Draft Discussion:
GREAT NEWS! PCA AND CAT HAS NEVER BEEN TESTED FOR CHEMOTAXIS IN P.PUTIDA!

http://www.ence.umd.edu/~eseagren/bioAHC97.htm

Very Important sites!!!!: http://www.blackwellpublishing.com/journal.asp?ref=1462-2912&site=1
http://64.233.167.104/search?q=cache:LvRdB-yrBuIJ:umbbd.ahc.umn.edu/mcr/mcr_map.html+gentisate+aromatic+degradation+map&hl=en
http://biocyc.org/META/NEW-IMAGE?type=PATHWAY&object=PROTOCATECHUATE-ORTHO-CLEAVAGE-PWY
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Pseudomonas putida is chemotactic to a range of organic compounds, including several aromatic compounds. Genes involved in this behavioral response were identified by Tn5 mutagenesis of P. putida PRS2000, resulting in a strain that was nonchemotactic to all chemoattractants tested. Cloning and sequencing of the DNA at the DNA at the Tn5 insertion site revealed a 13-kb region that contained 12 open reading frames, 9 of which are homologous to chemotaxis, flagellar and motility genes in other bacterial species. This indicates that the basic chemotaxis machinery of P. putida is similar to that of other bacterial systems, even though some of the compounds that are sensed as attractants are different.
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The motility of all the isolates was needed to be determined because if the isolates are unable to move by themselves they would not be albe to move through the swarm plate and would not be able to chemotax. A non-motile isolate was chosen to be the control because, since it was non-motile, it should not be able to chemotax. The other motile isolates were chosen to be further tested because they would be the only organisms having the potential to chemotax. Succinate (and others?) were used as the negative control since it is not an aromatic compound. 

Chemotaxis in a swarm plate is represented by a ring of growth that has radiated out from the inoculation site. As can be seen on the plates, in Figures _, 

BR6020 tho possessing cilliates did not exhibit and chemotaxis ... or any motility for that matter. PA108, as can be observed in Table had an exceptional motility.
Bacteria of the Comamonas genus are straight or slightly curved rods. They are motile resulting from a tuft of polar flagella. They are Gram negative, aerobic, non-fermentative, and chemoorganotrophic. They show good growth on media containing organic acids, amino acids, or peptone (Halt, et al., 1994). Bacteria of the Psuedomonas genus are also straight or slightly curved rods and are non-helical. Most have motility, which occurs due to one or several polar flagella.

P. putida is found widely distributed in soil and fresh water 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). Since P. putida can use many of these compounds as sole sources of carbon and energy (25), positive chemotaxis toward aromatic acids can be viewed as an advantageous behavioral response (Harwood, 1984).

Although a wide phylogenetic diversity of microorganisms

is capable of aerobic degradation of contaminants,

Pseudomonas species and closely related organisms have

been the most extensively studied owing to their ability to

degrade so many different contaminants. However,

many polluted environments are often anoxic, e.g., aquifers,

aquatic sediments and submerged soils. In such environments,

biodegradation is carried out by either strict anaerobes

or facultative microorganisms using alternative electron

acceptors
 [Eduardo Díaz, 2004].
Aerobic and anaerobic biodegradation of aromatic compounds

have several common features. Structurally diverse

compounds are degraded through many different peripheral

pathways to a few intermediates that are further channeled

via a few central pathways to the central metabolism of the

cell. In the aerobic catabolic funnel, most peripheral pathways

involve oxygenation reactions carried out by monooxygenases

and/or hydroxylating dioxygenases that generate

dihydroxy aromatic compounds (catechol, protocatechuate,

gentisate, homoprotocatechuate, homogentisate, hydroquinone,

hydroxyquinol). These intermediate compounds are the substrates

of ring-cleavage enzymes that use molecular oxygen

to open the aromatic ring between the two hydroxyl groups

(ortho cleavage, catalyzed by intradiol dioxygenases) or

proximal to one of the two hydroxyl groups (meta cleavage,

catalyzed by extradiol dioxygenases) (Fig. 3) [Eduardo Díaz, 2004].
Discuss merits of swarm plate assay (ie excellent method to qualitatively determine chemotaxis). The cons are that it is somewhat time consuming since it takes at least 24 hr intervals to measure chemotactic responses. As well, only compounds that are metabolizable by the bacteria can actually be tested for: If the bacteria is capable of chemotaxis, as the bacteria utilizes the carbon source around its inoculation site, it will radiate out from this inoculation site to areas of high concentrations of carbon source (relative to the concentration at the inoculation site where it has already been degraded) and utilize this carbon source as well. If the carbon source is unable to chemotax it will be unable to move to find more carbon source and will only grow at the inoculation site. A drawback is that only metabolizable compounds can be tested as chemoattractants (Parales and Harwood, 2002).  According to theory, a distinct band  of cell’s migrating to an attractant is formed only when this attractant is a utilizable source of  energy for the cells (Zaval’skii et al, 2003).  PLACE IN Discussion? The method of chemotactic rings formed on the surface of of semiliquid agar is also free of the interfering effect of aerotaxis [ as Pseudomonads are aerobes and oxygen serves as an attractant for them, this is an important fact because in anoxic environments with no O2 you can’t use aerobes for bioremediation there], since, in this case, bacterial cells are in permanent contact with the air (Zaval’skii, 2002).  This presence of dissolved molecular oxygen in the (compound) solution brings about the formation and development of an additional band of migrating bacterial cells (this is called the aero-taxis effect).

Proteobacteria, especially pseudomonas sp, are viewed to have the highest metabolic potential towards aromatic carbon sources (Sylvia et al., 1998). Strain 108 made a suitable replacement.

Discuss merits of capillary assay (can test both non metabolizable and metabolizabe carbon sources, can time and thus quantify how long and how much the organism chemotaxises) and why wasn’t it used (the aim of the study was not to quantify the chemotaxis but whether there was any in the first place): Currently, capillary tube assays (Leick and Helle, 1983; Adler, 1973 [see parales, 2002]) are the most widely used assays of chemotactic responses, in view of their precision. In the present study, we have developed a capillary tube assay using 96-well microplates, permitting up to 32 assays to be run in each microplate (since each assay uses three wells, with an empty well between each A and B well): if we assume three replicates per assay, this means that up to 10 candidate chemoattractants can be tested simultaneously in a single plate (Parama et al, 2004).
Microplate capillary tube assay:

A strong chemotactic response is visible with a phase contrast microscope, and sometimes even to the naked eye, as a cloud of cells that accumulates around the mouth of the capillary. Thus one can use the capillary assay to qualitively asses chemotaxis by direct observation ( Parales and Harwood, 2002). The response takes place over 5-30 minutes (verify!!!!!!!!!!!!!!!!!), DOES NOT REQUIRE CELL GROWTH OR ATTRACTANT METABOLISM, and is observed under 40X magnification by dark field (phase contrast ?) microscopy (parales and Harwood, 2002). For the microplate capillary assay the minimum time for a clear chemotactic response was 2h and the maximum around 3-4h, therefore aim for an assay time of  4h (Parama et al, 2004).

A concern I have is that perhaps in the case when testing for chemotaxis using cultures induced with test compounds revealed the same amount of chemotaxis response that uninduced cultures, grown only on Liquid Broth media, had. This leads me to postulate that what is going on here is a case of chemotaxis that is independent of the metabolism of a particular compound: chemotaxis to aromatic acids was not dependent on the expression of pathways for aromatic degradation. Therefore, the tactic responses exhibited by cells cannot be attributed to an effect of the oxidation of aromatic acids on the energy metabolism of cells (Harwood, 1984).
Also some compounds, that are communally degraded by the same pathway, initiated a response, while others did not leading to another possibility that a particular compound has its own corresponding MCP: Pseudomonas putida differs markedly from E, coli and

Salmonella sp. in its nutritional properties. Unlike the

enteric bacteria, P. putida is able to utilize a wide array of

aromatic acids as sole carbon and energy sources for growth

(25). Aromatic compounds are dissimilated by pseudomonads

via several different metabolic routes. Genes for the

metabolism of many aromatic compounds, including mandelate,

p-hydroxybenzoate, and benzoate, are chromosomally

encoded in P. putida (8, 10). These compounds are

degraded to form diphenolic intermediates, which are then

further dissimilated by either the catechol or the protocatechuate

branches of the ortho-ring fission (j-ketoadipate)

pathway (Fig. 1) (6, 17). P. putida degrades other asomatic

acids, including salicylate and toluates, with enzymes that

are encoded by genes carried on catabolic plasmids (4).

