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In vitro, in situ and in vivo comparison of two feeding regimes
in water buffalo (Bubalus bubalis) under tropical conditions
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ABSTRACT

The increasing demand for animal protein requires efficient production systems adapted to tropical conditions. Water buffalo farming
is a variable option due to its hardiness and productive potential. This study compared the fermentative and productive performance
of buffalo fed a commercial diet or a diet formulated with regional ingredients. Ten weaned male buffalo (230 + 20.0 kg) were randomly
assigned to the two diets for a 60-day fattening period. Dry matter intake (DMI), average daily gain (ADG), feed conversion ratio (FCR),
and feed efficiency (FE) were recorded. And in vitro and in situ rumen fermentation assay were conducted. DMI and final weight did not
differ between diets (P > 0.05). The formulated diet increased ADG by 30.4% with a trend towards significance (P = 0.09) and improved
FCR and FE (P > 0.05). The commercial diet promoted greater in vitro gas production and nutrient degradations, and a higher soluble
fraction in situ, whereas the formulated diet increased the potentially degradable fraction and lag time. Overall, the diet formulated
with regional ingredients maintained comparable, and biologically superior, productive performance to the commercial diet in beef

buffalo under tropical conditions, despite lower degradability in vitro and in situ.
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INTRODUCTION

he sustained increase in global demand for animal

protein has driven the search for more efficient and
environmentally responsible production systems. In this
context, water buffalo farming, understood as the raising
and productive use of the water buffalo (Bubalus bubalis), has
gained relevance due to its capacity to sustain meat and milk
production in environments were conventional cattle face
nutritional, climatic, or health limitations (Batista et al., 2020;
FAOQ, 2024). Water buffalo are described as hardy, long-lived,
and versatile animals with good fertility and production
capacity for both milk and meat, as well as productive and
reproductive potential compared to other livestock species
(Guerrero-Legarreta et al., 2019; Bertoni et al., 2022).

From a zootechnical point of view, the water buffalo
stands out for its biological efficiency in utilizing diets
based on local resources of low nutritional quality, which is
reflected in a favorable feed conversion and lower energy
requirements per kilogram of gain (Mota-Rojas et al., 2019;
Rodriguez-Gonzalezet al., 2022). In breeding systems, buffalo
reach weaning weights close to 240 kg with daily weight
gains of around 0.5 kg, and carcass yields close to 58%, a
value comparable to the carcass yield reported for cattle in
tropical conditions (57 - 59%), which positions the species as
attractive for meat production (Ramirez-Barboza et al., 2016;
Guerrero-Legarreta et al., 2022). In addition, the relationship
between feed intake, nitrogen use efficiency, and enteric
methane (CH,) production per unit of product has been
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described as favorable in the water buffalo compared to other
ruminant species (Sheoran etal., 2023; Trapanese et al., 2024).

The physiological and nutritional adaptability of water
buffalo to warm, humid climates makes this species a viable
technical alternative for tropical and subtropical regions
where the cost of concentrated feed limits the productivity
of traditional beef cattle (Bertoni et al., 2022; Minervino
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et al., 2020). However, achieving competitive productive
performance in buffalo requires feeding programs that
balance (a) the efficient use of commercial feeds with known
formulations and high energy density, and (b) the utilization
of locally available ingredients, which reduce costs and
increase the producer’s self-sufficiency. The choice between
a commercial diet and a complete diet formulated with
regional raw materials is not only a nutritional decision, but
also an economic one and a technological adoption decision
in emerging production units (Uzun et al., 2018).

In this context, it is necessary to generate direct evidence
on the productive performance of buffalo water under both
feeding schemes. The objective of this study was to compare
a commercial diet and a complete diet formulated with
local ingredients for water buffalo, evaluating fermentation
kinetics and substrate digestibility through in vitro assays,
ruminal dry matter degradability through in situ assays, and
the productive performance of growing animals through an
in vivo assay.

MATERIALS AND METHODS

Location

The chemical analysis of the diets and the in vitro and in situ
assays were performed at the Animal Nutrition Laboratory of
the Faculty of Veterinary Medicine and Animal Science No. 2,
located in Cuajinicuilapa, Guerrero, Mexico. The in vivo trial
was conducted from May to July 2024 at the “Los Laureles”
Ranch, also located in Cuajinicuilapa, Guerrero, Mexico (16°
28’ 19” N, 98° 25’ 00" W, 50 m above sea level). The region
has a warm sub-humid climate with summer rains, average
annual rainfall, and an average temperature of 1100-1300
mm and 24-28 °C (INEGI, 2022).

