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ARTICLE INFO ABSTRACT

Keywords: Saponins, the primary components of Yucca schidigera extract (YSE), are known to influence microbial activity in
Carbohydrates the rumen, which can affect various fermentation parameters. Moreover, encapsulating YSE with chitosan (CS) at
Chitosan

varying carbohydrate levels (CHO) adds another layer of complexity that can provide valuable insights into the
use of additives in mitigating greenhouse gases. This study investigated the impact of both crude and encap-
sulated forms of YSE on the production of ruminal anaerobic gases in cattle fed different levels of CHO-based
diets. Ruminal contents were obtained from four slaughtered, crossbreed bulls (Charollais x Limousin) with a
live weight of 400 + 25 kg. The experimental design followed a completely randomized factorial arrangement,
with factors including CHO level (25 %, 45 %, and 55 % DM), YSE forms (without extract, CS, crude, and nano-
capsules), and dose of extract (0-, 0.25-, 0.5- and 1.0- mL/g of DM). Results showed that the type of extract
significantly affected asymptotic total gas production, methane (CH,), hydrogen sulfide (H,S), carbon monoxide
(CO), and dry matter digestibility. Nano-chitosan increased gas production and exhibited greater efficiency in
reducing CHy4 production by up to 61.4 %. While crude YSE reduced CH4 production by 38 %, nano-capsules
increased production by 17.7 %-42.8 %. Furthermore, a significant interaction effect among CHO levels, type
of extract, and extract dose was observed, particularly impacting HyS and CH4 production after 48 h of incu-
bation, alongside an increase of about 25.3 % in metabolizable energy compared to the control. The use of CS and
YSE improved (p < 0.0001) the CH4 conversion efficiency by 71.3 % and 23.4 % respectively, and at some point,
the encapsulation of YSE resulted in a significant reduction in efficiency by up to about 49.5 %. The study
concluded that both CS and YSE have the potential to enhance digestibility in cattle and reduce CH4 production
and its conversion efficiency. However, encapsulating YSE with CS may reduce the efficiency of either compound
in optimizing ruminal fermentation, unless other influencing factors are carefully considered. Therefore, the
optimal efficacy of nano-encapsulated YSE depends on finding a balance between extract type, dosage, and di-
etary CHO level.

Nano-encapsulated
Yucca schidigera
Ruminal gases

1. Introduction emissions [1,2]. Moreover, the use of antibiotics to reduce greenhouse
gas emissions and boost animal production efficiency has also led to an

Livestock has been identified as a significant contributor to climate increase in bacterial resistance to drugs [3]. As a result, plant extracts
change, accounting for 14.5 % of total anthropogenic greenhouse gas have emerged as natural alternatives to conventional antibiotics, with
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potential to exhibit similar or stronger effects against pathogenic or-
ganisms [4,5]. Many plant extracts under consideration are rich in sa-
ponins, phenolic compounds, tannins, terpenes, organic acids,
flavonoids, complex carbohydrates, and more [6,7]. Besides Quillaia
saponaria, Yucca schidigera (i.e., YSE) is recognized as a significant
commercial source of saponins [8]. This plant belongs to the Agavaceae
family and is a tropical plant native to North America, particularly the
Mexican desert [8]. Yucca schidigera contains bioactive compounds and
is a rich source of steroidal saponins and polyphenols [9,10]. A series of
studies [11,12] have reported that YSE significantly reduces methane
(CHy4) and hydrogen sulfide (H3S) production during rumen fermenta-
tion. However, its full potential remains unexplored due to the
complexity of the ruminant digestive system. Nano-encapsulation is a
delivery system for bioactive compounds that enhances their release and
absorption at the target site, primarily the gastrointestinal tract, through
active endocytosis [13]. One of such natural biological material is chi-
tosan (CS), which has been extensively used in pharmacology to
improve the absorption of bioactive substances through a nanoparticle
delivery system [14]. Chitosan is preferred as an oral delivery vehicle
due to its potential to increase retention time, allowing for prolonged
release of bioactive compounds, its ultra-fine size, and its low toxicity
[15,16]. Additionally, CS has been shown to scavenge free radicals by
altering the oxidation process and exhibit antimicrobial effects against
various bacteria, fungi, and yeast [17]. These antimicrobial properties
have made CS a substance of interest in ruminant nutrition [18], with
reports of improved fermentation [19]. Sudarshan et al. [20] suggested
that the positively charged amine groups (NH3+) in glucosamine within
chitosan interact with the negatively charged bacterial surfaces, causing
leakage of intracellular contents and ultimately cell death. Another
method to reduce enteric CH4 emissions involves increasing carbohy-
drate availability in the rumen which enhances microbial capture of
ammonia and reduces urinary nitrogen losses. Although it has been
established that the type of extract and extract dose affects CH,4 pro-
duction [21], their role under varying carbohydrate levels (i.e., CHO)
remains unclear [22].

This study hypothesizes that the effectiveness of YSE in reducing
greenhouse gas emissions can be optimized through encapsulation with
CS and precise levels of CHO. Economically, crude YSE has been widely
used and is competitively priced in the Mexican market, compared to
other feed additives for ruminants, given its natural origin. No previous
studies have explored the nano-encapsulation of YSE. Therefore, this
study aimed to evaluate the combined effects of nano-encapsulation of
YSE, dosage, and dietary carbohydrate levels on rumen fermentation
characteristics and the reduction of ruminal greenhouse gases associated
with environmental pollution.

2. Materials and methods
2.1. Nanoencapsulation of Yucca schidigera extract

The liquid extract (Bioliquid 3000®) obtained from Yucca schidigera
stems was purchased from Baja Agro International S.A. de C.V.
AGROIN® (Ensenada, Baja California, northwestern Mexico) and con-
tains a 97.9 % concentration of Y. schidigera. This extract contains sa-
ponins, a group of high molecular weight glycosides with saccharide
chain units (1-8 residues) linked to a steroidal aglycone moiety. Nano-
encapsulation of the Y. schidigera extract was performed using chitosan
as the encapsulating biopolymer. The process involved two separate
systems that were subsequently combined. In the first system, a 1 %
acetic acid solution (100 mL) was prepared, and 0.5 g of Pluronic F127®
was gradually dissolved in 50 mL of this solution. After the Pluronic
F127® was fully dissolved, 0.3 g of chitosan was added to act as the
encapsulating polymer. In the second system, 0.1 g of sodium tripoly-
phosphate (Sigma-Aldrich®, Toluca, Mexico) was added to the
remaining 50 mL of the 1 % acetic acid solution. Then, 0.18 mg of
Y. schidigera liquid extract was combined with the corresponding part of
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the first system. The second system was then added to the first system,
and mechanical stirring was performed at 600 rpm until complete
mixing was achieved. Macroscopic observations were conducted for 72
h after nanoparticle formation to monitor changes in the mixture phases
[23].

2.2. Determination of particle size and polydispersity index

For the evaluation of the determination of particle size and poly-
dispersity (PDI) of the Chitosan + Yucca schidigera nanoemultion, it was
characterized by photon correlation spectroscopy (PCS) using a Malvern
laser particle size analyzer (Zetasizer Ver. 7.11, UK) at 25 °C, ensuring
that the values (<1 pm) were within the nano range [20]. The values are
presented in Table 2.

