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TBI, Université de Toulouse, CNRS, INRA, INSA, Toulouse, France   

A R T I C L E  I N F O   

Keywords: 
Plasmid curing 
Chemostat 
Plasmid stability 
Expression level 
Flow cytometry 
Single-cell analysis 

A B S T R A C T   

Plasmid expression level heterogeneity in Cupriavidus necator was studied in response to stringent culture con
ditions, supposed to enhance plasmid instability, through plasmid curing strategies. Two plasmid curing stra
tegies were compared based on their efficiency at generating heterogeneity in batch: rifampicin addition and 
temperature increase. A temperature increase from 30◦ to 37 ◦C was the most efficient plasmid curing strategy. 
To generate a heterogeneous population in terms of plasmid expression levels, successive batches at supra- 
optimal culture temperature (i.e. 37 ◦C) were initially conducted. Three distinct fluorescent subpopulations P0 
(not fluorescent), P1 (low fluorescence intensity, median = 1 103) and P2 (high fluorescence intensity, median =
6 103) were obtained. From there, the chemostat culture was implemented to study the long-term stress response 
under well-controlled environment at defined dilution rates. For dilution rates comprised between 0.05 and 0.10 
h-1, the subpopulation P2 (62% vs 90%) was favored compared to P1 cells (54% vs 1%), especially when growth 
rate increased. Our biosensor was efficient at discriminating subpopulation presenting different expression levels 
under stringent culture conditions. Plus, we showed that controlling growth kinetics had a stabilizing impact on 
plasmid expression levels, even under heterogeneous expression conditions.   

1. Introduction 

Historically, microbial populations cultivated in assumed homoge
neous environments are by extension also considered homogeneous in 
terms of its individuals. Nowadays, this postulate is being discussed and 
more and more studies showing that population heterogeneity can be 
observed among monoclonal cultures in homogeneous environments are 
being published (Carlquist et al., 2012; Delvigne and Goffin, 2014; 
Gonzalez-Cabaleiro et al., 2017; Heins and Weuster-Botz, 2018). In re
combinant bioprocesses, population heterogeneity contributes to 
enhance process instability (Binder et al., 2017). Therefore, a better 
understanding of the mechanisms leading to phenotypic homogeneity of 
engineered strains is mandatory to ensure bioprocess robustness. In 
previous work (Boy et al., 2020), a plasmid expression level monitoring 
method based on the expression of a plasmid-encoded eGFP biosensor 
has been designed, in order to identify subpopulations presenting 
different phenotypic behaviors. Its single-cell response to artificially 
induce plasmid expression level heterogeneity was studied in flasks 
through cell sorting through FACS (i.e. Fluorescence Activated Cell 
Sorting) technology. FACS allows the physiological characteristics of 

each subpopulation to be studied separately (i.e. growth rate) (Boy et al., 
2020). As these experiments were performed in flasks with less than 20 
cell generations, it would be interesting to increase the cell generation 
number submitted to plasmid curing-like conditions to amplify the 
heterogeneity in plasmid expression levels. In this work, the response of 
our plasmid expression level monitoring method in plasmid curing-like 
conditions is studied. 

Plasmid curing strategies are developed to favor the removal of 
plasmids from bacterial cells, generally to obtain plasmid-free cells to 
study specific plasmid-encoded metabolisms (Andersen et al., 1981; 
Hughes et al., 1984; Monchy et al., 2006); or as a strategy to combat 
plasmid encoded antimicrobial resistance (Buckner et al., 2018; Zaman, 
Akhter MZ, 2010). The choice of the most appropriate curing agent for a 
plasmid vector is difficult to predict. Plasmids differ significantly in their 
ability to be cured based on their own properties. Thus, no universally 
effective curative agent has yet been identified. (Trevors, 1986; Zaman, 
Akhter MZ, 2010). Many strategies have been developed over the years 
and are generally based on temperature increase (Andersen et al., 1981; 
Buckner et al., 2018; Hughes et al., 1984), plasmid incompatibility 
(Buckner et al., 2018; Trevors, 1986), antibiotic addition (such as. 
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mitomycin C (Andersen et al., 1981; Hughes et al., 1984; Trevors, 1986), 
novobiocin (Trevors, 1986), rifampicin (Andersen et al., 1981; di Mauro 
et al., 1969; Hughes et al., 1984; Trevors, 1986)), addition of DNA 
intercalating agents (such as. acridine orange (Andersen et al., 1981; 
Zaman, Akhter MZ, 2010)), acriflavine (Trevors, 1986), ethidium bro
mide (Andersen et al., 1981; Zaman, Akhter MZ, 2010), or detergent 
additions (such as. sodium dodecyl sulphate (Andersen et al., 1981; 
Zaman, Akhter MZ, 2010)). In most protocols, plasmid curing tech
niques are coupled with successive subcultures under these stringent 
conditions. Cupriavidus sp. homologous plasmids have already been 
removed by some of these methods: acridine orange, ethidium bromide, 
sodium dodecyl sulfate (Andersen et al., 1981), benzoate (Hughes et al., 
1984), rifampicin, mitomycin C and higher growth temperature 
(Andersen et al., 1981; Hughes et al., 1984). In this work, attention was 
drawn to rifampicin addition and temperature increase. 

Rifampicin addition as plasmid curing strategy was interesting in our 
case of study, as it causes variations in the plasmid expression level 
through disruption in DNA transcription. Rifampicin was shown to bind 
and consequently to inhibit RNA polymerase molecule, the enzyme 
responsible for DNA transcription by forming a stable drug-enzyme 
complex (Wehrli, 1983). In Bazzicalupo and Tocchini-Valentini 
(1972), rifampicin specifically inhibited the initiation step in the reac
tion catalyzed by RNA polymerase, therefore eliminating the F’-lac 
plasmid from E. coli. Studies showed that plasmids seemed to have been 
completely cured from Escherichia coli (Haemolysin and F’-lac plasmids 
(Buckner et al., 2018)), Staphylococcus aureus (Penicillinase plasmids 
(Buckner et al., 2018; Trevors, 1986)) and Cupriavidus necator (100 
mg⋅L-1 for Hydrogenase plasmids (Andersen et al., 1981)). Nevertheless, 
rifampicin did not allow curing plasmid from E. coli strains whose RNA 
polymerases were rifampicin-resistant (Bazzicalupo and 
Tocchini-Valentini, 1972; Buckner et al., 2018; di Mauro et al., 1969; 
Trevors, 1986). 

