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SUmmary

Continued improvements in the genetic potentia of dairy cattle for milk production incresse the
need for maxima energy and protein avallability from the diet. Grain is fed to increase the nutrient
dengity of the diet, meet these increased needs for protein and energy, and increase the efficiency of
milk production.

Starch isthe primary energy component of grains, and is considered the primary driver of
microbid protein synthesisin the rumen. Understanding starch digestion is the key to optimizing protein
and energy supply to the cow, and to improving the efficiency and effectiveness of high grain diets. This
paper reviews and summarizes the scientific literature pertaining to starch digestion in the rumen, small
intestine, and large intestine of ruminants; the effect of starch digestibility on performance of dairy cows,
and the animd hedlth implications and some practical agpects of feeding high grain dietsto dairy cows.

Starch digestion in the rumen

In the ruminant, the mgority of starch in the diet is fermented to volatile fatty acidsin the rumen.
Rumen fermentation varies with type of grain aswell as consarvation or processng method, and this
variation can greetly affect anima performance. Optima levels of sarch in the digt, and rumen
fermentability of that starch depend on animd and dietary factors.

Methods of increasing rumen starch fermentation

Rumen fermentation of starch is determined by the rate & which starch is fermented and the
retention time of the starch in the rumen, both of which vary by species and physiologica steatus of
animd, grain type, grain genotype, growing conditions, and physca and chemica processng method
(Table 1; Herrera- Saldana et al., 1990b; Nocek et al., 1991; Huntington, 1997). Herrera- Saldana et
al. (1990b) compared rates of starch digestion of five cered grainswith in vitro and in situ methods.
When processed smilarly, oats had the fastest rate of starch digestion, followed by whest, then barley,
then corn, and findly sorghum.

Although in vivo rumen digestion is afunction of both rate of fermentation and rate of passage,
rumen starch digestion has been reported to follow the same trend. In a comparison of sorghum-, corn,
and barley-based diets containing gpproximately 82% grain (Spicer et al., 1986), the rumen digestion
of sorghum (75.2%) was sgnificantly less than corn (83.7%) or barley (87.7%). In lactating dairy cow
rations, in vivo rumen starch digestion was much greeter on barley diets than on ground corn diets
(77.4 vs. 48.6%; P < .01; McCarthy et al., 1989), and on barley than on sorghum diets (80 vs. 49%;
P <.05; Herrera-Saldana et al., 1989).

Sorghum (milo) generdly has the lowest whole tract starch digestibility among cered grains due
to ahard peripherd endosperm layer which is resistant to digestion (Rooney et al., 1986). Waxy
sorghums (cultivars whose starch is primarily amylopectin with little amylose) have conastently higher
feeding vaue than norma sorghums (Rooney et al., 1986). Amylopectin content is positively related to



darch digestibility (Rooney et al., 1986), but higher digestibilities of waxy cultivars may dso be dueto
other characterigtics such as less peripheral endosperm, larger starch granules within the periphera
endosperm, and different structure of the protein coat (Kotarski et al., 1992).

Within agrain type, dry and wet processing methods are used to dter digedtibility of grains fed
to ruminants. Mogt grain processing methods increase both rate of starch fermentation and rumen starch
digedtibility. Unprocessed grains with lower rumen digegtibilities such as sorghum seem to respond to
processing to the greatest extent (Theurer, 1986).

Dry processing methods include grinding, dry rolling or cracking, popping, extruding,
micronizing, roasting, and pdlleting. These break the outer coat of the grain to alow access of rumen
microorganisms and enzymes. Reducing particle Sze by cracking or grinding significantly increases the
rate of starch digestion (McAlliger et al., 1993), but dso increases rate of passage from the rumen
(Gdyean et al., 1981; Ewing et al., 1986). Rate of passage is affected by anima characteristics and
level of intake, and increased rate of passage decreases extent of digestion in the rumen. Fine grinding
may, therefore, have less effect on in vivo rumen sarch digedtibility for animas with higher levels of
intake, such as dairy cattle in early lactation, than for dry cows or dairy cattle in late lactation. In beef
steers on high corn diets, increased rate of passage has been observed with steam flaked grains as well
(Turner et al., 1995).

