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Abstract

Salmonella and E. coli synthesize, import, and export cadaverine, putrescine, and spermidine 

to maintain physiological levels and provide pH homeostasis. Both low and high intracellular 

levels of polyamines confer pleiotropic phenotypes or lethality. Here, we demonstrate that 

the previously uncharacterized inner membrane protein PaeA (YtfL) is required for reducing 

cytoplasmic cadaverine and putrescine concentrations. We identified paeA as a gene involved 

in stationary phase survival when cells were initially grown in acidic medium, in which they 

produce cadaverine. The paeA mutant is also sensitive to putrescine, but not to spermidine 

or spermine. Sensitivity to external cadaverine in stationary phase is only observed at pH 

>8, suggesting that the polyamines need to be deprotonated to passively diffuse into the cell 

cytoplasm. In the absence of PaeA, intracellular polyamine levels increase and the cells lose 

viability. Degradation or modification of the polyamines is not relevant. Ectopic expression of the 

known cadaverine exporter, CadB, in stationary phase partially suppresses the paeA phenotype, 

and overexpression of PaeA in exponential phase partially complements a cadB mutant grown in 

acidic medium. These data support the hypothesis that PaeA is a cadaverine/putrescine exporter, 

reducing potentially toxic levels under certain stress conditions.

Plain Language Summary

Polyamines are critical for survival in most life forms. We have identified a putative polyamine 

exporter that prevents toxic buildup of certain polyamines in the bacterium Salmonella.
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Certain stresses or conditions induce production or import of putrescine and/or cadaverine. Once 

stress is relieved or conditions change, the polyamines need to be exported via PaeA. Failure to 

export leads to high polyamine concentrations that are lethal under certain conditions.
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1 INTRODUCTION

Salmonella enterica is a major food-borne pathogen causing an estimated 1.2 million 

infections each year in the United States (Scallan et al., 2011). Ingested Salmonella 
colonize the small intestinal epithelium and induce both inflammatory diarrhea and bacterial 

invasion, leading to systemic spread (Darwin and Miller, 1999; Tsolis et al., 1999; Wallis 

and Galyov, 2000; Zhou and Galan, 2001). The most serious Salmonella disease results 

from this extraintestinal infection (Pegues and Miller, 2010; Feasey et al., 2012), the 

hallmark of which is the ability of Salmonella to survive in macrophages (Burton et al., 

2014; Fenlon and Slauch, 2014). Macrophages engulf bacteria into phagosomes, which 

subsequently acidify and mature into phagolysosomes upon delivery or production of 

various antimicrobial effectors, including superoxide and nitric oxide (Slauch, 2011). We 

do not have a complete understanding of the additional stress tolerance systems required for 

Salmonella to survive and replicate within macrophages.
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Polyamines are found in all three domains of life. They interact with negatively charged 

molecules, such as nucleic acids and phospholipids. Indeed, it is estimated that over 

half of the polyamines in the cell exist in polyamine–RNA complexes (Miyamoto et al., 

1993). Physiologically, polyamines have been implicated in numerous cellular processes in 

bacteria, such as growth under anaerobic conditions, siderophore synthesis, peptidoglycan 

synthesis, biofilm formation, swarming motility, oxidative stress resistance, and acid 

stress resistance (Park et al., 1996; Chattopadhyay et al., 2003; Chattopadhyay et al., 

2009; Kurihara et al., 2009a; Michael, 2018). Polyamines also affect ribosome assembly, 

translation initiation, and translation fidelity (Igarashi and Kashiwagi, 2015; Igarashi and 

Kashiwagi, 2018). Indeed, it has been proposed that alterations in polyamine levels affect 

translation of a subset of proteins critical to overall cell physiology and stress response 

(Igarashi and Kashiwagi, 2015; Igarashi and Kashiwagi, 2018; Sakamoto et al., 2020).

Spermidine and putrescine are broadly found in bacteria (Michael, 2018). Salmonella 
enterica and E. coli are among the bacteria that also produce cadaverine (Gale and Epps, 

1944; Park et al., 1996; Chattopadhyay et al., 2009). Salmonella has systems for uptake, 

export, synthesis, and degradation of polyamines (Fig. 1). Salmonella synthesizes cadaverine 

from L-lysine by the constitutively expressed lysine decarboxylase LdcC (Yamamoto et al., 

1997), or the acid-inducible CadA (Gale and Epps, 1944; Park et al., 1996)(see below). 

Putrescine is synthesized from L-arginine by SpeA and SpeB or from L-ornithine by SpeC 

or the inducible SpeF (Tabor and Tabor, 1985; Michael, 2016). Spermidine is synthesized 

from decarboxylated S-adenosyl-L-methionine and putrescine by SpeE (Bowman et al., 

1973; Tabor and Tabor, 1987). Salmonella cannot synthesize spermine (Tabor and Tabor, 

1985). Cadaverine and putrescine can be degraded to succinate via the lysine degradation 

pathway (Schneider and Reitzer, 2012; Knorr et al., 2018). In contrast to E.coli, Salmonella 
enterica does not have the second putrescine degradation pathway mediated by PuuABCD 

(Schneider and Reitzer, 2012). Spermidine is converted to N-acetylspermidine by SpeG 

(Fukuchi et al., 1995), but no further mechanism of degradation is known.

Cadaverine is exported by the lysine:cadaverine antiporter CadB (Soksawatmaekhin et al., 

2004), putrescine is excreted by the ornithine:putrescine antiporter PotE (Kashiwagi et 

al., 1997), and spermidine is excreted by MdtJI (Higashi et al., 2008). More recently, 

Hassan et al. identified AceI in Acinetobacter baumannii as a cadaverine/putrescine exporter 

(Hassan et al., 2019). The putative homolog in Salmonella (STM14_3648) has not been 

characterized. The ABC transporter PotABCD preferentially imports spermidine, but can 

also transport putrescine (Igarashi et al., 2001), while the ABC transporter PotFGHI 

is apparently specific for putrescine (Igarashi et al., 2001). PlaP is a putrescine:proton 

symporter (Kurihara et al., 2011). Salmonella does not encode the PuuP putrescine importer 

identified in E. coli (Kurihara et al., 2009b).

Under acidic conditions in vitro, the lysine-dependent acid stress resistance system CadAB 

is transcriptionally induced. CadA decarboxylates lysine to produce cadaverine, which is 

secreted by CadB (Park et al., 1996). During this process, one proton is consumed and one 

carbon dioxide is produced, and the protonated diamine is secreted, helping to neutralize 

the cytoplasmic pH (Park et al., 1996). Inside the macrophage phagosome, Salmonella 
is exposed to acid stress, pH 5 to 5.5. However, the cadBA genes remain repressed and 
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the cytoplasm becomes acidic (Chakraborty et al., 2015). Keeping the cytoplasm acidic 

is important for enhancing prolonged up-regulation of the ssrAB two component system, 

which regulates the SPI2 type III secretion system and its effector genes (Chakraborty et 

al., 2015), required for survival in the phagosome (Jennings et al., 2017). It is unclear if 

there are the other reasons for Salmonella to repress the genes responsible for polyamine 

production in the phagosome, and whether this further impacts Salmonella virulence.

