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Diverse rhizobia able to nodulate Biserrula pelecinus evolved following in situ transfer of nodA and nifH from
an inoculant to soil bacteria. Transfer of these chromosomal genes and the presence of an identical integrase
gene adjacent to a Phe tRNA gene in both the inoculant and recipients indicate that there was lateral transfer
of a symbiosis island.

The rates at which rhizobial populations diversify and the
evolutionary forces structuring the genetic divergence of rhi-
zobial populations in Australian soils are largely unknown. An
opportunity to observe the in situ development of rhizobial
diversity arose after the introduction of the pasture legume
Biserrula pelecinus L. from the Mediterranean region to West-
ern Australia (W.A.). Numerous field experiments during the
past 12 years revealed that the indigenous rhizobial popula-
tions in W.A. were not capable of nodulating B. pelecinus.
Parallel studies have clearly shown that symbiotically impaired,
genetically and phenotypically diverse strains able to nodulate
B. pelecinus recently emerged following the sowing of inocu-
lated seed of this legume in W.A. (unpublished data). In 1994 a
field site at Northam, W.A., was established using surface-
sterilized seeds of B. pelecinus cv. Casbah inoculated with a
single mesorhizobial strain, WSM1271, originating from Sar-
dinia (5). The aim of the current study was to determine
whether there was in situ transfer of symbiotic genes from
WSM1271 to four diverse strains (N17, N18, N45, and N87)
isolated in 2000 from nodules on B. pelecinus growing at the
Northam site.

Comparison of the nodA and nifH sequences of Biserrula
mesorhizobia. The nodA nodulation gene determines the type
of N-acyl substitution transferred onto the oligosaccharide
backbone of Nod factor (1). A 567-bp intragenic nodA frag-
ment was amplified with two primers, nodA-KF (5�-GGTTAT
GCTGGGAAAATGAGTTGC-3�) and nodA-KR (5�-CATA
GCTCTGGACCGTTCC-3�), designed by aligning the nodA
sequences of Mesorhizobium loti strains MAFF303099 and
ICMP3153. Standard PCR mixture and cycling conditions were
used, with five initial cycles (annealing at 52°C), followed by 30
cycles (annealing at 55°C). Two other primers, nodA-midF
(5�-CGGGGTGCGTCGGGATCTTG-3�) and nodA-midR
(5�-CCGAACCGTGCCGAAAGCGAATGG-3�), were devel-
oped from the middle overlapping region of the sequences
obtained by using nodA-KF and nodA-KR. All four primers

were used to obtain a double-stranded DNA sequence of
nodA. Nitrogenase is the key enzyme in nitrogen fixation, and
nifH is responsible for the structural development of compo-
nent II of nitrogenase (11). A 710-bp intragenic nifH fragment
was amplified using primers nifH-1 and nifH-2 (2). Two other
primers, nifH-midF (5�-AGCCGAACACCGCCCGAATG-3�)
and nifH-midR (5�-CTCGGGGACGTGGTTTGCG-3�), were
developed in a manner similar to the manner described above
for nodA, and all four primers were used to obtain a double-
stranded DNA sequence of nifH. Remarkably, the sequences
of both genes from the four diverse strains (N17, N18, N45,
and N87) exhibited 100% identity to the sequences of the same
genes in WSM1271. To put this finding in context, we com-
pared these sequences with the sequences of nodA and nifH
genes in three strains of Biserrula mesorhizobia of Mediter-
ranean origin (WSM1283, WSM1284, and WSM1497). There
were 2-bp and 5-bp mismatches for nodA and nifH, respec-
tively, between WSM1283 and WSM1271. There were 156-bp
and 48-bp mismatches for nodA and nifH, respectively, be-
tween WSM1284 and WSM1271, while there were 14-bp and
4-bp mismatches for nodA and nifH, respectively, between
WSM1497 and WSM1271. Phylogenetic trees constructed us-
ing nodA (Fig. 1A) and nifH (Fig. 1B) clearly show that the
identical sequences in WSM1271 and the four diverse strains
are very different from those in other strains of Biserrula me-
sorhizobia and other root nodule bacteria. It is quite common
to find intraspecific nucleotide variations in either gene (4, 9).
These findings strongly indicate that the diverse strains ob-
tained both nodA and nifH from WSM1271 through lateral
transfer.

