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A 3-kb region containing the determinant for bacteriocin activity from Rhizobium leguminosarum 248 was
isolated and characterized by Tn5 insertional mutagenesis and DNA sequencing. Southern hybridizations
showed that this bacteriocin was encoded on the plasmid pRL1JI and that homologous loci were not found in
other unrelated R. leguminosarum strains. Tn5 insertional mutagenesis showed that mutations in the C-
terminal half of the bacteriocin open reading frame apparently did not abolish bacteriocin activity. Analysis of
the deduced amino acid sequence revealed that, similarly to RTX proteins (such as hemolysin and leukotoxin),
this protein contains a characteristic nonapeptide repeated up to 18 times within the protein. In addition, a
novel 19- to 25-amino-acid motif that occurred every 130 amino acids was detected. Bacteriocin bioactivity was
correlated with the presence of a protein of approximately 100 kDa in the culture supernatants, and the
bacteriocin bioactivity demonstrated a calcium dependence in both R. leguminosarum and Sinorhizobium
meliloti. A mutant of strain 248 unable to produce this bacteriocin was found to have a statistically significant
reduction in competitiveness for nodule occupancy compared to two test strains in coinoculation assays.
However, this strain was unable to compete any more successfully with a third test strain, 3841, than was

wild-type 248.

Bacteriocins are often defined as narrow-spectrum antibiot-
ics produced by bacteria and active against only closely related
species or strains (43). Rhizobium leguminosarum strains have
been shown to produce bacteriocins which have been charac-
terized as small, medium, or large based on their assumed sizes
and diffusion characteristics (19, 41). Large bacteriocins have
been shown to resemble defective bacteriophages (19, 28, 41).
Small bacteriocins were found to be chloroform soluble and
heat labile and to have molecular masses of less than 2,000
daltons (19, 50). More recently, small bacteriocins were shown
to be acylated homoserine lactone compounds related to quo-
rum-sensing molecules (18, 39).

Very little is known about medium bacteriocins produced by
R. leguminosarum. It has been shown that, whereas small bac-
teriocins appeared to be produced nearly ubiquitously, with all
producers cross resistant to each other, relatively few strains
produce medium bacteriocins. Cross-resistance patterns sug-
gested that there may be several different bacteriocins within
the medium bacteriocin family (19, 53).

R. leguminosarum 248 contains the symbiotic plasmid
pRL1JI, which is one of the genetically best characterized
nodulation plasmids. As well as containing genes necessary for
nodulation and nitrogen fixation, this plasmid has been shown
to carry determinants for medium bacteriocin production (20).
In a study of field populations of R. leguminosarum, it was
observed that pRL1JT or closely related nodulation plasmids
were the most prevalent in strains isolated from nodules, sug-
gesting that there must be a natural selective pressure to main-
tain this type of plasmid (55). However, the significance of
bacteriocin production with respect to the prevalence of this
family of plasmids has not been directly addressed.

In an effort to understand how medium bacteriocins may
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contribute to the prevalence of R. leguminosarum 248 in nod-
ules, we have cloned and characterized a gene from pRL1JI
capable of giving in vivo medium-bacteriocin activity. Nucleo-
tide sequencing of this region suggests that medium bacterio-
cin is related to RTX-type proteins, which include calcium-
dependent cytolysins, such as hemolysin and leukotoxin (52).
Consistent with this, it was shown that the in vivo activity of this
bacteriocin is enhanced by Ca®". Nodulation competition ex-
periments with other R. leguminosarum wild types and strain
248 show that the presence of bacteriocin activity in strain 248
may influence its competitiveness.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Bacterial strains and plasmids used or
produced in this work are listed in Table 1. R. leguminosarum strains were grown
on TY medium (4). Sinorhizobium meliloti strains were grown on either TY or
Luria-Bertani (LB) medium (30), and E. coli was grown on LB medium. Anti-
biotics were used as necessary at the following concentrations: streptomycin, 200
pg/ml; neomycin, 100 wg/ml; tetracycline, 5 pg/ml; kanamycin, 20 pg/ml; chlor-
amphenicol, 20 pg/ml; gentamicin, 50 pg/ml; and spectinomycin, 50 pg/ml.

Genetic techniques, DNA manipulations, and sequencing. Bacterial matings,
transposon mutageneses, and gene replacements were carried out essentially as
described previously (9, 14, 15, 37, 42, 54). Standard procedures were used for
plasmid isolation, restriction endonuclease digestions, ligations, transformations,
agarose gel electrophoresis, and Southern transfers (38). Genomic DNA was
isolated as described previously (29). Cosmid bank construction was carried out
essentially as previously described (32). Briefly, 248 genomic DNA was partially
digested with EcoRI and ligated to the costramid vector pRK7813 (25). The
ligated DNA was packaged with a lambda packaging extract (Promega Corp.,
Madison, Wis.) as recommended by the manufacturer.

To move the rzc-1::Tn5 allele into 248 from 8401/pJB5JI, pJBS5JI was first
conjugally transferred into strain 6015, selecting for transfer of Nm" and coun-
terselecting 8401 with rifampin. The rzc-1::Tn5 allele was subsequently trans-
duced into strain 248 by using the generalized transducing phage RL38 and
selecting for the transfer of Nm". The resultant transductants were screened for
loss of bacteriocin production, and one such colony was verified and designated
RI11003.

