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a b s t r a c t

Horizontal gene transfer (HGT) is a central evolutionary mechanism that mediates the diversification and
adaptation of bacteria in general and of rhizobia in particular. The few quantitative data on the conjugal
transfer of rhizobial plasmids in soil correspond to the pSym (symbiotic genes-carrying replicons), with
no information available regarding transfer frequencies in soil of other (namely accessory/cryptic)
plasmids that are present in several rhizobial species. Thus, we examined here the conjugal transfer in
non-sterile soil of the model Sinorhizobium meliloti cryptic plasmid pSmeLPU88b. Under field conditions
the proportion of nodules containing indigenous rhizobia that acquired the plasmid pSmeLPU88b and
then nodulated the trapping plants could be estimated as <0.1% (transconjugants/nodule) over an 18-
month sampling period that followed inoculation. The collected evidence showed that the release of
rhizobia by means of standard seed-inoculation procedures did not result in a massive transfer of the
introduced cryptic plasmid pSmeLPU88b to the indigenous bacteria that nodulate trapping alfalfa plants.
Using a laboratory microcosm system performed with the same soil from the experimental field, we
demonstrated that transconjugants were generated in the rhizosphere at a frequency of ca. 1.43 � 10�6

transconjugants/recipient, a frequency from 102 to 103 times lower than that corresponding to the
transfer of the same plasmid in rich-medium agar plates. The estimation of mobilization frequencies of
rhizobial plasmids in soil is a necessary step toward the development of quantitative predictive models of
gene-dispersal frequencies from inoculated strains to other rhizobia and soil bacteria.

� 2012 Elsevier Masson SAS. All rights reserved.
Legume inoculation was the earliest deliberate application of
bacteria in agriculture, and since then has been used for over
a century in an attempt to improve legume productivity by
providing the leguminous plant with its specific rhizobia at the
time of planting. These symbiotic bacteria induce nitrogen-fixing
nodules on the roots of their host legumes. Millions of hectares of
various legume crops are inoculated worldwide each year with
their compatible rhizobia [1]. Within this context, advances in the
knowledge of the molecular aspects of the symbiosis together with
the ability to manipulate the bacteria have created the prospective
possibility of engineering rhizobia into more efficient legume
inoculants. Thus, the transfer of genetic information to other
rhizobia and to other soil bacteria is an important issue. Horizontal
gene transfer (HGT), a central phenomenon in bacterial-genome
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evolution and diversification, should be specifically considered if
recombinant rhizobia are intended to be released for bio-
fertilization. The relevance of this issue is reflected by several
independent evidences that demonstrated the significance of
the HGT of symbiotic genes in the processes of rhizobial speciation
[2e6]. In the particular case of Rhizobium leguminosarum bv viciae,
the plasmid transfer of a symbiotic plasmid (pSym) in bulk soil
could be quantitatively estimated using microcosms systems [7].
Unfortunately, though many rhizobia carry significant amounts of
non-symbiotic plasmid DNA, most of them bear yet unknown
functions [8], there is no information on the conjugal transfer rates
of these replicons in soil.

In the specific instance of Sinorhizobium meliloti, the nitrogen-
fixing symbiont of alfalfa, the ubiquitous presence of mobilizable/
conjugative cryptic plasmids has been shown [9]. While the
conjugal transfer of the pSymA megaplasmid is usually repressed
via a complex regulatory circuit [10], the cryptic plasmid mobilome
in S. meliloti is a highly mobile genetic compartment [9]. Thus, the
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Fig. 1. Time schedule of the field-release experiment. Strain LPU88AII was released
into the soil at the beginning of the experiment via inoculated alfalfa seeds (8 � 105 cfu
per seed; cf. text). The introduction of alfalfa seeds to generate trapping plants at
different times during the experiment is indicated below the time line (blue arrows).
The arrows above the time line indicate the sampling of root-nodule bacteria recov-
ered from either: a) plants originating from the initially inoculated seeds (red arrow),
or b) plants derived from noninoculated seeds (black arrows) introduced at different
times throughout the assay. A control experiment in the same soil was set up with
noninoculated seeds at the beginning of the assay. The field experiment was conducted
at an agricultural and experimental field at BIAGRO S.A., General Las Heras, Buenos
Aires, Argentina (34� 550 S, 58� 590 W) that had the following physicochemical char-
acteristics: pH ¼ 6.9, organic carbon 1.59%, nitrogen 0.17%, and soluble phosphate
31.1 ppm. The indigenous S. meliloti population in the experimental field was present
at 35 cells/g as determined by the most-probable-number analysis [26]. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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possibility of spreading S. meliloti genes from the inoculants strains
to the resident bacterial community via transmissible plasmids
certainly needs to be further evaluated. The evaluation of the
mobilization frequencies of rhizobial cryptic plasmids in soil is
a necessary step toward the development of predictive models of
gene-dispersal frequencies (risk assessment) from inoculated
strains to other rhizobia as well as unrelated soil bacteria.

