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Analysis of the 1,683,333-nt sequence of the pSymB megaplasmid
from the symbiotic N2-fixing bacterium Sinorhizobium meliloti
revealed that the replicon has a high gene density with a total of
1,570 protein-coding regions, with few insertion elements and
regions duplicated elsewhere in the genome. The only copies of an
essential arg-tRNA gene and the minCDE genes are located on
pSymB. Almost 20% of the pSymB sequence carries genes encoding
solute uptake systems, most of which were of the ATP-binding
cassette family. Many previously unsuspected genes involved in
polysaccharide biosynthesis were identified and these, together
with the two known distinct exopolysaccharide synthesis gene
clusters, show that 14% of the pSymB sequence is dedicated to
polysaccharide synthesis. Other recognizable gene clusters include
many involved in catabolic activities such as protocatechuate
utilization and phosphonate degradation. The functions of these
genes are consistent with the notion that pSymB plays a major
role in the saprophytic competence of the bacteria in the soil
environment.

Among the bacteria, the a-proteobacteria appear unusual
because of the presence of multiple replicons within the

same bacterial strain (1). In the case of Agrobacterium tumefa-
ciens, the causative agent of crown gall disease, the genome
contains both a linear and a circular chromosome (2). Many (but
not all) of the bacteria that form N2-fixing root nodules on
leguminous plants are characterized by the presence of multiple
plasmids greater than 400 kb in size. In the case of the N2-fixing
symbiont Sinorhizobium meliloti, there are three replicons, a
3,654-kb circular chromosome (3, 4) and two megaplasmids
1,354 and 1,683 kb in size (5–7). The smaller of the megaplas-
mids, variously called pSymA, pNod-Nif, or pRmeSU47a, is
known to carry many of the genes involved in root nodule
formation (nod) and nitrogen fixation (nif ) (8, 9).

The 1,683-kb megaplasmid, referred to as pSymB, pExo, or
pRmeSU47b, is known to carry various gene clusters involved in
exopolysaccharide (EPS) synthesis, C4-dicarboxylate transport,
and lactose metabolism (10–12). Early studies focused on mu-
tations that abolished synthesis of the succinoglycan EPS, EPS
I, because these mutations resulted in a loss of the ability to form
normal N2-fixing root nodules. This symbiotic defect was rescued
by second-site mutations that increased the synthesis of a second
galactoglucan EPS (EPS II), whose biosynthetic genes were also
located on the pSymB megaplasmid (13, 14). Other genes
located on pSymB that are required for the formation of
N2-fixing root nodules include the C4-dicarboxylate (dctA) and
phosphate transport (phoCDET) genes and the bacA gene
(15–18). The presence of large plasmids in bacteria that form
associations with plants was described over 20 years ago (19).
However, with the exception of the symbiotic genes in relatively
small regions of these plasmids, the broader biological role of the
plasmids in the biology of the organism has remained obscure.
We constructed a genetic map of the pSymB megaplasmid and

then generated strains in which over 1,200 kb of pSymB was
removed (20, 21). Phenotypic analysis of these deletion deriva-
tives revealed a small number of phenotypes; however, the
functions of over 90% of the plasmid remain unknown.

Here we describe the complete nucleotide sequence and anno-
tation of the pSymB megaplasmid. We find that the plasmid has a
high gene density, similar to that of previously sequenced bacterial
chromosomes. Annotation of the sequence revealed a previously
unsuspected richness with respect to the number of solute transport
systems, polysaccharide synthesis gene clusters, transcriptional reg-
ulators, cell protection, and other genes that appear to have
catabolic roles. In addition, the megaplasmid contains genes that we
assume are essential for viability of the bacteria. The question
whether the pSymB replicon should be called a megaplasmid or
chromosome is one of the issues that arises from the nucleotide
sequence analysis described in this report. For the sake of clarity,
and to be consistent with the previous literature, we refer to the
3.6-Mb replicon as the chromosome and the pSymB and pSymA
replicons as megaplasmids.

