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Simple Summary

In tropical regions, Cynodon dactylon is widely used in pastoral systems as a forage source.
The grass pasture quality can limit beef development and productivity, especially during
the dry season. This study evaluated whether the inclusion of coconut oil in a feed
supplement could improve productive performance. Different coconut oil concentrations
in a feed supplement were tested, and growth, feed intake, rumen fermentation, rumen
microorganisms, and gene expression were assessed. The results showed that coconut
oil at 200 g/kg supplemented in dry matter produced the best response by promoting
greater energy retention, animal growth, changes in the rumen environment associated
with more efficient feed use, a reduction in protozoa, and lower abundance of methanogenic
archaea. In addition, changes in blood cell gene expression suggested lower intracellular
signaling (cAMP-PKA-CREB) associated with a lower stress condition and better energy
metabolism regulation. Overall, these findings indicate that coconut oil may be a useful
dietary alternative for improving the productive efficiency of grazing calves in tropical
systems and contribute to more efficient livestock production.

Abstract

The effect of increasing levels of coconut oil (CO: 0, 100, 200, and 300 g/kg of supplement
DM) on productive performance, feed intake, rumen fermentation, microbiota, and gene
expression was evaluated in 24 calves (Bos indicus × Bos taurus; 180 ± 10 kg BW) on
rotational grazing (Cynodon dactylon) in a completely randomized design (n = 6) for 112 days.
Supplement intake (offer–refusal) and forage intake (external marker: chromium) were
measured. On day 112, rumen fluid (fermentation profile, protozoa, and metagenomic
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analysis: 16S rRNA V3-V4) and total blood (DNA microarray: M22k) were collected.
Genomic analyses were performed by comparing the control vs. the group with the best
productive response. For statistical analysis, SAS PROC GLM (initial weight as a covariate),
orthogonal polynomials, the Tukey test, and Spearman correlation were used, considering
significant effects (p ≤ 0.05) and trend (p ≤ 0.1). The inclusion of 200 g CO/kg supplement
DM showed the best average daily gain (p = 0.018; +0.139 kg/d) with the highest retained
energy (p = 0.02; +0.631 Mcal/d) versus the control group. In the rumen, propionate
increased (p ≤ 0.05), while protozoa decreased (p < 0.0001) and the methanogenic archaea
tended to decrease (Methanobacteriaceae −44%, p = 0.08; Thermoplasmatales −35%, p = 0.06).
At the transcriptional level, 19 hub genes were modulated by CO, suggesting a lower
intracellular signaling (cAMP-PKA-CREB) associated with a lower stress condition and
better energy metabolism regulation. In conclusion, 200 g CO/kg supplement DM is a
viable strategy for improving the productive performance of livestock in tropical systems.

Keywords: beef cattle; dietary supplements; forage; omics; rumen fermentation; vegetable oil

1. Introduction
Globally, environmental variations affect extensive grazing systems, compromising

the nutritional quality of pastures [1]. This limitation promotes the consumption of forages
with low digestibility and increases enteric methane (CH4) production [2]. Under these con-
ditions, strategic supplementation that modifies rumen fermentation profiles and provides
energy, protein, and other essential nutrients is an effective strategy when the quantity and
quality of forage are insufficient [3].

However, nutrient intake, daily weight gain, and feed conversion of grazing cattle is
conditioned by the interaction between supplementation, environmental conditions, and
the genetic potential of the animals [4]. This interaction directly influences productive
efficiency and the sustainability of the system [5,6]. Evaluating feeding strategies that
optimize nutrient utilization and improve fermentation is therefore fundamental in grazing
systems [7].

Formulating supplements with agricultural products available in each region is an
alternative method of meeting the nutritional requirements of livestock [8] and reducing
production cost per kg of weight gain [9]. In this context, Mexico is the world’s eighth
largest producer of coconut (Cocos nucifera L.), whose mature endosperm is a source of
oils with favorable physicochemical properties compared to other vegetable oils [10].
The inclusion of coconut oil (CO) in ruminant diets increases the energy density of the
ration and modifies ruminal fermentation characteristics without compromising animal
performance [3,11]. This characteristic is particularly relevant in grazing systems, where
enteric CH4 tends to increase under conditions of low forage quality, resulting in limited
animal productivity [12].

Coconut oil is composed of medium-chain fatty acids (MCFAs) such as lauric, myristic,
and palmitic acids, which, when interacting in the rumen environment, promote hydrogen
(H2) utilization, decrease the population of methanogenic protozoa and archaea, limit en-
teric CH4 production, and promote propionate biosynthesis [13,14]. These effects have been
documented in studies that included coconut oil in ruminant diets, observing reductions in
CH4 emissions of 27.8%, 19% and 21% at inclusion levels of 17.62 and 20 g CO/kg DM and
200 g/d, respectively, without compromising the productive efficiency [15,16].

Beyond its effects on ruminal fermentation, the chemical composition of coconut oil has
been transcriptionally associated with hepatoprotective properties in pigs [17], antioxidant
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activity in Zebrafish [18], anti-inflammatory activity in rats [19], and as a modulator of fatty
acid metabolism [20]. Although the use of omics facilitates the exploration of interactions
between productive response, ruminal microbiota, and gene expression under specific
nutritional conditions [21], there are no studies that report the interaction between coconut
oil and genes in ruminants. Based on those findings, this study aims to evaluate the
effect of increasing levels of coconut oil inclusion in an energy–protein supplement on
productive performance, consumption, ruminal fermentation, microbiota composition, and
differential gene expression in cattle under grazing conditions, establishing as a hypothesis
that increasing coconut oil supplementation is associated with a change in the efficiency of
energy utilization by the rumen microbiota, an increase in the expression of genes related
to fat metabolism, and an increase in the positive effect on the productive response of
grazing calves.

2. Materials and Methods
2.1. Study Location

The experimental phase was conducted at the facilities of “El 29” ranch, located on the
Cuajinicuilapa-San Nicolas Guerrero Road, Mexico (16◦29′03′′ north latitude and 98◦30′03′′

west longitude). The climate is warm sub-humid with summer rains, and the temperature
oscillates between 25 and 35 ◦C in summer [22].

2.2. Supplement Design and Additive Inclusion

An energy–protein supplement with increasing levels of coconut oil inclusion (CO: 0,
100, 200, and 300 g/kg DM) was designed for growing calves (Table 1).

Table 1. Ingredients and chemical composition of experimental supplements with increasing levels of
vegetable oils.

Ingredients (%)
Coconut Oil (g/kg of Supplement DM)

0 100 200 300

Ground corn 44.0 33.7 23.4 13.1
Soybean meal 37.0 37.0 37.0 37.0

Molasses 10.0 10.0 10.0 10.0
Urea 4.0 4.3 4.6 4.9

Mineral premix (Microfos-7®) 5.0 5.0 5.0 5.0
Coconut oil 0.0 10.0 20.0 30.0

Chemical composition (%)
Dry matter 89.04 89.25 89.46 89.67

Crude protein 28.90 28.94 28.98 29.02
Rumen DIP 78.58 79.82 81.06 82.30
Rumen UIP 21.42 20.18 18.94 17.70
Ether extract 2.10 11.16 20.22 29.27

NDF 11.63 10.40 9.16 7.93
ADF 21.65 21.65 21.65 21.65

ME, Mcal/kg 2.44 2.64 2.84 3.04
DM: dry matter; ME: metabolizable energy; DIP: rumen degradable protein; UIP: rumen undegraded protein;
NDF: neutral detergent fiber; ADF: acid detergent fiber. Microfos-7®: phosphorus (P): 7.0% min., calcium (Ca):
6.8% min., magnesium (Mg): 0.5% min., manganese (Mn): 1050 ppm min., zinc (Zn): 1976 ppm min., iron (Fe):
513 ppm min., copper (Cu): 1050 ppm min., iodine (I): 57 ppm min., cobalt (Co): 9.5 ppm min., selenium (Se):
7 ppm min.

The nutritional contribution of the supplements was adjusted to the calves’ live weight
nutritional requirements, based on the recommendations of the National Research Council
of Beef Cattle [23]. The fatty acid profile and physicochemical characteristics of the coconut
oil used (Icosa®, a crude, unbleached coconut oil) are reported in Table 2.
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Table 2. Fatty acid profile and physicochemical characteristics of coconut oil.

