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Abstract

The complete nucleotide sequence of a small cryptic plasmid designated pRAO1, from the Gram-negative ruminal bacterium
Ruminobacter amylophilus NIAH-3, was determined. The plasmid is a circular DNA molecule, 2140 bp in size, with a GC
content of 40%. Computer-assisted analysis identified three open reading frames (ORFs), one of which, ORF3 (347 amino
acids), displayed a high degree of amino acid identity with the Mob proteins involved in conjugative mobilization and
interplasmid recombination of plasmids from Gram-positive bacteria. We proved the mobilization properties of pRAO1 in the
Escherichia coli system using the coresident IncW broad-host-range conjugative plasmid R388. These data demonstrated, for
the first time, the mobilization properties of small cryptic plasmids from Gram-negative inhabitants of the rumen. ß 1999
Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The Gram-negative anaerobic bacterium Rumino-
bacter amylophilus is one of the predominant amylo-
lytics in the rumen of cattle fed a high-starch diet [1].
The range of substrates utilized by this bacterium is
limited to starch, maltose, and maltodextrins [2,3].
Earlier studies reported the presence of extracellular

amylase activity in R. amylophilus [4,5]. But since it
is unable to transport glucose released from extra-
cellular starch hydrolysis it was suggested that
R. amylophilus binds starch molecules to the cell sur-
face as an initial step in transporting the molecule
through the outer membrane into the periplasmic
space [6]. Taxonomically, this bacterium has been
designated Bacteroides amylophilus upon isolation
and description by Hamlin and Hungate [2]. Based
on the results of molecular taxonomy, it was later
reclassi¢ed as Ruminobacter amylophilus [7] and
placed within the Q-subdivision of the proteobacteria.
The numerical prevalence of this bacterium in con-
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ditions of modern high-grain diets, the highly active
and unique amylolytic properties, together with its
taxonomic relatedness to genetically manipulative
representatives of the Q-subdivision, make R. amylo-
philus an attractive model for genetic studies. In our
previous work, we screened our collection of rumen
bacteria for plasmids and found them in di¡erent
isolates belonging to the genera Clostridium, Bacte-
roides, Prevotella, and Butyrivibrio [8]. But no plas-
mids were detected among 14 strains of R. amylophi-
lus tested. In the literature also, there have been no
reports of plasmid detection in this species.

In this paper, we describe, for the ¢rst time, the
structure of small cryptic plasmid pRAO1 from R.
amylophilus. Besides the sequence analysis, the func-
tionality of the mobilization protein from pRAO1 is
con¢rmed using the Escherichia coli conjugation sys-
tem.

2. Materials and methods

2.1. Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used are shown
in Table 1. The strain of Ruminobacter amylophilus
NIAH-3, which was originally isolated by Dr. Min-
ato (Ibaraki University, Japan), was obtained from
Dr. Hino (Meiji University, Japan). The strain was
grown anaerobically at 37³C in RGCA medium [11]
containing 0.05% starch and maltose. E. coli strains
were grown in LB medium. Solid media contained
1.8% agar. Antibiotics were added when required.

2.2. DNA techniques

Plasmids were isolated from E. coli strains by a
modi¢ed alkaline lysis procedure [12] and from R.
amylophilus by a modi¢ed Selenomonas plasmid iso-
lation procedure as described previously [13]. All
routine molecular cloning procedures were according
to [12]. Restriction and DNA modi¢cation enzymes
were obtained from NEB (USA). Hybridization was
done with AlkPhos DIRECT from Amersham Phar-
macia Biotech (Uppsala, Sweden), under the stand-
ard conditions recommended by the manufacturer.
Takara Ex Taq kit (Takara Shuzo, Japan) was
used for PCR. The mobilization and replication re-
gions of pRAO1 were cloned by PCR using primers
HM07 (TTATCAGCGTCACAACAG) and HM08
(CTCTACGATTTCTTCCAC) with the respective
nucleotide positions 832^848 and 360^343 in Fig. 1.

2.3. Sequence analysis

Dideoxy chain termination of DNA sequencing
was carried out on double-stranded DNA templates
with the Dye Terminator Cycle sequencing kit (Ap-
plied Biosystems, USA) on a Perkin-Elmer PCR ap-
paratus. Sequencing reactions were read on a model
373S automated DNA sequencer (Applied Biosys-
tems). The sequence was determined completely on
both strands. Custom oligonucleotide primers for
PCR and sequencing were synthesized by Hokkaido
System Science Co. (Hokkaido, Japan). On-line com-
puter-assisted analyses were performed using the
NCBI Blast network [14]. Sequence alignments and

