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ABSTRACT

Dairy producers rely heavily on advisors with deep 
expertise in nutrition, reproduction, and health. How-
ever, a shift is occurring, driven both by farm size 
and by advances in biology. Larger dairy businesses 
can investigate management options with a degree of 
precision never before possible; simultaneously, the 
lines between the metabolic, immune, and reproductive 
systems are becoming blurred. For example, new re-
search has revealed a surprising role for immune cells in 
regulating metabolism and documented the nutrient re-
quirements of the immune system. The gut epithelium 
has garnered new attention as a tissue that actively 
manages the commensal microbiome, entrains the re-
sponses of the neonatal immune system, and provides 
a barrier limiting movement of molecules from the gut 
lumen. New hormone discoveries have added adipose 
tissue, bone, and muscle to the list of endocrine organs. 
Finally, nutrients are now seen not only as substrates 
and cofactors, but also as signals that can alter cel-
lular function. What does all of this mean for the dairy 
industry? Consultants are increasingly reaching across 
disciplinary boundaries to best support the physiology 
of the cow. However, research is needed to translate 
proof-of-principle findings into applications in cattle. 
Key unanswered questions include the degree to which 
roles of the hindgut in monogastrics translate to rumi-
nants, and whether some host–microbe crosstalk also 
occurs in the rumen; whether hormone release by stor-
age organs during a catabolic state affects reproductive 
function; and the degree to which immunostimulation 
by dietary signals enhances or disrupts health and 
productivity. It is critical to address these questions 
with multiple approaches. Mechanistic studies provide 
a nuanced understanding of signal interactions, but 
large-scale commercial studies are needed to evaluate 

effects on multiple production outcomes in the envi-
ronment of interest, and meta-analyses best integrate 
findings into a cohesive understanding of responses to 
diet. Incorporating all aspects of animal health and pro-
ductivity in management decisions will remain an art 
for the foreseeable future, but this should not dissuade 
the industry from pursuing a more holistic approach to 
management of the cow.
Key words: dairy cow, nutrition, nutrigenomics, 
nutraceutical, gastrointestinal microbiology

INTRODUCTION

The dairy industry has made impressive advances 
over the past century in productivity and resource ef-
ficiency. These improvements can be attributed to an 
increased understanding of the biology of the dairy cow, 
and the application of this knowledge to develop new 
technologies and improve management practices. Our 
understanding of nutrition has likewise developed, to 
the extent that the bulk of the opportunity for further 
advancement may now lie in exploring the crosstalk 
that exists between different tissue systems, their com-
bined effects on nutrient metabolism, and how specific 
feed components affect tissue function.

Improvements in nutrition have allowed cows to ex-
press their increasingly high genetic potential for milk 
production, which has improved the efficiency of dairy 
production primarily by diluting maintenance costs 
(i.e., fewer cows and less feed needed to produce the 
same amount of milk). However, as demonstrated by 
VandeHaar et al. (2016), the steady increase in effi-
ciency that we have witnessed through this mechanism 
in the past 70 yr will not continue forever. Sooner or 
later, the dairy cow will approach her biological limit 
for capturing ingested energy as productive energy, 
largely due to trade-offs between level of DMI and 
residence time in the gastrointestinal tract. Therefore, 
to continue to improve resource efficiency in the dairy 
industry, we need to expand our focus to include other 
inefficiencies in the system.

The lost resources caused by morbidity, mortality, 
and infertility must contribute substantially to the 
suboptimal efficiency of the dairy industry, although a 
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comprehensive analysis is lacking. To derive a minimal 
estimate of resource losses due to stressors, we consid-
ered losses from just heat stress (St-Pierre et al., 2003), 
mastitis (Bar et al., 2008), and hyperketonemia (McArt 
et al., 2015); we used financial losses as a proxy for 
wasted resources, but excluded veterinary costs. Based 
on the cited analyses, these 3 problems drain almost 
$2.2 billion annually from the US dairy industry in the 
form of lost milk (direct and indirect effects) and death 
loss, representing over 5% of the ~$40 billion in dairy 
farm cash receipts for milk sold in the United States 
annually. If nutrition can be used to combat these 
problems, it is clear that there are major economic and 
resource efficiency benefits to be gained. Therefore, it is 
worthwhile to consider effects of nutrition on efficiency 
metrics beyond milk and DMI.

Our primary goal in this review is to highlight im-
portant scientific advances that might influence dairy 
nutrition, and to suggest ways that researchers and nu-
trition consultants can progress with these new insights 
in mind.

THE CHANGING LANDSCAPE  
OF NUTRITION SCIENCE

An Evolving Field

Perhaps the earliest American effort to comprehen-
sively address the nutritional needs of cattle appeared 
in a book by Armsby (1880). At that time, substantial 
progress had already been made in understanding the 
digestion and assimilation of fat, carbohydrate, protein, 
and minerals. In the early 1900s, however, studies of 
single-grain diets for cattle and purified diets in mono-
gastrics made it clear that these nutrients alone were 
insufficient to maintain optimal health and growth. 
This led to a period of rapid advances in understanding 
micronutrient requirements, particularly the identifica-
tion of vitamins (Carpenter, 2003). By the end of this 
period, nearly all nutrients could be evaluated in terms 
of contributions to energetic needs, anabolic substrate 
requirements, or as cofactors in essential metabolic 
pathways. This relatively straightforward view of nutri-
tion was dominant through most of the 20th century. In 
dairy nutrition, these concepts were generally applied 
to assess whether different diets would support a higher 
level of milk production, with incremental increases in 
productivity viewed as evidence that a nutrient was at 
least marginally inadequate in the control diet.

In many ways, this classical approach to nutrition 
(“Nutrition 1.0”) might be considered overly simplistic 
today. We next highlight 5 key areas of nutrition sci-
ence that have gradually supplanted this traditional 
view of nutrition with “Nutrition 2.0” (Figure 1).

