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A B S T R A C T

Buffers are essential for diluting bacterial cultures for flow cytometry analysis in order to study bacterial phy-
siology and gene expression parameters based on fluorescence signals. Using a variety of constitutively expressed
fluorescent proteins in Escherichia coli K-12 strain MG1655, we found strong artifactual changes in fluorescence
levels after dilution into the commonly used flow cytometry buffer phosphate-buffered saline (PBS) and two
other buffer solutions, Tris-HCl and M9 salts. These changes appeared very rapidly after dilution, and were
linked to increased membrane permeability and loss in cell viability. We observed buffer-related effects in
several different E. coli strains, K-12, C and W, but not E. coli B, which can be partially explained by differences in
lipopolysaccharide (LPS) and outer membrane composition. Supplementing the buffers with divalent cations
responsible for outer membrane stability, Mg2+ and Ca2+, preserved fluorescence signals, membrane integrity
and viability of E. coli. Thus, stabilizing the bacterial outer membrane is essential for precise and unbiased
measurements of fluorescence parameters using flow cytometry.

1. Introduction

Flow cytometry is a common method to analyze the phenotypic
properties of many thousands of individual cells in a short period of
time. Here, the light scattering properties of individual cells are ana-
lyzed one at a time, and cell characteristics such as relative size and
shape (forward scatter), relative granularity (side scatter) and fluores-
cence intensity of a chosen fluorescent reporter are measured (Tracy
et al., 2010). Thus, the composition of a bacterial population can be
analyzed at the level of the single cell, which enables investigating the
distribution of phenotypes present in clonal bacterial populations. Such
phenotypic variation is often described at the level of fluctuations in
gene expression of a fluorescent protein-based reporter system (Silander
et al., 2012; Singh et al., 2013). The mean fluorescence obtained by
flow cytometry is used to approximate the strength of expression, while
the coefficient of variation (CV) is commonly used to describe the
amount of variability in expression (Freed et al., 2008; Kærn et al.,
2005; Silander et al., 2012). Other than fluorescence-based reporters,
fluorescent dyes or probes are employed to stain bacterial cells for
fluorescence detection (Kotte et al., 2014) and to inform on the phy-
siological characteristics of the cell, such as membrane potential, en-
zyme activity or nucleic-acid content and membrane integrity (Miller
and Quarles, 1990; Renggli et al., 2013; Roth et al., 1997).

Prior to flow cytometry analysis bacterial samples require dilution

in buffers to allow the cells to pass through the system as single par-
ticles without disturbing the liquid flow. PBS is the standardized buffer
for flow cytometry analysis and other microbiological applications.
General flow cytometry workflows include diluting bacterial cultures
into ice-cold PBS to halt cell growth and molecular reactions inside the
cell, such as transcription and translation. Here, we observed detri-
mental effects of cold PBS on the signal from chromosomally encoded,
constitutively expressed fluorescence proteins (sfGFP, mVenus and
mCherry) in E. coli K-12 strain MG1655 using flow cytometry analysis,
and found strong artifactual changes in fluorescence signals. Tris-HCl
and M9 salts containing ammonium yielded a similar outcome. Our
data suggest that cells diluted in cold PBS rapidly decline in fluores-
cence, accompanied with a strong increase in CV of the population.
These changes became apparent within minutes after diluting cells into
cold flow cytometry buffers, and were independent of the type of
fluorescent protein assayed by flow cytometry. Increased membrane
permeability and loss in cell viability was the major contributor to the
observed changes in E. coli strain MG1655, K-12, C and W, but not E.
coli B. Thus the commonly used buffer PBS, and likewise Tris-HCl or M9
salts, are not suitable for diluting E. coli strains for subsequent quanti-
tative flow cytometry analysis, as they affect cell viability, and lead to
spurious measurements of fluorescence dynamics or cell physiology.
However, supplementing buffers with magnesium and calcium, the two
major divalent elements of the Gram-negative outer membrane,
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preserved fluorescence signals, membrane integrity and viability of E.
coli cells, even if incubated for prolonged periods of time, and ame-
liorated cold shock related effects.

2. Materials and methods

2.1. Bacterial strains

Experiments were performed with E. coli K-12 strain MG1655 (lab
strain, F-, lambda-), E. coli K-12 (ATCC 10798, F+, lambda+ ), E. coli C
(CGSC 3121), E. coli W (ATCC 9637), E. coli B (CGSC 5365), Bacillus
subtilis strain PY79 and derivatives of these strains. Strains and plasmids
are listed in Table 1.

Derivatives of E. coli K-12 strain MG1655 constitutively expressed
chromosomally encoded fluorescent proteins (sfGFP (Pédelacq et al.,
2005), mVenus (Cox et al., 2010) or mCherry (Shaner et al., 2005)),
driven by the right side of the lambda promoter (PR), as did derivatives
of E. coli B and E. coli W. Single-copy fluorescent-protein expressing
strains were generated using the chromosomal integration method of
Haldimann and Wanner (Haldimann and Wanner, 2001). Briefly, PR-
sfgfp/mvenus/mcherry were cloned into pAH81-FRT-chlor (pAH81 car-
rying a FRT-flanked chloramphenicol resistance cassette instead of a bla
gene) and inserted into the phage P21 attachment site (attP21) using
the corresponding helper plasmid. Single-copy integrations were ver-
ified using primers as described in (Haldimann and Wanner, 2001). For
E. coli B and E.coli W, primer P4 was TCGCACCATTCAACAAGG. The
chloramphenicol cassette was removed with the helper plasmid pCP20
(Cherepanov and Wackernagel, 1995).

