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Abstract 

Background: Autohydrolysis is an extensively investigated pretreatment method due to its environmental friendli-
ness. During autohydrolysis, most xylan from hemicellulose can be converted into xylooligosaccharides (XOS), and 
cellulose in the autohydrolyzed residues can be transformed into glucose after enzymatic hydrolysis. Both of these 
are value-added biochemicals in the biorefining process. In this work, paper mulberry (PM), which contains abundant 
protein, was utilized as a raw material to coproduce XOS and single-cell protein (SCP) through autohydrolysis and 
fermentation technologies.

Results: The results showed that 8.3 g of XOS and 1.8 g of amino acids could be recovered in the autohydrolysate 
(based on 100 g raw material) after autohydrolysis (170 °C, 1 h). Moreover, 5.7 g of low-DP XOS along with 1.8 g of 
amino acids could be further obtained from the autohydrolysate after hydrolysis with endo-β-1-4-xylanase. In addi-
tion, 20.1 g of fermentable monosaccharides was recovered after hydrolyzing the autohydrolyzed PM with cellulase, 
which can be used to produce 4.8 g of SCP after fermentation with Candida utilis.

Conclusion: As a valuable application of PM, a novel process is proposed to coproduce amino acid-rich XOS and SCP 
through autohydrolysis. The carbohydrate of PM is effectively converted to high value-added products.
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Background
Paper mulberry (Broussonetia papyrifera, PM), a hard-
wood from the Moraceae family, is widely distributed 
in East and South Asia and exhibits fast growth, ease of 
breeding, strong tillering ability, and pruning resistance 
[1, 2]. In East Asia, the plant cortex of PM is widely used 
as a raw material for paper manufacture [3], and the fruit 

from PM is used as a traditional medicinal for its phar-
macological effects such as antioxidant [4], anti-inflam-
matory [4], and immunomodulation activities [2], and as 
a treatment for Alzheimer’s disease [5]. Additionally, the 
leaves of PM are ensilaged for livestock farming due to 
their rich dietary fiber. However, the branches and twigs 
remain unutilized components of PM. Interestingly, these 
branches and twigs contain not only cellulose, hemicel-
lulose and lignin as regular lignocellulosic biomasses but 
also abundant protein. Hence, the branches and twigs of 
PM are attractive substrates for the biorefinery process to 
obtain hemicellulose and cellulose as high-value products 
as well as providing other biomass [6]. However, it is dif-
ficult to effectively separate hemicellulose from cellulose 
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due to their compact structure. Therefore, an appropriate 
pretreatment method is necessary for the coproduction 
of amino acid-rich XOS and fermentable monosaccha-
rides from PM. Through pretreatment, most of the xylan 
in the hemicellulose can be converted into value-added 
chemicals such as xylooligosaccharides (XOS) and xylose, 
and the cellulose can be enzymatically hydrolyzed into 
glucose for further fermentation [7]. Meanwhile, the pro-
tein can be degraded into amino acids. Therefore, the 
pretreatment method is the key to the efficient utilization 
of PM.

Among all pretreatment technologies, autohydrolysis is 
considered an economical, ecofriendly, and concise pre-
treatment method, because it is a reagent-free treatment 
that relies only upon temperature and pressure to both 
deacetylate xylan and increase the efficiency of enzymatic 
hydrolysis [8]. Moreover, XOS, as one of the value-added 
biochemicals depolymerized from xylan, is the main 
product of lignocellulose autohydrolysis [9]. Further-
more, in terms of the autohydrolysis of protein-rich lig-
nocellulose, solubilized xylan can be obtained mainly in 
the form of XOS, and the protein can be degraded into 
amino acids that can be further purified for valuable 
prebiotic applications [10]. Hence, autohydrolysis was 
used in this work to coproduce amino acid-rich XOS and 
fermentable monosaccharides from PM.

