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Abstract: Milk fat depression (MFD) syndrome, a consistent decrease in milk fat content, is related
to important changes in fatty acid composition due to feed imbalances and the consequent ruminal
metabolism alteration. Milk produced in two different farming systems was compared: Holstein
Friesian fed with unified in intensive production and Podolica raised on a pasture in an extensive
system. Milk chemical characteristics and fatty acid composition were determined comparing milk
with a normal fat level (>3.8%) to milk with a low fat level (<3.2%) in each breeding system. Holstein
Friesian milk showed the decrease in trans-11 and increase in trans-10 C18:1 (shift from trans-11 to
trans-10 C18:1) in low fat with respect to normal fat milk with a consequent decrease in the trans-
11/trans-10 C18:1 ratio. Even conjugated linoleic acid (CLA), C18:2 cis-9, trans-11, was lower while
CLA trans-10, cis-12 was higher in low fat milk than in normal fat milk from Holstein Friesian. These
changes, that are indicators of MFD syndrome, were not found in Podolica milk between fat levels.
Holstein Friesian milk showed less short-chain fatty acids (9.48 % vs. 11.05%, p < 0.001), trans vaccenic
acid (C18:1 trans-11, 0.51% vs. 3.39%, p < 0.001), rumenic acid (CLA C18:2 cis-9, trans-11, 0.32% vs.
1.45%, p < 0.001) and total CLA (0.53% vs. 1.91%, p < 0.001) contents than Podolica milk. Further
losses of these human healthy nutrients in low fat Friesian milk reduced the nutritional quality of the
milk, while the milk from animals raised on the pasture was of better quality even when the level of
fat was low.

Keywords: extensive milk production; milk low fat disease; fatty acids; conjugated linoleic acid

1. Introduction

Milk fatty acid composition depends on numerous intrinsic factors such as animal
breed, lactation stages, birth season and environment factors such as the dairy cattle
production system and feed management [1]. These factors are the same that also affect
the milk fat content [2] and the rumen microorganism activity and fermentation [3], also
because the rumen activity is strongly linked to diet composition [4].

Intensive dairy cattle diets containing high concentrations of highly digestible cere-
als are widely used to maximize milk production, but such diets often induce milk fat
depression (MFD) syndrome [5,6]. The MFD syndrome consists of a remarkable decrease
in milk fat content (50 % or more), without lactose and proteins modification, related
to important changes in fatty acid composition due to feed imbalances and consequent
ruminal metabolism alteration [7,8]. The mechanisms involved in MFD syndrome depend
on a diet containing high concentrates and low levels of fiber, due to a high amount of corn
silage, soy flour and oilseed in the ration but also lipid supplements rich in polyunsaturated
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fatty acids [9–11], that improve the content of fatty acids positive for human health [12],
but often alter the rumen microorganisms’ activity [7,8].

There are several theories that could explain MFD in dairy ruminants: some of these
consider that MFD is due to a direct inhibition of mammary gland synthesis of milk
fat [13], while other theories consider this a consequence of the lipid precursors’ lack in
the mammary gland [9]. Evidence accumulated over the past decade has focused attention
on certain long-chain unsaturated fatty acids as proximal regulators of mammary gland
lipogenesis [9,14]. These long-chain unsaturated fatty acids can be produced or modified
by some members of the ruminal microbiota, for example, through biohydrogenation
reactions [14]. The biohydrogenation pathway of linoleic acid (C18:2) produces stearic
acid (C18:0) by intermediary conjugated linoleic acid (CLA) C18:2 cis-9, trans-11, but in
conditions inducing MFD there is an alternative route that produces potent inhibitors of
milk fat synthesis, the CLA isomers, mostly CLA trans-10, cis-12 [13]. Therefore, inhibitor
isomers act on both de novo fatty acid biosynthesis and the uptake of circulating fatty acids.
A relationship between MFD manifestation and the shift from trans-11 to trans-10 C18:1 has
been demonstrated in dairy cows [15] with a decrease in trans-11 and increase in trans-10
C18:1 which can lead to a decrease in the trans-11/trans-10 C18:1 ratio [15]. MFD syndrome
may affect milk quality, due to high levels of CLA trans-10, cis-12 and C18:1 trans-10, that
can have unhealthy effects [16]; however, some authors have recently reported a possible
beneficial effect of CLA trans-10, cis-12 on human health [17].

The pasture system, also, could cause MFD in cow’s milk, because sometimes the
grazing is poor in fiber levels [11], or it could depend on the tannin level in the pasture.
In fact, as reported by Morales et al. [18], tannins have antimicrobial properties and they
can modify ruminal fatty acids biohydrogenation. On the other hand, even if a grazing
system produces a low milk yield, that milk is high in quality and nutritional value because
it is rich in CLA and n-3 fatty acids [19]. Extensive dairy cattle production systems, where
autochthonous breeds are principally reared, are environmentally sustainable and the
obtained milk has a healthy property regarding fatty acid profiles and antioxidant com-
pounds. These characteristics are increasingly appreciated by consumers, who are looking
for the quality and sustainability of products, obtained with low environmental impact
and ensuring animal welfare [20]. Moreover, extensive production systems contribute to
preserving both animal biodiversity, rearing local breeds in marginal areas, and economic
sustainability, because the promotion of typical products in the market encourages artisanal
techniques for milk processing [21].

