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Abstract This study evaluated the effect of T. diver-
sifolia on the fatty acid (FA) profile of milk, with and
without lipid supplementation, through two trials.
Trial 1 compared a monoculture system of Kikuyu
grass—Cenchrus clandestinus (Hochst. ex Chiov.)
Morrone (MONO)—with a silvopastoral system
(ISS) incorporating Kikuyu grass and wild sunflower
(5% of forage dry matter, FDM). The objective was to
assess the effect of shrubs as grazing forage on the FA
profile of dairy Holstein cows, using a Latin rectangle
design with two periods and 12 cows (experimental
units) in a crossover arrangement. Trial 2 evaluated
the effect of increasing wild sunflower in the forage
diet (17.5% of FDM) and supplementing concen-
trates with different lipid sources (LS1: Concentrate
with commercial saturated rumen bypass fat; LS2:
Concentrate with 1% soybean oil, 0.5% fish oil, and
1.5% rumen bypass omega-3 fat; LS3: Concentrate
with 2.5% soybean oil and 0.5% fish oil). A com-
pletely randomized block design with a 2x 3 factorial
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arrangement (two production systemsXthree lipid
sources in the concentrate) was used. The milk FA
profile was positively influenced by wild sunflower
intake (5% FDM in trial 1, 17.5% in trial 2) and
soybean/fish oil inclusion (trial 2). In trial 1, trans-
vaccenic acid (TVA) increased by 10% compared to
MONO. In trial 2, TVA increased by 41%. Overall,
incorporating wild sunflower and lipid supplements
into the ISS diet improved milk nutritional quality.

Keywords Fatty acids - Fish oil - Ruminal
biohydrogenation - Soybean oil - Sustainable system

Introduction

Bovine milk has long been considered an essential
food during the early stages of mammalian growth
and throughout the later stages of human life, pri-
marily due to its content of protein, fat, minerals,
and vitamins (Dror and Allen 2014; Lin et al. 2021;
Guo et al. 2024). However, concerns have been raised
regarding the relationship between milk consumption
and the potential risk of cardiovascular diseases asso-
ciated with saturated fat intake (Soedamah-Muthu
et al. 2011; Jakobsen et al. 2021), as well as the envi-
ronmental impact of bovine production systems in
terms of greenhouse gas emissions. These concerns
have fueled campaigns discouraging milk consump-
tion and its products (Willett et al. 2019; Neethirajan
2024).
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Nevertheless, modifying the fatty acid (FA)
profile of milk and its derivatives to increase the
proportion of monounsaturated and polyunsaturated
FAs has been shown to positively influence of
consumers (Markey et al. 2017; Calvo et al. 2023).
This modification can be achieved by altering the
cow’s diet, supplementing it with sources rich in
polyunsaturated FAs, such as vegetable oils or seeds
like sunflower, flaxseed, and canola, which contain
high levels of linoleic (C18:2 cis 9,12) and linolenic
(C18:3 cis 9,12,15) acids (Bettero et al. 2017,
Gallardo and Teixeira 2023). Additionally, marine-
derived sources such as fish oil or seaweed, which
are rich in eicosapentaenoic acid (EPA C20:5 cis
5,8,11,14,17) and docosahexaenoic acid (DHA C22:6
cis 4,7,10,13,16,19), can further enhance the FA
profile (Angulo et al. 2012; Toral et al. 2017).

The main objective of these dietary modifications
is to alter ruminal biohydrogenation (RBH) to
increase the concentration of dietary polyunsaturated
FAs in milk (Doreau et al. 2011; Polidori et al. 2018).
This is achieved by employing strategies that protect
FAs from ruminal degradation, allowing a significant
proportion to bypass the rumen and reach the small
intestine for absorption and subsequent transfer to the
mammary gland (Prieto-Manrique et al. 2018).

The mechanisms involved in modifying the
biohydrogenation process focus on the cytotoxicity
effects of FAs like DHA and EPA on ruminal
bacteria. These effects include alterations in plasma
membrane fluidity (Maia et al. 2010; Tedeschi et al.
2021) and the saturation of the RBH process, which
slows down the rate of biohydrogenation, particularly
in its final stages (Vargas et al. 2019).

Over the last decade, one of the most significant
advances in efforts to increase trans-vaccenic FA
and conjugated linoleic acid (CLA) levels has
been the combination of vegetable oils with fish
oil or algae (Angulo et al. 2012; Toral et al. 2017).
Likewise, the use of forage shrubs containing
secondary metabolites (such as tannins, saponins,
and flavonoids) has been explored. These compounds
are associated with disruptions in plasma membrane
functionality (primarily in bacterial and protozoan
membranes) within the RBH process. Tannins, in
particular, have been linked to substrate sequestration
and competition, which inhibit the growth of these
microorganisms (Kholif and Olafadehan 2021; Sun
et al. 2022).
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Based on this background, this research aims to
address the following question: Can the inclusion of
fats, vegetable oils, and the shrub T. diversifolia in
dairy cows diet modify the fatty acid profile of milk?
The finding of this study may contribute to expanding
the scientific knowledge on sustainable dairy
production in the tropical highlands silvopastoral
systems, helping to bridge the existing information
gap. Furthermore, these insights could assist in
generating added value by offering differentiated milk
products to both the industry and the consumers.

Materials and methods
Description of the production systems evaluated

This research was conducted at La Montafia Farm,
University of Antioquia, in San Pedro de Los
Milagros, Colombia. It is classified as a low-mountain
humid forest with an average temperature of 15 °C
and an altitude ranging between 2350 and 2500 m
above sea level (Holdridge 1966). The evaluated
systems were:

Intensive silvopastoral system (ISS): The system
occupied an area of 1.4 ha and was composed of
Kikuyu grass (C. clandestinus) and wild sunflower
(T. diversifolia, 1110 shrubs/ha in Trial 1;>2500
shrubs/ha in Trial 2). Shrubs for grazing were
distributed in linear furrows every 8 m, and the
alder trees (Alnus acuminata Kunth) were scattered
in the paddock (40 trees in total). The electric tape
was used to manage daily grazing strips of 380 m?
with a one-day occupation period, 35 days of grass
rest, and 70 days for wild sunflower rest. The shrub
rest period was as follows: cows grazed along the
same strip every two grass grazing cycles, ensuring
both the dry matter (DM) supply and the agronomic
recovery of the shrubs. This system did not receive
fertilization during the evaluation period (Mejia-Diaz
et al. 2017b).

Monoculture  system (MONO): This system
included kikuyu grass (C. clandestinus) covering a
total surface area of 1.4 ha. Grazing was managed in
daily strips of 380 m? (using electrical tape), with a
one-day occupation period and 35 days of recovery.
MONO was fertilized with synthetic nitrogen during
each rotation cycle (42-0-5) at concentrations of
52.73 kg/ha and organic fertilizer (cow manure)
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according to the farm management guidelines (Mejia-
Diaz et al. 2017b).

Experiments and experimental design

This work derives from two independent trials
conducted at different times and with different
animals. It should be noted that this manuscript
focuses exclusively on the fatty acid profile of milk.
However, for general context, the most relevant
results regarding production, milk chemistry quality,
and dry matter intake, reported by other authors, are
referenced below:

In trial 1, using methods to estimate dry matter
intake, the research reported a total intake (kg/cow/
day) of 20.2 for the ISS and 20.6 for the MONO.
Voluntary forage intake evaluated in the pasture
yielded a Kikuyu: wild sunflower ratio of 95.5:5
in the ISS. Milk production (L/cow/day) was 25.5
L for the ISS and 25.6 L for the MONO. For fat-
corrected milk (FCM), values were reported for the
ISS and the MONO as 23.1 and 22.9, respectively.
Regarding fat and protein (% and kg), the ISS and
the MONO values were 3.4% and 3.3%—0.9 kg and
0.8, respectively, and 2.8% and 2.8%—0.7 kg and 0.7,
respectively (Mejia et al. 2017b, c).

