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Application of Molecular Biology to Rumen Microbes* 
-Review -

Y. Kobayashi1 and R. Onodera2
Faculty of Bioresources, Mie University, Tsu, Mie 514-8507, Japan

ABSTRACT : Molecular biological techniques that 
recently developed, have made it possible to realize some 
of new attempts in the research field of rumen micro
biology. Those are 1) cloning of genes from rumen 
microorganisms mainly in E. colit 2) transformation of 
ramen bacteria and 3) ecological analysis with non
culturing methods. Most of the cloned genes are for 
polysaccharidase enzymes such as endoglucan ase, xylam 
ase, amylase, chitinase and others, and the cloning 
rendered gene structural analyses by sequencing and also 
characterization of the translated products through easier 
purification. Eiectrotransfbrmation of Butyrivibrio fibri- 
solvens and Prevotella ruminicola have been made toward 
the direction fbr obtaining more fibrolytic, acid-tolerant, 
depoisoning or essential amino acids-producing rumen 
bacterium. These primarily required stable and efficient 
gene transfer systems. Some vectors, constructed from 

native plasmids of rumen bacteria, are now available fbr 
successful gene introduction and expression in those 
rumen bacterial species. Probing and PCR-based 
methodologies have also been developed fbr detecting 
specific bacterial species and even strains. These are 
much due to accumulation of rRNA gene sequences of 
rumen microbes in databases. Although optimized 
analytical conditions are essential to reliable and 
reproducible estimation of the targeted microbes, the 
methods permit long term storage of frozen samples, 
providing us ease in analytical work as compared with a 
traditional method based on culturing. Moreover, the 
methods seem to be promissing fbr obtaining taxonomic 
and evolutionary information on all the rumen microbes, 
whether they are culturable or not.
(Key Words : Rumen Micorbes, Genetic Engineering, 
Ecology, Enzymes, Review)

INTRODUCTION

Molecular biology mostly occupies the central 
position of all the fields of biology at present, and rumen 
microbial study is not an exceptional field. After presence 
of plasmids in Butyrivibrio Jibrisolvens was demonstrated 
in 1982, interests in possible gene manipulation of ramen 
bacteria, using these native plasmids as vector candidates, 
have been stressed in many review articles (Teather, 1985; 
Forsberg et al., 1986; Orpin et al., 1988; Russell and 
Wilson, 1988; Flint, 1994; Teather et al., 1997). In the 
mean time, gene cloning has become popular using 
Escherichia coll, and more than 50 polysaccharidase 
genes from rumen microorgamisms are currently available
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in databases. Thus, over the last 25 years, information on 
plasmid vector candidates and genes of interest has been 
accumulated, and a few of our initial dreams are likely 
coming true in recent years. Here, we try to overview 
how molecular biology has been introduced in the field of 
rumen microbiology, what we have got through it and 
where we are going to.

APP니CATION TO CLONING OF ENZYME GENE 
FROM RUMEN MICROBES

Many genes coding fbr polysaccharidase activity were 
cloned in E. coli, which accelerated characterization of 
their structure and origin by sequencing, and of the 
translated products by purification. Some of these genes 
have contributed to clarifying a part of fiber digesting 
enzyme system in the predominant ruminal species, 
Fibrobacter succinogenes, Ruminococcus flavefaciens and 
Ruminococcus albus, and to their application to industrial 
use such as pulp decolorizing (fbr xylanase), production 
of fruit juice (pectinase) and alcohol (amylase, 
endoglucanase and other glucanases).
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R. flavefaciens (Kirby et al., 1997) and R. albus 
(Karita et al., 1997) have been suggested to possess multi
enzyme systems fbr fiber degradation that may compose 그 

cellulosome-like structure as noted in the thermophilic 
soil bacterium, Clostridium thermoceUum (Beguin and 
Aubert, 1994). This organization could facilitate 그 higher 
extent of fibrolysis. Other ruminal species have been 그Iso 
shown to h그ve enzymes comprized of some domains, one 
of which is a cellulose binding domain (CBD), mediating 
en^nne attachment to the substrate cellulose (Beguin and 
Aubert, 1994; Flint, 1994). This domain is useful fbr 
reorganizing less functional cellulase to more potential 
enzyme having a high affinity to cellulose by domain 
shuffling. Also, CBD might be applied to a too] fbr 
developing CBD-tagged protein purification system fbr 
commercial use.