Materials and Methods
Bacterial Strains. S. meliloti was isolated from New South Wales,
Australia, in 1939 and was originally referred to as strain SU47
(22). DNA from the streptomycin-resistant SU47 derivative
Rm1021 was used for sequencing.

Library Construction and Sequencing of Shotgun Clones. The large
DNA inserts from pSymB region V5056 to V5102 were cloned
into BAC vectors by using an in vivo cloning procedure (23), and
the BAC DNA then was purified, nebulized, size fractionated to
1- to 2-kb fragments, and cloned into phosphatase-treated
SmaI-restricted pUC118. A minimal set of 24 overlapping BAC
clones (24) covering the complete pSymB megaplasmid was also
used to construct shotgun libraries with different insert sizes
(1.3–1.7 and 2.8–3.2 kb) by nebulization of BAC clone DNA and
cloning into pTZ18R (Amersham Pharmacia).

Sequencing of shotgun clones for all of pSymB was performed by
using M13 forward and reverse standard sequencing primers to
achieve '7.5-fold coverage. Contigs were closed by PCR amplifi-
cation from specific primers. Sequencing reactions were performed
with dye-terminator and dye-primer chemistry on ABI Prism
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377–96, ABI 373S (Applied Biosystems), and LI-COR LongRead
IR 4200 (Li-Cor, Lincoln, NE) DNA sequencers.

Contig Assembly and Sequence Editing. The replicon was partly
sequenced and annotated by a team based at McMaster Uni-
versity and partly by a team based at the University of Bielefeld.
The final sequence and annotation were checked and corrected
by both groups. Sequence data were processed and assembled by
using the ACEDB assembly package [R. Durbin and J. Thierry
Mieg (1998) htp:yyhtp.ncbi.nlm.nih.govyrepositoryyacedb] at
McMaster University or the PHRED/PHRAP and STADEN (GAP4)
packages of base-calling, sequence assembly, and finishing/
editing software at the University of Bielefeld (25–27). The
vector sequence was identified and removed from individual
clones before assembly.

Regions of base-call uncertainty, low coverage, or potential
frameshifts were resequenced from shotgun clones, BAC clones,
or from sequencing of the PCR product from amplification of
genomic DNA. Custom-made primers designed by PRIDE (28)
were used for these purposes.

Sequence Analysis and Annotation. Annotation of the completed
sequence was performed with the aid of various software
packages. Individual ORFs greater than 150 bp with homology
to BLAST hits (expect value greater than e 2 10) were examined
for the presence of ribosomal binding site(s). Potential start sites
were decided by considering ATG, GTG, and TTG start sites.
FrameD, a hidden Markov chain method trained for Rhizobium
(ref. 29; see also http//www.toulouse.inra.fr/FrameD.html), was
also used in conjunction with BLAST results to determine poten-
tial ORFs and start sites. Final editing of the annotation included
a search for homology with genes within the three replicons, and
annotations were confirmed with PRODOM information (30).

Annotation at the University of Bielefeld used the GEN-DB
annotation database environment developed at Bielefeld. ORFs
were predicted by using GLIMMER 2.0 (31). Each ORF was subject
to comparison with sequences in public databases by using BLAST
(32). Additionally, PFSCAN (www.isrec.isb-sib.ch) and SIGNALP
(www.cbs.dtu.dk/services/SignalP) were used to search protein
sequence profile databases and to identify signal peptides.
Predicted ORFs were reviewed individually by annotators for
misprediction start-codon assignment based on contextual in-
formation and assignment of categories based on the functional
gene classification of Escherichia coli (33). Rhizobium-specific
intergenic mosaic elements, motif A, B, C palindromic elements
(34, 35) and insertion sequence elements were included in the
annotation of the complete sequence.

The complete pSymB sequence can be viewed on the consor-
tium web site at http://sequence.toulouse.inra.fr/meliloti.html.

