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Abstract

Eight bacterial strains were tested for motility, only three were found to be motile (Psuedomonas putida GB106A, Psuedomonas putida GB107A and Psuedomonas sp.GB108) and were further tested in a swarm plate chemotaxis assay. GB108 showed the best chemotactic response towards the metabolizable aromatic compounds: vanillate, ferulate, protocatechuate, catechol, benzoate, para-hydroxybenzoate; as well as to the non-aromatics succinate and citrate. Swarm-like behaviour by Psuedomonas putida GB106A and Psuedomonas putida GB107A made it difficult to ascertain if these strains were also exhibiting chemotaxis. A future experiment using a modified capillary assay could clarify not only the behaviour of GB106A and GB107A, but could also shed light on whether or not these strains posses a common β-ketoadipate chemotaxis system.
Introduction
The benzene ring is the second most widely spread unit of chemical structure in nature, the first being glucosyl residues, and is the basis for most aromatic structures (Diaz, 2004). Huge amounts of aromatic material are discharged into the biosphere through natural geochemical cycles, mostly as major breakdown components of the complex plant-derived aromatic polymer lignin; a main structural polymer of plants and plant root exudates (Kirk et al., 1987). Lignin accounts for about 25% of land-based biomass as the most abundant renewable aromatic material on earth, and the biodegradation of this and other plant-derived aromatic compounds is a vital component of the earth’s carbon cycle (Harwood and Parales, 1996; Kirk et al., 1987). Biodegradation is the biologically catalyzed decomposition of a chemical to its constituent components by microorganisms (Madigan et al., 2003). There also is the well publicized problem of environmental contamination by toxic aromatic hydrocarbons introduced into the environment through anthropogenic urban and industrial activities. Constituting a substantial proportion of environmental pollutants are nitroaromatics (NAC’s: Parales, 2004; Pandey et al., 2002a; Spain, 1995), chlorinated aromatics (Vadar et al., 2005; Reinke et al., 1988; Timmis and Pieper, 1999), Napthalene (Napth: Finalyson et al., 1997), and polycyclic aromatic hydrocarbons  (PAHs: Ortega-calvo et al., 2003; Samanta et al., 2002). The biodegradation of these compounds has also been extensively studied (Parales and Haddock, 2004). 
The thermodynamic stability imparted by the resonance energy that stabilizes the carbon-carbon bonds of aromatic rings, presents microorganisms with a significant biochemical challenge; it is this inherent stability of their aromatic ring configuration that increases an aromatic’s persistence in the environment (Harwood and Parales, 1996). Degrading structurally diverse aromatic compounds occurs through many different peripheral pathways that are funneled to a few intermediates which are then further channeled via a few central pathways to the central metabolism of the cell are shared features of both aerobic and anaerobic biodegradation of aromatic compounds (Madigan et al., 2003; Harwood and Parales, 1996; Diaz, 2004; Gibson et al., 2002). Much more is known about aerobic pathways and will be the ones discussed in this paper, though both aerobic and anaerobic microorganisms have been isolated that degrade aromatic compounds (Harwood and Parales, 1996). In general, aromatic degradation is a two stage process. 
The initial stage in the aerobic catabolic funnel is preparing the aromatic compound for ring cleavage by a variety of ring modification reactions (Harwood and Parales, 1996). In all of the diverse aromatic peripheral pathways that have been identified, an oxygenation step can be found involving monooxygenases and/or hydroxylating dioxygenases resulting in the formation of a dihydroxylated monoaromatic compound, either being catechol (Cat), protocatechuate (Pca) or gentisate which would be used later as starting substrates (Madigan et al., 2003; Diaz, 2004; Harayama et al., 1992).
The second stage of degradation begins once complex aromatic molecules have been converted into the more simplified intermediate monoaromatic starting substrates where the oxidative catabolism of protocatechuate and catechol can proceed and be further degraded via ring fission and undergo subsequent reactions leading to the generation of intermediates that can enter the citric acid/tricarboxylic acid cycle: succinate, acetyl-CoA, pyruvate (Madigan et al, 2003). Ring fission requires ring-cleavage enzymes that use molecular oxygen to open the aromatic ring, and is termed ortho cleavage when it occurs between the adjacent hydroxyl groups and is catalyzed by intradiol dioxygenases; and meta-cleavage when it occurs adjacent to one of the hydroxyls and is catalyzed by extradiol dioxygenases (Harwood and Parales, 1996; Diaz, 2004; Harayama et al., 1992). In the gentisate pathway, aerobic ring cleavage, because the two hydroxyl groups on the aromatic ring are para to each other, occurs between the carboxyl-substituted carbon and the adjacent hydroxylated carbon (Harwood and Parales, 1996; Harayama et al., 1992).
One of the best studied of the three pathways is the ortho-cleavage pathway, also known as the β-ketoadipate pathway deriving from the fact that β-ketoadipate is a key intermediate of the ortho-cleavage pathway (Ornston, 1966). The pathway is almost always chromosomally encoded and plays a central role in the processing and degradation of naturally occurring aromatic compounds derived from lignin and other plant components, as well as in the degradation of some environmental pollutants (Harwood and Parales, 1996). There have also been findings that suggest that chemotaxis, to at least some compounds by select microbes, is a β-ketoadipate pathway-associated trait and is present in most of the bacteria for which chemotaxis to aromatic compounds has been reported (Harwood and Parales, 1996). Chemotaxis is the bacterial behavioural response which utilizes the function of swimming motility in bacteria to allow the cell to move along a perceived concentration gradient either towards or away from a particular chemical in order to remain in a beneficial layer of the gradient (Holt et al., 1994).
Bioremediation is a technology for removing pollutants from the environment via the use of a living microorganisms’ ability to biodegrade environmental pollutants from contaminated soils or groundwater with the goal of obtaining harmless chemicals as end products, thus restoring the original natural surroundings (Madigan et al., 2003; Lovley, 2003). 
In situ bioremediation technology, however, has limitations such as poor bioavailability of the compound to be degraded, due to low solubility, mass transfer limitations, or sequestration of a chemical to a matrix surface (Vardar et al., 2005). Chemotaxis could overcome some of these limitations and increase the efficiency of in situ bioremediation by bringing the bacteria into close contact with the soil/groundwater contaminant thus enhancing the biodegradation of pollutants (Samanta et al., 2002; Pieper et al.; 2000, Dua et al., 2002). Reports concerning chemtotaxis towards PAHs, have demonstrated that chemotaxis does in fact enhance biodegradation (Marx et al., 2000; Ortega –calvo et al., 2003; Law et al., 2003). 
In nature, the nutrients or environmental factors produced in soils, or dispersed as pollution, are generally distributed in such a way as to form a concentration gradient (Holt et al., 1994). Unlike larger organisms, bacteria are too small to sense a gradient along their body length. They must instead, while moving, compare the chemoeffector concentration in their environment with that sensed over the whole of the cell a few seconds earlier, thus bacteria sense gradients of signal molecules as they swim along, temporally rather than spatially (Parkinson, 2004). Because of their size, consigning them to be dominated by viscous rather than inertial forces, the temporal-sensing strategy is effective only over short times because Brownian motion also can alter a cell’s heading (Parkinson, 2004). Not only can chemotaxis increase an organism’s chances of locating useful sources of carbon and energy thus providing an additional growth and survival advantage to bacteria, it may even contribute to the dissemination of aromatic catabolic pathways, many of which are encoded by transmissible plasmids (Williams et al., 1974; Harwood et al.,1984a). Another benefit of chemotaxis is fortuitous chemoattraction, in which an inducible chemotactic response to compounds that are not growth substrates for a particular strain of bacteria, could in fact facilitate the transfer of self-transmissible catabolic plasmids from strains that do when the chemotactic organism, when following a gradient, will bring itself in close proximity with them (Harwood et al.,1984 a).

