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Abstract

A number of mgor scientific advanceshave
beenrealized thelast 25 yearsin determining the
opportunities and limitations of atering milk
composition through nutritional manipulation.
Because of the greater sensitivity of milk fat to
dietary manipulation than either protein or lactose,
nutritiona control of milk fat content and fatty acid
compositionreceived agreat dedl of attention. New
information emerged linking rumina production of
transfatty acidisomerswithmilk fat depresson. As
aresult, research on fatty acid biohydrogenation
intensified, yielding new insight onthe origin of
specific transfatty acid isomersoriginating from
ruminal biohydrogenation and how theseisomers
weremodified by the action of mammary enzymes.
Thediscovery of conjugated linoleicacid (CLA)
asapotent anticarcinogen asoled to extensvework
on enhancing its concentration in milk through
nutritional manipulation and discovering the
physiologicd effectsof specific CLA isomers. New
protected fatswere devel oped in recent yearsthat
were designed to resist biohydrogenation and
enhancethe concentration of unsaturated fatty acids
inmilk. Thenutritional factorsreceiving the most
attention during thelast 25 yearsfor their influence
on milk protein content wereforageto concentrate
ratio, theamount and source of dietary protein, and
theamount and source of dietary fat. New insights
were tested on modes of action whereby fat
supplements caused a decline in protein
concentration. Changesinmilk lactose concentration

occur only inextremeand unusud feeding Stuations,
but the basic biology of lactose synthesis and
regulation arestill being explored using modern
molecular techniques. Thispaper highlightsthemgor
advancesin controlling milk compostion by dietary
manipul ation and how it impactstheentireanimal
sysemfrom practica feeding sudiestobasiccdlular
work on mammary tissue metabolism.

Introduction

Thebasicdriving forcesfor manipulating
thecomposition of milk aremuchthesamenow as
they were 25 yearsago, and include 1) improving
themanufacturing and processing of milk and dairy
products, 2) dtering thenutritiona valueof milk to
conform to dietary guidelines set forth by
governmental agencies, and 3) using milk as a
delivery system for nutraceuticals with known
benefitsto human health. Theperiod from 1980to
2005 has seen effortsat trying to alter the content
or compositionof al threecomponents- fa, protein,
and lactose. Asexpected, the greatest changeswere
madeinmilk fat and fatty acid composition.

Thispaper waswrittenwith gtrict adherence
totwolimitations. Firdt, itisnot theintention of this
paper to citethevast scientific literature compiled
over thelast 25 yearsrelating to manipulation of
milk composition. The contributionshave beentoo
numerous, and an undertaking such asthiswould
be better suited for areview articleinascientific
journal where the merits of each study could be
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evauated. Insteed, thispaper will focusonthemgor
advancesthat have occurred over thelast 25 years
that arenow recogni zed assignificant sepsforward
innutritiona control of milk composition.

Thesecond limitationwasto maintainfocus
on nutrition. We know that amultitude of factors
influencethefinal composition of milk, including
geneticsand breed of animd, environment, stage of
lactation, parity, and nutrition of the cow. Although
all of thesefactorswork in combinationwith each
other to determinethefina compositionof milk, the
focus of this paper ison nutrition of the cow and
how it impactsmilk fat, protein, and lactose.

With these goal sin mind, manipulation of
each milk component isdiscussed separately below
with emphasison thechangesdesired, theadvances
in enhancing the absorption and delivery of the
desred nutrient tothemammary gland, and utilization
of the nutrient by the mammary tissueto achieve
the desired objective. Taken collectively, the
advancesin altering milk composition by dietary
manipulation have come from significant
contributions of the entire animal system, from
practicd sudiesonfeeding systemstobasccdlular
work on mammary tissue metabolism.

Milk Fat
Target

Nutritiona control of milk fatty acid profile
hasrecelved consderableattention over thelast 25
years(Mansbridge and Blake, 1997). Whether the
god istoimprove manufacturing propertiesof milk
or to enhancethe concentration of fatty acidshaving
beneficid hedth effectsin humans, thekey objective
was usually to increase one or more unsaturated
fatty acidsinmilk. For instance, increesingoleicacid
content inmilk enhancesthe plasticity and softness
of milk fat, which has interested processors
attempting toimprovethe spreadability of butter.
Also, market pressures continued over thelast 25

yearstofind avenuesfor enhancing the concentration
of the“hedthy” unsaturated fatty acidsinmilk.As
anexample, theWisconsin Milk Marketing Board
in 1988 published recommendationsof aMilk Fat
Roundtablegatingthat an“ided” milk would contain
no more than 8% saturated fatty acids, lessthan
10% polyunsaturated fatty acids, and theremainder
(82%) as monounsaturated fatty acids (Berner,
1993). Inaddition, information emerged about the
health effects of unsaturated trans fatty acids
produced in the rumen, which led to interest in
enhancing their concentrationinmeat and milk.

