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Abstract Multi-strain mixed fermentation can provide a relatively complete lignocellulosic
enzyme system compared with single-strain fermentation. This study was firstly to screen
strains which have a strong ability to hydrolyse rice straw (RS) enzymatically and enrich true
protein (TP). Then, the conditions in the process of SSF, including the optimum inoculum size
of mixed strains, inoculation ratio, and different inoculation time of N. crassa 14–8, were
optimized. The experimental results showed that the highest TP content could be obtained by

Appl Biochem Biotechnol (2019) 187:253–265
https://doi.org/10.1007/s12010-018-2792-5

* Huayou Chen
hyc@ujs.edu.cn

Jinru Jia
2211417020@ujs.edu.cn

Bangguo Wu
2211517008@ujs.edu.cn

Fengjie Cui
fengjiecui@ujs.edu.cn

Hua Fang
fanghua@shyuanyao.com

Hongcheng Wang
hcwang@ujs.edu.cn

Zhong Ni
nizhong@ujs.edu.cn

1 Institute of Life Sciences, Jiangsu University, Zhenjiang 212000, P. R. China
2 Translational Research Institute, Henan Provincial People’s Hospital, Zhengzhou 450000, P. R. China
3 National Key Laboratory of Biochemical Engineering, Institute of Process Engineering, Chinese

Academy of Sciences, Beijing 100190, P. R. China
4 Jiangsu Yancheng Yuanyao Biotechnology Co., Ltd., Yancheng 224000, P. R. China

Protein Production Through Microbial Conversion of Rice
Straw by Multi-Strain Fermentation

http://crossmark.crossref.org/dialog/?doi=10.1007/s12010-018-2792-5&domain=pdf
mailto:hyc@ujs.edu.cn


using N. crassa 14–8, C. utilis, and P. chrysosporium as mixed strains, and 5 mM Mn2+ and
50 mM veratryl alcohol were used as inducers of lignin peroxidase (LiP) to improve the
efficiency of enzymatic hydrolysis. When N. crassa 14–8 was inoculated 1 day later than
P. chrysosporium, the total inoculum size was 10%, and the optimum ratio of N. crassa 14–8
to P. chrysosporium was 1:2, the maximum TP yield (8.89%) was obtained, with 123.37% of
its increase rate. This work proposed a technique with potential application in large-scale
feedstuff protein conversion.

Keywords Neurospora crassa . Multi-strain fermentation . Solid-state fermentation . True
protein . Rice straw

Introduction

Rice straw (RS) is one of the most abundant renewable lignocellulosic feedstocks with low
protein content (2~5%), containing 32~47% cellulose, 19~27% hemicellulose, and 5~24%
lignin [15, 27]. RS is a potential source of dietary energy for ruminants. However, due to the
presence of a certain proportion of lignin in the cell wall, the crystallinity of cellulose, the
degree of polymerization of polysaccharides, the surface area, and the moisture content of the
polysaccharides all affect the degradation of RS [28]. Due to these limitations, the digestibility
of RS is poor, thus hindering its effective use. In general, the utilization of RS resources is low,
and the added value is not high. Therefore, it is the key to establish reasonable agricultural
waste utilization mode and adopt effective method to conduct biological conversion of RS.

Bio-pretreatment mainly degrades lignocellulose by microbial fermentation and enzymatic
hydrolysis with lower cost and simpler operation while maintaining the palatability of ligno-
cellulose and producing no or only less toxic compounds [37]. Microorganisms usually make
use of RS and other lignocellulosic materials as carbon source to effectively degrade the straw
by the secretion of lignocellulosic enzyme. In short, biological pretreatment method is a safe,
less energy consuming, low cost, relatively mild, environmentally friendly, and efficient
pretreatment technology [7]. However, the pretreatment is usually time-consuming, and the
enzyme system of lignocellulose degrading strain is incomplete, with few species available for
such utilization. Therefore, the breeding of lignocellulose degrading strains and the optimiza-
tion of the culture conditions are the key of the biological pretreatment method.