We are interested in metabolic pathways important for survival of Salmonella in the 

phagosome. We focused on the genomic region that encodes ytfL. Previous studies in E.coli 
demonstrated that ytfK and msrA, encoded on either side of ytfL are important for nitrate 

and nitrite-related stress tolerances, respectively (St John et al., 2001; Iwadate and Kato, 

2017). The addition of nitrite is known to enhance acid stress (Muhlig et al., 2014). We 

deleted these genes and investigated the survival of mutants in acidic medium with nitrite. 

Although none of the mutants showed defects in growth, we found that ytfL is responsible 

for stationary phase survival when cells are grown in acidic medium with nitrite. Subsequent 

analyses showed that, in the ytfL mutant, the polyamines cadaverine or putrescine can build 

up to high concentration in the cytoplasm, causing loss of viability in stationary phase. The 

simplest explanation is that YtfL acts as a polyamine exporter, although we cannot rule 

out some indirect effect on cadaverine/putrescine concentrations. We have renamed the ytfL 
gene paeA, for Polyamine Export.

2 RESULTS

2.1 A ΔpaeA mutant loses viability in stationary phase when grown in pH 5 LB medium 

with nitrite.

Nitric oxide is produced by macrophages (MacMicking et al., 1997) and known to be 

important in controlling Salmonella infection (Vazquez-Torres et al., 2000; Chakravortty 

et al., 2002). Both ytfK and msrA have been implicated in resistance to reactive nitrogen 

species (St John et al., 2001; Iwadate and Kato, 2017). The paeA (ytfL) gene is located 

between ytfK and msrA (Fig 2A). Transcriptomic data suggest that paeA is transcribed from 

both its own promoter and via read-through from the msrA promoter, with an increase in 

transcription when Salmonella is replicating in macrophages (Kroger et al., 2013; Srikumar 

et al., 2015). Under acidic conditions, nitrite is converted to nitric oxide in vitro (St John 

et al., 2001). To see the effect of the deletions of paeA or mrsA on the sensitivity to nitrite 

under acidic conditions, we grew wild-type, a ΔpaeA::Cm strain, or an in-frame ΔmsrA
strain in unbuffered pH 5 LB medium with nitrite (LB5N) or without nitrite (LB5) and 

measured their growth and survival. As shown in Fig. 2B and C, all strains showed an 

increased lag when grown LB5N, but there was no overall difference in growth to stationary 

phase among the strains. After the entry into stationary phase, the ΔpaeA mutant lost 

viability over 24 hours when cultured in LB5 medium. The effect was greater when cells 

were grown in LB5N. There was no effect on viability in stationary phase when the paeA 
mutant was grown in pH 7 LB medium (LB7), with or without nitrite (Fig. 2D and E). 

Introduction of a low-copy plasmid encoding PaeA (pWKS30-paeA) into the paeA mutant 

complemented the survival defect in LB5N (Fig. 2F). These observations revealed that paeA, 
which encodes an uncharacterized putative inner membrane protein, is important for the 
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survival in stationary phase when cells are grown in pH 5 LB medium, especially in the 

presence of nitrite.

Although the loss of viability in stationary phase in the paeA mutant is dependent on initial 

growth at pH 5, this phenotype is enhanced by nitrite, suggesting that nitric oxide might be 

involved in the sensitivity. To test this hypothesis, we determined if nitric oxide scavengers 

or methionine sulfoxide reductases, important for tolerance to nitric oxide stress (St John et 

al., 2001; Vine and Cole, 2011), had any effect on the phenotype. As shown in Fig. S1A and 

B, none of the single or quintuple deletion mutants of nitric oxide scavenger genes, hmpA, 
norW, hcp, nrfA, and nirBD, nor the single or quadruple deletion mutants of methionine 

sulfoxide reductase genes, msrA, msrB, msrC, and msrPQ, showed any loss of viability 

in stationary phase under these conditions, nor did the mutations affect the phenotype 

caused by deletion of paeA in these backgrounds. The strains lacking the nitric oxide 

dioxygenase HmpA, the primary nitric oxide scavenger in the presence of oxygen (Gardner 

and Gardner, 2002), grew to a lower CFU at 12h after incubation in LB5N medium, and 

thus the CFU ratio (CFU at 36h after incubation / CFU at 12h after incubation) was higher 

than that of wild-type, but the paeA derivative still lost viability in stationary phase. These 

results suggested that nitric oxide scavengers and methionine sulfoxide reductases are not 

responsible for the survival in stationary phase when strains are grown in LB5N. Thus, 

although addition of nitrite to the medium enhances the paeA phenotype in stationary phase 

(Fig. 2B and C), it appears to be an indirect effect and not dependent on nitric oxide per se.

2.2 The ΔpaeA mutant is sensitive to supernatant of stationary phase cultures grown in 

pH5 LB medium with nitrite.

We next addressed the question of why the loss of viability at stationary phase in the ΔpaeA
strain is observed only when the cells are grown in LB5 but not LB7. First, we asked if the 

initial difference in pH of the media alters the pH in stationary phase, and thus survival of 

the ΔpaeA strain. As shown in Fig. S2A-D, all of the unbuffered LB cultures reached a pH of 

~8.8 independent of the strain, the starting pH, or the presence of nitrite. This is as expected 

in LB, given the fact that peptides are the primary carbon source, resulting in the release of 

ammonia (Sezonov et al., 2007). Thus, the effect of the initial medium pH on the survival of 

the ΔpaeA strain in stationary phase is not due to any difference in the pH of the stationary 

phase medium.

Second, we asked whether it was the growth of the ΔpaeA strain in LB5N or the resulting 

medium that conferred loss of viability in stationary phase. To do so, we switched the cells 

and media from cultures that were grown in LB7 or LB5N (Fig. 3A). As shown in Fig. 3B, 

the ΔpaeA cells lost viability when suspended in conditioned medium from cells grown in 

LB5N, independent of whether the ΔpaeA cells were initially grown in LB5N or LB7. These 

results indicated that the ΔpaeA strain is sensitive to some compound in the culture medium 

produced when cells are grown in LB5N.

To further understand the toxicity of the supernatant of stationary phase LB5N cultures, 

we examined the effect of the pH of the supernatant during stationary phase incubation. 

Wild-type or ΔpaeA stationary phase cells grown in LB7 were suspended in the pH-adjusted 
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LB5N supernatant solutions and incubated for 24 hours at 37°C. As shown in Fig. 3C, the 

toxic effect of the supernatant on the ΔpaeA strain was observed only when the pH was 

between 8.5 and 9.5. We also checked if the toxicity of the supernatant is dose dependent. 