Table 1
Bacterial strains and plasmids

Strain or plasmid Relevant characteristics Reference or
source

pBluescript II KS3 High-copy-number cloning vector, Apr, 2.95 kb Stratagene
pCRII PCR product cloning vector, Apr, Kmr, 3.9 kb Invitrogen
pRAO1 Cryptic plasmid isolated from R. amylophilus NIAH-3, 2.44 kb This study
p123 mob region of pRAO1 cloned into pCRII vector, Apr, Kmr, 5.8 kb This study
R388 IncW bhr conjugative plasmid, tra�, Tpr [9]
E. coli JM109 recA1v(lac-proAB) endA1 gyrA96 thi hsdR17 supE44 relA1/FP trav36 proAB lacIqZvM15 Toyobo
E. coli OT99 thr-1 leu-6 thi-1 lac Y1 tonA21 supE44 recA1 [10]
E. coli MC1061 araD139v (ara-leu)7696v(lac)l74 galU galK hsdR2(rk-mk+) mcrB1 rpsL Stratagene
E. coli KO06 The same as MC1061 but Nalr, Rifr This study
R. amylophilus NIAH-3 Strain from which pRAO1 was originally isolated (AB004908a) H. Minato

aGenBank accession number for the 16S rDNA sequence.
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Fig. 1. Complete nucleotide sequence of pRAO1. The beginning of the sequence is chosen arbitrarily. Translated polypeptide sequences of
tree ORFs are shown below the nucleotide sequence. The arrows indicate the position, direction and extent of direct (DR1 to DR4) and
inverted (IR-I to IR-VII) repeats. Bold letters indicates the nucleotide sequences of 310 and 335 regions of putative promoters. Potential
ribosome -binding (RBS) and integration host factor binding (IFF) sites are underlined. The AT-rich regions are underlined by dotted
lines.
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manipulations were performed using GENETYX-
MAC v. 9.0, DNASIS v. 2.0, GeneWorks v. 2.5.1,
and OLIGO v. 4.0 software. Phylogenetic analyses
were performed essentially as described before [15].
The complete sequence of plasmid pRAO1 and 16S
rDNA sequence of R. amylophilus NIAH-3 have
been submitted to the DDBJ, EMBL and GenBank
database libraries with the accession numbers
AB022866 and AB004908, respectively.

2.4. Mating procedure

For ¢lter matings, the procedure was as follows:
(i) cultures of donor and recipient E. coli were grown
in antibiotic-free LB broth for 2^3 h without agita-
tion; (ii) a mix of 1 ml each of donor and recipient
was ¢ltered through a sterile 0.45-Wm nitrocellulose
¢lter (Advantech, Osaka, Japan); (iii) the ¢lter was
placed cell side up on the surface of a LB agar plate;
(iv) after 2 h incubation at 37³C, the ¢lter was re-
moved from the plate and vortexed for 20 s with 2 ml
of 10 mM MgCl2 ; (v) the cell suspension was diluted
and plated on corresponding media, with and with-
out antibiotics.

3. Results

3.1. DNA sequence and prediction of coding and
non-coding regions

The plasmid pRAO1 was detected during gel elec-
trophoresis of total DNA extracted from R. amylo-
philus NIAH-3. It has a single site recognized by the
SacI endonuclease and more than two HindIII sites.
Since the initial attempts to clone the plasmid using
these two restriction endonucleases resulted in unsta-
ble structures, the sequence was determined by the
PCR-walking approach.

The complete nucleotide sequence of the 2444-bp
plasmid pRAO1 is shown in Fig. 1 and has a calcu-
lated GC content of 40%. The sequence reveals three
open reading frames (ORFs), potentially capable of
encoding polypeptides with molecular masses of
14.8, 7.8, and 40.5 kDa, respectively. They all have
the same transcription direction on the plasmid.

Analysis of the region upstream of ORF1 revealed
two AT-rich regions encompassing four 22-bp direct

repeats (iterons) and the putative binding site for the
integration host factor (IHF) (Fig. 1). These features
are characteristic of replication origins of theta-rep-
licating plasmids from Gram-negative bacteria [16],
although this region does not show any similarity
with known replication origins at the sequence level.

ORF1 encodes the protein with a local amino acid
sequence similarity with RepA of Selenomonas rumi-
nantium plasmid (GenBank accession number
AAD30138) and with the hypothetical 13-kDa pro-
tein (ORF1) of Bacillus thuringiensis plasmid pGI2
[17]. Most probably, it encodes the replication pro-
tein. ORF2 produces no hits with database sequen-
ces. On-line search against the ORF3 sequence query
produced multiple hits with similarity to the Pre and
Mob proteins encoded by pGI2, pT181, pLAB,
pMV158, and pUB110 isolated from Gram-positive
bacteria, and pBBR1 from the Gram-negative bacte-
rium Bordetella bronchiseptica [18]. These recombi-
nases are involved in the plasmid mobilization/re-
combination processes.

