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ABSTRACT ATP, most widely known as the primary energy source for numerous cellular
processes, also exhibits the characteristics of a biological hydrotrope. The viable but
nonculturable (VBNC) and persister states are two prevalent dormant phenotypes
employed by bacteria to survive challenging environments, both of which are associated
with low metabolic activity. Here, we investigate the intracellular ATP concentration
of individual VBNC and persister cells using a sensitive ATP biosensor QUEEN-7u and
reveal that both types of cells possess a lower intracellular ATP concentration than
culturable and sensitive cells, although there is a certain overlap in the intracellular ATP
concentrations between antibiotic-sensitive cells and persisters. Moreover, we success-
fully separated VBNC cells from culturable cells using fluorescence-activated cell sorting
based on the intracellular ATP concentration threshold of 12.5 pM. Using an enriched
VBNC cell population, we confirm that the precipitation of proteins involved in key
biological processes promotes VBNC cell formation. Notably, using green light-illumina-
ted proteorhodopsin (PR), we demonstrate that VBNC cells can be effectively resuscita-
ted by elevating their intracellular ATP concentration. These findings highlight the crucial
role of intracellular ATP concentration in the regulation of bacterial cell fate and provide
new insights into the formation of VBNC and persister cells.

IMPORTANCE The viable but nonculturable (VBNC) and persister states are two dormant
phenotypes employed by bacteria to counter stressful conditions and play a crucial
role in chronic and recurrent bacterial infections. However, the lack of precise detection
methods poses significant threats to public health. Our study reveals lower intracel-
lular ATP concentrations in these states and establishes an ATP threshold for distin-
guishing VBNC from culturable cells. Remarkably, we revive VBNC cells by elevating
their intracellular ATP levels. This echoes recent eukaryotic studies where modulating
metabolism impacts outcomes like osteoarthritis treatment and lifespan extension in
Caenorhabditis elegans. Our findings underscore the crucial role of intracellular ATP levels
in governing bacterial fate, emphasizing ATP manipulation as a potential strategy to
steer bacterial behavior.

KEYWORDS VBNC state, persister, intracellular ATP concentration, resuscitation

Bacteria employ sophisticated survival mechanisms to counter various stresses,
including starvation, low temperature, acidity, UV exposure, and antibiotic treatment
(1-4). In this context, two dormant phenotypes have been identified: the viable but
nonculturable (VBNC) and persister states. VBNC cells typically refer to cells that do
not proliferate on routine culture media but remain viable, infectious, and capable
of becoming culturable upon resuscitation (5-7). During the formation of VBNC cells,
bacteria undergo significant cellular changes, such as altered gene expression, reduced
macromolecular synthesis, protein precipitation, energy depletion, and ion leakage (8-
11). On the other hand, persisters represent a subpopulation of bacterial cells that are
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phenotypically tolerant to multiple antibiotics and play a crucial role in chronic and
recurrent bacterial infections, such as tuberculosis (TB), Lyme disease, and urinary
tract infections (12-14). During antibiotic treatment, persister cells enter a dormant
state in which they temporarily cease to divide but can rapidly revert to active growth
upon the removal of stressors. In contrast, VBNC cells are unable to divide on standard
growth media even after stressors are removed, a characteristic that distinctly separates
VBNC from persister cells (15). Previous studies have also suggested that factors such as
slow growth, toxin-antitoxin modules like hipBA, and the ppGpp response are involved
in persister formation (16-19). These two dormant states share many similarities: both
VBNC and persister cells are characterized by low metabolic activity (18-20), which
implies a close relationship between them (16, 21-24).

VBNC pathogenic bacteria pose a significant threat to both food safety and public
health since they cannot be reliably detected through conventional testing methods
and can be resuscitated under specific conditions (25). It has been demonstrated that
treatment with various chemical and biological agents can promote VBNC resuscita-
tion, including resuscitation-promoting proteins, quorum-sensing agents, and even
co-incubation with amoeba (26-28). However, these resuscitation experiments were
conducted under conditions where the growth of remaining culturable cells was not
inhibited. The presence of even a few culturable cells could cause misinterpretation
of results, posing a challenge to the performance of VBNC resuscitation experiments.
Moreover, since the occurrence of VBNC and persister cells is asynchronous in individual
cells, previous studies relying on population measurement have not been sensitive
or accurate enough to detect subtle changes in a specific dormant state. The opti-
mal approach to investigating individual VBNC and persister cells is to use single-cell
time-lapse imaging for observation and cell state identification.

ATP is a critical energy source that engages in numerous cellular processes such as
DNA replication, biosynthesis, protein assembly, and biochemical reactions, as well as
being a regulatory molecule essential for protein phosphorylation (29). In addition to
these well-known functions, ATP has also been reported to act as a biological hydrotrope
(30) and can prevent the formation of, and dissolve, protein aggregates. Previous studies
have demonstrated that ATP-dependent protein aggregation can regulate the depth
of bacterial dormancy (18), and the appearance of Staphylococcus aureus persisters is
also associated with ATP depletion (31). A reduced intracellular ATP concentration is a
common feature of VBNC and persister cells; therefore, it is imperative to characterize the
intracellular ATP levels in different cellular states to gain a deeper understanding of their
formation.

In the present work, we employ the single-cell ratiometric ATP sensor QUEEN-7u to
directly assess the intracellular ATP concentration of individual bacterial cells. Through
VBNC and persister identification via time-lapse imaging, we identify an intracellu-
lar ATP concentration threshold of 12.5 pM that effectively distinguishes VBNC cells
from culturable cells. By utilizing fluorescence-activated cell sorting (FACS) based on
intracellular ATP concentration, we successfully enrich the VBNC cell population for
protein mass-spectrometry analysis, confirming that precipitation of proteins involved in
key biological processes (BPs) promotes the formation of VBNC cells. Moreover, we show
that increasing the intracellular ATP concentration effectively resuscitates VBNC cells.

