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Abstract: Various pretreatments are employed to increase the utilization of rice straw as a ruminant
feed ingredient to minimize its negative environmental impact. However, an efficient alternative
is still needed. The purpose of this study was to evaluate the ability of ammonia and/or white-
rot fungi (Pleurotus ostreatus) to degrade lignin, increase the nutritional value, and enhance the
rumen fermentability of rice straw. Rice straw was treated with ammonia and/or basidiomycete
white-rot fungi (P. ostreatus) with untreated straw as control under solid-state fermentation em-
ploying a completely randomized design. The crude protein increased from 2.05% in the control to
3.47% in ammoniated rice straw, 5.24% in basidiomycete white-rot fungi (P. ostreatus), and 6.58%
in ammoniated-basidiomycete white-rot fungi-treated (P. ostreatus) rice straw. The ammoniated-
basidiomycete white-rot fungi-treated (P. ostreatus) rice straw had the least lignin content (3.76%).
Ammoniated-basidiomycete white-rot fungi-treated (P. ostreatus) rice straw had improved in vitro
dry matter digestibility (65.52%), total volatile fatty acid (76.56 mM), and total gas production
(56.78 mL/g) compared to ammoniated rice straw (56.16%, 67.71 mM, 44.30 mL/g) or basidiomycete
white-rot fungi-treated (P. ostreatus) rice straw (61.12%, 75.36 mM, 49.31 mL/g), respectively. The
ammoniated-basidiomycete white-rot fungi (P. ostreatus) treatment improved rice straw’s nutritional
value, in vitro dry matter digestibility, volatile fatty acids, and gas production.

Keywords: Pleurotus ostreatus; ammonification; rice straw; white rot-fungi

1. Introduction

Rice straw (RS) is one of the major agro-byproducts generated worldwide, with
an annual global yield of close to 731 million tons [1]. RS is predominantly fed as an
energy roughage to meet ruminant maintenance requirements, particularly in drought
periods [2]. In contrast to some agro-byproducts, for which there is stiffer competition
between the livestock sector and industrial usage, particularly in first economies, the
existing competition for RS in even the most industrialized agrarian economies is almost
nonexistent, considering the enormous tonnage that is burned, causing air pollution.
Moreover, RS usage in the industrialized agrarian economies is limited. This is because
RS is intrinsically low in nitrogen and the hydrolyzable fiber (holocellulose) is chemically
encrusted within a lignin envelope [3], which suppresses its digestibility and nutritional
value. The reduced fiber digestibility also contributes to the buildup of enteric methane,
representing an energy loss to ruminants [4] and major greenhouse gas [5], and so is thus
undesirable. Numerous methods increase rice straw’s nutritional value and digestibility
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by disrupting the lignin–holocellulose linkage before feeding ruminants [6]. An adopted
strategy extensively used is ammonification.

Ammonification, which involves using an ammoniating agent such as urea or aqueous
ammonia, has become essential in improving the nutritional value of straw. Ammoni-
fication improves straw digestibility via the action of ammonia on the lignin-structural
polysaccharide linkages. It also increases the crude protein of the straw through the fixation
of applied nitrogen [7] and effectively breaks the bond between the lignin and the polysac-
charides. The ammonification process occurs at high temperatures (over 100 ◦C) and under
pressure for a short time. However, it does not necessarily change the lignin content of
the substrate [8] because the lignin residue in the straw is not affected and thus impedes
the action of the rumen microbial enzymes on cellulose hydrolysis [9]. This explains why
ammoniated corn straw’s nutritional value and total energy were not improved [10]. There
is a need for an additional technique that breaks lignin bonds and eliminates them from
the straw.

White rot-fungi species are the only organisms known to completely mineralize lignin
into carbon dioxide and water [11], leading to the improved digestibility and nutritional
value of biodegraded straw [12]. Pleurotus ostreatus (P. ostreatus), a member of the ba-
sidiomycetes white-rot fungus, is extensively used for straw degradation because it is
edible and highly ligninolytic [13]. Furthermore, the mycelium colonization of straw yields
cellulose-protein-enriched biomass [14], which has the potential to lower the need for
and cost of protein supplementation. It is hypothesized that “basidio-ammonification”,
which is a biochemical method of treating RS with both ammonia and a basidiomycete
white-rot fungus (P. ostreatus), would produce a highly delignified straw with improved
nutritional value, digestibility, and in vitro fermentation indices than either ammonification
or white-rot fungi treatment alone.

Extensive studies on either ammonification, physiochemical, or white-rot fungi ap-
plications have been widely explored to improve the nutritional value of various straw
materials [15–17]. Unfortunately, there is a paucity of information on the potential of
ammonification combined with basidiomycete white-rot fungi species to improve the nu-
tritional value of straw and its impact on fermentation characteristics in vitro. The study,
therefore, seeks to evaluate the effect of “basidio-ammonification” co-treatment of rice
straw on the proximate composition, cell wall constituents, in vitro digestibility, volatile
fatty acid (VFA) composition, and gas production.