In vitro assay
Culture medium

The culture medium included the following components:
45.9% (1009.8 mL) of distilled water; 5% (110 mL) of mineral
solution | [6 g of KH,PO, (Sigma-Aldrich’) dissolved in 1000
mL of distilled waterl]; 5% (110 mL) of mineral solution 1 [6 g
of KH,PO, (Sigma-Aldrich), 6 g of (NH,)2S0,, (Merck’), 12 g of
NaCl (Sigma-Aldrich), 2.45 g of MgSO, (SIGMA-ALDRICH") and
1.6 g of CaCl, 2H,0 (SIGMA-ALDRICH"), dissolved in 1000 mL
of distilled water]; 0.1% (2.2 mL) of resazurin (Sigma-AIdrichg),
5% (110 mL) of buffer solution; 4% (88 mL) of reducing
solution; and 35% (770 mL) of fresh ruminal fluid, previously
filtered through a fine mesh cloth to remove macroparticles
of organic matter.

Biodigesters and incubation

In a 120 mL serological vial, 0.5 g of sample with a particle
size of 1 mm at constant weight and 40 mL of culture
medium were added. All vials were kept under continuous
CO, flow to maintain anaerobic conditions, sealed with a
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neoprene stopper (20 mm @) and an aluminum ring with a
removable center, and each vial was considered a biodigester.
The biodigesters were placed in a water bath at 39 °C and
inoculated with 10 mL of fresh rumen fluid (pH 6.4 and 4.9
x 10° bacterial cells mL™), which was considered time zero.
The ruminal fluid was obtained from a Bos taurus x Bos
indicus crossbred bovine of 400 + 30 kg PV equipped with
a ruminal cannula, fed on pastures with pangola grass and
with commercial supplement, and previously the ruminal
fluid was centrifuged at 1137 x g for 3 min to precipitate the
food particles and protozoa.

Biogas production

Total biogas production was determined by plunger
displacement in a 50 mL glass syringe (BD Yale®, Brazil),
recording the volume generated at 12, 24, 48, and 72 h of
incubation (Herndndez-Morales et al., 2018). Methane (CH,)
production was quantified using a Taygon" tubing (2.38 mm
internal diameter and 45 cm length) with hypodermic needles
(20 Gx 32 mm) at the ends. The needles were used to connect
a biodigester to a trap vial. The trap vials were filled with a
modified 2N NaOH solution [80 g NaOH (Merck ) in 1000 mL of
distilled water] from the methodology of Stolaroff et al. (2008).
CH, production was considered as the mL displaced from the
NaOH (2N) solution at 12, 24, 48, and 72 h of incubation. The
invitro dry matter degradation (DMSiv) and neutral detergent
fiber at 72 h was calculated using the formula described by
Hernandez-Morales et al. (2018).

In situ assay
Sample preparation and incubation in the rumen

Five-gram samples of the commercial and formulated diets
were prepared and placed in poly-silk bags (10 x 20 cm).
Each treatment was replicated three times for each of the
incubation times (0, 2,4, 8, 12, 18, 24, 32,48, 60, and 72 hours).
The samples had a particle size of 1 mm, and the bags were
sealed with plastic ties (100 x 2.5 mm).

Prior to inserting into the cow’s rumen, the bags were
immersed in water at 39 °C for 10 minutes. Subsequently,
the bags were attached to a galvanized iron chain (1.5 x
100 cm) that was connected to the rumen cannula plug.
The bags were inserted into the rumen in reverse order of
the incubation time to allow for simultaneous collection
of samples at the end of the incubation period. After the
incubation period, the bags were rinsed with cold running
water until the rinse water ran clear. The bags corresponding
to 0 hours were not incubated in the rumen; instead, they
underwent the samerinsing protocol as the incubated bags.
Finally, the bag residues were dried at 55 °C for 72 hours and
weighed to determine digestibility by weight difference.