RESULTS

Intracellular ATP levels are highly heterogeneous in late stationary-phase
bacteria

We investigated the intracellular ATP concentration of VBNC and persister cells utilizing
late stationary-phase Escherichia coli expressing QUEEN-7u (32). QUEEN-7u is a highly
sensitive fluorescence biosensor specifically engineered for measuring intracellular ATP
concentrations. It binds ATP with a dissociation constant (Kd) of 7.2 uM at 25°C, making
it well-suited for detecting micromole ATP level (32). It has been reported that nutrient
depletion resulting from prolonged culture drives a greater number of cells into VBNC
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and persister states (18). The average intracellular ATP level of E. coli in the late stationary
phase (24 h) was found to be less than 100 uM, which falls within the measurement
range of QUEEN-7u (32). First, to validate the applicability of QUEEN-7u in our study,
we monitored the ATP response of QUEEN-7u both in vitro and in vivo. As shown in Fig.
1a, the in vitro excitation spectra of QUEEN-7u at various ATP concentrations peaked
at 405 and 488 nm, corresponding to the ATP-bound and ATP-free forms, respectively
(33). The ratio of the fluorescence intensities of the peaks at 405 and 488 nm, denoted
as Ratio (405ex/488ex) or simply Ratio, changed in response to ATP concentration. We
constructed a response curve of the Ratio of purified QUEEN-7u to ATP concentrations
(Fig. 1b). At 25°C, the Kd of QUEEN-7u from ATP, calculated according to the calibration
curve, was 17.5 pM. This Kd value is slightly higher than that reported previously (32),
which may be attributed to the use of different instruments and imaging parameters.
Generally, the photostability of fluorescence proteins varies with excitation power (34).
According to the previous study, QUEEN-7u is sensitive to temperature; therefore, unless
specifically indicated, our imaging experiments were performed at 25°C (32).

We then validated the response of QUEEN-7u to ATP in vivo using standard ATP
depletion and recovery treatments in a population measurement experiment. Fluores-
cence imaging revealed successful expression of QUEEN-7u in E. coli cells (Fig. 1c). As
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FIG 1 Estimation of the intracellular ATP concentration in late stationary-phase E. coli cells using QUEEN-7p. (a) Excitation spectra of purified QUEEN-7p at
various ATP concentrations. (b) Ratio (405ex/488ex) of purified QUEEN-7 in response to ATP concentration. (c) Representative fluorescence images of QUEEN-7p
cells at 24 h stationary culture. Scale bar, 10 pm. (d) Sequential images of the ratio of QUEEN-7p cells at 24 h stationary culture after ATP depletion and M9 (1%
glucose) recovery treatment. Scale bar, 5 um. (e) Ratio of QUEEN-7p cells in response to ATP depletion and subsequent M9 (1% glucose) recovery treatment.
(f) Representative image of the Ratio of QUEEN-7u cells at 24 h stationary culture. Scale bar, 8 um. (g and h) Distribution of the Ratio and intracellular ATP
concentration of QUEEN-7p cells at 24 h stationary culture. (i) Intracellular ATP concentration of QUEEN-7u cells at 24 h stationary culture as estimated by the

luciferase assay and QUEEN-7u (n = 469). The horizontal line represents the mean, and the whiskers represent the SEM. All experiments were performed at 25°C.
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shown in Fig. 1d, the Ratio of QUEEN-7u cells at 24 h stationary culture decreased
rapidly following a 15 min exposure to the ATP depletion agents 2-deoxyglucose (2DG;
10 mM) and sodium azide (NaN3; 10 mM). After the cells were washed and replenished
with fresh M9 medium containing 1% glucose, the Ratio increased and recovered to
its initial level within 20 min (Fig. Te). To further validate the accuracy of intracellular
ATP concentration measurement in late stationary-phase bacteria using QUEEN-7u (Fig.
1f through h), we compared the results with those from the luciferase assay (Fig. 1i),
which were similar (QUEEN-7y, 45.0 £ 1.9 uM; luciferase assay, 50.2 + 2.5 uM). At the
single-cell level, the intracellular ATP concentration of QUEEN-7u cells at 24 h stationary
culture mainly ranged from several to 200 uM (Fig. 1h). Although a few cells exhibited
ATP concentration exceeding 200 pM, considering the sensor’s measurement is only
reliable within the detection range of 1-200 uM, our analysis primarily focused on cells
within this detection range. In summary, QUEEN-7u enables single-cell measurement
of the intracellular ATP concentration in late stationary-phase bacteria, validating its
applicability for subsequent experiments.

A threshold of intracellular ATP concentration separates VBNC cells from
culturable cells

Next, we investigated the intracellular ATP concentration of both VBNC and cultura-
ble cells from the late stationary phase culture. Specifically, we measured the Ratio
of QUEEN-7u expressed E. coli cells at 30 h stationary culture using high-throughput
fluorescence microscopy (Fig. S1a and b). We then replenished the cells with fresh
Luria-Bertani (LB) broth and monitored their resuscitation to determine their respective
cell states (VBNC or culturable). Our observations reveal that a subset of cells resumed
growth quickly, aligning with the conventional definition of culturable cells (Fig. 2a;
Movie S1). By contrast, a considerable proportion of the remaining cells showed no sign
of resuscitation (Fig. 2a; Movie S1) following the exclusion of dead cells via propidium
iodide (PI) staining (Fig. S1a). In the present study, we classified cells that did not
resuscitate within 16 h of LB culture under a microscope as VBNC cells (18). We further
compared the proportions of culturable cells defined by microscopy observation with
those from traditional plate cultivation. As shown in Fig. S2, the proportions were almost
identical, supporting our definitions of VBNC and culturable cells in this experimental
context.

After identifying VBNC and culturable cells, we proceeded to investigate their
intracellular ATP concentrations and found that VBNC cells (16.1 £ 1.2 uM) had a
significantly lower intracellular ATP concentration than culturable cells (55.8 + 6.8 uM;
Fig. 2b through d). Notably, the Ratios of all viable cells encompassing both VBNC and
culturable cells, as depicted by the black line in Fig. 2¢, exhibited a bimodal distribution.
Specifically, the intracellular ATP concentrations of VBNC cells were all below 32.5 uM,
while those of culturable cells were consistently above 12.5 pM (Fig. 2d). These observa-
tions suggest that when intracellular ATP concentrations drop below 12.5 uM, cells enter
the VBNC state, while ATP concentrations exceeding 32.5 uM, cells are culturable.
Therefore, an intracellular ATP concentration threshold of 12.5 uM can be used to
distinguish VBNC cells from culturable cells.

