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Abstract

We have earlier reported chemotaxis of a Gram-negative, motile Ralstonia sp. SJ98 towards p-nitrophenol (PNP), 4-nitrocatechol
(NC), o-nitrobenzoate (ONB), p-nitrobenzoate (PNB), and 3-methyl-4-nitrophenol (MNP) that also served as sole source of carbon
and energy to the strain [S.K. Samanta, B. Bhushan, A. Chauhan, R.K. Jain, Biochem. Biophy. Res. Commun. 269 (2000) 117;
B. Bhushan, S.K. Samanta, A. Chauhan, A.K. Chakraborti, R.K. Jain, Biochem. Biophy. Res. Commun. 275 (2000) 129]. In this
paper, we report chemotaxis of a Ralstonia sp. SJ98 toward seven different nitroaromatic compounds (NACs) by drop assay, swarm
plate assay, and capillary assay. These NACs do not serve as sole carbon and energy source to strain SJ98 but are partially
transformed in the presence of an alternate carbon source such as succinate. This is the first report showing chemotaxis of a bacterial

strain toward co-metabolizable NACs.
© 2002 Elsevier Science (USA). All rights reserved.
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The use of microbial metabolic potential for elimi-
nation of pollution is now accepted as a safe and eco-
nomic alternative to other physico-chemical methods
that are less efficient and cost-ineffective [1-4]. Bacterial
chemotaxis, movement under influence of a chemical
gradient, is reasonably argued to enhance biodegrada-
tion as it increases bioavailability of a pollutant to the
bacteria. However, this aspect of bioremediation has
received less attention, although some microorganisms
with chemotactic ability toward different xenobiotic
compounds have been isolated and characterized [5-10].

NACGC:s are widely present in the environment because
of their extensive use in the production of insecticides,
pesticides, plastics, dyes, and explosives [11]. The stabil-
ity, persistence, and toxicity make NACs hazardous when
released into the environment. Due to their toxic, muta-
genic, and carcinogenic nature [11], a number of NACs
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including nitrobenzenes, nitrotoluenes, and nitrophenols
are listed as priority pollutants by “United States Envi-
ronmental Protection Agency’ [12]. In the past few de-
cades, a number of microorganisms have been isolated
and characterized which are capable of degrading a wide
range of NACs [11,13]. In most instances where miner-
alization has been demonstrated, the catabolic pathway
and its regulation have also been determined.

A Ralstonia sp. SJ98 has been shown to be chemo-
tactic toward PNP, NC, ONB, PNB, and MNP [5,6];
these compounds also served as source of carbon and
energy to the organism. In this paper, we report che-
motaxis of strain SJ98 toward seven other nitroaromatic
compounds that do not serve as sole source of carbon
and energy to the organism but are co-metabolized.

Materials and methods

Microorganisms and culture conditions. A Ralstonia sp. SJ98 was
isolated in our laboratory by “chemotactic enrichment technique” from
a pesticide-contaminated soil sample [5]. The composition of minimal
medium (MM) used in the present study was the same as that described
earlier [14]. Different NACs (o-dinitrobenzene, m-dinitrobenzene, o-ni-
trophenol, m-nitrophenol, 2,4-dinitrophenol, 2,5-dinitrophenol, 2,6-di-
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nitrophenol, p-nitroaniline, 2,3-dinitrotoluene, and 3,5-dinitrobenzoic
acid) were added as filter sterilized solutions into MM at a final con-
centration of 0.3 mM each. Filter sterilized 10 mM succinate that served
as an alternate source of carbon and energy to the cells was also added in
the MM. The medium was inoculated with overnight grown seed culture
and incubated at 30 °C under shaking conditions (200 rpm). The pres-
ence of nitrite and ammonia in the culture supernatant was determined
by previously described methods [5].

