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We developed a series of ligand-inducible riboswitches that control gene expression in diverse species of
Gram-negative and Gram-positive bacteria, including human pathogens that have few or no previously
reported inducible expression systems. We anticipate that these riboswitches will be useful tools for genetic
studies in a wide range of bacteria.
that strongly activate protein translation in the Gram-negative
gammaproteobacterium Escherichia coli (18). These riboswitches produce low levels of background gene expression in
the absence of the small molecule theophylline and large (⬎50fold) increases in expression in the presence of the ligand.
However, attempts to use several of these riboswitches in other
gammaproteobacteria, such as Acinetobacter baylyi (9), or the
more distantly related firmicute Bacillus subtilis resulted in
only modest ligand-dependent changes in gene expression (see
the supplemental material). We suspected that this performance differential might result from stricter requirements for
complementarity between the ribosome binding site and the
16S rRNA in these organisms (1).
Using a combination of rational design and in vivo screening
(9, 17, 27) (see Fig. S1 to S4 and Materials and Methods in the
supplemental material), we developed a set of five synthetic
riboswitches that enable inducible gene expression in eight
diverse bacterial species (Fig. 1A), including organisms that
currently have few or no tools with which to titrate gene expression in the laboratory. Three of the organisms are Gramnegative gammaproteobacteria, including E. coli; Acinetobacter
baylyi strain ADP1 (28, 32), which is naturally competent but
has few methods available for the conditional control of gene
expression; and Acinetobacter baumannii (22), which is an opportunistic human pathogen that is often multidrug resistant
and can cause severe pneumonia in immunocompromised patients, and, to our knowledge, currently lacks laboratory-inducible genetic control elements. Additionally, we tested the
switches in the Gram-negative alphaproteobacterium Agrobacterium tumefaciens (31), which is the causative agent of crown
gall disease in dicot plants and is widely used in genetic engineering applications (7). We also tested the switches in three
Gram-positive bacteria, including the firmicutes Bacillus subtilis and Streptococcus pyogenes. B. subtilis is a well-studied
model organism, while S. pyogenes is a human pathogen that
causes several diseases, including pharyngitis (“strep throat”),
cellulitis, scarlet fever, and necrotizing fasciitis (6). The development of inducible control elements for S. pyogenes is partic-

The ability to precisely control gene expression has greatly
enhanced the study of microbial genetics and behavior. Common model systems, such as that of Escherichia coli, typically
have a variety of genetic control elements available, such as
the isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible lac
operon (13) and the arabinose-inducible araC promoter (12).
However, for many bacteria, simple-to-use methods for inducing gene expression in a ligand-dependent fashion do not exist.
While it is possible in principle to transfer the inducible regulatory machinery from one species to another (4), issues including promoter and codon usage, protein folding, and ligand
permeability present challenging obstacles. Indeed, with the
exception of the tetracycline-inducible expression system (16),
most protein-based ligand-inducible expression systems that
function well in E. coli have proven difficult to transport into a
broad range of bacteria (23, 24). However, bacteria universally
employ conserved, RNA-based genetic switching mechanisms
to regulate many metabolic pathways (2), suggesting that synthetic riboswitches, which regulate gene expression via smallmolecule–RNA interactions, may potentially function as genetic control elements in a broad range of bacterial species.
Over the past decade, synthetic riboswitches have been developed in several model organisms such as E. coli (10, 17),
Bacillus subtilis (26), Saccharomyces cerevisiae (3, 29), and Chinese hamster ovary (CHO) cells (30). We reasoned that riboswitches would be particularly amenable to controlling gene
expression in a variety of bacterial species because the translational machinery is well conserved and because riboswitches
do not require accessory proteins. We recently reported the
discovery of several ligand-dependent synthetic riboswitches
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FIG. 1. (A) Bacterial phylogeny. The species studied here are shown in the ovals. (B) Activation ratios and expression levels for riboswitches
A to E in each organism. Right axes: expression levels in the absence of theophylline (open circles) and in the presence of theophylline (2 mM;
closed circles). Measurements are of ␤-galactosidase activity in Miller units (20) for all organisms, except for S. pyogenes (␤-glucuronidase [GUS]
activity in GUS units [14]) and M. smegmatis (normalized fluorescence of GFP [8]). Errors are smaller than the symbol size. Left axes: activation
ratios of the riboswitches, which were determined by dividing expression levels in the presence of theophylline by expression levels in the absence
of theophylline.

ularly desirable because the only available expression system
typically requires two separate plasmids and is based on nisin,
which is itself an antimicrobial agent (11). Finally, we tested
our riboswitches in the actinobacterium Mycobacterium smegmatis, which is closely related to the pathogenic Mycobacterium
tuberculosis.
We constructed our riboswitches by subcloning each sequence into a broad-host-range vector, pBAV1K (5), which

