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Abstract
We aim to develop a quantitative viability method that distinguishes individual quiescent from dead cells and is measured in time (ns) as a referenceable, comparable quantity. We demonstrate that fluorescence lifetime imaging of an anionic, fluorescent membrane voltage probe fulfills these requirements for Streptococcus mutans. A random forest machine learning model assesses whether individual S. mutans can be correctly classified into their original populations: stationary phase (quiescent) (SP), heat killed (HK), and inactivated via chemical fixation. We compare the results to intensity using three models: lifetime variables (1, 2, p1), phasor variables (G, S) or all five variables, with the 5 variable model having the most accurate classification. This initial work affirms the potential for using fluorescence lifetime of a membrane voltage probe as a viability marker for quiescent bacteria, and future efforts on other bacterial species and fluorophores will help refine this approach.
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1	INTRODUCTION 

Viability is a critical metric for the development of microbial therapeutics, probiotics and other antimicrobial treatments. Demonstrating product efficacy is tied to how well microbial viability can be measured. According to Emerson,1 bacteria that are viable, or in other words “live”, should have an (a) intact membrane, (b) DNA capable of replication, and (c) metabolism or energy production. Detection of viable bacteria, however, can be difficult as it is estimated that the vast majority of viable bacteria in the environment exist in a dormant state, a characteristic of viable but not culturable (VBNC) bacteria.2 Although quantifying bacteria undergoing growth is routine, accurate quantification of quiescent bacteria (also known as “dormant,” “persister” or VBNC) with current assays remains a significant challenge.1
Although most bacteria strains are not culturable in the lab, the “gold standard” for quantifying viable bacteria is to plate them on a nutrient-rich agar substrate and count the number of colonies grown, reporting colony forming units (CFUs). The advantage of counting CFUs is the relative low cost, ease of executing the measurement, and the wide concentration range that is accessible. Disadvantages include the length of time to achieve countable colonies (> 1 day) and counting error introduced by assuming one colony is formed from a single bacterium. Quiescent bacteria, if they grow at all, may grow at a much slower rate than their faster growing counterparts, leading to increased error in CFUs. 
Metabolic and enzymatic activity assays are fluorescence measurements used as a proxy for cell viability and are most effective with actively growing bacteria. The 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) 3 assay measures the red, fluorescent formazan product produced by the reduction of CTC by the electron transport chain from cellular respiration that occurs in the membrane. Additionally, CTC has been shown to be toxic and can therefore underestimate the number of viable cells.4 In the fluorescein diacetate (FDA)5 assay, hydrolysis via non-specific enzymatic activity activates the fluorescence in the cell interior or membrane. Using such assays for bacteria in a quiescent state, though, is difficult due to low respiration. 
Viability has also been measured by membrane integrity using live/dead fluorophores.6 This is usually performed by incubating the bacteria with a set of DNA binding dyes: one that diffuses into live cells (e.g. Syto 9) and another that only penetrates compromised membranes (e. g. Propidium Iodide (PI)). PI displaces Syto 9 from the DNA due to 2X greater binding efficiency, although that relationship is not universally true for different bacterial strains.6 The fundamental though fallacious assumption is that bacteria with compromised membranes are dead; though, it has been shown that some species with high membrane potential, also referred to as membrane voltage, such as Bacillus subtilis, can stain dead in early growth phase. 7 Another source of uncertainty is the absorption of photons by the PI from the Syto 9 emission, which will suppress the Syto 9 signal. Another membrane integrity technique gaining prominence is viability PCR. In this method, bacteria are incubated with propidium monoazide (PMA). Like PI, PMA enters only bacteria with compromised membranes and binds to DNA. The difference is that PMA can then be crosslinked to DNA by exposure to ultraviolet light, making the DNA not amenable to amplification. The ratio between the DNA amplified in the PMA treated and non-treated samples is the viability measure.8 However, questions remain about whether DNA from dead bacteria is completely neutralized.9 Given the difficulty in reliably quantifying quiescent bacteria, new tools are being explored that exploit other characteristics of the cell membrane. 
	When bacteria enter a quiescent phenotype due to environmental pressure, they slow down or stop major functions such as transcription, translation and metabolism.10 This is thought to be a strategy of non-response to a potentially lethal external threat. For vegetative bacteria, one aspect of their viability that is always maintained at some nominal level is membrane potential.11 Without it, the equilibrium that drives the majority of cellular processes would not exist. Therefore, detecting the presence of a membrane potential could be a robust method for measuring viability of the entire population or individuals. 
Membrane potential ( and pH (pH) are the two components of the proton motive force (PMF), which is the process that drives the generation of ATP.12 The contribution of pH to the PMF is variable: whether the species is an acidophile, alkalinophile or neutralphile. For neutralphiles, which represent most strains of interest, the pH contribution to the PMF is small compared to . 13 Membrane voltage probes are a class of fluorescent dyes that equilibrate across membranes in a Nernstian fashion, where the membrane voltage is proportional to the ratio of the internal to external dye concentration.14 The probes carry either a positive or negative charge. Cationic fluorophores accumulate within live bacteria and have been the topic of extensive research.15 Cationic fluorophores have been reported to accumulate in the mitochondria of eukaryotic cells and become toxic, so anionic fluorophores have also been utilized.16 