As solid state fermentation (SSF) occurs when microorganisms grow on solid materials
without the presence of free water, it can only be accomplished by a limited number of
microorganisms. Fungi are well adapted to SSF as their hyphae can grow on particle surfaces
and penetrate into the interparticle spaces and, therefore, colonize solid substrate [29]. Four
different fungi, Neurospora crassa, Candida utilis, Aspergillus oryzae, and Phanerochaete
chrysosporium, were chosen for protein enrichment of RS by SSF. N. crassa has been studied
for its ability to produce all three cellulase enzymes including endoglucanase, exoglucanase,
and β-glucosidase [11, 23], various hemicellulases [24] and ligninolytic enzymes [13] by SSF
of agricultural residues. Therefore, it has a relatively complete system of lignocellulose
degrading enzymes, which could degrade and utilize lignocellulosic materials such as RS.
Moreover, N. crassa grows more rapidly and has strong ability of protein expression and
secretion, and its safety has been verified. Therefore, it can be used for SSF. White rot fungi
such as P. chrysosporium are known to secrete cellulase, xylanase [10, 12], and especially
lignin-degrading enzyme [21], which is capable of completely hydrolyzing and converting
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lignin into CO2 and H2O [34]. A large number of reports have shown that the degradation rate
and enzymatic hydrolysis efficiency of lignin were significantly improved by
P. chrysosporium pretreatment [5, 30]. A. oryzae has also been widely used for its production
of cellulase as well as some proteases, phytase, amylase, and other enzymes [14], which can
participate in the degradation of cellulose, and also has the ability to produce lignin hydrolase.
Thus, it also plays a certain role in the degradation of lignin and aromatic compounds, and can
be used for SSF to improve the content of protein-like nutrients of products by enzymatic
hydrolysis of RS [1]. Co-culturing of A. oryzae and T. reesei in SSF has been shown to obtain
the products with low fiber and high protein content [22]. In addition, yeasts have the ability to
promote low-value protein by-products to high-protein animal feed. C. utilis is commonly used
for the production of protein feed, which could make use of various types of substrates (such as
wheat bran) by SSF to obtain microbial feeding-protein rich in nucleic acid, protein, vitamin,
and fat nutritional composition [2, 26]. In some studies of the degradation of lignocellulosic
waste by microbial fermentation, it was found that the SSF of multiple strains has more
advantages than single strain, which can compensate the disadvantages of incomplete enzyme
system, thus forming a mutual support and benefit among different fungi, and promoting the
full degradation of the RS. Together, the action of multiple enzymes and the interaction among
different fungi are necessary to decompose the RS.

SSF of crop residue with the four individual fungi N. crassa, C. utilis, A. oryzae, and
P. chrysosporium were previously investigated to produce enzymes or microbial protein, but
few literatures were reported in the field of the optimization of fermentation conditions using
various combinations of the four fungi to maximize true protein (TP) yield. The objectives of
this study were to determine the best combination of fungi for SSF and to improve TP
production by optimizing the fermentation conditions of multiple strains.

Materials and Methods

Materials

Rice straw (RS) was dried at 60 °C and chopped to lengths of 1.5~2.0 cm, and the small pieces
were sieved (30 mesh) for analytical purposes.

Microorganisms

The filamentous fungi Neurospora crassa 14–8 mutant and Phanerochaete chrysosporium
used in this study were preserved in the lab. Candida utilis CGMCC2.1180 and Aspergillus
oryzae CGMCC3.2825 were provided by the China General Microbiological Culture Collec-
tion Center.

