Final Discussion:
Part 1: discuss results: the revelvance of motility, the fact that chemotaxis to VAN, FER and PCA, CAT (of mentioning that in the intro a bit as well) weren’t studied in P.putida or any pseudomonas. Compare the swarming tendency of 106 (define swarming) with nicer ring forms of 108. Possible future experiment to actually measure if chemotaxis enhances biorememdiation would also be to compare efficiency of swarming (less energy used for swimming) to that of chemotaxis (more energy used for swimming but also aquires more energy source because its more accurate). Compare the structurally complexity of the compounds with the time it takes for the chemotactic response/degradation to occur.

Swarming behaviour was observed on plates grown 106 and 107. Swarming is defined as an organized surface translocation that depends on extensive flagellation and cell–cell contact and the behaviour has been shown by a large number of flagellated eubacteria when propagated on the surface of certain solid media (Burkhart, 1998).  Studies in a number of different organisms have established that components of the chemotaxis system play a key role in these organisms in transducing ‘‘swarm’’ signals to produce specific changes in gene expression inducing the hyperflagellation response  resulting in swarmer cell differentiation. Swarmer cells are generally longer and more flagellated than swimmer cells (cells of the same species propagated in liquid media) and move within a milieu of extracellular ‘‘slime’’ surrounding the colony. Burkhart (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. Though swarming uses the same two-component signal transduction system as chemotaxis, it is not chemotaxis (Burkhart, 1998). 

If nothing else this paper demonstrates the importance of determining the motility of the isolates, for if they are unable to move by themselves they would definitately not be able to chemotax through the swarm agar. A non-motile (and since so much work had already been done with BR6020, that was immotile, I knew what –ve chemotaxis results would look like) isolate was chosen to be the control negative control organism because, since BR6020 was non-motile, it should not be able to chemotax. The other motile isolates (106, 107 and 108) were chosen to be further tested because they would be the only organisms having the potential to chemotax. 

The cell ring grown on the swarm agar seem to be concentrating 1mm from the surface of the agar. “The behavior of cells depends on several factors. First of all, as pseudomonads are aerobes and oxygen serves as an attractant for them, they can experience the so-called aerotaxis effect (Zavalskii, 2003).”

Brown pigment production was observed in strains 106 and 108. strains 106 and 107 were also observed to creating pits of liquefied agar when grown on LB. Strains 106 and 107 also displayed a type of mucoidal growth. It is hypothesized that this is a stress response inherent to the strains (swarming).

DISCUSSION

PRS2000 degrades benzoate and 4-hydroxybenzoate by using the _-ketoadipate pathway (Harwood 1996), 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 (Harwood 1984, Harwood 1990, Harwood 1984 TOL), 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 (Harwood 1894 TOL). 
The chemotactic response to benzoate, 4-hydroxybenzoate, salicylate, toluates, nitrobenzoates, aminobenzoates and chlorobenzoates is induced when PRS2000 is grown with benzoate or 4-hydroxybenzoate (Harwood 1984, Harwood 1990, Harwood 1984 TOL). It is quite possible that the same chemotaxis system can detect the presence of the structurally related Veratrate, Vanillate and Isovanillate. The chemotactic response to 4 hydroxybenzoate is mediated by the PcaK protein in PRS2000 (Harwood 1994). PcaK is a member of the major facilitator superfamily (Pao 1998) of transport proteins, and it also functions to transport 4-hydroxybenzoate and protocatechuate (Harwood 1997). 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 (Guo 1999, Harwood 1990, Harwood 1984, Nichols 1995, Parales 1993, Romero-steiner 1994).

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 (Haigler 1993), 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 108 and 106 may have a B-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 _-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 (Harwood TOL). 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 (Harwood 1996), 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 (Harwood 1994), but such a protein has not yet been identified in these strains.