Localization of nodA and nifH in Biserrula mesorhizobia. To
determine the location of nodA and nifH in Biserrula mesorhi-
zobia, we searched for plasmid-borne symbiotic genes by first
separating plasmids by Eckhardt gel electrophoresis (6) and
then hybridizing blotted plasmid DNA to nodA and nifH
probes using standard procedures (Boehringer Mannheim).
WSM1271 contained a single approximately 500-kb plasmid.
WSM1283, WSM1284, WSM1497, and N18 each had a single
plasmid that was slightly larger than the plasmid of WSM1271,
while N17, N45, and N87 lacked a plasmid (Fig. 2A). The
Eckhardt gel procedure was repeated three times with multiple
replicates of each strain to confirm the absence of a plasmid in
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N17, N45, and N87. The symbiotic probes did not hybridize
with the plasmid DNA of any strain, while hybridization was
detected in wells containing chromosomal DNA from
WSM1271, WSM1283, WSM1497, N17, N18, N45, and N87
(Fig. 2B), suggesting that nodA and nifH are located on the
chromosome in these strains. Biserrula mesorhizobia are
closely related to M. loti (10). Sullivan and Ronson (13) dem-
onstrated that symbiotic genes of M. loti strain ICMP3153 are
present on a chromosomally located mobile symbiosis island.
Therefore, we investigated whether the symbiotic genes of

Biserrula mesorhizobia are located on a similar mobile genetic
element.

Symbiosis island insertion site of Biserrula mesorhizobia.
The symbiosis islands in M. loti strains ICMP3153 and
MAFF303099 integrate into a phenylalanine tRNA (Phe
tRNA) gene (13). These islands contain a gene that codes for
a phage P4-like integrase (intS) that is responsible for the
excision and insertion of symbiosis islands (13). This integrase
gene is located at one end of the island and is next to the Phe
tRNA gene (13). Therefore, a forward primer, phetRNAf (5�-
GCCCAGATAGCTCAGTTGGT-3�), was developed by
aligning Phe tRNA gene sequences of the two strains described
above and 10 other diverse bacterial genera. A reverse primer,
intS522r (5�-ATTGCATATCGAAACACG-3�), was devel-
oped to anneal in the midregion of intS by aligning intS se-
quences of ICMP3153 and MAFF303099. An 800-bp fragment
was successfully amplified for the four Mediterranean Biserrula
mesorhizobia and the four diverse strains using standard PCR
procedures with annealing at 50°C. A 51-bp region of the Phe
tRNA gene, which did not include the forward primer binding
site, was identical in all eight strains. Furthermore, identical
sequences were present in N17, N18, N45, N87, and WSM1271
for both intS and the intergenic region (198 bp) between the
Phe tRNA gene and intS (Fig. 3). There was considerable
variation in the sequences of intS and the intergenic region
among WSM1271, WSM1283, WSM1284, and WSM1497 (Fig.

FIG. 1. Phylogenetic trees showing the relationships of novel iso-
lates N17, N18, N45, and N87 and Biserrula mesorhizobial strains
WSM1271, WSM1283, WSM1284, and WSM1497 to some members of
the root nodule bacteria in the �-Proteobacteria based on aligned
sequences of the nodA (A) and nifH (B) genes. Phylogenetic analyses
were performed using MEGA, version 3.1 (8). Kimura two-parameter
distances were derived from the aligned sequences (7) and a bootstrap
analysis (3) was performed with 500 replicates in order to construct a
consensus unrooted tree using the neighbor-joining method (12) for
each gene alignment separately. B., Bradyrhizobium; M., Mesorhizo-
bium; R., Rhizobium; S., Sinorhizobium.

FIG. 2. (A) Eckhardt gel displaying plasmid profiles of strains
WSM1271, WSM1283, WSM1284, WSM1497, N17, N18, N45, and
N87; M. loti strain ICMP3153 (negative control); and Rhizobium legu-
minosarum strain VF39 (positive control used to estimate the approx-
imate sizes of plasmids). (B) Southern blot of the Eckhardt gel hybrid-
ized with a probe mixture consisting of nifH and nodA of Biserrula
mesorhizobia and nodC of R. leguminosarum. Note the hybridization of
the nodC probe to the 240-kb plasmid of strain VF39 and the hybrid-
ization of the nifH and nodA probes to the chromosomal DNA in the
wells.
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3). However, the intS sequences (1,070 bp) of the Biserrula
mesorhizobia exhibited �93.5% similarity to the intS sequence
of M. loti (data not shown).

The evidence that the Mediterranean Biserrula mesorhizobia
and the four diverse strains isolated from Northam contain a
P4-like integrase gene similar to that found in the symbiosis
islands of M. loti and the location of this gene adjacent to a Phe
tRNA gene led us to propose that the symbiotic genes of
Biserrula mesorhizobia are located on a mobile symbiosis is-
land which integrates into a Phe tRNA gene. These findings
confirm that the diverse and ineffective strains isolated in
Northam, W.A., that are able to nodulate B. pelecinus evolved
through in situ transfer of symbiotic genes on a symbiosis
island from WSM1271 to resident soil bacteria.
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FIG. 3. Sequence alignment for intergenic region between the Phe tRNA gene and intS for Biserrula mesorhizobia and M. loti strains ICMP3153
and MAFF303099. The start of intS is indicated by shading. Sequences were aligned using Genetool lite (BioTools Inc., Edmonton, Canada).
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