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Much of the remarkable ability of Rhizobium sp. strain NGR234 to nodulate at least 110 genera of legumes,
as well as the nonlegume Parasponia andersonii, stems from the more than 80 different Nod factors it secretes.
Except for nodE, nodG, and nodPQ, which are on the chromosome, most Nod factor biosynthesis genes are
dispersed over the 536,165-bp symbiotic plasmid, pNGR234a. Mosaic sequences and insertion sequences (ISs)
comprise 18% of pNGR234a. Many of them are clustered, and these IS islands divide the replicon into large
blocks of functionally related genes. At 6 kb, NGRRS-1 is a striking example: there is one copy on pNGR234a
and three others on the chromosome. DNA sequence comparisons of two NGRRS-1 elements identified three
types of IS, NGRIS-2, NGRIS-4, and NGRIS-10. Here we show that all four copies of NGRRS-1 probably
originated from transposition of NGRIS-4 into a more ancient IS-like sequence, NGRIS-10. Remarkably, all
nine copies of NGRIS-4 have transposed into other ISs. It is unclear whether the accumulation of potentially
mutagenic sequences in large clusters is due to the nature of the IS involved or to some selection process.
Nevertheless, a direct consequence of the preferential targeting of transposons into such IS islands is to
minimize the likelihood of disrupting vital functions.

It has long been recognized that repetitive DNA is an im-
portant feature of eukaryotic genomes (8). Bacterial genomes,
in contrast, are often regarded as being less complex, contain-
ing mostly single-copy genetic elements. Although this might
be true for small genomes, such as that of Methanococcus
jannaschii (11), many bacterial loci are in fact duplicated. Rhi-
zobial genomes are also composed of several replicons. Large
plasmids make up half of the genome in some species (47) and
harbor many reiterated DNA sequences (32). Repeated se-
quences vary in size from 100 bases for Rhizobium-specific
intergenic mosaic elements (36) to several kilobases in the
duplicated nifHDK genes of Rhizobium sp. strain NGR234
which code for the enzyme nitrogenase (3). Transposable ele-
ments (transposons and insertion-like sequences) are also
broadly distributed in bacteria, where they have many effects,
including gene rearrangements, insertions, and deletions (18).
In addition to causing deletions and rearrangements of genes,
transposition also causes insertional mutations which may dis-
rupt genes or modify their expression.

A number of insertion sequence (IS) elements have been
identified in rhizobia; some of them are linked to spontaneous
symbiotic mutants (15, 35). In R. meliloti, ISRm1 is present in
1 to 11 copies (53) and, like ISRm2, is preferentially found in
association with symbiotic genes (15, 44). Other elements such
as ISRm3, ISRm4, and ISRm5 were also characterized (30, 48,
54), suggesting that most R. meliloti strains carry over 50 IS
copies per genome (30). In R. leguminosarum bv. viciae strains,
ISRI2 is present in low copy numbers and seems preferentially
linked to plasmids (33). Among the family of repeated ele-
ments RSa, RSB, RSwy, RSS, and RSg, which are closely linked
to the nitrogen fixation genes of Bradyrhizobium japonicum
USDA110, only RSa (present in 12 copies) has properties
similar to those of an IS element (25). Similarly, at least one
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copy of the hyperreiterated DNA region HRS1 of B. japoni-
cum USDAA424 is adjacent to the fixRnifA locus of this strain
(24).

Various reiterated sequences have been found in NGR234
(3, 31, 36, 37, 52). Among them, NGRRS-1 was identified
during the construction of the ordered cosmid library of
pNGR234a (37). Another three copies of NGRRS-1, extend-
ing over more than 5 kb, were found on the chromosome (38).
In this report, we show that all copies of NGRRS-1 probably
originated from transposition of one insertion element
(NGRIS-4) into a more ancient, IS-like sequence, NGRIS-10.
Comparison of the complete DNA sequence of two NGRRS-1
elements identified another type of IS, NGRIS-2. In fact, a
large fraction of the NGR234 genome is comprised of IS-like
elements, most of which are clustered in several islands. This
irregular distribution and the dynamics of dissemination, pro-
vide new insights into the stability, plasticity, and evolution of
NGR234 genome.

