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Abstract
Amethodology for plasmid expression level monitoring of eGFP expression suitable for dynamic processes was assessed during
fermentation. This technique was based on the expression of a fluorescent biosensor (eGFP) encoded on a recombinant plasmid
coupled to single-cell analysis. Fluorescence intensity at single-cell level was measured by flow cytometry. We demonstrated that
promoter evaluation based on single-cell analysis versus classic global analysis brings valuable insights. Single-cell analysis
pointed out the fact that intrinsic fluorescence increased with the strength of the promoter up to a threshold. Beyond that, cell
permeability increases to excrete the fluorescent protein in the medium. The metabolic load due to the increase in the eGFP
production in the case of strong constitutive promoters leads to slower growth kinetics compared with plasmid-free cells.With the
strain Cupriavidus necator Re2133, growth rate losses were measured from 3%with the weak constitutive promoter Plac to 56%
with the strong constitutive promoter Pj5. Through this work, it seems crucial to find a compromise between the fluorescence
intensity in single cells and the metabolic load; in our conditions, the best compromise found was the weak promoter Plac. The
plasmid expression level monitoringmethod was tested in the presence of a heterogeneous population induced by plasmid-curing
methods. For all the identified subpopulations, the plasmid expression level heterogeneity was significantly detected at the level
of fluorescence intensity in single cells. After cell sorting, growth rate and cultivability were assessed for each subpopulation. In
conclusion, this eGFP biosensor makes it possible to follow the variations in the level of plasmid expression under conditions of
population heterogeneity.

Key Points
•Development of a plasmid expression level monitoring method at the single-cell level by flow cytometry.
•Promoter evaluation by single-cell analysis: cell heterogeneity and strain robustness.
•Reporter system optimization for efficient subpopulation detection in pure cultures.
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Introduction

Microbial populations grown in supposedly homogeneous en-
vironments are often still considered as being composed of
identical individuals. Several studies have proven the opposite
even in the case of cultures derived frommonoclonal colonies

(Carlquist et al. 2012; Delvigne and Goffin 2014; Muller et al.
2010; Zielenkiewicz and Ceglowski 2001). Subpopulation
heterogeneities can be divided into four main categories: ge-
netic, biochemical, physiological, and phenotypic (Brehm-
Stecher and Johnson 2004). There are often connections be-
tween these categories (Martins and Locke 2015). Genetic
heterogeneity can be caused by spontaneous point mutations,
transcription errors, or mobile genetic elements (Brehm-
Stecher and Johnson 2004; Elowitz et al. 2002; Martins and
Locke 2015). Biochemical heterogeneity is defined by differ-
ences in macromolecular composition (Martins and Locke
2015) or activity levels. It can be caused by genetic heteroge-
neity and variations in cell cycle–related processes (Brehm-
Stecher and Johnson 2004; Martins and Locke 2015).
Physiological heterogeneity shows morphological
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heterogeneities between cell subpopulations. It can be ex-
plained by antibiotic presence or by nutrient availability, and
also by variations in the cell cycle. Phenotypic heterogeneity
is defined as the consequence of genetic, biochemical, and/or
physiological heterogeneities (Brehm-Stecher and Johnson
2004).

In large-scale bioreactors, population heterogeneity is pre-
sumed to reduce production yields and increase process insta-
bility. So, ensuring phenotypic homogeneity of engineered
microbial populations is of major interest for synthetic biology
and bioprocess optimization (Binder et al. 2017).

On the one hand, phenotypic variation between clonal pop-
ulations is a natural phenomenon that arises from stochastic
gene expression and/or fluctuations in the cell cycle.
Therefore, this noise in the phenotypic behavior of the cell
can originate from the biochemical process of gene expression
itself (Elowitz et al. 2002; Mortier et al. 2019; Nana et al.
2018).

On the other hand, maintenance and expression of heterol-
ogous genes add a metabolic burden on host cells. Some of
these metabolic burdens are due to specific roles of the recom-
binant genes in the engineered strains (e.g., metabolite con-
sumption by a heterologous enzyme). However, the majority
of metabolic burdens observed are due to the consumption of
cellular transcriptional resources during recombinant gene ex-
pression (Ceroni et al. 2018). So, two major biological mech-
anisms are competing within engineered strains: recombinant
gene maintenance and cell growth (Silva et al. 2012). In this
context, this resource reassignment will have a major impact
on translation, especially if numerous mRNA expressed from
the recombinant sequence encode for strong RBS (i.e., ribo-
some binding sites) sequences and require an increased num-
ber of ribosomes that will no longer be available for the host
gene expression. Metabolic burden due to recombinant mole-
cule expression has a stronger impact at the level of protein
translation. The consequences of metabolic load are often a
decrease of the growth rate and global physiological modifi-
cations, all of this leading to a decrease in the engineered
microorganism performances toward the production of the
recombinant molecule (Ceroni et al. 2018).

Numerous expression systems are based on plasmid vec-
tors for recombinant molecule production, both in research
and industry. However, many cases of expression instability
have been reported and the causes are still often misunder-
stood. First, plasmid replication frequency must be high
enough to ensure equal partition between daughter cells, but
also reasonable to prevent host cell exhaustion because of
plasmid-induced metabolic load (Wegrzyn and Wegrzyn
2002). The relative importance of metabolic load due to re-
combinant protein production depends on various parameters
like the amount of protein produced, plasmid copy number
and size, host cell metabolic state, or growth medium compo-
sition (Bentley and Quiroga 1993; Glick 1995). Then, plasmid

partitioning should be efficiently performed between daughter
cells. Finally, because of their decreased metabolic load,
plasmid-less cells have a higher growth rate than plasmid-
bearing cells; the resulting growth rate difference intensifies
segregational instability (Bentley et al. 1990; De Gelder et al.
2007).

Various tools have been developed to study population het-
erogeneity in single cells regarding expression level heteroge-
neity, like single-cell RT-PCR and RNA-seq or FISH (fluores-
cence in situ hybridization) (Haroon et al. 2013; Lee et al.
2006; Loftie-Eaton et al. 2014; Skulj et al. 2008; Tal and
Paulsson 2012). Nevertheless, most of them are time consum-
ing and not adapted to the constraints of fermentation process-
es which require a suitable monitoring method under dynamic
conditions. Plus, they were designed on eukaryotic cells and
will require further development to be suitable to smaller cells
like prokaryotes (Gonzalez-Cabaleiro et al. 2017).