Increasing growth temperature from 5◦ to 7◦C above the optimal 
growth temperature was used as an effective curing strategy. The 
mechanisms of thermal curing of plasmids are not well known. Hy
potheses suggest that the application of temperatures above the opti
mum operating temperature of RNA polymerases could directly interfere 
with plasmid replication mechanisms. This curing strategy was coupled 
with series of subcultures using successive inoculations when log phase 
has been reached (Trevors, 1986). Several cell generations have to be 
generated in order to be efficient. In C. necator, a growth temperature of 
42 ◦C (12 degree above optimal growth temperature) was successfully 
applied for curing plasmids (Hughes et al., 1984). 

Cupriavidus necator has regained much interest in recent years, due to 
its natural metabolic potentialities such as both autotrophic and het
erotrophic growth (Budde et al., 2011; Crepin et al., 2016; Friedrich 
et al., 1979; Grousseau et al., 2014; Grunwald et al., 2015; Johnson, 
1971; Marc et al., 2017), and as its poly-β-hydroxybutyrate (PHB) 
biosynthesis pathways (Cruz et al., 2019; Koller et al., 2010; Nangle 
et al., 2020; Pohlmann et al., 2006; Tang et al., 2020). Especially, syn
thetic biology and metabolic engineering have been implemented in 
order to build heterologous metabolic pathways for synthon biosyn
thesis (Black et al., 2018; Crepin et al., 2016; Ewering et al., 2006; 
Garrigues et al., 2020; Grousseau et al., 2014; Hoefel et al., 2010; Krieg 
et al., 2018; Marc et al., 2017; Muller et al., 2013). In that context, it is 
crucial to develop and validate tools to be able to evaluate the robust
ness of strain within a bioprocess. 

In order to further evaluate our capacity to monitor the heteroge
neity of plasmid expression level at the single-cell level, C. necator 
strains bearing an engineered eGFP-biosensor plasmid were submitted 
to two plasmid curing conditions (temperature increase and rifampicin 
addition) to artificially induce heterogeneity. Herein we aimed at 
studying more precisely the response of the biosensor under various 
cultivation modes (batch and chemostat) and investigating the impact of 
growth rate on plasmid expression level heterogeneity. First, the two 
plasmid curing strategies were led in batch mode to evaluate their 

impact on cell physiology (subpopulations) and cell macroscopic 
behavior. Then, the most efficient plasmid curing strategy was applied in 
chemostat. 

2. Material and methods 

2.1. Strain, plasmids and media 

2.1.1. Strains 
C. necator Re2133 (Budde et al., 2011) was chosen as expression 

strain. It was derived from the wildtype strain C. necator H16 / 
ATCC17699 whose genes encoding for acetoacetyl-CoA reductases 
(phaB1B2B3) and for PHA synthase (phaC1) were deleted. Cupriavidus 
necator is naturally resistant to gentamicin. Plasmid constructions were 
achieved through the strains Escherichia coli S17–1 (ATCC 47055) and 
Top10 (InvitrogenTM, Life technologies). 

2.2. Plasmids 

The plasmid CB1 was used in this work. This plasmid encodes for an 
eGFP through the insertion of the Plac-egfp cassette (Gruber et al., 2014) 
on the pBBad (Fukui et al., 2009) backbone, derived from the 
pBBR1MCS-2 plasmid (Kovach et al., 1995), which bears kanamycin 
resistance (KanR). Its design and associated molecular biology protocols 
were described in more details in Boy et al. (2020). 

2.3. Media 

The rich medium used for precultures was Tryptic Soy Broth (TSB, 
27.5 g⋅L-1, Becton Dickinson, Sparks, MD, USA). Gentamicin (10 mg⋅L-1) 
and kanamycin (200 mg⋅L-1) were added as final concentrations to 
ensure purity of the culture and plasmid stability, respectively. To pre
pare Tryptic Soy Agar (abbr. TSA) plates, TSB medium was supple
mented with 20 g⋅L-1 agar. 

For molecular biology, the rich Lysogeny broth medium (abbr. LB) 
was used (10 g⋅L-1 peptone, 5 g⋅L-1 yeast extract, 10 g⋅L-1 NaCl). Same as 
above, LB medium was supplemented with 20 g⋅L-1 agar to produce LB 
agar plates. 

The mineral medium for flasks cultivation was detailed in Lu et al. 
(Lu et al., 2013). Gentamicin (10 mg⋅L-1) and kanamycin (200 mg⋅L-1) 
were added to this medium. The carbon and nitrogen sources used were 
respectively fructose (20 g⋅L-1) and NH4Cl (0.5 g⋅L-1). 

The mineral medium used for bioreactor cultivation was composed 
as follows (per liter): (NH4)2SO4, 2.8 g; MgSO4-7 H2O, 0.75 g; rich 
phosphorus solution (Na2HPO4-12 H2O, 1.50 g; KH2PO4, 0.25 g); nitri
lotriacetic acid, 0.285 g; ammonium iron(III) citrate (28%), 0.090 g; 
CaCl2, 0.015 g; trace elements (H3BO3, 0.45 mg; CoCl2-6 H2O, 0.30 mg; 
ZnSO4,7 H2O, 0.15 mg; MnCl2-4 H2O, 0.045 mg; Na2MoO4–2 H2O, 
0.045 mg; NiCl2-6 H2O, 0.03 mg; CuSO4, 0.015 mg). Fructose (30 g⋅L-1) 
was used as carbon source. 

2.4. Inoculum Preparation 

Inoculum preparation was performed exactly as described in Boy 
et al. (2020). 

2.5. Plasmid curing during batch cultivations on fructose 

Batch cultivations in multi-instrumented 5 L bioreactor Biostat®B- 
DCU (Sartorius, Germany) were carried out as described in Boy et al. 
(2020). Temperature (30–42 ◦C), pH (7) and partial pressure of dioxy
gen (pO2 > 30%) in the medium could be controlled throughout culture. 

Initial fructose concentration in medium was 50 g⋅L-1 and pulses of 
both rich phosphorus solution (7 mL⋅L-1) and trace elements solution (2 
mL⋅L-1) were performed every 10 g⋅L-1 of biomass produced to prevent 
nutrient depletion. 
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After reaching a concentration of 7.5 gCDW⋅L-1 of biomass in the 
bioreactor, plasmid curing strategies were applied: either by an addition 
of 50 mg⋅L-1 of rifampicin or an increase of the temperature of culture up 
to 42 ◦C. 

