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The increasing release of organic pollutants by industries
cause many health-related problems. However, increased aware-
ness of the harmful effects of environmental pollution has led
to a dramatic increase in research on various strategies that
may be employed to clean up the environment. It is now real-
ized that microbial metabolism provides a safer, more efficient,
and less expensive alternative to physicochemical methods for
pollution abatement (27). In the past few decades, a vast range
of xenobiotic compounds have been found to be susceptible to
microbial mineralization. In most instances where mineraliza-
tion has been demonstrated, the catabolic pathway and its
regulation have also been determined.

Bacterial chemotaxis, movement under the influence of a
chemical gradient, either toward (positive chemotaxis) or away
(negative chemotaxis) from the gradient helps bacteria to find
optimum conditions for their growth and survival. However,
this aspect has received little attention, even though some
microorganisms with the chemotactic ability toward different
xenobiotic compounds have been isolated and characterized
(8, 19, 23, 41, 53). In many cases, the chemoattractant is a
compound that serves as carbon and energy source, whereas a
chemorepellent is toxic for the bacteria.

We describe here recent discoveries in bacterial chemotaxis
toward pollutants and how they may be explored and exploited
for bioremediation applications.

BACTERIAL BEHAVIORAL RESPONSES

Responding to changes in the environment is a fundamental
property of a living cell. It is especially important for unicel-
lular organisms, which directly interact with the changing mi-
croenvironment. Through evolution, microorganisms have de-
veloped effective mechanisms that help them to regulate their
cellular function in response to changes in its environment
(29). Of these, chemotaxis, i.e., the migration of microorgan-
isms under the influence of a chemical gradient, is the best-
studied bacterial behavioral response that navigates the bacte-
ria to niches that are optimum for their growth and survival.
Bacteria swim toward or away from a chemical stimulant in a
guided, nonrandom manner. The chemotactic swimming is a
result of rotation of flagella at speeds of ca. 18,000 rpm, and it
is powered by the proton motive force (14). Flagellar motors
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are reversible in nature that help to change bacterial tumbling
into a directional swimming by reversing the flagellar rotation
from clockwise to counterclockwise direction (44). An environ-
mental stimulus, e.g., light, oxygen, chemical, etc., is sensed by
a receptor and signal(s) in the form of two-component regu-
latory systems is transmitted to the flagellar motors, which then
move in the required direction (10, 44).

In order to learn bacterial chemotaxis in response to the
pollutants, it is important to understand the molecular mech-
anisms of well-characterized chemotaxis toward natural com-
pounds such as amino acids, sugars, aromatic acids etc. Che-
motaxis is broadly divided into two categories on the basis of
signal transduction strategies. One kind of chemotaxis is inde-
pendent of the metabolism of the chemoeffector molecule,
whereas metabolism of the signaling molecule is a prerequisite
for the other kind of chemotaxis (2). The two signal transduc-
tion strategies of chemotaxis that are relevant to this minire-
view are discussed briefly in the next two sections.

METABOLISM-INDEPENDENT CHEMOTAXIS

Although Bunning (11) and Pfeffer (46) were the first to
identify bacterial chemotaxis, Adler (1) provided the first ex-
tensive biochemical and genetic evidence that chemotaxis in
Escherichia coli is independent of uptake or metabolism of the
chemical stimulus. In metabolism-independent chemotaxis: (i)
essentially nonmetabolizable analogues of metabolizable at-
tractants are also attractants, (ii) mutations in the metabolism
of a chemical attractant do not affect chemotaxis, and (iii) a
chemoattractant attracts bacteria even in the presence of
metabolizable compounds. Since Adler’s time research has
revealed the molecular details of this kind of chemotaxis in
Escherichia coli and Salmonella enterica serovar Typhimu-
rium (4, 10). Metabolism-independent chemosensing occurs
through transmembrane chemoreceptors (chemotaxis trans-
ducers) that transmit information to flagella via two-compo-
nent regulatory systems that direct the cells to move in pref-
erential directions (10, 44). Transmembrane signaling in E. coli
is a paradigm for metabolism-independent chemotaxis (1, 16).
Metabolism-independent chemical sensing is found in several
bacterial species, including E. coli, Salmonella sp., Bacillus sub-
tilis, and Pseudomonas sp. toward a number of chemicals (4, 7,
10, 16). Detailed genetic and biochemical investigations of
E. coli have proven that four chemoreceptors out of five are
transmembrane proteins involved in the signaling process: Tar
for aspartate, Tsr for serine, Trg for ribose and galactose, and
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Tap for peptides (16). These four homologous methyl-accept-
ing chemotaxis proteins (MCPs) have a periplasmic sensing
domain and a cytoplasmic signaling domain. Binding of an
effector molecule to the periplasmic sensing domain of these
MCPs initiates a signal that is transduced to the flagellar motor
in the form of a phosphorelay that is similar to the other two-
component signal transduction systems of bacteria (10, 44). A
naphthalene chemorecepter, NahY (discussed later), has been
reported to have significant homology to the above-mentioned
MCPs (20). Different signal transducer proteins involved in the
chemotaxis of E. coli and Pseudomonas sp. and their mecha-
nism of interaction have been identified (10, 33, 44).

