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A Rhizobium loti gene required for effective invasion of the
host Lotus pedunculatus has been identified by transposon Tn5
mutagenesis. Cosmids that complemented a previously isolated
mutation (239) at this invasion (inv) locus were identified by in
planta complementation and used to construct a physical map
of the gene region. The insertion site of Tn5 in PN239 was mapped
to a 7.5-kb EcoRI fragment, which complemented the mutation
when subcloned into pLAFR1. Further TnS mutagenesis of the
7.5-kb fragment was carried out in Escherichia coli using
bacteriophage A467, and the mutations homogenotized into R.
loti NZP2037. Three additional Fix~ mutations were isolated,
and these were found to map adjacent to the position of the

original mutation in strain PN239. All the other Tn5 insertions
isolated in the 7.5-kb fragment gave a Fix" phenotype on L.
pedunculatus. Electron microscopic examination of the L.
pedunculatus nodules induced by the isolated Fix  mutants
showed that bacteria were either blocked in release from the
infection threads or were unable to undergo normal bacteroid
development. The inv locus as defined by the TnS5 insertions was
sequenced, and a single open-reading frame (ORF) of 576 bp,
corresponding to a polypeptide of 21.3 kDa, was identified. The
position and orientation of this ORF were consistent with those
of the isolated Tn5 Fix™ insertions.

Additional keywords: DNA sequence, invasion (inv) gene, nitrogen fixation.

Establishing a nitrogen-fixing symbiosis between
Rhizobium and leguminous plants is a complex develop-
mental process involving the expression of symbiotic genes
in both the host and the symbiont. Nodule ontogeny has
been studied in a number of different Rhizobium-legume
associations, and a number of common features are
observed (Dart 1977; Goodchild 1978; Newcomb 1981;
Robertson and Farnden 1980).

The common mechanism of bacterial invasion for
temperate legumes is infection through newly emerged root
hairs (Bauer 1981; Calvert et al. 1984). Attachment and
colonization of the newly formed root hair result in root
hair curling and enclosure of the bacterial colony within
the “pocket” of the curled hair. Infection then proceeds
by a plant-derived infection thread that develops within
the root hair at the point of contact of the enclosed rhizobial
colony. Degradation of the plant cell wall is evident at
the origin of the infection thread (Callaham and Torrey
1981), and it is thought that the new cell wall layers of
the thread are formed by apposition of cellulosic material
by the host cytoplasm (Bauer 1981). The presence of
rhizobia on the surface of the plant root hair cells induces
a series of anticlinal divisions in the cells of the outer cortex
(Newcomb 1981; Calvert et al. 1984). This dedifferentiation
process spreads to the inner cortex resulting in the
formation of nodule primordia as the infection thread
penetrates the cells of the outer and inner cortex.

The bacteria are released from the infection thread(s)
into meristematic cells by an endocytotic mechanism (Dart
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1977, Goodchild 1978), resulting in enclosure of the
bacterium within a plant membrane, the peribacteroid
membrane (PBM) (Robertson et al. 1978). This release
mechanism gives rise to cortical cells packed with rhizobia
that always remain extracellular to the plant cell cytoplasm.
The PBM is thought to be derived from membrane vesicles
of the Golgi apparatus (Robertson et al. 1978), and recent
work has shown that nodule-specific plant proteins
(nodulins) are targeted to the PBM (Fortin et al. 1985).

Once enveloped within the PBM, the rhizobia differ-
entiate into pleiomorphic forms called bacteroids that are
capable of nitrogen fixation within the nodule. Various
sets of Rhizobium genes are required at the different stages
leading to the establishment of a nitrogen-fixing nodule.
A set of plant-inducible nodulation (nod) genes is required
for the early steps of host recognition and initiation of
a nodule meristem (reviewed by Kondorosi and Kondorosi
1986; Rossen et al. 1987). Subsequent invasion of the host
is dependent on the presence of specific polysaccharides
on the surface of the Rhizobium. A range of Fix™ mutants
has been isolated. They form empty nodules that have either
no infection threads (Chua er al. 1985; Finan er al. 1985;
Leigh et al. 1985; Vandenbosch er al. 1985; Dylan et al.
1986) or contain aborted infection threads (Noel ez al. 1986),
demonstrating that the process of nodulation can be
uncoupled from bacterial invasion of the plant host. These
Fix™ mutants have been shown to have alterations in the
composition of the exopolysaccharide (Finan et al. 1985;
Leigh et al. 1985), or lipopolysaccharide (Noel et al. 1986),
or 3-glucan synthesis (Dylan ez al. 1986). The role of these
different polysaccharide fractions in the infection process
is still to be explained.