As shown in Fig. 3D, the toxic effect of LB5N supernatant was observed with little loss in 

activity when diluted to 20% in pH 9 buffered saline. Activity was significantly reduced at 

10% supernatant and completely lost at 5% supernatant.

2.3 The toxicity of supernatant is dependent on acid-inducible cadaverine production.

In an attempt to determine what compound in the supernatant was responsible for toxicity, 

we asked if supplementation with any particular amino acid in the original culture would 

affect production of the toxic compound. We grew wild-type cells to stationary phase in 

LB5N in which we added one of the twenty amino acids to 0.4%. We then tested the 

effect of the resulting supernatants, diluted 1:20 in pH 9 buffer, on stationary phase ΔpaeA
cells. As shown in Fig. S3, addition of lysine to the starting culture significantly increased 

the toxicity of resulting supernatant. None of the other 19 amino acids had any effect. 

When lysine was added to the conditioned medium, rather than the starting culture, the 

enhancement of the toxicity of supernatant was not observed (Fig. S3). These results implied 

that a compound made from or with lysine is responsible for the toxicity of the supernatant.

In Salmonella, lysine plays an important role in acid stress tolerance; CadA-mediated 

decarboxylation of lysine into cadaverine neutralizes cytoplasmic pH (Park et al., 1996). 

We hypothesized that the addition of lysine in LB5N enhances the production of cadaverine 

and this process is required or responsible for the accumulation of the toxic compound in the 

supernatant. Therefore, we made a ΔcadBA strain and checked the toxicity of the supernatant 

after growth of this strain in LB5N. As shown in Fig. 4, the supernatant of the ΔcadBA
culture had no effect on the survival of the ΔpaeA strain in stationary phase. Note that the 

ΔcadBA ΔpaeA strain remained sensitive to the supernatant from the wild type culture. Thus, 

the CadAB system is required for production of the toxic compound, but is not involved in 

the sensitivity of a ΔpaeA mutant per se.

The above results suggest that cadaverine, produced and exported by CadAB, is toxic to 

the ΔpaeA mutant in stationary phase. Therefore, we measured polyamine levels in the 

cultures via LC/MS (Fig. S4A). Cells produced very little spermidine, independent of 

culture conditions or time of incubation. Putrescine production ranged from 0.3 to 0.6 mM, 

again largely independent of the pH of the medium. In contrast, cadaverine was less than 0.5 

mM in LB7, but increased to >2 mM in LB5 with a further increase when cells were grown 

in LB5N for 24 hrs. This increased production was dependent on CadAB.

2.4 The ΔpaeA strain is sensitive to cadaverine and putrescine but not to spermine or 

spermidine at pH 9.

To directly test the hypothesis that ΔpaeA strains are sensitive to cadaverine in stationary 

phase, we added cadaverine at various concentrations to pH 9 buffer and monitored the 

viability of the wild type and ΔpaeA strain. As shown in Fig. 5A, the ΔpaeA strain was 

sensitive to 0.5 mM cadaverine. Sensitivity increased in a concentration-dependent manner, 

peaking at concentrations at or above 2.5 mM cadaverine with an 8-log loss in viability. 
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This phenotype was complemented when PaeA was expressed from a plasmid (Fig. 5B). 

The wild-type strain also showed sensitivity to cadaverine in stationary phase, but only at 

higher concentrations. Indeed, the ΔpaeA strain is ~10-fold more sensitive compared to the 

wild type strain; the survival of ΔpaeA strain in the presence of 0.75 mM cadaverine equaled 

that of the wild-type strain in the presence of 7.5 mM cadaverine. These results indicated 

that the deletion of paeA dramatically increases sensitivity to cadaverine in stationary phase. 

These results also support the supposition that it is cadaverine produced by wild type or 

paeA strains grown in LB5N that is the toxic substance in the culture supernatant.

Salmonella synthesizes putrescine and spermidine, as well as cadaverine (Tabor and Tabor, 

1985). Neither Salmonella nor E. coli synthesize spermine (Tabor and Tabor, 1985), but 

they might encounter spermine in the environment. We determined if a ΔpaeA strain is 

sensitive specifically to cadaverine or more broadly to polyamines. As shown in Fig. 5C, 

when stationary phase wild-type and ΔpaeA strains were treated with putrescine at pH 9, 

the ΔpaeA strain showed a dramatic loss of viability relative to wild type in a concentration-

dependent manner. Analogous to what was observed with cadaverine, the wild type strain 

was also sensitive to putrescine, but only at higher concentrations. These results indicate that 

the paeA mutant shows increased sensitivity to both cadaverine and putrescine at similar 

concentrations and to similar extents.

In contrast to what was observed above, the wild-type and ΔpaeA strains were equally 

sensitive to spermidine and spermine in a concentration-dependent manner, with sensitivity 

being approximately equal in degree to what is observed with the wild-type strain 

treated with cadaverine (Figs. 5D and E). These observations correlate with the structural 

similarities and differences in these four compounds (Fig. 5F), and suggest that the paeA 
mutant is not simply sensitive to polyamines, but more specifically to cadaverine and 

putrescine.

The toxic effect of supernatant on ΔpaeA was pH-dependent (Fig. 3B). We tested whether 

the toxicity of cadaverine is also pH dependent. As shown in Fig. 5G, the ΔpaeA strain is 

sensitive to cadaverine only when the pH of the solution ranged from 8.5 to 9.5. The much 

reduced sensitivity of the wild type strain was also pH dependent, only observed at pH 9.5. 

In the absence of cadaverine, survival rates of the ΔpaeA and wild-type strains in solutions 

of increasing pH were indistinguishable. Thus, as was seen for the toxic supernatants, 

sensitivity to cadaverine is pH dependent.

We also measured the sensitivities of wild type E. coli strain MG1655 and a ΔpaeA strain 

to cadaverine and putrescine. As shown in supplementary Fig. S5, the deletion of paeA in 

E. coli resulted in increased sensitivity to cadaverine and putrescine, but not to spermidine 

and spermine. These results suggest that the function of PaeA in polyamine tolerance is 

conserved.

We propose that the pH dependence is related to the pKa of the amine groups of cadaverine 

(pKa= 10.25, and 9.13). Under these basic conditions, a fraction of the amine groups of 

cadaverine are deprotonated, making it uncharged and membrane permeable. Theoretically, 

at pH 9, 2.7% of cadaverine is deprotonated. As cadaverine enters the bacterial cytoplasm, 
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it would become protonated and charged. If true, this implies that 1) toxicity is caused by 

cadaverine in the cytoplasm, and 2) transport into the cytoplasm is passive. Putrescine would 

behave in a similar fashion.

2.5 Evidence for high cytoplasmic cadaverine or putrescine as the basis for toxicity.

To further distinguish whether PaeA protects the cell from cytoplasmic cadaverine or extra-

cytoplasmic cadaverine, we checked whether the exogenous expression of the cadaverine 

efflux pump CadB suppresses the sensitivity. As shown in Fig. S6A, the introduction of a 

pWKS30-cadB plasmid into a ΔpaeA strain partially suppressed its sensitivity to cadaverine 

compared to the ΔpaeA strain harboring the pWKS30 vector. The deletion of the cadBA 
genes in the ΔpaeA mutant resulted in increased sensitivity to cadaverine (Fig. S6B). 

