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The Mesorhizobium loti strain R7A symbiosis island is a 502-kb chromosomally integrated element which
transfers to nonsymbiotic mesorhizobia in the environment, converting them to Lotus symbionts. It integrates
into a phenylalanine tRNA gene in a process mediated by a P4-type integrase encoded at the left end of the
element. We have determined the nucleotide sequence of the island and compared its deduced genetic com-
plement with that reported for the 611-kb putative symbiosis island of M. loti strain MAFF303099. The two
islands share 248 kb of DNA, with multiple deletions and insertions of up to 168 kb interrupting highly
conserved colinear DNA regions in the two strains. The shared DNA regions contain all the genes likely to be
required for Nod factor synthesis, nitrogen fixation, and island transfer. Transfer genes include a trb operon
and a cluster of potential tra genes which are also present on the strain MAFF303099 plasmid pMLb. The
island lacks plasmid replication genes, suggesting that it is a site-specific conjugative transposon. The R7A
island encodes a type IV secretion system with strong similarity to the vir pilus from Agrobacterium tumefaciens
that is deleted from MAFF303099, which in turn encodes a type III secretion system not found on the R7A
island. The 414 genes on the R7A island also include putative regulatory genes, transport genes, and an array
of metabolic genes. Most of the unique hypothetical genes on the R7A island are strain-specific and clustered,
suggesting that they may represent other acquired genetic elements rather than symbiotically relevant DNA.

The symbiosis between legumes and the root nodule bacte-
ria collectively known as rhizobia is of critical agronomic and
environmental importance, accounting for the majority of the
nitrogen fixed through biological processes. Rhizobia are phy-
logenetically diverse, falling into five genera of �-proteobacte-
ria (Rhizobium, Bradyrhizobium, Sinorhizobium, Azorhizobium,
and Mesorhizobium) (64, 70) and at least two genera of �-pro-
teobacteria (Burkholderia and Ralstonia) (35). It is thought that
the rhizobial lineages diverged well before the evolution of
legumes and that the genes required for the formation of the
symbiosis were subsequently acquired by lateral transfer from
undefined sources (8, 33). Reflecting the accessory nature of
the traits, several species of rhizobia contain the genes re-
quired for nodulation and nitrogen fixation on large plasmids
that can be cured under laboratory conditions without affecting
the survival of the bacteria (31). Exceptions in which the sym-

biosis genes are encoded on the chromosome include Brady-
rhizobium species, in which the symbiosis genes are clustered
but not known to be mobile (18), and at least one strain of
Mesorhizobium loti, strain ICMP3153, in which the genes are
located on a mobile symbiosis island (57).

M. loti is the microsymbiont of several Lotus species, includ-
ing Lotus corniculatus and L. japonicus. The symbiosis island of
M. loti strain ICMP3153 was discovered through its ability to
transfer to nonsymbiotic mesorhizobia in the environment and
convert them to symbionts (57). Four genomic species of non-
symbiotic mesorhizobia were subsequently isolated from rhi-
zosphere samples of field-grown L. corniculatus (56), and the
transfer of the island to three of these species was demon-
strated in the laboratory (58). The ability of the symbiosis
island to convert a soil saprophyte to a symbiont suggests that
it contains a large proportion of the microsymbiont genes re-
quired for the symbiosis. Characterization of the island showed
that it is an �500-kb genetic element that integrates into a
phenylalanine tRNA gene, reconstructing the gene at one end
(arbitrarily defined as the left end) and producing a 17-bp
direct repeat of the 3� end of the tRNA gene at the right end.
Within the left end of the island, a gene, intS, that encodes a
product with similarity to members of the phage P4 integrase
subfamily is located 198 bp downstream of the tRNA gene
(58). The integrase is required for integration and excision of
the island (J. T. Sullivan and C. W. Ronson, unpublished data).

The element was termed a symbiosis island on the basis of its
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similarities to pathogenicity islands of gram-negative bacteria
that have played a key role in the evolution of these pathogens.
Pathogenicity islands are defined regions of chromosomal
DNA containing clusters of genes required for virulence which
are absent from benign isolates of the same or related species
(21). Most are situated adjacent to tRNA genes, and many
contain an integrase of the P4 family. The available evidence
suggests that pathogenicity islands were acquired by lateral
transfer, but it has proved difficult to demonstrate their trans-
fer under laboratory conditions; in contrast, the symbiosis is-
land is readily transferable.

Several considerations led us to determine the nucleotide
sequence of the symbiosis island of M. loti strain R7A, a de-
rivative of strain ICMP3153. The sequence would give insights
into the symbiotic complement of M. loti and also into the
signals and mechanisms underlying horizontal transfer of the
symbiosis island and perhaps of other genomic islands in the
environment. Moreover, M. loti is the natural microsymbiont
of L. japonicus, which is one of two model legumes presently
subject to intensive studies designed to elucidate the plant
contribution to the symbiosis (53). DNA sequence analysis
would also rapidly provide information on the bacterial input
to the symbiosis that is crucial to complement genetic studies
of the plant. Comparison of the island sequence with those of
the symbiotic regions of other rhizobia would provide insights
into the evolution of both the island and the symbiosis. Se-
quences available for comparison include those of the 536-kb
symbiotic plasmid pNGR234a of Sinorhizobium sp. strain
NGR234 (14), a 400-kb symbiotic region of Bradyrhizobium
japonicum USDA110 (18), and the entire genomes of Sino-
rhizobium meliloti strain 1021 (16) and M. loti strain
MAFF303099 (25).

