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Abstract: Lignin degradation is important for enhancing the digestibility and improving the nutritive
quality of ruminant feeds. White rot fungi are well known for their bioconversion of lignocellulosic
biomass. The objective of this paper was to evaluate whether Lentinus sajor-caju, Pleurotus ostreatus,
Phyllotopsis rhodophylla, Pleurotus djamor, Pleurotus eryngii, and Pleurotus citrinopileatus treatments al-
tered the chemical compositions of highland barley straw constituents and enhanced their nutritional
value as a ruminant feed. All white rot fungi significantly increased the relative crude protein (CP),
ethyl ether extract (EE), starch, soluble protein (SP), and non-protein nitrogen (NPN) contents but
decreased the ash, neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin
(ADL), and acid detergent insoluble protein (ADFIP) contents. In addition, L. sajor-caju treatment
increased (p < 0.001) the levels of PA, PB2, PB3, CA, CB1, CB2, and CNSC, but reduced (p < 0.001) the
PC and CC in the solid-state fermentation of highland barley straw. Maximum ligninlysis (50.19%)
was optimally produced in the presence of 1.53% glucose and 2.29% urea at 22.72 °C. The in vitro dry
matter digestibility and total volatile fatty acid concentrations of fermented highland barley straw,
as well as the fermentability, were optimized and improved with L. sajor-caju, which degraded the
lignocellulose and improved the nutritional value of highland barley straw as a ruminant feed.

Keywords: highland barley straw; Pleurotus spp.; white rot fungi; lignin; in vitro digestibility

1. Introduction

As an agriculture-based society, China produces a wide variety of crops in substantial
amounts, generating enormous agricultural residues. Highland barley, one of the most
widely cultivated grain crops in the Qinghai-Tibet region of China, accounts for 43% of the
total grain production [1]. However, most highland barley straw is not effectively used and
is discarded or burned, wasting resources and causing environmental pollution. Highland
barley straw has high lignocellulose content and low protein content; therefore, it is a forage
feed with limited nutritional value for ruminants. To improve straw quality, there are three
main methods: physical, chemical, and biological treatments [2], with the last regarded as
economical, harmless, and environmentally friendly compared to the other two [2,3].

Lignin degradation is important for enhancing the digestibility and improving the
nutritive quality of ruminant feeds [4]. White rot fungi are well known for their biocon-
version of lignocellulosic biomass, and they may selectively degrade lignin and release
cellulose and hemicellulose under solid-state fermentation [5]. Selective white rot fungi
are effective at degrading lignin [6] and improving the digestibility of ruminant feeds [7].
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In addition, the growth of fungal mycelium in solid-state fermentation increases the to-
tal protein content of fermentation substrates [8,9], creating the potential to produce a
cost-effective protein source. However, the excessive consumption of fermentable (not
lignin) carbohydrates or slow fermentation by white rot fungi are major limitations. Thus,
it is necessary to screen high-potency white rot fungal species to optimize utilization of
highland barley straw as a ruminant feed.

Based on the limited nutritional value of highland barley straw, these experiments
were designed to screen high-potency white rot fungal strains for degrading lignin in
highland barley straw, characterize the biochemical changes in highland barley straw
constituents, and enhance in vitro digestibility.

2. Materials and Methods
2.1. Fungal Strains and Spawn Preparation

Six white rot fungi, Lentinus sajor-caju (Fr.) Fr. (strain CGMCC 5.592), Pleurotus
ostreatus (Jacq.) P. Kumm. (strain CGMCC 5.729), Phyllotopsis rhodophylla (Bres.) Singer
(strain CGMCC 5.363), Pleurotus djamor (Rumph. ex. Fr.) Boedijn (strain GMCC 5.600),
Pleurotus eryngii (DC) Quél. (strain CGMCC 5.732), and Pleurotus citrinopileatus Singer
(strain CGMCC 5.244) were obtained from the China General Microbiological Culture
Collection Center (CGMCC) in Beijing, China. They were individually grown in potato
dextrose agar medium (PDA) (potato 200 g, peptone 10 g, glucose 20 g, and agar 18 g per L)
and stored at 4 ◦C for later use. Agar plates were prepared using PDA, inoculated with a
0.5 cm2 piece of fungus, and incubated at 25 ◦C for 7 days. Four agar plugs (with diameters
of 8 mm) of active mycelium from a PDA plate were transferred aseptically into 250 mL
Erlenmeyer flasks containing 80 mL of autoclaved potato extract dextrose broth medium
(PDB) (potato 200 g, peptone 10 g, and glucose 20 g per L). The cultures were incubated at
25 ◦C on rotary shakers (150 rpm).

2.2. Experimental Set-Up

Highland barley straw was collected from Mozhu Gongka County, Tibet, China
(29◦50′ N, 91◦45′ E) and chopped into lengths of 1–2 cm, and distilled water was added to
reach a moisture level of 65%. The substrates also contained 1% corn meal, 1%, urea, 0.5%
gypsum powder, and 1% lime powder. A cultivation substrate was put into an autoclavable
plastic bag, sterilized at 121 ◦C for 1 h, and then cooled at room temperature. The samples
(50 g dry weight of highland barley straw) were inoculated with 10% spawn and incubated
for 21 days in a climatic chamber at 25 ± 0.5 ◦C with 70–80% relative humidity. The
containers with inoculated highland barley straw had six duplicate samples. The controls
were kept under the same experimental conditions, but they were uninoculated.

