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Summary  

 

Bacteria in soils encounter redox-active compounds, such as phenazines, that can generate 

oxidative stress, but the mechanisms by which different species tolerate these compounds are not fully 

understood. Here, we identify two transcription factors, ActR and SoxR, that play contrasting yet 

complementary roles in the tolerance of the soil bacterium Agrobacterium tumefaciens to phenazines. 

We show that ActR promotes phenazine tolerance by proactively driving expression of a more 

energy-efficient terminal oxidase at the expense of a less-efficient alternative, which may affect the 

rate at which phenazines abstract electrons from the electron transport chain and thereby generate 

reactive oxygen species. SoxR, on the other hand, responds to phenazines by inducing expression of 

several efflux pumps and redox-related genes, including one of three copies of superoxide dismutase 

and five novel members of its regulon that could not be computationally predicted. Notably, loss of 

ActR is far more detrimental than loss of SoxR at low concentrations of phenazines, and also 

increases dependence on the otherwise functionally redundant SoxR-regulated superoxide dismutase. 

Our results thus raise the intriguing possibility that the composition of an organism’s electron 

transport chain may be the driving factor in determining sensitivity or tolerance to redox-active 

compounds.  

 

Introduction 

 

 Soil-dwelling bacteria commonly secrete redox-active secondary metabolites, including a 

variety of phenazine derivatives (Turner and Messenger, 1986; Mavrodi et al., 2010). Such 

metabolites can reversibly accept electrons from and donate electrons to a variety of substrates in a 

process known as redox cycling. This property enables them to benefit their producers by promoting 

iron acquisition (Hernandez et al., 2004; Wang et al., 2011), anaerobic survival (Wang et al., 2010; 

Glasser et al., 2014), and biofilm development (Ramos et al., 2010). At the same time, because of 

their ability to abstract electrons from redox enzymes (such as those in the respiratory electron 

transport chain (ETC)), reduced quinones, and other cellular reductants, and subsequently to transfer 
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those electrons to oxygen, these metabolites can also suppress competing microbes by generating 

reactive oxygen species (ROS) or interfering with respiration (Hassan and Fridovich, 1980; Baron and 

Rowe, 1981; Baron et al., 1989; Hassett et al., 1992). Phenazine producers can promote crop 

productivity in a phenazine-dependent manner, in part by suppressing fungal plant pathogens 

(Audenaert et al., 2002; Chin-A-Woeng et al., 2003; Khare and Arora, 2011), and phenazine 

biosynthesis has been observed on plant roots colonized by these bacteria (Chin-A-Woeng et al., 1998; 

Séveno et al., 2001; LeTourneau et al., 2018). Phenazines have also been shown to accumulate in 

dryland agricultural soils and the rhizosphere of cereal crops (Mavrodi et al., 2012). These 

observations imply that tolerance of phenazines may be an important fitness determinant in certain 

soils and plant-associated environments. Yet aside from their producers, little is known about whether 

and how other soil bacteria tolerate these compounds.  

Previous studies on phenazine toxicity and tolerance in bacteria have largely focused on the 

effects of the phenazine pyocyanin (PYO) on either generic model organisms like Escherichia coli or 

opportunistic human pathogens like Staphylococcus aureus. The latter frequently co-infects chronic 

wounds and cystic fibrosis patients along with the PYO producer Pseudomonas aeruginosa (Noto et 

al., 2017), which is itself an opportunistic human pathogen found in soils and aquatic environments 

(Green et al., 1974; Römling et al., 1994; Alonso et al., 1999). PYO is the most toxic among the 

phenazines commonly secreted by P. aeruginosa, presumably because of its high reactivity with 

oxygen (Meirelles and Newman, 2018). A comparative study of E. coli and P. aeruginosa suggested 

that antioxidant defenses and slower redox cycling of PYO in P. aeruginosa contribute to its 

resistance to PYO, whereas PYO-sensitive E. coli experiences higher levels of ROS due to faster 

redox cycling (Hassett et al., 1992). In addition, a study based on co-evolution with P. aeruginosa 

revealed that mutations in an efflux pump regulator, a porin, and a flavodoxin NADP+ reductase 

enzyme can modulate PYO tolerance in E. coli (Khare and Tavazoie, 2015). S. aureus, on the other 

hand, can escape PYO toxicity to some extent by adopting a non-respiring phenotype, as well as by 

expressing genes involved in quinone detoxification (Noto et al., 2017), while certain non-pathogenic 

staphylococci are inherently resistant to PYO due to expression of a PYO-insensitive variant of 

cytochrome bd oxidase (Voggu et al., 2006). However, whether these mechanisms are at work in 
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other bacteria that naturally tolerate phenazines is unknown, making it difficult to predict how these 

molecules may shape bacterial communities in soil.  

To address this question, we set out to identify genes that are necessary for phenazine 

tolerance in Agrobacterium tumefaciens, a common gram-negative soil bacterium and plant pathogen. 

We chose A. tumefaciens because it is relatively tolerant of phenazines, compared to several other 

genetically tractable bacterial species (An et al., 2006; Costa et al., 2015). We employed PYO as our 

primary model compound because it is the most toxic among the phenazines that have been used to 

enhance crop productivity (Audenaert et al., 2002; Chin-A-Woeng et al., 2003; Khare and Arora, 

2011; Meirelles and Newman, 2018). Using a forward genetic screen, we found two transcriptional 

regulators that both play crucial roles in tolerance of PYO, but at different concentrations and through 

contrasting yet complementary mechanisms. Our results point toward possible broader themes 

underlying tolerance of phenazines and other redox-active secondary metabolites, such as the 

importance of controlling their interactions with the respiratory ETC, which could have important 

consequences for understanding and predicting ecological impacts of these widely-produced 

molecules.  

 

Results 

 

Transposon mutagenesis reveals genes necessary for PYO tolerance 

 

To identify genes necessary for wild-type (WT) levels of PYO tolerance, we performed 

random transposon insertion mutagenesis in A. tumefaciens NT1 using a mariner-based transposon 

that confers kanamycin resistance (Chiang and Rubin, 2002). Kanamycin-resistant mutants were 

screened for PYO sensitivity using a colorimetric 96-well plate assay. As WT or PYO-tolerant 

mutants grow to a high cell density in static liquid cultures containing 100 µM PYO, they consume 

the oxygen in the medium and concurrently reduce PYO from its blue oxidized form to its colorless 

reduced form. Conversely, PYO-sensitive mutants are unable to grow to a high enough density to 

fully effect the color change from blue to clear within 48 hrs (Fig. 1A). Putative PYO-sensitive 
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mutants were verified by comparing their growth in liquid cultures to WT across a range of PYO 

concentrations, from 0 to 200 µM. From roughly 5000 screened mutants, 12 (~0.2%) proved to be 

disproportionately sensitive to PYO; that is, while a few of these mutants exhibited growth defects 

even without PYO, the ratio of their growth (i.e. optical density after 24 hrs) with PYO to their growth 

without PYO was much lower than it was for WT (Fig. 1B).  

  The locus of the transposon insertion for each of the 12 verified PYO-sensitive mutants was 

determined using arbitrary PCR. Three of the insertions were in genes encoding transcriptional 

regulators, three were in genes putatively related to carbon metabolism or maintenance of 

protonmotive force, four were likely related to cell wall modification, and the remaining two were in a 

single gene, Atu2577, encoding an ABC transporter (Table S1). This list of genes important for PYO 

tolerance is not comprehensive, as in A. tumefaciens NT1, approximately 24,000 transposon insertion 

mutants would need to be screened to achieve 99% confidence of having disrupted every gene in the 

genome. Nevertheless, we were particularly interested in following up on the transcriptional 

regulators identified in our screen, as the genes they regulate could reveal broader insights about 

mechanisms that are important for PYO tolerance. Specifically, we focused on the mutants with 

insertions in actS, the sensor in the actSR two-component sensor-response system, and soxR, which 

has previously been implicated in the oxidative stress response of A. tumefaciens (Eiamphungporn et 

al., 2006) and as a sensor of redox-active antibiotics in P. aeruginosa and Streptomyces coelicolor 

(Dietrich et al., 2006; Dietrich et al., 2008; Singh et al., 2013). We did not pursue the third 

transcriptional regulator, rpoH, as the transposon mutant exhibited a growth defect without PYO (Fig. 

S1A).  

 

∆actR and ∆soxR mutants are differentially sensitive to diverse redox-active small molecules 

  

To characterize the roles of actSR and soxR in protecting against PYO, we first generated in-

frame deletions of actS, actR, and soxR via allelic replacement (Morton and Fuqua, 2012a). Both 

∆actS and ∆actR were similarly sensitive to PYO (Fig. S1B); thus, we used ∆actR for all further 

experiments as ActR is the transcriptional regulator in this two-component system. Intriguingly, 
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∆actR and ∆soxR displayed strikingly different profiles of sensitivity to PYO. ∆actR is significantly 

more sensitive to PYO than WT at concentrations as low as 10 µM; conversely, ∆soxR is no more 

sensitive to PYO than WT up to at least 100 µM, and in fact grows better than WT at up to 50 µM 

PYO, yet its growth is severely inhibited by 200 µM PYO (Fig. 2A). Complementation by inducing 

expression of actR or soxR in ∆actR or ∆soxR, respectively, from a plasmid rescued PYO tolerance in 

each mutant (Fig. S1C). 

