Part 1: Aromatics in the environment 

“Chemotaxis to plant-derived aromatic compounds: Various aromatic acids are breakdown products of lignin, a main structural polymer of plants. The earliest report of aromatic compounds as chemoattractants was of the attraction of P. putida PRS2000 to aromatic acids (Table 1) [15,16]. Benzoate and 4-hydroxybenzoate were attractants for cells grown on aromatic acids. The inducer of the chemotactic response was found to be -ketoadipate, a metabolite formed during benzoate and 4-hydroxybenzoate degradation. -Ketoadipate is also the inducer of many of the biodegradation genes. Mutant strains that were unable to metabolize these compounds, due to defects in the -ketoadipate pathway [17], still demonstrated a chemotactic response when they were grown in the presence of -ketoadipate or its non-metabolized analog, adipate. The growth substrates mandelate and benzoylformate were also attractants for P. putida, and the chemotactic responses to these compounds were also inducible. In addition, several non metabolizable attractants were identified (Table 1) and the response to these compounds was also induced by -ketoadipate [15]. The chemoreceptor for 4-hydroxybenzoate was identified as PcaK. A member of the major facilitator superfamily of transport proteins [18], PcaK is a dual function membrane protein that is required for both transport of and  hemotaxis to 4 hydroxybenzoate [10,19–21]. The pcaK gene is located in a cluster of genes necessary for aromatic acid degradation by P. putida. PcaR, the activator of several gene clusters involved in the degradation of benzoate and 4-hydroxybenzoate, is also required for

induction of pcaK [10] (Parales, 2002).

“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 simple, readily biodegradable aromatic compounds has been studied 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 compounds (13, 35); however, little attention has been given to the chemotaxis aspect. Common soil bacteria such as Rhizobium sp. (15, 43), Bradyrhizobium sp. (43), Pseudomonas sp. (24), and Azospirillum sp. (36) have been shown to be chemotactically attracted toward different aromatic hydrocarbons. Many of these compounds are present in soils, sediments, and rhizosphere, and they serve as sources of carbon and energy for the microorganisms. Aromatic acids such as benzoate, p-hydroxybenzoate (PHB), methylbenzoates, the m-, p-, and o toluates, salicylate, DL-mandelate, _-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 (responsible for chemotaxis to benzoate, toluates, PHB, and salicylate) is induced by growth on substrates that involves _-ketoadipate as an intermediate (i.e., with benzoate or PHB). Another chemorecepeptor is associated with chemotaxis toward mandelate, benzoylformate, and _-phenylpyruvate (24). A gene cluster, pcaRKF, was found to be involved in chemotaxis, biodegradation, and transport of PHB in this strain (22). The pcaK encodes a nonessential transporter for PHB but has been shown to be required for chemotaxis toward PHB and benzoate. Chemotaxis to PHB in this strain can be eliminated by disrupting pcaK without any accompanying effect on metabolism, suggesting 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 expression 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 pickettii POK01, 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 substrate for toluene dioxygenase (Table 1) (42). Bacterial chemotaxis toward toluene, benzene, ethylbenzene, isopropylbenzene, naphthalene, trifluorotoluene, perchloroethylene, dichloroethylene, and trichloroethylene was found to be induced 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 between chemotaxis and their transformation and/or degradation. 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 degradation) (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 observed 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 chemotactic response to toluene are coordinately regulated with those for toluene degradation by todS and todT (Pandey, 2002). 
Aromatic compounds are present in the environment due to natural and anthropogenic activities, and some of them are pollutants. Bacterial degradation of structurally simple aromatic coumpounds has been studied and does occur.
Aromatic compounds are abundant in the biosphere as major components of the complex plant-derived polymer lignin and also constitute a substantial proportion of environmental
pollutants (Harwood, 1994, 1989 [(3, 5)]). The study of bacterial biodegradation of structurally simple, readily degradable aromatic compounds has been done with the expectation that this will facilitate research on more recalcitrant (resistant to microbial degradation) members of the aromatic group. Through this research, much information has been obtained about the enzymology and molecular regulation of aerobic pathways of aromatic compound degradation (6, 16, 35, 53 and also cite Jenifer born’s stuff dealing with pathways) (Harwood, 1994).
Many kinds of bacteria can grow on various aromatic compounds, and several groups of motile soil bacteria, including Pseudomonas, Rhizobium, and Agrobacterium spp., can also sense and respond behaviorally to the presence of aromatics in the environment (1, 8, 17, 18). (Harwood, 1989). 

