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Abstract 1 

Naphthenic acids are amphipathic compounds whose toxicity has primarily been 2 

attributed to narcosis toxicity to cell membranes. However, few methods exist that 3 

specifically study the membrane disruption and toxicity of this complex family of cyclic, 4 

polycyclic and acyclic alkyl-substituted carboxylic acids. Here we describe a whole cell 5 

biosensor approach that relies on the ability of Pseudomonas aeruginosa, a ubiquitous 6 

environmental organism and opportunistic pathogen, to sense membrane damage 7 

(narcosis) and induce protective genes to repair and protect the outer membrane. Many 8 

classes of membrane disrupting antimicrobials induce the expression of two operons that 9 

encode protective defense systems against outer membrane (OM) damage, including 10 

antimicrobial peptides, chelators, and detergents. We demonstrate that the pmrF and 11 

spdE2 transcriptional lux reporters are induced by exposure to individual NA compounds 12 

with diverse structures, as well as mixtures and naphthenic acid fraction compounds 13 

(NAFCs). To further support the narcosis hypothesis, we demonstrated that NA 14 

permeabilizes the outer membrane to assist in lysozyme killing, and disrupts the inner 15 

membrane integrity, allowing uptake of the DNA binding dye propidium iodide. The 16 

conventional OM permeability assay that measures NPN fluorescence is not applicable 17 

to study NAs, because they stimulate NPN fluorescence in the absence of cells. This 18 

narcosis biosensor approach constitutes a rapid and simple method to measure narcosis 19 

and could be developed as a novel toxicity indicator of oil sands tailings.20 

  21 
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Introduction 22 

Naphthenic acids (NAs) are a complex mixture of cyclic, polycyclic and acyclic 23 

alkyl-substituted carboxylic acids that accumulate in oil sands tailings after the extraction 24 

of bitumen from the oil sands using the Clark process of alkaline water extraction (1). 25 

Naphthenic acids can accumulate in oil sands process-affected water (OSPW) between 26 

20-100 mg/L and their toxicity has been assessed in diverse animal models that include 27 

amphibians, fish, birds, mammals, and water fleas (2–5). The primary mechanism of 28 

toxicity of naphthenic acids is attributed to narcosis, due to their ability to integrate into 29 

and disrupt cell membranes (6–8, 5, 9). NA are amphipathic compounds due to their 30 

charged carboxylic acids and possess hydrophobic cycloalkane ring structures and alkyl 31 

groups, which result in membrane disrupting, surfactant properties (6). 32 

However, very few studies use specific methods to assess membrane damage. 33 

The luminescent, bacterium Vibrio fischeri (Microtox) is used as a general toxicity 34 

indicator of OSPW and naphthenic acids, where the loss of luminescence indicates 35 

toxicity. Several Microtox studies attributed the increased toxicity of larger molecular 36 

weight fatty acid and single ring NA compounds to an increased narcosis effect (3), since 37 

increased molecular weight is consistent with increased hydrophobicity and toxicity. 38 

Another bacterial study demonstrated that Rhodococcus aertherivorans exposed to 39 

naphthenic acids showed slower growth, morphological changes, produced altered 40 

membrane fatty acids and took up the impermeable, DNA binding dye propidium iodide 41 

(PI), all of which indicated membrane damage effects (10). A microscopy study on the 42 

toxicity of naphthenic acids to plant cells provided several lines of evidence that NA were 43 

acting on plant cell and organelle membranes (9). Naphthenic acid exposure to plants 44 
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dramatically altered the shape and dynamics of several membrane-bound organelles, 45 

evidence of NA partitioning into and disrupting membranes (9).  46 

  47 

 The outer bacterial membrane is the first barrier of entry to antimicrobials, and 48 

there are numerous mechanisms of reducing the outer membrane permeability to 49 

antibiotics (11). One resistance mechanism in P. aeruginosa is the modification of 50 

lipopolysaccharide (LPS) in the outer leaflet of the outer membrane to limit the 51 

permeability and entry of antimicrobial peptides; components of the innate immune 52 

systems of insects, vertebrates, and plants (12, 13). The addition of aminoarabinose (L-53 

Ara4N) to lipid A phosphates promotes antimicrobial resistance by neutralizing negative 54 

surface charges, reducing the binding and membrane disruption by cationic antimicrobial 55 

peptides and chelators (14, 15, 12, 16). P. aeruginosa also produces the polycation 56 

spermidine on the cell surface which masks negative surface charges, stabilizes LPS as 57 

a substitute for divalent cations, and contributes to antimicrobial peptide resistance (15, 58 

17, 18).  59 

 60 

We recently used transcriptional reporters to the pmr operon (PA3552-PA3559; 61 

arn) and spd operon (PA4773-PA4774; speD2E2) that encode the L-Ara4N modification 62 

and spermidine production, respectively, as biosensors for detecting generic outer 63 

membrane damage and for the discovery of novel, membrane-acting antimicrobials (19). 64 

The pmr and spd operons were strongly induced during exposure to diverse outer 65 

membrane damaging compounds that included antimicrobial peptides, chelators, and 66 

detergents (19). The biosensor approach was proposed as a stand-alone, alternative, 67 
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simple and high throughput method to the NPN uptake assay, a standard method used 68 

to measure OM damage (19). Here, we report on the use of pmr and spd transcriptional 69 

fusions as a biosensor approach to identify naphthenic acids as direct, narcosis causing 70 

compounds.  71 

 72 

Methods and Materials. 73 

Strains and biosensor gene expression assays. The pmrF::lux and speE2::lux 74 

reporters are mini-Tn5-lux transposon insertion mutants and transcriptional reporters that 75 

were previously constructed (15) and used extensively as indicators of outer membrane 76 

damage by antimicrobials (14, 15, 20, 16, 19). Overnight biosensor cultures were grown 77 

in LB media + 50 µg/mL tetracycline at 37℃ and sub-cultured into 10 mL of dilute LB (1/32 78 

v/v). Stock solution of model NA compounds were prepared in solutions of 55% 79 

polyethylene glycol 400 and 45% ethanol (PEGEt) as previously described (21). In black 80 

