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Two of the three plasmids of the wild-type Rhizobium meliloti 41 (pRmedla and pRmedlc) carry a copy of
ISRm2, a 2.7-kilobase-long transposable element. ISRm2 is terminated by 22-base-pair (bp) inverted repeat
sequences, exhibiting some homology to the inverted repeats of elements generating 9-bp target sequence
duplication. Transposition of ISRm2 results in a duplication of 8 bp in length, rather rare among transposable
elements. DNA sequences homologous to an internal fragment of ISRm2 were found in several Rhizobium
species. Transposition of ISRm2 into fixation and nodulation genes located on the symbiotic plasmid pRme41b
was detected at a high frequency. Exact locations of two copies of ISRm2 which transposed into the nod-nif
region on the megaplasmid were determined. In one case, integration into the protein-coding region of the hsnD
gene that determines a host specificity function of nodulation occurred. In the other mutant, ISRm2 was
localized upstream of nifA, where a short open reading frame coding for a new fix gene (fixX) was identified.
The product of fixX is a ferredoxin carrying a characteristic cluster of cysteine residues. On the basis of the
observation that the arrangement of the ISRm2 copies is identical in the free-living wild-type cells and in
nitrogen-fixing nodules, we concluded that the involvement of ISRm2 transposition in the development of

nitrogen-fixing symbiosis is unlikely.

Symbiotic nitrogen-fixing Rhizobium species are able to
specifically interact with leguminous plants. Both bacterial
and plant genes are involved in the formation of root nodules
on the host plants, where atmospheric nitrogen is converted
to ammonia.

In Rhizobium meliloti, genes coding for nitrogen fixation
enzymes (nif genes) and for other functions of symbiotic
nitrogen fixation (fix genes) are localized on a megaplasmid
(3, 32). Bacterial genes determining nodule initiation (nod
genes) and host specificity of nodulation (hsn genes) are also
carried by the megaplasmid in the vicinity of the nif genes
(24, 26).

Detailed studies on the genes participating in symbiotic
nitrogen fixation unexpectedly led to the initial discovery of
transposable elements in Rhizobium spp. (33). In both trans-
position properties and structural organization, the rhizobial
insertion (IS) sequences resemble the procaryotic IS ele-
ments from other species (9). In R. lupini, the unusual
instability of the plasmid RP4 is due to insertions of ISR1, a
1.15-kilobase (kb)-long transposable element of the Rhizo-
bium genome, into three regions of RP4 (31). Another
insertion sequence (ISRm1), 1.4 kb in size, was character-
ized by its ability to insert at a frequency of 1072 to 1073 into
three EcoRI fragments carrying nif genes in R. meliloti 1021
(33). Repeated sequences RSRja and RSRjB clustered
around the nif region were found in the slow-growing
Bradyrhizobium japonicum (21). RSRja is structurally simi-
lar to the IS elements, but its transposition has not been
detected.

In this report, we describe a 2.7-kb-long transposable
element of R. meliloti 41 designated as ISRm2. We show that
ISRm?2 carries 22-base-pair (bp)-long inverted repeats at its
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termini, and an 8-bp target sequence duplication is induced
by its insertion. In the wild-type R. meliloti 41, the two
copies of ISRm2 are localized on the indigenous plasmids
pRmed4la and pRmedlc. The transposition of ISRm2 into fix
and nod genes carried by the megaplasmid pRmed41b was
detected. As one of the targets of ISRm2, a new fix gene,
JfixX, which codes for a ferredoxin, was identified between
JfixC and nifA.

MATERIALS AND METHODS

Bacterial strains, plasmids, and bacteriophages. The
strains, plasmids, and bacteriophages used in this study are
listed in Table 1.

Media and growth conditions. R. meliloti and other Rhizo-
bium species were cultured as described previously (24).
Escherichia coli strains were grown in LB complete medium
or in M9 minimal medium (27).

