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A system for mapping of the Rhizobium meliloti chromosome that utilizes transposon Tn5-Mob, which carries
the mobilization site of IncP plasmid RP4 (R. Simon, Mol. Gen. Genet. 196:413-420, 1984), was developed.
Insertions of Tn5-Mob that were located at particular sites on the R. meliloti chromosome were isolated and
served as origins of high-frequency chromosomal transfer when IncP tra functions were provided in ¢trans. This
approach is, in principle, applicable to any gram-negative bacterium in which Tn5 can transpose and into

which IncP plasmids can conjugate.

The gram-negative bacterium Rhizobium meliloti has been
the object of considerable genetic analysis because of its
ability to form a symbiotic association with alfalfa that
results in formation of nitrogen-fixing nodules. The R. meli-
loti genome is complex and consists of a circular chromo-
some and two megaplasmids of ca. 1,500 kb each; in the
SU47/Rm1021 strain background, these have been desig-
nated pRmeSU47a and pRmeSU47b (1, 7). In recent years, a
great deal of attention has been focused on the two mega-
plasmids since they carry many of the genes required for
symbiosis. For example, pPRmeSU47a carries the nod genes
required for nodule induction and the nif and fix genes which
are required for nitrogen fixation (1) while pRmeSU47b
carries genes required for exopolysaccharide biosynthesis,
dicarboxylic acid transport, and bacteroid development (3).
Both genetic and physical maps of the regions of
pRmeSU47a carrying the nod, nif, and fix loci have been
published (2, 9, 19). A circular linkage map of pPRmeSU47b
has recently been prepared (3), as have genetic and physical
maps of the regions of the megaplasmid required for exo-
polysaccharide biosynthesis (8, 12).

In earlier work, genetic maps of the R. meliloti chromo-
some itself were prepared (10, 11, 16). These studies utilized
IncP plasmid RP4 (and its derivatives), a conjugal plasmid
that can mobilize chromosomal segments in a manner con-
ceptually analogous to mobilization of the Escherichia coli
chromosome by the F plasmid (17). By mating an RP4-
carrying strain with a suitable recipient and selecting for
recombination of a mobilized chromosomal fragment into
the genome of the recipient, genetic loci can be mapped with
respect to one another. However, this RP4-based system has
two major drawbacks. (i) Mobilization of any given locus
occurs at low frequency (107° to 10~%). (ii) Mobilization
occurs from random (or nearly random) sites with equal
frequency of transfer of markers equidistant from any given
point in either direction.

We therefore devised a system for genetic mapping of the
R. meliloti chromosome that utilizes Tn5-Mob, a derivative
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of Tn5 constructed by Simon (18) that carries the origin of
transfer (oriT) of plasmid RP4. Simon (18) had previously
shown that introduction of Tn5-Mob into the chromosome of
E. coli resulted in directional mobilization when IncP tra
(conjugal transfer) functions were supplied in trans and that
the R. meliloti plasmids could also be mobilized by use of
Tn5-Mob. In addition, Yakobson and Guiney (20) had pre-
viously shown that a related Tn5 derivative, Tn5-11, which
carries the oriT gene of an IncP plasmid, can be used to
mobilize the chromosomes of E. coli and R. meliloti in a
polarized manner. We have previously taken advantage of
Tn5-11 (7) to map various symbiotic loci to either
pRmeSU47a or pRmeSU47b (7, 8, 12). We therefore con-
structed a series of R. meliloti SU47 derivatives with Tn5-
Mob inserted near known chromosomal loci in both possible
orientations (Table 1). We show here that the approximate
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FIG. 1. Linkage map of the R. meliloti genome, showing the
relative positions of several auxotrophic markers, /psC, and the
Tn5-Mob insertions. I[psC is shown in parentheses because its
position relative to that of cys-11 was not determined. Chromosomal
mobilization is initiated within the Tn5 sequences and proceeds in
the directions indicated by the arrows. Thus, trp-99 is transferred
early from Tn5-Mob insertion Q601, while ilv48 is transferred early
from Tn5-Mob insertion ©602.
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TABLE 1. Bacterial strains
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TABLE 2. Transfer of auxotrophy markers from Tn5-Mob inserts

i:;': Relevant characteristics Source
Rm1021 SU47 str-21 F. Ausubel
Rm3357 SU47 str-3 spc-1 rif-1 nov-57 trp-33 H. Meade