Cupriavidus necator H16 is a chemolithoautotrophic
Gram-negative bacterium which belongs to the beta-subclass
of Proteobacteria. C. necator has a versatile metabolism and
is naturally able to consume oils (Budde et al. 2011), carbox-
ylic acids (Friedrich et al. 1979; Grunwald et al. 2015;
Johnson 1971), carbohydrates (Grousseau et al. 2014;
Johnson 1971), and carbon dioxide (Crepin et al. 2016;
Marc et al. 2017). Lately, C. necator has been engineered as
a bioproduction platform for the biosynthesis of alcohols
(Gruber et al. 2014; Marc et al. 2017), alka(e)ne (Crepin
et al. 2016), carboxylic acids (Ewering et al. 2006; Hoefel
et al. 2010), and methyl ketones (Muller et al. 2013). Two
main strategies for the introduction of heterologous genes in
C. necator have been developed: plasmids (Bi et al. 2013;
Grousseau et al. 2014; Gruber et al. 2014, 2015, 2016; Sato
et al. 2013; Sydow et al. 2017) and chromosomal insertion
(Budde et al. 2011; Mifune et al. 2010; Wong et al. 2012).
Developing and improving tools for the molecular engineer-
ing of C. necator H16 would open up to new possibilities in
terms of synthetic biology of the strain.

Our aim consisted in being able to monitor expression het-
erogeneity throughout fermentation processes as efficiently
and accurately as possible. So, it was necessary to develop a
fast and reliable method to follow the expression of plasmid-
encoded genes under dynamic conditions. The favored meth-
odology was the expression of a plasmid-encoded reporter
protein: enhanced green fluorescent protein (eGFP) (Cinelli
et al. 2000; Shaner et al. 2005). This approach allows the
use of flow cytometry, which has been reviewed in many
studies as being a relevant method to monitor single-cell var-
iability under dynamic conditions (Delvigne and Goffin 2014;
Muller and Nebe-von-Caron 2010; Tracy et al. 2010). The
first objective was to characterize a constitutive promoter driv-
ing egfp expression with the lowest impact as possible on host
metabolism in terms of growth and physiology. The second
objective was to ensure significant single-cell fluorescence
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intensity levels. Consequently, a compromise needed to be
reached between these two issues. The work was supported
by kinetic data and viability measurements to determine the
most suitable constitutive promoter to induce eGFP produc-
tion within the framework of plasmid stability monitoring.
The third objective was to verify that our plasmid expression
level biosensor successfully allowed monitoring expression
heterogeneity in experimental conditions where population
heterogeneity had been induced artificially. For that purpose,
the designed strain bearing the plasmid encoding for the ex-
pression level reporter was exposed to plasmid-curing-like
conditions.

Material and methods

Strains, plasmids, and media

Strains

C. necatorRe2133 (Budde et al. 2011) was used as expression
strain. This strain was obtained by deleting genes encoding for
acetoacetyl-CoA reductases (phaB1B2B3) and for PHA syn-
thase (phaC1) from the wild-type strain C. necator H16/
ATCC17699 which was gentamicin resistant (GenR). The
strains Escherichia coli S17-1 and Top10 were used during
plasmid construction.

Media

The rich medium for precultures was composed of 27.5 g·L−1

tryptic soy broth (TSB, Becton Dickinson, Sparks, MD, USA)
with addition of 10 mg·L−1 gentamicin and 200 mg·L−1 kana-
mycin as final concentration. For tryptic soy agar (abbr. TSA)
plates, 20 g·L−1 agar was added to the TSB medium.

For molecular biology, the rich lysogeny broth (abbr. LB)
medium was used and composed of 10 g·L−1 of peptone, 5 g·
L−1 of yeast extract, and 10 g·L−1 of NaCl (i.e., sodium chlo-
ride). For LB agar plates, 20 g·L−1 agar was added to the LB
medium.

The mineral medium used for flask cultivation was previ-
ously described in Lu et al. (2013). Gentamicin (10 mg·L−1)
and kanamycin (200 mg·L−1) were added to this medium.
Fructose (20 g·L−1) and NH4Cl (0.5 g·L−1) were respectively
used as carbon and nitrogen sources. The mineral medium
used for bioreactor cultivation was previously described in
Marc et al. (2017). Fructose (50 g·L−1) was used as carbon
source.

Plasmids

The plasmids used in this work are enlisted in Table 1. The
design of the pKRSF1010 plasmids was detailed in Gruber

et al. (2014). The plasmid pCB1was designed and constructed
in the team. The plasmid backbone pBBad (Fukui et al. 2009,
2011) was chosen; pBBad had previously been used in our
team for the construction of C. necator recombinant strains
toward the production of heterologous molecules of interest.

The sequence of interest Plac-egfp was amplified from the
plasmid pKRSF1010-Plac-egfp using the forward primer
pBBAD_P la c_ac l1_ fw and the r eve r s e p r ime r
pBBAD_egfp_acl1_rv listed in Supplementary Data 1.
Primers were obtained from Eurogentec (Angers, France).
DNA sequence amplification was achieved using Phusion
High-Fidelity PCR Master Mix with GC Buffer (New
England Biolabs, France) and led on the Mx3005P QPCR
System (Agilent Technologies, USA). PCR products were pu-
rified with the Monarch® PCR & DNA Cleanup Kit (New
England Biolabs, USA).

The plasmid pBBad was linearized by the restriction en-
zyme AclI (New England Biolabs, USA) using NEB protocol
recommendations and then purified by gel agarose extraction
with the QIAquick gel extraction kit of Qiagen ® (Qiagen,
Germany).

The cloning of the Plac-egfp cassette into the plasmid vector
pBBad was achieved through Gibson Isothermal Assembly®.
The insert to vector ratio applied was 10:1 (w:w). Reaction
took place at 50 °C for 30 min. Assembly products were
transformed into high-efficiency E. coli Top 10 (Invitrogen,
USA) chemical competent cells by heat shock. After growth,
green colonies of E. coli Top10 were selected for plasmid
purification with the QIAprep Spin Miniprep Kit (Qiagen,
Germany). Screen PCR with OneTaq Hot Start 2X Master
Mix with GC Buffer (New England Biolabs, USA) was used
to verify the correct gene insertion. Plasmid constructions
were confirmed by sequencing. Then, all constructed plasmids
were transformed into electrocompetent E. coli S17-1 (ATCC
47055) by electroporation like that described in Crépin et al.
(Crepin et al. 2016). Finally, conjugative transfer of plasmids
from E. coli S17-1 to C. necator Re2133 was achieved like
that in Slater et al. (1998).

Precultures and flask cultivations on fructose

One glycerol stock was plated on TSA plates (tryptic soy agar,
TSB with 20 g·L−1 agar) containing 10 mg·L−1 gentamicin
and 200 mg·L−1 kanamycin. The plates were incubated for
72 h at 30 °C. One colonywas used to inoculate a richmedium
flask culture (3 mL), which was grown for 48 h at 30 °C and
110 rpm. Then, the whole broth volume was used to inoculate
a 30-mL mineral medium culture flask, which was incubated
at 30 °C and 110 rpm for 24 h. Finally, the whole broth volume
was used to inoculate a 300-mLmineral medium culture flask.
The baffled flasks were incubated at 30 °C and 110 rpm for
10 h. Broth samples were taken regularly during this step.
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Batch cultivations on fructose

Batch cultivations consisted in non-limited growth on fruc-
tose. The cultures were led in a 5-L bioreactor Biostat®B-
DCU (Sartorius, Germany) with a working volume of 3 L.
Regulation and monitoring were done using MFCS/win 2.1
software package (Sartorius, Germany). Partial pressure of
dioxygen (pO2) in the medium was measured with the optical
oxygen sensor InPro 6860i (Mettler Toledo, USA) and pH
value was measured with a pressurized gel-filled pH electrode
(Mettler Toledo, USA).

