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A physical map of the genome of Rhizobium meliloti 1021 is presented. The physical sizes of the three
replicons in this genome had previously been determined and are as follows: the chromosome, 3.4 Mb; pSym-b,
1.7 Mb; and pSym-a, 1.4 Mb. The physical maps for this GC-rich genome contain AT-rich restriction sites for
Swal (5'-TAAATTTA-3'), Pacl (5'-TTAATTAA-3’), Pmel (5'-GTTTAAAC-3'), and, for pSym-b, Spel (5'-
ACTAGT-3’). In addition, the endonuclease I-Ceul cleaved the 23S rRNA genes in this genome, and perhaps
in most eubacterial genomes. I-Ceul digestion and polymerase chain reaction amplification of rrn regions were
used to determine that there are at least three rrn loci in R. meliloti, all of which are located on the chromosome.
The orientation of the rrn loci was determined by Southern blotting with probes from rrn sequences located 5’
and 3’ to the I-Ceul site. The rrn loci are clustered in one part of the chromosome and are oriented so that
transcription will occur away from a single point in the circle, as observed for the origin of replication in the
Escherichia coli and Salmonella typhimurium chromosomes. Fifteen genes that had been tagged by Tn5 insertion
were localized to fragments on the chromosome physical map by using the IS50 as a probe in Southern blots.
In addition, glt and gap were placed on the physical map by using Southern hybridization with cloned genes.
The fortuitous occurrence of a Spel site in Tn5-233 was used to physically map 10 genetically mapped Tn5-233
integrations on pSym-b and to anchor the physical map to the genetic map. Finally, we demonstrate the
usefulness of the map by localizing a total of 12 previously unmapped transposon insertions in the genome.
This is the first physical map of the genome of a multireplicon member of the family Rhizobiaceae as well as

the first physical map of a Rhizobium chromosome.

Restriction maps have been constructed for over a dozen
bacterial species with endonucleases that cleave infrequently
(26) and then by separation of the resulting fragments by
pulsed-field gel electrophoresis (PFGE) (34). Physical maps
are particularly useful for poorly studied organisms in which
genetic manipulations are tedious or difficult, as is the case
with many agriculturally important gram-negative bacteria.
Because of the strict correlation of physical and genetic maps
in bacteria (18), physical maps aid in mapping new markers or
mutations, in directing gene-cloning and fine-mapping efforts,
and in evolutionary studies (19, 32).

Physical maps for the entire genome of only two of the
agronomically important members of the family Rhizobiaceae
have been undertaken: Bradyrhizobium japonicum (20) and
Rhizobium meliloti (35, 36). These two genera of symbiotic,
nitrogen-fixing bacteria differ markedly in their genomic archi-
tectures (25) and evolutionary histories (14). The B. japonicum
genome consists of a single large chromosome (8.7 Mb), with
symbiotic functions clustered in a 400-kb region (20), and this
organism is phylogenetically distinguished from R. meliloti on
the bases of 16S rRNA analysis (14) and biochemical functions
(17). In contrast, the R. meliloti genome is more complex in
structure, with symbiotic and catabolic genes scattered among
at least three replicons (two so-called megaplasmids [pSym-a
and pSym-b] and the chromosome [3, 16]), and it is more
closely related to Agrobacterium tumefaciens than to B. japoni-
cum (14). Furthermore, in R. meliloti, many of the genes
involved in nodule formation and nitrogen fixation (25, 36) are
found on megaplasmids (8, 16).

Circular genctic maps of the chromosome (4, 13, 27) and of
pSym-b (5) of R meliloti 1021 have been constructed. No
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complete, circular genetic map exists for pSym-a. The physical
map of a 500-kb symbiotic plasmid from Rhizobium sp. strain
NGR234 has been established (28). Although small regions
containing cloned genes have been mapped with restriction
enzymes, no circular physical maps exist for any of the repli-
cons of R. meliloti, the best characterized of the Rhizobiaceae.
We set out to physically map the entire genome of R. meliloti
1021 and herein report the results.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. The bacterial
strains and plasmids used in this study are listed in Table 1.
Cultures of R. meliloti were grown in L broth (33) supple-
mented with 2.5 mM CaCl, and the appropriate antibiotic (200
pg of streptomycin [Str], 100 ug of neomycin [Nm}, 0.5 pg of
oxytetracycline [Ot], 10 pg of gentamicin [Gm], 50 ng of
spectinomycin [Sp], or 10 ug of rifampin [Rif] ml ).

