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ABSTRACT

The aim of this study was to analyze the effect of
fat and protein supplementation to dairy cattle rations
on milk fat triacylglycerol (TAG) composition, fatty
acid (FA) positional distribution in the TAG structure,
and milk solid fat content (SFC). Fifty-six lactating
Holstein-Friesian cows were blocked into 14 groups of 4
cows and randomly assigned 1 of 4 dietary treatments
fed for 28 d: (1) low protein, low fat, (2) high protein, low
fat, (3) low protein, high fat, and (4) high protein, high
fat. The high protein and high fat diets were obtained
by isoenergetically supplementing the basal ration (low
protein, low fat) with rumen-protected soybean meal
and rumen-protected rapeseed meal, and hydrogenated
palm FA (mainly C16:0 and C18:0), respectively. Fat
supplementation modified milk TAG composition more
extensively compared with protein supplementation.
Fat supplementation resulted in decreased concentrations of the low molecular weight TAG carbon number
(CN) 26 to CN34 and medium molecular weight TAG
CN40, CN44, and CN46, and increased concentrations
of CN38 and the high molecular weight TAG CN50 and
CN52. Increased contents of C16:0, C18:0, and C18:
1cis-9 in TAG in response to fat supplementation were
related to increases in the relative concentrations of
C16:0 and C18:0 at the sn-2 position and C18:0 and
C18:1cis-9 at the sn-1(3) positions of the TAG structure. Increased concentrations of high molecular weight
TAG species CN50 and CN52 in response to fat supplementation was associated with increased milk SFC at
20, 25, and 30°C. Our study shows that important alterations in milk TAG composition and structure occur
when feeding hydrogenated palm FA to lactating dairy
cattle, and that these alterations result in an increased
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SFC of milk fat. These changes in milk SFC and TAG
composition and structure may improve absorption of
both fat and minerals in milk-based products for infants and may affect processing of milk fat.
Key words: palm fatty acid supplementation,
triglyceride profile, fatty acid regiospecific distribution,
saturated long-chain fatty acids
INTRODUCTION

Bovine milk fat is mainly composed of triacylglycerols (TAG; 98%), which are formed by the esterification of 3 fatty acids (FA) to a glycerol backbone.
Milk FA composition can be modified by various nutritional interventions to dairy cattle rations to serve
a functional purpose [e.g., to improve the processing
and manufacturing of milk and dairy products, or alter
the nutritional value of milk to benefit human health
(Jenkins and McGuire, 2006; Mohan et al., 2021)]. The
supplementation of saturated long-chain FA (SLCFA)
into dairy cattle rations is a nutritional strategy commonly used to increase the energy density of the diet in
support of milk production (Ashes et al., 1997; Nichols
et al., 2018). In contrast to UFA that are susceptible
to biohydrogenation in the rumen (Baumgard et al.,
2000), SLCFA are largely rumen-inert, and commonly
do not result in negative effects on fiber digestibility or
milk fat depression at supplementation levels up to 3%
of dietary DM (Ashes et al., 1997; NRC, 2001; Nichols
et al., 2018). Milk fat content and FA composition will
vary depending on the type and amount of supplemented fat and its relative inertness in the rumen (Jacobs et
al., 2011; Rabiee et al., 2012).
Variation in the composition of FA available for milk
fat synthesis causes changes in milk TAG composition
(Jensen, 2002; Pacheco-Pappenheim et al., 2019). Previous studies have reported that oil supplementation to
dairy cattle rations (e.g., palm oil, canola oil, olive oil,
soy oil, and linseed oil) decreased the milk concentration
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of TAG species containing 30 to 36 and 42 to 46 carbon
atoms, and increased the concentration of TAG species
containing 50 to 54 carbon atoms, as a result of the
high concentrations of long-chain FA (LCFA) in the
supplemented oils (Banks et al., 1989; DePeters et al.,
2001). Seasonal variation in feeding regimens also affects
milk TAG composition, with increased concentrations
of high molecular weight (HMW) TAG and decreased
concentrations of low molecular weight (LMW) and
medium molecular weight (MMW) TAG upon intake
of fresh grass in spring and summer (Pacheco-Pappenheim et al., 2021). Variations in milk TAG composition
may in turn affect the solid fat content (SFC) of milk
fat (Precht and Frede, 1994; Ashes et al., 1997). The
SFC at a certain temperature is responsible for the
mouthfeel and texture characteristics of a food product (e.g., softness, hardness, spreadability, and room
temperature stability of butter; NorAini et al., 1995;
Mohan et al., 2021). Therefore, milk SFC is considered
one of the key parameters that defines the suitability
of a fat source for a specific food product application.
Earlier studies have suggested that high proportions of
UFA in dairy cow diets increased UFA esterification
in HMW TAG species, resulting in lower milk fat SFC
(Smet et al., 2010; Larsen et al., 2014). Most of the
studies on this topic have assessed the effect of unsaturated fats (rumen-protected and nonprotected sources)
on milk SFC, whereas scarce information can be found
on the effect on milk SFC when feeding saturated
fats (e.g., supplementation of SLCFA) to dairy cattle
(Ashes et al., 1997). Indeed, the melting characteristics
of milk fat with respect to the firmness of butter and
the feeding of palm FA to dairy cattle recently garnered
extensive media attention (Harvatine, 2021; Marangoni
and Ghazani, 2021). This controversy brought to light
the necessity for further studies investigating the link
between nutritional interventions for dairy cattle and
their effect on relevant milk fat characteristics for dairy
food processing and technology.
The structure of TAG species changes according to
the enzymatically driven positional distribution of FA
on the glycerol backbone (Jensen, 2002). The stereospecific numbering (sn) identifies the position of the
FA in the TAG structure, where sn-1(3) refers to the
primary positions and sn-2 to the secondary position
in the TAG structure. There is great interest in the
composition of the FA in the secondary position in the
TAG structure, particularly in relation to C16:0. For
example, a higher content of C16:0 at the sn-2 position
in infant formula has been shown to increase free FA
and calcium absorption in infants (Innis, 2011; Yaron
et al., 2013). Tzompa-Sosa et al. (2014) showed that
differences in the total FA composition in milk fat
Journal of Dairy Science Vol. 105 No. 4, 2022
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were related to the FA positional distribution in the
TAG structure, where high concentrations of C16:0 in
milk fat were associated with decreased proportions of
C14:0, C16:0, and SLCFA and an increased proportion
of C18:1 cis-9 at the sn-2 position in the TAG structures. Increased concentrations of UFA from canola oil
(containing mainly MUFA) in the diet of cows reduced
the concentration of C16:0 and increased the concentration of C18:1 cis-9 at the sn-2 position (DePeters et
al., 2001). To our knowledge, no information has been
reported on the effect of saturated fat supplementation
to dairy cattle on the esterification preference of C16:0
at the sn-2 position in the TAG structure of milk fat.
Nichols et al. (2018) reported an increase in the concentration of C16:0 and C18:0 in the milk fat of dairy
cattle supplemented with dietary hydrogenated palm
FA compared with nonsupplemented cattle. Considering this observation in the interest of food processing
and dairy product design, we used milk samples collected from the study of Nichols et al. (2018) to investigate the effect of rumen-inert SLCFA from hydrogenated palm FA supplemented to dairy cattle on TAG
composition, FA positional distribution in the TAG
structure, and SFC of milk fat. We hypothesized that
supplementing SLCFA in dairy cattle rations may support the formation of TAG species with C16:0 at the
sn-2 position, which is beneficial for the development
of infant formula. Further, we expected that rations
rich in C16:0 may increase the level of saturated TAG
species in milk fat, resulting in an increased SFC. This
consequence may negatively affect the mouthfeel and
texture characteristics of dairy products, thus requiring
adjustments in the processing conditions of products
made from this milk fat.
MATERIALS AND METHODS
Milk Sample Collection and Preparation