2.3. In vitro incubation

Incubation involved using in vitro measurement techniques to assess
the effects of various additives and/or extracts on a sample of rumen
fluid. The goal was to study the impact of gas production on animal
energy expenditure and greenhouse gas emissions, including methane
(CHy4), carbon monoxide (CO), and hydrogen sulfide (H3S) over a
specified incubation period. The evaluated treatments are composed of
alfalfa hay, wheat grains, corn grains, bran, corn gluten, soybean meal,
molasses, and vitamin and mineral mixture (see Table 1) at three car-
bohydrate level (25 % (CHO25), 40 % (CHO40) and 55 % (CHO55) with
four different extract types [(negative control (without extract), positive
control (chitosan), crude extract of Y. schidigera, nano-capsules of
Y. schidigera extract)] included at four doses (0-, 0.25-, 0.5- and 1.0- mL),
however, the total was 48 treatments.

The incubation was conducted in amber glass vials with a capacity of
120 mL, each containing 1 g DM of the substrate (diets with 25 %, 40 %,
and 55 % dietary carbohydrate), using various volumes of the final
product that the chitosan solution managed to encapsulate without
showing phase separation after the 72 h of observation following the

Table 1
Ingredients and composition (% DM basis) of diets used as substrates with
different levels of carbohydrates.

Carbohydrate level (%)

25 40 55
Ingredients (%)
Alfalfa hay 9.1 6.5 6.0
Wheat grains 25.0 22.0 12.0
Corn grains 25.0 40.0 55.0
Bran 13.9 11.0 7.0
Corn gluten 12.9 10.0 7.9
Soybean meal 2.0 3.0 6.0
Molasses 12.0 7.4 6.0
Vitamin and mineral premix” 0.1 0.1 0.1
Composition
Crude protein (%) 14.66 14.31 14.21
Ether extract (%) 18.03 15.43 12.21
Acid detergent fiber 9.46 8.25 7.171
Neutral detergent fiber 24.51 22.38 18.67
Free nitrogen extract 66.41 69.63 72.70
Ca (gr/kg) 1.58 1.22 1.17
P (gr/kg) 3.75 3.64 3.43
Mg (gr/kg) 1.76 1.60 1.50
Na (gr/kg) 0.61 0.44 0.36
K (gr/kg) 9.47 7.73 7.36
Cl (gr/kg) 0.70 0.64 0.62
Zn (gr/kg) 22.83 22.18 20.51
Cu (gr/kg) 8.19 6.47 5.10
Fe (gr/kg) 123.26 103.87 79.62

# Vitamin and mineral premix provide the following per-kg: 240 g Ca; 30 g P;
20 g Mg; 80 g Na; 120 g Cl; 5 g K; 5 g S; 5 mg Cr; 4000 mg Mn; 2000 mg Fe; 5000
mg Zn; 100 mg I; 30 mg Se; 60 mg Co; 500000 UI A vitamin; 150000 UI D
vitamin; 1000 UI E vitamin.
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Table 2
Characterization of Chitosan + Yucca schidigera nanoparticles in terms of size,
PDI, St Dev.

Size (d.nm) St Dev (d.nm) PDI’

244.8 15.85 0.212

2 PDI = polydispersity.

formation of the of nano-capsules of Y. schidigera extract (0- (negative
control), 0.25-, 0.5-, and 1.0- mL), 40 mL of nutrient solution, the
nutrient solution contained buffer solution, resazurin, microminerals,
macrominerals and distilled water. The nutrient solution was prepared
according to the method described by Goering and Van Soest [24], along
with 10 mL of rumen fluid. The same doses of chitosan were used as a
positive control during the incubations.

A total of 432 bottles (3 bottles of each triplicate sample within each
one of the 3 carbohydrate levels (i.e., 25 %, 40 %, and 55 %), with 4
different extract types (negative control (without extract), positive
control (chitosan), crude extract of Y. schidigera, nano-capsules of
Y. schidigera extract) of 4 extract doses (i.e., 0-, 0.25-, 0.5- and 1.0- mL)
and each treatment was subjected to incubation in triplicate in each
series of incubation to ensure the accuracy of the results. In addition,
three blank (no substrate) and negative controls per inoculum were
included, as well as chitosan (same doses of extracts used) as a positive
control. This is to allow for proper correction of the readings and to
minimize any external interference in the data obtained. Once all the
bottles were filled, they were immediately closed with rubber stoppers,
gently shaken manually every 1-2 h, and placed in the incubator with
water at 39 °C for 48 h. The volume of gas produced, CHy4, CO, and H,S
production were recorded at 2, 4, 6, 24, 28, 30, and 48 h of inoculation
[22,25-27].

The ruminal fluid was obtained from the contents of the rumen of
four crossbreeds (Charollais x Limousin) bulls of 400 + 25 kg of live
weight, immediately after they were slaughtered at the municipal
slaughterhouse of Toluca, State of Mexico, Mexico. The slaughtering
procedure follows the Official Mexican Standard NOM-033-SAG/ZOO
2014, which establishes methods for the humane slaughter of domes-
tic and wild animals. The contents of the rumen from each animal were
transferred separately to a hermetic container to be taken to the bro-
matology laboratory of the Faculty of Veterinary Medicine and
Zootechnics at the Autonomous University of the State of Mexico,
located 30 min away. The fluid was then filtered through four layers of
sterile cotton gauze (Model FN17100, Lab. Dibar, CDMX, Mexico) to
obtain the ruminal fluid, eliminating coarse particles while allowing the
passage of larger microorganisms, such as rumen protozoa. The final
mixture was created by combining the filtered ruminal fluid. Before
slaughter, the bulls were fed a diet of hay and commercial concentrate
(Purina®, Toluca, State of Mexico, Mexico) in a 50:50 ratio and had
continuous access to fresh water.

2.4. Ruminal total gas, CH4, CO and H,S productions

Treatments were dosed into vials and incubated at a constant tem-
perature of 39 °C in a water bath for 48 h. Total gas production
(measured in psi) from each bottle was recorded due to the rapid
degradation of carbohydrates in the rumen at specific time intervals (i.e.,
2, 4, 24, 26, 28, 30, and 48 h post-inoculation), following the technique
described by Theodorou et al. [28]. Simultaneously, measurements of
CH4, CO, and H,S were taken from each bottle at these same time in-
tervals using a 5 mL diffusion gas detector (Drager Safety X-am 20500
MONITOR, Liibeck, Germany). After each recording, gas was dispersed
inside each bottle using a syringe needle to avoid gas accumulation and
to keep the pressure in the headspace of the bottle below 48 kPa. Each
treatment was subjected to incubation in triplicate in each run of incu-
bation to ensure the accuracy of results. In addition, three blank (no
substrate) negative controls per inoculum as well as the chitosan (same
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doses of extracts used) as a positive control, were included to allow for
proper correction of the readings and to minimize any external inter-
ference in the data obtained.

2.5. Ruminal pH and dry matter degradability

At the end of fermentation, the contents of the vials were filtered
using filter bags with a porosity of 25 pm (Filter bags F57, ANKOM
Technology Corp., Macedonia, NY, USA) to separate the diet that was
not degraded from the liquid part. The filtrate was collected in beakers
and used to measure the pH with a potentiometer (pH wireless electrode
HALO® model HI11102, Hanna® Instruments, Woonsocket, RI, USA).
The bags with the non-degraded diet were washed with plenty of tap
water and dehydrated at 60 °C for 48 h to obtain the dry weight value.
The dry matter degradability was obtained with the dry weight value.

2.6. Chemical analysis of the diet (substrate)

A representative sample was taken from each of the diets to be dried
for 72 h at 60 °C, then they were ground using a hammer mill (Thomas
Wiley®, model 4, Swedesboro, NJ, USA) for chemical analysis. Fiber
fractions [29], including neutral detergent fiber (NDF) and acid deter-
gent fiber (ADF) were determined using an ANKOM200 Fiber Analyzer
Unit (ANKOM Technology Corp., Macedon, NY) following the method-
ological guidelines of Van Soest et al. [30].