Transposon Tn5 mutagenesis. Random Tn5 mutagenesis
with plasmids pSUP1011 and pJB4JI was carried out as
described by Simon et al. (35), and Beringer et al. (4),
respectively.

Detection of large plasmids on an agarose gel. The in-gel
lysis method of Eckhardt (13) as modified by Forrai et al.
(15) was used to separate plasmids and chromosomal DNA.

Plant tests. The symbiotic properties of R. meliloti deriv-
atives were tested on the host plant alfalfa (Medicago sativa
L.) as described previously (23).

DNA isolation. Plasmid DNA was prepared by the method
of Birnboim and Doly (5) and purified by two steps of
CsCl-ethidium bromide density gradient centrifugation. To-
tal DNA from bacteria was prepared by the method of
Dhaese et al. (11) and from root nodules by the method of
Varsanyi-Breiner et al. (39). M13 phage derivatives used for
sequencing were propagated and purified by the Amersham
protocol (1).
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TABLE 1. Bacterial strains, plasmids, and phages

J. BACTERIOL.

Characteristics of strain or cloned fragments

Reference or

Strain, plasmid, or phage Vector of plasmids and phages source
R. meliloti 41
AK631 Nod* Fix* wild type, compact colony This laboratory
morphology
ZB138 Nod~ Fix~ derivative of AK631 carrying 3
deletion on pRme41b
ZB129 Nod~ Nif~ derivative of AK631, with a 24
deletion on pRme41b, lacking pRme4la
ZB308 Nod~ derivative of AK631 obtained after Tn5 24
mutagenesis
AK1485, AK1486, AK1487, AK1488, Fix~ derivatives of AK631 obtained after This work
AK1489, AK1490, AK1491, AK1492, random Tn5 mutagenesis
AK1493, and AK1494
R. meliloti 1021 Nod* Fix* wild type F. Ausybel
R. leguminosarum
JB897 phe trp str derivative of R. leguminosarum 300 J. Beringer
1015 J. Beringer
248 J. Beringer
R. trifolii 24K/56 Z. Lorkiewicz
A. tumefaciens AchS M. van Montagu
E. coli HB101 hsdS hsdM pro leu thi gal lacY recA str 6
pACYC184 TcF Cm" 10
pAK9 pBR322 12.8-kb BamHI fragment of R. meliloti 41 nif 2
region
pID2 pACYC184 4.8-kb EcoRlI fragment of R. meliloti 41 with IS This work
element
pSK10 pACYC184 6.8-kb EcoRI fragment of R. meliloti 41 with IS This work
element
pHMS pJC307 Carrying Tn5 28
pEKS5022 pJB8 49-kb fragment of Rme41b 24
pEK10 pRK290 6.8-kb EcoRI fragment of R. meliloti 41 24
pSK12 M13mpl8 HindlII-BamHI fragment of R. meliloti 41 This work
pSK15 M13mp19 HindlIlI-BamHI fragment of R. meliloti 41 This work
pID21 M13mp8 HindlII-PstI fragment of pID2 This work
pID23 M13mp8 HindIlI-Pst1 fragment of pID2 This work
pSK40 M13mpl9 HindllI-BamHI fragment of pID2 This work
pSK31 M13mp8 Mlul-Xhol fragment of pSK10 This work
pSK22 M13mp19 HindlII-Xhol fragment of pSK10 This work

Cloning procedures. For the cloning of IS-containing frag-
ments, total DNA of the mutant strains (ZB308 and AK1488)
was digested with EcoRI and separated on a 0.7% agarose
gel. Restriction fragments were isolated and ligated with T4
DNA ligase into EcoRI-digested and dephosphorylated
pACYC184 vector as described by Maniatis et al. (27). E.
coli was transformed by the method of Lederberg and Cohen
(25). The cloning of DNA fragments for sequencing into M13
vectors digested with appropriate enzymes was carried out
by the Amersham protocol (1). E. coli JM101 was used for
transfection. Digestions with restriction enzymes were per-
formed by the protocols of New England BioLabs. T4 DNA
ligase was kindly provided by K. Burg. The Klenow frag-
ment of E. coli DNA polymerase I was prepared in this
institute. Alkaline phosphatase was a product of Boehringer
GmbH.