Anionic fluorophores are excluded from the membrane interior in proportion to the membrane voltage and therefore have a lower risk for toxicity than their cationic counterparts. When bacteria are no longer viable, anionic fluorophores are free to diffuse into the depolarized cells and bind with cationic compounds and lipids, leading to an increase in fluorescence intensity compared to live cells.17 The anionic fluorophore selected for this study is bis-(1,3-Dibutylbarbituric Acid)Trimethine Oxonol (DiBAC4(3)),  a slow-response membrane potential probe that responds on the scale of seconds.17 DiBAC4(3) has been used in a variety of ways to measure the membrane voltage of mammalian cells.  Warren and Payne18 used DiBAC4(3) in flow cytometry and fluorescence microscopy to monitor membrane voltage of cell lines commonly used in biomanufacturing and cancer research in response to nanoparticles with different surface chemistries. The role of a chemoattractant in the response of neutrophil membrane potential in a hemorrhagic shock model was also investigated.19 Lastly, DiBAC4(3) was introduced to demonstrate that electrical stimulation of mesenchymal stem cells leads to increased membrane potential during proliferation and decreased membrane potential during differentiation, compared to the no electrical stimulation control. 20
[bookmark: _Hlk79671151]DiBAC4(3) and other oxonol probes have been used most often to interrogate bacteria in bioprocessing and antibiotic/antimicrobial development and testing.21-23 In the work by David et al.,24 single cell analysis of antibody producing Bacillus megaterium showed cells in high and low production populations could be identified as live, metabolically active, depolarized, dormant, and dead using three different oxonol probes. Nuding et al. developed a rapid antimicrobial susceptibility test using flow cytometry and DiBAC4(3). 25, 26 She then extended the method to clinical microbiology of 67 culture isolates and reference strains, demonstrating the broad application of this method and excellent agreement with conventional disk susceptibility tests.27 Rezaeinejad and Ivanov28 quantified population heterogeneity of Escherichia coli that were starved for 40 d. Flow cytometry showed that approximately 50 % of the population remained viable using DiBAC4(3) whereas the CTC assay indicated only 5 % of E. coli were viable. The literature discussed above shows that DiBAC4(3) is a reliable viability indicator for a large variety of bacterial strains.  
[bookmark: _Hlk33695753]Correlating fluorescence intensity to any biological or material property is complicated by confounding effects. Many bacterial communities exist as singlets, doublets and larger aggregates, and fluorescence intensity correlates with bacteria size. Fluorescence intensity measurements can become skewed from sample scattering, out of focal plane objects, dye photobleaching and quenching, and concentration effects, although careful comparison against a calibration curve can help identify the extent to which these effects influence the signal. Background fluorescence as well as sample autofluorescence can degrade the signal-to-noise and make it difficult to separate out the desired signal. The instrument response function also influences intensity, complicating comparability between instruments. Using the lifetime response of the fluorophore can overcome many of the drawbacks of intensity measurements.  According to Berezin and Achilefu,29 fluorescence lifetime is independent of fluorophore concentration, intensity and photobleaching, with dependency at certain extremes. Lifetime is also controlled by the local fluorophore environment, making it easier to segment fluorescence from sample, background and autofluorescence. Units of fluorescence lifetime are nanoseconds (ns), enabling direct comparison among experiment replicates and between instruments. There are additional reviews discussing time resolved fluorescence methods30 and their application in biology.29 
Other researchers have used shifts of phasor plots of autofluorescent reduced nicotinamide adenine dinucleotide (phosphate), NAD(P)H to track the metabolic state of E. coli and other bacteria under growth conditions and under stress induced from antibiotic exposure but did not focus on quiescent bacteria.31 In this paper, we provide evidence that fluorescence lifetime imaging (FLIM) could be used as an absolute viability measure of individual, quiescent bacteria using Streptococcus mutans, a key oral pathogen related to dental caries.  We show that the traditional method of interrogating bacteria viability using intensity of an anionic fluorescent membrane voltage fluorophore results in significant average population intensity differences between stationary phase (a proxy for the quiescent state) and dead S. mutans killed using two common treatments: heat and chemical fixation. We see the same result for mean fluorescence lifetime variables. However, to understand the characteristics of a population, information on bacteria viability must be known on the scale of individual bacteria. We use the pixel-level information about bacteria in a machine learning classifier to identify stationary phase or dead individuals and test which combination of metrics provides the most robust differentiation between the viable and non-viable bacteria. Though the presented work successfully demonstrates the use of voltage sensitive fluorophores for FLIM in order to classify the viability of microbes, further refinements and improvements of the method could further enhance these results. Other classifiers – some traditional, such as support vector machines (SVM),32 or newer methods such as the recently published D-squared method that also demonstrated promising results classifying FLIM data from clinical specimens.33