PFGE and Southern hybridization procedures. Genomic
DNAs were prepared in agarose plugs and digested with
restriction endonucleases as reported by Sobral et al. (35).
Unless otherwise noted, all chemicals were purchased from
Sigma Chemical Co. (St. Louis, Mo.), and restriction enzymes
were purchased from New England Biolabs (Boston, Mass.),
Boehringer Mannheim (Indianapolis, Ind.), or Stratagene (La
Jolla, Calif.). PFGE of total genomic DNA and separated
replicons in transverse alternating electric fields (TAFE) was
done as reported by Sobral et al. (362. DNA fragments used as
probes were radiolabelled with [a-**P]dCTP using a Prime-It
IT kit (Stratagene), and Southern hybridizations were done
under standard high-stringency conditions (33). For hybridiza-
tions to Tn5-containing strains, the IS50 element was isolated
as a 1.0-kb PstI fragment from pGS220 (Table 1). The sizes of
restriction enzyme fragments and hybridization signals were
determined as described by Sobral et al. (36).
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TABLE 1. Bacterial strains and plasmids used for mapping

J. BACTERIOL.

Strain or

plasmid Description Source
R. meliloti
1021 Str', derivative of 2011 S. Long
5050 met1023::Tn5 G. Walker
7558 IpsB::Tn5-104-3 G. Walker
8611 Tn5-Mob2612 G. Walker
8612 Tn5-Mob2614 G. Walker
Al681 ntrA:Tn5 G. Walker
5418 gapl:Tn5 T. Finan
5404 Gm" Sp’, 25040::Tn5-233 [53°) T. Finan
F675 Ot', 05188::Tn5-132 [74°] T. Finan
F601 Nm', Q5177::Tn5 [78°] T. Finan
F560 Gm" Sp’, 15149::Tn5-233 [82°] T. Finan
F570 Nm', Q5159::Tn5 [167°] T. Finan
F532 Gm" Sp’, 05143::Tn5-233 [189°] T. Finan
F470 Nm', Q5133::Tn5 [226°] T. Finan
F221 Nm', Q15061::Tn5-235 [241°] T. Finan
F303 Gm" Sp’, 25098::Tn5-233 [264°] T. Finan
5435 Gm" Sp', 05047::Tn5-233 [282°] T. Finan
F220 Gm" Sp', 15060::Tn5-233 [289°] T. Finan
GMI395 Sm" Nm" Rif", fixL::Tn5 J. Batut
GM1708AJB16 Nm" Rif", mudll1734 J. Batut
N3 Tn5luxAB, luciferase induction by N~ starvation F. de Bruijn
N4 Tn5luxAB, luciferase induction by N~ starvation F. de Bruijn
NS Tn5luxAB, luciferase induction by N~ starvation F. de Bruijn
N12 Tn5luxAB, luciferase induction by N~ starvation F. de Bruijn
N25 Tn5luxAB, luciferase induction by N~ starvation F. de Bruijn
N110 Tn5luxAB, luciferase induction by N~ starvation F. de Bruijn
N112 Tn5luxAB, luciferase induction by N~ starvation F. de Bruijn
N113 TnSluxAB, luciferase induction by N~ starvation F. de Bruijn
N183 TnS5luxAB, luciferase induction by N~ starvation F. de Bruijn
aux’? Leu™ Fix~ F. de Bruijn
aux12 Leu™ Nod~ Fix~ F. de Bruijn
aux17 His ™~ F. de Bruijn
aux18 Arg F. de Bruijn
aux35 Trp~ F. de Bruijn
aux36 Leu™ Fix~ F. de Bruijn
aux37 Trp~ F. de Bruijn
aux56 Thl~ F. de Bruijn
aux57 Met™ F. de Bruijn
aux8 Cys ™ F. de Bruijn
auxl1 Met ™ F. de Bruijn
aux13 Met ™ Fix F. de Bruijn
aux21 Trp~ F. de Bruijn
aux26 Met ™~ F. de Bruijn
aux42 Trp~ Fix~ F. de Bruijn
aux47 Trp~ F. de Bruijn
Plasmids

pTL001 Tet", pLAFR1::25-kb EcoRI (glt) J. Botsford
pDOBI13 Amp', pUC9::2.7-kb Sall (ndvA) G. Ditta
ex061.614 Amp’, BSKS*::1.6-kb HindIII-Clal (exoJGF [26°]) J. Reed
pBB127 Amp", pUCS8::6.0-kb HindIII (dctABD [115°] R. Watson
pTH38 Tet", pRK7813::7.3-kb BamHIII (ndvF [324°]) T. Finan
pGS220 Amp" Kan", pGS330::Tn5 T. Finan
pRmlJ1 Amp', pBR325::8.7-kb EcoRI (nodDABC) S. Long
pCHKI12 Amp’, pUC9::3.7-kb EcoRlI (nifHD) M. Sadowsky

