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ABSTRACT

METABOLIC EFFECTS OF MALIC
ACID IN RUMINANTS

By

Jerry Doyle Krummrey

In the in vitro study gas production, volatile fatty acid pro-
duction and ph changes were used to estimate the effect of malic acid
on the rumen fermentation rate. Malic acid increased gas production
and volatile fatty acid production.

In the milk production trial 32 lactating Holsteln cows were
randomly allotted to 4 treatment levels of malic acid (0, 70, 105, and
140 grams/day) fed during a 100 day treatment period. The group
receiving highest malate had significantly higher milk persistency
than controls (95 vs. 88%).' Early lactation cows receiving malic acid
were significantly higher in total rumen volatile fatty acids.

In the nitrogen talance study 6 steers (420 kilograms) were ran-
domly assigned to a 3 x 3 Latin Square receiving 0, 100, or 200
milligrams/kilogram body weight of malic acid per day. Rumen pro-
pilonate was significantly higher in animals receiving malic acid than

in controls.
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INTRODUCTION

Research in animal agriculture consists of conducting experi-
ments to determine the origin of various biological and physical
processes so that the system may be more fully understood. The goal
is to use this new knowledge to increase the productivity and
efficlency of animal agriculture.

The ruminant, by virtue of the microbial population inhabiting
its rumen, is unique in its ability to digest feeds that are meta-
bolically less available to other animals. The bovine is able to
produce milk and meat which are two high quality foods. Thus, the
bovine has the capacity to convert feeds of low nutritional value to
high quality food for humans.

Digestion of feeds in the rumen is an important process in
ruminant nutrition. If microbial fermentation is at the optimum
level, maximum intake and utilization of feeds can be achieved.
Certain microbial growth factors have been identified which have been
shown to be able to increase feed efficiency and nitrogen retention in
ruminants. This is accomplished by increasing the growth rate of
rumen bacteria enabling more complete digestion of feeds to occur in
the forestomach of the ruminant. The end result is a more efficient
system whereby the animal receives more available nutrients than was
possible with a less desirable rumen fermentation.

In animal agriculture today the cost benefit ratio of microbial
growth factors must be considered. Industry must know if the

1
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increase in feed efficiency provided by supplying microbial growth
factors is substantial enough to justify research, manufacturing, and
marketing costs of the microbial growth factors.

There has been considerable effort put forth recently in study-
ing feed additives for beef and dairy cattle. Malic acid has been
shown to increase feed efficiency and nitrogen retention in beef and
dairy cattle presumably by increasing the rumen fermentation efficlency.
However, little research has been conducted with dairy cattle concern-
ing the effect malic acid might have on milk production, milk
composition, feed intake, body weight changes, and feed efficiency.

The objective of this thesls was to develop an in vitro technique
to assess the effects of microbial growth factors such as malic acid
on the rumen fermentation rate and to determine if supplemental malic
acid increases the utilization of nutrients by ruminants and enhances

milk ylelds in lactating dairy cows.



LITERATURE REVIEW

In Vitro Technique for Studying the Rumen Fermentation Rate

Most of the methods used for measuring in vitro rumen microbial
activity have been a measure of fiber disappearance during a specified
time interval. The measurement of microbial activity by fiber dis-
appearance in forty eight hours may not show differences between
treatments even though there were differences at some time prior to
forty eight hours. Thus, a system was needed that could quickly test
the effects of chemicals on the rumen fermentation rate.

Production of gas as measured manometrically has been used by
Hungate (16), McBee (25), Perez (27), Quin (29), and Reid (30). Like
volatile fatty acid production, gas production data needs to be
considered cautiously because of its lack of specificity. Gas can be
produced from a varlety of substrates by a mixed culture of rumen micro-
organisms. Furthermore, 002 can be released from carbonate buffered
medium by the acid produced and care must be taken to account for it.
Nevertheless, this parameter has been used successfully and will be
important in future studies of rumen fermentation.

The in vitro method of using gas production rates to measure
microbial net growth was developed by ElShazly and Hungate in 1965
(11). They found that if substrate was in excess and the optimum
dilution was used, fermentation progressed at the maximal rate and was
proportional to total microbial cells. This technique was used with

some modifications for rapidly determining the effects of different

3
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microbial growth factors on the rumen fermentation rate.

Malic Acid

Malic acid is an important natural organic acid. It is widely
dispersed among the vegetables of the world and is the most abundant
of the acids found in fruit. For example, the fruit of lychee has
malic acid present in it totaling eilghty percent of the nonvolatile
acids (6). Malic acid is found in strawberries (28), grapes (17),
peaches (20), and peas (36). In the wine industry malic acid concen-
trations are monitored to give an idea of the stability of the wine in
question (32). Since wine is a product of certain yeasts transforming
sugars to alcohol, the breakdown of malic acid by lactic bacteria
reduces acidity producing a more stable wine. Malic acid is the pre-
dominant organic acid in many plants (12). It is in grasses (4, 8),
silages (31), and legume forages (31) in varying amounts.

In the Animal Kingdom malic acid plays a key role in carbohydrate
metabolism. It serves as the precursor of pyruvate and oxalacetate
(19).

Malic acid is used in the food industry as an anti-spattering
agent for margarine, as a metal chelating agent to inactivate heavy
metals, and in the extraction of pectin from fruit waste (23). Malic
acid has applications in the pharmaceutical industry as a component
of compounds used to treat hepatic disfunction (23).