Since chemotaxis can be viewed as an important prelude to metabolism, an understanding of mechanisms underlying responses to aromatic compounds has practical implications, for example, for strategies aimed at using bacteria to detoxify polluted environments (Harwood, 1989). 

Pathways of aromatic acid metabolism in Pseudomonas putida have been studied particularly intensively, which makes this a good organism to use for the study of behavioral responses to aromatic compounds. P. plutida synthesizes at least two distinct chemoreceptors for aromatic acids, a benzoate chemoreceptor [induced when cells are exposed to 3-ketoadipate (a metabolite of benzoate and p-hydroxybenzoate)] and a benzoylformate chemoreceptor [induced by L(+) mandelate or benzoylformate (8)] (harwood, 1989).
Part 2: Bioremediation and how chemotaxis could aid it
[image: image1.emf] “There is accumulating evidence that motile bacteria are chemotactically attracted to environmental pollutants that they can degrade. Chemotaxis, the ability of motile bacteria to detect and respond to specific chemicals in the environment, can increase an organism’s chances of locating useful sources

 of carbon, nitrogen and energy, and could thus play an important role in the biodegradation process. Recent evidence demonstrating that chemotaxis and biodegradation genes are coordinately regulated suggests that these processes are intimately linked in nature (Parales 2002).”
“The efficiency of in situ bioremediation can be increased if the bacteria and soil/groundwater contaminant are brought into close contact with each other. Chemotaxis has an important role in enhancing the biodegradation of pollutants as it can overcome some of the limitations of in situ bioremediation such as poor bioavailability due to mass transfer limitations, low solubility, or sequestration of a chemical to a matrix surface (Parales and Harwood 2002; Samanta et al.

2002). (From Vardar, 2005)”
Much work has also been done on the biodegradation of theses compounds, however, although common soil bacteria have been shown to be chemotactically attracted to different aromatic compounds, little attention has been given to the chemotaxis aspect of the biodegradation of aromatic compounds (Pandey and Jain, 2002). Chemotaxis would be a selective advantage to the degradative bacteria, guiding them to pollutants that are present in the environment, therefore, bacteria which have this ability would be better candidates for the bioremediation of pollutants. A smaller amount of chemotactic bacteria would be able to degrade more pollutants since they could continue to move towards the pollutant, as opposed to non-chemotactic bacteria which could only degrade the pollutants in their immediate vicinity.

“One of the main reasons for the persistence of some aromatic compounds in the environment is their limited bioavailability. This is the case of hydrocarbons present in fossil fuels, which are frequently attached to soil particles. The host cell can be manipulated to enhance bioavailability of the pollutant by engineering the production of biosurfactants or by promoting chemotaxis of the biodegrader to the toxic compound [8,23]. (Diaz, 2004).”
“The use of microbial metabolic potential for elimination of pollution is now accepted as a safe and economic alternative to other physio-chemical methods that are less efficient and cost-effective (1-4). Bacterial chemotaxis, movement under influence of a chemical gradient, is reasonably argued to enhance biodegradation 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). (Pandey, 2002 hardcopy).” 

“Whereas chemotaxis is a well-known phenomenon in most bacteria with flagellar motility, the ecological significance of this process has been determined only rarely. There is plenty of evidence for chemotaxis as a virulence factor in the intestinal and urogenital pathogens Vibrio cholerae and Salmonella species (12). Chemotaxis can also play a relevant ecological role in plant-associated bacteria, such as Rhizobium and Agrobacterium species (13, 14). In addition, recent results with the biodegradation of carbon tetrachloride (15) and naphalene (16) have shown the potential of chemotaxis to enhance biorememdiation in laboratory-scale microcosms. Indeed, chemotaxis has already been studied in bacteria able to degrade a wide variety of organic pollutants, such as napthelene (17), BTEX compounds (18) and pesticides (19). However, no chemotactic bacteria have so far been described with more hydrophobic pollutants, such as high-molecular mass PAHs (Ortega-calvo, 2003).”