2. Materials and Methods
2.1. Basidiomycete White-Rot Fungi

Basidiomycete white-rot fungi, P. ostreatus CGMCC 3.7292, were procured from the
China Agricultural University in Beijing, China. It was developed on a malt extract agar
(MEA; malt extract 20 g; agar 20 g; nutritional yeast 2 g; per L) culture medium and
preserved at 4 ◦C. A sterilized agar plate was prepared by autoclaving MEA for 25 min at
121 ◦C. It was then inoculated with 0.5 cm2 of the fungi and incubated at 25 ± 1 ◦C until
mycelium had colonized the whole surface of the MEA plate.

2.2. Grain Spawn Preparation

Millet grains were rinsed with water and parboiled for 15 min. The parboiled grains
were transferred onto a mesh strainer for the water to drain. The grains were loaded into
a sealable spawn mycobag (25 cm width and 37 cm height) until three-quarters full, and
then autoclaved for 45 min at 121 ◦C. Spawn mycobag contents were allowed to cool to
room temperature, and were then aseptically inoculated with six pieces of the mycelium
agar (1 cm2) and sealed. The spawn mycobag was agitated manually to ensure the uniform
distribution of mycelium and grains. It was then kept at 25 ± 1 ◦C in an incubator (RGX-350,
Beijing Zhongxingweiye Instrument Co., Ltd., Beijing, China) until the fungi mycelium
completely colonized all grains. The prepared spawn was kept in a cold chamber at 4 ◦C to
halt mycelia growth and for future use.
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2.3. Rice Straw Collection and Preparation

The rice straw used for the study was obtained from Yangzhou University’s rice farm
in Jiangsu, China. The rice straw was physically cut into 2 to 3 cm lengths, packed into
storage bags, and hermetically sealed to be used later for solid-state fermentation.

2.4. Solid-State Fermentation

Aqueous ammonia (3% w/w) was sprayed on 250 g of the rice straw in quadrupli-
cate samples on a DM basis. Sterilized water was then added to increase the moisture
content to 50%. The samples were thoroughly mixed rapidly and packed into polyethy-
lene mycobags representing the ammoniated rice straw (ARS) group. The ARS was then
autoclave sterilized for 60 min at 121 ◦C and allowed to cool to room temperature. The
ammoniated-basidiomycete white-rot fungi-treated (P. ostreatus) rice straw group (AFTRS)
was prepared the same way as the ARS group and inoculated with P. ostreatus spawn at 3%
w/w of the substrate. The basidiomycete white-rot fungi-treated (P. ostreatus) rice straw
group (FTRS) was prepared in the same way as the AFTRS group but for the addition of
ammonia. To ensure the uniform distribution of the spawn, the FTRS and AFTRS were
agitated before incubation in line with the procedure of Oei [18]. The control group, un-
treated rice straw (UTRS), was neither ammoniated nor inoculated with basidiomycete
white-rot fungi (P. ostreatus). All the mycobags were kept in an incubator (RGX-350, Beijing
Zhongxingweiye Instrument Co., Ltd., Beijing, China) at 25 ± 1 ◦C and 75–80% humidity
for 30 d. After incubation, the mycobags were oven dried for 48 h at 64 ◦C and ground over
a 1 mm sieve using a miller machine (CM100, Beijing Yongguangming Co., Ltd., Beijing,
China) to obtain uniform samples for further chemical and in vitro analysis.

2.5. Experimental Design

A completely randomized design was used to assign treatments to the experimental
units. The experiment was performed in quadruplicate.

2.6. Proximate and Cell Wall Composition Analysis

The samples were dried in an oven drier (DHG-9123A, Zhengzhou Wollen Instrument
Equipment Co., Ltd., Shanghai, China) at 105 ◦C for 3 h to determine their dry matter
content. The nitrogen (N) content and ether extract (EE) were determined using the Kjeldahl
and Soxhlet method according to the Association of Official Analytical Chemists [19]. The
crude protein (CP) was estimated by multiplying the nitrogen (N) by 6.25. Neutral detergent
fiber (NDF), acid detergent fiber (ADF), cellulose, hemicellulose, and acid detergent lignin
(ADL) analyses were carried out as recommended by Van Soest et al. [20] with an Ankom
2000 automated fiber analyzer (ANKOM Technology, Macedon, New York, NY, USA).
Samples (0.5–1 g) of the rice straw were weighed into polyester mesh bags (Ankom F57,
ANKOM Technology, Macedon, New York, NY, USA) and heat-sealed using an FS-300
impulse heat sealer (Zhejiang Tianyu Industry Co. Ltd., Yongkang, China). The sealed
bags and 2000 mL of neutral detergent were placed in an automatic fiber analyzer for
60 min at 100 ◦C. The bags were then rinsed to neutral with distilled water, dried, and
weighed. The dried residue constituted the NDF. 2000 mL of acid detergent was added
to the remaining dried sample, and the same NDF approach was used to determine ADF.
Hemicellulose (H) was estimated as NDF minus ADF. The dried residue was soaked in 72%
(v/v) H2SO4 and kept for 2 h at 25 ◦C. The bags were rinsed to neutral with distilled water,
dried, and weighed. The remaining samples were kept for 3 h at 550 ◦C in a tared crucible
and reweighed to calculate the loss as ADL. Cellulose (C) was estimated as ADF less ADL.
Carbonization of the samples for 3 h at 550 ◦C in a muffle furnace (1200 Kiln, Jinan Cyeeyo
Instruments Co., Ltd., Jinan, China) was used to evaluate ash content. Organic matter (OM)
was estimated as the difference between dry matter (DM) and ash. All calculations were
done on a percentage dry matter basis.
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2.7. In Vitro Fermentation

