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Rhizobium sp. Strain NGR234 Possesses a Remarkable Number of
Secretion Systems�†
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Rhizobium sp. strain NGR234 is a unique alphaproteobacterium (order Rhizobiales) that forms nitrogen-
fixing nodules with more legumes than any other microsymbiont. We report here that the 3.93-Mbp chromo-
some (cNGR234) encodes most functions required for cellular growth. Few essential functions are encoded on
the 2.43-Mbp megaplasmid (pNGR234b), and none are present on the second 0.54-Mbp symbiotic plasmid
(pNGR234a). Among many striking features, the 6.9-Mbp genome encodes more different secretion systems
than any other known rhizobia and probably most known bacteria. Altogether, 132 genes and proteins are
linked to secretory processes. Secretion systems identified include general and export pathways, a twin arginine
translocase secretion system, six type I transporter genes, one functional and one putative type III system,
three type IV attachment systems, and two putative type IV conjugation pili. Type V and VI transporters were
not identified, however. NGR234 also carries genes and regulatory networks linked to the metabolism of a wide
range of aromatic and nonaromatic compounds. In this way, NGR234 can quickly adapt to changing environ-
mental stimuli in soils, rhizospheres, and plants. Finally, NGR234 carries at least six loci linked to the
quenching of quorum-sensing signals, as well as one gene (ngrI) that possibly encodes a novel type of
autoinducer I molecule.

Diverse soil bacteria interact with plants in ways that
range from symbiotic to pathogenic. Symbiotic Eubacteria
(both alpha- and betaproteobacteria, collectively called rhi-
zobia) form nitrogen-fixing associations of tremendous en-
vironmental importance (41, 66). Although some rhizobia
are able to reduce atmospheric nitrogen to ammonia under
saprophytic, free-living conditions, the reduced oxygen ten-
sions found within the intracellular environment of special-
ized organs called nodules, maximizes this process (16). As

legume roots penetrate the soil, they come in contact with
rhizobia. Symbiotic interactions are initiated by the ex-
change of diverse molecules between the partners. Among
them, plants liberate flavonoids into the rhizosphere that
upregulate rhizobial genes. As a result, lipo-chito-oligo-sac-
charidic Nod factors are produced that trigger the nodula-
tion pathway in susceptible legumes. Then, in many hosts,
rhizobia enter the roots through root hairs, make their way
to the cortex, multiply and fill the intracellular spaces of
mature nodules. Centripetal progression of rhizobia into the
plant and their maturation into nitrogen-fixing symbiosomes
depends on the continued exchange of diverse signals.
Many, but not all of these signals have been identified; one
sure way to take stock of what is necessary for effective
symbiosis is to sequence the partners. We began this work by
assembling overlapping sets of cosmids (contigs) of the mi-
crosymbiont Rhizobium sp. strain NGR234 (hereafter
NGR234) (63), which enabled us to elucidate the nucleotide
sequence of the symbiotic (pNGR243a) plasmid (29). Sim-
ilar techniques permitted the assembly of sections of the
extremely large megaplasmid pNGR234b (86), and some
snapshot genome information was made available earlier
(91); however, the use of pyrosequencing methods greatly
facilitated this process. We report here the genome se-
quence of NGR234 that is able to nodulate more than 120
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genera of legumes and the nonlegume Parasponia andersonii
(69). It seems likely that the vast richness of secretory sys-
tems might be a major key to the broad host range.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Escherichia coli was grown at 37°C in
Luria-Bertani medium (76) supplemented with appropriate antibiotics, and
NGR234 was grown in TY (0.5% tryptone, 0.25% yeast extract, 10 mM CaCl2
[pH 7.0]).

Sequencing, gap closure, annotation, and bioinformatic tools. DNA used to
prepare shotgun libraries of NGR234 was isolated under standard conditions by
using a MasterPure DNA purification kit (Biozym Scientifc GmbH, Oldendorf,
Germany) and fragmented to between 2.0 and 4.0 kbp either by mechanical
shearing (Nebulizer; Invitrogen, Carlsbad, CA) or by partial enzymatic digestion.
After end repair, DNA fragments were separated by gel electrophoresis and
cloned as described previously (86) using the pTZ19R vectors (Amersham Phar-
macia Biotech, Essex, United Kingdom) or pCR4.1-TOPO (TOPO-TA cloning
kit for sequencing; Invitrogen). About 30,000 plasmids were isolated by using two
BioRobots8000 (Qiagen, Hilden, Germany), and 60,597 sequences were auto-
matically analyzed on ABI Prism models 377-96 and 3730XL (Applied Biosys-
tems, Darmstadt, Germany). PCR-based techniques were used to close the
remaining gaps using both the shotgun library and the ordered cosmid library
clones as templates. Finally, a single 454 sequencing run that generated 110 Mbp
of raw sequences was used to close the gaps. The 454 sequencing was done
according to the manufacturer’s protocols (Roche Applied Science, Mannheim,
Germany). Sanger and 454 contigs were manually coassembled and curated. All
manual editing steps were performed by using the GAP4 software package v4.5
and v4.6 (79). Coding sequences (CDS) and open reading frames (ORFs) were
predicted with YACOP (87) using the ORF finders Glimmer, Critica, and Z-
curve. All CDS were manually curated and verified by comparison with the
publicly available databases SwissProt, GenBank, ProDom, COG, and Prosite
using the annotation software ERGO (61).

Symbiotic plasmid-borne ORFs are identified as NGR_a (e.g., NGR_a04220
[traI]), those on the megaplasmid are identified as NGR_b (NGR_b22000
[ribulose-bis-phosphate carboxylase; EC 4.1.1.39]), while those on the chromo-
some are designated NGR_c (NGR_c26660 [bioC]). The DNA sequences of the
three replicons have been deposited at GenBank. An update of the original
pNGR234a sequence NC_000914 can be found under U00090, the pNGR234b
replicon carries the number CP000874, and the bacterial chromosome is listed
under the number CP001389.