MATERIALS AND METHODS

Microbiological techniq Bacterial strains and plasmids used in this study
are listed in Table 1. Escherichia coli was grown on Luria-Bertani medium or
Terrific broth (45). Strains of Bradyrhizobium, Rhizobium, and Agrobacterium
were grown in tryptone-yeast medium (5) or Rhizobium minimal medium (10).
pBluescript KS+ recombinants were raised in E. coli DH5«, while Lorist2 cos-
mid clones were grown in E. coli 1046. Antibiotics were used at the following
concentrations: chloramphenicol, 25 wg/ml; rifampin, kanamycin, and spectino-
mycin, 50 pg/ml; and streptomycin and ampicillin, 100 pg/ml.

DNA isolation and sequencing. DNA of cosmids and pBluescript KS+ clones
was prepared by standard alkaline procedures followed by purification on CsCl
gradients (45). The complete DNA sequence of cosmid pXB807 was established
by using standard protocols for sequencing GC-rich cosmid clones (16). DNA
sequences of the NGRRS-1b, -1c, and -1d elements were produced by manual,
dideoxy methods (46) using double-stranded templates and Sequenase IT (Unit-
ed States Biochemical Corp., Cleveland, Ohio). Selected subclones (Table 1; Fig.
1), Exolll nuclease deletions and primer walking (45) were used to determine the
DNA sequence of the 6.8-kb EcoRI-PstI fragment encompassing the NGRRS-1b
locus of pXB826.

DNA labeling and hybridization procedures. 3°P labeling of the Sau3AlI frag-
ments of NGR234 remaining after subtraction against genomic DNA of
USDAZ257 was performed by three cycles of PCR amplification (6). Inserts from
selected pBluescript KS+ clones were radioactively labeled by PCR amplifica-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain, plasmid, or vectors

Relevant characteristics

Reference or source

Strains

E. coli DH5«

E. coli 1046

Rhizobium sp. strain NGR234
Rhizobium sp. strain ANU265
R. fredii USDA257

R. meliloti 2011

R. loti NZP4010

Rhizobium sp. strain WBM16
B. elkanii USDA76

B. japonicum CB756

A. rhizogenes R1600

A. rhizogenes A4RSII

Cosmids

Lorist2
pXB807
pXB826, pXB953, pXB1539

Bluescript clones
pBluescript KS+
pXB807H-0.8

pXB807P-0.6
pXB826P-1
pXB826PH-1
pXB826H-0.5
pXB826X-2
pXB826P-0.8
pXB826P-3
pXB826XP-0.9
pXB826CP-0.6
pXB826C-1.8
pXB826PX-2
pXB826C-0.6
pXBS26EP-0.6

pXB953H-4

pXB953H-0.5
pXB953XP-0.5

pXB953X-2.5
pXB1539H-1.4

pXB1539H-0.5
pXB1539P-0.8

recAl $80 lacZAM15 20
recAl 12
Broad host range, isolated from Lablab purpureus, Rif" 49
Sym plasmid-cured derivative of NGR234, Spc" 34
Broad host range, isolated from Glycine soja, Km" 22
Wild-type isolate from Medicago sativa 43
Cryptic plasmid-cured derivative of NZP2037, Rif" Sm" 13
Isolated from Leucaena hut 9
Isolated from Glycine max, Cm" 29
Isolated from Macrotyloma africanum 21
Ap" Km"

pRiA4, Rif" 23
5.6-kb cosmid vector, Km" 19
Lorist2 clone of pPNGR234a 37
Lorist2 clones of the NGR234 chromosome 38

High-copy-number, ColE1 based phagemid, Ap"

