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Simple Summary

It is well-established that, in Taurine cattle, genetic factors can be exploited to enhance
milk fat quality, particularly with regard to human health, through modifications in its
fatty acid profile. However, in Zebu cattle, which play a central role in tropical livestock
systems, knowledge in this area is still limited. In this study, milk samples from two
Zebu breeds, Gir and Guzerá, were analyzed. Samples were collected from 299 Gir cows
and 266 Guzerá cows across 22 farms from different Brazilian regions. Different types of
fatty acids in the milk were measured, and the extent to which these traits are influenced
by genetics was assessed. The results indicated that many of these milk fat traits are
moderately to strongly influenced by genetics. This finding suggests that target selection
of breeding animals could represent an approach to improve the nutritional profile of
milk fat in Zebu cows.

Abstract

Studies in taurine breeds have shown that genetic selection can improve the fatty acid (FA)
profile of bovine milk, but studies are scarce considering Zebu animals. In this study, genetic
parameters for FA concentrations and unsaturation indexes in the milk fat of Zebu cows
were estimated, with emphasis on Gir and Guzerá breeds. Milk samples from 299 Gir and
266 Guzerá cows belonging to 22 herds distributed throughout Brazil were analyzed using
gas chromatography. Fourteen individual FAs, 11 FA groups, four nutritional indexes, and
five unsaturation indexes were evaluated. Tri-trait Bayesian models were applied, including
305-day milk and fat yields as “anchor” traits. Systematic effects such as contemporary
group, age at calving, diet, sampling age class, and days in milk were considered. Palmitic
acid was the most abundant FA, followed by oleic, stearic, and myristic acids. Heritability
estimates ranged from moderate to high: 0.28–0.66 in Gir cows, and 0.25–0.74 in Guzerá
cows, for individual FAs and FA groups. Unsaturation indexes also showed moderate to
high heritability. Genetic correlations were generally strong, with long-chain FAs negatively

Ruminants 2025, 5, 59 https://doi.org/10.3390/ruminants5040059

https://doi.org/10.3390/ruminants5040059
https://doi.org/10.3390/ruminants5040059
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ruminants
https://www.mdpi.com
https://orcid.org/0000-0003-4972-2373
https://orcid.org/0000-0003-0923-1465
https://orcid.org/0000-0002-3477-6929
https://orcid.org/0000-0002-1970-5882
https://orcid.org/0000-0002-8623-3993
https://orcid.org/0000-0002-8754-8583
https://orcid.org/0000-0002-0011-7036
https://doi.org/10.3390/ruminants5040059
https://www.mdpi.com/article/10.3390/ruminants5040059?type=check_update&version=1


Ruminants 2025, 5, 59 2 of 21

correlated with short- and medium-chain FAs. The results suggest that genetic selection
can be applied to improve the nutritional profile of milk fat in Zebu cattle.

Keywords: lipid metabolism; milk quality; unsaturation index; zebu breeds

1. Introduction
Ruminant milk fat is the most complex lipid in the human diet. It contains several

bioactive fatty acids (FAs) with potential benefits on human health, with some not found
in significant amounts in other food sources [1,2]. Due to the high saturated fat content in
milk, some health professionals have recommended reducing its consumption [3], and the
media has published articles against its use in human nutrition, which has damaged the
image of milk among consumers worldwide. However, several FAs have beneficial effects
on health, including anti-cancer, anti-atherogenic, and immunomodulatory activities [4,5].
Among these, the most well-known are butyric acid (C4:0); odd- and branched-chain FAs
(OBCFAs), rumenic acid (cis-9, trans-11 conjugated linoleic acid [CLA]) and its precursor
vaccenic acid (trans-11 C18:1), oleic acid (cis-9 C18:1), and omega-3 FAs [2,6].

In addition to their nutritional relevance, milk FA profiles have recently gained at-
tention as potential indicators of enteric methane emissions, since milk fat synthesis is
influenced by the same ruminal fermentation pathways involved in methanogenesis [7].
This approach offers a promising, non-invasive tool for estimating greenhouse gas emis-
sions in dairy systems.

The nutritional quality of milk fat can be assessed using indexes based on concentra-
tions of specific FAs. The atherogenic (AI) and thrombogenic (TI) indices are among the
most commonly used indices. There is a consensus in the literature that lower AI and TI
values indicate a lower concentration of undesirable FAs and a higher concentration of
bioactive FAs that are beneficial to human health [8,9].

Several studies have estimated genetic parameters for the bovine milk FA profile [10–13],
most of them in taurine breeds. Their results generally indicate that short-chain FAs (SCFAs)
and medium-chain FAs (MCFAs) are under greater genetic control than long-chain FAs
(LCFAs). LCFAs originate from the diet, ruminal biohydrogenation, and mobilization from
adipose tissue, while SCFAs and MCFAs are mainly synthesized de novo in the mammary
gland [14].

Higher heritability estimates are expected for saturated FAs (SFAs) than for unsatu-
rated FAs (UFAs) because most SFAs originate from de novo synthesis in the mammary
gland [15]. Information on relevant traits in Zebu (Bos indicus) breeds, such as Gir and
Guzerá, remains limited, despite their importance for dairy production in countries like
Brazil, where most dairy cattle have a Zebu genetic composition [3,16,17].

These breeds evolved in different tropical environments in India, becoming widely
adapted to harsh or extreme climate conditions, feeding on low-quality forage and resisting
infestation by some parasites, which resulted in their widespread introduction in Brazil
during the 20th century [16,18]. The dual-purpose characteristic of these breeds, beef and
milk production, represents an important breeding objective for the Brazilian small-scale
commercial producers based on crossbreeding [19], as evidenced by the selection efforts
within the Gir and Guzerá improvement programs [17,20,21].

Since Zebu breeds represent a valuable national genetic resource, studying the genetic
variability of the milk FA profile, mainly FAs with nutraceutical potential, is crucial for
defining selection criteria to improve both milk production and milk fat quality focused on
human health. This study aimed to estimate the genetic parameters of the FA profile and
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unsaturation indexes from milk fat of Zebu cows, specifically of the Gir and Guzerá breeds,
using a Bayesian approach.

2. Materials and Methods
2.1. Phenotypic and Pedigree Data

This study used records on milk production traits from the databases of the National
Programs for the Improvement of Gir and Guzerá Dairy Cattle, coordinated by Embrapa
Gado de Leite in close partnership with the Brazilian Association of Gir Dairy Cattle
Breeders and the Brazilian Center for the Genetic Improvement of Guzerá.

The Gir herds were distributed in Southeastern Brazil, while the Guzerá herds were
distributed in both Southeastern and Northeastern Brazil tropical regions, namely in
the states of Minas Gerais, São Paulo, Espírito Santo, Rio Grande do Norte, and Paraíba.
Herds of both breeds were raised in pasture-based production systems, supplemented
mainly with corn silage during the dry period. Lactating cows were supplemented
throughout the lactation period and offered concentrate feed during each milking, usually
twice a day.

The dataset was composed of the first lactation records of 15,620 Gir cows, measured
from 1997 to 2016, and 7569 Guzerá cows, measured from 1983 to 2022. Monthly production
data were accumulated and truncated at 305 days. The pedigree data comprised 34,248 Gir
animals (13,365 dams and 2221 sires) distributed over nine generations, and 21,954 Guzerá
animals (10,773 dams and 2203 sires) distributed over 14 generations. Two databases were
established, one for the Gir breed and one for the Guzerá breed, and these data were
evaluated separately.

2.2. Milk Sampling

The FA profile data were obtained from the database of the project “Influence of
polymorphisms in the stearoyl-CoA desaturase (SCD) enzyme gene on the nutritional
quality of milk fat from Gir and Guzerá cows” (FAPEMIG: CVZ APQ 02003-15), coordinated
by Embrapa Gado de Leite.