“S. Long, Department of Biological Sciences, Stanford University, Stanford, Calif.; G. Walker, Department of Biology, Massachusetts Institute of Technology,
Cambridge; T. Finan, Biology Department, McMaster University, Hamilton, Ontario, Canada; J. Batut, INRA-CNRS, Toulouse, France; F. de Bruijn, Center for
Microbial Ecology, Michigan State University, East Lansing; J. Botsford, Department of Biology, New Mexico State University, Las Cruces; G. Ditta, Department of
Biology, University of California-San Diego, La Jolla; J. Reed, Department of Biology, Massachusetts Institute of Technology, Cambridge; R. Watson, Agriculture

Canada, Ottawa, Ontario, Canada; and M. Sadowsky, Department of Microbiology, University of Minnesota, St. Paul.
” The genetic-map positions of markers from pSym-b, given in degrees, are converted from kilobase distances reported by Charles and Finan (5).

Preparation of probes from 16S and 23S rRNA genes. The
following primers were manufactured by Genosys (Houston,
Tex.): 16S-1507, 5'-CCAGATCTGAGCTCAAGGAGGTGA
TCCAGC-3"; 168-11, 5'-GGCTGCAGTCGACGTTTGATC
CTGGCTCAG-3'; 23S2790R, 5'-GGGATAACCGCTGAAA

GCATCTAAG-3'; and 5827L2, 5'-CCGTGTTCGGCATGG
GAACAGGTGT-3".

These primers are directed against highly conserved por-
tions of the rRNA genes (29, 39). Polymerase chain reaction
(PCR) was done under the conditions reported by Ralph et al.
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TABLE 2. Restriction fragments assigned to the R. meliloti 1021 chromosome

Enzyme(s) Designation Fragment size (kb)* Identifying probe”
Pacl Pac no. 1 3,320 + 300 (7) ndvA
Pmel Pme no. 1 1,825 = 35 (6) ndvA, ntrA, Q614, IpsB, N25, aux12, aux36, aux44, aux56
Pme no. 3 1,040 = 20 (6) met1023, N3, aux18, aux35, aux37, aux42, aux47
Pme no. 4 690 + 45 (7) glt, gapl, N4, N183, aux17, aux49, aux57, 16Srrn, 23S and
5Srrn
Swal Swa no. 1 1,820 = 120 (7) 0614, IpsB, gapl, 16Srrn, 23S and 5Srrn
Swa no. 4 620 = 40 (10) ndvA, glt, 16Srrn, 23S and 5Srrn
Swa no. 5 620 + 40 (10) SR (contains Pacl site)
Swa no. 6 490 * 40 (9) 0612, ntrA, N25, 16Srrn, 23S and 5Srrn
Ceul Ceu no. 1 2,700 IpsB, 614, ntrA
Ceu no. 2 520 = 20 (11) ndvA, 16Srrn
Ceu no. 3 390 = 15(11) gapl, glt, 16Srrn, 23S and 5Srrn
Pacl + Pmel 895 ntrA
1,020 IpsB
Pacl + Swal 215
360
Pacl + Ceul 2,100
615 ntrA
Pmel + Swal 100 ndvA, aux36
170 gapl
495 glt, N4
585 IpsB, Q614
Pmel + Ceul 20 23S and 5Srrn
245 ndvA, 16Srrn
260 16Srrn
390 gapl, glt, 16Srrn, 23S and 5Srrn
Swal + Ceul 120 16Srrn
170 gapl, aux49, 16Srrn
235 glt, N4, 23S and 5Srrn
420 ntrA, N25, 23S and 5Srrn
400 ndvA, 16Srrn

“ Fragment sizes arc given in kilobase pairs * standard deviations based on the numbers of replicates (given in parentheses).
" Chromosome-specific genes or insertions hybridized to each fragment as indicated. SR, assigned on the basis of digestion of separated replicons.

(29). The primers 16S-11 and 16S-1507 amplified the region
between bases 11 and 1507 in the 16S rRNA genes. The
primers 2352790R and 5S27L2 amplified the regions between
bases 2790 and 27 in the 23S rRNA and in the adjacent 5S
rRNA genes, respectively, and the spacer between them; this
fragment is about 600 bp in length. PCR products were
resolved by agarose gel electrophoresis, excised, and radiola-
belled as probes in Southern hybridizations.