We further investigated the intracellular ATP concentration of VBNC and culturable
QUEEN-7u cells formed under other stress conditions (including CuSQy, citric acid, and
cold shock treatment), and the results were consistent with our findings from prolonged
culture. As shown in Fig. S3, the intracellular ATP concentration of VBNC cells was
significantly lower than that of culturable cells under these stress conditions. The
distribution of intracellular ATP concentrations also revealed that, at an intracellular ATP
concentration below 12.5 pM, cells were in the VBNC state (Fig. S3j through I). The
overlap in intracellular ATP concentration between the VBNC and culturable cells varied
across stress conditions (Fig. S3m); however, the threshold of 12.5 pM to distinguish
VBNC cells from culturable cells remained consistently valid. Our study uncovers an
interesting relationship between cell state and intracellular ATP concentration.
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FIG 2 The intracellular ATP concentration of VBNC cells is significantly lower than culturable cells. (a) Time-lapse images of VBNC (upper) and culturable (lower)
QUEEN-7p cells incubated with fresh LB medium during resuscitation. Scale bar, 5 um. (b) Fluorescence and ratio images of VBNC and culturable QUEEN-7p cells
before resuscitation, from the left panel. (c) Distribution of the Ratio of VBNC and culturable QUEEN-7u cells at 30 h stationary culture. The black line represents
the distribution of both VBNC and culturable cells. (d) Distribution of the intracellular ATP concentration of VBNC and culturable QUEEN-7p cells at 30 h stationary
culture. Data were obtained from 60 VBNC cells and 58 culturable cells. (e) Distributions of the ratio of QUEEN-7p cells at 30 h stationary culture measured
separately by microscopy (Ratio: V500-A/FITC-A in black) and FACS (Ratio: V500-A/FITC-A in orange). Both distributions are depicted as bimodal. (f) Distribution of
the Ratio (V500-A/FITC-A) of VBNC and culturable QUEEN-7p cells sorted by FACS. (g) Images of the Ratio (405ex/488ex) of VBNC and culturable QUEEN-7p cells
after FACS sorting from the right panel at 0 h. Scale bar, 5 um. (h) Time-lapse images of the resuscitation of VBNC (upper) and culturable (lower) QUEEN-7p cells
sorted by FACS. Time-lapse images represent the same field of view over time.

Subsequently, we explored the possibility of separating VBNC cells from culturable
cells in a bacterial population by FACS according to the intracellular ATP concentration.
Figure 2e shows that the Ratio (405ex/488ex) obtained from QUEEN-7u cells at 30 h
stationary culture exhibited a bimodal distribution as captured by both FACS and
fluorescence microscopy. To ensure comparability between the Ratios obtained from the
different instruments, we aligned the peaks of their respective bimodal distributions. Our
previous findings reveal that Ratios falling below 3.4 (corresponding to ATP <12.5 uM)
indicated cells in the VBNC state, while Ratios surpassing 4.6 (corresponding to
ATP >32.5 uM) highlighted cells in the culturable state. Consequently, when the Ratio
measured by FACS was under 66 k (as indicated by the red dashed line), the cells were
thought to be in the VBNC state, and when the Ratio exceeded 161 k (as indicated by the
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blue dashed line), the cells were assumed to be in the culturable state. Subsequently, we
employed a sequential gating strategy (Fig. S4) and FACS to sort VBNC and culturable
cells based on the Ratio (Fig. 2f).

To evaluate the precision of FACS, we conducted resuscitation experiments for each
cell group. As shown in Fig. 2g, the intracellular ATP concentration of sorted VBNC
cells was significantly lower than that of sorted culturable cells. Notably, sorted VBNC
cells showed no sign of resuscitation (Fig. 2h; Movie S2), while all sorted culturable
cells were successfully revived during extended LB culture under a microscope (Fig. 2h;
Movie S3). Additionally, the accuracy of VBNC cell sorting was confirmed to be 99%
through conventional plate cultivation. In summary, these findings demonstrate that
VBNC cells can be separated from culturable cells using FACS based on the intracellular
ATP concentration.

Precipitation of proteins involved in key biological processes promotes VBNC
cell formation

After the successful isolation of VBNC cells from culturable cells, we proceeded to
investigate their proteome to gain further insights into the mechanism of VBNC cell
formation. Under brightfield microscopy, we noticed that dark foci, demonstrated to
be protein aggresomes (18), often accompanied VBNC cells but were not present in
culturable cells (Fig. 3a). We then compared the soluble and precipitated insoluble
proteomes between VBNC and culturable cells using total protein mass-spectrometry
analysis (18), identifying 1,303 soluble and 1,406 insoluble proteins in VBNC cells, as well
as 1,043 soluble and 1,109 insoluble proteins in culturable cells (Table S3). As shown in
Fig. 3b, there were significant overlaps between the soluble and insoluble proteomes of
VBNC and culturable cells. Moreover, the overlap was more pronounced in VBNC cells
than in culturable cells, indicating that a greater number of proteins precipitated from
the cytoplasm in VBNC cells. Consistent with this observation, the ratio of insoluble
proteome abundance to total proteome abundance was notably higher in VBNC cells
compared to culturable cells (Fig. 3c).

To further understand the manner by which protein precipitation influences the
formation of VBNC cells, we investigated the proteins that were significantly increased in
the insoluble fraction or significantly decreased in the soluble fraction in VBNC cells in
comparison with culturable cells (Fig. 3d through i). The identification criteria were set at
a threshold of =2 (< 0.5) based on the ratio of their relative amounts. In total, we
identified 243 significantly increased insoluble proteins (increased insoluble proteome)
and 192 significantly decreased soluble proteins (decreased soluble proteome) in VBNC
cells (Table S3). The significantly increased insoluble proteins were found to be decreased
within the soluble protein fraction in VBNC cells (Fig. S5), suggesting their precipitation
from the cytoplasm. These results confirm that the formation of VBNC cells is accompa-
nied by an increased level of protein precipitation.

