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FIG. 2. Replacement of Tn5-132 by TnS-oriT. Plasmid pEYDG1
is a deletion derivative of pBR322 containing Tn5, with the 760-bp
oriT region of plasmid RK2 inserted in its BamHI site (51). Sites of
crossing-over are indicated. Tn5-132 contains a 2,700-bp Bglll
fragment encoding Tc" from Tnl0 (24), which has an assymetric
HindIII site (H). Both Tn5-132 and Tn5-oriT have single HindIII
sites in their IS50 elements (25).

were not resolved. We therefore constructed strains contain-
ing both exoE::Tn5 and the mobilizable RK2 origin of
transfer oriT (Tn5-11; see below) in pRmeSU47a and
pRmeSU47b (strains Rm5334 and RmS5336, respectively; see
Table 1). Nm' was transferred from Rm5336 to Rm5000 at a
frequency of 1074 per donor, whereas no transfer was

FIG. 3. Southern blot analysis of HindlII-restricted total DNA
from R. meliloti Rm5079 (lane 2) and the two 25007::Tn5-132
replacement strains Rm5209 and Rm5210 (lanes 1 and 3). The blot
was probed with labeled pGS220. The boundary fragments in the
three strains are the same size, whereas Tn5-132 generates two
internal fragments differing in size from the single internal fragment
of TnS5-oriT (see Fig. 2).

SECOND SYMBIOTIC MEGAPLASMID IN R. MELILOTI 69

TABLE 2. Conjugal linkage of 5007::TnS5-oriT inserts to thi-501

and thi-502°

Frequency r

Doror Recipient of Thi* %(g‘“
sn Sonies eraneay
SuU47 thi-501::Tn5 6.0 x 1077 0.0 (31)
thi-502::TnS 6.0 x 1077 0.0 30)
Rm5209 thi-501::Tn5 1.5 x 103 26 (185)
thi-502::Tn5 1.3 x 1075 24 (251)
RmS5210 thi-501::Tn5 1.1 x 107* 4.7 (718)
thi-502::Tn5 8.0 x 10~5 5.5 (775)

2 Recipient strains were Rm5049 and Rm5214, and E. coli MT607(pRK600)
was the mobilizing strain. Thi* recombinants selected on minimal medium
containing streptomycin (300 pg/ml) were screened for neomycin sensitivity
by replica plating. Spontaneous donor Sm* occurred at ca. S x 1077, while
Thi* revertants of Rm5049 and Rm5214 occurred at <107,

b The number of colonies screened (from three independent experiments) is
shown in parentheses.

observed from Rm5334 (<1078). Thus, the exoE::TnS insert
is located on pRmeSU47b.

Mobilization of pRmeSU47b. To manipulate megaplasmid
pRmeSU47b genetically, we inserted into it the origin of
transfer (oriT) of broad-host-range plasmid RK2 by replacing
insert 25007::Tn5-132 with TnS-oriT (51), as outlined in Fig.
2. Because the inverted insertion elements (IS50L and
IS50R) on either side of TnS are homologous, recombination
between the IS50’s of the incoming TnS5 and the resident Tn5
derivative results in replacements in which the central region
of the replacing transposon has an equal chance of being in
either orientation (1, 5; De Vos et al., manuscript in prepa-
ration). Southern blot analysis of HindIII-restricted DNA
from strains containing either insert 25007::Tn5-132 or one
of two Q5007::Tn5-oriT replacements (Rm5209 and Rm5210)
showed that the sizes of the HindIII-generated border frag-
ments were unchanged (Fig. 3). Furthermore, in transduc-
tion both of these replacements showed 100% linkage to
05007::Tn5-132 and also the expected linkage to the nearby
insert 25011::Tn5-233 [6 and 1%, respectively, compared to
ca. 2% for 015007::Tn5-132; unpublished data and reference
15]. Thus, these are precise replacements.

To determine the direction of oriT-mediated plasmid trans-
fer, we transduced the linked insert £25011::Tn5-233 into the
Q5007::TnS-oriT replacement strains and then examined
transductants for subsequent transfer of Gm" Sp* (.e.,
TnS5-233). Of the four TnS-oriT replacements examined, two
transferred Gm" Sp’ at a frequency of 107% per recipient
(e.g., Rm5209) and two at 10~ (e.g., Rm5210). These data
are consistent with the interpretation that Rm5209 trans-
fers pRmeSU47b counterclockwise with respect to
05011::Tn5-233, whereas Rm5210 transfers it clockwise, as
diagrammed in Fig. 1.

Thiamine biosynthetic genes on pRmeSU47b. To investi-
gate whether biosynthetic genes are located on pRmeSU47b,
we crossed the 5007::TnS5-oriT replacement strains RmS5209
(counterclockwise) and Rm5210 (clockwise) with 43 inde-
pendent auxotrophs representing 19 nutritional classes. Only
for two thi~ (thiamine) auxotrophs were recombinants de-
tected above background (Table 2), suggesting that these
two thi loci are on pRmeSU47b. This conclusion was con-
firmed for thi-502::Tn5 by hybridization to Eckhardt gels
(Fig. 4).