Fatty Acids, % Minimum Maximum

Lauric 41 56
Myristic 13 19
Palmitic 7.5 12

Oleic 3.5 11
Capric 4.5 9.5

Caprylic 5.5 9.5
Stearic 1 4

Linoleic 1 2.5
Caproic 0 1.2

Physicochemical characteristics—moisture and impurities: 0.30% Max.; iodine value: 7.5–11.0 g/100 g; saponi-
fication value: 248–265 mg KOH/g; density at 40 ◦C: 0.908–0.921 g/cm3; freezing point: 24–26 ◦C; flash point:
230–240 ◦C; viscosity: 49.7–68.5 mPa·s.

2.3. Animals, Adaptation Period, Evaluation, and Experimental Design

Figure 1 presents a schematic timeline of the experimental design. Twenty-four
male calves (Bos indicus × Bos taurus, 180 ± 10 kg live weight) were used in the study.
These animals were acquired from producers in Cuajinicuilapa, Guerrero, Mexico. Upon
arrival, they were hydrated, housed in a shaded area, and provided with hay (Digitaria
decumbens L.; Nutritional value DM: 8.1% CP, 1.99 Mcal ME/Kg, 71.4% NDF, 42.3% ADF,
2.2% EE, 11% Ash, 0.5% Ca and 0.26% P.) ad libitum. A spray bath was applied to control
ectoparasites (Bovitraz® 12.5%—Bayer Animal Health/Elanco, Mexico; 800 mL/250 L of
water), and received a single intramuscular multivitamin injection (Polivit®—Riverfarma,
Mexico, 10 mL/animal).

Figure 1. Experimental workflow, including the adaptation phase, supplementation period, animal
monitoring, final biological sampling, marker administration, and fecal sampling schedule.

Subsequently, the cattle were vaccinated (Biobac® 11-way—Bio Zoo S.A. de C.V.,
Zapopan, Mexico, 5 mL/animal subcutaneously) and dewormed (Iverfull®—Laboratorio
Aranda S.A. de C.V., Mexico, 0.2 mg/kg live weight subcutaneously). The adaptation
period, which included animal handling and adaptation to the coconut oil supplement,
lasted 26 days. At its conclusion, cattle were assigned to the experimental phase (112 days)
in a completely randomized design with four treatments: rotational grazing on Bermuda
grass (Cynodon dactylon L.; Nutritional value DM: 11.27% CP, 74.45% NDF, 43.07% ADF,
0.25% Ca, 0.33% P, 3.97% K, and 0.24% Mg) pastures (12 animals per hectare, irrigated
every 28 days) with increasing levels of coconut oil inclusion (0, 100, 200, and 300 g/kg
DM) in an energy–protein supplement. Animals were weighed on days 0, 28, 56, 84, and
112 to monitor weight change and adjust stocking rates. Average daily gain (ADG) was
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determined by measuring the difference between the final and initial weight and dividing
by the duration of the experiment. Feed conversion ratio (FCR) was calculated as the ratio
of total DM intake (supplement intake + total forage intake) to cumulative weight gain over
the same period. Supplement intake was determined by the difference between offered
and rejected during the experimental phase. Fecal production (FP, g/d) was calculated for
each calf to determine (dry matter basis) total forage intake [24].

On day 112 of the experiment (after sampling), chromium oxide (Cr2O3) as an external
marker was administered intraruminally as a single dose at 5 g/animal [25]. Fecal samples
were collected at 0, 24, 48, and 72 h after marker administration. Chromium concentration
in feces was quantified using inductively coupled plasma spectrophotometry with a 1:5 di-
lution (725-ES, VARIAN®—Agilent Technologies, Santa Clara, CA, USA) [26]. Chromium
concentration in fecal samples was modeled using quadratic regression as a function of
excretion time according to the following equation:

C(t) = b0 + b1t + b2t2

where C(t) represents the chromium concentration at time (t), b0 is the intercept, b1 is the
linear coefficient, and b2 is the quadratic coefficient. The time at which the maximum
concentration value is reached was determined using the expression:

t = (−1 ∗ b1)/(2 ∗ b2)

This value corresponds to the time at the vertex of the fitted parabola and was used to
determine the peak of fecal chromium excretion [24]. The fecal output was estimated from
the fecal chromium concentration at the peak of marker excretion. The DM digestibility (%)
was calculated using the following equation:

%DM digestibility =

(
DMIF − FP

DMIF

)
× 100

where % DM is the percentage of DM digestibility, DMIF is the DM intake of forage (kg/d),
and FP denotes fecal production (kg/d). The equation described by Zinn et al. [27] and
modified by Mendoza-Martinez et al. [28] was used to estimate retained energy.

2.4. Sampling and Variables to Be Evaluated

On day 112 of the experimental phase, 50 mL of rumen fluid was obtained using an
esophageal tube four hours postprandially. The first volume of fluid was discarded to
minimize saliva interference. The rumen fluid was filtered through a double layer of gauze.
The pH was measured (ORION® SA 210, Thermo Fisher Scientific, Waltham, MA, USA),
and the rumen filtrate was divided for the estimation of volatile fatty acids (VFAs; 10 mL
of rumen fluid + 2.5 mL of 25% metaphosphoric acid [29]), protozoan count (10 mL of
rumen fluid + 2.5 mL of 10% formaldehyde (Sigma-Aldrich®, St. Louis, MO, USA), and
metagenomic analysis of bacteria and archaea (10 mL of rumen fluid in triplicate). The first
two samples were stored under refrigeration at 4 ◦C. The sample for metagenomic analysis
was stored in a deep freezer at −80 ◦C until processing.

The determination of VFAs was performed in the Multipurpose Laboratory of the Univer-
sity Center of the Autonomous University of the State of Mexico-Amecameca, using the gas
chromatography technique described by Yoshinaga et al. [30]. A Perkin Elmer® Clarus 580 gas
chromatograph (Waltham, MA, USA) was used, with a 30 m × 0.25 mm × 0.25 µm capillary
column (Agilent Technologies®, Santa Clara, CA, USA, model HP-FFAP) and nitrogen as the
carrier gas.
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In the Molecular Ecology Laboratory of the Autonomous Metropolitan University,
Xochimilco Unit, direct protozoan counting was performed in a Neubauer chamber (Brand®

Bright Line, Wertheim, Germany) with an optical microscope CX23 (Olympus® Corporation,
Tokyo, Japan) at 10× magnification using the following equation:

#Protozoa/mL =
(NPC)(VCF )

(AC, mm2)(DF)

where NPC denotes the number of protozoa counted, VCF is the volume conversion
factor (10,000), AC is the area counted: 4 mm2 (1 mm2/quadrant), and DF is the dilution
factor (1.25).

2.5. Selection Criteria for the Optimal Level of Supplementation for Molecular Analysis

The group of animals supplemented with 200 g CO/kg of supplement DM was
selected for metagenomic analysis and differential gene expression based on the optimal
productive response, digestibility, and ruminal fermentation observed. This level optimized
daily weight gain, retained energy, and propionate production compared to the inclusion
of 100 g CO/kg of supplement DM and did not show the detrimental effects observed
with the higher coconut oil inclusion. This design facilitated an exploratory comparison
between the control and the treatment associated with the optimal productive response,
rather than a complete dose–response microbiome analysis across all coconut oil inclusion
levels for the identification of the hub genes and microbiological modulation that underlie
these benefits, avoiding interference from less efficient responses.

2.6. Metagenomic Analysis of the Rumen Microbial Community
2.6.1. Obtaining and Quantifying DNA

Metagenomic DNA (ZymoBIOMICS® kit, Catalog #D4300, Zymo Research, Irvine,
CA, USA) was extracted from rumen fluid of the experimental groups (four samples per
treatment; 0 and 200 g CO/kg of supplement DM). The concentration obtained (between
31 and 51 ng/µL) and its purity (A260/280 between 1.88 and 1.93; A260/230 between 0.88
and 1.61) were determined using a NanoDrop 1000 (Thermo Fisher Scientific, Waltham,
MA, USA) [31]. A total of 25 µL aliquots of each DNA sample were sent to ZymoBIOMICS®

(Zymo Research, Irvine, CA, USA) for sequencing using the Illumina® MiSeqTM platform
(Illumina Inc., San Diego, CA, USA) and analysis by the company’s sequencing service.

2.6.2. Partial Sequencing of the 16S RNA Gene

The analysis was performed using the Quick-16STM NGS library preparation kit (Zymo
Research, Irvine, CA, USA). The V3-V4 region of this gene was amplified using specific
primers designed by Zymo Research.

