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One type of competitive interaction among rhizobia is that between nonnodulating and nodulating strains of
Rhizobium leguminosarum on primitive pea genotypes. Pisum sativum cv. Afghanistan nodulates effectively with
R. leguminosarum TOM, and this can be blocked in mixed inoculations by R. leguminosarum PF,, which does
not nodulate this cultivar. We termed this PF, phenotype Cnb*, for competitive nodulation blocking. Strain
PF, contains three large plasmids including a 250-kilobase-pair symbiotic (Sym) plasmid. Transfer of this
plasmid, pSymPF,, to nonblocking rhizobia conferred the Cnb* phenotype on recipients in mixed inoculations
on cultivar Afghanistan with TOM. A library of the PF, genome constructed in the vector pMMB33 was used
to isolate two cosmid clones which hybridize to pSymPF,. These cosmids, pDD50 and pDD58, overlapped to the
extent of 23 kilobase pairs and conferred a Cnb* phenotype on recipient Cnb~ rhizobia, as did pSD1, a

subclone from the common region.

Rhizobia used as inocula for legumes have to compete
with indigenous rhizobia and other soil microorganisms for
nodulation of a specific host. The outcome of interstrain
competition determines the success or failure of legume
inoculation. Although competitiveness as a strain character-
istic has been observed for most Rhizobium-legume systems
(for reviews, see references 12 and 30), its mechanisms are
poorly understood. Most reports concern competition be-
tween specific strains nodulating the same plant and have
investigated relative nodule occupancy as a measure of
competitiveness (3, 27). Competition has also been observed
between nodulating and nonnodulating rhizobia, and the
nonnodulating strain may suppress nodulation of the host
legume by the infective strain (11, 16). One such system is
composed of nodulating and nonnodulating strains of Rhizo-
bium leguminosarum on Pisum sativum cv. Afghanistan (23,
33), a primitive pea cultivar which generally fails to nodulate
with European R. leguminosarum strains such as PF,, but is
nodulated effectively by those of Middle Eastern origin such
as TOM. The ability of TOM to nodulate cultivar Afghani-
stan is due to a host-range gene (19) carried on the Sym
plasmid (1). Strain PF, induces root hair curling and infec-
tion thread formation but not nodules on cultivar Afghani-
stan (10). In mixed inoculations it blocks nodulation of the
cultivar by TOM. Neither bacterial antagonism nor prefer-
ential growth rate is responsible for blocking. Dead cells of
PF, bind to roots but do not block TOM nodulation, sug-
gesting that nodulation blocking by PF, is an active process
(7, 8). We cloned genes from PF, which determine this
competitive nodulation blocking of TOM on cultivar Afghan-
istan. Genetic and physical evidence described here indi-
cates that these genes are linked to the Sym plasmid of PF,.

The bacterial strains and plasmids used are described in
Table 1. R. leguminosarum PF, was shown to have three
large plasmids by Eckhardt in-well lysis gel analysis (14)
(Fig. 1) or alkaline denaturation methods (18). The smallest
of these plasmids, pPF,a, 250 kilobase pairs (kbp) in size,
was identified as a Sym plasmid (20) by hybridization and
genetic techniques. Filters prepared from Eckhardt plasmid
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gels were hybridized with Rhizobium meliloti nif and nod
probes. Both probes hybridized only to the smallest (250
kbp) plasmid of PF, (data not shown). To confirm this result,
the indigenous plasmids of PF, were labeled by the introduc-
tion of pSUPS5011 harboring the mobilizing transposon Tn5-
Mob described by Simon (31). The kanamycin-sensitive
plasmid RP4.4 was introduced into Tn5-Mob-labeled recipi-
ents by conjugation. Plasmids encoding kanamycin resist-
ance were then mobilized by this IncP1 plasmid into Rhizo-
bium loti NZP4010. Bacterial conjugations were done on
sterile membrane filters (9), and transconjugants were ana-
lyzed for plasmid content on Eckhardt gels. Of 20 clones
examined, 1, UG233, acquired only the 250-kbp pPF,a
plasmid, conferring on NZP4010 the ability to nodulate P.
sativum cv. Rondo ineffectively (data not shown). When
pPF,a was retransferred by RP4.4 to 6015, a nif-nod-deleted
strain of R. leguminosarum, it restored effective nodulation
on P. sativum cv. Rondo. Taken together, these results show
that pPF,a encodes host specificity, nodulation, and nitrogen
fixation genes. We therefore term it pSymPF,.