his-39 leu-53
Rm3359 SU47 str-3 spc-1 rif-1 nov-57 trp-33 H. Meade
his-39 pyr-49 '
Rm3356 SU47 str-3 spc-1 rif-1 his-39 met-56 H. Meade
Rm3348 SU47 str-3 spc-1 rif-1 his-39 ilv-48 H. Meade
trp-33
Rm2013 SU47 str-3 ilv-13 H. Meade
RmS5050 SU47 str-21 met-1025::Tn5 S. Long
Rm6826 SU47 str-3 spc-1 rif-1 his-39 trp-33 This work
aro-51 pyr-501::Tn5
Rm6827 SU47 str-3 pyr-501::Tn5 cys-11 This work
Rm6661 SU47 str-3 spc-1 rif-1 nov-57 his-39 This work
trp-33 Q601::Tn5-Mob
Rm6662 SU47 str-3 spc-1 rif-1 nov-57 his-39 This work
trp-33 Q602::Tn5-Mob
Rm6672 SU47 str-21 Q601::Tn5-Mob This work
Rm6673 SU47 str-21 Q602::Tn5-Mob This work
Rmé6761 SU47 str-21 Q611::Tn5-Mob This work
Rmé6762 SU47 str-21 Q612::Tn5-Mob This work
Rmé6847 SU47 rif-100 0614::Tn5-Mob This work
Rm6849 SU47 rif-100 Q615::Tn5-Mob This work
Rm6679 Rm3357 Q601::Tn5-Mob This work
Rm6680 Rm3357 2602::Tn5-Mob This work
Rmé6755 Rm3359 trp* Q611::Tn5-Mob This work
Rmé6753 Rm3359 Q612::Tn5-Mob This work
Rm6738 Rm3359 Q614::Tn5-Mob This work
Rm6730 Rm3359 Q615::Tn5-Mob This work

location of any chromosomal marker can be determined on
the basis of the frequency of its transfer from strains carrying
these Tn5-Mob insertions.

TnS5-Mob was linked to previously mapped loci on the R.
meliloti chromosome by the following procedure. Deriva-
tives of R. meliloti Rm1021 (RmSU47 str-21) that carried
random insertions of Tn5-Mob were obtained by mating
Rm1021 with a derivative of E. coli S17 which carried
pSUPS011 (the plasmid used to deliver Tn5-Mob) (18),
selected for Tn5-Mob-encoded neomycin (Nm; 200 pg/ml)
resistance, and counterselected with streptomycin (200 pg/
ml). Approximately 10,000 Rm1021 derivatives containing
random TnS5-Mob insertions were then pooled, and a lysate
of bacteriophage $M12 (6) was prepared. This lysate was
used to transduce the random Tn5-Mob insertions into a
number of multiple auxotrophic strains, including Rm3359
(SU47 str-3 trp-33 his-39 pyr-49 nov-57 spc-1 rif-1) (16) and
Rm3357 (str-3 trp-33 his-39 leu-53 nov-57 spc-1 rif-1) (16).
Selection was for Nm resistance plus prototrophy for indi-
vidual nutrients, namely, leucine (to give insertions linked
by transduction to leu-53), tryptophan (to give insertions
linked to trp-33), or pyrimidine (to give insertions linked to
pyr-49) on M9 medium (13) containing Nm and appropriate
supplements. The various Tn5-Mob insertions were later
moved into other genetic backgrounds, as necessary, by
$dM12-mediated transduction with selection for Nm resis-
tance.

For each of the three auxotrophic loci listed above, we
chose up to 10 isolates with cotransducible Tn5-Mob inser-
tions. These strains were then tested as donors in triparental
matings using suitable auxotrophs as recipients (see Table 2
and Fig. 1). The third parent was an E. coli strain carrying
self-transmissible plasmid pRK600 (7), which provides the

u];::lt{Zr .. Marker Frequency
Insert selection Donor Recipient  selected fl(‘)r of transfer

by linkage prototrophy
0601 leu-53 Rm6672 Rm3348 ilv48 <1078
Q601  leu-53  Rm6672 Rm3348  trp-33 <1078
Q601 leu-53 Rm6661 RmS5050 met-1023 8.0 x 1073
Q601 leu-53 Rm6661 Rm2013 ilv-13 1.0 x 107
0601 leu-53 Rm6661 Rm6827 cys-11 2.0 x 107¢
0602 leu-53 Rm6673 Rm3348 ilv48 4.7 x 107
Q602 leu-53 Rm6673 Rm3348 trp-33 2.8 x 1074
0602 leu-53 Rm6662 Rm5050 met-1023 <1077
Q602 leu-53 Rm6662 Rm2013 ilv-13 <1077
0602 leu-53 Rm6662 Rmé6827 cys-11 <1077
Q611 trp-33 Rm6761 Rm6826 aro-51 9.0 X 107
Q611 trp-33 Rm6761 Rm6826  pyr-501 3.2 x 107*
Q612 trp-33 Rm6762 Rm6826 aro-51 <1077
0612 trp-33 Rm6762 Rmé6826  pyr-501 <1077
Q0614  pyr49 Rm6847 Rmé827  pyr-501 <1078
Q614 pyr-49 Rmé6847 Rm6827 cys-11 1.4 x 1074
Q615 pyr-49 Rm6849 Rmé6827 pyr-501 3.2 x 1073
Q615 pyr-49 Rm6849 Rmé6827 cys-11 <10~%

“ Frequency is expressed relative to total recipient cells.