Ralstonia sp. strain SJ98 has been shown to be chemotactic to the nitroaromatic growth substrates 4-nitrocatechol, 2-nitrobenzoate, 4-nitrobenzoate, 4-nitrophenol, and 3-methyl-4-nitrophenol (2, 42). Although the pathways for the degradation of these compounds have not been characterized, protocatechuate was identified as an intermediate in 4 nitrobenzoate degradation and 2-nitrobenzoate was converted to 2-aminobenzoate (42). The mode of protocatechuate cleavage has not been reported, and the inducibility of the chemotactic response was not investigated (In terms of my thesis the remedies for this would be to perform Catechol 1,2- and catechol 2,3-dioxygenase assays after growth with succinate and benzoate to figure out which cleavage is undertaken, as for the inducibility of the chemotactic response using the capillary assay will accomplish this).!!  It is therefore difficult to conclude whether the chemotaxis system for the detection of nitroaromatic compounds in Ralstonia sp. strain SJ98 is similar to that in the three Pseudomonads described here. 
Something to consider … if there is time: The evolution of catabolic pathways is thought to proceed in a variety of ways. For example, genes can be recruited from existing pathways and selection of modified enzymes with extended substrate ranges can increase the number of substrates degraded. Also, modular genetic elements can combine to form complete pathways (Van de Meer 1992). Later, regulatory elements can be recruited for optimization of gene expression, and this may reduce the chance of a particular strain being outcompeted at times when no selective compounds are present (5, 6, 8, 49). In the case of the 4-nitrotoluene degradation pathway in strain TW3, the enzymes used for the conversion of 4-nitrotoluene to 4-nitrobenzoate appear to have been acquired from a TOLplasmid upper pathway (22) with the exception of the NAD(P)_ independent alcohol dehydrogenase, which has no homologue in the TOL pathway (21). The genes required for the conversion of 4-nitrobenzoate to protocatechuate are apparently unlinked to those for the formation of 4-nitrobenzoate from 4-nitrotoluene in strain TW3, and they have no close homologues in the GenBank database other than those encoding isofunctional nitrobenzoate degradation proteins (20).    
Chemotaxis, the ability of motile bacteria to detect and respond to specific chemicals in the environment, can increase an organism’s chances of locating useful sources of carbon and energy. Thus, chemotaxis can provide an additional growth and survival advantage to bacteria and may even contribute to the dissemination of catabolic pathways, many of which are encoded by transmissible plasmids (Williams 1974, Harwood 1984 TOL, Parales and Harwood 2002). During the evolution of a new biodegradation pathway, it is not clear how and when specific genes for auxiliary aspects of catabolism, such as chemotaxis, are introduced. Since most catabolic genes are recruited from preexisting pathways, it seems likely that an organism would also acquire chemoreceptor functions from existing systems. 
It appears that an aromatic acid chemotaxis system like that in P. putida PRS2000 is also present in strains TW3 and 4NT. As pointed out earlier (Williams 1974, Harwood 1984 TOL), the _-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 due to the abundance of plant-derived phenylpropanoids and hydroaromatic compounds in soils that are degraded through _-ketoadipate (Parke 2000). The broad specificity ofthe system works as an advantage in the last two strains, since an existing chemotaxis system, apparently used for benzoate and 4-hydroxybenzoate chemotaxis in PRS2000, functions to detect the useful carbon source 4-nitrobenzoate (Parales 2004). 
Future Research: ortho degradation pathway in strains.

Although strains TW3 and 4NT were previously shown to grow with benzoate (11, 38), the benzoate degradation pathways present in these strains have not been described in detail. Strain TW3 was reported to have elevated catechol 1,2-dioxygenase activity after growth with benzoate compared to succinate- grown cells (22). Catechol 1,2- and catechol 2,3-dioxygenase assays were carried out with both strains after growth with either succinate or benzoate. In both strains, catechol 1,2- dioxygenase activity was induced during growth with benzoate (Table 4). Extracts of succinate-grown strain TW3 had a low but detectable level of the enzyme, while the activity was undetectable in succinate-grown strain 4NT. Catechol 2,3-dioxygenase activity was not detectable in strain 4NT grown under either condition. Very low levels of catechol 2,3-dioxygenase were detected in strain TW3 grown under both conditions (Table 4). These results would indicate that strains TW3 and 4NT utilize the _-ketoadipate pathway for the degradation of benzoate (Parales 2004). 

Enzyme assays. Catechol 1,2- and catechol 2,3-dioxygenase activities were

assayed spectrophotometrically at 260 and 375 nm as previously described (24,

28). Assays were carried out in 1-ml quartz cuvettes containing 50 mM Tris-HCl

(pH 7.5), 1 mM dithiothreitol, and 1 mM catechol. In each case, 1 unit is defined

as the amount of enzyme that oxidizes 1.0 _mol of catechol per min at 25°C.

Protein concentrations were determined by using the method of Bradford (3)

with bovine serum albumin as standard. Sources: Ornston, 1966, 

From googling “enzyme assay spectrophotometry”
http://64.233.167.104/search?q=cache:rWUoxl-jXbcJ:www.bio.davidson.edu/people/jowilliamson/Techniques/protocolweek1.html+enzyme+assay+spectrophotometry&hl=en&client=firefox-a