We annotated these significantly precipitated proteins into three main gene ontology
(GO) categories: BP, molecular function (MF), and cellular component (CC). The GO
enrichment analysis of BP revealed that proteins associated with small molecule
metabolic process, cellular amino acid metabolic process, and cellular detoxification
were enriched in both the increased insoluble proteome and the decreased soluble
proteome in VBNC cells, indicating their significant precipitation in VBNC cells (Fig. 3d, e
and j). Additionally, energy metabolism-related proteins, such as those involved in the
hexose metabolic process, alditol catabolic process, and polyol catabolic process, were
also significantly enriched in the increased insoluble proteome in VBNC cells. The results
for GO enrichment analysis of MF were consistent with those for the GO enrichment
analysis of BP. As shown in Fig. 3f and g, the GO enrichment analysis of MF indicated that
most of the significantly precipitated proteins were related to oxidoreductase activity,
which is crucial in bioenergetic metabolic pathways. Additionally, proteins related to
amino acid metabolism, such as endopeptidase activity, racemase and epimerase
activity, transferase activity, and serine-type endopeptidase activity, were also enriched
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in the increased insoluble proteome. Furthermore, the decreased soluble proteome in
VBNC cells exhibited a significant enrichment in antioxidant activity. Taken together,
these results suggest that proteins involved in metabolic activity, especially energy
metabolism and cellular amino acid metabolism, as well as cellular detoxification or
antioxidant activity, undergo significant precipitation during the formation of VBNC cells.

The GO enrichment analysis of CC revealed a significant enrichment of the oxidor-
eductase complex in the increased insoluble proteome and the cell envelope in the
decreased soluble proteome, indicating a reduction in energy generation and destruc-
tion of cell envelope integrity in VBNC cells. Surprisingly, we also observed an increase
in the abundance of certain proteins in the soluble fraction of VBNC cells compared to
culturable cells (increased soluble proteome), with prominent examples being ribosomal
subunit proteins rpoC, rpoB, ribonuclease R, and ribonuclease E (Table S3). Further
investigation uncovered that proteins associated with RNA binding, ribosome biogen-
esis, ribosome assembly, ribosome binding, and ribosome subunit were significantly
enriched in the increased soluble proteome (Fig. S6).

The precipitation of proteins involved in cellular amino acid metabolism, antioxidant
activity, and energy metabolism may lead to amino acid deficiency, reactive oxygen
species (ROS) accumulation, and ATP depletion in VBNC cells. To verify their impact on
the formation of VBNC cells, we conducted resuscitation experiments using FACS-sorted
VBNC cells supplemented with 1 X minimum essential medium (MEM) amino acids or
a specific combination of amino acids (methionine, glutamine, threonine, serine, and
asparagine) (35). Our results show that a limited number of VBNC cells were resuscitated,
with the mean culturable ratio increasing by 0.23% and 0.31%, respectively (Fig. 3k).
Additionally, we resuscitated VBNC cells by adding 5 U/pL antioxidant catalase (36),
one of the main endogenous antioxidant enzymes that protect cells from oxidative
damage by ROS (37), which resulted in a similar increase in the culturable ratio (0.37%).
The resuscitation experiments were performed directly on LB agar plates to eliminate
the potential influence of cell proliferation. These findings are consistent with previous
studies reporting that amino acids and catalase promote the resuscitation of bacterial
cells (35, 38). Taken together, our data suggest that while protein precipitation involved
in key biological processes may promote the formation of VBNC cells, the direct causality
and whether other factors play a role need further investigations.

An elevated intracellular ATP concentration facilitates the resuscitation of
VBNC cells

Next, we conducted resuscitation experiments by elevating the intracellular ATP
concentration. As mentioned previously, VBNC cells exhibit a significantly lower
intracellular ATP concentration than culturable cells. To elevate the intracellular ATP
concentration, we utilized proteorhodopsin (PR; Fig. S7), a light-powered proton pump
endogenously expressed in marine bacteria (39). It has been demonstrated that
light-activated PR-induced proton motive force can drive ATP synthesis (Fig. 4a) (40, 41).
Under 10 mW green light illumination, we observed a significant increase in the Ratio
of QUEEN-7u-PR cells at 30 h stationary culture, while the Ratio remained unchanged
without green light illumination (Fig. 4b and c). The mean cellular ATP concentration
increased from 41 to 56 uM within 3 min of illumination, peaked at 68 uM after 9
min of illumination, and remained high under continuous illumination (Fig. 4d). These
observations suggest that taking advantage of PR and green light illumination can
rapidly elevate the intracellular ATP concentration in bacterial cells.

Our earlier results revealed an intracellular ATP concentration threshold that can be
used to distinguish VBNC cells from culturable cells. Cells are considered culturable at an
intracellular ATP concentration above 32.5 uM and VBNC at an intracellular ATP concen-
tration below 12.5 uM. Interestingly, we observed that after 21 min of green light
illumination, the proportion of cells with an intracellular ATP concentration exceeding
32.5 uM was significantly increased, while the proportion of cells with an intracellular ATP
concentration below 12.5 uM was significantly decreased (Fig. 4e). This finding suggests
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FIG 4 Increasing the intracellular ATP concentration promotes resuscitation of VBNC cells. (a) Schematic diagram illustrating the mechanism of PR-dependent
ATP synthesis. (b) Sequential images of the Ratio of QUEEN-7p-PR cells at 30 h stationary culture in the presence or absence of green light illumination. (c and
d) The sequential mean Ratio and intracellular ATP concentration in QUEEN-7p-PR cells at 30 h stationary culture in the presence or absence of green light
illumination. (e) Distribution of the ATP concentration of QUEEN-7u-PR cells at 30 h stationary culture prior to and following 21 min of green light illumination.
(Inset) Comparison of the relative frequency of an intracellular ATP concentration lower than 12.5 uM and higher than 32.5 uM prior to and following green
light illumination. (f) Culturability of QUEEN-7u-PR cells at 30 h stationary culture in the presence or absence of green light illumination. Cells were incubated
in phosphate-buffered saline (PBS) with exogenously added all-trans retinal. The normalized culturable rate is the ratio of the colony-formation unit (CFU) count
after a certain incubation time to the mean CFU count after 1 h of incubation. All CFU experiments were performed in triplicate. All-trans retinal (20 uM) was

added during cell culture. Error bars indicate SEM.