To detect small RNA (sRNA) genes, we combined comparative sequence
analysis with structure prediction. Then, we compared the genome sequence of
NGR234 with five phylogenetically related bacteria. Since we expected sRNA
genes and regulatory elements to be within intergenic regions at or near the start
of operons, this technique was only applied to extended intergenic regions rather
than the complete genomic sequence. Inter- and intraorganism homologies were
obtained by applying the BLAST program (1) to all extended intergenic regions.
Overlapping BLAST homologies were extended both upstream and downstream
of the overlap. All extracted sequences were aligned with CLUSTAL W (88).
Structural conservation and stability within multiple alignments was used to predict
candidate regions for sRNA genes using RNAz (92). This search was refined by
using the software tool INFERNAL (20). INFERNAL scans candidate sequences
against covariance models of known RNA structures. In our study, we used the
covariance models of sRNA families in the database Rfam (33).

Comparative genomics. Putative orthologous genes were identified by using
bidirectional BLAST comparisons among a representative set of whole-genome
protein datasets using a variant of the BLAST method developed by A. Wollherr
and H. Liesegang (unpublished data).

Construction of cosmid libraries. Cosmid libraries of partially Sau3AI re-
stricted genomic DNA of NGR234 were established in Lorist2 and pWE15
(Stratagene/Agilent, Foster City, CA) as described previously (23, 63). Initially,
2,000 Lorist2 inserts were grouped into sets of overlapping clones (contigs) using
a combination of BamHI, EcoRI, and HindIII fingerprints, as well as hybridiza-
tion and sequencing data (63). Cosmid DNA was end sequenced using the
ForLor (5�-GCTTGTACATATTGTCGTTAGAACGCGG-3�) or RevLor (5�-T
CTCCGGGAGCTGCATGTGTCAGAGG-3�) primers that are complementary
to the Lorist2 border sequences and T7 (5�-TAATACGACTCACTATAGGG-
3�) or T3 (5�-ATTAACCCTCACTAAAGGGA-3�) promoter primers that are
complementary to the pWE15 border sequences.

RESULTS AND DISCUSSION

General features of the NGR234 genome. NGR234 contains
three replicons totaling 6,891,900 bp (Table 1). The 3,925,702-bp
chromosome encodes 3,633 ORFs (gene density, 1.06 genes per
kbp) with a mean G�C content of 62.8%. The 2,430,033-bp
pNGR234b replicon comprises 2,342 ORFs (gene density, 1.03
genes per kbp), with a mean G�C content of 62.3%. The previ-
ously published pNGR234a replicon (536,165 bp) (29) has a sig-
nificantly lower G�C content (58.4%) and a lower gene density
(1.27 genes per kbp). The overall G�C content of NGR234 is
61.2%, which is similar to the previously determined value (6).
The distribution of the ORFs on the forward and the reverse
strand is almost identical on all three replicons (Fig. 1).

At 9.1 Mbp, the genome of Bradyrhizobium japonicum
USDA110 (44) is the largest rhizobial genome sequenced, and
that of Azorhizobium caulinodans ORS571 (5.4 Mbp) (52) is
one of the smallest. The NGR234 genome (6.9 Mbp) that
spreads over three replicons is thus average for rhizobia and
similar in structure to that of Sinorhizobium meliloti strain 1021
(referred to hereafter as strain 1021), a 1.4-Mbp symbiotic
plasmid (pSymA), a megaplasmid of 1.7 Mbp (pSymB), and a
chromosome of 3.7 Mbp (total 6.7 Mbp) (30).

Most essential genes are carried on the chromosome. A few
are located on pNGR234b, and there are none on pNGR234a.
The absence of essential genes on the symbiotic plasmid was
expected since strains deprived of pNGR234a by heat curing,
grew as well as the wild-type NGR234 but failed to nodulate
any of its hosts (59). This was also reported for the strain 1021
counterpart pSymA (60). Except for a second copy of the
tRNA-Met (CAT anticodon) predicted on pNGR234a, the
remaining 52 tRNAs are encoded by the chromosome. Sim-
ilarly, of the 55 ribosomal protein genes that were identified,
only a single gene that plays a role in the modification of
tRNA was predicted on pNGR234b (Table 2). The presence

TABLE 1. General features of the NGR234 chromosome and
plasmids pNGR234a and pNGR234ba

Characteristic/function pNGR234a pNGR234b cNGR234 Genome

Size (Mbp) 0.54 2.43 3.93 6.90
GC content (avg mol%) 58.4 62.3 62.8 61.2
No. of rRNA operons 0 0 3 3
No. of tRNAs 1 0 52 53
No. of ncRNAs 3 17 22 42
Total no. of features 418 2,343 3,633 6,394
No. of hypothetical

CDS
138 644 943 1,725

No. of transposases 114 142 73 329
No. of Nod/Nif 46 8 5 59
No. of regulatory

proteins
22 207 232 461

No. of sigma subunits 0 3 11 14
No. of transport

proteins
29 362 291 682

No. of secretory
proteins

32 57 43 132

No. of other proteins 37 920 2,035 2,992

a The data for pNGR234a were in part extracted from a previous study (29);
the data for the secretion systems include those involved in the assembly of type
I to VI secretion machines, the type IV attachment pili, those involved in
constructing the SRP, and the twin arginine and general export (Sec) pathways.
Flagellar genes have not been included.

