid residues
were therefore further re-hydrolyzed at 20 % (w/w) solids loading for
12 h without adding fresh cellulase in order to improve the hydrolysis
yield of cellulose. The results showed that about 50 % of the cellulose
fraction in solid residues was further hydrolyzed during the
re-hydrolysis (Fig. S1b) (see supplementary materials). Meanwhile, the
hydrolysate derived from the re-hydrolysis of solid residues contained
over 10 g/L of glucose, indicating that the adsorbed cellulase in solid
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Fig. 1. Saccharification of dry acid pretreated wheat straw at different solids
loadings (15-30 %, w/w) with the cellulase dosage of 4 mg protein/g substrate,
equivalent to 10 FPU/g substrate. (a) Glucose concentration; (b) xylose con-
centration; (c) glucose yield. Saccharification conditions: 50 °C, 200 rpm, 48 h.

residues had the complete function to hydrolyze cellulose to glucose.
To utilize the sugars released from the re-hydrolysis of solid residues,
the hydrolysate was collected and solid/liquid separated to obtain the
supernatant. The supernatant was recycled as the process water for the
next round of saccharification of pretreated wheat straw. This bio-
refinery process integrating the saccharification of pretreated wheat
straw and the re-hydrolysis of solid residues is showed in Fig. S2 (see
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supplementary materials). The fermentable sugar concentrations and
glucose yield were determined (Fig. 2). The sugar concentrations and
glucose yield after the saccharification with the re-hydrolysis of solid
residues were increased in all scenarios tested. The glucose concentra-
tion increased by 11.2 % and 9.7 % at the solids loading of 25 % (w/w)
and 30 % (w/w) with the re-hydrolysis of solid residues, and the glucose
yield increased from 78.4 £ 1.6 % and 77.7 + 2.1 % to 87.5 + 0.6 % and
85.3 + 1.4 %, respectively. The total sugars (glucose and xylose) con-
centration reached 138.0 + 1.8 g/L and 175.3 + 4.2 g/L after the
saccharification at the solids loading of 25 % (w/w) and 30 % (w/w),
which were 7.8 % and 8.0 % higher than those without the re-hydrolysis
of solid residues.

The recycling of the supernatant derived from the re-hydrolysis of
solid residues would lead to an increase in the initial sugar concentration
of the saccharification, which may have an impact on the yield of the
next round of the saccharification. The stability of the saccharification of
pretreated wheat straw with the re-hydrolysis of solid residues was
further investigated. Two successive rounds of saccharification of pre-
treated wheat straw, solid/liquid separation, solid residues re-
hydrolysis, and recycling of supernatant were carried out (Fig. 2). The
results showed that after recycling of the supernatant derived from the
re-hydrolysis of solid residues as saccharification process water, the total
sugar concentrations were maintained at 137.5 &+ 0.4 g/L and 175.5 £+
0.2 g/L at the solids loading of 25 % (w/w) and 30 % (w/w) in two
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Fig. 2. Changes in sugar concentration and glucose yield after the saccharifi-
cation with the re-hydrolysis of solid residues. (a) 25 % (w/w) solids loading;
(b) 30 % (w/w) solids loading. Variations of glucose yield were considered
statistically signifcant at *P < 0.05.
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consecutive rounds of saccharification. The slight increase in the initial
sugar concentration during the saccharification did not affect the
glucose yield, which was maintained at 87.3 + 0.1 % and 85.4 + 0.1 %
at the solids loading of 25 % (w/w) and 30 % (w/w) in two consecutive
rounds of saccharification. These results not only demonstrated the good
stability of this method, but also suggested that the saccharification
yield at high solids loading was effectively improved by re-hydrolysis of
the solid residues so that the glucose yield of saccharification at 30 %
(w/w) solids loading was close to that at 25 % (w/w) solids loading.

