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Sequence analysis of a 5.780-kb DNA fragment origi-
nating from megaplasmid 2 of Rhizobium meliloti 2011
involved in biosynthesis of exopolysaccharide I (EPS I)
and invasion of alfalfa nodules revealed the presence of five
exo genes designated exoU, exoV, exoW, exoT, and exol.
ExoT resembled transmembrane proteins, whereas Exol
displayed a characteristic signal peptide. Sequence com-
parisons with several polysaccharide-polymerizing enzymes
of both prokaryotic and eukaryotic origin indicated that
exoW and exoU encode glucosyltransferases. Moreover,
ExoV displayed weak homologies to the Exo0O, ExoA,
ExoL, and ExoM proteins of R. meliloti, which are also
discussed as glucosyltransferases. Using exo-lacZ tran-
scription fusions in connection with plasmid integration
mutagenesis, promoters were identified in front of exol,
exoT, exoW, exoV, and exoU. R. meliloti 2011 strains with
mutations in exoT, exoW, exoV, and exoU produced no
detectable EPS I and were unable to infect alfalfa nodules,
whereas exol mutants synthesized a reduced amount of
EPS I and did infect alfalfa nodules.

A complex interaction between Rhizobium meliloti and al-
falfa plants results in the formation of nitrogen-fixing root
nodules (Long 1989). The establishment of an effective sym-
biosis requires the coordinated exchange of signals between
both symbiotic partners. Considerable evidence indicates that
the acidic exopolysaccharide (EPS I) produced by R. meliloti
is essential for nodule invasion. R. meliloti mutants deficient
in EPS I biosynthesis are unable to invade and colonize the
central nodule tissue (Long et al. 1988; Miiller et al. 1988).
EPS I constitutes a polymer of octasaccharide subunits composed
of one galactose and seven glucose residues joined by B-1,3-,
B-1,4-, and B-1,6-glucosidic bonds. The exopolysaccharide is
modified with one pyruvate, one acetate, and one succinate
group per subunit (Aman et al. 1981).

Recently, Battisti et al. (1992) reported that the exogenous
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application of the most charged tetrameric EPS I repeating
unit to alfalfa roots corrected the nodule invasion defect of R.
meliloti EPS T~ mutants. This finding was supported by an
exoP mutant able to infect nodules, although only oligosac-
charides and no EPS I polymer could be detected in the
culture supernatant of this mutant (Becker et al. 1993b). This
indicated that oligosaccharide precursors from the EPS I bio-
synthesis pathway are essential for the recognition of R. meli-
loti and its host plant during infection.

Genes involved in EPS I biosynthesis (exo genes) were
found to be clustered on a 24-kb DNA region of the R. meli-
loti megaplasmid 2 (Long er al. 1988; Miiller et al. 1988).
Nucleotide sequence analysis of 17.7 kb of the exo gene clus-
ter resulted in the identification of 14 exo genes designated
exoB, exoZ (Buendia et al. 1991), exoQ, exoF, exoY, exoX
(Miiller et al. 1993), exoH, exoK, exoL (Becker et al. 1993a),
exoA, exoM, exo00, exoN, and exoP (Becker et al. 1993b). Po-
tential functions could be proposed for several exo gene
products. ExoB and most probably ExoN are involved in the
synthesis of the nucleotide sugar precursors UDP-galactose
and UDP-glucose (Buendia et al. 1991, Becker et al. 1993b).
In addition, it was demonstrated that ExoX negatively in-
fluences the production of EPS I (Miiller et al. 1993). Ho-
mologies of ExoY to the Salmonella typhimurium RfbP pro-
tein indicated that ExoY encodes a galactosyltransferase (Miiller
et al. 1993). Moreover, homologies of ExoO to the R. meliloti
NodC protein suggested that exoO might code for a gluco-
syltransferase (Becker er al. 1993b). The homology of ExoK
to the Bacillus subtilis BgsA showed that exoK might specify
an endo-B-1,3-1,4-glucanase (Becker et al. 1993a). Since
exoH mutants produced a nonsuccinylated EPS I, Leigh et al.
(1987) proposed that ExoH is involved in succinylation. Ad-
ditionally, ExoF (probably a periplasmic protein) as well as
ExoQ and ExoP (probably transmembrane proteins) may par-
ticipate in EPS I export (Becker er al. 1993b, Miiller et al.
1993).

In this study we present the nucleotide sequence of the
5.780-kb DNA region located between exoX and exoH, which
completes the DNA sequence of the 24-kb exo-gene cluster of
R. meliloti. In addition, we report on the phenotypes of de-
fined exo mutants and present data on the transcriptional or-
ganization of the gene region analyzed.
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RESULTS

Sequence analysis of a 5.780-kb DNA fragment of the R.
meliloti exo gene cluster revealed the presence of five open
reading frames designated exoU, exoV, exoW, exoT, and
exol.

To complete the DNA sequence of the 24-kb R. meliloti
exo-gene cluster, we sequenced a 5.780-kb DNA fragment lo-
cated between exoX and exoH (Becker et al. 1993a, Miiller et
al. 1993) (Fig. 1).

Five open reading frames (ORFs) preceded by potential ri-
bosome binding sites (Table 1) could be identified on this
DNA fragment (Fig. 2). Two ORFs located upstream from
exoH and one ORF located downstream from exoX were in
the same orientation as these genes and were designated exol,
exoT, and exoU, respectively. The location of exoT corre-
sponded to the location of the complementation group exoT
reported by Reuber e? al. (1991). Although the exol sequence
contained four potential start codons, plasmid integration
mutagenesis of this coding region (see below) indicated that
the ATG at nucleotide position 5171 (Fig. 2) represented the
start codon used in vivo.

Two additional ORFs designated exoW and exoV were ori-
ented in the opposite direction. The length and the molecular
weight of the deduced amino acid sequences are listed in
Table 1.

ExoT resembled transmembrane proteins and Exol con-
tained a signal peptide sequence.

