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SUMMARY

Mechanistic studies of life’s lower metabolic limits have been limited due to a paucity of tractable
experimental systems. Here we show that redox-cycling of phenazine-1-carboxamide (PCN) by
Pseudomonas aeruginosa supports cellular maintenance in the absence of growth with a low
mass-specific metabolic rate of 8.7 x 10*W (g C)'at 25°C. Leveraging a high-throughput
electrochemical culturing device, we find that non-growing cells cycling PCN tolerate conventional
antibiotics but are susceptible to those that target membrane components. Under these
conditions, cells conserve energy via a noncanonical, facilitated fermentation that is dependent
on acetate kinase and NADH dehydrogenases. Across PCN concentrations that limit cell survival,
the cell-specific metabolic rate is constant, indicating the cells are operating near their
bioenergetic limit. This quantitative platform opens the door to further mechanistic investigations

of maintenance, a physiological state that underpins microbial survival in nature and disease.
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INTRODUCTION

The physiology of bacteria in non- or slowly-growing states is poorly understood relative
to its ubiquity in natural, clinical, and engineered systems'?2. A fundamental question underlying
the study of this state is how much energy is needed to maintain cell viability in the absence of
growth?®. Previous laboratory attempts to quantify this value inferred maintenance metabolic rates
by extrapolating the energy needed to support zero growth from values measured during slow
growth in continuous culture®. Yet these estimates are consistently two to four orders of magnitude
higher than metabolic rates measured in stable natural environments where sources of energy or
nutrients are limiting®>. How can we bridge the gap between the two to study the cellular strategies
underpinning non-growth maintenance metabolism?

While environmental measurements inspire an interest in this attenuated energetic state,
it is important to note that metabolic rates estimated from environmental samples, by necessity,
also rest on inferences rather than direct measurements. First, it is assumed that all the cells
counted in the sample are metabolically active. Second, the fraction of cells using the measured
nutrient is often estimated using educated guesses. Third, it is unclear which percentage of cells
are in a normal vs. viable-but-non-culturable (VBNC) state with a diminished metabolism®.
Overestimates of any of these parameters can inflate the relevant cell count, leading to
underestimates of the cell-specific metabolic rate. Accordingly, the development of laboratory
systems in which to study metabolic rates at or near zero growth coupled to measurements of
single-cell metabolic activity is needed’. While progress is being made towards defining new
systems through which to understand the biology of growth arrest®'°, to our knowledge, no high-
throughput experimental systems have been established that permit direct measurements of
metabolic power output during this state.

A powerful motivation for doing so comes from the fact that non-growing cells inhabit the
cores of biofilms, multicellular aggregates found in many chronic infections. Most antibiotics used
in the clinic fail to eradicate biofilms, contributing to the deaths of millions of people annually™ ',
Cells within biofilms tolerate many conventional drugs'', and tolerance can beget antibiotic

=17 biofilm-associated

resistance'. The mechanisms driving this tolerance are complex
metabolic changes are one important factor. The ability of diverse biofilm-forming bacteria to
withstand standard antibiotics is not surprising because screens for novel antibiotics have mainly
been performed using growth-based assays'® and most antibiotics target the cellular processes
that sustain actively growing cells, such as cell wall synthesis, translation, and DNA replication.

While conventional antibiotics are highly effective at inhibiting or killing fast-growing bacterial
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pathogens that have not acquired resistance, the ability of biofilm bacteria to tolerate their
presence remains an unsolved and medically important challenge'. Quite simply, we struggle to
eradicate cells that exist in attenuated metabolic states because we do not have a mechanistic
understanding of maintenance physiology due to a scarcity of tractable experimental systems.

We hypothesized that anaerobic extracellular electron transfer (EET) could be leveraged
to measure the metabolic flux powering maintenance (i.e. the minimum energy needed to support
cellular integrity and preserve a culturable state in the absence of growth) and investigate its
bioenergetic underpinnings. Pseudomonas aeruginosa, an opportunistic pathogen and model
biofilm-forming organism, produces phenazines (C12HsNzR, e.g. Figure 1B right), a widespread
class of colorful, heterocyclic, redox-active metabolites’®. Phenazines promote biofilm
development and attenuated metabolism (sometimes referred to as “dormancy”) in biofilm regions
where oxygen is unavailable, rendering cells physiologically tolerant to conventional drugs®2'.
Previously, using low-throughput electrochemical reactors, we showed that the phenazines
pyocyanin, phenazine-1-carboxylic acid and 1-hydroxy phenazine act as extracellular electron
shuttles that facilitate an anaerobic survival metabolism?, one that supports survival but not
growth of the bulk population. While P. aeruginosa cannot survive anaerobically via glucose
fermentation?®, when provided with phenazines and a re-oxidizing potential, intracellular redox-
balance is achieved, permitting glucose catabolism and substrate-level phosphorylation (SLP) via
the AckA-Pta pathway?* (Figure 1B). In this way, ATP is generated via a noncanonical form of
energy conservation where reduction of the extracellular electron shuttle facilitates SLP and
organic acid excretion®*, similar to energy conservation strategies found in other bacteria in the
presence of humic substances or flavins?>=2°. Given this fermentative energy conservation
pathway requires redox-balancing using an exogenous oxidant, we refer to it as a facilitated
fermentation (Figure 1A). Because it supports survival without growth, we reasoned that the rate
of this facilitated fermentation may reveal the metabolic flux necessary for cell maintenance under
these conditions.

In this study, we investigated phenazine EET survival metabolism using a recently
developed high-throughput electrochemical system that enables nearly 100 measurements of
current generated by planktonic cultures to be measured concurrently®®. By leveraging this system
to survey a wide range of conditions and directly measure power output, we asked: What is the
metabolic rate of phenazine EET-mediated survival and how does it compare to the basal
metabolic rates measured for other organisms across the tree of life? At the single-cell level, are
cells surviving without growth in a maintenance state or is the population surviving via a balance

of growth and death? Which types of antibiotics can kill cells in this physiological state? Which
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enzymes contribute to its catabolism? And does phenazine EET power cell survival at or above
the maintenance power requirement? Broadly, our results introduce a tractable experimental
platform that permits quantitative and mechanistic investigations into maintenance physiology.
More specifically, they shed light on the minimal metabolic requirements and pathways that
contribute to powering P. aeruginosa cells under anoxic conditions relevant to the antibiotic

tolerant core of biofilms.

RESULTS

To study phenazine-dependent survival metabolism at the lowest thermodynamic potential
possible for the metabolism, we performed our studies using phenazine-1-carboxamide (PCN),
the phenazine derivative with the lowest standard midpoint potential (-140 mV E”, 3") of those
produced in significant quantities by P. aeruginosa®*. Due to its low potential, PCN reduction
should permit EET-based survival metabolism with the smallest possible energy conserved per
phenazine molecule reduced. In biofilms, PCN is the phenazine produced and retained at the
highest levels®*, making it of additional interest to our understanding of cell survival. In all
experiments, a Aphz1/2 mutant was used that cannot synthesize phenazines, and PCN was
exogenously provided at physiologically-relevant concentrations. Data analysis details and the
rationale for using electrons sec™ units, as opposed to Watts, when reporting metabolic rates are

provided in the Supplemental Information.

