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Effects of level and type of energy source (volatile
fatty acids or glucose) on milk yield, composition
and coagulating properties in dairy cows
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Abstract - Four fistulated Holstein cows were arranged in a 4 x 4 Latin square design to study
the effects of level and type of energy source on milk yield and composition. Treatments consisted of a basal diet fed alone (low energy treatment) or with 3.3 Mcal of net energy for lactation
from extra nutrients perfused either into the rumen (either propionic acid or a mixture of volatile
fatty acids) or into the duodenum (glucose). Increasing the energy input without changing the volatile fatty acid profile improved milk yield and slightly increased milk protein and fat yields.
Compared with the isoenergetic mixture of volatile fatty acids, both propionic acid and glucose
infusions significantly decreased fat content (-4.5 g/kg) and yields (respectively, -111 and -160
g/d), but affected fatty acid proportion and yield differently (more elongation process and less C18
with glucose infusion). Protein yield was slightly increased by propionic acid infusion but not by
glucose because of the counterbalanced effects on milk yield (-1.3 kg/d) and protein content
(1.5 g/kg). The coagulating properties of milk were directly linked to variations in protein, casein
and mineral contents. In conclusion, propionic acid or glucose scarcely affected milk protein
content, but induced a similar decrease in milk fat content probably through different metabolic
pathways. @ Inra/Elsevier, Paris
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Résumé - Effets du niveau et de la nature de l’énergie (AGV ou glucose) sur la production,
la composition et l’aptitude à la coagulation du lait Les effets du niveau et de la nature de l’énergie sur la production et la composition du lait ont été étudiés au cours d’un essai mené avec
quatre vaches fistulées selon un schéma en carré latin 4 x 4. Les vaches recevaient soit le régime
de base seul (témoin négatif), soit supplémenté avec 3,3 Mcal d’énergie nette lait sous forme
de nutriments perfusés dans le rumen (mélange d’acides gras volatils ou acide propionique) ou
dans le duodénum (glucose). L’augmentation du niveau énergétique sans modification du profil
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fermentaire a entraîné une augmentation de la production laitière et des productions de matières
grasses et de protéines. En comparaison avec le mélange isoénergétique d’acides gras volatils,
les infusions d’acide propionique et de glucose ont provoqué une chute importante du taux butyreux (.5 g/kg) et des productions de matières grasses (respectivement -111 et -160 g/j), mais
4
ont affecté de manière différente la composition en acides gras du lait (quantité plus importante
des acides gras moyens et moins d’acides gras en C18 avec le glucose). La production de protéines
a été légèrement augmentée par l’infusion d’acide propionique, mais non par l’infusion de glucose à cause de l’effet opposé sur le taux protéique (+ 1,5 g/kg) et la production laitière (-1,3 kg/j).
L’aptitude du lait à la coagulation reflétait les modifications de composition en protéines, en
caséines et en minéraux. En conclusion, l’acide propionique et le glucose n’ont pas affecté de façon
sensible la synthèse des protéines du lait mais ont entraîné une diminution similaire du taux
butyreux probablement par des voies métaboliques différentes. &copy; Inra/Elsevier, Paris
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1. INTRODUCTION

et al. [6], 0rskov et al. [29]
Lemosquet et al. [24] with glucose
infusion, comparisons of treatments were
not isoenergetic because, when VFA and
glucose were infused, the total energy supply (diet and infusion) was increased. The
effect on milk protein yield varies in rela-

