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ABSTRACT

Flow cytometry is currently underutilized for bacterial phenotyping and standard microbiological techniques do not provide phenotypic information about the state
of the bacterial disease. Pseudomonas aeruginosa is a human pathogen of increased importance in public health due to both the ability to cause chronic diseases and
the prevalence of functionally different subsets that can be difficult to treat and diagnose. In the present study, we used flow cytometry to analyze the growth phase of
P. aeruginosa. A simple method for single cell quantitative detection of bacterial biofilm and planktonic cells was established with a combination of membrane
permeable (SYTO 60) and impermeable (TOTO-1) dyes plus the addition of polystyrene counting beads. The specificity of the dye combination for biofilm detection
was determined by comparison with impaired biofilm forming strains of P. aeruginosa LasI/Rhll—/— and APfPhage. Results suggest that flow cytometric bacterial

phenotyping serves as an expandable platform that may be useful for enumeration of population level variation in P. aeruginosa studies.

1. Introduction

Biofilm diseases are a growing public health problem with limited
resolution using traditional antibiotic therapies and diagnostics
(Costerton et al., 1995, 1999). The World Health Organization priority
pathogen list encompasses biofilm forming pathogens, and it is esti-
mated that the large majority of infectious bacteria are capable of
biofilm formation (WHO, 2017; Lebeaux et al., 2014; Romling and
Balsalobre, 2012). As a biofilm-forming pathogen, Pseudomonas aeru-
ginosa forms multicellular communities consisting of planktonic cells
that contribute to the spread of infection and cells within a matrix-
protected biofilm including unflagellated cells, persister cells, and vi-
able but non-culturable cells (VNBCs) (Ayrapetyan et al., 2018; Magana
et al., 2018). High percentages of persister cells and VNBCs can con-
tribute to underestimation of colony forming units (CFU) and both
sensitivity limits and culture conditions for these cell types can occa-
sionally lead to culture-negative results for patients (Ayrapetyan et al.,
2018; Magana et al., 2018). Assessment of these cell types is limited to
research laboratories, where it is known that the phenotype can impact
host response (Secor et al.,, 2011; Yamada et al., 2018). Inability to
rapidly identify emerging infections results in increased hospital-ac-
quired infection rates and prolong hospitalization. Inefficient antibiotic
exposure can compound difficulties for success rates of clinical treat-
ment (Magana et al., 2018).

Bacterial growth phase assessment of whether a cell is in a plank-
tonic or biofilm state can be enumerated by sample staining coupled
with microscopy or spectroscopy but these techniques are limited in
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their ability to retrieve additional population level information and
staining protocols decay the viability of the sample. Crystal violet
staining is commonly used for biofilm quantification, though it does not
reveal the proportion of planktonic cells or provide any information on
living versus dead cells within a biofilm matrix (Magana et al., 2018).
Recently, a combination of membrane permeable and impermeable
DNA-binding dyes have been reported for use in fluorescent microscopy
(Okshevsky and Meyer, 2014b). This approach characterizes biofilm
based on identification of both extracellular DNA (eDNA) from the
biofilm matrix and individual live cells using TOTO-1 and SYTO 60,
respectively (Allesen-Holm et al., 2006; Das et al., 2010; Hall-Stoodley
et al., 2008; Jennings et al., 2015; Mann et al., 2009; Okshevsky and
Meyer, 2014a; Seper et al., 2011; Qin et al., 2007; Whitchurch et al.,
2002). While shown to be accurate for biofilm identification, fluores-
cence microscopy preparation also decays the sample and is time con-
suming for resolution on the population-level (Magana et al., 2018).
While shown to be accurate for biofilm identification, fluorescence
microscopy preparation decays the sample and is time consuming for
resolution on the population-level (Magana et al., 2018).C

Flow cytometry (FCM) tools are being developed for bacteria and
fluorescence-activated cell sorting (FACS) to maintain the isolation of
viable cells post-sort (Brown et al., 2019; Fontana et al., 2017; Steen,
2000; Trevathan-Tackett et al., 2014). Indeed, several indicators of
viability, as well as phenotypic and functional attributes such as
phosphatase activity and membrane fluidity have now been assessed
via FCM (Duhamel et al., 2008; Marielle and Sarrah, 2000; Nescerecka
et al., 2016; Stocks, 2004). The FCM approach to quantify biofilm
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utilizes the single-stain viability dye TO-PRO-3 iodideto discriminate
and quantify viable and dead cells with a single stain. (Kerstens et al.,
2015). The benefit of this method is that TO-PRO-3 iodide identifies
multiple populations with the use of a single fluorescent channel. The
difference in fluorescence intensity enables the identification of both
viable and dead cells (Kerstens et al., 2015). However, recent evidence
from microscopy studies visualizing eDNA in biofilms revealed that TO-
PRO-3 lacked specificity for eDNA and overestimated biofilm formation
because it penetrated both viable and dead cells (Okshevsky and Meyer,
2014b). This finding suggests that the erroneous results due to the
passive diffusion of TO-PRO-3 inside the viable cells will be significant
if the cells are not analyzed quickly after staining. To address this
problem, we established a dual-stain procedure based on cell permeable
SYTO 60 and the eDNA stain TOTO-1, which display excellent sensi-
tivity for visualization of eDNA versus TO-PRO-3. In the present paper,
we describe how this technique could be applied for growth phase
determination. We demonstrate that the combination of TOTO-1 with
SYTO 60 and FCM allow for an accurate identification and quantitation
of biofilm cells.

