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Chapter 1: Introduction

During the last for four years (2010 to 2013) feedts have accounted for between 77 to
82% of operating costs and 49 to 55% of the taiat of producing milk on U.S. dairy farms
(USDA-ERS, 2014). The increased feed costs ary fimims are in part due to the increased
use of corn as a feedstock for ethanol productimhadso short-term shocks in feed supplies
such as during the drought in the Midwest durireg2812 growing season. Because of the
increase in average feed cost associated with praglmilk, dairy producers have been keenly
interested in improving the efficiency of convegifeed into milk in their dairy herds.
Typically, the most commonly used measure of fégdiency (FE) in the dairy industry is fat-
corrected milk (FCM) per unit of dry matter intal@MI) (Erdman, 2011).

While there are multiple ways to improve the fefftiency of lactating dairy cattle this
paper investigates the effects of two dietary fisctthat are known to affect dairy feed
efficiency: 1) monensin supplementation and 2)&ltedietary cation-anion difference (DCAD)
(Erdman et al, 2011). Monensin is an ionophoréariic that is approved as a feed additive in
beef and dairy cattle. It functions by increading porosity of the cell wall of gram positive
rumen bacteria to strong ions such as Na anddeszt extent K. When fed to lactating dairy
cows, monensin causes changes in the rumen bagiepialation that shift the rumen volatile
fatty acids (VFA) towards the production of propate as opposed to acetate (Duffield et al,
2008). This alteration in the VFA ratio, amongeaatkffects of feeding monensin, leads to an
improvement in feed efficiency.

Dietary cation anion difference is the sum of thetaty strong cations (Nand K
minus the dietary strong anions (&hd sometimes®3 and is typically expressed in

millequivalents per kilogram feed dry matter (DM)ietary cation anion difference can be



altered by either increasing or decreasing potassind/or sodium or conversely increasing or
decreasing the CI content of the diet. Chang&dAD can be achieved by either selection of
feeds based on their Na, K, and Cl concentratioisrough additions or subtractions of mineral
supplements that are high in Na, K, or Cl. DCADpioves feed efficiency by increasing milk
yield, milk fat content, and dry matter intake (DNbly increasing rumen pH and improving the
acid-base status of the cow (Erdman et al, 2011).

Although mechanistically different, increasing digt concentrations of monensin and
DCAD have been shown to alter the rumen bactemarenment which results in improved feed
efficiency. Since monensin action depends on gatiflux into rumen bacteria, it follows that
there could be an interaction between monensirDE®@D with respect to dairy feed efficiency,

the subject of this thesis.



Chapter 2: Literature Review

Monensin

Discovery

Monensin was first isolated from a strain Sfeptomyces cinnamonensis in 1967 when

Eli Lilly and Company was searching for new anttlae. In that same year Agtarap et al (1967)
described the structure of monensin. This was #sdirst detailed description of the structure
of a polyether antibiotic, commonly referred toiasophore. An ionophore is a lipid soluble
molecule that causes the bacterial cell wall tonoee permeable to certain ions such as sodium
and potassium. Individual ionophores are differeith respect to their ion it selectivity.
Monensin, for example, shows preference to monaovatens especially sodium followed by
potassium, rubidium, and lithium (Chapman et all®0 Monensin’s antibiotic properties allow

it to select against gram positive bacteria, whichturn alters rumen fermentation. When
monensin was discovered it was found to have amtidial properties which lead to its original

use in poultry for the treatment and preventiooaxcidiosis (Chapman et al, 2010).

Usesin Poultry, Beef and Dairy Cattle

In the U.S. monensin was first approved by the W&d and Drug Administration
(FDA) as an antibiotic for the control of coccid®sn the poultry industry in July of 1971
(Chapman et al, 2010). Itis still in use todaytftat purpose under the trade name of Coban and
it is distributed by Elanco (Greenfield, IN). Afte¢he success of monensin in the poultry
industry, researchers began to investigate theteffemonensin on rumen fermentation in beef
cattle. At that point it was found that moneraiters rumen fermentation such that there was an

increase in propionate in relation to acetate pcodn in the rumen which in turn improved the



feed efficiency of beef cattle (Raun et al, 197éhardson et al, 1976). This, among other
rumen fermentation effects discovered, is what edusonensin to be approved by the FDA for
use in beef cattle to improve feed efficiency. Mosin improves feed efficiency by increasing
the efficiency of energy metabolism of rumen baatamproved nitrogen metabolism of rumen
bacteria through decreased protein degradationretaddation of digestive disorders resulting
from abnormal rumen fermentation (Bergen and Bailéx83). By using monensin, beef
producers can increase the feed efficiency in theimals by 5 to 10 percent. Currently,
monensin is the most universally used feed additivdeef cattle feedlot diets. In 2004,
monensin became the first feed additive approvethéyJ.S. Food and Drug Administration for
improving feed efficiency in lactating dairy catiéhere it is used to increase milk production
efficiency. Due to the changes in rumen fermeotatihrough the feeding of monensin, a
decrease in diseases related to abnormal rumemféatron such as acidosis and bloat has been
seen (Schelling, 1984; McGuffey et al 2001; Eageid2006). This effect can also assist in

improving milk production by improving overall anaihealth.

Rumen Fer mentation effects

Gram negative bacteria have a three-layer cell wdlich includes the cytoplasmic
membrane space, a peptidoglycan layer and the ootembrane (Bauman, 2007).
Comparatively, gram positive bacteria only haveva tayer cell wall that is made up of the
cytoplasmic membrane and a peptidoglycan layer rif2ay 2007). Monensin functions by
binding to bacterial cell membranes and creatinmpial that facilitates the entry of hydrogen
ions (H) into the cell and the exit of potassium (the mainacellular cation) from the cell. To
counteract the potassium eflux, the bacterial @gllends a great deal of energy in an attempt to

maintain cellular equilibrium (Russell and Strob£889). Th increased energy expenditure



causes cell growth to decrease which can be fotlole cell death (McGuffey et al, 2001).
Since gram negative bacteria have a more compléxva# they are less sensitive to monensin
and therefore monensin inherently selects aganash gpositive versus gram negative bacteria in
the rumen. Monensin effects on rumen fermentasic due to the nature of the bacteria it
selects (gram negative) which causes an increasenémngy metabolism and improves the
nitrogen metabolism for the animal (Duffield et 2008). Monensin causes a change in the
rumen flora that affects the ratio of volatile Yadicids (VFA) that are produced by the rumen.

When ruminants are fed high forage diets, the VRAhe highest proportion is acetate
(typically 50-70% of total VFA production) (Shepesdd Combs, 1998). Comparatively, when
ruminants are fed high grain diets such as in battfe fed feedlot diets, the molar proportion of
acetate decreases and molar proportion of promoimateases and becomes the predominate
VFA produced (Russell and Strobel, 1989). A simghift in the rumen VFA toward increased
propionate and decreased acetate occurs when sionsradded to the diet. Dairy cattle are
usually fed high forage diets (50-70% forages). Whdairy cattle are fed monensin in
conjunction with high forage diets, the rumen eomiment changes causing a shift against
acetate, increased propionate, and a decreasee iacitate-to-propionate ratio in the rumen
(Richardson et al, 1976). These changes leaddeceease in rumen hydrogen concentration
which indirectly causes a decrease in rumen metf@Hg production.

The increase in rumen propionate production, ared sibsequent effects on glucose
metabolism may be partially responsible for the rowpd feed efficiency with monensin
feeding. Ruminant animals derive the majority ltdit glucose from gluconeogenic precursors
such as propionate and gluconeogenic amino acatsatle absorbed from the diet. The liver is

the primary site of gluconeogenesis and propioisaéeprimary precursor for gluconeogenesis in



ruminants; therefore, when more propionate is ptedun the rumen it travels to the liver via
the portal vein and liver glucose production isre@ased. In addition, propionate production by
rumen bacteria is more energetically efficient thantate production (Van Maanen et al, 1978).
Thus by feeding monensin which increases propiomathe rumen, gluconeogenesis may be
enhanced and the amount of energy available pdr afnfeed increases. Therefore, feed
efficiency is improved (Van Maanen et al, 1978).