Chemotaxis has been studied the most in the enteric bacteria Escherichia coli, serving as a paradigm for bacterial two-component signal transduction pathways (Bren et al., 2000). The mechanism behind chemotaxis is very complex and involves many different proteins. Some are sensory proteins found in the cell membrane that sense the presence of specific molecules and can sense changes in their concentration over time. External stimuli are detected by cell-surface transmembrane receptor chemoeffector specific proteins known as methyl-accepting chemotaxis proteins (MCPs) and are arranged, along with other chemoreceptors, in arrays located at the poles of cells (Parkinson, 2004;Wolanin and Stock, 2004). MCPs have essentially the same membrane topology: two transmembrane helices that anchor the receptor in the membrane and demarcate a periplasmic ligand-binding domain responsible for monitoring chemoeffector levels, from a cytoplasmic signaling domain that can undergo reversible methylation; the methylation state of which encodes the memory of the chemical environment (Alexandre et al., 2001; Parkinson, 2004; Wolanin and Stock, 2004). Because it takes several seconds for a cell’s feed back signal sensory adaptation machinery to update the methlyation record, as opposed to the feed forward signal’s few hundred milliseconds to alter motor rotation after the receptors modulate phosphate fluxes to recoincide their overall ligand occupancy with their aggregate methylation levels; a time differential is created, for which the cell can create a comparison window between past and present chemical environments (Parkinson, 2004). 
The chemotactic signal is dependent upon the MCPs, which bind chemoeffectors on the periplasmic side of the membrane. Binding of these chemoeffectors can be direct (as for amino acids) or indirect, through a specific periplasmic binding protein (as for some sugars) (Madigan et al., 2003). These MCPs interact with two auxillary cytoplasmic proteins, CheW and CheA. CheA, a histidine autokinase and the sensor kinase of this two-component system, and CheW, an enigmatic coupling factor binds CheA to the cytoplasmic domains of the MCP molecules to form ternary signaling complexes that oscillate between kinase-on and kinase-off activity states  (Parkinson, 2004). When a MCP binds a chemoeffector, it changes conformation and together with CheW, causes a change in the autophosphorylation of CheA to form CheA-P. Chemoeffectors that are attractants inhibit and decrease the rate of autophosphorylation activity by binding to extracytoplasmic sensory domains of the MCPs, while repellents increase the rate (Wolanin and Stock, 2004). The proportion of receptor complexes in each signaling state reflects the dynamic interplay between ligand occupancy and methylation state (Parkinson, 2004). The signaling cascade begins with CheA, which donates its phosphoryl groups to two competing response regulators, the MCP-specific methylesterase CheB and monomeric CheY, thereby activating them (Parkinson, 2004). Phosphorylated CheY readily diffuses away from CheA and subsequently binds to fliM, a protein of the switch complex located at the base of flagellar motors in the cellular envelope, where it promotes a change in the rotational bias of the flagellar motors towards CW rotation (DeRosier, 1998). The change in the direction of flagellar rotation that occurs as a consequence of the signaling cascade is manifested as chemotaxis.  Phospho-CheB demethylates MCP molecules. Its counterpart, CheR, and MCP-specific methyltransferase, attaches methyl groups to MCP molecules. Methylation favors the kinase-on signaling state, whereas demethylation favors the kinase-off state (Parkinson, 2004).
Model compounds used to study the degradation of monoaromatics by bacteria are studied in the hopes that whatever is learned may be applied to more recalcitrant aromatics. Such model compounds include veratrate, vanillate and isovanillate and have not been studied for chemotaxis in Pseudomonas sp. The aim of this study was to determine whether they and other metabolizable compounds (Table 1) are recognized as chemoattractants by Pseudomonas putida GB106A, GB107A and Pseudomonas sp. GB108.
Materials and Methods:

Chemicals, bacteria strains and growth conditions. All chemicals (Table 1) and strains were provided by Dr. Miguel Providenti. The isolates used were BR6020 (Comamonas testosteroni), GB106A (Psuedomonas putida), GB107A (P.putida), GB108 (Psuedomonas sp.), EX110 (Sphingomonas sp.), PA204 (Rhodococcus opacus), GB103 (Variovorax paradoxus), GB102 (V.paradoxus). The identification codes beginning in “BR” were isolated from Bloody Run Creek, Niagra, Ontario; “GB” was isolated from the Green Belt, Ottawa, Ontario; “PA” were isolated from Prince Albert National Park, Saskatchewan (Born, unpublished). 
Induced strains were grown on Minimal Media A (MMA) (Wyndam, 1986) supplemented with the aromatic carbon source at a final concentration of 4mM (except if stated otherwise, see Table 1). These concentrations were arbitrary and were not intended to reflect any natural situation. Uninduced strains were cultured in 10mL of Luria-Bertani (LB) medium (1% [wt/vol] tryptone, 0.1% [wt/vol] yeast extract, 1% [wt/vol] NaCl, pH~7.5) Strains were mixed well and placed in a 30˚C gyratory shaker overnight for incubation.  Bacteria were grown until the exponential growth phase (OD600 0.4 to 0.6), at which point the motility of cells are at a maximum. Cells were then harvested by centrifugation at 1,600 x g for 10 min and submitted to gentle washing designed to avoid shearing flagella (FENG et al 1999). Washed cells were resuspended in 100μL of MMA.
Determination of motility. Strains were grown statically in LB amended with Succinate (20mM) at 30˚C. Motility of the isolates was determined by observing a suspension of fresh cells placed in a depression slide and covered over with a coverslip which was viewed under a phase contrast microscope, using Escherichia coli JM109 as the positive control for motility and Rhodococcus opacus PA204 as the negative control. 
Chemotaxis assay. For the swarm plate assay, the carbon source (final concentration of 4mM, unless stated otherwise; Table 1) was placed in the center of their respective sterile Petri plates. Approximately 20 mL of the autoclaved swarn agar medium (MMA containing 0.32% bacto agar) was poured on each Petri dish, directly on top of the drop of the carbon source. For the LB swarm plate, 5ml of LB was used to make a ¼ dilution. Each plate was gently mixed by moving it in a circular motion on a flat surface to ensure the chemicals would be displaced in a roughly 4mM concentration, and then incubated at 30˚C.   The control plate was the only plate containing only the agar medium, ensuring that the bacteria are not degrading the agar or chemotaxing towards other compounds within it. Cells were inoculated at the center of the plates; plates were incubated at 30˚C. Formation of rings was observed after approximately 24hrs and observations were made over three days.
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RESULTS

Motility of the isolates
The eight bacterial strains were tested for motility using phase contrast microscopy (Table 2.) and Psuedomonas putida GB106A, Psuedomonas putida GB107A and Psuedomonas sp.GB108 were selected on the basis of their active motility to be used in the chemotaxis swarm plate assay (Fig 1-4). Due to its lack of motility, Comamonas testosteroni BR6020 was chosen to be the negative control for the swarm plate assays (data not shown). The static tubes in which stains GB106A, GB107A, GB108 and BR6020 were grown in were also the most turbid out of the isolates. A top layer of white film was formed in Psuedomonas putida GB106A, Psuedomonas putida GB107A and Psuedomonas sp.GB108 static tubes, and they also had the largest deposits of matter at the bottom. The non-motile isolates had a film forming along the bottom of their tubes, and it seemed Rhodococcus opacus PA204 had the most.

