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Abstract: Agro-industrial lignocellulosic waste can be bioconverted to fungal biomass and then utilized as an
alternative feed for ruminants, with potential for ruminal methane (CHs) mitigation. This study evaluated the
changes in the enzymatic expression and nutritional value of palm kernel cake fermented with Pleurotus ostreatus
(FPKC), as well as the differences in the in vitro fermentation parameters and methane production in diets based
on tropical forages with the inclusion of FPKC and/or tropical forage legumes. The highest activity of laccases
and cellulases occurred on day 13 with values of 0.75 + 0.09 U/g and 266.7 + 20.8 U/g, respectively. The biological
pretreatment decreased (p< 0.05) the contents of neutral detergent fiber (NDF), acid detergent fiber (ADF) and
lignin by 29%, 20.5% and 46.6% respectively, while those of crude protein (CP) increased by 69.6%. The inclusion
of FPKC and legumes increased (p<0.05) the degradation of DM (DMD), NDF degradability, ADF degradability
and CP degradability in the range of 16.9% to 17.3%, 10.9% to 23.8%, 25.7% to 27.5 % and 11.6% to 30.4%,
respectively. Production of acetate decreased (p < 0.05) and that of propionate increased (p < 0.05), resulting in a
low A:P ratio in the FPKC diets. The total synthesis of CHs, CHas/g incubated DM and mL CHa/g degraded DM
decreased (p< 0.05) in the diets with FPKC and legumes between 15% to 24.3%, 15.6% to 24.9% and 27.3% to
35.9%, respectively. In conclusion, the combination of FPKC with legume species in tropical diets for ruminants

reduces in vitro methane emissions.

Keywords: agro-industrial byproducts; animal feed; bioconversion; bioeconomy; energy efficiency; tropical
forages

1. Introduction

Enteric fermentation is one of the most important sources of greenhouse gases (GHG) in the
Agriculture, Forestry and Other Land Use (AFOLU) sector, with 3.0 gigatons CO:-eq emitted
annually, which represents 23% of AFOLU emissions and 7% of total net anthropogenic GHG
emissions worldwide [1] in the form of methane, a greenhouse gas with a global warming potential
~ 25-28 times that of CO:z [2]. The most significant emissions of enteric CHs occur in tropical
developing areas, such as those in South Asia, Africa and Latin and the Caribbean [1], the magnitude
of which is related to the low nutritional quality of the forages fed to animals, particularly during the
dry season, when diet is characterized by low availability and high content of structural
carbohydrates and lignin complexes. All of this reduces their degradability; increases the production
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of short-chain fatty acids, such as acetate [3]; increases metabolic hydrogen (Hz), a main substrate in
the formation of CHs by methanogenic archaea [4]; and is associated to losses in ruminal feed
efficiency that range between 2% and 12% [5].

Nowadays, the need to implement feeding practices to increase nutrient degradability in the
rumen and to reduce CH4 emissions per unit of product obtained has become of upmost importance
[6], as well as the increase of the productive performance of a animals; thus guaranteeing food
security for a constantly growing population while reducing CHs emissions by at least 24 to 37%,
supporting global efforts to limit global warming under 2 °C [7]. Therefore, mitigation strategies
should focus on optimizing the nutritional quality of diets, as it is achieved through the inclusion of
forage legumes [8,9]. Agro-industrial byproducts can also be a promising option of adequate
nutritional potential for inclusion in ruminant diets. One of these byproducts, palm (Elaeis guineensis
Jacq.) kernel cake, is a residual lignocellulosic biomass widely available during palm oil production
that has been used as a source of protein and energy for livestock feeding [10]. However, its efficient
use in ruminant diets may be limited by its lignin content (17.3% DM) and other anti-nutritional
compounds that can negatively affect rumen degradability and fermentation, with negative
implications for animal productivity [11,12,13].

Under a biorefinery and circular bioeconomy approach, biological pretreatment to remove lignin
from plant residues is a cost-effective strategy that adds value to lignocellulolytic material for
inclusion in ruminant diets [14], in an environmentally sustainable process [15]. White rot fungi, such
as Pleurotus ostreatus, have been widely studied in their ability to degrade, depolymerize and modify
cell wall structural components in different lignocellulolytic oil palm residues, such as palm kernel
cake [16], empty fruit racemes [17], palm kernel flour [18], and palm kernel pulp [19]. There is a great
interest in the bioconversion of these byproducts to fungal biomass, of high protein and low lignin
contents to offer ruminants an alternative, highly digestible feed with potential for reducing enteric
methane emissions [20].