In trial 2, differences (p <0.05) were reported in
total consumption (kg/cow/day) of 19.26 in the ISS
and 17.26 in the MONO, showing a Kikuyu-to-wild
sunflower ratio of 84.5:17.5 for the ISS. In milk
production (L/cow/day), values with differences
(»<0.05) were reported in the ISS of 28.24 L and the
MONO of 24.89 L. Likewise, FCM values of 24.6
and 21.9 were reported for the ISS and the MONO,
respectively. In terms of fat and protein (% and kg),
the values for ISS and MONO were 3.19% and
3.18%—0.89 kg and 0.79, respectively; and 3.00%
and 2.89-0.82 kg and 0.72, respectively (Cardona
etal. 2019).

Finally, in these and other studies, secondary
metabolites have been characterized in T. diversi-
folia (used as a shrub in ISS) (Gallego-Castro et al.
2016; Mejia-Diaz et al. 2017a, b), in concentrations
ranging from 1.04 to 7.63 g/kg for tannins (Santaco-
loma Varén and Granados 2012; Gallego-Castro et al.
2016; Cardona-Iglesias et al. 2017a; Mejia-Diaz et al.
2017b) and 4.34 g/kg for saponins (Cardona Iglesias
et al. 2017b).

With the above context, the tests that were the
basis of analysis for the response variables in the pre-
sent work are described below:

Trial 1: The objective was to compare two
production systems (MONO and ISS), evaluating the
effect of T. diversifolia as grazing forage on the FA
profile of the dairy Holstein cows (12 cows in total,
6 per system, with an average weight of 542.5 kg),
with a milking period of 117 days and average daily
production of 259 L/day). Cows in the MONO
system grazed Kikuyu and were supplemented
with concentrate (8 kg animal/day). In contrast,
cows in the ISS system grazed Kikuyu and wild
sunflower (accounting for 5% forage DM/day) and
were supplemented with concentrate (8 kg animal/
day). This trial was conducted during a 35-day
rotation cycle in which treatments were switched.
The proportion of Kikuyu and wild sunflower in the
forage diet (95%: 5%) was estimated through dry
matter (DM) intake using the indicator, agronomic,
and grazing behavior method described by Mejia
et al. (2017b).

At the time of the research, the ISS was in its third
grazing cycle after establishment (a young system)
and had limited wild sunflower shrub development.
Research on DM intake found that the intake of
cows in a production presented a ratio of 95% C.
clandestinus and 5% T. diversifolia (Mejia et al.
2017b). The systems were compared using a Latin
rectangle design with two periods (Periods I and
II) and 12 cows (experimental units) in a change
arrangement. Table 1 shows the fodder composition
and concentrate used.

Trial 2: MONO and ISS were compared after
increasing the percentage of wild sunflower in the
diet (17.5% of DM) by including a more significant
number of shrubs for browsing in the pasture and
adding concentrates with different lipid sources
(LS) (Table 2) in a completely randomized block
design with a two x three factorial arrangement (two
production systems, MONO and ISS, and three types
of lipid sources in the concentrate). Twelve Holstein
cows (with an average weight of 500 in the MONO
and 538 kg in the ISS), with 113.5 and 105 milking
days, respectively) and an average daily production of
24 L/day were used.

In the ISS, more shrubs were planted as replace-
ments compared to Trial 1, and shrubs had higher
growth and forage supply. Research on dry matter
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Table 1 Nutritional content of forages and feed concentrate provided in the production systems during Trial 1 (Mejia-Diaz et al.

2017b)

System GE DM CP NDF ADF Ca P
cal/g %

Kikuyu 4085.3 14.1 21.6 55.1 24.7 0.4 04

Wild sunflower 3886.7 16.0 21.5 42.0 339 2.7 0.40

Concentrate 4015.0 88.0 14.1 18.8 6.8 1.78 0.34

GE: Gross energy; DM: Dry matter; CP: Crude protein; NDF: Neutral detergent fibre; ADF: Acid detergent fibre; Ca: Calcium; P:

Phosphorus

Table 2 Description of treatments and the number of cows in Trial 2

System Treatment

No. of cows

MONO Kikuyu grass + concentrate with LS1: Commercial saturated rumen bypass fat
Kikuyu grass + concentrate with LS2: 1% soybean oil, 0.5% fish oil and 1.5% rumen bypass fat omega-3
Kikuyu grass + concentrate with LS3: 2.5% soybean oil and 0.5% fish oil

ISS Kikuyu grass and wild sunflower (17.5% DM) + concentrate with LS1: Commercial saturated rumen bypass

fat

2
2
2
2

Kikuyu grass and wild sunflower (17.5% DM) + concentrate with LS2: 1% soybean oil, 0.5% fish oil and 2

1.5% rumen bypass fat omega-3

Kikuyu grass and wild sunflower (17.5% DM) + concentrate with LS3: 2.5% soybean oil and 0.5% fish oil 2

MONO: Monoculture system with kikuyu grass; ISS: Intensive silvopastoral system with kikuyu, wild sunflower and alder; LS: type

of lipid source in the concentrate

intake in dairy cows found a ratio of 82.5% of C.
clandestinus and 17.5% of T. diversifolia (Cardona
et al. 2019). Treatments are described in Table 2.
Table 3 shows the bromatological composition of fod-
der and concentrates.

Field sampling and laboratory analysis

In both trials, cows were mechanically milked twice
daily (morning and afternoon) and supplied feed con-
centrate. Milk samples were collected during each
cow’s morning and afternoon milking on the measure-
ment days of each evaluation period. Finally, samples
taken during morning milking were mixed for each test,
and the same procedure was repeated for the samples
taken during afternoon milking. Thus, sample pools
were obtained for each period, and each sample was
placed in a 50 ml bottle. Samples of all fodders and
feed concentrates were also taken. They were sent to
the Laboratory of Food and Human Nutrition (certi-
fied under ISO/IEC 17025:2005, with accreditation
certificate 15-LAB-015) of the University of Antio-
quia, located at the University Research Headquarters,

@ Springer

Table 3 Nutritional content of fodder diets and feed con-
centrate provided in the production systems during Trial 2
(Adapted from Cardona et al. 2017b)

Chemical Kikuyu Wild LS1 LS2 LS3
fraction, % sunflower

DM

DM, % 14.4 18 86.9 86.9 86.9
CP, % 22.1 18.3 15.6 15.6 15.6
NDF, % 57.4 443 11.7 11.7 11.7
ADF, % 25.2 333 45 45 4.5
EE, % 3.0 3.0 6.0 6.0 6.0
GE, cal/g 4367 4183 4547.2 4589 4521.4
ASH, % 12 15 75 175 7.5
Ca, % 0.7 0.9 1.5 1.5 1.5
P, % 0.4 0.4 04 04 0.4
NFE, % 5.6 19.4 59.2 59.2 59.2

DM: Dry matter; CP: Crude protein; NDF: Neutral detergent
fiber; ADF: Acid detergent fiber; EE: Ethereal extract; ASH:
Ashes: Ca: Calcium; P: Phosphorus; NFE: Nitrogen-free
extract; LS1: Concentrate including commercial saturated
rumen bypass fat; LS2: Concentrate including 1% soy oil, 0.5%
fish oil and 1.5% rumen bypass fat omega-3; LS3: Concentrate
including 2.5% soy oil and 0.5% fish oil
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for evaluating the FA profile of milk using gas
chromatography.