Growth of Pseudomonas strains on Veratrate, Vanillate and Isovanillate 

These strains were previously tested by Born (2003 unpublished) for the ability to grow on aromatics and found that each of these compounds were utilized as carbon sources by at least one out of the three strains (Table 1). For inducing the cultures, the strains were again grown on Vanillate, Veratrate, Isovanillate.
Attraction to vanillate and other aromatics
Though no difference in eliciting a chemotactic response was observed with cultures that were induced compared to those that were not induced, the uninduced cultures showed stronger growth. After incubation for 20 hours, chemotactic rings were observed on vanillate and succinate plates inoculated by induced and uninduced GB108 (Fig 1C, 2C). Uninduced cultures of GB108 and GB106A were further tested on the rest of the compounds (Table. 1). After incubation for 40 hours, chemotactic rings were observed on vanillate, ferulate, protocatechuate, catechol, benzoate, para-hydroxybenzoate, succinate and citrate swarm plates for uninduced strains of GB108 (Fig 4). 
Some unique growth patterns were also observed for various strains on various carbon sources. A reddish-brown pigment was released into the agar by Psuedomonas putida GB106A and Psuedomonas sp.GB108, creating a halo around the inoculation sites on the m-toluate swarm plates (Figure 3B, Figure 4B). Strains GB106A and GB107A displayed a type of swarm behaviour by spreading over the from the inoculation site (Fig 1A, B: succinate and vanillate plates; Fig 2A, B: succinate, LB, vanillate and isovanillate plates; Fig 3 A-F). I. A modified swarm plate assay was attempted; using more agar with inoculation wells dug into the agar, with the aim of containing any spreading but was only partially successful (results not shown). Scraping off the swarm layer revealed hidden ring formations. Another observation was a pitting phenomenon. Strains GB106A and GB107A seemed to consume the agar when grown on LB, creating an observable pit of liquefying agar (Fig 2 A, B: LB plates).
Table 2: Motility of environmental isolates assessed by phase contrast microscopy
	Strain species and strain #
	Motility

	
	Experimental
	Literature*

	Variovax sp.

GB102
	-
	+

	Variovax sp.

GB103B
	-
	+

	Comamonas testosteroni
BR6020
	-
	+

	Psuedomonas putida GB106A

	+
	+

	Psuedomonas putida
GB107A
	+
	+

	Psuedomonas putida
GB108
	+
	+

	Sphingomonas sp
EX110 

	-
	+/-

	Rhodococcus opacus
PA204 (-ve control)


	-
	-


- = non-motile, + = motility, * Holt et al., 1994.
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Figure 1: Chemotactic responses to aromatic attractants by induced cells grown on SUCC, VAN, IVAN and VER are as evidenced by the formation of chemotactic rings on semisolid agar plates. The images were taken 24 h after inoculation of plates containing the indicated attractant (A) GB106A (B) GB107A (C) GB108. Plate order from top left to bottom right SUCC (+cont), VAN, IVAN, VER and –CONT.
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Figure 2: Chemotactic responses to aromatic attractants by uninduced cells grown on LB evidenced by formation of chemotactic rings on semisolid agar plates. The images were taken 20 h after inoculation of plates containing the indicated attractant (A) GB106A (B) GB107A (C) GB108. Plate order from top left to bottom right SUCC (+cont), LB, VAN, IVAN, VER and –CONT.
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Figure 3: GB106A Possible chemotactic responses to aromatic attractants by uninduced cells grown on LB evidenced by formation of chemotactic rings on semisolid agar plates. The images were taken 40 h after inoculation of plates containing the indicated attractant (A) 2,3-DHB, 2,4-DHB, 2,6-DHB, PCA (B) –cont, m-tol, CAF, BENZ (C) mHB, pHB, mPHTH (D) o-ABA, FER, Citr, Succ (E) VER, VAN, iVAN, CAT (F) CAT
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Figure 4: GB108 chemotactic responses to aromatic attractants by uninduced cells grown on LB evidenced by formation of chemotactic rings on semisolid agar plates. The images were taken 40 h after inoculation of plates containing the indicated attractant (A) 2,3-DHB, 2,4-DHB, 2,6-DHB, PCA (B) –cont, m-tol, CAF, BENZ (C) mHB, pHB, mPHTH (D) o-ABA, FER, Citr, Succ (E) VER, VAN, iVAN, CAT (F) CAT
Discussion

Out of the eight environmental isolates tested for motility, only three were found to be adequately motile to be used for further chemotaxis study. All three of the motile strains were Pseudomonads, with two strains (GB106A and GB107A) being Psuedomonas putida species. There seems to be a direct correlation of motility of a species to the degree of turbidity in the static tubes. Though the motile species Psuedomonas sp. GB108, Psuedomonas putida GB106A, Psuedomonas putida GB107A were found to be the most turbid cultures, interestingly Comamonas testosteroni BR6020 had the same amount of turbidity.

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 posses a non-fermentative (Holt et al., 1994). They are saprophytic and are widely distributed in nature and can be found in most temperate, aerobic and semi-aerobic soil and water habitats (Timmis, 2002).