4036 SCHMEISSER ET AL. APPL. ENVIRON. MICROBIOL.



on pNGR234b of gene copies coding for the ribosomal protein
S21A (rpsU1, NGR_b17570) and the septum-associated com-
ponent FtsK (81) (ftsK1, NGR_b21580), as well as the minCDE
operon, raises the question of whether this replicon is essential
for survival of the bacterium. In both NGR234 and strain 1021,
the minEDC genes which are required for the placement of the
cell division site are located on the megaplasmid, whereas in R.
etli they are borne by the small p42e (10). In strain 1021, the
phenotypes of a deletion mutant showed that the minCDE
genes are not essential for cell viability, cell division, or
symbiotic nitrogen fixation (10). Since the chromosome of
NGR234 carries additional copies of rpsU (NGR_c29060) and
ftsK (ftsK2, NGR_c31480), there is no firm indication that

pNGR234b is essential for the survival of the strain in labora-
tory conditions. pNGR234b also encodes 3 of the 14 sigma
factors (NGR_b21500, NGR_b18750, and NGR_b18130),
along with the noncoding RNA (ncRNA) genes that are in-
volved in plasmid maintenance. In summary, however, it ap-
pears that the majority of all genes encoded on pNGR234b are
nonessential. This has already been shown in previous studies
for its counterpart the pSymB (8).

Insertion sequences. Together, insertion sequence elements
(ISs) and phage sequences represent 4.1% of the NGR234
genome, but their relative abundance and distribution varies
between replicons (Table 1). In proportion to its size,
pNGR234a carries more transposable elements (16.3%) than

FIG. 1. (A) Map of the genome of Rhizobium sp. strain NGR234 chromosome (cNGR234, 3.93 Mbp), megaplasmid (pNGR234b, 2.43 Mbp), and
sym plasmid (pNGR234a, 0.54 Mbp). Circles are described from outside to innermost circle. The outer circle shows the coordinates and the position of
the secretion systems and several other selected genes; the second and the third outer circles indicate the ORFs on the leading and the lagging strands
(yellow and green). The next inner circle indicates the sncRNAs (in light red), followed by a circle indicating the positions of the repeats (in light blue).
The next inner circle shows the G�C content (dark yellow and purple). The following inner circles marked in red show the putative orthologues that are
present on the NGR234 and on the strain 1021 chromosome. The circle marked in blue shows the putative orthologues that are present on the NGR234
and MAFF303099 chromosomes. This analysis is refined on the plasmids. The outer circle in red represents the putative orthologues shared with the
chromosome of strain 1021, the next inner circle indicates the putative orthologues shared with pSymA, and the next red circle indicates the putative
orthologues shared with pSymB. Similarly, the blue circles indicate the putative orthologues shared with the chromosome of MAFF303099, and the next
inner circles indicate the putative orthologues shared with pMLa and pMLb, respectively. Larger views of the different replicons can be found in Fig. S1
to S3 in the supplemental material. (B) Hypothetical structures of the T2SS, T3SS, and T4SS and T4P of NGR234. Individual genes and proteins
identified in NGR234 and their locus tags are indicated in Table S2 in the supplemental material. The positions of the various secretion systems are
indicated on the outer circle; the GspC, GspS, and GspO proteins in light gray have not yet been identified in NGR234, whereas NGR_c23060 and
NGR_c23050 share weak similarity to GspM and GspN, respectively. All essential genes and components of the various secretion apparatuses, which have
been identified in NG234, are indicated in brown or dark gray.
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pNGR234b (4.8%) or the chromosome (2.1%). This feature,
which is consistent with the recombinatorial nature and foreign
origin of pNGR234a, was proposed earlier (29). Unlike the
NGR234 chromosome, both plasmids seem prone to DNA
rearrangements and include segments of up to 12 kb exclu-
sively constituted of several layers of ISs that transposed into
one another, however. ISs that range in size from 623 to 3,316
bp, were grouped into 36 families, the largest of which includes
10 copies of the NGRIS-4 transposable element (67). Of these
36 types of ISs, five families are chromosome specific, six are
pNGR234a specific, and seven are pNGR234b specific.

Catabolic and metabolic functions. All major genes of the
pentose phosphate and the Entner-Doudoroff pathways are
present on the chromosome, suggesting that these are probably
the main routes of carbon metabolism under aerobic and free-
living growth conditions. Genes encoding functions associated
with the degradation of larger polymers such as cellulose
(NGR_b15380), glycogen (NGR_b11120), poly-�-hydroxybu-
tyrate (NGR_b05400, NGR_c23850), pectin (NGR_b17700),
and starch (NGR_b11110) are present on both the chromo-
some and pNGR234b. The cellulases and pectinases might play
special roles during infection of the plant. Many genes involved
in the catabolism of aromatic substrates were identified, in-
cluding more than 30 ORFs linked to mono- and dioxygenases.
It is possible these genes are used to modify aromatic com-
pounds (i.e., flavonoids and phytoalexins) exuded by the plant
(11). It is also noteworthy that a gene cluster containing nine
genes (NGR_b20090 to NGR_b20170) was identified that is
probably linked to 4-phenylacetate metabolism, along with genes
involved in catabolism of opines (ooxA, ooxB, and agaE;
NGR_b06440 to NGR_b06470, NGR_b10720).

Some B. japonicum symbionts of soybeans that possesses
ribulose-bis-phosphate carboxylase (EC 4.1.1.39) are capable
of autotrophic growth (53). Autotrophy seems unlikely in
NGR234 since the genome only encodes the two copies of
the large subunit of the ribulose-bis-phosphate carboxylase
(NGR_b22000 and NGR_c06470) but lacks the smaller sub-
unit.

Twenty-five putative decarboxylases and four biotin-depen-
dent carboxylases were identified, mostly on pNGR234b. In-

terestingly, pNGR234b encoded the acetyl coenzyme A (CoA)
carboxylase, the propionyl-CoA carboxylase, and the 3-meth-
ylcrotonyl-CoA carboxylase, while an additional copy of acetyl-
CoA carboxylase is carried on the chromosome. Most probably
these enzymes are linked to fatty acid synthesis (12), as well as
the synthesis of polyketides derived from the carboxylation of
acetyl-, butyryl-, or propionyl-CoA (39).

