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The number of solute-binding protein-dependent transporters in
rhizobia is dramatically increased compared with the majority of
other bacteria so far sequenced. This increase may be due to the
high affinity of solute-binding proteins for solutes, permitting the
acquisition of a broad range of growth-limiting nutrients from soil
and the rhizosphere. The transcriptional induction of these trans-
porters was studied by creating a suite of plasmid and integrated
fusions to nearly all ATP-binding cassette (ABC) and tripartite
ATP-independent periplasmic (TRAP) transporters of Sinorhizo-
bium meliloti. In total, specific inducers were identified for 76
transport systems, amounting to ~47% of the ABC uptake systems
and 53% of the TRAP transporters in S. meliloti. Of these transport
systems, 64 are previously uncharacterized in Rhizobia and 24 were
induced by solutes not known to be transported by ABC- or
TRAP-uptake systems in any organism. This study provides a global
expression map of one of the largest transporter families (trans-
portome) and an invaluable tool to both understand their solute
specificity and the relationships between members of large paralo-
gous families.
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he rapid increase in sequenced bacterial genomes has led
biologists to try and predict the function of thousands of
proteins in hundreds of different organisms. A significant pro-
portion of these proteins are transporters, of which there are
many large paralogous families with significant sequence iden-
tity, but unknown solute specificity and function. Perhaps no-
where is this more apparent than for the periplasmic solute-
binding protein (SBP)-dependent transporters of the rhizobia,
where a very large number of such systems are found (1-4).
These systems consist of the ATP-binding cassette-transporter
(ABC-T) and tripartite ATP-independent periplasmic trans-
porter (TRAP-T) families. ABC-T's possess a common minimum
structure consisting of four domains: two hydrophobic integral
membrane domains and two ATP-binding cassettes (ABC) (5).
In addition, bacterial ABC uptake systems contain an SBP.
TRAP-Ts possess one small and one large integral membrane
protein and an SBP. Unlike ABC-Ts, which use ATP hydrolysis
to energize uptake, TRAP-Ts use the proton motive force (6).
There are 200 ABC genes in Sinorhizobium meliloti, 216 in
Mesorhizobium loti, 269 in Rhizobium leguminosarum, and 240 in
Bradyrhizobium japonicum compared with 67 in Escherichia coli
and 124 in Pseudomonas aeruginosa (1-4, 7-9). The ABC genes
of S. meliloti are organized into 146 uptake systems and 18 export
systems (2). Whereas the TRAP-Ts number 15 systems in S.
meliloti, 6 in R. leguminosarum, 22 in B. japonicum, and curiously,
only two in M. loti, these numbers compare with 1 in E. coli and
6 in P. aeruginosa (1-4, 7-9). The increase in the number of
systems may be due to the high affinity of these transporters,
enabling the acquisition of a broad range of nutrients from the
oligotrophic and nutrient-limited soil and rhizosphere habitats of
free-living rhizobia. Although this increased number of trans-
porters presents a tremendous challenge to analyze, it also
represents a unique opportunity among the available bacterial
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genomes to use high-throughput screening to determine their
induction profiles and, by inference, their likely solute specificity.
Array and proteomic analyses are extremely powerful ap-
proaches to examine induction profiles in bacteria and have been
used to study rhizobia. However, they only allow screening
against a few selected conditions (10-13) and therefore are
unlikely to allow the function to be assigned to a significant
number of the ABC-T and TRAP-T uptake systems in S. meliloti.
However, the use of reporter gene fusions in a high-throughput
platform offers the possibility of screening hundreds of com-
pounds against all of these uptake systems. The ABC-T and
TRAP-T families are ideal candidates for such screening be-
cause they have an extremely high affinity for transported solutes
and are usually tightly regulated at the transcriptional level,
presumably because they are large protein complexes that are
energetically expensive to synthesize (5, 6, 14).

In this study we cloned, upstream of reporter genes, the
putative promoter regions for the ABC-T and TRAP-T operons
of S. meliloti by using both a multicopy plasmid and an integrat-
ing vector. Thus, the high sensitivity of a multicopy-replicating
plasmid was complemented by the advantage of the compara-
tively undisturbed regulation of an integrated fusion. In total,
300 plasmid fusions were prepared along with 198 integrated
fusions, and these were tested with up to 174 inducing conditions.
This work attempts a genome-level characterization of the solute
induction of both the ABC-T superfamily and the TRAP-T
family. In most cases, the induction profile corresponds to the
specificity of the solute transported. Therefore, this analysis
represents a powerful approach to understand the function of
two of the most important classes of transport systems.

Results and Discussion

The 76 systems found to be specifically induced by one or more
compounds are summarized in Table 1, and the results are shown
in Table 2, which is published as supporting information on the
PNAS web site. They represent 47% of the ABC-uptake systems
and 53% of the TRAP-Ts in S. meliloti. Each fusion was tested
with up to 174 biologically active compounds including sugars,
amino acids, amino acid derivatives, purines, pyrimidines, poly-
ols, organic acids, and limitation conditions, shown in Table 3,
which is published as supporting information on the PNAS web
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