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The genome of the nitrogen-fixing symbiont, Rhizobium fredii USDA257, contains nine copies of repetitive
sequences known as the R. fredii repetitive sequence (RFRS) family. We previously sequenced RFRS3, which is
linked to symbiosis plasmid-borne nodulation genes of this organism and has substantial homology to the T-DNA
ofAgrobacterium rhizogenes and lesser homology to reiterated sequences ofBradyrhizobiumjaponicum. Here we
characterize a second family member, RFRS9. The EcoRI fragment containing RFRS9 is 1,248 bp in length and
contains a single 666-bp open reading frame that is flanked by perfect 8-bp inverted repeats. Nucleic and amino
acid sequences corresponding to the C terminus of the putative RFRS9 protein are nearly identical to those of
RFRS3, and they retain homology to DNA from A. rhizogenes. The central portion of the RFRS9 protein also
appears to be related to the S locus-specific glycoprotein family of polen stigma incompatibility glycoproteins
from Brassica oleracea, which are involved in signal perception. Sequences that define the RFRS family are
restricted to the open reading frame of RFRS9 and associated upstream sequences. These regions also contain a
second group of repetitive sequences, which is present in four copies within the genome of USDA257. Both
families of repetitive sequences are ubiquitous in R. fredii, and they are preferentially localized on symbiosis
plasmids. Southern hybridization confirms that sequences homologous to RFRS9 are present in broad-host-range
Rhizobium sp. strain NGR234, in A. rhizogenes, and in two biotype 3 strains ofAgrobacterium tumefaciens.

The genomes of nitrogen-fixing rhizobia are characterized
by the presence of various sorts of repetitive DNA se-
quences (3, 5). These elements include both gene and
promoter duplications (2, 40), as well as insertion sequences
and other reiterated regions. Although the biological signif-
icance of most of these DNA duplications is obscure (1),
some multicopy genes in rhizobia are recognized as playing
pivotal roles in root-nodule symbiosis. nodD, for example,
which is present in two or three copies per Rhizobium
genome, is known to encode a family of host recognition
proteins. There is evidence that the interplay between these
related sensors serves to fine tune the bacterial host range
with legumes (7). nodH, which encodes nitrogenase reduc-
tase (24), and nodPQ, which encode sulfation enzymes (29,
34), also are reiterated.

Insertion sequences compose another subclass of repeti-
tive sequences from rhizobia. These elements have two
diagnostic features. First, they tend to be restricted in their
occurrence to just one or a few species of rhizobia. ISRml,
which was first discovered in the alfalfa and sweet clover
symbiont, Rhizobium meliloti (31), is an example. This
insertion sequence is present in 80% of the strains from a
North American collection ofR. meliloti (42) and 97% of the
strains from a similar European collection (10). Only one
strain of Rhizobium leguminosarum bv. phaseoli and two
taxonomically intermediate isolates from alfalfa also harbor
this sequence (42). ISRm2 (4) and ISRm3 (41) are similarly
distributed in R meliloti, but both also have been detected in
biovars of R leguminosarum. A second characteristic of
Rhizobium insertion sequences is their strong association
with and often preferential transposition into nodulation
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(nod) and nitrogen fixation (nij) genes. Indeed, both ISRml
(31) and ISRm2 (4) were discovered as serendipitous muta-
gens of nod genes in R. meliloti, and ISRm3, too, has been
detected as a natural inactivator of the nod gene nodG (19).
Other repetitive sequences have been localized in nod and
nifregions ofR. meliloti (27) and Bradyrhizobiumjaponicum
(8, 9, 13, 26, 30) and on the symbiosis plasmid of Rhizobium
fredii USDA193 (17). Although such sequences have been
proposed to play roles in nodulation (30) and genome insta-
bility (9), convincing evidence for these functions in nature is
still not available.
As part of an ongoing analysis of the nod genes of the