[41], Clark

and

Adjustments to the diets of dairy cows
be one of the quickest ways to
improve milk quality, especially the protein content and cheese-making suitability required by the processing industry.
According to Coulon and Remond [7],
using concentrates to increase the energy
level of the diet also provides an increase
in milk protein content (0.3 g/kg for each
Mcal of NE
) in multiparous cows in early
L
can

lactation. Several mechanisms may be
involved because concentrate supplementation may increase 1) ATP necessary
for protein synthesis, 2) glucose supply
(ruminal propionic fermentation or by-pass
starch) that spares glucogenic AA [40], or
3) AA supply that is induced by the greater bacterial synthesis associated with the
increase in rumen-fermented OM [17].
Increased AA caused by greater bacterial synthesis (item 3) can be avoided
by infusing energy as VFA into the rumen
[5, 28, 33, 34] or glucose into the duodenum [6, 29]. Unfortunately, in most of
these experiments, the effects of level
(item 1) and type of energy (item 2) were
confounded (see review of Rulquin and
Hurtaud [36]). Indeed, except for Holter et
al. [13], Hurtaud et al. [14] with propionic
acid (C3) infusion and for Vik-Mo et al.

tion to the type and level of additional
energy supplied. Milk protein yield often
increased with infusion of C3 except in
isoenergetic situations [10, 13, 14] and
with glucose infusion except for Clark et
al. [6] and Oldick et al. [27]. In most cases,
energy supplementation, either in the form
of C3 or glucose, is followed by a decrease
in butter fat content [4, 5, 6, 10, 11, 13,

14, 33, 34, 42]. However, only one comparison [10] has been made between glucose

and C3 intravenous infusions. In this

experiment, C3 and glucose infusions had
no effect on milk protein synthesis. The
effects of C3 and glucose have often been
confounded in glucogenic theories (sparing effect of amino acids). In fact, the
mechanisms by which C3 and glucose
function in reducing milk fat synthesis and
in regulating protein secretion are quite
unknown even if the effect of the two
nutrients seemed to be the same on fat
content.

the

This experiment was designed to assess
specific effects of energy supplemen-

tation and type of energy on the synthesis of milk components, on the mechanisms of their syntheses (as reflected by
blood metabolites), and on the cheesemaking suitability of the milk. A treatment that was deficient in energy was
compared with three other treatments that
provided equal amounts of energy in the
form of either a mixture of VFA or C3
infused into the rumen or of glucose infused into the duodenum.

2. MATERIALS AND METHODS

2.1. Treatment and

experimental

design

2.2. Cows and
The test
cows

conducted in four Holstein

(mean BW, 630 ± 61 kg) yielding 30 ± 8

kg/d of milk at approximately 2 months after
calving. The cows were individually fed on a
restricted basal diet (60 % corn silage, 10 %
hay, 17.5 % energy concentrate and 12.5 % oil
meal; DM basis) (table n enriched with urea
(70 g/d) and sodium caseinate (250 g/d). The
diet

provided 100 % of the animal protein
requirements [17]. All feeds were mixed and
administered in two meals at 0800 and 1700
hours. The solutions were infused continuously
by peristaltic pumps for 24 h. A special device
prevented direct contact between the ruminal
wall and VFA. Each cow was continuously
perfused with three separate solutions: VFA
mixture or C3 and buffer (or water plus salts)
in the rumen, glucose (or water) in the duodenum

The low energy treatment (basal diet alone)
provided 88 % of the energy requirements. The
other treatments provided 100 % of energy
requirements and included the same basal diet
plus either a ruminal infusion of C3 (13.4
mol/day, 266 kcal NE
/mol; [16]), or a ruminal
L
infusion of a mixture of VFA (17 mol/day as
64 % acetic acid, 21 % propionic acid, and 15 %
butyric acid, 210 kcal NE
/mol; [16]), or finally
L
a duodenal infusion of glucose (1 295 g/day,
2.75 Mcal NE
/kg; [2]). The effect of level
L
and type of energy was studied according to a
4 x 4 Latin square design over 14-day periods
(1 week of adaptation and 1 week of measure).

was

feeding

(table In.