96-well, clear bottom plates (Thermo Scientific), NA were diluted to 125 µg/mL in 99 µl 81 

Basal Minimal Medium (BM2) (0.5 mM Mg2+) with 20 mM succinate (22) and inoculated 82 

with 1 µL of the biosensor culture. To measure the biosensor response to the NAFC 83 

extracts (prepared in 50% acetonitrile + 0.1% NH4OH and chemically analyzed by high 84 

resolution Orbitrap mass spectrometry) (23, 24), a 10 µL aliquot of an extract was 85 

dispensed into 90 µL BM2 media using the same inoculum in black 96-well microplates. 86 

A Breath-Easy® (Sigma-Aldrich) membrane was used to seal the microplate to lower 87 

evaporation rates during a 15-hour protocol in a PerkinElmer 1420 Multilabel Counter 88 

Victor3 (2 sec shake; gene expression in counts per second (CPS), and growth (OD600), 89 

all measured 45 times every 20 minutes). The biosensor gene expression was normalized 90 
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to growth (CPS/OD600) for each read, and Fold Gene Expression was calculated by 91 

dividing the CPS/OD600 values of the NA treated sample by those of the untreated control 92 

(containing 0.625% PEGEt or 5% acetonitrile). One-way ANOVA and Dunnett T-tests 93 

were used to calculate statistical significance compared to the untreated sample. 94 

 95 

Biosensor spot agar plate. Biosensor cultures were grown overnight in LB media + 50 96 

µg/mL tetracycline and diluted in LB to an OD600 of 0.5. Sterile cotton swabs were used 97 

to spread a bacterial lawn onto diluted LB (1/32) agar plates. Diluted LB was used to 98 

mimic nutrient limited growth medium for optimal NA detection. Aliquots of 4 µL of a 20 99 

mg/mL stock of naphthenic acid model compounds, mixtures or additional hydrocarbons 100 

were spotted in a grid on top of the bacterial lawn. The petri dish was incubated for 21 101 

hours at 37℃ and imaged using a ChemiDoc (Bio-Rad) to visualise bioluminescent 102 

patterns surrounding each spot.  103 

 104 

Outer membrane damage measured by NPN uptake. 1-N-phenylnaphylamine (NPN) 105 

is a fluorescent dye when integrated into the hydrophobic environment of disturbed 106 

bacterial membranes (25, 19). Mid-log cultures of PAO1 (grown in LB at 37℃) were 107 

centrifuged at 8000 rpm for 3 minutes, and pellets were resuspended in equal volumes 108 

of a buffer containing 5mM HEPES (pH 7.2), 5mM glucose, and 0.2% sodium azide for 109 

disabling active efflux. NPN was added at a final concentration of 0.01 mM, followed by 110 

an addition of hydrocarbon compounds for a final concentration of 125 mg/L. Green 111 

fluorescence was measured in a Spectra Max M2 spectrophotometer at 5 second 112 

intervals for 60 seconds, using the excitation and emission wavelengths of 350 nm and 113 
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420 nm, respectively. NPN (0.01 mM) was also added to the buffer containing 125 µg/mL 114 

hydrocarbons to measure baseline fluorescence. 115 

 116 

Inner and outer membrane damage measured by PI uptake. PAO1 cultures were 117 

grown to mid-log phase in LB at 37℃. Cells were pelleted (8000 rpm for 3 minutes) and 118 

washed once in equal volumes of phosphate buffered saline (PBS). Propidium iodide (PI) 119 

was added to a final concentration of 5 µg/mL. Naphthenic acids (at a final concentration 120 

of 125 µg/ml) were mixed with aliquots of 100 µL bacterial cells in a black, clear bottom 121 

96-well microplate. Using a PerkinElmer 1420 multilabel counter Victor3, red fluorescence 122 

was measured every 20 minutes for 15 hours (using excitation and emission wavelengths 123 

of 555 and 632 nm, respectively) as an indicator of PI uptake into the cell after disruption 124 

of both outer and inner membranes. Bacteria can take up PI but remain viable, so it is not 125 

strictly an indicator of non-viable cells  (26). 126 

 127 

Lysozyme assisted bacterial killing. Using minor modifications of a previously 128 

described method (27), P. aeruginosa PAO1 cultures (3 mL) were grown to mid-log phase 129 

(~3.5 hours in LB at 37℃) and normalized to an OD600 of 0.4. Cells were pelleted by 130 

centrifugation (8000 rpm for 3 minutes) and washed twice in 3 mL (PBS). Aliquots of 80 131 

µL were dispensed to each well of a clear, 96-well microplate, and mixed with 10 µL of a 132 

naphthenic acid (NA) compound for each concentration indicated and lysozyme solution 133 

(final 1 mg/ml), and cell lysis was measured by monitoring OD600 every 5 min for 75 134 

minutes in the Victor3 1420 Multilabel Counter (PerkinElmer). Control reactions containing 135 

only lysozyme, or only the OM permeabilizing agents did not cause cell lysis. 136 
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 137 

Results 138 

Naphthenic acids induce expression of the pmrF and spdE2 transcriptional 139 

reporters of protective modifications to the outer membrane. P. aeruginosa senses 140 

outer membrane damage caused by diverse antimicrobials that target the outer 141 

membrane and induces the expression of multiple surface modifications that function to 142 

repair and protect the membrane (14, 15, 20, 16, 19). Naphthenic acids are amphipathic 143 

compounds with charged and hydrophobic features, which are proposed to act by 144 

damaging the cell membrane through a narcosis mechanism (6–8, 5, 9). Here we wanted 145 

to determine if the narcosis by naphthenic acids was detectable using the pmrF and 146 

spdE2 transcriptional lux reporters, and to validate that naphthenic acids damage 147 

bacterial membranes. 148 

 149 

We tested a large collection of model NA compounds, commercial and NAFC 150 

mixtures, and acyclic fatty acids for the ability to induce expression of the pmrF::lux 151 

transcriptional reporter (Fig 1). The model naphthenic acid compounds included mostly 152 

classic O2 compounds with single rings, aromatic NAs, and an O4 NA compound (Table 153 

