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Choline and Methionine for Transition Cows: Separating Fact from
Fiction

Ric R. Grummer
Professor Emeritus
Department of Dairy Science, University of Wisconsin-Madison

Introduction

Research conducted on non-ruminant animals has clearly demonstrated an
interrelationship between the nutrients choline and methionine, largely due to the
common characteristic of them being methyl donors. In the field, there are many
statements being made: e.g., choline can spare methionine, methionine can spare
choline, if you feed methionine you dondt nee
nutrient for transition cows, choline is only needed for fat cows, and methionine can
prevent fatty liver. These statements are largely based on research findings in non-
ruminants. Is it correct to assume that these statements also hold true for transition
dairy cows? The objective of this paper is to separate fact from fiction. That said, it is
important to note that there is a paucity of data on the subject of choline-methionine
interrelationships in ruminant animals.

Common Biology of Choline and Methionine

Dietary choline and methionine are extensively degraded in the rumen (Sharma
and Erdman, 1988a), hence they must be fed in a form that minimizes ruminal
degradation and maximizes flow to the small intestine. Both compounds contain methyl
(-CHs) groups which is the main basis for them being metabolically related. Choline is a
constituent of phosphatidylcholine (PC) which is present in every cell membrane in the
body and is a component of milk fat globule membranes. PC is also a component of
lipoproteins that are responsible for transporting fat throughout the body. As a
constituent of very low density lipoproteins (VLDL), PC is required for fat export out of
the liver. Fatty liver is the classic deficiency symptom for choline deficiency, and the
development of fatty liver in 50% of transition cows has been attributed to the lack of
absorption of dietary choline during the transition period (Grummer, 2012).

Cows can synthesize PC endogenously, and clearly there is sufficient
endogenous synthesis except during the transition period when fatty acid mobilization
from adipose tissue is great and fatty acid uptake by the liver increases dramatically.
Endogenous synthesis of PC occurs by methylation of phosphatidylethanolamine
(Figure 1). The methyl groups for this can be derived from methionine. Hence the close
metabolic relationship of the two compounds and the observation in non-ruminants that
methionine can spare choline and choline can spare methionine.

1 Contact: E-Mail: rgrummer@wisc.edu
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One of the exciting recent discoveries is that gene expression can be regulated
by DNA methylation. Therefore, choline and methionine can potentially be involved in
regulation of an infinite number of metabolic pathways. This area of investigation is in its
infancy.

Compared to non-ruminants, very little is known about choline-methionine
relationships. A classic study conducted by Emmanuel and Kennelly (1984) in lactating
goats indicated that 28% of methionine was utilized for choline synthesis and 6% of the
choline pool was derived from methionine. Interestingly, choline methyl groups were not
used for synthesis of methionine. Sharma and Erdman (1988b) obtained greater milk
production responses in dairy cattle to postruminal infusion of choline vs. methionine in
the presence of a methylation inhibitor suggesting that methionine methyl groups can be
used for the synthesis of choline.

Effects of Choline and Methionine on Fatty Liver

During the transition period, due to fatty acid mobilization, fatty acid uptake by
the liver increases from 100 to approximately 1300 g/day (Overton, unpublished). If
there is not sufficient PC to synthesize VLDL to export the fatty acids as triglyceride,
fatty liver can result. Most (Cooke et al., 2007; Zom et al., 2011; Lima et al., 2012; Elek
et al., 2013), but not all (Zahra et al., 2006; Zhou et al., 2016) studies indicate that
feeding protected choline pre- and postpartum can reduce fat accumulation in the liver
during periods of intense fatty acid mobilization. he same cannot be said for feeding
protected methionine or methionine analogs. In six studies conducted thus far (Socha,
1994; Bertics et al., 1999; Piepenbrink et al., 2004; Preynat et al., 2010; Osario et al.,
2013; Zhou et al., 2016), none have reported a reduction in liver fat due to methionine
supplementation. Any claims that feeding protected methionine can replace feeding
protected choline for prevention or treatment of fatty liver have not been substantiated.
On a weight basis, choline has 4.3 times more methyl groups than methionine,
therefore, it is possible that doses of methionine used in these studies were not
sufficient enough to reduce fat accumulation in the liver. A second explanation may be
that ruminants differ from non-ruminants in hepatic PC metabolism. More on this
possibility below.

Effects of Choline and Methionine on Milk Production

A meta-analysis of thirteen studies (Grummer, 2012) in which protected choline
supplementation had begun prepartum revealed increased postpartum dry matter intake
(1.6 Ib/day), milk yield (4.9 Ib/day), fat yield (0.254 Ib/day), and protein yield (0.167
Ib/day). Termination of supplementation varied from calving day to 120 days
postpartum, however, there was no difference in milk response for cows that were
supplemented for less than thirty days postpartum versus those supplemented equal to
or greater than thirty days postpartum. Interestingly, none of the studies monitored the
performance of cows following supplementation. However, in a recent study (Zenobi et
al., 2016) a carryover effect of feeding protected choline on milk production was
observed following termination of supplementation.
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A common misconception is that cows only respond to choline when diets are not
Abal ancedo for met hi oni nteals balamcedsor methionee ar | 'y no
(Piepenbrink and Overton, 2003; Ardalan et al., 2011; Lima et al., 2012; and Zenobi et
al., 2016) the milk response has been consistent with the response derived from the
meta- analysis.

A summary of trials monitoring production responses to feeding protected
methionine or methionine analogs pre- and postpartum are in Table 1 (Overton et al.,
1996; Phillips et al., 2003; Piepenbrink et al., 2004; Ghorbani et al., 2007; Ordway et al.,
2009; Preynat et al., 2009; Osorio et al., 2013; Zhou et al., 2016). Milk yield responses
have been inconsistent. Increases in milk protein percentage have been the most
consistent response seen. The most impressive responses have been in recent studies
from the University of lllinois (Osorio et al., 2013; Zhou et al., 2016) in which
supplemented diets have been formulated to contain metabolizable lysine:methionine
ratios below 3.

Effects of Choline and Methionine on Reproduction

Several studies have observed large increases in first service conception rates
when feeding protected choline (Oelrichs et al., 2004, 29 vs 58%; Shahsavari, 2012, 25
vs 40%; Zenobi et al., 2016, 24 vs 41%). However, these studies utilized few animal
numbers (less than 50 per treatment) which limited statistical power. The Oelrichs study
obtained a significant improvement and Zenobi study noted a tendency for
improvement. Two larger studies on commercial farms observed either a nonsignificant
numerical increase (Lima et al., 2012, 41 vs 48%; 165 cows per treatment) or a
significant decrease (Amundson, 2014, 46 vs 40%; > 900 cows per treatment). The
mechanism of action for an increase in conception rate is not known, but it may be
related to a choline requirement for embryonic development.

Feeding protected methionine from calving to flushing altered gene expression in
embryos; some of the changes were for genes related to embryo development and
immune responses (Penagaricano et al., 2013). Embryos had greater lipid content when
dams were fed protected methionine from three weeks prepartum to 30 days
postpartum (Acosta et al., 2016). The researchers speculated that the improved energy
status of embryos may facilitate superior embryo survival. Although first service
conception rate was not affected, embryo loss following first service was reduced by
feeding protected methionine from 31 to 127 days postpartum (0 vs 8.9% for control;
Toledo et al., 2015). More studies are needed to evaluate the effects of supplementing
methionine during the transition period on reproductive performance.

Head to Head Comparisons: Choline vs Methionine
There have been four studies that have utilized a factorial design (2 x 2; 4
treatments = control, methionine, choline, and methionine plus choline) to examine the

effects of rumen protected choline and methionine on transition cows and to determine
if there are any interactions between the two compounds. Ardalan et al. (2011) fed
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treatments from 4 weeks prepartum to 10 weeks postpartum and observed increases in
dry matter intake (3.0 and 6.9 Ib/day for methionine and choline, respectively) but only
choline increased milk yield (6.4 Ib/day). Soltan et al. (2012) fed treatments from calving
until 96 days postpartum and observed an increase in dry matter intake for choline
which was greater (3.7 Ib/day) when methionine was not fed than when it was fed (0.6
Ib/day). Milk yield response to choline was also greater when methionine was not fed
(4.2 vs 1.5 Ib/day). Sun et al. (2016) did not observe interactions between feeding
rumen-protected choline and methionine; choline increased dry matter intake, milk yield,
and milk fat percentage while methionine increased dry matter intake, milk yield, and
milk protein percentage. Finally, Zhou et al. (2016) observed no effects of choline but
large effects of methionine on dry matter intake (4.6 Ib/day), milk (8.8 Ib/day), and milk
protein percentage (0.18 units) when treatments were applied from 21 days prepartum
until 30 days postpartum. The discrepancies between these studies are difficult to
explain but may be related to differences in basal diets, amount and source of
supplements, length of feeding, etc.

Wisconsin researchers (Chandler et al., 2015) have used liver cell cultures to
study the effects of methionine and choline on metabolism. As expected, increasing
concentrations of methionine in the media reduced expression of methionine synthase,
an important gene controlling methionine formation. Choline had no effect.

Interestingly, addition of methionine had no effect on expression of PEMT, an important
gene in regulating methylation of phosphatidylethanolamine to form PC. This may be a
reason why supplementing transition cows with methionine has not reduced fat
accumulation in the liver. Consistent with this observation was that methionine did not
enhance VLDL (i.e. fat) export from the cells (McCourt et al., 2015). These studies were
the first to directly demonstrate that choline does enhance VLDL export from bovine
liver cells which explains why supplementing rumen-protected choline to transition cows
reduces fatty liver. Finally, oxidative stress of liver cells was reduced by choline but not
by methionine.

Conclusions

Limited evidence does suggest that there are inter-relationships between choline
and methionine in transition cows. Clearly, choline and methionine are both essential
nutrients and both should be fed to transition cows in a rumen-protected form. Choline
and methionine have unique roles and they <can
in transition cow diets. For example, methionine increases milk protein percentage but
choline apparently does not. Conversely, choline decreases liver fat but methionine, at
levels tested, does not. Choline increases milk yield and methionine may as well, but
initial evidence does not suggest that their effects are additive. Although more research
is needed, there is sufficient evidence in the literature to clarify many of the
misconceptions that are prevalent in the industry.

19



References

Acosta, D. A. V., A. C. Denicol, P. Tribulo, M. I. Rivelli, C. Skenandore, Z. Zhou, D.
Luchini, M. N. Correa, P. J. Hansen, F. C. Cardoso. 2016. Effects of rumen-
protected methionine and choline supplementation on the preimplantation embryo
in Holstein cows. Therio. 85:1669-1679.

Amundson, M. C., P. D. Carvalho, R. W. Bender, R. R. Grummer, R. D. Shaver, and P.
M. Fricke. 2014. Effect of rumen-protected choline top-dressed during the
transition period on milk yield and composition in Holstein dairy cows on two
commercial dairies. J. Dairy Sci. (E. Suppl. 1):244.

Ardalan, M., M. Dehghan-Banadaky, K. Rezayazdi, and N. Ghavi Hossein-Zadeh.
2011. The effect of rumen-protected methionine and choline on plasma
metabolites of Holstein dairy cows. J. Agric. Sci. 149(5):639i 646.

Bertics, S. J., and R. R. Grummer. 1999. Effects of fat and methionine hydroxy analog
on prevention and alleviation of fatty liver induced by feed restriction. J. Dairy Sci.
82:2731-2736.

Chandler, T. L., C. L. McCourt, S. J. Bertics, B. A. Barton, and H. M. White. 2015.
Methyl-donors choline and methionine differentially alter hepatic methyl carbon
metabolism. J. Dairy Sci. 98 (Suppl. 2):132.

Cooke, R. F., N. Silva Del Rio, D. Z. Caraviello, S. J. Bertics, M. H. Ramos, and R. R.
Grummer. 2007. Supplemental choline for prevention and alleviation of fatty liver
in dairy cattle. J. Dairy Sci. 90:2413-2418.

Elek, P., T. Gaal, and F Husveth. 2013. Influence of rumen-protected choline on liver
composition and blood variables indicating energy balance in periparturient dairy
cows. Acta Vet. Hung. 61:59-70.

Emmanuel, B. and J. J. Kennelly. 1984. Kinetics of methionine and choline and their
incorporation into plasma lipids and milk components in lactating goats. J. Dairy
Sci. 67:1912-1918.

Ghorbani, G. R., D. Kianzad, M. Alikhani, A. Nikhah. 2007. Rumen-protected
methionine improves early-lactation performance of dairy cattle under high
ambient temperatures. Asian J. Anim. Vet. Adv. 2:184-195.

Grummer, R. R. 2012. Choline: A limiting nutrient for transition dairy cows. Proc.
Cornell Nutr. Conf. Pre-symposium.

Lima, F.S., M.F. Sa Filho, L. F. Creco, and J. E. P. Santos. 2012. Effects of feeding

rumen-protected choline on incidence of diseases and reproduction in dairy cows.
Vet. J. 193:140-145.

McCourt, C. L., T. L. Chandler, S. J. Bertics, B. A. Barton, and H. M. White. 2015.
Supplementation of choline increases very low density lipoprotein export from
bovine primary hepatocytes. J. Dairy Sci. 98 (Suppl. 2):ii.

Oelrichs, W. A., M. C. Lucy, M. S. Kerley, and J. N. Spain. 2004. Feeding soybeans
and rumen-protected choline to dairy cows during the periparturient period and
early lactation. 2. Effects on reproduction. J. Dairy Sci. 87 (Suppl. 1):344.

Ordway, R. S., S. E. Boucher, N. L. Whitehouse, C. G. Schwab, and B. K. Sloan. 2009.
Effects of providing two forms of supplemental methionine to periparturient
Holstein dairy cows on feed intake and lactational performance. J. Dairy Sci.
92:5154-5166.

20



Osorio, J. S., P. Ji, J. K. Drackley, D. Luchini, and J. Loor. 2013. Supplemental
Smartamine M or MetaSmart during the transition period benefits postpartal cow
performance and blood neutrophil function. J. Dairy Sci. 96:6248-6263.

Overton, T. R., D. W. LaCount, T. M. Cicela, and J. H. Clark. 1996. Evaluation of a
ruminally protected methionine product for lactating dairy cows. J. Dairy Sci.
79:631-638.

Penagaricano, F., A. H. Souza, P. D. Carvalho, A. M. Driver, R. Gambra, J. Kropp, K. S.
Hackbart, D. Luchini, R. D. Shaver, M. C. Wiltbank, and H. Khatib. PLoS ONE
8(8): e72302. doi:10.1371/journal.pone.0072302

Phillips, G. J., T. L. Citron, J. S. Sage, K. A. Cummins, M. J. Cecava, and J. P.
McNamara. 2003. Adaptations in body muscle and fat in transition dairy cattle fed
differing amounts of protein and methionine hydroxy analog. J. Dairy Sci.
86:3634-3647.

Piepenbrink, M. S., and T. R. Overton. 2003. Liver metabolism and production of cows
fed increasing amounts of rumen-protected choline during the periparturient
period. J. Dairy Sci. 86:1722-1733.

Piepenbrink, M. S., A. L. Marr, M. R. Waldron, W. R. Butler, T. R. Overton, M. Vazquez-
Anon, and M. D. Holt. 2004. Feeding 2-hydroxy-4-(methylthio)-butanoic acid to
periparturient dairy cows improves milk production but not hepatic metabolism. J.
Dairy Sci. 87:1071-1084.

Preynat, A., H. Lapierre, M. C. Thivierge, M. F. Palin, J. J. Matte, A Desrochers, and C.
L. Girard. 2009. Influence of methionine supply on the response of lactational
performance of dairy cows to supplementary folic acid and vitamin Bi2. J. Dairy
Sci. 92:1685-1695.

Preynat, A., H. Lapierre, M. C. Thivierge, M. F. Palin, N. Cardinault, J. J. Matte, A
Desrochers, and C. L. Girard. 2010. Effects of supplementary folic acid and
vitamin Bi12 on hepatic metabolism of dairy cows according to methionine supply.
J. Dairy Sci. 93:2130-2142.

Sharma, B. K. and R. A. Erdman. 1988a. Effects of high amounts of dietary choline
supplementation on duodenal choline flow and production responses of dairy
cows. J. Dairy Sci. 71:2670-2676.

Sharma, B. K. and R. A. Erdman. 1988b. Abomasal infusion of choline and methionine
with or without 2-amino-2-methyl-1-propanol for lactating dairy cows. J. Dairy Sci.
71:2406-2411.

Shahsavari, A. 2012. The metabolic and reproductive responses of lactating dairy cows
to supplementation with choline. Ph.D. Thesis, University of Queensland.

Socha, M. 1994. Determining the methionine requirements of lactating dairy cows.
Ph.D. Thesis, University of New Hampshire.

Soltan, M. A., A. M. Mujalli, M. A. Mandour, and M. EI-Shinway Abeer. 2012. Effect of
dietary rumen protected methionine and/or choline supplementation on rumen
fermentation characteristics and productive performance of early lactating cows.
Pakistan J. Nutr. 11:221-230.

Sun F., Y. Cao, C Cai, S. Li, C. Yu, and J. Yao. 2016. Regulation of nutritional
metabolism in transition dairy cows: energy homeostasis and health in response
to post-ruminal choline and methionine. PLoS ONE 11(8): e0160659.
doi:10.1371/journal.pone.0160659

21



Toledo, M., G. M. Baez, E. Trevisol, N. E. Lobos, A. Garcia-Guerra, J. N. Guen, D.
Luchini, R. D. Shaver, M. C. Wiltbank. 2015. Effect of top-dressing rumen-
protected methionine in lactating Holstein cows II: Fertility and embryo
development. J. Dairy Sci. 98 (Suppl. 2):301.

Zahra, L. C., T. F. Duffield, K. E. Leslie, T. R. Overton, D. Putham, and S. J. LeBlanc.
2006. Effects of rumen-protected choline and monensin on milk production and
metabolism of periparturient cows. J. Dairy Sci. 89:4808-4818.