According to the hydrophobic profiles (Eisenberg et al.
1984) of the deduced amino acid sequences, ExoW, ExoV,
and ExoU are most probably located in the cytoplasm. In con-
trast, ExoT displayed 13 hydrophobic helices (Fig. 3). According
to the hydrophobic moment plot (Eisenberg et al. 1984; data
not shown), six of these were tentatively classified as being
transmembrane helices; four were characterized as being part
of globular domains; and three were predicted to be mem-
brane-surface associated (Fig. 3). We therefore presume that
ExoT represents a transmembrane protein.
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Fig. 1. Physical and genetic map of the Rhizobium meliloti 2011 DNA
region on megaplasmid 2 involved in exopolyssacharide I biosynthesis
and nodule infection. A, EcoRI restriction map of cosmid pRmAB839
(Becker et al. 1993a). Locations and designations of the exo genes
already sequenced (Buendia ef al. 1991; Becker ef al. 1993a,b; Miiller et.
al. 1993) are indicated above the restriction map. B, Restriction map of a
5.780-kb DNA region carrying the genes exol, exoT, exoW, exoV, and
exoU. Arrows denote the location of coding regions. C, Clal; E, EcoRI.
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The N-terminal region of Exol displayed significant simi-
larities to prokaryotic signal peptides. According to the algorithm
devised by von Heijne (1986), the —13/+2 region comprising
amino acids 32-46 was found to have a score of 14.85. In
addition, the potential cleavage site located between positions
44 and 45 conformed to the —3/-1 rule. Therefore, Exol could
be located in the periplasmic space.

ExoW and ExoU shared amino acid motifs with other
polysaccharide-polymerizing enzymes

Sequence comparisons of ExoU and ExoW to other R. mel-
iloti exo genes revealed homologies of 32 and 24% to the
deduced amino acid sequence of the exoO gene (Becker et al.
1993b). In addition, searches of sequence databases indicated
that both ExoU and ExoW belong to a family of polysac-
charide synthases from several prokaryotic and eukaryotic or-
ganisms. Figure 4 shows an alignment of sequence parts from
several of these proteins that are significantly homologous to
the Exo0, ExoU, and ExoW sequences. Whereas the cellu-
lose synthase function of the BesA from Acetobacter xylinum
(Saxena et al. 1990) is based on experimental evidence, func-
tions of other proteins have been concluded from genetic data
and sequence homologies, as in the case of the NodC protein
from R. meliloti and R. loti (Torok et al. 1984; Atkinson and
Long 1992; Debellé et al. 1992). The DG42 protein from
Xenopus laevis (Rosa et al. 1988) is possibly involved in the
synthesis of matrix polysaccharides by the developing embryo
during gastrulation (Atkinson and Long 1992), whereas the
Orf2 from Anabaena sp. strain PCC7120 is located in the
vicinity of the hetA gene, which takes part in the biosynthesis
of the envelope polysaccharide (Holland and Wolk 1990).

The sequence alignment in Figure 4 revealed the presence
of a number of highly conserved residues as well as the oc-
currence of several invariant residues. Since the EPS I subunit
of R. meliloti is built up from one galactose and seven glucose
residues and since ExoY has been shown to be a galactosyl
transferase (Miiller et al. 1993), we propose that ExoU and
ExoW are likely to represent glucosyltransferases.

Additionally, ExoV displayed weak similarities to ExoW
and ExoU as well as to ExoL, ExoA, and ExoM (Becker et al.
1993b) over its entire length (about 12-15%). Since these
proteins have been thought to represent glucosyltransferases
(Becker et al. 1993b), we propose that exoV could have a
similar enzymatic function.

Exopolysaccharide production and nodule formation
of defined R. meliloti exo mutants.

Mutants in exol, exoT, and exoW have been constructed by
insertion of a promoterless lacZ-Gm interposon (Becker et al.

Table 1. Putative ribosome binding sites of the exo genes and relevant
features of the exo gene products®

Distance to  Gene product

Potential start codon length Molecular
Gene rbs (bp) (aa) weight
exoU GGAG 7 342 37,018
exoV GGAG 6 316 35,322
exoW AGGG 8 319 36,217
exoT GGAA 9 494 53,316
exol GGGA 6 191 20,321