Research then followed to determinethe
ability of different dietary formulationstoreducemilk
fat content or enhance the concentration of
unsaturated fatty acids. Dietary factorsrecelvingthe
most attention were the amounts of grain and fat
fed to cows. Each of these will be discussed
separately, with agreater emphasis on the more
researched fat supplements. Thecontrol of milk fat
and fatty acid composition by fat supplementsis
complex becausethetransfer of dietary unsaturated
fatty acidsto milk can be significantly lessened by
severd factorsincluding their biohydrogenation by
ruminal microorganisms, poor rates of intestinal
absorption, and their deposition in adiposetissue
rather than in mammary fat. Thus, maor advances
inusingfat supplementstoater milk fatty acid profile
included significant work in understanding and
controlling fatty acid biohydrogenation by ruminal
microorganismsand the uptake and utilization of
unsaturated fatty acidsby themammary gland.

Grain feeding

Cereal grainsare used liberally in dairy
rationsintheU. S. becausethey areacog-€effective
sourceof digestible energy needed for maintaining
high levels of milk production. In addition to
simulating milk yield, higher grainintakescanaso
depress milk fat percentage and alter fatty acid
composition. Grain feeding typically reducesthe
proportionsof milk fatty acidshaving 6 through 16
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carbons, and increasesthe proportion of 18-carbon
unsaturated fatty acids. Severa theoriesto explain
the causefor thegrain-induced milk fat depression
wereunder scrutiny intheearly 1980s, but theexact
cause was not clear. Two theoriesreceiving most
of theattention a thetimewere: 1) inadequaterumen
production of acetate and butyrateto support milk
fat synthes's, and 2) propionatefromgrain timulates
circulating insulin concentration, which redirects
metabolitesaway from mammary tissue. Multiple
studies have shown that both theoriesare unlikely.
See Bauman and Griinari (2003) for arecent and
thorough account of the theories for milk fat
depression.

One of the maor breakthroughs on the
theories of milk fat depression during thelast 25
years was the refocus on transfatty acids asthe
causativeagent of milk fat depressonindairy cattle,
Although transfatty acidswereimplicated in milk
fat depresson many yearsearlier, it wasnew studies
doneintheearly 1990'sby Dr. Richard Erdman
with dairy cattle and mouse studiesby Dr. Beverly
Teter a TheUniversity of Maryland that redirected
theattention ontransfatty acids. Studiesperformed
at severa locationsshowed aninverserelationship
between transfeatty acidsinmilk and milk fat content.
Several reportsindicated substantial increasesin
milk transfatty acidswithout reductionsinmilk fat
content, which raised questionsthat not al trans
fatty acid isomerswere associated with milk fat
depression. Later, work showed that milk fat
depression wasmore closely associated with the
production of trans-10faity acidisomersintherumen
thanwithdl transisomersingenera. Grainfeeding
was shown to enhancethe production of thetrans-
10fatty acid isomersby rumina microorganisms.
Animportant study doneat Cornell University by
Dr. Dale Bauman and colleagues demonstrated
severe milk fat depression in cowsinfused with
trans-10, cis-12 CLA, but no depression following
infuson of thecis-9, trans-11 CL A isomer. Further
work with other conjugated dienesand trieneshave
faledtofindany further inhibitor of milk fat synthesis
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Thus, it appearsthat trans-10, cis-12 CLA isthe
most likely factor causing milk fat depression.

Fat supplements

Extendvework onfeedingfattodarry cattle
occurred over thelast 25 years. Theemphasisin
theearly 1980'swason using fat to provide more
energy for milk production. During thistimeperiod,
extensive work was done on devel oping rumen-
inert or bypass fats that minimized digestibility
problems that often occurred when feeding
unsaturated oils to dairy cows. This led to
commercid development of avariety of bypassfats,
including calcium saltsof fatty acidsand products
enriched in saturated fatty acids. Analysisof milk
fatty acid compositionwasusudly doneinthesame
studiesproviding alarge databank of information
ontheextent that fat supplementscould ater milk
fatty acid composition.