The 7.6-Mb strain MAFF303099 genome consists of a chro-
mosome and two plasmids, pMLa and pMLb. A comparison
with strain R7A indicates that the MAFF303099 chromosome
contains a putative symbiosis island integrated adjacent to the
phenylalanine tRNA gene, although the island differs at both
ends from the R7A island and it is not known whether it is
transmissible (25). Here we report a sequence analysis of the
R7A symbiosis island and a comparative analysis of the R7A
island with the putative strain MAFF303099 symbiosis island
and with the other rhizobial sequences. This analysis has re-
vealed potentially novel symbiotic genes and has given signif-
icant insight into the evolution of the two M. loti symbiosis
islands.

MATERIALS AND METHODS

Bacterial strain. The symbiosis island of M. loti strain R7A, a field reisolate of
strain ICMP3153 (57), was sequenced. Strain ICMP3153 is also known as
NZP2238, and culture collection isolates of these strains may differ by the
presence or absence of a plasmid (57). Strain R7A lacks plasmids (57).

BAC cloning. Three SpeI fragments of approximately 80, 120, and 140 kb
contained within the island had previously been linked together and with the
ends of the island by pLAFR1- or pIJ3200-based cosmid clones (58). The nu-
cleotide sequence of the island was obtained from the three SpeI fragments
cloned into a bacterial artificial chromosome (BAC) vector and from eight of the
cosmid clones that, together with the SpeI fragments, spanned the island. To
clone the SpeI fragments, the BAC vector pBeloBacII (69) was modified by
digestion with NotI to remove the lacZ� fragment, blunt ended, and ligated to a
blunt-ended BspLU11I/HpaI lacZ� fragment from the vector Litmus 28 (New
England Biolabs, Beverley, Mass.) to produce pLitBac. This vector contains a
unique SpeI-compatible AvrII site in the polylinker. The SpeI fragments were

isolated by pulsed-field gel electrophoresis (PFGE) using a Bio-Rad DRIII
electrophoresis cell and 1% SeaPlaque GTG low-melting-point agarose (FMC
Bioproducts) gels in 1� Tris-acetate-EDTA buffer. Electrophoresis of a SpeI
digest of R7A DNA was carried out at 6 V/cm at an included angle of 120° by
using a linearly ramped pulse of 1 to 13 s for 18 h at 14°C. DNA fractions of
between 80 and 200 kb were isolated by electroelution as described previously
(54). Fractions were ligated into pLitBac which had been digested with AvrII and
dephosphorylated. Ligations were transformed into Escherichia coli DH10B by
electroporation as described previously (52). Sequences obtained from plasmid
subclones of cosmids which overlapped the SpeI fragments were used as de-
scribed previously (11) to design PCR primers to screen BAC clones directly
from cultures of pooled clones. Selected BAC clones were sized on PFGE gels
and used to probe Southern blots of PFGE gels containing genomic SpeI digests
of diverse strains of mesorhizobia containing the island, to confirm that they
hybridized to island SpeI fragments of the expected size.

Random library construction and sequencing. To obtain random subclones for
sequencing, CsCl gradient-purified cosmid and BAC clones were sheared by
nebulization, end repaired using T4 DNA polymerase and Klenow polymerase,
and size fractionated by agarose gel electrophoresis. Fractions of approximately
2.5 kb were extracted from gels, ligated into pUC8 which had been digested with
SmaI and dephosphorylated, and transferred by electroporation into DH10B.
Colony hybridizations were carried out by hybridizing membranes successively
with the BAC or cosmid vector and the relevant BAC or cosmid clone to
eliminate random clones containing vector DNA or nonisland sequences.

All sequencing was carried out using plasmid DNA or PCR products as
templates and dye-terminator chemistry on ABI377 sequencers. Random pUC8
clones obtained from cosmids and BACs were sequenced using Universal for-
ward and, in selected cases, reverse primers. Sequencing of individual BACs and
cosmids was continued until an approximately 4 times coverage level was
achieved. To complete the project, directed sequencing with custom primers was
carried out on selected random clones and PCR products amplified from
genomic DNA. PCR products were also used to examine possible frameshifts,
and all frameshifts in pseudogenes were verified. Approximately 4,500 sequences
were used for the final assembly.

Assembly and annotation. Sequences were manually edited and then assem-
bled using Seqman (DNAStar Inc., Madison, Wis.) and Sequencher (GeneCodes
Corp., Ann Arbor, Mich.). Open reading frames (ORFs) were identified using
BlastX (1) and GeneMark.hmm programs trained on a heuristic model (7) and
also a FrameD (50) program trained on a set of 50 previously identified symbiosis
island ORFs. The minimum size for ORFs without database homologues was 150
bp. Predicted ORFs and intergenic regions were used to interrogate nonredun-
dant protein databases by using the Blast programs (1) via the website http:
//www.ncbi.nlm.nih.gov/blast. Sequence annotation and analysis were performed
utilizing the Web-based microbial genome annotation system iANT (61). Pro-
teins were categorized using a modified Riley classification (46). In general, the
minimal level of similarity leading to assignment of putative gene products as
homologues was defined as 30% amino-acid identity over an alignment spanning
80% or more of both the putative gene product and its database homologue;
gene products that shared �40% amino acid identity were considered likely
orthologues. Comparisons to the MAFF303099 sequence were carried out using
the website http://www.kazusa.or.jp/rhizobase.