Examples of chemical uses of malic acid are as an essential
ingredient of insect repellents, hydrogen peroxide stabilizers, and
as an algicide. In cosmetics malic acid is used in teeth cleaning
tablets, toothpastes and mouthwashes (23).

Malic acid contains an asymmetric carbon. Thus, it exists in
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both dextrorotary and levorotatory forms. The form used in this
research was obtained from Dow Chemical Company and is a racemic
mixture of D and L isomers. The acid found in nature is the
levorotatofy configuration (35).

Malic acid is a key intermediate in the metabolism of tacteria
(2, 10, 14, 15, 22, 24, 33). This is important to ruminants because of
the symbiotic relationship between the ruminant and its microbial
population. Since malic acid is a key intermediate in microbial
metabolism, the concept arises as to whether it is a limiting growth
factor for these microbes.

Malic acid has been shown to stimulate the growth of rumen
bacteria on lactate media (21). This occurs because malic acid is a
source of oxalacetate which is limiting. The oxalacetate deficiency
arises because of the need for glucose synthesis. A limitation of
this important metabolic intermediate could limit microbial growth.
Thus, malic acid increases oxalacetate which is used in propionate and
glucose formatlion and other biosynthétic reactlions to increase the
rumen microbial fermentation efficiency.

Studies on certain species of yeasts indicate that the L form of
malic acid is utilized to a greater extent than the DL mixture (5).
However, research conducted with rats show both the L and DL forms
are metabolized equally with no apparent difference in utilization of
either form (9).

In ruminants malic acid increases propionate production when
added to the rumen (34). This is associated with more efficient
utilization of energy sources from the rumen. This is very important
to ruminants especially if the ratio of forage to concentrate in the

ration is high. The reasoning being that propionate is converted to



6

glucose in the liver in ruminants, increased propionate production
will increase glucose production in the ruminant. This makes more
energy available for body processes including milk production.

Malic acid functions in the tricarboxylic acid cycle to supply
a source of oxalacetate (19). Oxalacetate is necessary for the
production of carbohydrate from all precursors except glycerol and
L-glycerophosphate (19). The precursors are propionate and lactate

produced from fermentation of forages and concentrates (34).

Feeding Trials

Experiments have shown that the L isomer of malic acid 1s twice
as effective as the DL mixture in improving nitrogen retention in
sheep (34). This is expected since it is the L form that occurs in
nature.

The supplementation of malic acid to steers on high forage
rations containing urea increased protein digestibility, and nitrogen
retention (34).

The addition of malic acid to sheep on high forage rations
increases nitrogen retention (34). However, adding malic acid to steers
on a high concentrate diet was not successful in increasing digesti-
bility of nitrogen or dry matter or retention of nitrogen (34).

A study was recently completed at Utah State University (1).

It was found that feeding 107 grams malic acid per head daily gave
increases in milk production.

Two other studies have fed malic acid to lactating dairy cattle
(34). In the first study cows receiving 70 grams malic acid per head
per day produced 4.5 pounds more milk per day than controls. The

solids corrected milk was also significantly increased and the
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treatment group gained more weight. Feeding 28 grams malic acid per
head daily gave no significant increase in milk production or weight
gain. In the second study cows receiving 70 grams were more efficient
in converting energy to weight gain and milk production. This treat-
ment group gained more welght and produced more milk than controls or
cows receiving 35 grams malic acid daily.

In conclusion previous studies of the effects of feeding malic
acid to lactating dairy cattle have been with cows in average
production and only a limited number of animals were used. Also,
previous studies have not considered metabolic indices which may
indicate the mechanism of action of the compound. This study was
undertaken to develop and utilize an in vitro technique for measuring
the effects of malic aclid on the rumen fermentation rate and then use
applied research to determine the effects of malic acid on lactating
dalry cattle. A nitrogen balance experiment was also performed to help
elucidate the mechanism of action through which malic acid increases

productivity in ruminants.



Table 1. Physical properties of malic acid.

Formula

Molecular welght

Melting point

Physical shape

Forms

Solubility
BEthanol
Ether
Chloroform

Heat of combustion

Heat of solution

Viscosity, 50% aqueous
solution

Odor

Specific gravity, Dio

HOCHCOOH
CH2COOH
134,07
Racemic DL-form, 131-132°C
White crystals
Natural L-levorotatory

Synthetic DL-racemic mixture

39.16 grams/100 ml
1.41 grams/100 ml
0.04 grams/100 ml

-320.1 kcal/mole

-4.0 kcal/mole

6.5
Odorless

1.601



MATERIALS AND METHODS

I. In Vitro Experiments

Variations occurred in the amount and kind of substrates utilized
and in the composition of the culture media (Table 2).

The source of the rumen fluld was a mature, nonlactating Holstein
cow equipped with a permanent rumen fistula. The cow was on an all
corn silage ration with access to a trace mineralized block throughout
the experimental sampling period.

Rumen fluld samples were collected by removing whole rumen
contents via the fistula and squeezing it through cheesecloth into a
dewar. The dewar had been warmed with hot water to prevent changes in
rumen fluid temperature. The 1lid was placed on the flask and rumen
fluid was immediately transferred to the laboratory.