Milk samples were first collected in 2012 during a small-scale pilot study involving
Gir and Guzerá herds. Sampling efforts were subsequently expanded in 2016 to include
additional Guzerá herds, and further extended in 2017 and 2018 to encompass both the Gir
and Guzerá breeds.

Individual and unique milk samples were taken from 299 Gir cows and 266 Guzerá
cows in 11 herds of each breed during the period around peak lactation (67 ± 34.89 and
73 ± 38.54 days in average, respectively), when the expression of genes involved in lipid
metabolism and phenotypic expression is expected to be highest [22,23]. Each 15 mL milk
sample comprised 2/3 of the milk from the A.M. (morning) milking and 1/3 from the P.M.
(afternoon) milking, representing individual daily production close to the testing day. The
samples were collected in Falcon tubes containing no preservative, and were immediately
frozen and kept at −20 ◦C until analysis.

The mean age (±standard deviation) of the cows with phenotypes for FA profile,
305-day milk yield (MY305), and 305-day fat yield (FY305) varied according to breed.
For the Gir breed, the mean age was 38.49 ± 3.9 months for cows used in the MY305
and FY305 analyses and 63.19 ± 27.41 months for those with fatty acid profile informa-
tion. For the Guzerá breed, the corresponding mean ages were 41.65 ± 3.4 months and
68.67 ± 28.16 months, respectively.
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2.2.1. Milk Lipid Extraction and Fatty Acids Analysis

Milk samples stored in 15-mL Falcon tubes were thawed at room temperature, and a
1-mL aliquot was used for lipid extraction according to AOAC Official Method 0.05 [24].
After solvent evaporation at 40 ◦C under an oxygen-free nitrogen stream, the extracted
milk lipids were dissolved in hexane and methyl acetate and subsequently transesterified
to fatty acid methyl esters (FAMEs) using freshly prepared methanolic sodium methoxide,
as described by [25].

FAMEs were separated and quantified using a gas chromatograph (model 7820A;
Agilent Technologies Inc., Santa Clara, CA, USA) equipped with a flame-ionization detector
and a CP-Sil 88 fused-silica capillary column (100 m × 0.25 mm × 0.20 µm film thickness;
Varian Inc., Palo Alto, CA, USA). Chromatographic conditions were identical to those
described by [26].

FAMEs were identified by comparing retention times with those of reference standards
(Sigma-Aldrich®, St. Louis, MO, USA; Larodan AB, Stockholm, Sweden; Luta-CLA®

60, BASF, Ludwigshafen, Germany). Minor trans/cis-18:1 isomers and trans-9, cis-11
conjugated linoleic acid (CLA) were identified based on their reported elution order under
identical analytical conditions [26].

Milk fatty acid (FA) composition was expressed as the weight percentage of total
FA using theoretical response factors [27]. Stearoyl-CoA desaturase (SCD1) indices (also
referred to as desaturation indices, DI) were calculated for four FA pairs—cis-9 14:1/14:0,
cis-9 16:1/16:0, cis-9 18:1/18:0, and cis-9, trans-11 CLA/trans-11 18:1—by expressing each
product as the ratio of product to the sum of product and precursor [28]. An overall SCD1
index was also calculated based on all selected product–precursor pairs. The concentrations
of FAs in milk samples were described in g/100 g of total FA.

2.2.2. Fatty Acids Traits

This study examined 14 individual FAs and 11 FA groups, four nutritional quality
indices, and five unsaturation indices [29–31]. Tables S1 and S2 describe the FAs in each
FA group and the formulas used to calculate the indices. The unsaturation indices were
calculated for the four main stearoyl-CoA desaturase 1 (SCD1) product/substrate pairs
(cis-9 C14:1/C14:0, cis-9 C16:1/C16:0, cis-9C18:1/C18:0, and cis-9 trans-11 CLA/trans-
11 C18:1), and the total unsaturation index (TUI) was calculated, as described by
Schennink et al. [32].

2.3. Statistical Analysis

Information on cows’ age at calving, cows’ age at FA profile sampling, herd, diet,
contemporary group (CG), days in milk (DIM), MY305 and FY305, FA profile, and indices
were considered in the analysis model.

For the FA profile analyses, the birth order at sampling and diet were grouped into
classes (Tables 1 and 2). For age at sampling (AS), three classes were defined for both
breeds. For diet, six categories were defined for the Gir breed and four for the Guzerá breed.
During categorization, the diets were initially divided into three large groups (tropical
pasture, corn silage, and mixed [tropical pasture and corn silage]), and then these groups
were subdivided according to the type of concentrate provided: with lipid concentrate (soy,
protected fat or whole cottonseed were included in this class) or without lipid concentrate
(barley was used). A greater diversity of diets was observed in Gir herds. In the FA analyses,
CGs were formed by concatenating herd, year, and sampling period (dry and rainy).
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Table 1. Number of animals (N) of the Gir cows sampled for the fatty acid profile study, according to
the age class and diet category.

Class 2 N Composition of the Animals’ Age Class

1 99 First birth 1

2 87 Second to fourth birth order
3 113 Animals above the fourth calving order

Diet composition

1 57 Corn silage + Non-lipid concentrate
2 62 Corn silage + Lipid concentrate
3 41 Tropical pasture + Non-lipid concentrate
4 71 Tropical pasture + Lipid concentrate
5 34 Mixed + Non-lipid concentrate
6 34 Mixed + Lipid concentrate

1 The average age at first calving from the milk database was taken as the basis for determining the age of the ani-
mals that would be included in the first class. 2 Class 1 = 38.49 ± 3.9 months of age; Class 2 = 54.87 ± 5.1 months
of age; Class 3 = 91.0 ± 23.9 months of age.

Table 2. Number of animals (N) by age class and category of diet fed to the Guzerá cows sampled for
the fatty acid profile study.

Class 2 N Composition of the Animals’ Age Class

1 69 First birth 1

2 76 Second to fourth birth order
3 121 Animals above the fourth calving order

Diet composition

1 59 Corn silage + Non-lipid concentrate
2 116 Tropical pasture + Non-lipid concentrate
3 58 Tropical pasture + Lipid concentrate
4 33 Mixed + Non-lipid concentrate

1 The average age at first calving from the milk database was taken as the basis for determining the age of the ani-
mals that would be included in the first class. 2 Class 1 = 41.65 ± 3.4 months of age; Class 2 = 53.17 ± 5.4 months
of age; Class 3 = 92.32 ± 24.02 months of age.

Basic descriptive statistics (means, standard deviations, and coefficients of variation)
were computed using the R software [33] to characterize the studied traits.

In the MY305 and FY305 analyses, only data from the first lactation were retained, and
CGs were formed by concatenating herd, year, and calving period (dry: April to September;
rainy: October to March). The classification of the year into periods rather than seasons
was performed for two reasons: first, to include as much data as possible; and second,
because the climate conditions throughout these periods in the locations where the herds
are kept are very similar, enabling accurate grouping of calvings. Cows with an FA profile
but missing information (unknown dam and sire, birth date, and/or calving date) were
eliminated from the database. Only CGs with more than three cows, consisting of daughters
of at least two different sires, were retained. Values outside ±3 standard deviations for
each trait were considered outliers and excluded from the CG.

Finally, for each breed, the phenotypic dataset included a different number of records,
which were distributed into different numbers of contemporary groups (Table 3).

Table 3. Number of contemporary groups (CG) by breed and milk trait in dairy cows.

Breed Trait 1 Number of Cows Number of CG

Gir
MY305 15,902 2117
FY305 5255 705

FAs 299 12
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Table 3. Cont.