Hybridization. Radioactively labeled probes were pre-
pared by nick translation as described by Maniatis et al. (27).
DNA was hybridized with the probes either in-gel (15) or
after Southern transfer onto nitrocellulose filters (36). The
conditions for hybridization were described previously (3,
15). Clones containing recombinant plasmids were screened
by colony hybridization (16).

DNA sequencing. For the determination of the DNA se-

quence, the dideoxy chain termination method of Sanger et
al. (34) was used. Preparation of the template, sequencing
reactions, and polyacrylamide gel electrophoresis were per-
formed as specified by Amersham Corp. (1). The primers
were kindly provided by A. Simoncsits.

RESULTS

Detection of an IS element in R. meliloti after random Tn5
mutagenesis. To isolate symbiotic mutants of R. meliloti 41
affected at different stages of nitrogen fixation, AK631 was
mutagenized with transposon TnS by using the suicide
plasmids pJB4JI (4) and pSUP1011 (35). Both Nod~ and
Fix~ derivatives were selected in plant tests. By studying the
linkage between TnS and the mutant phenotype, we ob-
served that in certain cases, the symbiotic defect was not
due to the TnS5 insertion but instead to the transposition of an
indigenous IS element.

In one typical experiment, after introduction of
pSUP1011, 1,200 independent Km" R. meliloti derivatives
were selected and tested on alfalfa for symbiotic ability. Ten
transconjugants exhibited the Fix~ phenotype (Table 2).

Various symbiotic functions of R. meliloti are encoded by
the megaplasmid pRmed4ldb (3, 24, 32). To identify TnS
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FIG. 1. (A) EcoRlI restriction map of the nod-nif region of R. meliloti 41. In addition to the EcoRlI sites (R), two HindIIIl (H) and two
BamHI (B) sites are shown. Plasmids pEK10 and pAK9 were used as hybridization probes to identify EcoRI fragments carrying ISRm2. (B)
Restriction maps of the two cloned EcoRI fragments. A heavy line demonstrates the IS elements within the fragments. Above the physical
maps of pSK10 and pID2, the protein-coding regions are labeled with hatched arrows: hsnABC, hsnD, and fixABCX, nifA, respectively.
Arrows below the physical maps represent restriction fragments cloned into M13 derivatives for DNA sequencing. Abbreviations: P, Pstl,

X, Xhol; M, Mlul.

insertions in this megaplasmid, chromosomal DNAs and
plasmids of the Fix~ mutants were separated by gel electro-
phoresis (3, 13) and then hybridized directly in the gel with a
TnS probe (pJC307::TnS plasmid; data not shown). The TnS
probe hybridized to the megaplasmid in 7 of 10 Fix~ mutants
and to the chromosome in the 3 remaining mutants (Table 2).

A relatively short region of the symbiotic megaplasmid
carries nodulation and fixation functions (24). To determine
whether the new Tn5 insertions were in this region, EcoRI
fragments of total DN As from wild-type and mutant bacteria
were separated by gel electrophoresis and hybridized with
cloned nif-fix region DNA (pEKS5022 cosmid clone [24]).
Changes in the hybridizing fragment pattern attributable to
insertion of the 5.8-kb Tn5 element were screened for.
Results are summarized in Table 2. One of the mutants,
AK1491, showed the pattern anticipated for Tn5 insertion
into a fix gene: a fragment of the wild type was replaced by
a 5.8-kb-larger fragment (which hybridized when the filter
was probed with labeled Tn5). However, in other mutants,
the increase in size did not correspond to the molecular
weight of Tn5. For example, in AK1488, a 4.8-kb fragment
was replaced by a 7.5-kb fragment, and the Tn5 probe
hybridized to a 15-kb fragment. On the basis of these results,
we concluded that the insertion of a putative transposable
element of unknown origin had occurred in several mutants.