Inoculum Medium and Condition

Potato dextrose agar (PDA) slant was used to cultivate N. crassa 14–8 at 30 °C for 3 days until
sufficient sporulation was observed. The spore suspensions were harvested using sterile distilled
water from the PDA agar slant, and the spore cell count of about 3.5 × 108 cells/mL using a
hemacytometer was used for inoculation purposes. The malt extract agar slant was inoculated
with C. utilis and put at 30 °C for 48 h to obtain sufficient colonies. Liquid seed medium of
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C. utilis was malt extract medium (pH 5.6), the ingredients of which included 130.0 g/L malt
extract and 0.1 g/L chloramphenicol; colonies selected from the slant were incubated at 30 °C
overnight, and then, 0.5 mL overnight culture was dissolved in a 250-mL flask with 50 mL seed
medium and shaken at 30 °C for 12 h arriving the maximum growth rate in an orbital shaking
incubator at 170 rpm. The yeast suspensions were later used as seed of SSF; yeast count was
determined by a plate counting method with a total of 7.3 × 107 cells/mL. P. chrysosporium was
cultivated with PDA slant medium for sufficient sporulation, and then, the spores were inoculated
into high-carbon, low-nitrogen medium (pH 5.5) consisting of 10 g/L glucose, 0.5 g/L ammo-
nium tartrate, 2 g/L KH2PO4, 0.5 g/L MgSO4•7H2O, 0.1 g/L CaCl2, and 2 g/L sodium acetate.
Then, the strain was cultured at 30 °C for 6 days at 120 rpm. Finally, the spore suspensions were
collected by filtration for SSF. The basal medium (pH 5.5) for ligninase production by
P. chrysosporium consists of 10 g/L glucose, 0.2 g/L ammonium tartrate, 2 g/L KH2PO4,
0.25 g/L MgSO4•7H2O, 0.1 g/L CaCl2, 0.5 g/L KCl, and 1 mg/L ammonium sulfate. A. oryzae
was cultured on Czapek’s agar slant medium (pH 6.0~6.5) which contains 30 g/L sucrose, 3 g/L
NaNO3, 0.5 g/L MgSO4•7H2O, 0.5 g/L KCl, 0.01 g/L FeSO4•4H2O, 1 g/L K2HPO4, and 15 g/L
agar. The spores were washed by sterile distilled water, and the spore suspensions were collected
by filtration. The total number of spores was 5 × 107 cells/mL.

Solid State Fermentation

Solid state fermentation (SSF) was carried out at 30 °C in 250-mL Erlenmeyer flask. The
medium used for SSF included 5 g RS and 10 mL basal medium used for ligninase production.
Then, the prepared medium was autoclaved at 121 °C for 20 min. After cooling, all the flasks
were inoculated with microbial suspension for the mycelium to grow and invade the RS. The
moisture was adjusted to 60~70%. All SSF were performed in triplicate.

Screening of Strain Combinations

Four different combinations of fungi were selected for SSF. The strains were inoculated to
fermentation media for 18 days at an inoculum volume fraction of 10%. By determining the
TP content of the fermentation products of different strains, the combination of highest TP
yield was screened, and the test was repeated for three times.

Enzyme Assays

Five grams of the fermented sample was suspended with distilled water at a ratio of 1:20 (w/v)
and agitated on a rotary shaker at 200 rpm for 3 h. The content of each flask was filtered using
Whatman no. 1 filter paper. The filtrate obtained was centrifuged at 5000 rpm at 4 °C for
20 min. The supernatant was filtered through 0.45-μm filter paper and the filtrate was stored at
− 20 °C. The filtrate was taken for the determination of enzyme activity.

Laccase Activity
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Laccase activity was determined by the method which is based on the oxidation of 2,
20-azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS). The increase in absorbance
was measured at 420 nm for 3 min. One unit of laccase activity was defined as the amount
of enzyme that oxidized 1 μmol of ABTS per minute [9]. The activities were reported as U/g.



