cities of the Maya, 50,000 at Tikal alone
(20), were supported. Finally, the use of
an intensive and sophisticated system of
agriculture, one requiring considerable
management, may also explain at least
part of the vulnerability to the systemic
collapse that the Maya suffered about
A.D. 900.

We recognize that this work is prelimi-
nary. The radar imagery represents a
large-scale perspective on ancient land
use that has not been available before,
but it also presents us with problems of
full validation. The immense area cov-
ered means that it will be sometime
before adequate ground checks can be
made of all the potential canal areas. To
date there has been some excavation of
raised fields in Belize and in the Cande-
laria zone (3, 6). Only excavation can
produce more precise estimates of the
total areas of raised field growing sur-
faces used in any given period. Excavat-
ed data are also needed on the popula-
tions in the raised field zones, as well as
detailed information on water and land
management techniques. Excavation at
hamlets associated with raised field
zones will throw light on matters such as
stone technology, food crops, and devel-

Fermentation in
Human

A portion of the intestinal tract of
mammals is a chamber where a large
microbial community ferments compo-
nents of the host’s diet. In many mam-
mals the fermentation occurs in a com-
plex stomach. Ruminants (for example,
cows, sheep, and deer) are the most
familiar of these animals. Nonruminants,
including those that chew their cud, that
is, ruminate (for example, camels and
llamas) and those that do not ruminate
(for example, colobine monkeys and
kangaroos) also have complex stomachs
that are microbial fermentation cham-
bers. Mammals with simple stomachs
that do not support pregastric fermenta-
tion include herbivores (for example,
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opmental trajectories of the canal sys-
tems.

Finally, the new information may al-
low more effective land use planning by
the modern governments of Guatemala,
Belize, and Mexico. These nations are
using the Maya lowlands, and their peo-
ple are moving into the zones in great
numbers in both planned and unplanned
agricultural colonies. Radar technology
and archeology may combine to provide
at least some of the data needed about
intensive agriculture in these tropical
forest areas.
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other chemicals to feeds in order to
increase the animals’ economic value.
The intestinal microbial ecosystems of
other animals with complex stomachs
have not been studied in as great detail,
but there has been a recent surge of
interest in the large intestine ecosystem
of humans. There is increasing recogni-
tion that interrelations between diet and
the characteristics of the microbial com-
munity are significant for human health.

I review here the general features of
the rumen ecosystem and indicate how
(and why) manipulations of the microbial
community are being carried out. I also
compare the features of the rumen and
large intestine ecosystems and indicate
how fermentation may influence human
health.

Fermentation in the Rumen

The forestomach of ruminants is a self-
contained factory where fermentation of
the animal’s food forms products essen-
tial to the animal (Fig. 1). Ingested poly-
mers in grasses, hay, corn, and silage,
for example, are comminuted by masti-

The author is a chief research scientist at the
Division of Laboratories and Research, New York
State Department of Health, Atbany 12201.
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cation in the oral cavity and swallowed.
The polymers are then fermented in the
rumen to short-chain volatile fatty acids
(VFA)—principally acetate, propionate,
and butyrate—and the gases methane

drates, proteins, and lipids, are subject
to microbial decomposition whether or
not the animal has intestinal digestive
enzymes that attack these compounds.
In addition to VFA, the vitamins and

Summary. Fermentation of food by the microbial community of the rumen is
essential for the maintenance and growth of ruminants. The microbial ecosystem and
its interaction with the host are described, along with recent attempts to manipulate
the composition and activity of the microbial community by adding antibiotics and
other chemicals to ruminant diets. A similar microbial community and fermentation
occur in the large intestine or cecum of most nonruminant animals including the large
intestine of humans. The microbial ecosystems of the rumen and human large

intestine are compared.

and carbon dioxide. Energy from the
fermentation and nutrients derived from
the animal’s food are used to form the
large mass of bacteria and protozoa that
sustain the fermentation. The VFA are
transported from the rumen into the
blood and used as the major source of
carbon and energy for metabolic activi-
ties. Both CH, and CO, are removed
from the rumen by belching.