2.6. Successive batch subcultures from 30◦ to 37 ◦C 

To generate population heterogeneity prior the start of the contin
uous culture, successive batch subcultures were made. Batch cultiva
tions were performed as detailed above with an initial fructose 
concentration of 10 g⋅L-1. The first batch was carried out at 30 ◦C until 
fructose was completely consumed, 900 mL fermentation broth was then 
withdrawn through a peristaltic pump and 900 mL of fresh bioreactor 
mineral medium were added in the bioreactor. Temperature was 
increased at 37 ◦C. For the seven next batches at 37 ◦C, the protocol was 
the same. After the eighth batch at 37 ◦C, the chemostat cultivation was 
started. 

2.7. Plasmid curing during continuous cultivation on fructose 

Fructose-limited continuous culture was established by feeding the 
bioreactor with fresh medium (Bioreactor mineral medium supple
mented with 10 g⋅L-1 fructose). In chemostat-modes, 2 dilution rates 
were investigated at 0.05 and 0.10 h-1 respectively. 

Steady state conditions were reached after at least five residence 
times (i.e. 0.05 h-1, 100 h and 7.21 cell generations; 0.10 h-1, 50 h and 
7.21 cell generations). The steady state phase was assessed through 
constant measurements of biomass and residual fructose concentrations, 
as well as stable composition of the exhaust gases. Temperature was set 
at 37 ◦C, and pH was regulated at 7. The partial pressure of dioxygen was 
maintained at 30% of the saturation through aeration and stirring 
regulation. 

3. Analytical procedure 

3.1. Biomass characterization 

Biomass concentration was measured by optical density (OD) at 600 
nm using a visible spectrophotometer (DR3900, Hachlange, Loveland, 
Colorado, USA) with a 0.2 cm path length absorption cell (Hellma). OD 
was correlated to cell dry weight (CDW) measurements (i.e. 2 gCDW⋅L-1 =

1 OD unit). For cell dry weight measurements, 0.2 µm pore-size poly
amide membranes (Sartorius, Göttingen, Germany), were beforehand 
dried (60 ◦C, 200 mmHg, 72 h) and weighted. Culture medium was 
sampled and filtrated on dried membranes which were dried again in the 
same conditions. 

3.2. Metabolite quantification 

Cells samples were centrifuged, and supernatants were filtrated (0.2 
µm PTFE syringe filters, VWR) before being used for substrate and 
products determination. The residual fructose concentration was quan
tified by high-performance liquid chromatography (HPLC). Other me
tabolites were searched using the same protocol and calibration curve 
were set for acetic, formic, propionic, pyruvic succinic acids. The HPLC 
instrument (Series 1100, Agilent) was equipped with an ion-exchange 
column (Aminex HPX-87 H, 300 ×7.8 mm, Bio-Rad, Hercules, CA, 
USA) protected with a guard column (Cation H+ cartridge, 30 ×4.6 mm, 
Bio-Rad) and coupled to a RI detector and an UV detector (λ = 210 nm). 
The column was eluted with 2.5 mM H2SO4 as a mobile phase at 50 ◦C at 
a flow rate of 0.5 mL⋅min-1. Residual nitrogen was quantified by higher- 
pressure ionic chromatography (HPIC). The HPIC instrument (ICS-2100 
RFIC, Dionex) was equipped with an IonPac™ CS16 column (RFIC™, 
3x50mm, BioRad) and an ion suppressor CERS 500 (2 mm, Thermo 
Scientific). The column was eluted with 30 mM methanesulfonic acid as 
a mobile phase at 40 ◦C and a 40 mA ion suppressor current, at a flow 

rate of 0.36 mL⋅min-1. 

3.3. Plate count 

C. necator is naturally resistant to gentamycin and plasmid-bearing 
cells are resistant to kanamycin. Plasmid stability was quantified by 
parallel plate count on antibiotic selective TSB Petri dishes (10 mg⋅L-1 

Gentamicin and 10 mg⋅L-1 Gentamicin + 200 mg⋅L-1 Kanamycin). Serial 
dilutions were performed in physiological water (0.85% NaCl) tubes 
(BioMérieux, Marcy-l’Étoile, France). For every sample, three dilutions 
were tested, between 10-5 and 10-9. The diluted samples were plated in 
triplicate with the Whitley Automated Spiral Plater (Don Whitley Sci
entific, Shipley, UK). The results of cell plate counting method were 
reproducible within 10% based on 3 dilutions in triplicate. 

From these data, the decimal reduction rate of plasmid-expressing 
cells was calculated as the ratio of the concentration of total cells 
(GenR) on the concentration of plasmid-expressing cells (GenRKanR); 
this ratio was converted to logarithm. 

3.4. Flow cytometry 

Cell permeability (FL3 fluorescence channel) and eGFP-fluorescence 
(FL1 fluorescence channel) were measured at single-cell level with the 
BD Accuri C6® flow cytometer (BD Biosciences, Franklin Lakes, NJ, 
USA). Samples were diluted in physiological water to 106 cells mL-1. 
Samples were run until 20, 000 events were counted at 14 µL⋅min− 1 

using milli-Q water as sheath fluid. The Forward Scatter Signal 
(threshold: 12, 000) and Side Scatter Signal (threshold: 2, 000) were 
used as trigger channels. Data acquisition was performed with BD Accuri 
CFlow® software. Data processing was achieved with FlowJo software 
(Becton Dickinson, Sparks, MD, USA). Events consider as C. necator cells 
(total cells) were gated based on a double-singlet gating method, 
selecting only cells situated on the bisectors of both the (FSC-A vs. FSC- 
H) and (SSC-A vs. SSC-H). 

For the quantification of permeable cells, propidium iodide (PI) 
(Molecular probes, Invitrogen, USA) was used. After dilution, cell sam
ples were stained with 20 µL of the commercial solution at 1 mg⋅L- 1 PI 
and incubated 20 min at room temperature in the dark. A 100% dead
–cell control (100% permeable cells) was prepared by incubating cells in 
70% isopropanol for 1 h at room temperature. The % of permeabilized 
cells was determined as being the ratio between the number of PI labeled 
cells and of total cells. 

For the analysis of the distribution of eGFP-fluorescence cells, fluo
rescence intensity was measured at single-cell level on the FL1 fluores
cent channel. Decimal reduction rate was calculated as described above 
from plasmid-expressing cells (eGFP-positive cells; FL1-A > 8⋅102) and 
total cells. The eGFP-subpopulations P0, P1, P2 were defined based on 
(FL1-A) fluorescence intensity distribution within the total cells as the 
one described in Boy et al. (2020). 

3.5. Extracellular fluorescence measurement 

Samples were centrifuged 3 min at 13, 000 rpm with a MiniSpin® 
table-top microcentrifuge (Eppendorf, Germany) to remove cells from 
the liquid. The extracellular fluorescence intensity in the supernatant 
was measured with the Synergy™ HT (Biotek®, USA) multiplate reader 
at excitation wavelength 485 ± 20 nm and emission wavelength 525 ±
20 nm at sensitivity of 50. Black Nunclon® 96-well plates (Thermo
Fisher, USA) were used. 