Genes required for bacterial release from the infection
thread and the subsequent steps leading to differentiation
of a bacteroid remain poorly described. There have been
several reports of mutants that are blocked in bacterial



release (Pankhurst es al. 1972; Pankhurst 1974; Truchet
et al. 1980; Chua er al. 1985; Morrison and Verma 1987),
and recently one such gene was cloned and sequenced from
Bradyrhizobium japonicum (Buchanan) Jordan (Morrison
and Verma 1987). We previously reported the isolation
of a mutant of R. loti Jarvis et al. strain NZP2037 that
appeared to be blocked in release from the infection thread
in Lotus pedunculatus nodules (Chua et al. 1985). We
describe here the cloning and further characterization of
this gene.

MATERIALS AND METHODS

Bacterial strains and plasmids. The strains and plasmids
used in this study are described in Table 1.

Growth of bacteria. R. loti cultures were grown at 28° C
in either tryptone-yeast extract (TY) medium (Beringer

Table 1. Bacterial strains, plasmids, and phages

Strain, plasmid  Relevant Source or
or phage characteristics® reference”
Strains
Rhizobium loti
NZP2037 Nod*Fix" (Lotus pedunculatus, DSIR Culture
L. corniculatus) Collection
PN184 NZP2037 str 1 Chua et al. 1985
PN239 PN184 inv 239::Tn5 Chua et al. 1985
PN1093 PN184 inv 41::Tn5 This study
PN1094 PN184 inv 78::Tn5 This study
PN1095 PN184 inv 18::Tn5 This study
Escherichia coli
JM101 supE, thi, A(lac-proAB), Yanisch-Perron
[F’, traD36, proAB, et al. 1985
lacl* ZAMI5]
HBI101 pro leu thi gal lacY recA str Boyer and Roulland-
hsdD hsdM Dussoix 1969
C2110 polA Nal" Leong et al. 1982
PN372 HBI101/pPN318 This study
PN374 HB101/pPN320 This study
PN 1000 HBI101/pPN27 This study
PN1001 HBI101/pPN28 This study
Plasmids
pRK2073 Km® derivative of pRK2013 Leong et al. 1982
pPHJI Gm' IncP Beringer et al.
1978
pBR328 Ap'Tc'Cm' Bolivar et al. 1977
pLAFRI1 Acos derivative of pRK290 Friedman ef al.
1982
pPN318 pLAFRI cosmid containing inv  This study
gene from NZP2037
pPN320 pLAFRI cosmid containing inv  This study
gene from NZP2037
pPN27 pBR328 containing 7.5-kb This study
EcoRI inv fragment from
pPN318
pPN28 pLAFRI containing 7.5-kb This study

EcoRlI inv fragment from
pPN318
Bacteriophages

A67 de Bruijn and
Lupski 1984

M13mp8 Messing and
Vieira 1982

M13mp9 Messing and

Vieira 1982
*Abbreviations: Nal, nalidixic acid; Km, kanamycin; Gm, gentamycin;

Ap, ampicillin; Tc, tetracycline; Cm, chloramphenicol; ‘, resistant and °,
sensitive; and inv, invasion (gene).
"DSIR, Department of Scientific and Industrial Research, Palmerston
North, New Zealand.

1974) or S10-defined medium (Scott and Ronson 1982)
and supplemented where necessary with neomycin (Nm)
(400 ug/ml), tetracycline (Tc) (2 g/ ml), gentamycin (Gm)
(50 pg/ml), or streptomycin (Str) (200 ug/ml). Escherichia
coli cultures were grown in either TY medium or Luria-
Bertani (LB) medium (Miller 1972). Antibiotic con-
centrations used for E. coli were Tc, 15 ug/ml; kanamycin
(Km), 25 pg/ml; nalidixic acid (Nal), 25 ug/ml; and Gm,
25 ug/ml .

