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Rhizobium meliloti can occupy at least two distinct ecological niches; it is found in the soil as a free-living
saprophyte, and it also lives as a nitrogen-fixing intracellular symbiont in root nodules of alfalfa and related
legumes. One approach to understanding how R. meliloti alters its physiology in order to become an integral
part of a developing nodule is to identify and characterize genes that are differentially expressed by bacteria
living inside nodules. We used a screen to identify genes under the control of the R. meliloti regulatory protein
NodD3, SyrM, or SyrA. These regulatory proteins are expressed by bacteria growing inside the root nodule.
One gene isolated in this screen was mapped to pSymB and displayed complex regulation. The gene was
downregulated by the syrA gene product and also by glucose and succinate. This gene, referred to as agpA,
encodes a periplasmic binding protein that is most similar to proteins from the periplasmic oligopeptide
binding protein family. It is likely that AgpA binds a-galactosides, because a-galactosides induce the expres-
sion of agpA, and agpA mutants cannot utilize or transport these sugars. Activity of an agpA::TnphoA fusion was
downregulated by SyrA. Because syrA is known to be expressed at high levels in intracellular symbiotic
R. meliloti and at low levels in the free-living bacteria, we propose that AgpA may belong to the class of gene
products whose expression decreases when R. meliloti becomes an intracellular symbiont.

Rhizobium meliloti is a gram-negative bacterium which can
live as a saprophyte in soil or as a nitrogen-fixing symbiont
inside root nodule cells of alfalfa and related legumes. The
interactions leading to symbiosis begin when R. meliloti detects
flavonoids and other compounds released by host plants and
then induces bacterial genes required for the biosynthesis of
lipooligosaccharide signaling molecules. These compounds ini-
tiate many of the physiological and morphogenic changes seen
in the plant early in nodulation. These changes include root
hair curling, depolarization of the root hair cell membrane,
calcium oscillations in root hairs, and the initiation of cell
division in the inner root cortex, which establishes a nodule
primordium. An infection thread, which is a plant-derived tu-
bule filled with dividing and growing bacteria, extends down
through the root hair and then traverses several cell layers to
deliver bacteria to root cells in the developing nodule. Bacteria
exit the infection thread, differentiate, and fix atmospheric
nitrogen, which is exported from the nodule to the rest of the
plant (5, 6, 19, 29, 33, 39, 43, 47).

The R. meliloti nod genes, which are required for the syn-
thesis of the lipooligosaccharide signaling molecules (Nod fac-
tors), are carried on a 1,500-kb plasmid, pSymA, and are up-
regulated by the LysR-type transcriptional activators, NodD1,
NodD2, and NodD3. NodD1 and NodD2 become active tran-
scriptional regulators in the presence of specific flavonoid in-
ducers released from host plant roots and seeds (32, 36, 37).
nodD3 is part of a cluster of three regulatory genes (nodD3,
syrM, and syrA) present on pSymA about 15 kb downstream of

nodD1 (32). NodD3 upregulates syrM, and SyrM upregulates
nodD3; together they form a self-amplifying regulatory circuit
which can activate the induction of the other nod genes (32,
45). The third gene, syrA, encodes a small, hydrophobic protein
which upregulates the synthesis of exopolysaccharide (2, 32).
Exopolysaccharide is required for R. meliloti to form nitrogen-
fixing nodules (13, 23–25).

NodD3, SyrM, and SyrA are synthesized by bacteria inside
alfalfa nodules (2, 42, 45). We asked whether these proteins
might be responsible for regulating the synthesis of other genes
needed for the establishment or maintenance of the nitrogen-
fixing symbiosis. To define more fully the roles of NodD3,
SyrM, and SyrA in nodulation, we developed a screen which
allowed us to identify TnphoA insertions in genes regulated by
these proteins. One gene, agpA (a-galactoside permease), iso-
lated in this screen mapped to the symbiotic plasmid, pSymB,
and displayed intriguing patterns of expression. agpA is similar
to genes which encode periplasmic binding proteins of oli-
gopeptide transport systems in other bacteria. This study de-
scribes the isolation and initial characterization of this gene.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains and their relevant
genotypes are listed in Table 1. R. meliloti was cultured at 30°C, and growth was
monitored by measuring the optical density at 595 nm (OD595) of 100 ml of cell
culture in a 96-well microtiter dish with a Bio-Rad 3550 plate reader.

