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Rhizopines are selective growth substrates synthesized in nodules only by strains of rhizobia capable of their
catabolism. We report the isolation and study of genes for the synthesis and catabolism of a new rhizopine,
scyllo-inosamine (sIa), from alfalfa nodules induced by Rhizobium meliloti Rm220-3. This compound is similar
in structure to the previously described rhizopine 3-O-methyl-scyllo-inosamine from R. meliloti 1L5-30 (P. J.
Murphy, N. Heycke, Z. Banfalvi, M. E. Tate, F. J. de Bruijn, A. Kondorosi, J. Tempé, and J. Schell, Proc.
Natl. Acad. Sci. USA 84:493-497, 1987). The synthesis (mos) and catabolism (moc) genes for the Rm220-3
rhizopine are closely linked and located on the nod-nif Sym plasmid. The mos genes are directly controlled by
the NifA/NtrA regulatory system. A comparison of the sequence of the 5’ regions of the two mos loci shows very
extensive conservation of sequence as well as strong homology to the nifH coding region. Restriction mapping
and hybridization to DNA from the four open reading frames (ORFs) of the L5-30 mos locus indicate the
absence of mosA and presence of the other three ORFs (ORF1 and mosB and -C) in Rm220-3. We suggest that
the L5-30 mosA gene product is involved in the conversion of scyllo-inosamine to 3-O-methyl-scyllo-inosamine.
Restriction fragment length polymorphism analysis of the moc regions of both strains shows that they are very
similar. Regulation studies indicate that the moc region is not controlled by the common regulatory genes nif4,
ntrA, and ntrC. We discuss the striking similarities in gene structure, location, and regulation between these

two rhizopine loci in relation to the rhizopine concept.

Rhizobia form symbiotic associations with leguminous
plants which result in the conversion of atmospheric nitro-
gen into a form which the plant can utilize. The rhizobia are
thought to benefit from the interaction as they are provided
with nutrients (derived from plant photosynthates) and a
temporary shelter from the soil environment (the nodule).
However, for much of the time rhizobia survive as sapro-
phytic organisms in the soil or the rhizosphere in competi-
tion with other microorganisms. Many factors, such as the
availability of nutrients from plant root exudates, determine
which rhizobia survive and eventually predominate in the
rhizosphere (5, 19).

A number of examples of plant-associated products in-
creasing rhizobial growth rate have been described. These
include compounds produced by host plants (for example,
trigonelline [6, 10], which is catabolized by a variety of
rhizobia) and certain flavonoids which increase rhizobial
growth (26). Other compounds such as calystegins are pro-
duced by nonhost plants and are catabolized by only a
limited number of rhizobia as well as a variety of other soil
microorganisms (58, 59). A more selective compound found
in the exudate of pea roots is L-homoserine, an amino acid
catabolized by pea-nodulating Rhizobium leguminosarum
bv. viciae strains but by few other rhizobia (62).

In a number of cases, the locations of the catabolic genes
for these compounds have been investigated. Trigonelline (8,
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10) and L-homoserine (21) catabolic genes are located on the
Symbiotic (Sym) plasmid, which carries genes involved in
nitrogen fixation (nif) and nodulation (nod), whereas calys-
tegin catabolic genes in Rhizobium meliloti 41 are encoded
on the cryptic plasmid pRme4la (59). The Sym plasmid
location of catabolic genes points towards a symbiotic role
for these compounds.

By far the most specific nutritional interaction of plants
and rhizobia is the one described for the rhizopine produced
in alfalfa (Medicago sativa) nodules induced by R. meliloti
L5-30 (37, 57). This system involves a particular rhizobium
directing the plant to produce a compound in nodules which
can be utilized by the same rhizobium (but by few others) as
a selective growth substrate. In this respect, this compound
is analogous to Agrobacterium opines. A generic class of
compounds called rhizopines (37)—nodule specific opine-
like compounds—was coined to describe these substrates.
Since then, a number of other Rhizobium strains which
induce and catabolize rhizopines have been isolated (39).
Furthermore, Scott et al. (51) isolated a compound, rhizo-
lotine, from Lotus nodules which has many properties of a
rhizopine.

Analyses of the synthesis and catabolism genes of the
L5-30 rhizopine, 3-O-methyl-scyllo-inosamine (3-O-MSI),
have strongly reinforced a symbiotic role for this compound.
These synthesis (mos) and catabolism (moc) genes have
been isolated and shown to be of bacterial origin, closely
linked (4.5 kb apart), and located on the nod-nif Sym plasmid
(37). This suggests not only that these genes have coevolved
as a functional unit but also that they are important in
symbiosis. Further support for a role in symbiosis was
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FIG. 1. Structures of 3-O-MSI (A) and sla (B).

gained by analyzing the regulation of the mos genes. This
locus is directly controlled by a NifA/NtrA-regulated pro-
moter, thus ensuring that the rhizopine is produced only
when other symbiotic genes are functioning (38). Another
feature which distinguishes rhizopines from the aforemen-
tioned compounds, which are plant secondary metabolites,
is that they are synthesized by bacteroids within the nodule
utilizing plant-derived products and catabolized as a nutrient
source by the free-living bacteria.

From a screening of 20 R. meliloti strains, one (Rm220-3)
was found to produce a compound in nodules which was
revealed as a silver-staining spot of a mobility similar to that
of 3-O-MSI upon high-voltage paper electrophoresis (HVPE)
of extracts. Here, we describe identification of this com-
pound as scyllo-inosamine (sIa), which is a member of an
inositol class of compounds closely related to 3-O-MSI (Fig.
1). We also demonstrate that sla is a rhizopine by virtue of
the producing strain being able to catabolize this compound.
The synthesis and catabolism genes have been isolated, their
regulation has been investigated, and we compare our results
with those for the previously described rhizopine genes from
R. meliloti 1L5-30.

