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Several species of rhizobia were successfully transformed with broad-host-range plasmids of different
replicons by using a modified freeze-thaw method. A generic binary vector (pPZP211) was maintained in
Mesorhizobium loti without selection and stably inherited during nodulation. The method could extend the
potential of rhizobia as a vehicle for plant transformation.

The symbiosis between legumes and the root nodule bacteria
collectively known as rhizobia is of critical agronomic and envi-
ronmental importance, accounting for a significant proportion of
the nitrogen available to leguminous plants. Rhizobia are phylo-
genetically diverse; currently they are classified into five genera
of �-proteobacteria (Rhizobium, Bradyrhizobium, Sinorhizobium,
Azorhizobium, and Mesorhizobium) (26) and at least two genera of
�-proteobacteria (Burkholderia and Ralstonia) (20). Although
Agrobacterium is closely related to Rhizobium, the suggestion
that Agrobacterium tumefaciens be reclassified as Rhizobium
radiobacter has been disputed (28). However, it is not disputed
that Agrobacterium, Bradyrhizobium, Sinorhizobium, Azorhizo-
bium, and Mesorhizobium are phylogenetically distinct and differ
in genomic organization (7, 27).

Until recently, Agrobacterium was widely considered to be
the only bacterial genus capable of transferring genes into the
genomes of plants. Broothaerts et al. (3) have shown that other
plant-associated bacteria, including Sinorhizobium, Rhizobium,
and Mesorhizobium, can be modified to mediate gene transfer
into tobacco and Arabidopsis plants and, in the case of Sino-
rhizobium meliloti, into rice plants. These authors suggested
that rhizobia could become a new resource for crop improve-
ment and therefore an alternative to the patented Agrobacte-
rium-mediated technology (3).

An important prerequisite for the use of rhizobia as a vehicle
for gene transfer into plants is the availability of an efficient
and easy transformation system for these bacteria. Early re-
ports that Rhizobium meliloti could be transformed by using
either conventional chemical transformation (25) or thermal
shock (5) have not been adopted, and the introduction of
foreign DNA into rhizobia is still conducted via conjugal mat-
ing with Escherichia coli (6) or by electroporation (8, 10, 12,
13). The conjugal transfer method, however, is time-consum-
ing and confined to strains harboring plasmids that carry the
mob gene, and while efficient transformation via electropora-
tion is possible for a range of rhizobial species, it requires
special equipment.

The close genetic relationship between Agrobacterium and
rhizobia led us to test the widely used freeze-thaw method for
Agrobacterium transformation (16) on rhizobia. Given the
slower growth rate of rhizobia, a time course analysis was
undertaken to identify the optimal incubation time for the
preparation of competent Mesorhizobium loti cells. Efficiency
of transformation with the binary vector pPZP211 (11) was
monitored at intervals of 4, 6, 7.5, 12, and 16 h and at three
plasmid concentrations (0.3, 0.9, and 1.5 �g/ml). The pPZP211
vector was chosen because it is a vector routinely used in our
laboratory in Agrobacterium-mediated plant transformation ex-
periments and has a replication origin (pVS1) similar to those
of a wide range of other vectors currently used (Gateway
vectors; Invitrogen). The results showed that the transforma-
tion efficiency reached a maximum after 12 h at all three
plasmid concentrations. Figure 1 shows that sufficient numbers
were obtained, even with the lowest concentration of 0.3 �g/ml
after 6 h, although an increased plasmid concentration resulted
in more transformants. Given this, the standard conditions
adopted for preparing competent cells was a 6-h growth period
and 1 �g of vector DNA for transformation. Since all cloning
steps would be conducted with E. coli and the objective was to
introduce plasmid DNA into the rhizobia, further optimization
of the transformation protocol described here was considered
unnecessary.

The basic protocol for the preparation of competent rhizo-
bial cells was as follows. Three milliliters of medium was inoc-
ulated with a rhizobial strain (the media and strains used in this
study are listed in Table 1) and grown at 28°C with vigorous
shaking until they reached the stationary growth phase. Two
milliliters from the stationary-phase cultures was used to inoc-
ulate 50 ml of appropriate medium and incubated with shaking
for 6 h at 28°C. Cells were harvested by centrifugation at 12,000 �
g for 10 min at 4°C, and the pellet was resuspended in 2 ml of
ice-cold 20 mM CaCl2 solution. The resulting cell suspension
was placed into ice-cold 1.5-ml polypropylene microcentrifuge
tubes in aliquots of 100 �l before snap-freezing in liquid N2.