XOS, a type of functional oligosaccharide generated 
from hemicelluloses during autohydrolysis, are beneficial 
feed additives in human and animal diets [11]. Chemi-
cally, XOS are oligosaccharides made of 2–10 xylose 
molecules connected by β-(1, 4) linkages [9]. XOS with 
low degrees of polymerization (DP ≤ 6), especially xylo-
biose and xylotriose, are particularly beneficial, because 
they are fermented in the hindgut and provide prebi-
otic effects to the consumer via selective stimulation of 
beneficial bacteria such as Bifidobacteria or Lactoba-
cilli. Furthermore, research has shown that XOS can 
help reduce populations of pathogenic bacteria such 
as Escherichia coli [12, 13]. Based on these benefits, the 
demand for XOS has increased since the turn of the cen-
tury. On the other hand, amino acids can be obtained as 
byproducts after autohydrolysis. Like XOS, amino acids 
are high-value biochemicals that can be added to the 
diets of humans and animals, especially essential amino 
acids. Essential amino acids cannot be synthesized in the 
human or animal body and must be ingested from food 
[14]. Hence, the XOS and the amino acids recovered in 
the autohydrolysate can be purified for further applica-
tions. Moreover, the autohydrolyzed PM can be enzy-
matically hydrolyzed by cellulase to produce fermentable 
monosaccharides.

Additionally, the fermentable monosaccharides 
obtained from enzymatic hydrolysis residues can be 

utilized for microbial fermentation. One of the topical 
fermentation products is single-cell protein (SCP). As a 
value-added biochemical, SCP is widely used in the agri-
cultural field. SCP refers to the protein derived from cells 
of microorganisms grown on various carbon sources dur-
ing fermentation [15]. Due to its high protein content, 
SCP is also called a bioprotein or microbial protein and 
has the potential to serve as an alternative to plant pro-
tein sources [16]. Compared with plant protein sources, 
SCP production is not subject to seasonality, nor does 
it rely on large areas of land and abundant water supply. 
SCP can be produced by various kinds of microorgan-
isms, including yeast (e.g., Candida utilis), bacteria (e.g., 
Cupravidus nectar), and algae (e.g., Chlorella vulgaris) 
[16, 17]. Among those, yeast is the best choice because of 
its high protein content, rapid growth rate, lack of patho-
genicity, fast digestibility, and overall palatability [18]. 
Candida utilis is a typical yeast strain for producing SCP, 
and it can utilize agricultural residues, industrial waste 
and other materials as substrates [19–21]. Therefore, 
enzymatic hydrolysates rich in fermentable monosaccha-
rides from biorefinery processing are an ideal substrate to 
produce SCP.

In this work, a process was investigated for the copro-
duction of amino acid-rich XOS and SCP through auto-
hydrolysis by utilizing the branches and twigs of PM. 
After autohydrolysis, hemicellulose was depolymerized 
into XOS, while the protein was hydrolyzed into amino 
acids. Afterward, the autohydrolysate and autohydro-
lyzed PM were hydrolyzed by endo-β-1–4-xylanase and 
cellulase to obtain low-DP XOS (degree of polymeriza-
tion ≤ 6) and fermentable monosaccharides. Candida 
utilis was used to convert the fermentable monosaccha-
rides into SCP. The obtained low-DP XOS, amino acids 
and SCP can be utilized for further applications.

Results and discussion
Compositional analysis of autohydrolyzed PM
In this work, the autohydrolysis pretreatment was car-
ried out at 150  °C–190  °C for 1  h to evaluate how PM 
responded to the increase in autohydrolysis severity. The 
chemical compositions of autohydrolyzed PM, the recov-
ery yield of glucan, and the removal yields of xylan, lignin 
and crude protein are shown in Table 1.

According to Table  1, the major components of PM 
are 39.4% glucan, 22.1% xylan, 24.9% lignin (acid-insolu-
ble + acid-soluble), 6.6% crude protein and 4.3% extrac-
tive. It was found that increasing the autohydrolysis 
pretreatment contributed to a lower solid recovery yield. 
Specifically, the solid recovery yield decreased from 91.7 
to 63.7% as the reaction temperature increased from 150 
to 190 °C. Moreover, the glucan recovery yield decreased 
from 98.9 to 86.2%, while the xylan removal yield 
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increased from 7.5 to 83.1%. The glucan yield and xylan 
yield are consistent with those of other hardwood, such 
as tulip trees [22]. The reason for the results was that the 
autohydrolysis pretreatment leads to hydrolysis of most 
hemicelluloses along with a small amount of cellulose 
[23]. For lignin, the degree of delignification increased 
from 14.3 to 16.7% when the temperature was increased 
from 150 to 170  °C. However, when the temperature 
was increased from 170 to 190  °C, the removal yield 
decreased from 16.7 to 1.1%. This result can be attrib-
uted to the newly formed pseudolignin, which is derived 
from the byproducts from cellulose and hemicellulose 
[22, 24]. Only 16.7% of the original lignin was removed at 
170  °C, suggesting that the autohydrolysis pretreatment 
results in the dissolution of a small portion of lignin. Sun 
et al. reported that 26% of the original lignin in eucalyp-
tus was removed by autohydrolysis at 180 °C for 15 min, 
and Batalha et al. reported that 50% of the original lignin 
in sugarcane bagasse was removed by autohydrolysis at 
180  °C for 40  min [25, 26]. The types of lignocellulosic 
materials respond differently to delignification under 
autohydrolysis conditions.