3.6. Statistical analysis: Normality of distribution functions by BoxPlot 
representation 

The boxplot method aims at representing data distribution through 
the graphical depiction of its main statistical features, such as the me
dian (50th percentile), the first (25th percentile) and third quartiles 
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(75th percentile). The first and third quartiles correspond to the bottom 
and top of the boxplot, respectively. The line inside the boxplot sym
bolizes the median. The interquartile range (abbr. IQR) between the first 
and third quartiles represents the length of the boxplot. The whiskers 
symbolize the minimum and maximum values as long as they are located 
within 1.5 x IQR from both extremities of the box. Above 1.5 x IQR, 
outliers are represented by points (Boy et al., 2020). A symmetric box
plot centered on the median is commonly considered as normally 
distributed (Rakotomalala, 2011). 

4. Data analysis 

The error on the specific growth rate (determined as being the slope 
of ln[gCDW⋅L-1] = f(t) for batch on dry mass) was calculated as the 
standard deviation (SD) of the slope. For the yield determination, the 
state variables (concentrations for batch or weights for fed-batch) were 
plotted pairwise in a scatter plot within the considered period of the 
culture. A linear regression was applied to determine the yield (as the 
slope) and the error (as the SD of the slope). 

5. Results 

In order to evaluate our capacity to monitor heterogeneity in plasmid 
expression level at the single-cell level, the C. necator strain Re2133 was 
transformed with the biosensor-encoding plasmid (pCB1) (Boy et al., 
2020). Cell population was analyzed by flow cytometry throughout the 
cultivation in order to get access to single-cells analysis. Therefore, the 
distribution of plasmid expression levels could be analyzed in relation to 
fluorescence intensity distribution within the entire population. As it 
was previously demonstrated that the plasmid pCB1 presented a low 
metabolic burden on C. necator Re2133 host cells (Boy et al., 2020), any 
variations detected in the plasmid expression could be attributed to 
external factors, like plasmid curing strategy, or variations in dilution 
rate. 

5.1. Plasmid curing strategy suitable with expression level monitoring 
during batch cultures 

Two different plasmid curing strategies, temperature increase and 
rifampicin addition, were carried out in batch mode with the strain 
Re2133/pCB1 in order to define the most efficient method to enhance 
heterogeneity in plasmid expression. Analyses were supported by 
macroscopic data (e.g. growth kinetics, yields) and population hetero
geneity description. 

5.2. Impact of rifampicin addition and temperature increase on the 
growth of C. necator Re2133/pCB1 in batch 

For the rifampicin-based strategy, preliminary cultures in flasks were 
achieved beforehand in order to evaluate the concentration of rifam
picin needed in the bioreactor to induce plasmid curing (data not shown), 
concentrations from 50 to 150 mg⋅L-1 were tested. A concentration of 50 
mg⋅L-1 rifampicin allowed the highest reduction in the number of 
plasmid-expressing cells without completely inhibiting growth. For the 
temperature-based strategy, temperature regulation was set at 42 ◦C, 
based on previous experiments described in the literature (Andersen 
et al., 1981; Trevors, 1986). 

For both strategies, cultivations in bioreactors were achieved under 
optimal culture conditions up to 7.5 gCDW⋅L-1 of biomass in the biore
actor. Then, plasmid curing was induced in both bioreactors. 

The specific growth rates during the different phases were deter
mined from the biomass concentration evolution (Table 1). After 
rifampicin addition, the specific growth rate dropped to 0.09 ± 0.01 h-1. 
After temperature increase, growth rate was drastically reduced to 
0.009 ± 0.001 h-1. Once biomass reached a concentration of 10 gCDW⋅L-1 

(6.6 cell generations), temperature was set back at 30 ◦C to verify the 

reversibility of the phenomenon. Growth rate remained greatly dimin
ished and only reached 0.04 ± 0.01 h-1 after 13 h (about 1 generation). 

Biomass production yields (Table 1) were evaluated from fructose 
consumption concentrations and compared to theoretical data 0.53 gx 
gs-1 (Aragao, 1996). As expected, before plasmid curing induction, the 
overall biomass production yields were comparable for both cultures, 
within 0.47 ± 0.02 gX⋅gS

-1, and rather close to the theoretical yield. 
However, after plasmid curing induction, yield values decreased for 
both strategies. The reduction rate was more important after tempera
ture increase (− 62%) than after rifampicin addition (− 27%). After 
switching temperature back to 30 ◦C, yield seemed to be recovered close 
to the theoretical reference value, even when the growth rate was still 
affected. 

6. Subpopulation characterization 

6.1. Plasmid expression level monitoring 

The fluorescence intensity distribution of eGFP fluorescent cells was 
measured by flow cytometry in order to quantify different expression 
levels. Boxplots have been chosen to represent fluorescence intensity 
distributions. Distributions of population are represented versus both the 
generation number and the time course of the culture. Data were pre
sented according to cell generations, in order to compare experiments 
regardless of growth dynamics and to highlight the number of time cells 
were divided instead of the duration of the experimentations. 

Under optimal culture conditions, fluorescence intensity distribution 
was Gaussian for both cultures, as the first and third quartiles had equal 
lengths, and as the mean and median values were equal (Fig. 1). Plasmid 
curing conditions were induced after 5.9 generations. For plasmid 
curing by rifampicin addition (Fig. 1a & b), the first quartile widened 
showing a slight sliding of the fluorescence intensity distribution toward 
lesser fluorescent cells. For plasmid curing by temperature increase at 
42 ◦C (Fig. 1c & d), fluorescence intensity distribution widened globally 
and the median slipped toward lower fluorescence intensity distribu
tion. This phenomenon seemed to be partly reversible as median 
increased again when temperature was set back to 30 ◦C. This was not 
due to a change in the quantum yield of eGFP at 42 ◦C and 30 ◦C, as it 
was verified that eGFP was not impacted by temperature increase at 
42 ◦C. To do this, supernatant samples were incubated at 42 ◦C for 24 h, 
and no variation in the value of fluorescence intensity was detected 
compared to 37 ◦C (data not shown). For an equal generation number 
between both plasmid curing conditions, the associated culture length is 
way longer for temperature increase (70 h), as growth rate was highly 
diminished, compared to rifampicin addition (25 h). 