This research was carried out to evaluate the effect of including palm kernel cake pretreated with
P. ostreatus on the dynamics of fermentation and in vitro methane production, to test the hypothesis
that the incorporation of fermented palm kernel cake in tropical diets for ruminants would improve
the degradation of fibrous components in the diet and reduced enteric methane synthesis.

2. Materials and Methods
2.1. Ethical Considerations

The Animal Care and Use Committee of Universidad Nacional de Colombia (CICUA-013)
approved the use, handling and treatments of animals in the study.

2.2. Solid State Fermentation of Palm Kernel Cake

The palm kernel cake was obtained from oil palm (E. guineensis) plantations in the department
of Cesar, Colombia. The samples were subjected to drying and then grinding to a length of
approximately 2 mm using a Thomas Model 4 Wiley® mill. The solid phase biological pretreatment
was carried out in polypropylene bags, using a mixture (DM basis) with 98% palm kernel cake, 1%
urea and 2% calcium carbonate, at 60% humidity and 5.5 pH value, sterilized at 121 °C and 120 W/KA
pressure for 15 min [21]. Subsequently, the substrate was inoculated at 4% (three replicates) with 4-
mm, P ostreatus pellets, and then incubated for 13 days at 30 °C under dark conditions. Bags were
covered with an adhesive membrane to allow gas exchange during the incubation time, after which
the residues were dried at 50 °C for 48 h.

2.3. Spectrometric Analysis of Enzyme Activity

Endo-1,4-B-glucanase activity was determined by the DNS method at 540 nm [22].
Carboxymethyl cellulose (CMC) at 1% in 50 mM sodium citrate buffer (pH=4) was used as a substrate,
and 500 uL of enzyme extract was added. A calibration curve was constructed using glucose (in a
range from 0.0 to 1.0 mg/ml). For the quantification of laccase activity, 1 mM ABTS (2,2-azino-bis (3-
ethylbenzothiazoline-6-sulfonate) in 47.6 mM sodium citrate buffer at pH 4.5 was used, to which 500
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uL of enzyme extract was added [23,24]. The oxidation of ABTS was monitored at 436 nm to 30 °C.
One unit of laccase activity was defined as the enzyme required to oxidize 1 pmol of ABTS in 1 min.
All experiments were performed in duplicate in a spectrophotometer (P1 Spectrophotometer,
Mapada Instruments Co., Ltd., Shanghai, China).

2.4. Scanning Electron Microscopy (SEM) Analysis

The structural change of the palm kernel cake was observed on day 13t of fermentation. Samples
were dried and coated with a thin layer of gold for 30 sec, using an SEM sputter device, and fixed to
the sample holder. Images were taken with a Thermo Scientific Apreo scanning electron microscope
(SEM) (Quanta 250 FEG, FEI Co., Salt Lake, UT, USA).

2.5. Formulation of Experimental Diets

The diets evaluated in this study (Table 1) were formulated based on the DMI of animals grazing
in a conventional system with Guinea grass (Megathyrsus maximus) or silvopastoral systems with
Guacimo (Guazuma ulmifolia) or Leucaena (Leucaena leucocephala) [25,26] with the incorporation of
palm kernel cake biofermented by the fungus P. ostreatus at 20% of inclusion [27].

Table 1. Level of inclusion (%) of different feeds in experimental diets.

Diets Megutfzyrsus Leucaena Guaz.um.a NFPKC  FPKC
maximus leucocephala ulmifolia
Cs 100 - - - -
CS-L 70 30 - - -
CS-G 70 - 30 - -
CS-NFPKC 80 - - 20 -
CS-FPKC 80 - - - 20
CS-L-FPKC 70 10 - - 20
CS-G-FPKC 70 - 10 - 20

CS =100% Megathyrsus maximus; CS-L =70% CS + 30% L (Leucaena leucocephala); CS-G = 70% CS +
30% G (Guazuma ulmifolia); CS-NFPKC = 80% CS + 20% Palm kernel cake Non-fermented (NFPKC);
CS-FPKC = 80% CS + 20% Palm kernel cake fermented with P. ostreatus (FPKC); CS-L-FPKC = 70%
CS +10% L +20% FPKC; CS-G-FPKC =70% CS + 10% G + 20% FPKC. Source: Own elaboration.

All forages were harvested during the dry season from the Motilonia Research Center of the
Colombian Agricultural Research Corporation (AGROSAVIA), Agustin Codazzi, Cesar, Colombia
(10°00'07"N, 73° 14'51"W; 160 masl) using the manual hand-pluck method. After drying, samples
were grounded to an approximate length of 2 mm.

