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A mutational and structural analysis of Rhizobium loti
nodulation genes in strains NZP2037 and NZP2213 was
carried out. Unlike the case with other Rhizobium strains
examined to date, nodB was found on an operon separate
from nodACIJ. Sequence analysis of the nodACIJ and
nodB operon regions confirm that R. lofi common nod
genes have a gene organization different from that of
other Rhizobium spp. At least 4 copies of nodD-like se-
quences were identified in R. lofi. The complete nucleotide
sequence of one of these, nodD3, was determined. A new
host-specific nod gene, nolL, was identified adjacent to
nodD3. NolL shares homology with NodX and other O-
acetyl transferases. Mutational analysis of the nod regions
of strains NZP2037 and NZP2213 showed that nodD3,
nodl, nodJ, and nolL were all essential for R. loti strains to
effectively nodulate the extended host Lotus pedunculatus,
but were not necessary for effective nodulation of the less
restrictive host, Lotus corniculatus. Both nodD3 and nolL
were essential for R. loti strains to nodulate Leucaena leu-
cocephala.

Additional keyword: nodulation gene rearrangements.

The development of nitrogen-fixing leguminous nodules is
the result of two-way molecular signaling between the legume
host and the Rhizobium symbiont. Rhizobium nodulation
(nod) genes, with the exception of nodD, are not expressed in
normal growth medium but are induced on addition of root or
seed exudates to the medium (Innes et al. 1985; Mulligan and
Long 1985; Rossen et al. 1985). The inducer molecules pres-
ent in the exudates were identified as flavonoids and related
compounds (Firmin et al. 1986; Peters et al. 1986; Redmond
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et al. 1986; Spaink et al. 1987; Kosslak et al. 1987). The
chemical identity of the inducers varies for different Rhizo-
bium spp. While isoflavones are potent inducers of Bradyrhi-
zobium nod genes (Kosslak et al. 1987), they act as antago-
nists of Rhizobium leguminosarum bv. viciae nod gene
induction (Firmin et al. 1986).

Activation of nod gene expression requires the presence of
nodD regulatory gene(s) (Mulligan and Long 1985; Rossen et
al. 1985; Spaink et al. 1987). The product of nodD binds to a
conserved sequence (Hong et al. 1987; Fisher et al. 1988), the
nod box (Rostas et al. 1986), located upstream of most nod
operons. NodD functions as a host-specific determinant of
nodulation, interacting in a strain-specific way with a spec-
trum of flavonoid or flavonoid-like molecules (Horvath et al.
1987, Spaink et al. 1987). Most strains of Rhizobium studied
have multiple nodD genes, including R. meliloti (Honma and
Ausubel 1987; Gottfert et al. 1986), R. leguminosarum bv.
phaseoli (Davis and Johnston 1990), and R. fredii (Appel-
baum et al. 1988). Gyorgypal et al. (1988) showed that the
three nodD genes in R. meliloti contribute in a host-dependent
manner to nod gene expression.

Expression of the nod genes results in the production of
lipo-oligosaccharide Nod signal molecules that are relayed
back to the plant host, resulting in nodule meristem initiation
(Lerouge et al. 1990; Truchet et al. 1991). The Nod factors
characterized are all B-1,4-linked tetramers or pentamers of D-
glucosamine that are N-acylated on the terminal nonreducing
residue and N-acetylated on the other residues, but they differ
in the substituents linked to the chitin oligomer backbone
(Lerouge et al. 1990; Spaink et al. 1991; Schultze et al. 1992;
Price et al. 1992; Mergaert et al. 1993; Poupot et al. 1993).
The elucidation of the structure of Nod factors opened the
way to characterizing the biochemical functions of the nod
gene products. The common nodABC genes are involved in
the synthesis of the Nod factor oligosaccharide backbone
(Bulawa-and Wasco 1991; John et al. 1993; Rohrig et al.
1994; Atkinson et al. 1994). The host-specific nod genes en-
code products that decorate the backbone oligosaccharide (re-
viewed by Downie 1994). For example, NodPQ and NodH
from R. meliloti specify the 6-O-sulfation of the reducing
terminal glucosamine (Schwedock and Long, 1990; Roche et
al. 1991) whereas NodL from R. leguminosarum bv. viciae O-
acetylates the C-6 of the nonreducing terminal glucosamine
(Bloemberg et al. 1994). NodF and NodE are involved in the
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synthesis of polyunsaturated fatty acids that N-acylate the
Nod factors (Spaink et al. 1991).

We previously identified a nod gene region in R. loti strain
NZP2037 (Scott et al. 1985) that was subsequently shown to
correspond to nodACI (Collins-Emerson et al. 1990). Given
this novel organization of nod genes we decided to carry out a
more detailed mutational and structural analysis of strain

NZP2037, which forms effective nodules on a wide range of
legumes, and a second strain, NZP2213, which forms effec-
tive nodules on a more limited legume host range (Pankhurst
et al. 1979, 1987). In this report we show that the structural
organization of R. loti common nod genes is significantly dif-
ferent from that of other Rhizobium spp. (Young and Johnston
1989) with nodB on an operon separate from nodACIJ. In
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Fig. 1. Physical and genetic maps of the nodulation (nod) gene region of Rhizobium loti strains NZP2213 and NZP2037. Restriction enzyme sites for
EcoRI (E), HindIIl (H), Sall (S), and BamHI (B) are shown for the nod regions of (A) NZP2213 and (B) NZP2037. The organization of the nod genes as
determined by either DNA sequence (boxed arrows) or hybridization (unboxed) is also shown. Boxes with continuous lines represent completely se-
quenced genes whereas discontinuous lines represent partially sequenced genes. Filled boxes represent nod boxes. The sites of various Tn5 insertions,
and in some cases the allele number, are shown as vertical bars. The nodulation (Nod) and fixation (Fix) phenotype (scored as + or -) of the correspond-

ing R. loti mutants inoculated on Lotus pedunculatus seedlings is indicated by the height of the bar.
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addition we report on the identification and sequence analysis
of a new host specificity gene from R. loti, designated nolL,
that shares sequence similarity to nodX (Davis et al. 1988).

RESULTS

Isolation of nod cosmids from R. loti NZP2213 and
NZP2037.

Through the use of a previously isolated Nod~ mutant
(strain PN233) of NZP2037 as recipient and an Escherichia
coli/pLAFR1 gene library of NZP2213 as donor, the corre-
sponding nod region of strain NZP2213 was isolated by in
planta complementation (Long et al. 1982). When EcoRI di-
gests of a representative set of the complementing cosmids
were analyzed on an agarose gel, two patterns of overlapping
fragments were observed, corresponding to the EcoRI frag-
ments of pPN369 and pPN366 (Fig. 1A). An EcoRI and Hin-
dIII restriction enzyme map of this NZP2213 chromosomal
region was constructed by comparing single and double di-
gests of pPN369 and pPN366 and by probing Southern blots
of these digests with appropriately selected HindIII or EcoRI
fragments (Fig. 1A).