Untrested vegetableoilshighin unsaturated
fatty acidshaveonly limited ability todter milk faity
acid composition. The reason for this was
established decades prior to the 1980's and is
attributed tothemicrobia populationlocated mainly
intherumenthat trandform dietary unsaturated fatty
acids. Therefore, delivery of unsaturated fatty acids
tomammary tissueislimited evenwhentheir dietary
concentrationishigh. Therumina microorganisms
transform unsaturated fatty acidsinaprocesscaled
biohydrogenation (Jenkins, 1993), wheremicrobia
enzymes add hydrogen acrossthe carbon:carbon
doublebondsof thefatty acyl chain, convertingthe
doublebond from unsaturated to saturated (Figure
1).

There hasbeen considerableinterest over
thelast 25 yearsin finding waysto shield dietary
unsaturated fatty acidsfrom biohydrogenationin
order to enhancetheir absorption and delivery to
themammary gland (Jenkins, 1998). Figures2and
3 show examples of changesinoleicandlinoleic
acid concentrationsin milk fat when variousforms
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of rumen-protected fats were fed to dairy cows.
Olecacid concentrationinmilk fat varied from 18
to 24% of total fatty acidswhen control rations
containing no added fat werefed to cows. When
rumen-protected fatswerefed to cows, oleic acid
in milk varied from 18 to as much as 48%. The
effects of fat source on milk linoleic acid
concentration wereless dramatic. Linoleic acid
concentrationinmilk normally rangesfrom 1.5to
as much as 4% when cows are fed control diets
with no added fat. Feeding rumen-protected fats
increased the upper range of linoleic acid
concentration to about 6.5%.

Another sgnificant finding bringing agreet
dedl of attention to biohydrogenationintermediates
inmilk fat wasthediscovery that CLA hed beneficid
effects on human health, most notably cancer-
fighting properties. It wasthecis-9, trans-11 CLA
isomer in particular that recelved themost attention
for itsanticarcinogenic properties, whichwasknown
to arisefrom the biohydrogenation of linoleicacid.
Therecent interest in enhancing biohydrogenation
intermediates in milk propagated research to
determinethe origin and possi ble enhancement of
beneficid fatty acidisomersproduced intherumen.

Many of the advances in nutritional
manipulation of milk fat content weremadepossible
by enhancing our basic understanding of the
principlesof nutrient uptakeand utilization by the
mammary gland. Many of theadvancesduring the
last 25 yearswerefocused on characterizing the
regulatory steps in fatty acid synthesis and
desaturation. Desaturase activity inthe mammary
secretory cell converts stearic acid arising from
ruminal biohydrogenation to oleic acid that is
secreted in milk. Thus, studieshave been directed
at enhancing activity of delta-9 desaturasein order
toincreaseoleic acid at the expense of saturated
fatty acidsinmilk.

Animportant discovery withinthelast few
years was the observation that the delta-9

desaturase wasthe predominant source of thecis-
9, trans-11 CLA isomer inmilk, which hasanumber
of benefits to human health (including
anticarcinogenic properties). Trans-11arisngfrom
biohydrogenationintherumenistransferred tothe
mammary tissue and desaturated to cis-9, trans-11
CLA viathedelta-9 desaturase. Thishasshifted
attention to manipulating rumina biohydrogenation
to enhancetheyield of thetrans-11 isomer.

Milk Protein
Target

The nitrogen fractions of milk can be
broadly dividedinto threecategories. casain, whey,
and nonprotein nitrogen (NPN). Caseln comprises
themajority of the nitrogenin milk (about 78%),
with lesser amounts of whey N (17%) and NPN
(5%). In cheese-making, curd structure, curd
firmness, and cheeseyield aredirectly related to
caseln content. Thenutritiona factorsreceivingthe
most attention during the last 25 yearsfor their
influence on milk protein content wereforageto
concentrateratio, theamount and source of dietary
protein, and the amount and source of dietary fat
(DePetersand Cant, 1993; Bequetteet ., 1998).