Vitamin biosynthesis. Genes linked to the biosynthesis of
the cobalamin (vitamin B12) and riboflavin (vitamin B2), along
with three B12 riboswitches (NGR_c16930, NGR_c21900, and
NGR_c26330), are located on the chromosome (see Table S1
in the supplemental material). One of these is located directly
upstream of the putative cobalt transporter genes, cbtAB
(NGR_c21910 and NGR_c21920). Interestingly, a possible vita-
min B12 riboswitch is also carried on pNGR234b (NGR_b02500).
Relatively few genes that encode essential pathways for cofactors
are present on pNGR234b, but among those found include some
coding for pyrolloquinolone, pyridoxal phosphate, and thiamine
synthesis. Altogether, four thiamine synthesis genes, thiEGOC
(NGR_b01980 and NGR_b02900 to NGR_b02930), along with
the related thiD (NGR_b18410), are present. Genes linked to
thiamine transport are carried by the chromosome
(NGR_c32610, NGR_c32620, and NGR_c32630) however. Some
of these are essential for bacterial colonization of the rhizosphere
(85). A minimum of six to seven genes are generally required
for biotin biosynthesis in gram-negative bacteria and four
genes—bioADBF (NGR_c25110 to NGR_c25140)—are clus-
tered on the chromosome but separate from the fifth gene,
bioC (NGR_c26660). Two additional genes possibly linked to
synthesis of biotin are present on pNGR234b: one encodes an
8-amino-7-oxononanoate synthase (NGR_b10670, a possible
bioF homologue), while the other, a possible bioA homologue
(NGR_b06270), encodes an adenosylmethionine-8-amino-7-
oxononanoate aminotransferase. Furthermore, genes involved
in biotin transport (bioMNY [NGR_c05050, NGR_c05060, and
NGR_c05040]) and BioS (NGR_c13770) a sensor/regulator
protein (36, 37) were identified. Intriguingly, BioS proteins
have only been found in strains NGR234 and 1021 (37). Per-
haps this indicates that biotin has a special regulatory function
in these microbes. As a cofactor of carboxylases, biotin (a B

TABLE 2. Comparative analysis of essential and additional functions encoded by pNGR234b and the pSymB of SM1021a

Functional class
Comparative function or characteristic

pNGR234b pSymBb

Cell process ftsK ftsK
minEDC minEDC
Ten chaperones Four chaperones
None tRNA arginine (single copy)
30S ribosomal protein S21A None

Amino acid biosynthesis Asparagine synthetase (2�) Asparagine synthetase (2�)
glnII, glutamine synthetase II glnII, glutamine synthetase II
Shikimate dehydrogenases (3�) Shikimate dehydrogenase (1�)

Cofactor biosynthesis thiD and thiCOGE, plus two ORFs possible
(bioF and bioA)

thiD and thiCOGE

EPS, lipopolysaccharide, and CPS biosynthesis �195 genes �188 genes

a No essential functions are encoded by pNGR234a.
b The genes identified on pSymB were derived from a previous study (27) and GenBank accession number AL591985.
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vitamin) has profound effects on the metabolism of rhizobia
(21, 22, 38) and root colonization (85).

pNGR234b carries many transporters. Since �12% of all
genes in B. japonicum, M. loti, S. meliloti, and other plant-
associated bacteria encode transporters (especially of small
molecules), the 682 genes (10.5% of all genes) found in
NGR234 is slightly below average. The majority specify ABC
transporters, but 19 genes encode MFS-like transporters. As
with the distribution pattern seen in strain 1021 (27), 291
transporter genes are present on the chromosome, 362 are
present on pNGR234b, and 29 are present on pNGR234a (Table
1). Since 50% of all transporters are carried by pNGR234b, this
replicon is obviously of great importance for growth and the
survival of the microbe under a wide range of environmental and
nutritional conditions.

Regulatory elements. Altogether, 466 ORFs (7.2%, Table 1)
encode regulatory proteins, particularly of the LysR (64 gene
copies) and GntR (42 gene copies) families. After activation by
inducers, LysR proteins modulate the activity of regulons with
diverse functions (77), while members of the GntR family bind
to promoters and downregulate transcription (34). Genes en-
coding other regulators, including the AraC (38 gene copies),
ArsR (7 gene copies), AsnC (28 gene copies), LacI (33 gene
copies), and TetR (24 gene copies) familes, as well as the
DeoR, LuxR, MarR, and MerR families, were found, many of
which are probably involved in the regulation of antibiotic
synthesis, efflux pumps, and resistance to metals (70). A further
63 ORFs encode two component regulators. Although the
majority of the regulator genes are found on the chromosome
(6.4% [Table 1]), the overall percentage is higher on
pNGR234b (8.7%).

We used bioinformatics’ tools to search for genes that en-
code phylogenetically conserved, stable noncoding, and regu-
latory RNAs (so-called ncRNAs [33]) (Table 1). Many were
found, especially the well-known genes for signal recognition
particles (SRP), RNase P, and 6S RNA that are present in all
known genomes. Other genes typical of the alphaproteobacte-
ria such as suhB are also present. A summary of the most
prominent regulatory RNAs and riboswitches is given in Table
S1 in the supplemental material.

Quorum sensing and cell-cell communication. Quorum
sensing is a cell density-dependent system of gene regulation
and cell-cell communication in prokaryotes (62). Bacterial
populations sense increases in cell density via signal molecules
called autoinducers that, together with dedicated regulators,
modulate gene expression accordingly. Many quorum-sensing
mechanisms involve N-acyl-homoserine lactones (N-AHLs) in
gram-negative bacteria and modified oligopeptides in gram-
positive bacteria (62). Plasmid replication (rep) and conjugal
transfer (tra) functions, including homologues of the Ti plas-
mid quorum-sensing regulators TraI (NGR_a04220) and TraR
(NGR_a04090), are present on pNGR234a (29). TraI synthe-
sizes an acyl-HSL that is probably 3-oxo-C8-HSL, but traI
mutants and a pNGR234a-cured derivative produce low levels
of a similar acyl-HSL along with another, more hydrophobic
signal molecule (35). Thus, the discovery of a chromosome
bound traI homologue (NGR_c16900), together with its pos-
sible regulator (NGR_c16890) (designated ngrI and ngrR, re-
spectively), probably explains these observations (Fig. 2).

