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Abstract 

Chronic respiratory tract infections with Pseudomonas aeruginosa frequently 
occur in patients with cystic fibrosis, chronic obstructive pulmonary disease, and 
bronchiectasis. A hallmark of these conditions is the accumulation of mucus 

plugs, creating oxygen-limited niches. Within these microenvironments, P. 

aeruginosa undergoes cellular modifications that may alter its antibiotic 

sensitivity. Although the acute effects of anoxia are well studied, the impact of 
prolonged anoxic exposure on antibiotic sensitivity remains unclear. In this 

study, we developed anoxic-conditioned P. aeruginosa strains by passaging a 

laboratory strain for 22 days in an anoxic environment. We performed time-kill 

assays with both parental and anoxic-conditioned strains in anoxic and aerobic 

environments, using ceơazidime, ciprofloxacin, colistin, and tobramycin. The 
anoxic-conditioned strains exhibited increased susceptibility to tobramycin and 

reduced sensitivity to colistin and ceơazidime. These differences were attributed 

to altered killing rates (as with tobramycin) or reduced regrowth under anoxic 

conditions (as with colistin). For ciprofloxacin, a steeper killing rate was observed 
against the anoxic-conditioned strains, but 24-hour outcomes were similar to the 

parental strain. Overall, our findings demonstrate that long-term anoxia alters 

antibiotic sensitivity in P. aeruginosa differently than acute anoxia, with important 

implications for treating chronic infections in oxygen-limited environments. 

Graphical abstract 
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4.1. Introduction 

Lung diseases such as chronic lung conditions such as cystic fibrosis (CF), chronic 
obstructive pulmonary disease (COPD), and non-CF bronchiectasis1,2 are 

characterized by anoxic environments. These anoxic environments are caused by 

airway narrowing and the buildup of thick, dehydrated mucus limit oxygen 

penetration, and high oxygen consumption of the host immune response further 

exacerbates anoxia3. In these anoxic niches, the respiratory pathogen 

Pseudomonas aeruginosa uses fermentation and alternative electron acceptors to 

sustain cellular functions and proliferation4,5. These metabolic adaptations that 

support survival of P. aeruginosa in anoxic niches can also influence its sensitivity 
to antibiotics. Antibiotics commonly used against P. aeruginosa, including 

tobramycin, ciprofloxacin, and ceơazidime, rely on oxygen-dependent processes, 

such as oxidative phosphorylation, reactive oxygen species production, and 

active bacterial proliferation to exert their antimicrobial effects6. In contrast, 

colistin remains effective in anoxic environments because energy-starved cells 

are unable to modify their membranes to reduce colistin binding7.  

 

While the differential impact of acute responses to anoxic conditions on 
antibiotic sensitivity have been previously studied, the consequences of 
prolonged anoxia-induced adaptations remain largely unknown. Longer-term 

genetic or transient changes in cellular metabolism, stress responses, biofilm 
formation, and membrane remodeling have yet to be characterized in detail8–10. 

Alterations in membrane composition and transport proteins may affect the 
uptake and effect of membrane-targeting antibiotics such as ceơazidime and 
colistin. Additionally, metabolic specialization to anoxia introduces cellular 

redox imbalances that can alter antibiotic activity11. In parallel, the development 

of oxygen intolerance due to anoxic specialization can lead to higher levels of 

reactive oxygen species (ROS) upon re-exposure to oxygen12. These prolonged 

metabolic adaptations can influence the sensitivity of ROS-dependent antibiotics 

such as ciprofloxacin and metabolism-dependent antibiotics such as tobramycin. 

Thus, long-term anoxic adaptation affects key mechanisms relevant to antibiotic 
activity, but the potential impact on antibiotic sensitivity remains unclear.  
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In this study, we investigated how prolonged anoxic exposure affects the 
sensitivity of P. aeruginosa to ceơazidime, ciprofloxacin, colistin and tobramycin. 
An anoxic-conditioned strain was obtained by passaging a P. aeruginosa 

laboratory strain in an anoxic environment (<1% oxygen) for 22 days. The effects 
of the antibiotic-classes were then compared between the conditioned and 

parental strains under both anoxic and atmospheric oxygen conditions using 

time-kill assays, providing a comprehensive view of how anoxic specialization 

influences antibiotic sensitivity.  

