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The symbiotic plasmid of strain RS1051 of Rhizobium
leguminosarum bv. trifolii has been identified by: an indirect
approach through isolation of deleted and cured derivatives,
mobilization of the plasmid into Agrobacterium, and
hybridization with nod and nif gene probes. Two cosmids carrying
the RS1051 nod region were selected from a genomic clone bank.
Subcloning and deletion analysis indicate that an 11.45-kb DNA
region on the symbiotic plasmid carries all the essential genes for
red and white clover nodulation in R. L bv. trifolii and for red
clover nodulation in the heterologous strains Agrobacterium and
R. L byv. viceae, whereas an additional 2.55-kb region has been

proven to be necessary for white clover nodulation by those hosts.
In addition, a 1.7-kb region located adjacent to the nodFE genes
has been found to influence the efficiency of nodulation of both red
and white clover. This region is structurally conserved among the
rhizobia examined and structurally as well as functionally
conserved in R. . bv. viceae. In R. I. bv. trifolii RS1051 the 1.7-kb
nodlocus is reiterated on the pSym, and our results indicate that at
least two of the copies are functional and necessary for successful
nodulation. Furthermore, evidence is presented that strongly
indicates that the RS1051 nodD gene is functionally reiterated and
works in a host-specific manner.

Additional keywords: host range, nodulation efficiency, nodulation genes, Rhizobium, Sym plasmid, TnJ5.

The genus Rhizobium comprises gram-negative bacteria
that interact with Leguminosae plants resulting in the
formation of nitrogen-fixing root nodules. This is a complex
process that involves the differentiation of the cortical root
cells into meristematic cells that further develop into an
organized nodule structure.

Detailed analysis of the genes involved in the early steps of
nodule development (nodulation genes) have beendone ona
limited number of rhizobial strains from the species
Rhizobium meliloti (Torok et al. 1984; Egelhoff et al. 1985;
Horvath et al. 1986), Rhizobium leguminosarum bv. viceae
(Shearman et al. 1986; Surin and Downie 1988), Rhizobium
leguminosarum bv. trifolii (Redmond et al. 1986; Djordjevic
et al. 1986), Rhizobium sp. NGR234 (Bachem et al. 1986;
Bassam et al. 1986; Nayudu and Rolfe 1987), and more
recently, Rhizobium fredii (Sadowsky et al. 1988;
Appelbaum et al. 1988).

The nodulation genes have been proposed to be clustered
in two groups. The “common” nod genes are conserved
among a wide variety of rhizobia at the nucleotide level as
well as functionally (Kondorosi et al. 1984; Torok et al.
1984; Egelhoff ez al. 198S; Jacobs et al. 1985). In R. meliloti
there are four genes organized in two transcriptional units
(nodABC and nodD). Additionally, in R. I bv. viceae
another operon, nodlJ (Evans and Downie 1986), which
functionally corresponds with region II of R. L bv. trifolii
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(Djordjevic et al. 1985) has been described. Mutations in the
nodABC genes exhibit a Nod™ phenotype, whereas those in
region II (nodIJ genes) cause a reduced nodulation ability.
A regulatory role has been attributed to nodD gene as it
controls the expression of the other genes in conjunction
with a plant exudate factor (Mulligan and Long 1985;
Rossen et al. 1985; Firmin et al. 1986; Horvath et al. 1987).
The interaction between nodD and plant factors has been
reported to be plant-specific (Horvath ez al. 1987; Spaink et
al. 1987; Gybrgypal et al. 1988). On the other hand, the
nodD gene appears to be reiterated in several rhizobia
(Rodriguez-Quinones et al. 1987). In R. meliloti the three
nodD copies are involved in nodulation to an extent
depending on the actual host (Honma and Ausubel 1987;
Gyorgypal et al. 1988). Similarly, two nodD gene copies of
different function have been found in R. fredii (Appelbaum
et al. 1988).

The second nod gene cluster has been designated Asn as it
isinvolved in host-specific nodulation functions (Kondorosi
et al. 1984). At least four genes, Asn4 BC and D (otherwise
termed nodFEG and H, respectively), form part of this
region in R. meliloti (Horvath et al. 1986; Debelle and
Sharma 1986). Mutations in Asn4 BC delay nodulation,
whereas mutations in AsnD lead to loss of nodulation
ability. The hsnA B (nod FFE) genes are structurally, but not
functionally, conserved in R. [ bv. trifolii and viceae
(Shearman et al. 1986; Schofield and Watson 1986). In
addition to the nod FE genes (region III), other regions (I1V
and V) have been reported to alter the nodulation as well as
the host range properties of R. L. bv. trifolii (Djordjevicet al.
1986). More recently, the genes nodLMN have been
identified in R. [. bv. viceae. These genes are adjacent to the
nodFE operon and are structurally conserved in R. /. bv.
trifolii (Surin and Downie 1988).

In the present paper we report on the characterization of
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the symbiotic region of strain RS1051 of R. L bv. trifolii.
The Sym plasmid has been identified along with several loci
involved in clover nodulation, including a conserved
reiterated region that influences the efficiency of
nodulation. Results that strongly indicate that RS1051
contains two functional nodD copies are also provided.

MATERIALS AND METHODS

Media and growth conditions. Strains, phages, and
plasmids used are listed in Table 1. R. meliloti was grown at
34° C in YTB medium (Orosz et al. 1973). All other
Rhizobium were grown at 30° C in tryptone-yeast extract
(TY) medium (Beringer 1974) or minimal medium MM
(Hooykaas et al. 1981) supplemented with biotin (0.250
mg/L) and thiamine (0.1 mg/L). Agrobacterium
tumefaciens was grown at 30° C in rich medium Luria-
Bertani (LB; Maniatis e a/l. 1982) or minimal GTS (Kiss ez al.
1979). Strains of Escherichia coli were grownat 37° Cin LB
medium (strains C2110and HB101) or TYE medium (strain
JM101; Messing 1983).

Matings and plasmid mobilization. Bacterial crosses and
triparental matings were done as described earlier
(Kondorosi et al. 1977, 1982). Mobilization of the
Rhizobium plasmids was done by labeling the plasmids with
the chimeric transposon Tn5-Mob and later mobilization
with or without the help of plasmid pJB3JI, which provides

Table 1. Bacterial strains, plasmid,” and phages

Tra functions in trans (Simon et al. 1983). Selection was
with tetracycline and/ or kanamycin at final concentrations
of 10 and 200 wg/ml (15 and 50 ug/ml for E. coli),
respectively.