NGR234 also carries many genes involved in the degrada-

tion of N-AHLs, including three putative lactonases (NGR_
b01930, NGR_b22150, and NGR_c03800). Using a recently
published protocol (80) to screen a cosmid library of NGR234,
we identified at least six loci (three on the chromosome and
three on pNGR234b) that are actively involved in N-AHL
degradation (51). Overexpression, purification and biochemi-
cal characterization of two of the proteins showed that one is
similar to a metal-dependent �-lactamase (NGR_b16870),
while the other resembles a bacterial dienelactone hydrolase
(NGR_b22150) (51).

Polysaccharide synthesis. Various rhizobial exopolysaccha-
rides (EPS), capsular polysaccharides (K antigens, also re-
ferred to as KPS), lipopolysaccharides, and smaller periplasmic
glucans (4, 7, 83) participate in nodule formation. Most genes
linked to surface polysaccharide synthesis are located on
megaplasmids in both strains NGR234 (�195 genes) and 1021
(�188 genes) (Table 2). Overall, the genetic organization of
the exo clusters, as well as the constituent genes (�80%
identities) is very similar in strains NGR234 and 1021 (9,
86). In NGR234, more than 25 genes stretching from exoU
(NGR_b19500) to exsI (NGR_b01520) are involved in the syn-
thesis of low-molecular-weight EPS that are essential for nod-
ule invasion on some plants (84). Notable differences in homology
occur on both sides of the conserved exoI region, however. ORFs
corresponding to exoH and exoTWV are not present in the
pNGR234b cluster (86), although the separate exoH (NGR_
b13480) is flanked by transposases, suggesting that it has recently
moved there. Since the acidic EPS of NGR234 are not succiny-
lated (84), it seems likely that this copy of exoH is either nonfunc-
tional or has a distinct physiological role. A possible exoT homo-
logue (NGR_b13540) is located several kilobases downstream of
exoH, where it lies together with two glycosyltransferases
(NGR_b13520 and NGR_b13530). Since exoW of strain 1021
encodes a glycosyltransferase (5), perhaps these ORFs represent
exoW homologues. ExoV replaces the terminal glucose of the
strain 1021 succinoglycan subunit with a pyruvyl group. Although
the NGR234 exo cluster lacks exoV, the nonreducing galactose of
the subunit is also pyruvylated (15, 84), suggesting that an uniden-
tified pyruvyl transferase must exist in NGR234. Since a clear
homologue of exoV was not found in the NGR234 genome,
another enzyme must be responsible for the pyruvylation of
galactose.

K antigens are tightly associated with the rhizobial outer
membrane and are thus distinct from the loosely adhering
EPS. Rhizobial K antigens are strain-specific antigens that are
structurally analogous to the group II K antigens of E. coli (45,
74). In NGR234 the major K antigens consist of polymeric
5,7-diacetamido-3,5,7,9-tetradeoxy-non-2-ulosonic acid (54).
As such, it is almost identical to the KR5 antigen of S. meliloti
strain Rm41 (75). Three clusters of genes (rkp-1, rkp-2, and
rkp-3) are involved in the production of the KR5 antigen (4).
Chromosomally located rkp-1 and rkp-2 clusters are probably
responsible for the production of a specific lipid carrier nec-
essary for the synthesis of K antigens and in the metabolism of
nucleotide diphospho sugars, respectively. In contrast, rkp-3 is
carried by pSymB of Rm41 and pNGR234b. As expected from
similarities in their K antigen structures, the coding regions of
Rm41 and NGR234 are similar, containing genes that are
required for the synthesis of the strain-specific sugar precur-
sors (rkpL, rkpM, rkpN, rkpP, and rkpQ), as well as those
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involved in their export (rkpR, rkpS, and rkpT) and polymer-
ization (rkpO and rkpZ) (46, 54). On the other hand, neither
rkpP, which is probably involved in the acylation of the KR5
antigen of Rm41, nor 3-hydroxybutyrate substitutions of the K
antigen are present or occur in NGR234 (54).

NGR234 encodes many secretion-related proteins. Proteins
secreted by bacteria play an important role in the infection of
eukaryotes. In R. leguminosarum biovar viciae strain 3841,
NodO is secreted via a type I secretion system (T1SS) encoded
by prsDE (19, 28, 78). Mutation of tatC that encodes a Sec-
independent protein translocase in R. leguminosarum, pro-
duces only white, non-nitrogen-fixing nodules when inoculated
onto Pisum sativum (48). Sequencing pNGR234a (29) revealed
a type III secretion system (T3SS-I) that affects nodulation of
many hosts (2, 57, 82, 90). Since then, various symbiotic protein
secretion systems have been found in diverse rhizobia (13). A
detailed inventory of these systems in NGR234 was thus called
for and is presented below and in Table 3. Individual ORFs
linked to secretion systems are summarized in Table S2 in the
supplemental material.

(i) Type I secretion genes. T1SSs comprise three proteins
that transport targeted proteins across both bacterial mem-

branes to the extracellular space. An ATPase of the ATP-
binding cassette (ABC) family, which spans the periplasm, thus
linking the inner and outer membranes, is needed, together
with an outer membrane protein (18). Both the chromosome
and the megaplasmid (but not the symbiotic plasmid) carry
T1SS homologues, including NGR_c30050, NGR_c30060,
NGR_c30070, aprD (NGR_b10690), aprE (NGR_b10700), and
the TolC-like protein (NGR_c13520). Copies of T1SS are also
present in most other rhizobial species (Table 3).

