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SUMVARY

Cenetic characterization of rumen bacteria s progressing
rapidly, with the cloning of many genes, principally those

encodi ng enzynes related to fibre digestion. Material is now
available to allow gene regulatory sequences to be studied in
detail . Direct transformation wth reconbinant plasmids has

been reported for two species, and is being developed for
ot hers. A nunber of different techniques are now available to
allow altered strains to be nonitored when returned to the
rumen, and the nobst sensitive are capable of detecting
extrenely |ow nunbers. There are, so far, no reports of
practical changes being nade to rumen bacteria to enhance the
capabilities of the rumen, but the present rate of progress
suggests that such achievenents are within reach.

| NTRODUCTI ON

Using nmethods of dietary or rumnal manipulation it is already
possible to make dramatic increases in animl production by
maki ng ruminants grow, reproduce, and lactate nore efficiently

(Leng 1990). It could therefore be argued that a
bi ot echnol ogi cal approach to the sane problems my be
unnecessary, si nce t he technology is not practically
applicable at present (Leng 1991). However, a sound reason
for placing inportance on the developnent of this technol ogy
is that it is likely to provide a variety of additional

nmechanisms for the enhancenent of nutritional efficiency.

Perhaps nore inportantly, the technology should provide
possible solutions to other, non-nutritional problens in

ani mal production.

Processes by which genetic alteration of rumen bacteria may
improve nutritional efficiency i ncl ude: enhanced fibre
di gestion (Smth and Hespell 1985) i ncreased rumen by-pass
of proteins containing essential am no-aci ds (Teather1985),
or production of manipulative conpounds which may increase the
efficiency of rumen fernentation, such as anti-protozoal
agents (Bird et al. 1990}). Other uses for the technology
include the possibility of constructing bacteria that are
capabl e of detoxifying plant netabolites, or pesticides {Gregg
and Sharpe 1991), or are engineered for the production of
anti-parasitic agents
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What ever the practical goal , attenpts to manipulate the
genetics of rumen bacteria' involve certain fundanental steps
that are common to nost applications:

1. . Selection of suitable bacterial species for alteration.
2. Coning and characterization of rumen bacterial genes and
their control nechanisns.

3. Met hods for insertion of DNA and ensuring its retention.

4. Techniques for nonitoring survival of altered organisns.

At present, the technology involved in each of these steps is
still being developed, and in outlining the positive advances
in the field it will be necessary to coment upon sone of the
difficulties that have been encountered. During early work,
the extension of |aboratory methods developed with Escherichia
coli, to the anaerobes of the rumen, was approached wth an
expectation of rapid progress in nmany |aboratories. In some
respects this has proven justified, but in nobst respects it
has not . Progress within this area of nolecular biology has

been slower than could be predicted five years ago, and it has
becone clear that extensive studies of the nolecular genetics
of rumen bacteria will be essential if genetic manipulation is
to becone routine. However, there have been considerable
advances in this field since the first serious discussions of
its application were published (Smth and Hespell 1983).

RUMEN BACTERI AL CULTURE AND CHARACTERI ZATI ON

Cl assical taxonony of rumen bacteria has defined approxi mately
15 phenotypic species which conpose the major bacterial
bi omass of the rumen (Table 1, Hespell 1987). The role played
by the major groups in rumen ecology is quite well wunderstood
(Russell 1988) and nethods have been developed for the
isolation and culture of the major species, which generally
require strictly anaerobic conditions (Hungate 1969). .

A complication that has arisen in this area of study, is that
the phenotypes described in conventional taxonony nmay not
accurately reflect the genetic relationships of nmany of the

maj or  speci es. For  exanpl e, it has been shown that
i ndependently isolated Australian strains of the species
Butyrivibrio fibrisulvens are in nmany cases genetically
di stinct from one another, to the extent of conprising
different species or even different genera (Hudman and G egg
1989). In the sane report, diversity was also noted anong
strains of Bacteroides rumnicola. Simlar genetic divergence
has been recorded among strains of Butyrivibrio from North
Anerica (Manarelli and Hespell 1987; Sewell et al. 1988) and

anong other rumen species (Hazlewbod and Teather 1988; Ware et
al. 1989).