Growth media. Bacteria were grown on Luria broth (LB), M9 minimal me-
dium with various carbon sources, or basal medium. Basal medium is M9 min-
imal medium containing Difco yeast extract at a concentration of 65 mg/ml. XP
(5-bromo-4-chloro-3-indolylphosphate-p-toluidine) was used at a final concen-
tration of 60 mg/ml.

Genetic screen for loci under the control of nodD3, syrM, or syrA. R. meliloti
Rm8002/pRmJT5 was randomly mutagenized with TnphoA (30) by introducing
plasmid pRK609 via conjugation with Escherichia coli MM294a/pRK609 (28).
The mating mix was diluted and plated on an indicator medium, LB plus strep-
tomycin (500 mg/ml) plus neomycin (200 mg/ml) plus XP. The plasmid pRmJT5
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overexpresses the regulatory genes nodD3, syrM (44), and syrA (2) and is unstably
maintained in the absence of tetracycline selection. Therefore, TnphoA inser-
tions into genes which were under the control of either of these three regulatory
genes gave rise to sectored colonies when plated on the indicator medium
described above. Colonies which showed sectors were purified on LB plus strep-
tomycin (500 mg/ml) plus neomycin (200 mg/ml) plus tetracycline (10 mg/ml) and
further characterized.

DNA sequencing. DNA from the regions flanking the agpA::TnphoA insertion
site was amplified by inverse PCR with primers which hybridized to the left end
and center of TnphoA (59-GCAGAGCGGCAGTCTGATCACCCGTTA and
59-AAGGTCGCGCGCATTCCCGATGAA, respectively) (35). The PCR frag-
ments were used to screen an R. meliloti lambda library constructed in the vector
Lambda Fix II (48). DNA from positive lambda clones was subcloned and
sequenced by standard methods.

Alkaline phosphatase assays. Samples (0.1 to 0.5 ml each) were taken from
growing cultures, pelleted, and resuspended in 0.5 ml of 1 M Tris-HCl, pH 8.0,
and frozen at 280°C until all samples from an experiment had been taken. The
samples were then thawed and permeabilized with a drop of chloroform and 50
ml of 0.1% sodium dodecyl sulfate, and 180 ml of this extract was added to 20 ml
of a 4% solution of ortho-nitrophenylphosphate and placed in a 96-well micro-
titer dish. Controls containing 180 ml of sample extract and 20 ml of water were
also placed in the dish. Hydrolysis of ortho-nitrophenylphosphate was monitored
at 595 nm with a Bio-Rad 3550 plate reader. The OD595 of the samples was taken
every 2 to 10 min, and each reading was corrected by subtracting the OD595 of
the respective control at each time point. The alkaline phosphatase-specific
activity for each sample was estimated by dividing the slope of the resultant
curve (change in OD595 per minute) by the amount of cell material present in
the control sample (OD595) at the first time point and multiplying the result
by 1,000.

Transport assays. Stationary-phase cells were harvested after 60 h, washed
in M9 salts containing no added sugars, and resuspended to an OD595 of 1.0.
A 0.5-ml portion of the cell suspension was added to a microcentrifuge tube
containing 10 ml of 10 mM [3H]raffinose (0.1 mCi/ml). Samples (0.1 ml each)
were removed every minute and filtered through a Millipore nitrocellulose
filter (0.45-mm pore size). The filter was immediately rinsed three times with
5 ml of M9 salts containing no sugar and counted with a scintillation counter.

Isolation of periplasmic proteins. Periplasmic proteins were isolated from
R. meliloti by the chloroform shock method (1a). A 1.5-ml portion of an over-
night culture of R. meliloti was centrifuged for 30 s in a microcentrifuge, and the
supernatant was removed. Twenty microliters of chloroform was added to the
cell pellet and vortexed briefly. Following 20 min of incubation at room temper-
ature, the mixture was resuspended in 200 ml of 0.01 M Tris-HCl and immedi-
ately spun for 30 s in a microcentrifuge. The supernatant, which contained the
periplasmic proteins, was removed, and 20 ml was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.