broad-host-range, nitrogen-fixing symbiont R. fredii
USDA257, we recently discovered that nodABC of this
strain is adjacent to a DNA sequence that is repeated
elsewhere in the genome (14, 15). This sequence, which lies
about 500 bp upstream from nodA, contains many short
inverted and direct repeats, as well as two overlapping open
reading frames (ORFs) of opposite polarity. These ORFs
have significant homology to a pair of ORFs from the left
transferred DNA (T-DNA) of Agrobactenium rhizogenes
(35), as well as weaker homology to the RSa family of
repetitive sequences from B. japonicum (8, 9, 13, 26). The
repetitive sequences are present in 9 different EcoRI frag-
ments within the genome of USDA257 and in 6 to 11 such
fragments within the genomes of other R. fredii strains, but
they are not detectable by hybridization in other species of
rhizobia. Cosmids containing all nine copies of the se-
quences have been isolated from a DNA library of
USDA257, and with the exception of the two smallest
restriction fragments, which are present on a single cosmid,
the elements do not appear to be closely linked. We desig-
nate the repetitive sequences of USDA257 as RFRS1 to
RFRS9, in the order of descending size of the EcoRI
fragments that contain them.
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FIG. 1. Coordinated physical and genetic map of the 1.25-kb
EcoRI fragment containing RFRS9 of R. fredii USDA257. Restric-
tion sites used for mapping the fragment are indicated as E, EcoRI;
H, HindIII; Sac, SacI; Sal, SalI' Spe, SpeI; and Sph, SphI. The
thick arrow below the map indicates the position of the large ORF
and its direction of transcription. The thin bars above the map
indicate the three hybridization probes that were prepared from the
fragment.

Here we present data on the characterization of the
1.25-kb EcoRI fragment that contains RFRS9. We show that
this region retains extensive homology to the T-DNA ofA.
rhizogenes and to RFRS3, the nodABC-linked repetitive
sequence, but contains considerably more-limited homology
to RSa9. We also provide evidence that RFRS9 has some
features of an insertion sequence, that it is linked to a second
family of repetitive sequences, and that related sequences
are present in Agrobactenium tumefaciens.

MATERIALS AND METHODS

Bacterial strains. Strains of R fredii were obtained from
the culture collection of the U.S. Department of Agriculture,
Beltsville, Md. Rhizobium sp. strain NGR234 was a gift of
W. J. Broughton, University of Geneva. S. Shantharam of
Iowa State University provided IA728, a Sym plasmid-cured
derivative of R. fredii USDA193 (25). A. tumefaciens strains
used and their sources were as follows: AT181 and A178
from V. K. Anand, University of Missouri-St. Louis;
ATCC15955 and S1005 from W. B. Gurley, University of
Florida; A281 from L. Owens, U.S. Department of Agricul-
ture, Beltsville, Md.; A6, AT181, C58, TM4, Ag162, Ag63,
and FACH from R. N. Goodman of our department; Chry5
from R. Stall, University of Florida. A. rhizogenes
ATCC15834 was from J. A. Lippincott, Northwestern Uni-
versity. All of these bacteria were maintained in 7.5%
glycerol at -70°C and cultured routinely in liquid yeast
extract-mannitol broth (38) at room temperature. Es-
cherichia coli DH5a was cultured in Luria broth at 37°C.