1). When added to defined, liquid minimal media at 125 mg/L, most naphthenic acids 154 

compounds significantly induced pmrF::lux expression (Fig 1A). This NA concentration is 155 

sub-lethal, and below the concentration needed to inhibit growth. Related hydrocarbons 156 

that included BTEX, terpenes (branched alcohols) and alkanes were also tested, and only 157 

octane, decane and citronellol were shown to induce the outer membrane damage-158 
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responsive pmrF promoter. A panel of fatty acids did not induce pmrF::lux expression in 159 

liquid culture (Fig 1A).  160 

 161 

We also tested NA mixtures, including multiple NAFC extracts derived from 162 

OSPW, two commercially available NA mixtures, and a custom mixture of seven NAs and 163 

two short-chain fatty acids. Only the solid phase extracts of OSPW induced expression 164 

of the pmrF::lux biosensor in liquid culture (Fig 1). Roughly half of the panel of OSPW 165 

extracts induced expression of the pmrF::lux biosensor, when tested in total NAFC 166 

concentrations ranging from 30-400 mg/L (Fig 1B). Induction of the narcosis biosensor to 167 

NAFC mixtures was not concentration dependent and therefore was likely dependent on 168 

the overall composition of NA compounds, requiring sufficient levels of membrane-169 

damaging NA compounds. 170 

 171 

The pmrF::lux biosensor has a wide dynamic range, which can distinguish weak 172 

and strong OM disrupters, and has dose-dependent responses to increasing 173 

concentrations of OM targeting compounds (19). Figure 2 demonstrates the dose 174 

response effects upon exposure to increasing concentrations of model NA compounds, 175 

which resulted in linear increases in gene expression output (Fig 2A). When the pH was 176 

adjusted to 6.5 after the addition of NA, the narcosis effects were strongest at the highest 177 

concentrations (Fig 2B). These results demonstrate that the pmrF biosensor can be used 178 

semi-quantitatively to report on the relative amount of outer membrane damage. 179 
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 180 

Figure 1. Narcosis biosensor response of the pmrF::lux reporter to naphthenic 181 
acids. A) Individual model NA compounds and related hydrocarbons were tested for 182 
biosensor detection by exposure to 125 mg/L of each compound. See Table 1 for full 183 
names. Various mixtures were also tested including “Sigma” and “Acros”, two 184 
commercially available NA mixtures, “9xNA” refers to a custom mixture of seven NAs and 185 
two fatty acids, and “OSPW con extract”, a reference NAFC extract from OSPW. The Fold 186 
Gene Expression is the maximum induction values of gene expression upon exposure, 187 
representing the average and standard deviation of triplicate values taken at 7 hours. B) 188 
A panel of 26 NAFC extracts from oil sands industry water samples were tested for 189 
biosensor detection. Each extract was diluted 1/10 into BM2 media. All values represent 190 
the average and standard deviation of triplicate values taken at 4 hours, and all 191 
experiments were repeated at least three times. Data were analyzed by one-way ANOVA 192 
to test for an overall treatment effect, followed by Dunnett’s multiple-comparisons test to 193 
compare	each	treatment	with the control. Significant	gene induction relative to the control 194 
is	shown	 in bright green with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 195 
0.0001). 196 
 197 
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 198 

Figure 2. Dose responses of narcosis biosensor exposed to increasing 199 
concentrations of naphthenic acids. The pmrF::lux biosensor was exposed to 200 
individual NA model compounds at concentrations 31, 62, 125, and 250 mg/L in A) BM2 201 
media and B) BM2 media that was pH adjusted to 6.5. See Table 1 for full names. All 202 
values represent the average and standard deviation of triplicate values taken at 4 hours, 203 
and all experiments were repeated at least three times. Data were analyzed by one-way 204 
ANOVA to test for an overall treatment effect, followed by Dunnett’s multiple-comparisons 205 
test to compare	each	treatment	with the control. Significant	gene induction relative to the 206 
control is	shown	with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 207 
 208 
 209 

We next tested the addition of NA in a solid agar assay where the biosensor is 210 

spread as a lawn onto an agar surface, and plates were imaged after overnight growth 211 

for luminescence patterns at spot locations (Fig 3). Here we tested both pmrF and speE2 212 

reporters, which previously were shown to both respond similarly to a large panel of OM 213 

disrupting compounds (19). Both reporters responded to all model NA compounds (Fig 214 

3A), and interestingly to all fatty acid compounds ranging in length from C6-C20 (Fig 3B). 215 

Antimicrobial activity is seen as a zone of killing in the centre of the spot and a ring of 216 

luminescence that surrounds the killing zone, which is a pattern consistent with biosensor 217 

detection at concentrations near the minimal inhibitory concentration. 218 

 219 

  For all compounds, 80 µg were added and therefore the relative size of the zone 220 

of killing can be indicative of the antimicrobial activity. For example, both P. aeruginosa 221 
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transcriptional reporters were very sensitive to naphthenic acids (Fig 3A) and less 222 

sensitive to fatty acids (Fig 3B), as observed by the inner ring dimensions for all spotted 223 

samples. The strongest fatty acid inducers of outer membrane damage were those 224 

ranging in length C12-C18, but C8-C10 fatty acids were more antimicrobial (Fig 3). Of the 225 

four NA mixtures tested, the strongest responses were to commercially available NA that 226 

are known to contain abundant acyclic fatty acids (28), relative to the cyclic components 227 

