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ABSTRACT

A number of major scientific advances have been real-
ized in the last 25 yr in determining the opportunities
and limitations of altering milk composition through
nutritional manipulation. Because of the greater sensi-
tivity of milk fat to dietary manipulation than either
protein or lactose, nutritional control of milk fat content
and fatty acid composition received a great deal of at-
tention. New information emerged linking ruminal pro-
duction of trans fatty acid isomers with milk fat depres-
sion. As a result, research on fatty acid biohydrogena-
tion intensified yielding new insight on the origin of
specific trans fatty acid isomers originating from rumi-
nal biohydrogenation and how these isomers were mod-
ified by the action of mammary enzymes. The discovery
of conjugated linoleic acid (CLA) as a potent anticarci-
nogen also led to extensive work on enhancing its con-
centration in milk through nutritional manipulation
and discovering the physiological effects of specific CLA
isomers. New protected fats were developed in recent
years that were designed to resist biohydrogenation and
enhance the concentration of unsaturated fatty acids in
milk. The nutritional factors receiving the most atten-
tion during the last 25 yr for their influence on milk
protein content were forage-to-concentrate ratio, the
amount and source of dietary protein, and the amount
and source of dietary fat. New insights were tested
on modes of action whereby fat supplements caused a
decline in protein concentration. Changes in milk lac-
tose concentration occur only in extreme and unusual
feeding situations, but the basic biology of lactose syn-
thesis and regulation are still being explored using
modern molecular techniques. This paper highlights
the major advances in controlling milk composition by
dietary manipulation and how it influences the entire
animal system from practical feeding studies to basic
cellular work on mammary tissue metabolism.
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INTRODUCTION

The interest and momentum in manipulating the
composition of milk that was evident at the 75th anni-
versary of the American Dairy Science Association has
carried forward to the present day centennial anniver-
sary. The basic driving forces for manipulating the com-
position of milk remain the same, and include 1) im-
proving the manufacturing and processing of milk and
dairy products, 2) altering the nutritional value of milk
to conform to dietary guidelines set forth by governmen-
tal agencies, and 3) using milk as a delivery system for
nutraceuticals with known benefits to human health.

There was a clear realization in the early 1980s that
dietary control of milk composition had its opportuni-
ties but also its restrictions. The most sensitive compo-
nent of milk to dietary manipulation was fat content,
which could be changed over a range of 3 percentage
units. It was clear that lactose content could not be
manipulated by dietary changes, except under extreme
and unusual feeding situations. Milk protein was more
responsive to diet (over a 0.5-percentage unit range)
than lactose, but less responsive than fat. The period
from 1980 to 2005 has seen efforts at trying to alter the
content or composition of all 3 components. As expected,
the greatest changes were made in milk fat and fatty
acid composition.

This paper will review the major scientific advances
in manipulation of milk composition over the last 25
yr. A multitude of factors influence the final composition
of milk including genetics and breed of animal, environ-
ment, stage of lactation, parity, and nutrition of the
cow. Although all of these factors work in combination
to determine the final composition of milk, the focus of
this paper is on nutrition of the cow and how it influ-
ences milk fat, protein, and lactose. In the case of nutri-
tional control, a change in milk composition is realized
when one or more desired nutrients are incorporated
into the diet of the cow, followed by absorption and
transport of the nutrient to the mammary gland, and
terminates with secretion of the nutrient in milk as
either a desired component or as a regulator of milk syn-
thesis.

Manipulation of each milk component is discussed
separately with emphasis on the changes desired, the
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Table 1. Nutrient composition of whole and whole, dry milk1

Whole,
Whole dry

Water, % 88.32 2.47
Protein, % 3.22 26.32
Fat, % 3.25 26.71
Ash, % 0.69 6.08
Carbohydrate, % (by difference) 4.52 38.42
Energy, kcal/100 g 60 496
Cholesterol, mg/100 g 10 97
Fatty acids, % of total
Total saturated 64.9 66.1
Total monounsaturated 28.3 31.3
Total polyunsaturated 6.8 2.6

1Taken from USDA National Nutrient Database for Standard Ref-
erence, Release 18 (2004).

advances in enhancing the absorption and delivery of
the desired nutrient to the mammary gland, and use
of the nutrient by the mammary tissue to achieve the
desired objective. The ability to control milk composi-
tion by dietary manipulation came from significant sci-
entific contributions of the entire animal system, from
practical studies on feeding systems to basic cellular
work on mammary tissue metabolism.

