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We have detected strong homology between a 9.2-kb EcoRI
restriction fragment from Rhizobium fredii USDA257 that
contains nodABC and eight additional EcoRI fragments in DNA
digests from this organism. A series of repetitive sequences respon-
sible for this hybridization lies within a 0.95-kb HindIIl/Sall
subfragment about 1-kb upstream of nodA. This subfragment
also hybridizes to multiple restriction fragments from nine other
strains of R. fredii, but only one is common to all strains. The
0.95-kb subfragment does not hybridize to genomic DNA from
17 other strains of fast-growing rhizobia, but there is weak
homology to two fragments from Rhizobium sp. strain NGR234.
We sequenced 2,432 base pairs (bp) of the region encompassing
the repetitive sequences. It contains 65 separate 8- to 11-bp
inverted and direct repeats, as well as two large open reading
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frames (ORFs) that overlap on opposite strands. ORF1 reads
in the same direction as nod4A BC, contains 1,071 bp, and encodes
a 40.6-kD protein. It has 74% sequence homology to an ORF
within the T-DNA of Agrobacterium rhizogenes and similar ho-
mology to a series of repetitive sequences from Bradyrhizobium
japonicum. ORF2 (981 bp) reads in the opposite direction, encodes
a 34.7-kD protein, and has partial identity with a second ORF
from A. rhizogenes. We could detect no poly(A)" nodule tran-
scripts with homology to ORF1 and ORF2. The eight sets of
repetitive sequences found in other EcoRI fragments of the
genome were cloned from USDA257 on separate cosmids. Some
of these cosmids appear to overlap, and two have fragments with
homology to nifKDH.

Rhizobium and the allied genera Azorhizobium and
Bradyrhizobium are gram-negative soil-dwelling bacteria
that fix nitrogen in symbiosis with legumes. The genetic
basis for plant infection, host range, and nitrogen fixation
is under intensive study and has led to the description of
genes that have both general and highly specific functions
in the process (Martinez et al. 1990). Random transposon
mutagenesis followed by screening for altered symbiotic
phenotypes on plants has allowed simultaneous identifi-
cation and physical tagging of both nodulation (nod) and
nitrogen fixation (fix) genes (Simon and Priefer 1989).

One recurring and initially puzzling observation in these
studies was the appearance of symbiotic mutants having
the transposon inserted into some neutral site unrelated
to the defect in nodulation (Ruvkun et al. 1982; Kondorosi
et al. 1984; Dusha et al. 1987, Wheatcroft and Watson
1987). Such mutants are especially common in Rhizobium
meliloti Dangeard and have led to the accidental discovery
of the endogenous insertion sequences ISRml (Ruvkun
et al. 1982) and ISRm2 (Dusha et al. 1987). These elements,
which normally are present in 10 or fewer copies per cell
(Ruvkun et al. 1982; Dusha et al. 1987; Wheatcroft and
Watson 1988; Labes and Simon 1990), may be activated
during transposon mutagenesis and preferentially inserted
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into nod|/ nif regions. IS Rm3 was discovered during a search
of R. meliloti plasmids (Wheatcroft and Laberge 1991),
and another such element was discovered in R. lupini, where
it transposes into plasmid RP4 at high frequency (Priefer
et al. 1981). In Bradyrhizobium japonicum (Buchanan)
Jordan, several families of insertion sequencelike elements
are known to be clustered in nod/ nif regions of the genome,
where they apparently promote deletions and other genetic
rearrangements (Kaluza et al. 1985; Hahn and Hennecke
1987a, 1987b). The presence of reiterated DNA sequences
also has been implicated in genetic rearrangements that
occur in other strains of rhizobia (Flores et al. 1987).

In addition to known or putative transposable elements,
the genomes of several rhizobia contain other types of
repeated sequences. These include reiterations of the nif HK D
promoter region (Better et al. 1983; Watson and Schofield
1985), as well as a series of poorly characterized reiterations
in R. fredii Scholla and Elkan (Prakash and Atherly 1984;
Masterson and Atherly 1986). Intact nod and nif genes
also may be present in several copies per genome. Examples
include nodD (Young and Johnston 1989), which regulates
root hair curling and infection, and nifH (Quinto et al.
1982, 1985), which encodes nitrogenase reductase.