Extending beyond PYO, we also investigated the relative sensitivity of ∆actR and ∆soxR to 

diverse redox-active molecules spanning a range of standard reduction potentials (Eo’ vs. that of the 

normal hydrogen electrode) from -446 mV (paraquat) to +11 mV (methylene blue) (Fig. S2) (Wang et 

al., 2010). For each molecule, we tested increasing concentrations until we found a dose at which the 

growth of either ∆actR or ∆soxR was statistically significantly different from WT. Similar to the 

results with PYO (Eo’ -40 mV), ∆actR was more sensitive than either WT or ∆soxR to anthraquinone-

2,6-disulfonate (AQDS, Eo’ -184 mV), phenazine-1-carboxylic acid (PCA, Eo’ -114 mV), and 

methylene blue, whereas ∆soxR was no more sensitive than WT to these molecules at the tested 

concentrations (Fig. 2B). However, ∆soxR was more sensitive than ∆actR to paraquat. Finally, to 

determine whether actR and soxR specifically affect sensitivity to redox-active molecules, we tested 

whether these mutants were more sensitive than WT to a variety of other stresses, including 

detergents (SDS or bile salts), low pH (HCl), hydrogen peroxide, the membrane stressor EDTA, and 

osmotic stressors (myo-inositol or NaCl). Neither ∆actR nor ∆soxR was noticeably more sensitive 

than WT to any of these stresses (Fig. 2C and Fig. S3), with the exception that ∆actR was more 

sensitive to detergents (Fig. 2C, D).  

 

SoxR regulates multiple previously overlooked genes 

 

 To understand why ActR and SoxR differentially affect sensitivity to phenazines, we began to 

characterize the genetic mechanisms by which SoxR contributes to PYO tolerance. It is known from 

studies in other bacteria that redox-cycling drugs activate SoxR by directly oxidizing its [2Fe-2S] 

cluster (Dietrich and Kiley, 2011; Gu and Imlay, 2011; Singh et al., 2013), and that oxidized SoxR 
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binds to a conserved “SoxR box” sequence in the promoter regions of target genes (Dietrich et al., 

2008). Using this sequence, SoxR in A. tumefaciens has variously been predicted to regulate up to 

four putative major facilitator superfamily transporters (Atu0942, Atu2361, Atu4895, and Atu5152) 

along with an operon containing a superoxide dismutase (Atu4583, a.k.a. sodBII), ferredoxin 

(Atu4582), and a putative flavin reductase (Atu4581) (Eiamphungporn et al., 2006; Dietrich et al., 

2008; Novichkov et al., 2013). However, of these computationally predicted members of the SoxR 

regulon, SoxR-dependent expression has previously only been confirmed for Atu5152 

(Eiamphungporn et al., 2006) and sodBII (Saenkham et al., 2007). SoxR has also been shown to 

autoregulate by binding to a SoxR box in its own promoter (Eiamphungporn et al., 2006). To validate 

the other computationally predicted members of the SoxR regulon, we performed quantitative reverse-

transcription PCR (qRT-PCR) on WT and ∆soxR cultures treated with either 100 µM PYO or a 

solvent control for 20 minutes. We expected true SoxR-regulated genes to be highly expressed only in 

PYO-treated WT. This was indeed the case for all but one of the genes computationally predicted to 

be SoxR-regulated based on the presence of a SoxR box-containing promoter (Fig. 3A, non-bolded 

genes). Atu4895 alone was not upregulated by PYO, suggesting that it is not in fact regulated by 

SoxR (Fig. S4A).  

The discrepancy between the presence of a SoxR box upstream of Atu4895 and its lack of 

response to PYO led us to ask whether there might conversely be “cryptic” members of the SoxR 

regulon that lack a SoxR box but exhibit a SoxR-dependent response to PYO. Given that all of the 

qRT-PCR-validated, SoxR box-containing members of the SoxR regulon exhibited large fold changes 

in WT upon PYO treatment (Fig. 3A, non-bolded genes), we expected that any cryptic member(s) of 

the SoxR regulon would exhibit a similarly strong response to PYO. We therefore performed an 

RNA-seq experiment to identify genes that are highly induced by PYO in WT. Based on the fold 

changes of soxR itself and the already-validated members of the SoxR regulon, we defined candidate 

cryptic members of the SoxR regulon as those genes with a log2 fold change > 4 in PYO-treated 

cultures relative to the solvent-treated control (Table S2). We then tested the resulting seven 

candidates for a SoxR-dependent transcriptional response by performing qRT-PCR under the four 

conditions described above (WT + PYO, WT – PYO, ∆soxR + PYO, and ∆soxR – PYO). Remarkably, 
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we found that the PYO-mediated induction of three of the seven candidates (Atu4741, Atu4742, and 

Atu5305) was completely abolished in the absence of SoxR, while the PYO-mediated induction of 

two others (Atu2482 and Atu2483, annotated as mexE and mexF respectively) appeared to partially 

depend on SoxR (Fig 3A, bolded genes). Using the motif scanning program FIMO (Grant et al., 2011), 

we confirmed the lack of a typical SoxR box upstream of these genes. Thus, we have expanded the 

known set of genes with SoxR-dependent regulation in A. tumefaciens to include five genes that could 

not have been found with previously applied computational methods.  

Among the five identified cryptic members of the SoxR regulon, Atu4741 is particularly 

interesting as it is a 54-dependent Fis family transcriptional regulator, and hence could potentially be 

involved in regulating the other cryptic members. Although Atu4741 is annotated as acoR due to its 

similarity to the acoR gene in Bacillus subtilis, A. tumefaciens does not possess annotated homologs 

of the acetoin catabolism genes that are regulated by AcoR in B. subtilis, suggesting that Atu4741 

plays a different regulatory role in A. tumefaciens. Atu4742, located just upstream of Atu4741, is 

predicted to encode a small (108 amino acid) hypothetical protein containing tetratricopeptide repeats, 

which often mediate protein-protein interactions (Zeytuni and Zarivach, 2012); this, along with its 

proximity to Atu4741, suggests that the two may interact. Atu5305 is annotated as a permease 

belonging to the major facilitator family of transporters, and thus could be involved in transporting 

PYO out of the cell. Finally, mexE and mexF encode homologs of the cytoplasmic membrane protein 

and membrane fusion protein components, respectively, of the MexEF-OprN efflux pump originally 

discovered in P. aeruginosa. In the latter, MexEF-OprN has been shown to transport chloramphenicol, 

fluoroquinolones, and a precursor to a quorum sensing signal (Köhler et al., 1997; Lamarche and 

Déziel, 2011; Llanes et al., 2011); it is also known to be induced by nitrosative (Fetar et al., 2011) or 

disulfide stress (Fargier et al., 2012). To our knowledge, SoxR-dependent expression of mexEF has 

not previously been reported in other organisms;  rather, in P. aeruginosa, mexEF is regulated at least 

in part by MexT, a LysR family transcriptional activator (Köhler et al., 1999).  
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Functional redundancy rationalizes the ∆soxR phenotype 

 

 Altogether, the SoxR regulon in A. tumefaciens contains five putative efflux pumps (Atu0942, 

Atu2361, mexEF, Atu5152, and Atu5305), a putative flavin reductase (Atu4581), ferredoxin 

(Atu4582), superoxide dismutase (sodBII), an uncharacterized transcriptional regulator (Atu4741), 

and a hypothetical protein (Atu4742). To investigate the contributions of each of these genes to PYO 

tolerance, we generated in-frame deletions and challenged the resulting mutants with 200 µM PYO. 

Only five mutants were significantly more sensitive to 200 µM PYO than WT, and no single mutant 

was as sensitive as ∆soxR itself, suggesting considerable functional redundancy among the SoxR 

regulon (Fig. 3B). Surprisingly, ∆sodBII was actually less sensitive to PYO than WT. This was 

counterintuitive, given that superoxide has been proposed to be a toxic byproduct of PYO treatment 

(Hassan and Fridovich, 1980; Hassett et al., 1992; Rada and Leto, 2013; Managò et al., 2015).  

