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Abstract

:

Pyrimidine biosynthesis and ribonucleoside metabolism in species of Pseudomonas was the focus of this review, in relation to their current taxonomic assignments in different homology groups. It was of interest to learn whether pyrimidine biosynthesis in taxonomically related species of Pseudomonas was regulated in a similar fashion by pyrimidine base supplementation or by pyrimidine limitation of pyrimidine auxotrophic strains. It was concluded that the regulation of pyrimidine biosynthesis in Pseudomonas species could not be correlated with their taxonomic assignment into a specific homology group. Pyrimidine ribonucleoside metabolism in Pseudomonas species primarily involved the pyrimidine ribonucleoside salvage enzymes nucleoside hydrolase and cytosine deaminase, independently of the Pseudomonas homology group to which the species was assigned. Similarly, pyrimidine base catabolism was shown to be active in different taxonomic homology groups of Pseudomonas. Although the number of studies exploring the catabolism of the pyrimidine bases uracil and thymine was limited in scope, it did appear that the presence of the pyrimidine base reductive pathway of pyrimidine catabolism was a commonality observed for the species of Pseudomonas investigated. There also appeared to be a connection between pyrimidine ribonucleoside degradation and the catabolism of pyrimidine bases in providing a cellular source of carbon or nitrogen independently of which homology group the species of Pseudomonas were assigned to.
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1. Introduction


Although a number of studies have investigated pyrimidine biosynthesis in Gram-negative [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26] and Gram-positive bacteria [27,28,29,30,31,32,33,34,35,36,37,38,39,40,41] as well as in eukaryotes [42,43,44,45,46,47,48,49], relatively few studies have examined pyrimidine biosynthesis in species of Pseudomonas. Similarly, several investigations have explored pyrimidine ribonucleoside metabolism [50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69] and pyrimidine base catabolism [70,71,72,73,74,75,76,77,78,79,80] in a variety of prokaryotic and eukaryotic species, but few reviews have provided an in-depth analysis of pyrimidine ribonucleoside metabolism and pyrimidine base catabolism metabolism in species of Pseudomonas. Therefore, this review is focused on exploring the regulation of pyrimidine biosynthesis, pyrimidine ribonucleoside metabolism and pyrimidine base catabolism in species of Pseudomonas. A number of studies have been performed investigating the regulation of pyrimidine biosynthesis in species of Pseudomonas, but prior studies have not examined whether this regulation varies according to which homology group the species has been assigned to. Similarly, no prior studies have performed a comparison of the regulation of pyrimidine ribonucleoside or pyrimidine base metabolism in species of Pseudomonas based on their taxonomic assignment. The species of Pseudomonas have been taxonomically assigned to five homology groups based on RNA-DNA hybridization [81,82,83]. These homology groups include the Pseudomonas aeruginosa group, the Pseudomonas chlororaphis group, the Pseudomonas fluorescens group, the Pseudomonas putida group and the Pseudomonas syringae group. The regulation of pyrimidine biosynthesis, as well as pyrimidine ribonucleoside metabolism and pyrimidine base catabolism, has been investigated in some of the Pseudomonas homology groups, which allows a comparative biochemical analysis to be performed relative to Pseudomonas species assigned to the same homology group. Although the majority of pyrimidine biosynthesis studies being compared have used the same cell processing techniques, there does exist some variation in cell preparation (such as pH, temperature and substrate conditions) that needs to be considered when viewing the data in the tables. The majority of the pyrimidine biosynthesis studies conducted have involved investigations where the species of Pseudomonas were grown in medium containing succinate or glucose as a carbon source. These carbon sources were chosen to support pseudomonad growth, since succinate has been reported to cause catabolite repression of enzyme synthesis, while glucose does not. The carbon source glucose is often chosen since it supports a high level of pseudomonad growth compared to alternative carbon sources. Overall, there exists a need to study the regulation of pyrimidine metabolism from the perspective of the taxonomic assignment of pseudomonads into homology groups.




2. Pyrimidine Biosynthesis


2.1. Pseudomonas aeruginosa Homology Group


The pyrimidine biosynthetic pathway enzymes in pseudomonads include aspartate transcarbamoylase, dihydroorotase, dihydroorotate dehydrogenase, orotate phosphoribosyltransferase and orotidine 5′-monophosphate (OMP) decarboxylase (Figure 1). The species taxonomically assigned to the Pseudomonas aeruginosa group where the regulation of pyrimidine biosynthesis has been investigated previously include P. aeruginosa, Pseudomonas alcaligenes, Pseudomonas citronellolis, Pseudomonas mendocina, Pseudomonas nitroreducens, Pseudomonas oleovorans, Pseudomonas pseudoalcaligenes and Pseudomonas resinovorans [84,85,86,87,88,89,90,91,92,93,94,95,96].



In Table 1, the regulation of pyrimidine biosynthesis in species assigned to the P. aeruginosa homology group is compared relative to enzyme repression by a uracil-related metabolite and the level of enzyme synthesis following pyrimidine limitation of a pyrimidine auxotroph. No clear pattern is apparent in Table 1 other than that pyrimidine-depleted glucose-grown mutant cells produced greater elevations in enzyme activity than did the succinate-grown cells. In an early investigation of the control of pyrimidine biosynthesis in P. aeruginosa PAO1 cells [84], no repression of transcarbamoylase, dihydroorotase, dehydrogenase or phosphoribosyltransferase synthesis by a uracil-related metabolite was noted when the 0.2% glucose-containing cells were supplemented with 112 µg/mL uracil [84]. Using isolated mutant strains of P. aeruginosa PAO1 glucose-grown cells lacking either dehydrogenase, phosphoribosyltransferase or decarboxylase activity, pyrimidine limitation of these cells for up to 120 min resulted in very little derepression of transcarbamoylase, dihydroorotase, dehydrogenase or phosphoribosyltransferase synthesis. In a later study [85], the regulation of pyrimidine biosynthesis in P. aeruginosa was again investigated in 0.2% glucose-containing ATCC 15692 cells. When the medium was supplemented with 40 µg/mL orotate, the activity of transcarbamoylase, dihydroorotase, dehydrogenase, phosphoribosyltransferase or decarboxylase increased by up to four-fold [85]. If the ATCC 15692 glucose-grown cells were supplemented with 40 µg/mL uracil, repression of transcarbamoylase, phosphoribosyltransferase or decarboxylase activity was observed. This indicated that the repression of pyrimidine biosynthetic enzyme synthesis was occurring. A mutant was isolated that was deficient in dehydrogenase activity. When the glucose-grown mutant strain cells were subjected to pyrimidine-limited growth conditions for 2 h, it was found that transcarbamoylase, phosphoribosyltransferase or decarboxylase activity increased by 3.1-fold, 1.7-fold or 1.5-fold, respectively [85]. In contrast to the initial investigation exploring the regulation of pyrimidine biosynthesis in P. aeruginosa PAO1, the later investigation was able to demonstrate that the repression of pyrimidine biosynthetic enzyme synthesis by a uracil-related compound was occurring in ATCC 15692 cells.



In P. alcaligenes ATCC 14909, the presence of the pyrimidine base orotic acid in the growth medium appeared to repress the level of pyrimidine biosynthetic enzyme activity independently of whether glucose or succinate was used as a carbon source [86]. Interestingly, the addition of uracil to the growth medium of ATCC 14909 had little effect on the pyrimidine biosynthetic enzyme activity, regardless of the carbon source present [86]. It appeared that a metabolite of orotic acid was capable of repressing the synthesis of the pathway enzymes. Using a mutant strain deficient in orotate phosphoribosyltransferase, pyrimidine limitation studies were conducted using glucose or succinate as a carbon source [86]. It was found that the derepression of pyrimidine biosynthetic enzyme synthesis was evident. The activity of transcarbamoylase, dihydroorotase and decarboxylase was found to increase by nearly double in the pyrimidine-limited phosphoribosyltransferase mutant strain cells.



