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A group of four rhi (rhizosphere-expressed) genes from the symbiotic plasmid ofRhizobium leguminosarum
biovar viciae has been characterized. Although mutation of the rhi genes does not normally affect nodulation,
in the absence of the closely linked nodulation genes nodFEL, mutations in the rhi genes can influence the
nodulation of the vetch Vicia hirsuta. The DNA sequence of the rhi gene region reveals four large open reading
frames, three of them constituting an operon (rhiL4BC) transcribed convergently toward the fourth gene, rhiR.
rhL4BC are under the positive control of RhiR, the expression ofwhich is repressed by flavonoids that normally
induce nod gene expression. This repression, which requires the nodD gene product (the transcriptional
activator of nod gene expression), may be due to a cis effect caused by a high level of NodD-dependent
expression from the adjacent nodO promoter, which is transcribed divergently from rhiR. RhiR shows
significant similarities to a subfamily of transcriptional regulators that includes the LuxR and UvrC-28K
proteins. RhiA shows limited homology to a short domain of the lactose permease, LacY, close to a region
thought to be involved in substrate binding. No strong homologies were found for the other rhi gene products.
It appears that RhiA and RhiB are cytoplasmic, whereas RhiC is a periplasmic protein, since it has a typical
N-terminal transit sequence and a rhiC-phoA protein fusion expresses alkaline phosphatase activity. The
biochemical role of the rhi genes has not been established, but it appears that they may play a role in the
plant-microbe interaction, possibly by allowing the bacteria to metabolize a plant-made metabolite.

There are many bacterial genes involved in the interaction
between rhizobia and their legume hosts. In Rhizobium spp.
many of these genes are present on large symbiotic plasmids.
Initially, these genes were identified by isolating mutants
unable to fix nitrogen or form nodules, but several nodula-
tion (nod) genes in which mutations have little or no effect on
nodulation have now been identified. Currently, over 30
different nod genes have been identified among a wide
variety of rhizobia (32), and in general they are under the
control of positively acting transcriptional regulators en-
coded by nodD genes. Several of the nod gene products are
involved in the biosynthesis of low-molecular-weight signal-
ling molecules that are specifically recognized by legumes. It
is now clear that different rhizobia make different but related
signalling molecules which are substituted glycolipids con-
sisting of acylated oligoglucosamine signal molecules (43,
51). The biosynthesis of these nodulation factors involves
most of the nod gene products; different substitutions of the
glycolipid, such as the presence of sulfate or the type of acyl
group, are mediated by nod gene products and determine
host specificity in the interaction between the bacterium and
legume (43, 51).

In addition to the various nod genes and genes involved in
nitrogen fixation, several other symbiotic-plasmid genes
have been identified. For example, genes involved in the
synthesis of melanin (3, 9) and bacteriocins (28) are found on
symbiotic plasmids. In Rhizobium meliloti, Boivin et al. (4)
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identified genes involved in the catabolism of trigonelline, a
secondary metabolite secreted by some legumes. Similarly,
Murphy et al. (36) have identified R. meliloti genes that
synthesize opinelike compounds in nodules; these com-
pounds are thought to be secreted and stimulate rhizosphere
growth of strains of R. meliloti that have the capacity to
utilize the opinelike metabolite. van Egeraat (53) demon-
strated that homoserine (a metabolite accumulated and se-
creted by pea roots) could be used as a carbon and nitrogen
source by many pea-nodulating biovars of Rhizobium legu-
minosarum but not by biovars trifolii and phaseoli or by R.
meliloti; Johnston et al. (29) showed that this characteristic
is encoded on the symbiotic plasmid.
Another characteristic found in most strains of R. legumi-

nosarum bv. viciae but absent from other biovars of R.
leguminosarum is the ability to make large amounts of a
protein with an Mr of 24,000 (17). This protein is expressed
by bacteria in the rhizosphere of peas but not by nodule
bacteroids. The gene encoding this protein was called rhi4
and was found to be located within a 10-kb region of DNA
between the nod genes and the nitrogenase genes of the
symbiotic plasmid pRLlJI of R. leguminosarum bv. viciae
(Fig. 1). The rhi4 gene has been detected in all strains of R.
leguminosarum bv. viciae tested and was absent from other
biovars of R. leguminosarum or other Rhizobium strains
tested (16, 17). Using a rhi4-lacZ fusion, Economou et al.
(22) noted that the expression of the rhiA gene is decreased
in the presence of flavonoids and that this effect depends on
NodD, a transcriptional activator that induces nod gene
expression in the presence of flavonoids.
Although the rhiA gene is specific for strains of R. legu-

