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Gut microbiology and its consequences for the ruminant
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Summary

Ruminant herbivores have evolved with a pregastric digestion of the food they ingest. This
places them at a lower trophic level than other herbivores, but it gives them greater nutritional
flexibility, While a microbial population in the foregut confers upon the host animal a number
of advantages, it also has some disadvantages, one of them being the production of methane
(CHy) by the microbial population. This CH, production represents a loss of dietary energy for
the animal. However if methane production in the rumen is reduced, the animal benefits
through a greater supply of glucogenic volatile fatty acids and an enhanced efficiency of
microbial protein synthesis from the rumen fermentation. Current understanding of microbial
physiology, particularly in continuous mono- and co-cultures fed with particulate cellulose, is
valuable in understanding some of the complex interactions amongst the rumen
MiCroorganisms.

Introduction

An autochthonous microbial population is ubiquitous in the digestive tract (1). In herbivorous
mammals, large complex and stable populations of microorganisms are found either in the
hindgut distal to the small intestine, or in both the hindgut and an enlarged region of the
digestive tract, the foregut, before the gastric stomach. In the latter group of animals the activity
of the microbial population in the foregut tends to predominate over that of the population in the
hindgut, and in these animals there is pregastric digestion of the food that they ingest (2). This
group includes the bovids (the family to which sheep and cattle belong), the camelids (the camel
family) and the macropods (the kangaroo family).

Evolution of pregastric digestion

From paleontological evidence and study of extant herbivores, it appears that foregut
fermentation arose in the hindgut fermenters faced with nutritionally inhospitable environments
(3). The rapid radiation of both the bovids and the macropods in the Miocene and Pliocene
coincided with expansion of the grasslands. A population of fermentative organisms in the
foregut could have been important in detoxifying the plant secondary compounds that would
have been in the tropical vegetation. The quality and quantity of dietary nutrients in the
grassland vegetation fluctuate with the seasons, and as the animals moved into the grasslands
they would have relied increasingly on the products of fermentation and growth of a microbial
population in the foregut. Thus the association between the animal host and the foregut
population has permitted herbivores to survive and persist in such nutritionally inhospitable
environments as the grasslands.

Kinnear and Main (4) explained the advantage to the animal of this association in terms of an
ecological niche. An ecological niche is an n-dimensional hypervolume or space where each
dimension (ni) which defines the niche is an environmental or biological variable that affects the
persistence of the animal (5). Kinnear and Main defined a subset of an ecological niche, a
nutritional niche, which is defined by nutrient variables essential to the persistence of the
species, such as energy-yielding compounds, amino acids, and vitamins. Competition between
animals contracts the niche space (a realised niche), but because the association between the
microbial population in the foregut and the host animal enables the animal species to survive on
a diet that otherwise would be nutritionally inadequate (6), the realised nutritional niche is
expanded. Herbivores in which there is pregastric digestion of their diets occupy a lower
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trophic level than do other herbivores, because the microbial fermentation is interposed between
the host animal and the plant material it eats. This strategy confers on the animal a high degree
of nutritional flexibility and allows nutritional specialisation, but it is not a strategy that is
restricted to the herbivores. Chitin in the diet of the minke whale, like the celluloses and
hemicelluloses in the herbivore’s diet, is made up of b-linked sugar moieties and is degraded in
a ruminant-like foregut fermentation (7).

The flexibility of the strategy in herbivores is the basis of exploitation of domestic ruminants
and camelids for milk, meat, fibre and draft power, but the strategy also has some
disadvantages. The microbial population in the foregut can transform dietary constituents into
nutrients for survival and growth of the animal, but herbivory appears to be the preserve of
adults. Whereas herbivory is adequate for survival of the adult, the immature animal requires a
more balanced mix of amino acids than can be supplied from the activities of the microbial
population in the foregut (8). The microorganisms also are responsible for transformations of
other constituents of the diet, the most common of these being plant secondary compounds
which can be toxic to the animal. In some cases these transformations are beneficial and yield
compounds that are no longer a threat to the health of the animal, but in other cases the
transformations yield compounds that are toxic (9). Another consequence of the association
between the microbial population in the pregastric digestive tract and the host animal, and one
that is the focus of this paper, is the inevitable losses that are associated with the transfer of
energy and material from one trophic level to another, and these are a cost to the host animal.

