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The object of the present study was to investigate the stimu-

latory or inhibitory effects of barium, boron, bromine, cadmium,

chromium, cobalt, copper, fluorine, iodine, iron, manganese,

molybdenum, nickel, rubidium, selenium, strontium, vanadium, and

zinc upon in vitro rumen microbial activity as measured by the amount

of cellulose digested. Washed suspensions of rumen microorganisms

were prepared by centrifuging intact rumen fluid at 1500 rpm (365 x g)

for two minutes and immediately centrifuging the resulting super-

natant at 8500 rpm for 20 minutes. The resulting sediment, consist-

ing primarily of bacterial cells, was resuspended in a M/15 phosphate

buffer and again centrifuged at 8500 rpm for 20 minutes. The twice-

washed cells of rumen microorganisms were then incubated at 39°C

for 24 hours in a medium containing 0, 2 percent purified cellulose

(Solka-Floc); M/15 phosphate buffer and basal mineral media in a 1 to .1



ratio; and the element being tested.

Ten levels of each of the 18 elements were added separately to

the incubation media. Each concentration of the test element was

duplicated in each of three trials (that is, six observations per

concentration) yielding a total of 1296 observations during an eight-

month period. The elements and concentrations (in ppm) found to be

stimulatory to cellulose digestion included: (P = 01) I, 20; Mn,

5-20; Mo, 30-70; (P = . 05) Co, 3; Fe, 3-5; Rb, 20; Zn, 5-7; (P =

10) Cd, 5; (P = . 20) Cr, 2, and Sr, 10-15. Depression of cellulose

digestion (P = . 05) occurred at the following levels (in ppm): Ba, 30;

B, 300; Cd, 10; Cr, 7; Co, 7; Cu, 1; F, 0.5; Fe, 100; Mn, 100;

Ni, 0. 5; Se, 7; Sr, 200; V, 5, and Zn, 20. Bromine concentrations

of 1 to 1000 ppm had no effect on cellulose digestion. Levels up to

1000 ppm I, 500 ppm Mo, and 1000 ppm Rb had no significant

detrimental effect on cellulose digestion under the conditions tested.
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STIMULATORY EFFECT OF TRACE ELEMENTS
ON CELLULOSE DIGESTION BY WASHED

SUSPENSIONS OF RUMEN MICROORGANISMS

INTRODUCTION

For centuries the ruminant animal has provided man with food,

clothing, work, transportation, and recreation as well as social

status. In spite of the ruminants economic and sociologic importance

throughout the history of mankind, its nutritional needs were over-

looked until relatively recent times. The apparent lack of research

in the nutrition of the ruminant was, perhaps, due to the common

belief that ruminants possessed relatively simple dietary require-

ments. On the contrary, ruminant nutrition is complicated by the

existence of two separate metabolic systems (the rumen microbes and

the host's tissues) embraced in a symbiotic relationship.

To better understand this symbiotic relationship between the

ruminant and its microbiota, it seemed logical to separately in-

vestigate the nutritional requirements of each of the symbionts. The

nutrient requirements of the ruminant animal could be studied in situ

by means of feeding trials, however, this was not the case with the

rumen microorganisms. Attempts to create environments outside of

the rumen where the microbiota could be studied led to the development

of in vitro fermentations. Within the past decade, quite sophisticated

in vitro techniques have unfolded so as to emulate usual rumen
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conditions more closely. In addition to in vitro fermentations, in vivo

and pure culture techniques have become popular tools in the study of

rumen microorganisms.

Most of the present knowledge on rumen microbial activity has

been obtained through the use of in vitro rumen fermentations. Two of

the most important assets of the ruminant animal -- the utilization of

cellulose and of non-protein nitrogen -- are a direct effect of the

rumen microorganisms. Degradation of cellulose by cellulolytic

bacteria in the rumen yields energy for both, the microbiota and the

host. The energy utilized by the ruminant is in the form of volatile

fatty acids which are waste products of microbial activity. In a

similar manner, the rumen microbes can utilize ammonia nitrogen to

synthesize microbial protein, which in turn serves as a protein source

to the ruminant when such microbes are digested in the lower gut.

Furthermore, the synthesis of the B vitamins by the microbiota

relieves the ruminant animal from a dietary requirement of such

essentials of life. If the rumen microorganisms are to carry out the

above functions and many others not mentioned here, the rumen

environment must supply all the necessary materials for maximum

microbial activity.

Rumen microorganisms, like many other microorganisms,

require a source of energy and a source of nitrogen. In addition,

rumen microbes require some volatile fatty acids, vitamins,



3

unidentified factors and major as well as minor or trace elements.

In vitro, in vivo and isolated culture studies have produced a

substantial amount of information on the rumen microbial require-

ments of the above nutrients with the exception of minerals and, in

particular, of trace elements. Only a handful of published reports

have dealt directly with the effects of a few trace elements on rumen

microbial activity and interest has primarily been channeled towards

the toxic effects of these elements.

The lack of research in the field of trace mineral nutrition

seems to be due primarily to difficulties in the experimental approach,

and secondarily, to the limited knowledge of the metabolism of the

rumen microflora and microfauna. Contamination of incubation

media, the extent of cellular reserves, and interrelationships or

antagonisms between the elements themselves or between the elements

and other nutrients add to the limitations already present in most in

vitro fermentation techniques. Although the metabolic role of many

elements is known in a variety of plant and animal tissues, little is

known of their function in rumen microorganisms.

In general, the functions of the essential elements can be

classified as electrochemical, catalytic, structural and miscellaneous.

Elements having electrochemical functions include the major or macro

elements which usually occur in cells as free ions. A variety of

elements (Ba, Ca, F, Fe, Mg, N, P, S, Si, and Sr) possess structural
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functions. These elements are commonly associated with proteins,

cell walls, support structures such as exo- or endoskeletons, and

others. Nearly all of the major and trace elements seem to have one

or more catalytic functions. This would indicate that minerals, as

a whole, are of imperative importance in the metabolism of organisms

where enzymic catalysis is required. Although enzymes such as

cellulases, ureases, and various enzymes involved in glycolysis and

the Kreb's cycle and possibly others are present in some rumen

microbes, very little is known about their quantitative activation or

inhibition by the various elements.

The establishment of trace mineral requirements for nearly all

organisms is a laborious and extremely difficult task. In the case of

microorganisms, for example, some trace elements are required in

concentrations of less than 0. 01 ppm in the growth medium, which, as

the word "trace" implies, are very small quantities. When attempting

to quantitatively study such minute amounts, the following complica-

tions arise. Firstly, the insensitivity and inaccuracy of the present

instruments can only produce estimates of the amounts of the

elements in question. In addition, the high cost of such instruments

reduces the number of researchers in this field to only a few.

Secondly, cellular stores of trace elements are usually variable and

complete depletion may be impossible due to the third complication --

contamination. The ever-present problem of contamination emanates
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from chemical or organic substances included in the growth medium,

glassware and other equipment, water and air. The interactions

and antagonistic effects between elements comprise the fourth

complication.

Since trace elements are required in such small quantities and

might be present in biological systems as contaminants, the question

of essentiality is brought forward. In this regard, several criteria

have been proposed for establishing the essentiality of an element.

An element is essential if the organism can neither grow nor complete

its life cycle in its absence; if the element cannot be replaced

completely by another element; and if the element influences the

organism directly and is involved in its metabolism. Essentiality,

however, does not exclude an element for being toxic. In fact, a

large number of essential elements are highly toxic when present in

excessive amounts.

In many instances, trace elements have been associated with

toxic rather than beneficial effects, perhaps because of the ease with

which toxic symptoms can be induced. Not all trace elements, how-

ever, are toxic or equally toxic. The degree of toxicity depends on

concentration, the relative amount of related ions in the growth media

and the presence of proteins or organic substances which may chelate

the element of interest. Nor are the mechanisms of toxic action the

same for all elements. However, the most important is believed to be
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the poisoning of enzymes. Other mechanisms of toxic action include

interference with cell membrane permeability; replacement of one

element by another with similar properties and failure of the latter to

function; elements catalysing the decomposition of essential meta-

bolites; substances behaving as antimetabolites; and possibly others.

Interest in trace mineral nutrition of rumen microorganisms

was awakened by findings that either alfalfa ash or a mixture of known

trace elements, when fed to ruminants, stimulated the digestion of a

predominantly fiberous ration. When using a variety of in vitro rumen

fermentations a few investigators have reported on the toxicities of a

limited number of the most common trace elements; however, efforts

to demonstrate beneficial effects of individual trace elements upon

rumen bacterial activity have, for the most part, been in vain.

The present study was prompted by the apparent lack of infor-

mation on the stimulatory effects of the essential trace elements upon

rumen microbial activity as measured by cellulose digestion. The

foregoing study was also extended to include a selected number of

trace elements sometimes found in animal or plant tissues, elements

for which no specific function is known or which are not considered

to be essential nutrients.
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REVIEW OF LITERATURE

echniques Employed in the Study
of Rumen Microbial Activity

In view of the extensiveness of the subject, the present review

is limited to that literature which deals primarily with the most

commonly used procedures for the study of rumen microbial activity.

The fascinating history and development of such techniques has been

reviewed by Marston (1948) and to a lesser extent by Moxon and

Bentley (1955) and Bentley (1959). In addition, comprehensive

reviews concerning methods for studying rumen microbial activity

include those of Barnett and Reid (1961), Johnson (1963, 1966), and

Hungate (1966).

In general, techniques employed in the study of rumen micro-

bial activity fall into three major classes: in vitro, in vivo, and pure

culture studies. Following each class is discussed separately with

particular emphasis on in vitro procedures and their value in

nutritional studies with rumen microorganisms.

In Vitro Rumen Fermentations

In gross terms, in vitro procedures include the removal of the

microorganisms from the rumen and their subsequent incubation in an

artificial environment. Johnson (1966) classified such experimental

approaches into two broad categories--continuous flow and closed
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systems--based primarily on the criteria for establishing the validity

of in vitro rumen fermentations proposed by Warner (1956) and Davey,

Cheeseman and Briggs (1960). Continuous flow systems (chemostats)

satisfy in full such criteria, which as listed by Warner (1956),

includes the maintenance of numbers and normal appearance of the

microbiota; maintenance of normal rates of digestion as well as

interactions of various nutrients; and the ability to predict quantitative

results in vivo. In other words, this type of system was an attempt to

imitate normal in vivo rumen conditions as close as possible. Louw,

Williams and Maynard (1949) designed, perhaps, one of the first

continuous flow systems, however, Warner's (1956) system has been

used more widely as a model for other chemostats. In brief, the

principle of such a system was the continuous removal of soluble

microbial end-products by means of a dialysing membrane located

between the inoculum and an outer chamber filled with a complex

mineral solution. The system was provided with inlets for addition

of nutrients, buffers, or gases and a gas outlet.

Within the past decade a variety of continuous flow systems have

been used to measure several parameters of rumen microbial

activity. Adler et al. (1958); Davey, Cheeseman and Briggs (1960);

Stewart, Warner and Seeley (1961); Gray et al. (1962); Quinn,

Burroughs and Christiansen (1962); Bowie (1962); Hobson and Smith

(1963); Rufener, Nelson and Wolin (1963); Slyter, Nelson and Wolin



(1964), and others have designed and constructed continuous flow

systems of various types, styles, sizes, and shapes with a high

degree of success. Harbers and Tillman (1962), for example, built a

highly sophisticated growth chamber which allowed a liquid solution

containing the nutrients to pass through a semipermeable enclosure in

which microorganisms were trapped between two bacterial filters.

The flowing solution provided the nutrients and removed the soluble

microbial by-products.

Recently, Slyter, Nelson and Wolin (1964) improved and simpli-

fied their previous system (Rufener, Nelson and Wolin, 1963) for

maintaining the rumen microbial population in continuous culture. In

this system volatile fatty acid and methane production followed the

normal in vivo pattern for seven days of continuous culture. Further-

9

more, DNA, protozoal concentrations and fermentation patterns were

not significantly affected between 4 and 21 days of continuous culture.

It is of interest that Quinn, Burroughs and Christiansen (1962) were

able to grow and study some of the activities of ruminal ciliates (in

the absence of viable bacteria) using a continuous culture system.

Although a variety of inocula have been used in continuous flow

systems, it stands to reason that only those inocula composed of

whole or slightly diluted rumen fluid will be truly representative of

the intact rumen. As viewed by Johnson (1966) the disadvantages of

chemostats are primarily in the area of synthesis-absorption and

secondarily in the inability to perform large numbers of experiments



10

because of the complexity of the technique.

Closed systems, consisting primarily of an airtight incubation

vessel provided with a Bunsen valve for the escape of gases, do not

meet all of Warner's (1956) validity criteria. Such systems cannot

predi.ct with a high degree of accuracy quantitative results in vivo,

However, they are designed to quantitate a few processes occurring

in the rumen microbial population (Johnson, 1966).

As early as 1941, Wegner et al. (1941) incubated rumen fluid

and found that ammonia nitrogen rapidly disappeared. Similarly,

Pearson and Smith (1943) and Smith and Baker (1944) used closed

systems to investigate the factors affecting urea utilization in the

rumen. Within the past 20 years, however, several changes have

been made particularly in the inocula for closed systems. Mc Naught

et al. (1950), for example, investigated the effect of some minerals

upon rumen bacterial activity using an inoculum which had been

priorly strained and centrifuged to remove the protozoa. Cheng, Hall

and Burroughs (1955) prepared a more refined inoculum by washing

rumen bacterial cells twice. This type of inoculum has been used by

Hubbert, Cheng and Burroughs (1958a, 1958b), Little, Cheng and

Burroughs (1958), Streeter (1961) and others to investigate the effects

of minerals upon cellulose digestion.

Washed suspensions incubated in closed systems have been

used extensively in nutritional studies with rumen microorganisms.
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To name a few, MacLeod and Murray (1956) and Dehority et al. (1957)

studied nitrogen requirements while Bentley et al. (1954a, 1955) and

Cheng and Burroughs (1955) investigated the volatile fatty acid

and vitamin requirements of washed suspensions of rumen micro-

organisms.

The potential uses of in vitro techniques have been summarized

by Johnson (1966) as follows: (1) cellulose digestion and factors

affecting it; (2) utilization of non-protein nitrogen; (3) intermediate

metabolism in both mixed and pure cultures; (4) studies of symbiosis

utilizing both all-glass systems and continuous flow chemostats;

(5) studies of rate phenomena requiring a non-steady state situation;

(6) forage evaluation studies; and (7) studies of bioenergetics of

rumen fermentation.

n Vivo Techniques

As the name implies, in vivo techniques refer to those techniques

employed in investigating rumen function in the live animal. A

popular in vivo technique has been that of the nylon bag. As described

Dy Van Keuren and Heinemann (1962) this technique primarily con-

sists of suspending the test nutrient in a 2 x 4 1/2 in. nylon bag in a

:umen fistulated animal. After a predetermined length of time, the

bags are removed, cleaned, dried and weighed and dry matter

digestibility is determined by weight difference. Applications of the
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nylon bag technique have been, for most part, in the area of cellulose

digestion and factors affecting it (El-Shazley, Dehority and Johnson,

1961b; Lusk, Browning and Miles, 1962; Van Keuren and Heinemann,

1962; Hopson, Johnson and Dehority, 1963), determining the

digestibility of concentrates and roughages (Erwin and Elliston, 1959),

comparison of nutritive value of forages (Archibald et al, , 1961), and

others (Belasco, Gribbings and Kolterman, 1958).

An in vivo technique for measuring the rate of breakdown of

cellulose in the rumen was proposed by Balch and Johnson (1950). In

brief, the technique involved the suspension of cotton thread in the

rumen of a fistulated animal and at several time intervals the cotton

threads were removed, dried and weighed and the loss determined by

difference. Camp ling, Freer and Balch (1961) utilized this

technique as an index of cellulose digestion rate.

A third type of in vivo procedures for measuring microbial

activity has been termed the "vivar" technique. As originally

described by Fina, Teresa and Bartley (1958), the apparatus con-

sisted of a porcelain test tube (fermentation vessel) attached to a glass

frothing tube and rubber pressure tubing and enclosed in a metal

shield to prevent damage while in the rumen. The object of the

device is to study rumen microbial activity in a semiclosed system

which is in equilibrium with the rumen environment (Johnson, 1966).