*aa, amino acids; rbs, ribosome binding site.
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Q WL AL TAU®PAATLA ARIEKAAARTILSTQRPEREA AUV A
CCAAGTCTCCGTCGATCTGTCGGCGGT TCGGGTCCTCCGGCTGCGGT TCCTTCGCCTGGAAATCCATGCCCCAGAAACGGGCACCCTTGA 1440
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ATCCGGCGATCGCCGAT TCCCAGTGTGGTACGAAGCTCCGCTTATATATCT T TCGAAGGCCCTGAAACTCCGGAAGGTCGGCGACCATCA 1800
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CCGCAGGATCGATGATACCGAGCTCGGGAGCCACGCCGACCT TCGCAGCCGT CAGCGAACCGCGGACCGAGCGGATATCCCATTCCTTAG 1890
A PDII GLEUPA AV GV KAATTULUZPG RY S RTIDWEKP
GGTCGCTCATGTCGGGAAGCGTGCCGTAGCCGAAACCGCTGCCGATGACGAGCT TATGCGTAGCCT TGGGCAGCAGAGCGCGGTTCAAGA 1980
D S M D PLTGY G F G S G I VLEKUHTAIZKZPILTULAIRNTILUV
CCGTTCCAACCCCCACGAGCAGCGTCTCGGGATAGACCTCGCGAAAACCGGGCAGCAGGAAATCCCAAAGCCACAGGTTGAGGTCGTCAC 2070
T 6V GV L L TEU®PYVERVPGZPTULULTFUDWILWILNTZLUDDG
CGAAATTTCCGTGCTGGGAT TCCCAATAATACGGCTTCATGACCGTCTCCGT T TGCAAT TGTGAGGCGACCTGACACGCGCGGTGGCGAA 2160
F N G H Q S E W Y Y P KM
130 ><
TGTCGTCGTTGATTTCGGGTGT TGTCAGGGCAAGCAGCGCGTGCCCGATCGGGCCGAAGGAGGTTAGCGGGATAGTTTTCCAACCGCCAA 2250 A
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CTCGGCGGCGCTGCCAATCAATCGCGGGTCTCGCCAGAGCCAGCGGGCAAGAAGATCGAACTGCGGCAGT TTCCGGCGCTTTATCCGGCG 2340
E A A S G I L RPDRWUILWRALTILUDTFAGQPULI KU RIRIEKTIRR
TGCCTGGCTCCATAGCGCCTGCCGCCGCGCGGTATGCTTGTAGGATCGGATCGCCTCCATCGCCTTCGGCCGGTTACGATATCGGCCTTC 2430
A Q S WLA QU RUR RATHI KT YSRTIAEMAIKUPRNIR RYRGE
GAGCGTGTCGAGTGCAACCCAGGTATTGAACTGCTGCTTCAGGAACTGAGGCGAGTCGT TATCGATCGAATGAAAGATGTTGAGCCCTTC 2520
L T D LAV WTNTFOQQ KLV F QP S DNDTISHTFTINTILGE e
GCCACGCACCGCGCCCGCTGCATCGCAAAGAACCACGCGCT TGGATGCGAGCACGCAATCGCAGAAGAAGAGCACGTCCTCGGCCGCTAG 2610
G R VAGAADTCTLV YV VRIEKSALVYVCDTCFFULUVDEAATL
CTTGAGCGTGGCCTCGAAACGCACCTT TTCGAAGAGCT TGCGCCCGATCACCATGCAGGACATGTGGAGAAAGCTCCAGTTCTTCAGCAT 2700
K L T A B F RV KEVFULI KU RGTIVMOCSMHELTFSWNI KTILM o]
GACGTCCTGAAGT TCGGGGAGCTCGACCACGAGGGGACT TTCCGAGAGGCGCGTGACGGTCTCGCTCTTTTCGAGATCCGCGACCCCGAA 2790
VD QLEUPILTETVYVVLUPSESILRTUVTESI KETLDA AWVGF
ATGATAGTAGAAAGCGTCGCCGCCCGTGATCGAGGCCCAATAGCAATCGGCGTCGAAACGCGTCATGCTTTGATAGGCGT TCAGGAGATG 2880 W
H Y Y P A D GG T I S AW Y OCDA ADU FRTMSQYANTILTLH
ATCCGGCGTCCAGACGTCGTCGGAATCGAGGAAAGCGACGAAGT CGCTGTCGGCAGGAACAT TATCGAGACCGGTATTGCGCGCGCCACC 2970
D P T WVDD S DULVFAVYV FDSDA APV VNDTILGTNTR RAGG
CGGCCCGCCGTTAGGCTGGCGGATGACGGTGATGCGCTCCCTT TCTTCCTGGGCGAGCCCAGCGAGCTCGTCCGCTATCGGATAGGGGGA 3060
P G G N P Q R I V T TIRTEIZRTEEU QA ATLGA ATLEDA ATIU®PZY P S
TTCGTCATCGATCACGAGAACGTGGAAATCCTCGAGCGTCTGAGCAAAAACGGATGCCAGCGCGCGCCGGAGAATTCCGGGTTCCTTCTG 3150
E D DI VLV HFDETLTIGQA ATFVYV S ALARTPERILTIGTZ®PEKDQ
GTAGTACGGAATGACAACTGTGAGCTTCGCCATCTTTTCGCCCCTGCGGT TTCTCTAAAAAGAGTCTGCGTGGTCTCCTCCCACCGGGTC 3240
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Fig. 2. Nucleotide sequence of a 5.780-kb DNA fragment of megaplasmid 2 of Rhizobium meliloti 2011 carrying the genes exol, exoT, exoW, exoV, and
exoU. The nucleotide sequence of one DNA strand is presented in the 5" to 3’ direction. The five open reading frames identified are marked by arrows. The
deduced amino acid sequence is given in the one-letter code above the nucleotide sequence for genes encoded by the upper strand and below the
nucleotide sequence for genes encoded by the lower strand. To connect the new sequence to the sequence reported by Miiller et al. (1993), the last amino
acid of ExoX is shown. Putative ribosome binding sites and the potential signal peptide of Exol are underlined. Stop codons are marked by asterisks.
Insertion sites of transposon Tn5 or Tn5-B20 (Simon et al. 1989) are indicated by two arrow heads (><) above the nucleotide sequence. Designations of
the respective R. meliloti transposon mutants are shown at the left side (154, Tn5-B20 mutant Rm154; 2505, Tn5 mutant Rm2505; 130, Tn5-B20 mutant
Rm130). The sequence has been submitted to the EMBL/GenBank/DDBJ databases under the accession number Z22646.
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GCGGCCGTATATCTAGAGT T TGTCCTTTGCAT TCCTCCTTCAAAGGACT TTCACGGAATCCTCGCCAATGACCCCAACCGTTAACGCAAA 3330
T VT RNV 6 W S VL S KT GGTFGULIZ KTFUV TV P TIULATRI
AACCGTAACGCGCAACGTCGGCTGGAGCGTTCT T TCCAAGACAGGGACATTCGGGCTTAAAT TTGTCACGGTGCCGATTCTGGCCCGCAT 3420
L S P EE F G A V AV ALTUVVQFLAMTITG GG GA AGTILT S A
TCTGTCTCCCGAGGAATTCGGCGCCGTCGCGGT TGCGCTCACCGTGGTGCAGT TCCTCGCCATGATCGGCGECGCCGGCCTCACCTCCGC 3510
L VI Q Q HEEMETV VHSU YV FWANTILATIALMMATLG L
ACTCGTCATCCAGCAGCATGAGGAGATGGAAACCGTGCACTCGGTTTTCTGGGCAAACCTCGCCATCGCGCTCATGATGGCGCTCGGACT 3600
F V F A E P LATTULTULGA AZPEA AATYT LTZLIRTIMMSTIULILTIUPILOQ
GTTCGTTTTTGCCGAGCCCCTGGCCACGCTGCTCGGCGCGCCGGAGGCTGCCTACCTGCTAAGGATCATGAGTCTGCTGATCCCGCTGCA 3690
L GG DV A Y S L LV RURMNTPFR RIEKDA AVUWSMTISZESTL G
GCTCGGCGGCGACGTTGCCTATTCGCTGCTTGTCCGGAGGATGAAT TTCCGCAAGGATGCCGTCTGGAGCATGATCTCCGAATCACTCGG 3780
L F V S A L V RUL S
TGCCGTTATTGCCGTTCTTCTGGCGCTGCTCGGT TTCGGCATATGGTCGCTGCTCGCTCAGCTTTTCGTCTCCGCGCTGGTGCGCCTGTC 3870 e
G L Y AV S R Y AP RTFVF FSLOQ@RTVYVULALSUZ RTFPF ST FGMM
CGGCCTCTATGCCGTTTCCCGTTACGCACCGCGCTTCGTATTCTCGCTGCAACGCGTTCTGGCGCTCAGCCGCTTCAGTTTCGGCATGAT 3960 X
' T F Q S PMV VI SURYULGTLSDA ATGA AZY S
GGGCTCCGAGATCGCGAACT TCATCACCTTCCAGTCCCCGATGGTGGTGATATCCCGCTATCTCGGGCTGTCCGACGCAGGCGCCTATTC 4050 o
P N Q VVLSAVMGVULTFUPTUFGAOQMMH
GGCGGCGAACCGGT TCGCGAGCATCCCGAACCAGGTCGTCCTCTCCGCCGTCATGGGGGTGCTGT TCCCAACCTTCGGCCAGATGATGCA 4140
D RERUR S Q AL MIL STV T TV LLAUPMMTPFGTLUWAL T
TGATCGCGAGCGGCGTTCACAGGCGCTGATGCTCAGCACTCAGGTGACCACCGTCCTGCTGGCGCCGATGATGTTCGGCCTCTGGGCACT 4230
A E P A MLV LF G S Q WAYAWEPVLOGT LT LA ATLSI KGTIL
TGCCGAGCCGGCGATGCTCGTACT TTTCGGGAGCCAATGGGCCTATGCCTGGCCGGTCCTCGGACT TCTCGCACTATCGAAAGGCATTCT 4320
P YL K GV G Q GA VUL FWUWATLTIIRAVAT
CACCCCCTGCAGCACGTTCATCCCCTATCTCAAGGGGGTCGGCCAGGGAGCCGTCCTGTTCTGGTGGGCGCTGATTCGCGCGGTTGCGAC 4410
T G AV AY GAIDG G SULVEAMTIWTZELSCGCTIVNA AVTTLUVG
AACAGGCGCGGTCGCCTACGGTGCCATCGACGGCTCGCTGATCGAGGCGATGATCTGGCTGTGCATCGTCAATGCCGTAACGCTTGTCGG 4500
S S R PMTIAATLTLM
ATACTCCTGGGTGGTGT TCCGTGCCGACAGCACGCCCTTCCTCAAGGGT TTGT TCATATCCAGCCGGCCGATGATCGCGGCGCTGCTGAT 4590
A L V VRV FTULTLTEUHTFGA AUHVYUZPNA AVULQULTIA AGTA ATIG S
GGCGCTCGTCGTCCGCTTCCTGCTCGAGCATTTCGGCGCACATGTGCCGAACGCCGTCTTGCAAT TGATCGCCGGAACGGCCATCGGCAG 4680
L L T E R S L L RRUILUILDMARUAI®RIEKPRAA
CGTGATCTACACGGTTCTGATCCTTCTGACGGAGCGATCGCTGT TGCGGAGGCTCCTGGACATGGCGCGAGCACGCAAGCCGAGAGCCGC 4770
TCCCGCGGGAGCCGCCGAGTAGCCAGACGAGCCCGACTGCGGAAGAAAGAGTGACGGGTCAACCCGCCCTTTTGTTGCCGCCAGGGCGCG 4860 v
GCCGCGGGAACGGT T TGCGGCACGCCGCGTTACCGT TCGACGGCAACAACATGGATGT TCGAGATGAAAGGCATTATCCTTTGGTTGATG 4950
GGCGTTCCCCTCATCGTCATTATCCTGCTCTATATGTTCGTCTTT TGACCCCGCGGCATCGCGAATCATTCCGCCTGACGAGCAACAGCC 5040
GCGCGAAATACACGTGATCAGTCACGCCGATATGCACCCCGCGGTGGCAT TCACCCATAGTTTTGAAGGATGTGAATGGCGCCCACCTGG 5130
M T R I K S AV A A G G R RA P H
GTTAGCCTGTTCGGGTGT TTCGGCTGAACGGGGATGGGGAATGACCCGCATCAAAAGCGCTGTAGCTGCCGGCGGCAGGCGAGCGCCGCA 5220
G A VL AAULTULMTHUDA ATGA AU ATE P
e
CTCGGCACGACTGGGCTCTGCCAGCACGCGGACCATCGGCGCCATTCTGGCGGCGCT TCTCATGACCCATGACGCCGGGGCCGCAGAGCC 5310
I E I A GE RV QL N S VDA ATZPTEE X
GATCATCGGTCAAGCCTCGGTGATCGACGGCGATACTATTGAAATCGCGGGCGAACGCGTCCAACT TAACAGTGTGGACGCGCCGGAAGA 5400
W Q V CLDEIRTGA ADT YU RT CGI KTESA ASA ALUDA ATFTLSA SR [}
GTGGCAGGTCTGCCTCGATGAAAGAGGGGCAGAT TATCGGTGCGGCAAGGAATCGGCCTCGGCCCTGGATGCATTCTTGTCGGCATCCCG 5490
P TR CE F A GRUDIZRYGRT FVGTCFPFRUADGTE KTUDVNT RUW
TCCGACTCGCTGCGAATTTGCCGGCCGCGATCGT TATGGCCGCT TCGTCGGAACGTGT T TCCGGGCCGATGGCAAAGACGTGAACCGCTG 5580 I
E'S 66N AV DI RUDTUDNIZKTGTLTYA ASA AOQO QT AI K S NG A
GCTGATCGAGTCCGGCAATGCAGT CGATCGCGACACGGACAACAAAGGCCTCTATGCATCGGCGCAGCAAACTGCCAAATCGAACGGTGC 5670
5760 v