Polysaccharidase genes have been explored in rumen 
fungi. Currently, more than 20 genes from rumen fungi, 
responsible for fiber digestion, are available in GenBank. 
A unique en^nne comprized of multi-functional catalytic 
domains with high endoglucanase, celiobiohydrolase and 
xylanase activities has been characterized in Neoccdli- 
mastix pairiciarum (Xue et aL, 1992). This fungus also 
possesses an acetylxylan esterase that classified into a 
new fomily (Dalrymple et 그L> 1997). A cellobiohydrolase, 
more potent than Trichoderma reesei CBHII, is also 
cloned from this fungus (Denman et al., 1996). Protein 
docking domain is found in 그 xylanase and a mannanase 
from Piromyces sp., sharing homology with non-cata!ytic 
domains of a xylanase and an endoglucanase from N. 
pairiciarum (Fanutti et al., 1995). Thus, rumen fungi are 
attractive source for genes relating to fiber digestion that 
have not been found in rumen bacteria.

Some genes from rumen protozoa 그re being charac- 
terized. A chitinase gene from Enlodinium caudatum is 
partially cloned and sequenced (Komatani et al., 1997). 
Based on alignment of the presumed amino acid 
sequences, this chitinase is phylogenetically close to a 
chitinase from Kurithia zopfii but less related to those 
from Clostridium thermocellum. Genes of cellulase and 
xylanase from rumen protozoa are also under 
characterization (D'Silva et al., 1997).

Cloning of genes fbr ammonia-assimilating enzymes 
such as glutamate dehydrogenase (Wen and Morrison, 
1996) and glutamine synthetase (Goodman and Woods, 
1993) are of interest for their characterization and 
possible manipulation. Basically, these genes are currently 
characterized fbr molecular level of understanding such as 
gene organization, expression and its regulation. E. coll 
expressing a B. Jibrisolvens glutamine synthetase can be 
grown in medium containing ammonium sulfate as 그 sole 

nitrogen source (Goodman and Woods, 1993). The excess 
ammonia produced in the rumen is considered to be 
nitrogen loss, which might be saved through amplifying 
these assimilation capabilities of rumen microbes. In this 
regard, the genes responsible fbr nitrogen assimilation are 
worthy to be characterized, properly reorganized, intro
duced and expressed in targeted bacterium.

APPUCATION TO GENETIC ENGINEERING OF 
RUMEN BACTERIA

Gene transfer via coiyugation is a naturally occuring 
event, even with a low frequency. This was achieved 
under lab conditions using several bacterial species from 
the rumen by means of a filter mating (Flint, 1994). The 
vector plasmids mediating conjugation are generally big 
in size and not suitable for foreign gene insertion. Again, 
conjugation might occur on unexpected situation when the 
conjugant is once released in environment. These features 
do not suite application of the conjug그tive gene transfer 
system to rumen microbes fbr practical use such as 
reinoculation of the transconjugant into the rumen.

A series of vectors based on native plasmids are now 
available fbr electrotransfbnning B. fibrisolvens (Beard et 
al,, 1995; Kobayashi et al., 1995; Heffbrd et al., 1997), 
and also P. rum inicola (Bechet et al., 1993; Daniel et 근L, 
1995). One might now expect that a short DNA fragment 
could be easily cloned in the above two ruminal species, 
which has been a dream fbr a long time. Electroporation 
is considered to be one of the most sophisticated means 
fbr gene introduction, since this generally allows 근 highly 
efficient transformation and the event never occurs in 
nature. This property is advantageous for safer use and 
correct tracking of the transformant released in 
environment such as the rumen. Conditions to promote 
electro transfbnnation are bacterial species-dependent, 
suggesting difference in cell wall structure between 
species and neccesity of optimization in detailed con
ditions fbr e 그 ch species. Stability of plasmid in 
transformant has been less documented, though pYK4 and 
pYK4XT was stably maintained in B. fibrisolvens trans
formant, i.e. 70-100% of the transform근nt still carried the 
plasmid even after 14 d culture passages without selection 
pressure (Kobayashi et 그L, 1997그; Kobayashi et 근L, 1998).

