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MINIREVIEW

More Than One Way To Sense Chemicals
GLADYS ALEXANDRE AND IGOR B. ZHULIN*

School of Biology, Georgia Institute of Technology, Atlanta, Georgia 30332-0230

“Every way makes my gain . . . ”
Othello, Act V, Scene I

Sensing various chemicals in the environment and respond-
ing to changes in their concentrations is a fundamental prop-
erty of a living cell. It is especially important for unicellular
organisms that constantly interact with the environment. Mi-
croorganisms possess simple yet effective systems that allow
them to regulate numerous cellular functions in response to
changes in their surroundings (for recent reviews, see refer-
ences (34 and 54). Active motility of microbial cells along
chemical gradients, usually referred to as chemotaxis, is con-
trolled by probably the best-studied signal transduction system.
Taxis responses allow motile microorganisms to rapidly move
toward a microenvironment optimal for their growth and sur-
vival. The mechanism of flagellar motility and its control via
chemotaxis have been studied in great detail in Escherichia coli
and Salmonella enterica serovar Typhimurium (for reviews, see
references (8, 15, 55, and 56). Enteric bacteria measure con-
centrations of chemicals outside the cell using transmembrane
receptors (chemotaxis transducers) that transmit information
into the cell interior. Transmembrane chemoreceptors are ar-
ranged into arrays, resulting in the sensor system, which is
extremely sensitive to subtle conformational changes (14, 55).
The transmembrane signaling in E. coli is a current paradigm
for chemical sensing (for a recent review, see reference (21).
However, there is a growing evidence that transmembrane
signaling is not the only way to sense chemicals. This minire-
view focuses on alternative strategies used by microorganisms
in order to monitor the chemical composition of the environ-
ment.

METABOLISM-INDEPENDENT CHEMICAL SENSING

Transmembrane chemoreceptors. In 1969, Julius Adler pro-
vided for the first time extensive biochemical and genetic evi-
dence that E. coli chemotaxis is independent of uptake or
metabolism of the chemical stimulus (1). For example, chemo-
taxis to galactose was normal in mutants deficient in galactose
transport and metabolism. From that time on, research fo-
cused on the metabolism-independent information flow from
membrane receptors to flagellar motors. E. coli possess five
chemoreceptors, and four of them are involved in transmem-
brane signaling: Tar for aspartate, Tsr for serine, Trg for ribose

and galactose, and Tap for dipeptides (for reviews, see refer-
ences (21 and 56). These chemoreceptors have essentially the
same membrane topology: two transmembrane helices anchor
the receptor in the membrane and demarcate a periplasmic
ligand-binding domain and a cytoplasmic signaling module.
Binding of a chemoeffector (attractant or repellent) or che-
moeffector-occupied binding protein to the periplasmic do-
main of the chemoreceptor is necessary and sufficient to cause
changes in the cell behavior. Conformational changes in the
receptor are transmitted to the histidine autokinase CheA,
which serves as the phosphodonor for the cognate response
regulator CheY. Phosphorylated CheY controls swimming
behavior by binding the flagellar motor and changing its rota-
tional direction from counterclockwise to clockwise (for a re-
cent review, see reference (14). Transmembrane chemorecep-
tors Tar, Tsr, Trg, and Tap, which recognize chemical stimuli
extracellularly, account for 90% of the total number of che-
motaxis transducer molecules in E. coli (32; F. Roy, M. S.
Johnson, and B. L. Taylor, unpublished data). The dominance
of the ligand-binding mechanism of chemoreception explains
the classical postulates of Adler: (i) essentially nonmetaboliz-
able analogues of metabolizable attractants are still attractants,
(ii) mutation in the metabolism of a chemical attractant does
not affect chemotaxis, and (iii) chemicals attract bacteria even
in the presence of another metabolizable chemical.