TGGAATCTGGCGCGCACAGCCCGAGCATGCCTGCGCGGCGCGCGTCGGCCGGGTGAACCGAAAGCCGAGT TGT TGAAGGCTGCAAACGAG
AGCCAATGATCTTAGAATTC 5780

1993b) into the respective coding regions. Restriction frag-
ments of the exo-gene region were subcloned into the mobi-
lizable vector pK18mob, which is unable to replicate in R.
meliloti. After in vitro insertion of the lacZ-Gm interposon
into the exo genes, the resulting plasmids were transferred to
R. meliloti 2011 by Escherichia coli S17-1-mediated
mobilization (Simon et al. 1983). The wild-type exo genes
were replaced by the exo genes disrupted by a lacZ-Gm
interposon due to two recombination events (Fig. 5).

R. meliloti strains carrying the lacZ-Gm interposon inserted
into exoT (RmH11a) and exoW (RmH19a, RmH19b) induced
white nodules resembling the pseudonodules induced by the
exoY mutant Rm0540 (Miiller et al. 1988). These mutants were
nonfluorescent on medium containing Calcofluor white. No
EPS could be detected by cetyl pyridinium chloride (CPC) or
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ethanol precipitation (Fig. 6). In contrast, the exol-lacZ-Gm
interposon mutants (RmH10a, RmH10b) were able to infect
alfalfa nodules, indicating that exol is not essential for an
effective symbiosis with alfalfa. About 50% of the EPS
amount produced by the wild-type R. meliloti 2011 could be
recovered from the culture supernatants of the exol mutants
by CPC precipitation, whereas about 20% were obtained by
ethanol precipitation (Fig. 6). The phenotype of the exol
mutants therefore resembled the phenotype of exoO mutants
described previously (Becker et al. 1993b). The difference in
the EPS amount obtained by precipitation with CPC and
ethanol could reflect the presence of an altered EPS 1
produced by these mutants.