The Holstein Friesian breed is a cosmopolitan breed widely selected for a high milk
production and it is mainly bred intensively [22]. On the contrary, the Podolica breed is
a local cow breed characterized by an extensive and sustainable production system [23],
that contributes to maintaining biodiversity, landscape in rural areas and production of
typical products with a low environmental impact using artisanal processing [24]. This
breed represents one of the most important native Italian breeds raised mainly for beef
production and it is an ancestor of other noted Italian breeds. Podolica cattle are seasonal
with the calving concentrated in spring, when more food is available at pasture, and the
natural pasture is often integrated by mixed hay from August to February [23]. In recent
years, this breed is raised only in southern Italian regions due to the consistent reduction of
the number of heads, and it is related to specific environments and traditional production
systems [24]. However, there is an increasing demand for Podolica milk, and the dairy
products especially “Caciocavallo” cheese are very appreciated on the market for their high
quality [25,26].

In this work, milk produced in two different farming systems from two different bovine
breeds was compared: Holstein Friesian in an intensive production system and Podolica
raised on the pasture. The main chemical characteristics and milk fatty acid composition
were determined. Furthermore, to evaluate the manifestation of MFD syndrome and its
association with consistent changes in fatty acid profile, we compared normal fat level
milk and low fat level milk in each breeding system. In particular, CLA trans-10, cis-12,
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the shift from trans-11 to trans-10 C18:1 with increase in trans-10 C18:1 and the change in
trans-11/trans-10 C18:1 ratio were investigated as milk indicators of MFD syndrome.

The objective of this study is to valorise and encourage the diffusion of local breeds in
extensive systems. Considering the high incidence of MFD in dairy animals, present even
in extensively reared cows as reported by Rivero et al. [11], the goal is to verify whether the
effects of MFD on milk quality are different between the two farming systems.

2. Materials and Methods
2.1. Animals

Milk samples were collected from morning milking from two different dairy farms,
one located in Central Italy with Holstein Friesian cows raised in an intensive production
system, feeding with unifeed, and the other sited in South of Italy with Podolica raised on
the pasture without supplementation [23].

The Holstein Friesian cows were averaged between the first and second lactation
(1.8 ± 0.8 lactation number, on average) with a milk daily yield of about 29.0 ± 7.6 L/day.
The Podolica herd even had animals at the sixth lactation (3.7 ± 2.5 lactation number, on
average), just to witness the greater hardiness and longevity of this breed, with a milk
production of about 8 L/day. The samples were collected around peak lactation between
the end of 2019 and during 2020. In all, about 120 samples were collected.

After analyzing the individual milk fat of the two herds, 14 animals for breed were
chosen with a milk fat percentage below 3.2%, considered low fat milk (Lf), to be compared
with an equal number of animals for breed showing milk fat values greater than 3.8%,
defined as normal fat content (Nf).

This experiment is part of a larger national research project MIQUALAT funded by
MIPAAF.

2.2. Sampling and Chemical Composition of Diets

Chemical and nutritional characteristics of diets were performed on a unifeed sample
taken from mixing wagon, whilst for the pasture sample it was taken during the spring
season. The food samples were dried at 60 ◦C until a constant weight and finely chopped
and stored in a freezer at −20 ◦C until they were analyzed. The proximate composition of
the diet was analyzed for dry matter concentration (AOAC, 2012; 988.05), ash (AOAC, 2012;
942.05), ether extract (AOAC, 2012; 920.39) and crude protein (AOAC, 2012; 988.05) [27].

The concentrations of neutral detergent fiber (NDF), acid detergent fiber (ADF) and
non-structural carbohydrates (NSC) were analyzed according to the method described
by Van Soest et al. [28]. The principal fatty acids were determined with the same method
reported later for milk. Table 1 shows the chemical composition and fatty acids expressed
as % of the total fatty acids methyl ester (FAME) of the unifeed and pasture. Each Friesian
animal received 47 kg of unifeed daily containing the ingredients reported in Table 1.

Table 1. Formulation, proximate and fatty acid composition of diets of Holstein Friesian cows fed
with unifeed, and Podolica raised on pasture.

Unifeed Pasture

Ingredient (% of total diet)
Triticale silage 49.2 -

Alfalfa hay, second cut 12.8 -
Poliphyte hay 2.1 -
Barley grain 10.7 -
Corn grain 8.6 -

Sorghum grain 6.4 -
Soybean meal 8.6 -
Metho-Fat 1 0.75 -
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Table 1. Cont.