2	EXPERIMENTAL SECTION

2.1	Cell Culture
Planktonic cultures of S. mutans 34 (Clarke UA159, American Type Culture Collection)35 were inoculated from frozen stock and grown overnight  at 37oC in 5% CO2 to stationary phase (SP) in Todd Hewitt Broth (THB) (VWR International). The approximate time to stationary phase (SP) was 10 h, and most samples were within 8 h of reaching stationary phase. The stationary phase optical density (OD) used was 0.96 to 1.10, where an OD of 1.0 corresponded to 1.0 x 106 CFU/mL. All samples were centrifuged at 0.6 (10,000 x g) for 4 min and resuspended twice in either near isotonic saline (0.85 % mass fraction NaCl, pH 6.4) or phosphate buffered saline (PBS, Gibco, pH 7.4) to test the sensitivity of the DiBAC4(3) FLIM response to two different but commonly used solutions for microbial experiments. Heat killed samples were made to be a dead control to which the lifetime characteristics of metabolically inactive stationary phase bacteria could be compared. For the heat killed (HK) samples, SP (1 ml) in buffer was transferred to a 1.5 mL microcentrifuge tube. The tube was placed in a heat block at 70 oC for 1 h after which it was removed and cooled to room temperature. A second dead control was made with fixed and permeabilized cells. For the fixed and permeabilized (FP) S. mutans, the cells were incubated in a solution of 1 Triton X-100/50 formaldehyde (4% by volume). After 20 min, the cells were centrifuged and resuspended twice into saline. Only 1 biological and technical replicate of the FP condition was made since it was a poor dead control due to the leakage of the cytoplasm into the buffer. However, the FP results were included to illustrate how relying solely on fluorescence intensity could be misleading and is addressed later in the paper. For both heat killing and fixation, killing efficacy was verified using plate counting on THB agar (incubated at 37 deg oC for 48 h). For each condition, the number of biological and technical replicates is shown in Table 1. Biological replicates are the number of S. mutans cultures grown and technical replicates are the number of images acquired from all the biological replicates. More replicates were run on the SP condition to increase confidence in images with intrinsically lower signal than the HK condition. 
Table 1
Table 1: Biological and Technical Replicates for Each Condition and Treatment
	
	Saline
	PBS

	
	Biological
	Technical
	Biological
	Technical

	SP
	5
	16
	3
	12

	HK
	2
	8
	2
	14

	FP
	1
	4
	-
	-



2.2	Sample preparation 
Samples were prepared for imaging directly following overnight growth. The structure of the anionic membrane voltage fluorophore, DiBAC4(3) (ThermoFisher Scientific), is shown in Figure S1. DiBAC4(3) has an excitation maximum at 490 nm and emission maximum at 516 nm. A stock (2 mmol.L-1)  was prepared in anhydrous dimethylsulfoxide and stored at -20 oC. The samples (2 mmol.L-1) were prepared by diluting the DiBAC4(3) stock in either PBS or saline.  Equal volumes of this 2X concentrated DiBAC4(3) working solution and S. mutans in buffer were combined and pipette mixed to yield a final concentration of 1 mmol.L-1.  The samples were incubated for 20 min at 37 oC and then centrifuged at 0.6 (10,000 x g) for 4 min and resuspended in the appropriate buffer 2 times. For microscopy, a sample (5 L) was placed on a microscope slide and sealed under a coverslip with clear nail polish.
A WST (water-soluble tetrazolium salt) cell proliferation assay (W201, Dojindo Molecular Technologies, Inc.) was performed following the manufacturer’s protocol to demonstrate metabolic differences between stationary phase and dead cells. All samples were resuspended in PBS prior to analysis. Figure S2 shows the absorbance at 450 nm of: overnight stationary phase that was spun down and resuspended in fresh THB  for 20 min lag phase (green); overnight stationary phase (stationary phase, blue); heat killed (heat, yellow); and PBS control (PBS, red).  The stationary phase exhibits much less metabolic activity compared to log phase and more compared to heat killed, demonstrating that the stationary phase does have nominal metabolic activity.