Wet processing methods include the application of heat and/or moisture, such as soaking, steam
rolling, steam processing and flaking, exploding, pressure cooking, and high moisture fermentation of
early harvested or recongtituted grains. Interactions of heat, moisture, and pressure increase
susceptibility of the starch to enzymatic attack and digestion by breaking down the endosperm structure,
disrupting the protein matrix encapsulating starch granulesin the endosperm, and gelatinizing the
normaly semi-crydaline sarch granules (Kotarski et al., 1992). High moisture ensling of early
harvested or recongtituted grains increases the proportion of starch digested in the rumen of dairy cows
(68 vs. 78%; P < .05; Aldrich et al., 1993). Steam flaking sorghum aso congstently increases rumen
starch digestion compared to dry ground or dry rolled sorghum in dairy rations (Poore et al., 19933;
Olivaraet al., 1995). Consstent increases in rumen starch digestion have aso been observed for steam
flaked corn compared to dry rolled corn in lactating cows (Plascencia et al., 1996). In steam flaked
cered grains, decreased dendty (incrementa processing) of the flake increases rate of starch digestion
(Nocek et al., 1991; Plascenciaet al., 1996).

Other factors that may influence rumen starch digestion include rumen protozoa (Mendoza et
al., 1993), leve of dry matter and starch intake (Russell et al., 1981b; Brink et al., 1985), and grain
hybrid (Wester et al., 1992; Laddly et al., 1995). Protozoa reduce rate of starch digestion in the
rumen through ingestion of starch digesting bacteria, and ingestion of starch granules and sugars, and
defaunation of sheep has been shown to increase rumen garch digedtibility (Mendoza et al., 1993).
Additiondly, level of starch intake affects starch digestion. Two studies demonstrated that increased
level of cornin steer dietsincreased rumen starch digestion (Rusl et al., 1981b; Brink et al., 1985).
Findly, repeatable differencesin in vitro starch disappearance of have been observed among different
sorghum hybrids (Wester et al., 1992), and among corn grain hybrids (Laddy et al., 1995).

Starch Digestion in the Small and Large Intestine

While mogt garch in ruminant dietsis fermented to VFA in the rumen, in high producing dairy
catle fed high grain diets, large quantities of dietary starch may escape rumen digestion and become
avallable for digestion, fermentation, and absorption from the smdl and large intestine. Owenset al .,



(1986) observed that in 40 experiments with cattle, between 18 and 42% of dietary starch from corn
and sorghum passed from the rumen intact. Higher starch intakes may promote rapid rates of passage
from the rumen, causing a"washout" of grain from the rumen to the lower tract (Huntington, 1994).
Recent studies with lactating dairy cows indicate that from 1 kg to nearly 5 kg of starch may disappear
post-rumindly in cows on high starch diets (McCarthy et al., 1989; Herrera-Saldana et al., 1990g;
Aldrich et al., 1993; Poore et al., 1993g; Oliveiraet al., 1995; Plascencia et al., 1996; Knowlton et
al., 1998).

Given these Sgnificant flows of starch past the rumen, understanding the potentid for starch
digegtion in the smdl and large intestine is important in predicting nutrient availability to the animd. Few
gudies with ruminants report starch flow at both the duodenum and the ileum, so partitioning sarch
digegtion in the smd| intestine from fermentation in the large intestine is not possible in most sudies.

Small intestinal starch digestion

Starch that escapes the rumen must be digested and absorbed in the lower tract to be of benefit
to the cow, and the capacity of the ruminant small intestine for digestion of starch and the absorption of
glucose may be limited. In generd, increased flow of starch to the smdll intestine increases the quantity
of starch digested, but decreases digedtibility of starch entering the smdl intestine (Karr et al., 1966;
Littleet al., 1968; Kreikemeier et al., 1991). In steers fed wheat or sorghum based diets, duodena
starch flows were 518 and 1387 g/d, respectively. Smal intestinal starch disappearance was 493 and
867 g/d, and smdl intestind starch digedtibility was 95% and 63% of that flowing into the small intestine.
When Kreikemeer infused raw corn starch to the abomasum of iledy cannulated steers at 0, 20, 40 and
60 g/h, intestina starch disgppearance increased quadraticaly, with disgppearance beginning to leve off,
and gtarch flow past the ileum accderating at the highest leve of infusion (Kretkemeier et al., 1991).

