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SUMVARY

The principal aimof this work is to increase the efficiency wth which
rumnants are able to digest fibrous plant tissues, to allow more effective
nutrition of animals grazing on uninproved pastures. The approach taken is to
increase the digestive capability of rumen bacteria by genetically engineering
themto produce increased |evels of cellulase and henicel | ul ase enzymes, or to
produce nore efficient combinations of these enzynmes

To this purpose, we have prepared fresh isolates of a w de range of
rumen bacteria, to select species that can provide the necessary genes and
those suitable as recipients of novel genetic material

W have prepared |ibraries of cloned genes, f rom which cellulolyt i C and
xylanolyt i c enzyne genes are presently being characterized. Naturally
occurring or “nat ive" plasmids have been ident if ied in three genera of rumen
bacteria. Genetic informat ion, essential for the replication of these
plasmids in their host bacteria, will be inserted into the plasmid pCWl toO
produce functional “shuttle” plasm ds

Prelimnary experinments have been conducted to show that the process of
el ectroporation can be applied to bacteria to insert plasmid DNA.  This nethod
has been selected for transformation experinents on rumen bacteria, using
derivatives of pCWl,

Wile it is evident that the major objectives of this work are of a
long-termnature, the initial steps have been taken in several areas of
inportance. The conplexities encountered during these early stages have
provided some interesting observations and encouraging early results.

| NTRCDUCTI ON

Invest igat ion of t he rumen and i t s m i ¢ ro-organ | sms has been | n progress
for a considerabl e number Of years, but t he study of t he mic rob ia ! mo 1 ecu 1 ar
bi ol ogy of this organ has only very recent ly been invest igat ed. Qur
understanding of this topic is sufficiently undevel oped that sone
contradictory views have been published, on the practicability of reconbinant
DNA techniques for manipulating the rumen mcroflora (Teather 1985; Arnstrong
and G lbert, 1985). \hile the practicability of this approach is untested, we
believe that the great potential of rumen biotechnology justifies serious
efforts to develop the necessary nethods.

Qur own interest in genetic manipul ation of rumen m cro-organi snms began
with the intention of enhancing their ability to digest plant fibre, in order
to increase the efficiency with which low grade forages can be used by cattle
or sheep. The major gain is expected to be derived fromthe possibility of
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making fibre breakdown nore rapid, thereby allowing a greater voluntary intake
of food to provide more of the essential nutrients that are scarce in such
diets.

The techniques that nust be devel oped to achieve this aimcould find a
wi de range of applications (see Teather 1985; Smith and Hespell 1982).
Exanpl es of these include the nodification of bacterial products; suppression
of undesirable metabolic pathways; the production of novel substances that may
benefit the rumnant; and, possibly, the detoxification of naturally-occurring
pl ant toxins.

In little nmore than a year, since beginning work in our reconbinant DNA
| aboratory, we have begun to tackle sone of the basic problems of this work
Early progress has been encouraging and some of the problens encountered may
be of interest to others in the field. The purpose of this overviewis to
outline the approach taken and to indicate the conplexity of the task.

Appr oach

The approach taken to this project consists largely of proven
reconbi nant DNA techniques, with occasional nodifications made necessary by
the nature of the bacteria concerned. |n describing the entire approach it is
i nappropriate to give extensive detail of every technique and we woul d direct
interested readers to some of the excellent laboratory manuals that deal wth
the subject (Maniatis et al. 1982; Qover, 1985). Those methods that have
requi red modif icat ion, in order to be applied to rumen anaerobes, wll be
di scussed here nore fully.

In outline, the manipulations required to produce enhancenent of fibre
di gestion by rumen bacteria can be divided into seven steps

1. | sol ati on of rumen bacteria, both as donors of f ibrolytic enzymes and as
potential recipients of cloned enzyme genes.

2. Preparation of gene libraries fromwhich genes coding for cellulase and
hem cel | ul ase enzymes may be obtained

3. I dentification and characterization of fibrolytic enzyme genes
ldentification of additional factors required to endow full fibrolytic
capabilities upon the product of these genes and to control their
expressi on.