RESULTS

A screen for genes under the control of nodD3, syrM, or syrA.
The regulatory genes nodD3, syrM, and syrA are closely linked
on the symbiotic plasmid pSymA and are expressed by bacteria
growing inside nodules. nodD3 is expressed by bacteria grow-
ing in the meristematic and infection zones of the nodule (45),
and syrM and syrA are highly expressed in the older tissue,
where bacteroids are differentiating and fixing nitrogen (2, 45).
These expression patterns suggested that these loci may con-
trol genes involved either in establishing and maintaining the
symbiosis or in fixing nitrogen. In order to isolate insertions in
genes encoding membrane or extracellular proteins whose ex-
pression is regulated by nodD3, syrM, or syrA, an R. meliloti
strain carrying the plasmid pRmJT5 (Tcr), which overproduces
NodD3, SyrM, and SyrA (32, 44), was mutagenized with TnphoA.
The TnphoA-mutagenized cells were plated on LB medium
which contained XP and lacked tetracycline. Plasmid pRmJT5
(Tcr) is unstable in the absence of tetracycline selection. There-
fore, if the TnphoA present in a strain was upregulated or
downregulated by the proteins overproduced on pRmJT5, then
colonies plated on the nonselective indicator medium should
generate sectors. These sectors would arise from a population
of cells which lost pRmJT5 during colony development and
therefore expressed the TnphoA fusion differently than neigh-
boring cells in the colony which retained the plasmid. By this
method, 62 independent strains were isolated. These strains
gave rise to sectored colonies on nonselective plates and there-
fore contained insertions whose expression was dependent on
the plasmid bearing nodD3, syrM, or syrA.

Strain SG1001/pRmJT5 displayed dramatic sectoring pat-
terns when it was plated on nonselective indicator medium.
The colonies were white without sectors when they were grown
on selective medium but white with blue sectors when they
were grown on nonselective indicator medium (Fig. 1A and B).
These results indicated that the gene fused to TnphoA was
downregulated by genes on plasmid pRmJT5 when it was pres-
ent.

The TnphoA insertion in strain SG1001 is downregulated by
syrA. pRmJT5 overproduces nodD3, syrM, and syrA because
there are multiple copies of the plasmid per cell (2, 45). We
determined which of these three genes affected the expression
of the TnphoA insertion in strain SG1001 by introducing plas-
mids which overexpressed each of the three proteins. The over-
expression of nodD3, syrM, or syrA was achieved by placing
each gene downstream of a constitutively active trp promoter
from Salmonella typhimurium (7). The plasmids which over-
produced NodD3 and SyrM had minor effects on the expres-
sion of the agpA::TnphoA fusion (data not shown). However,
the plasmid which overproduced SyrA strongly repressed ex-
pression of the fusion (Fig. 1C and D). The minor effects of the
overexpression of nodD3 and syrM were probably due to the
effects of the proteins on the expression of syrA (2, 32, 45).

Cells which overproduced syrA, either from pRmJT5 or from
pMB89, formed white colonies which did not sector. However,
such colonies were often ringed with blue near the periphery
(Fig. 1A and D). Often, the rings formed when colonies were
close to one another or close to the wall of the petri dish. This
suggested that the rings arose in response to a local accumu-
lation of a metabolic byproduct or to a local depletion of a
substance from the growth medium. We were unable to
differentiate between these two possibilities with prelimi-
nary studies (data not shown).

Strain SG1001 contains an insertion in a gene encoding a
periplasmic binding protein. Inverse PCR (35) was used to
amplify DNA flanking the TnphoA insertion in strain SG1001.

TABLE 1. Strains and plasmids

Strain or
plasmid Relevant characteristic(s) Source or

reference

Strains
R. meliloti

Rm1021 Str 31
Rm8002 Str Pho2 28
SG1001 agpA::TnphoA; derived from Rm8002 This laboratory

E. coli
XL1 Blue Used for cloning and sequencing Stratagene
MM294a pro28 thi-1 endA1 hsdR17; used to

deliver pRK609 to R. meliloti
28

Plasmids
pLAFR1 Tcr; broad-host-range cloning vector 11
pTE3 Tcr; pLAFR1 with constitutively ac-

tive S. typhimurium trp promoter
7

pRK609 Nmr Smr; TnphoA 28
pRmJT5 Tcr; carries 20-kb region of R. meli-

loti pSymA including the genes
nodD3, syrM, and syrA in pLAFR1

44

pMB89 Derivative of pTE3 with syrA driven
by ptrp

2

pRmE63 Derivative of pTE3 with nodD3
driven by ptrp

45

pRmS73 Derivative of pTE3 with syrM driven
by ptrp

45
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This DNA was then used to make a probe and map the inser-
tion sites. Southern analysis indicated that the TnphoA inser-
tion site in strain SG1001 was on the symbiotic megaplasmid
pSymB (8).