In the laboratory one hundred milliliter aliquots of rumen fluid
were transferred to one-pint flasks containing substrates. The rumen
fluid was stirred gently to insure uniform aliquots. The flasks were
preincubated at 39°C. The flasks were gased with CO2 to exclude
oxygen and then closed with a rubber stopper provided with a tube
having a three-way stopcock. The stopcock connected the flask to a ten
milliliter glass syringe. The stopcock allowed the syringe to be
emptied without exposing the incubation to the atmosphere. Gas
measurements started after a thirty minute equilibration period. The
time interval between rumen sampling and incubation was approximately

fifteen minutes.
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Table 2. Composition of the in vitro media.

Experiment
Component I I1 I1I IV
Buffer, ml* 200 200 200 200
Rumen fluid, ml 100 100 100 100
Sodium bicarbonate, mg - 3000 1000 500
Cellulose, g - 5 5 -
Amylose, g - 5 - -
Concentrates, g - -— 5 5
Experiment

Component v VI VII
Buffer, ml* 200 200 200
Rumen fluid, ml 100 100 100
Sodium bicartonate, mg 1000 3000 3000
Cellulose, g - - 5
Amylose, g - 7.5 2.5

Concentrates, g 5 -

* Hungate buffer: 1 part A & 1 part B & 4 parts double distilled
water.

A

0.3% KH,P0,, 0.6% NaCl, 0.3% (NHu)zsou.

0.06% MgSO,, 0.06% CaCl,

e}
|
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Gas production was measured using a ten milliliter water-
lubricated glass syringe. The volume of gas forced into the syringe
was read every five minutes. The incubation time was two hours (not
inéluding the thirty minutes of preincutation). The ph of each incuba-
tion mixture was measured before and after each incubation period
(initial ph was 7.0 for each flask).

One sample was taken prior to incubation and treated as the others
to serve as the zero time control. When the incutation was complete,
samples from each flask were collected, placed in ice, and later
centrifuged at 10,000 x gravity for fifteen minutes. The supernatant

was recovered for volatile fatty acid determination.

II. Effects of Malic Acid on Milk Production

Thirty-two lactating Holstein cows (16 in mid and 16 in early
lactation) were randomly allotted to four treatment groups of eight
cows each. The statistical design was a randomized complete block
design. Treatment groups were talanced for milk production, age, days
after calving and breeding groups. Treatments consisted of four
levels of malic acid (0, 70, 105, and 140 grams/day) fed during a one

hundred day treatment period.

Feeding Regime:

The cows were fed once dally in a stanchion-type tarn. Water was
free choice. Corn silage and alfalfa hay were mixed together in
relative proportions of sixty kilograms corn silage to five kilogrems
alfalfa hay. This mixture was identified as mix-three and was fed to
the cows ad libitum. Concentrate was fed at the rate of one kilogram

concentrate for each two and one half kilograms milk. The concentrate
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was placed into the feed bunk on top of mix-three so that the concen-
trate was totally consumed. Weighbtacks of feed occurred each morning
at 6 am. Cows were fed between 8 am to 11 am each morning.

Cows were fed quantities of mix-three to enable a ten percent
welghback to occur each day. TFeed records were checked every two-
three days to insure that a ten percent weighback was occurring. The
amount of concentrate fed was adjusted every three days tased on
changes in milk production.

Three different concentrates were fed: D200, D208 and D209. The
composition of each concentrate is shown in Table 3.

The early lactation cows were adapted to nonprotein-nitrogen
during the first four weeks after they calved. D208 concentrate was
used for this and as the four weeks elapsed, D208 (contains NPN)
replaced D200 as the concentrate source. The malic acid was in D209
and was fed as follows: O, 4, 6, or 8 pounds D209 was fed so that each
cow received 0, 70, 105, or 140 grams malic acid per day. Thus, the
amount of D209 a cow receilved during the one hundred day treatment
period stayed the same and it was D208 that fluctuated depending on the
animal's previous three days milk production. D208 and D209 were of
similar composition except for the malic acid content of D209.

The late lactation cows had a three week adaptation period to NEN
starting approximately one hundred fifty five days into their lacta-
tion. All groups were fed the same basal ration of mix-three and

concentrate during treatment.

Milk Data:
Individual milk weights were recorded twice daily. Milk com=-

position (percent fat, protein and total solids) was determined weekly
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Table 3. Composition of concentrates used in the production trial

(kilograms).

D200

Ground Shelled Coxrn 392.4
Ground Oats 192.8
Soybean Meal 247.2
Deflourinated Phosphate 15.9
Trace Mineralized Salt 9.1
Vitamin A & D* 4,5
Sugar Cane Molasses 45,4
D208

Ground Shelled Corn 469.9
Ground Oats 235.9
Soybean Meal 104.3
Trace Mineralized Salt 9.1
Deflourinated Phosphate 13.6
Limestone 4.5
Urea 20.0
Vitamin A & D* 4,5
Sugar Cane Molasses 45.4
D209

Ground Shelled Corn Lu46.8
Ground QOats 224.,1
Soybean Meal 104.3
Trace Mineralized Salt 9.1
Deflourinated Phosphate 13.6
Limestone 4,5
Malic Acid 34.9
Urea 20.0
Vitamin A & D* 4.5
Sugar Cane Molasses 45,4

* Vitamin A contained 4409 international units per kilogram.

Vitamin D contained 441 international units per kilogram.
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for each cow. A composite milk sample was taken on Tuesday afternoons
and Wednesday mornings. Milk was analyzed for fat by the Milkoscan
300 machine, protein by the Orange G Dye Binding method and for total

solids by drying 25 grams in a forced air oven for 3 hours.

Herd Management:

All cows were weighed seven days after the beginning of treatment
and biweekly thereafter.