An important feature of the system is
that microorganisms are the primary di-
gesting elements. Cellulose is not digest-
ed by enzymes of the ruminant but is
fermented by the microbial community.
Other constituents of feed, that is, hemi-
celluloses, starch, soluble carbohy-

Grinding of nutrients
(mastication)

Supply of HCO3;™ and H,0
(salivation and drinking)

protein synthesized by microbial growth
are extremely important to the host. Mi-
crobial synthesis satisfies the animal’s
requirements for B vitamins. A good
portion (40 to 60 percent) of food protein
is digested and used by the microorga-
nisms, which in turn serve as a source of
protein to the animal. If the feed protein
is better suited to the animal’s require-
ments than the microbial protein, the
result is a loss in quality. In contrast,
poor quality food proteins are upgraded
by conversion to microbial protein.
Urea, a nonprotein source of nitrogen,
enters the rumen in saliva and by diffu-
sion from the blood and is also used as a
feed additive. It is decomposed to am-

Venting of CH4 + CO2
(belching)

Fermentation
Oxidation-reduction potential = -0.4 voit
pH = 6.5
Temperature = 380C

Buffer = HCO3 = + GO,

65 percent CO;

Fig. 1. Schematic rep-
36 percent CHj

resentation of the ru-
minant as a factory
for conversion of food
to animal products.

Y

{From Wolin (3)]
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monia and CO, by microorganisms in the
rumen, and the NHj is incorporated into
microbial protein that is used by the
animal.

The rumen environment is a product
of microbial and host contributions. The
large volumes of gases and vast numbers
of microorganisms create a highly anaer-
obic environment. The temperature of
the rumen depends on that of the animal,
and pH is controlled by the large
amounts of bicarbonate and phosphate
entering the rumen in saliva. Muscle
contractions of the rumen mix the con-
tents of the system, and regurgitation
and chewing the cud assist in the mixing
and grinding of rumen contents.

Typical amounts of rumen microorga-
nisms and major products are shown in
Fig. 1 and Table 1. A 500-kilogram bo-
vine has about 70 liters of rumen con-
tents; a 35-kg ovine has about 5 liters.
Estimates of the fermentation products
formed daily by rumen microorganisms
are shown in Table 2. Most of the VFA
are absorbed from the rumen and enter
the bloodstream. The contents are
pumped out of the rumen by the oma-
sum, where water and solutes are trans-
ported into the blood, and into the ab-
omasum, which is physiologically similar
to a true stomach. The digesta then enter
a small intestine and large intestine di-
gestive system like that of animals with
simple stomachs. Microorganisms and
undigested nutrients are digested by typ-
ical mammalian intestinal enzymes and
secretions.

Approximately 60 liters of saliva and
40 liters of water enter the rumen of a
500-kg nonlactating bovine each day.
Turnover times for the liquid portion of
the rumen vary from 4 to 30 hours. The
turnover of solids is generally slower,
ranging from 10 to 55 hours. Factors that
influence turnover times include the lev-
el of food intake, the cell wall content,
and the particle size of the diet («¢).
Turnover times set important constraints
on microbial activity, since the products
of this activity are determined by the
balance between rates of microbial pro-
cesses and rates of passage of rumen
contents. Rates of passage can also influ-
ence the composition of the community.
Populations whose generation times are
longer than the turnover time would
wash out of the system.

In addition to interactions between the
microbial community and the animal,
many interactions between different mi-
crobial populations are essential for
maintaining the community and its activ-
ity. The 17 species of nonsporing, anaer-
obic bacteria and six genera of protozoa
that tend to dominate the rumen interact
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Table 1. Dry weight (measured in grams) of
bacteria and protozoa and microbial protein in
the rumen. [From Wolin (3), courtesy of Plen-
um Publishing Corporation]

Ruminant
Microorganism - -
Bovine Ovine

Protozoa

Cells 315 22.5

Cell protein 172 12.3
Bacteria

Cells 399 28.5

Cell protein 217 15.5

nutritionally. Some synthesize and ex-
crete vitamins that others require for
growth. Protein is hydrolyzed and fer-
mented to organic acids and NH; by
some, and the NH; is used by almost all
of the bacteria as their major source of
nitrogen. Protozoa eat bacteria as their
source of protein.