(Fig 3C). Polymyxin B is a cyclic peptide antimicrobial compound that acts as a positive 228 

control. It is an efficient antibiotic with a low MIC (~1 µg/mL) and thus shows a large zone 229 

of killing, and a bright ring of luminescence with a short exposure time (Fig 3D). By 230 

comparison, 80 µg of the NAFC and 9xNA mixtures were not toxic or detected on agar, 231 

likely due to the dilution of membrane-active compounds within the mixtures (Fig 3). 232 

 233 

 234 

 235 
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 236 

Figure 3. Luminescent rings from naphthenic acids spotted onto a lawn of 237 
biosensor culture. Four µL of a 20 mg/ml stock of naphthenic acid compound or mixture 238 
was spotted onto a bacterial biosensor lawn. The bioluminescence pattern is imaged after 239 
an overnight incubation at 37℃. Images were inverted such that white luminescence 240 
patterns are shown as black rings. A) Naphthenic acids B) Fatty acids and alkanes C) NA 241 
mixtures, terpenes, ethylbenzene D) Polymyxin B control. See Table 1 for full names. The 242 
top and bottom rows of images are from the pmrF::lux and speE2::lux biosensors, 243 
respectively. Exposure times were 180 sec for all naphthenic acids and only 30 sec for 244 
polymyxin B. 245 

 246 

In summary, naphthenic acids and fatty acids induced expression of the 247 

biosensors, which indicates the ability to damage the outer membrane (19). Fatty acids 248 

were only detected in the solid surface assay. Additionally, the total amount of compound 249 

added was greater in the agar plate assay (80 µg) compared to liquid assays (12.5 µg). 250 

Therefore, the concentration, solubility or gradual diffusion rates across the agar may 251 

have increased bioavailability of the fatty acid compounds. 252 

 253 

pH influences the strength of the biosensor responses to naphthenic acids, likely 254 

through influencing the state of protonation. Naphthenic acids are amphipathic 255 

compounds (charged and hydrophobic) that can interact with and disrupt the bacterial 256 

outer membrane. The pH will affect the protonation state of the carboxylic acid, and 257 

therefore we wanted to determine the influence of pH on naphthenic acids and their ability 258 

to disrupt the membrane. Upon addition of NA to BM2 liquid media, the pH was reduced 259 

from 6.5 to more acid pH values of 6 to 5.5 (Table 2). The pmrF::lux biosensor responses 260 

to naphthenic acids were compared with and without balancing the pH of growth media. 261 

Under neutral pH 6.5 conditions, the biosensor responses to naphthenic acids either did 262 

not change, increased, or decreased, depending on the compound (Table 2). There was 263 
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no consistent biosensor response to a decrease in pH. This suggests that pH can 264 

influence the protonation state of naphthenic acids, which can in turn affect the ability to 265 

interact with and destabilize membranes. Many naphthenic acids span a range of intrinsic 266 

pKa values between 4-5. At biologically relevant pH (6–8), this places many compounds 267 

above the pKa values, which produces mostly the anionic state. Membrane disruption is 268 

likely affected by hydrophobicity, ring composition, alkyl chain length or branching, and 269 

charge. Therefore, not all NA become better membrane disruptors at neutral pH, despite 270 

having a higher proportion of anions. 271 

 272 

Naphthenic acids disrupt bacterial membranes leading to enhanced lysosome 273 

killing or uptake of fluorescent DNA binding dyes. Additional approaches were 274 

considered to validate the narcosis activity of naphthenic acids. N-phenyl-1-275 

naphthylamine (NPN) uptake is a conventional method to measure outer membrane 276 

disruption, where treatment of a cell with a membrane-disrupting compounds causes a 277 

rapid increase in NPN fluorescence (19, 25). NPN is only fluorescent when it partitions in 278 

the hydrophobic area of a disrupted membrane (25). We attempted to use the NPN uptake 279 

assay as a method to confirm the direct membrane disruption by naphthenic acids. 280 

However, when NPN is mixed only with naphthenic acids, alkanes or oleic acid, there is 281 

a strong increase in fluorescence in the absence of bacterial cells (Fig 4A). This result 282 

suggests the formation of hydrophobic micelles or aggregates, that lead to NPN 283 

fluorescence. When NPN is added to cells and then treated with NA, the NPN 284 

fluorescence decreased (Fig 4B). This result suggested NPN was sequestered by NA 285 

aggregates, and contrasts with the positive control treatment (polymyxin B) that causes 286 
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an increased NPN fluorescence. Generally, membrane disruption allows greater access 287 

of NPN to the membrane (Fig 4B).  For these reasons, the NPN uptake is not suitable for 288 

the study of hydrophobic compounds such as NA, fatty acids or alkanes, as NPN 289 

fluorescence is stimulated without cells. 290 

 291 

 292 
Figure 4. The NPN uptake assay is not a reliable assay for measuring outer 293 
membrane disruption by naphthenic acids. A) Fold change values of NPN 294 
fluorescence increased in the presence of different NA compounds without bacterial cells. 295 
B) When pmrF::lux bacterial cells were added, NA compounds caused a decrease in 296 
fluorescence. All compounds were tested at 500 µg/ml, and each value shows an average 297 
and standard deviation of three replicates. All experiments were repeated three times. 298 
Data were analyzed by one-way ANOVA to test for an overall treatment effect, followed 299 
by Dunnett’s multiple-comparisons test to compare	 each	 treatment	 with the control. 300 
Significant increases in	NPN fluorescence relative to the control is shown with asterisks 301 
(**** p < 0.0001).  302 
 303 