Heat-curing experiments. TY liquid media containing 10°
cells per milliliter were exposed to high temperature for 7
days (Zurkowski 1982). Temperatures ranged from 37° Cto
47° C. Samples of the cultures were plated onto rich
medium to obtain single colonies after heat treatments.

Analysis of plasmid profile. Plasmids were detected by a
modified technique of Eckhardt (1978) adapted to a
horizontal gel system, as described by Hynes et al. (1985),
with 0.5% agarose gels. Rhizobium and Agrobacterium
strains were grown overnight in rich medium, and 100-300
ul of the culture was centrifuged and the supernatant
removed. The pellet was loosened by brief shaking,
thoroughly resuspended in 35 ul of lysis mixture (109 Ficoll
400,0.01% lysozyme, 0.002% RNase I, 0.025% bromophenol
blue in Tris-borate buffer), and immediately loaded into the
gel. Electrophoresis was carried out at 20 V for 1 hrand then
at 100 V for 3—4 hr. The gel was stained, visualized, and
photographed as previously described (Maniatis ez al. 1982).

Enzymes and isotopes. Restriction endonucleases were
purchased from either REANAL (Hungary) or Boehringer
(West Germany). T4 DNA ligase was from Bethesda
Research Laboratories (U.S.A.), calf intestinal alkaline
phosphatase was from Worthington (U.S.A.), and Klenow

Strains, plasmids,

and phages Characteristic Reference or source
Strains
Rhizobium leguminosarum bv. trifolii
RS1051 Wild type University of Seville, Spain
RS1000 to RS1042, RS1051ApRtr1051a, Nod” This work
RS1045 to RS1061
RS1043, RS1044 RS1051 pRtrl051a”, Nod™ This work
R. I bv. viceae
300 Wild type J. E. Beringer
R. meliloti
AK631 Wild type, compact colony morphology Banfalvi er al. 1981

Rhizobium sp. variant of R. meliloti 41

MPIK3030 An Sm' derivative of strain NGR234 Trinick 1980
Agrobacterium tumefaciens
GMI9017 Plasmid-cured derivative (pAt’, Ti") of strain C58 C. Rosenberg
Escherichia coli
HBI101 Sm' recA pro leu Boyer and Roulland-Dussoix 1969
JM101 supE thi Sm'A(lac pro) F’ (traD36 proAB lacl"ZAM15 Messing 1983
UNF510 HBI101Q::TnS Merrick et al. 1978
C2110nal A Nal' derivative of C2110 Ditta 1986
Plasmids
pVK102 Cosmid derivative of pRK290 Knauf and Nester 1982

pGS72 Cosmid derivative of pRK290

Selvaraj and Iyer 1985

pRK2013 Km' helper plasmid Ditta 1986
pRK2073 Spc' helper plasmid Ditta 1986
pSUPSO011 pBR322::Tn5-Mob Simon ez al. 1983
pJB3J1 A Km® derivative of R68.45 Brewin et al. 1980
pID1 pBR322::4.8-kb PstI fragment of R. meliloti 41 carrying nifHDK  Banfalvi et al. 1981
pFR14, pFR15 pVK102 derivatives carrying RS1051 nod region This work

pMFBI Subclone of pFR1S5 in pGS72 This work
pFR1501 to pFR 1504 HindlII deleted derivatives of pFR15 This work
pFR1506 to pFR1509 Bglll deleted derivatives of pFR15 This work

Phages
fFRnodC
fMGnodD
pBHAsnB

M13mp8 carrying intra-nodC fragment of R. meliloti 41
M13mp8 carrying intra-nodD fragment of R. meliloti 41
M13mp18 carrying intra-hsnB fragment of R. meliloti 41

Rodriguez-Quifiones er al. 1987
Rodriguez-Quitiones et al. 1987
Rodriguez-Quifiones et al. 1987

“Indigenous Rhizobium plasmids are designated as proposed by Casse et al. (1979).
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enzyme was from Boehringer. All enzymes were used
according to the manufacturer’s recommendations. 2p.
dATP was purchased from the Isotope Institute of Budapest
(Hungary) or from Amersham (England).

Molecular cloning and DNA isolation procedures. Total
genomic DNA, large and mini-scale plasmid, cosmid and
single-stranded M13 preparations, and bacterial trans-
formation were as described (Rodriguez-Quihones et al.
1987). Construction of a genomic library of RS1051 was
done in the cosmid vector pVK 102 as described (Rodriguez-
Quifiones et al. 1987). About 2,000 tetracycline-resistant,
kanamycin-sensitive transductants were selected. The clone
bank was tested by complementation of auxotrophic
mutations located at different sites on the chromosome of R.
melilori 41.

Preparation of pFR1S derivatives. Plasmid pMFBI was
obtained by direct cloning of the electroeluted (Maniatis et
al. 1982) 15.1-kb Xhol fragment from pFR15 in the vector
pGS72. Deleted derivatives were generated after partial
digestion of pFR 15 with either HindIII (pFR1501-pFR1504)
or Bglll (pFR1505-pFR1509) as described by Buikema
et al. (1983).

Tn5 transposon mutagenesis. Random mutagenesis was
done according to Ditta (1986).

Hybridization. DNA fragments were transferred from
agarose gels onto nitrocellulose filters (Schleicher and
Schuell, BA8S5, 0.45 um) by the method of Southern (1975).
Intra-nodC, -nod D, and -hsn B gene probes were labeled as
described (Rodriguez-Quifiones et al. 1987). Plasmid pID1
was either nick translated (Maniatis et al. 1982) or digested
and labeled by the procedure of Feinberg and Vogelstein
(1983). The 1.45-kb Rt-efn probe was labeled by the
procedure of Feinberg and Vogelstein (1983). Hybridization
conditions were as described (Rodriguez-Quifiones
et al. 1987).

Plant tests and isolation of bacteria from nodules.
Nodulation tests were done on Trifolium pratense (red
clover) and Trifolium repens (white clover) in petri dishes
(Rolfe et al. 1980) or in test tubes (Kondorosi et al. 1977).
Plants were screened for nodules at 3-day intervals beginning
7 days after inoculation. Each test was repeated three or
more times, and at least one of them was carried out in test
tubes. At least 25 parallels were included for each sample.
Nodulation of siratro (Macroptilium atropurpureum) and
alfalfa (Medicago sativa) were assayed as described by
Kondorosi et al. (1977) and pea (Pisum sativum) as
described by Beynon et al. (1980). Bacteria were isolated
from nodules as described by Kondorosi et al. (1982).