0.8-kb HindIII fragment of pXB807, covers the right border of
NGRRS-1a

0.6-kb Pst] fragment of pXB807, covers the left border of NGRRS-1a

1-kb PstI fragment of pXB826, covers the right border of NGRRS-1b

1-kb Pst1-HindIII fragment of pXB826

0.5-kb HindIII fragment of pXB826

2-kb Xhol fragment of pXB826

0.8-kb PstI fragment of pXB826

3-kb PstI fragment of pXB826

0.9-kb Xhol-PstI fragment of pXB826

0.6-kb Clal-Pst1 fragment of pXB826

1.8-kb Clal fragment of pXB826, internal to NGRIS-4¢

2-kb PstI-Xhol fragment of pXB826

0.6-kb Clal fragment of pXB826P-3

0.6-kb EcoRI-Pstl fragment of pXB826, covers the left border of
NGRRS-1b

4-kb HindIII fragment of pXB953, covers the right border of
NGRRS-1c

0.5-kb HindIII fragment of pXB953

0.5-kb Xhol-PstI fragment of pXB953, covers the left border of
NGRRS-1c¢

2.5-kb Xhol fragment of pXB953

1.4-kb HindIII fragment of pXB1539, covers the right border of
NGRRS-1d

0.5-kb HindIII fragment of pXB1539

0.8-kb PstI fragment of pXB1539, covers the left border of NGRRS-1d

Stratagene, La Jolla, Calif.
This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work

This work
This work

This work
This work

This work
This work

tion using T3-T7 primers flanking the entire insert. Southern blots of DNA
samples restricted by endonucleases and multiple samples of nondigested DNA
(dot blots) were probed by using standard hybridization conditions (45).

RESULTS

Characterization of the four NGRRS-1 loci. The canonical
ordered cosmid library of NGR234 was constructed by com-
paring the HindIII fingerprints of 1,014 cosmids, 227 of which
hybridized to pNGR234a (37, 38). Interestingly, a significant
portion of these clones did not map to pNGR234a. Rather,
they formed independent contigs, suggesting that a number of
pSym sequences are reiterated. Among these, NGRRS-1 is
repeated four times. At =6 kb, NGRRS-1, which has con-
served HindIIl, Pst], and Xhol restriction sites (Fig. 1A), is the
largest repeat known in NGR234. To facilitate its analysis, four
cosmids, pXB807, pXB826, pXB953, and pXB1539, were se-
lected to represent, respectively, NGRRS-1a of pSym as well as

the three, presumably chromosomally borne copies NGRRS-
16, NGRRS-1c, and NGRRS-1d. Cloning and sequencing of
several restriction fragments covering the ends of the four
repeats (Fig. 1A), helped identify their border regions. Al-
though all four of the 3’-end borders are almost identical (97%
at the nucleotide level) and start to diverge at the same nucle-
otide (Fig. 2), the 5" ends of NGRRS-1a and NGRRS-1c are
truncated compared with those of NGRRS-16 and NGRRS-1d
(Fig. 2). To fully characterize one of the repeats, a series of
overlapping subclones of pXB826 was used to establish the
DNA sequence of the 6.8-kb EcoRI-PstI region which carries
NGRRS-1b (Table 1; Fig. 1B).

Comparison of NGRRS-1a and -15. Concomitantly, the se-
quence of NGRRS-1a was obtained during the automated
shotgun sequencing of pPNGR234a (17). Multiple alignments of
the NGRRS-1a and -1b sequences, together with those of the
border regions of the repeats carried by pXB953 and pXB1539,
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FIG. 1. (A) Restriction map of the four copies of NGRRS-1 carried by cosmids pXB807 (from pNGR234a), pXB826, pXB953, and pXB1539. Subclones used to
sequence the borders of NGRRS-1 (Fig. 2) are displayed below the partial restriction map of each cosmid. Each repeat is represented by a shaded box, with dashed
lines linking the conserved restriction sites. (B) Subclones used to determine the DNA sequence of NGRRS-1b are placed below the partial restriction map of cosmid
pXB826. Restriction sites: C, Clal; C*, Clal site methylated in E. coli DH5w; E, EcoRI; H, HindIII; P, PstI; X, Xhol.

showed that NGRRS-1b covers 5,919 nucleotides. There are
two major differences between NGRRS-1a and NGRRS-1b.
NGRRS-1a contains a 2,561-bp-long insertion into the left
border region, and 116 irregularly distributed point mutations
differ along the two repeated elements (Fig. 3).

