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Shewanella oneidensis MR-1 is a facultative anaerobe known for its ability to reduce metal oxides. Anaerobic respiration, especially metal reduction, has been the subject of extensive research. In contrast, S. oneidensis aerobic respiration has received less attention. S. oneidensis expresses cbb3- and aa3-type cytochrome c oxidases and a bd-type quinol oxidase. The aa3-type oxidase, which in other bacteria is the major oxygen reductase under oxygen replete conditions, does not appear to contribute to aerobic respiration and growth in S. oneidensis. Our results indicated that although the aa3-type oxidase does not play a role in aerobic growth on lactate, the preferred carbon source for S. oneidensis, it is involved in growth on pyruvate or acetate. These results highlight the importance of testing multiple carbon and energy sources when attempting to identify enzyme activities and mutant phenotypes. Several regulatory proteins contribute to the regulation of aerobic growth in S. oneidensis including CRP and ArcA. The 3',5'-cAMP phosphodiesterase (CpdA) appears to play a more significant role in aerobic growth than either CRP or ArcA, yet the deficiency does not appear to be the result of reduced oxidase genes expression. Interestingly, the ∆cpdA mutant was more deficient in aerobic respiration with several carbon sources tested compared to ∆crp, which was moderately deficient only in the presence of lactate. To identify the reason for ∆cpdA aerobic growth deficiency, we isolated a suppressor mutant with transposon insertion in SO_3550. Inactivation of this gene, which encodes an anti-sigma factor, restored aerobic growth in the cpdA mutant to wild-type levels. Inactivation of SO_3550 in wild-type cells, however, did not affect aerobic growth. The S. oneidensis genome encodes two additional CRP-like proteins that we designated CrpB and CrpC. Mutants that lack crpB and crpC were deficient in aerobic growth, but this deficiency was not due to the loss of oxidase gene expression.
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INTRODUCTION

Shewanella oneidensis MR-1 is a Gram-negative facultative anaerobe found mostly at the oxic/anoxic interface in freshwater environments. The ability of S. oneidensis to thrive in such environments is attributed to its extreme respiratory versatility with regard to electron acceptors, which include oxygen, radionuclides, elemental sulfur, and metal oxides (Fredrickson et al., 2008). The ability to use metals as terminal electron acceptors has spurred research into electricity generation by S. oneidensis. The location of c-type cytochromes, such as MtrC, on the outer cell surface (Beliaev et al., 2001) and the ability to reduce metal oxides made S. oneidensis and other metal reducing bacteria attractive candidates to study electricity production in microbial fuel cells (Bouhenni et al., 2010; Bretschger et al., 2010).

In addition to the anaerobic reductases, S. oneidensis expresses three terminal aerobic oxidases. These are encoded by the cco operon (SO_2364–2357), the cox genes (SO_4606–4609), and cydABX (SO_3286–3284). The cco and cox operons encode the cbb3- and aa3-type enzymes that belong to the heme-copper oxidase (HCO) family, while cydAB encodes a bd-type quinol oxidase (Borisov et al., 2011; Sousa et al., 2012; Le Laz et al., 2014).

Type A HCO or aa3-type cytochrome c oxidases have low oxygen affinity, and in many organisms, they are the primary enzymes used when oxygen is readily available (Ludwig, 1987; García-Horsman et al., 1994). In contrast, the cbb3-type cytochrome c oxidase has high affinity for oxygen, and it is the primary enzyme used under microaerobic conditions (Pitcher and Watmough, 2004; Buschmann et al., 2010). The bd-type enzymes are quinol oxidases that have a high affinity for oxygen, and as such, function under microaerobic conditions (Borisov et al., 2011).

The S. oneidensis aerobic oxidases do not appear to function under the same environmental conditions as their counterparts in other bacteria. The cbb3-type cytochrome oxidase, in addition to the bd quinol oxidase, appears to play a major role in aerobic respiration. Mutants deficient in cbb3-type cytochrome oxidase grew slower than the wild type, while loss of bd quinol oxidase did not have an effect on aerobic growth, suggesting that the cbb3-type enzyme is the major oxidase under aerobic conditions (Gao et al., 2010; Kouzuma et al., 2012; Le Laz et al., 2014). Mutants that lack aa3-type cytochrome c oxidase had no effect on aerobic growth and the lack of detectable enzyme activity in wild-type cells suggested that it may not be expressed (Le Laz et al., 2014). A recent report, however, showed that the S. oneidensis aa3-type cytochrome c oxidase is expressed under highly aerobic conditions and carbon starvation (Le Laz et al., 2016).

The cAMP-receptor protein CRP is a global regulatory protein that controls the expression of many of the anaerobic reductase genes (Pitcher and Watmough, 2004; Charania et al., 2009). ∆crp mutant is completely deficient in anaerobic growth with several electron acceptors and is slightly impaired in aerobic growth (Saffarini et al., 2003; Kasai et al., 2017). Three adenylate cyclases and one phosphodiesterase (CpdA) regulate cellular cAMP levels (Charania et al., 2009; Yin et al., 2016). Interestingly, mutants deficient in adenylate cyclase activity are deficient in anaerobic respiration, while a mutant that lacks CpdA is deficient in aerobic respiration (Charania et al., 2009; Yin et al., 2016). The work presented in this paper suggests that the aa3-type and cbb3-type cytochrome oxidases are involved in aerobic respiration when pyruvate and acetate are used as carbon sources. Furthermore, our results suggest that the aerobic growth deficiency observed in ∆cpdA is not due to the loss of cytochrome c oxidases, and this deficiency can be suppressed by a mutation in a putative anti-sigma factor.