Cloning of DNA fragments carrying IS sequences. To
characterize the inserted DNA, EcoRI fragments containing

TABLE 2. Characterization of Fix~ mutants selected after
random Tn5 mutagenesis

Mol size increase

Strain Site Of. Tna5 Ecgilsz(r‘;l;:n(;fnts of ECO.R 1 fragm.e nts
insertion carrying TnS hybridizing with
pEKS5022 (kb)

AK1485 C 12 8.5—-11
AK1486 P 8.5 8.5—11
AK1487 P 20 NC?

AK1488 P 15 48— 7.5
AK1489 P 13 12— 15
AK1490 P 15 NC

AK1491 P 15 85—15
AK1492 C 12 NC

AK1493 P 8 85—-11
AK1494 C 12 8.5—>11

4 C, Chromosome; P, plasmid.
& NC, No change.

the transposable element were cloned from the Fix™ mutant
AK1488 and from the Nod™ mutant ZB308. In AK1488, the
IS sequence was localized in a 4.8-kb EcoRI fragment (Fig.
1) carrying fix genes and nifA (8). In the Nod™ mutant
ZB308, the element was inserted into a 6.8-kb EcoRI frag-
ment (Fig. 1) coding for the host specificity genes of nodula-
tion (24).

EcoRI fragments of the total DNAs from both mutants
were separated by gel electrophoresis. Fragments carrying
the IS elements were isolated from the gel and ligated into
EcoRI-digested pACYC184. The BamHI fragment of plas-
mid pAK9 (2), partially overlapping the 4.8-kb EcoRI frag-
ment (Fig. 1), was labeled and used as a probe to identify
clones carrying the IS from AK1488; labeled pEK10 con-
taining the wild-type 6.8-kb EcoRI fragment (Fig. 1) was
used for screening the recombinant clones from ZB308.

Two recombinant plasmids were selected for further stud-
ies: pID2, carrying the 4.8-kb EcoRI fragment with the IS
sequence, and pSK10, containing the 6.8-kb EcoRI fragment
with the inserted sequence. The positions of the inserts
within the EcoRI fragments were mapped by using restric-
tion enzymes (Fig. 1). The inserted DNA does not carry
restriction sites for EcoRI, BamHI, Kpnl, Bglll, Smal,
Xbal, or BstEIl. Three Xhol sites were found in the IS copy
in pID2 and, interestingly, only two sites in the other copy in
pSK10. HindIII and Pstl have one restriction site within
both IS copies. In further experiments, the internal HindIII-
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FIG. 2. Hybridization of 3?P-labeled ISRm2-specific HindIII-
Pstl fragment to EcoRI-digested total DNAs from symbiotic mu-
tants, wild-type R. meliloti 41, and several other Rhizobium species.
Lanes: 1, wild-type R. meliloti 41; 2, AK1488; 3, AK1486; 4,
AK1489; 5, ZB308; 6, ZB128; 7, R. leguminosarum 897; 8, R.
leguminosarum 1015; 9, R. trifolii 24K/56; 10, R. meliloti 1021.
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Terminal inverted repeats of ISRm2 in pID2

++« GCATGGAGTGCGECACATGCAGAGTGT TG TGCQAGECARRTIG TAAGEGC TCAT TTCCATGEGOGT TGACE

GGCCCGTTTGACCGGGGTCGCTGT. ..

vee nCAcTTCA!GCGGCAGAGGCAYCATCAACGAGAMAGl

GACGTCGAGTGGAGCTATCCACGAGGTGGCTTCGGTGTCCTCTTCAAGTTCGGATGAGCCACTCTAAGET. ..