In parallel, the nod region of the wider host range strain
NZP2037 was also analyzed. Cosmid pPN306 was previously
isolated by in planta complementation of PN233 (Scott et al.
1985) and a physical map constructed (Fig. 1B). To extend
this map over the same region as that for NZP2213 an addi-
tional cosmid, pPN377, was isolated from a gene library of
NZ2037 by using pPN381 as a probe. A HindIIl and EcoRI
restriction enzyme map to pPN377 was constructed as de-
scribed above for the NZP2213 cosmids. A complete physical
map for the extended nod region of strain NZP2037 is shown
in Figure 1B.

Tn5 mutagenesis of NZP2037 and NZP2213 nod regions.
To identify the location of nod genes, other than NZP2037
nodC previously identified (Collins-Emerson et al. 1990),
Tn5 mutagenesis of E. coli strains containing pPN306,
pPN377, pPN369, and pPN366 was carried out as described
in Materials and Methods. The positions of the Tn5 insertions
are shown in Figure 1. Each unique Tn5 cosmid insertion was
then exchanged into the genome of NZP2037 or NZP2213 by
homologous recombination and the symbiotic phenotype de-
termined. Of the 37 NZP2037 TnJ5-containing mutants tested,
six (corresponding to insertions 4019, 4047, 4053, 4214,
4216, and 4082) showed an altered symbiotic phenotype on
Lotus pedunculatus (Fig. 1B and Table 1). Mutations 4019,
4047, and 4053 all mapped close to the previously isolated
nodC233 mutation (Collins-Emerson et al. 1990) and se-
quence analysis of Tn5 junctions showed that they corre-
spond to insertions upstream of the start of nodA (224 bp up-
stream), within nodC (28 bp downstream) and within nodIl
(35 bp downstream), respectively (Table 1). PN4019 was Fix*
but produced only 30 to 50% the dry weight of plants inocu-
lated with wild type. PN4047 was defective in hair curling
(Hac™) and nodulation (Nod~) whereas PN4053 was Hac* but
had a 1 to 2 week delay in nodulation (Nod"). All three muta-
tions were fully complemented for nodulation of Lotus
pedunculatus by introduction of either pPN306 (NZP2037) or
pPN369 (NZP2213). The other three mutant strains, PN4214,
PN4216 and PN4082, all had a delayed nodulation (Nod?)

phenotype and the Tn5s mapped to a 4.3-kb HindIII frag-
ment, about 20 kb distant from nodC233 (Fig. 1B). Sequence
analysis of the Tn5 junctions showed that they correspond to
insertions in nolL (a new nodulation gene, see below), nolL,
and nodD3, respectively (Table 1). These three mutations
were complemented by introduction of either pPN377
(NZP2037) or pPN366 (NZP2213). When tested on the inde-
terminate nodulating host Leucaena leucocephala, PN4047,
PN4214, PN4216, and PN4082 were all Nod~, whereas
PN4019 and PN4053 were Fix* (Table 1). On Lotus cornicu-
latus, a determinate host like L. pedunculatus, only PN4047
showed an altered symbiotic phenotype (Nod~) with the other
mutants all being fully effective (Table 1).

For strain NZP2213, 20 unique Tn5-containing mutants
were tested on plants, and of these only two, PN4129 and
PN4165, showed an altered nodulation phenotype on Lotus
pedunculatus (Table 1). Strain PN4129 was Hac™ Nod™ and
corresponds to a Tn5 insertion in nodC (Table 1), whereas
PN4165 showed a variable response with some plants being
Nod~ and others Nod?. As the wild-type strain, NZP2213,
forms tumor-like Fix™ nodules on L. pedunculatus (Pankhurst
et al. 1979), this host was not suitable for scoring the Fix
phenotype of the mutants, so instead L. corniculatus was
used. By means of this host, a third mutant, strain PN4148,
was identified that formed abundant small white spherical
Fix™ nodules. Strain PN4129 was Nod~ on both Lotus corni-
culatus and Leucaena leucocephala (Table 1). All three mu-
tations were complemented with cosmids from either
NZP2037 or NZP2213; strain PN4129 with pPN306
(NZP2037), pPN369 (NZP2213), and pPN366 (NZP2213);
strain PN4165 with either pPN377 (NZP2037) or pPN366
(NZP2213); and PN4148 with either pPN306 (NZP2037) or
pPN369 (NZP2213).

Complementation of R. leguminosarum bv. trifolii nod
mutations.

To better define the R. loti symbiotic loci identified by
transposon Tn5 mutagenesis, cosmids containing wild-type
nod alleles were transferred to several R. leguminosarum bv.
trifolii. Nod~ mutants and the transconjugants tested for

Table 1. Symbiotic phenotype of Rhizobium loti mutants

Plant host
Lotus Leucaena Lotus

Strain pedunculatus leucocephala  corniculatus
NZP2037 derivatives

NZP2037 Fix* Fix* Fix*

PN4019 Fix** Fix* Fix*

PN4047 (nodC)® Nod- Nod~ Nod~

PN233 (nodC)° Nod~ Nod- Nod~

PN4053 (nodI)® Nod“Fix-¢ Fix+ Fix*

PN4214 (nolL)P Nod’Fix~¢ Nod~ Fix*

PN4216 (nolL)° Nod’Fix~¢ Nod~ Fix*

PN4082 (nodD3)° NodYFix~¢ Nod-~ Fix*
NZP2213 derivatives

NZP2213 Nod*Fix~ Nod*Fix~ Fix*

PN4148 Nod*Fix~ Nod*Fix~ Nod*Fix~

PN4129 (nodC) Nod~ Nod~ Nod~

PN4165 Nod/Nod? Nod~ Fix*

# Fixation 50% of wild type.
® Gene identified by DNA sequence analysis of Tn5 junctions.
¢ Delay in nodulation (Nod¢) of 1 to 2 weeks.
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Table 2. Complementation of Rhizobium leguminosarum bv. trifolii (red
clover nodule phenotype) nodulation mutations

R. leguminosarum bv. trifolii mutant
ANU277 ANU249 ANU252 ANUS851

Plasmid (nodC)* (nodB) (nodA) (nodD)
NZP2037 (R. loti)
pPN306 ++0 - - -
pPN377 - - - *
pPN25 - - - -
pPN381 - - - -
pPN383 - - - +¢
NZP2213 (R. loti)
pPN369 ++ - - -
pPN366 ++ +4 - *
pPN388 ++ - - -
pPN385 - - - *
pPN389 - - - -
pPN387 ¢ - - -
PN100 (R. leguminosarum bv. trifolii)
pPN26 ++ ++ ++ ++

 See Djordjevic et al. (1985).

® Uniform complementation; Nod*Fix* nodules.

¢ Variable complementation; some plants Nod™ but others Fix~ or Fix*.

