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A simple approach was used to identify Rhizobium meliloti DNA regions with the ability to convert a non-
transmissible vector into a mobilizable plasmid, i.e., to contain origins of conjugative transfer (oriT, mob).
RecA-defective R. meliloti merodiploid populations, where each individual contained a hybrid cosmid from an
R. meliloti GR4 gene library, were used as donors en masse in conjugation with another R. meliloti recipient
strain, selecting transconjugants for vector-encoded antibiotic resistance. Restriction analysis of cosmids iso-
lated from individual transconjugants resulted in the identification of 11 nonoverlapping DNA regions con-
taining potential oriTs. Individual hybrid cosmids were confirmed to be mobilized from the original recA donors
at frequencies ranging from 1022 to 1025 per recipient cell. DNA hybridization experiments showed that seven
mob DNA regions correspond to plasmid replicons: four on symbiotic megaplasmid 1 (pSym1), one on pSym2,
and another two on each of the two cryptic plasmids harbored by R. meliloti GR4. Another three mob clones
could not be located to any plasmid and were therefore preliminarily assigned to the chromosome. With this
strategy, we were able to characterize the oriT of the conjugative plasmid pRmeGR4a, which confirmed the
reliability of the approach to select for oriTs. Moreover, transfer of the 11 mob cosmids from R. meliloti into
Escherichia coli occurred at frequencies as high as 1021, demonstrating the R. meliloti gene transfer capacity
is not limited to the family Rhizobiaceae. Our results show that the R. meliloti genome contains multiple oriTs
that allow efficient DNA mobilization to rhizobia as well as to phylogenetically distant gram-negative bacteria.

Rhizobium species are gram-negative soil bacteria able to
establish nitrogen-fixing symbiotic associations with legume
hosts. Many genes required for symbiosis are located in one or
more large plasmids, so-called symbiotic plasmids (pSyms). In
several Rhizobium species, pSyms have been shown to be self-
transmissible at variable frequencies under laboratory condi-
tions, but only in few cases have they been demonstrated to
transfer to native bacteria in soil microcosms (17, 21, 24).
Attempts to quantify plasmid transfer under field conditions
have usually given negative results (15, 21), even though there
is substantial evidence for plasmid transfer between rhizobia in
soil. For instance, among native field populations, the same
symbiotic plasmid can be found in otherwise unrelated strains;
vice versa, chromosomally related strains may harbor different
symbiotic plasmids (reviewed in reference 37). After introduc-
tion of inoculant Rhizobium strains in soils where no native
rhizobia are present, sometimes a rhizobial population that is
different from the original inoculant arises. Sullivan et al. (33)
have recently demonstrated that in a field of Lotus corniculatus
where 7 years earlier a defined Rhizobium loti strain was in-
troduced, genetically different strains which contained a large
chromosomal symbiotic DNA region identical to that of the
introduced strain could be isolated. There is now evidence
indicating that transfer of this chromosomal DNA may involve
a conjugative mechanism (32). This report further strengthens
the idea that genetic exchange between rhizobia may be rela-
tively abundant under natural conditions and not limited to
plasmid DNA.

Rhizobia are difficult to isolate directly from the soil or
rhizosphere; they are often isolated by virtue of their ability to
nodulate specific legumes, although the presence of large num-
bers of nonsymbiotic rhizobia in soils is well recognized (18, 28,
35).

Studies on gene transfer in rhizobia often deal with large
plasmids, usually pSyms, and no environmental conditions,
other than the presence of a specific host plant, indicative that
the acquisition of a symbiotic plasmid represents an adaptive
advantage leading to the rapid development of a putative
transconjugant population are known to exist in the soil. Thus,
plasmid recipients are often searched for as nodule-forming
bacteria on a particular host plant. Such transconjugant bac-
teria may be difficult to detect, as they must outcompete the
donor population for nodule occupancy, and this requires not
only the optimal expression of symbiotic genes but probably
also that the transconjugant populations reach a critical den-
sity. Therefore, potential transfer of a DNA not directly in-
volved in symbiosis can go undetected or simply not be inves-
tigated.

An additional question relates to the forces driving gene
transfer. For instance, although Sullivan and coworkers (33)
isolated symbiotic transconjugants by their ability to nodulate
a particular host plant, these new symbiotic bacteria had ap-
parently also gained prototrophy for certain vitamins (34).
Thus, although transconjugants were isolated by their ability to
nodulate Lotus plants, growth of the transconjugant popula-
tion could have been favored by an improved saprophytic com-
petence.