2.7. Calculations and statistical analysis

The production volumes (mL/g DM incubated) of total gas, CH4, CO,
and H,S were used to estimate the asymptotic production, production
rate, and lag phase time of each gas using the NLIN procedure of the
Statistical Analysis System [31] and the model proposed by France et al.
[32]. Metabolizable energy (ME; MJ/kg DM) was estimated using the
equation proposed by Menke et al. [33], while short-chain fatty acids
(SCFA; mmol 200/mg DM) were estimated according to Getachew et al.
[34]. Additionally, the CH4 conversion efficiency was evaluated through
the production of CHy per unit of SCFA (CH4: SCFA), ME (CH4: ME), and
MO (CH4: MO) in mmol/mmol, g/MJ, and mL/g, respectively.

The experimental design was completely randomized with a factorial
arrangement (3 x 4 x 4), where factor 1 was dietary carbohydrate levels
(ie, 25 %, 40 %, and 55 %), factor 2 was the types of extracts used
(negative control (without extract), positive control (chitosan), crude
extract of Y. schidigera, nano-capsules of Y. schidigera extract), and factor
3 was the doses of each type of extract (i.e., 0-, 0.25-, 0.5-, and 1.0- mL
extract/g DM), with three repetitions for each. The data from the three
repetitions of each treatment in each run were averaged, and these av-
erages were used as the experimental unit for each treatment. Data
analysis was performed using the GLM procedure of SAS [31] and the
statistical model listed below:

Yijk =p+ CH; + TEj + EXx + (CH x TE)ij + (CH x EX)ijx + (TE x EX)jk +
(CH x TE x EX)ijk =+ E&ijk

where, Yjji is the response variable, p is the general mean, CH; is the
effect of the dietary carbohydrate level, TE; is the effect of the type of
extract, EXy is the effect of extract doses, (CH x TE);j is the effect of the
interaction between the carbohydrate level and the type of extract, (CH
x EX)ik is the effect of the interaction between the carbohydrate level
and the extract doses, (TE x EX)jy is the effect of the interaction between
the type of extract and the extract doses, (CH x TE x EX)jjx is the effect
of the interaction between the carbohydrate level, the type of extract
and the extract doses, and e;ji is the experimental error. The comparison
of means was performed using Tukey’s test, and they were considered
significantly different when p < 0.05.



E.O. Botia Carrefio et al.

3. Results
3.1. Total gas production

The main effect of CHO was significant (p = 0.0140) on asymptotic
gas production and gas production (GP, mL gas/g DM incubated) at 4,
24, and 48 h of incubation (Table 3). Total gas production increased
with carbohydrate level. Specifically, at CHO25, total gas production
was 324.5 mL while at CHOS55, it increased to 378.0 mL, representing a
16.5 % increase. The type of extract used (TE) also had a highly sig-
nificant (p < 0.0001) effect on asymptotic total GP. The use of nano-CS
increased the GP by 57 % compared to the control, while 38.9 % and
39.8 % increases were observed when compared to crude extract and

Table 3
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nano-capsule respectively. The dose of extract significantly (p < 0.0001)
influenced GP at 4 and 24 h, but not consistently across all carbohydrate
levels. The interaction effect of CHO x TE x ED on GP was significant (p
< 0.0001) only at 4 h of incubation, with 1 mL nano-chitosan producing
the highest gas values, about 56.8 % more than the control. At 4 and 24 h
of incubation, the use of nano-extract at increased dietary carbohydrate
levels (i.e., 40 % and 55 %) resulted in significantly (p = 0.014) lower GP
compared to the control. This represents between 24.3 and 41.5 %
reduction in GP compared to the negative control. A significant decrease
in GP was also observed at 48 h of incubation when 0.5 mL of nano-
extract was used at 40 % and 55 % carbohydrate levels.

Effect of nanoparticles of Y. Schidigera at different doses of each extract (0.0-, 0.25-, 0.5- and 1.0- ml of extract/g dietary DM) on in vitro ruminal total gas production
(ml/g DM) of diets with three percent levels of carbohydrate (25 (CHO25), 40 (CHO40, and 55 (CHO55) %) compared with nanoparticles of chitosan (as positive

control (PC)) and the crude extract used male bulls as donor animals.

Carbohydrate level (%CHO)" Type of extract Dose (ml/g DM)

Gas production kinetics”

Gras production (ml gas/g DM incubated)

b c Lag 4h 24h 48h
CHO25 Without extract 0 324.5 0.03163 0.5315 60.9 183.2 308.4
Nano-chitosan 0.25 479.4 0.02287 1.33767 170.8 303.7 450.7
0.5 457.7 0.023 1.46213 169.1 300.0 432.5
1 509.5 0.02377 1.2418 183.6 337.8 485.5
Crude extract 0.25 341.0 0.0283 0.65303 103.1 229.7 327.7
0.5 345.3 0.029 0.72597 111.0 235.9 331.3
1 366.7 0.0287 1.34617 154.3 274.2 357.0
Nano-extract 0.25 359.2 0.0279 0.07503 80.3 201.7 338.7
0.5 364.4 0.02803 0.2541 86.6 205.9 343.7
1 356.3 0.02753 0.3097 81.9 202.2 335.8
Type of extract (TE) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Extract dose (ED) 0.3139 0.8759 0.0873 0.0005 0.0683 0.2521
TE X ED 0.5712 0.9261 0.0579 0.0021 0.4753 0.5631
SEM 15.1989 0.0007 0.1264 4.9929 9.8142 14.3761
CHO40 Without extract 0 364.4 2.69443 0.62407 106.8 240.5 349.0
Nano-chitosan 0.25 497.3 0.03727 0.75327 175.1 324.0 472.1
0.5 540.0 0.02547 0.8607 179.5 357.5 516.7
1 509.7 0.02833 0.97533 187.7 386.4 502.1
Crude extract 0.25 358.4 0.02863 0.787 114.6 246.3 344.4
0.5 409.6 0.02687 0.8692 148.6 277.6 391.5
1 415.5 0.0281 1.23333 163.8 301.4 401.2
Nano-extract 0.25 403.9 0.0566 1.2181 75.5 188.2 429.7
0.5 362.9 0.02977 0.1165 77.9 208.1 342.6
1 369.0 0.02547 0.22057 86.5 215.3 362.1
Type of extract (TE) 0.0001 0.9999 0.0374 <0.0001 <0.0001 0.0021
Extract dose (ED) 0.8279 0.9997 0.1947 0.0002 0.0191 0.9951
TE X ED 0.5731 1.0000 0.0094 0.0196 0.8672 0.3908
SEM 27.6452 0.2721 0.1687 5.3060 14.6898 29.0227
CHO55 Without extract 0 378.0 0.02947 0.24743 84.5 226.9 359.8
Nano-chitosan 0.25 524.0 0.02277 1.1051 175.2 318.5 490.5
0.5 503.4 0.02427 1.0192 171.8 322.7 477.0
1 504.6 0.0237 1.2954 183.6 330.5 478.5
Crude extract 0.25 394.4 0.0264 0.78293 119.1 245.4 373.4
0.5 382.6 0.027 1.10803 128.7 249.0 363.9
1 407.3 0.0305 0.23437 107.9 253.5 387.4
Nano-extract 0.25 402.7 0.0615 1.13887 53.6 181.5 387.6
0.5 285.7 0.02917 0.6528 68.0 176.8 271.1
1 415.3 0.0304 0.69667 71.6 208.1 405.8
Type of extract (TE) <0.0001 0.1418 0.0013 <0.0001 <0.0001 <0.0001
Extract dose (ED) 0.0148 0.4423 0.0472 0.2048 0.0809 0.0123
TE X ED 0.0512 0.3435 0.0008 0.0101 0.6051 0.031
SEM 20.5702 0.0038 0.1107 4.1403 7.0345 20.1798
SEM pooled be 21.2303422 0.092229 0.134919 4.848398 10.52698 21.028875
P value:
Carbohydrate level (CHO) 0.0140 0.0281 0.9827 <0.0001 0.0002 0.0148
Type of extract (TE) <0.0001 0.9991 <0.0001 <0.0001 <0.0001 <0.0001
Extract dose (ED) 0.2048 0.9993 0.5233 <0.0001 0.0003 0.1529
CHO X TE 0.8334 1.0000 <0.0001 0.0009 0.2090 0.9763
CHO X ED 0.2162 1.0000 0.0199 0.0107 0.3233 0.5409
TE X ED 0.2541 1.0000 0.0053 0.0112 0.8210 0.1631
CHO X ET X ED 0.3731 1.0000 0.0002 <0.0001 0.8107 0.3304