Extraction of intermediates and analytical methods. To study the
transformation products of different NACs by strain SJ98 extraction
was carried out following overnight growth of strain SJ98 as described
above. The culture supernatants were extracted with an equal volume
of ethyl acetate (neutral extraction) and then the pH of the aqueous
phase was adjusted to 2.0 with 5M HCI and again extracted with equal
volume of ethyl acetate (acidic extraction) [5]. The neutral and acidic
extracts were mixed and evaporated to dryness using a rotary evapo-
rator, dissolved in 100 pul methanol, and analyzed for transformation
products by thin layer chromatography (TLC) and gas chromatogra-
phy (GC) as described earlier [15]. Appropriate controls, as required,
were also used in these experiments.

High performance liquid chromatography (HPLC) using a Waters
600 model was also carried out to study the transformation of different
NAC:s by strain SJ98 following growth as described above. Detection
was done by scanning the samples at 190-300 nm with a Waters 996
photodiode array detector. Separation was carried out with a Waters
Spherisorb Spm C8 column and the separating conditions were as
follows: temperature 25°C; mobile phase 50% aqueous methanol
(0.1% trifluoroacetic acid); and isocratic flow rate, 1.5 ml/min.

Chemotaxis assays. The chemotactic behavior of strain SJ98 was
studied by three established methods, viz., drop assay, swarm plate
assay, and capillary assay, which have been standardized in our lab-
oratory [5-7].

For drop assay, cells were grown in nutrient broth and induced at
early log phase (ODgy 0.3) with 0.2mM of the nitroaromatic com-
pound (NAC) in question. They were grown further for 3-5h, washed
and resuspended in drop assay medium (MM containing 0.30% bacto
agar) and poured in petri plates. Crystals of NAC were placed in the
center of the petri plate and chemotactic response of Ralstonia sp. SI98
was observed within 3-4 h of incubation at room temperature (25 °C).

For swarm plate assay, the NAC (final concentration 0.2 mM) was
added to the swarm plate medium (MM containing 0.16% bacto agar)
before pouring the plates. About 75-100 ul of induced and washed cell
suspension (ODggy 2.0) in MM was gently poured at the center of the
plate and incubated at room temperature (25 °C). Here, 1 mM glucose
was added to the cell suspension for providing energy to the cells.
Formation of rings was observed after 12-16h of incubation.

For capillary assays, capillary tubes (Drummond Scientific, USA)
of 1 pl capacity were used. The chemotaxis buffer consisted of 100 mM
potassium phosphate buffer (pH 7.2) and 20pM EDTA. The appro-
priate NAC was added to the buffer in the final concentrations of 10,
20, and 200 uM. Aspartic acid (200puM) was used as positive control.

Table 1
Biotransformation of different NACs by Ralstonia sp. SJ98

These solutions were filled into capillaries that were then inserted into
the cell suspensions (10°-107 cells/ml chemotaxis buffer) on a glass
slide. After incubation for 30 min, cells from the capillary were serially
diluted and plated onto nutrient agar. Colonies were counted after
overnight growth at 30 °C. The capillary tube containing buffer alone
was used as control. The chemotaxis index (C.1.) was determined as the
ratio of the number of bacterial cells accumulated in the test capillary
containing NAC to that in control.

Chemicals. All the NACs used were purchased from Sigma or Al-
drich, USA. Analytical and spectroscopic grade ethyl acetate and
methanol were purchased from E. Merck, Germany. All other chem-
icals were of highest purity grade commercially available.