Nucleotide sequence accession number. The sequence reported in this paper
has been deposited in the EMBL database under accession number AL672111.
The complete annotated genetic map and classification of the R7A island are
available on the Web at http://sequence.toulouse.inra.fr/msi.

RESULTS AND DISCUSSION

General features of the island sequence. The island se-
quence was determined to be 501,801 bp in length, with an
average G�C content of 59.3%. Variation in G�C content
ranged from 47.3% for the nodulation gene nolL (msi116) to
�69% for the cytochrome P450 gene cluster (msi071 to
msi064). The genetic organization of the island is shown in Fig.
1. A total of 414 genes were predicted, giving a gene density of
1 per 1.21 kb. The genes were grouped into 11 categories based
on functional class (46), with the addition of those of nodula-
tion and nitrogen fixation, and compared with genes on the
putative MAFF303099 island, pNGR234a, the symbiotic re-
gion of B. japonicum, and the complete S. meliloti genome
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(Table 1). pNGR234a contained more genes conserved with
the M. loti islands than did the symbiotic plasmids of S. meliloti
or the symbiotic region of B. japonicum. Apart from seven nod
and 16 nif genes, only five genes encoded likely orthologues
conserved across all the rhizobial symbiotic regions. These
were the C4-dicarboxylate transport gene dctA, which is re-
quired for nitrogen fixation (28), msi337 and msi338, which
may be involved in nitrogen fixation (see below), and msi300
and msi301, which are part of an insertion sequence (IS).
Interestingly, 96 of the 109 hypothetical genes detected in the
R7A island that have no database matches to other bacteria
are not present in the M. loti MAFF303099 genome, indicating
that they are strain rather than species specific.

In addition to intact genes, 36 pseudogenes of IS origin and
30 pseudogenes of non-IS origin were identified. These pseu-
dogenes often contained stop codons and had undergone de-
letions and frameshifts compared to their intact database or-
thologues. Some pseudogenes have intact orthologues on the
island, whereas others do not (e.g., metZfr). Several pseudo-
genes were also found on pNGR234a (14), and some of these
have intact orthologues on the R7A island (e.g., accD, hemN,
and msi064).

A feature of the R7A island was the relatively low number of
intact ISs in comparison to those of the sequenced symbiotic
regions of other rhizobia, with most IS-related sequences being
present as pseudogenes. The IS-related sequences were con-
centrated in two areas, a region of low coding density from 263
to 308 kb and a region from 476 to 480 kb that seems to
comprise three copies of an IS, two of which inserted sequen-
tially into the original copy. Similar clustering of ISs into non-
informational regions was observed for pNGR234a and may

reflect a mechanism to preserve the integrity of coding regions
(14).

Comparison between the R7A and MAFF303099 symbiosis
islands. The putative MAFF303099 island was defined by com-
parison with the R7A island and, at 610,975 bp, is about 109 kb
larger than the R7A island (25). The two islands have similar
G�C contents (59.3% and 59.7%), which are lower than that
of the remainder of the MAFF303099 chromosome (63.0%).
The integrase gene downstream of the phenylalanine tRNA
gene is the first gene on both islands, but at the other end the
two islands share only 24 bp, including the 17-bp direct repeat
of the 3� end of the phenylalanine tRNA gene. However, the
two islands share conserved backbone sequences of 248 kb
with about 98% DNA sequence identity (Fig. 1), indicating
that they evolved from a common ancestor. The backbone has
a G�C content of 60.3% and contains all the genes identified
below as likely to be required for Nod factor synthesis, nitro-
gen fixation, and island transfer. The backbone is interrupted
by numerous strain-specific “islets” that represent DNA either
lost or gained by each strain and range in size from �50 bp up
to 168 kb (Fig. 2). The few noncolinear regions that encode
similar proteins, such as the region containing msi076 to
msi083 on the R7A island (Fig. 1), are less conserved (�90%
nucleotide identity). This suggests that these regions were ac-
quired from different sources by each island subsequent to
their divergence from the common ancestor, rather than aris-
ing through translocation of regions present in the ancestral
island.