MILK FAT

Target

Interest in manipulating the fat content of milk was
in full force entering the 1980s. The Dietary Guidelines
for Americans published in 1980 by the US Department
of Health and Human Services and the Department of
Agriculture (USDA) emphasized reductions in total fat,
saturated fat, and cholesterol. Similar recommenda-
tions for Americans were made in subsequent reports
published every 5 yr up to and including the latest
report in 2000, and were also made for Europeans by the
Department of Health (1994) in the United Kingdom.
These publications usually identified animal products
as the main source of saturated fat and cholesterol.

Whole milk is over 96% fat-free, but on a dry basis,
fat content is high (27%) with the majority (65%) of the
fatty acids being saturated (Table 1). About 50% of the
calories in milk come from fat. In 1994, dairy products
accounted for 9.3% of the total food energy consumed,
12.3% of the fat consumed, and 23.6% of the saturated
fat consumed in the United States (Economic Research
Service/USDA). Milk and milk products in the United
Kingdom in 1992 accounted for 15% of the total fat
consumed and 23% of the saturated fat consumed.

The pressure to reduce total fat content of dairy prod-
ucts, as well as to reduce its saturation, has continued
throughout the 1980s and 1990s and into the current
year. Producers were generally in conflict with consum-
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ers over milk fat content. In most of the United States,
the pricing system for milk offered producers a pre-
mium for high fat content, whereas many consumers
were focused on low-fat dairy products that conformed
to dietary guidelines. The dilemma was solved through
postharvest manipulation of fat content. Blending at
the processing plant has allowed consumers to choose
among fluid milk products that range from skim to
whole milk, including 1 and 2% fat choices. Americans
on a per capita basis were consuming less than 30 L of
whole milk in 2001 compared with 95 L in 1970. In
contrast, consumption of lower fat milks increased from
23 to 57 L per person from 1970 to 2001.

Nutritional control of milk fatty acid profile has re-
ceived considerable attention over the last 25 yr.
Whether the goal is to improve manufacturing proper-
ties of milk or to enhance the concentration of fatty
acids having beneficial health effects in humans, the
key objective was usually to increase one or more unsat-
urated fatty acids in milk. For instance, increasing oleic
acid content in milk enhances the plasticity and soft-
ness of milk fat, which has interested processors at-
tempting to improve the spreadability of butter. More-
over, market pressures continued over the last 25 yr to
find avenues for enhancing the concentration of the
“healthy” unsaturated fatty acids in milk. As an exam-
ple, the Wisconsin Milk Marketing Board in 1988 pub-
lished recommendations of a Milk Fat Roundtable stat-
ing that an “ideal” milk would contain no more than
8% saturated fatty acids, less than 10% polyunsatu-
rated fatty acids, and the remainder (82%) as monoun-
saturated fatty acids. In addition, information emerged
about the health effects of unsaturated trans fatty acids
produced in the rumen, which led to interest in enhanc-
ing their concentration in meat and milk.