features a modified form of the pWV01 rolling-circle replicon
(see Table S1 and Fig. S1 to S4 in the supplemental material).
pBAV1K also includes a T5 promoter and a lac operator
sequence that control the transcription of the riboswitch and
the lacZ reporter gene. We note that while pBAV1K can
transform a variety of bacteria, both its copy number and the
efficiency of the T5 promoter vary between hosts (5). For
applications in which controlling copy number and/or pro-
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moter strength is paramount, it can be helpful to use native
promoters and plasmids. Thus, we studied our riboswitches
using plasmids specifically adapted for M. smegmatis, S. pyogenes, and Magnetospirillum magneticum. For M. smegmatis,
each riboswitch sequence was cloned within the 5⬘ untranslated
region (UTR) of the eGFP gene of pMWS114, which contains
the eGFP gene (S65T/F64L) cloned as an EcoRI-HindIII fragment into pMV261 (25). To construct riboswitch plasmids for
S. pyogenes, we introduced each sequence by inverse PCR on
the template pEU7742 (J. V. Bugrysheva and J. R. Scott,
unpublished data), which features the Psag promoter and the
gusA reporter gene. A guide for adapting the riboswitch constructs for use in new bacterial species is provided in the
supplemental material.
In every organism tested, at least one of the five riboswitches
provided a low level of background expression in the absence
of the ligand and at least a 25-fold increase in gene expression
in the presence of 2 mM theophylline (Fig. 1B). Activation
ratios greater than 50-fold were achieved in most organisms,
but it is important to note that switches that achieve the highest
activation ratios often do so by having the lowest background
expression in the absence of a ligand. For applications that
demand high levels of gene expression, a switch with a stronger
signal (but lower activation ratio) may be desirable. In nearly
all organisms studied, there are at least two switches that display comparable activation ratios but substantially different
levels of expression (e.g., switches B and E in B. subtilis). In
general, both the background and the signal increase moving
from switches A to E, which is consistent with the presence of
stronger ribosome binding sites or less stable secondary structures in the ligand-free states in switches C to E (see Table S1
in the supplemental material for full details of the ribosome
binding site sequences). We note that comparisons of riboswitches within a species are generally more useful than comparisons between species, as the copy number of pBAV1K, the
efficiency of the T5 promoter, and the level of codon optimization of the reporter gene vary between species (5). Because
expression is dose dependent (see Fig. S5 to S11 in the supplemental material), it should be possible to achieve the desired expression level in a given application by choosing a
host-appropriate plasmid and promoter and then titrating the
concentration of theophylline.
With synthetic riboswitches validated in seven organisms
across four bacterial phyla, we assessed the ability of these
switches to control gene expression in an organism not in our
initial test set. Magnetospirillum magneticum strain AMB-1 (19)
is an aquatic alphaproteobacterium that is able to navigate
along Earth’s magnetic field lines using a magnetite-containing
membrane-bound organelle called the magnetosome. The
study of magnetotactic bacteria is providing new insights into
the process of biomineralization as well as a better understanding of organelle evolution and biogenesis in prokaryotes. The
magnetotactic response of AMB-1 is dependent on the chain
organization of the magnetosomes in the cell body, which requires expression of the actin-like cytoskeletal protein MamK
(15). Previous work has shown that the chain organization
defect observed in a mamK deletion mutant can be restored by
the constitutive expression of a green fluorescent protein
(GFP)-tagged version of MamK from a plasmid (15). The
tunable expression system described here will allow more pre-
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FIG. 2. Images of riboswitches B and C controlling the expression
of a MamK-GFP fusion in M. magneticum in the presence of theophylline (1 mM) as a function of time. Left panels are phase-contrast
images; right panels monitor GFP fluorescence emission (2-m scale
bar). All fluorescent images were exposed for 6 s, and the cells were
visualized with a 100⫻ objective.

cise control over MamK levels, thus enabling temporally controlled induction or depletion studies.
Based on data obtained in studying A. tumefaciens, which is
also an alphaproteobacterium and is cultured at a similar temperature (28°C versus 30°C for M. magneticum), we predicted
that switch A, B, or C would be best suited for inducing actinlike filament formation in M. magneticum, while switches D
and E would likely exhibit high levels of background gene
expression in the absence of theophylline. We considered the
culture temperature to be important because previous studies
have shown that similar riboswitches operate under equilibrium conditions, where temperature impacts the equilibrium
(17), and because riboswitch function in E. coli is temperature
dependent (see Fig. S12 in the supplemental material). Further
consideration of the 16S rRNA sequences of each species
suggested that switch A may exhibit higher levels of background and induced gene expression in M. magneticum than in
A. tumefaciens due to an additional possible base-pairing interaction between M. magneticum 16S rRNA and the ribosome
binding site of switch A (see Fig. S13 in the supplemental

7884

TOPP ET AL.

APPL. ENVIRON. MICROBIOL.

material). To test these hypotheses, we subcloned each riboswitch into the previously reported mamK-GFP expression
plasmid (15) and imaged cells harboring these constructs at
several time points following induction with 1 mM theophylline
(see Materials and Methods in the supplemental material).
While all five riboswitches showed increases in MamK-GFP
expression in the presence of theophylline, switches A, D, and
E displayed detectable levels of MamK-GFP expression in the
absence of the inducer. Consistent with our predictions, riboswitches B and C produced no visible expression of MamKGFP in the absence of the inducer. At comparable times
postinduction with theophylline (1 mM), riboswitch B produced higher levels of MamK-GFP than riboswitch C, as
shown by the appearance of fluorescent filaments extending
from pole to pole (Fig. 2), but both riboswitches produced
levels of MamK-GFP suitable for magnetosome localization
studies (15, 21).
In summary, we developed a series of synthetic riboswitches
that function as genetic control elements in a diverse set of
Gram-negative and Gram-positive bacteria. Using theophylline, an inexpensive (⬍$0.20/g) small molecule that is nontoxic
at the concentrations used here (10), we observed at least a
25-fold increase in gene expression in all species tested and a
greater-than-50-fold increase in two human pathogens. Many
unanswered questions surround the mechanisms of A. baumannii and S. pyogenes pathogenesis, and we anticipate that
these riboswitches will enable studies that have been hindered
by the inability to induce gene expression in conditional knockouts in these and other organisms. Finally, we demonstrated
that these riboswitches facilitate genetic complementation
studies in M. magneticum, a species with few genetic tools. We
expect that the riboswitches presented here will be useful for
controlling gene expression in a multitude of bacterial species
that lack ligand-inducible expression systems.
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