
Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 9357–9362, August 1999
Microbiology

A high-density physical map of Sinorhizobium meliloti 1021
chromosome derived from bacterial artificial chromosome library

(genome mappingyRhizobiumysymbiosis)
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ABSTRACT As part of the European Sinorhizobium me-
liloti (strain 1021) chromosome sequencing project, four
genomic bacterial artificial chromosome (BAC) libraries have
been constructed, one of which was mainly used for chromo-
some mapping. This library consists of 1,824 clones with an
average insert size of 80 kilobases and represents approxi-
mately 20-fold total genome coverage [6.8 megabases (Mbs)].
PCR screening of 384 BAC clones with 447 chromosomal
markers (PCR primer pairs), consisting of 73 markers rep-
resenting 118 genes (40 individual genes and 78 genes clus-
tered in 23 operons), two markers from the rrn operon (three
loci), four markers from insertion sequences ('16 loci) and
368 sequence-tagged sites allowed the identification of 252
chromosomal BAC clones and the construction of a high-
density physical map of the whole 3.7-Mb chromosome of S.
meliloti. An average of 5.5 overlapping and colinear BAC
clones per marker, correlated with a low rate of deleted or
rearranged clones (0.8%) indicate a solid BAC contigation and
a correct mapping. Systematic BLASTX analysis of sequence-
tagged site marker sequences allowed prediction of a biolog-
ical function for a number of putative ORFs. Results are
available at http://www-recomgen.univ-rennes1.fr/meliloti.
This map, whose resolution averages one marker every 9
kilobases, should provide a valuable tool for further sequenc-
ing, functional analysis, and positional cloning.

Rhizobium meliloti, recently renamed Sinorhizobium meliloti
(1), is a common Gram-negative soil and rhizosphere bacte-
rium, considered as an agriculturally important nitrogen fixer.
These bacteria induce nodule formation on the roots of a set
of Medicago species, including alfalfa (Medicago sativa), inside
which they fix atmospheric nitrogen. The formation and
colonization of alfalfa root nodules by S. meliloti result from a
series of complex interactions controlled by the exchange of
molecular signals between bacteria and host plant and require
spatially and temporally regulated expression of specific genes
from the two symbiotic partners (2–5).

S. meliloti is being widely studied around the world because
this fast-growing Rhizobium is amenable to genetics (6–10).
Interest in S. meliloti has been recently fostered by the choice
of S. meliloti–Medicago truncatula as a model system for the
study of the Rhizobium–legume symbiosis by a large number of
groups worldwide.

The S. meliloti strain 1021 genome consists of three mega-
base (Mb)-sized replicons: one chromosome of 3.7 Mb and two
megaplasmids of 1.7 Mb and 1.4 Mb (11). Many genes involved
in symbiosis are located on megaplasmids, the so-called sym-
biotic plasmids (pSyms) (12, 13). Attention has focused on the

two replicons, and little is known about the genetic informa-
tion carried by the chromosome. Although several symbiotic
genes are known to be located on the chromosome (14, 15), no
detailed genetic map is available. Only low-density maps of this
replicon have been obtained thus far, by using the conjugal
plasmids RP4 [for S. meliloti strain 2011 (16)] or R68.45 [for
S. meliloti strains 41 (17) and GR4 (18)], the Tn5-Mob
conjugational transfer method and cotransduction by bacte-
riophage FM12 (15, 19), or physical restriction maps (20). To
obtain a high-density chromosome map to be directly used in
functional analysis, and in relation with the European chro-
mosome sequencing project, we have created four bacterial
artificial chromosome (BAC) libraries of S. meliloti whole
genome or purified chromosome, in the pBeloBAC11
(H. Shizuya, unpublished data) and pBACe3.6 (P. De Jong,
unpublished data) vectors. These BAC libraries, with genomic
DNA inserts of 80 kilobases (kb) on the average, were suc-
cessfully used in mapping and now provide a tool for further
systematic sequencing. This paper describes the construction
of a high-resolution map of the whole S. meliloti chromosome,
on which 447 markers representing 368 sequence-tagged sites
(STSs), 118 genes, rrn operon, and 4 insertion sequences, have
been positioned by screening and ordering BAC clones.
BLASTX comparisons (21) of anonymous markers from STSs
allowed identification of putative ORFs with predictable bio-
logical functions.

