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Abstract

The utility of Mucuna pruriens utilis seed meal (MSM) in beef cattle nutrition is limited by
high fibre content and antinutritional factors. Hence, this study investigated conventional (C-
Nano-ZnO) and green (G-Nano-ZnO) ZnO nanoparticle pre-treatment effects (0, 1, 5, 10, 15,
and 20 mg/kg) on the legume’s nutritional composition and in vitro ruminal fermentation. Both
nanoparticle types differentially increased DM, OM, and EE (P <0.001) and tended to increase
ash (P = 0.055) whilst they decreased NDF, ADF, ADL, cellulose (P < 0.001), and
hemicellulose (P < 0.01) contents of MSM, with 20 mg/kg G-Nano-ZnO inducing greater
effects. Also, they increased MSM’s Ca (P < 0.001), P (P < 0.001), Mg (P < 0.001), S (P <
0.001), Fe (P < 0.001), and K (P < 0.001), with 20 mg/kg C-Nano-ZnO generally inducing
greater effects. However, both nanoparticle types generally induced no effects on MSM’s CP,
Cr, Mn, Rb, gas production rate, in vitro ruminal gas production kinetics, and cumulative gas
production (P > 0.05), except for increased 12 h post-incubation gas production rate induced
by 20 mg/kg G-Nano-ZnO (P < 0.001) and decreased immediately degradable DM fraction a
(P <0 .001) and 12 h post-incubation cumulative gas production (P < 0.001) induced by,
respectively, 20 mg/kg G-Nano-ZnO and 15 mg/kg C-Nano-ZnO. Interestingly, both
nanoparticle types increased in vitro ruminal OM degradability and partitioning factors (P <
0.001), with 20 mg/kg G-Nano-ZnO inducing greater effects. In conclusion, pre-treatment with
20 mg/kg G-Nano-ZnO mostly enhanced potential nutritional value of MSM.

Keywords: Mucuna pruriens utilis seed meal, antinutritional factors, zinc oxide
nanoparticles, in vitro ruminal fermentation, ruminants.
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Introduction.

The global human population continues to
rapidly expand creating an ever growing
demand for food especially in developing
countries. Due to their natural ability to
convert low-quality plant-derived feed
resources into nutritious human-edible food
and milk),
formidable potential to address food and
nutrition security in these countries
(Greenwood, 2021; Selvan et al., 2023).
Beef meat, particularly, is a good source of

(meat ruminants  wield

essential human dietary nutrients especially
proteins, minerals, and vitamins (Troy et
al., 2016) and health-enhancing
antioxidants (Asp et al., 2012; Williams,
2007). Notwithstanding, due to climate
change-induced threats to forage quantity
and nutritional quality in natural rangelands
that serve as the predominant feed source
for most beef cattle (Lamega et al., 2021;
Tavirimirwa et al., 2019; Vetter et al.,
2020), growing numbers of pasture-reared
beef cattle in southern Africa are
intensively finished off in feedlots where
they are fed expensive energy and protein
dense commercial diets composed mainly
of maize and soyabean meal (DAF, 2019).

Unfortunately, the costs of these
commercial diets are prohibitively too high
especially for smallholder farmers due to
both maize and soyabean being used also as
human food, which aggravates the food-
feed competition (Abidoye & Mabaya,
2014; Dezah et al., 2021; Sedibe et al.,
2023) and climate change-induced drought
diminution of the crops’ yields (Conway et
al., 2015; Shi et al., 2012; Stoddard, 2016).
It is therefore necessary to explore cheaper
alternative energy and protein rich feed
ingredients such as MSM for beef cattle
nutrition.

21

Malaysian Society of Animal Production

Mucuna pruriens utilis seed meal (MSM) is
a nutritious annual legume rich in proteins
(21 —43% CP) and energy (43 — 65 % crude
carbohydrate) (Sowdhanya et al., 2023;
Theansungnoen et al., 2022). It has a high
content of amino acids, minerals and
essential fatty acids (Ezeagu et al., 2003;
Pugalenthi et al., 2005; Sowdhanya et al.,
2023) and possesses anabolic attributes
with ability to enhance beef meat
production (Alleman Jr et al., 2011; Lieu et
al., 2012; Suresh & Prakash, 2012; Yantika
et al., 2016). It is derived from drought-
tolerant M. pruriens utilis plants that are
highly adapted to various abiotic stresses
(Buckles et al., 1998) and a desirable
animal feed resource in this era of climate
change-associated recurrent droughts and
feed shortages.

However, the nutritional value of
MSM is constrained by the presence of
relatively high levels of fibre (97 — 193 g/kg
DM) (Mthiyane et al., 2018; Pathania et al.,
2020) and potentially toxic secondary
metabolites [i.e., trypsin inhibitors,
haemagglutinins, hydrogen cyanide, phytic
acid, tannins, saponins, amylase inhibitors,
and 3,4-dihydroxy-L-phenylalanine (L-
DOPA)] (Bindu et al., 2023; Deli et al.,
2020). A high level of fibre in ruminant
diets, inter alia, compromises ruminal
fermentative degradation rate, nutrient
digestibility, voluntary feed intake, and
growth (Jiyana et al., 2022; Tafaj et al,,
2005). Of the many antinutritional factors
(ANFs) in MSM, L-DOPA’s high
concentration (4 — 13%) is the major
impediment hindering extensive utilization
of the indigenous legume (Pulikkalpura et
al., 2015). Consequently, complete dietary
replacement of soya bean meal with MSM
induced adverse effects on dry matter
intake in growing lambs (Loyra-Tzab et al.,
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2013; Pérez-Hernandez et al., 2003). Also,
dietary intake of MSM decreased body
weight gain in goats (Madzimure et al.,
2014) and lambs (Chikagwa-Malunga et al.,
2009). Recently, Gamedze et al. (2024a)
demonstrated compromised body weight
gain, feed intake, feed
efficiency, hot carcass weight, cold carcass