2.3	Fluorescence Lifetime Imaging Microscopy 
The optical measurements were performed using a National Institute of Standards and Technology-built two-photon fluorescence microscope utilizing a Ti:Sapphire laser (Coherent Chameleon Vision with an APE Pulse Selector (repetition rate divider from 20 MHz to single shot), and an APE harmonic generator. The excitation was centered at 900 nm, generating ≈140 fs pulses at a repetition rate of ≈76 MHz, with an average power of 1.0 mW at the microscope. All samples were imaged on an upright Olympus BX51 microscope with a UPLFLN 0.75 NA air objective. The spatial resolution was 400 nm in the x and y axes. Each sample was raster scanned using an x-y piezo scan stage to build up 128 pixel x 128 pixel images at 0.16 m/pixel and an integration time of 20 ms/pixel for an image acquisition time of 9 min.  The resulting fluorescence was collected using the same objective and sent, without the use of additional filters, to a Becker & Hickl SPC-154 time-correlated single-photon counting module (TC-SPCM) for fluorescence lifetime measurements. The instrument response function (IRF) was generated by the Becker & Hickl software for each image. There were from one to three samples per biological replicate and from three to five images per sample. 

2.4	Image Processing
A custom suite of computational tools was developed using MATLAB to process and analyze the lifetime images. Each image was manually segmented using an input threshold value. The input threshold value was determined by sampling 5 to 10 peak decay intensities from pixels in both the background and object and was set to a value that would segment only the bacteria. The threshold value changed depending on the overall image intensity and ranged from 100 to 500. 
From each segmented pixel, the lifetime (I) was modeled as a double-exponential:
	


[bookmark: _Hlk41905718]where a1 and a2 are amplitude coefficients and 1 and 2 are characteristic decay times. Rather than deconvolving the instrument response function (IRF) signal  from each measurement, the measured, normalized IRF is incorporated into the fitting model via convolution (). The model is fit using MATLAB’s lsqcurvefit, which uses a trust-region-reflective algorithm to solve for a1, a2, 1, and 2 in the least-squares sense (i.e., minimizing the residual sum-of-squares).
The mean lifetime, m, is defined as:



where p1 and p2 are the fractional contributions of the total amplitude: (a1 + a2).
This work implemented phasor analysis, an increasingly popular tool for FLIM data.36 Equivalent to plotting the imaginary (S) versus the real (G) portion of an intensity-normalized Fourier transform of the FLIM data at the laser repetition frequency rep:





After the lifetime decay fit and phasor variable calculation, the MATLAB program automatically detected and numbered each object, saving the values a1, a2, 1, 2, p1, G and S for each pixel in the object. 

2.5	Random forest classifier
Random forest is a widely used machine learning method for classification of two or more groups of objects based on measured features (also known as predictor variables). A random forest model is composed of a number of “decision trees,” which themselves are trained machine learning models where each training session uses about two-thirds of the data. Each tree casts a vote for a new object to be classified; majority vote determines the classification. A detailed discussion of decision trees and random forest classifiers is beyond the scope of this paper but the reader is referred to Breiman37 and Louppe.38
Random forest classifiers were built to predict the class membership of a bacteria object: (SP), (HK), or (FP) using a pixel-based approach. We considered four different models:
Model-1: Classifier using photon counts only (i.e., intensity)
Model-2: Classifier using lifetime variables 1, 2, p1 only
Model-3: Classifier using phasor variables G, S only
Model-4: Classifier using lifetime variables and phasor variables, 1, 2, p1, G, S

We began by building a random forest classifier that used the features considered and attempts to predict the class membership of each pixel (SP, HK, or FP). The actual output from the classifier is a vector of three weights (w1, w2, w3) that add up to 1. Weight w1 indicates how strongly the classifier believes the particular pixel belongs to class SP; weight w2 indicates how strongly the classifier believes the pixel is from class HK; weight w3 indicates how strongly the classifier believes the pixels is from class FP. These pixel-level weight vectors were averaged across all the pixels belonging to a given bacteria object to produce a vector (W1, W2, W3) where now W1 is the weight assigned to the possibility that the object itself is from class SP, W2 for HK and W3 for FP. Finally, the object is assigned to the group that has the highest weight.

2.6	Classifier Performance
2.6.1	Ternary plots
A ternary plot is a tool for visualizing the weight vectors (W1, W2, W3) associated with each bacteria object on a 3-axis, triangular scatter plot. Each point in this plot corresponds to a bacteria object, and its position on the plot is based on the weights (W1, W2, W3) assigned by the classifier to that object. A data point has a total value of 1. For example, a location in the center of the ternary plot would have a value of (,, ) while at the vertices the values are (1, 0, 0), (0, 1, 0) or (0, 0, 1). A successful discrimination will produce a ternary plot where the points belonging to different classes (shown in different colors) are well separated. We used ternary plots to help visualize the classification performance.

2.6.2	Confusion Matrices (Concordance/Discordance Matrices):
Classification performance may also be understood by examining how well the true class (defined by how the samples were prepared) and the predicted class (assigned from the random forest classifier) correspond for each bacteria object classified. These are shown in the form of what are called confusion matrices in which the rows correspond to the true class, the columns to the predicted class, and the entries in the table show how many bacteria objects fell into each particular combination of true class and predicted class. A perfectly classified collection of bacteria will have zero entries in all cells except the diagonal cells.