@ Basal diet illustrated in Table 1, with different carbohydrate levels of 25 % (CHO25), 40 % (CHO40) and 55 % (CHOS55) of the total mixed ration.
b b = asymptotic total gas production (mL/g DM); ¢ = rate of total gas production (mL/h); Lag = initial delay before total gas production begins (h).

¢ SEM = standard error of the mean.
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3.2. Anaerobic gases of CH4, CO and H3S productions

Table 4 shows that CHO had a significant (p < 0.0074) effect on
asymptotic methane (CH4) production and the rate of CH4 production
but not significant (p = 0.3066) on lag time.

The CHO significantly (p = 0.0183) affected CH4 production (mL
gas/g DM incubated) at 4 and 48 h. However, the effect of CHO on ml
CH4/100 mL gas was not significant at any of the incubation hours. The
TE significantly (p < 0.0001) affected CH4 production at 4, 24, and 48 h
of incubation. Nano-chitosan produced the least CHy, followed by crude
extract. While nano-extract produced more CHy4 than even the control.
The extract dose (ED) affected (p = 0.0079) CH4 production until 48 h of
incubation. Apart from the crude extract, which led to a decrease in CHy4
production, it was observed that increasing the doses of other extracts
did not lead to a further reduction in CHy4 output, though values were
lower than the control. At CHO25, CHO40, and CHO55, the type of
extract used resulted in significant differences in CH4 production ki-
netics, with nano-extract producing the highest CH4 and CS producing
the least. However, ED did not affect the rate of CH4 production and the
lag, regardless of the CHO level. The CHO x TE x ED interaction effect
was observed to be significant (p = 0.0002) on CH4 production at 48 h of
incubation, with a reduction in methane production. The only reduction
effect of nano-extract on CH4 production was observed using 1 mL at
CHO55, which reduced CH4 by 15.3 %. Comparatively, 1 mL of crude
extract reduced methane production by 42.2 % at 48 h of incubation. In
terms of CO production, CHO significantly (p = 0.0053) affected
asymptotic CO production (Table 5).

Similarly, the effect of TE on asymptotic CO production and associ-
ated production kinetics was significant. Notably, 0.5 mL of the crude
extract resulted in the lowest asymptotic CO and CO production (mL/g
DM) at 48 h of incubation, while nano-chitosan generated the highest
asymptotic CO gas. However, ED did not show any significant effect on
CO production kinetics or CO production at any of the incubation hours.
The interaction effect of CHO x TE was statistically significant for CO
production at 4, 24, and 48 h. TE x ED had no significant effect on CO
production parameters. However, the interaction effect of CHO x ET x
ED on CO production was significant for asymptotic CO production and
mL gas/g DM at 48 h of incubation, with nano-extract reducing CO
production by 67.7 % compared to the control. Table 6 revealed that
CHO did not affect the asymptotic H»S production and production rate
but did affect the lag time.

Similarly, CHO did not significantly affect H,S production at any
incubation hours. Type of extract significantly (p < 0.0001) affected
H,S production (asymptotic and mL gas/g DM incubated) at 4, 24, and
48 h of incubation. Nano-extract reduced HyS gas the most by about
30.3 % compared to the control while nano-chitosan resulted in
increased HoS gas production. Extract dose (i.e., ED) did not exert any
significant (p = 0.0139) effect on HyS production kinetics. CHO x TE,
CHO x ED, and CHO x TE x ED had a significant (p = 0.0139) effect on
asymptotic HpS production. The interaction effect of CHO x TE x ED
was also significant for HoS production at 4 and 48 h.

3.3. Rumen fermentation profile and CH4 conversion efficiency

An increase in the level of carbohydrates from 25 to 40 % resulted in
a reduction in pH values (Table 7), although, this effect was not statis-
tically significant (p = 0.3205). The CHO effect was significant (p <
0.0004) on short-chain fatty acid (SCFA) and metabolizable energy
(ME), resulting in elevated SCFA and ME observed in vitro. Moreso, TE
significantly (P < 0.0001) affected the pH of the rumen inoculum.
Specifically, the crude extract treatment had the lowest pH values
compared to the control, representing about a 17 % reduction. This
represents between 10.08 and 20.5 % reduction in pH values compared
to the negative control. The TE had a significant effect on DMD % (p <
0.0001), SCFA, ME, and CHy4: SCFA. The effect of ED was also significant
(p = 0.0006) on pH. Extract dose significantly (p = 0.0003) affected
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SCFA and ME but did not have a significant effect on CH4: ME, CH4: OM,
and CH4: SCFA. CHO x TE and TE x ED interaction effects were
observed to be significant (p < 0.0001) on rumen pH. The use of 1 mL of
crude extract resulted in the lowest pH values irrespective of the CHO
level in the diet. There was no interaction effect of CHO x TE on CHy4
conversion efficiency. However, the interaction effect of CHO x TE x ED
was significant (p = 0.0491) on DMD% and CHy: SCFA.

4. Discussion
4.1. Total gas production

Saponins, the primary component of YSE, are known to influence
microbial activity in the rumen, which can affect various fermentation
parameters. Moreover, the encapsulation of YSE with CS at varying
carbohydrate levels adds another layer of complexity that can poten-
tially provide a better understanding of its application in greenhouse gas
mitigation. The main effect of increasing CHO from 25 to 40 % resulted
in a 12.2 % increase in asymptotic GP. However, a 3.7 % increase in GP
was only observed when CHO was further increased to 55 %. This sug-
gests that the relationship between dietary carbohydrates and asymp-
totic GP is not linear. The findings indicate that the benefit of increasing
CHO on GP is not constant and may become marginal at higher levels of
CHO. The highest gas produced at 40 % CHO might be a reflection of
optimum microbial activity and fermentation. This suggests that CHO
levels that are too low or high can either limit the fermentation process
or result in a less efficient breakdown. The high GP values recorded with
the use of nano-chitosan indicates its potential to enhance microbial
fermentation in the rumen, especially in cattle. A previous study by
Belanche et al. [35] suggested that CS improves fermentation patterns
by decreasing metabolic hydrogen production. Del Valle et al. [36] and
Zanferari et al. [37] have also reported improved feed efficiency in cows
due to the use of CS. The observed increase in GP as a result of YSE is
consistent with previous findings on the potential of saponin to improve
rumen fermentation. However, contrary to the report of Besharati et al.
[38] who reported reduced GP with nano-CS encapsulation of flaxseed
oil in an in vitro experiment, the encapsulation of YSE with nano-CS in
this study produced more gas compared to the control. This suggests the
existence of a synergistic relationship between the tested additives.
Nonetheless, the results of this study suggest that using CS as an
encapsulating agent for YSE may not confer additional benefits on
rumen gas production (mL gas/g DM incubated), unless there is a bal-
ance between dietary carbohydrate levels and extract dosage, as
increased GP (comparatively to control) were obtained at CHO40 and
CHOS55 using 0.25 and 1.0 ml of nano-extract respectively.