The Guts of the Matter

Ruminant nutritionists, because they focus on 
foregut-fermenting animals with an obvious reliance on 
commensal microbes, have long recognized the need to 
“feed the rumen bugs” and maintain gastrointestinal 
health of cattle. Indeed, early publications studying 
the human gut microbiome leaned heavily on decades 
of previous work by rumen microbiologists (Bäckhed 
et al., 2005). Still, few would have predicted the vast 
impact of commensal microbes that has been revealed 
in the past 2 decades.

Given that cows depend heavily on the microbes in-
habiting the rumen to convert indigestible plant mass 
to digestible compounds and essential nutrients, it is 
not difficult to imagine that the large, complex ruminal 
microbial population has enormous nutritional, physi-
ological, and pathological interactions with the cow. 
More than 200 yr ago, the transfer of rumen contents 
was already being used as a therapeutic tool; the nu-
trients and microorganisms transferred into the rumen 
of a sick animal stimulate ruminal fermentation and 
motility, and there are likely undiscovered effects as 
well (DePeters and George, 2014). Some evidence sug-
gests that individual animals can, by unknown mecha-
nisms, cultivate a relatively consistent individualized 
microbiome, even in the face of a complete exchange of 
ruminal contents (Weimer et al., 2010). Another study 
(Jami and Mizrahi, 2012) examined rumen microbiota 
across individual animals and found that although the 
bacterial taxa may vary considerably between cows, 
they appear to be phylogenetically related, suggesting 
that ecological niches in the rumen select taxa that 
share similar genetic features. This individuality does 
not imply that diet changes cannot alter the rumen 
microbiome; many such examples have been reported 
(Firkins and Yu, 2015). Rather, these findings suggest 
that animal–diet interactions drive the ecology of the 
rumen.

The more surprising findings have come from rodents, 
whose size and lack of dependence on fermentation 
allows investigators to more easily utilize gnotobiotic 
(germ-free) models and to establish near monocultures 
in the gut. Studies have now suggested that the compo-
sition of the intestinal microbiota directly or indirectly 
affects body composition, allergic inflammation, bone 
metabolism, cancer risk, atherosclerosis, and even brain 
function (Dorrestein et al., 2014; Sharon et al., 2014). 
Gut microbes can therefore play a huge role in medi-
ating the effects of dietary nutrients on host physiol-
ogy. For example, one high-profile publication showed 
that intestinal microbial metabolism of l-carnitine to 
trimethylamine-N-oxide accelerates atherosclerosis in 
mice (Koeth et al., 2013). This response was eliminated 
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if intestinal microbiota were concurrently suppressed. 
A similar example in ruminants is the case of toxicosis 
resulting from consumption of tropical legumes in the 
leucaena family (Hammond, 1995). Leucaena contains 
an unusual amino acid called mimosine that is convert-
ed to 3,4-dihydroxypyridine in the rumen; however, a 
ruminal bacterium called Synergistes jonesii is capable 
of degrading this toxic metabolite, preventing toxicosis. 
This species has been transferred out of its native range 

in ruminants of Hawaii to prevent leucaena toxicosis in 
Australian ruminants.

To maintain the symbiotic relationship, the host im-
mune system must exert complex regulation of mucosal 
immunity to remain hypo-responsive to commensal 
bacteria while combating invasive pathogens effectively 
(Macpherson and Harris, 2004). A recent paper even 
documented that the mouse intestinal epithelium ac-
tively synthesizes and releases “food” for its commensal 

Figure 1. Early work in nutrition, continuing through the mid-20th century, revealed a variety of roles for nutrients that largely fit into 3 
categories: fuels, anabolic substrates, and cofactors. This paradigm has been extremely useful for eradicating disease caused by gross nutritional 
deficiencies and for supplying the macronutrient needs of animals. However, discoveries in more recent decades have shown that Nutrition 1.0 
was overly simplistic. These developments, collectively referred to as Nutrition 2.0, have revealed a variety of short- and long-term effects of 
nutrients, mediated by the gut microbiota, direct nutrient signaling, genotype-dependent interactions with the genome, interactions with an 
expanded list of metabolic hormones, and crosstalk with the immune system. These findings require a re-evaluation of how we think about diets.
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neighbors when illness introduces pathogenic competi-
tors and disrupts normal nutrient supply (Pickard et 
al., 2014). It is now clear that in the intestine, crosstalk 
between microbes, epithelial cells, and immune cells is 
dynamic and critical to the health of the host animal.

The regulation of gastrointestinal tract function, the 
commensal microbial community, and their interactions 
have become an important topic of ruminant nutrition 
research and will provide us with further insights into 
dietary effects on productivity and health. One very 
clear outcome of this is that diets can dramatically 
alter gut morphology and physiology, often through ef-
fects on the microbiota. For example, adaptation of the 
rumen epithelium may be important in alleviating the 
detrimental effects of ruminal acidosis. Rumen papillae 
not only increase in size when animals are transitioned 
to a high grain diet to increase the surface area for 
absorption (Odongo et al., 2006) but also undergo 
structural and functional adaptations (Steele et al., 
2011). Although it has been less studied, the hind gut 
may also respond to shifts in nutrient availability dur-
ing ruminal acidosis (Steele et al., 2016).

Other stressors, particularly heat stress, can also 
disrupt barrier function of the gut, and the subsequent 
invasion of intestinal microbes or their cellular con-
stituents may underlie many of the problems associated 
with such stressors (Zhang et al., 2013; Baumgard et 
al., 2015). This is directly relevant to nutritionists, as 
there is some evidence that nutrients can partially al-
leviate this effect (Chauhan et al., 2014).