2.3. Measurements and sampling
The amounts of feed offered and refused
weighed daily. Feed DM content was
determined daily for corn silage and weekly
for concentrate. At each milking, milk yield
was recorded, and fat and protein contents were
determined by infrared analysis (Milkoscan;
Foss Electric, Hiller0d, Denmark) for 14 separate milkings every week.
Jugular blood was sampled once each period
(day 11or 12) at 1 h before the morning meal
were

for acetate, glucose, (3-hydroxybutyrate, NEFA,
urea, and AA for each cow with heparinized
or EDTA syringes (Sarstedt, Niimbrecht, Germany). Preparation and analysis of blood
samples were the same as those described by
Guinard et al. [12].
Individual samples of ruminal liquid were
obtained on day 12 of each period just before
the morning feeding and at 1, 2, 3, 6 and 9 h
after the morning feeding. A preservative was
added to each sample, and the samples were
mixed to obtain a daily pool. The VFA were
determined by gas chromatography [18].

2.5. Statistical

analyses

An ANOVA was performed for the Latin
square using SAS [37]. The model included
cow, period and treatment as factors of variability. The significance threshold was set at
P < 0.05 unless otherwise noted. The effect of
the level of energy was tested between basal
treatment and VFA mixture infusion. The effect
of the type of energy was tested by comparing
C3 or glucose infusions with VFA mixture
infusion.

3. RESULTS

2.4. Milk analysis

- coagulation

and syneresis measurements

day 9, 2 L of milk were taken from each
cow at the morning milking and preserved with
sodium G penicillin (2 000 IU/L). A subsample
was reserved to determine milk fatty acid proportions by gas chromatography. Milk samples
were immediately skimmed and stored at 4 °C
for chemical analysis and coagulation studies.
Total solids, lactose, true protein nitrogen,
casein, casein fractions, soluble proteins, and
On

total and soluble calcium were measured in the
skimmed milk. After restoration of the chemical balance (hat 35 °C), rennet coagulation
properties were measured with a Formagraph,
either at the initial pH or at pH 6.5 (standardized with lactic acid) [44]. Laboratory curd
yields were also measured by centrifugation.
Sampling and analyses were performed as described by Hurtaud et al. [ 14].

3.1. Effect of energy level

Regardless of the treatment,
ate the whole diet offered.

the

cows

Therefore, total

L input was similar for the VFA mixNE
ture, C3, and glucose treatments and was
lower by 12 % for the basal treatment

(table IV).
The VFA mixture treatment (versus the
basal treatment) had no significant effect
on the ruminal VFA composition (table
III). Increasing the energy level by infusing VFA significantly increased milk, fat
and protein yields by 0.9 kg, 42 g/d and
37 g/d, respectively (table TV). The fat and
protein contents of milk did not vary, but
SNF significantly increased (table V). The
casein content, the proportions of diffe-

-casein)
types of casein (a-, j3- and K
and the Ca content and distribution (colloidal and soluble Ca) of the skimmed
milk were unchanged (table V). The proportion of fatty acids changed with the
increase in energy level. The proportions

rent

of

I8:B’and C
C
B8:0 significantly decrea-

sed, whereas that of C
lb:o significantly
increased (table Vn.
Plasma acetate, glucose, and (3-hydroxy-

butyrate contents (table VII) were slightly
higher for cows infused with VFA mix-

ture, but

only the increase in acetate was

significant. Urea and total AA contents
were unaffected, but the Glu and GIn
concentrations were significantly increased
(table VIII).
3.2. Effect of energy type

receiving infusions of VFA
mixture, C3 or glucose, the amount of
For

cows

consumed diet was the same. So the differences registered between the three treatments were only imputed to the nature of
the energy infused.
As expected, the C3 treatment (versus the
VFA mixture treatment) significantly increased ruminal C3 (29.8 % versus 20.9 %) at
the expense of acetic acid (56.6 % versus
63.1 %), butyric acid (9.0 % versus 11.6 %),
),
and caproic acid (0.3 % versus 0.5 %). The
glucose treatment did not affect the VFA