We have previously isolated several transposon Tn5- and
Tn5-B20-induced R. meliloti mutants located on the 7.8-kb



EcoRI DNA fragment of the exo-gene region (Keller et al.
1988, Miiller et al. 1988) (Fig. 1A). Sequence analysis showed
that the Tn5-B20 insertion of mutant Rm154 was located in
the exoU coding region (Figs. 2 and 6), whereas the Tn5
insertion site of mutant Rm2505 was located in exoV (Fig. 2).
Since these exoU and exoV mutants failed to produce EPS
and induced pseudonodules on alfalfa (Keller et al. 1988;
Miiller et al. 1988), both genes are necessary for EPS I bio-
synthesis and the establishment of an effective symbiosis with
alfalfa.

The genes exoU, exoV, exoW, exoT, and exol form mono-
cistronic transcription units

To confirm the direction of exo gene transcription, R. meli-
loti strains carrying the promoterless lacZ-Gm interposon
inserted into exol, exoT, exoW, and exoV were assayed for B-
galactosidase activity. The lacZ transcription fusions oriented
opposite to the direction of exo gene transcription were ex-
pressed at the background level of the wild-type R. meliloti
2011 (2 + 1 relative B-galactosidase units), whereas the lac’Z
transcription fusions oriented in the direction of exo gene
transcription displayed pB-galactosidase activities ranging
from 53 to 69 relative units (Fig. 5). The promoterless lacZ
gene encoded by transposon Tn5-B20 of exoU mutant Rm154
(Keller et al. 1988) was expressed at a lower level (31 + 1
relative units) (Fig. 5).

Since the phenotype of the EPS I overproducing polar
exoX::Tn5-B20 mutant Rm124 (Miiller et al. 1993) differed
from the phenotype of the EPS I~ exoU::Tn5-B20 mutant
Rm154, we conclude that exoX and exoU represent monocis-
tronic transcription units.

To investigate whether exoT and exol or exoW and exoV
are organized as operons, the lacZ-Gm interposon mutants
described above were subjected to plasmid integration muta-
genesis. Plasmids containing various subfragments of the
5.780-kb DNA fragment were integrated into the genome of
the interposon mutants carrying the lacZ gene oriented in the
direction of exo-gene transcription. The B-galactosidase ac-
tivities of lacZ-transcription fusions located downstream from
the vector insertion sites were determined (Fig. 5).
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Fig. 3. Analysis of the deduced amino acid (aa) sequence of the
Rhizobium meliloti 2011 exoT gene. A, Hydrophobicity plot according to
Eisenberg et al. (1984), computed using a window of 21 amino acids.
Potential transmembrane helices identified by the hydrophobic moment
plot (data not shown) are marked by black boxes, helices belonging to
globular domains by shaded boxes, and helices predicted to be
membrane-surface-associated by open boxes. B, Distribution of charged
amino acids.

Integration of plasmid pT65 (carrying the 5* part of exoT
and 176 bp upstream from the potential exoT start codon) into
the genome of the exoT-lacZ-Gm and exol-lacZ-Gm inter-
poson mutants resulted in strains that displayed p-galactosi-
dase activities similar to the activities of the exoT-lacZ-Gm
and exol-lacZ-Gm interposon mutants without integrated
plasmid. This result indicated that a promoter is located on
the 176-bp DNA region upstream from the exoT start codon.
Since integration of plasmid pT85 carrying an internal exoT
fragment prevented the expression of the exoT-lacZ tran-
scription fusion but did not influence the expression of the
exol-lacZ transcription fusion, it can be concluded that an-
other promoter is located in front of exol (Fig. 5). This result
was in accordance with the different phenotypes of exoT
(EPS IN) and exol (EPS It) mutants. By integration of
plasmids pI79, pI61, and pI81 into the genome of the exol-
lacZ-Gm interposon mutant, a 125-bp DNA region that was
located upstream from exol and displayed promoter activity
could be identified (Fig. 5). The fragments cloned into these
plasmids were bordered by the internal Stul site of exol at
their 3’ ends. Plasmid pI81 contained 844 bp upstream from
the potential exol start codon, whereas plasmid pI61 con-
tained only 557 bp upstream from the exol coding region. The
exol-lacZ-Gm interposon mutant carrying one of these
plasmids displayed B-galactosidase activities similar to those
of the exol-lacZ interposon mutant carrying no plasmid.
Based on the insertion of plasmid pI79, we concluded that the
GTG at nucleotide position 5054 (Fig. 2) could not represent
the start codon of exol. Although only 8 bp upstream from
this codon were present in plasmid pI79, integration of this
plasmid did not reduce the expression of the exol-lacZ tran-

RmNodC PAVDVIVPSFNEDPGILSACLASIADQDY PGELRVYVVDDGSRNREAIVRVRAF
R1NodC PSVDVIIPSYNEAPRTLSDCLASIASQEYAGKLQVYVVDDGSANRDALVGVQEE
RmExo0 PDVTFVVAAYNSADTIVRAIESALAQEGVT - -VEVVVVDDCSADATPALVAAIL -
RmExoW AKLTVVIPYYQKEPGILRRALASVFAQTLE-DFHVLVIDDESPYPIADELAGLA
RmExoU AAPTDVCIIISAKNAADTIARAVASALAEPEAAEVVVIDDGSTDDSASVARAAD
AspOrf2 MKISVIISNYNYARYLS-RAINSVLAQTH-SDIEIVIVDDGSTDNSRDVITQLO
X1DG42 KTVALTIAGYQENPEYLIKCLESCKYVKYKDKLKIILVIDGNTEDDAMMEMFKD
AxBcs PTVDIFVPTYNEELSIVPLTVLGSLGIDWPEKVRVHILDDGRRPEFAAFAECGA
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Fig. 4. Alignment of partial sequences of proteins supposed to be
involved in polysaccharide polymerization. Partial sequences of Rhi-
zobium meliloti 2011 ExoO (Becker et al. 1993b), ExoW, and ExoU are
compared to the following proteins: R. meliloti NodC (Térok et al.,
1984), R. loti NodC (EMBL/GenBank/DDBJ accession number L06241,
1993), ORF2 protein from Anabaena sp. strain PCC7120 (Holland and
Wolk 1990), BesA protein from Acefobacter xylinum (Saxena et al.
1990); and DG42 protein from Xenopus laevis (Rosa et al. 1988).
Residues identical in ExoO, ExoW, and ExoU are indicated by bold
letters. If four out of eight amino acids were identical, they are included
in the consensus sequence. Consensus sequence residues being highly
conserved between all three Exo proteins and at least two other sequences
are printed in bold type. RmNodC, NodC of R. meliloti; RINodC, NodC
of R. loti; RmEx00, R. meliloti ExoO; RmExoW, R. meliloti ExoW;
RmExoU, R. meliloti ExoU; AspOrf2, ORF2 protein from Anabaena sp.
strain PCC7120; X1DG42, DG42 protein from X. laevis; Bes, AxBcsA
protein from Acetobacter xylinum.
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scription fusion. We therefore propose that the next start co-
don preceded by a ribosome binding site at a reasonable dis-
tance (ATG at nucleotide position 5171, Fig. 2) represents the
actual start codon of exol.