conversion

weight, as well as some haematological
variables in beef steers fed diets
supplemented with 20% MSM. Hence,
there is a necessity for an innovative pre-
treatment strategy to address the problem of
high fibre and ANFs in MSM prior to its use
in beef cattle nutrition.

A growing body of literature has
demonstrated nanotechnology to possess
enormous ability to enhance the nutritional
utility of plant-derived feed resources
bedevilled by fibre and ANFs. In this
regard, conventionally synthesized
nanoparticles have been shown to enhance
ruminal degradation of fibre (Chen JunCai
et al., 2011; Hosseini-Vardanjani et al.,
2020; Shi et al., 2011) and to adsorb and
enhance  biodegradation  of
phytochemicals and other biomolecules
(Asghar et al., 2020; Remya et al., 2022). In

our laboratory, biogenic zinc oxide (ZnO)

toxic

nanoparticles (G-Nano-ZnO) have been
synthesized following the green approach
employing M. pruriens utilis seed extract as
nanoparticle reducing and stabilizing agent.

This type of nanoparticles was
characterized, validated and demonstrated
to be biologically safe for application in
biological systems (Gamedze et al., 2024b).
Green nanoparticles synthesized
particularly using plant extracts are
generally considered to be biologically safe
and compatible, economically sustainable,
environmentally friendly, and energy

efficient (Sardjono et al., 2018). There was
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therefore interest in evaluating the efficacy
of the green G-Nano-ZnO in enhancing the
nutritional value of MSM when compared
with the conventionally synthesized C-
Nano-ZnO. The study hypothesized that
MSM pre-treatment with G-Nano-ZnO and
C-Nano-ZnO would enhance the legume’s

nutritional value for beef cattle. Its
objective was thus to investigate
comparative  effects of the two
nanomaterials in enhancing the nutritional
composition and in vitro ruminal
degradability of MSM.

Materials and methods
Animal ethics

It is confirmed that animal management and
experimental procedures were carried out
following the Guidelines for Care and Use
of Laboratory Animals of the Animal
Production Research Ethics Committee of
North-West University (NWU) (Ethics
Number: NWU-00804-22-A5).

Sample acquisition and preparation and
experimental design

Dehulled M. pruriens utilis seeds were
purchased from AGT Foods Africa (Pty)
Ltd (Krugersdorp, South Africa) and milled
(1 mm) using a milling machine (Polymix-
MFC 90D, Switzerland). C-Nano-ZnO (<
50 nm) was purchased from Merck (Pty)
Ltd (Modderfontein, South Africa) whilst
G-Nano-ZnO was biosynthesized using M.
pruriens utilis seed extract at North-West
(NWU) of
Chemistry’s Nanomaterials Laboratory
(Mahikeng, South Africa) (Gamedze et al.,
2024b). Then MSM was pre-treated by
homogeneously mixing it (w/w) with C-
Nano-ZnO G-Nano-ZnO at,
respectively, 0, 1, 5, 10, 15, and 20 mg/kg
application rates of the nanomaterials in a

University Department

and
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completely randomized design. Upon pre-
treatment, replicate samples of 3 per
treatment were stored in labelled bags in a
cool dry place for 3 days pending analysis.

Proximate and mineral analyses

The  proximate  components  were
determined according to the Official
Analytical Chemists Methods (AOAC,
2019) for DM (method no. 930.15), OM
(method no. 942.05), CP (method no.
984.13) and ash ( method no. 942.05). The
detergent fibre system of analysis described
by van Soest et al. (1991) was used to
determine NDF and ADF contents using the
ANKOM2000 Fiber Analyzer (ANKOM
Technology, Macedon, NY, USA). Both
NDF and ADF were expressed inclusive of
residual ash. Acid detergent lignin (ADL)
was determined by digesting ADF residues
in 72% sulphuric acid for 3 h and then oven-
drying them for 2 h. Hemicellulose (HEM)
and cellulose (CELL) values were obtained
from the differences of NDF and ADF as
well as ADF and ADL, respectively. The
Soxhlet method was used to determine the
ether extract (EE) (AOAC, 2019). The
mineral content was analyzed at the Center
for Applied Radiation Science and
Technology of NWU (Mahikeng, South
Africa) using an Inductively Coupled
Plasma — Mass Spectrometry (ICP-MS)
(Perkin-Elmer, 1982, NexION 300Q,
Waltham, USA) following the AOAC
method (no. 968.08) (King & Sheridan,
2019).

In vitro ruminal fermentation

The in vitro ruminal fermentation
experiment was conducted at NWU
Molelwane Experimental Farm (25°40.459’
S;26°10.563" E) (Mahikeng, South Africa).