MATERIALS AND METHODS


Bacterial Strains and Growth Conditions

The bacterial strains and plasmids used in this study are listed in Table 1. S. oneidensis MR-1 and Escherichia coli cells were cultured aerobically in lysogeny broth (LB) at 30 and 37°C, respectively. Antibiotics (20mg/ml chloramphenicol, 25mg/ml kanamycin, and 25mg/ml gentamycin) were added as needed. For anaerobic growth, S. oneidensis cells were grown in basal medium supplemented with 50mM lactate, 0.02% casamino acids, and 10mM of either fumarate or DMSO (Saffarini et al., 2003). Anaerobic growth was performed in Hungate tubes and monitored at A600. To test aerobic growth, the mutants and the wild type were grown with vigorous shaking in 500ml flasks containing 50ml basal medium supplemented with 0.01% casamino acids, and 30 or 50mM of the indicated carbon source. For some experiments, growth was carried out in 24 well plates containing 600μl basal medium supplemented as above. Optical density was measured using the Tecan Infinite® m200 PRO plate reader.



TABLE 1. List of strains and plasmids used in this study.
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Generation of Chromosomal Deletion Mutants

Chromosomal gene deletions were performed as described previously (Shirodkar et al., 2011). 1kb fragments flanking the gene(s) of interest were amplified using Phusion polymerase (New England Biolabs) and the primers listed in Supplementary Table S1. The fragments were amplified, digested, and then ligated before cloning into the SmaI site of the suicide vector pER21 (Table 1). Plasmids carrying the insert of interest were used to transform E. coli β2155 cells (Dehio and Meyer, 1997) by electroporation and then transferred to S. oneidensis MR-1 strains by conjugation. Mutants with chromosomal deletions were selected on 5% sucrose plates then screened by PCR to verify deletion of the target gene.



Promoter-Activity Assays

DNA fragments directly upstream of the genes of interest were amplified from genomic DNA by PCR using Phusion polymerase and the primers listed in Supplementary Table S1. HindIII and BamHI restriction sites were included in the primer design. The amplified fragments were digested and cloned into pMC10 (Shroff et al., 2010). Following transformation of E. coli β2155 (Dehio and Meyer, 1997), the plasmids were transferred into wild-type and mutant strains by conjugation. Cultures were assayed for β-galactosidase activity essentially as previously described (Miller, 1972).



cAMP Detection Assay

Shewanella oneidensis strains grown in LB overnight were diluted 1:8 with basal medium supplemented with 50mM lactate and 0.02% casamino acids and used to grow cultures aerobically and anaerobically. For anaerobic growth, cultures were supplemented with 10mM fumarate or 10mM DMSO and incubated anaerobically in sealed serum vials for 3h. For aerobic growth, 50ml cultures in 2liter flasks were grown for 3h with vigorous shaking. Cells were then pelleted and lysed by boiling in phosphate buffered saline. The supernatants from the boiled samples were used to measure intracellular cAMP using the Fluorescent HitHunter cAMP detection kit (GE-Healthcare). Protein concentrations in equivalent culture samples were determined using the BCA assay reagents (Thermo Scientific). Spent media from both aerobic and anaerobic cultures were filtered with a 0.22μm filter then used to measure extracellular cAMP levels.



Generation of ∆cpdA Suppressor Mutant

Transposon mutants in a ∆cpdA background were generated using pminiHimar RB1 (Bouhenni et al., 2005). The plasmid was transferred into S. oneidensis by conjugation. Mutants were selected on basal medium agar supplemented with 30mM lactate, 0.01% casamino acids, and 25μg/ml kanamycin. Chromosomal DNA was isolated, digested with BamHI, re-ligated, and used to transform E. coli EC100D+. Plasmid DNA was sequenced by Eurofins Scientific using the primer 615 (Supplementary Table S1). The resulting sequences were analyzed, and mutants of interest were selected for further study. Insertional inactivation of the gene of interest was achieved by cloning an internal fragment of 500bp into the suicide plasmid pER21 (Bouhenni et al., 2010). The resulting plasmid was transferred into wild-type MR-1 and ∆cpdA by conjugation. Mutants were selected on LB agar plates supplemented with 25mg/ml gentamycin.




RESULTS


The Effect of Carbon Source on Growth of S. oneidensis Oxidase Mutants

To understand the role of the S. oneidensis oxidases, we generated mutants that lack the cco, cox, and cyd operons that encode the cbb3-type oxidase, aa3-type oxidase, and bd quinol oxidase, respectively. The mutants were tested for growth using lactate, pyruvate, or acetate as carbon and energy sources. In the absence of oxygen, with either fumarate or DMSO as electron acceptors, all mutants grew similar to the wild type when lactate was used as the carbon source (Figure 1). The ∆cco mutant was slightly deficient in anaerobic growth with DMSO and fumarate when pyruvate was the sole carbon source and electron donor. Growth of the other oxidase mutants tested was indistinguishable from that of the wild type (Figure 2 and data not shown).
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FIGURE 1. Anaerobic growth of oxidase mutants in lactate-minimal medium with fumarate (A) and DMSO (B). None of the mutants exhibited growth deficiencies under the conditions tested. The data are the means and standard deviations of three independent experiments.