During the last decade our laboratory has been studying the
cryptic plasmids in S. meliloti, and the mobilization properties of
two cryptic plasmids from the strain S. meliloti LPU88 were re-
ported [11]. One of those plasmids, pSmeLPU88b (40 kb), proved to
be mobilizable if conjugative helper functions were supplied by the
accompanying 149-kb plasmid pSmeLPU88a (binary conjugal
system). The molecular characterization of the Dtr region of
plasmid pSmeLPU88b has been recently reported [12]. In order to
explore the mobilization frequency of cryptic plasmids in soil, we
selected pSmeLPU88b as a model plasmid to trace mobilization. To
that end strain S. meliloti LPU88AII, a spontaneous streptomycin
(Sm)-, gentamicin (Gm)-, and spectinomycin (Sp)-resistant deriv-
ative of strain LPU88, was released into an experimental field to
estimate the transfer of pSmeLPU88b to the indigenous Medicago
sativa-nodulating rhizobia. The donor strain, LPU88AII, was
selected based on the well known mobilization properties of its
plasmid system [11], the conjugal transfer of the resident plasmid
without the need for specific inducers, and the significant transfer
frequency of pSmeLPU88b under laboratory conditions. A priori, all
these features were thought to favor the possibility of detecting
transfer events from the inoculated strains to the soil community of
alfalfa-nodulating rhizobia.

In the field assay, S. meliloti LPU88AII was introduced into the
soil through seeds that had been coated with the strain at a final
inoculum of 8 � 1 05 cfu/seed and randomly sown at a density of
3.5 g/m2 over a parcel with an area of 6 m2 (i.e., 1 m � 6 m). The
inoculation protocol was selected to emulate procedures that are
commonly used in local agricultural practices. A control parcel of
the same size was likewise sown at a same density with non-
inoculated alfalfa seeds. The inoculated and the control parcels
were separated by a 1.5-m margin of grass. In order to examine the
conjugal transfer of plasmid pSmeLPU88b from the inoculated
strain LPU88AII to the alfalfa-nodulating soil rhizobia, we investi-
gated the presence of plasmid pSmeLPU88b in streptomycin-
sensitive (Sms) rhizobia recovered from the nodulated plants in
the field. Only those Sms indigenous alfalfa-nodulating rhizobia
were examined for the presence of pSmeLPU88b. The search for
plasmid pSmeLPU88b in the Sms isolates was performed in bacteria
recovered from those nodulated plants that had been grown from
seeds introduced at the beginning of the assay, as well as from new
trapping plants grown from noninoculated seeds introduced at the
times indicated in Fig. 1.

Of the more than 2500 root nodules from the inoculated parcel
that were analyzed throughout the experiment, 1400 contained
isolates that proved to be Sms and thus corresponded to nodulation
by indigenous rhizobia. This result indicated that the rhizobia in the
soil had reached the rhizosphere of the inoculated seeds, a region
where plasmid transfer has been reported to be particularly active.
All the Sms isolates recovered from the nodules were tested for
acquisition of the plasmid pSmeLPU88b. The presence of pSmeL-
PU88b in indigenous rhizobia recovered from the surface sterilized
nodules was analyzed by a multiplex PCR targeting three different
plasmidmarkers (cf. the legend to Supplementary Fig. S1 for primer
sequences and the size of each PCR product). No evidence of
plasmid transfer was obtained over a period of a year and a half;
thus indicating that, over the 18-month sampling period, the
proportion of nodules containing indigenous (Sms) rhizobia that
had acquired the plasmid pSmeLPU88b was lower than 7.2 � 10�4
transconjugants/nodule (<0.1%). The generation of rhizobial
transconjugants over the middle- and long-term time periods
would depend on both the persistence of the originally inoculated
donor rhizobia and the way in which the plasmid in question had
been first hosted by the soil community and then transmitted to the
soil rhizobia. The results of our field assay employing conventional
inoculation practices indicated that a massive propagation of the
plasmid introduced in this way to the indigenous rhizobia present
did not occur during the first year after release.