PTS taxis: transport-dependent behavior. In addition to
chemotactic responses mediated by transmembrane recep-
tors, E. coli also exhibits chemotaxis to substrates that are
transported by the phosphoenolpyruvate (PEP)-dependent
carbohydrate phosphotransferase system (PTS). Transport,
but not metabolism, of the PTS substrates is required for a
behavioral response (2). During transport, the sugar is phos-
phorylated by a membrane-bound sugar-specific enzyme II
(EII) transport protein. EII accepts phosphate from a non-
specific donor, a PEP-dependent histidine kinase enzyme I
(EI). EI and a phosphohistidine carrier protein (Hpr) con-
stitute the phosphorelay to EII. EI interacts directly with
CheA, and the phosphorylation state of EI regulates the
autophosphorylation of CheA (40) by a transport-induced
dephosphorylation of the PTS (41). An unusual variation on
a theme in PTS chemotaxis was reported for Bacillus subtilis,
where a chemoreceptor was directly involved in mediating
the response (23).

Metabolism-independent chemotaxis was found in several
bacterial species, including chemotaxis to amino acids in B.
subtilis (25, 44) and to aromatic acids in Pseudomonas putida
(20).
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CHEMICAL SENSING VIA ENERGY TAXIS

Metabolism-dependent behavior. In contrast to the metab-
olism-independent behavior described above, some chemotac-
tic responses in bacteria require metabolism of a chemical
attractant. These include chemotaxis of E. coli to proline (17),
glycerol (71), and succinate (13). The presence of an alterna-
tive substrate or a mutation in glycerol metabolism prevents
chemotaxis to glycerol (71), a clear disagreement with Adler’s
postulates for metabolism-independent chemotaxis.

Metabolism-dependent chemotaxis to most chemical attract-
ants was demonstrated in an a-proteobacterium, Azospirillum
brasilense, a diazotrophic soil organism capable of colonizing
the rhizosphere of many important cereals and grasses (4, 69).
In A. brasilense, (i) nonmetabolizable analogues of metaboliz-
able attractants are not attractants, (ii) inhibition of the me-
tabolism of a chemical attractant completely abolishes chemo-
taxis to and only to this attractant, and (iii) the presence of
another metabolizable chemical (exogenous or endogenous)
prevents chemotaxis to all attractants studied. In addition, in A.
brasilense, there is a direct correlation between the efficiency of
a chemical as a growth substrate and as a chemoeffector (4).

Experimental evidence suggests that chemotaxis to certain
attractants is metabolism dependent in another a-proteobac-
terium, Rhodobacter sphaeroides (8–10). First, all attractants
are metabolites, the strongest being organic acids, such as
succinate, similar to what occurs in A. brasilense. Other che-
moattractants include a wide range of sugars, polyols, and
amino acids. No repellents have been identified so far in R.
sphaeroides. Involvement of metabolism in chemotaxis of R.
sphaeroides to sugars was shown (36). Stronger chemotactic
responses are observed when cells are grown on the sugar
under test as the growth substrate, and a period of starvation
enhances the responses. Furthermore, a mutant impaired in the
metabolism of a sugar does not show chemotaxis to this sugar.

Similarly, chemotaxis to some attractants, such as proline,
was suggested to be metabolism dependent in Sinorhizobium
meliloti, a nitrogen-fixing symbiont of leguminous plants (27).
Chemotaxis to root exudates is a prerequisite for the establish-
ment of the symbiotic association between the plant and the
bacterium. S. meliloti cells are attracted by organic acids,

amino acids, carbohydrates, and flavones, all of which are
present in root exudates (19, 50). The chemotactic responses in
S. meliloti are stronger if cells have been starved before being
chemotactically stimulated, suggesting that metabolism is re-
quired.

Spirochaeta aurantia is a free-living spirochete found in
aquatic environments. A relationship between energy metab-
olism and chemotaxis in this bacterium was suggested by the
observation that chemotactic responses to low concentrations
of D-ribose and D-xylose were stronger if the cells were grown
under carbon-limited conditions (62). Moreover, addition of
D-xylose to the cells caused changes in membrane potential
(28, 29), suggesting that monitoring intracellular energy status
is the origin of the chemotactic signal toward D-xylose.