NGRIS-2 has the characteristics of an insertion element.
The 2,561-bp insertion into the 5'-end border region of
NGRRS-1a (Fig. 2 and 3) presents many of the properties of
IS elements. It is delimited by two perfectly conserved 12-bp
inverted repeats directly flanked by short 3-bp direct repeats
of target duplication (Table 2). Genemark analysis (7) of
NGRIS-2 predicted the presence of three putative genes tran-
scribed in the same orientation and encoding proteins of 21
(Orf1-1S2), 43 (Orf2-1S2), and 15 (Orf3-1S2) kDa, respectively.
Comparison of these hypothetical products with published se-
quences by using the BLAST program (2) showed significant
homologies to putative transposases of various microorganisms
(Table 3). Interestingly, a 711-bp fragment of RFRS9, a mem-
ber of the Rhizobium fredii family of repetitive sequences (28),
showed extensive homology to two distinct segments of
NGRIS-2 separated by almost 1,400 nucleotides (Fig. 3). Thus,
DNA sequences in NGRIS-2 from positions 1 to 425 and
positions 1,824 to 2,104 present 91% identity with two contig-
uous blocks of sequences in RFRS9 (positions 710 to 287 and
positions 286 to 1, respectively) (Fig. 3). Moreover, the amino-
terminal part of the hypothetical protein encoded by the single
open reading frame (ORF) described for RFRS9 presents 91%
identity and 97% similarity with the putative orf3-IS2 product

when conserved and less conserved amino acids are included in
the analysis (Table 3). Although functional transposition was
not demonstrated, homology searches within the 536-kb se-
quence of pNGR234a (17) revealed the presence of a second
and completely identical copy of NGRIS-2. This element, re-
ferred to as NGRIS-2b and carried by cosmid pXB43, is 17 kb
upstream of NGRIS-2a (in the sense of transcription of the
three putative ORFs).

Irregular distribution of polymorphisms along NGRRS-1a
and -1b. Among the 116 nucleotide differences identified by
aligning the NGRRS-1a and -1b sequences, 115 are clustered
into two groups of 25 and 90 polymorphic sites. The first 25 are
within the 940 bp which include the 5'-border region of
NGRRS-1, while the remaining 90 differences are in the last
1,614 bp of the repeated element (Fig. 3). Surprisingly, only a
single polymorphic position was found in the 3,324-bp central
portion of NGRRS-1, which was also shown to be perfectly
duplicated in another part of the symbiotic plasmid. Together
these data suggest the presence within NGRRS-1 of another
autonomously mobile element, NGRIS-4. Although there are
no inverted repeats, NGRIS-4 is flanked by four-nucleotide
direct repeats of target duplication (Table 2). Unlike those of
the two NGRIS-2 copies, which are similar but not identical,
the target duplication sites of the three NGRIS-4 elements are
identical (5'_AAGG_3"). Genemark analysis predicted four
putative genes transcribed in the same direction as in
NGRIS-2a and encoding products of 6,105 (Orf1-IS4), 16,836
(Orf2-1S4), 9,703 (Orf3-IS4) and 78,742 (Orf4-1S4) Da (Fig. 3;
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pXB826 W —=m=-- TCCTGGCGTTCTGCC
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FIG. 2. Multiple alignments of the 5" (A) and 3’ (B) ends of DNA sequences bordering the four NGRRS-1a, -1b, -1c, and -1d copies carried by cosmids pXB807
(part of pPNGR234a), pXB826, pXB953, and pXB1539, respectively. Identical nucleotide bases are replaced by hyphens. Landmark PstI and HindIII restriction sites
are labeled and underlined. The position of insertion of the NGRIS-2a element into the sequence of NGRRS-1a is shown: the 12-bp perfect inverted repeats bordering
NGRIS-2a are underlined and marked IR left and IR right. The trinucleotide TGA direct duplication of target DNA is boxed. Three different target insertion sites
of NGRRS-1 into the genomic regions covered by cosmids pXB807, pXB826, and pXB1539 are underlined.

Table 3). Although the Orf2-IS4 and Orf4-IS4 hypothetical features of NGRIS-4, suggested that all four copies of
proteins show weak homologies to protein 1 of IS895 of the NGRRS-1 resulted from transposition of NGRIS-4 into an-

cyanobacterium Anabaena sp. strain PCC 7120 (1) and to site- other multicopy element. To reconstruct this repeat, the
specific recombinases such as TnpX and Xisf (Table 3), re- NGRIS-4c DNA sequence (3,316 bp) together with its 4-bp
spectively, no clear homolog was found in the databases. target duplication site was removed in silico from NGRRS-1b.