2.6. Chemical Composition of Palm Kernel Cake, Individual Forages and Experimental Diets

In the case of M. maximus and the shrub forages G. ulmifolia and L. leucocephala, the content of
dry matter (DM), crude protein (CP), neutral detergent fiber (NDF) and acid detergent fiber (ADF)
was determined by near-infrared spectroscopy (NIRS). In addition, the degree of bioconversion after
solid state fermentation of the palm kernel cake was determined in terms of organic matter (OM), ash
(CEN), ether extract (EE), CP, ADF, NDF and lignin (LIG) was determined by NIRS [28].

2.7. Short-Term (48-h) In Vitro Rumen Fermentation

An in vitro experiment was carried out using the gas technique [29]. The diets (Table 1) were
passed through a 600 um sieve and 0.5 g of sample was placed in 110 mL vials. Subsequently, 50 mL
of a mixture of culture medium and rumen inoculum preheated to 39 °C were added at a ratio of 4:1
buffer to ruminal fluid, maintaining a supply of CO: to maintain the anaerobiosis of the system.
Rumen fluid was obtained from a Holstein cow fit with a permanent rumen cannula that was fed a
Kikuyu grass (Cenchrus clandestinus) diet. Ruminal fluid was collected 2 h after feeding, filtered
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through four layers of cheese cloth, placed in a container previously heated at 39 °C, and quickly
transported to the Ruminal Biotechnology laboratory (BIORUM) for incubation.

2.8. In Vitro Rumen Degradability of Nutrients and Ammoniacal Nitrogen (N-NHs) Quantification

After 48 h of fermentation, samples were washed with 40 mL of McDougall artificial saliva and
subsequently rinsed in a commercial washing machine. The calculation of rumen degradability
(%RD) was carried out using the gravimetric method. The %RD of diet DM was determined by
dividing the amount of degraded DM (calculated as the difference between incubated and residual
DM) by the amount of incubated DM multiplied by 100.

In the residual DM, the percentage of NDF and ADF was determined as proposed by [30] and
the %RD of NDF (NDFD) and ADF (ADFD) was calculated as the ratio between degraded NDF or
ADF and incubated NDF or ADEF. The degradability of crude protein (CPD) was determined after
detachment of rumen microorganisms with methylcellulose solution [31,32]. The quantification of
ammonia (N-NHs) in ruminal fluid was carried out using the potentiometric method with ISE NHs
selective electrode (Metrhom model SM703). A calibration curve was obtained using solutions with
concentrations of 2, 4, 6, 10, 14, 18, 22 and 34 ppm of ammonium.

2.9. Gas and Methane (CH4) Volume Measurement

The volume of gas produced was measured through a dry process gasometer (Model DC-1C,
Shinagawa Corporation, Japan), and the pH was measured using a pH-meter (Metrohn model 704).
The quantification of CHs was carried out by gas chromatography in a Shimadzu GC-2014 equipment
with FID detector in a GC-Solution data station and manual injection with 25 pL. VICI® syringes. A
Stabilwax® - DA of 30 m length, 0.53 mm internal diameter and 0.25 um film thickness column was
used. The standard used was 9.99% gaseous methane in grade 5 nitrogen balance certified by Cryogas
instrumental analysis. Chromatographic conditions were carrier gas: Nitrogen 42 mL/min and
injector temperature: 250 °C.

2.10. Determination of the Concentration of Volatile Fatty Acids (VFA)

An aliquot of 0.8 mL of the samples was placed in Eppendorf tubes along with 0.5 mL of a
deproteinizing and acidifying solution composed of 10% metaphosphoric acid and 0.06% crotonic
acid in 0.5 N HCl. Subsequently, the tubes were subjected to three centrifugation cycles at 14000 rpm
for 13 min at a temperature of 4 °C (Mikro 320R, Hettich Zentrifugen®). Next, 1 mL of the supernatant
liquid was taken and transferred to a vial for subsequent chromatographic analysis.

The VFA profile, acetic acid (AA), propionic acid (PA) and butyric acid (BA) was determined by
gas chromatography in a Shimadzu model GC-2014 equipment, using automatic injection, a
Stabilwax® - DA capillary column of 30 m length, 0.53 mm internal diameter and 0.25 pm film
thickness and a flame ionization detector (FID). The standards used were acetic, propionic, isobutyric,
butyric, valeric acid analytical grade from Fluka®. Chromatographic conditions were carrier gas:
Nitrogen 42 ml/min and injector temperature: 250 °C. The acetate/propionate (A/P) ratio was also
calculated.