Temperature was regulated at 30 °C and pH level at
7.0 by addition of a 4 M KOH solution. Fermentation
was carried out in aerobic conditions (i.e., air flow and
stirring rates were regulated to maintain pO2 above
30%). The initial fructose concentration in the medium
was 50 g·L−1. To prevent nutrient limitation, pulses of
rich phosphate solution (7 mL·L−1) and trace element
solution (2 mL·L−1) were carried out every 10 g·L−1

of biomass produced.

Plasmid-curing subcultures

One glycerol stock was plated on a TSA plate with addition
of 10 mg·L−1 gentamicin and 200 mg·L−1 kanamycin. The
plate was incubated for 72 h at 30 °C. A single colony was
used to inoculate 10 mL TSB with 10 mg·L−1 gentamicin
and 200 mg·L−1 kanamycin in a flask. The flasks were
incubated 24 h at 30 °C and 110 rpm. Then, this culture
was used to inoculate 30 mL of flask mineral medium with
10 mg·L−1 gentamicin and 200 mg·L−1 kanamycin at 0.1 g·
L−1of biomass. This step was considered as the positive
control for reference fluorescence intensity distribution.
The next subcultures, and all the others that followed, were
started by a tenfold dilution in flask mineral medium with-
out any antibiotics and grown at 37 °C and 110 rpm until a
concentration of 1 g·L−1 biomass was reached. At every
subculture starting point and endpoint, the optical density
(600 nm) was measured and the samples were analyzed by
flow cytometry.

Analytical procedure

Biomass characterization

Biomass growth was monitored by measuring optical density
(OD) at 600 nm using a visible spectrophotometer (DR3900,
Hachlange, Loveland, CO, USA) with a 0.2-cm path length
absorption cell (Hellma). OD was calibrated against cell dry
weight (CDW) measurements: 2 gCDW·L

−1 corresponds to 1
OD unit. Beforehand, 0.2-μm pore-size polyamide mem-
branes (Sartorius, Göttingen, Germany) were dried to a con-
stant weight at 60 °C under partial vacuum (200 mmHg) in an
oven (HERAEUS, France) for 72 h and weighted. For dry
weight measurements, culture medium was harvested and
filtrated on the before-mentionedmembranes which were then
dried again to a constant weight at 60 °C under partial vacuum
(200 mmHg) for 72 h.

Plate count

Plate count method was based on the ability of plasmid-
bearing cells to grow on a selective medium. In our case, C.
necator is naturally resistant to gentamycin. Kanamycin resis-
tance is encoded on all plasmids. As a result, we consider that
C. necator plasmid–bearing cells are those able to grow under
the double antibiotic selective pressure.

Two series of plates were used: TSAwith only 10 mg·L−1

gentamicin and TSA with both 10 mg·L−1 gentamicin and
200 mg·L−1 kanamycin. Serial dilutions were carried out in
9-mL physiological water (0.85% NaCl) tubes (BioMérieux,
Marcy-l’Étoile, France). For every sample, three different di-
lutions were tested depending on the biomass concentration
(generally between 10−5 and 10−9). One hundred microliters
of the diluted sample was plated in triplicate using theWhitley
Automated Spiral Plater (WASP, Don Whitley Scientific,
Shipley, UK).

Flow cytometry

eGFP fluorescence and cell viability were monitored with a
BD Accuri C6® flow cytometer (BD Biosciences, Franklin

Table 1 List and characteristics
of the plasmids used in this work Plasmid Description Reference

pKRSF1010-Plac-eGFP KanR, Plac, egfp, par, RSF1010 mob, and oriV (Gruber et al. 2014)

pKRSF1010-Ptac-eGFP KanR, Ptac, egfp, par, RSF1010 mob, and oriV (Gruber et al. 2014)

pKRSF1010-Pn25-eGFP KanR, Pn25, egfp, par, RSF1010 mob, and oriV (Gruber et al. 2014)

pKRSF1010-Pj5-eGFP KanR, Pj5, egfp, par, RSF1010 mob, and oriV (Gruber et al. 2014)

pBBad KanR; PBad; pBBR1MCS-2 derivative (Fukui et al. 2009)

pCB1 KanR, Plac-eGFP; PBad; pBBR1MCS-2 derivative This work
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Lakes, NJ, USA). The device is equipped with blue (488 nm)
and red (640 nm) excitation lasers. Light scatter is collected
from two angles: forward (FSC, 0° ± 13) and side (SSC, 90° ±
13) scatter. Fluorescence intensity is measured by four detec-
tors: FL1 (533 ± 30 nm), FL2 (585 ± 40 nm), FL3 (> 670 nm),
and FL4 (675 ± 25 nm).

Propidium iodide (PI, Molecular Probes, Invitrogen, USA)
was used to evaluate membrane permeability as a cell viability
indicator. Commercial solution is composed of 20 mM PI in
anhydrous dimethyl sulfoxide (abbr. DMSO) solvent and was
diluted at a concentration of 20 μM before use. First, culture
samples were diluted in 0.9% NaCl to reach approximately a
cell concentration of 106 cells mL−1. Then, the cells were
stained by 20 μL of PI working solution and incubated for
20 min at room temperature in the dark. A 100% dead-cell
control was prepared by incubating cells in 70% isopropanol
for 1 h at room temperature.

Sample runs were performed (until 20,000 events were
counted) at the slow flow rate setting (14 μL ·min−1) using
milli-Q water as sheath fluid. The FSC signal (threshold,
12,000) and SSC signal (threshold, 2000) were used as trigger
channels.

Green fluorescence of eGFPwas collected in the FL1 chan-
nel and red fluorescence of PI in the FL3 channel. Data acqui-
sition was performed with BD Accuri CFlow® software. Data
processing was achieved with FlowJo software (Becton
Dickinson, Sparks, MD, USA).

Fluorescence measurement in the medium

Broth samples were centrifuged for 3 min at 13,000 rpm with
a MiniSpin® table-top microcentrifuge (Eppendorf,
Germany) and supernatants were used for fluorescence
measurement.

Fluorescence unit measurements were achieved with the
Synergy™ HT (Biotek®, USA) at excitation wavelength of
485 ± 20 nm and emission wavelength of 525 ± 20 nm. The
sensitivity of the device was set at 50. Black Nunclon® 96-
well plates (Thermo Fisher, USA) were used.