To investigate whether the promoter located in front of
exoT influences the transcription of exoH, which is located
855 bp downstream from exol (Becker et al. 1993a), plasmids
pI79, pl6l, and pI81 were integrated into the genome of the
exoH-lacZ-Gm interposon mutant RmHla (Becker et al.
1993b). Compared to the P-galactosidase activity of the
exoH-lacZ-Gm interposon mutant without integrated plas-
mids, no alteration of the B-galactosidase activities was found.
This indicated that the transcription of exoH is independent of
the promoter preceding exol. Therefore, exoT and exoT form
independent transcription units.

To investigate whether exoV and exoW represent mono-
cistronic transcription units as well, we constructed the plas-
mids pW66, pW67, and pW64. Plasmid pW66 carried a 308-
bp EcoRI fragment comprising 132 bp of the exoT 5’ part, the
124-bp intergenic region between exoT and exoW, as well as
52 bp of the exoW 5" part, whereas the plasmids pW67 and
pW64 contained longer parts of the exoT and exoW coding
regions (Fig. 5).

Integration of these three plasmids into the genome of the
exoW-lacZ-Gm interposon mutant resulted in the identifica-
tion of a 256-bp DNA region located upstream from exoW,
which was sufficient for expression of the exoW-lacZ tran-

scription fusion at the level of the exoW-lacZ-Gm interposon
mutant without integrated plasmids (Fig. 5).

To analyze the transcription of exoV, plasmids pVlacZ and
pVlacZr were constructed. These plasmids contained the
2.631-kb EcoRI-Clal fragment comprising the 3’ part of exoW,
the complete exoV coding region disrupted by a lacZ-Gm
interposon at the EcoRYV site, and the 3" part of exoU. The
lacZ gene of plasmid pVlacZ was oriented in the direction of
exoV transcription, whereas the lacZ gene of plasmid pVlacZr
was oriented in the opposite direction. Since we failed to
homogenotize these mutations, merodiploid R. meliloti strains
carrying the lacZ-Gm interposon inserted into exoV in both
orientations were constructed by integration of plasmids
pVlacZ and pVlacZr into the R. meliloti genome (Fig. 5).
Depending on the crossing over site, integration of plasmids
pVlacZ and pVlacZr resulted in two different R. meliloti
strains (Fig. 5). If the crossing over occurred upstream from
the lacZ-Gm interposon, the region upstream from the inter-
poson in the resulting strain represented the original situation
of the wild-type genome. If the crossing over took place
downstream from the interposon, only 1,261 bp comprising
911 bp of the exoW 3’ part and the intergenic region between
exoW and exoV were located upstream from the exoV start
codon. Compared to the expression of the exoV-lacZ tran-
scription fusion preceded by the wild-type genomic structure,
the B-galactosidase activity of the exoV-lacZ transcription
fusion disrupted from the promoter located in front of exoW
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Fig. 5. Mapping of promoters on the Rhizobium meliloti exoH/exol/exoT/exoW/exoV/exoU fragment. A, Relevant restriction sites and gene structure of the
exo-gene region analyzed. The relative B-galactosidase units of exo-lacZ transcription fusions are shown above the genes. Below the genes, the position of
restriction fragments and the designation of the plasmids used for integration mutagenesis are presented. Potential promoters located on the fragments used
for plasmid integration mutagenesis are indicated by black dots. The relative B-galactosidase units of exo-lacZ transcription fusions located downstream
from the vector integration sites are listed. Activities were calculated from at least five independent measurements. B, Genomic structures of the exo gene
region resulting from plasmid integration experiments. Insertion sites of interposons or transposons in the genome of the recipient strains are not indicated,
whereas the position of lacZ-Gm interposons inserted into plasmids used for integration mutagenesis are marked. Heavy lines indicate the vector part of
the integrated plasmids. Incomplete exo genes are denoted in brackets. C, Clal; E, EcoRI; P, Pst; St, Stul; V, EcoRV; X, Xhol; co, crossing over site.
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by an integrated vector was reduced to 20% (Fig. 5). Since
the low expression of the exoV-lacZ transcription fusion was
significantly higher than the background activity of wild-type
R. meliloti 2011, we propose that a weak promoter is located
in front of exoV. This conclusion could be confirmed by the
phenotype of strain Rm130 carrying a polar Tn5-B20 inser-
tion 3 bp downstream from the exoW stop codon. This R.
meliloti strain infected alfalfa and produced EPS L.
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Fig. 6. Phenotypes of Rhizobium meliloti 2011 strains mutated in defined
exo genes by transposon or interposon insertions. Map is of relevant
restriction sites and gene structure of the 9.75-kb exo-gene region
encoding exoH, exol, exoT, exoW, exoV, exoU, and exoX. Long flags
indicate the position and orientation of lacZ-Gm interposons, whereas
TnS-B20 insertions are marked by short flags. The position of a Tn5
insertion is denoted by a hairpin. Cfw-phenotype (fluorescence on
medium containing Calcofluor white): +, fluorescent; —, nonfluorescent;
halo (appearence of a fluorescent halo around the bacterial colonies on
medium containing Calcofluor white): +, halo, —, haloless; exopolysac-
charide (EPS) precipitation: EPS amount (percent of the EPS amount
produced by the wild type) as determined by the HCl/L-cysteine method
after precipitation with cetyl pyridinium chloride (CPC) or ethanol (see
Materials and Methods); EPS production of R. meliloti 2011: 1.42 mg per
10° cells per milliliter culture as detected after CPC precipitation; 0.95
mg per 10° cells per milliliter culture as detected after ethanol
precipitation; nodule morphology: pink, effective pink nodules; pseudo,
pseudonodules; nd, not determined. Restriction sites: St, Stul; X, Xhol.