Terminal inverted repeats of ISRm2 in pSK10

. .ancmcrancnccnmAncuccmcntEmruAﬂEruarccvﬁAnrccuﬂ:c&nncr

528
CGTTGATGCCTCTGCCGCATGAAGTGTCCACTTAAAATAGGTGGACACCAAATATGAGTGACGAAGAGCA ...

...r.mnccuAc:cArcccccI:AAAcccccc:mcur‘lcc@lacAAA@cccanff GTTTAATCGA

GTACGAGAGGCTCCTTCGLGATCCCGTCCCTTGCGTGGCAACGGTCTTAGATTTCCTCGGEGCTCCTGEC . . .

FIG. 3. DNA sequences of the terminal inverted repeats of
ISRm2 from pID2 and pSK10. The target sequences and terminal
repeats are shown in boxes. ISRm2 sequences are underlined. Short
adjacent wild-type sequences at the 5’ and 3’ ends are also demon-
strated. The number below the sequence from pSK10 indicates the
position of the first base pair of the target sequence within the hsnD
gene. The sequence data for hsnD are from Horvath et al. (18a).

Ps1l fragment was used to prepare IS-specific hybridization
probes.

Origin and localization of ISRm2 in R. meliloti 41. Two
hybridizing EcoRI bands of 4.4 and 8 kb were detected when
total DNA of the wild-type R. meliloti strain was hybridized
with the internal HindIII-PstI fragment of ISRm2, demon-
strating the presence of two IS copies in the wild-type
genome (Fig. 2). However, an additional hybridizing band of
a different size was also visible when some of the Fix~ and
Nod™ derivatives obtained after random Tn5 mutagenesis
were tested with the same probe, indicating the generation
and insertion of a new copy of this IS element. Since this
transposable element is of R. meliloti origin, we have desig-
nated it as ISRm2.

To localize the two copies of ISRm2 in the wild-type R.
meliloti 41 genome, chromosomal DNA and plasmids were
separated by gel electrophoresis and hybridized with the
labeled internal fragment of ISRm2. One copy of the IS
element is located on pRme4la, as demonstrated by the
hybridization of this plasmid to the probe (data not shown).
Since the other two plasmids pRmed4lb and pRmedlc
comigrate in 0.7% agarose gel, ZB138, a mutant derivative
having a large deletion in pRme41b, was hybridized with the
same probe. The second hybridizing band in ZB138 ap-
peared at the level of pRme4lc, demonstrating the presence
of the second ISRm2 copy on that plasmid (data not shown).

The EcoRI-digested total DNA of the mutant ZB129,
lacking pRme4la, did not reveal a hybridizing 4.4-kb frag-
ment (Fig. 2). Therefore, we concluded that pRmed4la car-
ries the 4.4-kb EcoRI fragment with ISRm2, while the 8-kb
EcoRI fragment is located on pRme41c.

Conservation of DNA sequences homologous to ISRm2 in
various Rhizobium species. Several Rhizobium species, a
strain of the closely related Agrobacterium species, and an
E. coli strain were screened for the presence of possible
DNA sequences homologous to ISRm2. The hybridization of
the labeled ISRm2 probe with EcoRI-digested total DNAs
revealed one or two bands homologous to ISRm2 in R.
meliloti 1021, in two R. leguminosarum strains, and in R.
trifolii 24K/56 (Fig. 2). However, hybridization of the probe
to the other Rhizobium strains tested was less intense than to
the parent strain, R. meliloti 41. In R. leguminosarum 248,
Agrobacterium tumefaciens AchS, and E. coli HB101, no
sequences homologous to ISRm2 probe were detected (not
shown).