2.11. Experimental Design and Statistical Analysis

For each variable evaluated, the assumptions of normality (Shapiro-Wilk test, p>0.05) and
homogeneity of variances (Bartletts / Levene test, p>0.05) were analyzed and data was subjected to
an analysis of variance (ANOVA), under a completely randomized design. The general linear model
was:

Y=p+Ti+ei

where, Y =response variable, p = general mean, Ti = effect due to the treatment, ei = experimental
error of the it treatment.

When the ANOVA was significant (p<0.05), the differences between treatments were compared
using the Duncan test with a significance level of 5% (p<0.05). All statistical analyzes were run in the
statistical program R version 4.3.0. [33].
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3. Results and Discussion
3.1. Cellulase and Laccase Enzyme Activity

The enzyme activities evaluated varied depending on the type of enzyme and solid-state
fermentation time (Figure 1 (A-B)). The cellulase activity (Figure 1A) increased significantly from d
11 (0.41 + 0.03 U/g) to d 13 (0.75 + 0.09 U/g) of fermentation. In turn, laccase activity (Figure 1B),

presented an exponential behavior throughout the evaluated time, reaching the highest activity on d
13 (266.7 +20.8 U/g).
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Figure 1. Cellulase (A) and laccase activity (B) (U/g) of P. ostreatus during solid-state fermentation of
palm kernel cake. Source: Own elaboration.

The production of lignocellulolytic enzymes by species of the genus Pleurotus sp. growing in
fibrous plant biomass have been reported by several authors [34,35]. Nuraini et al. [36] reported a 4%
increase in cellulase activity from day 7 to 11 in oil palm residues fermented with P. ostreatus. Naidu
et al. [37] observed the highest cellulase activity in white rot fungi 21 days after inoculation in oil
palm byproducts. This pattern of increase in cellulase enzymatic activity could be associated to the
time necessary for fungi to remove lignin and access components such as cellulose and hemicellulose,
thus releasing more cellulosic enzymes as fermentation progresses.

The low production of cellulases observed in this study suggests that P. ostreatus does not rely
on cellulose as an energy source during the first days of fermentation, increasing the activity of these
enzymes only when much of the lignin in the substrate is removed [3]. This is in agreement with what
was proposed by [38], that basidiomycete fungi do not depend on primary sources to produce
oxidative enzymes.

Angelo et al. [39] pointed out that extending the incubation period beyond 15 days when
fermenting substrates for animal nutrition purposes using P. ostreatus, leads to a decrease in the
amount of cellulose, given that once the removal of lignin begins, cellulose is exposed to degradation,
decreasing in proportion by up to 27.3% between days 30 to 45. Hence, Astudillo — Neira et al. [3]
suggested that a 14-day fermentation period using P. ostreatus is suitable to improve the nutritional
value of lignocellulosic feedstuffs for ruminant feeding purposes. This is important in the context of
bioconverting lignocellulosic materials for ruminant nutrition because increasing the availability of
fermentable carbohydrates is highly desirable. The pretreatment using Pleurotus sp. is effective for
the biodelignification of oil palm residues, and it does not significantly impact the digestible sugar
content.

3.2. SEM Analysis
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The morphological changes in the structures of the untreated and P. ostreatus-treated cake are
presented in Figure 2. The untreated cake exhibits minimal deterioration of the fibrillar structure with
a rough and compact appearance (Figure 2A). Such morphology is linked to the grinding process of
the lignocellulosic material and the application of CaCOs before the fermentation process. In contrast,
the fermented substrate (Figure 2B) is characterized by a prominent network of hyphae colonizing
and penetrating the palm kernel cake through surface pores of variable diameters, possibly due to
the progressive elimination of lignin [40], thereby altering the structural organization and porosity of
the external fibers [41]. According to Suksong et al. [42], fungal pretreatment increases the surface
area of the biodegraded materials, exposing the cellulose components and increasing the
susceptibility of the biodegraded materials to the enzymes of microorganisms in the rumen [43].

SEM HV: 10.0 kV WD: 14.54 mm I LYRAZ TESCAN k: 3 LYRAZ TESCAN

SEM MAG: 998 x Det: BSE+SE  50pm

(A) (B)

Figure 2. Scanning electron microscope (SEM) images (1.00 kx magnification) of palm kernel cake (A)
before and after 13 days of fermentation (B). Source: Own elaboration.