5. Preparation of plasmid vectors suitable for insertion of DNA into rumen
bacteri a.

6. Devel opment of processes to insert foreign DNA into rumen bacteria.

7. Devel opment of methods to induce the transfer of plasmid-borne DNA
sequences into the genone of rumen bacteria, as stable, heritable
characteristics.

Sone of these steps require the successful conpletion of prior steps and

cannot be comrenced at present. Those sections of the work that have
commenced will be discussed in sequence
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Identification of bacteria fromthe rumen

Despite theavailability of culturesofrumenbacteria from sources such
as the American Type Culture Collect iom, it wasdecidedear |y i ut he
conception of this project toconcentrateupontheuscof freshlyisolated
bacterial strains. This decision wsbased upon the need to be certain that
bacterial strains had not |ost any of ther competitivepropertiesthrough
repeated sub-culturing. In addition it was considered likely that a
conti nuous exam nation of fresh isolates would yield more actively fibrolytic
strains.

Cl assical taxonomic criteria were used to identify anaerobic bacteria
(Holdeman et al. 1977; Qginoto and Inmai 1981) isol ated by the nethods
devel oped by Hungate (1966). A nunber of bacterial isolates were further
characterized by restriction endonucl ease analysis of isolated DNA
(Kakoyi annis et al. 1984; Hudman and Gregg, in preparation).

Preparation of pgene |libraries

H gh nol ecular weight DNA was purified from bacterial cultures by
convent ional means, following lysis of the cells by treatment with |ysozyme
(1 ng/m), Proteinase K (25 ug/ml) and Sodi um dodecyl Sulphate (0.1%. DNA
was partially digested with restriction endonucleases to allow selection of
fragments suitable for ligation into plasmid (puC18) or bacteriophage vectors
(A gtWES.AB). Size selection was by sucrose gradient fractionation or by
separation on low nmelting point agarose gels.

Screening gene libraries for fibrolvytic genes

Libraries of DNA clones were screened for the expression of fibrolytic
enzyme genes by plating upon agar containing carboxynethyl cellulose or
oat-spelts xylan (0.1% wth 0.5% tryptone as a nutritive carbon source.

Regi ons of cellul ose digestion were visualized by staining with congo red
stain (1 ng/m) and destaining with 1 MNaCl (Teather and Wbod 1982). Sinple
carbohydrate nutrients such as glucose were specifically omtted from
selection plates, to avoid the possibility of enzyme repression. Recombinant
clones that produced enzymes capable of digesting carboxymethyl. cellul ose were
further screened on plates containing 0.2% ball-mlled cellulose.

Preparation of cloning vectors

Forthe construction of cloning vectors suitable for inserting novel DNA
into rumen bacteria, the clindamycin resistance gene fromthe colonic
Bact er oi des plasmid pDP1 (Guiney et al. 1984)waschosen as a sel ectable
marker. This gene could be excised intact on a 2 kb fragment and wascl oned
into pucl8 to produce a 4.7 kb plasmid pCWl. This plasmid iS the basic unit
on which a variety of host-specific plasmids are to be constructed, using
replication control sequences derived from naturally occurring or “native”
plasmids i sol ated from rumen bacteria. The final product will therefore
contain both replication control sequences and antibiotic resistance select ion
markers to allow the plasmids to be used in Escherichia coliandinthe
appropriate rumen bacterium

Identification and isolation of native plasmids

Total DNA preparations from rumen bacteria were el ectrophoresed on 1%
agarose gels (Tris.borate.EDTA buffer) with approximately 5 ug of DNA per 1cm
track. Small plasmids coul d be detected as | ow nol ecul ar wei ght bands,



running ahead of the genom c DNA.  Plasmids detected in this way were purified
by conventional plasmid isolation techniques (Maniatisetal 1982).