4.2. Materials and Methods 

Strains, culture media, agar plates, and antibiotics 

Pseudomonas aeruginosa PAO1 (DSM1117) was used as the parental strain in this 

study. Synthetic cystic fibrosis sputum medium (SCFM) served as the liquid 
medium for anoxic conditioning and time-kill experiments (Table S1)13. Samples 

for colony-forming unit (CFU) enumeration were diluted using a 1:4 dilution of 
SCFM with 0.11 M phosphate buffer  before plating. Agar plates were prepared 
with Mueller-Hinton broth (MHB) agar supplemented with 10 mM KNO₃ (Acros 

Organics, Geel, Belgium) to prevent the loss of oxygen-intolerant populations 

during aerobic plating. 

Antibiotic solutions were prepared and diluted with SCFM to the desired 
concentrations in microtiter plates using an Opentrons OT-2 liquid handling 
system (Opentrons Inc., New York, NY, USA)  one day before the time-kill assay. 

Ceơazidime pentahydrate was purchased from Thermo Fisher Scientific (Breda, 
The Netherlands), ciprofloxacin and tobramycin from Chem-Impex International 

(Wood Dale, IL, USA), and colistin sulfate from Cayman Chemical Company (Ann 

Arbor, MI, USA).  

Anoxic culture environment and anoxic conditioning 

Anoxic cultures were performed in a Baker Ruskin anoxic workstation (Sanford, 

Maine, United States). All liquid media used for anoxic experiments were pre-

conditioned to the anoxic environment (<1% oxygen) for two days, and antibiotic 
microtiter plates were placed in the anoxic chamber one day before the time-kill 

assay.  
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Anoxic-conditioned strains were generated in triplicate, each from randomly 

selecting colonies of the parental strain grown overnight on an aerobic agar plate 

culture. Conditioning was conducted in triplicate using 2 mL pre-acclimated 

SCFM medium in sealed 12 mL culture tubes at 37 °C in the anoxic chamber. Every 
two days, 20 µL of the cultures was transferred into fresh SCFM, continuing for 
22 days to achieve anoxic conditioning. 

Time-kill assay 

Time-kill assays in SCFM were performed in triplicate for the parental and 
anoxic-conditioned P. aeruginosa strains in aerobic and anoxic environments to 

examine antibiotic sensitivity (Figure S1). The parental strain replicates were 

subcultured for 20 hours under aerobic conditions, while the anoxic conditioned 

strains were used directly following the 22-day incubation period. Liquid cultures 
from the parental and anoxic-conditioned strain were diluted to reach a starting 

density of approximately 1 × 10⁷ CFU/mL, based on optical density measurements 
at 600 nm. Cultures were exposed to five antibiotic concentrations in 2-fold serial 

dilutions, along with an antibiotic-free control. Antibiotic concentrations for the 

assays were guided by visual MIC testing of the parental strain performed 

aerobically (Table S2). MIC determination under anoxic conditions was not 

feasible due to low final culture densities. 

Anoxic time-kill assays were incubated within the anoxic chamber, while 

aerobic assays were incubated at 37 °C with shaking (250 rpm) to ensure 

oxygenation. At 2 and 24 hours, 100 µL samples were taken, subjected to 10-fold 

serial dilutions, and plated on agar. All agar plates were incubated under aerobic 

conditions at 37 °C for one day, followed by an additional day at room 

temperature, before colony counting to determine bacterial population size. 

Growth rate assay 

Growth curves were obtained in quadruplicate in both aerobic and anoxic culture 
environments for the anoxic-conditioned and parental P. aeruginosa strains to 

compare antibiotic-free growth kinetics. Growth curves in the aerobic 

environment were obtained by transferring microtiter plates every 30 minutes 

between a Liconic StoreX STX44 incubator (Mauren, Liechtenstein) shaking at 

150 rpm and a BMG Labtech Fluostar Omega microplate reader (Ortenberg, 
Germany), using a Peak Analysis and Automation KX-2 laboratory robot 
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(Hampshire, United Kingdom). Growth in the anoxic environment was measured 

every 30 minutes using a wireless Cerillo Alto plate reader (Charlottesville, VA, 

United States).  