The Reading Pressure Technique (RPT) of
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Mauricio et al. (1999) was used to measure
in vitro ruminal fermentation dynamics of
pre-treated MSM. The rumen inoculum was
collected in the morning before feeding
from a rumen-cannulated Bonsmara donor
cow that was handled, fed [ad libitum fresh
and clean water plus lucerne (Medicago
sativa) hay and blue buffalo grass
(Cenchrus ciliaris)], and cared for
according to protocols approved (NWU-
00804-22-A5) by the NWU Animal
Production Research Ethics Committee.

The rumen fluid was immediately
collected into pre-warmed (39 °C) thermal
flasks under a stream of CO> gas and then
taken to the laboratory for blending and
straining through a white two-layered
muslin cloth while being purged with CO»
to mimic anaerobic conditions of the rumen
(Mhlongo et al., 2021). In triplicates, 1 g (+
0.002) samples of MSM pre-treated with
different concentrations of C-Nano-ZnO
and G-Nano-ZnO were weighed and added
into 125 mL serum bottles, to which were
added 90 mL of ANKOM buffer solution
[i.e., in g/L: 10.0 potassium dihydrogen
phosphate (KH>PO4), 0.5 magnesium
sulfate heptahydrate (MgS04.7H20), 0.5
sodium chloride (NaCl), and 0.1 calcium
chloride dihydrate (CaCl,.2H,0) (Solution
A) as well as 15.0 sodium carbonate
(Na2CO3) and 1.0 sodium sulfide
nonahydrate (Na>S.9H,O) (Solution B),
that were then mixed at 5 parts Solution A
plus 1 part Solution B (Holden, 1999)]. The
bottled samples in ANKOM buffer were
then purged with CO> followed by rubber
stopper sealing of bottles and their
incubation (39°C) overnight. Next morning,
the bottle contents were each inoculated
with 10 mL rumen fluid through rubber
stoppers pierced with a syringe and then
transferred into an incubator (39 °C) for 96
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h. Additionally, blank serum bottles with
buffered rumen inoculum without MSM
samples were also incubated at 39 °C.
Headspace gas pressure readings were
taken at 2, 4, 6, 8, 12, 24, 36, 48, 72 and 96
h post-inoculation by inserting an 18 g
needle fitted to a pressure transducer
(PX4200-015GI, Omega Engineering Inc.,
Canada) with a microprocessor that

recorded peak gas pressure (psi).

The peak gas pressure readings (psi)
were converted to gas volume (mL) using
the site-determined equation generated
through a calibration process by Mhlongo
et al. (2021):
y=0.034x"2+6.2325x+1.8143, where y is
gas volume (mL) and x is measured gas
pressure (psi). Readings from two blank
serum bottles were used to correct the gas
readings. The rate of gas production per
period was calculated by dividing gas
volume produced at each period by the
corresponding total number of hours.

Data for cumulative gas production
fitted (Datafit 9.0, Oakdale
Engineering) into the non-linear model
(Orskov & McDonald, 1979) to estimate
fermentation  kinetics  following  the
equation: y=a+b(1-e"(-c(t) )), where a = gas
the
fermentable fraction, b = gas production
from the slowly fermentable fraction, and ¢

WwWEre

production  from immediately

= gas production rate constant for the
insoluble fraction b. Gas production
potential (Pgas) was calculated as the sum
of fractions (atb) whilst effective gas
production (Egas) was calculated using the
equation: Egas=a+(bxc)/(K+C), where Kis
the assumed 2% rumen outflow rate per
hour.
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In  vitro ruminal organic  matter

degradability

The in vitro ruminal OM degradability
(ivOMD) of MSM samples was determined
using the ANKOM Daisyll incubator
consisting of a thermostatic (39 °C)
chamber with 4 jars according to ANKOM
Technology method no. 3 for the in vitro
true digestibility (ANKOM Technology
Corp., Fairport, NY). The samples (0.45 —
0.5 g) were weighed into ANKOM F57
filter bags, heat sealed and placed in
ANKOM Daisyll jars to which 1600 mL of
pre-warmed buffer solution (39 °C)
described above was added. The collection
and processing of the rumen inoculum was
as described above. Inoculation was
performed by adding 400 mL of the
processed rumen fluid into the pre-warmed
buffer solution in each Daisyll incubator jar
(Mnisi & Mlambo, 2017).

The then
continually purged with CO2 gas to
maintain anaerobic conditions prior to them

Daisy jars were

being closed and placed in the incubation
chamber (39°C). The incubation elapsed
over a maximum period of 48 h with
periodic (12, 24, 36, and 48 h) withdrawals
of the bags to determine DM degradability.
The withdrawn bags were washed with cold
tap water for 15 min, dried in an oven at 105
°C for 12 h, and then incinerated at 550 °C
to determine ivOMD. Zero hour (0 h) un-
incubated samples were washed and oven-
dried similarly as incubated samples.
Partitioning factors (PFs; g/mL), as a
measure of fermentation efficiency, were
computed from the ratio of ivOMD to
cumulative gas production at 12, 24, 36,
and 48 h post-incubation (Cudjoe &
Mlambo, 2014; Mhlongo et al., 2022;
Tefera et al., 2008).
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Statistical analysis