Application of the above gene transfer systems is 
promoted in the direction of obtaining a functionally- 
improved rumen bacterium 거s follows: more fibr이ytic 
bacterium with acid-tolerant capability, more depoisoning 
bacterium, and bacterium producing protein enriched with 
essential amino acids. Progress in these attempts 화e 
summarized in table 1.
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Table 1. Functionally improved rumen bacteria by gene manipulation

Function Bacterial strain Vector Target gene

Fibrolysis Streptococcus bovis JB1 pVA838 Endoglucanase from Ruminococcus 
jlavefaciens

Prevotella ruminocola 2202 pRH3 Endoglucanase/Xylanase from P. 
rum inicola

Butyrivibrio fibrisolvens OB156 pBHerm Xylanase from Neocallimastix painciarum
Butyrivibrio fibrisolvens OB156C pYK4 Xylanase from Eubacterium ruminanlium
Butyrivibrio fibrisolvens OB156C pYK7 Endoglucanase from Ruminococcus albas

Deposining Butyrivibrio fibrisolvens OB156 pBHenn Dehalogenase from Moraxella sp.
Essential amino acid 
production

Butyrivibrio fibrisolvens OB156C pBHerm Synthetic gene of MB-l

The cellulase or hemicellulase activity could be 
simply improved if the inserted gene coding for either 
activity is amplified and its promoter is recognized in the 
targeted host bacterium. Foreign bacterial xylanase and 
endoglucanase genes were introduced and successfully 
expressed in ruminal Streptococcus bcrvis (Whitehead and 
Flint, 1995), P. rum inicola (Da디el et al., 1995) and B. 
fibrisolvens (Kobayashi et aL, 1996; Kobayashi et al., 
1998). A similar trial with a rumen fungal xylanase gene 
was carried out, using B. fibrisolvens as a host, and the 
xylanase was successfully expressed and secreted through 
manipulation of promoter and signal peptide (Xue et al., 
1997). However, we have to consider that degradation of 
natural plant fiber occurs in complex manner with multi
enzymes from rumen microbes. It may not be quite 
effective in improving bacterial fibrolysis to amplify the 
activity of a single enzyme. Accordingly, it might be 
recommended to identify genes of several engines, 
essential to efficient fibrolysis (could depend on plant 
species, maturity and preservation style), and to promote 
simultaneous expression of such multiple en^me genes 
or a chimeric enzyme gene.

Australian workers are breeding a novel B. 
fibrisolvens expressing a dehalogenase protein that 
degrade fluoroacetate, a substance in some tropic plants 
toxic to host ruminants (Gregg et al., 1994). The 
dehalogenase expression vector was quite stable, showing 
100% of plasmid recovery after 500 generations. The 
authors estimated that the potency of the modified B. 
fibrisolvens for detoxification is satisfectory if the 
inoculated bacterium was established in the rumen at 0.5- 
1.0% of total bacteria.

A big research project for improving amino acid 
profile of rumen bacteria has been in progress since 

1980s in Canada. Teather et al, (1997) have designed a 
synthetic gene that forms MB-1 protein rich in three 
essential amino acids (methionine, lysine and threonine), 
expecting outflow of the protein to the lower tracts to 
serve as those amino acids' supply to the host. The MB-1 
was expressed in both E. call and B. fibrisolvens, 
resistant enough to endogenous proteinases and now waits 
for further assessment of its stability in the ruminal 
environment and quantitation of the outflowed MB-I. 
Recent observation, however, revealed that the MB-1 is 
rapidly degraded in vitro using bovine rumen fluid and 
needs more proper folding stability (MacCallum et al., 
1997).