minosarum bv. viciae, its expression is affected by fla-
vonoids, and it is located adjacent to nod and nif genes, no
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FIG. 1. Physical and genetic map of the R. leguminosarum bv. viciae rhi and nod genes on pRLlJI. The gene sizes and orientations are

indicated as arrows, and an enlargement of the rhi gene region is shown. The sizes of the various plasmids are indicated; l/, gaps introduced
for purposes of presentation. The plasmid sizes indicated in the lower part of the figure correspond with the enlarged rhi gene region shown.
The locations of various mutations are indicated: 0, TnS mutations mapped previously (17); *, transposon insertions that make lacZ fusions;
*, the TnphoA mutation in rhiC. The numbers above representative mutations correspond with allele numbers (e.g., 14 = rhiRl4::TnSlacZ)
described in the text and Table 1. Plasmids carrying lacZ fusions made in vitro are indicated, with the positions of lacZ fusions shown.
Restriction sites: B, BamHI; H, HindIII; P, PstI; Rl, EcoRI; S, SmaI; Sp, SphI.

effect on symbiotic phenotype was observed in strains
mutated in rhiA (16, 17, 22). In an attempt to uncover a
function for rhiA and for the rhiR gene which is required for
its expression (22), we have undertaken a molecular charac-
terization of the rhiA-rhiR gene region. We report here the
identification and characterization of four genes, rhi4BCR,
whose products appear to influence the interaction between
R. leguminosarum bv. viciae and the vetch Vicia hirsuta,
one of its host legumes.

MATERIALS AND METHODS

Microbiological techniques. Media and general growth con-
ditions for Rhizobium strains were as described by Beringer
(2), with the appropriate antibiotics (49). The flavone hes-
peretin was made up as a 1 mM solution in methanol and
added to give a final concentration of 1 ,uM. Escherichia coli
strains were grown in L broth at 37°C (34). Plasmids were
mobilized in triparental conjugational matings from E. coli
into Rhizobium strains by using a helper plasmid.

P-Galactosidase activities were determined as described
by Rossen et al. (39). Alkaline phosphatase assays were
performed as described by Brickman and Beckwith (6) with
slight modifications: cultures shaken for 40 h at 28°C were
grown in 5 ml of Y medium. Cells from 1.5 ml of the culture

were pelleted by centrifugation and resuspended in 1.5 ml of
1 M Tris-HCl, pH 8.0. An aliquot (0.3 ml) was used to
measure the turbidity at 600 nm with a Titertek Multiscan
Plus spectrophotometer. To cells in the remaining 1.2 ml, 10
pl of Triton X-100 (25%, vol/vol) was added, and the cells
were incubated for 20 min at 28°C. Aliquots (1 ml) were then
assayed at 28°C for alkaline phosphatase activity with p-ni-
trophenylphosphate (Sigma). The reaction was stopped by
addition of 200 ,ul of 1 M K2HPO4. Before the optical density
at 420 nm was measured, the samples were cleared by
centrifugation (1 min). For those samples which had an
optical density at 420 nm of >1, the cells were diluted in
Tris-HCl buffer before assaying. Units of activity were
calculated as described previously (12).

Plant tests were as described by Knight et al. (31); about
106 bacteria were inoculated onto V. hirsuta. Bacteria were
isolated from surface-sterilized nodules as described previ-
ously (31).

Microbiological strains and plasmids. Bacterial strains and
plasmids are shown in Table 1. Plasmid pIJ1714 was con-
structed by subcloning a 0.5-kb SmaI-PstI fragment carrying
the rhiA promoter into the SmaI-PstI sites of pMP220.
pIJ1742 and pIJ1753 were constructed by subcloning a
4.2-kb SmaI-SphI fragment from pIJ1089 into the PvuII site
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant properties Source

Rhizobium strains
8400 R. leguminosarum bv. phaseoli cured of its Sym plasmid 33
8401 Strr derivative of 8400 33
A34 8401 carrying pRLlJI 18
A69 8401lpRLlJInodA&99(nodF-niJlI)::Km 20
A160 8401/pRLlJIrhiRl::Tn5 17