The Institutional Animal Care Committee of Yangzhou University (Yangzhou, China)
approved protocols for the care of rumen-fistulated Holstein cows and rumen fluid collec-
tion techniques. Fresh rumen fluid was obtained from three rumen-fistulated Holstein cows
maintained on corn silage and an oat straw-based diet. The rumen fluid was then filtered
through four layers of cheesecloth and mixed in a 1:2 (v/v) buffer solution (Buffer A: 13.2 g
CaCl2·2H2O, 10.0 g MnCl2·4H2O, 1.0 g CoCl2·6H2O and 8.0 g FeCl3·6H2O per 100 mL;
Buffer B: 35.0 g NaHCO3 and 4.0 g NH4HCO3 per 1000 mL; Buffer C: 5.7 g Na2HPO4 and
0.6 g MgSO4·7H2O and 6.2 g KH2PO4 per 1000 mL) under constant flushing with CO2
as prescribed by Menke et al. [21]. 0.2 g of oven-dried control and experimental group
samples were weighed into 100 mL glass vials. Each glass vial was filled with 30 mL of the
buffered rumen fluid, sealed with a rubber stopper, and kept in an incubator shaker (Model
THZ-320, Jinghong Devices, Shanghai, China) for 48 h at 39 ◦C along with blanks (vials
containing rumen fluid and buffer but no samples). All the groups (control, treatments,
and blank) had four replications.

2.8. In Vitro Gas, Volatile Fatty Acids, and Dry Matter Digestibility

The gas pressure (headspace) at 0, 3, 6, 12, 24, 36, and 48 h in each glass vial was
measured using a digital pressure transducer gauge (Model DPG1000B15PSIG-5, Cecomp
Electronics, Libertyville, IL, USA) fitted with a 22-gauge hypodermic needle following the
guidelines of Theodorou et al. [22]. After correcting the gas production values for blanks
(gas of sample− the gas of blank), the gas pressure was converted to gas volume using the
mathematical formula: Vgas = Vj × Ppsi × 0.068004084, where Vgas is the gas volume at
39 ◦C, mL, Vj is the vial volume headspace of liquid, mL, and Ppsi is the pressure of the
vial, psi.

The glass vials were removed from the incubator and placed in an ice bath to terminate
fermentation after 48 h. The rubber stopper sealant of each glass vial was then removed,
and the pH of the content (fermentation mixture) was recorded using a pH meter (Model
PHS-3C, Puchun Co., Ltd., Shanghai, China). The contents were drained into 50 mL conical
sterile polypropylene centrifuge tubes and then centrifuged for 15 min at 8000× g and 4 ◦C
in an Eppendorf centrifuge 5810R (Fisher Scientific Co., Ltd., Waltham, MA, USA) to yield
a supernatant and precipitate (nonfermented solid residue). The supernatant from each
sample was placed into 1.5 mL conical sterile polypropylene centrifuge tubes, and 1 mL of
the supernatant was combined with 0.2 mL of 20% metaphosphoric acid and refrigerated
overnight at 4 ◦C for VFA measurement.

A gas chromatography-mass spectrometer (GC-MS 9800, Shanghai Kechuang Chro-
matographic Instrument Co., Ltd., Shanghai, China) with a thermal conductivity detector
Agilent capillary column (30 m × 0.32 mm × 0.25 µm, DB-FFAP: TDX-01, Agilent Technolo-
gies, Shanghai, China) was used to estimate the VFA concentration. The injector, column,
and detector were heated to 200 ◦C, 110 ◦C, and 200 ◦C, respectively. The carrier gas was
nitrogen, with a 50 mL/min flow rate and a volume injection of 1 µL. Each sample’s residue
was dried overnight at 65 ◦C and weighed. The in vitro dry matter digestibility (IVDMD)
was calculated as the weight of the residue less the initial weight of the 50 mL conical sterile
polypropylene centrifuge tubes. IVDMD was adjusted for blank corrections.