Zenobi, M.G., R. Gardinal, A. L. G. Dias, J. E. Zuniga, R. Moreira, B. A. Barton, J. E. P.
Santos, and C. R. Staples. 2016. Effects of rumen-protected choline (RPC)
supplementation to periparturient dairy cows did not depend on prepartum energy
intake. J. Dairy Sci. (E-Suppl. 1):657.

Zhou, Z., M. Valilati-Riboni, E. Trevisi, J. K. Drackley, D. N. Luchini, and J. J. Loor.
2016. Better postpartal performance in dairy cows supplemented with rumen-
protected methionine compared with choline during the peripartal period. J. Dairy
Sci. 99:8716-8732.

Zom, R. L., G, J. van Baal, R. M. A. Goselink, J. A. Bakker, M. J. de Veth, and A. M. van
Vuuren. 2011. Effect of rumen-protected choline on performance, blood
metabolites, and hepatic triacylglycerols of periparturient dairy cattle. J. Dairy Sci.
94:4016-4027.

Figure 1. Pathways for phosphatidylcholine synthesis.
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Table 1. Effects of feeding rumen-protected methionine or methionine analog during
the transition period on milk yield, milk protein percentage, and protein yield.

. Milk yield, . - Milk protein
Study Source Amount and duration Ib/d Milk protein, % yield, kg/d
Overton et 0 vs 20 g of Met/d;
al, 1996 | Mepron 110 d to 18 wk NS NS NS
Met 1.83 vs 2.23% of
P;f’y;;(;;t Mepron MP; NS 2.94 vs 3.04 1'112%’5
' -3to +16 wk '
Smartamine SM (0.06\0.10) or MS
Ordway et or (0.35\0.54) % of DM NS 2.72 vs 2.81 (MS) NS
al., 2009 Metasmart Pre/Post; or 2.87 (SM)
-21to +140d
. 12 (-2 to +2 wk) or 17
Gglorzgg'ft Smartamine g of Met: NS 2.76 vs 2.93 NR
" +3 to +14 wk
Osorio et Smartamine | 3.4 vs 2.8:1 Lys:Met; 78&%";3;3'0 3.04 vs 3.22 1.110vs
al., 2013 /Metasmart -21d to +30d b ' ' 1.235
SM/IMS)
Zhou et al., . 3.5vs 2.9 Lys:Met;
2016 Smartamine 21.d to +30 d 89.0vs 974 3.14 vs 3.32 1.25vs 1.43
. 0 vs 20 (pre) or 50
F;?Illlzposogt HMB (post) g/d; NS NS NR
" -21t0 +120d
Ovs 0.090r0.18 Inc. Quad
Piepenbrink (pre) or 0.13 or 0.20 )
et al., 2004 HVB (post) % of DM; 92'3’2929'0’ NS NS

-21to +84d

Met = methionine; Lys = lysine; MP = metabolizable protein; SM = Smartamine; MS =
Metasmart; HMB = methionine hydroxy analog; NS = nonsignificant; NR = not reported; DM =
dry matter; d = day; wk = week;
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Dietary Choline: A Story Beyond Fatty Liver

C.R. Staples, M. Zenobi, C. Nelson, and J.E.P. Santos.
Department of Animal Sciences. University of Florida.

Introduction

Choline.

Choline has been identified as a required nutrient for many species including
humans, chicks, and pigs. Choline is found in low concentrations in most feeds, ranging
from 0.04% in corn silage and alfalfa hay to 0.3% in protein sources such as soybean
meal and cottonseed meal (DM basis). Its low concentrations in feeds are indicative of
the low amounts required by livestock (e.g. 3 g/day for a lactating sow). Although the
bovine requirement for choline has yet to be established, the supplementation of choline
to dairy cows in transition usually improves milk production and often aids in the
reduction of fat in the liver. However, in order for choline to be absorbed in the small
intestine of ruminants, the choline must have some protection from degradation by
ruminal microbes which degrade dietary choline to methane and acetic acid. Several
ruminally-protected choline (RPC) products are being marketed commercially to the
dairy industry across the world. ReaShure (Balchem Corp., New Hampton, NY) is such
a product containing approximately 25% choline chloride. In 16 experiments published
since 2003, dairy cows supplemented with an RPC product starting in late gestation (~ 3
weeks prepartum) and continuing into lactation produced an average of 4.4 Ib/day more
milk or fat-corrected milk compared with cows not supplemented with RPC. Fourteen of
the 16 studies reported a numerical increase and 10 reported a statistically significant
increase in milk due to RPC supplementation. The need for choline by nonruminants is
increased during pregnancy and |l actation beca
the fetus during pregnancy and into the milk (Zeisel, 2011). This may well be true for
ruminant animals as well.

This increase in cow milk production due to choline supplementation often has
been explained through cholinebs role to i mpr
of the modern dairy cow accumulates fat (triacylglycerol, TAG) in the early weeks after
calving because of the massive mobilization of adipose tissue for energy use during the
extensive period of negative energy balance (NEB). The efficiency of the excessively fat
liver to manufacture glucose for milk synthesis is compromised resulting in reduced milk
yield. Concentrations of choline in the liver decrease dramatically during pregnancy or
lactation (Zeisel, 2000). The liver can export some of the fat with the aid of choline. In
many studies, simply removing choline from the diet is a way that researchers often
create fatty liver in nonruminant species. This reduction in liver TAG caused by feeding
RPC to dairy cows helps explain the positive milk responses so commonly reported in
the literature. In addition, part of the positive milk response could result from
supplemental choline sparing glucose from oxidation for energy so that more is

1 Contact: 2250 Shealy Drive, Gainesville, FL 32611, Telephone: (352) 392-1958 ext 253, E-Mail:
chasstap@ufl.edu
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available for synthesis of milk lactose. This may come as a result of methionine
contributing to greater carnitine synthesis causing greater oxidation of NEFA rather than
glucose for energy.

The many benefits of adequate dietary choline have been identified to a much
greater extent in nonruminants compared withrumi nant s. These include ¢c
1) the proper development in utero of fetal progenitor cells improving brain and memory
development (Zeisel, 2011), 2) reduced risk of birth defects in human babies born from
mothers consuming choline-adequate diets (Zeisel, 2011), 3) reduced subclinical fatty
liver or muscle damage in adult people (Zeisel and da Costa, 2009), 4) reduced
susceptibility to infection of rat pups born from choline-adequate dams (Gebhardt and
Newberne, 1974), improved growth rate of rat pups nursing choline-supplemented dams
(Dallschatft et al., 2015), and improved maternal immune function of rats (Dallschaft et
al., 2015), to name a few.

Prepartum energy intake.

Proper body condition at calving is important for optimal milk yield. Thin cows
lack the energy reserves to support needed energy for milk synthesis during the
inevitable negative energy state whereas fat cows are often poor eaters and experience
greater states of negative energy postpartum resulting in even greater fatty liver,
reduced milk yield, and poor reproductive performance. Excessive fat reserves are
oftentimes hidden from view; fat that is stored in the abdomen around the intestines and
the kidneys is not considered when one is condition-scoring cows. Excessive energy
intake during the dry period can build up this abdominal (visceral) fat without changing
the overall body condition of the cow (Drackley et al., 2014). Nonlactating and
nonpregnant Holstein cows were fed a lower energy diet (0.61 Mcal/lb) of 41% wheat
straw and 28% corn silage or a higher energy diet (0.735 Mcal/lb) of 0% wheat straw
and 50% corn silage (DM basis) in ad libitum amounts. After 8 weeks on the 2 diets,
body condition was the same, 3.47 vs. 3.52, respectively. Upon slaughter, it was
discovered that the cows fed the lower energy diet had 56 fewer pounds of abdominal
fat (70 vs. 126 Ib). Feeding prepartum diets that better match the energy requirement for
mai ntenance and pregnancy is the Ajust rightOo
the porridge at the right temperature, sitting in the chair that is the right height, and
sleeping in the bed that is the most comfortable is not extreme to either side. Likewise,
underfeeding or overfeeding energy to pregnant cows during the whole dry period ends
up damaging cow performance postpartum. In the last 2 decades of research in this
area of transition cow feeding, formulating well-balanced diets containing substantial
proportions of low quality forages such as wheat straw has often but not always been
beneficial to postpartum performance (Drackley, 2016). Too often, cows are overfed
during the dry period. This approach may not appear to be harmful because body
condition appears Anormal 06 but research indic
moma bear.
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Experimental Hypothesis and Approach

Because overfeeding energy during the dry period often leads to fatty liver and
because choline plays a key role in improving
hypothesized that choline supplementation would most benefit those dairy cows overfed
energy during the dry period.

Ninety-six pregnant, nonlactating multiparous Holstein cows (University of
FIl orida) were assigned to 1 of 4 dietary trea
to expected calving date). Dietary treatments were arranged in a 2 x 2 factorial. One
factor was RPC (ReaShure, Balchem Corp., New Hampton, NY) top-dressed once daily
at 0 or 60 g/day per cow from 21 days prior to expected calving date through 21 days
postpartum. The second factor was diets of 0.74 (excess energy) or 0.64 (maintenance
energy) Mcal of NEL/Ib of dietary DM fed in ad libitum amounts for the whole dry period.
Therefore, the 4 treatments were maintenance energy intake without RPC (MNE) or
with RPC (MNE+C) and excess energy intake without RPC (EXE) or with RPC
(EXE+C). Chopped wheat straw (< 2 inches), corn silage, and triticale silage were
adjusted to formulate to the targeted energy density of the prepartum diets. Wet brew
was added to the TMR (16.7% of dietary DM) to minimize sorting by the cows managed
in a Calan gate system. At the time of enrollment, parity (1.9), 305-day mature
equivalent milk production (26,701 Ib), body condition score (3.55), or body weight
(1622 Ib) did not differ between the 4 groups of cows. After calving all cows were fed the
same basal diet (0.76 Mcal NEL per Ib and 16.0% CP, DM basis) through 15 weeks
postpartum when the trial ended. Diets were formulated to have methionine at 2.3% of
metabolizable protein and a lysine-to-methionine ratio of 2.9 prepartum and 3.1
postpartum. Measurements taken included intake of feed, body weight and condition,
yield and 1gG content of colostrum, health disorders, milk production and composition,
triacylglycerol content of liver via biopsy, uterine health assessments, selected
metabolites and immune responses in blood, and pregnancy to timed artificial
insemination.

Data were analyzed using the MIXED procedure of SAS version 9.4 (SAS/STAT,
SAS Institute Inc., Cary, NC). The REPEATED statement was used for dependent
variables measured over time. Models included the fixed effects of energy intake
prepartum (excess vs. maintenance), RPC (with vs. without), interaction between
energy intake prepartum and RPC, day or week of measurement, and all 2- and 3-way
interactions. Cow was nested within treatment and was the error term for testing the
effects of treatment. Data were transformed to achieve normality if needed before
analyses. Binary data were analyzed by logistic regression using the GLIMMIX
procedure of SAS. Time to event such as interval to pregnancy by 210 DIM was
analyzed with Cox6s proportional hazard regre
of SAS. Statistical significance was consideredatPO 0. 05 and tendency wa
considered at0.05<PO 0. 10.
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Experimental Results and Discussion

For nearly every dependent variable, the influence of each main treatment effect
was independent. That is, the effect of choline was the same if the cow was fed the
lower energy diet or the greater energy diet prepartum. Likewise, the effect of
prepartum energy intake was the same regardless of whether the cow was
supplemented with choline. Therefore, the main effects of prepartum energy intake and
choline will be presented separately.

Effects of prepartum enerqgy intake.

Prepartum responses. Body condition score from dry-off to calving was
unchanged. Mean DM intake during the last 15 days of gestation (mean of 23.7 Ib/day)
did not differ due to energy density of the diets. However intake of energy did differ
between the 2 groups as planned. Two weeks prior to calving, cows fed the EXE diet
were consuming energy at 140% of their requirement for maintenance and pregnancy
whereas cows fed the MNE diet were eating at 110% of their requirement (NRC, 2001).
The pattern of NEL intake over the last 2 weeks of gestation also differed [P < 0.01,
energy diet by day interaction (Figure 1)]. As reported by many others, intake of energy
decreased as parturition approached. However, the intake of NEL by cows fed the EXE
diet decreased at twice the rate compared to that by cows fed the MNE diet, dropping
the equivalent to 0.6 vs. 0.3 |b per day or a total of 9 (34%) and 4.5 Ib (20%),
respectively. As a result of the greater NEL intake prepartum, mean concentration of
nonesterified fatty acids (NEFA) tended to be lower (252 vs. 295 yEg/mL, P < 0.10) and
that of glucose was greater (66.4 vs. 63.5 mg/100 mL, P < 0.05) in plasma of cows fed
the EXE compared with the MNE diet although values were within the normal range for
well-managed prepartum dairy cows.

Postpartum responses. Cows fed the EXE diet prepartum consumed 2.7 Ib less
feed DM (P < 0.01) during the 15-week postpartum period compared with cows fed the
MNE diet (50.4 vs. 53.1 Ib/day, respectively). This response is rarely significant
although numerically lower postpartum DM intake by cows overfed energy prepartum
has been reported previously (Holcomb et al., 2001; Dann et al., 2006; Zhang et al.,
2015). However, mean production of milk over the first 15 weeks postpartum was not
different (91.9 vs. 95.1 Ib/day of uncorrected milk yield [P = 0.25] and 93.9 vs. 96.2
Ib/day of energy-corrected milk yield [P = 0.38] for cows consuming EXE and MNE
diets, respectively). Concentration of fat (3.88 vs. 3.78%) and true protein (2.95 vs.
2.97%) in milk were not affected by prepartum energy intake. The gross efficiency of
converting feed DM into ECM almost reached a significant tendency favoring cows fed
the EXE diet (1.90 vs. 1.84 |b of milk per Ib of feed intake, P = 0.11). This improved
gross efficiency of milk from feed came at the cost of body reserves. After body weight
of both groups of cows hit a low after 4 weeks of lactation, cows from the EXE treatment
simply maintained their body weight the rest of the way whereas cows from the MNE
treatment started gaining weight until they put on ~70 Ib at 15 weeks postpartum. This
greater reliance on body reserves for the milk that was produced by cows fed EXE diets
prepartum is reflected in greater mean concentrations of circulating beta-hydroxybutyric
acid (BHBA; 0.52 vs. 0.43 mmol/L, P < 0.05) and NEFA (502 vs. 453 pEg/mL, P <
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0.10). As a result of greater fat circulating in the blood, the liver of cows fed EXE diets
accumulated more TAG fat at 7 (11.1 vs. 8.7% of DM) and 21 (10.1 vs. 7.6% of DM)
days in milk compared with cows fed MNE diets prepartum.

Fatty liver is often associated with ketosis and reduced reproductive
performance. Incidence of health disorders were recorded although the study lacked
sufficient numbers of cows to adequately test the effect of prepartum energy intake.
|l nci dence of diseases/ disorders that reached
to feeding EXE diets included ketosis (16.9 vs. 10.2%) and uterine infection at 40 days
in milk (15.2 vs. 7.1%). However excess energy intake prepartum did not influence
ovarian cyclicity postpartum either at 26 (45.1 vs. 60.6%) or at 40 (78.7 vs. 82.5%) days
in milk compared to cows fed MNE diets as determined by the presence of a corpus
luteum detected using ultrasonography. Pregnancy at first Al was 32% for both
treatment groups.

Effects of choline supplementation.

Prepartum responses. Although pregnant cows began RPC supplementation at
21 days prior to expected calving date, cows consumed supplemental RPC for only the
last 17 days of gestation on average because they calved earlier than expected.
Supplementing RPC did not change mean DM intake during the last 15 days (23.1 vs.
24.2 Ib DM/day for i RPC and +RPC-fed cows, respectively). Body condition score of
cows averaged 3.51 and did not differ due to RPC feeding. Blood concentrations of
NEFA and BHBA also were unaffected by RPC supplementation.

Postpartum responses. Yield of colostrum was not affected by RPC
supplementation (18.8 vs. 21.8 Ib) but colostrum from cows fed RPC had a greater
concentration of immunoglobulin G (IgG; 78 vs. 57 g of IgG/L). The source of colostrum
that was fed to the calves born from the cows on this study was not controlled.
Nevertheless, the growth of the calves over the following 12 months of life was affected
by being exposed to RPC in utero. Calves born to dams supplemented with RPC
tended to be 4.6 Ib lighter at birth (84.5 vs. 89.2 Ib, P < 0.10) but were 31 Ib heavier at
12 months of age (739 vs. 7089 Ib, P < 0.05) thus growing at 0.1 Ib/day faster compared
to calves born from unsupplemented dams (1.97 vs. 1.87 Ib/day). Apart from the
colostrum, all calves were managed the same during this time period. Feeding more
choline to gestating rats improved the choline status of their pups (Dellschatft et al.,
2015). This may hold true for ruminants as well. Choline has been helpful in the diet of
nonruminant animals during pregnancy to improve offspring performance (Newberme et
al., 1970; Zeisel, 2006). Cai et al. (2014) reported that supplementing sows throughout
gestation with betaine (a metabolite of choline; 3 g/kg of diet) may improve hepatic
gluconeogenesis in newborn piglets. Specifically, newborn piglets from betaine-
supplemented sows had greater serum concentrations of lactic acid and gluconeogenic
amino acids including serine, glutamate, methionine and histidine. In addition, liver
tissue from these piglets contained greater glycogen concentration (0.16 vs. 0.13 g/g)
and PEPCK1 enzyme activity, as well as greater protein expression of several
gluconeogenic enzymes, namely, pyruvate carboxylase (PC), cytoplasmic
phosphoenolpyruvate carboxykinase (PEPCK1), mitochondrial phosphoenolpyruvate
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carboxykinase (PEPCK2), and fructose-1,6-bisphosphatase (FBP1) compared to control
piglets. Feeding ruminally-protected choline (RPC) during late gestation to pregnant
ruminants may provoke changes in expression of gluconeogenic genes in the liver of
pre-ruminants causing long-term positive effects in glucose homeostasis later in
ruminant life. Whether this may be true for dairy calves should be investigated in the
future.