Crosses. Crosses were carried out on TY medium by
the patch plate method (Dixon et al. 1976). Transfer of
pLAFRI cosmids into rhizobia or E. coli was carried out
by the triparental mating system (Ditta ez al. 1980), using
pRK2073 as the helper plasmid.

Site-directed Tn5 mutagenesis of fix locus. This was
carried out by the method of de Bruijn and Lupski (1984)
using phage A467 as the source of Tn5 and E. coli strain
C2110 as the recipient to select for Tn5 insertions in pPN28
following conjugal transfer, using pRK2073 as the helper
plasmid. The positions of the Tn5 insertions in the 7.5-
kb (kilobase) fragment were determined by restriction
enzyme digestion and hybridization, using plasmid DNA
isolated from the C2110 transconjugants. Following
mapping, plasmids containing Tn5 insertions in the 7.5-
kb EcoRI fragment were transferred to R. loti PN184 in
a triparental cross, and the Tn5 homogenotized into wild-
type sequences by plasmid incompatibility (Ruvkun and
Ausubel 1981) using pPH1JI1.

Nodulation tests. Nodulation tests were carried out using
L. pedunculatus Cav. ‘Grasslands Maku’ and L.
corniculatus L. by methods previously described (Scott and
Ronson 1982). After 6 wk, plants were examined for the
presence (Nod") or absence (Nod™) of nodules and for
symptoms of nitrogen starvation by measuring the dry
weights of the tops of both inoculated and uninoculated
plants. No significant difference in dry weight indicated
an ineffective (Fix™) symbiosis. Bacteria were isolated from
nodules as previously described (Scott and Ronson 1982).

Light and electron microscopy. Light and electron
microscopy of nodule sections was carried out as previously
described (Pankhurst et al. 1979), using nodules harvested
from plants 3-4 wk after inoculation.

Preparation of DNA. Total DNA was isolated by a
modification (Scott er al. 1984) of the method of Fischer
and Lerman (1979). Amplifiable plasmids were isolated by
the cleared lysate method (Clewell and Helinski 1969), and
pLAFRI1 cosmids were isolated from E. coli by the alkaline
lysis method of Ish-Horowicz and Burke (1981). For rapid
screening of plasmids, small preparations were obtained
by the method of Holmes and Quigley (1981).

Restriction enzyme digestion of DNA and agarose gel
electrophoresis. Preparation of DNA digests and
electrophoresis of the samples were carried out as previously
described (Chua ez al. 1985).

DNA hybridization procedures. Restriction enzyme
DNA digests separated on 0.7% (w/v) agarose gels (Chua
et al. 1985) were transferred to nitrocellulose by the method
of Southern (1975). DNA was labeled with [**P]-dCTP
(dCTP, deoxycytidine triphosphate) (3,000 Ci/ mmol, New
England Nuclear, Boston, MA) by primed synthesis, using
DNA polymerase 1 (Klenow fragment) and denatured
herring sperm DNA primers as previously described
(Whitfeld et al. 1982). Hybridizations were carried out at
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65° C for 16 hr as previously described (Whitfeld ez al.
1982).

Cloning procedures. Plasmids pPN27 and pPN28 were
constructed by subcloning the 7.5-kb EcoRI fragment from
pPN318 into pBR328 and pLAFRI, respectively, using
methods previously described (Scott er al. 1985).

DNA sequencing. The inv gene region identified between
the boundaries of the TnS insertions 56 and 63 (Fig. 1C)
was sequenced by the dideoxy chain termination method
(Sanger et al. 1977) using M13mp8 and M13mp9 vectors
(Messing and Vieira 1982). Both strands were sequenced
using a series of overlapping clones generated by both
directed cloning, using appropriate restriction enzymes, and
by random cloning of Haelll and A/ul generated fragments.
The primer used for most of these reactions was the univeral
M13 17mer sequencing primer from New England Biolabs,
Beverly, MA. Sequencing of TnS5 junctions was also carried
out by subcloning Xhol-Xhol fragments from the
appropriate TnS-containing cosmids and by using a Tn5
sequencing primer (3-TTCATCGCAGGACTTGC-5)
previously described (Schofield and Watson 1986). Samples
were separated on standard 40 cm, 6% polyacrylamide,
8 M urea gels using TBE buffer (89 mM Tris-borate, 89
mM boric acid, 2 mM EDTA, pH 8.3). Gels were fixed
in a mixture of 10% ethanol and 109 acetic acid, and
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Fig. 1. A physical and genetic map of the Rhizobium loti invasion (inv)
—239 locus. A, An EcoRl (E) and HindIll (H) restriction enzyme map
of the inv —239 locus of R. loti strain NZP2037 and the cosmids used
to construct the map. B, Restriction enzyme map of the 7.5-kb EcoRI
fragment showing sites for Sal/l (S), Pst1 (P), and Xhol (X). C, Positions
of Tn5 insertions in the 7.5-kb EcoRI fragment and the nodule phenotype
of the corresponding R. /loti mutants when inoculated onto Lotus
pedunculatus.
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dried before autoradiography. Several compressions were
encountered in the sequence, and these were resolved by
running 6% acrylamide gels containing 7 M urea and 40%
formamide, as described in an article on overcoming DNA
sequencing artifacts in the ninth volume of Focus, published
by Bethesda Research Laboratories, Gaithersburg, MD.

