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ABSTRACT

Efficiency of fibre digestion in ruminants is critical for animal productivity. Bacteria most
important in fibre digestion and utilization gf#robactersuccinogenesRuminococcus

albus RuminococcuflavefaciensandButyrivibrio fibrisolvens Of these four species, the
FibrobacterandRuminococcuare the most cellulolytic and can potentially be manipulated
genetically, or ecologically, for increased ruminal cellulolysis. However, transformation
systems have only been developedBofibrisolvens The taxonomy oRuminococcuys

andB. fibrisolvensis complex and 16S rDNA sequence indicates that both are polyphyletic.
In addition to delineating phylogenetic relationships between bacteria, 16S rRNA based
studies provide molecular targets to enable placement of ruminal manipulations in a
phylogenetic context. These target sites can also be used to design tracking protocols to
measure persistence of introduced bacteria into the rumen.

Introduction

Fibre fermentation in the rumen is of critical importance to the productive efficiency of the
animal, especially under extensive grazing conditions. Hungate described the cooperative
host-microbial symbiosis in ruminants in which the microbes gain access to fibre with
enzymes not produced by the host animal [13]. The degradation and fermentation of fibre
contributes to microbial yield and volatile fatty acids which are an important source of
protein and energy, respectively, to the animal [13]. Attempts to improve fibre breakdown
and fermentation pre-gastrically would provide both additional energy and bacterial protein
to the animal.

The diversity of microorganisms in the rumen is extensive and comprises bacteria, fungi,
protozoa [11], and even phage [14, 15]. Estimates of the extent of ruminal bacterial
diversity cultured is as little as 10% [18]. It has been suggested that representatives of all
the major functional groups of ruminal microorganisms have been isolated and that the
extent of diversity is irrelevant. This view is simplistic and is partly due to the traditionalist
practice of studying pure cultures. In “real ecosystems” microorganisms exist and interact
as members of consortia, and it is the phenotypes expressed as members of consortia that
ultimately determine functionality [5]. In this manuscript we discuss attempts to increase
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fibore breakdown by manipulation of some of the most important fibre degrading bacteria.
This data serves to highlight the complexity of the interactions involved.

Major fibre degrading bacteria found in the rumen.

The major cellulolytic bacteria in the rumen 8natyrivibrio fibrisolvengRuminococcus
albus R. flavefaciensandFibrobacter succinogenesrThe first three species are Gram-
positive butF. succinogenes Gram-negative and together with the ruminococci are the
most fibrolytic. F. succinogenewill not be discussed in this manuscript betent reviews
can be consulted [8, 11, 30].

Butyrivibrio fibrisolvens

Butyrivibrios were first isolated by Hungate [12] and fermented cellulose poorly. Bryant
and Burkey [4] subsequently characterised similar isolates as gram-negative, butyrate
producing rods. When a group of B2fibrisolvensstrains were assessed for their ability
to digest spear grasdé€teropogon contortggew could digest more than 10% of the dry
matter (DM) [23]. Most strains digest hemicellulose and it is this feature, and not the
ability to digest cellulose, that is the main contribution madB.Hbrisolvengo fibre
digestion [11].

DNA-DNA hybridization studies have shown that butyrivibrios can be divided into at
least five groups, suggestive of five different species [22]. More recent 16S rDNA analysis
has confirmed the DNA-DNA hybridization results and show Ehdtbrisolvenss
polyphyletic [10] and all strains sequenced so far fall within cluster XIV of the colostridia
[6]. Forster et al. [9] identified three sequences that were diagnostic of most sequenced
strains and when hybridized with rRNA from sheep, deer and cattle consuming high forage
diets,B. fibrosolvensnade up less than 1% of the population. Recently these same probes
showed thaB. fibrisolvenswvas less than 2% of the ruminal population in sheep eating a
tanniniferous diet [19]. Traditional microbiological enumeration estimatBs fabrisolvens
in rumen vary from 2% [21] on a high concentrate diet to as high as 38% on a high forage
diet [20]. 16S rRNA based numbers are underestimat&s Gibrisolvensbecause the
phenospecies is polyphyletic and current probes do not adequately cover diversity.
However, culturable numbers have probably been overestimated and studies have used
growth on glycerol tributyrate [20], or motility [28] to presumptively idenity
fibrisolvens