Nucleotide sequencing was carried out by using a combination of primer
walking, subcloning, and sequencing of DNA flanking Tn5, Tn5B20, and TnphoA
inserts. T3 and T7 primers were used to sequence the ends of the subclones, and
an IS50 primer (5TAGGAGGTCACATGGAAGTCAGAT 3') was used to
sequence the DNA flanking the IS50. Sequencing reactions were done with dye
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TABLE 1. Strains and plasmids used

APPL. ENVIRON. MICROBIOL.

Strain or plasmid

Relevant characteristics”

Source or reference

R. leguminosarum

248 Wild type 19
306 Wild type 19
309 Wild type 19
336 Wild type 19
VF39SM Sm" wild type 34
3841 Sm" wild type 33
6015 Sm" Rf* phe-1 trp-12 nod-6007 24
GF160 Sm" wild type 13
W14-2 Sm" wild type 2
162Y10 Wild type 31
8401/pJB5JI rze-1:Tn5 A. Downie
RI1003 248 rzc-1::Tn5 This work
RIv1031 336 Sm* This work
S. meliloti Rm1021 SUA47 str-21 29
Plasmids
pPH1JI IncP Gm* 5
pRK7813 RK2 derivative carrying pUC9 polylinker; Tc" 25
pBluescript Cloning vector; ColE1 Ap* Stratagene
pBAC1 Tn5 from pJBS5JI cloned into pBluescript as an EcoRI fragment This work
pBAC4 BamHI/EcoRI subclone of pPBAC1 DNA flanking rzc248A-1 This work
pBACS BamHI subclone from pBAC1; Km" DNA flanking rzc248A-1 This work
pBACS8 pRK7813 cosmid clone carrying rzc¢™ This work
pBACY pRK7813 cosmid clone carrying rzc™ This work
pBACI10 pRK7813 cosmid clone carrying rzc¢™ This work
pBAC11 pRK7813 cosmid clone carrying rzc™ This work
pBACI2 5.3-kb EcoRI subclone from pBACI12 in pRK7813; rhizobiocin bioactivity This work
pBAC17 3.8-kb BamHI/EcoRI subclone from pBACI12 in pRK7813; Tc" This work
pBAC18 0.6-kb BamHI/EcoRI fragment from pBACI12 in pRK7813; Tc* This work
pBAC19 1-kb BamHI fragment from pBAC12 in pRK7813; Tc" This work
pBACp1 pBACI12; rze-3::TnphoA This work
pBAC1pl12 pBACI12 1p12::TnphoA This work
pBACI1p13 pBACI12 1p13::TnphoA This work
pBACL13 pBACI12 rzc-8::Tn5B20 This work
pBACL14 pBACI2 rzc-9::Tn5B20 This work
pBAC2.13 pBACI12 rzc-2::Tn5 This work
pBACS.8 pBACI2 rzc-11::Tn5 This work
pBACS5.13 pBACI12 rzc-14::Tn5 This work
pBACAp1 HindIII deletion from IS50 to polylinker of pPBACpl This work
pBACAL14 HindIII deletion from IS50 to polylinker of pBACI14 This work
pBACA2-13 HindIII deletion from IS50 to polylinker of pPBAC2.13 This work
pBACAL13 HindIII deletion from IS50 to polylinker of pBACI13 This work
Bacteriophage RL38 General transducing phage for R. leguminosarum 8

“ Abbreviations for antibiotics are as follows: Ap, ampicillin; Cm, chloramphenicol; Gm, gentamicin; Rf, rifampin; Sm, streptomycin; Tc, tetracycline.

terminators and detected with an ABI automated sequencer at the University of
Calgary Core DNA facilities.

Sequence data were analyzed with DNASIS (Hitachi Software Engineering
Co., San Bruno, Calif.), and database searches were done with the BLASTX
program (1).

Modified Eckhardt gel electrophoresis. To verify plasmid profiles of R. legu-
minosarum strains or to isolate plasmid DNA, a modification of the Eckhardt
(10) technique designed for horizontal gels was used, as previously described
(22).

Bacteriocin assays. To assay medium bacteriocin production, a saturated cul-
ture of the indicator strain (either 336 or VF39SM) grown in TY medium was
diluted 1072 and 1 ml was mixed with approximately 25 ml of soft TY agar (0.6%
[wt/vol] agar) containing 5 mM Ca®* (final concentration). Single colonies of
strains to be tested for bacteriocin activity were stab inoculated into the soft agar
within 2 h after the agar solidified. Halos were visible as cleared zones surround-
ing the stab-inoculated culture. Unless otherwise noted, the plates were scored
approximately 48 h after stab inoculation.

