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ABSTRACT

In ruminants, the ability to maintain milk fat melting
point within physiological values could play a role in
the regulation of milk fat secretion when milk fatty acid
(FA) composition varies, such as in response to feed-
ing factors. However, the relationship between milk fat
fluidity and changes in milk FA composition is difficult
to study experimentally. A meta-analysis was therefore
conducted to compare the magnitude of diet-induced
variations in milk FA composition and the calculated
melting point of milk FA (used as a proxy to estimate
the variations in the melting point of milk fat) in 3
dairy ruminant species (cow, goat, and sheep). The
coefficient of variation (CV), a scale-free measure of
statistical dispersion, was used to compare the vari-
ability of criteria differing in their order of magnitude.
The analysis of a database of milk FA profiles from
cows, goats, and sheep fed different dietary treatments
(unsupplemented diets and diets supplemented with
lipids rich in oleic acid, linoleic acid, linolenic acid, or
(C20-22 polyunsaturated FA) revealed that the vari-
ability of the calculated melting point of milk FA was
narrow (CV of 5%) compared with the variability of
milk FA percentages (CV of 18 to 72%). The regulation
of the melting point of milk fat is thus probably in-
volved in the control of diet-induced variations in milk
fat secretion. The calculated melting point of ewe milk
FA was approximately 3°C lower than that of goats or
cows across all types of diets, which might be linked to
differences in milk fat content (higher in sheep) or the
structure of milk triacylglycerides among these species.
Lipid supplementation increased the calculated melt-
ing point of C18 FA in milk, whereas that of total FA
was significantly reduced by supplements rich in oleic,
linoleic, and linolenic acids but not C20-22 polyunsatu-
rated FA. However, the slight effects of dietary treat-

Received August 8, 2012.
Accepted October 21, 2012.
'Corresponding author: yves.chilliard@clermont.inra.fr

ments on the calculated melting point of milk FA did
not differ between cows, goats, and ewes.
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Short Communication

In ruminants, milk FA composition is greatly influ-
enced by feeding factors, particularly by the addition
of lipid supplements to the ration (Chilliard et al.,
2007). In general, feeding changes induce coordinated
variations in milk FA composition, as exemplified by
the negative correlations between the percentages of
preformed C18 FA and de novo-synthesized FA (Moate
et al., 2007). However, decreases in de novo synthesis
beyond a certain threshold can limit, and even prevent,
increases in milk C18 yield, regardless of the avail-
ability of these latter FA (Glasser et al., 2008). Thus,
mechanisms other than reciprocal variations in FA
availability also appear to determine milk FA secretion.

In this regard, the hypothesis of a contribution of milk
fat fluidity to the regulation of milk fat secretion has
been proposed over the last few decades (Timmen and
Patton, 1988). Because ruminants mainly absorb satu-
rated long-chain FA from the intestine due to ruminal
biohydrogenation, these species express several meta-
bolic adaptations to decrease the melting point of milk
lipids, including the synthesis de novo of short-chain
FA, the lack of 16:0 elongation, the A’-desaturation
of long-chain FA, and the nonrandom esterification to
triacylglycerides (Chilliard et al., 2000). The relation-
ship between milk fat fluidity and diet-induced changes
in milk FA composition is difficult to study experimen-
tally. However, it may be indirectly tested by comparing
the effect of various dietary treatments on, respectively,
milk FA composition and the calculated melting point
of milk FA, the latter as a proxy to estimate variations
in the actual melting point of milk fat.

On this basis, we hypothesized that if the ability to
maintain the melting point of milk fat within physiolog-
ical values plays a role in milk fat secretion when milk
FA composition varies, then the estimated variations in
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the melting point of milk fat would remain lower than
variations in the FA composition. The objective of this
study was therefore to compare the magnitude of the
variations in milk FA composition and the estimated
melting point of milk fat in 3 dairy ruminant species
(cow, goat, and sheep).