Computer analysis. DNA sequences were entered,
assembled, and analyzed on a VAX750 using the University
of Wisconsin Genetics Computer Group (UWGCQG),
Madison, package (Devereux et al. 1984).

RESULTS

Cloning and mapping of the inv gene. Cosmids previously
isolated (Chua et al. 1985) by in planta complementation
of the R. loti Fix™ mutant, strain PN239, and designated
here as pPN318 and pPN320 were used to construct an
EcoRI and HindlII restriction enzyme map of the inv gene
locus (Fig. 1A). The map was constructed by comparing
single and double digests of the cosmids using EcoRI and
HindIll, and by hybridization of Southern blots of EcoR1
and HindIII digests of the cosmids using individual HindIII
fragments from the cosmids as probes. Both cosmids
contained an EcoRI fragment of the size (7.5 kb) predicted
to be the TnS insertion site in strain PN239 (Chua et al.
1985). This was confirmed by subcloning the 7.5-kb
fragment from pPN318 into the EcoRI site of pBR328
and using this plasmid, pPN27, as a probe against a
Southern blot of EcoRI cut total DNA from strains
NZP2037 and PN239. Hybridization was observed to bands
of 7.5 and 13.2 kb, respectively.

Complementation of strain PN239. To test whether the
7.5-kb fragment could complement strain PN239, a
pLAFRI1 recombinant plasmid containing this fragment,
pPN28, was transferred to strain PN239 in a triparental
cross. Six Tc'-Nm'-Str’ (7, resistant) transconjugants from
this cross were single-colony purified and inoculated onto
L. pedunculatus seedlings. All tested transconjugants
formed nodules within 2 wk of inoculation, and at 6 wk
the plants were all effectively nodulated. Bacteria isolated
from these nodules were Tc'-Nm'-Str".

Tn5 mutagenesis of the 7.5-kb EcoRI fragment
containing the inv gene. To determine the boundaries of
the inv locus identified here, further Tn5 mutagenesis of
the 7.5-kb fragment was carried out in E. coli strain
PN1001(HB101/pPN28) using phage A467 as the TnS
source. Transposon Tn5 insertions in pPN28 were selected
by conjugating this plasmid into E. coli strain C2110, in
a triparental cross, and selecting for Km'-Nal'-Tc¢'
transconjugants. Plasmid DNA was prepared from
randomly selected colonies and cut with EcoRI to identify
whether the Tn5 had inserted into the pLAFR1 vector or
into the 7.5-kb EcoRI fragment. Inserts in the 7.5-kb
fragment were mapped by preparing Hindl1I-EcoRI double
digestions of each plasmid and then probing a Southern
blot of these digests with the 2.8-kb EcoRI-Xhol fragment
(Fig. 1B).