Preparation of supernatant proteins. To visualize bacteriocin protein, the
method utilized by Hirsch (19) was modified. Rhizobium cultures were grown in
200 ml of TY medium for 5 days. The cultures were pelleted with a GSA rotor
at 5,000 X g for 20 min. The supernatant was poured off and treated with
chloroform (10% [vol/vol]) in a separatory funnel. The following steps were
carried out on ice or at 5°C. The aqueous phase was collected, and the proteins

were precipitated by the addition of ammonium sulfate to 80% (wt/vol) satura-
tion. The precipitate was collected by spinning it at 10,000 X g for 30 min and was
finally resuspended in approximately 3 ml of Tris - HCI (pH 6.8). Supernatants
were routinely tested for bioactivity by testing dilutions of the extracts on TY
agar plates seeded with the indicator strain 336. Proteins were separated on a
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel (27)
and stained with a Bio-Rad (Hercules, Calif.) silver stain kit as reccommended by
the manufacturer. The protein concentration was determined by a Bio-Rad
protein determination protocol, with bovine serum albumin as a standard.

Plant tests. Plant tests were carried out by the methods of Hynes et al. (21).
Pea seeds (Pisum sativum cv. Trapper) were surface sterilized by 5 min of 70%
ethanol treatment followed by 10 min in a 1/5 dilution of hypochlorite. The seeds
were then rinsed in at least four changes of sterile distilled deionized water. The
seeds were germinated on half-strength TY medium, and only those sterile seeds
were aseptically planted into sterile vermiculite that had been presoaked with
plant growth solution (51). Strains for inoculation were grown overnight in TY
medium, pelleted, and resuspended to a uniform density in either sterile water or
plant nutrient solution. The bacteria were then mixed in an approximate 1:1
ratio, the mixture was diluted, and 10 ml at approximately 10° CFU/ml was
inoculated onto the seedlings. The inoculation mix was further diluted and plated
to determine the precise inoculation ratio that had been used for each experi-
ment.

Nodules were harvested after the plants had grown for 4 to 5 weeks in a growth
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TABLE 2. Comparison of bacteriocin production and resistance
patterns for R. leguminosarum strains”

Presence of zone of inhibition with indicator strain:

Strain
VF39SM 336 248 306 309 GF160 162Y10 W14-2
VF39SM - - + + + + + +
336 - — + + + + + +
248 + + - - - - - +
306 + + + - - + + +
309 + + + - - + + +
GF160 + + + + + — - —
162Y10 + + + + + — — —
W14-2 + + + + + — - —

“ Strains were assayed for bacteriocin production by stab inoculating them into
a soft TY agar plate that had been seeded with an indicator strain. +, presence
of a zone of inhibition; —, absence of a zone of inhibition. VF39SM and 336 are
small-bacteriocin-producing strains that are used as indicators for medium-bac-
teriocin production.

chamber. The nodules were surface sterilized, crushed, and streaked out onto TY
plates as described by Hynes and O’Connell (23). Four colonies from each
crushed nodule were tested, and the identities of the strains in the nodules were
determined by antibiotic resistance. The statistical significance of the data from
nodule competition assays was analyzed by several techniques. The chi-square
test was used to evaluate the significance of differences between the two strains
used in a given experiment (i.e., whether deviations from the inoculation ratio
were significant), and also as a preliminary means of determining whether strain
RI1003 was less competitive than 248 versus given test strains. In these tests, the
observed data (pooled from three independent experiments) on the frequency of
recovery of 248 when assayed against a given test strain were used as the
expected frequency for RI11003. To confirm the validity of this approach, analysis
of variance and means model analyses of the data from the competition exper-
iments were carried out with the SYSTAT package (version 5.2.1), with the null
hypothesis being that the frequency of recovery of R11003 was no different from
that of 248 when assayed against the same test strain. Adjustments to compen-
sate for slight discrepancies in inoculation ratio did not change the results of
these tests significantly.

Nucleotide sequence accession number. The nucleotide sequence reported in
this study has been deposited in EMBL under accession no. AJO01518.

RESULTS

R. leguminosarum strains produce distinct bacteriocins. R.
leguminosarum medium bacteriocins have been previously de-
scribed as compounds which produce a zone of inhibition
against sensitive strains with a diameter between 2 and 10 mm
(19). To identify strains capable of producing medium bacte-
riocin and to analyze cross-resistance patterns, 33 strains of R.
leguminosarum (field isolates and laboratory strains) were
tested with strain 248 as an indicator for small bacteriocin and
336 as an indicator for medium bacteriocin. It was found that
only 4 of the 33 strains did not produce small bacteriocin and
only 6 of the 33 strains produced a medium bacteriocin (data
not shown). In addition to strains 248, 306, and 309, which
were known to produce medium bacteriocin (19), strains
GF160, 162Y10, and W14-2 were also found to produce me-
dium-type bacteriocin (Table 2). Based on their production
and resistance patterns, R. leguminosarum strains could be
divided into at least four groups. Group I contained strain 248.
The strains in group II (306 and 309) appeared to carry the
group I determinant as well as a bacteriocin which distin-
guished strains 306 and 309 from 248. Group III contained
strains GF160 and 162Y10, which had bacteriocin production
patterns similar to that of W14-2 but were sensitive to the
bacteriocin which is produced by strains 306 and 309. Group
IV was defined by strain W14-2, which, based on its sensitivity
patterns, was distinct from all other strains tested.

Based on the results from the cross-reactivity tests, it is clear
that there are several different bacteriocins produced by R.
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leguminosarum strains which may or may not be similar in
structure and function. These bacteriocins have traditionally
been termed medium bacteriocins, presumably indicating mo-
lecular size (19). We intend to use the term rhizobiocins (rzc)
to refer to these particular bacteriocins. This term does not
presuppose any molecular characteristics and has already been
used to refer to bacteriocins of rhizobial origin (36).