Although recent work has generated groundbreak-
ing insights into the role of microbes in several physi-
ological processes, we still know very little about the 
functional implications of these findings in bovine 
physiology. There are many important but unanswered 
questions in this area. To what degree do studies of 
the hindgut microbiota in monogastrics translate to 
ruminants (Liang et al., 2015)? Does host–microbe 
crosstalk occur in the rumen (Trevisi et al., 2014)? 
How does the host discriminate between symbiotic and 
pathogenic microbes to trigger appropriate immune 
responses? Are there unrecognized microbial products 
that have a meaningful effect on bovine biology? How 
do gut communities assemble after birth, and do dif-
ferent calf rearing strategies affect the mature ruminal 
or intestinal microbiome (Jami et al., 2013)? Are there 
dietary strategies that consistently improve gut barrier 
function during stress?

It may be many years before we have a relatively clear 
understanding of the complex interactions of diet, host, 
and microbes in the ruminant. Nevertheless, the possi-
bilities to affect the energetics, immunity, and health of 
ruminants through alterations in gut microbiology and 
morphology are broad. This is one key reason why non-

nutritive feed additives have been so popular in dairy 
nutrition (Wallace and Newbold, 1992; Duffield et al., 
2008; Yuan et al., 2015), and mechanisms underlying 
their effects are worthy of continued study.

Nutrients as Signals

Many decades ago, the author Lin Yutang (1937) 
observed, “The Chinese do not draw any distinction 
between food and medicine.” Perhaps science has now 
caught up with traditional Chinese wisdom. In contrast 
to the view that nutrients alter function by their avail-
ability (or lack thereof) for chemical reactions, we now 
understand that physiological sensors respond to a wide 
array of nutrients from every nutrient class (Efeyan et 
al., 2015). By acting as ligands for intracellular and 
extracellular receptors, as well as via allosteric interac-
tions with enzymes, nutrients have taken on roles that 
were previously ascribed only to drugs and hormones.

This development has not gone unnoticed in the 
ruminant nutrition world. For example, studies have 
characterized bovine G protein-coupled receptors for 
VFA (Wang et al., 2009) and long-chain fatty acids 
(Manosalva et al., 2015), explored the supranutritional 
effects of niacin (Morey et al., 2011; Kenéz et al., 2014), 
and detailed vitamin D receptor influences on immu-
nity (Nelson et al., 2012). Viewing nutrients as signals 
as well as substrates can change how requirements need 
to be modeled in formulation or metabolism software. 
For example, some evidence suggests that the single-
limiting AA paradigm is inconsistent with cellular 
signals that drive milk protein synthesis. Increased 
delivery of nonlimiting EAA and even fuels has sup-
ported increased protein synthesis, potentially due to 
integrated regulation by endocrine and nutrient sensing 
pathways (Rius et al., 2010; Arriola Apelo et al., 2014), 
although this does not always correspond with milk 
protein yield (Doelman et al., 2015).

Nutrient–Gene Interactions

Terms such as “nutrigenomics” are used in a wide 
variety of ways, such that almost any effect of nutrition 
on DNA is implicated. Certainly the roles of nutrients 
as cofactors, substrates, and signals in DNA replication, 
repair, transcription to mRNA, and even alternative 
splicing of mRNA are worthy of study, and these mech-
anisms are integral to many of the dietary responses 
discussed throughout this review. Here, though, we 
highlight what we consider to be the 2 most exciting 
topics in this area: epigenetic effects of nutrients and 
genotype-dependent responses to nutrients.

Epigenetics. Beyond short-term effects of nutrients, 
the potential for early-life nutrition to have long-term 
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impacts on animals has been recognized for many years. 
However, the development of the field of epigenetics 
has expanded the reach of this concept and dramati-
cally raised its profile. Epigenetics seeks to understand 
the inheritance of traits mediated by mechanisms 
other than DNA sequence (Feeney et al., 2014), largely 
through changes to the DNA structure.

This field of study focuses primarily on transgenera-
tional effects, and some very detailed studies have now 
demonstrated large epigenetic-mediated effects due to 
differences in nutrient supply. Folic acid deficiency in 
dams has long been known to lead to birth defects, 
but recent studies have demonstrated that folic acid 
deficiency in sires can cause similar developmental 
problems (Lambrot et al., 2013). Paternal deficiency 
of folic acid (essential for methyl group transfer) re-
sulted in many changes in sperm DNA methylation and 
subsequently in placental gene expression, and greatly 
increased early embryonic loss as well as developmen-
tal abnormalities in offspring. This is an example of a 
transgenerational effect of a classical nutrient deficien-
cy, but there is evidence that nutrient signals can affect 
these processes as well. In particular, butyrate’s role 
as a histone deacetylase inhibitor may be important in 
ruminant epigenetics (Wu et al., 2012).

The modifications of DNA structure that mediate 
these transgenerational effects also have important 
roles in regulatory physiology within an animal’s life. 
For example, DNA methylation patterns are dramati-
cally altered during mammary gland development (Dos 
Santos et al., 2015), and epigenetic changes are heavily 
involved in responses to mastitis (Vanselow et al., 2006; 
Chang et al., 2015).

To date, only a few studies have evaluated dietary ef-
fects on DNA modification in ruminants. Large changes 
in forage:concentrate ratio influenced both histone H3 
acetylation and methylation of select genes in mam-
mary tissue of lactating dairy cows (Dong et al., 2014). 
Another study evaluated the effect of methionine 
supplementation of dairy cows on the transcriptome of 
preimplantation embryos (Peñagaricano et al., 2013). 
Remarkably, a subtle difference in methionine supple-
mentation (1.89 Met vs. 2.43 Met, % of MP, from par-
turition until embryo flushing) in the maternal diet was 
sufficient to cause differential expression of 276 genes in 
embryos, including those related to embryonic develop-
ment and immune response. Given that Met is a criti-
cal methyl group donor, these results may have been 
mediated by effects on DNA methylation. Others have 
reported that DNA methylation in oocytes differed in 
cows during early versus mid lactation, potentially as-
sociated with negative energy balance (O’Doherty et 
al., 2014). Using a quantitative approach, González-
Recio et al. (2012) explored phenotypic evidence for an 

epigenetic impact of concurrent lactation during gesta-
tion on offspring milk production, and suggested that 
the findings should influence diet formulation for preg-
nant lactating cows. Nutritional epigenetics certainly 
raises mind-boggling questions about how long a farm 
may suffer from the consequences of a poor nutrition 
program.