In P. citronellolis ATCC 13674, the regulation of pyrimidine biosynthetic enzyme synthesis was shown to be controlled by a uracil-related metabolite depending upon the carbon source utilized [87]. In succinate-grown ATCC 13674 cells, it was demonstrated that uracil was converted to a metabolite that repressed the activity of the five pathway enzymes. When glucose was utilized as the carbon source, it was also shown that the majority of the pyrimidine biosynthetic enzymes’ activity was depressed when uracil was supplemented into the medium [87]. Similarly, ATCC 13674 cells grown on either glucose or succinate as a carbon source supplemented with orotic acid showed a depression in transcarbamoylase, dihydroorotase or decarboxylase activity to an analogous degree observed when uracil was supplemented [87]. Pyrimidine limitation experiments were conducted for 4 h using a mutant strain deficient in decarboxylase activity, grown on either glucose or succinate as a carbon source. It was shown that transcarbamoylase, dihydroorotase, dehydrogenase or phosphoribosyltransferase activity was elevated approximately double following pyrimidine limitation, in succinate-grown compared to mutant cells grown with saturating levels of uracil [87]. When the succinate-grown mutant cells were limited in pyrimidines for 4 h, a 6.4-fold, 14.4-fold or 5.8-fold increase, respectively, in dihydroorotase, dehydrogenase or phosphoribosyltransferase activity was observed [87]. It was concluded that a uracil-related metabolite was highly involved in the repression of pyrimidine biosynthetic enzyme synthesis in P. citronellolis [87].



In P. mendocina ATCC 25411, regulation of the pyrimidine biosynthetic enzymes in the bacterium P. mendocina was examined when its cells were grown on succinate as a carbon source. When succinate-grown P. mendocina cells were grown in the presence of orotic acid, the pyrimidine pathway enzymes transcarbamoylase, dehydrogenase and phosphoribosyltransferase’s activity was significantly depressed compared to their activity in the wild-type strain cells [88]. When the succinate-grown ATCC 25411 cells were supplemented with uracil, dihydroorotase or decarboxylase activity was observed to be greatly diminished relative to the unsupplemented cells [88]. If the ATCC 25411 cells were grown on glucose as a carbon source and supplemented with orotic acid or uracil, the pyrimidine biosynthetic enzyme activity appeared to be repressed by their metabolites, compared to their enzyme activity in the unsupplemented cells [89]. A mutant strain deficient in orotate phosphoribosyltransferase activity was utilized to determine the effect of pyrimidine limitation upon the pyrimidine biosynthetic pathway enzymes’ activity. When the succinate-grown mutant cells were limited in pyrimidine for 4 h, it was seen that transcarbamoylase, dehydrogenase or decarboxylase activity increased by 1.8-fold, 3.1-fold or 2.1-fold, respectively [88]. Interestingly, the pyrimidine limitation of glucose-grown cells of the mutant strain caused a depression in pyrimidine biosynthetic enzyme activity following 4 h of limitation, in comparison to the mutant cells grown in excess uracil [89]. It appeared that the regulation of pyrimidine biosynthesis in P. mendocina was not only controlled by pyrimidine metabolites but also by the carbon source being utilized [89].



In P. nitroreducens ATCC 33634, it was observed that the orotic acid or uracil supplementation of glucose-grown cells depressed the levels of pyrimidine biosynthetic enzyme activity [90]. This indicated that a pyrimidine-related compound was important in the regulation of pathway synthesis. In succinate-grown wild-type cells, the addition of uracil to the growth medium was shown to depress the transcarbamylase, dihydroorotase, dehydrogenase and decarboxylase activity [90]. This demonstrated the regulatory role of a uracil-related metabolite in controlling pyrimidine biosynthetic pathway enzyme synthesis. Pyrimidine limitation studies were performed using an orotate phosphoribosyltransferase mutant strain isolated from P. nitroreducens ATCC 33634 [90]. It was noted that pyrimidine limitation of the glucose-grown mutant cells for 4 h resulted in transcarbamoylase or dihydroorotase activity being elevated by approximately four-fold, while the dehydrogenase and decarboxylase activity increased by approximately double compared to the activity in the mutant cells grown in saturating uracil concentrations [90]. When succinate was utilized as the carbon source, pyrimidine limitation of the phosphoribosyltransferase mutant cells caused transcarbamoylase, dihydroorotase or dehydrogenase activity to increase by at least three-fold relative to the mutant cells grown with excess uracil [90]. A mutant strain lacking OMP decarboxylase activity was also isolated from P. nitroreducens [90]. Pyrimidine limitation of this mutant strain grown on glucose as a carbon source elevated transcarbamoylase, dihydroorotase, dehydrogenase and phosphoribosyltransferase activity by up to 10-fold compared to the mutant cells supplemented with uracil [90]. When succinate was the carbon source, pyrimidine limitation of the decarboxylase mutant strain cells produced at least a doubling of the transcarbamoylase, dihydroorotase, dehydrogenase and phosphoribosyltransferase activity relative to the mutant cells grown in excess uracil [90]. Based on the findings in P. nitroreducens, pyrimidine biosynthesis is highly controlled by metabolites of pyrimidines relative to enzyme synthesis.



When succinate-grown P. pseudoalcaligenes ATCC 17440 cells were grown in the presence of uracil, the activity of the five biosynthetic enzymes was depressed, with dihydroorotase activity being reduced by more than half relative to the activity in unsupplemented cells [91]. It was found that the wild-type strain was unable to transport either uridine or cytidine. A mutant was isolated that exhibited reduced orotate phosphoribosyltransferase activity compared to its activity in the wild-type strains supplemented with uracil. An increase in aspartate transcarbamoylase and dihydroorotate dehydrogenase activity by more than three-fold, and dihydroorotase and OMP decarboxylase activity approximately 1.5-fold, was found when the mutant cells were subjected to pyrimidine limitation, relative to their activity in the uracil-grown mutant cells [91]. It appeared that the regulation of the pyrimidine biosynthetic enzyme synthesis by a uracil-related metabolite was evident.



In P. oleovorans ATCC 8062, it was observed that the carbon source had an effect on the pyrimidine biosynthetic enzyme activity relative to pyrimidine supplementation [92]. When ATCC 8062 cells were grown on succinate as a carbon source, the supplementation of orotic acid or uracil generally resulted in the five pyrimidine biosynthetic activity being elevated. It was demonstrated that a metabolite of uracil was capable of inducing the synthesis of transcarbamoylase and dihydroorotase. In contrast, the activity of dehydrogenase, phosphoribosyltransferase and decarboxylase was depressed in the glucose-grown ATCC 8062 cells when orotic acid and uracil were supplemented into the medium. Mutants deficient in either aspartate transcarbamoylase or dihydroorotase activity were isolated from P. oleovorans [92]. When the mutant deficient in dihydroorotase activity was subjected to pyrimidine limitation, the carbon source had an effect on the level of pyrimidine biosynthetic enzyme synthesis. It was witnessed that the derepression of dihydroorotase, phosphoribosyltransferase and decarboxylase activity occurred following pyrimidine limitation in the glucose-grown mutant cells but not in the succinate-grown mutant cells. In the mutant strain deficient in transcarbamoylase activity, derepression of the pyrimidine biosynthetic enzyme activity was observed independently of the carbon source utilized, compared to the activity in mutants grown in excess uracil [92]. It has been suggested that P. pseudoalcaligenes ATCC 17440 should be reclassified as P. oleovorans [93]. If the regulation of pyrimidine biosynthesis in P. pseudoalcaligenes and P. oleovorans is compared [92,93], they appear to be dissimilar, despite their DNA homology indicating their taxonomic relatedness.



In P. resinovorans ATCC 14235, transcarbamoylase or dihydroorotase activity appeared to be repressed in succinate-grown cells supplemented with uracil [94]. Orotic acid inclusion in the succinate-grown wild-type cells generally increased the pyrimidine biosynthetic enzyme activity. Orotic acid supplementation of the glucose-grown ATCC 14235 cells also caused an increase in the pyrimidine biosynthetic enzyme activity [94]. Repression by a uracil-related metabolite of pyrimidine biosynthetic enzyme synthesis was indicated when the glucose-grown wild-type strain was supplemented with uracil. An orotate phosphoribosyltransferase was isolated from P. resinovorans and used for pyrimidine limitation experiments. When the succinate-grown mutant strain cells were limited in pyrimidines for 2 h, the pyrimidine biosynthetic enzyme activity was at least doubled compared to the activity in excess-uracil-grown mutant cells [94]. The pyrimidine limitation of glucose-grown mutant cells for 4 h increased the pyrimidine biosynthetic enzyme activity by more than three-fold relative to the activity in mutant cells grown under saturating uracil conditions. The findings showed that the carbon source was a factor in the level of derepression observed for pyrimidine biosynthetic enzyme synthesis in P. resinovorans [94].