We therefore used alternative approaches to directly measure the ability of 304 

naphthenic acids to disrupt the bacterial membrane. Lysozyme is an enzyme that 305 

degrades the peptidoglycan cell wall located in the periplasm, which is normally protected 306 

by the outer membrane. In the lysozyme-assisted killing assay, compounds are tested for 307 
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permeabilizing the outer membrane barrier, which permits lysozyme to enter and degrade 308 

the cell wall, leading to lysis and killing (11, 27). Figure 5A depicts the control condition 309 

of lysozyme alone that does not kill P. aeruginosa or reduce the optical density, but the 310 

addition of both polymyxin B and lysozyme leads to killing and drop in OD600. Increasing 311 

concentrations of polymyxin B and lysosome produced increasing levels of bacterial 312 

killing (Fig 5B). The individual NA compound cyclohexane acetic acid (CHAA), and the 313 

simple 9xNA mixture were also shown to increase lysozyme-assisted killing (Fig 5B). This 314 

supports the interpretation that naphthenic acids permeabilize the outer membrane and 315 

allows lysozyme to enter the periplasm and degrade the peptidoglycan cell wall. In 316 

general, naphthenic acids promoted weaker killing than the OM targeting antimicrobial 317 

peptide polymyxin B (Fig 5), which is consistent with naphthenic acids being weak or 318 

moderate inducers of the pmrF::lux biosensor, relative to polymyxin B (Fig 3) and other 319 

OM targeting compounds (19). 320 

 321 

To determine if naphthenic acids could disrupt both the outer and inner 322 

membranes in P, aeruginosa, we monitored the uptake of the DNA binding dye propidium 323 

iodide. PI is a membrane-impermeable compound that does not enter the cell in 324 

undisturbed cells, but polymyxin B causes a significant increase in the uptake of PI (Fig 325 

5C, 5D). Naphthenic acids were also shown to promote significant levels of PI uptake in 326 

P. aeruginosa, albeit at lower levels than polymyxin B (Fig 5D), consistent with the effects 327 

of NA treatment of the bacterium R. aertherivorans (10) or in onion epidermal cells (9). 328 

Taken together, these assays provide further evidence that naphthenic acids interact with 329 
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and disrupt bacterial membranes, consistent with their proposed narcosis mechanism of 330 

action. 331 

 332 

Figure 5. Naphthenic acids disrupt the integrity of bacterial cell membranes. The 333 
lysozyme killing assay (A, B) or the propidium iodide uptake assay (C, D) were used to 334 
assess the membrane integrity after naphthenic acids exposure. A) Lysis (OD600) was 335 
measured after treating bacterial cells with lysozyme alone (black) or lysozyme with 10 336 
µg/mL polymyxin B (red). Measurements were taken every 5 minutes for a total of 75 337 
minutes. B) Area under the curve (AUC) of the lysis measurements (OD600) during the 338 
75-min assay was calculated for each compound and concentration tested with lysozyme. 339 
The 9xNA mixture and CHAA were both tested at 1 mg/mL (red), 0.5 mg/mL (light blue), 340 
and 0.25 mg/mL (dark blue). PxnB was tested at 10 µg/mL (red), 5 µg/mL (light blue), and 341 
2.5 µg/mL (dark blue). Values shown are an average and standard deviation of two 342 
replicates. C) Red fluorescence due to PI uptake after treating the bacterial cells with 343 
polymyxin B. Measurements taken every 20 minutes for 15 hours. D) AUC of the red PI 344 
fluorescence during the 15-hour assay were calculated for each compound. PxnB was 345 
tested at 1 µg/mL and each NA compound was tested at 125 mg/L. Values shown are an 346 
average and standard deviation of three replicates. Data were analyzed by one-way 347 
ANOVA to test for an overall treatment effect, followed by Dunnett’s multiple-comparisons 348 
test to compare	each	treatment	with the control. Significant	membrane disruption relative 349 
to the control is	shown	with asterisks (** p < 0.01, *** p < 0.001, **** p < 0.0001).	All 350 
experiments were repeated three times. 351 
 352 
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Discussion 353 

Naphthenic acids (NAs) are widely hypothesized to exert toxicity through narcosis, a 354 

mechanism in which amphipathic compounds partition into and disrupt biological 355 

membrane function. Despite this long-standing model, relatively few assays directly 356 

measure bacterial membrane disruption by NA mixtures or individual NA constituents. 357 

Here, we demonstrate that NAs can be detected as membrane-active, narcosis stressors 358 

using a whole-cell biosensor platform based on the Pseudomonas aeruginosa envelope 359 

defense pathways. Two independent transcriptional reporters, pmrF::lux and speE2::lux, 360 

were induced by a broad panel of individual model NA compounds, NA mixtures, and 361 

OSPW-derived extracts. Reporter induction was supported by functional assays 362 

demonstrating envelope compromise, including lysozyme-assisted killing and propidium 363 

iodide uptake. In addition to direction partitioning into hydrophobic membranes, 364 

naphthenic acids can associate with Mg2+ and Ca2+ to form metal naphthenates that are 365 

found at the interface of oil and water (29). This activity may potentially disrupt cation 366 

interactions on the bacterial surface, similar to cation chelators (11, 17). Together, these 367 

findings support the narcosis hypothesis and establish a novel, high throughput approach 368 

to detect NA membrane disruption (Fig 6). 369 
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 370 

Figure 6. Narcosis effects on the bacterial outer membrane leads to the expression 371 
of protective outer membrane repair processes. A. In normal conditions, the cell 372 
envelope consisting of the outer membrane (OM), the periplasm (PP) and inner 373 
membrane (IM) is intact. B. Naphthenic acids are hydrophobic and can partition into and 374 
disrupt the OM integrity or can potentially disrupt surface stabilizing cations. This damage 375 
is sensed by various two-component regulatory systems (eg PhoPQ, PmrAB), which 376 
include an inner membrane sensor protein. Upon activation, the sensor phosphorylates 377 
its cognate response regulator, which now upregulates the expression of target genes. In 378 
this case, the pmr/arn operon and speD2E2 operons are induced. C. The outer 379 
membrane is repaired by covalent modification of aminoarabinose to the phosphates of 380 
LPS, and the presence of spermidine, a polycation that replaces natural divalent cations 381 
such as Mg2+. Membranes expressing these modifications are tolerant to future outer 382 
membrane narcosis. D. A luxCDABE cassette is inserted into the pmrF/arnC gene, which 383 
produces luminescence upon OM disruption by NA. 384 