Fluorescence-activated cell sorting

Cell sorting experiments were led on the MoFlo Astrios EQ
cell sorter using the Summit v6.3 software (Beckman Coulter,
USA). Cell sorting was conducted with a 70-μm nozzle and
60-psi operating pressure. The sorting speed was set around
30,000 events per second. The single-cell mode for the sort
mode and 0.5 drop for the droplet envelope were chosen. Cell
samples were diluted in 0.9% NaCl prior to the sorting
experiment.

Based on the FSC-Area vs SSC-Area (488 nm laser) plot
and the FSC-Height vs FSC-Area (488-nm laser) plot, single
cells with similar cell size and granularity were first selected.

Then, based on the histogram of the eGFP fluorescence (488-
nm laser, 526/52 filter), single cells were sorted depending on
their fluorescence intensity.

Black and transparent Nunclon® 96-well plates
(Thermo Fisher, USA) were used. Every single cell was
dropped in a well from a 96-well plate. For each cell
subpopulation, a total amount of six 96-well plates was
generated. Two series of two 96-well plates were generat-
ed for each subpopulation: one set in transparent plates
and one set in black plates; one plate of each serial
contained TSB + 5 mg·L−1 gentamicin and one plate of
each serial contained TSB + 5 mg·L−1 gentamicin +
50 mg·L−1 kanamycin. For every subpopulation, two
transparent 96-well plates were generated to evaluate
growth on solid medium. One plate contained TSA +
5 mg·L−1 gentamicin and one with TSA + 5 mg·L−1 gen-
tamicin + 50 mg·L−1 kanamycin.

The TSB liquid plates were incubated at 30 °C and 40 rpm.
Measurements of optical density and fluorescence unit were
achieved every 8 h. For every TSB liquid plate, when the
exponential phase was reached and around 7 cell generations,
the fluorescence intensity distribution was determined in ev-
ery well by flow cytometry.

The TSA solid plates were incubated at 30 °C and after
growth, CFU was counted and observed under blue light with
a blue light transilluminator (Thermo Fisher, USA) to reveal
green fluorescent colonies.

Statistical analysis: Normality of distribution
functions by boxplot representation

Boxplots are graphical tools used to represent an empirical
distribution through some simple localization parameters:
the median (50th percentile, red line), the first quartile
(25th percentile), and the third quartile (75th percentile).
The first and third quartiles respectively represent the bot-
tom and top of the boxplot (Fig. 1d). The median, or sec-
ond quartile, was represented by the line inside the box.
The interquartile range (IQR) was situated between the
first and third quartiles and represents the length of the
box. The whiskers represent the minimum and maximum
values when they are within 1.5 × IQR from both extrem-
ities of the box. Values above 1.5 × IQR were considered
as outliers and are represented by points. A symmetric
boxplot with its median in the middle of the box and same
length whiskers might be expected to be normally distrib-
uted (Rakotomalala 2011).

Results

Our aim was to develop a quick and reliable plasmid
expression level monitoring technique suitable for
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fermentation processes; this technique was based on the
constitutive expression of the recombinant biosensor
eGFP by plasmid-bearing cells. Flow cytometry was used
as a fast, sensitive, statistically reliable method for fluo-
rescence intensity measurements at the single-cell level
which could be implemented for bioreactor on-line mon-
itoring (Bahl et al. 2004). Four constitutive promoters
inducing eGFP expression of increasing strength, respec-
tively, Plac, Ptac, Pn25, and Pj5, were evaluated regarding
their impact on host cell physiology.

C. necator Re2133 was used as reference strain due to its
increasing interest as a cell factory for different biomolecule
production, like isopropanol and alkane (Crepin et al. 2016;

Grousseau et al. 2014; Marc et al. 2017) under heterotrophic
and autotrophic conditions.

Impact of the strength of promoters inducing eGFP
production on C. necator physiology in flask cultures

Erlenmeyer flask cultures onmineral mediumwere carried out
withC. necator Re2133 strains bearing plasmids encoding for
eGFP production under the control of Pj5, Pn25, Ptac, and Plac
constitutive promoters. These promoters were designed by
Gruber et al. (2014) and their strength was measured at the
whole population level (Gruber et al. 2014). The plasmid-free
strain C. necator Re2133 was used as reference.

Fig. 1 a Growth kinetic in flasks of Cupriavidus necator Re2133 strains,
harboring plasmids encoding for eGFP production with different
constitutive promoters: Re2133/pKRSF1010-Pj5-eGFP (white-filled up-
pointing triangle), Re2133/pKRSF1010-Pn25-eGFP (black-filled down-
pointing triangle), Re2133/pKRSF1010-Ptac-eGFP (white-filled circle),
Re2133/pKRSF1010-Plac-eGFP (black-filled circle), and Re2133
(black-filled square). Data obtained by optical density measurements at
600 nm. b Fluorescence intensity distribution of Cupriavidus necator
Re2133 strains bearing different plasmids based on various promoters.
Gray:C. necatorRe2133; from light to darker shades of green:C. necator
Re2133 pKRSF1010-Plac-egfp, pKRSF1010-Ptac-egfp, pKRSF1010-
Pn25-egfp, and pKRSF1010-Pj5-egfp. Data obtained by flow cytometry
in FL1 channel. c Boxplot comparing the fluorescence intensity

distribution of the different Cupriavidus necator Re2133 strains, harbor-
ing plasmids encoding for eGFP production with different constitutive
promoters (Re2133/pKRSF1010-Plac-egfp, pKRSF1010-Ptac-egfp,
pKRSF1010-Pn25-egfp, pKRSF1010-Pj5-egfp) during growth. White: C.
necatorRe2133; from light to darker shades of green: C. necatorRe2133
pKRSF1010-Plac-egfp, pKRSF1010-Ptac-egfp, and pKRSF1010-Pn25-
egfp. Data obtained by flow cytometry in FL1 channel. d Definition of
boxplot representation: The boundary of the box closest to zero indicates
the 25th percentile, a black line within the box marks the median, a red
line within the box marks the mean, and the boundary of the box farthest
from zero indicates the 75th percentile. Whiskers above and below the
box indicate the 90th and 10th percentiles. The black dot indicates the
95th and 5th percentiles
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Impact on growth kinetics

As expected, the growth rate of the plasmid-free strain C.
necator Re2133 was the highest at 0.26 ± 0.01 h−1 (Fig. 1a).
The highest maximum growth rate among plasmid-bearing
strains Re2133/pKRSF1010-Plac-egfp and C. necator
Re2133/pKRSF1010-Ptac-egfp was 0.25 ± 0.01 h−1, corre-
sponding to a non-significant loss of 3% compared with the
plasmid-free strain. The lowest maximum growth rates were
reached by Re2133/pKRSF1010-Pn25-egfp and Re2133/
pKRSF1010-Pj5-egfp with 0.12 ± 0.01 h−1 and 0.11 ±
0.01 h−1, respectively, corresponding to a loss of about 56%
and 54% compared with the reference strain.