MATERIALS AND METHODS

Bacterial strains and plasmids. The R. meliloti, Agrobac-
terium tumefaciens, and Escherichia coli strains and the
plasmids used and constructed during the course of this
investigation are detailed in Table 1.

Media and culture conditions. Rhizobium and Agrobacte-
rium strains were grown at 28°C in TY complex medium (4)
or GTS minimal medium (30). E. coli was grown at 37°C in
Luria-Bertani medium (36). All bacterial matings were per-
formed at 28°C on TY medium as previously described (31).

Strain construction. Rm220-3 derivatives carrying Tn5-
Mob were obtained from matings between E. coli S17-
1(pSUP5011) and Rm220-3. Transconjugants were selected
on GTS media containing 500 pg of kanamycin per ml. E.
coli HB101(pJB3JI) was mass mated with Tn5-Mob-muta-
genized Rm220-3 derivatives, and transconjugants were se-
lected on GTS media containing 500 pg of kanamycin and 10
ng of tetracycline per ml. Transconjugants were mass mated
with A. tumefaciens C58C1RS, and mobilization of Tn5-
Mob-marked plasmids into C58C1RS by pJB3JI was selected
for on TY media containing kanamycin and rifampin at 100
pg/ml each. Acquisition of an extra megaplasmid was iden-
tified by visualization on agarose gels following colony
purification.

Clones were introduced into Rm1021 and its mutant de-
rivatives for estimation of sIa synthesis and catabolism by
triparental mating (18) utilizing pRK2013 as the mobilizing
plasmid.

sIa synthesis and catabolism studies. sla was chemically
synthesized by the protocol of Anderson and Lardy (1), and
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its structure was confirmed by gas chromatography and mass
spectrometry of the hexa-acetate. This was used as a stan-
dard in the identification of the sla produced by R. meliloti
Rm220-3 and strains bearing cloned rhizopine synthesis
genes. Synthetic sIa was also used as a substrate in catabo-
lism experiments. To test for sla synthesis, R. meliloti
transconjugants were inoculated onto alfalfa plants grown on
agar in glass tubes as previously described (30), and after 4 to
6 weeks resulting nodules were extracted for electrophoresis
(37). To test for catabolism, R. meliloti transconjugants were
inoculated into Bergersen minimal medium (3) supplemented
with synthesized sla as a sole carbon source as previously
described (37). HVPE and paper electrophoresis were per-
formed by standard procedures (16, 23). Buffers used were
formic-acetic acid, pH 1.7 (28.4 ml of 98% formic acid-59.2
ml of glacial acetic acid per liter), 0.05 M citric acid, pH 6.4
(10.5 g of citric acid per liter; pH was adjusted with NaOH),
and 0.05 M Na,B,0,, pH 9.4 (19.07 g of Na,B,0, - 10H,0
per liter). sla concentration in nodules was estimated by
HVPE of extracts against chemically synthesized sIa of
known concentration.

Plasmid DNA extraction and manipulation. Plasmid DNA
was purified by the alkali lysis method (48), followed by CsCl
purification for which vector or cloned DNA was required in
quantity. Detection of large plasmids was performed accord-
ing to the method of Eckhardt (20). Total DNA was isolated
as previously described (35), and construction of a gene bank
in pVK102 was performed by standard procedures (48).
Restriction endonuclease digestion and ligation with T4
DNA ligase was performed according to the manufacturer’s
instructions (Boehringer Mannheim). E. coli strains were
transformed by standard procedures (14).

DNA-DNA hybridization. Plasmids and restriction frag-
ments were separated by agarose gel electrophoresis and
transferred by Southern blotting (54) to Hybond N+ (Amer-
sham Ltd.). Restriction fragments used for the preparation
of probes were excised from gels under long-wave UV light
and purified by using the Geneclean protocol (Bio 101, La
Jolla, Calif.). Radiolabelled probes were prepared by nick
translation incorporating [a->“P]dCTP by using a preparative
kit (Bresatec, Ltd., Adelaide, Australia), followed by puri-
fication through Sephadex G-50. Hybridization and washing
conditions were as described elsewhere (32). Fuji RX X-ray
film at —80°C was used for autoradiography.

DNA sequencing. A 2.2-kb EcoRI fragment, derived orig-
inally from Rm220-3, was obtained from pPM1169 by EcoRI
digestion followed by fragment isolation as described above.
The purified fragment was ligated into EcoRI-digested
M13mpl8 (44), and recombinants were identified by stan-
dard procedures (48). DNA for sequencing was prepared by
restriction digestion with Xbal and PstI followed by exonu-
clease III-S1 nuclease digestion according to the method of
Henikoff (27). The whole procedure was carried out with the
Erase-a-base kit (Promega, Madison, Wis.). Dideoxy se-
quencing reactions (49) were performed with the Sequenase
kit (U.S. Biochemicals, Cleveland, Ohio) using the universal
primer supplied and **S-dATP (Bresatec, Ltd.). Both 6%
linear and wedge polyacrylamide gels were used. DNA was
sequenced on both strands and analyzed with the University
of Wisconsin Genetics Computer Group sequence analysis
series of programs (17).