“The role of chemotaxis in the biodegradation of pollutants and man-made chemicals has not been extensively explored. Organic chemicals such as sugars and amino acids are strong chemoattractants for the enteric bacteria (23). In contrast, Pseudomonads and related nonenteric bacteria have been shown to be attracted to aromatic acids, many of which are growth substrates for particular strains. Pseudomonas putida PRS2000 has been the model organism for studying chemotaxis to aromatic acids (12–14, 16, 17). Attractants for PRS2000 include the growth substrates benzoate, p-hydroxybenzoate, and benzoylformate as well as the nonmetabolizable compounds 2-hydroxybenzoate (salicylate), m- and p-toluate, 3- and 4-chlorobenzoate, and 3-fluorobenzoate (16, 17). Other aromatic attractants for various Pseudomonads and related Proteobacteria include the aromatic hydrocarbons naphthalene (9, 32, 43), toluene and benzene (32), and the herbicide 2,4- dichlorophenoxyacetic acid (18). Recent reports have demonstrated chemotaxis to nitrocatechol, nitrobenzoate, and nitrophenols by a Ralstonia sp. (2, 30, 42). The aim of this study was to determine whether nitrobenzoates and aminobenzoates are recognized as chemoattractants by the aromatic acid chemotaxis system in P. putida PRS2000 and whether these compounds serve as attractants for specific Pseudomonas strains capable of 4-nitrobenzoate degradation. (Parales 2004).”

“Bacterial chemotaxis has the potential to increase the rate of degradation of chemoacttractants” (Law, 2003 hardcopy)

“Bacterial chemotaxis is the migration of motile cells toward elevated levels of attractant chemicals or away from elevated levels of repellents. The mechanism of this phenomenom is well understood (1, 2). Chemotaxis plays an important part in biorememdiation of the environment, since many pollutants, including cyclic and polycyclic organic compounds insoluble in water, are bacterial attractants and may serve as sources of carbon and energy for bacteria (3, 4).” [Zaval’skii, 2002] hardcopy.
1. aromatics and the different ways they end up in the environment

With few exceptions, nitroaromatic compounds are manmade

chemicals that have been used extensively only for the

last century. Nitrobenzene, nitrotoluenes, nitrobiphenyls, nitrophenols,

and nitrobenzoates have been used as industrial

solvents and in the production of dyes, polymers, fungicides,

pesticides, herbicides, and explosives (19, 39). In addition, soil

and groundwater contamination by trinitrotoluene and dinitrotoluenes

has resulted from their extensive production and use

as explosives during World Wars I and II. Various nitroaromatic

compounds have been shown to be toxic, mutagenic, and

possibly carcinogenic to a range of organisms, from bacteria to

humans (19, 39, 48), and as a result, seven nitroaromatic compounds

are included on the U.S. Environmental Protection

Agency’s November 2002 list of priority pollutants (http://www

.epa.gov/region1/npdes/permits/generic/prioritypollutants.pdf).

Since these xenobiotic compounds have been present in the

environment for a relatively short period of time, microorganisms

have not had long to evolve pathways for their degradation.

Although nonspecific reduction of nitroaromatic compounds

appears to be quite common (4, 37), until recently most

nitroaromatic compounds were thought to be nonbiodegradable.

It has only been within the last 15 years that bacteria

capable of growth on compounds such as nitrobenzene and

nitrotoluenes have been isolated, and such strains have been

isolated only from locations with a history of exposure to nitroaromatic

contamination (27, 45, 46) (Parales, 2004)

Environmental pollutants are compounds that are toxic to living

organisms; they are released into the ecosystem at high

concentrations, usually as a consequence of human activities.