In addition to improving the energy metabolism I trumen, monensin has also been
shown to improve nitrogen metabolism. Bergen antt881984) suggested that monensin may
reduce feed protein degradation in the rumen, tiaguin increased feed protein reaching the
small intestine and the availability of amino adidsabsorption. Monensin has also been shown
to decrease rumen ammonia concentrations, an todicd feed protein degradation in the
rumen. Thus, part of the feed efficiency respotmsenonensin could be due to reduced feed
protein degradation in the rumen resulting in iasex protein available for absorption in the

small intestine. (Chen and Russell, 1991).

Effects on Feed Efficiency and Perfor mance

Beef Cattle:

In beef cattle monensin is primarily used as a fadditive to improve feed efficiency,
but it also has been shown to decrease the inadehcoccidiosis, acidosis, and bloat in feedlot
cattle (Schelling, 1984; Eastridge, 2006). Whilany individual studies have demonstrated the
effectiveness of monensin in increasing feed afficy; Duffield et al (2012) published a meta-
analysis that summarizes the feed efficiency amdlyetion response to monensin in growing
and finishing beef cattle from the reports publalover the last 40 years. In that summary,

monensin reduced dry matter intake (DMI) by 0.27pkg day and increased average daily gain



(ADG) by 0.029 kg/day (Duffield et al, 2012). Tleembination of reduced feed intake and
increased rate of gain resulted in 0.53 unit desgéan feed per unit gain Duffield et al., (2012).
Dairy Cattle:

Since its approval as a feed additive for lactatitagry cattle, by the FDA in 2004
monensin has been primarily used to increase theegicy of milk production. In a meta-
analysis of published experiments with lactatingydaows, Duffield et al., (2008) reported a
2% increase in milk yield, a 2% decrease in DMI ar@l5% improvement in efficiency of milk
production. Overall, monensin has no effect ondatecentration of milk protein but increased
milk protein yield by 1.9% due to its effect onabmilk production. Milk fat yield was not
affected but monensin was shown to decrease milkdacentration by 3.1% (Duffield et al,
2008). Most likely, the change in milk fat conaatibn with monensin addition is caused by the
changes in the microbial population of rumen baatethat biohydrogenate dietary
polyunsaturated fatty acids. Several double-bamttaining (trans) fatty acid intermediates in
the rumen biohydrogenation process, such as tr@ris81l, trans-10, cis-12 conjugated linoleic
acid, and others (Kadegowda et al., 2009) have lenvn to inhibit milk fat synthesis
(Kadegowda et al., 2009; Bauman and Griinari, 2008Jonensin addition has been shown to
increase biohydrogenation intermediates in milk dmilar to the changes observed in dairy
cows fed with a milk fat depressing diets (He let 2012). The monensin effect on milk fat
concentrations, especially at higher concentratmnsonensin in the diet (Symanowski et al.,
1999), may reduce the overall feed efficiency dffeE monensin by reducing milk fat
concentration and therefore 3.5% fat-corrected mgildd, the numerator in the dairy feed

efficiency calculation.



Dietary Cation Anion Difference

Background

Dietary cation-anion difference (DCAD) has beenvehdo affect dairy feed efficiency
(Erdman et al., 2011; Harrison et al., 2012). DCiADthe balance between the dietary strong
cations and anions and is expressed in milliegentsal per kilogram of feed dry matter (DM)
(Hu and Murphy, 2004). The strong ions are morenvalons in the diet that generally have
intestinal absorption of 80% (NRC, 2001). The strong cations include sodand potassium
and chloride is a major strong anion. In someamsts sulfur, magnesium and phosphorous
have been incorporated into DCAD equations (Natidtesearch Council, 2001). However,
these elements vary in absorption rates whichygedlly much lower (40-60%) than those for
sodium, potassium, and chloride. There have beesraedifferent DCAD equations suggested
(Block, 1994), particularly ones that include sul&s a strong anion, however, the equation that
is most often used is the difference between tme stisodium and potassium minus chloride
(DCAD = Na + K — CI) which is expressed on a mdligvalent (mEq) per kg or 100g diet dry
matter. Balancing the strong ions in the diet ideorto improve feed efficiency is not a new
concept. It has been done for many years in matogs (Golz and Crenshaw, 1990; Mongin,
1981) and is now being applied to ruminants (Sanetmel Beede, 1996; Hu and Murphy, 2004;
Hu et al, 2007; Erdman et al, 2011).

The DCAD can be altered by selection of feeds basetheir strong ion concentrations
or through the use mineral supplements such asgata carbonate, potassium bicarbonate,
sodium bicarbonate, and sodium sesquicarbonateseTipeovide increased strong cation
concentrations without addition of a correspondangon (Cl). Alternatively, supplements such

as magnesium chloride and magnesium sulfate haven besed to reduce DCAD.



Supplementations with salt (NaCl) or potassium it (KCl) are DCAD neutral since the
milliequigvalents of cations (Na or K) are balaneeith anions (Cl). The first reported use of
DCAD in dairy cows was for the prevention of mikkver (parturient paresis) or hypocalcaemia
at the time of calving (Ender et al., 1971). lodé studies, low DCAD (<10 meqg/100g DM)
diets fed to dry cows prior to calving was showmptevent milk fever (Ender et al, 1971; Block,
1984). Tucker et al (1988) was the first to shovattincreasing DCAD improved milk
production, milk fat percent, and dry matter intgkeMl) in lactating dairy cows. Many other
studies have shown that high DCAD (30 to 50 meqjlDM) diets can be used to increase milk
fat, DMI, fat-corrected milk (FCM) and improve theid-base status of lactating dairy cows (Hu
and Murphy, 2004; Hu and Murphy, 2007). In paighhDCAD diets accomplish this by
increasing the rumen pH by serving as buffers, wisigift the volatile fatty acid (VFA) ratio in

the rumen to favor acetate over propionate (Erdrh88g).

Rumen Fer mentation Effects

When DCAD is increased by adding potassium orwsadiarbonates or bicarbonates to
the diet, rumen pH is increased. The rumen péllactating dairy cow varies with time after
feeding, but can range from nearly 7 to as low dsfending on the diet fed and the time rumen
pH is measured after feeding. However, normal rumel is between 5.5 and 7 (Erdman,
1988). Changes in the rumen pH result in shifthéespecies of bacteria populating the rumen
(Kalscheur et al, 1997). An increase in rumen pdtilts in more fiber digesting bacteria and
fewer starch-digesting bacteria in the rumen. #aen pH increases the acetate-to-propionate
ratio increases (Erdman, 1988).

In addition to altering the VFA fermentation patteincreasing DCAD alters rumen

biohydrogenation of unsaturated fatty acids. Tioegss of rumen biohydrogenation is essential



to milk fat synthesis and incomplete biohydrogematian cause milk fat depression (Kalscheur
et al, 1997). The rumen biohydrogenation procegsns with the isomerization of dietary
polyunsaturated fatty acids (PUFA). For exampleicaacid €is-9, octadecenoic acid)
isomerizes to form trans-double bond containintyfatid intermediates such as elaidrafs-

10 18:1) or vaccenidr@ns-11, 18:1) acids. Linoleic aciai&-9, cis-12 18:1, octadecadienoic
acid) is isomerized to fortmans-10, cis-12 18:2 (conjugated linoleic acid). During complet
biohydrogenation, these trans-double bond contgimtermediates are subsequently fully
saturated to form stearic acid (18:0). When tlmean pH is depressed, there is an increase in
both trans 18:1 fatty acids and conjugated linoéeicls, which are intermediates resulting from
the incomplete biohydrogenation of PUFA (Kalschetual, 1997, Piperova et al., 2002). Fatty
acid intermediates such as trans 18:1 and transi:Q2 conjugated linoleic acid when absorbed
have been shown to interfere widnovo fatty acid synthesis in the mammary gland causing
diet induced milk fat depression (Griinari et @98). When the rumen pH is increased, there is
a decrease itrans 18:1 fatty acids and conjugated linoleic acidsl¢kleur et al, 1997) which
reflects a change in the rumen bacterial popula&sociated with the later steps of the rumen
biohydrogenation process. These microbes causaacomplete biohydrogenation, which
allows for less of the fatty acid intermediatesslag the rumen and being absorbed in the small
intestine and therefore removal of inhibitory effecftrans containing fatty acids and an
increase in milk fat percentage. Kalscheur e(&897) and Piperova et al., (2002)
demonstrated that buffer addition to the diet afsded high grain diets increased rumen pH,
reduced the duodenal flow of rumen biohydrogenatitermediates and increased milk fat

percent.