A pair of P. aeruginosa strains known to produce less robust biofilms
were chosen to test the specificity of the panel for planktonic and
biofilm cells: APfPhage and LasI/Rhll—/— P. aeruginosa. The Lasl/
RhlI—/— strain lacks regulators of quorum sensing important for early
and late biofilm stage development (Siehnel et al., 2010; Kalia et al.,
2018; Nelson et al., 2009). Pf bacteriophage is a viral infection of
bacteria that has been observed to impact the biophysical properties of
biofilm including crystal assembly and mucoid birefringence and the
APfPhage strain lacks this (Secor et al., 2015; Sweere et al., 2019).
These strains were compared to the wildtype parent strain P. aeruginosa
PAO1.

2. Methods

Reagents and instruments: An LSRII equipped with Blue, Violet,
Green, Red Lasers was used for analysis. SSC was used as a threshold; it
was set using a buffer only control and adjusted until minimal noise was
seen (Rudy et al., 2014).

Bacterial strains and culture methods: P. aeruginosa wildtype strain
PAO1 and a strain reduced in biofilm growth P. aeruginosa APfPhage,
derived from PAO1 ATCC 47085 (via the Rice Lab of Nanyang
Technological University) were donated from the laboratory of Prof.
Paul Bollyky, M.D./Ph.D. (Stanford University Medical Center) (Secor
et al., 2015; Sweere et al., 2019). Another strain with reduced biofilm
growth, P. aeruginosa Lasl/Rhll—/— were supplied by the Singh Lab
(University of Washington) via the Secor Lab (University of Montana)
(Siehnel et al., 2010). P. aeruginosa PA14 was donated from the Han-
cock lab (University of British Columbia) (Rahme et al., 1995; Pletzer
et al., 2017).

Logarithmic growth phase was obtained by shaking at 200 RPM at
37 °C for 3 h. For biofilm preparation, overnight cultures were diluted
to an OD 0.1 at 600 nm in Luria-Bertani broth. Bacterial suspensions
were aliquoted into 96-well microtiter plates (Cole-Palmer) and in-
cubated under static growth at 37 °C for 24 or 48 h. Suspension was
then removed and plates were washed twice with equal volume of
sterile PBS. Wells were scraped with a syringe and moved to poly-
styrene tubes for staining. Samples were homogenized and sonicated at
120 W (CO-Z) for 5min before dilution in equivalent volume of PBS.
Samples were vortexed and centrifuged prior to staining as below.

To confirm staining signal is coming from live bacteria, some sam-
ples received a dose of 10% Triton-X 100 for 30 min after culture, be-
fore staining.

Bacterial growth phase staining: The staining protocol was adapted
from Okshevsky and Meyer (2014b). The fluorescent stains proposed
are generally assayed via microscopy: TOTO-1 (T3600, Invitrogen,
Carlsbad, CA USA) and SYTO 60 (S11342, Invitrogen, Carlsbad, CA
USA) (Table 1). TOTO-1 is an excellent stain for visualizing eDNA
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Table 1
Absorption, fluorescence maxima, and dye concentration used for staining for
the DNA of the dyes tested in this study.

Dye Absorbance (nm) Emission (nm) Dye concentration
SYTO 60 652 678 10uM
TOTO-1 514 533 2uM

biofilm structures because it is a very sensitive and stable DNA-binding
stain, and membrane-impermeable for live cells. SYTO 60 is cell
permeable and recommended to use as a counterstain with TOTO-1 to
produce high quality images of eDNA in an array of Gram-positive and
Gram-negative bacterial species. This stain is permeable in both live
and dead cells allowing for identification of bacteria without a fluor-
escent reporter construct.