METABOLISM-DEPENDENT CHEMOTAXIS

In contrast to the metabolism-independent chemotaxis dis-
cussed above, some chemotactic responses in bacteria require
metabolism of the chemoeffector molecule. E. coli exhibits
metabolism-dependent chemotaxis toward proline (12), glyc-
erol (72), and succinate (9). Metabolism-dependent chemo-
taxis is best studied in an a-proteobacterium, Azospirillum
brasilense, where (i) nonmetabolizable analogues of metabo-
lizable attractants are not attractants, (ii) inhibition of the
metabolism of a chemical attractant completely abolishes
chemotaxis to that particular attractant, and (iii) presence of
another metabolizable chemical prevents chemotaxis to all
chemoattractants studied (3). Rhodobacter sphaeroides shows
chemotaxis toward a wide range of amino acids, organic acids,
and sugars (5). Although all attractants are metabolizable,
direct correlation has only been shown toward chemotaxis to
sugars and its metabolism (32). Similarly, Campylobacter jejuni
(28), Sinorhizobium meliloti (5), and Rhodobacter sphaeroides
(47) show metabolism-dependent chemotactic responses to-
ward pyruvate, organic acids, carbohydrates, flavones, and am-
monia. Metabolism-dependent chemotaxis shares signaling
pathways with other bacterial behavioral responses collectively
known as energy taxis, defined as a behavioral response to
stimuli affecting cellular energy levels (61-63). Aerotaxis (61)
and phototaxis (63) are its well-studied examples. The signal
for this type of tactic movement originates within the electron
transport chain, where a change in the rate of electron trans-
port (or a related parameter defining cellular energy levels) is
detected by a signal transduction system (2, 61, 63). In this
phenomenon metabolizable substrates can stimulate a behav-
ioral response as long as a receptor sensing the change in
cellular energy level is present. Aerotaxis helps a bacterium to
move to the niches that are optimum in terms of oxygen con-
centration (58, 61); this phenomenon could play an important
role in oxidative biodegradation of different xenobiotics since
different oxygenases that are important enzymes of the degra-
dation pathways require molecular oxygen for the activity. It
may also be helpful for anaerobic/microaerophilic microor-
ganisms to move deeper into the soils and sediments (an-
aerobic/microaerophilic conditions) and degrade toxic con-
taminants.

BACTERIAL CHEMOTAXIS TOWARD POLLUTANTS

The enhancement of chemotaxis in Spirochaeta aurantia
grown under conditions of nutrient limitation has been shown
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(64). In conditions of limited carbon and energy sources, it is
possible that chemotaxis might have been selected as an ad-
vantageous behavior in bacteria along with xenobiotic degra-
dation capabilities after exposure to such compounds. Al-
though bacterial degradation capabilities in many cases have
been proved to be efficient for remediation of contaminated
sites, bacterial chemotaxis toward pollutants has received less
attention. The first step in bioremediation, however, is the
bioavailability of a compound to the bacterial cells which may
be facilitated by chemotaxis.