We are particularly interested in strain USDA257 of R.
fredii. This organism has a broad host range for legume
species, yet exhibits cultivar specificity in nodulation of
soybean (Keyser et al. 1982; Heron and Pueppke 1984;
Scholla et al. 1984). We recently cloned and sequenced
anumber of nod genes from USDA257, including nodA BC,
an operon that functions in initial root hair curling
(Krishnan and Pueppke 1991). nodA BC is wholly contained
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within a 9.2-kb EcoRI fragment from the Sym plasmid
of USDA257 (Heron et al. 1989; Krishnan and Pueppke
1991). When we used this fragment to probe EcoRI-digested
genomic DNA of USDA257, we were surprised to detect
eight additional restriction fragments with strong homology.
We report here the sequencing and organization of the
nodA BC-linked repetitive sequences. This region contains
overlapping ORFs with significant homology to the T-DNA
of Agrobacterium rhizogenes (Riker et al.) Conn, as well
as to a family of repeated sequencelike insertion sequences
from B. japonicum. We also provide data on other copies
of the reiterations in R. fredii as well as a search for these
sequences in other rhizobia.

MATERIALS AND METHODS

Strains and plasmids. Wild-type strains of R. fredii,
including USDAZ257, originally were from the collection
of the U.S. Department of Agriculture and have been
described (Heron and Pueppke 1984). Nod™ transposon-
mutants 257B3, 257F3, and 257MS5 were prepared and
analyzed in our laboratory (Heron ez al. 1989). Strains
of R. meliloti and R. leguminosarum Frank bv. phaseoli
Jordan and trifolii Jordan prefixed USDA were from the
U.S. Department of Agriculture. D. H. Hubbell (University
of Florida) provided R. leguminosarum bv. trifolii strain
BAL and viciae Jordan strain 3HOql. T. A. Lie (Agri-
cultural University of Wageningen) supplied R. leguminosarum
bv. viciae strains PRE, PF,, ANKK319, and TOM. C. P.
Vance (University of Minnesota) donated R. meliloti strains
102F29, 102F51, and 102F65; and W. J. Broughton (Uni-
versity of Geneva) provided R. meliloti RCR2011 and
Rhizobium sp. NGR234. DNA libraries and clones from
USDAZ257 were prepared in our laboratory (Heron et al.
1989; Krishnan and Pueppke 1991); plasmids are listed in
Table 1. All bacteria were maintained in 7.5% glycerol at
—70° C. Escherichia coli was cultured in yeast extract-
mannitol (YEM) medium (Vincent 1970) at 37° C. Anti-
biotics were supplied as necessary at the following concen-
trations: carbenicillin (100 ug/ml), kanamycin (100 ug/
ml), and tetracycline (10 ug/ml).

General molecular methods. Cloning, plasmid isolation,
restriction, and Southern hybridizations followed standard

sized by random priming with Klenow enzyme (USB Bio-
chemicals, Cleveland, OH). Southern hybridizations pro-
ceeded overnight at 68° C in 10X Denhardt’s solution,
6X SSC (1X SSC = 0.15 M sodium chloride, 0.015 M
sodium citrate, pH 7.0) containing 0.1 mg of salmon sperm
DNA per milliliter. Unless stated otherwise, filters were
washed in a solution of 0.1% sodium dodecyl sulfate in
0.3X SSC at 68° C prior to autoradiography. Procedures
for colony hybridizations have been described (Heron et
al. 1989).

Sequence analysis. A total of 2,432 bp were sequenced
by the dideoxy-chain termination procedure (Sanger et al.
1977). This region corresponds to the entire 2,311-bp insert
of pHBK312 and an additional 121-bp extending to the
right of the HindlIIl site (Fig. 1). The strategy involved
generation of a series of subclones of pHBK312. Sequencing
was initiated at the restriction sites, and the sequences were
extended with the aid of a series of oligonucleotide primers.
The entire sequence was verified by complete analysis of
both strands. Computerized manipulation of the sequence
was by means of the EuGene software package, obtained
courtesy of the DNA Core Facility, University of Missouri.