To increase the strength of gene expression and fluorescent protein
content in MG1655, the same PR-fluorescence constructs were cloned
into a low-copy pZS* plasmid (Lutz and Bujard, 1997), which has 3–4
copies/cell.

Single-gene deletions of the genes waaR, ompT and micF were
transduced using general P1 transduction from donor strains of the
respective in-frame deletions of the Keio collection (Baba et al., 2006)
and the Storz collection (Storz et al., 2005). Transductants were tested
for deletions using primers waaR_fwd GCGCATCATCAATATCGGGC,
waaR_rev TGGAAGAATACGGCGTTGCT, ompT_fwd TGAAATGGCTAG
TTATTCCCCGG, ompT_rev ACAGTGGAGCAATATGTAATTGACT,
micF_fwd GGCAAGTCCATTCTCCCCAA, micF_rev CGCGAAGTGATAG
GGCAGTA. Kanamycin resistance markers were removed with the
helper plasmid pCP20. Overexpression of the glmS gene was achieved
using the respective pCA24N(−) plasmid of the ASKA collection
(Kitagawa et al., 2006). The B. subtilis strain used in this study ex-
pressed Yfp driven by the IPTG-inducible promoter (Phs; (van Ooij and
Losick, 2003)) in the absence of LacI. Briefly, Phs was amplified from
pDR111 hyper-SPANK plasmid and assembled to RBS-yfp amplified
from pDL30-YFP plasmid. Phs-yfp was back integrated into pDR111
resulting in pRR1y plasmid for integration into the amyE locus.

2.2. Culture conditions

For each experiment cultures inoculated from single colonies were
grown aerobically overnight in LB Miller broth at 37 °C. pZS*-plasmids
were maintained using 50 μg/ml kanamycin. pCA24N(−) plasmid was
maintained using 20 μg/ml chloramphenicol and glmS expression was
induced adding 50 μM IPTG.

All experiments were performed in biological triplicates. A 1 in
1000 dilution of overnight cultures was grown in fresh LB broth for 2 ½
hours at 37 °C (mid-exponential phase, OD600 approx. 0.3–0.4). The
buffer composition was: 1× PBS, 8 g/l NaCl, 0.2 g/l KCl, 1.44 g/l
Na2HPO4, 0.24 g/l KH2PO4, pH 7.4; 1× M9 salts, 0.5 g/l NaCl, 1 g/l
NH4Cl, 6.78 g/l Na2HPO4, 3 g/l KH2PO4; 0.12M Tris-HCl, 14.544 g
Trizma base, pH 8.0 (all from Sigma-Aldrich). All buffers were prepared
using sterile Milli-Q water if not indicated otherwise, and were filtered
prior to usage. Mg2+ and Ca2+were added as magnesium sulfate
(MgSO4) and calcium chloride (CaCl2) at final concentrations of 1mM
and 0.1 mM, respectively, if not indicated otherwise. The cells were
diluted into 2ml ice-cold, if not stated otherwise, buffer in 5ml round
bottom tubes (VWR International, Vienna, Austria) to give a flow cyt-
ometer event rate of approximately 500 events/sec at medium flow rate
(about 60 μl/min). To calculate colony-forming units (CFU) cells were
serially diluted using the same buffer and plated onto LB agar plates.
During the whole experiment all buffers and diluted samples were kept
on ice.

2.3. Flow cytometry analysis

Flow cytometry analysis was carried out on the FACSCanto II
Analyzer or FACSAria III Sorter (BD Biosciences, San Jose, CA)
equipped with FACSDiva software (version 6.1.3, BD Biosciences).
Sensitivity of the lasers was determined within the daily setup using BD
FACS 7-color setup beads. For scatter detection the 488-nm laser was
used. The forward scatter (FSC) detector was set to 560 V on the
FACSCanto II and 357 V on the FACSAria III. The side scatter (SSC)
detector was set to 374 V. Both signals were collected through a 488/
10-nm band-pass filter. Cells were plotted on a log scale with thresh-
olding on FSC and SSC at 1000. The fluorescence signal observed from a
physiologically distinct subpopulation, gated on FSC-H and SSC-H, was
biexponentially transformed. The green emission from the FITC-H
channel (sfGFP and mVenus) was collected through a 530/30-nm band-
pass filter using 488-nm laser and the detector was set to 473 V. The red
emission from the mCherry-H channel (mCherry) was collected through
a 610/20-nm band-pass filter using 561-nm laser and the detector was

Table 1
Strains and plasmids.

Strain Name Genotype Origin

E. coli strains
K-12 F+, lambda+, ilvG-, rfb-50, rph-1 ATCC 10798
MG1655 F-, lambda-, ilvG-, rfb-50, rph-1 lab strain
strain B F-, lon-, dcm-, malB-, ompT-, K-

12(λR)
CGSC 5365

strain C CGSC 3121
strain W ATCC 9637
KT81 MG1655 ΔmicF this study
KT204 E. coli B attP21::PR-sfgfp this study
KT208 MG1655 ΔwaaR this study
KT218 MG1655 ΔompT this study
KT220 E. coli W attP21::PR-sfgfp this study
TB201 MG1655 attP21::PR-mvenus Tobias Bergmiller
TB204 MG1655 attP21::PR-sfgfp Tobias Bergmiller
TB205 MG1655 attP21::PR-mcherry Tobias Bergmiller
B. subtilis strains
PY79 Prototroph SPβs lab strain
CR_Y1 PY79 amyE::Phs-yfp::spec Remy Chait
Plasmid Origin
pAH81-FRT-cat R6K oriR, attP21, prhaB, CamR Tobias Bergmiller
pDL30-YFP-HindIII source for yfp amplification gift of Avigdor