Milk samples were collected from 56 Holstein-Friesian cows (167 ± 87 DIM; 2.8 ± 1.9 lactations; mean
± SD; 20 primiparous, 36 multiparous) enrolled in a
feeding study that has been previously described by
Nichols et al. (2018). Briefly, the experiment consisted
of 2 successive 28-d periods (control and experimental),
each consisting of 21 d of diet adaptation and 7 d of
measurement. A basal TMR consisting of 34% grass
silage, 33% corn silage, 5% grass hay, and 28% concentrate (DM basis) was fed during the control period.
Cows were blocked (4 cows per block) based on parity, DIM, and DMI during the final 7 d of the control
period, and were randomly assigned within block to 1
of 4 treatments for the experimental period: (1) low
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protein, low fat (LP-LF), (2) high protein, low fat
(HP-LF), (3) low protein, high fat (LP-HF), and (4)
high protein, high fat (HP-HF). The LP and HP diets
contained on average 15.4 and 17.7% CP, respectively,
on a DM basis. The LF and HF diets contained on
average 3.9 and 7.5% crude fat, respectively, on a DM
basis (Nichols et al., 2018). The HP and HF diets were
obtained by restricting the intake of the basal TMR
of individual cows by 5% of their ad libitum intake
during the control period and supplementing 2.0 kg of
rumen-protected soybean meal and rapeseed meal (DM
basis; 50:50 mixture of SoyPass + RaPass; Borregaard
LignoTech) and 0.68 kg of rumen-inert hydrogenated
palm FA (DM basis; 50% C16:0 and 47% C18:0; Hidropalm; Norel), respectively. Cows were housed in a
freestall barn and had ad libitum access to water. The
TMR were mixed and distributed once daily at 1000
h via electronic intake control boxes (Insentec). Cows
were milked twice daily at 530 and 1630 h.
Milk samples from individual cows were collected at
2 subsequent morning (530 h) and afternoon milkings
(1630 h) in the final 7 d of each period and stored
at −20°C pending milk fat extraction. Milk fat was
extracted based on the method described by TzompaSosa et al. (2014) with some modification. Briefly, frozen milk samples were thawed in a water bath (37°C
for approximately 30 min), and 50 mL of each sample
was pooled for each cow into a composite sample for
milk fat extraction. The cream portion was separated
by centrifugation (1,643 × g for 5 min at 4°C). Fat was
extracted by treating the cream with 4 M HCl, heating
(70°C for 30 min under gentle shaking), and centrifuging (1,643 × g for 5 min at 4°C) to remove protein
traces. A final heating step was performed (70°C for 15
min under gentle shaking) to remove traces of water.
Milk fat samples were stored at −20°C until further
analysis.
Triacylglycerol Composition Analysis

Triacylglycerol composition was analyzed by GCflame ionization detector (FID) and MALDI-TOFMS. The GC-FID was used to determine the TAG
composition of even-chain TAG groups. A TAG group
is composed of TAG species with same number of total
carbon atoms [i.e., the same carbon number (CN)].
The molecular weight of each individual TAG species
was determined using MALDI-TOF-MS, which determines the TAG profile (even- and odd-chain TAG
species) based on their carbon number and number
of double bonds (DB). Both methods (GC-FID and
MALDI-TOF-MS) complement each other, resulting in
a complete overview of milk TAG composition (Schiller
et al., 2004; Pacheco-Pappenheim et al., 2021).
Journal of Dairy Science Vol. 105 No. 4, 2022
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GC-FID

Triacylglycerol composition of milk fat samples
from the control (n = 56) and experimental (n = 56)
periods (total n = 112) were determined according to
the ISO Standard 17678 (ISO, 2010) for GC-FID using a column injector port (Thermo Trace GC ultra;
Thermo Scientific) and a UltiMetal CP7532 column (5
m × 0.53 mm i.d. × 0.17 μm film thickness; Varian).
Triacylglycerols were classified according to their carbon number. Anhydrous milk TAG standard (BCR519;
Sigma-Aldrich Chemie GmbH) was used as a reference
for the identification of all TAG groups. Triacylglycerol
composition was expressed as the relative concentration of the total TAG composition (g/100 g of total
TAG). The TAG groups that can be identified with this
method are even-chain TAG from CN24 to CN54.
MALDI-TOF-MS

Triacylglycerol composition with MALDI-TOF-MS
(UltrafleXtreme, Bruker Corporation) was determined
in milk fat samples from the experimental period (n =
56) according to the methods described by TzompaSosa et al. (2018) and Yener and van Valenberg (2019).
Each sample was plated 5 times and subjected to 1,000
laser pulses taken randomly (automatic mode) from
20 different points to allow the random acquisition of
masses. The obtained mass spectra were analyzed according to Yener and van Valenberg (2019) with the
MALDIquant package using R (Gibb and Strimmer,
2012). Selection of the mass peaks was done using a
signal-noise ratio >6. The relative intensities were calculated by dividing the intensity of each mass peak
with the sum of the intensity of all mass peaks and are
expressed as a percentage. This was performed for each
of the 5 repetitions, and the mean values were used as
the relative intensity for each TAG species. For identification of TAG species, the molecular weights of TAG
species measured with MALDI-TOF-MS were matched
in the LIPID MAPS Online Tools library to the molecular weight of TAG species with a known CN:DB
(Fahy et al., 2005).
Regiospecific Distribution Analysis of FA