IncP tra functions needed for mobilization of DNA carrying
TnS5-Mob. pRK600 can conjugally transfer itself to R. meli-
loti but cannot replicate in R. meliloti. We looked for
transfer of markers that were known by previous mapping
studies utilizing RP4 (16) to be linked to the region in which
TnS5-Mob was inserted. Selection and counterselection em-
ployed appropriate auxotrophies and/or resistance to ri-
fampin (50 pg/ml) or streptomycin. We found that transfer
and recombination of markers occurred at frequencies of up
to 1073 and that the frequency of rescue of any locus
depended on its distance from the origin of transfer (i.e.,
from the Tn5-Mob insertion in the donor). Moreover, mobi-
lization of chromosomal segments was directional: for any
given Tn5-Mob insertion, high frequency of recombination
occurred only for markers on one side of that insertion. For
instance, Tn5-Mob insertions 2601 and (602 are both linked
by transduction to leu-53. From a donor strain carrying
TnS5-Mob insertion Q601, transfer of loci met-1023 and ilv-13
(both counterclockwise to leu-53 in Fig. 1) occurs at frequen-
cies of 8 X 10™°and 1 x 1074, respectively, whereas transfer
of ilv48 and trp-33 (clockwise to leu-53 in Fig. 1) is at very
low frequencies. On the other hand, from a donor strain
carrying Tn5-Mob insertion 0602, transfer of loci met-1023
and ilv-13 occurs at very low frequencies, whereas transfer
of ilv48 and trp-33 occurs at frequencies of 4.7 X 10™* and
2.8 x 1074, respectively (Table 2). Since Tn5-Mob inserted
in either orientation with approximately equal frequencies
during construction of the original Tn5-Mob library, it was
possible to choose insertions linked to each of the three loci,
leu-53, trp-33, and pyr-49, which served as origins of transfer
in either direction, and these are listed in Table 2. With
certain exceptions (discussed below), any chromosomal
locus can be mobilized at high frequency from at least one of
these six origins of transfer, which divide the chromosome
into three large, easily mobilizable, overlapping segments.
We have used this system to find the approximate location
of the IpsC locus on the R. meliloti chromosome (4).
IpsC27-1::Tn5-233 was transduced into each of six donor
strains, which were then mated with Rm1021 (RmSU47
str-21) (Table 3). It was not necessary to determine frequen-
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TABLE 3. Mapping of IpsC*

Counter- No. of
Insert Donor selection colonies
Q601 Rm6679 IpsC 27-1::Tn5-233 trp, his 1,450
0602 Rmé6680 IpsC 27-1::Tn5-233 his 320
0611 Rmé6755 IpsC 27-1::Tn5-233 pyr 400
0612 Rm6753 IpsC 27-1::Tn5-233 his, pyr 400
0614 Rmé6738 IpsC 27-1::Tn5-233 trp, his >4,000
Q615 Rm6730 IpsC 27-1::Tn5-233 trp 346

% Matings were performed overnight on LB agar (13) at 30°C. Mating
mixtures were resuspended and washed twice in saline. Undiluted suspen-
sions were plated on M9 agar supplemented with gentamicin (30 pg/ml) and
spectinomycin (150 pg/ml) to select for transfer of Tn5-233 (5), as well as
amino acids or uracil, as appropriate. Control plates with donors, a helper,
and a recipient (Rm1021) had no colonies, with the exception of Rm6680 IpsC
27-1::Tn5-233, which gave 12 colonies on selective medium.

cies of transfer, since donors carrying insertions Q614 and
Q601 clearly gave more colonies than any other donors. (It is
interesting that every mating gave at least some colonies,
suggesting that in a long, overnight mating it may be possible
to transfer the entire chromosome from a Tn5-Mob inser-
tion). Subsequent transductional mapping indicated that
IpsC is 52% linked to cys-11, thereby confirming that IpsC is
in the sector between (601 and 614.

Some markers which are tightly linked to the nearest
Tn5-Mob insertion might fail to be transferred at high
frequency from any origin of transfer. This could be for one
of two reasons: (i) the marker lies between two Tn5-Mob
insertions, each of which transfers away from the direction
of the marker, or (ii) the marker is so tightly linked to the
TnS5-Mob insertion that, following transfer, little recombina-
tion can occur between the origin of transfer and the marker,
such that recombinational rescue of the marker in question is
not detected. In any event, such markers should be linked by
transduction to one pair of Tn5-Mob insertions.

The approach we have described here is, in principle,
applicable to any gram-negative bacterium in which Tn5 can
transpose and into which IncP plasmids can conjugate. An
alternative method for obtaining Tn5-Mob insertions in
opposite orientations at a given point without the use of a
transducing bacteriophage would be first to obtain an inser-
tion of an Nm-sensitive derivative of TnS, for example,
Tn5-233 (5), and then to substitute Tn5-Mob for the original
Tn5 derivative by recombination between the inverted re-
peats of the two Tn5 derivatives as we have previously
described (5). Tn5-Mob would be expected to recombine
into the genome in both orientations at the point of insertion
of Tn5-233.
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