[image: Figure 2]

FIGURE 2. Anaerobic growth of oxidase mutants with fumarate (A) and DMSO (B) as electron acceptors and pyruvate as the carbon source. ∆cox grew similar to the wild type, while ∆cco had a moderate growth deficiency with both electron acceptors. ∆cyd mutant grew similar to the wild type but is not shown for clarity. The data are the means and standard deviations of three independent experiments.


Single and double oxidase mutants were tested for aerobic growth using different carbon sources. In the presence of lactate, deletion of cco genes slowed growth of the mutant, whereas deletion of the other oxidase genes had no effect (Figure 3A). The estimated doubling time of ∆cco mutant was 6.7h. The doubling time of ∆cyd, ∆cox, and wild-type strains ranged between 5.0 and 5.4h. In contrast, significant growth deficiencies were observed in cco and cox single and double mutants when grown with acetate or pyruvate (Figures 3B,C). Overall, growth is slower when acetate or pyruvate are used as sole carbon sources, likely exacerbating the deficiency phenotype. In the presence of acetate, the doubling time of ∆cco, ∆cox, and ∆cco∆cox mutants was 1.35, 1.3, and 1.5 times that of the wild type, respectively. A similar growth pattern was seen when the mutants were grown aerobically with pyruvate. It is noteworthy that the deficiency of the double ∆cco∆cox was more pronounced with a doubling time almost twice that of the wild type. Introduction of cox genes into the double mutant restored its ability to grow similar to the single ∆cco mutant (Figure 3C). These results suggest that the aa3-type oxidase is functional in S. oneidensis, but its activity and contribution to aerobic growth may depend on the energy and carbon source that the bacterium uses.

[image: Figure 3]

FIGURE 3. Aerobic growth of S. oneidensis wild-type and oxidase mutants with lactate (A), acetate (B), and pyruvate (C). Both ∆cco and ∆cco∆cox mutants were more deficient in growth with acetate and pyruvate than with lactate. ∆cyd mutant grew similar to the wild type but is not shown for clarity. The data are the means and standard deviations of three independent experiments.




The Role of CRP and CpdA in Aerobic Growth

The function of CpdA (SO_3901) as a cAMP phosphodiesterase has been previously described (Yin et al., 2016; Kasai et al., 2018). We generated a ∆cpdA mutant and tested for cAMP levels and growth phenotypes. In aerobically grown cells, intracellular cAMP increased from 28.9±3.1 pmoles/mg protein in the wild type to 106.2±20.3 pmoles/mg protein in ∆cpdA. Similarly, higher extracellular cAMP concentrations were consistently detected in the ∆cpdA mutant than in the wild type (26.5±3.3 and 13.8±2.5 nmoles/mg protein, respectively). These results are in agreement with the previously reported role of CpdA as a cAMP phosphodiesterase (Yin et al., 2016; Kasai et al., 2018). Because cAMP is required for CRP activation, we reasoned that a cpdA mutation will affect anaerobic respiration. Growth of ∆cpdA in lactate-basal medium with fumarate or DMSO was similar to the wild type but appeared to reach stationary phase at a lower cell density than the wild type (Supplementary Figure S1 and data not shown). Growth of ∆cpdA was also tested aerobically in rich and minimal media. We did not detect a growth deficiency when the mutant was grown aerobically in LB (data not shown). However, the mutant grew poorly in minimal medium supplemented with lactate (Figure 4). These results are in agreement with the findings of Kasai et al. (2018). We further tested aerobic growth of ∆cpdA and complemented mutant in the presence of pyruvate and acetate (Figure 4 and Supplementary Figure S2). The mutant was deficient in aerobic growth in the presence of these carbon sources and complementation restored its ability to grow similar to the wild type (Figure 4 and data not shown).
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FIGURE 4. Aerobic growth of wild type, ∆cpdA, and complemented mutant (∆cpdAC) in basal medium supplemented with lactate (A) or pyruvate (B). Complementation of ∆cpdA restored its ability to grow with both carbon sources. Legend applies to A and B. The data are the means and standard deviations of three independent experiments.


Although S. oneidensis CRP is best known for its role in the regulation of anaerobic respiration, it appears to have an effect on aerobic respiration. To further investigate the role of CRP in this process, we monitored aerobic growth of wild type and ∆crp mutant in the presence of different carbon sources. In the presence of lactate, the ∆crp mutant exhibited a slight deficiency in growth compared to the wild type (Supplementary Figure S2). This deficiency was not observed when acetate or pyruvate was used as carbon sources or when the mutant was grown in rich medium, such as LB (Supplementary Figure S2 and data not shown). This result was surprising, and it is not clear why the crp mutant exhibits growth deficiencies with lactate but not with other carbon sources.

Previous reports suggested the positive regulation of cco and cyd genes by CRP and CpdA (Yin et al., 2016). A more recent microarray analysis suggested that CpdA does not an effect expression of these two oxidases (Kasai et al., 2018). Using lacZ-promoter fusions, we tested the expression of cco and cyd genes in ∆crp and ∆cpdA. Our results indicate that CpdA and CRP do not affect the expression of the cco operon (Figure 5). Furthermore, loss of CRP, but not CpdA, led to reduced expression of cydAB indicating that this operon is positively regulated by CRP (Figure 5).