RESULTS

Identification and characterization of the Sym plasmid.
R. 1. bv. trifolii RS1051 carries three plasmids of molecular
weight 190, 280, and approximately 470 MDa. To partially
or totally remove these plasmids, heat-curing experiments
were done, and the plasmid profile of 100 single colonies was
determined in each case. Plasmid profile alterations were
detected in 62 instances. These include a large deletion
(ranging from 80 to 100 MDa) in the smallest plasmid
(pRtrRS1051a) in 57 clones, a very large deletion (about 150
MDa) in three clones (RS1041, RS1042, and RS1045), and
total curing of plasmid pRtrRS1051ain two clones (RS1043
and RS1044). Figure 1 shows the plasmid profile of some of

these derivatives. All the clones with altered plasmid profile
were Nod when tested in both red and white clover,
indicating that nod genes were present in pRtrRS1051a.

To determine if all the essential genes for clover
nodulation are located in pRtrRS1051a, the indigenous
RS1051 plasmids were labeled with Tn5 (see Materials and
Methods) and mobilized to a plasmidless strain of the
distantly related A. rumefaciens. With the help of plasmid
pJB3J1, we could transfer plasmids pRtrRS105la and
pRtrRS10515 to A. tumefaciens GM19017. Low-frequency
transfer of pRtrRS 105 1a was also achieved in the absence of
helper plasmid, thereby demonstrating that this plasmid is
self-transmissible. Agrobacterium transconjugants harboring
plasmid pRtrRS1051a elicited Fix , small white nodules,
and/ or swelling (“pseudonodules”) that appeared in 80% of
the tested plants (red and white clover) with a delay of
about I wk.

To provide further evidence that the symbiotic functions
are carried by pRtrRS1051a, we compared the hybridization
pattern of the wild-type strain RS1051 with its cured and
deleted derivatives. In a previous paper we reported the
hybridization pattern of strain RS1051 with the intragenic
nod probes of R. meliloti 41 (Rodriguez-Quifiones
et al. 1987). The single bands that appear when RS1051 total
DNA is hybridized against nodC and hsnBare missing in all
Nod in which pRtrRS1051a is partially or totally lost (data
not shown). However, one of the two bands that appear in
RS1051 when the nodD probe is used remains even in the
Nod -cured derivatives (Fig. 2). This clearly indicates that
one of the nod D copies is located in a replicon other than the
pSym. Two bands are also present when pID1 is used as a nif
probe against RS1051 total DNA digested with either BglII,
Hind111 or EcoRI, whereas hybridization signal is
completely absent in the Nod -deleted derivatives (data
not shown).

Isolation of cosmid clones that carry the RS1051
nodulation region and reconstruction experiments. The
entire RS1051 clone bank was introduced into RS1043 (a
RS1051 derivative lacking the whole pSym) and into
RS1019 (a Nod™ derivative with a deletion in the pSym). The
transconjugants were selected in a minimal medium MM
supplemented with tetracycline and used as inoculants on
clover. Nodules were found in 80% of the plants, from which

Fig. 1. Plasmid profiles of Rhizobium leguminosarum bv. trifolii RS1051
and deleted derivatives. Lane 1, RS1038; lane 2, RS1051; lane 3, RS1039;
lane 4, RS1040; lane 5, RS1041; ane 6, RS1042; lane 7, RS1011; lane 8,
RS1012.
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bacteria were reisolated on TY-rich medium and then
checked for tetracycline resistance. Plasmid DNA was
isolated from several of these clones and used to transform
E. coli HB101. Cosmids pFR14 and pFR 15 were extracted
from the transformants. Both cosmids were remated into
RS1043 and RSI1019 and the transconjugants used to
inoculate plants. In both cases plants (white and red clover)
were fully nodulated. Nodules were Fix™ and in the case of
RS1043 appeared with a slight delay of 3-4 days, as
compared with the wild type (Fig. 3A). Clover nodulation
like that induced by RS1051 was achieved when the cosmids
were introduced into strain 300 of R. I bv. viceae. A.
tumefaciens GMI19017 carrying pFR14 or pFR15 induced
smaller, white nodules and/or swellings, namely pseudo-
nodules, that appeared with a 10- to 14-day delay in
75-100% of the tested plants (Fig. 3A). Bacteria were
routinely reisolated from nodules and checked for tetra-
cycline resistance and plasmid profile to ensure the presence
of pFR14 or pFRI5 in the corresponding recipient. No
difference was observed between red and white clover plants.

12348 678%00

_&.--- - -

Fig. 2. A, EcoRI-digested total DNA from R. L bv. trifolii strains. Lane 1,
RS1051; lane 2, RS1042; lane 3, RS1043; lane 4, RS1044; lane 5, RS1017;
lane 6, RS1019; lane 7, RS1020; lane 8, RS1022; lane 9, RS1023; lane 10,
RS1030; lane 11, RS1033. B, Hybridization with fMGrodD.
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Clover nodulation was not found when pFR14 or pFR15
was introduced into R. meliloti or Rhizobium sp.
MPIK 3030.

When cosmids pFR 14 and pFR 15 were mapped with four
restriction enzymes (Fig. 4), it was shown that they had
overlapping inserts that shared a 14-kb region. The
approximate location of the nodC, nodD, and hsnB
(=nodE)-like genes was obtained by hybridization of blots
containing single, double, and triple digestion combinations
(with HindIIl, EcoR1, Bglll, and Xhol) against the intra-
nod probes (Fig. 4). The nif probe did not hybridize with
pFR14 or pFR15 DNAs.

To further define the limits of the nod region, several
pFR15 derivatives were obtained. Plasmid pMFBI (Fig. 4)
carries the 15.1-kb Xhol fragment from pFR15 inserted in
the mobilizable broad host range cosmid vector pGS72.
When introduced in the Nod™ RS1051 derivatives or in A.
tumefaciens GMI9017, pMFBI failed to restore white and
red clover nodulation, whereas in R. I bv. viceae 300,
nodulation was the same as that induced by pFRIS.
Therefore, the leftmost region of pFR 15, which is missing in
pMFBI, contains genetic information necessary for
nodulation and is functionally conserved in R. L bv. viceae.