In summary, although there is abundant evidence for exten-
sive gene exchange among rhizobia, direct experimental data
are required to understand the dynamics of rhizobial DNA
exchange. Recently, the complete sequence of the 536-kb sym-
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biotic plasmid from Rhizobium sp. strain NGR234 has been
reported (10); sequence analysis showed the presence of a
cluster of genes homologous to the conjugal transfer genes of
Agrobacterium Ti plasmids. Surprisingly, no one had previously
noticed that this plasmid could be self-transmissible, and as
Downie pointed out (8), sequencing of such a large plasmid
seems a rather complicated way to find this out. Thus, feasible
approaches are needed to identify what replicons are transfer-
able by conjugation so that information about their transfer
dynamics can be obtained quickly. In this work, we have de-
veloped an approach to identify replicons or parts of them that
are susceptible of conjugative transfer, regardless of their sta-
bility or expression within the recipient cells. For this purpose,
we have cloned DNA regions containing an origin of conjuga-
tive transfer (oriT or mob), the only known cis-acting function
required for conjugative DNA transfer, defined by its ability to
convert a nontransmissible vector into a mobilizable plasmid
(19). We have used Rhizobium meliloti as an experimental
model. All strains belonging to this species harbor two symbi-
otic megaplasmids; pSym1 (1,400 kb) carries nodulation and
nitrogen fixation genes, whereas pSym2 (1,700 kb) carries
genes required for exopolysaccharide production and dicar-
boxylate transport, also essential for symbiotic establishment
(4, 5, 9, 21, 29). Given the sizes of these plasmids, symbiosis-
related genes represent only a small portion of their genomes.
Besides encoding essential symbiotic functions, pSyms carry
nonsymbiotic genes, often involved in the metabolism of spe-
cific nutritional compounds (5). The fact that no R. meliloti
strains cured of their pSyms have been obtained suggests that
these plasmids also encode functions important for viability.
Self-transfer of R. meliloti symbiotic megaplasmids in labora-
tory matings is barely detectable, although mobilization by
IncP1-type plasmids has been shown, provided that a specific
IncP1 mobilization (mob or oriT) region is previously incorpo-
rated in cis (9, 23). Thus, there is a general belief that conjugal
transfer of R. meliloti pSyms occurs at very low frequencies in
nature, probably because of their very large sizes. In addition
to the pSyms, some strains of R. meliloti carry other plasmids,
namely, nonsymbiotic or cryptic plasmids, which are not essen-
tial for symbiosis and in many cases have no specific function
assigned. Cryptic plasmids may be self-transmissible at rela-
tively high frequencies, and in some cases they have been
shown to promote cotransfer of other accompanying plas-
mids (13, 21). R. meliloti GR4 carries, in addition to the two
symbiotic megaplasmids, two nonsymbiotic large plasmids,
pRmeGR4a and pRmeGR4b, of 110 and 140 MDa, respec-
tively. pRmeGR4a has been shown to be self-transmissible to
other Rhizobium and Agrobacterium species, and it can also
support mobilization of plasmid pRmeGR4b (13). We have
taken advantage of a strain GR4 gene library to identify po-
tential DNA regions carrying oriTs. Our results show that de-
spite their large sizes, R. meliloti replicons may be much more
promiscuous than previously believed, and they provide new
tools for studying and understanding the dynamics of rhizobial
DNA exchange. (Part of this work was presented at the 16th
North American Conference on Symbiotic Nitrogen Fixation,
held in Cancun, Mexico, 1 to 6 February 1998.)

MATERIALS AND METHODS

Bacterial strains. R. meliloti GR4 and 2011 are wild-type strains. Strain 2011
carries three replicons, the chromosome and the two symbiotic megaplasmids,
whereas strain GR4 carries two additional nonsymbiotic plasmids, pRmeGR4a
and pRmeGR4b. GRM8SR is a Smr Rifr GR4 derivative cured of cryptic plas-
mids pRmeGR4a and pRmeGR4b (13). Strain GR4KLR carries a b-glucuron-
idase cassette inserted within the recA gene. GR4KLR is therefore a RecA2

derivative of strain GR4, which also carries a lucOR-Sm/Sp mini-Tn5 inser-
tion on plasmid pRmeGR4a and a kanamycin resistance cassette on plasmid

pRmeGR4b (13, 14). Derivatives of GR4KLR are strains GRM6LR (cured of
pRmeGR4b), GRM10KR (cured of pRmeGR4a), and GRM8R (cured of both
plasmids pRmeGR4a and pRmeGR4b), which were obtained by heat treatment
at 37°C (14). Strain GRT3 is a GR4 derivative carrying a deletion of pSym1
spanning the nod-nif-fix gene cluster (36). Agrobacterium tumefaciens C58 and
C58(pRme2011a), which carries the nod-nif megaplasmid from R. meliloti 2011
(16), were provided by A. Pühler (University of Bielefeld, Bielefeld, Germany).
A. tumefaciens 104 and 117 are also C58 derivatives carrying symbiotic megaplas-
mid pRmeSU47b (also known as pRme2011b), the pSym2 of R. meliloti SU47, or
pRmeSU47a, respectively (9), and were provided by T. M. Finan (McMaster
University, Hamilton, Ontario, Canada). The R. meliloti cosmid library used is
constructed on cosmid vector pLAFR1 (Tcr, RK2 Tra2 Mob1 [7, 30]) and main-
tained in Escherichia coli HB101 (3). Cloning vector pJB3Tc19 encodes resis-
tance to tetracycline and ampicillin (1) and is also a Tra2 Mob1 RK2 derivative.

Bacterial matings. R. meliloti donor strains grown to an approximate optical
density at 600 nm of 0.2, and recipient R. meliloti GRM8SR or E. coli HB101
strains grown to late exponential phase, were washed and mixed in a donor/
recipient ratio of 1:1. Mating mixtures were resuspended in 50 ml of TY (tryp-
tone-yeast extract-CaCl2 [13, 14]) medium and loaded onto a sterile 0.45-mm-
pore-size nitrocellulose filter. Filter mating mixtures were deposited on TY agar
plates and incubated overnight at 30°C. Cells were resuspended by vigorous
vortexing and diluted on liquid medium. R. meliloti GRM8SR transconjugants
were selected on TY plates supplemented with appropriate antibiotics: strepto-
mycin (200 mg/liter), rifampin (20 mg/liter), and tetracycline (10 mg/liter). E. coli
HB101 transconjugants were selected on Endo agar (Difco) plates with antibi-
otics (tetracycline [10 mg/liter] and streptomycin [50 mg/liter]). To calculate
transfer frequencies, donor, recipient and transconjugant CFU were counted
after mating disruption and plating of appropriate dilutions. Donor and recipient
spontaneous resistances to selective antibiotics were also determined. R. meliloti
Rifr strains arose at frequencies of 1027 or lower, whereas resistance to tetra-
cycline alone or to two antibiotics was undetectable (,1029).