Chromosomal fragments which flanked the TnphoA inser-
tion in strain SG1001 were subcloned from a lambda library
and sequenced. This revealed that the transposon had inserted
into a gene encoding a 77-kDa protein similar to the periplas-
mic binding protein component of the oligopeptide family of
permeases (46, 49) (Fig. 2A). Bacterial permease systems typ-
ically consist of a ligand binding protein which is in the
periplasm of gram-negative bacteria or tethered to the outer
face of the cytoplasmic membrane of gram-positive bacteria by
a covalently attached lipid (12) together with two different
transmembrane proteins and at least one protein capable of
binding and hydrolyzing ATP. While the overall identity be-
tween AgpA and other members of the oligopeptide binding
protein family from S. typhimurium is only about 15%, the
identity in subregions of the protein is much higher. These
highly similar subregions are diagnostic for periplasmic binding
protein components of the oligopeptide permease family of
transporters (46, 49).

The agpA gene was preceded by an open reading frame
which encodes a 55-kDa protein similar (31% identity) to the
MelA a-galactosidase of E. coli (Fig. 2B) (27).

Regulation of agpA. The agpA::TnphoA fusion is induced in
the central part of colonies when cells are plated on LB me-
dium (Fig. 1C). Because the growth of the bacteria in this part
of the colony has slowed or stopped, we tested the possibility
that the TnphoA fusion was induced as strain SG1001 entered
stationary phase. We found that the agpA::TnphoA fusion was
induced as the growth rate slowed at the end of the exponential
phase when cells were in LB medium (Fig. 3A). However, the
fusion was not induced when cells grown in M9 glucose mini-
mal medium entered stationary phase (Fig. 3B). By growing

cells in M9 salts containing various components of LB medium,
we found that the agpA::TnphoA fusion was induced as cells
entered stationary phase when yeast extract was included in the
medium (data not shown).

While conducting experiments on the yeast extract-depen-
dent induction of agpA, we noticed that the expression of agpA
was influenced by carbon sources in the medium. When cul-
tures were grown in basal medium (which includes a small
amount of yeast extract) containing various amounts of glucose
or succinate, cell yield increased with increased concentrations
of the carbon source, but AgpA9::9PhoA activity decreased
(Fig. 4A and B). The activity of the AgpA9::9PhoA fusion was
also monitored as cultures grew in basal medium or basal
medium plus glucose, and results indicated that increasing the
amount of glucose present in the culture medium decreased
the rate at which AgpA::PhoA activity protein accumulated in
the cells (Fig. 4C and D). Previous work has indicated that
succinate and glucose are preferred carbon sources for Rhizo-
bium species, as they have been shown to repress the utilization
of other carbon sources, such as lactose and myo-inositol (20,
38). Our results show that succinate and glucose also down-
regulate the expression of the agpA gene.

The agpA gene product is involved in the transport of a-gal-
actosides. The agpA gene encodes a protein which is similar to
those in the periplasmic oligopeptide binding protein family.
Despite the name of this family, its members are involved in
the transport of a variety of substrates (46, 49). For example,
besides oligopeptides and dipeptides, family members which
transport nickel (34), heme (16), and substituted sugars (17,
21) have been characterized.