2.9. Statistical Analysis

The effects of the treatments on proximate composition, cell wall content, in vitro pH,
VFA, and gas were evaluated using a completely randomized research design. Generated
data were statistically analyzed as One-Way Analysis of Variance (ANOVA) using SPSS
version 21.0 (IBM Corp., Armonk, NY, USA). A posthoc multiple comparison with Duncan’s
significant test at a significance level of 0.05 was used to establish the significance between
experimental groups. Prior to conducting the ANOVA, Levene’s test was used to ensure
that the assumption of homogeneity of variances was met (p > 0.05).
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3. Results
3.1. Subjective Observations

No mold growth was detected in treatment groups after the incubation period, as
shown in Figure 1. Ammonia odor was apparent from ammoniated rice straw (Figure 1B)
and ammoniated-basidiomycete white-rot P. ostreatus (Figure 1D) after opening, and the
straw had become more brownish (Figure 1B). Basidiomycete white-rot P. ostreatus success-
fully colonized both the unammoniated rice straw (Figure 1C) and the ammoniated rice
straw (Figure 1D).

Figure 1. Thirty-day incubation of rice straw: (A) untreated, (B) ammoniated, (C) basidiomycete
white-rot P. ostreatus, and (D) ammoniated-basidiomycete white-rot P. ostreatus.

3.2. Proximate Composition

Significant differences were recorded between all the treatments for the various pa-
rameters (DM, OM, ash, CP, and EE) that were considered, as shown in Table 1. The UTRS
recorded significantly higher OM and DM contents than the other treatments. This was fol-
lowed by the ARS, FTRS, and AFTRS in that order. The AFTRS, on the other hand, recorded
significantly higher ash, CP, and EE. The FTRS was second to the AFTRS with respect to the
parameters mentioned above (Ash, CP, and EE), while the ARS recorded the least fractions
of these parameters save the CP, for which the UTRS recorded the least proportion.

Table 1. Proximate composition (% DM basis) of ammonia and/or basidiomycete white-rot
P. ostreatus-treated rice straw.

Parameter UTRS ARS FTRS AFTRS

DM 90.59 ± 0.13 a 86.81 ± 0.24 b 85.23 ± 0.21 c 80.56 ± 0.15 d

OM 77.48 ± 0.18 a 74.65 ± 0.22 b 70.02± 0.33 c 61.34 ± 0.29 d

Ash 13.11 ± 0.14 c 12.15 ± 0.27 d 15.21 ± 0.12 b 18.22 ± 0.32 a

CP 2.05 ± 0.32 d 3.47 ± 0.18 c 5.24 ± 0.29 b 6.58 ± 0.19 a

EE 1.57 ± 0.01 c 1.41 ± 0.03 d 2.06 ± 0.01 b 2.17 ± 0.01 a

UTRS, untreated rice straw; ARS, ammoniated rice straw; FTRS, basidiomycete white-rot P. ostreatus fungi-treated
rice straw; AFTRS, ammoniated-basidiomycete white-rot P. ostreatus fungi-treated rice straw; DM, dry matter;
OM, organic matter; CP, crude protein; EE, ether extract. All values are mean ± standard error. a–d Values with
different superscript letters in a row represent significant difference (p < 0.05).

3.3. Cell Wall Content

Significant differences were recorded between all the treatments for all the parameters
(NDF, ADF, ADL, C, and H) presented in Table 2. The AFTRS recorded significantly the
lowest percentages for all the parameters, followed by FTRS, ARS, and UTRS in succession.

Table 2. Cell wall contents (% DM basis) of ammonia and/or basidiomycete white-rot P. ostreatus-
treated rice straw.

Parameter UTRS ARS FTRS AFTRS

NDF 70.31 ± 0.23 a 66.55 ± 0.22 b 58.69 ± 0.05 c 50.10 ± 0.28 d

ADF 46.21 ± 0.29 a 44.20 ± 0.27 b 41.36 ± 0.31 c 36.04 ± 0.25 d

ADL 8.75 ± 0.30 a 6.66 ± 0.28 b 5.96 ± 0.21 c 3.76 ± 0.09 d

C 37.96 ± 0.41 a 36.79 ± 0.49 b 35.40 ± 0.19 c 32.27 ± 0.12 d

H 24.10 ± 0.35 a 22.35 ± 0.29 b 17.33 ± 0.27 c 14.86 ± 0.41 d

UTRS, untreated rice straw; ARS, ammoniated rice straw; FTRS, basidiomycete white-rot P. ostreatus fungi-treated rice
straw; AFTRS, ammoniated-basidiomycete white-rot P. ostreatus fungi-treated rice straw; NDF, neutral detergent fiber;
ADF, acid detergent fiber; ADL, Acid detergent lignin; C, cellulose; H, hemicellulose. All values are mean ± standard
error. a–d Values with different superscript letters in a row represent significant difference (p < 0.05).
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3.4. In Vitro Fermentation Characteristics

Except for the pH, significant differences were recorded among all the treatments with
respect to the IVDMD, total VFA, and the individual volatile fatty acids (VFAs) produced, as
shown in Table 3. The AFTRS had significantly higher IVDMD and total VFA compared to
the other treatments. This was followed by FTRS and ARS treatments for both parameters.
The UTRS produced the least IVDMD and total VFA. Similarly, the UTRS produced the
least propionic acid, isobutyric, and isovaleric acid, while the AFTRS produced the highest
amount of these acids. There was no significant difference in the valeric produced by the
UTRS and the ARS. There was neither any significant difference between the FTRS and
AFTRS. The UTRS, however, had the highest acetic acid, A/P, and butyric acid, while the
AFTRS produced the least concentration of the VFAs. The FTRS had a significantly lower
acetic acid, A/P, and butyric acid than the ARS.