Metabolism-dependent chemotaxis to pyruvate, a rapidly
metabolizable substrate, has also been recently reported for
Campylobacter jejuni, a microaerophilic ε-proteobacterium,
which is a common commensal organism of the gastrointestinal
tract in animals (33).

Energy taxis. A correlation was reported between temporal
changes in behavior and in electron transport/membrane po-
tential during taxis to proline (17) and glycerol (71) in E. coli
and during taxis to all strong attractants in A. brasilense (4).
These studies suggested that metabolism-dependent chemo-
taxis shares the signaling pathway with other behavioral re-
sponses collectively known as energy taxis.

Energy taxis is broadly defined as a behavioral response to
stimuli that affect cellular energy levels (60). It encompasses
responses that are directly linked to electron transport/energy
generation, such as aerotaxis, phototaxis, redox taxis, and taxis
to alternative electron acceptors (for recent reviews, see ref-
erences 8, 59, and 61). The signal for this type of behavior
originates within the electron transport system, where changes
in the rate of electron transport (or a related parameter) are
detected by a signal transduction system. This bacterial behav-
ior was analyzed extensively with respect to electron acceptors
(8, 11, 24, 30, 58) and light, which initiates electron transport
(8, 31). Rapidly metabolizable substrates that input reducing
equivalents into the electron transport system have rarely been
studied as chemoeffectors. However, the donors of reducing

FIG. 1. Attractants and repellents in energy taxis. Metabolizable substrates and electron acceptors are attractants (gray boxes) because they
maintain the flow of reducing equivalents through the electron transport system (ETS). Chemicals that inhibit the flow are repellents (black boxes).
Adapted from reference 4 with modifications.
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equivalents directly determine the rate of electron transport
and thus are being sensed as attractants via the energy taxis
mechanism. Therefore, metabolizable substrates can be chem-
ical stimuli for bacteria as long as a receptor measuring
changes in the electron transport system is present.

Electron transport system is required for chemical sensing
in A. brasilense. In energy taxis, a functional electron transport
system is required for the behavioral response (Fig. 1.). For
example, electron transport to the terminal oxidases is essen-
tial for aerotaxis in E. coli (52) and for taxis to light, oxygen,
and dimethyl sulfoxide in R. sphaeroides (24, 31). A. brasilense
became the first microorganism for which direct evidence was
obtained that a functional electron transport system is required
for chemotaxis to all major chemical attractants and repellents
(4).

First, only chemicals that interact directly with the electron
transport system were found to be repellents for A. brasilense.
Substituted quinones that are strong competitive inhibitors of
the respiratory system in azospirilla (3) were found to cause a
repellent response (4), which correlated with their reduction
potential, similar to negative redox taxis in E. coli (11). Non-
competitive inhibitors of the cytochrome c oxidase-terminated
respiratory branch, such as myxothiazol, were also found to
cause a repellent response. The cytochrome c oxidase-termi-
nated branches in bacteria are the most efficient in energy
generation (63). Inhibition of this respiratory branch by myx-
othiazol caused a strong repellent response in A. brasilense,
which lasted several minutes in a temporal gradient assay.
Under these conditions, supplying reducing equivalents be-
yond the inhibition site by using artificial electron donors
caused an attractant response (4).

Second, there was a correlation between the magnitude of
the chemotactic response, rate of electron transport, and mem-
brane potential upon addition of a chemical attractant to
starved cells (4).

Third and most important, a mutant lacking the cytochrome
cbb3-type terminal oxidase had significantly diminished chemo-
taxis to all major attractants, but only under microaerobic
conditions (4). When assayed under fully aerobic conditions,
where this respiratory branch is not functional (42), chemotac-
tic responses in the mutant and the wild-type strain were iden-
tical (4). Altogether, the results showed that the signal for
chemotaxis toward major attractants and repellents originated
within a functional electron transport system in A. brasilense.