APP니GATION TO RUMEN MICROBIAL 
ECOLOGY

Since Ribosome Database Project was proposed, much 
information on small subunit rRNA sequences has been 
accumulated. Currently, more than 300 sequences of 16S 
rRNA gene from rumen bacteria are available for 
identification of DNA regions specific to bacterial genus, 
species and even strain. Oligonucleotide probes or PCR 
primers specific to bacterium of interest can be designed 
with aid of computer, and their application to quantitation 
of the targeted bacterium is in progress, as shown in table 
2. Representative cellulolytic and hemicellul이ytic rumen 
bacteria such as F. succinogenes (Stahl et aL, 1988), R. 
flavefaciens (Odenyo et al., 1994), R. 시bus (Odenyo et al., 
1994), P. ruminicola (Avgustin et al., 1994) and 
Eubacterium ruminanlium (Nagamoto and Kobayashi, 
unpublished) were quantitated by probe hybridization, and 
B. fibrisolvens by competitive PCR (Gong et al., 1996; 
Kobayashi et al., 1997b). Four phylogenetically different
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Table 2. Rumen bacteria quanitiated by non-culturing procedures

Bacteria Means Specificity

Fibrobacler succinogenes probe hybridization subsp. succinogenes
probe hybridization subsp. elongata
probe hybridization F. succinogenes
competitive PCR F. succinogenes

Ruminococcus albus probe hybridization 8
Rwninococcus flavefaciens probe hybridization FD-1
Lachnospira multiparus probe hybridization L. multiparus & Roseburia cecicola
Prev이eHa ruminicola PCR 23 & relatives

PCR B,4 (bryantii)
PCR GA33
PCR M3 84

Butyrivibrio fibrisolvens probe hybridization 49 & relatives
probe hybridization 156 & relatives
probe hybridization 189 & relatives
competitive PCR 49 & relatives
competitive PCR 156 & relatives

Eubacterium rum inantium probe hybridization GA 195
Synergistes jonesii probe hybridization 78-1

groups of B. fibrisolvens were quantitated separately by 
using group-specific probes (Forster et 시., 1997). These 
suggest that any microbes including protozoa and fhngi 
can be detected and quantitated theoretically if one got 
their sequence infbrm 근tion. Thus, gene sequencing 
technology has facilitated phylogenic and evolutionary 
analyses of rumen microbes and rendered the subsequent 
quantitation of those without culturing. In the meantime, 
genetic information on unc니turable rumen bacteria has 
been obtained by sequencing cloned PCR products using 
primers universal to both the ends of 16S rDNA (Teather 
et al., 1997). This also may allow further understanding 
of complex rumen microbial ecosystem.

The above methods seem to release us from laborious 
work with culturing and performing a number of 
biological tests. Also, the samples can be kept in freezer 
until analysis. However, when one expects application of 
the methods to environmental samples including rumen 
contents, establishment of reliable method to isolate clean 
DNA and RNA will be critical. Some contaminants such 
as humic acids are known to interfer PCR. Recently 
developed hydroxyapatite spun colum procedure m근y 
solve the pro비em (Purdy et 근］., 1996). Use of fluorescent- 
probe is visually attractive for analysis of a target 
bacterium, though the resolution in environmental 
samples is not satisf咨ct이y (Am근nn et aL, 1990).

A mimosine-depoisoning Synergistes Jonesii inocu
lated into chemostat culture was tracked with time 
(McSweeney et al., 1993). Rapid decrease of the strain 
was recorded in initial period, but the level was recovered 
14 d after. Co- and tri-cultures of cellulolytic rumen 
bacteria demonstrated production of bacteriocin by R. 
fla^efaciens that is active against R. albus (Odenyo et aL, 
1994). These two experiments are based on development 
of strain-specific probes, which seems to be a powerful 
means to monitor the target bacterium in relatively simple 
in vitro culture.