The microbial population of the rumen comprises a large number of species of eubacteria,
archae, ciliate protozoa, flagellates and anaerobic fungi. The organisms range in size by five
orders of magnitude, from the very smallest of the eubacteria to the largest of the protozoa (10),
analogous to the range in size from the shrew to the elephant. The collective activities of this
population yield short-chain volatile fatty acids (VFA, principally acetic, propionic and butyric),
microbial cells, carbon dioxide (CO3) and CHy4. The microbial cells and VFA are important
sources of nutrients for the animal, but because CH, has no nutritional value for the animal,
production of CH, represents for the animal a loss of dietary energy. As well, predation by
protozoa upon other organisms in the rumen can reduce the supply to the animal of the nutrients
in microbial cells.

Methane production in ruminants

Methane produced in the foregut and hindgut accounts for between 2 and 15% of the animal’s
gross energy intake (11, 12). Fermentation in the hindgut probably accounts for up to 12% of
overall CHy4 production (13). Accounting for the loss of energy as CH4 in ruminants over a
wide range of diets has led to derivation of prediction equations, based on dietary factors
relating to the composition and intake of the diet (12, 14-6).

Table 1. Estimated CHy emissions (Gg/yr) from anthropogenic sources in Australia (18).

Year 1988 1989 1990 1991 1992 1993 1994
Total emissions (net) 52126 50639  5589.7 53139 53064 52848 53023
Emissions from agriculture (net) 31115 31619 32232 32283 31595 31526 31408

Emissions from fermentation in the 26969 27492 28142 28184 27717 2762.8 27616
foregut and hindgut of domestic animals

In recent years there has been renewed interest in CHy production by domestic ruminants as a
result of the perceived role of CH, as a greenhouse gas involved in potential global warming
(17). In Australia the prediction equations of Blaxter and Clapperton (14), Moe and Tyrell (15),
and Howden and his colleagues.(16) are used to estimate CH, emissions by dairy cattle, beef
cattle and sheep respectively (18). Current Australian estimates of CH, production from
anthropogenic sources are listed in Table 1. Net CHy production from agriculture accounts for
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about 60% of total net CHy4 production, and of this the amount produced in the animal industries
accounts for about 87%. Nearly all of the CH, produced in the animal industries is from
ruminants, Cattle produce an estimated 175 kg CHg/head/yr and sheep 7 kg CHy/head/yr.

Production of methane from fermentation in the rumen

Energy for microbial growth in the digestive tract is derived from substrate oxidation and in
anaerobic environments like the rumen, metabolic hydrogen produced by oxidation of organic
substrates is transferred in the absence of dioxygen (O3) to alternative electron acceptors
(‘electron sinks’) such as CHy4, propionate, succinate, ethanol and lactate. Exogenous
compounds in these environments can act as electron acceptors and include CO;, unsaturated
long-chain fatty acids, sulphates, and some plant secondary compounds. A number of plant
secondary compounds are toxic to animals but their hydrogenation in the rumen detoxifies them.
Syntrophic and fermentative interactions between organisms that generate hydrogen
(hydrogenogens) and organisms that utilise it (hydrogenotrophs) (for examples see 19, 20-2) are
likely to significantly infiuence the outcome of fermentation in the rumen (19, 21). Most (95 to
100%) metabolic hydrogen comes from production of VFA in the rumen (11).

The balance of glucogenic and non-glucogenic VFA from rumen fermentation is important for
the animal; propionate is the sole glucogenic substrate for the animal. A strong inverse
relationship between the molar proportion of propionate and CHy production is predicted from
the stoichiometry of rumen fermentation (21, 23), and has been demonstrated repeatedly in vivo
and in vitro (see 24, 25). With an improved molar proportion of propionate the molar
proportions of acetate and/or butyrate are reduced; that is the pattern of fermentation in the
rumen is altered.