Lignin Peroxidase Activity

Lignin peroxidase (LiP) activity was determined by monitoring the conversion of veratryl
alcohol to veratryl aldehyde at 30 °C in the presence of hydrogen peroxide at 310 nm. The
final reaction mixture (total volume, 4 mL) contained 3.4 mL of sodium tartrate (250 mM, pH
3.0), 0.1 mL of veratryl alcohol (10 mM), and 0.4 mL of enzyme sample. The reaction was
initiated by adding 0.1 mL of H2O2 (10 mM) at 30 ± 1 °C. One unit of enzyme activity was
defined as the amount of the enzyme which can produce 1 μmol veratryl aldehyde from the
oxidation of veratryl alcohol per minute [6]. The activities were reported as U/g.

Manganese-Dependent Peroxidase Activity

Manganese-dependent peroxidase (MnP) activity was determined according to the method
described, which was based on the oxidation of Mn2+ to Mn3+. MnSO4 (0.2113 g) was added
into 1 L of sodium succinate (50 mM, pH 4.5). The final reaction mixture contained 3.4 mL of
sodium succinate (50 mM, pH 4.5) and 0.4 mL of enzyme sample. The reaction was initiated
by adding 0.1 mL of H2O2 (1.6 mM) at 37 °C. The rate of Mn3+-succinate complex formation
was monitored by measuring the increase in absorbance at 238 nm. One unit of enzyme
activity was defined as the amount of the enzyme which can produce 1 μmol Mn3+ from the
oxidation of Mn2+ per minute [18]. The activities were reported as U/g.

Carboxymethyl Cellulase

One unit of enzyme was defined as the amount of enzyme required to release 1 μmol of
glucose equivalents from the appropriate carboxymethyl cellulose sodium (1% CMC-Na) per
minute under the standard assay conditions. Carboxymethyl cellulase (CMCase) activity was
measured using the 3,5,dinitro salicylic acid (DNS) assay method. The increase in absorbance
was measured at 540 nm [31]. The activities were reported as U/g.

Filter Paper Enzyme

FPA was determined in 30 min of the reaction a mixture of proper diluted enzyme solution
(50 μL) and the substrate of 50-mg Whatman no. 1 filter paper (1 × 6 cm) participated, and its
pH value was controlled at 4.8 by adding 1 mL 0.05 M citrate buffer. The mixtures were
incubated at 50 °C and the reducing sugars, produced in 30 min of the reaction, were analyzed
by DNS method [17]. One unit of FPA was defined as the amount of enzyme needed for
releasing 1 μmol of reducing sugars in 1 min. The activities were reported as U/g.

Optimization of Fermentation Conditions

The effects of different inoculum size, inoculation ratio, and inoculation time of N. crassa 14–
8 on the production of TP were studied. The whole period of SSF was 13 days.

Effect of Inoculum Size

Different inoculum sizes (5, 10, 15, 20, 25%) were optimized by evaluating the production of
TP with mixed strains by SSF.
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Effect of Inoculation Ratio

Inoculation proportion: seven inoculation ratios of N. crassa 14–8 to P. chrysosporium (1:1,
1:2, 1:3, 2:1, 2:3, 3:1, 3:2) were applied to study their effects on the TP contents in SSF.

Effect of Inoculation Time

N. crassa 14–8 was, respectively, inoculated 0, 1, 2, 3, and 4 days later than P. chrysosporium
at 30 °C. The production of TP was evaluated throughout the fermentation.

Analytical Determinations

Neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin
(ADL) were determined in product of SSF by Van Soest method [35] using filter bag
technology. The nitrogen content of RS was determined with micro-Kjeldahl method
[32], and the protein content was calculated from measured total nitrogen using a
conversion factor of 6.25. True protein (TP) content was calculated as above. RS after
fermentation were dried to constant weight at 40 °C, and loss of weight was calculated
based on the initial and final dry weight [33]. All analyses were performed triplicate and
mean values were worked out. Results obtained from the experiment were subjected to
statistical analysis using SPSS 19.0. Statistically significant difference was determined
with two-way ANOVA and was declared at p < 0.05.