The cows were housed in a stanchion-type btarn which was completely
enclosed. The milking parlor was approximately twenty meters from the
cows and was attached to the btarn where the cows were housed.

The cows were milked in a double-eight herringbone milking parlor
twice daily at 4:00 am and 3:00 pm. After being milked, the cows were
allowed to exercise in an outside lot for one hour before returning to
thelr stanchlons. Herd health and hustandry programs were conducted by

the Michigan State University Dairy Research Barn management personnel.

Rumen Fluid and Blood Collection and Analysis:

Rumen fluid and coccygeal tail veiln blood samples were collected
biweekly for each animal during the treatment period. The animals
were sampled two hours after feeding.

Rumen fluid samples were taken with a stomach tube, speculum and
suction pump. Rumen fluid was analyzed for volatile fatty acids and
ammonia. Ph was determined.

Volatile fatty acids (VFA) were determined with a Hewlett-Packard
gas chromatograph, model 5730A, equipped with a model 7671A automatic
sampler and an Integrator-Recorder, model 3880A. The column was
packed wlth graphited carbon, Carbowax B. Nitrogen was the carrier

gas. The acid standards contained 0.1N each of acetlic, propionic,
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isobutyric, butyric, 2-methylbutyric, isovaleric and valeric acids in
double distilled water. The carrier gas flow rate was forty milliliters
per minute. The temperature program was initiated at 155°C for four
minutes and progressed to 190°C at the rate of 4° per minute. Rumen
fluid samples were first centrifuged at 10,000 x gravity for fifteen
minutes and then the supernatant stored at -4°C until analyzed. Rumen
ph was determined using a standard Beckman ph meter.

Rumen ammonia concentrations were determined by using the phenol-
hypochlorite colorimetric procedure (26), plasma urea was determined by
using the phenol-hypochlorite colorimetric procedure (18), and plasma

glucose by the glucose oxidase and peroxidase method (37).

Feed Sampling and Analysis:

The silage was sampled three times per week. A composite sample
was made every two weeks and analyzed for dry matter and crude
protein (3). Concentrates were also analyzed for dry matter and crude
protein (3).

The dry matter of silages and concentrates was determined by
placing duplicate representative samples in an oven set at 90°C for
twenty four hours (3). Samples were allowed to cool in a dessicator
and then weighed.

Crude protein content of silages and concentrates was determined

by the Macro-Kjedahl procedure (3).

III. Nitrogen Balance Trial

Six Holstein steers (420 kilograms) fitted with rumen cannulae
were used in an experiment designed to test the effects of feeding

malic acid on ration digestibility and nitrogen utilization as well as
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rumen ammonia, plasma urea, plasma ammonia and volatile fatty acid
concentrations. The experimental design was a 3 x 3 Latin Square. There
were two animals per treatment. Malic acid was fed at the level of 0,

100 or 200 milligrams per kilogram body weight per day.

Feeding Procedure:

Steers were fed once daily at 8:00 am. The diets were composed of
shelled corn and corn silage (ad 1libitum) on a 1:1 dry matter basis.
Urea was supplemented to increase total dietary protein to 12% on a
dry matter basis. A mineral supplement was also fed.

Each morning the steers were fed individually according to how
much feed had been consumed the previous day. The malic acid was

carefully mixed with the diet of each individual steer.

Management:

After a five-week adaptation to the corn-urea diet, malic acid
was fed for three periods of twelve days each. Feed intakes were
recorded throughout each twelve day period. Urine and feces were
collected for the last seven days of each twelve day period. When the
experiment was completed, each steer had received all malic acid
treatments.

The steers were housed in metabolism stalls. Feces were collected
each morning and afternoon.

Blood and rumen fluid samples were taken before feeding, and then
every two hours for twelve hours on the last day of each treatment

period.

Rumen Fluld and Blood Collection and Analysis:

Rumen fluid samples were taken with an aspirator and plastic tute
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through the rumen fistula. Rumen fluid was analyzed for ammonia and
volatile fatty acids as previously described.
The coccygeal tail veln blood samples were analyzed for plasma

urea and plasma ammonia (18, 26).

Feed Sampling and Analysis:
Dally feed samples were taken and stored at -4°C, Feeds were
composited for each period and analyzed for dry matter, nitrogen and

acid detergent fiber (3).

Feces and Urine Sampling and Analysis:

Daily fecal samples were stored at -4°¢, Composite samples were
made for each seven day period for each animal and then analyzed for
dry matter, nitrogen, and acid detergent fiber (3).

Dalily urine samples were stored frozen at +4°c, A composite
sample was made for each seven day period for each animal. Urine

samples were analyzed for nitrogen (3).



RESULTS

I. In Vitro Experiments

Experiment I was a time study to determine the point after feeding
when the rumen fermentation rate was maximal. Whole rumen contents
were incubated for two hours. The highest rate of gas production
occurred from samples obtained two hours after feeding. The first
three hours after feeding samplings gave the highest gas production.
By five hours after feeding, the gas production had diminished (Table 4).
Thus the rumen microbial population was multiplying at its maximum
capacity at two hours after feeding. This should be when microbial
growth factors such as malic acid would be in short supply. It is
important to the rumen microbial population to have all essential
nutrients present at optimum levels in order to achieve maximum growth
rates. Thls enables more complete digestion of feeds to occur in the
rumen because the number of tacteria is increasing at the maximal rate
and more feed is broken down and absorbed. This creates a more effi-
cient rumen fermentation. Two hours after feeding was the period
selected for sampling of rumen fluid for demonstrating the effects of
malic acid on the rumen fermentation.