profile (table III).
Relative to the VFA mixture treatment,
the C3 treatment significantly increased
the protein yield (26 g/d), although both
milk yield and protein content were scarcely changed. In contrast, the glucose treatment did not alter protein yield, because
milk yield decreased (1.3 kg/d), and protein
content increased (1.5 g/kg), both significantly. Proportions of different types of
casein (a-, (3- and x-casein) did not change
for cows infused with either C3 or glucose.
Soluble proteins significantly increased

for cows infused with glucose (0.5 g/kg).
Colloidal calcium tended to increase for
cows infused with either treatment (table
V). Both C3 and glucose treatments significantly decreased the fat content (close to
4.5 g/kg) and yield ( 111 g, C3 treatment;
160 g, glucose treatment) (table IV).

Although

fat content

was

similarly

decreased, the secretion of individual fatty
acids (g per d) was affected differently by
the C3 or glucose treatments, except for
4:0 which was largely decreased for cows
C
,
infused with either treatment (figure 7 and
table Vn. For the even-numbered fatty
acids, the C3 treatment (versus VFA treatment) depressed the secretion 6:o
of C Cg
,
,
;o
14’ and C
C
16 (g/d). Conversely, with the
glucose treatment (versus VFA treatment),
the large decrease observed in C
4:o secretion was gradually counterbalanced by
increases of other short and medium fatty
acids. Consequently, the differences between VFA mixture and glucose infusions
decreased as the chains of fatty acids
increased and even for C
I2:0’ glucose infusion induced an increase compared to VFA
infusion. A reverse trend occurred for C
I8g
so that its secretion was largely depressed
in contrast to what occurred following the
C3 infusion, which had no effect on C
I8
yield !gure 1). The odd-numbered fatty
acids (mainly )
15 were significantly
C
increased following the C3 treatment but
not for the glucose treatment.

The C3 and glucose treatments had the
effects on energy and plasma nitrogen metabolites. Relative to the VFA mixture treatment, C3 and glucose treatments
did not affect the NEFA and glucose
contents, but both significantly decreased
the p-hydroxybutyrate and acetate contents
(table VII). The C3 and glucose treatments
had no effect on plasma urea and tended to
decrease total essential AA in plasma.
Contents of branched AA tended to
decrease for cows infused with either C3
or glucose (respectively, 1.3 and 1.4
mg/100 mL; P < 0.063). Among the nonessential AA, the concentration of Glu
same

decreased, and that of Ala tended
decrease (P < 0.149) (table Vllo.
3.3. Milk

to

coagulation properties

The increase in energy had no effect
milk coagulation properties, except on
curd firmness, which significantly increased at standardized pH with the VFA mixon

ture treatment

(table IX).

The source of energy had no effect on
curd yields. At the initial pH, the C3 treatment did not change milk coagulation properties, but the glucose treatment signifi-

cantly decreased rennet clotting time and
firming rate. At the standardized pH, both
the C3 and glucose treatments increased
curd firmness (table IX).

4. DISCUSSION
The VFA pattern and

glucose availasignificantly modified by the
C3 and glucose infusions, although these
changes were not unusual when compa-

bility

were

red with some types of diets, either with
high levels of concentrate [4] or with

rapidly degradable starchy

concentrates

[30].
Under our experimental conditions, the
ruminal VFA profiles observed did not
indicate any modification in the fermentation products of the feed portion when
extra VFA were infused. Similar observations have been made previously [35],
not only with regards to VFA but also for
ruminal liquid turnover and duodenal AA
flow. It can also be reasonably assumed
that the absorption of the extra VFA was
complete. The absorption of the infused
glucose should also have been nearly complete. No disturbance was observed regarding the glucose absorption, and a 73-90 %
absorption rate has been previously found
with similar doses of glucose [22, 23].
Therefore, it can be reasonably assumed
that glucogenic nutrients were increased
by C3 or glucose infusions.