Similar tests were carried out for the pFRI15-deleted
derivatives obtained after partial digestion with either Bg/I1
or HindIII (Fig. 4). The results are summarized in Table 2.
Plasmid pFR1504 behaves identically to pFR15, as was
expected because it carries the 14-kb region that is shared in
pFR14 and pFR15. In the RS1051 Nod™ derivatives,
pFR1508 behaves like pFR 15 and pFR 1504 on both red and
white clover (Fig. 3A), thereby restricting to 11.45 kb the
essential nod region of R. L. bv. trifolii. However, when the
host is white clover and the recipient is R. I bv. viceae,
pFR1508 causes reduced nodulation. Nodules and swellings
appear after a long delay (about 10 days), are found in less
than 40% of the plants, and occur mainly on the root tips
and axils. Bona fide nodulation could not be detected in
white clover inoculated with Agrobacterium transconjugants
carrying pFR1508,

B pFRI506

INOCCULATION

Fig. 3. Kinetics of nodulation induced on red clover by R. L. bv. trifolii RS1051 (open circle) and by transconjugants of RS1019 (dark star), RS1043 (light
star), R. I. bv. viceae 300 (asterisk), and A. tumefaciens GMI9017 (closed circle), carrying plasmids pFRI5 (A) and pFR1506 (B). Data obtained with

plasmid pFR1508 are statistically indistinguishable from those on panel A.
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Fig. 4. Physical map of the R. /. bv. trifolii RS1051 nod cosmids pFR 14 and pFR 15 and derivatives of pFRI15. The double dotted lines represent strong
homology with the intra-nod probes; the single dotted line represents weak homology.

Table 2. Symbiotic phenotype induced on red and white clover by RS1051
cosmid clones in different recipients

Strain®
Plasmid RS1019  RS1043 Rle300 AtGMI9017*
pMFBI i =i=) ) — ()
pFRI5, pFR1504 ++(++) () ++ () + ()
pFR1508 + () () ++(+/-) +()
pFR1506, pFR1509 + (+) +/= (/=) (=) =)

"4+, wild-type nodulation; +, slightly reduced efficiency of nodulation (see
text); +/—, reduced nodulation (see text). Symbols in brackets refer to
nodulation on white clover.

*Pseudonodules.

Plasmid pFR 1506 is only different from pFR1508 in that
the rightmost 1.45-kb Bgl/Il fragment is lacking. When
introduced into RS1019, pFR1506 (and pFR1509) elicited
complementation, but nodulation occurred with a 3- to
4-day delay in 80-1009% of the plants (Fig. 3B), and the
average number of nodules per plant appeared to be slightly
less than the wild type. In the RS1043 background,
pFR1506 induced a greatly decreased complementation;
nodulation experienced a 8- to 10-day delay, and only
40-60% of the plants were nodulated (Fig. 3B). Nodules
were significantly smaller, and nodule number was reduced
by approximately 50%. In no case was any difference
between red and white clover nodulation observed. In red
clover, a drastically reduced “nodulation” efficiency was
also observed in A. tumefaciens GMI19017 carrying
pFR1506 (Fig. 3B). No difference was observed between
pFR1508 and pFR 1506 in either red or white clover when
the recipient is R. I bv. viceae 300, indicating functional
conservation of the 1.45-kb region in this species.

The 1.45-kb nod locus is reiterated in R. L bv. trifolii
RS1051 and structurally conserved among other Rhizobia.
Plasmid pFR1508 was digested with Bg/11, and the 1.45-kb
fragment was separated, labeled, and used as a probe against
digested genomic DNA of RS1051 and several of its Nod
derivatives. Three hybridizing bands appeared in the wild-
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Fig. 5. Southern hybridization of the Ri-efn 1.45-kb Bg/11 probe to Bg/1l
(A) and HindllI-digested DNA (B) from strains of R. . bv. trifolii: lane 1,
RS1051: lane 2, RS1019; lane 3, RS1022; lane 4, RS1033; lane 5, RS1034;
lane 6, RS1023; lane 7, RS1043; lane 8, R. I bv. viceae 300; lane 9,
Rhizobium sp. MPIK3030; lane 10, A. tumefaciens GMI9017; lane 11, R.
meliloti AK631. B, Belll; E, EcoRI; H, HindIll; X, Xhol.

type DNA when digested with either Bg/1l, HindI11 (Fig. 5),
or EcoRI (not shown). One of those bands (2.4-kb BgllI,
5.2-kb Hindlll, and 13.0-kb EcoRI hybridizing bands)
remained present in three (RS1019, RS1022, and RS1033)
out of 11 Nod™ derivatives analyzed. Figure 5 shows the
result with Bg/ll and HindIII in six of the Nod™ derivatives.
Transconjugants of RS1022 and RS1033, carrying pFR15,
pFR1508, and pFRI1506, were checked on clover and
showed a behavior identical to that obtained with RS1019.
Strains RS1023 and RS1034 do not contain, like RS1043,
any copy of the nod locus, and their corresponding
transconjugants carrying pFR15, pFR1508, and pFR1506
behaved like the RS1043 ones when tested on clover.

Strong hybridization to the 1.45-kb region was found in
R. . bv. viceae 300 (Fig. 5). Fragments homologous to
1.45-kb nod locus were also found in Rhizobium sp.
MPIK3030 and in R. meliloti AK631. In this latter strain
two bands were observed. No homology was detected in
Agrobacterium.
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Tn5 mutagenesis of the nodulation region of R. . bv.
trifolii RS1051. To more precisely delimit the nodulation
regions, plasmid pFR1508 was used as a target for Tn$
mutagenesis. Plasmid DNA was extracted from the Tn3-
containing clones, digested with the appropriate enzyme
combinations, and the blots were hybridized against intra-
nodC,nodD, and hsn B probes, thus allowing a more precise
localization of these genes (Fig. 6). The symbiotic phenotype
of all Tn5 mutants was studied in several recipients; the
results are summarized in Figure 6.

Mutations R19 to K101 map on the nodC-hybridizing
fragment and to the left of nodD. As expected, these
mutations cause a clear Nod™ phenotype in RS1019 and
RS 1043 but have no effect on the capability of pFR1508 to
extend the host range of R. I bv. viceae to red clover.

Mutations F24 and F33 lie on the nodD-hybridizing
fragment but have little effect when present in RS1019 or
RS1043. Nodules appear in 90~100% of the plants with a
delay of no longer than 3-4 days, and the number of nodules
per plantis slightly reduced to 50~75% of the wild-type level.
However, in R. I, bv. viceae, mutations F24 and F33 elicit,
even at best, extremely poor red clover nodulation: nodules
are poorly developed in no more than 30% of the plants,
after a long delay (about 15 days), and the number of
nodules per plant is much below normal. In contrast, when
white clover is the plant host, the nodulation induced by R. /.
bv. viceae carrying F24 and F33 is not worse than with
pFRI1508.