2.6.3. Microbiome Analysis

Amplicons with unique sequence variants (ASVs) were inferred from raw reads using
the Divisive Amplicon Denoising Algorithm 2 workflow (DADA2 version 1.36.0) [30], which
also served to remove chimeric sequences. Taxonomic assignment was performed using
Uclust from Qiime v.1.9.1 [32], with a Zymo Research database as a reference. Community
composition and alpha diversity index were also performed using Qiime. Beta diversity
was evaluated using a distance matrix generated from the rumen microbial community data.
Principal coordinate analysis (PCoA) was used to visualize differences in microbial commu-
nity structure between the control group and the group supplemented with 200 g CO/kg
of supplement DM [33]. Differences in beta diversity between treatments were tested using
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permutational multivariate analysis of variance (PERMANOVA) with 999 permutations [34].
The first two principal coordinate axes were used for graphical representation.

2.7. Gene Expression Analysis
2.7.1. Sampling

On experimental day 112, the blood sample (n = 6 per experimental group) was
collected by jugular vein puncture with a syringe (without hemolyzing). Immediately,
500 µL of total blood was added to a 2 mL microtube containing 1 mL of Trizol® (Catalog:
15596026, Thermo Fisher Scientific, Waltham, MA, USA). The tubes containing the samples
were homogenized by inversion (7 times) and placed in liquid nitrogen, which was used
as a medium for transport to the laboratory where they were stored under ultra-freezing
conditions (−70 ◦C) until total RNA extraction.

2.7.2. RNA Extraction and Differential Gene Expression Analysis

RNA extraction and evaluation were performed following the recommendations of
Díaz-Galván et al. [35]. The RNA treated with DNase was run on a 1% agarose gel to
evaluate the integrity of the 28S and 18S ribosomal units. The concentration (ng/µL)
and quality (A260-280 ratio) of the RNA were measured with a NanoDrop 1000. From
the RNA extracted from each experimental unit of the control group and 200 g CO/Kg
of supplement DM treatment, two pools of 30,000 ng each were obtained. For trans-
port, each pool was precipitated with one-tenth of the volume of 3M sodium acetate
followed by 2.5 volumes of cold absolute ethanol. After 24 h of storage at −70 ◦C, the
pools were centrifuged at 13,000× g for 15 min. Analyses were conducted at the Mi-
croarray Unit of the Institute of Physiology at the National Autonomous University of
Mexico. Transcriptome analysis was performed using a heterologous mouse microar-
ray chip (M22K) with 23,231 applications. ScanArray 400 software (Packard BioChip
Technologies, Billerica, MA, USA) was used for microarray reading and quantifica-
tion, and genArise software (version 1.50.0) was used to identify genes differentially
expressed as a standardized fold-change approach (Z-score ≥ 1.5) by adding coconut oil
after a background correction, loess normalization, intensity filter, and replicate filtering
(https://bioconductor.org/packages//2.10/bioc/html/genArise.html, accessed on 9 April
2026). The total number of differentially up- and down-expressed genes was analyzed using
the DAVID bioinformatics tool (Database for Annotation, Visualization and Integrated
Discovery (version 2021, https://davidbioinformatics.nih.gov/list.jsp, accessed on 9 April
2026) to enrich biological processes modulated by the inclusion of coconut oil using an
EASE value ≤ 0.05.

2.7.3. Construction of a Functional Enrichment Network

Cytoscape software (version 3.10.3) was used to predict the integration pattern be-
tween differentially expressed genes (upregulation and downregulation). This process was
enriched with the Search Tool for the Retrieval of Interacting Gene/Proteins (STRING)
database (version 12.0, https://string-db.org, accessed on 9 April 2026). The following
conditions were used: string protein, Bos indicus, confidence score cutoff of 0.07, and maxi-
mum additional interactors of 50. The Molecular Complex Detection (Mcode) extension
(excluding Loops) was used with a cutoff point (K-core) of two or more and a maximum
depth of 100 to identify the genes with the greatest interaction (hub genes).

2.8. Statistical Analysis

The data for the evaluated variables were analyzed in a completely randomized
design using the SAS OnDemand for Academics statistical package (version 9.4, https:
//welcome.oda.sas.com/, accessed on 9 April 2026) [36]. Data normality was assessed
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using Proc Univariate Normal, and ANOVA was conducted using PROC GLM. Productive
performance, digestibility, and energy retention variables, except for ruminal variables,
were adjusted using initial weight as a covariate; means were therefore reported as Lsmeans.
The response of the dependent variables to increased coconut oil content was evaluated
(p ≤ 0.05) using orthogonal polynomials and the Tukey test, and the relationships among
productive, fermentative, protozoal, and microbial variables were evaluated using Spear-
man’s rank correlation coefficient. Subsequently, a correlation heatmap was generated in
R version 4.3.3 to visualize the direction and magnitude of the associations among variables.
Only significant correlations were considered for interpretation (p ≤ 0.05).

One-way ANOVA (p ≤ 0.05) was used to compare the means of the Chao, Shannon,
and Simpson indices for alpha diversity. The non-parametric Kruskal–Wallis test (p ≤ 0.05)
was used to assess relative microbial abundance.

3. Results
All Spearman correlation coefficients (r) and associated p-values (p ≤ 0.05) included in

the Heatmap are provided in Supplementary Figure S1.

3.1. Productive Performance

Table 3 presents the changes in the productive performance of grazing cattle supple-
mented with increasing coconut oil levels. The inclusion of 200 g CO/kg of supplement
DM (quadratic effect, p = 0.025) achieved the maximum final weight, which increased by
4.4% compared with the control, representing an additional weight gain of 130 g/d, and
the greatest ADG. With the inclusion of 300 g CO/kg of supplement DM, the final weight
and ADG decreased by 2.94% and 10.19%, respectively, compared with the values at the
200 g CO/kg of supplement DM level.

Table 3. Lsmeans for productive performance, digestibility, and retained energy in grazing cattle
supplemented with increasing coconut oil levels.

Variable
Coconut Oil (g/kg of Supplement DM)

SEM P-Lin P-Quad
0 100 200 300

Final weight (kg) 245.69 253.34 256.51 248.96 3.098 0.366 0.025
Daily weight gain (kg) 0.753 0.845 0.883 0.793 0.037 0.361 0.025
Total intake (kg DM/d) 7.139 b 7.268 b 8.673 a 8.488 a 0.279 <0.001 0.562

Forage intake (kg DM/d) 6.745 b 6.769 b 8.305 a 8.218 a 0.294 <0.001 0.851
Supplement intake (kg DM/d) 0.393 ab 0.494 a 0.367 ab 0.273 b 0.044 0.024 0.041

Ether extract (% DM intake) 2.670 b 3.308 a 3.421 a 3.494 a 0.085 <0.001 0.004
Feed conversion ratio 9.746 8.703 10.062 10.817 0.596 0.107 0.151
DM digestibility (%) 61.903 ab 61.238 b 62.403 a 62.793 a 0.292 0.009 0.088

Retained energy (Mcal/d) 3.251 3.668 3.882 3.414 0.177 0.392 0.022

DM: dry matter; SEM: standard error of the mean; P-Lin: linear effect; P-Quad: quadratic effect; a,b means within
a row with different superscripts differ (p ≤ 0.05).

With regard to DMI, daily forage consumption increased linearly (p < 0.001). Accord-
ingly, the addition of coconut oil showed a positive correlation with forage DMI (r = 0.87;
p = 0.0002). By contrast, supplement intake showed a quadratic effect (+25.7%) in the
group supplemented with 100 g CO/kg of supplement DM compared with the control
group. Starting at 200 g CO/kg of supplement DM, supplement intake decreased below
the values observed in the control group. Supplement DMI was positively associated
with initial weight (r = 0.62; p = 0.031, Supplemental Figure S1) and final weight (r = 0.59;
p = 0.041). Additionally, the Tukey test showed two response groups (p ≤ 0.05): the first
had lower but equal total DM and forage intake between control group and 100 g CO/kg of
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supplement DM, while in the second, intake was promoted by CO (200 and 300 g CO/kg
of supplement DM) with the same level of response. This effect contrasts with supplement
intake, where the inclusion of 100 and 300 g CO/kg of supplement DM showed the greatest
and least effect, respectively. Regarding DM digestibility, this increased with 200 g CO/kg
of supplement DM. FCR showed no differences between treatments (p > 0.05). However, it
showed a negative correlation with ADG (r = −0.63; p = 0.027) and with retained energy
(r = −0.63; p = 0.027). Consistently, ADG was positively correlated with final weight
(r = 0.87; p = 0.0002).