2.7	Statistical Computations
All statistical computations were done using the open source platform R, and figures were produced using the package ggplot2. Random forest models were built using the R function randomForest38 and ternary plots were produced using the R package ‘Ternary’.39
Because the number of data points available is different for the different groups, we trained a balanced random forest by making use of ‘sampsize’ and ‘strata’ options in the randomForest function. Each decision tree in the forest was trained using the same number of samples for each of the groups SP, HK, and FP. The number of pixels chosen from each class was 3324, the total number of pixels from all bacteria objects in the FP group for which we have the least amount of data available. Table 2 gives the number of bacteria objects and the total number of associated pixels for each group. The random forest consisted of 13,296 trees. Each tree in the object-based random forest model was based on a balanced sample of 33 objects (based on the smallest group) from each group.

Table 2: Number of pixels and number of bacteria objects for each of the three groups
	Group
	SP
	HK
	FP

	Pixels
	19182
	21381
	3324

	Objects
	399
	205
	33



With random forest algorithms, not all data points are used in building each tree. For each data point, there are several trees which did not their training. The predictions for each point are based on fraction of votes received from trees that did use the point in not use the point in its training. Such predictions are called ‘out of bag’ (oob) predictions. The confusion matrices shown in the results section are based on such oob predictions as they are known to be robust and resistant to overfitting39.


