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Abstract

Pseudomonas aeruginosa is a ubiquitous opportunistic pathogen which relies on a highly

adaptable metabolism to achieve broad pathogenesis. In one example of this flexibility, to

catalyze the NADH:quinone oxidoreductase step of the respiratory chain, P. aeruginosa has

three different enzymes: NUO, NQR and NDH2, all of which carry out the same redox func-

tion but have different energy conservation and ion transport properties. In order to better

understand the roles of these enzymes, we constructed two series of mutants: (i) three sin-

gle deletion mutants, each of which lacks one NADH dehydrogenase and (ii) three double

deletion mutants, each of which retains only one of the three enzymes. All of the mutants

grew approximately as well as wild type, when tested in rich and minimal medium and in a

range of pH and [Na+] conditions, except that the strain with only NUO (ΔnqrFΔndh) has an

extended lag phase. During exponential phase, the NADH dehydrogenases contribute to

total wild-type activity in the following order: NQR > NDH2 > NUO. Some mutants, including

the strain without NQR (ΔnqrF) had increased biofilm formation, pyocyanin production, and

killed more efficiently in both macrophage and mouse infection models. Consistent with this,

ΔnqrF showed increased transcription of genes involved in pyocyanin production.
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Introduction

Pseudomonas aeruginosa is an opportunistic pathogen characterized by an almost ubiquitous

environmental presence and a broad infectious profile [1,2]. This microbe can inhabit a wide

range of distinct niches and give rise to a variety of chronic infections in human hosts, many

of which are life-threatening [3]. P. aeruginosa is the 4th most common nosocomial pathogen

and the primary cause of mortality in cystic fibrosis (CF) patients [4,5]. The ability of this

microbe to proliferate in so many different, and frequently hostile, environments has been

attributed to its robust adaptability, arising from the flexibility of its metabolic processes [6–8].

A key point where this metabolic flexibility is apparent is in the organization of the respira-

tory chain, which is one of the most highly branched among bacteria. The respiratory chain of

P. aeruginosa includes several dehydrogenases, the cytochrome bc1 complex, and five terminal

oxidases that operate at different concentrations of oxygen, as well as alternative electron

acceptors that operate under anaerobic conditions[9]. It has been shown that this bacterium

selectively expresses different respiratory enzymes/pathways depending on the availability of

nutrients, oxygen, and other electron acceptors [10–14]. Such adaptations are important for

colonization of infection sites, particularly in the lungs of patients suffering CF, where the bac-

teria are challenged with low nutrient and oxygen availability [5]. Therefore, this respiratory

flexibility is likely to be a key factor in the success of P. aeruginosa as an opportunistic

pathogen.

Perinbam et. al. recently identified a distinct shift in NADH metabolism which is associated

with virulence in P. aeruginosa [15]. At the beginning of its respiratory chain, P. aeruginosa
has three different NADH dehydrogenases which are responsible for the oxidation of cellular

NADH: NUO, NQR, and NDH2 [9,16]. All three of these enzymes carry out the same redox

reaction, accepting electrons from NADH and passing them to the quinone pool, but they dif-

fer in their ion pumping and energy conservation properties. NQR and NUO conserve energy

by coupling the electron transfer to the translocation of ions across the cell membrane, con-

tributing to an electrochemical membrane gradient [17–20]. NDH2 catalyzes the same redox

reaction without ion pumping or energy conservation, but its activity has been implicated in a

rescue-redox system than can balance the NADH/NAD+ ratio to avoid toxic effects of excess

NADH [17,21]. Given the highly branched character of respiratory pathways in P. aeruginosa,

it is likely that the three NADH dehydrogenases make the organism more adaptable. However,

little is known about their actual physiological roles.

Two previous publications have addressed these questions. Torres et. al. characterized a

series of deletion mutants and concluded that NUO and NDH2 together are the primary

NADH dehydrogenases during aerobic growth in rich medium (LB), while NUO is required

for anaerobic growth and virulence in plant (lettuce) and insect (Galleria mellonella) models

[22]. They also concluded that NQR has minimal activity and plays only a minor role in P. aer-
uginosa physiology. In contrast, Liang et. al. reported that NQR is the most active NADH

dehydrogenase in wild type P. aeruginosa (PAO1) during aerobic growth in rich medium [23].

These inconsistencies underline the importance of further study of the roles of these enzymes.

Here, we have characterized the roles of the three NADH dehydrogenases using a series of

single-deletion mutants, each of which lacks one of the enzymes, and a series of double-dele-

tion mutants, each of which has only one of the three. All of the mutant strains were able to

grow well in both rich and minimal medium, although the strain lacking NUO consistently

showed an extended lag phase prior to entering exponential growth. In each of the mutants,

the enzymes that remain all contributed to NADH dehydrogenase activity, in both exponential

and stationary phases. From this we concluded that P. aeruginosa does not switch between dif-

ferent NADH dehydrogenases in different growth conditions. Instead, the presence of three
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parallel enzymes confers resilience on its energy production systems. Surprisingly, we also dis-

covered that, in some of the deletion mutants, the virulence factor pyocyanin, which is nor-

mally characteristic of stationary phase, began to be produced earlier, and in much larger

quantities than in the wild type. We tested one such strain, the one lacking NQR, in two model

host systems, macrophages and mice, and found that in both cases the mutant bacteria had

become much more effective in killing the mammalian host cells. These findings suggest that

in P. aeruginosa, NADH metabolism is closely involved in the control of virulence.

Materials and methods

Bacterial strains and growth conditions

The wild-type PAO1 and single mutant strains were purchased from the Two-Allele Library

[24]. All strains used for this study are shown in Table 1. For clarity, the single deletion

mutants are designated with the ‘Δ’ symbol, while the transposonal insertion mutant nomen-

clature is indicated in the strain descriptions provided in Table 1. Strains were grown in Luria

Bertani (LB) broth (Miller) unless otherwise specified. When used, antibiotic concentrations

Table 1. Strains and Plasmids used in this study.

Strain Description Source

Pseudomonas aeruginosa
PAO1 Wild type [62]

ΔnqrF PW6010, nqrF-G08:: ISlacZ/hah (nqrF::Tn) [24]

ΔnuoG PW5420, nuoG-C11:: ISphoA/hah (nuoG::Tn) [24]

Δndh PW8644, ndh-F12:: ISlacZ/hah (ndh::Tn) [24]

nqr pHERD28C-his-

NQR

nqr operon cloned into the c pHERD28C-his-NQR vector This

study

ΔnqrFΔnuoG Chromosomal deletion of nqrF in the ΔnuoG background This

study

ΔnqrFΔndh Chromosomal deletion of nqrF in the Δndh background This

study

ΔnuoGΔndh Chromosomal deletion of ndh in the ΔnuoG background This

study

Escherichia coli
S17 lpir thi pro hsdR hsdM recA RP4 2-Tc::Mu-KnR::Tn7 (TpR, SpR, SmR) This

study

NEB 5-a fhuA2 Δ(argF-lacZ)U169 phoA glnV44 F80 Δ(lacZ)M15 gyrA96 recA1 relA1
endA1 thi-1 hsdR17

NEB

Plasmids

pEX18Gm sacB counter-selectable suicide vector GmR This

study

pEX18Gm_BbsI sacB counter-selectable suicide vector GmR This

study

pEX18Gm-nqrFKO pEX18Gm vector containing the nqrF gene deletion assembly This

study

pEX18Gm-ndhKO pEX18Gm vector containing the ndh gene deletion assembly This

study

pHERD28T-His 6X-histidine- araC-pBAD, TpR [25]

pHERD28T-His-NQR nqr operon cloned into the pHERD28T-His This

study

pHERD28C-His-NQR pHERD28T-his-NQR CmR replacing TmR This

study

pKD3 Source of the chloramphenicol resistant cassette (CmR) [26]

https://doi.org/10.1371/journal.pone.0244142.t001
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were as follows: Escherichia coli strains were grown in 30 μg/mL kanamycin, 10 μg/mL tetracy-

cline, 25 μg/mL gentamicin, and 12 μg/mL chloramphenicol. P. aeruginosa strains were grown

in 50 μg/mL tetracycline, 100 μg/mL chloramphenicol, 100 μg/mL gentamicin. The NQR com-

plementation strain pHERD28T-Cm-His-NQR-Cm was grown in the presence of 12 μg/mL

chloramphenicol and 0.2% (w/v) arabinose as an inducer of expression of the nqr operon.

DNA manipulations and mutant strain construction

Double deletion mutants were constructed from the single mutant strains via a two-step allelic

exchange protocol adapted from Hmelo et. al. [27] (Tables 1 and 2). Single and double deletion

mutants were verified by PCR and DNA sequencing.

NQR complementation

The nqr operon was cloned into the pHERD28T-Cm-His-NQR-Cm using standard molecular

biology protocols (Tables 1 and 2). The chloramphenicol resistance marker was amplified

from pKD320 and inserted into the pHERD28T-HIS-NQR. pHERD28T-HIS-NQR backbone

was amplified using Herculase Fusion polymerase. Insert and backbone were purified using

EZNA Cycle Pure Kit (Omega BioTek) and assembled using the Gibson Assembly kit (NEB).