The cytochrome c-containing branch may play a specific role
in sensing and signaling to the tactic machinery when changes
in the electron transport system occur. This respiratory branch
is dominant under microaerophilic conditions (42), where A.
brasilense generates maximal energy (70). Therefore, a muta-
tion or inhibition of this electron transport branch will have the
strongest effect on the energy status of the cell. It is not known
whether a change in the redox state of components of the
electron transport system or an ion motive force is the signal
for chemotaxis in A. brasilense and in other species where
chemicals are sensed via energy taxis. Characterization of che-
moreceptors capable of measuring changes within the electron
transport system is required in order to conclusively establish
sensing mechanisms.

A GROWING FAMILY OF RECEPTORS
FOR ENERGY TAXIS

A general scheme showing a variety of energy taxis receptors
discussed below is shown on Fig. 2.

Aer. Although a receptor for energy taxis, which would mea-
sure proton motive force or a similar parameter, was theoret-
ically predicted 20 years ago (26, 57), the first such receptor,
Aer of E. coli, was described only in 1997 (13, 47). As all
members of the chemotaxis transducer superfamily (68), the
Aer protein has a conserved C-terminal signaling module. Al-
most the entire N-terminal region of Aer consists of the PAS
domain (named PAS for Per, ARNT, Sim) (72). By using
computerized database searches, this domain was detected in
hundreds of signal transduction proteins from all three king-
doms of cellular life that are implicated in sensing of oxygen,
light, and redox potential (46, 60, 72). The PAS domain of Aer
contains the flavin adonine dinucleotide (FAD) cofactor (12,
13, 49), and presumably the redox status of FAD within Aer
reflects that of an interacting component of the electron trans-
port system. Aer was conclusively shown to mediate the re-
sponse to succinate (13) and glycerol (47), chemicals that were
proposed to signal via energy taxis (71). The importance of the
redox-responsive FAD for Aer-mediated responses was well
documented by using site-specific mutagenesis of the PAS do-
main and the HAMP domain (named HAMP for histidine
kinases, adenylylcyclases, methyl-accepting chemotaxis pro-
teins) (12, 49); Q. Ma and B. L. Taylor, unpublished data),
which is a signaling module found in many microbial sensor
proteins (7). In Aer, the HAMP domain is thought to transmit

FIG. 2. Microbial chemotaxis transducers. Metabolism-indepen-
dent chemotaxis is governed by transmembrane receptors that have a
periplasmic ligand-binding domain (shown in white). Energy taxis is
governed by all membrane-associated receptors shown: either redox-
responsive cofactors (FAD, heme) or charge-sensitive amino acid res-
idues in a close proximity to the membrane might serve as the sensors
(see the text for details). A specialized receptor binding oxygen directly
is shown on the right. Hatched ovals represent conserved signaling
modules. Cytoplasmic sensing domains are shown in black.
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the signal from the PAS domain to the C-terminal signaling
module. Aer is the best-studied receptor that governs chemo-
taxis to rapidly metabolizable chemical substrates by using the
energy-sensing mechanism.

Tsr. The serine chemoreceptor of E. coli, Tsr, has also been
identified as an energy taxis transducer (47), but the sensing
mechanism employed by Tsr remains unknown. Tsr responds
to all stimuli that are recognized by Aer (47), including artifi-
cial stimulation or inhibition of the electron transport by re-
dox-active compounds (11). However, no redox-responsive (or
any other) prosthetic group is found in the receptor. Tsr was
implicated in sensing both intracellular and extracellular pH
(38, 48, 53). Thus, it was logical to suggest that the mechanism
of pH sensing and energy sensing might be similar, because the
pH gradient is a component of the electrochemical proton
gradient generated by the electron transport system (39, 59).
Positively charged residues on the cytoplasmic side of the
membrane that are adjacent to the transmembrane helices
might be the actual sensor elements. These residues are found
in most membrane-spanning proteins and are subject to direct
control by the electrochemical proton gradient (51).