Results and Discussion

Effect of Different Strain Combinations on TP Production

In combination with different strains, C. utilis can consume the reducing sugar produced by the
enzymatic hydrolysis of RS and accelerate the rate of enzymatic reaction. Moreover, it can
promote rapid synthesis of feeding-protein. Therefore, C. utilis was added into each group,
followed by inoculation of other strains for mixed compounding, and TP content of the
product of each combination after SSF was determined. The results are shown in Table 1.
The yield of TP was the highest (8.08%, p < 0.05) when N. crassa 14–8, P. chrysosporium,
and C. utilis were mixed with the ratio of 1:1:5. N. crassa 14–8 grows rapidly, thus producing
more reducing sugars such as glucose in a relatively short period by the enzymatic degradation
of RS. P. chrysosporium grows slowly and can be used to restore part of the sugar for its own

Table 1 TP content of fermentation product by strains with different combinations

Combinations of strains TP%

Control 3.98 ± 0.05 a
P. chrysosporium + C. utilis 6.24 ± 0.22 b
A. oryzaez + C. utilis 7.71 ± 0.31 b
N. crassa 14–8 + P. chrysosporium + C. utilis 8.08 ± 0.13 a
N. crassa 14–8 + A. oryzaez + C. utilis 7.01 ± 0.18 a

Values followed by different letters, in each row, differ significantly at p < 0.05
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Effects of Inducers on Ligninase by P. chrysosporium

Based on the results of mixed fermentation, it was indicated that P. chrysosporium plays an
important role in multi-strain fermentation. Therefore, in order to utilize the advantages of
ligninase production by P. chrysosporium, this research studied the effects of four kinds of
inducers including CuSO4, guaiacol, MnSO4, and veratryl alcohol on ligninase production by
P. chrysosporium. The effects of different concentrations of CuSO4 (0, 1, 2, 3, 4, 5, 6 mM) and
guaiacol (0, 1, 5, 10, 20, 30, 50 mM) on the activities of three ligninases during different
fermentation stages were determined and analyzed. The activity of any ligninase was not
detected, and LiP activity was detected when the inducers of MnSO4 and veratryl alcohol were
added.

The results of LiP production induced by different Mn2+ concentrations are shown in
Fig. 1a. Compared with the LiP activity without Mn2+, the activity of LiP was improved after
adding MnSO4, indicating that Mn2+ could regulate the activity of LiP in lignin degradation.
At high Mn levels, MnP production was induced, and LiP was inhibited; at low Mn levels,
MnP was inhibited, but LiP secretion was induced [25]. When the concentration of Mn2+ was
5 mM, the activity of LiP was the highest at 1.57 U/g. During the whole fermentation period,
less LiP was produced by Mn2+ with less than or higher than 5 mM, and with the extension of
the fermentation time, the secretion of LiP decreased gradually due to the consumption of
nutrient and the change of fermentation environment. Therefore, the selection of 5 mM Mn2+

as an inducer enhances the enzymatic hydrolysis efficiently.
Veratryl alcohol is a natural fungal secondary metabolite that acts as a redox medium to

