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Highlights

Feeding prickly pear peel (PPP) silage affects ruminal fermentation.

PPP silage-based diet increased casein levels.

PPP silage-based diet reduced milk urea nitrogen levels.

PPP silage-based diet increased dry matter and organic matter degradability.

. PPP silage-based diet increased in vitro fermentation rate and gas production.

Abstract

Prickly pear fruit processing industries generate a substantial amount of fibrous by-products
as waste rich in bioactive compounds, including polyphenols and tannins, and that contain

considerable minerals and water-soluble carbohydrates. This study investigated the
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potential of prickly pear by-product silage as feed in the diet of Valle del Belice ewes and its
effects on body weight, milk yield and composition, nutrient utilisation and degradability and
in vitro ruminal fermentation characteristics. A total of 12 ewes (60 d in lactation) were
selected and randomly divided into three experimental groups, homogeneous for parity, live
weight and milk yield. Each group was fed for 14 d (9 d for diet adaptation + 5 d for sampling),
with one of the three experimental diets based on a Latin square design. The diets with the
same crude protein and NDF were: 1) control (CTR) diet with hay and concentrate; 2) prickly
pear peels (PPP) diet with PPP silage, hay and concentrate; and 3) pulp, peels and seeds
(PPS) diet with PPS silage, hay and concentrate. Nutrient intake varied between diets, with
total DM intake being greater in the CTR and PPS (p<0.01) diets than in the PPP diet. Daily
milk yield tended to be lower in ewes fed the PPP and PPS diets than in those fed the CTR
diet, whereas no differences were found for fat- and protein-corrected milk between diets.
Protein and casein (p<0.05) levels were higher in the milk of ewes fed the PPP diet.
Compared with the milk urea concentration of CTR-fed ewes, that of PPP-fed ewes was
15% lower. The in vivo nutrient degradability, in vitro fermentation rate and volatile FAs were
greater (p<0.01) in the PPP diet than in the PPS diet. These results suggest that PPP silage
can be partially incorporated into dairy ewe diets to reduce feeding costs and improve milk

nitrogen efficiency.

Abbreviations

AIBPs, agro-industrial by-products; ADIA, acid detergent-insoluble ash; ADF, acid detergent
fibre; AOAC, Association of Official Analytical Chemists; CP, crude protein; DM, dry matter;
DMI, dry matter intake; EE, ether extract; FPCM, fat- and protein-corrected milk; PPP, prickly
pear peel; PPS, prickly pear peel + pulp + seed; PPB, prickly pear by-product; DMD, dry

matter degradability; OMD, organic matter degradability; NDFD, neutral detergent fibre
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degradability; VFA, volatile fatty acid; BCFA, branched chain fatty acid; OMCV, cumulative
volume of gas related to incubated organic matter; Tmax, time to reach the maximum

fermentation rate; Rmax, maximum fermentation rate; SEM, standard error of mean.
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prickly pear by-products; silages; milk casein; nutrient degradability; ewe

1. Introduction

Agro-industrial by-product (AIBP) utilisation in livestock feeding, particularly in ruminants,
has gained renewed interest because of its potential to replace conventional feeding
resources, reduce production costs, compete with human food resources and mitigate
environmental impacts (Vastolo et al., 2022a, Georganas et al.,, 2023). In addition,
incorporating AIBPs into ruminant diets aligns with circular economy principles and fosters
sustainability in livestock production systems (Sun et al., 2024). The cultivation of prickly
pear (Opuntia ficus-indica L.) in the Sicilian region (ltaly) has increased the demand for fresh
edible fruits or juice for human consumption in recent years. Consequently, a substantial
amount of prickly pear by-products (PPBs) comprising peel, pulp and seeds following juice
extraction from fruits is produced as waste (Todaro et al., 2020), often remains underutilised,
is improperly disposed of in landfills and leads to environmental pollution (Kilama et al.,
2023). Italy is the world’s third-largest producer of prickly pear after Mexico and the United
States, with Sicily contributing 156,641 tonnes/year of fresh fruit and 97.72% of the national
output (ISTAT, 2024). The fractionation of PPBs showed that they consist of approximately
28% peel + pulp and 72% seeds on a dry matter (DM) basis (Todaro et al., 2020).

Incorporating these by-products, including PPBs, as either a complete replacement or partial



supplementation into small ruminant diets offers a practical and eco-friendly approach to

feeding (Boudalia et al., 2024).

Within Europe’s small ruminant livestock sector, Italy is a significant contributor, maintaining
a substantial population of approximately 5.9 million sheep and 1 million goats (Di Marco Lo
Presti et al., 2024). Sicily has the second-largest sheep population in Italy, with 662,305
sheep, representing 11.3% of the national total. However, sheep and goat breeding is
predominantly semi-extensive in this region, involving shared pastures and supplementary
feeding, particularly during the dry season (Di Marco Lo Presti et al., 2024). Therefore,
seasonal fluctuations in forage production, characterised by spring abundance and
summer—autumn scarcity, are due to high temperatures and aridity (Todaro et al., 2015),
leading to a recurring deficit in fodder quality and quantity (Porqueddu et al., 2016). To
address these challenges, it is essential to explore alternative feeding resources and
sustainable feeding practices to ensure the long-term viability of ruminant livestock systems
in the region (Boudalia et al., 2024). Recently, AIBPs, including PPBs, have emerged as
promising alternative feeding resources for small ruminants in European Mediterranean
countries (Ku-Vera et al., 2020, Vastolo et al., 2020, Vastolo et al., 2022a). Interestingly,
PPBs are available at the end of summer when fresh forage is scarce (Morshedy et al.,
2020). Therefore, silage has significant potential as a feeding resource, providing ruminants
with a source of digestible fibre and water (de Sa et al., 2024). However, the exclusive use
of PPB silage has certain constraints, including low crude protein (CP) and fibre contents
and high moisture and mineral contents, leading to nutritional disorders, low dry matter
intake (DMI) and subsequent body weight (BW) loss (Silva et al., 2021). To address these
constraints, it is recommended to ensile PPBs along with other forage or by-products (i.e.
wheat straw or bran). This approach partially absorbs excess moisture, balances water-

soluble carbohydrate (WSC) and nitrogen contents and improves DM content (Vastolo et al.,



2020, Gannuscio et al., 2024a). Consequently, the overall nutritional value of ruminant diets

can be improved (Silva et al., 2022).

In our previous study (Gannuscio et al., 2024b), 12% wheat bran was added to PPBs during
ensiling to enhance their nutritional profile and silage quality. Previous studies have mainly
focused on improving the nutritive value of PPB silages, whereas the direct use of these by-
products in dairy ewe diets to investigate their potential impact on performance has been
rarely explored. Therefore, the aim of this study was to assess the impact of feeding silages
of two PPBs ensiled with 12% wheat bran on the performance of dairy ewes (i.e. BW, milk
yield and composition). The in vivo nutrient degradability and in vitro ruminal fermentation
characteristics were also studied to improve our knowledge of the nutritional differences of

prickly pear by-product (PPBs) substitution in ewe diets.

2. Materials and methods

The experimental trial was conducted on a commercial farm in Menfi, located in Sicily’s
Agrigento Province, Italy. The farm housed 500 Valle del Belice breed ewes that were raised
in a semi-extensive system. The trial followed the ethical principles of animal
experimentation adopted by the Animal Welfare Commission of the University of Palermo

(protocol number: UNPA-CLE 201954 — 12/12/2023).

2.1. Raw material collection and ensiling

In September 2023, 600 kg of fresh PPPs was obtained after peeling and processing prickly
pear fruits using an automatic dyeing machine (AGRIMAT s.r.l.), which separated the peels,
seeds, pulp and juice. The PPPs were immediately transported to the sheep farm and
ensiled with 12% wheat bran (based on raw weight) for 50 d in hermetically sealed plastic

containers equipped with a degassing valve. In addition, a local juice extraction company
5



(Agres s.r.l., Carini, Palermo) supplied 600 kg of a mix of prickly pear PPS obtained after
juice extraction (earthworm press) from whole fruits. The leftovers were loaded into trucks
and, after 24 h, transported to a sheep farm and ensiled with 12% wheat bran (based on
raw weight) for 50 d in hermetically sealed plastic containers equipped with a degassing
valve. The ensiling time was evaluated based on previous ensiling experiences of PPP

(Gannuscio et al., 2024a) and PPS (Vastolo et al., 2020) by-products.

2.2.  Animals, experimental design and feeding treatments

Twelve Valle del Belice breed ewes were selected from a farm group at 90 d of lactation and
randomly divided into three experimental groups that were homogeneous for parity (3/9-6™
lambings), live weight (53.66 + 6.57 kg) and milk yield (1.038 + 0.144 kg/d). The selected
ewes were treated for internal and external parasites with 2-mL ivermectin (lvomec®, Merial,
France) 14 d before the start of the trial. The ewes were housed in a farm building containing
individual straw-bedded pens, each equipped with a feeder and a drinker. Initially, the ewe
groups underwent a 2-week adaptation period to their new housing conditions and diet.
During this period, the ewes were fed a preliminary diet comprising sulla hay ad libitum and
commercial concentrate (800 g/head/d) to ensure adequate coverage of their daily
nutritional requirements (INRA, 2018). After the adaptation period, each ewe group was
randomly assigned to one of three experimental diets using a Latin square design (3 x 3)
with three phases, each of which lasted for 14 d, 9 d for adaptation to diets and 5 d for
sampling (Gannuscio et. al, 2022). The diets were formulated as follows: 1) control (CTR)
diet: 900 g/d per head of commercial concentrate + 3,000 g/d per head of sulla hay; 2) prickly
pear peels (PPP) diet: 1,500 g/d per head of PPP silage + 500 g/d per head of commercial
concentrate + 2,700 g/d per head of sulla hay; and 3) pulp, peels and seeds (PPS) diet:
1,000 g/d per head of PPS silage + 500 g/d per head of commercial concentrate + 2,300 g/d

per head of sulla hay (Table 1). Diets were developed to ensure the same fibre and CP
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contents. The experimental groups were provided with PPP and PPS silage at 9 a.m. and
concentrate at 4 p.m. daily. Hay was administered daily in the morning and was left available
for the entire day. The control group was given a daily intake of concentrate in two feeds:
50% (450 g) of the assigned feed administered in the morning and the other 50% (450 Q)

administered in the evening.