Some interactions determine the over-
all course of the fermentation (Fig. 2).
Most of the fermentation results from the
breakdown of carbohydrate polymers.
Populations that produce small molecu-
lar weight products from these large mo-
lecular weight substrates feed not only
themselves but also the populations that
cannot degrade the polymers.

A very important interaction involves
the fermentation of carbohydrates to
produce hydrogen, which is required by
CH,-producing species. These methano-
gens obtain energy for growth by using
the H, to reduce CO, to CH,. For this
reason, although H, is an important in-
termediate product of fermentation by
many of the major carbohydrate-fer-
menting species, it never accumulates in
the rumen. Succinate, another important
product of the fermentations of several
significant species, never accumulates in
the rumen because certain species rapid-
ly decarboxylate it to propionate and
CO,.

The rapid use of H, by methanogens
affects H, production by carbohydrate-
fermenting populations (5). Some H,-
evolving biochemical reactions are not
inhibited by H,, but others are., Removal
of H, permits the latter reactions to
proceed. Inhibition is due to reversal of
H,-producing reactions whose equilibri-
um constants favor utilization rather
than production of H,. The most impor-
tant of these is the production of H, from
reduced pyridine nucleotides [reduced
nicotinamide  adenine  dinucleotide
(NADH) and nicotinamide adenine dinu-
cleotide phosphate (NADPH)]. Contin-
ual reduction and oxidation of pyridine
nucleotides is a key process in any fer-
mentation, and reoxidation is normally
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accomplished by reduction of a fermen-
tation intermediate to a fermentation
product. Pathways for formation of fer-
mentation products such as lactate, etha-
nol, propionate, succinate, and butyrate
involve the reoxidation of NADH or
NADPH. Reduction of protons to H, by
NADH or NADPH can prevent the for-
mation of these compounds, and their
precursors can then be used to form
more oxidized products. Some important
rumen bacteria that produce ethanol,
lactate, succinate, or propionate produce
less of these products and more acetate
and CO, when they are cocultured with
H,-using bacteria such as methanogens.

Modification of Rumen Fermentation

The relation between the formation of
VFA and CH,4 has stimulated the investi-
gation of methods to decrease CH, pro-
duction and simulitaneously to increase
the production of VFA. The production
of CH, and its loss through belching
represents a loss of about 10 percent of
the energy intake of ruminants. Reten-
tion of the energy in the form of VFA
would represent a more economical use
of feed. Specific inhibitors of methano-
genesis, for example, higher unsaturated
fatty acids and chloroform, have caused
the desired fermentation shifts in experi-
ments both in vitro and in vivo (6). They
have not been useful for husbandry be-
cause of undesirable side effects or inef-
fectiveness in improving animal perform-
ance.

Screening for compounds that produce
improved animal performance is diffi-
cult. Costs of direct testing in ruminants
are immense. Experimental designs are
expected to include test and control
groups of large animals, the use of vari-
ous doses of the additive, and concerns
about both animal and human toxicity.
Screening in the laboratory to detect
promising compounds typically involves

Table 2. Daily production of volatile fatty
acids in the rumen. [From Wolin (3), courtesy
of Plenum Publishing Corporation]

Ruminant
Volatile acid -
Bovine  Ovine

Acetic

Moles per rumen 62 4.4

Kilograms per rumen 3.7 0.26
Propionic

Moles per rumen 15 1.1

Kilograms per rumen 1.1 0.08
Butyric

Moles per rumen 7 0.5

Kilograms per rumen 0.6 0.04

the removal of rumen contents from a
fistulated animal and incubation with
feed substrates with and without a test
compound. If the compound causes an
increase in VFA production, or a de-
crease in CH,, or both, consideration is
given to using it in feeding trials.