DM digestibility increased linearly until 300 g CO/kg of supplement DM (p = 0.009).
However, it showed a negative correlation with supplement DMI (r = −0.82; p = 0.0011),
suggesting that the highest digestibility values occurred when the supplement intake was
lower, consistent with a palatability/intake limitation and a greater contribution of the
forage to the total digestibility.

Retained energy, as an indicator of energy balance, was higher with supplementation
at 200 g CO/kg of supplement DM (quadratic effect, p = 0.002), representing an increase of
0.631 Mcal/d compared with the control. The coconut oil dose was positively correlated
with retained energy (r = 0.58; p = 0.048) and with daily weight gain (r = 0.63; p = 0.027)
indicating that, within the evaluated range, increasing coconut oil inclusion favored the
productive response up to the optimal level of 200 g CO/kg of supplement DM.

3.2. Fermentative Characteristics of the Rumen Microbiota

At the rumen level, coconut oil maintained a higher ruminal pH compared with the
control, with the best response observed with the inclusion of 100 g CO/kg of supplement
DM (Table 4, p ≤ 0.05). Furthermore, pH was negatively associated with the relative
abundance of methanogenic families such as Thermoplasmatales (r = −0.64; p = 0.026)
and Methanobacteriaceae (r = −0.60; p = 0.041), which could indicate that, with greater
alkalinization of the rumen medium, the relative abundance of archaea was reduced.
The total protozoan population was reduced (p ≤ 0.05) via the inclusion of coconut oil.
This effect, compared with the control, is explained by the decrease in holotrich protozoa
(p = 0.004), whose population was reduced by 53.24% with the inclusion of 200 g CO/kg
of supplement DM. By contrast, entodiniomorphs protozoa showed a quadratic effect
(p = 0.003), with a decrease of 23.44% with the inclusion of 200 g CO/kg of supplement
DM compared to 100 g CO/kg of supplement DM. Although the Tukey test shows similar
effects between the control group and the inclusion of 100 and 200 g CO/kg of supplement
DM, the greatest defaunation effect was observed with 300 g/kg of supplement DM. The
total protozoan population was correlated with entodiniomorphs (r = 0.95; p < 0.00001) and
with holotrichs (r = 0.62; p = 0.033) because both groups comprise much of the protozoan
load. Consistently, the coconut oil dose was negatively associated with holotrichs (r = −0.82;
p = 0.00023) and with total protozoa (r = −0.53; p = 0.07), while forage DMI was negatively
correlated with the holotrich population (r = −0.77; p = 0.0031) and with total protozoa
(r = −0.52; p = 0.071). These effects indicate that coconut oil supplementation reduces the
protozoan population, which favored higher forage consumption.

The absolute concentration of VFAs did not show significant differences between
treatments (Table 4; p > 0.05). However, total VFAs were negatively associated with the
butyrate ratio (r = –0.73; p = 0.007), while they showed a tendency to correlate positively
with acetate (r = 0.51; p = 0.090). Regarding percentage representation, the inclusion of
coconut oil (100, 200, and 300 g CO/kg of supplement DM) reduced the molar ratio of
acetate (Linear effect, p = 0.04) and increased that of propionate (Linear effect, p = 0.03)
compared with the control group, with no effect on the butyrate ratio (p > 0.05). The
proportion of acetate was negatively correlated with propionate (r = –0.90; p < 0.00001) and
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butyrate (r = –0.51; p = 0.091). This proves that coconut oil at 200 g optimizes the rumen
environment without being “biocidal” to the total fermentative capacity.

Table 4. Ruminal pH, protozoan count, and volatile fatty acids in grazing calves supplemented with
coconut oil.

Variable
Coconut Oil (g/kg of Supplement DM)

SEM P-Lin P-Quad
0 100 200 300

pH 6.04 b 6.38 a 6.16 ab 6.13 ab 0.084 0.965 0.033
Protozoa (Cells × 105/mL)

Total 1.96 bc 1.97 a 1.35 ab 0.87 b 0.156 <0.001 0.128
Holotrichs 0.77 a 0.69 a 0.37 b 0.54 ab 0.071 0.004 0.100

Entodiniomorphs 1.19 a 1.28 a 0.99 a 0.33 b 0.107 <0.001 0.003
Volatile fatty acid (Production in mmol/L)

Acetic 44.27 48.34 46.26 45.08 1.664 0.963 0.13
Propionic 20.06 19.95 20.67 20.67 0.674 0.408 0.939

Butyric 12.66 12.53 12.49 12.3 0.209 0.247 0.887
Total 76.99 80.82 79.42 78.04 2.285 0.864 0.268

Volatile fatty acid, percentage representation (%)
Acetic 52.78 50.40 49.48 49.12 1.083 0.023 0.361

Propionic 33.16 b 34.69 ab 36.56 ab 37.12 a 1.002 0.003 0.636
Butyric 14.06 14.92 13.96 13.76 0.770 0.593 0.499

SEM: standard error of the mean, P-Lin: linear effect, P-Quad: quadratic effect; a,b,c means within a row with
different superscripts differ (p ≤ 0.05).

3.3. Metagenomic Analysis
3.3.1. Sequence Processing and Alpha Diversity

After quality filtering, the control group without coconut oil supplementation
(0 g CO/kg of supplement DM) yielded a higher number of raw reads than the group
supplemented with 200 g CO/kg DM (200,618 ± 34,247 vs. 152,528 ± 29,797, respectively).
This pattern was maintained throughout the sequence-processing stages. The number of
amplicon sequence variants (ASVs) was higher in the control group than in the group with
200 g CO/kg of supplement DM (68,321 ± 12,286 vs. 52,261 ± 9953), as were the number
of chimera-free sequences (65,952 ± 11,906 vs. 50,691 ± 9296) and high-quality sequences
retained for downstream analysis (60,298 ± 11,270 vs. 46,853 ± 8998).

The diversity analysis and taxonomic assignment were normalized to 20,000 sequences
per sample. The Chao and Shannon indices decreased (p ≤ 0.05) 31.2 and 6.6%, respectively,
at the inclusion level of 200 g CO/kg of supplement DM compared with the control group
(Table 5). This effect indicates that microbial richness and diversity in the rumen were
markedly reduced, suggesting a more specialized community. In contrast, the Simpson
diversity index showed no differences between treatments (p > 0.05), suggesting that the
overall diversity of the rumen microbial community structure was not markedly modified
via coconut oil supplementation.

Table 5. Alpha diversity indices in the microbiota of grazing calves supplemented with coconut oil.

Indexes

Coconut Oil
(g/kg of Supplement DM) SEM p-Value

0 200

Chao 1430.1 983.9 122.73 0.042
Shannon 9.57 8.94 1.16 0.037

Simpson diversity index (1 − D) 0.997 0.995 0.001 0.107
SEM: standard error of the mean (p ≤ 0.05).
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3.3.2. Taxonomic Assignments

Forty-two bacterial families and two methanogenic archaeal families were identified.
Bacterial families with a relative abundance ≤ 0.05% were grouped as “other” (Table 6). The
inclusion of 200 g CO/kg of supplement DM tended to reduce the relative abundance of
Methanobacteriaceae by 44% (p = 0.08) and Thermoplasmatales by 35% (p = 0.06) compared with
the control. At the bacterial level, the unclassified Bacteroidales order increased by 23.8%
(p = 0.04), while Prevotellaceae tended to decrease by 14% compared with the control group
(p = 0.10). The Ruminococcaceae and Lachnospiraceae families decreased by 19.5% (p = 0.06)
and 15% (p = 0.04), respectively, compared with the control group, while Fibrobacteraceae
and Spirochaetaceae increased by 122% (p = 0.007) and 80.9% (p = 0.07), respectively.

Table 6. Relative abundance of rumen microbiota in grazing calves supplemented with coconut oil.