Fodder, concentrate feed, and milk samples were
prepared using fat extraction and methylation according
to the methods reported by Bligh and Dyer (1959) and
AOAC (2002), respectively. After the fat extraction
and methylation process, 100 uL of the organic phase
of the sample was dissolved with 900 pL of hexane
in a vial. The analysis was performed on an Agilent
7890B gas chromatograph with FID detector with
autosampler 7963A, capillary column TR-CN100
60 mx250 umx0.20 um TEKNOKROMA, carrier
gas: Helium with flow rate 1 mL/min, pressure 30.9
psi, injection volume of 1 pL, Split of 50:1, injector
temperature with 220 °C, temperature program with
170 °C for 5 min then 5 °C/min up to 240 °C for
5 min, detector temperature of 250 °C, H2 flow with
30 mL/min, air flow with 350 mL/min and auxiliary
gas (N2) flow with 25 mL/min. Signals were collected
and manipulated using OpenLab CDS ChemStation
software.

Using a  TR-CN100  capillary  column
(60 mx250 pmx0.20 pm) reduces peak overlap
compared to shorter columns (15 m and 30 m). It is
suitable for observing independent peaks related to
trans fatty acids. Likewise, flow conditions, pressure,
injection volume, injector temperature, and detector
temperature were standardized to use this column
adequately. The method described above enabled
the adequate identification and differentiation of the
trans fatty acids present in the samples, thanks to the
relationship between the efficiency, resolution, and
column length.

The method of analysis and quantification for the
determination of trans fatty acids is by the official
method AOAC 996.06 (AOAC 2001), where a
comparison is made with the retention times of each
of the 11 fatty acids present (isomers C18:1, C18:2,
and C18:3) in a mixture of a standard solution (trans
standard). The fatty acids (FA) concentration was
expressed in g/100 g of sample and are reported as
g/100 of FA, standardized (Angulo et al. 2011) using
the following formula:

8
100gsample

E (%)=

x 100
100gFA f

where: Tf=Total fat.

Evaluated variables

FAs were quantified according to the official AOAC
996.06 method (AOAC 2002) and were identified
by comparing sample retention times with those of a
reference standard (FAME Mix OD INDUSTRY with
37 components: C4-C24). The atherogenicity index
(AI) of FAs was estimated considering lauric (C12:0),
myristic (C14:0), and palmitic (C16:0) FAs about the
sum of monounsaturated FAs and polyunsaturated
FAs (Ulbricht and Southgate 1991):

[C12: 0+ (4% Cl4 : 0)+ C16 : 0]
Al =
[(X MUFA) + (X PUFA)]

where, Al= Atherogenicity index;
MUFA = Monounsaturated FA,;
PUFA =Polyunsaturated FA.

Tables 4 and 5 show the characterization of FAs
from grasses, shrubs, and balanced foods used in
Trials 1 and 2.

Statistical analysis

In Trial 1, data obtained from the fatty acid profile
of milk in MONO and ISS were analyzed using a
Latin rectangle design comprising two periods (Peri-
ods I and II) and 12 cows (experimental units) with a

Table 4 Fatty acid profile of foods used in Trial 1 (5% wild
sunflower in the diet)

FA (g/100 g FA) Trial 1

Kikuyu Wild sunflower Concentrate

C12:0 (lauric acid) 0.95 0.64 -

C14:0 (myristic acid)  0.83 0.88 0.43

C16:0 (palmitic acid) 31.65  33.63 16.91

C18:0 (stearic acid) 4.55 5.39 2.82

C18:1n9c (oleic acid) 13.41 16.05 25.25

C18:2n6¢ (linoleic 13.70  17.21 51.29
acid)

C18:3n3 (a-linolenic 24.16  18.37 1.93
acid)

> SFA 4454 4451 20.83

> MUFA 16.09  18.53 25.95

Y PUFA 39.37 3695 53.22

>SFA: Sum of saturated fatty acids; ) MUFA: Sum of
monounsaturated fatty acids; >, PUFA: Sum of polyunsaturated
fatty acids

@ Springer
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Table 5 Fatty acid profile of foods used in Trial 2 (17.5% wild sunflower in the diet)

FA (g/100 g FA) Kikuyu Wild sunflower LS1 LS2 LS3 SO FO SF
C12:0 (lauric acid) 1.59 1.01 - - - - 0.08 1.25
C14:0 (myristic acid) 1.03 0.99 0.76 1.43 0.53 0.07 3.03 1.35
C16:0 (palmitic acid) 29.46 28.19 30.80 19.49 14.62 7.66 27.49 49.72
C18:0 (stearic acid) 4.84 5.77 4.47 4.68 4.43 3.62 7.89 5.14
C18:1n9c (oleic acid) 17.68 12.27 30.38 24.47 24.24 34.08 30.91 33.25
C18:2n6c (linoleic acid) 20.09 21.07 29.77 40.94 47.84 50.68 12.04 8.06
C18:3n3 (a-linolenic acid) 18.73 22.07 2.38 3.44 4.97 2.40 0.92 0.29
C20:5n3 (EPA) - - - 0.71 0.36 - 1.36 -
C22:6n3 (DHA) - - - 0.99 0.68 - 5.12 -
Y SFA 41.01 40.35 36.70 27.01 20.68 12.55 40.01 58.09
Y MUFA 19.58 14.60 30.79 26.68 25.28 34.37 37.91 33.55
Y PUFA 39.42 45.05 32.51 46.31 54.04 53.08 22.07 8.36

MONO: Monoculture; ISS: Intensive silvopastoral system; LS1: Concentrate including commercial saturated rumen bypass fat;
LS2: Concentrate including 1% soy oil, 0.5% fish oil and 1.5% rumen bypass fat omega-3; LS3: Concentrate including 2.5% soy
oil and 0.5% fish oil; SF: Saturated fat; FO: Fish oil; SO: Soybean oil; ZSFA: Sum of saturated fatty acids; EMUFA: Sum of
monounsaturated fatty acids; Y PUFA: Sum of polyunsaturated fatty acids

change arrangement according to the following statis-
tical model:

Yi=pu+V,+P+S +2;

where: Yijkz response variable; pu= general mean;
V.= i-th row effect (i=cows) distributed across N(O,
5‘2/); P;= j-th column effect (j=Period I and Period
II) distributed across N(O, 6%,); S;= k-th effect of
the system (k=MONO and ISS); X, = identically
distributed experimental error N(0O, c2).

Trial 2 was based on a completely randomized
block design with a two-x-three factorial arrangement
(two production systems -MONO and [SS—and three
types of lipid sources in the concentrate), using the
following statistical model:

where: Y, = response variable; y= general mean; B,=
i-th block effect or rotation (i= 1.2); S;= j-th system
effect (j= MONO and ISS); L,= k-th effect of the
type of FA source on the feed concentrate (k= LSI,
LS2, and LS3); S * ijz jk-th effect of the interaction
between the system (j= MONO and ISS) and the type
of fatty acid source on the feed concentrate (k= LS1,
LS2, and LS3); 5iik= random error (0, 62) associated
with the repeated measurement (two observations)
in each animal in i-th block (i= 1.2), j-th system (j=
MONO and ISS), and k-th type of lipid source in the

@ Springer

feed concentrate (k = LS1, LS2, and LS3); C; C,=
covariates (number of births, milking days); %=
identically distributed experimental error N(O, c2).

The R Project software version 4.4.1 (R Core
Team 2024) was used to analyze information from
both trials, using the Imer function of statistical
package Ime4, using ANOVA and determining
normality assumptions (Shapiro-Wilk test) and
homoscedasticity (Bartlett’s test). In Trial 1, the
systems evaluated (MONO and ISS) were considered
fixed effects, and the cows and evaluation period
(Periods I and II) were considered random effects. In
Trial 2, the system (MONO or ISS) and type of FA
source in the concentrate (LS1, LS2, or LS3) were
considered fixed effects, and the cows and block were
considered random. The significance level was set
at<0.05.