A consideration of its nutritional capabilities suggested to

us that aromatic acids might be chemoattractants for P.

putida. The results reported in this paper show that P.

putida is attracted to metabolizable as well as nonmetabolizable

aromatic acids. We found that the chemotactic responses

to aromatic acids were inducible, and that at least

two chemoreceptors are involved in the detection of aromatic

acids. Induction of the tactic responses to benzoate

and methylbenzoates was elicited by P-ketoadipate, whereas

chemotaxis to benzoylformate was induced by benzoylformate

and L(+)-mandelate (Harwood, 1984).

For example, although taxis

to methyl- and hydroxyl-substituted benzoates was exhibited

by cells grown on benzoate, that these responses were

induced specifically by P-ketoadipate was established rigorously

only for benzoate and m-toluate. It is possible that

more than one inducer and more than one chemoreceptor

are responsible for taxis to substituted benzoates. It is also

possible that benzoylformate and ,B-phenylpyruvate are detected

by more than one chemoreceptor. To firmly establish

the number of aromatic acid chemoreceptors and their

effector specificities, it will be necessary to isolate and

analyze mutants that are specifically nonchemotactic to one

or more aromatic acids (Harwood, 1984).
sensory information from aromatic acids is received by

conventional receptors and processed through methyl-accepting

chemotaxis proteins or whether behavioral stimuli

are processed through some other type of pathway (Harwood, 1984).
 Another thing to point out is that in Jennifer Born’s thesis, she runs some RNA 16s comparisons between strains 106 and 108 for identity. I want to look at these and actually try and compare the two to see how similar they are, I also want to see how similar strain 108 is relative to P.stutzeri and P. putida. Depending on which species 108 is more closely related to I will try to incorporate more info on P.stutzeri if pertenant. It seems that 108 must have a modified physiology to allow for the chemotactic responses it shows, unlike stain 106. Another thing I should point out, Miguel pointed out to me an excellent new 96-well microplate capillary assay that uses 32 of the 96 wells in a 2 tiered system which effectively allows for the testing of 10 different compounds simultaneously on one plate. 
I should also address some new innovations in bioremediation and how utilizing the biodegradative properties of bacteria coupled with chemotactile ability that Parales discusses … of course I have to be very careful how I present this, in that I don’t want to take credit for it. Perhaps I should figure out if this belongs more in the intro… perhaps both.
Also the fact that strain BR6020 was found to be inmotile was a unexpected ( and depressing) result should also be discussed. I don’t know if I can tie in my 3303 work into my thesis but I can try. In fact its really frigging strange that BR6020 turned out to be sluggish at best: Although restoration

of motility of microorganisms by increasing the concentration

of Na1 ions in the medium has been reported

earlier in some cases (14, 15), in the present study, the

restoration of motility and chemotaxis could not be

achieved even up to a concentration of 400 mM of

sodium chloride indicating that the motility inhibition

phenomenon may be irreversible in Ralstonia sp. SJ98 (Bharat Bhushan, 2000).

Is Meta pathway for benzoate degradation carried on TOL plasmid (Williams, 1974)?
Sasikumar 2003 Discuss the role of biorememdiation and why its is important to study chemotaxis:
The population explosion in the world has resulted in an increase in the area of

polluted soil and water. As the number of people continues increasing day by day it also

brings with it a growing pressure on air, water and land resources. In order to cater to the

demands of the people, the rapid expansion of industries, food, health care, vehicles, etc.

is necessary. But it is very difficult to maintain the quality of life with all these new

developments, which are unfavorable to the environment in which we live, if proper

management is not applied. In nature there are various fungi, bacteria and

microorganisms that are constantly at work to break down organic compounds but the

question arises when pollution occurs, who will do this clean up job? Since the quality of

life is inextricably linked to the overall quality of the environment, global attention has

been focussed on ways to sustain and preserve the environment. This endeavor is possible

by involving biotechnology.

Role of Environmental Biotechnology in Pollution Management

Biotechnology can be used to assess the well being of ecosystems, transform

pollutants into benign substances, generate biodegradable materials from renewable

sources, and develop environmentally safe manufacturing and disposal processes.

Environmental biotechnology employs the application of genetic engineering to improve

the efficiency and cost, which are key factors in the future widespread exploitation of

microorganisms to reduce the environmental burden of toxic substances.

In view of the urgent need of an efficient environmental biotechnological process,

researchers have devised a technique called bioremediation, which is an emerging

approach to rehabilitating areas fouled by pollutants or otherwise damaged through

ecosystem mismanagement.

Bioremediation

"Remediate" means to solve a problem, and "bio-remediate" means to use

biological organisms to solve an environmental problem such as contaminated soil or

groundwater.

Bioremediation is the use of living microorganisms to degrade environmental

pollutants or to prevent pollution. In other words it is a technology for removing

pollutants from the environment thus restoring the original natural surroundings and

preventing further pollution.

The rapid expansion and increasing sophistication of the chemical industries in

the last century has meant that there has been increasing levels of complex toxic effluents

being released into the environment. Many major incidents have occurred in the past

which reveal the necessity to prevent the escape of effluents into the environment, such

as the Exxon Valdez oil spill, the Union-Carbide (Dow) Bhopal disaster, large -scale

contamination of the Rhine River, the progressive deterioration of the aquatic habitats

and conife r forests in the Northeastern US, Canada, and parts of Europe, or the release of

radioactive material in the Chernobyl accident, etc.

Types of Bioremediation

On the basis of removal and transportation of wastes for treatment there are

basically two metho ds:

1. In situ bioremediation

2. Ex situ bioremediation

“In Situ” bioremediation means there is no need to excavate or remove soils or

water in order to accomplish remediation.

Most often, in situ bioremediation is applied to the degradation of contaminants in

saturated soils and groundwater. It is a superior method to cleaning contaminated

environments since it is cheaper and uses harmless microbial organisms to degrade the

chemicals. Chemotaxis is important to the study of in-situ bioremediation because

microbial organisms with chemotactic abilities can move into an area containing

contaminants. So by enhancing the cells' chemotactic abilities, in-situ bioremediation will

become a safer method in degrading harmful compounds.

In situ bioremediation methods have many potential advantages- it does not

require excavation of the contaminated soil and hence proves to be cost effective, there is

minimal site disruption, so the amount of dust created is less, and simultaneous treatment

of soil and groundwater is possible.

In situ bioremediation also poses some disadvantages – the method is time

consuming compared to the other remedial methods, seasonal variation of the microbial

activity due to direct exposure to changes in environmental factors that cannot be

controlled, and problematic application of treatment additives. Microorganisms act well

only when the waste materials present allow them to produce nutrients and energy for the

development of more cells. When these conditions are not favourable then their capacity

to degrade is reduced. In such cases genetically engineered microorganisms have to be

used, although stimulating indigenous microorganisms is preferred.

Types of In Situ Bioremediation

Intrinsic bioremediation:

This approach deals with stimulation of indigenous or naturally occuring

microbial populations by feeding them nutrients and oxygen to increase their metabolic

activity.

Engineered in situ bioremediation:

The second approach involves the introduction of certain microorgansims to the

site of contamination. When site conditions are not suitable, engineered systems have to

be introduced to that particular site. Engineered in situ bioremediation accelerates the

degradation process by enhancing the physico-chemical conditions to encourage the

growth of microorganisms. Oxygen, electron acceptors and nutrients (eg: nitrogen and

phosphorus) promote microbial growth (Sasikumar, 2003).

Microorganisms Involved in Bioremediation Process

Many different types of organisms such as plants can be used for bioremediation

but microorganisms show the greatest potential.

Microorganis ms (primarily bacteria and fungi) are nature's original recyclers.

Their capability to transform natural and synthetic chemicals into sources of energy and

raw materials for their own growth suggests that expensive chemical or physical

remediation processes might be replaced with biological processes that are lower in cost

and more environmentally friendly (Sasikumar, 2003).

Compounds and their degradative pathways
m toluic acid: has its own path, http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3010045&dopt=Abstract Meta Cleavage! Not B-ketoadipate pathway! Therefore no chemotaxis! and http://www.pubmedcentral.nih.gov/picrender.fcgi?artid=210324&blobtype=pdf
3,4-dimethoxybenzoic acid (veratrate): ?
3-methoxy, 4-hydroxybenzoic acid (vanillate): degraded from FER via PCA pathway

 3-hydroxy, 4-methoxybenzoic acid (isovanillate): ?