Results and Discussion
General Features of the Nucleotide Sequence and Replicon Organiza-
tion. The total length of the S. meliloti pSymB megaplasmid is
1,683,333 bp, with an overall G 1 C content of 62.4%. Variation of
G 1 C content throughout the replicon is evident, ranging from as
low as '56% in the rkp gene region (surface polysaccharide-
associated export protein) to as high as '66% (within windows of
10,000- and 5,000-bp steps). Ninety percent of the nucleotide
sequence is predicted as protein coding, constituting 1,570 ORFs
with a mean length of 959 bp. The distribution of ORFs on the
forward and reverse strands is symmetrical, with 52% on the
forward strand and 48% on the reverse strand (see Fig. 1). A limited
number of insertion sequence elements (12), rhizobium-specific
intergenic mosaic elements (26), and motif A, B, C elements (5)
were also identified throughout the megaplasmid.

Origin of Replication and rep Genes. The origin of replication of
pSymB is predicted to lie within the repA1B1C1 gene cluster, and

subclones of this region are sufficient to allow its autonomous
replication in Agrobacterium (23). There is a second repAB gene set
(but lacking the repC gene) (repA3B3) lying 131 kb from the
repA1B1C1 cluster. RepC is believed to be directly involved in the
control of the initiation of plasmid replication, whereas RepA and
RepB appear to play a role in plasmid segregation. Whether the
repA3B3 genes play redundant roles in plasmid segregation in S.
meliloti remains to be established. We note that RepA1 has higher
homology to RepA from other organisms than to the pSymB
RepA3 protein or the RepA2 protein encoded by pSymA.

Cell Division, Chaperonins, and Arg-tRNA. The MinCDE proteins
play important roles in the placement of the cell division site in
E. coli (36). The only proteins in S. meliloti homologous to the
Neisseria, E. coli, and Xylella fastidiosa MinCDE are located
downstream of a two-component sensor histidine kinase and
response regulator (but coded on the opposite strand) and a
glycine-rich hypothetical protein. Whether the S. meliloti
minCDE genes are essential has yet to be established; however,
we note that these genes appear to lie in a region for which
deletion derivatives have not previously been identified (21).

The FtsK protein plays a role in septa formation and recom-
binational resolution of dimeric chromosomes in E. coli. Two
FtsK homologs in S. meliloti share 74% amino acid identity; one
is located on the chromosome, and the other (FtsK2) (homolog
of SpoIIIE) is located on pSymB close to the repA3B3 genes. We
believe the chromosomal ftsK1 copy is functional for cell divi-
sion, because deletion derivatives that remove the ftsK2 region
of pSymB showed no obvious growth defects. It is interesting that
FtsK2 is more similar in sequence and length to the Rickettsia
prowazekii (AJ235273) FtsK homolog than is FtsK1.

There are four chaperonins on pSymB: groEL5, htpG, which
is a member of heat-shock-protein Hsp90 family (37), and two
members of the Hsp20 family (SMb21294 and SMb21295).

The sole copy of the tRNA specific for the second most fre-
quently used arginine codon, CCG, is located on pSymB next to a
putative transposase gene (SMb20905) followed by a 3-kb region
containing seven small, possibly degenerating ORFs of unknown
function. In view of this sequence context, it is possible that the
location of this tRNA gene resulted from a transposition event.

EPS and Lipopolysaccharide (LPS) Biosynthetic Genes. Gram-negative
bacteria exhibit complex sets of surface polysaccharides, including
LPS (38), capsular polysaccharides (CPS) (39), EPS (40, 41), and
periplasmic glucans (42). Genes involved in the biosynthesis and
export of cell surface carbohydrates are often clustered, and the
exo/exs and exp gene clusters directing the synthesis of the EPS
succinoglycan (EPS I) (43, 44) and galactoglucan (EPS II) (13, 14)
were previously mapped on pSymB of S. meliloti. The production
of surface polysaccharides is essential for successful nodule invasion
by rhizobia.

Analysis of the DNA sequence of pSymB revealed many genes
whose products are typically involved in the synthesis of cell surface
carbohydrates. Most of these genes are organized in 11 clusters
(Table 1), but surprisingly, the existence of nine of these clusters
ranging in size from 5 to 42 kb was previously unknown. In addition
to these gene clusters, there are several isolated genes whose
products also appear to be involved in the synthesis of cell surface
carbohydrates. The 11 gene clusters contain 188 predicted genes
and have a total size of 223 kb. Hence over 12% of the genes on
pSymB are involved in the synthesis of cell surface carbohydrates.