Plasmids
pIJ1086 nifH rhiABCR nodMNTO in pLAFR1 19
pIJ1089 nifHDK rhiABCR nodABCDEFIJLMNTO in pLAFR1 19
pIJ1242 pIJ1089rhiRl::Tn5 17
pIJ1643 5-kb HindIll fragment carrying rhiA rhiB6::Tn3HoHol rhiC cloned into pKT230 22
pIJ1688 pIJ1089rhiC8::TnphoA This work
pIJ1714 rhiA promoter in pMP220 This work
pIJ1742 rhiABCR in pKT230 This work
pIJ1750 pIJ1086rhiA9::TnSlacZ This work
pIJ1751 pIJ1086::Tn5lacZ insertion upstream of rhiA This work
pIJ1753 rhiABCR in pUC119 This work
pIJ1767 pIJ1086rhiR14::TnSlacZ This work
pIJ1778 rhiA rhiB rhiC8::TnphoA in pLAFR3 This work
pIJ1904 rhiRJ4-lacZ in pLAFR3 This work
pIJ1937 rhiBC-lacZ in pMP220 This work
pIM229 rhiABC in pLAFR3 This work

of pKT230 and the SmaI site of pUC119. pIJ1904 was made
by subcloning the 5-kb PstI fragment carrying the rhiR-lacZ
fusion from pIJ1767 into the PstI site of pLAFR3. pIJ1937
was made by subcloning the 1,310-bp BamHI fragment from
pIJ1753 into pMP220.

Genetic manipulations. Transformation, cloning, ligations,
and restriction mapping were done essentially as described
by Maniatis et al. (34). DNA sequence determination of
cloned fragments was done by the dideoxy chain termination
method (40), and both strands were sequenced at least twice
with overlapping clones.
TnSlacZ mutagenesis of pIJ1086 was carried out as de-

scribed previously (50) with E. coli A118. Derivatives of
pIJ1086 containing TnSlacZ were transferred to strain
8401(pRL1JI), and 600 transconjugants were screened for
repression of the P-galactosidase activity in the presence of
hesperetin. Transconjugants with this phenotype were
screened for the absence of the RhiA protein by using
anti-RhiA antiserum (17). The locations of transposon inser-
tions were mapped with EcoRI, BamHI, and HindIII. One of
the plasmids carrying the mutation rhiA9::TnSlacZ was
called pIJ1750, and the plasmid carrying the mutation
rhiR14::TnSlacZ was called pIJ1767. The control plasmid,
pIJ1751, is a derivative of pIJ1086 carrying TnSlacZ '5 kb
upstream of rhiA. TnphoA mutagenesis of pIJ1089 was
carried out as described by Davis and Johnston (12). Deriv-
atives of pIJ1089 containing TnphoA were transferred to
strain 8401. From 1,500 transconjugants, 3 were identified as
being repressed for alkaline phosphatase activity in the
presence of hesperetin. The locations of the transposon
insertions were mapped with EcoRI, BamHI, and HindIII,
and one of the plasmids carrying the mutation
rhiC8::TnphoA was called pIJ1688.

Strain A124 was constructed by transferring the
rhiC8::TnphoA allele from pIJ1688 to pRLlJI by homolo-
gous recombination as described previously (18). pIM229
was made by cloning a 5-kb HindlIl fragment (from pIJ1089)
carrying rhiABC into the HindIlI site of pLAFR3, and the
derivative of pIM229 (pIJ1778) carrying rhiC8::TnphoA was

made by recombining the transposon onto pIM229 from its
homologous location on pRLlJI essentially as described
previously (18). Restriction enzyme analysis of pIJ1778
confirmed the correct location of the transposon in the rhiC
gene.
Computing methods. Sequence data were assimilated by

using the DB system of Staden (44). Predictions of coding
probability were made by the positional base preference
method (45). Data base searches were made with the pro-
gram PROSRCH (8), which implements an exhaustive inex-
act string matching algorithm by using the PAM100 similar-
ity table and with the program TFASTA (38).

Identification of RhiA protein on sodium dodecyl sulfate-
polyacrylamide gels. Proteins were isolated from Rhizobium
strains as described by Dibb et al. (17), electrophoretically
separated with sodium dodecyl sulfate-polyacrylamide gels,
and stained with Coomassie blue or transferred to nitrocel-
lulose and stained with anti-RhiA antiserum (17) as de-
scribed by Bradley et al. (5).

RESULTS

rhi genes can influence nodulation. Previous work (17, 22)
failed to identify any phenotype caused by mutations in rhi4.
A similar observation was made with the nodO gene (14, 21,
22), but it was later found that in the absence of other nod
genes (nodFEL) mutation of nodO had a clear effect on
nodulation (20). A similar test system was used to determine
whether the rhi gene region influences nodulation. pIJ1086
(Fig. 1), which carries the rhi gene region along with nodO
and the nodLMNT genes, complements the deletion mutant
A69 for nodulation of vetch (Fig. 2), although the level of
nodulation observed is about half of that seen with a wild-
type strain. This reduced level of nodulation is consistent
with the absence of the nodFE genes from strain
A69(pIJ1086) (20).
The derivatives of pIJ1086 (Fig. 1) carrying rhiA9::