The prepared competent cells were kept at �80°C and were
stable for at least 6 months.

To test the transformation efficiency of the competent rhi-
zobial cells, approximately 1 �g of binary vector plasmid
pPZP211 DNA (11) was made up to a volume of 5 �l with
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sterile distilled water. This was then added to a 100-�l
aliquot of competent cells immediately after they were re-
moved from �80°C. Subsequently, the mixture was kept at
37°C for 5 min without shaking. For the recovery phase, 1 ml
of the appropriate medium was added to the transformed cells
before they were transferred to 10-ml tubes and incubated at
28°C for 2 h with shaking. To determine the actual transfor-
mation efficiency, the cell suspension was diluted and plated on
nonselective agar medium to count the cells. Cells without
added DNA and the appropriately diluted transformation mix-
ture were plated on selective medium to calculate the number
of spontaneous resistant colonies and transformation effi-
ciency, respectively.

A 6-h growth period for competent-cell preparation was
sufficient to produce transformants of all fast-growing species
of Mesorhizobium and Sinorhizobium studied. However, Bra-
dyrhizobium lupini, a slow grower, needed at least a 24-h
growth period (Table 2). Enough transformants were obtained
under the conditions described above to demonstrate the
method’s general usefulness, even though the growth rates of
the rhizobial species tested were widely different.

The transformants of M. loti and S. meliloti 2011 were
checked for the presence of the introduced pPZP211 plasmid.
Six colonies from the different transformation experiments
were selected and grown for 48 h in the presence of appropri-

ate selection. Plasmid DNA was isolated from the M. loti and
S. meliloti transformants by the alkaline extraction method (2).
The isolated pPZP211 plasmid was the same size as the intro-
duced pPZP211 DNA, but the DNA yield was too poor for
restriction pattern analysis. Therefore, the plasmids isolated
from the rhizobial strains were transformed into E. coli DH5�,
whereupon the reisolated plasmid restriction pattern con-
firmed that the transformants indeed carried the pPZP211
plasmid (data not shown).

Having established the protocol, we assessed three binary
vectors (pPZP211, pART27, and pSoup; Table 3) for their
respective efficiencies of transformation of competent M. loti
cells. These vectors were chosen as they represent the spec-
trum of replication origins commonly used in Agrobacterium-
mediated plant transformation experiments. Transformants
were obtained with all three vectors by using 1 �g of vector
DNA (Table 3), and the presence of plasmids in M. loti was
confirmed by the method described above. Transformation
efficiency was high enough to obtain the desired M. loti deriv-
atives, even with pSoup, which is a very low-copy-number plas-
mid (14).

Two M. loti colonies harboring pPZP211 were further tested
for plasmid stability. The colonies were grown for 3 days in
selective medium at 28°C with shaking. From this initial cul-
ture, 50 �l was inoculated into 5 ml of liquid YEB (1,000-fold
dilution without selection); this was done in triplicate. Succes-
sive subcultures were established in the same way every 32 h.
This procedure was repeated over a period of 13.5 day, which
corresponded to approximately 90 generations. After 0, 30, 60,
and 90 generations, samples were taken and dilutions were
plated on solid YEB medium. One hundred colonies from
each time point were tested for spectinomycin resistance. The
transformants generated with pPZP211 were highly stable; we
did not observe any loss of spectinomycin resistance, even
when cells were grown without selection.

FIG. 1. Efficiency of transformation of M. loti with pPZP211: effect
of the DNA concentration and the length of the growth period on
competent-cell preparation. Symbols: circles, M. loti cells transformed
with 0.3-�g/ml DNA; squares, M. loti cells transformed with 0.9-�g/ml
DNA; triangles, M. loti cells transformed with 1.5-�g/ml DNA. Note
the logarithmic scale on the y axis.