1 mM of Toto-1 (2 mM stock) and 5mM of SYTO 60 (10 mM stock)
were added to 300 pL of sterile PBS and mixed by vortexing
(Okshevsky and Meyer, 2014b). Samples were stained protected from
light for 10 min at room temperature. Dye was then washed off by
centrifugation and samples were suspended in equal volumes of FACS
Buffer (PBS and 1% BSA) for analysis.

Identification and quantification by flow cytometry: The P. aerugi-
nosa gate was determined by stopping the specimen sample to de-
termine noise threshold with the use of a buffer only control.
Quantification utilized the Bacterial Counting Kit for flow cytometry
(Invitrogen, Carlsbad, CA USA) adapted from manufacturer's protocol
as follows. Microspheres (6 um, B7277, Invitrogen, Carlsbad, CA USA)
were sonicated in a water bath for 5 min. Within a biosafety cabinet, 10
uL of the microsphere suspension was added to equivalent dilutions of
bacterial specimens. All experiments utilized control specimens of
buffer only (no beads), beads only, and single color stains. For quan-
titation with this kit, specimens were collected based on time. In ac-
cordance with the manufacturer's protocol, the bacteria frame was di-
vided by microsphere frame to determine number of bacteria per
10~ °mL of the sample, otherwise known as the count of bacterial per
0.001 pL. of solution. A total of 100,000 events were acquired. All
samples were tested with 2 to 3 biological replicates and repeated a
minimum of twice.

Data analysis: Data analysis was performed using FlowJo (BD
Biosciences, New Jersey, USAO. Analysis was performed using
GraphPad Prism 7 to test statistical significance. P values < 0.05 were
considered significant.

3. Results

The specificity of the panel for planktonic and biofilm cells was
tested on P. aeruginosa strains wildtype (WT) PAO1, APfPhage and Lasl/
RhlI-/—. Wildtype PAO1, Lasl/Rhll—/—, and APfPhage were com-
pared for dual positive staining efficiency. After 10 h incubation, the
majority of cells for the APfPhage mutant strain were negative for
TOTO-1 (Fig. 1). Substantial dual positive staining was evident in our
older wildtype PAO1 planktonic cultures, which maintained a 5% in-
crease in dual-staining versus APfPhage.

We hypothesized that, versus stationary phase, more of the cells
from biofilm cultures would have an extracellular matrix detectable by
TOTO-1 staining. Static biofilm cultures were compared to levels of
planktonic cells from early logarithmic phase cultures. Initially, we
determined that both biofilm and planktonic cultures had positive
signal for SYTO 60, indicative of live cells (Fig. 2). These values did not
significantly differ for PAO1 or PA14 cells due to culture condition. The
cell concentration of biofilm cultures was enumerated as number of
bacteria per equivalent number of recorded events.

Biofilm has been shown to begin to form in shaking stationary phase
cultures after extended time (Schleheck et al., 2009). In agreement with
previous reports, we found that wildtype PAO1 had a 2.4-fold increase
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Fig. 1. Biofilm analysis of biofilm-impaired strain by flow cytometry.

Two bacteria strains, WT PAO1 and APfphage PA, were cultured by shaking to generate old stationary phase (10 h). Bacteria were stained with SYTO 60 and TOTO-1
and processed for flow cytometry. The panels feature WT PAO1 (L) and APfphage PA (R) dual stained with SYTO 60 and TOTO-1. All samples were gated on SSC/FSC
and threshold level set to SSC 200. The experiment was performed in duplicate and independently repeated. Representative figures are shown.

in dual positive signal for SYTO 60 and TOTO-1 in 10h shaking sta-
tionary phase cultures compared to the early logarithmic phase (Fig. 1A
& Fig. 3A). Biofilm culture conditions (without shaking) further in-
crease dual positive staining ~5-fold versus early logarithmic plank-
tonic culture conditions (Fig. 3A). After 2d in static incubation, dual
SYTO 60 and TOTO-1 staining increased in wildtype PAO1 but the Lasl/
Rhll -/ — mutant eliminated 90% of the cells positive for these prop-
erties (Fig. 3B).

As a positive control for this staining panel, Triton-X treatment was
used to reduce membrane discrepancy for TOTO-1. This pretreatment
increases the permeability of viable cells, which enhance the diffusion
of cell impermeable dye TOTO-1. Complete staining of over ~80%
double positive was observed with pre-addition of dilute Triton-X 100,
but total cell death equivalent to detergent addition was not observed in
any other tested populations (Fig. 4). Cultured recovery confirmed
death of Triton-X treated cells. As expected, controls had null values for
dual-staining (upper panels, Fig. 4).

Altogether, these results demonstrate that flow cytometry is a robust
system for enumeration of population level variation in P. aeruginosa
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Fig. 2. SYTO 60 analysis by flow cytometry.

research.