Fluorescence intensity at the single-cell level

Samples from flask cultures were analyzed by flow cytometry
to determine fluorescence intensity distribution at the single-
cell level within the whole population. As expected, C.
necator Re2133 plasmid–free cells do not fluoresce in the
FL1-A detection channel of the flow cytometer (Fig. 1b, c).
All cells presenting fluorescence intensity above a threshold
of 8 × 102 in the FL1-A channel were considered eGFP-
positive based on fluorescence intensity of the reference strain
Re2133.

All fluorescence intensity distributions presented a normal
distribution according to boxplot representation and did not
vary during growth (Fig. 1c, d); the means and medians were
equal and the whiskers were symmetric compared with the
median. Promoter strength can be established by ranking
plasmid-bearing strains from lowest to highest fluorescence
intensity distribution at the single-cell level (Fig. 1b, c): Plac,
Ptac, Pn25, and Pj5. The increase in fluorescence intensity was
equal to a half decade between Plac and Ptac, one decade be-
tween Ptac and Pn25, and a tenth of a decade between Pn25 and
Pj5. No significant differences were observed between the
promoters Pn25 and Pj5, reaching the maximum of fluorescent
protein accumulation in the cell.

Cell permeabilization and eGFP excretion

Membrane permeability and extracellular fluorescence inten-
sity were evaluated during flask cultures. The impact of the
metabolic burden due to different levels of eGFP production
was also evaluated through cell permeability. At inoculation,
the percentage of permeabilization was low under 5% for Plac,
Ptac, and Pn25 but up to 25% for Pj5. For Plac, Ptac, and Pn25
promoters, the percentage of PI-positive cells (i.e., propidium
iodide–stained cells) increased over time to reach up to 15%
for Plac, 13% for Ptac, and 22% for Pn25 whereas for Pj5, the
percentage did not vary (25%) (Fig. 2a).

The strain Re2133/pKRSF1010-Plac-egfp maintained the
lowest extracellular fluorescence intensity over time (Fig.

2b). The same kinetic was observed for pKRSF1010-Ptac-egfp
except for the last point, which was significantly higher. The
strains Re2133/pKRSF1010-Pn25-egfp and Re2133/
pKRSF1010-Pj5-egfp presented with the highest extracellular
fluorescence intensity levels. Even for the medium-strength
promoter Pn25, there was a notable increase in eGFP excretion
in the medium.

Although the relative amount of permeabilized cells was
equal for Re2133/pKRSF1010-Plac-egfp and Re2133/
pKRSF1010-Ptac-egfp, the extracellular fluorescence intensity
for the promoter Ptac was higher than that for Plac. Increased
permeabilization percentages for stronger constitutive pro-
moters led to higher extracellular fluorescence intensity.

Plasmid monitoring during batch cultures
in the bioreactor

A scale up from flask cultures to 5-L bioreactors was carried
out to increase the number of cell generations and to amplify
the phenomena described above. Therefore, the impact of the
eGFP expression on C. necator physiology was further inves-
tigated for the two extreme plasmid constructions detailed
above: pKRSF1010-Plac-egfp and pKRSF1010-Pj5-egfp.

Impact of promoter strength on the growth kinetics

Re2133/pKRSF1010-Plac-egfp reached a mean specific
growth rate of 0.23 ± 0.01 h−1 as obtained previously in flasks
(Fig. 3a). The Re2133/ pKRSF1010-Pj5-egfp strain reached a
mean growth rate of 0.13 ± 0.01 h−1. This value was slightly
higher than the results obtained in flasks, likely due to a better
control of cell environment (i.e., pH regulation, dissolved O2

level). However, this growth rate could not be maintained for
Pj5 and decreased from 25 h until the end of the culture.

Impact of promoter strength on the fluorescence intensity
distribution

For Re2133/pKRSF1010-Plac-egfp, according to the boxplot
representation, the fluorescent cell population presented all
along the culture, a Gaussian distribution that did not vary
(Fig. 3b); means and medians were equal and the boxes as
well as the whiskers were symmetric. For Re2133/
pKRSF1010-Pj5-egfp, the distribution range started to in-
crease at 5 cell generations. On the last sample, the distribution
could not be considered Gaussian anymore; a non-fluorescent
subpopulation appeared and increased during the last hours of
culture.

Cell permeabilization and eGFP excretion

For Re2133/pKRSF1010-Plac-egfp, the percentage of perme-
abilized cells remained low, under 2% (Fig. 3c). However, this
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percentage increased all along the culture for Re2133/
pKRSF1010-Pj5-egfp (Fig. 3d) and eventually reached 23%
of permeabilized cells at 51 h.

Even if the extracellular fluorescence intensity increased
for both strains, the levels reached by pKRSF1010-Pj5-egfp
were 14-fold higher than those reached by pKRSF1010-Plac-

Fig. 3 a Growth kinetic in batch bioreactor of Cupriavidus necator
Re2133 strains, harboring plasmids encoding for eGFP production with
different constitutive promoters: Re2133/pKRSF1010-Plac-eGFP (black-
filled circle) and pKRSF1010-Pj5-eGFP (black-filled up-pointing trian-
gle). Data obtained by optical density measurements at 600 nm. b
Boxplot comparing the fluorescence intensity distribution depending on
the cell generation number during batch bioreactor fermentations of the
strains Re2133/pKRSF1010-Plac-egfp ( ) and pKRSF1010-Pj5-egfp

( ). Data obtained by flow cytometry in FL1 channel. c Percentage

of PI-positive cells ( ) and extracellular fluorescence intensity ( ),

depending on the cell generation number, from batch cultures of
Cupriavidus necator Re2133/pKRSF1010-Plac-eGFP. Data obtained by
flow cytometry (FL3 channel) and fluorescence measurements by a
multiplate reader on supernatants. d Percentage of PI-positive cells

( ) and extracellular fluorescence intensity ( ), depending on the cell

generation number, from batch cultures of Cupriavidus necator Re2133/
pKRSF1010-Pj5-eGFP. Data obtained by flow cytometry (FL3 channel)
and fluorescence measurements by a multiplate reader on supernatants

Fig. 2 a Percentage of permeabilized cells from broth cultures of
Cupriavidus necator Re2133 strains during growth in flasks, harboring
plasmids encoding for eGFP production with different constitutive

promoters: Re2133/pKRSF1010-Pj5-eGFP ( ), Re2133/pKRSF1010-

Pn25-eGFP ( ), Re2133/pKRSF1010-Ptac-eGFP ( ), and Re2133/

pKRSF1010-Plac-eGFP ( ). Data obtained by propidium iodide

staining and flow cytometry (FL3 channel). b Extracellular fluorescence

intensity from broth cultures of Cupriavidus necator Re2133 strains,
harboring plasmids encoding for eGFP production with different

constitutive: Re2133/pKRSF1010-Pj5-eGFP ( ), Re2133/pKRSF1010-

Pn25-eGFP ( ), Re2133/pKRSF1010-Ptac-eGFP ( ), and Re2133/

pKRSF1010-Plac-eGFP ( ). Data obtained from fluorescence intensity

measurements performed by a multiplate reader on broth sample
supernatants
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egfp, with a twofold lower biomass concentration.