Breed Trait 1 Number of Cows Number of CG

Guzerá
MY305 7159 655
FY305 2460 206

FAs 266 16
1 MY305: 305 days milk production; FY305: 305 days fat production; FAs: fatty acids profile and indexes.

Variance Components and Genetic Parameters Estimation

For the heritability for FA profile, the (co)variance components were estimated via
Bayesian inference in tri-trait analyses, using MY305 and FY305 as genetic anchor traits.
These traits were used as an anchor to ensure a better link between the data, since there
was little information available on fatty acids. To access the genetic correlations, two-trait
analyses were carried out. Pairwise analyses were conducted, comparing each FA with
every other FA. Multi-trait analysis was not possible because the number of measurements
was insufficient for convergence.

The systematic effects considered in the models for MY305 and FY305 analyses were
CG and age at calving (linear covariate). The systematic effects for the FA profile were AS
class, diet category, CG, and DIM (linear covariate).

The general model used to estimate the genetic parameters was as follows:

y = Xβ + Za + e (1)

where y is the vector of phenotypes for each trait (MY305, FY305, or FA), X is the incidence
matrix related to systematic effects, β is the vector of systematic effects, Z is the incidence
matrix of genetic-additive random effects, a is the vector of genetic-additive random effects,
and ε is the vector of residual random effects. A uniform (noninformative) prior distribution
was assumed for the systematic effects. Multivariate Gaussian (MVN) distributions and
inverted Wishart (IW) and inverted chi-square (χ−2) prior to distributions were assumed
for all the estimated parameters as follows:

y|β, a, e, σ2
a , σ2

e ∼ MVN(Xβ + Za, R0 ⊗ I)

a|G0, A ∼ MVN(0, G0 ⊗ A)

G0|Va, va ∼ IW(Va, va)

σ2
a |Sa, na ∼ χ−2(Sa, na)

e|R0 ∼ MVN(0, R0 ⊗ I)

R0|Ve, ve ∼ IW(Ve, ve)

σ2
e |Se, ne ∼ χ−2(Se, ne)

where G0 is the additive genetic (co)variance matrix between traits 1, 2, and 3, i.e.,

G0 =
[
σ2

a1 σa1a2 σa1a3 σa2a1 σ2
a2 σa2a3 σa3a1 σa3a2 σ2

a3

]
R0 is the residual (co)variance matrix between the traits 1, 2, and 3, i.e.,

R0 =
[
σ2

e1 σe1e2 σe1e3 σe2e1 σ2
e2 σe2e3 σe3e1 σe3e2 σ2

e3

]
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And A is the numerator relationship matrix; Va, Ve, Sa, and Se are the hyperparameter
values of the variances; and va, ve, na, and ne are prior “degrees of belief” corresponding to
the hyperparameter values of the variances.

The models were implemented in a Bayesian approach using a Markov chain Monte
Carlo methodology with Gibbs sampling using the GIBBSF90+ program [34]. A chain size
of 2,000,000 iterations was generated, considering a burn-in of 500,000 iterations and a
thinning of 50, for all traits. Then, 30,000 samples were used to obtain the marginal posterior
distribution of the variance components and genetic parameters. The convergence criteria
of the Gibbs chains were monitored by graphical inspection and the Geweke test [35].

3. Results
Tables 4–7 present the descriptive statistics for each trait among the Gir and Guzerá

cows. For Gir cows, large coefficients of variation (CVs) were observed for most of the FA
profile traits. In contrast, Guzerá cows had slightly lower CVs for FA traits. Regardless
of the breed, palmitic acid (C16:0) was the most abundant FA in milk fat, followed by
oleic (cis-9 C18:1), stearic (C18:0), and myristic (C14:0) acids. Concentrations were higher
for MCFAs than for LCFAs and SCFAs, and for SFAs than for UFAs. The proportion was
higher for monounsaturated FAs (MUFAs) than for polyunsaturated FAs (PUFAs). The
other individual FAs and FA groups were found at concentrations < 4 g/100 g total FA.
The nutritional quality of milk fat and unsaturation indices were similar for both breeds
(Tables 4 and 7).

Table 4. Number of animals (N), mean, standard deviations (SD), coefficients of variation (CV),
minimum and maximum values for the milk yield (MY305), fat yield (FY305), and individual fatty
acids (g/100 g of total fatty acids) from the milk fat of Gir cows.

Trait N Mean SD CV (%) Minimum Maximum

MY305 (kg) 15,601 2894 1736.3 59.99 2314.9 8102.9
FY305 (kg) 5255 119.14 53.72 45.08 41.96 280.24

Individual fatty acids

C4:0 299 3.53 0.6 17.99 1.92 5.23
C8:0 299 1.32 0.3 19.06 0.48 2.12
C10:0 299 2.45 0.6 25.87 0.74 4.36
C12:0 299 2.78 0.7 26.77 0.99 5.04
C14:0 297 9.14 1.6 17.16 5.17 12.81
C16:0 298 28.46 4.0 14.22 20.09 42.79
C18:0 298 9.78 2.1 21.14 4.46 16.63

trans-11 C18:1 296 1.45 0.6 40.29 0.45 3.09
cis-9 C18:1 299 21.32 4.7 22.23 11.47 33.33

cis-9, trans-11 CLA 1 298 0.77 0.3 38.34 0.28 1.71
C18:3 ω-3 297 0.37 0.1 31.80 0.14 0.67
C18:2 ω-6 298 1.90 0.9 46.91 0.74 4.22
C18:3 ω-6 298 0.02 0.0 42.76 0.01 0.05
C20:5 ω-3 299 0.02 0.0 39.11 0.01 0.06

1 CLA: conjugated linoleic acid.

Only the 10 most studied individual FAs associated with human health, FA groups
(SCFA, MCFA, LCFA, SFA, UFA, MUFA, PUFA, odd- and linear-chain FA [OLCFA],
branched-chain FAs, ω-6 cis, and ω-3 cis), ω-6/ω-3 ratio, and unsaturation indices were
used to estimate variance components and heritability. Genetic correlations were estimated
only among individual FAs, MY305, and FY305.
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Table 5. Number of animals (N), mean, standard deviations (SD), coefficients of variation (CV), mini-
mum and maximum values for the fatty acid groups, nutritional quality indexes, and unsaturation
indexes (g/100 g of total fatty acids) from the milk fat of Gir cows.

Trait 1 N Mean SD CV (%) Minimum Maximum

Fatty acid groups

SCFA 299 9.41 1.6 17.00 4.39 14.58
MCFA 298 44.46 6.0 13.53 31.31 61.50
LCFA 298 35.29 6.2 17.50 18.60 49.71
SFA 297 61.35 6.5 10.53 46.33 75.24
UFA 298 27.93 5.6 20.08 15.66 42.40

MUFA 298 25.70 5.1 19.78 14.82 38.41
PUFA 296 3.04 1.2 38.49 1.39 6.31

OLCFA 298 2.04 0.4 21.19 1.16 3.74
OBCFA 299 3.14 0.8 23.91 1.74 6.12
ω-6 cis 297 2.11 0.9 43.37 0.95 4.43
ω-3 cis 298 0.45 0.1 27.56 0.20 0.80

Milk fat nutritional quality indexes

ω-6/ω-3 298 4.71 1.5 31.57 1.74 7.98
h/H 297 0.66 0.2 34.39 0.25 1.28
AI 299 3.07 1.1 36.39 1.08 6.85
TI 299 3.81 1.2 31.30 1.87 7.78

Unsaturation indexes

Index C14:1 298 10.22 2.2 21.14 3.52 16.82
Index C16:1 297 6.38 1.5 23.13 3.46 10.92
Index C18:1 299 68.19 5.7 8.32 54.35 82.62
Index CLA 299 34.72 4.4 12.56 20.28 46.24

TUI 299 33.82 6.3 18.64 19.49 49.60
1 SCFA: short-chain fatty acids; MCFA: medium-chain fatty acids; LCFA: long-chain fatty acids; SFA: saturated
fatty acids; UFA: unsaturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids;
OLCFA: odd- and linear-chain fatty acids; OBCFA: odd- and branched-chain fatty acids; ω-6 cis: cis-configured
omega-6 fatty acids; ω-3 cis: cis-configured omega-3 fatty acids; ω-6/ω-3: ratio between omega-6 and omega-3
fatty acids; h/H: ratio between hypocholesterolemic and hypercholesterolemic fatty acids; AI: atherogenic index;
TI: thrombogenic index; Index C14:1: unsaturation index (stearoyl Co-A desaturase-1 enzyme activity index) and
TUI: total unsaturation index.