2.2. Pseudomonas chlororaphis Homology Group


The species taxonomically assigned to the Pseudomonas chlororaphis group where the regulation of pyrimidine biosynthesis has been investigated previously include Pseudomonas aurantiaca, P. chlororaphis, Pseudomonas fragi, Pseudomonas lundensis and Pseudomonas taetrolens [97,98,99,100,101]. Pyrimidine biosynthesis regulation in the P. chlororaphis homology group species was compared relative to biosynthetic enzyme repression by a uracil-related metabolite or the effect of pyrimidine mutant limitation on enzyme activity (Table 2). Table 2 does not reveal a specific pattern demonstrating relatedness between the species classified in the P. chlororaphis homology group.



In P. aurantiaca ATCC 33663 cells, regulation by a pyrimidine-related compound in the repression of pyrimidine biosynthetic enzyme synthesis appeared to be influenced by the carbon source present [97]. When the wild-type strain cells were grown on succinate as a carbon source, orotic acid or uracil supplementation had a repressive effect on the biosynthetic enzyme activity relative to the unsupplemented wild-type cells. Using glucose-grown ATCC 33663 cells, it was observed that only orotic acid supplementation produced a depression in the pathway enzyme activity. Using an orotate phosphoribosyltransferase mutant isolated from P. aurantiaca, pyrimidine limitation experiments conducted using succinate-grown cells produced an elevation in dehydrogenase or decarboxylase activity, with each enzyme’s activity increasing by at least three-fold [97]. Pyrimidine depletion experiments performed with glucose-grown cells of the phosphoribosyltransferase mutant strain caused dihydroorotase and decarboxylase activity to increase by at least double compared to the activity in uracil-grown mutant cells. The regulation of pyrimidine biosynthetic enzyme synthesis by a pyrimidine-related compound did appear to occur in P. aurantiaca [97].



In P. chlororaphis ATCC 17414, the effect of pyrimidine base supplementation on the levels of pyrimidine biosynthetic enzyme synthesis was studied relative to either glucose or succinate as a carbon source [98]. It was demonstrated that transcarbamoylase and decarboxylase activity was repressed by orotic acid or uracil supplementation to the culture medium. A mutant strain was isolated that was deficient in OMP decarboxylase activity and it was subjected to pyrimidine limitation. Pyrimidine limitation of the decarboxylase mutant cells for 1 h caused the derepression of the synthesis of transcarbamoylase, dihydroorotase, dehydrogenase and phosphoribosyltransferase, compared to the activity in the uracil-grown mutant cells [98]. Little derepression of pyrimidine biosynthetic enzyme synthesis in the glucose-grown mutant cells was observed after 2 h of pyrimidine limitation, compared to the activity in the mutant strain grown in saturating uracil [98]. It was concluded that the regulation of pyrimidine biosynthetic enzyme synthesis was dependent on the length of pyrimidine limitation, with longer periods of limitation causing activity to decrease.



In P. fragi ATCC 4973 glucose-grown cells, the effect of the supplementation of dihydroorotate, orotate or uracil on the level of the pyrimidine biosynthetic enzyme activity was investigated [99]. It was noted that dihydroorotate or orotate supplementation caused the depression of phosphoribosyltransferase activity, while uracil supplementation produced a decrease in transcarbamoylase or dihydroorotase activity [99]. When a dihydroorotase mutant strain isolated from ATCC 4973 was limited in pyrimidines for 2 or 4 h, the derepression of transcarbamoylase, dehydrogenase, phosphoribosyltransferase or decarboxylase activity was seen, compared to each enzyme’s activity in uracil-grown mutant cells [99]. Similarly, when an OMP decarboxylase mutant strain was depleted of pyrimidines for 2 or 4 h, transcarbamoylase, dihydroorotase, dehydrogenase or phosphoribosyltransferase activity was also elevated by at least double compared to the uracil-grown mutant cells [99].



In P. lundensis ATCC 49968, pyrimidine supplementation was shown to be dependent on the carbon source utilized [100]. Uracil supplementation of ATCC 49968 cells grown on glucose resulted in the depression of transcarbamoylase, dihydroorotase, dehydrogenase or phosphoribosyltransferase, while orotate supplementation of the glucose-grown cells only elevated the pyrimidine biosynthetic enzyme activity relative to the activity in unsupplemented cells. In succinate-grown ATCC 49968 cells, the supplementation of either orotic acid or uracil caused the depression of only phosphoribosyltransferase activity, while the remaining pyrimidine biosynthetic enzymes’ activity was found to have increased compared to the activity in the uracil-grown cells. It was of interest to learn whether the presence of orotic acid in the culture medium was inducing the synthesis of pyrimidine biosynthetic enzymes. It was confirmed that the synthesis of transcarbamoylase, dihydroorotase or decarboxylase was induced by orotic acid in the glucose-grown ATCC 49968 cells [100]. A transcarbamoylase and a phosphoribosyltransferase mutant strain were isolated from ATCC 49968. Using the transcarbamoylase mutant strain, pyrimidine limitation of the succinate-grown cells for 2 h produced a 3.6-fold increase in transcarbamoylase activity and a 1.9-fold increase in decarboxylase activity compared their activity in the uracil-grown mutant cells [100]. A 1.5-fold or 2.3-fold increase in phosphoribosyltransferase or decarboxylase activity, respectively, was seen in glucose-grown transcarbamoylase mutant cells relative to the activity in uracil-grown mutant cells [100]. It was also demonstrated that dihydroorotase or decarboxylase activity approximately doubled when glucose-grown cells of the mutant cells were supplemented with orotic acid. In the phosphoribosyltransferase mutant strain grown on succinate as a carbon source, pyrimidine limitation for 2 h caused a 2-fold or 3.2-fold increase in dehydrogenase or decarboxylase activity, respectively [100]. When the phosphoribosyltransferase mutant strain was grown on glucose as a carbon source, dihydroorotase, dehydrogenase or decarboxylase activity increased by 3.1-fold, 3.1-fold or 4.4-fold, respectively, after 2 h of pyrimidine limitation, compared to each enzyme’s activity in the uracil-grown mutant cells. For P. lundensis, it was clear that the induction of pyrimidine biosynthetic enzyme synthesis by orotic acid was an important factor in how the pathway was regulated in ATCC 49968 [100].



In succinate-grown P. taetrolens ATCC 4683, orotic acid or uracil supplementation was shown to have differing effects. Orotic acid supplementation produced an increase in the pyrimidine biosynthetic enzyme activity, while uracil supplementation repressed the activity of dihydroorotase, dehydrogenase or decarboxylase compared to their activity in unsupplemented cells [101]. An OMP decarboxylase mutant isolated from P. taetrolens ATCC 4683 was limited in pyrimidines for 2 or 4 h. It was observed that after 2 h of pyrimidine-limiting conditions, dihydroorotase or phosphoribosyltransferase increased by 2.3-fold or 1.6-fold, respectively, relative to each one’s activity in uracil-grown mutant cells [101]. When the mutant cells were starved of pyrimidines for 4 h, dihydroorotase, dehydrogenase or phosphoribosyltransferase activity increased by 1.9-fold, 1.7-fold or 1.4-fold, respectively, compared to each enzyme’s activity in uracil-grown mutant cells [101]. It appeared that a uracil-related metabolite was important in the regulation of pyrimidine biosynthesis in P. taetrolens.




2.3. Pseudomonas fluorescens Homology Group


The regulation of pyrimidine biosynthesis has been investigated in certain species taxonomically assigned to the Pseudomonas fluorescens chlororaphis group, including P. fluorescens, Pseudomonas mucidolens, Pseudomonas reptilivora, Pseudomonas synxantha and Pseudomonas veronii [102,103,104,105,106,107,108,109]. The regulation of pyrimidine biosynthesis in the P. fluorescens homology group species was compared by examining uracil-related metabolite repression or the influence of pyrimidine auxotroph limitation on the biosynthetic enzyme levels (Table 3). Although no pattern is apparent from the data in Table 1, it does appear that the pyrimidine-limited glucose-grown mutant cells produced greater elevations in enzyme activity than did the succinate-grown cells.