Unifeed Pasture

Mineral vitamin supplement 2 0.85 -
Leguminosae - 44.0

Gramineae - 34.3
Asteraceae - 10.0

Other plants - 11.7

Chemical composition
Dry matter % 59.43 44.53

Ash (g/kg) 61.6 58.5
Ether extract (g/kg) 35.0 26.0

Crude protein (g/kg) 180.2 150.4
Non-structural carbohydrate (NSC) (g/kg) 460.0 187.1

ADF 3 (g/kg) 171.0 307.0
NDF 3 (g/kg) 264.0 578.0

Fatty acids (% of total FAME 4)
C14:0 0.78 1.88
C16:0 16.90 18.50
C18:0 2.89 3.30

Total SFA 4 22.08 27.09
C18:1 n-9 18.13 8.97

Total MUFA 4 19.53 10.45
C18:2 n-6 47.56 17.23
C18:3 n-6 1.90 11.06
C18:3 n-3 7.86 31.69

Total PUFA 4 57.32 59.98
1 Metho-Fat = fatty acid integration (Sepron S.r.l, Rome, Italy); 2 Mineral vitamin supplement (Sepron S.r.l, Rome,
Italy); 3 ADF = acid detergent fiber; NDF = neutral detergent fiber; 4 FAME = total fatty acids methyl ester;
SFA = saturated fatty acids; MUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty acids.

2.3. Milk Sampling and Chemical Analysis

The milk samples of about 1 L were taken during the morning milking and placed
on ice for transport. At the laboratory, these were gently shaken to prevent the fat from
surfacing, and they were divided into 50 mL tubes and frozen at −20 ◦C for fatty acid
analytical determinations. The samples were thawed at about + 4 ◦C two hours before
analysis. The milk proximate composition (fat, total protein and lactose, expressed as % of
fresh weight) of each sample was determined by infrared spectrophotometry on fresh milk
(ISO 9622 IDF 141:2013) [29].

2.4. Fatty Acids Analysis

Fatty acids extraction was determined according to Folch et al. [30] with chloro-
form:methanol (2:1) (v:v). Fat was methylated with methanolic KOH and 1 µL was injected
in the gas chromatography flame ionization detector (GC-FID) (Agilent Technologies, Santa
Clara, CA, United States) with a capillary column CP-Sil88 100 m (0.25 mm, 0.20 µm, 100%
cyanopropyl, Agilent Technologies), using C19:0 as the internal standard. The GC-FID
conditions were: inlet splitless at 250 ◦C; FID at 250 ◦C; helium flow 1.2 mL/min. The oven
temperature was: started at 60 ◦C held 4 min, increased 13 ◦C/min until 175 ◦C, held for
27 min, increased 4 ◦C/min until 215 ◦C held for 25 ◦C; increased 2 ◦C/min until 220 ◦C
held for 5 min.

Peak identifications were completed by comparing the sample peaks with Supelco
mix 37 (Sigma-Aldrich Merck, Darmstadt, Germany); mixture branched chain fatty acids
BR2 and mixture branched chain fatty acids BR3 (Larodan, Solna, Sweden); mix CLA
(Sigma-Aldrich Merck, Darmstadt, Germany) standard peaks. The fatty acid methyl ester
was expressed as % of total fatty acids methyl ester (FAME). The amount of total saturated
fatty acids (∑SFA), short-chain fatty acids (SCFA, from C4:0 to C12:0), branched chain
fatty acids (BCFA), odd chain fatty acids (OCFA) and the others SFA (from C14:0 to C20:0),
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monounsaturated fatty acids (∑MUFA), subdivided in cis and trans configuration, total
polyunsaturated fatty acids (∑PUFA), subdivided in n-6 and n-3, and CLA were determined
as the percentage of total FAME. Furthermore, the n-6/n-3 PUFA ratio and trans-11/trans-10
C18:1 ratio were calculated.

2.5. Statistical Analysis

Variance analyses were performed for all data using a bi-factorial model with interac-
tion, according to the following linear model: Yijk = µ + breedi + Fat level j + (breed × Fat
level)ij + εijk, where µ = general mean; ε = residual error; breed (that includes also farming
system and diet) and fat level as fix factors were considered. The level of significance
between the groups was determined according to Tukey’s test with p < 0.05 as the limit
to identify significant differences, using the PROC GLM procedure of SAS (SAS Inst. Inc.,
Cary, NC, USA) [31]. In addition, a correlation analysis within the same breed, between
percentage of total fat content and some important fatty acids considered indicators of
MFD syndrome, were performed by the PROC CORR procedure of SAS using the Pearson
correlation coefficient with a significance threshold of p < 0.05. A principal component
analysis (PCA) using all fatty acids and classes of fatty acids was performed with the
Unscrambler 10.0 version of CAMO software (Aspen Technology Inc., Bedford, MA, USA),
to study the score projection in the plane defined by the two first principal components
and to analyze the loading component that absorbed the major variability in this plane.

3. Results and Discussion
3.1. Proximate Composition of Milk

The proximate composition of milk showed significant differences between breeds
for the three components considered (Table 2). The low fat content (Lf) milk of Holstein
Friesian had on average 2.86% of fat and a decrease of 1.36% compared with the normal fat
level (Nf) milk, while protein content decreased from 3.37% to 2.89% on average. In milk
from Podolica raised in the pasture system, fat content decreased by 1.66% compared to
normal levels (p < 0.001), which presented very high values (on average 4.63%).