Ruminococcus species

Cellulolytic ruminococci are gram-positive and can be divided into two mains sgecies;
albusandR. flavefacien$ll]. It is difficult to divide these two species on the basis of
morphology or phenotype but the abilityR®f flavefacienso produce succinate as a major
end-product seems to be consistent with it's phylogenetic position [17]. In a survey of 22
strains of ruminococci it was found that the ability to digest DM or neutral detergent fibre
(NDF) of rhodes gras<hloris gayang, spear grass or lucerndédicago sativavaried
greatly [16]. Ability to digest filter paper cellulose discs was not highly correlated with the
ability to digest NDF [16], a point previously noted by Stewart et al., [25].
Ruminococcusare phenotypically distinguishable from otlRaptococcaceaby the
presence of meso-diaminopimelic acid at position three in their peptidoglycan [7]. The
“true” ruminococci of which the cellulolyti®. flavefacien£94 is the type strain [3] are
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placed within cluster IV of the colostridia [6] witk albus andR. callidusbut several
apparently non-cellulolytic ruminococci (€8. torques, Rghavus, R. obeunandR.
productu$ are in cluster XIVa. Total cellulolytiBuminococcusave been estimated to be
between 4% [20], and 11% [21] of the total ruminal population. We have been able to
design eRuminococcugenus specific 16S rDNA based probe to cluster IV ruminococci
[17]. Hybridization to rRNA from sheep fed a predominantly tropical grass diet (rhodes
grass) indicated that ruminococci were approximately 5% of the population.

Improving plant cell wall degradation in the rumen

Is it possible to improve fibre degradation?

A significant research effort has been invested in improving forage quality via classical
breeding techniques, and more recently, molecular biological manipulation [31]. These
breeding programs seek to improve various aspects of forage quality including plant cell
wall digestibility [31]. Post-harvest modification of forage has aseived considerable
attention [2]. These include various treatments such as grinding, pelleting, steam treatment,
and chemical modifications to improve the digestibility of fibre [2]. Modification of plant
cell wall digestibility by microbial manipulation has traditionalyceived less attention
partly because the ruminal ecosystem is so complex. Significant advances have however
been made in our understanding during the last 10-15 years because of the application of
molecular biology techniques.

There has been scepticism as to the value of microbial manipulation because of the
recalcitrance of plant cell walls to digeditifp but improvements in ruminal fibre
digestibility may be possible. In the rumen there are two competing kinetic processes
occurring simultaneously, the rate of digestion (Ks), and the rate of passage (Kp), which
together make up the total disappearance of any feed fraction [29]. ‘{&Heabeled
wheat plant cell wall was fed to sheep the rate of digestion was 9.2% per h, and the rate of
passage was 2.1% per h. The portion escaping digestion was 18.5% (Kp/(Ks+Kp)) and
could be considered potentially fermentable [29]. An obvious criticism would be that the
18.5% not digested in the rumen was made up of a fraction not available to rumen
microorganisms. However, several experiments with sheep have demonstrated that 17
(high forage) to 60% (high concentrate) of dietary cellulose and hemicellulose enters the
hindgut [1, 26, 27], and 19 (high forage) to 65% (high concentrate) of this material
disappeared. If plant cell walls escaping digestion in the rumen can be digested in the
hindgut, this suggests that ruminal fermentation may not be optimal and improvements in Ks
would improve ruminal fibre digestion.

Recombinant ruminal bacteria

One proposed mechanism for increasing fibre breakdown in the rumen is to construct
bacteria by recombinant techniques so that they have enhanced fibrolytic activities [8, 30].
A major stumbling-block has been the inability to transform most of the important fibrolytic
bacteria and only a limited amount otsass has been obtained wathfibrisolveng30].

More recently success has been obtained with the introduction of domain Iixghthe
gene from the ruminal fungi¢eocallimastixpatriciaruminto B. fibrisolveng0B156 [32].
One of the constructs hadamylase signal peptide that allowed only 15.6% of the xylanase
activity to be detected extracellularly. However, when the signal peptide was mutated to
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make it more hydrophobic 62% of the xylanase activity was detected extracelluarly.
Recently, snilar constructs of the same gene were transformedintiorisolvensH17¢

(H17c pUBxynA pi-amylase signal peptide], H17¢c pUMSX [mutatedmylase signal

peptide]). The H17c pUBxynA construct appeared to by the fittest in competition studies
with native strains, even though H17c pUMSX secreted more of the recombinant xylanase
extracelluarly and digested slightly more fibre in monoculture. Because H17c¢c pUBxynA
appeared to be the fittest it was inoculated into the rumen of cattle and sheep eating a
rhodes grass diet. This organism was detectable until 24 d post-inoculation and it’s dilution
rate (measured as the decrease in numbers) appeared to be slower than the dilution rate of
particles (3% per h) [24] indicating that H17c pUBxynA was competing. Recombinant
butyrivibrios are a valuable tool for manipulation of ruminal processes and remain the only
fibrolytic ruminal bacterium that can be genetically manipulated.