[image: Figure 5]

FIGURE 5. ß-galactosidase activity (in Miller relative to WT) of cco (A) and cyd (B) promoter-lacZ fusions under aerobic conditions in basal medium supplemented with 30mM lactate and 0.01% casamino acids.




Isolation of a ∆cpdA Suppressor Mutant

To identify the reason for ∆cpdA growth deficiency under aerobic but not anaerobic conditions, we isolated a transposon mutant in a ∆cpdA background that grew in basal medium under aerobic conditions similar to the wild type (Figure 6). Sequence analysis identified a transposon insertion in SO_3550, which is predicted to encode an anti-sigma factor and is in an operon with SO_3551 that encodes a putative extracytoplasmic function (ECF) sigma factor. To confirm that the ability of ∆cpdA SO-3550::himar to grow in minimal medium aerobically was due to inactivation of SO_3550, we generated an insertional mutation in this gene in a ∆cpdA background. Inactivation of SO_3550 in ∆cpdA restored the mutant’s ability to grow aerobically in minimal medium (Figure 6). Insertional inactivation of SO_3550 was also performed in wild-type MR-1 in an attempt to identify SO_3550 function. However, analysis of the resulting mutant did not reveal any growth deficiencies under the conditions we tested (Figure 6).

[image: Figure 6]

FIGURE 6. Aerobic growth of wild-type Shewanella oneidensis and ∆cpdA strains in basal medium supplemented with 30mM lactate and 0.01% casamino acids. Insertional inactivation of SO_3550 in ∆cpdA allowed the phosphodiesterase mutant to recover its ability to grow aerobically in minimal media. Inactivation of SO_3550 in wild-type MR-1 did not affect the ability of the mutant to grow aerobically. The data are the means and standard deviations of three independent experiments.




Identification of Putative cAMP-Binding Proteins Involved in Aerobic Respiration

In addition to CRP, the S. oneidensis genome contains two genes, SO_2550 and SO_2551, that we designated crpB and crpC, respectively. These genes are separated by 125 nucleotides. Sequence analysis identified putative nucleotide and DNA-binding domains with similarity to CRP-like proteins. Single and double chromosomal deletion mutants were generated and tested for aerobic growth with different electron acceptors. ∆crpC grew aerobically with all carbon sources tested. Similarly, a mutant that lacks cprB did not exhibit any aerobic growth deficiency. In contrast, a strain that lacked both genes was deficient in aerobic growth with lactate, pyruvate, and acetate. These results suggest that crpB and crpC may be redundant and both play a role in aerobic growth. Complementation of the mutants restored their ability to grow with all carbon sources tested (Figure 7). Since the double ∆crpB ∆crpC mutant was deficient in aerobic growth, we tested it for expression of cco and cyd genes using promoter-lacZ fusions. There was no detectable difference in ß-galactosidase activity in the mutant compared to the wild type, suggesting that neither CrpB nor CrpC regulate the expression of the cco and cyd genes (Supplementary Figure S3).

[image: Figure 7]

FIGURE 7. Aerobic growth of wild type, ∆crpB and ∆crpC with lactate as the carbon source. Loss of both genes resulted in slow growth compared to the wild type. Growth was restored to wild-type levels by the introduction of crpC. Complementation was also achieved by the introduction of crpB and crpC on a plasmid (data not shown). The data are the means and standard deviations of three independent experiments.





DISCUSSION

Shewanella oneidensis exhibits amazing respiratory versatility that allows it to survive in the changing oxic/anoxic interface of aquatic environments. At least 14 terminal electron acceptors have been identified and many anaerobic terminal reductases and reduction pathways have been elucidated (Beliaev et al., 2002; Fredrickson et al., 2008; Gao et al., 2009; Shirodkar et al., 2011; Brockman et al., 2020). For aerobic respiration, three terminal oxidases have been identified. The cbb3-type is active under oxygen replete conditions and appears to be the major oxidase (Le Laz et al., 2014) while the bd-type quinol oxidase, encoded by cydAB, functions under microaerobic conditions and early stationary phase (Zhou et al., 2013; Le Laz et al., 2014). The function of the aa3-type was more difficult to identify. Earlier reports suggested this cytochrome c oxidase does not play a role in aerobic respiration and may not be expressed (Zhou et al., 2013). Biochemical analysis failed to detect aa3-type oxidase in aerobic cells grown in rich media (Le Laz et al., 2014), but the enzyme was detectable in cells grown in minimal medium but starved for nutrients similar to the Pseudomonas aeruginosa aa3-type oxidase (Kawakami et al., 2010; Le Laz et al., 2016; Osamura et al., 2017). Kouzuma et al. (2012) isolated a mutant deficient in the aa3- and cbb3-type oxidases that grew slower than the wild type or the single mutants on lactate (Kouzuma et al., 2012) suggesting that the aa3-type cytochrome c oxidase activity is not confined to conditions of extreme nutrient stress. Our results support this prediction. In defined minimal media supplemented with lactate, little difference was observed between the wild-type and the single oxidase mutants (Figure 3). However, the growth patterns of these mutants appear to change dramatically in the presence of other carbon courses. The ∆cco mutant was clearly deficient in aerobic growth with pyruvate and acetate. The ∆cox mutant had a significant deficiency when grown with acetate, and the double ∆cco∆cox was noticeably deficient in growth in the presence of both carbon sources (Figure 3). Lactate is the preferred carbon source for S. oneidensis and in its presence, acetate metabolism is inhibited (Tang et al., 2007). Based on the results presented in this paper and work from others, we propose that the S. oneidensis aa3-type cytochrome oxidase is active under nutrient stress in the absence of its preferred carbon source. It may be that expression of aa3-type cytochrome oxidase constitutes part of a stress response to nutrient or oxidative stress conditions. We also observed that the ∆cco strain was mildly deficient in anaerobic growth with fumarate & DMSO as electron acceptors (Figure 2). This result backs the findings of Gao et al. (2010) who observed that the ∆cco mutant was deficient in Uranium reduction.