4 Uniform complementation; Nod*Fix* nodules but fixation 20% of wild
type.

¢ No complementation; Nod™.
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Fig. 2. DNA sequence and deduced amino acid sequence of nodA from
strain NZP2213. The 1,080-bp region shown includes the following: the
5’ region (divergently read) of an open reading frame (ORF), ORF1, that
corresponds to the N terminus of nodD1I; an intergenic region containing
a nod box consensus sequence (bold); the structural gene of nodA; an
ORF, ORF2, corresponding to a C-terminal 45-bp duplication of nodB,
(positions 917 to 961); a short intergenic region; and the N terminus of
nodC (positions 977 to 1080). Ribosomal binding sites and primer sites
for DNA sequencing are underlined. This sequence data will appear in
the EMBL/GenBank/DDBJ nucleotide sequence data libraries under the
accession number L06241.
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nodulation on red clover. The results of these experiments are
shown in Table 2.

Complementation of R. leguminosarum bv. trifolii nodB
and nodC mutations was observed but not that of nodA. The
fact that only pPN366 was able to complement the nodB mu-
tation, whereas pPN306, pPN369, pPN366, and pPN388 all
complemented nodC, indicated that nodB was separated from
nodC. This was subsequently confirmed by DNA sequencing
(see next section). In the case of the nodD transconjugants, a
range of symbiotic phenotypes was observed, indicating that
cross complementation of this mutation is inefficient.

Identification and sequence analysis of R. loti nodACI].

Given that the NZP2213 cosmid, pPN388 (Fig. 1A), com-
plemented the R. leguminosarum bv. trifolii nodC mutation
(Table 2), it was clear that at least nodC was located on this
fragment. Single-stranded sequence analysis of the end re-
gions of the EcoRI/Sall and Sall fragments of pPN388 (Fig.
1A) identified open reading frames (ORFs) similar to nodA,
C, I, and J from other rhizobia (Jacobs et al. 1985; Egelhoff et
al. 1985; Evans and Downie 1986).

The location of these ORFs and their presumed direction of
transcription is shown in Figure 1. As R. loti DNA spanning
this region (i.e., pPPN366) was unable to complement a R. le-
guminosarum nodA mutation (see above) the DNA sequence
of the NZP2213 nodA was determined to confirm the pres-
ence of a complete gene (Fig. 2). The NZP2213 nodA gene
consists of a coding sequence of 594 bp starting with an ATG
at position 324 and ending with a TGA (stop) codon at posi-
tion 920 (Fig. 2). The deduced amino acid sequence of NodA
contained 198 residues with an unmodified molecular mass of
22.2 kDa. Upstream of nodA is a 47-bp sequence (residues
186 to 232; Fig. 2) similar to the Rhizobium nod box se-
quence (Rostas et al. 1986). Farther upstream, but divergently
“read,” is a short ORF of 57 bp (176 to 120), designated
ORF1. The deduced amino acid sequence of ORF1 shares
66% identity with the first 18 amino acids of R. meliloti
NodD1 (Egelhoff et al. 1985). There is no further similarity
either at the DNA or amino acid sequence level beyond the
stop codon (Fig. 2).

Immediately downstream of nodA is a short ORF of 45 bp
(917 to 961), designated ORF2. The deduced amino acid se-
quence of ORF2 had no significant similarity with any other
known polypeptide sequences. However, at the DNA level
there is 59% identity between ORF2 and the C terminus of R.
meliloti nodB (Egelhoff et al. 1985). The lack of similarity at
the polypeptide level is a consequence of a shift in the trans-
lational reading frame (Fig. 2). Downstream of ORF2 is a
short intergenic region, then an ORF corresponding to the N
terminus of NZP2213 NodC (residues 977 to 1080; Fig. 2).
Further downstream is nodI, the sequence of which was pre-
viously reported (Young et al. 1990).

By means of a similar strategy to analyze the corresponding
nod region of strain NZP2037, the gene order in this strain was
shown to be identical to NZP2213, i.e., nodA-ORF-nodCI (Fig.
1B). The complete double-stranded sequence of the NZP2037
nodC has been published (Collins-Emerson et al. 1990).

R. loti nodB.
To identify the location of R. loti nodB, a Southern blot of
EcoRI/HindIII double digests of pPN377 and pPN366 was



probed with a 1,220-bp EcoRI/Kpnl fragment containing
nodB from R. leguminosarum bv. trifolii ANU843 (Schofield
and Watson 1986). This probe hybridized to a 1.2-kb EcoRI
fragment from NZP2037 (Fig. 1B) and a 2.3-kb EcoRI/
HindIII fragment from NZP2213 (Fig. 1A). Sequence analy-
sis of the EcoRI end of the 2.3-kb fragment from NZP2213
(Fig. 3) revealed the presence of an ORF similar to nodB from
R. meliloti (Egelhoff et al. 1985). Immediately upstream of
the putative ATG start codon for nodB (505 to 507, Fig. 3) is
an ORF of 240 bp, designated ORF3, that is preceded by a
good ribosome binding site (256 to 262; Fig. 3) and a nod
box (residues 168 to 214; Fig. 3). The C-terminal 48 bp of
ORF3 (461 to 508; Fig. 3) share 70 and 77% identity with the
C-terminal DNA sequences of R. loti (Fig. 2) and R. meliloti
(Egelhoff et al. 1985) nodAs, respectively. Farther upstream
of the nod box is a sequence beginning at residue 148, but
divergently “read” to nodB, that shares considerable similarity
(77% for the 148 bp shown in Figure 3) to R. meliloti nodD1
(Egelhoff et al. 1985). This nodD-like sequence, designated
nodD1, lacks the N-terminal 54 nucleotides found in R.
meliloti nodDI. The absence of the N terminus, together with
the presence of several frame-shift mutations within the se-
quence, would suggest that this gene is inactive. Hybridiza-
tion experiments suggest that there are at least four nodD-like
sequences in the R. loti genome; three within the genomic
region shown in Figure 1 and one outside (results not shown).
The isolation of a symbiotically defective mutation (n0d4082)
in nodD3 of NZP2037 (Table 1) confirmed that at least this
copy was functional in R. loti.

R. loti host specificity genes nolL and nodD3.

The isolation of Tn5 insertions 4214, 4216, and 4082 in
strain NZP2037 (Fig. 1B) identified a third symbiotic locus in
R. loti. Sequence analysis of the Tn5 junctions of these inser-
tions demonstrated that 4214 and 4216 were located in a new
symbiotic gene, designated nolL, whereas 4082 corresponded
to an insertion in a nodD gene, designated here as nodD3.
Mutations in both genes gave rise to a Nod™ phenotype on the
indeterminate host L. leucocephala and Fix~ nodules on L.
pedunculatus, indicating that they are host-specificity genes
(Table 1). Complementation analysis (described above) indi-
cated that both genes are functional in strain NZP2213 as
well as NZP2037. We therefore decided to determine the
DNA sequence of nolL and nodD3 from the R. loti type
strain, NZP2213.