3.3. Fermentability evaluation of the hydrolysate prepared by re-
hydrolysis of solid residues

The hydrolysate contained various microbial growth inhibitors
generated during the harsh pretreatment process, represented by acetic
acid, 5-HMF, and furfural, which need to be removed prior to fermen-
tation [38]. A submerged liquid biological detoxification (bio-
detoxification) method had been conducted in our previous study [27],
which can efficiently remove these inhibitors while preserving the
fermentable sugars. The hydrolysate prepared at 25 % (w/w) and 30 %
(w/w) solids loading in this study contained 9.7 + 0.2 g/L and 11.0 &+
0.2 g/L of acetic acid, 1.4 + 0.1 g/L and 1.5 £ 0.1 g/L of 5-HMF, 1.3 +
0.1 g/L and 1.6 + 0.1 g/L of furfural, respectively (Fig. 3). The con-
centrations of 5-HMF and furfural in the hydrolysates with different
solids loading (25 % and 30 %, w/w) were not significantly different,
perhaps owing to their volatility and solubility. After the inoculation of
the biodetoxification strain P. variotii FN89 to the hydrolysates, these
three inhibitors were completely removed within 22 h with the loss of
total fermentable sugars less than 1 %. Furfural and 5-HMF can severely
inhibit the activity of glycolytic pathway [39]. P. variotii FN89 can
convert these inhibitors to intermediates, and then entered the core
carbon metabolism pathway for ultimate degradation and energy
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supply, which avoids the consumption of fermentable sugars [40].
P. variotii FN89 can efficiently remove furfural, HMF and acetate, but
degrade phenolic aldehydes slowly [41]. Our previous study showed
that after biodetoxification, the phenolic aldehydes were still in
considerably high levels, with the representative phenolic compounds
4-hydroxybenzaldehyde (HBA), 4-hydroxy-3-methoxybenzaldehyde,
syringaldehyde of 60.21 mg/L, 79.62 mg/L, 30.34 mg/L, respectively,
and the total phenolics content of 690 mg/L [42]. T. cutaneum exhibited
greater tolerance to these phenolic aldehydes than other oleaginous
yeasts (e.g., Rhodosporidium toruloides, Rhodotorula glutinis, and Yarrowia
lipolytica) [42], and was therefore selected for subsequent fermentation.

The biodetoxified hydrolysate was used for intracellular lipid and
single-cell protein production by the engineered strain T. cutaneum
MP11. Under the nitrogen-limited conditions, the oleaginous yeast tends
to accumulate a large amount of lipid [43]. The dosage of ammonium
sulfate was thus set at only 0.22 g/L for cellulosic lipid production
(Fig. 4). All glucose and xylose were consumed by T. cutaneum MP11.
The lipid titer reached 17.1 + 3.1 g/L and 21.1 + 1.1 g/L at 96 h using
25 % (w/w) and 30 % (w/w) solids loading hydrolysate by general
separate hydrolysis and fermentation (SHF) process. The re-hydrolysis
of solid residues improved the initial glucose concentration in hydro-
lysate, and the lipid titer reached 20.2 + 0.9 g/L and 26.2 + 2.0 g/L at
96 h using 25 % (w/w) and 30 % (w/w) solids loading hydrolysate,
which were 16.6 % and 24.2 % higher than that in general SHF process.

Switching the nitrogen limitation condition to a nitrogen excess
condition facilitated the biosynthesis of single-cell proteins by T. cuta-
neum MP11 [25]. The excessive 22 g/L of ammonium sulfate was added
to redirect the biosynthesis from lipid to single-cell proteins (Fig. 5). The
co-produced single-cell proteins and lipid in yeast can serve as a
dual-nutrient components for poultry and aquaculture feeds [44-46].
The synthesis rate of single-cell proteins was higher than that of lipid
during the early stages of fermentation. The highest single-cell protein
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Fig. 3. Biodetoxification of clarified wheat straw hydrolysate. (a) The hydrolysate was prepared using 25 % (w/w) solids loading pretreated wheat straw; (b) the
hydrolysate was prepared using 30 % (w/w) solids loading pretreated wheat straw. Conditions: 10 % (v/v) inoculation ratio, 37 °C, 750 rpm, 1.0 vvm.
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solids loading. Conditions: 10 % (v/v) inoculation ratio, 30 °C, 600 rpm, 1.0 vvm, 0.44 g/L ammonium sulfate.

titer reached 13.1 + 1.3 g/L and 16.7 + 0.4 g/L at 72 h using 25 %
(w/w) and 30 % (w/w) solids loading hydrolysate by the SHF process
with the re-hydrolysis of solid residues, which were 25.2 % and 17.6 %
higher than that in general SHF process. Then the single-cell protein titer
declined after 72 h, and more lipid was accumulated. It was reported
that disproportionately large levels of lipid accumulation in certain
yeasts occurred at the expense of proteins and nucleic acids [47].
Furthermore, the culture aging and autolysis caused by nutrient deple-
tion or higher initial inoculum also led to the decrease in single-cell
protein production in the late stages of fermentation [48]. Finally, the
lipid titer reached 20.9 + 1.1 g/L at 96 h using 30 % (w/w) solids
loading hydrolysate by the SHF process with the re-hydrolysis of solid
residues, which was 31.8 % higher than that in general SHF process. The
observed over 30 % increase in lipid and SCP production is dispropor-
tionate to the modest 9-12 % rise in glucose concentrations. The pro-
duction increase is likely attributable to additional factors present in the
re-hydrolysate, including (1) the presence of difficult-to-detect
fermentable sugars in the hydrolysate (e.g., galactose, mannose, arabi-
nose, xylo-oligosaccharides, or gluco-oligosaccharides), which may not
be fully quantified by HPLC but could be utilized by T. cutaneum [26];
(2) the weak acids present in the hydrolysate (e.g., levulinic acid), which
could serve as additional carbon sources or metabolic stimulants for
fermentation; (3) variations in the concentration of soluble ions in the
hydrolysate after re-hydrolysis, which might influence the fermentation
performance and metabolic efficiency of the strain. Nevertheless, the
exact mechanism remains unclear and warrants further systematic

investigation.