Starch in grains treated with heat and moisture to gelatinize the starch may be more digestible in
the samdl intestine than starch in dry grains. In lactating cows fed dry or high moisture corn, duodend
gtarch flows averaged 3108 and 1358 g/d respectively (Figure 1; Knowlton et al., 1998). Despite the
much lower duodend starch flow, disappearance of starch in the small intestine was much greater on the
high moisture corn diets (836 g/d; 58% of duodena starch flow) than on dry ground corn diets (412
o/d; 9% of duodend flow).

Kreikemeer' sinfuson study supports the suggestion that gelatinization of starch with heat and
moigture increases its susceptibility to digestion in the amdl intestine (Kretkemeier et al., 1991). Infusion
of amilar levels of corn dextrin (starch partially hydrolyzed to destroy the granular structure) caused a
linear increase in starch disappearance, suggesting that the crystdline structure of the raw corn starch
inhibits amdl intestind digestion in some way. At the highest levels of infusion, 55% of the infused raw
corn starch and 79% of the infused dextrin disgppeared (Kreilkemeier et al., 1991). Starch granulesin
grain have a protective protein matrix surrounding them, so smal intestind digetibility of starch from
gransisusudly lower than digedtibility of purified starch or dextrin.

In addition to level of starch flowing past the duodenum and structure of that starch, protein
datus of the anima may affect small intestind starch digestion aswell. Increased flow of undegraded
intake protein (UIP) to the smal intestine appears to increase digestion of starch in the smadl intestine. In
steersfed barley or corn based diets, smdl intestind starch disappearance was 92 g/d for barley and
328 g/d for corn. Within the corn based diets, supplementation with corn gluten meal instead of soybean
meal (increased UIP) increased starch disappearance (Taniguchi et al., 1994). Digedtibility as a percent
of duodend flow was numericaly but not sgnificantly higher for the corn-corn gluten medl trestment
than for the other three. One interpretation is that protein source interacts with carbohydrate supply to



influence amd| intestind sarch digestibility. Supporting this interpretation is the observation that net
glucose absorption from the digestive tract was greater in steers with starch and casain infused to the
abomasum than in steers with starch infused to the abomasum and casein infused to the rumen (33 vs.
16 mmoal/h; P < .05; Taniguchi et al., 1994).

Starch fermentation in the large intestine

With large quantities of starch bypassing the rumen in lactating cows on high starch diets, and
some limit of small intestind starch digestion, there may be sgnificant starch being fermented in the large
intestine. The pathways of digestion in the large intestine are Smilar to those in the rumen, with VFA,
methane, CO,,, and microbia biomass as endproducts (Armstrong et al., 1979). Voldilefatty acids

produced in the large intestine can be absorbed and utilized, but microbial protein produced hereis not
absorbed (Armstrong et al., 1979). Up to 138 g of the 300 g of starch infused to the cecum of sheep
fed grass hay disappeared, indicating limited but substantia capacity for fermentation in the large
intestine (Orskov et al., 1970). Increased viable counts of bacteriain ceca fluid collected from infused
sheep, and increased nitrogen excretion with increasing starch infused to the cecum clearly indicated
increased microbia nitrogen synthesis and subsequent loss of that nitrogen to the feces (Orskov et al.,
1970).

Steersfed increasing levels of corn had an increasing proportion of starch disappear from the
largeintestine (Karr et al., 1966). Up to 11% of total starch digested on the 80% corn diet was
digested in the large intestine. Steers on sorghum diets had 280 g/d of starch (> 10% of starch intake)
disappear from the large intestine (Axe et al., 1987), and steers on corn based diets had 109 g/d of
garch digested in the large intestine. Thisis just shy of 10% of starch intake and apparent totdl tract
nitrogen digestibility was depressed (Taniguchi et al., 1994), indicating increased microbia fermentation
inthelarge intestine.