Introduction of the pWKS30-cadB plasmid suppressed this additional sensitivity in the 

ΔpaeA strain (Fig. S6B). These results support the conclusion that the cell is sensitive to 

intracellular cadaverine. Loss of the cadaverine exporter CadB enhances sensitivity, while 

ectopic expression of CadB partially suppresses sensitivity.

PaeA protects the cytoplasm from cadaverine and putrescine. We hypothesized various 

mechanisms for cadaverine tolerance. PaeA could 1) prevent influx, 2) promote efflux, 3) 

promote degradation or modification, 4) or affect toxicity per se. We set out to test these 

various hypotheses.

The pH dependence of the sensitivity to both cadaverine and putrescine implies that 

deprotonation of the compound is required. The simplest interpretation is that deprotonation 

of the polyamines is required for their passive entry into the cell through the cytoplasmic 

membrane. Although it is theoretically possible that PaeA somehow blocks this passive 

entry, it is difficult to imagine a molecular mechanism for such action.

Once inside the cell, the polyamines would become protonated. They could then be pumped 

out of the cytoplasm. A potential consequence is an increase in cytoplasmic pH, which 

could be toxic. Indeed, raising the cytoplasmic pH is why cadaverine is normally made and 

pumped out under acidic conditions (Park et al., 1996). An argument against this mechanism 

of toxicity is the fact that overproduction of the cadaverine exporter CadB suppresses 

sensitivity in the paeA mutant (Fig S6). If loss of protons from the cytoplasm was toxic, 

then CadB should exacerbate sensitivity. To more directly test the effects of cadaverine, we 

monitored intracellular pH of wild-type and ΔpaeA strains during cadaverine treatment. We 

used a green fluorescent protein (GFP) that responds to pH change (Arce-Rodriguez et al., 

2019). We confirmed the response to pH by incubating cells in saline solutions buffered 

at various pH in the presence of cell-permeable acids and bases, thereby equilibrating 

intracellular and extracellular pH. As shown in Fig. S7A, the pH-responsive GFP expressed 

in wild-type and ΔpaeA strains uniformly changes fluorescence in response to pH. As shown 

in Fig. S7B, incubation of wild-type or ΔpaeA strains in pH 9 buffer for 24 hrs increased the 

intracellular pH from ~7.4 to 7.6. The cells remained viable over this time period. Addition 

of 0.2 mM cadaverine did not affect viability or the degree of alkalization of the cytoplasm 

during this time (Fig. S7B and C). When wild-type and ΔpaeA strains were incubated in 

the presence of 0.5 mM cadaverine for 12 hours, the ΔpaeA strain showed ~75% loss in 
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viability, while the intracellular pH was ~7.7, compared to a pH of ~7.6 seen in the wild type 

under the same conditions. The intracellular pH of the ΔpaeA strain ultimately reached ~7.8 

after twenty-four hours. Note that it is difficult to determine the contribution of the dead 

cells to this overall change in fluorescence. However, given that the intracellular pH in most 

of the cultures was ultimately above 7.6 without any significant loss in viability, it seems 

unlikely that the minor increase in intracellular pH seen in the ΔpaeA strain could account 

for the toxicity of cadaverine. Moreover, in the wild type culture in which the cells remained 

viable, the addition of cadaverine did not significantly affect the intracellular pH compared 

to buffer alone. Given all of our results, we conclude that sensitivity to cadaverine is not due 

to any effect of the polyamine on intracellular pH.

PaeA could play some role in degradation of cadaverine. The Salmonella genome encodes 

orthologs to E. coli proteins PatA, PatD, GabT, GabD, CsiD, and LhgO, known to be 

involved in the degradation of cadaverine to succinate (Knorr et al., 2018)(Fig. 1). We 

constructed a ΔpatA ΔpatD ΔcsiD−csiR strain (Δdeg) that lacks all the genes involved in 

cadaverine degradation and monitored cadaverine sensitivity in this strain and in an isogenic 

paeA mutant. As shown in Fig. S8, the Δdeg strain was resistant to 1 mM cadaverine. This 

shows that it is not simply degradation of cadaverine that protects wild-type cells. Deletion 

of paeA in the degradation-defective background conferred sensitivity. It is noteworthy that 

Δdeg ΔpaeA strain exhibited higher sensitivity to cadaverine than ΔpaeA strain (Fig. S8). 

This is presumably because the concentration of cadaverine is higher in the absence of 

degradation.

Next, we examined if the modification of cadaverine or putrescine is involved in PaeA-

dependent tolerance. It is known that putrescine is converted into spermidine by the 

propylamine transferase SpeE (Bowman et al., 1973); SpeE can also convert cadaverine 

to aminopropylcadaverine (Bowman et al., 1973). The propylamine donor, decarboxylated 

S-adenosylmethionine, is made by SpeD (Markham et al., 1982; Tabor and Tabor, 1987). 

SpeG can further modify spermidine to N-acetylspermidine (Matsui et al., 1982; Fukuchi et 

al., 1994). We constructed a ΔspeDEΔspeG strain that lacks this polyamine modification 

pathway and determined the effect of deleting the paeA gene in this background on 

cadaverine sensitivity. As shown in Fig. S8, the deletion of paeA in the ΔspeDEΔspeG
strain still increased the sensitivity to cadaverine, which suggested that the modification 

pathway of cadaverine and putrescine is not required. All together, these results show that 

PaeA acts independently of the known degradation or modification pathways, and suggest 

that cadaverine (or putrescine) per se is toxic.

2.6 PaeA is involved in cadaverine and putrescine efflux.

The STM14_3648 locus encodes an uncharacterized putative inner membrane protein 

homologous to the PACE family of multidrug efflux pumps. Hassan et al. recently reported 

that polyamines were the physiological substrate for the Acinetobacter homolog AceI 

(Hassan et al., 2019). Although they showed that the Salmonella protein did not reduce 

cadaverine levels when expressed in E. coli, we deleted STM14_3648 and tested the effect 

in our assay. As shown in Fig. S9, deletion of STM14_3648 has no effect on cadaverine 

tolerance in either the paeA+ or ΔpaeA backgrounds.
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To test if PaeA is involved in polyamine efflux, we measured the intracellular level of 

cadaverine or putrescine after a short period of treatment. To avoid the complication of 

degradation, we used the Δdeg strain. When the Δdeg and Δdeg ΔpaeA strains were treated 

with 5 mM cadaverine or putrescine, the paeA mutant started to lose viability after 3 

hours. However, there was little loss of viability after one hour (Fig. 6A). Therefore, we 

collected cells one hour after treatment. The treated cells were washed and total intracellular 

cadaverine and putrescine were measured by LC/MS. We also continued to monitor viability 

in these cells after removing extracellular polyamine. As shown in Fig. 6B, the paeA 

strain had a 24-fold higher level of cadaverine compared to the isogenic paeA+ strain. In 

the putrescine treated cells, the ΔpaeA strain showed a 16-fold higher level of putrescine 

compared to the isogenic paeA+ strain (Fig. 6B). Fig S4B shows that the ΔpaeA strain also 

had higher levels of intracellular cadaverine after growth in LB5 or LB5N. As shown in Fig. 