J. BACTERIOL.

Arrangement of ISRm2 copies in nitrogen-fixing bacteroids.
The transposition of ISRm2 into DNA regions determining
both nodulation and fixation functions was observed (e.g.,
for mutants AK1488 and ZB308). Since symbiotic functions
were affected by ISRm2 insertions, the possible involvement
of ISRm2 transposition in symbiotic nitrogen fixation pro-
cesses was examined. EcoRI-digested total DNAs from the
free-living bacteria and symbiotically effective root nodules
were hybridized with a highly labeled (14) internal ISRm2
fragment. The hybridization pattern of nodule DNA was
identical with that of the bacterial DNA (data not shown),
suggesting that no ISRm2 transposition into new locations
occurred.

Structure of ISRm2 and its integration sites. Perfect or
nearly perfect terminal inverted repeats of about 10 to 40 bp
are characteristic of the structure of IS elements (20).
Insertion into new sites is accompanied by the duplication of
a short sequence of target DNA, and, as a result, the IS
sequence is flanked by direct repeats of the target DNA.

To look for such DNA sequences in ISRm2 and in the
flanking regions, we cloned the termini of the IS element
together with the adjacent wild-type sequences from both
pID2 and pSK10 (Fig. 1). The exact sites of insertions were
determined by comparing these sequences with those of the
wild-type fragments.

In mutant ZB308, the ISRm2 was inserted into the nodula-
tion gene hsnD coding for a 29-kilodalton (kDa) protein,
which is involved in the host specificity of nodulation (Fig.
1). Since the nucleotide sequence of AsnD was determined
previously in our laboratory (18a), we were able to locate
ISRm2 within the hsnD protein-coding region at position
+536. A 22-bp inverted repeat was found at the ends of
ISRm2, and the insertion generated an 8-bp duplication of
the target sequence. The left and right inverted repeats have
two mismatches (Fig. 3).

The Fix~ mutant AK1488 carries ISRm2 between the
HindIll and BamHI restriction sites shown in Fig. 1. The
corresponding EcoRI fragment from R. meliloti 1021 con-
tains the fixABCX genes and part of nifA (8, 12). Since in R.
meliloti 41, the DNA sequence around the site of insertion
was not available, we sequenced the HindIII-BamHI frag-
ment (clones pSK12 and pSK15) and a fragment upstream of
the HindIlII site (clone pID23; Fig. 1). Analysis of the DNA
sequence data revealed a 306-bp-long open reading frame
(OREF) in this region, and the ISRm2 insertion was located in
this ORF at the position indicated in Fig. 4. At the termini of
this ISRm2 copy, 22-bp-long perfect inverted repeats were
found. Both the left and right repeated sequences have one
mismatch compared with the corresponding terminal repeats
of the other ISRm2 copy in pSK10 (Fig. 3).

A new symbiotic gene: fixX. As a result of the ISRm2
insertion, a Fix~ phenotype was observed in the mutant
AK1488, indicating that the short ORF codes for a functional
symbiotic gene. The amino acid sequence deduced from the
ORF DNA sequence is shown in Fig. 4. The 98 amino acids
define a polypeptide of 10.95 kDa. Six cysteines, four of
which are arranged in the C-terminal part, are present in the
molecule. Since the number and position of the cysteine
residues and the low molecular mass of the protein are
characteristic of bacterial ferredoxins, the amino acid se-
quence determined by the R. meliloti fix gene (designated as
fixX) was compared with ferredoxins of different bacterial
origin (Fig. 4). The most-conserved region was found around
the characteristic cysteine residues.

The presence of a sequence cysteine-two amino acids-
cysteine-two amino acids-cysteine in one part of the mole-
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cule and a sequence cysteine-proline in the other part is
required for formation of an iron-sulfur binding cluster (7).
On the basis of our results, we suggest that fixX codes for a
ferredoxin, in which four cysteine residues (66, 69, 72, and
46) participate in the binding of one iron-sulfur cluster. The
remaining two cysteines may form a disulfide bridge.