The composition of FA at the sn-2 position of the
TAG structure was analyzed in milk fat samples from
cows receiving the LP-LF and LP-HF treatments in the
experimental period (n = 28) to investigate the effect of
dietary supplementation with only palm FA. The sn-2
positional analysis was performed via enzymatic transesterification using Candida antarctica lipase (fraction
B; 10,000 PLU/g, Novozym 435; Novozymes A/S) ac-
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cording to the JOCS/AOCS Joint Method Ch 3a-19
(AOCS, 2019). After enzymatic transesterification, the
2-monoacylglycerol fraction was isolated and analyzed
for FAME composition. The FAME were prepared
according to ISO Standard 15884 (ISO, 2002) and
analyzed according to ISO Standard 16958 (ISO, 2015)
with GC-FID, as described by Pacheco-Pappenheim et
al. (2021). The FA profile at the sn-2 position was first
expressed as a weight percentage (g/100 g of total FA)
by dividing each FA peak area by the total peak area,
and was then transformed to a molar percentage. Because we used a regiospecific distribution analysis, no
distinctions could be made between the FA profiles at
the sn-1 and sn-3 positions in the TAG structures. For
this reason, the FA profile at sn-1(3) refers to the sum
of the FA identified at the sn-1 and sn-3 positions. The
positional distribution of FA in the TAG structure was
examined according to the intra- and interpositional
distributions (Tzompa-Sosa et al., 2014).
Intrapositional Distribution. Intrapositional distribution refers to the relative concentrations or abundance of a FA at the sn-2 and sn-1(3) positions in the
TAG structure.
The sn-2 position is the FA profile analyzed at the
sn-2 position expressed in molar percentage.
The sn-1(3) position is as follows:

where sn-2FAi (%) is the proportion of a specific FA (i)
estimated at the sn-2 position and sn-1(3)FAi (%) is the
proportion of a specific FA (i) estimated at the sn-1(3)
position.

sn-1(3)FAi position = (TAGi × 3 – sn-2FAi position)/2,		

The effect of supplemented protein, fat, and their interaction on milk TAG composition, the FA positional
distribution in TAG, and SFC were analyzed using
the MIXED procedure of SAS/STAT version 9.4 (SAS
Institute Inc.). Variances in milk TAG composition
analyzed by GC-FID and SFC were assessed according
to model 1:

		[1]
where sn-1(3)FAi position is the molar percentage of a
specific FA (i) estimated to be at these positions, TAGi
is the molar percentage of a specific FA (i) in milk TAG
transformed from the relative concentrations in g/100
g of FA reported by Nichols et al. (2018), and sn-2 FAi
position is the molar percentage of a specific FA (i)
analyzed at the sn-2 position.
Interpositional Distribution. Interpositional distribution refers to the proportions of a FA over the
3 positions in the TAG structure. The intrapositional
distribution of FA at the sn-2 and sn-1(3) positions
in the TAG structure was used to calculate the FA
proportions over these positions in the TAG structure.
The equations to calculate the FA proportions at each
position are
sn-2FAi (%) = {sn-2FAi position/[sn-2FAi position
+ (sn-1(3)FAi position × 2)]} × 100,

[2]

sn-1(3)FAi (%) = {(sn-1(3)FAi position × 2)/
[sn-2FAi position + (sn-1(3)FAi position × 2)]} × 100, [3]
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Solid Fat Content Analysis

The SFC analysis was performed for all samples (n =
112) at 6 measuring temperatures (0, 10, 20, 25, 30, and
40°C) by nuclear magnetic resonance (NMR; Bruker
mq20 minispec NMR analyzer; Bruker) according to
the AOCS Official Method Cd 16b-93 (AOCS, 2017).
The NMR analyzer was set at a frequency of 19.95
MHz, a dead time of 0.0073 ms, and a cell temperature
of 40°C. Milk fat samples were completely melted in
a water bath at 40°C, and 1 g of liquid milk fat was
transferred into a NMR glass tube (diameter of 10 mm,
length of 150 mm, wall thickness of 0.6 mm; Bruker
Nederland B.V.). The tubes were heated to 100°C for
15 min followed by 15 min at 60°C. To complete the
tempering, the tubes were cooled to 0°C for 60 min.
Once cooled, the first measurement was done at 0°C.
Samples were held for 30 ± 1 min at each measuring
temperature before the SFC analysis took place.
Statistical Analysis

Yijkl = µ + βµl + blocki + Proteinj + Fatk
+ (Protein × Fat)jk + εijkl, [model 1]
where Yijkl are individual observations, µ is the overall
mean, β is the parameter measured in the control period
(covariate parameter; i.e., TAG composition analyzed
by GC-FID or SFC), µl is the observed TAG composition or SFC in the control period of cow l, blocki is the
random block effect (i = 1 to 14), Proteinj is the fixed
protein effect (j = 1 to 2), Fatk is the fixed fat effect (k
= 1 to 2), (Protein × Fat)jk is the interaction between
fixed protein and fat effects, and εijkl is the residual
random error term.
Because only samples from the experimental period
were analyzed by MALDI-TOF-MS for TAG composition, this variance was assessed according to model 2
that excluded the control period covariate parameter:
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Yijk = µ + blocki + Proteinj + Fatk
+ (Protein × Fat)jk + εijk

[model 2]

where Yijk are individual observations, µ is the overall
mean, blocki is the random block effect (i = 1 to 14),
Proteinj is the fixed protein effect (j = 1 to 2), Fatk is
the fixed fat effect (k = 1 to 2), (Protein × Fat)jk is the
interaction between fixed protein and fat effects, and
εijk is the residual random error term.
The FA positional distribution in TAG was assessed
according to model 3 that excluded the control period
covariate parameter and fixed protein effect:
Yik = µ + blocki + Fatk + εik,