As occurred in the prepartum period, intake of feed DM postpartum was not
affected by RPC supplementation (52.3 vs. 51.1 Ib/day) although the 1.2 Ib/day
numerical increase due to RPC supplementation is the same increase as that reported
by Grummer (2012) using a meta-analysis of RPC-feeding studies with lactating dairy
cows. Cows supplemented with RPC tended (P < 0.10) to produce more milk during the
first 15 weeks of lactation (95.9 vs. 91.0 Ib/day). This tendency for increased milk yield
detected during the first 15 weeks continued for 40 weeks of lactation (81.7 vs. 77.1
Ib/day, P < 0.10; Figure 2). Holstein cows produced nearly 5 more pounds per day of
milk for 40 weeks of lactation when supplemented with 15 g of choline chloride for
approximately 5.5 weeks over the transition period. This milk increase is similar to that
reported by Elek et al. (2008), Janovick et al. (2006), and Lima et al. (2012) and to that
reported in the meta-analysis by Grummer (2012). Although concentration of fat (3.82
vs. 3.84%) and true protein (2.95 vs. 2.97%) in milk were not affected by RPC, the yield
of both fat and protein tended to be greater by cows fed RPC due to their tendency for
greater milk yield. Greater milk yield without a significant increase in feed intake
resulted in a greater mean NEB of cows fed RPC over the 15 weeks (-1.18 vs. -0.53
Mcal/day). The pattern of NEB over the 15 weeks postpartum also differed between
groups. Cows fed RPC were experiencing a more NEB in weeks 2 (-11.4 vs. -8.9
Mcal/day) and 3 (-8.7 vs. -6.6 Mcal/day) postpartum. No difference in energy balance
occurred between groups after cows moved past week 6 (RPC by week interaction, P <
0.10). Despite a greater NEB, loss of body weight from calving to week 4 postpartum
was not different (101 vs. 83 Ib). In addition, mean concentrations of NEFA and BHBA
in blood were not affected.

Treatment for ketosis was the only disease/disorder that reached a probability of
significance of O 0.20 due t o ifRE® aspecivelRPC ( 138
Diagnosis of ketosis was based upon ketosti x
(~40 mg/ 100 mL) or )lhafieldsudy usirg) horercgws InCG=B69)n L
primiparous and multiparous cows were fed 15 g/d of RPC from 25 days prepartum to
80 days postpartum (Lima et al., 2012). Yield of fat-corrected milk increased 4 Ib/day
(98.3 vs. 94.3 Ib/day) due to RPC feeding. Cows fed RPC had less morbidity, especially
less clinical ketosis (4.7 vs. 13.9% for primiparous cows and 3.5 vs. 9.8% for
multiparous cows). Other measures that are indicators of cow health suggest a positive
influence of RPC in the current study. Rectal temperature measured at 4, 7, and 12
days in milk decreased linearly from 101.8 to 101.2°F for RPC-supplemented cows
whereas that for T RPC cows increased linearly from 101.6 to 101.9°F. A concentration
of < 8.5 mg of total Ca/100 mL of blood plasma was used as a definition of subclinical
milk fever in blood samples collected at 0, 1, 3, and 7 days in milk (Chapinal et al.,

2012; Martinez et al., 2012 ). Cows fed RPC had greater mean concentrations of Ca
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across measurement days (8.72 vs. 8.46 mg/100 mL) and the prevalence of subclinical
milk fever (using any of the 4 days of measurement) was reduced (P < 0.05) from 52.1
to 31.6%.

The pattern and the mean concentration of TAG in liver over 7, 14, and 21 days
in milk was not affected by RPC supplementation (8.2 vs. 7.4% TAG DM basis for
+RPC and 1 RPC, respectively). This lack of effect of RPC on liver TAG is in agreement
with Zahra et al. (2006) and Piepenbrink and Overton (2003). However several studies
have reported reduced TAG concentrations in the liver of lactating dairy cows in the
early postpartum period including Elek et al. (2013), Santos and Lima (2009), and Zom
et al. (2011). The TAG values in the current FL study were quite low and may have
been less susceptible to TAG reduction by RPC.

The greater NEB of cows fed RPC did not influence the proportion of cows
cycling at 26 and 40 days in milk based upon a detectable corpus luteum. However
pregnancy at first insemination tended to favor cows fed RPC (41.3 vs. 23.6%, P < 0.10)
although the proportion of cows pregnant by 40 weeks postpartum did not differ (69.8
vs. 62.5%). In a study conducted at a commercial dairy in California using both
primiparous and multiparous cows (Lima et al., 2012), pregnancy rate after the first and
second insemination was numerically but not significantly better due to feeding RPC
from 25 days pre-calving to 80 days post-calving (59.8 vs. 52.7%).

Summary

Compared with feeding to maintenance, overfeeding energy by 40% during the
dry period resulted in a greater decrease in DM intake as day of calving approached.
After calving, intake of DM was lower (2.7 Ib/day). Yield of milk was 3.2 Ib/d less but not
statistically different. Concentrations of fat in blood and liver were greater and body
weight gain was delayed postpartum. The postpartum performance and metabolic
status of multiparous cows was compromised by offering diets formulated to exceed
energy needs of the pregnant nonlactating cow during the entire dry period.

Supplementing ruminally protected choline chloride at 15 g/day from
approximately 17 days prepartum to 21 days postpartum resulted in greater (P < 0.10)
yield of milk (4.9 Ib/day) and milk components through 40 weeks of lactation, greater
NEB at 2 and 3 weeks postpartum without changing TAG in liver, greater concentration
and yield of IgG in colostrum, greater pregnancy at first insemination, and better daily
gains of body weight by calves from those dams regardless of the amount of energy
consumed during the entire dry period. Supplemental protected choline during the
transition period may offer additional benefits to the dairy enterprise beyond increased
milk production and improved liver health. Improvements in immunity, fertility, and calf
growth as detected in this study are intriguing and deserve further attention. If these
results are confirmed in future studies, the case for choline as an essential nutrient for
high-producing ruminants will be solidified.
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Figure 1. Effect of Prepartum Diet on Energy Intake
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Cows Need Both C16 and C18 Fatty Acids

J. R. Loften!, M. D. Sellers, and J. G. Linn
Milk Specialties Global, Eden Prairie, MN

Introduction

During the past decade, fatty acid (FA) research has been focused on
discovering the optimal combination of FA to feed to lactating cows for the purpose of
improving milk yield (MY) and milk components. Most long chain fatty acid (LCFA)
supplements contain either combinations of palmitic (C16:0) and oleic acids (C18:1),
highly enriched C16:0 (>80%), or C16:0, stearic acid (C18:0), and C18:1. These
supplement categories have substantial published research trials over the past 30
years. Nutritionists, researchers, and dairymen are continuing to search for the most
optimal combination of these three LCFA. New information continues to enhance our
knowledge of the metabolism and utilization of these LCFA for the purpose of improving
MY, milk fat (MF), milk protein (MP), and reproduction by improving energy balance
(EB) in early lactation. These LCFA are intimately involved in the metabolism of the
lactating cow and have specific functions in the production of milk and milk components.
Palmitic acid has been shown to improve milk fat % and yield. However, supplementing
C16:0 has no effect on MY, body weight gain or body condition score (BCS). Stearic
acid has been observed to have a positive influence on dry matter intake (DMI) and the
yield of milk, MF, MP, and milk lactose. Combinations of C16:0 and C18:0 have been
shown to improve MY, milk components, and improve EB in early lactation. Thus, the
importance in discovering the proper ratio and feeding rates of these LCFA to improve
performance is of interest.

Fatty Acids That Enter The Rumen Are Not What Leaves The Rumen

Palmitic and C18:0 are saturated LCFA which have little effect on ruminal
microbial populations and are considered rumen inert. Wu et al. (1991) observed
guantities of C18:0 leaving the rumen were several fold higher than the amount fed,
while C16:0 is similar to the amount fed. Loor et al. (2004) observed that while C18:0
was only 2.1 to 2.4% of the total FA fed in a high (65%) or low concentrate (35%) diet,
the amount flowing into the duodenum was ~25 times higher than the amount fed.
Stearic acid accounted for 46 to 39% of the total FA flow leaving the rumen in the low-
and high-concentrate diets, respectively. The flow of C18:0 from rumen to duodenum is
an evolutionary phenomenon that emphasizes the importance of C18:0 to the lactating
cow. Substantial microbial biohydrogenation of mono and polyunsaturated C18 fatty
acids (PUFA) leads to the several fold increase in duodenal C18:0. While much
emphasis has been placed on reducing biohydrogenation of PUFA to positively affect
milk FA composition, little research has been conducted to determine just how important
C18:0 is to the metabolism of the lactating cow as well as the dual presence of C16:0

1 Contact information: jloften@milkspecialties.com
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and C18:0 in the diet.
Digestibility of C16:0 and C18:0

When entering the abomasum, most FA are calcium, potassium, and sodium
salts and mixed in an insoluble particulate phase of feed particles and microbial cells.
These salts are dissociated and protonated to a great extent in the abomasum due to
low pH, and enter the duodenum mostly as non-ionized free FA (FFA). These FFA, if
not absorbed, may reform as salts as pH increases in the duodenum and ileum. Several
research trials and reviews have reported the digestibility values for C16 and C18
LCFA. These are summarized in Table 1. The apparent digestibility of C16:0 and C18:0
is very similar and averages 79.6% and 78.3% respectively. Bauman et al. (2003)
concluded that the rumen outflow of lipids are predominantly FFA and differences in the
digestibility of individual fatty acids in the small intestine are negligible. Thus, the
composition of FA absorbed in the small intestine is similar to the composition of FA
leaving the rumen. Boerman et al. (2015) reported in their meta-analysis that C16:0 and
C18:0 have similar digestibility averaged across published studies. However, as the
guantity of C18:0 increased in the duodenum, the corresponding digestibility declined
linearly. Loften et al. (2014) summarized that even if the percentage absorption of C18:0
is decreased at high flows into the duodenum, it likely has limited significance because
more C18:0 is present in the small intestine than any other FA and, therefore, the
guantity absorbed relative to other FA is always much greater.

Metabolism in Tissues

Ruminant adipose tissue is active in both lipogenesis and lipolysis. The major FA
concentrations in adult ruminant adipose tissue are C18:1, followed by C16:0, and then
C18:0. Choi et al. (2013) reported the C16:0, C18:0, and C18:1 adipose tissue
concentrations as 27.9%, 10.4%, and 42.9%, respectively in feedlot steers fed a low fat
basal diet. Douglas et al. (2007) reported the C16:0, C18:0, and C18:1 adipose tissue
concentrations as 27.0%, 10.7%, and 48.6% in dairy cows prior to calving. The FA in
adipose cells come from both diet and de novo synthesis.

Determining the amount of dietary FA uptake in adipose tissue is difficult due to
the flux between lipogenesis and lipolysis occurring constantly in a dynamic state.
Summers et al. (2000) estimated that slightly more than 10% of saturated FA were
stored in human adipose tissue compared to those that were consumed. Mitchaothai et
al. (2007) fed finishing swine a diet containing 5% sunflower oil for 13 weeks resulting in
the consumption of 1.24 kg and 0.21 kg of C16:0 and C18:0, respectively. They
observed 3.75 kg and 2.39 kg of C16:0 and C18:0 deposited in adipose tissue. The ratio
of FA deposition:FA intake for C16:0 was 3:1, whereas C18:0 was 11.9:1. These results
in monogastrics indicate that dietary FA may be found in adipose tissue, but the majority
of FA deposited in adipose tissue is from de novo synthesis. This is true in ruminants as
well. The basic building block for de novo lipogenesis is acetyl-CoA which is derived
primarily from acetate and glucose (Hellerstein et al.,1996; Vernon, 1981).
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Choi et al. (2013) fed either 1) no added lipid, 2) 3% palm oil, 3) or 3% soybean
oil to finishing steers to determine if fat sources differing in FA composition would alter
FA composition of adipose tissue. The results are illustrated in Table 2. Steers fed 3%
palm oil or 3% soybean oil did not show an increase in C16:0 concentration in
subcutaneous adipose tissue. The only significant change in FA composition was
C18:0. However, C18:0 increase in adipose tissue is likely due to C16:0 elongation to
C18:0, and because stearoyl-CoA desaturase activity, which converts C18:0 to C18:1,
was inhibited by C16:0 (Choi et al., 2013). Synthesis of FA beyond C16:0 does not
occur in ruminant adipose tissue, but through a family of elongation enzymes (ELOV),
C18:0 is produced from C16:0. Stearic acid is then desaturated to C18:1 by the enzyme
stearoyl-CoA desaturase. The primary purpose of desaturation is to regulate fluidity of
adipose cells from a buildup of high melting point (solid) C18:0 and loss of membrane
integrity. Thus, C18:1 is the predominant FA stored in ruminant adipose tissue. Burns et
al. (2012) found C16:0 and C16:1 to be regulators of lipogenesis, desaturation, and
apoptosis in adipose cells. Thus, C16:0, C18:0, and C18:1 provide the structure of the
tissue while maintaining the fluidity of adipocytes preventing their premature apoptosis.
The practical implication of decreased adipogenesis with higher amounts of C16:0
through either dietary sources and/or de novo synthesis in adipose cells is potential
weight and body condition loss. In short term feeding studies, both Warntjes et al.
(2008) and Piantoni et al. (2013) reported numerical decreases in BCS of cows fed
C16:0 compared to cows fed control diets.

In the liver, shortly before and after parturition, plasma NEFA concentrations lead
to increased hepatic uptake of FA, their subsequent esterification, and accumulation of
triglycerides (Grummer, 1993). Douglas et al. (2007) measured the effects of prepartum
nutrition on LCFA composition of total lipids in plasma, adipose tissue, and liver, and
whether dry period effects persisted (Table 3). Hepatic triglycerides (TG) contents of
C16:0, C18:0, and cis C18:1 were similar in the dry period; but, following parturition,
C16:0 and cis C18:1 increased compared with 45 d prepartum by 58% and 11%,
respectively, while C18:0 decreased 42%. Other studies, Rukkwamsuk et al., (2000)
and Litherland et al. (2012) found similar results. Mashek and Grummer (2003a)
observed no net uptake of C18:0 in the caprine liver when 0.3 mM concentrations of
C16:0 and C18:0 were perfused into the caudate lobe. They observed that C16:0
uptake was significantly increased compared with C18:0. Mashek and Grummer
(2003b) observed C16:0 oxidation doubled when C18:0 was added to bovine cell
hepatic cultures compared with C16:0 alone. This may indicate a role for C18:0 in aiding
hepatic tissue clear excess C16:0 that collects in hepatic tissue before and after
parturition. Loften et al. (2014) concluded that these data indicate that C18:0 does not
accumulate in tissues of cows in negative EB and cows preferentially metabolize C18:0
for energy (e.g., boxidation) in the liver and muscle or secrete large proportions of
C18:0 through milk as both C18:0 and C18:1. From these data, Linn and Loften (2015)
concluded C18:0 may be better oxidized by the liver or used as an energy source during
late prepartum and early postpartum periods than C16:0.

White et al. (2011) suggested that the circulating FA that are characteristically
increased in transition cows may contribute to increased expression of pyruvate
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carboxylase mRNA to stimulate gluconeogenesis and maintain oxaloacetate for the
tricarboxylic acid cycle. Stearic acid was shown to regulate pyruvate carboxylase
promoters (P1, P2, and P3) in different tissues, with C18:0 suppressing promoter P1
and enhancing promoter P3 activity simultaneously. These data suggest that C18:0
contributes to the partitioning of energy during periods of upregulated gluconeogenesis,
increased hepatic FA supply, or both. This would suggest that C18:0 may spare glucose
in early lactation when negative EB occurs.

Mammary Tissue

Palmitic acid and C18:0 are intimately involved in the synthesis of milk and milk
fat. Both FA can be oxidized to supply energy for overall synthesis of milk and milk
components. Numerous studies in the literature have evaluated fat supplementation to
lactating dairy cows; however, most of these studies were with supplements containing
mixtures of FA. Very few studies have looked at feeding only a single purified form of a
FA. The classic studies of Steele and Moore (1968a,b), Noble et al. (1969), and Steele
(1969) were some of the first to look at effects of feeding a purified source of C16:0 on
milk yield and milk components. Steele and Moore (1968a) fed 578 g/d of highly purified
C16:0, which increased milk fat percentage by 0.86% units and increased the amount of
C16:0 in milk fat almost 2-fold, but had no effect on milk yield of 12.2 kg/d for control
and 11.8 kg/d for C16:0-supplemented cows. In a later study (Steele, 1969), when 448
g/d of C16:0 was fed as a replacement for starch in diets of lactating cows, milk yield
increased by 1 kg/d for cows fed 16:0 compared with control cows. In all 3 studies,
feeding C16:0 increased milk fat percentage and yield of C16:0 in milk fat, but
concentration and yield of C4 to C14 FA, along with C18:0 and C18:1 in milk fat,
decreased. Table 4 illustrates the effects of C16:0 and C18:0 on milk FA yield. The
observed effects of feeding C16:0 at high levels are suppressed de novo synthesis and
reduced C18 in milk fat. Noble et al. (1969) concluded that acetyl CoA carboxylase is
inhibited by the mammary uptake of LCFA, in this case, primarily C16:0. The more
recent studies show similar responses in reducing de novo synthesis of milk FA. The
basic effect of feeding highly enriched C16:0 is the 2-4 fold increase in C16:0 in milk fat
at the expense of de novo synthesis and C18:0 and C18:1 in milk fat.