MATERIALS AND METHODS

Strains, Plasmids, and Media. S. meliloti strain 1021 (Strr,
derivative of strain 2011) was provided by S. R. Long (De-
partment of Biological Sciences, Stanford University, Stan-
ford, CA). Escherichia coli strains DH10B (GIBCO/BRL)
and HB101 (Promega) were used as host strains for BAC and
pUC cloning, respectively. Vectors used were pBeloBAC11
(H. Shizuya, unpublished data), pBACe3.6 (P. De Jong, un-
published data), and pUC18 (Amersham Pharmacia). Cultures
of S. meliloti were grown in LB medium at 28°C. BAC
recombinant clones were selected on LB medium containing
12.5 mgzml21 chloramphenicol with either 50 mgzml21 5-bro-
mo-4-chloro-3-indolyl b-D-galactoside (X-Gal) and 25 mgzml21

isopropyl b-D-thiogalactoside (IPTG) for pBeloBAC11 or 5%
sucrose for pBACe3.6. pUC recombinants were selected on LB
with 50 mgzml21 ampicillin, 50 mgzml21 X-Gal, and 25 mgzml21

IPTG.
Preparation of High-Molecular-Weight DNA. S. meliloti

strain 1021 was grown to mid-exponential phase in LB at 28°C
and embedded in low melting agarose plugs as described (22).
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The plugs were stored in 0.5 M EDTA/1% N-lauroyl sarcosine
at 4°C.

BAC Vector Preparation. pBeloBAC11 vector was prepared
as described by Woo et al. (23). pBACe3.6 was digested by
EcoRI and migrated on an agarose gel to remove the pUC-link
fragment before cloning.

Construction of Total Genomic BAC Libraries. Three total
genomic BAC libraries were constructed as described by
Brosch et al. (22) by using 10 mg of total genomic DNA
embedded in agarose plugs partially digested with either
Sau3A (5 units, 30 min, 37°C) or HindIII (10 units, 30 min,
37°C) for cloning in pBeloBAC11 or with EcoRI (10 units, 30
min, 37°C) for cloning in pBACe3.6. Restriction fragments
between 100 and 150 kb were ligated to digested and dephos-
phorylated BAC vector and electroporated into E. coli DH10B
cells (24).

Construction of Chromosomal BAC Library. Chromosomal
DNA was purified by using pulse-field gel electrophoresis on
a CHEF DRIII apparatus set (constant pulse of 500 sec, run
of 48 h, field angle of 106°, 3 Vzcm21, 13 TAE, 14°C) and
excised from the gel before partial digestion with 10 units of
HindIII. DNA fragments between 120 and 150 kb were ligated
to pBeloBAC11 and electroporated into E. coli DH10B cells.

BAC DNA Preparation for Sequencing and Insert-Size
Determination. Each BAC clone was inoculated in 50-ml
Falcon polypropylene tubes containing 5 ml of LB medium
supplemented with chloramphenicol (12.5 mgzml21). BAC
DNA extraction was carried out by using the alkaline lysis
procedure with vigorous pipetting or vortexing during the lysis
and neutralizing steps (P2 and P3 buffers) to release a larger
amount of DNA ('100–300 ngzml21). DNA in P3 supernatant
was precipitated in isopropanol, and the pellet was resus-
pended in 40 ml of water. For BAC end sequencing, P3
supernatant DNA was sheared through a 21GX1 needle and
purified through a QiaWell column of the Qiagen (Chatswoth,
CA) Miniprep kit (QiaWell 8 plasmid kit, Qiagen).