PCN EET promotes anaerobic survival at extremely low metabolic rates

We first conducted weeklong PCN anaerobic survival assays as previously reported®? to
compare survival phenotypes on PCN to those previously made for other phenazines and make
metabolic rate measurements. Cells were incubated anaerobically in large, well-mixed, custom
glass electrochemical reactors connected to potentiostats poised to re-oxidize the PCN reduced
by the cells (Figure 1C). Samples were removed periodically from the reactors to measure colony
forming units (CFUs). After one week of incubation at 33°C, cultures provided with PCN and a re-
oxidizing potential (+PCN/pot) lost less than an order of magnitude of their initial viability while
anaerobic cultures incubated in the same medium -PCN/pot lost viability by three orders of
magnitude (Figure 1D). At the end of the incubation, we measured the cumulative acetate
produced by the cells (as a consequence of the oxidative arm of the facilitated fermentation,

pyruvate = acetate, Figure 1B), finding it to be 122+34 ymoles (n=2), approximately balanced
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with the total PCN reduced (the reductive arm), 107t4 pmoles (n=2), as expected (See
Supplemental Information for details). The amount of acetate produced was also an order of
magnitude higher in the +PCN/pot than the -PCN/pot cultures (Figure 1E), in agreement with our
working model (Figure 1B). To assess the percentage of cells that were metabolically active in
these different conditions, we stained culture samples on day 5 with the fluorescent viability dye
propidium iodide (Pl is taken up when cells are metabolically and/or physically compromised),
finding that the majority (88%, n=794 cells) of -PCN/pot cells fluoresced brightly whereas very few
(2.4%, n=830 cells) +PCN/pot cells were fluorescent (Figure 1F). Notably, the population
sustained by PCN cycling appeared to be homogeneous with respect to Pl staining. Taken
together, these results are consistent with PCN EET powering a facilitated fermentation that
enables anaerobic survival, similar to what we have observed for other phenazines?®.

Recently, Hoehler et al.>*

collated a large dataset of metabolic rates measured across all
life on Earth to estimate the average mass-specific basal metabolic rate of the biosphere. We
wondered how the metabolic rate of PCN survival would compare to both bacterial measurements
and other organismal measurements in their published dataset. We summarize our findings here,
with a more detailed accounting of our analysis of our samples and the Hoehler et al. dataset
found in the Supplemental Information. Consistently, the current produced by the +PCN/pot
cultures during their survival is characterized by an initial spike, followed by a decrease in current
to a steady state held between days one and seven (Figure 2A). Given the spike occurs before
the onset of death in the -PCN/pot condition, this likely reflects adjustment of the cells to a new
condition and thus we interpret the lower, stable current as the survival metabolism. Averaging
this current and the associated CFUs across days one to five, we estimated the bulk cell-specific
metabolic rate of the surviving cells to be 1.6 x 10° electrons sec™ cell" at 25°C (lower 95% Cl 8.6
x 102, upper 3.1 x 10°). To transform units of cell” to (g C)', we measured the average cell dry
weight of +PCN/pot cells. Contrary to expectations for cell size when challenged by extreme
energy limitation”*° the cells were not especially small; we measured their dry weight on day five
to be 2.0¢0.1 x 10™ g cell!, comparable to measurements of various species in the early
stationary phase of growth®. Assuming a AG”* = -65.6 kJ (mol PCN reduced)™” (see Supplemental
Information), our estimate of the cell-specific metabolic rate is equal to a mass-specific power of
8.7 x 10* W (g C)" (lower 95% CI 4.7 x 10*, upper 1.7 x 10). This value is about one order of
magnitude below the average basal metabolic rate across all organisms reported by Hoehler et
al.,, 1.2x 102 W (g C)". Under the conditions of our assay, the PCN EET mass-specific metabolic
rate falls within the lower 2% of measurements across all organismal groups, and among those

groups, only the gelatinous invertebrates are noticeably lower®. An alternative analysis that
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includes the contribution of the initial current spike via an integration approach (across days 0 to
5) resulted in a slight increase in this estimate with an average cell-specific metabolic rate of 1.7
x 10° electrons sec™ cell" and a corresponding mass-specific power of 9.3 x 10* W (g C)™.

We then sought to further contextualize this metabolic rate across the hundreds of
bacterial measurements in the dataset. To avoid the accumulation of potential errors stemming
from assumptions about how much energy is conserved per electron transferred, we analyzed
the cell-specific metabolic rates in units of electrons sec™ cell’. Notably, across disparate
catabolic pathways the ratio of ATP generated per electron transferred varies by less than an
order of magnitude, a fact that to our knowledge has not been recognized. For example, the PCN
survival metabolism using glucose has an energy conservation ratio of 0.5 ATP electron™ while
aerobic catabolism of glucose is 1.3 ATP electron” (Supplemental Information). Given these
values represent disparate metabolisms yet do not deviate far from unity, we conclude that within
this dataset that is dominated by measurements of glucose metabolism and aerobic respiration
rates, units of electrons have an approximate equivalency to ATP units of energy, and therefore
transformed the values originally reported in the primary publications collected by Hoehler et al.
to units of electrons sec™ cell (see Supplemental Data Table for full dataset).

Within the categories of bacterial measurements, those reporting on endogenous
metabolism, or the oxidation of endogenous carbon sources, contained the lowest and most
heterogeneous values; the PCN EET cell-specific metabolic rate was in the lower 15% of them
(Figure 2B). The maximum cell-specific metabolic rate of P. aeruginosa growing aerobically on
glucose has been measured to be approximately 10° electrons sec™ cell” 338 three orders of
magnitude higher than PCN EET, revealing that this organism has a remarkably plastic metabolic
pace. We also found that the cell-specific metabolic rate of PCN EET, while supporting the
maintenance of the population (Figure 1D), was nonetheless 2-3 orders of magnitude lower than
maintenance metabolic rates inferred from continuous culture studies. This finding supports those
of prior studies showing the metabolic rates of microbes in oligotrophic natural environments are
significantly lower than the maintenance requirements predicted from continuous culture®. We
conclude that PCN facilitated fermentation occurs at an extremely low cell-specific metabolic rate,

a facet of this metabolism that was unappreciated previously.

PCN facilitated fermentation powers a non-growth maintenance state

Because PCN metabolism is positioned at the lower end of measured metabolic rates

documented for any organism, we wondered whether the weeklong population survival phenotype
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promoted by PCN EET reflected a non-growing survival state or a dynamic balance of growth and
death, akin to the growth advantage in stationary phase phenomenon observed in E. coli under
nutrient limitation®. To distinguish between these possibilities, we performed a pulse-chase
experiment using the fluorescent cell wall stain 7-hydroxycoumarincarbonylamino-D-alanine
(HADA), a stain that has been previously used in P. aeruginosa to monitor cell growth*°. During
bacterial growth, HADA is covalently incorporated into the cell wall, and after unincorporated
HADA is washed away, new growth can be visualized as a loss of fluorescence in the non-pole
regions of the cell*' (Figure 3A). As a positive control, we checked to see whether we could
observe HADA loss during anaerobic growth on nitrate*?. As expected, HADA fluorescence was
lost in a topological manner consistent with non-pole incorporation of new, non-fluorescent cell
wall material (Figure S1) and was mostly diminished save for a few dimly fluorescent poles by
day four (Figure 3B). HADA distribution over the cell body was unchanged after four days in the
absence of nitrate (Figure 3B, S1). The presence of HADA in the cell wall did not affect the growth
rate of the culture (Figure 3C).

Having validated HADA for P. aeruginosa in our medium, we applied it to observe cells in
our electrochemical reactors. HADA-stained cells in the +PCN/pot condition retained HADA
throughout the entirety of their cell wall over the course of seven days (Figure 3D, S1). Notably,
some cells that had not finished dividing during the inoculum transfer from oxic to anoxic
conditions had HADA-labeled septa that remained intact even after the seven days of anaerobic
incubation (Figure 3D, inset). The presence of HADA did not affect the survival or viability loss of
the +PCN/pot and -PCN/pot cultures, respectively (Figure 3E). Lastly, the HADA-labeled and
unlabeled poles of at least 400 cells from each day and condition were counted to estimate the
number of divisions across the population (Figure 3A). These values for each day were close to
zero (Figure 3F). Our results indicate that cells are statically surviving without growth during
anaerobic PCN EET, and we therefore conclude that facilitated fermentation, under these
conditions, powers a non-growth maintenance state, a fact that hitherto was ambiguous.