Several recent studies have shown improvements in MF% and yield when C16:0
was fed to lactating cows across different production levels. Table 5 includes an
average of 8 research trials with similar design, period length, and diets. The average
response measured in these studies reveals that highly enriched palmitic acid improved
fat test from 3.70% to 3.87%, reduced DMI by 1.5 Ib/d, did not increase MY( 0.04 Ib./d),
reduced MP% from 3.20% to 3.16%, and reduced milk lactose from 4.75% to 4.71%.
These data show the ability of feeding highly enriched C16:0 to improve MF% and MF
yield. However, the reduction of DMI aids in the explanation of the absence of a MY
increase and a reduction of milk lactose % and MP%. In these studies, the absence of
improved MY when 428 g/d of C16:0 were fed causes the economic return to be based
solely on MF yield.
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There have been two recent trials (Boerman and Lock, 2014; Piantoni et al.,
2015) where highly enriched C18:0 was fed to lactating cows. Both studies observed
significantly higher DMI when C18:0 was fed from 200-700 g/d. The results of the
Piantoni et al. (2015) study are shown in Table 6. Feeding 500 g/d of a 98% highly
enriched C18:0 resulted in significant increases in DMI and yields of milk, MF, MP,
lactose, 3.5% FCM, and ECM while not affecting milk component concentration. The
intake of enriched C18:0 resulted in a significant increase in de novo, mixed, and
preformed FA yields, quite in contrast to previously mentioned C16:0 trials. The authors
also observed a significant interaction between production level and C18:0
supplementation. Lactating cows yielding < 60 Ib/d of milk showed very little increase in
3.5% FCM, while those producing > 120 Ib/d were observed to increase in excess of 10
Ib/d. This illustrates the potential glucose sparing effects of C18:0 as indicated by White
et al. (2011). Lactating cows requiring higher energy intake and circulating glucose
responded with the highest increases in 3.5% FCM when fed enriched C18:0, while low
producing cows partitioned energy from milk and MF production to other body functions.

Conclusions

The importance of C16:0 and C18:0 in the production of milk and milk
components has been discussed. Each FA has separate functions, metabolism, and
utilization. Feeding either FA separately in an enriched form results in different
improvements in performance. Results of these studies illustrate the need for both
C16:0 and C18:0 in the LCFA supplement to elicit maximum response to lactating cows.
Research is underway to determine the optimal ratio of C16:0 to C18:0 in early, mid,
and late lactation.
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Table 1. Apparent digestibility of long chain fatty acids from 6 published studies and
reviews.
Published studies

Doreau Enjalbert Scollan Lock Glasser Boerman
and et al. et al. et al. et al. et al.
Chilliard 1997 2001 2006 2008 2015
1997 Average
Fatty acid digestibility %
C16:0 79 76 92 75 NA 76 79.6
C18:0 77 79 95 72 74 73 78.3
ci18:1 85 78 89 80 79 82 82.2
C18:2 83 66 73 78 72 78 75.0
C18:3 76 63 72 77 70 79 72.8

Table 2. Fatty acid composition of subcutaneous adipose tissue of feedlot steers fed
palm oil or soybean oil.*

Fatty acid % Control 3% Palm Ol 3% Soybean QOil P value
C16:0 27.9 27.0 26.7 0.09
C18:0 10.42 12.6° 12.6° 0.02
Ci18:1 42.9 42.7 42.9 0.22
C18:2 1.84 1.90 2.04 0.18

ab Means in rows not bearing a common superscript differ, P < 0.05.
! Adapted from Choi et al. (2013).

Table 3. Fatty acid composition of tissues in pre- and post-partum dairy cows.?

Tissue Day relative to parturition
g/100 g of FA -45 1 21 65
Adipose
C16:0 27.0 27.5
C18:0 10.7 10.8
ci18:1 49.4 48.1
Liver TG
C16:0 26.8 42.32 39.02 26.0°
C18:0 25.5 10.6° 12.2° 24.72
ci18:1 23.9 26.62 26.62 17.2°
Plasma
C16:0 17.7 18.22 14.5° 12.2¢
C18:0 16.5 15.62 13.9° 13.7°
Cc18:1 18.0 19.62 20.12 14.5°

! Adapted from Douglas et al. (2007).

43



Table 4. Effects of feeding C16:0 and C18:0 on milk fatty acid yield.

Fatty acid fed, g/d Milk fatty acid yield, g/d
De novo Mixed Preformed
Steele and
Moore 1968a
Control 0 82 152 78
C16:0 578 62 297 86
C18:0 564 83 133 103
Noble et al.
1969
Control 0 143 206 106
C16:0 448 110 338 112
C18:0 448 110 138 228
Recent trials!
Control 0 338 127 436
C16:0 428 305 543 414

! Trials included reported milk fatty acid composition and yield (Piantoni et al., 2013; Lock et al.,
2013; Rico et al., 2014; Boerman et al., 2015; and de Souza et al., 2017.)

Table 5. Effect of feeding palmitic acid supplements to lactating cows and milk
composition from 8 trials utilizing similar design. *

Measures
C16:0 DMI Milk yield Milk fat Lactose Milk
Intake Ib/d Ib/d % % protein
Treatment Ib/d %
Control 0 58.3 84.24 3.70 4.75 3.20
Palmitic acid 428 56.8 84.28 3.87 4,71 3.16
Palmitic acid
minus 428 -1.5 0.04 0.17 -0.04 -0.04
Control

1Studies included Lock et al., 2013; Piantoni et al., 2013, Rico et al., 2014; Garver et al.,
2015; Boerman et al., 2015; DeSouza et al., 2017.
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Table 6. The effects of feeding highly enriched stearic acid on milk yield, milk

components, and milk fatty acid yield in lactating dairy cows.*

Item Control Stearic acid? +/- P value
DMI Ib/d 55.4 57.4 <0.01
Yield
Milk  Ib/d 84.7 88.4 3.7 0.02
Milk fat  g/d 1350 1420 70 <0.01
Milk protein  g/d 1140 1190 50 0.02
Lactose g/d 1870 1960 90 0.02
3.5% FCM Ib/d 84.0 89.1 5.1 <0.01
ECM Ib/d 84.0 88.2 4.2 <0.01
Composition
Milk fat % 3.60 3.59 -0.01 NS
Milk protein % 3.00 2.99 -0.01 NS
Lactose % 4.83 4.86 0.03 NS
Milk fatty acids
De novo g/d 344 359 15 <0.0001
Mixed g/d 451 461 10 <0.01
Preformed  g/d 352 393 41 <0.001
TOTAL g/ 1147 1213 66 <0.01
Transfer efficiency % 12.9%
Total FA
digestibility % 76.1 56.6 -19.50 <0.0001
16 C % 76.2 75.8 -0.40 0.79
18 C % 79.1 55.3 -23.80 <0.0001

2 Included in diet at 2% of the DMI or 522 g/d of 98% C18:0 per day.
! Adapted from Piantoni et al. (2015).
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Effects of Supplementation of a Combination of Palmitic and Stearic
Acids on Milk and Component Production: A Meta-Analysis

M. D. Sellers?, T. L. Harris, and J. R. Loften
Milk Specialties Global Animal Nutrition, Eden Prairie, MN

Introduction

Supplementing the lactating cow ration with a high-energy fat source is a widely
adopted strategy that is commonly used to improve energy intake, milk and component
production, and reproductive efficiency. A wide array of fat sources have been fed to
lactating cattle in recent years including oilseeds such as cottonseed and soybeans,
animal fats such as tallow, palm oil products, and various modified fat sources that have
been designed to reduce or eliminate availability of unsaturated fatty acids to
biohydrogenation in the rumen (Rabiee et al., 2012).

Previous authors have used meta-analytical methods as a means to determine
productive and reproductive responses to specific types of supplemental fat or to dietary
fat in general. Allen (2000) investigated effects of fat source, fatty acid chain length,
degree of fatty acid saturation, and fatty acid esterification on dry matter intake (DMI) in
lactating cows, and concluded that DMI is affected differently by varying fat sources,
and that DMI decreases with increasing proportion of unsaturated fatty acids in the diet.
Rabiee et al. (2012) used meta-analysis and meta-regression to determine the effects of
supplementation with fats on milk production and components by dairy cows. Five
groups of fats were evaluated including tallows, calcium salts of palm fat (Megalac;
Church and Dwight Co. Inc., Princeton, NJ), oilseeds, prilled fat, and other calcium
salts. The authors concluded that fat supplementation did improve milk yield (MY), but
the results were heterogeneous across fat groups. All fat groups aside from prilled fats
decreased DMI. Several fat groups were also shown to decrease milk fat (MF)
percentage, while no fat groups influenced milk protein (MP) production. Rodney et al.
(2015) investigated the relationship between dietary fat and fertility in dairy cattle. The
authors concluded that, overall, inclusion of fat in the ration does improve fertility, with
varying conclusions for oilseeds, calcium salts of fatty acids, tallow, and conjugated
linoleic acid. Most recently, de Souza et al. (2016) conducted a meta-analysis and
meta-regression to determine the effects of highly enriched palmitic acid supplements in
late lactation dairy cows. The authors reported that MF percentage, MF yield, NDF
digestibility, and fatty acid digestibility were increased with palmitic acid feeding;
however, MY, DMI, body weight, and body condition score were unaffected by palmitic
acid supplementation.

While the above-mentioned studies provide a thorough explanation of some
general effects of dietary and supplemental fat on DMI, production, and reproduction,
they do not thoroughly explore these topics in regards to supplementation with a

1Corresponding author. Email: msellers@milkspecialties.com
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combination of palmitic (C16:0) and stearic (C18:0) fatty acids. The paper by Allen
(2000) limits inferences on DMI to oilseeds, unprocessed animal fat, hydrogenated
triglycerides and fatty acids, and calcium salts of palm fatty acids. The paper by Rabiee
et al. (2012) investigates prilled fats but gives no inference into effects of specific fatty
acid profiles. Moreover, Rabiee et al. (2012) opted to exclude crossover and Latin
square designs from their analysis, so only 3-4 prilled fat comparisons were included in
their analysis. The paper by Rodney (2015) eschews prilled fats altogether. Finally, the
de Souza et al. (2016) paper investigated the effects of highly enriched palmitic acid
products alone, and did not include blended C16:0 and C18:0 supplemental fats in the
analysis. With this in mind, the objective of the current analysis was to use meta-
analytic methods to examine intake, milk production, milk component, and efficiency
responses when lactating cows were supplemented with a prilled fat containing a blend
of C16:0 and C18:0 fatty acids.

Materials and Methods

Selection Criteria

The initial selection criteria for inclusion in the primary data set were studies that
reported DMI, MY, and milk component concentration and yield measurements in
lactating dairy cows when a diet containing no added fat was compared to a diet
containing supplemental fat in the form of prilled free fatty acids containing a blend of
C16:0 and C18:0 fatty acids. Studies that did not report a measure of variability were
then excluded from the data set as recommended by Borenstein et al. (2009). Although
Lean et al. (2009) caution against using studies with crossover or Latin square designs
due to potential carryover effects and effects of stage of lactation, the authors opted to
include these studies, as the number of studies meeting criteria for analysis decreases
drastically if these study types are excluded, and the goal of the current analysis was to
summarize all available data. The final data set consisted of 25 studies comprising 73
treatment means published in peer-reviewed journals. The means included 39
treatments containing supplemental fat and 34 treatments that did not contain
supplemental fat. Descriptive information on the individual studies and treatments
included in the data set are reported in Table 1.

Data Extraction

Data extracted from qualifying studies included journal, year of publication,
authors, trial design, length of trial feeding period, number of cows in control and
treatment groups, amount of fat supplemented (g/d and % of dietary DM), DMI (kg/d),
net energy (NE) intake (Mcal/d), MY (kg/d), MF percentage and yield (kg/d), MP
percentage and yield (kg/d), milk lactose (ML) percentage and yield (kg/d), 3.5% fat-
corrected milk (FCM) yield (kg/d), and ratio of 3.5% FCM to DMI (kg/kg per d). A
measure of variation (SD or SE) was also recorded for each production variable.

Statistical Analysis
All statistical analysis was performed using R statistical software (R Core Team,

2016) and allmeta-anal ysi s was perfor mekhgeunsRi ng t he
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(Viechtbauer, 2010) following guidelines set forth by Lean et al. (2009) and Borenstein
et al. (2009). Dry matter intake, NE intake, MY, milk component concentration and yield,
3.5% FCM, and 3.5% FCM to DMI data were analyzed via raw mean difference, which
was calculated by subtracting the mean for the control group from the mean for the
treatment group. Resulting positive raw mean differences favored treatment groups
whereas resulting negative raw mean differences favored control groups. In cases
where separate standard deviation or standard errors were reported for control and
treatment cows, the appropriate designation for each was recorded for the meta-
analysis. If only pooled standard deviations or standard errors were reported, then the
pooled version of each was recorded. As all included studies vary in terms of days in
milk, diet composition, genetics, etc., the authors opted to use random effects models
utilizing the inverse of the variance for weighting as recommended by Borenstein et al.
(2009). Estimates of effect size, 95% confidence intervals, and statistical significance of
effect size were estimated for each production response. P-values corresponding to
effect size significance were estimated using the method of Knapp and Hartung (2003),
which provides more conservative estimates when number of studies is small. Mean
differences and associated confidence intervals were visualized using forest plots (not
shown).

Variation among studies was quantified using the 12 statistic and assessed for
statistical significance using a chi-square test of heterogeneity (Borenstein et al., 2009).
The I? statistic estimates the proportion of total variation in effect size estimates that is
due to heterogeneity. Negative 12 values were adjusted to 0 so that all 12 estimates were
between 0 and 100 percent. An 12 value greater than 50 percent may be indicative of
substantial heterogeneity (Rabiee et al., 2012).

Publication bias was assessed visually via funnel plots (not shown). Briefly, a
funnel plot is a scatter plot of effect size estimates versus their respective estimates of
precision. If many large and small studies have been conducted, small, imprecise
studies should be scattered around the average effect size, and studies should narrow
in on the average effect size as study size and precision increase resulting in a
symmetrical oO0funnel 6 of data poi nt sorabld f
studies tend to not be published), the plot will appear asymmetrical with a large gap at
the bottom of the plot.

Results / Discussion

Data Review and Description

All data extracted and analyzed in the meta-analysis are described in Table 1. As
shown, multiple studies had more than one mean comparison due to multiple fat
supplementation levels, changes in other dietary parameters, or similar circumstances
that allowed for such. Mean comparisons were performed between control diets and
treatment diets within studies that only differed in supplemental fat inclusion. Data were
excluded due to non-reported estimates of variance (SE or SD) and/or differing
compositions of diets in the control and treatment groups. Tests of heterogeneity, the 12
statistic and resulting 6> P i value are reported in Table 2. Thel?’st at i st i ¢
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all response variables except 3.5% FCM, indicating that moderate to large variation
existed among mean differences for most variables, likely attributable to differences
among studies in breed, stage of lactation, diet composition, reproductive status, etc.
The 62 (& 0.10 due to low power) test indicated that variation among mean differences
was greater than O for all variables. Visual analysis of funnel plots suggested minimal to
no presence of publication bias.

Production Outcomes

The effects of supplementation with a combination of C16:0 and C18:0 fatty acids
on DMI and NE intake, milk production, milk composition, milk component yield, and
3.5% FCM feed efficiency are shown in Table 2. The weighted average supplemental
fat intake for each variable is indicated and ranged from 524 g to 645 g, well in excess
of typical supplemental fat feeding rates observed on most commercial dairies.
Supplementation with a combination of C16:0 and C18:0 fatty acids did not reduce DMI
(-0.06 kg/d; P = 0.7481). Allen (2000) reported linear reductions in DMI with increasing
inclusion of oilseeds, unprocessed animal fat, and calcium salts of palm fatty acids, but
failed to detect a relationship between inclusion of hydrogenated fats and DMI
reduction, and speculated that the observed differences in DMI reduction may be due to
differences in fatty acid chain length and degree of saturation. In agreement, Rabiee et
al. (2012) reported that fat supplementation, irrespective of fat source, decreased DMI
by 0.875 kg/cow per day. When effects on DMI were analyzed individually by fat source,
significant reductions in DMI were observed for tallow, Megalac, oilseeds, and other
calcium salts but were not observed for prilled fat (-0.088 kg/d; P = 0.717). Rodney et al.
(2015) reported that DMI was improved with oilseed supplementation (0.15 kg/d), and
decreased with supplementation of calcium salts of fatty acids, tallow, and conjugated
linoleic acid (CLA) (-0.22, -0.72, and -0.63 kg/d for calcium salts, tallow, and CLA,
respectively). A significant increase in NE intake was also observed in the current study
(2.13 Mcal/d; P = 0.0048), and is likely due to increased energy density of the ration
with fat supplementation paired with little or no decrease in DMI.

Milk yield and 3.5% FCM vyield increased by 1.24 (P = 0.0001) and 1.38 (P =
0.0004) kg/d, respectively. Reported effects of supplemental fat on MY are variable.
Rabiee et al. (2012) reported that milk production improved by 0.244 kg/d (P = 0.006)
with fat supplementation, but the effect was only significant for Megalac and other
calcium salts and was not significant for prilled fat. Contrastingly, Rodney et al. (2015)
reported a non-significant increase of 0.33 kg/d with general supplemental fat feeding,
and a significant improvement only with feeding of calcium salts of fatty acids (0.73
kg/d). Purified palmitic acid fat supplements were also shown to not improve MY but did
improve 3.5% FCM via an increase in milk fat percentage (de Souza et al., 2016).

Milk fat percentage (0.08%; P = 0.0093) and yield (0.06 kg/d; P = 0.0001) both
increased with C16:0 and C18:0 fat supplementation. This increase is likely attributable
to increased fatty acid intake and post-ruminal absorption. Moreover, feeding highly
saturated fat sources such as a combination C16:0 and C18:0 has little to no negative
impact on rumen VFA production or milk fatty acid synthesis in the mammary gland
compared with unsaturated fatty acids. Rabiee et al. reported a similar improvement in
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MF percentage (0.096%) and MF yield (0.062 kg/d) with prilled fat supplementation,
while Rodney et al. (2015) found no change in MF percentage or yield with fat
supplementation regardless of source.

Milk protein percentage was not different (-0.02%, P = 0.3363) but MP yield was
increased (0.03 kg/d; P = 0.0008) with supplementation of a combination of C16 and
C18 fatty acids. Rabiee et al. (2012) reported that prilled fat supplementation did not
affect MP percentage (-0.017%; P = 0.458) or MP yield (0.009 kg/d; P = 0.648), but MP
percentage was decreased by all other fat types and was decreased overall with fat
supplementation (-0.077%, P < 0.001). Contrastingly, Rodney et al. (2015) reported no
change in MP percentage or yield with fat supplementation regardless of source.