2.3. Chemical Analyses

After 21 days of incubation, the substrate samples were dried at 60 ◦C until they
reached a constant weight. The crude protein (CP), insoluble neutral detergent protein
(NDIP), and acid detergent insoluble protein (ADIP) contents were determined by mea-
suring the nitrogen contents (AOAC, 2000; method 990.06) [10] and using a conversion
factor of 6.25. The ethyl ether extract (EE) was determined (AOAC, 2000; method 2003.05).
The ash contents were determined by ashing at 550 ◦C in a muffle furnace for 3 h. The
neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL)
were assessed by slightly modifying the method used by Goering and Vansoest [11] and
Van Soest [12]. The samples (0.5–1 g) were placed into polyester mesh bags (Ankom F57)
and sealed; these bags and 2000 mL of neutral detergent were put into an ANKOM 200i
semi-automatic fiber analyzer (ANKOM Technology Corp, Fairport, NY, USA) at 100 ◦C
for 60 min. Then, the bags were washed to neutral with distilled water, dried, and weighed.
The dried residue represents NDF. The remaining samples and 2000 mL of acid detergent
were put into the semi-automatic fiber analyzer at 100 ◦C for 60 min, then the bags were
washed to neutral with distilled water, dried, and weighed. The dried residue represents
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ADF, whereas the loss represents hemicellulose. The dried residue was soaked in 72% (v/v)
H2SO4 and kept at 25 ◦C for 2 h. Thereafter, the bags were washed to neutral with distilled
water, dried, and weighed and the loss represents cellulose. The remaining samples were
kept at 550 ◦C for 3 h in a tared crucible and reweighed to calculate the loss as ADL. The
soluble protein (SP) content was determined by the method used by Licitra et al. [13]. The
starch content and non-protein nitrogen (NPN) were determined by AACC methods [14].

2.4. Protein and Carbohydrate Fractionation

The Cornell Net Carbohydrate and Protein System (CNCPS) was used to fractionate
and characterize proteins and carbohydrates. The PA (rapidly degraded protein fraction),
PB1 (true protein fast-degradable fraction), PB2 (medium-degradable protein fraction), PB3
(low-degradable protein fraction), PC (undegradable protein fraction), CA (sugars), CB1
(starch), CB2 (carbohydrates and pectin), and CC (cell walls and lignin) of the rations were
analyzed and calculated according to Sniffen et al. [15].

2.5. Electron Microscopy for Structural Characterization of Fungal Fermented Highland
Barley Straw

Scanning electron microscopy (SEM) examinations of fermented highland barley straw
samples were performed at the Electron Microscope Facility. The small pieces (2 × 2 mm) of
fungal-fermented highland barley straw were cut, fixed in 2.5% glutaraldehyde, dehydrated
in an ascending gradient of acetone, and critical-point dried. All samples were imaged
with a scanning electron microscope (MIRA3, TESCAN, Brno, Czech Republic).

2.6. Response Surface Methodology (RSM)

The above-described experiments identified a superior species of white rot fungus.
Three variables (temperature, glucose, and urea) were varied to enhance ligninolysis. The
optimization of selected variables was performed with response methodology (RSM) using
a Box–Behnken design (Box and Behnken, 1960) [16]. Each variable was studied at three
levels (−1, 0, and 1). The experimental design included a 17-fermentation package with
5 central points. Each fermentation package contained 50 g of highland barley straw, 1–2%
glucose, and/or 1–3% urea in a climatic chamber at 15–29 ◦C (Table 1).

G =β0 + β1X1 + β2X2 + β3X3 + β11X2
1 + β22X2

2 + β33X2
3 + β12X1X2 + β13X1X3 + β23X2X3 (1)

where G is the predicted response; β0, intercept; β1, β2, and β3, linear coefficients; β11,
β22, and β33, squared coefficients and β12, β13 and β23, interaction coefficients; and the
independent variables X1, X2, and X3 were calculated via the quadratic model (Equation (1)).
MINITAB and the statistical software package Design Expert® Version 8.0 (State-Ease, Inc.,
Minneapolis, MN, USA) were used to obtain optimal conditions and generate response
surface graphs.

Table 1. Response surface methodology for rate of lignin degradation by L. sajor-caju treatment of
highland barley straw.

Process Variables
Coded Level Variables

−1 0 1

Temperature (◦C) 15 ◦C 22 ◦C 29 ◦C
Carbon (%) 1% 1.5% 2%

Nitrogen (%) 1% 2% 3%

2.7. In Vitro Fermentation

The in vitro dry matter digestibility (IVDMD) and rumen fermentation parameters
of samples were estimated according to Wang et al. [17]. Fresh rumen fluid was collected
in the morning from three yaks fed highland barley straw and concentrate (ratio of 60:40
[dry matter]). The samples (0.6 g) were placed into a 120 mL fermentation bottle under
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continuous flushing with CO2. Every fermentation bottle received 50 mL of buffered rumen
fluid and was incubated for 72 h at 39 ◦C. After 48 h of incubation at 39 ◦C, the samples
were analyzed for IVDMD, and the rumen fluid was analyzed for pH, volatile fatty acids
(VFA), and NH3-N.

The rumen fluid was filtered through six layers of cheesecloth and the pH of the filtered
fluid was measured immediately with a PHS-3C pH meter (Olabo, Jinan, Shandong, China).
Culture fluid from each sample (~10 mL) was centrifuged at 10,000× g for 15 min at 4 ◦C.
The supernatants were acidified with 25% (w/v) metaphosphoric acid in a 1:9 acid:rumen
fluid ratio, and concentrations of VFAs were determined via gas chromatography (Agilent
7890A, Agilent Inc., Palo Alto, CA, USA) as described by Wang et al. [18]. Briefly, the
VFA were detected using an R flame ionization detector (FID) after acid separation, with
nitrogen gas at a flow rate of 0.8 mL min−1. After being isothermal for 2 min at 60 ◦C, the
temperature was increased to 220 ◦C at a rate of 20 ◦C min−1, with a detector temperature
of 280 ◦C. Thereafter, the VFA were identified and quantified from the chromatograph peak
areas using calibration with external standards. The ruminal NH3-N concentrations were
measured as described by Weatherburn [19]. The microbial protein nitrogen was measured
via Kjedahl distillation after differential centrifugation (AOAC, 2000; method 990.06) [10].
All analyses were repeated in three replicates.