Data processing 

Drug effects were quantified by calculating the change in bacterial population 
size over 24 hours of antibiotic exposure. To evaluate the initial bacterial 

response, the antibiotic net killing rate during the first 2 hours was determined 

by calculating the slope using the logarithmically transformed population sizes 

(N) and the elapsed time (∆t) (Equation 1). Maximal growth rates in antibiotic-

free media were calculated using the splines function from the growthrates 

package in R, based on the growth curves from four technical replicates. All data 

analysis was performed in R (version 4.3.0) 끫롼݈݈݅݅݊݃ ݁ݐܽݎ =  
௟௢௚10(𝑁𝑁2)− ௟௢௚10(𝑁𝑁1)∆௧        (1) 

4.3. Results 

Acute and prolonged anoxic exposures modulate antibiotic effect 
over 24 hours  

We investigated how anoxic conditions affect antibiotic activity by comparing 
time-kill curves obtained in aerobic and anoxic environments, both for the 

parental and the anoxic-conditioned strains. Time-kill experiments with the 

parental strain were performed to evaluate the acute effects of anoxic 
environments, whereas experiments with the anoxic-conditioned strain reflected 
prolonged adaptation to anoxia. We compared the change in bacterial population 

size between the inoculum and the 24-hour timepoint as a measure of antibiotic 

effect (Figure 1).  

For ciprofloxacin, population size reduction of the parental strain was 
observed at 0.031 mg L-1 in anoxic environments, while 0.125 mg L-1 was required 
in aerobic environments. The anoxic-conditioned strain showed a similar 

oxygen-dependent response to ciprofloxacin but at one serial-dilution step lower 

(0.016 mg L-1 in anoxic and 0.062 mg L-1 in aerobic environments).  

With tobramycin, population sizes of the parental strain started to 

decline aơer 24 hours at concentrations above 1 mg L-1, with a notably more 
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pronounced reduction at 4 mg L⁻¹ under aerobic compared to anoxic conditions. 

At these concentrations, the anoxic-conditioned strain mirrored the aerobic 

response of the parental strain in both oxygen environments. 

For both strains, all evaluated colistin concentrations failed to induce net 
reductions in population size in aerobic environments. However, reductions were 

observed in anoxic environments, with a smaller reduction for the anoxic-

conditioned strain. 

For ceơazidime, a flat concentration–effect relationship was observed in 
anoxic environments for both strains. In the aerobic environment, on the other 

hand, a clear concentration–effect relationship was observed for the parental 
strain, with population size reductions above 1 mg L-1. In contrast, the highest 

tested ceơazidime concentration failed to reduce the population size of the 
conditioned strain in the aerobic environment.  

Figure 1. Change in cell density of the parental and anoxic-conditioned P. aeruginosa 

strains aơer 24 hours of antibiotic exposure in aerobic and anoxic environments. Orange 

lines and points represent the anoxic-conditioned P. aeruginosa strain, evolved over 22 days 

in an anoxic environment prior to antibiotic exposure, while navy lines and points 

represent the parental PAO1 strain. Solid lines and points denote the mean log10 change in 

cell density, calculated from the three biological replicates, which are represented as 

translucent points. 
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Anoxic conditioning impacts antibiotic net killing rates  

To assess the effect of anoxic conditioning on the immediate bacterial response 
to antibiotics, we analyzed net killing rates during the first 2 hours of antibiotic 
exposure (Figure 2). The net killing rate was defined as the slope of the log10-

transformed bacterial population size over time (log10[∆N]/t), with steeper 

negative slopes indicating faster killing. For ciprofloxacin, faster killing rates 
were observed at concentrations of 0.031 mg L-1 and above for the anoxic-

conditioned strain compared to the parental strain, in both aerobic and anoxic 

culture environments. Tobramycin demonstrated consistent effects across most 
conditions, except for the anoxic-conditioned strain in aerobic environments, for 

which the fastest killing rate of -1.68 (corresponding to a 50-fold reduction per 

hour) was observed at 4 mg L-1, compared to -0.45 for the parental strain (2.8-fold 

reduction). For colistin, similar killing rates between strains and oxygen 
environments were observed, with rates becoming more negative at higher 

concentrations. The largest magnitude of killing (-2.42, corresponding to a 263-

Figure 2. Net antibiotic killing rates in parental and anoxic-conditioned P. aeruginosa under 
aerobic and anoxic environments. Net killing rates during the initial 2 hours of antibiotic 
exposure for each biological replicate (shown as translucent points) were calculated by 
determining the slope of the change in log10-transformed cell density. Solid orange lines and 
points represent the mean response rate of the conditioned P. aeruginosa strain, which was 
evolved in an anoxic environment for 22 days prior to treatment, while navy represents the 
mean response rate of the parental PAO1 strain. 
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fold reduction per hour) was observed at 4 mg L-1 in the parental strain under 

anoxic conditions. By contrast, ceơazidime had minimal killing across all strains 
and environments, with a fastest killing rate of -0.36 (a 2.3-fold reduction per 

hour).  