4.1. Protein

synthesis

Increasing the energy level (from the
basal treatment to VFA mixture treatment)
or modifying ruminal fermentation products with the same total energy supply
(from VFA mixture treatment to C3 treatment) had an almost identical effect on
the milk protein synthesis (37 g for cows
administered the VFA mixture treatment
and 26 g for cows infused with C3). These
slight increases in protein synthesis appea-

red to have different causes. The increase
in energy level was reflected by an
increase in milk yield and a small increase
in protein content (0.1g/kg for each extra
Mcal of energy). That increase in protein
content, induced by the higher energy
level, was slightly less than that induced by
concentrates (0.15 to 0.3 g/kg for each
extra Mcal of NE
) [9, 32, 39] In our trial,
L
when changing from the basal treatment to
VFA mixture infusion, only the energy
level was altered, without any effect on
AA supply or on microbial synthesis. The
increase in protein content could only be
linked to a higher ATP availability for
milk protein synthesis. This contrasts with
the effects of energy concentrates that
modify ATP and AA together. Moreover,
our treatment periods were relatively short
(14 days) compared to trials on energy
concentrates (often at least 4 weeks) that
could also explain the small effect of
energy level on milk synthesis.
The slight increase (26 g/d) in protein
synthesis recorded for the cows infused
with C3, relative to that for cows infused
with VFA mixture, was in the same range
than previously recorded responses (from
- 56 to 72 g/d; table X gathering trials
where intake was not dramatically decreased by energy treatments). In view of the
results of table X, protein synthesis appeared not to be improved by increasing ruminal C3 level in isoenergetic situations
(mean value, -30 g/d) ([5] (trial 1); [13,
14] and the result of this trial). The increased energy level due to C3 infusions seemed to have a slight positive effect on protein synthesis (mean value 34 g/d) ([5]
(trial 2); [33, 34, 42]. This increase (8.3 g
of protein/ Mcal NE
L added) is even lower
than that obtained by increasing energy
level with the VFA mixture in this trial
(11.2 g of protein/ Mcal NE
L added).
The response of milk

protein yield

(0 g/d) observed in this trial with glucose
infusion is rather lower than responses
generally observed in identical energetic

situations (mean value, 18

g/d;

table

XI)

except for Clark et al. [6] (-20 g/d). However, in

high energetic situations [27, 43],
protein yield decreased with glucose infusions. This decrease could be related to
the negative effect on milk yield that seemed to be observed when glucose is infused with a corn based diet [24, 27] or with
diets rich in concentrates [29, 43]. This
trial does not bring any support to the
hypothesis that increasing C3 or glucose
supply could spare glucogenic AA and
hence increase milk protein content.
Indeed, all the infusions (VFA mixture,
C3 and glucose) provided the same
amounts of energy and PDI and they did
not increase the level of glucogenic AA
in plasma comparatively to basal treatment. In contrast, the amount of branched
AA decreased as for Clark et al. [6], Whitelaw et al. [43] and Dhiman et al. [8] with
glucose infusions. These AA were perhaps used preferentially for muscle synthesis [3] under hormonal control.
The infusion of C3 or glucose was presumably the cause of increased rate of glucose supply as for Judson and Leng [20]
and Seal and Parker [38] with C3 infusion
and as for Clark et al. [6] and Amaral et al.
[1] for glucose infusion. The difference
between these two energy nutrients could
be linked to the very nature of each one
and to their infusion sites (rumen or intestine). Indeed, by comparing intravenous
infusions of glucose and C3, Fisher and
Elliot [10] found no significant and no different effect of these nutrients on milk
protein content. However, this lack of difference in the intravenous comparison
could be related to the same infusion sites
and to short periods of infusion.

4.2. Fat synthesis

Decreasing the energy level, switching
from acetic to propionic fermentation and
increasing the duodenal glucose flux induced a decrease in fat synthesis.

Under the basal treatment, cows were
energy deficient and mobilized much body
fat. The milk fat became rich in long-chain
fatty acids at the expense of the short- and
medium-chain fatty acids in response to
the variations of their respective plasma
precursors (acetate, p-hydroxybutyrate,
NEFA). These modifications agree with
that classically observed when cows are
underfed [19].