In high producing dairy cows, little data on disappearance of starch from the large intestine is
available, but starch intakes and passage rates are high. Giventhe hypothesized limitsto small intestind
garch digedtion, sarch flow to and fermentation in the large intestine is likely sgnificant, increasing
nitrogen losses on these diets. In one study, lactating cows fed dry ground corn had much greater
duodend and iled starch flows (3109 and 2696 g/d) than cows fed high moisture corn (1358 and 523
g/d, Figure 1; Knowlton et al., 1998). Small intestina disgppearance of starch in cows fed the dry
ground corn was low, but in the large intestine, more than 1800 g/d of starch disappeared. In this study,
23% of the starch consumed on the dry ground corn diet disgppeared from the large intestine. Feca
nitrogen excretion increased by 11% in cows fed dry ground corn compared to those fed high moisture
corn.

Starch digestibility and animal performance

Milk yield

Although we can manipulate rumen starch digestion fairly easily, the effect on milk yield varies.

Increased milk yield with increased rumen available starch was observed in early lactation cows fed
barley in place of sorghum (Herrera-Saldanaet al., 1989), fed steam flaked sorghum instead of dry
rolled (Moore et al., 1992; Poore et al., 1993b), or fed ground corn instead of cracked corn
(Knowlton et al., 19964). Smilar increases in milk yied were observed in mid-lactation cows fed corn
ground morefindy (Moe et al., 1976), fed steam flaked sorghum in place of dry rolled sorghum (Chen
et al., 1994; Chen et al., 1995), fed HM shdl corn in place of dry shdll corn (McCaffree et al., 1968),



and fed steam flaked corn instead of dry rolled (Plascencia et al., 1996). However diets with increased
ruminaly degraded starch did not affect milk yield or FCM in other studies (Clark et al., 1972; Clark et
al., 1973; Bilodeau et al., 1989; Grings et al., 1992; Oliveiraet al., 1993; Mitzner et al., 1994,
Oliveiraet al., 1995). Milk or FCM yield was decreased with higher ruminaly degraded starch in early
lactation cows fed barley instead of corn (McCarthy et al., 1989), fed dry rolled barley versus dry
ground corn (Casper et al., 1990), fed high moisture shell cornin place of dry ear corn (Aldrich et al.,
1993), and in midlactation cows fed untreated barley instead of the more dowly digested ammoniated
barley (Robinson et al., 1989).

Feed intake

Decreased dry matter intake (DMI) with more rapidly fermented starch sources has been
observed in early lactation cows fed barley instead of corn, (McCarthy et al., 1989; Casper et al.,
1990), fed steam flaked sorghum in place of dry rolled sorghum (Moore et al., 1992), and fed high
moisture shell corn in place of dry ear corn (Aldrich et al., 1993) or dry shell corn (McCeffree et al.,
1968; Clark et al., 1972). Smilar reductionsin DMI with increased rumen starch digestion were
observed in mid-lactation cows fed dry ground corn versus dry ground sorghum (Mitzner et al., 1994)
and fed steam flaked sorghum in place of dry rolled sorghum (Olivaraet al., 1993). Other sudies,
however, showed no change in intake with atered rumen digestion of starch (Clark et al., 1973;
Bilodeau et al., 1989; Herrera-Sddana et al., 1989; Grings et al., 1992; Poore et al., 1993b; Chen et
al., 1995; Oliveiraet al., 1995; Knowlton et al., 1996a). In contrast, in one study with sorghum and
one with corn, steam-flaking has been shown to improve intake relaive to dry-ralling (Chen et al.,
1994; Plascenciaet al., 1996), and grinding corn increased intake in mid lactation cows reative to
wholecorn (Moe et al., 1976).

The improvement in DMI observed in some studies with diets with less rumindly degraded
gtarch may be due to a number of factors. One possible mechanism is less rgpid post-prandid
accumulation of acid in the rumen and a minimization of rumen pH fluctuation. Excess fermentation of
darch to volatile fatty acids in the rumen may overwhdam the buffering and absorptive capacity of the
rumen, leading to fluctuations in rumen pH that may decrease DMI in the high producing dairy cow
(Robinson et al., 1988; McCarthy et al., 1989).