The regulation of pyrimidine biosynthesis by pyrimidines in P. fluorescens has been explored in prior studies [102,103]. In P. fluorescens biotype A126, uracil addition to the culture medium containing glucose as a carbon source repressed the pyrimidine biosynthetic enzyme activity compared to their activity in unsupplemented cells [102]. The supplementation of orotic acid to the glucose-grown biotype A126 cell repressed the transcarbamoylase, dehydrogenase, phosphoribosyltransferase and decarboxylase activity, while increasing the dihydroorotase activity by more than double, when compared to the activity in unsupplemented cells [102]. It was shown that dihydroorotase was induced by the presence of orotic acid in the glucose-containing medium [102]. Cells of a dihydroorotase mutant strain isolated from biotype A126 were subjected to pyrimidine limitation for 1 h, which resulted in transcarbamoylase, dehydrogenase and decarboxylase activity at least doubling compared to each one’s activity in uracil-grown mutant cells [102]. The type strain of P. fluorescens biotype A, namely ATCC 13525, was also investigated [103]. Independent of the carbon source used, it was found that uracil supplementation repressed transcarbamoylase, phosphoribosyltransferase or decarboxylase activity in ATCC 13525 cells, while only phosphoribosyltransferase or decarboxylase activity was repressed by orotic acid addition in ATCC 13525 cells, compared to their activity in uracil-grown cells [103]. Similar to the previous study [102], the supplementation of orotic acid to the medium used to grow the ATCC 13525 cells elevated dihydroorotase activity independent of the carbon source [103]. Using a phosphoribosyltransferase mutant strain isolated from ATCC 13525, it was observed that the derepression of pyrimidine biosynthetic enzyme activity was greater if the cells were grown on succinate instead of glucose [103]. After 4 h of pyrimidine limitation in succinate-grown mutant cells, the activity of transcarbamoylase, dihydroorotase and decarboxylase was elevated by 1.6-fold, 5-fold or 3.4-fold, respectively, compared to their activity in uracil-grown mutant cells [103]. The findings from these studies [102,103] seemed to confirm that dihydroorotase synthesis was regulated by a pyrimidine-related compound.



In the taxonomically related species P. jessenii ATCC 700870, the regulation of pyrimidine biosynthesis by a pyrimidine-related compound was examined. The supplementation of orotic acid to succinate-grown ATCC 700870 cells had little effect on the pyrimidine biosynthetic enzyme activity, while a decrease in the levels of transcarbamoylase, dihydroorotase and dehydrogenase was observed when glucose-grown ATCC 700870 cells were supplemented with orotic acid, relative to each one’s activity in unsupplemented cells [105]. In contrast, the uracil supplementation of ATCC 700870 cells reduced the pyrimidine biosynthetic enzyme activity independently of the carbon source, compared to their activity in unsupplemented cells [105]. Pyrimidine limitation of a P. jessenii orotate phosphoribosyltransferase mutant strain for 1 or 2 h produced approximately a two-fold increase in transcarbamoylase, dihydroorotase or decarboxylase activity compared to each one’s activity in uracil-grown mutant cells [105]. This indicated that pyrimidine biosynthesis in ATCC 700870 cells was subject to the regulation by a pyrimidine-related compound.



In a previous work, the regulation of pyrimidine biosynthesis in P. mucidolens ATCC 4685 was investigated [106]. In succinate-grown ATCC 4685 cells, orotic acid or uracil supplementation had a minimal effect upon the levels of the pyrimidine biosynthetic enzyme activity compared to the activity in unsupplemented cells [106]. In the glucose-grown ATCC 4685 cells, uracil supplementation depressed the activity of transcarbamoylase, dehydrogenase, phosphoribosyltransferase or decarboxylase, while orotic acid addition affected the pyrimidine biosynthetic enzyme activity slightly [106]. Pyrimidine limitation of a glucose-grown P. mucidolens orotate phosphoribosyltransferase mutant strain for 2 or 4 h produced more than a two-fold increase in the pyrimidine biosynthetic enzyme activity relative to the activity in uracil-grown mutant cells [106]. When the P. mucidolens orotate phosphoribosyltransferase mutant strain was grown on succinate, the reduced derepression of the pyrimidine biosynthetic enzyme activity was seen [106]. The regulation of pyrimidine biosynthesis in P. mucidolens by a pyrimidine-related compound and a carbon source was indicated by the pyrimidine supplementation and pyrimidine limitation findings.



Pyrimidine biosynthesis was shown to be regulated by pyrimidines in P. reptilivora ATCC 14836 [107]. In succinate-grown ATCC 14836 cells, uracil supplementation lowered transcarbamoylase, dehydrogenase, phosphoribosyltransferase or decarboxylase activity, while orotic acid supplementation was less effective in repressing the pathway enzymes’ activity relative to each one’s activity in unsupplemented cells [107]. In glucose-grown ATCC 14836 cells, orotic acid supplementation demonstrated a greater ability to repress the pyrimidine biosynthetic enzyme activity than if the cells were supplemented with uracil [107]. Independently of the carbon source, the pyrimidine limitation of P. mucidolens aspartate transcarbamoylase mutant cells for 1 or 2 h produced up to a 7-fold, 2.5-fold or 2.4-fold increase in dihydroorotase, phosphoribosyltransferase or decarboxylase activity [107]. Similar to other species assigned within the P. fluorescens group, it appeared that dihydroorotase synthesis was regulated by a pyrimidine-related compound.



In P. synxantha ATCC 9890, a previous investigation explored whether pyrimidine biosynthesis was controlled by a pyrimidine-related compound [108]. Glucose-grown ATCC 9890 cells were impacted by orotic acid or uracil supplementation, with decarboxylase activity being depressed more than the other pyrimidine biosynthetic enzymes’ activity, compared to their activity in unsupplemented cells [108]. In succinate-grown ATCC 9890 cells, orotic acid supplementation was more effective in repressing the pyrimidine biosynthetic enzyme activity than uracil supplementation. Pyrimidine limitation of a succinate-grown P. synxantha orotate phosphoribosyltransferase mutant strain for 4 h produced an increase in the pyrimidine biosynthetic enzyme activity relative to their activity in uracil-grown mutant cells [108]. When the glucose-grown mutant cells were limited in pyrimidines for 4 h, only dihydroorotase, dehydrogenase and decarboxylase activity was elevated compared to their activity in uracil-grown mutant cells [108]. This showed that the carbon source affected the level of pyrimidine biosynthetic enzyme synthesis derepression. The regulation of pyrimidine pathway enzyme synthesis in P. synxantha was derepressed [108] in a similar fashion to P. jessenii [105].



In P. veronii ATCC 700474, the regulation of pyrimidine biosynthesis was influenced by pyrimidine-related metabolites [109]. Independently of the carbon source, orotic acid supplementation appeared to elevate the pyrimidine biosynthetic enzyme activity in ATCC 700474. Similarly, the uracil supplementation of succinate-grown ATCC 700474 cells caused the pyrimidine biosynthetic enzyme activity to increase [109]. In general, in glucose-grown ATCC 700474 cells, uracil supplementation was observed to repress the pyrimidine biosynthetic enzyme activity relative to their activity in unsupplemented cells [109]. Pyrimidine depletion experiments were conducted using a mutant strain isolated from ATCC 700474 that was deficient in decarboxylase activity [109]. When the P. veronii mutant strain was grown on succinate or glucose as a carbon source and subjected to pyrimidine limitation for 1 or 2 h, the pyrimidine biosynthetic enzyme activity was found to be roughly double the pathway enzyme activity detected in the mutant strain grown in excess uracil [109]. It appeared that pyrimidine biosynthesis in P. veronii was transcriptionally regulated by pyrimidines but to a lesser degree than what was observed for other species assigned to the P. fluorescens group [109].