While imaging cells from the -PCN/pot condition, we noticed in phase contrast that a
significant number of cells displayed dark foci in their cytoplasm (Figure 3D), reminiscent of
protein aggregates associated with ATP depletion and the viable but non-culturable (VBNC)
state®®. To test if this state explained the loss of cell viability in the -PCN/pot condition, throughout
the anaerobic experimental time course, we subsequently incubated a sample of -PCN/pot cells
in aerobic resuscitation conditions for two days before plating (see methods). At day seven of the
anaerobic incubation, the CFU counts from the resuscitated cells were about two orders of

magnitude higher than the counts from cells that were immediately plated (Figure S2B). The
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remaining order of magnitude discrepancy between the +PCN/pot and -PCN/pot conditions,
representing most of the population, was not recovered (Figure S2A). Consistent with this finding,
cell pellets of the cultures on day seven showed a clear size disparity between the +PCN/pot and
-PCN/pot condition, indicating significant amounts of cell lysis had occurred in this sample during
anaerobic incubation (Figure S2C). We also confirmed that cells in the -PCN/pot condition were
ATP-depleted relative to the +PCN/pot condition (Figure S2D), consistent with the presence of
cells in the VBNC state**. We conclude that the majority of CFU loss in the -PCN/pot condition is
caused by death, with a minor subpopulation entering a VBNC state.

A high throughput platform can advance our understanding of non-growth metabolism

While the preceding large reactor experiments enabled us to determine the pace of PCN
EET metabolism relative to life’s average basal metabolic rate and confirm it relies on a facilitated
fermentation that fuels a non-growth metabolism, large reactors are cumbersome and low-
throughput, limiting our ability to explore diverse conditions and mutant strains—variables that are
essential to study when seeking a mechanistic understanding of a biological phenomenon.
Recently, a 96-well electrochemical system was developed®. This system employs printed carbon
electrodes on the bottom of each well, allowing for independent, multiplexed potentiostatic
measurements (Figure 4A). To determine whether we could conduct PCN anaerobic survival
assays in similar ways between the large and high throughput reactors, we compared survival
phenotypes quantitatively. Under the same conditions (i.e. medium and PCN concentration) in the
high throughput platform, cells survived several orders of magnitude better in the presence of
PCN and an oxidizing potential, as observed for the large reactors, yet we were additionally able
to test many other concentrations of PCN because of the increased throughput (Figure 4B). While
the primary trends were conserved between the reactors, cells died at an even faster rate in the
absence of PCN in the high throughput system, and all cultures, regardless of the PCN
concentration, lost viability after day 5. Accordingly, we terminated experiments in the high-
throughput reactor platform at day 5. While the amount of survival measured in this system at 75
MM PCN was about half of that measured in the large reactor system by the end of the
experiments, it was still less than an order of magnitude total loss in survival (Figure 4B, table).

Encouraged by these findings, we leveraged the high throughput platform to gauge the
antibiotic tolerance of cells in the non-growth state supported by anaerobic PCN-cycling. After a
day of incubation in the 96-well device, we added five different drugs representing distinct

antibiotics that target different cellular processes: ceftazidime, a B-lactam that targets cell wall
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synthesis; ciprofloxacin, a fluoroquinolone that disrupts DNA gyrase; tobramycin, an
aminoglycoside that interferes with protein synthesis; N,N-dicyclohexylcarbodiimide (DCCD), an
FoF+ ATP(synth)ase inhibitor; and colistin, a polymyxin that disrupts the cell membrane. Cell
viability was mildly impaired by ceftazidime and ciprofloxacin, moderately by tobramycin, and
greatly impacted by DCCD and colistin (Figure 4C). These results resemble tolerance profiles that
have been observed for cells in the non-growing anoxic cores of P. aeruginosa biofilms that are
metabolically sustained by phenazine EET'?44  pointing to the importance of maintaining

membrane integrity*>*® and bioenergetic activity to preserve viability in the absence of growth.

Cells are energy-limited and surviving near their maintenance requirement

Having validated the utility of our high throughput PCN-cycling assay to study a clinically-
important cellular state, we proceeded to measure the survival of hundreds of cultures across
various mutant strains over a range of PCN concentrations with multiple tiers of replication to
begin to mechanistically dissect it (Figure 5A). First, we sought to define the facilitated
fermentation metabolic pathway more precisely by comparing mutant strains lacking enzymes of
bioenergetic importance that we hypothesized might contribute to PCN-based survival®**’.
Second, we sought to determine whether the amount of PCN cycling was limiting survival. We
achieved these goals by leveraging knowledge that the amount of current generated via EET is
proportional to the concentration of electron shuttle provided*®. Hypothesizing that the PCN
concentration would therefore limit the total culture’s metabolic rate, we made measurements
across PCN concentrations spanning three orders of magnitude (Figure 5A).

After five days of anaerobic incubation in our high-throughput platform, we found that
survival of the Aphz1/2 strain was dose-dependent up to at least 75 uyM, with increasing
concentrations having only marginal effects on survival (Figure 5B). Phenazine reduction can
occur promiscuously via multiple metabolic flavoproteins*®°, but we have shown recently that
PCN is predominantly reduced in stationary phase cells by two NADH dehydrogenases in the cell
membrane, Nuo and Ngr*’ (Figure 1B). While the current produced by a Aphz1/2 AnuoF AnqrF
mutant was initially lower, after a day it approximately equaled that of the Aphz1/2 cells,
suggesting other PCN reductases compensate after this time (Figure 5C). However, full survival
across PCN concentrations nonetheless depended upon functional NADH dehydrogenases
(Figure 5B) with the loss of viability in their absence occurring steadily over the entire course of
the incubation (Figure S3A), consistent with our working model (Figure 1B). Complementation of

either NADH dehydrogenase restored survival at most concentrations of PCN, indicating they
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serve largely redundant functions (Figure S3B). As a negative control, and in agreement with our
previous study?*, knocking out the AckA-Pta pathway (the energy-conserving step of the
metabolism) had a larger consequence upon survival. Moreover, our platform allowed us to
measure survival of this mutant across many PCN concentrations efficiently, something that would
have been logistically impossible using large reactors. Interestingly, increasing PCN
concentrations resulted in increased survival of the Aphz1/2 AackA-pta mutant, albeit at
significantly lower levels (Figure 5B). We hypothesized that this alternative mode of phenazine-
dependent survival might also rely on the NADH dehydrogenases, and therefore tested a Aphz1/2
AnuoF AnqgrF AackA-pta mutant. Though this strain’s survival was lower than the Aphz1/2 AackA-
pta mutant, it still improved up to 75 yM PCN, yet did not improve in survival at higher
concentrations of PCN, indicating that the NADH dehydrogenase complexes play a significant
role at these concentrations (Figure 5B). Overall, our data are consistent with substrate-level
phosphorylation being the primary energy conserving mechanism under these conditions (Figure
1B) but also indicate the existence of a previously undetected, alternative PCN-dependent energy
conservation pathway that supports much lower levels of survival.