If fluctuation in rumen pH isin fact an appropriate explanation for the decreased DMI observed
with increased rumen digestion of starch in some sudies, it ismore likely to be afactor in gudieswith
higher starch intakes, lower fiber concentrations, or more variation in forage throughout the experiment.
Six sudies have been reported with lactating cows where both DMI and rumen starch digestion have
been measured. Three studies indicate no effect of rumen starch digestion on DM, and the quantity of
garch digested in the rumen on the high digestibility diet ranges from 4700 to 5400 g/d (Herrera:
Sddanaet al., 1990a; Poore et al., 1993g; Oliveiraet al., 1995). The two studiesindicating
depression in intakes had rumen starch digestion in excess of 6500 g/d.

One study indicated an increase in DMI with steam flaked corn compared to dry rolled corn
(Plascenciaet al., 1996). In this study, rumen starch digestion was relatively low (2700 vs. 1900 g/d).
The increases in DMI observed with in this and other studies with ground or steam flaked corn (Moe et
al., 1976; Chen et al., 1994) may aso be explained by changesin rate of passage observed with these
particularly processing methods (Gayean et al., 1981; Ewing et al., 1986; Turner et al., 1995). If bulk
fill islimiting intake in these cows, increased rates of digestion and passage with ground or steam-flaked
gran may alow higher intakes.



Another reason for the disparity in research results isthe grain type that processing treatment is
gpplied to. As previoudy observed, when cows are fed grains with lower intringc rumen fermentability
(i.e., sorghum), responses to processing are gregter. Of the studies indicating improvements in milk yield
with increased rumen degradable starch, most are with sorghum grain, comparing steam flaking to dry
raling (Moore et al., 1992; Poore et al., 1993b; Chen et al., 1994; Chen et al., 1995).

Milk protein production

Increasing the energy content of the diet by increasing grain feeding generaly increases milk
protein concentration (Poore et al., 1993b; Chen et al., 1994). Thisincrease is generdly atributed to
increased microbia protein synthesis with increasing levels of ruminaly fermented carbohydrates.
Recent research suggests that increased feeding of fermentable starch may aso increase milk protein
concentration through changesin whole body glucose and insulin response (McGuire et al., 1995).
Increased digestion of gtarch in the rumen generaly increases availability of propionate and other
glucose precursors. Increased synthesis of glucose dicits an insulin response, and devated insulin and
glucose can increase milk protein concentration.

Animal health and productivity

Increasing grain content of diets increases concerns about the hedlth and productivity of animas
fed these diets. Rumen acidosis (acute and sub-acute), impaired fiber digestion, and milk fat depresson
dominate any discussion of the effect of high grain diets on the hedth of dairy cows.

Rumen acidosis

Acute acidosis

Acute acidosisis primarily associated with the accumulation of lactate, and is more commonly
observed in beef cattle on 80-100% grain diets than in lactating dairy cows. Lactate isamaor
fermentation end product of starch on these very high starch diets. Lactate has a pKa of 3.86 while
acetate, propionate and butyrate have pKa's around 4.8. When rumen pH declines, lactate may cause a
more dramatic decline in pH than the VFA's, due to thislower pKa

Caitle abruptly switched to high concentrate diets often accumulate lactate in the rumen, which
decreases rumen pH and causes acute acidosis (Slyter, 1976). Lactate production increases because
large quantities of readily fermentable carbohydrate are available. Normdly, lactate production is not
advantageous in the rumen, because each sugar fermented to lactate yieds only 2 ATP. When
carbohydrate is limiting, production of other VFA's is more efficient. When carbohydrate is plentiful,
however, microbes capable of rapid growth, which often produce lactate, are favored (RusHl et al.,
1981a). The decline in rumen pH to below 5 caused by lactate accumulation then crestes aniche for
Lactobacillus species, lactate producers which are resstant to low rumen pH (Slyter, 1976; Russd| et
al., 1983; Rusl et al., 1985).