Table 1. Diets ingredients (g/d) offered to lactating ewes.

Ingredients Diets

CTR PPP PPS
Sulla hay 3,000 2,700 2,300
Silage - 1,500 1,000
Concentrate 900 500 500

CTR: control; PPP: prickly pear peels; PPS: prickly pear peels+pulp+seeds

2.3. Datarecording and sampling

The live BW and body condition score (BCS) of the ewes were recorded at the start and end
of each phase (experimental period). The live BW was measured by using the electronic
balance (Albert Kerbl GmbH, Germany). BCS were measured by palpation of the lumbar
vertebrae and associated soft tissue using a scale of one (thin) to five (fat) scale. The
remaining data were recorded and samples were collected within the last 5 d of each phase.
The offered diet and each pen’s refusal diet (PPP and PPS silages, hay and concentrate)
were weighed daily and sampled three times on 2, 3 and 4 d of the sampling period to
determine the quantity and composition of dietary DMI. The silage samples (offered and
refused) were stored at —20°C and freeze-dried before analysis. During the sampling period
of each phase, individual milk yields were recorded daily by using electronic balance
(Sinergica Soluzioni S.r.l.,, Milan) in the morning (7:00 a.m.) and evening (4:00 p.m.) and
sampled three times on 2, 3 and 4 d of the sampling period. The daily milk yield was obtained

by adding the morning and evening milkings.



2.4. Milk yield, milk composition and microbiological analysis

Individual milk samples were collected on the third day of the sampling period during the
morning and evening milkings (Gannuscio et. al, 2022) and analysed for fat, protein, casein,
lactose, urea, somatic cell count (SCC) and differential somatic cell count (DSCC) using an
infrared method (Combi-Foss 6000, Foss Electric, Hillerad, Denmark). For the chemical
parameters, as well as for the SSC and DSSC after logarithmic transformation, the mean
between the morning and evening data was calculated before statistical analysis. After
routine cleaning and disinfection of the udder and discarding the first streaks of milk,
samples from both mammary halves (volume: 50 mL) were aseptically collected during
morning milking. Every milk sample, without preservatives, underwent rapid cooling and was
transported on the same day in iceboxes directly to the Experimental Zooprophylactic
Institute of Sicily ‘A. Mirri’ to determine mastitis agents. The protocol of Adkins and Middleton
(2018) was followed to isolate bacteria. Specifically, 10 yL of milk from each sample was
seeded onto blood and mannitol salt agar plates and then incubated in an inverted position
at 37°C for 24-48 h under either aerobic or microaerophilic conditions. Subsequently, the
suspected colonies (evaluated based on morphological aspects) were subcultured onto
brain heart infusion slants. The final identification was conducted using Gram staining and
a series of biochemical tests, such as catalase, oxidase and coagulase tests, and a
commercial miniaturised biochemical identification system (bioMérieux’s API identification

products), specifically API Staph.

2.5. Invivo nutrient degradation measurements
To assess dietary nutrient degradability, individual faecal samples were collected daily in the
morning (10:00) and evening (05:00). Samples were collected by stimulating defaecation or

directly from the rectum of the animal. A single composite sample was obtained by
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combining the morning and evening samples and frozen at —20°C until laboratory analysis.
Freeze-dried faecal samples were ground using a Wiley mill with a 1-mm screen (Thomas
Scientific). Feed (offered and refused) and faecal samples were analysed for acid detergent-
insoluble ash (ADIA) according to Van Keulen and Young (1977) and for DM, aNDFom,
ADFom and ash, as described below for the feed samples. ADIA was used as an internal
marker to estimate faecal DM output. Dry matter degradability (DMD), organic matter
degradability (OMD) and neutral detergent fibre degradability (NDFD) were calculated using

the following equations.

DMD (%) = 100 — [100 x (%ADIAinDMconsumed)]

% ADIA in faeces

OMD or NDED (%) — 100 — [100 v (% ADIA in DM consumed) ( % nutrient in faeces )]

% ADIA in faeces % nutrient in consumed DM

2.6. Chemical analyses

Samples of offered and refused feed (PPP silage, PPS silage, hay and concentrate) were
collected, transferred to the Department of SAAF laboratory at the University of Palermo
and stored at —20°C. The silage samples were then freeze-dried. Freeze-dried hay,
concentrate and silage were ground in a Willey mill (Thomas Scientific, Swedesboro, NJ,
USA) using a 1.0-mm sieve (AOAC, 2005; Method 934.01) for further analyses. These
samples were analysed in triplicate for DM (934.01), ether extract (EE, 920.39), CP
(2001.11) and ash (942.05) according to the AOAC method described by Lee (1995). Neutral
detergent fibre (aNDFom, 2002.04) was determined following the protocol of Van Soest et
al. (1991) using a modified method by adding heat-stable a-amylase and sodium sulphite to

express it as residual ash-free NDF, as described by Detmann et al. (2012). Acid detergent



fibore (ADFom, 973.18) and acid detergent lignin (ADL, 973.18) were determined following

the methods described by Van Soest et al. (1991).

To calculate the net energy for lactation (NEL) of the diets, based on the INRA (2018)
approach, a pepsin-cellulase method was used to evaluate the organic matter’s apparent
digestibility (OMd) (Aufrére and Michalet-Doreau, 1988; Aufrere et al., 2007). Samples were
oven-dried at 60°C and ground through a 1.0-mm screen. Approximately 500 mg of each
sample was then weighed into a glass crucible. The first phase of the method consisted of
incubation for 24 h in a water bath at 40°C with a hydrochloric solution (0.1 N) containing
pepsin (2 g/l). This phase was followed by a 30-min wash step at 80°C to remove starch.
The second phase consisted of incubation for 24 h in a water bath at 40°C with a cellulase
solution (1 g/l) buffered in sodium acetate. The cellulase used was Onozuka R10 derived
from Trichoderma viride (Merck KGaA, Darmstadt, Germany). After incubation, the crucibles
were filtered on a filtering plate, washed with distilled water and oven-dried to determine the
residue. To estimate the energy content of the samples, the INRA (2018) approach was used
by applying the equations reported in Table 24.14, which allowed for the prediction of gross
energy (GE, kcal’kg OM) from specific chemical parameters (i.e. ash, EE, CP and CF,

expressed in g’lkg OM). The following equation was used:

GE = 4,134 + 1473 X CP +5.239 X EE + 0925 X CF — 4.44 X Ash.

Subsequently, equation 3.11 of INRA (2018) was applied to estimate the digestible energy

as follows:

DE = GE x0.01xEd

where Ed is the digestibility of energy (%) predicted from OMd (%) (Table 24.15 INRA 2018).
In particular, the equation adopted was suggested for grass and legume silages (i.e. Ed =

-5.723 + 1.0263 x OMd). Then, the metabolisable energy (kcal/kg DM) was calculated using
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equations 3.12 and 3.13 of INRA (2018). Finally, the net milk energy (kcal’kg DM) was

calculated using the following equation:

NEL = ME x kls

where kls for milk production and maintenance is 0.65 + 0.247 x (q - 0.63), with q =

concentration of feed in ME = ME/GE, as reported in Table 24.1 (INRA, 2018).

2.7. Invitro ruminal fermentation characteristics

In vitro ruminal fermentation characteristics were studied according to the method reported
by Vastolo et al. (2022b). Briefly, substrates (experimental and control diets) were incubated
at 39°C under anaerobic conditions with an inoculum consisting of a pool of ruminal fluid.
Ruminal fluid was collected from three adult ewes in a slaughterhouse authorised according
to EU regulations (EC Regulation 882/2004). All procedures involving animals were
approved by the Ethical Animal Care and Use Committee of the University of Napoli
Federico Il (Prot. 2019/0013729 of 08/02/2019). Donor animals were fed a standard diet of
hay and concentrate after 12 h of fasting before rumen fluid collection. The collected material
was immediately placed inside preheated thermos to avoid exposure to air and quickly
transferred to the Feed Analysis Laboratory, Department of Veterinary Medicine and Animal
Production, University of Naples, Federico Il. The ruminal inoculum was filtered through a
two-layer cheesecloth, insufflated with CO2 and added to each bottle (10 mL) containing a
buffer solution (medium) to obtain a 1:7.5 inoculum—medium ratio. Specifically, one run was
performed to process a large batch of bottles in a single incubation, which has been proven
not to affect the rate or extent of gas production with respect to higher inoculum proportions
(Amanzougarene and Fondevila, 2020). In one run, for each diet (CTR, PPP and PPS) and

each phase (1, 2 and 3), substrates were incubated in six replicates (n = 18, 1.0244 g +
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0.020 on a DM basis) in 120-mL serum bottles to which medium (75 mL) and a reducing
solution (4 mL) were added. The medium used consisted of a bicarbonate-phosphate buffer,
reducing agent, macro-mineral solution, micro-mineral solution and resazurin as a redox
indicator (Theodorou et al., 1994). During 120 h of incubation, the gas produced was
measured 24 times using a manual system consisting of a pressure transducer (Cole and
Parmer Instrument Co., Vernon Hills, IL, USA) connected to a three-way valve with a
graduated syringe. The cumulative volume of gas produced after 120 h of incubation is
related to incubated organic matter (OM) (OMCV, mL/g). After 120 h of incubation, the
bottles were opened, and the pH of the fermentation liquor was measured using a pH metre
(Thermo Orion 720 A+, Fort Collins, CO, USA). The contents of the bottles were filtered
(sintered glass crucibles; Schott Duran, Mainz, Germany, porosity # 2), and the residue was
burned at 550°C for 3 h. OMD was calculated as the weight difference between incubated
and untreated OM. In accordance with the protocol, three bottles were incubated without
substrate (blank) to correct for OMD and OMCV. After incubation, the fermentation liquor
was centrifuged at 12,000 x g for 10 min at 4°C (Universal 32R centrifuge, Hettich FurnTech
Division DIY, Melle-Neuenkirchen, Germany), and 1 mL of the supernatant was collected
and acidified with 1 mL of oxalic acid (0.06 mol) to analyse volatile fatty acids (VFAs). The
VFAs were determined using gas chromatography (ThermoQuest 8000top Italia SpA,
Rodano, Milan, Italy) equipped with a fused silica capillary column (30 m, 0.25 mm ID, 0.25
m film thickness), as reported by Vastolo et al. (2023). The VFA production (mmol/l) was
previously corrected for blank; subsequently, the corrected amount of each VFA was
calculated as mmol/g iOM.