Results

The results of the two trials are presented below:

Trial I: A significant effect in milk fat of the
production system on milk fat was observed for
the TVA (p-value 0.04774), linoleic FAs (p-value
0.0023), and the sum of omega-6 (p-value 0.0017%%),
with higher content in ISS. Pentadecanoic and
behenic FAs were higher in cow’s milk from MONO
than in ISS (Table 6).
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Trial 2: The production system had a significant
effect in favor of ISS. Including wild sunflower
at 17.5% of DM available for consumption in ISS
increased the TVA and CLA contents in the cows’
milk in this system compared with MONO. The
contents of pentadecanoic, stearic, and arachidic acid
were higher in MONO than in ISS. The type of lipid
source in the concentrate also significantly affected
the concentration of several FAs in milk. Higher
contents of lauric, myristic, and palmitic FA were
found in the milk of cows that consumed concentrate
with a high level of saturated fat (LS1).

LS2 concentrates with lipid sources rich in poly-
unsaturated fatty acids (PUFAs) increased the TVA
compared to LS1 and LS3 and increased CLA com-
pared to LS3. LS3 reduced lauric and palmitic FAs,
increased stearic acid, and decreased Al compared

with LS1 and LS2. There was a significant S*L inter-
action for TVA and CLA (Table 7).

Discussion

In Trial 1 (5% wild sunflower), the TVA content of
milk from cows in ISS was significantly higher (10%
increase) than MONO. Wild sunflower, Kikuyu grass,
and concentrate were the sources of unsaturated FAs,
and cows in ISS and MONO consumed the same
feed concentrate and grass of very similar nutritional
compositions (Mejia-Diaz et al. 2017b). The only
difference in the diet was the consumption of T
diversifolia in 1SS.

Ruminal biohydrogenation (RBH) is a detoxifi-
cation process of unsaturated fatty acids by ruminal

Table 6 Fatty acid profile

. £ FA (g/100 g FA) System SEM p-value
of the milk of cows in -
MONO and ISS (with MONO ISS
5% ingestion of DM of
T. diversifolia) in high C4:0 (butyric acid) 1.14 1.12 0.0598 0.7355
Colombian tropical regions C6:0 (caproic acid) 1.08 1.09 0.0491 0.6983
C8:0 (caprylic acid) 0.82 0.81 0.0589 0.5750
C10:0 (capric acid) 5.80 5.48 0.8836 0.4664
C12:0 (lauric acid) 2.62 2.62 0.2340 0.9804
C14:0 (myristic acid) 11.25 11.36 0.4850 0.6436
C15:0 (pentadecanoic acid) 1.14% 1.09° 0.0268 0.0184
C16:0 (palmitic acid) 29.30 30.05 0.6900 0.2035
C17:0 (heptadecanoic acid) 0.69 0.69 0.0281 0.9673
. C18:0 (stearic acid) 15.71 15.07 1.0200 0.3792
FA: Fatty acid; MONO: ) - .
Monoculture system C20:0 (arachidic acid) 0.19 0.18 0.0143 0.5589
with the grass C. C22:0 (behenic acid) 0.09% 0.07° 0.0045 0.0273
C?andesliﬂus,' ISS: Intensive C14:1 (myristoleic acid) 0.83 0.81 0.0791 0.4170
silvopastoral system with C. C16:1 (palmitoleic acid) 1.08 091  0.1531  0.1298
clandestinus, T. diversifolia ) . .
and A. acuminate trees: C18:1n9c (oleic acid) 24.65 24.59 0.7430 0.9008
SEM: Standard error of C18:1 11 (TVA: trans-vaccenic acid) 0.96° 1.06* 0.0496 0.04774
the mean; ) omega-3: C18:2 ¢9 111 (CLA: conjugated linoleic acid) 0.36 0.37 0.0161 0.3086
Sum of omega-3 fatty C18:2n6¢ (linoleic acid) 1.55b 1858 01434  0.0023
acids; Zomega—G: Sum ) . L
of omega-6 fatty acids; C18:3n3 (a-linoleic acid) 0.40 0.39 0.0292 0.4840
Y SFA: Sum of saturated C20:3n6 (eicosatrienoic acid) 0.08 0.08 0.0058 0.1337
fatty acids; ) MUFA: Sum C20:4n6 (arachidonic acid) 0.12 0.13 0.0067 0.1310
of monounsaturated fatty Yomega-3 0.39 038 00249  0.5349
acids; Y PUFA: Sum of b . »
polyunsaturated fatty acids; Y omega-6 1.65 1.95 0.1440 0.0017
Al: A[herogenicity index ZSFA 67.75 68.58 0.9720 0.2537
Different letters in the same Y MUFA 25.23 24.76 0.6490 0.2942
row indicate a significant Y PUFA 2.03 2.21 0.1750 0.2367
difference between systems Al 272 2.80 0.1450 0.3602

(p<0.05)
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Table 7 Composition of the fatty acid profile of milk from cows in MONO and ISS (17.5% DM intake of T. diversifolia) and the
addition of different fats in the feed concentrate in high Colombian tropical regions

FA (g/100 g FA) Type of lipid source in System (S) SEM  p-value
the concentrate (LS)
LSl LS2 LS3 MONO 1SS S L S*L

C4:0 (butyric acid) 1.45 1.39 1.30 1.37 1.39  0.0835 0.8558 0.3667 0.8242
C6:0 (caproic acid) 0.93 0.89 0.75 0.85 0.86 0.0569 0.9021 0.1725 0.4914
C8:0 (caprylic acid) 0.55% 0.53* 042> 049 0.51 0.0108 0.6802 0.0336 0.1763
C10:0 (capric acid) 3.17 4.21 343 3.14 4.06 1.6185 0.3035 0.1563 0.4946
C12:0 (lauric acid) 1.77% 1.74* 140" 1.65 1.62  0.0648 0.7398 0.0491 0.3934
C14:0 (myristic acid) 7.95%  8.05% 657" 7.62 743 1.8492 0.6108 0.0204 0.2995
C15:0 (pentadecanoic acid) 0.85° 1.04*  0.96* 0.99* 0.92° 0.0016 0.0415 0.0004 0.4341
C16:0 (palmitic acid) 30.02¢  26.98° 24.66° 27.33 27.11 0.0003 0.6915 <0.0001 0.4546
C17:0 (heptadecanoic acid) 0.55° 0.74*  0.67* 0.67 0.63 0.0004 0.1451 <0.0001 0.3400
C18:0 (stearic acid) 12.87°  13.86° 16.99% 15.21* 13.94® 0.0005 0.0295 0.0015 0.3238
C20:0 (arachidic acid) 0.16° 0.20*  0.22* 0.20° 0.18° 0.0003 0.0137 <0.0001 0.7888
C22:0 (behenic acid) 0.05° 0.08%  0.07* 0.07 0.07 0.0004 0.8443 <0.0001 0.1023
C14:1 (myristoleic acid) 0.65% 0.55% 042> 054 0.56 0.0022 0.8109 0.0177 0.3158
C16:1 (palmitoleic acid) 1.17 1.08 1.06 1.11 1.10  0.0020 0.9622 0.6885 0.5685
C18:1n9c¢ (oleic acid) 26.07% 22.69° 29.36* 26.96 25.13  0.0005 0.1029 0.0007 0.9520
C18:1 11 (TVA: trans-vaccenic acid) 6.02° 9.17*  6.28" 5.94° 8.38* 0.5561 0.0026 0.0039 0.0166
C18:2 ¢9 111 (CLA: conjugated linoleic acid) ~ 2.65®°  3.15* 226" 243 2.95* 0.0061 0.0076 0.0473 0.0143
C18:2n6¢ (linoleic acid) 2.28 2.12 2.01 2.04 224 0.0015 0.2622 0.4305 0.1553
C18:3n3 (a-linoleic acid) 0.38 0.38 0.36 0.36 0.39 0.0002 0.1666 0.5874 0.2938
C20:3n6 (eicosatrienoic acid) 0.06 0.07 0.06 0.06 0.06 0.0001 0.7974 0.6006 0.4476
C20:4n6 (arachidonic acid) 0.09®  0.10* 0.08® 0.09 0.09 0.0008 0.7995 0.0070 0.0477
C20:5n3 (EPA: eicosapentaenoic acid) 0.11 0.08 0.05 0.09 0.07 0.0004 0.4568 0.8123 0.1877
C22:6n3 (DHA: docosahexaenoic acid) 0.04 0.05 0.04 0.04 0.04 0.0006 0.6346 0.1343 0.263
Y omega-3 0.52 0.44 0.39 0.47 043 0.0291 0.6544 0.2390 0.4895
Y omega-6 0.52 0.44 0.39 0.47 043 0.0360 0.2297 0.4523 0.1987
Y SFA 60.46  59.82 56.77 59.80 58.24 0.8415 0.2459 0.1052 0.2418
YMUFA 28.03% 2527° 30.81* 29.20 26.87 0.7279 0.0676 0.0051 0.8638
Y PUFA 2.95 3.03 2.59 2.73 299 02360 0.1749 0.1793 0.1602
Al 2.07* 2,100 1.51®  1.80 1.99 0.0995 0.1005 0,0006 0.8613