 We wondered whether functional redundancy might explain both the surprising phenotype of 

∆sodBII and the fact that ∆soxR only becomes sensitive to PYO at a relatively high dose. First, we 

confirmed via qRT-PCR that SoxR strongly induces expression of its regulon even at 10 µM PYO, 

using soxR itself and sodBII as representative examples (Fig. 3C). Thus, the tolerance of ∆soxR to low 

levels of PYO is in spite of considerable transcriptional differences between WT and ∆soxR under 

these conditions, suggesting that loss of SoxR may be compensated by functionally redundant genes 

outside of its regulon. Indeed, besides SoxR-regulated SodBII, A. tumefaciens possesses two other 

superoxide dismutases, SodBI and SodBIII (Saenkham et al., 2007). SodBI is constitutively highly 

expressed at all stages of growth, whereas SodBIII is primarily expressed during stationary phase 

(Saenkham et al., 2007). We therefore asked whether loss of SodBI would sensitize ∆sodBII or ∆soxR 

to lower concentrations of PYO. Indeed, while ∆sodBI itself was not sensitive to PYO, 

∆sodBII/∆sodBI and ∆soxR/∆sodBI were significantly more sensitive than WT not only to high doses 

of PYO, but also to low doses, unlike the ∆sodBII and ∆soxR single mutants (Fig. 3D). Thus, the 

functions of SodBI and SodBII appear to be largely redundant at the tested concentrations of PYO, 

and this functional redundancy is a key factor in the tolerance of ∆soxR to low concentrations of PYO.  
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Loss of ActR causes constitutive dysregulation of the cytochrome o and d ubiquinol oxidases 

 

 Having rationalized why SoxR only becomes essential at high concentrations of PYO, we 

next sought to understand why the ∆actR mutant is hypersensitive to PYO. ActR homologs (known as 

ArcA, PrrA, RegA, or RoxR) are present in diverse proteobacteria and have been well-studied in 

several species (Elsen et al., 2004; Gralnick et al., 2005; Wong et al., 2007; Fernández-Piñar et al., 

2008; Gao et al., 2008; Park et al., 2013; Lunak and Noel, 2015). In general, they regulate elements of 

the respiratory ETC in response to changes in cellular redox balance (for example, during transitions 

from aerobiosis to anaerobiosis), although the specific elements and directionality of regulation vary 

across species (Tseng et al., 1996; Swem and Bauer, 2002; Elsen et al., 2004; Fernández-Piñar et al., 

2008; Gao et al., 2008). In Sinorhizobium medicae, which belongs to the same taxonomic order as A. 

tumefaciens, ActR regulates a glutathione S-transferase, cytochrome oxidase components, and an 

assimilatory nitrate reductase (Fenner et al., 2004), while in A. tumefaciens, ActR is known to co-

regulate expression of nitrite reductase and pseudoazurin, an electron donor to the denitrification 

pathway, during anaerobic growth (Baek et al., 2008). However, to our knowledge, the ActR regulon 

has not been comprehensively defined in A. tumefaciens. Thus, to investigate how ActR contributes to 

PYO tolerance during aerobic growth, we performed RNA-seq to compare the transcriptomes of WT 

and ∆actR both with and without 100 µM PYO treatment. Among the genes that were up- or 

downregulated by PYO in each strain (comparing WT + PYO vs. WT – PYO, or ∆actR + PYO vs. 

∆actR - PYO), there was a strong correlation between the fold changes in WT and ∆actR; in fact, 

there were no genes that were strongly up- or downregulated by PYO in WT but not in ∆actR (Fig. 

4A). This suggested that ActR does not regulate a specific transcriptional response to PYO. However, 

we noted that among the genes that were up- or downregulated by PYO, the magnitude of the fold 

changes was often greater in ∆actR than in WT (such genes lie above the y = x line in Fig. 4A), 

possibly indicating that ∆actR was experiencing more stress than WT.  
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We then compared the transcriptomic profile of ∆actR to WT either with or without PYO (i.e. 

∆actR + PYO vs. WT + PYO, or ∆actR - PYO vs. WT - PYO). Interestingly, several genes related to 

oxidative stress were upregulated in ∆actR relative to WT only upon PYO treatment, including 

catalase, ferredoxin I, a putative DNA oxidation protective protein, and genes involved in amino acid 

metabolism (Table S3). Similar to our above observation, this could imply that PYO exerts greater 

toxicity in ∆actR. We also found that two sets of genes are strongly dysregulated in ∆actR regardless 

of PYO treatment: the cyo operon that encodes cytochrome o ubiquinol oxidase (Cyo) is 

downregulated > 4 fold, while the cyd operon that encodes cytochrome d ubiquinol oxidase (Cyd) is 

upregulated > 2 fold, with the latter being exaggerated upon PYO treatment (Fig. 4B). These 

expression patterns were confirmed with qRT-PCR (Fig. 4C). Other elements of the ETC or central 

metabolism that were upregulated in ∆actR regardless of PYO treatment included succinate 

dehydrogenase, ubiquinol-cytochrome c reductase, and cbb3 cytochrome c oxidase, along with several 

genes involved in sugar transport/metabolism, amino acid metabolism, fatty acid metabolism, carbon 

oxidation or the tricarboxylic acid (TCA) cycle (Table S4). On the other hand, caa3 cytochrome c 

oxidase, pseudoazurin, and biosynthetic genes for cytochrome c and heme were downregulated in 

∆actR (Table S5). While the fold changes for these genes were not as dramatic as for cyo and cyd, the 

overall pattern suggests that ActR is broadly involved in regulating flux through central metabolic 

pathways in A. tumefaciens, as it is in E. coli, Salmonella enterica, Pseudomonas putida, and other 

species (Fernández-Piñar et al., 2008; Evans et al., 2011; Morales et al., 2013; Park et al., 2013). 

 

Downregulation of cytochrome o ubiquinol oxidase sensitizes cells to PYO 

 

 Given that the fold changes were most striking for the terminal ubiquinol oxidases, we next 

asked whether the dysregulation of these genes in ∆actR is causally related to PYO sensitivity. Indeed, 

a mutant lacking the cyo operon grew similarly to ∆actR during exponential phase across all tested 

concentrations of PYO (Fig. 5A, left), although it achieved a higher optical density in stationary phase 

(Fig. 5A, right), possibly due to compensatory upregulation of the cyd operon to levels considerably 

higher than that in ∆actR itself (Fig. S4B). Interestingly, the ∆actR/∆cyo double mutant is more 
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sensitive to PYO than either ∆actR or ∆cyo alone (Fig. 5A). This result likely arises from a 

combination of two factors: 1) total loss of cyo is presumably more severe than the downregulation 

imposed by loss of ActR; and 2) without ActR, expression of genes to compensate for total loss of cyo 

may be impaired. Conversely, overexpression of the cyo operon in the ∆actR background partially 

rescued tolerance to PYO, with a greater effect at the lower doses of PYO (Fig. 5B). On the other 

hand, increased overexpression of the cyd operon from an inducible plasmid-borne promoter in ∆actR 

did not further sensitize ∆actR to PYO, and in fact conferred a mild benefit at low doses of PYO (Fig. 

5B). We therefore hypothesized that cyd may play a compensatory role upon abnormal 

downregulation of cyo. To further test this hypothesis, we attempted to determine whether a 

∆actR/∆cyd double mutant would be more sensitive to PYO than ∆actR alone, but were unable to 

perform this experiment due to the severe growth defect of this double mutant in liquid culture even 

without PYO (data not shown). Nevertheless, the cyd overexpression results suggest that the natural 

upregulation of cyd in ∆actR does not augment its PYO sensitivity, but rather is a compensatory 

response or else a passive side effect of losing actR (ActR might normally repress cyd during aerobic 

growth). Overall, ActR-mediated regulation of cyo appears to be important for PYO tolerance, 

although the fact that overexpressing cyo in ∆actR only partially rescued PYO tolerance suggests that 

other ActR-regulated genes likely also contribute to the ∆actR phenotype.   

 In considering candidates for other genes besides cyo that might contribute to the ∆actR 

phenotype, we were particularly intrigued by the upregulation of multiple dehydrogenases involved in 

carbon oxidation and the TCA cycle (Table S4). These enzymes oxidize various substrates while 

concomitantly reducing NAD+ to NADH. Thus, upregulation of these genes could lead to a higher 

NADH/NAD+ ratio in the cell. However, upon measuring the NADH/NAD+ ratios in exponentially 

growing cultures of WT and ∆actR, we found only a slight trend towards a higher ratio in ∆actR, 

which was not statistically significant (Fig. S5A). We also asked whether ∆actR exhibits increased 

redox cycling of PYO independently of the action of the terminal oxidases in the ETC. Specifically, 

we measured the rate of PYO-dependent oxygen consumption by WT and ∆actR in the presence of 

cyanide, which inhibits the terminal oxidases. This rate has previously been correlated both with the 

rate of redox cycling of PYO and with PYO toxicity (Hassett et al., 1992), as the apparent oxygen 
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consumption under this condition results from reduced PYO donating electrons to oxygen and thereby 

generating ROS. Interestingly, we found that WT and ∆actR cultures treated with PYO and cyanide 

consumed oxygen at nearly identical rates (Fig. S5B), implying similar rates of PYO redox cycling in 

the two strains. However, this result does not exclude the possibility that the terminal oxidases 

themselves might influence the rate of PYO redox cycling.  