Differential decay of some of the pseudogenes present on
both islands accounts for some of the islets. For example, both
strains contain fragments of a P4 integrase-like gene adjacent

TABLE 1. Functional classes and likely orthologues in other rhizobia of symbiosis island genes

Functional class No. of genes in
R7A island

No. of genesa also in:

MAFF303099
symbiotic island

S. meliloti 1021
genomeb pNGR234a B. japonicum

symbiotic cluster

Nodulation 16 16 8a, 1b 15 10
N fixation 20 20 16a 20 20
Regulatory function 27 21 2a, 6b, 6c 8 2
Small molecule metabolism 95 78 13a, 14b, 14c 20 9
Macromolecule metabolism 13 8 2a, 1b 1 2
Cell processes 51 31 5a, 5b, 9c 14 1
Elements of external origin 18 10 5a, 2b 6 8
Structural elements 3 2 1c 1 1
Hypothetical

Globalc 37 31 3a, 4b, 2c 14 4
Partial 25 7
No matches 109 13

Total 414 237 119 (54a, 33b, 32c) 99 57

a Likely orthologues were defined as sharing at least 40% amino acid identity over at least 80% of both subject and query sequences.
b a, b, and c represent S. meliloti pSyma, pSymb, and chromosome respectively.
c Defined as sharing similarity over at least 80% of both subject and query sequences and an “Expect” value of less than 1e	6.

FIG. 1. Detailed map of the strain R7A symbiosis island. Coordinates are given in kilobases, starting from the first base pair downstream of
the phenylalanine tRNA gene. Putative genes are colored according to functional class, while gene fragments are colored black (see key). The
locations of potential nod-box and NifA-regulated promoters are shown by arrows with “nod” or “nif” above them. Regions conserved with the
putative MAFF303099 symbiosis island are indicated by bars above the scale bars. Open bars are colinear regions, and closed bars represent
potentially translocated regions. The coordinates (in kilobases) of the MAFF303099 island, also starting from the first base pair downstream of
the phenylalanine tRNA gene, are indicated next to the bars.
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to fixS (msi010 on the R7A island) (Fig. 1) that show about
70% identity at the amino acid level to regions of the symbiosis
island integrase IntS. However, the portions of the gene re-
maining differ in each strain and do not overlap, giving rise to
islets in both strains. Similarly, both strains have fragments of
a nifA gene adjacent to msi396, but 460 bp more of the gene
remains in MAFF303099, giving rise to a MAFF303099-spe-
cific islet. Four other MAFF303099-specific islets, but no R7A-
specific islets, consist solely of ISs.

A substantial portion of the DNA not in common between
the two islands comprises hypothetical genes and IS-related
sequences. About 8% (42 kb) of the R7A island consists of
transposase/integrase/resolvase genes or fragments thereof
compared to 19% (114 kb) for MAFF303099 (25), which ac-
counts for a significant portion of the size difference between
the two islands. Apart from intS and a few IS fragments, none
of the genes or fragments of external origin are in regions
colinear between the two islands. Indeed, the products of many
of these genes are more similar to those from other bacteria
than to those of the other island or, in the case of R7A, those
of the MAFF303099 genome. These observations suggest that
each island was independently invaded by ISs and other mobile
elements subsequent to their evolution from a common pris-
tine ancestor. It seems likely that these mobile elements were
also involved in the acquisition of the larger strain-specific
islets.

A common theme of microbe-host interactions is the secre-
tion by the microbe of effector proteins directly into the cyto-
plasm of host cells via a type III or IV secretion system (9, 22).
For example, pNGR234a encodes a type III system that is
regulated by a nod-box promoter and is required for host-
specific nodulation (30, 67). The R7A island has a gene cluster
(msi046 to msi058 and msi060) with strong similarity to those
vir genes from Agrobacterium tumefaciens that encode the type
IV pilus through which T-DNA and proteins are transferred to
the plant (9, 24). This cluster is not present in MAFF303099,
but MAFF303099 has a gene cluster on a 168-kb strain-specific
islet with strong similarity to the clusters encoding type III
secretion systems on pNGR234a (14) and in B. japonicum (18).
The R7A vir cluster includes virB1 to B11, which form the
mating pore virD4, which couples the transferred moiety to the

pore, and homologues of virA and virG, the two-component
regulatory system required for expression of the vir system. No
T-DNA processing genes are present on the R7A island, sug-
gesting that the island vir system may function to secrete pro-
teins, as observed for several type IV systems (9, 66), rather
than a DNA-protein complex into plant cells. The virA gene is
preceded by a nod box, the promoter sequence responsible for
nodulation gene induction, suggesting that the system may
have a symbiotic role. Comparison of the two islands indicates
that the vir system has been lost from MAFF303099. Down-
stream of dapA (msi043 in R7A), MAFF303099 has an ORF
comprising an integrase-recombinase gene fused to a 173-bp
region identical to the 5� end of the R7A virD4 (msi060) gene
in antisense orientation. The intervening DNA in R7A, con-
taining the entire vir cluster and msi059, is deleted from the
corresponding location in MAFF303099, resulting in a 23.6-kb
R7A-specific vir islet. However, the MAFF303099 island has a
DNA region nearly identical to the R7A region, comprising
msi059 and the adjacent 3� 120 nucleotides of virD4, located
adjacent to its type III gene cluster. Hence, it seems likely
that this region was translocated to its new location in
MAFF303099, perhaps as part of the recombination event that
led to the deletion of the vir system from MAFF303099.
Msi059 encodes a large protein with an internal repetitive
structure that, because of its location in the strains, is a can-
didate for transfer to plant cells via the type III and IV systems
in both strains.