that some cells in the VBNC state may transform into the culturable state following
elevation of their intracellular ATP concentration. To test this hypothesis, we conducted a
resuscitation experiment in QUEEN-7u-PR cells at 30 h stationary culture under green
light illumination in nutrient-deficient phosphate-buffered saline (PBS). As shown in Fig.
4f, the normalized culturable rate was significantly increased by almost 40% following 2
h of green light illumination. Conversely, in the absence of green light illumination, the
normalized culturable rate gradually decreased as cells transitioned from the culturable
state into the VBNC state during culture in nutrient-deficient PBS. We also conducted a
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resuscitation experiment with the cells cultured directly on LB plates and found that the
normalized culturable rate increased by 11% after 8 h of green light illumination (Fig. S8).
All-trans retinal (20 uM) was added during these resuscitation experiments. The reason
that the resuscitation ratio for cells cultured on plates was lower than that for cells
cultured in PBS may be the slow exchange rate of all-trans retinal on solid medium. Taken
together, these results suggest that VBNC cells can be significantly resuscitated by
elevating the intracellular ATP concentration via green light-illuminated PR.

The link between intracellular ATP concentration and antibiotic tolerance

We further explored the relationship between intracellular ATP concentration and
bacterial fitness under antibiotic attack. We focused on the late stationary phase in which
the intracellular ATP concentration displayed significant cell-to-cell heterogeneity (Fig.
1h). We monitored the intracellular ATP concentration and cell fate of QUEEN-7u cells
at 24 h stationary culture under 50 pg/mL (12.5 X minimum inhibitory concentration)
ampicillin treatment for 240 min. The antibiotic killing and subsequent resuscitation
were tracked in real-time at the single-cell level (Fig. 5a). Antibiotic treatment was
carried out in fresh M9 medium supplemented with 1% glucose, while resuscitation
was conducted in LB medium. According to their behavior, we categorized cells into
three groups: “antibiotic-sensitive cells,” undergoing lysis or being stained by Pl during
ampicillin treatment; “persisters,” surviving antibiotic treatment and being resuscitated
during LB incubation following antibiotic removal; and “VBNC cells,” also surviving
antibiotic treatment but remaining nonculturable during the 16 h LB incubation after
antibiotic removal. As shown in Fig. 5a and b, these three groups of cells displayed
distinct initial intracellular ATP concentrations prior to ampicillin treatment. Antibiotic-
sensitive cells exhibited the highest mean intracellular ATP concentration, followed
by persisters, while VBNC cells displayed the lowest (Fig. 5b and c). This observation
aligns with previous research emphasizing the pivotal role of bacterial metabolic state
in antibiotic lethality (42). Our study further delves into single-cell analysis, revealing
that cells with higher intracellular ATP concentration are more prone to being antibiotic-
sensitive by antibiotics. The overlap in ATP concentrations between antibiotic-sensitive
cells and persisters suggests that factors other than ATP level may also influence cell
states. It is generally believed that the VBNC and persister states represent two dormant
phenotypes that span the spectrum between actively growing and non-viable cells.
The intracellular ATP concentration of VBNC cells was found to be lower than that of
persisters, suggesting that VBNC cells are in a deeper state of dormancy than persisters.
Remarkably, VBNC cells exhibited an intracellular ATP concentration lower than
32.5 uM in this experiment (Fig. 5e), which is consistent with that of VBNC cells by
prolonged culture and indicates that these cells may have already entered the VBNC
state prior to antibiotic treatment. Additionally, persisters displayed a relatively low
intracellular ATP concentration ranging from 12.5 to 80 pM. Previous studies have
suggested that persisters represent a transitory state leading to VBNC cells (21, 22), and
the low intracellular ATP concentration in both VBNC and persister cells implies a close
relationship between these two phenomena. Furthermore, an intracellular ATP concen-
tration exceeding 80 pM led to cell death. We then investigated the dynamics of
intracellular ATP concentration to further understand how it changes during antibiotic
treatment (Fig. 5f and h). We found that VBNC cells maintained a low intracellular ATP
concentration throughout antibiotic treatment, while the ATP concentration rapidly
decreased in dead cells. In contrast, the intracellular ATP concentration of persisters
fluctuated during antibiotic treatment. Taken together, these results highlight the
relationship between intracellular ATP concentration and antibiotic tolerance. Antibiotic-
tolerant persisters showing an intermediate intracellular ATP concentration were
resuscitated, while cells with a high intracellular ATP concentration underwent cell death,
and cells with an ultra-low intracellular ATP concentration remained non-resuscitative
after antibiotic treatment. These findings suggest that bacterial cell fate during antibiotic
treatment can be predicted simply by assessing the intracellular ATP concentration.
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FIG 5 Role of the intracellular ATP concentration and heterogeneity in antibiotic tolerance. (a) Time-lapse images of QUEEN-7p cells at 24 h stationary culture
during ampicillin treatment and subsequent resuscitation. Time-lapse images represent the same field of view over time. Arrows indicate persister cells, while
circles indicate VBNC cells. Scale bar, 5 um. (b) Comparison of the intracellular ATP concentration among antibiotic-sensitive cells, persisters, and VBNC cells prior
to ampicillin treatment. The distribution of the intracellular ATP concentration within each group is Log-normal estimated. (c) Intracellular ATP concentration
distribution in antibiotic-sensitive cells, persisters, and VBNC cells prior to ampicillin treatment. (d-f) Dynamics of the intracellular ATP concentration in
antibiotic-sensitive cells (d), persisters (e), and VBNC cells (f) during ampicillin treatment. A representative example of 20 cells selected at random illustrates
dynamic changes in the intracellular ATP concentration. Error bars indicate SEM.