While experiments in the field operate under fully natural
conditions, this approach presents several practical restrictions
associated with the need to preserve biosafety and bioregulation.
The use of recombinant strains is not always appropriate, thus
imposing severe limitations on the tracking of specific rhizobial
genotypes within the natural soil. A useful and attractive alterna-
tive to experiments in the open field is microcosms in small con-
tained systems [13] that recreate many of the features of natural
habitats with no restrictions on the use of recombinant plasmids
and/or bacteria. In the experiments presented here we used
a microcosm system containing 30 g of nonsterile soil extracted
from the experimental field, which we then inoculated with donor
and recipient bacteria and planted with 2-day-old alfalfa seedlings.
Using such an experimental design, we evaluated the transfer of
plasmid pSmeLPU88b::Tn5 (neomycin resistant, Nmr) [11] from the
donor strain S. meliloti LPU88TN (Nmr; streptomycin resistant, Smr),
to the traceable plasmid-free recipient strain Agrobacterium tume-
faciens UBAPF2 (rifampicin resistant, Rifr) [14]. We then monitored
the evolution of donor and recipient bacteria and screened for
A. tumefaciens (pSmeLPU88b::Tn5) Rifr � Nmr transconjugants for 5
weeks following the soil inoculation. The experiment started with
a titer of donor and recipient bacteria at close to 106 cfu/g of soil (cf.
the legend to Fig. 2). The progression in the numbers of S. meliloti
donors and A. tumefaciens recipients in the bulk soil throughout the
experiment is shown in Fig. 2. The numbers of each inoculated
strain remained nearly constant (at about 106 cfu/g) for ca. 10 days
and then started to decrease, as had been previously observed in
studies from our laboratory and another [15,16]. Although the
concentration of the A. tumefaciens UBAPF2 recipient strain



Fig. 2. Analysis of the conjugal transfer of plasmid pSmeLPU88b in microcosms systems with nonsterile soil. Time-dependent progression of the donor S. meliloti LPU88TN and the
recipient A. tumefaciens UBAPF2 in the bulk soil during the microcosms experiments. Counts were obtained at days 3, 7, 11, 14, 18, and 35 after inoculation. At each sampling time,
both plants were removed from the soil before enumeration of cells in the soil. Thirty g of microcosm soil were suspended in sterile phosphate-buffered saline, PBS (8 g NaCl, 1 g
Na2HPO4, pH 8.2), and shaken for 20 min at 120 rpm. before plating. The supernatant was serially diluted and 100 ml of each dilution plated on selective TY medium [27] sup-
plemented with Nm, Rif, or Nm-Rif to select for donor, recipients, and transconjugants, respectively. Mean values were calculated from three independent microcosm tubes. Error
bars indicate standard deviations. No transconjugants were found in noninoculated control microcosms. cfu: colony forming units.

Table 1
Number of donor and recipient bacteria in the alfalfa rhizosphere along with the
estimated transfer frequency of pSmeLPU88b::Tn5.

Days cfu of donors and recipients cells/root at
the indicated sampling timesa

Transfer frequencyb

(per donor/per recipient)

S. meliloti
LPU88TN

A. tumefaciens
UBAPF2

15 2.9 � 106 1.4 � 106 6.9 � 10�7/1.4 � 10�6

36 1.4 � 106 8.8 � 104 NDc

a Roots with tightly associated rhizospheric soil were immersed in 1ml of PBS and
gently vortexed for 2 min at 2500 rpm. The rhizospheric extracts obtained at day 15
and day 36 post-inoculation were each separately plated in selective media to count
donor, recipient and transconjugant bacteria. In addition to the data shown here,
plasmid transfer in the rhizosphere was also observed in an independent replica
experiment. Agar plate was supplemented with cyclohexamide (100 mg/ml) to
reduce fungal growth during isolations from soil or nodules.

b Frequency was expressed as conjugant per donor/per recipient strain.
c ND: not detected.
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declined steadily down to a value of 3.5 �104 cfu/g within 4 weeks,
the concentration of the S. meliloti LPU88TN donor remained
constant and close to 2.5 � 105 cfu/g of soil during the last two
weeks of the assay. We cannot rule out the possibility that the
greater stabilization of S. meliloti at higher bacterial titers compared
to A. tumefaciens is associated with specific positive interactions
between the rhizobia and the alfalfa roots. Nevertheless, no
transconjugants could be detected when bulk-soil suspensions
were weekly plated in selective medium, indicating that plasmid
transfer (if operative) occurred in the bulk soil at frequencies lower
than 8.3 � 10�5 events per recipient A. tumefaciens.