[model 3]

where Yik are individual observations, µ is the overall
mean, blocki is the random block effect (i = 1 to 14),
Fatk is the fixed fat effect (k = 1 to 2), and εik is the
residual random error term.
Differences were considered significant at P < 0.050.
When a protein × fat interaction was detected at P ≤
0.050, the Tukey-Kramer method was used to perform
multiple comparison between treatment means for the
TAG composition analyzed by GC-FID and MALDITOF MS and the SFC. Pearson correlation analysis
was performed between the FA and TAG composition
results measured by GC-FID using R version 3.6.1
(2019). A one-sample t-test was performed to confirm
the FA stereolocation preference comparing the interpositional distribution (% mol) with the hypothetical
proportions at the sn-2 (33.33%) and sn-1(3) (66.67%)
positions in the TAG structures.
RESULTS AND DISCUSSION
Variation in TAG Composition

Palm-derived fat sources are commonly supplemented
to increase the energy density of dairy cattle diets in
support of milk production (Ashes et al., 1997; Nichols
et al., 2018). Consumption of hydrogenated palm FA
increased arterial plasma concentrations of LCFA (both
nonesterified FA and TAG), and increased mammary
gland uptake of LCFA (Nichols et al., 2019). Our results show that milk TAG composition as analyzed by
GC-FID was affected independently by supplementation with protein and fat, with a protein × fat interaction affecting only TAG CN42 (P = 0.049; Table 1),
which increased in response to protein supplementation
but only in the absence of fat supplementation. The
relative concentrations of 11 TAG groups were affected
by fat supplementation, whereas only 4 TAG groups
were affected by protein supplementation. In response
to fat, the relative concentrations of most LMW TAG
Journal of Dairy Science Vol. 105 No. 4, 2022
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(CN26–CN34) and the MMW TAG CN40, CN44, and
CN46 decreased (P ≤ 0.023) and the concentrations of
CN38 and the HMW TAG CN50 and CN52 increased
(P ≤ 0.011; Table 1). Our results are in line with Banks
et al. (1989) where palm oil rich in C16:0 decreased
concentrations of LMW and MMW TAG and increased
concentrations of HMW TAG in milk fat of dairy cattle.
Similar findings were observed for the LMW TAG
species whether they were analyzed by GC-FID or
MALDI-TOF-MS (Figure 1; Supplemental Table S1,
https://doi.org/10.4121/18318725.v1). However, opposite to GC-FID, the MALDI-TOF-MS analysis resulted
in more significant protein × fat interactions for most
MMW and HMW TAG species (P ≤ 0.049; Supplemental Table S1). When grouping the TAG species according to their TAG molecular weight, protein supplementation increased the abundance of the MMW TAG
group and decreased the abundance of the HMW TAG
group, but only in the absence of fat supplementation
(Supplemental Table S1). Protein × fat interactions
affected the saturation degree of LMW, MMW, and
HMW TAG groups. In the absence of fat supplementation, protein supplementation increased the abundance
of monounsaturated LMW and polyunsaturated MMW
TAG species and decreased the abundance of saturated
and monounsaturated HMW TAG species when considered as TAG groups (Figure 1; Supplemental Table
S1). These interactions were only found by MALDITOF-MS analysis and not by GC-FID, which may be
explained by the fact that MALDI-TOF-MS differentiates between saturation degrees of TAG species.
Variations in TAG composition in response to fat
supplementation as shown by GC-FID and MALDITOF-MS are related to the changes in milk FA composition that were previously reported by Nichols et al.
(2018), where hydrogenated palm FA supplementation
increased the concentrations of C16:0 and C18:0 in milk
fat, but also decreased the concentrations of de novo
synthesized FA (C6:0 to C14:0) and PUFA. Gresti et al.
(1993) and Liu et al. (2020) identified that LMW and
MMW TAG species were mainly composed of C6:0 to
C16:0 and C18:1 FA. Using Pearson correlation analysis, we identified positive correlations (r ≥0.47; P <
0.050) between de novo FA C8:0 to C12:0, C14:0, and
C15:0 and LMW TAG CN28 to CN34 and MMW TAG
CN42 to CN46. In contrast, C16:0 and C18:1 cis-9
were negatively correlated (r ≤ −0.28; P < 0.050) with
most of these TAG (Supplemental Table S2, https://
doi.org/10.4121/18318725.v1). Considering the results
of this correlation analysis, and the fact that LMW and
MMW TAG species are mainly composed of de novo
synthesized FA, it is likely that the decreased concentrations of de novo FA in response to fat supplementation lowered their availability for esterification in the
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Table 1. Milk fat triacylglycerol (TAG) composition (g/100 g of TAG) of lactating dairy cows supplemented with protein and fat as analyzed
by GC-flame ionization detector
Treatment2
Item1
Cholesterol
TAG
CN26
CN28
CN30
CN32
CN34
CN36
CN38
CN40
CN42
CN44
CN46
CN48
CN50
CN52
CN54
TAG group

TAG
group

P-value

LP-LF

HP-LF

LP-HF

HP-HF

SEM

Protein

Fat

Protein × fat

0.40

0.38

0.43

0.33

0.056

0.200

0.901

0.396

LMW
LMW
LMW
LMW
LMW
LMW
MMW
MMW
MMW
MMW
MMW
MMW
HMW
HMW
HMW

0.36
0.65
1.21
2.41
5.68
11.11
12.80
10.06
7.41a
6.90
7.50
8.87
10.50
8.99
5.45

0.37
0.70
1.30
2.59
5.77
10.95
12.62
10.31
7.85b
7.25
7.53
8.59
9.74
8.52
5.45

0.34
0.55
0.98
1.90
4.78
10.56
13.01
9.75
6.73c
6.10
6.81
8.96
11.78
11.14
6.12

0.32
0.55
1.02
2.02
5.05
10.90
13.20
9.83
6.77c
6.33
6.95
8.86
11.44
10.62
5.65

0.017
0.024
0.036
0.066
0.119
0.193
0.159
0.113
0.104
0.112
0.118
0.129
0.177
0.258
0.278

0.610
0.280
0.069
0.029
0.077
0.546
0.975
0.148
0.013
0.007
0.484
0.154
0.004
0.036
0.304

0.023
<0.001
<0.001
<0.001
<0.001
0.055
0.011
0.002
<0.001
<0.001
<0.001
0.171
<0.001
<0.001
0.065

0.272
0.397
0.452
0.633
0.382
0.110
0.221
0.452
0.049
0.540
0.644
0.471
0.229
0.908
0.311