Naturally occurring bacteria

Surveys of cluster IV ruminococci have shown that the ability to digest fibre varies
considerably among strains, but some strains can be considered superior fibre degraders
[16]. Can we then not use the best fibre digesters as inoculants, and thereby circumvent all
the problems associated with recombinant strains? Recently we repeatedly inoculated five
strains of highly fibrolytic ruminococci into sheep eating a rhodes grass diet so that numbers
increased approximately 10-fold over baseline. Measurements of cellulolytic activity in the
rumen increased significantly over controls and introduced strains persisted (tracked with
specific sequences) for at least 20 d post inoculation. The data strongly suggest that if
ruminococci are at sufficiently high numbers in the rumen rates of fibre digestion may be
improved. An interesting question still under investigation is why these highly cellulolytic
bacteria decline in numbers in the rumen. The answer to this question may lie in specific
ecological criteria that are required for establishment such as ability to attach to substrate or
the utilization of metabolites from other bacteria.

An obvious criticism of this data would be that the numbers of introduced organisms
were not persisting at all, but were slowly diluting out of the rumen. Passage rate of a
rhodes grass diet in sheep has been determined to be ~3% per h [24], and the rate of decline
of theRuminococcubased on a genus specific 16S rRNA probe was ~0.3% per h, a
dilution rate 10-fold less that that of rhodes grass. This indicates that the dosed organisms
were not just diluting out, but were successfully competing for fibre in the rumen.

Conclusions

There has been an ever increasing number of manuscripts that describe new techniques for
studying microbial ecology in a variety of ecosystems. It should however be recognised
that the study of microbial ecology is a study of ecology and not of techniques, and the
techniques are a means to an end, and not the end itself. Fibre digestion is a complicated
process but the true rate limiting steps have not been clearly identified. This manuscript
gives some evidence supporting microbiological intervention but more work is required to
address the problems related to establishment and persistence. There are still many
guestions to answer that can only be addressed by application of a suit of techniques that
look at the microbial ecology of the rumen as a whole.



The Rumen Microbial Ecosystem

Acknowledgments

The work undertaken by CSIRO was supported in part by the Australian Meat and
Livestock Authority.

References

1. Beever DE, Coelho da Silva JF, Prescott JHD, Armstrong DG (1972) The effect in
sheep of physical form and stage of growth on the sites of digestion of a dried grass. 1.
Sites of digestion of organic matter, energy and carbohydrate. Brit J NB#72856.

2. Berger LL, Fahey JGC, Bourquin LD, Titgemeyer EC (1994) Modification of forage
quality after harvest. In: Fahey JGC (Ed) Forage quality, evaluation, and utilization. vol.
1. American Society of Agronomy, Inc, Madison, p 922-966

3. Bryant MP (1986) GenuRuminococcusSijpesteijn 1948, 152AL. In: Sneath PHA (Ed)
Bergey's manual of systematic bacteriology vol. 2. Wiliams and Wilkins, Sydney, p
1093-1097

4. Bryant MP, Burkey LA (1953) Cultural methods and some characteristics of some of
the more numerous groups of bacteria in the bovine rumen. J Dairy: 0317

5. Caldwell DE, Wolfaardt GM, Korber DR, Lawrence JR (1997) Do bacterial
communities transcend Darwinism? In: Jones JW (Ed) Advances in Microbial Ecology
vol. 15. Plenum Press, New York, p 105-191

6. Collins MD, Lawson PA, Willems A, Cordoba JJ, Fernandez-Garayzabal J, Garcia P,
Cai J, Hippe H, Farrow JAE (1994) The phylogeny of the g&ostridium proposal
of five new genera and eleven new species combinations. Int J Syst Bact&1d-44
826

7. Ezaki T, Li N, Hashimoto Y, Miura H, Yamamoto H (1994) 16S ribosomal DNA
sequences of anaerobic cocci and propodalafinococcubanseriicomb. nov. and
Ruminococcuproductuscomb. nov. Int J Syst Bacteriol 44{130-136

8. Forsberg CW, Cheng KJ, White BA (1997) Polysaccharide degradation in the rumen
and large intestine. In: Mackie RI, White BA, Isaacson, RE.(Eds) Gastrointestinal
Microbiology vol. 2. Chapman & Hall, New York, p 319-379

9. Forster RJ, Gong J, Teather RM (1997) Group-specific 16S rRNA hybridization probes
for determinative and community structure studieButirivibrio fibrisolvensin the
rumen. App Environ Microbiol 63256-1260

10.Forster RJ, Teather RM, Gong J, Deng SJ (1996) 16S rDNA analygigywivibrio
fibrisolvens phylogenetic position and relation to butyrate-producing anaerobic bacteria
from the rumen of white-tailed deer. Lett Appl Microbiot 288-222