Carbon metabolism in E. coli and other bacteria is regulated by the cAMP-receptor protein CRP (Guest, 1992). In S. oneidensis and its close relative Shewanella ANA-3, CRP regulates anaerobic respiration (Saffarini et al., 2003). S. oneidensis ∆crp mutants were deficient in aerobic growth with lactate but were not significantly deficient with acetate or pyruvate (Kasai et al., 2017 and Supplementary Figure S2). The aerobic growth deficiency in ∆crp does not appear to be due to loss of oxidase genes since expression of the cco operon is not affected by loss of CRP (Figure 5). cydAB expression was downregulated in ∆crp, but because loss of cydAB does not significantly affect aerobic growth, we do not expect this regulation to be the reason for the crp mutant deficiency. In addition to CRP, ArcA, which regulates anaerobic DMSO reduction in S. oneidensis, appears to be involved in aerobic growth. arcA mutants grow slower than the wild type under aerobic conditions (Gralnick et al., 2005; Shroff et al., 2010). These results are surprising because ArcA appears to negatively regulate cco gene expression under both aerobic and anaerobic conditions (Figure 5 and Shroff et al., 2010).

cAMP phosphodiesterases regulate gene expression by controlling intracellular cAMP levels. These enzymes are involved in colony size, virulence, regulation of carbon metabolism, and biofilm formation among others (for review see Matange, 2015). Their function can be dependent or independent from the cAMP-receptor protein and may include hydrolysis of other cyclic nuclides, such as cGMP (Matange, 2015). S. oneidensis CpdA hydrolyzes cAMP and cyclic di-GMP (This work; Yin et al., 2016; Kasai et al., 2018). Although S. oneidensis CpdA is involved in the regulation of cAMP levels under both aerobic and anaerobic conditions, it does not appear to play a significant role in anaerobic growth, unlike CRP (Supplementary Figure S1). In contrast, S. oneidensis cpdA mutants are deficient in aerobic growth. This deficiency was observed in minimal (Figure 4) but not in rich media (Kasai et al., 2018). Although previous reports suggested that CpdA positively regulates the expression of aerobic oxidase genes, our results (Figure 5) and those of Kasai et al. (2018) indicated that expression of the oxidase genes was not affected in ∆cpdA. In fact, the aerobic growth deficiency in cpdA mutant can be complemented by the addition of casamino acids (Supplementary Figure S4 and Kasai et al., 2018). It is interesting to note that growth of ∆cpdA with 0.2% casamino acids was similar to growth of the wild type with 0.05% casamino acids. This suggests that the mutant, although it can be complemented with casamino acids, is still deficient compared to the wild type (Supplementary Figure S4).

To further understand the role of CpdA in aerobic respiration, we isolated a suppressor mutant of cpdA with an insertion in SO_3550 that is predicted to encode an anti-sigma factor. This gene is located downstream of SO_3551, which is predicted to encode an ECF sigma factor. The two genes appear to be arranged in an operon with another ORF (SO_3552). Since SO_3550 is the last gene in the presumptive operon, its disruption is not expected to affect the expression of the two other ORFs, suggesting that loss of only the anti-sigma factor is sufficient to restore aerobic growth to the cpdA mutant to almost wild-type levels (Figure 6). The function of SO_3550 is not clear. We attempted to identify its function by inactivating this gene in the wild-type strain, but we did not detect a deficiency in growth when compared to the wild type. It is intriguing that SO_3550 is adjacent to an ECF sigma factor gene and that sequence analysis predicts possible regulation of this operon by CRP. The microarray data presented by Kasai et al. (2018) do not indicate up- or downregulation of any of the five MR-1 ECF sigma factors or their cognate anti-sigma factors in the ∆cpdA mutant (Kasai et al., 2018). Therefore, the action of this anti-sigma factor and its cognate sigma may not be directly affected by cpdA. ECF sigma factors are typically activated in response to stress. In view of the fact that ∆cpdA growth deficiency can be ameliorated by either the addition of amino acids (Supplementary Figure S4 and Kasai et al., 2018) or inactivation of SO_3550, we suggest that the growth deficiency may be due to energy stress and lack of sufficient ATP. This may be reflected in the downregulation of amino acid biosynthesis genes in ∆cpdA (Kasai et al., 2018). In the absence of a cAMP phosphodiesterase, the cell accumulates cAMP and may deplete ATP normally used for biosynthesis and growth. Inactivation of SO_3550 is predicted to activate the ECF sigma factor SO_3551. SO_3551 may modulate the function of a subset of adenylate cyclases under stress conditions or play a role in the regulating of amino acid metabolism. Clearly, additional work is needed to elucidate the function of SO_3550 and its putative cognate sigma factor SO_3551.