6D and E, both the paeA+ and ΔpaeA strains showed similar overall levels of cadaverine and 

putrescine in the total cultures after washing and suspending the cells in pH 9 buffer. These 

results suggest that PaeA is not involved in degradation or modification of cadaverine and 

putrescine, but rather enhances efflux of cadaverine and putrescine from the cytoplasm.

Fig. 6C shows that the treated cells continued to lose viability after removing extracellular 

cadaverine or putrescine. Either the lethal damage had occurred by one hour or the 

intracellular concentration remained high. We monitored intracellular cadaverine over time 

after treating paeA+ or ΔpaeA strains with various concentrations of cadaverine and washing 

the cells after one hour. As shown in Fig. S11C and consistent with Fig. 6, treatment with 

5 mM cadaverine resulted in a 16-fold increase in cell-associated cadaverine in the ΔpaeA
versus paeA+ cells. Even when we treated the paeA+ cells with 50 mM cadaverine, the levels 

were below that observed at 5 mM in the ΔpaeA strain. Levels in the ΔpaeA strains showed 

an initial drop in cellular cadaverine concentrations immediately after washing the cells. 

However, at three hours, the intracellular levels remained constant and significantly higher 

than those in the paeA+ cells treated with 5 mM cadaverine. Even at 50 mM cadaverine, 

levels in the paeA+ cells dropped to an apparent baseline level. We propose that the drop 

in intracellular cadaverine contents immediately after washing is due to non-specific loss. 

The fact that intracellular concentrations remains high in the paeA mutant is consistent with 

a role of PaeA in cadaverine efflux. The fact that the paeA+ cells treated with 50 mM 

cadaverine continued to lose viability at the same rate as the ΔpaeA cells treated with 5 mM 

suggests that the initial high concentrations can cause damage that is ultimately lethal.

We next asked if ectopic expression of PaeA suppresses the growth defect conferred by 

endogenously produced cadaverine. As shown in Fig. 7, strains deleted for cadAB, cadB, or 

cadB paeA grew essentially like the wild-type control in LB7 and LB5, with no significant 

loss of viability in stationary phase. However, when cells were grown in LB5N, the cadAB 
mutant showed a significant growth defect, although the strain ultimately reached the 

same final OD600. These results suggest that nitrite exacerbates the acid stress normally 

counteracted by CadAB, as previously noted (Muhlig et al., 2014). In contrast, neither 

the ΔcadB nor the ΔcadB ΔpaeA were able to grow in LB5N. The fact that the cadB 
mutant showed a more severe growth defect in LB5N than the ΔcadBA mutant suggests 
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that the defect is not only the lack of appropriate acid stress tolerance but also the result of 

intracellular CadA-mediated cadaverine production, which is increased when cells are grown 

in LB5N versus LB5 (Fig. S4B).

As shown in Fig. 7D, the introduction of pWKS30 PlacZ-cadB into ΔcadB and ΔcadB ΔpaeA
strains restored their growth in LB5N. The introduction of pWKS30 PlacZ-paeA partially 

restored the growth of both ΔcadB and ΔcadB ΔpaeA strains. These results suggested 

that PaeA reduces stress caused by the accumulation of cadaverine that is endogenously 

produced by CadA in the acidic environment, consistent with PaeA acting in cadaverine 

efflux. Indeed, as shown in Fig. 7E and F, the amount of intracellular cadaverine in 

the strain expressing paeA ectopically is 7- or 9-fold lower than in the strain harboring 

the vector after 3 and 24 hours of growth in LB5N, respectively, with a concomitant 

increase in cadaverine found in the supernatant. These results suggest that PaeA is involved 

in cadaverine efflux under physiological conditions. Note that the total concentration of 

cadaverine produced in the cadB+ complemented strains is higher, likely due to the fact 

that CadB is a lysine:cadaverine antiporter, thus increasing the amount of substrate for 

cadaverine production.

3 DISCUSSION

In the current study, we identified paeA (ytfL) as a gene involved in cadaverine and 

putrescine tolerance in stationary phase. The simplest explanation for our data is that 

PaeA is required for cadaverine and putrescine efflux under certain conditions that would 

otherwise lead to a toxic buildup. Our results confirm that Salmonella, grown in low pH 

LB medium, produces significant concentrations of cadaverine via the CadAB pathway and 

excretes it into the medium. This production is independent of PaeA and is exacerbated 

by adding nitrite to the growth medium, for reasons that are not understood. A mutant 

lacking PaeA becomes sensitive to cadaverine in stationary phase. The mutant is also 

sensitive to putrescine, but not to spermidine or spermine. The sensitivity is pH dependent 

and only observed at pH >8. This is presumably because the external polyamine needs to 

be deprotonated so that it can passively diffuse into the cell cytoplasm. It is cytoplasmic 

cadaverine that is conferring sensitivity. This is supported by several lines of evidence. First, 

we can directly measure the significant increase in intracellular cadaverine or putrescine in 

the paeA mutant. Second, a cadB mutant is sensitive to growth in pH 5 LB with nitrite. 

Deleting cadA suppresses this phenotype, as does ectopic expression of PaeA. Thus, CadA 

is producing intracellular cadaverine that cannot be excreted, conferring sensitivity. Third, 

ectopic expression of the cadaverine exporter, CadB, in stationary phase partially suppresses 

the paeA phenotype. It is cadaverine or putrescine per se that are toxic, in that degradation 

or modification are not relevant. Note that, although we uncovered the function of PaeA 

under specific conditions, it seems likely that it has a broader role is cellular homeostasis. 

Polyamines, produced in response to any number of stress conditions or other physiological 

need could build up to potentially lethal levels when the need has been met or conditions 

change. These excess polyamines need to be removed from the cytoplasm.

In contrast to mammalian cells (Mandal et al., 2013), in Salmonella and E.coli, polyamine 

synthesis is not essential for cell growth and survival (Chattopadhyay et al., 2009). However, 
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under certain conditions, such as growth in an anaerobic environment or in 95% oxygen, 

mutants unable to synthesize polyamines cannot grow or even lose viability (Chattopadhyay 

et al., 2003; Chattopadhyay et al., 2009). As shown in Fig. 1, Salmonella has multiple 

redundant pathways for polyamine synthesis, import, and export, suggesting that Salmonella 
controls polyamine levels in response to changes in the external environment and/or 

conditions inside the cell. Despite the existence of the known import/export systems, our 

data suggest that import of cadaverine and putrescine in our experiments was the result 

of passive diffusion of the uncharged species into the cell, explaining the pH dependence, 

and that export was dependent largely on PaeA. These results can be explained by the fact 

that none of the known polyamine import or export systems are expressed in late stationary 

phase in Salmonella (Kroger et al., 2013).