LMW
MMW
HMW

21.43
53.59
24.76

21.76
54.37
23.78

19.18
51.24
28.94

19.75
52.00
27.72

0.42
0.41
0.64

0.217
0.034
0.050

<0.001
<0.001
<0.001

0.734
0.971
0.822

a–c

Means in the same row with no common superscripts differ (P < 0.050) according to a protein × fat interaction.
CN = carbon number.
2
LP-LF = low protein, low fat; HP-LF = high protein, low fat; LP-HF = low protein, high fat; HP-HF = high protein, high fat. High protein
supplementation consisted of a 50:50 mixture of rumen-protected soybean meal and rapeseed meal. High fat supplementation consisted of rumeninert hydrogenated palm fatty acids. For all treatments n = 14.
1

TAG structures and thus decreased the formation of
most LMW and MMW TAG species (Table 1; Figure 1;
Supplemental Table S1). The HMW TAG species that
increased in response to fat supplementation (Table 1;
Figure 1; Supplemental Table S1) were previously identified to be mainly composed of C14:0, C16:0, C18:0,
and C18:1 FA (Gresti et al., 1993; Liu et al., 2020).
This suggests that the higher availability of several FA,
particularly C16:0 and C18:0, in response to fat supplementation contributed significantly to the formation of
most HMW TAG species (saturated, monounsaturated,
and polyunsaturated) in the mammary gland. This is
supported by the positive correlations (r ≥0.53; P <
0.050) between C18:0 and C18:1cis-9, and the HMW
TAG CN52 and CN54 (Supplemental Table S2).
Protein supplementation in this study increased the
concentration of de novo FA and PUFA in milk (Nichols et al., 2018). These authors suggested that de novo
FA synthesis was supported by protein supplementation through mammary cell metabolism of AA into
α-ketoacids to produce acetyl-CoA, which is a precursor for the formation of de novo FA. The increased
concentrations of de novo FA and PUFA in response
to protein may have enhanced the formation of most
monounsaturated LMW and polyunsaturated MMW
TAG species, but this appears to have occurred only
in the absence of fat supplementation (Supplemental
Journal of Dairy Science Vol. 105 No. 4, 2022

Table S1). Nichols et al. (2018) also reported that protein supplementation, in the absence of fat supplementation, tended to decrease the concentration of C16:0,
which in turn could have led to the decreased formation
of saturated and monounsaturated HMW TAG species
(Supplemental Table S1; Gresti et al., 1993; Liu et al.,
2020).
In general, our results show that fat supplementation from hydrogenated palm FA into dairy cattle rations had a greater effect on milk TAG composition
than protein supplementation from rumen-protected
soybean meal and rumen-protected rapeseed meal.
Protein supplementation increased the abundance of
monounsaturated LMW and polyunsaturated MMW
TAG species and decreased the abundance of saturated
and monounsaturated HMW TAG species, but usually only in the absence of fat supplementation. Fat
supplementation decreased the relative intensity of
most saturated, monounsaturated, and polyunsaturated LMW and MMW TAG species, and increased the
relative intensity of most saturated, monounsaturated,
and polyunsaturated HMW TAG species in milk fat.
These changes in milk TAG composition may influence
the structure of dairy-based food products rich in fat by
changing the SFC of milk fat (e.g., firmness of butter;
Harvatine, 2021; Marangoni and Ghazani, 2021). The
effects of hydrogenated palm FA supplementation in
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Figure 1. Low, medium, and high molecular weight triacylglycerol (TAG) species composition (relative intensity, %) of milk fat from lactating dairy cows supplemented with protein and fat as analyzed by MALDI-TOF-MS. Different letters (a–c) in the columns indicate protein × fat
interaction differences (P < 0.050) between treatments for the saturated, monounsaturated, and polyunsaturated species in each TAG group.
The P-values for the main effects of protein and fat and protein × fat interactions on TAG groups and individual TAG species are presented in
Supplemental Table S1. The treatment refers to the 4 diets assigned to the lactating dairy cows in the experimental period: low protein, low fat
(LP-LF); high protein, low fat (HP-LF); low protein, high fat (LP-HF); and high protein, high fat (HP-HF). Fourteen cows were considered for
each treatment. Error bars indicate SE of the solution of the mixed model Eq. [2].

dairy cattle rations on the SFC of milk found in this
study are discussed in the section on variation in SFC.
Variation in Positional Distribution of FA in the TAG

In addition to variation in TAG composition in response to fat and protein supplementation, changes in
the TAG structure may occur. A high content of C16:0
in milk fat has been reported to influence the proportion of this FA at the sn-2 position in TAG structures
(Tzompa-Sosa et al., 2014). Therefore, we analyzed
whether supplementation of hydrogenated palm FA
would have an effect on the concentrations of FA at the
sn-2 or sn-1(3) positions in TAG structures. Because
fat supplementation influenced TAG composition to
a greater extent than protein supplementation in this
study, positional distribution analysis was performed
only for diets without protein supplementation (i.e.,
LP-LF and LP-HF). Moreover, based on the fact that
the major FA in milk fat will have the largest effect on
the physical properties of milk fat, this discussion will
mainly focus on the variation in inter- and intrapositional distributions of these FA in milk TAG structures.
Major FA were previously defined as FA with total
Journal of Dairy Science Vol. 105 No. 4, 2022

concentrations >0.5% (Jensen, 2002). In this study
they refer to even-numbered FA C4:0 to the C14:0,
C14:1 cis-9, C15:0, C16:0, C16:1 cis-9, C17:0, C18:0,
C18:1 cis-9, C18:1 cis-9,trans-11 (CLA), C18:2 cis-9,12
(linoleic acid), and C18:3 cis-9,12,15 (linolenic acid) as
major FA (Nichols et al., 2018).
Using the interpositional distribution, the stereolocation preference of a FA over the 3 sn-positions in the
TAG structure can be determined. If a FA would be
positioned randomly across the sn-2 and sn-1(3) positions in the TAG structure, sn-2 would hold 33.33%
and sn-1(3) would hold 66.67% (2 of the 3 positions) of
that FA. Therefore, distribution of a FA above 33.33%
at sn-2 or above 66.67% at sn-1(3) indicates that the
enzymes responsible for the esterification of FA at these
positions have a preference for that particular FA.
Based on a one-sample t-test performed between the
obtained proportion for each treatment and the random hypothetical proportions, the esterification preference of a FA at both positions over the TAG structure
was determined (Supplemental Table S3, https://doi
.org/10.4121/18318725.v1). For the major FA, regardless of dietary fat supplementation, our results show a
FA esterification preference at the sn-1(3) positions for
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Table 2. Interpositional distribution (mol %) of fatty acid (FA) in milk fat triacylglycerol structures of lactating dairy cows supplemented with
fat
sn-2

sn-1(3)