DISCUSSION

The VBNC and persister states are two dormant phenotypes characterized by low
metabolic activity. At present, a significant challenge in addressing the VBNC phenom-
enon is the lack of precise identification and detection techniques, posing a considera-
ble threat to food safety and public health (25). Following exposure to stress stimuli,
VBNC cells undergo complex changes, including suppressed DNA replication, reduced
macromolecular synthesis, increased oxidative stress, and membrane damage (8-11, 43—
47). These changes are accompanied by a reduction in intracellular ATP concentration,
establishing a physiological environment conducive to the formation of VBNC cells. To
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investigate this phenomenon, we employed the single-cell ATP biosensor QUEEN-7u to
quantitate the intracellular ATP concentration of individual VBNC cells. Remarkably, we
observed a significant decrease in the intracellular ATP concentration in VBNC cells and
were able to identify a threshold of 12.5 uM that effectively distinguishes VBNC cells from
their culturable counterparts. Utilizing FACS and this threshold, we successfully isolated
VBNC cells from culturable cells, demonstrating the potential of the intracellular ATP
concentration as a valuable indicator for the identification of individual VBNC cells.

Proteomic analysis suggests that protein precipitation, such as ribosome-associated
proteins, may promote the formation of VBNC cells. Previous studies have reported
a decrease in ribosome numbers within VBNC cells (48), accompanied by a notable
reduction in the expression levels of ribosome-associated proteins compared to normal
cells (49). We speculated that the observed increase in the abundance of ribosome-
associated proteins in VBNC cells primarily results from ribosome disintegration or
incomplete assembly, a phenomenon likely driven by the diminished intracellular ATP
concentration. Additionally, ATP has also been reported to decrease the solubility of
RNA-binding and ribosomal proteins (50, 51). Therefore, the decreased intracellular ATP
concentration may be responsible for the release of a large number of ribosome-associ-
ated proteins observed in our study.

The most notable finding of the present study is that a substantial proportion of VBNC
cells can be resuscitated after increasing the intracellular ATP concentration back to that
of culturable cells. One of our previous studies already demonstrated that ATP-depend-
ent protein aggregation can influence the depth of bacterial dormancy (18), and our
present observations further establish a direct correlation between intracellular ATP
levels and bacterial cell fate. Notably, cellular processes driven by ATP typically require
ATP concentrations ranging from 10 to 500 uM (52); however, in culturable cells, the
cytoplasmic ATP concentration is 10-100 times higher. Previous works have proposed
that at a high concentration, ATP acts as a biological hydrotrope capable of preventing
the formation of and dissolving protein aggregates (53, 54). Therefore, it can be inferred
that during the early VBNC state, the decreased intracellular ATP concentration not only
directly decelerates various cellular processes but also promotes protein precipitation.
Conversely, elevating the intracellular ATP concentration accelerates cellular processes
and facilitates the dissolution of precipitated proteins, resulting in a transformation of
VBNC cells back to normal cells. We utilized PR in our experiments, which is prevalent in
marine bacteria, to elevate the intracellular ATP concentration of E. coli cells. Our results
imply that the strategy of increasing intracellular ATP concentration to resuscitate from
VBNC states may potentially occur in the natural environment.

The growing concern over antibiotic therapy failure has inspired a surge in research
on antibiotic persistence. Our persister-related findings emphasize the crucial role of
intracellular ATP concentration in determining cell fate during antibiotic treatment.
Specifically, persisters exhibited an intermediate intracellular ATP concentration, while
cells with an intracellular ATP concentration exceeding 80 uM ultimately experienced cell
death. This corroborates the protective role of slow growth, which shields bacteria from
the bactericidal effects of many antibiotics. However, there is a significant overlap in ATP
levels between antibiotic-sensitive cells and persisters, suggesting that ATP concentra-
tion alone does not strictly dictate cell fate during antibiotic exposure. Previous studies
suggest that the expression of specific genes such as hipBA, TisB, TolC, hipBA, and ppGpp
may be associated with the formation of persisters (55, 56).

Additionally, under antibiotic exposure, both VBNCs and persisters coexist, suggest-
ing that persistence and the VBNC state are triggered by similar environmental stressors.
This similarity underscores their relatedness. Moreover, the intracellular ATP concentra-
tions of VBNC cells were found to be lower than those in persisters, indicating that
VBNC cells are in a deeper state of dormancy. In contrast, persisters serve as a tran-
sitional state between antibiotic-sensitive and VBNC phenotypes (21). While various
molecular mechanisms contribute to persister formation, our findings strongly suggest
that decreased intracellular ATP concentration is a central physiological characteristic
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associated with persistence. Considering these findings, it appears plausible to eradicate
persisters by elevating their intracellular ATP concentration and subsequently employing
conventional antibiotics to eliminate the reactivated cells.

Taken together, our findings highlight intracellular ATP concentration as a key
regulator of bacterial cell fate, which provides a new perspective for understanding
bacterial dormancy and holds potential for the development of new clinical treatment
strategies against persisters and VBNC cells.

MATERIALS AND METHODS
Bacterial strains and plasmid construction

The wild-type strain used in this study was MG1655, which was kindly provided by the
Yale Genetic Stock Center (CGSC#:6300). The plasmids essential for our experiments are
listed in Table S1, and the corresponding primers used for subcloning are listed in Table
S2. The pRSET::QUEEN-7u and pET:proteorhodopsin plasmids were generously provided
by Dr. Hideyuki Yaginuma and Dr. Qiong Wu, respectively. The proteorhodopsin PCR
product was assembled into the pRSET:QUEEN-7u plasmid using the in vitro Gibson
assembly method. The resulting plasmids, pRSET::QUEEN-7y, pET::proteorhodopsin, and
pRSET::QUEEN-7p-proteorhodopsin were introduced into MG1655 via electroporation.
Subsequently, the transformed bacterial strains were cultured as follows: QUEEN-7u and
QUEEN-7p-proteorhodopsin in LB medium supplemented with 25 pg/mL chlorampheni-
col, and the proteorhodopsin strain in LB medium containing 50 pg/mL kanamycin.