Nucleotide accession number. The Rm220-3 mos locus
nucleotide sequence determined in this study has been
deposited in the GenBank data base under accession number
L17073.
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Relevant characteristics

Source or reference

Strains
R. meliloti
Rm220-3 Mos™ Moc* Str', produces sla and catabolizes sIa and 3-O-MS1 Field isolate from Bielefeld,
Germany, a gift from
A. Piihler.
L5-30 Mos* Moc*, produces and catabolizes 3-O-MSI Isolate from Poland (33), a
gift from J. Dénarié.
Rm1021 Mos™ Moc™ 35
Rm1354 nifA::Tn5, Km" derivative of Rm1021 56
Rm5002 ntrC::Tn5, Km" derivative of Rm1021 55
Rm1491 nifH::Tn5, Km" derivative of Rm1021 56
Rm1681 ntrA::Tn5, Km’ derivative of Rm1021 45
A. tumefaciens
C58CIRS Rif" Str 13
E. coli
HB101 11
S17-1 Chromosomally integrated RP4 derivative 53
Plasmids
pRK2013 Km" helper plasmid 22
pSUP5011 Tn5-Mob, Km* 52
pJB3JI Tra* Tc* Km® derivative of R68.45 12
pRmR2 Contains nifH and part of nifD of R. meliloti 102F34 47
pUC18 Cloning vector 63
pGEMEX-1 Expression cloning vector Promega Corp.
pVK102 Tc" Km* cosmid cloning vector 29
pLAFR1 Tc" cosmid cloning vector 24
pJRD184 Tc" Ap* 28
pJS201 Contains a 3.3-kb nod4BC fragment from R. meliloti in pIN-II-A2 50
pPM1031 Mos™~ Moc*, 15.1-kb fragment from L5-30 in pLAFR1, Tc" 37
pPM1062 Mos* Moc™, 3.4- and 6.9-kb EcoRI fragments of L5-30 in pLAFR1, Tc* 37
pPM1146 2.5-kb Pstl fragment bearing 1.5-30 mosB and parts of mos4 and mosC in This study
pIRD184, Ap® Tc*
pPM1153 Mos* Moc*, 27-kb fragment of Rm220-3 in pVK102, Km® Tc" This study
pPM1165 Mos™ Moc™, 3.5-kb HindIII fragment of pPM1153 in pVK102, Km® Tc" This study
pPM1168 Mos™ Moc™, 3.5- and 1.0-kb HindIII fragments of pPM1153 in pVK102, This study
Km® Tc*
pPM1169 Mos* Moc™, 3.5-, 1.0-, and 7.3-kb HindIII fragments of pPM1153 in This study
pVK102, Km*® Tc*
pPM1171 Mos™ Moc~, pPM1153 with the 1.0-, 7.3-, and 7.1-kb HindIII fragments This study
deleted, Km® Tc*
pPM1175 Mos™ Moc*, pPM1153 with the 1.0- and 7.3-kb HindIII fragments deleted, This study
Km® Tc*
pPM1178 1-kb EcoRI-Kpnl mos fragment from pPM1062 in pUC18 This study
pPM1186 Mos™~ Moc*, pPM1153 with the 3.5- and 7.1-kb EcoRI fragments deleted, This study
Km® Tc*
pPM1201 PGEMEX-1 containing a 965-bp Kpnl-Xhol fragment bearing the 3’ region 40
of L5-30 ORF1
pPM1202 PGEMEX-1 containing a 763-bp BamHI fragment internal to L5-30 mosA4 40
pPM1203 pGEMEX-1 containing a 1,174-bp Nsil-HindIII fragment bearing L5-30 40
mosB
pPM1204 pGEMEX-1 containing a 1,409-bp Miul-Apal fragment bearing L5-30 mosC 40

RESULTS

Alfalfa nodules induced by R. meliloti Rm220-3 produce the
rhizopine sIa. An initial screening of 20 R. meliloti strains for
the ability to induce rhizopines revealed that nodules in-
duced by R. meliloti Rm220-3 produce a silver-staining
compound, having a slightly greater mobility than 3-O-MSI
from R. meliloti L5-30 nodules, when examined by HVPE in
formic-acetic acid buffer, pH 1.7 (Fig. 2A, lanes 4 and 5,
respectively). Further analysis of this compound revealed
that it was a nonreducing polyol amine with charge charac-
teristics and size similar to those of the reducing sugar
glucosamine. The electrophoretic pH mobility profile indi-
cated that no other ionizable groups were present. The
electrophoretic borate-complexing behavior of this com-

pound is characteristic of an equatorial inosamine which
undergoes inversion upon heating to form a tridentate borate
complex cation (23); the uninverted equatorial sIa does not
form a borate complex. Together, these data suggested that
the compound was sla. sIa was chemically synthesized and
used in paper-chromatographic studies to verify the identity
of the compound isolated from nodules. This compound
comigrated with a chemically synthesized sample of sla to
which nodule extract from strain Rm1021, a strain which
does not produce sla (Fig. 2A, lane 2), was added (Fig. 2A,
lane 3). After HVPE, the relative mobilities of sla, synthe-
sized sIa, and 3-O-MST with respect to the orange G marker
were —0.81, —0.81, and —0.87, respectively, and in 0.05 M
citrate buffer (pH 6.4) they were —0.31, —0.31, and —0.34,
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FIG. 2. Synthesis and catabolism of sla by Rm220-3. (A) Results
of HVPE in formic-acetic acid buffer, pH 1.7, for nodule extracts of
Rm1021 (lane 2), Rm1021 including chemically synthesized sla (lane
3), Rm220-3 (lane 4), and L5-30 (lane 5). (B) Results of HVPE of
minimal medium supplemented with sla after a 5-day incubation
with Rm220-3 (lane 2), L5-30 (lane 3), or Rm1021 (lane 4). Lanes 1,
markers agropine (Ag), mannopine (Mn), and mannitol (Mt).

respectively (data not shown). Paper chromatography, in
formic-acetic acid buffer, also revealed that sla from
Rm220-3 and synthetic sIa had identical mobilities. Two
possible configurations for inosamine are possible, the myo
and scyllo forms. HVPE in 0.05 M K,B,O, buffer (pH 9.2)
gave mobility values of 0.45 for myo-inosamine and 0.01 for
sla, as the uninverted sIa does not form a borate complex
and remains at the origin during electrophoresis (23). To
further confirm its structure, the nodule compound was
compared with an authentic sample (kindly provided by L.
Anderson of the University of Wisconsin) and a synthetic
sample of sla by gas chromatography-mass spectrometry of
the hexa-acetate derivatives and found to be identical to sla.