Molecular and genetic methods. pRSRF9, which contains a
1.25-kb EcoRI fragment with homology to the nodABC-
linked repetitive sequence of USDA257, has been described
previously (14). The 1.25-kb EcoRI fragment from this
cosmid was subcloned into pGEM7Zf(+), from Promega
Biotech, as pHBK314 (Fig. 1). The entire 1,248-bp fragment
was sequenced by the dideoxy-chain termination method of
Sanger et al. (33). Sequencing was initiated at the flanking
EcoRI sites and extended with the aid of a series of oligo-
nucleotide primers. The entire sequence was verified by
complete analysis of both strands; computerized manipula-
tion was done with the GenBank software package. General
procedures for DNA isolation and cloning, restriction, and
Southern hybridizations, etc., were done essentially as de-
scribed by Sambrook et al. (32). Hybridizations were done in
6x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) containing 0.5% sodium dodecyl sulfate (SDS), 5x
Denhardt's solution (32), and 100 ,ug of denatured salmon
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FIG. 2. Sequence of the RFRS9 region. The sequence covers
1,248 nucleotides and is flanked by EcoRI sites. The translation of
the 666-bp ORF is given. The pair of 8-bp, insertion sequence-like
inverted repeats is underlined. The amino acid region with strong
homology to ORF1 of RFRS3 is accented in boldface type.

sperm DNA per ml. Filters were washed at 680C in 0.3 x SSC
containing 0.1% SDS. HindIII digests of bacteriophage
lambda served as molecular size markers on gels.

RESULTS AND DISCUSSION

Nucleotide sequence ofRFRS9. Cosmid pRFRS9 contains a
1.25-kb EcoRI fragment that hybridizes to the nodABC-
linked RFRS3 repetitive sequence of R. fredii USDA257
(14). As a first step in understanding the relationship be-
tween these two elements, we have subcloned RFRS9 (Fig.
1) and sequenced it in its entirety (Fig. 2). The 1,248-bp
EcoRI fragment contains a single large ORF that extends
from nucleic acid position 287 to position 953 and encodes a
putative 222-amino-acid protein with a size of 25,127 Da.
The protein lacks a membrane transit sequence and thus is
predicted to be cytosolic.
Although overall homology between RFRS3 and RFRS9 is

only 61%, a 245-bp sequence between positions 710 and 955
of RFRS9 (Fig. 2) is virtually identical to that of RFRS3,
differing by only four bases. This conserved region, which is
sufficient to account for the observed hybridization between
the elements, corresponds to the C terminus of the RFRS9
ORF. Homology ends precisely after the TAG termination
codon. Although the N-terminal and central portions of the
two proteins bear little relationship to one another, an
80-amino-acid region of close identity begins at Thr-143 and
encompasses the C-terminal third of the protein (boldface
letters, Fig. 2). This region corresponds to that of strong
nucleic acid homology between the two sequences.
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Like RFRS3, RFRS9 has extensive homology to nucleic
acid sequences from two other members of the family
Rhizobiaceae: a segment of the T-DNA ofA. rhizogenes A4
(35) and the RSa family of repetitive sequences from B.
japonicum USDA110 (13). Significant homology is restricted
to the leftmost two-thirds of the RFRS9 restriction fragment,
including the ORF and its associated upstream nontranslated
sequences. Thus, sequences between positions 625 and 954
of RFRS9 have 71% identity to T-DNA, and those between
positions 1 and 994 of RFRS9 have 53% identity to RSac9.
Amino acid homology between the RFRS9 ORF and the
corresponding ORF from B. japonicum RSao9, however, is
inconsequential. Although the same is true for the compar-
ison between the N termini of the RFRS9 ORF and ORF6 of
the A. rhizogenes T-DNA region, 56 of the 80 C-terminal
amino acids of these proteins are identical.
Only one other group of proteins has significant homology

to the deduced protein encoded by RFRS9. These are the S
locus-specific glycoproteins (SLSGs) of Brassica oleracea,
which control pollen stigma incompatibility during flowering
(18). A central 101-amino-acid domain of the 222-amino-acid
RFRS9 protein has 21% identity with 106 amino acid resi-
dues from the interior of the 414-amino-acid SLSG-s6 pro-
tein. The structural conservation of these aligned sequences
(39) is 28%, yielding an overall similarity of 49%. A second
eukaryotic protein, ZmPK1 from maize, also has significant
homology to the SLSGs (39) and to RFRS9. Although we do
not know whether these relationships are important, Walker
and Zhang (39) have proposed that the SLSGs and ZmPK1
both mediate cellular responses to external signals.
RFRS9 has properties of an insertion element. Ramsmeier