Digestibility kinetics
The in situ digestibility kinetics estimates of DM were
calculated using a nonlinear regression procedure, using
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the PROC NLIN procedure of SAS Institute Inc (2011) using
the equation described by McDonald (1981):

P=a+b(1 — eA(—ct)).

Where: P = ruminal digestibility at time t (%); a = rapidly
soluble digestible fraction; b = slow or potentially digestible
fraction; c = the rate at which b is digested; t = incubation
time (h) in the rumen.

In vivo assay
Animals and handling

Ten weaned male buffalo (Bubalus bubalis, 230 + 20.0 kg
BW), 280+20 days old, were used. They received prophylactic
treatment with antiparasitic (Cydectin® NF, Moxidectin, 0.2
mg kg™ BW, via SC), bacterin (Bobact” 8, 5.0 mL animal”,
via IM), metabolic stimulant (Catosal™, butafosfan + B12,
10 mL animal™, via IM) and vitamins ADE (Vigantol® ADE,
4 mL animal™, via IM) and were housed in pens grouped by
treatment, provided with a feeder and drinker. The handling
of the buffaloes was governed by the Regulation for the use
and care of animals intended for research specified in NOM-
062-Z00-1999 “Technical specifications for the production,
care and use of laboratory animals”.

Treatments

The diet was formulated according to the nutritional
requirements for cattle, with 1.0 Mcal NEg kg™ DM, for a
gain of 1000 g d (NRC, 2001). The treatments (T) were T1:
Formulated diet; T2: Commercial diet [(Bovimas Engorda
Optima 12 MP" (Agromas, Mexico)].

The chemical composition of the diets is shown in Table
1. Samples for analysis were processed in a Thomas-Wiley
Mill (Thomas Scientific, Swedesboro, NJ, USA) with a T mm
diameter sieve. Chemical analysis was performed according
to AOAC (2005) methods: dry matter (method 930.15), ash
and organic matter (method 942.05), and crude protein
(CP; method 984.13). Neutral detergent fiber (NDF) and
acid detergent fiber (ADF) were evaluated using an ANKOM
analyzer (Ankom Technology Corp. A200, Fairport, NY, USA).

Table 1: Chemical composition of the diets evaluated in the feeding
of buffalo

Ingredients Commercial Formulated
Composition on a dry basis (%)

Corn kernel - 385
Sugarcane molasses - 7.0
Soybean oil - 2.0
Soybean meal - 20.0
Corn stover 30.0 30.0
Mineral blend - 2.5
Agromas’ 70.0

Chemical composition

Dry matter (%) 90.94 95.17
Crude protein (%) 13.93 16.80
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Organic matter (%) 92.45 92.59
Neutral detergent fiber (%) 48.79 63.88
Acid detergent fiber (%) 29.39 35.09
Ash (%) 7.55 741
Metabolizable energy (Mcal/kg) 1.86 2.3

Bovimas Engorda 12 MP Agromds® = Ground and/or rolled grains and
cereals, cereal and/or oilseed by-products, oilseed meals, coconut palm by-
products, malt by-products, cane molasses, vegetable and/or animal bypass
fat, NPN, calcium carbonate, monocalcium phosphate, sodium bicarbonate,
sodium chloride, vitamins (ADE), minerals (oxides and/or sulfates and/
or chelated minerals of copper, zinc, iron, manganese, cobalt, sodium
selenite, EDDI, manganese oxide, mycotoxin absorbent, propionic acid,
Saccharomyces cerevisiae yeast culture, antioxidant (BHT/ETQ) and rumen
function modifier of vegetable origin. Guaranteed Analysis: Crude Protein
12%, Crude Fat 3%, Crude Fiber 15%, Ash 8% Humidity 12%, N.E.N. 50%.

Productive variables

The buffalo adapted to the diets (Table 1) for 15 days and
the evaluation period was 60 days. The feed was offered at
08:00 (75% of ration) and 16:00 (25% of ration) and water
was available ad libitum. Dry matter intake (DM, kg d™) was
calculated by the difference between the feed offered and
rejected each day. Rejected feed was collected for each
treatment between 25 and 30 days and between 55 and
60 days; the samples were homogenized, and a composite
sample was taken to determine dry matter content. Results
are shown by week and as an overall average.