10



Acid Base Responses

Increasing DCAD not only affects the rumen envwnamt but it also effects the cow’s
acid-base homeostasis. By increasing the condiemtseof dietary Na and K, acid-base balance
within the animal is altered such that body flumscome less acidic and more alkaline (Chan et
al., 2005). The acid-base balance is importanalmee the cow’s normal blood pH is tightly
regulated at pH 7.4 and small changes (0.02 to 0ri#%) in blood pH can have a profound
impact on feed intake and milk production. Incne@gOCAD has been shown to increase blood
pH and bicarbonate (HCQ levels which improve the buffering capacity o thiood helping to

maintain a normal blood pH (Chan et al, 2005).

Effects on Feed Efficiency and Production

Several studies (Tucker et al, 1994; Delaquis Bledk, 1995b; Sanchez et al, 1997; Hu
and Murphy, 2004; Hu and Murphy, 2007) have exanhitlee effects DCAD on the production
responses in lactating dairy cattle. Hu and Mur(#004) published a meta-analysis outlining
the effect of DCAD on performance and acid-baseéustan lactating dairy cattle. Hu and
Murphy (2004) showed that increasing DCAD resuliedncreases in DMI, milk yield, and
4.0% fat-corrected milk (FCM) yield. Hu and Murpli®004) also suggested that increasing
DCAD will cause an increase in milk fat percentayjee to the correlation of the milk fat
percentage to the ruminal pH. However, milk proteercentage was unaffected by increasing
DCAD (Hu and Murphy, 2004).

Increasing DCAD also helps to improve the acidebatatus of high producing cows
through increased blood pH, urine pH, and bicartmndmproved acid-base status is thought to
be related to the increase in DMI, which is evideythe increase in blood pH and bicarbonate

concentratioavhen DCAD is increased (Hu and Murphy, 2004). Bgréasing DMI, more of

11



the dietary nutrients are distributed to productneposes so that fewer nutrients are used to
satisfy maintenance requirements (Erdman, 2011husTDCAD increases feed efficiency by
increasing DMI and milk production thereby reducitize proportion of feed used for

maintenance.

Monensin DCAD I nteraction

Feed efficiency responses from DCAD and moneoambe linked as the responses to
both supplements depend upon potassium and sodiurtine case of DCAD, the diet is altered
by using addition of strong cation sources suclaBum bicarbonate or potassium carbonate.
As an ionophore, monensin has a preference to éomplexes with both sodium and potassium,
but primarily sodium due to its role as a sodiundfimgen antiporter (Russell, 1987). The reason
DCAD and monensin both depend upon sodium and giatasis because each plays a major
role in cellular activity. Potassium, for exampls,involved in acid-base regulation, water
balance and osmotic pressure (NRC, 2001). Sodigarlmnate is involved in rumen acid-base
balance and is the major buffer in ruminant salfizadman, 1988; Kohn and Dulap 1998).
Sodium is the major cation in rumen fluid but tleelism and potassium concentration in rumen
fluid varies with the amounts Na and K in the codist (Bennink et al, 1978). When monensin
forms complexes with strong cations it allows es#éthular sodium to enter the cell and
intracellular potassium to leave the cell. Sinmetassium is the major intracellular cation this
exchange results in energy expenditure by the bactensitive to monensin eventually leading
to cell death. This results in selection of bdet that are less sensitive to monensin and
changes in rumen fermentation. Even though sodinchpotassium are crucial in the action of

DCAD and monensin, there have been very few stuoiiethe interaction between monensin,

12



sodium, potassium and DCAD with respect to the mmeavironment and overall animal
production performance.

The interaction between monensin, potassium, sodlum has been studied in beef
cattle. However, those experiments (Rumpler etl@86) used chloride salts that are DCAD
neutral and feed efficiency was not measured. G&ret¢al., (1986) conducted a study with lambs
that were ruminally infused with potassium chlorideinvestigate the effect of monensin and
potassium on the magnesium absorption in sheepleWitie interaction between monensin and
potassium in relation to the rumen environmenteadfefficiency was not specifically studied,
there was a significant interaction between momemsid potassium. With morngotassium
infusion, monensin addition resulted in a greatecrease in the rumen acetate to propionate
ratio (Greene et al, 1986).

Dary et al., (2005) showed a possible interachietween monensin and sodium bicarbonate
in lactating dairy cows. In that study, experingrdiets included: 1) a control diet; 2) a diet
with monensin supplement; and 3) a diet with supplets of monensin and sodium bicarbonate.
While there were no significant effects of dietrarlk production or the milk components, there
was an increase in feed efficiency (FCM/DMI) comipgrthe control (1.23), monensin (1.31),
and monensin plus sodium bicarbonate (1.40) treagnerhis experiment suggested a possible
interaction between sodium and monensin wheredhbd éfficiency response to monensin was
enhanced in cows fed sodium bicarbonate. Whildrttezaction between sodium and monensin
is important, it is essential to look at cation m@uto see the effects, if any, of sodium versus
potassium in relation to DCAD concentrations andhemsin in lactating dairy cows.

One additional study (Newbold et al, 2013) lookédow cation concentration affected

the sensitivity of rumen bacteria to ionophores.that study, high sodium media resulted in an

13



increased sensitivity of rumen bacteria to monengiereas high potassium media had the
opposite effect. Further, monensin decreaseddealiular sodium and potassium in the most
sensitive bacteriak. ruminantium (Newbold et al, 2013). Based on that study, agethe
rumen sodium and potassium concentrations couldsed to alter “efficacy of monensin by
increasing the rate of energy expenditure to maini@nic homeostasis in bacteria that are
sensitive to ionophores” (Newbold et al, 2013).s&hon these results, we conclude that there
was sufficient evidence to merit the conduct ofdss that examined the interaction between

monensin, DCAD concentration, and DCAD cation seurc
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Chapter 3: EXPERIMENT

Potential I nteractions of Dietary Cation-Anion Difference and M onensin with

Respect to Feed Efficiency in Lactating Dairy Cattle
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INTERPRETIVE SUMMARY

Potential I nteractions of Dietary Cation-Anion Difference and Monensin with Respect to
Feed Efficiency of Lactating Dairy Cattle. Weidman et al., page 000. The ionophore monensin
improves feed efficiency (FE) by increasing sodwptake in rumen bacteria, which alters
rumen fermentation. Dietary cation-anion differef©@CAD) represents the balance between
the dietary strong cations (Na and K) and strongra(Cl) and increased DCAD also improves
FE. This study tested the interaction of moneasith DCAD using sodium sesquicarbonate and
potassium carbonate as the strong ion sources @adgto mid-lactation Holstein cows.
Monensin, DCAD and the monensin-DCAD interactiod ha effect on dry matter intake, milk
production and milk composition, and FE. Howeaeldition of dietary sodium and potassium
increased rumen concentrations of those mineralsremeased rumen acetate and reduced
rumen propionate concentrations. The effect oftsndn rumen acetate and total VFA
concentrations was more pronounced in the monetisia suggesting an interaction between
monensin and DCAD on rumen fermentation.
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ABSTRACT

The objective of this experiment was to determinthére was an interaction between
monensin supplementation and DCAD concentration@AD source on milk production, feed
efficiency, and rumen fermentation in lactatingrgatows. Eighteen early-to-mid lactation
Holstein cows (6 primiparous and 12 multiparougluding 6 multiparous rumen fistulated
cows) were used in the 11 wk study. Cows wereviddally fed a basal diet containing 66%
forage and 34% concentrate (DM basis). Treatmeotssisted of two concentrations of
monensin (0 or ~300 mg/d) that were fed continuotmly® wk after a 2 wk preliminary period
that was used as a covariate in the analysis ar@we. Within each monensin treatment cows
were fed 0, 200 mEq/kg added DCAD using potassiarbanate or 200 mEg/kg added DCAD
using sodium sesquicarbonate in a 3 x 3 Latin sqdasign. Monensin and DCAD treatments
had no effect on feed intake, milk production anchposition, and feed efficiency. The lack of
production and intake responses may have beenadtree trelatively small number of animals
and the relatively short experimental periods uisethe experiment. In the rumen fistulated
cows, rumen pH declined with time post-feeding bheére were no effects of DCAD or
monensin. Rumen concentrations of &d Cl were increased with K supplementation while
rumen N& and Cl were increased with Na supplementation. Monenabh o effect of rumen
ion concentrations. Rumen propionate was decreadgte rumen acetate:propionate was
increased by both Na and K supplementation. The® an interaction between monensin and
DCAD for rumen propionate and total volatile fattgids where DCAD reduced propionate in
the control but propionate and total VFA were wasréased by K and especially Na in the

monensin supplemented cows. These results deratetstr significant interactions between
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DCAD concentration and cation source and monensth respect to rumen fermentation in

lactating dairy cows.