We have estimated that Rm220-3 produces approximately
15 pg of sIa per g of nodules (wet weight). Rm220-3 can also
catabolize sla as a sole carbon and nitrogen source. After a
5-day incubation of Rm220-3 with synthetic sla as a sub-
strate, most of the compound was utilized (Fig. 2B, lane 2).
L5-30 could also utilize this substrate, whereas Rm1021
could not (Fig. 2B, lanes 3 and 4, respectively). As sIa both
is induced in the nodule by Rm220-3 and can be catabolized
by this strain, this compound meets the definition of a
rhizopine (39).

Isolation of the rhizopine synthesis and catabolism genes
from Rm220-3. To isolate the rhizopine synthesis and catab-
olism genes from Rm220-3, it was assumed that because the
rhizopines associated with Rm220-3 and L5-30 are structur-
ally very similar there would be homology between the
synthesis and catabolism genes of each strain. Accordingly,
a clone bank of total DNA from Rm220-3 was prepared in the
cosmid vector pVK102 and probed with a 2.5-kb PstI
fragment (pPM1146) from the L5-30 mos genes. In this
manner, clone pPM1153 was isolated. This cosmid was
mated into R. meliloti Rm1021 (which does not induce the
production of the rhizopine or catabolize it) by triparental
mating, and the transconjugant was tested for growth and
catabolism of sIa as a sole carbon source. Rm1021(pPM1153)
was also inoculated onto alfalfa plants, and the nodules
induced were analyzed for the production of sla. This strain
could catabolize sla as a free-living bacterium as well as
synthesize sla as an endosymbiont. pPM1153, therefore,
contains functional moc and mos genes from Rm220-3.
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FIG. 3. Confirmation that mos and moc genes from Rm220-3 are
on the nod-nif Sym plasmid. An Eckhardt plasmid gel (A) was
transferred to membranes and probed with radiolabelled fragments
from pPM1146 (bearing L5-30 mosB and parts of mosA and mosC)
(B) and pJS201 (bearing nodA, -B, and -C) (C). Plasmid DNAs are as
follows: lanes 1, HB101(pJB3JI) (60 kb); lanes 2, Rm220-3 (mega-
plasmid [mp]); lanes 3, C58CI1RS (cryptic plasmid) (410 kb); lanes 4,
C58CI1RS transconjugant. chr, broken chromosomal DNA.

mos-moc genes are on the nod-nif Sym plasmid. When
Southern blots of plasmid gels were probed with nod and
mos probes, a plasmid band corresponding to the Rm220-3
megaplasmid hybridized with each probe (Fig. 3B and C,
lanes 2). As many R. meliloti strains have two large mega-
plasmids (34) which often comigrate as a single band in
agarose gels, it was necessary to show that the hybridization
observed was that to the nod-nif Sym plasmid. Accordingly,
transconjugants containing individually mobilized plasmids
were constructed. These were prepared by introducing
pSUP5011 bearing Tn5-Mob into Rm220-3 and using the
helper plasmid pJB3JI to mobilize plasmids to A. tume-
faciens C58C1RS. This recipient strain was chosen because
it enabled easy visual resolution of the incoming plasmid
from the resident plasmid and acted as a good recipient
during conjugation experiments. Figure 3A, lane 4, shows
DNA from a C58CI1RS transconjugant containing a single
megaplasmid species, a cryptic 410-kb plasmid, and the
mobilizing plasmid pJB3JI. When plasmid DNA from this
transconjugant was examined by DNA-DNA hybridization
with a probe from the common nod region of pJS201 (Fig.
3B, lane 4) and a mos probe (pPM1146) (Fig. 3C, lane 4), the
megaplasmid hybridized to both nod and mos, indicating that
mos genes are situated on the nod-nif Sym plasmid of
Rm220-3. As expected, since moc and mos genes are closely
linked, a moc probe also hybridized to the Rm220-3 nod-nif
Sym plasmid (data not shown). Evidence of Sym plasmid
localization of these genes is further corroborated by phys-
iological data, as the transconjugant C58C1RS(pSym) could
catabolize sIa (data not shown).

Analysis of mos genes from Rm220-3. pPM1153 was
mapped with the restriction enzymes EcoRI and HindIII
(Fig. 4). To localize the moc and mos functions on this
plasmid, probes from the equivalent genes in L5-30 were
prepared and hybridized to pPM1153.

A probe prepared from a 2.5-kb PstI DNA fragment,
which is internal to the L5-30 mos region and which contains
mosB and parts of mos4 and mosC (pPM1146), hybridized to
3.5- and 1.0-kb HindIII fragments of pPM1153 (Fig. 4).
pPM1168, a subclone of pPM1153 which contains these
fragments, when transferred to rhizobia was not sufficient to
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FIG. 4. mos and moc clones of Rm220-3. Regions of hybridization with the original cosmid clone pPM1153 using a PstI radiolabelled
fragment from pPM1146 (containing L5-30 mosB and parts of mosA and mosC) (crosshatched bar), radiolabelled pPM1031 (containing moc
genes from L5-30) (closed bar), and a radiolabelled EcoRI-Kpnl fragment from pPM1178 (containing the promoter region of the mos locus
from L5-30) (stippled bar) are shown. The various subclones constructed from pPM1153 are also shown along with the respective Moc and
Mos phenotypes they bestow when introduced into Rm1021. Abbreviations: H, HindIII; R, EcoRI.

confer the ability to produce the rhizopine in nodules.
However, pPM1169, which also contains an adjacent 7.3-kb
HindIIl fragment, is sufficient for rhizopine production in
situ (Fig. 4). These fragments total 11.8 kb, but it is likely, by
analogy with the L.5-30 mos region, which is 4.8 kb in size,
that only a portion of the nonhybridizing 7.3-kb HindIII
fragment is required to express the Rm220-3 Mos phenotype.