Infusion of C3 or glucose induced similar decreases in fat content (-4.5 g/kg),
but the decrease of fat yield, as in Fisher
and Elliot [10], was more important for
cows infused with glucose (-160 g versus -111 g for C3 infusion) because of the
concomitant decrease in milk yield in our
trial. Such decreases are similar to the
published data for fat content but much
greater for fat yield as summarized for C3
infusions (table X) and for glucose infusions (table XI) ([5] (trial 2); [6, 11, 24,
27, 29, 33, 34, 41!3]) except in isoenergetic situations with C3 infusions [5] (trial

2); [13, 14] (table X).
With glucose infusion, as opposed to
VFA mixture infusion, and keeping in
mind the unchanged supply of feed and
microbial lipids, the differences in milk
fatty acids patterns appear to indicate that:
1) the net contribution of body lipids to
milk fat synthesis was greatly depressed
perhaps because of lower lipolysis or greater lipogenesis [21] as indicated by a
decrease in C
i
g; 2) de novo synthesis was
also depressed, but to a much lesser extent;
3) the elongation process was much more
active as shown by the increase in intermediate chain length fatty acids (C
)
i2;o
and the concomitant large decrease in
the very short-chain fatty acids. This
could also result partly from the lowered
availability of precursors (acetate and
(3-hydroxybutyrate).The increased activity
of the elongation process could also have
affected positively the synthesis of C
14
and C 16. However, because of their dual
origin [26], and of the postulated decrease

of

adipose tissue lipolysis or increase of
lipogenesis, such an effect would be masked. With the C3 infusion, those changes
appear to be intermediate. In particular,
the net contribution of body lipids to milk
fat was less affected than it had been with
glucose infusion. Some of the energy supplied in the form of C3 might not have
participated in hepatic neoglucogenesis
and so would have been a limiting factor
in short-chain fatty acid synthesis in the
udder because of the reduction of energy
under the form of glucose. Conversely,
circulating C3 not captured in the liver
might have been utilized in priority by the
udder for synthesizing odd-numbered fatty
acids, 5
C 1 in particular [14], because C1!
has a dual origin [25]. Results from Hurtaud et al. [14] and Lemosquet et al. [24]
give similar support to the above possibilities.

4.3. Milk coagulation

properties

Both glucogenic nutrients had a similar
adverse effect on fat contents but acted
through different metabolic pathways. It
was postulated that adipose tissue lipolysis or lipogenesis but also fatty acid elongation differed according to the energy
nutrient patterns. Further information
about hormonal control is necessary to
complete the picture.
Concentrate manipulation (more

improved forage intake)
increasing the energy supply, seems to be
a better way to increase protein secretion.
Experimentally, these conclusions seemed
concentrate or

be true for corn based diets with
medium levels of concentrates which provided significant amounts of glucogenic
nutrients.
Further work is required with other
diets differing in starch content and degradability (as for instance grass silage). In
order to manage the fat yield that is used at
the basis of milk quota determination, it
could also be of interest to explore the
relationships between doses of glucogenic nutrients (as C3 or glucose) and secretion of fat in the milk of dairy cows.
to

Level and nature of energy did not have
major effect on milk coagulation properties. At the initial pH, the significant
effect of glucose infusion was only due to
a slight decrease in milk pH [31]. At a
standardized pH, the improvement in curd
firmness with the change of nature of
energy (C3 or glucose versus VFA mixture
infusion) seemed to be a consequence of
the increase in protein, casein and colloidal calcium [15, 31].

The authors gratefully thank the late H.
H6tault and his crew for taking care of the cows
and I. Jicquel, L. Quintard, S. Rigault, L. Toullec and M. Verite for the laboratory analyses.
Our thanks also to Philip Rousseau-Cunningham for the English translation.

5. CONCLUSION
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