4.2. Ruminal total gas, CH4, CO and H,S productions

The effect of increasing dietary energy levels on methane production
is that more CH4 will be produced per gram of DM incubated. The type
and level of CHO can affect the dissolved hydrogen, which is capable of
altering the fermentation pathway and ultimately CH4 emissions [39].
The observed reduction in CH4 production as a result of YSE inclusion is
consistent with the findings of Zeid et al. [11]. According to Ref. [21],
saponin which is the main component of YS possesses the potential to
reduce the number of protozoa, subsequently resulting in a reduction of
hydrogen ions available to methanogens for methane production. It is
also possible for saponins to produce similar results by weakening the
activity of methane-producing genes, while the population of metha-
nogens remains unchanged [40]. However, using 0.25 mL of
nano-chitosan proved to be more effective in reducing the asymptotic
CH4 production kinetics and associated parameters at 4, 24, and 48 h of
incubation compared to other extracts tested in this study. This
improvement is likely due to the potential of CS to inhibit Hy production
or encourage alternative metabolic pathways since methanogenesis is a
primary biochemical mechanism of removing Hy from the rumen. The
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Table 4

Effect of nanoparticles of Y. Schidigera at different doses of each extract (0.0-, 0.25-, 0.5-, and 1.0- ml of extract/g dietary DM) on in vitro ruminal methane production
(CHy4, ml/g DM) of diets with three percent levels of carbohydrate (25 (CHO25), 40 (CHO40, and 55 (CHO55) %) compared with nanoparticles of chitosan (as positive
control (PC)) and the crude extract used male bulls as donor animals.

Type of Extract dose (ml/ CH4 production kinetics” CH4 production (ml gas/g DM CH4 (ml CH4/100 ml gas)
extract g DM) incubated)
Carbohydrate level (% of b c Lag 4h 24h 48h 4h 24h 48h
diet CHO)"
CHO25 Without 0 41.5 0.012 0.869 0.81 8.12 41.62 6.50 22.05 67.06
extract
Nano- 0.25 24.2 0.014 1.223 1.06 3.58 24.19 3.08 5.86 26.97
chitosan
0.5 25.7 0.014 1.209 1.07 3.78 25.84 3.17 6.22 29.56
1 27.2 0.014 1.210 1.13 3.95 27.28 3.08 5.86 28.08
Crude 0.25 46.0 0.012 0.491 2.61 12.86 46.33 12.33 27.89 70.67
extract
0.5 37.0 0.011 0.697 2.23 7.86 37.15 10.00 16.67 55.83
1 31.7 0.009 0.389 2.57 8.72 31.61 8.33 15.83 44.17
Nano- 0.25 49.5 0.009 0.333 2.29 13.07 49.61 14.17 32.22 73.06
extract
0.5 61.4 0.011 0.509 3.23 16.51 60.94 18.67 40.06 77.67
1 61.9 0.010 0.409 2.90 16.88 62.07 17.83 41.72 81.61
Type of extract (TE) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Extract dose (ED) 0.8976 0.4269 0.4051 0.6669 0.8704 0.9209 0.7405 0.8631 0.3545
TE x ED 0.0388 0.2959 0.7759 0.3572 0.0191 0.0339 0.1171 0.0026 0.0155
SEM 3.5698 0.0006 0.1085 0.2409 1.0429 3.5451 1.1165 1.9651 4.0237
CHO40 Without 0 48.3 0.010 0.554 1.54 11.02 48.49 7.17 23.00 69.39
extract
Nano- 0.25 26.5 0.014 1.240 1.08 3.80 26.51 3.08 5.86 28.08
chitosan
0.5 29.7 0.012 1.062 3.54 27.67 29.92 9.58 14.33 37.00
1 60.4 0.012 1.263 3.09 23.30 60.70 7.83 16.92 64.58
Crude 0.25 45.5 0.010 0.306 3.36 13.40 45.56 14.67 27.16 66.06
extract
0.5 49.6 0.010 0.532 3.69 15.27 49.52 12.33 27.33 63.17
1 39.1 0.010 0.213 3.76 13.02 38.97 11.50 21.50 48.44
Nano- 0.25 61.2 0.011 0.933 2.86 15.71 61.00 19.00 42.61 71.67
extract
0.5 63.7 0.010 0.488 2.64 15.61 63.56 16.50 37.33 75.11
1 69.0 0.009 0.565 2.95 14.98 68.97 16.67 34.72 72.22
Type of extract (TE) <0.0001  0.0010 <0.0001  0.4165 0.8394 <0.0001  0.0005 <0.0001  0.0002
Extract dose (ED) 0.0469 0.2668 0.4088 0.5067 0.4954 0.0452 0.9052 0.9275 0.5510
TE x ED 0.0087 0.5995 0.1853 0.6965 0.6428 0.0084 0.4127 0.2514 0.0115
SEM 4.9971 0.0008 0.1233 0.6831 5.0173 5.0250 2.1193 3.6071 6.1485
CHO55 Without 0 53.1 0.010 0.543 1.63 13.84 52.87 9.67 30.50 73.56
extract
Nano- 0.25 31.1 0.013 1.107 1.28 5.35 31.16 3.67 8.39 31.72
chitosan
0.5 27.1 0.013 1.107 1.17 4.72 27.10 3.42 7.31 28.42
1 28.5 0.012 0.818 1.74 6.43 28.54 4.75 9.75 29.75
Crude 0.25 56.6 0.009 0.143 4.57 19.77 56.52 19.17 40.00 75.55
extract
0.5 38.2 0.010 0.334 3.74 12.20 38.04 14.50 24.50 52.28
1 329 0.010 0.274 1.99 11.28 32.87 9.17 22.22 42.50
Nano- 0.25 62.5 0.009 0.746 1.11 10.45 62.47 10.17 28.78 67.28
extract
0.5 45.0 0.008 0.568 1.40 9.65 44.85 10.00 27.78 68.22
1 62.2 0.008 0.976 2.21 14.29 103.50 15.33 34.22 69.00
Type of extract (TE) 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Extract dose (ED) 0.0514 0.898 0.9706 0.4384 0.02 0.0129 0.4182 0.0141 0.0003
TE x ED 0.2293 0.7516 0.0803 0.0001 0.0007 0.0005 0.0018 0.0004 <0.0001
SEM 4.4760 0.0005 0.1027 0.2954 0.9007 4.7351 1.3416 1.7248 2.4416
SEM pooled © 4.38 0.0006 0.1117 0.410 2.315 4.468 1.539 2.390 4.245
P value:
Carbohydrate level (CHO) 0.0074 0.0002 0.3066 0.0183 0.1029 0.0048 0.1324 0.0665 0.1488
Type of extract (TE) <0.0001 <0.0001 <0.0001 <0.0001 0.1478 <0.0001 <0.0001 <0.0001 <0.0001
Extract dose (ED) 0.2951 0.2054 0.7379 0.6166 0.7534 0.0079 0.8460 0.3537 0.3581
CHO x TE 0.6306 0.5099 0.0021 0.0390 0.0996 0.1857 0.0038 0.0005 0.0258
CHO x ED 0.0114 0.5763 0.5255 0.5434 0.4356 0.0193 0.8571 0.4062 0.0675
TE x ED 0.0012 0.7923 0.1430 0.2439 0.3501 <0.0001  0.0084 0.0003 <0.0001
CHO x ET x ED 0.1218 0.3893 0.2471 0.2429 0.7740 0.0002 0.1784 0.0353 0.1097