Although a wide phylogenetic diversity of microorganisms are capable of aerobic degradation of aromatic hydrocarbons, Pseudomonas species and closely related organisms are the most extensively studied for owing to their ability to degrade a diverse range of aromatic hydrocarbons [Nelson et al., 2002; Wackett, 2003]. Pseudomonas putida PRS2000 was found to be chemotactic to a range of organic compounds, including several aromatic compounds which are not attractants, and sometimes even chemorepellants, to certain other bacteria (Harwood et al., 1984b). Since then P. putida PRS2000 has been the model organism for studying chemotaxis to aromatic acids (12–14, 16, 17 Harwood et al., 1989; Harwood et al., 1994; Harwood et al., 1984a; Harwood et al., 1984b; Harwood et al., 1990).
The chemotactic machinery of P. putida involves additional MCPs and chemotaxis proteins, encoding 25 or more MCPs compared with five for E. coli (Parales and Harwood, 2002). However, regardless of added complexity, the basic chemotaxis machinery of P.putida is similar to that of other bacterial species (Ditty et al., 1998). 
Pseudomonas putida cells have about six flagella, located at one end to form a tuft, that serve to propel the bacterium (Harwood et al., 1989). When flagellar rotation is counter-clockwise, the polar flagella form a bundle to push the bacterium forward causing smooth unidirectional swimming, commonly known as a “run”, typically lasting about 1 to 2 seconds. When rotation is clockwise, the flagella fly apart and pull in opposing directions, causing the bacterium to abruptly change direction in less than a second (20-30ms) (Harwood et al., 1989). Since P.putida’s flagella are polarly inserted in a lophotrichous fashion, changes in direction only involve reorientation of the cell body and are not accompanied by the tumbling motion typical of peritrichously flagellated bacteria such as Escherichia coli. Sometimes, instead of abruptly changing the direction of forward swimming, the bacterium alternatively swim backwards for a short distance before resuming swimming smoothly in a forward direction (Harwood et al., 1989). 