Mutations on the right side of pFR1508 (from 9 to F13)
result in a Nod'-delayed phenotype that is not
complemented by R. /. bv. viceae nod genes. On this basis,
these mutants can be classified as Asn. This result also
confirms the location of the hAsnB (=nodE)-hybridizing
band between F43 and F31. All the mutations in this region

induce in R. . bv. trifolii RS1019 and R. L. bv. viceae 300 a
similar delayed phenotype in red clover, whereas a more
drastic effect is observed in RS1043. In the former
recipients, the delay on red clover is 6-8 days, yet 100% of
the plants are nodulated. In RS1043, nodulation is induced
in only 40-60% of the plants, with half the normal average
number of nodules per plant and with nodules appearing
aftera 12-15day delay. For RS1019and RS1043, the delays
are somewhat longer when white clover is the host, and are
much longer for R. I. bv. viceae.

Mutation 17 and those located in the 1.45-kb BgllII
fragment identically reproduce the symbiotic behavior of
pFR1506. Mutations F65, F64, F95, 13, and 14 map within
the 1.45-kb region. Thus, these results indicate that the nod
locus extends somewhat to the left of the 1.45 Bg/II region.
Because this region severely influences the efficiency of
clover nodulation, we will use the term Rt-ef to refer to this
region (Fig. 6). All mutations in this region were
functionally complemented by R. I. bv. viceae.

In Agrobacterium the results on red clover (Fig. 6) were
comparable to those in R. L. bv. trifolii, indicating that all the
genetic information that was found to be necessary for R. I
bv. trifoliiis also required for Agrobacterium. Additionally,
all Tn5 mutations on the right of K101 were tested in the
heterologous hosts alfalfa, pea, and siratro. Nodulation was
not detected on any of the hosts when these Tn5-mutated
plasmids were present in either RS1019 or RS1043.

DISCUSSION

In the last few years substantial progress has been made in
the understanding of the molecular basis of the nodulation
process. However, the available data correspond to a
relatively small number of strains that have been used as a
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Fig. 6. Location of TnJ insertions on pFR1508 and position of the nodC-, nodD-, nodE-, nod A B-, and nod F-like genes and Rr-efn region. The location of
nodC, nodD, and nodE (solid lines) was determined by hybridization; the location of nod 4 Band nod F (dashed lines) is by comparison with other strains of
Rhizobium (see text), Below, symbiotic phenotypes induced on red or white clover by R. I. bv. trifolii RS1019 and RS1043 transconjugants, and on red

clover by R. I. bv. viceae 300 and A. tumefaciens GMI9017 transconjugants. , wild-type-like nodulation; @,

reduced nodulation (see text); O, Nod™. AtGMI9017,

80 Molecular Plant-Microbe Interactions

slightly reduced nodulation (see text); A, very

pseudonodules. B, Bg/ll; E, EcoRI; H, Hindlll; X, Xhol.



target for such studies. There is not sufficient evidence to
guarantee that the proposed models are workable in all the
strains of a given species. In this paper we have identified the
Sym plasmid of strain RS1051 of R. [ bv. trifolii and
subsequently characterized its nodulation region. Some
differences in the nod gene structure have been found as
compared with the well-studied strain ANU843.

The identification of the pSym was first approached by
elimination of the native plasmids and further analysis of the
resulting phenotype on plants. Heat treatments have been
successfully used for this purpose, although in some cases
megaplasmids have been difficult to eliminate (Banfalviet al.
1981; Rosenberg et al. 1981). In our study the curing
phenomenon showed scarce reproducibility; only in one out
of 13 experiments (i.e., the analysis of 1,300 colonies) did we
obtain curing or deletion of plasmids. However, we studied
plasmid profiles and not nodulation ability. Deletions of less
than 20 MDa would not be seen in a 200-MDa plasmid.
Soberdén-Chéavez et al. (1986) have described Nod~
derivatives of R. phaseoli isolated after heat treatment that
do not show detectable change in the plasmid profile. The
fact that all the plasmid profile-altered derivatives had
changes in only one plasmid and were found to be Nod"
might suggest the presence of a “hot spot” for deletion or
rearrangement rather than a random phenomenon. Such
hot spots have also been observed in other strains (Banfalvi
et al. 1981; Meade et al. 1982) and proposed to be insertion
sequences. So far, native insertion sequences that
preferentially transpose into the nod-nif region have been
characterized in two strains of R. meliloti (Ruvkun et al.
1982; Dusha et al. 1987).

To exclude the possibility that only some genes essential
for nodulation are present in pRtrRS1051a, a more direct
approach was undertaken. The mobilization of the
indigenous RS1051 plasmids into a distantly related
plasmid-free Agrobacterium strain resulted in nodule
development only in those cases where pRtrRS1051a was
transferred. In the absence of the helper plasmid, low
frequency of self-transmissibility was observed for
pRtrRS1051a.

Further characterization of the nod region was made
possible by the isolation of clones pFR14and pFR15 froma
RS1051 gene library. As previously reported for ANU843
(Schofield et al. 1984), we found all essential nod genes to be
clustered in a DNA region of 14 kb. This region enabled
Agrobacterium and R. l. bv. viceae to nodulate clover, but
failed to extend the host range of R. meliloti and Rhizobium
sp. MPIK3030. The result with R. meliloti is in agreement
with previous reports (Fisher et al. 1985). However, the
capability of R. L bv. trifolii ANU843 nod genes to allow
Rhizobium sp. NGR234, a strain very closely related to
MPIK3030, to nodulate clover has been described
(Schofield et al. 1984; Bassam et al. 1986).

We demonstrate that the pFR1508 1.7-kb region located
to the right of mutation 17 affects the efficiency of
nodulation. This region is reiterated on the RS1051 pSym,
and our results indicate that the presence of at least two
copies is necessary for a successful nodulation. When only
one copy is present, nodulation displays a 3- to 4-day delay
(e.g., in RS1043 carrying pFR1508 or RS1019 carrying
pFR1506). When none of the copies is present, nodulation is
drastically reduced, as it happens with RS1043 carrying
pFR1506. We have termed this region Rt-efn by analogy

with the region described in R. meliloti 41 (Putnoky and
Kondorosi 1986) as they are phenotypically similar.
However, they are structurally and, most probably,
functionally different. The Re-efn-hybridizing fragment of
R. meliloti 41 and the efn-containing fragment of R. meliloti
41 are different. In addition, a nodD gene (nodD?2) is
harbored by the efn region of R. meliloti 41 (Gottfert et al.
1986). The phenotype of our Rt-efn region differs from
those of either the ANU843 regions II1, IV, or V. The Rt-efn
region works equally in both red and white clover and plays
no apparent role in host range determination; it is
structurally conserved in Rhizobium sp. MPIK3030, R.
meliloti 41 (where it is also reiterated), and structurally as
well as functionally conserved in R. I. bv. viceae. The Rt-efn
region seems to correspond by both location and phenotype
to the recently described R. I bv. viceae nodL gene (Surin
and Downie 1988), although no nodL reiterations were
detected nor strong homology in species other than R. L bv.
trifolii. If it were so, Ri-efn could be ascribed as
corresponding to the ANU843 region IV (where a nodL gene
has been found), even though the phenotype of both regions
seems to differ.