Table 6. Number of animals (N), mean, standard deviations (SD), coefficients of variation (CV),
minimum and maximum values for milk yield (PL305), fat yield (PG305), and individual fatty acids
(g/100 g total fatty acids) from the milk fat of Guzerá cows.

Trait N Mean SD CV (%) Minimum Maximum

MY305 (kg) 7159 2080 1080.56 51.96 1161.68 5322.7
FY305 (kg) 2460 84.93 38.51 45.35 29.37 200.46

Individual fatty acids

C4:0 266 3.27 0.40 12.35 1.55 4.68
C8:0 266 1.35 0.24 17.67 0.78 2.07
C10:0 266 2.53 0.66 25.97 1.05 4.48
C12:0 266 2.98 0.82 27.34 1.39 5.40
C14:0 266 9.39 1.24 13.21 4.70 12.35
C16:0 266 27.55 3.21 11.66 19.79 34.90
C18:0 266 10.41 2.02 19.44 6.45 17.03

trans-11 C18:1 265 1.83 0.90 49.05 0.43 3.91
cis-9 C18:1 266 20.81 3.24 15.58 13.18 30.59

cis-9, trans-11 CLA 1 264 0.92 0.40 42.79 0.26 1.82
C18:3 ω-3 265 0.39 0.09 24.21 0.21 0.89
C18:2 ω-6 265 1.10 0.34 30.57 0.41 1.98
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Table 6. Cont.

Trait N Mean SD CV (%) Minimum Maximum

C18:3 ω-6 266 0.01 0.01 46.57 0.00 0.03
C20:5 ω-3 264 0.03 0.01 41.03 0.01 0.08

1 CLA: conjugated linoleic acid.

Table 7. Number of animals (N), mean, standard deviations (SD), coefficients of variation (CV), mini-
mum and maximum values for the fatty acid groups, nutritional quality indexes, and unsaturation
indexes (g/100 g of total fatty acids) of milk fat from Guzerá cows.

Trait 1 N Mean SD CV (%) Minimum Maximum

Fatty acid groups

SCFA 266 9.24 1.33 14.42 6.13 13.16
MCFA 266 44.41 5.06 11.40 32.55 55.44
LCFA 266 34.88 4.70 13.49 23.38 48.82
SFA 265 61.69 4.66 7.55 50.69 73.51
UFA 265 26.97 3.55 13.17 17.87 37.54

MUFA 266 25.71 3.62 14.09 16.45 35.14
PUFA 265 2.42 0.40 16.62 1.48 3.51

OLCFA 266 2.39 0.31 13.16 1.79 3.52
OBCFA 265 3.94 0.59 15.11 2.93 5.82
ω-6 cis 265 1.29 0.37 28.70 0.52 2.28
ω-3 cis 265 0.49 0.11 22.58 0.31 1.01

Milk fat nutritional quality indexes

ω-6/ω-3 266 2.81 1.07 38.23 1.00 5.66
h/H 266 0.63 0.16 26.05 0.34 1.23
AI 264 3.12 0.79 25.48 1.29 5.52
TI 264 3.76 0.78 20.77 2.02 6.33

Unsaturation indexes

Index C14:1 265 10.87 2.01 18.52 5.17 18.37
Index C16:1 260 6.68 1.11 16.58 3.78 9.68
Index C18:1 265 66.71 4.44 6.66 53.57 79.77
Index CLA 265 34.49 4.29 12.43 23.11 45.69

TUI 265 33.52 4.28 12.75 21.71 44.88
1 SCFA: short-chain fatty acids; MCFA: medium-chain fatty acids; LCFA: long-chain fatty acids; SFA: saturated
fatty acids; UFA: unsaturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids;
OLCFA: odd- and linear-chain fatty acids; OBCFA: odd- and branched-chain fatty acids; ω-6 cis: cis-configured
omega-6 fatty acids; ω-3 cis: cis-configured omega-3 fatty acids; ω-6/ω-3: ratio between omega-6 and omega-3
fatty acids; h/H: ratio between hypocholesterolemic and hypercholesterolemic fatty acids; AI: atherogenic index;
TI: thrombogenic index; C14:1 index: unsaturation index (stearoyl Co-A desaturase-1 enzyme activity index) and
TUI: total unsaturation index.

The number of chains analyzed was sufficient to stabilize all analyses for both breeds.
Tables 8–13 present the posterior estimates of the variance components and heritability
of the milk FA profile in Gir and Guzerá cows. Regardless of the breed, the credibility
intervals (CIs) were wide. The posterior means of the estimates were 0.17 and 0.29 for the
MY305 heritability coefficients and 0.06 and 0.21 for the FY305 heritability coefficients in the
Gir and Guzerá breeds, respectively. In the Gir data, the posterior means of the heritability
estimates ranged from 0.28 to 0.63 for individual FAs, from 0.32 to 0.66 for FA groups, and
from 0.38 to 0.57 for the unsaturation indices. In the Guzerá data, the heritability estimates
ranged from 0.25 to 0.74 for the individual FAs, from 0.26 to 0.65 for the FA groups, and
from 0.50 to 0.68 for the unsaturation indices.
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Table 8. Posterior means and respective standard deviation (PSD), credibility interval (CI, 95%) of
estimates of additive genetic variance (σ2

a ), residual variance (σ2
e ), and heritability (h2) for milk yield

(MY305), fat yield (FY305), and individual fatty acids in milk from Gir cows, from tri-trait analysis
with MY305 and FY305.

Trait
σ2

a σ2
e h2

Mean (PSD) [CI] 2 Mean (PSD) [CI] Mean (PSD) [CI]

MY305 219,120.00
(21,846.00)

[177,700.00;
263,000.00]

1,089,800.00
(21.562)

[1,050,000;
1,134,000] 0.17 (0.02) [0.14;0.20]

FY305 358.95 (65.12) [234.10;486.70] 5.656 (135.54) [5.384; 5.915] 0.06 (0.01) [0.04;0.08]

Individual fatty acids

C4:0 0.0566 (0.025) [0.0132; 0.1024] 0.1412 (0.023) [0.0963; 0.1861] 0.28 (0.1) [0.07; 0.49]
C8:0 0.0136 (0.005) [0.0069; 0.0206] 0.0287 (0.004) [0.0217; 0.0369] 0.32 (0.1) [0.17; 0.48]