Table 3. pH, IVDMD, and VFA of ammonia and/or basidiomycete white-rot P. ostreatus-treated straw.

Parameter UTRS ARS FTRS AFTRS

pH 6.54 ± 0.01 6.53 ± 0.01 6.52 ± 0.01 6.51 ± 0.01
IVDMD 50.37 ± 0.28 d 56.16 ± 0.24 c 61.12 ± 0.26 b 65.52 ± 0.25 a

Total VFA (mM) 47.93 ± 0.33 d 67.71 ± 0.17 c 75.36 ± 0.19 b 76.56 ± 0.43 a

Individual VFA (% Total VFA)
Acetic acid 63.29 ± 0.43 a 61.83 ± 0.18 b 59.36 ± 0.16 c 58.73 ± 0.23 d

Propionic acid 19.76 ± 0.28 d 22.65 ± 0.06 c 25.41 ± 0.22 b 26.85 ± 0.25 a

A/P 3.21 ± 0.06 a 2.73 ± 0.01 b 2.35 ± 0.03 c 2.16 ± 0.02 d

Butyric acid 15.56 ± 0.26 a 13.11 ± 0.11 b 11.26 ± 0.06 c 10.29 ± 0.08 d

Isobutyric acid 0.74 ± 0.04 d 0.97 ± 0.02 c 1.14 ± 0.03 b 1.29 ± 0.01 a

Valeric acid 0.32 ± 0.14 b 0.75 ± 0.22 b 1.02 ± 0.01 a 1.15 ± 0.01 a

Isovaleric acid 0.33 ± 0.14 c 0.69 ± 0.08 b 1.53 ± 0.01 a 1.69 ± 0.04 a

UTRS, untreated rice straw; ARS, ammoniated rice straw; FTRS, basidiomycete white-rot P. ostreatus fungi-treated
rice straw; AFTRS, ammoniated-basidiomycete white-rot P. ostreatus fungi-treated rice straw; IVDMD, in vitro dry
matter digestibility; A/P, acetic propionic ratio; VFA, volatile fatty acid. All values are mean ± standard error.
a–d Values with different superscript letters in a row represent significant difference (p < 0.05).

3.5. In Vitro Gas Volume

Significant differences were recorded between the treatments in the volume of gas
produced at all periods, as presented in Table 4. The UTRS had the lowest volume of
gas among the treatments, irrespective of the period. This was followed by the ARS and
FTRS. The AFTRS had significantly the highest volume of gas at all periods. Even though
the volume of gas increased exponentially at the initial stages, the rate of increase was
comparatively marked in the last stage for all treatments.

Table 4. In vitro gas volume of ammonia and/or basidiomycete white-rot P. ostreatus-treated
rice straw.

Gas Volume (mL/g) UTRS ARS FTRS AFTRS

3 h 5.34 ± 0.27 d 8.22 ± 0.23 c 10.48 ± 0.20 b 15.23 ± 0.22 a

6 h 12.25 ± 0.25 d 15.31 ± 0.23 c 20.16 ± 0.26 b 28.83 ± 0.37 a

12 h 20.23 ± 0.24 d 25.18 ± 0.31 c 30.42 ± 0.27 b 39.77 ± 0.45 a

24 h 28.59 ± 0.28 d 37.03 ± 0.25 c 42.01 ± 0.31 b 48.28 ± 0.27 a

36 h 37.16 ± 0.32 d 43.14 ± 0.30 c 48.00 ± 0.45 b 55.96 ± 0.42 a

48 h 37.91 ± 0.46 d 44.30 ± 0.25 c 49.31 ± 0.33 b 56.78 ± 0.30 a

UTRS, untreated rice straw; ARS, ammoniated rice straw; FTRS, basidiomycete white-rot P. ostreatus fungi-treated
rice straw; AFTRS, ammoniated-basidiomycete white-rot P. ostreatus fungi-treated rice straw. All values are
mean± standard error. Gv, Gas volume. a–d Values with different superscript letters in a row represent significant
difference (p < 0.05).
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4. Discussion

The most noticeable transformation in rice straw treated with ammonia was the color
of the straw. During the ammoniation process, browning of the rice straw ensued, and the
ammoniated rice straw was more pliable than the untreated rice straw.