For each bottle, the gas production profiles were processed using a sigmoid model, as

described by Groot et al. (1996):
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_ A
B c
1+ (%)
where G represents the total gas produced (mL/g of OM) at a specific time t (h), A is the
asymptotic gas production (mL/g of OM), B (h) denotes the time required to reach half of the

asymptote and C is the switching characteristic of the curve.

The maximum fermentation rate (Rmax, mL/h) and corresponding time (Tmax, h) were

determined using the following equations (Bauer et al., 2001):

A % BC % C % Tpg UV
Rmax = C -C\2
(1 + BC * Tax )

c —11

Thax = B * (C T 1)6

2.8.1 Statistical analysis
Data on silage chemical composition were analysed using a one-way analysis of variance

(ANOVA) model (SAS 9.2 software, 2010). The following statistical model was applied:
Yie, = p + F; + €y

where Yik is the dependent variable, p is the general average, Fi denotes the fixed effect of

the i feed (i = PPP and PPS silages) and ¢iis the residual error.

The live BW, BCS, nutrients intake, in vivo degradability, milk yield and milk composition of
ewes were analysed using a mixed model (SAS 9.2 software, 2010). The following statistical

model was applied:
Yiikeom = 4+ P + D + S+ E(S) + €ijikm

where Yijkm is the dependent variable, y is the general average, Pi denotes the fixed effect

of phase i (i=1, ..., 3), Djis the fixed effect of the j diet (j = CTR, PPP and PPS), Si is the
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fixed effect of the square, E(S)« is the random effect of the k" ewe (k = 1 — 12) within square,

and &ijkm is the residual error.

The in vitro ruminal fermentation characteristics were analysed using a two-way ANOVA

model (SAS 9. software, 2010). The following statistical model was applied:
Yvijk:u+Pi+Dj+Eijk

where Yij is the dependent variable. u is the general average, Pi denotes the fixed effect of
phasei (i=1, ..., 3), Djis the fixed effect of the j diet (j = CTR, PPP and PPS) and ¢ij is the
residual error. The least-squares means were compared using P-values adjusted according

to the Tukey—Kramer multiple comparison test.

3 Results
3.1 Chemical composition of dietary ingredients

The fractioning of PPS showed that it included 26% of peel and pulp and 74% of seeds on
a DM basis. The chemical composition and organic acids of silages are presented in Table
2. The DM and fibre content (aNDFom, ADFom and ADL) of PPS silage were higher (p<0.01)
than those of PPP silage. In contrast, CP, non-fibrous carbohydrate and ash contents were
significantly higher in PPP silage than in PPS silage. The pH value of PPP silage was
significant lower (p<0.01) than PPS silage.

The level of lactic acid detected in PPP silage was 15 times higher (p<0.01) than those of
PPS silage, while acetic and propionic acids were detected at the same concentration. Other
significant differences between silages were found in the concentration of butyric acid, which

was higher in PPP silage than in PPS silage.
Net energy for lactation of PPP silage was more than double that of PPS silage (p<0.01).
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Table 2. Chemical composition of the dietary ingredients (means; n=3) and silages
characteristics (least square means; n=3)

Items Concentrate Hay PPP PPS SEM  p-value
DM g/kg FM 882.9 9009  200.3 413.7 0.62 0.01
CP g/kg DM 247 .4 71.5 120.2 95.5 3.51 0.01
EE g/kg DM 40.2 14.4 61.5 37.8 7.22 0.08
aNDFom g/kg DM 265.8 796.8  253.1 666.6 10.22 0.01
ADFom g/kg DM 97.0 523.0 113.8 500.3 219 0.01
ADL g/kg DM 15.9 83.6 21.8 267.7 2.60 0.01
NFC g/kg DM 369.8 49.2 450.1 119.2 10.20 0.01
Ash g/kg DM 76.8 68.2 115.2 80.8 3.70 0.01
pH 3.77 4.07 0.05 0.01
NHs-N g/kg TN 12.77 15.25 2.04 0.41
Lactic acid g/kg DM 20.02 1.26 1.17 0.01
Acetic acid g/kg DM 1.96 1.92 0.15 0.85
Propionic acid g/kg DM 0.48 0.24 0.17 0.33
Butyric acid g/kg DM 0.70 0.02 0.05 0.01
NEL (MJ/kg DM) 7.82 3.52 0.20 0.01

PPP silage: prickly pears peels + 12% wheat bran; PPS silage: prickly pears peels, pulp, seeds + 12% wheat
bran. DM: dry matter; CP: crude protein; EE: ether extract; aNDFom: neutral detergent; ADFom: acid detergent
fiber; ADL: Acid Detergent Lignin; SEM: standard error of mean. NFC: non-fibrous carbohydrates = 100 - (CP
+ ether extract + ash + aNDFom). NHs-N = ammonia-N; TN = total nitrogen. NEL: net energy for lactation.

3.2 Dietary ingredients and nutrient offered and intake by ewes

The nutrients contained in the feeds offered to the three experimental groups are reported

in table 3. Despite the different dry matter content offered to the ewes on the three diets, the

amount of fibre (aNDFom), crude protein and their ratios were similar.
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Table 3. Diets nutrients offered to lactating ewes (g/d/head).

Ingredients Diets

CTR PPP PPS
DM 3,500 3,170 2,930
aNDFom 2,360 2,130 2,040
CP 390 320 300
aNDFom/CP 6.07 6.68 6.89
NFC 430 420 338

CTR: control; PPP: prickly pear peels; PPS: prickly pear peels+pulp+seeds

The ingredients and nutrient intake of the ewes varied between diets (Table 4). Although the
ewes fed the three diets were offered different amounts of hay, the amount they ingested
show statistically significant differences (p<0.05) between CTR and PPP diets. The lowest
DMI was observed in ewes that received the PPP diet (p<0.01) compared with those fed the
CTR and PPS diets, which showed similar voluntary feed intake. Furthermore, CP intake
was significantly different between diets (p<0.01), with the significant highest intake
observed in CTR-fed ewes.

The ewes of PPS diet showed highest fibre ingestion (NDF, ADF and ADL) among all diets.
Consequently, NFC intake was the lowest with the PPS diet (p<0.01). The carbohydrate/CP
ratio of ingesta was affected by the diet; when the PPS diet was administered, the ratio was
significantly higher (p<0.01) compared with the other two diets.

Voluntary feed intake by lactating ewes resulted in the highest NEL value with the CTR diet
compared with the other two diets, while PPP ewes ingested higher NEL (p<0.05) than PPS

ewes.
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Table 4. Ingredients and nutrients intake of dairy ewes.

Diet SEM Diet
Items
CTR PPP PPS p-value

Ingredients intake (g of DM/d/head)
Hay 14992 1269° 14032b 178 0.05
Silage - 307" 4102 2.63 0.01
Concentrate 7952 442 442b 0.78 0.01
Nutrients intake (g/d/head)
DM 23072 2031° 22672 175 0.01
CP 3222 261 27QP 3.54 0.01
EE 55.6 56.8 55.5 1.73 0.69
aNDFom 13842 1176 147432 144 0.01
ADFom 7942 669° 9092 102 0.01
ADL 123P 104b 2182 19.2 0.01
NFC 3962 3972 321° 4.86 0.01
(aNDFom + NFC) / CP 5.52¢ 6.11° 6.712 0.378 0.01
NEL (MJ intake/d/head) 11.132  10.40° 9.85° 0.292 0.01

CTR: control; PPP: prickly pear peels; PPS: prickly pear peels+pulp+seeds. DM: dry matter; CP: crude protein;
EE: ether extract; aNDFom: neutral detergent; ADFom: acid detergent fiber; ADL: Acid Detergent Lignin; SEM:
standard error of mean. NFC: non-fibrous carbohydrates = 100 - (CP + ether extract + ash + aNDFom). NE_:
net energy for lactation. In the row, values with different superscript letters are significant.

3.3 Ewe’s body weight, body condition score and milk parameters

The effects of diet on BW, BCS, milk yield and composition are presented in Table 5. The
BW change (ABW) of ewes was significantly influenced by the diets. Ewes fed the CTR diet
experienced BW loss compared with ewes fed the other diets, whereas ewes fed the PPS

diet gained BW, significant differences (p<0.05) were found only between CTR and PPS
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diets. All ewes showed improved BCS during the experiment, but no significant differences

were found between diets.