 

Cellular ATP levels correlate with Cyo expression but not necessarily with PYO sensitivity  

 

To rationalize the link between Cyo levels and phenazine tolerance, we first asked whether loss of 

ActR alters the rate of aerobic respiration, as Cyd possesses a much higher affinity for oxygen than 

Cyo (Matsushita et al., 1984; D’mello et al., 1996; Borisov et al., 2011). We measured oxygen 

consumption rates in exponential-phase cultures of WT and ∆actR using a Clark-type electrode. These 

measurements revealed that WT and ∆actR actually consume oxygen at similar rates, both with and 

without PYO treatment (Fig. 6A). However, besides differing in their affinities for oxygen, Cyo and 

Cyd have different coupling ratios for proton translocation (2 H+/e- vs. 1 H+/e-, respectively) (Calhoun 

et al., 1993) (Fig. 6B). Hence, given similar rates of oxygen consumption, ∆actR should be less 

efficient at generating protonmotive force (PMF) than WT. This would be expected to impair PMF-

dependent processes, such as ATP synthesis via FoF1-ATP synthase. Indeed, we found that both 

∆actR and ∆cyo possess less ATP than WT during exponential growth, supporting the hypothesis that 

the electron transport chain (ETC) is less efficient without Cyo (Fig. 6C). This difference could 

potentially explain why ∆actR is also more sensitive to detergents: tolerance of SDS and bile salts 

typically involves energy-intensive processes like efflux and DNA repair (Nickerson and Aspedon, 

1992; Begley et al., 2005). Interestingly, the ATP pools of all three strains decreased upon treatment 

with PYO, but this difference was only statistically significant in ∆actR. This could suggest that PYO 

decouples oxidative phosphorylation more effectively in ∆actR, and/or that ∆actR spends more ATP 

on defenses against PYO toxicity.  
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To test whether the rate of oxidative phosphorylation modulates PYO sensitivity, we treated WT 

and ∆actR with DCCD (N,N'-dicyclohexylcarbodiimide), a classical inhibitor of FoF1-ATP synthase. 

Both strains compensated for inhibited ATP synthesis by growing more slowly in the presence of 

DCCD (Fig. S6A), and consequently the bulk ATP levels decreased only slightly (Fig. S6B). 

Nevertheless, we were intrigued to note that while the DCCD treatment increased sensitivity to PYO 

in ∆actR, DCCD actually improved tolerance to 10 µM PYO in WT (Fig. S6C). Thus, the link 

between lower rates of ATP synthesis, smaller ATP pools, and increased PYO sensitivity seems to be 

specific to the ∆actR genetic background, although it is also possible that ATP only becomes a 

limiting factor in PYO tolerance below a certain level.  

 

Loss of ActR increases dependence on SodBII-mediated protection against PYO 

 

Taken together, the above evidence suggested that PYO might exert toxic effects more readily in 

∆actR than in WT, rather than ∆actR simply being deficient in responding to PYO-induced toxicity. 

This would be consistent with the fact that i) PYO treatment affected the ATP pool of ∆actR more 

severely, ii) inhibiting ATP synthesis decreased PYO tolerance in ∆actR but not in WT, and iii) 

several genes related to oxidative stress were more strongly transcriptionally induced by PYO in 

∆actR than in WT. To test this hypothesis directly, we first attempted to measure whether PYO 

generates ROS more rapidly in ∆actR compared to WT, as superoxide and hydroxyl radical have 

previously been identified as toxic byproducts of PYO redox cycling (Hassett et al., 1992; Noto et al., 

2017). However, we found that technical limitations prevented reliable quantification of intracellular 

ROS in suspensions of PYO-treated A. tumefaciens (see Experimental Procedures and Fig. S7). We 

therefore turned instead to a genetic approach to infer the relative toxicity of PYO in ∆actR compared 

to WT. Specifically, we asked whether the SoxR-regulated, functionally redundant superoxide 

dismutase SodBII is more important for damage control in ∆actR compared to WT, which could 

imply greater production of superoxide by PYO in ∆actR. Indeed, while loss of SodBII actually 

increased growth at all tested concentrations of PYO in the WT genetic background, loss of SodBII 

further sensitized ∆actR to PYO at concentrations above 10 µM (Fig. 6D). The trend was similar, 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

though weaker, when comparing the effects of losing SodBII in WT versus ∆cyo: the growth 

advantage conferred by loss of SodBII was smaller for ∆cyo than for WT at PYO concentrations 

above 10 µM, suggesting increased dependency on SodBII in ∆cyo, albeit to a lesser extent than in 

∆actR (Fig. S1D). Thus, the downregulation of cyo in ∆actR may contribute to its increased 

dependence on SodBII, though other genes are likely also involved. These findings are particularly 

notable given the evidence that ∆actR and ∆cyo conserve energy less efficiently than WT. Induction 

of SodBII, along with the rest of the SoxR regulon, may incur significant energy costs associated with 

protein synthesis, especially considering that SodBII is the second-most highly expressed non-

ribosomal gene in the entire A. tumefaciens transcriptome under PYO treatment (Table S6).  Given the 

functional redundancy of SodBII, this cost could be gratuitous at low concentrations of PYO, which 

would explain why loss of either SoxR or SodBII benefits WT under those conditions. If PYO were 

similarly toxic in WT, ∆actR, and ∆cyo, we would have expected the comparatively energy-limited 

∆actR and ∆cyo mutants to benefit even more than WT from the energy savings associated with 

avoiding gratuitous induction of SodBII. For this not to be the case suggests that PYO may behave 

differently in WT compared to ∆actR and ∆cyo, likely with increased superoxide-related toxicity in 

the latter two. 

 

Discussion 

 

Here we have identified two transcription factors in A. tumefaciens that contribute to tolerance of 

PYO and other redox-active molecules in markedly different fashions: SoxR responds to oxidative 

stressors by upregulating expression of transporters and redox-related genes, whereas ActR exerts its 

protective effect at least in part by proactively regulating a key component of the aerobic respiratory 

ETC. While SoxR has previously been established as an oxidative stress response regulator in A. 

tumefaciens, we have expanded its known regulon to include genes that were hidden to computational 

approaches—a result that should encourage caution when predicting the SoxR regulons of other 

bacteria. In addition, the SoxR regulon we have identified in A. tumefaciens exhibits considerable 

functional overlap with genes that also modulate PYO tolerance in E. coli (Hassan and Fridovich, 
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1980; Khare and Tavazoie, 2015), suggesting that these functional classes—efflux pumps, superoxide 

dismutase, and electron transfer proteins such as flavodoxin and ferredoxin—are likely to be 

important for PYO tolerance in diverse bacteria. Yet the finding that ActR affects phenazine tolerance 

is perhaps more notable, for two reasons. First, ∆actR is susceptible to a wide range of redox-active 

molecules at lower concentrations than ∆soxR, bringing to mind the old adage, “An ounce of 

prevention is worth a pound of cure.” This is in contrast to the historical emphasis on studying 

inducible, rather than intrinsic, bacterial defenses against oxidative stress (Farr and Kogoma, 1991; 

Scandalios, 2002; Imlay, 2008; Chiang and Schellhorn, 2012; Imlay, 2013). Second, the correlation 

between the ∆actR phenotype and dysregulation of the ETC recalls prior studies in which phenazines 

appeared to directly interfere with the flow of electrons through the ETC, suggesting that phenazine 

toxicity and ETC composition may be intimately linked (Hassan and Fridovich, 1980; Baron and 

Rowe, 1981; Baron et al., 1989; Voggu et al., 2006; Biswas et al., 2009).  

ActR belongs to a family of transcription factors including ArcA, PrrA, RegA, and RoxR, which 

are known for their ability to respond to the redox state of the cell, and to drive or repress the 

expression of different genes accordingly (Elsen et al., 2004; Fenner et al., 2004). Thus, in A. 

tumefaciens, it is possible that ActR not only activates cyo and represses cyd during aerobic growth, 

but also represses cyo and/or activates cyd under microoxic or reducing conditions. If true, this could 

help explain why our ∆cyo mutant more closely resembles ∆actR during exponential growth than 

during stationary phase: all of our RNA-seq and qPCR experiments were performed during 

exponential growth, when cyo appears to be the dominant terminal oxidase in WT, but during 

stationary phase, it is possible that ActR normally promotes expression of cyd at the expense of cyo as 

oxygen tensions drop due to high cell density. This would be beneficial as cyd possesses a much 

higher affinity for oxygen than cyo, and hence is generally the preferred terminal oxidase under 

oxygen-limited conditions (Borisov et al., 2011). Under this model, A. tumefaciens would require 

ActR in order to efficiently couple oxygen respiration to oxidative phosphorylation regardless of 

growth phase, as without ActR, it would neither be able to fully activate cyo under the well-

oxygenated conditions that prevail during exponential growth, nor would it be able to fully activate 

cyd under the microoxic conditions that may arise during stationary phase. In both scenarios, failure to 
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optimize the ETC could result in energy limitation and an excess of cellular reductants, which in turn 

could decrease the cell’s capacity to respond to oxidative damage while simultaneously promoting 

toxic redox cycling of PYO.  

Notably, the actR homolog arcA in E. coli was originally named dye because mutations in this 

gene increase sensitivity to redox-active dyes such as toluidine blue O and methylene blue (Buxton et 

al., 1983; Alvarez et al., 2010). An investigation into the molecular basis of this phenotype found that 

overexpression of ROS-scavenging enzymes could not restore tolerance to these dyes, but that ∆arcA 

displayed normal tolerance to these dyes during respiration-independent growth (Alvarez et al., 2010). 

The authors consequently inferred that the dominant mode of toxicity of these dyes in ∆arcA is not 

ROS production, but rather the diversion of electrons from the ETC to the redox cycling of the dye, 

resulting in uncoupling of oxidative phosphorylation. By contrast, superoxide production appears to 

be an important mechanism of toxicity for PYO, given that superoxide dismutase is required for 

tolerance to PYO in A. tumefaciens, and that loss of ActR increases dependence on the SoxR-

regulated superoxide dismutase; however, redox cycling of PYO may also uncouple oxidative 

phosphorylation. In addition, although ArcA in E. coli is not known to regulate the terminal oxidases 

during aerobic growth (Tseng et al., 1996; Park et al., 2013), ectopic overexpression of cyd in the E. 

coli ∆arcA mutant restores tolerance to redox-active dyes, while ectopic overexpression of cyo does 

not (Alvarez et al., 2010). This is again in contrast to our finding that overexpression of cyo in the A. 

tumefaciens ∆actR mutant restores tolerance to PYO to a greater extent than overexpression of cyd. 