2.8. Statistical Analyses

All data were analyzed using the general linear model procedure (GLM), followed
by Duncan’s multiple range tests using Statistical Analysis System (SAS Version 9.0; SAS
Institute Inc., Cary, NC, USA). The means were separated using least square means and
presented with standard errors of the mean (SEM). All data were analyzed using the
following statistical model:

Yij = µ + αi + εij

where Yij = the response variable, µ = the general mean, αi = the effect of white rot fungi,
and εij = the random error. The results were considered different when p ≤ 0.05.

3. Results and Discussion
3.1. Chemical Composition

The chemical compositions (dry matter (DM) basis) of highland barley straw cultured
with white rot fungi are shown in Table 2. The CP, EE, starch, SP, and NPN contents
following white rot fungi treatment were higher than in controls (p < 0.001), whereas
the ash, NDF, ADF, ADL, and ADFIP contents following white rot fungi treatment were
decreased compared to controls (p < 0.001). The NDFIP contents of most fungi treat-
ments (except P. citrinopileatus) were decreased (p < 0.001) compared to controls. The
treatment of highland barley straw with L. sajor-caju maximized CP, EE, starch, SP, and
NPN (44.57, 40.09, 1.26, 87.90, and 120.9% DM), with maximally decreased NDF, ADF,
ADL, NDFIP, and ADFIP (26.21, 46.29, 20.79, 35.86, and 62.90%) compared to controls. Of
all white rot fungi, L. sajor-caju treatment had the best results for relatively improving the
chemical composition.

White rot fungi have important roles in the biodegradation of lignin, making them
suitable for the delignification of roughage. Fungal treatment has improved the nutritional
value of various crop stalks, including the following kinds of straw: rice, corn, wheat,
paddy, and rape [19]. Therefore, white rot fungi are an efficient treatment for a wide range
of agricultural byproducts. In the present study, the selection of highland barley straw fer-
mentation was verified. The CP contents increased with white rot fungi treated for 21 days,
which is consistent with studies of Nie et al. [20]. White rot fungi break down organic
material to obtain carbon and nitrogen to support fungal growth and development [21].
Some organic material is converted to CO2 and H2O, with an increase in CP contents and
reduction in lignocellulose, which is consistent with a previous report [22]. In another study,
six strains of white rot fungi were evaluated on corn stover and L. sajor-caju had the highest
lignin reduction (degraded 38.29%) after 30 d of fungal pretreatment [23]. In addition, the
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best fungi for selectively removing lignin from stored beech logs were L. sajor-caju and
P. ostreatus (losses of 29.92 and 27.42%, respectively) [24]. Therefore, P. ostreatus was inferior
to L. sajor-caju for degrading the lignin. This is partially consistent with our findings.

Table 2. The chemical compositions (dry matter (DM) basis) of highland barley straw incubated with
various white rot fungi.

Item Controls Lentinus
sajor-caju

Pleurotus
ostreatus

Phyllotopsis
rhodophylla

Pleurotus
djamor

Pleurotus
eryngii

Pleurotus
citrinopileatus

CP 4.51 ± 0.13 E 6.52 ± 0.25 A 5.46 ± 0.10 C 4.77 ± 0.14 D 4.82 ± 0.07 D 5.41 ± 0.05 C 5.69 ± 0.17 B

EE 1.36 ± 0.04 E 2.27 ± 0.04 A 1.83 ± 0.05 B 1.67 ± 0.03 C 1.55 ± 0.04 D 1.80 ± 0.06 B 1.78 ± 0.10 B

Ash 6.79 ± 0.14 A 4.59 ± 0.31 D 5.49 ± 0.23 B 5.49 ± 0.17 B 5.31 ± 0.08 BC 5.43 ± 0.04 B 5.11 ± 0.03 C

NDF 64.97 ± 1.62 A 47.94 ± 0.29 F 50.71 ± 0.97 E 55.98 ± 0.59 B 53.76 ± 0.40 C 56.28 ± 0.31 B 52.72 ± 0.59 D

ADF 39.83 ± 0.66 A 31.55 ± 0.67 E 35.29 ± 1.20 C 35.21 ± 2.10 C 37.47 ± 0.18 B 34.48 ± 0.13 CD 33.39 ± 0.49 D

ADL 19.01 ± 0.35 A 10.21 ± 0.69 F 12.92 ± 0.41 E 15.96 ± 0.54 B 13.61 ± 0.27 D 14.51 ± 0.27 C 15.53 ± 0.26 B

Starch 0.99 ± 0.07 F 1.81 ± 0.10 A 1.35 ± 0.07 B 1.12 ± 0.07 E 1.26 ± 0.03 C 1.16 ± 0.02 DE 1.23 ± 0.01 CD

SP 1.57 ± 0.04 G 2.95 ± 0.06 A 2.34 ± 0.06 B 1.95 ± 0.02 E 1.78 ± 0.02 F 2.21 ± 0.03 D 2.23 ± 0.03 C

NPN 0.67 ± 0.02 F 1.48 ± 0.03 A 1.17 ± 0.02 B 0.78 ± 0.01 E 0.89 ± 0.01 D 1.04 ± 0.01 C 1.17 ± 0.02 B

NDFIP 1.45 ± 0.05 A 0.93 ± 0.01 E 1.05 ± 0.02 D 1.22 ± 0.02 C 1.41 ± 0.02 A 1.36 ± 0.06 B 1.42 ± 0.04 A

ADFIP 1.26 ± 0.01 A 0.47 ± 0.01 F 0.72 ± 0.02 E 1.11 ± 0.02 C 1.19 ± 0.02 B 1.17 ± 0.06 B 1.16 ± 0.02 B

A–G Within a row, means without a common superscript are significantly different (p < 0.001).