Our initial experiments showed no evidence that the agpA
gene product was involved in oligopeptide transport (data not
shown). Because the agpA gene is preceded by an open reading
frame which encodes a protein similar to a-galactosidases, we
sought to determine whether strain SG1001 is able to grow on

FIG. 1. Colony phenotypes of strain SG1001 (agpA::TnphoA). Strain SG1001 (agpA::TnphoA)/pRmJT5 on LB XP indicator plates with (A) and without (B)
tetracycline. Plasmid pRmJT5 is not stably maintained without tetracycline, and its loss allows the generation of sectors containing bacteria which express the
agpA::TnphoA fusion. (C and D) Strain SG1001 (agpA::TnphoA) and strain SG1001 (agpA::TnphoA)/pMB89 on LB XP indicator plates, respectively. syrA is
overexpressed from pMB89, resulting in downregulation of the agpA::TnphoA fusion.
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FIG. 2. (A) AgpA is similar to oligopeptide binding proteins of periplasmic transport systems. The deduced amino acid sequence of AgpA was compared to the sequences
of other members of the oligopeptide binding protein family with the Pileup program of the Wisconsin Genetics Computer Group sequence analysis package, Clustal W and
SeqVu. The peptides used in the lineup are R. meliloti AgpA (Rm AgpA), Agrobacterium tumefaciens agrocinopine transport protein AccA (At AccT) (17), B. subtilis
oligopeptide transport protein Spo0K (Bs Spo0K) (41), E. coli dipeptide transport protein DppA (Ec DppA), E. coli nickel transport protein NikA (Ec NikA) (34),
Streptococcus pneumoniae oligopeptide pheromone binding protein AmiA (Sp AmiA) (1), and S. typhimurium oligopeptide binding protein OppA (St OppA) (18). The small
inverted triangle indicates the location of the PhoA fusion site in R. meliloti SG1001. (B) MelA from R. meliloti is similar to MelA, an a-galactosidase, of E. coli. The deduced
amino acid sequence of R. meliloti MelA was compared to that of E. coli MelA with the Pileup program of the Wisconsin Genetics Computer Group sequence analysis package.
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a-galactosides. For this experiment, we grew strain SG001 and
its parental strain, Rm8002, overnight in a noninducing M9
glucose medium, and the next day we diluted cells into basal
media with and without the sugars to be tested. The yeast
extract in the basal medium was necessary because it allowed
the cells to grow to a measurable density, even if they were
unable to catabolize a particular sugar. We found that strain
SG1001 was unable to use melibiose and raffinose, both a-gal-
actosides, as carbon sources. This strain was, however, able to
catabolize glucose and galactose under the same experimental
conditions. The parental strain, Rm8002, was able to utilize all
four compounds.

We tested different sugars for their ability to induce expres-
sion of the agpA::TnphoA fusion. Cells were grown in basal
medium containing one of a variety of sugars at a concentra-
tion of 0.4% (wt/vol). After 96 h, the cells were harvested and
the alkaline phosphatase activity arising from the AgpA9::
9PhoA fusion was measured. Yeast extract was included in all
the media tested to ensure that we had enough cells to assay
for alkaline phosphatase activity and to ensure a small but
measurable amount of AgpA9::9PhoA activity. The results
from one such experiment are summarized in Fig. 5. We found
that galactose was a good inducer of the agpA gene; isomers of
galactose, such as glucose, talose, and gulose, were poor in-
ducers of the gene (Fig. 5A). a-Galactosides were also good
inducers of the gene, even if the terminal galactose is linked to
a trisaccharide, as in stachyose (Fig. 5B). a-Glucosides, such as
isomaltose, were poor inducers of agpA (Fig. 5C). We found
that b-galactosides can act as inducers if the moiety linked to
the terminal galactose is small. For example, b-methyl-galac-
toside is a good inducer of agpA, whereas lactose is not (Fig.
5D).

a-Galactosides induced the agpA gene when they were pres-
ent at 0.4% (wt/vol), a concentration of about 20 mM. We
sought to determine which sugars are the most-effective induc-
ers by calculating the concentrations at which they were able to
induce the agpA::TnphoA fusion. We inoculated strain SG1001
into basal medium, and sugars were added in concentrations

ranging from 10 mM to 1.6 mM. Cells were harvested after
96 h, and the specific activity of the AgpA9::9PhoA fusion was
measured. The resulting dose-response curves, shown in Fig. 6,
indicated that melibiose was the most-effective inducer of the
fusion and that it was active at a concentration of 10 mM.