FA: Fatty acid; LS1: Concentrate with commercial saturated rumen bypass fat; LS2: Concentrate with lipid mixture 1 (1% soybean
oil, 0.5% fish oil and 1.5% rumen bypass fat omega-3); LS3: Concentrate with lipid mixture 2 (2.5% soybean oil and 0.5% fish oil);
MONO: Monoculture system with grass C. clandestinus; 1SS: Intensive silvopastoral system with C. clandestinus, T. diversifolia and
A. acuminate trees; SEM: Standard error of the mean; S*L: System interaction by type of lipid source in the concentrate; Y omega-
3: Sum of omega-3 fatty acids; Y omega-6: Sum of omega-6 fatty acids; > SFA: Sum of saturated fatty acids; Y} MUFA: Sum of
monounsaturated fatty acids; ) PUFA: Sum of polyunsaturated fatty acids; Al: Atherogenicity index

Different letters in the same row indicate a significant difference between diets and systems (p <0.05)

microorganisms (Maia et al. 2010; Yang et al. 2019).
TVA formation occurs in the last step of the RBH of
PUFAs, a process mediated by the bacteria Propi-
onibacterium acnes and Butyrivibrio proteoclasticus
(Buccioni et al. 2012; Vasta et al. 2019). Therefore,

@ Springer

factors that affect the population of these bacteria are
directly involved in the alteration of RBH.

Tannins and saponins have been associated
with the interruption of RBH and the consequent
appearance of TVA in products such as meat and milk
(Jayanegara et al. 2011; Vasta et al. 2019; Makmur
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et al. 2022). Although secondary metabolites were
not evaluated in this research, the results could
indicate that a low intake of wild sunflower (5%) was
sufficient to affect the biohydrogenation pathways
of C18 GAs, possibly due to the tannin and saponin
content in this plant (Cardona-Iglesias et al. 2017a;
b; Mejia-Diaz et al. 2017b), which may have caused
an interruption in the final biohydrogenation step for
TVA saturation.

Another study with fistulated sheep showed that
adding 100 mg/kg of condensed tannins decreased
the population of Butyrivibrio proteoclasticus,
among other bacteria, leading to a reduction in the
RBH of C18 FAs (Costa et al. 2018). Similarly,
Oso et al. (2018) determined that the methanol
extract of T. diversifolia (concentration, 100 mg/
ml) inhibited the growth of P. acnes under in vitro
conditions in sensitivity tests. Ribeiro et al. (2016)
fed Holstein X Cebu cows with an inclusion (DM) of
6.5% and 15.4% of T. diversifolia as a replacement
for the sugar cane, corn, and place-based control
diet, found an increase in the TVA content when
comparing control treatment and the 6.5% inclusion
with the 15.4% inclusion of T. diversifolia, both in the
morning and afternoon milkings.

In Trial 2, high TVA content was again found
in the ISS. The higher amount of wild sunflower in
the diet (17.5% DM) and the lipid supplementation
generated a 41% increase in this fatty acid compared
to MONO. Additionally, conjugated linoleic acid
(CLA, C18:2 cis9, transll) or rumenic acid also
increased in ISS milk.

Rumenic acid in ruminant milk and meat comes
from two sources: One is an intermediate product of
the RBH of linoleic acid, and the other is through the
synthesis in mammary gland tissue and muscle tissue
from TVA generated from the RBH of unsaturated
FAs such as linoleic acid and linolenic acids.
Therefore, the presence of rumenic acid in the milk
and meat of ruminants is considered to relate to the
RBH of unsaturated FAs directly or indirectly (Conte
et al. 2022).

The higher proportion of substrate for
biohydrogenation and the presence of secondary
metabolites of the wild sunflower could have led to
a high TVA content because of an incomplete RBH,
which could follow both routes, producing rumenic
acid. Some authors have shown that in addition to
the secondary compounds in plants, such as tannins

and saponins, RBH can also be influenced by long-
chain unsaturated FAs (Maia et al. 2010; Huang et al.
2020).

RBH depends on the type and amount of fat
entering the rumen (Huyen et al. 2020). Long-
chain unsaturated FAs inhibit metabolism by
ruminal microorganisms, and the higher the degree
of unsaturation, the higher the inhibitory activity;
therefore, RBH is modified through differential
toxicity of different polyunsaturated FAs, including
FAs from fish oil, EPA, and DHA, against ruminal
bacteria (Maia et al. 2010). LS2 which contained 1%
soybean oil, 0.5% fish oil, and 1.5% n3 bypass fat may
have provided a greater substrate for RBH; possibly,
the protection of n3 bypass fat was not as effective as
expected.

Similar to the present study, Prieto-Manrique
et al. (2018) demonstrated the synergistic effect
of using ISS with L. leucocephala along with fat
supplementation, specifically from sunflower oil.
These authors reported a linear increase in the TVA
content in milk as the addition of sunflower oil
increased with 13.3 and 16.7 g/100 g of FA for diets
with 20 and 40 g/kg of sunflower oil, respectively.

No investigations associate the combination of fats
and this shrub in the specific case of a wild sunflower.
However, Ribeiro et al. (2016) reported that it is
possible to replace sugar cane with wild sunflower by
up to 15% in the feed of milk-producing cows without
affecting the productive and metabolic parameters of
cows but with an essential impact on the FA profile
of milk. In a study evaluating the combined effects of
fish oil, soybean oil, and the inclusion of the aromatic
plant Satureja khuzistanica in the diet of dairy cows,
it was found that the secondary metabolites of the
plant and fish oil significantly increased CLA and
omega-3 (n-3) content (Golbotteh et al. 2024).

Research has identified lipid derivatives, in
addition to sesquiterpene lactones and flavonoids,
present in T. diversifolia leaves (Gallon et al.
2019). These may also contribute to the increase in
polyunsaturated fatty acids. When alfalfa silage was
included in the diet of dairy cows, omega-3 was
significantly increased due to the action of lipid
derivatives (Liu et al. 2024). This helps explain the
significant interaction in the present work on the type
of fat and the production system.

Currently, there are many strategies to improve the
content of polyunsaturated fatty acids in bovine milk
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through lipid supplementation (oilseeds, fish oil and
fishmeal, vegetable oils, microalgae, feeding grasses,
and forage shrubs) or genetic factors (Gebereyowhans
2024). Thus, this study confirms that wild sunflower
and the addition of rumen-active fat can improve the
fatty acid profile of milk, particularly TVA and CLA.
It also opens the door for further research to evaluate
the effect of secondary metabolites on the lipid pro-
file of milk and other key metabolic processes in live-
stock systems with sustainable production models.