Eight aromatic compounds of the nineteen tested using the swarm-plate assay, elicited a clear chemotactic response from Psuedomonas sp. GB108. Though the soft-agar swarm plate chemotaxis assay is overall a good method to qualitatively determine chemotaxis, it was however, somewhat laborious and time consuming to prepare each plate, and to wait at least 16 hrs of incubation to measure a decent chemotactic response. Another drawback is that only compounds that are metabolizable by the bacteria can actually be tested for.  
Unlike benzoate, para​-hydroxybenzoate, citrate and succinate that have been shown to be chemoattractants (Moulton et al., 1979; Harwood et al., 1984b; Harwood et al., 1989), to the author’s knowledge, this is the first report showing that the aromatics ferulate, vanillate, protocatechuate and catechol are chemoattractants for Pseudomonas sp., though these compounds have been shown to be chemoattractants for other motile gram-negative soil bacteria: Agrobacterium tumefaciens C58C1 towards ferulate, Pca and catechol (Ashby et al., 1988); Bradyrhizobium japonicum I-110 towards vanillate and Pca (Parke et al., 1985);  Azospirillum lipoferum Sp 59b and Azospirillum brasilense Sp 7 and Sp CD towards Pca and Cat (Lopez-de-Victoria et al., 1993). The presence of a 4'-hydroxyl group and a polar side chain at the 1' position appear to also be an important factor for a compound’s ability to elicit chemotaxis in GB108, except for benzoate and catechol, all compounds in this report that were found to be chemoattractants had a 4'-hydroxyl group and a polar carboxy side chain at the 1' position. The importance of the 4'-hydroxyl group and 1' polar side chain in correlation to chemotactic response is also seen in Agrobacterium tumefaciens C58C (Ashby et al., 1988).
Results were ambiguous, in the case of GB106A and GB107A’s “swarming” of the plates contributed to hiding any possible chemotactic rings (Fig. 5).  It has not been determined whether this swarm-like spreading behaviour exhibited by GB106A and GB107A, is actual swarming behaviour as is extensively studied in Proteus mirabilis; in which swarming is characterised by the differentiation of short motile vegetative cells into elongated polyploid hyperflagellated swarmer cells when stimulated by swarming stimuli such as contact with a surface (Fraser and Hughes, 1999). Interestingly, studies in a number of different organisms have established that components of the chemotaxis system play a key role in transducing ‘‘swarm stimuli’’ signals to produce specific changes in gene expression inducing the hyperflagellation response resulting in swarmer cell differentiation (Burkhart et al., 1998).   Burkhart et al. (1998) found that E.coli chemoreceptors signal through the chemotaxis pathway and induce swarmer cell differentiation in response to signals other than their known chemoeffectors. The conclusion would be that though swarming uses the same two-component signal transduction system as chemotaxis, it is not chemotaxis. It is of note however that swarming was only observed on compounds that likewise elicited the chemotactic ring formation response in GB108.  The swarm layer of GB106A was scrapped off the surface of the agar with a razor blade, revealed possible chemotaxis rings, though they were not as well defined as GB108’s. An alternate chemotaxis assay would clarify whether or not the ring-like formations hidden by GB106A and GB107A’s spreading behaviour was chemotaxis-related (see proposed future research: capillary assay).
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Figure 5: Example of Swarm-like behaviour exhibited by GB106A on Citrate.
M-toluate and ortho-aminobenzoate, metabolizable chemoattractants for some Psuedomonas strains (Harwood et al., 1984; Parales, 2004), were degraded by GB106A, GB107A and GB108 (Born, unpublished). However when assayed on swarm plates, no chemotactic response was elicited despite the fact that that they were metabolizable. A similar phenomenon was described for Pseudomonas strains carrying the TOL plasmid (Harwood et al., 1984a) and was also observed in Pseudomonas sp. 4NT (Parales, 2004). Those strains, although chemotactic to benzoate when lacking the TOL plasmid, are not chemotactic to benzoate when harbouring the plasmid. This is because meta-cleavage of catechol is the preferential degradation pathway for benzoate in the TOL+ strain, and consequently, β -ketoadipate is not produced as an intermediate (Murray et al., 1974, Williams et al., 1974). Therefore, under these conditions the chemotactic response is not induced. When grown with 4 hydroxybenzoate, which is degraded via the β -ketoadipate pathway in both TOL+ and TOL- strains, the strains exhibited normal chemotaxis to aromatic acids. This would suggest, that after m​-toluate and ortho-aminobenzoate are degraded to catechol, that meta-ring fission of the dihydroxylated monoaromatic takes place (see proposed future research: enzyme assay).
Though there were no signs of chemotaxis, a reddish-brown pigment production was observed in strains GB106A and GB108 on the m-toluate swarm agar plates despite tame growth. A similar situation was observed when a brown diffuse area developed in the vicinity of Pseudomonas putida (arvilla) mt-2, a mutant unable to grow on m-toluate, was inoculated on m-toluate agar plates (Williams et al., 1974). 
The literature indicates three possible molecular mechanisms, known to occur in bacteria, for the behavioural response of chemotaxis in strain GB108 (Alexandre et al., 2001; Pandey and Jain, 2002). The first mechanism is independent of metabolism of the chemoeffector molecule therefore, thus a chemotactic response can be elicited non-metabolizable structural analogues of the substrate (Pandey and Jain, 2002). Metabolism-independent chemotaxis utilizes the transmembrane chemoreceptor signal transduction system described above (Alexandre et al., 2001; Pandey and Jain, 2002, Parales and Harwood, 2002). Previous studies have shown that metabolism of aromatic acids in Pseudomonas putida strain PRS2000, and other Pseudomonas strains, is not required for chemotaxis (Harwood et al., 1984a; Harwood et al., 1984b; Harwood et al., 1990). PRS2000 degrades benzoate and 4-hydroxybenzoate by using the β-ketoadipate pathway (Harwood and Parales, 1996). The chemotactic response to benzoate, 4-hydroxybenzoate, toluates, nitrobenzoates, aminobenzoates and chlorobenzoates etc. is induced when PRS2000 is grown with benzoate or 4-hydroxybenzoate (Harwood et al., 1984b). Compounds that elicited chemotaxis after being induced with benzoate all shared an MCP and it seems synthesis of the MCP is induced by β-ketoadipate (Harwood et al., 1989). 
From previous studies, it would seem that the same benzoate-chemotaxis system mechanism may be operative in strain GB108 detecting and allowing chemotaxis towards Ferulate, Vanillate and etc., though because the organism can metabolize these compounds future research using an alternate assay is needed to further investigate the inducibility of the chemotactic response using benzoate and para​-hydroxybenzoate (see proposed future research: capillary assay).
The second mechanism of chemotaxis couples the generation of the signal for chemotaxis along with the transport of the chemoeffector molecule into the cell (Alexandre et al., 2001). Active transport, though non-essential at higher concentrations of aromatic compounds, which can enter the cells by passive diffusion, increases the efficiency and rate of substrate acquisition when these compounds are found in low concentration environments such as soil (Nichols et al., 1997).For example, in Pseudomonas putida PRS2000, the chemotactic response towards benzoate para-hydroxybenzoate is mediated by PcaK (Harwood et al., 1994); a dual function permase/chemorecepter that is a member of the major facilitator superfamily (Pao et al., 1998) of transport proteins, and is also responsible for transport of para-hydroxybenzoate, benzoate and protocatechuate (Nichols et al., 1997). The pcaK gene is located near other benzoate and para-hydroxybenzoate degradation genes, which are all coordinately regulated by β-ketoadipate (Ditty et al., 1999; Ditty et al., 2002; Harwood et al., 1994; Nichols et al., 1997). The ortho-pathway catabolite induces the chemotactic response to substituted benzoates as well as several of the structural genes for the degradation of these compounds under the control of the PcaR activator protein, which is required for the induction of pcaK (Guo 1999, Nichols et al., 1995; Parales et al., 1993; Romero-steiner et al., 1994). Another example of this is found with TfdK, a plasmid encoded permease that is closely related to PcaK (Parales et al., 2002). TfdK allows Ralstonia eutropha JMP123 to take up the herbicide 2, 4-dichlorophenoxyacetate (2,4-D) and is also required for chemotaxis (Hawkins et al., 2002). These proteins, though necessary for transport, have no impact on the metabolism of the substrates they transport (Hawkins et al., 2002; Harwood et al., 1994). The actual mechanics behind how PcaK and TfdK play a role in chemotaxis is still not fully understood, other than that transport through these permeases could be generating a conformational signal that is received by MCPs or other proteins involved in the chemotaxis signal-transduction system (Shingler, 2003). Transporters of other aromatic compounds could also play a significant role for signal-specific detection and transduction eliciting chemotaxis to aromatic compounds, though no direct evidence has been shown for it yet (Shingler, 2003). VanK, BenK, PhhT and other putative homologues of PcaK have been found in motile P. putida KT2440 (Nelson et al., 2002); an organism which encodes for the degradation of a wide range of aromatic compounds (Jimenez et al., 2002). The protein VanK, is responsible for protocatechuate transportation in Acinetobacter (D’Argenio et al., 1999).  Similarly to PcaK, its gene (vanK) neighbours vanillate degradation genes (vanA and vanB) (Segura et al., 1999) and its functionality is not required for the metabolism of vanillate (D’Argenio et al., 1999). VanK could possibly play a role in chemotaxis in strains GB106A, GB107A and GB108. In strains GB106A and GB108, the chemotactic response to substituted benzoates may be mediated by a PcaK-like protein as in PRS2000 (Harwood et al., 1994), but such a protein has not yet been identified in these strains.
The third molecular mechanism known for chemotaxis requires the metabolism of the chemoeffector molecule a receptor that senses the subsequent changes in cellular energy levels (Alexander et al., 2001). The signal for this tactic response originates within the electron transport chain where the change in energy levels is detected by a signal transduction system (Alexandre et al., 2001). Metabolism-dependent chemotaxis shares signaling pathways with other behavioural responses that monitor the cellular energy levels of the organism. These responses are collectively known as energy taxis and also include aerotaxis and phototaxis (Pandey et al., 2002b) As long as the bacterium contains a receptor sensing the cellular energy level change, metabolizable substrates can stimulate a chemotactic response (Pandey et al., 2002b). The metabolism of vanillate, etc. may be partially responsible for chemotactic response in strain 106, 198; however, whether this can generate a detectable change in energy flux of the cell needed for metabolism-dependent chemotaxis is yet to be ascertained. Victoria Shingler is studying the likelihood that P. putida KT2440 possesses energy-sensing receptor(s) that couple catabolism of phenol to the basal chemotactic machinery. This would suggest the possibility that efficient catabolism might provoke the energy taxis of P. putida KT2440 towards any aromatic compound that can be metabolized, allowing the bacteria to seek out higher energy states (Shingler, 2003). Pseudomonas putida is attracted to at least two groups of aromatic acids: a benzoate group and a benzoylformate group (Harwood et al., 1984b). It was found that chemotaxis of PRS2000 to the aromatic mandalate, was induced by benzoylformate, a metabolite formed from mandelate catabolism. It is possible with an alternate assay to test whether or not chemotaxis to ferulate, which in one proposed pathway (Segura et al 1999) degrades to vanillin and then to vanillate, is based on the metabolism of ferulate, via an intermediate metabolite, or if its due to inducement by β-ketoadipate (see proposed future research: capillary assay).
Genes for the metabolism of the aromatic compounds p-hydroxybenzoate, and benzoate, are chromosomally encoded in P. putida (Harwood and Parales, 1996) while other aromatic acids, toluates and dihydroxybenzoates are degraded with enzymes that are encoded by genes carried on catabolic plasmids (Harwood et al., 1984a). Most Pseudomonads carry both the catechol and protocatechuate branches of the β-ketoadipate pathway (Harwood et al., 1996), and the chemotactic responses of GB108 could be due to the formation of β-ketoadipate from either catechol or protocatechuate ortho-ring cleavage.