In addition, the crude protein content in PM was 6.6%. 
Compared with other lignocellulosic biomasses, such 
as poplar (0.03%) and larch (0.61%), PM is abundant in 
protein, which makes it a promising resource for amino 
acid production. The protein in PM can be degraded 
into amino acids during autohydrolysis pretreatment. 
As shown in Table  1, the degradation yield of protein 

increased from 67.1 to 87.4% when the temperature was 
increased from 150 to 190 °C. The increased yield can be 
attributed to the enhanced breakage of peptide bonds in 
protein at high temperature during autohydrolysis.

Compositional analysis of autohydrolysate
Many lignocellulosic biomasses, such as corncob and 
poplar, can be used to produce XOS through autohy-
drolysis. In contrast to conventional lignocellulosic bio-
masses, PM is rich in protein, which can be degraded into 
amino acids during the autohydrolysis process. Addition-
ally, most hemicelluloses were hydrolyzed, with an XOS 
fraction arising from this degradation [9]. To examine the 
effects of autohydrolysis pretreatment on XOS and amino 
acid production, the chemical composition of autohydro-
lysate was analyzed and is shown in Tables 2 and 3.

As shown in Table 2, the concentration of total XOS 
in the autohydrolysate displayed an increasing trend, 
and subsequently decreased with increasing reaction 
temperature. The maximum total XOS concentration 
was 11.0  g/L and was achieved at 170  °C. However, 
when the temperature was over 170  °C, the total XOS 
yield declined, because the original xylan was depo-
lymerized into xylose or excessively degraded to dehy-
dration products. The highest total XOS yield of 37.4% 
(170  °C,1  h) was in good agreement with other ligno-
cellulosic biomasses, such as eucalyptus and mango 
seed shell, which were 42% and 39%, respectively [27, 
28]. Generally, the most effective XOS as a prebiotic for 

Table 1 Effect of reaction temperature on autohydrolyzed PM

Biomass Glucan (%) Xylan (%) Lignin (%) Crude Protein (%) Recovery Yield (%) Removal Yield (%) Degradation 
Yield (%)

Solid Glucan Xylan Lignin Protein

Raw material 39.4 ± 0.5 22.1 ± 0.3 24.9 ± 0.0 6.58 ± 0.0

150 °C 42.5 ± 0.5 22.3 ± 0.3 23.3 ± 0.7 2.4 ± 0.0 91.7 98.9 7.5 14.3 67.1

160 °C 45.1 ± 0.3 18.4 ± 0.3 26.5 ± 0.5 2.2 ± 0.1 81.4 93.1 32.0 13.4 73.0

170 °C 49.6 ± 0.2 13.9 ± 0.2 28.7 ± 0.1 1.9 ± 0.0 72.4 91.1 54.4 16.7 79.5

180 °C 53.0 ± 0.6 9.1 ± 0.2 33.9 ± 0.1 1.5 ± 0.1 67.4 90.6 72.2 8.2 84.2

190 °C 53.3 ± 0.3 5.9 ± 0.1 38.7 ± 0.1 1.3 ± 0.0 63.7 86.2 83.1 1.1 87.4

Table 2 Effect of reaction temperature on autohydrolysate

Biomass X2-X6/(g/L) X2-X6 (g/L) XOS 
(DP > 6) 
(g/L)

Total XOS (g/L) Amino 
acid 
(g/L)

Protein (g/L) X2-X6 Yield (%) Total XOS 
Yield (%)

Amino acid 
Yield (%)