3.2. Protein and Carbohydrate Fractionation

The CNCPS protein fractions of highland barley straw with white rot fungi are shown
in Table 3. The PA fractions of highland barley straw were all increased (p < 0.001) after
incubation with fungi, with the highest levels in L. sajor-caju treatment (22.65% of DM).
The PB1 fraction of P. djamor treatment was decreased (p < 0.001), but with the exception
of P. eryngii treatment, the other four fungi caused increases (p < 0.001). The PB2 and PB3
fractions of L. sajor-caju and P. ostreatus treatments were increased (p < 0.001) compared to all
other treatments. The PC fractions of highland barley straw were all decreased (p < 0.001)
after incubation with fungi, but the lowest levels followed L. sajor-caju treatment (7.29%
of DM).

Table 3. The Cornell Net Carbohydrate and Protein System (CNCPS) protein fractions (DM basis) of
highland barley straw incubated with various white rot fungi.

Item PA (%) PB1 (%) PB2 (%) PB3 (%) PC (%)

Controls 14.91 ± 0.47 G 19.79 ± 0.44 D 33.17 ± 0.50 C 4.18 ± 0.97 D 27.94 ± 0.88 A

Lentinus sajor-caju 22.65 ± 0.74 A 22.65 ± 0.89 B 40.40 ± 2.10 A 7.02 ± 0.30 A 7.29 ± 0.45 F

Pleurotus ostreatus 21.45 ± 0.58 B 21.44 ± 0.88 C 37.84 ± 1.05 B 6.11 ± 0.64 B 13.17 ± 0.35 E

Phyllotopsis rhodophylla 16.38 ± 0.64 F 24.46 ± 0.69 A 33.51 ± 1.70 C 5.32 ± 0.48 C 20.33 ± 0.46 D

Pleurotus djamor 18.36 ± 0.34 E 18.64 ± 0.60 E 33.69 ± 0.82 C 4.56 ± 0.63 CD 24.74 ± 0.67 B

Pleurotus eryngii 19.12 ± 0.37 D 21.62 ± 0.69 C 34.08 ± 0.50 C 4.65 ± 0.40 CD 23.00 ± 0.73 C

Pleurotus citrinopileatus 20.55 ± 0.52 C 19.77 ± 0.74 D 34.82 ± 1.81 C 4.43 ± 0.70 CD 24.27 ± 0.24 B

A–G Within a row, means without a common superscript are significantly different (p < 0.001).

The CNCPS carbohydrate fractions of highland barley straw with white rot fungi are
shown in Table 4. The levels of CHO fractions of P. rhodophylla and P. djamor treatments
were significantly increased, but L. sajor-caju treatment had the opposite result (p < 0.001).
The levels of CA, CB1, CB2, and CNSC fractions after L. sajor-caju treatment were higher
than for other treatments and the controls (p < 0.001), but the levels of CC fraction were
significantly lower. With the exception of L. sajor-caju treatment, the levels of CB2 fractions
were not affected compared to the controls (p > 0.05).
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Table 4. CNCPS carbohydrate fractions of highland barley straw incubated with various white rot
fungi.

Item CHO/%DM CA/%CHO CB1/%CHO CB2/%CHO CC/%CHO CNSC/%CHO

Controls 87.33 ± 0.24 B 26.71 ± 0.69 G 1.13 ± 0.09 F 19.91 ± 1.50 B 52.26 ± 1.03 A 27.84 ± 0.71 E

Lentinus sajor-caju 86.62 ± 0.54 C 45.63 ± 0.37 A 2.09 ± 0.13 A 24.02 ± 1.95 A 28.28 ± 1.77 F 47.72 ± 0.29 A

Pleurotus ostreatus 87.23 ± 0.27 B 42.62 ± 1.18 B 1.55 ± 0.09 C 20.28 ± 2.16 B 35.54 ± 1.10 E 44.18 ± 1.17 B

Phyllotopsis rhodophylla 88.07 ± 0.20 A 37.07 ± 0.62 F 1.27 ± 0.08 E 18.18 ± 1.16 B 43.48 ± 1.42 B 38.34 ± 0.66 D

Pleurotus diamor 88.07 ± 0.57 A 39.23 ± 0.39 D 1.37 ± 0.04 D 18.58 ± 0.27 B 38.20 ± 0.39 D 40.81 ± 0.99 C

Pleurotus eryngii 87.27 ± 0.26 B 41.35 ± 0.48 C 1.45 ± 0.02 D 18.76 ± 0.46 B 40.38 ± 0.21 C 38.68 ± 0.55 D

Pleurotus citrinopileatus 87.38 ± 0.25 B 38.39 ± 0.21 E 1.71 ± 0.03 B 19.44 ± 0.15 B 44.72 ± 0.91 B 41.67 ± 0.81 C

A–G Within a column, means without a common superscript are significantly different (p < 0.001).

The Cornell Net Carbohydrate and Protein System is widely applied and internation-
ally recognized as a dynamic model for feed evaluation [13]. The application of CNCPS
reflects not only the carbohydrate compositions but also potential rumen fermentative activ-
ity [19]. The PB2 fraction is the largest protein pool and includes two-thirds of NPN [25,26];
similarly, in our data, the amount of PB2 in highland barley straw treated with each of
the six fungi was higher than those of other CNCPS protein fractions. The levels of PB2
and PB3 fractions are closely related to the amount of rumen protein. In the present study,
the levels of PA, PB1, PB2, and PB3 fractions were all increased by the used white rot
fungi. Furthermore, increases in rumen protein contents and the efficiency of protein
digestion and utilization of highland barley straw were optimized by L. sajor-caju treatment.
Treatment of highland barley straw with white rot fungi reduced the PC contents, with a
maximal decrease induced by L. sajor-caju (loss of 73.91%), reflecting protein bioavailability.
In contrast, Nie [19] reported that the lignin matrix was not as well decomposed as the PC.