The DNA sequence of nolL and nodD3, spanning a region
of 2,726 nucleotides, is shown in Figure 4. The nolL gene
consists of a coding sequence of 1,119 bp starting with an
ATG at position 191 and ending with a TAG (stop) codon at
position 1312 (Fig. 4). The deduced amino acid sequence of
NolL contained 373 residues with an unmodified molecular
mass of 41.9 kDa. A BLAST search (Altschul et al. 1990) of
the GenBank and EMBL data bases revealed that NolL shared
significant similarity (Fig. 5) with an O-acetyl transferase
from Xanthomonas campestris (Y. S. Lin et al., unpublished
results), a deduced protein from Salmonella enterica (Wang et
al. 1992) and an O-antigen acetylase from Shigella flexneri
bacteriophage Sf6 (Clark et al. 1991), with BLAST scores of
64, 62, and 48, respectively. Clark et al. (1991) previously
showed similarity between the Sf6 acetylase and R. legumi-
nosarum bv. viciae NodX (Davis et al. 1988). An alignment

of the amino acid sequences of these proteins is shown in
Figure 5.

The nodD3 gene consists of a coding sequence of 903 bp
starting with an ATG at position 1547 and ending with a TGA
(stop) codon at position 2452 (Fig. 4). The deduced amino
acid sequence of NodD3 contained 301 residues with an un-
modified molecular mass of 34.3 kDa. Rhizobium loti NodD3
shares 69% identity (81% similarity) with R. meliloti NodD1
(Egelhoff et al. 1985). Upstream of the proposed translational
start site of nodD3 is a poorly conserved nod box (residues
1491 to 1537).

DISCUSSION

The common nod genes in R. meliloti and R. legumi-
nosarum are organized in a single operon as nodABCIJ with
an adjacent nodD that is divergently transcribed (reviewed in
Long 1989). In contrast, the nodB gene in R. loti strains
NZP2037 and NZP2213 is separate from nodACIJ. In strain
NZP2213 a remnant, 54 bp, of the N terminus of a nodD gene
was found upstream of the nodACIJ operon. What appears to
be the remaining C terminus of this nodD gene, nodDI, was
located upstream of the nodB operon (Fig. 3). The presence of
a C-terminal duplication of nodA (of about 45 to 50 bp) im-
mediately upstream of nodB, and a C-terminal duplication of
nodB (of about 45 to 50 bp) immediately downstream of
nodA, suggests that nodB was once joined to nodA in R. loti.
Assuming nodABCIJ was the ancestral operon organization
(Young and Johnston 1989), then R. loti strain NZP2213 has
undergone at least two rearrangements to generate a split
nodD] gene and duplicated C termini of nodA and nodB. The
nod genes of R. loti strain NZP2037 appear to have under-
gone a similar rearrangement (this work and Collins-Emerson
et al. 1990).

I CTGACGGTT&CGCACGCGGéTTAGAACGCATTCGCGGCC(’;CTCATCAT;\/A\ACAGTT('[\T(" 60

61  GTTGAATAGTCGCGCGGCCGGGCGACTGCCGCGCTCATGRCCGGOTGACTAAGGTTGATG 120
121 CTGCTGCCGCCGTGAGGTTGCGCGCGATCCAAGCCTTT( T( TCATCTATCCGCMCGTGG 180
181 ATGCTTGTCATCGMACMTCGATTTTGCCGATTC( ACA ( AACCTCCCA rn( {8 A\r‘( A/\ T 'l: 240

241 CAAGGATGCAGCCCTAAGGAGATTGTCGATGCATGCG I‘TGGCTL (,(,l\b(m( SCATTTTC! ’1(; 300

H A L R G S
1Y‘—-»mr AP ot

301 GFGTGTCCCTCCTGGTCTGCACCGAACATCGAGCGA(CC‘(‘AT( ((‘(‘TTTF(( ACCAGE ’lA 160
¢ v P P G L HR T S S E P I P 5 T ROY
361 CATCGGTGATCGGCGCAAGCTGCATCGCGTCGGCTCTT‘.G(_QN,AAGC [‘( CCCCCGH lA(. 420
I 66 bR RKILWHI RV G S S R Q A P P D o
421 CGTAGGCCC&TACCTCAAGGATCGGGGTTATGCCGATTGCGAATGGCC( ;;\(fl"(;( ;'I'A('AN" 480
N K DR G Y A DCEWUZP TG T T
481 AATTGACCGCAAGGGTTCGCAGCTATGAGACGTCTCGA F( ACAGATGGGAGK JCGCAGAG l 540

I D R K G S
M R R L D D R W E A O &
—snod
541 GAATGCGCTGACGGCACCGGGCGTCGAAGCGTTTATCT(‘A(‘GTT TGACG A( GOTCOCAN I' 600
ELADGTGRRSVYLTIDD({‘I]
601 cCC. ATGTTTCACAC(‘ACAGATACTCGATGTG ~TGGCG CAAAA TCGGCGTGC (n( CGACAT lr 660

p C F T P QI L DV L A QN IR V P A T F

Fig. 3. DNA sequence and deduced amino acid sequence of strain
NZP2213 nodD1-nodB intergenic region. The 660-bp region shown in-
cludes the following: part of an N-terminal deleted (54-bp) nodDI se-
quence (divergently read from positions 148 to 1); a nod box consensus
sequence (bold); a 240-bp open reading frame (ORF), ORF3, that con-
tains a 48-bp (positions 461 to 508) sequence similar (identical amino
acids are shown in bold) to the C terminus of R. meliloti nodA; and the
5’-end of nodB (505 to 660). A putative ribosome binding site (256 to
262) and primer sites for DNA sequencing are underlined. The primer
site for BSS lies immediately upstream (~20 to —1) of the sequence
shown. This sequence will appear in the EMBL/GenBank/DDBJ nu-
cleotide sequence data libraries under the accession number X65620.
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A complex rearrangement of nod genes has also been ob-
served for the Type I group of R. leguminosarum bv. phaseoli
(Véazquez et al. 1991), recently reclassified as R. etli (Segovia
et al. 1993). In this case nodA is separated from nodBC genes.
While there are regions of similarity between the nodA region
and the ORF1-ORF2-nodB-nodC operon in R. etli (Vizquez
et al. 1991), there are no obvious direct repeat sequences in
the vicinity of the rearranged genes, as is found in R. loti. The
45 to 50 bp C-terminal duplications of nodA and nodB in R.
loti provide target sites for further recombination.