Separately, Cyo itself has also previously been linked to oxidative stress tolerance in E. coli 

(Lindqvist et al., 2000), with at least one study suggesting that loss of Cyo potentiates oxidant toxicity 

by increasing basal endogenous ROS production in E. coli (Brynildsen et al., 2013). However, our 

study appears to be the first to explicitly link ActR-mediated regulation of cyo to intrinsic tolerance of 

redox-active molecules. 

To our knowledge, our findings are also the first to suggest that the preemptive protection 

conferred by ActR may be even more important than inducible SoxR-regulated mechanisms when 

challenged by certain redox-active molecules; these differing mechanisms of tolerance have 

previously been studied separately rather than comparatively in other organisms. Nevertheless, a 
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preemptive role for ActR homologs in oxidative stress tolerance has also been found in Haemophilus 

influenzae (Wong et al., 2007) and Shewanella oneidensis (Wan et al., 2015). In H. influenzae, the 

ActR homolog ArcA confers protection against hydrogen peroxide during low to high oxygen 

transitions, partially through preemptive upregulation of a putative iron storage protein (Wong et al., 

2007), while in S. oneidensis, ArcA may promote hydrogen peroxide resistance by regulating cell 

envelope permeability (Wan et al., 2015). In A. tumefaciens, on the other hand, no iron-related genes 

are downregulated in ∆actR to the extent seen by Wong et al. in H. influenzae, although we have not 

ruled out the possibility that the few mildly downregulated iron-related genes we found (negative fold 

change < 2.5) might contribute to the ∆actR phenotype. We have also found no evidence that ActR in 

A. tumefaciens regulates homologs of the putative cell envelope-related genes identified in S. 

oneidensis by Wan et al. Interestingly, unlike in S. oneidensis, our ∆actR mutant was no more 

sensitive than WT to hydrogen peroxide in a disk diffusion assay (Fig. 2C); instead, the putative link 

between ActR and oxidative stress tolerance in A. tumefaciens seems to be specific to redox-active 

molecules.  

Although we found that ActR does not regulate a response to PYO in A. tumefaciens, the ActR 

homolog ArcA does appear to regulate a transcriptional response to hydrogen peroxide in other 

organisms such as E. coli and S. enterica (Loui et al., 2009; Morales et al., 2013). In hydrogen 

peroxide-treated E. coli, ArcA represses flagellin (fliC) and stimulates expression of two genes 

involved in amino acid transport and metabolism, gltI and oppA (Loui et al., 2009). In S. enterica, 

ArcA responds to hydrogen peroxide treatment by downregulating several PEP-PTS and ABC 

transporters, while upregulating genes involved in glutathione and glycerolipid metabolism and 

nucleotide transport (Morales et al., 2013). Consequently, hydrogen peroxide treatment oxidizes the 

glutathione pool to a greater extent in ∆arcA compared to the WT strain (Morales et al., 2013). The 

same study also indicated that loss of ArcA leads to an approximately ten-fold increase in the 

NADH/NAD+ ratio during aerobic growth, with concomitantly increased ROS production (Morales et 

al., 2013). However, loss of ActR does not appear to have this effect in A. tumefaciens, implying that 

a different mechanism underpins the PYO sensitivity of our ∆actR mutant. Our RNA-seq data set also 
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provides no indication that ActR regulates glutathione reductases in A. tumefaciens, unlike in S. 

enterica or even the more closely related S. medicae (Fenner et al., 2004; Morales et al., 2013). 

The genetic evidence linking ActR and Cyo to phenazine tolerance is particularly interesting in 

light of other evidence suggesting that phenazines directly interact with and accept electrons from the 

respiratory ETC (Hassan and Fridovich, 1980; Baron and Rowe, 1981; Baron et al., 1989; Voggu et 

al., 2006; Biswas et al., 2009). Perhaps most relevant are the observations that specific sequence 

variants in a subunit of cytochrome bd oxidase confer PYO tolerance in staphylococci (Voggu et al., 

2006), and that cbb3-type terminal oxidases are necessary and sufficient for normal phenazine 

reduction in P. aeruginosa (Jo et al., 2017). While technical limitations prevented us from 

quantitatively comparing intracellular ROS formation in WT and ∆actR, multiple observations from 

our ∆actR mutant—such as the fact that SodBII-mediated protection is more important in the ∆actR 

background—hint that the composition of the ETC, and in particular the pool of terminal oxidases, 

may influence how readily phenazines can “steal” electrons and thereby exert toxic effects.  

Importantly, as alluded to above, the toxic effects of stealing electrons from the ETC may not be 

limited to the generation of ROS, as redox cycling of phenazines may subvert the coupling of electron 

transfer to proton pumping and hence inhibit oxidative phosphorylation. This possibility is suggested 

by the fact that the ATP pool in ∆actR shrinks upon PYO treatment. At the same time, loss of Cyo 

might also increase basal ROS production to levels that do not affect growth under non-stressful 

conditions, but that nevertheless compromise the cell’s ability to cope with exogenous oxidative stress, 

as has been observed in E. coli (Brynildsen et al., 2013). To further add insult to injury, the effects of 

any increase in ROS production—whether basal or PYO-mediated—would be compounded by the 

less-efficient coupling of the ETC to oxidative phosphorylation in ∆actR, as many oxidative damage 

repair systems require ATP (Selby and Sancar, 1995; Galletto et al., 2006; Heinze et al., 2009; Dahl 

et al., 2015), not to mention the energy that is presumably required to synthesize the proteins in the 

SoxR regulon.  
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Overall, we propose a model in which ActR-mediated regulation of the ETC in A. tumefaciens 

helps to preemptively mitigate PYO toxicity, likely by minimizing the ability of PYO to decouple 

oxidative phosphorylation and generate ROS, while also promoting efficient energy conservation to 

power energy-dependent defense mechanisms such as the activation of the SoxR regulon (Fig. 7). 

Notably, loss of ActR has also been linked to downregulation of cyo in Rhizobium etli, a fellow 

member of the Rhizobiaceae (Lunak and Noel, 2015). Moreover, in the much more distantly related 

betaproteobacterium Burkholderia cenocepacia, a transposon insertion in an ActR homolog 

(BCAL0499) dramatically increased sensitivity to PYO and PCA (Bernier et al., 2018), although this 

gene was not recognized as an ActR homolog in that study, nor was it further characterized; instead, 

we recognized this connection after performing a BLAST-P search with the BCAL0499 sequence 

against the A. tumefaciens genome. Together, these observations suggest that the role we have found 

for ActR in A. tumefaciens may extend to diverse organisms. Our results also raise the intriguing 

possibility that the composition of an organism’s ETC may be a key determinant of its sensitivity to 

phenazines and other redox-active compounds. Future comparative studies will shed light on the 

usefulness of this principle for understanding and predicting ecological impacts of this important class 

of bacterial secondary metabolites.  

 

Experimental procedures 

 

Strains and media 

 All experiments with A. tumefaciens were performed with strain NT1, a derivative of strain 

C58 that lacks the pathogenicity-conferring Ti plasmid (Watson et al., 1975). A. tumefaciens was 

routinely grown at 30C, with shaking at 250 rpm for liquid cultures. Unless otherwise stated, the 

medium for liquid cultures was Luria-Bertani (LB) Miller broth (Difco) buffered with 50 mM MOPS 

(pH 7), while solid plates were made with LB containing 1.5% agar. Kanamycin was added where 

appropriate at 50 µg/mL to make LB-Kan. LB was chosen as it is a commonly used rich medium and 

because we found that A. tumefaciens is highly sensitive to PYO in minimal glucose media such as 

AT medium (Morton and Fuqua, 2012b), possibly due to the harmful effects of superoxide on amino 
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acid biosynthetic enzymes (Carlioz and Touati, 1986). The donor strain for transposon mutagenesis 

was E. coli 2155 pSC189, which was grown at 37C in LB containing 300 µM diaminopimelic acid 

(DAP) and 100 µg/mL carbenicillin. Molecular cloning was carried out in E. coli DH10b using 

restriction enzyme-based standard protocols, except for pCyo, which was constructed by Gibson 

assembly (Gibson et al., 2009). Plasmids (except for pSC189) were transferred to A. tumefaciens by 

electroporation. All restriction enzymes and Gibson assembly reagents were purchased from New 

England Biolabs (NEB). PYO was synthesized and purified as previously described (Cheluvappa, 

2014), and PCA was purchased from Princeton Biomolecular Research, Inc. For all experiments 

involving PYO, a 50x stock solution was made in 20 mM HCl, and the latter was used as a solvent 

control (2% of final culture volume) in 0 µM PYO conditions. Paraquat and AQDS were directly 

dissolved in MOPS-buffered LB at the desired final concentration. Stock solutions (50x) of methylene 

blue and PCA were made in water, with the latter dissolved by adding an equimolar amount of NaOH.  