X2 X3 X4 X5 X6

150 °C 0.0 0.2 0.0 0.1 0.0 0.3 0.0 0.3 2.3 0.5 1.0 1.2 28.5

160 °C 0.1 0.2 0.2 0.1 0.2 0.8 4.4 5.2 2.1 0.5 2.5 17.4 26.0

170 °C 0.4 0.6 0.9 0.7 0.6 3.1 8.5 11.6 2.4 0.5 10.5 37.4 28.8

180 °C 1.4 1.3 1.3 0.8 0.5 5.3 2.7 8.0 2.4 0.5 17.8 27.1 29.1

190 °C 0.4 0.3 0.1 0.0 0.0 0.7 0.7 1.4 2.6 0.6 2.4 4.8 32.6
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feed additives are those with degrees of polymerization 
less than or equal to 6. Hence, the abundance of these 
target XOS was analyzed for the hydrolysate from PM 
with increasing pretreatment temperature (Table  2). 
According to Table 2, the low-DP XOS yield was 10.5% 
at 170  °C, which means that 26.9% XOS (DP > 6) was 
formed. The XOS (DP > 6) content shows great poten-
tial for improving low-DP XOS production by enzy-
matic hydrolysis.

The results in Table  2 show that the yield of amino 
acids based on the original amino acid content 
increased with increasing reaction temperature. Con-
sidering that the optimal total XOS yield was obtained 
at 170  °C and that the optimal amino acid yield was 
32.6% at 190  °C, which was only slightly higher than 
that at 170  °C (28.8%), the optimal temperature for 
amino acid and XOS production was 170  °C. Amino 
acids have been used in the diets of agricultural animals 
since the 1950s [29]. Hence, the amino acids found 
in the hydrolysate could be used as a byproduct and 
added to the diet of agricultural animals. The specific 
types and amounts of amino acids are listed in Table 3. 
Among the 17 amino acids in the autohydrolysate, 9 are 
essential amino acids for animals, including threonine, 
valine, methionine, isoleucine, leucine, phenylalanine, 
lysine, histidine and arginine, which together accounted 
for 45.9% of the total amino acid fraction. The amino 
acids recovered in the autohydrolysate showed the 
potential to be used as feed additives after purification.

Optimization of the enzymatic hydrolysis 
of autohydrolysate
In vitro assays have proven that intestinal bifidobacteria 
prefer to metabolize xylobiose and xylotriose over high-
DP XOS, with xylobiose usually undergoing preferential 
consumption from a DP-varying mixture of XOS [10]. 
According to the aforementioned results, the proportion 
of low-DP XOS in the XOS mixture obtained from auto-
hydrolysis pretreatment was 27.7%, which was less than 
desired. To increase the yield of low-DP XOS, especially the 
yield of xylobiose and xylotriose, a strategy of mild enzy-
matic hydrolysis of the autohydrolysate was performed 
using endo-β-1–4-xylanase. Different enzyme dosages (5%, 
10% and 15%) were added to hydrolyze the autohydrolysate 
(170 °C, 1 h) samples. The concentrations of low-DP XOS 
obtained from enzymatic hydrolysis are shown in Fig. 1.