Cloning the region of 248. It had previously been shown that
a Tn5 insert localized to pRL1JI was unable to produce bac-
teriocin; this plasmid carrying the insert was renamed pJB5JI
(24). Transduction of kanamycin resistance from pJB5JI back
to the wild-type plasmid (pRL1JI) resulted in cotransduction
of the bacteriocin phenotype, showing that the Tn5 insert (re-
ferred to here as rzc-1::Tn5) was responsible for the lack of
bacteriocin production (24).

To generate a probe for the bacteriocin-encoding region on
pRL1JI, a clone was made from the DNA flanking this Tn5
insert. Plasmid DNA from pJBS5JI (containing rzc-1::Tn5) was
isolated from preparative Eckhardt gels of strain 8401/pJBSJI.
The DNA was restricted with EcoRI and ligated into pBlue-
Script. The Tn5 insert was in a 5.2-kb EcoRI fragment, and the
clone containing this insert was designated pBAC1 (Table 1).
The IS50 and flanking DNA from pBACI were subsequently
subcloned to yield pBAC4 (Table 1), which was used as a probe
to screen a genomic cosmid library of strain 248.

To find cosmids containing the wild-type bacteriocin region,
800 cosmid-containing colonies of Escherichia coli were
screened by Southern blot analysis. Four independent cosmids
were isolated and designated as pBACS to pBACI11 (Table 1).
All four contained the 5.2-kb EcoRI fragment. Based on the
complexity of the EcoRI restriction pattern, pBAC11 was cho-
sen for further analysis.

To confirm that the cloned DNA originated from pRLI1JI,
the 5.2-kb EcoRI fragment from pBAC11 was subcloned, gel
isolated, labelled, and used to probe Southern blotted Eck-
hardt gels containing strain 248 and other R. leguminosarum
strains. The wild-type EcoRI fragment from pBAC11 hybrid-
ized to pRL1JI (data not shown). Moreover, Southern analysis
of genomic DNA from strains carrying the rzc-1::Tn5 allele
gave the expected hybridization pattern (data not shown). To-
gether these data confirm that the 5.2-kb EcoRI fragment was
not reiterated within the genome and originated from pRL1JI.

Group I and group II strains carry highly homologous bac-
teriocin production genes. Based on the cross-resistance pat-
terns of the various R. leguminosarum strains (Table 2), it was
of interest to determine if any of the other strains carried the
same bacteriocin determinants. Genomic DNA from these
strains was probed with the labelled 5.2-kb EcoRI fragment.
Consistent with the phenotypic data (Table 2) and what has
been previously surmised (7, 19, 20), strains 306 and 309 gave
hybridization patterns identical to that of strain 248, regardless
of the restriction enzyme used to digest the DNA. The hybrid-
ization data suggest that 306, 309, and 248 all carry a highly
homologous bacteriocin encoding region (data not shown).
However, strains GF160, W14-2, and 162Y10 did not hybridize
with this probe even at low stringencies, suggesting that genes
coding for bacteriocins in these strains are not highly homol-
ogous to the bacteriocin gene encoded by pRL1JI (data not
shown).

Genetic delineation of the bacteriocin region. Mobilization
of the cosmids pBACS, pBACY, pBAC10, and pBACI11 into
strains that do not produce rhizobiocin, such as Rhizobium
leguminosarum 3841, VF39, or S. meliloti Rm1021, was corre-
lated with the ability of these strains to produce a rhizobiocin.
Since the rhizobiocin was produced in S. meliloti, which is not
sensitive to small or medium bacteriocins, constructs and in-
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FIG. 1. Delineation of bacteriocin-encoding region by transposon mutagen-
esis and deletion analysis. A partial restriction map of the bacteriocin region
from pRL1JI is shown. The vertical lines indicate representative transposon
inserts, with the bacteriocin phenotype marked above. Plasmids carrying dele-
tions in the bacteriocin region are aligned below the map, with bacteriocin
phenotypes marked along the right. The ORF and its direction of transcription
are represented by the thick arrow. +, zone of inhibition like that of wild type;
+/—, zone of inhibition smaller than that of wild type; —, absence of a zone of
inhibition; E, EcoRI; B, BamHI; K, Kpnl.

serts in the bacteriocin region were regularly screened for
bioactivity in an Rm1021 background.

Introduction of pPBAC12 into Rm1021, 3841, and RI1003
showed that this subclone was sufficient for rhizobiocin bioac-
tivity (Fig. 1 and data not shown). In an effort to delineate
which regions of the insert contained the gene(s) necessary to
confer bacteriocin production, a series of subclones and dele-
tions was constructed. A subclone, pBAC17, containing the
large BamHI/EcoRI fragment was shown to have partial activ-
ity (a smaller, less well-defined zone of inhibition) when tested
for bacteriocin production (Fig. 1). Neither the smaller BarmHI
fragment (pBAC19) nor the 0.6-kb BamHI/EcoRI fragment
(pBAC18) was sufficient to confer any activity. A series of
directional deletions was constructed between the polylinker of
pRK7813 and Tn5 inserts that were regularly spaced in
pBACI12. The region necessary for bacteriocin production was
deemed to be at most 3 kb, spanning from the Kpnl site in
pBACI2 to the distal EcoRI site (Fig. 1).