Northern hybridizations. Nodules were induced by R.
fredii 257TDH4 on supernodulating Williams soybean. This
combination is particularly efficient in nodule production
(Balatti and Pueppke 1990). Total RNA was isolated from
nodules harvested 20 days after inoculation as described
(Rochester et al. 1986), including two precipitations with
2 M LiClL Poly(A)" RNA was enriched by the method
of Aviv and Leder (1972). RNA fractions were resolved
on 1.5% agarose gels containing formaldehyde and trans-
ferred by capillary blotting to nitrocellulose. The gels were
hybridized by standard procedures (Maniatis et al. 1982),
with the 0.95-kb insert of pHBK311 as probe. Leghemo-
globin clone pLB23 (Fuller and Verma 1984) was used
as a positive control probe in these experiments.

RESULTS

Localization of repetitive sequences in USDA257.
nodABC of R. fredii USDA257 is included in a 9.2-kb
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procedures (Maniatis ez al. 1982). Genomic DNA was iso- L P ) M . ) I pHBK303
lated and purified as described (J agadish and Szalay 1984), —
and DNA probes incorporating [*?P]-dCTP were synthe- nodABC Ilkb I
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lower expanded map corresponds to the sequenced region containing
repetitive sequences. The thick arrows below this portion of the map
indicate the positions of ORF1 and ORF2 and the directions of their
transcription. Abbreviations for restriction enzymes: A, Aval; B, BamHI;
C, Clal; E, EcoRI; H, Hindlll; K, Kpnl; S, Sall; X, Xhol.



EcoRI fragment from total genomic DNA (Krishnan and
Pueppke 1991) (Fig. 1). When the 9.2-kb fragment was
used to probe EcoRI-digested genomic DNA from USDA?257,
eight additional intensely hybridizing bands were detected
(Fig. 2). They range in size from 16 to 1.3 kb and are
most easily resolved in mutant 257B3, which has a deletion
in the nodABC region (Heron et al. 1989; Krishnan and
Pueppke 1991). All nine bands were present in the other
Nod™ mutants (Fig. 2).

To determine the extent of the homology common to
these sequences, we isolated a series of subfragments from
pHBK301 and used them to probe genomic DNA. Three
subfragments (the rightmost 3.9-kb EcoRI/ BamHI
fragment; the adjacent 1.7-kb BamHI fragment; a 1.3-kb
BamHl1/ HindIIl fragment that is internal to nodABC)
hybridized only to the 9.2-kb fragment in EcoRI digests
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Fig. 2. Repetitive sequences in the genome of Rhizobium fredii USDA257
and mutants derived from it. A 9.2-kb EcoRI fragment, which contains
nodABC, was hybridized to EcoRI-digested genomic DNA of (A)
USDAZ257; (B) 257B3; (C) 257F3; (D) 257MS5. The 9.2-kb fragment is
identified with an arrowhead; other fragments are identified with arrows
(sizes in kilobases).

of genomic DNA (Fig. 3, lanes A-C). Together, these
fragments spanned nearly three-quarters of the 9.2-kb
fragment and included all of nodABC. In contrast, the
2.3-kb EcoRI/ HindIII subfragment, which mapped to the
left side of the 9.2-kb fragment (Fig. 1), hybridized to all
nine genomic fragments. By using progressively smaller
subfragments as probes, we ultimately localized the nod A BC
-linked repetitive sequences to a 0.95-kb HindIll/ Sall frag-
ment that lies about 1 kb upstream from nodA4. The adjacent
0.96-kb Sall/ Kpnl subfragment (note that a small inter-
vening Sall fragment was lost during digestion) hybridized
with all but one fragment.