Bioavailability of organic contaminants has been identified
as a major limitation to efficient bioremediation of contami-
nated sites (26). Contaminated soils contain a separate non-
aqueous-phase liquid (NAPL) that may be present as droplets
or films on soil surfaces. Biodegradation takes place more
readily when the target contaminants are dissolved in an aque-
ous medium (60). Many pollutants, especially those that are
hydrophobic, are virtually insoluble in water and remain ad-
sorbed in the NAPL (60). In order for biodegradation to occur,
bacteria must have access to the target compounds either by
dissolution of the target compounds in the aqueous phase or by
adhesion of the bacteria directly to the NAPL water interface.
In order to gain access to such adsorbed pollutants, degrada-
tive bacteria need to find and attach to surfaces possibly
through biofilm formation. Chemotaxis has been shown to play
an important role in biofilm formation in several microorgan-
isms (40, 48, 49, 67) that may guide a bacterium to swim toward
nutrients (hydrophobic pollutants) adsorbed to a surface, fol-
lowed by attachment using its flagella. It has been shown that
flagella are required for attachment to abiotic surfaces, thus
facilitating the initiation of biofilm formation (48, 60). In ad-
dition, chemotaxis and/or motility might be required for the
bacteria within a developing biofilm to move along the surface,
thereby facilitating growth and spread of the biofilm (60).

CHEMOTAXIS TOWARD SIMPLE AROMATIC
COMPOUNDS

Aromatic compounds are abundant in the biosphere due to
natural and anthropogenic activities and some of them are
pollutants (18, 35). Bacterial degradation of structurally sim-
ple, readily biodegradable aromatic compounds has been stud-
ied with the expectation that this will facilitate work on more
recalcitrant members of the group. Consequently significant
work has been done on the biodegradation of these com-
pounds (13, 35); however, little attention has been given to the
chemotaxis aspect.

Common soil bacteria such as Rhizobium sp. (15, 43), Bra-
dyrhizobium sp. (43), Pseudomonas sp. (24), and Azospirillum
sp. (36) have been shown to be chemotactically attracted to-
ward different aromatic hydrocarbons. Many of these com-
pounds are present in soils, sediments, and rhizosphere, and
they serve as sources of carbon and energy for the microor-
ganisms. Aromatic acids such as benzoate, p-hydroxybenzoate
(PHB), methylbenzoates, the m-, p-, and o-toluates, salicylate,
pL-mandelate, B-phenylpyruvate, and benzoylformate have
been reported to be attractants for Pseudomonas putida
PRS2000 (24). It has been argued that at least two sets of
chemoreceptors are synthesized in P. putida PRS2000. The
chemoreceptor of the benzoate chemotaxis system (responsi-
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TABLE 1. Chemotactic response of P. putida F1 to
different pollutants”

Response by Growth
Chemical” Structure induced cells of substrate for
P. putida F1¢ P. putida F1¢
CH,
Toluene ©/ S Yes
Benzene © S Yes
CZHS
Ethylbenzene ©/ S Yes
CH(CH,),
Isopropylbenzene ©/ w No
CF,
TFT © S No
] Cl
DCE = S ND
H H
cl Cl
TCE >=( S No
H Cl
Cl Cl
PCE = w ND

Q
Q

“ Adapted from reference 42 with permission of the publisher.

® All chemicals are substrates for toluene dixoygenase except for PCE.

¢S, strong response; W, weak response.

4 Yes, growth substrate; No, not growth substrate; ND, not determined.

Abbreviations: TFT, trifluorotoluene; PCE, perchloroethylene; DCE, dichlo-
roethylene; TCE, trichloroethylene.

ble for chemotaxis to benzoate, toluates, PHB, and salicylate)
is induced by growth on substrates that involves B-ketoadipate
as an intermediate (i.e., with benzoate or PHB). Another che-
morecepeptor is associated with chemotaxis toward mandelate,
benzoylformate, and B-phenylpyruvate (24). A gene cluster,
pcaRKF, was found to be involved in chemotaxis, biodegrada-
tion, and transport of PHB in this strain (22). The pcaK en-
codes a nonessential transporter for PHB but has been shown
to be required for chemotaxis toward PHB and benzoate. Che-
motaxis to PHB in this strain can be eliminated by disrupting
pcaK without any accompanying effect on metabolism, suggest-
ing that this chemotactic response is receptor-mediated (22).
There are yet no conclusive results to show whether PcaK itself
is a chemoreceptor for PHB chemotaxis or it plays an indirect
role in chemotaxis; however, expression of the tactic response
to aromatic acids in strain PRS2000 does not require the ex-
pression of enzymes for the degradation of these compounds.