Table 5. Body weight, body condition score, and milk parameters of dairy ewes

Diet SEM Diet
CTR PPP PPS p-value

Body weight (BW; kg) 44.94 45.77 46.15 3.63 0.68
A BW (kg) -0.99°>  +0.08% +0.432  0.415 0.05
Body condition score (BCS) 3.26 3.39 3.41 0.085 0.20
A BCS +0.104 +0.313 +0.125 0.084 0.17
Milk yield and constituents
Daily milk yield (kg/d) 0.812 0.67° 0.69° 0.07 0.03
FPCM (kg/d) 1.01 0.91 0.92 0.12 0.14
Fat (g/kg) 92.9 99.9 97.9 8.01 0.09
Protein (g/kg) 59.8° 64.12 61.63° 2.48 0.05
Casein (g/kg) 45.7° 49.82 47 .43 2.11 0.05
Urea (mg/dl) 64.42 54.1° 56.4° 7.31 0.01
Lactose (g/kg) 43.0 41.5 42.3 1.06 0.64
Somatic cell count (Log1o) 5.10 5.28 5.19 0.094 0.39

Differential somatic cell count (Log1wo)  4.69 4.66 4.52 0.140 0.66

CTR: control; PPP: prickly pear peels; PPS: prickly pear peels+pulp+seeds.
*Fat and Protein Corrected Milk (FPCM; 6.5% fat; 5.8% protein) calculated according to Pulina et al. (2005).

In the row, values with different superscript letters are significant.

Although ewes fed the PPP and PPS diets exhibited lower (p<0.05) milk yields than those

fed the CTR diet, no statistical differences were found when milk production was calculated
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using the fat- and protein-corrected milk (FPCM) (Table 5). Compared with ewes fed the
CTR diet, those fed the PPP diet produced milk with higher protein (p=0.05) and casein
content (p=0.05) and lower urea content (p<0.01).

No significant differences in SCC and DSCC were observed among the ewe milk samples
from the three diets. Coagulase-negative staphylococci (CNS) were detected in samples

from three sheep (always the same animals in all three phases).

3.4 In vivo nutrient degradability and in vitro ruminal fermentation characteristics

The in vivo and in vitro nutrients degradability of the diets is presented in Table 6. The in
vivo degradability of DM, OM and NDF was influenced by the diet. The degradability
coefficients of the PPS diet were significantly lower (p<0.01) than those of the other two

diets. The in vitro degradability of DM and OM was significantly lower in the PPS diet.

Table 6. In vivo and in vitro nutrients degradability of diets.

Items Diet SEM Diet

CTR PPP PPS p-value

In vivo parameters

DMD (g/kg) 8412 8582 736b 68.9 0.01
OMD (g/kg) 7772 7902 689P 61.5 0.01
NDFD (g/kg) 8622 8992 776° 68.9 0.01

In vitro parameters

OMD (g/kg) 6487 6742 528b 14.7 0.01
NDFD (g/kg) 70582 7612 625b 33.2 0.01
OMCV, mL/g 218b 2202 196¢ 2.90 0.01
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Tmax, h 11.02

Rmax, mL/h 4.923b

7.38°

5.522

10.42b

4.18P

1.08

0.40

0.01

0.01

CTR: control; PPP: prickly pear peels; PPS: prickly pear peels + pulp + seeds; DMD: dry matter degradability;
OMD: organic matter degradability; NDFD: neutral detergent fiber degradability. OMCV: cumulative volume
related to incubated organic matter; Tmax: time to reach the maximum fermentation rate; Rmax: maximum
fermentation rate; SEM, standard error of mean. In the row, values with different superscript letters are

significant.

The OMCYV produced by the PPP diet was consistently greater (p<0.01) than that produced

by the other two diets. The PPP diet showed higher fermentability with a shorter time to peak

(Tmax) than CTR diet (p<0.01), and a higher maximum fermentation rate (Rmax) than the other

two diets.

Table 7. Volatile fatty acids (VFAs) produced by diets during the in vitro trials.

Items Diet SEM Diet
CTR PPP PPS p-value

pH 6.40° 6.413° 6.452 0.02 0.04
VFA, mmol/g iOM
Acetate 34.8° 41.72 34.1b 0.56 0.01
Propionate 12.4° 14.02 12.7° 0.37 0.01
Butyrate 6.53° 9.982 6.74° 0.40 0.01
Iso-Butyrate 0.99° 1.182 0.94b 0.42 0.01
Valerate 1.29¢ 1.952 1.57° 0.73 0.01
Iso-Valerate 1.52° 1.882 1.64P 0.83 0.01
Acetate/Propionate 3.342 3.542 3.19°b 0.72 0.01
Total VFA 57.5° 69.0° 58.8P 0.97 0.01

CTR: control; PPP: prickly pear peels; PPS: prickly pear peels + pulp + seeds; VFA: volatile fatty acids; iOM:
incubated organic matter; SEM: standard error of means. In the row, values with different superscript letters

are significant.
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VFAs produced in vitro varied according to diet (Table 7). Incubation with the PPP diet
produced significantly higher total VFAs (p<0.01) than those with the other diets. All VFAs
detected were significantly higher values (p<0.01) in the PPP diet than in the other diets.
The acetate—propionate ratio showed significant differences only between the PPP and PPS

diets.

4 Discussion

A key factor in the ensiling process is the DM content of the material to be ensiled because
it influences the type of fermentation that occurs inside the silo (Perazzo et al., 2020). PPBs
typically have high-moisture levels owing to the presence of mucilage (a substance
composed of glycoproteins and organic acids), which enables them to retain water (Du Toit
et al., 2019) and low DM content (Todaro et al., 2020, Vastolo et al., 2020, Gannuscio et al.,
2024a). To address this challenge, wheat bran (12%) was added to the substrates as a
moisture sequester. The addition of wheat bran increased the DM content of both PPP and
PPS silages (200 g/kg and 414 g/kg, respectively) compared with the raw materials PPP

and PPS (150 g/kg and 385 g/kg, respectively), as reported by Gannuscio et al. (2024b).

The main advantage of mixed silage production is the enhanced CP content of the ensiled
material. This advantageous effect was also observed in these silages, in which 12% wheat
bran was added to PPBs in mixed silages, resulting in a higher CP content in PPP and PPS
silages (CP: 120.2 g/kg and 95.5 g/kg DM, respectively). Thus, the CP content of the PPP
and PPS diets (128 vs 119 g/kg DM) comprising PPP and PPS silages exceeded the
minimum threshold required for optimal rumen fermentation without compromising the

efficient utilisation of fibrous carbohydrates. According to the NRC (2001), feeding small
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ruminants a diet containing less than 70 g/kg CP and limited nitrogen availability can hinder
fibre digestion and reduce feed intake because of slower feed movement through the rumen.
Adequate CP levels in the diet may stimulate the proliferation of rumen microflora and
enhance fermentation, leading to an increased passage of nitrogen-containing compounds
into the small intestine (Matias et al., 2020). The NDF and ADF contents in PPP silage
remained below the maximum recommended thresholds for small ruminant diets, which
were 600 g/kg and 400 g/kg, respectively, as suggested by Van Soest (1994), whereas PPS
silage exhibited higher values due to the high presence of seeds, similarly to what reported
by Todaro et al. (2020). Therefore, a higher concentration of seeds in the ensiled mass
makes this type of by-product (as was the case with PPS, where seeds accounted for 74%
of the ensiled material on a DM basis) more suitable for other preservation and utilization
technologies compared to ensiling, as it enhances seed utilization by ruminant animals

(Bryszak et al., 2019).

The pH detected in both silages showed values that remained below 4.5, considered the
threshold value for good quality (Collins et al., 2017); similar values were found in PPBs
silages (Vastolo et al., 2020; Gannuscio et al., 2024a). This high level of fermentation quality
was likely due to the WSC content of the PPBs being higher in the PPP than in the PPS

(Gannuscio et al., 2024a).

The percentage of ammonia in the total nitrogen (TN) was found to be low for both silages,
similar values were previously found for the PPP silage (Vastolo et al., 2020), while values
around 15% of the TN were reported for the PPS silage (Todaro et al., 2020). The well-
preserved silages should contain less than 10% of the TN in the form of ammonia-N (Collins

etal., 2017).

The higher content of lactic acid detected in the PPP silage was probably due to the content

of WSC and the sugar detected in raw materials and used by LAB for their fermentation
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(Gannuscio et al., 2024b). Moreover, the high fermentative power of the prickly pear peel
has already been highlighted in vitro fermentation trials by Gannuscio et al. (2024a). Acetic
and propionic acids were detected in the prickly pear silages at low concentrations, and no
differences were found between them; furthermore, the concentrations detected in these
silages were lower than in other studies on prickly pear silages (Vastolo et al., 2020;
Gannuscio et al., 2024a). The concentration of butyric acid detected in the PPP silage was
significantly higher than in the PPS silage, but the levels achieved indicate that the silage
did not undergo clostridial fermentation, which is one of the poorest fermentations of silages

(Kung and Shaver, 2001).

NEL was significantly higher in PPP silage, probably due to the higher digestibility of DM and
OM compared to PPS silage; this fact is also due to the high seed content present in the

latter silage.