4. Discussion

Flow cytometry has many benefits including an adaptable panel
design and high throughput single cell screening. Additionally, this
technology is more sensitive than other platforms, allowing for quan-
titative measurements with high resolution and minimal downtime.
This work aimed to evaluate the flow cytometric assessment of bacterial
growth phase as a quantifiable phenotypic parameter. We found that
wildtype PAO1 generated significantly higher dual positive cells in
biofilm culture versus logarithmic phase; and that strains reduced in
biofilm growth were largely absent for dual positive staining. Although
bacteria such as Pseudomonas are known for paralog evolution and gene
redundancy, both of the mutants used in this paper are reduced in
biofilm-forming capacity compared to wildtype PAO1 (Gevers et al.,
2004; Ghosh and O'Connor, 2017). We attributed the residual dual-
staining of APfPhage as assay noise due to the overlap of this staining
panel with viable cell identification.
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Two bacteria strains, WT PAO1 and PA14, were cultured by shaking to generate planktonic cultures (3 h) or under static conditions to generation biofilm cultures
(1 d). Bacteria were stained with SYTO 60 and TOTO-1 and processed for flow cytometry. Cumulative data includes, from L to R: unstained, SYTO 60 only, and
Triton-X control for WT PAO1. Panel A is direct counts and Panel B is percent of cells in bacteria gate. All samples were gated on SSC/FSC and threshold level set to

SSC 200. The experiment was performed in triplicate and independently repeated.
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Flow cytometry panels designed for bacteria are an area of growing
need for both clinical diagnostics and research purposes. Biofilm dis-
eases and VNBCs convolute traditional microbiological culture techni-
ques. It will be of interest to add additional markers to the panel and
learn whether increased differentiation of matrice-associated molecules
can distinguish other subsets in biofilms, such as VNBCs and persister
cells, and to ensure viability of each cell subset for downstream ana-
lysis.

Phenotypic quantification presented herein remedy issues related to
the underestimation of bacterial counts due to the presence of viable
but non-culturable cells; as well as the underestimation of CFUs from
selective culture conditions and/or the inability to control selective
culture conditions with multi-species competition. Density

Lasl/Rnhll-/-

determination reliant on growth is also lengthy, requiring a minimum
of 1d turnaround. Another standard way to assess biofilms, electron
microscopy, is largely qualitative, leaving a need to quickly perform a
quantitative determination of biofilm phenotype (reviewed in Magana
et al., 2018).

Despite trial of five different bacterial fixatives, this dye combina-
tion did not retain equivalent discrimination parameters under fixation.
This is a limitation of this work that could potentially be overcome by
substitution of extracellular biofilm matrix stains that don't overlap
with cell death or fixatives that can exhibit their function without al-
tering membrane permeability.

Viability stains and aptamer-based species identification coupled
with genetic reporters can create bacteria panels that can provide as
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Fig. 4. Experimental controls including detergent treated cells assayed by flow cytometry.

Bacteria were cultured by shaking to generate planktonic cells (3 h). Bacteria were stained with SYTO 60 and TOTO-1 and processed for flow cytometry. The top
panels feature specificity controls, from L to R: unstained, SYTO 60 only, and TOTO-1 only. The bottom panels: Triton-X 100 pretreated (30 min, 10% Triton-X 100
prior to staining) planktonic culture WT PAO1 (L); and planktonic culture PA14 (R). All samples were gated on SSC/FSC and threshold level set to SSC 200.

Representative images for three independent experiments are shown.

much information about infectious bacterial diseases as modern im-
mune panels do for clinical diagnostics. Coupled with automated
sample handling and high throughput adaptors, unindentified bacterial
samples can be derisked and run in real-time. Additional R&D can ad-
vance the versatility of bacterial flow cytometric technology for
pressing unmet clinical solutions. Future exploratory research for cap-
turing resistance and tolerance by flow cytometry could lead to an in-
teresting era of ex vivo diagnostic platforms for bacterial infections.

5. Conclusion

Using P. aeruginosa, we observed a time- and culture- condition
dependent dual positive percentage in SYTO 60 and TOTO-1 staining by
flow cytometry. In accordance with published fluorescent microscopy
techniques, these data support the formation of biofilm dependent
strongly on time in culture and RPM during incubation (Okshevsky and
Meyer, 2014b). We propose that flow cytometry for bacterial pheno-
typing can be used to identify and count biofilm cells and that this assay
has substantial potential to significantly impact future clinical diag-
nostics. From the data produced, we have validated two fluorescent
dyes, TOTO-1 and SYTO 60, that are effective stains to quantify biofilm
bacteria at the single cell level.
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