The inportance of this extensive variability depends upon the
purpose for which the bacteria are being studied (Gregg and
War e 1990). Research which attenpts to transfer genetic



Table | Dom nant bacterial species within the rumen

SPECIES

Anaerovibrio lipolytica
Bacteroides amylophilus
Bacteroides ruminicola*
Butyrivibrio fibrisolvens*
Fibrobacter succinogenes@
Lachnospira multiparus
Methanobrevibacter ruminantium
Methanosarcina barkeri
Ruminococcus albus*®
Ruminococcus flavefaciens®
Selenomonas ruminantium*
Streptococcus bovis
Succinivibrio dextrinosolvens

Wolinella succinogenes

* species being developed as DNA recipients
highly cellulolytic species selected as gene donors

material between two organisnms, may be profoundly affected by
differences in DNA regulatory sequences (for exanple), which
may cause genes to function differently wthin the two
or gani sms. -

Various nethods have been developed for the identification of
bacteria by their genetic content, rather than their outward
appearance (Stackebrandt 1988), and these are being applied to
rumen bacteria with increasing frequency.

GENE CLONI NG AND SEQUENCI NG

The genes that have been cloned from rumen bacteria can now be
nunbered in dozens (Table 2), with a mjority being those
whi ch encode enzynmes for digestion of conplex carbohydrates,

such as endogl ucanase, endoxyl anase, exoglucanase, 8-
gl ucosi dase, and B-xylosidase genes. Conpl ete DNA sequences
have been established for nore than l4genes (Table 2, and
genetic variability between strains provides a greater

resource of distinct genetic material than was previously
realized. For exanple, the endoglucanase genes cloned from
R albus AR67 differ markedly from those cloned from strain
F-40 (Ware et al. 1989).

Descriptions of genes that have been cloned and sequenced have
not generally given an indication of the difficulties that
have been encountered in sone cases. In many |aboratories,

evidence of cloning difficulties has been clear from the
frequency with which cloned genes were subsequently 1lost
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Tabl e 2Genes cloned from rumen bacteria

In our |aboratory,

SPECIES

Bacteroides ruminicola

Butyrivibrio fibrisolvens

Fibrobacter succinogenes

Ruminococcus albus

Ruminococcus flavefaciens

GENE PRODUCT SEQUENCED
endoglucanaseab yesBC
xylanasec no
endoglucanasedef yesdf
B—glucosidaseh _ yesh
cellodextrinase® yes%
XylanaseJ yesJ
Xylosidasek no
endoglucanasel yesD
cellodextrinase™ no
mixed-link-glucanase® yesE
Xylanase® no
endoglucanase®Parst yesFCH
B-glucosidaseYV yesY
Xylanase9 no
endoglucanase¥*Y no
mixed-link glucanase? no
B8-glucosidaseY no
xylanase®? no
cellodextrinase® yesA

SWoods et al.
Hespell 1989;
al. 1991’ "Lin et al.
al. 1990’

989; PRussell and Wilson 1989; ©
Berger et al,

Sewell et al. 1989;

1989; ©Mann 1988;

hitehead and
‘Hazlewood et
1Bercier et al. 1990; JManarelli et

Crosby et al. 1984; ™Gong et

al. 1989; "Irvine and Teather 1988; ©Sipat et al. 1987/ PKawai

et al. 1987;

SHoward and White 1988;

Vohmiya et al. 1990;

White 1990; YH%an et al.

Thomson 1990;
McGav&n et al. 1989;
1990;

9Romaniec _et al. 1989; TOhmiya et al.

Ware et al. 1989/ Yware et al.
WBarros and Thomson 1987; *Howard and
1989; ?Flint et al.
Matsushita et al. 1990’
Ereather and Erfle 1990;
Vercoe et al. 1991b; Hohmiya et al. 1989.

Vercoe Et al.