Prolonged anoxic exposure reduces bacterial growth rates  

To assess fitness differences between the parental strain and anoxic-conditioned 

strains, we derived the maximal growth rates under antibiotic-free conditions. 

Here, the growth rate reflects  the time a strain requires for doubling its 
population size. The growth rate of the parental strain was on average 4.9-fold 

increase in aerobic than in anoxic environments, and for the anoxic-conditioned 

strain it was  8.1-fold increased (Figure 3). A moderate increase in growth rate 

was observed for the parental strain than for the anoxic-conditioned strain in 

both aerobic (0.63 h-1 vs. 0.57 h-1) and anoxic (0.13 h-1 vs. 0.07 h-1) environments. 

 

 

 

 

Figure 3. Growth rates of the parental and anoxic-conditioned P. aeruginosa strains in 

aerobic and anoxic environments. Maximal growth rates were calculated from smoothed 

spline growth curves of four technical replicates per strain and condition. The growth 

curve is based on optical density at 600 nm (OD600) measurements taken every 30 minutes. 

Data points represent µmax values per biological replicate, and the solid line indicates the 

mean µmax of the three biological replicates. 
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4.4. Discussion and conclusions 

In this study, we demonstrated how prolonged adaptation of a P. aeruginosa 

laboratory strain to anoxic environments reduces bacterial growth rates and 

alters antibiotic susceptibility in a class-dependent manner. Anoxic 

specialization resulted in increased effect of tobramycin, reduced effects of 
colistin and ceơazidime, and a higher initial killing rate for ciprofloxacin. In the 
aerobic environment, ciprofloxacin and tobramycin exhibited increased initial 
killing rates against the anoxic-conditioned strain whereas ceơazidime effects 
aơer 24 hours of exposure were decreased. 

 

The limited difference in ciprofloxacin effects over 24 hours exposure between 
anoxic and aerobic environments aligns with previous findings that oxygen-

deprived environments primarily induce fluoroquinolone tolerance rather than 
altering antibiotic susceptibility14,15. The steeper killing rate observed in the 

anoxic-conditioned strain under aerobic conditions is consistent with the 

dependence of fluoroquinolones on reactive oxygen species for activity16. Oxygen 

radicals are formed in greater quantities when oxygen is introduced to cells that 

have undergone anoxic specialization12. The increased ciprofloxacin effect 
observed in the anoxic-conditioned strain in the anoxic environment suggests 

that additional biological adaptations to anoxia may influence fluoroquinolone 
effects. 

Anoxic conditioning increased tobramycin sensitivity in both aerobic and 

anoxic environments, contrasting with the established reliance of 

aminoglycosides on the proton motive force for intracellular entry17. Although 

oxygen-deprived environments typically exhibit lower membrane potentials, 

active transport systems can still facilitate aminoglycoside uptake18. Once inside, 

aminoglycosides trigger secondary stress responses, such as envelope and 

oxidative stress, potentially explaining the enhanced 24-hour tobramycin effect 
on the anoxic-conditioned strain. Despite similar 24-hour outcomes between the 

strains in the aerobic environment, a substantially higher killing rate was 

observed in the anoxic-conditioned strain compared to the parental strain, 

highlighting the impact of prolonged anoxic adaptation on aminoglycoside 

activity. These observations align with reports of pronounced differences in 
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aminoglycoside sensitivity in clinical CF respiratory tract isolates across oxygen 
gradients, likely due to prior exposure to anoxic environments14,15,19. 