3	RESULTS AND DISCUSSION
Figure 1 shows representative images comparing fluorescence intensity and lifetime features for SP (Figure 1 A, D), HK (Figure 1 B, E) and FP (Figure 1 C, F) S. mutans, displaying qualitative differences in intensity and mean lifetime response (tm). The intensity images are displayed using different ranges to maintain contrast between the three conditions for visual comparison, and the mean background intensity (Īback) is included for reference. The HK cells show aggregation, likely due to denaturation of surface proteins and damage to cell envelopes.40 For the FP condition, a fluorescent background in the intensity image (Figure 1C) is present, likely due to continued leakage of cytoplasm components after the washing step. (The background was segmented out in the lifetime image (m), Figure 1F) The intensity of the HK bacteria (Figure 1B) is several times brighter than that of the SP bacteria (Figure 1A), presumably due to free diffusion of DiBAC4(3) across the zero potential membrane.41 HK (Figure 1 B,E) S. mutans are also more intense than the FP (Figure 1C) cells, which are missing at least a portion of their cytoplasm components due to perforation of the outer membrane. Comparing the mean lifetime (m) (Figure 1 D, E, F) between the three conditions, the SP and HK bacteria have longer lifetimes as compared to FP. While the FP images remain distinct from SP and HK, visual examination of the remainder of the data shows no clear trend in differences between SP and HK images. Phasor analysis has been used previously to demonstrate differences in microbial metabolic activity,31, 42 so the lifetime data from the saline and PBS conditions were transformed into phasor plots.
The pixel-level G and S data for SP, HK and FP treatments of PBS (A) and saline (B) conditions are displayed as phasor plots in Figure 2. The data plotted is within two standard deviations of the G or S mean, and 100 to 200 data points are plotted for ease of visualization. Systems with one decay constant fall along the universal circle (black arc), so the interior data placement indicates that >1 decay fit is appropriate. As rule of thumb, data trending towards the right side of the arc represent faster lifetimes. For both treatments, the contour plot for the representative SP (blue) S. mutans images shows longer lifetimes with a broader distribution than their HK (green) counterparts. The FP (red) bacteria have the fastest decays, most likely because much of the cytoplasm has leaked into the buffer. The SP and HK phasor pixels for the saline condition (B) and much more highly overlapped than for the PBS condition, and this overlap affects the classification success which is discussed later in the paper. 
Differences in the intensity, lifetime and phasor variables become more explicit in the pixel-level notched box plots from the entire populations of SP, HK and FP S. mutans in Figure 3. Overlap of notches indicates means are not significantly different. Here the whiskers are set at 1.5X the upper and lower limits of the interquartile (IQR) range, and the outliers are not shown for clarity. The PBS and saline conditions are plotted separately due to their relative differences between SP and HK. There are observable, consistent differences in the intensity box plots (Fig 3A). The mean intensity of the HK bacteria is significantly higher than SP and FP for both PBS and saline buffers (Figure 3A). The means and distributions between SP (PBS) and SP (saline) are similar, and only slightly different from FP, which shows that bacteria killed using FP could be mistaken for live SP if only intensity is considered. Mean m (Figure 3B) for FP condition is significantly faster than SP and HK. (Boxplots of 1, 2 and p1 show the relative contributions of the aforementioned variables to m in Figure S3.) Mean m for SP (PBS) shows a significant difference to HK (PBS) while SP (saline) and HK (saline) are similar. The phasor variables G (Figure 3C) and S (Figure 3D) show similar trends as the lifetime variables, with FP being noticeably different than SP and HK conditions. SP and HK (PBS) are significantly different while SP and HK (saline) are similar. Although there are some significant differences between the lifetime and phasor variable means for each condition, there is also considerable overlap for all variables, making viability assignment of any individual bacteria based solely on any one of the variables unreliable. Therefore, a random forest classifier was built and tested for its ability to discriminate individual bacteria objects between the three conditions using the lifetime and phasor variables in the four models described in the methods section.
Intensity-based classifier performance is illustrated using the ternary plots in Figure 4. For all ternary plots, each dot is a bacteria object. For both PBS (Figure 4A) and saline (Fig 4B) conditions, HK bacteria have excellent separation from SP and FP, which are not readily separable from each other. The confusion table shows excellent classification for HK in both PBS and saline. However, there is considerable prediction of FP as SP and vice versa for both buffers since both conditions have low intensity fluorescence: the SP condition due to the exclusion of the DiBAC4(3) dye by the membrane voltage and the FP condition due to decrease of dye binding from the loss of intracellular components through the porous membrane. The lifetime and phasor model classifiers are more successful in classifying individual bacteria objects into their respective conditions. 
The second object classifier uses characteristic variables that make up m: 1, 2 and p1 (3 variable model) in the ternary plots in Figure 5. For both buffers, the FP condition is well separated from HK and SP. The PBS plot (Figure 5A) shows better separation between SP and HK than does the saline plot (Figure 5B). Classifier performance is more clearly seen in the confusion tables, where the HK and FP classify with nearly 100% accuracy for both conditions. It is interesting to note that a significant number of SP objects were predicted to be HK for both buffers. This behavior is also seen in the following models and will be discussed in more detail.
The third classifier uses the phasor variables G and S. The ternary plots in Figure 6 show increasing scatter compared to Figure 5 in all three conditions for both buffer systems. However, this increased scatter did not necessarily translate to increased predictions in the other conditions in the confusion matrices. The number of SP objects predicted to be HK or FP for PBS increased relative to the 3 variable model, but the SP saline objects predicted to be HK substantially decreased. Given the mixed results of this model, we combined it with the 3 variable model to improve the classification accuracy.