The ionophore antibiotic monensin
showed promise in laboratory screens
and feeding trials and now is heavily
used as a feed supplement for beef cattle.
Monensin increases the production of
propionate and decreases the production
of CH, in the rumen (7). The proportion
of propionate in the VFA of the rumen
increases. Animals fed monensin also
show greater efficiency of feed utiliza-
tion: they eat less food than control
animals but gain weight at the same rate
(8). It is not clear how monensin causes
this increased efficiency of feed utiliza-
tion. It is likely that more energy is
available from the same amount of feed
when more propionate and less CH, are
produced.

Of the three major VFA’s in the ru-
men, only propionate is gluconeogenic,
that is, the animal produces the glucose
its tissues require by converting propio-
nate to glucose in the liver. Modification
of ruminants’ diets to include relatively
more starch than carbohydrates from
plant cell walls also increases the propor-

Acetate Butyrate Propionate COy, CHy
Methanogens
COZ COg
Succinate Ho
Fig. 2. Intermediates J
and products of the {
rumen fermentation of y~CO2
plant polysaccharides. ~t___ E |
The dashed line rep- Lactate fermenters > Formate
resents minor path- {
~- Lactate - ———=~
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tion of propionate in the rumen, in-
creases the synthesis of animal protein,
and decreases the formation of milk fat
(9). Monensin or other treatments that
increase propionate production are thus
of no benefit to dairy farmers, who re-
ceive more money for milk as its fat
content increases.

‘We have shown that monensin and
another ionophore antibiotic, iasalocid,
inhibit those bacterial species in the ru-
men that are of major importance in
producing acetate, butyrate, and H,, the
precursor of CHy (10). The species that
produce propionate and most of the suc-
cinate (a precursor of propionate) and
little H, are either insensitive to the
antibiotics or easily develop resistance
to them. The inhibited populations are
Gram-positive bacteria; the resistant
populations are Gram-negative. Gram-
positive bacteria in general are more
sensitive to lonophore antibiotics than
are Gram-negative species. Our studies
suggest that monensin changes the fer-
mentation pattern in the rumen by select-
ing for populations that produce more
propionate and less H,; the decrease in
H, causes a decrease in the formation of
CH,.

Another interesting strategy for alter-
ing fermentation depends essentially on
an alteration of the system’s turnover
time. This is accomplished by feeding
the ruminant salts, such as NaHCO; or
NaCl. Increased ion concentrations in
the rumen result in greater water con-
sumption because of the need to main-
tain an osmotic balance with blood plas-
ma. The increase in water intake causes
greater water flow from the rumen. This
more rapid turnover is accompanied by
increased production of acetate and bu-
tyrate and decreased production of pro-
pionate and CH, (/). The buffering ac-
tion of anions such as HCO;™ may also
contribute to the shifts in fermentation.
The specific microbiological changes
that cause the alteration are not clear
(12).

In addition to finding ways to change
fermentation, nutritionists have been in-
terested in providing ruminants with pro-
teins and amino acids that do not require
processing into microbial protein. Wool
production is limited by the amount of
sulfur amino acids in microbial protein.
An analog of methionine, the methyl
ester of 2-hydroxy-4-methylthiobutyric
acid, escapes microbial decomposition in
the rumen, is absorbed into the blood,
and causes increases in plasma cystine
and methionine. Feeding the ester to
sheep significantly increases wool pro-
duction (/3). Other methods used to pro-
tect protein from digestion in the rumen
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include treatment with heat or formalde-
hyde. Formaldehyde-treated feeds test-
ed experimentally in sheep increased
wool production. Despite extensive evi-
dence that microbial protein synthesis
limits the production of meat and milk,
there has been no demonstrated effect of
a protected protein or any other com-
pound on the synthesis of meat or milk.

Supplying potentially useful feed addi-
tives to pasture-fed animals such as
sheep is difficult, in contrast to the fac-
tory-like operations in most feedlots
used for the finishing of beef cattie. This
difference, as well as the importance of
beef in the United States, has led to an
emphasis on the development of addi-
tives that benefit the production of beef,
rather than milk and wool. Diets used in
feediots are high in starch and protein.
However, it is important to increase the
efficiency of use of the world’s vast
resources of highly cellulosic pasture
crops which ruminants effectively con-
vert to meat, milk, leather, and wool.