Teresa (1959) and Fina et al. (1962) have modified the technique.
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Pettyjohn, Leatherwood and Mochrie (1964), using a somewhat

similar technique, compared cellulose digestibility or dry matter

disappearance of various forages.

Pure Culture Techniques

Pure culture techniques have been used principally in the study

of metabolic pathways of rumen microorganisms. Since the following

sections of the present review deal with results obtained through the

use of pure cultures, no further mention of the subject is made at

this point. However, the reader is referred to Bryant (1959),

Hungate, Bryant and Mah (1964), and Hungate (1950, 1966) for

detailed reviews.

Nutrition of Rumen Microorganisms

The purpose of including this section in the present review of

literature is twofold; (a) to further familiarize the reader with some

of the metabolic activities of rumen microorganisms and (b) to point

out the invaluable contribution of in vitro and pure culture techniques

in the study of rumen microbiota as well as to supplement the

meager information available on mineral requirements of rumen

mic roorganisms
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Nitrogen Sources

In vitro assimilation of protein and non-protein nitrogen by

mixed cultures or rumen microorganisms (RMO) has been demon-

strated by Burroughs et al. (1951a), Belasco (1954a, 1954b),

Hershberger, Bentley and Moxon (1959), Acord et al. (1966), and

others. Burroughs et al. (1951a) suggested that the nitrogenous

requirements of RMO were relatively simple in nature, involving

only ammonia (NH4+) and not involving the more complex forms of

nitrogen (N), such as amino acids. Sirotnak et al. (1953) tested 22

amino acids of which aspartic acid, glutamic acid, serine, arginine,

cysteine, and cystine were found.to be attacked by suspensions of

mixed RMO, yielding principally carbon dioxide (CO2), NH4+, and

acetic, propionic, and butyric acids. Similar results on degrada-

tion of amino acids by mixed cultures of rumen microbes have been

reported (El-Shazley, 1952; Lewis, 1955; Lewis and Emery, 1962).

Whether these amino acids were essential per se for the growth of

RMO or whether the NH4+ produced by their degradation supplied the

microorganism's N requirements was not elucidated at the time.

Further studies with mixed cultures of RMO (MacLeod and

Brumwell, 1954) indicated a requirement for some amino acids for

maximal cellulose digestion. MacLeod and Murray (1956) and

Dehority et al. (1957) showed that a combination of valine, proline,



15

leucine, and isoleu.cine was primarily responsible for the stimulation

of cellulose digestion by washed suspensions. Valine was oxidatively

cleaminated and decarboxylatecl in vitro, giving rise to isobutyric acid;

proline underwent reductive ring cleavage and deamination to form

valeric acid; leucine yielded a -ketoisocaproic and isovaleric acids

as intermediates; and isoleucine's intermediates were a -keto-P

methyl-n-valeric and a -methylbutyric acids (Dehority et al. , 1958).

These intermediate compounds, with the exception of a -keto- p

methyl-n-valeric acid (not tested), were found to be capable of

replacing the original amino acids in varying degrees and were found

to be cellulolytically active for RMO in vitro. Leru and Raynaud

(1964), conversely, presented evidence that leucine alone was a poor

source of N allowing hardly any bacterial growth. Glutamine,

aspargine, aspartic acid, serine, histidine, or arginine provided

better growth than leucine and the combinations with leucine gave

intermediate growth.

It seemed, therefore, that mixed cultures of RMO utilized amino

acid carbon skeletons to synthesize volatile fatty acids (VFA) which,

in turn, stimulated cellulose digestion. Cellulose digestion has been

shown to be stimulated by additions of some VFA (Bryant and

Doetsch, 1955; Bentley et al. , 1955; and Bentley et al. , 1954a).

Within the past 15 years efforts have been concentrated on the

study of nutritional requirements of isolated strains of rumen
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bacteria. This has shed some light on the N metabolism of RMO.

Gill and King (1958) showed that histidine, tyrosine, isoleucine,

methionine, lysine, cysteine, leucine, and valine were nutritionally

critical for the genus Butyrivibrio. Nevertheless, the requirement

for amino acids was, in general, only partial and large amounts of

NH4+ were assimilated. In contrast, Bacteroides succinogenes

required NH4+ for growth even in the presence of 19 amino acids, a

mixture of purines and pyrimidines and all B vitamins (Bryant,

Robinson and Chu, 1959). None of the amino acids were essential

for growth. However, Bryant and Robinson (1961b) in a later report

indicated that Bacteriodes succinogenes strain S85 grew at a slow rate

in the presence of aspargine and glutamine in place of ammonia.

Streptococcus bovis required only ammonium salts for growth

(Wolin, Manning and Nelson, 1959). Similar results were obtained

by Prescott, Williams and Ragland (1959) who tested 37 organic

nitrogenous compounds and showed that one strain of S. bovis did not

grow well on the compounds tested, including amino acids. However,

arginine was the most effective as a primary N source for two other

strains of S. bovis, and glutamine, citruline, serine, histidine, and

glucosamine could support growth. Nevertheless, simple ammonium

compounds were extremely effective in serving as N sources. A

variant of Lactobacillus bifidus also converted up to 60 percent ammonia-

nitrogen to bacterial N in the presence of cysteine (Wasserman,
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Seeley and Loos li, 1953).

Bryant and Robinson (1961a) studied in some detail the N

requirements of some strains of cellulolytic rumen bacteria. Three

strains of Ruminococcus flavefaciens and five of Ruminococcus albus

were shown to grow with NH4+ as the sole source of N other than that

in B vitamins. These researchers suggested that R. flavefaciens, R.

albus, and B. succinogenes, important cellulose digesters in the

rumen, synthesized all but a very small amount of their cellular N

compounds from exogenous ammonia even when large amounts of

preformed organic nitrogen were present. Recently, Jarvis and

Annison (1967) isolated R. albus and R. flavefaciens from the rumen

contents of sheep. Of 11 strains, three required an organic N source

and the remaining 8 strains grew better with casein hydrolyzate than

with ammonium sulfate as the sole source of N. Ammonium ions

were not essential for growth, however only three strains were

capable of growth in the absence of VFA.

Ammonia production from casein hydrolyzate by 74 strains of

ruminal bacteria has been reported by Gladen, Bryant and Doetsch

(1961). Their data indicated that, on the basis of numbers of strains

and amount of ammonia produced, Bacteroides ruminicola was usually

the most important NH4+ producing bacterium in the rumen of mature

cattle. Other species of probable significance included Selenomonas

ruminantium, Peptostreptococcus elsdensii, and some strains of the
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genus Butyrivibrio.

Bryant and Robinson (1962) have indicated the relative

importance of various nitrogen sources for the rumen microflora. Of

89 freshly isolated strains, 82 percent grew well in media containing

NH4 as the main source of N; 56 percent grew well with either NH4+

or casein hydrolyzate as the main source of N; NH4+ was essential for

25 percent of the strains; casein hydrolyzate was required by six per-

cent of the strains tested; and 30 percent required hemin. Similar

data has been reported by Abou Akkada and Blackburn (1963). Most of

the strains (Bacteroides amylophilus, B. ruminicola, species of

Bacteroides, Selenomonas, Butyrivibrio, Bacillus, Eubacterium,

Clostridium, and Gram-positive cocci) isolated from rumens of sheep

preferentially utilized ammonia for synthesis of cellular constituents

in media containing amino acids.

Acord et al. (1966) studied the N sources for starch digestion by

RMO. Their data indicated that ammonium sulfate, ammonium

chloride, ammonium acetate, and ammonium phosphate were

equivalent to urea at all levels tested. Aspartic acid was inferior to

urea but significantly more effective than other amino acids tested.

Some amino acids-- including arginine, serine, methionine, valine,

and glutamic acid-- when added to the media resulted in moderate-to-

slight increase in starch digestion. However, lysine was not

effectively utilized.
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Summary. From the literature reviewed, it appears that the

bulk of rumen microflora satisfies its nitrogen requirements from

ammonia derived from a variety of organic and/or inorganic

compounds. However, a few nutritionally fastidious species may have

a strict requirement for organic forms of nitrogen in the form of

amino acids hemin, B-vitamins, or other sources.

Energy Sources

The available literature on fermentation of energy yielding

substrates by rumen microorganisms is quite extensive. Conse-

quently, in the following review only those papers are examined that

deal directly with the utilization of various sources of energy for a

determined species of rumen bacteria. Also, only energy sources

which are likely to be more abundant in diets (forages and concen-

trates) consumed by ruminants are included. These energy sources

are: cellulose, hemicellulose, xylan, pectin, and starch.

Cellulose. Hungate (1963b) classified Bacteroides succinogenes,

Ruminococcus flavefaciens, R. albus, and Butyrivibrio fibrisolvens

as important cellulolytic rumen bacteria and Clostridium lochheadii,

C. longisporum, and Cillobacterium cellulosolvens as less important

cellulose digesters.

Bacteroides succinogenes was first isolated and described by

Hungate (1947; 1950). Bryant and Doetsch (1954) reported that only
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glucose, cellobiose, cellulose, and pectin were fermented by all

strains when a variety of carbon sources were tested. Good growth

of B. succinogenes was obtained in a medium containing only cellulose

as the principal source of energy (Bryant, Robinson and Chu, 1959).

Ayers (1958a) studied the nutrition and physiology of Rumino-

coccus flavefaciens. This organism required carbohydrate in the

form of cellulose, cellobiose, mannose, or fructose. However, R.

flavefaciens did not utilize glucose. Later data presented by the same

author (Ayers, 1958b) suggested that a cellobiose phosphorylase and

glucokinase were present and that a specific permease for glucose

was absent in the living cell. R. albus fermented cellobiose and

stored up to 35 percent iodophilic polysaccharide from batch cultures

(Hungate, 1963a). Cellulose and cellobiose were fermented, but

glucose and other sugars usually were not (Hungate, 1957).

A large variety of carbohydrates including hexoses, pentoses,

disaccharides, glycerides, and polysaccharides were fermented by

cultures of Butyrivibrio fibrisolvens (Bryant and Small, 1956a).

Although not all strains of Butyrivibrio fermented cellulose in a non-

selective medium (Bryant and Small, 1956a), their abundancy in the

rumen of cattle and sheep placed them as important contributors to

the digestion of cellulose.

Hungate (1957) isolated and studied Clostridium lochheadii and

C. longisporum. This genus digested cellulose but their numbers
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were not sufficiently large, in most instances, to be placed as

important cellulolytic bacteria. Cillobacterium cellulosolvens was

found to ferment cellulose, cellobiose, maltose, and other carbohy-

dratesby Bryant et al. (1958b). However, it seemed to be unimpor-

tant in the rumen under the conditions studied.

Hemicellulose, Xylan, and Pectin. Hungate (1963b) stated that

all cellulolytic strains which attacked the fiber in hay digested both

the hemicellulose and cellulose fractions. Strains of Ruminococcus

flavefaciens and R. albus that attacked alfalfa hay fiber fermented

purified xylan (Hungate, 1957). Pectin and xylan were fermented by

Butyrivibrio fibrisolvens (Bryant and Small, 1956a) and Bacteriodes

ruminicola (Bryant et al. , 1958a). However, the latter did not

ferment cellulose. Pectin was fermented by strains of Bacteroides

succinogenes (Bryant and Doetsch, 1954), Succinivibrio dextrino-

solvens, and Lachnospira multiparous (Bryant and Small, 1956b).

The last two species did not ferment xylan or cellulose.

Starch. Some of the more important starch-decomposing rumen

bacteria are Streptococcus bovis, Bacteroides amylophilus,

Succinimonas amylolytica, and strains of Selenomonas ruminantium

and Bacteroides ruminicola. In addition, certain cellulolytic rumen

bacteria have been reported to digest starch. Included in this group

are some strains of Bacteroides succinogenes (Hungate, 1947),

Butyrivibrio (Bryant and Small, 1956a), and Clostridium lochheadii
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(Hungate, 1957).

Bacteroides amylophilus has been reported by Hamlin and

Hungate (1956) to be quite specific for starch. It fermented only

starch and maltose when a large number of hexoses and disaccharides

were tested. However, its presence in the bovine rumen was

sporadic although large numbers were occasionally present.

Bryant (1956) studied the characteristics of 10 strains of

Selenomonas ruminantiurn. Although strains varied in the ability to

hydrolyze starch, Bryant (1956) indicated that Selenomonas con-

tributed more to rumen fermentation in animals fed a diet high in

soluble carbohydrates as opposed to a low one (silage or straw).

Bacteroides ruminicola and Succinimonas amylolytica were

isolated by Bryant et al. (1958a). Their data suggested that one of

the main roles of these rumen microorganisms was the fermentation

of starch and its hydrolytic products. Both organisms produced

large amounts of succinic acid from carbohydrate decomposition.

Hungate (1963b) and Hungate et al. (1952) reported that Strep-

tococcus bovis was one of the fastest growing bacteria of the rumen.

It digested starch and about 12 more simple carbohydrates producing

large quantities of lactic acid, but ordinarily it did not constitute

a large fraction of the rumen microflora.
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Volatile Fatty Acids

Unidentified factors present in rumen fluid and/or plant

fractions and stimulatory to rumen microbial activity in vitro have

been reported in the literature (Hungate, 1950; Burroughs et al. ,

1950; Huhtanen, Rogers and Gall, 1952; Doetsch, Robinson and Shaw,

1952; Bentley et al. , 1953; Garner, Muhrer and Pfander, 1954; Ruf,

Hale and Burroughs, 1953; Bentley et al. , 1954c; McNeil, Doetsch

a,nd Shaw, 1954; and others). Among these, a cellulolytic factor has

;peen shown to include certain short-chained fatty acids--n-valeric,

isovaleric, isobutyric, and caprioc--or their amino acid precursors

(Bentley et al. , 1954a). MacLeod and Murray (1956), using washed

cell suspensions, obtained similar stimulatory results with valeric

and isovaleric acids. Huhtanen and Elliot (1956), however, found no

Stimulatory effect on cellulose digestion by additions of 5 to 500 mcg

oer ml of n-valeric or isovaleric to whole unaltered rumen fluid. The

ack of response with these acids indicated their presence or ready

synthesis by rumen microorganisms in whole rumen fluid.

Bryant and Doetsch (1955) studied the factors necessary for the

growth of Bacteroides succinogenes in the volatile acid fraction of

-umen fluid by dividing the fatty acids into two components: one

component comprised of a branched-chain volatile acid (isobutyric,

sovaleric, or DL- a-methyl-n-butyric); the other consisted of a

straight -chain acid (any one of the C5 to C8 n-acids). Furthermore,
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Wegner and Foster (1963) demonstrated that strains of B. succino-

genes used both branched-chain VFA (e. g. , isobutyric) and a

straight-chain acid (e.g. , valeric) as precursors for the synthesis of

long-chain fatty acids and fatty aldehydes, which in turn, were

employed in phospholipid synthesis.

Allison and co-workers investigated the metabolism of some

fatty acids in cellulolytic cocci (primarily Ruminococcus flavefaciens)

in a series of studies. Their data indicated that species of celluloly-

tic cocci vary in their requirement for fatty acids (Allison, Bryant

and Doetsch, 1958); Ruminococcus flavefaciens strain C94 required

either isobutyrate or isovalerate for growth--synthesis of leucine being

the principal function of isovalerate (Allison, Bryant and Doetsch,

1962); a portion of the radioactive labelled isovalerate was in-

corporated into the lipid fraction (higher branched-chainfatty acids and

aldehydes) of one strain of R. flavefaciens (Allison et al. , 1962);

branched-chain fatty acids (idobutyrate, isovalerate, and 2-

methylbutyrate) in the presence of CO2 or a derivative of CO2 were

shown to produce the carbon skeletons of the branched-chain amino

acids (isovalerate gave rise to leucine and isobutyrate to valine)

required for growth of R. flavefaciens (Allison and Bryant, 1963).

Dehority, Scott and Kowaluk (1967) divided the VFA require-

ments of cellulolytic bacteria into three main types: (1) B.

succinogenes required a straight-chain and a branched-chain acid;
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(2) several strains of R. flavefaciens seemed to require two or more

branched-chain acids; (3) some strains of R. flavefaciens and all

strains of R. albus tested required only one branched-chain acid.