Treatment2
FA1
C4:0
C6:0
C8:0
C10:0
C11:0
C12:0
C14:0
C14:0
C14:1
C15:0
C15:0
C15:0
C16:0
C16:0
C16:1
C16:1
C17:0
C17:0
C17:1
C18:0
C18:1
C18:1
C18:2
C18:2
C18:3
C18:3
C20:0
C20:3
C20:4
C20:5
C22:0
C24:0

iso
cis-9
iso
anteiso
iso
trans-9
cis-9
anteiso
cis-9
cis-9
cis-11
cis-9,12 (LA)
cis-9,trans-11 (CLA)
cis-6,9,12 (GLA)
cis-9,12,15 (ALA)
cis-8,11,14 (DGLA)
cis-5,8,11,14 (ARA)
cis-5,8,11,14,17 (EPA)

Treatment2

LP-LF

LP-HF

SEM

P-value3

LP-LF

LP-HF

SEM

P-value3

1.15
4.75
25.95
28.71
28.35
44.20
33.72
56.99
44.61
48.01
59.50
43.14
44.70
43.15
5.92
53.84
27.86
35.97
57.44
19.84
31.61
11.12
34.07
14.90
6.88
34.03
36.06
36.55
35.69
19.28
18.39
13.67

1.24
5.01
26.38
29.61
29.85
46.98
37.04
58.18
46.23
47.25
58.18
44.50
45.49
44.26
5.74
54.78
25.54
38.38
54.96
18.93
30.27
10.20
33.98
12.85
7.08
36.15
40.88
34.17
31.74
20.76
16.74
13.13

0.089
0.231
0.945
1.113
1.228
1.624
2.479
0.851
1.409
1.478
1.403
0.956
1.285
0.727
0.313
0.566
0.584
0.685
2.105
0.747
0.962
0.562
1.088
1.067
0.485
0.620
2.987
2.268
2.039
1.539
0.757
1.005

0.432
0.388
0.721
0.561
0.390
0.231
0.363
0.268
0.422
0.683
0.416
0.278
0.672
0.302
0.697
0.177
0.013
0.029
0.372
0.382
0.300
0.270
0.957
0.200
0.749
0.017
0.276
0.433
0.197
0.403
0.149
0.683

98.85
95.25
74.05
71.29
71.65
55.80
66.28
43.01
55.39
51.99
40.50
56.86
55.30
56.85
94.08
46.17
72.14
64.03
42.56
80.16
68.39
88.88
65.93
85.10
93.12
65.97
63.94
63.45
64.31
80.72
81.61
86.33

98.76
94.99
73.62
70.39
70.15
53.02
62.96
41.82
53.77
52.75
41.82
55.50
54.51
55.74
94.26
45.22
74.46
61.62
45.04
81.07
69.73
89.80
66.02
87.15
92.92
63.85
59.12
65.83
68.26
79.24
83.26
86.87

0.089
0.231
0.945
1.113
1.228
1.624
2.479
0.851
1.409
1.478
1.403
0.956
1.285
0.727
0.313
0.566
0.584
0.685
2.105
0.747
0.962
0.562
1.088
1.067
0.485
0.620
2.987
2.268
2.039
1.539
0.757
1.005

0.432
0.388
0.721
0.561
0.390
0.231
0.363
0.268
0.422
0.683
0.416
0.278
0.672
0.302
0.697
0.177
0.013
0.029
0.372
0.382
0.300
0.270
0.957
0.200
0.749
0.017
0.276
0.433
0.197
0.403
0.149
0.683

1
LA = linoleic acid; GLA = γ-linolenic acid; ALA = linolenic acid; DGLA = dihomo-γ-linolenic acid; ARA = arachidonic acid; EPA = eicosapentaenoic acid.
2
LP-LF = low protein, low fat; LP-HF = low protein, high fat. High fat supplementation consisted of rumen-inert hydrogenated palm fatty
acids. For all treatments n = 14.
3
P-values correspond to the effect of fat on the fatty acid positional distribution at the sn-2 and sn-1(3) positions.

C4:0 to C10:0, C18:0, and C18:2 cis-9,trans-11 (CLA;
P < 0.050). On the other hand, the major FA that
were preferentially esterified at the sn-2 position were
C12:0, C14:0, C14:1 cis-9, C15:0, C16:0, C16:1 cis-9,
and C17:0 (P < 0.050). These stereolocation preferences of the major FA are in line with previous studies
(Jensen, 2002; Blasi et al., 2008; Tzompa-Sosa et al.,
2014). Interestingly, the proportions of most FA (except
for C17:0 anteiso, C17:0, and C18:3 cis-9,12,15) over
the TAG structure at both sn-2 and sn-1(3) positions
were not affected by fat supplementation (P > 0.050;
Table 2), indicating that the stereolocation of most
FA did not change when hydrogenated palm FA were
fed. Tzompa-Sosa et al. (2014) identified significant
variations in the FA proportions at the sn-2 position
of C14:0, C16:0, C18:1 cis-9, and SLCFA in the TAG
structure that varied with changes in C16:0 content in
Journal of Dairy Science Vol. 105 No. 4, 2022

milk fat. Our study may not have found such an effect
due to the smaller variation in the total C16:0 in milk
fat compared with the study by Tzompa-Sosa et al.
(2014).
Regardless of fat supplementation, C14:0, C16:0,
and C18:1 cis-9 had the highest relative concentrations
at the sn-2 position in the TAG structure, and C4:0,
C16:0, and C18:1 cis-9 had the highest concentrations
at the sn-1(3) positions (intrapositional distribution;
Table 3). These results are in accordance with previous
studies (Blasi et al., 2008; Tzompa-Sosa et al., 2014;
Watanabe et al., 2015). At the sn-2 position, most FA
were affected in response to fat supplementation with
the exceptions of C4:0, C6:0, C14:1 cis-9, C16:1 cis-9,
C18:1 cis-9, C18:1 cis-11, and some PUFA (Table 3).
Among the FA at the sn-2 position that were affected,
only C16:0 and C18:0 increased (P = 0.003 and P =
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Table 3. Intrapositional distribution (mol %) of fatty acids (FA) in milk fat triacylglycerol structures of lactating dairy cows supplemented
with fat
sn-2

sn-1(3)