Parales et al. (42) reported toluene as a chemoattractant for
three toluene-degrading bacteria (P. putida F1, Ralstonia pick-
ettii POKO1, and Burkholderia cepacia G4). P. putida F1 was
also reported to be chemotactic toward seven other organic
pollutants, some of which served as sources of carbon and
energy, but almost every compound was found to be a sub-
strate for toluene dioxygenase (Table 1) (42). Bacterial che-
motaxis toward toluene, benzene, ethylbenzene, isopropyl-
benzene, naphthalene, trifluorotoluene, perchloroethylene,
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dichloroethylene, and trichloroethylene was found to be in-
duced during the growth of P. putida F1 on toluene (Table 1).
This inducible nature of chemotactic response toward toluene
and toluene dioxygenase substrates suggests a correlation be-
tween chemotaxis and their transformation and/or degrada-
tion. Although the P. putida F1 mutants defective in toluene
dioxygenase, which cannot grow on toluene, are chemotactic
toward toluene, an indirect correlation between chemotaxis
and biodegradation was still shown by the mutation studies of
todST genes that are positioned adjacent to the tod structural
genes (todRXFC1C2BADEGIH that code for toluene degrada-
tion) (42). The todS and todT genes encode a two-component
sensory transduction system required for induction of tod
structural genes in the presence of toluene. It has been ob-
served that inactivation of todS blocks growth on toluene and
a mutation in todT results in a very slow growth on toluene.
Interestingly, both of these mutants did not exhibit chemotaxis
to toluene, suggesting that the genes required for the chemo-
tactic response to toluene are coordinately regulated with
those for toluene degradation by fodS and todT.

CHEMOTAXIS TOWARD NAPHTHALENE

Naphthalene, listed as a priority pollutant by the U.S. Envi-
ronmental Protection Agency (66), is commonly found in in-
dustrial effluents and is a constituent of coal tar (17). It is easily
degraded by bacteria and is thus often used as a model com-
pound for in situ biodegradation studies of polycyclic aromatic
hydrocarbons (13). The high solubility of naphthalene com-
pared to other polycyclic aromatic hydrocarbons and the fact
that the naphthalene degradative genes are plasmid encoded
has facilitated research on naphthalene degradation (71). As a
result, a number of naphthalene-degrading microorganisms
have been isolated and studied for mineralization (55, 71).

Grimm and Harwood (19) reported for the first time that
naphthalene and its degradation pathway intermediate, salic-
ylate, influence behavioral responses in two naphthalene-de-
grading motile bacteria, P. putida G7 and Pseudomonas sp.
strain NCIB 9816-4. These responses are encoded by the cat-
abolic plasmids NAH7 and DTGI1 in strains G7 and NCIB
9816-4, respectively, and chemotaxis of these strains is induced
during their growth on naphthalene. The naphthalene chemo-
receptor, NahY, which is an MCP, has been characterized in P.
putida G7 (20). NahY is encoded downstream of the naphtha-
lene catabolic genes on the NAH7 plasmid and is cotrans-
cribed with the degradation genes, as shown by reverse tran-
scription-PCR analysis (20). The NahY chemoreceptor, along
with degradation genes, was required to restore chemotaxis in
P. putida G7:C1, an NAH7-cured derivative of strain G7 (20).
Although there is some information about the role of catabolic
genes and the associated receptor, the precise molecular mech-
anisms underlying the chemotactic response are yet to eluci-
dated.

Another naphthalene-degrading plasmid, pRKJ1, has also
been reported (54). The transfer of pRKJ1 into plasmid-free P.
putida KT2442 resulted in the acquisition of chemotaxis and
degradation properties (54), which were not present earlier.
The recombinant plasmid pRKJ3 (containing 25-kb EcoRI
fragment in vector pLAFR3) was transferred into plasmid-free
strain of RKJ1, RKIJ5, and was shown to be chemotactic to-
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ward naphthalene and salicylate. Neither strain KT2442 nor
strain RKJ5 containing only the vector pLAFR3 showed che-
motaxis. This established the role of the 25-kb EcoRI fragment
in chemotaxis associated with complete degradation of these
compounds. These results imply that chemotaxis toward naph-
thalene and/or salicylate might be due to a change in cellular
energy levels that results from complete metabolism (metabo-
lism-dependent chemotaxis) and/or because of intracellular re-
ceptors that recognize such contaminants or their degradation
intermediates.