Forage to concentrate ratio

In most cases, reducing the proportion of
forageinthediet of acow increasesboth protein
content and yield. Milk protein content can be
increased 0.4 percentage unitsor moreif forage
proportioninthediet isreduced to 10% or less of
thedietary DM. Becauseaminimum concentration
of forageisneededintypical dairy diets(generaly
40% or greater) to avoid digestive and metabolic
disturbances, reducing theforageto concentrateratio
has not been a practical method of consistently
enhancing milk protein content. Another issuehas
been to determineif forageisthedirect cause of
milk proteindepression, or if itisanindirect effect
of decreasing energy intake. Limited research on
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this question during the last 25 years pointsto a
greater rolefor energy intake, with fiber content of
theration havinglittledirect influenceonmilk protein
content.

Rapidly fermentable dietary carbohydrate
has been associated with milk protein content.
Several studies utilized a hyperinsulinemic-
euglycemic clamp technigue to examine raised
insulin concentrations without the confounding
effectsof hypoglycemia. Resultsdemonstrated a
modest increasein milk protein unlesscaseinwas
infused abomasally. When combined, insulinand
casaln produced substantial increasesinmilk protein
content (10%) andyield (28%). Thus, whenrapidly
fermentable carbohydrateisfed, greater production
of propionate and microbial proteinisproduced,
leadingto Sgndsinthecow’sbody to producemore
milk and milk protein.

Amount and source of protein

Unlike forage to concentrate ratio, the
effectsof amount and source of proteininthediet
on milk protein content have been extensively
investigated. However, it soon became clear that
dramatic changesin either amount or source of
protein caused only modest changesin the protein
content of milk. Thedatain Figure4 show aspread
of milk protein from 2.85 to 3.27% as protein
contentinthediet varied from 15.0to 19.5% and
included awidevariety of protein sources, including
rumen-protected amino acids. As pointed out by
Dr. Roy Emery at Michigan State University inhis
1978 review onfeeding for increased milk protein,
protein content of milk increasesonly about 0.02%
for each 1% increasein dietary protein (Emergy,
1978).

Low transfer efficiency (25 to 30%) of
dietary proteinto milk isamagjor factor accounting
for theinability of diet tomarkedly dter milk protein
content. Blood flow through themammary glandis
implicated asakey causeof thispoor capture, which
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ispart of the overall processfor the coordinated
timing of nutrient delivery to themammary gland.
Contrary to thispoint, studiesin cowsundergoinga
hyperinsulinemic-euglycemic clamp show that both
mammary blood flow and amino acid extraction can
adjudt, leading to enhanced milk protein production.
This suggests that the mammary gland has the
capacity to ater the uptake of substratesfromthe
arterial supply inresponseto changesin arterial
amino acid concentrations, mammary blood flow,
and metabolic activity to improve milk protein
production.

Amount and source of fat

Asfat supplementswerebeing explored as
energy sources for dairy cows, it soon became
apparent that feeding additional fat was often
accompanied by adeclinein milk protein content.
Asaresult, feeding fat had to belimited in markets
where milk pricing gave an incentive to protein
content. Onaverage, protein contentinmilk declined
0.03% for each 100 g supplemental fat intake, or
about 0.1 to 0.3 percentage unitsfor most typical
levelsof fat feeding. When fat supplementation
reduced milk protein content, the casein fraction
declined themost. Fat effectsonthewhey fraction
wereinconsistent and NPN generally increased.
Becausefat supplementsincreased milk yieddwhen
properly fed, total daily production of milk protein
remained the sameor evenincreased when fat was
fed, despitethedeclinein protein content.

Severd important sudiesweredoneduring
thelast 25 yearsto ducidatethe mechanisn whereby
fat supplements causethisdilution effect, i.e., a
greater increaseinmilk yiddthan proteinyield. One
proposal was by Casper and Schingoethe (1989)
at theUniversity of South Dakota. They proposed
that elevated blood fatty acids from the fat
supplement decreased therel ease of somatotropin,
which reduced mammary extraction of aminoacids.
Work doneby Cant et a. (1991) at the University
of Californialed to an aternative proposal. They
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showed that infusing caselninto the abomasum of
lactating cows fed 4% yellow grease increased
arterial amino acid concentrations but failed to
prevent themilk protein depression. Inalater study
(Cant et al., 1993), they observed a 7% drop in
mammary blood flow when cowswerefed fat, thus
preventing increased removd of criticd aminoacids
as milk synthesis increased. The University of
Cdliforniaworkers proposed that fat supplements
reduced milk protein concentration by reducing
blood flow through the mammary gland causing
reduced extraction of blood amino acids. Intheir
explanation, milk volumeisincreased by the higher
fetty acidsinhibitingmammary denovofat synthess,
causing asparing of acetatefor oxidation and more
glucoseavailablefor lactoseand milk synthess.