@ Basal diet illustrated in Table 1, with different carbohydrate levels of 25 % (CHO25), 40 % (CHO40) and 55 % (CHOS55) of the total mixed ration.
b b — asymptotic CH, production (mL/g DM); ¢ = rate of CH, production (mL/h); Lag = initial delay before CH, production begins (h).
¢ SEM = standard error of the mean.
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Table 5
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Effect of nanoparticles of Y. Schidigera at different doses of each extract (0.0-, 0.25-, 0.5-, and 1.0- ml of extract/g dietary DM) on in vitro ruminal carbon monoxide (CO,
ml/g DM) of diets with three percent levels of carbohydrate (25 (CHO25), 40 (CHO40, and 55 (CHO55) %) compared with nanoparticles of chitosan (as positive control

(PC)) and the crude extract used male bulls as donor animals.

Carbohydrate level (% of diet CHO)" Type of extract Extract dose (ml/g DM)

CO production kinetics” CO production (ml/g DM incubated)

b c Lag 4h 24h 48h
CHO25 Without extract 0 0.129660 0.000129 0.000023 0.001024 0.009714 0.064710
Nano-chitosan 0.25 0.616083 0.000105 0.000024 0.005220 0.020039 0.309450
0.5 0.544788 0.000106 0.000024 0.005204 0.020187 0.272892
1 0.573828 0.000112 0.000024 0.005498 0.021449 0.288380
Crude extract 0.25 0.093567 0.000099 0.000022 0.002461 0.009915 0.046672
0.5 0.085330 0.000100 0.000022 0.002478 0.009598 0.042503
1 0.100698 0.000094 0.000021 0.004585 0.013962 0.050163
Nano-extract 0.25 0.158977 0.000098 0.000022 0.002322 0.017044 0.080255
0.5 0.159688 0.000094 0.000022 0.001880 0.015139 0.080472
1 0.139482 0.000093 0.000022 0.001453 0.014758 0.070094
Type of extract (TE) <0.0001 0.0363 <0.0001 <0.0001 <0.0001 <0.0001
Extract dose (ED) 0.2205 0.9927 0.1951 0.1045 0.3601 0.2155
TE x ED 0.2699 0.7476 0.1735 0.0072 0.2979 0.2658
SEM 0.0148 0.0000 0.0000 0.0003 0.0012 0.0074
CHO40 Without extract 0 0.238224 0.000102 0.000023 0.004779 0.024679 0.118643
Nano-chitosan 0.25 0.592359 0.000092 0.000024 0.006391 0.026381 0.296547
0.5 1.182591 0.000109 0.000024 0.006781 0.033582 0.592364
1 1.932138 0.000112 0.000024 0.009272 0.047674 0.967231
Crude extract 0.25 0.111174 0.000093 0.000022 0.003201 0.013040 0.055525
0.5 0.113423 0.000090 0.000021 0.005950 0.016835 0.056632
1 0.142962 0.000102 0.000022 0.005639 0.019284 0.071085
Nano-extract 0.25 0.184358 0.000120 0.000023 0.001435 0.015243 0.092908
0.5 0.135032 0.000119 0.000022 0.001674 0.013500 0.067980
1 0.099063 0.000098 0.000022 0.001627 0.009074 0.048038
Type of extract (TE) <0.0001 0.0701 <0.0001 <0.0001 0.0078 <0.0001
Extract dose (ED) 0.1135 0.8480 0.3228 0.2437 0.5559 0.1156
TE x ED 0.0634 0.1166 0.0771 0.5956 0.6429 0.0633
SEM 0.1202 0.0000 0.0000 0.0008 0.0053 0.0603
CHO55 Without extract 0 0.195338 0.000088 0.000022 0.002789 0.021705 0.097623
Nano-chitosan 0.25 0.643885 0.000100 0.000025 0.003069 0.008429 0.322075
0.5 0.383970 0.000127 0.000025 0.002430 0.006914 0.191924
1 0.496067 0.000113 0.000025 0.002787 0.007109 0.248356
Crude extract 0.25 0.122041 0.000095 0.000021 0.004391 0.015778 0.061196
0.5 0.114083 0.000093 0.000021 0.006252 0.017613 0.056946
1 0.099422 0.000104 0.000022 0.002606 0.010123 0.049789
Nano-extract 0.25 0.124531 0.000123 0.000023 0.000672 0.007947 0.062892
0.5 0.062844 0.000105 0.000022 0.000989 0.006928 0.031514
1 0.121849 0.000111 0.000023 0.001624 0.012583 0.072016
Type of extract (TE) <0.0001 0.1566 <0.0001 <0.0001 0.0003 <0.0001
Extract dose (ED) 0.0374 0.9347 0.1143 0.3096 0.8656 0.0382
TE x ED 0.1342 0.3643 0.3102 0.0339 0.0204 0.1243
SEM 0.0315 0.0000 0.0000 0.0005 0.0015 0.0165
SEM pooled © 0.055403 0.000007 0.000000 0.000545 0.002614 0.028014
P value:
Carbohydrate level (CHO) 0.0053 0.8217 0.7472 <0.0001 0.0008 0.0058
Type of extract (TE) <0.0001 0.0139 <0.0001 <0.0001 0.0017 <0.0001
Extract dose (ED) 0.1995 0.8847 0.1059 0.2698 0.6002 0.1903
CHO x TE 0.0001 0.1990 0.0002 <0.0001 0.0002 0.0001
CHO x ED 0.0513 0.9902 0.1551 0.1983 0.7555 0.0559
TE x ED 0.1180 0.0905 0.3183 0.3588 0.6978 0.1235
CHO x ET x ED 0.0139 0.5654 0.0789 0.1709 0.5448 0.0132

@ Basal diet illustrated in Table 1, with different carbohydrate levels of 25 % (CHO25), 40 % (CHO40) and 55 % (CHO55) of the total mixed ration.
b b = asymptotic CO production (mL/g DM); ¢ = rate of CO production (mL/h); Lag = initial delay before CO production begins (h).

¢ SEM = standard error of the mean.

CHO x TE interaction effect significantly affected the proportion of CHy4
per 100 mL of gas produced at 4, 24, and 48 h. At CHO25 and CHOA40,
0.25 mL of nano-chitosan produced the least asymptotic CH4, while, a
better effect was achieved at CHO55 with 0.5 mL of the same extract.
The CHO x ED interaction effect revealed that increasing dietary energy
levels will require a higher dosage of nano-chitosan to achieve similar or
better reductions in asymptotic CH4 production during ruminal
fermentation. The CHO x TE x ED interaction significantly impacted on
CH4 production at 48 h of incubation. Methane was reduced by 49.0 % at
CHOS55 using 0.5 mL of nano-chitosan, while the crude extract and
nano-extract reduced CH,4 production by 28.1 and 15.2 % respectively.
The interaction effect observed in this study confirms the findings of
Patra and Saxena [21] regarding the influence of saponins on ruminal

fermentation characteristics as a function of the type of saponin, dosage,
and dietary composition. Carbon monoxide (CO) is produced when
organic matter (OM) is degraded by ruminal microbiota, and its pro-
duction is closely related to microbial activity and the fermentation
processes [41]. According to Techtmann et al. [42], CO can be oxidized
to COz and Hj in the presence of water, with methanogens subsequently
using these products to produce CH,. The consistently low levels of CO
observed with the nano-extract in this study may result from its oxida-
tion and conversion into other gases, particularly CHg.