The pSymB gene clusters 3, 4, 8 (exo/exs), and 9 (Table 1)
comprise genes encoding proteins of the Wzy-dependent poly-
merization mechanism, although the specific target polysaccha-
ride cannot be specified. In clusters 3 and 4, some genes encoding
key functions of the Wzy-dependent export mechanism are
missing. Cluster 2 contains ATP-binding cassette (ABC)-2 ex-
port proteins, and several of these find their closest homologs in
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the export machinery of CPS, implying that this cluster may be
involved in the export of CPS (39). Cluster 2 is homologous to
rpk loci in S. meliloti strain 41 (45) and comprises genes rkpRSTZ
and probable homologs of rkpLM. Other rpk genes (rkpAGHIS
and rkpK-lpsL) are located on the chromosome of strain 1021.
The rkp genes code for K antigens, CPS that have been impli-
cated in root nodule invasion, and can functionally replace EPS
I or EPS II during the invasion process (46).

Besides the ABC-transporter and Wzy-dependent export mech-
anisms, a third mechanism involving the ABC-transporter protein
MsbA has been proposed to mediate the export of nascent lipo-
polysaccharide (LPS) molecules consisting of the lipid A and core
components (47). A MsbA-like protein encoded by the S. meliloti
ndvA gene is involved in the export of b-glucan (48). Other
MsbA-homologs have been identified in pSymB gene clusters 1, 5,
and 8 (exo/exs). Although cluster 1 MsbP protein may be involved

Fig. 1. Genome map of the pSymB megaplasmid of Sinorhizobium meliloti strain 1021. The inner circle displays ORFs on the leading (red) and lagging (green)
strands of pSymB. The outer circle shows predicted gene regions encoding transcriptional regulators (pink), ABC transport systems (yellow), and genes involved
in polysaccharide biosynthesis (orange). The positions of specific genes or sets of genes (e.g., exp, exs, and exo) are also shown on the outer edge of the map.

Table 1. Overview on cell surface carbohydrate synthesis gene clusters of pSymB

Cluster
Size,
kb

Gene
number ORFs

Surface
carbohydrate

1 14 11 SMb20803–SMb20816 Possibly LPS corey
lipid A

2 26 27 SMb20821–SMb21013 Possibly CPS
3 40 33 SMb21050–SMb21082 Unidentified
4 42 33 SMb21223–SMb21256 Unidentified
5 6 4 SMb21188–SMb21191 Unidentified
6 28 21 expE8-expA10 EPS II
7 5 5 SMb21581–SMb21585 Unidentified
8 25 23 exsH-exoP EPS I
9 13 10 SMb21499–SMb2150 1 SMb21512–SMb21513 Unidentified

10 14 14 SMb21416–SMb21428 1 SMb20803–SMb20834 Unidentified
11 9 8 SMb20238–SMb20245 Unidentified
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in the synthesis and export of nascent LPS molecules, the functions
of the other MsbA-like proteins are unknown.

Genes Involved in Metabolic Pathways
Biosynthesis. With the exception of thiamin biosynthesis, few
pSymB genes are predicted to play roles in amino acid or vitamin
biosynthesis (SMb20481, SMb20652, and SMb21494). Of the
genes predicted to be involved in amino acid biosynthesis (e.g.,
aroE2, shikimate 5-dehydrogenase; glnII, glutamine synthetase
II), all have chromosomal homologs. Two pSymB gene regions
are involved in thiamin biosynthesis, thiCOSGE and thiD, and
mutations at either of these loci result in thiamin auxotrophy
(10). Despite the presence of these genes, it has been determined
that availability of thiamin is growth-limiting in the rhizosphere
and is a key factor promoting root colonization (49).

One of the thi clusters (thiCOGE) lies next to the dct genes
encoding a C4-dicarboxylate transport system. Because thi and
dct genes are found in the symbiotic island of Mesorhizobium loti
and Bradyrhizobium japonicum, it will be interesting to compare
the organization of these regions across these three organisms
(50, 51) to determine the extent of gene shuffling and/or
horizontal gene transfer that has occurred since the divergence
of these species.