The empirical screening of potentially
useful compounds would be more effec-
tive if pure cultures of the major species
of the rumen microbial ecosystem were
tested individually for their resporse to
tests to predict in vivo effects. Since
many of the species have been isolated
and characterized and their roles in the
overall fermentation are reasonably well
understood, such screening with pure
cultures is certainly feasible.

Reasonable facsimiles of this ecosys-
tem, including most of the major popuia-
tions, can be initiated with rumen con-
tents and maintained on ruminant diets
in semicontinuous culture in the labora-
tory (I4). One advantage of these cul-
tures is that the community and its activ-
ities can be subjected to the selective
pressures of alterations in diet, for exam-
ple, hay versus grain. With the screening
procedures now used, the effect of an
agent on the fermentation of rumen con-
tents taken directly from an animal may’
reflect only its effect on the particular
community developed in response to
that animal’s diet.

A problem with attempts to manipu-
late the rumen microbial community is
insufficient understanding of the factors.
that determine the quantitative relations
between populations of the community
and their contributions to ecosystem ac-
tivity. If there were some way to. place
pure cultures of all of the major species
of rumen bacteria and protozoa in a
laboratory culture vessel, feed them ru-
minant feeds, and make them carry out a
rumen fermentation, the contributions of
each population to the growth and activi-
ties of the community might be deter-

mined. Rational approaches, including
modern techniques of genetic engineer-
ing, could then be taken to manipulate
populations to achieve particular ends.
For example, populations might be intro-
duced and maintained that hydrolyze
cellulose faster, produce more propio-
nate, or even produce amino acids that
could be used by the animal. Acetate
could also be produced instead of meth-
ane by substitution of species that use H,
to reduce CO, to acetate (/5). This ap-
proach, however, would be a striking
departure in microbiological research,
which has historically involved manipu-
lation of pure cultures of single species
of bacteria and protozoa, rather than
manipulation of ecosystems constructed
with pure cultures.

Fermentation in the Large Intestine

The digestion of dietary components
by microbes in the large intestine is not
essential for digestion in humans. Enzy-
mic digestion in the oral cavity, stomach,
and small intestine removes most dietary
constituents (/6). However, the fibrous
constituents of the human diet, which
come mainly from plant cell wall materi-
al, are not digested by mammalian en-
zymes. Cellulose, hemicelluloses, and
pectins of vegetables and fruits are thus
available for microbial fermentation in
the large intestine (/7). Polysaccharides
of mucins produced by the host and in
meat are not digested by the host and are
also available for microbial fermentation
(18). Some small molecular weight car-
bohydrates—inciuding  stachyose in
beans, raffinose in cottonseed meal, and
the artificial sugar lactulose—are also
not attacked by mammalian enzymes but
are degraded by the microbial communi-
ty of the large intestine. Furthermore,
some humans have genetic deficiencies
that prevent them from hydrolyzing milk
sugar, lactose, in the small intestine.
Native lactose cannot be absorbed and
thus becomes available for fermentation
in the large intestine.

Most of the constituents of meats are
digested by mammalian enzymes. It is
not known if significant amounts of the
constituents of meats ever reach the
large intestine. There is a source of di-
gestible animal nutrients, however, in
the sloughed-off intestinal epithelium of
the smalt and large intestines (/9). Urea
is a source of nitrogen for microbial
biosynthesis in the large intestine (20).
Urea is produced by host breakdown of
nitrogenous compounds and enters the
intestine from the blood. Microorga-
nisms hydrolyze the urea to NH; and
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CO,, and the NHs is used for biosynthe-
sis. Other significant inputs into the large
intestine originate from the host or host
metabolism. Salts in the fluid of the small
intestine move into the large intestine
from the ileum. Salts are transported in
and out of the large intestine from and to
the bloodstream. The ion composition of
the human fermentation system is proba-
bly similar to that of the rumen, being
high in Na™ and HCO; ™. One significant
difference between the rumen and the
large intestine is that, in the latter, the
contents are exposed to metabolic prod-
ucts in bile, including primary and sec-
ondary bile acids, cholesterol, and bile
pigments.