INTRODUCTION

Feed costs represent approximately 50% of the totst of producing milk and
approximately 70% of total operating costs in ddigrds (USDA-ERS, 2014). Because feed
represents such a large portion of their total s;odairy producers are keenly interested in
improving the efficiency of feed utilization in tinedairy herds. The most commonly used
measure of feed efficiency (FE) used in the daidustry is 3.5% fat-corrected milk (FCM) per
unit of dry matter intake (DMI). Monensin has baged as a feed additive to improve feed
efficiency in beef cattle since 1975 (Potter et1#884) and was approved for use as a feed
additive to improve FE in lactating dairy cows I t#DA in 2004. Monensin feeding causes a
shift in rumen fermentation resulting in increasethen propionate concentration that increases
the energy efficiency and a concomitant reductiorieed intake that results in improved feed
efficiency (Duffield et al., 2008).

Improved FE in lactating dairy cows can be achigwgaltering the dietary cation-anion
difference (DCAD) of the ration (Erdman et al., 2D1 Dietary cation-anion difference is the
balance between the dietary strong cations (Nakdndnd strong anions (Cl and S) and is
expressed in mEq per kg feed dry matter (DM). alt e increased by adding cation sources
such as sodium and potassium bicarbonates, cadsraatd sesquicarbontates to the diet which
increase the cation in relation to the anion cotreéion. DCAD can improve feed efficiency by
increasing milk yield and milk fat concentrationdadry matter intake (DMI) due to an
improvement in rumen pH and rumen fermentation gleith the acid-base status of the cow

(Erdman 1988, Erdman et al., 2011).
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Gram positive rumen bacteria are sensitive to msineaddition to the diet. As an ionophore
antibiotic monensin binds to the bacterial celllveagating a portal for influx and efflux of intra
and extracellular cations. Monensin forms complexgbl both sodium and potassium ions but
preferentially binds sodium due to its role as diwm/hydrogen antiporter (Russell, 1987). This
causes an influx of Na and an efflux of K, the miatmacellular cation. Newbold et al, (2013)
recently demonstrated increased monensin sengitividifferent strains of rumen bacteria by
increasing Na as compared to K concentrationsdrighmentation media.

Even though monensin’s mode of action in the rumsess an ionophore that facilitates
movement of strong ions across the cell wall in @arbacteria, little attention has been paid to
the interaction of DCAD and monensin or the sowtdietary cations (potassium vs. sodium)
on feed efficiency responses to monensin. WhileidNdne main extracellular cation in rumen
fluid, both Na and K concentrations in the rumes aifected by their concentrations in the diet
(Bennick et al., 1978). Since monensin functiopsngreased Na influx into the cell, one could
reason that diets that increase rumen Na conciEmrabight enhance rumen fermentation
responses to monensin. This suggests that feedeaffy responses to monensin could be
modulated by both the DCAD concentration and thanstion sources (Na, K, and Cl) of dietary
cations. While the interaction of DCAD and monensas received limited study (Dary et al.,
2005), the effect strong ion source (Na vs. K) haisbeen considered. This is surprising since
due to monensin’s selective affinity for sodiumwsll know (Russell, 1987). Therefore, the
objectives of this study were to determine theradBon between DCAD concentration and
strong ion source (Na vs. K) and monensin and #fécts on feed intake, milk production, feed

efficiency and rumen fermentation responses itatarg dairy cows.
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MATERIALSAND METHODS

Research Facilitiesand Animals

The protocol (R-13-39) for this experiment was esved and approved by the University
of Maryland Institutional Animal Care and Use Corttee. The experiment was conducted at
the Clarksville Dairy Research Facility located Htiicott City, Maryland. The number of
experimental observations required for the studg wetermined by power analysis using the
Analyst feature of Statistical Analysis SoftwaréA. Using an average standard error of the
mean of 0.165 for FE calculated from previous expents conducted by this laboratory, a
required sample size of 36 was calculated to beired) to detect a significant difference (alpha
= 0.05) with an 80% probability of detecting a 0.a0it difference in dairy FE (3.5% fat-
corrected milk divided by dry matter intake, kg) an experiment with 6 dietary treatments.
Even though the required sample size is 36, thpeement represents the first replicate that was
conducted with 18 cows due to the limited availapibf tie-stalls required for individually
feeding. A second replication with 18 additionaivs will be used to complete the study prior to
submission for publication.

Six primiparous and 12 multiparous cows averagifgrB38 days in milk and 38 kg/d
milk at the start of the experiment were used m study. Six of the multiparous cows were
surgically fitted with rumen cannula (Perry and Mac, 1969) prior to the start of the
experiment to study the effects of dietary treattm@m rumen fermentation. Cows were housed
and individually fed in tie-stalls fitted with watenattresses and bedded with wood shavings.
The photoperiod in the research barn was contrelleth that the cows received 16 h of light and
8 h of darkness during the study. Cows had coatislaccess to water and were milked twice

daily at approximately 0615 and 1600 h. Cows &bt continuous access to their experimental
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diets that were fed once a day as a TMR at appiateiyn 0930 h. The study was conducted

from March until May.

Experimental Diets

Cows were fed a control unsupplemented diet duai@gveek preliminary period prior to
the start of the experiment. Preliminary periotadaere used as a covariate in the statistical
analysis. The control diet contained approximat&89o corn silage 8% alfalfa hay and 34%
concentrate (DM basis). The diet was formulatadguthe NRC 2001 software (NRC, 2001) to
meet the nutrient requirements for lactating dawws producing 40 kg/d milk containing 3.7%
fat and 3.1% protein (Table 3.1)Treatments consisted of 0 or 13.2 mg/kg DM monensin
addition (Rumensffiy ELANCO Animal Health, Greenfield, IN) and DCAD wh would
supply 303 mg per cow per day monensin in a covswaning 23 kg/d dry matter intake (DMI)
and DCAD supplementation of 0, or 200 mEg/kg DMngseither sodium sequicarbonate (S-
Q810 ,Church & Dwight Inc., Piscataway, NJ)) or potasscarbonate sesquihydrate (DCAD
Plus®, Church & Dwight Inc., Piscataway, NJ)) as theosty ion sources. Treatments were
applied in a 2 x 3 factorial arrangement of treattee At the end the preliminary period,
monensin treatment began with 9 cows fed the upisugented diet and 9 cows fed the diet
containing 13.2 mg/kg DM monensin. Cows remainedhmir respective monensin treatments
for the remainder of the experiment. Superimposedhe monensin treatments were DCAD
treatments including the basal diet containing apjpnately 300 mEg/kg DCAD and two diets
containing added DCAD (+200 mEqg/kg) using either biaK as the strong ion sources. DCAD
treatments were applied in replicated 3 x 3 Lagiu&es within monensin treatment using 3 wk
experimental periods. To summarize, the 6 treatrmembinations consisted of: 1) Control

(C0), un-supplemented basal diet; 2) Control Hu$200K), + 200 mEqg/kg DCAD using
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potassium carbonate sesquihydrate; 3) Control Haug200Na), + 200 mEqg/kg DCAD using

sodium sesquicarbonate; 4) Monensin (M0), 13yZkmadded monensin; 5) Monensin plus
K (M200K); 1.32 mg/kg added monensin + 200 mEQIMQAD using potassium carbonate

sesquihydrate; and 6) Monensin plus Na (M2008&2 mg/kg added monensin + 200 mEg/kg
DCAD using sodium sesquicarbonate.