DNA hybridizations and sequencing. Total genomic DNAs of R. meliloti or
A. tumefaciens strains were isolated and digested with endonuclease EcoRI,
electrophoresed on 0.7% agarose gels, and transferred to positively charged
nylon membranes by the method of Southern (31). DNA hybridization probes
were digoxigenin-labeled according to standard protocols (Boehringer, Mann-
heim, Germany). Hybridizations and membrane washes were carried out under
high-stringency conditions. Membranes were prepared for chemoluminiscence
detection (Boehringer) and exposed to Kodak X-Omat film. A 2,459-bp frag-
ment from plasmid pRmOR69 was cloned into pUC18 (40) and sequenced with
a Perkin-Elmer ABI Prism 373 automated sequencer. Samples were prepared for
cycle sequencing according to the manufacturer’s instructions. Sequencing was
initiated with universal and reverse primers and continued with sequence-specific
primers. Sequence was obtained for both strands. The Genetics Computer
Group (University of Wisconsin) package was used in sequence analysis.

Nucleotide sequence accession number. The nucleotide sequence of the 2,459-
bp BamHI-EcoRI fragment has been deposited at the EMBL nucleotide se-
quence database under accession no. AJ223303.

RESULTS

Selection and identification of mob cosmids from an R. me-
liloti GR4 gene library. To identify R. meliloti GR4 DNA re-
gions able to convert a nontransmissible vector into a mobiliz-
able plasmid, we took advantage of a strain GR4 gene library
constructed on pLAFR1. This cosmid vector is a RK2 deriva-
tive encoding tetracycline resistance and contains plasmid RK2
oriT (mob) but lacks all other tra functions (7). pLAFR1 can be
mobilized in trans by plasmids carrying RK2-specific tra func-
tions but cannot be mobilized from an R. meliloti genetic back-
ground. Similarly, we observed that randomly chosen cosmid
clones could not be mobilized from this bacterium in the ab-
sence of a RK2-like (Tra1) helper plasmid. The GR4 cosmid
library was transferred from E. coli HB101 into each of the
recA strains GR4KLR, GRM6LR, and GRM10KR by tripa-
rental matings, using pRK2013 as the helper plasmid (7), ob-
taining corresponding merodiploid populations where each in-
dividual carries a hybrid cosmid. The rationale of the approach
consisted in using each merodiploid population as donors en
masse in conjugation with the recipient strain R. meliloti
GRM8SR. Transfer of pLAFR1-encoded tetracycline resis-
tance into GRM8SR should occur only in the case of cosmids
containing a R. meliloti DNA sequence serving as a functional
transfer origin that can be recognized by R. meliloti Tra func-
tions provided in trans. The use of recA donor strains was
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implemented to limit false mobilization due to cointegration,
via homologous recombination, of hybrid cosmids with any of
the self-transmissible or mobilizable replicons of R. meliloti
GR4.

Using the GR4KLR merodiploids as donors, GRM8SR tet-
racycline-resistant transconjugants arose at a frequency of 6 3
1027. Cosmids from 24 such transconjugants were isolated by
standard procedures and subjected to restriction analysis with
endonuclease EcoRI (Table 1). All cosmids presented the
same EcoRI pattern, suggesting that the hybrid cosmid
pRmOR69 had been mobilized at high frequency. With mero-
diploid GRM6LR cells used as donors, we identified four
different cosmids among GRM8SR transconjugants. One of
them was identical to the previously isolated cosmid pRmOR69
and shared two EcoRI fragments with two other cosmids,
pRmOR610 and pRmOR612, indicating that these three plas-
mids contained overlapping DNA inserts. The fourth cosmid
had a completely different restriction pattern and was present
in only 2 of 24 transconjugants analyzed (Table 1).

To verify that the isolated cosmids could indeed be mobi-
lized from R. meliloti, individual plasmids were introduced
back into each of the R. meliloti recA donors, and the corre-
sponding strains were separately used in matings with the re-
cipient GRM8SR. Cosmids pRmeOR69 and pRmOR65 could
be mobilized only from strains carrying plasmid pRmeGR4a
(Table 2, donors GR4KLR and GRM6LR), indicating that Tra
functions required for their mobilization were provided by the
conjugative plasmid pRmeGR4a. This finding suggested that
these two cosmids contained the oriTs of plasmids pRmeGR4a
and/or pRmeGR4b.

To determine the genomic locations of the cloned mob
DNAs, each cosmid was used as a hybridization probe against
genomic DNAs from several R. meliloti strains with different
plasmid contents, as well as DNAs from A. tumefaciens strains
carrying pSym1 or pSym2 of R. meliloti. We used genomic
DNAs from these strains (i) to ascertain the locations of the
different cosmid insert DNAs among the various replicons of
R. meliloti, as a strain lacking a particular plasmid replicon
should not give specific hybridization signals, thus enabling us
to discern possible cross-hybridization with other replicons;

and (ii) to verify that the cloned DNAs had not undergone any
rearrangements due to the various manipulations to which they
had been subjected (e.g., genomic DNA of the wild-type strain
GR4 and cosmid DNAs should give identical hybridization
profiles). As shown in Fig. 1, plasmid pRmOR69 contains
DNA from the cryptic plasmid pRmeGR4a, as hybridizing
bands corresponding to the cosmid probe (lane 9) were present
only in strains carrying plasmid pRmeGR4a (lanes 4, 5, and
8), although the cloned DNA cross-hybridized with plasmid
pRmeGR4b (lanes 4, 6, and 8). The insert DNA in pRmOR65
belongs to the nonsymbiotic plasmid pRmeGR4b (lanes 4, 6,
and 8) and also cross-hybridizes with plasmid pRmeGR4a (Fig.
1, noncosmid bands in lanes 4, 5, and 8). Although pRmeGR4b
is not a self-transmissible plasmid, we have previously shown
that it can be mobilized by pRmeGR4a in trans (13), which
implies that pRmeGR4b must contain at least an origin of
transfer that is recognized by pRmeGR4a-specific Tra system.
Thus, the replicon localization of mob cosmids pRmOR69 and
pRmOR65 explains why they cannot be mobilized from strains
lacking pRmeGR4a (donor GRM10KR [Table 2]). Further-
more, transfer frequencies of mob cosmids pRmOR69 and