Table 2. Strains used and constructed in this work

DISCUSSION

The 5.780-kb DNA sequence presented here completes the
sequence analysis of a 24-kb exopolysaccharide biosynthesis
gene cluster from R. meliloti 2011. Five new exo genes desig-
nated exoU, exoV, exoW, exoT, and exol could be identified
by coding region and mutational analysis. The exoT gene cor-
responded to a complementation group previously identified
by Reuber et al. (1991). According to the map reported by
Long et al. (1988), most of their Tn5 mutations were located
within exo gene coding regions, but the phenotypes of these
mutants differed from the phenotypes of the interposon and
transposon mutants reported here.

Analysis of the hydropathic profile of ExoT indicated that
this protein contains several transmembrane as well as several
membrane-associated helices. This finding was confirmed by
several TnphoA insertions in exoT, reported by Reuber et al.
(1991), that displayed alkaline phosphatase activity.

A characteristic signal peptide with a striking score of
14.85 (according to von Heijne 1986) could be identified for
the N-terminal region of exol. Together with the results of
plasmid integration mutagenesis, this supports that the ATG
at nucleotide position 5171 represents the exol start codon
used in vivo.

Sequence comparisons of ExoW and ExoU indicated the
presence of significant homologies to the ExoO protein, which
was discussed as functioning as a glucosyltransferase (Becker
et al. 1993b). In addition, these three proteins shared common
amino acid motifs with several polysaccharide-polymerizing
enzymes. Since several glucosyltransferases have to be in-
volved in the synthesis of EPS I, it is likely that these genes
encode enzymes with glucosyltransferase activity. Moreover,
ExoV showed weak similarities to the deduced amino acid se-
quences of the exoL, exoA, exoM, and exoO (Becker et al.
1993b) as well as to the exoW genes from the R. meliloti
2011 exo-gene region, which were proposed as encoders of
glucosyltransferases. Together these data indicate the presence of
seven genes encoding glucosyltransferases in the exo-gene
region. This corresponds to biochemical evidence that up to

- seven different glucosyltransferases are necessary to syn-

thesize the EPS I subunit (Aman et al. 1981). The fact that the
EPS 1 subunit consists of one galactose and seven glucose
molecules joined by B-1,3-, B-1,4-, and B-1,6-glucosidic
bonds could explain the weak and substantially different

Strain Relevant characteristics Reference

E. coli
JM83 A(lac-proAB),®80dlacZAM15 Host for pUC and pSVB plasmids Vieira and Messing (1982)
DH5«a recAl,AlacU169,880dlacZAM15 Host for pUC and pSVB plasmids Bethesda Research Laboratories
S17-1 E. coli 294 RP4-2-Tc::Mu-Km::Tn7 chromosomally integrated Simon et al. (1983)

R. meliloti
Rm2011 Wild type, Nod*, Fix™, Inf*, EPS*, Cfw*, Sm’, Nx® Casse et al. (1979)
Rml124 ex0X::Tn5-B20 mutant of R. meliloti 2011 Keller ez al. (1988)
Rm130 R. meliloti 2011 carrying Tn5-B20 inserted between exoW and exoV Keller et al. (1988)
Rml54 exoU::Tn5-B20 mutant of R. meliloti 2011 Muiiller et al. (1988)
Rm2505 exoV::Tn5 mutant of R. meliloti 2011 Miiller ez al. (1988)
RmHlab Rm2011 exoH-lacZ-Gm?®, insertion site: Stul Becker et al. (1993b)
RmH10a,b Rm2011 exol-lacZ-Gm®, insertion site: Stul This work
RmHlla Rm?2011 exoT-lacZ-Gm®, insertion site: Xhol This work
RmH19a,b Rm2011 exoW-lacZ-Gm®, insertion site: XAol This work

Strain a carried the lacZ gene oriented in the direction of exo gene transcription and strain b carried the lacZ gene oriented opposite

to the direction of exo gene transcription.
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homologies (12-32%) between the Exo proteins discussed as
glucosyltransferases.

To analyze the genetic organization of the DNA fragment
sequenced, exo-lacZ transcription fusions were constructed.
Subsequently, these strains were subjected to plasmid inte-
gration mutagenesis using various subfragments of the exo-
gene region. The results demonstrated that exoU, exoV,
exoW, exoT, and exol form monocistronic transcription units.
Additionally, it was shown that the transcription of exoH
(Becker et al. 1993a,b) is independent of the promoter located
in front of exoT. It could be demonstrated that two promoters
were involved in the transcription of exoV. One of these was
located in front of exoW, whereas the other, much weaker
promoter was identified in front of exoV. The promoter
activity of this weak promoter was sufficient for EPS I bio-
synthesis at the wild-type level.

Since all fragments used for integration mutagenesis were
subcloned into the same site of the same vector and since
integration of plasmid pT85 prevented the expression of the
exoT-lacZ transcription fusion located downstream from the
vector integration site, it is rather unlikely that a vector-spe-
cific promoter was responsible for the expression of the exo-
lacZ transcription fusions. This is further confirmed by our
previous analysis of the exoHKLAMONP region, in which
the same vector system was used to elucidate the transcrip-
tional organization (Becker et al. 1993b).

This report completes the sequence analysis of the 24-kb
exo-gene region of R. meliloti 2011. In further experiments
we are going to confirm several exo-gene functions deduced
from sequence comparisons by biochemical methods. The
elucidation of the complete genetic organization and the bio-
synthetic pathway of EPS I should contribute to the under-
standing of the molecular basis of the recognition between al-
falfa and its microsymbiont during the infection process.

MATERIALS AND METHODS

Bacterial strains and plasmids.
Strains and plasmids used in this study are listed in Table 2.

Media and growth conditions.

E. coli strains were grown in Penassay broth (Difco Labo-
ratories) or in LB medium (Maniatis et al. 1982) at 37° C. R.
meliloti strains were grown in TY medium (Beringer 1974),
Vincent minimal medium (Vincent 1970), M9 medium (Miller
1972), or LB medium (Maniatis et al. 1982) at 30° C.

Antibiotics were supplemented as required at the following
concentrations (micrograms per milliliter): for R. meliloti:
streptomycin, 600; nalidixic acid, 8; tetracycline, 8; gentamicin,
40; and neomycin, 120; for E. coli: tetracycline, 10; chlor-
amphenicol, 25; ampicillin, 100; gentamicin, 10; and kana-
mycin, 50.

DNA biochemistry.