Putative promoter (310 and 335) and Shine-Dal-
garno (SD) sequences precede the start codon of
ORF1. The latter is located within the highly AT-
rich region (82%) of the plasmid. No putative SD
and promoter sequences precede ORF2 (nt 771^
980) and its initiation codon is partially overlapped
with the stop codon (TAA) of ORF1 (Fig. 1). The
region between ORF2 and ORF3 is extremely satu-
rated by inverted repeats, with up to ¢ve structures
capable of forming extended stem-loop structures
(Fig. 1). Careful inspection of these sequences did
not reveal any substantial similarity with known
dso or RSa regions of plasmids from Gram-positive
bacteria. The only distant resemblance was found
between the nic region of pMV158 [16] and IR-II
(Fig. 1). The region downstream of ORF3 is fol-
lowed by two inverted repeats, one of which (IR-
VI) may form a stem-loop structure with 325.0
kcal mol31 (Fig. 1).

3.2. Cloning and mobilization properties of pRAO1

During the database search, the highest degrees of
similarity were observed with the 200 N-terminal
amino acid residues of ORF3 and plasmid mobiliza-
tion proteins, in particular, with that of Gram-pos-
itive bacteria. To test the functionality of this protein
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in mobilization transfer, the part of pRAO1 includ-
ing ORF3 and the putative origin of replication was
PCR ampli¢ed and cloned into the pCRII vector (see
Section 2). For mobilization of this construct, we
used the coresident IncW broad-host-range conjuga-
tive plasmid R388. Plasmid p123 was mobilized with
an average frequency of 1.2U1035 (Table 2). The

resistance phenotypes of transconjugants indicated
that R388 was cotransferred in all cases. The mobil-
ization and replication of p123 in the recipient cells
were further con¢rmed on minimal agar tests, by the
plasmid re-isolation and by the phage infection sen-
sitivity test (data not shown). The frequency of self-
transfer of R388 was higher by almost two orders of

Table 2
Conjugative mobilization of p123 by self-transferable plasmid R388 between E. coli strains

Donor Recipient Antibiotic selectiona Average transfer frequencyb

E. coli OT99 (p123) E. coli KO06 Nal, Rif, Ap, Km 6 1039

E. coli OT99 (pCRII plus R388) E. coli KO06 Nal, Rif, Ap, Km 6 1039

E. coli OT99 (p123 plus R388) E. coli KO06 Nal, Rif, Ap, Km 1.2U1035

E. coli OT99 (R388) E. coli KO06 Nal, Rif, Tp 1.8U1033

aNal, nalidixic acid; Rif, rifampicin; Ap, ampicillin; Km, kanamycin; Tp, trimethoprim.
bResults are the means of three mating experiments.

Fig. 2. Phylogenetic placement of protein sequences deduced from the mob/pre genes of Gram-positive and Gram-negative bacteria. The
corresponding sequences are obtained from C. coli plasmid pCC1 (X82079), B. fragilis plasmid pLV22a (U25716), P. ruminicola plasmid
pRAM4 (U30294), E. coli plasmid RP4 (X54459), B. bronchiseptica plasmid pBBR1 (X66730), S. aureus plasmid pT181 (J01764), S. aga-
lactiae plasmid pMV158 (X15669), L. hilgardii plasmid pLAB1000 (M55222), B. thuringiensis plasmid pG12 (X75933), L. monocytogenes
plasmid pIP823 (U40997), B. stearothermophilus plasmid pTB19 (M63891), and S. aureus plasmid pUB110 (M19465). The C. coli sequence
serves as the outgroup. Numbers above each node are con¢dence levels generated from 1000 bootstrap trees. The scale bar is in ¢xed
amino acid substitutions per sequence position.
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magnitude than the frequency of mobilization of
p123 (Table 2).

3.3. Phylogenetic placement of mobilization protein
from pRAO1

The putative replication protein of pRAO1 pro-
duced only two hits with database sequences, with
RepA of S. ruminantium and the putative replication
protein of B. thuringiensis. Because of the limited
number of homologous sequences, phylogenetic
analysis could not performed with this gene. In con-
trast, the recombination protein of pRAO1 displayed
extensive similarity with related proteins of plasmids
from Gram-positive bacteria. According to phylogen-
etic analysis, the clustering of the mobilization pro-
tein of pAO1 with the corresponding proteins of
plasmids from Gram-positive bacteria is supported
by a bootstrap value of 99.6% (Fig. 2). These small
plasmids commonly replicate via the rolling-circle
mechanism. In this cluster, one plasmid, pBBR1
from Bordetella bronchiseptica, is exceptional in
that it resides in a Gram-negative bacterium and its
replication mechanism is that of Gram-negative or-
ganisms [18]. At the same time, its mobilization ma-
chinery resembles that of RCR plasmids of Gram-
positive bacteria. The authors speculated that
pBBR1 may combine a mobilization mechanism of
Gram-positive organisms with a replication mecha-
nism of Gram-negative organisms.