Individual DMI is an important factor that can provide information on animal feed efficiency.
The total DMI observed in this trial was between 4.4% and 5.1% of the BW of the sheep, in
agreement with previous studies on lactating Valle del Belice ewes (Todaro et al., 2017;
Gannuscio et al., 2022) but significantly higher than that reported for ewes of the Sarda
breed (Carta et al., 2020; Lunesu et al., 2021). The PPP-fed ewes showed a significantly
lower DMI than ewes that were fed the other diets, despite still having the possibility of
ingesting hay as evidenced by the amount of DM offered (table 3). The aNDFom intake was
also statistically lower in the PPP-fed ewes despite the sheep having been offered the same
amount, this is therefore due to the free choice made by the animals. This marked and
unexpected contraction of voluntary intake of DM and aNDFom is probably likely due to the
soluble carbohydrates intake associated with this diet, resulting from the feeding with PPP
silage. In fact this silage presents a very high WSC content, approximately three times

higher than that in PPS silage (Gannuscio et al., 2024b). Thus, it could be hypothesised that
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the sheep fed PPP silage had a lower appetite due to an increase in postprandial glycaemic
levels. In addition, Morshedy et al. (2020) observed a reduction in feed intake among ewes
fed diets supplemented with a higher level of dried PPP (10 g/head/d), which could be due
to its high organic acid content, resulting in an acidic smell that may have negatively affected

the voluntary intake of hay.

The lower DMI observed in ewes fed the PPP and PPS diets, which contained low-protein
silage, likely resulted in lower CP intake. The ewes that were fed the PPS diet also had a
lower CP intake than those that were fed the CTR diet, despite their similar DMI. This result
was attributed to the replacement of the same amount of 247 g/kg CP concentrate with PPS
silage at 95 g/kg CP. The DMI and CP intake of ewes fed the CTR diet resulted in a
significantly higher NEL intake than that of the other diets, which was found to be adequate
as calculated by the INRA (2018). Despite this, ewes fed the CTR diet experienced BW loss,

likely due to the partitioning of nutrients for milk production instead of body reserves.

Nevertheless, the increased milk production observed in ewes fed the CTR diet can be
attributed to the higher consumption of dietary DM and CP, which enhance metabolic protein
and allocate more energy to lactation (Daniel et al., 2016). In contrast, ewes fed the PPP
and PPS diets exhibited increased BW but decreased daily milk production compared with
those fed the CTR diet. The lower milk yields observed in ewes fed the PPP and PPS diets
can also be attributed, in addition to the lower intake of CP and NEL, to the effects of silage.
In fact, Lahr et al. (1983) reported that cows fed high-moisture diets characterised by low
pH or high levels of certain silage fermentation products could negatively influence milk

yield.

Although ewes fed the CTR diet produced higher daily milk yields than those fed silage-
based diets, the latter produced milk that was richer in nutrients. Consequently, the

production of FPCM was not statistically different across the three diets in the present study.
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The chemical composition of the milk showed slightly higher fat and protein percentages
than the average values reported for the Valle del Belice breed (Todaro et al., 2023);
however, this variation is likely attributable to the low milk production recorded in our study
relative to the average production of this breed (Cappio-Borlino et al., 1997), although it
could be linked to the distortions of the estimates due to the statistical model used. However,
feeding the PPP silage-based diet improved the ewes’ milk constituents compared with the
CTR diet. The observed increase in milk protein (+4.3 g/kg) and casein (+4.1 g/kg)
percentages may be due to the higher ratio of carbohydrates to dietary protein, (aNDFom +
NFC) / CP, intake and probably also to bioactive compounds in PPP, particularly tannins
(Tahir et al., 2019, Morshedy et al., 2020), which resulted in more efficient dietary protein
utilisation (Lin et al., 2024). This effect is mainly attributed to the formation of protein
complexes, which may have reduced the ruminal degradation of proteins and ultimately
increased the supply of rumen-undegraded proteins to the small intestine (Natalello et al.,
2020), which could promote an increase in milk protein yield (Grazziotin et al., 2020). This
effect was also found in the milk of ewes fed the PPS diet; however, the effects were smaller,

and the differences compared with the milk from ewes fed the CTR diet were not significant.

Therefore, it is possible to hypothesise that PPBs added to the diet of lactating ewes may
increase milk nitrogen efficiency, which refers to the efficiency of conversion of dietary N into
milk protein, thereby reducing the public pressure for sustainable livestock production

(Huhtanen & Hristov, 2009).

A positive correlation exists between dietary CP intake and milk urea nitrogen (MUN)
concentrations. Studies have shown that MUN linearly increases with higher dietary CP
levels (Cannas et al., 1998). Consistent with these findings, the higher dietary CP intake
observed with the CTR diet resulted in higher urea levels. Conversely, ewes fed the PPP

and PPS diets, characterised by a significantly higher ingested fibre/CP ratio, demonstrated
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lower urea levels (an indirect indication of higher N utilisation efficiency) compared with
those fed the CTR diet. This finding is consistent with studies in which prickly pear cladodes

were administered to cows (de Albuquerque Saraiva et al., 2020, Maniaci et al., 2024).

Individual sheep milk samples were analysed for SCC and DSCC, which are important
indicators of udder health. The absence of statistical differences between the milk samples
of the ewes fed the three diets suggests the lack of effect of the diet. However, the mean
SCC and DSCC values were lower than those reported in previous studies on individual
samples of the Valle del Belice breed (Todaro et al., 2023, Tolone et al., 2023). Various
factors, including diet, breed, lactation stage and management practices, can influence SCC
(Tvarozkova et al., 2019). In the present study, CNS were detected only in three samples,
all of which were obtained from the same sheep throughout the three phases; notably, the
CNS detected were Staphylococcus hyicus and Staphylococcus epidermidis, thereby

suggesting no dietary impact.

The in vivo degradability of DM, OM and NDF varied between the diets, but significant
differences were found between the PPS diet and the other two diets, with lower
percentages. Similarly, the in vitro degradability of NDF and OM was lower in the PPS diet.
The lower OM degradability of the PPS diet observed in the in vivo and in vitro trials was
consistent with that reported by Vastolo et al. (2020) and probably due to the high abundance
of seeds in the PPS by-product, which are only partially digestible. The indigestible fibre
fraction (ADL = 267.7 g/kg DM) was higher in PPS silage than in other feeds used as diet
ingredients. In contrast, the OM degradability of the PPP diet (estimated in vivo and in vitro)
was 14%-27% higher than that of the PPS diet, with percentages comparable to those
reported by Morshedy et al. (2020) using ewe diets enriched with 5% and 10% dried prickly

pear peels (PPPs).
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The high percentage of NFC detected in PPP silage may lead to increased rates of in vitro
fermentation and higher gas production (OMCV) in the PPP diet, which is consistent with
the findings of Nayel et al. (2023) and Adebayo et al. (2017). In our previous studies, PPP
silage produced a higher OMCV than PPS silage (Vastolo et al., 2020, Gannuscio et al.,
2024a), confirming that PPPs contain highly fermentable carbohydrates. The higher OMCV
levels were detected in the PPP diet during the first 14 and 30 h of the in vitro fermentation
test compared with the CTR and PPS diets, respectively. The PPP diet achieved the fastest
fermentation rate after 8 h and a significantly higher maximum fermentation rate than the
PPS diet. The fermentation characteristics of PPP silage were consistent with the in vitro
results reported by Gannuscio et al. (2024a) and were probably due to the higher WSC
content in this diet. Higher lactic acid (LA) content in PPP silage, approximately 15-fold
higher than that in PPS silage (Gannuscio et al., 2024b), may have influenced
microorganism activity and, consequently, the Rmax value of the PPP diet. In a previous
study, LA infused into the sheep rumen at a single dose of 20-50 g was rapidly metabolised,

with a half-life of approximately 25 min (Chamberlain et al., 1983).

WSCs can significantly influence ruminal fermentation and nutrient utilisation, whereas the
WSC concentration in silage can be affected by various factors, including temperature,
moisture levels, DM content, use of additives and duration of the ensiling or storage process
(Ali and Tahir, 2021). Borges et al. (2023) reported that higher fibre content can decrease
WSC and NFC, which is consistent with the current findings for the PPS diet. In fact, the
PPS diet exhibited a lower NFC than the PPP diet, and probably also a lower WSC, due to
the lower WSC content in PPS silage (11.0 g/kg) than in PPP silage (33.6 g/kg) (Gannuscio

et al., 2024b).

In the gas production test, the higher molar proportion of VFAs in the PPP diet was probably

determined by the higher contents of WSC and NFC in PPP silage, which are easily
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fermentable carbohydrates (Ben Salem et al., 1996, Wang et al., 2020). Furthermore, the
reduction in ruminal N-NH3s concentration in ovine diets supplemented with PPP was
correlated with higher ruminal total VFA content, indicating increased microbial protein
synthesis (Kholif et al., 2014). The observed increases in total VFA and acetate
concentrations may also be attributed to increased cellulolytic bacterial activity in rumen
(Morsy et al., 2015). In the present study, the significantly higher proportion of propionic acid
in the PPP diet during the in vitro trial were likely influenced by the higher LA content in PPP
silage (Gannuscio et al., 2024b). A previous study by Mackie et al. (1984) indicated that the
succinate pathway is quantitatively more important for the conversion of LA to propionate.
Similarly, Jaakkola and Huhtanen (1992) reported that propionate is the main end-product
of LA fermentation in the rumen on a grass silage-based diet. Jaakkola calculated the
metabolic fate of infused LA on a molar basis: 0.52 of LA was converted to propionate, 0.27

to butyrate and 0.21 to acetate (Jaakkola and Huhtanen, 1992).

Conclusion

In conclusion, PPP silage can be added to the diet of lactating ewes without any negative
effects. The inclusion of 15.2% PPP silage on the DM basis in the diet of lactating ewes may
have reduced DMI and CP intake, with a negative effect on daily milk yield but not on milk
composition, which was improved, as evidenced by the non-different FPCM. In addition, the
PPP silage-based diet increased the in vitro and in vivo OM degradability by up to 4% and

the total VFA production by up to 11.5% compared with the CTR diet.