The hydraulic conditions that influ-
ence the large intestine system are un-
certain, One possibility is that most mi-
crobial growth and activity occur in a
liquid suspension soon after fluid from
the small intestine enters the large intes-
tine (2I). According to another model,
there is a plug-flow system, in which
significant growth of microorganisms oc-
curs after the water is removed from
large intestine contents in the process of
formation of feces. Perhaps both kinds of
growth systems coexist.

Products of the large intestine fermen-
tation are similar to those of the rumen.
Acetate, propionate, and butyrate are
formed along with CHy, H,, and CO,.
The fermentation is sustained by a large
community of bacteria. Viable bacteria
in feces number approximately 1 x 10!
per gram of wet weight. About 120 g of
feces, wet weight, are produced daily by
adults on high-meat, low-fiber diets (22).
Thus the total daily production of excret-
ed bacteria is about 1.2 x 10" cells,
which is equivalent to about 16.0 g dry
weight (23).

There is no certainty that the only
major products of fermentation in the
large intestine are VFA, CH,, H,, and
CO,. In about 33 percent of the popula-
tion CH, is a major product (22). Al-
though simultaneous measurements of
H, and CH,4 production are rare, in one
study both were produced in the same
individual (24). Non-CH4-producing sys-
tems also produce H, (25). Rates of
production of the other products have
not been measured, but it is possible to
estimate the daily production by making
four broad assumptions: (i) VFA, CH,,
and CO; are the only products; (ii) all
products are formed from CgH,(Os, the
major monomeric unit of cellulose; (iii)
fermentation of 1 mole of hexose gener-
ates 4 moles of adenosine triphosphate
(ATP), and each mole of ATP provides
energy for synthesis of 10.5 g dry weight
of cells; (iv) VFA’s are produced in the
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Table 3. Growth and fermentation of human fecal bacteria.

Substrate and products

Per gram (wet)

Per 120 g (wet)

Bacteria 1 x 10! cells 1.2 x 131 cells
Bacterial mass (dry weight) 133 mg 16 g

ATP required* 12.9 mmole 1551 mmole
Hexose requiredf 3.08 mmole 369 mmole
Acetate formed 4.26 mmole 511 mmole
Propionate formed 0.98 mmole 117 mmole
Butyrate formed 0.46 mmole 55 mmole
Methane formed 2.10 mmole 252 mmole
Carbon dioxide formed 3.08 mmole 369 mmole

*One mole of ATP is required for 10.5 g of cells, dry weight.

hexose.

same proportions as are found in feces.

From these assumptions it is possible
to calculate an equation for the assumed
fermentation, based on fecal VFA con-
centrations determined by Zijlstra et al.
(26):

34.5 C¢H¢Os — 48 acetic acid +
11 propionic acid + 5 butyric acid +
23.75 CH, + 34.25 CO, + 9.5 H,0

The daily amount of hexose required by
the community can be calculated from
the amount of ATP required for synthe-
sis of biomass. Then the amount of prod-
ucts can be calculated from the equation.

. The calculations (Table 3) indicate that
far more VFA are produced than can be
accounted for in excreted feces. A rea-
sonable conclusion is that most VFA
enter the bloodstream and are metabo-
lized by the host. Similar conclusions
were inferred from measurements of in-
puts and outputs of cellulosic and hemi-
cellulosic materials and outputs of VFA
(27). VFA are absorbed across the colon-
ic wall, accompanied by absorption of
blood HCO;™ into the colon (28). Pigs
and rabbits absorb and utilize VFA pro-
duced by bacteria in the large intestine
(29). In the rabbit VFA production can
supply up to 30 to 40 percent of its
energy requirement (30).

It has been estimated that VFA pro-
duced in the large intestine could provide
appreciable metabolizable energy for hu-
mans whose diets regularly contain large
amounts of plant fiber (28). VFA also
inhibit the growth of several bacterial
pathogens that cause intestinal infections
(31). Butyrate is a potent effector of
cellular differentiation in various tissue
culture systems at concentrations that
are at or below those present in feces
(32), but the possibility that butyrate can
influence host cell differentiation in the
large intestine has not yet been consid-
ered.