Asparagine is synthesized from aspartic acid and ammonia (or
glutamine) by the enzyme asparagine synthetase. Two S. meliloti
genes, asnB and asnO, encode proteins similar in size and
sequence (27–33% identity) to asparagine synthetases of E. coli,
and both are located on pSymB. Although the activity of these
proteins remains to be established, in the absence of an alternate
route to synthesize asparagine, it would appear that at least one
of these genes is essential for growth of S. meliloti in minimal
medium. Interestingly, asnB is located only 5 kb upstream from
the minCDE genes, which are also potentially essential to cell
viability.

Catabolism. A number of putative enzymes involved in amino acid
degradative pathways were identified. These include compo-
nents of the enzymes 2-oxoisovalerate dehydrogenase
(SMb20019), propionyl-CoA carboxylase (pccAB), and methyl-
malonyl-CoA mutase (bhbA), which are involved in valine,
leucine, and isoleucine degradation. The histidine utilization
genes (hutUGHIL), whose products are responsible for the
conversion of L-histidine to glutamate and formamide, are
present as a single operon. Previously identified genes involved
in the utilization of poly3-hydroxybutyrate, the a-galactosides,
melibose, raffinose (apaA, agpL, agpT), and lactose (lacEF-
GZK), including the two previously hypothesized lacZ genes,
were identified (21, 52–55).

A 20-kb region of pSymB (SMb21277 to SMb21293) encodes
17 genes involved in purine/pyrimidine nucleotide salvage/
catabolic pathways. This cluster includes a putative uracil/
xanthine permease, a purine/pyrimidine phosphoribosyltrans-
ferase, adenine deaminase, xanthine dehydrogenase, uricase,
and allantoicase.

Other catabolic gene clusters include pathways for the utili-
zation of aromatic compounds associated with degradation of
plant material and the mineralization of lignin. These include a
15-kb gene cluster encoding proteins involved in a pathway for
conversion of hydroxyphenylpyruvate and 4-hydroxybenzoate
via protocatechuate and b-ketoadipate to tricarboxylic acid cycle
intermediates (pcaB-pcaF). A gene cluster (paaGZEDBAX)
similar in sequence and gene order to what is believed to be a
multicomponent oxygenase involved in phenylacetic acid catab-
olism in E. coli (55) was also identified. There are four genes
encoding proteins with homology to inositol monophosphatases
(SMb20150, SMb20159, SMb20362, and SMb21225). At least
one of these is believed to be involved in inositol utilization,
whereas others may be involved in utilization of rhizopines or

possible degradation of the plant-derived phosphate storage
compound, phytic acid (myoinositol hexaphosphate).

All members of the Rhizobiaceae, including strain Rm1021,
have been reported to be able to use phosphonates as a source
of phosphate (56); several gene clusters involved in phosphonate
degradation are located on pSymB (phnA, phnGHIJKL, phnM,
and phoCDET). In a different strain of S. meliloti, the pta and
ackA genes encoding phosphotransacetylase and acetate kinase
are part of a single operon whose expression is induced on
phosphate starvation (57). Interestingly, in strain Rm1021, we
find that the putative pta and ackA genes are located over 50 kb
apart on pSymB. The significance of the latter observation is
unclear, and it remains to be determined whether there is
considerable gene shuffling within S. meliloti strains.

Among many genes with high similarity to alcohol dehydro-
genases, one gene cluster (SMb20169 to SMb20174) includes the
methanol dehydrogenase structural gene and is clearly involved
in methanol utilization. Methanol dehydrogenase requires the
redox coenzyme pyrroloquinoline quinone (PQQ), and a com-
plete PQQ biosynthesis gene cluster (pqqA-E) is also located on
pSymB.