Table 3 The types and amounts of amino acid in autohydrolysate

Temperature 150 °C 160 °C 170 °C 180 °C 190 °C

Thr (g/L) 0.13 0.13 0.10 0.11 0.13

Val (g/L) 0.11 0.10 0.13 0.16 0.14

Met (g/L) 0.04 0.04 0.04 0.06 0.08

Ile (g/L) 0.12 0.10 0.12 0.12 0.12

Leu (g/L) 0.21 0.15 0.20 0.20 0.25

Phe (g/L) 0.13 0.13 0.11 0.12 0.14

Lys (g/L) 0.22 0.13 0.16 0.17 0.17

His (g/L) 0.07 0.07 0.06 0.07 0.08

Arg (g/L) 0.16 0.16 0.15 0.17 0.17

Asp (g/L) 0.18 0.14 0.15 0.18 0.25

Ser (g/L) 0.10 0.13 0.13 0.13 0.13

Glu (g/L) 0.40 0.35 0.44 0.38 0.40

Pro (g/L) 0.08 0.10 0.11 0.08 0.08

Gly (g/L) 0.12 0.14 0.15 0.14 0.14

Ala (g/L) 0.13 0.10 0.16 0.12 0.13

Cys (g/L) 0.01 0.01 0.02 0.01 0.03

Tyr (g/L) 0.12 0.12 0.13 0.13 0.14

∑(g/L) 2.32 2.12 2.35 2.38 2.58

Fig. 1 Time course for the production of low-DP XOS a from the 
enzymatic hydrolysis process with different enzyme dosages and 
xylobiose and xylotriose b from the enzymatic hydrolysis process 
with a 15% enzyme dosage
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It was shown that the concentration of low-DP XOS 
increased with increasing enzyme dosage, and the con-
centration of low-DP XOS increased from 3.1  g/L to 
6.6 g/L at a substrate loading of 15% (v/v) within 12 h of 
enzymatic hydrolysis. Moreover, the concentrations of 
xylobiose and xylotriose stopped increasing at this sub-
strate loading, maintaining 2.3 g/L and 2.2 g/L until the 
end of 36  h of enzymatic hydrolysis, respectively. How-
ever, the concentration of XOS (3 < DP ≤ 6) continued to 
decline after 12 h of enzymatic hydrolysis until the end of 
the process. The observed increase in xylobiose and xylo-
triose production occurred concurrently with the decline 
in XOS (DP > 3), illustrating that endo-β-1–4-xylanase 
can effectively cleave fragments of xylobiose and xylotri-
ose from dissolved high-DP XOS. After 12 h of enzymatic 
hydrolysis, 68.7% of XOS was converted into low-DP 
XOS, which meant that the low-DP XOS yield was 25.8% 
based on the original xylan in the raw material. Overall, 
the concentration of low-DP XOS in the autohydrolysate 
was increased from 3.1  g/L to 6.6  g/L after enzymatic 
hydrolysis by endo-β-1–4-xylanase. Furthermore, the 
resulting amino acids in the autohydrolysate remained at 
the same concentration after enzymatic hydrolysis, which 
meant that endo-β-1–4-xylanase showed no effect on 
amino acids. Based on the aforementioned results, it can 
be seen that the low-DP XOS along with amino acids in 
the hydrolysate can be recovered after purification.

Enzymatic hydrolysis of autohydrolyzed PM
To explore the effects of reaction temperature on the 
subsequent enzymatic digestibility of the autohydrolyzed 
PM to produce glucose for SCP production, glucose yield 
(based on autohydrolyzed PM) was calculated for each 
enzymatic hydrolysis experiment and is shown in Fig. 2.

Figure  2 shows that autohydrolysis pretreatment with 
increasing reaction temperature showed positive effects 
on the enzymatic digestibility of glucan in the autohy-
drolyzed PM. Specifically, the enzymatic digestibility 
of glucan to glucose increased from 23.4 to 82.3% with 
increasing reaction temperature from 150 to 190 °C. The 
enhanced removal of xylan and lignin might be respon-
sible for the increased enzymatic digestibility [11]. 
Moreover, a small amount of xylose in comparison with 
glucose was also found in the enzymatic hydrolysate 
(glucose:xylose = 4:1). Even though the highest glucose 
yield was obtained at 190 °C, when taking into considera-
tion the desired XOS and amino acid yields, 170 °C was 
considered the optimal condition for the coproduction of 
these final products. Hence, the carbohydrates (glucose 
and xylose) in the enzymatic hydrolysate from PM auto-
hydrolyzed at 170 °C are utilized as the carbon source in 
the further fermentation process.

Optimization of SCP fermentation conditions
To investigate the influence of substrate concentration 
on the production of SCP, the enzymatic hydrolysate 
was evaporated to different fermentable monosac-
charide (glucose and xylose) concentrations of 25  g/L, 
50  g/L and 75  g/L. The enzymatic hydrolysate before 
and after evaporation was analyzed by HPLC and no 
inhibiting compounds (formic acid, acetic acid, lev-
ulinic acid, HMF and furfural) were found. The cell 
concentrations of SCP produced after fermenta-
tion with different substrates are shown in Fig.  3. The 

Fig. 2 Effects of different temperatures on the glucose yield of 
autohydrolyzed PM

Fig. 3 Biomass concentration during 120 h shake-flask cultivation 
with 25 g/L, 50 g/L and 75 g/L substrate concentrations of 
fermentable monosaccharides
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consumption of fermentable monosaccharides and the 
accumulation of metabolites are shown in Fig. 4.