In a completely randomised design, one-
way Analysis of Variance (ANOVA)
(PROC GLM; SAS, 2013) was employed
for the analysis of data on MSM’s
nutritional composition and in vitro ruminal
fermentation, with nanoparticle type as the
only factor. To assess the nanoparticle type
by nanoparticle concentration (NT x NC)
interaction effects on the above-mentioned
dependent variables, all data were analysed
without the least square means (LSMeans)
for the control treatment (i.e., 0 mg/kg)
using the model: Yijk =u + Ni + Cj + (N x
O)ij + Eijk, where Yijk = response variable,
p = overall mean, Ni = effect of
nanoparticle type, Cj = effect of
nanoparticle concentration, (N x C)ij = NT
x NC interaction effect, and Eijk = random
error. For all statistical tests, significance
declared at P < 0.05. Where
significance was observed, LSMeans were
the of

was

compared
difference option.

using probability

Results
Chemical composition

The proximate composition of MSM pre-
treated with or without C-Nano-ZnO and
G-Nano-ZnO is shown in Table 1. Both C-
Nano-ZnO and G-Nano-ZnO increased the
DM (P < 0.001) and OM (P < 0.001)
contents of MSM, with the 15 mg/kg of the
green nanoparticles inducing greater effect
resulting to the NT x NC interaction effect
on these parameters (P < 0.001),
respectively. Similarly, C-Nano-ZnO and
G-Nano-ZnO tended to increase the ash
content (P =0.055) of MSM, with 20 mg/kg
of green nanoparticles causing greater
effect leading to the NT x NC interaction
effect on this parameter (P < 0.001).
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Also, both types of nanoparticles
increased the EE content (P < 0.001) of
MSM, with 10 mg/kg of the biogenic
nanomaterials inducing greater effect thus
inducing the NT x NC interaction effect on
this parameter (P <0.001). In contrast, both
C-Nano-ZnO and G-Nano- ZnO decreased
the NDF (P < 0.001), ADF (P < 0.001),
ADL (P <0.001), cellulose (P <0.001), and
hemicellulose (P < 0.01) contents of MSM,
with the 20 mg/kg of the phyto-mediated
nanoparticles inducing greater effect
(except in the case of hemicellulose for
which the greatest decrease occurred with
the 15 mg/kg of the nanoparticles) resulting
to the NT x NC interaction effect on the
fibre parameters (P < 0.001).

Intriguingly, there were no effects
of both C-Nano-ZnO and G-Nano-ZnO pre-
treatments on the CP content of the
indigenous seed meal (P > 0.05) except for
the increase in this parameter induced by
the 15 mgkg of the conventional
nanomaterials, resulting to a NT x NC
interaction effect on the parameter (P <
0.01). The effect of MSM pre-treatment
with or without C-Nano-ZnO and G-Nano-
Zn0O and micro-mineral
composition is shown in Table 2. The

on macro-

results showed no particularly clear trend in
terms of the effect of the nanoparticles on
the minerals. Nevertheless, they generally
showed that 20 mg/kg of C-Nano-ZnO
induced the highest increase in the MSM
concentrations of Ca (P < 0.001), P (P <
0.001), Mg (P <0.001), S (P <0.001), and
Fe (P <0.001). Regarding K, C-Nano-ZnO
induced the highest increase in this
parameter at 15 mg/kg application rate (P <
0.001). Otherwise, there was no effect of
the nanoparticles on Cr, Mn, and Rb
contents of MSM (P > 0.05).
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Table 1. Proximate composition (g/kg DM) of mucuna seed meal pre-treated with or without
C-Nano-ZnO and G-Nano-ZnO.

Nano Nano DM oM CP Ash EE NDF ADF ADL HEM CELL

type (mg/kg)

C-Nano- 0 900.09¢  868.79¢  232.69*  32.13"  31.38  22530° 122.68° 25.51*° 102.62°  97.17°

ZnO (Control)
1 91531 882.58°  231.04°  32.728" 3346  203.78°  124.23*  24.80°  79.55*  99.43?
5 928.12%  894.83%  227.70° 3329 3429¢  183.97° 110.90° 17.12°>  73.07° 93.78%
10 914.78%  880.99°  234.61*  33.79%  39.80°  150.36% = 94.84° 10.95¢  55.52¢ 83.89¢
15 927.73%  893.23%  244.93*  34.50%¢ 3434  126.73°  95.94° 8.40°  30.79't  87.54%
20 924.89°  890.15%  242.15®  34.74>™ 3635  102.27%  64.22° 8.42¢4  38.06%  55.79°

G-Nano-

ZnO 1 914.87°¢  881.69%  230.66° 3318 33.45¢ 20338 11475  16.11°  88.64% 98.64°
5 933.45%  899.93%  238.31%° 3353  36.17°  173.66° = 94.24° 14.12°  79.42%  80.12°
10 947.93>  914.83°  232.11%*  33.10%  46.80° 114.13°"  95.69° 8.46% 18.448 87.23%
15 978.51°  944.41*  236.40"  34.10*¢ 3588  92.78"  73.67¢ 8.51% 19.108 65.164
20 948.27°  913.27°  236.11*  35.00° 36.04° 83.33" 36.89" 6.14¢ 46.44% 30.75"

SEM 4.30 4.29 2.09 0.20 0.63 2.54 1.28 0.62 2.90 1.49

P-value

NT <0.001 <0.001 0.149 0.055  <0.001  <0.001 <0.001 <0.001 0.002 <0.001

NC <0.001 <0.001 0.0003 <0.001  <0.001  <0.001  <0.001 <0.001 <0.001  <0.001

NTxNC <0.001 <0.001 0.002 0.0002  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

“h In a column, different superscripts denote significant differences (P < 0.05); ADF: acid detergent fibre; ADL:
acid detergent fibre; C-Nano-ZnO: conventional zinc oxide nanoparticles; CELL: cellulose; DM: dry matter; EE:
ether extract; HEM: hemicellulose; G-Nano-ZnO: green-synthesized zinc oxide nanoparticles; NC: nanoparticle
concentration; NDF: neutral detergent fibre; OM: organic matter; NT: nanoparticle type; SEM: standard error of

the mean.