DISCUSSION

ISRm2, a 2.7-kb-long IS element, has been shown to be
present in R. meliloti 41. The presence of another IS
sequence, ISRm1 (1.4 kb), in strain R. meliloti 1021 was
previously reported (33). Hybridization of an internal restric-
tion fragment of ISRm?2 to the total DNA of R. meliloti 1021
revealed one hybridizing band (Fig. 2). This homology,
however, is not due to the presence of similar DNA se-
quences in ISRm1 and ISRm2, since R. meliloti 1021 carries
10 copies of ISRm1 (33). The differences in size and in the
restriction map also indicate that ISRm2 is a new element
that is not related to ISRm1.

The transposition properties of ISRm2 and ISRm1 are
similar. In both strains, the generation of new IS copies and
the insertion into new locations were observed when sym-
biotic mutants were screened after random Tn5 mutagenesis.
Whether the transposition of Tn5 has any role in the inser-
tion of R. meliloti IS elements into new sites remains to be
studied. Since the inverted repeat sequences are different at
the termini of ISRm2 and Tn5 (9), it is unlikely that a
TnS-encoded enzyme (transposase) plays any role in the
transposition of ISRm2.

In constrast to the situation with ISRml, hybridization
revealed DNA sequence homology to ISRm2 in several
Rhizobium species (Fig. 2). Whether these homologous
regions are carried by plasmids or by chromosomes is not
yet known. No DNA homology was detected with R.
leguminosarum 248, A. tumefaciens AchS, or E. coli HB101.

ISRm2 carries 22-bp-long inverted repeats at its termini.
In one copy (cloned into pID2), perfect inverted repeats
were found, while in a second copy (in pSK10), two mis-
matches were detected (Fig. 3). Therefore, the left and right
terminal repeats in pSK10 each differ from the terminal
repeats in pID2 by 1 bp. Moreover, in the copy cloned into
pSK10, one Xhol restriction site was missing. These varia-
tions in DNA sequence may reflect differences between the
two IS copies present in the wild-type genome. Sequence
comparisons revealed a homology of several base pairs
between the inverted repeats of ISRm2 and the inverted
repeats of previously studied transposable elements which
generate 9-bp target sequence duplications (9). The longest
conserved sequence in IS/, a representative of these ele-
ments, is -CTGATTT-, nearly identical to -CTCATTT-
found in ISRm2.

We show that insertion of ISRm?2 causes an 8-bp sequence
duplication at target sites, which is not common among IS
elements (20). Only IS/ and a variant of it are known to
generate either an 8- or 9-bp duplication (19). The target
sequences of ISRm2 carry A+T-rich regions ((CGTTTAAT-
and -AGGCAAAC-), also characteristic of the IS/ (29) and
IS10 (22) target sequences.

As we concluded from DNA sequence data, the Nod™
phenotype of mutant ZB308 was due to ISRm2 insertion into
the protein-coding region of the AsnD gene. Transposon TnS
insertions into AsnD also resulted in the loss of nodulation
ability on the host plant alfalfa (18a). In the Fix™ mutant
AK1488, the HindIII-BamHI fragment, where ISRm2 was
localized, is situated between the coding regions of fixABC

RHIZOBIAL INSERTION ELEMENT AND ITS TARGETS 1407

A -s0 -40 -30 -20 -10 1
" GGTCTCGTCAGTGACGCGGTTCGCCTTGCCTCCGCCTGGCGCTAAAGGAGAAATGAGATG

10 20 30 40 50 OOH
AAGACGGCAATCGCGGAGCGTATCGAAGACAAGC TTTACCAGAACCGT TATCTGGTCGAC
K T A 1 A E.R I E D K L Y Q NR Y L V D
GCAGGGEGTCCACACATTACAGTCCGECCACACCGGTCGCCAAGE T TAAACCTGE TCGEG
AGRPHITVRPHRSTEPSLNLLRA
CTCACGEGAGTCTGCCCGGCCAAATGE TACGAGT TGAATGAAACTGGGCAAGTGGAAGTC
L T R VYV CP A KT CVY ELNETGOQGQV E V
ATTGCCGATCGCTGCAT GEAGTGCGGEACATGCAGAGTGT TG TGCGRGECARAGRE T GAC
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FIG. 4. (A) DNA sequence of fixX from R. meliloti 41 and the
deduced amino acid sequence. The 8-bp target of the ISRm2
insertion is boxed. A putative ribosome-binding site upstream of the
ATG start codon is underlined. (B) Comparison of the partial
sequence of the fixX product from R. meliloti 41 with bacterial
ferredoxins. Homologous sequences are boxed. Sources of fer-
redoxins are as follows: 1, Desulfovibrio gigas (7); 2, D.