The observed decline in the DM and OM content of the ammoniated rice straw
(ARS) in the present study is similar to the findings of Moreira Filho et al. [23] and Has-
san et al. [24] in their treatment of barley and corn straw, respectively. Similarly, Fazaeli [25]
and Khonkhaeng and Cherdthong [15] recorded a decline in their treatment of wheat
straw and purple field corn residue, respectively, with P. ostreatus, which is consistent
with the reduction in the DM and OM observed in FTRS in the current study. The general
decline in the DM and OM of the treated material has been identified as unavoidable losses
characteristic of the ammoniation reaction [23] and white-rot fungi degradation of straw
constituents [26] because of the ability of ammonia to alter the cell wall fraction and the
dependence of basidiomycete white-rot P. ostreatus fungi on the straw for their energy
requirements. This substantiates the comparatively higher decline in the AFTRS due to
their synergetic effect on the biomass.

Kutlu et al. [27] reported an increase in CP when wheat straw was either ammoniated
or treated with Pleurotus florida fungi, which is comparable to the noticeable rise in CP in
this study. The observed increase in the CP of the ARS results from ammonia absorption
and subsequent fixation of inorganic N into the cell wall [28]. The increased CP of FTRS
could originate from either colonization and proliferation of the straw [29,30] by the
fungi mycelia, the capture of accessible N via aerobic fermentation by fungus [31] and
extracellular proteinaceous enzymes secreted by fungi [32], or a combination of all or some
of these factors.

The CP content of FTRS compared to the ARS was higher in the current study. Accord-
ing to Ragunathan et al. [33], the protein content of fungi mycelia is relatively high, which
explains the comparatively higher CP in the FTRS compared to the ARS. Admittedly, the
mycelia of the fungi, according to Chang and Miles [34], is predominantly nitrogen (60–70%
of N occurring in the fungal cell is protein), which contributes to the protein content of
the substrate.

In the case of AFTRS, the fungi converted both the accessible inorganic N initially
within the straw and that contributed by the ammonification agent into proteinic N, which
is a richer form of protein nutrient [35]. There were two sources of inorganic N and,
consequently, a relatively higher CP in the AFTRS. The OM and CP of AFTRS, being
markedly the least and highest, respectively, in the present study, are consistent with the
findings of Rouzbehan et al. [36]. The latter reported a similar trend using ammoniated
Pleurotus of Iranian tissue-treated (TS2) wheat straw.

The ash content of ARS was markedly the least of all the treatments, and it is coherent
with the report of Ma et al. [7]. The comparable decline in ash content after ammonification
compared to untreated straw is indicative of the loss of soluble mineral elements [37].
The increase in ash content of FTRS was consistent with the report of Fazaeli [25] and
Velázquez-De Lucio et al. [38]. This is due to fungus breaking down the straw to release
minerals and inorganic matter [39]. The AFTRS yielded the highest amount of ash because
it degraded the most organic matter. This is attributable to the synergetic or combining
effects of basidio-ammonification.

The EE of ARS, which is markedly the least among the treatments, is similar to the
report of Suksombat [40]. Yalchi [41] reported a numerical decline in the EE of ammoniated
triticale compared to untreated triticale. However, the decline was not significant. This
variation could be due to differences in straw types used. Treating straw with fungi
(FTRS) led to increased EE, and this aligns with the findings of Akinfemi et al. [42] and
Tuyena et al. [43]. The increase in EE of FTRS and AFTRS originates from fungi biomass.
Fungi derive nutrients by decomposing and transforming OM into substances, including
lipids [44,45]. Lipid compounds play vital functions in the fungal life cycle, occurring
predominantly in the stationary growth phase [46]. Sancholle and Lösel [47] stated that
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during the colonization and growth of fungi on biomass, there is a rapid surge in the
synthesis and accumulation of lipids within the fungi mycelium. The lipids remain in the
substrate after the completion of the fungal life cycle. The increased EE of AFTRS in the
present study contradicts the report of Kutlu et al. [27]. This was due to the inability of the
fungi to successfully colonize the ammoniated wheat straw employed in this study.

Treating rice straw with ammonia and/or basidiomycete white-rot P. ostreatus fungi
resulted in a general decline in all cell wall constituents. Yalchi [41] reported a decline in
NDF and ADF using ammoniated triticale straw, which is coherent with the observations
in the current study. According to Sarnklong et al. [6], ammonia triggers a collapse in the
structure of lignocellulose due to its absorption into the cell walls of the straw, leading to
the disruption of linkages between lignin and cellulose or hemicellulose.