Table 2. Macro- and micro-mineral composition (mg/kg DM) of mucuna seed meal pre-

treated with or without C-Nano-ZnO and G-Nano-ZnO.

NanoType Nano Ca P K Mg S Cu Fe Mn Cr Rb
(mg/kg)
0 6.51¢ 2.75° 65.524 1.47° 3.62¢ 0.03%d 0.31° 0.02 0.02 0.04
C-Nano- 1 5.048 2.24% 67.41° 1.13¢ 2.62¢ 0.04%¢ 0.09¢ 0.02 0.01 0.03
ZnO 5 431 1.74" 52.29¢ 0.78" 1.93 0.03¢ 0.17% 0.02 0.01 0.02
10 5.15" 2.29% 65.38¢ 1.09¢ 2.84¢ 0.03%d 0.24% 0.02 0.01 0.03
15 7.33¢ 2.29% 71.42° 1.34¢ 2.74" 0.04 0.23% 0.02 0.01 0.03
20 9.23 3.41° 65.40¢ 2.09 6.62° 0.03%¢ 0.42° 0.02 0.02 0.04
G-Nano- 1 6.53¢ 2.67% 65.67¢ 1.46° 3.534 0.02¢ 0.31° 0.02 0.02 0.03
ZnO 5 4.54" 2.23% 68.28% 1.06¢ 2.63¢ 0.0420cd 0.42° 0.02 0.03 0.03
10 7.82% 2.45% 68.66° 1.33¢ 3.524 0.04%¢ 0.24% 0.02 0.01 0.04
15 3.66 2.18° 68.41° 0.94¢ 2.43" 0.032cd 0.23% 0.02 0.01 0.03
20 6.36° 2.84° 68.33° 1.47° 3.72% 0.04° 0.33%® 0.02 0.01 0.03
SEM 0.02 0.04 0.18 0.02 0.01 0.002 0.02 0.002  0.01 0.004
P-value
NT <0.001  <0.001  <0.001 0.007 <0.001 0.014 <0.001  0.859 0219 0.498
NC <0.001  <0.001 <0.001 <0.001 <0.001 0.029 <0.001 0370 0.590 0.119
NTxNC <0.001  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.164 0385 0.711

J In a column, different superscripts denote significant differences (P < 0.05); C-Nano-ZnO: conventional zinc
oxide nanoparticles; Ca: Calcium; Cr: Chromium; Cu: Copper; Fe: Iron; G-Nano-ZnO: green-synthesized zinc
oxide nanoparticles; K: Potassium; Mg: Magnesium; Mn: Manganese; NC: nanoparticle concentration; NT:
nanoparticle type; P: Phosphorus; Rb: Rubidium; S: Sulphur; SEM: standard error of the mean.
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Table 3 In vitro ruminal rate of gas production per period (mL/h) from mucuna seed meal
pre-treated with or without C-Nano-ZnO and G-Nano-ZnO at 48 h of incubation.

Incubation time (h)
NanoType Nano (mg/kg) 12 24 36 48
C-Nano-ZnO 0 4.84° 4.04 3.58 1.69
1 5.07 4.21 2.88 1.72
5 5.37: 4.13 2.77 1.34
10 5.328b 3.14 2.66 1.74
15 2.64¢ 4.21 2.74 1.85
20 5.812 4.14 2.66 1.77
G-Nano-ZnO 1 4.91° 4.54 2.94 1.69
5 5.30% 4.43 2.75 1.69
10 4.87%® 4.20 2.78 1.66
15 4.85° 4.09 2.89 1.82
20 5.18® 4.34 1.53 1.77
SEM 0.19 0.31 0.34 0.13
P-value:
NT 0.48 0.10 0.21 0.31
NC <0.001 0.38 0.08 0.22
NT xNC <0.001 0.61 0.42 0.55

¢ In a column, different superscripts denote significant differences (P < 0.05); C-Nano-ZnO: conventional zinc
oxide nanoparticles; G-Nano-ZnO: green-synthesized zinc oxide nanoparticles; NC: nanoparticle concentration;
NT: nanoparticle type; SEM: standard error of the mean.