Most of the compounds that were metabolizable could be linked to funnel pathways converging to protocatechuate or catechol found in other organisms. Ferulate and vanillate are converted to Pca which is cleaved by ortho-ring fission in Acinetobacter (Segura et al., 1999). Para-hydroxybenzoate is also degraded to Pca along the β-ketoadipate pathway by Pseudomonas sp. (Ornston, 1971), as well as Caffeate, which is degraded to Pca by P. putida KT2440 (Jimenez et al., 2002). Veratrate, isovanillate, meta-phthalate and meta-hydryoxybenzoate were found to be degraded to Pca in Comamonas testosteroni (Providenti et al., 2001). O-aminobenzoate, an interdediate of tryptophan, is directly converted to catechol and further catabolized by ortho-cleavage in Pseudomonas strain Tr-23 (Ornston, 1971), benzoate is also degraded to catechol by Pseudomonas sp. (Ornston, 1971). Pseudomonas putida (arvilla) mt-2 was observed to carry the TOL plasmid that endcodes the degradation of m-toluate via a pathway in which catechol is cleaved by meta-ring fission (Williams et al., 1974). Less literature was found concerning the degradation of 2,3-dihydroxybenzoic acid and 2,4- dihydroxybenzoic acid. In one paper eukaryotic fungus Aspergillus niger was observed to convert anthranilate to 2,3-dihydroxybenzoic acid, using a flavoprotein monooxygenase, which was further converted to catechol that was then cleaved by ortho-ring fission (Kamath et al., 1990). 2,4-dihydroxybenzoic acid, on the other hand in Pseudomonas sp. BN9, is degraded neither to Pca or Cat, but to 3-oxoadipate (Stolz et al., 1993). GB106A, GB107A and GB108 are capable of growing on Pca and Cat, but whether or not the compounds are being degraded to either Pca or Cat has not been confirmed in these strains. Production of Pca and Cat from the catabolism of these compounds can be tested by a spectrophotometrically (see proposed future research).
The mode of protocatechuate and catechol cleavage, whether ortho or meta, has not been determined in these strains, though both P.putida strains should be capable of ortho-ring fission of Pca and Cat (Holt et al., 1994). It is therefore difficult to conclude whether the chemotaxis system for the detection of these aromatic compounds in Pseudomonas strains GB106A, GB107A and GB108 is similar to that of PRS2000, which is induced by β-ketoadipate. The enyzme responsible for the intra-diol cleavage of protocatechuate and catechol is protocatechuate 3,4-dioxygenase and  catechol 1,2-dioxygenase, respectively (Harwood and Parales, 1996). Enzyme assays using spectrophotometry can be performed to determine
The β-ketoadipate inducible aromatic acid chemotaxis system in Pseudomonads is likely to be induced most of the time during the life cycle of the bacterial cells in a soil environment due to the abundance of plant-derived aromatic compounds in soils that are degraded through the β-ketoadipate pathway (Parke et al.,  2000). The β-ketoadipate inducible aromatic acid chemotaxis system has an additional advantage of having a broad specificity, since an existing chemotaxis system, apparently used for benzoate and 4-hydroxybenzoate chemotaxis in PRS2000, functions to detect many other useful carbon sources (Parales and Haddock, 2004). 
The results reported here indicate that vanillate is detected, among the compounds tested, as a chemoattractant by strains that can grow on it. This finding is significant because bacterial strains with the ability to detect and chemotax towards the presence of vanillate may have an increased biodegradation advantage and could greatly contribute to the bioremediation of vanillate found in olive-mill wastewater (Di Gioia et al., 2001; Di Gioia et al., 2002).
Proposed Future Research