Supplementation with a combination of C16:0 and C18:0 tended to decrease ML
concentration (-0.04%, P = 0.0612), but did not affect ML yield (0.05 kg/d; P = 0.1553).
Other recent meta-analyses did not include ML percentage or concentration as
variables of interest.

The amount of 3.5% fat-corrected milk produced per kilogram of feed intake was
also improved (0.06 kg/kg per d; P = 0.024), an increase that again can be attributed to
improved milk and component yields coupled with no change in DMI.

Conclusions

This meta-analysis is intended to summarize the production responses that have
been observed when lactating dairy cows were supplemented with a combination of
C16:0 and C18:0 fatty acids. The production responses observed across studies are
largely heterogeneous, as indicated by moderate to large I? values. This analysis did not
control for effects of breed, stage of lactation, diet composition, environment, etc.
Nonetheless, when all studies are included in the analysis, C16:0 and C18:0 fatty acid
supplementation generally had positive effects on production outcomes despite very
high levels of fat supplementation. Dry matter intake and NE intake were both improved,
as were MY and 3.5% FCM yield. Milk fat percentage increased by 0.08% while MP and
ML percentages did not change. Yields of MF and MP were also increased.
Supplementation with a combination of C16:0 and C18:0 fatty acids appears to yield
significant improvement in production without harming DMI or NE intake, and may be a
promising means to improving dairy cow production and energy balance that warrants
further investigation.
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Table 1. Description of studies and treatments included in the analysis

N cows Treatment name; treatment category (Supplemental Fat % of
Study pertrt DM)
Grummer, 1988 4 1. Control; control (0%)
4 2. LPF (low prilled fat); supplemental fat (3.8%)
4 3. HPF (high prilled fat); supplemental fat (5.2%)
Schauff and Clark, 1989 4 1. Control (Experiment 1); control (0%)
4 2. LPF (low prilled fat; Experiment 1); supplemental fat (3.6%)
4 3. HPF (high prilled fat; Experiment 1); supplemental fat (4.9%)
6 4. Control (Experiment 2); control (0%)
6 5. PF (prilled fat; Experiment 2); supplemental fat (2.4%)
Skaar et al., 1989 10 1. Control; control (0%)
9 2. Fat; supplemental fat (5%)
10 3. Niacin; control (0%)
10 4. Fat + niacin; supplemental fat (5%)
Wu et al., 1993 6 1. Control; control (0%)
6 2. PF (prilled fat); supplemental fat (2.5%)
Wu et al., 1994 6 1. WCS (whole cottonseed); control (0%)
6 2. WCSPT (whole cottonseed prilled tallow); supplemental fat
(2.2%)
6 3. WCSPT+ (whole cottonseed prilled tallow plus);
supplemental fat (4.4%)
Elliott et al., 1995 16 1. High NSC (Experiment 1); control (0%)
16 2. High NSC plus fat (Experiment 1); supplemental fat (2.5%)
16 3. Low NSC (Experiment 1); control (0%)
16 4. Low NSC plus fat (Experiment 1); supplemental fat (2.5%)
8 5. High NSC (Experiment 2); control (0%)
8 6. High NSC plus fat (Experiment 2); supplemental fat (2.5%)
8 7. Low NSC (Experiment 2); control (0%)
8 8. Low NSC plus fat (Experiment 2); supplemental fat (2.5%)
Elliott et al., 1996 5 1. Control; control (0%)
5 2. Prilled FA; supplemental fat (5%)
Grum et al., 1996 8 1. Low concentrate; control (0%)
8 2. Low concentrate plus fat; supplemental fat (3%)
8 3. High concentrate; control (0%)
8 4. High concentrate plus fat; supplemental fat (3%)
Chan et al., 1997a 4 1. Medium Fat plus Low Quality Protein; control (0%)
4 2. High Fat plus Low Quality Protein; supplemental fat (2.5%)
4 3. Medium Fat plus High Quality Protein; control (0%)
4 4. High Fat plus High Quality Protein; supplemental fat (2.5%)
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Table 1. Description of studies and treatments included in the analysis (cont.)

N
cows Treatment name; treatment category (Supplemental Fat
Study per trt % of DM)
Chan et al., 1997b 6 1. Medium Fat plus Shade; control (0%)
6 2. High Fat plus Shade; supplemental fat (3%)
6 3. Medium Fat plus Evaporative Cooling; control (0%)
6 4. High Fat plus Evaporative Cooling; supplemental fat
(3%)
Simas et al. 1998 8 1. DRS (dry rolled sorghum); control (0%)
8 2. DRS + 2.5% FA, supplemental fat (2.5%)
8 3. SFS (steam flaked sorghum); control (0%)
8 4. SFS + 2.5% FA; supplemental fat (2.5%)
8 5. SFS + 5% FA; supplemental fat (5%)
Harvatine and Allen, 2006a,b,c 8 1. Control, cannulated cows; control (0%)
8 2. SFA (saturated fatty acids), cannulated cows;
supplemental fat (2.5%)
8 3. Control, non-cannulated cows; control (0%)
8 4. SFA (saturated fatty acids), non-cannulated cows;
supplemental fat (2.5%)
Moallem et al., 2007a 14 1. Control; control (0%)
14 2. PrFA:PrFA; supplemental fat (1.25%)
Moallem et al., 2007b 14 1. Control; control (0%)
13 2. PrFA; supplemental fat (1.9%)
Relling and Reynolds, 2007 4 1. Control; control (0%)
4 2. SFA (saturated fatty acids); supplemental fat (3.5%)
Thering et al., 2009 5 1. Control; control (0%)
6 2. EB100 (Energy Booster 100); supplemental fat (3.5%)
Weiss & Pinos-Rodriguez, 2009 18 1. High forage - fat; control (0%)
18 2. High forage + fat; supplemental fat (2.25%)
18 3. Low forage - fat; control (0%)
18 4. Low forage + fat; supplemental fat (2.25%)
Wang et al., 2010 16 1. SFAO (saturated fatty acids 0%); control (0%)
16 1. SFA1.5 (saturated fatty acids 1.5%); supplemental fat
(1.5%)
16 1. SFA3 (saturated fatty acids 3%); supplemental fat (3%)
Weiss et al., 2011 8 1. Control; control (0%)
8 2. SFA (saturated fatty acids); supplemental fat (3%)
Bernard et al., 2012 16 1. Control; control (0%)
16 2. SAT (saturated fat); supplemental fat (1.67%)
Greco et al., 2012 10 1. CTL; control (0%)
10 2. SFA (saturated fatty acids); supplemental fat (1.7%)
Piantoni et al., 2015a,b 12 1. 20% fNDF + 0% SFFA; control (0%)
12 2. 20% fNDF + 2% SFFA; supplemental fat (2%)
12 3. 26% fNDF + 0% SFFA; control (0%)
12 4. 26% fNDF + 2% SFFA; supplemental fat (2%)

55



Table 2. Estimated mean difference and 95% CI for dry matter and net energy intake, milk production, milk component
concentration and yield, and feed efficiency in dairy cattle supplemented with a combination of C18:0 and C16:0 free fatty
acids versus a no fat control.

Parameter SHeterogeneity
2Supplemental Mean

Item N fat (g/d) Difference SE P -value 95% CI 12 P - value
Intake

DMI (kg/d) 40 632 +222.4 -0.06 0.181 0.7481 (-0.40, 0.28) 92.67 0.0001

NEL intake (Mcal/d) 13 577 + 249.8 2.13 0.617 0.0048 (0.79, 3.48) 97.41 0.0001
Milk Production

Milk yield (kg/d) 39 596 + 216.3 1.24 0.260 0.0001 (0.71, 1.76) 57.00 0.0001

3.5% FCM (kg/d) 21 631 + 258.3 1.38 0.327 0.0004 (0.70, 2.06) 27.78  0.0699
Milk Composition

Milk fat (%) 39 628 + 227.5 0.08 0.028 0.0093 (0.02, 0.13) 55.51 0.0001

Milk protein (%) 39 645 + 216.6 -0.02 0.017 0.3363 (-0.05, 0.02) 82.93  0.0001

Milk lactose (%) 23 551 +197.7 -0.04 0.021 0.0612 (-0.09, 0.00) 76.53  0.0001
Milk Component Yield

Milk fat yield (kg/d) 38 645 + 232.8 0.06 0.012 0.0001 (0.04, 0.09) 73.65  0.0001

Milk protein yield (kg/d) 38 624 + 225.7 0.03 0.007  0.0008 (0.01, 0.04) 49.60  0.0044

Milk lactose yield (kg/d) 14 613 + 150.5 0.05 0.031 0.1553 (-0.02, 0.11) 79.23  0.0002
Efficiency

3.5% FCM/DMI (kg/kg per d) 11 524 + 177.7 0.06 0.024 0.0244  (0.01, 0.12) 4460  0.0462

1N = number of comparisons included in analysis.

2 Average supplemental fat feeding rate (g/d) + SD; weighted based on inverse variance of response variable.

3 Heterogeneity indicates how much variation exists among treatment differences; |12 estimates what proportion of total variation in mean
differences is attributable to among-means variation.
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The Benefits of Getting More Potassium into Lactating Cows
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Introduction

Potassium (K) is the principal intracellular cation of most body tissues. Potassium
ions participate in many essential biological processes such as the maintenance of
osmotic potential within cells, nerve impulse transmission, enzyme reactions in cellular
metabolism, the maintenance of normal kidney function, and cardiac, skeletal and
smooth muscle function. Because milk is an intracellular fluid, milk contains a large
amount of K.

This paper reviews the responses of lactating dairy cows to increasing K
concentration in the diet on milk yield and components. Because some K sources have
had consistent positive effects on milk fat percentages, and milk fat percentages have
been linked to the ruminal production of certain biohydrogenation intermediates, then
data from several continuous culture experiments are reviewed to determine how K
supplements affect biohydrogenation.

Negative K Balance in the Early Lactation Dairy Cow

Published research suggests that the early lactation dairy cow is in negative K
balance (Bannink et al., 1999; Jarrett et al., 2012; Nennich et al., 2006; Silanikove et al.,
1997). Potassium retention in this data set was positive for over 85% of cows in the
calibration dataset; however, in a set of early lactation cows, K retention was negative
for all cows (Nennich et al., 2006). Early lactation cows (less than 75 days in milk) had
an average K retention of 1 66 g/d (Figure 1). Excretion of K appears to be directly
related to K intake. Figure 2 shows the relationship of K intake and K excretion.

Potassium metabolism of cows in the early lactation dataset varied from cows in the
calibration dataset. Early lactation cows tended to excrete greater amounts of K even
though K intakes were similar to cows in the calibration dataset (Figure 2). Due to the
greater K excretion and the greater secretion of K in milk, early lactation cows were in a
negative K balance.

Potassiumdéds role in milk production can be t
difference (DCAD). Potassium is a cation that raises the DCAD, which represents
interaction among the macrominerals. Interacting effects among the macrominerals
sodium (Na), K, chloride (Cl), and sulfur (S) have been observed in the pre-calving cow,
but little has been written on this subject for the post-calving cow. DCAD affects the cow

1 Contact at: Department of Animal & Veterinary Sciences, Clemson University, Clemson, SC 29630.
E-mail: tinkns@clemson.edu.
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by altering its acid-base status. For a general review and broader examination of these
and other related topics please see the review by Block (1994). There are differences in
the response to DCAD that depends on the source of Na and K used in these studies.
This difference appears to show up mainly in cows in the early lactation period.

Production Responses to K and DCAD

In 2012 we published a study that evaluated the relationship of level of K feeding in
early lactation when DCAD was increased with K carbonate sesquihydrate (Harrison et
al., 2012). Cows were on study from ~ 15 days in milk until ~ 85 days in milk. Diets were
formulated to be similar in all nutrients except K (Table 1) with K levels of 1.3% and
2.1% of DM; and DCAD levels of 25 and 42 mEqg/100 g of DM.

The inclusion of a higher amount of K in the early lactation diet resulted in an
increase in production of milk, 3.5% fat-corrected milk, and milk fat (Table 2). This
increase was not associated with an increase in dry matter intake (DMI), and therefore
appears to be unrelated to energy intake.

Table 3 summarizes the evaluation we conducted on milk fat samples from this
same study. Milk samples from one-half the cows in each treatment group that
represented a range from low to high milk production were selected for characterization
of milk fatty acids. A limited set of the milk fatty acids is shown in Table 3. The added
dietary potassium carbonate decreased unsaturated and trans-fatty acids, and
increased C18:0 in milk. This suggests that one mechanism for the increase in milk fat
production is ruminally based.

Potassium and Heat Stress

With an increase in ambient temperature dairy cows rely on adaptive mechanisms
to dissipate heat and these include: moving to shade if available, decreasing DMI,
increasing water intake, and increasing evaporative loss via respiration and sweating.
Mallonee et al. (1985) observed a 5 fold increase in loss of K via sweating when cows
were provided shade during the hottest part of the day, 9.6 mg/m? vs 46.7 mg/m2. When
respiration is increased to dissipate heat, COz2 is lost more quickly, plasma CO: partial
pressure is lowered, and the pH of blood tends to rise. Potassium and Na are key to
maintaining a blood acid-base balance, and their role is critical in times of heat stress
and increased respiration rates.

Special Considerations

Our current dietary recommendations are to formulate for 1.6% K, and to increase to
1.8 to 2% for heat stress. Sodium levels can be increased to assist in achieving a DCAD
of > 35 meqg/100 g of DM. Sodium should not exceed 0.8% of the ration DM. There are
three reasons that guidelines for Na and K are higher than NRC (2001). First, because
early lactation cows eat less than mid-lactation cows, there is a need to increase
nutrient concentrations to reflect reduced feed intakes. Second, most of the macro-
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mineral research was conducted with low and medium producing cows; high producing
cows secrete more of these minerals in milk and generate more acid in the rumen and
blood. Third, the higher concentrations of Na and K represent an additional role these
nutrients play in rumen buffering and acid-base balance, and recent data suggests that
cows can be deficient in K and Na in early lactation.

No recommendation is given for Na because of its dependency on K and DCAD
concentrations. Salt per se is not a required nutrient by dairy cows. However, because
salt is one of the four taste sensors on the tongue we recommend a minimum of salt (~
0.1 Ib/d) in every lactation ration. Chloride should be kept to as close to the minimum
NRC recommendations as possible to avoid comp
in subclinical metabolic acidosis.

Ruminal Explanation for K and Milk Fat

Increasing DCAD in diets fed to lactating cows has had positive effects on milk fat
and milk fat yield. lwaniuk and Erdman (2015) reported in a meta-analysis of 196 dietary
treatments that milk fat percentage increased 0.1 for each increase in DCAD of 100
mEq/kg of DM. One explanation for the increase in milk fat percentage with increasing
DCAD can be linked to ruminal fluid pH. Increasing DCAD was shown to increase
ruminal fluid pH an average of 0.03-units per 100 mEq of DCAD/kg of dietary DM
(Iwaniuk and Erdman, 2015). The increase in DCAD and ruminal fluid pH likely alters
the types and amount of biohydrogenation (BH) intermediates produced by the rumen
microbial population, which in turn increases milk fat. Therefore, the milk fat response to
DCAD requires an understanding of 1) how BH intermediates are linked to milk fat
synthesis and 2) how ruminal fluid pH is linked to the production of BH intermediates.

Biohydrogenation and Milk Fat Synthesis

Biohydrogenation of linoleic acid in the rumen begins with its conversion to
conjugated linoleic acid (CLA). In this initial step, the number of double bonds remains
the same but one of the double bonds is shifted to a new position by microbial enzymes.
Normally, the double bonds in linoleic acid are separated by two single bonds, but in
CLA, the double bonds are only separated by one single bond. Many types of CLA are
produced in the rumen of dairy cows, but a common CLA produced from BH of linoleic
acid is cis-9, trans-11 C18:2 (Jenkins et al., 2008). As BH progresses, double bonds in
the CLA intermediates are then hydrogenated further to trans fatty acids having only
one double bond. A final hydrogenation step by the ruminal microbes eliminates the last
double bond yielding stearic acid as the final end product.

In cows on a typical forage diet, the major trans C18:1 produced in ruminal contents
is trans-11 C18:1 (Zened et al., 2013). Most of the remaining isomers have double
bonds distributed equally among carbons 9 through 16. The exact pathways for the
production of these positional isomers are not known. Linoleic and linolenic acids are
converted to several trans C18:1 and C18:2 intermediates during BH. Mosley et al.
(2002) showed that the BH of oleic acid by mixed ruminal microorganisms involves the
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formation of several positional isomers of trans C18:1 rather than only direct BH to form
stearic acid as previously described.

Under certain dietary situations the rumen environment is altered and a portion of
BH occurs via a pathway that produces trans-10, cis-12 CLA and trans-10 18:1. The
trans-10, cis-12 CLA produced in the rumen travel via the blood to the mammary gland,
where it inhibits the synthesis of milk fat by impairing the production of several enzymes
essential for fat synthesis in the mammary gland (Jenkins and Harvatine, 2014). The
trans-10, cis-12 CLA are also present in cows that produce acceptable milk fat levels,
but at concentrations too low to cause milk fat depression (MFD).

Thedrans-10 shi fté in BH pathways is not a
a bottleneck at the terminal step of the pathway. Without a bottleneck, excess trans-10,
cis-12 CLA is quickly and extensively converted to the trans-10 C18:1 intermediate,
never accumulating to levels needed for MFD. With a bottle neck at the terminal step,
there is excess accumulation of trans-10, cis-12 in the rumen leading to MFD. This can
be seen by the associated increase in the trans-10 18:1 content of milk fat, which is
indicative of the complex changes in ruminal BH pathways characteristic of MFD.
Although trans-10 18:1 does not directly inhibit mammary synthesis of milk fat (Lock et
al., 2007), it is relatively easy to analyze compared to trans-10, cis-12 CLA and other
CLA isomers. Therefore, in general, this fatty acid can serve as a surrogate marker for
the type of alterations in rumen BH that characterize diet-induced MFD.