Milk Lactose

Asdated earlier, few sudieshave detected
any sgnificant changeinlactose content of milkin
cowsfeddietsinthenormal range. Studiesusing
mice have evaluated the impact of low lactose
content on milk production. Using geneknockouts
of o-lactabumin, these gudieshave determined that
lactose synthesisrequireso-lactalbumin. Thismay
not be advantageousto the dairy industry, asthe
milk produced wastoo viscousto be removed by
the nursing pups. Therefore, it is likely that
postharvest technology will berequired to reduce
lactose content of milk.

Summary

Totheextent that milk pricingislinkedto
milk components, producerswill continueto exploit
nutrition of the cow as a means to modify milk
composition for maximum economic return. With
the compl ete mapping of the cattle genomenot far
away, opportunitieswill beexplored to genetically
manipulate or devel op linesof cowsthat produce
milk withaspecificcompaosgtion. Nutritionwill remain
anintegra part of expressing thismodified genetic
potential. The greatest opportunitiesonthehorizon

for manipulating milk compositionwill bedirected
atusngmilk for ddivery of nutraceuticalsto enhance
human hedlth (Department of Hedlth, 1994; Dixon
and Ernst, 2001) and to combat clinical diseases,
such asobesity, lactoseintolerance, or osteoporosis.
Fatty acid profile of milk will continueto receive
atentionintheseareas, asitisareservoir for many
of the unique, and yet unknown, transisomers of
rumind origin havingawiderangeof physiologica
responses. Enhancing specific proteinsin milk to
enhance human health will also beimportant, but
becausemilk protein compogitionislessresponsive
to diet than fat, postharvest manipulation by
processorsand food scientistswill play amgjor role.
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Linoleic Acid

18 carbons and 2 double bonds
no trans double bonds

Bacterial isomerase

Trans Dienes

18 carbons and 2 double bonds
one or more trans double bonds

Bacterial reductase

Trans Monoenes

18 carbons and 1 trans double bond
trans bond usually shown at carbon 11

Bacterial reductase

Stearic Acid

18 carbons and O double bonds
saturated

Figurel. Magor stepsinthe biohydrogenation of linoleic acid by rumina microorganisms. Depending on
conditionsintherumen, various proportionsof stearic acid and transintermediatesare produced fromlinoleic
acid. Thetransdieneintermediates usually include various conjugated isomersor conjugated linoleic acid.
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Figure2. Samplesof datafrom published studies showing the extent that olei c acid concentration in milk
varieswhen lactating cowsarefed control dietswith no added fat or dietscontai ning various sources of rumen-
protected fat. Rumen-protected fat sourcesincluded whole oil seeds, amidesof fatty acids, calcium (Ca) salts
of fatty acids, and formaldehyde-treated (FT) fats.
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Milk Linoleic Acid, % of fatty acids

Figure3. Samplesof datafrom published studies showing theextent that linoleic acid concentration in milk
varieswhen lactating cowsarefed control dietswith no added fat or diets containing various sources of
rumen-protected fat. Rumen-protected fat sourcesincluded whole oil seeds, amidesof fatty acids, calcium
(Ca) sdtsof fatty acids, and formaldehyde-treated (FT) fats.
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Met (16.1)
Met (18.9) |
SBM+Met (15.6) |
Met + Lys (19.5) |
Met (19.5) |
CGF+Met (16.2) |
Met (19.5) |
HSBM+Met (15.0) |
GSC+Met (15.7) |
GSC (15.7) |

CGF (16.2) |

HSBM (15.0) |
ESBM +Met (15.7) |
ESBM (15.7) | )

Control (16.1) | ‘ ‘ ]
Control (18.8) | ‘ ‘
Control (15.6) ‘ ‘

1 1

Control (19.5) |

2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4
Milk Protein, %

Figure4. Samplesof datafrom published studiesshowing the extent that milk protein percentagevaries
with amount and type of dietary protein. Dietary protein percentageisshown in parenthesisfollowing source
of protein (CGF = corn gluten feed, ESBM = extruded soybean meal, GSC = ground shelled corn, HSBM
= heated soybean medl, Lys=rumen protected lysine, M et = rumen protected methionine, and SBM =
soybeanmedl .
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