Insertional mutagenesis and complementation experiments
confirmed that the NZP2213 nodB and nodC genes identified
here are functional. Complementation of R. leguminosarum
bv. trifolii nodC with a R. loti cosmid (pPN388) that lacks a
functional nodD would indicate that the R. leguminosarum
NodD can substitute for R. loti NodD in activating the R. loti
nodACIJ operon. In contrast, R. loti nodD3 only weakly
complemented a R. leguminosarum nodD mutation. The sin-
gle R. loti cosmid, pPN366, known to contain both nodACIJ
and nodB operons failed to complement the nodA mutation of
R. leguminosarum. One possible explanation for this lack of
complementation is that the Nod factor produced by ANU252
(nodA::Tn5) is a poor substrate for the R. loti NodA. In sup-

A

TTCGCATCGéCACACATGC(:?ACCGCCAATéCGCTCGAGG'i“TTGCGATCA(’SGCACTGGGA_’E‘ 60

-

61 TTTGTCCGCTCGGTTGCIQ(SSSCAATCGGCCCTCCATACCACGCGCGA’I‘CC[}CGTGATTTTC 120
A L LA S At
121 GATCCTTTGéACCGCGCTCGCCGTGCCCAGAAACGGCAAGTAGCAACTGCAACAGATAGé 180

181 CTGGAGTCTGATGC’I‘TGATCACATAAGAGéCGGAGCGM&GGACGCGGCTCGTGCCCAG& 240
D H I R A G A K G R G S C P A

|—>nolL
.« HindIII .
241 AGGGACAAACAACCGAGACCTAAGCTTTGATTTCGCCAAAGCGATACTCATTACTTTGGT 300
G T N N R D L F A KA I L I T L V

301 GATAATTGGGCACTTGTTACAATATTTAATCTACCAGGGCACCGACGCTTTCTGGCTGTC 360
I I G H L L Q Y L I Y Q T D A F W L S

361 GCCGTATTTCAAGTCGATCTACATGTTTCATATGCCTCTATTTATGGCGATMGCGGATA 420
P Y F K S I Y M F HM P L F M

421 CCTTTCTTCTGGGGCAATTTTGCGAAAATCGTTCACCCAGGGTGTCGGTGAGCGGGCAAT 480
L $ $ G A I L R K s F T QG V G E R A M

GCAGCTACTl.\CTGCCAATG(‘ZTATTTTGGTGTACGTTGAT'iTGGACGTTAAAGTCCGCAGT 540
L L PMILVFWCTTULTIWTILZ K S A V

48

et

541 TATTTTTCC'E‘ACGAAGAGTTTGACTGATACTCTGTTAGA';‘TTGTTGACGGAAGTTATTGG 600
I F P T K S L TDTTULULDULULTE V I G

601 AACTTACTGGTTCATATGGéCCGCATTTATTTCGTTCATTCTGATTAGAéTTCTTACAAC 660
T Y W F I WA A F I S F I L I RV L T T

661 GTTCAACCGTCTATCGATGTGGATCATAAGCGCATCTGCAATTGCGGTCGCATTCGCACC 720
F N R L s M W I I S A S A F

721 CATCACGTTATCAATAACCCCGTTGTTAAAATACACTTACCCATTTTATTGTTTAGGGTT 780
S L XK Y T Y P F Y L G F

781 CCTGTTTGCCCAGCCGATCGGATGGCAGAATGGTGTCATCTGGCGTTACAAATCGATTTT 840
L F A Q&P I GWOQNGUV I WU RY K S I F
841 TGTTGTCTTATTTTCGATAGCGGCTTTCATATGCTTCCTCGGATGGGGCAAGGAGACTTA 900

A F I C F L W G K BE T Y

901 TGCCTACAACAATC’I‘CGTTTTAATTCATGATGAACAGTCAGCTAAACGAGTTTTTCTGAT 960
A Y NN L V L I HDE Q S A KR V F L M

961 GTTCTCTGGCTCTTTGGCGGCTTCTGCGGTACGAATGCAGTCTATGTTCCAATGCTGGAG 1020
S L A A S AV RMOQSMT F QC W R

1021 ACTTGTCTAT‘TCGACTAGAGTAGCTCGCTTTGTCGCGG‘TGCAGCTTGGTCAGAGCACGCT 1080
L vY s T R V A RF V A V Q Q

1081 GC’I‘GCTTTACCTGGTCCAGGGTGCCGTGT’I‘TCGCCTCATGGATTTGATACAGTTTGGAGA 1140
Q D L I F G E

1141 AGTCTGGAATCTCACGACCAGAATCGCCTTCGCAACTGTGCTTGGAGTGGCGATTGTCGT 1200
W NL T TR I AF ATV L GV A I V V

1201 CATAGCGATGGCAATTCGCAGTATTGCGCGCAACCTCGGATATGTGTCGCGGATCGTTGT 1260
I ARNULGY V S R I V V

1261 CGGAGCGCCGCCGCACCCAAGTCCGCTCAAATCTCAATCTGTAATCAATTAGCCACGTGA 1320
G A P P H P S P L K S Q S V I N

port of this hypothesis the activity of the N-acyltransferase
(NodA) from R. meliloti has been shown to be sensitive to
oligosaccharide chain length (Atkinson et al. 1994).

All three operons examined here, nodAClJ, nodB, and
nodD3, contained classical (Rostas et al. 1986) nod box con-
sensus sequences in their promoter regions. In the case of the
nod box upstream of nodD3, however, only about half of the
classical consensus is conserved. Recent work by Goethals et
al. (1992) suggests that the functional unit of a nod box is a
15-bp inverted repeat sequence of ATC-N9-GAT, which like
all members of the LysR-type of regulated promoters
(Henikoff et al. 1988) is the core DNA binding motif. Two
copies of this core sequence are present within the 47-bp nod
box sequence identified upstream of the nodACIJ and nodB
promoters of R. loti.

As in the case of R. meliloti (Honma and Ausubel 1987;
Gottfert et al. 1986), there are multiple copies of nodD-like
sequences in R. loti. As discussed above, nodD] is presuma-
bly inactive due to the absence of the N-terminal 54 bp and
the presence of a series of frame-shift mutations. No informa-
tion is yet available on nodD2. The third copy of R. loti nodD
is host specific, being essential for R. loti to form effective
symbioses with L. pedunculatus and L. leucocephala but not

B 1321 aAAATTCGCATCTGTARTCGACATGTTTCATAGCTCCGGACCTATCCGATCGACTGTTGT 1380
1381 ACCGGTCGGCCATTCGCTCATCGGCCGCGCTATCCCCATAACTACGACGAGCACGTCCTC 1440
1441 CACGCGCGCGGGCGGCAGGTCGGGACACAACACCTCTGAGTGGGACCGTARACGAGEEEE 1500
1501 CATAATGGTéAcGATGACAAACAACCACGiTACGGACAGATGAGGCATGéGTTTCAAAGé 1560