Plasmid monitoring during batch culture: confrontation
of fluorescence measurements with the traditional plate
count method

To verify the validity of our plasmid expression level moni-
toring method, we confirmed our results with our reference
method: parallel plate count.

For Re2133/pKRSF1010-Plac-egfp, the results given by
flow cytometry and plate count were comparable
(Fig. 4a, c). The concentrations of eGFP-positive and
gentamycin + kanamycin-resistant cells presented the same
order of magnitude and the same evolution through time.
The same observation can be made with the whole cell popu-
lation and the gentamycin-resistant population concentration.

For Re2133/pKRSF1010-Pj5-egfp (Fig. 4b, d), cell concen-
trations given by plate count and flow cytometry seemed to
evolve following the same dynamics. However, in the case of
total cells and plasmid-bearing cell concentration, plate count
gave lower results than fluorescence measurements all along
the culture. So, plate count results were underestimated prob-
ably due to cultivability issues.

Fluorescence-activated cell sorting in conditions
of plasmid curing by temperature

From the previous experiments, Plac was chosen as the consti-
tutive promoter to induce eGFP expression for the design of
the plasmid expression level monitoring method; it was a
good compromise betweenminimizingmetabolic load on host
cells and ensuring significant fluorescence intensity of single
cells. So, the fluorescent cassette Plac-egfp was cloned on a
pBBad plasmid, and this backbone was used to encode recom-
binant molecule production (e.g., isopropanol (Crepin et al.
2016; Grousseau et al. 2014; Marc et al. 2017)) in our research
team.

Our expression monitoring method was subjected to pop-
ulation heterogeneity in order to ensure that our eGFP biosen-
sor would allow detecting it. So, the easiest approach was to
induce population heterogeneity artificially. Plasmid-curing
methods (Buckner et al. 2018; di Mauro et al. 1969; Trevors
1986) were reported in the literature to induce plasmid loss
and population heterogeneity. In the present study, a plasmid-
curing method based on temperature increase was set up to
show the evolution of eGFP fluorescence intensity distribu-
tion within single cells in conditions of population heteroge-
neity. This experiment was based on successive subcultures of

Fig. 4 a Comparison of the whole cell population concentration
measured by flow cytometry (black-filled circle) and by plate count
(black-filled up-pointing triangle) for Re2133/pKRSF1010-Plac-eGFP
during batch cultures. b Comparison of the amount of fluorescent cell
concentration (green-filled circle) and the amount of kanamycin resistant
cell concentration (blue-filled up-pointing triangle) for Re2133/
pKRSF1010-Plac-eGFP during batch cultures. cComparison of the whole

cell population concentration measured by flow cytometry (black-filled
circle) and by plate count (black-filled up-pointing triangle) for Re2133/
pKRSF1010-Pj5-eGFP during batch cultures. d Comparison of the
amount of fluorescent cell concentration (green-filled circle) and the
amount of kanamycin-resistant cell concentration (blue-filled up-
pointing triangle) for Re2133/pKRSF1010-Pj5-eGFP during batch
cultures
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Re2133/pCB1 at 37 °C to maximize the number of cell gen-
erations exposed to plasmid-curing conditions.

Intensity fluorescence distribution during subcultures

After 6 successive subcultures (corresponding to 19 cell gen-
erations), only one subpopulation was observed. The fluores-
cence intensity distribution of eGFP-positive cells remained
around a median of 3.6 × 103 in FL1-A, corresponding to the
reference value for this strain under optimum culture condi-
tions. The related population (2.1 × 103; 9.9 × 103) in the FL1-
A channel was called “subpopulation P2” (Fig. 5a). However,
starting from 19 cell generations, three distinct subpopulations
could be detected. Subpopulation P2 remained visible.
Another fluorescent subpopulation with a lower median value
of 1.2 × 103 in FL1-A emerged; this corresponding population
(4.9 × 102; 2.1 × 103) in the FL1-A channel was called “sub-
population P1.” A non-fluorescent subpopulation with a me-
dian of 2 × 102 in FL1-A appeared too; this related population
(4.0 × 101; 4.9 × 102) in the FL1-A channel was named “sub-
population P0.”

Fluorescence-activated cell sorting was used to separate
cells isolated from these three subpopulations according to
their fluorescence intensity. The aim was to compare growth
and fluorescent characteristics of the three subpopulations to
better understand the loss of fluorescence intensity.

Cultivability and growth kinetics

During fluorescence-activated cell sorting (FACS), a single
cell was deposited in each well of a 96-well plate. Six condi-
tions were tested: subpopulations P0, P1, and P2 were cultivat-
ed on TSB with 5 mg·L−1 gentamicin (total C. necator cells)
and with 5 mg·L−1 gentamicin and 50 mg·L−1 kanamycin as a
selection pressure (C. necator plasmid–bearing cells). The
same antibiotic conditions were tested on solid medium for
the subpopulations P0, P1, and P2. All plates were incubated at
30 °C and multiplate reader measurements were performed
regularly during cell growth on plates containing liquid
medium.

No growth was detected for the population P0, neither by
absorbance measurements nor by fluorescence intensity mea-
surements. Two hypotheses could explain this phenomenon:
either cells or events were not cultivable or no cell was added
to the plate because of too stringent selection conditions dur-
ing cell sorting. The target criteria for cell selection before
sorting based on fluorescence intensity were the same for all
three subpopulations regarding the size (FSC) and the
granulometry (SSC) of the cells. So, the absence of growth
cannot be explained by a failure in the well inoculation.

However, cells grew on the plates containing subpopula-
tions P1 and P2. On the plates containing subpopulation P1
with gentamicin, growth was observed in 83% of the wells

on liquid and 65% of the wells on solid medium. On the plates
containing subpopulation P1 with gentamicin + kanamycin,
80% of the wells on liquid and 70% of the wells on solid
medium have grown. So, cells from the subpopulation P1 were
still resistant to kanamycin, as the percentages of growth were
similar with and without selection pressure. On the plates
containing subpopulation P2 with gentamicin, 74% of the
wells on liquid and 53% of the wells on solid medium pre-
sented growth. On the plates containing subpopulation P2 with
gentamicin + kanamycin, 71% of the wells on liquid and 58%
of the wells on solid medium presented growth. So, cultiva-
bility was higher for the P1 subpopulation compared with the
P2 subpopulation, both on liquid and on solid medium. For
both subpopulations, cultivability was higher on liquid medi-
um than on solid medium.

The mean growth rate was calculated for every well (Fig.
5b). On the one hand, P1 cells tended to grow faster on average
both on gentamicin at 0.07 ± 0.02 h−1 and on gentamicin +
kanamycin at 0.09 ± 0.03 h−1. On the other hand, P2 cells grew
slightly slower on average at 0.05 ± 0.01 h−1 on both antibiotic
conditions.