Insertion Of plasmid DNA i nto rumen bacteria

The process of electroporation involves passing apulse of electric
current across a suspension of bacteria (or other cells) to which a DNA
solution has been added. This process has been applied to plant, animal and
bacterial cells (Potter et al. 1984; Bio-Rad) and represents the nost
general |y applicable nethod available for inserting DNA into cells
Prelimnary experiments have involved the insertion of a 19 kb plasmid(pDP1
Guiney et al. 1984) into E. coli cells, using pulses from 2 seconds to 10
seconds with an initial potential of 2000 volts. The maxi num current passed
was determined by the resistance of the suspension medium (0.5 M sorbitol)
which gave a current of about 2 mA between electrodes 1 cm apart

RESULTS AND DI SCUSSI ON

| sol ation of bacteria fromthe rumen

The bacterial strains from which gene libraries are being prepared were
recently isolated in our own |aboratories and efforts have been concentrated
particularly upon cellulolytic and hem cellulolytic species. These include
Rum nococcus f |avefaciens, _Rum nococcus _albus, Bacteroides succinonenes,

Bact eroides rumnicola (sub-species ruminicola and brevis) and Butvrivibrio
f ibrisolvens, with particular attention being paid to those isolates that
denmonstrated the highest levels of cellulolytic or hemcellulolytic activity.

Consi derable effort is required for the identification of rumen bacteria
and in many cases the taxonomy appears to be inconplete (Barnes, 1986; Hobbs,
1986). This problem has been clearly denonstrated by the use of restriction
enzyme analysis of purified DNA.  Analysis of a series of different isolates
of a single species denonstrated that simlarity of norphological and
bi ochem cal criteria my be acconpanied by remarkable differences in
restriction endonuclease patterns (Fig. 1). \Wen compared With the
restriction patterns obtained from four laboratory Strains of E. coli, it is
clear that the genetic diversity implied by these results requiresamore
conplete investigation of taxonomic criteria. At present, it is not clear
whether the nore pronounced differences between restrict ion patterns from B.
fibrisolvens are the result of DNA nodifications within ssingle species, or
whet her this group of bacteria may include genetically distinct speciesor
sub- speci es.

Construction of gene |ibraries

A library of cloned DNA fragnents, representing the genome of a
bacterium can be satisfactorily constructed using plasmid vectors (Kawai et
al. 1987). Between 2000 and 10000 cloned fragments of 4-8 kb would be
expected to yield an adequate representation of a bacterial genone, depending
upon genone size. This approach was therefore the prinmary choice for the
preparation of gene libraries fromrumen bacteria, but turned out to present
unexpected difficulties. ‘Despite adequate’ preparation of component DNA,
efficient ligation of foreign inserts with the plasmid vector and acceptable
transformation frequencies with the chosen bacterium (E._coli JM109), there
was a very poor yield of reconbinant plasmid-bearing col onies. Insert ion of
the same DNA fragment preparation into both plasmid and bacteriophage vectors
yi el ded poor results with the former and very high cloning efficiency with the
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Track 1 2 3 4 5 6 7 8

Fig. 1. Banding patterns produced by restriction enzyme digestion of
bacterial DNA and electrophoresis on 1% agarose gels. Tracks 1-4:
Pst 1 digestion of DNA from K. coli strains: JMI01, JMI09, LE392 and
MC1061 respectively. Tracks 5-8: EcoRl digests of DNA from
Butyrivibrio fibrisolvens isolates AR9, AR1O, ARIl, AR12 respectively.

latter. It was concluded that the DNA of some rumenbac t er iamay be modif ied
in a way that discourages direct transfer of the DNA across the membrane of
JM109. Packaging into bacteriophage for active transfer across the membrane
appeared to overcome the problem. |Interestingly, the use of a different
strain of E. cali (C600) has recently allowed us to overcome this problem with
plasmid cloning, at least with DNA from some species. At the present time, we
have prepared gene libraries from B, ruminicola brevis (a hem cel lulolyt ic
species) and fromR. f lavefaciens (a cellulolytic species). We are currently
also preparing gene libraries fralbus and from a Bacteroides sp. which
is potently cellulolytic.