To delineate the extent of the bacteriocin gene more pre-
cisely, transposon mutageneses with Tn5, Tn5B20, and
TnphoA were performed. The results from these mutageneses
yielded many bacteriocin-positive inserts that flanked two def-
inite bacteriocin knockouts. Based on the genetic data, this
suggested a region of approximately 2 kb (Fig. 1).

Nucleotide sequencing and ORF determination. Nucleotide
sequencing was carried out by a strategy that utilized subclon-
ing, using IS50 elements from Tn5 inserts as priming sites, and
primer walking. Analysis of the sequence data suggested that
inserts giving an rzc mutant phenotype isolated from pBAC12
were within a 2,874-bp putative open reading frame (ORF)
(Fig. 1). This ORF extends well beyond the first bacteriocin
production-positive insert, 7zc-2, as well as beyond the pBAC12
subclone itself (Fig. 1). To resolve this dilemma, supernatant
preparations of secreted proteins were prepared from 248 and
RI11003 (carrying the rzc-1::Tn5) in an effort to determine the
size of the wild-type bacteriocin protein. SDS-PAGE and Coo-
massie blue staining of ammonium sulfate-concentrated prep-
arations did not reveal any differences between the superna-
tants of RI11003 and 248. SDS-PAGE and silver staining of
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FIG. 2. Silver-stained SDS-PAGE analysis of the supernatant of 248 and
RI11003. The arrows on the right point to the positions of bands missing in the
mutant strain. Molecular mass markers are shown on the left. Note that the
R11003 lane has almost twice as much protein loaded as the 248 lane. All bands
visible in R11003 have been shown to be present in 248.

these preparations, however, demonstrated that the wild-type
strain contained a low-abundance protein slightly larger than
97 kDa and another protein at less than 200 kDa, both of which
were absent from the strain carrying the rzc-1 allele (Fig. 2).

The predicted molecular mass of the putative protein en-
coded by the ORF is 102,474 Da, which correlates well with the
results of SDS-PAGE (Fig. 2). Consistent with this,
rzc-9::'Tn5B20 was mapped 696 bp from the end of the ORF,
and it was shown to create a transcriptional fusion in the same
orientation as the putative ORF. Expression studies with this
fusion indicated that this ORF is constitutively expressed in
TY medium and that transcriptional activity did not differ
significantly with the culture growth phase (data not shown).

Together these data suggest that the rhizobiocin ORF codes
for a low-abundance 102-kDa secreted protein that may form
aggregates which were not separated by the denaturing condi-
tions used (Fig. 2). Interestingly, the G+C content of this gene
is 54%. This value is well below the typical 58 to 60% G+C
content which is expected for Rhizobium strains (17).

248 rhizobiocin contains regions found in RTX proteins.
BLASTX searches of the databases with the bacteriocin ORF
showed that the predicted translation product was related to
FrpA from Neisseria meningitidis (44), HylA (12), and other
related cytolysins and calcium-dependent epimerases. RTX
(for repeat in toxin) proteins are characterized by the non-
apeptide sequence L/I/F-X-G-G-X-G-N/D-D-X (52). Further
analysis of the predicted amino acid sequence shows that the
rhizobiocin protein contains only two such precise repeats (Fig.
3), but if positions 4 (G), and/or 7 (N/D) is relaxed, 18 addi-
tional repeat sequences can be found (Fig. 3). The predicted
amino acid sequence of the bacteriocin also suggests that this
is a glycine- and aspartate-rich protein. Together, these amino
acids make up 27% of the total protein. The predicted pI of
this protein is 3.7. The protein contains 3 cysteine residues, all
of which are in the C-terminal 50 amino acids (Fig. 3).

Transposon insertions that mapped within the C terminus-
encoding half of the bacteriocin ORF did not abolish bacteri-
ocin activity (Fig. 1 and data not shown). Using Rm1021 car-
rying pBAC12, or derivatives with inserts within the C
terminus encoding half of the rhizobiocin ORF, we attempted
to demonstrate a correlation between the presence of trun-
cated proteins and bioactivity. These attempts were unsuccess-
ful (data not shown). The predicted truncated protein products
were not visualized by silver staining concentrated culture su-
pernatants that were separated by SDS-PAGE. It appears that
the partial rhizobiocin produced in these strains may be more
unstable than the wild type, or perhaps it is not secreted effi-
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1 VIYGRGGODE IQGEEGNDTI, YGNENDDLLT GGVGNDTYGY ARGEGNDTII ETADNSGSLD
61 RLIFSDIDAS EIMLRQKGND LIIEIAESTS GAGDGGSILV KSSVAGDLEH GIESIQFSDG
121 TIWTKQDIIS NISVIEPEGI IGTSGADSLE GSRGDDLITIG LAGDDALSGS FGDDVYVYSS
181 GQGGDVINDG VNMSNEIDVL RLTDLTAADV MVARDGENLT LTIIASGEVI TVQKQFLSDG
241 YWGIEKIEFS DGTSWNRETI LDIGRDDDAP TVIGTSGNDT LNGTGDNDVF DGGQGNDVLV
301 GARGSDKYLY RLGDGSDLID EVDWLNDVDT LKLINISSSD VVAVHNGVNL QITITSTGDV
361 TITVKDQWYTS WGNAGLESIE FADGTWDREA IMATEGIPIV GTNGNDTIEG TTDDDNITGG
421 LGDDHLSGRL, GSDVYVYSSG DGNDVLDDKG SDIGGVDVLR LTNVNAADIV ATRDGLALTL
481 RIISTNALIT IEQQYSSRND PYGFEKIEFA DGSSWNRDAL MELGRIPNIV GTSGNDTLTG
541 IWFNETISGG LGDDVLMGDY GSDTYVYNSG DGSDRVDDDS YSSSDSDILR LVDINAGDIS