BAC End Sequencing. BAC ends were sequenced using
BigDye Terminators (Perkin–Elmer Applied Biosystems) with
an ABI377 automated sequencer as follows: 1 mg of DNA, 8
ml of BigDye terminator mix, 50 pmol of T7 or Sp6 primers in
a total reaction volume of 25 ml. This mix was denaturated at
95°C for 5 min followed by 50 thermal cycles (95°C for 45 sec,
55°C for 30 sec, 60°C for 4 min). Excess BigDye terminator was
removed by using Centrif lex gel filtration cartridges (Edge
BioSystems, Gaithersburg, MD).

Sizing of Inserts. Insert size was determined by field in-
verted gel electrophoresis (FIGE) after DraI digestion (New
England Biolabs) as described by Brosch et al. (22).

Chromosomal pUC Library Construction. Chromosomal
DNA was separated twice from megaplasmids using the
pulsed-field gel electrophoresis conditions described above.
Agarose block was excised from the gel, and DNA was
hydrolyzed by using 10 units of Sau3A restriction enzyme and
100 mgzml21 BSA (2 hr, 37°C). Restriction fragments between
1 and 3 kb were purified with the Sephaglas Bandprep
Pharmacia Kit and ligated to BamHI-digested and dephos-
phorylated pUC18 vector (Amersham Pharmacia). After elec-
troporation into competent E. coli HB101 cells, recombinant
pUC clones were plated onto selective LB medium. PCR
amplification of inserts with the two universal primers PU and
PR enabled the selection of clones with suitable size. Another
pUC library was constructed from specific chromosomal re-
striction fragments. Each genomic DNA plug was digested
with 20 units of PmeI or I-CeuI (4 hr, 37°C), and restriction
fragments were separated by using pulsed-field gel electro-
phoresis on a CHEF mapper Bio-Rad apparatus (ramp pulse
from 34.5 sec to 181 sec, run of 30.5 hr, field angle of 120°, 13
TAE, 14°C). The 520-kb I-CeuI, 390-kb I-CeuI, and 1,040-kb
PmeI restriction fragments were excised from the gel and
hydrolyzed with 20 units of Sau3A (2 hr, 37°C). The resulting

DNA fragments, between 1 and 3 kb, were purified and cloned
in the pUC18 vector as described above.

Marker Design and STS BLASTX Comparisons. Three sorts
of markers were used in this study: (i) S. meliloti gene
sequences available in databases [GenBank (25) and European
Molecular Biology Laboratory (26)]; (ii) pUC clones directly
PCR-amplified with the two universal primers PU and PR and
end-sequenced with the PU primer to generate suitable STSs;
and (iii) BAC end sequences obtained with the T7 and Sp6
primers. For all marker sequences, several primers were
designed to amplify fragments from 150 to 400 bp. Each STS
(pUC and BAC end sequences) was systematically analyzed by
BLASTX (21) comparison against nonredundant protein data-
base from National Center for Biotechnology Information.
The results are available at http://www-recomgen.univ-
rennes1.fr/meliloti.

BAC DNA Pool Preparation and PCR Screening. Microtiter
plates (4 3 96-well; 384 clones) of the Sau3A total genomic
library were organized in 16 3 24 arrays. Individually grown
bacteria were pooled in rows (x) and columns (y): 16 x pools
of 24 clones and 24 y pools of 16 clones were obtained. Each
pool was centrifuged (2,000 3 g, 10 min) and the pellet was
resuspended in 2 ml of 10 mM Tris. Working solutions were
obtained by 10-fold dilutions of stock solutions in 10 mM Tris.
As an initial step, 5 ml of x and y bacterial pools were tested by
PCR (95°C for 30 sec, 55°C for 30 sec, 72°C for 1 min, 30 cycles)
for the presence of markers and loaded onto 3% agarose gels.
Positive pools were used to determine a set of addresses
corresponding to potential clones, which were subsequently
validated by a second PCR analysis on individual clones.

Analysis of Positive BACs and Contig Formation. BAC
contigation was performed with the SAM version 2.5 software
(C.A. Soderlund, The Sanger Centre, Cambridge, U.K.). SAM
takes as input a file of BAC clones along with a set of markers
for each and produces maps with one or several plausible
marker orders and the alignment of clones.