Table 2. Proximate composition of milk with low fat content (Lf) compared to milk with normal fat
content (Nf) from two different breeds (Holstein Friesian and Podolica).

Holstein Friesian Podolica
Root
MSE

p-Values

Lf Nf Sign. Lf Nf Sign. Breed Fat
Level

Breed × Fat
Level

Fat % 2.86 4.22 *** 2.97 4.63 *** 0.41 0.042 0.001 0.075
Protein % 2.89 3.37 *** 3.33 3.44 ns 0.23 0.001 0.001 0.008
Lactose % 4.59 4.77 ns 5.01 4.89 ns 0.30 0.031 0.950 0.085

F/P 1 1.03 1.27 *** 0.90 1.35 *** 0.13 0.393 0.001 0.004
1 F/P: fat/protein ratio. *** Significantly different inside the breed (p < 0.001).

The amount of protein was significantly reduced in low fat milk only in the Friesian
breed, while it was constant in the Podolica breed, affected by the reduction in the
fat/protein (F/P) ratio because the denominator remained constant as the numerator
decreased. The F/P ratio, that was 1.3 on average in normal fat milk, was instead 1.03
in Friesian Lf milk and 0.9 in Podolica Lf milk (Table 2). A decrease in milk fat content
reaching values below 3% and reduction of the F/P ratio could be indexes of impaired
ruminal function as occurs in MFD disease, even if Bauman and Griinari [9] in a review,
and more recently other authors [32,33], pointed out that MFD is not usually associated
with a reduction of proteins and lactose. However, the slight decrease in milk protein
content would be consistent with other studies examining the effect of supplementation
of the diet with unsaturated fats in sheep [34], even though the reasons for this unusual
response are still uncertain [35]. Although lactose showed a significant difference between
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genetic types (4.68% in Friesian vs. 4.95% in Podolica milk, on average, p = 0.031), it was
not influenced by the milk fat content (Table 2).

Because of the strong influence of milk fat on milk pricing and the consequent loss
of quality, MFD is a serious economic problem for dairy producers and elucidating the
mechanism underlying MFD thus has been of longstanding interest [6,36].

3.2. Fatty Acid Classes

Considering the main groupings of fatty acids (Table 3), total saturated fatty acids
(∑SFA) were on average 65.5% in Podolica, without significant differences between high
and low fat milk, while in Holstein Friesian ∑SFA decreased significantly (p < 0.05) in
milk with low fat from 66.67 % to 63.96% (interaction breeding x fat level: p = 0.021). This
significant difference, probably due to a reduced de novo synthesis from mammary cells of
short and medium saturated fatty acids in animals Lf [37], was highlighted by the tendency
to a lower amount of short-chain fatty acids (SCFA) in Holstein Friesian milk (8.94% in Lf
vs. 10.02% in Nf, p = 0.097).

Table 3. Composition of milk fatty acids classes, expressed as percentages by weight of the total
fatty acids, in milk with low fat content (Lf) compared to milk with normal fat content (Nf) from two
different breeds (Holstein Friesian and Podolica).

Fatty Acids
Holstein Friesian Podolica

Root
MSE

p-Values

Lf Nf Sign Lf Nf Sign Breed Fat
Level

Breed × Fat
Level

SCFA 8.94 10.02 ns 11.66 10.43 ns 1.14 0.001 0.980 0.032
BCFA 1.73 1.81 ns 3.11 3.12 ns 0.30 0.001 0.537 0.279
OCFA 2.14 2.06 ns 2.59 2.76 ns 0.27 0.002 0.547 0.260
∑SFA 63.96 66.67 * 65.66 65.32 ns 3.16 0.474 0.378 0.021

cis MUFA 27.21 24.27 *** 18.82 18.92 ns 2.24 0.001 0.112 0.004
trans MUFA 1.55 1.55 ns 5.81 5.96 ns 0.73 0.001 0.712 0.743

∑MUFA 29.60 26.49 ** 25.35 26.60 ns 2.49 0.004 0.150 0.001
n-6 PUFA 3.14 3.55 ns 1.80 1.75 ns 0.66 0.001 0.299 0.191
n-3 PUFA 0.62 0.58 ns 1.70 1.68 ns 0.17 0.001 0.474 0.783

n6/n3 6.31 7.46 ns 2.02 2.08 ns 2.38 0.001 0.157 0.272
∑PUFA 4.53 4.91 ns 5.15 5.19 ns 0.74 0.027 0.273 0.257

∑SFA (total saturated fatty acids) = SCFA (short-chain fatty acids, from C4:0 to C12:0) + BCFA (branched chain
fatty acids) + OCFA (odd chain fatty acids) + other SFA (C14:0, C16:0, C18.0 and C20:0) + those in trace (principal
SFA are detailed in Table 4). ∑MUFA (total monounsaturated fatty acids) = cis MUFA (C18:1 cis isomers, detailed
in Table 5, C14:1 cis-9, C16:1 cis-7, C16:1 cis-9 and C20:1 cis-9) + trans MUFA (C18:1 trans isomers, detailed in
Table 5, and C16:1 trans-9). ∑PUFA (total polyunsaturated fatty acids) = n-6 PUFA (C18:2 n-6, C18:3 n-6, C20:2
n-6, C20:4 n-6, other long-chain PUFA n-6 in trace, isomers of C18:2 n-6 and of C18:2 conjugated linoleic acid
(CLA) as detailed in Table 5) + n-3 PUFA (C18:3 n-3, C20:5 n-3 and other long-chain PUFA n-3 in trace). *, **, ***:
significantly different inside the breed (p < 0.05, p < 0.01, p < 0.001, respectively).