 

Transposon mutagenesis screen and identification of transposon insertion loci  

 To generate random transposon insertion mutants, we conjugated A. tumefaciens with the 

donor strain for pSC189 as follows. First, A. tumefaciens and E. coli 2155 pSC189 were grown 

overnight to early stationary phase, then a 1 mL aliquot of E. coli was centrifuged and washed twice 

with LB to avoid carryover of carbenicillin and DAP. A 1 mL aliquot of A. tumefaciens was then 

added to the same microcentrifuge tube and centrifuged to generate a mixed cell pellet. The pellet was 

resuspended in 20 µL of LB, spotted directly on LB agar, incubated for 24 hr at 30C, and 

resuspended in 1 mL of LB by scraping and pipetting. This procedure was repeated approximately 25 

times to generate independent libraries of transposon mutants. The libraries were diluted by a factor of 

2 x 10-4 and 100 µL was spread on LB-Kan plates. After two days at 30C, colonies were picked 

directly into 96-well microtiter plates containing 100 µL of LB-Kan in each well. The 96-well plates 

were wrapped in plastic film and incubated at 30C for 24 hrs without shaking, in plastic containers 

containing damp paper towels for humidity. Subsequently, using a 48-pronged replicator flame-

sterilized with ethanol, a small aliquot (1-2 µL) of each culture was transferred to a fresh 96-well plate 
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containing 200 µL aliquots of LB-Kan + 100 µM PYO and incubated as above. After two days, the 

plates were assessed for the color change from blue to clear. Mutants in wells that remained blue were 

recovered from the original 96-well plates (that were grown without PYO) and stored at -80C in 15% 

glycerol until further analysis. 

 The transposon insertion location in each mutant of interest was determined using arbitrary 

PCR. Genomic DNA was extracted from overnight cultures of the mutants using the QIAamp DNA 

Mini Kit (Qiagen) and PCR-amplified in 50 µL reactions with the primers Mar4 and SS9arb1 (Table 

S7). 5 µL of the PCR product was treated with ExoSAP-IT (Applied Biosystems) and 1 µL of 

cleaned-up product was re-amplified using the nested primers Mar4-2 and arb3 (Table S7). Following 

gel electrophoresis in 1% agarose, 1-2 distinct bands per mutant were gel extracted with the QIAquick 

Gel Extraction Kit (Qiagen) and submitted for Sanger sequencing (Laragen). The resulting sequences 

were aligned with BLAST against the A. tumefaciens C58 genome on the MicroScope platform 

(Vallenet et al., 2017).  

 

In-frame deletion, complementation, and overexpression experiments 

 In-frame deletion mutants were generated via allelic replacement according to a previously 

published protocol (Morton and Fuqua, 2012a), using the plasmid pNPTS138 (M. R. K. Alley, 

unpublished), except that plating steps were done on LB agar containing 5% sucrose and/or 50 µg/mL 

kanamycin as appropriate. Complementation and overexpression experiments were performed by 

cloning the coding sequence(s) of the relevant gene(s) into the plasmid pSRKKm in place of lacZ, 

such that expression of the gene(s) of interest would be driven by the lacIq-lac promoter-operator 

complex (Khan et al., 2008). Expression from these plasmids in A. tumefaciens was induced by 

adding 1 mM isopropyl -D-thiogalactopyranoside (IPTG) to the culture medium at the beginning of 

the experiment. All plasmids used in this study are described in Table S8. 
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Bacterial growth-based assays 

To assess sensitivity to PYO or other redox-active molecules in liquid cultures, stationary-

phase overnight cultures of A. tumefaciens were diluted to an OD500 of 1 in fresh medium and 

inoculated 1:10 (initial OD500 = 0.1) into 200 µL aliquots of medium containing different 

concentrations of the redox-active molecules in 96-well flat-bottom tissue culture plates. Each plate 

was then transferred to a small humidity cassette (Tecan) containing 4 mL of water and incubated in a 

Spark 10M plate reader (Tecan) with shaking at 30C for 24 hr, monitoring OD500 as a proxy for 

growth. OD500 measurements were corrected by subtracting the OD500 of “blank” wells containing the 

respective treatment without cells. Each strain was assessed with at least three biological replicates 

(derived from independent overnight cultures). Throughout this study, differences in growth after 24 

hrs approximately correspond to differences in maximum achievable cell density, as cultures were 

either in or approaching stationary phase at this time point.  

 

 Sensitivity to acid, hydrogen peroxide, or SDS was assessed with a disk diffusion assay. 

Stationary-phase overnight cultures were diluted to an OD500 of 1, mixed 1:50 with 42C pre-warmed 

LB soft agar (0.8% agar), and evenly pipetted in 5 mL aliquots onto solid LB agar plates. Disks of 

Whatman #1 filter paper (7 mm diameter) were soaked in 2 M HCl, 5.5 M H2O2, or 10% SDS and 

placed in the center of the plates. Diameters of growth inhibition zones were measured after two days 

of incubation at room temperature.  

 

 Sensitivity to bile salts, EDTA, and osmotic stresses was assessed using a gradient plate assay. 

To prepare the gradient plates, 25 mL of molten LB agar containing 2% bile salts (HiMedia 

Laboratories), 1 mM EDTA, 0.4 M NaCl (total concentration including the salt already present in LB), 

or 1 M myo-inositol was poured into square grid plates (Fisherbrand) tilted by propping against their 

lids. Once this layer had set, the plates were topped with 30 mL of plain LB agar and left at room 

temperature to equilibrate for at least 24 hrs. LB-only agar plates were prepared in the same manner 

as a control. Exponential-phase cultures were diluted to an OD500 of 0.5, then diluted again 10-4, and 5 
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µL aliquots of the suspension were spotted on the gradient plates. The plates were incubated at 30C 

for 2-3 days before imaging with an Epson Perfection V550 Photo flatbed scanner. For both the disk 

diffusion and gradient plate experiments, each strain was tested in duplicate at least three independent 

times.  

 

RNA extraction, RNA-seq, and qRT-PCR 

 To obtain RNA for RNA-seq or qRT-PCR, overnight cultures (duplicate for RNA-seq, 

triplicate for qRT-PCR) were diluted to an OD500 of 0.1 and grown to exponential phase (OD500 ~0.5-

0.7), then treated with PYO or 20 mM HCl (solvent control) for 20 min before collecting 1 mL 

aliquots. Cell pellets obtained by centrifuging the aliquots were flash-frozen in liquid nitrogen and 

stored at -80C until RNA extraction. RNA was extracted from the pellets using the RNeasy Mini Kit 

(Qiagen) with a modified protocol. Briefly, the cell pellets were resuspended in 200 µL of TE buffer 

(30 mM Tris-HCl, 1 mM EDTA, pH 8) containing 15 mg/mL lysozyme, plus 15 µL of 20 mg/mL 

proteinase K (Qiagen). After 10 min at 37C with occasional mixing, 700 µL of Buffer RLT 

containing 1% -mercaptoethanol was added, vortexing to mix, followed by 500 µL of absolute 

ethanol. The manufacturer’s protocol for bacteria was then followed starting at step 7 (loading the 

lysate onto the spin column), including the optional on-column digestion with DNase I (Qiagen). 

After eluting the RNA in RNase-free water, residual genomic DNA was removed with the TURBO 

DNA-free Kit (Invitrogen), following the manufacturer’s protocol.  

 For RNA-seq, rRNA was depleted by treatment with the Ribo-Zero rRNA Removal Kit for 

Bacteria (Illumina). The remaining RNA was then fragmented to an average size of 200 bp by 

incubation at 94C for exactly 60 s with the RNA Fragmentation Buffer from the NEBNext mRNA 

Library Prep Master Mix Set for Illumina (NEB). Fragmentation was halted by placing the samples on 

ice and adding the RNA Fragmentation Stop Buffer. The concentrations and average sizes of the 

fragmented RNA samples were determined using the Agilent RNA 6000 Pico Kit on an Agilent 2100 

Bioanalyzer. Subsequent library preparation steps were carried out with the NEBNext Ultra II 

Directional RNA Library Prep Kit for Illumina (NEB), following the manufacturer’s protocol for 
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rRNA-depleted FFPE RNA. Sequencing was performed at the Millard and Muriel Jacobs Genetics 

and Genomics Laboratory at the California Institute of Technology to a depth of 10-15 million reads 

on an Illumina HiSeq2500 and processed using the Illumina HiSeq control software (HCS version 

2.0). Low-quality bases were removed using Trimmomatic (LEADING:27 TRAILING:27 

SLIDINGWINDOW:4:20 MINLEN:35) (Bolger et al., 2014). Alignment to the A. tumefaciens C58 

genome and calculation of the number of reads per gene was performed with Rockhopper 2 (Tjaden, 

2015), with 0.04 allowed mismatches and a minimum seed length of 0.33. Differential gene 

expression analysis was performed using DESeq2 (Love et al., 2014). Sequence data were submitted 

to the NCBI Sequence Read Archive under the accession number PRJNA521160. 