We also measured the long-term current generated by Aphz1/2 as a function of PCN
concentration and found the two were largely correlated, as expected*® (Figure 5D). As with the
large reactors, we observed an early spike in current generation dependent on the phenazine
concentration provided that then subsided to a lower, more stable current, though the decay
happened at a slower rate than in the large reactors (Figure 5C, Figure 2A). The one exception
was at 750 yM PCN, which produced highly variable initial currents despite stable currents later
(Figure 5C). By integrating the current generated between days one and five (i.e. after the initial
current spike), we calculated the average PCN oxidation rate across PCN concentrations and
found it unexpectedly saturated above 75 uM (Figure 5D). At 375 yM PCN, the current measured
on days 1-5 was below what the electrode was capable of oxidizing, exemplified by the initial high
current spike (Figure 5C). What might cause this later saturation? We hypothesized that either
PCN oxidation at the electrode was limiting due to biofouling, or the rate of PCN reduction was
limiting due to a change in the cells that occurs after a day of anaerobic incubation.

To distinguish between these scenarios, we used scanning electron microscopy to
visualize cells on the electrodes, finding that the electrodes were mostly clear with a sparse
monolayer of cells present on the working electrode surface, with the densest cell monolayer
found in the 375 uM PCN condition (Figure S4A). While the absence of biofilms on the electrode
suggested that biofouling was unlikely to explain the observed reduction rate plateau, we sought

a more direct test of whether the cells or the electrode was limiting. Accordingly, on day 5 of the
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survival assay, we pooled Aphz1/2 cells from multiple technical replicate wells in the 375 yM PCN
condition, pelleted them, resuspended them in a small volume and added them to other wells
containing Aphz1/2 cells and 375 uM PCN such that the total cell concentration was approximately
doubled. We observed a 1.5x increase in current generation following the increase in cells that
was sustained for at least 10 hours (Figure S4B), demonstrating that the electrode was not
limiting. Accordingly, the observed PCN oxidation rate at the electrode (Figure 5D) can be
interpreted as equivalent to the cellular PCN reduction rate. Our results suggest that after about
one day in anaerobic conditions, the cellular reduction rate above a certain PCN concentration
becomes attenuated. This finding is intriguing, as bacteria are believed to always maximize their
metabolic rate to maximize fitness during growth®'°2. What explains this attenuation is a worthy
subject for future studies, especially given that these PCN concentrations are in the range found
in P. aeruginosa biofilms*.

Finally, we sought to determine whether the power output of the PCN facilitated
fermentation was at or above the minimum necessary for maintenance metabolism under PCN-
cycling conditions. We reasoned that we would observe a relatively constant cell-specific
metabolic rate over the PCN concentration range if this were true, as that would indicate that
surviving cells require the same metabolic rate. Indeed, this is what we observed (Figure 5E). The
cell-specific metabolic rate measured at 75 uM PCN was 3.0 x 10° electrons sec™ cell" at 25°C
(lower 95% CI 1.6 x 10°, upper 5.4 x 10°), slightly higher than the rate measured in the large
electrochemical reactors. Given the PCN concentration limits survival between 0.75 and 75 uyM
(Figure 5B), this consistent metabolic rate suggests that PCN limitation imposes an energy
limitation, reducing the populations’ viability in a PCN-dependent manner. While a fraction of cells
may be in the VBNC state that are not accounted for in this analysis, particularly at lower PCN
concentrations, such cells would be expected to make a minor contribution to the overall current
measured®. We therefore conclude that the culturable cells are operating near their minimum

maintenance power requirement for these conditions.

DISCUSSION

That bacteria can survive for remarkably long periods of time when limited for nutrients or
energy is well known, yet the question of how cells maintain viability in the absence of growth has
been challenging to answer due to technical limitations. Answering this question is important for
both fundamental and practical reasons: growth arrest not only typifies bacterial existence in most

natural habitats, but also in disease contexts. Indeed, our inability to successfully treat chronic
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infections wherein cells are metabolically active yet doubling very slowly or not at all, stems in
large part from our ignorance of the molecular strategies that sustain life during growth arrest.
Our work here demonstrates that it is possible to gain mechanistic insight into the maintenance
physiology of P. aeruginosa by investigating how it cycles the phenazine PCN under anoxic
conditions—a non-growth state operating at an extremely low power output that lends itself to
quantitative studies in high throughput.

When surviving anaerobically via PCN cycling, P. aeruginosa cellular integrity and
metabolic activity is sustained at the cell-specific metabolic rate of 1.6 x 10° electrons sec™ cell”
at 25 °C, equivalent to a mass-specific metabolic rate of 1.6 x 10" electrons sec™ (g C)™' or roughly
102 ATP sec™ cell. The term basal power requirement has been introduced to define the minimum
bioenergetic power per unit biomass required to sustain metabolic activity®. In our system, cell
survival is limited by a required minimum cell-specific metabolic rate (Figure 5E) suggesting this
rate may represent the basal power requirement for P. aeruginosa under these conditions.
Remarkably, this rate lies 3 to 4 orders of magnitude below the energy demand during fast aerobic
growth (Figure 2B), highlighting the extraordinary range of power output that a single bacterial
species can use to support its metabolism and helping to explain its success as an agent of both
acute and chronic infection. Recently, multiple environmental measurements of microbial cell-
specific metabolic rates under energy-limitation have also been made or modeled®, adding to a
short list of basal power requirement estimates. Measurements of oxygen consumption below the
seafloor of the North Pacific Gyre were found to reach an asymptote at depth around 25 electrons
sec™ cell!, with the temperature unreported but presumably cold®. The cell-specific metabolic
rate of anaerobic sulfate-reducing bacteria found below the seafloor at multiple sites were
measured to reach an asymptote at depth to about 2.8 x 107 electrons sec™ cell" at temperatures
around 5°C®. Bacteria residing beneath permafrost in the cryopeg brines of Utgiagvik, Alaska
have been modeled to sustain metabolic rates between 18 and 1.7 x 10° electrons sec™ cell™ at
subzero temperatures®®. When these measurements are adjusted to 25°C assuming a typical Q1o
normalization®’, they fall surprisingly close in order of magnitude to our measurements in the lab
(Figure 2B). Given the uncertainties underpinning assumptions needed to assign metabolic rates
to environmental datasets, it is conceivable that our lab measurement and true environmental
basal power requirements converge upon the fundamental limit of what is needed to power
bacterial survival, or otherwise, converge to the limit of what is measurable with current methods.
More quantitative studies of diverse maintenance states will be needed to determine whether

such a conserved minimum exists.
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It is generally believed that organisms in the environment metabolizing at low rates are
growing, albeit slowly; indeed, environmental doubling times on the order of days to 1000s of
years have been estimated by multiple studies®®. Accordingly, anticipating that PCN cycling would
power slow growth, we were somewhat surprised that cell growth was not detectable using our
HADA assay (Figure 3D). It may be that we simply did not wait enough time to observe slow
growth in the lab and/or that estimates of slow growth in the environment are inexact. To parse
this discrepancy, we note that it has been estimated that the energetic cost of aerobic division for
a bacterial cell is approximately 4 x 10° ATP per division®®. Based on the dominant ATP-generating
pathway used under these conditions (i.e. oxidation of glucose to acetate coupled to substrate-
level phosphorylation, Figure 1B), we estimate that P. aeruginosa’s ATP output is about 8.0 x 10?
ATP sec’ cell’. We can then estimate that if division were possible under PCN facilitated
fermentation, cells would be doubling at a rate of once every two months, and perhaps even faster
because biosynthetic costs are thought to be less under anoxic conditions®® and the fraction of
energy lost to maintenance processes is presumed to be less during slow growth®'. Such a growth
rate should have been detectable with our assay, corresponding to a steady increase to at least
~0.125 divisions in a week, yet instead we observed division values consistently centered around
0 (Fig 3F). Thus, it seems more likely this ATP output is the maintenance energy requirement.
Together, this reasoning prompts us to question whether microbes are capable of doubling on
exceedingly-long time scales, or if they instead undergo long-term survival, opportunistically
waiting for punctuated bursts of local nutrients to fuel relatively fast growth as has been suggested
recently®®. In this way, the classic “feast-famine cycle” may apply to more than just enteric
bacteria®®, which would carry implications for biogeochemical modeling®. Future studies of the
growth associated with extremely slow metabolic rates are needed to determine which model is
more accurate.