As the proportion of roughage in a ruminant’s diet increases, CH4 production increases, and the
molar proportion of propionate decreases (26). A consequence of the amount of roughage in the
diet is that the animal must expend energy in chewing (27) and there is a strong positive
correlation between the number of chews per bolus during ramination and the ‘toughness’ of the
roughage (28). With more rumination, more saliva enters the rumen, and intra-ruminal infusion
of ‘artificial saliva’ into the rumen mimics the effect on the pattern of rumen fermentation of
increasing the proportion of roughage in the diet (29, 30). The molar proportion of propionate
increases with a decrease in the rumen dilution rate (the fractional rate of clearance of fluid from
the rumen) through either a change in rumen volume and/or in the rate of passage of the fluid
fraction of the rumen digesta. Under those conditions selenomonads and bacteroides
predominate in the microbial population (31), consistent with a fermentation where the molar
proportion of propionate is high, The rate of passage of the fluid fraction of the digesta is
influenced more by the proportion of hay in the diet than by the proportion of grain or
concentrates (32). Interestingly, similar relationships between of rate of passage of digesta,
methane production and the pattern of fermentation can be associated with adaptation by the
animal to cold (33).

Some of these relationships between the activities of the rumen microbial population and the
host ruminant can be explored using data from a recent experiment (34) where CH, production
- was estimated using sulphur hexafluoride (SFg) as a gaseous phase marker in the rumen (35) of
sheep fed diets containing graded amounts of oaten hay and oat grain. The amount of CHy
produced (g/d) is consistent with the empirical relationship {16) between CH4 production, and
diet composition and intake (Table 2). The loss of energy in CHy, expressed as a proportion of
the estimated energy vield from rumen fermentation is least when the diet contains most grain,
and it is associated with an increase in the molar proportion of propionate relative to the other,
nonglucogenic, VFA from rumen fermentation (Table 2, 34). This is consistent with estimates
based on the stoichiometry of rumen fermentation (23, 36).
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Table 2, Methane (CHy) from fermentation in the rumen

Oat grain in ration (%)
0 17 34 S0

CHy (g/d), estimated using SF¢ as a gaseous phase

marker 2117 1824 20+24 16417
Propionate (mmol %) 18 £ 0.08 20209 18+1.2 25+ 0.9 a?
CH, (g/d), calculated from (16) 22 20 19 18
CH4 (MJ/100 M1 in estimated OMADR)! 23+1.5 21 £20 21 £1.9 17£14a
CH,y (MJ/100 MJ hexose fermented), calculated

according to (23) 19 18 19 17
Digestibility of dry matter (%) 65.1 £0.55a 67.7 £067 697 £077 694 £ 0.61
NI/DDMI3 (/100 g) 331+004a 31%004 3.0£0.05 3.0+0.03

! Organic matter apparently digested in the rumen (OMADR) was estimated using data from sheep fed lucerne
hay, and barley and oat grains (37, 38). It was assumed that CHy contains 55.27 M)/Kg and OMADR contains
17.6 MJ/Kg, and the contribution of fermentation in the hindgut 1o the amount of CH,4 produced was ignored