Many S. oneidensis genes exhibit redundancy. Genes involved in metal reduction, for example, have multiple homologs in the genome. There are three adenylate cyclases whose functions appear to be partially redundant. There is also redundancy in the function of terminal oxidases, such as the cbb3- and bd- type oxidases. CRP is no exception. The S. oneidensis genome encodes two putative cAMP-receptor-like proteins. Similar to CRP and ArcA, CrpB and CrpC play a role in aerobic growth (Figure 7) but do not appear to have an effect on the expression of terminal aerobic oxidase genes (Supplementary Figure S3). We suggest that these CRP-like proteins have a role in carbon metabolism similar to CRP (Kasai et al., 2017). The results presented here add to our knowledge of the mechanisms of aerobic respiration in S. oneidensis, but also add new elements to the complexity of the process. Clearly additional work is needed to understand how S. oneidensis regulates growth and respiration in its environment.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, and further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

KB generated oxidase mutants and analyzed the mutant’s phenotypes and gene expression. AB generated cpdA mutant, measured cAMP level in aerobic and anaerobic cells, and analyzed the mutant’s phenotypes. DS conceived the project, performed growth experiments, and wrote the manuscript. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

The authors acknowledge the support of the Department of Energy (DE-FG02-07ER64382) and thank Marwan McBride for experimental assistance.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at https://www.frontiersin.org/articles/10.3389/fmicb.2021.723835/full#supplementary-material



REFERENCES

 Beliaev, A. S., Saffarini, D. A., McLaughlin, J. L., and Hunnicutt, D. (2001). MtrC, an outer membrane decahaem c cytochrome required for metal reduction in Shewanella putrefaciens MR-1. Mol. Microbiol. 39, 722–730. doi: 10.1046/j.1365-2958.2001.02257.x 

 Beliaev, A. S., Thompson, D. K., Khare, T., Lim, H., Brandt, C. C., Li, G., et al. (2002). Gene and protein expression profiles of Shewanella oneidensis during anaerobic growth with different electron acceptors. Omics J. Integr. Biol. 6, 39–60. doi: 10.1089/15362310252780834

 Borisov, V. B., Gennis, R. B., Hemp, J., and Verkhovsky, M. I. (2011). The cytochrome bd respiratory oxygen reductases. Biochim. Biophys. Acta BBA-Bioenerg. 1807, 1398–1413. doi: 10.1016/j.bbabio.2011.06.016 

 Bouhenni, R., Gehrke, A., and Saffarini, D. (2005). Identification of genes involved in cytochrome c biogenesis in Shewanella oneidensis, using a modified mariner transposon. Appl. Environ. Microbiol. 71, 4935–4937. doi: 10.1128/AEM.71.8.4935-4937.2005 

 Bouhenni, R. A., Vora, G. J., Biffinger, J. C., Shirodkar, S., Brockman, K., Ray, R., et al. (2010). The role of Shewanella oneidensis MR-1 outer surface structures in extracellular electron transfer. Electroanal. Int. J. Devoted Fundam. Pract. Asp. Electroanal. 22, 856–864. doi: 10.1002/elan.200880006

 Bretschger, O., Cheung, A. C., Mansfeld, F., and Nealson, K. H. (2010). Comparative microbial fuel cell evaluations of Shewanella spp. Electroanal. Int. J. Devoted Fundam. Pract. Asp. Electroanal. 22, 883–894. doi: 10.1002/elan.200800016

 Brockman, K. L., Shirodkar, S., Croft, T. J., Banerjee, R., and Saffarini, D. A. (2020). Regulation and maturation of the Shewanella oneidensis Sulfite reductase SirA. Sci. Rep. 10, 1–12. doi: 10.1038/s41598-020-57587-6

 Buschmann, S., Warkentin, E., Xie, H., Langer, J. D., Ermler, U., and Michel, H. (2010). The structure of cbb3 cytochrome oxidase provides insights into proton pumping. Science 329, 327–330. doi: 10.1126/science.1187303 

 Charania, M. A., Brockman, K. L., Zhang, Y., Banerjee, A., Pinchuk, G. E., Fredrickson, J. K., et al. (2009). Involvement of a membrane-bound class III adenylate cyclase in regulation of anaerobic respiration in Shewanella oneidensis MR-1. J. Bacteriol. 191, 4298–4306. doi: 10.1128/JB.01829-08 

 Dehio, C., and Meyer, M. (1997). Maintenance of broad-host-range incompatibility group P and group Q plasmids and transposition of Tn5 in Bartonella henselae following conjugal plasmid transfer from Escherichia coli. J. Bacteriol. 179, 538–540. doi: 10.1128/jb.179.2.538-540.1997 

 Fredrickson, J. K., Romine, M. F., Beliaev, A. S., Auchtung, J. M., Driscoll, M. E., Gardner, T. S., et al. (2008). Towards environmental systems biology of Shewanella. Nat. Rev. Microbiol. 6, 592–603. doi: 10.1038/nrmicro1947 