The resulting mixture was transformed into Chemically Competent DH5alpha cells and

Table 2. Primers used in this study.

Primer Sequence 5’ to3’ Description/used for

nqrF_cfrm_R1 cgtgatcggattcgagattt Amplification of the nqrF- ISlacZ/hah 590bp sequence for

confirmation of transposon insertion in ΔnqrF mutantlacZ_cfrm gcgtagatacgacgcacca

ndh_cfrm_R1 ctacccatcagattgcccat For amplification of ndh- ISlacZ/hah sequence with above LacZ

F primer for confirmation of transposon insertion in Δndh
mutant

nuoG_cfrm_F1 tatccacgtagacggcaaga Amplification of nuoG-ISphoA/hah sequence for confirmation

of transposon insertion and location in ΔnuoG mutanthah138_cfrm cgggtgcagtaatatcgccct

pEX18_BbsI_St_F agcttgcaggtcttcgacggaagacctcgact Generation of the sequence containing two BbsI restriction sites

to be inserted into the pEX18 vector to create pEX18Gm_BbsIpEX18_BbsI_St_R ctagagtcgaggtcttccgtcgaagacctgca

PaNqrKO_HR_Down_F gggcccgaagactagaccagcgcgagaatatcctgctgga Amplification of the downstream region of the nqr operon

PaNqrKO_HR_Down_R gggcccgaagactatcgcgaaatagttgcggtaatcgcc

PaNqrKO_HR_UP_F gggcccgaagactattgccgtagtactcaccgcggcattg Amplification of the upstream region of the nqr operon

PaNqrKO_HR_UP_R gggcccgaagactaggtccaggccacgttttatcttg

F_NqrKO_Scrn tggcgatcatcatgttctcc Amplification of sequence -1049 bp to +1022 bp of the nqr
operonR_NqrKO_Scrn gtcatggacgttctccttgg

ndh_Down-HR-F1 gggcccgaagactagacccgagccacgcctcaagctgc Amplification of the downstream region of the ndh gene

ndh_Down-HR-R1 gggcccgaagactagtcgtattgctggccagcctcatgc

ndh_Up2-HR-F1 gggcccgaagactattgcatcaacctgctcagcctgaagg Amplification of the upstream region (1) of the ndh gene

ndh_UP1-HR-R1 gggcccgaagactacctcggggctcagtcggctggaca

ndh_Up2-HR-F2 gggcccgaagactagaggaccagcagaaggtcgagcag Amplification of the upstream region (2) of the ndh gene

ndh_Up2-HR-R2 gggcccgaagactaggtccgacgatcacgatgcgatgg

UP_Ndh2_Seq_F cctggaaaagcacatcgaccac Amplification of sequence -395 bp to +198 bp of the ndh gene

Ndh2_upGene_R cgcttcatcaatctcgtcgacg

Cm_FWDw/Homology cttttctgtgactggtgagtttctcatcgcagtactgttgtattc Amplification of the chloramphenicol resistance cassette from

the pKD3 plasmidCm_REVw/Homology gattcacaagaaggattcgacatggagaaaaaaatcactggatatacc

pHERD28His_FWDNoTm catgtcgaatccttcttgtgaatc Amplification of the pHERD28T-HIS-NQR backbone

pHERD28His_REVNoTm gaaactcaccagtcacagaaaag

https://doi.org/10.1371/journal.pone.0244142.t002

PLOS ONE The NADH dehydrogenases of Pseudomonas aeruginosa

PLOS ONE | https://doi.org/10.1371/journal.pone.0244142 February 3, 2021 4 / 27

https://doi.org/10.1371/journal.pone.0244142.t002
https://doi.org/10.1371/journal.pone.0244142


screened via restriction digest. pHERD28C-His-NQR-Cm from DH5alpha was transformed

into wild type (PAO1) by electroporation, according to Choi et al. [28]. 6 mL of an overnight

culture was centrifuged, washed twice with 1mL aliquots of 300 mM sucrose, and resuspended

in 300 μL 300 mM sucrose. 300 ng of vector were mixed with 100 μL of competent cells, and

electroporated (20 μF, 200 Ohms, and 2.5 kV). Immediately after the voltage was applied, 1 mL

of LB broth was added to the cells, and they were allowed to recover for 1 hour at 37˚C, before

plating on LB plus appropriate antibiotics. The pHERD28T-HIS-NQR strains was grown in

LB in the presence of 0.2% (w/v) arabinose to induce the expression of the nqr operon. The

expression of NQR was tested by a Western blotting using anti-Histidine tag antibodies. The

NQR complex was partially purified using a Ni-NTA column using a similar protocol as

reported before [29].

Growth curves

The growth of the different strains was followed in similar way as reported earlier [30].

Medium containing 10 g/L tryptone, 5 g/L yeast extract and 60 mM bis tris propane was pre-

pared and adjusted to feature the desired pH and [Na+] conditions to be tested. Minimal

medium adapted from synthetic CF sputum medium (SCFM) [31] was prepared containing

0.2 M NaHPO4, 0.2 M Na2HPO4, 2.28 mM NH4Cl, 14.9 mM KCl, 10 mM MOPS, 271 μM

K2SO4, 2.5 g/L casamino acids, 1.754 mM CaCl2, 0.606 mM MgCl2, 36 μM FeSO4, 3 mM glu-

cose and the desired concentration of NaCl.

Overnight cultures of WT and mutant strains were grown in 5mL LB (Miller) for 16 hours

at 37˚C with shaking at 200 rpm. OD500 was measured and the cultures were diluted to an

OD500 of 1.0 using fresh LB broth of the corresponding pH and minimum [Na+] to be tested.

10 μL of the diluted culture was used to inoculate 190 μL of fresh medium in a 96-well plate

(Costar transparent flat bottom) to a starting OD500 of 0.05. Plates were covered and incubated

in at 37˚C with continuous orbital shaking at 217 rpm (Tecan Infinite Magellan M1000 Pro).

OD500 was measured every 30 minutes over 20 hours of growth. OD500 values were corrected

for background absorbance and averaged across two biological replicates with three technical

replicates each, with standard deviation calculated accordingly. Doubling times and the related

statistical analyses were calculated in R using the growth-rates package with the easy linear fit-

ting method [32, 33].

Membrane preparation and enzymatic activity assay

Cultures in LB were inoculated from overnight cultures (15 h) to a starting OD600 of 0.05 and

grown aerobically until mid-exponential (6.5 hours) and stationary (22 h) phases. Cells were

harvested by centrifugation in a Sorvall SLC-6000 rotor for 30 min at 3860 x g at 4˚C and

washed with TCDG buffer containing 10mM Tris-HCl, 140 mM choline chloride, 10% (v/v)

glycerol and 0.5 mM dithiothreitol, pH 7.5. Cells were lysed via three passes through a micro-

fluidizer cell disrupter at ~80 psi in the presence of PMSF and DNaseI. Cell debris was

removed from solution by centrifugation at 5856.4 X g, 30 min, at 4˚C and the remaining

supernatant was centrifuged for at least 5 h in a Beckman Type Ti45 rotor at 185511.4 x g to

collect the cell membranes. Membranes were resuspended in a small volume of TCDG buffer

and frozen at -80˚C until needed. Membrane protein concentration was determined using the

Pierce Rapid Gold BCA Protein Assay Kit (Thermo). Measurements were done in triplicate.

NADH:Ubiquinone oxidoreductase activity was measured spectrophotometrically follow-

ing the changes in absorbance at 340 nm (εNADH = 6.22 mM−1 cm−1) as reported previously

[34]. Assays were conducted in 1mL reaction volumes containing 100 mM NaCl, 50 μM ubi-

quinone-1 (UQ1), and 25 μg/mL membrane protein. Reactions were initiated by the addition
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of 100 μM NADH, or 100 μM deamino-NADH (dNADH) where specified, and substrate

absorbance was measured for 50 seconds following NADH addition.

RNA-Seq

Wild type and ΔnqrF strains were inoculated from overnight cultures (15 h) to a starting

OD600 of 0.02 in 50 mL LB medium containing 50 mM NaCl. Three cultures of each strain

were grown aerobically at 37˚C with shaking at 200rpm until mid-exponential (4 h) and sta-

tionary (15 h) phases. 1.5 x 108 cells were harvested by centrifugation at 16,000 x g for 1 min at

4˚C and rinsed with 1mL of ice-cold phosphate buffered saline (PBS). The three pellets for

each strain and growth phase were frozen with "RNA-later" (ThermoFisher). RNA extraction

and processing, library preparation, and Illumina sequencing were performed by GENEWIZ

(South Plainfield, NJ, USA). GENEWIZ processed the resulting data as follows: reads were

evaluated for sequence quality and trimmed using Trimmomatic [35]. Trimmed reads were

mapped to the P. aeruginosa reference genome (https://bacteria.ensembl.org/Pseudomonas_

aeruginosa_pao1/Info/Index/) using the Bowtie2 aligner and unique gene hit counts were cal-

culated using featureCounts from the Subread package [36,37]. Differential gene expression

analysis was carried out using DESeq2 [38]. The Wald test was used to generate log2-fold

changes and P-values.