 Catechol: PCA’s rival (degrades 2,3-Dihydroxybenzoate, 2-Aminobenzoate)
 2,3-Dihdryoxybenzoic acid: degraded from o-aminobenzoate: CAT pathway therefore ortho/B-ketoadipate pathway. Would expect taxis
 2,4-Dihydroxybenzoic acid: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=8486246&itool=iconabstr doesn’t seem to be catabolized via B-ketoadipate pathway.
 2,6-Dihydroxybenzoic acid: 
 3,4-Dihydroxybenzoic acid (Protocatechuate)

 3,5-Dihydroxybenzoic acid (
alpha -resorcylate): see article (1998 Anaerobic degradation of (3,5-dihydroxybenzoate) alpha-resorcylate by Thauera aromatica strain AR-1 proceeds via oxidation and decarboxylation to hydroxyhydroquinone.) find aerobic degradation not anaerobic!!!  It seems its going to be hard to find http://www.springerlink.com/media/E3KGVMXTVGNFD7NWDRWQ/Contributions/X/8/2/0/X8206562866KJW6G.pdf
 Cafeic (aka Caffeate) acid: ? B-ketoadipate pathway
 Benzoic acid: PCA pathway
 meta-hydroxybenzoic acid: degraded via Gentisate OR PCA pathway
 para-hydroxybenzoic acid: intermediate created along degradation of benzoaldehyde

3-carboxybenzoic acid (Use m-Phthalic Acid or  Isophthalic Acid!!!): ?
 o-aminobenzoic acid (anthranilate) important intermediate in tryptophan metabolism: goes either directly to Cat pathway OR has intermediate 2,3-dihydroxybenzoate. See http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=193950
 Ferulic acid: A substrate of Vanillate degradation http://www.pubmedcentral.nih.gov/picrender.fcgi?artid=93818&blobtype=pdf
 Succinate: end result of multiple pathways
Citrate: also the result of x pathways
Articles: 

Harwood CS, Fosnaugh K, Dispensa M. Flagellation of Pseudomonas putida and analysis of its motile behavior. J Bacteriol 1989 Jul;171(7):4063–4066:

Reversals in the rotation direction of bundles of polar flagella

resulted in changes in swimming direction. Cells swimming in buffer changed direction once every 2 s on

average, whereas cells exposed to the attractant benzoate changed direction an average of once every 10 s. The

findings show that P. putida responds to temporal gradients of chemoattractant by suppressing changes in the

direction of rotation of flagella.

To date, the chemotactic

behavior of P. pimtidai has been analyzed by measuring

the accumulation of cell populations in capillaries in response

to spatial gradients of aromatic compounds. Although

the capillary assay provides a direct measure of

chemotaxis, this technique is time-consuming and provides

no information about changes in the motile behavior of

individual cells that occur in response to chemical stimuli.

Such information is required to fully understand how cells

process sensory stimuli from aromatic compounds to effect

chemotactic responses. In this paper we describe a computer

program that we developed to quantitatively analyze the

motile behavior of individual P. pitida cells. We also investigated

the arrangement and operation of flagella in this

organism, since only very limited information was available

about fundamental aspects of P. pitida motility.

Flagellation of P. putida cells. P. putida has been reported

to have multiple polar flagella (12, 20). However, no ultrastructural

examinations of this species have been reported,

and precise information about the flagellation of strain

PRS2000 was also not available. We therefore examined P.

putida PRS2000 cells by electron microscopy and found that

cells generally had between five and seven flagella inserted at

one end to form a tuft (Fig. 1). Occasionally, cells with as

few as 1 and as many as 12 flagella were seen. The flagellar

filaments had a conventional waveform and were usually 2 to

3 wavelengths long.

Motile behavior of P. putida. When free-swimming cells

were videotaped and the paths of individual cells were

tracked by computer-assisted motion analysis, the resulting

qualitative picture of motile behavior consisted of unidirectional

swimming punctuated by abrupt changes in direction

(Fig. 2A). Changes in direction were completed within 20 to

30 ms and were not accompanied by the tumbling motion typical of peritrichously (Having flagella uniformly distributed over the body surface, as certain bacteria) flagellated bacteria such as Escherichia

coli and Salmonella typhimturiuum. Sometimes, instead

of abruptly changing the direction of forward swimming,

cells swam backwards for a short distance before they

resumed swimming smoothly in a forward direction. Bundles

of flagella about two body lengths long could be seen trailing

smooth-swimming cells that were viewed under high-intensity

dark-field illumination. These bundles disappeared as

the cells changed swimming direction.

These observations are consistent with a view of P. putida
flagellar behavior that is similar to E. coli and S. typhimnzriium

behavior; flagellar bundles rotating in the CCW direction

are responsible for smooth swimming, and a reversal in

the rotation direction of the flagellar motors causes the

bundles of flagella to fly apart and the cells to change

direction. In the case of the peritrichously arranged flagella

of the enteric bacteria, changes in the direction of rotation

are accompanied by a tumbling motion of the cell body (11,

14, 19). The polar insertion of flagella in P. piutidai probably

accounts for the observed reorientation of the cell body

without tumbling. Smooth swimming would resume as flagellar

motors reversed for a second time to allow reformation

of a CCW-rotating flagellar bundle. The backwards

swimming of P. piftida cells can be accounted for by a

synchronous reversal of flagellar motors. This would result

in the propagation of a negative waveform from the flagellar

bundle (14). The reversal of a single polar flagellum would

also result in backward swimming (22).

Computer analysis of behavior in response to chemoattractants.

When populations of cells were analyzed by computerassisted

motion analysis, behavior could be quantitatively

assessed in terms of the average number of changes of

direction of swimming per second (Table 1). For cells

suspended in chemotaxis buffer this was 0.50/s. Addition of

the chemoattractant benzoate to suspensions of P. piatid(/

cells that had been grown on p-hydroxybenzoate (so that ynthesis of the benzoate chemoreceptor was induced) resulted

in a drastic modification of behavior; cells changed

swimming direction much less frequently and swam

smoothly for prolonged periods (Fig. 2). The average number

of changes of direction per second upon addition of 500

F.M benzoate was 0.10. The inference that the smoothswimming

response of P. putida cells to benzoate addition is

related to chemotaxis was borne out by experiments with

cells grown on carbon sources (e.g., glucose, acetate, or

arginine) that had previously been shown not to induce

benzoate taxis as measured in capillary assays. Such cells

did not modify their behavior in response to benzoate

addition in temporal assays (data not shown). Furthermore,

as with the responses of cells to spatial gradients of attractants

(8), there was a concentration dependence of the

response of P. piutidai cells to temporal gradients of benzoate

(Fig. 3). The smooth-swimming response was maximal at

benzoate concentrations above about 100 p.M and was not

detectable at benzoate concentrations below 5 to 10 p.M.

The average linear speed of smooth-swimming cells either

after buffer addition or after addition of 500 p.M benzoate

was 44 pLm/s. Individual cells reached speeds of up to 75

p.m/s. Addition of benzoate to very high concentrations (50

mM, pH 7.0) resulted in a decrease in the average linear

speed of smooth-swimming cells to 26 pm/s, but the smoothswimming

response still occurred, and stimulated cell populations

had an average direction change rate of 0.07/s. The

swimming speed of glucose-grown cells also decreased

markedly upon addition of 50 mM benzoate, but the frequency

of changes of direction remained unaltered from the

prestimulus level. A probable explanation for these observations

is that benzoate, a weak acid, is able to either

partially or fully collapse the transmembrane proton gradient

when present at high concentrations (10). A resulting reduced

proton motive force would then be expected to lead to

a decrease in flagellar motor speed. Unlike other bacteria

that have been examined (9), this does not appear to affect

the direction-switching probabilities of the flagellar motors

of P. pidticda.

The change in cell behavior in respon se to benzoate addition was temporary. Cells adapted and returned to their prestimulus behavior within 1 to 2 min and could be stimulated again by further addition of a higher concentration of benzoate (Fig. 4). This response resembles Bactethose of other bacteria to temporal gradients of attractants. Excitation is rapid, the stimulated cells exhibit smooth swimming, and then they adapt to the stimulus within a few minutes (2, 4, 6,15).