FIG. 1. Replicon localization of mob DNAs in cosmids pRmOR69 and
pRmOR65. Blots of EcoRI-digested genomic DNAs were hybridized against
digoxigenin-labeled cosmid probes. Lanes: M, digoxigenin-labeled molecular
weight marker; 1, R. meliloti 2011 (wild-type); 2, A. tumefaciens C58; 3, A. tume-
faciens C58(pRme2011a); 4, R. meliloti GR4 (wild type); 5, R. meliloti GRM6
(cured of plasmid pRmeGR4b); 6, R. meliloti GRM10 (cured of plasmid
pRmeGR4a); 7, R. meliloti GRM8 (cured of pRmeGR4a and pRmeGR4b); 8,
R. meliloti GRT3 (carrying pSym1 deletion); 9, EcoRI-digested cosmid DNA.

TABLE 1. Identification of cosmids in GRM8SR transconjugants
arising from matings using merodiploid donorsa

Merodiploid
donor

Frequency
of transcon-

jugants

No. of trans-
conjugants
analyzed

Cosmid type
(occurrence)

No. of non-
overlapping

cosmids

GR4KLR 6.0 3 1027 24 pRmOR69 (24) 1
GRM6LR 8.2 3 1027 24 pRmOR69 (10) 2

pRmOR610 (4)
pRmOR612 (8)
pRmOR65 (2)

GRM10KR 1 3 1025 44b pRmOR106 (1) 9
pRmOR1012 (1)
pRmOR1026 (1)
pRmOR1030 (1)
pRmOR1033 (1)
pRmOR1034 (3)
pRmOR1035 (1)
pRmOR1041 (1)
pRmOR1042 (4)

a An R. meliloti GR4 gene library was transferred into each of the recA strains,
and corresponding pools of merodiploids were used as donors in matings with
strain GRM8SR. Transconjugants were selected for tetracycline resistance, en-
coded by the vector supporting the gene library. Cosmids from transconjugants
were isolated and identified by EcoRI restriction analysis.

b Only a limited number of transconjugant cosmids could be analyzed by
digestion with restriction endonucleases (see text for details).

TABLE 2. Frequencies of transfer of individual mob cosmids
from different R. meliloti recA donor strains into

R. meliloti GRM8SR as recipient

Cosmid
No. of transconjugants/recipient cella

GR4KLR GRM6LR GRM10KR

pRmOR69 1.4 3 1024 8.3 3 1025 ,1028

pRmOR65 7.5 3 1025 6.2 3 1026 ,1028

pRmOR106 1.7 3 1024 1.3 3 1024 1.2 3 1022

pRmOR1012 1.8 3 1023 4.0 3 1023 3.7 3 1022

pRmOR1026 2.7 3 1023 1.8 3 1023 3.0 3 1022

pRmOR1030 3.0 3 1023 8.5 3 1024 6.0 3 1022

pRmOR1033 2.4 3 1024 1.5 3 1024 1.3 3 1022

pRmOR1034 9.3 3 1024 1.7 3 1024 4.0 3 1022

pRmOR1035 3.2 3 1024 4.0 3 1024 4.0 3 1023

pRmOR1041 5.4 3 1024 5.0 3 1024 9.0 3 1023

pRmOR1042 2.0 3 1024 3.4 3 1024 5.5 3 1023

a Average of at least two independent matings.
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pRmOR65 were similar to those of plasmids pRmeGR4a and
pRmeGR4b, respectively (data not shown and reference 13).

When the donor was the GRM10KR (which lacks the con-
jugative cryptic plasmid pRmeGR4a) merodiploid population,
GRM8SR transconjugants appeared at a frequency of 1025

(Table 1). In this case, most of the isolated transconjugant
cosmids could not be completely digested with EcoRI or sev-
eral other restriction enzymes. We have no explanation for this
failure in digesting cosmid DNAs, but it may be related to a
particular protection of rhizobial insert DNAs, since pLAFR1-
specific restriction fragments could be detected. We then de-
cided to use these DNAs to transform E. coli HB101 compe-
tent cells. Successful restriction analysis of 14 transforming
cosmids identified nine nonoverlapping EcoRI restriction pat-
terns (Table 1, cosmids pRmOR106 to pRmOR1042), all dif-
ferent from the previously identified mob cosmids pRmeOR69
and pRmeOR65.

All of these nine nonoverlapping hybrid cosmids were con-
firmed to be mobilized at high frequency from all recA donors
(Table 2). The transfer efficiency, however, varied according to
the genetic background of the donor, and they were more
efficiently mobilized from GRM10KR than from GR4KLR or
GRM6LR (Table 2), which explains their preferential occur-
rence among transconjugants derived from the mating using
GRM10K merodiploids as donors (Table 1).