The second half of the lactate accumulation equetion islactate utilization. Lactate utilizers may
take time to adjust to changesin diet, and become less competitive as pH declines. That these lactate
utilizers will adjust to high grain dietsis supported by feedlot data that show cattle deveoping mild
acidosis and going off feed before adapting to high concentrate diet (Kunkle et al., 1976).

A declinein rumen pH to below 5, or an increase in liquid dilution rate makes most lactate

utilizers uncompetitive and creates aniche for Lactobacillus (Slyter, 1976; Russell et al., 1983; Russdl
et al., 1985). Lactate, at pKa 3.86, islikdy to affect rumen pH when it accumulates. This spirding



effect of increasing lactate production and decreasing pH contributes to the development of acute
acidosis.

Symptoms and consequences of acute acidoss may include dullness, diarrhea, hyperventilation,
dehydration, inhibited muscular activity of the rumen wall, parakeraioss (athickening of the rumen wall
which decreases VFA absorption), reduced sdivation, reduced intestind moatility, damage to the rumen,
damage to the liver and degth.

Sub-acute acidosis

Sub-acute acidosis is more common in lactating cows than is acute acidog's, and is primarily
associated with production of VFA in excess of the rumen’s capacity for absorption and buffering.
Consequences of sub-acute acidosis are reduced feed intake, laminitis, and reduced milk yield (Syter,
1976; Nagargja et al., 1985).

Diets high in rumindly degraded starch increase total rumina VFA concentrations (McCarthy et
al., 1989; Knowlton et al., 1998). Cows fed ground corn diets had smilar mean rumen pH compared
to cows fed cracked corn diets (Knowlton et al., 1996b), but the range of rumen pH within aday was
increased with ground corn. Reductionsin rumen pH have been demongtrated in animals fed ground and
pelleted barley as compared to those fed whole barley (Orskov et al., 1975; Orskov et al., 1978) or
NaOH treated barley (Orskov et al., 1978). Treatment of high moisture barley with increesng leves of
ammonia to decrease digestibility reduced the rate of pH decline following medls in lactating cows
(Robinson et al., 1989).

Reduction in feed intake is often observed with increased rumen starch digestion and increased
VFA concentration. One explanation is that low rumen pH reduces fiber digestibility (see below), which
would increase the retention of fiber in the rumen, limiting feed intake because of limitations associated
with rumen fill. Alternatively, the rapid accumulation of acid, per se, may decrease intake. Treatment of
grass silage with sodium bicarbonate increased silage pH from 4.0 to 5.4, and increased subsequent
DMI of sheep and cattle by 9.7 to 20.7% (McLeod et al., 1970). Addition of lactic acid to grass sllage
reduced pH from 5.4 to 3.8, and reduced subsegquent DMI of sheep by 22%. Receptors sengitive to
changes in pH have been isolated in the rumen epithelium (Balle and Della-Fera, 1981). Asrumen pH
falsbelow 5 or 5.5, feed intake is most likely depressed because of rumen stasis associated with acute
acidoss. Rumen pH isnot likely aphysiologica controller of intake, but rather a primary cause of
reduced intake in pathologicd stuations.

Chemica treatments of grain have been used to reduce rumen starch digestion in an attempt to
avoid acidods while retaining the benefits of high grain diets. Trestment of whole barley with anhydrous
ammonia decreased rumen organic matter digestion in beef cattle by 11% but increased smal intestind
digestion with no effect of trestment on totd tract digestibility (Mandell et al., 1988). Smilar effects
were found with formaldehyde trestment of ground corn which reduced rumen starch digestion by up to
41% with no reduction in whole tract starch digestibility (Fluharty et al., 1989; Oke et al., 1991).
Adoption of these practicesin the field has been limited because of human hedlth and safety concerns.

Fiber digestion on high grain diets
Decreased fiber digedtibility istypically observed with high grain diets, and with diets containing
more rapidly digested sources of starch. Rapid fermentation of starch causes arapid accumulation of
acids, reducing rumen pH. This reduction in rumen pH impairs the growth of cellulolytic bacteria,
dowing forage cdll wall digestion (McCarthy et al., 1989; Grant, 1994). Impaired fiber digestion may
lead to reductionsin feed intake.