Plasmid DNA from E. coli was prepared as described by
Priefer (1984). DNA restriction, agarose gel electrophoresis,
cloning procedures, and Southern hybridization followed es-
tablished protocols (Maniatis et al. 1982). Total DNA from
rhizobia was isolated according to Meade et al. (1982). Trans-
formation of E. coli cells was performed according to the
method of Morrison (1977).
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DNA sequencing.

DNA sequences were obtained either from defined restric-
tion fragments cloned into the sequencing vectors pSVB30 or
pK18 (Arnold and Piihler 1988; Pridmore 1987) or by using
overlapping nested deletion clones generated by exonuclease
III digestion according to Henikoff (1984). Sequencing reac-
tions were performed using the Auto Read Sequencing Kit
(Pharmacia LKB) according to a protocol devised by Zim-
mermann et al. (1990). Sequence data were obtained and pro-
cessed using the A.L.F. DNA Sequencer (Pharmacia LKB)
according to the manufacturer’s instructions.

The Tn5-B20 insertion junctions were sequenced using an
oligodeoxynucleotide primer complementary to the first nu-
cleotides of the lacZ gene integrated in ISS0L (Simon et al.
1989).

Analysis of nucleotide and protein sequences.

The nucleotide and amino acid sequences were analyzed
using the computer programs of Staden (1986). The coding
probability was calculated according to the codon usage
method (Staden and McLachlan 1982), employing an R. meli-
loti codon usage table as described by Buendia et al. (1991).
The amino acid sequences deduced from the nucleotide
sequence were compared to the EMBL/GenBank/DDBJ data-
base using the FASTA programs (Pearson and Lipman 1988).
The deduced amino acid sequences were analyzed for their
hydrophobicity, following the procedure described by Eisen-
berg et al. (1984). Using the weight matrix proposed by von
Heijne (1986), the N-terminal regions were compared to
prokaryotic signal peptides.

Interposon mutagenesis.

Using appropiate restriction sites, a promoterless lacZ-Gm
interposon (Becker et al. 1993b) was inserted in both orienta-
tions into fragments of the exo-gene region, which were sub-
cloned into the mobilizable suicide vector pK18mob (Table
3). Resulting hybrid plasmids were transferred from the broad
host range mobilizing strain E. coli S17-1 (Simon et al. 1983)
to R. meliloti 2011 as described by Simon (1984). Homogen-
otization of the lacZ-Gm insertions was performed as de-
scribed by Masepohl et al. (1988). All homogenotes were
verified by Southern hybridization.

Exopolysaccharide production.

EPS production by R. meliloti strains was detected by the
Calcofluor white staining method as described by Hynes et al.
(1986). Quantitative estimation of the EPS production was
performed according to Miiller et al. (1988). The total hexose
content was quantified by the HCl/L-cysteine method (Chap-
lin and Kennedy 1986).

Plant nodulation assays.

R. meliloti strains were assayed for their symbiotic pheno-
types on Medicago sativa ‘Du Puits’ (Saatgutveredlung
Lippstadt, FRG). Seeds were surface-sterilized and germi-
nated as described by Miiller et al. (1988). The seedlings
were inoculated using late log phase bacterial cultures. The
plantlets were grown on nitrogen-free medium as described
by Rolfe et al. (1980) and analyzed after 3-4 wk.



Table 3. Plasmids used and constructed in this work

Plasmid Relevant characteristics

Source or reference

pSVB30 Ap', lacZ’ Arnold and Piihler (1988)
pK18 Km', lacZ’ Pridmore (1987)
pK19 Km', lacZ’ Pridmore (1987)
pK18mob Km', pK18 derivative, mob-site A. Schifer, Bielefeld
pK19mob Km', pK19 derivative, mob-site A. Schifer, Bielefeld
pAB2001 Promoterless lacZ-Gm interposon Becker et al. (1993b)
pRmAB839 Cosmid based on pSUP205 carrying a 36-kb contiguous region of R. meliloti 2011 Becker et al. (1993a)
megaplasmid 2
pl79 583-bp fragment® (125 bp-exol)® cloned in pK18mob This work
pl61 1,015-bp Xhol-Stul fragment (557 bp-exol)"® cloned in pK18mob This work
plI81 1,302-bp PstI-Stul fragment (844 bp-exol)” cloned in pK18mob This work
pT8S 1,184-bp Xhol-Ecol fragment (1,737 bE-exol)b cloned in pK19mob This work
pT65 308-bp EcoRI fragment (176 bp-exoT)” cloned in pK18mob This work
pW66 308-bp EcoRI fragment cloned (256 bp-exoW)® in pK19mob This work
pW67 920-bp Xhol-EcoRV fragment (828 bp-exoW)" cloned in pK18 mob This work
pW64 1,526-bp Xhol fragment (1,434 bp-exoW)" cloned in pK18mob This work
pViacZ 2,631-bp EcoRI-Clal fragment cloned in pK18mob carrying a lacZ-Gm interposon This work
inserted into the internal EcoRYV site of exoV oriented in the direction of exoV
transcription
pVlacZr 2,631-bp EcoRI-Clal fragment cloned in pK18mob carrying a lacZ-Gm interposon This work

inserted into the internal EcoRYV site of exoV oriented opposite to the direction of the

exoV transcription

* Fragments generated by exonuclease III digestion.

®The distance of the 5" end of the fragment cloned to the start codon of the next exo gene located downstream is given in base pairs (bp).

B-Galactosidase assay of R. meliloti strains carrying
lacZ-Gm insertions.

R. meliloti strains were grown to an optical density (600
nm) of 0.6-0.8 in LB medium. The assay for -galactosidase
activity followed the protocol devised by Aguilar et al.
(1985). The reaction was stopped after 20-50 min. Relative -
galactosidase units were calculated per cell number according
to Miller (1972).

Analysis of the transcriptional organization.

Subfragments of the exo-gene cluster were cloned in sev-
eral steps into the mobilizable suicide vectors pK18mob and
pK19mob (Table 3). The exo genes analyzed, which were en-
coded by the cloned fragments, were transcribed opposite to
the orientation of the vector lacZo promoter. Hybrid plasmids
were transferred to R. meliloti 2011 exo-lacZ-Gm homo-
genotes. Integration of hybrid plasmids into the R. meliloti
genome by single crossing over was selected by the vector-
encoded antibiotic resistance. The occurrence of the recom-
bination events within the homologous exo sequences of the
plasmids and the exo-gene region of the R. meliloti genome
was verified by Southern hybridization. Transconjugants
were assayed for their B-galactosidase activities.
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