\—»nodD

1561 CCTTGATCTGAACCTTCTCGTCGTGCTCGACGCACTGCTGACCGCGCGCAACCTCACGGC 1620
L N L L V VL DA AULTLTATRNTILT A

1621 GGCGGCAAGCAGCATCAACCTTAGTCAGCCGGCCATGAGCGCGGCCGTCGCCCGGCTGCG 1680
A A S S§ I N L S Q P A M

1681 CAACTATTTCAACGATGAACTGTTTACGATGAGCGGCCGCGAACGTGTTCTAACCCCGCG 1740
R V. L T P R

1741 TGCGGAAACACTCGCTCCCGCAGTTCGTGGCGCACTCTTGCACA‘TCCAATGCTCGATTAT 1800
A E T L AP AV RGAULLHTI QC s I I

BamHI . . . . .
1801 TTCTTGGGATCCGTTTAATCCGGCTCAATCCGATCGCCGCTTCAGGATCATTCTTTCCGA 1860
W D P F NP A Q S DRIRTFR I I L S D

1861 TTTCGCCACACTCGTGTTTTTTGAARAGGTCGTGGAGCGGGTTGCACGCGAAGCACCCGE 1920
AT LVFTFTETEKVVETERTYATETEAFPB A

1921 CGTCAGCTTéGAATTGCGGéCGCTCGACCACGACCCCGATGAGCTTCTCéGGCGCGGTGA 1980
vV S F E L R P L DH D P D E L L

1981 CGTCGAT‘TTTCTGATTCTTCCGGAATTTTTCATGTCAAGCGCCCATCCAAGAGCGGCGCT 2040
D F L I L P E F F S A H P R A A L

2041 GTTCGACGAGACATTCGTGTGCGTGGGCTGCCCCACGAACAAGGAGTTGCCACGGCAGCT 2100
D E TF V CV G C&P TN KE L P R Q L

2101 TACATTCGA(:"AGATACGTATCGATGAAGCACATTGCGTTéAGGGTCGGCéGTGCCCAGA’i‘ 2160
T F E R Y V S M K H I A F R V G G A Q M

2161 GCCCTCCATCGAGGAACAGTTTTTGCTTGAGCATGGTCTCAAGAGACGTGTCGAGATCGT 2220
P s I E E Q F L L E H G L K R R V E I V

2221 CGTGCAGGCCTTTAGCATGATTCCGCCGATGGTCTCAGGCACAGCTCGTATAGCGACCAT 2280
VQAaAFSMTI®PEPMVYSGT A AT M

2281 GCCCTTCCGGCTGGTTCAGCATTTCAAAAAAACCTTTCCCCTGCGGATCATCGAACTTCC 2340
F R L V Q F F P L R I I E L P

2341 GCGGCCACTACCCACGTTCACCGAGGCCGTCCAATGGCCCACCCTTCACAACAGTGATCC 2400
R P L P T F T E AV Q WP T L

2401 GGCAAGCATCTGGATGCGGCAGATAATGTTGCAGGAGGCATCCCGCATGTGMGTCGCGG 2460
s I WM R Q I M L E Mx

2461 GCACTCCTGGTCTTAGTCTCGATTTACTCAGCGCCTCATACGGGTGCGAACCGGCGTGTA 2520
2521 AAATTGGGT(‘:TGACGCAAA'{FTCGATGATT'i'TGCATGACGéGTGCCACGT(';TTTCCCCAC(}, 2580
2581 TCTGGCAGCCGGCAACACCAAAAACGTGAAGTGGAAGAAGTACTTTTACCGCARGCTGTG 2640

. . . . BamHI . .
2641 CGAGGCTGAAGGTTTTCGCCATGCGCCGCACCGARTTGCGGGGATCCTGAGCGTGAGATA 2700

. . EcoRl
2701 ACTCATCTCGTCGTCCTGCCGAATTC 2726

Fig 4. DNA sequence and deduced amino acid sequence of nolL and nodD3 from strain NZP2213. The 2,726-bp sequence shown includes the follow-
ing: the 5" region of nolL; the coding region of nolL (191 to 1309); the nolL-nodD3 intergenic region including a nod box sequence (bold); the coding
region of nodD3 (1547 to 2449). The sequence ends at the EcoRI site shown in Flgure 1A. Ribosomal binding sites for nolL (174 to 180) and nodD3
(1534 to 1540) and the primer site for BS11 are underlined. This sequence will appear in the EMBL/GenBank/DDBJ nucleotide sequence data libraries

under the accession number U22899.
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with L. corniculatus. By comparison with what has been
found for the function of multiple copies of nodD in R.
meliloti (Gyorgypal et al. 1988; Gydrgypal et al. 1991), it is
likely that the different NodDs in R. loti have different sensi-
tivities to specific host flavonoids and consequentially acti-
vate nod gene expression in a host-dependent manner.

As is the case for nodD3, the requirement for a functional
nodl gene product in R. loti is host dependent. NodI is re-
quired for forming an effective symbiosis on L. pedunculatus
but is not essential for effective nodulation of L. corniculatus.
In R. leguminosarum, mutations in nodl and J result in de-
layed nodulation of peas (Evans and Downie 1986) and dele-
tion of nodl and J in Bradyrhizobium japonicum (Gottfert et
al. 1989) results in strains with a Nod* phenotype when in-
oculated onto soybeans. Delayed nodulation was also ob-
served for a R. loti nodl mutant when tested on L. peduncula-
tus, but in addition this mutant was also Fix~ on this host.
This phenotype may of course be an indirect consequence of
nodl gene inactivation, as any delay in nodulation of L.
pedunculatus results in a rapid accumulation of condensed
tannins in this particular host, which in turn blocks infection
and establishment of a nitrogen-fixing symbiosis (Pankhurst
et al. 1979). Taken together, these results would suggest that
nodl and J are important in improving the efficiency of
nodulation on certain hosts and this is consistent with the re-
cent demonstration that NodIl and NodJ are involved in the
secretion of Nod factors (McKay and Djordjevic 1993).

Adjacent to nodD3 a new host-specific nodulation gene
was identified, nolL. This gene is essential for R. loti
NZP2037 to nodulate both L. pedunculatus and L. leuco-
cephala but is not required for nodulation of L. corniculatus.
Based on sequence comparisons, and by analogy with the re-
cently demonstrated biochemical function of NodX (Firmin et
al. 1993), we would predict that nolL encodes an acetyl trans-
ferase that O-acetylates the C-4 position of the fucose residue
located on the reducing terminal glucosamine of the recently
determined R. loti Nod factor (L6pez-Lara et al. 1995). Alter-
natively, like NodZ in Bradyrhizobium japonicum (Stacey et
al. 1994), NolL. may be involved in adding the entire 4-
acetylfucose.

In conclusion, the information presented here on the basic
organization of both common and host-specific nod genes in
R. loti will be very useful for comparative studies with other
rhizobia, but more importantly should enhance the develop-
ment of the model R. loti-Lotus japonicus symbiotic system
(Handberg and Stougaard 1992).

MATERIALS AND METHODS

Bacterial strains and plasmids.
These are described in Table 3.

Growth of bacteria.