3.3. Analysis of the Chemical Composition of the Substrates and Diets Evaluated

After 13 d of solid-state fermentation of palm kernel cake by P. ostreatus, the fractions of OM,
NDF, ADF, LIG and EE decreased 3.1, 32.2, 20.5, 46.6 and 45.2% respectively compared to untreated
(before) palm kernel cake (Table 2).

Table 2. Chemical composition of palm kernel cake before and after fermentation with P. ostreatus.

Chemical composition (% DM) Before After
OM 92.44 89.65
ASH 3.44 6.47
EE 12.46 6.83
cpP 15.95 27.05
NDF 73.0 49.5
ADF 40.32 32.08
LIG 14.5 7.74

OM: organic matter, ASH: minerals, EE: ether extract, CP: crude protein, NDF: neutral detergent
fiber, ADF: acid detergent fiber, LIG: Lignin. Source: Own elaboration.

The optimal use of raw palm kernel cake as animal feed is considerably limited due to its high
contents of NDF, lignin and oils that have low fermentation and degradation ruminal. Therefore,
reducing the amount of lignin in lignocellulosic biomass allows the organized crystalline structure of
cellulose to be exposed, which in turn facilitates fiber degradation in the rumen [44]. Treatment of
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palm kernel cake with P. ostreatus helps rupture the cellulose-hemicellulose-lignin complex because
of the action of the laccase enzymes produced by the fungus.

The decrease in EE (45.2%) is most likely subjected to the ability of P. ostreatus to produce
lipolytic enzymes [45] that hydrolyze fats adhered to the surfaces of substrates [41] or can be caused
by biologically active phenolic compounds present in P. ostreatus, like lovastatin which is known to
have potent inhibitory effects on lipids [46]. Moftah et al. [13] suggested that the removal of residual
oil from palm kernel cake through solid-state fermentation using basidiomycete fungi improves the
availability of glucose in the substrate, which could increase both DMD and the synthesis of organic
acids in the rumen.

The CP increased by 69.65% in FPKC compared to the untreated palm kernel cake (Table 2). The
increase in CP content could be the result of the mycelial growth of fungi, which is rich in proteins
[20] and approximately 70% of the nitrogen present in P. ostreatus is in the form of protein [47]. Falaye
et al. [48] suggested that the increase in crude protein may be due to the ability of fungi to produce
enzymes that improve the bioavailability of protein trapped within plant cell walls, whereas da Silva
et al. [38] reported that the enzymes secreted during fungal metabolism constitute a source of soluble
proteins in the biomass colonized by fungi. Similar results were reported by Nuraini et al. [36], who
observed a 26.8% increase in crude protein levels in palm oil sludge after fermentation with P.
ostreatus for 11 days, attributing the increase to the conversion of soluble carbohydrates in the
colonized substrate into mycelial protein or unicellular protein by the growing fungus.

The chemical composition of the experimental diets is presented in table 3. In the diets with the
inclusion of 20% FPKC, a significant increase (1,14 to 1,54x) in the crude protein (CP) content
compared to the control is evident.

Table 3. Chemical composition of the experimental diets.

Parameters, Diets
% DM CS CS-L CS-G Cs- Cs- CS-L- CS-G-
NFPKC FPKC FPKC FPKC
CP 9.36 16.1 14.7 15.25 10.75 14.41 12.81
NDF 66.00 56.0 60.7 59.72 62.01 59.82 57.12
ADF 37.99 30.8 34.9 32.84 33.43 31.85 30.88

CS =100% Megathyrsus maximus; CS-L =70% CS + 30% L (Leucaena leucocephala); CS-G = 70% CS +
30% G (Guazuma ulmifolia); CS-NFPKC = 80% CS + 20% Palm kernel cake Non-fermented (NFPKC);
CS-FPKC = 80% CS + 20% Palm kernel cake fermented with P. ostreatus (FPKC); CS-L-FPKC = 70%
CS +10% L +20% FPKC; CS-G-FPKC =70% CS + 10% G + 20% FPKC. Source: Own elaboration.