Genomic localization demonstrated that four mob plasmids,
pRmOR106, -1012, -1026, and -1034, contain DNA from pSym1
(Fig. 2). Similar or identical hybridization patterns were found
in R. meliloti GR4, R. meliloti 2011, and A. tumefaciens C58
(pRme2011a) (lanes 1, 3, and 4 of all blots in Fig. 2). More-
over, strain GRT3, a GR4 derivative carrying a pSym1 de-
letion spanning a few hundred kilobases around the nod-nif
cluster (36), did not hybridize with cosmids pRmOR1026 and
pRmOR1034 (lanes 8 of corresponding blots in Fig. 2), which
further confirms that the cloned DNAs in these two cosmids

belong to pSym1. The insert DNA in cosmid pRmOR106 con-
tains two EcoRI fragments of approximately 13 kb, both pres-
ent in strain GR4 and derivatives, whereas only one strongly
hybridizing fragment of about 25 kb was found in strains 2011
and C58(pRme2011a) (lanes 1 and 3). This difference may be
due to variations in restriction sites between the two wild-type
strains 2011 and GR4. Another cosmid, pRmOR1030, appears
to contain DNA that might be repeated within the genome
of strain GR4, as multiple cross-hybridization bands were
visible (Fig. 2, blot pRmOR1030, lanes 4 to 8). At least some
of the nonspecific bands may be due to pSym1 DNA, since
several hybridizing bands were detected in strains 2011 and
C58(pRme2011a) (lanes 1 and 3). However, the DNA cloned
in pRmOR1030 may be unique to strain GR4, as cosmid-spe-
cific hybridization fragments were detected in strain GR4 and
its derivatives (lanes 4 to 9) but not in the wild-type strain 2011
(lane 1). Therefore, it is not possible to assign a specific ge-
nome location to the insert DNA in cosmid pRmOR1030.

As shown in Fig. 3, cosmid pRmOR1035 clearly carries DNA
from pSym2, as identical hybridization profiles were found in
R. meliloti 2011 and A. tumefaciens 104 (lanes 1 and 3), al-
though this profile coincided only partially with strain GR4 and
the cosmid probe (lanes 5 and 6). Finally, cosmids pRmOR1033,
pRmOR1041, and pRmOR1042 clearly contain DNA present
in both of the R. meliloti wild-type strains 2011 and GR4 with
almost identical restriction profiles (lanes 1, 5, and 6 of the
corresponding blots in Fig. 3), but these DNAs do not corre-
spond to any of the plasmid replicons harbored by these strains
(no signals in lanes 3 and 4). Since no additional plasmid rep-
licons are known to exist in R. meliloti, they are preliminarily
considered to be chromosomal mob DNA regions, although
direct demonstration of their genomic locations will be re-
quired to confirm this point.

The results indicated that on the one hand, our approach
was effectively selecting for mobilizable hybrid cosmids present

FIG. 2. Replicon localization of mob DNAs in cosmids pRmOR106, -1012, -1026, -1034, and -1030. Blots of EcoRI-digested genomic DNAs were hybridized against
digoxigenin-labeled cosmid probes. Lanes: M, digoxigenin-labeled molecular weight marker; 1, R. meliloti 2011 (wild type); 2, A. tumefaciens C58; 3, A. tumefaciens
C58(pRme2011a); 4, R. meliloti GR4 (wild type); 5, R. meliloti GRM6 (cured of plasmid pRmeGR4b); 6, R. meliloti GRM10 (cured of plasmid pRmeGR4a); 7,
R. meliloti GRM8 (cured of pRmeGR4a and pRmeGR4b); 8, R. meliloti GRT3 (carrying pSym1 deletion); 9, EcoRI-digested cosmid DNA.
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in the strain GR4 gene library, and on the other hand, the
transfer efficiency of these cloned DNAs depended on the
plasmid content of the donor strain. It is noteworthy that most
(7 of 11) of the selected mob cosmids carried DNA from plas-

mid replicons. However, given its rationale, our strategy had
also been expected to select for any existing chromosomal DNAs
able to serve as conjugal transfer origins.

Characterization of the oriT of plasmid pRmeGR4a. In
strain GR4, the only known important conjugative replicon is
the self-conjugative cryptic plasmid pRmeGR4a, which can con-
jugate into rhizobia as well as into agrobacterial strains at rel-
atively high frequencies (13). Thus, to further confirm that
our approach selects for oriT-containing cosmids from the
strain GR4 gene library, we characterized the oriT of plasmid
pRmeGR4a. As shown above (Fig. 1), cosmid pRmOR69 was
identified as putatively containing the oriT of this plasmid. As in-
dicated in Table 1, the mob cosmids pRmOR69, pRmOR610,
and pRm612 shared two EcoRI fragments of 7 and 6 kb, re-
spectively. Thus, the mob function present in these three cos-
mids should be localized in one of these two fragments. To ver-
ify which fragment contains the mob function, each EcoRI
fragment was subcloned into vector pJB3Tc19 (1). Like pLAFR1,
pJB3Tc19 is an RK2 derivative which carries a mob site but
cannot be mobilized from R. meliloti unless RK2-specific tra
functions are provided in trans. By functional subcloning, we
found that only the 6-kb EcoRI fragment conserved the ability
to convert vector pJB3Tc19 into a mobilizable plasmid from
R. meliloti GRM6LR (Fig. 4A). Further subcloning demon-
strated that this mob function resides within a 2.5-kb BamHI-
EcoRI fragment. Sequence analysis showed that it is 2,459 bp
long and has a genetic organization strongly resembling that
of plasmid oriTs. Two divergently transcribed open reading
frames (ORFs) separated by an A1T-rich sequence stretch
were identified (Fig. 4B). At positions 900 to 907 we identified
the sequence 59-TATCCTGC-39, which matches the consensus
found in the nick region, the recognition site for relaxase of
plasmid oriTs of the P group, which includes plasmids RP4/
RK2 and R751 as well as plasmid pTF-FC2 of Thiobacillus
ferrooxidans and the T-DNA borders of the Ti plasmid of
A. tumefaciens (reviewed in reference 19). The putative nic site
within this sequence would be located between nucleotides (nt)
G-906 and C-907. Immediately upstream of this 8-nt sequence

FIG. 3. Genome localization of mob DNAs in cosmids pRmOR1035, -1033,
-1041, and -1042. Blots of EcoRI-digested genomic DNAs were hybridized against
digoxigenin-labeled cosmid probes. Lanes: M, digoxigenin-labeled molecular
weight marker; 1, R. meliloti 2011 (wild type); 2, A. tumefaciens C58; 3, A. tume-
faciens 104 (C58 carrying pRmeSU47b); 4, A. tumefaciens 117 (C58 carrying
pRmeSU47a); 5, R. meliloti GR4 (wild type); 6, EcoRI-digested cosmid DNA.