There is a limited number of in vivo tracking study 
using probe hybridization or PCR. Attwood et al. (1988) 
developed a strain specific DNA probe, screened from 
a random clone library, to track P. ruminicola B】4 by. 
a DNA/DNA hybridization. They observed rapid 
elimination of the reinoculated B】4 from the rumen of 
sheep, even though minimum detectable level was at 107/ 
ml. To increase sensitivity in such tracking we are 
currently studying with competitive PCR for B. 
fibrisolvens (Kobayashi et al., 1997b) and E succinogenes 
(Koike and Kobayashi, 1997). This assay is highly 
sensitive and quantitative, and revealed that the inoc비근ted 
B. fibrisolvens transformant also disappeared within a 
week from sheep rumen.
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PERSPECTIVES FOR FURTHER APPLICATION

Toward the practical use of transfbmied rumen 
bacterium possessing a higher fibrolytic ability, the 
following considerations should be made: 1) enzyme 
production should be properly inducible, which eases lord 
of the cells to produce the protein at undesirable moment, 
2) enzyme should be extracellular, 3) enzyme itself 
should be primarily effective for natural plant fiber (not 
only for synthetic substrates such as CMC), 4) 
transformant should be established in the rumen at 
satisfactorily high density. These criteria remind us that 
few of them have been satisfied so far. Although DNA 
regions regulating induction and repression of enzyme 
gene expression have been identified in filamentous fungi 
(Mach et al., 1996), no such information is available for 
rumen microbes. A secretion vector -was constructed for 
Streptococcus therm ophilus, Lactobacillus delbrueckii 
subsp. bulgaricus and L. lactis subsp. lactis, yogurt starter 
strains, which allowed expression and secretion of foreign 
amylase (Satoh et al., 1997). This kind of approach might 
be a clue for the above criterion 2 for application of 
engineered rumen bacteria. In spite of accum비그ted 
information on cloned endoglucanases from rumen 
bacteria, a limited number of those can degrade ciystaline 
or microciystaline cellulose (Flint, 1994). A highly potent 
cellulase and/or 그 least combination of fibrolytic enzymes, 
effective in natural plant fiber degradation, should be 
characterized in the future. In addition, it is apparently 
essential to enhance 그b 山ty of the engineered bacterium to 
compete in the rumen, as stressed earlier (Forsberg et al., 
1986). We have occasionally observed the difficulty in 
survival of the bacterial strain in the rumen, if once 
그d그pted to lab conditions. Since bacteriocin might be one 
of tools (arms) for 그 bacterium to compete in a complex 
ecosystem (Kalmokoff et aL, 1996), a strain producing 
bacteriocin would be a host candidate for future genetic 
engineering. Since a bacteriocin gene is cloned, transfer 
of the gene could be alternative to improve competing 
ability of the host bacterium.

The genetically recombined B. fibrisolvens expressing 
그 foreign dehaiogenase gene was established in sheep 
rumen at a level of lO^Vnil, where the researchers 
adopted a simple PCR to detect presence or absence of 
the recombinant in serially diluted samples (Gregg K., 
personal communication). However, as introduced above, 
more quantitative competitive PCR and probe
hybridization methods are becoming available for rumen 
samples, together with well defined analytical conditions. 
Solution hybridization Ims been applied to rumen samples, 
which may have a potential with higher sensitivity and 

specificity (Schofield et aL, 1997). Probe designing for 
ruminal methanogens is also in progress. This wo니d 
그llow rumen microbiologists to understand localization of 
the methanogens in the rumen and to take into account of 
their ecological control to reduce methane production 
with the alternative electron passway. Tracking of 
recombinant and indigenous microbes in the rumen 
provides us detailed informations on the complex rumen 
microbial ecosystem, which are useful for considering 
microbial adaptation to feeds, additives and other feed 
resources coming in the future. Analyses of microflora 
and 血una by non-culturing methods introduced here are 
promissing in rapid evaluation of fectois influencing the 
rumen microbial community.
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