The bottom line is that the type of feed the cow consumes affects rumen conditions,
which in turn affects the amount and type of CLA produced. Since trans-10, cis-12 CLA
overproduction in the rumen leads to MFD, excess trans-10, cis-12 CLA and therefore
MFD can be controlled by paying close attention to several key nutritional risks.

Ruminal Fluid pH and Biohydrogenation Intermediates

Factors that can result in marked changes in ruminal fluid pH through any 24-h
period include: dietary carbohydrate profile and rates of degradation of the carbohydrate
fractions as affected by source, processing, and moisture; physically effective NDF
(peNDF) supply as affected by source and patrticle size; and production of salivary
buffers as a function of peNDF supply and source (Shaver, 2005). Despite our general
understanding of these factors, the degree and duration of low ruminal fluid pH required
to cause sufficient flux of unsaturated fatty acids through alternative pathways of
ruminal BH is not known. Although data are limited, changes in ruminal fluid pH are
most likely associated with MFD because they cause a change in the bacterial
population favoring alternative BH pathways. Ruminal pH has independent effects on
both extent of BH as well as on the profile of BH intermediates.

Martin and Jenkins (2002) examined the continuous culture incubations that were
conducted at dilution rates of 0.05 and 0.10/h with pH values of 5.5 and 6.5, and 0.5
and 1.0 g/L of mixed soluble carbohydrate. They found that the most influential
environmental factor on both extent of BH and trans FA profile was culture pH At pH
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5.5, the concentration of trans-C18:1 and CLA were significantly reduced resulting from
reduced extent of BH from linoleic acid. Similar effects were observed by Troegeler-
Meynadier et al. (2003). Low amounts of CLA from reduced extent of BH at pH 6.0
could be due to low isomerase activity or to high reductase activity. Moreover, they
found that low pH (pH 6.0) resulted in lower amount of trans-11 C18:1 at all incubation
times compared with higher pH (pH 7.0), but concentration of trans-10 C18:1 were
higher at 16 to 24 h of incubation indicating a shift in BH intermediates. Low pH inhibited
initial isomerization and the second reduction (trans-11 C18:1 to stearic acid), leading to
an accumulation of trans-11 C18:1 in ruminal cultures (Troegeler-Meynadier et al.,
2006). Choi et al. (2005) reported that cis-9, trans-11 CLA are produced at pH higher
than 6.2 by rumen bacteria, but trans-10, cis-12 CLA are produced more than cis-9
trans-11 CLA at lower pH. They concluded that trans-10, cis-12 CLA producing bacteria
may be more aero and acid-tolerant than cis-9, trans-11 CLA producing bacteria.

Qiu et al. (2004) reported that reduced ruminal fluid pH can affect microbial
populations, especially cellulolytic bacteria. Total cellulolytic bacteria numbers are
reduced, accompanied by reduced acetate-to-propionate ratio and altered BH when pH
was low. The ruminal fluid pH also influenced fungal growth and metabolism. Culturing
ruminal fungi at pH 6.0 and pH 7.0 slowed BH compared with pH 6.5. CLA production
was increased by pH 7.0 compared to pH 6.0 and pH 6.5. Therefore, optimum pH was
6.5 and 7.0 for BH and CLA production, respectively, by ruminal fungi (Nam and
Garnsworthy, 2007).

Supplemental K Effects on Biohydrogenation Intermediates

Reports of increased milk fat yields following the addition of K to the diet raised
guestions if K altered ruminal BH and the type of CLA produced. A series of continuous
culture experiments were run at Clemson University to determine if increasing K
concentration in the culture contents was associated with a decline in the production of
the trans-10, cis-12 isomer linked to MFD. The first experiment (Jenkins et al., 2014)
consisted of four dosage levels of a 10% K2COs (w/w) stock solution (0, 10.6, 21.2, and
32 mL) injected directly into the fermenters twice daily immediately after each feeding
(fermenters were fed 60 g of 1.1 forage to concentrate in two equal portions at 0800 and
1630 h). Distilled water was also injected (32, 21.4, 10.8, and 0 mL, respectively) to
maintain a total injection (K2COs + water) volume of 32 mL/d. The K added was 0, 0.6,
1.2, and 1.8 g/d or 0 (K0), 1% (K1), 2% (K2), or 3% (K3) of the daily feed. Because
aqueous solutions of K2COs are strongly alkaline, pH was expected to increase with
increasing dosage of K2COs. To determine if any changes in BH and fermentation could
be attributed to effects on pH, a fifth treatment (NaOH) consisted of injection of sufficient
10% NaOH (w/w) each day to match the K3 pH.

As expected, pH averaged over the three sampling days increased (P < 0.05)
linearly with increasing K, but remained in the 6.0 to 6.4 range (Table 4). Culture pH
were similar for the K3 and NaOH treatments. Increasing K had effects on VFA
proportions but not total VFA concentrations. As K addition to the cultures increased,
there were linear decreases (P < 0.05) in propionate but increases (P < 0.05) in acetate
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and acetate to propionate ratio. Addition of NaOH could not duplicate the VFA changes
seen for K2COs. K addition also affected the pattern of BH intermediates. As K addition
increased, the daily production in mg/d of trans-11 18:1 and cis-9, trans-11 CLA both
increased (P < 0.05) linearly. Conversely, K addition decreased (P < 0.05) trans-10
C18:1 but had no effect on trans-10, cis-12 CLA. The addition of K caused a shift in BH
intermediates consistent with the improvement in milk fat % observed in previous
lactation trials. Changes in BH intermediates also were caused by the NaOH treatment
suggesting K might shift BH by elevating pH.

A second continuous culture experiment (Jenkins et al., 2014) was run to examine
the effects of K in culture contents that had elevated trans-10, cis-12 CLA
concentrations induced by feeding high fat. Six treatments were arranged as a 2 x 3
factorial with two levels of added soybean oil (0 and 4%) and 3 levels of added K (O,
1.5, and 3%). Potassium was introduced by injection of a 10% K2COs3 (w/w) stock
solution (0, 16, and 32 mi/d) directly into the fermenters twice daily immediately after
each feeding. Distilled water was also injected (32, 16, and 0 mL/d, respectively) to
maintain a total injection (K2COs + water) volume of 32 mL/d. The K added was 0, 0.9,
and 1.8 g/d or 0 (K0), 1.5% (K1.5), or 3% (K3) of the daily feed. Cultures on the low fat
diet were fed 60 g of basal diet per day. Cultures on the high fat diet were fed 60 g of
basal diet plus 2 g of soybean oil (mixed as a complete diet) for a total of 62 g of feed
per day.

Similar to the first experiment, increasing K caused an increase (P < 0.05) in culture
pH regardless of diet fat content (Table 5). Addition of K also affected VFA as in the first
experiment, but differently depending on dietary fat content. For the low fat diet,
increasing K again increased (P < 0.05) acetate and acetate to propionate ratio, and
reduced (P < 0.05) propionate concentration. However, K had little effect on VFA when
dietary fat content was high. As expected, the 4% added soybean oil increased (P <
0.05) trans-10, cis-12 CLA production from an average of 4.3 mg/d for the low fat diets
to 53.8 mg/d for the high fat diets. Regardless of fat content in the diet, increasing K
reduced (P < 0.05) trans-10, cis-12 CLA production supporting earlier results that K
enhances milk fat content by re-directing the pathways of BH back to normal. As K
decreased (P < 0.01) trans-10, cis-12 CLA, it also increased (P < 0.05) the production of
cis-9, trans-11 CLA that is typical of normal BH.

Additional continuous culture experiments were run to determine if changes in BH
intermediates seen for K2COs in the first two experiments could be duplicated with either
KCI or with Na2COs. Culture pH still increased (P < 0.05) from K2COzs addition but not
from KCI addition (Table 6). No changes in VFA, CLA, or trans monenes were observed
following the addition of KCI. Carbonate effects on culture pH, VFA, and CLA were
identical regardless if added as K2COs or as Na2COs (Table 7).

Conclusions

Early lactation cows can suffer from negative K balance due to greater K excretion,
greater secretion of K in milk, and increased perspiration losses during heat stress.
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With the inclusion of a higher amount of K in the early lactation diet, some studies
showed an increase in production of milk, 3.5% FCM, and milk fat, which was not
associated with an increase in DMI. The positive lactation responses to supplemental K
supports the role of K ions in many essential biological processes such as the
maintenance of osmotic potential within cells, nerve impulse transmission, enzyme
reactions in cellular metabolism, the maintenance of normal kidney function, and
cardiac, skeletal and smooth muscle function. Potassium supplementation also has
increased milk fat percentages, which can be explained in part by reduced ruminal
synthesis of biohydrogenation intermediates known to inhibit milk fat synthesis. The
lowering of biohydrogenation intermediates that inhibit milk fat synthesis is likely
mediated through the alkalizing effects of some K supplements to increase ruminal fluid
pH.
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Table 1. Summary of nutrient composition of diets in early lactation DCAD study.

% of DM Control DCAD+
DM 60.1 59.4
CP 16.1 16.1
ADF 19.8 19.3
NDF 35.0 34.7
Ash 7.0 8.6
Ca 0.69 0.66
P 0.37 0.36
Mg 0.43 0.45
K 1.28 2.07
DCAD! 32 53

TDCAD (MEq/100 g of DM) = (Na + K) i (CI + S).

Table 2. Body weight, dry matter intake, milk production, and milk component
production in early lactation DCAD study.

ltem Control DCAD+ P <
BW, kg 669 674 0.49
DMI, kg/d 26.2 26.8 0.20
Milk, kg/d 39.3 40.8 0.01
ECM, kg/d 41.3 44.3 0.24
3.5% FCM, kg/d 42.2 46.1 0.09
Fat, kg/d 1.55 1.75 0.03
True protein, kg/d 1.16 1.14 0.12

Table 3. Milk fatty acid composition in early lactation DCAD study.

Iltem, % of total FA DCAD Con P<
Cil6:1 1.32 1.47 0.03
C18:0 14.2 12.6 0.02
t6,t8 C18:1 0.31 0.36 0.03
t9 C18:1 0.26 0.29 0.07
t10 C18:1 0.4 0.68 0.03
t11 C18:1 1.05 1.43 0.11
t12 C18:1 0.55 0.61 0.09
c9, 111 CLA 0.34 0.44 0.03
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Table 4. Changes in pH, VFA, and biohydrogenation intermediates in continuous

cultures dosed with increasing amounts of K2COs.

Treatment?!
KO K1 K2 K3 NaOH SE
pH d8-102 6.01 6.22 6.25 6.38 6.29 0.12
VFA, mol/100 mol
Acetate?” 48.2 48.7 52.0 52.1 48.7 1.0
Propionate? 36.2 35.6 32.2 32.9 36.7 1.4
Ac/Prab 1.34 1.37 1.66 1.60 1.33 0.09
Total VFA, mM 103.5 95.2 98.4 95.1 95.4 6.0
BH intermediates, mg/d
t10 C18:1 537.6  499.8 461.1 538.2 575.8 38.4
t10, c12 CLA 11.6 11.3 7.9 7.6 13.2 2.6
c9, t11 CLA® 2.3 4.9 7.1 6.8 6.8 1.1

aLinear response of KO through K3 (P < 0.05).

b K3 and NaOH differ (P < 0.05).

1 K,CO;s injected into culture flasks to provide the equivalent of 0,
1, 2, and 3% added K. The NaOH treatment used injections of
NaOH into fermentation flasks to maintain the same pH as the

K3 treatment.

Table 5. Changes in pH, VFA, and biohydrogenation intermediates in continuous cultures
fed a low or high fat diet in combination with three concentrations of added K2COs.

0% Fat 4% Fat
0 15 3 0 1.5 3 SEM
pH d8-10 & 5.99 6.32 6.36 5.91 6.13 6.17 0.10
VFA, mol/100 mol
Acetate ¢ 46.6 56.1 57.2 50.7 52.1 50.3 2.5
Propionate ¢ 34.7 25.8 22.4 335 31.3 32.0 2.0
Ac/Pr abc 1.35 2.21 2.59 1.58 1.72 1.60 0.19
Total VFA, mM 76.7 69.7 71.6 79.9 85.8 79.1 7.1
BH intermediates, mg/d
trans-18:13% 320.9 140.0 132.3 8839 773.7 4447 69.0
t10, c12 CLA 6.9 3.4 2.7 65.8 44.7 50.9 3.6
c9, t11 CLAP® 2.6 5.7 7.0 2.7 6.4 8.3 1.0

2 Fat effect (P < 0.05).
b K effect (P < 0.05).
¢ Fat x K interaction (P < 0.05).
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Table 6. Changes in pH, VFA, and biohydrogenation intermediates in continuous

cultures fed a low or high fat diet in combination with two sources of added K.

0% Fat 3% Fat
0% K K2CO3 KCI 0% K K2COs3 KCI SE
pH d10 P 6.36* 6.57Y 6.35* 6.33* 6.47Y 6.21Y 0.071
4 hVFA, mol/100 mol
Acetate 2 51.8Y 53.9% 50.3¥ 49.3y  52.6% 51.1Y 0.89
Propionate 2° 30.2% 26.3Y 30.6* 32.0% 28.8Y 31.4% 1.10
Ac/Pr @ 1.72Y 2.06* 1.68¥ 1.56Y 1.83% 1.60Y 0.062
Total VFA, mM 76.2% 67.3Y 79.0x  83.7% 67.4Y 79.0% 6.29
BH intermediates, mg/d
t10-18:12° 25.6 17.8 24.3 221.2% 143.6Y  196.5% 15.9
t11-18:1 3¢ 69.4 104.5 65.4 130.8Y 272.3* 148.6Y 16.9
t10, c12 CLA® 2.14 2.21 208 37.3 36.4 41.7 2.34
c9, t11 CLA 3> 3.09 5.80 3.60 7.25Y 16.00% 8.97Y 1.00

2 Fat effect (P < 0.05).
b K effect (P < 0.05).
¢ Fat x K interaction (P < 0.05).

¥ Means within a fat level with the same letter were not different (P < 0.05).

Table 7. Changes in pH, VFA, and biohydrogenation intermediates in continuous

cultures fed a low or high fat diet in combination with two sources of added K.

Treatment
CON MIX KCO3 NaCO3 SE
pH 2 6.05 6.40 6.31 6.36 0.11
VFA, mol/200 mol
Acetate 2 58.85 64.57 65.50 66.57 2.62
Propionate @ 27.24 23.00 22.70 21.23 1.57
Ac/Pr @ 2.12 2.89 2.93 3.15 0.42
BH intermediates, mg/d
t-10 18:12 504.1 256.2 232.8 266.0 32.8
t-12 18:12 7.66 0.46 0.92 3.70 1.88
c9,t11 CLA® 8.37 11.07 11.39 1257 1.19
t10, c12 CLA® 19.73 12.10 12.38  13.97 3.64

11:1 mix of K carbonate and Na carbonate

a2CON differed from others (P < 0.05).
® CON differed from others (P < 0.10).
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Pre- and Postpartum Nutritional Management to Optimize Energy
Balance and Fertility in Dairy Cows

Felipe Cardoso?
Department of Animal Sciences, University of Illinois

Introduction

During the transition period from late gestation through early lactation, the dairy
cow undergoes tremendous metabolic adaptations (Bell, 1995). The endocrine changes
during the transition period are necessary to prepare the dairy cow for parturition and
lactogenesis. As peak milk yield increases, the transition period for dairy cows becomes
much more challenging with most infectious diseases and metabolic disorders occurring
during this time (Drackley, 1999; Grummer, 1995). Decreased dry matter intake (DMI)
during late gestation influences metabolism leading to fat mobilization from adipose
tissue and glycogen from liver.

Nutrient demand for milk synthesis is increased in early lactation; if no
compensatory intake of nutrients is achieved to cope with the requirement, reproductive
functions (i.e., synthesis and secretion of hormones, follicle ovulation, and embryo
development) may be depressed. Milk production increases faster than energy intake in
the first 4 to 6 weeks after calving, and thus high yielding cows will experience negative
energy balance (NEB). Nutritional strategies and feeding management during pre-
calving and post-calving periods impact health, productivity, and fertility of high
producing dairy cows. Formulating diets to meet requirements of the cows while
avoiding over-consumption of energy, may improve outcomes of the transition period
and lead to improved fertility. Management to improve cow comfort and ensure good
intake of the ration is pivotal for success. Impacts of the transition program should be
evaluated in a holistic way that considers disease occurrence, productivity, and fertility.

Studies over the last 2 decades clearly established the link between nutrition and
fertility in ruminants (Robinson et al., 2006; Wiltbank et al., 2006; Grummer et al., 2010;
Santos et al., 2010; Cardoso et al., 2013; Drackley and Cardoso, 2014). Dietary
changes can cause an immediate and rapid alteration in a range of humoral factors that
can alter endocrine and metabolic signaling pathways crucial for reproductive function
(Boland et al., 2001; Diskin et al., 2003). Moreover, periconceptional nutritional
environment in humans and other animals is critical for the long-term setting of
postnatal phenotype (Fleming et al., 2015). Restricting the supply of B-vitamins and
methionine during the periconceptional period in sheep resulted in adverse
cardiometabolic health in postnatal offspring (Sinclair et al., 2007). Feeding female mice
a low-protein diet during the preimplantation period of pregnancy resulted in a reduction
in amino acid (AA) concentration in uterine fluid and serum and attendant changes in

1 Contact: 290 Animal Sciences Laboratory, 1207 W. Gregory, Urbana lllinois 61801. (217) 300-2303.
Email: cardoso2@illinois.edu
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the AA profile of the blastocyst (Eckert et al., 2012).