The values for Neutral Detergent Fiber (NDF) and Acid Detergent Fiber (ADF) decreased by
6.04% to 13.4% and from 12.0% to 18.7%, respectively, in the diets CS-L, CS-G, CS-NFPKC, CS-FPKC,
CS-L-FPKC, and CS-G-FPKC when compared to the control diet (CS). These reductions are attributed
to a substitution effect, where structural components in the basal diets were replaced with higher
quality additives. This effect is partly due to biodelignification and the incorporation of protein from
Pleurotus ostreatus into palm kernel cake, which appears to be a promising strategy for enhancing
the nutritional value and optimizing the digestibility of nutrients from fibrous substrates.
Additionally, the inclusion of legume foliage, which is rich in protein and low in fiber, contributed to
these improvements (see Table 3). Ibarra — Rondon et al. [8], when including L. leucocephala and G.
ulmifolia in grass-based diets, observed increases of up to 40.5% in CP and decreases of 21.4% of NDF
and 14.6% of ADF. Thus, the addition of both legumes and agro-industrial by-products fermented
with white rot fungi (WRF) could increase livestock productivity, since it increases the supply of
protein and usable sugars in the diet. Consequently, WRF treatment of palm kernel cake would
improve its value as livestock feed, by a combined effect of reduced fiber lignification, increased
protein, and improved diet degradability.
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3.4. Gas Production, Methane Synthesis and Parameters of Short-Term In Vitro Ruminal Fermentation

In Table 4, the results observed after the short-term ruminal fermentation are reported for the
production of methane (CHs), volatile fatty acids (VFAs), ammonium in rumen liquid (N — NHs), and
ruminal degradation of components in diets formulated from M. maximus and its mixtures with
FPKC, G. ulmifolia and L. leucocephala.

Table 4. In vitro rumen fermentation parameters and nutrient degradability of experimental diets
after 48 h of incubation.

DIETS
p -
PARAMETERS Cs- CS-  CS-L- CS-G-
i ] Val
¢ CSL  CSG \ppkc FPKC  FPKC  FPKC  YAue
% DMD 51.4£0.95 59.5£0.96 59.52¢1.0 50.0+1.23 60.0:3.87 60.6£1.07 (o o
a b 5b a b b
. 45.6+0.85 51.1+1.53 50.2+0.32 449+131 565c  55.2¢
s NDFD . . . - Siol oy 50.6+1.04b <0.001
o0 ADFD 40.0:3.5347.2b+17 47.7c0.6 4375129 5108475 5046134 (o o0 oo
a 8c 4b ab C C
oy CPD 50.5:0.81 66.3+1.58 57.8:0.84 53.5¢1.05 63,0358 65.98093 .,
a b C d b b
5740.00 6.62+0.06 6.65+0.
pH 6.54+0.08 & go 00 6.62:0.06 6.65:0.03 1007 6.6:0.04 6624005 0.18
15.9+0.48 14.9+0.64 14.6+0.4a
N NH (mg/dly 45018 T 3 1532023 1726043 | o0 oo
a ab C .
20.4+1.14 16.1+0.69 16.4+0.49 16.2+1.2b 16.80.
Acetic acid (mmol/r) 2045114 16.120.69 16.4+0.49 162+1.2b 168:0.55 -, ) 4 16 440.5bc <0.001
a bc bc C b
Propionic acid 7 642 28 8.76+0.39 8.93+0.78 9.72+0.07 10.1+0.23 9.22+0.31 8.61+0.25b <0.001
(mmol/L) b b cd ec bc
Butyric acid 3.73:0.40 2784005 2.64£0.26 262020 ) .\ 2684015 o o
(mmol/L) a b b b b
icﬁe;ate/ propionate o 013 1882015 1.89:0.23 1.70+0.13 | (0 ) 04 1.6940.02 1.81:0.09 <0.001
95.7+0.5b 95.2+1.13 88.1+2.03
Gas produced (mL) 85.8+2.25 b C 98+1.61b 96+1.46b 89.8+0.88c <0.001
a
14.0£0.07 11.6£0.53 11.4£0.49 12.5+0.62 11.9:0.22 10.8£0.27
CHi produced (mr) 1 +0£0-0711.620.53 11.40.49 12.5:0.62 11.96022 108:0.27,,, . 354 <0.001
a b b C b d
mL CHy/g incubated 28.120.13 22.2:0.3b 22.7:0.92 23,6096 23.7:0.43 2162055, o\ 0
DM a b C C d
mL CHy/g degraded  54.6£1.26 36.3+1.5b 37.5:3.4b 38.8+1.6b 39.7+1.81 3574140 ., o\ 0
DM a C bc cd

CS =100% Megathyrsus maximus; CS-L =70% CS + 30% L (Leucaena leucocephala); CS-G = 70% CS +
30% G (Guazuma ulmifolia); CS-NFPKC = 80% CS + 20% Palm kernel cake Non-fermented (NFPKC);
CS-FPKC = 80% CS + 20% Palm kernel cake fermented with P. ostreatus (FPKC); CS-L-FPKC = 70%
CS +10% L + 20% FPKC; CS-G-FPKC = 70% CS + 10% G + 20% FPKC. Values represent mean +
standard deviation. a-e: means in each row with the same letter or without letters do not differ
according to the Duncan test (p<0.05). DMD: dry matter degradation; NDFD: neutral detergent fiber
degradation; ADFD: acid detergent fiber degradation; CPD: crude protein degradation; pH:
Hydrogen potential; N-NHs: Ammoniacal nitrogen. Source: Own elaboration.