Research then followed to determine the ability of
different diet formulations to reduce milk fat content
or enhance the concentration of unsaturated fatty acids.
Dietary factors receiving the most attention were the
amounts of grain and fat fed to cows. Each of these will
be discussed separately, with a greater emphasis on
the more researched fat supplements. The control of
milk fat and fatty acid composition by fat supplements
is complex because the transfer of dietary unsaturated
fatty acids to milk can be significantly lessened by sev-
eral factors including their destruction by ruminal mi-
croorganisms, poor rates of intestinal absorption, and
their deposition in adipose tissue rather than in mam-
mary fat. Thus, major advances in using fat supple-
ments to alter milk fatty acid profile included signifi-
cant work in understanding and controlling fatty acid
destruction by ruminal microorganisms and the uptake
and use of unsaturated fatty acids by the mammary
gland.
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Grain Feeding

Cereal grains are used liberally in dairy rations in the
United States because they are a cost-effective source of
digestible energy needed for maintaining high levels of
milk production. In addition to stimulating milk yield,
higher grain intakes also depress milk fat percentage
and alter fatty acid composition. Grain feeding typically
reduces the proportions of milk fatty acids having 6 to
16 carbons, and increases the proportion of 18-carbon
unsaturated fatty acids. Several theories to explain the
cause for the grain-induced milk fat depression were
under scrutiny in the early 1980s, but the exact cause
was not clear. Two theories receiving most of the atten-
tion at the time were 1) inadequate rumen production
of acetate and butyrate to support milk fat synthesis,
and 2) propionate from grain stimulates circulating in-
sulin concentration, which redirects metabolites away
from mammary tissue. Multiple studies have shown
that either theory is unlikely. See Bauman and Griinari
(2003) for a recent and thorough account of the theories
for milk fat depression.

One of the major breakthroughs on the theories of
milk fat depression in the last 25 yr was the refocus
on trans fatty acids as the causative agent of milk fat
depression in dairy cattle. Although trans fatty acids
were implicated in milk fat depression many years ear-
lier, it was new studies done in the early 1990s by
Richard Erdman (dairy cattle) and Beverly Teter (rat
studies) at The University of Maryland that redirected
attention to trans fatty acids. Studies were done at
several locations showing an inverse relationship be-
tween trans fatty acids in milk and milk fat content.
Several reports indicated substantial increases in milk
trans fatty acids without reductions in milk fat content,
which raised questions that not all trans fatty acid iso-
mers were associated with milk fat depression. Later
work showed that milk fat depression was more closely
associated with the production of trans-10 fatty acid
isomers in the rumen than with trans isomers in gen-
eral. Grain feeding was shown to enhance the produc-
tion of the trans-10 fatty acid isomers by ruminal micro-
organisms. An important study done at Cornell Univer-
sity by Dale Bauman and colleagues demonstrated
severe milk fat depression in cows infused with trans-
10,cis-12 conjugated linoleic acid (CLA), but no depres-
sion following infusion of the cis-9,trans-11 CLA isomer.
Further work with other conjugated dienes and trienes
have failed to find any further inhibitor of milk fat
synthesis. Thus, it appears that trans-10,cis-12 CLA is
the most likely factor in milk fat depression.

Fat Supplements

Extensive work on feeding fat to dairy cattle occurred
during the last 25 yr. The emphasis in the early 1980s
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was on using fat to provide more energy for milk produc-
tion. During this time period, extensive work was done
on developing rumen-inert or bypass fats that mini-
mized digestibility problems that often occurred when
feeding unsaturated oils to dairy cows. This led to com-
mercial development of a variety of bypass fats, includ-
ing calcium salts of fatty acids and products enriched
in saturated fatty acids. Analysis of milk fatty acid
composition was usually done in the same studies pro-
viding a large databank of information on the extent
that fat supplements could alter milk fatty acid compo-
sition.

Biohydrogenation. Untreated vegetable oils high
in unsaturated fatty acids have only limited ability to
alter milk fatty acid composition. The reason for this
was established decades before the 1980s, and is attrib-
uted to the microbial population located mainly in the
rumen that transform dietary unsaturated fatty acids.
Therefore, delivery of unsaturated fatty acids to mam-
mary tissue is limited even when their dietary concen-
tration is high. The ruminal microorganisms transform
unsaturated fatty acids in a process called biohydrogen-
ation, in which hydrogen addition via microbial en-
zymes removes double bonds in a fatty acyl chain con-
verting it from unsaturated to saturated (Figure 1).