(ii) Type II-linked protein secretion systems: general secre-
tion pathway, general export pathway, twin arginine pathway,
and SRP. Type II secretion systems (T2SSs), which are broadly
conserved in gram-negative bacteria, translocate exoproteins
(e.g., cellulases, lipases, etc.) from the bacterial periplasm into
the surrounding media (56) and are encoded by a set of 12 to
16 proteins named GspA to GspS. In many ways, T2SSs resemble
type IV pilus (T4P) assembly systems (26, 56). In NGR234 the gsp
genes required for type II pilus assembly are organized in one
large chromosomal cluster containing 13 ORFs (see Table
S2 in the supplemental material). This cluster stretches from
NGR_c22980 (a hypothetical protein that is unique to NGR234)
to gspD (NGR_c23100). Since the NGR234 genome encodes a

FIG. 2. Conserved clusters of genes linked to the synthesis of AHL-based quorum sensing molecules. (A) Comparison of the TraI/TraR system,
together with conserved clusters of genes identified in other rhizobial species. The AHL synthase TraI (NGR_a04220, blue) directs the synthesis
of 3-oxo-C8 homoserine lactone, which associates with the response regulator TraR (NGR_a04090, red) and activates transcription. TraM
(NGR_a04080, green) functions as a suppressor, preventing TraR from activating target genes under noninducing conditions. The trb genes (trbB
to trbI) (NGR_a04210 to NGR_a04100) involved in the conjugal plasmid transfer are shaded dark gray. (B) An additional quorum-sensing system
identified on the Rhizobium sp. strain NGR234 chromosome, composed of NgrI (NGR_c16900, blue)/NgrR (NGR_c16890, red) (LuxI/LuxR
homologs) and a hypothetical protein (NGR_c16910, light red), possibly linked to quorum sensing and autoinducer synthesis, is also shown. The
yellow box highlights the regions with conserved gene organization.
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number of exoproteins, it is likely that the T2SS is functional.
Interestingly, gsp genes seem to be confined to broad-host-range
rhizobia. A similar gene cluster (containing 11 genes and an
inversion) is found in M. loti (Fig. 3). B. japonicum strain
USDA110 carries a truncated cluster of eight genes, while the two
B. japonicum strains BTAi1 and ORS278 each carry two complete
gsp clusters (Table 3). The narrow-host-range rhizobia R. etli
CFN42, R. leguminosarum bv. viciae 3841, and strain 1021 do not
possess gsp genes (Table 3).

Transport of exported proteins from the cytoplasm into
the periplasm however, is usually managed by the general
export pathway, GEP (Sec) and/or the twin arginine trans-
locase (TAT) pathway. While the Sec pathway exports un-
folded proteins, the TAT pathway is believed to export only
folded proteins. At least three proteins, encoded by tatABC
are required for TAT-dependent transport (14). ORFs
(NGR_c13710, NGR_c13720, and NGR_c13730) corre-
sponding to these genes were identified in a conserved clus-
ter on the NGR234 chromosome (Fig. 1). Sec-dependent
transport requires at least five proteins, the secretion-dedi-
cated chaperone SecB, the Sec translocase (a multimeric
membrane protein complex composed of a highly conserved
protein-conducting channel comprising SecYEG), and a pe-
ripherally bound ribosome or ATP-dependent motor pro-

tein SecA (17). All are encoded by the NGR234 chromosome:
secA (NGR_c26720), secB (NGR_c33550), secD (NGR_c02010
and NGR_c13810), secE (NGR_c11760), secD/F (NGR_c13810),
and secY (NGRc_12100) (Table 3; see also Table S2 in the sup-
plemental material).

The signal recognition particle (SRP) mediates membrane
targeting of translating ribosomes displaying a signal anchor
sequence. In E. coli, SRP consists of 4.5S RNA and a protein,
Ffh, that recognizes the signal peptide emerging from the ri-
bosome and the SRP receptor at the membrane, FtsY (55).
The SRP-docking protein is encoded by FtsY (NGR_c32300)
and the possible Ffh protein by NGR_c32250. The signal pep-
tidase I is encoded by NGR_c08280. Altogether, three ncRNA
genes were linked to SRP: NGR_c22640 encoded 4.5S RNA,
while NGR_b21180 and NGR_c05600 were also linked to the
SRP (see Table S2 in the supplemental material).

(iii) Type III and type IV protein secretion systems. Many
gram-negative bacteria use specialized secretion machines to
direct effector proteins into the cytoplasm of their eukaryotic
hosts. In both animal and plant pathogens these secretion
systems are important components of bacterial virulence. First
identified in NGR234 (29), gene clusters encoding the major
and conserved components of T3SSs have subsequently been
found in diverse and distantly related rhizobia, including B.
japonicum strains USDA110, BTAi1, and ORS278 (31, 44);
Mesorhizobium loti MAFF303099 (43); and S. fredii strain
USDA257 (50) (Table 3). None were identified in strain 1021
(30) and R. leguminosarum bv. viciae strain 3841 (94), however.

The flavonoid-dependent and NodD1-SyrM1-NodD2-TtsI-
dependent regulatory cascade (47, 57) controls the activity of
the T3SS-I locus (90) and modulates the nodulation of many
hosts (2, 57, 82, 90). Surprisingly, pNGR234b carries a second
T3SS cluster (T3SS-II) comprising 22 genes (NGR_b22800 to
NGR_b23010) (see Table S2 in the supplemental material).
Analysis of the promoter regions that control expression of the
T3SS-II cluster in NGR234 failed to detect symbiotic regula-
tory elements such as nod or ttsI boxes, making it difficult to
predict the role and regulation of these genes. Using another
approach to test whether this cluster is symbiotically active, a
polar mutant called NGR�T3SS-II was constructed by deleting
NGR_b22890 to NGR_b22950. This locus is predicted to en-
code five conserved components of a type III secretion ma-
chine, as well as two hypothetical proteins, and was replaced
with the Omega-Kmr interposon. On several hosts of NGR234
tested, significant differences were not found between plants
inoculated with NGR234 or NGR�T3SS-II (3).