The plasticity of the genetic complement of the two symbi-
osis islands is illustrated by the findings that a number of gene
clusters found on the R7A island are also present on plasmid
pMLa in MAFF303099 and that some of these are absent from
the MAFF303099 island. For example, the cluster msi362 to
msi374 (nad and bio operons) is syntenous on both islands and
pMLa, as are msi325 to msi327, which encode metabolic en-
zymes. Clusters present on R7A and pMLa but absent from the
putative MAFF303099 island include msi203 to msi205 and
msi246 to msi247, which encode enzymes involved in amino-
acid metabolism, and msi305 to msi319, which encode gene
products involved in phosphonate transport and metabolism,
as well as an ABC oligopeptide transporter.

Nodulation genes. The Nod factor produced by M. loti strain
R7A is an N-acetylglucosamine pentasaccharide in which the
nonreducing residue carries a carbamoyl residue and is N-
methylated and N-acylated and the reducing residue is substi-
tuted at the C-6 position with O-acetylfucose (29). The island
carries the 12 genes required for synthesis of this structure plus
the nodIJ genes required for Nod-factor transport (41). The
genes are arranged in seven operons, each of which is preceded
by a nod box. Four of the operons are in one cluster, while
nodM and the two operons (noeKJ and nodZnoeLnolK) re-
quired for the synthesis of the O-acetylfucose moiety are in
different regions of the island, suggesting independent acqui-
sition. Two copies of NodD, the regulator that binds nod boxes
and activates gene expression, are encoded on the island.

Nitrogen fixation. Most of the known structural nif and fix
genes on the island fall into three clusters. The organization of
the nifH operon is identical to that of the nifH1 operon of
pNGR234a, including the gene downstream of nifX, msi288
(y4vQ in pNGR234a) (14). This gene is also found in the same
position in B. japonicum (18), indicating that it is likely to have

FIG. 2. Distribution of strain-specific islets more than 50 bp in size
on the two symbiosis islands. The horizontal axis (linear scale in kilo-
bases) represents the conserved backbone, and the vertical axis (log-
arithmic scale in kilobases) represents the R7A (above horizontal axis)
or MAFF303099 (below horizontal axis) strain-specific islets.
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a function in nitrogen fixation, despite its not being present in
S. meliloti (3). The organization of the fixA-fixU cluster is
identical to those of pNGR234a and S. meliloti, except that
nifZ is not present in S. meliloti. The symbiosis island also
contains orthologues of most other genes located in the
pNGR234a nif-fix cluster. The island cluster msi332 to msi328
is similar to y4vGHIJ with the addition of a ferredoxin gene
and, as all genes in the cluster have homologues implicated in
oxidation-reduction reactions, may have a role in electron
transfer. ORFs msi276 to msi274 are similar to y4xE, fdxB, and
y4xQ, respectively; msi262 is similar to y4vC; msi334 is similar
to y4vD, and msi338 to msi336 are similar to y4xE, y4vS, and
y4vE (nifQ), respectively. Given their respective locations and
likely regulation by NifA in both organisms (see reference 14
and below), these genes may all have a role, as yet unknown, in
nitrogen fixation.

The third island fix cluster is absent from pNGR234a and
includes fixNOPQ, which encodes a cbb (3)-type heme-copper
oxidase complex, and fixGHIS, which may participate in the
uptake and metabolism of copper required for the oxidase
complex (13, 42, 43). These genes are associated with a con-
served hypothetical gene, msi018, the oxygen-responsive regu-
latory gene fnrN, and a gene required for anaerobic heme
synthesis, hemN. The entire cluster is duplicated on the chro-
mosomes of M. loti MAFF303099 (25) and R7A (J. T. Sullivan
and C. W. Ronson, unpublished data). An island fixI::Tn5
mutant forms Fix� nodules (S. H. Miller and C. W. Ronson,
unpublished data), suggesting that the chromosomal copy can
substitute for the island copy in symbiosis. The duplication of
the cluster is consistent with its being required for microaero-
bic respiration in nonsymbiotic bacteria rather than being sym-
biosis-specific and with the island having acquired most genes
with a specific symbiotic role. The fixNOQP operon is also
reiterated in S. meliloti (3), Rhizobium leguminosarum (51),
and R. etli (17), perhaps reflecting a similar evolutionary his-
tory.

While the regulation of symbiotic nitrogen fixation has not
been studied in mesorhizobia, the location of fnrN indicates it
is likely to be involved in activating fixNOQP expression in the
absence of oxygen, as shown in R. leguminosarum and B. ja-
ponicum (13, 19, 51). The island also contains two copies of the
nitrogen fixation transcriptional regulator nifA, nifA1, which is
located between fixX and nifB (as also found on pNGR234a)
and in S. meliloti and R. leguminosarum (3, 14, 23), and nifA2,
which is not located in a nif-fix cluster. The products of the two
nifA genes are more similar to NifA proteins from other rhi-
zobia (i.e., NifA1 to that of R. etli and NifA2 to that of B.
japonicum) than to each other, suggesting that the genes were
separately acquired by the island rather than arising by dupli-
cation of a single gene. The genes are not functionally redun-
dant, as a nifA2 mutant forms ineffective nodules (55). No
potential activators of nifA gene expression were identified on
the island. However, copies of fixLJ and fixK, key oxygen-
responsive regulators of nitrogen fixation in S. meliloti and B.
japonicum (4, 13), are located on the chromosome of M. loti
MAFF303099 (25), as are copies of the two-component regu-
latory system regSR/actSR, which regulates nifA expression in
B. japonicum (12). Hence nif-fix gene regulation in M. loti is
likely to be complex and a variation of that characterized in
other rhizobia.