3.3. Electron Microscopy for Structural Characterization of Fungally Fermented Highland
Barley Straw

The SEM morphology of highland barley straw before and after pretreatments is
shown (Figure 1). Whereas unfermented highland barley straw had structures that were
intact and clear, fermented highland barley straw had a rough texture and surface pores of
variable diameter. Furthermore, numerous white rot fungi mycelia covered the surface of
highland barley straw after 21 days of fermentation. The loosening of morphological struc-
ture stem barks fermented with L. sajor-caju was more obvious than for the unfermented
samples, with almost the entire surface fractured. These results further confirm the deep
fungal penetration and progressive degradation of the highland barley straw. The straw
microstructure was clear, similar to reports during biological upgrading under solid state
fermentation conditions by white rot fungi [27,28], and serves as morphological evidence
that white rot fungi relatively enhances the nutritional value of ruminant feed.
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3.4. Response Surface Methodology (RSM)

Changes in cultivation factors (glucose and urea concentrations as well as temperature)
changed fiber degradation (Table 5, Figures 2–4).

Table 5. Box–Behnken design for variables and measured responses.

Run
Variables

Degradation (%)
Temperature (◦C) Glucose (%) Urea (%)

1 0 1 1 46.90
2 −1 1 0 37.33
3 1 0 −1 41.00
4 −1 0 1 39.35
5 0 −1 −1 43.75
6 1 1 0 39.02
7 0 0 0 49.99
8 −1 0 −1 36.39
9 1 0 1 42.24

10 0 0 0 50.01
11 0 −1 1 44.17
12 −1 −1 0 35.23
13 0 0 0 49.86
14 1 −1 0 40.86
15 0 0 0 49.88
16 0 0 0 49.85
17 0 1 −1 42.16
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These data were analyzed by applying a multiple regression analysis method based
on Equation (2). The predicted responses for lignin degradation (G) were as follows:

G = 49.92 + 1.852X1 + 0.175X2 + 1.17X3 − 0.985X2
1 − 0.43X2

2 + 1.08X2
3 − 8.155X1X2 − 3.655X1X3 − 2.02X2X3 (2)

The interactive effects among glucose, urea, temperature (X1X2, X1X3, X2X3), linear
(X2), squared (X2

2, X2
3) and interactive (X2X3) were all very significant for lignin degrada-

tion (p < 0.001). The maximum ligninlysis (50.19%) of highland barley straw after 21 days
was caused by L. sajor-caju and 1.52% glucose and 2.29% urea at 22.72 ◦C.

The lignin decomposition in white rot fungi is highly regulated by nutrients and con-
ditions (nutrient contents and temperature) [29]. Nitrogen and carbon are both important
for fungi growth and stimulate ligninolytic capacity [30]. Appropriate nitrogen supplemen-
tation can enhance lignin degradation, whereas a high concentration probably decreases
lignin degradation [31], which is consistent with the present study. As a supplemental
nitrogen source to promote lignin degradation, 2% urea was superior to 3%. Concentrations
of carbon sources in the fungal medium can have either positive or negative effects on the
fungus. During L. sajor-caju fermentation, the supplementation of glucose increases lignin
degradation, which is consistent with the findings of Sarria-Alfonso et al. [32]. However,
the effects of carbon source on lignocellulosic substrates depend not only on concentrations
but also fungal species. Fortina et al. [33] found that the supplementation of 2% glucose in
Botrytis cinerea media effectively stimulated lignin degradation. Similarly, the other two
factors also significantly affected mycelium production in the present study, emphasizing
the need to the optimize fungal fermentation conditions.

3.5. In Vitro Rumen Fermentation

The in vitro fermentation products of control intact highland barley straw and high-
land barley straw pretreated with L. sajor-caju are shown in Table 6. Except for pH, the
ttreatment of highland barley straw with L. sajor-caju affected (p < 0.001) all other end points
compared to the controls. Furthermore, for this fungus, propionic acid was lower than in
both the controls (p < 0.001). However, all other fermentation products were the opposite.

The IVDMD is directly associated with degree of lignification or delignification of
roughage and is an assessment of nutritional quality [34]. Treatment with L. sajor-caju
increased IVDMD and therefore substantially reduced lignin compared to controls. White
rot fungi had similar effects on rice straw, as reported by Zheng et al. [35]. The pH is
an important indicator of rumen environment and should be >6.3 for optimal rumen
metabolism. The rumen pH was not affected by L. sajor-caju treatment of highland barley
straw in the present study, which is consistent with the findings of Datsomor et al. [22].
The production of VFA by carbohydrate fermentation constitutes 70–80% of ruminant
energy reserves and reflects feed digestibility. In the present study, L. sajor-caju treatment of
highland barley straw increased total VFA compared to the controls. Perhaps this was due to
total VFA concentrations being positively correlated with IVDMD; with higher digestibility,
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more carbohydrates are available for rumen microbes. Similarly, corn straw treatment with
P. ostreatus yielded greater total VFA concentrations compared to the controls [36].