A database was compiled from published studies on
dairy cows, goats, and ewes that reported the effect of
dietary treatments (mainly lipid supplements) on milk
FA profile. To ensure correct calculation of the melting
point of milk FA, studies were included in the database
only when they reported the percentages of individual
short-chain saturated FA (4- to 10-carbon) and of the
major trans-C18:1 FA. These latter criteria allowed
the removal of studies that reported poorly defined
FA profiles. All information from these publications
was stored in a dedicated Access database (Microsoft
Corp., Redmond, WA) for further use. The final da-
tabase included 70 publications that corresponded to
79 experiments and 278 experimental treatments: 170,
58, and 50 experimental treatments for cows, goats,
and ewes, respectively (see list of publications in online
supplementary material; http://www.journalofdairy-
science.org/). These treatments were classified in 5
categories according to the main FA of the dietary lipid
source: unsupplemented diets, diets supplemented with
lipids rich in oleic acid (such as rapeseed or high-oleic
sunflower), in linoleic acid (such as soybean, regular
sunflower, and safflower), in linolenic acid (such as
linseed), or in C20-22 PUFA (such as marine microal-
gae or fish oil). The experimental treatments involving
dietary supplements rich in palmitic acid (n = 8) and
mixes of several lipid sources (n = 7) were not included
in this analysis because of their low number.

Because the melting point of milk fat was not re-
ported in these publications, it was estimated as the
weighted sum of the melting points of the FA (Jensen
and Patton, 2000). For each individual FA, the melt-
ing point was obtained from Gunstone et al. (1994)
and, failing that, from the LipidBank database (http://
www.lipidbank.jp; Japanese Conference on the Bio-
chemistry of Lipids). The melting points of the FA that
were not reported in these 2 sources were evaluated
from neighboring isomers. From the original data ex-
pressed in grams per 100 g of milk FA, we computed
the molar percentages of the milk FA and subsequently
calculated the sum of the melting points weighted by
the respective FA molar percentages. The estimated
melting points were computed for total milk FA and
also for the C18 FA fraction.

A second database was compiled from published
studies that reported the effect of diet on the actual
melting point of milk fat together with detailed milk
FA profiles. This second database was used to compare
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actual milk fat melting points with calculated milk FA
melting points. A statistical analysis of concordance
was carried out, as detailed later, on a group of 6 stud-
ies, corresponding to 19 experimental treatments (see
list of publications in online supplementary material;
http://www.journalofdairyscience.org). Because the
melting point is defined by the technique and conditions
of measurement and the reported value is specific for
these (McCarthy, 2006), the concordance was very low
between measured melting point of milk fat and calcu-
lated melting point of milk FA (results not shown). For
this reason, we evaluated the concordance using data
from diet-induced variations (expressed as percentage
of variation relative to the control; 15 pairs of data) for
the 2 parameters, rather than absolute values.

The CV, a scale-free measure of statistical disper-
sion, was chosen as the most appropriate measure to
compare the variability of variables (calculated melting
point of milk FA and of C18 FA, percentages of the
main FA in milk, and A’-desaturation ratio of C18:0),
which differed in their order of magnitude. The CV
were computed either across the whole database or
within each animal species. The 95% CI of the CV were
computed (USDA Forest Products Laboratory website:
http://wwwl.fpl.fs.fed.us/covnorm.html; Verrill and
Johnson, 2007) as a means of determining whether sig-
nificant differences existed among the variables studied.

In addition, the calculated melting point of milk FA
and that of the C18 FA were analyzed by ANOVA us-
ing the MIXED procedure of the SAS software package
(version 9.1, SAS Institute Inc., Cary, NC). The statis-
tical model included the fixed effects of species (cow,
goat, and ewe), the type of the dietary lipid supplement
(unsupplemented, or rich in oleic acid, linoleic acid,
linolenic acid, or C20-22 PUFA), their interaction, and
the random effect of the experiment. The means were
separated using the pdiff option of the LSmeans state-
ment of the MIXED procedure (SAS Institute Inc.).
Differences were declared to be significant at P < 0.05.

The concordance between diet-induced variations in
measured melting point of milk fat and in calculated
melting point of milk FA was evaluated with the con-
cordance correlation coefficient (p,; Lin, 1989), which
was calculated using the statistical program MedCalc
(version 12.3.0.0; MedCalc Software, Mariakerke, Bel-
gium). The coefficient p, contains a measurement of
precision (p, which measures how far each observation
deviates from the best-fit line) and one of accuracy (Ci,
which measures how far the best-fit line deviates from
the 45° line through the origin) and is robust on as few
as 10 pairs of data (Lin, 1989).

In the present study, the melting point of milk fat
was estimated from the weighted sum of the melt-
ing points of milk FA, assuming an additivity of the
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Table 1. Mean values and coefficients of variation (%) with the 95% CI of the calculated melting points of
total FA and C18 FA in milk, the percentages of the main groups of FA in milk, and A’-desaturation ratio of

C18:0
Mean cv!