Table 4 In vitro ruminal gas production kinetics (mL/g OM, unless indicated otherwise) of
mucuna seed meal pre-treated with or without C-Nano-ZnO and G-Nano-ZnO at 48 h of

incubation.
In vitro Kinetics
NanoType Nano (mg/kg) a b c It (%/h) PGas EGas
C-Nano-ZnO 0 11.12% 171.50 0.03 2.90 182.62 118.83
1 12.97* 169.95 0.04 2.69 182.93 121.51
5 12.16 161.94 0.04 2.66 174.10 118.23
10 12.99* 155.62 0.03 2.27 168.61 111.49
15 11.78 162.42 0.03 2.83 174.20 111.87
20 11.31% 164.93 0.04 2.89 176.24 117.54
182.48 119.94
G-Nano-ZnO 1 9.82ab 172.68 0.04 2.80 182.50 120.14
5 11.68 168.53 0.04 2.77 180.20 121.54
10 11.96 170.96 0.04 2.69 182.92 121.62
15 9.99:b 179.50 0.03 2.77 189.49 123.24
20 7.64° 150.82 0.04 2.87 158.46 106.74
SEM 1.270 7.053 0.001 0.16 7.14 4.08
P-value
NT 0.036 0.278 0.226 0.478 0.490 0.340
NC 0.296 0.330 0.055 0.217 0.265 0.265
NT xNC 0.595 0.291 0.900 0.566 0.242 0.242

*5 In a column, different superscripts denote significant differences (P < 0.05); @ = immediately degradable
fraction; b = slowly degradable fraction; ¢ = degradation rate of fraction; C-Nano-ZnO: conventional zinc oxide
nanoparticles; Egas = effective gas; G-Nano-ZnO: green-synthesized zinc oxide nanoparticles; /#: lag time; NC:
nanoparticle concentration; NT: nanoparticle type; Pgas = potential gas; SEM: standard error of the mean.
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Table 5 In vitro ruminal organic matter degradability (mg/g OM), cumulative gas production

(mL/g OM) and partitioning factors (mg/mL) of mucuna seed meal pre-treated with or without

C-Nano-ZnO and G-Nano-ZnO.

NT Nano | OMDI2 OMD24 OMD36 OMD48 12h 24 h 36h 48 h PF12 PF24 PF36 PF48
(mg/kg)
0 455.09"  493.85"  525.07"  924.55° 5649  94.66 131.80 149.34  8.64 522%™  4.02°  6.25%
)
§ 1 443.778%  484.77°  549.77¢  767.74"  58.34°  102.60 13290 15097  7.61¢ 473 4.14%  509°
S 5 494.72¢  521.12°  638.29°  780.39" 5839 10244 131.99 14626  8.48¢ 509"  4.84%%  534°
= 10 52450  644.45>  744.86° 84427%  5929° 9232 12026 138.61  8.88% 7.100  6.28% 617"
&) 15 548.26°  636.58% 79843  855.55%  46.32° 9134  120.56 140.37 11.88®  6.97*°  6.63®  6.10%
20 552.65°  667.52°  834.24* 907.43%  5586™  99.80  128.19 14699  9.97° 6.75°  6.55%  6.20®
& 1 457.18"  496.43" 552338 838.21°  53.71® 101.43 13237 150.12  8.53% 490  4.18%  5.59°
£2 5 521.02¢ 53258 615297  874.09°  57.39°  104.93 13443 15253  9.09¢ 508> 4589  573°
Z N 10 526.90¢  619.14¢  714.14¢ 87320 57.389* 103.26 133.57 151.68  9.18¢  6.00*¢  535%d 576
S 15 572.45°  628.40%  738.11° 911.30® 5553 101.69 134.27 15477 10.32>  6.18% 550"  5.89°
20 628.05°  662.72°  847.09° 975.29*° 4970 97.12 113.83 133.14 12.68"  6.83° 7.49° 7.35°
SEM 1.81 3.79 3.97 6.71 1.940 3.608  5.191 5.539 0.36 0.26 0.26 0.25
P-value
NT <0.001 0.260 <0.001 <0.001 0.920 0.056 0476 0304  0.064  0.041 0.153  0.140
NC <0.001 <0.001 <0.001 <0.001 0.005 0.311 0209 0426 <0.001 <0.001 0.0001 0.0001
NTxNC <0.001 0.001 <0.001 <0.001 0.006 0.311 0.108  0.157  0.0002  0.111 0.007  0.050

“hn a column, different superscripts denote significant differences (P < 0.05); C-Nano-ZnO: conventional zinc
oxide nanoparticles; G-Nano-ZnO: green-synthesized zinc oxide nanoparticles; NC: nanoparticle concentration;
NT: nanoparticle type; OMD: organic matter degradability; PF: partitioning factors; SEM: standard error of the

mean.

In vitro ruminal rate of gas production and
dry matter degradation kinetics

The effects of MSM pre-treatment with or
without C-Nano-ZnO and G-Nano-ZnO on
in vitro ruminal rate of gas production over
48 h as well as ruminal gas production
kinetics at 48 h of incubation are shown in
Tables 3 and 4. The results showed that
neither C-Nano-ZnO nor G-Nano-ZnO
affected the rate of gas production at 24, 36
and 48 h (P >0.05). However, C-Nano-ZnO
at 20 mg/kg increased the rate of gas
production at 12 h post-incubation resulting
to the NT x NC interaction effect on this
parameter (P <0.001). It was also noted that
the rate of gas production was lowest at 15
mg/kg of C-Nano-ZnO (Table 3). Table 4.
shows that both C-Nano-ZnO and G-Nano-
ZnO pre-treatment of MSM did not affect
all in vitro ruminal gas production kinetic
parameters (P > 0.05), except for the green
the
immediately degradable DM fraction a at
20 mg/kg application rate (P <0 .001).

nanoparticle-induced decrease in
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In vitro ruminal fermentation