There has been considerable interest over the last 25
yr in finding ways to shield dietary unsaturated fatty
acids from biohydrogenation to enhance their absorp-
tion and delivery to the mammary gland. One of the
first successful rumen-protected fats was prepared by
embedding unsaturated oils within a protein shell made
resistant to microbial attack by cross-linking with form-
aldehyde. The formaldehyde-protected fats were devel-
oped in Australia in the early 1970s and had dramatic
effects on enhancing unsaturated fatty acid in milk.
Although the formaldehyde-treated fats received atten-
tion in other countries, the technology was not adopted
commercially in the United States. Possible reasons
include health concerns about the use of formaldehyde,
cost and distribution of the product, or inconsistencies
in level of rumen protection.

Research to find alternative rumen-protected fats
continued throughout the past 25 yr. Figures 2 and
3 show examples of changes in oleic and linoleic acid
concentrations in milk fat when various forms of ru-
men-protected fats were fed to dairy cows. Oleic acid
concentration in milk fat varied from 18 to 24% of total
fatty acids when control rations containing no added
fat were fed to cows. When rumen-protected fats were
fed to cows, oleic acid in milk varied from 18 to as much
as 48%. The effects of fat source on milk linoleic acid
concentration were less dramatic. Linoleic acid concen-
tration in milk normally ranges from 1.5 to as much as
4% when cows are fed control diets with no added fat.
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Figure 1. Major steps in the biohydrogenation of linoleic acid
by ruminal microorganisms. Depending on conditions in the rumen,
various proportions of stearic acid and trans intermediates are pro-
duced from linoleic acid. The trans diene intermediates usually in-
clude various conjugated isomers or conjugated linoleic acid.

Feeding rumen-protected fats increased the upper
range of linoleic acid concentration to about 6.5%.

One of the proposed rumen-protected fat sources that
continues to be studied extensively is oilseeds. Oilseeds
were shown in some studies to provide protection from
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biohydrogenation due to the nature of their hard outer
seed coats, although the protection is probably best de-
scribed as limited and inconsistent. Oilseeds are com-
monly processed (ground, extruded, pelleted) to en-
hance their handling, intake, or digestibility, which can
significantly reduce their resistance to biohydro-
genation.

Calcium salts of fatty acids also were examined for
possible protection from biohydrogenation. They were
originally developed at The Ohio State University by
Don Palmquist and coworkers as a means to avoid di-
gestibility problems when feeding high amounts of fat
to dairy cattle. Key studies done at The Ohio State
University and The University of Illinois in the mid-
1990s revealed some ability of unsaturated fatty acids
in calcium salts of palm oil to resist biohydrogenation.
Although the degree that calcium salts resist biohydro-
genation is still under scrutiny, several commercial
products are available using calcium salts to enhance
the absorption of unsaturated fatty acids.

Amides of unsaturated fatty acids also were devel-
oped at Clemson University by Tom Jenkins in the early
1990s as a way to enhance unsaturated fatty acids in
milk. Studies done at Clemson University showed vari-
able protection of amides from biohydrogenation de-
pending on the specific fatty acid and amide linkage.
Oleamide fed to lactating cows was able to substantially
enhance oleic acid concentration in milk, but the same
amide bond linkage with polyunsaturated fatty acids
was less effective.

The scientific advances the last 25 yr in elucidating
and regulating the pathway of fatty acid biohydrogena-
tion by ruminal microorganisms played an important
role in achieving the present day successes in nutri-
tional manipulation of milk composition. Work in this
area was fueled by major discoveries showing physio-
logical and health benefits of trans fatty acid intermedi-
ates that arise from the pathways of biohydrogenation,
such as trans fatty acids and milk fat depression.