An assay system devised by Lie et al. (23) allows repro-
ducible detection of nodulation blocking by mixed inocula-
tions on cultivar Afghanistan in nitrogen-free nutrient solu-
tion. Seeds of P. sativum cv. Afghanistan and cv. Rondo
were surface sterilized as described previously (7) and
germinated on nitrogen-free B&D medium (6) containing 1%
agar. Three to five days after germination, seedlings were
transferred aseptically to 250-ml Erlenmeyer flask assem-
blies containing 4X B&D solution (7). Assemblies were
covered with a black cloth cape to shield the root system
from light, and plants were grown at 25°C with a 15-h day
and a light intensity of 300 einsteins m~2 s~! (7). They were
inoculated 5 days after planting with 2 ml (Agy = 1.0) of
late-log-phase cells of PF, or R. loti transconjugants, fol-
lowed 12 h later by reinoculation with an equivalent number
of cells of strain TOM as previously described (7, 8, 33).

Typical nodulated and blocked 15-day-old (postinocula-
tion) root systems of cultivar Afghanistan are shown in Fig.
2. Strain PF, completely inhibited nodulation by TOM of
cultivar Afghanistan for a 15-day period, and thereafter one
or two nodules sometimes formed 2 to 3 weeks later (50
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TABLE 1. Bacterial strains and plasmids

J. BACTERIOL.

Bacterial strains and plasmids

Relevant characteristics

Reference or source

Rhizobium leguminosarum

PF, Wild-type isolate (The Netherlands); Nod* Fix* P. sativum 33
cv. Rondo; Nod™ Cnb™* P. sativum cv. Afghanistan®
TOM Wild-type isolate (Turkey); Nod* Fix* P. sativum cv. 33
Afghanistan
6015 Anod-nif 5-Fu® Str* Rif* phe trp 21
Rhizobium loti
NZP4010 Plasmid-free strain of NZP2037; Nod* Fix* Lotus 28
pedunculatus; Str* Riff
UG233 NZP4010(pSymPF,:: Tn5-Mob) Kan" This study
UG240 NZP4010(pDD50) Kan" This study
Escherichia coli
S17.1 RP4::Tn7 integrated chromosome; Str'; mobilization strain 31
DH1 F~ recAl end Al thi-1 hsdR17 24
JD75 DH1(R64.11) Tet" mobilization strain 15
FM15 F~ RecA~ Alac-pro Athi AlacZ R. Rodriguez, Stanford University,
Stanford, Calif.
Plasmids
pMMB33 ori (RSF1010) cos Km" IncQ 15
pRK7813 ori (RK2) plac Tc" IncP1 J. D. G. Jones®
pRmR2 R. meliloti nifDH Tc" 29
pEKS121 R. meliloti nodABC Ap® 22
RP4.4 Tra* Ap® Tc" Km® IncP1 17
pSUP5011 Tn5-Mob Km" oriT (RP4) 31
pDDS50, pDD58 Cnb* pMMB33 clones This study
pSD1 Hind 1II subclone of pDD50 in pRK7813 This study

2 Cnb*, Competitive nodulation blocking of strain TOM on pea cultivar Afghanistan

b Advanced Genetic Sciences, Oakland, Calif.

replicates). A competitive nodulation-blocking (Cnb™) phe-
notype was exhibited by R. loti transconjugants carrying
pSymPF, such as UG233 (Fig. 3).

Genomic DNA prepared from R. leguminosarum PF, was
isolated by the method of Broughton et al. (5), and plasmid
vectors were prepared by standard methods (26). PF, DNA
was digested with Sau3Al, sized by the method of Maniatis
et al. (26), and cloned into pMMB33 by the method of Frey
et al. (15) to yield a library consisting of 1,200 Escherichia
coli DH1 colonies containing cosmids with insertions of 30 to
35 kbp of PF, DNA. Since we had previously shown that
Cnb™* genes were encoded by the Sym plasmid, large plas-
mids of PF, were isolated by the method of Hirsch et al. (18),
purified on CsCl-ethidium bromide gradients, and nick trans-

FIG. 1. Location of competitive nodulation-blocking genes on
the Sym plasmid of PF,. Lane 1, Eckhardt gel of PF, plasmids; lane
2, Southern filter hybridized with pDD50 probe. Hybridization
conditions were as described previously (5). Arrow indicates Sym
plasmid.

lated as a probe to screen the genomic library by colony
hybridization (25) for clones containing plasmid sequences.
Of 1,200 colonies, 181 hybridized strongly to the probe. This
subset of the library was screened for Cnb* clones as
follows. Cosmids were mobilized by the Incla plasmid
R64.11 in triparental matings with R. loti NZP4010. Kana-
mycin-resistant transconjugants were selected and purified
on medium containing rifampin and kanamycin and tested
directly in the cultivar Afghanistan assay system for the
Cnb* phenotype. Of 100 tested clones, 2 were Cnb* (20
replicates); these were termed pDDS0 and pDDSS8. R. loti
transconjugants containing these clones behaved identically
to UG233 or PF, itself for periods of 15 days (Fig. 3).
Thereafter some nodules developed on about 25% of indi-
vidual plants, while the rest of the plants remained un-
nodulated.