Strategies have been used to improve the reproductive performance of dairy
cows through alteration of nutritional status (Santos et al., 2008; Santos et al., 2001). In
other species, dietary supplementation with specific AA (e.g., arginine, glutamine,
leucine, glycine, and methionine) had beneficial effects on embryonic and fetal survival
and growth through regulation of key signaling and metabolic pathways (Del Curto et
al., 2013; Wang et al., 2012). Methionine is the most limiting AA in lactating cows (NRC,
2001), but supplementation of diets with crystalline methionine has been excluded
because free methionine is quickly and almost totally degraded by the microorganisms
in the rumen (NRC, 2001). In contrast, supplementing rumen-protected methionine
(RPM) has a positive effect on milk protein synthesis in dairy cows (Pisulewski et al.,
1996; Ordway, 2009; Osorio et al., 2013). Although the role of methionine in bovine
embryonic development is unknown, there is evidence that methionine availability alters
the transcriptome of bovine preimplantation embryos in vivo (Penagaricano et al., 2013)
and its contents (Acosta et al., 2016).

Reproduction, Nutrition, and Health

A widespread assumption is that fertility of modern dairy cows is decreasing,
particularly for Holstein-Friesian genetics, at least in part because of unintended
consequences of continued selection for high milk production. This assumption has
been challenged recently (LeBlanc, 2010; Bello et al., 2012). There is a wide distribution
of reproductive success both within and among herds. For example, within five
California herds encompassing 6,396 cows, cows in the lowest quartile for milk yield in
the first 90 days postpartum (32.1 kg/day) were less likely to have resumed estrous
cycles by 65 days postpartum than cows in quartiles two (39.1 kg/day), three (43.6
kg/day), or four (50.0 kg/day); milk production did not affect risk for pregnancy (Santos
et al., 2009). Changes in management systems and inadequacies in management may
be more limiting for fertility of modern dairy cows than their genetics per se.

Dairy cows are susceptible to production disorders and diseases during the
peripartal period and early lactation, including milk fever, ketosis, fatty liver, retained
placenta, displaced abomasum, metritis, mastitis, and lameness (Mulligan et al., 2006;
Ingvartsen and Moyes, 2013; Roche et al., 2013). There is little evidence that milk yield
per se contributes to greater disease occurrence. However, peak disease incidence
(shortly after parturition) corresponds with the time of greatest NEB, the peak in blood
concentrations of nonesterified fatty acids (NEFA), and the greatest acceleration of milk
yield (Ingvartsen et al., 2003). Peak milk yield occurs several weeks later. Disorders
associated with postpartum NEB also are related to impaired reproductive performance,
including fatty liver (Rukkwamsuk et al., 1999; Jorritsma et al., 2003) and ketosis (Walsh
et al., 2007; McArt et al., 2012). Cows that lost > 1 body condition score (BCS) unit (1-5
scale) had greater incidence of metritis, retained placenta, and metabolic disorders
(displaced abomasum, milk fever, ketosis) as well as a longer interval to first breeding
than cows that lost < 1 BCS unit during the transition (Kim and Suh, 2003).
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Indicators of NEB are highly correlated with lost milk production, increased
disease, and decreased fertility (Ospina et al., 2010; Chapinal et al., 2012). However,
the extent to which NEB is causative for peripartal health problems rather than just a
correlated phenomenon must be examined critically (Roche et al., 2013). For example,
in transition cows inflammatory responses may decrease DMI, cause alterations in
metabolism, and predispose cows to greater NEB or increased disease (Bertoni et al.,
2008; Graugnard et al., 2012 and 2013; Ingvartsen and Moyes, 2013). Inducing a
degree of calculated NEB in mid-lactation cows similar to what periparturient cows often
encounter does not result in marked increases in ketogenesis or other processes
associated with peripartal disease (Moyes et al., 2009). Nevertheless, early postpartal
increases in NEFA and decreases in glucose concentrations were strongly associated
with pregnancy at first insemination in a timed artificial insemination (TAI) program
(Garverick et al., 2013). Although concentrations of NEFA and glucose were not
different between cows that ovulated or did not before TAI, probability of pregnancy
decreased with greater NEFA and increased with greater glucose concentrations at day
3 postpartum (Garverick et al., 2013). In support of these findings, early occurrence of
subclinical ketosis is more likely to decrease milk yield and compromise fertility. McArt
et al. (2012) found that cows with subclinical ketosis detected between 3 to 7 days after
calving were 0.7 times as likely to conceive to first service and 4.5 times more likely to
be removed from the herd within the first 30 days in milk compared with cows that
developed ketosis at 8 days or later.

Cows that successfully adapt to lactation (Jorritsma et al., 2003) and can avoid
metabolic (Ingvartsen et al., 2003) or physiological imbalance (Ingvartsen and Moyes,
2013) are able to support both high milk production and successful reproduction while
remaining healthy. Decreased fertility in the face of increasing milk production may be
attributable to greater severity of postpartal NEB resulting from inadequate transition
management or increased rates of disease. Competition for nutrients between the
divergent outcomes of early lactation and subsequent pregnancy will delay reproductive
function. Because NEB interrupts reproduction in most species, including humans,
inappropriate nutritional management may predispose cows to both metabolic
di sturbances and i mpaired reproducti on.
where to direct scarce resources, and in early lactation nutrients will be directed to milk
production rather than to the next pregnancy (Friggens, 2003).

Different nutritional strategies have been proposed to improve reproduction of the
dairy cow with no detrimental effect on lactation performance. Feeding high quality
forages, controlled-energy (CE) diets, or adding supplemental fat to diets are some of
the most common ways to improve energy intake in cows (Cardoso et al., 2013;
Drackley and Cardoso, 2014; Mann et al., 2015). Reproduction of dairy cattle may be
benefited by maximizing DMI during the transition period, minimizing the incidence of
periparturient problems (Cardoso et al., 2013; Drackley and Cardoso, 2014).
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Prepartum Dietary Considerations

Our research group has shown that controlling energy intake during the dry
period to near calculated requirements leads to better transition success (Grum et al.,
1996; Dann et al., 2005 and 2006; Douglas et al., 2006; Janovick et al., 2011,
Graugnard et al., 2012 and 2013; Ji et al., 2012). Our research drew from earlier reports
that limiting nutrient intakes to requirements of the cows was preferable to over-
consumption of energy (e.g., Kunz et al., 1985). Cows fed even moderate-energy diets
(1.50 to 1.60 Mcal of NEL/kg of DM) will easily consume 40 to 80% more NEL than
required during both far-off and close-up periods (Dann et al., 2005 and 2006; Douglas
et al., 2006; Janovick and Drackley, 2010). Cows in these studies were all less than 3.5
BCS (1-5 scale) at dry-off, and were fed individually TMR based on corn silage, alfalfa
silage, and alfalfa hay with some concentrate supplementation. We have no evidence
that the extra energy and nutrient intake was beneficial in any way. More importantly,
our data indicate that allowing cows to over-consume energy even to this degree may
predispose them to health problems during the transition period if they face stressors or
challenges that limit DMI (Cardoso et al., 2013).

Our studies indicate that prolonged over-consumption of energy during the dry
period can decrease post-calving DMI (Douglas et al., 2006; Dann et al., 2006; Janovick
and Drackley, 2010). Over-consuming energy results in negative responses of
metabolic indicators, such as higher NEFA and beta-hydroxybutyrate (BHB) in blood
and more triacylglycerol (TAG) in the liver after calving (Douglas et al., 2006; Janovick
et al., 2011). Alterations in cellular and gene-level responses in liver (Loor et al., 2006
and 2007) and adipose tissue (Ji et al., 2012) potentially explain many of the changes at
the cow level. Over-consumption of energy during the close-up period increases the
enzymatic fimachineryo in adipose tissue for
transcriptional changes leading to decreased lipogenesis, increased lipolysis and
decreased ability of insulin to inhibit lipolysis (Ji et al., 2012). Controlling energy intake
during the dry period also improved neutrophil function postpartum (Graugnard et al.,
2012) and so may lead to better immune function.

Our data demonstrate that allowing dry cows to consume more energy than
required, even if cows do not become noticeably over-conditioned, results in responses
that would be typical of overly fat cows. Because energy that cows consume in excess
of their requirements must either be dissipated as heat or stored as fat, we speculated
that the excess is accumulated preferentially in internal adipose tissue depots in some
cows. Moderate over-consumption of energy by non-lactating cows for 57 days led to
greater deposition of fat in abdominal adipose tissues (omental, mesenteric, and
perirenal) than in cows fed a high-bulk diet to control energy intake to near requirements
(Drackley et al., 2014). The NEFA and signaling molecules released by visceral adipose
tissues travel directly to the liver, which may cause fatty liver, subclinical ketosis, and
secondary problems with liver function.

Data from our studies support field observations that controlled-energy dry cow
programs decrease health problems (Beever, 2006). Other research groups
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(Rukkwamsuk et al., 1998; Holcomb et al., 2001; Holtenius et al., 2003; Vickers et al.,
2013) have reached similar conclusions about controlling energy intake during the dry
period, although not all studies have shown benefits (Winkleman et al., 2008).
Application of these principles can be through controlled limit-feeding of moderate
energy diets or ad libitum feeding of high-bulk, low-energy rations (Janovick and
Drackley, 2010; Janovick et al., 2011; Ji et al., 2012) as proposed by others (Beever,
2006).

Nutritionally complete diets must be fed and the TMR must be processed
appropriately so that cows do not sort the bulkier ingredients (Janovick and Drackley,
2010). Feeding bulky forage separately from a partial TMR or improper forage
processing will lead to variable intake among cows, with some consuming too much
energy and some too little. Underfeeding relative to requirements, where nutrient
balance also is likely limiting, leads to increased incidence of retained placenta and
metritis (Mulligan et al., 2006). Merely adding a quantity of straw to a diet is not the key
principle; rather, the diet must be formulated to limit the intake of energy (approximately
1.3 Mcal of NEL/kg of DM to limit intake to about 15 Mcal/day for typical Holstein cows)
but meet the requirements for protein, minerals and vitamins. Reports of increased

transition health problems or poor reproduct.i
energyo dry cow diets must be examined carefu

were adequate.
Fresh Cow (postpartum) Dietary Considerations

Less is known about diet formulation for the immediate postpartum period to
optimize transition success and subsequent reproduction. Increased research is needed
in this area. Proper dietary formulation during the dry period or close-up period will
maintain or enable ruminal adaptation to higher grain diets after calving. Failure to do so
may compromise early lactation productivity. For example, Silva-del-Rio et al. (2010)
attempted to duplicate the dietary strategy of Dann et al. (2006) by feeding either a low-
energy far-off diet for 5 weeks followed by a higher-energy diet for the last 3 weeks
before parturition, or by feeding the higher-energy diet for the entire 8-week dry period.
They found that cows fed the higher-energy diet for only 3 weeks before parturition
produced less milk than cows fed the diet for 8 weeks (43.8 vs. 48.5 kg/day). However,
the far-off dry period diet contained 55.1% alfalfa silage and 38.5% wheat straw but no
corn silage. In comparison, the higher-energy dry period diet and the early lactation diet
both contained 35% corn silage. Ruminal adaptation likely was insufficient for cows fed
the higher energy diet for only 3 weeks.

A major area of concern in the fresh cow period is the sudden increase in dietary
energy density leading to subacute ruminal acidosis (SARA) which can decrease DMI
and digestibility of nutrients (Mulligan and Doherty, 2008). Adequate physical form of
the diet, derived either from ingredients or mixing strategy, must be present to stimulate
ruminal activity and chewing behavior (Zebeli and Metzler-Zebeli, 2012), although good
met hods to quantify fAadequacyo remain el
fermentability likely interact with forage characteristics and ration physical form. Dann
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and Nelson (2011) compared three dietary starch contents (primarily from corn starch)
in the fresh cow period for cows fed a CE-type ration in the dry period. Milk production
was greatest when starch content was moderate (23.2% of DM) or low (21.0% of DM) in
the fresh cow diet compared with high (25.5% of DM). If SARA decreases DMI and
nutrient availability to the cow, NEFA mobilization and increased ketogenesis may
follow. In addition, rapid starch fermentation in the presence of NEFA mobilization leads
to bursts of propionate reaching the liver, which may decrease feeding activity and DMI
according to the hepatic oxidation theory (Allen et al., 2009). A moderate starch content
(ca. 23-25% of DM) with starch of moderate fermentability (for example, ground dry corn
rather than high-moisture corn or ground barley) along with adequate effective forage
fiber may be the best strategy for fresh cows. Recent research also has demonstrated
that high grain diets can lead to greater numbers of gram-negative bacteria such as E.
coli with resulting increases in endotoxin present in the rumen, which may decrease
barrier function and inflammatory responses in the cow (Zebeli and Metzler-Zebeli,
2012).

Supplemental fats have been widely investigated as a way to increase dietary
energy intake and improve reproduction (Thatcher et al., 2011). A novel strategy to use
polyunsaturated fatty acid (PUFA) supplements to improve reproduction has been
reported (Silvestre et al., 2011). Cows fed calcium salts of safflower oil from 30 days
before to 30 days after calving, followed by calcium salts of fish oil to 160 days
postpartum, had greater pregnancy rates and higher milk production. The mechanism is
believed to be provision of greater amounts of linoleic acid (omega-6 PUFA) until early
postpartum which improves uterine health, followed by greater amounts of omega-3
PUFA from fish oil to decrease early embryonic loss (Thatcher et al., 2011). The
negative effects of turbulent transitions on reproduction are established early
postpartum, likely during the first 10 days to 2 weeks postpartum (Butler, 2003; McArt et
al., 2012; Garverick et al., 2013). By 8 weeks postpartum, >95% of cows should be at or
above energy balance (Sutter and Beever, 2000). Use of targeted prepartum and
postpartum strategies may minimize health problems and lessen NEB and thereby
improve subsequent fertility.

Body Condition Score

The role of excessive BCS in contributing to transition problems and impaired
subsequent reproduction is well established and has been discussed by many authors
(Drackley et al., 2005; Garnsworthy et al., 2008; Roche et al., 2013). Cows with
excessive body lipid reserves mobilize more of that lipid around calving, have poorer
appetites and DMI before and after calving, have impaired immune function, have
increased indicators of inflammation in blood, and may be more subjected to oxidative
stress (Contreras and Sordillo, 2011). What

c

cowbs biological target remains conteroversial

average optimal BCS has decreased over time with increased genetic selection for milk
yield, perhaps related to correlated changes in body protein metabolism (Figure 1).

Recommendations for optimal BCS at calving have trended downward over the last two
decadesand,i n t h es opinidnlasaoré of about 3.0 (1-5 scale) represents a good
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goal at present. Adjustment of average BCS should be a longstanding project and
should not be undertaken during the dry period.

Our group showed that cows fed high-energy (1.58 Mcal of NEL/kg of DM) diets
during the last 4 weeks before calving lost more BCS in the first 6 weeks postpartum
than those fed controlled energy (1.32 Mcal of NEL/kgofDM) di ets (10.43 and
respectively) (Cardosoetal.,2013). The effect of BCS change on
Carvalho et al. (2014) showed that cows that either gained or maintained BCS from
calving to 21 days after calving had higher (38.2 and 83.5%, respectively) pregnancy
per Al at 40 days than cows that lost BCS (25.1%) during that same period. Previously,
Santos et al. (2009) had shown that cows that had > 1.0 BCS unit change from calving
to Al at approximately 70 days postpartum had lower pregnancy per Al (28%) than cows
that lost < 1.0 BCS unit (37.3%) or did not have a BCS change (41.6%). In a grazing
system, researchers from New Zealand suggested that BCS at calving should be
targeted at 2.75-3.0 to optimize production, while reducing liver lipid accumulation and
the negative effects of inflammation on liver function (Roche et al., 2013; Akbar et al.,
2015).

The Importance of Amino Acids

Some AA are limiting for optimal milk production as evidenced by an increase in
milk yield, percentage of milk protein, and milk protein yield after supplementation with
specific, rumen-protected AA. The first three limiting AA for milk production are
considered to be methionine, lysine (NRC, 2001), and histidine (Huhtanen et al., 2002).
In addition, many AA can have positive effects on physiological processes that are
independent of their effects on synthesis of proteins (Wu, 2013). Fertilization and the
first few days of embryo development occur in the oviduct. By about 5 days after estrus,
the embryo arrives in the uterine horn. The embryo reaches the blastocyst stage by 6 to
7 days after estrus. The embryo hatches from the zona pellucida by about 9 days after
estrus and then elongates between days 14 to 19. The elongating embryo secretes the
protein interferon-tau that is essential for rescue of the corpus luteum and continuation
of the pregnancy. By days 25 to 28 the embryo attaches to the caruncles of the uterus
and begins to establish a vascular relationship with the dam through the placenta.
During all the time prior to embryo attachment, the embryo is free-floating and is
dependent upon uterine secretions for energy and the building blocks for development,
including AA. Thus, it is critical to understand the changes in AA concentrations in the
uterus that accompany these different stages of embryo development.

The lipid profile of oocytes and the early embryo can be influenced by the
environment of the cow. Our group ran a trial with the objective to determine the effect
of supplementing rumen-protected methionine on DNA methylation and lipid
accumulation in preimplantation embryos of dairy cows (Acosta et al., 2016). Lactating
Holsteins entering their 2" or greater lactation were randomly assigned to one of two
treatments from 30 + 2 DIM to 72 + 2 DIM: Control (CON; n =5, fed a basal diet with a
3.4:1 Lys:Met) and Methionine (MET; n = 5, fed the basal diet plus Smartamine M to a
2.9:1 Lys:Met). Embryos were flushed 6.5 d after artificial insemination. Embryos with
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stage of development of 4 or greater were used for analysis. For lipids, fluorescence
intensity of Nile Red staining was compared against a negative control embryo
(subtraction of background). A total of 37 embryos were harvested from cows (MET =
16; CON = 21). Cows receiving MET had greater lipid accumulation (7.3 arbitrary units)
when compared with cows receiving CON (3.7 arbitrary units). There were no treatment
effects on number of cells or stage of development. In conclusion, cows supplemented
with methionine produced embryos with higher lipid concentration when compared to
CON which could potentially serve as an important source of energy for the early
developing embryo.