RESULTS

Genome size. Three restriction enzymes, Pacl (5'-TTAAT
TAA-3"), Swal (5'-ATTTAAAT-3'), and Spel (5'-ACTAGT-
3’), each of which cut the R. meliloti genome into fewer than 35
fragments, were previously identified (35, 36). We identified a
fourth, rare-cutting restriction enzyme, Pmel (5'-GTTTA
AAC-3"), which cut the entire R. meliloti 1021 genome into
seven fragments. Both Pacl and Swal linearize pSym-a (36),
whereas Pmel cut this replicon into three fragments (see Table
4). The size estimate of pSym-b based on Pmel digestion (1,693
+ 100 kb) was consistent with estimates generated with Pacl
and Swal digests resolved by TAFE (36). The sum of Spel
fragments resolved by field inversion gel electrophoresis gave a
slightly lower total size for pSym-b (36); however, when we
resolved these fragments by TAFE, the resulting size estimate
of pSym-b based on Spel digestion was consistent with those
generated by the other rare-cutting enzymes (see Table 3),
suggesting that the estimation differences were due to differ-
ences in field geometries. The mean of all pSym-b size
estimates was 1,720 + 120 kb. The endonuclease I-Ceul cuts

within the 23S rRNA gene (10, 23, 24). Pmel and I-Ceul each
cut the chromosome into three fragments which gave sums of
3,560 and 3,610 kb, respectively (Table 2). These data are
consistent with previous size estimates of 3,550 and 3,320 kb,
based on Swal and Pacl, respectively (36).

Construction of the chromosome map. The locations of
genes and insertions from the chromosome are indicated in
Table 2 and Fig. 1C. Both gap! and git were located to Pme no.
4 by Southern hybridization. Hybridization (data not shown) of
Pmel-Swal double digests further localized gapl to a 170-kb
Pmel-Swal fragment and git to a 495-kb Pmel-Swal fragment,
which confirmed the placement of a Swal site within Pme no.
4. Further, hybridization to strain Rm7558 (containing an
insertion in IpsB), as well as strain Rm8612 (containing the
insertion 614), confirmed the placement of these genetic
markers onto a 585-kb Pmel-Swal fragment (data not shown).
In addition, ndvA hybridized to a 100-kb Pmel-Swal fragment
(data not shown).

It was clear from gels that resolved the 620-kb Swal doublet
(upper fragment of 620 kb and lower fragment of 595 kb [sizes
estimated from a single gel]) that the lower fragment contained
the Pacl site. Placement of the Pacl site within this Swal
fragment was confirmed by digestion of strains A1681
(ntrA::Tn5) and Rm7558 (IpsB::Tn5-104-3), both of which are
located on Pme no. 1 (Table 2). Hybridization to Pacl-Pmel
digests of these strains resolved for fragments of 900 kb and
less showed that ntr4 was located on an 895-kb fragment and
that [psB was located on a fragment migrating in the compres-
sion zone (that is, greater than 900 kb), presumably the
1,020-kb Pacl-Pmel fragment (Table 2 and data not shown).



6948 HONEYCUTT ET AL.

pRme1021a fixL

Pmel
NI udini734

aux42

met1023
N3

aux35
aux18

Pme

J. BACTERIOL.

pRme1021b

Chromosome N183

3540 kb

IpsB

FIG. 1. Physical maps of the replicons of R. meliloti 1021. (A) pSym-a (1° =~ 3.7 kb); (B) pSym-b (1° =~ 4.7 kb); (C) chromosome (1° ~ 9.8 kb).
Arrows indicate the orientations of the rrn loci. For all replicons, solid lines indicate the positions of target sites and/or transposon insertions
anchored to the physical map; the positional order shown for other markers residing on the same restriction fragment is random.

Placement and orientation of the rrn loci. Placement of an
I-Ceul site within Swa no. 6 was confirmed by hybridization of
excised, radiolabelled Swa no. 6 to I-Ceul-Swal digests and by
hybridization of ndvA to I-Ceul-Pmel digests (Table 2). Hy-
bridization of ndvA to I-Ceul Swal digests showed a I-Ceul site
within the 495-kb Swal-Pmel fragment of Pme no. 4. Further-
more, ntrA hybridized to 615-kb I-Ceul-Pacl fragment, which
was consistent with the position of a Pacl site within the largest
I-Ceul fragment. When used as a probe, Ceu no. 3 hybridized
to a 170-kb I-Ceul-Pmel fragment in strain Rm5418
(gapI::Tn5). These data placed at least one I-Ceul site adjacent
to a Pmel site.