To confirm the origin of the Cnb* cosmids, pDD50 was
nick translated and hybridized to a Southern transfer of an
Eckhardt gel of PF, plasmids. Hybridization was found
exclusively to pSymPF, (Fig. 1). To show that the cosmids
were nonrearranged clones of the PF, genome, both were
nick translated and hybridized to Southern filters of HindIII-
digested genomic DNA (Fig. 4A and B). The pattern of
hybridizing fragments observed, when compared with
cosmid DNA digested with the same enzyme, showed that
no rearrangement of the cloned sequences had occurred
during library construction (Fig. 4A, lanes 1 and 3, and B,
lanes 1 and 2). Using pDD50 as a probe against itself and
pDD58 revealed a number of HindIII fragments ranging in
size from 1.4 to 7.8 kbp which were common between
pDDS50 and pDDS58. The reciprocal hybridization with
pDDS58 as a probe against pDDS0 confirmed that about 23
kbp of DNA overlapped in the two cosmid clones. As
HindIII digestion cleaves the vector internally generating
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two fragments with cloned DNA attached, the identity of
these fragments was confirmed by hybridization with a
suitable probe (data not shown). A 4.4-kbp HindIII fragment
in pDD50 and the 2.8-kbp band in pDDS8 originated from the
vector, while the largest band in pDD50 and in pDDS58 also
contained vector sequences. A HindIII partial subclone was
made in pRK7813. This subclone, pSD1, contains no
pMMB33 sequences, since the latter plasmid cross-
hybridized only with its pRK7813 vector (data not shown).
pSD1 contained the HindIII fragments of 10, 7.8, and 2.1 kbp
from the overlapping region of pDDS50 and pDDS58 and
conferred the Cnb* phenotype on R. loti NZP4010 transcon-
jugants. The Sym plasmid pSymPF,, pDD50, pDD58, and
pSD1 conferred on NZP4010 the ability to block TOM
nodulation completely for up to 15 days. Hence, the Sym
plasmid genes concerned block nodulation competitively
during the critical period of nodule initiation and develop-
ment. Thereafter some instability of the cosmid phenotype
was sometimes observed by 21 days, in that some nodules
had formed on some individual plants of a replicate set (Fig.
3).

Our evidence is that pMMB33 cosmid clones are rather
unstable and subject to deletion even in E. coli rec hosts
(data not shown). In this context the small average number

FIG. 2. Nodulated and nodulation-blocked root systems of P.
sativum cv. Afghanistan. Effective nodules were produced by strain
TOM with NZP4010 (left), and there was competitive nodulation
blocking of TOM by a NZP4010(pDD50) transconjugant (right). Bar
represents 1 cm.
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FIG. 3. Competitive nodulation blocking (Cnb*) by R. loti
NZP4010 transconjugants harboring pSymPF, or pDD50. Pea plants
of the cultivar Afghanistan were inoculated as described in the text,
and nodules were counted over a period of 21 days. Strain TOM can
induce nodules in mixed inoculations with NZP4010 (O), whereas
wild-type PF, can efficiently block nodulation by TOM (@®). Strain
UG233, which carries the Sym plasmid from PF, (O), and strain
UG240, which carries the Cnb* cosmid pDD50 (A), also block
nodulation by TOM. The data present the average number of
nodules from at least three experiments (20 replicates).
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FIG. 4. (A) Hybridization of pDD50 against HindIlI-digested
DNA of strain PF, (lane 1), cosmid pDD58 (lane 2), and itself (lane
3). (B) Hybridization of pDD58 against HindIII-digested DNA of
strain PF, (lane 1), itself (lane 2), and pDDS50 (lane 3). Hybridization
conditions were as described previously (32). Numbers on left are in
kilobase pairs.
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of nodules produced by 21 days on certain plants inoculated
with TOM and NZP4010 transconjugants carrying pDD50 or
pSD1 (Fig. 3) is comparable to nodulation of peas by
reversions of TnS insertion mutants in the nod genes of R.
leguminosarum (13). It should be remembered that assay of
the Cnb* phenotype takes place against a strong selective
pressure for nodulation by the nitrogen-starved plant. It is
interesting that the Cnb* phenotype is encoded by the Sym
plasmid of PF,. Large plasmids in other Rhizobium strains
have been implicated in competition (2, 4). The precise
mechanism of this blocking and the fine structure of the
gene(s) concerned are the subject of ongoing investigation in
our laboratory.
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