The requirements for complete development of bovine embryos have not yet
been determined. Current culture conditions allow development of bovine embryos to
the blastocyst stage (day 7-8) and even allow hatching of a percentage of embryos (day
9); however, conditions have not been developed in vitro that allow elongation of
embryos. The methionine requirements for cultured pre-implantation bovine embryos
(day 7-8) was determined in studies from the University of Florida (Bonilla et al., 2010).
There was a surprisingly low methionine requirement (7 uM) for development of
embryos to the blastocyst stage by day 7. However, development to the advanced
blastocyst stage by day 7 appeared to be optimized at around 21 uM (Bonilla et al.,
2010). Thus, the results of these studies indicate that development of morphologically
normal bovine embryos did not require elevated methionine concentrations (> 21 uM),
at least during the first week after fertilization.

Researchers at the University of Wisconsin (Toledo et al., 2015) conducted a trial
with a total of 309 cows (138 primiparous and 171 multiparous) that were blocked by
parity and randomly assigned to two treatments: 1) CON - cows fed a ration formulated
to deliver 2,500 g of MP with 6.9% Lys (% of MP) and 1.9% Met (% of MP) and 2) RPM
- cows fed a ration formulated to deliver 2,500 g of MP with 6.9% Lys (% of MP) and
2.3% Met (% of MP). Cows were randomly assigned to three pens with head-locks and
fed a single basal TMR twice daily. From 28 to 128 DIM, after the AM milking, cows
were head-locked for 30 minutes and the TMR of CON and RPM cows were individually
top-dressed with 50 g of DDG or 50 g of a mix of DDG (29 g) and Smartamine M (21 g),
respectively. Following a double ovsynch protocol, cows were inseminated and
pregnancy checked at 28 (plasma Pregnancy Specific Protein-B concentration) and at
32, 47, and 61 d (ultrasound). Individual milk samples were taken once a month and
analyzed for composition. There were no statistical differences in milk production but
RPM cows had a higher milk protein concentration. Cows fed the methionine-enriched
diet had a lower pregnancy loss from 21 to 61 d after Al (16.7% RPM cows vs. 10.0%
CON cows). Pregnancy losses between days 28 and 61 were not different in the
primiparous cows (12.8% CON and 14.6% RPM); however, pregnancy losses between
treatments were significant for the multiparous cows (19.6% CON vs. 6.1% RPM).

Conclusions

Formulation and delivery of appropriate diets that limit total energy intake to
requirements but also provide proper intakes of all other nutrients before calving can
help lessen the extent of NEB after calving. Effects of such diets on indicators of
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metabolic health are generally positive, suggesting the potential to lessen effects of
periparturient disease on fertility. Supplementation of cows with methionine during the
final stages of follicular development and early embryo development, until Day 7 after
breeding, lead to lipid accumulation changes in the embryos and resulted in differences
in gene expression in the embryo. Methionine supplementation seems to impact the
preimplantation embryo in a way that enhances its capacity for survival because there is
strong evidence that endogenous lipid reserves serve as an energy substrate. The
lower pregnancy losses from cows fed a methionine enriched diets suggest that
methionine favors the embryo survival, at least in multiparous cows.
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Changes in BCS in cows fed to be fat or thin at calving
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Figure 1. Changes in BCS in cows fed to be fat or thin at calving.
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Update on B Vitamins for Lactating Dairy Cows

Christiane L. Girard! and Mélissa Duplessis
Agriculture and Agri-Food Canada
Sherbrooke Research and Development Centre

Introduction

For B vitamins as for all other nutrients, the ideal situation is when the supply is
equal to the needs. On the one hand, there is deficiency as soon as the supply is lower
than the needs; even sub-clinical deficiency has a metabolic cost because to survive,
the cells have to use alternate, less efficient metabolic pathways. On the other hand, if
the supply is greater than the needs, then you have losses in feces and urine and there
is also a metabolic cost to dispose of surpluses. Dairy nutritionists balance rations in
order to meet this ideal situation for major nutrients but B vitamins are seldom taken into
account. But what do we know about B-vitamin needs and supply in dairy cows?

Estimating the Needs or the Requirements?

In humans, B-vitamin requirements are defined as the amount needed to sustain
good health. In a high producing dairy cow, two supplementary components have to be
taken into account: the objective to maximize metabolic efficiency and, for some B
vitamins, the heavy drain imposed by their secretion in colostrum and milk. For
example, concentrations of folates and vitamin Bi2 were 6 and 9 times greater in
colostrum than in milk 39 days after calving, respectively (Duplessis et al., 2016). In
humans and non-ruminants, estimation of the minimum requirement, i.e. the lowest
intake to support normal function, is essential to define a dietary recommendation for a
specific nutrient. The first step to quantify the minimum requirement is to identify a
marker, often the activity of an enzyme or the vitamin concentration in a specific tissue,
which will respond early to a lack of the studied vitamin. The second step is to feed a
basal diet deficient only in this vitamin and supplemented with increasing doses of this
nutrient in order to obtain a dose-response curve for the chosen marker (Combs, 2012).
Obviously this approach is not working in ruminants because even when feeding a diet
deficient in B vitamins, an unknown but not negligible amount of B vitamins synthesized
in the rumen are available for the cow (Bechdel et al., 1928).

Consequently, in dairy cows as opposed to non-ruminants, B-vitamin needs and
requirements are not the same. The need is the amount of vitamin requested by the
tissues to maintain an optimal metabolic activity whereas the requirement is the amount
to include in the diet to reach this objective. This difference between need and
requirement is the amount of B vitamins synthesized by the ruminal microflora (Bechdel
et al., 1928), generally in amounts sufficient to avoid apparition of deficiency symptoms.
This situation probably explains why there were so few attempts to define dairy cow

1 Contact: 2000 College Street, Sherbrooke, Quebec J1M 0C8, Telephone: 819-780-7233, Email:
christiane.girard@agr.gc.ca
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requirements. Nevertheless, there is evidence in the literature that dairy cows could
benefit from B-vitamin supplements. Although these results do not allow one to quantify
a requirement, they indicate that the supply does not always equate the needs. There is
no or only very limited information on the effects of thiamin, riboflavin, pantothenic acid,
and vitamin Be supplements on production and metabolic activity of dairy cows.
Consequently, only results from experiments using niacin, biotin, folic acid, and vitamin
Bi2 supplements are briefly described in this section.

Niacin. The name fAniacino is used for two
nicotinamide. Niacin is the essential component of nicotinamide adenine dinucleotide
(NAD) and nicotinamide adenine dinucleotide phosphate (NADP) involved with more
than 100 enzymes in all oxidation-reduction reactions. Niacin does not completely fit the
definition of a vitamin because the molecule is synthesized from the amino acid
tryptophan, although the importance of endogenous synthesis of niacin differs greatly
among species (Combs, 2012). In preruminant calves, endogenous synthesis of niacin
is sufficient to avoid apparition of deficiency symptoms if the diet provides a sufficient
amount of tryptophan (Hoppner and Johnson, 1955). Interestingly, endogenous
synthesis of niacin from tryptophan is suppressed in rats by ketone bodies (Shastri et
al., 1968) and fatty liver (Fukuwatari and Shibata, 2013). Nevertheless, the importance
of the tryptophan-niacin pathway for dairy cows across the gestation-lactation cycle is
still unknown.

Nicotinic acid supplements reduce lipolysis in normal and ketotic cows
(Waterman and Schultz, 1972; Waterman et al., 1972). Decreased plasma
concentrationsofnon-e st er i f i ed f-hytroxybutgateiaddsncreased D
plasma glucose are the most frequently reported responses during use of nicotinic acid
supplements, although the response is highly variable among experiments (Schwab et
al., 2005; Niehoff et al., 2009; Yuan et al., 2012; Pires et al., 2016). Moreover, in in vitro
and in vivo experiments, niacin supplements are frequently reported to increase the
number of protozoa as well as microbial protein synthesis (Schussler et al., 1978;
Riddell et al., 1980; Riddell et al., 1981; Dennis et al., 1982; Shields et al., 1983; Brent
and Bartley, 1984; Horner et al., 1988a and b; Erickson et al., 1990; Ottou and Doreau,
1996; Aschemann et al., 2012; Niehoff et al., 2013). These effects on ruminal
fermentation and lipolysis led to numerous experiments on the effects of niacin
supplements on cow metabolism and production performance. According to a meta-
analysis (Schwab et al., 2005) using data from 27 studies published between 1980 and
1998, a dietary supplement of 6 g of nicotinic acid per day had no effect on lactation
performance of dairy cows. However, at a dose of 12 g/d, supplementary nicotinic acid
increased fat yield and tended to increase 3.5% fat-corrected milk and protein yield. As
there was no effect of the vitamin supplement on dry matter intake, feed efficiency
tended also to be increased. Use of supplementary nicotinic acid has been also studied
for its pharmacological effects on vasodilation to alleviate the consequences of heat-
stress on lactating dairy cows. For production and metabolic responses, the responses
differs among experiments (Di Costanzo et al., 1997; Wrinkle et al., 2012; Zimbelman et
al., 2010 and 2013; Loholter et al., 2013; Rungruang et al., 2014; Pineda et al., 2016).
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Biotin. Biotin is likely to be of great importance in ruminants because it is a
coenzyme for two essential enzymes for gluconeogenesis and it is involved in regulation
of gene expression of many enzymes critical for glucose metabolism. In addition, biotin
plays key roles in lipid and amino acid metabolism. Two meta-analyses on the effects of
dietary supplements of biotin on milk production and composition of Holstein dairy cows
were published in 2011 (Chen et al., 2011; Lean and Rabiee, 2011). Each of them used
data from 11 comparisons with only 6 comparisons shared by both studies; the biotin
supplement dose was generally 20 mg/d and exclusion and inclusion criteria differed
between these studies. In spite of these differences, the conclusions were similar
(Table 1). Such results illustrate that for dairy cows, biotin supply is frequently lower
than the need although they partially hide the variability among experiments. Ferreira
and collaborators (2007) stressed that supplementary biotin was more likely to increase
milk and milk component yields in high-producing cows than in low-producing ones
because the metabolic demand was greater in the former. However, in some
experiments even high-producing cows did not respond to biotin supplementation
(Rosendo et al., 2004). Biotin supplements at doses varying from 10 to 20 mg/d
frequently improved hoof health.

(

Folicacid. The term fAfolic acido i s used e r
r ol ¢

or specifically, for the syntheticformof t he vi t ami n. T hstothee
numerous biologically active forms. Folates have the single biochemical function of
accepting and releasing one-carbon units for DNA synthesis and replication and thus,
cell division. Folate coenzymes also provide one-carbon units for de novo formation of
methyl groups essential to, for example, DNA methylation (which controls gene
transcription and genetic stability) and synthesis of phosphatidylcholine, choline,
creatine, and many neurotransmitters. Folic acid supplements, given orally or by
intramuscular injections, increased milk production and milk protein yield during the first
part of the lactation in multiparous cows (Girard and Matte, 1998; Graulet et al., 2007,
Girard et al., 2009, Li et al., 2016). Except for one (Li et al., 2016), none of these
experiments observed an increase in dry matter intake suggesting that supplementary
folic acid increased efficiency of protein metabolism. Moreover, folate metabolism in
mammary epithelial cells seems to be a critical regulatory point for synthesis of milk
protein in many species, including dairy cows (Menzies et al., 2009). The absence of
effects of the folic acid supplements on lactation performance observed in some
experiments could be due to a low vitamin Bi2 supply (Girard et al., 2005; Preynat et al.,
2009a).

i t he
m Af

Vitamin B12. Vitamin B12 acts as a coenzyme in only two metabolic reactions. The
vitamin is a coenzyme for methionine synthase; this interface between folic acid and
vitamin B12 metabolism is so critical that a lack of vitamin Bi2 causes a secondary folate
deficiency, even in presence of a sufficient folic acid supply (Scott, 1999). Besides this
role, the other vitamin Bi2-dependent enzyme, methylmalonyl-coenzyme A mutase,
plays a major role in ruminants for the entry of propionate in the Krebs cycle and
gluconeogenesis (McDowell, 2000).
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Vitamin B12 is synthesized by ruminal bacteria if the cobalt supply is sufficient
(Martens et al., 2002). Incidentally, it has been observed that, in spite of a sufficient
dietary cobalt supply in dairy cows, the lowest plasma concentrations of vitamin B12 are
observed during the first weeks of lactation (Elliot et al., 1965; Mykké&nen and Korpela,
1981, Girard and Matte, 1999; Girard et al., 2005; Kincaid and Socha, 2007).
Nevertheless, oral or parenteral supplements of vitamin B12 generally fail to affect milk
and milk component yields in cows (Frobish and Davis, 1977; Croom et al., 1981;
Graulet et al., 2007; Akins et al., 2013). However, as compared to a supplement of folic
acid alone, a combined supplement of vitamin Bi2 and folic acid given to primiparous
cows during the first weeks of lactation increased energy-corrected milk, packed cell
volume and blood hemoglobin and decreased serum methylmalonic acid concentrations
(Girard and Matte, 2005). The effect on blood hemoglobin and packed cell volume
suggests that a low vitamin Bai2 supply interferes with folate metabolism decreasing
DNA synthesis and blood red cell formation (Bills et al., 1992). Accumulation of
methylmalonic acid in serum indicates that a low vitamin Bi2 supply also affects the
other vitamin Bi2-dependent enzyme, essential to propionate utilization. These
observations support the hypothesis that a suboptimal vitamin Bi2 supply, especially
during early lactation may limit the effects of folic acid supplements. Indeed, a combined
supplement of folic acid and vitamin Bi12 has been reported to improve metabolic
efficiency, especially energy metabolism (Graulet et al., 2007; Preynat et al., 2009b;
Gagnon et al., 2015; Duplessis et al., 2014a). Moreover, possibly through an
improvement of the energy balance in early lactation, the combined supplement of
vitamins changes the expression of genes involved in differentiation of ovarian follicles
(Gagnon et al., 2015), increases the number of large follicles and the size of the
dominant follicle (Ghaemialehashemi, 2013) and decreases the interval between calving
and the first insemination (Duplessis et al., 2014b). Nevertheless, production and
metabolic responses to a combined supplement of folic acid and vitamin B12 are
variable as illustrated in Table 2.

In the 5 experiments described in Table 2, multiparous dairy cows received by
intramuscular injections a combined supplement of folic acid and vitamin Bi2 during the
3 to 4 weeks before the expected calving date and in early lactation. Dry matter intake
and milk production of control cows were similar among these experiments;
nevertheless, milk production responses to the supplement varied from a decrease of
1.7 kg/d to an increase of 3.6 kg/d (Table 2). Looking at the plasma concentrations of
both vitamins as indicators of the vitamin status of the animals, it appears that the
largest response was observed in experiment 3 where plasma concentrations of both
vitamins were the lowest whereas the negative response was observed in experiment 5
where both concentrations were the highest. These observations suggest that at least
part of the variability among experiments studying production and metabolic responses
to B-vitamin supplements could be due to the vitamin status of the cow which reflects
vitamin supply. Indeed, when the vitamin supply is adequate, a supplementation is likely
to be useless.
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The Challenge: Estimating B-vitamin Supply

Table 3 illustrates the great variability of intake, duodenal flow and apparent
synthesis of B vitamins in the rumen of dairy cows. Negative values for apparent
ruminal synthesis indicate that the amount of vitamin destroyed in the rumen is greater
than the amount of vitamin ingested. As B-vitamin absorption takes place mostly in the
small intestine, the duodenal flow of B vitamins represents the amount of vitamins
available for absorption by the cow.

In non-ruminants, B-vitamin supply can be calculated by multiplying B-vitamin
concentrations in the diet by the intake. In ruminants, B-vitamin supply is the sum of the
vitamins ingested and not destroyed by the ruminal microbial population and those
synthesized in the rumen.

In the experiments reported in Figure 1, 6 diets based on alfalfa silage (range of
42 to 60% on a DM basis), dry corn (range of 34 to 39% on a DM basis) and soybean
meal and/or SoyPlus (range of 4 to 13% on a DM basis) were fed to lactating dairy cows
(Castagnino et al., 20164, b, c). Folate intake was similar for diets C and D, 11 mg/d,
but the amount of folates recovered at the duodenum was 75% with diet C compared
with the amount recovered with diet D (Figure 1a). Moreover, as shown in Figure 1, all
B vitamins did not respond alike to dietary changes. Among the studied diets, niacin
intake was nearly ten times greater for diet C than A but the amount of niacin reaching
the small intestine was similar, 1197 vs. 1268 mg/d for diets A and C, respectively
(Figure 1b). In the present example, apparent ruminal synthesis of niacin seems to be
inversely proportional to the amount ingested.

Figure 1 illustrates why, in dairy cows, the amount of B vitamins ingested is not a
reliable indicator of the amount of vitamins reaching the sites of absorption and
available for the animal. It also highlights the fact that effects on one vitamin cannot be
extrapolated to another one. Knowledge on the factors controlling the amounts of B
vitamins escaping the rumen is very limited. It is likely that ingredient and diet
composition and their consequences on ruminal fermentation pattern control the fate of
B vitamins in the rumen. Increasing knowledge on these effects possibly offers the best
approach to predict B vitamin supply for the dairy cow.

Conclusions

Research on B-vitamin requirements of dairy cows is still in its very early stage.
The number of published experiments on production and metabolic responses of dairy
cattle to B-vitamin supplements is still very small. As described above, there is scientific
evidence that B-vitamin supply from the diet and synthesis in the rumen is not always
sufficient to meet the needs because increasing supply in niacin, biotin, folic acid and
vitamin Bi12 improves metabolic efficiency of dairy cows, especially during the critical
period around calving and in early lactation. One has to remember however, that these
values are the doses most frequently used in the published experiments; they are not
requirements, they cannot even be considered as recommended intakes because even
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for the most studied vitamins, very few dose-response experiments have been
conducted. Moreover, although quantification of the metabolic demand for B vitamins is
still far from precise, variability among experiments is likely frequently due to differences
in the amounts of B vitamins available for the cow. Consequently, recommendations for
B-vitamin adequate intakes is dependent of our ability to predict their total supply, i.e.
the amounts of vitamins from dietary sources escaping degradation in the rumen plus
the amounts synthesized in the rumen. If supply and requirement are equal, a positive
effect of a B-vitamin supplement is unlikely whereas a positive response to
supplementation can be expected if the supply is sub-optimal.
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