In addition to Aer and Tsr of E. coli, several chemoreceptors
were identified in other bacterial species that may mediate
chemical sensing via energy taxis.

DcrA in Desufovibrio vulgaris. The DcrA chemoreceptor of
D. vulgaris is the most intriguing sensor and potential energy
taxis transducer. Experimental evidence suggests that DcrA
contains a C-type heme in its periplasmic region (22); there-
fore, it may be responsive to redox changes in the electron
transport system or/and may bind oxygen directly. Moreover,
the second putative sensing module in DcrA is the PAS do-
main, which is located intracellularly between the second trans-
membrane region and the C-terminal signaling module (60).
Unfortunately, lack of behavioral studies renders the term
“putative” for this unique sensor.

Ptr in Rhodospirillum centenum. Another putative energy
taxis transducer has been recently described for a photo-
synthetic a-proteobacterium, R. centenum. This transducer,
termed Ptr, was shown to mediate photosensory behavior in
R. centenum, where disruption of the ptr gene eliminated re-
sponses to light (37). Based on the presence in the predicted
periplasmic sensing region of a short motif resembling known
heme-binding sites, Jiang and Bauer (37) suggested that Ptr
might sense the redox state of a periplasmic component of the
photosynthetic electron transport system, such as cytochrome
c. Although this is an attractive model, significant experimental
evidence is still required to prove it. Chemotaxis to rapidly
metabolizable substrates was not analyzed in the ptr mutant,
and Ptr homologs are present in bacteria that lack a photosyn-
thetic respiratory system, for example the McpB protein in
Rhizobium leguminosarum (66). Until further evidence is ob-
tained, it is reasonable to assume that Ptr is a general energy
taxis transducer. Ptr has the same membrane topology as Tsr of
E. coli, and no prosthetic group was experimentally proven to
be associated with either transducer. Therefore, the sensing
mechanism for Tsr and Ptr may in fact be the same and re-
quires further characterization.

Receptors in R. sphaeroides. R. sphaeroides responds to a
variety of electron acceptors, and at least some chemoattrac-
tants, especially sugars (36), appear to signal via energy taxis.

Several chemoreceptors have been identified in R. sphaeroides.
Two of them, TlpA and TlpB, are cytoplasmic and were pro-
posed to sense cytoplasmic metabolic intermediates (9). Dele-
tion of TlpA results in a reduction of chemotaxis toward all
compounds, but only under aerobic conditions, supporting the
idea that TlpA senses a change in a metabolite intermediate
(64). Cytoplasmic receptors may not necessarily be metabolism
dependent or energy taxis sensors, but they certainly represent
a strategy where chemical sensing occurs intracellularly.

Rhizobial chemoreceptors. Two cytoplasmic chemorecep-
tors in S. meliloti, TlpA and TlpB, were proposed to be the
sensors monitoring internal stimuli that reflect the metabolic
or energy state of a cell (9), similar to the cytoplasmic recep-
tors in R. sphaeroides. Several chemoreceptors were also iden-
tified in R. leguminosarum (66). However, mutating most che-
moreceptor genes did not result in a clear nonchemotactic
phenotype. Only deficiency in the McpB chemoreceptor re-
sulted in a reduction of chemotaxis toward all attractants
tested and in a reduced ability to infect the host plant, illus-
trating the importance of chemotaxis in the plant-microbe sym-
biosis (66). However, as in most other species, the nature of the
signal sensed by the chemoreceptor remains to be elucidated.

CetA and CetB in C. jejuni. Two proteins, CetA and CetB
(Campylobacter energy taxis), show significant homology with
the PAS domain and conserved signaling chemoreceptor do-
main of the E. coli energy-taxis receptor Aer, respectively. cetA
and cetB mutants of C. jejuni are impaired in chemotaxis to-
ward pyruvate and fumarate. Pyruvate is rapidly metabolized
by C. jejuni in the presence of oxygen as a terminal electron
acceptor, and fumarate is the preferred terminal electron ac-
ceptor even in the presence of oxygen (33). Thus, C. jejuni is
able to sense its intracellular energy status by using a bipartite
system consisting of CetA and CetB in a manner analogous to
Aer-mediated energy taxis in E. coli and P. putida (13, 33, 43).