The nutritional requirement of Selenomonas ruminantium var.

lactilytica for rumen fluid has been found to be satisfied by VFA in

glucose media (Kanegasaki and Takahashi, 1967). This species

incorporated radioactive n-valeric exclusively into lipid material.

Species of rumen bacteria other than those previously mentioned

have not been thoroughly studied for VFA requirements. However,

data presented by Bryant and Robinson (1962) indicated interspecies

as well as intraspecies variations in VFA requirements depending, to

some extent, on other nutrients present in the nutrient media.

Summary. The literature reviewed suggests that some rumen

bacteria utilize volatile fatty acids in at least two ways: (1) to

synthesize long-chain fatty acids for cellular lipids; and (2) to

synthesize amino acids for incorporation into cellular constituents.

Vitamins

As indicated in the previous section, unidentified factors in

rumen fluid stimulatory to rumen microbial activity have been

reported in the literature. When working with washed suspensions of

rumen microorganisms, Bentley et al. (1933) found that a mixture of

the B-vitamins replaced, in part, the stimulatory effect of rumen
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fluid. Similarly, Hall, Cheng and Burroughs (1953) demonstrated

that vitamin B12, biotin, p-amino-benzoic acid, pyridoxine, ribo-

flavin, and folic acid were stimulatory to cellulose digestion.

Bentley et al. (1954c; 1955) and MacLeod and Murray (1956) have also

denoted the stimulatory effect of B-vitamins for mixed cultures.

Studies by Bryant, Robinson and Chu (1959) with five strains of

Bacteroides succinogenes showed that four strains required biotin

for growth; the other strain was highly stimulated by this vitamin.

However, p-aminobenzoic acid, only, stimulated growth of two strains.

Also, Scott and Dehority (1965) found biotin essential for growth of the

two strains of B. succinogenes that they studied. In another study,

Bryant and Robinson (1961a) indicated that the B-vitamin requirements

of the genus Ruminococcus varied with strains. Of 15 strains tested,

five strains of R. albus and two of R. flavefaciens required biotin,

p-aminobenzoic acid, and vitamin B6; one strain of each species was

similar except that vitamin B6 was not essential and the strain of R.

albus required folic acid in lieu of p-aminobenzoic acid; another

strain of R. albus differed considerably in its vitamin requirements;

and five strains (one of R. albus, two of R. flavefaciens and two of

Ruminococcus sp. ) failed to grow in the presence of the B-vitamins.

Hungate (1963a) and Scott and Dehority (1965) have also demonstrated

that biotin was essential for one strain of R. albus and R. flaveflaciens,

respectively.
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Literature on vitamin requirements of other species of rumen

bacteria is scanty. One paper by Gill and King (1958) indicated that

biotin, folic acid and pyridoxal hydrochloride were required by the

genus 5 utyrivibrio for maximum growth. Lactobacillus bifidus

showed little or no growth when biotin, thiamine, and niacin were

deleted from the growth media (Gibbons and Doetsch, 1959). Oxford

(1958) reported that all strains (five) of Streptococcus bovis tested

required biotin for good production of dextran from sucrose. Of

seven strains of S. bovis investigated for growth and dextran pro-

duction, five strains required only biotin; one strain required calcium

pantothenate in addition to biotin and thiamine. Lev (1958; 1959)

demonstrated a growth-promoting activity of compounds of the vitamin

K group for a rumen strain of Bacteriodes melaninogenicus

(Fusiformis nigrescens).

Summary. Apparently, most strains of the species that have

been studied require one or more of the B-vitamins, particularly

biotin and p-aminobenzoic acid, for optimum growth.
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Mineral Nutrition of Rumen Microorganisms

The need of rumen microorganisms for mineral elements is not

as well documented as that for other nutrients. Almost in its entirety,

research on this subject has been conducted with mixed cultures of

rumen microbes using in vitro fermentations. Since the majority of

these studies include several test elements, for the sake of clarity

and completeness the present review considers each element individ-

ually under the general headings of either macroelements or trace

elements.

Mac roelements

Elements reviewed under this heading include calcium,

magnesium, sodium, potassium, phosphorus, sulfur, and chlorine.

Calcium. Burroughs et al. (1951b) have reported beneficial

effects from the presence of calcium (Ca) in in vitro rumen fermen-

tations. Similar results with washed suspensions were obtained by

Hubbert, Cheng and Burroughs (1958b). The latter report showed

that additions of 50 to 300 mcg of Ca per ml of fermentation medium

increased cellulose digestion by 10 percent, however, this increase

was not statistically significant. Calcium additions of up to 1000 mcg

per ml did not depress cellulose digestion, indicating a high tolerance

of rumen microorganisms for excess Ca. Studies with isolated
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cultures of Bacteroides succinogenes indicated that deletion of Ca from

the growth medium resulted in little or no growth (Bryant, Robinson

and Chu, 1959), but additions of 0.05 mg of Ca per five ml of medium

caused maximal growth.

In vivo digestibility trials by White et al. (1958b) and Grainger

et al. (1961) showed that 4.4 g of added Ca alleviated the adverse

effects of corn oil on cellulose digestibility. They suggested that the

balance of rumen cations determining the solubility of the saturated

long-chain fatty acids affected the activity of the rumen microbes.

The ability of some rumen microorganisms to hydrolyze urea

has been well established. In this respect, Jones, MacLeod and

Blackwood (1964) and Jones (1965) investigated the effect of inorganic

ions on urease activity. These researchers demonstrated Ca++ to be

stimulatory to urease activity of whole mixed rumen cells washed

thrice in a buffer.

Magnesium. Papers by Burroughs et al. (1951b) and Hubbert,

Cheng and Burroughs (1958b) have shown stimulatory effects of added

magnesium (Mg) to in vitro cellulose digestion. Magnesium added at

levels of 20 to 120 mcg /ml of medium increased cellulose digestion by 10

to 20 percent (Hubbert, Cheng and Burroughs, 1958b). On the other

hand, a level of 1000 mcg Mg per ml was found to completely suppress

cellulose digestion. Pure cultures of Bacteroides succinogenes

required about 0.01 mg Mg per five ml of medium for maximum growth
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(Bryant, Robinson and Chu, 1959). In contrast, Chamberlain and

Burroughs (1962) demonstrated that the omission of Mg in washed cell

suspensions did not result in a significant lowering of cellulose

digestion.

Martin et al. (1964) explored the effect of Mg upon cellulose

digestion in vivo and in vitro. Their data indicated a progressive

decrease in cellulose digestion as Mg levels were decreased.

Evidence that Mg stimulates urease activity of washed cells of rumen

microorganisms has been presented by Jones, MacLeod and Black-

wood (1964).

Sodium. Cellulose digestion by rumen microorganisms was

benefited from the presence of sodium (Na) in the incubating media

(Burroughs et al. , 1951b). Likewise, 13ryant, Robinson and Chu

(1959) have indicated that Na was essential for growth of Bacteroides

3uccinogenes. However, Hubbert, Cheng and Burroughs (1958a) found

hat Na was not essential for cellulose digestion by mixed cultures

when levels of potassium (K) in the media were adequate. At the low

levels of K, Na appeared to have a toxic effect. Thus high or

adequate K levels probably explains Cardon's (1953) report in which

he demonstrated in vivo and in vitro that increased salt concentration

)f the rumen did not cause a decrease in rumen microbial activity.

Sodium has also been found to inhibit urease activity of washed cells

Df rumen microorganisms (Jones, MacLeod and Blackwood, 1964).
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Potassium. Potassium (K) has been shown to be required for

maximum cellulose digestion by mixed cultures of rumen micro-

organisms (Burroughs et al. , 1951b). Additions of 500 to 2000 mcg of

K per ml of medium appeared to be optimum for cellulose digestion in

a report by Hubbert, Cheng and Burroughs (1958a). Isolated strains

of Bacteroides succinogenes also showed an absolute requirement for

K, however, this requirement varied somewhat with the levels of Na

in the growth media (Bryant, Robinson and Chu, 1959).

Brink and Pfander (1961) explored the effects of K on cellulose

digestion in vivo and in vitro. Their data indicated that a 0.5 percent

K appeared to be optimum for normal rumen function.

Several reports have confirmed the interaction of potassium and

rubidium in some bacterial cells (MacLeod and Snell, 1948; Lester,

1958; Hubbert, Cheng and Burroughs, 1959a) and the subject is

treated in detail in the discussion of this dissertation. Also, it is of

interest to note that the presence of K+ as well as that of Na+ inhibited

urease activity of whole washed cells of rumen bacteria (Jones,

MacLeod and Blackwood, 1964).

Phosphorus. Anderson, Cheng and Burroughs (1956) reported

that the addition of 40 to 80 mcg of available phosphorus (P) per ml of

incubation media satisfied the requirements of cellulose digestion by

rumen microorganisms. Additions of as much as 1000 mcg of P per

ml of medium did not depress cellulose digestion, indicating high
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tolerance of rumen microorganisms for this element (Hubbert,

Cheng and Burroughs, 1958b). Bryant, Robinson and Chu (1959)

established that about 0,3 mg of PO4 per five ml of medium were

required for maximum growth of strains of Bacteroides succinogenes.

An earlier paper by Burroughs et al. (1951b) also indicated the

effectiveness of P in stimulating urea utilization and cellulose diges-

tion by mixed cultures of rumen microorganisms.

Evans and Davis (1966a, 1966b) found that additions of either P

or S improved cellulose digestion in vitro and that the improvements

were additive. Also, interactions of P with Cu and Mo were noted.

As a note of interest, in vitro rumen fermentations have been

used to evaluate the availability of P in organic and inorganic sources

(Anderson, Cheng and Burroughs, 1956; Barth and Hansard, 1961;

Hall, Baxter and Hobbs, 1961; Ammerman et al. , 1965; and others).

Sulfur. The essentiality of sulfur (5) for maximum in vitro

cellulose digestion by mixed suspensions of rumen microorganisms has

been recognized by many researchers (Burroughs et al. , 1951b;

Hunt et al. , 1954; Trenkle, Cheng and Burroughs, 1958; and Hubbert,

Cheng and Burroughs, 1958b, among others). Mixed suspensions

required levels of 10 to 500 or 600 mcg of S for maximum in vitro

cellulose digestion, however S concentrations of 1000 mcg per ml

depressed cellulose digestion only slightly (Hubbert, Cheng and

Burroughs, 1958b). Trenkle, Cheng and Burroughs (1958) further
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investigated the S requirements of rumen microorganisms in relation

to sources of S. They concluded that concentrations of 10 to 20 ppm

S in the form of sodium sulfate were required for optimum cellulose

digestion with a maximum tolerance of 200 ppm without depression of

cellulose digestion. Fifteen ppm of S in the form of sodium sulfite met

the requirements of the rumen microorganisms but 30 ppm and higher

levels were inhibitory to cellulose digestion. Data presented by

Evans and Davis (1966b) on in vivo and in vitro cellulose digestions by

rumen organisms showed a requirement of 65 mcg of S per ml of rumen

fluid for maximal cellulose digestion.

The capacity of isolated strains of rumen bacteria to inter-

changeably utilize various sources of sulfur has been demonstrated.

In a study by Bryant, Robinson and Chu (1959) cysteine or sulfide

served as the sole source of sulfur for Bacteroides succinogenes

strain S85. Likewise, cystine, methionine, sodium thioglycolate and

sodium sulfide replaced cysteine as a source of sulfur in variants of

Lactobacillus bifidus (Wasserman, Seeley and Loosli, 1953).

Quantitative data on the utilization of inorganic sulfate by single

strains of rumen bacteria has been presented by Emery, Smith and

Fai To (1957). Of 10 cultures examined, five utilized a significant

amount of inorganic sulfate in the synthesis of organic compounds

and only three incorporated inorganic sulfate into their microbial

proteins in the presence of cysteine. One of the cultures, Lachnospira
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multiparus, utilized less than 0.2 percent of inorganic sulfate when

cysteine was present as an alternate source of S and 22 percent when

inorganic sulfur was the only source of S.

Evidence to the effect that sulfate is reduced to sulfide by rumen

microorganisms has been presented by Lewis (1954) and Anderson

(1956) whilst the incorporation of inorganic sulfate into amino acids

has been demonstrated by Emery, Smith and Huffman (1957).

Chlorine. The literature on the role of chlorine (C1) in the

nutrition of rumen microorganisms is very limited. Burroughs et al.

(1951b) reported that Cl was beneficial to cellulose digestion. How-

ever, Cl was not a limiting factor in the in vitro fermentations of

Hubert, Cheng and Burroughs (1958a).

Trace Elements

It is not the intention of the author to review the trace mineral

requirements of the ruminant animal nor the symptoms caused by

their deficiency or excess. Mention of the biochemical roles is made

in the results and discussion section of the present study and the

criteria for essentiality of trace elements was presented in the

introduction. For further information on the role of trace elements

in nutrition the reader is referred to two excellent books by

Underwood (Underwood, 1962, 1966) and one by Bowen (1966).

It has been shown that the addition of alfalfa ash or a mixture of
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minerals (major as well as minor) to high fiber rations fed to

cattle or sheep resulted in improved cellulose digestion (Burroughs,

Ger laugh and Bethke, 1950; Swift et al. , 1951; Klosterman et al. ,

1953; Bentley et al. , 1954c; Tillman, Sirny and MacVicar, 1956;

Chappel et al. , 1955; Gosset and Riggs, 1956; Klosterman et al. ,

1956; Summers, Baker and Grainger, 1957). However, the improve-

ment in cellulose digestion was not attributed to any particular element,

but to the mixture as a whole. Attempts to identify each of the bene-

ficial elements led to the use of in vitro techniques. Literature on

trace elements which have been studied by means of in vitro rumen

fermentations are reviewed separately in subsequent paragraphs.

Cobalt. As early as 1948, Tosic and Mitchell (1948) found that

in adequately fed sheep the Co content of rumen microbes was some

three times that of microbes from rumens of sheep fed a cobalt-

deficient diet. The microbial population from cobalt-deficient sheep

was also reduced and less varied (Gall et al. , 1949).

McNaught et al. (1950), Salsbury, Smith and Huffman (1956)

and Sala (1957) reported on the inhibition of rumen microbial activity

when Co was added at various levels to the incubation medium

containing rumen fluid. Although Hubbert, Cheng and Burroughs

(1958b) and Little, Cheng and Burroughs (1958) found that Co levels

of less than five ppm inhibited cellulose digestion by washed

suspensions of rumen microorganisms, Streeter (1961) showed that
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10 to 50 ppm added Co stimulated cellulose digestion of similar

preparations. When working with pure cultures of Bacteroides

succinogenes, Bryant, Robinson and Chu (1959) found that five ppm

Co inhibited growth and 15 ppm completely stopped growth. Growth

of Ruminococcus albus was not stimulated by additions of Co to a

minimal growth medium (Hungate, 1963a).

Copper. The early studies of Mitchell and Tosic (1949)

revealed that Cu was some 10 times more concentrated in micro-

organisms of the rumen than in the feed on which the animal was

maintained. In vitro rumen fermentations in which part of the growth

medium consisted of rumen fluid have indicated that Cu, in rather low

concentrations, inhibited rumen microbial activity (Mc Naught et al. ,

1950; Sala, 1957). When using whole rumen fluid as fart of the

inoculum, Ellis et al. (1958) found that additions of a copper-_
molybdenum complex stimulated in vitro cellulose digestion.

Similarly, Evans and Davis (1966b) showed interactions among S, Mo,

P, and Cu.

Additions of various Cu levels to in vitro fermentations of

washed suspensions of rumen microorganisms failed to increase

cellulose digestion, however inhibition was apparent at very low

levels (Hubbert, Cheng and Burroughs, 1958b; Little, Cheng and

Burroughs, 1958). Likewise, growth of pure cultures of Rumino-

coccus albus was not stimulated by additions of Cu to a minimal growth
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medium (Hungate, 1963a).

Fluorine. Data on F as related to rumen microbial activity is

scanty and deals primarily with its toxic properties. Pearson and

Smith (1943) found that urease activity in rumen fluid was inhibited

by sodium fluoride, whilst Chamberlain and Burroughs (1960)

reported a significant inhibition of cellulose digestion by additions of

F to washed cell suspensions. A recent study by Hamar and Borchers

(1967) indicated that the glucose metabolism of rumen microoragnisms

was inhibited by fluoride.