NifA activates nif gene expression in association with the
product of the rpoN gene, 
54 or RpoN. A copy of rpoN is
present on the island in a nif gene region. RpoN-dependent
promoters have a consensus 5�-TGGCAC-N5-TTGC-3� se-
quence motif, with the GG and GC doublets at 	24/	12
strongly conserved. NifA binds to an upstream activator se-
quence (UAS) (TGT-N10-ACA) 80 to 150 nucleotides up-
stream of the 	24/	12 sequence (13). An initial search of the
island for potential NifA-dependent promoter sequences re-
vealed that the 	12 doublet could be either GC or GA, as also
found for R. etli (63). A search for promoters with a UAS for
NifA together with the modified RpoN consensus revealed 16
likely candidates, including eight that together encompass all
the potential nif gene operons that are in common with those
of pNGR234a (Fig. 1).

Other genes potentially regulated by NifA. Other genes as-
sociated with NifA-regulated promoters include two, msi071
and msi158, that are conserved with pNGR234a and B. japoni-
cum. msi071 is the first gene in a cytochrome P450 cluster that
may be involved in synthesis of a terpenoid, possibly the phy-
tohormone gibberellin (62). Compared to M. loti, the
pNGR234a and B. japonicum clusters are truncated by ISs at
or within the msi064 homologue, which probably encodes iso-
pentenyl pyrophosphate isomerase, and hence are likely to be
nonfunctional although they are expressed in nodules. The B.
japonicum, strain NGR234, and M. loti clusters all have a
distinctive high G�C content of 69% (including msi064 in M.
loti), and the gene products share �98% amino acid identity,
suggesting that the three rhizobia acquired the cluster rela-
tively recently from a common source.

msi158 encodes an outer membrane protein similar to
Omp21 from Comamonas acidovorans that is expressed under
microaerobic conditions and may be a porin or involved in
adhesion (2). Its pNGR234a homologue is strongly expressed
in nodules (40), which, taken together with the fact that no
other homologues of the protein are present in the M. loti
MAFF303099 genome, indicates that the protein may have a
symbiosis-specific role.

Predicted functions of some of the other genes potentially
regulated by NifA also indicate a role in symbiosis. msi036
encodes a protein with a sequence with strong similarity over
its full length to those of the Omp2 porins of Brucella species
(10) and is one of a five-member family of these genes in the
M. loti MAFF303099 genome. msi188 is an additional member
of this family not present in MAFF303099. It is interesting that
two of the three genes encoding outer membrane proteins on
the symbiosis island are likely to be NifA regulated, as these
proteins are at the interface of the plant-microbe interaction.

The msi273 product is 1-aminocyclopropane-1-carboxylate
(AAC) deaminase, which catalyses the conversion of AAC, the
metabolic precursor of the phytohormone ethylene, to ammo-
nia and �-ketobutyrate. The plant-growth-promoting bacteria
Pseudomonas fluorescens and Enterobacter cloacae promote
root elongation through expression of ACC deaminase (26,
68). A role for ACC deaminase in the symbiosis is indicated by
the finding that inhibition of ethylene biosynthesis enhances
nodulation of L. japonicus, especially when the plant roots are
exposed to light (37, 65).

Msi380 shows strong similarity to cytochrome C peroxidase
from Pseudomonas aeruginosa. In P. aeruginosa, the enzyme is
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located in the bacterial periplasm, where its likely function is to
provide protection against toxic peroxides (45). A similar func-
tion could be envisaged for the island gene, as an oxidative
burst is an early response in the alfalfa-S. meliloti symbiotic
interaction (49) and in addition, hydrogen peroxide will be
formed as a by-product of respiration.

Island transfer. The island is unlikely to replicate as a plas-
mid, as it lacks the highly conserved repABC genes. The phage
P4-like integrase encoded by intS (msi001) is required for the
integration of the island and its excision as a circle (J. T.
Sullivan and C. W. Ronson, unpublished data). The island also
contains a trbBCDEJLFGI operon and a traG gene, which
show similarity to those required for conjugative transfer of the
Agrobacterium Ti plasmid, pNGR234a and RP4 (27), except
that two genes, trbK and trbH, found on these plasmids are
missing. Interestingly, the island trb operon is most similar to
the trb operon on M. loti MAFF303099 pMLb, including the
hypothetical gene msi021 immediately downstream of trbI. The
island trbGImsi021gene products are also very similar to those
from the partially sequenced trb operon of Tn4371, a transpo-
son from Ralstonia eutrophus containing a bph gene cluster
required for degradation of biphenyl (34), and to a partial trb
operon from Caulobacter crescentus that is disrupted by an IS
(36). The strong similarities between, absence of trbH from,
and presence of msi021 in these four operons suggest that they
form a new subfamily of mating pore systems.