FIG. 4. Characterization of the mob site (oriT) of plasmid pRmeGR4a. (A) Identification of a 2.5-kb BamHI-EcoRI fragment from cosmids pRmOR69, -610, and
-612 that contains the mob function. Functional subcloning identified the smaller fragment with the ability to convert vector pJB3Tc19 into a mobilizable plasmid from
R. meliloti GRM6LR (fragments marked mob1). (B) Genetic organization of the BamHI-EcoRI fragment containing the mob site of pRmeGR4a. The directions of
transcription of ORF1 and ORF2 are indicated. The 8-nt sequence matching the nick region within P-type plasmid oriTs is shown in boldface, as is the corresponding
sequence in plasmid RP4/RK2 (19). An upstream imperfect inverted repeat is underlined.
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there is a imperfect inverted repeat (Fig. 4B), a situation also
found in all nick regions of known conjugative or mobilizable
plasmids. These structural elements are abundant within oriTs
and are believed to function as recognition sites for specific
DNA-binding proteins (19). Whereas the A1T content of the
entire 2,459-bp fragment is 41%, it is greater in sequence near
the putative nick region (50% A1T between nt 850 to 950).

ORF1 (Fig. 4B) encodes a protein of 133 amino acids (aa)
with an estimated Mr of 14,632. Orf1 showed significant ho-
mology with MbeC from plasmid ColE1 (2), a protein involved
in conjugal transfer of plasmid ColE1 that is part of the rel-
axosome complex required for transfer initiation at oriT. Over
a length of 74 aa (corresponding to approximately 70% of the
length of MbeC), Orf1 and MbeC are 40% identical. The Orf1
protein is also 36% identical to T. ferrooxidans plasmid pTF4.1
Orf4 (GenBank accession no. X96982), which is located adja-
cent to the nick region within the oriT of pTF4.1. Likewise,
Orf1 shows significant homology with MobC from plasmid
pEC3 of Erwinia carotovora (22), which is also located within
the mob region of this plasmid.

ORF2 is transcribed divergently from ORF1 (Fig. 4) and
putatively encodes a protein of 240 aa. Orf2 has in its N-ter-
minal region the sequence GKGGAGKT, which corresponds
to the P-loop consensus present in many ATP/GTP-binding
proteins (27, 38). Orf2 has homology with ParA of plasmid
pTAR (11) and VirC1 of plasmids pTiA6NC (41) and pTiC58
(6) of A. tumefaciens. These homologies were more significant
within the N-terminal halves of the proteins. Over a 120-aa
range, the Orf1 sequence is 27% identical to ParA and 34%
identical to VirC1 from pTiA6NC. ParA is involved in the
efficient distribution of the plasmid molecules to the daughter
cells, thus ensuring plasmid stability (11), whereas VirC1 is
required for efficient processing of Ti DNA by VirD proteins,
probably by binding to overdrive sequences located to the right
of the TR and TL borders of Ti DNA, thus contributing to the
formation of the T strand that is transferred to the plant cell
(39, 41). Both ParA and VirC1 appear to be DNA-binding
proteins, although their mechanisms of action are not com-
pletely clear. Orf1 also has discrete homology with a large
number of bacterial proteins that bind ATP or GTP. These
homologies were restricted around the ATP/GTP-binding se-
quence found in Orf2.

Thus, this 2,459-bp fragment is capable of converting vectors
pLAFR1 and pJB3Tc19 into mobilizable plasmids from R. me-
liloti, and it also has a genetic structure typical of conjugative
plasmid oriTs. These findings strongly suggest that it contains
the oriT of the conjugative plasmid pRmeGR4a. However, more
detailed genetic analysis is required to verify the specific roles of
the sequences and genes identified in transfer of pRmeGR4a.

Conjugal transfer of R. meliloti mob plasmids into E. coli. It
is known that rhizobial plasmids are capable of conjugal trans-
fer to species within the family Rhizobiaceae, where they can
stably replicate (21). However, it is not known whether rhizo-
bial plasmids can transfer into bacterial hosts unable to sup-
port their replication. Thus, the cloning of R. meliloti mobiliz-
able DNA regions into a broad-host-range cloning vector such
as pLAFR1 provided a unique opportunity to verify if this
species can transfer its plasmid DNA to bacteria where they
cannot replicate. As an extreme example, we chose E. coli, a
gram-negative bacteria unrelated to the Rhizobiaceae that can-
not support stable replication of rhizobial plasmids.

We set up matings between R. meliloti recA donors carrying
individual mob cosmids and E. coli HB101 as the recipient. The
pLAFR1 vector can replicate in both Rhizobium spp. and
E. coli. Transconjugants were selected for the acquisition of
the pLAFR1-encoded tetracycline resistance on Endo agar, a

medium specific for the coliforms where R. meliloti is unable to
grow. All plasmids were found to be transferable from R. meli-
loti to E. coli HB101. As with R. meliloti recipients, the efficiency
of transfer to E. coli was greatly dependent on the donor plas-
mid content. Efficiencies of transfer from strains GR4KLR and
GRM10KR (both carry the nonsymbiotic plasmid pRmeGR4b)
were several orders of magnitude lower than from strains
GRM6LR (which lacks pRmeGR4b) and GRM8R (which
lacks both pRmeGR4a and pRmeGR4b), indicating that the
presence of plasmid pRmeGR4b in the donor strain was re-
sponsible for a significant reduction of transfer efficiency. On
the other hand, it was surprising that in most cases, transfer
from strain GRM6LR into E. coli was more efficient than trans-
fer into R. meliloti GRM8SR. Except for plasmid pRmeGR4a,
the recA mutation, and the different antibiotic resistances, strains
GRM6LR and GRM8SR are genetically identical (both carry
the two pSyms and the chromosome). Therefore, it is possible
that in the recipient strain GRM8SR there are some surface
exclusion mechanisms which could be responsible for a reduc-
tion in transfer efficiency. As shown in Table 3, chromosomal
mob cosmids were transferred to E. coli as efficiently as those
carrying mob sites of plasmid localization.