 385 

The advantages of this narcosis biosensor assay include a rapid and simple assay, 386 

real-time gene expression measurements with no added substrates, luminescence 387 

responses specifically to membrane damage rather than generic toxicity (eg Microtox), 388 

sensitive detection of membrane damage at sub-lethal concentrations of NA, high 389 

throughput capacity to screen many compounds or water samples containing NA under 390 

varying parameters (concentrations, solvents, pH), semi-quantitative detection of 391 

membrane damage based on gene expression values (CPS), a wide dynamic range to 392 

compare strong and weak activity, and lastly is suitable for hydrophobic compounds that 393 
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prevent use of the conventional NPN uptake assay. The limitations of this narcosis 394 

bioassay include possible false negatives when testing volatile hydrocarbons, broad 395 

narcosis detection rather than specific naphthenic acid detection, and the method 396 

requires further development as a direct indicator of toxicity of OSPW. 397 

We previously reported NA-responsive regulatory biosensors (e.g., AtuR/atuA and 398 

a MarR-based system) to report on total NA concentration. Each biosensor detects a 399 

specific subset of bioavailable NA compounds once inside cells, through ligand-400 

responsive transcriptional repressors (21). In contrast, the pmr/spd biosensors respond 401 

to surface membrane disruption, and these genes are controlled by numerous two-402 

component regulatory systems (TCS) consisting of membrane-bound sensors and 403 

cytoplasmic regulators, including PhoPQ, PmrAB, and potentially CprRS or ParRS (Fig 404 

5). PhoPQ and PmrAB are important for the response to limiting Mg2+ or acid stress (14, 405 

18, 30), while CprRS and ParRS were described as important for the sensing of 406 

antimicrobial peptides directly (31, 32). All conditions that lead to upregulation of the pmr 407 

and spd operons may in fact be membrane stress conditions. This highlights the 408 

complexity of bacterial NA detection mechanisms, where complex NA mixtures may 409 

contain degradable compounds, intracellular toxic compounds requiring efflux, and 410 

narcosis causing compounds that target the membrane. Future work should resolve how 411 

these regulatory TCS discriminate among different classes of membrane permeabilizing 412 

agents. 413 

The narcosis biosensor approach detects bacterial membrane disruption and 414 

aligns conceptually with biomimetic extraction using solid-phase microextraction (BE-415 
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SPME), which recovers potentially narcosis causing NA compounds from OSPW that 416 

partition into synthetic, hydrophobic membranes (8, 33). In future work, the narcosis 417 

biosensors may be developed to assess OSPW toxicity by comparing the biosensor and 418 

BE-SPME methods and correlating their output to toxicity endpoints using various animal 419 

models. In summary, these results provide direct evidence that naphthenic acids disrupt 420 

bacterial membranes and offers a sensitive and scalable assay platform for detecting 421 

narcosis activity by naphthenic acids.  422 

 423 

 424 

Funding. This work was supported from a Genome Canada Large-Scale Applied 425 

Research Project (LSARP) grant (#18207), in partnership with Genome Alberta and 426 

Genome Quebec. Co-funding was provided by the Government of Alberta through an 427 

Alberta Innovates grant and Jobs, Economy and Innovation funding.  428 

.CC-BY-NC-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted May 23, 2026. ; https://doi.org/10.64898/2026.05.22.727335doi: bioRxiv preprint 

https://doi.org/10.64898/2026.05.22.727335
http://creativecommons.org/licenses/by-nc-nd/4.0/


 22 

References 429 

1.  Foght JM, Gieg LM, Siddique T. 2017. The microbiology of oil sands tailings: past, 430 
present, future. FEMS Microbiol Ecol 93. 431 

2.  Clemente JS, Fedorak PM. 2005. A review of the occurrence, analyses, toxicity, 432 
and biodegradation of naphthenic acids. Chemosphere 60:585–600. 433 

3.  Frank RA, Fischer K, Kavanagh R, Burnison BK, Arsenault G, Headley JV, Peru 434 
KM, Van Der Kraak G, Solomon KR. 2009. Effect of carboxylic acid content on the 435 
acute toxicity of oil sands naphthenic acids. Environ Sci Technol 43:266–271. 436 

4.  Whitby C. 2010. Microbial naphthenic Acid degradation. Adv Appl Microbiol 70:93–437 
125. 438 

5.  Li C, Fu L, Stafford J, Belosevic M, Gamal El-Din M. 2017. The toxicity of oil sands 439 
process-affected water (OSPW): A critical review. Sci Total Environ 601–440 
602:1785–1802. 441 

6.  Frank RA, Kavanagh R, Kent Burnison B, Arsenault G, Headley JV, Peru KM, Van 442 
Der Kraak G, Solomon KR. 2008. Toxicity assessment of collected fractions from 443 
an extracted naphthenic acid mixture. Chemosphere 72:1309–1314. 444 

7.  Frank RA, Sanderson H, Kavanagh R, Burnison BK, Headley JV, Solomon KR. 445 
2010. Use of a (quantitative) structure-activity relationship [(Q)SAR] model to 446 
predict the toxicity of naphthenic acids. J Toxicol Environ Health A 73:319–329. 447 

8.  Swigert JP, Lee C, Wong DCL, White R, Scarlett AG, West CE, Rowland SJ. 2015. 448 
Aquatic hazard assessment of a commercial sample of naphthenic acids. 449 
Chemosphere 124:1–9. 450 

9.  Alberts ME, Chua G, Muench DG. 2019. Exposure to naphthenic acids and the 451 
acid extractable organic fraction from oil sands process-affected water alters the 452 
subcellular structure and dynamics of plant cells. Sci Total Environ 651:2830–2844. 453 