The basal total mixed ration (TMR) for the all cowss mixed in a portable mixer
wagon. The DCAD and monensin supplements werednmth basal TMR using a Calan Data
Rangef (American Calan, Northwood, NH) for cows within bBateatment group prior to
delivery to individual feed tubs for each cow inder to minimize errors in applying the

individual treatments.

M easur ements

Measurements included twice daily individual milleights recorded electronically at
each milking and daily individual weights of feetfeved and feed refusals to determine feed
intake. Milk samples were collected during the Kasnilkings at the end of the covariate period
and the third week each experimental period weeksamt to be analyzed for fat, protein, SCC
and MUN by infrared analysis (Lancaster DHIA, MamhePA). Cows were weighed on th8 7
day of each week of the experiment. Weekly femui@es were retained and composited by
experimental period (the preliminary period andridts 1, 2, and 3 in the Latin squares) for
analysis of diet DM, CP, ADF, NDF, Lignin, etherteact, Ca, P, Mg, Na, K, Cl and S by
Cumberland Valley Analytical Services (HagerstoMi). Feed analyses were used to calculate
the actual DCAD of each treatment. Weekly sampfesorn silage were used for DM analysis
to adjust the as fed TMR to maintain a constaragerto-concentrate ratio and to calculate the

DM of the TMR such that daily DMI could be calcw@dtfor each cow.
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On the last day of each experimental period, rufhet samples were collected. Rumen
fluid samples were taken just prior to feeding an@, 6, 9, and 12-h post-feeding using the 6
rumen fistulated cows in the study. Rumen fluicswallected using a rumen fluid sampling
tube (Bar Diamond, Inc, Parma, ID) attached to an&0Osyringe. Samples were collected in 10-
mL increments from 5 locations including the atrialorsal, ventral, caudodorsal, and
cauoventral sacks of the rumen. Rumen pH was medsummediately and recorded. A 10 mL
subsample was acidified with 0.2 ml of 50%S&, and frozen at -20C for subsequent VFA
analysis by gas chromatography (Bennink, 1978; Emtial., 1961). The remaining 40 mL of
sample was frozen at -20C for later analysis of Klaand Cl concentrations by selective ion

probes (Cole Parmer, Thermo Fisher Scientific, Waatt, MA).

Statistical Analysis

Mean data for DMI, milk production, milk fat andgtein percentage, and milk SCC
along with milk fat and protein yields, 3.5% FCMydaFE were calculated for each cow during
the 2-week covariate period as well as the lastkwedecach experimental period. Data were
analyzed by analysis of covariance using the MiRdcedure in SAS (Version 9.2, SAS
Institute, Cary, NC). The statistical model inacddthe effects of the covariate, period,
monensin, DCAD, and DCAD by monensin treatmentradgon. DCAD, monensin, and
DCAD by monensin interactions were analyzed asdfigifects while the covariate, cow within
monensin treatment, and period effects were det@dnas a random effect in the statistical
model. The main effects of monensin were testéggusow within monensin as the error term
and cow as the experimental unit. DCAD treatmemti anonensin by DCAD treatment

interactions were tested using residual error watv within period as the experimental unit. A
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probability of P < 0.05 was considered significant and a probab{ity5 <P < 0.10) was

considered as a trend towards being statisticajlyifecant.

RESULTS

The chemical composition (DM Basis) of the dietigatments is presented in Table 3.2.
As expected, diets were similar in chemical commsi(Table 3.2) except for Na and K.
Calculated treatment DCAD concentrations (usingNlae+ K — Cl equation) were 313, 522,
520, 312, 521, and 520 mEg/kg for each of the &itments (CO, C200K, C200Na, MO, M200K,
M200Na, respectively. These values were consistéhtthe addition of 200 mEg/kg DM of Na
or K to the basal diet which contained 312 mEg/kg DCAD. Neither Monensin nor DCAD
had any significant effects on feed intake, milkgurction and composition, and FE (Table 3.3).
Increasing DCAD with either K or Na tended to irage DMI P = 0.078) where the DCAD
response appeared to be greater in cows fed theotars. cows fed the monensin diet.
However, there was no monensin by DCAD interacfimnfeed intake, milk production and
composition, and FE.

Rumen pH was not affected by monensin or DCAD ineat. However rumen pH
declined significantly with time post-feeding® (= 0.001; Figure 3.1). DCAD treatment
significantly increased the K and Na concentratiomghe rumen R = 0.001; Table 3.4).
Specifically, the effect of using a K supplementnimal K concentrationR = 0.001) whereas Na
supplementation increased ruminal Na concentrgfon 0.002). Ruminal Cl was increasd® (
= 0.017; Table 3.4) by addition of either K or Nathe diet. However, the K supplementation
appeared to have a greater impact on rumen Cl Nearsupplementation. There were no
monensin effects on rumen K, Na, or Cl concentratioThe ruminal K concentration increased

with monensin supplementation until 6 h postfeediigere the concentration peaked and then
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began to decreasP € 0.046; Figure 3.2) thereafter. The monensin imgtby DCAD interaction
was significant for the ruminal Na concentratidh < 0.045; Figure 3.3). Rumen Na and CI
concentrations decreased with time post-feedihg 0.001; Figures 3.3 and 3.4) whereas rumen
K concentration gradually increase® € 0.001) up to 6 h post-feeding and then declined
thereafter (Figure 3.5).

Ruminal acetate concentration decreased with tios¢-feeding P = 0.0002; Figure 3.5).
The monensin-DCAD interaction was significant fominal acetate concentratioR £ 0.0275;
Table 3.4). Specifically, the acetate concentraticreased with monensin supplementation and
when DCAD was increased using sodium bicarbon&e=(0.0208). Ruminal propionate
concentration decreased with increasing DCAD, aappgavhen DCAD was increased using
potassium carbonat® = 0.0323; Table 3.4). The monensin-DCAD interactiaas significant
for the ruminal propionate concentratidh £ 0.0008) where rumen proprionate decreased with
DCAD in the Control diet but increased with DCAD ihe monensin supplemented group.
Ruminal butyrate concentration increased with iasieg DCAD P = 0.0001; Table 3.4),
particularly when DCAD was increased using potasstarbonate R = 0.0001). Ruminal
isobutyrate concentration decreased over time &tting P = 0.0001; Figure 3.7). Ruminal
isovalerate was highest 3 hours after feeding leatehsed after that tim® & 0.001; Figure
3.8). The monensin-DCAD interaction was borderlgignificant for the ruminal isovalerate
concentration® = 0.0553; Table 3.4). Specifically, the isovaleraeb@centration increased with
monensin supplementation and when DCAD was incteaseng sodium bicarbonatd (=
0.011). The Monensin-DCAD interaction was sigrafit for the ruminal valerate concentration
(P =0.0002; Table 3.4). Specifically the rumen valerconcentration increased with monensin

supplementation and when DCAD was increased usidigisy bicarbonateR(= 0.011).

29



The total VFA concentration in the rumen decreasitd time post-feedingR = 0.0005;
Figure 3.10). The Monensin-DCAD interaction wasngigant for the total ruminal VFA
concentration® = 0.018; Table 3.4). The total VFA concentratioasvhighest with monensin
supplementation and when DCAD was increased usidgusy bicarbonateR = 0.049). The
acetate to propionate ratio (A:P) was increasednwbB€AD was increased using either
potassium carbonate or sodium bicarbonBte 0.0001). The A:Patio was lowest at 3 h post-

feeding but the proceeded to steadily increase tower (P = 0.0383; Figure 3.11).