As shown in Fig.  3, the cell concentration reached 
12.5  g/L after 24  h of cultivation when the substrate 
concentration was 25 g/L. At this time, the glucose and 
xylose were both completely consumed. To increase the 
cell concentration, the fermentable monosaccharides 
(glucose and xylose) in the enzymatic hydrolysate were 
increased to 50  g/L and 75  g/L, which resulted in cell 
concentrations of 16.1  g/L and 17.9  g/L after 72  h and 
120  h of cultivation, respectively. Under these fermen-
tation processes, glucose and xylose were again both 
completely consumed. Hence, the most effective cultiva-
tion was observed when the fermentable monosaccha-
ride (glucose and xylose) concentration was 75 g/L after 
120 h of cultivation, indicating that the higher substrate 
concentration stimulates yeast accumulation. Accord-
ing to the consumption of fermentable monosaccharides 
and the accumulation of metabolites in Fig. 4, the glucose 
in 75  g/L enzymatic hydrolysate was totally consumed 
after 36  h of shake-flask cultivation, and the xylose was 
consumed after 120  h of cultivation. In addition, this 
phenomenon was verified when the concentration of fer-
mentable monosaccharides in the enzymatic hydrolysate 
was 25  g/L and 50  g/L, which meant that Candida uti-
lis utilized glucose in the substrate first and then utilized 
xylose in the substrate after the glucose was completely 
consumed. Overall, the optimal substrate concentration 
for SCP production was enzymatic hydrolysate (170  °C, 
1  h) with 75  g/L fermentable monosaccharides (glucose 
and xylose).

Mass balance
To evaluate the feasibility and efficiency of the coproduc-
tion process, a mass balance (based on 100 g of dried PM) 
throughout the whole process is summarized in Fig.  5. 
Under the conditions of autohydrolysis at 170  °C for 1 h, 
72.4  g of solid was recovered from 100  g of dried PM, 
including 35.9 g of glucan and 10.1 g of xylan. In the auto-
hydrolysate, 8.3 g of XOS, including 2.3 g of low-DP XOS, 
and 1.8  g of amino acids could be recovered. The total 
XOS yield and low-DP XOS yield were 37.4% and 10.5%, 
respectively. Moreover, 28.8% of the original protein was 
recovered in the autohydrolysate in the form of amino 
acids. After 12  h of enzymatic hydrolysis of the autohy-
drolysate with endo-β-1–4-xylanase (15% enzyme dos-
age), 5.7 g of low-DP XOS (25.8%) and 1.8 g of amino acids 
(28.6%) were obtained. Then, by enzymatic hydrolysis of 

Fig. 4 Consumption of fermentable monosaccharides and the 
accumulation of metabolites during 120 h shake-flask cultivation 
with 25 g/L (a), 50 g/L (b) and 75 g/L (c) substrate concentrations of 
fermentable monosaccharides



Page 7 of 10Gu et al. Biotechnology for Biofuels and Bioproducts            (2022) 15:1  

the autohydrolyzed PM (170 °C, 1 h), 20.1 g of fermentable 
monosaccharides (16.2  g of glucose and 3.9  g of xylose) 
could be obtained for fermentation to produce 4.8  g of 
SCP. These results indicate that the branches and twigs 
of PM show good performance in XOS and fermentable 
monosaccharide production. Chen et  al. reported that 
14.4  g of XOS and 30.4  g of glucose could be recovered 
from 100  g of reed scraps after autohydrolysis at 170  °C 
for 30  min [30]. Neto et  al. reported the optimization of 
XOS production through the hydrothermal pretreatment 
of Eucalyptus [27]. The sawdust from Eucalyptus shows 
the potential for the production of XOS, containing 60 mg 
of XOS per gram of Eucalyptus. However, no amino acids 
were reported to be found in autohydrolysate from these 
reported lignocellulosic biomasses. Due to its high protein 
content, PM is an excellent raw material to coproduce the 
amino acid-rich XOS and SCP through autohydrolysis, 
enzymatic hydrolysis, and fermentation.

Conclusion
In this study, a new process was proposed to obtain 
amino acids, low-DP XOS and SCP from PM through 
autohydrolysis. After autohydrolysis (170  °C, 1  h) and 

enzymatic hydrolysis (15% enzymatic dosage), 6.6  g/L 
low-DP XOS and 2.4  g/L amino acids were produced 
from autohydrolysate. Autohydrolyzed PM was used to 
produce fermentation monosaccharides for SCP, and 
17.9  g/L SCP was obtained from enzymatic hydrolysate 
with 75  g/L fermentable monosaccharides. These prod-
ucts, including amino acid-rich XOS and SCP showed 
the potential to make progress toward the industrializa-
tion of a composite feed additive as a high-value applica-
tion based on low-cost autohydrolysis.