While depressonsin fiber digedtibility are typically observed with more rumen available starch
sources, exceptions have been noted. In studies where grains with low digedtibility (i.e., sorghum) are
processed, increases in rumen fiber digedtibility have been observed (Poore et al., 1993a; Chen et al.,
1994). These gpparently contradictory observations are best explained as the result of making poorly
available sarch more available, improving overal microbid activity in the rumen. Depression in fiber
digedtibility is the more common result of increasing ruminaly fermented starch, especiadly when
relaively available starch sources (dried ground corn or barley) are processed to increase availability
further (by steam-flaking or steam-ralling).

Milk fat depression on high grain diets

Increasing grain content of the diet usually decreases milk fat concentration, a change most
commonly explained by changesin rumen fermentation. High grain diets, and diets higher in ruminaly
degraded starch typically increase rumen propionate concentrations and decrease acetate to propionate
ratio (McCarthy et al., 1989; Moore et al., 1992; Aldrich et al., 1993; Oliveiraet al., 1993;
Knowlton et al., 1996b; Plascenciaet al., 1996). Propionate is a precursor for the synthess of glucose
by the liver, while acetate is a precursor for the synthesis of fat by the mammary gland and body tissues.
The decrease in milk fat with high grain diets has, therefore, been classicdly explained by a genera shift
from lipogenesis to gluconeogenesis. Recent research, however, suggests that the depression in milk fat
may instead be caused by an accumulation of trans-fetty acids in the rumen caused by low rumen pH on
high grain diets (Gaynor et al., 1995; Kalscheur et al., 1997b; Kalscheur et al., 1997a).

Practical aspects of feeding high grain diets
TMR vs. meal feeding, frequency of feeding

Feeding concentrates reduces intake of forage, reducing the forage:concentrate ratio. This
reduced intake of forages may be due to limited capacity for feed intake, limitations on total energy
required, and/or effects of grain feeding on rumen fermentation. Despite decreases in forage intake, tota
feed intake and intake of energy usudly increases with grain supplementation. The response to starch
supplementation depends on the physiological state of the cow, the type of forage and grains fed, and
how the grainisfed (Reynolds et al., 1997).

Addition of grain may be through atota mixed ration (TMR), or by alowing ad libitum intake of
forages with afixed quantity of grain. When starchy grains (corn, oats) are added to the diet using the
latter gpproach, forage intake istypicaly reduced by .4 -.5 kg/kg of grain added (Sutton et al., 1996;
Reynolds et al., 1997). More frequent feeding of slage minimizes this reduction in forage intake. When
addition of grain was through a TMR instead of being fed separately, slage consumption decreased by
just .3 kg/kg concentrate fed (Reynolds et al., 1997).

Severd aspects of TMR feeding explain this difference in response to grain addition. When
granisfedinaTMR, cows are less able to discriminate between feed ingredients, preventing sdective
consumption of grain in preference to forage. In addition, patterns of rumen fermentation are different in
cows fed aTMR than in cows fed grain and forage separately. When cows are fed grain separately, the
fermentation of large quantities of starch in a short period of time can lead to production of VFA that
exceeds the rumen’ s capacity for absorption and buffering. Sutton et al. (1986) demonstrated that
feeding a TMR in two medl's caused much greater fluctuation in rumen pH, and decreased minimum
rumen pH compared with feeding the same TMR in 24 hourly meds. When hay and grain were fed
separately in this series of experiments (Sutton et al., 1986), more frequent feeding of grain (5-6 timesa



day compared to twice aday). More frequent feeding of grain aso reduced the depression in milk fat
commonly observed with low forage diets, and reduced circulating NEFA concentrations as well
(Sutton et al., 1986). In another series of experiments, lactate concentrations peaked after feeding, and
these concentrations were higher in cows fed 12 kg of grain once aday than in cows fed the same totdl
grain amount in two or four feedings (Maegtein et al., 1981).