In view of this last result, and considering that the rhizosphere
not only supports dense bacterial communities [17e19] but also has
been identified as a hot-spot for HGT [20,21], we decided to screen
the rhizospheric soil for the presence of transconjugants. In
a microcosm experiment inoculated with 4.7 � 107 cfu of donor
bacteria/g plus 3.6� 106 cfu of recipient bacteria/g, we analyzed the
rhizospheric soil at 15 and 36 days after inoculation. Subsequently
we were able to identify a putative transconjugant with the ex-
pected pattern of antibiotic resistances. Fig. 2B shows the number
of donor and recipient bacteria in the rhizosphere along with the
estimated frequency of plasmid transfer. As also happened in the
bulk soil, the number of S. meliloti LPU88TN in the rhizosphere
declined more slowly than did the population of A. tumefaciens
UBAPF2: Whereas the number of S. meliloti LPU88TN decreased by
nearly 2-fold from day 15 to day 36, the number of A. tumefaciens
UBAPF2 dropped by more than 15-fold during that same period.
The estimated transfer frequency of plasmid pSmeLPU88b::Tn5
within the rhizosphere was 6.9 � 10�7 transconjugants/donor,
which is more than three orders of magnitude lower than the value
that had been previously observed in agar plates [11]. The transfer
of pSmeLPU88b::Tn5 to A. tumefaciens UBAPF2 was demonstrated
by visualization of the mobilized plasmid in the recipient strain,
and the plasmid-specific multiplex PCR assay (Supplementary
Fig. S1). At day 36 post-inoculation no transconjugants could be
detected in the rhizosphere, likely due to a significant decrease in
the number of donor and recipient bacteria by a factor of two and
fifteen, respectively (Table 1).

According to the data from the literature, the extent of the
conjugal exchange of genetic elements among environmental
bacteria depends on various biotic and abiotic factors [19,22]. Intra-
and intergenic gene transfer among soil bacteria have been both
demonstrated by population studies and directly shown in micro-
cosm experiments as well as within the field environment [23]. In
the present work we characterized the horizontal transfer of an
S. meliloti cryptic plasmid in nonsterile soil both in the field
and in microcosms. With standard seed-inoculation procedures to
introduce the plasmid-donor strain into the field, no indigenous
rhizobia carrying the plasmid could be detected either in early
nodules that appeared in the emerging roots of the inoculated
seeds or in nodules collected from trapping (noninoculated) plants
subsequently introduced into the assay. The putative transfer
events that could have occurred in bulk soil and/or in the rhizo-
sphere impacted (if any) at a frequency lower than 0.1% trans-
conjugants/nodule induced by indigenous rhizobia. In the soil
microcosms, where high numbers of donor and recipient bacteria
could be used, a transfer of the cryptic plasmid pSmeLPU88b::Tn5
was detected only in the rhizosphere at a frequency 102e103 times
lower than the observed in laboratorymedia. The remarkable lower
transfer frequencies observed in experiments with soil microcosms
compared to assays in the laboratory (Pistorio et al., 2003) are most
likely not due to a single factor but to a group of different conditions
that limit conjugation in natural environments. Restrictive
conditions may include the usual oligotrophic environments in
soil (plasmid transfer has been shown to be highly dependent on
the availability of energy sources), the presence of a number
predators for both donor and recipient bacteria, and different
physicochemical limitations derived from the soil structure and
composition. In addition to the limitation that the soil
environment imposes to plasmid transfer, HGT will be dependent
on the kind of donor and receptor genotypes present in each soil.
It is difficult to estimate in our case (and in soil samples in
general) the incidence of surface exclusion phenomena, and the
proportion of incompatible plasmids within the population of
recipient soil bacteria. Previous studies with the broad host range
plasmid RP4 had previously indicated a higher conjugal transfer
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frequency in the rhizosphere, in comparisonwith the values seen in
the bulk soil [24,25]. Results presented here for the S. meliloti
cryptic plasmid pSmeLPU88b and those reported by Kinkle and
Schmidt for the symbiotic plasmid (pSym) pJB5I from a pea-
symbiont R. leguminosarum [7], indicate that rhizobial plasmids
with detectable mobilization frequencies in the laboratory are
transferred in nonsterile rhizospheric soil at rates between 10�4e

10�6 events/recipient bacteria, irrespective of their symbiotic or
nonsymbiotic character. In agreement with such transfer frequen-
cies for themicrocosms in the rhizospheric soil, in the open field we
observed no strong impact of indigenous transconjugants on the
root nodules the first year after plasmid release. These results
provide a quantitative view of the conjugal transfer of a model
S. meliloti cryptic plasmid in soil. This new informationwill assist in
all those studies focussing on prospective estimations of plasmid
dispersion from commercial inoculants into the soil-rhizobial
community.
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