EldarpDR111 hyper-
SPANK

source for Phs amplification, amyE
integration vector, SpecR

pCA24N(-)glmS modified pMB1 oriR, PT5-lac, glmS,
GFP(-), CamR

[18]

pCP20 FLP+, λ cI857+, λ PR Repts, AmpR,
CamR

[14]

pZS*_2R-cIPtet-
VenusPrm

SC101* oriR, PRM, mvenus, PLtetO-1,
cI, KanR

Mato Lagator

pRR1y amyE::Phs-yfp, integration vector,
SpecR

Remy Chait

pZS11-pHluorin SC101 oriR, PLtetO-1, ratiometric
pHluorin, AmpR

[22]

pZS*11-Venus SC101* oriR, PLtetO-1, mvenus,
AmpR

Calin Guet

pZS*-PR-sfgfp SC101* oriR, PR, sfgfp, KanR Tobias Bergmiller
pZS*-PR-mvenus SC101* oriR, PR, mvenus, KanR

pZS*-PR-mcherry SC101* oriR, PR, mcherry, KanR
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set to 900 V. Flow cytometric acquisition was performed using BD
FACSflow (1% disodium hydrogenorthophosphate, 1% sodium
chloride, 1% 2-Phenoxyethanol, 0.1% sodum fluoride, 0.1% disodium
dihydrogenethylenediaminetetraacetate, water) as sheath fluid.

20000 events were recorded directly after diluting the cells into the
buffers tested, and at the time points indicated. The geometric mean
fluorescence and the CV, defined as the standard deviation divided by
the mean of the population distribution, of approximately 5000 gated
cells similar in size and shape (FSC) and cellular complexity (SSC) was
determined. Events were gated and values were extracted using FlowJo
software (version 10.0.7, FlowJo LLC, Tree Star).

2.4. Viability staining

The two nucleic acid dyes thiazole orange (TO) and propidium

iodide (PI) were used in combination to discriminate between live and
dead cell populations according to their membrane integrity (Tracy
et al., 2010). TO (Sigma-Aldrich) was dissolved in dimethylsulfoxide
(DMSO) to a stock concentration of 4.2mM. PI (Sigma-Aldrich) was
dissolved in Milli-Q water to a stock concentration of 4.3 mM. The
green emission from TO was collected through a 530/30-nm band-pass
filter and the FITC-H detector was set to 473 V. The red emission from
PI was collected through a 585/42-nm band-pass filter and the PE-H
detector was set to 500 V. The amounts of live, injured and dead cells
were quantified by staining cells simultaneously with TO (10.5 μM final
concentration) and PI (10.75 μM final concentration). Cells were
stained for 5min at room temperature directly prior to analysis. Live
cells are stained for TO only, whereas cells with altered membrane
(injured) are stained for both TO and PI. Since injured cells are likely to
regrow to a colony (Alsharif, 2002; Nebe-von-Caron et al., 2000), both

Fig. 1. Changes in mean fluorescence signal and variability from chromosomal origin in PBS. (A) MG1655 attP21:PR-sfgfp, (B) MG1655 attP21:PR-mvenus, and (C) MG1655 attP21:PR-
mcherry. 5000 gated events from one representative replica are graphically displayed as histograms showing the counts vs the log of fluorescence intensity. Auto fluorescence of MG1655
wild-type is shown in grey (0min and 180min after dilution). (D) Linear regression of the fluorescence signal is displayed as the mean fluorescence over time. (E) Linear regression of the
fluorescence distribution is shown as the CV over time. Values using unsupplemented PBS are shown in red. Values using PBS supplemented with 1mM MgSO4 and 0.1mM CaCl2 (2+)
are shown in blue. Experiments were performed in biological triplicates; error bars are standard error of the mean (STM). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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live and injured cells were summed as viable. A live control (cells di-
rectly after dilution into PBS supplemented with 1mM MgSO4 and
0.1 mM CaCl2, stained with TO only) and a dead control (cells in-
cubated 30min in 70% isopropanol at room temperature and washed
once in PBS supplemented with divalent cations, stained with PI only)
were used to verify flow cytometry settings and gating. Amounts of
viable and dead cells from approximately 5000 gated cells were de-
termined with FlowJo software.

2.5. Cell sorting

Fluorescent activated cell sorting (FACS) was carried out on the
FACSAria III Sorter. The delay in droplet formation was determined for
optimal sorting using the BD FACS Accudrop technology. Voltages were
set to 357, 374 and 703 for FSC-H, SSC-H and FITC-H detection, re-
spectively. E. coli MG1655 attP21:PR-sfgfp was grown as mentioned

above. Cells were centrifuged at low speed (2min at 9000 g), growth
medium was removed and cells were resuspendet in 2ml cold PBS.
After 120min on ice, 20000 events were recorded directly prior sorting
the cells. Sorting-gates were applied to the fluorescent and non-fluor-
escent portion of the bacterial population (as shown in Fig. 3C). The
70 μm sort setup was used for droplet formation and sorting was per-
formed at low flow rate (10 μl/min), 500000 events from each gate
were sorted either into cold PBS or PBS supplemented with 1mM
MgSO4 and 0.1 mM CaCl2. Directly after sorting, cells were con-
centrated by centrifugation at low speed and resuspendet in 1ml cold
unsupplemented or supplemented PBS. Serial dilutions were plated on
LB agar plates.