Acetate is the primary VFA produced by microbes and is an important energy source
for ruminants. Ruminal acetic acid concentrations were positively correlated with the
degree of fermentation of cellulose and hemicellulose [37]. In the present study, acetic
acid concentrations relatively increased with L. sajor-caju treatment of highland barley
straw compared to the controls, attributed to L. sajor-caju promoting lignin degradation and
increasing the utilization of cellulose and hemicellulose. The production of ammonia-N dur-
ing fermentation is closely related to the degradation of dietary nitrogen and absorption of
nitrogen by rumen bacteria [38]. The high concentrations of ammonia-N in the L. sajor-caju
treatment of highland barley straw were attributed to the formation of mycelial protein,
which increased the digestion and utilization of protein compared to the controls. Microbial
protein synthesis depends largely on fermentable and available DM and nitrogen in the
rumen. Increased microbial protein nitrogen synthesis may have been due to increased
fiber digestion by L. sajor-caju, which stimulated ammonia-N utilization.

Table 6. In vitro fermentation products of control intact highland barely straw and highland barley
straw pretreated with L. sajor-caju.

Item Controls Lentinus sajor-caju

IVDMD (%) 57.53 ± 0.19 B 65.28 ± 0.64 A

pH 7.05 ± 0.02 7.05 ± 0.02
Total VFA (mM) 83.21 ± 0.21 B 89.52 ± 0.14 A

Acetic acid (mM) 68.22 ± 0.10 B 70.33 ± 0.12 A

Propionic acid (mM) 17.38 ± 0.20 A 16.79 ± 0.10 B

Butyric acid (mM) 10.26 ± 0.09 B 11.01 ± 0.03 A

Ammonia nitrogen (mg/L) 65.13 ± 1.35 B 86.67 ± 0.66 A

Soluble protein (mg/L) 85.43 ± 0.60 B 103.34 ± 0.89 A

Microbial protein nitrogen (mg/L) 105.02 ± 1.14 B 144.85 ± 1.67 A

A,B Within a column, means without a common superscript are significantly different (p < 0.001).

4. Conclusions

In conclusion, the investigated white rot fungi significantly degraded lignocellulose
and increased the CP content of fermented highland barley straw. Based on the nutritional
value of fermented highland barley straw, L. sajor-caju had the greatest ability to degrade
lignin and improve the nutritional quality. The optimal concentrations of carbon and
nitrogen and temperature for solid state fermentation increase the lignin degradation rate
of in L. sajor-caju by 3.9%. Finally, fermenting highland barley straw with L. sajor-caju
increased in vitro digestibility and altered VFAs.

Author Contributions: Conceptualization, C.G.; formal analysis, Y.W.; investigation, L.C., Y.Q. and
L.L.; methodology, H.Z. and J.J.; supervision, C.G.; writing—original draft, Y.W., C.G. and Y.L.;
writing—review and editing, Y.W., L.C. and Y.Q. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by the Natural Science Foundation of Inner Mongolia autonomous
region, China (Grant No. 2023LHMS03009; 2021LHBS03003), College Students Innovation and En-
trepreneurship Training Program of Inner Mongolia Autonomous Region (Grant No. S202310136032),
Basic Research Funds for Universities Directly under Inner Mongolia Autonomous Region (Grant No.
GXKY23Z050; GXKY23Z002; GXKY23Z004).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.



J. Fungi 2023, 9, 1156 10 of 11

References
1. Guo, T.; Horvath, C.; Chen, L.; Chen, J.; Zheng, B. Understanding the nutrient composition and nutritional functions of highland

barley (Qingke): A review. Trends Food. Sci. Technol. 2020, 103, 109–117. [CrossRef]
2. Tuyen, V.D.; Cone, J.W.; Baars, J.J.P.; Sonnenberg, A.S.M.; Hendriks, W.H. Fungal strain and incubation period affect chemical

composition and nutrient availability of wheat straw for rumen fermentation. Bioresour. Technol. 2012, 111, 336–342. [CrossRef]
[PubMed]

3. Arora, D.S.; Sharma, R.K.; Chandra, P. Biodelignification of wheat straw and its effect on in vitro digestibility and antioxidant
properties. Int. Biodeterior. Biodegrad. 2011, 65, 352–358. [CrossRef]

4. Arora, D.S.; Gill, P.K. Production of ligninolytic enzymes by Phlebia floridensis. World. J. Microb. Biotechnol. 2005, 21, 1021–1028.
[CrossRef]

5. Goodell, B.; Qian, Y.; Jellison, J. Fungal decay of wood: Soft rot-brown rot-white-rot. In Development of Commercial Wood
Preservatives: Efficacy, Environmental, and Health Issues; Schultz, T., Nicholas, D., Militz, H., Freeman, M.H., Goodell, B., Eds.; ACS
Symposium Series, c982; ACS Publications: Washington, DC, USA, 2008; pp. 9–31.

6. Meehnian, H.; Jana, A.K. Cotton stalk pretreatment using Daedalea flavida, Phlebia radiata, and Flavodon flavus: Lignin degradation,
cellulose recovery, and enzymatic saccharification. Appl. Biochem. Biotechnol. 2017, 181, 1465–1484. [CrossRef]

7. Shabtay, A.; Hadar, Y.; Eitam, H.; Brosh, A.; Orlov, A.; Tadmor, Y.; Izhaki, I.; Kerem, Z. The potential of Pleurotus treated olive mill
solid waste as cattle feed. Bioresour. Technol. 2009, 100, 6457–6464. [CrossRef]

8. Fazaeli, H. Nutritive value index of treated wheat straw with Pleurotus fungi fed to sheep. Biotechnol. Anim. Husb. 2007, 23,
169–180. [CrossRef]

9. Wang, Y.; Luo, Y.; Luo, L.; Zhang, H.; Liao, Y.; Gou, C. Enhancement of the nutritional value of fermented corn stover as ruminant
feed using the fungi Pleurotus spp. Sci. Rep. 2021, 11, 11961. [CrossRef]

10. Association of Official Analytical Chemists (AOAC). Official Methods of Analysis, 17th ed.; AOAC: Arlington, VA, USA, 2000.
11. Goering, H.K.; Soest, P.J.V. Forage fiber analyses: Apparatus, reagents, procedures, and some applications. In Agriculture Handbook;

Agricultural Research Service, U.S. Department of Agriculture: Washington, DC, USA, 1970; Volume 379, pp. 1–20.
12. Van, S.P.J.; Robertson, J.B.; Lewis, B.A. Methods for dietary fiber, neutral detergent fiber and nonstarch polysaccharides in relation

to animal nutrition. J. Dairy Sci. 1991, 74, 3583–3598.
13. Licitra, G.; Harnandez, T.M.; Van Soest, P.J. Standardizations of procedures for nitrogen fractionation of ruminant feeds. Anim.