Type IV-related transport systems have been identified in
many plant-associated microbes and the best studied system is
the conjugative pilus (T4SS) of Agrobacterium tumefaciens.
Most T4SS are formed by 12 proteins, VirB1 to VirB11, along
with VirD4. pNGR234b carries the complete set of virB1 to
virB11 genes (NGR_b10250 to NGR_b10360) next to the
traA-G genes (NGR_b10550 to NGR_b10520) (Fig. 1). In
strain 1021, a similar locus was shown to be required for the
conjugation and transfer of pSymA but is not involved in sym-
biosis (42). This indicates that virB1 to virB11 are probably part
of a conjugation system and that pNGR234b might have
evolved on a transferable plasmid. virD and virE are not
present, however, suggesting that this system does not transfer
DNA to plants. Interestingly, pNGR234b might be transmissi-

TABLE 3. Genes and proteins involved in the synthesis of secretion
systems in selected rhizobial genomesa

Secretion system and
characteristic

No. of ORFs and genes linked to the
formation of secretion systems in strainb:

NGR234 3841 1021 110* 42 99

Type I
AprD/E 2 8 5 2 2 4
TolC 1 1 1 1
PrtD 1 1 1 1 1
PrtE, HlyD family 1 1 1 1 1
Type I protein 1 1 1

Type II
Gsp (general secretion

pathway)
13 8 11

Sec pathway 7 12 5 5 7 7

Type III (Hrp, Rhc)
Rhc pili 42 21 21 21

Type IV
F-type (conjugation, Vir, Trb) 23 10 10 13 31 19
P-type (Flp and attachment) 35 10 17 11 10 9

Type V
Autotransporter (Aut) 3 2 2 1

TAT (twin arginine), TatA/B/C 3 3 3 3 3 3

SRP 3 3 3 3 3 3

Total 132 52 49 70 78 81

a Data for the analysis were extracted from the respective genome projects and
the corresponding GenBank files. Column subheadings: NGR234, Rhizobium sp.
strain NGR234; 3841, R. leguminosarum bv. viciae 3841 (48, 94); 1021, S. meliloti
strain 1021 (30); 110, B. japonicum strain USDA110 (44); 42, R. etli strain CFN42
(32); 99, M. loti strain MAFF303099 (43).

b �, B. japonicum sp. strain BTAi1 (NC_009485 and NC_009475) and B.
japonicum sp. strain ORS278 (NC_009445) each carry 21 gsp genes (31). The
data indicate the absolute number of ORFs identified in the genome linked to a
particular secretion system. Genes identified in NGR234 are listed in Table S2 in
the supplemental material, together with the respective ORF designations. Fla-
gellum genes were not included in the analysis, and no ncRNAs were included in
the SRP analysis.
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ble since a putative oriT region is located within traA-G. Since
pNGR234a was also shown to be transferable via conjugation
(29), both plasmids of NGR234 are apparently capable of
being transferred to recipient strains.

Two clusters of 9 (NGR_b03670 to NGR_b03750) and 13
(NGR_b10770 to NGR_b10890) genes, plus the tadG locus,
which is located elsewhere in pNGR234b (NGR_b18990), that
encode polar T4P are present on pNGR234b, along with another
cluster of 12 genes on the chromosome (NGR_c34610 to
NGR_c34720) (Fig. 1). Such pili are involved in motility, attach-
ment to surfaces, biofilm formation, twitching motility, and viru-
lence (58, 89). Interestingly, the content and order of the 42-kb
region encompassing T4P, T4SS, and traA-G genes on
pNGR234b are almost identical to that on pSymA of strain 1021.

(iv) Type V and VI transporters. After being transported to
the periplasm, proteins secreted via type V secretion systems
(T5SS; also termed autotransporters), find their own way
across the outer membrane. Using the AutA (RL1927), AutB
(RL1196) and the AutC (RL1069) proteins from R. legumino-
sarum to query the NGR234 sequence did not reveal T5SS
homologues, suggesting that this pathway is probably absent in
NGR234. Similarly, type VI transport systems were not found.
Nevertheless, 132 genes spread over the three replicons are
involved in some form of protein secretion in NGR234.

NGR234-specific genes and possible links to host range.
According to the Gold genome database (http://www.genomesonline
.org/), almost 5,000 microbial genomes have either been se-
quenced or their sequences are being established. Compared
to the 17 entries for E. coli genomes, only 12 of the �1,000
completed genomes concern diverse rhizobia. The genome of
M. loti MAFF303099 was the first to be deciphered (43), and
since then those of S. meliloti strain 1021 (30), B. japonicum
strains USDA110, BTAI1, and ORS278 (31, 44), Azorhizobium
caulinodans ORS571 (52), Mesorhizobium sp. strain BNC1
(NC_008254), and R. etli strains CIAT652 (CP001074 [unpub-
lished data]) and CFN42 (32), as well as R. leguminosarum bv.
viciae strain 3841, have been completed (94) (NC_008380). The
Sinorhizobium medicae genome has been analyzed (NC_009636)
but not published. Even though the rhizobial genome data set is
restricted, it is sufficient to permit certain comparisons.