A CO2-fixation gene cluster, cbbR-cbbFPTALSX, encoding
the enzymes of the Calvin-Benson-Bassham (CBB) cycle, is
located directly upstream of the pqqABCDE genes. Ribulose-1,
5-bisphosphate carboxylase (small and large subunits) and phos-
phoribulokinase are enzymes unique to the CBB cycle and are
encoded by cbbS, cbbL, and cbbP. The cbbR gene encodes a LysR
family transcriptional regulator, and this, together with the other
cbb genes, is found in both photo- and chemoautrotrophic
bacteria. To date, Bradyrhizobium japonicum is the only rhizo-
bium that has been shown to grow chemolithoautotrophically by
using CO2 as a carbon source and H2 as the electron donor (58).
It remains to be established experimentally whether S. meliloti
can grow as an autotroph and under what conditions the cbb
genes are expressed. However, the close vicinity of the methanol
utilization gene cluster to the cbb genes is interesting, as growth
on methanol is a carbon-limiting condition that could lead to
expression of the CO2-fixation genes (59).

ABC and Other Transport Proteins. A prominent feature of the S.
meliloti genome is the number of genes encoding for ABC
transport systems. These systems contain an ATP-binding pro-
tein, one or two integral membrane proteins, and, in the case of
uptake systems, a periplasmic solute-binding protein with a
N-terminal export-signal sequence. These genes are generally
arranged as an operon. Of the 430 ABC transport system genes
predicted in the whole genome, 235, or over half, are located on
the pSymB megaplasmid. This constitutes 17% of the total
coding capacity of pSymB. Almost half of the 64 ABC-
transporter systems (some with missing components) are pre-
dicted to transport sugars (28), including previously identified
lactose and trehalose/maltose transporters (thuREFGK). Other
predicted solutes include iron (4), amino acids (6), peptides and
oligopeptides (6), spermidine/putrescine (2), sulfate (1), ali-
phatic sulfonate (1), phosphate (1), choline (1), glycerol-3-
phosphate (1), rhizopine (1), and taurine (1). Although a
number of genes show similarity to C4-dicarboxylate transport-
ers, they are unlikely to transport C4-dicarboxylates because
mutation of dctA (also located on pSymB) has been shown to
abolish C4-dicarboxylate transport in S. meliloti (18).

In addition to the ABC family of transporters, we have
identified transporter proteins of the Major Facilitator Super-
family, including DctA, and possible nitrate (SMb20436), sulfate
(SMb20070), and xanthine/uracil (SMb21281) permeases. Genes
encoding transmembrane efflux proteins were identified, several
of which appear to be involved in exporting toxic compounds
from the bacteria (SMb20071, SMb20338, SMb20345, and
SMb21575).
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The requirement for specific transport systems in the produc-
tion of normal N2-fixing nodules has already been demonstrated
for the dct, bacA, and pho loci, highlighting the important role
of pSymB in the infection process and in endosymbiosis. The
wealth of transport systems uncovered by sequence analysis
suggests that pSymB may play a broader role in adaptation of the
bacterium to the local environment, both as a free-living sapro-
phyte and as an endosymbiont with host plants.

Transcriptional Regulators. We have identified 134 ORFs on pSymB
as transcriptional regulators; this includes the response regulators
from two component systems for which there are an additional 15
sensor histidine kinase-like proteins. Nineteen regulators belong to
the LysR family that activate transcription in response to coinduc-
ers; 21 belong to the GntR family, 16 to the LacI/GalR family, and
the remainder to the TetR, AraC, ArsR, AsnC, DeoR, MerR, and
SorC families. On the basis of sequence homology and transcription
direction/location, we have assigned gene symbols to a number of
the LysR regulators (GstR, CbbR, PcaQ, and GbpR), because these
activators are generally transcribed divergently from the genes they
regulate (60). GntR proteins bind to promoter regions and nega-
tively regulate transcription (61). We were unable to assign geno-
types to any of the pSymB GntR-like genes, despite the fact that
gene clusters regulated by several GntR-like genes were apparent
(e.g., SMb20106, SMb20129, and SMb20441).

In addition to the above regulators, we have identified four
rpoE-like genes encoding alternative s factors related to the
extracytoplasmic function subfamily of eubacterial RNA poly-
merase s factors (SMb21484, SMb20592, SMb20531, and
SMb20030) (62).