The DMD, NDFD, ADED and CPD increased (p<0.05) between 16.9 to 17.3%, 10.9 to 23.8%, 25.7
to 27.5% and 11.6 to 30.4% respectively, in the diets with the inclusion of PKC fermented or non-
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fermented and legume foliage (CS-L, CS-G, CS-NFPK, CS-FPKC, CS-L-FPKC and CS-G-FPKC)
compared to the control (CS). This observed increase in the degradability of these fractions could be
associated with the lower contribution of structural carbohydrates and greater contribution of CP,
thus providing complementary nitrogen for microbial growth, which results in greater rumen
disappearance of organic components [50]. These results are consistent with those reported with
Azzahra et al. [16], who found that treatment of palm kernel cake with P. ostreatus improves
digestibility of organic components at the ruminal level, which was linked to the previous
degradation of lignocellulosic complexes through fungal enzymatic action. Additionally, Ibarra —
Rondoén et al. [8], when adding L. leucocephala and G. ulmifolia to grass-based diets, observed increases
of up to 40.5% in the contents of CP and decreases of 21.4% and 14.6% in those of NDF and ADF,
respectively. This led to an increase in the degradability of the fibrous components of the diets.

The synthesis of acetate, butyrate, and the A:P ratio decreased (p<0.05), while propionate
increased (p<0.05) in the diets with the addition of PKC fermented or non-fermented and legume
foliage. The production of VFA from carbohydrate fermentation represents from 70% to 80% of the
energy reserves of ruminants and is an indicator of feed degradability [51]. Azzahra et al. [16]
reported that VFA production is highly influenced by diet quality and degradability, and also
reported an increase in VFA concentrations in diets with greater availability of non-structural
carbohydrates. Greater propionate and lower acetate synthesis in diets with PKC fermented or non-
fermented and legume foliage suggests the modulation of rumen microbial activity, through the
incorporation of H: for propionate biosynthesis [52]. Increases in propionate production in the rumen
have several benefits, as it acts as a precursor in gluconeogenesis through hepatic metabolism [53]; it
is part of a metabolic pathway that consumes H*, and thus, reduces ruminal methanogenesis [54].

The production (mL) of net methane, CHa4/g incubated DM (CHs g/iDM) and mL CHa/g degraded
DM (CH: g/dDM) decreased (p< 0.05) between 15 to 24.3%, 15.6 to 24.9% and 27.3 to 35.9% in diets
with the inclusion of legume shrubs and PKC fermented or non-fermented, with respect to the diet
without inclusion (CS). Compared to CS-NFPKC and CS-FPKC, the addition of forage legumes in
CS-L-FPKC and CS-G-FPKC diets reduced (p<0.05) the production of methane (mL) either measured
as total, per g of incubated DM (CH4 g/iDM) and per g of degraded DM (CH4 g/dDM). The
synergistic effect in the reduction of methane production with the forage shrubs is possibly due to
the secondary compounds that favor propionate-producing bacterial species [55,56]. The above is
important not solely because of the observed reductions in GHG emissions but would economically
benefit producers, due to increased animal production responses and/or greater efficiency in the use
of feeds.

As these reductions in CHs production can be examined through correlation analysis among
nutritional constituents in the evaluated diets, a principal component analysis (PCA) offers an
approach to identify patterns among variables and understand their interactions (Figure 3). The PCA
shows that 88.4% of the correlations between the formulated diets (CS-L, CS-G, CS-NFPK, CS-FPKC,
CS-L-FPKC and CS-G-FPKC) and the rumen fermentation parameters are explained by components
one (77.7%), and two (10.7%).

CS-FPKC
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CH4n

NDFD
' B PD
o ADFD
0 . prat 2 OMD
S-L-FPKC ™
NH4+
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Figure 3. Principal component analysis among the variables included in this study.