To further determine NGR-specific genes, BiBlast searches
were done using a subset of two published rhizobial genomes
and the data obtained during the NGR genome project. Bi-
Blast comparisons (each strain singly compared to the other
two strains) of whole genomes of strain NGR234, strain 1021,
and R. etli strain CFN42 suggests that they share a core ge-
nome of �3,200 orthologous genes (Fig. 4), but that about
1,800 genes are unique to each strain. Strains 1021 and

FIG. 3. Physical maps of the gene clusters of the single type II secretion systems (A), as well as the two copies of the type III pili (B) that have
been identified in NGR234 and related bacteria. The yellow box highlights the regions with conserved gene organizations.
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NGR234 share �930 putative orthologous genes that are ab-
sent in R. etli. In turn, R. etli and NGR234 share 499 putative
orthologous genes that are not present in strain 1021. In this
sense, NGR234 is more closely related to strain 1021 but is also
significantly different from it. This statement is also supported
by a phylogenetic comparison based on the 16S rRNA gene
diversity (see Fig. S4 in the supplemental material).

The distribution of putative orthologous versus nonortholo-
gous genes on the different NGR234 replicons shows a clear bias.
On the chromosome many of the NGR234-specific genes are
located in regions which differ in their GC contents and contain
significantly less repetitive elements compared to conserved parts
of the chromosome. In contrast, pNGR234b is a patchwork plas-
mid that consists of regions which share partial blocks of ortholo-
gous genes that are similar to the different replicons of strain
1021. These concern especially the regions carrying genes for the
T4 secretion systems. T4P and the T4SS systems share most
orthologues to pSymB and the strain 1021 chromosome. The
absolute number of shared orthologous genes is, however, highest
between the strain 1021 pSymA and pNGR234b (Fig. 1).

Another important observation is that correlations seem to
exist between the host range of rhizobia and the number of
specialized protein secretion systems they carry. Classic nar-
row-host-range rhizobia such as S. meliloti and R. leguminosa-
rum that nodulate a restricted group of Middle-Eastern and
Northern European plants carry neither T3 nor T4 secretion
systems. At the other extreme, NGR234 which has the greatest
capacity to nodulate of all known rhizobia, carries almost twice
as many, often duplicated, secretion systems (Table 3). Non-
symbiotic bacteria possess even fewer: E. coli K-12 only carries
about 35 genes linked to secretion systems (not including the

flagellum genes), the opportunistic pathogen Pseudomonas
aeruginosa PA01 encodes �80 genes and Burkholderia thailan-
densis about 90 genes involved in protein secretion.

Although formal proof that all of the many, diverse protein
secretion systems extend the host range of NGR234 has yet to be
furnished, another piece in the puzzle which began with the char-
acterization of Nod-NGR234 factors seems to be falling into
place. NGR234 secretes a large family of lipo-chito-oligosaccha-
ridic Nod factors that are variously 3-O, 4-O, or 6-O carbamoy-
lated, that are N methylated, and that carry a 2-O-methyl-fucose
residue that may be either 3-O sulfated or 4-O acetylated (68).
Since no other rhizobia synthesize such a large family of these
lipo-oligo-saccharides that prepare the legume for nodulation
(42) and allow the rhizobia to penetrate root hairs (71, 73), we
speculated that Nod-factors themselves contribute to the broad
host range of NGR234 (7, 66, 69). A second piece of the puzzle
fell into place when we showed that NGR234 not only treats the
legume root to a large palette of Nod factors but that their
concentration is much higher than even very closely related rhi-
zobia (72). Moreover, while we have not yet tested the effects of
all protein secretion systems on the nodulation of NGR234 hosts,
it is clear that the T3SS-I locus and the effectors it secretes have
profound host range effects (13).

The diverse catabolic and metabolic functions encoded by
NGR234 are another piece of the puzzle. Rhizobia have two
lifestyles: one saprophytic and the other symbiotic and intracel-
lular. A soil bacterium that is able to survive and grow under a
wide range of nutritional conditions has more chances of surviv-
ing than strains that have very specific growth requirements. More
importantly perhaps, to be primed for the invasion of legumes,
rhizobia have to grow in the rhizosphere of approaching root
systems. Bacteria that can metabolize virtually any carbon- and
nitrogen-containing compound that emanates from plant roots
will preferentially colonize them. Once established within the
rhizosphere, NodD1 of NGR234 senses a wide variety of phenolic
substances (24, 25, 49, 65). The NodD1-flavonoid complex then
either directly or indirectly activates genes downstream of the
many nod and tts boxes present in NGR234 (47, 93). In this way,
the family of Nod-NGR234 factors are released, the T3SS-I be-
gins to secrete proteins, and the spectrum of NGR234 hosts that
are nodulated is enlarged.

Although the complete genome sequence of NGR234 has
not revealed all of the mysteries of broad host range, it prob-
ably lays out a plan that can lead to them. Many more pieces
of the broad-host-range puzzle will probably fall into place
once the NGR234’s closest relative, Rhizobium (Sinorhizo-
bium) fredii strain USDA257, is sequenced (64). In extensive
nodulation tests, USDA257 nodulated an exact subset of the
NGR234 hosts (69), suggesting that rather simple differences
between the two genomes (e.g., the presence or absence of a
functional nodS, which encodes an N-methyl transferase, and
of nodU, which encodes a 6-O-carbamoylase [40]) will help
explain the differences in host range.
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FIG. 4. BiBlast comparison (each single strain against the other two
strains) of the complete genomes of strains NGR234, 1021, and CFN42.
The Venn diagram shows the numbers of proteins shared or unique
within a particular relationship for the three microbes. NGR-specific
proteins are indicated in orange, strain 1021 proteins are indicated in
green, and strain CFN42 proteins are indicated in blue. The three strains
share a core genome of �3,200 orthologous genes; all genomes contain
about 1,800 genes that are unique for each strain. The 930 putative
orthologous genes shared between strains 1021 and NGR234 (but which
are absent in R. etli) are compared to 499 orthologues shared by R. etli and
NGR234 (but which are absent in strain 1021) indicate that strain
NGR234 is more closely related to strain 1021.
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