Nodulation and Nitrogen Metabolism. It was known that genes
involved in nodulation and in N2-fixation are mainly localized on
the pSymA replicon. Only a few genes involved in these processes
were found on pSymB. A previously identified and functionally
interchangeable copy of nodP1 and nodQ1 is localized on pSymB
(nodP2, nodQ2) (63). The SMb20472 protein is 65% identical to
the NolO nodulation protein; however, this is likely a protein
with carbamoyl transferase activity rather than a protein with a
direct role in nodulation. Another gene annotated as nfeD is
involved in nodulation competitiveness (64).

Several genes involved in nitrate/nitrite reduction were iden-
tified; these include a potential nitrate/nitrite response regulator
(SMb20077-SMb20078), a periplasmic nitrate reductase
(SMb20997) similar to NnuR, and a nitrate transporter
(SMb21114). A nitrate/nitrite reductase and a siroheme synthase
for nitrate assimilation are encoded by a four-gene cluster
(SMb20987-SMb20984) (65). One of three glutamine synthetase
structural genes is located on pSymB. Transcription of glnII
requires the RpoN s factor and the NtrC transcriptional acti-
vator, both of which are encoded by chromosomal genes (66).

Protective Response and Antibiotic Resistance. A number of genes
whose products could be involved in detoxifying reactions were
located on pSymB. These include two nonheme haloperoxidases
possibly involved in dehalogenation reactions (SMb20054 and
SMb20860) (67) and two glutathione S-transferase genes
(SMb20005, SMb21149), of which there are a total of 16 in the
genome. There are several genes that may be involved in
antibiotic resistance. Three genes, SMb20345, SMb20346, and
SMb20698, encode multidrug efflux permeases. The genes acrE
(SMb21497) and acrF (SMb21498) encode putative acrif lavin
resistance proteins, which also have homology to other trans-
membrane multidrug efflux proteins (68). AmpC is a putative
b-lactamase, and AacC4 (SMb21552) is a putative aminoglyco-
side 69-N-acetyltransferase rendering resistance to amikacin.
The hypothetical gene SMb21154 codes for a protein that
belongs to the bleomycin resistance protein family.

There are several genes that may play a role in responding to
osmotic stress protection, including two trehalose synthases
(SMb20099 and SMb20574) (there is a third on pSymA) and a
previously reported trehalose/maltose transport gene cluster. These
may play a role in generation of the osmolyte trehalose in S. meliloti.
A metallo-regulatory gene of the merR family, hmrR2, is located
next to the previously identified atcU2 gene, whose product appears
to be a copper export ATPase rendering resistance to copper. A
similar gene pair is also located on the pSymA replicon.

Eight genes are assigned functions in DNA modification or
degradation (vs. 57 on the chromosome and 10 on pSymA), 4
DNA ligases (SMb20008, SMb206868, SMb20912, and
SMb21044), a DNA topoisomerase I (SMb21445), a methylated-
DNA-protein-cysteine methyltransferase (SMb20708), a
3-methyladenine DNA glycosylase (SMb20709), and an exode-
oxyribonuclease III (xthA4).

Dehydrogenases, Oxidoreductases, and Sugar Kinases. A large num-
ber of genes encoding proteins potentially involved in oxidative
metabolism were located on pSymB. The numbers of pSymB genes
predicted to encode dehydrogenases (67), oxidoreductases (41),
and dehydratases (19) are similar to the proportions of these genes
predicted for the chromosome and pSymA. However, 10 predicted
sugar kinase genes were located on pSymB; this contrasts the single
predicted sugar kinase on pSymA and the 11 chromosomal genes.
Several of the pSymB sugar kinase genes (SMb20852, SMb21217,
and SMb21373) appear to be part of sugar catabolic gene clusters
that include ABC transport genes.