1988;
19907

1989; AWang and

1991a;

Poole et al.



conplications caused by plasmid instability and inability to
obtain single-stranded DNA clones have been overcone by
sequenci ng doubl e-stranded DNA using synthetic oligonucleotide

primers to "walk'" through the sequence. This has elimnated.
the need for sub-cloning. Difficulty of cloning has not been
observed with all rumen bacterial DNA; for exanple, rapid

progress has been nmade with genes cloned from F. succinogenes
strain s85, wusing the conventional sub-cloning and single-
strand sequencing techniques generally applied to -eukaryotic
DNA (McGavin et al. 1989; Teather and Erfle 1990).

Sequencing rumen bacterial genes is essential to reveal the
mechani sms by which gene expression is controlled. Structure
al one cannot define which sequences have regulatory function,

but provides the information essential for nore definitive
experinents.

In many cases, rumen bacterial genes have been shown to
contain regions wth strong simlarity to the regulatory
sequences of E. coli, and these have been cautiously assuned
to control expression of the genes in their native bacterium
(Teather 1990). One study has denonstrated that the nRNA
‘encoding an R albus endogl ucanase is synthesized from a point
close to sequences which strongly resenble an E. col i
consensus pronoter (Chmiya et al. 1989). However, for nost of
t he genes sequenced so far, there has been no definitive proof
that transcription does indeed comence adjacent to the
observed pronoter-like sequences. In one case, primer
extension studies have shown that transcription of a B.
rum ni cola endoglucanase gene does not originate from any of
the E. coli-like sequences that are present upstream from the
protein-coding region, but from a region in which there is no
obvi ous consensus sequence (Vercoe and Gegg 1991a). In sone
cases, therefore, gene regulatory requirenents are likely to
differ from famliar bacterial systems and wll require
detail ed study.

It is clear that the rapid accunulation of sequence data that

is occurring at present wll allow the general situation in
each rumen species to be established, but it is not yet
possible to predict whether a gene wll be functional if
i ntroduced into any particular speci es. At present,

essentially nothing is known about nolecular nechanisnms of
gene induction within rumen bacteria.

DNA TRANSFER VECTORS FCOR RUMEN BACTERI A

Mechanisms for the insertion of novel DNA into bacteria
usual l'y invol ve  epigenetic el enents such as plasmds,
bact eri ophages, or transposons. All three systens are being
tested for their application to rumen bacteria.

Transfer of plasmids and transposons from non-rumen species
into rumen bacteria, by the process of conjugation, has been
denmonstrated to occur (Hazlewbod and Teather 1985; Russell and
WIlson 1988), and transfer between rumen sSpecies is also
possible (Flint et al. 1988). However, the broad host-range



plasmids used in sonme experinents have proven unstable and
unsuitable as wvectors for foreign DNA (Teather 1985).
Plasmids derived from the intended recipient species appear
nore promsing as transfer vectors (Thomson and Flint 1989;
Hazl ewood and G | bert 1989). Bact eri ophage, and plasmids t hat
have been wused for direct DNA transformations are listed in
Table 3.

Successf ul attenpts have been made to insert naked DNA
directly into rumen bacteria using polyethylene glycol shock
(Lockington et al.1989). However, nore w despread success
has resulted from the use of electroporation, a process by
which a pulsed electrical field induces bacteria (and other
cells) to take up DNA from the surrounding nedium (Dower et
al. 1988, Thomson and Flint 1989;Hazl ewood and Gilbert 1989;
Lockington et al. 1989 Gegg and Ware 1990).

Two reports have been published describing plasmid trans-
formati on of Bacteroides rumnicola by electroporation. One
involved the naturally occurring plasmid pRRI4 (Thonson and
Flint 1984) and the other involved a reconbinant vector
constructed from a cryptic native plasmid (Hazlewod and
G | bert 1989). We have denonstrat ed t he use of
el ectroporation  for the transformation of Butyrivibrio
fibrisolvens strain ARI0O (G egg and Ware 1990), using a
reconbi nant plasmid which was constructed from a cryptic
plasmid native to AR10.