Another significant finding bringing a great deal of
attention to biohydrogenation intermediates in milk fat
was the discovery that CLA had beneficial effects on
human health, most notably cancer-fighting properties.
It was the cis-9,trans-11 CLA isomer in particular that
received the most attention for its anticarcinogenic
properties, which was known to arise from the biohydro-
genation of linoleic acid. The recent interest in enhanc-
ing biohydrogenation intermediates in milk propagated
research to determine the origin and possible enhance-
ment of beneficial fatty acid isomers produced in the
rumen. A number of studies used modern techniques
of gas chromatography combined with mass spectros-
copy to identify a multitude of positional and geometric
trans isomers produced in ruminal contents from lipid
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Figure 2. Samples of data from published studies showing the extent that oleic acid concentration in milk fat varies when lactating
cows are fed control diets with no added fat or diets containing various sources of rumen-protected fat. Rumen-protected fat sources included
whole oilseeds, amides of fatty acids, calcium (Ca) salts of fatty acids, and formaldehyde-treated (FT) fats.

biohydrogenation. More than 10 positional isomers of
trans monoene fatty acids and a dozen or more CLA
isomers have been identified in intestinal contents of
ruminants in recent studies.

The discovery of a multitude of trans fatty acid iso-
mers including CLA in the rumen of cattle confirmed
the incompleteness of the pathways of biohydrogena-
tion, which accounted for only a few of the trans isomers
actually known to exist. Several advances followed that
shed light on the origin of these trans intermediates.
One of these was the proposal by Griinari and Bauman
at Cornell University that a trans-10 double bond inter-
mediate was formed from the biohydrogenation of lino-
leic and linolenic acids, followed by later work at Cornell
University by Kim and Russell isolating a bacterium
from ruminal contents that was capable of producing
a trans-10,cis-12 CLA. At the same time, Mosley and
Jenkins at Clemson University reported the conversion
of labeled carbons from oleic acid to trans fatty acids
by mixed ruminal microorganisms, including the forma-
tion of a trans-10 isomer.

Fatty Acid Use by the Mammary Gland. Many of
the advances in nutritional manipulation of milk fat
content were made possible by enhancing our basic un-
derstanding of the principles of nutrient uptake and

Journal of Dairy Science Vol. 89 No. 4, 2006

use by the mammary gland. Many of the advances the
last 25 yr were focused on characterizing the regulatory
steps in fatty acid synthesis and desaturation. Desatur-
ase activity in the mammary secretory cell converts
stearic acid arising from ruminal biohydrogenation to
oleic acid that is secreted in milk. Thus, studies have
been directed at enhancing activity of the ∆9-desatur-
ase to increase oleic acid at the expense of saturated
fatty acids in milk.

An important discovery within the last few years was
the observation that the ∆9-desaturase was the predom-
inant source of the cis-9,trans-11 CLA isomer in milk,
which has a number of benefits to human health (in-
cluding anticarcinogenic properties). Trans-11 arising
from biohydrogenation in the rumen is transferred to
the mammary tissue and desaturated to cis-9,trans-11
CLA via the ∆9-desaturase. This has shifted attention
to manipulating ruminal biohydrogenation to enhance
the yield of the trans-11 isomer.

Research at the cellular and molecular level promises
to unveil even more opportunities for regulating fatty
acid synthesis and desaturation in mammary tissue.
Some recent areas of investigation include CLA effects
on the synthesis and abundance of mRNA for key mam-
mary enzymes involved in de novo fatty acid synthesis,
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Figure 3. Samples of data from published studies showing the extent that linoleic acid concentration in milk fat varies when lactating
cows are fed control diets with no added fat or diets containing various sources of rumen-protected fat. Rumen-protected fat sources included
whole oilseeds, amides of fatty acids, calcium (Ca) salts of fatty acids, and formaldehyde-treated (FT) fats.

and the effects of CLA isomers on the peroxisome prolif-
erator-activated receptor and sterol regulatory ele-
ment-binding protein family of nuclear transcription
factors.