RESULTS

BAC Libraries. Four different BAC libraries were con-
structed. Three of these have been used in this study. The
library mainly used corresponds to the total genomic Sau3A
library and consists of 1,824 clones. The two other libraries,
HindIII chromosomal and EcoRI total genomic libraries,
containing 1,920 and 1,440 clones respectively, were used for
contig gap closure and consolidation of underrepresented
regions. Size determination of 154 clones from the Sau3A
library by pulsed-field gel electrophoresis after DraI cleavage
indicated an average insert size of 80 kb (minimum 22 kb,
maximum 150 kb). Consequently, 10-fold coverage of the
whole genome requires '850 clones.

Marker Description. Of a set of '600 markers tested, 447
were mapped on the chromosome. These chromosomal mark-
ers are distributed as follows: 40 primer pairs from S. meliloti
individual genes, 32 primer pairs designed from 78 S. meliloti
genes belonging to 23 different operons, 6 primer pairs from
repetitive sequences (two from rrn operon and four insertion
sequences), 201 primer pairs from pUC-end sequences, and
167 primer pairs from BAC insert terminus sequences. Thirty-
four additional pUC and BAC end sequences were positioned
on the map by aligning sequences, but no primers were
designed for them (as indicated by the symbol NA on the web
site). All marker information, such as sequences, PCR primers,
and chromosomal location is available on the Web site.

BAC Contig Formation. A total of 384 clones from the
Sau3A library corresponding to '4.5-fold genome coverage
were tested by a two-step PCR method (see Materials and
Methods). Additional PCR screening were selectively per-
formed on other BAC clones from the Sau3A, HindIII, or
EcoRI libraries for contig gap closure and confirmation of
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poorly represented regions. By using this procedure, a BAC
contig of 252 clones covering the entire S. meliloti chromosome
was constructed. This chromosomal contig could be repre-
sented by a minimal set of 48 BAC clones, with total overlap
estimated to 8% of the chromosome after size determination
of the BAC inserts (BAC insert sizes are available on the Web
site under each BAC entry). A linear representation of the
resulting physical map of the chromosome with alignment of
the minimal set of clones and all marker positions is given in
Fig. 1.

Establishment of the S. meliloti Gene Map. Mapping 447
markers on the S. meliloti 1021 chromosome resulted in the
positioning of 118 genes (40 individual genes and 78 clustered

in 23 operons) (see Fig. 1 for localization and Web page for
refs.). Only 44 of these genes had been roughly mapped on the
chromosome (15, 20, 27–30), and 18 were previously assigned
to this replicon but were not mapped (31–36) (Table 1). This
study also allowed a new location for another 63 unassigned
genes described in databases. No major contradictions with
previous reports were observed regarding the relative orders
of or the distances between markers. For example, we confirm
(i) the Glazebrook (15) ndvB-exoS-exoD-ntrA-pho-degP-exoR
order as well as the distance between ntrA and exoD or between
exoS and ndvB (estimated to '90 and 100 kb, respectively); (ii)
the Honeycutt map (20), where the gltX-ndvA-ntrA order and
the distance between ndvA and ntrA or gltX and ndvA ('500

FIG. 1. High-density map of the S. meliloti 1021 chromosome, represented for convenience in six linear contiguous parts of '600 kb. Left presents
the gene marker positions, whereas the Right shows the location of STS markers. Markers with aligned sequences are positioned on the same line.
Spacing between each marker is estimated to '9 kb. On the Right side, the 48 BAC clones forming the minimal set of overlapping clones needed
to cover the whole chromosome are shown. For convenience, genes belonging to the same operon are designated by their generic name followed
by operon (for example cyc operon represents cycHJKL).
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kb each) are identical here; and (iii) the pckA-ntrA-tme-podA-
dme positions in the Osteras map (37). The location of the
chemotaxis region linked to the his-39 marker (19) as de-

scribed by Sourjik et al. (38) is also in agreement with our
results, even if we found a slight discrepancy in this 45-kb
chromosomal region. Actually, the tiling path and validity of