Ammoniated rice straw (ARS) recorded a decline in lignin, cellulose, and hemicellulose.
Several authors have equally reported a decrease in lignin [10,48], cellulose [24,49], and
hemicellulose [50,51] in various ammoniated straws. According to Chundawat et al. [52],
the decline in hemicellulose results from its depolymerization into oligosaccharides due
to the cleavage of lignin–carbohydrate complex ester bonds and subsequent partial sol-
ubilization during the ammonia pretreatment process. Kumar et al. [53] specified that
ammonia effectively degrades hemicellulose acetyl and uronic ester groups leading to its
solubilization. According to Kim et al. [54], the decline in lignin is due to the increase in
lignin solubility originating from the splitting of ether bonds in lignin or the disruption of
ether/ester bonds within the lignin-hemicellulose-cellulose polysaccharide complex. Fur-
thermore, ammonia acts selectively on lignin bonds, especially C-O-C bonds, and ester and
ether bonds [54,55], which reduces lignin in the lignocellulose matrix. Cellulose loss results
from the breakdown of ester and glycosidic side chains, which initiates cellulose structural
alteration leading to its partial decrystallization and partial solvation [56]. A positive effect
of a reduction in cellulose content is the enhanced access of cellulolytic microorganisms to
the content of the cell wall [49], thus promoting fiber fermentation.

The decline in the cell wall constituents (NDF, ADF, ADL, C, and H) of FTRS in the
present study is similar to reports by various authors [57–59]. The losses in the NDF and
ADF from the straw suggest that the fungi could solubilize and utilize the contents of
the cell wall as a carbon source and thus modify the soluble to insoluble carbohydrates
fraction in the straw [60]. The decline in ADL, cellulose, and hemicellulose resulted
from the basidiomycete white-rot fungi secretion of various ligninolytic enzymes (laccase,
manganese peroxidase, ligninase) [61] and hydrolytic enzymes (cellulases) [62]. These
enzymes are engaged in selective lignin degradation over cellulose and hemicellulose
utilization as energy. Lignin biopolymer is converted to water and carbon dioxide [11]. This
increases cellulose and the bioavailability of other substrate polymers for microbial/enzyme
fermentation [63,64].

Ammoniated rice straw fermented with basidiomycete white-rot P. ostreatus (AFTRS)
having the least cell wall constituents was expected. The combination in AFTRS achieving
the most considerable loss in lignin and holocellulose implies that integration of ammonifi-
cation and basidiomycete white-rot P. ostreatus treatment of straw resulted in a synergic
effect evident in higher lignin removal/breakdown alongside the efficient utilization of
holocellulose. The changes in the rice straw lignocellulose by ammonification provided
better conditions for cell wall constituent degradation and, thus, helped the basidiomycete
white-rot fungi obtain energy for growth. In addition, the rise in the CP of the substrate
associated with the ammonia treatment could be sufficient to meet fungal nutritional and
growth requirements for free amino nitrogen [65].

The pH is an essential indicator that reflects the rumen microenvironment. The pH
values of the treatment groups in this study were not significantly different, which agrees
with the findings of Vorlaphim et al. [66]. This shows that the effect of ammonia and/or
basidiomycete white-rot P. ostreatus fungi treatment of rice straw on rumen pH was not
evident in this study. The values in the current study, however, were all within the normal
limit (>6.3) for ideal rumen metabolism [67].
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In the present study, the treatments increased the IVDMD of rice straw. This observa-
tion is not surprising because lignin is responsible for the recalcitrant nature of straw [68]
and hence its delignification would yield substrates with a high rumen digestibility de-
pending on the extent of degradation/loss [69]. Liu et al. [10] reported an increase in
IVDMD after ammonia treatment of corn straw, similar to the increased IVDMD of the
ammoniated rice straw in this study. According to Chenost and Kayouli [37], ammonia
treatment physically makes the structural fibers swollen and chemically breaks the ester
bonds between the lignin and hemicellulose, and cellulose. These effects enable the rumen
microbes to attack the structural carbohydrates more easily and thus increase digestibil-
ity. Other reasons associated with the improvements noted after the ammonification of
cereal residues, including rice straw, are the collapse of vascular bundle sheath cells [70],
rupture of inner cuticular surfaces and separation from adjacent ground parenchyma [71],
modification in the friability of the stiff coating casing the inner surface of cell walls [72],
the capability of ammonia to form ammonia–cellulose complex which aids in reducing
the cellulose crystallinity [73] among others. Any decrease in the crystallinity of the cellu-
lose that forms the cell wall’s microfibrils contributes to the fragility of the cell wall and
consequently makes them more vulnerable to the action of cellulolytic bacteria [73].

The improvement in IVDMD of the FTRS in the present study is consistent with the
report by Wen et al. [74]. In general, basidiomycetes white-rot fungi are the only fungi group
capable of degrading lignin and its moiety (guaiacyl-, syringyl-, and p-hydroxyphenyl units)
completely from the substrate [75]. P. ostreatus, a member of the basidiomycete white-rot
fungi, degraded lignin most effectively due to its ability to produce extracellular ligninolytic
oxidative enzymes [76]. The lignin is removed from the substrate as it is converted to
water and carbon dioxide [11]. During lignin degradation, cellulose and hemicellulose are
released and then attacked by fungal glycoside hydroxylases [77], thereby yielding substrate
for microbes and potentially improving the IVDMD value of lignocellulosic biomass.