Methods
Materials and reagents
The branches and twigs of PM were harvested from the 
planting at the Guangzhou Academy of Forestry. After 
air-drying for 24 h, the branches and twigs were ground 
and sieved through a 40-mesh sieve. The resultant PM 
sawdust was stored at room temperature until process-
ing. The crude endo-β-1–4-xylanase used in this study 
was produced from Trichoderma reesei and provided by 
Jiangsu Kangwei Biotechnology Co., Ltd. of China. The 
measured enzyme activity was 30 U/mL. Commercial 
cellulase (Cellic® CTec.2.0) was provided by Novozymes 

Fig. 5 Mass balance for the production of amino acid-rich XOS and SCP from PM
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North America (Franklinton, NC). Bradford reagent and 
bovine serum protein standard solution were purchased 
from Sigma–Aldrich (Shanghai, China). Other chemicals, 
such as  H2SO4,  MgSO4,  CaCl2,  KH2PO4 and  (NH4)2SO4, 
were of analytical grade and were purchased from Nan-
jing Reagent Company (Nanjing, China).

Autohydrolysis of PM
For autohydrolysis pretreatment, 7  g of PM sawdust 
(based on dry weight) was pretreated in a sealed 100 mL 
reactor held in an oil bath at 150  °C, 160  °C, 170  °C, 
180 °C or 190 °C for 1 h. The heat-up time was 30 min. An 
appropriate volume of deionized water was added to the 
vessel to set the final solid-to-liquid ratio at 1:10. After 
pretreatment, the reactors were cooled by submersion in 
an ice water bath for 15  min. The solid and liquid frac-
tions were separated by vacuum filtration, and the solid 
fraction was washed with distilled water until the pH of 
the filtrate reached 7.0. The washed solid fraction and 
liquid fraction were refrigerated at 4 °C for the following 
experiments. The recovery yields of solids and glucan, 
the removal yields of xylan and lignin and the degrada-
tion yield of protein were calculated using the following 
formulas.

Enzymatic hydrolysis of autohydrolysate
Before enzymatic hydrolysis, the autohydrolysate was 
first centrifuged, and filtered to remove suspended 
solid fractions. Next, the pH of the autohydrolysate was 
adjusted using 1  M citrate buffer to reach ~ 4.8. Ten 

(1)
Recovery yield of Solid(%)

=
Mass of autohydrolyzed PM

Mass of rawPM
× 100%

(2)
Recovery yield ofGlucan(%)

=
Glucan in autohydrolyzed PM

Glucan in raw PM
× 100%

(3)
Removal yield of Xylan(%)

= 1−
Xylan in autohydrolyzed PM

Xylan in rawPM
× 100%

(4)Removal yield of Lignin(%) = 1−
Lignin (acid− insoluble+ acid− soluble) in autohydrolyzed PM

Lignin(acid− insoluble+ acid− soluble) in rawPM
×100%

(5)

Degradation yield of Protein(%)

= 1−
Protein in autohydrolyzed PM

Protein in rawPM
× 100%.

milliliter samples with adjusted pH values were mixed 
with endo-β-1–4-xylanase at substrate loadings of 5%, 
10%, and 15% (v/v). The enzymatic hydrolysis assays were 
performed in a constant temperature oscillator (50  °C, 
150 rpm) for 36 h. Aliquots (0.5 mL) were taken at 4 h, 
8 h, 12 h, 24 h and 36 h for HPAEC (high-performance 
anion exchange chromatography) analysis of the amount 
of low-DP XOS.