Except for a few details which can be attributed mainly to differences in flagellar arrangement, the motile behavior of P. putida appears to be very similar to that of the enteric bacteria E. coli and S. typhimurilum. However P.putida rsponds to a very different repertoire of chemoattractants.
Harwood CS, Parales RE, Dispensa M. Chemotaxis of Pseudomonas putida toward chlorinated benzoates. Appl Environ Microbiol 1990 May;56(5):1501–1503:
The chlorinated aromatic acids 3-chlorobenzoate and 4-chlorobenzoate are chemoattractants for Pseudomonas

putida PRS2000. These compounds are detected by a chromosomally encoded chemotactic response to benzoate which is inducible by I-ketoadipate, an intermediate of benzoate catabolism. Plasmid pAC27, encoding enzymes for 3-chlorobenzoate degradation, does not appear to carry genes for chemotaxis toward chlorinated compounds.
Aromatic compounds occur naturally, principally as the

major monomeric component of plant lignin (12). They are

also prevalent in the biosphere as products of human industrial

activities (6). Toxic chlorinated aromatic compounds,

which are used as herbicides, pesticides, and solvents, figure

prominently in this second category. Bacteria from several

genera have been isolated that can degrade selected chlorinated

aromatics (5, 16, 17), often by utilizing genetic information

borne on transmissible plasmids (4, 7). However,

most chlorinated compounds are recalcitrant to biodegradation,

and the construction and introduction into the environment

of bacterial strains with improved degradative abilities

is one strategy that has been proposed to alleviate environmental

pollution (13).

The success of such an approach depends not only on the

improved catabolic abilities of the constructed strains, but

also on their ability to compete with indigenous microflora.

One trait that may be important in this regard is chemotaxis,

the ability of motile bacteria to sense and swim towards

organic compounds. Behavioral sensing of aromatic compounds

may give cells a competitive advantage in natural

environments by enabling them to locate low concentrations

of compounds that can be used as growth substrates. This

could be especially important in situations in which pollutants

have become dispersed throughout a wide area.

We have noted that 3-chlorobenzoate is a chemoattractant

for Pseudomonas putida PRS2000 (9). This strain cannot,

however, metabolize 3-chlorobenzoate; it does not harbor

any plasmids and apparently lacks any chromosomally encoded

ability to catabolize chlorinated compounds. In the

present study, we have examined the physiological basis for

the behavioral responses of PRS2000 to chlorinated aromatics.

Also, we determined that the transmissible plasmid

pAC27, encoding enzymes for the degradation of 3-chlorobenzoate,

does not appear to carry genes for chemotaxis

toward chlorinated compounds.
3-Chlorobenzoate is a member of the benzoate group of

chemoattractants. A benzoate chemotaxis system which

recognizes benzoate, 4-hydroxybenzoate, 3- and 4-toluate,

and salicylate has been defined in P. putida (10, 11). p-

Ketoadipate, an intermediate in the chromosomally encoded

pathway of benzoate and 4-hydroxybenzoate catabolism by

PRS2000, and adipate, its nonmetabolizable analog, induce

benzoate chemotaxis (11). Several lines of evidence indicate

that 3-chlorobenzoate is also recognized by the benzoate

chemotaxis system. First, cells grown under conditions

(e.g., with either benzoate or 4-hydroxybenzoate) in which

P-ketoadipate was generated as a metabolic intermediate

responded behaviorally to 3-chlorobenzoate (Fig. 1 and 2),

as did cells that were grown with glucose in the presence of

adipate (Table 1). Cells grown on glucose only, on the other

hand, had no measurable response to 3-chlorobenzoate

(Table 1). Second, a chemotaxis mutant (PCH603) specifically

defective in responses to the benzoate group of attractants

(9) failed to respond to 3-chlorobenzoate when grown

under conditions that induced chemotaxis in the wild-type

strain (Table 1). Finally, we have shown previously that

3-chlorobenzoate, benzoate, 4-hydroxybenzoate, 4-toluate,

and salicylate all stimulate methylation of a P. putida methyl-

accepting chemotaxis protein (9). This protein does not

become methylated in response to other P. putida chemoattractants,

such as benzoylformate or succinate. It is likely

that a single chemoreceptor recognizes the benzoate group
of chemoattractants, including 3-chlorobenzoate, and that

sensory information from this group of attractants is processed

through a methyl-accepting chemotaxis system analogous

to those described for Escherichia coli and Salmonella

typhimurium (14).
Specificity of the response to chlorinated aromatic com
pounds. PRS2000 cells grown with glucose and adipate

responded to 450 ,uM 3-fluorobenzoate (0.18 change of

direction per second) and 250 ,uM 4-chlorobenzoate (0.15

change of direction per second) in temporal chemotaxis

assays. Cells grown with glucose alone were not chemotactic

toward these compounds. Cells grown with glucose and

adipate did not respond behaviorally to temporal additions of

2-chlorobenzoate (final concentrations of 250 and 2,500 ,uM

were tested), 2,4-dichlorobenzoate (final concentration, 500

,uM), or 2,4-dichlorophenoxyacetate (final concentration,

500 ,uM). Cells remained fully motile in the presence of all

compounds tested.

The chlorobenzoate plasmid and chemotaxis. The benzoate

chemotaxis mutant, PCH603 (Table 1), enabled us to test

whether plasmid pAC27, encoding enzymes for 3-chlorobenzoate

degradation, might also carry genetic information for

chemotaxis toward chlorinated aromatic compounds. It was

necessary to use such a mutant, because cells growing on

3-chlorobenzoate via the plasmid-encoded pathway produce

P-ketoadipate as an intermediate. In wild-type pAC27-

bearing cells this would induce the chromosomally encoded

chemotactic response to 3-chlorobenzoate and possibly

mask detection of a plasmid-encoded response. Plasmid

pAC27 was introduced into a rifampin-resistant strain of

PCH603 by conjugation with P. putida PRS2015(pAC27) (3,

7). Exconjugants were plated on minimal medium containing

2.5 mM 3-chlorobenzoate (to select for pAC27) and 40 ,ug of

tetracycline per ml (to select for PCH603). These cells were

then checked for rifampin (50 jig/ml) resistance to ensure

that a tetracycline-resistant mutant of PRS2015(pAC27) had

not been selected.

PCH603(pAC27) cells were poorly motile when grown

with 3-chlorobenzoate (2.5 mM) as the sole carbon source.

When the growth medium also included a low concentration

of Casamino Acids (0.01%, wt/vol), a greater percentage of

the cells in the culture were motile, although the number of

changes of swimming direction per second for cells suspended

in chemotaxis buffer was somewhat low (0.30).

Nevertheless, cells suspended in chemotaxis buffer responded

strongly to temporal additions of Casamino Acids

(0.05 change of direction per second) but did not alter their
behavior when exposed to 500 ,uM 3-chlorobenzoate (0.36

change of direction per second). PRS2000 cells grown with

4-hydroxybenzoate and 0.01% Casamino Acids did respond

to 3-chlorobenzoate (data not shown). Plasmid pAC27 does

not appear, therefore, to complement the chemotaxis defect

of PCH603.

A few simple chlorinated aromatic acids are chemoattractants

for P. putida PRS2000. Evidence presented here indicates

that 3- and 4-chlorobenzoate are detected by a benzoate

chemotactic response which recognizes a group of six

different monosubstituted benzoates. ,-Ketoadipate, a key

intermediate in the chromosomally encoded P-ketoadipate

pathway of aromatic acid metabolism (15) as well as the

plasmid-encoded pathway of 3-chlorobenzoate metabolism

(3), elicits the expression of the benzoate chemotactic response,

probably by inducing the synthesis of a chemoreceptor

protein.
Harwood CS. A methyl-accepting protein is involved in benzoate taxis in Pseudomonas putida. J Bacteriol 1989 Sep;171(9):4603–4608:

3-Chlorobenzoate, which we recently found to elicit

a positive response in a temporal assay for chemotaxis (data

not shown), also stimulated methylation (Fig. 4). None of

these compounds is degraded by benzoate-grown PRS2000

cells, so the stimulation of methylation cannot be attributed

to some nonspecific effect of metabolism.
Nitrobenzoates and Aminobenzoates Are Chemoattractants for Pseudomonas Strains Rebecca E. Parales http://aem.asm.org/cgi/reprint/70/1/285
Three Pseudomonas strains were tested for the ability to sense and respond to nitrobenzoate and aminobenzoate isomers in chemotaxis assays. Pseudomonas putida PRS2000, a strain that grows on benzoate and 4-hydroxybenzoate by using the ß-ketoadipate pathway, has a well-characterized ß-ketoadipate-inducible chemotactic response to aromatic acids. PRS2000 was chemotactic to 3- and 4-nitrobenzoate and all three isomers of aminobenzoate when grown under conditions that induce the benzoate chemotactic response. P. putida TW3 and Pseudomonas sp. strain 4NT grow on 4-nitrotoluene and 4-nitrobenzoate by using the ortho (ß-ketoadipate) and meta pathways, respectively, to complete the degradation of protocatechuate derived from 4-nitrotoluene and 4-nitrobenzoate. However, based on results of catechol 1,2-dioxygenase and catechol 2,3-dioxygenase assays, both strains were found to use the ß-ketoadipate pathway for the degradation of benzoate. Both strains were chemotactic to benzoate, 3- and 4-nitrobenzoate, and all three aminobenzoate isomers after growth with benzoate but not succinate. Strain TW3 was chemotactic to the same set of aromatic compounds after growth with 4-nitrotoluene or 4-nitrobenzoate. In contrast, strain 4NT did not respond to any aromatic acids when grown with 4-nitrotoluene or 4-nitrobenzoate, apparently because these substrates are not metabolized to the inducer (ß-ketoadipate) of the chemotaxis system. The results suggest that strains TW3 and 4NT have a ß-ketoadipate-inducible chemotaxis system that responds to a wide range of aromatic acids and is quite similar to that present in PRS2000. The broad specificity of this chemotaxis system works as an advantage in strains TW3 and 4NT because it functions to detect diverse carbon sources, including 4-nitrobenzoate. 
P. putida TW3 and Pseudomonas sp. strain 4NT degrade 4-nitrotoluene through 4-nitrobenzoate to protocatechuate, but after this step the pathways in the two strains differ (Fig. 4). In strain 4NT, protocatechuate is degraded via a meta ring fission pathway (11), while in TW3, protocatechuate is degraded by using the ß-ketoadipate pathway (38). Results of catechol dioxygenase assays indicate that strains 4NT and TW3 both degrade benzoate by using the ß-ketoadipate pathway (Table 4). The results of chemotaxis assays suggest that, similar to PRS2000, strains TW3 and 4NT may have a ß-ketoadipate-inducible chemotaxis system responding to benzoate and structurally related chemicals. Thus, strain TW3 responds to benzoate, nitrobenzoates, and aminobenzoates when grown with benzoate, 4-nitrobenzoate, and 4-nitrotoluene, all of which are degraded with the formation of ß-ketoadipate. In contrast, ß-ketoadipate is not an intermediate in the degradation of 4-nitrotoluene and 4-nitrobenzoate in strain 4NT, and this strain responds to benzoate, nitrobenzoates, and aminobenzoates only after growth with benzoate. A similar phenomenon was described for Pseudomonas strains carrying the TOL plasmid (14). These strains, although chemotactic to benzoate when lacking the TOL plasmid, are not chemotactic to benzoate when harboring the plasmid. This is because benzoate is preferentially degraded through a meta cleavage pathway in the TOL+ strain, and consequently, ß-ketoadipate is not produced as an intermediate. Therefore, under these conditions the chemotactic response is not induced. These strains exhibited normal chemotaxis to aromatic acids when grown with 4-hydroxybenzoate, which is degraded via the ß-ketoadipate pathway in both TOL+ and TOL- strains.

PRS2000 degrades benzoate and 4-hydroxybenzoate by using
the _-ketoadipate pathway (15), and neither nitrobenzoates

nor aminobenzoates are growth substrates for PRS2000

(Table 1). However, metabolism of nitrobenzoates and aminobenzoates

is apparently not necessary for the behavioral response

to these compounds (Table 2). Previous studies have

also shown that PRS2000 is attracted to several other compounds

that it is unable to metabolize, including toluates, chlorobenzoates,

and salicylate (14, 16, 17), and mutants of

PRS2000 that are unable to grow with benzoate and 4-hydroxybenzoate

were chemotactic to benzoate, provided that _-ketoadipate

was available to induce the chemotactic response

(17). The chemotactic response to benzoate, 4-hydroxybenzoate,

salicylate, toluates, and chlorobenzoates is induced when

PRS2000 is grown with benzoate or 4-hydroxybenzoate (14, 16,

17). It is quite possible that the same chemotaxis system can

detect the presence of the structurally related nitrobenzoates

and aminobenzoates. Consistent with this possibility, only benzoate-

or 4-hydroxybenzoate-grown cells responded to nitroand

aminobenzoates (Tables 2 and 3). The chemotactic response

to 4-hydroxybenzoate is mediated by the PcaK protein

in PRS2000 (13). PcaK is a member of the major facilitator

superfamily (41) of transport proteins, and it also functions to

transport 4-hydroxybenzoate and protocatechuate (25). In

PRS2000, the pcaK gene is located nearby and coordinately

regulated by _-ketoadipate with several benzoate and/or 4-hydroxybenzoate

degradation genes. In this strain, _-ketoadipate,

an intermediate in benzoate and 4-hydroxybenzoate degradation,

induces the chemotactic response to substituted
benzoates as well as several of the structural genes for the

degradation of these two compounds in the presence of the

PcaR activator protein (10, 16, 17, 26, 34, 40).

P. putida TW3 and Pseudomonas sp. strain 4NT degrade

4-nitrotoluene through 4-nitrobenzoate to protocatechuate,

but after this step the pathways in the two strains differ (Fig. 4).

In strain 4NT, protocatechuate is degraded via a meta ring

fission pathway (11), while in TW3, protocatechuate is degraded

by using the _-ketoadipate pathway (38). Results of

catechol dioxygenase assays indicate that strains 4NT and TW3

both degrade benzoate by using the _-ketoadipate pathway

(Table 4). The results of chemotaxis assays suggest that, similar

to PRS2000, strains TW3 and 4NT may have a _-ketoadipateinducible

chemotaxis system responding to benzoate and structurally

related chemicals. Thus, strain TW3 responds to benzoate,

nitrobenzoates, and aminobenzoates when grown with

benzoate, 4-nitrobenzoate, and 4-nitrotoluene, all of which are

degraded with the formation of _-ketoadipate. In contrast,

_-ketoadipate is not an intermediate in the degradation of

4-nitrotoluene and 4-nitrobenzoate in strain 4NT, and this

strain responds to benzoate, nitrobenzoates, and aminobenzoates

only after growth with benzoate. A similar phenomenon

was described for Pseudomonas strains carrying the TOL plasmid

(14). These strains, although chemotactic to benzoate

when lacking the TOL plasmid, are not chemotactic to benzoate

when harboring the plasmid. This is because benzoate is

preferentially degraded through a meta cleavage pathway in

the TOL_ strain, and consequently, _-ketoadipate is not produced

as an intermediate. Therefore, under these conditions

the chemotactic response is not induced. These strains exhibited

normal chemotaxis to aromatic acids when grown with

4-hydroxybenzoate, which is degraded via the _-ketoadipate

pathway in both TOL_ and TOL_ strains.

Although the majority of our studies utilized benzoate-, 4-nitrobenzoate-

and 4-nitrotoluene-grown cells, strains TW3 and

4NT were also found to be chemotactic to the same set of

substituted benzoates after growth with 4-hydroxybenzoate

(Table 3). Most Pseudomonads carry both the catechol and

protocatechuate branches of the _-ketoadipate pathway (15),

and the chemotactic responses of 4-hydroxybenzoate-grown

TW3 and 4NT are most likely due to the formation of _-ketoadipate

from 4-hydroxybenzoate.