Approximately sevenfold more Thi* recombinants were
obtained with Rm5210 as donor than with Rm5209 (Table 2).
Also, a higher percentge of the Thi* recombinants were Nm"
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FIG. 4. (A) Horizontal Eckhardt gel of R. meliloti strains. Lanes:
1, Rm 5049 (thi-502::Tn5); 2, RmS5071 (nifH::Tn5); 3 and 4, Rm5011
and Rm5012 (chromosomal Tn5 inserts), respectively; 5, Rm1021
(no TnS5 insert). The positions of the megaplasmid bands (double
arrowhead) and sheared DNA (S) are indicated. (B) Autoradiograph
of the dried gel shown in panel A after hybridization with labeled
plasmid pGS220.

with Rm5209 than Rm5210 as donor. These data suggest that
thi-501::Tn5 and thi-502::Tn5 are more closely linked to
Q5007 clockwise than counterclockwise.

We subsequently examined a total of seven independent
thi mutations. Recombinant plasmids which complemented
individual mutations were isolated by transfer of an R.
meliloti cosmid clone bank (16) into the auxotroph and
selection for prototrophic transconjugants. The zhi muta-
tions fell into two classes based on complementation by the
recombinant plasmids obtained (Table 3). In transduction,
the class 2 mutation thi-504::Tn5-mob was 90% linked to
€5011::Tn5-233 (Fig. 1), whereas no linkage to the class 1
mutations thi-501::Tn5 and thi-502::Tn5 was found (data not
shown). Moreover, two class 2 mutant strains (Rm5295
[thi-505::Tn5] and Rm5296 [thi-506::Tn5]) failed to fluoresce
when screened on LB containing Calcofluor (27), indicating
that these strains were Exo~. Fluorescence in strain Rm5295
was restored by plasmids pRmT9 and pRmT11 but not by
pRmT1 or pRmT8, whereas none of the four plasmids

TABLE 3. Complementation of thi mutations by recombinant
plasmids from an R. meliloti clone bank

Growth response? to plasmid®

Strain Allele P11 TS T PTIL
R. meliloti
Class 1
Rm5214 thi-501::Tn5 + + - -
Rm5049 thi-502::Tn5 + + - -
RmS5216 thi-503::Tn5-VB + + - -
Rm5297 thi-507::Tn5 + + - -
Class 2
Rm5213 thi-504::Tn5-mob - - + +
Rm5295 thi-505::Tn5 - - + +
RmS5296 thi-506::Tn5 - - + +
E. coli
KG33 thiA32 + + - -
KG1673 thiB33 + + - -
KG6593 thiC34 + + - -
MT607 thi-1 + + - -

“ +, Growth; —, no growth (glucose minimal medium).

b Plasmid pairs (pT1 and pT8, pT9 and pT11) are different but have several
EcoRI1, BamH]1, Bglll, and HindIII restriction endonuclease fragments of the
same size.
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FIG. 5. (A) Horizontal Eckhardt gel of R. meliloti strains and A.
tumefaciens transconjugants. Lanes: 1, RmS5305; 2, GMI9050; 3,
At104; 4, AtllS; 5, Atll7; 6, Rm5209. The positions of the
megaplasmid bands (double arrowheads), pAtCS8 (single arrow-
head), and the sheared DNA (S) are indicated. (B) Autoradiograph
of a Southern blot of the gel shown in panel A after hybridization
with plasmid pGS220.

restored fluorescence in strain Rm5296. Both pRmT9 and
pRmT11 complemented the Exo~ phenotype of strain
Rm7061 (exoA::Tn5), and conversely the ExoA-complemen-
ting plasmid pD34 (27) complemented the auxotrophy of the
class 2 thi mutation thi-504::Tn5-mob. These data show that
the class 2 thi locus and exoA are tightly linked, whereas the
class 1 thi locus is unlinked. exoA::TnS insert mutants were
Thi*, and whether the two Thi~ Exo mutants represent
deletion or regulatory (e.g., polar) mutations has not been
established.

When the thi-complementing plasmids were introduced
into E. coli thi-auxotrophs, the class 1 plasmids comple-
mented thiA, thiC, and thi-1 mutations (Table 3) and partially
complemented a thiB mutation, whereas the class 2 plasmids
did not complement any of those mutations.

Transfer of pRmeSU47b to Agrobacterium tumefaciens. A.
tumefaciens strains containing pRmeSU47a form Inf™ nod-
ules on alfalfa which are structurally very similar to those
formed by many Exo~ mutants (15, 27, 45). We therefore
examined the effect of pPRmeSU47b-encoded products on the
Inf~ phenotype of A. tumefaciens(pRmeSU47a) transconju-
gants. To construct an A. tumefaciens strain containing both
plasmids, we required a method of transferring and geneti-
cally identifying each plasmid independently (see reference
20). To mark pPRmeSU47b, we used the insert 5007::Tn5-
oriT and found that Nm' transfer from Rm5209 to A.
tumefaciens 9023 or 9050 occurred at frequencies of 107 per
recipient. To mark pRmeSU47a we used Tn5-11, a deriva-
tive carrying Gm" Sp" and oriT (see Methods). The TnS
inserts Q30 (42) and QS2A3 (23) in pRmeSU47a were re-
placed by Tn5-11 by a procedure similar to that described
above for TnS5-oriT replacements (see Methods). The result-
ing strains (e.g., Rm5305 and Rm5320) were then used as
donors for transfer of pRmeSU47a Q::Tn5-11 to A.
tumefaciens strains both with and without pRmeSU47b
Q5007::Tn5-oriT. In these matings Gm" Sp" transfer occurred
at a frequency of 10> per recipient.