Conclusions
The 1,683,333 bp size of the pSymB replicon is similar to that
predicted from previous genetic and restriction analyses (4, 20).
Interestingly, the size of this replicon is comparable to the entire
genomes of Hemophilus influenzae (1.8 Mb) and Methanococcus
jannaschii (1.66 Mb) (69, 70). Our annotation revealed that the
gene density of pSymB is similar to the S. meliloti chromosome
and to the density of other bacteria genomes (1 ORF/1.1 kb).
Moreover, with few exceptions (see below), we did not find
evidence of single genes or gene clusters carrying nonsense or
other mutations suggestive of regions on their way to being
eliminated from the genome. This is interesting, as our previous
deletion studies revealed that much of the pSymB replicon is
dispensable for growth in minimal medium in the laboratory. We
identified two gene regions, coding for the arg-tRNA gene and
the minCDE genes that are likely to be essential for growth of the
bacteria. The arg-tRNA gene lies within a region of pSymB that
could not be deleted in previous experiments (21).

Two major observations to emerge from an analysis of the
annotated pSymB sequence are the large number of solute
transport systems and genes involved in polysaccharide synthesis.
In addition to these, we have observed many genes that have
potential catabolic activities such as alcohol dehydrogenases.
Thus, it appears that pSymB endows the bacteria with the ability
to take up and presumably oxidize many different compounds
from the soil environment. The presence of pathways for the
oxidation of methanol and plant degradation products such as
protocatechuate is consistent with this hypothesis. Although it is
noticeable that there are few if any pSymB genes that play a
direct role in nodulation and symbiotic N2-fixation, we note that
pSymB does play a role in adaptation to the endosymbiotic
lifestyle, as emphasized by the fact that mutations in the exo, dct,
pho, and bacA genes abolish symbiotic nitrogen fixation. Addi-
tionally, pSymB codes for several detoxification and antibiotic
resistance functions. Hence, we envisage pSymB as playing an
important role in the survival of the bacterium under the
presumably diverse nutritional living conditions encountered in
the soil and rhizosphere. The increased accessibility to carbon
sources and increased surface variability may point to the
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particular importance of pSymB in enhancement of competitive
abilities of S. meliloti in the natural habitat.

The sequence of the pSymB replicon revealed that S. meliloti
carries many more putative polysaccharide synthesis genes than
previously envisioned. This surprising wealth of genes encoding
cell surface polysaccharides may reflect the very different con-
ditions (such as desiccation and starvation) and environments S.
meliloti has had to adapt to, e.g., soil, rhizosphere, and legume
nodule. Additionally, these polysaccharides may be important
for root nodule invasion, as shown for the previously character-
ized EPS synthesis gene clusters. The actual polysaccharides
synthesized by most of the newly identified gene clusters are still
to be discovered. It will be of interest to determine the conditions
under which these gene clusters are transcribed and how they
cooperate functionally. It has been shown that some key com-
ponents of the surface carbohydrate export machinery can be
involved in the export of more than one polysaccharide structure
(71, 72). The absence of key genes in some of the new clusters
encoding Wzy-dependent export machineries may indicate that
this phenomenon also occurs in S. meliloti.

Almost all of the S. meliloti genes required for cell growth and
viability are located on the 3.6-Mb chromosome (6). However, the
presence on pSymB of the single essential genomic copy of the
transfer RNA gene, ArgtRNA CCG, together with other possibly
essential genes such as minCDE and asn, clearly suggests that

pSymB is indispensable to the cell and hence can justifiably be
viewed as a second chromosome. We interpret the biased distri-
bution of rhizobium-specific intergenic mosaic elements and A, B,
C palindromic elements (34, 35) on the three replicons together
with the G 1 C content of the replicons as evidence that pSymB was
acquired by an ancestral S. meliloti before pSymA (5). This is
reminiscent of the observations concerning the two chromosomes
of Vibrio species, where the 2.9-Mb Chromosome 1 carries most
genes required for cell growth and viability, and the 1-Mb Chro-
mosome 2 also carries a few essential genes (73, 74).

Although the pSymB nucleotide sequence has revealed a
wealth of new genes, for the most part the precise biological
functions of these genes remain to be determined. The identi-
fication of these functions will lead to a clearer understanding of
the interaction of S. meliloti with plants and, more generally, how
this bacteria lives and survives in the soil environment.
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