Conclusions

Incorporating 5% of wild sunflower (trial 1) into
the silvopastoral system increased the content of
beneficial milk fatty acids, such as trans-vaccenic
acid, linoleic acid, and the sum of Omega-6 fatty
acids. All of which are associated with positive
effects on human health. In trial 2, increasing wild
sunflower to 17.5% in the silvopastoral system and
incorporating a mixture of lipid sources rich in
polyunsaturated fatty acids (soybean oil, fish oil,
and rumen bypass omega-3 fat), further increased
trans vaccenic acid in milk, along with conjugated
linoleic acid.

Silvopastoral systems with T. diversifolia, with
or without polyunsaturated lipid supplementation,
contribute to the production of milk with improved
nutritional properties and potentially beneficial
compounds for human health. Additionally, they may
enhance consumer acceptance and consumption. The
results demonstrate that silvopastoral systems, along
with strategic fat and oil supplementation, contribute
to the competitiveness of dairy farming as a model
of sustainable livestock production in the tropical
highlands of Colombia and similar regions.

Acknowledgements The authors thank the CODI-910-2014
project the University of Antioquia executed for allowing this
research that has contributed to human capital formation. The
results will be of importance to society in general.

Author contributions All listed authors have contributed
substantially to funding, research design, analysis or
interpretation of data, and manuscript drafting. All authors
have approved the submitted version.

Funding Open Access funding provided by Colombia Con-
sortium. This research is part of the doctoral thesis "Productive

@ Springer

evaluation of intensive silvopastoral systems (ISPS) in high
tropical dairy, with supplementation of creole fodder resources
and lipid sources." Financed by the GRICA Group of the Uni-
versity of Antioquia (through sustainability resources) and the
Sapiencia Fund—Medellin Higher Education Agency (Mayor’s
Office of Medellin, Antioquia, Colombia).

Data availability No datasets were generated or analysed
during the current study.

Declarations

Conflict of interest The authors declare no competing inter-
ests.

Ethical approval The research protocol was based on the
Colombian Code of Ethics for the Professional Practice of Vet-
erinary Medicine, Veterinary Medicine and Zootechnics, Law
576, 2000.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Angulo J, Hiller B, Olivera M, Mahecha L, Dannenberger D,
Nuernberg G, Nuernberg K (2012) Dietary fatty acid
intervention of lactating cows simultaneously affects lipid
profiles of meat and milk. J Sci Food Agric 92(15):2968—
2974. https://doi.org/10.1002/jsfa.5709

Angulo J, Niirnberg K, Mahecha L, Olivera M, Dannenberger
D (2011) Manual of lipid extraction, methylation and
gas chromatography, for the study of different tissues in
ruminant research. Fondo Editorial Biogénesis. Medellin,
Colombia.  https://revistas.udea.edu.co/index.php/bioge
nesis/article/view/326020

AOAC Official (2002) Official methods of analysis of AOAC
International, 17th edn. Maryland, USA

AOAC Official (2001) Official Method 996.06 Fat (Total, Satu-
rated, and Unsaturated in Foods). Hydrolytic Extraction
Gas Chromatographic Method. Official Methods of Anal-
ysis of AOAC International

Bettero VP, del Valle TA, Barletta RV, de Aradjo CE, Ferreira
de Jests E, de Almeida GF, Renn6 FP (2017) Use of pro-
tected fat sources to reduce fatty acid biohydrogenation
and improve abomasal flow in dry dairy cows. Anim Feed


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/jsfa.5709
https://revistas.udea.edu.co/index.php/biogenesis/article/view/326020
https://revistas.udea.edu.co/index.php/biogenesis/article/view/326020

Agroforest Syst (2025) 99:106

Page 11 of 12 106

Sci Technol 224:30-38. https://doi.org/10.1016/j.anife
edsci.2016.12.007

Buccioni A, Decandia M, Minieri S, Molle G, Cabiddu A (2012)
Lipid metabolism in the rumen: New insights on lipoly-
sis and biohydrogenation with an emphasis on the role of
endogenous plant factors. Anim Feed Sci Technol 174(1-
2):1-25. https://doi.org/10.1016/j.anifeedsci.2012.02.009

Bligh EG, Dyer WJ (1959) A rapid method of total lipid
extraction and purification. Can J Biochem Physiol
37(8):911-917

Calvo MV, Fontecha J, Pérez-Géalvez A, Rodriguez-Alcala
LM (2023) Chapter 11—milk lipids and their nutritional
importance. In: Pintado M, Machado M, Gomes AM,
Salsinha AS, Rodriguez-Alcald LM (eds) Bioactive lipids.
Academic Press, San Diego, pp 269-295. https://doi.org/
10.1016/B978-0-12-824043-4.00015-4

Cardona-Iglesias JL, Mahecha-Ledesma L, Angulo-Arizala J
(2019) Consumption and productivity in Holstein cows
grassing silvopastoral system vs monoculture of Kikuyo
and supplemented with unsaturated fats. Revista Cienti-
fica FCV-LUZ 29(1):20-3. Disponible en: https://produ
ccioncientificaluz.org/index.php/cientifica/article/view/
29616

Cardona-Iglesias JL, Mahecha-Ledesma L, Angulo-Arizala J
(2017a) Arbustivas forrajeras y 4cidos grasos: estrategias
para disminuir la produccién de metano entérico en bovi-
nos. Agron Mesoam 28(1):273-288. https://doi.org/10.
15517/am.v28i1.21466

Cardona Iglesias JL, Mahecha-Ledesma L, Angulo-Arizala J
(2017b) Efecto sobre la fermentacién in vitro de mezclas
de Tithonia diversifolia, Cenchrus clandestinum y grasas
poliinsaturadas. Agron Mesoam 28(2):405-426. https://
doi.org/10.15517/ma.v28i2.25697

Conte G, Dimauro C, Daghio M, Serra A, Mannelli F, McAm-
mond BM, Van Hamme JD, Buccioni A, Viti C, Mantino
A, Mele M (2022) Exploring the relationship between
bacterial genera and lipid metabolism in bovine rumen.
Animal 16(5):100520. https://doi.org/10.1016/j.animal.
2022.100520

Costa M, Alves SP, Cappucci A, Cook SR, Duarte A, Cal-
deira RM, McAllister TA, Bessa RIB (2018) Effects of
condensed and hydrolyzable tannins on rumen metabo-
lism with emphasis on the biohydrogenation of unsatu-
rated fatty acids. J Agric Food Chem 66(13):3367-3377.
https://doi.org/10.1021/acs.jafc.7b04770

Doreau M, Bauchart D, Chilliard Y (2011) Enhancing fatty
acid composition of milk and meat through animal feed-
ing. Anim Prod Sci 51(1):19-29. https://doi.org/10.1071/
AN10043

Dror DK, Allen LH (2014) Dairy product intake in children and
adolescents in developed countries: trends, nutritional con-
tribution, and a review of association with health outcomes.
Nutr Rev 72(2):68-81. https://doi.org/10.1111/nure.12078

Gallardo WB, Teixeira IAMA (2023) Associations between
dietary fatty acid profile and milk fat production and fatty
acid composition in dairy cows: a Meta-analysis. Animals
13(13):2063. https://doi.org/10.3390/ani13132063

Gallego-Castro LA, Mahecha-Ledesma L, Angulo-Arizala J
(2016) Calidad nutricional de Tithonia diversifolia Hemsl.
A Gray bajo tres sistemas de siembra en el trpico alto.