The island also contains an orthologue of traF (msi108) that
encodes a protease which acts on TrbC, the precursor of the
major pilin subunit (20). The island traF is part of a cluster of
five genes (msi110 to msi106) that are also conserved as part of
a cluster (mll9738 to mll9748) on pMLb. Msi107 shows strong
similarity to lytic murein transglycosylases. The pMLb cluster
also includes homologues of traG (msi032) and msi031 that are
adjacent to the trb operon on the R7A island and a repA gene
and adjacent hypothetical gene not found on the island. Thus,
it seems likely that msi110 to msi106 are involved in the trans-
fer of the island. The cluster on the putative MAFF303099
island is interrupted by insertion of a transposase gene, raising
the possibility that the MAFF303099 island may not be self
transmissible.

Msi152 is a homologue of the incW plasmid pSa antirestric-
tion protein ArdC (6). Homologues are also encoded on sev-
eral Agrobacterium plasmids: pNGR234a, pNL1 from Sphin-
gomonas aromaticivorans, and M. loti pMLa and pMLb (14, 25,
47, 59). These proteins exhibit high similarity to the N-terminal
300 amino acids of the TraC1 primase of RP4, which is trans-
ferred to recipients during conjugation (44). A complete copy
of the RP4-type traC gene is not located on the island, Ti
plasmids, or pNGR234a. ArdC and TraC1 are able to bind
single-stranded DNA and escort plasmid DNA during conju-
gation (6), and so ArdC may play a role in the conjugative
transfer of the island.

Island transfer may be regulated by Msi173 and Msi174, as
these show similarity to TraI (homoserine lactone synthase)
and TraR, respectively, members of the LuxI/LuxR family of
cell density-dependent regulators, which together regulate
Agrobacterium Ti plasmid transfer (15). A second traI homo-
logue (msi039) is also present on the island, and traI and traR
homologues are present on pMLb.

Transport. The R7A and MAFF303099 islands encode six
and seven ABC transport systems, respectively, and apart from
ExsA (Msi339), all are encoded on strain-specific islets. ExsA
is an MsbA-like exporter that has been implicated in the bio-
synthesis of exopolysaccharide I in S. meliloti (5). msi077
to msi079 encode a sugar importer most similar to ribose
transporters. The operon is also present on pNGR234a and
as part of a noncolinear conserved cluster on the putative
MAFF303099 island, and in each of these cases it is adjacent to
a metabolic operon that includes genes encoding the two sub-
units of transketolase. The gene products of msi195 to msi191
share about 80% identity to products of y4OPQRS from
pNGR234a and so are likely to transport the same oligopep-
tide substrates. msi318 to msi314 also encode an oligopeptide
transporter. The other two R7A ABC transporters, Msi229 to
Msi227 and Msi243 to Msi241, are similar to polyamine and
amino acid transporters, respectively. ABC transporters with
similarity to oligopeptide and polyamine types are also en-
coded on the putative MAF303099 island but are not strongly
conserved with the R7A operons. The MAFF303099 island
does not encode a transporter similar to the Msi243 to Msi241
amino acid transporter. Thus, the exact complement of ABC
transporters does not seem to be important for symbiosis.

In addition to ExsA, the products of four island genes are
likely to be involved in small-molecule efflux. Two, Msi042 and
Msi120, are members of the Rht family of amino acid efflux
proteins, while Msi063 and Msi184 are members of the MFS
family of transport proteins. All five efflux proteins are con-
served between the two islands.

Metabolic genes. The symbiosis island contains a wide vari-
ety of metabolic genes, including several with products that
show strong similarity to enzymes involved in carbon metabo-
lism, the synthesis and breakdown of amino acids, phospho-
nate degradation, and cofactor biosynthesis (Table 2). Of the
seven nonsymbiont mesorhizobial strains isolated from the en-
vironment, all were auxotrophic for biotin and thiamine and all
but one were auxotrophic for nicotinic acid (56). Transfer of
the symbiosis island to these strains rendered them prototro-
phic, confirming the functionality of the bio, nad, and thi oper-
ons on the island (Table 2). The role, if any, of these cofactor
biosynthetic genes in the symbiosis process remains unknown,
as they are not required for nodulation or nitrogen fixation
(reference 55 and N. G. McCallum and C. W. Ronson, unpub-
lished data). The bio and nad operons are duplicated on pMLa
in strain MAFF303099, providing further evidence of the ac-
cessory nature of the operons in these soil bacteria.

The island contains several genes that encode products in-
volved in one-carbon metabolism, including the synthesis of
glycine, methionine, S-adenosylmethionine (SAM), and the
cofactor tetrahydrofolate and its methylene and methyl deriv-
atives (Table 2), suggesting a demand for these compounds in
symbiosis. Previously only glyA and a gene involved in methi-
onine synthesis, metZ, have been implicated in symbiosis (48,
60). Tetrahydrofolate or its derivatives are required for glycine,
methionine, and purine synthesis, and purine auxotrophs also
form symbiotically defective nodules (28). In addition, tetra-
hydrofolate is required for the formylation of Met-tRNAfMet

to initiate translation. It is possible that the presence of some
of the C1 genes is an adaptation to the high levels of nif-specific
protein synthesis in nodules. SAM is required for several func-
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tions, including DNA methylation, biotin biosynthesis, and in
M. loti, the NodS-mediated methylation of Nod factors. Most
of the genes implicated in C1 metabolism have homologues
elsewhere in the MAFF303099 genome; however, the metE
gene, which encodes a cobalamin-independent methionine
synthase, is only present on the island. A metE gene is also
present in the symbiotic region of B. japonicum (18), and its
presence may therefore represent a symbiosis-specific adapta-
tion.