The results of the 5 variable (1, 2, p1, G, S) model is shown in Figure 7. The use of all 5 variables draws the objects towards the vertices and edges for both the PBS (Figure 5A) and saline (Figure 5B) buffers when compared to the 3 (Figure 5) and phasor (Figure 6) models. For PBS and saline buffers, the confusion tables show a low number of objects misclassified for FP and HK conditions. For SP (PBS) and SP (saline), the number of objects predicted as HK/total objects is 7 % and 16%, respectively. Sensitivity and specificity information is provided in Table S1, where the number in parentheses is the 95% lower confidence bound if sampling uncertainty is taken into account. Even with the SP misclassification challenges, the 95% lower confidence bound sensitivity dropped below 80% for one condition (SP saline). An example of specificity interpretation is given for SP and HK in PBS buffer. “Against HK” reads as: What fraction of HK were correctly labelled as “not SP”? The specificity dropped below 80% for only one condition: HK against SP (saline condition). A closer look at the lifetime data and composition of the saline and PBS buffers offers some explanation for this difference in classification success.
Figure 3 B, C and D, notched box plots show that m for saline SP and HK are much more overlapped than for their PBS counterparts, and classification errors for two conditions with highly overlapping means and IQRs are much more likely than if the distributions were more separated, as in the PBS condition. Insight into the similarity between the saline SP and HK conditions lies not what the saline is, but what it is not. While the saline solution is 145 mM NaCl, PBS is a pH buffered solution containing 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4. For prokaryotes, transport of potassium ions through the cell membrane ion channels is essential for cell survival and physiology. Potassium ions play an important role in a wide range of cell functions such as pH homeostasis, regulation of protein synthesis, enzyme activation, membrane potential, electrical signaling and response to nutrient deprivation.43,44 Therefore, we can infer that S. mutans in saline may not be to launch a normal stress response to nutrient deprivation, and their FLIM signatures may not necessarily be representative of quiescent, equilibrated microbes. 
	Here we have used in vitro fluorescence lifetime imaging to attain viability information on individuals in a population. In this study, S. mutans bacteria were grown to stationary phase as a surrogate for quiescent bacteria and killed using heat and chemical fixations as models for dead bacteria to test the lifetime response of a membrane voltage probe as an absolute indicator of viability. The DiBAC4(3) behaved as expected in HK and SP bacteria. The fluorescence intensity of the HK bacteria was significantly higher than SP bacteria since the dye was able to passively diffuse into the dead bacteria and bind nonspecifically, whereas the membrane voltage in the SP bacteria provided a barrier to entry of the anionic dye. Since there was diffusion of intracellular components out of the FP bacteria into the buffer, there were fewer binding sites available although the bacteria were dead, suppressing fluorescence intensity. Interestingly, differences in DiBAC4(3) fluorescence between SP saline and PBS solutions not seen in the intensity boxplots are revealed using FLIM. To our knowledge, lifetimes using this dye incubated with bacteria have never been measured before. When comparing conditions, pixel-level notched boxplots of lifetime (m) and phasor (G, S) variable means showed significant differences. However, all variable (3, 5, G&S) distributions were large and necessitated building a classifier in order to identify the condition (SP, HK or FP) of each individual bacterium. Models using intensity, 3 variables, 5 variables, and phasor variables were run in the classifier for comparison. The classification results of the phasor variable model were more scattered, indicating there was more weighting in the other two predicted conditions than the true condition. We think that this is because the phasor transformation is performed on raw data whereas m is calculated from a fitted curve which smooths the contribution of noise. 
	The success of generalizing the use of FLIM of a membrane voltage fluorophore to quantify viable cells in other microbial species relies on optimizing system performance and fluorophores for the questions being asked. For example, FLIM in this work is a stage scanning system which limits the acquisition speed and is only practical for interrogating static systems. A 0.75 NA air objective was used as a compromise between resolution and field-of-view. A higher resolution oil immersion objective would have provided more pixel information per microbe to increase classification robustness and maybe even enhanced differences between SP and HK, but at a cost of over an hour/image for this system. Additionally, the DiBAC4(3) membrane voltage probe was chosen specifically because it is a negatively charged dye exclusion fluorophore to minimize cytotoxic effects on the cells. There are other positively charged membrane voltage fluorophores such as diethyloxacarbocyanine that form J-aggregates and shift emission upon diffusion into live cells, providing an additional mechanism and perhaps more sensitivity to distinguish live/dead phenotypes, but these positively charged probes are only additional suitable for fast acquisition due to cytotoxicity concerns.45 Unlike the more widely used, motile, gram negative E. coli bacteria, S. mutans is a non-motile, gram positive bacteria that is stationary during long acquisition times. The use of rapid FLIM systems and optimized membrane voltage fluorophores would expand the robustness of the technique and the ability to study time-dependent phenomena such as antimicrobial resistance pH homeostasis, membrane transport, ATP synthesis, motility, cell division and quorum sensing.46
This work is intended to lay the foundation for new metrology for detecting microbial viability in clinical and environmental samples based on absolute (time) rather than relative (intensity) measurements. Flow cytometry is the state-of-the-art technique for microbial viability measurements because it can measure intensity from multiple fluorophores on the same microbe in a high-throughput manner, sampling thousands to tens of thousands of objects in minutes.47 Thus, integrating fluorescence lifetime detection into flow cytometry would bring fluorescence lifetime techniques closer to routine diagnostic use by increasing confidence in conclusions drawn from SI-based measurements. To date, no commercial flow cytometer comes equipped with fluorescence lifetime channel. Several groups have performed frequency-based lifetime flow cytometry by retrofitting lifetime channels into older cytometers48 or have integrated flow-cells into a benchtop lifetime system.49 The vast majority of the work in the literature focuses on lifetime flow cytometry of mammalian cells50,51 although one paper reports changing lifetime of EGFP expressing E. coli as they are phagocytized into macrophages.52 The promise that lifetime-based viability measurements shows in this work should be transitioned to a lifetime flow cytometer so that the technique may meet its full potential. 