Average daily weight gain (ADG, g d') was determined
by the difference between final and initial weight, divided
by the number of days of evaluation. Feed conversion ratio
(FCR) was calculated as the ratio of dry matter intake (DMI)
to ADG. Feed efficiency (FE) was calculated as the ratio of
average daily gain (ADG) to dry matter intake (DMI).

Experimental design and statistical analysis

For in vivo assay, the experimental design was completely
randomized with two treatments and five replicates. Data
were analyzed using PROC GLM (SAS Institute, Inc., 2012),
and treatment means were compared using Tukey’s test (P
< 0.05). In vitro degradation and in situ digestibility variables
were analyzed in a completely randomized design using
InfoStat software (Di Rienzo et al., 2020). Mean comparisons
were performed using Tukey's test (P < 0.05).

ResuLts AND Discussion
In vitro assay

In vitro degradation allowed for the characterization of the
fermentative behavior of diets based on biogas and methane
production, dry matter degradability, and neutral detergent
fiber (Table 2; Posada and Noguera, 2005; Bashar et al., 2024).
The commercial diet generated higher biogas volumes than
the formulated diet at all incubation stages (P < 0.05). At 12
and 48 h, biogas production was 573% and 325% greater
than that of the formulated diet, respectively; at 48 and 72 h,
the differences decreased, although they remained 68% and
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48% higher than the formulated diet. This pattern indicates
a high availability of rapidly fermentable carbohydrates
in the commercial diet; these results are consistent with
those reported by Foster et al. (2023) who mention that in
in vitro tests, diets with a high proportion of non-structural
carbohydrates generate greater biogas production in the
early stages of fermentation.

Methane (CH,) production followed a similar response
(Table 2). The commercial feed produced significantly higher
volumes of CH, at all time points evaluated (P < 0.05), with
increases of 808% and 200% at 12 and 24 h, respectively,
compared to the formulated diet. At 48 and 72 h, the
differences remained around 51% and 21%. These variations
reflect more intense methanogenic activity in the commercial
diet associated with anincrease in hydrogen availability during
fermentation, which served as a substrate for methanogenic
archaea (Pepeta et al., 2024). Conversely, the lower biogas and
CH, production observed with the formulated diet is consistent
with a moderate fermentative profile, linked to a higher
proportion of structural fractions (Table 1), which reduces
the accessibility of cell wall polysaccharides to the ruminal
microbiota (Patra et al., 2017; Martins et al., 2023).

The differences in gas production were accompanied
by markers in the degradation of dry matter (DM) and
neutral detergent fiber (NDF) at 72 h of incubation (Table
2). The commercial diet reached degradations of 59.6%
and 143.2%, respectively, compared to the formulated diet
(P < 0.0001 in both cases). These differences reinforce the
hypothesis of a greater availability of fermentable nutrients
in the commercial diet, favored by the lower proportion
of structural compounds and the inclusion of byproducts
present in the Agromas’ feed. This behavior is consistent
with that reported by Rojas-Gonzalez et al. (2023), who

indicated that diets with lower structural fiber content
exhibit greater degradability under in vitro conditions. In
contrast, the formulated diet, containing fibrous sources
(corn stover) and vegetable oil, showed lower degradability;
this combination may have modified the hydrolysis capacity
of the rumen microorganisms (Ferreira and Thiex, 2023).
This behavior corresponds to the greater relative weight of
the structural fractions observed later in the in situ kinetics.

In situ assay

The insitu trial allowed for the description of dry matter (DM)
degradation kinetics in the rumen by incubating the diets at
different times and fitting them to a first-order degradation
model (Table 3; Goulart et al.,, 2020). In the initial time points
(0-18 h), the commercial diet showed higher DM digestibility
than the formulated diet (P < 0.0001 at all time points). At 0 h,
the soluble fraction of the commercial diet was 141.8% higher
than that of the formulated diet, and at 18 h the difference
reached 190.7%. This behavior confirms a soluble and rapidly
degradable fraction in the commercial feed, consistent with
the higher gas production observed in the in vitro trials.