desulfuricans Norway (18); 3, R. meliloti 41; 4, Peptococcus aero-
genes (38); 5, Rhodospirillum rubrum (37).

2 Moy 1GEBE

25
3 ruuLtPu PSLNLLRLT

and nifA (8) (Fig. 1). Recently, a short ORF has been
detected between fixC and nifA in R. meliloti 1021 (12; A.
Puhler, personal communication). A 306-bp ORF was also
found in the identical position in R. meliloti 41. According to
DNA sequence data, one of the target sites of ISRm2 was
located within this ORF. The insertion resulted in a Fix~
phenotype, suggesting that this ORF corresponds to a func-
tional gene (designated as fixX) that participates in symbiotic
processes. On the basis of similarities to bacterial fer-
redoxins, we conclude that fixX codes for a ferredoxin.
Bacterial ferredoxins contain either one or two iron-sulfur
clusters bound through one or two sets of four cysteine
residues (30). The arrangement of four cysteines in the fixX
protein, cysteine-proline in the N-terminal part and three
cysteines, each separated by two amino acids, in the C-
terminal part of the protein, fulfils the basic requirements for
binding one Fe-S cluster (7). In contrast, other ferredoxins,
having a single Fe-S center, carry the three cysteines at the
N-terminal part of the molecule (37). The amino acid se-
quences of the fixX products from R. meliloti 41 and 1021 are
highly homologous (12; Puhler, personal communication). A
difference was found at position 62, where a threonine in R.
meliloti 1021 was replaced by an isoleucine in R. meliloti 41.
Like other ferredoxins, the fixX gene product probably
functions as an electron carrier. Therefore, it may be func-
tionally related to the fixABC operon, which is assumed to
code for electron transport proteins (12, 17).

In the wild type R. meliloti 41, the two ISRm2 copies
carried by the 4.4- and 8-kb EcoRI fragments are located on
plasmids pRme41la and pRmed4lc, respectively. New ISRm2
copies generated by transposition were localized on the third
plasmid, pRmed41lb. In 6 of 10 mutants, the insertion oc-
curred within a 49-kb region of this megaplasmid (shown by
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hybridization with pEK5022) (Table 2). It is interesting that
in four of the six mutants mentioned, ISRm2 transposed into
an 8.5-kb EcoRI fragment adjacent to the fragment carrying
the fixABC genes. It is difficult to conclude whether ISRm2
integration shows a preference for the nod-nif region of the
megaplasmid, since after random Tn5 mutagenesis, the TnS
insertion derivatives were screened for the Fix™ or Nod™
phenotype. Our results, however, are in agreement with the
data concerning ISRm1, which was reported to transpose
into the same nod-nif region of R. meliloti 1021. We have no
data yet about the possible integration frequency of ISRm2
into nonsymbiotic regions of the Rhizobium genome.

Repeated sequences of B. japonicum RSRja and RSRjB
have not been found to transpose, but, interestingly, some of
them are clustered around the nitrogenase genes. The re-
peated sequences of B. japonicum had the same arrangement
when the bacterial and nodule bacteroid DNAs were com-
pared (21). Similarly, the identical hybridization pattern of
ISRm2 in nodules and in a free-living R. meliloti strain
suggests that the direct involvement of this element in
symbiotic nitrogen fixation is unlikely.
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