Polyamines have pleiotropic effects on cells. Many studies have addressed the need for 

polyamines using E. coli mutants defective for polyamine synthesis (Chattopadhyay et 

al., 2009; Chattopadhyay et al., 2013; Chattopadhyay and Tabor, 2013; Chattopadhyay 

et al., 2015; Igarashi and Kashiwagi, 2018; Keller et al., 2019). The effects of excess 

polyamines on cell physiology are less well understood. In E.coli, polyamines inhibit pore 

function in the outer membrane porins OmpF and OmpC by binding within the pores 

from the periplasmic side (Dela Vega and Delcour, 1996; Iyer and Delcour, 1997). Though 

homologous, OmpF is 2-fold more susceptible to polyamines than OmpC (Dela Vega 

and Delcour, 1996). Among the four polyamines, spermine is the most potent, followed 

by spermidine and cadaverine, with putrescine being the least effective (Dela Vega and 

Delcour, 1996). However, loss of porin function is not lethal (Hall and Silhavy, 1981). 

Excess polyamines, like low levels, affect RNA-mediated processes, particularly translation 

initiation of certain mRNAs, defining the “polyamine modulon” (Sakamoto et al., 2020). 

Whether the result of changes in expression of specific genes or more general defects in 

translation, this could certainly be lethal. At sublethal concentrations, excess polyamines 

confer particular phenotypes, including sensitivity to hydrogen peroxide, high temperature, 

and normally sub-inhibitory concentrations of kanamycin, in strains that cannot degrade 

putrescine or cadaverine (Schneider et al., 2013), and growth arrest and cell lysis in low 

temperature in strains with excess spermidine (Limsuwun and Jones, 2000). Note that the 

sensitivity to polyamines is dependent on overall physiology of the cell. For example, in 

our experiments, intracellular putrescine concentrations were relatively high in exponential 

phase, yet cells grew normally, whereas similar concentrations of cadaverine in stationary 

phase were lethal (Fig. S4).

Our data suggest that PaeA facilitates efflux of both of cadaverine and putrescine, but 

the molecular mechanism is unclear. The 447 amino acid PaeA protein contains three 

conserved domains that are often found together. The N-terminal 197 amino acids comprise 

a four-transmembrane domain in the DUF21 (PF01595) family, associated with transport 

proteins (Chen et al., 2020). The N terminus and C-terminal domains are predicted to be in 

the cytoplasm. The transmembrane domain is followed by two tandem CBS repeat domains 

(PF00571), which are known to bind ligands with an adenosyl group, including ATP 

(Hirata et al., 2014). The C-terminal 100 amino acids constitute a CorC_HlyC (PF03471) 

domain. This overall structure is certainly consistent with PaeA being a transporter. 

However, homologous proteins containing all three domains are primarily implicated in 
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Mg2+/Co2+ transport, such as MpfA from Bacillus subtilis (Pi et al., 2020), and MpfA from 

Staphylococcus aureus (Armitano et al., 2016). Mg2+ and polyamines both have important 

roles as cations binding to nucleic acids, although they are not completely interchangeable 

(Tabor and Tabor, 1985; Lightfoot and Hall, 2014). Thus, we cannot rule out that PaeA is 

an ion transporter that is indirectly affecting polyamine efflux. However, it is interesting that 

PaeA seems to be specific for cadaverine and putrescine, having no effect on spermine or 

spermidine toxicity, and that it can partially complement loss of CadB in exponential phase. 

Further biochemical analyses of PaeA will be required to prove that it is an exporter, define 

the substrate, and identify the putative energy source. We also need to more fully understand 

the physiological role of PaeA. Transcriptomic data suggest that paeA is expressed under 

most conditions, but is most highly induced when Salmonella is replicating in macrophages 

(Kroger et al., 2013; Srikumar et al., 2015). More detailed analysis of paeA regulation is 

required.

Polyamines are also implicated in pathogenesis. The PaeA/YtfL of Klebsiella pneumonia, 

which is 91% identical to PaeA of S. enterica, is reported to be responsible for making spent 

medium that induces disassembly of host microtubules in lung epithelial cells. Expressing 

the Klebsiella protein in an E. coli strain conferred the same phenomenon (Chua et al., 

2019). Although they did not identify the active compound, polyamines are involved 

in microtubule assembly (Savarin et al., 2010). Interestingly, most Staphylococci neither 

synthesize nor metabolize polyamines (Anzaldi and Skaar, 2011; Joshi et al., 2011). Indeed, 

these organisms are highly sensitive to spermine and spermidine, but not cadaverine or 

putrescine, and showed increased sensitivity at alkaline pH (Joshi et al., 2011). The epidemic 

S. aureus MRSA strain USA300 possesses an “arginine catabolic mobile element” that 

encodes a SpeG spermine/spermidine acetyl transferase that can detoxify polyamines found 

in skin and inflamed tissues, thought to contribute to its increased pathogenicity (Anzaldi 

and Skaar, 2011; Joshi et al., 2011). We need to determine if PaeA plays any role in 

Salmonella pathogenesis.

In conclusion, we found that PaeA is involved in stationary phase survival when Salmonella 
is exposed to cadaverine or putrescine, but not to spermidine and spermine. Further, we 

showed that PaeA reduces intracellular cadaverine and putrescine level during treatment. 

These results suggest that PaeA is involved in selective efflux of cadaverine and putrescine 

and this is important for survival under specific stress conditions.

4 EXPERIMENTAL PROCEDURES

4.1 Bacterial strains and plasmids

Strains and plasmids are described in Table S1. All Salmonella strains used are 

derivatives of Salmonella enterica serovar Typhimurium strain 14028. Deletions with 

simultaneous insertion of antibiotic resistance cassettes were constructed using λ Red-

mediated recombination as previously described (Datsenko and Wanner, 2000; Ellermeier 

et al., 2002), with the indicated endpoints. Deletions were verified by PCR analysis and then 

transduced into unmutagenized backgrounds using phage P22 HT105/1 int-201 (Maloy et 

al., 1996). All plasmids were passaged through a restriction-minus modification-plus Pi+ 
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Salmonella strain (JS198) (Ellermeier et al., 2002) prior to transformation into derivatives of 

strain 14028. E. coli K12 strains used are derivatives of strain MG1655. Deletion mutations 

were constructed by using λ Red-mediated recombination (Datsenko and Wanner, 2000) 

and the mutations were transferred to clean backgrounds by P1 transduction (Silhavy et al., 

1984).