10.  Presentato A, Cappelletti M, Sansone A, Ferreri C, Piacenza E, Demeter MA, 454 
Crognale S, Petruccioli M, Milazzo G, Fedi S, Steinbüchel A, Turner RJ, Zannoni 455 
D. 2018. Aerobic Growth of Rhodococcus aetherivorans BCP1 Using Selected 456 
Naphthenic Acids as the Sole Carbon and Energy Sources. Front Microbiol 9:672. 457 

11.  Nikaido H, Vaara M. 1985. Molecular basis of bacterial outer membrane 458 
permeability. Microbiol Rev 49:1–32. 459 

12.  Moskowitz SM, Ernst RK. 2010. The role of Pseudomonas lipopolysaccharide in 460 
cystic fibrosis airway infection. Subcell Biochem 53:241–253. 461 

13.  Lewenza S. 2013. Extracellular DNA-induced antimicrobial peptide resistance 462 
mechanisms in Pseudomonas aeruginosa. Front Microbiol 4:21. 463 

.CC-BY-NC-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted May 23, 2026. ; https://doi.org/10.64898/2026.05.22.727335doi: bioRxiv preprint 

https://doi.org/10.64898/2026.05.22.727335
http://creativecommons.org/licenses/by-nc-nd/4.0/


 23 

14.  McPhee JB, Lewenza S, Hancock REW. 2003. Cationic antimicrobial peptides 464 
activate a two-component regulatory system, PmrA-PmrB, that regulates 465 
resistance to polymyxin B and cationic antimicrobial peptides in Pseudomonas 466 
aeruginosa. Mol Microbiol 50:205–217. 467 

15.  Lewenza S, Falsafi RK, Winsor G, Gooderham WJ, McPhee JB, Brinkman FSL, 468 
Hancock REW. 2005. Construction of a mini-Tn5-luxCDABE mutant library in 469 
Pseudomonas aeruginosa PAO1: a tool for identifying differentially regulated 470 
genes. Genome Res 15:583–589. 471 

16.  Halverson TWR, Wilton M, Poon KKH, Petri B, Lewenza S. 2015. DNA is an 472 
antimicrobial component of neutrophil extracellular traps. PLoS Pathog 473 
11:e1004593. 474 

17.  Johnson L, Mulcahy H, Kanevets U, Shi Y, Lewenza S. 2012. Surface-localized 475 
spermidine protects the Pseudomonas aeruginosa outer membrane from antibiotic 476 
treatment and oxidative stress. J Bacteriol 194:813–826. 477 

18.  Wilton M, Charron-Mazenod L, Moore R, Lewenza S. 2016. Extracellular DNA 478 
Acidifies Biofilms and Induces Aminoglycoside Resistance in Pseudomonas 479 
aeruginosa. Antimicrob Agents Chemother 60:544–553. 480 

19.    S, Bookout T, Qasim A, Bowron L, Wu Q, Duan K, Treu R, Reckseidler-Zenteno 481 
S, Lewenza S. 2023. Biosensor-guided detection of outer membrane-specific 482 
antimicrobial activity against Pseudomonas aeruginosa from fungal cultures and 483 
medicinal plant extracts. Microbiol Spectr 11:e0153623. 484 

20.  Mulcahy H, Charron-Mazenod L, Lewenza S. 2008. Extracellular DNA chelates 485 
cations and induces antibiotic resistance in Pseudomonas aeruginosa biofilms. 486 
PLoS Pathog 4:e1000213. 487 

21.  Bookout T, Shideler S, Cooper E, Goff K, Headley JV, Gieg LM, Lewenza S. 2024. 488 
Construction of Whole Cell Bacterial Biosensors as an Alternative Environmental 489 
Monitoring Technology to Detect Naphthenic Acids in Oil Sands Process-Affected 490 
Water. ACS Synth Biol 13:3197–3211. 491 

22.  Wilton M, Halverson TWR, Charron-Mazenod L, Parkins MD, Lewenza S. 2018. 492 
Secreted Phosphatase and Deoxyribonuclease Are Required by Pseudomonas 493 
aeruginosa To Defend against Neutrophil Extracellular Traps. Infect Immun 494 
86:e00403-18. 495 

23.  Headley, J.V., Peru, K.M., Fahlman, B., Colodey, A., McMartin, D.W. 2013. 496 
Selective solvent extraction and characterization of the acid extractable fraction of 497 
Athabasca oils sands process waters by Orbitrap mass spectrometry. Int J Mass 498 
Spectrom 345–347:104–108. 499 

24.  Vander Meulen IJ, Schock DM, Parrott JL, Mundy LJ, Pauli BD, Peru KM, McMartin 500 
DW, Headley JV. 2021. Characterization of naphthenic acid fraction compounds in 501 

.CC-BY-NC-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted May 23, 2026. ; https://doi.org/10.64898/2026.05.22.727335doi: bioRxiv preprint 

https://doi.org/10.64898/2026.05.22.727335
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24 

water from Athabasca oil sands wetlands by Orbitrap high-resolution mass 502 
spectrometry. Sci Total Environ 780:146342. 503 

25.  Loh B, Grant C, Hancock RE. 1984. Use of the fluorescent probe 1-N-504 
phenylnaphthylamine to study the interactions of aminoglycoside antibiotics with 505 
the outer membrane of Pseudomonas aeruginosa. Antimicrob Agents Chemother 506 
26:546–551. 507 

26.  Lewenza S, Abboud J, Poon K, Kobryn M, Humplik I, Bell JR, Mardan L, 508 
Reckseidler-Zenteno S. 2018. Pseudomonas aeruginosa displays a dormancy 509 
phenotype during long-term survival in water. PloS One 13:e0198384. 510 

27.  Hancock RE, Raffle VJ, Nicas TI. 1981. Involvement of the outer membrane in 511 
gentamicin and streptomycin uptake and killing in Pseudomonas aeruginosa. 512 
Antimicrob Agents Chemother 19:777–785. 513 