6.2. Plasmid stability 

Plasmid expression stability was evaluated through flow cytometry 
and plate count. A gap in cell concentrations between plate count and 
flow cytometry might reveal a cultivability loss, due to the side effects of 
plasmid curing on the physiology of host cells. In addition, the dynamic 

Table 1 
Growth rates and biomass production yields from fructose under plasmid curing 
conditions in batch cultivations in bioreactors.   

μ (h-1) YS,X (gX⋅gS
-1)  

Optimal 
growth 

Plasmid curing Optimal 
growth 

Plasmid 
curing 

Rifampicin 0.21 ± 0.04 
(0–11 h) 

0.09 ± 0.01 
(19–25 h) 

0.48 ± 0.01 0.35 ± 0.01 

Temperature 0.22 ± 0.02 
(0–11 h) 

0.009 ± 0.001 
(42 ◦C : 19–45 h) 
0.04 ± 0.01(30 
◦C : 49–62 h) 

0.47 ± 0.02 0.19 ± 0.02 
(42 ◦C) 
0.45 ± 0.03 
(30 ◦C)  
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of plasmid expression was evaluated through decimal reduction rates. 
In the rifampicin experiment (Fig. 2a), concentrations of total cells 

and of cells expressing the plasmid were consistent both by plate count 
and flow cytometry throughout the culture; meaning gentamicin resis
tant cell concentration (GenR) was equal to single-cell concentration, 
and that gentamicin and kanamycin resistant cell concentration (Gen
RKanR) was equal to eGFP-positive cell concentration. The cultivability 
was not reduced by rifampicin addition. The specific growth rate 
calculated from the single-cells concentration by flow cytometry was 

compared to the one determined from the cell dry weight, described 
beforehand. Growth rate by flow cytometry was evaluated at 
0.24 ± 0.03 h-1 under optimal growth conditions, and at 0.06 ± 0.05 h-1 

after plasmid curing induction. Even if growth rate evaluation was 
noisier by flow cytometry, the orders of magnitude reached was once 
again equivalent. Thus, flow cytometry and cell dry weight measure
ments gave comparable growth dynamics. The decimal reduction rate 
(Fig. 2c) remained lower than 0.05 for both counting methods con
firming that there was no significant decrease in the plasmid expression 

Fig. 1. Box plot representation of fluorescence intensity distribution of eGFP-positive cells in the FL1-A channel throughout fermentation for the strain Re2133/pCB1 
under plasmid curing conditions with rifampicin addition (time (a) and generations (b)) and temperature increase (time (c), generations (d) and magnification 
between 6 and 7.5 generations (e)). 
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due to rifampicin addition. 
In the temperature experiment (Fig. 2b), total and plasmid- 

expressing cell concentrations were consistent both by plate count and 
flow cytometry under optimal growth conditions. After plasmid curing 
induction, the gap between the two counting methods increased 
reaching a one-decade difference for both plasmid-expressing cell and 
total cell populations. Growth considerably slowed down and cell con
centration even decreased for both GenR and GenRKanR populations, 
which might confirm that cell cultivability decreased at 42 ◦C. When 
temperature was set back to 30 ◦C after 6.6 cell generations, cell con
centration increased slightly for both counting methods and both cell 
populations. Returning to optimal temperature conditions has prevented 
further decrease in cell cultivability, but did not allow a complete re
covery of cells, as they were not able to grow at their original rate. Like 
for rifampicin, the growth rate from flow cytometry was compared to 
growth rate from cell dry weight. Growth rate by flow cytometry was 
evaluated at 0.23 ± 0.04 h-1 under optimal growth conditions, at 
0.004 ± 0.004 h-1 after plasmid curing induction and at 0.03 ± 0.05 h-1 

after temperature was set back to 30 ◦C, consistent with the ones 
calculated from biomass. 

Decimal reduction rate (Fig. 2d) reached a maximum value of 0.18 
for plasmid curing by temperature increase and 0.06 by rifampicin. 
Batch conditions were identical as both precultures were led exactly in 
the same manner; permeability as well as fluorescence levels were also 
verified to be identical before bioreactor inoculation. A low decimal 
reduction rate was measured before plasmid curing induction, either by 
temperature or rifampicin, by both counting methods: flow cytometry 
and plate count. After thermal plasmid curing induction, decimal 
reduction rate increased from 0 to 0.16 by flow cytometry, and from 
0.04 to 0.15 by plate count. This value stabilized around 0.18 by both 
counting methods after temperature decrease. No significant increase 
was detected after rifampicin addition, by both counting methods. 

Plasmid expression loss increased significantly after plasmid curing 
induction. When comparing plasmid curing strategies, it appears 
obvious that temperature increase presented the most negative effect on 
the cell concentration for plasmid-expressing and total cell populations, 
and consequently on the decimal reduction rate. This negative impact 
was more notable on plate count measurements, certainly due to culti
vability loss. 

6.3. Cell permeability and eGFP leakage 

To further investigate cell physiology, cell permeability and eGFP 
leakage in the medium were investigated (Fig. 3). Under optimal culture 
conditions, the percentage of permeabilized cells was low (% PI - posi
tive cells < 5%) for both experiments. The higher RFU value at the 
beginning of the batches might be due to a higher eGFP leakage in flasks 
precultures. Relative extracellular fluorescence intensity (i.e. extracel
lular fluorescence intensity normalized by optical density at 600 nm) 
decreased, because optical density increased significantly faster than 
extracellular fluorescence intensity. This was consistent with low cell 
permeabilization (Fig. 3) and the stable normal fluorescence intensity 
distribution showed above (Fig. 1). Therefore, eGFP excretion in the 
medium was low under optimum culture conditions. Initial optical 
density and fluorescence intensity in the supernatant were taken as 
reference to calculate relative fluorescence intensity in the medium. 

After rifampicin addition (Fig. 3a), the percentage of permeabilized 
cells remained low. The relative extracellular fluorescence intensity was 
constant, meaning that the amount eGFP excreted by cells became 
constant and stable. 

After temperature increase (Fig. 3b), the percentage of per
meabilized cells increased quickly up to 10%. The relative extracellular 
fluorescence intensity increased abruptly. Since cell growth had 
stopped, the increase in relative extracellular fluorescence was only due 
to enhanced cell permeabilization. As a result, the fluorescence intensity 
distribution decreased in single-cells (Fig. 1). Thus, single-cells excreted 
more eGFP as the percentage of permeabilized cells increased. When 
temperature was set back to 30 ◦C, cell permeabilization percentage 
decreased, because the newly formed cell population was not permeable 
and so, overthrown the cell population permeabilized by temperature. 
Meanwhile, relative extracellular fluorescence intensity decreased. 
Temperature increase led to an enhanced eGFP leakage outside of cells, 
but this phenomenon could be slowed down by returning to optimal 
temperature. 