Capillary Chemotaxis Assay
An alternate chemotaxis assay, the capillary assay, uses a microcapillary tube containing a solution of possible chemoattractant that is placed into a suspension (usually in chemotaxis buffer) of motile bacteria. Chemotactic bacteria respond to the concentration gradient formed from the acttractant diffusing out the tube, by swimming towards and into the capillary (Parales et al., 2002). The chemotactic response can be recorded both quantitatively and qualitatively. The capillary assay can be used to qualitively assess chemotaxis by direct observation since a strong chemotactic response is visible with a phase contrast or dark field microscope, and sometimes even to the naked eye, as a cloud of cells that accumulates around the mouth of the capillary tube (Parales et al., 2002). Quantitative variations on the protocol include using serial dilutions to plate the cells that travelled up the capillary, and subsequently count the CFUs (Harwood et al., 1984b; Ortega-Calvo et al., 2003). Because of their precision and ability to test for non-metabolizable chemoattractants, capillary tube assays are the most widely used assays of chemotactic responses (Harwood et al., 2002). Parama et al. (2004) developed a capillary tube assay using 96-well microplates, permitting up to 32 assays to be run in each microplate. The capillary used spans three wells, with the middle well being empty, one well containg motile cells and the other the chemoattractant. Up to 10 chemoattractants can be tested simultaneously, assuming three replicates per assay are performed, thus greatly increasing the testing of various chemoattractants at once. 

In a subsequent experiment, the induced strains of GB106A, GB107A and GB108 would be grown only on benzoate and para-hydroxybenzoate, both which degrade through β-ketoadipate; the inducer of the benzoate chemotaxis system. Any instances of inducing chemotaxis using these parameters would be suggest that, similar to PRS2000,  strains GB106A, GB107A and GB108 may have a β-ketoadipate inducible chemotaxis system responding to benzoate and structurally related chemicals.

Enzyme Assay

One possible enzyme assay as performed via spectrophotometry has been outlined by various articles (Di Gioia et al., 2002; Parales, 2004; Murray et al., 1974). They are many different protocols that can be followed, but essentially the principles are the same.

The first step is to grow the cells on compounds that are degraded towards the substrate of interest (in this case protocatechuate or catechol). Grown cells are then harvested, lysed and the crude extracts purified to obtain cell-free extracts. The protein concentration of the extract has to be then determined. Next the cell-free extract is mixed with the substrate of interest (~1mM) and buffer [typically 50 mM Tris-HCl (pH 7.5)], and then placed into a quartz cuvette, where the assay is carried out around 25 °C (Di Gioia et al., 2002; Parales, 2004). The spectrophotometer is set to a wavelength corresponding to the absorbance spectrum of the particular product being tested for. In the case of testing for the specific activity of protocatechuate 3,4-dioxygenase, the OD wavelength should be set to 270nm corresponding to β-carboxycis, cis-muconate, the product of Pca ortho-fission. By measuring an increase in OD270 due to β-carboxy-cis, cis-muconate production, the specific activity would be expressed as nmol β-carboxy-cis,cis-muconic acid formed min-1, (mg protocatechuate 3,4 dioxygenase)-1 at 25 °C and pH 7.5 (Di Gioia et al., 2002). 
In a future experiment, enzyme assays would be performed on GB106A, GB107A and GB108 cells that have been grown on ferulate, vanillate, benzoate and para-hydroxybenzoate, since it is these compounds which would be primarily used to test for the inducibility of the chemotactic response in the capillary assay. Benzoate, which is degraded to Cat, would be assayed twice. One spectrophotometrically testing for catechol 1,2-dioxygenase’s ortho-ring cleavage product, cis,cismuconate at 260nm; and the other for catechol 2,3-dioxygenase’s meta-ring cleavage product, 2-hydroxymuconic semialdehyde at 375nm. Ferulate, vanillate and para-hydroxybenzoate degrades to Pca, and would also be tested for two different ring-fission products. One assay for protocatechuate 3,4-dioxygenase’s ortho-ring cleavage product β-carboxy-cis, cis-muconate at 270nm; the other for Protocatechuate 4,5-dioxygenase’s meta-ring cleavage product 2-hydroxy-4-carboxy-muconic semialdehyde at a wavelength of 410nm. 
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