Pyocyanin assay

Pyocyanin was extracted using a modified version of the protocol described by Koley et al [39].

5 mL cell cultures were inoculated with 1 x 108 cells from an overnight culture and allowed to

grow at 37˚C in an orbital shaker operating at 200 rpm for the desired length of time. Follow-

ing growth, cells were removed by centrifugation and the cell supernatant was subjected to an

organic extraction using 1–3 mL of chloroform. The organic lower layer was transferred to a

new tube and centrifuged for 1 min at maximum speed. The organic supernatant was trans-

ferred to a new tube and dried under a N2 stream until no solvent remained. The resulting pel-

let was resuspended in 1 mL 50 mM Tris-HCl pH 8.0, and absorbance was measured at 690

nm. The concentration of pyocyanin was determined using an extinction coefficient of 4,130

M-1 cm-1 [39]. For pyocyanin production in the complementation strain, concentration was

normalized by the OD600 of the culture at the time of harvesting.

Biofilm quantification

Biofilm formation was assessed according to the method outlined by Tram et. al. [40]. Over-

night cultures were diluted to an OD600 of 0.5 and transferred in 100 μL aliquots to a 96-well

plate (Nunc). The plates were incubated at 37˚C, without shaking, for 6 hours (mid attach-

ment) or 24 hours (mature biofilm) [40,41]. Following incubation, the supernatant was

removed from each well, and the attached biofilm was washed three times with water, then

incubated in 20μL 1% (w/v) crystal violet (Fisher) for 15 minutes. Wells were then washed

three times with water, and the remaining crystal violet was extracted from the biofilm with

100 μL of MBDS (modified biofilm dissolving solution) consisting of 10% (w/v) SDS and 80%

EtOH. The resulting MBDS solution was transferred to a new 96-well plate and absorbance at

600 nm was read in a plate reader (Tecan Infinite Magellan M1000 Pro).

For image analysis, overnight cultures were diluted to an OD600 of 0.5 and transferred in

200 μL aliquots to an 8-well coverslip. Samples were incubated at 37˚C for 6 or 24 hours. Bio-

films were washed twice with phosphate-buffered saline (PBS) and fixed with 4% (v/v) parafor-

maldehyde in PBS. Fixed biofilms were permeabilized with 1% (v/v) TritonX-100 in PBS, and

then stained with 30 μM propidium iodide. The stained biofilms were washed 5 times with
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PBS before imaging. Images were captured by a Nikon eclipse Ti-U inverted microscope,

equipped with a scan module, using a Nikon Plan Flour 60X, 1.30 oil DIC objective lens, and

an infrared pulsed laser at 970 nm with a 530/43 nm emission filter. Z-stacked images were

collected over 10 μm, and the image size was 20 μm × 20 μm (256 pixels × 256 pixels). Images

were analyzed using VistaVision software (ISS, Colorado Springs, CO). Biofilm analysis was

done through COMSTAT2 (www.comstat.uk) [42,43].

Antibiotic resistance determination

Antibiotic resistance was determined by inoculating 4 μL of an exponential phase culture

(OD600 = ~0.5) into 1 mL of LB with appropriate antibiotic in a 24-well plate. Plates were

grown with shaking at 37˚C. The MIC was determined to be the concentration at which no

detectable growth could be seen 24 hours after inoculation.

Macrophage toxicity model

Overnight cultures of P. aeruginosa WT and mutants were grown from a single colony in Dul-

becco’s modified Eagle’s medium (DMEM) (Gibco), 10% (w/v) fetal bovine serum (FBS)

(Hyclone) and 36 μM FeSO4. Overnight cultures were diluted 1:100 in 10 mL DMEM + 10%

FBS and grown for approximately three hours before 250,000 cells in a total of 200 μL were

added to the macrophages. RAW 264.7 cells from a murine macrophage cell line (ATCC,

Manassas, Virginia) were maintained in DMEM (Gibco) supplemented with 10% (w/v) FBS.

Macrophages were plated at a density of 12,500 cells/cm2 on 24-well tissue culture polystyrene

plates. After that, cell monolayers were incubated for 6 hours at 37˚C and 5% CO2 with bacte-

rial suspensions using a multiplicity of infection (MOI) of 1. Additionally, the initial number

of cells was assessed by DNA measurement via PicoGreen assay (Invitrogen) per manufactur-

er’s instructions. Calf thymus DNA (Sigma) was used as standard.

After the 6-hour incubation, the supernatant was collected, and macrophages were washed

with DPBS (Lonza) and fixed with formalin 10% (Fisher) overnight at 4˚C. The next day wells

were washed twice with DPBS and were imaged using a Zeiss Axiovert microscope. Cell toxic-

ity was evaluated using the Cytotoxicity Detection KitPLUS (lactate dehydrogenase, LDH;

Roche). Supernatants were centrifuged at 2,500 rpm for 5 min at 4˚C and assayed in duplicate

following manufacturer instructions. Absorbance was measured after 10, 20 and 25 minutes of

reaction at 490 nm using a plate reader (Biotek).

Mouse infection model of acute pneumonia

P. aeruginosa cultures were grown overnight in 5 mL of MINS medium [44] at 37˚C with shak-

ing (250 rpm), and then sub-cultured 1:100 into fresh MINS and regrown to exponential

phase. The bacteria were collected by centrifugation and resuspended in PBS. Six- to eight-

week-old female BALB/c were anesthetized by intraperitoneal injection of a mixture of keta-

mine (100 mg/mL) and xylazine (20 mg/mL). Mice were infected intranasally with the indi-

cated colony-forming units (CFU) of bacteria in 50 mL of PBS. Bacterial inocula were

confirmed by plating of serial dilutions onto Vogel-Bonner minimal (VBM) medium agar. All

experiments were approved by the Northwestern University Institutional Animal Care and

Use Committee.

For determination of the bacterial numbers in the lungs, mice were infected intranasally

with ~5–6 x 105 CFU of bacteria. All mice were euthanized at 24 hours post infection and the

lungs were aseptically removed and homogenized in 5 mL of PBS. The bacterial load was

determined following plating of serial dilutions onto VBM agar and incubation at 37˚C for 24

hours. The results are expressed as the ratio of CFU recovered per lung (output) to the CFU
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present in the initial inoculum (input). The data shown are grouped from three independent

experiments (n = 15 mice per strain). The black line indicates the geometric mean for each

group.

For survival experiments, mice were infected intranasally with ~4 x 106 CFU of the indi-

cated bacterial strain. In all experiments, the mice were sacrificed when severe illness devel-

oped and were scored as dead. Severe illness was pre-defined as decreased activity, ruffled fur,

weight loss of> 5% baseline body weight, or altered respiratory rate<90 or>170. Mice were

monitored every 8 hours for evidence of severe illness over the first 3 days post-infection, then

twice per day on the fourth day, since severe illness usually evolved during the first 72 hours.

During monitoring, mice were immediately (within 30 minutes) euthanized if noted to meet

criteria for severe illness. Monitoring staff were trained to recognize the criteria used to define

severe illness and in the techniques of euthanasia. Mice were euthanized by cervical dislocation

or bilateral thoracotomy while under ketamine/xylazine anesthesia or following carbon diox-

ide inhalation or injection with Euthasol. These experiments were performed in 2013, so infor-

mation on the number of mice that died prior to meeting criteria for euthanasia is not

available. Survival was monitored for 96 hours after infection. This experiment was repeated

twice, and the results shown are from a single experiment (n = 10 total mice per group). All of

these mice were eventually euthanized during the course of the experiment because they met

criteria for severe pneumonia. In an effort to avoid influencing the progression of the infec-

tions, resuscitation treatments and analgesics were not administered. An exponential-rank test

was used to analyze differences in mouse survival. A p-value< 0.05 was considered

significant.

Results

NADH dehydrogenase deletion strains

To investigate the roles of the three NADH dehydrogenases of P. aeruginosa, we used mutant

strains, each lacking one or more of these enzymes. We obtained three single-deletion strains

(ΔnqrF, ΔnuoG, Δndh) from the University of Washington transposon library [24] and con-

structed three double-deletion strains, each of which retains only one of the three NADH

dehydrogenases: NQR (ΔnuoGΔndh), NUO (ΔnqrFΔndh), and NDH2 (ΔnqrFΔnuoG).

Growth properties

We examined the effect of the missing enzyme(s) by comparing the growth of each mutant

with wild type in liquid cultures. We tested growth in a rich medium (Luria Bertani, LB) and

"Synthetic Cystic Fibrosis Sputum Medium" (SCFM) a minimal medium designed to mimic

the chemical conditions in the cystic fibrosis lung [31], which can provide insights into the

growth of these strains in infection-relevant settings. Since some of the NADH dehydroge-

nases conserve energy by pumping cations across the cell membrane, we also assayed growth

at two different pH values (7.0 and 8.0) and in two different NaCl concentrations (170mM and

300mM) (Figs 1 and 2).