Leaving such speculation aside, a consequential feature of PCN cycling fueling a non-
growth state is that it opens the door to the identification of cellular strategies that sustain
maintenance more broadly. In our system, EET provides a convenient way to quantify metabolic
rate and stabilize a non-growth state, yet some of the physiological strategies underpinning
maintenance during PCN-cycling are likely to overlap with those required during non-EET
survival®®. Given that non-growing cells tolerate conventional antibiotics but are sensitive to drugs
that target membrane and bioenergetic components (Figure 4C), we elucidated the key catabolic
enzymes supporting survival during PCN cycling as a proof-of-concept that our high throughput
platform can be used to gain mechanistic insight into what underpins a low-power lifestyle. By

focusing on PCN’s role as an electron acceptor, we expected to identify machinery that specifically
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interacts with PCN, yet we anticipate that future studies of the maintenance state supported by
PCN will identify more general physiological strategies that sustain a low-power energy economy.

While we previously established that the AckA-Pta enzymes are necessary for phenazine
facilitated fermentation?*, our work here revealed that either of the NADH dehydrogenases Nuo
and Nqr are additionally necessary to support full survival of cells via PCN facilitated fermentation
(Figure 5B). This may only apply to the phenazine PCN, as we have shown that it is the only
derivative made by P. aeruginosa that is predominantly reduced at the inner membrane*’. Indeed,
phenazines are known to promiscuously react with many metabolic flavoproteins in the
cytosol*®®°. This promiscuity likely explains our finding that increasing concentrations of PCN
correlated with increasing survival in the Aphz1/2 AnuoF AnqrF mutant tested (Figure 5B). We
speculate that the benefit the NADH dehydrogenases provide is a direct coupling to the NADH
pool and, by extension, pyruvate oxidation. While other flavoproteins can dissipate reducing
equivalents onto the PCN pool in the absence of the NADH dehydrogenases, the reductants
involved may not be as closely coupled to the NADH pool and be wasted energetically. The PCN-
dependent compensation of the Aphz1/2 AackA-pta mutant (Figure 5B) is more difficult to explain
and suggests the participation of unidentified alternative energy-conserving pathways. These
pathways may still be NADH-coupled, which could explain the loss of enhanced survival in the
Aphz1/2 AackA-pta mutant at high PCN concentrations in the Aphz1/2 AnuoF AnqrF AackA-pta
mutant (Figure 5B). Future metabolomic experiments will shed light on the nature of these PCN-
dependent compensations.

In their normal function during respiratory growth, the Nuo and Ngr complexes
chemiosmotically pump protons across the cytosolic membrane with H'/2e” of 4 and 2,
respectively®®®’. This is driven by a large AE” of 420 mV between the NADH and ubiquinone
pools. For PCN reduction by NADH, AE” is less than half that value at 180 mV, corresponding to
a AG” of -34.7 kJ/mol. Previous work has estimated the minimum biological energy quantum
(enough to drive the translocation of one proton across the cytoplasmic membrane) to be —20
kJ/mol®®. These values may change some amount depending on the reaction context, namely
concentrations of reactants and products and the PMF level, but provide a useful quantitative
baseline. From these values, we infer that PCN reduction by an NADH dehydrogenase
theoretically provides only enough free energy to translocate one proton, less than the normal
proton coupling of Nuo and Nqgr. Additionally, phenazines have been shown to be reduced via
flavin active sites of other metabolic redox enzymes*®, and if this also applies to the NADH
dehydrogenases (i.e. reduction at the NADH binding site), it seems unlikely that PCN reduction

would trigger the enzymatic conformational changes necessary to pump protons. However, if
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phenazines were reduced at the ubiquinone binding site (permitting the proper conformational
changes for proton pumping) and the cell were under low PMF conditions, proton pumping might
be possible, as metabolic reactions operating near their thermodynamic equilibrium are known to
occur®. Further studies using purified Nuo and Ngr with phenazine substrate are needed to
determine if this mechanism of energy conservation is plausible.

Outside of its fundamental interest to cell biology, understanding the minimal energy
requirements and physiology of cells in a non- or slow-growth state has important practical
implications. Despite the fact that estimated microbial doubling times in nature typically are on the
order of days to weeks to years’®"*, the vast majority of microbial physiology studies in pure
culture have been conducted using model species grown with doubling times under an hour. The
consequences of this nature-to-lab metabolic rate mismatch has resulted in our inability to control
non- and slow-growing microbes in nature and disease. In addition to the deleterious impact this
knowledge gap has for biofilm control in chronic infections as we have discussed, if synthetic
biologists are to succeed in catalyzing desirable changes in the field, such as applying pro-biotics
to the rhizosphere to stimulate the growth of crops, they will require a deeper understanding of
how cells survive periods of growth arrest due to desiccation or nutrient limitation”*’®. Moreover,
identifying the slowest viable metabolic rates and what permits them would help geobiologists
and climate scientists better understand the fate of organic matter soils and sediments, where the
crucial roles of microbes are widely recognized but challenging to model®* ¢ In all these cases,
an understanding of life “in the slow lane”, is needed®. Our PCN-cycling system opens the door
to quantitative and mechanistic studies of a maintenance state that comes much closer to
approximating real-world non-growth metabolisms than the typical growth conditions used in the
lab.

Finally, while bioenergetic comparisons often rely on thermodynamic arguments to
compare the energy conservation efficiency of different metabolisms, our results highlight the
importance of kinetics in explaining the remarkable plasticity of microbial metabolism. To wit: per
glucose molecule, fermentation generates roughly 10 times less ATP than aerobic respiration, yet
the cell-specific metabolic rate during facilitated fermentation we measure is 1,000 times slower
than P. aeruginosa’s fast aerobic growth. In terms of power, this disparity is dominated not by
differences in energy conservation efficiency but by differences in rates. Indeed, it seems likely
that slow kinetics may dominate the bioenergetic reality of low-power maintenance metabolism,
as previously suggested’. If, how, and when metabolic rate is controlled by the cell at the

molecular level or limited by the environmental conditions imposed are important questions to be
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addressed in future research and key to an understanding of the dominant pace of microbial life

on the planet.

Limitations of the Study

In this study, we have leveraged an EET metabolism to develop a quantitative, high-
throughput system for studying a low-power maintenance state. While the mechanistic studies we
described focused on identifying catabolic machinery necessary for survival via PCN EET (e.g.
NADH dehydrogenases), parts of these pathways are needed to sustain survival in other contexts
(e.g. the AckA pathway is also necessary for survival when oxygen is limiting in the absence of
EET®5). Future studies will reveal which other pathways (e.g. anabolic, regulatory) sustain the
needs of cells in the PCN-maintenance state and whether they are more broadly conserved
across bacteria existing in a non-growth state, be they other opportunistic human pathogens or
bacteria in arid soils or deep-sea sediments. While it is likely that some cellular maintenance
strategies will be specific for particular organisms in specific contexts, we expect others may be
more generalizable.

The system used to assess this metabolism, both in large reactors and the 96-well
platform, is an artificial planktonic reconstitution of a metabolism that is more naturally relevant to
biofilms®*"8, Thus, it is important to acknowledge there may be differences in the metabolic
dependencies of cells in this planktonic state versus the more natural biofilm state. However,
many key features that characterize biofilm cells are recapitulated in this system, including a lack
of growth in the anoxic core and lowered metabolic activity’®, features that contribute to antibiotic
tolerance".