2.6. Statistical analysis

Experiments were performed in biological triplicates and data are

Fig. 2. Fluorescence signals and cell counts of the fluorescent subpopulation decrease over time. (A) MG1655 attP21:PR-sfgfp, (B) MG1655 attP21:PR-mvenus, and (C) MG1655 attP21:PR-
mcherry. 5000 gated events from one representative replica are graphically displayed as histograms showing the counts vs the log of fluorescence intensity. Fluorescent (+) and non-
fluorescent (−) subpopulations are gated. (D) Linear regression of the mean fluorescence of the fluorescent (black) vs the whole population (red). (E) Linear regression of the CV. (F)
Linear regression of the cell counts in the fluorescent (black) and non-fluorescent (grey) subpopulation. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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represented with the standard error of the mean (STM). Linear regres-
sion analysis was performed treating each replicate as independent data
point. For slope comparison a two-tailed P-value was calculated with
alpha set to 0.05. Unpaired t-test was performed correcting for multiple
comparisons using the Holm-Šídák method with alpha set to 0.05 and
assuming same standard deviation for the data sets.

3. Results

3.1. Fluorescence signals decay rapidly in flow cytometry buffers

Mid-exponentially growing cells of E. coli K-12 strain MG1655 were
diluted into 1× PBS for flow cytometry analysis, and the sfGFP signal,
expressed from a chromosomally encoded constitutive promoter (PR),
was recorded directly after dilution and at the indicated time points.
Decrease in mean fluorescence and increase in coefficient of variation

was compared to the levels of the signals recorded directly after dilu-
tion. Using PBS as flow cytometry buffer led to a 2.0-fold decrease in
mean fluorescence of the whole population and a 2.7-fold increase in
CV within 20min (Fig. 1). After 180min in PBS, the mean fluorescence
of the GFP signal decreased 3.9-fold and the CV increased 4.0-fold.
Thus, PBS significantly affected the fluorescence signal of sfGFP, and
led to strong alterations in the recorded fluorescence distributions over
time, displaying a bimodal pattern (Fig. 1A).

Next, we tested another flow cytometry buffer, Tris-HCl, and found
that it affected the fluorescent signal of the population more strongly
than PBS: the mean fluorescence signal decreased 3.0-fold and the CV
increased 3.5-fold within 20min after dilution (Fig. S1). Interestingly,
after 120min in Tris-HCl the mean fluorescence was fully shifted to the
auto fluorescence background of MG1655 (Fig. S1C), leading to a de-
crease in the CV of the whole population and thus to a negative slope in
the linear regression of the CV over time (Fig. S1B). A 1× M9 salts

Fig. 3. Higher expression levels of fluorophores are not affected by buffer conditions. MG1655 carrying (A) pZS*-PR-sfgfp, (B) pZS*-PR-mvenus, and (C) pZS*-PR-mcherry. 5000 gated
events from one representative replica are graphically displayed as histograms showing the counts vs the log of fluorescence intensity. Auto fluorescence of MG1655 wild-type is shown in
grey (0min and 180min after dilution). (D) Linear regression of the mean fluorescence of MG1655 pZS*-PR-sfgfp, pZS*-PR-mvenus, and pZS*-PR-mcherry. (E) Linear regression of the CV.
Values using unsupplemented PBS in red, events and values using supplemented PBS in blue (2+). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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solution also led to a bimodal distribution (Fig. S1D), although fluor-
escence signals were affected to a lesser extent than in PBS and Tris-
HCl: in M9 salts solution, the mean fluorescence decreased 1.8-fold and
the CV increased 2.4-fold within the first 20min.

We also tested the effect of PBS on the fluorescence of other fluor-
escent-protein based reporters, and found that fluorescence signals from
chromosomally encoded PR–driven mVenus (Fig. 1B) and mCherry
(Fig. 1C) were affected similarly or more strongly than the fluorescence
signal of sfGFP and also displayed a bimodal distribution (Fig. 1B–E).
The mean fluorescence of mCherry decreased 1.8-fold and the CV in-
creased 2.6-fold within the first 20min, and after 180min the mean
fluorescence decreased 6.5-fold and the CV increased nearly 5.0-fold.
For mVenus this effect was stronger: the mean fluorescence decreased
3.1-fold and the CV increased 4.6-fold within the first 20min in PBS,
and after 180min the mean fluorescence decreased almost 20-fold and
the CV increased almost 11.0-fold. Thus, the observed changes in the
fluorescence signal and CV are not specific to a particular fluorescent
fluorophore variant, and represent a common phenomenon.

As the fluorescence distributions in PBS appeared to be bimodal
(Fig. 1A–C) we split the population into two subpopulations (fluor-
escent and non-fluorescent) and compared the mean and the CV of the
fluorescence subpopulation with those of the whole population
(Fig. 2A–C). As expected, the mean fluorescence and the CV of the
subpopulation did not change to the same extent as of the whole po-
pulation. However, for all fluorophores the mean fluorescence and the
CV of the fluorescent subpopulation changed significantly over time in
unsupplemented PBS (Fig. 2D and E). Interestingly, the mean fluores-
cence of sfGFP and mVenus decreased similarly for the fluorescent
subpopulation and the whole population (Fig. 2D). However, this was
not the case for mCherry: here the mean fluorescence of the whole
populations decreased more strongly than that of the fluorescent sub-
population. We also quantified the cell counts residing in each sub-
population and found that cell numbers decreased in the fluorescent
subpopulation over time, whereas they likewise increased in the non-
fluorescent subpopulation (Fig. 2F). Thus, spurious fluorescence pat-
terns arise irrespective of the type of fluorescent protein or buffer
condition assayed here.