The genes from strain TW3 that encode the conversion of

4-nitrotoluene to 4-nitrobenzoate and from 4-nitrobenzoate to

protocatechuate have been cloned and sequenced (20–22), and

there are no obvious chemotaxis genes located within either

cluster. Apparently, the corresponding genes from strain 4NT

have been identified, but results have not yet been published

(21). In strains TW3 and 4NT, the chemotactic response to

substituted benzoates may be mediated by a PcaK-like protein

as in PRS2000 (13), but such a protein has not yet been identified

in these strains.
Gönül Vardar . Paola Barbieri . Thomas K. Wood

Chemotaxis of Pseudomonas stutzeri OX1 and Burkholderia

cepacia G4 toward chlorinated ethenes 2005

“The efficiency of in situ bioremediation can be increased if

the bacteria and soil/groundwater contaminant are brought

into close contact. 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)”
“It was reported previously that the genes required for

positive chemotactic response to toluene are the regulatory

proteins TodS and TodT, which regulate the todRXFC1C2-

BADEGIH operon for toluene degradation in P. putida F1

(Parales et al. 2000). Similarly, pcaK, which has a role in

the degradation of aromatic acids, has been shown to be

required for chemotaxis toward 4-hydroxybenzoate by P.

putida PRS2000 (Ditty and Harwood 2001; Parales and

Harwood 2002). nahY, which is part of an operon that

contains genes for salicylate degradation, has been shown

to be required for chemotaxis toward naphthalene by P.

putida G7 (Grimm and Harwood 1999; Parales and

Harwood 2002). tfdK, which is located on plasmid pJP4

within the cluster of tfd genes that are required for 2,4-

dichlorophenoxyacetate (2,4-D) degradation, has been

shown to be required for chemotaxis toward 2,4-D by

Ralstonia eutropha JMP134 (pJP4) (Hawkins and Harwood

2002; Parales and Harwood 2002). Hence, the

chemotactic response appears to be coordinated with

catabolic-gene expression as shown from previous studies. From (vardar, 2005)”
Bacterial Chemosensing: Cooperative

Molecular Logic

Dispatch

Peter M. Wolanin and Jeffry B. Stock

Bacterial chemotaxis is mediated by transmembrane

receptors that bind attractant and repellent chemicals

and control an intracellular protein kinase. Each cell

contains thousands of receptor subunits that form a

tightly packed array at one pole. Recent studies of

bacterial behavior have begun to reveal the molecular

logic of this sensory architecture.

The components of the chemotaxis sensory system are

highly conserved throughout the Bacterial and Archeal

kingdoms. The chemotaxis system of Escherichia coli

has been studied in the greatest detail (reviewed in [1]),

and it is without a doubt the best understood signal

transduction system in biology. Research in this field

has broad relevance for understanding the molecular

mechanisms of membrane receptor-mediated information

processing. Mechanistic similarities between bacterial

chemoreceptors and mammalian type I receptors

— such as those for insulin, growth hormone and

cytokines — have been demonstrated by fusing the

ligand-binding domain of a bacterial chemotaxis receptor

to the cytoplasmic domain of the insulin receptor to

produce a hybrid receptor tyrosine kinase that is regulated

by binding of the chemoattractant ligand [2].

“A typical E. coli cell has several thousand transmembrane chemotaxis receptors encoded by a family of five homologous genes. These transmembrane proteins interact with homologous SH3-like domains in two auxillary cytoplasmic proteins, CheW and CheA. In CheA, a histidine protein kinase domain is fused to the amino-terminus of the SH3 region. Protein kinase activity is inhibited when attractants such as aspartate or serine bind to extracytoplasmic sensory domains of the receptors. CheA kinase activity results in phosphorylation of a monomeric response regulator protein, CheY. Phosphorylated CheY readily diffuses away from CheA and subsequently binds to flagellar motors in the cell envelope, where it promotes a change in the direction of motion. Immuno-electron microscopy established that E. coli chemoreceptors, together with CheA and CheW, tightly cluster together at one pole of the cell [3]. Subsequent investigations using immuno-electron microscopy, immuno-fluorescence microscopy and fluorescence microscopy with green fluorescent protein fusions have confirmed and extended this observation to the point that it is now reasonably established that chemotaxis receptors generally associate with CheA and CheW to form large assemblies in all Bacterial and Archeal chemotaxis systems [4–6]. (Wolanin, 2005)”
The cooperative behavior and ultrasensitivity of the

bacterial chemosensory system have inspired a broad

range of efforts to understand the molecular logic of this

sensory system.
Thus, sensing is not a process

that occurs via one chemoreceptor at a time, but rather

through the combined responses of many receptors to

process information from the environment.
2004 Biocatalytic degradation of pollutants Rebecca E Parales1_ and John D Haddock2
Chemotaxis: a role in biodegradation?

Researchers in the field of biodegradation are starting to

seriously address the possibility of a role for chemotaxis in

the biodegradation of pollutants, as indicated by recent

reviews [19,20]. Several reports of chemotaxis by specific

biodegradative strains to various pollutants and man-made

chemicals have appeared in the literature in the past

18 months. Park et al. demonstrated that the man-made

herbicide atrazine elicited a chemotactic response in

two motile atrazine-degrading bacteria, Pseudomonas sp.

ADP and Agrobacterium radiobacter J14a [21]. Likewise,

Ralstonia eutropha JMP134(pJP4), which grows on the

herbicide 2,4-dichlorophenoxyacetate (2,4D), showed an

inducible chemotactic response to 2,4D [22]. The

response required the presence of the TfdK permease,

a member of the major facilitator superfamily of transport

proteins. These reports are of interest, because they

indicate that these bacteria have not only evolved new

pathways for the degradation of man-made chemicals, but

that they have also evolved appropriate chemosensory

systems for their detection. In another study, three

Pseudomonas strains were found to be chemotactic to

nitrobenzoates and aminobenzoates [23]. Results of this

study suggest that an inducible broad-substrate benzoate

chemotaxis system allows detection of various substituted

benzoates, which is particularly useful in nitrobenzoatedegrading

bacteria. Chemotaxis by Ralstonia sp. SJ98

towards several nitroaromatic compounds that can be

co-metabolized has also been demonstrated [24]. A chemotaxis

enrichment method was used to isolate an alkanedegrading

organism, Flavimonas oryzihabitans, which was

chemotactic towards oil-gas and hexadecane, as judged by

three types of qualitative chemotaxis assays [25]. Finally,

the first example of bacterial chemotaxis to an attractant

desorbing from a nonaqueous phase liquid (NAPL) has

been reported [26__]. In this study, wild-type Pseudomonas

putida G7, which is chemotactic towards naphthalene, was

shown to degrade naphthalene dissolved in the model

NAPL 2,2,4,4,6,8,8-heptamethylnonane more efficiently

than a nonchemotactic mutant or a nonmotile mutant. The

nonchemotactic mutant actually degraded naphthalene

more rapidly than the nonmotile mutant, probably

because motile cells encountered and adhered to the

surface of the NAPL droplet. This study provides direct

evidence that motility and chemotaxis stimulate desorption

and biodegradation of nonaqueous contaminants.
Genomics and biodegradation

Recent genome sequencing efforts have begun to focus

on environmentally relevant bacteria. The genomes of

four organisms with potential for biodegradation and

bioremediation applications have been completely

sequenced and published within the past year and a half.

The availability of these genome sequences should accelerate

analyses of the metabolic capabilities of these

bacteria and reveal their full potential for use in bioremediation

applications. Potentially useful enzymes and

proteins identified from these genome sequences are

listed in Table 2.

The genome sequence of the catabolically versatile

P. putida KT2440 was recently completed [27]. Overall,

the genome of this nonpathogenic organism is quite similar

to that of the opportunistic human pathogen Pseudomonas

aeruginosa, but it lacks many of the virulence genes known

to be required for P. aeruginosa infection. P. putida

KT2440 has the ability to grow on a wide variety of

aromatic compounds, and this aspect of its metabolism

is explored in detail by Jime´nez et al. [28]. In addition to

the expected genes for known aromatic degradation pathways,

the genome sequence revealed the presence of 18

dioxygenases, 80 oxidoreductases of unknown function,

three enzymes that may be involved in dechlorination

reactions, and an unprecedented number of transport

systems [27]. Furthermore, this strain has several sets of

chemotaxis (che) genes as well as 27 genes that appear to

encode methyl-accepting chemotaxis proteins, the majority

of which have no known function. These findings

highlight the enormous amount of information about

P. putida metabolism that remains unexplored.
2003 Shingler Integrated regulation in response to aromatic

compounds: from signal sensing to attractive behaviour Victoria Shingler

Seeking out substrates and a higher energy state

Efficient removal of aromatic contaminants from sites can

potentially be enhanced by the ability of bacteria to recognize

and swim towards the aromatic compound, thus

preventing mass transfer limitations that impede biodegradation.