NGRIS-10, the remains of another IS-like element dis- This reconstructed 2,599-bp element was called NGRIS-10. It
rupted by NGRIS-4. Clustering of polymorphic nucleotides at carries two putative genes encoding hypothetical proteins of
both ends of NGRRS-1a and -1b, together with the IS-like ca. 59 (orfI-1S10) and 28 (orf2-1S10) kDa and is bordered by
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FIG. 3. Scheme presenting the various IS-like elements which compose the NGRRS-1a and NGRRS-1b repeats. Respective positions, lengths, and senses of
transcription (marked by arrows) of the putative coding ORFs identified within NGRIS-2, NGRIS-4, and the reconstructed NGRIS-10 are marked by magenta boxes.
Vertical lines between the NGRRS-1a and -1b repeats correspond to the positions of polymorphic nucleotides in the two sequences. The premature stop codon in
orfl-1S10, which results from a single nucleotide substitution in the NGRRS-1a sequence (TGG into TGA), is also reported (stop). Small inverted triangles represent
terminal inverted repeats identified in NGRIS-2 and NGRIS-10. The site of insertion of NGRIS-2 into NGRRS-1a is marked with a large triangle. Conserved restriction
sites presented in Fig. 1A are reported with dashed lines and circled H (HindIII), P (PstI), and X (Xhol). Respective positions of the two blocks of sequence homology
between NGRIS-2 and RFRS9 are shown as yellow boxes linked with thin dashed lines.

75- and 74-bp imperfect inverted repeats. Interestingly, the posases such as that of IS1162 of Pseudomonas fluorescens
target duplication sites of NGRIS-10 identified in pXB807, (Table 3). Although no whole NGRIS-10 element was found,
pXB826, and pXB1539 are different in size and sequence (Ta- hybridizations and BLAST searches for similar proteins en-
ble 2). Both hypothetical products encoded by orfI-ISI10 and coded by pNGR234a identified several homologs. Among
orf2-1S10 show strong homology to various putative trans- these, y4UI and y4UH (carried by cosmid pXB296 [16]) en-

TABLE 2. Main characteristics of the IS-like elements identified in NGRRS-1 and in pNGR234a

Element Size (bp) Target duplication Inverted repeats Sym plasmid linked Copy of NGRRS-1: Cosmid
NGRIS-2a 2,558 5'_TGA_3' 5'_TACCAACGAGCG_3"" Yes NGRRS-1a pXB807
NGRIS-2b 2,558 5'_TTA_3' 5'_TACCAACGAGCG_3" Yes None pXB43
NGRIS-4a 3,316 5'_AAGG_3’ None found Yes None pXB1459
NGRIS-4b 3,316 5'_AAGG_ 3’ None found Yes NGRRS-1a pXB807
NGRIS-4c¢ 3,316 5'_AAGG_3’ None found No NGRRS-1b pXB826
NGRIS-4d —b — — No NGRRS-1¢ pXB953
NGRIS-4e — — — No NGRRS-1d pXB1539
NGRIS-10a 2,599 5'_CCATCTG_3' 75 bp/74 bp? Yes NGRRS-1a pXB807
NGRIS-10b 2,599 5'_TCCTGGCG_3’ 75 bp/74 bp? No NGRRS-1b6 pXB826
NGRIS-10c *C * # No NGRRS-1c pXB953
NGRIS-10d * 5'_TACCTGGCG_3' 75 bp/74 bp? No NGRRS-1d pXB1539

¢ Perfect 12-bp inverted repeat.

? — no complete DNA sequence available, but RFLP analysis suggests that all NGRIS-4 elements listed above have similar sizes and structures and probably the
same insertion sites within NGRRS-1.

<, only left and right border regions of NGRIS-10c and -10d have been sequenced. The left border of NGRIS-10c is truncated by 71 bp.