Individualized Nutrition. One of the selling points 
for the initial human genome project was that it would 
open the doors to personalized medicine, including per-
sonalized nutrition. Although these potential benefits 
were clearly over-sold at the time, we are finally begin-
ning to see the first glimpses of what this could look 
like in the future (Gibney and Walsh, 2013).

The core concept behind individualized nutrition 
is that genetic differences between individuals should 
influence their nutrient requirements or ability to re-
spond to specific nutrients. Some clear, mechanistically 
sound interactions have been documented for humans. 
For example, riboflavin supplementation lowers blood 
pressure only in patients with a certain mutation in the 
methylenetetrahydrofolate reductase gene (Gibney and 
Walsh, 2013).

Many studies over decades have evaluated interac-
tions of nutrition and breed on productivity in rumi-
nants, and some have considered responses to diets 
across a range of genetic merit for milk production 
(Friggens et al., 2013). However, very few studies have 
attempted to evaluate interactions of diet with specific 
genetic polymorphisms. One exciting example of the 
potential of such approaches was the work of Kononoff 
et al. (2013). This study showed that feedlot cattle 
with a specific leptin genotype had an 8% decline in 
DMI and a 9% decrease in marbling score when fed 
the β-agonist zilpaterol hydrochloride, whereas cattle 
with the alternative genotype showed no response to 
zilpaterol for these outcomes. Given that the same SNP 
is associated with milk and protein yield (Buchanan et 
al., 2003), the potential for leptin genotype-dependent 
responses to diet in dairy cows seems worthy of in-
vestigation. Several other polymorphisms that have a 
meaningful effect on milk yield and composition have 
been described, and more are certain to come in this 
era of cheap and rapid genome sequencing. Individual-
ized feeding programs based on sensitive genetic poly-
morphisms could allow for efficiency gains that are not 
accessible when all genotypes are fed in common.

Rewriting the Book on Endocrinology

In a general biology textbook published 20 yr ago, 
a total of 9 “major” endocrine organs were described 
(Campbell, 1996). Today, it might be more efficient 
to list major organs in the body without an identified 
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endocrine role. Notably for nutritionists, many of the 
newly recognized endocrine factors are directly involved 
in regulation of nutrient metabolism and partitioning.

The gastrointestinal tract was added to the list of 
accessory endocrine organs quite early: cholecystokinin 
was first described in detail in the 1960s. However, gut 
peptides have expanded both in numbers and in their 
known actions in the past 20 yr. In general, sensory 
cells in the small intestine respond to the presence of 
nutrients there by releasing these hormones, which then 
signal other organs to respond to meals. These intesti-
nal peptides have many effects on the body but most 
are logical responses to a nutrient load in the gut; they 
stimulate bile and insulin secretion, slow motility of 
the upper gut, and promote safety. In transition cows, 
gut peptide concentrations increase more than 2-fold in 
early lactation as cows increase feed intake and energy 
balance (Relling and Reynolds, 2007). Ghrelin is an 
atypical gut peptide, as its secretion is stimulated by 
the absence of nutrients, signaling hunger. Ghrelin con-
centrations spike dramatically just before normal feed-
ing times in animals fed on a regular schedule (Sugino 
et al., 2002), possibly helping to explain why animals 
tend to consume meals at these times even with feed 
available immediately before feeding. Most gut pep-
tide work in dairy cattle has focused on whether these 
hormones can explain the decrease in feed intake in 
cows fed supplemental fat. Multiple studies have shown 
that fat, especially unsaturated fat, promotes increased 
concentrations of cholecystokinin and glucagon-like 
peptide-1 and appears to prevent premeal increases 
in ghrelin (Bradford et al., 2008), which would all be 
expected to suppress feed intake.

The liver, like the gut, has long been known to be 
an endocrine organ because it secretes IGF-1. Beyond 
this hormone, the liver has largely been ignored in 
endocrinology, but the discovery of several interesting 
hepatokines in recent years is changing this. One ex-
ample, fibroblast growth factor 21 (FGF21), is a novel 
hormonal factor in the regulation of metabolic adapta-
tions during energy deficiency, including stimulation of 
ketogenesis. Circulating FGF21 is greatly elevated in 
the transition dairy cow (Schoenberg et al., 2011), and 
expression of FGF21 during this time can be further 
enhanced by overfeeding during late gestation (Khan 
et al., 2014). Liver-derived FGF21 may be a signal co-
ordinating the liver and other organs in early-lactating 
dairy cows, and dietary strategies that modulate 
FGF21 production could potentially be used to alter 
ketogenesis.

Kennedy (1953) first suggested that a “lipostat” in 
the body must relay information about adipose stores 
to the brain to allow for adaptation (e.g., in feed in-
take, activity) to meet a set point for fat stores. This 

prescient idea stood for over 40 years before the dis-
covery of leptin in 1994 provided an endocrine factor 
matching Kennedy’s description. This opened the door 
to a flurry of activity on the endocrine roles of adipose 
tissue, and dozens of adipose-derived paracrine and 
endocrine factors have now been described (Sauerwein 
et al., 2014). Among them, resistin—a hormone that 
decreases insulin sensitivity—is particularly interesting 
in transition cows. Resistin expression in adipose tissue 
increased by 14-fold in lactating compared with nonlac-
tating cows, whereas resistin expression in mammary 
tissue decreased by 65% during lactation (Komatsu et 
al., 2003). Conversely, adiponectin, the antiinflamma-
tory adipokine that increases insulin sensitivity, is sup-
pressed in early lactation (Giesy et al., 2012; Singh et 
al., 2014). Both hormonal shifts are consistent with the 
induction of systemic insulin resistance in early lacta-
tion to drive nutrients to the mammary gland.