In addition, the ability to relocate to favourable

oxygen tension conditions would also be anticipated to

enhance catabolic performance of aerobic aromatic degradative

pathways. A number of chemotactic responses to

the presence of aromatic compounds have been reported

to be induced co-ordinately with genes for their catabolism,

suggesting an integrated bacterial strategy to move

towards and degrade aromatic compounds (reviewed by

Pandey and Jain, 2002; Parales and Harwood, 2002). As

detailed in the following sections, some of these behavioural

responses may use energy-sensing mechanisms

akin to those involved in global regulation.

The ability of bacteria to move non-randomly towards

an attractive compound (or away from an obnoxious one)

is probably mechanistically the best understood bacterial

behavioural response. Bacterial chemotaxis has been

studied most extensively with enteric bacteria in response

to simple sugars, amino acids and organic acids that are

sensed outside the cell by a suite of ligand-binding transmembrane

receptors, MCPs (methyl-accepting chemotaxis

proteins). The MCPs transmit the signal in the form

of conformational changes to the histidine autokinase

CheA, which serves as the phosphodonor for cognate

response regulators that reset the membrane receptors

for the next round of sensing and bind to the flagella motor

to control the swimming behaviour of bacteria. The

chemotactic machinery of some bacteria involves additional

MCPs and chemotaxis proteins. For example, P.

putida encodes 25 or more MCPs compared with five for

E. coli (Parales and Harwood, 2002). However, regardless

of added complexity, the fundamental processes of signal

detection and transmission are probably conserved

(Armitage and Schmitt, 1997).

A number of chemotactic responses to aromatic compounds

have been reported that are induced directly in

response to the presence of an aromatic compound itself.

However, in only a few cases has the sensory component

been identified. Induction of aromatic chemotactic

responses, like those of the activity of transcriptional regulatory

proteins, can be promiscuous and include compounds

that cannot be degraded by cognate pathway(s).

A recent example of this is found with P. putida F1, in

which toluene induces a chemotactic response to a wide

range of compounds including some that cannot be catabSignal

sensing and integration in aromatic catabolism 11
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olized by the cognate tod-encoded pathway (Parales

et al., 2000). In this system, mutants defective in toluene

catabolism by virtue of inactivation of pathway genes

retain the chemotactic response profile, while inactivation

of the TodS/TodT regulatory two-component system abolishes

the chemotactic response. Thus, the inducible

chemotactic response appears to be instigated by toluene

rather than a pathway metabolite and is co-regulated

through the TodS/TodT sensor–regulator pair controlling

expression of the pathway enzymes. However, the sensory

component that allows coupling to the basal chemotactic

machinery has yet to be identified (Parales et al.,

2000).

In the few cases in which an aromatic sensory component

has been found, it is co-transcribed along with the

genes required for the catabolism of the aromatic compound.

This is the case for the MCP-like NahY sensory

component for chemotaxis of P. putida towards naphthalene

that is encoded at the end of the meta-cleavage

operon of pNAH7 and thus regulated by NahR (Grimm

and Harwood, 1999). Inactivation of NahY prevents

chemotaxis towards, but not growth on, naphthalene, suggesting

that it is the sensor that couples directly to control

chemotactic behaviour. Two other apparent chemotactic

aromatic sensor proteins, PcaK of P. putida and TfdK of

the pJP4 plasmid of Ralstonia eutropha JMP134, are likewise

co-transcribed with genes for catabolism of the

inducing molecule (Harwood et al., 1994; Hawkins and

Harwood, 2002). PcaK and TfdK, rather than being classic

MCPs, are non-essential importers of 4-hydroxybenzoate

and the herbicide 2,4-dichlorophenoxyacetate, respectively,

which belong to the major facilitator superfamily of

transport proteins. How binding or passage of aromatic

compounds through these transporters links mechanistically

to chemotactic behaviour is as yet unknown. However,

it may involve conformational signalling to a

membrane-associated or intracellular MCP or other proteins

that signal to the basal chemotactic machinery.

Although no direct evidence exists, the implication from

these few studies is that transporters of aromatic compounds

may play an important role for signal-specific

detection and transduction in order to direct bacteria

towards aromatic compounds. In this respect, it is pertinent

to note that motile P. putida KT2440, which encodes

the potential to degrade a large range of aromatic compounds

(Jimenez et al., 2002), likewise has multiple putative

homologues of PcaK (Nelson et al., 2002).

Signal-specific chemotaxis responses such as those

described above are typified by three properties, namely

(i) they can be elicited by non-metabolizable analogues;

(ii) the chemotactic response is unaffected by mutations

within genes encoding catabolism of the compound; and

(iii) the specific signal remains a chemoattractant even in

the presence of metabolizable compounds. In direct contrast

to the metabolism-independent chemotaxis behaviour

described above, some chemotaxis responses in

bacteria require the metabolism of the effector molecule.

For example, a strict correlation between the ability of

Ralstonia sp. strain SJ98 to degrade and be attracted to

nitroaromatic compounds has been reported (Samanta

et al., 2000). This type of behavioural response, which is

used by a wide range of bacterial species for taxis towards

diverse molecules, shares signalling pathways in common

with energy taxis responses such as aero-, photo- and

redox taxis (Alexandre and Zhulin, 2001). In these systems,

the signal for the behavioural response originates

within the electron transport chain, and aerotaxis uses the

Aer receptors that sense redox changes through the Nterminal

FAD-binding PAS domain. These changes are

transmitted to the MCP-like C-terminal domain and subsequently

transduced to CheA (Taylor et al., 2001). Within

metabolism/energy-dependent chemotaxis, bacteria do

not sense the compound per se, rather sensing is thought

to be achieved through detection of change in the cellular

energy status through mechanisms analogous to those of

Aer. The genome of P. putida KT2440 contains a number

of genes with a domain architecture similar to that encoding

the Aer receptor. Taxis of P. putida KT2440 expressing

the DmpR-controlled dmp pathway towards (methyl)phenols

has recently been found to fulfil all the criteria to be

mediated by an energy taxis mechanism (I. Sarand and

V. Shingler, in preparation). First, only (methyl)phenol aromatic

compounds that can be metabolized by the pathway

elicit the behavioural response; gratuitous inducers of the

transcriptional regulator DmpR do not. Secondly, simple

expression of the whole suite of the dmp pathway genes

from a heterologous promoter results in an analogous

behavioural response profile. Finally, expression of a subpart

of the dmp pathway to restrict the capacity of the

pathway to the metabolism of just phenol likewise restricts

the taxis response profile to phenol alone. Thus, it appears

likely that P. putida KT2440 possesses energy-sensing

receptor(s) that couple catabolism of phenol to the basal

chemotactic machinery. This observation suggests the

idea that efficient catabolism might provoke energy taxis

of P. putida KT2440 towards any aromatic compound that

can be metabolized to allow the bacteria to seek out a

higher energy state.

Concluding comments

Direct sensing of aromatic substrates is clearly achieved

through many mechanisms that elicit different responses

ranging from precise control of the activity of a transcriptional

regulator through to the manifestation of chemotactic

behavioural responses that would benefit the bacteria

in their quest for a more comfortable niche. The studies

described above also emphasize that, in choosing or

12 V. Shingler
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designing microbes for aromatic biodegradative purposes,

many parameters are worthy of consideration. In addition

to catabolic capacity, it is important to consider both specific

and global regulatory control that impact on optimization

of metabolic flow and also the behavioural

characteristics, such as chemo- and energy taxis, of bacteria

in response to both aromatic substrates and gratuitous

inducers. The implication of energy-sensing

mechanisms, about which very little is known in

pseudomonads, in both carbon catabolite repression and

behavioural responses raises a number of interesting

questions concerning how these systems are interconnected

and whether they share receptors or mechanisms

in common. These questions and redressing the limited

knowledge about global regulation and catabolite repression

in pseudomonads certainly merit attention.
2003 Chang  Characterization and Regulation of the Genes for a Novel

Anthranilate 1,2-Dioxygenase from Burkholderia cepacia DBO1

Hung-Kuang Chang,

2002 Timmis Editorial Pseudomonas putida: a cosmopolitan opportunist par excellence
Bacteria of the genus

Pseudomonas

belong to the gamma

subclass of the Proteobacteria and are chemo-organotrophic

aerobic, Gram-negative rods with polar flagella

and a respiratory rather than a fermentative metabolism

(Palleroni, 1984). Some species are capable of denitrification

and can use nitrate as an electron acceptor for the

generation of energy. They are ubiquitous saprophytic

bacteria found in most temperate, aerobic and semiaerobic

soil and water habitats, have simple nutritional

requirements and grow rapidly on standard laboratory

media (and therefore tend to overgrow other microorganisms

that might be present in a sample). The genus

Pseudomonas

is a large taxonomic grouping of species

that collectively exhibit a highly diverse range of activities:

they are extremely versatile metabolically, physiologically

and genetically and engage in many critically important

activities, such as element cycling, degradation and recycling

of biogenic and xenobiotic organic compounds, food

spoilage, growth promotion and protection from pathogens

of plants, parasitism of other bacteria and parasitism

and disease production in plants and animals, etc. They

are nutritionally omnivorous, some species being able to

use more than 100 different sources of carbon and energy,

and are particularly renowned for their ability to exploit

toxic organics such as aliphatic and aromatic hydrocarbons.