Iron. Like Cu, iron was found to be accumulated in rumen

microorganisms, but to a lesser extent (Mitchell and Tosic, 1949).

Although the Fe requirement of rumen microorganisms was estimated

at a rather low level of about one ppm (Mc Naught and Owen, 1949),

such microorganisms were able to tolerate levels up to 100 ppm

without drastic inhibition of their activities (Mc Naught et al. , 1950;

Sala, 1957; Hubbert, Cheng and Burroughs, 1958b).

Stimulation of cellulose digestion by additions of Fe to washed

suspensions has been reported by Little, Cheng and Burroughs (1958).

However, Hungate (1963a) and Bryant, Robinson and Chu (1959) found

no stimulation of growth by additions of Fe to a minimal growth

medium for Ruminococcus albus or Bacteroides succinogenes,

respectively.

Manganese. Microorganisms from rumens of sheep fed an
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adequate diet accumulated Mn to a lesser extent than Cu, Ni, Mo,

and Zn (Mitchell and Tosic, 1949). Robinson et al. (1960) indicated

that high Mn levels markedly reduced in vitro cellulose digestion,

while Cunningham, Wise and Barrick (1966) found that high levels of

Mn depressed VFA production of washed suspensions accompanied by

marked changes in the rumen flora. Hubbert, Cheng and Burroughs

(1958b) could not demonstrate stimulation of cellulose digestion by

additions of Mn to washed suspensions. However, Sala (1957) and

Little, Cheng and Burroughs (1958) observed a stimulation in cellulose

digestion by additions of Mn. The essentiality of Mn for maximum

cellulose digestion by washed suspensions of rumen microorganisms

was demonstrated by Chamberlain and Burroughs (1960).

Work with pure cultures of Bacteroides succinogenes showed

that additions of Mn to the growth media did not stimulate growth

(Bryant, Robinson and Chu, 1959). Likewise, Hungate (1963a) found

no stimulation in the growth of Ruminococcus albus when Mn was

added to a minimal growth medium.

Molybdenum. Ellis et al. (1958) reported that dry rumen

bacteria contained about 10 ppm of Mo and dried fat-free cells

contained about one ppm. Molybdenum added to in vitro fermentations

failed to stimulate microbial activity and in most cases it depressed

activity at relatively low levels (Mc Naught et al. , 1950; Sala, 1957;

Ellis et al. , 1958). Similarly, Hungate (1963a) found no increase in
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growth of Ruminococcus albus when Mo was added to a minimal

growth medium. In vitro and in vivo interactions among S, Mo, P,

and Cu have been reported by Evans and Davis (1966a, 1966b).

Zinc. Mitchell and Tosic (1949) reported that Zn was

accumulated in rumen microorganisms in concentrations 10 times

greater than those found in the feed consumed by the animal.

Extensive studies conducted by Woods (1965) indicated that the Zn

requirement of rumen microbes for maximum cellulose digestion was

somewhat less than 1 mcg per ml of medium.

Ott et al. (1966) found that the rumen metabolism was altered

when high levels of Zn were consumed by the animal. Sala (1957)

showed that additions of Zn to in vitro fermentations containing rumen

fluid as part of the inoculum, resulted in depression of cellulose

digestion. Likewise, Hungate (1963a) found no stimulation in growth

of Ruminococcus albus by adding Zn to a minimal growth medium.

Although Hubbert, Cheng and Burroughs (1958b) demonstrated

depression of cellulose digestion when relatively small quantities

of Zn were added to washed suspension, Little, Cheng and

Burroughs (1958) observed a stimulatory effect under somewhat

similar conditions.

Other Trace Elements. Data presented by Mitchell and Tosic

(1949) indicated that nickel, vanadium and titanium were among the

elements found in rumen microorganisms in greater concentrations
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than those present in the diet of the ruminant. Of these elements,

vanadium was found to increase in vitro rumen fermentation

:Washburn and Thrall, 1961).

Boron was of no benefit when added to a medium containing

washed suspensions of rumen microorganisms (Hubbert, Cheng and

Burroughs, 1958b). In a similar study, Hubbert, Cheng and

Burroughs (1958a) found rubidium to be capable of replacing

approximately 50 percent of the potassium required for in vitro

cellulose digestion, whereas, lithium and cesium were ineffective.

Using washed suspensions plus chelating agents, Little, Cheng and

Burroughs (1958) demonstrated that very small quantities (0.3 ppm)

of Se were inhibitory to cellulose digestion.

A study by Jones, MacLeod and Blackwood (1964) on the effect of

inorganic ions on urease activity of rumen bacteria is worthy of

mention. Their data showed that the urease activity of preparations

)f whole cells of rumen microflora washed three times in a buffer was

Stimulated in the presence of Mn++, Mg++, Ca++, Sr++, and Ba++,

and inhibited in the presence of Na+, K+, and Co+ +.
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EXPERIMENTAL PROCEDURE

The washed-cell, in vitro fermentation technique used in this

investigation is a modification of that reported by Cheng, Hall and

Burroughs (1955). The extent of cellulose digestion was the index of

bacterial activity. This type of in vitro technique lends itself to

the quantitative study of trace factors that affect rumen microbial

activity. During the "washing" procedure, the bacterial cells are

separated from the rumen fluid by means of centrifugation and re-

suspended in a medium of known composition. Thusly, washed

suspensions are less contaminated with factors contained in rumen

fluid that may affect in vitro rates of cellulose digestion when

compared with whole or diluted rumen fluid suspensions.

Because of the problems encountered with the in vitro

technique herein reported, the author feels justified in presenting a

rather detailed experimental procedure. Where applicable, mention

is made of difficulties incurred and inference given to their solution.

The present fermentation technique consists principally of

collection and processing of rumen fluid, preparation of a washed-cell

suspension, incubation, and determination of the amount of cellulose

digested. Following, each step is considered separately.
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Collection and Processing of Rumen Liquor

A rumen- fistulated, adult Hereford steer was the source of

rumen liquor for all trials reported. The steer was maintained on an

all grass hay diet of low quality four weeks prior and throughout these

experiments (approximately eight months). Salt and water were

available at all times. Rumen fluid was obtained by manually

removing ingesta from the dorsal sack of the rumen through the

fistula. The ingesta was then wrapped in two layers of cheesecloth

and compressed so that the liquid fraction could be collected in pre-

warmed thermos bottles. Approximately three liters of rumen fluid

were collected for each trial. Collections were made between 9 and

10 a.m. on the day each trial was set up.

In the laboratory, the crude rumen fluid was strained through

three layers of No. 50 cheesecloth into a 4-liter beaker and placed in

a 39°C water bath for approximately 30 minutes. This lapse of time

allowed hay and other particles of lesser density to raise to the top

and for most protozoa and heavier particles to settle at the bottom of

the beaker, leaving a large center fraction relatively free from large

particles. By means of suction, 1400 ml of fluid were removed from

the center fraction and centrifuged at 1500 rpm (365 x g) for two

minutes. The sediment, which consisted mainly of protozoa and hay

particles, was discarded. The supernatant was centrifuged for 20
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minutes at 8500 rpm (11,700 x g) and the resulting supernatant

discarded. The sediment, consisting primarily of bacteria, was

suspended in 700 ml of 39°C, CO2
saturated, M/15 phosphate buffer,

and again centrifuged for 20 minutes at 8500 rpm (11,700 x g).

Again, the supernatant was discarded. The sediment (washed-cells)

was resuspended in 800 ml of a 39oC, CO2 saturated mixture of 400

ml M/15 phosphate buffer and 400 ml mineral medium (see Table 1

for composition of mineral media). Thus, a total volume of 800 ml

of washed-cell suspension was available for treatment aliquots.

Table 1. Basal Medium for Washed-Cell Suspensions.

Compound g/1

CaC12 0.250

NaC1 2.000

KC1 2.000

MgSO4 0.075

Na2HPO4 7H20 0.600

KH2
PO4 0.300

NaHCO3 1.750

Urea 1.000

Glucose 0.050

Vitamin B12 125 mcg

Biotin 5 mcg

The major problem encountered with the washed-cell

in vitro technique was the constant maintenance of anaerobic
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conditions. Preliminary studies indicated the necessity of a

continuous flow of CO2 throughout the incubation period so as to

maintain anaerobiosis, reduce the lag--time and, consequently, obtain

good bacterial growth. In order to check on anaerobiosis, resazurin

was added to the incubation media in concentrations of 0. 0001 to

0. 0002 percent. Further precautions helpful in reducing the oxygen

content of the suspensions during its preparation are listed: (1) The

buffer and basal media were saturated with CO2. This was

accomplished by bubbling CO2 through a gas dispersion tube for about

10 to 15 minutes. (2) Shaking, pouring, or any manipulation in which

the suspension came in contact with air were kept to a minimum.

(3) Rapidity and efficiency were exercised in collecting and processing

the rumen fluid as well as during inoculation of fermentation flasks.

(4) The fermentation tubes with their corresponding treatments were

set up before collections were made so that full attention could be

devoted to processing the rumen fluid.

A M/15 phosphate buffer was used to resuspend the bacterial

cells in order to create isotonic conditions and prevent lysis of cells

which would undoubtedly occur, to some extent, if distilled water

were used. Fruthermore, the buffer increased the buffering power

of the inoculum thus avoiding the necessity of adjusting the pH during

the course of fermentation. The pH of the washed-cell suspension

ranged between 6. 80 and 7. 02 in all trials, consequently, there was
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no need for adjustment.

In order to keep mineral contamination to a minimum, all

glassware and equipment used were washed with detergent soap,

rinsed liberally with tap water and finally rinsed thoroughly with

large amounts of distilled water. In addition, the compounds used to

prepare the basal media and the test elements were of reagent grade.

Treatment and Incubation Procedure

A trial, in this study, consisted of 11 treatments or levels of

each element and a "zero digestion". Each treatment was duplicated

in the same trial, resulting in a total of 24 digestion tubes. Three

separate trials were run per element with a lapse of approximately

two months between each trial. Therefore, throughout the study

six observations were collected per treatment per element with a

grand total of 1296 observations for the 18 elements tested.

The substrate utilized was purified cellulose (Solka-Floc). The

elements studied were prepared in sufficient concentrations so that

one ml added to 27 ml of washed suspension inoculum contributed the

desired concentration for each treatment (see Table 2). Twenty-four

100 ml test tubes served as incubation receptacles. The tubes were

numbered from 1 through 24 for treatment identification and the

following was added to each tube: (a) exactly 50 mg of cellulose,

(b) one ml of solution containing the test element with duplicates for



Table 2. Sources of Elements and Concentrations Tested.

Element Compound Concentrations Tested (in ppm

Ba BaC12'2H20 0, 1, 10, 20, 30, 40, 50, 70, 100, 200
B Na2B407` 10H 20 0, 1, 10, 20, 30, 50, 100, 200, 300, 400, 500
Br NaBr 0, 1, 10, 20, 30, 50, 70, 100, 200, 500, 1000

Cd CdC12
0, 0.1, 1, 2, 3, 5, 7, 10, 20, 30, 50

Cr Cr03 0, 1, 2, 3, 5, 7, 10, 15, 20, 25, 30

Co CoC1 2' 6H20 0, 0.01, 0.1, 1, 3, 5, 7, 10, 15, 20, 30

Cu Cu So4' 5H20 0, 0.01, 0.1, 0.5, 1, 2, 3, 5, 7, 10, 30

F NaF 0, 0.01, 0.05, 0,1, 0,5, 1, 2, 3, 5, 10, 20

I NaI 0, 1, 10, 20, 50, 70, 100, 200, 300, 500, 1000

Fe FeC13 0, 0.1, 1, 2, 3, 5, 10, 20, 30, 50, 100

Mn MnSO4. H2O 0, 1, 5, 10, 15, 20, 30, 50, 70, 100, 300

Mo Na2 Mo0 4'21-120 0, 10, 20, 30, 40, 50, 70, 100, 200, 300, 500

Ni NiS04' 6H 20 0, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 1.5, 3, 5, 10

Rb RbC1 0, 1, 10, 20, 50, 70, 100, 300, 500, 700, 1000

Se Na2SeO4 0, 0.01, 0.1, 1, 2, 3, 5, 7, 10, 15, 20

Sr SrC12° 6H20 0, 1, 5, 10, 15, 20, 50, 70, 100, 200, 500

V NaVO
3

0, 0.1, 0.5, 1, 1.5, 2, 3, 4, 5, 10, 20

Zn ZnS0 4'7H 20 0, 0.1, 1, 2, 3, 5, 7, 10, 15, 20, 30
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each treatment (that is, tubes No. 1 and 2 received concentration X,

tubes No. 3 and 4, concentration X1, etc. ), and (c) 27 ml of washed-

Tubes no. 23 and 24 (zero digestion) received nocell suspension.

element treatment; in lieu, two ml of glacial acetic acid were added

to each tube. The acidity prevented bacterial activity and a

constant value (K0) could then be derived for calculation of the amount

of cellulose digested.

A continuous gassing (CO2) system was employed during the

24-hour incubation period. The fermentation tubes were fitted with

two-hole rubber stoppers, which had an inlet glass tubing extending

well into the inoculum and an outlet glass tubing not in contact with the

inoculum. The fermentation vessels were interconnected by means

of looped rubber tubing (approximately 7 inches long) in two rows of

11 tubes each. Such loops prevented the flow of a small amount of

moisture which condensed at the outlet glass tubing. Each row

consisted of one of the duplicate treatments and arranged so that the

lowest concentration tested was closest to the CO2 source. The

two zero digestion tubes (No. 23 and 24) received no CO2' but were

fitted with a stopper containing a Bunsen valve. The tubes were then

incubated for 24 hours in a water bath at a constant temperature of

39°C. The rate of CO2 flow was regulated at approximately 40 to 50

bubbles per minute. However, at the start and twice during the

incubation period, the CO2 flow was considerably increased for about
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30 seconds. This manipulation allowed for complete mixing of the

inoculum with the substrate.

Fermentation was terminated at the end of the 24-hour period.

The stoppers were removed beginning with that fermentation tube

which was farthest away from the CO2 source. Thus the flow of CO2

prevented fluid from remaining inside the inlet tubes. The immersed

portion of the inlet glass tubing was rinsed with distilled water into

its corresponding incubation tube. Removal of the fermentation tubes

from the water bath and immediate filtration of their contents

followed.

Filtration Procedure

Sintered glass crucibles (50 ml capacity and porosity C) were

used to filter the contents of each fermentation tube. The crucibles

were numbered from 1 through 24, their weights recorded and,

under suction, the contents of each tube filtered through its

corresponding filter. Each tube was rinsed with distilled water and

with the aid of a rubber policeman most particles adhering to the

glass surface were removed. Since the filtering procedure required

only 20 to 25 minutes, it was not necessary to stop fermentation by

means of chemical agents or otherwise upon termination of the

incubation period.

The crucibles with the filtration residues were dried for 36
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hours at 95°C in an oven. After cooling for two hours, the crucibles

were weighed and the weights recorded. All weighings were made to

the nearest tenth of a mg.

The method for cleaning the crucibles after each trial was as

follows: the crucibles were soaked in warm water for about two hours,

gently scraped with a bristle brush, rinsed, immersed in dichromate

cleaning solution for 24 hours, rinsed with tap and distilled water, and

finally dried overnight at a temperature of 800C.

The filtration procedure described above simplifies other in

vitro fermentation techniques where undigested cellulose has to be

chemically analyzed.

Determination of Cellulose Digestion

The percent of cellulose digested was calculated with the

formula:

where

% cellulose digested =
Ko - C x 100

Ko

a = initial weight of the crucible
b = weight of crucible plus residue
C = b - a for the treatments
Ko = b - a for zero digestion.

The data were analyzed using a randomized block design. The

Least Significant Difference (L. S. D. ) procedure was utilized to

statistically compare each treatment mean with the control mean as

described by Petersen (1967).
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The effects of added trace elements on in vitro cellulose

digestion by washed suspensions of rumen microorganisms are

summarized in Tables 3 through 20. Each table presents data obtained

on an individual element. The values indicating the percent of

cellulose digested are the means of three separate trials run in

duplicate (that is, the mean of six observations). Mean values for

individual trials as well as analyses of variance tables are included

in the Appendix.