Table 1. Database genes mapped on the S. meliloti chromosome

Gene Description Ref.

aatA and aatB Aspartate aminotransferase A and B
actA-phrR-act206† Genes required for acid tolerance 53
actS-actR Two-component regulatory system involved in acid tolerance
adenine DNA methyltransferase betICBA† Glycine betaine synthesis 31
cgmA Unknown
cheY1AWRBY2-orf1-orf2-orf9* Chemotaxis operon 29
chvI-chvG* Two-component regulatory system 27
cyaA and cya2 Adenylcyclase A and 2
cycHJKL* Cytochrome c-type biogenesis operon 54
degP* Protease 15
delta-ALA synthetase d-aminolevulinic acid synthase
dgkA Diacylglycerol kinase
dme* NAD-malice enzyme 30
dnaA Chromosomal replication initiator protein
exoD* Nodule invasion protein ExoD 15
exoR* Probable transcriptional regulator 15
exoS* Histidine kinase sensory protein ExoS 15
flaA-flaB* Flagellin genes 29
fliI-flgF-motA-fliM* Flagellae operon
fliP* Protein involved in production of functional f lagella 28
ftsQ-ftsA-ftsZ* Cell division proteins 55
ftsZ2* Cell division protein 56
glnA-glnB Glutamine synthetase I; PII regulatory protein
gltX-lysS* Glutamyl-tRNA synthetase; lysyl-tRNA synthetase 20
gyrA DNA gyrase subunit A
helO Putative helicase
hsp70 Heat shock protein
ilvC† Acetohydroxy acid isomeroreductase 57
katA† Catalase 32
lon Protease
leu-tRNA gene Transfer RNA-leucine
mucR Trancriptional regulatory protein
mraY-murD UDP-N-acetylmuramoyl-L-alanyl-D-glutamate synthetase
ndvA* Protein involved in the production of b-(1-2)-glucan 20
ndvB* Protein involved in the production of b-(1-2)-glucan 15
nolR† Nodulation protein NolR 36
ntrA* RNA polymerase s-54 factor 15, 20
ntrB-ntrC† Two-component regulatory proteins 34
nuoABC NADH-ubiquinone oxidoreductase
pckA* Phosphoenolpyruvate carboxykinase 27
pckR Putative regulator of pckA expression
phaABCDEFG K1 efflux system involved in pH adaptation
phbC Poly-b-hydroxybutyrate synthase
phoU-phoB* Phosphate regulatory proteins 15
pmi Phosphoisomerase
podA* Pyruvate orthophosphate dikinase 33
pro-tRNA† Transfer RNA-proline 58
putA† Proline dehydrogenase 37
recA-alaS RecA protein; alanyl-tRNA synthetase
recF-orfA-pit* Phosphate transport protein 59
rkpK-orf1† UDP-glucose dehydrogenase; UDP-glucuronic acid epimerase 60
rpsA† 30S ribosomal protein S1 61
sigA-tdh† s-factor; threonine dehydrogenase 35
soxADB-glxABCD-glnT Sarcosine oxidase; glutamine synthetase III operon
surE-pcm-bioS-lppB Possible survival operon
suhR rpoH suppressor
tatA Tyrosine aminotransferase
tme* NADP-dependent malic enzyme 30
trpE Anthranilate synthase
ureABC Urease
4_Rme Putative s-54 dependent transcriptional activator

*Genes previously mapped on the chromosome (located) as described in the respective references.
†Genes previously assigned to the chromosome (not located) as described in the respective references.
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our BAC contig enabled us to determine without ambiguity the
order che-fliP-flaA-flaB-fliI-motA-fliM instead of che-fliM-
motA-fliI-fliP-flaA-flaB. This may reflect an effective local
difference between the two strains used in these studies
(strains 1021 and 41).