The positions of the isolated TnS insertions are shown
in Figure 1C. Each of the pPN28::Tn5 cosmids was then
transferred to R. loti strain PN184 in a further triparental
cross, and the Tn5 homogenotized into the genome by
plasmid incompatibility using pPHI1JI. Total DNA was
isolated from these Str'-Gm'-Tc' colonies; this DNA was



cut with EcoRI and Southern blots of the digests were
probed with the 7.5-kb EcoRI fragment to confirm that
a double crossover had occurred. Each confirmed mutant
was then inoculated onto L. pedunculatus to determine
the symbiotic phenotype. Of the 17 Tn5-containing mutants
tested, three (corresponding to insertions 18, 41, and 78)
gave a Fix™ phenotype and these all mapped close to the
Tn5 insertion point in strain PN239 (Fig. 1C). The
outermost boundaries of this inv locus were defined by
insertions 56 and 63 (Fig. 1C). When strains PN1093,
PN1094, and PN1095 (containing insertions 41, 78, and

18, respectively) were tested on L. corniculatus, they all
formed fully effective nodules, as did strain PN239,
indicating that the gene is host-specific. All mutants were
prototrophic and formed mucoid colonies like the wild type.

Electron microscopy of L. pedunculatus nodules induced
by Fix mutants. To define the phenotype of the Fix™
nodules induced by strains PN1093, PN1094, and PN1095
on L. pedunculatus and to compare them with nodules
formed by the original mutant (PN239) isolated at this
locus, sections of nodules were examined by light and
clectron microscopy. Nodule development on L.

-1

Fig. 2. Electron micrographs of sections from 28-day-old nodules formed on Lotus pedunculatus by mutant strains of Rhizobium loti. A, Strain
PN239. The plant cells contain enlarged infection threads (IT) to which the rhizobia (R) are mainly confined. B, Strain PN1093. Intercellular infection
threads are packed with rhizobia, and plant cells contain rhizobia that have been released to form bacteroidlike structures (B). C, Strain PN1094,
released rhizobia containing deposits of polyhydroxybutyrate (PHB). D, Strain PN1095. Rhizobia are confined to infection threads and vacuolated
(V) cells containing amyloplasts (A) are present. Other abbreviations: CW, cell wall; ID, infection droplet; and M, mitochondria. Scale bars = 5 um.
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pedunculatus induced by effective and ineffective R. loti
strains has been previously described (Pankhurst ez al. 1979;
Chua er al. 1985), so only details relevant to a description
of the mutant phenotypes are presented here. In analyzing
the nodule phenotype of each mutant, nodules from at
least four different plants were sectioned.

L. pedunculatus nodules induced by strain PN239 and
the three other Fix™ mutants described here were spherical
and of normal external morphology, but when sections
of the nodules were examined by light microscopy,
considerable variation was found in the extent to which
the rhizobia had invaded the plant cells. Where there was
little evidence of invasion, electron micrographs (Fig. 2)
showed that rhizobia were predominantly confined to
infection threads (micrograph A) with only a few cells
showing release of the bacteria into the plant cell. Examples
of this phenotype were observed for nodules induced by
strains PN239 and PNI1095, but in both cases an
examination of other nodules showed that release of
rhizobia did occur. Where light micrographs revealed more
extensive invasion of the central nodule cortex, electron
micrographs (Fig. 2) of sections through this region showed
the phenotype of the cells to be highly varied. Cells of
varying cytoplasmic intensity containing released rhizobia
(micrographs B and C) were interspersed with highly
vacuolate cells containing starch granules (micrograph D).

Examples of rhizobia confined to infection threads
(micrographs B and D) were also observed. Rhizobia
released into plant cells showed the pleiomorphic forms
characteristic of bacteroids; but when compared with wild-
type nodules, there was extensive breakdown of the PBM,
and the bacterial cells contained deposits of poly-
hydroxybutyrate. The different intensities of the plant
cytoplasm in these cells presumably reflected different
stages of cellular senescence.

DNA sequence analysis. The strategy used to determine
the sequence of the inv locus, with boundaries defined by
Tn5 insertions 56 and 63 (Fig. 1), is shown in Figure 3.
Both strands were sequenced by the chain termination
method using a series of overlapping clones generated by
subcloning various restriction enzyme fragments from the
wild-type DNA and Xhol-Xhol fragments containing the
junction of Tn5 and Rhizobium DNA into M13mp8 and
M13mp9 vectors (Fig. 3). The DNA sequence of this region
is shown in Figure 4. Six-phase translation of this sequence
revealed two major (> 300 bp) open-reading frames
(ORFs), one in each orientation. Analysis of this entire
sequence for potential coding regions using the programs
Testcode (Fig. 5A) (Fickett 1982), Codon Preference (Fig.
5C) (Gribskov et al. 1984), and Third Position GC Bias
(Fig. 5B) (Bibb et al. 1984) predicted a coding sequence
of 576 bp starting with the ATG codon at position 376
and ending with a TGA (stop) codon at position 952.
Analysis of the complement of this sequence using the same
programs suggested that the second identified ORF was
noncoding. The position and orientation of the ORF shown
in Figure 4 are consistent with the TnS5 insertional
inactivation data (Fig. 1).