Growth of the wild type was similar across all of the pH and [Na+] concentrations tested.

Growth curves are shown in S1 Fig. Doubling times, calculated from early exponential growth,

are in S1 and S2 Tables. There are clear differences in growth between LB and SCFM. In the

minimal medium the doubling times generally are longer and the final cell density lower in

SCFM. In comparison, changes in pH and [Na+] had little systematic effect. However, at pH

8.0 and 300 mM NaCl, the doubling times in SCFM and LB are not statistically significantly

different, and in these conditions, in both LB and SCFM, the growth curves show more than

one phase.
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Growth curves for the single-deletion mutants (ΔnqrF, ΔnuoG, Δndh) together with wild

type are shown in Fig 1 and doubling times are shown in S1 and S2 Tables. All of the single-

deletion mutants were able to grow well in both LB and SCFM and in all pH and [Na+]

conditions. The doubling times were generally longer than for the wild type, but never twice as

long.

For the double-deletion mutants (ΔnuoGΔndh), (ΔnqrFΔndh), and (ΔnqrFΔnuoG), growth

curves are shown in Fig 2, and doubling times calculated from early exponential growth are

compiled in S1 and S2 Tables. As in the case of the single-deletion mutants, all of the double-

deletion mutants were able to grow well. This indicates that after deletion of one or two of the

three NADH dehydrogenases, the energetic pathways available to the cells are still capable of

supporting robust growth. For both single- and double-deletion mutants, rates and extents of

growth were sufficient that cell membranes could be obtained for subsequent biochemical

analysis (see below). The responses of the wild type to changes in type of medium (rich vs.

minimal), pH and [Na+] are still generally observed in the mutants. There are many small dif-

ferences between results for wild type and the mutants. We note the following that could war-

rant future research: In all conditions of medium, pH and [Na+] the mutant with only NUO

(ΔnqrFΔndh), underwent an extended lag phase after which it was able to grow strongly. In

SCFM this mutant appears to grow in more than one phase, similar to what is observed in the

wild type at pH 8 and 300 mM NaCl (above). In the mutant, this pattern is most marked at pH

8 where two distinct phases can be discerned, with a clear lag phase between (S3 Fig). The dou-

bling time of the mutant with only NQR (ΔnuoGΔndh) shows a strong pH dependence in

Fig 1. Comparison of growth of wild type and single deletion mutant strains. Growth curves of wild type PAO1 (red) and single deletion mutants ΔnqrF (cyan),

ΔnuoG (yellow), and Δndh (dark blue) plotted in log10 scale in LB and SCFM media at 170mM and 300mM NaCl concentrations, at pH 7.0 and 8.0. Changes in OD500

were measured using a Tecan Infinite M1000 Pro plate reader during 20 hours of growth at 37˚C with continuous orbital shaking at 217 rpm. Each curve was constructed

using two biological replicates with three technical replicates each, with standard deviation calculated accordingly and represented as error bars.

https://doi.org/10.1371/journal.pone.0244142.g001
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SCFM, but not in rich medium. The mutant with only NDH2 (ΔnqrFΔnuoG) shows a depen-

dence on [Na+] in rich medium; if there is a similar trend in SCFM it is far weaker.

NADH:quinone oxidoreductase activities in the double deletion mutants

Growth measurements show that any one of the three NADH dehydrogenases is capable of

supporting growth. The activity measurements confirm that all of the double-deletion strains

have significant NADH dehydrogenase activity in both exponential and stationary phases. For

example, in the extreme case the mutant with only NUO has only 15% of wild type activity. To

quantify the NADH:quinone oxidoreductase activity for each of the three NADH dehydroge-

nases we measured the enzyme activity in membranes from the double deletion strains, each

of which has only one NADH dehydrogenase. For each mutant strain, membranes were pre-

pared from cells harvested in both exponential and stationary phases. NADH:quinone oxido-

reductase activity was measured by following the oxidation of NADH spectrophotometrically

and the activities were normalized according to total membrane protein concentration. Satu-

rating concentrations of NADH and ubiquinone-1 were used in order to obtain initial turn-

over rates close to Vmax (see Materials and Methods). Use of double-deletion strains is the

clearest available approach to understanding the contributions of each of the NADH dehydro-

genases. The only selective alternative substrate, deamino-NADH, was used to analyze activity

in membranes from the single-deletion strains (below).

Fig 3A shows initial activities for exponential and stationary phase membranes. In all cases

the membranes retained significant NADH dehydrogenase activity indicating that the one

Fig 2. Comparison of growth of wild type and double deletion mutant strains. Growth curves of wild type PAO1 (red) and double deletion mutants ΔnuoGΔndh
(green), ΔnqrFΔndh (orange), and ΔnqrFΔnuoG (purple) plotted in log10 scale in LB and SCFM media at 170mM and 300mM NaCl concentrations, at pH 7.0 and 8.0.

Changes in OD500 were measured using a Tecan Infinite M1000 Pro plate reader during 20 hours of growth at 37˚C with continuous orbital shaking at 217 rpm. Each

curve was constructed using two biological replicates with three technical replicates each, with standard deviation calculated accordingly and represented as error bars.

https://doi.org/10.1371/journal.pone.0244142.g002
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remaining enzyme was expressed and active. Double deletion mutants showed significantly

lower rates of NADH consumption than the wild type. In exponential phase, the mutant with

only NUO had 15% of wild-type activity, while the mutants with only NDH2 and only NQR had

37% and 48%, respectively (S3 Table). In the case of stationary phase, the mutants with NQR,

NUO, or NDH2 only had 48%, 46%, and 49% of wild-type activity, respectively (S3 Table).

NADH dehydrogenase activity was consistently greater in membranes from stationary phase

Fig 3. NADH:quinone oxidoreductase activities of membranes from single and double deletion mutants

compared to wild type. A. Activity in membranes from wild type (WT) and double deletion mutants ΔnuoGΔndh
(NQR only), ΔnqrFΔndh (NUO only), and ΔnqrFΔnuoG (NDH-2 only) from cells harvested in exponential phase

(grey) and stationary phase (blue). B. Activity in membranes from WT and single deletion mutants ΔnqrF, ΔnuoG,

Δndh from cells harvested in the exponential phase (grey) and stationary phase (blue). Enzyme activity is defined as

the μmoles of NADH consumed per minute per mg of membrane protein. The reaction contained: 100 μM NADH,

50 μM ubiquinone-1 and 100 mM NaCl. Changes in absorbance were followed at 340nm (εNADH = 6.22 mM−1 cm−1).

Activities for all mutant strains were significantly lower (p� 0.01) than WT in all conditions tested, according to a

one-way ANOVA analysis. The ΔnqrFΔndh double mutant activity was significantly lower (p� 0.01, �) than the

activities of the other two double mutants. The ΔnqrFΔnuoG double mutant activity was significantly lower (p� 0.05,

†) than the ΔnuoGΔndh mutant. The ΔnqrF single mutant activity was significantly lower (p� 0.01, �) than the

activities of the other two single mutants.

https://doi.org/10.1371/journal.pone.0244142.g003
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cells than in exponential phase membranes, but these data suggest that each enzyme is actively

contributing to the total NADH dehydrogenase activity in wild type in both growth phases.

NADH:quinone oxidoreductase activities in single deletion mutants

We then carried out NADH dehydrogenase activity measurements on the three single deletion

mutants, each of which retains two of the three enzymes. The results are summarized in Fig

3B. For all of the mutants, activity was lower than in the wild type, for membranes from both

exponential and stationary phases. In the mutant that lacks an active NQR (ΔnqrF) the NADH

dehydrogenase activity was 59% lower in exponential phase and 46% lower in stationary

phase, compared to wild type (S3 Table). Of the three single deletion mutants, ΔnqrF had the

greatest loss of activity in exponential phase, indicating that NQR is the major contributor to

NADH dehydrogenase activity during exponential growth.

In the mutant lacking NDH2, activity in both exponential phase and stationary phase was

approximately 62% relative to wild type, a decrease of 38% (S3 Table). This is consistent with

the results from the double deletion mutant expressing only NDH2 (ΔnqrFΔnuoG) which

retained approximately 37% of NADH activity during exponential phase (Fig 3A). The contri-

bution of NDH2 can also be assessed directly in membranes from wild-type cells by using dea-

mino-NADH (dNADH) instead of NADH as a substrate. dNADH can be oxidized by NUO

and NQR but not by NDH2 [45–47]. Membranes from wild type cells harvested in stationary

phase had 38% lower activity with dNADH compared to NADH (S4 Fig). In membranes from

wild type cells harvested in exponential phase, dNADH activity was 30% lower than NADH

dehydrogenase activity. Although the almost exact correspondence of the numerical values for

exponential phase membranes is probably fortuitous, these results are consistent in showing

that NDH2 is responsible for a significant fraction of the total NADH dehydrogenase activity

in both exponential and stationary phases.