The pWKS30-PlacZpaeA plasmid was constructed by amplifying the paeA gene using 

primers ytfLF and ytfLR (Table S3). Both the PCR product and pWKS30 plasmid were 

digested with EcoRI and XbaI restriction enzymes (New England Biolabs) according to the 

manufacturer’s protocol. The resulting fragments were ligated with T4 DNA ligase (New 

England Biolabs) according to manufacturer’s protocol and transformed into E. coli strain 

DH5α. The plasmid was confirmed by DNA sequence.

Plasmid pWKS30-PlacZcadB was constructed using primers YIS_275–17 and YIS_275–18 

to amplify the cadB gene, which was introduced into a pWKS30 fragment amplified 

with YI_pWKS30–3 and YI_pWKS30–10 by Gibson assembly (NEBuilder® HiFi DNA 

Assembly). The resulting product was transformed into DH5α. The plasmid was confirmed 

by DNA sequencing.

4.2 Stationary phase survival assay

Cells from overnight LB medium cultures were harvested by centrifugation and suspended 

in the same volume of 0.85% NaCl. The suspensions were diluted 1:25 into 5 mL of 

unbuffered pH 5 LB medium with 2 mM NaNO2 (LB5N) or without NaNO2 (LB5) or pH 

7 LB medium (LB7) and incubated for 48 hours at 37°C on a roller drum. For the strains 

harboring a pWKS30 plasmid, 50 μg ml− of ampicillin was added to the medium. At 

indicated times, the cultures were diluted and plated on LB agar supplemented with 0.1 

% glucose and incubated overnight at 37°C to determine CFU. The pH of spent medium 

was determined using a pH meter. For growth curves, OD600 of the culture was measured 

in a BioTek ELx808 Absorbance Reader at the indicated time points. When necessary, the 

cultures were diluted in the original growth medium.

4.3 Spent medium tolerance assay

To prepare spent medium, wild type cells from overnight LB cultures were harvested by 

centrifugation and suspended in the same volume of 0.85% NaCl. The suspensions were 

then diluted 1:25 into 5 mL of LB5N or LB7 and incubated for 12 hours at 37°C in a roller 

drum. Cells were then removed by centrifugation (7,000 g) and the supernatant was filtered 

through a 0.22 μm Millex-GP syringe filter (Millipore). For preparation of stationary phase 

cells, overnight LB medium cultures were centrifuged and the cells were suspended in the 

same volume of 0.85% NaCl. The suspensions were diluted 1:25 into 5 mL of LB5N or 

LB7. After 12 hours of incubation at 37°C in a roller drum, the cells were collected by 

centrifugation (7,000 g) and washed twice with 0.85% NaCl. The stationary phase cells were 

suspended in the original volume of prepared spent medium with or without 100 mM MES 

buffer (pH5.5 or 6.0), MOPS buffer (pH7.0, 8.0, or 8.5), or CAPS buffer (pH9.0 or 9.5). 

When necessary, prepared spent media were diluted with 0.85% NaCl. The resulting 5 mL 

cultures were incubated for 24 hours at 37°C in a roller drum. After serial dilution, the 
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cultures, before and after incubation, were plated on LB agar plates supplemented with 0.1 

% glucose and incubated overnight at 37 C to determine CFUs. Spent medium tolerance was 

calculated by dividing the CFU after 24 h incubation by the CFU before incubation.

4.4 Polyamine tolerance assay

Stationary phase cells, prepared as above, were suspended in the original volume of 0.85% 

NaCl with CAPS buffer (pH 9.0) with the indicated amount of cadaverine, putrescine, 

spermidine, or spermine. Polyamine stocks were first prepared at 20 mM in 0.85% NaCl 

with CAPS buffer (pH 9.0). To perform the assay at varied pH, cells were suspended in 

original volume of 0.85% NaCl with 100 mM MES buffer (pH5.5 or 6.0), MOPS buffer 

(pH7.0, 8.0, or 8.5), or CAPS buffer (pH 9.5). The cultures were incubated for 24 hours at 

37°C in a roller drum. After serial dilution, the cultures, before and after incubation, were 

plated on LB agar plates supplemented with 0.1 % glucose and incubated overnight at 37°C 

to determine CFUs. Polyamine tolerance was calculated by dividing the CFU after 24 h 

incubation by the CFU before incubation.

4.5 Measurement of intracellular pH

To obtain a calibration curve, pH 7 LB medium grown stationary phase wild-type or ΔpaeA
cells harboring pS2513-PHP were suspended to OD600 = 0.4 to 0.5 in saline containing 50 

mM of MES buffer (pH 6.0 or 6.5) or MOPS buffer (pH 7.0, 7.5, 8.0, or 8.5), each with 

50 mM sodium benzoate and 50 mM methylamine HCl and incubated at 30°C for 10 min. 

The fluorescence emission of PHP (λemission = 515 nm) was recorded at λexcitation of either 405 nm 

or 485 nm using a BioTek Synergy H1 Hybrid Multi-Mode Reader. The relative excitation 

(R 405/485) was plotted versus the pH of the buffer. To measure cytoplasmic pH during 

cadaverine treatment, stationary phase cells harboring pS2513-PHP were suspended in 5 mL 

of CAPS buffer (pH9.0) with or without 0.2 or 0.5 mM of cadaverine. At the indicated time 

the fluoresce emission of PHP (λemission = 515 nm) was recorded at λexcitation of either 405 nm or 

485 nm and cytoplasmic pH was calculated using calibration curve. CFUs were determined 

by plating appropriate dilutions on LB glucose plates containing 50 μg ml- of kanamycin.

4.6 Measurement of polyamine contents in cells, culture, and spent medium

To measure intracellular polyamine levels, cells were collected by centrifugation (7,000 g) 

at the indicated time points and washed with 0.85% NaCl 100 mM CAPS buffer (pH 9.0) 

twice. After carefully and completely removing the supernatant, the cell pellet was frozen at 

−80°C. Cells were suspended in 1 mL methanol and disrupted by sonication. The samples 

were cleared by centrifugation and the concentration of polyamines in the solvent was 

determined by LC-MS at the Metabolomics Center, Roy J. Carver Biotechnology Center, 

University of Illinois at Urbana-Champaign. The concentration is reported per 1 mg of dry 

weight. Where indicated, the concentration of polyamines in the supernatant was determined 

after removal of cells by centrifugation. For determination of polyamine concentrations 

in whole cultures, cells were disrupted by sonication and the supernatant was cleared by 

centrifugation.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Known pathways of polyamine metabolism in Salmonella enterica.
Blue lines represent synthetic pathways, green lines represent degradation or modification 

pathways, and orange lines represent transport pathways.
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FIGURE 2. The ΔpaeA mutant loses viability in stationary phase when grown in pH 5 LB 
medium.
(A) The paeA locus (to scale). (B-E) Cells were grown in pH 7 LB (LB7), pH 5 LB 

(LB5), or each medium with 2 mM nitrite (LB7N, LB5N). After 12, 24, 36, and 48 

hours, appropriate dilutions were plated on LB glucose plates to determine CFUs. Symbols: 

squares, wild-type; circles, ΔpaeA; triangles, ΔmsrA. (F) Stationary phase survival of the 

indicated strains containing the vector or pWKS30-paeA plasmid grown in LB5N. Values 

are reported as mean ± standard deviation, where n = 3. Unpaired t tests compare wild-type 
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strain with ΔpaeA strain or as indicated in panel F. (NS Not significant, *p < 0.05, **p < 

0.005, ***p < 0.0005). Strains used: 14028, JS2430, JS2431, JS2452, JS2453, and JS2454.
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FIGURE 3. The ΔpaeA mutant is sensitive to supernatant of stationary phase cultures grown 
in pH 5 LB medium with nitrite.
(A) The wild type and ΔpaeA strains were grown for 12 h in either LB7 or LB5N. The cells 

were removed by centrifugation and the supernatant from the wild-type cultures was filtered. 