The drug effect of colistin aơer 24 hours of exposure was stronger in the 
anoxic environment for both strains, consistent with previous findings that 
oxygen deprivation enhances colistin activity 20,21. The increased net effect in 
anoxic conditions may be due to lower bacterial growth rates in this 

environment, which can result in higher net effect or reduced regrowth. Notably, 
the killing rates did not substantially differ between oxygen conditions, and the 

anoxically conditioned strain showed a reduced colistin effect. This suggest a 
more complex interplay between colistins̓ mechanism of action and P. aeruginosa 

responses under varying oxygen levels. P. aeruginosa is known to modify the 

lipopolysaccharide composition of its membrane22, the primary target of colistin 
23, as a resistance mechanism when energy supplies are sufficient7. This may 

explain the regrowth observed in an aerobic culture environment. Currently, 

nebulized colistin is extensively evaluated as an adjunctive therapy to prevent 

ventilator-associated pneumonia (VAP) in mechanically ventilated patients24. Our 

results suggest that increased lung oxygenation through ventilation might 

negatively affect colistin efficacy, potentially contributing to the limited 
effectiveness of prophylactic colistin treatment in reducing VAP incidence25. 

Colistin exhibits greater clinical efficacy in CF respiratory infections, where 
anoxic microenvironments are common26. However,  the role of anoxia in 

lipopolysaccharide modification remains poorly understood, such modifications 
may also explain the reduced colistin effects against the anoxic-conditioned 

strain. Investigating these modifications further represents an important 
direction for future research.  

Ceơazidime displayed a distinct pharmacodynamic profile compared to 
the other antibiotics tested. No differences in killing rates were observed during 
the initial hours of exposure, which is consistent with the time-dependent activity 

of ceơazidime27. However, over the full 24-hour period, ceơazidime sensitivity 
was markedly reduced following anoxic conditioning, both under aerobic and 

anoxic assay environments. Although ceơazidime is typically bactericidal for P. 

aeruginosa28, this effect was only evident in the parental strain, albeit to a lesser 

degree in anoxic conditions. For the anoxic-conditioned strains, the effect of 
ceơazidime was limited to bacteriostasis in both aerobic and anoxic 
environments. This reduction in activity may be explained by previous work 
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showing that oxygen deprivation enhances efflux pump activity29. Reduced 

ceơazidime sensitivity in anaerobic biofilms has been reported30, and our results 

demonstrate that this effect persists even aơer re-culturing under aerobic 

conditions. 

 

We adopted a 22-day adaptation period to induce anoxic specialization. We 

compared the anoxically conditioned strain directly to the unpassaged parental 

strain, rather than to a 22-day aerobically subcultured strain. This choice was 

deliberate, as prolonged aerobic propagation would introduce substantially 

different genetic driơ due to markedly higher growth rates and cell densities 
compared to the anoxic culture environment. While we acknowledge the 

limitations of this control setup, it allowed us to more accurately attribute 

observed differences to direct anoxic adaptation resulting from prolonged 
conditioning. Additionally, we recognize that the 22-day anoxic incubation used 

here is considerably shorter than typically experienced by P. aeruginosa strains 

persistently present in the CF lung, where prolonged evolutionary pressures may 
drive further specialization31. The current study utilized P. aeruginosa PAO1 

laboratory strain to specifically study the effects of anoxic specialization on 
antibiotic response. Clinical isolates exhibit diverse adaptations due to prolonged 

in-host evolution, potentially affecting responses to anoxic environments. Using 

a defined laboratory strain ensures consistent genetic and phenotypic 

backgrounds, facilitating clearer interpretations of the observed antibiotic 

responses. Although beyond the scope of this study, future research involving 

clinical isolates represents a logical and necessary next step. We anticipate that 

such studies will require larger sample sizes to address the inherent 

heterogeneity among isolates, and they will greatly benefit from the experimental 
framework and treatment conditions established here. Finally, investigations into 
membrane modifications and redox imbalances could yield deeper mechanistic 
insights to inform the optimization of treatment strategies. 