A potential ribosomal binding sitt GACGAGGG (Shine
and Dalgarno 1974; Stormo et al. 1982) was observed at
positions —15 to —8 with respect to the ATG start codon
(361-368). This is consistent with the location of the
predicted coding region. Upstream of this presumptive
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translational start site is a putative Rhizobium promoter
sequence, —293 to —272 (84-105), identified by analyzing
the entire sequence for the consensus sequence
TTPuANN...17b....PuAPuPuPuPu..4-5b..CA (Ronson
and Astwood 1985) using the UWGCG programs Bestfit
(Smith and Waterman 1981) and Gap (Needleman and
Wunsch 1970). No homology was found in this upstream
region to the nrrA-activable consensus sequence
CTGGYAYR-N,-TTGCA (Gussin et al. 1986). Several
inverted repeat sequences that have the potential to form
stemloop structures were identified downstream of the stop
codon (Fig. 4). The deduced amino acid sequence of the
protein contained 192 residues with an unmodified
molecular weight of 21.3 kDa. The amino acids tryptophan
and cysteine were not represented in the sequence.

An examination of the charged residues would suggest
that the protein has a net positive charge of eight (Kyte
and Doolittle 1982) with 34 aspartate and glutamate
residues, 31 arginine and lysine residues, and 7 histidines.
No significant similarities to proteins in the National Bio-
medical Research Foundation (NBRF) protein resource
data base (version 16) (Sidman ez al. 1988) were seen. There
was also no significant homology to any DNA sequence
in the GenBank (version 56) (Bilofsky and Burks 1988)
or European Molecular Biology Laboratory (EMBL)
(version 15) (Cameron 1988) DNA sequence data bases
or to the NBRF Nucleotide Sequence Data Library (version
33).

DISCUSSION

Rhizobium invasion of a plant cell is a tightly regulated
process between host and symbiont. Any imbalance
between the partners may result in a symbiotic defect such
as infection thread abortion (Noel et al. 1986), a failure
of the bacteria to be released (Pankhurst 1974; Pankhurst
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Fig. 3. DNA sequencing strategy for the invasion (inv) gene from
Rhizobium loti strain NZP2037. Arrows show the direction in which
each clone was sequenced, and bars show the length and position of
each restriction fragment and Tn5 junction fragment sequenced. The
sequenced position of each Tn5 insertion is indicated. Restriction sites
have been abbreviated as follows: A, Alul; H, Haelll; S, Sall; and X,
Xhol,



et al. 1972; Noel et al. 1982; Truchet et al. 1980; Morrison
and Verma 1987) or failure of the rhizobia to differentiate
into mature bacteroids (Ma et al. 1982; Chua et al. 1985;
Hirsch and Smith 1987).

In this work we have identified a gene required for
effective nodulation of L. pedunculatus. DNA sequence
analysis identifies an ORF of 576 bp coding for an
unmodified protein of 21.3 kDa. The position and
orientation of this sequence are consistent with the
transposon TnS5 insertion data shown in Figure 1. Although
an earlier report (Chua et al. 1985) indicated that this locus
was involved in bacterial release from the infection thread,

the isolation here by allelic replacement of three further
Fix~ mutations within this locus and an analysis of their
nodule phenotype by electron microscopy show that the
phenotype is much more complex than just a block in
release. While examples of rhizobia confined to infection
threads were observed, many of the examined nodules
showed release of rhizobia that had failed to develop into
mature bacteroids (Fig 2). In some cases there was extensive
degeneration of the PBM, a phenotype characteristic of
a number of nif and fix mutations (Ma et al. 1982; Hirsch
and Smith 1987). However, no significant homology was
detected between the gene sequence presented here and

CAAGCTGGAAGGCCGTGAC@GTTTTCGGC@TCGCGCAGACGGGCTCCGGQAAGACCGCGQCCTTTGCGCTG 71

Alul (56) -350

CCTATCCYTGTCGAAGATCATCGCGCTCGGCACCAAGCGGCGCGCCAAGACGACCCGCGCGCTCATCCTGG 141

-300 ° (41

-250"