The cells were washed and suspended in the indicated supernatant (time 0) and incubated 

at 37℃ for 24 hours. CFUs were determined at 0 and 24 h with the results shown in panel 

B. (C) Cells are the wild type or ΔpaeA strain grown 12 h in LB7. Supernatant is from a 

wild type LB5N culture that was mixed 1:1 with saline containing 100 mM MES buffer (pH 
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5.5 or 6.0), MOPS buffer (pH 7.0, 8.0, or 8.5), or CAPS buffer (pH 9.0 or 9.5). CFUs were 

determined at 0 and 24 h. (C) The ΔpaeA cells were suspended in the pH 9.0 CAPS buffered 

saline containing the indicated percent of wild-type LB5N supernatant. Symbols: squares, 

wild-type; circles, ΔpaeA. Values are reported as mean ± standard deviation, where n = 3. 

Unpaired t tests compare the wild-type strain with the ΔpaeA strain. For panel D, paired t 

tests compare each condition to 0% supernatant (*p < 0.05, **p < 0.005, ***p < 0.0005). 

Strains used: 14028 and JS2430.
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FIGURE 4. The cadBA genes are required for the toxicity of supernatant.
The supernatants are from the wild-type or ΔcadBA strain grown in LB5N. The indicated 

strains were grown in LB7, then cells were suspended in 5 mL total of CAPS buffer (pH 9.0) 

containing the indicated supernatant (4 ml) and incubated at 37℃ for 24 hours. Values are 

reported as mean ± standard deviation, where n = 3. Unpaired t tests compare the wild-type 

and indicated strains in the same condition (*p < 0.05, **p < 0.005, ***p < 0.0005). Strains 

used: 14028, JS2430, JS24304, and JS2456.
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FIGURE 5. The ΔpaeA mutant is sensitive to cadaverine and putrescine, but not to spermidine 
and spermine.
The indicated strains were grown for 12 h in LB7, then suspended in 5 mL of CAPS buffer 

(pH 9.0) containing the indicated amount of (A and B) cadaverine, (C) putrescine, (D) 

spermidine, or (E) spermine, and incubated at 37℃ for 24 h. (F) Structure of cadaverine, 

putrescine, spermidine, and spermine. (G) The effect of pH on survival of the wild-type 

and ΔpaeA mutant strains in the presence of 0.625 mM cadaverine and (H) in the absence 

of cadaverine. Symbols: open squares, wild-type; open circles, ΔpaeA; closed squares, 
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wild-type harboring pWKS30 vector; closed circles, ΔpaeA harboring pWKS30 vector; 

closed triangles, ΔpaeA harboring paeA pWKS30-placZ-paeA. Values are reported as mean 

± standard deviation, where n = 3. Unpaired t tests compare wild type and ΔpaeA strains 

(*p < 0.05, **p < 0.005, ***p < 0.0005). Strains used: 14028, JS2430, JS2452, JS2453, and 

JS2454.
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FIGURE 6. The intracellular cadaverine and putrescine concentrations are increased in the 
ΔpaeA mutant after short treatment with cadaverine or putrescine.

The paeA+ or ΔpaeA strains lacking all known genes for degradation of cadaverine and 

putrescine (Δdeg = ΔpatAΔpatDΔcsiD−R) were grown for 12 h in LB7, then suspended in 

5 mL of CAPS buffer (pH 9.0) with or without 5 mM of either cadaverine or putrescine 

and incubated at 37℃. (A) CFUs were determined at the indicated time points. (B) The 

intracellular content of cadaverine and putrescine were determined at the 1 h time point. 

Spermidine was <0.15 nmoles mg−1 and spermine was <0.25 nmoles mg−1 in all cells. 

These data are re-plotted in Fig. S10. (C) One hour after initial treatment, cells were washed 

and re-suspended in 5 mL of CAPS buffer (pH 9.0), and CFUs were determined at the 

indicated time points. (D) Cadaverine contents in whole wild-type cultures (medium and 

cells) immediately after removing cadaverine or (E) putrescine, and after 24 h incubation. 

Symbols: Squares, Δdeg; circles, Δdeg ΔpaeA; black filled markers with black lines, control; 

open markers with dashed lines, cadaverine treatment; gray filled markers with gray lines, 

putrescine treatment. Values are reported as mean ± standard deviation, where n = 3. 

Unpaired t tests compare the indicated strains to the parent strain in the same treatment (*p < 

0.05, **p < 0.005, ***p < 0.0005). Strains used: JS2464 and JS2465.
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FIGURE 7. Ectopic expression of paeA partially suppresses the growth defect of a ΔcadB
mutant in acidic medium.
The wild-type, ΔcadBA, ΔcadB, and ΔcadBΔpaeA strains harboring the pWKS30 vector 

were grown in (A) LB7, (B) LB5, or (C) LB5N (1.5 mM NaNO2). (D) The ΔcadB and ΔcadB
ΔpaeA strains harboring the pWKS30, pWKS30 PlacZ-cadB, or pWKS30 PlacZ-paeA plasmid 

were grown in LB5N (1.5 mM NaNO2). Symbols: closed diamonds, wild-type pWKS30; 

closed asterisks, ΔcadBA pWKS30; closed circles, ΔcadB pWKS30; opened circles, ΔcadB
ΔpaeA pWKS30; closed triangles, ΔcadB pWKS30 PlacZ-cadB; opened triangles, ΔcadB
ΔpaeA pWKS30 PlacZ-cadB; filled squares, ΔcadB pWKS30 PlacZ-paeA; opened squares, 

ΔcadBΔpaeA pWKS30 PlacZ-paeA. (E) Cadaverine content in cell pellet or (F) supernatant 

of the ΔcadBΔpaeA strain containing indicated plasmids grown for 3h or 24h in LB5N (1.5 

mM NaNO2). Values are reported as mean ± standard deviation, where n = 3. Unpaired t 

tests compare the indicated strains to the wild-type pWKS30 strain (A-C) or a corresponding 

isogenic strain with pWKS30 (D-E) (*p < 0.05, **p < 0.005, ***p < 0.0005). Strains used: 

JS2452, JS2457, JS2458, JS2459, JS2460, JS2461, JS2462, and JS2463.
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