2.4. Pseudomonas putida Homology Group


In the species taxonomically assigned to the Pseudomonas putida homology group, the regulation of pyrimidine biosynthesis has been studied previously in P. putida, Pseudomonas fulva, Pseudomonas monteilii and Pseudomonas oryzihabitans [110,111,112,113,114,115,116]. In Table 4, the regulation of pyrimidine biosynthesis in the P. putida homology group species relative to enzyme repression by a uracil-related metabolite or the effect of pyrimidine limitation of pyrimidine-requiring mutants on the pyrimidine biosynthetic enzyme activity is shown. No conclusive pattern emerged when comparing the species assigned to the P. putida homology group (Table 4). The regulation of pyrimidine biosynthesis by pyrimidines has been investigated in P. putida biotypes A and B [110,111,112]. In P. putida biotype A90 cells, it was reported that the addition of uracil to an asparagine-containing medium exhibited no repressive effect upon the pyrimidine biosynthetic enzyme activity [110]. The possible derepression of the pyrimidine biosynthetic enzyme activity was studied using the pyrimidine limitation of an OMP decarboxylase mutant strain isolated from biotype A90 cells. It was found that the activity of transcarbamoylase, dihydroorotase, dehydrogenase and phosphoribosyltransferase was elevated by at least 1.6-fold after pyrimidine limitation of the mutant cells grown in the asparagine-containing medium [110]. In P. putida ATCC 17536, characterized as a biotype B strain, the control of pyrimidine biosynthesis by pyrimidines was also studied [111]. It appeared that the regulation of the pyrimidine biosynthetic activity was significantly affected by the carbon source present. When the ATCC 17536 cells were grown on the carbon source succinate, uracil supplementation only repressed transcarbamoylase activity, while orotic acid supplementation repressed the levels of transcarbamoylase, dehydrogenase, phosphoribosyltransferase and decarboxylase activity [111]. In glucose-grown ATCC 17536 cells, orotic acid or uracil supplementation repressed all the pyrimidine biosynthetic enzymes’ activity, compared to their activity in the unsupplemented cells. When the glucose-grown dihydroorotase mutant cells were subjected to pyrimidine-limiting conditions for 4 h, it was shown that the pyrimidine biosynthetic enzyme activity was elevated up to eight-fold compared to their activity in the uracil-grown mutant cells [111]. It was demonstrated that orotic acid induced dehydrogenase, phosphoribosyltransferase or decarboxylase activity in glucose-grown dihydroorotase mutant cells [111]. In succinate-grown cells of the dihydroorotase mutant, pyrimidine limitation for 4 h resulted in more than a three-fold elevation in phosphoribosyltransferase and decarboxylase activity, but little derepression of transcarbamoylase and dehydrogenase activity was seen [111]. When a mutant strain deficient in phosphoribosyltransferase activity was starved of pyrimidine for 4 h, transcarbamoylase, dihydroorotase and dehydrogenase activity was not affected by pyrimidine depletion, while decarboxylase activity roughly doubled, independent of the carbon source used [111]. Regardless of the biotype of P. putida, the regulation of pyrimidine biosynthesis by the level of pyrimidine ribonucleotides was indicated.



Pyrimidine biosynthesis was examined in P. fulva ATCC 31418 for regulation by a pyrimidine-related compound [113]. The supplementation of orotic acid to the ATCC 31418 cells exhibited little repression of the pyrimidine biosynthetic enzyme activity, independent of the carbon source utilized, relative to their activity in unsupplemented cells. The addition of uracil to glucose-grown ATCC 31418 cells depressed the activity of dihydroorotase, phosphoribosyltransferase and decarboxylase, while the uracil supplementation of succinate-grown ATCC 31418 cells diminished the activity of dihydroorotase and dehydrogenase [113]. Pyrimidine limitation studies of a decarboxylase mutant strain isolated from ATCC 31418 were conducted. When glucose-grown cells of the mutant strain were limited in pyrimidines for 4 h, it was noted that transcarbamoylase, dihydroorotase, dehydrogenase or phosphoribosyltransferase activity was elevated by 5.5-fold, 13.1-fold, 2.5-fold or 10.6-fold, respectively, compared to their enzyme activity in the mutant cells grown in excess uracil [113]. In contrast, no derepression of pyrimidine biosynthetic enzyme activity in succinate-grown mutant cells limited for 4 h was observed relative to the mutant cells grown with saturating uracil conditions [113]. The carbon source appeared to be an important factor in the regulation of pyrimidine biosynthesis by pyrimidines in P. fulva cells.



Another species investigated for the regulation of the pyrimidine biosynthetic pathway by pyrimidines was P. monteilii ATCC 700476 [114]. In succinate-grown ATCC 700476 cells, orotic acid or uracil supplementation produced a depression in the pyrimidine biosynthetic enzyme activity compared to the wild-type strain grown in unsupplemented succinate minimal medium [114]. In glucose-grown ATCC 700476 cells, orotic acid addition caused transcarbamoylase, dihydroorotase, dehydrogenase or decarboxylase activity to decrease relative to each one’s activity in unsupplemented cells [114]. Similarly, uracil addition to succinate-grown ATCC 700476 cells decreased transcarbamoylase, dehydrogenase, phosphoribosyltransferase or decarboxylase activity compared to each one’s activity in unsupplemented cells. A strain deficient in dihydroorotase or orotate phosphoribosyltransferase activity was isolated from ATCC 700476 [114]. In the glucose-grown cells of the dihydroorotase mutant strain, pyrimidine limitation for 2 or 4 h only produced a slight increase in dehydrogenase activity. The succinate-grown cells of the dihydroorotase mutant cells limited in pyrimidines for 4 h showed the 4.8-fold derepression of transcarbamoylase activity relative to its activity in uracil-grown mutant cells [114]. Interestingly, pyrimidine limitation of the glucose-grown phosphoribosyltransferase mutant cells for 4 h caused all the pyrimidine biosynthetic enzymes’ activity to increase, with the decarboxylase activity being elevated by eight-fold [114]. Similarly, pyrimidine limitation of the succinate-grown phosphoribosyltransferase mutant cells for 4 h caused all the pyrimidine biosynthetic enzymes’ activity to increase by at least double compared to their activity in uracil-grown mutant cells [114]. It appeared that a deficiency in phosphoribosyltransferase activity led to greater pyrimidine biosynthetic enzyme derepression following pyrimidine nucleotide depletion than if the mutant strain was deficient in dihydroorotase activity.



In P. oryzihabitans ATCC 43272, pyrimidine biosynthesis was investigated to determine whether the carbon source and pyrimidines were factors in controlling the pathway enzymes [115,116]. It was witnessed that orotic acid supplementation of the ATCC 43272 cells affected the pyrimidine biosynthetic enzyme activity very little, independent of the carbon source utilized, but generally increased their activity [115,116]. Similarly, uracil supplementation of the succinate-grown ATCC 43272 cells produced a slight elevation in the pyrimidine biosynthetic enzyme activity compared to the activity in unsupplemented cells. It appeared that uracil-grown ATCC 43272 cells did repress the dehydrogenase and phosphoribosyltransferase activity, while the other pathway enzymes’ activity was unchanged when glucose served as the carbon source, relative to the activity in unsupplemented cells. Pyrimidine limitation experiments were performed using an OMP decarboxylase mutant strain isolated from ATCC 43272 cells [115,116]. Pyrimidine limitation of the glucose-grown mutant cells for 1 h resulted in approximately a two-fold increase in dihydroorotase and dehydrogenase activity, compared to each one’s activity in uracil-grown mutant cells [116]. On the other hand, pyrimidine limitation of the succinate-grown decarboxylase mutant cells for 1 or 2 h produced approximately a three-fold elevation in transcarbamoylase or dihydroorotase activity relative to each one’s activity in uracil-grown mutant cells. The carbon source did seem to influence the degree of derepression of pyrimidine biosynthetic enzyme synthesis observed. Similar to P. monteilii [114], the greater derepression of pyrimidine biosynthetic enzyme synthesis was seen in the succinate-grown cells compared to the glucose-grown cells.





3. Pyrimidine Ribonucleoside Metabolism


3.1. Pseudomonas aeruginosa Homology Group


It has been determined that a number of pyrimidine salvage enzymes can be involved in pyrimidine ribonucleoside metabolism in species of Pseudomonas and taxonomically related species [117,118,119]. In Figure 2, the relationship between pyrimidine ribonucleoside metabolism and subsequent pyrimidine base catabolism is shown. With respect to comparing the kinetic parameters of the pyrimidine biosynthetic enzymes’ specific activity with those of the pyrimidine ribonucleoside catabolic-specific activity, the levels of the catabolic-specific activity tended to be higher, with their enzyme synthesis usually being inducible. In the P. aeruginosa homology group, pyrimidine ribonucleoside metabolism in the species P. aeruginosa, P. mendocina, P. alcaligenes, P. pseudoalcaligenes and P. oleovorans has been investigated. A number of studies have been conducted investigating pyrimidine ribonucleoside metabolism in Pseudomonas species assigned to this homology group. In P. aeruginosa ATCC 15692, the enzymes nucleoside hydrolase and cytosine deaminase were found to be active [118,120]. In ATCC 15692 cells, catabolite repression of nucleoside hydrolase synthesis by succinate as a carbon source was evident, since its activity with glucose or ribose as a carbon source was approximately doubled [120]. When ammonium sulfate served as the nitrogen source, it was shown that nucleoside hydrolase activity in ATCC 15692 cells increased by 1.4-fold, 2-fold, 1.7-fold or 1.7-fold if cytosine, 5-methylcytosine, uridine or cytidine, respectively, was substituted for glucose as the carbon source [120]. When ammonium sulfate served as the nitrogen source, the cytosine deaminase activity in ATCC 15692 cells was higher when succinate or ribose was the carbon source, compared to glucose as the carbon source [120]. If uracil, cytosine, 5-methylcytosine, thymine, uridine or cytidine was substituted for ammonium sulfate as a nitrogen source in glucose-grown ATCC 15692 cells, it was observed that the cytosine deaminase activity was elevated by 19.3-fold, 5.3-fold, 20.8-fold, 15.9-fold, 2.6-fold or 8.2-fold, respectively, relative to the deaminase activity in the ammonium sulfate-grown cells [120].