Nano-extract and crude-extract reduced e asymptotic HaS produc-
tion, while the use of nano-chitosan resulted in elevated HsS production.
This suggests that different extracts might favour different groups of
microorganisms, leading to varying effects on gas production. The
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Table 6
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Effect of nanoparticles of Y. Schidigera at different doses of each extract (0.0-, 0.25-, 0.5-, and 1.0- ml of extract/g dietary DM) on in vitro ruminal hydrogen sulfide (H,S,
ml/g DM) of diets with three percent levels of carbohydrate (25 (CHO25), 40 (CHO40, and 55 (CHO55) %) compared with nanoparticles of chitosan (as positive control

(PC)) and the crude extract used male bulls as donor animals.

Carbohydrate level (% of diet CHO)" Type of extract Extract dose (ml/g DM)

H,S production kinetics” H,S production (ml/g DM incubated)

b c Lag 4h 24h 48h
CHO25 Without extract 0 0.457830 0.000116 0.000023 0.005847 0.044631 0.228183
Nano-chitosan 0.25 1.884323 0.000112 0.000023 0.030572 0.183028 0.940614
0.5 1.643427 0.000103 0.000023 0.029750 0.147743 0.819970
1 2.097693 0.000098 0.000023 0.028788 0.199987 1.048509
Crude extract 0.25 0.398590 0.000119 0.000022 0.010261 0.049197 0.199771
0.5 0.424343 0.000088 0.000022 0.010056 0.049058 0.212080
1 0.535373 0.000095 0.000022 0.019571 0.067682 0.266262
Nano-extract 0.25 0.474953 0.000118 0.000023 0.012518 0.043339 0.236945
0.5 0.456520 0.000094 0.000023 0.013289 0.044692 0.214252
1 0.499003 0.000100 0.000023 0.012764 0.049180 0.249136
Type of extract (TE) <0.0001 0.6176 0.0001 <0.0001 <0.0001 <0.0001
Extract dose (ED) 0.0159 <0.0001 0.42 0.3522 0.0179 0.0117
TE x ED 0.1144 0.3213 0.8006 0.1559 0.154 0.1294
SEM 0.0606 0.0000 0.0000 0.0017 0.0078 0.0294
CHO40 Without extract 0 0.518660 0.000358 0.000021 0.016653 0.066927 0.259305
Nano-chitosan 0.25 1.987950 0.000102 0.000023 0.027275 0.191828 0.994322
0.5 1.751753 0.000087 0.000022 0.020261 0.181899 0.875603
1 0.987090 0.000096 0.000021 0.014554 0.117480 0.490367
Crude extract 0.25 0.490357 0.000099 0.000022 0.014531 0.056710 0.243281
0.5 0.565593 0.000096 0.000022 0.021748 0.073605 0.282499
1 0.568833 0.000106 0.000022 0.022913 0.070191 0.283519
Nano-extract 0.25 0.633487 0.000128 0.000024 0.009995 0.043626 0.315965
0.5 0.506040 0.000102 0.000023 0.009496 0.047849 0.253264
1 0.536600 0.000102 0.000023 0.013462 0.051036 0.267500
Type of extract (TE) <0.0001 0.9724 0.1006 0.0245 <0.0001 <0.0001
Extract dose (ED) 0.0795 0.9773 0.4834 0.9949 0.2722 0.0767
TE x ED 0.0528 0.9997 0.9000 0.2120 0.0926 0.0498
SEM 0.1252 0.0000 0.0000 0.0036 0.0119 0.0625
CHO55 Without extract 0 0.511237 0.000110 0.000022 0.013416 0.065131 0.255970
Nano-chitosan 0.25 2.098620 0.000111 0.000023 0.026607 0.148727 1.049638
0.5 1.984410 0.000117 0.000024 0.019357 0.115527 0.993009
1 2.061550 0.000113 0.000023 0.030681 0.163393 1.029421
Crude extract 0.25 0.518220 0.000103 0.000022 0.018908 0.061188 0.258343
0.5 0.453860 0.000107 0.000022 0.016789 0.060041 0.225206
1 0.498453 0.000118 0.000022 0.008679 0.056971 0.249741
Nano-extract 0.25 0.529327 0.000101 0.000023 0.003541 0.040361 0.264398
0.5 0.357510 0.000103 0.000023 0.008319 0.035814 0.178421
1 0.480083 0.000113 0.000023 0.009852 0.046551 0.257080
Type of extract (TE) <0.0001 0.5476 0.001 <0.0001 <0.0001 <0.0001
Extract dose (ED) 0.146 0.4461 0.9225 0.782 0.3172 0.135
TE x ED 0.9596 0.8909 0.7381 0.0225 0.5282 0.9349
SEM 0.0618 0.0000 0.0000 0.0026 0.0106 0.0316
SEM pooled © 0.082859 0.000016 0.000000 0.002647 0.010154 0.041316
P value:
Carbohydrate level (CHO) 0.3595 0.0724 0.0351 0.6038 0.3768 0.3160
Type of extract (TE) <0.0001 0.9897 0.0003 <0.0001 <0.0001 <0.0001
Extract dose (ED) 0.2146 0.9016 0.3712 0.7197 0.4895 0.2094
CHO x TE 0.0013 0.9960 0.0591 0.0056 0.2169 0.0014
CHO x ED 0.0128 0.9888 0.8161 0.9326 0.0641 0.0105
TE x ED 0.2097 0.9995 0.7507 0.3437 0.3622 0.1862
CHO x ET x ED 0.0139 1.0000 0.9863 0.0165 0.0801 0.0142

@ Basal diet illustrated in Table 1, with different carbohydrate levels of 25 % (CHO25), 40 % (CHO40) and 55 % (CHO55) of the total mixed ration.
b b = is the asymptotic H,S production (mL/g DM); ¢ = is the rate of H,S production (mL/h); Lag = is the initial delay before H,S production begins (h).

¢ SEM = standard error of the mean.

production of HsS in the rumen is associated with the actions of sulfate-
reducing Bacteria (SRB) that reduce Sulfur (S) to HyS [43]. Nano-CS
likely favours SRB while nano-extract exhibits inhibitory tendencies.
Previous study by Alsubait et al. [44] also reported a decrease in HyS
production due to YSE inclusion. In this study, 0.5 ml of nano-extract in
the CHOS5 treatment group produced the least HyS at 48 h of incuba-
tion. This shows the interaction effects of carbohydrate level, extract
type, and dosage on HyS production during ruminal fermentation.

4.3. Rumen fermentation profile and CH4 conversion efficiency

Contrary to the report by Yi et al. [45], both TE and ED significantly
affected rumen pH in this study. The crude extract consistently reduced

pH irrespective of the dietary CHO levels. However, the CHO x TE
interaction had a significant effect on pH. The results showed that at
lower dietary carbohydrate levels, the different types of extract reduced
rumen inoculum pH, but at higher carbohydrate levels, both
nano-chitosan and nano-extract increased rumen pH compared to the
negative control. This suggests that rumen pH response is more depen-
dent on the type of extract than on CHO level, as the extracts show
varying effects on pH across different carbohydrate levels.
Nano-chitosan at 0.5 mL produced the best SCFA and CH4 conversion
efficiency values, followed by 1 mL of crude extract. Methane values at
24 h of incubation improved from 73.46 % to 76.05 % at CHO15 and
CHOS55, respectively, with the addition of 0.25 and 1 mL of nano-
chitosan. Chitosan, with a pKa of approximately 6.5, is slightly acidic
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Table 7

Effect of nanoparticles of Y. Schidigera at different doses of each extract (0.0-, 0.25-, 0.5-, and 1.0- ml of extract/g dietary DM) on in vitro rumen fermentation profile and
CH,4 conversion efficiency of diets with three percent levels of carbohydrate (25 (CHO25), 40 (CHO40, and 55 (CHO55) %) compared with nanoparticles of chitosan (as
positive control (PC)) and the crude extract used male bulls as donor animals.