Results and discussion

Strain SJ98, which is chemotactic toward PNP, NC,
ONB, PNB, and MNP that also serve as sole source of
carbon and energy to the strain [5,6], was tested for its
ability to transform a wide range of NACs in this study.
These compounds that do not serve as sole source of
carbon and energy to strain SJ98 included o-dinitroben-
zene, m-dinitrobenzene, o-nitrophenol, m-nitrophenol,
2,4-dinitrophenol, 2,5-dinitrophenol, 2,6-dinitrophenol,
m-nitroaniline, 2,3-dinitrotoluene, and 3,5-dinitroben-
zoic acid. To determine whether these NACs are trans-
formed, oxidatively or reductively, strain SJ98 was grown
on MM [14] containing 10 mM succinate and 0.3 mM of
desired NAC and the culture supernatant was analyzed
after 24 h of growth for the presence of nitrite or ammo-
nia, respectively. The results obtained showed that 2,4-
dinitrophenol, 2,5-dinitrophenol, and 2,6-dintirophenol
were transformed oxidatively as determined by the release
of nitrite molecule in the culture supernatant whereas o-
dinitrobenzene, m-dinitrobenzene, m-nitrophenol, and
3,5-dinitrobenzoic acid were degraded reductively as de-
termined by the release of ammonia in the medium (data
not shown). However, o-nitrophenol, p-nitroaniline, and
2,3-dinitrotoulene were not transformed at all by the or-
ganism as also indicated by the non-detection of either
nitrite or ammonia in the culture medium. To study the
transformation products thin layer chromatography
(TLC) and gas chromatography (GC) studies were per-
formed using above-mentioned NACs. The TLC studies
showed the presence of some metabolites in the culture

GC Rt of substrate and metabolite(s) (min)

HPLC Rt of substrate and metabolite(s) (min)

Rt of substrate

Rt of metabolite(s)

Rt of substrate Rt of metabolite(s)

o-Dinitrobenzene 2.743

m-Dinitrobenzene 2.683 N.D.
m-Nitrophenol 2.677 N.D.
2,4-Dinitrophenol 2.822 3.741
2,5-Dinitrophenol 2.730 2.931
2,6-Dinitrophenol 2.944 2.611
3,5-Dinitrobenzoate 4.371 3.20

2.242, 2.631

2.486 1.569, 2.119, 2.375
2472 2.095, 2.321

2.164 1.641

1.550 2.175

1.664 2.046

1.517 2.477

3.365 1.707, 2.496

N.D., not detected.
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supernatants only in those cases where either nitrite or
ammonia was detected (data not shown). The GC studies
were then carried out on the extracted samples and these
results are shown in Table 1. As indicated in this table, o-
dinitrobenzene, 2,4-dinitrophenol, 2,5-dinitrophenol,
2,6-dinitrophenol, and 3,5-dinitrobenzoic acid showed
the presence of metabolites based on their retention time
(Rt). However, no metabolites could be detected in the

case of m-dinitrobenzene and m-nitrophenol. To further
confirm the presence of metabolites/transformation
products of the degradative pathways, HPLC studies
were also carried out on samples as described above. This
also indicated the presence of different metabolites in
degradative pathways based on their Rt (Table 1). How-
ever, we did not make attempts to identify these metab-
olites at this stage since the primary objective of this work

Fig. 1. Chemotaxis response of Ralstonia sp. SJ98 in drop assay. (A) o-Dinitrobenzene, (B) m-dinitrobenzene, (C) m-nitrophenol, (D) 2,4-dinitro-
phenol, (E) 2,5-dinitrophenol, (F) 2,6-dinitrophenol, (G) 3,5-dinitrobenzoate, and (H) o-nitrophenol (negative control).

Fig. 2. Chemotaxis response of Ralstonia sp. SJ98 in swarm plate assay. (A) o-Dinitrobenzene, (B) m-dinitrobenzene, (C) m-nitrophenol, (D) 2,4-
dinitrophenol, (E) 2,5-dinitrophenol, (F) 2,6-dinitrophenol, (G) 3,5-dinitrobenzoate, and (H) o-nitrophenol (negative control).
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was to study the phenomenon of chemotaxis in relation to
the transformation of the above-mentioned NACs. The
identification of these metabolic pathways is the subject of
further investigation.