TnSlacZ (pIJ1750) or rhiR14::Tn5lacZ (pIJ1767) were tested
for their ability to complement strain A69 for nodulation of
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FIG. 2. Nodulation of V. hirsuta by strain A69 carrying various plasmids. Freshly germinated V. hirsuta was inoculated with derivatives

of strain A69 carrying the following plasmids: pIJ1086 (nodL nodMNT nodO rhiABC rhiR), pIJ1750 (pIJ1086rhiA9::TnSlacZ), pIJ1751
(pIJ1086::Tn5lacZ upstream of rhiA), and pIJ1767 (pIJ1086rhiR14::Tn5lacZ). The data presented are from one experiment and show the
average number of nodules per plant, obtained by using 16 plants for each strain.

vetch. As shown (Fig. 2), the level of nodulation was

significantly less than that found with A69 carrying the
control plasmid pIJ1086. To test whether this was a nonspe-

cific effect caused by the insertion of TnSlacZ in pIJ1086, a

nodulation test was carried out with strain A69 containing
pIJ1751, which is a derivative of pIJ1086 carrying TnSlacZ
inserted in the region to the left of the rhi genes. In this case

(Fig. 2) the level of nodulation was similar to that observed
with A69(pIJ1086), confirming that the reduction of nodula-
tion observed with rhiA and rhiR mutations is not due to a

nonspecific effect (e.g., plasmid stability) caused by inser-
tion of the transposon. Therefore, the rhi genes do appear to
contribute in some way to the efficient nodulation of vetch,
but in normal laboratory nodulation tests (in which all of the
nod genes are present), it is not possible to measure this
effect with rhi mutants. Since the rhi genes are not under the
same regulatory control as the nod genes, we decided not to
call them nod genes but to retain the gene designation rhi (for
rhizosphere) previously used to define rhiA and rhiR (17, 22).
DNA sequence of the rhi genes. The rhi region was first

identified on the basis of rhiA4 mutations that blocked (or
rhiR mutations that severely reduced) the formation of the
rhiA gene product. The mutations are located in a region of
about 3 kb of DNA close to nodO, and all of them mapped
between a SmaI site and an SphI site (Fig. 1). This 4.2-kb
SmaI-SphI fragment was subcloned into the PvuII site of
pKT230 to form pIJ1742. A strain of R. leguminosarum
lacking a symbiotic plasmid but carrying pIJ1742 made the
RhiA protein, indicating that both the rhiA and rhiR genes
are on pIJ1742.
The DNA sequence of this region was determined (Fig. 3).

Within the rhi gene region, four large open reading frames
(ORFs) were identified; computer-assisted analysis of the
DNA sequence indicated that they had a high probability of

encoding proteins. Three of these ORFs are transcribed from
one strand and one is transcribed from the other strand (Fig.
1 and 3).
The first ORF (Fig. 3), nucleotides (nt) 186 to 888, is

preceded by a good potential ribosome binding site and
encodes a protein with a predicted molecular weight of
24,885. This corresponds with the rhiA gene product since (i)
the previously described rhiA mutations map within this
region, (ii) the estimated Mr of the RhiA protein is 24,000,
and (iii) the amino terminus of the purified RhiA protein was
found by protein sequencing to be MSLXVSYVDKEMXD
(15), corresponding with the predicted ORF.
Downstream of rhiA is a second ORF (positions 931 to

1587; Fig. 3) which encodes a protein with a predicted
molecular weight of 23,142. We propose to call this gene rhiB
since it is in the same operon as rhiA (see below). The
rhi-6::Tn3HoHol allele (22) maps within rhiB (Fig. 1) and
was found to be under regulatory control similar to that over
rhiA.
The third ORF (which we will call rhiC) extends from nt

1679 to 2125 and encodes a protein with a predicted molec-
ular weight of 15,299. Significantly, the N terminus of the
predicted rhiC gene product is similar to N-terminal transit
sequences found in proteins exported across the bacterial
inner membrane (54). It consists of a hydrophobic stretch of
15 amino acids preceded by a positively charged residue
(Fig. 3) and followed by the residues Ala-Gln-Gly that could
constitute a signal peptidase recognition site (54). To test
whether the predicted RhiC protein is exported across the
membrane, a RhiC-PhoA protein fusion was made with
TnphoA, which contains the phoA gene lacking a transit
sequence. When phoA inserts in frame into a gene that
encodes a protein with an N-terminal transit sequence, the
alkaline phosphatase domain is translocated across the cy-
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FIG. 3. Nucleotide sequence of the rhi region. The predicted amino acid sequences of the rhiABC genes are presented. The rhiR gene (nt