Reagents

Methionine, glutamine, threonine, serine, asparagine, catalase, and 50 x MEM amino
acids solution were purchased from Sigma-Aldrich. Kanamycin, ampicillin, chlorampheni-
col, and other antibiotics were obtained from TransGen Biotech. The luminescent ATP
detection assay kit employed in this study was acquired from Promega. D-2-deoxyglu-
cose, an ATP depletion reagent, was bought from Sigma and sodium azide from Amresco.
Pl was obtained from Invitrogen, while PBS was purchased from Gibco. Unless otherwise
stated, all other chemicals used in this study were procured from Sigma-Aldrich.

Purification and characterization of QUEEN-7p

The QUEEN-7p protein was purified from QUEEN-7u E. coli cells cultured in LB medium
following previously established protocols (32) and subsequently stored at —80°C. In vitro
characterization of the protein was carried out using buffer C (50 mM HEPES, 200 mM
KCl, 1 mM MgCl,, and 0.05% Triton X-100) at 25°C. To assess the excitation spectra of
QUEEN-7u under varying ATP concentrations, a freshly prepared ATP stock solution was
introduced into the protein solution to modify the ATP concentration. Once the solution
stabilized, excitation was measured at wavelengths spanning 310-504 nm, with the
emitted fluorescence recorded at 513 nm, utilizing a fluorescence spectrometer (F7000,
Hitachi). To further investigate the relationship between the Ratio (405ex/488ex) of
QUEEN-7u and ATP concentration under the microscope, a 10 pg/mL purified QUEEN-7p
solution in buffer C at different ATP concentrations was injected into a channel formed
by two coverslips separated by double-sided tape and subsequently imaged. The
exposure time for 405 and 488 nm excitation was 200 and 150 ms, respectively. The
fluorescence intensity of each channel was averaged from four different images, and the
Ratio (405ex/488ex) was computed based on the mean values for each channel after
background subtraction. Subsequently, we applied a Hill equation to fit the QUEEN-7u
calibration curve for Ratio (405ex/488ex), yielding a Kd of 17.5 uM.
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Imaging

Brightfield and fluorescence imaging were conducted using a fluorescence microscope
(Axio Observer Z1, Zeiss) equipped with a 100x oil-immersion objective (1.46 N.A.), an
EMCCD camera (Evolve 512, Photometrics), and three different lasers: a 405 nm laser
(OBIS405, Coherent) and a 488 nm laser (Sapphire 488, Coherent) for QUEEN-7u imaging
(ET525/50M), in addition to a 561 nm laser (Sapphire 561, Coherent) for Pl imaging
(ET605/70M). The microscope is also equipped with a Flow Cell System (FCS2, Bioptechs)
for prolonged bacterial culture and time-lapse imaging. Prior to imaging, VBNC cells were
sorted by flow cytometry (Aria SORP, BD), while late stationary phase cells were washed
and resuspended in PBS. Subsequently, they were applied to a gel pad containing 3%
low-melting temperature agarose, centrally located within the FCS2 chamber. Cells were
imaged under both brightfield and fluorescence illumination at 25°C. To estimate the
cellular ATP concentration using QUEEN-7p, we imaged the cells with identical parame-
ters to those employed for measuring the dose-response curve of purified QUEEN-7p
to ATP concentration. During the time-lapse imaging, the culture medium was injected
into the chamber using an injection pump (LSP02-2B, LongerPump). The regrowth of late
stationary phase cells or VBNC cells was recorded as movie files at 20 min per frame for
16 h.

Image processing

Custom MATLAB routines were employed for image analyses. Initially, cell segmenta-
tion was performed on the brightfield image, which was then converted into a binary
image to facilitate the identification of intracellular and extracellular regions within the
fluorescence image. For each channel and view, the images underwent background
correction and removal of saturated pixels. Subsequently, the background-subtracted
images were used to calculate the Ratio (405ex/488ex) for each individual cell, relying on
the mean intensities of the respective channels. Cells displaying fluorescence intensities
lower than the background in either channel were excluded from the data set. Given
the minimal autofluorescence of wild-type MG1655 cells, no autofluorescence correction
was applied during the experimental analysis. Finally, the Ratio of individual bacterial
cells was converted into an ATP concentration by reference to the dose-response curve
obtained using purified QUEEN-7p.

Identification of VBNC and persister cells

VBNC cells represent a bacterial subpopulation that remains viable but does not undergo
division on standard culture media, whereas persister cells exhibit phenotypic antibiotic
tolerance. Here, the Flow Cell System FCS2 was utilized for prolonged bacterial culture
and time-lapse imaging. To identify VBNC cells, late stationary phase E. coli cells or
log-phase E. coli cells were subjected to various treatments: 20 pM CuSQOy4 for 12 h, citric
acid (pH 4.0) for 1 h, or cold shock at —20°C for 1 h. After the treatment, cells were
washed and subsequently cultured in LB medium under a microscope. VBNC cells were
identified by a lack of division following a 16 h incubation in LB medium. Additionally,
Pl staining was employed to exclude dead cells from the analysis. For the identification
of persister cells, late stationary phase E. coli cells were treated with 50 pg/mL ampicillin
for 240 min under a microscope. Following antibiotic treatment, cells were resuscitated
by incubation in LB culture after the removal of the antibiotic. Persisters were identified
among the surviving cells that were successfully resuscitated during LB incubation.