stimulate the LiP catalytic oxidation of the substrate [19], which is also a commonly used
inducer for the synthesis of LiP. Studies have shown that the use of P. chrysosporium in the
SSF by adding veratryl alcohol as an inducer can increase the yield of LiP [3, 16]. The effects
of different concentrations (0, 10, 20, 30, 40, 50, 60 mM) of veratryl alcohol on LiP production
were studied. The experimental results are shown in Fig. 1b. The results showed that the
activity of LiP with addition of veratryl alcohol during 6 to 10 days of SSF was higher than
that of the control, which indicated that veratryl alcohol could play a certain role in promoting
the production of LiP. The optimal dose of veratryl alcohol was 50 mM, with the activity of
LiP as 0.91 U/g. Then, the enzyme activity decreased continuously, but it was still higher than
that of other inducer at different concentrations. Therefore, 50 mM veratryl alcohol can be
added into the medium to enhance LiP production and used for the subsequent optimization of
fermentation conditions.
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growth and to produce enzyme to speed up the degradation of RS as well as TP production. At
the same time, C. utilis can also make use of the reducing sugar for synthesis of TP. Relatively
high TP production was obtained when three strains were used for co-fermentation. A. oryzae
grows slowly, the optimum temperature for fermentation is different from that of N. crassa 14–
8, and the ability to produce ligninase is also weaker than that of P. chrysosporium. Therefore,
when the inoculation ratios of A. oryzae:C. utilis and N. crassa 14–8:A. oryzae:C. utilis were
1:5 and 1:1:5, respectively, the TP content was lower (p < 0.05) than that of the combination of
N. crassa 14–8, P. chrysosporium, and C. utilis with the inoculation ratio of 1:1:5, and the
growth of N. crassa 14–8, P. chrysosporium, and C. utilis was significantly better than that of
the other three groups (p < 0.05). This result is consistent with the conclusion of the previous
research that the utilization of co-culture was advantageous over a single strain [4], and
multi-strain fermentation has been widely used to produce microbial protein in SSF [22, 36].



Optimization of Process Parameters by Mixed Strains

To optimize the process of SSF by mixed strains with different combinations, experiments
were performed, in which three factors such as inoculum size, inoculation ratio, and different
inoculation time of N. crassa 14–8 were studied.

Effect of Inoculum Size

The effects of different inoculum size on TP content were studied in Fig. 2a. The results
showed that when the total inoculum size was 10%, the TP yield was the highest (8.15%) by
SSF. At higher inoculum sizes, the various strains grow vigorously, and compete for nutrients
in the culture medium, thus limiting the rapid propagation of fungi, and affecting the TP
production. Therefore, in the mixed fermentation of multiple strains, it is necessary to fully

Fig. 1 Effects of Mn2+ (a) and veratryl alcohol (b) with different concentrations on LiP
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Fig. 2 Effects of inoculum size
(a), inoculation ratio (b), and
different inoculation time (c) by
mixed strains on the production of
TP. Note that bars represent
standard deviation among three
replicates, which differ
significantly at p < 0.05
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consider the problem of inoculum size [8]. The appropriate inoculum size of strains can not
only improve the degradation rate of RS but also can effectively accelerate the co-growth of
strains to increase the TP production. Inoculum size as an important factor was investigated for
maximum crude protein production by C. utilis, with 10% as the optimal one [20], which was
used for subsequent studies.

Effect of Inoculation Ratio

N. crassa 14–8 and P. chrysosporium were used for SSF with seven proportions (1:1, 1:2,
1:3, 2:1, 2:3, 3:1, 3:2); then, C. utilis was added into the solid fermentation medium, with
the total inoculum size as 10%. By measuring the TP yield with different inoculation
ratios of strains, the results are shown in Fig. 2b. When N. crassa 14–8 and
P. chrysosporium were added to the solid fermentation medium at a ratio of 1:1, TP
content was 6.58%. When the amount of P. chrysosporium increased and the ratio was
adjusted to 1:2, the yield of TP significantly increased to 8.43%. However, when
N. crassa 14–8 was added at the same amount, the TP production significantly decreased,
with the increase of P. chrysosporium. This result indicated that P. chrysosporium together
with N. crassa 14–8 can play a strong degradation capacity of RS, but it grows slowly
and takes a long time to produce lignin-degrading enzyme. N. crassa 14–8 grows rapidly
for rich spores, which can quickly exert its effect of enzymatic hydrolysis and produce
reducing sugar for rapid growth and reproduction of P. chrysosporium, so the ratio of
P. chrysosporium should be higher than N. crassa 14–8. However, the excess addition of
P. chrysosporium will hinder the normal growth of N. crassa 14–8, thus not providing
glucose and other nutrients for P. chrysosporium, while its own growth is also seriously
affected. As a result, the TP production of product is low. In contrast, when N. crassa
14–8 is excessive, due to its large number of propagation, the mycelium is spread
throughout the culture medium, which hinders the normal growth of P. chrysosporium
as well as the effective degradation of RS. In view of this, it is necessary to select the
appropriate inoculation ratio of the mixed strains used for SSF, so that the multi-strain can
exert the ability of lignocellulosic degradation in a synergic way, and the TP content of
fermentation products can be further improved.