Validity of the Map. The 252 BAC clones represent a total
of '20 Mb, i.e., 5.5-fold chromosome coverage. No chromo-
somal region is represented by a unique clone, and 10 very
short regions (6% of markers) are covered by two BAC clones
only. Statistical analysis showed an average of 5.5 colinear
clones per marker and an average spacing between marker of
nine kb, assuming a uniform distribution of markers and
considering operon structures or aligned sequences as a unique
locus. In view of this coverage rate, the resolution of the map
and the colinear distribution of the markers (only three BAC
clones were found to be rearranged), the contig formation can
be considered as valid even though local rearrangements (,9
kb) cannot be excluded.

Localization of S. meliloti Repetitive Elements. The Sau3A
BAC library was also analyzed for repetitive sequence content
such as ribosomal RNA (rrn) operons and insertion sequences
(IS). Concerning rrn operons (16S-23S-5S), we found three
loci in S. meliloti chromosome, each containing a I-CeuI
restriction site as described (20). We have also tested the
presence of insertion sequence elements ISRm1, ISRm2011-2,
ISRm3 (ISRm3-2), and ISRm5 to determine the extent of their
distribution and to point out putative rearrangement, deletion,
or duplication sites. The interest of their location also lies in
their frequent association with nodulation and nitrogen-
fixation genes. At least two copies of ISRm1 (39) were found,
one only of which is on the chromosome near the ntrB–ntrC
operon on BAC27. ISRm2011-2, the only member of the
IS630-Tc1/IS3 retroposon superfamily found in S. meliloti (40,
41), was more widespread within the genome, with at least
seven copies on the chromosome (BAC01, BAC03, BAC05,
BAC18, BAC21, BAC22, and BAC25). ISRm3 (ISRm3-2) (42)
was found in eight to nine copies on the genome, which is in
keeping with previous studies, and we were able to identify
three of these loci on the chromosome: near hsp70-recF site
(BAC10), between ISRm1 and exoR (BAC27), and between
ilvC and ftsZ2 (BAC35). Finally, ISRm5 (43) was also found in
8–10 copies with five chromosomal locations: in surE-pcm-
bioS-lppB operon (BAC27), near phbC (BAC30), mraY
(BAC37), nolR (BAC40), and 4-Rme genes (BAC46) (Fig. 1).

STS Marker Identification. The sequence of 201 pUC
inserts and 167 BAC ends ('160,000 bases) was compared
with the complete nonredundant protein database from Na-
tional Center for Biotechnology Information using the BLASTX
program (21). Significant nucleotide similarities (P , 1e210)
with known sequences were found for 54% of the query
sequences, which could reflect the high proportion of putative
coding region in the chromosome. Among those, we noticed
21% of sequences with strong similarities to Rhizobiaceae
family proteins, in the following proportions: 34 sequences
from S. meliloti, 13 from Bradyrhizobium, 1 from Azorhizobium,
12 from Rhizobium sp., and 17 from Agrobacterium. In addi-
tion, most of the sequences have similarities (P , 1e24) with
bacterial proteins: 10% of Bacillaceae, 7% of Pseudomonas and
Sphingomonas, 20% of Cocci, 15% of Rhizobacter and
Rhodobacter, 5% with cyanobacteria (Synechocystis sp.), 7% of
pathogenic bacteria (Ralstonia, Yersinia), and 6% of Mycobac-
terium. In parallel, several categories could readily be dis-
cerned: chemotaxis mechanism (mcpA from Agrobacterium,
Y4FA from Rhizobium sp. NGR234), genes belonging to reg-
ulatory systems (regR-regS and ragA from B. japonicum, rfpB
from Xanthomonas campestris, frzZ from Mycobacterium xan-
thus or regX from R. sphaeroides) and also a high number of
ABC-transporter systems (Y4OS, Y4TQ, Y4WD, Y4MO from
Rhizobium sp. NGR234, YHES from E. coli). Moreover, we
observed putative S. meliloti multicopy genes located both on

the chromosome and on one of the megaplasmids. These
include a third copy of fixT (44), a second copy of glnII (GSII)
for which we also found a pSymb copy, and a second syrM-like
(45) copy, with a weaker sequence similarity. BLASTX results
are available at the Web site under each BAC entry. For each
STS marker (pUC or BAC ends), the two best hits, if any, are
given together with a synthetic description of the hit (BLAST
score, expected value, percentage of identity, commentary on
the hits as retrieved from the databases). Hypertext links allow
access to full BLASTX results, marker DNA sequences, and
database sequence entries.