Criterion value' [95% CT of CV]
Total FA melting point (°C) 36.4 5.0 [4.7-5.5]
C18 FA melting point (°C) 26.2 9.8 [9.0-10.7]
C4-C14 even-chain (% of total FA) 26.9 24.2 [22.3-26.6
Total C16 (% of total FA) 27.1 18.2 [16.7-19.9
Total C18 (% of total FA) 40.0 22.2 (20.4-24.4
C18:0 (% of total FA) 9.6 32.7 (29.9-36.0
cis-C18:1 (% of total FA) 19.4 24.6 [22.6-27.0
trans-C18:1 (% of total FA) 6.2 72.1 [64.5-81.9
Total C18:2 (% of total FA) 4.1 42.1 [38.4-46.6
Total C18:3 (% of total FA) 0.6 67.2 [60.3-75.9
Odd- and branched-chain (% of total FA) 2.7 40.0 [36.3-44.7
A’-Desaturation ratio of C18:0° 0.66 7.6 [7.0-8.3]

'Obtained from the 278 milk FA profiles of the database (cows, goats, and ewes together).

*Calculated as cis-9 C18:1/(C18:0 4 ¢is-9 C18:1).

melting points of FA in free form (Jensen and Patton,
2000), and thus did not consider the probable effects of
FA esterification and the asymmetric structure of tria-
cylglycerides (Palmquist et al., 1993; Chilliard et al.,
2000). However, diet-induced changes in the melting
point of milk fat measured by laboratory techniques are
concordant with those calculated from their respective
FA profiles, as suggested by the concordance correla-
tion coefficient (p. = 0.90, with p = 0.97 and C, =
0.92), which represents only slight differences between
both methods (Lin, 1989). This good agreement could
be due, at least in part, to the fact that the pattern of
stereospecific distribution of FA in milk triacylglycer-
ides does not seem to change significantly in response
to feeding changes or stage of lactation (Hawke and
Taylor, 1995). Furthermore, the application of this
method of estimation was sensitive enough to show dif-
ferences between the calculated melting points of milk
FA from winter-feeding and grazing-season periods in
cows, goats, and ewes (on average, —1.7°C; Eknaes et al.,
2006; Ferlay et al., 2008; Ostrovsky et al., 2009), which
is consistent with the known effect of these seasonal
feeding practices on the melting point of milk fat (i.e.,
a lower value in milks from grazing cows; Palmquist
et al., 1993; Taylor and MacGibbon, 2011). Thus, this
method of estimation could be a valid proxy to study
the effect of changes in milk FA profile on the melting
point of milk fat.

The CV of the calculated melting point of milk FA
was significantly lower than that of all the other vari-
ables evaluated (as seen from the CI of the CV; Table
1), but interestingly, there were no differences between
ruminant species (data not shown in tables). Overall,
the CV of the calculated melting points was approxi-
mately 5%, whereas that of milk FA percentages ranged
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from 18 to 25% (sum of even-chain C4-C14, total C16
and C18, and c¢is-9 C18:1) to more than 65% (C18:3,
and trans-C18:1; Table 1). Thus, the hypothesis of a
contribution of the melting point of milk fat as a regu-
lating factor of milk fat secretion seems highly probable.

The variability of the A’-desaturation ratio of C18:0
was relatively low (CV of 7.6%; Table 1), although small
changes in this parameter could play a significant role
in the regulation of the melting point of ruminant milk
fat because more than 50% of the C18:0, which has a
melting point of 69.7°C, is desaturated to cis-9 C18:1,
which has a melting point of 16°C (Chilliard et al., 2000;
Mosley and McGuire, 2007). In this regard, we calcu-
lated the melting point of milk FA in 2 groups of goats
that differed in their ag;-casein genotype (Chilliard et
al., 2006), which is associated with lower medium-chain
FA and higher A’desaturation ratios in “low” versus
“high” genotypes. The lack of differences in the calcu-
lated melting points (37.96 vs. 38.04°C, respectively, for
the low and high ag;-casein gene expression level; P >
0.10) supports the hypothesis of Chilliard et al. (2006)
that the observed variations in the secretion of C8:0 to
C12:0 FA (—23%) were, at least in part, compensated
for by changes in the A’-desaturation ratios of FA
(+7% in C18:0 A’-desaturation ratio), thus allowing
maintenance of the melting point of milk fat within a
physiological range.