Most of the H, and CH,4 produced in
the large bowel are absorbed by the
blood, removed from the blood in the
lungs, and exhaled (24, 25) and a portion

tFour moles of ATP are formed per mole of

of these gases is excreted in flatus. Over-
production of these gases, particularly
H,, can cause serious discomfort and is
generally associated with rapid fermen-
tation of small molecular weight com-
pounds, such as stachyose, that escape
monogastric «igestion. Since fermenta-
tion provides the energy and carbon for
sustaining the microbial community, it
supports the production of all other mi-
crobial products including transformed
bile pigments, secondary bile acids, and
extracellular enzymes. Certain indige-
nous large intestine bacteria cause infec-
tions after gaining entry to other body
tissues, and the activities of the microbi-
al community have been implicated or
suggested to be associated with specific
disorders of the intestinal tract (33).

Microorganisms of the Rumen and

Large Intestine

The communities of the rumen and
large intestine are dominated by micro-
organisms that are extremely sensitive to
oxygen (34). In addition to bacteria, the
rumen contains many protozoa, mainly
ciliates. Recent studies indicate that an-
aerobic phycomycetes may be populous
in the rumen of animals fed high-rough-
age diets (35). The molds are firmly
attached to plant fiber and may be impor-
tant in the digestion of lignocellulose. .
Protozoa are not present in the normal -
human intestine.

There are distinct differences in the
spectra of bacterial genera and species
found in the two ecosystems. At least
one genus, Bacteroides, is important in
both, but the species in the two environ-
ments differ. Members of the so-called
coliform group, particularly Escherichia
coli, are not in high concentration in
either ecosystem, although their propor-
tions are higher in the large intestine (0.1
to 1.0 percent of the total viable count)
than in the rumen (107° to 107 percent).
Methanogenic bacteria are always pres-
ent in high concentration in the normal
rumen, whereas the sporadic CH,4 pro-

1467



duction in humans indicates that high
concentrations of methanogens are spo-
radic. In addition to the microbial popu-
lation in the lumen, specific types of
bacteria are firmly attached to and even
embedded in epithelial cells of the rumen
and large intestine (36).

Interactions between species in the
large intestine are probably similar to
those in the rumen, but they have not
been investigated. Since protozoa are
not normally present and methanogens
are not always present, interactions in-
volving these organisms are relevant to
the human large intestine only when CH,
is produced. Human intestinal Bacter-
oides produce succinate and propionate
from carbohydrate (37), and formation of
propionate requires vitamin By;. In con-
trast, rumen Bacteroides produce only
succinate, whether or not vitamin By, is
present, and a non-Bacteroides species
is required to decarboxylate succinate to
propionate (37). Other similarities and
differences between the systems proba-
bly will become apparent as more is
learned about the large intestine ecosys-
tem.

Future Research

The rumen system is reasonably well
understood. New information about its
microorganisms, their activities and host
physiology will no doubt continue to be
uncovered and will improve our under-
standing of how the system operates.
However, sufficient information is avail-
able to allow the investigation of rational
approaches for manipulating the micro-
bial community to achieve more effec-
tive production of milk, meat, and fiber.
Suggested approaches have been dis-
cussed in this article.

The characteristics of the large intes-
tine ecosystem are more poorly under-
stood than those of the rumen. Compari-
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son of the two systems is useful for
identifying similarities and differences
between the systems, and more precise
information about the rumen provides a
basis for speculating about features of
the large intestine that are difficult to
investigate. The recent interest in the
interrelations between diet, large intes-
tine microbial activities, and disease,
particularly colon cancer (38), has em-
phasized the need for more exact infor-
mation about the operation of the eco-
system of the large intestine. The infor-
mation about the rumen and approaches
used to study its microbial ecosystem
may provide useful new ideas for investi-
gating the factors that influence the com-
position of the large intestine microbial
community, its activities, and its interac-
tion with the host.
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