The fact that mob plasmids can be mobilized into E. coli, a
phylogenetically distant gram-negative bacterium, shows that
R. meliloti can transfer DNA into bacterial species outside the
family Rhizobiaceae and indicates that transfer promiscuity of
rhizobial replicons may be much broader than their known
replication host range.

DISCUSSION

The initiation complex for conjugative transfer of transmis-
sible plasmids is called relaxosome, a specific DNA-protein
structure that includes the relaxase, a protein that catalyzes the
specific cleavage of a phosphodiester bond at the nic site within
the origin of transfer, as well as accessory DNA-binding pro-
teins (19). The transfer origin (oriT or mob) from conjugative
or mobilizable plasmids is the only known cis-acting function
required for DNA transfer. We have devised a simple approach
to identify R. meliloti DNA regions that comply with the def-
inition of oriT, i.e., have the capacity to convert a nontrans-
missible vector into a mobilizable plasmid (19). According to
this definition, potential sequences able to serve as oriTs must
be present in a genomic library from the desired organism, and
therefore can be selected by taking advantage of their intrinsic

TABLE 3. Frequencies of transfer of individual mob cosmids from
different R. meliloti recA donors into E. coli HB101a as recipient

Cosmid
No. of transconjugants/recipient cellb

GR4KLR GRM6LR GRM10KR GRM8R

pRmOR69 4.1 3 1026 3.3 3 1024 NT NT
pRmOR65 4.1 3 1028 1.0 3 1023 NT NT
pRmOR106 3.1 3 1027 5.8 3 1021 2.1 3 1027 2.3 3 1021

pRmOR1012 1.0 3 1027 3.9 3 1021 5.6 3 1024 1.6 3 1021

pRmOR1026 8.3 3 1028 1.5 3 1021 2.1 3 1024 8.3 3 1022

pRmOR1030 3.3 3 1026 2.1 3 1021 8.9 3 1025 9.1 3 1025

pRmOR1033 8.3 3 1028 5.6 3 1022 ,1028 1.4 3 1021

pRmOR1034 5.4 3 1027 1.8 3 1021 1.0 3 1026 1.1 3 1021

pRmOR1035 3.3 3 1027 2.1 3 1021 2.3 3 1026 3.7 3 1022

pRmOR1041 ,1028 3.5 3 1021 3.3 3 1025 3.3 3 1021

pRmOR1042 1.9 3 1027 8.3 3 1021 4.5 3 1024 2.6 3 1021

a HB101 transconjugants were selected on Endo agar plates supplemented
with tetracycline.

b Average of two independent matings; NT, not tested.
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properties, provided that the cloning vector supporting the gene
library cannot be mobilized from a given genetic background.
This is the case for cosmid pLAFR1, which cannot be mobi-
lized from an R. meliloti background in the absence of RK2-
specific Tra functions. Moreover, the use of a gene library with
a large insert average allows cloning of not only these oriTs but
also genes related to transfer that are likely to be located next
to the nick region (19). Using this strategy, we have been able
to identify 11 DNA regions from R. meliloti GR4 that are able
to convert pLAFR1 into a mobilizable plasmid and therefore
must contain origins of conjugative transfer or mob sites. The
use of recA strains has undoubtedly facilitated this selection, by
limiting the possibility of homologous recombination between
hybrid cosmids and conjugative resident replicons, which could
have led to replicon cointegration, giving rise to false transcon-
jugants containing no mobilizable plasmids. Interestingly,
seven of the cloned regions clearly correspond to plasmid rep-
licons harbored by R. meliloti GR4. This finding further
strengthens the reliability of our approach, as it was devised to
select for plasmid oriTs. Moreover, from one of the mob cos-
mids we were able to identify and characterize a 2,459-bp
fragment containing the oriT of the conjugative plasmid
pRmeGR4a, thus confirming that this approach selects for
mob sites. At least three of the cloned mob regions could not
be assigned to any plasmid replicon and therefore appear to
correspond to the chromosome. No specific location within the
strain GR4 genome could be assigned to the DNA cloned in
cosmid pRmOR1030, which seemed to contain DNA that is
present in R. meliloti GR4 but not in R. meliloti 2011. To our
knowledge, natural occurrence of oriTs in the bacterial chro-
mosome has not been reported. Nevertheless, if chromosomal
oriTs were to occur, a strategy like the one used here should
have been able to select for them. It is well known that stable
integration of a conjugative plasmid into the bacterial chromo-
some gives rise to high-frequency-of-recombination (Hfr) do-
nor strains (25). It is possible that R. meliloti strains used in this
work are naturally occurring Hfr strains, containing one or
more episomes. Alternatively, the cloned mob regions may
correspond to conjugative transposons that could be present in
these strains, as has been shown for other gram-negative bac-
teria (26). It is possible that conjugative elements are not rare
in rhizobial chromosomes. It seems that conjugal transfer may
be operating in the case reported by Sullivan and colleagues
(32–34), identifying lateral transfer of a chromosomally located
symbiotic region from R. loti to bacteria resident in the soil.