Marx and Aitken (39) evaluated the role of chemotaxis in
naphthalene degradation by P. putida G7 in a heterogeneous
aqueous system. Naphthalene degradation by the wild-type
strain was compared to that of a nonmotile strain and a mutant
strain deficient in naphthalene chemotaxis. These three strains
degraded naphthalene at similar rates in a homogeneously
mixed system. Studies conducted in an aqueous system with
naphthalene concentration gradients have shown that the wild-
type P. putida G7 is able to degrade naphthalene at a much
faster rate compared to either of the two mutants, indicating
that chemotaxis may enhance biodegradation. Different math-
ematical models have also been developed to quantify chemo-
taxis to naphthalene by this organism and its influence on
naphthalene degradation (38, 45). It has been shown that the
cell concentration for a nonchemotactic strain would have to
be several orders of magnitude higher than for a chemotac-
tic strain to achieve similar rates of naphthalene degrada-
tion (45).

CHEMOTAXIS TOWARD CHLOROAROMATIC
COMPOUNDS

Toxic chlorinated compounds are prevalent in the biosphere
due to ever-growing industrial activities (51). Some of these
are used worldwide as herbicides, pesticides, and explosives
(21, 51). Many chlorinated compounds are biodegradable by a
wide range of bacterial strains, some of which have been iso-
lated and characterized for potential bioremediation applica-
tions (50, 51). P. putida PRS2000 was also found to be attracted
toward 3- and 4-chlorobenzoate, although these compounds
are not metabolized by this organism (23). Evidence (discussed
above) indicated that these two chemicals are recognized by
the benzoate chemotaxis system.

2,4-Dichlorophenoxyacetate (2,4-D) is a widely used herbi-
cide, and there are reports of bacterial strains that utilize 2,4-D
(37). Hawkins and Harwood (25) recently reported the che-
motaxis of R. eutropha JMP123(pJP4) toward this compound.
Chemotaxis was induced by growth on 2,4-D and depended on
the presence of the catabolic plasmid pJP4 that harbors #fd
genes for 2,4-D degradation. The #fd cluster also encodes a
nonessential permease TfdK for growth on 2,4-D. A fdK
mutant, which can grow at wild-type rates on 2,4-D, was
found to be nonchemotactic, suggesting the decisive role of
TfdK in 2,4-D chemotaxis. The chemoattraction of R. eutro-
pha JMP123(pJP4) cells to 2,4-D and its concomitant deg-
radation suggest that chemotaxis may be an essential feature in
the biodegradation of 2,4-D by this organism.
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CHEMOTAXIS TOWARD NITROAROMATIC
COMPOUNDS

Nitroaromatic compounds (NACs) are used worldwide for
the production of plastics, dyes, pesticides, insecticides, and
explosives (59). Once released into the environment NACs
undergo complex physical, chemical, and biological changes
and sometimes are transformed into more harmful and toxic
compounds. Due to the toxic, mutagenic, and carcinogenic
nature of NACs and their incomplete degradation products,
the U.S. Environmental Protection Agency has listed some of
the NACs as priority pollutants (34). Some of these com-
pounds are susceptible to microbial degradation (57, 59).

Chemotaxis of Ralstonia sp. strain SJ98 toward different
NAC:s has been reported recently (8, 53). It was observed that
strain SJ98 was chemotactic toward p-nitrophenol, 4-nitrocat-
echol, o-nitrobenzoate, p-nitrobenzoate, and 3-methyl-4-nitro-
phenol with subsequent degradation (8, 53). The ability of
NAG: to elicit a behavioral response of the strain SJ98 was also
quantified (8, 53). In contrast to the compounds mentioned
above, strain SJ98 utilized neither p-nitroaniline, 2,3-dinitro-
toluene, naphthalene, phenanthrene, nor salicylic acid nor
showed chemotaxis toward these compounds (53). These re-
sults therefore indicate a correlation between chemotaxis and
biodegradation. Identification of the molecular mechanism op-
erating behind chemotaxis in this strain is in progress in our
laboratory.

POLLUTANTS AS CHEMOTACTIC REPELLENT

Negative chemotaxis, the movement of organisms away from
chemicals, was discovered in bacteria, along with positive che-
motaxis by Pfeffer (46). Thereafter, negative taxis of different
bacterial species from acids, bases, salts, alcohols, hydrocar-
bons, heavy metals, oxygen, and phenol has been reported
(68). Tso and Adler (65) demonstrated negative chemotaxis of
E. coli against a wide range of chemicals such as fatty acids,
amino acids, indoles and their analogues, aliphatic alcohols,
aromatic compounds, acids, bases, sulfides, and inorganic ions.
The molecular mechanisms operating behind such chemotactic
responses has not been completely explored. They argue that
the signal transduction pathway for positive and negative che-
motaxis in E. coli is not totally separate; rather, they finally
converge in a common pathway.