PPP silage can be used as an alternative feed for lactating ewes to reduce feeding costs,

enhance sustainability in animal production and improve milk composition via modification
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of ruminal fermentation. On the contrary, the use of the PPS, for the high seed content, limits

the possibility of preparing good-quality silage for ruminant feeding.

Further herd-level studies are recommended to exploit the most appropriate dose of PPP
silage and the potential in sheep feed, including the possible enrichment of polyphenols and

nutrients in milk and cheese.

Fundings

This research was funded by the National Recovery and Resilience Plan (PNNR) of Italy:
project Biometric — Call PNNR a cascata - Universita della TUSCIA (cod. U-Gov PRJ-1776;

CUP: J83C22000830005; PI: Prof. Massimo Todaro).

CRediT authorship contribution statement

Mahmood Ul Hassan: Investigation, Formal analysis, Visualisation, Validation, Data
curation, Writing — original draft. Riccardo Gannuscio: Conceptualization, Investigation,
Formal analysis, Data curation. Alessandaro Vastolo: Formal analysis, Visualisation,
Validation, review & editing. Serena Calabro & M.I. Cutrignelli: Investigation, Writing — review
& editing. Isabella Mancuso & Giuseppe Maniaci: Formal analysis and validation, review &
editing. Antonio Gallo: Formal analysis, review & editing. Massimo Todaro:
Conceptualization, Supervision, Investigation, Project administration, Visualization, Funding

acquisition, Writing — review & editing.

29



References

Adebayo, K.O., Aderinboye, R.Y., Isah, O.A.,, Onwuka, C.F.l., 2017. Rumen fermentation
characteristics of west african dwarf goats fed enzyme supplemented total mixed ration in
the dry season. Anim. Res. Inter. 14, 2867-2875.

Adkins, P.R., Middleton, J.R., 2018. Methods for diagnosing mastitis. Vet. Clin.: Food Anim. Pract.
34, 479-491. https://doi.org/10.1016/j.cvfa.2018.07.003.

Ali, M.F., Tahir, M., 2021. An overview on the factors affecting water-soluble carbohydrates
concentration  during ensiling of silage. J. Pla. Environ. 3, 63-80.
https://doi.org/10.33687/jpe.003.01.3702.

Amanzougarene, Z., Fondevila, M., 2020. Fitting of the in vitro gas production technique to the study
of high concentrate diets. Animals 10, 1935. https://doi.org/10.3390/ani10101935.

Aufrére, J., Michalet-Doreau, B., 1988- Comparison of Methods for Predicting Digestibility of Feeds.
Anim. Feed Sci. Tech., 20, 203-218. https://doi.org/10.1016/0377-8401(88)90044-2.

Aufrére, J., Baumont, R., Delaby, L., Peccatte, J.R., Andrieu, J., Andrieu, J.P., Dulphy, J.P., 2007.
Prévision de la digestibilité des fourrages par la méthode pepsine-cellulase. Le point sur les
équations proposees. INRA Productions Animales, 20, pp.129-136.
https://doi.org/10.20870/productions-animales.2007.20.2.3445.

Bauer, E., Williams, B., Voigt, C., Mosenthin, R., Verstegen, M., 2001. Microbial activities of faeces
from unweaned and adult pigs, in relation to selected fermentable carbohydrates. Anim. sci.
73, 313-322. https://doi.org/10.1017/S135772980005829X.

Ben Salem, H., Nefzaoui, A., Abdouli, H., @rskov, E., 1996. Effect of increasing level of spineless
cactus (Opuntia ficus indica var. inermis) on intake and digestion by sheep given straw-
based diets. Anim. Sci., 62, 293-299. https://doi.org/10.1017/S1357729800014600

Bryszak, M., Szumacher-Strabel, M., EI-Sherbiny, M., Stochmal, A., Oleszek, W., Roj, E., Patra, A.K.,
Cieslak, A., 2019. Effects of berry seed residues on ruminal fermentation, methane
concentration, milk production, and fatty acid proportions in the rumen and milk of dairy

cows. Journal of Dairy Science, 102(2), 1257-1273. https://doi.org/10.3168/jds.2018-15322

30


https://doi.org/10.1016/j.cvfa.2018.07.003
https://doi.org/10.33687/jpe.003.01.3702
https://doi.org/10.3390/ani10101935
https://doi.org/10.1016/0377-8401(88)90044-2
https://doi.org/10.20870/productions-animales.2007.20.2.3445
https://doi.org/10.1017/S135772980005829X
https://doi.org/10.1017/S1357729800014600
https://doi.org/10.3168/jds.2018-15322

Borges, E.N., de Almeida Araujo, C., Monteiro, B.S., Silva, A.S., Albuquerque, L.D.F., de Araujo,
G.G.L., Campos, F.S., Gois, G.C., de Souza, R.C., de Araujo, A.O., 2023. Buffel grass pre-
dried as a modulator of the fermentation, nutritional and aerobic stability profile of cactus
pear silage. NewZea J. Agri. Res., 1-16. https://doi.org/10.1080/00288233.2023.2212173.

Boudalia, S., Smeti, S., Dawit, M., Senbeta, E.K., Gueroui, Y., Dotas, V., Bousbia, A., Symeon, G.K,,
2024. Alternative Approaches to Feeding Small Ruminants and Their Potential Benefits.
Animals 14, 904. https://doi.org/10.3390/ani14060904.

Cannas, A., Pes, A., Mancuso, R., Vodret, B., Nudda, A. 1998. Effect of dietary energy and protein
concentration on the concentration of milk urea nitrogen in dairy ewes. J. Dairy Sci., 81(2),
499-508. https://doi.org/10.3168/jds.S0022-0302(98)75602-4.

Cappio-Borlino, A., Portolano, B., Todaro, M., Macciotta, N.P.P., Giaccone, P., Pulina, G., 1997.
Lactation curves of Valle del Belice dairy ewes for yields of milk, fat, and protein estimated
with test d models. J. Dairy Sci., 80, 3023-3029. https://doi.org/10.3168/jds.S0022-
0302(97)76269-6.

Carta, S.; Nudda, A.; Cappai, M.G.; Lunesu, M.F.; Atzori, A.S.; Battacone, G.; Pulina, G. 2020. Cocoa
husks can effectively replace soybean hulls in dairy sheep diets—Effects on milk production
traits and hematological parameters. J. Dairy Sci,, 103, 1553—-1558.
https://doi.org/10.3168/jds.2019-17550

Chamberlain, D., Thomas, P., Anderson, F.J., 1983. Volatile fatty acid proportions and lactic acid
metabolism in the rumen in sheep and cattle receiving silage diets. J. Agr. Sci., 101, 47-58.
https://doi.org/10.1017/S0021859600036352.

Collins, M., Moore, K.J., Nelson, C.J., Barnes, R.F., 2017. Preservation of forage as hay and silage.
Forages, 7" ed. Wiley 1, 321, New Delhi, India.

Daniel, J., Friggens, N., Chapoutot, P.,, Van Laar, H., Sauvant, D., 2016. Milk yield and milk
composition responses to change in predicted net energy and metabolizable protein: A
meta-analysis. Animal 10, 1975-1985. https://doi.org/10.1017/S1751731116001245.

de Albuquerque Saraiva, T., de Figueiredo Monteiro, C.C., Feitosa, E.M.S., de Oliveira Moraes, G.S.,
Netto, A.J., Cardoso, D.B., Magalhaes, A.L.R., de Melo, A.A.S., 2020. Effect of association

31


https://doi.org/10.1080/00288233.2023.2212173
https://doi.org/10.3390/ani14060904
https://doi.org/10.3168/jds.S0022-0302(98)75602-4
https://doi.org/10.3168/jds.S0022-0302(97)76269-6
https://doi.org/10.3168/jds.S0022-0302(97)76269-6
https://doi.org/10.3168/jds.2019-17550
https://doi.org/10.1017/S0021859600036352
https://doi.org/10.1017/S1751731116001245

of fresh cassava root with corn silage in replacement for cactus cladodes on dairy cow
performance. Tropical Anim. Health Prod., 52, 927-933. https://doi.org/10.1007/s11250-
019-02087-7.

de S4, M.K.N., de Andrade, A.P., de Araujo, G.G.L., Magalhaes, A.L.R., Araujo, C.d.A., Valenca,
R.d.L., Macedo, A.d., Oliveira, A.R.d.S., Zanine, A.d.M., Ferreira, D.d.J., 2024.
Fermentation Profile, Aerobic Stability, and Chemical and Mineral Composition of Cactus
Pear Silages with Different Inclusion Levels of Gliricidia Hay. Plants 13, 195.
https://doi.org/10.3390/plants13020195.

Detmann E., Souza M.A., Valadares Filho S.C., Queiroz A.C., Berchielli T.T., Saliba E.O.S., Cabral
L.S., Pina D.S., Ladeira M.M., Azevedo J.A.G., 2012. Métodos Para Analise de Alimentos-
INCT. Suprema, Visconde do Rio Branco, Minas Gerais, Brazil.

Di Marco Lo Presti, V., Ippolito, D., Migliore, S., Tolone, M., Mignacca, S.A., Marino, A.M.F., Amato,
B., Calogero, R., Vitale, M., Vicari, D., 2024. Large-scale serological survey on
Mycobacterium avium subsp. paratuberculosis infection in sheep and goat herds in Sicily,
Southern ltaly. Fron. Vet. Sci. 11, 1334036. https://doi.org/10.3389/fvets.2024.1334036.

Du Toit, A., De Wit, M., Fouché, H.J., Taljaard, M., Venter, S.L., Hugo, A., 2019. Mucilage powder
from cactus pears as functional ingredient: influence of cultivar and harvest month on the
physicochemical and technological properties. J. Food Sci. Tech. 56, 2404-2416.
https://doi.org/10.1007/s13197-019-03706-9.