In this project, it will be necessary to obtain fibrolytic enzyme genes
from a wide variety of sources, to be certain of detecting those enzymes most
suited to production within a foreign host bacterium. Importantf eat ures
i nclude the ability to digest crystalline cellulose and the ability to be
regul ated by nutrient availabilityy These properties should, ideally, require
the inclusion of few additional genes.
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Detection of fibrolytic enzynme agenes.

Screening to detect those recombinant cl ones that produce f ibrolyt ic
enzymes is readily performed by plat ing recombinant s on agar that contains
carboxymet hyl cellulose or xylan and staining with congo red dye. So far, we
have detected seven recombinants fromR. flavefaciens thatdi gest
carboxynethyl cellulose and are screening recombinant clones from B.
rumnicola brevis for xylanase activity. Each gene library will, in turn, be
screened for all possible f ibrolytic enzyme genes, including those concerned
with the netabolism of cellulose degradation products such as cell obiose.

An essential part of screening for enzyme activities, is the need to
test for regression or inhibition of the activities by sinple sugars
Furthermore, the ability to digest carboxymethyl cellulose is, by itself, a
poor indicator of the ability to digest natural plant fibres. It is clear
that enzynmes chosen as candidates for increasing the cellulolytic capabilities
of the rumen bacteria nmust be capable of digesting some of the nore resistant
(crystalline) conponents of plant fibres. It is possible that additiona
genes nmay be necessary to provide such capabilities. Exanples of the genes
that may be required include those coding for glycosylases, responsible for
post-translational nodification of cellulase enzymes, and those responsible
for locating the enzyme on the outer cell nenbrane. Cellular |ocation nay be
a vital factor in the efficient functioning of such enzynmes

Construction of cloning vectors

Qur attenpts to construct plasmids that can replicate within rumen
bacteria and possess a selectable marker that will allow us to distinguish
those bacteria, have centred upon the production of a so-called “shuttle
vector". A shuttle vector can be defined as a DNA nolecule that is capable of
functioning in two or nore types of cell. Therefore we have begun the
construction of a plasmid that is expected to be useable in both |aboratory
strains of E. coli and in the chosen recipient strains of rumen bacteria. For
t hese purposes the plasmid nust contain DNA sequences that control self
replication in both species and also contain selectable marker genes capable
of operating in both species (Fig. 2). Shuttle vectors of this type have been
constructed recently for use in the colonic Species _Racteroides frapilis
(Smith 1985) and have been used to denonstrate that antibiotic genes that
function within E. coli may not work in an anaerobic species (Guiney et al.
1984). To cope with this problem and make a conplete shuttle vector, we have
constructed a basic plasmid (pCWl) that will accept replication control
sequences from native plasmids of rumen bacteria.

Isolation of native plasmids

The first native plasmid, i solated from R albus, i S being prepared at
present for insertion into pcWwl. This nust be-performed by an indirect nethod
because of the problem of direct plasmid cloning mentioned above. It has been
necessary, therefore, to insert the plasmid first into a | ambda bacteriophage
vector, to be grown in E. coli, before insertion into pCwl, Native plasmids
have al so been identified in isolates of B. f Jibrisolvens and in a
Propi oni bacterium sp. In all cases, these native plasmids are in the
Size-range of 2-3.5 kilobase pairs. It will therefore be possible to insert
the entire plasmid into pCWl without increasing the total size unreasonably.
Later experinents will be designed to reduce the size of the shuttle vectors,
in order to maximse the amount of DNA that can be inserted. The size factor
may be a major consideration, if there are a nunber of genes required to
provide efficient cellulolytic activity.
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Fig. 2. Pathway for the construction of rumen bacterial shuttle plasmids.
The clindanycin resistance gene(cc™) has been cloned into the
multiple cloning site (MCS) of pUC18. The resulting plasmid (pCWl1)
therefore contains the origin of replication to allow growth in E.
coli (ori ), Ampicillinresistance gene (Ampr) as a selectable marker
i coEl andt he C¢ rgone 8 s a selectabl e marker in anaerobic
bacteria. Native plasmids, such as pRal, wWill be incorporated to
provi de suitable replication origins for rumen bacteria (e.g.ori