For both pRmeSU47a and pRmeSU47b, transfer was not
detected (<10~®) without the mobilizing plasmid, indicating
that neither plasmid is self-transmissible. In each case
Eckhardt gels of transconjugants showed a band which
comigrated with the appropriate megaplasmid in R. meliloti
(Fig. 5). Plasmid pRmeSU47b, unlike pRmeSU47a, was
found to be unstable in A. tumefaciens, and under nonselec-
tive conditions transconjugants which lost pRmeSU47b
formed larger colonies than those with the plasmid. Approx-
imately 10% of colonies from an overnight culture were
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Nm?, regardless of the presence or absence of pRmeSU47a
and the native A. tumefaciens plasmid pAtCS8.

On alfalfa, A. tumefaciens strains containing pRmeSU47b
alone failed to form nodules or curl root hairs. A.
tumefaciens containing pRmeSU47a alone formed small
white Fix~ nodules on ca. 50% of the plants and induced
shepherd’s crook formations in root hairs as early as 4 days
after inoculation. No infection threads were seen.

With a single exception, strains containing both plasmids
had the same phenotype as those containing pRmeSU47a
alone. The exception was a plant examined 15 days after
inoculation with strain At135(pRmeSU47a, pRmeSU47b), in
which infection threads were seen within root hairs. How-
ever, in a repeat experiment no infection threads were
found. Moreover, bacteria recovered from these nodules
nearly always had lost pPRmeSU47b. Thus, the significance
of these findings is problematical.

DISCUSSION

Physical and genetic data show that in R. meliloti SU47
four loci involved in exopolysaccharide synthesis (exoA, B,
E, and F), as well as two involved in thiamine biosynthesis
(thi), map to a megaplasmid, pRmeSU47b, which is distinct
from the nod-nif megaplasmid pRmeSU47a. Mutations at
any of the six identified exo loci result in Fix™ nodules (15,
27). Thus, in strain SU47 both of the known megaplasmids
contain genes required for normal nodule formation.

The precise biochemical step controlled by each of these
exo loci is not known. However, we have shown that the
remaining two exo loci (C and D) are chromosomal, and
these two groups of mutations have previously been sug-
gested on other grounds to be only indirectly involved with
polysaccharide synthesis (27).

VandenBosch et al. (46) have described three chromo-
somal mutations of R. phaseoli which result in defective
exopolysaccharide synthesis and a symbiotic phenotype
similar to that of R. meliloti Exo~ mutants. Interestingly, in
that strain of R. phaseoli symbiotic mutations have been
mapped to the chromosome and to three different plasmids
(32). In a different R. phaseoli strain, a gene (psi) which
inhibits exopolysaccharide production and is required for
symbiotic nitrogen fixation has been described (7). As the psi
gene is located on the nod-nif plasmid, it will be of interest to
determine whether a similar gene on the nod-nif plasmid
(PRmeSU47a) in R. meliloti controls the exo genes on
pRmeSU47b.

Like Truchet et al. (45), we find that A. rumefaciens
(pPRmeSU47a) transconjugants elicit a marked root hair
curling response and Fix™ nodules but fail to form infection
threads. This phenotype is also characteristic of Exo~ mu-
tants, particularly those with mutations in the exo genes
(ex0A, B, E, and F) located on pRmeSU47b. Nevertheless,
the A. tumefaciens(pRmeSU47a) phenotype does not appear
to change after addition of pRmeSU47b (which we find to be
somewhat unstable in A. tumefaciens for reasons not yet
known). This result is difficult to interpret, particularly in
llght of evidence that this exopolysacchande has the same
primary glycosidic structure in both A. rumefaciens and R.
meliloti (52). The explanation might lie in differences in
distribution of the known acetyl, succinyl, and pyruvyl
substituents, with which, moreover, the untransferred exoC
and exoD loci could conceivably be involved.

The observation that thiamine biosynthetic genes are
located on pRmeSU47b is interesting, and in Rhizobium and
Agrobacterium species these genes do not appear to be
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essential in nature as several strains from each genus appear
to naturally require thiamine for growth (18). Thiamine
protrotrophy in association with yellow pigmentation has
been reported to be plasmid-encoded in four strains in the
Erwinia herbicola group (17, 43). The Erwinia plasmids (ca.
500 and 260 kilobases) appear to be smaller than R. meliloti
megaplasmids, which have been estimated at as large as
1,500 kilobases (9). Although both rhizobia and erwinia are
soil bacteria, the evolutionary relationship among their thi
plasmids remains to be determined.
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