3090 to 2347) reads from the opposite strand of the depicted sequence. The two potential RhiR start codons are indicated (GTG), and the stop
codon is also shown (TGA). The translation of RhiR using the first of the two GTG codons is shown in Fig. 4. Possible ribosome binding sites
are underlined. A potential leader peptidase cleavage site in the RhiC protein is indicated by a vertical arrow.

toplasmic membrane to the periplasm, where its activity can
be measured (35). TnphoA mutant derivatives of pIJ1089
were screened for alkaline phosphatase activity, and the
mutations were mapped with restriction enzymes. One of the

transposon insertions mapped within rhiC at about nt 1990
(Fig. 3) and was called rhiC8::TnphoA. Since the plasmid
(pIJ1688) carrying this allele conferred alkaline phosphatase
activity to strains grown on plates (using the chromogenic
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RHIR 1 VKEESSAVSNLVFDFLSESASAKSKDDVLLLFGKISQYFGFSYFAISGIPSPIERIDSYFVLGN
* - * *- *--*. * . .. . *

LUXR MKDINADDTYR-IINKIKACRSNNDINQCLSDMTKMVHCEYYLLAIIYPHSMVKSDISILDN
*

*
... * ....

28KD-UVRC MQDKDFFSWRRTMLLRFQRMETAEEVYHEIELQAQQLEYDYYSLCVRHPVPFTRPKVAFYTN

RHIR 65 WSVGWFDRYRENNYVHADPIVHLSKTCDHAFVWSEALRDQKLDRQSRRVMDEAREFKLIDGF
..* ** * *

*- ****.*.* .-*. .. *..**. **.. **.**
LUXR YPKKWRQYYDDANLIKYDPIVDYSNSNHSPINWNIFENNA-VNKKSPNVIKEAKTSGLITGF

..
* . * ... *.. ** . - *..* - -*

28KD-UVRC YPEAWVSYYQAKNFLAIDPVLNPENFSQGHLMWNDDLFSE-AQPLWEAARAHGLRRGVHSVF

RHIR 127 SVPLHTAA-GFQSIVSFGAEKVELSTCDRSALYLMAAYAHSLLRAQIGNDASRKIQALPMIT
* * *** . ** * .** * . . *.-. *. * *- *

LUXR SFPIHTANNGFGMLSFAHSEKDNYIDSLFLHACMNIPLIVPSLVDNYRKINIANNKSNNDLT
* * *** * * * *.*** ***.

28KD-UVRC NAA-QTGALGF-LSFSRCSRREIPILSDELQLKMQL-LVRESLMALMRLNDEIVMTPEMNFS

RHIR 188 TREREIIHWCAAGKTAIEIATILGRSHRTIQNVILNIQRKLNVVNTPQMIAESFRLRIIR
**.** ** . * .*** *.** . * * ***. ..* * *. .... *

LUXR KREKECLAWACEGKSSWDISKILGCSERTVTFHLTNAQMKLNTTNRCQSISKAILTGAIDCPYFKS
*.**.** .* **** . ** ** * . * . * * ** * * . *

28KD-UVRC KREKEILRWTAEGKTSAEIAMILSISENTVNFHQKNMQKKINAPNKTQVACYAAATGLI
FIG. 4. Amino acid sequence alignment of the RhiR protein with the V. fisheri LuxR (15) and the E. coli UvrC-28K (42) proteins. Gaps

(-) were introduced to allow an optimal alignment. Shown are identical residues (*) and conservative substitutions (0) versus RhiR. The
proposed helix-turn-helix motif is indicated by a line.

substrate 5-bromo-4 chloro-3-indolylphosphate) and in liquid
medium (see below), it is concluded that rhiC encodes a

protein that crosses the inner membrane. Since the RhiC
protein does not contain hydrophobic domains other than
the potential transit sequence, we conclude that it is proba-
bly a periplasmically located protein.
The fourth ORF is transcribed convergently toward rhiC.

The ORF predicted from computer analysis extends from
about nt 3100 to about nt 2400; four separate transposon
mutations have been identified in this region, two of which
are shown (Fig. 1). Previously, one of these mutations
(rhiRI ::TnS) was used to identify the regulatory gene, rhiR,
required for rhiA expression (22). With antiserum to the
RhiA protein, all four transposon mutations in this region
were found to reduce strongly (by about 98%) the formation
of RhiA protein, indicating that they are all within rhiR.
However, there is no ATG codon in the proposed rhiR ORF
until position 2750. Since one of these mutations is upstream
of this ATG and computer predictions indicated that the
region from about position 3100 is coding, we looked for
alternative translational starts. Two potential GTG transla-
tional starts (positions 3090 and 3057) are indicated on the
DNA sequence in Fig. 3. The start of the predicted RhiR
protein sequence (Fig. 3) that was chosen (nt 3090) was

based on the preceding potential ribosome binding site and
on homology with other proteins; its translation is shown in
Fig. 4. A search for characteristic protein motifs identified
that amino acid residues 203 to 222 correspond with a

helix-turn-helix motif (37), characteristic of DNA-binding
proteins (Fig. 4).