Family or Order (%)
Coconut Oil

(g/kg of Supplement DM) SEM p-Value
0 200

Prevotellaceae 37.07 31.88 0.019 0.103
Unclassified Bacteroidales order 17.45 21.61 0.011 0.043

Rikenellaceae 7.83 7.67 0.008 0.890
Lentisphaerae 5.53 5.96 0.006 0.638

Ruminococcaceae 5.33 4.29 0.003 0.057
Lachnospiraceae 4.40 3.74 0.002 0.036

Christensenellaceae 3.28 2.83 0.002 0.230
Fibrobacteraceae 3.25 7.23 0.007 0.007

Unclassified Gastranaerophilales 1.61 1.34 0.002 0.264
Erysipelotrichaceae 1.49 1.38 0.002 0.719

Veillonellaceae 1.12 1.07 0.001 0.713
Victivallaceae 1.00 0.82 0.001 0.302

Coriobacteriaceae 0.98 0.61 0.002 0.246
Succinivibrionaceae 0.94 0.79 0.002 0.682

Spirochaetaceae 0.89 1.61 0.002 0.069
Rhodospirillaceae 0.88 0.89 0.002 0.979

Unclassified Thermoplasmatales 0.63 0.41 0.001 0.061
Methanobacteriaceae 0.59 0.33 0.001 0.080
Anaeroplasmataceae 0.59 0.85 0.002 0.278

Bacteroidaceae 0.58 0.46 0.001 0.394
Unclassified Other taxa 4.23 4.03 0.002 0.492

SEM: standard error of the mean. Values represent relative abundance (%) obtained from 16S rRNA amplicon
sequencing. Taxa not assigned at the family level are indicated as unclassified family. The category “Unclassified
Other taxa” includes low-abundance or non-assigned taxa not classified within the listed families.

Strong positive correlations (r > 0.85; p < 0.001, Figure 2) were observed between
Fibrobacteraceae, Spirochaetaceae and unclassified Bacteroidales, suggesting that coconut oil
promotes a specific niche of Gram-negative fibrolytic specialists. Additionally, the same
correlation (r = 0.90; p < 0.001) was observed between Ruminococcaceae, Lachnospiraceae,
and Prevotellaceae. Methanobacteriaceae archaea also showed close associations (r > 0.80;
p < 0.01) with major bacterial groups like Ruminococcaceae and Lachnospiraceae and with a
lower correlation (r > 0.60; p < 0.05) with unclassified Bacteroidales and Prevotellaceae. These
correlations indicate that the combined decline in Methanobacteriaceae, Thermoplasmatales,
and Clostridiales may be a secondary effect caused by the loss of their hydrogen-producing
bacterial partners (Ruminococcaceae and Lachnospiraceae) which in turn promoted an increase
in alternative consortia dominated by Fibrobacteraceae and Spirochaetaceae. The 122% ex-
pansion of Fibrobacteraceae likely compensated for the decline in other cellulolytic groups,
maintaining forage degradability while simultaneously reducing the methanogenic archaea
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population. This microbial ‘reshaping’ explains how 200 g CO/kg of supplement DM can
improve energetic efficiency without compromising fiber intake.

Figure 2. Principal coordinate analysis (PCoA) of beta diversity in the rumen microbiota of grazing
calves supplemented with coconut oil. The first two axes explained 19.06% and 14.93% of the
total variation, respectively. Although partial visual separation was observed between treatments,
PERMANOVA did not detect a significant difference in overall community structure (F = 1.07,
R2 = 0.151, p = 0.187). CO: coconut oil; DM: dry matter basis.

3.3.3. Beta Diversity

Beta diversity analysis (Figure 2) showed partial visual separation between the control
group and the group supplemented with 200 g CO/kg supplement DM in the PCoA plot.
The first two axes explained 19.06% and 14.93% of the total variation, respectively. How-
ever, PERMANOVA did not detect significant differences in overall microbial community
structure between treatments (F = 1.07, R2 = 0.151, p = 0.187). Coconut oil supplementation
at 200 g/kg supplement DM therefore did not produce a statistically significant global shift
in rumen microbial community structure.

3.4. Gene Expression

Microarray analysis compared the total blood transcriptome of calves supplemented
with 200 g CO/kg of supplement DM versus the control calves. The results show 2562 dif-
ferentially expressed genes (DEGs) out of a total of 22,000 transcripts evaluated with a
Z-score ≥ 1.5 (up and down). This finding means that coconut oil modified the expression
of 11.64% of the evaluated transcripts; of these, 1420 genes showed downregulation and
1142 genes showed upregulation compared with the control group.

Functional Enrichment Network

STRING enrichment analysis of DEGs (up- and downregulation) in calves that were
fed 200 g CO/kg of supplement DM identified 622 DEGs, of which 507 were associated
with at least one biological process. Cluster analysis with the Mcode extension identified
19 hub genes (Figure 3) that concentrate 69 interactions, indicating the presence of central
regulatory nodes within this network.
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Figure 3. Hub gene interactome of the effect of coconut oil supplementation on grazing calves. Lines
indicate functional interactions among genes. Nodes represent hub genes and they are color-coded
by KEGG pathway: sky blue, adrenergic signaling in cardiomyocytes; dark blue, cortisol synthesis
and secretion; light green, cholinergic synapse; dark green, dilated cardiomyopathy; and pink, insulin
secretion). Enrichment was performed using the STRING database.

The functional enrichment network was constructed using Gene Ontology and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathways. The main hub
genes included PRKACA/PRKACB, ADCY1/2/6/7/9, CACNA1C, CACNA1D, CACNA2D1,
CACNA1S, CACNB1, AKT3, CREB1, MC2R, MRAP, PIP5K1C, and SYNJ3, whose expression
values were used to construct the interactome (Figure 3), and to identify the effect of coconut
oil on a cAMP depending on pathway. Among the most significant pathways enriched by
hub genes in blood cells are adrenergic signaling in cardiomyocytes (map04261), cortisol
synthesis and secretion (map04927), cholinergic synapse (map04725), cardiomyocyte dila-
tion (map05414), and insulin secretion (map04911). Cardiomyocyte signaling is a proxy for
general Calcium/cAMP signaling in the blood cells.

Taken together, the results indicate that supplementation with 200 g CO/kg of supple-
ment DM is associated with coordinated gene expressions in pathways linked to cAMP-
PKA-CREB signaling, metabolic adaptation to stress response (hypothalamic–pituitary–
adrenal axis), and glucose and insulin homeostasis, providing a framework for interpreting
the higher average daily gain and metabolic changes observed in grazing calves supple-
mented with the vegetable oil.

4. Discussion
4.1. Productive Performance

Efficient ruminant growth depends on an adequate energy–protein supply in the diet,
which optimizes anabolic processes and body development [37]. CO is a concentrated
source of energy, rich in saturated (92%), monounsaturated (6.2%), and polyunsaturated
(1.6%) fatty acids [38], which can improve energy balance and efficient use of nutrients
when it is included in ruminant diets [39]. In this context, coconut oil supplementation
in this study was associated with increased energy retention and improved productive
performance at an intermediate dose (200 g CO/kg of supplement DM), which is consistent
with the idea that moderate levels of dietary lipids promote muscle anabolism and tissue
deposition [40]. This response is likely mediated by the bacterial lipolysis of coconut oil
in the rumen, which releases glycerol and promotes the synthesis of propionate, the main

https://doi.org/10.3390/ruminants6020044

https://doi.org/10.3390/ruminants6020044


Ruminants 2026, 6, 44 14 of 27

gluconeogenic precursor in ruminants [41,42], by increasing the availability of net energy
for growth.

The impact of vegetable oils on feed intake and weight gain depends on the type of
livestock, the lipid source, and the dosage used [43]. In this study, intermediate inclusion
of coconut oil maximized retained energy and was associated with a better productive
response, whereas a higher dose did not generate additional benefits in gain or efficiency
even though all treatments met the livestock’s nutritional requirements [23]. This pattern
coincides with that described by Shi et al. [37], who reported that the inclusion of high
levels of coconut oil (8 g/d) in kids reduced DMI and daily weight gain. Taken together,
these findings indicate a nonlinear response to lipid inclusion, where increases above the
optimum level can modify digestibility without necessarily translating into improvements
in productive performance [44].

Under the conditions of this experiment, the increase in DMI was determined by
greater forage consumption, but not that of the supplement. The association between
FCR, forage intake, and rumen protozoan dynamics indicates that supplementation acted
simultaneously on intake and the microbial ecosystem [45]. Ibrahim et al. [46] note that
vegetable oils can improve intake by modifying the physical characteristics of the feed and
its palatability. However, Machmüller and Kreuzer [47] described how a high proportion of
coconut oil (7%) in sheep ration reduced DMI due to a negative effect on feed palatability.
In this study, the reduced consumption of the supplement could be explained by the high
concentration of coconut oil in its formulation with 30% (300 g CO/kg of supplement
DM) and by the way in which it was offered because the animals were grazing and the
supplement was provided separately, which affected its acceptance.