3.2. Magnitude of fluorescence decay depends on expression strength and
copy number

Next, we tested whether fluorescence parameters were also affected
when the same fluorescence constructs under PR control were expressed
more strongly. Therefore we expressed the constructs from low copy
plasmids. Interestingly, at higher gene copy number, and thus higher
expression level and increased fluorescence, the fluorescence signals
were less affected by PBS (Fig. 3): the fluorescence signals of sfGFP and
mVenus were only affected after 120min in PBS, whereas the fluores-
cence signal of mCherry was not affected.

By testing two additional promoters, PRM (activated by the cI dual
repressor/activator of phage λ which is absent in MG1655), and a
constitutive PLptetO-1 (constitutively expressed in the absence of tetR
repressor) on low copy plasmids driving mVenus expression, we were
able to cover a broad range of expression strengths (Fig. 4A–D). In
detail, mVenus expression was 45-fold, 214-fold, 38-fold and 3-fold
above the auto fluorescence background using constitutive PR promoter
on the chromosome (attP21) or on low copy plasmid, and constitutive
PRM or PLptetO-1 on low copy plasmids, respectively. We found that the
magnitude of fluorescence decrease in PBS depends on both, the
strength of expression and the copy number (Fig. 4E). We hypothesize
that over time an absolute number of fluorescent proteins gets damaged
inside the cell or alternatively leak out of the bacterial cell, which leads
to a pronounced effect at lower protein levels compared to higher ex-
pression levels.

3.3. Alterations in outer membrane are responsible for altered fluorescence
measurements

We asked whether alteration in the bacterial outer membrane led to
the observed changes in fluorescence signal, and supplemented the
buffers with Mg2+ and Ca2+, since these are the two major divalent
cations responsible for outer membrane stability (Leive, 1974). Binding
of divalent cations to phosphate residues located on the lipid A and the
inner core of the lipopolysaccharide structure leads to formation of
pyrophosphate bridges between adjacent LPS molecules stabilizing the
outer membrane (Leive, 1974). Supplementing the buffers with 1mM
MgSO4 and 0.1 mM CaCl2 was sufficient to preserve fluorescence sig-
nals of the whole population and thus the mean fluorescence levels and
the resulting CVs in all buffers tested (Fig. 1; Fig. 8; Fig. S1). This
strongly suggested that the buffers tested in this study damage or de-
stabilize the Gram-negative outer membrane, and that the absence of
divalent cations were the cause of this effect.

To further test whether the outer membrane was at the core of the
observed effects, we conducted two experiments. First, we analyzed a
strain of the Gram-positive bacterium Bacillus subtilis expressing a
chromosomally encoded, constitutive yfp fluorescence reporter, and
found that PBS did not affect the fluorescence signal (Fig. S2A). Second,
we added 1mM of the chelating agent ethylene-diaminetetraacetate
(EDTA) into PBS supplemented with magnesium and calcium mi-
micking unsupplemented buffer. Here, the fluorescence signal of
chromosomally encoded sfGFP of E. coli K-12 strain MG1655 decreased
similarly as in unsupplemented PBS (Fig. S3). We conclude that the
observed alterations in fluorescence parameters after dilution into un-
supplemented flow cytometry buffers specifically affected the outer
membrane of Gram-negative bacteria.

Next, we tested whether the ion purity of the water used for PBS
buffer preparation or varying the concentration ratio and chemical
composition of magnesium and calcium affects the recorded fluores-
cence signal. Using distilled water instead of Milli-Q water for buffer
preparation or using commercially available 1× PBS (Life Technology,
pH 7.4) did not preserve the recorded fluorescence parameters (Fig.
S4A and B). Adding 0.5mM MgCl2 and 1mM CaCl2 instead of 1mM
MgSO4 and 0.1 mM CaCl2 preserved the fluorescence signal to the same
extent (Fig. S4C and D). Thus, the concentration ratio and the chemical
composition of magnesium and calcium salts are of lesser importance
for preserving fluorescence signals of Gram-negative bacteria.

We also quantified whether magnesium or calcium alone are suffi-
cient to preserve the fluorescence signal recorded from chromosomal
sfGFP (Fig. S5). Addition of 1mMMgSO4, 0.1 mM CaCl2, 0.5 mMMgCl2
or 1mM CaCl2 was not sufficient to preserve the fluorescence signal. It
therefore appeared that both cations are needed to sufficiently preserve
viability and fluorescence signals of Gram-negative bacteria.

3.4. Alterations in fluorescence are a consequence of increased membrane
permeability and loss of viability

We performed live/dead staining using flow cytometry analysis and
determined colony forming units (CFU/ml) to test whether the altera-
tions in fluorescence signal were linked to increased permeability of the
bacterial membrane and decreased viability of bacterial cells (Fig. 5A
and B).

CFUs of E. coli K-12 strain MG1655 were determined as indicated
after dilution into PBS. Within 20min, the CFUs decreased 1.2 logs and
after 180min CFUs decreased almost 4 logs. The presence of 1mM
MgSO4 and 0.1mM CaCl2 significantly increased viability compared to
unsupplemented PBS, although a slight decrease in CFU over time was
apparent even in the presence of divalent cations (Fig. 5A). In contrast,
CFUs of the Gram-positive bacterium B. subtilis were not affected in PBS
(Fig. S2C).