Agron Mesoam 28(1):213-222. https://doi.org/10.15517/
am.v28il1.21671

Gallon ME, Silva-Junior EA, Amaral JG, Lopes NP, Gobbo-
Neto L (2019) Natural products diversity in plant-insect
interaction between Tithonia diversifolia (Asteraceae) and
Chlosyne lacinia (Nymphalidae). Molecules 24(17):3118.
https://doi.org/10.3390/molecules24173118

Gebereyowhans S (2024) Potential strategies to enhance con-
jugated linoleic acid content of milk and dairy products: a
review. Heliyon 10(19):e38844. https://doi.org/10.1016/j.
heliyon.2024.e38844

Golbotteh MM, Malecky M, Aliarabi H, Zamani P (2024)
Impact of oil type and savory plant on nutrient digest-
ibility and rumen fermentation, milk yield, and milk fatty
acid profile in dairy cows. Sci Rep 14:22427. https://doi.
org/10.1038/541598-024-73138-9

Guo W, Liu S, Khan MZ, Wang J, Chen T, Alugongo GM, Li
S, Cao Z (2024) Bovine milk microbiota: Key players, ori-
gins, and potential contributions to early-life gut develop-
ment. ] Adv Res 59:49-64. https://doi.org/10.1016/j jare.
2023.06.016

Holdridge LR (1966) Life zone ecology. San José. Tropical
Science Center, Costa Rica.

Huang G, Zhang Y, Xu Q, Zheng N, Zhao S, Liu K, Qu X, Yu
J, Wang J (2020) DHA content in milk and biohydrogena-
tion pathway in rumen: a review. Peer] 8:e10230. https://
doi.org/10.7717/peerj. 10230

Huyen NT, Verstegen MWA, Hendriks WH, Pellikaan WF
(2020) Sainfoin (Onobrychis viciifolia) silage in dairy cow
rations reduces ruminal biohydrogenation and increases
transfer efficiencies of unsaturated fatty acids from feed to
milk. Anim Nutr 6(3):333-341. https://doi.org/10.1016/j.
aninu.2020.05.001

Jakobsen MU, Trolle E, Outzen M, Mejborn H, Grgnberg
MG, Bgge Lyndgaard C, Stockmarr A, Veng SK, Bysted
A (2021) Intake of dairy products and associations with
major atherosclerotic cardiovascular diseases: a system-
atic review and meta-analysis of cohort studies. Sci Rep
11:1303. https://doi.org/10.1038/541598-020-79708-x

Jayanegara A, Kreuzer M, Wina E, Leiber F (2011) Signifi-
cance of phenolic compounds in tropical forages for the
ruminal bypass of polyunsaturated fatty acids and the
appearance of biohydrogenation intermediates as exam-
ined in vitro. Anim Prod Sci 51(12):1127-1136. https://
doi.org/10.1071/an11059

Kholif AE, Olafadehan OA (2021) Essential oils and phyto-
genic feed additives in ruminant diet: chemistry, ruminal
microbiota and fermentation, feed utilization and produc-
tive performance. Phytochem Rev 20:1087-1108. https://
doi.org/10.1007/s11101-021-09739-3

Lin T, Meletharayil G, Kapoor R, Abbaspourrad A (2021) Bio-
actives in bovine milk: chemistry, technology, and appli-
cations. Nutr Rev 79(2):48-69. https://doi.org/10.1093/
nutrit/nuab099

Liu K, Chen M, Huang G, Su C, Tang W, Li N, Yang J, Wu X,
Si B, Zhao S, Zheng N, Zhang Y, Wang J (2024) Varia-
tions in the milk lipidomic profile of lactating dairy cows
fed the diets containing alfalfa hay versus alfalfa silage.
Anim Nutr 19:261-271. https://doi.org/10.1016/j.aninu.
2024.06.009

@ Springer


https://doi.org/10.1016/j.anifeedsci.2016.12.007
https://doi.org/10.1016/j.anifeedsci.2016.12.007
https://doi.org/10.1016/j.anifeedsci.2012.02.009
https://doi.org/10.1016/B978-0-12-824043-4.00015-4
https://doi.org/10.1016/B978-0-12-824043-4.00015-4
https://produccioncientificaluz.org/index.php/cientifica/article/view/29616
https://produccioncientificaluz.org/index.php/cientifica/article/view/29616
https://produccioncientificaluz.org/index.php/cientifica/article/view/29616
https://doi.org/10.15517/am.v28i1.21466
https://doi.org/10.15517/am.v28i1.21466
https://doi.org/10.15517/ma.v28i2.25697
https://doi.org/10.15517/ma.v28i2.25697
https://doi.org/10.1016/j.animal.2022.100520
https://doi.org/10.1016/j.animal.2022.100520
https://doi.org/10.1021/acs.jafc.7b04770
https://doi.org/10.1071/AN10043
https://doi.org/10.1071/AN10043
https://doi.org/10.1111/nure.12078
https://doi.org/10.3390/ani13132063
https://doi.org/10.15517/am.v28i1.21671
https://doi.org/10.15517/am.v28i1.21671
https://doi.org/10.3390/molecules24173118
https://doi.org/10.1016/j.heliyon.2024.e38844
https://doi.org/10.1016/j.heliyon.2024.e38844
https://doi.org/10.1038/s41598-024-73138-9
https://doi.org/10.1038/s41598-024-73138-9
https://doi.org/10.1016/j.jare.2023.06.016
https://doi.org/10.1016/j.jare.2023.06.016
https://doi.org/10.7717/peerj.10230
https://doi.org/10.7717/peerj.10230
https://doi.org/10.1016/j.aninu.2020.05.001
https://doi.org/10.1016/j.aninu.2020.05.001
https://doi.org/10.1038/s41598-020-79708-x
https://doi.org/10.1071/an11059
https://doi.org/10.1071/an11059
https://doi.org/10.1007/s11101-021-09739-3
https://doi.org/10.1007/s11101-021-09739-3
https://doi.org/10.1093/nutrit/nuab099
https://doi.org/10.1093/nutrit/nuab099
https://doi.org/10.1016/j.aninu.2024.06.009
https://doi.org/10.1016/j.aninu.2024.06.009

106 Page 12 of 12

Agroforest Syst (2025) 99:106

Maia MR, Chaudhary LC, Bestwick CS, Richardson AlJ,
McKain N, Larson TR, Wallace RJ (2010) Toxicity of
unsaturated fatty acids to the biohydrogenating ruminal
bacterium. Butyrivibrio Fibrisolvens BMC Microbiol
10:52. https://doi.org/10.1186/1471-2180-10-52

Markey O, Vasilopoulou D, Kliem KE, Koulman A, Fagan CC,
Summerhill K, Lovegrove JA (2017) Plasma phospholipid
fatty acid profile confirms compliance to a novel saturated
fat-reduced, monounsaturated fat-enriched dairy product
intervention in adults at moderate cardiovascular risk: a
randomized controlled trial. Nutr J 16(1):1-15. https://doi.
org/10.1186/512937-017-0249-2

Makmur M, Zain M, Sholikin MM, Suharlina JA (2022) Mod-
ulatory effects of dietary tannins on polyunsaturated fatty
acid biohydrogenation in the rumen: a meta-analysis.
Heliyon 8(7):¢09828. https://doi.org/10.1016/j.heliyon.
2022.e09828

Mejia-Diaz E, Mahecha-Ledesma L, Angulo-Arizala J (2017a)
Tithonia diversifolia: especie para ramoneo en sistemas
silvopastoriles y métodos para estimar su consumo. Agron
Mesoam  28(1):289-302.  https://doi.org/10.15517/am.
v28i1.22673

Mejia-Diaz E, Mahecha Ledesma L, Angulo-Arizala J (2017b)
Dry matter intake in a silvopastoral system of 7. diversifo-
lia in high tropics. Agron Mesoam 28(2):389—403. https://
doi.org/10.15517/ma.v28i2.23561