We tested chemotaxis of strain SJ98 toward above-
mentioned NACs by drop assay, swarm plate assay,
and capillary assay. The positive results of drop and
swarm plate assays in the form of migrating rings of
the bacteria are shown in Figs. 1 and 2, respectively.
These results have shown that strain SJ98 is chemotac-
tic toward only those seven NACs which are trans-
formed by the strain SJ98 in the presence of succinate
as a rapid metabolizable carbon and energy source
(o-dinitrobenzene, m-dinitrobenzene, m-nitrophenol,
2,4-dinitrophenol, 2,5-dinitrophenol, 2,6-dintirophenol,
and 3,5-dinitrobenzoic acid). The chemotactic behavior
of the strain SJ98 was also quantitatively analyzed es-
sentially by capillary assay. It was observed that strain
SJ98 was chemotactic toward different co-metabolizable
NACs with a chemotaxis index (C.1.) ranging from 3 to
37 at their optimum concentration (Table 2). Among
seven NACs tested the organism was found to be highly
chemotactic toward o-dinitrobenzene (C.I. of 37).
However, strain SJ98 did not show any chemotaxis to-
wards some other NACs, namely o-nitrophenol, p-nit-

Table 2

roaniline, and 2,3-dinitrotoulene; as indicated above,
these NACs are also not transformed by strain SJ98.
Taken together, the results obtained clearly indicated a
correlation between chemotaxis of strain SJ98 toward
NAC:s and their degradation/transformation.

There are three molecular mechanisms known in the
literature for chemotaxis in bacteria [16]. Transmem-
brane signaling by bacterial chemoreceptors is the best
studied mechanism where ligand binding to the external
domain of the membrane spanning receptor generates a
transmembrane signal that modulates kinase activity
inside the cell, resulting in chemotaxis [17,18]. This sig-
naling mechanism of chemotaxis is totally independent
of metabolism of the effector molecule, and non-me-
tabolizable structural analogues of the substrate can
also elicit a chemotactic response [16,18,19]. This
mechanism may not be operative in strain SJ98 toward
NACs because the organism is attracted toward only
those NACs that either serve as a source of carbon
and energy to the cells or those that are co-metabolized
in the presence of succinate as an alternate carbon
source.

The second molecular mechanism known for che-
motaxis depends on changes in the cellular energy levels
resulting from the complete metabolism of chemoeffec-

Chemotaxis response of Ralstonia sp. SJ98 in capillary assay toward different NACs
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tor molecule [16,20]. This chemotaxis response is known
as metabolism-dependent chemotaxis and it is reported
in several microorganisms including Escherichia coli
[21,22], Rhodobacter sphaeroides [23,24], and Azospiril-
lum brasilense [25]. In R. sphaeroides, metabolism is a
prerequisite for chemotactic movement toward sugars
and ammonia [23,24]. Similarly, proline and glycerol are
also reported to elicit chemotactic response of E. coli
only after their metabolism [21,22]. The co-metabolism
of NACs may be partially responsible for chemotactic
response in strain SJ98; however, whether this can
generate a detectable change in energy flux of the cell
needed for metabolism-dependent chemotaxis is yet to
be ascertained.

The third mechanism of chemotaxis argues that the
signal for chemotaxis is generated along with the
transport of the molecule to the cell [16]. For example,
chemotaxis of E. coli and Bacillus subtilis toward sugars
[26] and carbohydrates [27], respectively, is coupled to
the transport of the chemoattractant. In Pseudomonas
putida, pcaK encodes a non-essential transporter for 4-
hydroxybenzoate that is required for chemotaxis to-
wards this compound [28]. Similarly, ¢#/dK, a permease
that allows Ralstonia eutropha JMP123 to take up very
low concentrations of 2,4-dichlorophenoxyacetate (2,4-
D) but is not essential for its entry into the cells, is re-
quired for chemotaxis to 2,4-D [29]. It is not understood
how PcaK or TfdK plays a role in chemotaxis but
transport through these permeases could be generating a
signal for chemotaxis toward these environmental pol-
lutants. Chemotaxis of strain SJ98 toward co-metabo-
lizable NACs could also be coupled to transport. We
argue that either transport, transformation, and signal
generation for chemotaxis in strain SJ98 occur as a
single event, or, transformation and signal generation
occur as a single event by intracellular enzymes, after
transport. We are currently identifying the molecular
mechanisms operating behind chemotaxis of strain SJ98
to metabolizable/co-metabolizable NACs.
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