Finally, we note that the anaerobic survival assessed in this study is not a state of
perpetual survival: cells begin to die after 7-9 days in the large reactors and after 5 days in the
96-well plate system. Therefore, the cells have been assessed in the middle of a quasi-steady-
state that may or may not be representative of cells under a maintenance state in nature or
disease, though they are probably much more representative than cells cultivated in chemostats
that achieved stable but slow, constant growth. Cells were assessed in only one medium during
this study, so variations in metabolic rate and active metabolic pathways as a function of
physiological conditions were unexplored. Bacteria do not have a defined basal metabolic rate,
so our finding that phenazine EET is an order of magnitude slower than the basal metabolic rate
of the biosphere is an imperfect comparison—one that we view as informative for understanding

the relative positioning of phenazine facilitated fermentation among all metabolic rates. While the
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rate is slow, as we note in the results, it falls in the ~15" percentile of endogenous metabolic rates
previously measured in bacteria. Therefore, it is not the slowest metabolic rate measured, but to
our knowledge it is currently the only one proven to be coupled to a non-growth maintenance

state at the single-cell level.
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Figure 1. PCN redox-cycling promotes anaerobic energy conservation and survival via a facilitated
fermentation. (A) Simplified schema of heterotrophic metabolisms and their predominant mode of energy
conservation, exemplifying how facilitated fermentation is a noncanonical form of energy conservation. SLP —
substrate level phosphorylation, OxPhos — oxidative phosphorylation. (B) Working model of the active
metabolic pathways catabolizing glucose during PCN facilitated fermentation. The NADH dehydrogenases
Nuo and Ngr are putatively involved in the metabolism because of their previously established function as key
PCN reductases*’. (C) Schematic of large glass electrochemical reactors used in this study to continuously
re-oxidize PCN anaerobically reduced by the cell culture. A stir bar in the main chamber kept the culture well-
mixed. CE — counter electrode, WE — working electrode, RE — reference electrode. (D) Anaerobic survival of
Aphz1/2 strain in glucose minimal medium with or without 75 uM PCN and an oxidizing potential. 100% survival
represents approximately 8 x 108 CFU mL'. Data are representative of 4 biological replicates. (E)
Quantification of acetate production after 7 days of culture incubation. Data are averaged across 2 biological
replicates, error bars represent the standard deviation. Welch'’s t-test was used to compare samples, *p<0.05.
(F) Propidium iodide staining of anaerobic cultures on day 5 of survival imaged on a fluorescence microscope.
Images are representative of 2 biological replicates. Scale bar is 10 pm.
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Figure 2. The metabolic rate of PCN facilitated fermentation is extremely low. (A) Cell-specific metabolic
rate during PCN facilitated fermentation was quantified from large electrochemical reactor experiments. Cells
are added on day 0. The mean current generated by the culture across days 1 to 5 was averaged and divided
by the geometric mean of total CFUs across the same period. Data are representative of 4 biological
replicates. (B) Empirical cumulative distribution functions of lab-measured bacterial metabolic rates collated
previously by Hoehler et al.?’, with units transformed to electrons sec™ cell'! at 25°C. Fast growth includes
bacteria growing at or near their maximum growth rate. Maintenance includes inferred maintenance energy
metabolic rates (i.e. during zero growth) extrapolated from slow-growing continuous culture studies.
Endogenous includes metabolic rates measured in the absence of any exogenous electron donor and using
endogenous stores of donors instead. Each data point is an independent experimental measurement. The
dataset encompasses 90 species and 198 measurements.
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Figure 3. Single cells do not grow during anaerobic survival via PCN facilitated fermentation. (A)
Experimental design and expected topological dilution of HADA cell wall stain during cell division. (B) HADA
fluorescence imaging of cells during anaerobic growth on glucose and nitrate in sparged balch tubes. GMM
— glucose minimal media. Scale bar is 5 pm. (C) Anaerobic growth of cultures imaged in (B) compared to
cultures that were not stained with HADA. (D) HADA fluorescence imaging of cells during anaerobic survival
on glucose, PCN, and an oxidizing potential in large electrochemical reactors. Scale bar is 5 um. Red arrows
indicate phase-dark granules that accumulate in cells that are not provided with PCN and an oxidizing
potential. Green arrows indicate HADA-labeled septa that remained intact over the week-long incubation -
inset is a zoomed example, each edge is 3.75 um. (E) Anaerobic survival of cultures imaged in (D) compared
to cultures that were not stained with HADA. (F) Estimated number of divisions of the +PCN/pot culture
imaged in (D) via manual counting of fluorescent vs total cell poles and use of the equation in (A). Each
datapoint is n=400 cells. All data in figure are representative of two biological replicates.
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Figure 4. High-throughput electrochemical reactor system allows for multiplexed phenazine-
dependent anaerobic survival assays. (A) 96-potentiostat plate reader used for experiments. Each well of
the plate is outfitted with an independent working electrode (WE), counter electrode (CE), and reference
electrode (RE) that are connected to the pins of the potentiostats via contacts on the bottom of the plate. (B)
Anaerobic survival of Aphz1/2 strain in glucose minimal medium at various concentrations of PCN, with an
oxidizing potential. Table — quantitative comparison of survival at experimental end (5 days in high-throughput
reactor, 7 days in the large reactor), where n represents the number of biological replicates. (C) Anaerobic
survival of Aphz1/2 strain in glucose minimal medium with 75 yM PCN and an oxidizing potential after various
antibiotics were added on Day 1. Ceftazidime — 100 pg/mL, Ciprofloxacin — 10 pyg/mL, Tobramycin — 100
pug/mL, DCCD — 2 mM, Colistin — 10 pg/mL. In both (B) and (C), 100% survival represents approximately 8 x
108 CFU mL™". Each datapoint represents the geometric mean of 8 biological replicates and error bars
represent the 95% confidence interval.
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Figure 5. High-throughput PCN redox-cycling experiments reveal a dependence on NADH
dehydrogenases and survival near the minimum maintenance requirement. (A) Example experimental
design of high-throughput PCN redox-cycling survival experiments. (B) Survival of Aphz1/2 and metabolic mutant
strains after 5 days of anaerobic incubation in a glucose minimal medium across various concentrations of PCN.
Each datapoint is the geometric mean of at least 5 biological replicates. Shaded regions represent 95%
confidence intervals. 100% survival represents approximately 8 x 108 CFU mL™". (C) Average current produced
by Aphz1/2 and Aphz1/2 AnuoF AnqrF strains over the course of 5 days, with zoom-ins on the initial 5 hours of
current production. Curves are the average of 5 biological replicates. (D) Average PCN oxidation rate at the
working electrode surface of Aphz1/2 cultures over days 1 to 5 of the anaerobic incubation. Each data point is the
average of 5 biological replicates and error bars represent the 95% confidence interval. (E) Cell-specific metabolic
rate of Aphz1/2 cells during days 1 to 5 of the anaerobic incubation across various concentrations of PCN. Each
data point is the geometric mean of 5 biological replicates and error bars represent the 95% confidence interval.
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MATERIALS AND METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE | IDENTIFIER
Bacterial and Virus Strains
Pseudomonas aeruginosa UCBPP-PA14 Aphz1/2 8Dietrich | N/A
etal,
2006
P. aeruginosa UCBPP-PA14 Aphz1/2 AnuoF AngrF 4’Ciemnie | N/A
cki and
Newman,
2023
P. aeruginosa UCBPP-PA14 Aphz1/2 AackA-pta #Glasser | N/A
et al.,
2014
P. aeruginosa UCBPP-PA14 Aphz1/2 AnuoF AnqrF This study | N/A
AackA-pta
P. aeruginosa UCBPP-PA14 Aphz1/2 AnuoF AngrF, This study | N/A
afttn7::rhaPgap-nuoF
P. aeruginosa UCBPP-PA14 Aphz1/2 AnuoF AngrF, This study | N/A
atttn7::rhaPgap-nqrF
E. coli $17 (chemically competent for transformation) ATCC ATCC-BAA-2428
E. coli SM10/pTNS1 (chromosomal insertion helper 81Choi and | N/A
strain) Schweizer
, 2006
Chemicals, peptides, and recombinant proteins
Difco LB Broth BD Cat#244620
Difco LB Agar BD Cat#244520
MOPS Sigma- Cat#RDD003
Aldrich
Sodium Chloride Fisher Cat#BP358-212
Ammonium Chloride Fisher Cat#A649-500
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Potassium Phosphate Monobasic