Enzymatic hydrolysis of autohydrolyzed PM
Enzymatic hydrolysis of the autohydrolyzed PM was car-
ried out by suspending the pretreated solid biomass in 
sodium citrate buffer (pH 4.8) at 2% glucan content (w/v) 
with an enzyme loading of 20 FPU/g glucan. The suspen-
sions were incubated at 50 °C and 150 rpm for 72 h. Ali-
quots (0.6 mL) were taken at 4 h, 8 h, 12 h, 24 h, 36 h, 
48 h, 60 h and 72 h to determine the sugar concentration 
by HPLC to calculate the glucose yields as follows:

Fermentation to produce SCP
To obtain specified substrate concentrations (25  g/L, 
50 g/L and 75 g/L fermentable monosaccharides: glucose 
and xylose) from the enzymatic hydrolysate, the liquid 
fraction was evaporated to a particular volume by rotary 
evaporation. Various nutritive salts were then added 
to assist with fermentation, including 0.6  g/L  MgSO4, 
0.13 g/L  CaCl2, 6 g/L  KH2PO4, and 5 g/L N sources. The 
nitrogen sources were  (NH4)2SO4 and dried corn steep 
liquor powder at a ratio of 2:1. The yeast strain for fer-
mentation was Candida utilis. This experiment was car-
ried out in 250 mL flasks with a working volume of 50 mL 
at 30 °C and 170 rpm for 120 h. Aliquots (1.0 mL) were 

taken at 4 h, 8 h, 12 h, 24 h, 36 h, 48 h, 60 h, 72 h, 96 h 
and 120 h for further analysis.

Analysis methods
Chemical compositional analysis of raw and autohydrolyzed 
PM
The chemical compositions of raw PM and autohydro-
lyzed PM were analyzed according to the standard of 
the National Renewable Energy Laboratory (NREL) for 
analyzing biomass [31]. First, 0.3 g of biomass (40 mesh) 
was hydrolyzed with 72%  H2SO4 for 1 h. The hydrolyzed 

Glucose yield%

=
Glucose as glucan in enzymatic hydrolysate (g)

initial Glucan insubstrate (g)

× 100%.
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biomass was diluted to 4%  H2SO4 and autoclaved at 
121  °C for 1  h. The hydrolysate was filtered and oven-
dried to determine the insoluble solids, and the filtrate 
was collected for the determination of acid-soluble lignin 
(UV–Vis at 205 nm and 110 Abs coefficient) and mono-
saccharides by HPLC (high-performance liquid chroma-
tography) equipped with an Aminex Bio–Rad HPX-87H 
column and a refractive index detector. Sugar analysis 
was performed with 0.05 M  H2SO4 solution as the mobile 
phase flowing at a rate of 0.6 mL/min and a column tem-
perature of 50  °C. The content of acid-insoluble lignin 
was determined by the weighting method. Moreover, 
the crude protein was determined by using the Kjeldahl 
method described by AOAC [32].

The chemical compositional analysis of autohydrolysate
An aliquot of autohydrolysate was hydrolyzed using 4% 
sulfuric acid at 121  °C for 1  h to convert xylooligosac-
charides into xylose. Aliquots of autohydrolysate before 
and after acid hydrolysis were analyzed by the same 
aforementioned HPLC system. The concentration of 
total XOS was measured by the differences in the respec-
tive xylose contents before and after acid hydrolysis. The 
concentration of low-DP XOS in the autohydrolysate 
was determined by HPAEC (Dionex ICS-3000, Thermo 
Fisher Scientific, Waltham, MA, USA) with a CarboPac 
PA 200 column (Thermo Fisher Scientific, Waltham, 
MA, USA) at 30  °C. Eluents of 0.1 M NaOH and 0.5 M 
NaOAc (sodium acetate) containing 0.1  M NaOH were 
used at a gradient elution of 0.3 mL/min. Low-DP XOS 
was detected using a Dionex ED 40 Electrochemical 
Detector in pulsed amperometry mode through the 
standard quadruple waveform. Additionally, an HPLC 
system equipped with an AccQ Tag amino acid analy-
sis column and photodiode array detector was used to 
determine the types and concentrations of amino acids. 
The analysis was performed with ultrapure water, 60% 
(v/v) acetonitrile solution as the mobile phase flowing at 
a rate of 1 mL/min, and a column temperature of 35 °C. 
The concentration of protein in the autohydrolysate was 
quantified by Bradford assay [33]. The cell concentration 
was determined by spectrophotometry, where the opti-
cal density of the cell suspension was measured against 
a standard curve (absorbance at 600 nm). The conversion 
of UV reading to cell biomass in g/L follows the stand-
ard curve (y = 0.38 × −  0.03,  R2 = 0.9909). The concen-
trations of fermentable monosaccharides and metabolites 
in the supernatant were analyzed by the aforementioned 
HPLC system.
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