The effects of nanoparticle pre-treatment of
MSM on ivOMD, gas
production and PFs are presented in Table

cumulative

5. The results showed that the nanoparticles
increased ivOMD at all incubation times
especially the green ones particularly at 20
mg/kg application rate (P < 0.001).
Regarding cumulative gas production, there
was no effect of nanoparticle pre-treatment
on this parameter at all incubation times (P
> (0.05). However, it was observed that this
was decreased by the 15 mg/kg of C-Nano-
ZnO at 12 h post incubation, resulting to the
NT x NC interaction effect on this
parameter (P < 0.001). Table 5 further
shows no effect of nanoparticle pre-
treatment of MSM on PFs at all incubation
times (P > 0.05), except at 24 h post-
incubation whereby the conventional
nanoparticles increased this parameter
particularly at 10 mg/kg application rate (P
< 0.05), though this did not significantly
differ from the response at 20 mg/kg
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application rate of the green nanomaterials
(P > 0.05). Notwithstanding, results
showed the highest responses of PFs at 20
mg/kg application rate of G-Nano-ZnO at
all incubation times (P < 0.001) leading to
NT x NC
parameter (P < 0.05), except at 24 h post-
incubation (P > 0.05).

interaction effects on this

Discussion

This study investigated comparative effects
of C-Nano-ZnO and G-Nano-ZnO pre-
treatment on the nutritional composition
and in vitro ruminal degradability of MSM
for utilisation in beef cattle nutrition. The
observed increased DM, OM, ash, EE and
mineral (Ca, P, Mg, S, and Fe) in contrast
to decreased fibre (NDF, ADF, ADL,
cellulose, and hemicellulose) contents of
MSM following its pre-treatment with
nanoparticles, particularly the green ones,
is unprecedented and there are currently no
comparable studies in the literature.
However, the results suggest interaction of
the probably  with
endophytic  microbiota  leading to

nanomaterials

physiological dynamics within M. pruriens
utilis seeds. Indeed, plant seeds naturally
bear a plethora of bacterial, fungal, viral
and oomycete endophytes that facilitate

seed
2018;
Shearin et al., 2018), and enhance plant
survival, growth and defence (Rudgers et
al., 2009; Shade et al., 2017). These seed-
borne

seed  germination,  promote
conservation (Rodriguez et al.,

endophytes secrete numerous
enzymes including amylases, esterases,
lipases, protease, phytases,

cellulases, hemicellulases, ligninases, B-

xylanases,

glucosidases, endopoly galactunorases,
pectinases, and others (Khan et al., 2017)
and can influence the plant including its
seeds’

physiological  responses  to
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nanoparticle pre-treatment (Minchitha et
al., 2024). Their community abundance,
diversity, stability as well as metabolite
profile can be enhanced by nanoparticles
(Shang et al., 2023; Fu et al., 2024). Thus,
it is therefore speculated that MSM pre-
treatment with nanoparticles in this study
altered the seed endophytic microbiota and
its enzymatic profiles leading to improved
seed cellular metabolic processes. Indeed,
Minchitha et al. (2024) observed increased
chlorophyll, proline and antioxidant
contents in seedlings from endophyte-
colonized maize seeds pre-treated with
iron-modified multiwalled carbon
nanotubes. Also, increased soyabean leaf
and pod dry weight was observed following
seed pre-treatment with iron oxide
nanoparticles (Sheykhbaglou et al., 2010).
The  speculated  nanoparticle-induced
alterations in seed endophytic microbiota
and fibrolytic enzymes would also explain
the observed nanoparticle-induced decrease
in NDF, ADF, ADL, cellulose,
hemicellulose contents of MSM.

and

Bio-synthesized using M. pruriens
utilis seed extract as phytochemical source
for nanoparticle reduction and stabilization
(Gamedze et al., 2024b), G-Nano-ZnO
would have been encapsulated with
generous amounts of  seed-derived
nutraceutical compounds that would have
bolstered the DM and nutritional content of
MSM. It is probably for this reason that
high application rates (10 to 20 mg/kg) of
G-Nano-ZnO induced greater increases in
DM, OM, ash, EE and mineral as well as
decreases in NDF, ADF, ADL, cellulose,
and hemicellulose contents of MSM. In this
regard, higher concentrations of the
nanomaterials would have translated to
greater  amounts  of  encapsulated
nutraceutical compounds and endophytic
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microbiota secretion of fibrolytic enzymes.
However, C-Nano-ZnO and G-Nano-ZnO
apparently induced differential effects on
the nutritional physiology of M. pruriens
utilis seeds considering the observed
increase in CP and K contents of MSM
when pre-treated only with 15 mg/kg of the
former nanoparticles.

This study also measured in vitro
ruminal rate and extent of gas production
over 48 h in MSM pre-treated with C-
Nano-ZnO and G-Nano-ZnO. These
measurements are indicative of ruminal
feed degradability (digestibility) and
microbial protein synthesis (Elahi et al.,
2014; Elghandour et al., 2016). Our results
demonstrated lack of effect of both
nanoparticle types on the rate of gas
production at 24, 36 and 48 h in contrast to
the increase in this parameter at 12 h post-
incubation consequent to MSM pre-
treatment with 20 mg/kg C-Nano-ZnO.
These data are in agreement with the
observation of lack of effect of both
nanomaterial types on all in vitro ruminal
gas production kinetic parameters with the
exception of the decrease in the
immediately degradable DM fraction a
induced by 20 mg/kg of the biogenic
nanoparticles. Combined, these results
suggest varied effects of C-Nano-ZnO and
G-Nano-ZnO on early microbial colonizers
of MSM, particularly its immediately
degradable DM fraction a.