The L5-30 mos genes were found to be regulated by the
nifA gene (38). To determine whether Rm220-3 mos genes
are similarly regulated, pPM1169, bearing the complete suite
of mos genes from Rm220-3, was introduced into a variety of
Rm1021 regulatory mutants. Transconjugants were used to
induce nodules on alfalfa, and these were subsequently
extracted and examined for the presence of sIa. This com-
pound was not produced when pPM1169 was present in a
NifA™ or NtrA~ background, but normal production was
obtained in NtrC™ and NifH™ mutants bearing this plasmid
(Table 2). This suggests that NifA and the common bacterial
regulatory sigma factor NtrA are involved in mos regulation

TABLE 2. Expression of Mos and Moc in regulatory mutants

of R. meliloti®
Strain Relevant phenotype Mos
Rm1354 NifA~ -
Rm5002 NtrC™ +
Rm1491 NifH™ +
Rm1681 NtrA~ -
Rm1021 wT? +

2 Plasmids pPM1169 (for the Mos phenotype) and pPM1153 (for the Moc
phenotype) were mated into the above strains, and phenotypes were deter-
mined as described in Materials and Methods. All strains expressed Moc.

® WT, wild type.

in Rm220-3. Either there could be a requirement for NifA/
NtrA-regulated functions for sla production or mos genes
could be directly regulated, as is the case for these genes in
strain L.5-30 (38). sIa production by a NifH™ mutant, which
is Fix~, suggests that this control is direct and that nitrogen
fixation per se is not required for mos gene function.

NifA regulation of L5-30 mos genes occurs directly via the
mos promoter, which is similar to the nifHDK operon
promoter (38). In addition, proximal to the mos promoter
there is a 57-bp region which is highly homologous to the 5’
end of the nifH coding region. Initially, we investigated by
hybridization whether Rm220-3 might also contain a similar
promoter and 5’ region. A 1.0-kb EcoRI-Kpnl fragment from
pPM1178 which contains the NifA-regulated promoter from
the L5-30 mos locus (38) was labelled and probed against
EcoRI-digested pPM1153 DNA. A 2.2-kb fragment of DNA
hybridized (Fig. 4). Similarly, a 190-bp Alul fragment (de-
rived from pRmR2) which contains the 5’ portion of the nifH
coding region also hybridized to this fragment (data not
presented). Together, these data indicate that the structures
of the promoter and proximal region of Rm220-3 are similar
to those of the equivalent regions in strain L5-30.

To further investigate the structure of the 5’ region of the
Rm220-3 mos locus, the 2.2-kb EcoRI fragment from
Rm?220-3 was subcloned into M13mpl8, nested deletions
were prepared by using exonuclease III, and these were
sequenced by the dideoxy method. Figure 5A shows the
sequence from this fragment of the Rm220-3 mos locus
compared with those of the 5’ regions of the L5-30 mos locus
and the nifH locus of R. meliloti Rm102F34. A total of 77.4%
of the bases are identical among all three loci, and there is a
97.5% conservation of sequence between Rm220-3 and L5-
30. Rm220-3 has the two consensus sequences required for
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FIG. 5. (A) DNA sequence of a promoter and 5’ region of ORF1 and location of a deletion in the mos locus of Rm220-3. The sequence
of the promoter and 5’ region of ORF1 from Rm220-3 is also presented and contrasted with the known sequences for a comparable region of
mos from L5-30 and the promoter and 5’ region of the R. meliloti nifH gene. Differences between the Rm220-3 and L5-30 sequences are
indicated (stars). The consensus sequences for NifA and NtrA regulation are shaded, and the ATG start sites are boxed. The 57-bp nifH
homologous region present in L5-30 and Rm220-3 and the start of transcription for the nifH locus are indicated (horizontal and vertical arrows,
respectively). (B) The region of the Rm220-3 and L5-30 DNA sequences in panel A is shown at the top. A comparison of the restriction map
for the mos region of pPM1062 (from strain L.5-30) and the corresponding region of pPM1169 (from strain Rm220-3) is also shown. The ORFs
for L5-30 mos have been determined by sequencing (40), and the corresponding regions for Rm220-3 mos have been determined by
hybridization and restriction studies. The relative positions of mos ORFs (arrows), the size and extent of deletion in pPM1169 (triangle), the
relative positions of the probe fragments from pPM1201 to -1204 used to confirm the presence of ORF1, mosB, and mosC and absence of mosA
from Rm220-3 (closed bars), and the region of Rm220-3 DNA sequenced (hatched box) are indicated. Abbreviations: B, BamHI; H, HindIII;

C, Clal; K, Kpnl; R, EcoRI; P, Pstl; S, Sacl; M, Mlul; N, Nsul; A, Apal; X, Xhol.