28.  Marentette JR, Frank RA, Bartlett AJ, Gillis PL, Hewitt LM, Peru KM, Headley JV, 514 
Brunswick P, Shang D, Parrott JL. 2015. Toxicity of naphthenic acid fraction 515 
components extracted from fresh and aged oil sands process-affected waters, and 516 
commercial naphthenic acid mixtures, to fathead minnow (Pimephales promelas) 517 
embryos. Aquat Toxicol Amst Neth 164:108–117. 518 

29.  Eke WI, Victor-Oji C, Akaranta O. 2020. Oilfield metal naphthenate formation and 519 
mitigation measures: a review. J Pet Explor Prod Technol 10:805–819. 520 

30.  McPhee JB, Bains M, Winsor G, Lewenza S, Kwasnicka A, Brazas MD, Brinkman 521 
FSL, Hancock REW. 2006. Contribution of the PhoP-PhoQ and PmrA-PmrB two-522 
component regulatory systems to Mg2+-induced gene regulation in Pseudomonas 523 
aeruginosa. J Bacteriol 188:3995–4006. 524 

31.  Fernández L, Gooderham WJ, Bains M, McPhee JB, Wiegand I, Hancock REW. 525 
2010. Adaptive Resistance to the “Last Hope” Antibiotics Polymyxin B and Colistin 526 
in Pseudomonas aeruginosa Is Mediated by the Novel Two-Component Regulatory 527 
System ParR-ParS. Antimicrob Agents Chemother 54:3372–3382. 528 

32.  Fernández L, Jenssen H, Bains M, Wiegand I, Gooderham WJ, Hancock REW. 529 
2012. The two-component system CprRS senses cationic peptides and triggers 530 
adaptive resistance in Pseudomonas aeruginosa independently of ParRS. 531 
Antimicrob Agents Chemother 56:6212–6222. 532 

33.  Redman AD, Parkerton TF, Butler JD, Letinski DJ, Frank RA, Hewitt LM, Bartlett 533 
AJ, Gillis PL, Marentette JR, Parrott JL, Hughes SA, Guest R, Bekele A, Zhang K, 534 
Morandi G, Wiseman S, Giesy JP. 2018. Application of the Target Lipid Model and 535 
Passive Samplers to Characterize the Toxicity of Bioavailable Organics in Oil 536 
Sands Process-Affected Water. Environ Sci Technol 52:8039–8049. 537 

  538 

.CC-BY-NC-ND 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted May 23, 2026. ; https://doi.org/10.64898/2026.05.22.727335doi: bioRxiv preprint 

https://doi.org/10.64898/2026.05.22.727335
http://creativecommons.org/licenses/by-nc-nd/4.0/


 25 

Table 1. Summary of naphthenic acid model compounds and hydrocarbons used in this 539 
study. 540 
 541 

Group Compound Acronym Description 
 Cyclopentane carboxylic acid CPCA classic O2 compound 

 Cyclohexane pentanoic acid CHPA classic O2 compound 
NAs  Cyclohexane acetic acid CHAA classic O2 compound 

 1-Adamantanecarboxylic acid ACA classic O2 compound 
  Cyclohexane carboxylic acid CHCA classic O2 compound 

 3-Phenylpropionic acid PPA aromatic O2 compound 
Aromatic  4-Dimethylphenylacetic acid DMPAA aromatic O2 compound 

 
5,6,7,8-Tetrahydro-2-naphthoic 
acid THNA aromatic O2 compound 

  Fusaric acid FA aromatic O2 compound 
NAs Cyclohexane dicarboxylic acid CHDCA O4 compound 
  Cyclohexyl succinic acid CHSA O4 compound 

 Hexanoic acid HA/C6 acyclic fatty acid O2 

 Citronellic acid CA acyclic fatty acid O2 

Fatty acids   Decanoic acid DA acyclic fatty acid O2 

 
Dodecanoic acid C12 acyclic fatty acid O2 
Pentadecanoic acid C15 acyclic fatty acid O2 

 Stearic acid C18 acyclic fatty acid O2 

 Oleic acid C18:1 acyclic fatty acid O2 

  Arachidic acid C20 acyclic fatty acid O2 

 Hexane HEX alkane 

 Octane OCTA alkane 
Alkanes Decane DECA alkane 

 Dodecane DODE alkane 
  Octadecane OCT alkane 

 Methylcyclohexane MCM cyclic alkane 
  Butylcyclohexane BCM cyclic alkane 

 Benzene B aromatic 
BTEX Toluene T aromatic 

 Ethylbenzene E aromatic 
  Xylene X aromatic 
Terpenes Citronellol CIT acyclic terpene 
  Geraniol GER acyclic terpene 

 Acyclic NA mix (Sigma) Sigma Commercial NA mix with abundant FAs 
Mixes Acyclic NA mix (Acros) Acros Commercial NA mix with abundant FAs 

 
Custom NA mix 9xMix HA, DA, CPCA, CHPA, CHAA, ACA, 

PPA, DMPAA, THNA   
  OSPW NAFC SPE extract from OSPW sample  
   542 
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Table 2. Influence of naphthenic acids on media pH and biosensor responses. 543 

 544 

    Fold induction of pmrF::lux   

Naphthenic Acid pH of BM2 + NA BM2 + NA* 
BM2 + NA*  

pH 6.5 
Influence on 
biosensor 

CHAA 5.5 2.7 2.7 No effect 
CHPA 6 0.5 0.5 No effect 

HA 5.5 1.5 1.3 Slight increase 
CHCA 5.5 2 1.7 Slight increase 
THNA 6 2.1 1.8 Slight increase 
PPA 6 2.7 1.4 Increase 

CHDCA 5.5 2.8 1.6 Increase 
ACA 6 1.5 1.7 Slight decrease 

CPCA 5.5 0.8 2.1 Decrease 
DMPAA 6 1.7 5.0 Decrease 
CHSA 6 2.1 3.0 Decrease 

    
* NA added at 125 mg/L. Fold induction refers to expression change when NA is present 545 
compared to baseline expression when absent. pH 5 is lethal and prevents growth. 546 
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