We hypothesized that the agpA gene was part of a transport
system involved in a-galactoside uptake, because the sequence
of the agpA gene suggested that it encoded a periplasmic bind-
ing protein for a transport system and the experiments de-
scribed above suggested that it was involved in the utilization
of a-galactosides. Localization of the agpA gene product and
studies of raffinose transport supported this hypothesis. Strain
SG1001 and the parental strain, Rm8002, were grown in M9
glucose medium, which represses agpA expression, or in M9
galactose medium, which induces agpA expression, and peri-
plasmic proteins were isolated and separated by electrophore-
sis (Fig. 7A). When strain Rm8002 (agpA1) was grown in M9
galactose medium, the inducing medium, it expressed a peri-
plasmic protein of about 80 kDa which is close to 75 kDa, the
predicted size of the mature AgpA protein. This protein was
absent from strain SG1001 (agpA::TnphoA) when it was grown
under inducing conditions and from both strains when they
were grown in M9 glucose. Only those cells which expressed
the 80-kDa protein (i.e., strain Rm8002 grown in inducing
medium) were able to transport the a-galactoside raffinose as
assayed by uptake of [3H]raffinose (Fig. 7B). For these reasons,
we believe that the 80-kDa protein is mature AgpA and the
periplasmic binding protein of an a-galactoside transport sys-
tem.

DISCUSSION

By screening for R. meliloti genes which are regulated by
nodD3, syrM, or syrA, we have isolated and characterized a
TnphoA insertion in a gene, agpA, which encodes the binding
protein component of a periplasmic transport system. This
gene is downregulated by syrA.

The periplasmic transport systems, of which there are more

FIG. 3. The agpA::TnphoA fusion is induced as strain SG1001 enters stationary phase when cells are grown in LB medium but not when they are grown in M9
glucose medium. Strain SG1001 was grown in LB medium (A) and M9 glucose medium (B), and the OD of the culture and the specific activity of the AgpA9::9PhoA
were monitored.
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FIG. 4. Expression of the agpA::TnphoA fusion in strain SG1001 is repressed by glucose and succinate. Cell yield and the specific activity of the AgpA9::9PhoA fusion
were determined after strain SG1001 had been cultured for 96 h in basal medium containing various concentrations of glucose (A) and succinate (B). (C) Growth of
strain SG1001 in M9 salts supplemented with various combinations of glucose and yeast extract. The concentrations of glucose and yeast extract of the different media
are indicated on the graph. (D) Specific activity of the AgpA9::9PhoA fusion in strain SG1001 as cells grew in basal medium and basal medium supplemented with
various concentrations of glucose. The specific activity data are from the cultures whose growth is shown in panel C.
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than 50, cluster into seven families (46). The sequence of agpA
indicates that it encodes a member of the oligopeptide per-
mease transport system family. The oligopeptide permease
family includes transport systems from gram-negative and
gram-positive bacteria which transport a variety of sub-
strates—small peptides (14, 18), peptide pheromones (22, 26,
41), nickel (34), heme (16), and modified sugar molecules such

as aminoglycoside antibiotics (21), agrocinopine, and agrocin
84 (17).

Strain SG1001, which contains an agpA::TnphoA fusion, fails
to utilize or transport a-galactosides. In addition, the agpA::
TnphoA fusion is induced by a-galactosides, and the agpA gene
is downstream of a gene which is similar to an a-galactosidase
gene from E. coli. For these reasons, it is plausible that the

FIG. 5. The agpA::TnphoA fusion in strain SG1001 is induced by a-galactosides. Strain SG1001 was grown in basal medium supplemented with the indicated sugars.
Alkaline phosphatase specific activity was determined 96 h after inoculation, when cells were in stationary phase. The supplemental sugars were present at a
concentration of 0.4% (wt/vol). Specific activity of the AgpA9::9PhoA fusion when strain SG1001 was grown in the presence of galactose or isomers of galactose (A);
a-galactosides (B); the a-galactoside melibiose or an isomer of melibiose, the a-glucoside isomaltose (C); and b-galactosides (D).
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agpA gene product binds a-galactosides such as melibiose,
raffinose, and stachyose in the periplasm and is involved in
their transport across the bacterial cell membrane.