Rhizobium loti cultures were grown at 28°C in either TY
medium (Beringer 1974) or S20 defined medium (Chua et al.
1985) supplemented where necessary with neomycin (Neo;
200 pg/ml for NZP2213 and 400 pg/ml for NZP2037), tetra-
cycline (Tet; 2 pg/ml), gentamycin (Gen; 50 pg/ml) or strep-
tomycin (Str, 200 pg/ml). Rhizobium leguminosarum bv. tri-
folii cultures were grown in TY or YM medium (Vincent
1970), supplemented where necessary with streptomycin (Str;

100 pg/ml) or neomycin (Neo; 200 pg/ml). E. coli cultures
were grown in either TY or LB (Miller 1972) medium. Anti-
biotic concentrations used for E. coli were as follows: tetra-
cycline (Tet; 15 pg/ml); kanamycin (Kan; 25 pg/ml); nalidixic
acid (Nal; 25 pg/ml) and gentamycin (Gen; 25 pg/ml).

Crosses.

Crosses were carried out on TY medium by the patch plate
method (Dixon et al. 1976). Transfer of pLAFR1 cosmids
into rhizobia or E. coli was carried out by the triparental
mating system (Ditta et al. 1980) using pRK2073 as the
helper plasmid. Rhizobium transconjugants were selected on
S20 medium containing streptomycin and tetracycline and
then mass inoculated onto L. pedunculatus seedlings. Rhizo-
bia were isolated from nodules, single colony purified, and
the resident pLAFR1 cosmid then transferred by conjugation
to E. coli HB101. To confirm that bacteria isolated from

Rlnodx .......... ....... MGP SNEHSSGHRN NFDLLRLFAA CQVMFSHAWN 33

Sf6oct ... L e MHKSN CFDTARLVAA MMVLVSHHYA 25

Saloct ... L.l MEKN SFPISHEHSL TMDYVKAFGM IFVLVGHI.. 32

Xamoct  VNAVTGASGT SAPVQAAGAR AFASGRSRDP RIDATKAIAI LLVVEFCHA. . 48

Rlnoll ...... MLDH IRAGAKGRGS CPAGTNNRDL SFDFAKAILI TLVIIGHLLQ 44
* * *

Rlnodx WLHLGDPLNG TWVFDLLFSA PGVA..IFFL ISGFLVTDSY IRSSSAASFF 81

Sféoct LSGQPEP... .YLFGFE.SA GGIAVIIFFS ISGYLISKSA IRSDSFIDFM 70

Saloct ...... N.ND IFNV.YY..A YLFHMPLFFF IGGVLYKDTR CITNFTAHVI 72

Xamoct ...... K.GV PHGMTLF..A YSFHVPLFFL VSGWLAAGYA SRTTSLLQTI 89

Rlnoll YLIYQGT.DA FWLSPYFKSI YMFHMPLFMA ISGYLSSG.A ILRKSFTQGV 92
*

*

Rlnodx VKRSLRIFPA LFVNIAVMEL ALLVTGGLNV TG........ .......... 133
Sféoct AKRARRIFPA L.VPCSILTY FLF...GWIL ND........ .......... 98
Saloct KKQLPYLIVT YLI...IGSI ALLINVRYGI HTGDAFSTGL YETVKLAIKS 119
Xamoct TKQARGLLLP YVVFYLLGYV YWLLTRNIGE KAARWGSHPW WEPI.VSMFT 138
Rlnoll GERAMQLLLP MLFWCTLIW. ........ TL KSAVIFPTKS LTDTLLDLLT 133

Rlnodx ...... ILQY LFYFTVYILT AARIWAVYFT YEPYTMSGFY GASDPSGV.L 156
sféoct ........ FS AEYFSHDIVR KTISSIFMSQ APDADITSHL IHAGING.SL 139
Saloct NFHNNKMFLT GWFLFAYIFV SILSVIIIKS IKRVVVSNAL LLSVLVAISV 169
Xamoct GVGPDLYVQP PLWFLPVMLV TVIGYVLLRR WMPPLVIAA. .......... 177
Rlnoll E...... VIG TYWF...IWA AFISFILIR. ..... VLTTF NRLSMWIISA 168

*

Rlnodx WTLTVELTFY LTLPMLLEIW RRWKRAGALV VAVAALGSWV MAQHFNITDK 206
Sféoct WTLPLEFLCY IITGVAVAL. ..LKNGKAFI VIQLVFVSLS LIG..SVSEN 184
Saloct LLITVSIT.Y LSPQYILVKD YKLNFICQVL T.GMSFYIFG .YVIRNQIYN 216
Xamoct ..VAVVLA.W FWMNWFPLQH MRLFWGLDVL PVSLCFYALG ALLIHVSPYL 224
Rlnoll SAIAVAFA.P ITLS...... ..... ITPLL KYTYPFYCLG FLFAQPIGWQ 206

Rlnodx YNPFLSVTAG PTFWIFSMGV LARLYWHRVS KIFEGKLLWW LATHLAITWW 256

Sf6éoct RDVMFSI... .PLWLYPLRG LA.FFFGATM AMYE.KSWNV SNVKITVVSL 228
Saloct LLNFYVFILL TVIL..... Y VS....KSYG FSTQTIMSWS YYPDGLIMS. 256
Xamoct PTSLPGSALV TVVLAALVAW LA....GVNG RIDVNMLEFG RQHAVFLLSA 270

Rlnoll NGVIWRYKSI FVVLFSIAAF ICFLGWGKET YAYNNLVLIH DEQSAKRVFL 256

Rlnodx VAGTSAAFIS INNAAPVDAF RIAVLAGLVL SAAHSLPRPN LLRRQDLSYG 306
sf6oct LAMYAYASYG KGIDYTMTCY ILVSFSTIAI CT..SVGDPL VKGRFDYSYG 276
Saloct VINALIGIYA VFFISLLITR GMKEIKLLKM ..... IGQNS RA........ 293
Xamoct VA.GSLMVIC A....... AR MVQEWTWLOW ..... IGRNT LL........ 299
Rlnoll MFSGSLAASA VRMQSMFQCW RLVYSTRVAR FVAVQLGQST LL........ 298

Rlnodx IYLYHMLVMH TLIAIGWV.. ....... GHW WLWIVEPVGT VALAALSWAL 347
Sf6oct VYIYAFPVQQ VVINTLHM.. ....... GFY PSMLLSAVTV LFLSHLSWNL 317
Saloct IMAYHLLVYV ILDIIASILG DYSLSGTDVY DNHFITKWSV PVYIALG.LL 342
Xamoct ILCTHMLVFF VLSGVAALAG GFGGARPGLG WAIFVTLFAL VASVPLRWFL 349
Rlnoll LYLVQGAVFR LMDLIQ..FG EVWNLTTRIA FATVLGVAIV VIAMAIRSIA 346

*

Rlnodx IEQPAMKLRT SLVARRLSVA .......... 367
Sféoct VEKRFLT.RS S...PKLSLD .......... 333
Saloct . .LPLIF SILKQKVIGK IKFKRDFRIN 367
Xamoct . .MRFAP WTLGARPVSA .......... 364
Rlnoll ...RNLGYVS RIVVGAPPHP SPLKSQSVIN 373

Fig. 5. Alignment of the deduced polypeptide sequence of NolL with
other O-acetyl transferases, including NodX. The O-acetyl transferases
include Rhizobium leguminosarum NodX (RlnodX; Davis et al. 1988,
accession no. X07990), Shigella flexneri bacteriophage Sf6 (Sf6oct;
Clark et al. 1991, accession no. X59553), Salmonella enterica (Saloct;
Wang et al. 1992, accession no. X60666), Xanthomonas campestris
(Xamoct; Y. S. Lin et al., unpublished results, accession no. X78451)
and Rhizobium loti NolL (RlnolL accession no. U22899). Structurally
similar amino acids are shown in bold and the asterisk indicates identity
in all five sequences.
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nodules were not revertants, resident cosmids were trans-
ferred back to strain PN233 and these transconjugants were
inoculated onto L. pedunculatus seedlings.