The most appropriate approach to generate population heterogene
ity had to be selected for further experiments. Plasmid curing by tem
perature led to a significant decrease in the plasmid expression levels 
(increase of decimal reduction rate), which was not the case with 
rifampicin addition. It might be partially due to too stringent culture 
conditions as shown by high cell permeabilization percentage and 
cultivability loss by plate count. Both strategies led to decreased growth 
rate. However, temperature increase at 42 ◦C almost completely 
inhibited growth. Therefore, temperature increase was the most prom
ising method to induce population heterogeneity. However, to avoid too 
high cell permeabilization and cultivability loss, the setpoint tempera
ture for the following experiments had to be slightly decreased at 37 ◦C. 

6.4. Plasmid expression level monitoring during continuous culture at 
supra-optimal temperature 

In order to study the impact of the dilution rate (i.e. growth rate) on 
the stability of the plasmid expression, eGFP fluorescence was measured 
in cells cultivated in chemostat under fructose limitation and under 
plasmid-curing conditions (i.e. temperature increase). It has been re
ported that the plasmid replication rate and / or plasmid copy number 
could be regulated by the dilution rate in chemostat (Klumpp, 2011; 
Koizumi et al., 1985; Reinikainen and Virkajärvi, 1989). 

The combination of plasmid curing and chemostat mode should 
make it possible to create more cell generations (hopefully to amplify 
the phenomenon observed in batch mode) and to study the impact of the 
dilution rate (i.e. growth rate) on plasmid stability. 

As mentioned above, the chemostat temperature was set at 37 ◦C 
instead of 42 ◦C, representing a 7 ◦C - increase from the optimal tem
perature, which was advised for plasmid-curing experiments (Trevors, 
1986). This temperature condition had already been applied in our 
previous work for plasmid curing during successive subcultures in flasks 

Fig. 2. Cell concentration in cells⋅L-1 for the rifampicin experiment, vs cell 
generations by plate count (GenR and GenR+KanR) and flow cytometry (•
Single cells and eGFP-positive cells) (a). Cell concentration in cells⋅L-1 for the 
temperature experiment, vs cell generations by plate count ( GenR and 
GenR+KanR) and flow cytometry (• Single cells and eGFP-positive cells) (b). 
Decimal reduction rate for the rifampicin (c) and temperature (d) experiments, 
vs cell generations by plate count ( ) and flow cytometry ( ). 

C. Boy et al.                                                                                                                                                                                                                                      



Journal of Biotechnology 345 (2022) 17–29

23

(Boy et al., 2020). In such condition, three different subpopulations were 
discriminated based on their fluorescence intensity distribution after 19 
cell generations: P0 (no fluorescence), P1 (low fluorescence intensity, 
median value in FL1-H = 1⋅103) and P2 (high fluorescence intensity, 
median value in FL1-H = 6⋅103). Subpopulations P1 and P2 presented a 
difference in their specific growth rates in 96 - well plates in double 
selective medium (i.e. gentamicin + kanamycin) with 0.09 ± 0.03 h-1 

and 0.05 ± 0.01 h-1, respectively (Boy et al., 2020). 

6.5. Successive batches 

First, a batch culture was led at 30 ◦C in order to set the reference 
condition. This reference condition was characterized by 100% eGFP - 
positive cells whose fluorescence intensity distribution was centered on 
the median of the subpopulation P2 (= 6⋅103). Then, successive batch 
cultures were carried out in the same bioreactor at 37 ◦C until the three 
subpopulations P0, P1 and P2 as defined above appeared. Then, che
mostat was started at a dilution rate of 0.05 h-1. 

Growth rate during successive batches varied significantly depend
ing on the culture conditions applied (Table 2). At 30 ◦C, growth rate 
was maintained at 0.25 ± 0.01 h-1, which was consistent with optimal 
culture conditions for this strain. Then, during the first batch at 37 ◦C, 
the specific growth rate dropped to 0.06 ± 0.01 h-1. This was the lowest 
specific growth rate observed, since it increased in the next batches from 
0.15 ± 0.01–0.22 ± 0.01 h-1. So, in the last 37 ◦C - batch, the specific 
growth rate was only 20% lower to its value at 30 ◦C. 

At the end of the batch at 30 ◦C, the whole cell population remained 
stable mainly in the subpopulation P2 gate (Figs. 4a & 5), corresponding 
to the fluorescence intensity distribution under optimal culture condi
tions. The fluorescence intensity distribution remained symmetric and 
narrow around the median until the end of the 30 ◦C batch (Fig. 5). 

At the beginning of the first 37 ◦C batch, the median of the fluores
cence intensity distribution quickly reached 4⋅103 again in the FL1-H 
channel. The distribution range was wider than during the 30 ◦C 
batch. Between 0 and 15 cell generations, the fluorescence intensity 
distribution remained mostly in the P2 subpopulation gate (Fig. 5), but 
its distribution range increased throughout this time-period (Fig. 4a). 
After 15 cell generations, the distribution range increased drastically 
towards the lower fluorescence intensity, which was confirmed by the 
increase in the percentage of P1 fluorescent cells (Fig. 6). After 30 cell 
generations, subpopulations P1 and P2 were clearly obtained, each one 
representing approximately 50% of the eGFP-positive cell population. At 
that stage, it was decided to switch to chemostat mode. 

Plate count was performed at the end of each batch (Fig. 7b). For 
flow cytometry measurements, only endpoints of each batch were shown 
(Fig. 7a). The results for flow cytometry and plate count analysis gave 
cell concentrations comprised in the same order of magnitude. During 
successive batches, cell concentration reached around 1010 cells⋅mL-1 

both by plate count and flow cytometry. 
During the successive batches (until 30 generations), the decimal 

reduction rate (Fig. 7d) obtained for GenRKanR cells remained close to 
zero, meaning that all cells present in the bioreactor were bearing the 
plasmid, even without selection pressure in the bioreactor. Decimal 
reduction rate for P2-cells also remained close to zero (Fig. 7c), but this 
value started increasing after 15 cell generations up to 0.25. This cor
responded to the decrease of the decimal reduction rate for P1 and P0 - 
cells. During the first 15 generations, the decimal reduction rate for P1 
and P0-cells was higher, around 1.0–1.5 and 1.5–2.2 respectively. 