Buffers

Compounds like sodium bicarbonate, magnesium oxide, or calcium carbonate are commonly
added to high grain diets as “buffers’ to dleviate digestive upsets, minimize depresson in fiber
digedtibility, and maintain milk fat content. Traditiondly, it was thought that these compounds worked by
neutraizing the acids produced during rumen fermentation. More recent research, however, indicates
that thereis no relationship between the feeding of buffers and rumen pH, rumen fluid characterigtics, or
milk fat concentration (Russell et al., 1993). The benefit observed in the field to the feeding of these
compounds is not, therefore, due to any buffering action. Instead, feeding these compounds appears to
increase water intake, increase dilution of rumen fluid, and increase the passage of starch from the
rumen. Sodium chloride (plain sdt) has these same effects on water consumption and passage rate and
is, therefore, equadly effective in dleviating digestive upsets.

Conclusions

Grainsvary in starch content and in rumen availability of starch. Within agrain type, grinding,
geam ralling or flaking, and engling grains & high moisture are techniques commonly used to increase
rumen starch digestibility. Processing increases rate of starch digestion in the rumen, but extent of
digestion in vivo is affected by mastication and rate of passage as well asrate of digestion.

While the mgority of sarch in the diet is fermented in the rumen, duodend starch flow may
routinely exceed 1.5 - 2 kg/d in cows fed high starch diets. Disgppearance of starch from the small
intestine increases with increasing flow of starch from the same source, but digestibility as a percent of
that presented decreases. Different sources of starch may differ in degree of gdatinization and
access bility to intestind enzymes, and very high duodend starch flows may yield very little small
intestinal starch disgppearance. On these diets, large intestina fermentation of glucose to VFA may be
sgnificant.

Increased rumen starch digestion generaly increases the retio of acetate to propionate in rumen
fluid, and increases rumen VFA concentration. Rumen pH fluctuation (range within a day, or post-
prandia rate of decline) is generaly increased with increased rumen starch digestion. Literature data
indicates some upper limit for rumen starch digestion, beyond which the buffering and absorptive
capacity of the rumen is overwhelmed and DMI isimpaired. Thislimit varies with fiber concentration,
particle sze, and digedtibility, and animal factors such as stage of lactation and parity. Milk yield
responses to increased rumen starch digestion seem to be determined by the intake response to
treatment, and aso by the grain type. Processing of poorly digested grains such as sorghum to increase
their digedtibility nearly dways results in increased milk yield.

Totd feed intake is usudly increased by addition of starchy grainsto an dl forage diet, but
forage consumption decreases. Thisincrease in total feed intake is greeter in TMR feeding systemsthan
when forages and grains are fed separately, and is greater with more frequent feeding than with twice
daily feeding. Decreased forage consumption increases the risk of sub-acute acidos's, impaired fiber
digedtibility, and decreased milk fat concentration.



As genetic improvement continues in dairy cattle, nutrition must improve to meet the cow’s
increased need for energy and protein. Improved understanding of starch digestion alows optimization
of protein and energy supply to the cow, and is necessary to identify management techniquesto
maximize the benefits of high grain digs

Table 1. Starch content and rumen starch digedtibility of ceredl grains commonly fed to dairy cows
(Herrera-Saldana et ., 1990b; Huntington, 1997)

Rumen digestibility,

Grain % starch,+/-SD  Processing method % intake

Whest 70.3+29 Dry rolled 88.3
Steam rolled 88.1

Barley 64.3+ 3.3 Dry rolled 80.7+39
Steam rolled 84.6
Oats 58.1+4.3 Dry rolled 92.7
Steam rolled 94.0

Corn 76+1.8 Dry rolled 76.2+79

Steam flaked 84.8+4.1
Steam rolled 72.1
High moidture 89.9
Ground 49.5

Sorghum 71.3+27 Dry rolled 59.8+12.0

Steam flaked 78.4
High moisture ground 73.2

Ground 70.0




Figure 1. Site of starch digestion in six lactating cows fed dry or high moisture corn (Knowlton et al.,
1998)
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