and Gottfert (26) recently have shown that two of the
sequences with homology to RFRS9, the RSa elements of B.
japonicum and a portion of the T-DNA of A. rhizogenes,
have characteristics of insertion sequences. These include 9-
to 15-bp inverted repeats that flank the ORFs and the
presence of potential target site duplications. On the basis of
these data, they have argued that these two elements may
represent related, novel prokaryotic insertion elements (26).
RFRS3 lacks these structural characteristics (14), but they
are evident in RFRS9, in which the ORF is flanked by two
perfect 8-bp inverted repeats (underlined in Fig. 2), the
second of which lies 12 bp beyond the termination codon.
Thus, RFRS9, but not RFRS3, has structural characteristics
of an R. fredii insertion element.
RFRS9 is linked to a second family of repetitive sequences.

We separated the 1.25-kb EcoRI fragment into three contig-
uous hybridization probes, which were used to localize
regions of homology between RFRS9 and other parts of the
USDA257 genome. The left probe extends from the first
EcoRI site to a SacI site located 100 bp upstream from the
ORF (Fig. 1). The ORF probe spans the region from this
SacI site to a SpeI site within the final codon of the ORF, and
the right probe extends from this site to the end of the
restriction fragment (Fig. 1). These probes were hybridized
separately to EcoRI digests of genomic DNA from
USDA257.

Figure 3 shows that the right probe hybridizes only to the
1.25-kb fragment and thus lacks repetitive sequences en-
tirely. The reading frame probe hybridizes to all members of
the RFRS family, except for the 1.6-kb RFRS8 fragment.
Unexpectedly, this probe also hybridizes to three other
EcoRI fragments with lengths of 7.0, 2.8, and 2.5 kb. These
fragments lack homology to RFRS3 (14), indicating that they
represent a second family of repetitive sequences, members
of which are reiterated four times in the USDA257 genome.
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FIG. 3. Localization of repetitive sequences within the RFRS9
fragment of R. fredii USDA257. EcoRI-digested genomic DNA was
hybridized to an EcoRI-SacI fragment that lies left of the ORF (lane
A), an SphI-EcoRI fragrnent that lies right of the ORF (lane B), and
SacI-SphI fragment that includes the entire ORF (lane C). The eight
RFRS elements are identified by numbers to the left of lane C.
Fragments belonging to the second family of repetitive sequences
are indicated by arrowheads on the right. The sizes (in kilobases) of
the elements are given at the extreme right.

The 7.0-, 2.8-, and 2.5-kb fragments are also apparent when
the left probe from RFRS9 is used, but most members of the
RFRS family are absent. Thus, the majority of the RFRS
sequences are associated with the RFRS9 reading frame,
most likely the highly conserved C-terminal region, but the
second family of repetitive sequences must span the SacI
site that demarcates the ORF from upstream sequences.
RFRS elements are characteristic of R. fredii symbiosis

plasmids and of some agrobacteria. Using a 0.95-kb HindIII-
Sall fragment of RFRS3 as the hybridization probe, we
previously showed that RFRS sequences have homology to
6 to 11 EcoRI fragments in each of 10 strains ofR. fredii (14).
We have probed DNA from each of these strains with the
1.25-kb RFRS9 fragment and extended the study by includ-
ing a Sym plasmid-cured strain, a mutant with a Sym plasmid
deletion, and Rhizobium sp. strain NGR234, a broad-host-
range strain believed to be related to R. fredii (12). These
hybridization data (Fig. 4A) allow three major conclusions to
be drawn. First, the numbers of hybridizing bands and
polymorphisms are even more complex than those with
RFRS3. We attribute this to the second family of repetitive
sequences, which is present in all wild-type R. fredii strains.
In fact, the 2.5-kb fragment is present in all strains, and the
2.8-kb fragment is evident in all strains but USDA217.
Conversely, the only RFRS3-homologous band that is
present in all strains, RFRS8, is uniformly absent in all
strains probed with RFRS9. This complexity approaches
that recently observed for another soybean symbiont, B.
japonicum, in which conserved hyperreiterated sequences
are duplicated from 18 to 21 times in strains of serocluster
123 (30).
Comparison ofUSDA193 to its Sym plasmid-cured mutant