NifA/NtrA regulation (25) at approximately —120 bp (TGT-
N,0-ACA) and at approximately —20 bp (CTGGCACG-N,-
TTGCA), respectively. Thus, Rm220-3 mos genes are di-
rectly controlled by a NifA-regulated promoter. The leader
sequence of Rm220-3 is highly homologous to the analogous
region from L5-30, differing by only 1 bp. Furthermore, the
region of Rm220-3 open reading frame 1 (ORF1) which has
been sequenced is almost identical to the L.5-30 ORF1.
Within the first 57 bp of ORF1, the region which is also
homologous to the nifH gene coding region, there is a 1-bp
difference between the mos regions of Rm220-3 and L5-30,
and this is at a point where the L.5-30 sequence diverges from
the nifH sequence. After the first 57 bp, the Rm220-3 and
L5-30 sequences remain identical but diverge from the nifH
sequence.

Since the promoter and ORF1 of L5-30 show remarkable
similarity to equivalent regions in Rm220-3, we investigated
the downstream region of the Rm220-3 mos locus by restric-
tion analysis and hybridization studies. Comparison of re-
striction fragments present in pPM1169, containing Rm220-3
mos genes, and pPM1062, which contains the 1.5-30 mos
locus, show many similarities (Fig. 5B). These data are also
consistent with there being a 1.1-kb deletion in Rm220-3.
The L5-30 mos locus consists of four ORFs (termed ORF1
and mosA, -B, and -C) arranged in an operon structure (Fig.
5B) (40). To determine which region of the Rm220-3 mos
locus was encompassed in the deletion, we hybridized
fragments from the four separate L5-30 ORFs (pPM1201 to
pPM1204 [Fig. 5B]) to the Rm220-3 mos-containing plasmid
pPM1169. We confirmed the absence of homology to mosA
and presence of homology to ORF1, mosB, and mosC in
Rm?220-3. DNA hybridization results leading to this conclu-
sion are shown in Fig. 6. Here, a probe (pPM1201) prepared
from the 3’ region of the L5-30 mos ORF1 was hybridized to
the mos regions of Rm220-3 and L5-30. This probe was
homologous to a 2.3-kb KpnlI-EcoRI fragment from L5-30
(Fig. 5B and 6, lane 2) as predicted. The same probe
hybridized to a 1.2-kb KpnI-EcoRI fragment from Rm220-3
(Fig. 6, lane 1). The difference between the sizes of these two
fragments can be explained by a deletion of 1.1 kb in
Rm?220-3. Probing with a fragment (from pPM1202) covering
an internal region of L5-30 mosA resulted in hybridization of
a 0.8-kb BamHI fragment from L5-30, but no equivalent
band was present in Rm220-3 (Fig. 6, lanes 4 and 3, respec-
tively). The deletion in Rm220-3 can therefore be explained
by the absence of a region corresponding to mosA from
strain L5-30. Downstream of this deletion, the restriction
maps of Rm220-3 and L5-30 shown in Fig. 5B are identical.
Confirmation that Rm220-3 has homology to L5-30 mosB and
mosC was obtained, as common hybridizing 2.0-kb Sacl-
Pst] bands (Fig. 6, lanes 5 and 6) and common 1.0-kb HindIII
fragments (Fig. 6, lanes 7 and 8) were found when the DNAs

from the mos regions were hybridized with probes to mosB
(pPM1203) and mosC (pPM1204), respectively. The 3’ end of
the mosC probe also hybridizes with a 7.3-kb HindIII
fragment which is adjacent to the Rm220-3 mos region (Fig.
4 and 6, lane 7). In the case of the cloned mos region of
L5-30, the same region is attached to the vector and yields a
large (>20 kb) additional hybridizing fragment (Fig. 7, lane
8)

Analysis of moc genes from Rm220-3. The genes for the
catabolism of the L5-30 rhizopine 3-O-MSI have been cloned
into pLAFR1 to give pPM1031 (37). This plasmid was used
to probe pPM1153, and four contiguous HindIII fragments of
7.1, 4.4, 2.8, and 1.2 kb hybridized (Fig. 4). Partial digestion
of pPM1153 with HindIII followed by religation and trans-
formation into E. coli HB101 produced clones pPM1171 and
pPM1175. These clones were introduced into Rm1021, and
the resulting strains were tested for catabolism of sla.
Rm1021(pPM1171) does not catabolize sla, whereas
Rm1021(pPM1175) does, indicating that the 7.1-kb fragment
is required for catabolic activity. A similar experiment
involving partial digestion with EcoRI yielded pPM1186, and
catabolic studies with Rm1021(pPM1186) indicate that this
strain also catabolizes sIa.

To determine similarities between the moc-containing
regions of L.5-30 and Rm220-3, total DNA from these strains
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FIG. 6. Hybridization analysis of the Rm220-3 mos locus with
probes from individual ORFs from the L5-30 mos locus. An auto-
radiogram of a Southern blot of restricted pPM1169 (from Rm220-3)
and pPM1062 (from L5-30) probed against radiolabelled restriction
fragments from pPM1201 (ORF1l) (A), pPM1202 (mosA) (B),
pPM1203 (mosB) (C), and pPM1204 (mosC) (D) is shown. Lanes: 1,
pPM1169 (Kpnl-EcoRI); 2, pPM1062 (Kpnl-EcoRI); 3, pPM1169
(BamHI-EcoRl); 4, pPM1062 (BamHI-EcoRI); 5, pPM1169 (Sacl-
Pstl); 6, pPM1062 (Sacl-Pstl); 7, pPM1169 (HindIII); 8, pPM1062
(HindIII).
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FIG. 7. Restriction fragment length polymorphism analysis of
the rhizopine-catabolic (moc) regions from Rm220-3 and L5-30. An
autoradiogram of the Southern blot of restricted total DNA from
Rm220-3 and L5-30 probed against radiolabelled pPM1031 bearing
the moc region from L5-30 is shown. Lanes: 1, L5-30 (EcoRI); 2,
Rm220-3 (EcoRI); 3, L5-30 (BamHI); 4, Rm220-3 (BamHI); 5, L5-30
(Smal); 6, Rm220-3 (Smal); 7, L5-30 (Xhol); 8, Rm220-3 (Xhol); 9,
L5-30 (Clal); 10, Rm220-3 (Clal); 11, L5-30 (Sall); 12, Rm220-3
(Sall); 13, L5-30 (HindIII); 14, Rm220-3 (HindIII); 15, L5-30 (PstI);
16, Rm220-3 (Pstl); 17, L5-30 (Ndel); 18, Rm220-3 (Ndel).