4	CONCLUSIONS

The fluorescence lifetime of a membrane voltage probe has been shown to be an absolute measure of viability in individual S. mutans bacteria when comparing quiescent to dead bacteria killed by heat and chemical fixation. When comparing the three conditions, the distributions of intensity, lifetime and phasor variable values were not clearly distinguishable, and a random-forest machine learning classifier was constructed to improve classification. Four models were constructed: intensity, 3 lifetime variables (1, 2, p1), phasor variables (G, S) and all 5 variables (1, 2, p1, G, S). The 5 variable classifier resulted in the highest classification accuracy for all conditions for both PBS and saline buffers. However, the saline buffer had a substantially higher number of SP objects predicted to be HK likely due to the strongly overlapping SP and HK box plots. The ability to express viability in terms of time would increase confidence in comparability of results between biological replicates and different lifetime instruments. It also provides a foundational measurement to which conventional viability assays can be benchmarked.
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Figure S1. Chemical structure of slow- response membrane fluorophore: (Bis-(1,3-Dibutylbarbituric Acid)Trimethine Oxonol DiBAC4(3)
Figure S2.  WST metabolic assay shows some metabolic activity for stationary phase (SP) S. mutans (blue) compared to the flat response for heat killed (yellow). The metabolism of SP bacteria was activated by resuspending in fresh media for 20 min prior to analysis (green). PBS with WST analyte was included as a negative control (red).
Figure S3. Notched box plots of the relative contributions of lifetime variables to tm. Overlap of notches indicates means are not significantly different. There are small but significant differences between the variable means for SP and HK in 1 (A), 2 (B) whereas FP has a substantially different mean values. The large distribution in p1, spanning almost 80% of the range for the SP condition, could be a large contributor to the overlapping SP and HK distributions for both buffers.
Table S1: Sensitivity and specificity table for the 5 variable (t1, t2, p1, G, S) random forest classifier for S. mutans in saline and PBS conditions. 
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Figure 1. Representative intensity and lifetime variable images for S. mutans for stationary phase (SP) (A,D); dead, heat killed (HK), (B,E); and dead, fixed and permeabilized (FP) (C,F). Aggregation in the HK and FP samples is likely due to protein denaturation during the killing process.  SP and FP S. mutans are similar in intensity, while HK S. mutans have higher intensity (note the different ranges for intensity across the conditions). For m, FP bacteria are considerably faster than SP or HK (all m images are on the same scale).
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Figure 2. The pixel-level G and S data for SP, HK and FP treatments of PBS (A) and saline (B) conditions. The data plotted is within two standard deviations of the G or S mean, and 100 to 200 data points are plotted for ease of visualization. Since the data do not fall along the black arc, there is more than one component in the lifetime decay curve. The position within the arc shows that SP bacteria have the slowest lifetimes while the FP bacteria have the fastest. The pixels from the HK and SP treatment for the saline condition are more overlapped than for the PBS condition. 
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Figure 3. Pixel-level notched box plots of stationary phase (SP), heat killed (HK), and fixed and permeabilized (FP) conditions of S. mutans in PBS and saline buffers. Intensity (A), mean lifetime (B) and phasor variables (C,D) show differences in variable mean and distribution among the three conditions. Considerable overlap in the distributions makes classification of individual bacteria challenging. 
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Figure 4. Ternary plots showing the relative weighting of SP (blue), HK (green) and FP (red) for PBS (A) and saline (B) buffers using the intensity random forest classifier. Each data point is a bacteria object. Separation is poor between the three conditions using intensity. In the confusion matrices, objects are placed in a predicted condition (SP, HK or FP) based on their highest weighting in the ternary plot. For both buffers, HK condition has few misclassifications, FP has about a third bacteria objects misclassified as SP, and SP has more than 50% misclassified as FP or HK.
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Figure 5. Ternary plots showing the relative weighting of SP (blue), HK (green) and FP (red) for PBS (A) and saline (B) buffers using the 3 variable random forest classifier (1, 2 and p1). Each data point is a bacteria object. Separation of the 3 conditions has improved for both buffer systems over the intensity classifier. For the confusion matrices, objects are placed in a predicted condition (SP, HK or FP) with the highest weighting in the ternary plot. For both buffers, HK and FP have very few misclassified objects. SP has a substantial number of objects classified as HK.
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Figure 6. Ternary plots showing the relative weighting of SP (blue), HK (green) and FP (red) for PBS (A) and saline (B) buffers using the G and S variable random forest classifier. Each data point is a bacteria object. Bacteria objects are more scattered than for the 3 variable classifier. For the confusion matrices, objects are placed in a predicted condition (SP, HK or FP) with the highest weighting in the ternary plot. When compared to the 3 variable model, for both buffers, FP has very few misclassified objects. The HK condition has increased objects classified as FP in saline buffer. With SP, classification power has improved for the saline buffer and has degraded with PBS. 
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Figure 7. Ternary plots showing the relative weighting of SP (blue), HK (green) and FP (red) for PBS (A) and saline (B) buffers using the 5 variable random forest classifier (1, 2, p1, G and S). Each data point is a bacteria object. The ternary plots show good segregation of the weighting factors into their respective conditions. For the confusion matrices, objects are placed in a predicted condition (SP, HK or FP) with the highest weighting in the ternary plot. This model attains excellent classification accuracy for all conditions in the PBS buffer and for HK and FP in the saline buffer. There remains a substantial number of SP classified as HK, which requires further analysis to understand the origin of the effect. 


Graphical Abstract
Viability of quiescent microbes is an important but elusive property to measure, and even more difficult to quantify using referenceable units for comparability. Here we present a study using fluorescence lifetime imaging microscopy of a membrane-voltage fluorophore incubated with an oral microbe, Streptococcus mutans, and demonstrated differences in lifetime response of individual microbes in a quiescent state (SP) compared to those killed using heat (HK) or chemical fixation (FP). 
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Ternary Plot of Object Level Random Forest Scores
Model with photons
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Ternary Plot of Object Level Random Forest Scores
Model with photons
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Ternary Plot of Object Level Random Forest Scores
Model with t1, t2, p1
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Ternary Plot of Object Level Random Forest Scores
Model with t1, t2, p1
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Ternary Plot of Object Level Random Forest Scores
Model with Gp, Sp
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Ternary Plot of Object Level Random Forest Scores
Model with Gp, Sp
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Ternary Plot of Object Level Random Forest Scores
Model with t1, t2, p1, Gp, Sp
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Ternary Plot of Object Level Random Forest Scores
Model with t1, t2, p1, Gp, Sp
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