Two other metabolic genes that are unique to the islands are
maaL, which encodes a methyl-aspartate ammonia lyase in-
volved in glutamate degradation, and fumA, which encodes a
Class I fumarase that may be involved in anaerobic respiration.
maaL has only been found in a few bacteria, including E. coli
strain O157:H7, in which it is part of an O-specific island
together with a fumA homologue (39). msi040 encodes an
�-type carbonic anhydrase and is also unique to the islands.
The function, if any, of these and the other metabolic genes on
the islands remains to be determined, but it seems likely that
they contribute to the symbiosis by maintaining and fine-tuning
metabolic fluxes through the various phases of the rhizobium-
plant interaction.

Conclusions and perspectives. Our sequence analysis has
shown that the strain R7A symbiosis island is a large, site-
specific conjugative transposon that is likely to transfer via a
type IV mating pore in a mechanism analogous to plasmid-
mediated conjugation. Comparison of the R7A island with the
putative symbiosis island of M. loti MAFF303099 revealed that
the two islands share 248 kb of DNA, showing near-perfect

colinearity, and about 98% nucleotide identity, indicating that
this DNA was present in a common ancestral island. Never-
theless, the two islands show a surprising degree of divergence,
mainly due to the deletion and acquisition of multiple DNA
segments that interrupt the colinear regions. The dynamic na-
ture of the islands is also emphasized by the presence of several
pseudogenes at various stages of decay in the two islands and
the presence of a number of gene clusters on the R7A island
that are plasmid borne in MAFF303099. Most of the unique
hypothetical genes on the R7A island are clustered and are on
strain-specific segments, suggesting that they represent genetic
elements of unknown function rather than symbiotically rele-
vant DNAs. This hypothesis is supported by the finding that
most of the ISs are also strain specific. The overall pattern of
colinear segments interrupted by strain-specific segments is
similar to that observed between the genomes of related bac-
terial pathogens (32, 38, 39) and presumably reflects common
evolutionary mechanisms.

The DNAs common to both islands include the putative
transfer genes, most if not all genes known to be required for
nodulation and nitrogen fixation, and several genes with de-
duced functions that indicate they may have a symbiotic role.
These include genes also present on pNGR234a that may be
involved in nitrogen fixation. The symbiosis island also confers
upon the host bacterium a wide variety of metabolic and trans-
port functions, at least some of which are likely to augment the
symbiotic interaction, as they are also found on other symbiotic
replicons. Some functions, such as the ability to synthesize
cofactors and the ability to catabolize sarcosine and phospho-

TABLE 2. Metabolic genes of defined function on the R7A symbiosis island

Msi number functional category and gene no. Gene/operon mnemonic Gene product(s) or predicted function

Amino acid metabolism related to 1-carbon metabolism
msi156 ltaM Low specificity L-threonine aldolase
msi160 metE 5-methyltetrahydropteroyltriglutamate-homocysteine

methyltransferase
msi166 metK SAM synthetase
msi167 glyA Serine hydroxymethyltransferase
msi204 cysM Cysteine synthase
msi237–msi234 soxBDAG1 Sarcosine oxidase
msi246 kbl 2-amino-3-ketobutyrate coenzyme A ligase
msi256–msi253 soxBDAG2 Sarcosine oxidase

Other amino acid metabolism
msi043 dapA Dihydrodipicolinate synthase
msi182 maaL Methylaspartate ammonia-lyase
msi203 Fusion protein containing putative ligase and

arginosuccinate lyase
msi323 asnB Asparagine synthetase
msi326 aatA Aspartate aminotransferase

Carbon metabolism
msi040 cah A-type carbonic anhydrase
msi177 fumA Fumarate hydratase Class I
msi282 adc Acetoacetate decarboxylase
msi327 pepM Phosphoenolpyruvate phosphomutase

Phosphate metabolism
msi311–msi305 phnGHIJKML Phosphonate degradation

Cofactor synthesis
msi363–msi365 nadABC Nicotinate biosynthesis
msi367–msi371 bioBFDAZ Biotin biosynthesis
msi372 panD Aspartate 1-decarboxylase
msi389–msi394 thiCOSGED Thiamine biosynthesis
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nates, may contribute to survival in the rhizosphere environ-
ment, although they are not required for the survival of the
nonsymbiotic saprophytic mesorhizobia. The comparative
analysis described here provides the foundation for future
analysis that will provide insight into the function of these
newly revealed genes. Questions of particular interest include
the significance of the type IV secretion system in R7A versus
the type III secretion system in MAFF303099, the signals and
mechanisms underlying horizontal transfer of the symbiosis
island to nonsymbionts in the environment, and more gener-
ally, the evolution and transmission of genomic islands.
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