 Gao, H., Barua, S., Liang, Y., Wu, L., Dong, Y., Reed, S., et al. (2010). Impacts of Shewanella oneidensis c-type cytochromes on aerobic and anaerobic respiration. Microb. Biotechnol. 3, 455–466. doi: 10.1111/j.1751-7915.2010.00181.x 

 Gao, H., Yang, Z. K., Barua, S., Reed, S. B., Romine, M. F., Nealson, K. H., et al. (2009). Reduction of nitrate in Shewanella oneidensis depends on atypical NAP and NRF systems with NapB as a preferred electron transport protein from CymA to NapA. ISME J. 3, 966–976. doi: 10.1038/ismej.2009.40 

 García-Horsman, J. A., Barquera, B., Rumbley, J., Ma, J., and Gennis, R. B. (1994). The superfamily of heme-copper respiratory oxidases. J. Bacteriol. 176:5587. doi: 10.1128/jb.176.18.5587-5600.1994 

 Gralnick, J. A., Brown, C. T., and Newman, D. K. (2005). Anaerobic regulation by an atypical arc system in Shewanella oneidensis. Mol. Microbiol. 56, 1347–1357. doi: 10.1111/j.1365-2958.2005.04628.x 

 Guest, J. R. (1992). Oxygen-regulated gene expression in Escherichia coli. J. Gen. Microbiol. 138, 2253–2263. doi: 10.1099/00221287-138-11-2253 

 Kasai, T., Kouzuma, A., and Watanabe, K. (2017). CRP regulates D-lactate oxidation in Shewanella oneidensis MR-1. Front. Microbiol. 8:869. doi: 10.3389/fmicb.2017.00869

 Kasai, T., Kouzuma, A., and Watanabe, K. (2018). CpdA is involved in amino acid metabolism in Shewanella oneidensis MR-1. Biosci. Biotechnol. Biochem. 82, 166–172. doi: 10.1080/09168451.2017.1413326 

 Kawakami, T., Kuroki, M., Ishii, M., Igarashi, Y., and Arai, H. (2010). Differential expression of multiple terminal oxidases for aerobic respiration in Pseudomonas aeruginosa. Environ. Microbiol. 12, 1399–1412. doi: 10.1111/j.1462-2920.2009.02109.x 

 Kouzuma, A., Hashimoto, K., and Watanabe, K. (2012). Influences of aerobic respiration on current generation by Shewanella oneidensis MR-1 in single-chamber microbial fuel cells. Biosci. Biotechnol. Biochem. 76, 270–275. doi: 10.1271/bbb.110633

 Le Laz, S., Kpebe, A., Bauzan, M., Lignon, S., Rousset, M., and Brugna, M. (2014). A biochemical approach to study the role of the terminal oxidases in aerobic respiration in Shewanella oneidensis MR-1. PLoS One 9:e86343. doi: 10.1371/journal.pone.0086343 

 Le Laz, S., Kpebe, A., Bauzan, M., Lignon, S., Rousset, M., and Brugna, M. (2016). Expression of terminal oxidases under nutrient-starved conditions in Shewanella oneidensis: detection of the A-type cytochrome c oxidase. Sci. Rep. 6:19726. doi: 10.1038/srep19726

 Ludwig, B. (1987). Cytochrome c oxidase in prokaryotes. FEMS Microbiol. Rev. 3, 41–56. doi: 10.1111/j.1574-6968.1987.tb02451.x

 Matange, N. (2015). Revisiting bacterial cyclic nucleotide phosphodiesterases: cyclic AMP hydrolysis and beyond. FEMS Microbiol. Lett. 362:fnv183. doi: 10.1093/femsle/fnv183 

 Miller, J. (1972). “Assay of β-galactosidase,” in Experiments in Molecular Genetics Cold Spring Harbor, NY, 352–355.

 Osamura, T., Kawakami, T., Kido, R., Ishii, M., and Arai, H. (2017). Specific expression and function of the A-type cytochrome c oxidase under starvation conditions in Pseudomonas aeruginosa. PLoS One 12:e0177957. doi: 10.1371/journal.pone.0177957 

 Pitcher, R. S., and Watmough, N. J. (2004). The bacterial cytochrome cbb3 oxidases. Biochim. Biophys. Acta BBA-Bioenerg. 1655, 388–399. doi: 10.1016/j.bbabio.2003.09.017

 Saffarini, D. A., Schultz, R., and Beliaev, A. (2003). Involvement of cyclic AMP (cAMP) and cAMP receptor protein in anaerobic respiration of Shewanella oneidensis. J. Bacteriol. 185:3668. doi: 10.1128/JB.185.12.3668-3671.2003 

 Shirodkar, S., Reed, S., Romine, M., and Saffarini, D. (2011). The octahaem SirA catalyses dissimilatory sulfite reduction in Shewanella oneidensis MR-1. Environ. Microbiol. 13, 108–115. doi: 10.1111/j.1462-2920.2010.02313.x 

 Shroff, N. P., Charania, M. A., and Saffarini, D. A. (2010). ArcB1, a homolog of Escherichia coli ArcB, regulates dimethyl sulfoxide reduction in Shewanella oneidensis MR-1. J. Bacteriol. 192, 3227–3230. doi: 10.1128/JB.01695-09 