IA728 allows a second conclusion to be drawn: both the
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FIG. 4. Repetitive sequences with homology to RFRS9 are widespread in R. fredii and detectable in A. rhizogenes and A. tumefaciens.
(A) The 1.25-kb RFRS9 fragment was hybridized to EcoRI digests of genomic DNA from R. fredii strains and from Rhizobium sp. strain
NGR234. The RFRS fragments are identified on the right, and arrows mark the positions of fragments belonging to the second family of
repetitive sequences; (B) A. rhizogenes and A. tumefaciens. Sizes of the hybridizing fragments from agrobacteria are indicated on the right.

RFRS elements and the second family of sequences have a
strong Sym plasmid bias. Thus, 13 of the 14 hybridizing
fragments of USDA193 are absent in IA728. Comparison of
USDA205 with 2051A03, which lacks a portion of the Sym
plasmid (13a), is consistent with this interpretation and
suggests that the Sym plasmid association may be general-
ized. Assuming a mean insert of 25 kb per cosmid and a Sym
plasmid size of approximately 450 kb (11), the RFRS ele-
ments are likely to be interspersed at intervals of 20 to 30 kb
or less on the Sym plasmids of R. fredii. The density of
repetitive sequences becomes even greater when the second
family of elements is considered. Although we have no ready
functional explanation for the preferential localization of
these elements on the plasmid, their highly selective associ-
ation with plasmid-bome genes that control symbiotic phe-
notypes is consistent with some role in this process.

Figure 4A also provides evidence that the RFRS se-
quences are present in the genome of Rhizobium sp. strain
NGR234, a strain that is closely allied with and perhaps a
member of the species R. fredii (12). The two hybridizing
bands from this organism are indistinguishable from those of
RFRS4 and RFRS5, and we are currently attempting to align
them on the map of contiguous sequences of the NGR234
Sym plasmid (22).
Sequences homologous to RFRS9 are present in the

genomes of 3 of 13 diverse Agrobacterium strains (Fig. 4B).
One of these, A. rhizogenes ATCC15834, is essentially
identical to strain A4 (20, 43), the source of the T-DNA
sequences with strong nucleic acid homology to RFRS9 (35).
The conserved sequences lie on a 13.4-kb EcoRI fragment
from strain A4 (23), and within experimental error, the size

of this fragment corresponds to that of the 14-kb hybridizing
fragment from ATCC15834.
The observation of high-stringency hybridization between

RFRS9 and single EcoRI fragments from A. tumefaciens
TM4 and Ag63 (Fig. 4B) is more difficult to rationalize.
Although both these strains are pathologically specialized
biotype 3 isolates from grapevine (21, 36), other such strains,
including FACH and Ag162, lack homology, and thus, the
relationship is not biotype specific. Moreover, the T-DNA of
A. rhizogenes and that of A. tumefaciens are not well
conserved, particularly in the region of sequence homology
with RFRS9 (16, 28, 43). Consequently, the observed hy-
bridization must be based on some other similarity between
R fredii and certain strains of agrobacteria. One possible
candidate is IS426 (also called IS136), an insertion element
that has been detected in several strains of A. tumefaciens
(6, 20, 37) and that has 53% sequence identity with 205
nucleotides between positions 721 and 926 of RFRS9, in the
region encoding the C terminus of the putative RFRS9
protein.
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