DISCUSSION

Generating a high-density physical map of the S. meliloti
chromosome served two major goals: (i) positioning enough
genes and STS markers to construct a map directly useful for
functional studies of this agriculturally important bacterium
and (ii) preparing the European sequencing project of the
chromosome, started on 1 December 1998. At the present
time, 14 complete eubacterial genomes have been sequenced.
Two experimental strategies have been used thus far: a direct
approach, with shotgun sequencing of the whole genome, and
a two-step approach implying construction of a contig of
recombinant clones followed by shotgun sequencing. The
latter, more traditional approach was used for sequencing the
genomes of E. coli, Bacillus subtilis, and Synechocystis sp. (4.6,
4.2, and 3.5 Mb in size, respectively) (46–48). The former and
more recent approach has been applied thus far to genomes of
a much smaller size ('2 Mb). Although the direct shotgun
approach clearly has many advantages, we have decided to
follow the two-step strategy. The reasons for this are four-fold:
(i) the size of the chromosome (3.7 Mb); (ii) the difficulty to
prepare chromosomal DNA in pure form and sufficient quan-
tity; (iii) the genome organization in three replicons, which led
to a worldwide sharing of the sequencing effort with S. R. Long
at Stanford University that will sequence the 1.4-Mb replicon,
T. Finan and B. Driscoll at Hamilton University (Ontario,
Canada) associated with A. Pühler at Bielefeld University
(Germany), which will sequence the 1.7-Mb replicon; and (iv)
the known existence of quite a number of nucleic acid se-
quence repeats belonging to different families (49). The in-
terest in using recombinant BAC clones lies in the low level of
chimerism or rearrangements, in the stability of the clones,
which is convenient for keeping large insert DNA at the quality
level and in quantities suitable for genome analysis, and in the
low copy number of cloned genes in the heterologous bacterial
host, which can reduce their toxic and deleterious effects.

Statistics on clone size based on a large number of mea-
surements indicated an average BAC insert size of 80 kb, which
is less than the majority of eukaryotic BAC libraries con-
structed to date (50) but quite comparable to other prokary-
otic libraries (22). The BAC insert size seems to depend
strongly on the origin of DNA and particularly on G/C content.

Library screening was successfully performed with markers
from various types of sequence (database coding genes, STS,
repetitive elements) and provides substantial information
(new gene localization, identification of putative ORFs). The
relative order of markers is consistent with previous S. meliloti
chromosome-mapping reports (15, 20, 27–30) as far as com-
parisons can be done. However, the previous genetic linkage
maps (16–18, 51) are difficult to correlate with our work,
because no auxotrophic markers or restriction sites were used
here. However, when available, GenBank reports helped us to
confirm the position of genetic loci.

Whenever possible, we tended to refine and more accurately
position genetic loci in the high-resolution map by aligning
marker sequences and BLASTX results comparisons. However
the relative order of a low number of markers cannot be
deduced from the BAC contig, which is indicated on Fig. 1 by
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a unique anchorage site or on the Web site in the BAC
information pages. This represents the unique limitation found
for the BAC contig approach and will be resolved by total
sequencing.

Markers with multiple loci such as insertion sequences were
mapped at once. The presence of these mobile elements could
explain the multilocation of genes such as fixT, glnII, or syrM
and account for genetic transfers between megaplasmids and
chromosome or between diverse Rhizobium species or
Agrobacterium–Rhizobium as described by Deng et al. (52).
They could also help to understand genome redundancy and
the three-replicon structure and could allow explanation of
closed relationships between symbiotic bacteria genomes and
possible DNA exchanges between bacteria and plant, but
evidence of this is still needed.

The present high-density map of S. meliloti (strain 1021)
chromosome will certainly be of interest in comparative
genomics, for instance, between the three S. meliloti replicons.
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