In Escherichia coli, the rrn loci are organized as follows:
promoter,-promoter,-16S rRNA-tRNA-23S-rRNA-5S-rRNA-
tRNA-terminator,-terminator, (31). Primers that were de-
signed to amplify a 1.5-kb internal region of the 16S rrn gene
or a 0.6-kb region spanning part of the 23S rRNA gene and
adjacent 5S rRNA gene (Fig. 2) were used in a standard PCR
of genomic R. meliloti 1021 DNA. Because I-Ceul cuts in the
23S rRNA, we hybridized the two probes to double digests of
the rare-cutting enzymes to determine the orientation of the
rrn loci. The amplified fragment was excised, radiolabelled,

and used to probe Spel, Pacl, Swal, and Pmel digests. The
labelled 16S rRNA and 23S-5S rDNA probes hybridized only
to fragments previously assigned to the chromosome (Table 2).
In addition, the 16S rrn probe hybridized to three Spel
fragments (about 300, 175, and 125 kb) assigned to the
chromosome (15). The 16S probe also hybridized to three
BamHI and three Hindlll fragments of total genomic digests.
Control digests of the amplified fragment from R. meliloti
showed that these enzymes do not cut within the region; these
enzymes also do not cut within the corresponding region in E.
coli or Rhodobacter sphaeroides sequences available in Gen-
Bank. Furthermore, in the example in Fig. 2, the 16S rRNA
probe hybridized to Ceu no. 2 whereas the 23S-5S probe did
not. Thus, the rrn loci in this fragment were divergent with only
the 16S genes on the 520-kb fragment and the 23S genes on
adjacent fragments in the map. The orientation of all rrn loci
was determined by this strategy.

Construction of the pSym-b map. Fragments assigned to
pSym-b are listed in Table 3. The exoJGF and dctABC genes
hybridized to Pac no. 3 and no. 4, respectively, which suggested
that one of the Pacl sites was located between 25° and 115° on
the map. Furthermore, by hybridization of ndvF to Pac no. 3,
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FIG. 2. Orientation of rrn loci on the chromosome of R. meliloti 1021. (A) TAFE gel (1% low EEO agarose in 0.25 X Tris-borate-EDTA) of
single and double digests of R. meliloti 1021 run at a 45-s pulse time with 350 mA of constant current for 36 h. Yeast chromosomes (Yeast) and
lambda concatemers (AL) were used as size standards; sizes are indicated on the left of the gels in kilobases. Other lanes are as labelled. (B)
Southern hybridization to blot of the TAFE gel shown in panel A, with the 16S probe indicated in the diagram below. (C) Southern hybridization
to blot of TAFE gel shown in panel A, with the 23S-5S probe indicated in the diagram below.

the other Pacl site was confined to between 115° and 325°
(clockwise) on the map. Pacl digests of selected Tn5-contain-
ing strains and hybridization with IS50 confirmed the position
of the second of the two Pacl sites. 5061::Tn5-235 was
located on Pac no. 3, whereas 25143::Tn5-233 mapped to Pac
no. 4. These data allowed us to position the second Pacl site to
between 240° and 190°. The locations of the two Pacl sites are
indicated in Fig. 1B.

The ndvF gene hybridized to Swa no. 2 (Table 3). To
determine the position of the single Swal site, the two Pacl
fragments known to constitute pSymb were excised from a
gel and then digested with Swal and analyzed by TAFE.
Swal digestion of Pac no. 3 resulted in two fragments of about
1,000 and 200 kb, whereas Pac no. 4 was not cut by Swal.
These data indicated that the Swal site was located about 40°
(200 kb) from one end of Pac no. 3. A hybridizing fragment
of 1,000 kb was found in a Pacl-Swal double digest of
RmF675 (Q5188:Tn5-132). Therefore, the Swal site is not
located near 74° and must be near 270°. The placement of the
Swal site relative to the Q5188 insertion at 264° was not
dctermined.

Pacl-Pmel double digests of pSym-b gave three fragments: a
1,200-kb fragment (Pac no. 3), a 480-kb fragment, and a 70-kb
fragment. The dctABD gene hybridized to the 70-kb fragment,
which not only confirmed the position of the Pmel site within
Pac no. 4 but also indicated that the site was within 15° (70 kb)
of 115° (Fig. 1B).