By subcloning analysis we have found the left 2.6-kb
region of pFR 15 to be necessary for nodulation of R. /. bv.
trifolii. This region maps in a position similar to ANU843
region I1 (Djordjevic ez al. 1985) and, like it, is functionally
conserved in R. L. bv. viceae. However, whereas mutations in
the ANU843 region II or in the analogous R. . bv. viceae
region containing nodlJ lead to a nodulation-delayed
phenotype (Djordjevic ez al. 1985; Evans and Downie 1986),
the lack of this region (as in pMFBI) results in a Nod~
phenotype. Interestingly, Tn5 mutants located in the 2.6-kb
region showed no effect. It is possible that the RS1051
region II extends between mutations K72 and R19, being
located immediately downstream of nodC, as it happens in
R. I bv. viceae.

Furthermore, by deletion analysis of pFR 15 we have also
found that only 11.45 kb is necessary for efficient red clover
nodulation. Nevertheless, efficient white clover nodulation
induced by R. . bv. viceae or Agrobacterium requires an
additional region of DNA present in pFR1504 and not in
pFR1508. Because this region seems to be needed only in a
heterologous background, it could be suggested thatin R. /.
bv. trifolii that region is functionally reiterated.

The region located between mutations 19 and F31
responds both by hybridization and by symbiotic phenotype
to what has been reported for the ANU843 region III. By
comparison with the nod organization of other strains of R.
leguminosarum and according to physical location and
phenotype, mutations 9 and F43 must be located on the
nodF gene, in the same way that mutations from R14 to
K101 must lie on the nod A B genes (Fig. 6). Djordjevicet al.
(1985) found that region III mutants show a markedly poor
nodulation on white clover, little effect on subterranean
clover, and altered host range properties, now being able to
weakly nodulate peas. We did not find any extended host
range ability on siratro, alfalfa, or peas, but a delayed
nodulation was found in both red and white clover. The
effect on subterranean clover has not been examined. We
have additionally found that the mutants in this area induce
a more impaired nodulation in RS1043 than in RS1019 or
R. 1. bv. viceae. It is possible that high Rz-efn gene(s) dosage
is necessary for the normal functioning of the region IIL.
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However, the participation of other gene(s), present in
pRtrRS1051a and therefore absent from RS1043,
interacting positively with those of region III, cannot be
excluded.

By hybridization analysis we also show that RS1051
carries two copies of nod D, one of them located in a replicon
other than the pSym. In R. L bv. trifolii ANU843 and R. I.
bv. viceae, containing a single nod D gene, a nod D mutation
where three nod D copies are present, a single mutation does
not unduly impair nodulation (Gottfert et al. 1986; Honma
and Ausubel 1987). In R. I. bv. trifolii RS1051 mutations in
the nod D copy cloned in pFR 1508 have no more effect than
a slight delay in the nodulation. However, when the nod D-
mutated pFR 1508 plasmid is transferred to Agrobacterium,
clover nodulation is completely lost. This strongly suggests
that, at least in the absence of the former one, the second
nodD copy is functional and substantially contributes to the
nodulation event. On the other hand, as it was found in
ANU843 (Spaink et al. 1987), the RS1051 nodD copy
contained in pFR1508 does not behave as a common nod
gene, because its mutation cannot be effectively
complemented by wild-type R. I. bv. viceae when the host is
white but not red clover.

Note added to the proof: By using the 1.7-kb BglII
fragment of plasmid pRt288 (Djordjevic et al. 1986) as an
internal R. 1. bv. trifolii ANU843 nod region 11 (nodlJ)
probe, the corresponding genes were localized adjacent to
the nodCin R. 1. bv. trifolii RS1051. Hybridization with the
0.4-kb Clal-Pstl fragment of plasmid pJJ 179 (nodL probe)
resulted in detection of homology to the DNA fragment
identified as Rt-efn in this work.

ACKNOWLEDGMENTS

We thank A. Simoncsits for providing us with synthetic primer DNA, E.
Vincze and F. Muller-Uri for lambda packaging extract, B. Horvath and
M. Géttfert for the hsnB and nodD probes, G. Selvaraj for the vector
pGS72, M. Sadowsky for critical reading of the manuscript, and M. Kearns
for correcting the English. We also thank B. Rolfe for providing plasmids
pRT288 and pJJ179 and for his help and critical comments.

F. R.-Q. has been a participant in the International Training Course of
the Biological Research Center, Hungarian Academy of Sciences, and is
currently a recipient of a fellowship from Fundacién Juan March, Madrid,
Spain.

LITERATURE CITED

Appelbaum, E. R., Thompson, D. V., Idler, K., and Chartrain, N. 1988.
Rhizobium japonicum USDA 191 has two nodD genes that differ in
primary structure and function. J. Bacteriol. 170:12-20.

Bachem, C. W. B., Banfalvi, Z., Kondorosi, E., Schell, J., and Kondorosi,
A. 1986. Identification of host range determinants in the Rhizobium sp.
MPIK3030. Mol. Gen. Genet. 203:42-48.

Banfalvi, Z., Sakanyan, V., Koncz, C., Kiss, A., Dusha, I., and Kondorosi,
A. 1981. Location of nodulation and nitrogen fixation genes on a high
molecular weight plasmid of Rhizobium meliloti. Mol. Gen. Genet.
184:318-325.

Bassam, B. J., Rolfe, B. G., and Djordjevic, M. A. 1986. Macroptilium
atropurpureum (siratro) host specificity genes are linked to a nod D-like
gene in the broad host range Rhizobium strain NGR234. Mol. Gen.
Genet. 203:49-57.

Beringer, J. E. 1974. R factor transfer in Rhizobium leguminosarum. J.
Gen. Microbiol. 84:188-198.

Beynon, J. L., Beringer, J. E., and Johnston, A. W. B. 1980. Plasmids and
host range in Rhizobium leguminosarum and R. phaseoli. J. Gen.
Microbiol. 120:421-429.