We retrieved eight of the nine repetitive sequence-
containing fragments on separate cosmids from a DNA
library of DNA from USDA257 (Fig. 4). The ninth and
smallest fragment was linked to the 1.6-kb fragment on
cosmid pRFRS9. Preliminary analysis of these and other
cosmids confirmed additional linkages among the repetitive
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Fig. 3. Localization of repetitive sequences on the 9.2-kb EcoRI fragment.
Genomic DNA of USDA257 was digested with EcoRI and blots were
probed with internal subfragments of the 9.2-kb fragment (see Figure
1) as follows: (A) the 3.9-kb EcoRI/BamHI fragment; (B) the 1.7-kb
BamHI fragment; (C) the 1.3-kb BamHI/ HindIII fragment; (D) the 2.3-
kb HindlIIl/ EcoRI fragment; (E) the 0.95-kb HindIlI/Sall fragment; (F)
the 0.96-kb Sall{ Kpnl fragment; (G) the 0.37-kb Kpnl/ EcoRI fragment.
Arrows mark the sizes of the hybridizing fragments (sizes in kilobases).
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sequences. For example, we retrieved an additional cosmid
that contained both the original 9.2-kb EcoRI fragment
and the 11-kb fragment. Using pSA30 (Cannon et al. 1979)
as a probe for nifKDH, we also localized nif genes on
a pair of EcoRI fragments, both of which are on cosmids
pRFRS2 and pRFRS4 (data not shown). These observa-
tions confirmed the existence of nif-nod linkage in
USDA257 and its physical association with repetitive
sequences.

Distribution of the repetitive sequences in R. fredii and
other rhizobia. Figure 5A shows that the repetitive sequences
are widely distributed in R. fredii. All nine tested strains
contained multiple EcoRI fragments with homology to the
0.95-kb HindIIl/ Sall fragment, and although many of these
fragments were large and overlapping, each strain appeared
to contain from six to 11 hybridizing bands. The resulting
polymorphisms were strain-specific, except those of USDA205
and USDAZ206, which were identical. One hybridizing frag-
ment of 1.6 kb was present in all strains. Several frag-
ments, however, including those of 5.9 and 2.2 kb, were
diagnostic for USDA257 (Fig. 5A). The band heterogeneity
of the repetitive sequences contrasted strikingly with the
nodABC homology, which was invariant and represented
by a single 9.2-kb EcoRI fragment in each strain (Fig.
5B).

Figure 6 extends the search for repetitive sequences to
a series of 19 additional strains representing R. meliloti,
R. I. bv. phaseoli, trifolii, and viciae, as well as broad host
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Fig. 4. Dispersal of repeated sequences in the genome of strain USDA257.
Cosmid clones containing homology to the 2.3-kb HindIII/ EcoRI insert
of pHBK312 were identified by colony hybridization. DNA from indi-
vidual clones was digested with EcoRI, electrophoresed, and blotted to
nitrocellulose. The membrane was probed with the 0.95-kb HindIII/ Sall
insert of pHBK311. Lanes A and K, genomic DNA of USDA257; lane
B, pRFRSI; lane C, pRFRS2; lane D, pRFRS3; lane E, pRFRS4; lane
F, pRFRSS; lane G, pRFRS6; lane H, pRFRST7; lane I, pRFRSS; lane
J, pRFRS9. Sizes in kilobases.
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range Rhizobium sp. NGR234. With the exception of the
latter, none of these strains had any fragments with detect-
able homology to the 0.95-kb HindIIl/ Sall fragment from
USDAZ257. Strain NGR234, however, contained two weakly
hybridizing fragments of about 3 and 7 kb. As a positive
control, DNA digests from each strain also were probed
with the 1.7-kb BamHI fragment of USDA257, which was
internal to nodABC. Each strain possessed a single
hybridizing fragment, and the fragments were variable in
size. R. I bv. trifolii USDA2717 (lane I), the single excep-
tion to this pattern, contained two large hybridizing frag-
ments, suggesting that nodABC itself may be reiterated
or fragmented in this strain.

Sequence analysis of the noddBC-linked repetitive
sequences. To precisely identify the nod4 BC-linked repeti-
tive sequences, we sequenced a 2,432-bp segment of
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Fig. 5. Distribution of repetitive sequences in Rhizobium fredii. Genomic
DNA from the indicated strains (all prefixed USDA) was digested with
EcoRI. Blots were probed with A, the 0.95-kb HindIIl/Sall fragment,
and B, the 1.7-kb BamHI fragment that contains nodA BC from USDA257.
Sizes in kilobases.



pHBK303 (Fig. 7) in the region known to be homologous
to multiple bands within the USDA257 genome. As shown
in Figure 1, this sequence began at the left EcoRI border
of the pHBK303 insert and extended to just beyond the
HindlIl site upstream from nodA. It contained two large
overlapping ORFs on opposite strands. ORF1 began at
position 842 and terminated at position 1913; the deduced
protein was hydrophilic and 40.6 kD in size. ORF2 began
at position 1771 and terminated at position 790; the deduced
protein was hydrophilic and 34.7 kD in size.