DISCUSSION

Previous work has shown the supplementation of mginen the diet of lactating dairy
cows decreases DMI (Duffield et al., 2008; Phippsak, 2000; Symanoski et al, 1999).
Conversely Hu et al, (2007), showed that increasiegDCAD increased DMI while in some
studies increasing DCAD has had no effect on DMt(gan et al., 2011). The inconsistency of
the feed intake response to DCAD addition mightnbagtributed to stage of lactation when fed
because cows tend to eat more in early lactatidrniare is an increase in the variability of DMI
in early lactation cows as compared to mid andl&ttation cows (NRC, 2001).

In this study, DMI was not affected by either rangsin supplementation or increasing the
dietary DCAD. However, there was a trend in therent experiment for increased DMI with
DCAD, especially in the diets without monensin.isTis may be due to the counteractive effects
of DCAD and monensin on DMI or alternatively it édusimply be the result of inadequate
statistical power to determine the differenceseedf intake. This experiment was the first 18-
cow replication of an experiment that we determireglired a minimum of 36 cows to test FE

effects of DCAD and monensin. Because this study wane with half the amount of
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observations needed it is very possible that te&ae not enough statistical power to detect a
significant difference for the effect of the monerBCAD interaction on DMI.

Previous studies have shown monensin supplememtetgreases milk production but
has no effect on milk composition (Duffield et &008; Aguilar, 2005), especially at lower
levels of monensin supplementation. However, memesupplementation has sometimes been
shown to decrease milk fat percentage, but thisbeaattributed to type of feed being fed while
supplementing with monensin (Duffield et al., 2Q08)decrease in milk fat percentage can be
seen if the diet contains a large portion of unsadd fats (Duffield et al., 2008). Increasing
DCAD has also been shown to increase milk prodogctmilk fat percentage, fat yield and
protein yield while it did not have an effect oretbther milk components (Hu and Murphy,
2004; Sanchez and Beede, 1996). In this studk pndduction and the milk components were
not affected by either monensin or DCAD nor wem@ntlany deceivable trends due to treatment.
These results are consistent with those found hy Baal., (2005) in their study investigating
the effects of sodium bicarbonate and monensinlsopmtation on milk and milk composition.
Ordinarily, an increase in milk production would the expected from monensin (Duffield et al.,
2008) and DCAD (Erdman et al., 2011, Harrisonlgt2®11) supplementation. However, the
lack of a production response again could be dadedqguate statistical power. When the second
repetition of this study is completed we shouldéhamough observations to draw more concrete
conclusions regarding the effects of DCAD and meierand their interaction on milk
production and composition.

In past experiments, monensin supplementation kas Ishown to increase dairy FE
(Dary et al., 2005; Akins et al., 2013, Symanogkale 1999). However, the effects of DCAD

on dairy FE however have been less consistent {kl,e2007; Hu and Murphy, 2004; Clark et
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al, 2009; Erdman et al., 2011; Harrison et al.,201In many of the previous studies done
involving DCAD, dairy FE was not been reported (étwal., 2007; Hu and Murphy, 2004; Clark
et al, 2009). In studies that reported FE, DCAf2@t on FE tended to be significant, but if the
effect was not significant there is a numericat@ase in dairy FE (Erdman et al., 2011; Harrison
et al., 2012). In this study, FE was not affedigdnonensin supplementation or increasing the
dietary DCAD concentration. The lack of an effeat FE can be attributed to the lack of an
effect seen on DMI and 3.5% FCM. In studies wedtenas improved by DCAD (Erdman et al.,
2011, Harrison et al., 2012), there was an sigaifiancrease in milk fat concentration which
was the primary factor that increased 3.5% FCMac&imilk fat concentration and 3.5% FCM
were not changed, and there were no effects of neam@r DCAD on DMI, FE was unaffected.
While it is possible with more experimental unitsdamore statistical power there might be
differences in FE, the lack of any current trendggests FE will not be significantly affected
even with more cows in the completed experiment.

Previous work that monensin supplementation reseiiser no change or a slight
decrease in rumen pH (Russell, 1987; Schelling 1884a and Russell 1997). Adding buffers
such as sodium bicarbonate, which increase DCADergdly increase rumen pH (Erdman,
1988), especially in low forage diets. Some igtsithave reported that increasing DCAD causes
an increase in pH (Tucker et al., 1988) while adheave reported that increasing DCAD has no
effect on rumen pH (Apper-Bossard et al., 2010 this experiment neither monensin
supplementation nor increasing the DCAD had angoehn the rumen pH. However, there was,
a time effect such that rumen pH was the highegtt ibefore feeding then it decreased after
feeding hitting its lowest point between 6 and past-feeding. By 12 h after feeding rumen had

begun to increase. The pattern in the rumen pdt-ieding was typical of that normally seen
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after the intake of a large meal in lactating daiows (Duffield et al., 2004; Nordlund and
Garrett, 1994). There are few reports of monenfiecess rumen pH (Duffield et al., 2008).
However, buffer supplementation has been conslgtahiown to in increase rumen pH and
reduce the degree of postprandial decline in rupténespecially in cows fed high grain diets
(Erdman, 1988). Due to instrument malfunction,mem pH before feeding could not be
measured. Because of this missing data the coggrtdtdata was not used when performing the
statistical analysis. However, this would not hang bearing on DCAD effects where variance
due to individual cow effects could still accountedin the Latin square design.

In this study, there was an inverse relationshigvben K and Na ion concentrations in
the rumen. When potassium chloride was addedaaditét of sheep, K concentrations in the
rumen increased and the Na concentrations decrdgggather and Stacey, 1971). Similarly
Bennick et al. (1978) found an inverse relationdigtween rumen Na and K concentration in
cattle fed diets that varied in K and Na concerrst Our results agree with those of Warner
and Stacey (1971) and Bennick et al. (1988) suahgbdium concentration decreased in cows
fed the diet with supplemental K (C200K and M200kets). There was also a significant
interaction of monensin and time on potassium cotmagon where the increase in rumen K
concentration between 3 and 9 hours post-feeding gva@ater in the monensin diets than the
Control. In part, the monensin by time interactidos rumen K might be due to the efflux of
potassium from the rumen bacteria during the breakdand absorption of feed (Russell, 1987;
Newbold et al., 2013). Potassium concentration s#sds to be the highest when hay is being
fed. Therefore the increase in K concentration loarpartially attributed to the diet being fed
(Bennick et al., 1978). As stated previously, whie& rumen K concentration is increased the

Na concentration decreases. Warner and Staceyl)1€9fgested that this was due to an
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increase in the sodium absorption rate acrossuimem wall. While absorption rates were not
studied during this experiment it is possible thhsorption rates influenced the monensin-
DCAD-time interaction that was seen with respecutoen Na concentration.

Tucker et al. (1988) found that rumen CI concerdratended to decrease with increasing
DCAD. In this experiment, however, rumen Cl in@ea only when DCAD was increased using
potassium carbonate. Sanchez et al. (1994) sugh#sté increased rumen K with potassium
bicarbonate supplementation resulted in an incceas®en Cl as a means to maintain the acid-
base balance of the animal (Sanchez et al., 1994 increased rumen Cl concentration with
time after feeding that we observed is similarte tesults found by Bennick et al. (1978) in
cattle that were fed a concentrate-silage-hay diet.

One of the most consistent effects of monensinifgeds an increase in rumen
propionate concentration and a decreased rumer(Fidhardson et al., 1976; Schelling, 1984,
Weimer et al., 2008; Lemenager et al., 1978). nuecsely, increased DCAD typically decreases
rumen propionate and increases rumen acetate @dEdman, 1988; Jenkins et al., 2014).
Dietary cation anion difference has also been shdwnincrease the ruminal butyrate
concentration (Wildman et al., 2007). The resuftths experiment agree with previous DCAD
studies. Acetate concentration increased with asirgy DCAD, particularly when DCAD
increased with sodium sesquicarbonate. Proponahcentration decreased and butyrate
concentration increased with increasing DCAD. RumeP increased with increasing DCAD
due to the increase seen in acetate concentratidrine decrease in propionate concentration.
Each of these results coincides with previously tivaed studies (Erdman, 1988; Jenkins et al.,

2014; Wildman et al., 2007).
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There are some results that are not as easilyiargla The monensin-DCAD interaction
was found to be significant for acetate concerdratpropionate concentration, and the total
VFA concentration. In the case of the acetate eptmation and the total VFA concentration, the
DCAD effect was greater in the monensin supplenterdiets, particularly when Na was
supplemented. Most striking was the fact that mimpepionate decreased with either K or Na
supplementation in the Control diets, while in thenensin supplemented diets, rumen
propionate increased with Na supplementation. Eurtbotal VFA concentration was either
unaffected or slightly reduced in the Control dgteither K or Na but was increased by K and
to an even greater extent by Na in the monensiplsaopented diets. Rumen VFA account for
50% or more of the total energy supplied to théak&img dairy cow (Bergman, 1990). Data from
this experiment suggest that the propionate aral WA response to monensin was enhanced
by Na addition. Since monensin preferentially Bistddium (Russell and Houlihan, 2003) and
monensin sensitivity has been previously showndgabhanced (Newbold et al., 2013) in the
presence of higher Na concentrations in fermematiedia, our rumen VFA data suggest that
the rumen fermentation response to monensin caitéed by both dietary DCAD and strong

ion source. In this case, added Na increases f#ergsponse to monensin.