Still more tissues have been identified as sources of 
metabolic hormones. There is strong multi-species evi-
dence that the mammary gland can “demand” calcium 
release from bone through secretion of parathyroid 
hormone-related protein, stimulated by serotonin sig-
naling (Marshall et al., 2014). Not to be outdone, bone 
has also claimed an endocrine role. Bone-forming osteo-
blast cells produce a protein hormone called osteocal-
cin; serum osteocalcin is highest early in life, declines 
with age, and declines further in the days immediately 
following calving, corresponding to relative rates of 
bone formation (Sato et al., 2011). This hormone has 
some surprising effects on adipose tissue and pancreatic 
function (Oldknow et al., 2015). Finally, skeletal muscle 
is able to deploy its own endocrine factors, including 
myonectin, a hormone that stimulates utilization of 
nonesterified fatty acids in a variety of tissues (Gamas 
et al., 2015).

By and large, these recently described endocrine 
factors have only nuanced effects on systemic physiol-
ogy in animals in the absence of metabolic challenges. 
However, it is entirely possible that they play impor-
tant roles during the dramatic activation of catabolic 
processes in the transition to lactation, and the large 
changes in blood concentrations of liver, adipose, and 
bone-derived hormones in the transition period are con-
sistent with this possibility. The increased complexity 
of endocrinology today opens up many more possibili-
ties for nutrients—both stored and dietary—to affect a 
broad range of physiological processes through altera-
tions in hormone release.

Immunological Interactions with Metabolic Machinery

There has been a growing interest in recent years 
both in effects of nutrient supply on immune function 
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and in the regulatory roles of immune cells on nutrient 
metabolism and partitioning. Some eye-opening find-
ings have changed our view of the immune system’s 
effect in healthy animals.

The quantitative energetic cost of immune activation 
is a long-standing question in animal biology. Indeed, 
it has remained a standing question because the dis-
ruptions to normal function that occur during illness 
make it difficult to isolate the energetic cost of immune 
system activation from other effects on energetics. 
However, a handful of studies that have measured the 
effects of systemic inflammation on resting metabolic 
rate suggest a mean ~25% increase in maintenance 
requirements during immune activation (Lochmiller 
and Deerenberg, 2000). In lactating cows consuming 
4 × maintenance intake, this would equate to an 8% 
decrease in net energy available for lactation, suggest-
ing that the suppression of DMI during inflammation 
(potentially 34% or more; Kushibiki et al., 2003) may 
have a greater effect than the increase in energy de-
mands. Alternatively, the preferential use of glucose as 
a fuel by immune cells may cause more problems than 
the energy drain per se (Ingvartsen and Moyes, 2013).

Findings in the past 2 decades have demonstrated 
that many nutrients and metabolites can directly al-
ter the function of leukocytes attempting to respond 
to signals of infection (Ingvartsen and Moyes, 2013; 
Sordillo and Mavangira, 2014). Many of these effects 
are based on the nutrients-as-signals paradigm. For 
example, metabolites associated with ketosis directly 
impair leukocyte function (Grinberg et al., 2008; Youm 
et al., 2015), potentially providing a mechanistic link 
underlying epidemiological associations between ketosis 
and infection.

Discoveries regarding the regulatory roles of immune 
cells in normal metabolic function have been even more 
fascinating. Many effects of resident macrophages on 
metabolic organ function have been reported in obesity 
models (Odegaard and Chawla, 2013). However, even 
if this extreme physiological state is excluded, there is 
strong evidence that adipose tissue macrophages regu-
late both lipolysis during fasting (Kosteli et al., 2010) 
and thermogenesis in brown adipose tissue during cold 
exposure (Nguyen et al., 2011), that immune cells 
(likely liver T cells) suppress gluconeogenesis through 
secretion of IL-13 (Stanya et al., 2013), and that regula-
tory T-cell populations in the gut and adipose tissue 
are critical for normal function of these tissues (Lu et 
al., 2015).

Ultimately, the tight bidirectional links between 
metabolism and immunity support the hypothesis 
that these system are inextricably linked through co-
evolution; in fact, many of the functions of the immune 
and metabolic systems are found in a single integrated 

organ in some lower animals (Hotamisligil, 2006). Con-
sidered in this light, the idea that diet can directly 
affect immune function—and that immune function 
affects nutrient metabolism—seems far less surprising.

Implications of Nutrition 2.0 for Feeding Dairy Cattle

Discussions in animal nutrition are not often framed 
in this manner, but the 5 developments we highlight 
have been affecting our field for some time already. 
In fact, dairy nutrition has a fascinating story to tell 
about the effects of dietary lipid, starch, and fiber on 
ruminal microbe populations, which can lead to the 
production of bioactive lipids that suppress milk fat 
synthesis (Harvatine et al., 2009). Diet-induced milk 
fat depression incorporates effects on the microbi-
ome, nutrients acting as signals, and potentially even 
genotype-dependent nutrient responses (Rincon et al., 
2012), making it among the best examples of this re-
vised approach to nutrition science.

Dairy nutritionists, then, have already adopted “Nu-
trition 2.0” to some extent. In addition to the examples 
integrated into the previous discussion, innovative sci-
entists are now asking whether entrainment of internal 
circadian rhythms by feeding schedule affects dairy 
cattle productivity (Plaut and Casey, 2012; Rottman 
et al., 2014), whether transfer of endocrine factors in 
colostrum can affect calf physiology (Hammon et al., 
2013), and how diet affects developmental physiology 
through effects on microRNA that disrupt protein 
translation (Meale et al., 2014). The question is how 
prevalent these complexities are, and whether our ap-
proaches to some nutritional problems are missing the 
mark because of our poor understanding of the under-
lying mechanisms.