In the present study, emphasis was given to stimulatory effects

of trace elements upon cellulose digestion; toxic effects were also

considered but to a lesser extent. Thus, the concentrations of each

element were chosen to reflect any stimulatory effect if present.

These levels were selected in preliminary trials on a "trial and

error" basis and it was not intended to follow any particular pattern

within each element or amongst elements tested.

The reader is reminded that the levels of each element pre-

sented here represent only those levels added to the incubation media.

Cellular stores and contamination from equipment and chemicals

were not taken into consideration because they were unknown.

The test elements were barium, boron, bromine, cadmium,

chromium, cobalt, copper, fluorine, iodine, iron, manganese,
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molybdenum, nickel, rubidium, selenium, strontium, vanadium, and

zinc. The effect of each element upon cellulose digestion by washed

suspensions of rumen microorganisms is discussed separately.

Barium

The effects of added barium (Ba) upon cellulose digestion by

washed suspensions of rumen microorganisms (WSRM) are

summarized in Table 3. Added Ba did not stimulate cellulose

digestion at any level tested (P = .05). Levels of 1, 5, 10, and 20

ppm added Ba had no significant effect (P = .05) on cellulose digestion

when compared to the controls. Barium additions of 30 ppm or more

to the incubation media significantly depressed (P = . 05) cellulose

digestion. A progressive decrease in cellulose digestion was

apparent as the levels of added Ba increased from 30 ppm.

Concentrations of 200 ppm added Ba (highest level tested) suppressed

cellulose digestion by about 50 percent.

With the exception of a paper by Jones, MacLeod and Blackwood

(1964) on the effect of Ba++ on urease activity, no other reports were

found in the literature reviewed concerning the effects of Ba on rumen

microorganisms. In the research mentioned, the urease activity of

preparations of whole cells of mixed rumen microflora washed three

times in buffer was stimulated in the presence of Ba++ as well as by

other elements.
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Table 3. Effect of Added Barium on Cellulose Digestion by Washed
Suspensions of Rumen Microorganisms.

Ba added
ppm

Cellulose Digested
%

200 25. 20
100 30.78
70 31.44
50 34. 16
40 41. 75
30 45. 14
20 48. 11
10 52.71

5 51.25
1 52. 85
0 52. 85

LSD (P = . 05) = 5.71
bdepression

Thus far, there is no conclusive evidence indicating that Ba is

a dietary essential for plants or animals (Underwood, 1962).

Although the element is relatively abundant in plants (10 to 90 ppm in

the dry matter) the possibility of Ba toxicity to the microflora within

the host's rumen is very slight. In this study it was found that levels

of 30 ppm added Ba inhibited rumen microbial activity as measured

by the amount of cellulose digested. If, for example, a 500 kg steer

consumed three percent of its body weight all at one time, and had a

rumen volume of 80 1, the rumen Ba concentration would be on the

order of nine ppm if the diet contained 50 ppm of Ba in the dry

matter. Thus, the hypothetical Ba concentration of the rumen is about

three times lower than that found to be toxic to WSRM in this study,
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providing that all the Ba in the feed were available.

It should be stressed that the author is not attempting to

extrapolate the present results to the intact animal. The purpose for

calculating a theoretical rumen concentration of a given element is to

give the reader an approximation of what might be expected to be

found in the normal rumen since data on this subject are lacking in the

literature. Furthermore, as each element is discussed other points

are brought forward which add more meaning to such hypothetical

values.

Boron

Table 4 represents the effects of additions of boron (B) upon

cellulose digestion by WSRM. No stimulation of cellulose digestion

occurred when levels of 1, 10, 20, 30, 50, 100, and 200 ppm of B

were added to the incubation media. However, additions of 300 ppm

and higher levels of B progressively decreased (P =.05) cellulose

digestion. At 500 ppm of added B (highest level tested) cellulose

digestion was depressed by 35 percent.

Hubbert, Cheng and Burroughs (1958b) reported no beneficial

effects on cellulose digestion by WSRM from additions of 0.5 to 50

mcg per ml of medium (0. 5 to 50 ppm) of B. Thus, the present study

is in agreement with their results.

Boron is essential for some algae (Krauss, 1958), however, its
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Table 4. Effect of Added Boron on Cellulose Digestion by Washed
Suspensions of Rumen Microorganisms.

B added
ppm

Cellulose Digested

500 35.54
400 45.03
300 50.16
200 54.85
100 55.54

50 55.32
30 55.77
20 55.60
10 55.74

1 53.81
0 54.61

LSD (P = . 04) = 4.38
bdepression

essentiality for bacteria has not been clearly demonstrated. The

suggested B concentration in nutrient solutions for some bacteria has

been on the order of 0.5 mg per 1 (Bowen, 1966). Since the B content

of the rumen microorganisms used in the present investigation was

unknown, it cannot be assumed from the results herein reported that

such microorganisms do not require B for maximum cellulose

digestion. Moreover, the data presented here suggest that B toxicity

to rumen microflora is unlikely under normal conditions since most

plants contain, on the average, less than 25 ppm of B on a dry weight

basis. The hypothetical B concentration in the rumen (four ppm) is

about 75 times lower than the toxic concentration for WSRM found in

the present study.
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Bromine

The effects of added bromine (Br) upon cellulose digestion by

washed suspensions of rumen microorganisms are summarized in

Table 5. Additions of Br in levels of 1, 10, 20, 30, 50, 70, 100, 200,

500, and 1000 ppm had no significant effect (P = . 05) on the amount of

cellulose digested. Levels of 20 ppm added Br resulted in a slight

increase in cellulose digestion, but this increase was not statistically

significant (P = . 05) when compared to the control.

Table 5. Effect of Added Bromine on Cellulose Digestion by
Washed Suspensions of Rumen Microorganisms.

Br added
ppm

Cellulose Digested

1000 50. 01
500 48.54
200 45.64
100 46.43
70 48.32
50 49.59
30 50. 82
20 51.11
10 47.73

1 47. 89
0 48. 40

LSD (P = . 05) = 5.79

The literature reviewed lacked information-on the effect of Br

on rumen microbial activity. It appears, however, that washed rumen

microorganisms are quite resistant to high levels of added Br when
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compared to other organisms. For example, Fries (1966) found that

Br in concentrations similar to that of seawater, 814.3 prnol per 1

(about 65 ppm), inhibited growth of most species of red algae.

Intriguingly, Br, I, and Rb additions to the incubation medium

resulted in almost identical responses in cellulose digestion by

WSRM in the present study. Cellulose digestion reached a maximum

peak at a level of 20 ppm (statistically significant increase for I and

Rb but not for Br) in all three experiments; but, when compared to

the controls, cellulose digestion was not affected by additions of

1000 ppm of Br or I or Rb.

A definite role for Br in lower forms of life has not been

established thus far. The possibility of toxic effects on rumen micro-

organisms due to high levels of Br in the rumen is quite remote.

Table 5 shows no effect on cellulose digestion due to additions of 1000

ppm of Br. This level is some 10,000 times greater than that

calculated to be normally in the rumen of cattle (hypothetically, a 500

kg steer consuming three percent of its body weight of a diet

containing a maximum of 10 ppm bromine--a level higher than that

usually found in most dry forages or grains).

Cadmium

Five ppm added cadmium (Cd) to the basal incubation media

resulted in a significant increase (P = . 10) in cellulose digestion by
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WSRM as shown in Table 6. The stimulation noted corresponded to

about 15 percent when compared to the control. Concentrations of

0,1, 1, 2, 3, and 7 ppm added Cd also resulted in an increased

cellulose digestion, however, the increase was not statistically

significant (P = . 10). Additions of 10 ppm of Cd depressed the

amount of cellulose digested (P = .05) by about 21 percent, while 20,

30, and 50 ppm resulted in a decrease of approximately 42 percent.

Table 6. Effect of Added Cadmium on Cellulose Digestion by
Washed Suspensions of Rumen Microorganisms.

Cd added
ppm

Cellulose Digested

50 25.57
30 26.34
20 25. 85
10 35.70

7 50.40
5 51.58)a
3 48. 16
2 48. 72
1 46.78
0, 1 45. 49
0, 0 44. 94

LSD (P = .05) = 7.43 stimulation (P = . 10)
LSD (P 10) = 6, 14 bdepression (P = . 05)

The author was not able to locate any reports on the effects of

Cd on the rumen microbiota. A comparison of the data in this study

for Cd and Zn is in order because of the similarity between the atomic

structure and the chemical behavior of these elements. Both
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cadmium and zinc stimulated cellulose digestion when added at levels

of five ppm, each. Although Cd significantly depressed cellulose

digestion at lower concentrations (10 ppm), both elements were highly

toxic at levels of 30 ppm.

The data obtained in this study strongly suggest the improbability

of Cd toxicity to rumen microorganisms under normal rumen condi-

tions since most plants usually contain about one ppm on a dry basis.

The calculated concentration of Cd in the rumen would be on the

order of 0.2 ppm. This value is far below the toxic levels obtained

in this study and also far below the stimulatory levels. The stimula-

tion of cellulose digestion cannot be readily explained since no

essential biological role for Cd has been unequivocally shown.

Chromium

Results from additions of chromium (Cr) on cellulose digestion

by WSRM are summarised in Table 7. Two ppm added Cr significant-

ly increased (P = . 20) the amount of cellulose digested from 52 percent

(control) to 57 percent, a percent stimulation of about 9. 5. Added

Cr levels of one and three ppm produced a slight but not significant

increase (P = 20) in cellulose digestion. Chromium levels of 10,

15, 20, 25, and 30 ppm depressed cellulose digestion progressively

by 27, 47, 66, and 66 percent, respectively.



59

Table 7. Effect of Added Chromium on Cellulose Digestion by
Washed Suspensions of Rumen Microorganisms.

Cr added
ppm

Cellulose Digested

30 17.77
25 17.23
20 2L47
15 27.43
10 37.93

7 45.10
5 50. 71
3 54. 42
2 57.17 ) a
1 56. 08
0 52.26

LSD(P,,26)-:= 7,72
LSD(P,--.05 )= 4.90

astimulation (P = .20)
b depression (P = . 05)

The published literature lacks information on the effects of Cr

on rumen microorganisms. It is of interest, however, to note the

somewhat similar effects of Cd and Cr reported herein. Both

elements exerted their maximum stimulatory action at levels below

seven ppm and above one ppm (Cd at five ppm; Cr at two ppm).

Inhibition, on the other hand, occurred with both elements at 10

ppm and higher levels, but was more pronounced for Cr.

The chromium content of most plants range between 0.1 and 0.5

ppm in the dry matter. A diet containing about 0.3 ppm (dry matter

basis) of Cr would yield a hypothetical Cr concentration in the rumen

on the order of 0.05 ppm. This level is well below the toxic (10 ppm)
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and stimulatory (two ppm) levels found in the present work for washed

suspensions of rumen microorganisms. Although Cr has been

reported to catalyze the phosphoglucomutase system (Strickland, 1949)

and to activate the succinic-dehydrogenase system (Horecker, Stotz

and Hogness, 1939), an explanation for its stimulatory action upon

cellulose digestion by WSRM is not readily available.

Cobalt

The response of WSRM to added cobalt (Co) is summarized in

Table 8. Concentrations of three ppm of added Co significantly

increased (P = . 05) cellulose digestion. The increase was on the

order of 20 percent. One ppm added Co also stimulated cellulose

digestion, but the increase was not statistically significant. Levels of

0.01, 0.1, and 5 ppm added Co had no effect on the amount of cellulose

digested when compared to the controls, while 7, 10, 15, 20, and 30

ppm significantly reduced (P = . 05) cellulose digestion. As the levels

of added Co increased from 7 to 30 ppm, the amount of cellulose

digested progressively decreased from 48 to 28 percent, respectively.

The highest concentration tested, 30 ppm, produced a suppression of

cellulose digestion of about 51 percent.

Salsbury, Smith and Huffman (1956) reported that additions of

12 ppm of Co slightly depressed and 100 ppm strongly depressed

cellulose digestion. Using a somewhat similar in vitro technique
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Co added
m

Cellulose Digested

30
20
15
10

7

5

3

1

0.1
0.01
0,00

27.90
28.81
30,12
36,35
47.89
53.46
61.14) a
58.86
54.77
54.83
55.13

LSD (P = . 05) = 4,79
astimulation
bdepression

(including diluted rumen fluid), Sala (1957) found that one ppm added

Co had no influence on cellulose digestion, but five ppm and higher

levels significantly reduced cellulose digestion. Little, Cheng and

Burroughs (1958) found that additions of 2.5 ppm and higher levels of

added Co to washed suspensions inhibited cellulose digestion, while

Hubbert, Cheng and Burroughs (1958b) observed that five mcg per ml

of medium (five ppm) produced similar effects. McNaught et al.

(1950) also found that rumen bacteria tolerated levels of less than 10

ppm of Co in the growth medium as measured by the NPN utilization

procedure. None of the above reports indicated beneficial effects

from additions of Co as was the case of this study,
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Streeter (1961) showed that cellulose digestion by washed

suspensions was increased by additions of Co in the ranges of 10 to

50 ppm. His data do not seem to agree with the published data or with

that of this study since levels of 10 ppm and higher of Co inhibited

cellulose digestion in all cases. The apparently high tolerance to Co

of washed suspensions in the above report cannot be reconciled since

it was published in abstract form.

Cobalt is essential for blue green algae, some bacteria and

fungi; its function is catalytic in that it activates a number of enzymes;

it is also the central atom of vitamin B12 (see Underwood, 1962 and

Bowen, 1966). Bowen (1966) has suggested a concentration of 0. 01 mg

of Co per 1 of nutrient solution for most bacteria. Tosic and Mitchell

(1948) reported that rumen microorganisms were able to accumulate

Co and, under adequate intake, microbial Co levels ranged from 1. 85

to 3. 81 ppm of the dry matter. On the same diet, the Co content of the

total rumen contents was 2. 86 mcg per 100 g of rumen contents. This

value, 2. 86 mcg per 100 g of rumen contents (0. 028 ppm), is quite

close to the calculated value, 0, 08 ppm, for the hypothetical rumen

used throughout this study (assuming that feedstuffs contain a high

level of 0.5 ppm of Co, on the average). Thus, the data obtained in

the present study indicate that, under normal food intake, Co toxicity

to rumen microflora is unlikely to occur. Furthermore, it appears

that the Co level in the rumen is well below that found to stimulate
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cellulose digestion by WSRM in these series of experiments.

Copper

The effects of added copper (Cu) upon cellulose digestion by

WSRM are presented in Table 9. No stimulation of cellulose digestion

occurred by the addition of Cu at 10 different levels. Concentrations

of 0.01, 0.1, and 0.5 ppm added Cu had no significant effect (P = . 05)

on the amounts of cellulose digested when compared to the controls.

However, one ppm added Cu significantly depressed (P = . 05) cellu-

lose digestion by 33 percent; two ppm, by 52 percent; and 30 ppm,

by 55 percent. The depression of cellulose digestion resulting from

additions of 2, 3, 5, 7, 10, and 30 ppm added Cu was essentially the

same (approximately 53 percent).

Table 9. Effect of Added Copper on Cellulose Digestion by Washed
Suspensions of Rumen Microorganisms.

Cu added
ppm

Cellulose Digested

30 25. 15
10 26. 76

7 26.79
5 28.40
3 29. 12
2 28. 15
1 39.40
0.5 57.65
O. 1 58.42
O. 01 59. 12
O. 00 58.56

LSD (P = . 05) = 6. 32
bdepression
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Mc Naught et al, (1950) found that mixed rumen bacteria were

able to tolerate up to 10 ppm of added Cu when bacterial activity was

measured by the conversion of NPN to protein, Sala (1957), using an

inoculurn of protozoa-free diluted rumen fluid, showed that one ppm

added Cu did not affect cellulose digestion, but five ppm caused a

significant decrease. These toxic levels are somewhat higher than

those obtained in this study (one ppm). The reason for the discrepancy

can best be explained by the presence of rumen fluid in the incubation

media of Mc Naught et al. (1950) and Sala (1957). Chelating agents or

substances normally present in rumen fluid probably bind Cu to some

extent. To this effect, Mc Naught et al. (1950) found that 10 ppm

added Cu to unaltered rumen fluid had practically no effect on

bacterial activity.