6.6. Chemostat at 0.05 h-1 

First, a low dilution rate of 0.05 h-1 was set, which was close to the 
lowest specific growth rate obtained during successive batches at 37 ◦C 
and close to the specific growth rate of P2-cells (0.07 ± 0.02 h− 1) 
determined on selective medium (gentamicin + kanamycin) in 96 - well 
plates (Boy et al., 2020). The 0.05 h-1 - chemostat was carried out at 
37 ◦C for 340 h, corresponding to 27 cell generations. At the macro
scopic level, the total biomass concentration expressed as dry cell weight 
and OD600 nm was maintained constant at 5 gCDW⋅L-1 (i.e. 2.5 OD600 nm). 
In addition, no significant changes of metabolism were identified based 
on extracellular metabolites (i.e. no metabolites detected by HPLC) and 
exhausted gas analyses. Based on those macroscopic analyses, the steady 
state was reached after 35 generations (7.2 generations after the start of 
0.05 h-1-chemostat) and still settled after 20 more generations. 

Nevertheless, based on single-cell level analysis, it was possible to 
show an evolution of the distribution of the different subpopulations 

Fig. 3. Comparison of extracellular fluorescence intensity and the percentage of permeabilized cells throughout fermentation with addition of rifampicin (a) and 
temperature increase at 37 ◦C (b). Legend: ( ) % PI-positive cells; ( ) extracellular fluorescence intensity. 

Table 2 
Specific growth rates and fluorescence intensity repartition (P0, P1, P2) during 
successive batches at 30 and 37 ◦C.  

Successive batches µ (h-1) final %P0 final %P1 final %P2 

Batch 30 ◦C 0.25 ± 0.01  5  14  81 
Batch 37 ◦C: n◦1 0.06 ± 0.01  5  14  81 
Batch 37 ◦C: n◦2 0.18 ± 0.01  2  11  87 
Batch 37 ◦C: n◦3 0.16 ± 0.01  1  11  88 
Batch 37 ◦C: n◦4 0.15 ± 0.01  3  10  87 
Batch 37 ◦C: n◦5 0.17 ± 0.01  5  22  73 
Batch 37 ◦C: n◦6 0.22 ± 0.01  9  32  59 
Batch 37 ◦C: n◦7 0.20 ± 0.01  5  32  63 
Batch 37 ◦C: n◦8 0.20 ± 0.01  7  46  47  
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within the culture stabilized at a stable total biomass concentration. 
Two phases could be observed concerning the evolution of fluores

cence intensity distribution. First, between 30 and 45 cell generations, 
fluorescence intensity distribution was maintained at the proportion 
20% P2, 60% P1 and 20% P0 (Fig. 6). At the beginning of the 0.05 h-1- 
chemostat (i.e. between 30 and 33 generations), an increase in the 
subpopulation P0 (40%) was observed to the detriment of the sub
populations P2 (10%) and P1 (50%) (Figs. 5 & 6), as shown in the box
plots on fluorescence intensity distribution (Fig. 4b). Over the same time 
period (i.e. 30–45 cell generations), P1–cells decimal reduction rate 
remained rather low (under 0.20) while it increased transiently for P2 
-cells up to 0.75 (Fig. 7c). Meanwhile, the decimal reduction rate for 
kanamycin-resistant cells remained rather low, under 0.20 (Fig. 7d). 
Second, between 45 and 55 cell generations, the proportion of the P2 
subpopulation increased from 40% to 60%, while the proportion of the 
subpopulations P0 (5%) and P1 (35%) decreased (Fig. 6). The fluores
cence intensity distribution was centered on the P2 cell gate with a 
shoulder in the P1 cell gate (Fig. 5; cytogram at 54 generations), and 
boxplot median (2⋅103) and mean values (2.5⋅103) stabilized in FL1-H 
channel. The overall plasmid-expressing population (eGFP-positive 
and kanamycin resistant) showed a low decimal reduction rate (Fig. 7 c 

& d), and the plasmid-based eGFP remained expressed in most cells. This 
was consistent with the high stable fluorescence intensity distribution in 
single-cells (Fig. 4b). 

Cell concentration (Fig. 7a) decreased and stabilized around 7⋅108 

cells⋅mL-1 at steady state by flow cytometry. By plate count, cell con
centration decreased regularly throughout the cultivation until it 
reached 1⋅109 cells⋅mL-1 at the end of the first chemostat cultivation. 

Therefore, by decreasing the dilution rate to 0.05 h-1, chemostat 
mode favored the appearance of the subpopulation P2, which exhibited 
the highest fluorescence intensity distribution, after 10 numbers of 
residence time corresponding to 15 generation growing under such 
condition. 

6.7. Chemostat at 0.10 h-1 

A higher dilution rate of 0.10 h-1 was then applied in this experi
ment. Chemostat was carried out at 37 ◦C and 0.10 h-1 for 160 h, cor
responding to 23 cell generations (16 hydraulic residence time). As 
exposed beforehand on macroscopic data, the total biomass concentra
tion was maintained constant at 5 gCDW⋅L-1. Likewise, no significant 
changes in metabolism were identified based on extracellular 

Fig. 4. Plasmid expression levels represented through fluorescence intensity distribution in the FL1-H channel by boxplots during successive batches at 30 and 37 ◦C 
(a), chemostat at 37 ◦C and 0.05 h-1 (b) and chemostat at 37 ◦C and 0.10 h-1 (c). Comparison of plasmid expression level distribution on the last point of the 0.05 and 
0.1 h-1 chemostats, at respectively, 53 and 75 generations (d). Delimitation between successive batches were shown by blue and grey vertical lines. 
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metabolites and exhausted gas analyses. Based on those macroscopic 
analyses, steady state was reached at 62 generations (7.2 generations 
after the start of 0.10 h-1-chemostat) and maintained for 23 cell 
generations. 

Between 55 and 62 cell generations (i.e. 5 residence times), boxplots 

showed that the distribution range remained the same width (Fig. 4c). 
However, the boxplots themselves were symmetrically transposed by 
following median / mean increase. This was consistent with the obser
vation, that fluorescence intensity distribution slipped symmetrically 
through a higher median value in the P2 cells gate (Fig. 5) and that the 

Fig. 5. Evolution of fluorescence intensity distribution in the FL1-H channel at different time of culture.  
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proportion of P0 and P1 - cells continued to decline, while the proportion 
of P2 cells increased (Figs. 5 & 7 a). Once steady state was reached at 62 
generations (i.e. 7.2 residence time), boxplots were reproducibly 
centered on the P2 - subpopulation (Figs. 4c & 5). It was interesting to 
note that fluorescence intensity distributions median was significantly 
higher at the end of the 0.10 h-1 - chemostat (1⋅104 in FL1-H) compared 
to the 0.05 h-1 - chemostat (5⋅103 in FL1-H) (Fig. 4d) even if they were 
both mainly included in the P2 - gate. 