Table 3 Bacteriophages and plasmids used for transformation

SPECIES EPISOME TRANSFORMATION
METHOD
B. ruminicola plasmid pRRI42 electroporationb
*plasmid pE5-2€ electroporation®
conjugationd
B. fibrisolvens plasmid RP4€ conjugation®
plasmid pRK248f PEG/spheroplastsf
*plasmid pCW2g electroporationg
S. ruminantium bacteriophageh electroporationh
_ PEG/lysozymeh _
plasmid? culture with DNA®

* recombinant plasmids; PEG = polyethylene glycol treatment.

3Flint et al. 1988; PThomson and Flint 1989; CHazlewood and
ilbert 1989; dRussell and Wilson 1988; €reather 1985;
Hazlewood and Teather , 1988; 9Gregg and Ware 1990;
Lockington, et al. 1988; Orpin et al. 1986.



The process of introducing DNA into a bacterium requires that

the organisns containing the new material be separable from
those that do not. This is achieved in nbst cases by using
what is known as a sel ectable marker gene. This may be a gene .
that allows the bacterium to use an unusual nutrient, but nore
often it is a gene that provides protection for its host,

against some toxic conpound. The majority of selectable

mar ker genes provide resistance to an antibiotic.

A tetracycline resistance gene carried on a native rumen
plasmid (pRRI4) has been used successfully for the selection
of transformed B. rumnicola (Thomson and Flint 1989).
Simlarly, several species of bacteria have been shown to be
capable of expressing the Tet(M) gene from transposon Tn916
(J. Brooker, pers. comm. 199)which was obtained originally
from Streptococcus faecalis (Senghas et al. 1988).

Interestingly, antibiotic resistance genes from non-rumen
sources are frequently ineffective in rumen species. In our
work (Ware et al. wunpublished) it has been denonstrated that
the anpicillinase gene from pUC plasmids (Yanisch-Perron et
al. 1985)works only poorly as a selectable marker in B.
fi bri solvens, and the CAT gene from pKK232-8 (Brosius 1984)
and the clindanycin resistance gene from Bacteroides fragilis
(Smth 1985) appear non-functional in this species. It

remains to be shown whether this is a consequence of
differences in gene regulatory factors, translation and/or
protein folding under anaerobic conditions, or inappropriate
partitioning of the resistance factor within the bacterium

In contrast, the clindamycin resistance gene from B. fragilis
has been shown to function in B. rumnicola (Hazlewod and
Gi | bert 1989).

Devel opnent of transformation vectors and. nethods-for rumen
bacteria is in its infancy, but it is clear that reconbinant
plasmids based wupon naturally occuring replicons wll be
useful for the transfer of foreign DNA into rumen Dbacteria.
The availability of suitable vectors is expected to lead to a
rapid expansion in genetic know edge.

Most genetic manipul ation projects which entail the release of
altered bacteria require the genomc integration of the added

genes. Wrk wth transposons has shown that DNA can be
transferred to rumen bacteria and incorporated into the
chr onosone. The inherent nobility of transposons nakes them

unsuitable for practical genetic alteration, unless their
mobility can be regulated, but their wusefulness as genetic
research tools nmay be considerable (Hespell 1987)

In our own |aboratory we are examning the possibility that
the integrative function of bacteriophages may be wuseful in
attaching newly introduced genes to the bacterial chronosone.
A 2.8 kilobase DNA fragnent containing an integration
attachnent site from the tenperate bacteriophage ¢AR29 (Klieve
et al. 1989) has been cloned into an E. coli plasmid and is
now being tested for its ability to direct chr onpsonal
integration (A Klieve and K. Gegg, unpublished).



MONI TORI NG BACTERI AL LEVELS I N THE RUMEN

Wen altered bacteria are returned to the rumen, the first
measure of their success wll be their ability to persist in
sufficient nunbers to exert a significant biological effect.
It is therefore essential to have a reliable mechanism for
measuring the predominance of the altered strain within the
rumen popul ati on.