Fisher

Cat#P382-500

Magnesium Sulphate Heptahydrate Fisher Cat#M63-500

D-Glucose Fisher Cat#D16-500

Iron(ll) Sulphate Heptahydrate Fluka Cat#44970

Phenazine-1-carboxamide ChemSce | Cat#CS-W022931
ne

Sodium Acetate Trihydrate Fisher Cat#S209-500

Potassium Nitrate Fisher Cat#P263-500

HADA Tocris Cat#6647

Propidium lodide Invitrogen | Cat#P1304MP

DCCD Sigma- Cat#D80002
Aldrich

Colistin Sulfate Salt Sigma- Cat#C4461
Aldrich

Ciprofloxacin Abcam Cat#ab141917

Ceftazidime Hydrate Sigma- Cat#A6987
Aldrich

Tobramycin Sigma- Cat#T4014
Aldrich

Oligonucleotides (5°-3’)

ackA-pta upstream forward: This study | N/A

ACGACGGCCAGTGCCAAGCTTTCAGGCTGCAGAAG

GACTG

ackA-pta upstream reverse: This study | N/A

GCCCACTGGGCGGCGTTCCTTCACTGCTCCTTGGT

CTGCT

ackA-pta downstream forward: This study | N/A

AGCAGACCAAGGAGCAGTGAAGGAACCCCGCCCAG

TGGGC

ackA-pta downstream reverse: This study | N/A

CATGATTACGAATTCGAGCTTACTGATCGCGGCCTGG
AAGAAAAAGC

Recombinant DNA
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pMQ30 8Shanks | N/A
etal.,
2006
pJM220 8 Jeske N/A
and
Altenbuch
ner, 2010
pMQ30 AackA-pta This study | N/A
pJM220 rhaPgap-nuoF 4’Ciemnie | N/A
cki and
Newman,
2023
pJM220 rhaPsap-nqrF 4’Ciemnie | N/A
cki and
Newman,
2023
Software and Algorithms
GraphPad Prism 10 v10.1.1 https://www.graphpa
d.com/
Imaged v2.0.0-rc-69/1.52p https://imagej.net
OriginPro 2021 https://www.originlab.
com

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Dianne Newman (dkn@caltech.edu).

Materials Availability

All bacterial strains are available upon request.

Data and Code Availability

Raw data are available upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial growth conditions

All Pseudomonas aeruginosa UCBPP-PA14 strains were plated on LB agar from -80°C glycerol
stocks and grown overnight at 37°C. Plates were stored at 4°C for up to a week and were used to
inoculate liquid cultures. Initial liquid cultures were grown in 7 mL of LB medium in glass culture
tubes (VWR #47729-583) in an orbital shaker (New Brunswick, Innova 44) at 37°C shaking at 250

rpm on a slant for 20 hours (final ODsgonm ~5).

Bacterial survival conditions in large electrochemical reactors

Initial cultures were used to inoculate a large 250 mL LB culture to an initial ODsgonm of 0.06. This
large culture was grown under the same conditions as the initial culture for 5.5 hours to an ODsoonm
of 3.01£0.2. These cells were pelleted (10 min, 6800 xg) and washed twice in a minimal medium
(100 MM MOPS pH 7.2 with NaOH, 43 mM NaCl, 93 mM NH4Cl, 3.7 mM KH2PO., 1 mM MgSOQa),
then resuspended to an OD of 75 and transferred into an MBraun nitrogen-only atmosphere glove
box (Unilab model) containing the prepared glass reaction vessels (custom made) and held at
33°C. 1 mL of the concentrated culture was then diluted into the main chamber of the large
reaction vessels containing 99 mL of N2-sparged minimal medium with 20 mM D-glucose and 3.6
UM FeSO, added (hereafter referred to as glucose minimal medium), along with 75 yM PCN in
the relevant samples. This culture was connected to a potentiostat (Gamry Reference 600 model)
via a graphite rod working electrode (Alfa Aesar #14738), platinum mesh counter electrode
(custom-made using Alfa Aesar platinum gauze #10283), and Ag/AgClswm naci reference electrode
(Basi #MW-2030). The counter electrode was held in a small side-chamber separated from the
main by a glass frit containing 9 mL minimal medium and 75 yM PCN. The working electrode was
poised at a constant 0 mV vs. Ag/AgClsmnaci and the cultures were incubated with stirring using a
stir rod in the vessel. 100 pL samples were removed periodically via a port over the main chamber
of the vessel for CFU counting. All plastics used were left in the chamber to degas for at least

three days before use.

Bacterial survival conditions in 96-potentiostat electrochemical plate
Initial cultures were pelleted and washed twice in minimal medium, resuspended to an OD of 75,
and transferred into an anerobic Coy Chamber held at 33°C and 2-3% H- containing the prepared

96-well electrochemical plate (custom-made as previously described®®) with a screen-printed
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carbon working electrode and counter electrode, and Ag/AgCl reference electrode. The culture
was then diluted in N2-sparged minimal medium to an OD of 15, and 10 pL of the concentrated
culture was then diluted into each well of the plate containing 190 uL of Nx-sparged glucose
minimal medium. The plate was sealed using both a slit-seal cover (BioChromato #R80.120.00)
and an aluminum seal cover (DiversifiedBiotech #ALUM-1000) to prevent evaporation of the
cultures between sampling. The plate was incubated at 33°C without shaking in a custom 96-
potentiostat system originally developed at the National Institute for Material Science, Japan.
Every well’'s working electrode was held at a constant 0 mV vs. Ag/AgCI. Cyclic voltammograms
measured with PCN as a standard showed that a potential +50 mV more positive was applied in
the high-throughput reactor system than in the large reactor. On days 1, 3, and 5 of the incubation,
the aluminum seal was removed and the well contents were mixed by pipetting a 150 yL volume.
10 pL was then removed for CFU dilution counting (20 pL on Day 5 to capture the lowest CFU
concentrations). The plate was resealed with a fresh aluminum seal and then placed back in the
96-potentiostat system until the next CFU sampling. All plastics used were left in the chamber to

degas for at least three days before use.

METHOD DETAILS

Mutant strain construction and complementation

All plasmids used in this work are listed in the Key Resources Table. Primers were synthesized
by Integrated DNA Technologies and are also listed in the Key Resources Table. For all molecular
cloning, plasmids were constructed using Gibson assembly reactions (NEB). Plasmids were
chemically transformed into E. coli strain S17 and then conjugated into P. aeruginosa PA14.
Mutants were constructed using standard homologous recombination using 1 kb regions flanking
the gene(s) of interest in the pMQ30 plasmid. Genetic complement strains were constructed by
reintroducing the deleted gene in trans at the attTn7 site downstream of gimS in the P. aeruginosa
genome using the pJM220 plasmid. For each complementation, the gene was designed to have
its expression driven by a rhamnose-inducible promoter, and accordingly, complementation
survival experiments were conducted using glucose minimal medium supplemented with L-
rhamnose (0.005% w/v, 305 uM).