Consequences of deletion of NADH dehydrogenases for the physiology of

P. aeruginosa: Pyocyanin production and biofilm formation

Two notable virulence traits of P. aeruginosa are (i) the production of biofilm and (ii) the

secretion of pyocyanin. Both traits are controlled by quorum sensing and typically manifest

themselves during stationary phase [41]. We noticed that some of the strains constructed for

this study began to form biofilm earlier, and produced larger amounts of pyocyanin, than wild

type. Based on these observations, we carried out a systematic study of biofilm formation and

pyocyanin in these mutants.

Biofilm formation. Production of biofilm was measured by tracking three different parame-

ters: (i) crystal violet retention (a measure of total biofilm produced), (ii) biofilm thickness, and

(iii) biofilm surface area (see Materials and Methods). Samples were analyzed at mid-attachment

phase (6 hours) and maturity (24 hours) [40,48]. At mid-attachment, the crystal violet retention

values for ΔnqrF and ΔnuoG were 1.55 AU and 1.43 AU, respectively, compared to 1.12 AU for

the wild type (Fig 4). For both mutants, the difference from the wild type is statistically significant.

However, at the 24-hour time point, there was no significant difference between the wild-type and

mutant values. In contrast, in the Δndh mutant, the crystal violet assay showed less biofilm than

the wild type at both 6-hour (0.94 AU) and 24-hour (1.68 AU) time points.

To assess biofilm thickness and area, two-photon fluorescence microscopy images of propi-

dium iodide-stained biofilm were collected at 6- and 24-hour time points and analyzed using

COMSTAT2 software [42,43]. At 6 hours, the biofilm formed by the ΔnuoG strain, was signifi-

cantly thicker and covered a greater area than in the wild type. In the ΔnqrF and Δndh strains,

biofilm thickness and surface area were both similar to wild type (Fig 4B, 4C and S3 Fig). At 24
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Fig 4. Biofilm formation by wild type (PAO1) and single deletion mutants. A. Crystal violet retention was

measured as the total amount of biofilm produced. WT (grey), ΔnqrF (cyan), ΔnuoG (yellow) and Δndh2 (dark blue)

were diluted to OD600 = 0.5 from an overnight culture, and grown in a 96-well plate, without shaking for 6 h (mid-

attachment) or 24 hours (mature biofilm). Crystal violet retention of the biofilm was examined at each time point

through optical density at 600 nm. B. Surface area of the biomass from COMSTAT2 analysis of images taken with two-
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hours, none of the mutants was different from the wild type in biofilm thickness or surface

area. In the Δndh strain, at 6- and 24-hours, biofilm thickness and surface area were very simi-

lar to wild type, but at both time points, the crystal violet assay showed significantly less reten-

tion. This suggests that the biofilms formed by this mutant, although extensive and thick, may

be less dense.

Pyocyanin secretion. Pyocyanin is a toxin produced by P. aeruginosa that can readily dif-

fuse to target cells, where it will cause oxidative stress. Pyocyanin is a vivid blue color and can

be identified by its visible spectrum and measured on the basis of absorbance at 690 nm [49].

Pyocyanin production is controlled by quorum sensing and is thus associated with stationary

phase. In wild-type P. aeruginosa, in rich medium, production of pyocyanin could be observed

after 16 hours of growth and the concentration reached a maximum of 3.6 μM at 18 hours (Fig

5). In each of the single deletion mutants, pyocyanin production began earlier and reached

much higher concentrations (Fig 5). The ΔnqrF strain produced the highest levels of pyocyanin

(43.5 μM at 20 hours post inoculation), 12 times more than wild type.

RNAseq transcriptome analysis of the strain lacking NQR (ΔnqrF)

To understand the physiological changes taking place in the mutant lacking NQR (ΔnqrF), we

used RNA sequencing to compare their transcriptomes in both mid-exponential and station-

ary phases. Comparison of the mapped reads in ΔnqrF compared with wild type, revealed

photon microscope. For all panels, error bars indicate standard error of the mean from three biological replicates, and

stars indicate p-values� 0.05 compared to wild type through a student’s t-test. (C) Average thickness of the biofilm

was measured using propidium iodide (30 μM) stained biofilms grown on 8-well coverslips for 6 or 24 hours. The

fluorescence of the retained propidium iodide in the biofilm was measured with a two-photon microscope.

COMSTAT2 analysis was used for image analysis.

https://doi.org/10.1371/journal.pone.0244142.g004

Fig 5. Pyocyanin production. Pyocyanin production in wild type PAO1 (grey), Δndh (dark blue), ΔnuoG (yellow) and ΔnqrF
(cyan). The concentration (μM) was determined using the extinction coefficient for pyocyanin at 690 nm (4130 M-1cm-1).

OD600 of the wild type and mutant cultures were similar at each time point, so data represent an accurate comparison of

pyocyanin production in the different strains. Stars indicate p-values from a student’s t-test� 0.05, compared to wild type at

each time point.

https://doi.org/10.1371/journal.pone.0244142.g005
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significant changes in the transcription of the genes coding for enzymes that make up the pyo-

cyanin synthesis pathway. In exponential phase, the expression of each of the pyocyanin syn-

thesis genes were ~6–8.5-fold greater in ΔnqrF (Fig 6A and 6B), a result which is consistent

with the observed increase in pyocyanin production by this strain. Expression of the remaining

NADH dehydrogenases NUO and NDH2 was shown not to change in ΔnqrF relative to wild

type at either time point, indicating that the absence of a functional NQR does not affect the

transcription of the other two enzymes.

Changes in antibiotic resistance in single mutants

P. aeruginosa is a multi-drug resistant pathogen with a wide range of intrinsic antibiotic resis-

tance. Previous studies have shown that disruptions of NUO and NQR in P. aeruginosa result

in increased resistance to the aminoglycosides gentamicin and tobramycin [22,50]. We exam-

ined the resistance of the three NADH dehydrogenase single deletion mutants to the

Fig 6. Transcriptome analysis of the ΔnqrF mutant strain compared to wild type. A. Differential expression of genes encoding NDH2, NUO, and the pyocyanin

biosynthesis operons in the ΔnqrF mutant strain compared with wild type PAO1 during exponential and stationary phases. A positive value indicates an increased

expression in ΔnqrF compared to wild-type. Stars indicate significant changes in expression with a P-value<0.05 as determined via the calculations outlined in

Materials and Methods. B. Heatmap of gene expression profiles in the transcriptome profiles of three biological replicates of the ΔnqrF and wild type strains in

exponential and stationary phase. Select genes include those encoding ndh, nuo operon, pyocyanin biosynthesis ron, extracellular polysaccharides alg, psl, and pel
operons, the genes coding for the MexEF-OrpN efflux pump and related genes and the MexGHI-OpmD efflux pump. All genes were normalized by gene length and χ2

transformed before analysis. Most highly expressed genes were selected according to the sum of normalized counts across samples. Genes were selected from the

NOISeq results and counts were χ2 transformed before analysis. According to the Z-score, color bars in red correspond to higher expression.

https://doi.org/10.1371/journal.pone.0244142.g006
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antibiotics available in our laboratory, and our results reveal that ΔnqrF, ΔnuoG and Δndh all

have different resistance profiles. Table 3 shows the minimum inhibitory concentrations

(MIC) for the antibiotics tested in each of the single mutant strains and wild type. Relative to

wild type, all the mutants showed higher sensitivity to chloramphenicol and trimethoprim, but

lower sensitivity to kanamycin and gentamicin, each to a different degree. In the case of strep-

tomycin, ΔnqrF and Δndh show lower sensitivity, while ΔnuoG is unchanged.

Infection in cellular and animal models

The enhanced pyocyanin production we observed, suggested that these strains might also have

altered virulence. We therefore tested virulence in two well established model systems: macro-

phages and mice. In macrophages, compared to a bacteria-free control, infection by the wild

type, or any of the three mutant strains, produced at least 3-times as much cell death (Fig 7).

The cellular death rate caused by ΔnuoG was approximately the same as wild-type, while

ΔnqrF and Δndh were able to kill macrophages 5- and 7-times more efficiently respectively.

Given that the ΔnqrF strain exhibits the greatest killing capacity in the macrophage assay,

we assessed whether this mutant was also defective in virulence in mice. The ΔnqrF strain was

compared to wild type PAO1 in an intranasal aspiration mouse model of acute pneumonia.

Mice infected with ~4 x 106 CFU of the ΔnqrF mutant progressed to prelethal illness more rap-

idly than those infected with wild-type PAO1 (p< 0.05) (Fig 8A, S7 Fig). A second experiment

was performed to assess the bacterial load in the lungs of infected mice. To avoid rapid death

of the mice, a lower bacterial inoculum (~5–6 x 105 CFU) was given to the mice, which were

then euthanized 24 hours after infection. The lungs were sterilely removed, homogenized, and

plated to measure bacterial loads. We found that the bacterial load was approximately the

same in mice infected with wild type PAO1 and ΔnqrF (Fig 8B). Thus, the higher lethality of

ΔnqrF is due to inherent virulence and not simply a better ability to colonize and proliferate in

the lungs.