Both exoJGF and ndvF hybridized to Spe no. 2, and dctABD
hybridized to Spe no. 10 (Table 3 and data not shown).
Furthermore, hybridization with exoJGF showed that Spe no. 2
was located within Pac no. 3. These data are consistent with the
localization of one Pacl site between 25° and 115° on the map
(Fig. 1B). Pacl-Spel double digests revealed that Spe no. 10
contained a Pacl site (data not shown) and that Spe no. 3 also
contained a Pacl site which resulted in two Spel-Pacl frag-
ments (approximately 410 and 120 kb) (data not shown). In
strains F570 (Q5159::Tn5), F470 (Q5133::Tn5), and F221]
(05061::Tn5-235), the single hybridization fragment corre-
sponded to Spe no. 3; therefore, this fragment must span 165°,
225°, and 240°. The position of Spe no. 19 was determined by
hybridization of Spel digests of strains containing TnS or a
derivative. Single hybridization fragments of 105 and 120 kb
were observed for strains F675 and F601, respectively, which
corresponded closely to the size of Spe no. 19 and indicated
that this fragment spans 75° (5188::Tn5-132) and 80°
(Q5177::TnS5).

Anchoring of the physical map to the genetic map of pSym-b
by using Tn5-233. Hybridization of 1S50 to Spel digests of
genomic DNAs from strains 5404, F560, F532, F303, 5435, and
F220 yiclded two fragments cach (Table 3 and data not
shown). These strains contain the TnS5 derivative Tn5-233,
which has a unique 5.3-kb fragment from plasmid pSa (9). The
presence of two hybridizing fragments in strains containing
Tn5-233 could be accounted for by the presence of a Spel site
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TABLE 3. Restriction fragments assigned to pRme1021b

Enzyme Designation Fragment size (kb)* Identifying probe”
Pacl Pac no. 3 1,210 = 100 (17) ¢x0JGF, ndvF
Pac no. 4 550 = 80 (8) dctABD
Swal Swa no. 2 1,650 = 100 (7) ndvF
Pmel Pme no. 2 1,695 = 100 (6) 05040
Spel Spe no. 2 650 = 20 (3) exoJGF, ndvF, N5, N112, Q5040 (590 + 50)°, Q5047
(625 + 20), 25060 (600 + 75)
Spe no. 3 590 = 25(3) 05159, Q5133, 05061, 5143 (505 + 105)
Spe no. 10 240 £ 20 (4) dctABD, N12, N110
Spe no. 19 130 = 15 (4) 05188, Q5177
Spe no. 20 125 = 15(4) Q5098 (100 + 20)
Spe no. 31 33+9(3) 05149 (15 +5)
Pacl + Swal 195
1,110 05188
Pacl + Pmel 70 dctABD
490
Swal + Pmel 690
1,000
Pacl + Spel 95
140
Pmel + Spel 30
200

Swal + Spel

cuts small piece from Spe #3 or Spe #20

“ Sizes are given in kilobase pairs * standard deviations based on the numbers of replicates (given in parentheses) by TAFE.

" pSym-b-specific genes or insertions hybridized to each fragment as indicated.

“ The sizes of the hybridizing fragments for insertions of Tn5-233 are given in kilobases. Note that the sum of the two fragments is in agreement with the size of the

respective Spel fragment.

within the unique 5.3-kb fragment. The presence of a Spel site
within the insertion allowed us to use these inserts as linking
probes to anchor the physical map to the genetic map. In this
way, the distance from a known insertion to the nearest Spel
site could be determined. For example, in strain 5404, two
hybridization fragments of 590 and 50 kb were observed (data
not shown). The sum of the two hybridization fragments
corresponded to the size of Spe no. 2 (Table 3). These data
indicated that Spe no. 2 ends approximately 10° clockwise (that
is, at 65°) to the insertion site of 25040::Tn5-233 at 53° on the
map and are consistent with the positioning of Spe no. 2 to
span the exoJGF locus at 25°. The two hybridizing fragments in
strain F560 give a sum of 20 kb (data not shown), indicating
that Spe no. 31 spans the 80° position of £5149::Tn5-233. The
remaining Spel fragment, Spe no. 20, is located between Spe
no. 2 and no. 3 as defined by the insertion at 264° of
05098::Tn5-233, as shown in Fig. 1B.