To verify that the decrease in viability of the Gram-negative bac-
terium is directly linked to the decrease in fluorescence, we sorted non-
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fluorescent and fluorescent cells of MG1655 attP21:PR-sfgfp after
120min in PBS (Fig. 5C) and determined CFUs from the sorted popu-
lations (Fig. 5D). Independently of cells sorted into unsupplemented
PBS or PBS supplemented with 1mM MgSO4 and 0.1mM CaCl2, non-
fluorescent cells displayed a more than 3.6 log decrease in CFUs com-
pared to the fluorescent part of the population. These results clearly
show that in the absence of the divalent cations, Mg2+ and Ca2+, the
outer membrane of Gram-negative bacteria is damaged, leading to a
decline in viable cell counts of the whole population, which underlies
the alterations observed in fluorescent reporter levels.

To directly monitor membrane integrity and viability we used a

combination of the nucleic acid dyes TO and PI (Tracy et al., 2010). The
combination of TO and PI discriminates between cells with intact and
damaged membranes: the dye TO permeates and enters all cells to a
different extent depending on whether they are alive, injured or dead,
whereas the impermeant dye PI enters only cells with a damaged
membrane. Thus live and injured cells together are used to estimate the
amount of viable cells since injured cells are able to regrow to a colony
(Alsharif, 2002; Nebe-von-Caron et al., 2000). Viability was evaluated
directly after dilution into PBS and on time points as indicated (Fig. 5B).
Viability of MG1655 decreased over time, 2.4 logs after 20min and a
more than 10 logs after 180min. Viability of MG1655 was preserved by

Fig. 4. Magnitude of fluorescence damage depends on expression strength and copy number. MG1655 expressing mVenus using promoter (A) PR on the chromosome (attP21), (B) PR on
pZS* plasmid, (C) PRM on pZS* plasmid, and (D) PLtetO-1 on pZS* plasmid. 5000 gated events from one representative replica are graphically displayed as histograms showing the counts
vs the log of fluorescence intensity. Auto fluorescence of MG1655 wild-type is shown in grey (0min and 180min after dilution). Mean fluorescence over auto fluorescence background is
shown in brackets. (E) Linear regression of the mean fluorescence. (F) Linear regression of the CV. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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adding 1mM MgSO4 and 0.1 mM CaCl2 (Fig. 5B). Interestingly, the
reduction in viability measured as CFU directly after dilution into PBS
was much stronger than expected based on live/dead staining and flow
cytometry (Fig. 5A and 5B).

Thus, viability of MG1655 is decreased upon dilution into cold flow
cytometry buffers, as shown by a massive decrease in CFU/ml and in-
crease in membrane permeability. Still this effect can be avoided by
addition of the divalent cations, magnesium and calcium.

3.5. Fluorescence and viability are decreased due to cold shock

Using cold buffers for CFU measurements and flow cytometry ex-
periments is the common standard in biotechnology, for instance when
sampling cultures with high time resolution (Freed et al., 2008): the
decrease in temperature leads to an immediate reduction of molecular
dynamics, like diffusion of molecules, and therefore to the desired re-
duction in the reaction rate of a wide range of intracellular processes,
such as transcription, translation and replication, and growth is halted
(Weber and Marahiel, 2003). However, alterations of the cytoplasmic
membrane upon cold shock also lead to a decrease of membrane fluidity
and increased permeability (Jernaes and Steen, 1994). Both are thought
to lead to an undesirable loss in viability of E. coli in cold PBS as sug-
gested previously by ethidium bromide staining and flow cytometry
analysis (Jernaes and Steen, 1994).

We therefore recorded fluorescence signals and determined CFUs
after dilution into room temperature (RT) PBS and compared them to
the data obtained using cold buffer. Viability of MG1655 was not re-
duced upon dilution into RT PBS (Fig. 6G). However, the bacterial cells
continued dividing at low rate in RT PBS resulting in increased CFUs
over time. Interestingly, although no bimodal distribution was observed

using RT PBS for flow cytometry (Fig. 6A), the mean sfGFP fluorescence
decreased over time, whereas the CV did not change (Fig. 6C and D).
The decrease in fluorescence in RT PBS can be clearly explained by the
continued division as shown by CFU measurements. Interestingly, the
FSC signal, a proxy for cell size, from the flow cytometry experiment
using RT PBS decreased over time (Fig. 6E and F). This decrease in FSC,
and thus in cell size, can be explained by a mechanism known as re-
ductive division, a phenomenon found in stationary phase where divi-
sion is completed in the absence of further cell growth (Nyström, 2004).

3.6. Fluorescent/viable cells and non-fluorescent/dead cells do not differ in
size/shape and granularity

We asked whether fluorescent/viable and non-fluorescent/dead
cells differ in cell size and shape or granularity, and thus appear in
different regions of the FSC (measure for cell size and shape) and SSC
(measure for granularity) dot plot. Gating the two sfGFP subpopula-
tions, fluorescent and non-fluorescent, of MG1655 after 180min in PBS
and back applying the same gating to the FSC/SSC dot plot showed
superposition of the two subpopulations, no matter if analyzing the
ungated (20000 events) or the tightly gated (5000 events) population
(Fig. S6). Similarly, gating on live, injured and dead stained cells after
live/dead staining using TO and PI, and back applying the same gating
to the FSC/SSC dot plot resulted in superposition of viable and dead
cells (Fig. S7). Thus fluorescent/live and non-fluorescent/dead cells are
homogeneously distributed across the whole population.