 Sousa, F. L., Alves, R. J., Ribeiro, M. A., Pereira-Leal, J. B., Teixeira, M., and Pereira, M. M. (2012). The superfamily of heme–copper oxygen reductases: types and evolutionary considerations. Biochim. Biophys. Acta BBA-Bioenerg. 1817, 629–637. doi: 10.1016/j.bbabio.2011.09.020

 Tang, Y. J., Meadows, A. L., and Keasling, J. D. (2007). A kinetic model describing Shewanella oneidensis MR-1 growth, substrate consumption, and product secretion. Biotechnol. Bioeng. 96, 125–133. doi: 10.1002/bit.21101 

 Yin, J., Meng, Q., Fu, H., and Gao, H. (2016). Reduced expression of cytochrome oxidases largely explains cAMP inhibition of aerobic growth in Shewanella oneidensis. Sci. Rep. 6:24449. doi: 10.1038/srep24449

 Zhou, G., Yin, J., Chen, H., Hua, Y., Sun, L., and Gao, H. (2013). Combined effect of loss of the caa3 oxidase and Crp regulation drives Shewanella to thrive in redox-stratified environments. ISME J. 7, 1752–1763. doi: 10.1038/ismej.2013.62 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Bertling, Banerjee and Saffarini. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-12-723835-g005.jpg
=
=3
&

<

e 2 o 2
5 & w &
a & - o=

(LA %) sHuq [N

3
7

o

AarcA

AcpdA Acrp

MR-1

120
100

e g e <
® B F &

(LA %) sHun BN

o

MR-1 AcpdA Acrp AarcA





OPS/images/fmicb-12-723835-g006.jpg
10

= MR-1
—o—AcpdA
—&— AcpdA SO_3550::Ty

‘OD 600 nm

15 20

0 s 10
Time (hr)





OPS/images/fmicb-12-723835-g003.jpg
OD 600 nm

o011
o G 0 s 2
Time (hr)

1
g n
g s
a
g o seconcor
—x—tcoxbecolpeox
——tcco
- neox
]
“Time (hr)

OD 600 nm

01

—aMR-1
—o— Accoeox
E—
- deox

o o






OPS/images/fmicb-12-723835-g004.jpg
OD 600 nm

-
P
- depdac g
8 RS
o
I I S R ) Tow, & =
Time (hr)

“Time (hr)





OPS/images/fmicb-12-723835-g007.jpg
OD 600 nm

e
—— ferpB AerpC.
- denpc

—a AceplB AerpClperpC

0 5 10 15
Time (hr)





OPS/images/fmicb-12-723835-t001.jpg
Strain/Plasmids Description References

MR- Wild-type S. oneidensis Fredrickson et al., 2008
SR-694 MR-1Acrp Charania et al., 2009
SR-722 MR-1AcpaA This work
SR-1507 MR-1 ASO_2364-2,367 (Acco)  This work
SR-1648 MR-1 ASO_4,606-4,609 (Acox) ~ This work
SR-1649 MR-1 AccoAcox This work
SR-1699 MR-1 vith pER21 insertion “This work
inS0_3,550
SR-1700 AcpdA with pER21 insertion  This work
inSO_3,550
SR-1716 MR-1 AcydAB (Acyd) “This work
SR1717 MR-1 ASO-2551 This work
SR-1718 MR-1 ASO_2550-2,551 This work
EC100D+ E. coli EC100 derivative, pir+  Epicenter Technologies
p2155 pir:RP4, K Dehio and Meyer,
1997
Plasmids
pJBC Cloning and sequencing vector,  Bouhenni et al,, 2010
cmt
pER21 R6K ori, G, sacB, lacZ Bouhenni et al,, 2005
a-fragment
pMC10 Promoter probe vector, lacZ,  Shroff et al., 2010
cm®
pAB1 OpaA in pJB3CME This work

RB1 miniHimar Transposon Bouhenni et al., 2005





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Aerobic Respiration and Its Regulation in the Metal Reducer Shewanella oneidensis



		Introduction



		Materials and Methods



		Bacterial Strains and Growth Conditions



		Generation of Chromosomal Deletion Mutants



		Promoter-Activity Assays



		cAMP Detection Assay



		Generation of ∆cpdA Suppressor Mutant









		Results



		The Effect of Carbon Source on Growth of S. oneidensis Oxidase Mutants



		The Role of CRP and CpdA in Aerobic Growth



		Isolation of a ∆cpdA Suppressor Mutant



		Identification of Putative cAMP-Binding Proteins Involved in Aerobic Respiration









		Discussion



		Data Availability Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References



















OPS/images/fmicb-12-723835-g001.jpg
OD 600 nm

£
P S n I,
— §
e g e
g8 i
e oy
oo b oot
b E B T -— r— =
‘Time (hr)

Time (hr)





OPS/images/fmicb-12-723835-g002.jpg
0. (600 nm)

0.1

0.01

E
g
s
g 01
= a P
—e—deeo (=] —— Ao
s oo
0.01
10 20 30 10 30

Time (hr)

20
‘Time (hr)





OPS/images/cover.jpg
’ frontiers
in Microbiology

Aerobic Respiration and Its
Regulation in the Metal Reducer
Shewanella oneidensis









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Microbiology