Specialized receptors that sense energy-related parameters.
Some chemoreceptors are apparent sensors of energy-related
parameters, such as oxygen and light. However, they employ
mechanisms of direct sensing and in this sense resemble clas-
sical ligand-binding transmembrane chemoreceptors in E. coli.
A novel chemoreceptor that senses an energy-related param-
eter, the intracellular concentration of oxygen, has been iden-
tified recently in Halobacterium salinarum and B. subtilis (35).
The HemAT transducer governs the aerotactic response in
both species and contains heme B, which directly binds oxygen
similarly to hemoglobin and some heme-based sensors and
differently from sensors interacting with the electron transport
system. Similarly, a receptor that responds directly to light, and
not to light-mediated electron transport, has been identified in
the cyanobacterium Synechocystis sp. (65, 67). In its N-terminal
region, the Slr0041 receptor contains two photosensory GAF
domains (named GAF for cGMP-phosphodiesterases, adenyl-
ate cyclases, and FhlA) (67) that are known phototransducing
elements in microorganisms, plants, and animals (6). Con-
served attachment sites for a light-responsive tetrapyrrole
chromophore are present in both GAF domains of Slr0041
(67), and a mutation in the corresponding gene abolishes pho-
totaxis to red/far red light that excites tetrapyrrole (65). Thus,
in aerotaxis and phototaxis there is also more than one way to
sense the stimuli.
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CONCLUSIONS

Measuring changes in the electron transport system is the
most effective way to monitor energy metabolism in general
and concentrations of available metabolizable substrates in
particular. In energy taxis, the strength of the response de-
pends on the presence of both a substrate and an appropriate
electron acceptor (Fig. 1). Should the optimal concentration of
a substrate decrease, the cells will execute “chemotaxis,” mov-
ing up the chemical gradient. Should the optimal concentration
of an electron acceptor (for example, oxygen) decrease, the
cells will execute “aerotaxis,” moving up the oxygen gradient.
Thus, via energy taxis the cells seek optimal balance between
the oxidizable substrate and oxygen in order to generate max-
imal energy.

In E. coli, two receptors, Aer and Tsr, monitor intracellular
energy levels, whereas receptors utilizing the ligand-binding
mechanism are not redundant. The presence of two receptors
monitoring different parameters of energy status provides the
cell with a more flexible energy-sensing mechanism and there-
fore an obvious advantage. The lack of a readily measurable
phenotype upon mutation of receptor genes in some bacteria
may be due to the presence of redundant energy taxis recep-
tors. Indeed, if such receptors measure an energy-related pa-
rameter, then a diminished response to all attractants sensed
via energy taxis or no phenotype at all is expected, depending
on whether the energy-related parameter measured by the
receptor is strong enough under the conditions tested. For
example, the reduction in chemotaxis in the cbb3 mutant of A.
brasilense can only be observed under microaerobic conditions
where the oxidase is active (4). Revealing such subtle differ-
ences requires sensitive methods, such as the temporal gradi-
ent assay.

Three major classes of chemical sensors are widespread in
microorganisms: chemotaxis transducers (68), histidine kinases
(34, 54), and adenylate cyclases/phosphodiesterases (16, 18,
45). All three classes share several known sensor domains, such
as PAS (46, 60, 72), Cache/ESENS (5, 68), and GAF (6). All of
these sensor elements are also present in eukaryotic signal
transduction networks. Therefore, fundamental principals of
chemical sensing appear to be well conserved throughout the
tree of life. Sequences of thousands of various sensor proteins
are now available in public databases. Data mining and, most
importantly, careful experiments will soon show us even more
ways microorganisms can sense chemicals in the environment
that are crucial for their growth and survival.
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