Although there were not significant differences in the content of ∑SFA between the
breeds (p = 0.474), the different groupings, short-chain fatty acids (SCFA, with below to
C12 carbon chain), branched chain fatty acids (BCFA) and odd chain fatty acids (OCFA)
were significantly higher in the Podolica breed than in Holstein Friesian, underlining the
different rumen activity due probably to the high roughage component of the Podolica
diet [38].

∑MUFA and cis MUFA were significantly more abundant in Friesian than in Podolica;
on the contrary, trans MUFA as C18:1 trans-11 and C18:1 trans-10, the major monounsatu-
rated trans fatty acids, were higher in Podolica, increasing in proportion with the roughage
diet as they are mainly of rumen derivation. Furthermore, ∑MUFA in Friesian significantly
increased in milk with low fat from 26.49% to 29.60% (p < 0.01). This trend depends on the
content of cis isomers, which are the most abundant MUFA (27.21% vs. 24.27% respectively
for Lf and Nf in Friesian). In fact, as reported by Thanh et al. [37], the C18:1 cis-9 was higher
in animals with fat feed integration that could be one of the probable causes of MFD. On
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the contrary, ∑MUFA in Podolica was 25.98% on average and it did not show a significant
difference between high and low milk fat. Moreover, in Podolica, the trans and cis MUFA
did not differ between the two levels of fat.

The content of ∑PUFA was lower in Holstein Friesian milk than in Podolica (p = 0.027)
as well as for n-3 PUFA (p < 0.001), probably due to a pasture-based diet in Podolica,
while on the contrary n-6 PUFA showed values significantly higher in Friesian (p < 0.001).
No significant differences were reported between fat levels for both breeds. The n6/n3
ratio was significantly higher in Friesian (6.89% vs. 2.05%, respectively, for Friesian and
Podolica), highlighting the high nutritional value of milk produced by animals raised
extensively on pasture [39].

The increase of PUFA in cow’s milk is more important to meet consumer expecta-
tions [40]. Excessive intake of saturated fats has been considered one of the main causes
of coronary heart diseases, and at present one of the most promising possibilities is to
use grazing in order to improve the ratio between polyunsaturated and saturated fats in
milk [39].

Generally, decreasing the amount of total fat in food from animals is equivalent to
lowering the amount of saturated fatty acids and increasing the polyunsaturated fatty
acids. The same thing does not happen in milk as saturated fatty acids are a large family
whose components derive from different metabolic processes, some related to the animal
and the diet and others related to rumen microorganisms and their activity [4,38]. From
this it follows that not all the saturated fatty acids of milk have the same nutritional
importance, and those of rumen derivation seem to improve human health; therefore, it is
necessary to ensure a good functionality of the rumen bacteria to obtain milk quality [38].
The same concept is extended to CLAs (particularly rumenic acid, C18:2 cis-9, trans-11),
and trans isomers of C18:1 as trans vaccenic fatty acid [39]. Milk and dairy products
may be an important source of CLA, and increments of the levels of C18:1 trans-11 and
PUFA, especially C18:3-n3 and CLA cis-9, trans-11 in milk in grazing cows are generally
observed [12].

3.3. Content of Principal Saturated Fatty Acids

With the exception of C12:0, C14:0 and C17:0 anteiso, all principal saturated fatty acids
showed significant differences between the two farming systems, with higher levels in
Podolica milk than in Friesian milk (Table 4). Only the C16:0 was higher in Friesian than in
Podolica milk, with a percentage of +7.38% on average, regardless of fat level.

In particular, the branched (iso and anteiso) and odd chain fatty acids, which are
mainly of bacterial origin, are positively influenced by the rumen metabolism and by the
fibrous portion of the diet [38], and certainly the diet of Podolica was richer in roughage
matter (Table 1). These results were in agreement with Conte et al. [15] who reported a lower
de novo synthesis of short and medium-chain fatty acids from mammary glands in animals
fed a diet rich in oilseed and concentrate. In fact, the fatty acid from carbon numbers 4 to
14 are synthesized de novo in the mammary gland from acetate and butyric fatty acids that
are precursors generated in the rumen by the fermentation of feed components [2]. The
long-chain fatty acids instead are originated from dietary lipids and from the lipolysis of
adipose tissue triacylglycerols [37].

In Holstein Friesian milk, both C10:0 and C12:0 content decreased significantly (p < 0.05)
in the low fat milk compared to the normal fat one, without significant differences in the
levels of the other SFA. On the contrary, in Podolica milk the C10:0 and C12:0 content
increased significantly in Lf milk compared to Nf milk, while C15:0, C15:0 iso, C18:0 and
C20:0 fatty acids were less present in Lf milk (Table 4).
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Table 4. Content of principal SFA, expressed as percentages of total fatty acids, in milk with low
fat content (Lf) compared to milk with normal fat content (Nf) from two different breeds (Holstein
Friesian and Podolica).