Experiment II compared the gas production rates when amylose or
cellulose were substrates. As expected the amylose fermentation was
much faster than the cellulose (Table 4). When solka floc was used as
the only substrate source, the fermentation rate was too slow to
detect differences between treatments. In the rumen the starch

18
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Table 4. Gas production in the in vitro experiments.

Experiment Treatment Total s produced Time after feeding
g%ﬁl) (hours)

I -— 3.0 0

-— 4,0 0

_— 27.8 1

-_— 27.6 1

R 31.2 2

-—- 31.3 2

- 23.8 3

- 17.0 3

-— 11.2 4

— 13.7 n

-— 22.0 5

- 20.6 5

-— 21.2 6

_— 21.6 6

-_— 22.0 7

_—— 21.5 7

- 20.1 8

- 21.2 8

-— 18.1 9

-— 18.8 9

_— 20.5 10

—— 20.1 10

II Control 0 0

Control 2.4 0

5 grams starch 159.0 0

5 grams starch 151.3 0

5 grams cellulose 2.8 0

5 grams cellulose 4.0 0
Control 52.7 2.5
Control 65.4 2.5
5 grams starch 205.5 2.5
5 grams starch 192.1 2.5
5 grams cellulose 4.6 2.5
5 grams cellulose 62.7 2.5

Control 32.7 5

Control 39.7 5

5 grams starch 172.3 5

5 grams starch 167.7 5

5 grams cellulose 35.0 5

5 grams cellulose 31.5 5
Control 25.2 7.5
Control 24,7 7.5
5 grams starch 154.0 7.5
5 grams starch 154.0 7.5
5 grams cellulose 26.9 7.5
5 grams cellulose 25.4 7.5
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Table 4. Continued

Experi- Treatment Total ges produced Length of Incubation
ment (m1) (hours)
I1I Control 35.8 2

Control 33.4 2

5 grams cellulose 34.3 2

5 grams cellulose 32.7 2

5 grams concentrate 90.3 2

5 grams concentrate 93.5 2

Iv Control 88.1 1
Control 90.0 1

100mg malic acid 94.0 1

100mg malic acid 98.3 1

300mg malic acid o9L.6 1

300mg malic acid 4.9 1

500mg malic acid 97.2 1

500mg malic acid 97.3 1

v Control 115.5 1
Control 118.5 1

100mg malic acid 117.2 1

100mg malic acid 123.9 1

300mg malic acid 130.8 1

300mg malic acid 128.1 1

600mg malic acid 119.6 1

600mg malic acid 119.8 1

Vi Control 281.6 2
Control 277.6 2

600mg malic acid 282.7 2

600mg malic acid 285.6 2

900mg malic acid 288.1 2

900mg malic acid 289.4 2
1200mg malic acid 291.2 2
1200mg malic acid 290.2 2

VII Control 184.8 2
Control 185.6 2

600mg malic acid 192.6 2

600mg malic acid 190.5 2

900mg malic acid 190.9 2

900mg malic acid 192.4 2
1200mg malic acid 202.1 2
1200mg malic acid 205.7 2
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fermenting bacteria multiply much faster than the cellulose fermentors.
Fermentors of readily available carbohydrate rapidly digest soluble
sugars and starches whereas the cellulose fermentors must first
attach to the fibrous substrate. Also, the cellulolytic population
does not fluctuate nearly as much as the amylolytic. This enables
members of the latter to increase more rapidly as substrates become
available for digestion.

Experiment III was a time study to determine at what time after
feeding the carbohydrate fermentors were at their peak in terms of
fermentation rate. Two and one half hours after feeding was when the
rumen fluid sampled gave the maximum fermentation of amylose (Table 4).

It became clear that fluctuation in the activity of rumen fluid
samples from day to day made it difficult to ldentify amounts of carbo-
hydrate or cellulose desired for optimum fermentation in the in vitro
experiments. Total microbial cell counts or some other method is
needed to determine the population density of the rumen fluid before
levels of substrate required per flask can be defined.

After the in vitro technique had been refined, the effects of malic
acid on the rumen fermentation rate was tested. Experiments IV, V, VI,
and VII determined the effects of malic acid on the rumen fermentation
rate. The levels used ranged from one hundred milligrams to twelve
hundred milligrams malic acid added per bottle of inculation media.
These amounts of malic acid were arrived at by considering levels fed
during the production trial. Malic acid was fed at 0-140 grams per
head per day. Thus, 70 grams malic acid in a 70 kilogram rumen was
0.001 grams malic acid per milliliter of fluid. The total volume of
the in vitro incubation media was 300 milliliters so 70 grams fed

translated into 0.3 grams malic acid per flask. Malic acid increased
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the gas production and volatile fatty acid production over controls.
In all in vitro experiments volatile fatty acid production was directly

correlated to gas production.

JI. Milk Production Txrial

The effect of malic acid on energy utilization for both early and
mid lactation cows 1s shown in Table 5. Treatments A, B, C, and D
correspond to 0, 70, 105, and 140 grams malic acid fed per head per
day respectively. Cows fed the high level malic acid were most
efficient in terms of milk produced per megacalorie of feed ingested.

When malic acid was fed the efficiency was greater for the mid
lactation cows than for the early lactation cows (Tables 6 & 7).
However, differences between treatments were not significant.