Endpoint measurements of fluorescence intensity
distribution in cell populations grown from single cells

In order to evaluate the fluorescent behavior of the progenies
from the specific cell-sorted subpopulations (P0, P1, and P2),
the endpoint for each well was also analyzed by flow cytom-
etry. Fluorescence intensity distribution regarding P0, P1, and
P2 subpopulations was determined based on the gates previ-
ously described (Fig. 5a). 3D scatter plots (Fig. 5c) were
drawn in order to highlight sample variability according to
the repartition of percentage of each subpopulation within a
sample (i.e., well). The (x, y, z) coordinates of a point corre-
spond to the percentage of fluorescent cells in P0, P1, or P2
gates.

Three distinct clusters were identified and reported on 3D
scatter plots. Thresholds of the red cluster (P0 [0–10%]; P1 [0–
10%]; P2 [80–100%]) corresponded to distributions composed
of the highest P2 cell contents. Thresholds of the purple cluster
(P0 [10–40%]; P1 [25–35%]; P2 [40–70%]) corresponded to
distributions composed of the highest P1 cell contents. The
thresholds of the blue cluster (P0 [10–40%]; P1 [10–20%];
P2 [40–70%]) corresponded to an intermediate cluster be-
tween the red and blue clusters.

According to each 3D scatter plot, one can clearly observe
higher heterogeneity in the P1 subpopulation progeny sam-
ples, in terms of endpoint fluorescence intensity distribution,
compared with the subpopulation P2 in both antibiotic condi-
tions. Nevertheless, there was less heterogeneity for both sub-
populations in the double antibiotic condition, which was
more stringent.
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Fig. 5 a Fluorescence intensity
distribution of the three
subpopulations (P0, P1, and P2) of
Cupriavidus necator Re2133/
pCB1 under plasmid-curing con-
ditions. Data obtained by flow
cytometry in channel FL1. b
Boxplot comparing growth rates
on the 96-well plates for the sub-
populations P1 and P2, both on
gentamicin and on gentamicin +
kanamycin. Data obtained from
optical density measurements at
600 nm. c Upper left: 3D scatter
plot for fluorescence intensity
distribution in the gates P0, P1,
and P2 for every well grown from
a single cell from the subpopula-
tion P1 on gentamicin. Upper
right: 3D scatter plot for fluores-
cence intensity distribution in the
gates P0, P1, and P2 for every well
grown from a single cell from the
subpopulation P1 on gentamicin +
kanamycin. Lower left: 3D scatter
plot for fluorescence intensity
distribution in the gates P0, P1,
and P2 for every well grown from
a single cell from the subpopula-
tion P2 on gentamicin. Lower
right: 3D scatter plot for fluores-
cence intensity distribution in the
gates P0, P1, and P2 for every well
grown from a single cell from the
subpopulation P2 on gentamicin +
kanamycin
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The progenies of the cell-sorted subpopulation P1, on se-
lective medium, gave fluorescence distribution endpoints
mostly composed of P2 cells, like those shown in the blue
(45% of sample distributions) and red (20% of sample distri-
butions) clusters. However, the amount of P1 cells in their
fluorescence intensity distribution was the highest reached,
like that shown by the purple cluster (25% of sample
distributions).

Cells grown from the subpopulation P2 on both antibiotic
conditions gave fluorescence distribution endpoints mostly
composed of P2 cells, like those shown in the blue (30% of
sample distributions) and red (70% of sample distributions)
clusters.

Discussion

The goal of this study was to develop a quick and reliable
method for monitoring variations in the constitutive expres-
sion level of reporter protein under dynamic bioprocesses.
Because this technique was based on the expression of a re-
combinant eGFP by plasmid-bearing cells, a reporter system
had to be chosen with the minimum impact on the physiology
of host cells while allowing detectable cell fluorescence. As
amply demonstrated in the literature (Bentley et al. 1990; De
Gelder et al. 2007; Glick 1995; Million-Weaver and Camps
2014; Silva et al. 2012), the expression of a recombinant plas-
mid forces a metabolic burden on the host. In those publica-
tions, metabolic burden was quantified at the whole popula-
tion scale by expression of plasmid-borne products, by the
plasmid copy number in cells, and by plate count on selective
medium. In the present study, the relative importance of the
metabolic burden was evaluated indirectly from growth kinet-
ics and cell physiology based on single-cell analyses in order
to get access to the subpopulation distributions.

Flow cytometry had already been used to monitor plasmid
stability within a pure culture of fluorescent E. coli strain in
the work of Bahl et al. (2004). GFP expression was induced
by a lac-promoter and encoded on the chromosome of E. coli.
A functional lacI gene, encoding for a repressor protein, was
integrated on the recombinant plasmid, thus preventing GFP
expression initiation when plasmid is present in the cell.
Inversely, GFP biosynthesis is induced after plasmid loss
and plasmid-free cells were fluorescent. Our methods might
be seen as complementary because of the two aims to detect
expression heterogeneities: on the one hand, GFP production
was a reporter for plasmid loss in Bahl et al. and on the other
hand, eGFP production was a biosensor of plasmid expression
level stability in our work. The accuracy of both methods was
confronted to traditional plate count measurements. As for all
biosensor-based approaches, bias has to be considered for
both methods: (i) Half-life time of the molecules involved
(i.e., eGFP and LacI) may lead to an underestimation of

population heterogeneity; (ii) metabolic burden put on the
host by the recombinant plasmid and/or the chromosomal in-
sertion needs to be considered carefully in order to prevent
phenotypic instability; metabolic burdenmight be the cause of
plasmid instability or methylation of recombinant gene on the
host’s chromosome (Heller et al. 1995). Biosensors are pre-
cious tools for in vivo and/or in situ monitoring; however, it is
crucial to be aware of the drawbacks.

In the work of Gruber et al. (2014), promoter strength has
been evaluated at the whole population scale in the plasmids
pKRSF1010/Plac-egfp, pKRSF1010/Ptac-egfp, pKRSF1010/
Pn25-egfp, and pKRSF1010/Pj5-egfp. The ranking of these
promoters from the weakest to the strongest was Plac, Ptac,
Pn25, to Pj5. At the whole population level, the increase in
fluorescence intensity was equal to 23% between Plac and
Ptac, 133% between Ptac and Pn25, and 100% between Pn25
and Pj5. At the single-cell level, the ranking of these promoters
according to their strength was confirmed; however, the in-
crease in fluorescence intensity between promoters was more
important when evaluated at the whole population level than
at the single-cell level. Furthermore, for strong promoters like
Pj5, the increase in the fluorescence intensity compared with
medium strength promoters like Pn25 was not as high as ex-
pected; over a critical threshold, there was no significant dif-
ference between medium and strong promoters at the single-
cell level. This all suggested that the eGFP intensity measured
at the whole population level might not entirely be due to
intracellular eGFP. Most likely, eGFP molecules might be
leaking outside the cells. This was confirmed by the fact that
with increasing promoter strength, the percentage of perme-
abilized cells raised faster and higher, leading to higher eGFP
excretion levels and lower fluorescence intensity of single
cells. In that sense, after 5 cell generations in batch, the strain
Re2133/pKRSF1010-Pj5-egfp presented a strong fluorescence
intensity loss due to high permeabilization percentage and a
high extracellular fluorescence. Promoter evaluation is usually
done based on total fluorescence absorbance measurements
using a spectrophotometer and a multiplate reader; this work
demonstrates that an analysis at the single-cell level brings
new insight into promoter evaluation.