Both ORFs were within a large, centrally located region
(marked with bent arrows in Fig. 7) that has strong
homology to the T-DNA of A. rhizogenes (Slightom et
al. 1986). The limits of this region were defined by ORF1
and ORF2. Thus, homology began at position 772, only
16 bp beyond the termination codon for ORF2, and it
ended precisely with the termination codon for ORF1 at
position 1913. The relatedness of the sequences from the
two species was considerable within this entire region and
included conserved stretches as large as 35 bp in length.
Putative genes homologous to both ORFs from R. fredii
were present in the A. rhizogenes sequence. ORF1 of R.
fredii corresponds to ORF6 of A. rhizogenes (Slightom
et al. 1986) and has 74% sequence homology to it. The
homology between the deduced proteins was similarly
striking: 74% of the amino acid sequences were identical
and 819% shared charge similarity (Fig. 8). This relationship
was greatest in the central and C-termini, where several
20-30 amino acid stretches were faithfully conserved.

ORF?2 of R. fredii encompasses ORF7 of A. rhizogenes
(Slightom er al. 1986) and has 73% sequence identity to
it. The ORF2 protein, however, was potentially much larger
than the ORF7 protein. The methionine at nucleotide posi-
tion 1342 (Fig. 7) was encoded by both sequences, but
multiple termination codons upstream from this site did
not allow transcription of ORF7 to begin any earlier. R.
Jredii lacked the corresponding termination signals, and
the N-terminal of the putative ORF2 transcript thus was
extended by 143 amino acids.

The sequenced region from USDAZ257 also has very
strong homology to a family of closely related repetitive
sequences from B. japonicum (Kaluza et al. 1985). Nucleo-
tide homology began at position 842, the initiation codon
for ORFI1, and extended through position 849 (Fig. 7).
Within this region, the R. fredii sequence had greatest
homology, 57%, with the B. japonicum sequence termed
RSRja10. Not surprisingly, RSRja10 also had a substantial
56% homology with the corresponding A. rhizogenes
sequences. In B. japonicum, RSRja10 is flanked by inverted
repeats and contains a single ORF (ORF355) that is likely
to be a coding region (Kaluza et al. 1985; Ramseier and
Gottfert, in press). Although the inverted repeats do not
lie within the region of homology with R. fredii, most of
the sequences corresponding to ORF355 are present.

Perhaps the most striking characteristic of the sequenced
region from R. fredii was the presence of numerous direct
and inverted repeats. There were seven different 10- and
11-bp direct repeats, as well as 58 different 8- to 11-bp
inverted repeats within the 2,432-bp sequence. Included
in the latter group were five palindromic sequences, one
of which encompassed the HindIII site. Table 2 summarizes

the sequences and locations of all of the 10- and 11-bp
repeats. These repeats, as well as shorter repeats not in-
cluded in the table, were scattered throughout the sequenced
region, Although the positions of the repeats bear no
apparent spatial relationship to one another, many appeared
on both sides of the adjacent Sall sites (Fig. 1).

Neither the RSRja 10 homologous region nor the T-DNA
homologous region was flanked by duplications or pairs
of direct or inverted repeats. There were nevertheless over-
lapping inverted repeats adjacent to both borders of the
T-DNA homologous region:

758 1,941
|

GCCGTCGGCGCTGAAGC—- T-DNA homology
—~TAGTAAGGGGTGGCTGAGGAACTTGCCGGCGT

On the left side, the overlapping 8-mers beginning with
CGT and GGC were repeated at positions 1,686 and 1,203,
respectively. On the right side, the sequences beginning
with ACT, CTT, and CGT were repeated at positions 999,
44, and 2,050, respectively. None of the sequences, however,
bears close structural resemblance to target sites for inser-
tion sequencelike elements (lida et al. 1983).