601 LARSGLDLKI TILATGAIMT IDDQFDPRWY YGLEKIEFAD GSYLSRADLM AINESSQTLV
661 GTSAVDFLTS ASANDTLEGK OGDDWMNGAA GSDIYTIYAAG DGNDNITDRE DDRLSDIDVL
721 RLTDLNASDV ALVRAGPDLR VRILSTGHEI TVWQQFSSQS DFAGIERIEF ADGSSWDRSV
781 IMAAESGEIT GTSGNDTLNG TSGDDDVFNG GLGDDHLYGA GGTDVYLYSS GDGSDYIDDE
841 ATEPNSVDTL RFTDINESDI SVARNGVNLD ITVLATGDVI TIDEQWYDEN GYWGFEKIEF

901 TeNsAICS8TS QRCRPCARSP GAYQRNTKSR SPVTGQHRRP LPKERKSRQY VPNVKWSE

FIG. 3. Deduced amino acid sequence of the bacteriocin protein. Putative
RTX repeats are underlined in the sequence, and the repeated motif is shown in
boldface.

ciently, which complicates the analysis of these putative trun-
cated proteins.

Bacteriocin ORF contains a second repeated motif. Further
analysis of the deduced amino acid sequence revealed the
presence of a 19- to 25-amino-acid motif that is encoded six
times within the bacteriocin ORF (Fig. 3). The motif is quite
well conserved within the protein, and several amino acids
appear to be very strongly conserved (Fig. 4). In addition, this
sequence is periodic, occurring at consistent intervals of 127 to
132 amino acids within the protein. Database searches with
various BLAST programs did not reveal any significant
matches that might provide insight into the biological signifi-
cance of this motif in any currently described protein or po-
tential product of a sequenced gene. Interestingly, this motif
was detected in another rhizobiocin that is currently being
characterized (49) (see also accession no. AF141932).

Bacteriocin bioactivity is affected by calcium concentration.
Proteins containing RTX nonapeptide repeats have been
shown to bind calcium (3). Since the repeat sequence within
the bacteriocin was not perfectly conserved, it was not clear
whether calcium might have an effect on the bioactivity of the
protein. To determine if calcium had an effect on the bioac-
tivity of 248 bacteriocin, tests were carried out in which the
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FIG. 4. Alignment of the repeated motif from the bacteriocin protein. The
six repeated amino acid sequences were aligned with CLUSTALYV. Positions that
have amino acids that are conserved (*) or have conservative substitutions (@) in
all six repeats are shown below the alignment. The position of the repeat in the
deduced protein is shown by the amino acid number immediately to the left of
each sequence. Amino acids that are conserved in at least three of the six repeats
are boxed. A possible signature sequence is shown below the alignment.
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FIG. 5. Effect of calcium on zones of inhibition. Single colonies of R. legu-
minosarum 248 were stab inoculated into soft TY agar containing R. legumino-
sarum 336 as an indicator strain and either 1, 2.5, or 5 mM CaCl,. Zones of
inhibition were scored after 48 h. n = 18 in each case. The error bars indicate
standard deviations.
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concentration of calcium in the TY medium containing the
indicator strain 336 was varied from 1 to 10 mM. It was found
that the increase in halo size around strain 248 was positively
correlated with the concentration of calcium up to 5 mM (Fig.
5). The halo sizes at 1, 2.5, and 5 mM were significantly dif-
ferent (Fig. 5). However, there were no discernible differences
in the sizes of the halos formed around 248 with 5 and 10 mM
calcium in the media. Moreover, the presence or absence of
pBACI2 in strain 248 also did not alter the sizes of the halos.

To determine if the calcium effect was a result of the differ-
ing sensitivity of 336 to the bacteriocin or a change in the
potency of the 248 rhizobiocin, strain 248 was grown in me-
dium containing 1 mM calcium. The supernatants were subse-
quently filter sterilized and treated with either 5 mM Ca**, 5
mM EGTA, or a combination of the two. Bacteriocin potency
was determined by serial twofold dilutions onto a plate seeded
with the 336 indicator strain. The results showed that treat-
ment of the supernatant with EGTA did not reduce the super-
natant’s potency but treating it with 5 mM calcium resulted in
a twofold increase in the potency of the rhizobiocin. The ad-
dition of EGTA and Ca®" in combination also did not increase
the potency of the rhizobiocin above that of untreated super-
natant. This effect was seen with the supernatants of both
overnight and 5-day-old cultures. Together, these data suggest
that calcium, once bound to the rhizobiocin, is not removed by
a simple EGTA treatment and that calcium affects the bioac-
tivity of the rhizobiocin.