Feed Sci. Technol. 1996, 57, 347–358. [CrossRef]
14. American Association of Cereal Chemistry (AACC). Approved Methods of the AACC; American Association of Cereal Chemistry:

St. Paul, MN, USA, 1976.
15. Sniffen, C.J.; O’Connor, J.D.; Soest, P.J.V.; Fox, D.G.; Russell, J.B. A net carbohydrate and protein system for evaluating cattle 339

diets: II. Carbohydrate and protein availability. J. Anim. Sci. 1992, 70, 3562–3577. [CrossRef]
16. Box, G.E.P.; Behnken, D.W. Some new three level design for study of quantitative variables. Technometrics 1960, 2, 455–475.

[CrossRef]
17. Wang, M.; Wang, R.; Tang, S.X.; Tan, Z.L.; Zhou, C.S.; Han, X.F.; Kang, J.H. Comparisons of manual and automated incubated

systems: Effects of venting procedures on in vitro ruminal fermentation. Livest. Sci. 2016, 184, 41–45. [CrossRef]
18. Wang, M.; Sun, X.Z.; Janssen, P.H.; Tang, S.X.; Tan, Z.L. Responses of methane production and fermentation pathways to the

increased dissolved hydrogen concentration generated by eight substrates in in vitro ruminal cultures. Anim. Feed Sci. Technol.
2014, 194, 1–11. [CrossRef]

19. Weatherburn, M.W. Phenol-hypochlorite reaction for determination of ammonia. Anal. Chem. 1967, 39, 971–974. [CrossRef]
20. Nie, H.T.; Wang, Z.Y.; You, J.H.; Zhu, G.; Wang, H.C.; Wang, F. Comparison of in vitro digestibility and chemical composition

among four crop straws treated by Pleurotus ostreatus. Asian-Australas. J. Anim. Sci. 2018, 33, 24–34. [CrossRef] [PubMed]
21. Lange, L. Fungal enzymes and yeasts for conversion of plant biomass to bioenergy and high-value products. Microbiol. Spectr.

2017, 5. [CrossRef] [PubMed]
22. Datsomor, O.; Zhao, G.Q.; Li, M. Effect of ligninolytic axenic and coculture white-rot fungi on rice straw chemical composition

and in vitro fermentation characteristics. Sci. Rep. 2022, 12, 1129. [CrossRef] [PubMed]
23. Ding, C.; Wang, X.; Li, M. Evaluation of six white-rot fungal pretreatments on corn stover for the production of cellulolytic and

ligninolytic enzymes, reducing sugars, and ethanol. Appl. Microbiol. Biotechnol. 2019, 103, 5641–5652. [CrossRef]
24. Bari, E.; Ohno, K.; Yilgor, N.; Singh, A.P.; Morrell, J.J.; Pizzi, A.; Ghanbary, M.A.T.; Ribera, J. Characterizing fungal decay of beech

wood: Potential for biotechnological applications. Microbe 2021, 9, 247. [CrossRef]
25. Russell, J.B.; O’Connor, J.D.; Fox, D.G.; Van Soest, P.J.; Sniffen, C.J. A net carbohydrate and protein system for evaluating cattle

diets: I. Ruminal Fermentation. Anim. Sci. 1992, 70, 3551–3561. [CrossRef]
26. Fox, D.G.; Tedeschi, L.O.; Tylutki, T.P.; Beussell, J.B.; Van Amburgh, M.E.; Chase, L.E.; Pell, A.N.; Overton, T.R. The Cornell Net

Carbohydrate and Protein System model for evaluating herd nutrition and nutrient excretion. Anim. Feed Sci. Technol. 2004, 112,
29–78. [CrossRef]

27. Shrivastava, B.; Jain, K.K.; Kalra, A.; Kuhad, R.C. Bioprocessing of wheat straw into nutritionally rich and digested cattle feed.
Sci. Rep. 2014, 1, 6360. [CrossRef] [PubMed]

28. Zhao, X.; Wang, F.; Fang, Y.; Zhou, D.; Wang, S.; Wu, D.; Wang, L.X.; Zhong, R.Z. High-potency white-rot fungal strains and
duration of fermentation to optimize corn straw as ruminant feed. Bioresour. Technol. 2020, 312, 123512. [CrossRef]