Construction of the pSym-a map. The physical locations of

TABLE 4. Restriction fragments assigned to pRme1021a

Enzyme Designation  Fragment size (kb)“ Identifying probe”
Pacl Pac no. 2 1,420 = 130 (16) nodC, nifHD
Pmel Pme no. 5 600 = 60 (8) nifHD, fixL

Pme no. 6 420 + 35(8) mudll1734, N113
Pme no. 7 305 = 30(8) SR
Swal Swa no. 3 1,340 = 90 (7) nifHD
Pacl + Swal 60 SR
1,265 nifHD
Pacl + Pmel 100 SR
520 nifHD
Pmel + Swal 35 SR
600 nifHD

“ Fragment sizes are given in kilobase pairs *+ standard deviations based on
the numbers of replicates (given in parentheses).

" pSym-a-specific genes hybridized to each fragment as indicated. SR, assign-
ment based on digestion of separated replicons.

genetic markers from pSym-a are shown in Table 4. The
relative order of these genetic markers was determined previ-
ously; specifically, fixL is located about 220 kb to one side of
the nod-nif cluster (7), and mudll1734 is about 40 kb to the
other side of the nod-nif cluster (30). Because mud/l1734 is
located on Pme no. 6 and both nodC and nifHD are located on
Pme no. 5, a Pmel site must be located near 180° on the
physical map (Fig. 1A). Pacl-Pmel and Pacl-Swal digests of
separated replicon pSym-a each yielded one large fragment
and one small fragment (<100 kb) (Table 4). Hybridization
data (not shown) of Pacl-Swal, Pacl-Pmel, and Pmel-Swal
digests with nifHD showed that the nod-nif cluster is located on
a 1,265-, 520-, and 600-kb fragment, respectively (Table 4).
These data confirmed the positions of the Pacl and Swal sites,
the relative order of the Pmel fragments, and the orientation of
Pme no. 5 and no. 6.

Use of the physical map to quickly localize novel insertions.
R. meliloti strains containing Tn5 inserted at unknown loca-
tions in the genome were used to rapidly add new markers to
the maps. The phenotypes exhibited by these strains are
described elsewhere (22). The locations of the insertions were
determined by Pmel digestion and then by Southern hybrid-
ization. This allowed us to immediately determine which
replicon contained the insertion; in the case of pSym-a and the
chromosome, this single experiment also located the insertion
with respect to known restriction sites. As an example, the
insertion in strain N4 was located on Pme no. 4, so to refine its
position within the fragment a second experiment was done
with informative enzymes for double digests (Swal or I-Ceul in
this example). Of 35 strains containing Tn5, 3 gave restriction
patterns with two separate single enzyme digests that were
different from that of the mapped strain, which indicated that
a rearrangement had occurred. These 3 strains were not
studied further. Insertions from 12 of the remaining 32 strains
are mapped in Fig. 1, and 9 additional insertions are located to
single-digest products (Tables 2 and 3); however, their loca-
tions have not been further refined.
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DISCUSSION

Genome size and the chromosome map. We have generated
the first complete physical map of the genome of R. meliloti
(Fig. 1). The estimated sizes of the three replicons agree
closely with prior PFGE estimates (35, 36), with eclectron
microscopy measurcments (2, 3), and, in the case of pSym-b,
with the genetic map (5, 6). The relative order of genetic
markers located on the R. meliloti chromosome map described
by Glazebrook et al. (13) is also consistent with their respective
physical-map locations. The physical-map location of gap! is
consistent with its genetic-map location between leu53 and
trp33 auxotrophic markers (12). Such previously mapped
markers on the genetic map aided in the ordering of restriction
fragments and, in some instances, permitted anchoring of the
genetic markers to specific points on the physical map, as
described below for pSym-b. The gl locus (21) was not located
on the chromosomal genetic map; however, because we have
located glt on the physical map, its relative genetic-map
location is now known. Similarly, newly identified genes can be
readily positioned on the maps.

Placement and orientation of rrn loci and use of I-Ceul. The
usc of I-Ceul in PFGE physical mapping (23) allows the
determination of the numbers and locations of rrn loci in the
physical maps of cubacteria. This is because the cnzyme
cleaves only at a relatively long sequence of greater than 10 bp
that occurs in a region of the 23S rRNA gene that is highly
conserved among eubacteria. We found that three rrn loci exist
in the R. meliloti genome and that these are all located on the

“largest of the three replicons. Three rra loci are also found in
R. sphaeroides, although in R. sphaeroides these three loci are
distributed onto two replicons (one rrn locus on the 3,046-kb
replicon and two rra loci on the 914-kb replicon) (38). Using
probes within the rrn gene that flank the I-Ceul site, we were
able to determinc the orientation of these loci in the R. meliloti
chromosome. Interestingly, the rrn loci are clustered in one
region of the chromosome, as they arc in Salmonella typhi-
murium and E. coli. Furthermore, it has been noted previously
that the orientation of rrn is away from the origin of replication
in E. coli (1) and S. typhimurium (32). The orientation of rrn in
R. meliloti is also such that if the origin is in the 520-kb I-Ceul
fragment, then of all the rrn loci would point away from the
origin. Thus, it is possible that the orientations are selected for
and that orientation of rrn transcription away from the origin
may be a general rule for at least some gram-negative bacteria.