Studies with washed suspensions of rumen microorganisms are

in closer agreement with the data obtained in this study. Hubbert,

Cheng and Burroughs (1958b) found levels of 1.5 mcg of Cu per ml of

medium (1. 5 ppm) to depress cellulose digestion, while Little,

Cheng and Burroughs (1958) reported a value of 2.5 ppm. No

stimulation of cellulose digestion, at the levels tested, was shown in

any of the above reports, results which are consistent with the present

study.

The role of Cu as a constituent of many metallo-enzymes,

mostly those concerned with biological oxidation, has been well
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established. Suggested Cu concentrations in the nutrient solutions

for some bacteria have been reported to be on the order of 0. 005 mg

per 1 (Bowen, 1966). Rumen microorganisms were shown to

accumulate Cu and their levels in ppm in the dry matter ranged from

40.5 to 72 (Mitchell and Tosic, 1949) to 100 (Ellis et al. , 1958).

Assuming that forages have, on the average, 10 ppm Cu in the

dry matter, the hypothetical rumen would have a concentration of

approximately 1. 6 ppm of Cu. This level, 1. 6 ppm, was found to be

highly toxic to WSRM in this study. The hypothetical rumen con-

centrations used throughout this study do not reflect the true levels of

the elements in the rumen. Passage of digesta out of the rumen, the

availability of such elements present in feedsutffs, and the effect of

chelating or binding substances present in the rumen fluid are factors

which undoubtedly lower the concentration and/or availability of some

elements in the rumen. This is possibly the case with copper. For

interactions of Cu with Mo, see the discussion under Mo.

Fluorine

The effects of added fluorine (F) upon cellulose digestion by

WSRM are summarized in Table 10. Fluorine added at 10 different

concentrations produced no stimulation (P = 05) of cellulose digestion.

However, levels of 0.5 ppm added F caused a significant reduction

(P=" . 05) in the amount of cellulose digested.



66

Varying F concentrations from 1 to 20 ppm produced about the same

amount of depression (56 percent) on cellulose digested. No signifi-

cant differences (P . 05) were found by additions of 0. 01, 0. 05, and

0. 1 ppm. The data obtained in this study clearly show a high sensitiv-

ity of rumen bacterial activity, as measured by cellulose digestion, to

rather small concentrations of fluorine.

Table 10. Effect of Added Fluorine on Cellulose Digestion by
Washed Suspensions of Rumen Microorganisms,

F added
ppm

Cellulose Digested

20
10

5

3

2
1

0. 5
0, 1
0, 05
0, 01
0. 00

21.99
22. 53
21.99
21. 80
22. 89
22.26
26.59
46.77
48.73
50. 94
49.72

LSD (P . 05) 11. 35
bdepression

Pearson and Smith (1943) showed that urease activity in samples

of rumen fluid containing urea was reduced by about 50 percent at

added concentrations of 0. 01 percent NaF and complete inhibition

occurred at concentrations of 0. 3 percent NaF. Hamar and Borchers

(1967) have shown that rumen microorganisms metabolized glucose

through glycolysis and that such pathway was inhibited by fluoride.
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Chamberlain and Burroughs (196Z) demonstrated an interaction

between F, Mg, and Mn when cellulose digestion was the index for

measuring activity of washed suspensions of rumen microorganisms.

These authors suggested that Mg and Mn are to some extent inter-

changeable and that F interfered where Mg and Mn ions were required

by mixed cultures of rumen microorganisms. Therefore, the

relatively low concentrations at which F exerted its toxic effects in

this study (0. 5 ppm as compared to 50 ppm plus obtained in the

above mentioned study) suggests that Mg and/or Mn were somewhat

limiting in the growth meida. This is not surprising since the

incubation media contained no added Mg or Mn.

Fluorine has not been proven essential for any organism thus

far, however, its toxic properties have long been recognized. Most

pastures and cereal grains contain, on the average, two ppm of F in

the dry matter. Thus, the hypothetical rumen F concentration would

be on the order of 0. 3 ppm. This value, 0. 3 ppm, is slightly below

that found to be toxic (0. 5 ppm) to WSRM in the present study. As

mentioned priorly, the hypothetical rumen value overestimates the

actual value in the rumen, therefore, fluorine toxicity to rumen

microflora under normal food intake by the host is not likely.

However, under feeding conditions where Ca and P are supplemented

with various rock phosphates (which may contain up to 1.44 percent

F), the possibility of toxic F levels in the rumen is increased.
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Iodine

Data obtained in the study of the effect of iodine (I) on cellulose

digestion are presented in Table 11. Levels of 20 ppm added I

significantly increased (P = . 01) cellulose digestion. This increase

was on the order of about seven percent. Iodine additions to the incubat-

ing medium in concentrations of 1, 10, 50, 70, 100, 200, 300, 500, and

1000 ppm had no significant effect (P = . 01) on cellulose digestion by

WSRM.

Table 11. Effect of Added Iodine on Cellulose Digestion by Washed
Suspensions of Rumen Microorganisms.

I added
ppm

Cellulose Digested

1000
500
300

47. 01
48.44
49.36

200 49. 68
100 49. 17
70 49.53
50 48.50
20 51.50) a
10 48. 80

1 48.58
0 48.28

LSD (P = . 01) = 3. 199
astimulation

No reports were found in the literature reviewed concerning the

effects of I on the activities of rumen microorganisms. Nevertheless,

it is of interest to note that some red algae in axenic cultures appeared
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to have an absolute requirement for I (Fries, 1966). The similar

responses in cellulose digestion obtained in the present study by

additions of I, Br, and Rh have already been discussed.

Because of the relatively low I content of most forages (0. 3 to

0, 5 ppm in the dry matter), toxicity to the rumen microflora due to

excess of the element in the rumen is highly unlikely when judged by

the data obtained in this study. Also, it appears that the hypothetical

I rumen levels are some 100 times lower than those obtained in the

present set of trials for maximum cellulose digestion by washed

suspensions of rumen microorganisms.

The stimulation of cellulose digestion produced by additions of

rather high levels of iodine (20 ppm) in the present study cannot be

readily explained inasmuch as iodine has not been indisputedly

demonstrated to be essential to microorganisms (see Underwood,

1962).

Iron

Table 12 shows the effects of added iron (Fe) upon cellulose

digestion by washed suspensions of rumen microorganisms. In the

present study, Fe stimulated cellulose digestion. Additions of three

and five ppm of Fe to the growth media significantly increased (P

05) the amount of cellulose digested. The increase was on the order

of 12 percent. Levels of 0.1, 1, 2, 10, 20, and 30 ppm resulted in a
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slight increase in cellulose digestion, however the values were not

significantly (P= . 05) different from the controls. Iron added at

levels of 100 ppm (highest level tested) significantly depressed (P

. 05) cellulose digestion by about 25 percent.

Table 12. Effect of Added Iron on Cellulose Digestion By Washed
Suspensions of Rumen Microorganisms.

Fe added
ppm

Cellulose Digested

100 44. 15 )13
50 56.28
30 60.40
20 59.54
10 60.78

5 66.31)
3 65. 87

a

2 63.40
1 60.53
0.1 60. 36
O. 0 58.77

LSD (P = , 05) = 5. 940
astimulation
bdepression

McNaught and Owen (1949) estimated that about one ppm of Fe

was essential for the growth of rumen bacteria. In a later report,

McNaught et al, (1950), working with a rumen fluid inoculum

(strained and centrifuged at 800 x g for two minutes), found that rumen

bacteria were able to tolerate up to 100 ppm. Sala (1957) found no

stimulation of cellulose digestion by additions of Fe to a centrifuged
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diluted rumen fluid inoculum, however, levels of 100 to 500 ppm added

Fe produced a significant reduction. The decrease in cellulose

digestion obtained at 100 ppm coincides with the results of the

present study.

Using washed suspensions, Hubbert, Cheng and Burroughs

(1958b) found no stimulation of cellulose digestion by additions of Fe

to the growth media but a significant depression occurred at levels of

300 ppm of Fe. Little, Cheng and Burroughs (1958), however,

showed that Fe levels of 0.5 ppm increased cellulose digestion by

WSRM and that the increase reached a peak at 12.5 ppm. Thus, the

stimulatory effects of added Fe obtained in the present study are in

agreement with those obtained by Little, Cheng and Burroughs (1958)

with the exception that, in my experiments, maximum stimulation

occurred at five ppm. Furthermore, Hall (quoted by Hubbert, Cheng

and Burroughs, 1958b) reported the optimum concentration of Fe in

the fermentation medium to be from one to eight ppm.

It has been well established that Fe is essential to all

organisms. It activates a number of oxidases and is a constituent of

many oxidizing metallo-enmymes, respiratory pigments, and proteins

of unknown function. Iron has been found in rumen microorganisms in

concentrations of 535 to 992 ppm in the dry matter (Mitchell and

Tosic, 1949) and 300 ppm in dry rumen bacteria (Ellis et al. , 1958).

Under normal feeding conditions, the hypothetical Fe content of the
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rumen would be 48 ppm (assuming a diet rich in Fe containing 300

ppm in the dry matter); however, the available Fe is expected to be

much lower. In the present study, 50 ppm added Fe did not affect

cellulose digestion by WSRM, indicating that Fe toxicity to the micro-

flora in the rumen is unlikely under normal feeding conditions.

Manganese

The effects of added manganese (Mn) to the incubation medium

upon cellulose digestion by WSRM are presented in Table 13. Addi-

tions of 5, 10, 15, and 20 ppm of Mn produced a significant increase

of about 17 percent (P = . 01) in the amount of cellulose digested. Con-

centrations of 1, 30, 50, and 70 had no significant effect (P = 01) on

cellulose digestion. However, 100 ppm added Mn significantly de-

pressed (P = . 01) cellulose digestion by 24 percent and 300 ppm by

100 percent.

Sala (1957) reported that one ppm added Mn significantly

increased cellulose digestion, while 100 ppm resulted in a significant

decrease. Hubbert, Cheng and Burroughs (1958b) found no stimula-

tion of cellulose digestion at the levels of Mn tested, however, a

significant depression in cellulose digestion occurred at 320 mcg of

added Mn per ml of incubation media of washed suspensions. Little,

Cheng and Burroughs (1958) noted that, after addition of chelating

agents to washed suspensions, 7.5 ppm Mn stimulated cellulose

digestion. Further, evidence to the effect that Mn is required for
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Table 13. Effect of Added Manganese on Cellulose Digestion by
Washed Suspensions of Rumen Microorganisms.

Mn added
ppm

Cellulose Digested

300 0

100
b32.41

70 40.36
50 43. 84
30 47.76
20 50.13
15 51. 10
10 50.59

5 49. 13
1 45.35
0 42. 84

LSD (P = . 01)
astimulation

= 6. 088

bdepression

maximum cellulose digestion by washed suspensions of rumen micro-

organisms was presented by Chamberlain and Burroughs (1962).

Their data indicated that omission of Mn caused a significant reduction

of cellulose digestion; also, they observed an interaction between

fluorine, magnesium and manganese (see discussion under fluorine).

In general, the data obtained in the present study are in close agree-

ment with that reported in the literature.

The essentiality of manganese for all organisms has been

established. Among other functions, Mn activates numerous enzymes

including phosphate transferases and decarboxylases commonly

involved in the Krebis cycle. In rumen microorganisms, levels of
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250 to 400 ppm of Mn (dry matter basis) have been reported by

Mitchell and Tosic (1949). Most pastures and fodders contain, on the

average, 100 ppm of Mn (range of 50 to 150 ppm in the dry matter);

therefore, the hypothetical rumen would contain about 16 ppm of Mn,

which coincides with the level that stimulated cellulose digestion by

WSRM tested in this study. It is expected, however, that all the Mn

in the feed is not available. If, for example, only 50 percent of the

total Mn were available the resulting hypothetical concentration,

eight ppm. is also within the stimulatory range found for washed

suspens ions.

Molybdenum

The response of washed suspensions of rumen microorganisms

to added levels of molybdenum (Mo) is summarized in Table 14.

Concentrations of 30, 40, 50, and 70 ppm added Mo resulted in a

highly significant increase (P = . 01) in cellulose digestion; 30 ppm

increased cellulose digestion by 27 percent and 40, 50, and 70 ppm by

about 20 percent. Levels of added Mo of 10, 20, and 100 ppm also

significantly increased (P = . 05) the amounts of cellulose digested.

No significant change (P = . 05) occurred in cellulose digestion by the

addition of 200, 300, and 500 ppm of Mo, however, a decreasing trend

was observed with increasing levels of Mo.

McNaught et al. (1950), using the utilization of NPN as an index,
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Table 14. Effect of Added Molybdenum on Cellulose Digestion by
Washed Suspensions of Rumen Microorganisms.

Mo added
ppm

Cellulose Digested
6r/fo

500 45, 45
300 49. 13
200 51. 66
100 54. 04
70 55.99
50 55. 41
40 55.51
30 58.73
20 55.19
10 55.28

0 46. 35

LSD (P 01.) 9.067
LSD (P = . 05) = 6. 649
stimulation (P 01)
stimulation (P . 05)

reported that rumen bacteria were able to tolerate between 100 to

1000 ppm added Mo, but 2000 ppm definitely inhibited growth. Sala

(1957) found 20 ppm and higher levels added Mo to depress cellulose

digestion in inocula of protozoa -free diluted rumen fluid. The results

of the present study are in obvious disagreement with these reports

in the literature.

Ellis et al. (1958), working with strained whole rumen fluid,

found that additions of Cu and Mo together promoted cellulose diges-

tion, but Mo added singly did not stimulate cellulose degradation.

Similarly, Evans and Davis (1966b) have shown interactions between

S, P, Cu, and Mo. The discrepancies in the data obtained in this
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study and that of published reports may, perhaps, be explained best

by possible mineral interactions. It should be noted that although the

incubation medium contained no added Cu, contamination and cellular

stores may have contributed sufficient Cu to cause stimulation of

cellulose digestion by additions of Mo. Copper levels in rumen

microorganisms have been reported to vary from 40 to 72 ppm on a

dry matter basis (Mitchell and Tosic, 1949) to 100 ppm of dry

matter (Ellis et al. , 1958), while Mo varied from 2 to 5.4 ppm

(Mitchell and Tosic, 1949) to 10 ppm (Ellis et al. , 1958).

Molybdenum is a constituent of several metallo-flavin enzymes

including those concerned with nitrogen fixation and reduction of

nitrate. Since Mo is found in relatively very small quantities

( approximately one ppm) iru most forages, inhibition of rumen bacter-

ial activity is not expected. The hypothetical rumen would contain

less than 0.2 ppm of Mo, which is some 1500 times lower than the

levels found to inhibit cellulose digestion by WSRM in the present

study and 50 times lower than the minimum concentration (10 ppm)

that stimulated cellulose digestion. It is interesting to note that

pastures conducive to molybdenosis (teart) in cattle contain 100 or

less ppm. of Mo in the dry matter. Consumption of these pastures by

cattle would result in a hypothetical rumen concentration of Mo on the

order of 16 ppm. This value, 16 ppm, was found to be stimulatory

to cellulose digestion by WSRM under the conditions of this
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experiment. It appears, then, that high levels of Mo would adversely

affect the host animal before inhibition of microbial activity occurs.

Further and more critical investigations on the interrelation-

ships of Mo with other elements, especially Cu, are necessary before

an optimum Mo level can be recommended for maximum cellulose

digestion.

Nickel

The results of additions of nickel (Ni) upon cellulose digestion

by WSRM are presented in Table 15. Nickel did not stimulate

cellulose digestion at any concentration tested, although graded

levels of 0.5 to 10 ppm of added Ni significantly depressed (P = W 05)

digestion of cellulose by washed suspensions; however, this decrease

was not linear. The sharp decrease (about 61percent) occurring at 0,5

ppm remained constant through 10 ppm (highest level tested).

To the best knowledge of the author, no reports on the effects

of Ni on rumen microorganisms have been published. Nevertheless,

Mitchell and Tosic (1949) reported that rumen microorganisms

contained about 8 to 10 ppm Ni on a dry matter basis.