Contaminants are either compounds of industrial origin that

present chemical structures alien to the biosphere (xenobiotics),

e.g. polychlorobiphenyls (PCBs), polichlorodioxins,

trinitrotoluene (TNT) and azo dyes, or natural compounds

that have been mobilized to a bioavailable form that is toxic

to organisms, e.g. hydrocarbons present in fossil fuels and

heavy metals present in minerals (Fig. 1). Major sources of

pollution are: (i) chemical and pharmaceutical industries that

produce a wide array of xenobiotics and synthetic polymers;

(ii) pulp and paper bleaching, which are the main sources of

chlorinated organic compounds in the environment; (iii) mining,

which releases heavy metals into biogeochemical cycles;

(iv) fossil fuels (coal and petroleum), which may be accidentally released in large amounts into the ecosystem (oil spills)

and whose combustion increases significantly CO2 atmospheric

levels (green-house effect) and causes deposition of

nitric and sulfuric acids (acid rain and smog); and (v) intensive

agriculture, which releases massive amounts of fertilizers,

pesticides, and herbicides [8,24]  (Diaz, 2004).

“Among these are the ability to biodegrade and thus remove a wide variety of natural and man-made aromatic compounds discharged through geochemical cycles, urban and industrial activities (Timmis and Pieper, 1999; Dua et al ., 2002)  (Shingler, 2003).
.
Awide variety of polycyclic aromatic hydrocarbons

(PAHs) (Fig. 1) are found in the environment as a

result of the incomplete combustion of organic

matter, emission sources, automobile exhausts,

stationary matter (e.g. coal-fired, electricitygenerating

power plants), domestic matter

(e.g. tobacco smoke and residential wood or coal

combustion), area source matter (e.g. forest fires and

agricultural burning) and also in food [1]. Massive

relocation of natural materials to different areas of

the ecosystem has taken place during the past

several decades as a result of human activity, thus

exposing living systems to these different

compounds[2]. Some PAHs (e.g. naphthalene and

phenanthrene) have also been used in the synthesis

of different organic compounds in pesticides,

fungicides, detergents, dyes and mothballs [3] (Samanta, 2002).
NACs are widely distributed in the environment because

of their extensive use in the manufacturing of

pharmaceuticals, pesticides, plasticizers, azo-dyes and

explosives (3, 4). Once released into the environment,

NACs undergo complex physical, chemical and biological

changes. These NACs and their incomplete degradative

products have a high toxicity and some of them

are potential carcinogens (4, 7). Nitrophenolic compounds

can also accumulate in the soil as a result of

hydrolysis of several organophosphorous insecticides

such as parathion, methyl parathion and nitrophenolic

herbicides (4, 8, 9) and may enter the ground water

resources where they cause deleterious effects (Samanta and Jain, 2001)
Nitroaromatic compounds (NACs) are widely spread

in the environment because of their extensive use

in the manufacturing of pharmaceuticals, pesticides,

plasticizers, azo dyes, and explosives (1–3). The NACs

and their incomplete degradative products have a high

level of toxicity and some of them are potential carcinogens

(1, 2, 4). Once released into the environment,

NACs undergo complex physical, chemical, and biological

changes. Nitrophenolic compounds can also accumulate

in the soil as a result of hydrolysis of several

organophophorus insecticides such as parathion,

methyl parathion, and fenitrothion (3, 5–7), and may

enter the ground water resources where they cause

adverse effects to the biological systems

(Jain, 2000).

“Aromatic compounds are commonly present in the environment

as breakdown products of the complex plant polymer

lignin and as environmental pollutants. The enzymology and

genetic regulation of metabolic pathways required for the aerobic

degradation of a variety of aromatic acids and aromatic

hydrocarbons by bacteria have been studied extensively (2, 10, 14,

27, 40) (Harwood, 1999).
P. putida is found

widely distributed in soil and freshwater environments where

aromatic compounds are likely to be present as components

Qf degrading plant materials, as plant root exudates, or as

components of toxic wastes (11, 23) (Harwood, 1984).

2. why are they a problem?

One of the main reasons for the persistence of some aromatic compounds in the environment is their limited bioavailability. 
(Diaz, 2004).”