Gannuscio, R., Ponte, M., Di Grigoli, A., Maniaci, G., Di Trana, A., Bacchi, M., Alabiso M., Bonanno
A., Todaro, M., 2022. Feeding dairy ewes with fresh or dehydrated sulla (Sulla coronarium
L.) Forage. 1. Effects on feed utilization, milk production, and oxidative status. Animals,
12(18), 2317. https://doi.org/10.3390/ani12182317.

Gannuscio, R., Vastolo, A., Maniaci, G., Lucia, C., Calabro, S., Todaro, M., Cutrignelli, M.1., 2024a.
Improve nutritive value of silage based on prickly pear peel by-products. Ital. J. Anim. Sci.

23, 492-503. https://doi.org/10.1080/1828051X.2024.2323629.

32


https://doi.org/10.1007/s11250-019-02087-7
https://doi.org/10.1007/s11250-019-02087-7
https://doi.org/10.3389/fvets.2024.1334036
https://doi.org/10.1007/s13197-019-03706-9
https://doi.org/10.3390/ani12182317
https://doi.org/10.1080/1828051X.2024.2323629

Gannuscio, R., Cardamone, C., Vastolo, A., Lucia, C., D’Amico, A., Maniaci, G., Todaro, M., 2024b.
Ensiling as a Conservation Technique for Opuntia ficus indica (L.) By-Products: Peel and
Pastazzo. Animals 14, 3196. https://doi.org/10.3390/ani14223196.

Georganas, A., Giamouri, E., Pappas, A.C., Zoidis, E., Goliomytis, M., Simitzis, P., 2023. Utilization
of agro-industrial by-products for sustainable poultry production. Sustainability 15, 3679.
https://doi.org/10.3390/su15043679.

Grazziotin, R., Halfen, J., Rosa, F., Schmitt, E., Anderson, J., Ballard, V., Osorio, J., 2020. Altered
rumen fermentation patterns in lactating dairy cows supplemented with phytochemicals
improve  milk production and efficiency. J. Dairy Sci. 103, 301-312.
https://doi.org/10.3168/jds.2019-16996.

Groot, J.C., Cone, JW., Wiliams, B.A., Debersaques, F.M., Lantinga, E.A., 1996. Multiphasic
analysis of gas production kinetics for in vitro fermentation of ruminant feeds. J. Anim. Feed
Sci. Tech. 64, 77-89. https://doi.org/10.1016/S0377-8401(96)01012-7.

Huhtanen, P., Hristov, A. N. 2009. A meta-analysis of the effects of dietary protein concentration and
degradability on milk protein yield and milk N efficiency in dairy cows. J. Dairy Sci. 92(7),
3222-3232. https://doi.org/10.3168/jds.2008-1352.

INRA, 2018. Feeding system for ruminants. 2nd Edition, Wageningen Academic Publishers,
Wageningen, The Netherlands, pp. 640. https://doi.org/10.3920/978-90-8686-292-4.

ISTAT, 2024. ISTAT. Istituto Nazionale di Statistica. Available online
http://dati.istat.it/Index.aspx?DataSetCode=DCSP_COLTIVAZIONI (accessed on 13 July
2024).

Jaakkola, S., Huhtanen, P., 1992. Rumen fermentation and microbial protein synthesis in cattle given
intraruminal infusions of lactic acid with a grass silage based diet. J. Agr. Sci. 119, 411-418.
https://doi.org/10.1017/S0021859600012259.

Kholif, A., Khattab, H., EI-Shewy, A., Salem, A., Kholif, A., EI-Sayed, M., Gado, H., Mariezcurrena,
M., 2014. Nutrient digestibility, ruminal fermentation activities, serum parameters and milk

production and composition of lactating goats fed diets containing rice straw treated with

33


https://doi.org/10.3390/ani14223196
https://doi.org/10.3390/su15043679
https://doi.org/10.3168/jds.2019-16996
https://doi.org/10.1016/S0377-8401(96)01012-7
https://doi.org/10.3168/jds.2008-1352
https://doi.org/10.3920/978-90-8686-292-4
http://dati.istat.it/Index.aspx?DataSetCode=DCSP_COLTIVAZIONI
https://doi.org/10.1017/S0021859600012259

Pleurotus ostreatus. Asian-Aus. J. Anim. Sci. 27, 357.
https://doi.org/10.5713/ajas.2013.13405.

Kilama, J., Yakir, Y., Shaani, Y., Adin, G., Kaadan, S., Wagali, P., Sabastian, C., Ngomuo, G.,
Mabjeesh, S.J., 2023. Chemical composition, in vitro digestibility, and storability of selected
agro-industrial by-products: Alternative ruminant feed ingredients in Israel. Heliyon 9.
https://doi.org/10.1016/j.heliyon.2023.e14581.

Kung, L., Shaver, R., 2001. Interpretation and use of silage fermentation analysis reports. Focus
Forage, 3, 1-5.

Ku-Vera, J.C., Jiménez-Ocampo, R., Valencia-Salazar, S.S., Montoya-Flores, M.D., Molina-Botero,
I.C., Arango, J., Gbmez-Bravo, C.A., Aguilar-Pérez, C.F., Solorio-Sanchez, F.J., 2020. Role
of secondary plant metabolites on enteric methane mitigation in ruminants. Fron. Vet. Sci.
7, 584. https://doi.org/10.3389/fvets.2020.00584.

Lahr, D., Otterby, D., Johnson, D., Linn, J., Lundquist, R., 1983. Effects of moisture content of
complete diets on feed intake and milk production by cows. J. Dairy Sci. 66, 1891-1900.
https://doi.org/10.3168/jds.S0022-0302(83)82027-X.

Lee, M., 1995. Official methods of analysis of AOAC International (16th edn): edited by Patricia A.
Cunniff, AOAC International, 1995. Elsevier.

Lin, L., Lu, Y., Wang, W., Luo, W., Li, T., Cao, G., Du, C., Wei, C., Yin, F., Gan, S., 2024. The Influence
of High-Concentrate Diet Supplemented with Tannin on Growth Performance, Rumen
Fermentation, and Antioxidant Ability of Fattening Lambs. Animals 14, 2471.
https://doi.org/10.3390/ani14172471.

Lunesu, M.F.; Decandia, M.; Molle, G.; Atzori, A.S.; Bomboi, G.C.; Cannas, A., 2021. Dietary starch
concentration affects dairy sheep and goat performances differently during mid-lactation.
Animals, 11, 1222. https://doi.org/10.3390/ani11051222

Mackie, R., Gilchrist, F.M., Heath, S., 1984. An in vivo study of ruminal micro-organisms influencing
lactate turnover and its contribution to volatile fatty acid production. J. Agr. Sci. 103, 37-51.

https://doi.org/10.1017/S0021859600043306.

34


https://doi.org/10.5713/ajas.2013.13405
https://doi.org/10.1016/j.heliyon.2023.e14581
https://doi.org/10.3389/fvets.2020.00584
https://doi.org/10.3168/jds.S0022-0302(83)82027-X
https://doi.org/10.3390/ani14172471
https://doi.org/10.3390/ani11051222
https://doi.org/10.1017/S0021859600043306

Maniaci, G., Ponte, M., Giosug, C., Gannuscio, R., Pipi, M., Gaglio, R., Busetta, G., Di Grigoli, A.,
Bonanno, A., Alabiso, M., 2024. Cladodes of Opuntia ficus-indica (L.) as a source of
bioactive compounds in dairy products. J. Dairy Sci. 107, 1887-1902.
https://doi.org/10.3168/jds.2023-23847.

Matias, A.G.d.S., Araujo, G.G.L.d., Campos, F.S., Moraes, S.A., Gois, G.C., Silva, T.S., Neto, J.E.,
Voltolini, T.V., 2020. Fermentation profile and nutritional quality of silages composed of
cactus pear and manicoba for goat feeding. J. Agr. Sci. 158, 304-312.
https://doi.org/10.1017/S0021859620000581.

Morshedy, S.A., Abdal Mohsen, A.E., Basyony, M.M., Almeer, R., Abdel-Daim, M.M., EI-Gindy, Y.M.,
2020. Effect of prickly pear cactus peel supplementation on milk production, nutrient
digestibility and rumen fermentation of sheep and the maternal effects on growth and
physiological performance  of  suckling offspring.  Animals 10, 1476.
https://doi.org/10.3390/ani10091476.

Morsy, T., Kholif, S., Kholif, A., Matloup, O., Salem, A., Elella, A.A., 2015. Influence of sunflower
whole seeds or oil on ruminal fermentation, milk production, composition, and fatty acid
profile in lactating goats. Asian-Australasian J. Anim. Sci. 28, 1116.
https://doi.org/10.5713/ajas.14.0850.

Natalello, A., Hervas, G., Toral, P.G., Luciano, G., Valenti, B., Mendoza, A.G., Pauselli, M., Priolo, A.,
Frutos, P., 2020. Bioactive compounds from pomegranate by-products increase the in vitro
ruminal accumulation of potentially health promoting fatty acids. J. Anim. Feed Sci. Tech.
259, 114355. https://doi.org/10.1016/j.anifeedsci.2019.114355.

Nayel, U., EI-Sheikh, H.A., Abo-Donia, F., Marwan, A., 2023. Influence of co-ensiling rehydrated rice
straw with prickly pear fruit peels feeding on degradability, digestibility, and nutritive value
for sheep. Egyp. J. Nut. Feeds 26, 141-157. https://doi.org/10.21608/ejnf.2023.316696.

NRC, 2001. National Research Council Committee on Animal Nutrition Subcommittee on Dairy
Cattle Nutrition. Nutrient requirements of dairy cattle: 2001. National Academies Press.