The high level of malic acid significantly increased the persis-
tency of lactation over controls (Table 8). Since malic acid enhances
milk production the cost of manufacturlng and marketing malic acid as
a feed additive should be examined to determine if it is profitatle to
use malic acid as a commercial feed additive.

There were no significant differences between treatments for total
dry matter intake (Table 9).

There also were no significant differences between treatments for
roughage dry matter intakes although stage of lactation tended to
influence roughage dry matter intake (Table 10). This was because the
early lactation cows were producing more milk so were receiving more
concentrate in the ration than mid lactation cows. Consequently, the
early lactation cows consumed less roughage.

The control group of cows weighed the lightest (Table 11).

After tmalancing the animals for milk production, breeding groups, age
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Table 5. The effects of malic acid on energy utilization, early and
mid lactation combined.

TREATMENTS

A B c D
FEED CONSUMED
SILAGE (kg) 23.0 23.8 23.7 22.3
CONCENTRATE (kg) 11.0 10.4 11,1 10.9
TOTAL (kg) 34.0 3.2 34.8 33.2
ENERGY CONSUMED
SILAGE (0.51 Mcal/kg) 11.7 12.1 12.0 11.3
CONCENTRATE (1.76 Mcal/kg) 19.4 18.3 19.6 19.2
TOTAL (Mcal) 31.1 30.4 31.6 30.5
ENERGY REQUIREMENTS
BODY WEIGHT (kg) 570.5 609.2 637.8 620.4
NE FOR MAINT. (Mcal) 9.9 10.4 10.8 10.5
ENERGY AVAILABLE FOR MILK
(ENERGY INTAKE - MAINT.) (Mcal) 21.2 20.0 20.8 20.0
EFFICIENCY
MILX PRODUCED (kg) 26.3 24,6 26.0 26.0
kg MILK/Mcal 1.24 1.23 1.25 1.30




Table 6. The effects of malic acid on energy utilization in mid

lactation cows.
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TREATMENTS
A B c D

FEED CONSUMED

SILAGE (kg) 25.9 25.3 23.5 2L bt

CONCENTRATE (kg) 9.4 9.2 10.3 9.7

TOTAL (kg) 35.3 34.5 33.8 34.1

ENERGY CONSUMED

SILAGE (0.51 Mcal/kg) 13.1 12.8 11.9 12.4

CONCENTRATE (1.76 Mcal/kg) 16.6 16.2 18.2 17.0

TOTAL (Mcal) 29.7 29.0 30.1 29.4

ENERGY REQUIREMENTS

BODY WEIGHT (kg) 581.6 650.8 674.8 640.8

NE FOR MAINT. (Mcal) 10.0 10.9 11.2 10.8

ENERGY AVAILABLE FOR MILK

(ENERGY INTAKE - MAINT.) (Mcal) 19.7 18.1 18.9 18.6

EFFICIENCY

MILK FPRODUCED (kg) 21.6 20.4 22.8 22.2

kg MILK/Mcal 1.10 1.13 1.21 1.19
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Table 7. Effects of malic acid on energy utilization in early lacta-

tion cows.

TREATMENTS
A B [ D

FEED CONSUMED
SILAGE (kg) 20.2 22.4 23.8 20.2
CONCENTRATE (kg) 12.6 11.6 12.0 12.1
TOTAL (kg) 32.8 34.0 35.8 32.3
ENERGY CONSUMED
SILAGE (0.51 Mcal/kg) 10.2 11.4 12.1 10.2
CONCENTRATE (1.76 Mcal/kg) 22.2 20.5 21.1 21.4
TOTAL (Mcal) R4 31.9 33.2 31.6
ENERGY REQUIREMENTS
BODY WEIGHT (kg) 559.3 567.7 600.8 600.0
NE FOR MAINT. (Mcal) 9.6 9.7 10.3 10.3
ENERGY AVAILABLE FOR MILK
(ENERGY INTAKE - MAINT.) (Mcal) 22.8 22.2 22,9 21.3
EFFICIENCY
MILK PRODUCED (kg) 31.1 28.7 29.3 29.9
kg MILK/Mcal 1.36 1.29 1.28 1.40
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Table 9.
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The effects of malic acid on dry matter intake (kg) for all
cows (cow # on left side of column).

1430
1359

1397
1407

1415
1458
1387
1385

AVG.

18.4
18.5
18.9

19.2

17.4
18.8
17.3
21.7

18.8

1345
1435
1456
1376

1282
1321
1417
1377

19.1
21.2
16.3
17.9

17.3
17.4
21.6
16.6

18.5

1350
1448
1352
1449

1400
1263
1418
1419

20.3
20.0
17.1

20.5

17.8
20.1
19.2

17.2

19.0

1442
1328
1364
1410

1269
1369
1302

1390

21.1
17.7
16.1
18.2

18.2
16.8
18.7
17.9

18.1

Standard error = 0.5
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Table 10. The effects of malic acid on roughage dry matter intake (kg)
for all cows (cow # is on the left side of column).

A

1430 7.5 1345 7.6 1350 9.9 1442 9.1
1359 7.6 1435 9.6 1448 8.6 1328 6.7
1397 6.3 1456 8.0 1352 6.4 1364 7.2
1407 9.5 1376 8.5 1449  10.9 1410 8.2
1415 9.7 1282 9.8 1400 9.3 1269 9.8
1458  11.2 1321 10.1 1263  10.9 1369 9.8
1387 9.3 1417  12.8 1418  10.0 1302 9.5
1385 11.3 1377 7.9 1419 7.7 1390 8.4
AVG. 9.1 9.3 9.2 8.6

Standard error = 1.4



29

Table 11. The effects of malic acid on average body weights (kg) for
treatment period for all cows (cow # is on the left side of
the column).