After 24 h, the differences between diets decreased. At
24 and 30 h, dry matter digestibility was similar between
treatments (P > 0.05), indicating that the potentially
degradable fraction of the formulated diet can approximate
that of the commercial feed when available during an
intermediate fermentation time (Rupp etal., 2021). However,
in later stages (36, 48, and 72 h), the commercial treatment
again showed a significant difference (P < 0.05), with relative
advantages ranging from 6.5% to 9.7%. Overall, the temporal
kinetics showed that the commercial diet consistently
maintained higher dry matter degradation, although the
most pronounced gap was concentrated in the first few
hours of fermentation.

Table 2: In vitro fermentative characteristics of a commercial diet and one made with regional ingredients

Incubation time, h

Variable Treatment
12 24 48 72

Biogas production (mL g-' DM)

Commercial 59.31 126.48 167.28 181.4

Formulated 8.82 29.74 99.32 127.2

P value <0.0001 <0.0001 <0.0001 0.0004

SEM 7.69 15.03 10.6 9.25
Methane production (mL g-' DM)

Commercial 8.17 20.25 38.15 43.01

Formulated 0.9 6.74 25.33 35.52

P value 0.0249 0.0355 0.0007 0.0383

SEM 1.69 3.32 2.23 1.86
Degradations (%)

DM (72 h) NDF (72 h)

Commercial 70.54 57.07

Formulated 4393 23.46

P value <0.0001 <0.0001

SEM 3.71 4.69

DM = dry matter; NDF = neutral detergent fiber; SEM = standard error of the mean
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The analysis of kinetic parameters complements this
interpretation (Table 3). The soluble fraction (a) was higher
in the commercial diet compared to the formulated diet
(266.8%; P < 0.0001), confirming an immediate release of
nutrients at the start of ruminal fermentation. In contrast, the
potentially degradable fraction (b) was 84.4% higher in the
formulated diet (P < 0.0001) compared to the commercial diet,
suggesting a higher proportion of structural components
degradable over time, as observed in in situ and in vitro
degradation kinetics with fibrous substrates (Van Soest et
al., 1991; Foster et al., 2023).

The rate at which this fraction (c) is digested showed no
difference between diets (P = 0.1638), suggesting that, once
fraction b is available, the digestion rate is similar in both
substrates. Finally, the lag time (k) was 7.6 times longer in the
formulated diet than in the commercial diet (P < 0.0001). This
delay in the effective onset of structural fraction degradation
is associated with the need for a longer time for the hydrolysis
of lignocellulolytic bonds and the adaptation of the rumen
microbiota (Pu et al., 2022).

Taken together, the in situ results describe two contrasting
digestion patterns. The commercial feed provides an
abundant soluble fraction, a rapid onset of degradation,
and high and sustained dry matter digestibility over time,
while the formulated diet is characterized by a reduced
soluble fraction, a larger potentially degradable structural
fraction, and a prolonged delay before degradation
becomes effective. These findings complement the in vitro
observations, showing that the lower overall degradability of
the formulated diet is not due to the absence of degradable
fractions, but rather to slower kinetics conditioned by its
structural characteristics.

Table 3: In situ digestibility of dry matter of a commercial diet and one
made with regional ingredients

Diet

Time Commercial Formulated P value SEM
0 48.14 19.91 <0.0001 6.34
2 53.2 22.34 <0.0001 6.92
4 51.81 23.15 <0.0001 6.44
8 53.42 25.76 0.0001 6.24
12 57.76 21.79 0.0001 8.11
18 65.28 22.46 0.0001 9.52
24 67.63 67.12 0.78 0.77
30 77.57 71.08 0.4431 3.71
36 74.89 70.29 0.0002 1.04
48 79.46 7244 <0.0001 1.58
72 835 77.58 0.0005 1.35
a 48.23 13.15 <0.0001 6.634
b 44.09 81.29 <0.0001 7.14
c 0.025 0.029 0.1638 0.001
k 0.36 2.75 <0.0001 0.464

a = rapidly soluble digestible fraction; b = slow or potentially digestible
fraction; c = rate at which b is digested; k = Lag time; SEM = standard error
of the mean.
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In vivo assay

The buffalo in both treatments began the experimental
period with equivalent live weights (231.7 kg; P = 0.9488),
confirming a homogeneous allocation of the animals (Table
4). After 60 days of evaluation, final live weight showed
no difference between diets (P = 0.2969), with an average
weight of 304.4 kg and an approximate total weight gain of
72.7 kg during the period. Daily dry matter intake was similar
between diets (P = 0.1145), indicating that the differences in
productive response were not explained by changes in total
feed intake.