Northern analysis. Northern analysis was performed to
test the hypothesis that ORF1 and OFR2 of R. fredii are
transferred to the plant genome during nodulation. Total,
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Fig. 6. Search for repetifive sequences in fast-growing rhizobia. Genomic
DNA was digested with EcoRI and blots were probed with the 0.95-
kb HindIl1/ Sall fragment (A) or the 1.7-kb, nodA BC-containing BamH]I
fragment (B) from USDAZ257. Strains are as follows: (A) USDA257; (B)
Rhizobium leguminosarum bv. trifolii USDA2050; (C) USDA2227; (D)
BAL; (E) R. leguminosarum bv. phaseoli USDA2676; (F) USDA2667,;
(G) USDA2720; (H) USDA2693; (I) USDA2717; (J) R. leguminosarum
bv. vicige 3HOql; (K) PFy; (L) PRE; (M) ANKK319; (N) TOM; (O)
Rhizobium sp. NGR234; (P) R. meliloti 102F29; (Q) 102F51; (R)
RCR2011; (S) 102F65. Sizes in kilobases.
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poly(A)*, and poly(A)” RNA from nodules was probed
with the 0.95-kb HindIll/Sall fragment (for ORF1 and
ORF2) as well as pLB23, a positive control probe for
leghemoglobin (Fuller and Verma 1984) (Fig. 9). pLB23
hybridized to a single, approximately 675-base transcript
present only in total nodule RNA and the poly(A)* fraction
derived from it. The probe for ORF1 and ORF2 hybridized
to a series of relatively long transcripts. These transcripts
were present only in nodules and were absent in the poly(A)™
fraction.

DISCUSSION

A number of intriguing possibilities are raised by the
discovery of reiterated DNA sequences and OR Fs homologous
to T-DNA in the immediate vicinity of nod4 BC. Foremost
among these are questions of function: Do the reiterated
sequences promote recombination or otherwise regulate

EcoRI

nodulation? Or is their location merely accidental? DNA
reiterations are in fact relatively common features of the
genomes of rhizobia, where they encompass three broad
categories. The first of these includes straightforward dupli-
cation of entire genes (e.g., nodD or nifH) (Young and
Johnston 1989), or in some cases, just promoter regions
(Better er al. 1983; Watson and Schofield 1985; Spaink
et al. 1987). Insertion elements and related structures,
including ISRm1, ISRm2, and IS Rm3 (Ruvkun et al. 1982;
Dusha et al. 1987; Wheatcroft and Laberge 1991) and the
RSRje family (Kaluza er al. 1985), make up the second
group (Labes and Simon 1990; Simon et al. 1991). The
last group includes duplications of unknown structure and
function, most of which have been identified simply on
the basis of homology among restriction fragments (Master-
son and Atherly 1986; Flores et al. 1987).

The DNA reiterations described here were accidentally
discovered when we probed the genome of R. fredii USDA257

GMTTC'ITOCCCAOCGTOGCTTGCTATTGCGTGTTACCGéTTGGCCGGC;\ACCATCCAT&CCCTCTCMéGCTCGGATGGGTCTCCTCTTGTGGGCTG cc
GHOGCCGCATTCATCTGCTCRCOG'l'C'l'.'CAGOG'l'TCTGCTGTCTGGTCCACMCTTGRCCACGGR&GGACCTCMCCOGECTGTCTGCTCCTCRGTGGCBG

m‘mcucoecaccc'rcmccccecamccocacrnccccmosccncccmcmcwcceocmﬁmc'uceccncmccemmrmnmﬂc
: pn
AACTGAGCTACTTCTGAACAGACCATTCTCCACCTTCGCCAAGGCATGTCCCGGCAGCAAGCTCACGCAGGTACCTCAACCTCTGCGGGAATATGCCGTC
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CGBGGCTCMCGCCGTCGMGGC‘I’TC’I‘TOGCCmCTG‘I‘GGRAGCGTQGCCTCMGOGGGGCGTCTTTCAT‘I’OGGTCGTTGACCTCCAGGCOGCCATCA&