https://doi.org/10.1016/j.tifs.2020.07.011
https://doi.org/10.1016/j.biortech.2012.02.001
https://www.ncbi.nlm.nih.gov/pubmed/22377477
https://doi.org/10.1016/j.ibiod.2010.12.009
https://doi.org/10.1007/s11274-004-7655-2
https://doi.org/10.1007/s12010-016-2296-0
https://doi.org/10.1016/j.biortech.2009.07.044
https://doi.org/10.2298/BAH0701169F
https://doi.org/10.1038/s41598-021-90236-0
https://doi.org/10.1016/0377-8401(95)00837-3
https://doi.org/10.2527/1992.70113562x
https://doi.org/10.1080/00401706.1960.10489912
https://doi.org/10.1016/j.livsci.2015.12.002
https://doi.org/10.1016/j.anifeedsci.2014.04.012
https://doi.org/10.1021/ac60252a045
https://doi.org/10.5713/ajas.18.0023
https://www.ncbi.nlm.nih.gov/pubmed/29879812
https://doi.org/10.1128/microbiolspec.FUNK-0007-2016
https://www.ncbi.nlm.nih.gov/pubmed/28155810
https://doi.org/10.1038/s41598-022-05107-z
https://www.ncbi.nlm.nih.gov/pubmed/35064211
https://doi.org/10.1007/s00253-019-09884-y
https://doi.org/10.3390/microorganisms9020247
https://doi.org/10.2527/1992.70113551x
https://doi.org/10.1016/j.anifeedsci.2003.10.006
https://doi.org/10.1038/srep06360
https://www.ncbi.nlm.nih.gov/pubmed/25269679
https://doi.org/10.1016/j.biortech.2020.123512


J. Fungi 2023, 9, 1156 11 of 11

29. Tekere, M.; Zvauya, R.; Read, J.S. Ligninolytic enzyme production in selected sub-tropical white rot fungi under different culture
conditions. J. Basic Microbiol. 2011, 41, 115–129. [CrossRef]

30. Lallo, R.; Maharajh, D.; Görgens, J.; Gardiner, N.; Görgens, J.F. High-density spore production of a B. cereus aquaculture biological
agent by nutrient supplementation. Appl. Microbiol. Biotechnol. 2009, 83, 59–66. [CrossRef]

31. Lv, Y.; Chen, Y.; Sun, S.Y.; Hu, Y.Y. Interaction among multiple microorganisms and effects of nitrogen and carbon supplementa-
tions on lignin degradation. Bioresour. Technol. 2014, 155, 144–151. [CrossRef] [PubMed]

32. Sarria-Alfonso, V.; Sánchez-Sierra, J.; Aguirre-Morales, M.; Gutiérrez-Rojas, I.; Moreno-Sarmiento, N.; Poutou-Pinales, R.A.
Culture media statistical optimization for biomass oroduction of a ligninolytic fungus for future rice straw degradation. Indian J.
Microbiol. 2013, 53, 199–207. [CrossRef] [PubMed]

33. Fortina, M.G.; Acquati, A.; Rossi, P.; Manachini, P.L.; Di Gennaro, C. Production of laccase by Botrytis cinerea and fermentation
studies with strain 226. J. Ind. Microbiol. 1996, 17, 69–72. [CrossRef]

34. Owens, F.N.; Sapienza, D.A.; Hassen, A.T. Effect of nutrient composition of feeds on digestibility of organic matter by cattle: A
review. Anim. Sci. 2010, 88, 151–169. [CrossRef]

35. Zheng, M.H.; Zuo, S.; Niu, D.; Jiang, D.; Tao, Y.; Xu, C.C. Effect of four species of white rot fungi on the chemical composition and
in vitro rumen degradability of naked oat straw. Waste Biomass Valorization 2021, 12, 435–443. [CrossRef]

36. Khonkhaeng, B.; Cherdthong, A. Improving nutritive value of purple field corn residue and rice straw by culturing with white-rot
fungi. J Fungi 2020, 6, 69. [CrossRef] [PubMed]

37. Zhang, W.; Pan, K.; Liu, C.; Qu, M.; Ouyang, K.; Song, X.; Zhao, X. Recombinant Lentinula edodes xylanase improved the
hydrolysis and in vitro ruminal fermentation of soybean straw by changing its fiber structure. Int. J. Biol. Macromol. 2020, 151,
286–292. [CrossRef] [PubMed]

38. Li, L.Z.; Qu, M.R.; Liu, C.J.; Xu, L.J.; Pen, K.; Song, X.Z.; OuYang, K.H.; Li, Y.J.; Zhao, X.H. Expression of a recombinant
Lentinula edodes xylanase by Pichia pastoris and its effects on ruminal fermentation and microbial community in in vitro incubation
of agricultural straws. Front. Microbiol. 2018, 30, 2944. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/1521-4028(200105)41:2%3C115::AID-JOBM115%3E3.0.CO;2-S
https://doi.org/10.1007/s00253-008-1845-z
https://doi.org/10.1016/j.biortech.2013.12.012
https://www.ncbi.nlm.nih.gov/pubmed/24445191
https://doi.org/10.1007/s12088-013-0358-3
https://www.ncbi.nlm.nih.gov/pubmed/24426109
https://doi.org/10.1007/BF01570044
https://doi.org/10.2527/jas.2009-2559
https://doi.org/10.1007/s12649-020-00991-w
https://doi.org/10.3390/jof6020069
https://www.ncbi.nlm.nih.gov/pubmed/32455642
https://doi.org/10.1016/j.ijbiomac.2020.02.187
https://www.ncbi.nlm.nih.gov/pubmed/32084470
https://doi.org/10.3389/fmicb.2018.02944

	Introduction 
	Materials and Methods 
	Fungal Strains and Spawn Preparation 
	Experimental Set-Up 
	Chemical Analyses 
	Protein and Carbohydrate Fractionation 
	Electron Microscopy for Structural Characterization of Fungal Fermented Highland Barley Straw 
	Response Surface Methodology (RSM) 
	In Vitro Fermentation 
	Statistical Analyses 

	Results and Discussion 
	Chemical Composition 
	Protein and Carbohydrate Fractionation 
	Electron Microscopy for Structural Characterization of Fungally Fermented Highland Barley Straw 
	Response Surface Methodology (RSM) 
	In Vitro Rumen Fermentation 

	Conclusions 
	References