The positive correlation between forage intake and dry matter digestibility is consistent
with the fact that a higher supply of fermentable fiber favored microbial activity in the
rumen and overall diet digestion [48]. Although FCR was similar between treatments,
a negative correlation was identified with ADG and retained energy. This behavior is
consistent with the increase in retained energy observed in the faster-growing animals with
the intermediate inclusion of coconut oil.

The linear increase in DM digestibility, with higher values at the higher CO dose,
could be interpreted contradictorily given the lower productive response at that level.
Digestibility describes the fraction of feed that is broken down and absorbed, without
providing information about its metabolic fate [46]. In high-lipid inclusion scenarios,
rumen microorganisms reduce de novo lipogenesis and preferentially use preformed fatty
acids for phospholipid synthesis and fat storage [49]. Furthermore, when the duodenal
flow of saturated fatty acids, such as stearic acid, is high, their intestinal digestibility can
be compromised [50], decreasing their net energy value. Enhanced total tract digestibility
therefore does not necessarily imply an equivalent increase in metabolizable energy or
net energy for gain when there are limitations in lipid digestion or absorption, or in their
utilization efficiency [23]. This set of processes helps explain why an additional increase in
apparent DM digestibility at the highest dose did not result in greater weight gain. The
calves might be digesting fat, but they are not converting it into muscle; it is possible the
animal uses it for maintenance or it is lost as heat rather than being used for ADG.

The results of this study are consistent with those reported by Lebedev et al. [51], who
observed that a higher degree of lipid saturation increases amylolytic and lipolytic activity
but reduces proteolytic activity in young cattle supplemented with vegetable fats, thus
improving digestibility without guaranteeing an improvement in productive efficiency.
Similarly, in this experiment, retained energy reached its maximum with the intermediate
inclusion of coconut oil and decreased with increasing dosage despite the linear increase in
DM digestibility. This dissociation between apparent digestibility and productive response
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is also consistent with evidence that increasing the saturation of supplemented fat reduces
post-ruminal fatty acid digestibility, primarily affecting saturated fatty acids and decreasing
the energy available for weight gain [52]. Additionally, reviews on fat supplementation
documents that, even when intake and digestibility can be maintained or improved, lipid
inclusion alters fermentation and rumen ecology, whose effects limit the efficiency of energy
conversion to tissue [53]. Furthermore, in calves, the use of coconut oil as a fat source has
been associated with changes in fermentation profile and rumen microbiota composition,
confirming that the lipid source not only provides energy but also modifies the metabolic
environment that determines the portioning of nutrients [54]. Overall, an excess of free
fatty acids can interfere with lipolysis dynamics and subsequent stages of digestion and
absorption, reducing the net energy value of the lipid fraction [54]. The above findings
support the point that the greatest productive response and efficiency are achieved at a
moderate dose and not at the highest levels of coconut oil inclusion.

4.2. Fermentative Characteristics of the Rumen Microbiome

Coconut oil supplementation consistently modified the rumen fermentation environ-
ment in grazing calves. In our study, the negative association between pH and relative
abundances of acidogenic and methanogenic microbial groups, such as Bacteroidales, Pre-
votellaceae, Methanobacteriaceae, and Thermoplasmatales versus the control group, suggests
the following: (a) with coconut oil, rumen acidification was attenuated, as medium-chain
fatty acids reduce the availability of hydrolysable glucose, limit lactic acid production,
and promote pH stability [55]; (b) medium chain fatty acids like lauric acid from coconut
oil redirected fermentation toward a less acidifying profile with a lower demand for hy-
drogens for methanogenesis. In a dual independent effect, it is not the pH that decreases
methanogens, but the inclusion of coconut oil.

The marked decrease in protozoan counts supports an antiprotozoal effect of coconut
oil, which is consistent with the findings reported by Nguyen and Hegarty [15] and
Majewska et al. [29]. The observed response suggests a partial defaunation dominated
by a reduction in holotrich and entodiniomorph protozoa, which are groups linked to the
utilization of rapid fermentable carbohydrates through the capture of soluble substrate
and transient energy storage in the form of polysaccharides. According to Van Soest [56],
the availability of readily fermentable substrates and the ability of protozoa to synthesize
and mobilize reserve polysaccharides determine their access to these substrates and their
viability, triggering an adjustment of the microbial ecosystem. In this sense, even though
the defaunating effect of CO increased the availability of starch, the pH increased, which
could suggest a lower activity of amylolytic bacterial families (lactic acid producers) like
Ruminococcaceae and Lachnospiraceae.

The reduction in protozoa is often accompanied by changes in the fermentation pat-
tern, with lower proportions of acetate and methane emissions, and a shift in hydrogen
toward propionate formation as an alternative hydrogen sink promoting energy efficiency
improves [7,11,57]. As observed in this study, the inverse relationship between acetate and
other fatty acids, along with the correlation between total VFAs and butyrate (which re-
mained stable), is indicative of a fermentative shift toward more energy-efficient molecules.
In ruminants, propionate is the main gluconeogenic precursor, and its increase is associated
with better utilization of metabolizable energy [58] and improved productive performance.

The patterns observed in pH, protozoan population, and VFA profile are consistent
with the findings of Nguyen and Hegarty [15], who documented that Brahman calves
fed a high-fiber ration with coconut oil (70% oat straw and 4.5% coconut oil) showed
significant defaunation, accompanied by a more stable pH. Similarly, the VFA results in
our study are comparable to those described by Jordan et al. [59] in Bos indicus × Bos
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taurus heifers supplemented with coconut oil (70 g/kg DM), where propionate increased
along with a decrease in the total protozoan count. Collectively, the evidence indicates that
coconut oil acts as a modulator of the rumen ecosystem, exhibiting antiprotozoal effects
and causing adjustments in bacterial structure and changes in the VFA profile that favor
a more efficient fermentative environment. These results could be associated with lower
methanogenic potential.

4.3. Taxonomic Composition and Microbial Consortia

The inclusion of 200 g CO/kg of supplement DM reconfigured the rumen microbiome
structure, particularly in consortia associated with hydrogen utilization and methano-
genesis. The reduction in Methanobacteriaceae indicates attenuated hydrogen flux to the
hydrogenotrophic pathway of methane synthesis, suggesting that coconut oil could have
an anti-methanogenic effect. This behavior is consistent with the observed relation-
ship between Methanobacteriaceae, Thermoplasmatales, and fibrolytic families such as Ru-
minococcaceae and Lachnospiraceae, reflecting the existence of functional consortia where
hydrogen-producing bacteria and methanogenic archaea share microhabitats and metabolic
fluxes [60].

The simultaneous decrease in Methanobacteriaceae and Thermoplasmatales at doses of
200 g CO/kg of supplement DM indicates that lipid supplementation interrupted the
transfer of H2 to formate by reducing the activity of lipid-sensitive microorganisms and
decreasing their metabolic activity, probably due to the detergent action of lauric acid
on microbial membranes [61] and by the disruption of the archaea–protozoa association,
considering that the protozoa population was also reduced in this study [7].

Under grazing conditions, such as those in this study, bacteria with cellulolytic ca-
pacity tend to predominate [62]. The presence of Ruminococcaceae, Lachnospiraceae, Fi-
brobacteraceae, and Spirochaetaceae, which are all involved in the degradation of structural
polysaccharides [63], was also noted. However, the response of these families to coconut
oil was not uniform: Ruminococcaceae and Lachnospiraceae (Gram-positive bacteria) tended
to decrease, whereas Fibrobacteraceae and Spirochaetaceae (Gram-negative bacteria) increased
markedly. This is explained by the fact that coconut oil is rich in lauric acid (C12:0), which
is highly toxic to Gram-positive bacteria but usually spares Gram-negative bacteria. The
positive associations between Fibrobacteraceae, Spirochaetaceae, and Bacteroidales suggest that
the fibrolytic community underwent a cooperative rearrangement to sustain fiber degra-
dation in the presence of the lipid supplement [64]. The CO promotes a transition from
Gram-positive to Gram-negative fibrolytic dominance, which explains how fiber digestion
was maintained.