Carbohydrate level (% of  Type of Extract dose Rumen fermentation profile” CH, conversion efficiency®
: a
diet CHO) extract (ml/g DM) pH DMD%  SCFAmmol/  ME, MJ/kg CH4:ME(g/ CH4:0M CH4: SCFA at 24h
g DM DM 24 h MJ) (ml/g) (mmol/mmol)
CHO25 Without 0 6.76 89.58 8.12 8.37 4.50 9.13 28.86
extract
Nano- 0.25 6.70 85.29 13.47 11.12 1.49 4.02 7.66
chitosan
0.5 6.65 61.27 13.30 11.03 1.57 4.25 8.13
1 6.65 62.83 14.98 11.90 1.55 4.43 7.66
Crude 0.25 6.31 81.57 10.17 9.43 6.33 14.45 36.47
extract
0.5 6.03 81.65 10.45 9.57 3.82 8.82 21.79
1 5.61 75.09 12.15 10.44 3.87 9.80 20.70
Nano- 0.25 6.07 69.26 8.93 8.79 6.89 14.68 42.15
extract
0.5 6.38 86.93 9.12 8.89 8.63 18.55 52.39
1 6.32 84.72 8.95 8.80 8.91 18.96 54.58
Type of extract (TE) <0.0001 0.0904 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Extract dose (ED) 0.1728 0.6726 0.0686 0.07 0.8848 0.87 0.8628
TE x ED 0.0108 0.0222 0.4753 0.4753 0.0063 0.0191 0.0026
SEM 0.0779 4.4623 0.4359 0.2242 0.4712 1.1723 2.5689
CHO40 Without 0 6.33 83.72 10.66 9.63 5.33 12.38 30.07
extract
Nano- 0.25 6.60 75.95 14.37 11.53 1.53 4.26 7.66
chitosan
0.5 6.76 70.01 15.85 12.30 9.58 31.09 11.12
1 6.92 64.59 17.13 12.96 7.61 26.18 34.55
Crude 0.25 5.96 83.75 10.92 9.76 6.37 15.05 35.52
extract
0.5 5.90 80.89 12.30 10.48 6.75 17.15 35.73
1 5.61 80.29 13.36 11.02 5.47 14.63 28.10
Nano- 0.25 6.38 69.04 8.34 8.44 8.68 17.65 55.75
extract
0.5 6.45 81.68 9.22 8.89 8.14 17.54 48.83
1 6.45 76.86 9.54 9.06 7.68 16.83 45.41
Type of extract (TE) <0.0001 0.0889 <0.0001 <0.0001 0.6009 0.8394 <0.0001
Extract dose (ED) 0.5178 0.8325 0.0192 0.0185 0.5626 0.4952 0.6658
TE x ED 0.0015 0.4099 0.8677 0.8727 0.5821 0.6427 0.1155
SEM 0.0616 3.9494 0.6519 0.3341 1.7365 5.6373 5.1863
CHO55 Without 0 6.44 88.01 10.05 9.31 6.91 15.54 39.88
extract
Nano- 0.25 6.67 55.37 14.12 11.39 2.18 6.01 10.96
chitosan
0.5 6.67 60.60 14.31 11.49 1.91 5.31 9.55
1 6.51 73.01 14.65 11.67 2.57 7.23 12.74
Crude 0.25 5.98 85.61 10.88 9.73 9.41 22.21 52.30
extract
0.5 5.85 81.23 11.03 9.81 5.77 13.70 32.03
1 5.59 79.40 11.24 9.91 5.29 12.68 29.06
Nano- 0.25 6.70 80.72 8.04 8.27 5.88 11.74 37.65
extract
0.5 6.66 78.73 7.83 8.16 5.52 10.84 36.35
1 6.46 79.49 9.22 8.88 7.47 16.05 44.76
Type of extract (TE) <0.0001 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Extract dose (ED) <0.0001 0.5736 0.0819 0.0811 0.0115 0.0201 0.0142
TE x ED 0.1618 0.1752 0.6096 0.6059 0.0003 0.0007 0.0005
SEM 0.0410 3.1488 0.3124 0.1606 0.3960 1.0123 2.2568
SEM pooled d 0.060 3.815 0.467 0.240 0.862 2.601 3.282
P value:
Carbohydrate level (CHO) 0.3205 0.7812 0.0002 0.0004 0.1114 0.1029 0.1232
Type of extract (TE) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.1476 <0.0001
Extract dose (ED) 0.0006 0.9113 0.0003 0.0003 0.9294 0.7531 0.3467
CHO x TE <0.0001 0.4035 0.2111 0.2131 0.0678 0.0995 0.0052
CHO x ED 0.0830 0.7059 0.3251 0.3227 0.4203 0.4356 0.6176
TE x ED <0.0001 0.0762 0.8210 0.8202 0.1557 0.3499 0.0012
CHO x ET x ED 0.0616 0.0491 0.8119 0.8101 0.6584 0.7739 0.0223

 Basal diet illustrated in Table 1, with different carbohydrate levels of 25 % (CHO25), 40 % (CHO40) and 55 % (CHO55) of the total mixed ration.
b pH = ruminal pH; DMD = dry matter degradability; SCFA = short-chain fatty acids; ME = the metabolizable energy.

¢ CH4:SCFA = methane:short-chain fatty acids ratio; CH;:ME = methane:metabolizable energy ratio; CH4;:OM = methane:organic matter ratio.

4 SEM = standard error of the mean.
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and can influence rumen pH, affecting microbial fermentation and
methane production. Studies have shown that chitosan inclusion in
ruminant diets increases ruminal propionic acid levels and decreases
acetic acid concentrations [19,46]. These changes in short-chain fatty
acid profiles suggest that chitosan can enhance fermentation efficiency
and potentially reduce methane emissions. Araidjo et al. [47] also
observed that higher nutrient intake improves digestibility and alters
SCFA concentrations, supporting the idea that chitosan’s impact on
methane conversion efficiency is influenced by its acidity and dietary
context. The combined effects of extract type, dosage, and carbohydrate
levels are critical in determining methane conversion efficiency, as they
interact to influence ruminal fermentation and methane production.
Additionally, Cardozo et al. [48] suggested that rumen VFA production
due to saponins depends on diet, rumen pH, and dosage.

5. Conclusions

Incorporating nano-chitosan into cattle diets enhances rumen
fermentation and increases short-chain fatty acid production while
reducing methane emissions. However, it also leads to higher carbon
monoxide and hydrogen sulfide production. Among the carbohydrate
levels tested, a 40 % carbohydrate diet resulted in the highest gas pro-
duction after 48 h. Both nano-extract and crude extract reduced
hydrogen sulfide production and improved dry matter digestibility.
Chitosan and yucca extract show potential for improving rumen
fermentation and reducing methane production but using chitosan as a
carrier for yucca extract requires careful balancing of extract type,
dosage, and carbohydrate levels in the diet.
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