Perazzo, A.F., Santos, E.M., de Oliveira, J.S., de Lima Cruz, G.F., da Silva Ramos, R.C., Pereira,
G.A., Pinho, R.M.A., Campos, F.S., 2020. Agronomic characteristics and rain use efficiency

35


https://doi.org/10.3168/jds.2023-23847
https://doi.org/10.1017/S0021859620000581
https://doi.org/10.3390/ani10091476
https://doi.org/10.5713/ajas.14.0850
https://doi.org/10.1016/j.anifeedsci.2019.114355
https://doi.org/10.21608/ejnf.2023.316696

of sorghum in a semiarid region. Res. Soci. Develop. 9, €883974901-e883974901.
https://doi.org/10.33448/rsd-v9i7.4901.

Porqueddu, C., Ates, S., Louhaichi, M., Kyriazopoulos, A.P., Moreno, G., del Pozo, A., Ovalle, C.,
Ewing, M.A., Nichols, P.G.H.,, 2016. Grasslands in ‘Old World’and ‘New
World’Mediterranean-climate zones: past trends, current status and future research
priorities. Gras. For. Sci. 71, 1-35. https://doi.org/10.1111/gfs.12212.

Pulina, G., Macciotta, N., Nudda, A., 2005. Milk composition and feeding in the Italian dairy sheep.
Italian J. Anim. Sci. 4, 5-14. https://doi.org/10.4081/ijas.2005.1s.5.

Silva, T.S., de Araujo, G.G.L., Santos, E.M., de Oliveira, J.S., Campos, F.S., Godoi, P.F.A., Gois,
G.C., Perazzo, A.F., Ribeiro, O.L., Turco, S.H.N., 2021. Water intake and ingestive behavior
of sheep fed diets based on silages of cactus pear and tropical forages. Trop. Anim. Heal.
Prod. 53, 1-7. https://doi.org/10.1007/s11250-021-02686-3.

Silva, J.K.B.d., Araujo, G.G.L.d., Santos, E.M., Oliveira, J.S.d., Campos, F.S., Gois, G.C., Silva, T.S.,
Matias, A.G.d.S., Ribeiro, O.L., Perazzo, A.F., 2022. Performance of lambs fed total feed
silage based on cactus pear. Revista mexi. cien. pec. 13, 19-31.
https://doi.org/10.22319/rmcp.v13i1.5849.

Sun, X., Dou, Z., Shurson, G.C., Hu, B., 2024. Bioprocessing to upcycle agro-industrial and food
wastes into high-nutritional value animal feed for sustainable food and agriculture systems.
Res. Conser. Recyc. 201, 107325. https://doi.org/10.1016/j.resconrec.2023.107325.

Tahir, H.E., Xiaobo, Z., Komla, M.G., Adam Mariod, A., 2019. Nopal cactus (Opuntia ficus-indica (L.)
Mill) as a source of bioactive compounds, In: Mariod, A. (eds) Wild Fruits: Composition,
Nutritional Value and Products. Springer, Cham. https://doi.org/10.1007/978-3-030-31885-
7_26.

Theodorou, M.K., Williams, B.A., Dhanoa, M.S., McAllan, A.B., France, J., 1994. A simple gas
production method using a pressure transducer to determine the fermentation kinetics of
ruminant feeds. Anim. Feed Sci. Tech. 48, 185-197. https://doi.org/10.1016/0377-

8401(94)90171-6.

36


https://doi.org/10.33448/rsd-v9i7.4901
https://doi.org/10.1111/gfs.12212
https://doi.org/10.4081/ijas.2005.1s.5
https://doi.org/10.1007/s11250-021-02686-3
https://doi.org/10.22319/rmcp.v13i1.5849
https://doi.org/10.1016/j.resconrec.2023.107325
https://doi.org/10.1016/0377-8401(94)90171-6
https://doi.org/10.1016/0377-8401(94)90171-6

Todaro, M., Dattena, M., Acciaioli, A., Bonanno, A., Bruni, G., Caroprese, M., Mele, M., Sevi, A.,
Marinucci, M.T., 2015. Aseasonal sheep and goat milk production in the Mediterranean
area: Physiological and technical insights. Small Rum. Res. 126, 59-66.
https://doi.org/10.1016/j.smallrumres.2015.01.022.

Todaro, M., Alabiso, M., Scatassa, M. L., Di Grigoli, A., Mazza, F., Maniaci, G., Bonanno, A., 2017.
Effect of the inclusion of fresh lemon pulp in the diet of lactating ewes on the properties of
milk and cheese. Anim. Feed Sci. Tech., 225, 213-223.
https://doi.org/10.1016/j.anifeedsci.2017.02.003.

Todaro, M., Alabiso, M., Di Grigoli, A., Scatassa, M.L., Cardamone, C., Mancuso, |., Mazza, F,,
Bonanno, A., 2020. Prickly pear by-product in the feeding of livestock ruminants: Preliminary
investigation. Animals 10, 949. https://doi.org/10.3390/ani10060949.

Todaro, M., Gannuscio, R., Mancuso, |., Ducato, B., Scatassa, M.L., 2023. Relationships between
chemical and physical parameters of bulk milk from Valle del Belice sheep. Ital. J. Anim.
Sci. 22, 953-958. https://doi.org/10.1080/1828051X.2023.2252846.

Tolone, M., Mastrangelo, S., Scatassa, M.L., Sardina, M.T., Riggio, S., Moscarelli, A., Sutera, A.M.,
Portolano, B., Negrini, R., 2023. A First Investigation into the Use of Differential Somatic
Cell Count as a Predictor of Udder Health in Sheep. Animals 13, 3806.
https://doi.org/10.3390/ani13243806.

Tvarozkova, K., Tandin, V., Holko, I., Uhrin¢at, M., Maduhova, L., 2019. Mastitis in ewes: Somatic
cell counts, pathogens and antibiotic resistance. J. Microbiol. Biotechnol. Food Sci 9, 661-
670. https://10.15414/jmbfs.2019/20.9.3.661-670.

Van Keulen, J., Young, B., 1977. Evaluation of acid-insoluble ash as a natural marker in ruminant
digestibility studies. J. Anim. sci. 44, 282-287. https://doi.org/10.2527/jas1977.442282x.

Van Soest, P., 1994. Nutritional ecology of the ruminant. Cornell University Press.

Van Soest, P.v., Robertson, J.B., Lewis, B.A., 1991. Methods for dietary fiber, neutral detergent fiber,
and nonstarch polysaccharides in relation to animal nutrition. J. Dairy Sci. 74, 3583-3597.

https://doi.org/10.3168/jds.S0022-0302(91)78551-2.

37


https://doi.org/10.1016/j.smallrumres.2015.01.022
https://doi.org/10.1016/j.anifeedsci.2017.02.003
https://doi.org/10.3390/ani10060949
https://doi.org/10.1080/1828051X.2023.2252846
https://doi.org/10.3390/ani13243806
https://10.0.60.54/jmbfs.2019/20.9.3.661-670
https://doi.org/10.2527/jas1977.442282x
https://doi.org/10.3168/jds.S0022-0302(91)78551-2

Vastolo, A., Calabro, S., Cutrignelli, M.I., Raso, G., Todaro, M., 2020. Silage of prickly pears (Opuntia
spp.) juice by-products. Animals 10, 1716. https://doi.org/10.3390/ani10091716.

Vastolo, A., Calabro, S., Cutrignelli, M.l., 2022a. A review on the use of agro-industrial CO-products
in animals’ diets. Ital. J. Anim. Sci. 21, 577-594.
https://doi.org/10.1080/1828051X.2022.2039562.

Vastolo, A., Matera, R., Serrapica, F., Cutrignelli, M.l., Neglia, G., Kiatti, D.d., Calabro, S., 2022b.
Improvement of rumen fermentation efficiency using different energy sources: in vitro
comparison between Buffalo and COow. Fermentation 8, 351.
https://doi.org/10.3390/fermentation8080351.

Vastolo, A., Calabro, S., Carotenuto, D., Cutrignelli, M., Kiatti, D.d., Tafuri, S., Ciani, F., 2023. Maca
(Lepidium meyenii): in vitro evaluation of rumen fermentation and oxidative stress.
Fermentation 9, 568. https://doi.org/10.3390/fermentation9060568.

Wang, L., Zhang, G., Li, Y., Zhang, Y., 2020. Effects of high forage/concentrate diet on volatile fatty
acid production and the microorganisms involved in VFA production in cow rumen. Animals

10, 223. https://doi.org/10.3390/ani10020223.

38


https://doi.org/10.3390/ani10091716
https://doi.org/10.1080/1828051X.2022.2039562
https://doi.org/10.3390/fermentation8080351
https://doi.org/10.3390/fermentation9060568
https://doi.org/10.3390/ani10020223

CRediT authorship contribution statement

Mahmood Ul Hassan: Investigation, Formal analysis, Visualisation, Validation, Data
curation, Writing — original draft. Riccardo Gannuscio: Conceptualization, Investigation,
Formal analysis, Data curation. Alessandaro Vastolo: Formal analysis, Visualisation,
Validation, review & editing. Serena Calabrd & M.I. Cutrignelli: Investigation, Writing — review
& editing. Isabella Mancuso & Giuseppe Maniaci: Formal analysis and validation, review &
editing. Antonio Gallo: Formal analysis, review & editing. Massimo Todaro:
Conceptualization, Supervision, Investigation, Project administration, Visualization, Funding

acquisition, Writing — review & editing.

39



Declaration of interests

O The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

The authors declare the following financial interests/personal relationships which may be
considered as potential competing interests:

Massimo Todaro reports financial support was provided by University of Tuscia. If there are
other authors, they declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

40