 

In conclusion, our findings show that anoxic adaptation of a P. aeruginosa 

laboratory strain modifies the effects of ceơazidime, ciprofloxacin, colistin, and 
tobramycin differently compared to acute anoxic exposure of the parental strain. 
Ciprofloxacin and tobramycin became more effective, whereas colistin and 
ceơazidime exhibited reduced effects against the anoxic-conditioned strain. 
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These altered antibiotic effects were also observed under aerobic conditions, 
suggesting sustained anoxia-induced cellular adaptations that alter antibiotic 

sensitivity. These findings highlight the importance of considering oxygen 
gradients in research aimed at optimizing antibiotic treatment for chronic P. 

aeruginosa infections in the CF lung. 
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4.6. Supplementary materials 

Supplemental table 1. Detailed content list of synthetic cystic fibrosis sputum media 

 Name 
Concentration 

(mM) 
Company information 

M
9 

bu
ffe

r 

di-sodium hydrogen phosphate (Na2HPO4) 90.2 Thermo Fisher Scientific 

Potassium di-hydrogen phosphate (KH2PO4) 22.0 VWR International 

Sodium chloride (NaCl) 8.5 Merck KGaA (Avantor™) 

Ammonium chloride (NH4Cl) 18.6 Alfa Aesar  

Magnesium sulphate hepta-hydrate (MgSO4) 1.0 VWR International 

Calcium chloride (CaCl2) 0.1 Acros Organics  

S
a

lts 

Potassium nitrate (KNO3) 0.35 Acros Organics 

Iron sulphate (FeSO4) 0.0036 Alfa Aesar  

Suppl. BME Vitamin solution 1x Thermo Fisher Scientific 

T
ra

ce
 m

et
a

ls
 

Di-sodium Ethylene di-amine tetra-acetic 

acid (EDTA) 
0.002 (mg/mL) J.T. Baker (Avantor™) 

Zinc Sulphate hepta-hydrate (ZnSO4) 0.23 (mg/mL) Alfa Aesar  

Boric acid (H3BO3) 0.111 (mg/mL) Acros Organics  

Manganese chloride tetra-hydrate (MnCl2) 0.051 (mg/mL) Sigma Aldrich (Avantor™)  

Cobalt chloride (CoCl2) 0.017 (mg/mL) Alfa Aesar  

Copper Sulphate penta-hydrate (CuSO4) 0.015 (mg/mL) Sigma Aldrich (Avantor™) 

Ammonium hepta-molybdate tetra 
hydrate ((NH4)6 Mo7O2) 

0.01 (mg/mL) Alfa Aesar 

N
u

tr
ie

n
ts

 

Alanine (Ala) 1.8 Chem-Impex International 

Arginine (Arg) 0.3 Chem-Impex International 

Aspartate (Asp) 0.8 Chem-Impex International 

Cysteine (Cys) 0.2 Chem-Impex International 

Glucose (GLC) 3.2 Alfa Aeser 

Glutamate (Glu) 1.5 Chem-Impex International 

Glycine (Gly) 1.2 Acros Organics  

Histidine hydrochloride (His) 0.5 Chem-Impex International 

Isoleucine (Ile) 1.1 Chem-Impex International 

Lactate (LAC) 9.0 Biosynth International 

Leucine (Leu) 1.6 Chem-Impex International 

Lysine hydrochloride (Lys) 2.1 Thermo Fisher Scientific 

Methionine (Met) 0.6 Chem-Impex International 

Phenylalanine (Phe) 0.5 Chem-Impex International 

Proline (Pro) 1.7 Thermo Fisher Scientific 

Serine (Ser) 1.4 Chem-Impex International 

Threonine (Thr) 1.0 Chem-Impex International 

Tryptophan (Trp) 0.01 Chem-Impex International 

Tyrosine (Tyr) 0.8 Chem-Impex Internationa 

Valine (Val) 1.1 Chem-Impex International 
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Supplemental table 2. Median minimal inhibitory concentrations (MIC) of antibiotics for 

the parental P. aeruginosa strain (n=3 biological replicates). MICs were determined aơer 20 
hours of aerobic incubation at 37 °C with shaking (250 rpm). 

Strain Ceơazidime Colistin Ciprofloxacin Tobramycin 

PAO1 
(DSM1117) 

0.5 mg L⁻¹ 4 mg L⁻¹ 0.125 mg L⁻¹ 1 mg L⁻¹ 
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Supplemental figure 1. Antibiotic time-kill assays comparing parental and anoxic 

conditioned P. aeruginosa under anoxic and aerobic conditions. Mean cell densities over 

time are shown with solid navy blue points and lines for the parental  PAO1 strain, and 

orange points and lines for the anoxic conditioned strain. The means were calculated from 

the log-transformed cell densities of three biological replicates, represented by 

translucent points. Background shading indicates treatment conditions, with blue for 

aerobic and orange for anoxic environments. 
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