It is of interest to compare the similar effects of Cu, F, and

Ni upon cellulose digestion by WSRM obtained in this study. All

three elements were highly toxic when added at relatively low

concentrations, The inhibitory effect of F and Ni coincided at 0.5
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Table 15. Effect of Added Nickel on Cellulose Digestion by
Washed Suspensions of Rumen Microorganisms.

Ni added
ppm

Cellulose Digested

10 22. 06
5 21. 7 8
3 22. 08
1. 5 22. 27
1. 0 23. 39
O. 5 24. 49
0. 1 61.29
0. 05 62. 60
O. 01 63. 81
0. 005 63. 40
0. 000 62. 49

LSD (P = . 05) = 5. 251
bdepression

ppm, while that for Cu was one ppm. Furthermore, after the initial

inhibition occurred, no further depression was observed by additions

of higher concentrations of the elements, except for Cu at one ppm,

suggesting the possibility of an alternate pathway for the utilization

of cellulose in mixed rumen microorganisms.

Thus far, no essential biological function for Ni has been

unequivocally confirmed although the element is present in plant and

animal tissues. The availability of Ni in common feedstuffs is

unknown. Providing that all Ni in the ration is available and that the

ruminant diet contains two ppm Ni in the dry matter, the hypothetical

Ni concentration in the rumen would be 0.3 ppm, which is slightly

lower than the toxic level (0. 5 ppm) found for washed suspensions of
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Rubidium
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Data obtained from additions of rubidium (Rb) to washed

suspensions of rumen microorganisms are presented in Table 16.

Added Rb in concentrations of 20 ppm significantly increased (P = . 05)

the amount of cellulose digested. When compared to the controls, the

percent increase was on the order of 12 percent. Levels of 50 and 70

ppm of added Rb slightly increased cellulose digestion, however, it

was not significant (P = .05). Rubidium added at levels of 1, 10, 100,

300, 500, 700, and 1000 ppm had no significant effects (P = . 05) upon

digestion of cellulose.

Table 16. Effect of Added Rubidium on Cellulose Digestion by
Washed Suspensions of Rumen Microorganisms.

Rb added
ppm

Cellulose Digested

1000 53. 65
700 54.40
500 52.25
300 54.37
100 54.46
70 55.50
50 57.58
20 58.88 )a
10 53.52

1 53.54
0 52.57

LSD (.13 = . 05) = 5. 837
a stimulation
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Data from Hubbert, Cheng and Burroughs (1958a) showed an

interaction between K and Rb. In their experiments with washed

suspensions, they found that Rb was capable of replacing over 50

percent of the K requirement. Furthermore, the addition of 50 to 100

mcg of Rb in the presence of 50 mcg of K per ml of medium resulted

in an increase in cellulose digestion slightly greater than the additive

effects of the two minerals; however, this positive interaction did not

)ccur at other concentrations studied. Other reports (MacLeod and

Snell, 1948; Lester, 1958) have indicated similar interactions between

K and Rb in various types of microorganisms.

Further studies on the interactions of Rb and K, as related to

rumen microorganisms, are necessary before any positive conclusion

can be drawn on the beneficial effects of Rb upon cellulose digestion

since this element has not been shown to be essential. Nonetheless,

he data obtained in the present study indicates a relatively high

tolerance of rumen microorganisms for rubidium. A ruminant diet,

for example, would have to contain an abnormally high level of 6200

opm of Rb in the dry matter to give a hypothetical Rb rumen concen-

tration of 1000 ppm and, still, this value was not found to adversely

affect cellulose digestion by washed suspensions of rumen micro-

)rganisms. Therefore, it appears that Rb toxicity to the rumen

microflora under normal feed intake conditions by the host is quite

remote.
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Selenium

Results from additions of selenium (Se) to WSRM appear in

Table 17. Added Se did not stimulate cellulose digestion at any

level tested but seven ppm and higher levels significantly reduced

(P = . 05) the amount of cellulose digested. Lack of uniformity in the

results obtained from the three trials is reflected by the relatively

large LSD value (see Appendix Table 18).

Table 17. Effect of Added Selenium on Cellulose Digestion by
Washed Suspensions of Rumen Microorganisms.

Se added
ppm

Cellulose Digested

20
15

26.90
31.46

10 32. 81
7 38. 05
5 41.27
3 42.38
2 44.21
1 44. 07
0.1 48.15
O. 01 48.96
O. 00 49. 19

LSD (P = . 05) = 10. 086
bdepression

Little, Cheng and Burroughs (1958) found that Se, added to the

basal medium at a level of 0. 3 ppm or higher, resulted in a decrease

in cellulose digestion. This inhibitory effect, however, could

partially be removed by the addition of Fe. The relatively high
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inhibitory levels obtained in the present study when compared to the

above study, are partly attributed to the lack of uniformity of the data.

Furthermore, it is noted that cellulose was decreased by 10 percent

when one ppm Se was added to the growth medium, however, this

substantial decrease was not statistically different from the control.

Work with various microorganisms showed that Escherichia coli was

completely inhibited by 1.25 percent sodium hydrogen selenite,

Salmonella thompson by three percent, but Proteus vulgaris survived

selenite concentrations of over three percent (Weiss, Ayers and

Kraft, 1965).

The content of Se in plants is variable and depends mainly on the

plant species and the Se content of the soil. Some plants have been

known to accumulate Se in ranges of 4000 to 5000 ppm on the dry

matter basis, when cultivated in seleniferous soils. Cattle

consuming these Se "accumulator" plants (4000 to 5000 ppm on the dry

basis) will be afflicted by a severe selenosis (blind staggers) and may

die within a few days. However, consumption of pastures containing

5 to 20 ppm of Se in the dry matter cause a subclinical selenosis for

several weeks until signs of chronic selenium poisoning appear

(Underwood, 1962). It is interesting to note that forage diets containing

six ppm (dry matter basis) would result in slightly toxic Se concentra-

tions to the rumen microflora in the hypothetical rumen when judged

by the data obtained in the present studies. Needless to say, higher
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extent.

Strontium
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Data resulting from the study of strontium (Sr) are presented

in Table 18. Cellulose digestion was stimulated by adding Sr to the

growth medium of washed rumen microorganisms. Levels of 10 and

15 ppm added Sr significantly increased (P= .20) the amount of

cellulose digested. No significant change (P = . 05) in cellulose

digestion occurred when levels of 1, 5, 20, 50, 70, and 100 ppm of

Sr were added. However, 200 ppm of added Sr significantly depressed

(P = . 05) digestion of cellulose by about 45 percent and 500 ppm

completely stopped bacterial activity.

With the exception of a report by Jones, MacLeod and Blackwood

(1964), which indicated that the presence of Sr++ stimulated urease

activity of whole cell preparations of rumen microflora, no other

reports were found on the effects of Sr on rumen microorganisms.

A summary by Bowen (1966) on the functions of trace elements indi-

cates that Sr can replace Ca in some bacteria and fungi. However,

this element has not been considered as essential (see Underwood,

1962). Plants grown in normal soils contain an average of 36 ppm of

Sr in the dry matter. Cattle grazing such forages would have a

hypothetical Sr rumen concentration of about six ppm. This value is
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far below the toxic and stimulatory levels found for washed suspen-

sions of rumen microorganisms in the present study.

Table 18. Effect of Added Strontium on Cellulose Digestion by
Washed Suspensions of Rumen Microorganisms.

Sr added
ppm

Cellulose Digested

500 0

200 27. 25
100 47. 72
70 50.31
50 50. 69
20 52. 39
15 56. 09
10 55. 57

5 50.26
1 48. 12
0 50. 00

LSD (P = . 20) = 5.249
LSD (P = . 05) = 8.265
a stimulationbdepression

Vanadium

Data on the effects of added vanadium (V) upon cellulose

digestion by WSRM are presented in Table 19. The results indicate

that vanadium did not stimulate cellulose digestion at any concentra-

tion tested. Additions of 0. 1, 0.5, 1. 0, 1.5, 2, 3, and 4 ppm of V

had no significant effect (P = . 05) upon cellulose digestion, however,

V added at 5, 10, and 20 ppm resulted in significant and progressive
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reductions. Levels of 5 and 20 ppm added V inhibited digestion of

cellulose by 11 and 24 percent, respectively.

Table 19. Effect of Added Vanadium on Cellulose Digestion by
Washed Suspensions of Rumen Microorganisms.

V added Cellulose Digested

20
10

5

4
3

2
L 5
1. 0
0.5
0. 1
0. 0

33.23
46.51
51. 65
56. 11
55.42
57. 31
58.73
56.22
56.95
56. 83
57.78

LSD (P = . 05) = 5.353
bdepression

Washburn and Thrall (1961) found that added V in concentrations

of from 2 to 30 ppm increased in vitro rumen fermentation (consisting

of alfalfa hay and a dehydrated alfalfa molasses pellet substrate inocu-

lated with bovine or a mixture of bovine and sheep rumen fluid) from

5 to 100 percent, They suggested that the effect of V was related to

enzyme activity rather than to growth of the microorganisms directly.

The wide disagreement between the above report and the present study

is attributable, in part, to the difference in techniques employed. It

is interesting to note, however, that data from this study agree more
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closely with that reported by Jha (1966) on strains of the genus

Rhizobium. He reported that levels of 1 to 10 ppm V were growth

inhibitory when added to synthetic medium free of this element.

Although V appears to activate some enzymes concerned with

nitrogen-fixation in bacteria (Nason and McElroy, 1963) and may

replace Mo to some extent in such processes (Horner et al. , 1942), its

essentiality has not yet been demonstrated. Mitchell and Tosic (1949)

reported that V was accumulated to some extent by rumen micro-

organisms in concentrations ranging from 0.90 to 2.10 ppm (dry

matter basis), depending on the ruminant's diet. A suggested V

concentration in the nutrient solution for some bacteria has been

reported to be on the order of 0. 01 mcg per 1 (Bowen, 1966). Thus,

it appears that if V is required by WSRM, the concentration is very

low.

The vanadium content in most plants is, on the average, about

0. 1 ppm on the dry basis (range of 0.03 to 0. 16). Thus, the

hypothetical rumen would have a V concentration of 0. 02 ppm, which

is considerably below the toxic levels (five ppm) found in this study

for washed suspensions of rumen microorganisms.

Zinc

Table 20 presents the responses in cellulose digestion by WSRM

when zinc (Zn) was added at various concentrations. Added Zn at



Table 20. Effect of Added Zinc on Cellulose Digestion by Washed
Suspensions of 13..rnen. Microorganisms,

Zn added
ppm
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Ceriolose Digested

30 23. 64
20 36. 62
15 46. 69
10 62. 03

7 64. 83
5 66.26
3 63. 87
2 60. 85
1 56. 44
0. 1 54, 19
0. 0 53.40

LSD (P 05) 10. 616
LSD (P . 10) 8, 778
stimulatiori (P 05)
stimulation (P . 10)

udepression (P =

levels of five and seven ppm to the incubation medium sgrnintearitly

increased (I) 05) the amount of cellulose digested by 24 and 21

percent, respectiv.iv. Additions of three ppm of Zn also resulted in

a significant increase (P = . 10) in cellulose digestion. Zinc added at

2 and 10 ppm slightly stimulated cellulose digestion, however, the

increase was not statistically significant (P = 05). Concentrations

of 0. 1, 1, and 15 pprn added Zr. had no effect on cellulose digestion,

but 20 and 30 ppm resulted in a significant depression (P 05). The

highest level of added Zn, 30 ppm, produced inhibition on the order of

56 percent.
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Sala (1957), using protozoa-free diluted rumen fluid inoculum,

found no effect on cellulose digestion by adding one or five ppm of Zn,

however, 10 ppm and higher levels resulted in a significant inhibition.

Working with washed suspensions, Hubbert, Cheng and Burroughs

(1958b) reported a depression in cellulose digestion by additions of

five mcg of Zn per ml of medium, and no significant effect by adding

0.05 or 0.002 ppm. On the other hand, Little, Cheng and Burroughs

(1958) have indicated a stimulation of cellulose digestion by additions

of 7.5 ppm of Zn to the fermentation medium of washed suspensions.

The present study is in close agreement with the latter report since

stimulation occurred at levels of five to seven ppm of added Zn.

It is well known that Zn is a constituent of many metallo-

enzymes and is probably essential to all organisms. Woods (1965)

indicated that the Zn requirement of rumen microorganisms for

optimum cellulose digestion was less than one mcg of Zn per ml of

medium. The Zn content of dried rumen bacteria as reported by

Ellis et al. (1958) and Mitchell and Tosic (1949) was approximately

200 ppm and 136 to 220 ppm, respectively. In spite of the relatively

large amounts of Zn in the rumen microorganisms, some of the

literature reported and also the present study tend to indicate

beneficial effects by adding Zn to the growth media for washed

suspensions of mixed rumen microorganisms.

On the average, the zinc content of most pastures is about 65
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ppm (range 30 to 100) in the dry matter. Assuming that all the Zn in

the diet of the ruminant is available, the hypothetical rumen would

have a Zn concentration of about 10 ppm. This value, 10 ppm, is 50

percent lower than that found in this study to inhibit cellulose digestion

by WSRM. If, for example, only 1/2 to 1/3 of the Zn in the ration

were available, the hypothetical rumen Zn concentration would be

equal to that found in the present study to stimulate cellulose diges-

tion by WSRM.
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SUMMARY AND CONCLUSIONS

The object of the present study was to investigate the stimula-

tory or inhibitory effects of barium, boron, bromine, cadmium,

chromium, cobalt, copper, fluorine, iodine, iron, manganese,

molybdenum, nickel, rubidium, selenium, strontium, vanadium, and

zinc upon in vitro rumen microbial activity as measured by the amount

of cellulose digested. Washed suspensions of rumen microorganisms

were prepared by centrifuging intact rumen fluid at 1500 rpm (365 x

g) for two minutes and immediately centrifuging the resulting

supernatant at 8500 rpm for 20 minutes. The resulting sediment,

consisting primarily of bacterial cells, was resuspended in a M/15

phosphate buffer and again centrifuged at 8500 rpm for 20 minutes.

The twice-washed cells of rumen microorganisms were then in-

cubated at 39 oC for 24 hours in a medium containing 0.2 percent

purified cellulose (Solka-Floc); M/15 phosphate buffer and basal

nin.eral media in a 1 to 1 ratio; and the element being tested.

Ten levels of each of the 18 elements were added separately to

the incubation media. Each concentration of the test element was

duplicated in each of three trials (that is, six observations per

concentration) yielding a total of 1296 observations during an eight-

month period. The elements and concentrations (in ppm) found to be

3timulatory to cellulose digestion included: (P = . 01) I, 20; Mn,
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5-20; Mo, 30-70; (P = .05) Co, 3; Fe, 3-5; Rb, 20; Zn, 5-7; (P =

10) Cd, 5; (P = .20) Cr, 2, and Sr, 10-15. Depression of cellulose

digestion (P = . 05) occurred at the following levels (in ppm): Ba,

0; B, 300; Cd, 10; Cr, 7; Co, 7; Cu, 1; F, 0.5; Fe, 100; Mn,

100; Ni, 0.5; Se, 7; Sr, 200; V, 5, and Zn, 20. Bromine concen-

rations of 1 to 1000 ppm had no effect on cellulose digestion. Levels

tp to 1000 ppm I, 500 ppm Mo, and 1000 ppm Rb had no significant

etrimental effect on cellulose digestion under the conditions tested.

fable 21 presents a summary of the effects of trace elements on rumen

microbial activity found in this study as well as those reported in the

literature.