Tn5 mutagenesis of nod cosmids.

This was carried out by the method of de Bruijn and Lupski
(1984) using phage A467 as the source of TnS. Transposon
Tn5 insertions in nod cosmids were selected by conjugating
each cosmid into E. coli C2110 and selecting for Kan'Nal'Tet*
transconjugants. Plasmid DNA was prepared from randomly
selected colonies and digested with EcoRI to identify clones
containing Tn5 in the R. loti insert DNA rather than in vector.
The positions of the Tn5 insertions were then mapped by
analyzing restriction enzyme digests on gels and where nec-
essary by probing with appropriate gel-isolated fragments.
Marker exchange of TnJ5 insertions into R. loti strains PN184
(NZP2037str-1) or PN4115 (NZP2213str-1) was carried out
by plasmid incompatibility using pPH1JI (Ruvkun and Au-

Table 3. Bacterial strains and plasmids

subel 1981). Total DNA was isolated from these Str* Gen® Tet®
colonies, digested with EcoRI and Southern blots of the di-
gests probed with the appropriate EcoRI fragment to confirm
that a double crossover had occurred.

Nodulation tests.

Nodulation tests were carried out using Lotus pedunculatus
‘Grasslands Maku’, Lotus corniculatus L., Trifolium pratense
L., ‘Grasslands Hamua’, and Leucaena leucocephala (Lam.)
de Wit as previously described (Scott and Ronson 1982). Af-
ter 6 weeks (8 to 10 weeks for L. leucocephala) plants were
examined for the presence (Nod*) or absence (Nod") of nod-
ules and for symptoms of nitrogen starvation by measuring
the dry weight of the tops of both inoculated and uninocu-
lated plants. No significant difference in dry weight between
the test and control plants indicated an ineffective (Fix~)
symbiosis. In the case of L. leucocephala acetylene reduction
assays were carried out to determine whether nodules were

Strains, plasmids, phages Relevant characteristics

Source or reference

Strains
Rhizobium loti
NZP2037 Nod*Fix* (Lotus pedunculatus, Lotus corniculatus, and Leucaena leucocephala) DSIR Culture Collection
PN184 NZP2037 str-1 Chua et al. 1985
PN233 PN184 nodC::Tn5 Chua et al. 1985
NZP2213 Nod*Fix* (Lotus corniculatus), Nod*Fix~ (Lotus pedunculatus and Leucaena leu- DSIR Culture Collection
cocephala)
PN4115 NZP2213 str-1 Jones et al. 1987
R. leguminosarum bv. trifolii
ANUS843 Nod*Fix* Scott et al. 1982
ANU252 nodA::Tn5 Djordjevic et al. 1985
ANU249 nodB::Tn5 Djordjevic et al. 1985
ANU277 nodC::Tn5 Djordjevic et al. 1985
ANUSS1 nodD::Tn5 Scott et al. 1982
PN100 Nod*Fix* str-1 rif-1 Scott and Ronson 1982
Escherichia coli
JM101 supE, thi, A(lac-proAB), [F’, traD36, proAB, lacl® lac ZAM15] Yanisch-Perron et al. 1985
HB101 pro leu thi gal lacY recA str hsdD hsdM Boyer and Roulland-Dussoix 1969
C2110 polA Nal Leong et al. 1982
PN232 HB101/pPN306 Scott et al. 1985
PN457 HB101/pPN25 Scott et al. 1985
PN464 HB101/pPN366 This study
PN467 HB101/pPN369 Scott et al. 1985
PN600 HB101/pPN26 Scott et al. 1985
PN612 HB101/pPN377 This study
PN623 HB101/pPN381 This study
PN625 HB101/pPN383 This study
PN627 HB101/pPN385 This study
PN629 HB101/pPN387 This study
PN630 HB101/pPN388 This study
PN631 HB101/pPN389 This study
Plasmids
pRK2073 Kan® derivative of pRK2013 Leong et al. 1982
pPH1JI Gen' IncP Beringer et al. 1978
pBR328 Amp‘Tet'Cam’ Bolivar et al. 1977
pLAFR1 Acos derivative of pRK290 Friedman et al. 1982
pRt572 7.2-kb EcoRI nod fragment from ANU843 cloned in pBR328 Schofield et al. 1983
pUC18 Amp* Norrander et al. 1983
pUC19 Amp’ Norrander et al. 1983
pUC118 Amp' Vieira and Messing 1987
pUC119 Amp" Vieira and Messing 1987
Phages
A67 de Bruijn and Lupski 1984
M13mp18 Norrander et al. 1983
M13mp19 Norrander et al. 1983
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Fix* or Fix~, instead of measuring the dry weight of tops, be-
cause of the very slow growth rate of these plants. In all
nodulation tests the wild-type strains were included for com-
parison. Bacteria were isolated from nodules as previously
described (Scott and Ronson 1982).

Molecular biology methods.

All DNA manipulation procedures, including DNA se-
quencing methods, have been previously described (Scott et
al. 1985; Ward et al. 1989). Primers used for DNA sequenc-
ing, other than the universal M13 17mer (New England Bio-
labs, Beverly, MA), included a Tn5 sequencing primer (5’-
CGTTCAGGACGCTACTT-3") previously described by Scho-
field and Watson (1986) and primers

BS4 (5'-AAGAACTCAGAGAGTTCGAG-3"),

BS5 (5"-CGTCGCTCGACTCTGAGACG-3'),

BS6 (5'-GCACCCGATTTTGCGCCAGC-3),

BS7 (5'-GCCTAACAGTCGGGCCATCC-3"),

BS8 (5’-ATGAGTTGCAGCTTTCCGAT-3"),

BS11 (5-GATTTTGTCCGCTCGGTTGC-3"),
used for generating complete double-stranded sequence as
described in Results.

Computer analysis.

DNA sequences were entered, assembled, and analyzed on
a VAX using the Genetics Computer Group, Inc., (GCG)
package (Devereux et al. 1984).
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