4 Imperfect inverted repeats of 75 and 74 bases of the left border and right border, respectively.
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TABLE 3. Best homologies to the hypothetical proteins encoded by NGRIS-2, NGRIS-4, and NGRIS-10“

Protein Size (aa) Homolog Accession no. Size (aa) Identity (%) Similarity (%)
Orf1-1S2 192 orfA product of 11238 of Acetobacter xylinum® U22323 197 46 80
Orf2-1S2 387 TnpA of 1S432IL of Enterobacter aerogenes® uU60777 334 40 76

Putative transposase of 1S1328 of Yersinia enterocolitica® 748244 334 40 74
Orf3-1S2 135 orfB product of 1S1238 of A. xylinum U22323 189 67 87
Single orf product of RFRS9 of R. fredii USDA257 U18764 222 91 97
Orf1-1S4 56 No homolog found in databases
Orf2-1S4 149 Partial homology with protein 1 of 1S895 of Anabaena PID: G142027 189
Orf3-1S4 88 No homolog found in databases
Orf4-1S4 694 Partial homology with TnpX recombinase of Tn4451 PID: n.a. 500
Partial homology with Xisf recombinase of Anabaena PID: G14904 613
Orf1-IS10 516 y4UI hypothetical product of pPNGR234a“ PID: G1486430 514 59 87
Putative transposase of IS408 of Pseudomonas cepacia® 109108 518 46 82
orfl putative product of NGRIS-3¢ 516 47 75
Orf2-I1S10 245 y4UH hypothetical product of pNGR234a PID: G1486429 248 60 87
orf2 putative product of NGRIS-3? 258 55 85
orf2 of 181162 of Pseudomonas fluorescens® PID: E108313 231 42 72

¢ Identity and homology levels shown were calculated on the basis of the entire protein.

® For best alignments, produced with the introduction of one gap of a single amino acid.

¢ For best alignments, produced with the introduction of two gaps of a single amino acid.

¢ For best alignments, produced with the introduction of a maximum of five gaps of one or two amino acids.

coded products which are 59% identical and 87% homologous
to Orf1-IS70 and Orf2-1S10, respectively. Both putative genes
have the same organization as, as well as 60% homology at the
nucleotide level to, those of NGRIS-10.

Distribution of NGRIS-2, NGRIS-4, and NGRIS-10 in
NGR234. Traditionally, the copy number of repeated elements
is estimated by probing Southern blots of restricted genomic
DNA. Further restriction fragment length polymorphism
(RFLP) and/or sequencing data are generally required, how-
ever, to define the extent of homology between the regions. As
an alternative, we used a two-step hybridization procedure to
identify loci homologous to each of the elements composing
NGRRS-1. First, dot blots of DNA prepared from the 309
cosmids that cover more than 97% of the NGR234 genome
were hybridized with **P-labeled probes internal to NGRIS-2,
NGRIS-4, or NGRIS-10. For nonoverlapping clones, an initial
estimate of the probable number of copies of the labeled se-
quence was obtained. RFLP data were obtained by probing
Southern blots prepared with EcoRI-, HindIIl-, PstI-, and
Xhol-restricted DNAs of the 14 positive cosmids. Hybridiza-
tion results (summarized in Table 4) confirmed that no more
than four copies of the NGRRS-1 element exist in NGR234.
Although two independent repeats, NGRRS-3a and -3b (Table
4), have structures similar to that of NGRRS-1, their RFLP

patterns differ significantly. In fact, each of the two NGRRS-3
copies is composed of one NGRIS-4 sequence inserted into a
homolog of NGRIS-10 (named NGRIS-11). Thus, nine com-
plete copies of NGRIS-4 were identified. Although sequence
data exist for only three of them, identical RFLP patterns
suggest that all copies are highly homologous. NGRIS-4¢ dif-
fers from NGRIS-4a and -4b by a single nucleotide. Interest-
ingly, only four copies of NGRIS-10 were identified, and all of
them are disrupted by NGRIS-4. This systematic disruption of
all NGRIS-10 and ISI7 copies by six of the nine NGRIS-4
elements clearly demonstrates that both elements are prefer-
ential targets for insertion by NGRIS-4. Apart from the two
identical copies of NGRIS-2 located on pNGR2344, no other
element of this kind was identified elsewhere in the genome.
Rather, four different homologous regions with restriction pat-
terns different from those of NGRIS-2 were found on the
chromosome. The close linkage of one of these loci to
NGRRS-3a suggests that many IS elements have tendencies to
assemble into large and complex clusters.