TABLE 1. Bacterial strains used in this study

Strains Medium Reference
Growth rate

(doubling
time [h])

Escherichia coli DH5� LB 23

Sinorhizobium meliloti
1021 TA 7 3.3
2011 TA 19 2.7

Sinorhizobium fredii USDA 205 YEM 24 4.2

Mesorhizobium loti 2037 YEB 17 3.6

Bradyrhizobium lupini 2257 B 17 13

TABLE 2. Transformation efficiencies of different rhizobial strains
determined by using competent cells isolated after 6 h of growth

Strains
Spectinomycin

resistance
(�g/ml)

OD600
a after 6 h

of cultivation

Transformation
efficiency

(103 CFU/�g of
pPZP211 DNA)

M. loti 2037 200 0.269 8.4
S. meliloti 1021 250 0.212 0.06
S. meliloti 2011 250 0.569 11.2
S. fredii 205 100 0.165 0.01
B. lupini 2257 300 0.168b 0.02b

a OD600, optical density at 600 nm.
b B. lupini cells were grown for 24 h for competent-cell isolation.

TABLE 3. Transformation efficiency of M. loti with different
Agrobacterium vectors

Vector Reference Replicons Resistance Molecular
size (kb)

Transformation
efficiency (103

CFU/�g of
DNA)

pPZP211 11 ColE1, pVS1 Spectinomycin 10.1 160
pART27 9 ColE1, pRK2 Kanamycin 10.9 61
pSoup 14 ColE1, pSA Tetracycline 9.3 5.3
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Transformants of M. loti carrying the pPZP211 plasmid were
tested for the ability to form nodules. Nodulation tests were
performed with Lupinus angustifolius L. cv. Uniharvest (22).
The presence of the binary vector did not prevent M. loti from
forming effective nodules on L. angustifolius plants. To confirm
the stability of the plasmid in the bacteria during nodulation,
bacteria and bacteroids were isolated from three randomly
selected nodules per plant (three plants per treatment) 4 weeks
after inoculation and characterized. The bacteria were isolated
on nonselective (YEB) medium from the surface-sterilized
nodules. The colonies were tested for Specr, and the restriction
pattern of the purified plasmid was analyzed. We found no loss
of antibiotic resistance, and the transformant isolated from the
nodules harbored the pPZP211 vector. Taken together, these
lines of evidence indicated that the vector was stably inherited
by the bacteria during nodulation.

Our aim was to develop a simple, rapid method to facilitate
the introduction of binary vectors into rhizobia, thus helping to
extend the use of rhizobia for crop improvement. We tested
rhizobial species with different growth rates (Table 1) and
found that the transformation method described here was suit-
able for all of the strains tested. The sizes of the plasmids used
ranged between 9.3 and 10.9 kb and showed no correlation
with transformation frequencies (Table 3). Electroporation ex-
periments with Azotobacter vinelandii with plasmid sizes be-
tween 4.8 and 24 kb gave similar results (18). The plasmids
used in our experiments had low or medium copy numbers (9,
11, 14); such plasmids, especially derivatives with an RK2 rep-
lication origin, could be very useful for cloning and expressing
toxic gene products in bacterial systems due to their reduced,
leaky expression (1). The vectors used belong to different com-
patibility groups and target independent cellular locations in E.
coli (15, 21). It is conceivable that the same would occur in
rhizobia. These indirect features of the transformation system
might allow a greater range of genetic manipulations of rhizo-
bia. For example, multiple plasmids bearing different genes
could be assembled in one strain.

Host-specific restriction-modification is also an important
factor determining transformation efficiency. We used DNA
isolated from E. coli in our transformation experiments be-
cause manipulation of plasmid DNA is routine in this species.
Although plasmid DNA isolated from E. coli yields fewer
transformants compared to plasmid DNA isolated from the
same species in the cases of Mesorhizobium huakuii (13) and
Bradyrhizobium japonicum (10), transformation efficiencies are
not related to the methylation state of plasmid DNAs isolated
from different E. coli strains (13).

Further optimization of the protocol could be achieved by
altering the drug selection prior to plating (4).

The protocol presented here provides the opportunity to
create rhizobial transformants rapidly and simply. These trans-
formants carry binary vectors, which can be engineered to carry
genes of interest, offering the opportunity to modulate the
rhizobium-plant interaction in a novel way. Rhizobia engi-
neered with T-DNAs and a disarmed Ti plasmid could poten-
tially transfer the T-DNA to the host cell during the infection-
establishment process. These genes are transiently expressed
and could therefore confer a localized advantage on the sym-
biosis without creating a stable transgenic plant. Such a tech-
nique could open up possibilities for novel plant host-rhizo-

bium interaction studies; the presence of T-DNA in rhizobia
might be a potential tool to examine aspects of the role of the
host plant during symbiosis.
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