Protein homologies. The predicted coding regions of the
rhiA, rhiB, rhiC, and rhiR genes were used to search against
protein sequences from the EMBL, GenBank, and
Swissprot data bases. No significant similarities were de-
tected with RhiB or RhiC. Neither of these proteins shows a

hydrophobic domain typical of those found in transmem-
brane proteins, although as mentioned above, RhiC does
have a hydrophobic domain near the N terminus and is
probably periplasmic.

A short region of similarity was found between RhiA and
the Klebsiella pneumoniae and E. coli lactose carriers en-
coded by the lacY gene. This homology was restricted to the
region adjacent to the LacY residue cysteine 148, which has
been implicated in substrate recognition since it is protected
by substrates against attack by maleimide (52). Unlike LacY
(a transmembrane protein), RhiA has no hydrophobic do-
mains and is a soluble cytoplasmic protein (13, 17). There-
fore, the limited homology between LacY and RhiA may
indicate similarities between substrate recognition sites.
The rhiR gene product showed extensive and strong

similarity with two other bacterial proteins, LuxR and UvrC-
28K. An alignment of their protein sequences (Fig. 4) shows
extensive homology throughout the length of the proteins.
The LuxR protein, in the presence of the small diffusible
molecule N-(3-oxo-hexdroyl)-homoserine lactone, activates
transcription of the genes required for bioluminescence (41)
in the marine bacterium Vibrio fischeri (the lux regulon). It
has been suggested that the UvrC-28K protein (encoded by
an ORF upstream of uvrC) may be required to enhance
transcription of the UvrC gene (42) in induced conditions
(DNA damage caused by UV light). In addition to this
extensive homology with LuxR and UvrC-28K, there was a
high degree of localized homology between RhiR and other
DNA-binding and regulatory proteins (Fig. 5). Part of this
homologous region corresponds with the domain that was
noted earlier to contain a probable helix-turn-helix DNA-
binding motif. However, it is significant that the most highly
conserved region among RhiR, LuxR, and UvrC-28K and
the other DNA-binding proteins is the region immediately
upstream of the helix-turn-helix domains (Fig. 5). This points
to homology with a particular family of regulators, the
two-component (sensor-kinase) regulatory group of proteins
(25). The conserved region (boxed) consists of (i) a highly
conserved Leu at position 186, (ii) Ser or Thr at position 187,
(iii) a hydrophilic residue at position 188, (iv) a highly
conserved Arg-Gln pair at positions 189 to 190, (v) a less
highly conserved block of residues at positions 191 to 199,
and (vi) a Gly at position 200 preceding the helix-turn-helix
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FIG. 5. Alignment of RhiR and other regulatory proteins. The potential helix-turn-helix domain is overlined and underlined, and extended
homology beyond it is illustrated by boxed identical and highly conserved residues. The sequences are taken from LuxR (15), UvrC-28K (42),
GerE (10), UhpA (23), ComA (55), DegU (27), RcsB (47), FixJ (11), NarL (46), MalT (7), RcsA (48), UvrC-23K (42), BvgA (1), and NodW
(24). The sequence of RhiR shown extends from amino acid residues 186 to 227.

at positions 203 to 222, which is followed by a conserved Lys
at position 227 (numbered with respect to RhiR). The con-
servation of the residues around the Arg-Gln pair is signifi-
cantly stronger than the conservation of amino acid residues
within the helix-turn-helix domains of the group of protein
listed in Fig. 5. While this may indicate that a second rhi
regulator (encoding a sensor) may be present, the LuxR,
UvrC-28K, and RhiR proteins are a distinct subgroup of
regulators and no additional regulators (sensors) have been
found to act in conjunction with LuxR and UvrC-28K.

Regulation of the rhi genes. It was established previously
(22) that the rhiR gene is required for rhiA expression. To
confirm that the rhiA promoter is contained within the 186-nt
region between the SmaI site and the rhiA translational start
(Fig. 3), a SmaI-PstI fragment was subcloned into pMP220,
a lacZ fusion vector. As shown in Table 2, the plasmid
formed (pIJ1714) expresses P-galactosidase activity, the
expression of which is rhiR dependent. As was observed
previously, the expression of rhiA-lacZ could be repressed
by flavonoids (Table 2) and this flavonoid effect is nodD
dependent. On the basis of these observations it is concluded
that the intact rhiA promoter is present between the SmaI
site (position 1) and the translation start of rhiA4.