Fatty Acids
Holstein Friesian Podolica

Root
MSE

p-Values

Lf Nf Sign. Lf Nf Sign. Breed Fat
Level

Breed × Fat
Level

C4:0 1.54 1.62 ns 2.20 2.14 ns 0.50 0.001 0.970 0.649
C6:0 1.48 1.54 ns 1.70 1.64 ns 0.25 0.007 0.961 0.386
C8:0 0.98 1.08 ns 1.22 1.11 ns 0.19 0.003 0.905 0.060

C10:0 2.23 2.67 * 3.02 2.54 ** 0.52 0.015 0.925 0.003
C12:0 2.67 3.11 * 3.52 3.00 * 0.67 0.058 0.973 0.012

C14:0 iso 0.13 0.15 ns 0.19 0.21 ns 0.03 0.001 0.019 0.825
C14:0 9.88 10.20 ns 11.49 10.04 ns 1.53 0.181 0.312 0.054

C15:0 iso 0.23 0.28 ns 0.44 0.52 ** 0.08 0.001 0.005 0.352
C15:0 anteiso 0.43 0.50 ns 1.24 1.19 ns 0.22 0.001 0.899 0.338

C15:0 1.03 1.00 ns 1.27 1.43 * 0.19 0.001 0.286 0.082
C16:0 32.04 33.18 ns 26.01 24.45 ns 2.80 0.001 0.986 0.035

C17:0 iso 0.37 0.35 ns 0.60 0.59 ns 0.11 0.001 0.759 0.907
C17:0 anteiso 0.37 0.32 ns 0.34 0.32 ns 0.17 0.810 0.457 0.675

C17:0 0.64 0.62 ns 0.76 0.80 ns 0.11 0.001 0.849 0.139
C18:0 9.26 8.71 ns 11.20 13.87 *** 1.95 0.001 0.051 0.004
C20:0 0.20 0.19 ns 0.26 0.32 * 0.06 0.001 0.195 0.003

*, **, ***: significantly different inside the breed (p < 0.05, p < 0.01, p < 0.001, respectively), between Lf and Nf
groups of each breed; ns = not significant.

These data highlight a joint effect of the major roughage content in the diet in grazing
animals which causes an increase in low-chain fatty acids from rumen but, at the same
time, a reduction in long-chain SFA, as the excess fiber did not satisfy the necessary intake
of nutrients and animals producing less fat milk had accentuated this trend.

Higher values in C18:0 due to an incomplete biohydrogenation in the rumen are
reported also by Thanh et al. [37]. Therefore, some factors could induce changes in milk’s
odd and branched fatty acid content particularly during periods of negative energy balance.
From these data and from the numerous significant differences found in the interaction
between breed and level of fat, we hypothesized that the less level of fat in Podolica was due
to a different pathway [37], inducing a particular form of MFD different from Friesian [37].

3.4. Trans and Cis Isomers of Oleic Acid (C18:1), Linoleic Acid (C18:2) and Coniugated Linoleic
Fatty Acids (CLA)

Approximately 26% of the fatty acids in milk are MUFA with oleic acid (C18:1 cis-9),
accounting for about 20% of the total fatty acids in milk. This fatty acid and trans vaccenic
acid (C18:1 trans-11) are important for human health [2]. Our data showed C18:1 cis-9
higher percentage in Holstein Friesian than in Podolica milk (Table 5). Moreover, in the low
fat milk of the Holstein Friesian breed there was a higher percentage of total MUFA than
in normal fat milk due to the increase in C18:1 cis isomers, while trans isomers of C18:1
showed different trends: the trans-11 decreased and on the contrary the trans-10 increased
compared to the Nf group (p < 0.01).

No significant differences were highlighted in Podolica milk for the two different fat
levels of milk both for cis and trans isomers of C18:1, but the interaction breeding × fat
level was significantly different for oleic and cis vaccenic fatty acids, showing an opposite
trend between the fat levels in the two breeds (Table 5).
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Table 5. Trans and cis isomers of oleic (C18:1), linoleic (C18:2) and conjugated linoleic fatty acids
(CLA), expressed as percentages of total fatty acids, in milk with low fat content (Lf) compared to
milk with normal fat content (Nf) from two different breeds (Holstein Friesian and Podolica).