INCORPORATING TRAUMATIC TIMES INTO 
NUTRITION PROGRAMS

It is easy enough to get wrapped up in new findings 
and lose sight of the big picture for commercial dairy 
producers. The reality is that most new findings are un-
likely to dramatically alter the core diets that we feed to 
dairy cattle, because if these mechanisms have a large 
effect, then it is likely that nutrient profiles required to 
support them have already been reached through trial 
and error. The most likely overlooked opportunities to 
improve health and productivity therefore occur during 
the short windows of time when normal homeostasis 
is disrupted by disease, environmental challenges, or 
physiological transitions. It is our argument that the 
field of dairy nutrition can move forward in part by 
more systematically considering these “traumatic 
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times” in determining what ideal nutrition programs 
look like.

It is worth noting that this idea is not really new 
and certainly not ours. Indeed, a simple review of the 
dairy nutrition literature over the past 50 yr nicely 
demonstrates that this is a long-term change in outlook 
in the discipline (Figure 2). In the mid-20th century, 
dairy nutrition research remained focused on establish-
ing nutrient requirements to support ever-increasing 
genetic potential for milk production (Nutrition 1.0). 
However, a gradual shift became apparent beginning in 
the 1970s, and today nearly 40% of papers in our field 
focus on nutrition during periods of stress (Nutrition 
2.0).

How to Define Nutrient Requirements?

Animal nutritionists have traditionally defined re-
quirements in a relatively simplistic way: by assuming 
there is a certain supply of a nutrient above which no 
additional increase in productivity can be observed. 
Even for animals in a relatively stable situation, this 
simple concept can become problematic to apply to 
experimental data (St-Pierre and Weiss, 2012). Defin-
ing requirements where they matter—on farms that 
deal with disease outbreaks, heat waves, and animal-

to-animal variability—is even more challenging. Past 
National Research Council (NRC) committees have 
recognized this challenge and put forth recommenda-
tions that accounted for such factors where possible, 
primarily for a few micronutrients where a critical mass 
of studies with disease outcomes had been conducted 
(NRC, 2001). However, one difficulty in this respect is 
the lack of data upon which to base recommendations. 
This is compounded by the long-term effects that must 
be considered now, because nutrient deficiencies may 
not affect animals (particularly calves) in a quantifiable 
manner until long after the period of deficiency is over.

Nutrient Requirements Are Altered by Stress 
Scenarios. Our traditional definition of nutrient re-
quirements has certainly allowed for different physio-
logical states or demands to alter nutrient requirements 
(lactation being an extreme example). Likewise, many 
experiments have shown that responses to nutrients can 
differ depending on the stressors placed on an animal, 
which can be interpreted as evidence that nutrient re-
quirements are altered in these traumatic times.

The nutrients and stressors that fit in this category 
are many and varied, but a few examples can make the 
point. Heat stress is one condition that clearly affects 
feed intake and nutrient demands of lactating cattle. 
Cows in heat stress conditions show signs of decreased 

Figure 2. Dairy nutrition studies have increasingly focused on periods of physiological stress over the past 50 yr. The PubMed database 
(www.ncbi.nlm.nih.gov/pubmed) was searched for dairy nutrition publications using these terms: (dairy or Holstein) and (cow or cattle) and 
(dietary or diet or TMR or ration or feed or feeding). The subset of those studies that included a stressor was identified by searching for the 
above terms and (health or challenge or stress or disease or transition). This strategy returned a total of 9,624 publications, of which 2,316 
included at least one of the stress terms (search date: July 13, 2015).
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bone formation as DMI decreases (Kamiya et al., 2010), 
and a meta-analysis suggested that cows respond more 
favorably to increasing dietary Ca in warmer months 
(Sanchez et al., 1994). Infectious challenge models 
can provide an excellent means to evaluate nutrient 
requirement during illness, although such studies are 
often conducted with sample sizes too small to reason-
ably detect differential responses by diet. However, one 
interesting study did demonstrate that ascorbic acid, a 
nonessential nutrient for ruminants, improved recovery 
of milk yield and ruminal activity following an intra-
mammary endotoxin challenge (Chaiyotwittayakun et 
al., 2002). The transition to lactation is another period 
of stress, particularly for cows that have excess body 
condition. Zahra and colleagues (2006) reported that 
dietary choline improved the performance of cows in 
early lactation, exclusively through effects on cows with 
BCS ≥4 at parturition, suggesting an increased choline 
requirement in this physiological state.

Can Feed Components Promote Robust Re-
sponses to Adversity? There are also examples of 
diet components affecting animal performance during 
stress periods where the response cannot easily be clas-
sified as meeting a heightened nutrient requirement. 
Fluctuation in diet fermentability, whether through 
shifts in digestibility of feed components or changes in 
diet composition, can cause subacute ruminal acidosis 
and milk fat depression. A study designed specifically 
to evaluate the resilience of cows in the face of such a 
diet challenge found that feeding a Saccharomyces cere-
visiae fermentation product prevented milk fat depres-
sion during the challenge, despite the additive having 
no effect on milk parameters during the baseline period 
(Longuski et al., 2009). A similar additive prevented 
the decline in overall health scores of calves challenged 
with a live vaccine even though it had few effects before 
the challenge (Kim et al., 2011).

Many other studies have investigated the effects of 
dietary components during stress periods, but in many 
cases there was no evaluation of responses during a 
more stable stage of the production cycle. Nevertheless, 
the examples noted here clearly demonstrate that diet 
can confer improved resilience to a variety of stressors.