In trans complementation of NQR

To confirm that the observed phenotype of the ΔnqrF strain is a direct effect of NQR inactiva-

tion, we created a complementation strain (pHERD28C-NQR), using the complete nqr
operon, with a C-terminal histidine tag, in the pHERD plasmid, under control of the arabinose

(ara) promotor. Membranes isolated from this strain showed essentially the same NADH oxi-

dation activity as wild type (Fig 9A). After partial purification on a Ni-NTA column, the prepa-

ration was run on an SDS gel, where it showed the two fluorescent bands characteristic of the

FMN cofactors of the NqrB and NqrC subunits (Fig 9B–9D) [29]. The strain also showed a

Table 3. Minimal Inhibitory Concentrations (MIC)a for wild type (PAO1), ΔnqrF, ΔnuoG, and Δndh.

Antibiotic WT ΔnqrF ΔnuoG Δndh
MIC (mg/mL)

Streptomycin 35 90 35 240

Chloramphenicol 300 60 <50 35

Kanamycin 90 175 140 >1000

Trimethoprim 900 160 90 300

Gentamicin 3 175 5 >1000

aMICs were determined by inoculating 4 μL of an overnight culture into 1 mL LB + appropriate antibiotic in a 48-well plate. Plates were incubated at 37˚C, in aerobic

conditions for 24 hours before determining MIC.

https://doi.org/10.1371/journal.pone.0244142.t003
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reversion towards wild-type characteristics of biofilm formation and pyocyanin production.

As described above, the deletion strain lacking NQR, shows enhancement of some properties

associated with virulence: biofilm formation begins earlier than in the wild type and the cells

produce much more pyocyanin. Crystal violet retention analysis of mid-attachment phase

Fig 7. Macrophage toxicity assay. Wild type PAO1, ΔnqrF, ΔnuoF and Δndh mutants were cocultured in a 1:1 ratio

with RAW 264.7 macrophages for 6 hours before a LDH assay was performed to determine macrophage cell death.

Data from three separate experiments are represented as the average % of cell death compared to macrophage death of

the bacteria-free control from that experiment, with error bars indicating the standard error of the mean. Stars indicate

p-values� 0.05 compared to wild type, through a student’s t-test.

https://doi.org/10.1371/journal.pone.0244142.g007

Fig 8. Survival of mice infected with wild type PAO1 and Δnqr. A. Survival of BALB/c mice after intranasal aspiration of ~4 x106

CFU wild type or ΔnqrF. The survival curves were statistically different (p< 0.05; log rank test). B. Bacterial burden in the lungs.

Lungs were harvested from mice infected with ~5–6 x 105 CFU at 24 h post-infection, and the ratio of CFUs before inoculation and

after death were counted. There is no significant difference between the bacterial burden from wild type PAO1 and ΔnqrF. (This is

representative of two independent experiments).

https://doi.org/10.1371/journal.pone.0244142.g008
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samples revealed a significant decrease in measured biofilm production by the

pHERD28C-NQR strain relative to that of ΔnqrF, representing a complete return to wild type

characteristics (Fig 9E).

In the case of pyocyanin production, at 24 hours post inoculation, pHERD28C-NQR pro-

duced an average of 85 μM pyocyanin/OD600 (Fig 9F). This is a significant decrease from the

117 μM of pyocyanin/OD600 produced by ΔnqrF at the same time point, but still much more

than produced by wild type. Even so, the reversion toward wild type characteristics upon rein-

troduction of NQR confirms that it is the deletion of NQR which leads to the mutant

phenotype.

Fig 9. Complementation of NQR. A. NADH:quinone oxidoreductase activities of wild type (PAO1), ΔnqrF, and nqr-complementation

strain (pHERD28C-NQR). Enzyme activity is defined as the μmoles of NADH consumed per minute per mg of membrane protein. The

reaction contains: 100 μM NADH, 50 μM ubiquinone-1 and 100 mM NaCl. Changes in absorbance were followed at 340nm (εNADH =

6.22 mM−1 cm−1). and NADH dehydrogenase deletion mutants. B. SDS-gel (4–12%) of partially purified NQR complex expressed in the

pHERD 28C-NQR (20 mg) run in Tris-glycine gel system stained with Coomassie Blue. C. Western blotting using anti-His5X antibodies

showing the NqrF subunit, where the histidine tag is attached. D. Same gel as in (B) exposed to UV light before staining showing the

fluorescent bands corresponding to the NqrB and NqrC subunits of the semi-purified NQR. E. Biofilm formation quantified as crystal

violet retention at mid-attachment (6 hours) and mature (24 hours) biofilm. F. Pyocyanin concentration (μM) following 24 hours of

growth, measured at 690 nm (4130 M-1cm-1) and normalized to culture OD600. OD600 of the wild type and mutant cultures were similar

at each time point, ensuring that the data represent an accurate comparison of pyocyanin production between strains. Stars indicate p-

values from a student’s t-test� 0.05.

https://doi.org/10.1371/journal.pone.0244142.g009
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Discussion

In this study we have characterized the roles of the three NADH:quinone oxidoreductases of

Pseudomonas aeruginosa: NQR, NUO, and NDH2. We used single- and double-deletion

mutants to assess the importance of each enzyme in the growth of P. aeruginosa and the contri-

bution of each to the net NADH dehydrogenase activity. Our results suggest connections

between the deletion of these enzymes and changes usually associated with the transition from

exponential to stationary phase, including biofilm formation and pyocyanin production. Since

these traits are known to be associated with virulence, this led to the discovery that some of the

deletion mutants have enhanced lethality in infection models with both isolated macrophages

and mice.

Effect of single and double NADH dehydrogenase deletions on growth

None of the single NADH dehydrogenase deletion mutants caused an insurmountable defect

in growth in any of the conditions we tested, including rich medium (LB) and minimal

medium with glucose (SCFM), and at low and high pH and low and high [Na+].

The double deletion mutants were constructed with the aim of having strains in which only

one of the three NADH dehydrogenases would be present so that the contribution of each

enzyme could be evaluated separately. All three double-deletion mutants were able to grow in

all conditions tested. The only notable difference was in the mutant that has only NUO

(ΔnqrFΔndh), which had an extended lag phase lasting several hours, after which growth pro-

ceeded normally. Torres et al. reported a similar lag in the growth of their double deletion

mutant which expressed NQR only (ΔnuoIJΔndh) [22]. In our hands the corresponding

mutant (ΔnuoGΔndh) did not show this lag and grew normally. We do not have an explana-

tion for this difference but taken together the results point to the conclusion that P. aeruginosa
is able to grow fairly normally even when it has only one of the three NADH dehydrogenases.

This reveals a remarkable robustness in the energy production systems of this bacterium.

Assessing the contributions of NQR, NUO and NDH2 in exponential

phase: NADH dehydrogenase activity in isolated membranes

In contrast to the growth curve analysis, where none of the mutants caused a pronounced

growth defect, when NADH consumption was measured in isolated membranes, all of the

mutants, single- and double-deletion, showed lower levels of activity (normalized to total pro-

tein) compared to the wild type. In the single mutants that lack: NQR (ΔnqrF), NUO (ΔnuoG)

and NDH2 (Δndh), initial rates of NADH oxidation were 41%, 67%, and 62%, respectively,

compared to wild type (S3 Table). In the double deletion mutants that have only: NQR

(ΔnuoGΔndh), NUO (ΔnqrFΔndh) and NDH2 (ΔnqrFΔnuoG), initial rates were 48%, 15%,

and 37% respectively (S3 Table). When activity was measured in the wild type, using deamino-

NADH, which does not react with NDH2, the initial rate was 70% compared to the reaction of

wild type with NADH (S4 Fig). In the reaction with deamino-NADH, only NQR and NUO

should be active, so this is comparable to the activity of Δndh mutant with NADH: 62% com-

pared to wild type. The activity of wild type with deamino-NADH is 8% greater than the activ-

ity of the mutant lacking NDH2 (Δndh). One possible explanation is that, although deamino-

NADH is described as not reactive with NDH2, there may actually be a small amount of resid-

ual activity with this substrate [51].

One significant conclusion from these results is that, during exponential phase, out of the

three NADH dehydrogenases, NQR appears to make the largest contribution to activity.

Among the single-deletion mutants, the strain without NQR (ΔnqrF) shows the largest relative
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decrease in activity (59% decrease) (S3 Table). Similarly, among the double-deletion mutants,

the two strains that have lost NQR (ΔnqrFΔndh and ΔnqrFΔnuoG) show the largest loss of

activity (85% and 63% decrease respectively). Taken together, these results show that, during

exponential growth in P. aeruginosa, NQR likely accounts for the majority of NADH dehydro-

genase activity. This finding is in agreement with the conclusions of Liang et al. on the basis of

in-gel activity measurements [23]. Torres et al. also studied a series of NADH dehydrogenase

deletion mutants in P. aeruginosa but concluded that NQR has only a minor role [22]. This dif-

ference is likely due to the fact that their measurements were made in essentially sodium-free

conditions, where we would expect the activity of NQR to be very low, since this enzyme is

Na+-dependent.