COGCTTCCTTIGAGHGCBCMCmCMOOGMGCCCTTCACCTGGHCCGCCGJ\TOOOGRGMTCATCGCTGCOGTCAMCGGGGGCACCMGTGTTA
Gh‘I"I‘CCATCGBC@TMGGGGTGGCTG.\GGMCTTGCCGGCGTC&GA‘I‘COGGTG'I'OG'1"1'GTRTCTOCACATTCOGATC‘I‘GTUGGTCG&TGTGCTGGT&T
TGMGBTTTOOCMCAGGATMCTOGTOGAGRCGCRTOGATCCTGGAC‘1'ATCTGROGGOGCTBGTGAGGAGATB.RGTTTGGTAGCAGOCCWCGCCGCh
GOG‘I'GCCOGTGAGCGROGTGCAC'.l'TCGGCUGTGGBACBCCMCCATCATCMGCChG.RAGATTTTCTGGCTCI‘GRTGGRTCTTCTGCGTCGCAGTTTCGC
CmgqlguCCA'.I'.'CGC'J.'GTOGBGRTGG&GCOGGGCBCCTTCRCG-GCCGAGATGGCGGMGCCT‘I‘AGG&GOGGOCGRGGTMGCCACGTG&GTCTCGGC
GTGCAA.!B%‘II‘TGHTOCCA'I"I'GTTCMAGCMCCMCCGGGTCCAGthcGCGCAG]\OGACCGOGGCTATTGMMCCTGOGCOGG&TTGGGRTM

GTCGCATCAACTTCGACCTCATGTACGGCCCC 2432
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Fig. 7. Sequence of the nod4 BC-linked fragment that contains repetitive sequences. The region covers 2,432 bp, beginning with the EcoRI site
at position 1. Other key restriction sites are labeled, or in the case of Sall, encased in hortizontal lines. Arrows linked to vertical bars delineate
the extent of homology to the T-DNA of Agrobacterium rhizogenes. The initiation and termination codons for ORF1 are boxed, and the entire

translation for ORF2 is given.
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with a restriction fragment containing nodA4 BC. nodABC
itself is not duplicated, and we could identify no diagnostic
structural features that might represent flanking sequences
for insertion elements (lida er al. 1983) or promoters for
known nod or nif genes. Rather, there were numerous short,
repetitive sequences upstream from nodA. These reitera-
tions were variable and complex, and although similar sets
of sequences have not been described previously in rhizobia,
our hybridization data indicated that they may be
ubiquitous in R. fredii.

We do not yet understand the role of the short, repeated
sequences within the genome of R. fredii. Initial analysis
of a set of cosmids containing homology to the repeated
sequences suggested genetic linkage, both between regions
and to nif genes. This implied that multiple copies of the
repetitive sequences were on the sym plasmid. One possi-
bility is that these copies function to promote genetic rear-
rangements that influence nodulation, as is the case in other
rhizobia (Ruvkun et al. 1982; Flores et al. 1987; Hahn
and Hennecke 1987a; Sober6n-Chavez and Najera 1989;
Brom et al. 1991). We have a series of genetically aberrant
mutants of USDA257 that are derived from a Tn5 muta-
genesis program, and several had symbiotic abnormalities
that cannot be traced to insertion of the transposon (Heron
et al. 1989). Although this could be explained by secondary
genetic rearrangements involving repetitive sequences, our
hybridization data have not yet provided evidence to
support this possibility.

One also can ask why a subset of T-DNA sequences,
corresponding almost precisely to a pair of partially over-
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Fig. 8. Comparison of the deduced amino acid sequences of ORF1 from
USDA257 (designated RF-RS) and ORF6 from the T-DNA of Agro-
bacterium rhizogenes (designated AR-Ti). Vertical bars indicate identity.
Single and double dots respectively indicate similarity and high similarity
of corresponding amino acids. The A. rhizogenes sequence is from
Slightom et al. (1986).

lapping ORFs, is present in an organism not known to
transfer DNA to plants. The A. rhizogenes reading frames,
ORF6 and ORF7 (Slightom et al. 1986), are in a region
of Ri T-DNA known to be expressed in transformed plants
(Ooms et al. 1985; Taylor et al. 1985). The presence of
this region, however, is unnecessary for transformation to
occur (Durand-Tardif er al. 1985). ORF6 and ORF7 are
structurally distinct. ORF6 is associated with eukaryotic
ribosome-binding sites and promoters, as well as putative
polyadenylation signals; ORF7 lacks these eukaryotic
features and more closely resembles a prokaryotic gene.
These features have led Slightom ef al. (1986) to propose
that ORF6 is transcribed in plants and that ORF7 may
be transcribed in A. rhizogenes, perhaps as a regulatory
element.