MILK PROTEIN

Target

The nitrogen fractions of milk can be broadly divided
into 3 categories; casein, whey, and NPN. Casein com-
prises the majority of the nitrogen in milk (about 78%),
with lesser amounts of whey N (17%) and NPN (5%).
In cheese making, curd structure, curd firmness, and
cheese yield are directly related to casein content. The
nutritional factors receiving the most attention the last
25 yr for their influence on milk protein content were
forage-to-concentrate ratio, the amount and source of
dietary protein, and the amount and source of di-
etary fat.

As pointed out in the excellent review on manipulat-
ing the nitrogen composition of milk by DePeters and
Cant (1992), it is important to distinguish between re-
sponses that affect protein content (percentage in milk)
vs. those affecting protein yield (kg of protein/d). It often
happens that dietary changes having positive impacts
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on milk and protein yields cause negative effects on
protein content. The goal in most instances is to in-
crease protein content while maintaining or increasing
milk yields.

Forage-to-Concentrate Ratio

In most cases, reducing the proportion of forage in
the diet of a cow increases both protein content and
yield. Milk protein content can be increased by 0.4 per-
centage units or more if forage proportion in the diet
is reduced to 10% or less of the diet DM. Because a
minimum concentration of forage is needed in typical
dairy diets (generally at least 40%) to avoid digestive
and metabolic disturbances, reducing the forage-to-con-
centrate ratio has not been a practical method of consis-
tently enhancing milk protein content. Another issue
has been to determine if forage is the direct cause of
milk protein depression, or if it is an indirect effect
of decreasing energy intake. Limited research on this
question the last 25 yr points to a greater role for energy
intake, with fiber content of the ration having little
direct influence on milk protein content.

Rapidly fermentable dietary carbohydrate has been
associated with milk protein content through meta-
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Figure 4. Samples of data from published studies showing the extent that milk protein percentage varies with amount and type of
dietary protein. Diet protein percentage is shown in parenthesis following source of protein, which includes the amino acids methionine
and lysine, soybean meal (SBM), corn gluten feed (CGF), heated soybean meal (HSBM), ground shelled corn (GSC), and extended soybean
meal (ESBM).

analysis. Tying the fermentation of starch to propionate
production in the rumen led to a series of experiments
in which the effects of insulin were evaluated on milk
protein content and yield. The hyperinsulinemic-eugly-
cemic clamp technique was used to examine raised insu-
lin concentrations without the confounding effects of
hypoglycemia. Results demonstrated a modest increase
in milk protein unless casein was infused abomasally.
When combined, insulin and casein produced substan-
tial increases in milk protein content (10%) and yield
(28%). These results may explain how changes in the
forage-to-concentrate ratio regulate milk protein pro-
duction. When rapidly fermentable carbohydrate is fed,
greater production of propionate and microbial protein
is produced leading to signals in the cow’s body to pro-
duce more milk and milk protein.

Amount and Source of Protein

Unlike forage-to-concentrate ratio, the effects of
amount and source of protein in the diet on milk protein
content have been extensively investigated. However,
it soon became clear that dramatic changes in either
amount or source of protein caused only modest changes
in the protein content of milk. The data in Figure 4

Journal of Dairy Science Vol. 89 No. 4, 2006

show a spread of milk protein from 2.85 to 3.27% as
protein content in the diet varied from 15.0 to 19.5% and
included a wide variety of protein sources, including
rumen-protected amino acids. As pointed out by Roy
Emery at Michigan State University in his 1978 review
on feeding for increased milk protein, protein content
of milk increases only about 0.02 percentage units for
each 1 percentage unit increase in dietary protein.

A low transfer efficiency (25 to 30%) of dietary protein
to milk is a major factor accounting for the inability of
diet to markedly alter milk protein content. An excel-
lent review of the protein transfer limitations from diet
to milk was given by Bequette, Backwell, and Crompton
located at the Rowett Research Institute and the Uni-
versity of Reading (United Kingdom). Their review dis-
cusses that adequate amino acids are delivered to mam-
mary tissue, but that a key factor for the low rates of
transfer relates to poor capture of the amino acids by
the mammary gland. Blood flow through the mammary
gland is implicated as a key cause of this poor capture,
which is part of the overall process for the coordinated
timing of nutrient delivery to the mammary gland. Con-
trary to this point, studies in cows undergoing a hyper-
insulinemic-euglycemic clamp show that both mam-
mary blood flow and amino acid extraction can adjust
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leading to enhanced milk protein production. This sug-
gests that the mammary gland has the capacity to alter
the uptake of substrates from the arterial supply in
response to changes in arterial amino acid concentra-
tions, mammary blood flow, and metabolic activity to
improve milk protein production.