C10:0 0.1025 (0.037) [0.0520; 0.1537] 0.1933 (0.032) [0.1433; 0.2545] 0.34 (0.1) [0.18; 0.51]
C12:0 0.1404 (0.052) [0.0714; 0.2114] 0.2350 (0.043) [0.1702; 0.3171] 0.37 (0.1) [0.20; 0.54]
C14:0 0.5916 (0.233) [0.3213; 1.0650] 0.8008 (0.162) [0.5038; 1.0330] 0.42 (0.1) [0.25; 0.68]
C16:0 6.4563 (1.743) [2.3970; 8.4250] 3.6920 (1.268) [2.4380; 6.7810] 0.63 (0.1) [0.27; 0.76]
C18:0 0.8888 (0.289) [0.2915; 1.5410] 1.5140 (0.246) [1.0380; 2.1590] 0.37 (0.1) [0.12; 0.57]

trans-11 C18:1 0.0309 (0.015) [0.0091; 0.0597] 0.0797 (0.016) [0.0434; 0.1008] 0.28 (0.1) [0.09; 0.57]
cis-9 C18:1 4.4835 (1.718) [1.4380; 7.8810] 7.5755 (1.685) [4.4010; 10.3800] 0.37 (0.1) [0.14; 0.62]

cis-9, trans-11
CLA 1 0.0021 (0.001) [0.0007; 0.0040] 0.0020 (0.001) [0.0010; 0.0030] 0.51 (0.2) [0.21; 0.78]

1 CLA: conjugated linoleic acid. 2 Lower upper limits of the 95% probability credibility interval.

Table 9. Posterior means and respective standard deviation (PSD), credibility interval (CI, 95%) of
estimates of additive genetic variance (σ2

a ), residual variance (σ2
e ), and heritability (h2) of the fatty

acid groups in milk fat from Gir cows, from tri-trait analysis with MY305 and FY305.

Trait 1
σ2

a σ2
e h2

Mean (PSD) [CI] 2 Mean (PSD) [CI] Mean (PSD) [CI]

SCFA 0.4869 (0.166) [0.1779; 0.7322] 0.8260 (0.145) [0.5742; 1.0920] 0.37 (0.1) [0.14; 0.53]
MCFA 8.5974 (2.507) [2.5510; 11.7000] 10.5600 (1.897) [7.3110; 14.9800] 0.44 (0.1) [0.15; 0.60]
LCFA 9.1399 (2.888) [2.2250; 13.7700] 9.3594 (2.881) [6.3670; 15.6400] 0.49 (0.1) [0.15; 0.67]
SFA 7.2026 (2.770) [1.7520; 12.2800] 10.0370 (2.213) [6.0320; 14.6100] 0.41 (0.1) [0.12; 0.65]
UFA 6.3455 (1.635) [2.5420; 10.0500] 8.0655 (1.590) [4.5710; 10.7400] 0.44 (0.1) [0.22; 0.68]

MUFA 4.9392 (1.725) [2.0420; 9.1070] 8.4987 (1.719) [4.7840; 10.8900] 0.37 (0.1) [0.20; 0.68]
PUFA 0.0917 (0.032) [0.0337; 0.1570] 0.1247 (0.027) [0.0724; 0.1789] 0.42 (0.1) [0.18; 0.68]

OLCFA 0.0321 (0.008) [0.0137; 0.0459] 0.0167 (0.007) [0.0086; 0.0329] 0.66 (0.1) [0.33; 0.84]
OBCFA 0.0369 (0.014) [0.0112; 0.0640] 0.0793 (0.013) [0.0519; 0.1060] 0.32 (0.1) [0.10; 0.53]
ω-6 cis 0.0536 (0.020) [0.0170; 0.0916] 0.1003 (0.018) [0.0656; 0.1348] 0.35 (0.1) [0.12; 0.56]
ω-3 cis 0.0027 (0.001) [0.0012; 0.0041] 0.0025 (0.001) [0.0014; 0.0037] 0.52 (0.1) [0.26; 0.73]

1 SCFA: short-chain fatty acids; MCFA: medium-chain fatty acids; LCFA: long-chain fatty acids; SFA: saturated
fatty acids; UFA: unsaturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids;
OLCFA: odd- and linear-chain fatty acids; OBCFA: odd- and branched-chain fatty acids; ω-6 cis: cis-configured
omega-6 fatty acids; ω-3 cis: cis-configured omega-3 fatty acids. 2 Lower upper limits of the 95% probability
credibility interval.

The posterior means of the genetic correlation coefficients are shown in Figure 1 for
the Gir breed and Figure 2 for the Guzerá breed. Large posterior standard deviations were
observed for the genetic correlation estimates. For the genetic correlations, when zero
was within the CIs, the estimates did not differ from zero. The correlations ranged from
moderate to high regardless of direction.
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Table 10. Posterior means and respective standard deviation (PSD), credibility interval (CI, 95%) of
estimates of additive genetic variance (σ2

a ), residual variance (σ2
e ), and heritability (h2) of the indexes

of nutritional quality and unsaturation of milk fat in Gir cows, from tri-trait analysis with MY305
and FY305.

Trait 1
σ2

a σ2
e h2

Mean (PSD) [CI] 2 Mean (PSD) [CI] Mean (PSD) [CI]

Milk fat quality indexes

ω-6/ω-3 0.1651 (0.084) [0.0316;
0.3444] 0.5326 (0.081) [0.3712;

0.6869] 0.23 (0.1) [0.05; 0.46]

Unsaturation indexes

Index C14:1 1.9568 (0.583) [0.6998;
3.2260] 1.7827 (0.468) [0.8938;

2.9550] 0.52 (0.1) [0.21; 0.77]

Index C16:1 0.9206 (0.323) [0.3021;
1.3390] 0.6540 (0.224) [0.3533;

1.1010] 0.57 (0.2) [0.24; 0.79]

Index C18:1 6.4679 (2.159) [2.2340;
10.4800] 10.2350 (1.849) [6.4130;

13.7300] 0.38 (0.1) [0.15; 0.59]

Index CLA 6.6018 (1.965) [2.9920;
10.8000] 9.3318 (1.762) [5.5860;

12.4200] 0.41 (0.1) [0.23; 0.66]

TUI 8.2461 (2.976) [3.1230;
14.8500] 12.5230 (2.637) [6.3850;

16.9000] 0.39 (0.1) [0.17; 0.69]

1 ω-6/ω-3: ratio between omega-6 and omega-3 fatty acids; Index C14:1: unsaturation index (stearoyl Co-A
desaturase-1 enzyme activity index) and TUI: total unsaturation index. 2 Lower upper limits of the 95% probability
credibility interval.

Table 11. Posterior means and respective standard deviation (PSD), credibility interval (CI, 95%)
of estimates of additive genetic variance (σ2

a ), residual variance (σ2
e ), and heritability (h2) for milk

yield (MY305), fat yield (FY305), and individual fatty acids in milk from Guzerá cows, from tri-trait
analysis with MY305 and FY305.

Trait 1
σ2

a σ2
e h2

Mean (PSD) [CI] 2 Mean (PSD) [CI] Mean (PSD) [CI]

MY305 143,090.00
(16,369.00)

[112,500.00;
175,700.00]

348,150.00
(12,864.00)

[323,600.00;
374,000.00] 0.29 (0.03) [0.23;0.35]

FY305 242.51 (42.16) [164.20;326.50] 925.08 (41.04) [846.80;1006.0] 0.21 (0.03) [0.14;0.27]

Individual fatty acids

C4:0 0.0328 (0.016) [0.0076; 0.0650] 0.0987 (0.015) [0.0689; 0.1291] 0.25 (0.1) [0.06; 0.46]
C8:0 0.0183 (0.005) [0.0085; 0.0286] 0.0132 (0.004) [0.0056; 0.0210] 0.58 (0.1) [0.31; 0.84]