Fibrobacteraceae and Ruminococcaceae play complementary roles in cellulose
hydrolysis [59]. Fibrobacteraceae adheres directly to fibers and produces a periplasmic
enzyme for their degradation [65], while Ruminococcaceae releases extracellular enzymes
with cellulolytic activity [40]. The association between Fibrobacteraceae and Spirochaetaceae
observed in this study coincides with specialized studies describing how spirochetes use
the products released by fibrolytic bacteria [66]. Under this framework, coconut oil does not
indiscriminately inhibit fibrolytic bacteria but rather induces a functional rearrangement
that allows fiber digestion to continue despite the selective pressure exerted on certain taxa.

The reduction in Lachnospiraceae is related to the composition of the diet as this family
has been linked to diets with high legume content [41]. In this experiment, soybean
meal was the only source of legumes and was kept constant between treatments [23].
The decrease in Lachnospiraceae, along with its positive association with Ruminococcaceae
and Prevotellaceae, therefore suggests that coconut oil displaced some of the amylolytic
microbiota without compromising fiber digestion or overall nutritional intake.
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The increase in propionate described in the fermentation section can be explained by
changes in the Prevotellaceae, a family member of the order Bacteroidales. These bacteria
participate in the production of propionate from glucose through the succinate-CoA–
propionyl-CoA–propionate pathway [41,42]. The simultaneous participation of Prevotel-
laceae, Ruminococcaceae, Lachnospiraceae, Fibrobacteraceae, and Spirochaetaceae indicates that
these groups operate as a functional module capable of channeling both structural and
non-structural carbohydrates toward propionate synthesis [67]. The integration of Fibrobac-
teraceae within this module reinforces the idea that fibrolytic communities not only support
fiber digestion but also contribute to supplying precursors for pathways that generate more
energy-efficient VFAs [68].

The Prevotellaceae, Bacteroidales, Ruminococcaceae, Lachnospiraceae, Fibrobacteraceae, and
Spirochaetaceae families are part of the ruminal core bacteria described in different pro-
duction systems and under the use of various additives [42,62]. The relative abundances
observed in this study are comparable to those reported by McCann et al. [69] in Brah-
man bulls grazing on Cynodon dactylon, although higher values were recorded in our case,
consistent with a high fiber supply and the use of lipid supplements.

Although methane emissions were not directly quantified in this study, the decrease
in Methanobacteriaceae and the reorganization of microbial shift (less protozoa/archaea)
could suggest the anti-methanogenic potential effect of coconut oil. The close associa-
tion between Methanobacteriaceae and the main fibrolytic groups, along with the inverse
relationship between Methanobacteriaceae and ruminal pH, suggests that the reduction in
these methanogenic consortia is accompanied by a more stable fermentative environment
with less H2 toward methane [11,57]. Altogether, the evidence indicates (Chao1 and Shan-
non indices) that supplementation with 200 g CO/kg of supplement DM reorganizes the
ruminal microbiome. This response should be interpreted as a restructuring of commu-
nity composition toward more energy-efficient communities with lower methanogenic
potential, aligning the microbial response with the fermentative and productive changes
described previously.

Despite the alpha diversity response and the relative abundance results, beta diversity
was not significant. However, the partial separation observed in the PCoA suggests that
coconut oil supplementation may have contributed to changes in specific microbial groups
rather than causing a broad restructuring of the entire rumen bacterial community. Beta
diversity should thus be interpreted as a complementary exploratory analysis, while the
main biological interpretation is supported by changes in alpha diversity and in the relative
abundance of selected microbial families.

4.4. Gene Expression
Functional Enrichment Network

In cattle, stress is defined as an adverse effect of the management system or envi-
ronmental conditions that triggers biological responses aimed at restoring homeostasis
through changes in behavior, neuroendocrine activity, and energy metabolism [61]. In
tropical grazing systems, calves are exposed to warm climates with high relative humidity,
thereby compromising their thermal balance and activating the heat stress response [5].
This context is associated with episodic surges in tyrosine-derived neurotransmitters and
glucocorticoids, creating a state of low- to moderate-intensity metabolic stress that alters
nutrient partitioning and reduces energy efficiency [70,71]. The transcriptome observed in
steers supplemented with coconut oil suggests that this vegetable oil helped attenuate the
state of metabolic stress in the animals [72]. In ruminants, fat supplementation has been
proposed as a nutritional strategy to mitigate heat stress by increasing the energy density
of the diet with lower heat increment derived from the caloric burden of fermentation in

https://doi.org/10.3390/ruminants6020044

https://doi.org/10.3390/ruminants6020044


Ruminants 2026, 6, 44 18 of 27

rumen and nutrient metabolism compared with starch diets [73], so the animal does not
have to work as hard to dissipate heat and reduce stress gene expression. As observed in
other mammals, combining greater usable energy intake and lower metabolic heat reduces
the net caloric load and attenuates the activation of the hypothalamic–pituitary–adrenal
axis [74]. In support of this mechanism, the DEGs in steers supplemented with coconut oil
indicate lower catecholamine and cortisol production, which are responsible for promoting
glycogenolysis, proteolysis, lipolysis, and Ca2+ influx in excitable tissues [70,71].

In the blood, medium-chain fatty acids (MCFAs) derived from coconut oil may act
as ligands for G-protein-coupled receptors (GPCRs), thereby influencing intracellular
signaling pathways involved in metabolic regulation and stress adaptation. However, the
effect of MCFAs from CO (200g/kg of supplement DM) on the ruminal microbiota and
as a source of glycerol promoted an increase in propionate production. Chromium and
calcium propionate have been used for their potential heat stress mitigating effects by
reducing metabolic heat production in ruminants and non-ruminants [75,76]. Short-chain
fatty acids (SCFAs) have been demonstrated to play a key role in decreasing intracellular
cAMP levels and a subsequent reduction in PKA activity (Figure 4C, [74]). Through GPCR-
mediated mechanisms, these signaling molecules may modulate endocrine and cellular
responses associated with heat stress. The hub gene GNB2 (Z-score = 2.59) encodes the β

subunit of G proteins involved in the coupling of cholinergic receptors to second messenger
cascades and intracellular signal transduction. For its part, Ca2+ entering through L-type
channels (CACNA1D Z-score = 1.81 and CACNA2D1 Z-score = −2.07) acts as a trigger
for vesicular fusion and neurotransmitter release at excitable synapses; in this sense, the
reducing effect of GNB2 on CACNA1D/CACNA2D1 is consistent with lower excitability
in cholinergic neurons (Figure 4A). The above could explain the differential expression
of genes involved in signaling and metabolic homeostasis observed in supplemented
calves [77,78]. Acetylcholine is a key neurotransmitter in the regulation of attention,
memory, vagal tone, gastrointestinal motility, muscle contraction, and peripheral blood flow,
so its synaptic release reflects changes in the polarization of the cholinergic system [79,80].
The transcriptomic pattern observed in calves supplemented with coconut oil therefore
suggests less activation of the cholinergic axis linked to a reduced stress response, even
under conditions of high temperature and humidity. This lower excitability is positive; it
means the animal is not in a constant fight-or-flight mode due to the tropical heat. In this
regard, PRKACA (Z-score = −2.78) is a hub gene differentially expressed by the coconut
oil whose expression is dependent on cAMP and promotes transcription of the CREB
gene (Z-score = −2.54). The decrease in acetylcholine release could explain the observed
reduction in the differential expression of CHRNA7 (Z-score = −1.77), a gene that encodes
the alpha 7 subunit of the nicotinic acetylcholine receptor and promotes adenylate cyclase
activity for cAMP formation [81].

The cAMP–PKA–CREB axis acts as an integrating node between neuroendocrine
signaling and gene expression [82]. The reduction in cAMP production as a second mes-
senger would decrease the activity of protein kinase A (PKA), the phosphorylation of
ion channels, metabolic enzymes, and the CREB transcription factor. The above implies
changes in synaptic plasticity, neuronal excitability, energy metabolism, and cell survival
(Figure 4B) [83]. A lower expression of CREB, a cyclic AMP (cAMP) response element
binding protein associated with gluconeogenesis [84] and thermogenesis [85], suggests the
animal is saving energy for growth rather than burning it to fight heat stress.

In small ruminants under hydrothermal stress conditions, methylation of the promoter
of the ADY9, PRKACB, and CREB5 genes was observed, suggesting a reduction in cortisol
secretion. The decrease in or stabilization of plasma glucocorticoid concentrations would
be associated with greater adaptability of the animals to hot conditions [86]. Although this
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molecule was not measured in this study, genes associated with cortisol production, such
as MC2R (Figure 4C, Z-score = −1.77), GNAS (Z-score = −1.94), ADCY 1, 2, 6, 7, 9, PRKACB,
and CREB1, decreased compared with the control group. The pituitary adrenocorticotropic
hormone receptor (MC2R is a G protein-coupled receptor that, when activated by ACTH,
induces adenylate cyclase activity via stimulatory G protein alpha subunit, GNAS) increases
the intracellular levels of the second messenger cAMP, which induces PRKACA expression
that promotes the production and release of cortisol [87].