3.4. Overall mass balance

To further characterize the effect of the re-hydrolysis of solid resi-
dues on fermentable sugars yield and production efficiency in bio-
refining process, the overall mass balances were calculated based on the
aforementioned experimental results (Fig. 6). The saccharification and
fermentation were conducted at 30 % (w/w) solids loading. The detailed
material flows are shown in Fig. S3 (see supplementary materials).

The mass balance started from 100 kg (dry weight) of raw wheat
straw, which contained 34.55 kg of cellulose and 21.91 kg of xylan. For
the general SHF biorefining process (Fig. 6a), the raw wheat straw was
pretreated, saccharified, and solid/liquid separated. The obtained clar-
ified hydrolysate contained 21.21 kg of free glucose and 10.32 kg of free
xylose. The solid residues contained 7.28 kg of unhydrolyzed cellulose,
which accounted for 21.1 % of the cellulose mass in raw wheat straw.
The solid/liquid separation was carried out in the laboratory by
centrifugation, so that the moisture of solid residues was up to ~55 %
(w/w), resulting in the loss of partial hydrolysate. The clarified hydro-
lysate was biodetoxified, and then used for lipid and single-cell protein
production. 4.72 kg of lipid was produced under nitrogen-limited con-
ditions, while 3.23 kg of single-cell proteins and 2.24 kg of lipid were
coproduced under nitrogen-excessive conditions.

For the modified SHF biorefining process with the re-hydrolysis of
solid residues (Fig. 6b), the supernatant derived from the re-hydrolysis
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of solid residues was recycled as the process water in the next round of
saccharification, ensuring the sustainable operation of the overall bio-
refining process. The detailed streams are shown in Fig. S3b (see sup-
plementary materials). The results suggested that the re-hydrolysis step
achieved the hydrolysis of 49.5 % of the residual cellulose. The hydro-
lysate derived from solid residues contained 5.09 kg of glucose and 2.34
kg of xylose, which was recovered for the next round of saccharification
process water. The next round of hydrolysate contained 22.64 kg of
glucose and 11.65 kg of xylose, which increased by 6.7 % and 10.0 %
compared to the general saccharification. After the biodetoxification
and fermentation, 5.88 kg of lipid was produced under nitrogen-limited
conditions, with a 24.6 % increase compared to that in general SHF
process. While 3.72 kg of single-cell proteins and 2.31 kg of lipid were
coproduced under nitrogen-excessive conditions, with a 15.2 % increase
in single-cell protein production compared to that in general SHF pro-
cess. In summary, the overall mass balance further demonstrated that
the re-hydrolysis of solid residues effectively increased the hydrolysis
and fermentation yields in lignocellulosic biorefining process. This
strategy is particularly relevant for processes targeting high substrate
concentrations (>30 %, w/w) where product inhibition is the major
bottleneck to achieving high sugar titers and yields. A detailed techno-
economic analysis is crucial for assessing the commercial feasibility of
this strategy, to determine if the added value (increased sugar yield,
higher final sugar titer leading to lower downstream costs) can offset the
added cost of the second cycle (including capital investment for larger
equipment, energy for mixing). However, our present study was not

designed to provide a definitive economic conclusion but rather to
establish a lab-scale proof-of-concept, thereby providing a solid foun-
dation for future research and development in lignocellulosic
bioprocessing.

4. Conclusions

The re-hydrolysis of solid residues without adding fresh cellulase
achieved the hydrolysis of ~50 % (w/w) of residual cellulose to glucose.
The solid residues hydrolysate supernatant was recycled for the next
round of saccharification. The total sugar concentration and glucose
yield were increased by 9.8 % and 8.0 %, respectively, compared to the
general enzymatic hydrolysis process. After the biodetoxification and
fermentation, the lipid and single-cell protein titers were increased by
17.6 % and 21.0 % compared to the general SHF process. This study
improved the fermentation efficiency of SHF process by re-hydrolysis of
solid residues, which facilitates the efficient production of intracellular
bioproducts from lignocellulose.
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