Mejia-Diaz E, Mahecha-Ledesma L, Angulo-Arizala J (2017c)
Productivity of a silvopastoral system with Tithonia diver-
sifolia in high tropics. In Chara J, Peri P, Rivera JE, Mur-
gueitio E, & Castafio K (Eds.), Sistemas Silvopastoriles:
Aportes a los Objetivos de Desarrollo Sostenible, pp
399-405

Neethirajan S (2024) Innovative strategies for sustainable dairy
farming in Canada amidst climate change. Sustainability
16(1):265. https://doi.org/10.3390/su16010265

Oso BA, Ogunnusi TA, Fagbemi ME (2018) Antimicrobial
effect of some plant extracts on plant pathogens that cause
food spoilage. Microbiol Res J Int 24(5):1-15. https://doi.
org/10.9734/mrji/2018/42642

Polidori P, Vincenzetti S, Pucciarelli S, Polzonetti V (2018)
CLAs in animal source foods: Healthy benefits for con-
sumers. In: Mérillon JM, Ramawat K (eds) Bioactive
molecules in food. Reference Series in Phytochemistry,
Springer, Cham, pp 1-32. https://doi.org/10.1007/978-3-
319-54528-8_51-1

Prieto-Manrique E, Mahecha-Ledesma L, Vargas-Sanchez JE,
Angulo-Arizala J (2018) The effect of sunflower seed oil
supplementation on the milk fatty acid contents of cows
fed leucaena in an intensive silvopastoral system. Anim
Feed Sci Technol 239:55-65. https://doi.org/10.1016/j.
anifeedsci.2018.03.003

Ribeiro RS, Terry SA, Sacramento JP, Silveira SRE, Bento
CBP, da Silva EF, Chaves AV (2016) Tithonia diversifo-
lia as a supplementary feed for dairy cows. PLoS ONE
11(12):e0165751.  https://doi.org/10.1371/journal.pone.
0165751

R Core Team (2024) R: A Language and Environment for Sta-
tistical Computing. R Foundation for Statistical Comput-
ing, Vienna, Austria. https://www.R-project.org

@ Springer

Santacoloma Varén LE, Granados JE (2012) Interrelacion
entre el contenido de metabolitos secundarios de las espe-
cies Gliricidia sepium y Tithonia diversifolia y algunas
propiedades fisicoquimicas del suelo. Revista De Inves-
tigacion Agraria y Ambiental 3(1):53—62. https://doi.org/
10.22490/21456453.934

Soedamah-Muthu SS, Ding EL, Al-Delaimy WK, Hu FB,
Engberink MF, Willett WC, Geleijnse JM (2011) Milk
and dairy consumption and incidence of cardiovascular
diseases and all-cause mortality: dose-response meta-
analysis of prospective cohort studies. Am J Clin Nutr
93(1):158-171. https://doi.org/10.3945/ajcn.2010.29866

Sun X, Wang Y, Ma X, Li S, Wang W (2022) Producing natu-
ral functional and low-carbon milk by regulating the diet
of the cattle—The fatty acid associated rumen fermenta-
tion, biohydrogenation, and microorganism response.
Front Nutr 9:955846. https://doi.org/10.3389/fnut.2022.
955846

Tedeschi LO, Muir JP, Naumann HD, Norris AB, Ramirez-
Restrepo CA, Mertens-Talcott SU (2021) Nutritional
aspects of ecologically relevant phytochemicals in rumi-
nant production. Front Vet Sci 8:628445. https://doi.org/
10.3389/fvets.2021.628445

Toral PG, Hervas G, Carrefio D, Leskinen H, Belenguer A,
Shingfield KJ, Frutos P (2017) In vitro response to EPA,
DPA, and DHA: comparison of effects on ruminal fer-
mentation and biohydrogenation of 18-carbon fatty acids
in cows and ewes. J Dairy Sci 100(8):6187-6198. https://
doi.org/10.3168/jds.2017-12638

Ulbricht TLV, Southgate DAT (1991) Coronary heart disease:
seven dietary factors. Lancet 338(8773):985-992. https://
doi.org/10.1016/0140-6736(91)91846-M

Vargas JA, Olivera—Angel M, Rivero CVD, Daza EE (2019)
In vitro rumen biohydrogenation kinetics of mixed lin-
oleic and alfa-linolenic acids. Rev Colomb De Ciencias
Pecuarias 31(3):213-222. https://doi.org/10.17533/udea.
rccp.v31n3a06

Vasta V, Daghio M, Cappucci A, Buccioni A, Serra A, Viti
C, Mele M (2019) Invited review: Plant polyphenols and
rumen microbiota responsible for fatty acid biohydrogena-
tion, fiber digestion, and methane emission: experimen-
tal evidence and methodological approaches. J Dairy Sci
102(5):3781-3804. https://doi.org/10.3168/jds.2018-14985

Willett W, Rockstrom J, Loken B, Springmann M, Lang T,
Vermeulen S, Murray CJL (2019) Food in the anthropo-
cene: the EAT-Lancet Commission on healthy diets from
sustainable food systems. Lancet Comm 393(10170):447—
492. https://doi.org/10.1016/S0140-6736(18)31788-4

Yang C, McKain N, McCartney CA, Wallace RJ (2019) Con-
sequences of inhibiting methanogenesis on the biohydro-
genation of fatty acids in bovine ruminal digesta. Anim
Feed Sci Technol 254:114189. https://doi.org/10.1016/j.
anifeedsci.2019.05.012

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1186/1471-2180-10-52
https://doi.org/10.1186/s12937-017-0249-2
https://doi.org/10.1186/s12937-017-0249-2
https://doi.org/10.1016/j.heliyon.2022.e09828
https://doi.org/10.1016/j.heliyon.2022.e09828
https://doi.org/10.15517/am.v28i1.22673
https://doi.org/10.15517/am.v28i1.22673
https://doi.org/10.15517/ma.v28i2.23561
https://doi.org/10.15517/ma.v28i2.23561
https://doi.org/10.3390/su16010265
https://doi.org/10.9734/mrji/2018/42642
https://doi.org/10.9734/mrji/2018/42642
https://doi.org/10.1007/978-3-319-54528-8_51-1
https://doi.org/10.1007/978-3-319-54528-8_51-1
https://doi.org/10.1016/j.anifeedsci.2018.03.003
https://doi.org/10.1016/j.anifeedsci.2018.03.003
https://doi.org/10.1371/journal.pone.0165751
https://doi.org/10.1371/journal.pone.0165751
https://www.R-project.org
https://doi.org/10.22490/21456453.934
https://doi.org/10.22490/21456453.934
https://doi.org/10.3945/ajcn.2010.29866
https://doi.org/10.3389/fnut.2022.955846
https://doi.org/10.3389/fnut.2022.955846
https://doi.org/10.3389/fvets.2021.628445
https://doi.org/10.3389/fvets.2021.628445
https://doi.org/10.3168/jds.2017-12638
https://doi.org/10.3168/jds.2017-12638
https://doi.org/10.1016/0140-6736(91)91846-M
https://doi.org/10.1016/0140-6736(91)91846-M
https://doi.org/10.17533/udea.rccp.v31n3a06
https://doi.org/10.17533/udea.rccp.v31n3a06
https://doi.org/10.3168/jds.2018-14985
https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1016/j.anifeedsci.2019.05.012
https://doi.org/10.1016/j.anifeedsci.2019.05.012

	Silvopastoral systems with wild sunflower (Tithonia diversifolia (Hemsl.) A. Gray) and lipid supplementation: a strategy to improve the fatty acid profile of milk in dairy livestock systems
	Abstract 
	Introduction
	Materials and methods
	Description of the production systems evaluated
	Experiments and experimental design
	Field sampling and laboratory analysis
	Evaluated variables
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements 
	References