A B C D

1430  488.7 1345  576.4 1350 671.6 1442 558.9
1359  631.9 1435  606.1 1448  566.6 1328  584.2
1397 539.7 1456  546.9 1352 597.8 1364 679.8
1407  577.0 1376 541.1 1449 567.4 1410 577.1
1415  589.8 1282  635.6 1400  585.7 1269  636.1
1458  592.4 1321 707.7 1263 772.1 1369  583.3
1387 571.5 1417  672.8 1418  698.7 1302 724.7
1385  572.9 1377  586.9 1419 642.6 1390  619.2

AVG.  570.5 609.2 637.8 620.4
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and days after calving, it was impossitle to also evenly distribute
the cows among the treatment groups according to weilght. Since weight
was a less lmportant factor than those mentioned, it was given less
attention.

After treatments started early lactation cows lost and then
regained weight. Late lactation cows were constantly gaining weight
during treatment. Cows generally loose weight during the first third
of the lactation due to the drain of energy from btody tissue resexrves
caused by high milk production. Cows gain this weight tack during the
last two-thirds of the lactation.

All groups receiving malic acid had significantly lower total dry
matter intake as a percent of body weight than the controls (Table 12).
No significant linear dose response was observed although the trend
existed. Since the heavier cows received malic acid and produced more
milk but consumed less feed as a percent of body weight, malic acid
increased the feed efficiency of the cows. Roughage dry matter intake
(percent of body weight) was not significantly different between
treatments (Table 13).

The percent fat in milk was not significantly different between
treatments (Table 14). Since percent fat in the milk is a major factor
in determining the price the farmer receives for milk, it 1s important
to know malic acld does not decrease the fat test. There were no
significant differences between treatments for percent protein or total
solids in milk (Table 15 & 16).

Flasma glucose concentrations were not different tetween treat-
ments (Table 17). Malic acid could have been converted to propionate
in the rumen, the propionate converted to glucose by the rumen microbes,

and the glucose used up by the rumen microbes in various biosynthetic
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Table 12. The effect of malic acid on total dry matter intake (kg/100kg)
body weight (cow # is on the left side of column).

A B C D
1430  3.76 1345  3.31 1350  3.02 1442 3.77
1359  2.93 1435  3.50 1448 3.53 1328  3.02
1397 3.49 1456  2.98 1352 2.85 1364 2.37
1407 3.33 1376 3.30 1449 3.61 1410 3.14
1415  2.94 1282 2.71 1400  3.04 1269  2.85
1458  3.17 1321 2.45 1263 2.60 1369 2.87
1387  3.02 1417 3.20 1418  2.74 1302 2.58
1385 3.78 1377 2.88 1419 2.67 1390  2.89
AVG.  3.30 3.04% 3.01% 2. Gl

Standard error = 0.129

* Significant at p .05,
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Table 13. The effects of malic acid on roughage dry matter intake
(cg/100kg) body weight for treatment period for all cows
(cow # is on the left side of column).

A B C D
1430 1.527 1345  1.312 1350  1.473 1442 1.625
1359  1.197 1435 1.588 1448  1.525 1328 1.150
1397  1.165 1456  1.468 1352 1.066 1364  1.057
1407  1.651 1376 1.575 1449 1,917 1410 1.418
1415 1.642 1282 1.548 1400  1.590 1269 1.537
1458 1.930 1321 1.430 1263 1.409 1369  1.685
1387  1.623 1417 1.900 1418  1.425 1302  1.313
1385 1.977 1377  1.353 1419  1.202 1390  1.363
AVG.  1.589 1.522 1.451 1,394

Standard error = 0.072
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The effects of malic acid on % fat in milk (cow # is on the
left side of column).

B
1430 3.08 1345  3.34 1350 3.58 1442 3.37
1359  3.07 1435  3.31 1448 3,26 1328  2.81
1397 2.65 1456  3.66 1352  2.77 1364  3.66
1407  3.38 1376 3.61 1449 3,88 1410  3.62
1415  3.39 1282 3.12 1400  3.58 1269  3.61
1458  4.10 1321 3.82 1263  3.82 1369  3.10
1387 3.89 1417  3.81 1418  3.55 1302 3.69
1385 3.38 1377  3.45 1419 3.48 1390  3.76
AVG.  3.37 3.52 3.49 3.45

Standard error = 0.10



Table 15.

The effects of malic acid on % protein in milk (cow # is on
the left side of column).

1430
1359

1397
1407

1415
1458
1387
1385

AVG.

3.03
3.06
3.03
3.10

3.41
4,12
3.71
3.69

3.39

1345
1435
1456
1376

1282
1321
1417
1377

2.86
3.22
3.35
3.23

3.26

3.93
3.68

3.38

3.36

1350
1448
1352

1400
1263
1418
1419

3.14
3044
2.98
3.25

3.66
3.94
3.39
3.7

344

1442
1328
1264
1410

1269
1369
1302

1390

3.17
3.13
3.19
3.07

3.32
3.79
3.79
3.79

3.41

Standard error = 0.07



Table 16.