 For qRT-PCR, cDNA was synthesized from TURBO DNase-treated RNA using the iScript 

cDNA Synthesis Kit (Bio-Rad). The PCR reactions were set up in a 20 µL volume with iTaq 

Universal SYBR Green Supermix (Bio-Rad) (10 µL of the supermix, 4 µL of a 1:10 dilution of cDNA 

[~10 ng], 0.4 µL each of 10 µM forward and reverse primers, and 5.2 µL of water). Primers for qRT-

PCR were designed using Primer-BLAST (Ye et al., 2012) and are listed in Table S7. Reactions were 

run using a Fast 7500 Real-Time PCR System machine (Applied Biosystems). A standard curve for 

each primer pair was generated using known concentrations of A. tumefaciens genomic DNA, 

enabling calculation of the relative concentrations of cDNA for each gene of interest. The expression 

levels (relative concentrations) for each gene were normalized to the expression of the housekeeping 

gene rpoD. 

 

Oxygen consumption rate measurements 

 To measure oxygen consumption rates, each overnight culture was diluted to an OD500 of 0.1 

in four 5 mL cultures (total 20 mL) and grown to exponential phase (OD500 ~0.5-0.7). Meanwhile, 19 

mL of MOPS-buffered LB per sample was aliquoted into autoclaved scintillation vials and pre-

equilibrated by stirring with a magnetic stir bar at 500 rpm for at least 1 hr. Once the cultures had 

reached exponential phase, all 20 mL of each sample was centrifuged in a 50 mL conical tube. The 

cell pellet was resuspended in 1 mL of MOPS-buffered LB and adjusted to an OD500 of 5, then 1 mL 

of the suspension was added to 19 mL of pre-equilibrated medium with continued stirring at 500 rpm. 
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The concentration of oxygen in the medium was recorded over time at 1 s intervals using an OX-500 

microsensor (Unisense), which was submerged to a fixed depth below the surface. After 7 min, the 

cultures were spiked with 10 µM PYO and the oxygen concentration was recorded for another 7 min. 

The measurements were calibrated by using a solution of 0.1 M sodium ascorbate + 0.1 M NaOH as 

the zero-oxygen reference, and MOPS-buffered LB that had equilibrated with stirring at 500 rpm for 

several hours as the saturated reference. The microsensor response was converted to dissolved oxygen 

concentration using the salinity-temperature-solubility tables provided by the manufacturer. Oxygen 

consumption rates were calculated using an approach similar to a previously published method 

(Riedel et al., 2013), except that we treated only the first 2 min of each 7 min recording period as an 

equilibration period due to the rapid response of the microsensor, and that we fitted separate linear 

regressions for each 10 µM interval of oxygen concentration.  

 To measure PYO-mediated oxygen consumption rates in the presence of cyanide, 

experiments were performed as above except that 5 mM potassium cyanide (KCN) was added to the 

cell suspensions after the first 7 min (to ensure that cells were respiring normally prior to cyanide 

addition). Upon addition of cyanide, oxygen consumption halted within 10 s, and oxygen 

concentrations steadily rose over time due to leakage of oxygen back into the system. After 5 min of 

cyanide treatment, 10 µM PYO was added to the cell suspensions. As this led to no visible change in 

the rate of oxygen leakage/consumption, after another 5 min more PYO was added to a final 

concentration of 100 µM. Plating for CFUs before and after the experiments confirmed that 5 mM 

KCN did not kill the cells (data not shown).  

 

NADH and NAD+ extraction and measurement 

 To determine the NADH/NAD+ ratios of WT and ∆actR, overnight cultures were diluted to 

an OD500 of 0.1 and grown to exponential phase (5 hrs) in 5 mL MOPS-buffered LB. NADH and 

NAD+ were then extracted and quantified according to a previously published protocol (Kern et al., 

2014). To monitor the progress of the enzyme-mediated colorimetric reaction, absorbance at 570 nm 

was tracked in a Spark 10M plate reader (Tecan) over a period of 20 min, with the minimum possible 

time between readings (~45 s).  
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ATP measurements and ATP synthesis inhibition 

 To measure ATP levels, overnight cultures were diluted to an OD500 of 0.1 and grown to 

exponential phase (5 hrs) in 5 mL MOPS-buffered LB with or without 10 µM PYO. The ATP 

measurements were then performed using BacTiter-Glo Reagent (Promega) in opaque white 96-well 

plates, according to the manufacturer’s instructions. Luminescence readings were taken at 30C using 

a Spark 10M plate reader (Tecan). ATP concentrations were calculated using a standard curve 

generated with known quantities of pure ATP dissolved in water, and were normalized to the OD500 of 

each culture. To test whether inhibiting ATP synthesis can increase sensitivity to PYO, the 

experiment was performed in the same manner except that the cultures were treated with 0 or 100 µM 

N,N-dicyclohexylcarbodiimide (DCCD), in combination with 0 or 10 µM PYO. These experiments 

were performed in triplicate.  

 

Measurement of ROS production  

 We first measured ROS production by using electron paramagnetic resonance (EPR) 

spectroscopy in conjunction with the spin trap 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide 

(BMPO), which reacts with superoxide and hydroxyl radical to form relatively stable radical adducts 

(BMPO/OOH and BMPO/OH, respectively) (Zhao et al., 2001). However, we found that this 

approach could only detect extracellular ROS in suspensions of A. tumefaciens (Fig. S7A), consistent 

with a previous study that used a similar spin trap to detect superoxide formation in PYO-treated E. 

coli (Hassett et al., 1992). To perform these measurements, overnight cultures were first grown in AT 

minimal medium modified to contain 50 mM phosphate buffer and no added iron (Morton and Fuqua, 

2012b). The cultures reached mid-exponential phase after approximately 20-24 hrs, at which point the 

cells were pelleted by centrifugation and washed twice with Chelex 100 (Bio-Rad)-treated 0.1 M 

phosphate buffer (pH 7.4) containing 25 µM diethylenetriaminepentaacetic acid (DTPA). The cells 

were then resuspended in the buffer to an OD500 of 1. For each sample, 176 µL of cell suspension was 

combined with 20 µL of 250 mM BMPO (dissolved in the phosphate buffer), 2 µL of 50% glucose 

(Chelex 100-treated), and 2 µL of 10 mM PYO, and mixed by vortexing for 5 s every minute for three 
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minutes. The sample was then loaded into a flat quartz EPR spectroscopy cuvette and the spectrum 

was recorded on a Bruker EMX X-band CW-EPR spectrometer starting at 10 min 30 s after the 

addition of PYO. The instrument settings were as follows: microwave power, 5.08 mW; microwave 

frequency, 9.836 GHz; modulation frequency, 100 kHz; modulation amplitude, 1 G; time constant, 

81.92 msec; receiver gain, 5.02 x 104; sweep time, 83.89 s. Spectra shown in Fig. S6A are averages of 

6 consecutive scans from single samples that are representative of at least three biological replicates, 

except for the cell-free and exogenous SOD control samples, for which only the initial spectrum was 

recorded.  

 To measure intracellular superoxide formation, we considered using dihydroethidium (DHE), 

a cell-permeable dye that reacts with superoxide to form the fluorescent derivative 2-hydroxyethidium, 

although it can also be nonspecifically oxidized to similarly fluorescent ethidium (Zielonka et al., 

2007). Unfortunately, we found that addition of PYO to DHE in cell-free phosphate buffer was 

sufficient to increase fluorescence, suggesting that PYO can abiotically oxidize DHE and that DHE 

oxidation would therefore not be a reliable reporter for intracellular superoxide (Fig. S7B). To test 

DHE for oxidation upon exposure to PYO, 1.5 µL of 5 mM DHE (Invitrogen) was combined in a 

microcentrifuge tube with 5 µL of 1 mM PYO or 5 µL of 20 mM HCl (solvent control) in 493.5 µL of 

Chelex 100-treated 0.1 M phosphate buffer (pH 7.4) containing 100 µM DTPA. The samples were 

incubated at 30C with shaking at 250 rpm for 1 hr. Subsequently, 200 µL of each sample was 

transferred to a black plastic flat transparent-bottomed 96-well plate and fluorescence (excitation at 

510 nm, emission at 580 nm) was recorded in a Spark 10M plate reader (Tecan). All steps were 

performed in the dark or under dim lighting to minimize photooxidation of DHE.  

 

Statistical analysis 

 All statistical analyses were performed using R (R Core Team, 2018). In all cases involving 

multiple pairwise comparisons within an experiment, the Benjamini-Hochberg procedure was used to 

control the false discovery rate. For Figs. 2B and 3B, statistical significance was calculated by 

generalized linear regression with dummy variable coding, using WT as the reference group within 

each treatment. The function ‘ncvTest’ from the package ‘car’ (Fox and Weisberg, 2011) was used to 
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verify the homoscedasticity of the residuals, while the Shapiro-Wilk normality test was used to verify 

the normality of the residuals. For Fig. 2C, the Shapiro-Wilk test revealed non-normality of the 

residuals following linear regression, so instead the Kruskal-Wallis test was performed within each 

treatment, followed by pairwise comparisons using the Wilcox rank sum test. For Fig. 4C, Welch’s t-

test was used to make pairwise comparisons between WT and ∆actR within each condition (i.e. + 

PYO or – PYO). For Fig. 6C, Welch’s t-test was used to make pairwise comparisons between strains 

within each condition (i.e. + PYO or – PYO), as well as within strains but between conditions. For Fig. 