C10:0 0.1223 (0.030) [0.0633; 0.1792] 0.0584 (0.023) [0.0176; 0.1022] 0.67 (0.1) [0.42; 0.91]
C12:0 0.1912 (0.042) [0.1133; 0.2734] 0.0663 (0.031) [0.0166; 0.1250] 0.74 (0.1) [0.50; 0.94]
C14:0 0.4710 (0.153) [0.1834; 0.7797] 0.3765 (0.121) [0.1278; 0.6002] 0.55 (0.2) [0.26; 0.84]
C16:0 2.2550 (0.881) [0.7426; 4.0310] 3.0498 (0.741) [1.6050; 4.4510] 0.42 (0.1) [0.15; 0.70]
C18:0 1.5169 (0.489) [0.6634; 2.4550] 0.9518 (0.375) [0.2422; 1.6610] 0.61 (0.2) [0.30; 0.89]

trans-11 C18:1 0.0417 (0.026) [0.0042; 0.0953] 0.0768 (0.023) [0.0274; 0.1126] 0.34 (0.2) [0.05; 0.72]
cis-9 C18:1 2.8626 (1.078) [0.9212; 4.9380] 3.0800 (0.868) [1.3610; 4.7060] 0.48 (0.2) [0.19; 0.77]

cis-9, trans-11
CLA 0.0124 (0.005) [0.0032; 0.0223] 0.0159 (0.044) [0.0073; 0.0241] 0.43 (0.2) [0.10; 0.73]

1 CLA: conjugated linoleic acid. 2 Lower upper limits of the 95% probability credibility interval.

For the Gir breed, while MY305 showed no genetic correlations with individual FAs,
FY305 showed a moderate positive genetic correlation with C4:0 and C16:0 FAs and a
moderate negative correlation with cis-9, trans-11 CLA. The genetic correlations among the
individual FAs ranged from −0.90 to 0.98. C4:0 showed a negative and moderate correlation
with C10:0, C12:0, and C14:0, and a positive correlation with C16:0 and trans-11 C18:1.
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Cis-9 C18:1 showed a moderate to high and negative correlation with SCFAs and MCFAs
(C8:0 to C16:0). Cis-9, trans-11 CLA showed a positive and high genetic correlation with its
precursor trans-11 C18:1 and a moderate to high negative correlation with C8:0 to C14:0.

Table 12. Posterior means and respective standard deviation (PSD), credibility interval (CI, 95%) of
estimates of additive genetic variance (σ2

a ), residual variance (σ2
e ), and heritability (h2) of the fatty

acid groups in milk fat from Guzerá cows, from tri-trait analysis with MY305 and FY305.

Trait 1
σ2

a σ2
e h2

Mean (PSD) [IC] 2 Mean (PSD) [IC] Mean (PSD) [IC]

SCFA 0.3408 (0.150) [0.0911; 0.6352] 0.5818 (0.131) [0.3196; 0.8256] 0.37 (0.1) [0.11; 0.64]
MCFA 3.4889 (1.867) [0.3444; 7.0270] 6.7156 (1.579) [3.5810; 9.6580] 0.34 (0.2) [0.05; 0.64]
LCFA 4.7567 (2.150) [0.6009; 8.7500] 5.9152 (1.740) [2.3710; 9.1670] 0.44 (0.2) [0.08; 0.76]
SFA 3.4938 (1.520) [0.8112; 6.4880] 5.7973 (1.290) [3.2110; 8.3370] 0.37 (0.1) [0.11; 0.65]
UFA 4.3440 (1.606) [1.4650; 7.3740] 3.0161 (1.268) [0.7397; 5.2450] 0.58 (0.2) [0.25; 0.91]

MUFA 2.9643 (1.536) [0.4850; 5.9930] 3.7884 (1.254) [1.1520; 5.9230] 0.43 (0.2) [0.09; 0.81]
PUFA 0.0361 (0.017) [0.0037; 0.0680] 0.0444 (0.014) [0.0179; 0.0710] 0.44 (0.2) [0.07; 0.77]

OLCFA 0.0103 (0.005) [0.0018; 0.0200] 0.0235 (0.004) [0.0149; 0.0322] 0.30 (0.1) [0.06; 0.55]
OBCFA 0.0249 (0.013) [0.0051; 0.0495] 0.0708 (0.012) [0.0472; 0.0935] 0.26 (0.1) [0.06; 0.49]
ω-6 cis 0.0108 (0.005) [0.0019; 0.0211] 0.0196 (0.005) [0.0107; 0.0283] 0.35 (0.2) [0.07; 0.64]
ω-3 cis 0.0031 (0.001) [0.0009; 0.0048] 0.0016 (0.001) [0.0005; 0.0034] 0.65 (0.2) [0.25; 0.90]

1 SCFA: short-chain fatty acids; MCFA: medium-chain fatty acids; LCFA: long-chain fatty acids; SFA: saturated
fatty acids; UFA: unsaturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids;
OLCFA: odd- and linear-chain fatty acids; OBCFA: odd- and branched-chain fatty acids; ω-6 cis: cis-configured
omega-6 fatty acids; ω-3 cis: cis-configured omega-3 fatty acids. 2 Lower upper limits of the 95% probability
credibility interval.

Table 13. Posterior means and respective standard deviation (PSD), credibility interval (CI, 95%) of
estimates of additive genetic variance (σ2

a ), residual variance (σ2
e ), and heritability (h2) of the indexes

of nutritional quality and unsaturation of milk fat in Guzerá cows, from tri-trait analysis with MY305
and FY305.

Trait 1 σ2
a σ2

e h2

Mean (PSD) [CI] 2 Mean (PSD) [CI] Mean (PSD) [CI]

Milk fat quality indexes

ω-6/ω-3 0.0329 (0.029) [0.0014; 0.0898] 0.1227 (0.025) [0.0697; 0.1674] 0.21 (0.2) [0.01; 0.53]

Unsaturation indexes

Index C14:1 2.5935 (0.784) [1.1710; 4.1230] 1.1992 (0.595) [0.1351; 2.2590] 0.68 (0.2) [0.38; 0.96]
Index C16:1 0.6899 (0.193) [0.3116; 1.0560] 0.3259 (0.147) [0.0626; 0.6114] 0.67 (0.2) [0.38; 0.95]
Index C18:1 9.6737 (3.170) [3.3530; 15.3300] 5.2263 (2.478) [0.9302; 9.9460] 0.64 (0.2) [0.31; 0.95]
Index CLA 8.3183 (2.789) [3.1740; 13.8100] 4.5980 (2.142) [0.7437; 8.4990] 0.64 (0.2) [0.32; 0.95]

TUI 5.3284 (2.083) [1.5150; 9.3560] 5.1575 (1.685) [1.8050; 8.2540] 0.50 (0.2) [0.19; 0.84]
1 ω-6/ω-3: ratio between omega-6 and omega-3 fatty acids; Index C14:1: unsaturation index (stearoyl Co-A
desaturase-1 enzyme activity index) and TUI: total unsaturation index. 2 Lower upper limits of the 95% probability
credibility interval.

For the Guzerá breed, MY305 showed moderate genetic correlations with individual
FAs, which were negative for C8:0 to C14:0 and positive for C18:0. FY305 showed a moder-
ate and negative genetic correlation with C10:0, C12:0, and C14:0. Regarding individual
FAs, C18:0 showed a moderate positive correlation with C4:0, and a negative correlation
with C8:0 to C14:0. Trans-11 C18:1 showed a low to high correlation with C8:0 to C14:0.
Cis-9 C18:1 showed a moderate positive correlation with C4:0, and a moderate to high
negative correlation with C12:0 to C16:0. Cis-9, trans-11 CLA showed a moderate negative
genetic correlation with C4:0 to C14:0, and a positive correlation with cis-9 C18:1.
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Figure 1. Posterior means of the estimates of the genetic correlation coefficients among milk yield
(MY305), fat yield (FY305), and individual fatty acids of Gir cows’ milk, from two-trait analyses.

Figure 2. Posterior means of the estimates of the genetic correlation coefficients between milk yield
(MY305), fat yield (FY305), and individual fatty acids of Guzerá cows’ milk, from two-trait analyses.