was extracted and digested with a variety of restriction
endonucleases and the fragments were separated by agarose
gel electrophoresis, transferred to a membrane, and probed
with radiolabelled pPM1031, which contains the L5-30 moc
locus. The resulting autoradiogram is shown in Fig. 7. Lane
1 shows L5-30 total DNA restricted with EcoRI and the
characteristic 8.7- and 5.4-kb fragments known to make up
the moc insert. Equivalent fragments are also present in lane
2, which contains Rm220-3 total DNA also digested with
EcoRI. A 1.0-kb fragment characteristic of the L5-30 moc
region was also found in both L5-30 and Rm220-3, but these
cannot be seen in Fig. 7, as they are below the 1.5-kb cutoff
point used to calculate the DNA sequence divergence. In the
cases of Smal (Fig. 7, lanes 5 and 6) and Sall (Fig. 7, lanes
11 and 12), all digests contain strongly hybridizing equivalent
bands. Xhol digestion (Fig. 7, lanes 7 and 8) shows two
strongly hybridizing bands, one of which is common to
L5-30 and Rm220-3. HindIII digestion (Fig. 7, lanes 13 and
14) indicates that the moc region of Rm220-3 bears one extra
HindIII site, as the two smaller bands of 4.4 and 2.8 kb
together equal 7.2 kb, the size of the extra fragment running
as a doublet present in L5-30 DNA. With BamHI digestion
(Fig. 7, lanes 3 and 4), L5-30 DNA shows three hybridizing
bands, one of which is common to Rm220-3. Clal-digested
L5-30 DNA (Fig. 7, lane 9) shows four hybridizing bands,
three of which are common to DNA from Rm220-3 (Fig. 7,
lane 10). With PstI (Fig. 7, lanes 15 and 16), L5-30 DNA
shows three common hybridizing bands and Rm220-3 has an
additional hybridizing band. Ndel-digested L5-30 and
Rm220-3 DNAs (Fig. 7, lanes 17 and 18) contain two
common hybridizing bands, and each has a unique hybrid-
izing band. The percent DNA sequence divergence, esti-
mated by the method described by Nei and Li (42, 43), is
1.5%. This figure is based on restriction fragments between
1.5 and 25 kb in size. These experiments delineated the moc
locus to a region of approximately 15 kb, which is of a size
similar to that of the 15.1-kb region required for 3-O-MSI
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catabolism in L5-30. We conclude that the moc loci from
strains L.5-30 and Rm220-3 are very similar by restriction
fragment length polymorphism analysis.

We have undertaken a preliminary study of the regulation
of moc genes. pPM1153 containing the complete suite of moc
genes was introduced into the NifA~, NtrC™, NifH™, and
NtrA~ Rml1021 strains, and catabolism studies were per-
formed. However, moc genes were found to be fully active
in all these mutants (Table 2).

DISCUSSION

We have isolated and studied genes for the synthesis and
catabolism of the rhizopine sla induced in alfalfa nodules by
R. meliloti Rm220-3. This rhizopine is structurally closely
related to the rhizopine, 3-O-MSI, induced by R. meliloti
L5-30, with both compounds classed as substituted inositols.

The isolation of these rhizopine genes was aided by their
strong hybridization to the equivalent genes of L5-30.
Rm220-3 rhizopine genes were originally cloned from total
DNA as a 27-kb fragment in pPM1153. Subsequent subclon-
ing, hybridization, and phenotypic studies have delineated
the mos locus to a 12-kb region and moc genes to a
contiguous 15-kb region within the 27-kb fragment. Hybrid-
ization with the L5-30 mos gene probes further localized the
mos genes of Rm220-3 to a 4-kb region (Fig. 5B and 6).
Therefore, the mos and moc loci are in close juxtaposition,
being separated by approximately 7 kb. In addition, it was
demonstrated that rhizopine genes from Rm220-3 are located
on the nod-nif Sym plasmid. This was shown by plasmid
mobilization using Tn5-Mob in conjunction with hybridiza-
tion studies with nod and mos genes and expression of the
Moc phenotype. The close linkage of the synthesis and
catabolism genes and their Sym plasmid location parallel
those of the rhizopine genes from L5-30.

We have demonstrated that mos genes of Rm220-3 are
NifA/NtrA regulated. When a plasmid (pPM1169) containing
a complete suite of genes required for sla synthesis was
introduced into NifA~™ or NtrA~ R. meliloti strains, this
plasmid did not bestow the ability to produce sIa in nodules.
The DNA sequence of the mos promoter and part of L5-30
ORF1 (38) shows remarkable homology to the NifA-regu-
lated promoter of the nifHDK operon, which encodes the
nitrogenase complex (15, 47), and the first 57 bp of the nifH
gene (7). Sequencing a comparable region of Rm220-3 has
revealed very extensive homology (97.5%) between the
equivalent regions of these two mos loci (Fig. 5A). The two
consensus sequences for regulation by NifA and NtrA,
which act in concert to control many symbiotic genes (25),
are conserved in the mos 5’ region of Rm220-3. This,
together with the results of the regulatory studies, indicates
that, as with L.5-30, the mos genes are directly regulated by
a symbiotic promoter.