Ingredient Interactions. One of the challenges in 
dealing with feed components that may confer increased 
ability to handle stressors is that, in many cases, the 
precise mode of action is unclear. This presents a prob-
lem when formulating complete diets, because there 
may be two or more ingredients with well-supported 
claims for addressing a problem in a herd, but it is not 
obvious exactly how the ingredients will affect health 
and performance when fed together. For example, cho-
line metabolism intersects with methionine and other 
methyl donors, and there is some evidence of antago-

nistic interactions between dietary choline and RUP 
(Hartwell et al., 2000). Questions about antioxidant 
nutrient requirements and potential for substitutions 
are particularly common (Smith et al., 1984), with dual 
roles of some antioxidant compounds generating addi-
tional complications (Michal et al., 1994).

Given the novel complications that Nutrition 2.0 
has introduced, many levels of potential nutrient in-
teractions exist; one nutrient can affect the response to 
another by modifying microbial metabolism, endocrine 
status of the animal, abundance of metabolic enzymes, 
and so on. These complex nutrient effects and potential 
interactions make it critical that nutrients are evalu-
ated in vivo in diets that mimic field applications as 
much as possible.

Decision-Tree Nutrition Programs

If the key to continued improvements in nutrient ef-
ficiency lies in providing better nutritional support dur-
ing traumatic times, then we must consider how best 
to accomplish that goal. Clearly, this view will require 
more management input and flexibility than the cur-
rent situation, where a sizable minority of farms feed 
all lactating cows a single diet (Contreras-Govea et al., 
2015), and many others feed early-lactation cows sepa-
rately but otherwise feed a uniform lactation diet. The 
first major step toward this way of thinking has been 
accomplished already with the widespread adoption of 
targeted, carefully considered diets for dry cows in late 
gestation. This change, particularly the adoption of an-
ionic diet strategies for prevention of milk fever, ranks 
as one of the great success stories in our field (Goff, 
2006). Where else can this type of approach help?

Clearly, targeted feeding in early lactation has already 
been identified by many producers and consultants as 
a worthwhile investment. These cows are often already 
separated for close observation, limiting the manage-
ment cost of grouping for targeted feeding. Many feed 
additives or supplements that are cost-prohibitive 
across the lactation can be fed effectively for 2 to 4 
wk, particularly when potential carryover effects are 
considered (Piantoni et al., 2015). Other opportunities 
also exist; for example, many larger dairies operate hos-
pital pens for cows being treated for mastitis or other 
problems, but it is rare to hear of dairies that offer any 
unique nutritional support to these cows. Heat stress 
is addressed on some farms through seasonal changes 
in diets to try to accommodate the expected decrease 
in feed intake. However, targeted supplementation of 
protective nutrients immediately before expected heat 
waves may have much greater potential (Dunshea et 
al., 2013), in part because the short-term nature of this 
strategy opens up a range of possibilities that would 
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be cost-prohibitive or even toxic over longer periods 
(Chauhan et al., 2014).

In addition to considering more flexible and variable 
feeding of groups, new monitoring and feeding tech-
nologies allow for even large farms to consider more 
individualized nutrition for cows. Environmental, dis-
ease, biometric feedback, and even genetic variables 
can be utilized as inputs into nutrition programs that 
are capable of cow-specific supplementation or multiple 
feeding groups to which cows can be allocated (Meijer 
and Peeters, 2010). We conceptualize this as “decision 
tree” nutrition as opposed to simply utilizing average 
animal characteristics and production levels to drive 
ration formulation.

To take full advantage of the potential effect of nutri-
tion on dairy farm productivity, nutritionists need to 
seek the input of other experts. Indeed, a consistent 
theme running throughout Nutrition 2.0 is the effect of 
nutrition on longer-term outcomes such as fertility and 
health (LeBlanc et al., 2006), and dairy producers will 
benefit most when nutritionists work together with vet-
erinarians and other key players to identify problems 
and seek cost-effective solutions.

RESEARCH NEEDS AND THE MODERN DAIRY

Working as a dairy scientist today can be an intimi-
dating task; our clientele (both consultants and produc-
ers) are more educated and less dependent on universi-
ties for information than at any point in the past. As 
the core questions in Nutrition 1.0 have been answered, 
there has been a clear downsizing of dairy nutrition 
faculty and university dairies across the United States. 
However, it is our opinion that public sector research 
is just as essential today as ever before, in part be-
cause there are so many novel opportunities to seek 
out answers raised by Nutrition 2.0. We believe that 
important nutrition discoveries necessary to continue 
to improve the resource efficiency of the dairy industry 
can be achieved through a combination of 3 distinct ap-
proaches to research: proof-of-concept work, large field 
studies, and meta-analysis.

Proof-of-Concept Research

The complexities inherent in Nutrition 2.0 are daunt-
ing but also exciting. Nutrients are much more power-
ful tools than we once thought, and there are many 
interesting ideas to test. Today, dairy scientists have 
tremendous abilities to ask narrow questions in very 
controlled ways; we have access to a variety of bovine 
cell culture models, the bovine genome has enabled 
much more in-depth analysis of both transcript and 

regulatory protein responses to diets, and dairy cattle 
are abnormally cooperative subjects for longitudinal 
studies. Therefore, both in vitro models and small, 
intensive in vivo studies remain extremely useful tools 
for investigating novel ideas, identifying modes of ac-
tion, dose titrating, and screening for nutrient interac-
tions. In particular, challenge studies, where specific 
stressors are intentionally introduced, provide a unique 
and unbiased means by which to assess whether diet 
components offer any protection against that stressor. 
Many excellent examples of proof-of-concept studies 
have already been highlighted throughout this paper.

Large Field Studies

As of 2012, there were approximately 1,800 dairy 
farms in the United States with at least 1,000 cows in 
milk (USDA, 2014). These large farms, their merits or 
shortcomings aside, provide opportunities to conduct 
research with far greater statistical power than can be 
achieved on most university dairies. In fact, many of 
the most important questions raised in Nutrition 2.0 
involve dichotomous outcomes (pregnant or not, culled 
or not) that inherently require larger sample sizes to 
provide any hope of detecting meaningful differences.