Both nucleoside hydrolase and cytosine deaminase activity was detected in P. mendocina ATCC 25411 cells grown in a medium containing glucose as a carbon source and ammonium sulfate as a nitrogen source [121]. If asparagine was substituted for ammonium sulfate as a nitrogen source in glucose-grown ATCC 25411 cells, both nucleoside hydrolase and cytosine deaminase activity increased slightly [121]. When glycerol was substituted for glucose as a carbon source in ammonium sulfate-grown ATCC 25411 cells, nucleoside hydrolase activity was elevated by more than five-fold, while cytosine deaminase activity remained unaffected, compared to their activity in the cells grown on glucose as a carbon source and ammonium sulfate as a nitrogen source [121].



In P. alcaligenes ATCC 14909, nucleoside hydrolase and cytosine deaminase activity was measurable in cells grown in a medium containing succinate as a carbon source and ammonium sulfate as a nitrogen source [122]. Interestingly, the substitution of asparagine or ammonium sulfate as a nitrogen source in the succinate-grown cells depressed both the hydrolase and deaminase activity by more than four-fold compared to their activity in the ammonium sulfate-grown cells [122].



The presence of nucleoside hydrolase and cytosine deaminase in P. pseudoalcaligenes ATCC 17440 cells grown on succinate as a carbon source and ammonium sulfate as a nitrogen source was studied [122]. It was observed that nucleoside hydrolase activity dropped if asparagine was substituted for ammonium sulfate as a nitrogen source in succinate-grown ATCC 17440 [122]. Nucleoside hydrolase was elevated by at least 1.6-fold if cytosine or uracil was substituted for ammonium sulfate in the succinate-grown cells [122]. The substitution of asparagine, cytosine or uracil for ammonium sulfate as a nitrogen source caused an elevation of 1.6-fold, 5.0-fold or 2.1-fold, respectively, in the cells grown on succinate as a carbon source [122]. Clearly, cytosine deaminase synthesis was more influenced by the nitrogen source than was nucleoside hydrolase synthesis.



Considering that P. oleovorans cells contain pyrimidine nucleotide N-ribosidase activity instead of nucleoside hydrolase, pyrimidine ribonucleoside metabolism in P. oleovorans differed from the metabolism seen in the other species of the P. aeruginosa homology group [123,124,125,126]. It was found that the nitrogen source influenced the levels of pyrimidine ribonucleotide N-ribosidase and cytosine deaminase in succinate-grown P. oleovorans ATCC 8062 cells [126]. When ATCC 8062 cells were grown on dihydrouracil as a nitrogen source and succinate as a carbon source, the nucleoside hydrolase activity was increased by 1.9-fold compared to its activity in cells grown on succinate as a carbon source and ammonium sulfate as a nitrogen source [126]. The cytosine deaminase activity in ATCC 8062 cells was shown to be more strongly influenced by the nitrogen source than was pyrimidine ribonucleotide N-ribosidase [125]. The cytosine deaminase activity increased by 2.5-fold, 4.8-fold or 2.3-fold, respectively, when cytosine, dihydrouracil or dihydrothymine served as a nitrogen source and succinate served as the carbon source [126]. It should be noted that the synthesis of both pyrimidine ribonucleotide N-ribosidase and cytosine deaminase was increased when dihydrouracil was the nitrogen source and succinate was the carbon source [126]. A prior study indicated that P. pseudoalcaligenes should be classified taxonomically as a strain of P. oleovorans [93]. Although both species are taxonomically related, it is clear that pyrimidine ribonucleoside metabolism in P. pseudoalcaligenes and P. oleovorans is distinctly different.




3.2. Pseudomonas chlororaphis Homology Group


Pyrimidine ribonucleoside metabolism has been investigated to a limited extent in P. chloroaphis, P. fragi and P. taetrolens. In a single study [117], it has been reported that P. chlororaphis, P. fragi and P. taetrolens contains the enzymes nucleoside hydrolase and cytosine deaminase, which, in combination, degrade cytidine to cytosine and ribose.




3.3. Pseudomonas fluorescens Homology Group


It was found that nucleoside hydrolase and cytosine deaminase were active in P. fluorescens [118,127,128]. Nucleoside hydrolase and cytosine deaminase activity was detected in P. fluorescens biotype A126 cells grown on a medium containing glucose, succinate, glycerol or ribose as a carbon source and ammonium sulfate as a nitrogen source [127,128]. It was observed that the nucleoside hydrolase activity in A126 cells was elevated by nearly nine-fold on a medium containing ribose as a carbon source, compared to the activity in succinate-grown cells [128]. When uridine or cytidine served as a carbon source in an ammonium sulfate-containing medium, the nucleoside hydrolase activity in P. fluorescens was observed to have increased by 16-fold or nearly 21-fold, respectively, relative to its activity in succinate-grown cells [128]. The cytosine deaminase activity in the P. fluorescens A126 cells was influenced by the type of nitrogen source included in a glucose-containing medium. It was noted that the substitution of the amino acid asparagine for ammonium sulfate as a nitrogen source produced a 2.5-fold increase in cytosine deaminase activity in A126 cells. When cytosine was substituted for ammonium sulfate in a glucose-containing medium, the cytosine deaminase activity in A126 cells was increased by 3.4-fold [128]. It was concluded that the nucleoside hydrolase synthesis in P. fluorescens was influenced by the carbon source present, while the nitrogen source was a greater factor in regulating the synthesis of cytosine deaminase. In biotype F cells of P. fluorescens, it was seen in ATCC 12983 cells that nucleoside hydrolase activity was not affected by the carbon source [129]. In contrast, the substitution of asparagine for ammonium sulfate as a nitrogen source in a glucose-containing medium resulted in a 1.9-fold increase in cytosine deaminase activity [129]. It may be that the nitrogen source regulation of cytosine deaminase synthesis may be what the two biotypes of P. fluorescens have in common.




3.4. Pseudomonas putida Homology Group


In the P. putida homology group, the only species in which pyrimidine ribonucleoside metabolism has been explored is P. putida. It was determined that cytidine was degraded by the enzymes nucleoside hydrolase, uridine phosphorylase and cytosine deaminase [118]. Another study found that the pyrimidine base cytosine served as a chemoattractant for P. putida, with cytosine deaminase degrading cytosine to uracil, which provides a nitrogen source to the cells [130,131].





4. Pyrimidine Base Catabolism


4.1. Pseudomonas aeruginosa Homology Group


It has been determined that the reductive pathway of pyrimidine catabolism is active in many pseudomonads and taxonomically related species [132]. The pyrimidine reductive pathway enzymes include dihydropyrimidine dehydrogenase, dihydropyrimidinase and β-ureidopropionase (Table 2), which were found to be active in P. aeruginosa PAO1 cell extracts [133]. It was also noted that the carbon source present affected the levels of the reductive catabolic enzymes very little [133]. The induction of reductive pathway enzyme synthesis in PAO1 following growth on uracil as a nitrogen source was demonstrated [133]. Growth on thymine, dihydrouracil or dihydrothymine as a nitrogen source generally had little impact on the pyrimidine reductive pathway enzyme activity in PAO1 [133]. The products of the reductive pathway are β-alanine and β-aminoisobutyric acid, which are subject to transamination to release nitrogen for growth.



The pyrimidine base reductive catabolic enzymes dihydropyrimidine dehydrogenase and dihydropyrimidinase were found to be active in P. pseudoalcaligenes ATCC 17440 and P. alcaligenes ATCC 14909 grown on succinate as a carbon source and ammonium sulfate as a nitrogen source [122]. When asparagine was substituted for ammonium sulfate as a nitrogen source for the ATCC 17440 cells, the dehydrogenase and dihydropyrimidinase activity was elevated [122]. If cytosine, uracil, thymine or dihydrothymine served as a nitrogen source, dehydrogenase activity rose in ATCC 17440 cells by at least three-fold compared to its activity in ammonium sulfate-grown cells [122]. Relative to ammonium sulfate-grown ATCC 17440 cells, the dihydropyrimidinase activity increased by at least 27-fold when cytosine, uracil, thymine, dihydrouracil or dihydrothymine was considered [122]. In P. alcaligenes ATCC 14909, dehydrogenase and dihydropyrimidinase activity was measurable in asparagine-grown cells [122].