Boyer, H. S., and Roulland-Dussoix, D. 1969. A complementation analysis
of the restriction and modification of DNA in Escherichia coli. J. Mol.
Biol..41:459-472.

Brewin, N. J., Beringer, J. E., and Johnston, A. W. B. 1980. Plasmid-
mediated transfer of host-range specificity between two strains of

82  Molecular Plant-Microbe Interactions

Rhizobium leguminosarum. J. Gen. Microbiol. 120:413-420.

Buikema, W. B., Long, S. R., Brown, S. E., vanden Bos, R. C., Earl, C. D.,
and Ausubel, F. M. 1983. Physical and genetic characterization of
Rhizobium meliloti symbiotic mutants. J. Mol. Appl. Genet. 2:249-260.

Casse, F., Boucher, C., Julliot, J. S., Michel, M., and Denarie, J. 1979.
Identification and characterization of large plasmids in Rhizobium
meliloti using agarose gel electrophoresis. J. Gen. Microbiol.
113:229-242.

Debelle, F., and Sharma, S. B. 1986. Nucleotide sequence of Rhizobium
meliloti RCR2011 genes involved in host specificity of nodulation. Nucl.
Acids Res. 14:7453-7472.

Ditta, G. 1986. Tn5 mapping of Rhizobium nitrogen fixation genes.
Methods Enzymol. 118:519-528.

Djordjevic, M. A., Innes, R. W., Wijffelman, C. A., Schofield, P. R., and
Rolfe, B. G. 1986. Nodulation of specific legumes is controlled by several
distinct loci in Rhizobium trifolii. Plant Mol. Biol. 6:389-401.

Djordjevic, M. A., Schofield, P. R., and Rolfe, B. G. 1985. Tn5 mutagenesis
of Rhizobium trifolii host-specific nodulation genes result in mutants
with altered host-range ability. Mol. Gen. Genet. 200:463-471.

Dusha, I., Kovalenko, S., Banfalvi, Z., and Kondorosi, A. 1987.
Rhizobium meliloti insertion element ISRm2 and its use for
identification of the fix X gene. J. Bacteriol. 169:1403-1409.

Eckhardt, T. 1978. A rapid method for the identification of plasmid DNA
in bacteria. Plasmid 1:584-588.

Egelhoff, T. T., Fisher, R. F., Jacobs, T. W., Mulligan, J. T., and Long, S.
R. 1985. Nucleotide sequence of Rhizobium meliloti 1021 nodulation
genes: nodD is read divergently from nodABC. DNA 4:241-248.

Evans, I. J., and Downie, J. A. 1986. The nodI gene product of Rhizobium
leguminosarum is closely related to ATP-binding bacterial transport
proteins; nucleotide sequence of the nodl and nodJ genes. Gene
43:95-101.

Feinberg, A. P., and Vogelstein, B. 1983. A technique for radiolabeling
DNA restriction endonuclease fragments to high specific activity. Anal.
Biochem. 132:6-13.

Firmin, J. L., Wilson, K. E., Rossen, L., and Johnston, A. W. B. 1986.
Flavonoid activation of nodulation genes in Rhizobium is reversed by
other compounds present in plants. Nature 324:90-92.

Fisher, R. F., Tu,J. K.,and Long, S. R. 1985. Conserved nodulation genes
in Rhizobium meliloti and R. trifolii. Appl. Environ. Microbiol.
49:1432-1435.

Géottfert, M., Horvath, B., Kondorosi, E., Putnoky, P., Rodriguez-
Quifones, F., and Kondorosi, A. 1986. At least two nodD genes are
necessary for efficient nodulation of alfalfa by Rhizobium meliloti. J.
Mol. Biol. 191:411-420.

Gydrgypal, Z., Narayan, 1., and Kondorosi, A. 1988. Three regulatory
nodD alleles of diverged flavonoid-specificity are involved in host-
dependent nodulation by Rhizobium meliloti. Mol. Gen. Genet.
212:85-92.

Honma, M. A, and Ausubel, F. M. 1987. Rhizobium meliloti has three
functional copies of the nodD symbiotic regulatory gene. Proc. Natl.
Acad. Sci. USA 84:8558-8562.

Hooykaas, P. J. J., van Brussel, A. A. N., den Dulk-Ras, H., van Slogteren,
G. M. S,, and Schilperoort, R. A. 1981. Sym plasmid of Rhizobium
trifolii expressed in different rhizobial species and Agrobacterium
tumefaciens. Nature 291:351-353.

Horvath, B., Bachem, C. W. B., Schell, J., and Kondorosi, A. 1987.
Host-specific regulation of nodulation genes in Rhizobium is mediated
by a plant-signal, interacting with the nodD gene product. EMBO J.
6:841-848.

Horvath, B., Kondorosi, E., John, M., Schmidt, J., Torok, 1., Gyorgypal,
Z., Barabas, I, Wienecke, U., Schell, J., and Kondorosi, A. 1986.
Organization, structure and symbiotic functions of Rhizobium meliloti
nodulation genes determining host specificity for alfalfa. Cell 46:335-343.

Hynes, M. F., Simon, R., and Piihler, A. 1985. The development of
plasmid-free strains of Agrobacterium tumefaciens by using
incompatibility with a Rhizobium meliloti plasmid to eliminate pAtCS8.
Plasmid 13:99-105.

Jacobs, T. W., Egelhoff, T. T., and Long, S. R. 1985. Physical and genetic
map of a Rhizobium meliloti nodulation gene region and nucleotide
sequence of nod C. J. Bacteriol. 162:469-476.

Kiss, G. B., Vincze, E., Kalman, Z., Forrai, T., and Kondorosi, A. 1979,
Genetic and biochemical analysis of mutants affected in nitrate reduction
in Rhizobium meliloti. J. Gen. Microbiol. 133:105-118.

Knauf, V. C., and Nester, E. W. 1982. Wide host range cloning vectors: A
cosmid clone bank of an Agrobacterium Ti plasmid. Plasmid 8:45-54.
Kondorosi, E., Banfalvi, Z., and Kondorosi, A. 1984. Physical and genetic

analysis of a symbiotic region of Rhizobium meliloti: Identification of



nodulation genes. Mol. Gen. Genet. 193:445-452.

Kondorosi, A., Kondorosi, E., Pankhurst, C. E., Broughton, W. J., and
Banfalvi, Z. 1982. Mobilization of a Rhizobium meliloti megaplasmid
carrying nodulation and nitrogen fixation genes into other rhizobia and
Agrobacterium. Mol. Gen. Genet. 188:433-439.