Treatment2

Treatment2

FA1

LP-LF

LP-HF

SEM

P-value3

LP-LF

LP-HF

SEM

P-value3

C4:0
C6:0
C8:0
C10:0
C11:0
C12:0
C14:0 iso
C14:0
C14:1 cis-9
C15:0 iso
C15:0 anteiso
C15:0
C16:0 iso
C16:0
C16:1 trans-9
C16:1 cis-9
C17:0 anteiso
C17:0
C17:1 cis-9
C18:0
C18:1 cis-9
C18:1 cis-11
C18:2 cis-9,12 (LA)
C18:2 cis-9,trans-11 (CLA)
C18:3 cis-6,9,12 (GLA)
C18:3 cis-9,12,15 (ALA)
C20:0
C20:3 cis-8,11,14 (DGLA)
C20:4 cis-5,8,11,14 (ARA)
C20:5 cis-5,8,11,14,17 (EPA)
C22:0
C24:0

0.36
0.71
1.79
3.60
0.44
5.41
0.20
20.29
1.53
0.38
0.78
1.36
0.33
36.22
0.07
2.19
0.46
0.48
0.31
4.38
14.04
0.16
1.66
0.28
0.04
0.39
0.030
0.053
0.025
0.020
0.029
0.008

0.39
0.70
1.59
3.02
0.37
4.54
0.16
17.71
1.38
0.31
0.63
1.14
0.28
40.29
0.06
2.40
0.40
0.43
0.26
4.96
14.89
0.14
1.47
0.21
0.04
0.33
0.027
0.053
0.021
0.019
0.022
0.006

0.027
0.033
0.062
0.132
0.018
0.167
0.007
0.414
0.073
0.010
0.020
0.033
0.010
0.980
0.003
0.079
0.011
0.015
0.013
0.219
0.680
0.012
0.059
0.015
0.002
0.012
0.001
0.004
0.001
0.001
0.001
0.001

0.315
0.850
0.011
0.005
0.024
0.003
0.002
<0.001
0.162
<0.001
<0.001
0.001
0.001
0.003
0.043
0.075
0.001
0.001
0.001
0.012
0.330
0.165
0.035
0.003
0.821
0.005
0.006
0.947
0.061
0.555
<0.001
0.016

15.29
7.05
2.55
4.45
0.55
3.41
0.21
7.65
0.96
0.21
0.26
0.90
0.21
23.92
0.55
0.94
0.60
0.43
0.11
8.85
15.13
0.63
1.60
0.84
0.24
0.38
0.029
0.048
0.022
0.042
0.064
0.025

15.57
6.61
2.23
3.62
0.45
2.61
0.15
6.39
0.84
0.18
0.23
0.71
0.17
25.33
0.47
0.99
0.58
0.34
0.11
10.70
16.98
0.61
1.46
0.74
0.24
0.29
0.022
0.055
0.024
0.038
0.054
0.021

0.220
0.095
0.058
0.132
0.022
0.130
0.014
0.197
0.063
0.010
0.013
0.024
0.010
0.663
0.021
0.039
0.015
0.010
0.007
0.340
0.371
0.033
0.063
0.057
0.008
0.012
0.003
0.007
0.002
0.002
0.002
0.001

0.371
0.004
0.002
0.001
0.006
<0.001
0.010
<0.001
0.199
0.054
0.092
<0.001
0.031
0.156
0.012
0.249
0.292
<0.001
0.652
0.002
<0.001
0.667
0.122
0.219
0.891
<0.001
0.109
0.472
0.583
0.025
0.004
0.005

1
LA = linoleic acid; GLA = γ-linolenic acid; ALA = linolenic acid; DGLA = dihomo-γ-linolenic acid; ARA = arachidonic acid; EPA = eicosapentaenoic acid.
2
LP-LF = low protein, low fat; LP-HF = low protein, high fat. High fat supplementation consisted of rumen-inert hydrogenated palm fatty
acids. For all treatments n = 14.
3
P-values correspond to the effect of fat on the fatty acid positional distribution at the sn-2 and sn-1(3) positions.

0.012, respectively), whereas all the other FA decreased
in response to fat supplementation. Moreover, most
FA at the sn-1(3) positions also showed changes upon
fat supplementation with the exceptions of a few FA,
including the major FA C4:0, C14:1 cis-9, C16:0, C18:2
cis-9,12 (linoleic acid), and CLA (Table 3). Among the
FA that changed at the sn-1(3) positions, only C18:0
and C18:1 cis-9 increased (P ≤ 0.002), whereas the other FA all decreased in response to fat supplementation
(Table 3). It appears that the increased concentrations
of C16:0, C18:0, and C18:1 cis-9 in the TAG, likely as
a result of increased concentration of C16:0 and C18:0
in the diet and subsequent uptake by the mammary
gland as well as by stearoyl-CoA desaturase activity
on C18:0 (Corl et al., 2001), increased the abundance
of C16:0 only at sn-2, C18:1 cis-9 only at sn-1(3), and
Journal of Dairy Science Vol. 105 No. 4, 2022

C18:0 at both the sn-2 and sn-1(3) positions of the
TAG structures.
As it is the most abundant FA in milk fat, the stereolocation of C16:0 at the sn-2 position in the TAG
structure is important for fat digestion and absorption,
particularly in infants (Innis, 2011; Yaron et al., 2013).
Greater abundance of C16:0 at the sn-2 position in
TAG improves absorption of free FA and calcium from
milk products by infants (Innis, 2011). In contrast,
hydrolysis of TAG that contain high concentrations
of SLCFA, such as C16:0 and C18:0, at the sn-1(3)
positions results in the release of free FA that bind
with calcium and other dietary minerals, resulting in
indigestible calcium complexes (Small, 1991; Ramírez
et al., 2001; Mu and Høy, 2004). Formation of these
complexes decreases fat and mineral absorption and
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Table 4. Milk solid fat content (% of milk fat) at 0, 10, 20, 25, 30, and 40°C of lactating dairy cows supplemented with protein and fat
Treatment1
Temperature (°C)
0
10
20
25
30
40