The effects of
is on the left
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malic acid on % total
side of column).

solids in milk (cow #

B

1430  11.61 1345  11.93 1350 12.65 1442 12,02
1359  11.77 1435 12,08 148 12,09 1328  12.02
1397 10.71 1456  12.73 1352 11.12 1364 12.66
1407 12,17 1376 12.56 1449 12.93 1410 12.31
1415  12.15 1282 11.54 1400 12.60 1269  12.46
1458  13.43 1321 13.08 1263  13.01 1369  12.07
1387  12.96 1417 12,51 1418  11.68 1302 12.67
1385 12.57 1377 12.25 1419  12.65 1390  13.23
AVG.,  12.17 12,34 12, 3% 12.43

Standard error = 0.18



Table 17. The effects of malic acid on plasma glucose concentration in
milligrams/100 ml of plasma (cow # is on the left side of

column).
A B C D
1430  41.8 1345  48.1 1350 45,7 1442 43.6
1359  50.7 1435  45.5 1448 L46.1 1328 L4
1397  45.9 1456  43.0 1352 43.1 1364  49.8
1407 48.2 1376 44.8 1449 44,2 1410 u7.2
1415  4h.3 1282 53.1 1400  45.6 1269 52.1
1458 52,3 1321 49.9 1263 50.3 1369  46.8
1387  48.6 1417  51.6 1418  55.0 1302 48.1
1385 51.7 1337 49,6 1419 51.0 1390 43.1
AVG.,  47.¢ 48.2 47.6 46.9

Standard error = 1.12
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reactions.

Plasma urea and rumen ammonia levels were not different between
treatments (Tables 18 & 19). In the rumen malic acid is a potential
source of oxalacetate and alphaketoglutarate needed for trapping free
ammonia (6). This nitrogen is then incorporated into rumen microbial
protein. When low quality protein is fed to dairy cattle, isobutyrate
and other precursors directly involved in the synthesis of essential
amino acids are limiting microbial growth in the rumen (13). It has
been demonstrated that certain branched chain fatty aclds stimulate
production in ruminants and malic acid may function at the trans-
amination reaction step to help trap free ammonia and direct it into
microbial protein synthesis (6).

However, if malic acid had increased the utilization of free
rumen ammonia, plasma urea and rumen ammonia levels should have been
lowered by the malic acid. Less ammonia would have been converted to
urea by the liver and plasma urea concentrations would have been
lowered. If mallic acid enhanced ammonia uptake by the rumen microbves
for microbial protein synthesls, rumen ammonia levels should have been
lowered by malic acid. Further investigation will be conducted in the
form of a nitrogen balance trial to determine the role of malic acid
in the rumen.

Rumen ph was not different between treatments (Table 20).

Total volatile fatty acid concentrations in the rumen were not
significantly different between treatments (Table 21). Total rumen
acetate levels were not significantly different (Table 22).

It was found that volatile fatty acid concentration was
increased significantly in the early lactation cows fed malic acid

but not in the mid lactation cows. Thus, all groups receiving malic



Table 18. The effects of malic acid on plasma urea concentrations in
milligrams/100 ml of plasma (cow # is on left side of column).

A B C D

1430  14.66 1345 13.31 1350 11.83 1442 16.45
1359  13.15 1435  14.80 1448 16.48 1328  13.22
1397  13.57 1456 13.77 1352 13.76 1364 11.59
1407  13.52 1376 14,34 1449 14,04 1410  13.15
1415 16,64 1282 15.92 1400 12.76 1269  12.49
1458  17.49 1321 12.98 1263 14.83 1369  13.84
1387  15.28 1417 12.39 1418  17.03 1302 16.18
1385 15.35 1377 15.88 1419 17.23 1390  15.95
AVG.  14.96 : 14,17 14, 74 14.11

Standard error = 0.58
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Table 19. The effects of malic acid on rumen ammonia concentration in
milligrams/100 ml of rumen fluid (cow # is on the left side
of column).

A B C D
1430  10.50 1345 15.27 1350 13.53 1442 23,78
1359  13.97 1435 17.46 1448  16.55 1328  13.37
1397 19.88 1456  22.59 1352 17.33 1364  14.90
1407 13.91 1376 19.06 1449  21.90 1410  20.97
1415 22.62 1282  18.22 1400  13.96 1269  15.68
1458  23.16 1321 14.13 1263  18.56 1369  23.55
1387 16.62 1417 19.54 1418  15.1k4 1302 16,74
1385 25.28 1377 25.41 1419 23.97 1390  13.09
AVG.  18.24 18.96 17.62 17.76

Standard error = 1.50
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Table 20. The effects of malic acid on rumen ph (cow # is on the left
side of column).

A B c D

1430 7.1 1345 7.0 1350 7.1 w2 7.1
1359 7.3 1435 6.9 1448 7.0 1328 6.4
1397 7.0 1456 7.1 1352 6.6 1364 7.1
1407 7.3 1376 6.8 1y 7.1 1410 7.1
1415 6.9 1282 7.0 1400 6.9 1269 7.2
1458 7.0 1321 7.0 1263 7.1 1369 6.4
1387 7.2 1417 7.1 1418 7.3 1302 7.0
1385 6.9 1377 6.8 1419 6.8 1350 7.2
AVG. 7.1 7.0 7.0 6.9

Standard error = 0.07



Table 21.

L1

The average concentration of total VFA content in

mmoles/100 ml rumen fluid (cow # is on the left side of

column).
1430 7.848 1345  9.056 1350<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>