)
CGCCGACCCGCGAGCTCGCCGTGCAG'ATCGAGGACACCATCAAGATCCTCGCCAAGGGQGCGCATGTCTC 211

Alul

-200°

GACGGCACTCGTGCTGGGCGGCGTCTCGQGCTTCAGCCAGGTGAAGAAQGTTGCTCCCGGCGTCGACATCC 282

-150

Sall

TCATTGCCACGCCGGCCGATTGACCGACCTGGTGCGCGAGGGCGACCTCATCCTCTCCGACACAAATGGCT 353

..50

Met Leu Asp Met Gly Phe Ile Asn Asp Val Lys Arg

GGTGCTGGACGAGGGCGACCGC ATG CTC GAC ATG

1

Ile Ala Lys Ala Thr Ala Pro Asp Arg Gln
ATC GCC AAg GCG ACC GCG CCT GAC CGC CAG

50

Pro Asp Glu Ile Ala Glu Leu Ala Lys Gly
CCG GAC GAG ATC GCC GAA CTG GCC AAG GGT

100

Glu Val Ser Pro Gln Ser Thr Ala Ala Ala
gAA GTC TCG CCG CAA AGC ACC GCG GCC GCC

150

Ala Arg Thr Lys Gln Lys Arg Gln Val Leu

GCC CGC ACC AAG CAG AAG CGC CAG GTT CTG TCG ACG ATG CTC GCT GAC GAG GCG 627

200

Met Lys Ser Val Ile Ile Phe Ser Arg Thr
ATG AAG TCC GTC @TC ATC TTT TCG CGC ACC

) (18)
Lys Asp Leu Glu Arg Asp Gly Phe Lys A%?
AAG GAC CTC GAG CGC GAT GGC TTC AAG GCG

Xhol

Gln Asn Ala Arg Gln Lys Ala Leu Asn Asp
CAG AAT GCC CGT CAG AAG GCG CTG AAC GAT

Leu Val Ala Thr Asp Ile Ala Ala Arg Gly
CTG GTC GCG ACC GAC ATC GCG GCG CGC GGC

Val Val Asn Phe Asp Leu Pro Asp Glu Ala
GTC GTG AAT TTC GAC CTG CCG GAT GAG GCG

Arg Ser Arg Pro Gln Arg His Gly Arg His
CGC AGC CGG CCG CAA CGG CAT GGA CGG CAT
550

End

TGA GAACAQCAAGCTGCGQCAGGTCGAGQGCATCATCCQCACCAAACTQCCGVATCGTCQCCGACCATCT

Alul

CGGCAGCCCCGATCCGCAGCGCAATCCGGCTGAAAAGAACGAGCGCTTCGAGCCCGCCAATGATCGCAACG
—_— T e— . . . :

ACCGCAATGGCCGTCGTGACCGGCGCCGGCGGCGAAAACAAGGG
.————-’ . <——_ .

GGC TTC ATC AAC GAC GTC AAG CGC 411

Thr Ala Leu Phe Ser Ala Thr Met
ACG GCG CTG TTC TCG GCC ACC ATG 465

Leu Leu Lys Asn Pro Val Arg Ile

CTT CTG AAG AAC CCG GTC CGT ATC 519
(239)

Glu Ile Val Gln Gly Val val Phe

GAG ATT GTC CAG GGC GTC'GTQ TTC 573

Ser Thr Met Leu Ala Asp Glu Ala

Sall 250

Lys His Gly Ala Asp Arg Val Thr

AAG CAT GGC GCC GAC CGG GTG ACC 681

. . 300 <
Ala val Ile His Gly Asn Lys Ser
GCC GTC ATC CAC GGC AAC AAG TCG 735
350
Phe Arg Asp Gly Ser Val Arg Ile
TTT CgC GAT GGA TCQ GTC CGC ATT 789
400