Table 21. Summary of the effect of trace element on rumen microbial activity. 92

Element Author #
Stimulation

PPm
No Change

ppm
Inhibition

ppm

Barium 1* 1-20 30

Boron 1* 1-200 300
5* 0.5-50

Bromine 1* 1-1000
Cadmium 1* 5 0,1-3 10

Chromium 1* 2 3-7 10

Cobalt 1* 3 0.01-1 7

5* 5

6* 2,5
7 10

8 1 5

9 1-2 12

10* 10-50
Copper 1* 0.01-0.5 1

5* 0.25-0,5 1.5
6* 2.5
7 10 25

8 1 5

Fluorine 1* 0.01-0.1 0.5
2* 50

Iodine 1* 20 50-1000
Iron 1* 3-5 10-50 100

5* 300

6* 0,.5-12. S

7 100

8 5-50 100

Manganese 1* 5-20 30-70 100

5* 1-160 320

6* 7,5
8 1 100

2* by omission

Molybdenum 1* 10-100 200-500
3* 0.54 (dry matter) 4.4
7 100-1000 2000

8 5-10 20

Nickel 1* 0.005-0.1 0.5
Rubidium 1* 20 50-1000

4* 50-100
Selenium 1* 0.01-5 7

6* 0.3
Strontium 1* 10-15 20-100 200

Vanadium 1* 0.1-4 5

11* 2-30
Zinc 1* 3-7 10-15 20

5* 0,002-0.05 5

6* 7,5
8 1-5 10

*Experiments with washed suspensions,
# (1) This study., (2) Chamberlain and Burroughs (1962). (3) Ellis et al. (1958). (4) Hubbert,

Cheng and Burroughs (1958a). (5) Hubbert, Cheng and Burroughs (1958b). (6) Little, Cheng
and Burroughs (1958). (7) McNaught et al. (1950), (8) Sala (1957), (9) Salsbury, Smith and
Huffman (1956), (10) Streeter (1961). (11) Washburn and Thrall (1961).
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Appendix Table 1. Analysis of variance for elements tested.

MS MS MS MS MS MS

Source DF Ba B Br Cd Cr Co

Block 2 3853. 5213 98.9236 1406. 9463 482. 7900 1/48. 1569 829. 9781

Treatment 10 637, 3958* 243, 4086* 17, 4349 654. 2166* 1541, 9831* 995, 5143*

Experimental 20 22, 4994 13. 2491 23. 1668 38, 0659 41, 1032 15. 8817
Error

*0, 01 Significance Level

Appendix Table 2, Analysis of variance for elements tested.

MS MS MS MS MS MS

Source DF Cu F I Fe Mn Mo

Block 2 729, 0374 2268. 9168 601. 0531 179. 8593 146. 6231 1116. 3286

Treatment 10 1395. 3900* 1062.1891* 6,5907 211. 5888* 1304,3435* 109,8001*

Experimental 20 27, 5640 88, 8443 3, 7932 24, 3260 13, 7410 30. 4812

Error

*0. 01 Significance Level

Appendix Table 3, Analysis of variance for elements tested.

MS MS MS MS MS MS

Source DF Ni Rb Se Sr V Zn

Block 2 402, 0685 3436, 2328 532. 9075 78. 1392 963, 9742 1477. 5314

Tres tnient 10 2628, 9815* 24,5806 340,4474* 1653,6160* 338. 3854* 1054. 4573*

Experimental 20 19,0121 23,4875 70. 1301 47.0960 19. 7563 77, 6938

Error

*0, 01 Significance Level
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Appendix Table 4 Effect of added barium on cellulose digestion by
washed suspensions of rumen microorganisms.

Ba added % Cellulose Digested
ppm Trial 1 Trial 2 Trial 3 Mean

200 6. 42 39. 93 29. 22 25. 20

100 15.45 47. 81 29. 07 30.78
70 16.49 48.51 29. 29 31.44
50 21. 08 48.20 33. 15 34. 16

40 28. 29 58. 03 38.91 41.75
30 31. 15 57.48 46. 79 45. 14

20 32. 89 62. 32 49. 12 48. 11

10 43. 14 64. 11 50. 87 52.71
5 41.75 59.51 52.47 51.25
1 42. 88 62.24 53.A-2 52. 85

0 40. 35 62. 86 55.31 52. 85

Appendix Table 5. Effect of added boron on cellulose digestion by
washed suspensions of rumen microorganisms.

Ba added % Cellulose Digested
ppm Trial 1 Trial 2 Trial 3 Mean

500 34. 15 31.70 40.77 35.53
400 41.92 44. 45 48. 72 45.03
300 52. 84 48. 58 49. 04 50. 16
200 58. 84 51.48 54. 20 54. 85

100 56. 22 55. 87 54.53 55.54
50 56.92 51.48 57,55 55.32
30 58. 07 54. 55 54. 68 55. 77

20 59.53 52.48 54.76 55. 60

10 59.91 52.06 55.24 55.74
1 55.45 52.48 53.49 53. 81

0 59. 14 51.73 52. 94 54. 61
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Appendix Table 6. Effect of added bromine on cellulose digestion by
washed suspensions of rumen microorganisms.

Br added % Cellulose Digested
ppm Trial 1 Trial 2 Trial 3 Mean

1000
500

48. 53
47. 89

60.95
58.59

40.54
39. 13

50. 01
48. 54

200 42.42 56.22 38.06 45.64
100 42. 15 59.97 37. 16 46. 43

70 50.27 56. 10 38.58 48.32
50 45. 16 56. 75 46. 85 49. 59
30 44. 52 58. 33 49. 60 50. 82
20 47.08 57.34 48. 89 51. 11
10 43. 60 56. 03 43. 54 47. 73

1 42. 97 58.26 42.43 47.89
0 41. 69 56. 49 47.00 48. 40

Appendix Table 7. Effect of added cadmium on cellulose digestion by
washed suspensions of rumen microorganisms.

Cd added % Cellulose Digested
ppm Trial 1 Trial 2 Trial 3 Mean

50
30
20
10

7

24. 13
23.89
23. 81
39.93
47.09

25.40
26.81
25. 86
30. 37
54. 19

27.21
28.31
27.87
36.79
49.92

25. 57
26.34
25. 85
35.70
50.40

5 40. 16 58.46 56. 11 51.58
3 37.97 51.50 55. 01 48. 16
2 39.22 54.03 52.94 48.72
1 39. 07 50. 15 51. 10 46. 78
O. 1 38.51 48. 17 49.77 45.49
O. 0 36.79 46.99 51.03 44.94



112

Appendix Table 8. Effect of added chromium on cellulose digestion
by washed suspensions of rumen microorganisms.

Cr added % Cellulose Digested
ppm Trial 1 Trial 2 Trial 3 Mean

30 20. 60 15. 68 17. 01 17.77
25 19.95 14. 84 17.24 17.23
20 22.27 19.87 22.25 21.47
15 23.75 24. 65 22. 89 27.43
10 48.90 33.30 31.71 37.93

7 56.27 42. 61 36.40 45. 10
5 63.06 47.64 41.41 50.71
3 66. 99 51.50 44.74 54.42
2 70.43 55. 61 45.46 57. 17
1 65.82 55.53 46.89 56.08
0 57.53 52.51 46.73 52.26

Appendix Table 9. Effect of added cobalt on cellulose digestion by
washed suspensions of rumen microorganisms.

Co added % Cellulose Digested
ppm Trial 1 Trial 2 Trial 3 Mean

30 27.46 32.60 23. 64 27.90
20 28.06 34.79 23.56 28. 81

5 27.54 36. 16 26. 67 30. 12
10 30.83 46.43 31.76 36.35
7 41.01 58. 01 44. 66 47. 89
5 49.77 62. 12 48.48 53.46
3 57.55 70. 13 55.72 61. 14
1 63.32 61.98 51.26 58.86
O. 1 52. 16 61.98 50. 15 54.77
O. 01 51.79 60. 13 52, 54 54. 83
0.00 53. 81 61.57 49.99 55. 13
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Appendix Table 10. Effect of added copper on cellulose digestion by
washed suspensions of rumen microorganisms.

Cu added
ppm

% Cellulose Digested

Trial 1 Trial 2 Trial 3 Mean

30
10

7

30.21
29.49
29. 64

25.28
27. 90
28.70

19. 85
22. 87
22. 02

25. 12
26.76
26.79

5 32.47 29.94 22.79 28. 40

3 32. 33 31. 68 23. 33 29. 12

2 31. 13 30.22 23. 10 28. 15

1 53. 61 41.78 22.79 39.40
O. 5 63. 18 55. 30 54. 47 57. 65

O. 1 65. 88 55. 81 53.55 58.42
O. 01 65. 24 58.50 53. 63 59. 12

0.00 64.96 57.33 53.39 58.56

Appendix Table 11. Effect of added fluorine on cellulose digestion by
washed suspensions of rumen microorganisms.

F added
ppm

°70 Cellulose Di ested

Trial 1 Trial 2 Trial 3 Mean

20 7.93 29. 15 28.90 21.99
LO 8.75 28.48 30.36 22.53

5 7.47 28.85 29.63 21.99

3 7. 11 28. 85 29.41 21. 80

2 7.29 31. 60 29.78 22. 89

I 8.38 28.33 30.06 22.26
0.5 16.51 30. 33 32.91 26. 59

O. 1 44.61 36.57 59,12 46.77

O. 05 43.79 40. 12 62.25 48.73
0.01 44.98 43.76 64. 08 50.94
0. 00 41. 69 43. 17 64. 30 49.72
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Appendix Table 12. Effect of added iodine on cellulose digestion by
washed suspensions of rumen microorganisms.

added
ppm

% Cellulose Digested

Trial 1 Trial 2 Trial 3 Mean

1000 43. 83 45. 66 52. 73 47. 01

500 45. 12 46.94 53. 69 48.44
300 44. 65 49.25 54. 17 49. 36

200 44.92 48.74 55.38 49.68
100 43.63 48.25 55.62 49.17

70 45.59 46.33 56.67 49.53
50 45.73 45. 83 53.93 48.50
20 50.40 47.74 56. 35 51.50
10 44. 24 47.49 54. 65 48. 80

1 44.65 44.91 56.18 48.58
0 43.70 45.91 55.22 48.28

Appendix Table 13. Effect of added iron on cellulose digestion by
washed suspensions of rumen microorganisms.

Fe added
ppm

% Cellulose Digested

Trial 1 Trial 2 Trial 3 Mean

100 46. 80 43.21 42.44 44. 15

50 54. 82 58. 52 55.43 56.28
30 60. 46 61.21 59.53 60.40

54. 33 61. 14 63. 13 59. 54

10 50. 32 66.98 64. 96 60. 78

5 64.72 69. 16 65. 03 66.31

3 63. 33 69.45 64. 82 65.87

2 63. 66 61. 65 64. 89 63.40

1 53. 18 64.28 64. 12 60.53

O. 1 56. 30 63.99 60. 80 60. 36

O. 0 53. 59 63. 11 59. 60 58. 77
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Appendix Table 14. Effect of added manganese on cellulose digestion
by washed suspensions of rumen microorganisms.

Mn added
ppm

% Cellulose Digested

Trial 1 Trial 2 Trial 3 Mean

300
100

0

27.99
0

33.25
0

35. 99
0

32.41
70 38.27 42. 51 40.28 40. 36

50 40. 41 46. 36 44.75 43. 84

30 43. 99 49. 10 50. 16 47.76
20 46. 34 53. 62 50. 42 50. 13

15 46. 89 55.55 50. 85 51. 10

10 47. 79 52.51 51.45 50. 59

5 46. 68 47.70 53. 00 49. 13

1 43.44 41.92 50. 68 45. 35

0 39. 99 39.48 49. 05 42. 84

Appendix Table 15. Effect of added molybdenum on cellulose digestion
by washed suspensions of rumen microorganisms.

Mo added
ppm

% Cellulose Digested

Trial 1 Trial 2 Trial 3 Mean

500 36. 63 40. 80 58. 91 45. 45

300 38. 67 48. 86 59. 86 49. 13

200 43. 07 53. 14 58.77 51. 66

100 46. 61 56. 36 59. 13 54. 04

70 47.71 52. 01 68.27 55.99

50 50.78 57.49 57.96 .55.41

40 50.46 57.73 58.32 55.51

30 51.96 63.94 60.08 58.73
20 50.78 55.72 59. 05 55. 19

10 49. 60 54. 11 62. 13 55. 28

0 36.79 45.24 57.01 46. 35
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Appendix Table 16. Effect of added nickel on cellulose digestion by
washed suspensions of rumen microorganisms.

Ni added
ppm

% Cellulose Digested

Trial 1 Trial 2 Trial 3 Mean

10 14.48 28. 34 23. 34 22. 06

5 14.04 28.26 23. 03 21.78
3 14. 57 28.42 23. 26 22.08
1. 5 14.75 28.34 23.72 22.27

1.0 15.19 28.94 26.03 23.39

0.5 18. 01 29.39 26.03 24.49

0. 1 60.42 62. 85 60.59 61.29

0. 05 60. 86 64.50 62. 43 62. 60

0.01 62. 89 65. 63 62.90 63. 81

0.005 62. 84 65.41 61.90 63.40

O. 000 61.56 62. 92 62. 97 62. 49

Appendix Table 17. Effect of added rubidium on cellulose digestion
by washed suspensions of rumen microorganisms.

Rb added
ppm

% Cellulose Digested

Trial I Trial 2 Trial 3 Mean

1000 44.26 63. 78 52. 90 53. 65

700 42. 87 64.53 55. 80 54. 40

500 40.70 64. 28 53.75 52.25

300 41.48 65.52 56.08 54.37

100 43.92 61. 87 57.57 54.46
70 43.83 67.44 55.23 55.50

50 41.40 76. 65 54. 67 57.58
20 42.79 78.89 54. 95 58. 88

10 41.14 64. 61 54. 81 53. 52

1 40.01 66.77 53. 82 53.54

0 40. 35 65. 36 51.98 52. 57
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Appendix Table 1 8. Effect of added selenium on cellulose digestion by
washed suspensions of rumen microorganisms.

Se added °70 Cellulose Digested
ppm Trial 1 Trial 2 Trial 3 Mean

20
15

29. 13
39. 80

33. 60
34.28

17. 97
20.29

26. 90
31.46

10 44.46 33. 60 20. 37 32. 81

7 46. 94 35. 52 31. 69 38. 05

5 4_9.51 35.04 39.26 41.27

3 49. 35 35, 18 42. 59 42.38
2 51.7 6 37. 03 43. 84 44.21
1 49. 03 39. 09 44. 09 44. 07

O. 1 47. 83 52. 19 44. 42 48. 15

0. 01 47.50 53. 69 45. 66 48.96
O. 00 47.91 54.72 44.92 49. 19

Appendix Table 19. Effect of added strontium on cellulose digestionby
washed suspensions of rumen microorganisms.

Sr added
ppm

% Cellulose Digested

Trial 1 Trial 2 Trial 3 Mean

500
200

0

25. 54
0

24. 69

0

31, 50
0

27. 25

100 45. 87 50.50 46.7 8 47.72

70 46.33 54.83 49.77 50.31

50 47. 81 53.90 50.36 50. 69

20 53.50 54. 83 48.82 52.39

15 67.44 52. 88 47.95 56. 09

10 65. 65 54. 57 46.48 55. 57

5 50.61 52.96 47.21 50.26

1 46.49 50. 93 46.92 48. 12

0 47.97 53. 14 48.90 50. 00
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Appendix Table 20, Effect of added vanadium on cellulose digestion by
washed suspensions of rumen microorganisms.

V added
ppm

% Cellulose Digested

Trial 1 Trial 2 Trial 3 Mean

20
10

29.49
34.69

39.38
53.91

30. 81
50.93

33.23
46.51

5 44. 12 60. 39 50.43 51. 65
4 44. 64 60. 32 63.36 56. 11
3 47.39 60. 04 58. 83 55.42
2 49.40 61. 03 61.49 57. 31
1.5 50.51 61.53 64. 14 58.73
1. 0 49.92 57. 83 60.91 56. 22
0. 5 50, 51 59. 54 60.77 56. 95
O. 1 49.40 59. 61 61, 49 56. 83
O. 0 52. 67 58. 54 62. 13 57.78

Appendix Table 21. Effect of added zinc on cellulose digestion by
washed suspensions of rumen microorganisms.

Zn added
ppm

'70 Cellulose Digested

Trial 1 Trial 2 Trial 3 Mean

30 31.42 14. 80 24. 69 23. 64
20 59.28 20.47 30. 11 36. 62
15 62.92 37.98 39. 15 46. 69
10 74. 22 54. 56 57. 30 62. 03

7 75.22 55.32 63.92 64. 83
5 76.85 58.96 62.94 66.26
3 75.46 55. 32 60. 83 63. 87
2 64. 85 57. 67 60.01 60, 85
1 57.89 53.97 57.45 56.44
O. 1 54.40 49. 82 58. 35 54. 19
0. 0 54. 41 50.75 55. 04 53.40