Like rhi4 expression, rhiB expression is repressed by
flavonoids and is rhiR dependent. This was measured previ-
ously with the rhiB-lacZ fusion created by the rhiB6::

TABLE 2. Measurements of rhi gene expression by using
rhi-lacZ fusion

Strain rhi gene(s) Fusion -Galactosidase activity (U)'present ~~-Hesperitin +Hesperetin

8401(pIJ1714) None rhiA-lacZ 124 130
A160(pIJ1714) rhiABC rhiA-lacZ 130 125
A34(pIJ1714) rhiABCR rhiA-lacZ 1,125 758

8401(pIJ1643) rhiA rhiAB-lacZ 27 29
A160(pIJ1643) rhiABC rhiAlB-lacZ 26 34
A34(pIJ1643) rhiABCR rhiAB-lacZ 1,450 776

8401(pIJ1937) rhiB rhiBC-lacZ 100 105
A34(pIJ1937) rhiABCR rhiBC-lacZ 120 115

a ,3-Galactosidase activity was measured as described previously (39).
Hesperetin, when added, was present at 1 FM. The lacZ fusion vector used to
construct pIJ1714 and pIJ1937 usually gives a background level of 100 to 120
U of activity, whereas the transposon-lacZ reporter used to make pIJ1643
usually gives a background of about 25 to 30 U of activity.

Tn3HoHol allele. A HindIII fragment carrying rhiA,
rhiB6::Tn3HoHo1, and rhiC was subcloned to form pIJ1643.
Since this fragment lacks rhiR, it was possible to show that
rhiB expression in pIJ1643 requires rhiR (Table 2).

Similarly, pIJ1778, which contains the rhiC8: :TnphoA
allele on the subcloned HindIII fragment carrying rhi4, rhiB,
and rhiC8::TnphoA, was used to measure rhiC expression.
Strain A160(pIJ1778) (which lacks rhiR) expressed only 100
U of alkaline phosphatase, compared with 940 U for strain
A31(pIJ1778), in which rhiR is present. Therefore, rhiC
expression requires rhiR and the rhiABC genes appear to
constitute an operon under rhiR control. The absence of
promoters between rhiA and rhiB or rhiB and rhiC was

confirmed, because the 1,310-bp BamHI fragment (in
pIJ1937) carrying the rhiA-rhiC region but lacking the DNA
region upstream of rhiA had no promoter activity (Table 2).
NodD could exert its inhibitory effect on rhiABC expres-

sion via a direct effect on the rhiABC promoter or indirectly
by affecting the expression of RhiR, the transcriptional
activator of the rhiABC genes. The rhiR14::Tn51acZ allele on
pIJ1767 was used to monitor the effects of flavonoids and
NodD on rhiR gene expression. As shown in Fig. 6, rhiR is
expressed normally during free-living culture and the level of
its expression is decreased by the flavone hesperetin, but
only if the nodD gene is present. This indicates that the
effects of flavonoids on rhiA4BC expression could be caused
by an inhibition of rhiR expression. Two models can be
proposed to account for this nodD-dependent effect: (i) it
could be due to a direct effect of NodD on the rhiR promoter,
or (ii) it could be due to a cis effect caused by the very
strongly expressed (nodD-dependent) nodO promoter which
is transcribed divergently from rhiR (Fig. 1). To distinguish
these two possibilities, the rhiRl4::TnSlacZ allele was sub-
cloned away from the nodO promoter with PstI, which cuts
upstream of the nodO promoter (21). The resulting plasmid,
pIJ1904, retained a high level of rhiR expression (1,200 U),
but this activity was not inhibited by hesperetin when nodD
was present. We therefore conclude that the nodD-depen-
dent inhibition of rhi gene expression may be due to a cis
effect, possibly caused by the high level of nodD-dependent
transcription at the nodO promoter. However, the results
presented do not eliminate the possibility that NodD also has
a direct effect on the rhiA4BC promoter. The nodD-dependent
inhibition of rhiABC expression by flavonoids may be rele-
vant to the possible role of the rhi genes in nodulation, but
the biological significance (if any) is not clear.
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H e s p e reti n rhiR was expressed constitutively, except in the presence of
flavonoids, in which case we found a nodD-dependent

+ - + + - + repression of rhiR.
The RhiR protein is homologous to regulator proteins from

a family of signal-transducing proteins that allow bacteria to
respond to their environment. Generally, these consist of
two components (25), a sensor which senses environmental

............. ... stimuli (such as osmotic stress, nutrient deprivation, or_.'.'.'.'. '..'..
....