S6B, ncvTest revealed heteroscedasticity of the residuals following linear regression, so instead 

samples were grouped by strain and PYO treatment and Welch’s t-test was then used to make 

pairwise comparisons between 0 µM and 100 µM DCCD treatments within each group. For Fig. S6C, 

the assumptions of linear regression were met, so linear regression was performed with a custom 

contrast matrix to specify comparisons between 0 µM and 100 µM DCCD treatments within each 

strain.  
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Figure legends 

 

Fig. 1: Transposon mutagenesis reveals genes necessary for tolerance of PYO.  

A) An example 96-well plate demonstrating the colorimetric strategy used to identify PYO-sensitive 

transposon mutants. As WT or PYO-tolerant mutants grow to a high density over 48 hrs in static 

cultures, cellular reductants transform PYO from its blue oxidized form to its colorless reduced form. 

Wells containing PYO-sensitive mutants that cannot grow to a high density remain blue. B) Growth 

of WT and the 12 PYO-sensitive transposon mutants after 24 hrs in the presence of 200 µM PYO. 

Cultures were either in or approaching stationary phase at this time point, and growth was normalized 

to growth in parallel cultures without PYO. Differences between WT and mutants were generally 

greater at 200 µM PYO than at lower concentrations. Mutants are named by the gene containing the 

transposon insertion and categorized by predicted function (see Table S1 for further details). Error 

bars represent standard deviations of biological replicates (n = 3).  

 

Fig. 2: ∆actR and ∆soxR mutants exhibit differential sensitivity to redox-active small molecules.  

A) Growth of WT, ∆actR, and ∆soxR after 24 hrs in the presence of different concentrations of PYO, 

measured by optical density at 500 nm (n = 3). B) Growth of WT, ∆actR, and ∆soxR after 24 hrs in 

the presence of 20 mM paraquat, 10 mM AQDS, 500 µM PCA, or 200 µM methylene blue (n = 3). 

For each molecule, the chosen concentration was the lowest tested dose at which growth of either 

∆actR or ∆soxR was statistically significantly different from WT. C) Diameter of growth inhibition 

zone around a disk infused with 10% SDS, 2 M HCl, or 5.5 M H2O2 (n  6). The measurements 

represent the diameter of the zone of clearing minus the diameter of the disk itself. D) Growth of WT, 

∆actR, and ∆soxR on agar plates containing either plain LB or a concentration gradient (low-high, left 

to right) of bile salts (up to 2%). Images are representative of eight biological replicates. In A and B, 

cultures were in stationary phase at the reported time point. In B and C, * p < 0.05, ** p < 0.01, *** p 

< 0.001 (in B, linear regression with dummy variable coding using WT as the reference group; in C, 

Kruskal-Wallis test followed by pairwise Wilcox rank sum test with the Benjamini-Hochberg 
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procedure for controlling the false discovery rate). Error bars in A-C represent standard deviations of 

biological replicates. 

 

Fig. 3: SoxR protects A. tumefaciens against PYO by upregulating functionally redundant superoxide 

dismutase, transporters and redox-related genes. 

A) qRT-PCR validation of putative members of the SoxR regulon, showing that induction of these 

genes upon a 20 min exposure to 100 µM PYO was partially or fully abrogated in the ∆SoxR mutant 

(n = 3). Bolded genes lack a SoxR box and thus could not be identified as SoxR-regulated by 

computational approaches in earlier studies. qRT-PCR validation was not performed for Atu4581 and 

Atu4582, as these genes are predicted to be co-transcribed with sodBII (Mao et al., 2009). Expression 

levels were normalized to the housekeeping gene rpoD, and induction was calculated as the 

expression in the presence of PYO divided by the expression without PYO. B) Growth of single 

knockout mutants for members of the SoxR regulon after 24 hrs in the presence of 200 µM PYO, 

normalized to growth of parallel cultures without PYO. ** p < 0.01, *** p < 0.001 (n = 3, linear 

regression with dummy variable coding using WT as the reference group). C) Normalized expression 

levels of sodBII and soxR in WT after 20 min exposure to different concentrations of PYO (n  = 3). 

Expression levels were determined by qRT-PCR and normalized to rpoD. D) Growth of WT, ∆sodBI,  

∆sodBII, ∆soxR, and the ∆sodBI/∆sodBII and ∆soxR/∆sodBI mutants after 24 hrs in the presence of 

different concentrations of PYO (n  3). Error bars in all panels represent standard deviations of 

biological replicates. In B and D, cultures were in stationary phase at the reported time point.  

 

Fig. 4: Expression of cytochrome o oxidase and cytochrome d oxidase is dysregulated in ∆actR. 

A) Plot of the absolute values of log2 fold changes in gene expression upon 100 µM PYO treatment in 

WT against absolute values of log2 fold changes in gene expression upon 100 µM PYO treatment in 

∆actR. Only genes that were statistically significantly differentially expressed (adjusted p-value < 

0.01) upon PYO treatment in at least one strain are plotted. Each point represents a single gene. The 

black line is y = x. B) Volcano plots of RNA-seq data comparing gene expression levels in ∆actR to 

WT, with either 0 µM PYO or 100 µM PYO. The vertical dashed lines mark a log2 fold change of -2 
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or 2, and the horizontal dashed line marks an adjusted p-value of 0.01. Only genes with statistical 

significance below the adjusted p-value cutoff are plotted. C) qRT-PCR data confirming the 

expression patterns of the cyo and cyd operons in ∆actR vs. WT. The + PYO condition represents 

treatment with 100 µM PYO. Only cyoA and cydA are shown for brevity, as they are co-transcribed 

with other members of these operons. Expression levels were normalized to the housekeeping gene 

rpoD. ** p < 0.01 (Welch’s t-test followed by the Benjamini-Hochberg procedure for controlling the 

false discovery rate; n = 3). Error bars represent standard deviations of biological replicates. 

 

Fig. 5: Loss of cytochrome o oxidase, but not overexpression of cytochrome d oxidase, increases 

sensitivity to PYO. 

A) Growth of WT, ∆actR, ∆cyo, and ∆actR/∆cyo after 8 hrs (left) or 24 hrs (right) in the presence of 

different concentrations of PYO. 8 hrs corresponds to late exponential phase while 24 hrs corresponds 

to stationary phase. B) Growth of WT pLacZ (vector control for overexpression constructs), ∆actR 

pLacZ, ∆actR pCyo (overexpression construct for the cyo operon), and ∆actR pCyd (overexpression 

construct for the cyd operon). Overexpression was induced by adding 1 mM IPTG at the start of the 

experiment. Growth of ∆actR pCyo is statistically significantly higher than growth of ∆actR pLacZ at 

both time points and across all concentrations of PYO, except for 0 µM and 200 µM PYO after 8 hrs 

(p < 0.05, Welch’s t-test followed by the Benjamini-Hochberg procedure for controlling the false 

discovery rate). All data points are plotted with error bars representing standard deviations of 

biological replicates (n = 3). 

 

Fig. 6: Loss of ActR decreases cellular ATP levels and increases dependence on SoxR-regulated 

SodBII. 

A) Oxygen consumption rates of exponential-phase WT and ∆actR with and without 10 µM PYO (n = 

3). B) Simplified cartoon showing the relationship between Cyo, Cyd, and ATP synthase, as well as 

the different coupling constants of Cyo and Cyd (2H+/e- vs. 1H+/e-, respectively). QH2 = ubiquinol 

(reduced), Q = ubiquinone (oxidized). C) Bulk ATP levels in exponential phase cultures of WT, 

∆actR, and ∆cyoABCD, with and without 10 µM PYO. * p < 0.05, * p < 0.01 (Welch’s t-test followed 
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by the Benjamini-Hochberg procedure for controlling the false discovery rate; n = 3). D) Growth of 

WT, ∆sodBII, ∆actR, and ∆actR/∆sodBII after 24 hrs in the presence of different concentrations of 

PYO, showing the increased dependency of ∆actR on SodBII (n  3). Cultures were in stationary 

phase at this time point. Data for WT and ∆actR are from Fig. 2A. Error bars in A, B, and D represent 

standard deviations of biological replicates. 

 

Fig. 7: Proposed model for regulation of phenazine tolerance in A. tumefaciens. 

Phenazine tolerance is regulated in both a constitutive (ActR-mediated) and inducible (SoxR-

mediated) manner. ActR promotes phenazine tolerance in part by upregulating expression of 

cytochrome o oxidase (Cyo) at the expense of cytochrome d oxidase (Cyd) during aerobic growth. 

Cyo is more efficient at powering ATP synthesis and thereby supports energy-dependent defense and 

repair mechanisms. Levels of Cyo and Cyd may also affect how readily phenazines “steal” electrons 

from the electron transport chain and generate toxic superoxide radicals. Phenazines can directly 

oxidize and thereby activate SoxR. Activation of the SoxR regulon is likely energy dependent due to 

massive upregulation of several proteins, including superoxide dismutase (Sod), at least five efflux 

pumps, redox-related proteins such as ferredoxin, and other proteins that are as yet uncharacterized. 

The SoxR-regulated Sod becomes more important in the absence of ActR. Phzox = oxidized 

phenazines, Phzred = reduced phenazines.  
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