4.2. Pseudomonas chlororaphis Homology Group


Only a single study has explored pyrimidine base catabolism in P. chlororaphis ATCC 17414 [134], and it was shown that the reductive catabolic enzymes dihydropyrimidine dehydrogenase and dihydropyrimidinase were active in cells grown on glucose as a carbon source and ammonium sulfate as a nitrogen source [134]. It was found that the growth of ATCC 17414 on uracil, thymine, dihydrouracil or dihydrothymine as a nitrogen source and glucose as a carbon source increased the dihydropyrimidine dehydrogenase activity by at least 14-fold compared to its activity in ammonium sulfate-grown cells [134]. The growth of ATCC 17414 cells on uracil or dihydrothymine as a nitrogen source and glucose as a carbon source caused a 16.1-fold or 122-fold change, respectively, in dihydropyrimidinase activity relative to its activity in ammonium sulfate-grown cells [134]. In ATCC 17414 cells, uracil or dihydrothymine as a nitrogen source appeared responsible for stimulating pyrimidine degradation in P. chlororaphis [134].




4.3. Pseudomonas fluorescens Homology Group


A single study has examined pyrimidine base catabolism in P. fluorescens biotype A126 cells, and the three pyrimidine reductive pathway enzymes were active in cells grown on succinate as a carbon source and ammonium sulfate as a nitrogen source [135]. When uracil, dihydrouracil or β-aminoisobutyric acid served as a nitrogen source, succinate-grown cells showed at least a two-fold increase in dehydrogenase activity, compared to its activity in succinate-grown cells utilizing ammonium sulfate as a nitrogen source [135]. When succinate-grown biotype A126 cells utilized uracil, cytosine, thymine, dihydrouracil, dihydrothymine, β-alanine or β-aminoisobutyric acid as a nitrogen source, dihydropyrimidinase or β-ureidopropionase activity was elevated by more than two-fold or five-fold, respectively, relative to its activity in succinate-grown cells utilizing ammonium sulfate as a nitrogen source [135].




4.4. Pseudomonas putida Homology Group


It was determined that the reductive pathway enzymes of pyrimidine catabolism were active in P. putida ATCC 17536 [136]. When uracil or thymine served as a nitrogen source for succinate-grown ATCC 17536 cells, it was observed that dihydropyrimidine dehydrogenase activity increased by 4.6-fold or 2.6-fold, respectively, compared to its activity in succinate-grown cells using ammonium sulfate as a nitrogen source [136]. It has been determined that a pydR protein regulates the expression of dihydropyrimidine dehydrogenase synthesis in P. putida [137]. The dihydropyrimidinase activity in succinate-grown cells utilizing uracil, thymine, dihydrouracil or dihydrothymine as a nitrogen source increased by more than 12-fold relative to its activity in cells grown on ammonium sulfate as a nitrogen source [136]. It was seen that β-ureidopropionase activity more than doubled when uracil or β-alanine served as the nitrogen source for succinate-grown ATCC 17536 cells, compared to the amidohydrolase activity in ammonium sulfate-grown cells [136]. The induction of pyrimidine reductive pathway enzyme synthesis by growth on uracil as a nitrogen source in succinate-grown cells was confirmed [136]. It did appear that the activity of dihydropyrimidinase was elevated to a greater degree than the dehydrogenase or β-ureidopropionase activity when grown on pyrimidine bases or dihydropyrimidine bases as a source of nitrogen. In P. putida strain RU-KM3S, it was shown that dihydropyrimidinase and β-ureidopropionase were subject to transcriptional regulation by hydantoin induction, which was subject to carbon catabolite repression [138].





5. Conclusions


It can be concluded from a comparison of the regulation of pyrimidine biosynthesis, pyrimidine ribonucleoside metabolism or pyrimidine base catabolism in species of Pseudomonas, based on their taxonomic assignments involving RNA-DNA hybridization studies, that there is no correlation between metabolic regulation and taxonomic homology group assignment. Instead, there may be some similarities in the regulation of pyrimidine metabolism relative to the individual species within the homology group to which a species has been assigned. It may be that pyrimidine metabolism cannot be used for the taxonomic differentiation of Pseudomonas species. It should also be noted that far more studies have been conducted into the regulation of pyrimidine biosynthesis in Pseudomonas species than those that have explored pyrimidine ribonucleoside and base catabolism. There is a need for additional studies to be conducted into pyrimidine ribonucleoside and base catabolism in species of Pseudomonas if a more thorough analysis of any correlation between the regulation of pyrimidine ribonucleoside metabolism and its taxonomic assignment within a homology group can be made.
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Figure 1. Pyrimidine biosynthetic pathway and its enzymes. The enzymes include (1) aspartate transcarbamoylase; (2) dihydroorotase; (3) dihydroorotate dehydrogenase; (4) orotate phosphoribosyltransferase; and (5) orotidine 5′-monophosphate (OMP) decarboxylase. 
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Figure 2. Pyrimidine base, ribonucleoside and mononucleotide metabolism in Pseudomonas species and the catabolic enzymes involved in their metabolism. The enzymes include (1) pyrimidine nucleotide N-ribosidase; (2) nucleoside hydrolase; (3) cytosine deaminase; (4) dihydropyrimidine dehydrogenase; (5) dihydropyrimidinase; and (6) β-ureidopropionase. 
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Table 1. Comparison of pyrimidine biosynthetic activity profiles in the Pseudomonas aeruginosa DNA homology group. Abbreviations: AT, aspartate transcarbamoylase; DO, dihydroorotase; DD, dihydroorotate dehydrogenase; OP, orotate phosphoribosyltransferase; and OD, OMP decarboxylase. Number in parentheses following each enzyme listed under effect of uracil addition on carbon source glucose or succinate indicates relative activity in the cells compared to activity in unsupplemented cells. Number in parentheses following each enzyme listed under pyrimidine limitation (2 h) on carbon source glucose or succinate indicates relative activity in the cells compared to activity in uracil-grown cells. ND, not determined. Pseudomonas pseudoalcaligenes is unable to utilize glucose as a carbon source.
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Species

	
Effect of Uracil Addition on Carbon Source

	
Pyrimidine Limitation (2 h) on Carbon Source

	
Reference




	
Glucose

	
Succinate

	
Glucose

	
Succinate






	
P. aeruginosa

	
AT (0.7); DO (2.2);

DD (1.0); OP (0.8);

OD (0.7)

	
ND

	
AT (3.10); DO (0.4);

OP (1.7); OD (1.5)

	
ND

	
[85]




	
P. alcaligenes

	
AT (0.6); DO (1.7);

DD (1.0); OP (1.4);

OD (1.4)

	
AT (1.4); DO (1.0);

DD (1.1); OP (1.3);

OD (1.1)

	
AT (1.6); DO (2.8);

DD (0.7); OP (3.2);

OD (3.4)

	
AT (1.0); DO (0.6);

DD (0.7); OP (0.5);

OD (1.5)

	
[86]




	
P. citronellolis

	
AT (0.6); DO (0.6);

DD (1.0); OP (0.8);

OD (0.9)

	
AT (0.5); DO (0.5);

DD (0.8); OP (0.9);

OD (0.8)

	
AT (0.3); DO (4.0);

DD (6.3); OP (2.5)

	
AT (1.5); DO (2.1);

DD (1.8); OP (2.4)

	
[87]




	
P. mendocina

	
AT (0.6); DO (0.7);

DD (1.3); OP (0.6);

OD (0.7)

	
AT (0.8); DO (2.2);

DD (0.9); OP (0.8);

OD (0.6)

	
AT (0.2); DO (0.8);

DD (0.4); OP (3.6);

OD (1.5)

	
AT (0.7); DO (0.6);

DD (0.3); OP (0.5);

OD (0.6)

	
[88,89]




	
P. nitroreducens

	
AT (0.8); DO (0.8);

DD (0.6); OP (0.8);

OD (0.7)

	
AT (0.3); DO (0.9);

DD (0.3); OP (1.1);