DNA hybridi zation has been used to estimate bacterial nunbers
in a variety of locations including rumen quid. Attvvood et

al. (1989) denobnstrated the detection of a target ‘%les i
rumen fluid, with an estinmated sensitivity of agoungil 1
cells per m. However, in a population of 10 baCterla

per m this represents a sensitivity of only 1% - 0.1% The
genetic diversity that has been shown to occur within single

phenotypes (see above) indicates that any one genotype is
likely to conpose only a small proportion of the apparent
representation by that phenotypic species: i.e. where a
phenotypic species is 5% of the rumen population, a single
genotype my be less than one tenth of this. As a
consequence, the |level of sensitivity provided by standard
hybri di zati on  techni ques may  be i nadequate to foll ow

fluctuations of individual genotypes within the rumen.

An alternative nethod has been described which uses nonocl onal
antibodies to detect specific strains of bacteria in a mxed
popul ation with considerably greater sensitivity (Brooker and

St okes 1990). However, in some cases this method may be too
speci fic, since the cell-surface antigens of bacteria can
change with a changi ng environnent. For exanple, the |oss of

a particular nutrient receptor, wth a change in diet, could
result in false negative results from nonoclonal antibody
det ecti on processes.

A nmore promsing nmechanism for detecting and enunerating
i ndi vidual species lies in the recently devel oped technique of
pol ynmerase chain reaction (PCR;, Mullis and Faloona 1987).
This nmethod uses a DNA synthesis reaction to duplicate a
particul ar DNA sequence. Repeat ed denaturation, annealing and
pol ynmeri zation steps, wusing a thernostable enzyne, allows the
duplication to be repeated many-fold in an automated system
(Sai ki et al 1988). In principle, this technique nakes
possi ble the detection of a single copy of a DNA sequence in a
m xed popul ati on.

PCR has been applied in the detection and quantitation of
bacterial species in non-rum nal ecosystens as well as being
developed in our |laboratory for application to the rumen.
Early work has own considerable success in detecting DNA
equivalent to 1Y cells anong non-target DNA equivalent to
approxi mately 108 cells (i.e. detecting an organism that is
0000t of the total population) while remaining well wthin
the sensitivity limts of the technique. For quantitation of
i ndi vidual species wthin the rumen, the npbst challenging part
of this process is the developnent of nethods which ensure
that DNA extracted from rumen sanples, is representative of
the entire bacterial population. It is expected that, for



nost purposes, quantitation down to 0000% of the Dbacterial
population will be adequate to detect those bacteria which
play a significant role in the rumen.

APPL| CATI ONS FOR MODI FI CATI ON OF RUMEN BACTERI A

Many reviews have been published, describing the potential
benefits to be obtained by manipulating the genetics of rumen
m cr o- or gani sns (Teather 1985: Smith and Hespell 1985:

Armstrong and G | bert 1985). However, it is still too early
to predict which alterations are nost likely to provide real

benefits. Al though DNA has been inserted into rumen bacteri a,

denonstrating the feasibility of genetic alteration, there are
still no reports of wuseful changes being nmade to rumen
bacteria, and sone of the strains used in genetic studies have
an unpredictable |likelihood of surviving if returned to the

rumen (Attwood et al. 1988).

It is expected that sone genetic changes to rumen bacteria
will be effective when expressed as a small percentage of the
rumen popul ation (e.g. <0.1%) while others may require a major
proportion to be altered (e.g. >5%) to have an adequate effect
on the physiology of the aninmal. The following are exanples
of three different types of nmanipulation which are likely to
require different levels of altered bacteria within the rumen
popul ati on.

Det oxi fi cati on

An adaptation of rumen bacteria that could be applicable to a
| arge nunber of specific problens, is nodification to allow
detoxification of pl ant poi sons, pesticides, or ot her
pol lutants which contamnate rumnants through their presence
as residues in soil and pastures (Gegg and Sharpe 1991). A
precedent has been set by the work of Jones and Megarrity
(1986), in which a bacterial culture was transferred from the
rumen of Hawaiian goats to Australian goats and sheep,
transferring resistance to the goitrogenic am no-acid m nosine
and its degradation product dihydropyridone. Popul ati ons of
t he new bacteriagaere detected at a level around 00% of the
rumen flora (=10°/nm), but were able to protect the animals
against toxin levels taken in by eating Leucaena |eucocephal a
(R Jones, per sonal communi cation). Bacteria that are
engineered to produce anti-parasitic conmpounds or anti-
protozoal agents may also function adequately at quite |ow
popul ati on nunbers.