Recently (40), we have shown that ORF1 from L5-30 does
not produce a protein in nodules, and a frameshift mutation
indicates that it is not required for rhizopine production.
These results are consistent with the L5-30 mos locus (and
also, because of its similar structure, presumably the
Rm?220-3 mos locus) having acquired a duplicated copy of
nifH and its regulatory region, resulting in symbiotic regu-
lation of this replicon. Reasoning along the lines that the mos
locus evolved by insertion into a duplicated copy of a nifH
gene, we have accordingly tried to detect further remnants of
such a gene. However, no further nifH homology with
Rm220-3 and L5-30 clones bearing regions up to 40 kb
downstream of ORF1 could be detected (data not shown).
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This suggests that if mos, or indeed mos and moc genes,
were inserted into a complete nifH gene subsequent evolu-
tion removed the 3’ region of this gene. A more likely
explanation is that this locus results from rearranged frag-
ments of symbiotic genes. The accompanying article (40)
describing the mosaic structure of the L5-30 mos locus, a
region of rearranged symbiotic genes, bears this out.

The similarity of the L5-30 and Rm220-3 rhizopines and
the similarity between the respective mos loci suggest that
biosynthetic steps for the synthesis of sIa and 3-O-MSI are
similar. The mos locus of L5-30 has recently (40) been shown
to consist of four ORFs (ORF1 and mosA, -B, and -C)
arranged in an operon structure. Probes were prepared from
each ORF and hybridized to pPM1169 containing the
Rm?220-3 mos region. Homology to ORF1, mosB, and mosC,
but not to mosA, was detected. This, together with restric-
tion mapping and 5’ sequence data, indicates that the two
mos loci are very similar but differ by a 1.1-kb fragment
encompassing mosA which is absent from Rm220-3. Since
the structures of sla and 3-O-MSTI are very similar, differing
only in a methyl group, it is likely that, in L5-30, 3-O-MSI
synthesis occurs via sla and that 1.5-30 mosA is involved in
this methylation step, with the preceding steps being com-
mon to both strains.

Rm220-3 can catabolize both rhizopines, 3-O-MST and sla.
The catabolism genes of Rm220-3 have been located on a
15-kb fragment whose size is similar to the 15.1 kb required
for moc activity in L5-30. To determine the degree of
similarity between these two different loci, total DNA from
both strains was digested with a number of different restric-
tion enzymes and probed with plasmid pPM1031, which
contains the L5-30 moc genes. Many common hybridizing
bands were identified (Fig. 7), and the percent DNA se-
quence divergence was estimated to be 1.5%. This compares
favorably with the results of a larger study of restriction
fragment length polymorphisms using DNA from 85 R.
leguminosarum isolates probed with DNA from the lac
operon, which found that the average DNA sequence diver-
gence for this region ranged between 1.4 and 15.8% with an
average of 5.7% (64). When DNA from the Sym region was
used to probe DNA from the same 85 isolates, an even
greater degree of polymorphism was seen, with the average
DNA sequence divergence for this region being 11.4%.
Hence, a value of 1.2% DNA sequence divergence for the
moc loci from L5-30 and Rm220-3 suggests that these
sequences are very similar.

We investigated the regulation of the moc genes from
Rm220-3 and found that neither NifA, NtrC, nor NtrA
(RpoN GInF) played a part in their regulation (Table 2). The
nifA regulon controls symbiotic functions, not processes in
free-living bacteria (25); therefore, its involvement was not
expected. Regulation by NtrC or NtrA was thought more
likely, since NtrC is known to be involved in nitrogen
metabolism by free-living bacteria not only in rhizobia but in
several species of Enterobacteriaceae and NtrA is involved
in the regulation of a wide variety of catabolic processes in
several genera of gram-negative bacteria (25, 60). Similarly,
Boivin and coworkers (9) have recently reported that R.
meliloti genes for trigonelline catabolism are not controlled
by any of the common general or symbiotic regulatory
genes. Genes for trigonelline catabolism in R. meliloti are
induced at all stages of the rhizobium-legume association
(10). Trigonelline is an abundant legume secondary metabo-
lite unlike sIa, which is produced during symbiosis in limit-
ing amounts by mos-endowed bacteroids. Therefore, it
would seem prudent for rhizopine-catabolic genes to be
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nonactive in bacteroids, so as to allow significant feeding of
free-living cells.

So far, only three rhizobial isolates we have examined can
synthesize and catabolize rhizopines. These three strains all
produce inositol-based rhizopines; however, there may be
other compounds fulfilling the role of rhizopines which have
so far gone undetected, as our definition of rhizopines is
functional rather than chemical (39). There may be a wide
range of different rhizopines, each with a limited number of
strains capable of catabolizing it. Nevertheless, it may well
be that not all strains produce rhizopines, and it may be a
particular refinement which some rhizobia have developed
to survive in the rhizosphere. This is different from what is
found with opines, as all agrobacteria are known to induce
their production and they fall into a few catabolic classes
which can be utilized by a range of Agrobacterium strains as
well as by other bacteria (2, 41, 46, 61).

Studies on the inositol class of rhizopines from R. meliloti
Rm220-3 and L5-30 have indicated common function at both
the physiological and the genetic levels. Physiologically, a
specific rhizobium is able to induce the synthesis of, and
catabolize, a selective growth substrate. Genetically, syn-
thesis and catabolism of the substrate are controlled by
closely linked genes on the Sym plasmid, and synthesis is
NifA regulated. Whether rhizopines analyzed subsequently
can be likewise defined awaits further research.
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