OD (0.5)

	
AT (1.2); DO (10.4);

DD (6.0); OP (3.0);

OD (1.4)

	
AT (5.1); DO (4.4);

DD (1.8); OP (1.8);

OD (1.4)

	
[90]




	
P. pseudoalcaligenes

	
ND

	
AT (0.7); DO (2.2);

DD (1.0); OP (0.8);

OD (0.7)

	
ND

	
AT (0.7); DO (2.2);

DD (1.0); OP (0.8);

OD (0.7)

	
[91]




	
P. oleovorans

	
AT (1.5); DO (2.2);

DD (0.6); OP (0.4);

OD (0.6)

	
AT (1.2); DO (2.4);

DD (0.7); OP (1.2);

OD (1.4)

	
AT (0.2); DO (4.4);

DD (2.6); OP (5.0);

OD (2.5)

	
AT (0.5); DO (0.8);

DD (1.4); OP (1.0);

OD (1.1)

	
[92]




	
P. resinovorans

	
AT (0.6); DO (0.7);

DD (0.4); OP (1.0);

OD (0.8)

	
AT (0.5); DO (0.9);

DD (1.5); OP (1.0);

OD (1.0)

	
AT (1.5); DO (2.7);

DD (5.6); OP (2.2);

OD (1.6)

	
AT (2.5); DO (9.0);

DD (1.8); OP (2.5);

OD (3.3)

	
[94]











 





Table 2. Comparison of pyrimidine biosynthetic activity profiles in the Pseudomonas chlororaphis DNA homology group. Abbreviations: AT, aspartate transcarbamoylase; DO, dihydroorotase; DD, dihydroorotate dehydrogenase; OP, orotate phosphoribosyltransferase; and OD, OMP decarboxylase. Number in parentheses following each enzyme listed under effect of uracil addition on carbon source glucose or succinate indicates relative activity in the cells compared to activity in unsupplemented cells. Number in parentheses following each enzyme listed under pyrimidine limitation (2 h) on carbon source glucose or succinate indicates relative activity in the cells compared to activity in uracil-grown cells. ND, not determined. Pseudomonas fragi is unable to utilize succinate as a carbon source.
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Species

	
Effect of Uracil Addition on Carbon Source

	
Pyrimidine Limitation (2 h) on Carbon Source

	
Reference




	
Glucose

	
Succinate

	
Glucose

	
Succinate






	
P. aurantiaca

	
AT (1.1); DO (1.7);

DD (0.8); OP (0.5);

OD (0.7)

	
AT (0.4); DO (0.5);

DD (0.5); OP (0.6);

OD (0.4)

	
AT (0.7); DO (2.0);

DD (1.0); OD (16.3)

	
AT (0.4); DO (1.1);

DD (0.5); OD (4.2)

	
[97]




	
P. chloroaphis

	
AT (0.3); DO (0.8);

DD (1.1); OP (1.9);

OD (0.6)

	
AT (1.1); DO (0.6);

DD (0.9); OP (0.8);

OD (0.7)

	
AT (0.2); DO (0.2);

DD (0.3); OP (0.6)

	
AT (5.9); DO (4.5);

DD (12.6); OP (1.9)

	
[98]




	
P. fragi

	
AT (0.7); DO (0.8);

DD (1.5); OP (1.2);

OD (1.1)

	
ND

	
AT (1.2); DO (2.3);

DD (2.5); OP (2.0)

	
ND

	
[99]




	
P. lundensis

	
AT (0.8); DO (0.8);

DD (0.7); OP (0.9);

OD (1.5)

	
AT (1.2); DO (1.1);

DD (0.4); OP (1.5);

OD (1.4)

	
AT (1.4); DO (3.1);

DD (3.1); OP (1.6);

OD (4.4)

	
AT (0.4); DO (1.2);

DD (2.0); OP (7.0);

OD (3.2)

	
[100]




	
P. taetrolens

	
ND

	
AT (1.2); DO (0.6);

DD (0.8); OP (1.0);

OD (0.9)

	
ND

	
AT (0.7); DO (2.3);

DD (0.9); OP (1.6)

	
[101]











 





Table 3. Comparison of pyrimidine biosynthetic activity profiles in the Pseudomonas fluorescens DNA homology group. Abbreviations: AT, aspartate transcarbamoylase; DO, dihydroorotase; DD, dihydroorotate dehydrogenase; OP, orotate phosphoribosyltransferase; and OD, OMP decarboxylase. Number in parentheses following each enzyme listed under effect of uracil addition on carbon source glucose or succinate indicates relative activity in the cells compared to activity in unsupplemented cells. Number in parentheses following each enzyme listed under pyrimidine limitation (2 h) on carbon source glucose or succinate indicates relative activity in the cells compared to activity in uracil-grown cells.
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Species

	
Effect of Uracil Addition on Carbon Source

	
Pyrimidine Limitation (2 h) on Carbon Source

	
Reference




	
Glucose

	
Succinate

	
Glucose

	
Succinate






	
P. fluorescens

	
AT (0.8); DO (1.0);

DD (1.5); OP (1.2);

OD (0.7)

	
AT (0.9); DO (1.2);

DD (1.2); OP (0.5);

OD (0.8)

	
AT (1.2); DO (1.3);

OP (0.4); OD (0.9)

OD (1.4)

	
AT (1.0); DO (0.5);

OP (0.4); OD (14.0)

OD (2.4)

	
[103]




	
P. jessenii

	
AT (0.8); DO (1.0);

DD (0.9); OP (0.7);

OD (0.9)

	
AT (0.4); DO (0.5);

DD (0.4); OP (1.0);

OD (0.6)

	
AT (1.9); DO (1.9);

DD (0.8); OP (0.7);

OD (1.4)

	
AT (1.9); DO (2.2);

DD (0.8); OP (2.2);

OD (1.2)

	
[105]




	
P. mucidolens

	
AT (0.7); DO (1.0);

DD (0.6); OP (0.6);

OD (0.6)

	
AT (0.9); DO (1.4);

DD (1.1); OP (1.3);

OD (1.7)

	
AT (5.8); DO (3.2);

DD (2.3); OP (1.4);

OD (2.7)

	
AT (1.0); DO (2.8);

DD (2.9); OP (1.4);

OD (1.5)

	
[106]




	
P. reptilivora

	
AT (1.0); DO (2.8);

DD (1.1); OP (0.8);

OD (0.9)

	
AT (0.5); DO (2.4);

DD (0.6); OP (1.0);

OD (0.8)

	
DO (5.0); DD (0.7)

OP (1.7); OD (2.1)

	
DO (6.4); DD (0.5)

OP (2.5); OD (2.2)

	
[107]




	
P. synxantha

	
AT (0.9); DO (1.7);

DD (0.9); OP (1.2);

OD (0.5)

	
AT (0.9); DO (1.0);

DD (0.3); OP (01.1);

OD (0.5)

	
AT (0.4); DO (0.8);

DD (1.3); OP (1.0);

OD (1.8)

	
AT (1.2); DO (2.8);

DD (1.6); OP (0.6);

OD (1.6)

	
[108]




	
P. veronii

	
AT (0.7); DO (0.5);

DD (0.9); OP (0.8);

OD (1.1)

	
AT (1.1); DO (1.3);

DD (1.3); OP (1.0);

OD (2.8)

	
AT (2.0); DO (2.2);

DD (2.4); OP (2.0)

	
AT (1.3); DO (1.8);

DD (1.2); OP (1.4)

	
[109]











 





Table 4. Comparison of pyrimidine biosynthetic activity profiles in the Pseudomonas putida DNA homology group. Abbreviations: AT, aspartate transcarbamoylase; DO, dihydroorotase; DD, dihydroorotate dehydrogenase; OP, orotate phosphoribosyltransferase; and OD, OMP decarboxylase. Number in parentheses following each enzyme listed under effect of uracil addition on carbon source glucose or succinate indicates relative activity in the cells compared to activity in unsupplemented cells. Number in parentheses following each enzyme listed under pyrimidine limitation (2 h) on carbon source glucose or succinate indicates relative activity in the cells compared to activity in uracil-grown cells.
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Species

	
Effect of Uracil Addition on Carbon Source

	
Pyrimidine Limitation (2 h) on Carbon Source

	
Reference




	
Glucose

	
Succinate

	
Glucose

	
Succinate






	
P. putida

	
AT (0.7); DO (0.6);

DD (0.4); OP (0.7);

OD (0.6)

	
AT (0.