ORFI1 and ORF2 of R. fredii USDA257 share strong
sequence homology with ORF6 and ORF7, respectively.
We could find no evidence for the existence in nodules
of poly(A)* transcripts corresponding to either of the R.

Table 2. Ten and 11-bp direct and inverted repeats in the 2,432-bp repetitive
sequence containing region of USDA257

Size
Type (bp) Sequence Positions
Direct 11 CCTGCTGAGTG 596, 952
Direct 11 CTGTCGGTCGA 1,352, 1,979
Direct 11 CGACCCGCCGG 1,143, 1,327
Direct 11 GCGGCCGAGGT 1,187, 2,271
Inverted 11 TGATGGCGGCC 1,182, 1,787
Direct 10 CGGCACCGTC 973, 1,498
Direct 10 GCTCGACCGC 1,384, 1,651
Direct 10 CGCCATCAAC 1,561, 1,792
Inverted 10 CAAAGCTTTG 2,304
Inverted 10 AAGGTGCGCG 1,637, 2,233
Inverted 10 CGCCAGCGGT 1,207, 1,251
Inverted 10 GATGCGTCTC 76, 2,029
"Palindromic sequence.

EB RS LB

ABCDABCD ABCD

Fig. 9. Northern analysis showing the ethidium bromide-stained gel (EB)
and filters probed with the 0.95-kb HindIII/Sall fragment from USDA257
(RS) and a leghemoglobin probe (LB). A, total root RNA; B, total nodule
RNA; C, poly(A)” nodule RNA; D, poly(A)" nodule RNA. Lanes A-C
are loaded with 14 pg of RNA; lane D contains 3 ug of RNA. The
bar marks the position of the 675 base leghemoglobin transcript.
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Jredii ORFs. This observation is fully consistent with the
absence of eukaryoticlike promoters and polyadenylation
signals in association with the ORFs from R. fredii, and
it rules out the possibility that ORF1 and ORF2 represent
genes that are transferred to the plant during nodulation.
Thus, if these ORFs have any function, it must be in the
bacterium itself.

R. fredii USDA257 is not the only nitrogen-fixing organ-
ism with homology to ORF6 and ORF7 of A. rhizogenes.
Hennecke and associates have described a family of repeti-
tive sequences, termed RSa, in B. japonicum (Kaluza et
al. 1985; Hahn and Hennecke 1987a, 1987b). Related
sequences exist in a variety of rhizobia, including R. fredii
USDAI191 (Hahn and Hennecke 1987a). The hybridization
pattern produced when EcoRI-digested genomic DNA of
USDAI91 is probed with RS« is nearly identical to that
obtained with the 0.96-kb HindIll/Sall probe from USDA257
(cf. Fig. 5 with Fig. 3 of Hahn and Hennecke 1987a). Align-
ment of our sequence with those of the RS« family members
readily established the basis for the observed B. japonicum/
A. rhizogenes homology. Computer analysis additionally
substantiates the considerable homology between T-DNA
and RSea, a relationship that was initially overlooked
(Kaluza er al. 1985) but has been more recently recognized
(Ramseier and Géttfert, in press). The RSRja sequence
contains a single ORF that is likely to be transcribed
(Ramseier and Gottfert, in press). This ORF is well con-
served in both A. rhizogenes and R. fredii, but the insertion
elementlike direct repeats that flank RSa are present only
in A. rhizogenes (Kaluza et al. 1985; Slightom et al. 1986;
Ramseier and Géottfert, in press).

The above data suggest that ORF1 and ORF2 may
represent primordial genes that, for unknown reasons, are
conserved in several divergent members of the Rhizobiaceae.
Such primitive genes lack internal redundancies (Levesque
et al. 1988) and could theoretically be either prokaryotic
or eukaryotic in origin. Although the Ri T-DNA homology
raises the potential of eukaryotic antecedents, the R. fredii
sequences lack eukaryotic features and seem to be
prokaryotic.
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