Assessing the contributions of NQR, NUO and NDH2 in stationary phase:

NADH dehydrogenase activity in isolated membranes

The same set of measurements was also carried out in membranes from cells harvested during

stationary phase. Initial rates of NADH oxidation, for single deletion strains lacking: NQR

(ΔnqrF), NUO (ΔnuoG) and NDH2 (Δndh), were 54%, 53%, and 62% respectively compared

to wild type (S3 Table). Initial rates in the double deletion mutants, that have only NQR

(ΔnuoGΔndh), NUO (ΔnqrFΔndh) and NDH2 (ΔnqrFΔnuoG), were 49%, 46%, and 48%

respectively (S3 Table). These results do not point to any one of the enzymes as having a pre-

dominant role in NADH dehydrogenase activity during stationary phase. In the wild type,

when deamino-NADH was used, activity was 62% compared to the reaction with NADH, con-

sistent with a 38% contribution by NDH2. This compares to a loss of 51% of NADH activity in

the strain where only NDH2 is present. This discrepancy is likely due to the fact that deamino-

NADH is a less efficient substrate [51]. This again suggests that the effects of the mutants on

the physiology of the bacteria go beyond simply subtracting one or more enzymes.

Consequences of deletion of NADH dehydrogenases for the physiology of

P. aeruginosa: Pyocyanin production

When we first began to grow the NADH dehydrogenase mutants we noticed a striking blue

color in the liquid cultures. In stationary phase, P. aeruginosa cultures typically take on a light

blue hue, but the color we observed appeared earlier and was much more intense. The blue

chromophore was easily identified as pyocyanin on the basis of its visible spectrum. Pyocyanin

is a toxin, produced only by P. aeruginosa, that acts by causing oxidative stress in neighboring

cells [52]. Its production is controlled by quorum sensing and usually starts in stationary

phase, but all of the NADH dehydrogenase mutants began making pyocyanin earlier, during

exponential growth phase, and in much larger concentrations than wild type cells. Pyocyanin

production begins first in the strain without NDH2 (Δndh), about 6 hours after inoculation,

but reaches the highest levels—about 12 times as much as wild type—in the strain without

NQR (ΔnqrF). The final step in the pyocyanin synthesis pathway is catalyzed by the enzyme

PhzS in a reaction that requires NADH as a reductant [53]. Our RNASeq analysis showed that,

in the mutant without NQR (ΔnqrF), expression of genes coding for the pyocyanin synthesis

pathway, including phzS, were elevated as much as 8.5-fold compared to wild type. The ele-

vated pyocyanin production in the deletion mutants could be due to their diminished NADH

dehydrogenase capacity or to the higher levels of PhzS, or both. Complementation of the strain

lacking NQR (ΔnqrF) with the nqr operon on a plasmid, resulted in a decrease in pyocyanin

production, but it did not fully restore the levels in the wild type. This suggests that gene dos-

age effects are playing a role, since the plasmid is likely present in multiple copies. Also,
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expression is under the control of an arabinose promoter. Either of these could cause higher

than normal levels of production.

Changes in antibiotic resistance in single NADH dehydrogenases mutants

Each of the single deletion mutants showed increased sensitivity to chloramphenicol and tri-

methoprim. This is likely due to changes in expression of an antibiotic efflux pump. Our RNA-

Seq analysis of the ΔnqrF mutant showed that expression of MexEF-OprN, an efflux pump

related to resistance against these antibiotics, is down-regulated 9-fold in exponential phase

and 5-fold in stationary phase (S4 Table) [54,55]. The mechanism of this connection between

deletion of the gene coding for NQR and changes in expression of MexEF-OprN is not

known.

All of the single deletion mutants also showed increased resistance towards kanamycin and

gentamicin, and ΔnqrF and Δndh showed increased resistance towards streptomycin. The

RNASeq data on ΔnqrF do not suggest a clear mechanism for these changes. However, alter-

ations in antibiotic resistance related to NADH metabolism in P. aeruginosa have been

reported elsewhere. Aminoglycosides, such as kanamycin, gentamycin and streptomycin

depend on the proton motive force to enter the cell [56–59]. Some of the NADH dehydroge-

nase deletion mutants may affect ion transport providing a possible explanation for our

results.

Infection models

Since pyocyanin is a virulence factor, we decided to evaluate whether the NADH dehydroge-

nase mutations caused changes in the ability of P. aeruginosa to infect cells and the outcomes

of the infections. For this, we chose two well-characterized models of P. aeruginosa infection:

macrophages in cell culture and whole mice.

In the case of macrophages, single deletion strains without NQR (ΔnqrF) and NDH2

(Δndh) were both significantly more effective in killing macrophages, while the strain without

NUO (ΔnuoG) was approximately the same as wild type. Although the current work does not

establish a direct causal connection between pyocyanin and the death of macrophages, it is

worth noting that effectiveness in killing correlates with the total amount of pyocyanin pro-

duced rather than the time when pyocyanin production begins. Although pyocyanin produc-

tion begins earlier in the strains that lack NUO (ΔnuoG) and NDH2 (Δndh), the strain that

lacks NQR (ΔnqrF) produces the highest concentrations of pyocyanin and is also the most

effective in killing.

For tests with mice, we chose to use the single deletion mutants that was most effective in

killing macrophages: the strain that lacks NQR (ΔnqrF). Tests were carried out using an acute

pneumonia infection model which tracked progression to prelethal illness over time. The

strain lacking NQR (ΔnqrF) killed the mice at a significantly faster rate than wild type. How-

ever, at 24 hours after infection, the bacterial loads in the lungs of mice infected with either

mutant or wild type were approximately the same. This suggests that the increased lethality of

the strain lacking NQR (ΔnqrF) is not due to faster, or more efficient, proliferation in the

mouse lungs, but rather to enhanced virulence of the individual cells. It is possible that this is

due to the higher pyocyanin production in the strain. Pyocyanin has been shown to induce

neutrophil apoptosis and play a critical role in the establishment and success of airway infec-

tions in mice [60,61]. Strains deficient in pyocyanin have been found to be cleared more rap-

idly from the lung and result in higher levels of recovery relative to wild type [60,61].

This putative role of pyocyanin does not appear to apply to all P. aeruginosa model-host sys-

tems. For example, inactivation of pyocyanin production had no effect on the virulence of P.
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aeruginosa on the silkworm Bombyx mori [62]. Similarly, Torres et al. tested the virulence of

their P. aeruginosa NADH dehydrogenase deletion mutants in two model systems: a plant (let-

tuce) and an insect (Galleria mellonella) and found no significant changes [22].

The overall picture that emerges from this study is consistent with the conclusions from a

series of studies on unusually-virulent strains of P. aeruginosa found in CF patient samples.

They found that many high virulent strains produced pyocyanin and other virulence factors

(including LasA protease; see S4 Table) earlier and in larger quantities than the less virulent

strains. However, the cause of this variation was attributed to changes in the quorum sensing

control mechanisms [63–65]. The current work suggests that there may also be a connection to

energy metabolism and NADH utilization. We plan to further test this hypothesis by construct-

ing a series of double mutants in which the genes involved in pyocyanin synthesis have been

deleted from strain that lack one or more NADH dehydrogenases. These double mutants will

be tested for virulence, in comparison with wild type and a pyocyanin single deletion mutant.

We expect that, if pyocyanin is the direct cause of enhanced virulence in the NADH dehydroge-

nase mutants, these double mutants would be no more virulent than wild-type P. aeruginosa.

Supporting information

S1 Fig. Growth curves of wild type PAO1 in LB (A) and SCFM (B). Changes in OD500 were

measured using a Tecan Infinite M1000 Pro plate reader during 20 hours of growth at 37˚C

with continuous orbital shaking at 217 rpm. Each curve was constructed using two biological

replicates with three technical replicates each, with standard deviation calculated accordingly

and represented as error bars.

(TIF)

S2 Fig. Comparison of growth of wild type and single deletion mutant strains. Growth

curves of wild type PAO1 (red) and single deletion mutants ΔnqrF (cyan), ΔnuoG (yellow),

and Δndh (dark blue) in LB and SCFM media at 170mM and 300mM NaCl concentrations, at

pH 7.0 and 8.0. Changes in OD500 were measured using a Tecan Infinite M1000 Pro plate

reader during 20 hours of growth at 37˚C with continuous orbital shaking at 217 rpm. Each

curve was constructed using two biological replicates with three technical replicates each, with

standard deviation calculated accordingly and represented as error bars.

(TIF)

S3 Fig. Comparison of growth of wild type and double deletion mutant strains. Growth

curves of wild type PAO1 (red) and double deletion mutants ΔnuoGΔndh (green), ΔnqrFΔndh
(orange), and ΔnqrFΔnuoG (purple) in LB and SCFM media at 170mM and 300mM NaCl con-

centrations, at pH 7.0 and 8.0. Changes in OD500 were measured using a Tecan Infinite M1000

Pro plate reader during 20 hours of growth at 37˚C with continuous orbital shaking at 217

rpm. Each curve was constructed using two biological replicates with three technical replicates

each, with standard deviation calculated accordingly and represented as error bars.