Ammoniated rice straw treated with basidiomycete white-rot P. ostreatus (AFTRS),
compared to the other treatment groups, achieved markedly the highest IVDMD. Similarly,
Rouzbehan et al. [36] reported a considerably higher IVDMD using ammoniated wheat
straw treated with Pleurotus of Iranian tissue (TS2). The noticeable improvement in the
IVDMD of the AFTRS is due to the ability of the fungi to degrade the lignin efficiently
and, in the process, make the contents of the cell wall of the rice straw easily accessible
and consequently increase the CP. Thus, ammonia combined with basidiomycete white-rot
P. ostreatus fungi treatment of rice straw worked synergistically to achieve a protein-rich
and highly delignified material whose structural polysaccharide can be easily hydrolyzed
by rumen microbes.

The energy reserve for ruminants is VFA, which is the last product following carbo-
hydrate fermentation and reflects the digestibility of feed. Feeds with a high digestibility
produce high VFA [78]. The varying amounts of total VFA in different treatment groups
correspond to the observed IVDMD and gas production. The increase in the total VFA of the
ammonia and/or basidiomycete P. ostreatus fungi fermented rice straw in the present study
is similar to the reports of Fariani et al. [79], Tampoebolon et al. [80], and Wen et al. [74],
respectively. The increase in VFA production is mainly due to an increase in substrate
digestibility. The total VFA of the AFTRS being markedly higher compared to the other
treatment groups was expected. This is because rumen microbes have more access to
fermentable carbohydrates when a substrate has a high digestibility value. This leads to a
higher total VFA than when a substrate has a low digestibility.

Treatment of the rice straw with ammonia or basidiomycete white-rot P. ostreatus fungi
resulted in a decline in the acetic acid with a concomitant increase in propionic acid. This is
due to the decrease in cell wall constituents due to the treatment imposed. Wen et al. [74]
reported a similar trend using wheat straw treated with P. ostreatus fungi. On the contrary,
ammonia treatment of rice straw did not affect the acetic acid and propionic acid [81]. The
nonsignificance was due to the high variation among the replicates [81]. The worth of a feed
is not limited to its total VFA but its molar proportion, principally the A:P ratio. A lower
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A:P ratio is associated with a rise in feed efficiency in the rumen. Compared to the untreated
straw, ammonification or treatment of rice straw with basidiomycete white-rot P. ostreatus
fungi resulted in a decline in the A:P ratio. Griffith et al. [82] and Zuo et al. [83] reported
a similar observation with ammoniated barley and corn stover treated with P. ostreatus,
respectively. The AFTRS having considerably the least A:P ratio was expected because it
achieved the least acetic acid and highest propionic acid values than the other treatments.

Branched-chain volatile fatty acids (BCVFA), isobutyrate, 2-methylbutyrate, and
isovalerate, and the straight-chain valerate acid, which are collectively referred to as
isoacids [84], are a by-product of amino acid deamination in the rumen [85]. These are
essential for the growth of ruminal cellulolytic bacteria and, thus, their proliferation and
action. The BCVFA of the AFTRS being markedly the highest compared to the other treat-
ment groups is consistent with the report that diets with high crude protein yields increased
BCVFA levels [86]. However, the higher proportion of BCVFA could be due to the higher
amount of protein and not necessarily be related to the NH3 depending on the amino acid
profile of the substrate tested in vitro [87]. Furthermore, since fungi protein is a rich source
of amino acids, including Val, Ile, and Leu [88], it met the amino acid requirements of the
cellulolytic bacteria, which in turn increased the BCVFA product yield. This establishes the
BCVFA in FTRS and AFTRS being superior to that of the ATRS and UTRS.

In the rumen, in vitro gas production (IVGP) appears to be related to the chemical
composition of the fiber, the lignin content of roughage feed [89] and its digestibility [90].
All the treatment groups recorded a progressive increase in the volume of gas produced. The
rise in IVGP of ARS and FTRS in the present study is similar to the reports of Eun et al. [91]
and Sufyan et al. [92], respectively. This is due to the decline in lignin content caused by
the ammonia or basidiomycete white-rot P. ostreatus fungi treatment of rice straw leading
to increased IVDMD. Lignin reduction decreases cell wall recalcitrance and allows the
rumen microbes and/or their enzymes free access to cellulose and other polysaccharides
for fermentation. The volume of gas produced was comparatively higher in the AFTRS
than in the other treatment groups. This can be ascribed to the synergetic effect between
the ammonification agent and basidiomycete white-rot fungi. This, to a much greater
extent, achieved a considerably higher degree of lignin degradation and reduced cell wall
constituents, as evident in a superior IVDMD compared to the other treatment groups.

Further research should be directed towards in vivo feeding trials at the farm level to
ascertain animal performance and possible commercialization.

5. Conclusions

The ammoniated rice straw treated with basidiomycete white-rot P. ostreatus enhanced
the digestibility of rice straw and its nutritive value compared to the other treatments. This
is evident in the comparative increase in the CP, IVDMD, VFA, and in vitro gas production.
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