Fig. 5. Decay of viability of MG1655 in the absence of divalent cations. Linear regression of (A) log CFU/ml and (B) viability over time using unsupplemented PBS is shown in red,
supplemented PBS in blue (2+). Significance refers to unsupplemented vs supplemented buffer at the given time points (α=0.05). (B) Representative histogram of sorting non-
fluorescent and fluorescent cells after 120min in unsupplemented PBS. (C) Log CFU/ml of fluorescent and non-fluorescent cells. Each bin was sorted in unsupplemented and supple-
mented PBS (2+). Values using unsupplemented PBS in red, events and values using supplemented PBS in blue (2+). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 6. Fluorescence and viability decrease upon cold shock. Fluorescence signal of 5000 gated cells of one representative replica of MG1655 attP21:PR-sfgfp is graphically displayed after
dilution into (A) room temperature (RT) PBS and (B) cold PBS. Linear regression of (C) the mean fluorescence of MG1655 pZS*-PR-sfgfp, (D) the CV, (E) FSC-H, (F) SSC-H, and (G) the log
CFU/ml in RT vs cold PBS. Values using cold PBS in red, values using RT PBS in orange. Significance refers to cold vs RT buffer at the given time points (α=0.05). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.7. Buffers affect fluorescence and viability in many, but not all, E. coli
strains

Next, we tested whether the observed alterations in fluorescence,
membrane stability and cell viability were a general phenomenon ob-
served in diverse E. coli strains. To this end we conducted a series of
experiments with E. coli K-12 (ATCC 10798), E. coli C (CGSC 3121), E.
coli W (ATCC 9637) and E. coli B (CGSC 5365). E. coli K-12 (including
MG1655), E. coli C and E. coli B fall into the phylogeny group A,
whereas E. coli W falls into phylogeny group B1 (Archer et al., 2011).
Group A and group B1 are classified as sister groups that diverged re-
cently, although the divergence between the two groups is relatively
high.

First, we assayed the effect of unsupplemented PBS on viability by
determining CFU (Fig. 7). Viability of all E. coli strains except of E. coli B
decayed over time, although the CFUs of strains K-12, C and W were

more stable compared to MG1655 (Fig. 7E). When we recorded fluor-
escence signals of E. coli W and E. coli B diluted in unsupplemented PBS
(both strains expressed chromosomally encoded sfGFP constructs
driven by the PR promoter), we found that the fluorescence levels of E.
coli B decayed very little over time, while E. coli W fluorescence dis-
played a similar decay as MG1655 (Fig. 8). Thus, E. coli B is less affected
by the lack of divalent cations in PBS, while all other E. coli strains
tested here exhibited a similar sensitivity towards unsupplemented PBS.

3.8. Differences in the outer membrane structure and LPS composition of E.
coli K-12 strain MG1655 and E. coli B affect viability

Although E. coli K-12 strain MG1665 and E. coli B share more than
99% sequence similarity, they differ substantially in the composition of
the LPS layer and expression of outer membrane porins, which poten-
tially influences the permeability and stability of the outer membrane

Fig. 7. Loss of viability is strain specific. Linear regression of log CFU/ml of (A) E. coli K-12, (B) E. coli C, (C) E. coliW and (D) E. coli B over time. Usupplemented PBS in red. Supplemented
PBS in blue (2+). Significance refers to unsupplemented vs supplemented buffer at the given time points (α=0.05). (E) Comparison between all tested E. coli strains in PBS. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(van Ooij and Losick, 2003). To investigate a possible source of the
increased viability and outer membrane stability of our E. coli B strain
(CGSC 5365), we chose a subset of genes in which MG1655 and E. coli B
differ from each other, in particular genes involved in envelope bio-
synthesis and genes encoding outer membrane porins. In general, E. coli
B strains lack the O-antigen similar to MG1655, but they additionally
have a truncated LPS core due to an IS-insertion in the waaT gene
(Jeong et al., 2009). The waaT gene encodes for an UDP-galactose:
(glucosyl) LPS galactosyltransferase (Yoon et al., 2012). An IS-insertion
in the micF gene increases expression of the outer membrane porin
ompF, a porin which allows passage of small molecules such as ions
across the outer membrane (Nikaido, 2003; Yoon et al., 2012). Recently
it was found that OmpF porins interact with LPS molecules bound to the
outer membrane and influence ion permeability (Patel et al., 2016),
which might explain the differences we observed between strains.
However, disruption of the waaT gene and increased ompF porin ex-
pression are thought to increase membrane permeability of E. coli B
relative to K-12 and to make E. coli B more susceptible to a variety of
stressful conditions (Jeong et al., 2009). Additionally we found that the
ompT gene (encoding an outer membrane protease) was deleted in our
E. coli B strain, similar to E. coli B strain BL21 (Yoon et al., 2012). Al-
though expression of ompT and activity of the outer membrane protease
is increased under stress conditions, deletion of OmpT protease con-
tributes to the difference in outer membrane composition between E.
coli K-12 strain MG1655 and E. coli B (Gill et al., 2000). Furthermore,
the gene glmS which catalyzes the first step in hexosamine biosynthesis
leading to UDP-N-acetyl-α-D-glucosamine, a peptidoglycan and lipo-
polysaccharide precursor, is transcriptionally and translationally over-
expressed in E. coli B (Jeong et al., 2009).