The major effect in enhancing the promoter force was ob-
served on growth kinetics, specifically through a decrease in
the host maximal growth rate. For weak promoters as Plac and
Ptac, growth kinetic reduction was less drastic than for medium
and strong promoters, Pn25 and Pj5.

Furthermore, the results given by the two plasmid monitor-
ing techniques were compared: parallel plate count and re-
combinant protein expression. By comparing these two
methods, plasmid expression level stability was measured by
detection of the expression of two different recombinant gene
sets (eGFP and kanamycin resistance) encoded on the plas-
mid. For Re2133/pKRSF1010-Plac-egfp cultures in batch, the
two methods gave comparable results. However, for Re2133/
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pKRSF1010-Pj5-egfp, plate count gave lower concentration
than flow cytometry. This could be explained by the fact that
plate counting depends on the cell’s cultivability, which de-
creased drastically because of the metabolic load put on the
host by Pj5. However, with both plate count and flow
cytometry, no significant plasmid expression level
fluctuations were observed during the tested culture
conditions. To our knowledge, the drastic negative impact of
the promoter Pj5 on cell growth and physiology in the case of
recombinant molecule production has never been highlighted
before, and to our knowledge, indeed the very high strength of
the constitutive promoter Pj5 has always been presented as a
positive productivity aspect like in the works of Gruber et al.
(2014) and Lee et al. (2019), regarding eGFP and isoprene
production, respectively. The use of stronger promoters leads
to increased recombinant molecule production and so higher
plasmid-related metabolic load. This increased protein pro-
duction level might become toxic for the cells, as shown in
the case of red fluorescent protein (Shemiakina et al. 2012).

So, in the present case study, the promoter Plac has been
chosen to constitutively induce the production of eGFP by
plasmid-bearing cells, due to its significant fluorescence at
the single-cell level and its low metabolic load on host cell
metabolism.

When working with reporter molecules, the half-life
time of the reporter protein must be considered. In this
work, the ex vivo half-life time of eGFP was deter-
mined at 36 h (data not shown). Evidence was found
in the literature that Cupriavidus necator has a particu-
lar segregation mechanism responsible for proper segre-
gation of polyhydroxyalkanoate (PHA) granules during
cell division and ensured, under balanced conditions,
equal distribution of granules between daughter cells
(Slaninova et al. 2018). It would be worth considering
that the same mechanism would apply to eGFP and that
after plasmid loss or expression cessation in the host
cell, eGFP molecules in the mother cell should be
equally segregated in daughter cells during cell division
(Huh and Paulsson 2011). So, in the case where the
signal is not saturated, fluorescence intensity eGFP
should decrease exponentially in plasmid-free cells from
generations to generations. Depending on their growth
rate, cells may be counted as non-fluorescent in less
than three cell generations (Alhumaizi et al. 2006). In
conclusion, the non-eGFP-producing fluorescent cell
population would present lower fluorescence intensity
than eGFP-producing fluorescent cell population and
consequently would lead to a significant decrease in
fluorescence intensity distribution median after a single
generation.

The eGFP biosensor needed to be subjected to popula-
tion heterogeneity induced by plasmid-curing methods, to
verify its accuracy in stringent conditions. After cell

sorting, cells originated from the P1 subpopulation were
able to grow on kanamycin selection pressure, meaning
that even after successive subcultures at 37 °C, cells of
the P1 subpopulation kept their plasmid. Plus, it had been
shown that cells originated from the P1 subpopulation
grew faster and had a better cultivability both on liquid
and solid medium than cells originated from the P2 sub-
population. The favored hypothesis coming from these
observations was that the reduced fluorescence intensity
of P1 subpopulation might be due to a lower eGFP ex-
pression in the cells compared to the P2 subpopulation;
indeed, a decrease in metabolic burden favored an in-
creased growth rate of cell populations.

Like expected, cells from the P2 subpopulation gave P2
daughter cells after growth from a single cell. However, for
cells from the P1 subpopulation, only a small portion of wells
(< 4%) were composed of 100% cells in the P1 gate. Even if
25% of the wells gave cell populations with more than 25% of
cells in the P1 gate, it seemed like daughter cells from the
subpopulation P1 regained the ability to fluoresce higher (in
the P2 gate) after growth at optimal temperature of 30 °C;
indeed 20% of wells gave cell population with more than
80% of cells in the P2 gate.

In conclusion, the gene encoding for eGFP expres-
sion was inserted into different strains in order to ana-
lyze the fluorescence emitted at the single-cell level.
This method offers the clear advantage of measuring
the fluorescence emitted by eGFP molecules within sin-
gle cells, thus giving access to the heterogeneity distri-
bution within cell populations, whereas techniques at the
whole population scale only measure the mean fluores-
cence emitted by cell populations. In this approach for
plasmid expression level monitoring, it is crucial to
minimize the effects of metabolic load on host.

We showed that increased promoter strength led to in-
creased fluorescence intensity at the single-cell level up to
a max and had a significant negative impact on growth
kinetics and cell permeability. The use of the promoter Pj5
led to strong fluorescence intensity loss, increased cell
permeability, and important cultivability issues. Among
all the promoters tested, Plac presented with the lowest
metabolic load on the host and ensured sufficient and
significant fluorescence intensity of single cells; its use
to control egfp transcription was found to be a good com-
promise. Batch cultivations showed that plasmid expres-
sion level monitoring by eGFP fluorescence measurement
was a time-saving and relevant method, compared with
the more traditional method of plate counting, when the
weakest promoter Plac was used. Plasmid-curing experi-
ments on the strain Re2133/pCB1 showed the apparition
of three subpopulations of P0, P1, and P2 characterized by
different fluorescence intensities at the single-cell level.
The subpopulation P0 was the non-fluorescent population
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and the subpopulation P2 was the reference fluorescent
population. The decreased fluorescence intensity of the
subpopulation P1 compared with the subpopulation P2
was due to an adaptation of eGFP expression levels in
single cells in response to thermal stress. For the popula-
tion P1, the decrease in eGFP expression level was corre-
lated with a decrease in metabolic load and so increased
growth rate and cultivability when cells grown again at
30 °C. So, our plasmid expression level reporter system
based on an eGFP biosensor allowed detecting population
heterogeneity in plasmid-curing-like conditions with dif-
ferent plasmid expression levels.

Further steps would be testing our expression monitoring
technique under “toxic” recombinant molecule–producing
conditions in order to better understand the causes of plasmid
expression level heterogeneity.
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