Subtractive DNA hybridization against total genomic DNA
of R. fredii USDA257 was used to isolate a pool of Sau3Al
fragments specific to NGR234 (39). Probing of Southern blots
prepared with EcoRI-, Pstl-, and Xhol-restricted DNAs of
cosmids pXB807, pXB8&826, pXB953, and pXB1539, using *2P-

TABLE 4. Homologous repeats that are neither in pNGR234a nor in the four copies of NGRRS-1¢

Element Probe(s) Hybridizing cosmids New repeats identified
NGRIS-2 2.4-kb PCR product pXB225, pXB632
pXB74, pXB290 NGRRS-2a
pXBS12, pXA1-H3 NGRRS-2b
pXB70, pXB1302
NGRIS-4 pXB826P-0.8 pXB225, pXB632 NGRIS-4g (NGRRS-3a)
pXB826XP-0.9 pXB198, pXB636 NGRIS-4f (NGRRS-3b)
pXB273, pXA4 NGRIS-4h
pXB445, pXB1526 NGRIS-4i
NGRIS-10 pXB826H-0.5 pXB225, pXB632 NGRIS-11a (NGRRS-34a)
pXB807X-0.5 pXB198, pXB636 NGRIS-116 (NGRRS-3b)

“ Overlapping cosmids are listed on the same line. NGRIS-2a was PCR amplified by using primers NGRIS2A (5'-GCGCCGTTTCTGACTCTCATGGG-3") and

NGRIS2B (5'-GAGCGGTGATCATGACCGATGCG-3'), as well as pXB807 DNA.
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FIG. 4. (Top) EcoRI-, Pstl-, and Xhol-restricted cosmid DNAs of pXB807,
pXB826, pXB953, and pXB1539 (lanes A to D, respectively). (Bottom) Corre-
sponding Southern blots probed with 3?P-labeled Sau3Al fragments of NGR234
purified by subtractive hybridization against total DNA of R. fredii USDA257.
Restriction fragments that are part of NGRRS-1 are marked with arrows. Mo-
lecular markers are given in kilobases.

labeled and PCR-amplified subtracted sequences, confirmed
close physical linkage between NGRRS-1 repeats and frag-
ments specific to NGR234 (Fig. 4). Similar clustering of the
remaining NGRIS elements was observed when probing was
extended to all cosmids listed in Table 4 (data not shown).
Moreover, subtracted sequences hybridized to most restriction
fragments carrying NGRRS-1, suggesting that NGRIS-10 and
NGRIS-4 are not present in USDA257. Confirmation of this
result was obtained by probing EcoRI-restricted genomic DNA
of various Rhizobium, Bradyrhizobium, and Agrobacterium
strains with PCR-amplified and **P-labeled fragments internal
to NGRRS-1. Only weak hybridization signals were detected in
the genomes of R. meliloti 2011 and of A. rhizogenes R1600,
whereas many fragments ranging from 6 to ca. 20 kb were
identified in NGR234 and ANU265 (data not shown). Despite
the molecular evidence of close phylogenetic relationships be-
tween NGR234 and USDAZ257 symbiotic plasmids (4, 39-41),
it seems that none of the IS elements which form NGRRS-1
are present in the genome of USDA257.

DISCUSSION

Molecular analysis of the four copies of NGRRS-1 identified
three different insertion-like sequences, NGRIS-2, NGRIS-4,
and the reconstructed NGRIS-10. There are nine copies of
NGRIS-4, two of which are on pNGR234a. Interestingly, all
nine NGRIS-4 elements appear to have transposed into other

J. BACTERIOL.

ISs. This is also true of the two copies of NGRIS-2 carried by
the symbiotic plasmid. Hybridization data confirmed that all
the known IS elements are closely linked to the sequences
enriched by subtractive DNA hybridization. Since many of
these unique sequences represent fragments of IS and trans-
posons (39), there is a nonrandom distribution of transposable
elements in NGR234. Although comparable data on IS of
other Rhizobium strains are minimal, integration of ISRm3
within ISRm5 of R. meliloti 17450 (30) suggests that clustering
of IS-like sequences may be a general feature of rhizobial
genomes. It is unclear whether accumulation of transposable
elements in several islands in the genome of NGR234 is due to
the intrinsic nature of the IS involved or to some selection
process which eliminates mutants within other coding regions.
A direct consequence of the preferential insertion of ISs into
former transposable elements is to limit the chance of disrupt-
ing vital cellular functions, which would be detrimental to their
dissemination.