Average daily gain (ADG) showed biologically relevant
responses favoring the formulated diet. Buffaloes fed the
formulated diet had a 30.4% higher ADG than those fed the
commercial diet (P =0.098), indicating a trend toward greater
daily growth with similar dry matter intake. This response was
reflected in more favorable feed utilization indicators with
the formulated diet.

Table 4: Productive variables of buffalo fed a commercial diet and a
formulated diet

Diet P

Variable Commercial Formulated value SEM
Initial live weight

(kg) 2314 232.0 0.9488 4.27
Final live weight

(ka) 294.8 314.0 0.2969 872
Dry matter intake

(kg d" 9.12 9.33 0.1145 0.07
Daily weight gain

(kgd™ 1.05 1.37 0.0986 0.09
Feed conversion

ratio 9.26 7.00 0.1609 0.79
Feed efficiency 0.12 0.14 0.1434 0.01

SEM = standard error of the mean

Feed conversion was 24.4% lower with the formulated
diet, and feed efficiency was 16.6% higher, although in both
cases the differences did not reach statistical significance (P
> 0.05). Even so, these numerical differences, along with the
trend in average daily gain (ADG), suggest efficient utilization
of the formulated ration in terms of weight gain per unit of
dry matter consumed.

Analysis of weekly dry matter intake provides additional
elements for interpreting these results (Table 5). In weeks 1,
2,6,and 7, no differences in dry matter intake were observed
(P > 0.05), although in week 2 a significant trend toward
higher dry matter intake was recorded in the group fed the
formulated diet (P =0.0527). In the intermediate phase of the
trial (weeks 3,4, and 5), dry matter intake with the formulated
diet was 6.62%, 4.92%, and 5.76% higher than that of the
commercial diet, with statistically significant differences in
each week (P = 0.0002, 0.0016, and 0.0095, respectively). In
weeks 8 and 9, the pattern reversed, with intakes 1.36% and
1.26% higher for the commercial diet (P =0.0351 and 0.0064).
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Table 5: Weekly dry matter intake of buffalo fed a commercial diet and
a formulated diet

Diet
Week Commercial Formulated P value SEM
1 7.77 8.04 0.3917 0.15
2 8.48 8.96 0.0527 0.13
3 8.76 9.34 0.0002 0.10
4 8.93 9.37 0.0016 0.08
5 8.86 9.37 0.0095 0.11
6 9.73 9.70 0.8683 0.10
7 10.38 10.36 0.9514 0.15
8 9.56 9.43 0.0351 0.03
9 9.52 9.40 0.0064 0.02

SEM = standard error of the mean

Taking together, these patterns indicate that the
formulated diet showed a slightly higher acceptance,
especially in the intermediate fattening phase, while towards
the end of the period the animals with commercial diets
marginally increased their consumption to approach a similar
productive performance.

The in vivo results, considered together with the in vitro
and in situ trials, show that the formulated diet, based on
regional ingredients and with a higher content of structural
fiber, sustained competitive and even biologically superior
daily growth rates to those observed with the commercial
diet, despite having lower ruminal degradability and gas
production in the invitro and in situ systems (Dixit et al., 2023;
Foster et al., 2023).

These results contrast with previous reports, such as
those by Herndndez-Sanchez et al. (2022), who recorded
lower average daily gain (ADG) (0.92 kg d™) in buffalo fed
a high-fiber diet (44% NDF) with regular crude protein (CP)
content (12%). Similarly, Borghese et al. (2010) documented
lower ADG values (0.86 kg d™') than in the present study in
buffalo fed a conventional diet based on conserved forage
(60.6% corn silage, 13.6% hay, and 25.8% concentrate).
Therefore, the results of this study suggest that the use of
appropriately formulated regional ingredients represents a
viable and efficient strategy for optimizing the productive
performance of buffalo under tropical conditions and in
resource-constrained systems.

CONCLUSION

In vitro, in situ, and in vivo trials together indicate that a diet
formulated with regional ingredients can sustain a productive
performance comparable to that of a commercial diet in
beef buffalo under tropical conditions, constituting a viable
nutritional alternative in systems with limited availability of
commercial concentrates.
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