Protein quality supplenentation

An attenmpt may be nmade to supplenment dietary protein by
causing "storage" or "by-pass" proteins to be generated within
rumen bacteria (Teather 1985 Brooker et al. 1989). Altering
a small  proportion of bacteria to carry high levels of
proteins that are rich in essential amno acids mght be of
considerable nutritional benefit to the host aninmal. However ,
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the ecol ogi cal conpetitiveness of such organisns my be
attenuated if they store large quantities of proteins that are

of no advantage to them It may be necessary to provide
external support nechanisnms to enable the altered bacteria to
survive in useful nunbers. As an alternative, it my be nore

beneficial to alter a larger proportion of the rumen
popul ation to produce low levels of an enriched protein,, for
exanple by adding essential amno acids to existing structura

pr ot ei ns. Wiile this would alnost certainly require the
alteration of many organisnms, it appears nore likely to be
successful, on evolutionary principles.

Enhanced fibre digestion

At present, the process of cellulose digestion remains poorly
understood and mght therefore appear inpractical as a genetic
nodi fi cation. Nevertheless, it has been denonstrated that
cellulase genes from a bacterium can be added to a normally
non-cellulolytic organism (in this case a yeast), to nake it
capable of digesting filter paper and treated wood-chips (Wng
et al. 1988). The process of fibre digestion involves a major
proportion of the rumen mcroflora, and manipulations to
enhance fibre digestion mght require large changes in the
bacterial population in order to show significant increases in
di gestive efficiency. The remarkable genetic diversity anong
rumen bacteria increases the conplexity of this task

Expression of a foreign cellulase gene in a nodified rumen
bacterium has been reported, although this apparently did not
confer true «cellulolytic capability (Hazlewood and G/ bert

1989). The ease with which cellulolytic capabilities may be
transferred to non-cellulolytic organisns mnmay depend upon the
particul ar system chosen for transfer. For exanpl e,

cellulases isolated from F. succinogenes appear to retain
little of their ability to digest native cellulose as a cell-
free extract (Groleau and Forsberg 1981). In contrast, we
have denonstrated that R. albus strain AR67 produces
extracel lular cellulases capable of digesting filter-paper and
Avicel extensively in cell-free preparations (A Lachke et al.

in preparation). Such enzynes may be ideal for transfer to
species that are normally only weakly cellulolytic, such as B.
fibrisolvens (Bryant 1974). Wth five cellulolytic genes
cloned from AR67 (Ware et al. 1989; Ware et al. 1990), it

remains to be shown which of these, or which additional ones,
are required to confer <cellulolysis on a non-cellulolytic
speci es.

CONCLUSI ONS

It is widely accepted that a greater wunderstanding of rumen
m crobi al nolecular genetics is necessary if manipulation of
rumen bacteria is to becone routine, and the know edge
required to make it so is expanding rapidly.

Bacterial species suitable for nodification have been selected
from the large nunber present in the rumen. Genes from those
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species are being cloned and sequenced at an accelerating rate
and nuch  structural information is already avai | abl e.
Experinments to study the operation of these genes in vivo are
in progress in several |aboratories.

Met hods for the insertion of new DNA have been devel oped for
at least two species, and possible ways to stabilize genes by
chronpbsomal integration are being investigated. The nost
recent developnents in PCR technology lend thenselves to the
process of nonitoring fluctuations in bacterial populations in
the rumen. As a consequence, it wll be relatively sinple to
assess the viability of nodified bacteria when reintroduced to
t he rumen.

At present, practical genetic alteration of rumen bacteria
remains a thing of the future. However, the rate of progress
during the past five years, and the rate of acceleration of
progress, has made it clear that the capability to nake useful
nodifications to these inportant organisns is no longer in
questi on.
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