Amount and Source of Fat

As fat supplements were being explored as energy
sources for dairy cows, it soon became apparent that
feeding additional fat was often accompanied by a de-
cline in milk protein content. As a result, feeding fat
had to be limited in markets where milk pricing gave
an incentive to protein content. On average, protein
content in milk declined 0.03 percentage units for each
100 g of supplemental fat intake, or about 0.1 to 0.3
percentage units for most typical levels of fat feeding.
When fat supplementation reduced milk protein con-
tent, the casein fraction declined the most. Fat effects
on the whey fraction were inconsistent and NPN gener-
ally increased. Because fat supplements increased milk
yield when properly fed, total daily production of milk
protein remained the same or even increased when fat
was fed, despite the decline in protein content.

Several important studies were done in the last 25
yr to elucidate the mechanism whereby fat supplements
cause this dilution effect, i.e., a greater increase in milk
yield than protein yield. One such proposal was by Cas-
per and Schingoethe at the University of South Dakota.
They proposed that elevated blood fatty acids from the
fat supplement decreased the release of somatotropin,
which reduced mammary extraction of amino acids.
Work done by Cant, DePeters, and Baldwin at the Uni-
versity of California led to an alternative proposal. In
a 1991 study, they showed that infusing casein into
the abomasum of lactating cows fed 4% yellow grease
increased arterial amino acid concentrations but failed
to prevent the milk protein depression. In a later 1993
study, they observed a 7% drop in mammary blood flow
when cows were fed fat, thus preventing increased re-
moval of critical amino acids as milk synthesis in-
creased. The same researchers proposed that fat sup-
plements reduced milk protein concentration by reduc-
ing blood flow through the mammary gland causing
reduced extraction of blood amino acids. Milk volume
is increased in their explanation by the higher fatty
acids inhibiting mammary de novo fat synthesis, caus-
ing a sparing of acetate for oxidation and more glucose
available for lactose and milk synthesis.

MILK LACTOSE

As stated earlier, few studies have detected any sig-
nificant change in lactose content of milk in cows fed
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diets in the normal range. Studies using mice have
evaluated the impact of low lactose content on milk
production. Using gene knockouts of α-lactalbumin,
these studies have determined that lactose synthesis
requires α-lactalbumin. This may not be advantageous
to the dairy industry, as the milk produced was too
viscous to be removed by the nursing pups. Therefore,
it is likely that postharvest technology will be required
to reduce lactose content of milk.

FUTURE DIRECTIONS

To the extent that milk pricing is linked to milk com-
ponents, producers will continue to exploit nutrition of
the cow as a means to modify milk composition for
maximum economic return. As more coverage of the
bovine genome becomes publicly available, opportuni-
ties will be explored to genetically manipulate or de-
velop lines of cows that produce milk with a specific
composition. Nutrition will remain an integral part of
expressing this modified genetic potential. The greatest
opportunities on the horizon for manipulating milk
composition will be directed at using milk for delivery of
nutraceuticals to enhance human health and to combat
clinical diseases such as obesity, lactose intolerance, or
osteoporosis. The fatty acid profile of milk will continue
to receive attention in these areas, as it is a reservoir
for many of the unique (and as yet unknown) trans
isomers of ruminal origin having a wide range of physio-
logical responses. Enhancing specific proteins in milk
to enhance human health will also be important, but
because milk protein composition is less responsive to
diet than fat, postharvest manipulation by processors
and food scientists will play a major role.
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