It is not known if all R. meliloti GR4 mob regions have been
identified. Since we have analyzed limited numbers of trans-
conjugants, and given the unexpected problems found with the
restriction analysis of certain cosmids, it is possible that there
are additional mob regions in the R. meliloti genome. On the
other hand, given the size of the selected hybrid cosmids (av-
erage insert size of 25 kb), it is likely that other genes related
to the transfer process are cloned along with their oriTs, as in
many other systems where oriTs are usually located within the
transfer gene complex (19). This should facilitate further char-
acterization of the various conjugative systems.

A single mob region was identified for each of the R. meliloti
GR4-resident cryptic plasmids, pRmeGR4a and pRmeGR4b,
cloned in pRmOR69 and pRmOR65, respectively. pRmeGR4a is
known to be self-transmissible and able to mobilize pRmeGR4b
in trans (13). Efficient transfer of both mob cosmids to R. me-
liloti recipients required the presence of plasmid pRmeGR4a
in the donor strain. All of these results show that cosmids
pRmOR69 and pRmOR65 contain the oriTs of plasmids
pRmeGR4a and pRmeGR4b, respectively. In fact, we were
able to delimit the mob function of cosmid pRmOR69 to a

2,459-bp BamHI-EcoRI fragment, which has a genetic organi-
zation typical of plasmid oriTs (19). Two divergently tran-
scribed ORFs were identified, one encoding a putative protein
with homology to proteins involved in oriT DNA processing
during conjugation (Orf1) and another encoding a protein
homologus to plasmid processing and stabilization proteins
(Orf2); the two ORFs are separated by an A1T-rich stretch
that includes an 8-nt sequence identical to the consensus of
nick regions of a family of conjugative plasmids (Fig. 4). If the
putative nic site identified within this fragment is indeed func-
tional, ORF2 would be the first gene to enter the recipient cell
whereas ORF1 would enter the recipient last. These data
strongly support the conclusion that this fragment contains the
oriT of plasmid pRmeGR4a and provide further evidence for
the efficacy of our approach in selecting for R. meliloti oriTs.

Several mob cosmids were found to contain DNA from sym-
biotic pSym1, but only one (pRmOR1035) corresponded to
pSym2. By analogy to pSym1, it is possible that pSym2 also
carries more than one oriT which could not be identified in this
work, as discussed above. The existence of multiple oriTs in
pSyms may relate to the large size of these molecules, in line
with the experimental evidence indicating that R. meliloti
megaplasmids contain more than one origin of replication
(20). Thus, R. meliloti pSyms may represent the evolutionary
cointegration of several plasmids that have maintained some
or all their rep and tra functions. Compared to previous
reports investigating self-transfer of R. meliloti megaplasmids,
we found that transfer of individual mob cosmids is up to
106-fold more efficient than transfer of the entire plasmids (9,
23). Although the mob cosmids in this work are about 30 to 40
times smaller than pSyms, this could only partially explain the
difference in transfer efficiency. It seems then that transfer of
the complete plasmid is inefficient compared to the rates of
transfer initiation. The presence of several oriTs may represent
a drawback for transfer of the entire plasmid, as DNA mobi-
lization could simultaneously initiate (and terminate) at differ-
ent sites. This possibility suggests that transfer of the plasmid
can take place as separate DNA fragments (albeit of several
hundreds kilobases each) and that reconstitution of the entire
plasmid after transfer to the recipient cell would be required.
This possibility is not without precedents, as several catabolic
and R plasmids have been shown to form cointegrates that
dissociate or reassociate after transfer (12). On the other hand,
the existence of multiple functional oriTs in the same plasmid
has been shown to produce preferential transfer of deletant
plasmid versions which contain hybrid oriTs and lack the
spacer regions located between oriTs (reference 19 and refer-
ences therein). Since termination of transfer at oriT is not
100% effective, full-length plasmid copies are eventually trans-
ferred (19). The occurrence of multiple oriTs in R. meliloti
pSyms could thus explain the great difference in transfer effi-
ciency of the entire replicon and that of the mob regions
identified in this work, as the existence of multiple oriTs would
lead to preferential transfer of deletant plasmid versions,
which will not replicate in the recipient unless an origin of
replication and stability functions are transferred as well. On
the other hand, the existence of multiple oriTs may be related
to the plasmid promiscuity, allowing transfer to a more diverse
set of recipient species. For instance, mobilization of the entire
plasmid could preferentially initiate at a particular oriT de-
pending on the environmental conditions and/or the recipient
available, thus increasing opportunities for the plasmid to
spread.

All mob plasmids identified in this work were efficiently
mobilized from R. meliloti into E. coli. To our knowledge, this
is the first report demonstrating physical transfer of resident
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DNA from R. meliloti into E. coli without the assistance of non-
rhizobial plasmid-encoded Tra functions. However, efficiency
of transfer into E. coli greatly depended on the plasmid content
of the donor strain, which could reflect the complex interac-
tions between different replicons, carrying mostly DNA of un-
known function, residing in the same bacterium. In terms of
horizontal gene transfer, our results show that R. meliloti plas-
mids, and likely the chromosome, are capable of promoting
efficient DNA transfer to species where replicons cannot be
stably maintained and therefore can be the subject of “suicide”
conjugal transfer. The fate of the DNA transferred into such
genetic backgrounds would be either its loss or its incorpora-
tion into the recipient genome by homologous recombination
or by other means such as those involving insertion elements,
which are known to be abundant in R. meliloti (21). The result,
nevertheless, is a situation where opportunities for DNA ex-
change are much higher than previously observed.

The approach used here has demonstrated its reliability in
selecting mobilizable DNA from different replicons and should
be easily applicable to other bacteria. Future characterization
of the mob regions identified in this work will provide a better
understanding of conjugal gene transfer in rhizobia.
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