Effect of Inoculation Time of N. crassa 14–8

As shown in Fig. 2c, the highest TP production was obtained when N. crassa 14–8 was
inoculated 1 day later than P. chrysosporium (8.89%), and the relatively low TP production
was obtained when N. crassa 14–8 and P. chrysosporium were inoculated at the same time
(7.12%). When N. crassa 14–8 was inoculated too late, it was not possible to provide available
reducing sugar for P. chrysosporium, thus affecting the rapid growth of P. chrysosporium and
the production of ligninase; also, the fermentation cycle of N. crassa 14–8 was shortened.
Thus, it cannot degrade RS sufficiently, resulting in low TP content.

Analysis of Composition and Enzyme Activity After Multi-Strain SSF

The content of TP, crude protein (CP), and lignocellulose of the fermentation product
was determined using the optimal combination of strains under the optimized fermenta-
tion conditions. The results are shown in Table 2. It was found that some cellulose and
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lignin were degraded. The degradation rate of cellulose and lignin was 15.46 and
33.57%, respectively, while the hemicellulose was almost not degraded. It was noted
that the addition of P. chrysosporium caused enzymatic hydrolysis of part of the lignin
due to its ability to produce ligninase. Three fungi species, consisting of
P. chrysosporium, N. crassa 14–8, and C. utilis, synergistically degrade RS. In addition,
the weight loss rate of RS after SSF was 26.58%, and the content of TP and CP increased
by 123.37 and 70.31%, respectively (p < 0.05).

The activity of CMCase and filter paper enzyme (FPAase) during the whole
fermentation period was determined (Fig. 3). The results showed that the amount of
enzymes produced by the mixed strains was relatively low at the beginning of SSF.
During the fermentation process, the activity of CMCase and FPAase increased
gradually. The highest activity of CMCase was 135.34 U/g on the 8th day, while
the activity of FPAase reached the maximum value of 15.16 U/g on the 12th day. The
results showed that N. crassa 14–8, C. utilis, and P. chrysosporium co-cultured for
SSF can produce a certain amount of cellulase for hydrolysis of RS and promote the
production of TP.

Table 2 Component analysis of fermentation product by mixed strains

Chemical composition (%) Before SSF After SSF

Cellulose 35.50 30.01
Hemicellulose 26.97 29.93
Lignin 14.30 9.50
Solid yield 99.99 90.25
TP 3.98 8.89
CP 6.03 10.27

Fig. 3 Analysis of CMCase and FPAase activity by mixed strains during SSF
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Conclusions

In this work, the production of TP by multi-strain was studied in detail. The optimal
combination of fungi was determined by the mixed strain screening test, that is, including
three strains of N. crassa 14–8, C. utilis, and P. chrysosporium. Meanwhile, the effects of
different inducers on the ligninase produced by P. chrysosporium were studied. In addition, the
conditions of mixed strains for SSF were studied, including the inoculum size of mixed strains,
inoculation ratio, and different inoculation time of Neurospora crassa 14–8. N. crassa 14–8
was inoculated 1 day later than P. chrysosporium with a total inoculum size of 10%, and the
inoculation ratio of N. crassa 14–8 to P. chrysosporium was 1:2. Under optimum conditions,
the maximum TP yield can be obtained. Through the analysis of the product after SSF, it was
found that the multi-strain fermentation system can effectively hydrolyze lignocellulose,
promote the accumulation of TP, and improve the quality of feeding-protein.
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