Holstein Friesian Podolica
Root
MSE

p-Values

Lf Nf Sign. Lf Nf Sign. Breed Fat Level Breed × Fat
Level

C18:1 cis-9 23.15 20.18 *** 15.39 16.33 ns 2.11 0.001 0.067 0.001
C18:1 cis-11 0.69 0.57 * 0.53 0.58 ns 0.11 0.021 0.243 0.001
C18:1 cis-12 0.24 0.21 ns 0.12 0.14 ns 0.05 0.001 0.418 0.265

C18:1 trans-9 0.26 0.22 ns 0.41 0.42 ns 0.13 0.001 0.747 0.368
C18:1 trans-10 0.50 0.32 ** 1.65 1.62 ns 0.16 0.001 0.512 0.182
C18:1 trans-11 0.33 0.68 ** 3.31 3.47 ns 0.31 0.001 0.289 0.453
C18:1 trans-12 0.17 0.22 ns 0.30 0.24 ns 0.09 0.008 0.734 0.024

C18:1 trans-11/trans-10 0.82 1.83 *** 2.01 2.14 ns 0.37 0.001 0.001 0.001
ΣC18:2 trans trans 0.08 0.10 ns 0.18 0.21 ns 0.05 0.001 0.192 0.798

ΣC18:2 cis trans 0.21 0.19 ns 0.35 0.36 ns 0.08 0.001 0.712 0.649
ΣC18:2 trans cis 0.22 0.20 ns 0.55 0.60 ns 0.15 0.001 0.341 0.218
C18:2 cis-9 cis-12 2.67 2.97 ns 1.40 1.34 ns 0.59 0.001 0.437 0.259

CLA cis-9 trans-11 0.24 0.40 ** 1.40 1.48 ns 0.10 0.001 0.164 0.171
CLA trans-7 cis-9 0.02 0.02 ns 0.01 0.01 ns 0.01 0.001 0.330 0.992

CLA trans-8 cis-10 0.02 0.02 ns 0.02 0.02 ns 0.01 0.093 0.449 0.708
CLA trans-10 cis-12 0.05 0.03 ** 0.07 0.06 ns 0.02 0.001 0.179 0.091
CLA trans-11 cis-13 0.02 0.02 ns 0.05 0.05 ns 0.01 0.001 0.163 0.545

ΣCLA cis cis 0.03 0.03 ns 0.12 0.12 ns 0.03 0.001 0.871 0.520
ΣCLA trans trans 0.05 0.05 ns 0.11 0.09 ns 0.05 0.001 0.876 0.051

ΣCLA 0.46 0.60 * 1.89 1.94 ns 0.14 0.001 0.270 0.163

*, **, ***: significantly different inside the breed (p < 0.05, p < 0.01, p < 0.001, respectively), between Lf and Nf
groups of each breed; ns = not significant.

The C18:1 trans-11/trans-10 ratio, as referred to in different works [6,8,9], is affected
by the fat milk level in animals that show MDF syndrome and it was lower in the Lf group
than Nf in Friesian cows (0.82% vs. 1.83% in Lf vs. Nf). In the milk of animals with MDF
syndrome there is a marked shift from trans-11 (which is usually the most representative
trans isomer of C18:1) to trans-10 [8].

The phenomenon described above seems to be explained by various causes, both
genetic and alimentary. Some authors [41,42] reported that C18:1 trans-10 is an inhibitor of
steraoyl-CoA desaturase causing a slowdown in the de novo biosynthesis of fatty acids
starting from acetate. An anomalous increase in trans fatty acids in milk is also associated
with the MFD problem [15]. Thus, the trans-11/trans-10 C18:1 ratio, that was lower in low
fat milk from the Friesian breed, could be linked to rumen environmental alterations and
associated with changes in specific biohydrogenating bacteria [3,6]. Due to these findings,
our data could confirm the relevance of the shift from trans-11 to trans-10 C18:1, in milk
obtained from Holstein Friesian, in the intensive system as an index of MFD disease.

The “trans-10 shifted” biohydrogenation pathway is frequently established in the
rumen when high starch and/or PUFA diets are fed to ruminants, resulting in the accumu-
lation of C18:1 trans-10 in rumen [8,10,37]. However, some authors have highlighted that
diets rich in PUFA inhibit the final phase of biohydrogenation causing only a deficiency of
C18:0 and also limiting the synthesis of C18:1 cis-9 [8,43]. Considering our data on Podolica,
which had taken advantage of a pasture rich in PUFA, we reported that some of these
animals produced strangely low fat milk despite that this was a low-production milk breed.
Moreover, in this group (Lf of Podolica) the shift trans-11 trans-10 did not occur, and it
was excluded that the low amount of fat depended on an inadequate diet since the Nf
group with identical milk production had a milk fat percentage of 4.63 ± 0.42%. It could
be concluded that we are in the presence of MFD syndrome with different characteristics,
where the rumen biohydrogenation pathway is changed before the formation of C18:0,
showing a lower value in Lf animals (11.2% vs. 13.87% for Lf and Nf, respectively).
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Therefore, a positive correlation was observed between the C18:1 trans-11/trans-10
ratio and fat percentage (r = 0.43, p < 0.001) in milk from Holstein Friesian (Figure 1), while
this correlation was not found in milk from Podolica.
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Figure 1. Positive correlation between fat % and trans-11/trans-10 C18:1 ratio in milk from Holstein
Friesian.

In Podolica milk, no significant differences between the C18:1 cis and trans forms were
observed and the trans-11/trans-10 C18:1 ratio remained unchanged.