11.11. Hespell RB, Akin DE, Dehority BA (1997) Bacteria, fungi, and protozoa of the
rumen. In: Mackie RI, White BA, Isaacson RE (Eds) Gastrointestinal Microbiology vol.
2. Chapman and Hall, New York, p 59-141

12.Hungate RE (1950) The anaerobic medaptellulolytic bacteria. Bacteriol Rev 1%-

49

13.Hungate RE (1984) Microbes of nutritional importance in timeeatary tract. Proc
Nutr Soc 431-11

14.Klieve AV, Bauchop T (1988) Morphological diversity of ruminal bacteriophages from
sheep and cattle. Appl Environ Microbiol:3837-1641



The Rumen Microbial Ecosystem

15.Klieve AV, Swain RA (1993) Estimation of ruminal bacteriophage numbers by pulsed-
field gel electrophoresis and laser densitometery. Appl Environ Microhi®299-2303

16.Krause DO, Bunch RJ, Smith JM, McSweeney CS (1998) DiversRuofinococcus
strains: a survey of genetic polymorphisms and plant digesting ability. J App Bacteriol
(In press)

17.Krause DO, Dalrymple BP, Smith WJ, McSweeney CS (1998) Phylogenetic
relationships between ruminal strainsRéminococcus albuendRuminococcus
flavefaciensint J Syst Bacteriol (Submitted)

18.Krause DO, Russell JB (1996) How many ruminal bacteria are there? J Dairy Sci
79:1467-1475

19.Krause DO, Smith WJ, McSweeney CS (1998) Extraction of microbial DNA from
rumen contents of animals grazing tannin containing plants. Appl Environ Microbiol (In
press)

20.Latham MJ, Sharpe E, Sutton JD (1971) The microbial flora of the rumen of cows fed
hay and high cereal rations and its relationship to the rumen fermentation. J Appl
Bacteriol 34425-434

21.Latham MJ, Storry JE, Sharpe ME (1972) Effect of low-roughage diets on the
microflora and lipid metabolism in the rumen. Appl Microbiol 241-877

22.Mannarelli BM, J. SR, Lee D, Ericson L.990) Taxonomic relatednessRutyrivibrio,
Lachnospira RoseburiaandEubacteriunmspecies as determined by DNA hybridization
and extracellular polysaccharide analysis. Int J Syst Bacteri®r@es78

23.McSweeney CS, Dulieu A, Bunch R (19@)tyrivibrio spp. and other xylanolytic
microorganisms from the rumen have cinnamoyl esterase activity. AnaeEbé!

24.Poppi DP, Minson DJ, Ternouth JH (1981) Studies of cattle and sheep eating leaf and
stem fractions of grasses. |l. Factors controlling the retention of feed in the reticulo-
rumen. Aust J Agric Res 3109-121

25. Stewart CS, Duncan HH, McPherson CA, Richardson AJ, Flint HJ (1990) The
implication of the loss and regain of cotton-degrading activity for the degradation of
straw byRuminococcus flavefacie097. J Appl Bacteriol 6849-356

26.Thomson DJ, Beever DE, Coelho da Silva JF, Armstrong DG (1972) The effect in
sheep of physical form on the sites of digestion of a dried lucerne diet. 1. Sites of
organic matter, energy and carbohydrate digestion. Br J N1BL28.

27.Ulyatt MJ, MacRae JC (1974) Quantitative digestion of fresh herbage by sheep. 1. The
sites of digestion of organic matter, energy, readily fermentable carbohydrate, structural
carbohydrate, and lipid. J Agri Sci (Camb.) 325-307

28.Van Gylswyk NO (1970) The effect of supplementing a low-protein hay on the
cellulolytic bacteria in the rumen of sheep and on the digestibility of cellulose and
hemicellulose. J Agric Sci (Camb.):749-180

29.Van Soest PJ (1982) Nutritional ecology of the ruminant. Durham and Doeney, Inc.,
Portland.

30.Vercoe PE, White BA (1997) Genetics of ruminal anaerobic bacteria. In: Mackie RI,
White BA, Isaacson RE (Eds) Gastrointestinal microbiology vol. 2. Chapman & Hall,
New York, p 321-372



The Rumen Microbial Ecosystem

31.Vogel KP, Sleper DA (1994) Alteration of plants via genetics and plant breeding. In:
Fahey JGC (Ed) Forage quality, evaluation, and utilization. American Society of
Agronomy, Inc., Madison, p 891-921

32.Xue G-P, Johnson JS, Bransgrove KL, Gregg K, Beard CE, Dalrymple BP, Gobius KS,
Aylward JH (1997) Improvement of expression and secretion of a fungal xylanase in the
rumen bacteriurButyrivibrio fibrisolvensOB156 by manipulation of promotor and
signal sequences. J Biotech 549-148