In both breeds, C8:0 to C14:0 showed high and moderate positive genetic correlations
with C18:0 and trans-11 C18:1. Otherwise, the pattern of genetic correlations between C16:0
and the other FAs differed between breeds. Regardless of the breed, when the correlations
were non-zero, LCFAs generally correlated negatively with SCFAs and MCFAs.
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4. Discussion
4.1. Descriptive Statistics

To our knowledge, no studies have examined the genetic parameters of milk FA
composition in Zebu cattle (Bos indicus). Therefore, this study can be considered the first to
undertake quantitative genetic analyses of FA profiles in Zebu cattle. Some studies have
demonstrated the ability of Zebu cattle to produce milk with a higher fat content, with
levels even above those found in some taurine breeds (Bos taurus) [36,37], which could
also occur with the FA levels in Zebu milk fat [38]. In general, the milk FA profiles of Gir
and Guzerá cows were similar to those described for Bos indicus and Bos taurus breeds
in studies that expressed the FA profile in g/100 g of fat [3,37,39,40]. Understanding the
genetic behavior of fatty acids in milk is an important first step in the search for a fatty
acid profile that benefits human health. However, there is no consensus in the literature
regarding the optimal combination of fatty acids that make up the milk profile.

Regardless of the breed, FAs considered bioactive, such as cis-9, trans-11 CLA
(Gir = 0.77 ± 0.30 g/100 g of total FA; Guzerá = 0.92 ± 0.40 g/100 g of total FA), trans-
11 C18:1 (Gir = 1.45 ± 0.60 g/100 g of total FA; Guzerá = 1.83 ± 0.90 g/100 g of total FA),
and the ω-3 class (Gir = 0.45 ± 0.10 g/100 g of total FA; Guzerá = 0.49 ± 0.11 g/100 g of
total FA) showed slightly higher concentrations than those observed in the Brown Swiss
breed (cis-9, trans-11 CLA = 0.65 g/100 g of total FA; trans-11 C18:1 = 1.20 g/100 g of total
FA) [39] and the synthetic Girolando breed (cis-9, trans-11 CLA = 0.75; trans-11 C18:1 = 1.34;
ω-3 = 0.16) [40]. While the concentrations found for these FAs in our study were <2 g/100 g
of total FA, these contents can have a significant biological impact on human health [14].

The average concentrations of C18:0 and cis-9 C18:1 FA observed in our study were
slightly higher than those observed by Silva et al. [40] when evaluating the milk FA profile
of Girolando cows at 90 ± 15 DIM. Many factors could explain the observed differences,
including lactation stage, breed, and, most importantly, the diet. The higher concentrations
of C18:0 and cis-9 C18:1 in Zebu milk fat may be attributed to milk sampling around
the peak of lactation, when the maximum gene expression is expected and, thus, the
maximum phenotypic expression. Moreover, during this period, cows may also experience
a negative energy balance [37], which would increase body fat mobilization, incorporating
more C18:0 and cis-9 C18:1 into the milk fat, since they are the main FAs stored in adipose
tissue [12,41]. Another possible explanation is related to the diet provided to both the Gir
and Guzerá cows, since 50.62% (n = 286) received a diet based on tropical pasture, of which
42.10% (n = 129) also received a lipid concentrate. This finding is consistent with studies
that showed that cows grazing pasture supplemented with lipid sources produce milk with
higher LCFA and UFA concentrations, increasing the biological and nutritional value of the
milk [42–44].

Jointly considering the results of scientific reviews by Arnould and Soyeurt [45] and
Samková et al. [38] and a meta-analysis by Hossein-Zadeh [46], it can be considered that
there is no consensus on the fact that heritability estimates of FAs are higher when expressed
in g/100 g of milk than other concentration units. However, while the concentrations were
expressed in g/100 g of total FA, the heritabilities estimated in our study were higher than
those obtained by Bobbo et al. [13], who expressed the FA profile in g/100 g of milk.

Comparing the results on milk FA across different studies is difficult due to differences
in interspecific diversity, database structure, sample size, experiments design and precision,
laboratory analysis methods (gas chromatography or mid-infrared spectroscopy), concen-
tration units (g/100 g of fat, g/100 dL or 100 g of milk, or g/100 g of total FA), and statistical
models [46–48], which lead to wide variation in the reported heritability estimates.
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4.2. Genetic Parameters

Our study observed a wider CI, potentially reflecting the database structure, as
there was a limited number of cows with milk FA profiles for both breeds (Gir = 299,
Guzerá = 266). Studies that used more profiles reported narrower CIs [49]. However, we
emphasize that although the number of animals phenotyped for FA is limited, this study is
a pioneering step toward improving milk quality in the breeds studied and in Zebu cattle
in general.

Regarding the individual milk FAs, the posterior means of the heritability estimates are
similar in our study to those obtained by Palombo et al. [50] for taurine breeds, except for
C12:0, which was higher for the Guzerá breed. When analyzing data from Holstein × Jersey
crossbred cows, Lopez-Villalobos et al. [48] found heritability estimates similar to those
obtained in our study with the Guzerá breed for C16:0; cis-9, trans-11 CLA; PUFA; and
LCFA, and the Gir breed for C8:0, C10:0, and C12:0.

SCFAs and MCFAs synthesized de novo in the mammary gland present higher heri-
tability estimates than LCFAs, as these are mainly derived from the diet, biohydrogenation
in the rumen, and mobilization from adipose tissue [51]. However, in our study, the poste-
rior heritability estimates were similar for these groups in the two breeds. The heritability
estimates found for LCFAs indicate the existence of genetic variability underlying the
process of incorporating these FAs into the milk [51].

SFAs were expected to show greater heritability than UFAs [48]. Biologically, this
difference can be explained by the fact that most FAs synthesized de novo in the mammary
gland are SFAs [15]. In our study, contrary to what was found by Lopez-Villalobos et al. [48],
UFAs showed similar heritability estimates to SFAs. One possible explanation for these
unexpected results could be that the individual milk samples were taken at a fixed moment
during lactation (around the peak), while the other studies collected several samples during
the entire or partial period of lactation [52]. The period around the peak of lactation
was chosen for sampling the milk FA profile because it is assumed that the phenotypic
expression of these traits would be greatest during this period [22,23].

OBCFAs in milk fat primarily originate from the cell wall of rumen bacteria [53–55].
Hence, they are expected to be under less genetic control, leading to lower heritability [56].
Evaluating taurine breeds, Palombo et al. [50] found heritability estimates similar to those
obtained in our study for OLCFAs and OBCFAs in the Guzerá breed and lower than those
found in the Gir breed for OLCFAs and the ω-6 cis group.

Our study also examined the unsaturation indices of the four main SCD1 prod-
uct/substrate FA pairs (C14:0/cis-9 C14:1, C16:0/cis-9 C16:1, C18:0/cis-9 C18:1, and trans-11
C18:1/cis-9, trans-11 CLA) and the TUI encompassing all these pairs. Since these pairs
were studied to assess SCD1 activity in the mammary gland, the C14:1 index was expected
to show greater heritability than the other unsaturation indices because, unlike the FAs
included in those indices, C14:0 is almost entirely synthesized de novo in the mammary
gland and, thus, all cis-9 C14:1 is produced by SCD1 [39,57]. However, in our study, the
heritability estimates obtained for the unsaturation indices were similar, regardless of the
breed. In both breeds, the heritabilities for the TUI were like those obtained by Schennink
et al. [32] and Bilal et al. [57]. Moderate to high heritabilities for the unsaturation indices
suggest that they can be altered through genetic selection (h2: low, <0.1; moderate, 0.1–0.3;
high, >0.3).