There is a small possibility that I-Ceul does not cut all rrn
loci. It is also possible that I-Ceul occasionally cleaves at sites
other than rrn loci. The presence of a partial I-Ceul digest
product of 425 kb and the hybridization of Ceu no. 3 to this
fragment indicated that a 30-kb fragment may contain a 4th rrn
locus adjacent to Ceu no. 3, although neither the 16S nor the
23S-5S rrn probe hybridizes to this small fragment. In the
physical map of R. meliloti 1021, there are few places where
such an rran cluster could reside without being detected as an
anomaly in the Southern blots by using rrn probes. Also, all
[-Ceul cleavage sites are associated with rrn, as demonstrated
by Southern blots. In S. typhimurium, all six rrn loci are cleaved
(23) and no sites other than rrn loci are cleaved. We sometimes
detected faint, persistent partial cleavage products for I-Ceul
which, when taken into account, actually helped to determine
adjacent fragments on the physical map.

The pSym-b map. The physical maps of pSym-b and the
chromosome are closely correlated with the previously cstab-
lished genetic maps of these replicons (5, 6, 13). The physical
distances calculated from transduction frequencies of genetic
markers on pSym-b (6) correlate with size estimates based on
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summing of restriction fragments, and the relative order of
genetic markers was found to be consistent with physical map
locations (Fig. 1B). Six genetic markers, defined by an insertion
of the Tn5-233 derivative, permitted us to anchor the physical
map of pSym-b to its genetic map. Tn5-233 could be used to
replace other Tn$ derivatives inserted in the genome and to
allow the locus to be mapped in relation to other Spel sites.

Wong and McClelland (40, 41) have described the construc-
tion of a mini-Tn5 containing rare restriction endonuclease
target sites. The mini-TnS construct does not transpose effi-
ciently in Rhizobium species (39a). We are currently modifying
existing Tn5 derivatives that transpose in Rhizobium species
(such as Tn$5-233) to carry rare restriction sites.

The pSym-a map. We found that the physical map of pSym-a
correlates well with the genctically mapped regions. At least 15
genes in the nod-nif cluster of R. meliloti have been cloned
(37); however, the remainder of this replicon lacks genetic
markers. The lack of either cloned genes or transposon
insertions precludes a more detailed map at present. Spel cuts
pSym-a into at least 12 fragments (15), although the sites are
distributed unevenly throughout the replicon. Only one frag-
ment is greater than 350 kb, with the remainder being 125 kb
and less. Similar asymmetry of sites is obscrved with Asel (15).
These observations suggest that the nucleotide composition
may differ in the genome. Burkhardt et al. (3) reported the GC
content for pSym-a to be 57.5 to 58.6% and reported higher
GC contents for pSym-b and the chromosome (61.7%). Dylan
(11) analyzed the base composition at each codon position in
the sequences of symbiotic and asymbiotic genes from Rhizo-
bium species, Bradyrhizobium specices, and Klebsiella pneu-
moniae. He concluded that the symbiotic genes from Rhizo-
bium and Bradyrhizobium spccics must have been acquired
from a source with a more-AT-rich third-position profile. The
base usage in the third position in nod, nif, and fix genes is
distinct from those in asymbiotic genes located on the chro-
mosome in Rhizobium species, suggesting that at least part of
the genome may have a different evolutionary history.

Applying the map: an example of rapid localization of Tn5
insertions. The physical map of R. meliloti should be a valuable
resource for rapidly assigning markers to a region within a
particular replicon. Furthermore, if a gene is tagged with a
transposon carrying a cleavage site that is rare in the genome
(such as Tn5-233 carrying Spel integrated into pSym-b), then
the insertion can be mapped to within a few kilobases. In
addition, the physical map of any new transposon-containing
strain can be used to determine whether rearrangements that
would remain unrecognized in genetic mapping have occurred.
Furthermore, the physical maps of other strains of R. meliloti
or related species can now be quickly generated to allow
comparisons of evolutionarily conserved regions of the ge-
nomecs.
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