PUFA constituted about 5% of the total milk fatty acids and the main PUFA was linoleic
acid (C18:2 cis-9, cis-12 or 18:2 n-6). In Holstein Friesian milk, the content of conjugated
linoleic acid (CLA) C18:2 cis-9, trans-11 was 0.40% in Nf milk, but dropped to 0.24% in
Lf (p < 0.01, Table 5). At the same time, we noted a significant increase in CLA trans-10,
cis-12 from 0.03% to 0.05% (p < 0.01) in Holstein Friesian Lf, but there were no significant
differences between the two Podolica milks with different fat levels.

CLA cis-9, trans-11 is the main CLA of the fatty acid biosynthesis pathway under
normal conditions, but its level is lower in the presence of MFD syndrome. On the contrary,
the increase in CLA trans-10, cis-12 is considered an indicator of MDF syndrome [13].
Furthermore, looking for differences between the breeds, Podolica milk had higher contents
of CLA cis-9, trans-11, ΣCLA cis cis and ΣCLA (p < 0.001, p < 0.001, p < 0.001, respectively,
Table 5) than Holstein Friesian milk. The increase in C18:1 trans-11 and CLA cis-9, trans-11
is potentially healthier for consumers; however, the effects of C18:1 trans-10 are not clear
yet [44]. With the exception of some cis isomers of C18:1 and C18:2 n-6, which were higher
in Holstein Friesians than in the Podolica breed, most of the trans isomers of C18:1, the
isomers of C18:2 and CLA were higher percentages in Podolica, to underline the effect of
grazing on these fatty acid contents [41].

A positive correlation was observed between CLA cis-9, trans-11 and fat percentage
(r = 0.78, p < 0.001, Figure 2a) while a negative correlation was observed between CLA
trans-10, cis-12 and fat percentage (r = 0.80, p < 0.001, Figure 2b) in Holstein Friesian milk.
No significant correlations were found in Podolica milk [41,44].
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Figure 2. Positive correlation between fat % and CLA cis-9, trans-11 % of FA (a) and inverse correlation
between fat % and CLA trans-10, cis-12 % of FA (b) in Friesian milk. CLA, conjugated linoleic acid,
FA, total fatty acids.

3.5. Principal Component Analysis (PCA)

For the PCA analysis, we used the parameters reported in the Tables 3–5 for a total of
47 variables. We obtained an R2 of 0.83 and 0.21 of the root mean square error (RMSE). PC-1
and PC-2 explained the 59% and 23% of variability and, using fat levels and breed as the
grouping criterion for the scores plotted in the plan of the first two PCs (Figure 3), it was
possible to highlight how the two breeds (Friesian and Podolica) were clearly separated.
Moreover, in the Friesian group, animals were completely separated in two fat level groups
(Nf and Lf), confirming the effect of the fat level; on the contrary, Podolica showed a
uniform distribution of the milk samples, without expressing fat level effect.

The loading plot (Figure 4) reported the variables that absorbed the major variability
on the first two PCs, highlighting the importance of some fatty acids and some classes
of fatty acids to determine the difference in milk. This was especially true of the C18:1
trans-11/trans-10 ratio, followed by C18:1 trans-11, C18:1 trans-10, ΣMUFA trans, CLA cis-9,
trans-11, and all the parameters linked to MFD syndrome [8,15].
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Hence, the PCA confirmed the results obtained with each variable reported in the
previous tables and in particular the importance of C18:1 trans-11 and trans-10 and their
ratio.

The presence of the low fat level in milk produced by Podolica is not justified by the
isomers that reduce rumen biohydrogenation. Certainly other factors both genetic [5,43]
and nutritional [5,9,36] could explain the phenomenon, without forgetting the high intake
of PUFA and tocopherols present in the pasture, which affect the correct trend in rumen
microorganisms’ activity as reported by other authors [11,18,19].

4. Conclusions

As highlighted for the Holstein Friesian breed, in intensive milk production systems
the combination of high production and quality does not always come together, even more
so if there is in the middle a complex system such as the rumen, whose microbial activity is
regulated by a subtle balance. The MFD syndrome therefore compromises the supply in
milk of some nutrients considered healthy for humans, and the manifestation of MFD in
Holstein Friesian was related to relevant changes in the milk fatty acid profile, including
potentially antilipogenic fatty acids.

The results of this study highlight that the milk of intensively reared animals, such
as Holstein Friesian, has fewer short-chain fatty acids, trans vaccenic acid, rumenic acid
and total CLA and then is poorer in these nutrients in low fat milk, compromising the
nutritional quality of the milk. While the quality of the milk of animals raised on the
pasture extensively seems to be more stable.

Conversely, in Podolica the possible presence of MFD, linked to a decrease in total
fat, did not change the quality of milk that was rich in healthy fatty acids such as CLA,
probably due to the extensive breeding system and because Podolica is a native breed able
to develop a high degree of adaptability to the environment.

These results may be stimulating for future research and to a better understanding
of the different alterations in fat biosynthesis in the case of breeds raised on pasture such
as the Podolica one. Elucidating the cause of this different responsiveness might help to
understand diet-induced MFD, which continues to be an active research area given the
economic value of milk fat content.
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