4. Discussion

Small cryptic plasmids are abundant in rumen
bacteria [8,19,20]. In this class, the plasmids, carrying
both the replication and mobilization proteins, have
been detected in Butyrivibrio ¢brisolvens [21,22], Pre-
votella ruminicola [8], and Ruminococcus albus [23].
But, since genetic techniques for rumen bacteria are
still at the developmental stage, no experimental evi-
dence con¢rming the mobilizational properties of
these plasmids exists at present. Our earlier attempts
to mobilize the shuttle vector pRAM45, which con-
tains the original mob region of P. ruminicola plas-
mid [8], in E. coli conjugation systems were unsuc-
cessful (unpublished data). Thus, the present study is
the ¢rst demonstration of the functionality of the

mobilization proteins from a cryptic plasmid of ru-
men bacteria. Moreover, since mobilization transfer
is demonstrated in a heterologous system with E. coli
strains and IncW plasmid, this suggests the possibil-
ity of mobilization of pRAO1 by other conjugative
plasmids. The conserved features of mobilization
proteins among di¡erent conjugative transfer sys-
tems have suggested that a very widespread conjugal
DNA mobilization mechanism is shared by the
transfer apparatuses of IncF, IncI, IncP, IncW and
Ti plasmids [24].

The limited homology of the Rep protein of
pRAO1 with the replication proteins of two Gram-
positive bacteria and the phylogenetic placement of
the Mob protein within the cluster of mobilization
proteins of Gram-positives suggest that pRAO1
shares certain features with the RCR plasmids
from Gram-positive bacteria. This conclusion should
not be surprising since some of these plasmids have a
broad host range and can replicate in both Gram-
positive and Gram-negative bacteria [25]. At the
same time, some other indispensable features of
RC-replicating plasmids such as the fairly well con-
served dso regions which are essential for the initia-
tion of leading-strand synthesis [16] are not easily
identi¢able. Instead, there is the region of four per-
fect direct repeats, iterons, surrounded by AT-rich
sequences, the structure almost canonical for the ori-
gins of theta-replicating plasmids from Gram-nega-
tive bacteria [16]. Also, the region includes the puta-
tive IHF binding site. Thus, the region upstream of
repA is the most likely candidate to serve as the
origin of replication of pRAO1 and it resembles
the theta-replicating origin of replication of plasmids
from Gram-negative bacteria.

Phylogenetically, the mobilization protein of
pRAO1 is related to the corresponding proteins of
RC replication plasmids (Fig. 2). The mobilization
process in these plasmids is initiated by the trans-
acting mobilization protein, which introduces a
nick at the RSA site. This nick serves as a cis-acting
origin of transfer. Careful inspection of non-coding
regions of pRAO1 did not reveal any signi¢cant ho-
mology with the known RSA sites. At the same time,
the non-coding region upstream of mobA consists of
multiple inverted repeats capable of forming several
hairpin structures, with high probabilities of expos-
ing the unpaired loop regions. Moreover, within
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these inverted repeats, there are two GC-rich direct
repeats (CCCCCCT and G(A/G)GGGGC). These
sequences may be highly recombinogenic and subject
to site-speci¢c breakage and joining. Thus, this re-
gion may serve as a plasmid recombination/mobili-
zation site. In general, the overall structure of
pRAO1 resembles that of pBBR1 from B. bronchi-
septica, which combines a mobilization mechanism
of Gram-positive organisms with a replication mech-
anism of Gram-negative organisms.

The microbial community inhabiting the rumen is
characterized by a high population density, bio¢lm
formation on the surface of feed and perhaps the
epithelial cells, the great variety of transient aerobic
and facultatively anaerobic microorganisms ingested
with feed, relatively stable physico-chemical condi-
tions, nutrient abundance, and high metabolic activ-
ity. A priori, these conditions could be seen as favor-
ing genetic transfer but there is very little
experimental evidence supporting this scenario. The
major obstacles for demonstration of these possibil-
ities are in underdeveloped genetic techniques and
the presence of multiple restriction-modi¢cation sys-
tems in rumen bacteria. Based on its properties,
pRAO1 might be attractive for the development of
new mobilizable cloning vectors for rumen bacteria.
Also, the demonstration of its mobilization proper-
ties in a heterologous system adds additional support
for the potential of gene transfer in the rumen eco-
system.
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