P-value

LP-LF

HP-LF

LP-HF

HP-HF

SEM

Protein

Fat

Protein × fat

61.2
50.3
21.2
12.3
6.6
1.3

60.0
48.5
20.0
11.3
5.8
1.3

62.2
52.7
26.0
14.8
8.8
1.2

60.7
51.0
24.1
13.9
8.1
1.3

1.17
1.29
0.95
0.57
0.36
0.05

0.249
0.193
0.101
0.099
0.041
0.528

0.478
0.068
<0.001
<0.001
<0.001
0.485

0.900
0.942
0.733
0.950
0.903
0.760

1
LP-LF = low protein, low fat; HP-LF = high protein, low fat; LP-HF = low protein, high fat; HP-HF = high protein, high fat. High protein
supplementation consisted of a 50:50 mixture of rumen-protected soybean meal and rapeseed meal. High fat supplementation consisted of rumeninert hydrogenated palm fatty acids. For all treatments n = 14.

causes hard stool and constipation in infants (Kennedy
et al., 1999; Mu and Høy, 2004; Yaron et al., 2013).
In addition, several studies on fat digestion in infants
have reported increased absorption of fat and minerals
when most of the C18:1 cis-9 was esterified at the sn1(3) positions (Mu and Høy, 2004; Innis, 2011). Our
results suggest that supplementing dairy cattle diets
with hydrogenated palm FA results in milk TAG structures richer in C16:0 at sn-2, C18:1 cis-9 at sn-1(3), and
C18:0 at both sn-2 and sn-1(3) positions. Therefore,
FA and mineral absorption may be enhanced upon consumption of dairy products containing TAG structures
from milk produced by cattle consuming high levels of
hydrogenated palm FA. However, the increased concentration of C18:0 at the sn-1(3) positions in response
to fat supplementation may instead decrease the absorption of FA and minerals, hindering the beneficial
effect caused by C16:0 at the sn-2 and C18:1 cis-9 at
the sn-1(3) positions. Overall, we have shown that by
increasing the concentration of specific SLCFA (C16:0
and C18:0) in the diet of dairy cattle, the concentrations of these FA or their desaturation products at the
sn-2 and sn-1(3) positions in the TAG structure can be
changed. These findings may be of interest for developers of infant formula or other specialty dairy products.
Variation in SFC

Variations in TAG composition are known to influence milk SFC. Hence, due to the large variations in
TAG composition in response to fat supplementation
in this study, alterations in milk SFC were expected.
Milk SFC was not affected by protein × fat interactions
(Table 4), increased at 20, 25, and 30°C in response
to fat supplementation (P < 0.001), and decreased
at 30°C in response to protein supplementation (P =
0.041). These effects on SFC may be explained by the
changes in TAG composition observed in response to
fat and protein supplementation. Hydrogenated palm
FA supplementation increased the formation of the
HMW TAG CN50 and CN52. The HMW TAG CN50
Journal of Dairy Science Vol. 105 No. 4, 2022

correlated positively with C16:0 (r = 0.59) and the
HMW TAG CN52 correlated positively with C18:0 (r
= 0.61), whereas both TAG groups CN50 and CN52
correlated negatively with most de novo FA C6:0 to
C15:0 (r ≤ −0.41; Supplemental Table S2). Both C16:0
and C18:0 have higher melting points than FA of a
shorter chain length, thus leading to higher melting
points of the HMW TAG CN50 and CN52 (Knothe and
Dunn, 2009). Therefore, the higher concentration of
HMW TAG species in response to fat supplementation,
especially saturated HMW TAG species, may explain
the increased SFC at 20, 25, and 30°C in response to
fat supplementation. This is supported by Smiddy et
al. (2012) who showed that concentrations of HMW
CN50, CN52, and CN54 determined the variation in
the melting profiles of milk fat of several animal species, including bovine milk.
We hypothesize that the decrease in milk SFC at
30°C in response to protein supplementation is related
to the increased concentrations of PUFA in milk fat
(Nichols et al., 2018) and the increased formation of
total diunsaturated TAG species and MMW polyunsaturated TAG species (Figure 1; Supplemental Table
S1). The PUFA have a lower melting point due to the
large number of DB in their structures, and thus their
esterification in TAG species will lead to a decrease in
the melting point of the resulting TAG. Similar to our
study, previous studies that assessed the effect of feeding UFA to dairy cows on milk TAG composition and
SFC showed that when the dietary content of PUFA
increased, SFC measured at 4 to 30°C decreased (Precht and Frede, 1994; Couvreur et al., 2006; Smet et al.,
2010).
Increased milk SFC at 20, 25, and 30°C may have
negative effects on milk fat processing and its application as an ingredient in dairy-based food products. For
example, there may be implications and adjustments
required for the processing conditions required for
milk fat fractionation to obtain stearin (SFC ≥55%,
melting temperature ≥20°C) and olein (SFC <55%,
melting temperature ≤19°C), which are fractions used
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in several food applications (Deffense, 1993; Mohan et
al., 2021). Moreover, milk SFC at 20, 25, and 30°C is
known to determine texture and mouthfeel properties
of milk fat-containing food products, as well as their
table-top quality properties (e.g., structure and stability of butter and its resistance to oil exudation; Deffense, 1993; Mohan et al., 2021). Based on these results,
the effect of feeding hydrogenated palm FA to dairy
cows on milk fat properties and how this affects quality
and consumer acceptability of high fat dairy products
should be considered holistically by dairy nutritionists,
processors, and product manufacturers.
CONCLUSIONS

This study investigated the effect of supplementing
the diet of dairy cattle with protein from rumen-protected sources and fat from hydrogenated palm FA on
milk TAG composition and structure, and milk SFC.
Fat supplementation modified these parameters more
than protein supplementation. In response to fat supplementation, the concentrations of LMW and MMW
TAG decreased and the concentrations of HMW TAG
increased. Fat supplementation also increased the formation of TAG with greater proportions of C16:0 and
C18:0 at the sn-2 position and C18:0 and C18:1 cis-9
at the sn-1(3) positions in their structures. Fat supplementation increased milk SFC at 20, 25, and 30°C,
correlating with increased abundance of HMW TAG
species probably containing more C16:0 and C18:0.
These changes in TAG composition and structure, and
milk SFC may affect nutritional and physiochemical
quality of dairy products originating from the milk fat
produced by cattle consuming rations supplemented
with hydrogenated palm FA.
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