CONCLUSIONS

With the limited number of animals in the studytake, milk production and milk
composition responses were not detected. Due ttatheof a significant effect on dairy FE it is
difficult to draw conclusions regarding the infleenof a DCAD-monensin interaction on FE.
However, increasing DCAD with Na and K resultedairtorresponding increase in rumen Na
and K concentrations while rumen Cl decreased wheren K was increased. Increasing DCAD

with potassium carbonate had more effects on ruimerconcentrations than rumen VFA. On
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the contrary, increasing DCAD with sodium sesquiocaate had a more significant impact on
the VFA concentrations, particularly in cows fee tmonensin diet suggesting that monensin
responses in lactating dairy cows might be enhabgeslipplementing sodium as the strong ion

source to increase DCAD.
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Table 3.1 Ingredient composition of experimental diets (Dhtis)

1

Treatment

ltem CO C200K C200Na MO  M200K  M200Na

Corn Silage 58.00 57.12 57.06 57.89 57.09 57.02
Alfalfa Hay 7.86 7.75 7.74 7.85 7.74 7.73
Ground Shell Corn 10.81 10.65 10.64  10.79 10.64 10.63
Soybean Meal (48% CP) 15.23 15.01 14.99 15.21 15.00 14.98
Soyplus 3.44 3.39 3.38 3.43 3.39 3.38
Corn Gluten Meal 061 0.60 0.60 0.61 0.60 0.60
Dyna-maté 0.13 0.13 0.13 0.13 0.13 0.13
Biophos 0.43 0.42 0.42 0.43 0.42 0.42
Limestoné 0.61 0.60 0.60 0.61 0.60 0.60
Mag Oxide 0.34 0.33 0.33 0.34 0.33 0.33
Salt 0.49 0.48 0.48 0.49 0.48 0.48
ADE mix® 0.03 0.03 0.03 0.03 0.03 0.03
Vit. E® 0.01 0.01 0.01 0.01 0.01 0.01
Megalad 1.47 1.45 1.45 1.47 1.45 1.45
Selenium (0.06%) 0.06 0.06 0.06 0.06 0.06 0.06
Omiger’ 0.20 0.20 0.20 0.20 0.20 0.20
TM-433'° 0.03 0.03 0.03 0.03 0.03 0.03
4-Plex C! 0.01 0.01 0.01 0.01 0.01 0.01
Dia. V. Yeast XP 2 02 0.24 0.24 0.24 0.24 0.24 0.24
Rumensin 10g/i 0.00 0.00 0.00 0.06 0.06 0.06
Sodium Bicarbonaté 0.00 0.00 1.60 0.00 0.00 1.60
DCAD Plus® 0.00 1.49 0.00 0.00 1.49 0.00

Treatments CO, C200K, C200Na, MO, M200K, M200Naespond to Control no added DCAD,
Control plus 200 mEqg/kg added K, Control plus 2@qgfkg added Na, +300 mg/cow added
monensin no added DCAD, +300 mg/cow added mongiiseén200 mEqg/kg added K, +300
mg/cow added monensin plus 200 mEg/kg added Nartezds, respectively

’Contained 11.5% Mg, 18% K, and 22.5% S (Mosaic Elymouth, MN)

Contained 17% Ca and 21% P

*Contained 36% Ca and 0.02%P

*Contained 5,454,545 IU/kg Vitamin A, 1,818,182 IgMKitamin D, 9,091 IU/kg Vitamin E

®Contained 56,818 1U/kg Vitamin E

"Contained 9% Ca; 85% Fat (Church & Dwight Co., IiRéscataway, NJ)

8Contained 0.3 IU/g Selenium; 28% Ca

°Contained 0.41 mg/kg Biotin, 15 mg/kg Choline, 3d/kg d-Pantothenic Acid, 1.4 mg/kg Folic Acid,
3.2 mg/kg Menadione, 102 mg/kg Niacin, 30 mg/kgdR#win, 4.5 x 16° CFU/kg
Saccharomyces cerevisiae, 15.5 mg/kg Thiamine, 8.2 mg/kg Vitamin B-6, aridmcg/kg
Vitamin B-12 (Prince Agri Products, Inc., Quincy) IL

Contained 0.16% Co, 4.0% Cu, 3.0% Fe, 0.35% |, Mi¥%and 16% Zn (Southern States Cooperative,
Inc., Richmond, VA)

HContained 0.20% Co, 0.99% Cu, 0.031% Fe, 1.57%avid,2.83% Zn (Southern States Cooperative,
Inc., Richmond, VA)

2ContainedSaccharomyces cerevisiae yeast (Diamond V, Cedar Rapids, 1A)
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Contained 20% Monensin Na, 1% Mineral oil, andiessrsuch as rice hulls, limestone, and
fermentation nutrients (Elanco, Greenfield, IN)

“Contained 27% Na (Church & Dwight Co., Inc., Pisgay, NJ)

*Contained 56% K and 88% DM (Church & Dwight Cog.|rPiscataway, NJ)
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Table 3.2 Chemical composition of experimental diets (DMibas

Treatment®

[tem CO C200K C200Na MO M200K MZ200Na SEM

DM, % 56.5( 56.98 57.20 56.41 56.94 57.16 0.136
CP, % 16.1: 15.89 15.87 16.11 15.88 15.86 0.051
ADF, % 19.9(C 19.60 19.58 19.87 19.59 19.57 0.063
NDF, % 32.4¢ 31.97 31.94 32.40 31.95 31.92 0.103
Lignin, % 3.11 3.07 3.06 3.11 3.06 3.06 0.010
Fat, % 2.9¢ 2.92 2.91 2.96 2.92 2.91 0.009
Ash, % 6.5¢ 6.48 6.47 6.57 6.48 6.47 0.021
Ca, % 0.7¢ 0.75 0.74 0.76 0.75 0.74 0.002
P, % 0.4¢ 0.45 0.45 0.46 0.45 0.45 0.001
Mg, % 0.3¢ 0.32 0.32 0.33 0.32 0.32 0.001
K, % 1.4% 2.26 1.42 1.44 2.26 1.42 0.174
S, % 0.21 0.20 0.20 0.21 0.20 0.20 0.001
Na, % 0.2¢ 0.28 0.76 0.28 0.28 0.76 0.102
Cl, % 0.64 0.63 0.63 0.64 0.63 0.63 0.002
NE,, Mcal/kg 1.61 1.61 1.61 1.61 1.61 1.61 0.000
DCAD, mEq/kﬁ 313 522 520 312 521 520 43.9
DCAD-S, mEq/k93 248 458 457 248 458 457 44.1

Treatments CO, C200K, C200Na, MO, M200K, M200Naesgpond to Control no added DCAD,

Control plus 200 mEqg/kg added K, Control plus 2@gtkg added Na, +300 mg/cow added monensin no
added DCAD, +300 mg/cow added monensin plus 200/kgeadded K, +300 mg/cow added monensin
plus 200 mEqg/kg added Na treatments, respectively