Studies on commercial farms can often provide the 
strongest evidence upon which to base recommenda-
tions for producers. These studies are typically done 
in environments that are quite similar to at least a 
portion of the industry, and the large sample sizes allow 
for the assessment of multiple economically important 
outcomes. The study of Lima et al. (2012) provides a 
nice example of why this matters. These investigators 
worked with commercial farms to evaluate responses to 
feeding supplemental choline prepartum through peak 
lactation or just prepartum. First, this approach al-
lowed them to document substantially better outcomes 
when the supplement was also fed postpartum rather 
than only prepartum. Second, because they were not 
limited by a small sample size, they were able to observe 
a surprising reduction in the incidence of mastitis, a 
disease not directly associated with choline’s purported 
mode of action.

A major limitation to the use of commercial farms for 
dairy nutrition research is the need to have sufficient 
replicates of the experimental unit. In studies where 
treatments are applied to a pen, this serves as the 
experimental unit, and having sufficient observations 
to detect a difference in fertility or disease incidence 
requires substantial numbers of cows, particularly with 
the pen sizes used on most large dairies. This challenge 
is not insurmountable when cows can be managed in 
relatively stable groups during lactation (Reis et al., 
2012). However, this is exceptionally difficult for peri-
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partum treatments, when cows would have to be ran-
domly assigned across at least 4 pens prepartum (for 
2 treatments with replicated pens) and then directed 
to the correct corresponding postpartum treatment 
pen. These problems have been overcome in the past 
by using injectable nutrient supplementation strategies 
(Machado et al., 2013) or by labor-intensive individual 
supplementation in freestall lock-ups (Lima et al., 2012; 
Zaworski et al., 2014). However, the growing prevalence 
of robotic milking systems, and the opportunity to use 
more traditional in-parlor feeding systems, is begin-
ning to offer a technical solution to allow nutritional 
treatments to be applied to individual cows in a labor-
efficient manner on commercial dairies (Bach, 2014).

Meta-Analysis

Most proof-of-concept studies and almost all field 
studies in dairy nutrition fail to adequately address po-
tential interactions of specific diet components, because 
it is impractical to test all such interactions. Many stud-
ies are also underpowered for at least some relevant out-
comes (i.e., health and reproduction). Therefore, there 
is much to be learned by attempting to integrate the 
results of multiple studies in an unbiased, quantitative 
manner. Fortunately, statistical approaches enabling 
this type of meta-analysis are now firmly established 
and are increasingly used by dairy scientists to address 
lingering questions about the biological effect of nutri-
ents and their potential interactions.

Meta-analyses, when conducted properly, provide 
3 very important insights. First, they can assess the 
likelihood of publication bias in the literature around 
a specific topic. Publication bias arises when either 
positive or negative responses to a treatment are pref-
erentially published. This can occur for any number 
of reasons, including pressure from sponsors, limited 
enthusiasm on the part of investigators, and hesitance 
of reviewers and editors to publish “boring” negative 
results. Second, meta-analyses can provide an overall 
effect size estimation with substantially more precision 
than individual studies can offer. Finally, evaluation of 
heterogeneity across studies allows for meta-analysis to 
seek evidence of differential response sizes and to asso-
ciate differential responses with potential explanatory 
factors. The investigation of heterogeneity requires the 
most power but is also potentially the most valuable 
outcome of meta-analysis in Nutrition 2.0.

Meta-analyses published in the past 10 yr have made 
some important contributions to our understanding of 
health (Bourne et al., 2007) and reproductive (Rodney 
et al., 2015) responses to nutrients, along with many 
insightful meta-analyses on production responses to 
a variety of dietary components. The importance of 

meta-analysis for providing advice to producers moving 
forward should be considered by all dairy scientists, 
for several reasons. First, the quality of reporting on 
study methods directly affects the utility of published 
data for inclusion in meta-analysis, particularly when 
explanatory factors underlying heterogeneous responses 
are sought (Lean et al., 2016). Second, the potential 
for publication bias to lead to misinformation and 
misguided on-farm decisions should provide additional 
motivation for investigators to overcome internal and 
external barriers to publishing negative results. Finally, 
investigators will likely be pushed to share more data 
at the level of individual observations in the future. Al-
though this can understandably make scientists uneasy, 
the power of large databases of individual observations 
for meta-analysis and modeling would certainly move 
the field forward at a faster rate. The National Animal 
Nutrition Program is likely to play an important role in 
such efforts in the United States (https://nanp-nrsp-9.
org/).

CONCLUSIONS

Feed efficiency has traditionally been thought of in 
simple terms of milk output per feed input, but nu-
trition science continues to reveal novel mechanisms 
by which diet can affect many other economically 
important outcomes, including health, fertility, and 
offspring performance. As the dilution of maintenance 
begins to ebb as a mechanism to increase the industry’s 
efficiency of resource use, nutritionists need to more 
explicitly consider how diet formulation can enhance 
the efficiency of the enterprise by decreasing morbidity 
and mortality, limiting average days in milk (by de-
creasing postpartum time to pregnancy), and enhanc-
ing the resilience of animals undergoing environmental 
and physiological stress. A strength of our discipline 
has traditionally been our ability to see animals as an 
integrated system, and this has never been more impor-
tant than in the age of Nutrition 2.0. The complexity 
of short- and long-term interacting nutrient effects is 
daunting. However, due to developments in molecular 
biology, dairy farm structure, and statistics, we can 
tackle these questions with a trio of valuable methods: 
proof-of-concept mechanistic studies, field studies, and 
meta-analysis. With increasingly detailed information 
available and the technology to apply nutritional strat-
egies to pens and individuals, dairy farms will be able 
to adopt decision-tree nutrition programs that better 
support animals during traumatic times. With these 
types of strategies, there is great potential for the dairy 
industry to continue to make demonstrable progress in 
decreasing the resources needed to provide a growing 
population with dairy products.
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