CFU counting
Phosphate buffered saline (PBS) was used for diluting cell cultures prior to plating for CFUs.
Dilutions spanning 6-7 orders of magnitude were plated on LB agar using 5 yL spots and

incubated at 37°C overnight. Colonies were counted with the aid of a dissection microscope
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(Nikon SMZ800). The furthest dilution spot containing at least 10 colonies was counted. Plates
were kept for at least another 48 hours at room temp to check for delayed colony appearance;
counts were updated when this rarely occurred. To accurately assess the degree of anaerobic
killing caused by antibiotics, in that experiment (Figure 4C) samples for CFU counting were diluted
anoxically in No-sparged PBS and plated on anoxic LB agar plates supplemented with 20 mM

KNOs. The plates were incubated at 37°C anoxically for two days, then counted.

High-performance liquid chromatography

Samples were collected by centrifuging 1 mL of culture and passing the supernatant through a
0.22 um filter. Samples were stored at -80°C until analysis. Acetate was quantified using a Waters
€2695 Separations Module equipped with a 2998 PDA Detector and run through an Aminex HPX-
87H column (Bio-Rad) held at room temperature at a flow rate of 0.5 mL min™' for 25 mins. The
mobile phase used was 5 mM H>SO4. Retention time for acetate was validated with single species

standards ranging from 0 to 20 mM, to calibrate peak area against a known concentration.

Cell dry weight measurements

On day 5 of the anaerobic survival in the large electrochemical reaction vessels, 2 mL samples of
+PCN/pot culture were collected into pre-weighed tubes. The cultures were pelleted and
resuspended twice in deionized water, then pelleted again. The supernatant was removed, and
the pellet was dried overnight in a 55°C drying oven. The dried pellets were then weighed on a
microbalance, and the weight was divided by 2 * CFU / mL counts for that day to estimate the

grams cell dry weight per cell.

Propidium iodide staining and imaging

Samples of culture from the large electrochemical reaction vessels were collected on day 5 of
anaerobic incubation. The cells were pelleted and washed twice in anoxic PBS, then stained with
70 puM propidium iodide (Invitrogen) for 20 minutes in anoxic conditions. The cell suspension was
then brought out of the MBraun chamber and spotted onto 1% (w/v) agar pads and imaged on a
Nikon Eclipse Ti-2 inverted microscope using an ORCA-Flash4.0 V3 camera. Excitation light (555
nm) was supplied through a SpectraX LED light engine for a 200-ms exposure, and emission light
was passed through a standard TRITC filter cube (Semrock) with the excitation filter removed.
Identical LUTs were applied across all fluorescence images for comparison. The number of cells
stained was counted manually with these LUTs applied using ImageJ’s ROl manager; cell husks

(those with no discernable phase-dark aspect) were excluded.
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HADA single-cell growth measurements

250 mL LB cultures of cells were grown with 60 yM HADA label and washed as described in the
Experimental Model. After the excess HADA was washed away the cells were inoculated into the
anaerobic electrochemical reaction vessels as described above. For the nitrate control, smaller
LB cell cultures containing HADA were used (7 mL) and washed identically before being
inoculated into N2-sparged balch tubes containing 10 mL of glucose minimal medium with 0.05%
casamino acids and with or without 40 mM KNO3 added. The balch tubes were incubated in the
dark and at room temperature to ensure a slow growth over approximately the same time scale
as the electrochemical survival experiment. On each day of either incubation (balch or echem),
0.5 mL of cells were sampled, pelleted, and resuspended in oxic PBS. On later days, the -PCN/pot
samples were resuspended in smaller volumes of PBS to normalize cell density. 1 yL of the
suspension was spotted onto 1% (w/v) agar pads and imaged on a Nikon microscope as
described in Propidium iodide staining and imaging, using a 395 nm excitation, 200-ms exposure
time, and a standard DAPI filter cube (Semrock) with the excitation filter removed. Due to global
loss of fluorescence brightness at later timepoints, fluorescence LUTs were adjusted
independently for each day to maximize visualization of cell body vs. pole staining. LUTs were set
the same across images from the same day. The number of fluorescent poles vs. total poles was

counted manually with these LUTs applied using ImageJ’s ROl manager.

VBNC resuscitation

On days 3, 5 and 7 of the large reactor anaerobic incubation, samples of -PCN/pot culture from
the vessels were pelleted and resuspended twice in oxic PBS of equal volume. A sample of this
cell suspension was immediately plated for CFUs while another sample was diluted 1:10 in PBS
in culture tubes and incubated at 33°C aerobically without shaking. A sample of this aerobic

resuscitation suspension was plated for CFUs after 1, 2, and 3 days of incubation.

ATP quantification assay

ATP was quantified using a Promega BacTiter-Glo kit according to the manufacturer’s protocol.
On day 7 of the large reactor anaerobic incubation, samples of culture from the vessels were
pelleted and resuspended twice in anoxic PBS. Cells from the +PCN/pot condition were
resuspended at a final concentration of 1x, while the -PCN/pot condition were resuspended at a
10x concentration to acquire sufficient luminescence from the assay. ATP quantification was
divided by the CFUs for that day; resuscitated CFUs were used for the -PCN/pot condition.
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Scanning electron microscopy

At the end of day 2 of the 96-potentiostat electrochemical plate survival experiment, after current
had already subsided following the initial spike in the 375 uM PCN condition, samples were gently
mixed by pipetting a 150 pL volume, then removed from the wells. 2.5% glutaraldehyde in PBS
was added to each well and incubated for 10 min at 25°C. The samples were carefully rinsed
three times with PBS, then dehydrated by an ethanol wash gradient with 5 min incubations. The
dehydrated samples were then washed with {-butanol twice for 5 minutes. The electrochemical
board on the bottom of the plate was removed, and freeze-dried in {-butanol under vacuum for 2
days. The board was then platinum coated and observed by a Keyence VE-9800 scanning

electron microscope at 10 or 20 kV.

QUANTIFICATION AND STATISTICAL ANALYSIS

To calculate an average PCN reduction rate in the 96-potentiostat system, current vs time traces
were trimmed by 3 hrs immediately following the times when the plate was removed and returned
to the potentiostat: these times following reconnection resulted in spurious, large spikes in current
that settled back down to levels prior to removal of the plate. The current between days one and
five was integrated, giving values with units nA*hr. This was then converted to units of electrons
using standard conversion factors, divided by 90 hrs (4 d minus 6 hrs surrounding times of plate
removal), divided by the geometric mean of the day 1-5 CFU (0.2 mL)" counts, and reported as
units of electrons sec™ cell™.

For all experiments, Prism 10 was used for analysis except for integration of current, which was
done in OriginPro 2021. Technical replicates were averaged to generate single biological
replicates before statistical analysis; therefore, all error ranges reported represent variation from
biological replicates. Since CFUs were counted in log space, geometric means were used as a
summary statistic. Any reported values that incorporated CFU counts (such as cell-specific
metabolic rates) are also reported as a geometric mean. Otherwise, replicates were averaged

using a linear mean.

SUPPLEMENTAL INFORMATION

Document S1. Figures S1-S4; Analysis of bacterial metabolic rate data from Hoehler et al. 2023,
PNAS; AG™ of PCN Facilitated Fermentation

Table S1. Excel file containing Hoehler et al. PNAS 2023 bacterial metabolic rates dataset with

units transformed to electrons sec™ cell ™.
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