Conversely, the low CV of the calculated melting
point of milk FA was accompanied by significant dif-
ferences in its mean value between ruminant species
(Table 2). The calculated melting point of ewe milk FA
was approximately 3°C lower than that of goats or cows
across all types of diets. Because body temperature
does not differ greatly in these 3 ruminant species, the
differences in calculated melting points might be linked
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Table 2. Calculated melting point (°C) of milk FA according to ruminant species and the type of dietary lipid

supplements

Main FA in the dietary

lipid supplement Cows Goats Ewes LSM
Unsupplemented 37.31%" 37.91" 34.307 36.50*
Oleic acid 36.59" 36.47" 33.53% 35.535
Linoleic acid 36.56° 36.49™ 33.56° 35.54"
Linolenic acid 36.10% 35.32% 33.08° 34.84°
C20-22 PUFA 36.73> 37.16™4 33.67% 35.854F
LSM 36.66% 36.674 33.63"

“®For both rows and columns, different superscripts indicate significant differences (P < 0.05).

A“Within the column or the row, different superscripts indicate significant differences (P < 0.05) due to the
effect of dietary lipid supplement or ruminant species, respectively.

to differences in milk fat concentration among them,
because ewe milk has a greater fat concentration than
cow or goat milk (respectively 62, 35, and 41 g/kg).
We speculate that a lower melting point of milk fat in
the ewe might be needed to maintain adequate fluidity
for a high level of fat secretion. Furthermore, the exis-
tence of interspecies differences in the structure of milk
triacylglycerides cannot be ruled out, which could have
an effect on the melting point of milk fat (Palmquist
et al., 1993) and could counteract the abovementioned
differences in the calculated values.

Surprisingly, the calculated melting point of C18 FA
(Table 3) was always approximately 10°C lower than
that calculated from total milk FA (Table 2). Possible
explanations are that the medium-chain saturated FA
increased the melting point of milk fat (C12:0, C14:0,
and C16:0 have melting points of 44, 54, and 60°C, re-
spectively; Gunstone et al., 1994), and A"-desaturation
reduced the melting point of C18 FA, together with the
very low melting point of PUFA that escape ruminal
biohydrogenation (e.g., —5 and —11°C for linoleic and
a-linolenic acids, respectively; Gunstone et al., 1994).
The increases in the calculated melting point of C18
FA with lipid supplements were similar in cows, goats,
and sheep (Table 3), which could be explained by,
among other mechanisms, increments in the proportion

of trans-C18:1 isomers in milk (Chilliard et al., 2007),
which have higher melting points than their equivalent
cis isomers (Gunstone et al., 1994). In other respects,
the calculated melting point of total FA in the 3 species
(Table 2) was only slightly reduced by supplements rich
in oleic, linoleic, and linolenic acids but not by supple-
ments rich in C20-22 PUFA, which could be attributed
to the negative effects of oilseeds and plant oils, but
not marine lipids, on the proportion of C12:0-C16:0 FA
in milk (Chilliard et al., 2007). Overall, these results
support the hypothesis that a reduction in de novo syn-
thesis could limit milk fat yield (and sometimes induce
milk fat depression), even when C18 availability is high
(Glasser et al., 2008).

In conclusion, analysis of our database of milk FA
profiles from 3 dairy ruminant species and different
dietary treatments revealed that the variability of the
calculated melting point of milk FA is narrow (CV of
5%) compared with the variability of milk FA percent-
ages (CV of 18 to 72%). The regulation of the melt-
ing point of milk fat is thus probably involved in the
control of diet-induced variations in milk fat secretion.
The calculated melting point of milk FA is lower in
sheep than in cattle or goats, which could be related to
differences in either milk fat concentration or triacylg-
lyceride structure between these species. However, the

Table 3. Calculated melting point (°C) of the 18-carbon FA in milk fat according to ruminant species and the

major FA of the dietary lipid supplements

Main FA in the dietary

lipid supplement Cows Goats Ewes LSM
Unsupplemented 25.64°F 23.37%" 23.01" 24.01¢
Oleic acid 27.94% 27.35%d 25,374t 26.8948
Linoleic acid 28.53%° 26.85"° 25874 27.094
Linolenic acid 28.26> 26.02%f 25.18¢f 26.4948
C20-22 PUFA 27.35"4 24.96°%f 24.71% 25.67°
LSM 27.544 25.718 24.83"

*"For both rows and columns, different superscripts indicate significant differences (P < 0.05).

A CWithin the column or the row, different superscripts indicate significant differences (P < 0.05) due to the
effect of dietary lipid supplement or ruminant species, respectively.
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slight effects of dietary treatments on the calculated
melting point of milk FA did not differ among cows,
goats, and ewes.
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