The control diet (CS) was characterized as producing greater butyric acid (BA), acetic acid (AA),
CHas g/iDM, CHs4 g/dDM and total methane (CHan) as well as having the highest acetate:propionate
ratio (A:P ratio). In diets that included either fermented or non-fermented palm kernel cake (PKC)
and legume foliage (CS-L, CS-G, CS-NFPK, CS-FPKC, CS-L-FPKC, and CS-G-FPKC), there was an
observed increase in variables related to ammonium (NH4+) production. Additionally,
improvements were noted in dry matter digestibility (DMD), neutral detergent fiber digestibility
(NDEFD), acid detergent fiber digestibility (ADFD), crude protein digestibility (CPD), propionic acid
synthesis (PA), and gas production (GAS).

The increase in CHs yield observed in the CS diet can be attributed to the higher proportion of
structural carbohydrates in terms of NDF and ADF contents when compared to the other diets (see
Table 2). For Maweu et al. [57], the contents of NDF and ADF are positively correlated with the
production of CHa. Likewise, Archimede et al. [58] suggested that high dietary content of structural
carbohydrates and lignified cell walls, as that of tropical grasses, there is a concomitant increase in
methane emissions.

According to do Amaral et al. [59], the use of palm kernel cake as a supplement in conventional
livestock diets can reduce the synthesis of CHs per kilogram of DM, NDF and ADF ingested,
demonstrating its efficiency as a bioactive compound, given that it is a source of fatty acids (oleic,
myristic and palmitic) that can modulate ruminal biohydrogenation. However, there are few studies
where the effect of adding biodegraded agro-industrial byproducts with Pleurotus sp on methane
production of ruminant diets has been evaluated.

The concentration of AA and BA is directly related to methane production, with Yanibaba et al.
[60] indicating that the production of these VFA promotes the formation of methane, by releasing
dihydrogen, since the biosynthesis routes of these VFAs generate 4 and 2 moles of Hz, per mole of
fermented glucose, respectively. Consequently, methane emissions increase, as H2 hydrogen is the
main substrate in methanogenesis [61]. On the other hand, the negative correlations between CHa
production (CHs g/iDM, CHs g/dDM and CHan) and propionate concentration, as well as the direct
relationship between the A:P ratio and CHs; corroborates that the propionic pathway redirects the Hz
produced in the ruminal fermentation process, consuming electrons from Ha, and thereby inhibiting
or limiting the formation of CHs4 [62]. Johnson and Johnson [63] found that the A:P ratio is a
determining factor in the production of CHs, pointing out that proportions close to 0.5 reduce all the
losses of metabolizable energy in the form of methane, while A:P ratios between 0.9 and 4 cause
energy losses of up to 33.3%. The negative correlations between DMD, ADFD, NDFD and CPD with
methane production suggest an increase in efficiency and synthesis of microbial protein, thereby
indicating the use of dietary energy for the metabolism of high-value byproducts, such as VFAs,
particularly propionate.

In general, the reductions in methane synthesis found in this study can be explained in three
ways: first, the presence of secondary compounds, such as tannins and saponins found in L.
leucocephala and G. ulmifolia, which are part of the experimental diets, has been shown to have anti-
methanogenic properties. These compounds can alter the communities of archaea and ruminal
protozoa, both directly and indirectly involved in enteric methane emissions [64].

Second, through the production of lovastatin, a secondary metabolite synthesized by fungi of
the genus Pleurotus sp. that inhibits the enzyme (3S)-hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) reductase, which plays a key in the synthesis of isoprenoid ether lipids through the mevalonate
pathway, precursors in the biological formation of cell membranes of methanogenic archaea [46].
Lovastatin can also limit coenzyme F420, which participates in the transfer of electrons during
methanogenesis, thereby significantly reducing methane production, by up to 38% [65]. Candyrine
etal. [10] found average contents of 850 mg of lovastatin per kilogram of DM when analyzing samples
of palm kernel cake fermented with basidiomycete fungi, which favored the production of
propionate.

Third, the presence of chitin and glucosamine, components of fungal cell walls, that can
modulate ruminal fermentation when used as feed additives in ruminant nutrition [66]. Jayanegara
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et al. [67] showed that including chitin sources in ruminant pastures reduces methane production
between 12.3 and 60% per g of digested OM. Asiegbu et al. [68] reported that chitin and glucosamine
improved the degradability of lignocellulolytic materials treated with fungi such as Pleurotus sp. with
potential reduction in CHa synthesis.

4. Conclusions

The combined inclusion of FPKC with either Leucaena leucocephala or Guazuma ulmifolia in diets
based on tropical grasses may help to optimize nutrient degradation and mitigate methane
production in vitro.
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