(TIF)

S4 Fig. NADH:quinone oxidoreductase activity in wild type (PAO1) using NADH and dea-

mino-NADH as a substrates. Membranes were harvested in exponential and stationary

phase. Enzyme activity is defined as the μmoles of NADH (or deamino-NADH) consumed per

minute per mg of membrane protein. The reaction contained: 100μM NADH, 50μM ubiqui-

none-1 and 100mM NaCl. Changes in absorbance were followed at 340nm (εNADH = 6.22

mM−1 cm−1). Stars indicate p-values of� 0.01 compared to WT according to student’s t-test.

(TIF)
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S5 Fig. Surface images of biofilm at mid-attachment. Representative surface images of bio-

film produced by WT (A), Δndh (B), ΔnuoG (C), and ΔnqrF (D) at the 6-hour timepoint.

(TIF)

S6 Fig. Surface images of mature biofilm. Representative surface images of biofilm produced

by WT (A), Δndh (B), ΔnuoG (C), and ΔnqrF (D) at the 24-hour timepoint.

(TIF)

S7 Fig. Survival of mice infected with wild type PAO1 and ΔnqrF in replicate experiment.

Survival of BALB/c mice after intranasal aspiration of ~4 x106 CFU wild type or ΔnqrF. The

survival curves were statistically different (p< 0.05; log rank test).

(TIF)

S1 Table. Doubling timesa for WT PAO1, single, and double NADH dehydrogenase dele-

tion mutants in LB mediumb. a Maximum growth rates and doubling times were determined

using the fit_easylinear algorithm provided in the growthrates R package [32, 33]. b Above

parameters calculated from growth curves depicted in Figs 1 and 2. � indicates P-value� 0.01,
�� indicates P- value� 0.001.

(DOCX)

S2 Table. Doubling timesa for WT PAO1, single, and double NADH dehydrogenase dele-

tion mutants in SCFM mediumb. a Maximum growth rates and doubling times were deter-

mined using the fit_easylinear algorithm provided in the growthrates R package [32, 33]. b

Above parameters calculated from growth curves depicted in Figs 1 and 2. � indicates P-
value� 0.01, �� indicates P- value� 0.001.

(DOCX)

S3 Table. NADH Dehydrogenase Activitya. aActivities for each strain represented as a per-

centage of wild-type activity (100%)

(DOCX)

S4 Table. Differential gene expression in the ΔnqrF mutant compared to WT in exponen-

tial and stationary phasesa. aA positive value indicates an increased expression in ΔnqrF com-

pared to wild-type. P-values were determined using the calculations outlined in Materials and

Methods.

(DOCX)

S1 Raw images.

(PDF)
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54. Köhler T, Michéa-Hamzehpour M, Henze U, Gotoh N, Curty LK, Pechère JC. Characterization of

MexE-MexF-OprN, a positively regulated multidrug efflux system of Pseudomonas aeruginosa. Mol

Microbiol. 1997; 23:345–354. https://doi.org/10.1046/j.1365-2958.1997.2281594.x PMID: 9044268

55. Maseda H, Yoneyama H, Nakae T. Assignment of the substrate-selective subunits of the MexEF-OprN

multidrug efflux pump of Pseudomonas aeruginosa. Antimicrob Agents Chemother. 2000; 44:658–664.

https://doi.org/10.1128/aac.44.3.658-664.2000 PMID: 10681335

56. Tseng JT, Bryan LE, Van den Elzen HM. Mechanisms and spectrum of streptomycin resistance in a nat-

ural population of Pseudomonas aeruginosa. Antimicrob Agents Chemother. 1972; 2:136–141. https://

doi.org/10.1128/aac.2.3.136 PMID: 4208274

57. Hancock REW, Raffle VJ, Nicas TI. Involvement of the outer membrane in gentamicin and streptomycin

uptake and killing in Pseudomonas aeruginosa. Antimicrob Agents Chemother. 1981; 19:777–785.

https://doi.org/10.1128/aac.19.5.777 PMID: 6794444

58. Poole K. Aminoglycoside resistance in Pseudomonas aeruginosa. Antimicrob Agents Chemother.

2005; 49:479–487. https://doi.org/10.1128/AAC.49.2.479-487.2005 PMID: 15673721

59. Martı́nez JL, Rojo F. Metabolic regulation of antibiotic resistance. FEMS Microbiol Rev. 2011; 35:768–

789. https://doi.org/10.1111/j.1574-6976.2011.00282.x PMID: 21645016

60. Allen L, Dockrell DH, Pattery T, Lee DG, Cornelis P, Hellewell PG, et al. Pyocyanin Production by Pseu-

domonas aeruginosa Induces Neutrophil Apoptosis and Impairs Neutrophil-Mediated Host Defenses In

Vivo. J Immunol. 2005; 174:3643–3649. https://doi.org/10.4049/jimmunol.174.6.3643 PMID:

15749902

61. Lau GW, Ran H, Kong F, Hassett DJ, Mavrodi D. Pseudomonas aeruginosa pyocyanin is critical for

lung infection in mice. Infect Immun. 2004; 72:4275–4278. https://doi.org/10.1128/IAI.72.7.4275-4278.

2004 PMID: 15213173

62. Chieda Y, Iiyama K, Lee JM, Kusakabe T, Yasunaga-Aoki C, Shimizu S. Inactivation of pyocyanin syn-

thesis genes has no effect on the virulence of Pseudomonas aeruginosa PAO1 toward the silkworm,

Bombyx mori. FEMS Microbiol Lett. 2008; 278:101–107. https://doi.org/10.1111/j.1574-6968.2007.

00982.x PMID: 18031534

63. Fothergill JL, Panagea S, Hart CA, Walshaw MJ, Pitt TL, Winstanley C. Widespread pyocyanin over-

production among isolates of a cystic fibrosis epidemic strain. BMC Microbiol. 2007; 7:45. https://doi.

org/10.1186/1471-2180-7-45 PMID: 17521417

64. Jeukens J, Boyle B, Kukavica-Ibrulj I, Ouellet MM, Aaron SD, Charette SJ, et al. Comparative Geno-

mics of Isolates of a Pseudomonas aeruginosa Epidemic Strain Associated with Chronic Lung Infec-

tions of Cystic Fibrosis Patients. PLoS One. 2014; 9:e87611. https://doi.org/10.1371/journal.pone.

0087611 PMID: 24505294

65. O’Brien S, Williams D, Fothergill JL, Paterson S, Winstanley C, Brockhurst MA. High virulence sub-pop-

ulations in Pseudomonas aeruginosa long-term cystic fibrosis airway infections. BMC Microbiol. 2017;

17:30. https://doi.org/10.1186/s12866-017-0941-6 PMID: 28158967

PLOS ONE The NADH dehydrogenases of Pseudomonas aeruginosa

PLOS ONE | https://doi.org/10.1371/journal.pone.0244142 February 3, 2021 27 / 27

https://doi.org/10.1128/JB.183.21.6454-6465.2001
http://www.ncbi.nlm.nih.gov/pubmed/11591691
https://doi.org/10.1046/j.1365-2958.1997.2281594.x
http://www.ncbi.nlm.nih.gov/pubmed/9044268
https://doi.org/10.1128/aac.44.3.658-664.2000
http://www.ncbi.nlm.nih.gov/pubmed/10681335
https://doi.org/10.1128/aac.2.3.136
https://doi.org/10.1128/aac.2.3.136
http://www.ncbi.nlm.nih.gov/pubmed/4208274
https://doi.org/10.1128/aac.19.5.777
http://www.ncbi.nlm.nih.gov/pubmed/6794444
https://doi.org/10.1128/AAC.49.2.479-487.2005
http://www.ncbi.nlm.nih.gov/pubmed/15673721
https://doi.org/10.1111/j.1574-6976.2011.00282.x
http://www.ncbi.nlm.nih.gov/pubmed/21645016
https://doi.org/10.4049/jimmunol.174.6.3643
http://www.ncbi.nlm.nih.gov/pubmed/15749902
https://doi.org/10.1128/IAI.72.7.4275-4278.2004
https://doi.org/10.1128/IAI.72.7.4275-4278.2004
http://www.ncbi.nlm.nih.gov/pubmed/15213173
https://doi.org/10.1111/j.1574-6968.2007.00982.x
https://doi.org/10.1111/j.1574-6968.2007.00982.x
http://www.ncbi.nlm.nih.gov/pubmed/18031534
https://doi.org/10.1186/1471-2180-7-45
https://doi.org/10.1186/1471-2180-7-45
http://www.ncbi.nlm.nih.gov/pubmed/17521417
https://doi.org/10.1371/journal.pone.0087611
https://doi.org/10.1371/journal.pone.0087611
http://www.ncbi.nlm.nih.gov/pubmed/24505294
https://doi.org/10.1186/s12866-017-0941-6
http://www.ncbi.nlm.nih.gov/pubmed/28158967
https://doi.org/10.1371/journal.pone.0244142