Similarly, distribution of IS elements within the different
replicons of the genome is nonlinear. Compared with the rest
of the genome (39), the higher proportion of subtracted DNA
sequences in pNGR234a correlates well with the findings that
IS elements occur more frequently in plasmids than in chro-
mosomes (18). Similar observations were made with various R.
leguminosarum strains (33, 51) as well as with the archaeon
Haloferax volcanii (14). Presumably, transposition into plasmid
sequences is less likely to disrupt vital functions, especially if a
large portion of the replicon consists of IS islands. Since many
plasmids, including pNGR234a (17), are transmissible, they
probably shuttle transposable elements into new genomic
backgrounds. Once within their new host, IS elements may
transpose again and disseminate to the rest of the genome. The
26 polymorphic nucleotide positions in the 880 bases that com-
prise the 5'- and 3’-border regions of NGRRS-1 (11 bases of
475 at the 5’ end and 15 bases of 405 at the 3’ end [Fig. 2])
suggest that the copy carried by pSym (NGRIS-10a) is the
oldest of the four NGRIS-10 elements. In contrast, the remain-
ing three chromosomal copies, which differ only by single-point
mutations, probably result from more recent transpositions. In
this respect, analysis of polymorphic bases together with the
61-bp deletion found at the 5’ end of NGRIS-10c (Fig. 2-A)
indicates that NGRIS-100 and -10d are the most recent of
these elements.

Interestingly, 108 of the 115 nucleotide differences between
NGRIS-10a and -10b occur within predicted coding regions,
and 92 of them are in the third codon position. Only 11 poly-
morphic nucleotides have changed amino acid compositions,
seven base changes occur outside putative genes, and a single
nucleotide replacement resulted in a nonsense mutation within
orfl of NGRIS-10a. This strong bias in favor of same-sense
mutations suggests that most substitutions took place before
the insertion of NGRIS-4 into the NGRIS-10 repeats. Unfor-
tunately, the mechanism by which so many silent mutations
have been selected and established within the four copies of
NGRIS-10 is unknown. In contrast, the DNA sequences of the
two NGRIS-2 elements are identical, while those of two of the
three characterized copies of NGRIS-4 differ by only a single
nucleotide replacement (NGRIS-4a and NGRIS-4c¢). Thus, it
seems that unlike the case for NGRIS-10, transposition of
NGRIS-4 and NGRIS-2 took place much more recently and
within in a short period of time.

NGRIS-2 is specific to pPNGR234a. RFRS9, one of the nine
copies of repetitive sequences found in R. fredii USDA257, is a
partial homolog of NGRIS-2 and maps to symbiotic plasmids
of R. fredii strains (28). Comparison of the nucleotide se-
quences of many symbiotic loci as well as of the chromosome-
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borne copy of the rec4 and 16S rDNA genes in NGR234 and
USDAZ257 confirmed that most symbiotic functions were prob-
ably acquired by lateral gene transfer long after these two
bacteria started to diverge (40). The absence of close homologs
to NGRIS-4 and NGRIS-10 in the genome of USDA257 raises
the question of the more distant origin of both elements. Un-
like NGR234, which was first isolated from Lablab purpureus
nodules in Papua New Guinea (50), USDA257 was isolated
from a wild soybean plant (Glycine soja) growing near Wuking,
China (26, 27). Depending on the overall sense of genetic
transmission, NGRIS-4 and NGRIS-10 were either lost or
picked up during the plasmid exchanges that produced the
current NGR234 and USDAZ257 strains.

Complete sequencing of pNGR234a showed that IS and
transposon-like elements make up 18% of the symbiotic plas-
mid (17). Although the proportion of ISs in the rest of
NGR234 genome is unknown, a significant number of ISs are
clustered in several islands outside pNGR234q, probably form-
ing large and complex structures. We are currently cataloguing
the various classes of IS and transposon-like sequences in
NGR234. In this way, the proportion of the whole genome
which is composed of transposable sequences will be assessed
and compared to that of the symbiotic plasmid. At 6 kb,
NGRRS-1 is the largest repeat identified in NGR234, but
RFLP data suggest that it is not unique. The effects of such
large and almost perfectly conserved repeats on the structure
and plasticity of the NGR234 genome remain unclear, but it is
likely that these duplications promote major rearrangements
(42) and confer a very dynamic structure on the rhizobial
genome.
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