Bacteriocin plays a role in nodule competition. To address
the role that this bacteriocin may play in determining compe-
tition for nodulation, pBACI12 was introduced into VF39SM.
This construct was then competed against VF39SM, which is
sensitive to the bacteriocin produced by this subclone. These
experiments were unsuccessful due to the instability of
pBACI2 in the rhizosphere in the absence of antibiotic selec-
tion (data not shown). An alternate approach was undertaken
in which the wild-type strain and the isogenic strain R11003
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TABLE 3. Nodulation competition assays of bacteriocin-negative
mutants with VF39SM, RIv1031, and 3841 as indicator strains

No. of nodules

. Inoculation Total no. containing
Competition . of nodules P

ratio scored® mdlc._ator

strain®

VEF39SM/248 1.0 =0.1 216 10
VF39SM/R11003 1.2+0.2 223 35>
RIv1031/248 0.5 =0.02 155 18
RIv1031/RI1003 0.5 = 0.04 142 520
3841/248 0.5 =0.02 144 76
3841/R11003 0.5 =0.03 148 76
248/R11003¢ 1.0 98 49

“Pooled data from three independent competition experiments. The data
from all independent experiments showed identical trends.

b Statistically significant result, showing reduction of competitiveness of
RI1003. Using analysis of variance (Systat package) on the independent repli-
cates, the difference in recovery ratio for R11003 as opposed to 248 when assayed
against VF39SM was significant at a P level of 0.05 (P value, 0.026). The results
of the tests versus RIv1031 were significant at a P level of 0.001 (P value, 0.2935 X
10%). Fisher’s least significant difference was used as a means comparison test.
As outlined in Materials and Methods, chi-square tests gave the same results.

¢ Average of two independent competition experiments.

(containing rzc-1::Tn5) were each competed against VF39SM,
3841, and RIv1031 under identical conditions. To validate this
approach, we tested R11003 to ensure that it was immune to
the 248 rhizobiocin and that it could compete equally well with
the wild type under our assay conditions. The results showed
that RI1003 was resistant to the 248 rhizobiocin and that
RI11003 was equally competitive. These data were consistent
with our expectations and allowed us to make comparisons
between 248 and RI1003 when assayed against other strains
(Table 3).

When strain 248 was competed against VF39SM, it was
found to be more competitive than VF39, and under controlled
conditions less than 5% of the nodules contained VF39SM
(Table 3). However, when RI1003 was competed against
VEF39SM under identical conditions, the data showed that
VF39SM was significantly (99% confidence interval) more suc-
cessful (Table 3). Similarly, when RIv1031 was used as an
indicator strain against the wild type, it typically occupied 11%
of the nodules (at the given inoculation ratio), whereas when
RIv1031 was competed against R11003, the data show that
RIv1031 occupied 37% of the nodules analyzed (significant at
the 99% confidence interval). Since the inoculation ratio in
these experiments was 0.5, we would expect that if these strains
were equally competitive, 33% of the nodules should be occu-
pied by RIv1031. This compares favorably with the observed
value of 37% (52 of 142) (Table 3). Interestingly, competitions
involving 3841 as an indicator strain appeared to be unaffected
by the presence or absence of bacteriocin in strain 248 under
our growth conditions, even though 3841 is sensitive to the
bacteriocin produced by 248 in laboratory assays (Table 2).
Taken together, these data show that, although the 248 bacte-
riocin appears to play a role in determining competitiveness for
nodulation when assayed against some strains, it is probably
only one of many factors affecting the outcome of competition
experiments.

DISCUSSION

In her 1979 study, Hirsch (19) classified bacteriocins from R.
leguminosarum as small or medium, based on apparent diffu-
sion properties, while recognizing that other studies (28, 41)
had revealed that even larger bacteriocins resembling defective
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phage particles existed in some strains. Our laboratory has
elected to study medium bacteriocins, as the lack of cross-
resistance between different medium bacteriocin-producing
strains indicated that such compounds might potentially play a
role in rhizosphere competition. The medium bacteriocins ap-
pear to have the properties commonly associated with “true”
bacteriocins (i.e., they are proteinaceous and plasmid encoded,
and a variety of different types are produced by different
strains), and we propose to refer to them as rhizobiocins ac-
cording to the suggestion of Roslycky (36). A further bacteri-
ocin, which has been well characterized in R. leguminosarum, is
the trifolitoxin produced by strain T24 (6, 40, 45-47), which has
been shown to be a short peptide (6) somewhat similar to
microcins and whose precise mode of action is unknown.

In the present study, the rhizobiocin-encoding region from
plasmid pRL1JI was cloned and characterized. Evidence from
DNA sequencing and Tn5 mutagenesis strongly indicates that
there is only one ORF present at this locus which is necessary
for rhizobiocin activity.