Pseudomonas

strains are often resistant to antibiotics,

disinfectants, detergents and heavy metals and are

able to develop resistance to organic solvents that can

disrupt the cell membranes of unadapted bacteria (Ramos

et al

., 2002). Hydrocarbon metabolism and resistance to

noxious agents are frequently encoded on transmissible

plasmids and transposons (Jacoby, 1979; Boronin, 1992;

Tsuda, 1996), and

Pseudomonas

isolates often contain

multiple plasmids and transposons; as a consequence,

such traits are readily exchanged among Pseudomonads

and transmitted to other bacteria.

Pseudomonas putida

is a rapidly growing bacterium

frequently isolated from most temperate soils and waters,

particularly polluted soils. It is a nutritional opportunist

par

excellence

and a paradigm of metabolically versatile

microorganisms that recycle organic wastes in aerobic

compartments of the environment, thus playing a key role

in the maintenance of environmental quality. Its fascinating

biochemistry and physiology, its robustness, rapid

growth and ease of handling in the laboratory and its

amenability to genetic analysis and manipulation have

resulted in

P. putida

becoming a laboratory ‘workhorse’ for

research on soil bacteria and bacteria-mediated soil processes.

Its prominence has also been favoured by its

frequent occurrence as the predominant organism found

in selective enrichments in which an ‘exotic’ compound is

offered as the sole source of carbon and energy, probably

as a result of its rapid growth under the copiotrophic

conditions of such selective enrichments (i.e. relatively

high concentrations of substrates, non-limiting minerals,

high aeration and incubation temperatures of 20–30

∞

C).

The fact that many of these exotic phenotypes are based

on plasmid-encoded pathways that channel such substrates

to metabolites that feed into central metabolic

pathways has simplified their genetic and biochemical

analysis. Well-studied examples of such catabolic plasmids

are the TOL plasmid pWW0 (Williams and Murray,

1974), the NAH7 plasmid (Dunn and Gunsalus, 1973) and

the CAM plasmid (Rheinwald

et al

., 1973), encoding the

catabolism of toluene/xylenes, naphthalene and camphor

respectively.

P. putida

strains also have chromosomally

encoded pathways for the catabolism of a variety of

organic compounds, many of which occur as natural products

or as fungal metabolites from the partial degradation

of lignin. The fact that

P. putida

possesses such an arsenal

of degradative functions presumably reflects its extensive

spectrum of ‘housekeeping’ catabolic pathways and

enzymes (Jimenez

et al

., 2002; Nelson

et al

., 2002), its

tendency freely to acquire plasmids from other bacteria

and its relaxed-specificity gene expression system, allowing

the expression of genes derived from a wide variety

of different bacteria.

There are no known strains of

P. putida

that are animal

or plant pathogens, and this saprophytic species is considered to be environmentally innocuous. For this reason,

P. putida

was recognized to be a promising candidate from

which to develop a safety strain for recombinant DNA

experiments, requiring a host with a versatile catabolic

physiology, and for environmental applications. Strain

KT2440 (Bagdasarian

et al

., 1981) is a derivative of the

best characterized toluene-degrading bacterium, originally

isolated in Japan and designated

Pseudomonas

arvilla

strain mt-2 (Nakazawa, 2002) and subsequently

reclassified as

P. putida

mt-2 (Williams and Murray, 1974).

Strain mt-2 harbours the archetypal TOL plasmid, pWW0,

which specifies a pathway for the oxidative catabolism of

toluene/xylenes. KT2440 is a restriction-negative, plasmid-

free derivative of mt-2 that is a good recipient in gene

transfer experiments, but does not act as a donor of introduced

DNA (unless transfer functions are introduced). In

1982, it was certified by the Recombinant DNA Advisory

Committee (RAC) of the United States National Institutes

of Health as the host strain of the first host–vector biosafety

(HV1) system for gene cloning in Gram-negative

soil bacteria (Federal Register, 1982). An extensive spectrum

of versatile genetic tools, in particular mini-transposons

and tools based on these, have since been

developed for its analysis, manipulation and use as a host

for cloned genes from other soil organisms (e.g. Mermod

et al

., 1986; Herrero

et al

., 1990; de Lorenzo

et al

., 1990;

de Lorenzo and Timmis, 1994). KT2440 and its rifampicinresistant

derivative, strain KT2442, are used world-wide

as hosts of choice for the analysis, cloning and manipulation

of genes from soil bacteria, particularly genes

encoding enzymes that degrade hydrocarbons and aromatic

xenobiotics, and their regulation. A detailed physical

and genetic map was published in 1998 (Ramos-Diaz and

Ramos, 1998).

KT2440 is being exploited in the development of a variety

of biotechnological applications, including the design

of new catabolic pathways for pollutants (e.g. Ramos

et al

., 1986; 1987; Rojo

et al

., 1987; Erb

et al

., 1997), the

production by biocatalysis of intermediates, including

chiral synthons for chemical syntheses (Wubbolts and

Timmis, 1990), and quality improvement of fossil fuels, for

example by desulphurization (Galan

et al

., 2000). KT2440

is also able to colonize the rhizosphere of a variety of crop

plants, such as corn, wheat, strawberry, sugar cane and

spinach (Espinosa-Urgel

et al

., 2002), and is being used

to develop new biopesticides and plant growth promoters

that function in the plant rhizosphere.

Biotechnological applications in the environment involving

the release of genetically modified microbes is (still) a

controversial issue. Critical to both the safe application of

recombinant microbes in the environment and the reassurance

of public concerns is adequate information on

safety-related properties of the microbes in question. In

this regard, it is worth noting that a series of genetic

circuits for the containment of recombinant

P. putida

strains, and of their transgenes, has been developed and

validated (e.g. Diaz

et al

., 1994; Munthali

et al

., 1996). In

addition to available safety-relevant phenotypic information,

whole-genome sequencing of pertinent microbes

such as KT2440 provides unique opportunities to extract

and exploit entirely new safety-related information that will

lead to the design of a new generation of safety strains

with enhanced environmental predictability.

The soil environment is characterized by extreme spatial

heterogeneity in matrix structure, composition, chemistry,

osmolarity, ionic strength, pH, buffering capacity,

oxygen tension, etc., which provides an infinitely large

number of microniches that vary substantially in the physico-

chemical environments that they provide. It is equally

characterized by extreme temporal variation, resulting

from regular and irregular variations in temperature and

water content. The ubiquity of

P. putida

reflects a highly

developed ability to adapt to the various and varying

physico-chemical conditions it faces in different unpolluted

and polluted soil environments. This ability involves

the monitoring of a variety of environmental signals, the

integration of this information with information on the

physiological status of the cell and the appropriate tuning

of the complex regulatory network that controls cellular

metabolism. Environmental adaptability is a key element

in the physiological potency of

P. putida

and central to

efforts to optimize its biotechnologically relevant activities

(and those of other bacteria) in this environment. The

sequencing of the

P. putida

genome provides a unique

and timely opportunity to access its metabolic and regulatory

secrets through genome-wide analyses of the components

of the regulatory networks and other functions of

this organism involved in its adaptation to conditions prevailing

in unpolluted and polluted soils, and to elucidate

the basis of its success in the soil environment and as an

opportunist.
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More Than One Way To Sense Chemicals
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PTS taxis: transport-dependent behavior. In addition to

chemotactic responses mediated by transmembrane receptors,

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 phosphorylated

by a membrane-bound sugar-specific enzyme II

(EII) transport protein. EII accepts phosphate from a nonspecific

donor, a PEP-dependent histidine kinase enzyme I

(EI). EI and a phosphohistidine carrier protein (Hpr) constitute

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). (Alexandre, 2001)”