Ile Asp Val Pro Gly Ile Ser His

@TC GAC GTC CCC GGC ATC AGQ CAT 843
450

Glu Ser Tyr Val His Arg Ile Gly

GAA AGC TAC GTC CAC CQC ATC GGC 897

500 Alul

Arg Asp His Ala Leu Arg Ser Phe

CGC GAT CAC GCT TTG CGA TCC TTC 951

(63)
1020

1091

1135

Fig. 4. DNA sequence and deduced amino acid sequence of the Rhizobium loti invasion (inv) gene. The numbers below the lines refer to the
nucleotide positions in relation to the ATG initiation codon (1). The first digit is aligned with the numbered nucleotide. A putative promoter region
(84 to 105) (—293 to —272) and ribosome binding site (361 to 368) (—15 to —8) are underlined. Possible stemloop structures in the terminal region

are indicated by arrows. The positions of Tn$ insertions in the sequence are shown by

(Fix*) and w  (Fix"). The number given in

brackets above the symbol corresponds to the number assigned to the TnS insertion in Figure 3.
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any other Rhizobium sequence in the current versions of
the EMBL and GenBank data bases, including both nif
and fix genes and a recently reported sequence of a B.
Japonicum gene involved in bacterial release (Morrison and
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Fig. 5. Analysis of the sequence presented in Figure 4. The bar in each
figure indicates the open-reading frame for the invasion (inv) gene. A,
Testcode analysis (Fickett 1982). Two dotted horizontal lines divide the
figure into three regions. Where the plot is above the two lines, the sequence
is predicted to be coding; below the two lines, noncoding; and between
the two lines, Testcode makes no prediction. B, Third Position GC Bias
(Bibb er al. 1984) for each reading frame in the 5’ to 3’ direction.
Nonrandom GC usage, indicative of possible coding regions, is indicated
by the plot rising above the horizontal dotted line. C, Codon Preference
(Gribskov er al. 1984). The codon usage in each reading frame in the
5’ to 3’ direction is compared with an Escherichia coli codon frequency
table. Where the codon usage is more like the codon frequency table
than a random sequence, the plot rises above the horizontal dotted line.
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Verma 1987).

The overall capacity of the mutants to invade the cortical
cells of L. pedunculatus was reduced, a situation observed
for Fix™ mutations of Bradyrhizobium Sp. (Arachis)
(Wilson et al. 1987). Even within those cells where infection
and release occurred, cell-to-cell variation was observed,
indicative of a “titration” effect by some host factor.
Although the function of the gene product deduced here
is not known, the phenotype of the nodules would suggest
that the tight coupling between host and symbiont is broken
down, resulting in a “resistance”-type response by the host.
This could take the form of a cell surface change resulting
in an increased sensitivity by the bacterium to toxic plant
substances.

L. pedunculatus is known to produce high levels of
condensed tannins, especially the flavolan prodelphinidin,
and the presence of these compounds has been correlated
with the inability of certain R. loti strains to form an
effective symbiosis with this host (Pankhurst et al. 1979).
However, strain NZP2037 is one of a small group of strains
that is capable of forming an effective symbiosis with L.
pedunculatus, and it is easy to envision how a slight
perturbation of the cell surface of this strain could restrict
its host range effectiveness. On the other hand, the mutation
could result in a biochemical change that reduces the ability
of the bacterium to elicit the appropriate response in the
host, and thereby leads to a block in cell invasion.

In support of the latter hypothesis is the recent
observation by Morrison and Verma (1987) that a mutation
in B. japonicum which prevents release of the bacterium
into the host cell differentially influences the induction of
PBM nodulins. While the synthesis of one PBM nodulin
(nodulin 26) was unaffected by the mutation, two others,
nodulins 23 and 24, were not fully expressed. Morrison
and Verma suggest that full induction of these specific PBM
nodulins is required for efficient release of rhizobia and
the development of mature bacteroids. This tight coupling
between host and symbiont is also reflected by the fact
that all the mutations isolated here are host-specific, that
is they were Fix~ on L. pedunculatus but Fix" on L.
corniculatus. Wilson et al. (1987) have also isolated host-
specific, nitrogen-fixation mutations of Bradyrhizobium sp.
(Arachis) and a number of Rhizobium wild-type strains,
including R. loti (Pankhurst 1977), and shown they are
effective on one host and ineffective on another.

Our results demonstrate how tightly regulated the
interaction is between host and symbiont and emphasize
the need to identify the biochemical function of this gene
product and those encoded by similar inv loci in order
to explain the molecular basis of this interaction.
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