To test whether these candidate genes are responsible for the in-
creased survival of E. coli B, we introduced single-gene deletions of
ompT and waaR (closest homologue of waaT gene from E. coli B found in
MG1655 (Heinrichs et al., 1998)) and a single-gene deletion of micF
gene into our MG1655 wild-type strain. Mild overexpression of glmS in

MG1655 was achieved by transforming the corresponding plasmid from
the ASKA(−) collection and addition of 50 μM IPTG (Kitagawa et al.,
2006). The gene deletion mutants of waaR, ompT or micF in our
MG1655 strain background did not display increased survival after
dilution into PBS, and the ompT deletion mutant displayed an overall
higher sensitivity to PBS irrespective of supplemented cations (Fig. 9).
Interestingly, although mild overexpression of glmS using 50 μM IPTG
still led to a decrease in viability directly after dilution into un-
supplemented PBS (Fig. 9D), the slope of the decrease over time was
significantly different if compared to MG1655 wild-type (Fig. 9E). Thus,
overexpression of glmS, renders E. coli MG1655 more resilient to PBS,
but the observed difference between E. coli B and other E. coli strains
tested here might furthermore depend on multiple confounding factors
affecting LPS composition, porin expression or regulation and pepti-
doglycan synthesis.

4. Discussion

In this work we show that the commonly used buffer solutions PBS,
Tris-HCl and M9 salts, lead to spurious measurements of fluorescence
parameters assessed by flow cytometry due to strong alterations of the
bacterial membrane upon cold shock and the lack of divalent cations.
The mean fluorescence, indicative of expression strength, of fluorescent
reporters of chromosomally encoded origin might be underestimated in
E. coli K-12 strain MG1655, E. coli W, and other E. coli strains. At the
same time the CV, indicative of variability in expression of the whole
population, might be overestimated. Underlying this observation is the
rapid decay of viability of diluted bacterial cultures. While the fluor-
escence distributions displayed a bimodal pattern over time, we found
that the mean fluorescence of the whole population and of the (high)
fluorescent subpopulation decreased similar over time. Moreover,
fluorescent/viable and non-fluorescent/dead cells are inseparably dis-
tributed over the whole population. We therefore decided to use mean
fluorescence of the whole population and coefficient of variation as a
rather crude measure for variability, as opposed to kurtosis which is a
more quantitative measure of multi-modal distributions and to not
analyze the subpopulations separate.

Our results show that these standard buffers are not optimal for
diluting E. coli strains and potentially Gram-negative bacteria in general
for gene expression studies and viability assays, as the Gram-positive B.
subtilis did not display a decrease in fluorescence or viability when di-
luted into buffer solutions. We found that both fluorescence parameters
and cell viability are well preserved if cold buffers are supplemented
with magnesium and calcium. Mg2+ and Ca2+ are the two major di-
valent cations bound to the lipopolysaccharide layer of the outer
membrane of Gram-negative bacteria, and are crucial for maintaining
normal outer membrane stability and barrier function. Due to binding
to the negatively charged phosphate residues on the LPS, magnesium
and calcium form pyrophosphate bridges between LPS units and thus
stabilize the outer membrane (Leive, 1974). Removal of magnesium
and calcium by chelation releases associated LPS molecules and de-
stroys the permeability barrier of the membrane (Leive, 1965). Inter-
estingly, little is known about the outer membrane of Gram-negative
bacteria upon cold shock. Early work done on the effect of cold shock
after growth in Mg2+ depleted medium to the cell wall of Pseudomonas
aeruginosa suggests a change in the cation content and in some major
components of the cell wall (Kenward et al., 1979): upon Mg2+ de-
pletion envelope phospholipids and Lipid A components of the LPS
were reduced. Earlier reports have shown that phospholipids act as
ionophores to translocate divalent cations across membranes (Tyson
et al., 1976). Thus a loss of phospholipids due to divalent cation de-
pleted buffers and the additional cold shock might strongly affect the
translocation of ions across the membrane and therefore renders the
bacterial cells more sensitive to cold buffers than in the presence of
divalent cations. This might also explain that the increase in perme-
ability, as measured by ethidium bromide influx and efflux, was

Fig. 8. Change in fluorescence signal of chromosomal origin is E. coli strain specific. (A)
Linear regression of the mean fluorescence of E. coli W attP21:PR-sfgfp and E. coli B
attP21:PR-sfgfp, compared to MG1655 attP21:PR-sfgfp. (B) Linear regression of the CV.
Values using unsupplemented PBS in red, supplemented PBS in blue (2+). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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negligible in cold LB medium which contains various ions in excess
(Jernaes and Steen, 1994).

Interestingly, we found that the magnitude of fluorescence damage
depends on the expression strength and copy number. We hypothesize
that over time an absolute number of proteins undergoes fluorescence
damage and thus the damage inflicted onto the fluorophores inside the
bacterial cells in buffer solutions is masked at higher copy number as
more fluorescence molecules are present inside the cell.

Unexpectedly, one of the tested E. coli strains, E. coli B (CGSC 5365),
was not affected by unsupplemented PBS: cell viability and fluorescence
signals were stable over time. To this end, deletion of waaR (closest
homologue of waaT gene from E. coli B found in MG1655 (Heinrichs
et al., 1998)), micF and ompT did not increase viability of MG1655
substantially. Mild overexpression of glmS, a gene encoding an enzyme
catalyzing the first step in hexosamine biosynthesis (Yoon et al., 2012),
had a positive effect on viability of E. coli MG1655 over periods of time
spent in unsupplemented PBS.

Taken together, our results call for caution when using un-
supplemented flow cytometry buffers like PBS, Tris-HCl and M9 salts to
study gene expression parameters as these buffers can lead to spurious
measurements, overestimation of changes in fluorescence signals and
variability and thus to misinterpretation of gene expression patterns.
This is especially of importance when analyzing chromosomally en-
coded or very weakly expressed fluorescence reporters to study tran-
scriptional activation of promoters or gene expression under physiolo-
gical conditions.
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