2 Differs from other values in the same row (P<0.05)

3 Nitrogen intake (g) per 100 g digestible dry matter intake

Since the composition of the diet determines the substrates available to the rumen population
and thus the activities of the rumen organisms, nitrogen intake per unit of digestible dry matter
intake (NI/DDMI (g/100 g), Table 2) was used as a covariate in further analysis of the data.
Accounting for variation in N/DDMI in this way accentuated the differences between diets in
the amounts of CHy (g/d) and propionate (moles/d) produced (Figure). There is no evidence of
change in the amount of metabolic hydrogen produced from rumen fermentation. What is
puzzling is that while there is an increase in the amount of CHg produced with an decreasing
grain content of the diet, the size of the population of CHy-producing organisms (methanogens)
(Figure). The likely rate of passage from the rumen of the fluid fraction of the digesta was
estimated from the relationship established by Owens and Goetsch (32). These estimates and
the increase in the molar proportion of propionate are consistent with the earlier work with
sheep fed diets containing graded amounts of roughage and grain (26). An explanation of these
observations is that with diets high in grain propionate is used as a ‘sink’ for metabolic
hydrogen by organisms that grow faster under these conditions than do the methanogens.
Alternatively acetate synthesis by reduction of CO; is a significant contributor to rumen acetate
production. '
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Figure 1. Methane produced in vivo (g/d), sizes of populations of methanogens (indicated by CH, produced in vitro
(mmol CH,/mL rumen inoculum) (39)), molar proportion of propionate (mmol%) and estimated production of
metabolic hydrogen (mol/mol ‘hexose’ apparently fermented in the rumen). Data are least squares means (and
standard errors) when NI/DDMI (Table 2) is a covariate. Production of metabolic hydrogen was estimated from
production of individual VFA (11, 23) and estimated OMADR (Table 2). It was assumed that VFA production was
1.8 mol/mol hexose fermented and molar proportions of the VFA reflect their production rates (40), as this appears
to be true for sheep fed diets containing mostly roughage (40, 41},
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Some insights into how the metabolic activities of the rumen organisms might influence the
pattern of fermentation in the rumen, and thus the supply of nutrients to the animal, can be
gained from less complex systems where individual organisms from the digestive tract are
grown in vitro. In continuous mono-cultures of some hydrogenogens dilution rate can influence
the pattern of fermentation (42-6). These patterns of fermentation can be further modified if the
hydrogenogen is grown in co-culture with a hydrogenotroph (47-9). The range in rumen
dilution rate with intraruminal infusion of ‘artificial saliva’ and with altered proportions of grain
in the diet (29, 30, 31) was between 0.7 and 2.6 /d. Quite recently cellulose-degrading
organisms have been grown in continuous culture systems fed with particulate cellulose, either
as mono-cultures or in co-culture with hydrogenotrophs (45, 46, 48, 49). Over a range of
dilution rates between 0.32 and 4 /d the proportion of cellulose degraded by the mono-cultures
increases as dilution rate decreases (45, 46), even though the proportion of organisms that are
not attached to cellulose decreases (46).

The proportion of cellulose degraded is unchanged when the cellulose degrader is grown in co-
culture with a methanogen (48), but the amount of acetate produced per mole of cellulose
(expressed as hexose) degraded is increased and the amount of metabolic hydrogen generated
from cellulose degradation increases. There is no effect of dilution rate on the efficiency of
production of either acetate or CHy (moles per mole cellulose (as hexose) degraded) in the co-
culture. However the amount of CHy4 produced {(mmol/d) increases as dilution rate increases,
despite a decrease in the size of the methanogen population (number/mL). In methanogens
oxidation of hydrogen to produce CHy is linked to the maintenance of electrochemical gradients
across the cell membrane (50), and thus appears to be obligatory for the organism. Under
conditions when hydrogen is limiting, cell yield (g cells produced/ g CH4 produced) increases,
suggesting that CH4 production might not necessarily be coupled to anabolism (51). In addition
there may be poor coupling of CH4 production and hydrogen utilisation at high dilution rates
(48). |

When a selenomonad, Selenomonas ruminantium is grown in continuos culture with glucose as
the limiting nutrient, the pattern of fermentation changes with dilution rate (42-4). With an
increase in dilution rate from 1.25 /d to 1.7/d there is an increase in cell yield (g cells produced/g
substrate fermented) that is accompanied by an increase in propionate production relative to
acetate in the products of fermentation (44). When the dilution rate is further increased to 3.5/d
but the rate of supply of substrate is unchanged, the increase in cell yield is enhanced but
propionate production decreases relative to acetate.

Acetate production by reduction of CO; may be more important in rumen fermentation than has
been supposed, because in cattle fed either grain or roughage diets the sizes of the rumen
populations of acidogenic (presumably acetogenic) and methanogenic organisms that use Hp
and CO; are similar (52). Recently Miller and Wolin (49) have shown that at low dilution rates
in a continuous co-culture fed particulate cellulose a cellulose-degrader and an acetogen
together produce acetate, and about a third of the acetate is produced by reduction of CO; by the
acetogen.

An improved supply of propionate from fermentation and growth of the rumen population with
changes in rumen dilution rate also can be associated with a greater efficiency of microbial
protein synthesis and in turn an enhanced supply of protein to the animal (30, 33). This is in
agreement with enhanced cell yields in continuons mono- and co-cultures with change in
dilution rate. Clearly these techniques can provide insights on the dynamics of rumen
organisms and the means to manipulate their activities to enhance productivity in ruminants.
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