The fact that the agpA::TnphoA fusion in strain SG1001 is

induced by a-galactosides despite the inability of this strain to
utilize or transport a-galactosides raises the question of how
the cells are able to sense and induce agpA in response to such
sugars. It may be that the inducing molecules cross the cell
membrane, via a transport system for which they have low
affinity, at a rate which is too low to support growth or to be
easily detected by uptake assays but which is sufficient to allow
the sugar to interact with a regulatory protein and to induce
agpA::TnphoA fusion. Alternatively, it may be that a-galacto-
sides are detected extracellularly and that the information is
transduced to the internal compartment, leading to agpA in-
duction. The agpA gene is induced to high levels by either
a-galactosides or galactose, but not by a b-galactoside such as
lactose. This finding indicates that the molecules responsible
for detecting and initiating agpA induction in response to ga-
lactose do not have access to the galactose released by the
hydrolysis of lactose, perhaps because a-galactosides and ga-
lactose are sensed in the extracellular compartment by mole-
cules that do not recognize lactose. Alternatively, the sensing
molecules may be cytoplasmic but may fail to respond to the
galactose released during hydrolysis of lactose because the
galactose pool is small or because the galactose is rapidly
channeled into central metabolic pathways.

We were able to show that the agpA gene is downregulated
by syrA. syrA encodes an 88-amino-acid protein (2) which is
similar to two other small proteins found in Rhizobium species:
ExoX (15, 40) and Psi (4). All three of these proteins are
hydrophobic in their amino-terminal halves and hydrophilic in
their carboxy-terminal halves. It has been suggested that ExoX
and Psi are anchored in the membrane by their N termini and
have their hydrophilic C termini in the cell cytoplasm (4). In
addition to their similar structures, SyrA, ExoX, and Psi reg-
ulate the production of exopolysaccharides. The regulatory
effects of ExoX and Psi on exopolysaccharide production are
posttranslational. It has been suggested that the proteins in-

FIG. 6. Dose-response curve of agpA::TnphoA induction to various inducing
galactosides. Strain SG1001 was inoculated into basal medium containing various
galactosides which induce the AgpA9::9PhoA fusion and harvested for alkaline
phosphatase activity assays after 96 h of growth. Sugars were present at concen-
trations ranging from 10 mM to 1.6 mM.

FIG. 7. AgpA is a periplasmic protein needed for transport of the a-galactoside raffinose. (A) Periplasmic proteins from strains Rm8002 (agpA1) and SG1001
(agpA) grown in M9 glucose, which represses agpA expression, or in M9 galactose, which induces agpA expression. (B) Transport of raffinose by strains Rm8002 and
SG1001. Raffinose uptake assays were performed with cells from the cultures used for isolating the periplasmic proteins shown in panel A.
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teract with other membrane proteins required for the synthesis
of exopolysaccharide and inhibit their activity in some manner
(15, 40, 50). If SyrA also exerts its effects posttranslationally,
then the downregulation of agpA by syrA is likely to be indirect
because SyrA overproduction results in lowered expression of
the agpA::TnphoA fusion, and fusion expression is likely to be
controlled at the transcriptional level. One possible scenario is
that SyrA downregulates the activity of a transport system
which brings in the a-galactosides which induce the agpA gene,
or perhaps SyrA interferes with proteins involved in sensing or
responding to a-galactosides.

Recent work has shown that the syrA gene is highly ex-
pressed by R. meliloti inside nodule cells (2). Therefore, it may
be that the a-galactoside transport system, of which agpA is a
part, is downregulated in these intercellular bacteria. We have
shown that succinate and glucose also downregulate the ex-
pression of the agpA gene. Succinate and other dicarboxylic
acids are present in nodule cells and are used by bacteroids to
fuel nitrogen fixation (3, 9, 10). These acids may also act to
downregulate agpA inside nodule cells. Whether or not repres-
sion of agpA by succinate and glucose is dependent on syrA is
currently unknown.

The a-galactoside transport system may be expressed by
bacteria growing in the rhizosphere of host plants, because
a-galactosides such as raffinose and stachyose, both of which
induce agpA, are present at high levels in many legume seeds
and thus may also be present in the rhizosphere of germinating
seeds or young plants. Such sugars are catabolized by R. me-
liloti, and their utilization may have a role in growth and sur-
vival of these bacteria in the rhizosphere of their host plants.
Whether subsequent downregulation of the a-galactoside trans-
port system occurs when R. meliloti is growing inside nodule
cells and whether this regulation relates to metabolism or to
other aspects of symbiosis may be revealed in further studies.
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