“DCAD= (%K / 0.00391) + (%Na / 0.00229) - (Cl% / 0355), DM basis

3DCAD-S= (%K / 0.00391) + (%Na / 0.00229) - (Cl%.00355) + (%S / 0.003207) , DM basis
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Table 3.3 Effect of monensin, DCAD and the monensin-DCAD tiatgion on feed intake, milk production and composj and feed
efficiency in mid-lactation dairy cows

------------------------------- L 11 | R T = =Y e  Fe—
Mon X
ltem CO C200K C200Na MO M200K MZ200Na Mon’ DCAD® Mon DCAD DCAD*
N 18 18 18 18 18 18
BW, kg 674 669 677 680 673 684 7.1 49 0.175 0.312 0.861
DMI, kg/d 22.8 23.3 23.7 23.2 23.8 23.5 0.55 0.38 0.534 0.078 0.233
Milk, kg/d 34.4 34.3 34.9 35.2 34.4 34.7 0.87 0.60 0.697 0.500 0.230
3.5%FCM, kg/d 34.0 34.4 34.8 35.1 34.1 34.6 0.970.67 0.754 0.590 0.123
Fat, % 3.45 3.52 3.49 3.50 3.44 3.47 0.106 0.072 0.742 0.778 0.434
Fat yield, kg/d 1180 1207 1215 1225 1182 1203 44.30.3 0.886 0.645 0.180
Protein, % 2.99 3.01 3.01 3.01 3.01 3.02 0.0490.034 0.631 0.938 0.944
Prot. yield, kg/d 1021 1029 1046 1053 1036 1046 625.17.7 0.337 0.508 0.317
OS vield, kg/d 1941 1946 1984 1975 1960 1977 54.88.0 0.684 0.388 0.486
OS, % 5.64 5.67 5.69 5.63 5.70 5,69 0.036 0.025 0.821 0.414 0.603
SCC 4.48 4.78 4.71 4.74 5.05 489 0.745 0.509 0.625 0.703 0.973
Feed efficiency 1.50 1.47 1.47 1.52 1.44 1.48 0.036 0.025 0.935 0.534 0.192

Treatments CO, C200K, C200Na, MO, M200K, M200Naespond to Control no added DCAD, Control plus 8@g/kg added K,
Control plus a 200 mEqg/kg added Na, +300 mg/covedddonensin no added DCAD, +300 mg/cow added mamnphss 200
mEg/kg added K, +300 mg/cow added monensin plus2B@/kg added Na treatments, respectively

“Monensin effect

*DCAD effect

*Monensin by DCAD interaction

®Lactose plus minerals

®3.5% FCM/DMI
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Table 3.4 Effect of monensin, DCAD and the monensin-DCAD iation on rumen pH, ion concentrations and VFAcemtrations

in mid-lactation dairy cows

------------------------------- L 1111 (| ——————— creeenSEMmmen e P S e
Mon X
ltem CO C200K  C200Na MO M200K M200Na Mon? DCAD® Mon DCAD DCAD*
N 6 6 6 6 6 6
pH 5.98 6.08 5.93 588 .97/ 5.99 0.085 0.067 0.688 0.182 D.17
Rumen, mEg/L
K, 24.7 35.3 25.1 26.5 379 2438 0.53 0.64 0.146 0.001 0.297
Na 107 100 109 104 97 111 1.8 1.95 0.702 0.002 0.483
Cl 32.8 37.5 35.8 29.8 37.0 322 3.18 2.48 0.634 0.017 0.722
Rumen volatile fatty acids, mEq/L
Acetate 83.7 86.3 83.4 81.2 83.5 882 1.58 1.43 0.946 0.088 0.028
Propionate 33.3 29.2 28.7 30.9 830. 32.8 1.71 1.27 0.661 0.039 0.008
Isobutyrate 3.00 3.60 3.07 33.7 4.33 3.99 0.240 0.171 0.089.000 0.629
Butyrate 9.5 9.6 10.2 10.1 119 10.7 0.47 0.45 0.170 0.290 0.240
Isovalerate 241 2.33 2.25 125 2.50 2.66 0.060 0.055 0.062.750 0.055
Valerate 291 3.22 3.04 271 270 3.26 0.299 0.216 0.715 0.0040.002
Total VFA 135 134 130 131 135 141 16 1.9 0.283 0.456 0.018
A:P° 2.75 3.17 3.09 2.66 286 2.77 0.312 0.221 0.618 0.001 0.099

Treatments CO, C200K, C200Na, MO, M200K, M200Naespond to: Control no added DCAD, Control plué BfEq/kg added

K, Control plus a 200 mEg/kg DM added Na, +300 rmag/@added monensin no added DCAD, +300 mg/cow add®tensin plus
200 mEqg/kg added K, +300 mg/cow added monensinZf)0snmEq/kg added Na treatments, respectively

“Monensin effect

3DCAD effect

*Monensin by DCAD interaction
>Acetate:propionate
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Figure 3.1 Changes in rumen pH with time post-feeding. Time @ame by treatment
interaction effects were respectively: Tinfe<0.001), DCAD by TimeR = 0.925),
Monensin by TimeR = 0.143), and Monensin by Time by DCAB £ 0.274)
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Figure 3.2 Changes in rumen potassium concentration with post-feeding. Time
and time by treatment interaction effects wereeespely: Time P = 0.001), DCAD
by Time P = 0.368), Monensin by Timd?(= 0.046), and Monensin by Time by
DCAD (P =0.404)
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Figure 3.3 Change in rumen sodium concentration with time {pestliing. Time and
time by treatment interaction effects were respetti Time @ = 0.001), DCAD by
Time (P = 0.263), Monensin by Timé>(= 0.461), and Monensin by Time by DCAD
(P =0.045)
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Figure 3.4 Changes in rumen chloride concentration with tirastgeeding. Time
and time by treatment interaction effects wereeespely: Time(P = 0.001), DCAD
by Time @ = 0.721), Monensin by Timé>(= 0.437), and Monensin by Time by
DCAD (P =0.317)
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Figure 3.5 Changes in rumen acetate concentration with ting¢-fg@ding. Time and
time by treatment interaction effects were respetti Time(P = 0.002), DCAD by
Time (P = 0.947), Monensin by Timé>(= 0.332), and Monensin by Time by DCAD
(P =0.909)
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Figure 3.6 Changes in rumen propionate concentration with pos-feeding. Time
and time by treatment interaction effects wereeespely: Time(P = 0.199), DCAD
by Time @ = 0.726), Monensin by Timé>(= 0.481), and Monensin by Time by
DCAD (P =0.924)
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Figure 3.7 Changes in rumen butyrate concentration with tio&feeding. Time
and time by treatment interaction effects wereeespely: Time P = 0.306), DCAD
by Time P = 0.983), Monensin by Timd>(= 0.273), and Monensin by Time by
DCAD (P =0.394)
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Figure 3.8 Changes in rumen isobutyrate concentration witle fpost-feeding. Time
and time by treatment interaction effects wereeespely: Time P = 0.001), DCAD
by Time P = 0.999), Monensin by Timd?(= 0.985), and Monensin by Time by
DCAD (P =0.155)
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Figure 3.9 Changes in rumen isovalerate concentration witle fpost-feeding. Time
and time by treatment interaction effects wereeespely: Time P = 0.001), DCAD
by Time P = 0.917), Monensin by Timd>(= 0.315), and Monensin by Time by
DCAD (P =0.982)
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Figure 3.10 Changes in rumen valerate concentration with tios-feeding. Time

and time by treatment interaction effects wereeespely: Time P = 0.414), DCAD
by Time @ = 0.887),
Monensin by TimeR =0.794), and Monensin by Time by DCAB € 0.828)
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Figure 3.11 Changes in rumen total VFA concentration over tpost-feeding. Time
and time by treatment interaction effects wereeespely: Time P = 0.007), DCAD
by Time @ = 0.980),Monensin by TimeR = 0.236), and Monensin by Time by
DCAD (P = 0.896)
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Figure 3.12 Changes in rumen acetate:propionate ratio (mEgfth) tive post-
feeding. Time and time by treatment interactioeef were respectively: Time €
0.038), DCAD by TimeR = 0.357), Monensin by Timd>(= 0.870), and Monensin
by Time by DCAD(P = 0.859)
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