Kondorosi, A., Svab, Z., Kiss, G. B., and Dixon, R. A. 1977. Ammonia
assimilation and nitrogen fixation in Rhizobium meliloti. Mol. Gen.
Genet. 151:221-226.

Maniatis, T., Fritsch, E. F., and Sambrook, J. 1982. Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N. Y.

Meade, H. M., Long, S. R., Ruvkun, G. B., Brown, S. E., and Ausubel, F.
M. 1982. Physical and genetic characterization of symbiotic and
auxotrophic mutants of Rhizobium meliloti induced by transposon Tn5
mutagenesis. J. Bacteriol. 149:114-122.

Merrick, M., Fisher, M., Kennedy, C., and Dixon, R. 1978. Polarity of
mutations induced by insertion of transposon Tn5, Tn7 and Tn/0 into
the nif gene cluster of Klebsiella pneumoniae. Mol. Gen. Genet.
165:103-111.

Messing, J. 1983. New M13 vectors for cloning. Methods Enzymol.
101:20-78.

Mulligan, J. T., and Long, S. R. 1985. Induction of Rhizobium meliloti
nodC expression by plant exudate requires nodD. Proc. Natl. Acad. Sci.
USA 82:6609-6613.

Nayudu, M., and Rolfe, B. G. 1987. Analysis of R-primes demonstrates
that genes for broad host range nodulation of Rhizobium strain NGR234
are dispersed on the Sym plasmid. Mol. Gen. Genet. 206:326-337.

Orosz, L., Svab, Z., Kondorosi, A., and Sik, T. 1973. Genetic studies on
Rhizobiophage 16-3. Genes and functions on the chromosome. Mol.
Gen. Genet. 125:341-350.

Putnoky, P., and Kondorosi, A. 1986. Two gene clusters of Rhizobium
meliloti code for early essential nodulation functions and a third
influences nodulation efficiency. J. Bacteriol. 167:881-887.

Redmond, J. W, Batley, M., Djordjevic, M. A., Innes, R. W., Kuempel, P.
L., and Rolfe, B. G. 1986. Flavones induce expression of nodulation
genes in Rhizobium. Nature 323:632-635.

Rodriguez-Quitiones, F., Banfalvi, Z., Murphy, P., and Kondorosi, A.
1987. Interspecies homology of nodulation genes in Rhizobium. Plant
Mol. Biol. 8:61-75.

Rolfe, B. G., Gresshoff, P. M., and Shine, J. 1980. Rapid screening for
symbiotic mutants of Rhizobium and white clover. Plant Sci. Lett.
19:277-284.

Rosenberg, C., Boistard, P., Denarie, J., and Casse-Delbart, F. 1981.
Genes controlling early and late functions in symbiosis are located on a
megaplasmid in Rhizobium meliloti. Mol. Gen. Genet. 184:326-333.

Rossen, L., Shearman, C. A., Johnston, A. W. B.,and Downie, J. A. 1985.
The nodD gene of Rhizobium leguminosarum is autoregulatory and in

the presence of plant exudate induces nodA, B and C genes. EMBO J.
4:3369-3373.

Ruvkun, G. B., Long, S. R., Meade, H. M., van den Bos, R. C., and
Ausubel, F. M. 1982, ISRm1: A Rhizobium meliloti insertion sequence
that transposes preferentially into nitrogen fixation genes. J. Mol. Appl.
Genet. 1:405-418.

Sadowsky, M. J., Olson, E. R., Foster, V. E., Kosslak, R. M., and Verma,
D. P. S. 1988. Two host-inducible genes of Rhizobium fredii and
characterization of the inducing compound. J. Bacteriol 170:171-178.

Schofield, P. R., and Watson, J. M. 1986. DNA sequence of Rhizobium
trifolii nodulation genes reveals a reiterated and potentially regulatory
sequence preceding nodA BC and nod FE. Nucl. Acids Res. 7:2891-2903.

Schofield, P. R., Ridge, R. W., Rolfe, B. G., Shine, J., and Watson, J. M.
1984. Host-specific nodulation is encoded on a 14 kb DNA fragment in
Rhizobium trifolii. Plant Mol. Biol. 3:3-11.

Selvaraj, G.,and Iyer, V. N. 1985. A small mobilizable /nc P group plasmid
vector packageable into bacteriophage capsids in vitro. Plasmid
13:70-74.

Shearman, C. A., Rossen, L., Johnston, A. W. B., and Downie, J. A. 1986.
The Rhizobium leguminosarum nodulation gene nodF encodes a
polypeptide similar to acyl-carrier protein and is regulated by nod D plus
a factor in pea root exudate. EMBO J. 5:647-652.

Simon, R., Priefer, U., and Piihler, A. 1983. Vector plasmids for in vivo and
in vitro manipulations of Gram-negative bacteria. Pages 98-106 in:
Molecular Genetics of Bacteria-Plant Interaction. A. Piihler, ed.
Springer, Berlin.

Soberon-Chavez, G., Nijera, R., Olivera, H., and Segovia, L. 1986. Genetic
rearrangements of a Rhizobium phaseoli symbiotic plasmid. J. Bacteriol.
167:487-491.

Southern, E. M. 1975. Detection of specific sequences among DNA
fragments separated by gel electrophoresis. J. Mol. Biol. 98:503-517.
Spaink, H. P., Wijffelman, C. A., Pees, E., Okker, R. J. H., and
Lugtenberg, B. J. J. 1987. Rhizobium nodulation gene nodD as a

determinant of host specificity. Nature 328:337-340.

Surin, B. P., and Downie, J. A. 1988. Characterization of the Rhizobium
leguminosarum genes nodLMN involved in efficient host-specific
nodulation. Mol. Microbiol. 2:173-184.

Torok, 1., Kondorosi, E., Stepkowski, T., Posfai, J., and Kondorosi, A.
1984. Nucleotide sequence of Rhizobium meliloti nodulation genes.
Nucl. Acids Res. 12:9509-9524.

Trinick, M. J. 1980. Relationship amongst the fast-growing rhizobia of
Lablab purpureus, Leucaena leucocephala, Mimosa spp., Acacia
farnesiana and Sesbania grandiflora and their affinities with other
rhizobial groups. J. Appl. Bacteriol. 49:39-53.

Zurkowski, W. 1982. Molecular mechanism for loss of nodulation
properties of Rhizobium trifolii. J. Bacteriol. 150:999-1007.

Vol. 2, No. 2,1989 83