Phenol, an environmental pollutant, acts as a chemoattrac-
tant for E. coli, whereas it is a chemorepellent for serovar
Typhimurium (31) and Vibrio albinolyticus (30). It is interesting
that E. coli and serovar Typhimurium contain different chemo-
recepters that mediate both positive and negative chemotaxis
in response to phenol. In E. coli the attractant response to
phenol is mediated by Tar, and this response dominates the
Trg- and Tap-mediated repellent response to phenol (69, 70).
In S. enterica serovar Typhimurium, however, Tar-mediated
attraction to phenol (31) is overcome by Tcp that is a specific
chemoreceptor for taxis toward citrate and away from phenol
(69). Tar, Trg, Tap, and Tcp are different MCPs, as discussed
above. The need for the presence of receptors responsible for
positive and negative chemotaxis for any chemoeffector mole-
cule, along with their signal transduction mechanisms, remains
to be determined.
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FIG. 1. Bacterial chemotaxis might have evolved as a selective advantage to bacteria for searching for the chemicals that could act as a source
of carbon and energy to the cells. Knowledge of the bacterial behavior toward naturally occurring chemicals and molecular mechanisms underlying
bacterial chemotaxis toward xenobiotics can be exploited for designing efficient systems for bioremediation of contaminated sites.

The capacity of a compound to elicit a positive or negative
chemotactic response is sometimes related to its nutritional
properties. The same compound can act as an attractant to a
microorganism that is able to utilize it as a growth substrate
and also as a repellent to another microorganism for which it
is toxic. This can be exemplified by the fact that E. coli and
P. putida, which differ markedly in their nutritional properties,
respond differently toward the presence of benzoate and salic-
ylate in their microenvironment. These two pollutants are
chemorepellents for E. coli (65). These membrane-permeable
weak acids disturb the homeostasis of E. coli by lowering the
intracellular pH, and this change in intracellular pH can impair
numerous metabolic processes; as a result, the cells move away
from these compounds as an advantageous behavioral re-
sponse (52). Unlike the enteric bacterium E. coli, P. putida is
able to utilize salicylate and benzoate amid a wide range of
aromatic compounds as carbon and energy sources, thereby
showing positive chemotaxis toward these compounds (24). A
survival value of negative chemotaxis for E. coli that is a prey
for neutrophils has also been argued in a separate study (6).
Neutrophils actively search for bacteria by moving up gradients
of N-formylated peptides that are released by the bacterial
cells (56). Benov and Fridovich (6) demonstrated that E. coli
flee by moving down gradients of the products of the neutro-
phil respiratory burst, i.e., H,O,, OCl™, and N-chlorotaurine.
In the absence of any direct evidence, such a survival value of
negative chemotaxis can be expected to influence biodegrada-
tion by (i) keeping biodegradation-competent cells away from
high (toxic) concentrations and allowing access only to low
concentrations of pollutants and (ii) keeping nondegrading
cells away form the toxic pollutants and thereby allowing ac-

cess only to degrading microorganisms so that competition for
other nutrients is eliminated. Thus, negative chemotaxis may
have potential in bioremediation applications.

CONCLUSION

It is clear that chemotaxis is a selective advantage to the
degradative bacteria for guiding them to sense and locate pol-
lutants that are present in the environment (Fig. 1). Coordi-
nated regulation of bacterial chemotaxis toward almost all
toxic compounds and their respective mineralization and/or
transformation indicate that this phenomenon might be an
integral feature of degradation (Fig. 1). Studies related to
chemotaxis with respect to degradation of environmental pol-
lutants such as naphthalene, toluene, and NACs suggest that
chemotaxis is related to the metabolism of the chemoattrac-
tant, although the phenomenon may not abide strictly with
either of the two types of chemotactic responses discussed
above, i.e., metabolism-independent chemotaxis and metabo-
lism-dependent chemotaxis. Since the chemotaxis of bacteria
helps them to approach and degrade toxic compounds in the
environment, the molecular basis of this phenomenon is a
fertile and useful area for future research.
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