This ORF encodes a protein of 958 amino acids with a
predicted molecular mass of 102.5 kDa. This predicted mass is
in accordance with the masses of proteins seen in wild-type
culture supernatants. The predicted protein has homology with
various members of the RTX family of calcium binding pro-
teins, many of which are toxins or hemolysins produced by
pathogenic bacteria. The motif which gives rise to this homol-
ogy is the repeated sequence believed to be involved in calcium
binding (L/I/F-X-G-G-X-G-N/D-D-X), which is also present in
some other Rhizobium proteins, such as NodO (11). It is note-
worthy that calcium appears to be required for the activity of
the rhizobiocin. The reading frame also encodes a second
motif to which we have not been able to ascribe a biological
function (Fig. 4). The regularity with which this motif is re-
peated (every 130 amino acids) makes it tempting to speculate
that it may have a role in determining three-dimensional struc-
ture or functioning of the bacteriocin. Interestingly, this motif
is also found in a rhizobiocin produced by 162Y10 (49).

The mechanism of secretion and transport of the rhizobiocin
in strain 248 is also unresolved. Since the protein is produced
in culture supernatants of a wide variety of host strains, and
there is no specific transport system present in clones like
pBACI2, it appears probable that the bacteriocin is secreted by
some sort of general pathway or is released by spontaneous cell
lysis.

Analysis of the C-terminal region of 248 bacteriocin did not
reveal any secretory motifs which are used by other RTX
proteins or by NodO. Interestingly, a R. leguminosarum prsD
mutant which is unable to secrete NodO can still produce 248
bacteriocin (16). This suggests that if 248 bacteriocin is se-
creted, it is by a secretory system which is not related to the
prsDE gene products, or that the bacteriocin may utilize more
than one secretory pathway. Apparently the C terminus of
rhizobiocin is not essential for biological activity or targeting of
the protein, as several Tn5 inserts in the C-terminus-encoding
portion of the rhizobiocin gene did not abolish activity (Fig. 1
and data not shown). Presumably, truncated proteins retaining
activity are produced in these mutants. We were, however,
unable to visualize these on silver-stained SDS-PAGE gels of
ammonium sulfate-concentrated supernatants.

It is surprising, given that clones such as pPBAC12 will confer
bacteriocin production on a variety of different strains of R.
leguminosarum, as well as S. meliloti, that there is no evidence
for the presence of genes conferring immunity to the rhizobio-
cin or necessary for transport of the bacteriocin. Since pBAC12
and its various deletion derivatives (Fig. 1) can all be trans-
ferred to a variety of hosts, including sensitive strains, such as
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VF39, 3841, and 336, without any detrimental effects and strain
RI1003 (248; rzc::Tn5) is not sensitive to the bacteriocin, it
must be assumed that pPBACI12 carries a gene necessary for
immunity; however, based on the locations of deletions, partial
sequencing of upstream regions, and Tn5 inserts which we
have constructed in pBACI12, there is very little room or evi-
dence for an immunity gene.

The mode of action of the rhizobiocin remains to be re-
solved. Since many members of the RTX family of toxins are
pore-forming cytolysins (52) and membrane depolarization is
also a common mechanism of action for bacteriocins (26), it is
tempting to speculate that the 248 rhizobiocin acts in a similar
fashion. Hydrophobicity profiles, as well as algorithms used to
predict transmembrane helices, have not detected any regions
which have high probabilities of containing membrane-span-
ning domains. However, there is no experimental evidence that
suggests that the bacteriocin does not interact with target
membranes.

Evaluation of the role of other Rhizobium bacteriocins in the
rhizosphere has been complicated by the fact that the best-
studied medium-bacteriocin-producing strains were sensitive
to small bacteriocin (19, 53), and thus most possible experi-
ments examine mutually antagonistic strains (Table 3). Our
nodule competition experiments under controlled conditions
showed that the 248 rhizobiocin can play a statistically signif-
icant role in competition against certain test strains (Table 3).
In these experiments the effect of bacteriocin in assays against
VF39SM (which was radically less competitive than 248) was
small, although statistically significant. No effect was seen with
strain 3841, which was significantly more competitive than 248.
The most pronounced effect was seen with strain RIv1031 (a
336 derivative), which was intermediate in competitiveness
with respect to 248 when compared to VF39SM and 3841. The
bacteriocins may thus be most effective at tipping the balance
when strains are otherwise of roughly equal competitiveness. It
is also possible that a significant role of bacteriocins like the
248 rhizobiocin may be in plasmid maintenance in bacterial
populations, analogous to that of plasmid addiction modules.

The presence of trifolitoxin genes in various rhizobia confers
a selective advantage in the rhizosphere, both in soil and under
more controlled conditions (48). It has been suggested that
trifolitoxin could be used to enhance the competitiveness of
inoculant strains, and there is strong evidence that this strategy
can be successful (35). The cloning and molecular character-
ization of rhizobiocin genes, such as the 248 rhizobiocin, was
undertaken to assess their ecological roles and to investigate
the possibility of their use to enhance the rhizosphere compet-
itiveness of inoculant strains. For this purpose, we have pro-
vided a molecular characterization of the rhizobiocin produced
by R. leguminosarum 248 and some of its biological properties
and provided evidence that the 248 rhizobiocin can in some
cases confer an advantage with respect to competition for
nodulation. The cloning and characterization of the rhizobio-
cin locus has, however, identified areas, such as partial bioac-
tivity, transport, and immunity, that are at present unresolved.
To understand how this rhizobiocin fulfills its biological role,
we are addressing these questions.
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