............... ........... J.A-binding protein that activates transcription after being__ ~~~~~~~~~~~..........
.phosphorylated by the sensor protein. It is significant that

.--. -. .... ~ ~ ~. ..__ ,, ~~~~~~~~......... spcii metaboltes)::: a:,regulator-which is: -It::::::::::................... ..... regulators is the region immediately upstream of the pro-

_-.......
- posed helix-turn-heli doma

:~~~~~~.
_.~~~ ~ ~ ~~~~~ ~N bidig Th hig dereof.coservaion:o:thisregio.............. ........ the DNA-bindingdomain a sugges tionalso proposedby

__ ~~~~~.
.....Kahn and Ditta (30). hereas the homology between Rh

~~~~~~~.sss. sss . fi s ~~~~and many of the DNA-binding proteins is limited, there is

-E.:.:. ............:::::::: ,,....., :

........... ........... ...........,,end-to-end homology with LuxR and UvrC-28K. This indi-
cates that these three proteins belong to a distinct subgroup

plJ 1767 plJ 1767 pIJ 1904 plJ 1904 of regulators, in accord with the proposal of Henikoff et al.
+ + (26), who studied homologies among this group of regulatory

pIlJ 518 pJlJ5l18 proteins.
The role of the rhi genes in the symbiotic interaction

iD- and hesperetin-dependent repression of rhiR remains unclear. Genes involved in host-specific nodulation
Galactosidase activities were measured by using but independent of nodD control have been identified in
strain 8401 containing rhiR14::Tn5lacZ on pIJ1767 Brdri*bu jaoicm ThsnoaWgne r e

rdDorrhlasiRIJ94Tnla ubcoeawayJfom1th quired for nodulation of some legumes and appear to makeonplasidpIJ104pluspIJ1518up a two-component regulatory system that allows extension
of the host range (24). However, the genes regulated by
nodVWwere not identified, and their functional role in host

DISCUSSION.

DISCUSSION ~~~~~specificity was not established.
Of R. leguminosarum by. viciae grown to The cellular location of the rhiABC gene products may
ase in liquid or solid media, the rhiA gene give some hints as to possible types of functions. While RhiA
most prominent single protein in the cytoplas- is cytoplasmic and RhiB is also likely to be cytoplasmic, the
RhiA is also a prominent protein in bacteria RhiC protein is most probably periplasmic. Many periplas-
the rhizosphere of peas but is absent from mic proteins (in conjunction with membrane transport pro-

olated from pea nodules (17). Since RhiA is teins) are involved in nutrient acquisition. Although no inner
guminosarum bv. viciae and is absent from the membrane transport proteins appear to be encoded by the
d biovars trifolii and phaseoli, it was antici- rhiABC genes, other as yet unidentified rhi genes under the
may play a role in the symbiotic interaction control of RhiR might encode such proteins. Therefore, one
oguminosarum by. viciae and its host legumes. possible type of function is the utilization of some specific
sfurther strengthened by the observation that substrate(s) secreted by (some of) the legumes nodulated by
ption is repressed by flavonoids that normally R. leguminosarum by. viciae. The symbiotic plasmid
wne expression and that this repression is nodD pRLlJI does contain genes that allow R. leguminosarum by.
2). However, previous studies failed to identify viciae to utilize homoserine (29), a metabolite exuded in
*hiA either in symbiosis or in normal free-living quantity by pea roots (53). However, homoserine does not
tions (16, 17), even though rhiA was established influence rhi gene expression, and mutations affecting the rhi
as a single-copy gene. genes do not influence the ability of R. leguminosarum by.
vident that the rhi genes do play a role in the viciae to utilize homoserine (data not shown). It is possible
of the symbiotic interaction, but this role in that some other rhizosphere metabolite is metabolized by the
ras uncovered only in a strain that lacked the rhi gene products, and the limited homology between LacY
.A similar observation was made with the and RhiA may point toward some sugar-containing metabo-

0'0). One explanation could be that the rhi genes lite.
influence NodO expression or secretion or modify NodO in
some way. However, mutants lacking the rhi genes secrete
normal amounts of NodO (21). Furthermore, it is clear from
the work presented here that the rhi genes are under regu-
latory control different from that of the nod genes. Four rhi
genes have been identified. rhi4BC are in one operon, whose
expression is controlled by the rhiR gene product, a protein
with no similarity to either NodD or SyrM, both of which are
regulators of nod gene expression (32). Interestingly the
flavonoid- and nodD-dependent inhibition of rhiA expression
may be mediated via rhiR. In all growth conditions tested,
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