Figure 4. Proposed mechanistic sequence linking coconut oil supplementation (200 g/kg of supple-
ment DM) with rumen microbiota modulation, fermentation, energy metabolism, and gene expression
in grazing calves. The upper section summarizes microbiota-related effects, including decreased
protozoa and methanogenic archaea, and a bacterial shift involving Fibrobacteraceae, Spirochaetaceae,
and Bacteroidales. The above promote propionate production. The lower section represents the
possible molecular mechanisms modulated by the medium chain fatty acids and propionate when
coconut oil was supplemented. These bioactive compounds increase and reduce the GNB2 and GNAS
expression, respectively. The first associated with a lower (A) calcium channel-related signaling and
acetylcholine exocytosis, and (B) PRKACA–CREB signaling associated with synaptic plasticity. The
second associated with a lower (C) cAMP-PKA-CREB axis related to insulin secretion, adrenergic
signaling, and cortisol synthesis and secretion. In contrast, the high expression of GNB2 promoted
(D) PI3K–AKT3 pathway associated with glucose homeostasis, inhibition of proapoptotic pathways,
and protein synthesis. (E) Ion channel-related signaling involving CACNG1 and KCNMA1, associated
with calcium influx, potassium efflux, membrana excitability, and cellular homeostasis. Solid arrows
indicate biological process flow, metabolite movement, or signaling progression, whereas dotted
arrows indicate increases or decreases effects. Figure created with BioRender Scientific Illustration
Software (https://BioRender.com, accessed on 9 April 2026).

Activation of β-adrenergic receptors is the main mechanism for increasing cardiac
output under stress conditions through the cAMP–PKA axis [88]. The reduced differential
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expression of CACNA1D (Z-score = −1.8) and CACNA2D1 (Z-score = −2.1) observed in
calves supplemented with coconut oil may indicate lower activation of L-type calcium
channel signaling in cardiomyocytes. Under chronic heat stress, increased cardiovascular
activity is required to support thermoregulation and tissue perfusion, thereby increas-
ing myocardial metabolic demand. Because medium-chain fatty acids from coconut oil
provide a rapidly available energy source, the observed transcriptional changes may
reflect reduced cardiac stress and a lower requirement for sustained Ca2+-dependent my-
ocardial activation, thereby supporting physiological adaptation to prolonged thermal
challenge [89]. Consistently, PRKACA showed a marked reduction (Z-score = −2.8), sug-
gesting a lower intensity of the effector phase of the β-adrenergic/cAMP–PKA axis in
cardiac tissue (Figure 4C) [90].

The overexpression of AKT3 (Figure 4D, Z-score = 2.5) could indicate activation of
the PI3K-AKT pathway, which in mammals acts as a central axis of pro-survival signaling
and metabolic adaptation. Its activation promotes glucose assimilation, protein synthesis,
and the inhibition of pro-apoptotic pathways in muscle and heart [91]. This finding is
consistent with that of Novak et al. [92], who associated AKT3 with the growth and tissue
structure of Jersey calves. In parallel, the increased expression of CACNG1 (Figure 4E,
Z-score = 2.2), which is the gamma subunit of L-type channels, helps stabilize the chan-
nel and limit the magnitude of the Ca2+ current during cellular excitation [93]. Taken
together, the combination of a more active AKT3 signal with Ca2+ channel regulation
reduces the risk of Ca2+ overload without compromising muscle contraction capacity or
the animal’s response to energy demands [89]. In this context, the under-expression of
CACNA1D/CACNA2D1 and PRKACA could be interpreted as a cardioprotective adjust-
ment that limits β-adrenergic sensitivity, dampens stress-related tachycardia and Ca2+

overload, and promotes cardiac function compatible with the nutrient dispersion toward
growth and energy retention [94].

In cattle, reducing heat and handling stress attenuate the activation of the hypothalamic–
pituitary–adrenal axis and decreases circulating cortisol concentrations [95]. This reduces
hepatic gluconeogenesis and the catabolic mobilization of proteins and lipids, favoring the
conservation of body reserves and more efficient use of available glucose through increased
peripheral insulin sensitivity [96]. Collectively, these endocrine–metabolic adjustments allow a
greater proportion of ingested energy to be allocated to growth and production rather than to
the stress response [97].

In this regard, lipid supplementation and heat stress modify circulating insulin con-
centrations and the partitioning of energy to peripheral tissues [98]. This effect is consistent
with the transcription pattern observed in calves supplemented with coconut oil, where
the reduction in the differential expression of genes of the cAMP–PKA–CREB axis sug-
gests lower insulin secretion (Figure 4C) [99]. Insulin, a key hormone in the regulation
of energy metabolism, tends to increase under stress conditions [100]. The inclusion of
coconut oil could attenuate this increase by preventing hyperinsulinemia, which com-
promises pancreatic function, and by promoting the maintenance of weight and body
condition while minimizing the reduction in the rate of weight gain [101]. According to
this hypothesis, steers supplemented with coconut oil showed higher DMI and greater
daily weight gain compared with the control group, suggesting a lower heat stress load
in feedlot systems under tropical conditions [102]. Studies in cattle subjected to chronic
heat stress have shown that, after an initial phase of hyperactivation of the cortisol axis,
adjustments are made in tissue sensitivity and glucocorticoid secretion itself as an adaptive
mechanism [103]. The lower expression of PKA/CREB signaling components, together with
changes in steroidogenesis-related genes observed in calves supplemented with coconut
oil, is consistent with an adaptive response to chronic heat stress. Although homeostatic
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synaptic plasticity has been primarily described in neural systems, its central principle of
maintaining functional stability through compensatory responses to persistent challenges
provides a useful framework for interpreting the observed transcriptional adjustments.
Based on these observations, the reduced activation of stress-responsive pathways may
indicate lower exposure to elevated, sustained cortisol levels, thereby reducing mobiliza-
tion of body reserves and favoring greater energy retention under prolonged thermal
stress [104,105].

Laporta et al. [106] evaluated the transcriptome of calves exposed to heat stress dur-
ing the first 41 postnatal days and reported the activation of pathways associated with
PI3K/AKT and with cAMP-associated transcriptional modulators such as CREB, support-
ing the central role of these axes in early heat stress adaptation. Similarly, in this study,
overexpression of the PI3K/AKT axis (AKT3; Z-score = +2.5) was observed, while the
inclusion of coconut oil was associated with the downregulation of CREB1 (Z-score = −2.5).
This pattern could indicate that, under tropical grazing conditions, the additional supply of
lipid energy facilitates the continued activation of pro-survival and metabolic adaptation
signaling mediated by AKT but reduces the need for sustained CREB activation charac-
teristic of chronic stress states. These findings are consistent with this study’s results in
supporting the idea that lipid interventions, combined with attenuation in the cAMP-PKA-
CREB pathway, could redirect metabolism toward better energy utilization and a lower
metabolic stress load in grazing steers.

5. Conclusions
Coconut oil supplementation in grazing calves showed an optimal response at

200 g/kg of supplement DM, achieving the best productive performance without affecting
DM digestibility. At this level, the reduction in protozoa, increase in propionate, and
exploratory metagenomic profile could indicate that the rumen ecosystem was reorga-
nized toward a more energy-efficient environment associated with a lower methanogenic
potential. Functional enrichment analysis in a heterologous analysis could confirm a
transcriptomic shift characterized by the downregulation of the cAMP–PKA–CREB axis,
indicating a reduced-stress condition resulting from a readjustment in energy metabolism
with dietary inclusion of bioactive medium-chain fatty acids, which favored energy reten-
tion and growth efficiency. In practice, coconut oil inclusion (200 g/kg of supplement DM)
is a viable, locally sourced strategy to improve the productive performance of cattle in
tropical systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ruminants6020044/s1, Figure S1: Heatmap of Spearman cor-
relations among productive, fermentative, protozoal, and microbial variables in grazing calves
supplemented with coconut oil. Positive correlations are shown in warm colors, whereas negative
correlations are shown in cool colors. Only significant correlations were considered for interpretation
(p ≤ 0.05).
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