ATP measurement using the luciferase assay

The cellular ATP concentration of cells at 24 h stationary culture was quantitated using
a commercially available BacTiter-Glo Microbial Cell Viability Assay Kit (Promega, G8231).
Briefly, after 24 h of culture, QUEEN-7u cells were washed and resuspended in PBS, and
then 100 pL cell suspension and 100 pL reagent from the kit were combined in an
opaque-walled 96-well plate. The plate was incubated on an orbital shaker for 5 min,
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and the luminescence was promptly measured using a multi-mode microplate reader
(Cytation5, BioTek). The luminescence intensity indicated the intracellular ATP concentra-
tion, which was normalized based on the cell number and single-cell column. Determi-
nation of cell number and cell volume was accomplished by brightfield imaging. For
each experimental setup, including the blank and experimental groups, quadruplicate
samples were established. To account for background noise, the mean value of the blank
group was subtracted from the recorded luminescence values.

Flow cytometry and cell sorting

Flow cytometry and cell sorting were conducted using a BD FACSAria SORP Cell
Sorter. Prior to cell sorting, the Ratio (405ex/488ex) distribution of QUEEN-7p cells at
30 h stationary culture was measured by flow cytometry. Briefly, QUEEN-7p cells were
washed and resuspended in PBS after 30 h of LB culture. After staining with Pl for
15 min, the cell suspension was carefully filtered into a FACS tube (BD) for further flow
cytometry analysis. Pl fluorescence, serving as an indicator of cell viability, was excited
using a 561 nm laser and collected through a 610/20 band-pass filter (PE channel).
Simultaneously, the green fluorescence emitted by QUEEN-7y, excited by both the 405
and 488 nm lasers, was collected through a 530/30 band-pass filter (V500 and FITC
channel). Flow cytometry data were analyzed using the FlowJo v10.8 Software (BD Life
Sciences). Following the exclusion of P+ cells, the Ratio of QUEEN-7u cells was calculated
based on the fluorescence intensities recorded in the V500-A and FITC-A channels. After
flow cytometry analysis, cell sorting was conducted by implementing the sequential
gating strategies as illustrated in Fig. S3, employing a 70 pum nozzle. Single cells were
identified based on their side and forward scatter areas. Live cells were distinguished
by their Pl fluorescence intensity. QUEEN-7p+ cells were gated using the fluorescence
intensity observed in both the V500-A and FITC-A channels to eliminate cells with low
fluorescence intensities. Finally, VBNC and culturable cells were gated based on the Ratio
(V500-A/FITC-A). A constant rate of 10,000 events/s was maintained during cell sorting.
After sorting, cells were centrifuged at 10,000 X g for 5 min and resuspended in PBS for
subsequent imaging and proteome analysis.

Isolation of the soluble and insoluble proteomes

The method used to isolate the soluble and insoluble proteomes from VBNC and
culturable cells was adapted from Tomoyasu et al. (57). Briefly, VBNC and culturable
cells, sorted by FACS, were rapidly cooled on ice and subjected to centrifugation at
10,000 x g (4°C) for 5 min to remove the culture media. Subsequently, cells were
resuspended in 40 pL buffer A (10 mM potassium phosphate buffer, pH 6.5, 1 mM EDTA,
and 0.1 pg/pL lysozyme) and incubated on ice for 30 min. Following the incubation,
sonication was carried out for 30 min at 4°C to disrupt the cells, and intact cells were
removed from the lysate by centrifugation at 2,000 x g (4°C) for 2 min. The supernatant,
which contained the soluble proteome, was isolated by centrifugation at 15,000 x g
(4°C) for 20 min, while the insoluble proteome remained in the pellet. The pellet fraction
was then resuspended in 1,000 pL buffer C (10 mM potassium phosphate buffer, pH
6.5, 1 mM EDTA, and 2% NP40) to dissolve membrane proteins. Additional sonification
(30 min) and centrifugation (15,000 X g, 20 min, 4°C) were carried out to isolate the
insoluble proteome. The NP40-insoluble pellet was washed with 1,000 pL buffer B
(10 mM potassium phosphate buffer, pH 6.5, and T mM EDTA) and resuspended in 40
pL buffer B through brief sonification. Finally, the soluble and insoluble proteomes were
analyzed by 12% SDS-PAGE and stained with Coomassie brilliant blue.

GO enrichment analysis

Prior to conducting GO enrichment analysis, the R package clusterProfiler (v3.13)
and R studio (v4.1.1) software were used to convert the protein identifiers obtained
from protein mass spectrometry analysis to their corresponding gene identifiers in
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the Kyoto Encyclopedia of Genes and Genomes database. Subsequently, the signifi-
cantly increased insoluble proteome, significantly decreased soluble proteome, and
significantly increased soluble proteome were identified in VBNC cells in comparison
with culturable cells. This identification was based on the ratio of relative cumulative
peptide intensities, with the threshold set at >2 (<0.5). Finally, GO enrichment analysis
was conducted on these proteome data sets using the clusterProfiler package and
the enrichGO function, encompassing assessments of biological processes, molecular
functions, and cellular components.

Resuscitation assay

To eliminate the potential influence of cell proliferation, the resuscitation assay was
conducted using either agar plates or non-nutritive PBS medium. For resuscitation assays
involving amino acids and catalase, 100 puL FACS-sorted VBNC cells were mixed with
100 pL resuscitation reagent and evenly spread onto LB agar plates. The resuscitation
reagents included catalase (5 U/uL), T x MEM amino acids solution, and a specific
combination of amino acids (40 ug/mL each methionine, glutamine, threonine, serine,
and asparagine) (35). In the resuscitation assay by ATP elevation, QUEEN-7u-PR cells
at 30 h stationary culture were washed, resuspended in PBS, and then incubated in a
shaker (200 rpm) at 37°C in the presence or absence of 2 mW green light illumination.
To minimize the potential impact of light, the green light was cycled for 5 min on and
35 min off. Additionally, 20 uM all-trans retinal was introduced during the resuscitation
assay. After a specific period of illumination, 10 pL bacterial samples were collected,
diluted in PBS buffer, and subsequently plated onto LB agar plates for overnight culture
at 37°C. After 24 h, colony-formation unit (CFU) counting was performed. The ratio of
culturable cells was determined by dividing the CFU count by the number of FACS-sorted
cells. The increase in ratio of culturable cells after adding amino acid or catalase was
defined as the resuscitation ratio. Each experiment was carried out in triplicate.
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