Most of the individual FAs, FA groups, or indices evaluated in our study generally
showed moderate to high heritability estimates, indicating that direct genetic selection can
effectively alter the milk FA composition to obtain milk with a better nutritional profile
for human health. The genetic correlation between milk fat FAs refers to the degree to
which the same gene pool influences the presence and proportions of the different FAs.
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Figures 1 and 2 show that the correlations behaved differently in the two breeds, which can
be explained by differences in their evolutionary histories and artificial selection intensities.

The correlations between MY305 and C8:0, C10:0, C12:0, and C14:0 content (in g/100 g
of total FA) were negative for the Guzerá breed (Figure 2). Bastin et al. [51] and Bobbo
et al. [13] observed a similar pattern in taurine breeds, although they expressed FA con-
centrations in g/dL and g/100 g of milk and took measurements throughout the lactation
period. These results reinforce the antagonistic action of proteins involved in synthesizing
certain FAs in fat milk, especially SCFAs, which are substrates for the others.

In the Gir breed, although weak, FY305 correlated positively with C16:0 (Figure 1).
Thus, these traits share the positive effects of the same gene pool, and selection for increasing
MY305 would improve the C16:0 milk fat concentration. As C16:0 is associated with adverse
effects on cardiovascular risk indicators, increasing its concentration in milk fat would be
undesirable [8].

Soyeurt et al. [10] stated that since genetic correlations reflect the physiological pro-
cesses involved in synthesizing FAs in milk fat, they can be interpreted from a biological
perspective. Due to the different origins of FAs in milk fat, the genetic correlations gen-
erally showed different directions when preformed FAs (originating from diet, ruminal
biohydrogenation, and mobilization of body reserves) were correlated to those synthesized
de novo in the mammary gland (Figures 1 and 2). An example is the C8:0, which showed a
positive correlation with the other de novo synthesized FAs (C10:0, C12:0, and C14:0) in
both breeds, and a negative correlation with cis-9 C18:1 and cis-9, trans-11 CLA in the Gir
breed, and with trans-11 C18:1 and cis-9, trans-11 CLA in the Guzerá breed, both of which
come partly from the bloodstream. These results suggest that selection can be based on
only one FA representative of the de novo synthesized or preformed FA group. Therefore,
selection for a lower concentration of a single FA could increase the concentration of certain
FAs in milk fat, improving the nutritional composition of the milk fat.

In both breeds (Figures 1 and 2), C4:0 was negatively correlated with SCFAs and
MCFAs (C10:0, C12:0). In the Gir breed, C4:0 and C14:0 were negatively correlated, whereas
no significant correlation was observed between these fatty acids in the Guzerá breed.
C4:0 was positively correlated with LCFAs (C18:0 and cis-9 C18:1, for the Guzerá breed,
and trans-11 C18:1, for the Gir breed). This pattern can be explained by not all C4:0 being
synthesized de novo in the mammary gland, with some incorporated from the bloodstream.
As a result, when there is a higher concentration of FAs, it can suppress the expression of
key proteins involved in de novo synthesis, such as acetyl-CoA carboxylase alpha (ACACα)
and fatty acid synthase (FASN), which are central to this metabolic process. Consequently,
the concentrations of C4:0 in milk fat will be higher because this FA has not been used as a
substrate in de novo FA synthesis [23,58].

According to Mu et al. [59], ruminant milk fat synthesis is complex and dynamic, as it
involves many key enzymes, proteins, and regulatory factors. The final product of the de
novo synthesis cycle is C16:0. However, during the finishing process, intermediate SCFAs
and MCFAs are formed and included in the milk fat [60], potentially explaining the high
genetic correlations observed between C8:0 and C14:0 in the Gir (r = 0.72) and Guzerá
(r = 0.93) breeds. Hence, most proteins influencing C8:0 production also influence C14:0
production because they are part of the same metabolic pathway [60].

The genetic correlation between cis-9, trans-11 CLA and trans-11 C18:1 was strong and
positive in the Gir breed (0.90; Figure 1). Prado et al. [61] reported that most (86.8% ± 2.8%)
of the cis-9, trans-11 CLA in milk is produced predominantly from its precursor trans-11
C18:1 in the mammary gland through desaturation mediated by SCD1, explaining our
results. In the Guzerá breed, cis-9, trans-11 CLA showed a moderate and positive genetic
correlation with cis-9 C18:1 (0.68; Figure 2). This correlation reflects, in part, the common
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origin of these two FAs, which are synthesized in the mammary gland by converting cis-9
C18:0 into C18:1, and trans-11 C18:1 into cis-9, trans-11 CLA by the action of SCD1 [61].

4.3. Future Prospects

Future studies should expand the number of phenotyped animals to obtain more
accurate estimates of genetic parameters, heritabilities, and genetic correlations, among
milk FA. Integrating genomic information with phenotypic and nutritional data could help
to identify candidate genes and metabolic pathways involved in milk-fat synthesis and
desaturation. Moreover, understanding genotype–environment interactions and, particu-
larly, the influence of diet and management systems, will be essential to design breeding
programs that simultaneously improve milk yield, composition, greenhouse gas emissions,
and nutritional quality for human health. Two questions remain: How much could changes
in the bovine milk fatty acid profile interfere with its physical and chemical properties?
What is the best bovine milk fatty acid profile for human health?

5. Conclusions
The moderate to high heritability estimates observed in our study indicate that the

milk FA profile of Gir and Guzerá cows can be improved through selective breeding, with
potential beneficial effects on human health. The genetic correlations between the FAs
were moderate to high, depending on whether or not they had a common origin, were de
novo synthesized, or preformed. Since the genetic correlations of MY305 and FY305 with
individual FAs in the Gir breed were generally not different from zero, direct selection for
MY305 or FY305 is unlikely to affect the milk fat FA profile in these populations, except for
rumenic, butyric, and palmitic acids. In the Guzerá breed, the estimated genetic correlations
indicate that an increase in milk or fat production can negatively affect the composition of
SCFAs and MCFAs.
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Abbreviations
The following abbreviations are used in this manuscript:

AS Age at sampling
AI Atherogenic index
C10:0 Capric acid
C12:0 Lauric acid
C14:0 Myristic acid
C16:0 Palmitic acid
C18:0 Stearic acid
C18:2 ω-6 Linoleic acid (omega-6)
C18:3 ω-3 A-linolenic acid (omega-3)
C18:3 ω-6 Γ-linolenic acid (omega-6)
C20:5 ω-3 Eicosapentaenoic acid (omega-3)
C4:0 Butyric acid
C8:0 Caprylic acid
CG Contemporary group
CI Credibility interval
cis-9 C18:1 Oleic acid
CLA cis-9, trans-11 Rumenic acid
CV Coefficients of variation
DIM Days in milk
FA Fatty acids
FY305 305-day fat yield

h/H
Relationship between hypocholesterolemic and hypercholesterolemic
fatty acids

Index C14:1 Unsaturation index C14:1
Index C16:1 Unsaturation index C16:1
Index C18:1 Unsaturation index C18:1
Index CLA Unsaturation index CLA
LCFA Long-chain fatty acids
MCFA Medium-chain fatty acids
MUFA Monounsaturated fatty acids
MY305 305-day milk yield
OBCFA Odd- and branched-chain fatty acids
OLCFA Odd- and linear-chain fatty acids
PSD Posterior standard deviation
PUFA Polyunsaturated fatty acids
SCFA Short-chain fatty acids
SD Standard deviations
SFA Saturated fatty acids
TI Thrombogenic index
trans-11 C18:1 Trans-vaccenic acid
TUI Total unsaturation index
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UFA Unsaturated fatty acids
ω-3 cis Cis-configured omega-3 fatty acids
ω-6 cis Cis-configured omega-6 fatty acids
ω6/ω3 Relationship between omega-6 and omega-3 fatty acids
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