Ra’"

Transformation of bacteria by electroporation

Several experinents were performed, attenpting to introduce the colonic
Bact eroi des plasmid pDP1 (donated by Dr. J. Brooker) into B.rumnicola
brevis, but without success. It is possible that the _Bacteroides species from
the human col on may be genetically too far removed, fromthe rumen Bacteroides
for their plasmids to be conpatible. Experinents in which pDP1 was inserted
into E._coli by electroporat ion succeeded in generating approximtely 5000
transformants per mcrogram of DNA. By conventional standards this is |ow
efficiency and a manufacturer of commercial electroporation devices (Bio-Rad)
has cl ai med efficiencies of 10~ transformants per mcrogram of DNA. After
preparation of a nore suitable plasmid, this met hod will be tested on rumen
bacteria.
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CONCLUDING REMARKS

The isolation of genes coding for cellulolytic enzymes and the
devel opment of methods for inserting those genes into a wide variety of rumen
bacteria, represent only a small part of the work required to achieve the goa
of enhancing fibre digestion in vivo. The two technical problenms of dom nant
inportance are to engineer the synthesis of fully functional enzymes within
reci pient bacteria and to ensure that the newy introduced genes do not impose
a metabolic burden that will selectively disadvantage the recipient organism
The first problem has been discussed briefly and the solution may involve the
need for post-translational nodification of enzynmes and/or nechanisms to
| ocate the enzyme in the appropriate position on the outer nenbrane. If so,
additional genes may need to be co-transferred to the recipient organism The
second problem of “netabolic burden” is the one nost commonly raised by
critics of the concept of genetically engineering rumen bacteria, that an
altered organismmy not conpete well in the rumen.

The nost likely cause of conpetitive disadvantage in a nodified
bacterium is the production of enzynes in an unregulated manner. Synthesis
of cellulase during times of high soluble-nutrient availability would provide
an energy drain that could be expected to slow population growth, relative to
unnodi fied organisms. Therefore, it is clear that the enzymes nust be
produced only when the production will provide an advantage to the engineered
bacterium Fibrolytic enzymes generally are repressed by the presence of
sinple sugars and/or induced by the presence of conplex carbohydrates
Therefore, the mechanisns for regulation of f ibrolytic enzynes already exist
It remains for those controlling factors to be included during the process of
i ntroduci ng new genes. Consequently , the elucidation of control mechanisns,
has to be a major part of the characterization of cellulose-digesting enzymes

So far, one part of this engineering process that has not been mentioned
Is the need for any introduced genes to be established within the engineered
organismas stable, heritable characteristics. Cearly the introduction of
plasmids i Nt 0 rumen bacteria does not fulfill this requirement. In some way,
the genes introduced on a plasmid must be incorporated into the genone of the
recipient bacterium One possible approach to this probl em may be t 0 subject
the altered organismto some form Of physical assault , such as ult raviolet
light, in order to induce the repair mechanisms Of recombinat ion. The
i nclusion of host-honol ogous sequences in the shuttle vcct or may be necessary
to encourage reconbination of plasmid sequences into the genome. Ext ens ive
characterization of the resultant organismwll be required to ensure that the
desired f ibrolytic capabilities and necessary control factors remain
functional after such treatnent

During the devel opment of this project we have attenpted to consider the
maj or conplications and difficulties involved in reaching the final ains. It
Is vital to stress the long-term nature of the work, which results directly
fromthe many conplexities involved. However, there can be little doubt that,
in the shorter term the information acquired in the process will provide a
vaul abl e understandi ng of rumen m cro-organi sns and their genetics. It is
clear that the genetic manipulation of rumen bacteria holds great potentia
for increasing the efficiency of animal production. It is equally clear that
the realization of that potential can only be achieved through the comm tnent,
to that aim of a major research effort
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