It is known that ruminal microbial
biofilms that digest feed particles evolve
with time in three successive populations
(Huws et al., 2016; McAllister et al., 1994).
The first population is composed of loosely
associated bacteria that utilize water-
soluble proteins and sugars during early
digestion and is followed by more stable,
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mature, diverse and tightly associated
populations that ferment plant cell wall
materials and starch and, lastly, the tertiary
yet less diverse utilizers of fermentation
end-products (Watnick and Koltr, 2000;
Yang et al., 2018). Our data suggest that C-
Nano-ZnO particularly at 20 mg/kg
application rate favoured the early bacterial
colonizers  whilst G-Nano-ZnO had
detrimental effects on this population
leading to the observed decrease in the
immediately degradable DM fraction.
Whilst C-Nano-ZnO has been shown to
decrease gut bacterial community diversity
in chickens (Feng et al., 2017), dietary
consumption of this type of nanoparticles
even at as high dietary inclusion level as
3000 mg/kg has generally elicited
beneficial effects on enteric microbiota (Pei
etal., 2019). This may therefore account for
the observed increase in the rate of gas
production only at 12 h post-incubation of
MSM pre-treated with 20 mg/kg C-Nano-
Zn0.

On the other hand, G-Nano-ZnO
has been demonstrated to induce toxicity to
gut bacteria mediated through microbial
growth inhibition (Zhou et al., 2021)
the
nanoparticles into free Zn*' ions and
induction of oxidative stress (von Hellfeld

consequent to dissolution of

et al, 2020). Having been synthesized
using M. pruriens utilis seed extract
(Gamedze et al., 2024b), these biogenic
nanomaterials ~ would  have  been
encapsulated with L-DOPA, the toxic
phytochemical abundant in the seeds
(Huisden et al., 2019), and likely other
ANFs. Together, these ANFs would have
augmented the free Zn2+ ion-derived
toxicity to the early bacterial colonizers of
MSM. This may thus explain the observed
decrease in the immediately degradable
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DM fraction of MSM upon pre-treatment of
the legume seed meal with 20 mg/kg of the
bio-fabricated nanoparticles. There is
obviously a need for investigation of effects
of MSM pre-treatment with both C-Nano-
ZnO and G-Nano-ZnO on in vitro ruminal
microbial diversity and abundance in future
studies.

ivOMD
improved bacterial
degradation of complex

Increased suggests
fermentative
substrates to
simpler ones and bioavailability of
nutrients whilst increased PFs indicate
improved fermentation efficiency owing to
increased substrate degradability (Arhab et
al., 2009; Mhlongo et al., 2022). Hence, the
observed nanoparticle-induced increased
ivOMD and PFs particularly when MSM
was pre-treated with 20 mg/kg of G-Nano-
ZnO suggests that, overall, the green
nanoparticles enhanced ruminal bacterial
fermentative degradation of complex
substrates and efficient incorporation of the
degraded nutritional matter into microbial
protein mass. Indeed, increased OM
degradation suggests enhanced complex
substrate release of nutrients including
amino acids, fatty acids, and sugars
(Rouches et al., 2016; Uwineza et al., 2023)
to support growth and metabolic activities
of ruminal microbiota. Also, high PFs
indicate high digestibility of the plant-
derived feedstuff and are correlated with
improved DM intake in ruminants

(Bliimmel et al., 1997).

The increased ivOMD and PFs can
be accounted for by the observed increased
DM, OM, ash, EE and minerals alongside
decreased NDF, ADF, ADL, cellulose, and
hemicellulose contents at high application
rates (10 — 20 mg/kg) of G-Nano-ZnO. As
reported in previous studies, MSM contains
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a high level of fibre (97 — 193 g/kg DM)
that surpasses that of soyabean meal (75
g/kg DM) and many legume seeds (Alabi &
Alausa, 2006; Mthiyane et al., 2018).
Therefore, its incorporation as a nutrient
source in beef cattle diets would increase
dietary fibre content. Unfortunately, a high
level of fibre in ruminant diets, among other
things, reduces ruminal degradation rate
and nutrient digestibility (Tafaj et al., 2005)
and  compromises animal  growth
performance (Jiyana et al., 2022). Hence,
the G-Nano-ZnO-induced decrease in the
fibre content of MSM, particularly its
lignin, would allow ruminal microbiota to
easily access the fermentable substrates in
MSM whilst decreasing lignin’s inhibitory
effect on microbial activity. The decrease in
the rate of and cumulative (12 h post-
incubation) gas production at 15 mg/kg of

C-Nano-ZnO could not be explained.
Conclusion

M. pruriens utilis seed meal (MSM) pre-
treatment with 20 mg/kg of G-Nano-ZnO
increased the DM, OM, ash, EE and
mineral whilst decreasing the fibre contents
leading to rapidly improved gas production
and ruminal efficiency of fermentation of
the
possess enormous potential to enhance the
nutritional value of MSM for beef cattle
nutrition. However, they require validation

legume. The green nanoparticles

in an in vivo system with live animals prior
to large-scale application.
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