On the one hand, the cell concentration measured by flow cytometry 
increased slightly and stabilized at the steady state at 4⋅109 cells⋅mL-1 

(Fig. 7a). On the other hand, the cell concentration measured by plate 
count decreased significantly from 1.109 to 8.107 cells⋅mL-1. The main 
reason could lie in the loss of cell cultivability due to the prolonged 
exposure at 37 ◦C (620 h from batches to chemostat) and to the higher 
intracellular eGFP concentration for the P2 population at 0.10 h-1 dilu
tion rate (FL1 median 1⋅104, compared to FL1 median 5⋅103 for P2 
population at 0.05 h-1). Too high, an intracellular concentration of eGFP 
could indeed be toxic for the cells. 

Therefore, increasing the dilution rate from 0.05 to 0.10 h-1 favored 
the maintenance of the P2 subpopulation compared to P1 with an in
crease in the intracellular eGFP concentration for the P2 population 
reaching the value of the reference culture at 30 ◦C. 

7. Discussion 

Plasmid curing in Cupriavidus necator has been used to study the 
impact of plasmid-encoded mechanisms (e.g. hydrogen utilization 
(Andersen et al., 1981) and toluene metabolism (Hughes et al., 1984)) 
on both plasmid-bearing and -free cells, by removing the involved 
plasmid from host cells. Several plasmid curing strategies have been 
used, presenting with different efficiency levels and ease of use. Here, a 
plasmid curing method was intended to generate heterogeneity in a cell 
population in terms of plasmid expression level. Therefore, a mild 
plasmid curing strategy inducing this heterogeneity was searched 
without completely inhibiting cell growth. Temperature increase and 
rifampicin addition were selected as curing strategies in batch. Despite 
its lower reported efficiency, rifampicin was chosen as a disruptor of 

plasmid transcription in bacteria (Buckner et al., 2018) (Wehrli (1983), 
with the expectation of obtaining an average efficiency on plasmid 
curing without drastic growth inhibition. Population heterogeneity was 
studied by flow cytometry based on eGFP-fluorescence and by plate 
count based on kanamycin resistance. 

The heterogeneity was found more pronounced after a temperature 
increase (30–42 ◦C) whereas almost none was observed after rifampicin 
addition (50 mg⋅L-1). This result confirmed the low efficiency of rifam
picin as a curing agent (Buckner et al., 2018). The plasmid expression 
level distribution widened after plasmid curing, especially after tem
perature increase. This expression level heterogeneity at a single-cell 
level in response to plasmid curing was not observed in previous 
works, as plasmid stability measurements were mainly based on mean 
analysis within the overall population (Andersen et al., 1981; Buckner 
et al., 2018; Hughes et al., 1984; Monchy et al., 2006; Zaman, Akhter 
MZ, 2010). 

For temperature increase, cell concentrations calculated by plate 
count were lower than by flow cytometry. For rifampicin addition, there 
was no difference. Therefore, there was a cultivability loss during 
plasmid curing by temperature. These observations were supported by 
propidium iodide staining of cells; after temperature increase, the per
centage of permeabilized cells increased up to 15%, while it remained 
zero with rifampicin. 

Although plate count data presented higher heterogeneity than flow 
cytometry data (certainly due to cultivability), its level achieved by both 
counting methods was still quite low. This might be explained by the fact 
that cell growth drastically slowed down (- 57%, rifampicin, - 95%, 
temperature 42 ◦C) after plasmid curing induction. An insufficient 
amount of cell generations may have been generated to observe the 
plasmid curing phenomenon because of the negative impact of both 
curing agents on cell replication mechanisms. 

So, a temperature of 42 ◦C might have been too stringent for cells. 
Therefore, in the following experiments temperature was set to 37 ◦C 
instead, allowing inducing heterogeneity and not drastically inhibiting 
the growth rate. 

This was confirmed during successive batches grown at 37 ◦C where 
a heterogeneity of plasmid expression was still obtained but with a 
higher growth. The three fluorescent subpopulations P0 (low / no fluo
rescence), P1 (medium fluorescence) and P2 (high fluorescence), 
observed in our previous work during successive flasks subcultures (Boy 
et al., 2020) were observed. Therefore, successive batches at 37 ◦C were 
proved to be an effective strategy to obtain a heterogeneous plasmid 
expression level distribution. The three distinct fluorescent sub
populations P0, P1, P2 were obtained after 30 cell generations. It took 
way more cell generations to obtain the three distinct subpopulations in 
successive batches compared to successive flasks subcultures (i.e. 19 cell 
generations (Boy et al., 2020)). This is most probably due to the fact that 
flask cultures presented more stringent growth conditions that the 
conditions for bioreactor cultures where the environment was better 
controlled. (i.e. dissolved oxygen concentration and pH). 

The continuous cultivation mode is particularly suitable to analyze 
stress responses of cell subpopulations in a defined physiological state, 
at a controlled specific growth rate. Here, chemostat was applied to 
study the impact of the dilution rate on the plasmid expression level by 
measuring the eGFP fluorescence, under plasmid-curing conditions. This 
mode of cultivation had already been used in previous works to show 
that the level of plasmid expression (i.e. plasmid replication rate, 
plasmid copy number) could be regulated by the dilution rate (i.e. 
growth rate) (Dupoet et al., 1987; Klotsky and Schwartz, 1987; Klumpp, 
2011; Koizumi et al., 1985; Lin-Chao and Bremer, 1986; Reinikainen and 
Virkajärvi, 1989; Ryan and Parulekar, 1991). These studies were based 
on the overall measurement of plasmid DNA content, plasmid copy 
number, etc. In the literature, different opinions regarding the impact of 
dilution rate on the level of plasmid expression can be found, as it 
strongly depends on the “plasmid vector - host cell” association (Chew 
et al., 1988; D’Angio et al., 1994). For example, different behaviors 
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Fig. 6. Percentage of P2-cells ( ) and P1-cells ( ) and P0-cells ( ) by flow 
cytometry through the number of cell generations, and the number of residence 
time. Red vertical lines represent the delimitation between fermentation con
ducts (batch, chemostat). 
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could be observed depending on the limiting substrate (glucose, 
ammonium, phosphate or sulphate) or the medium used for the same 
association (Chew et al., 1988). On the one hand, increased dilution 
rates led to a decrease in the plasmid copy number. This is the most 
common trend, as a lower plasmid copy number results in a lower 
metabolic load and therefore higher growth rate (Patnaik, 2000). This is 
the case for Escherichia coli K12 with plasmid R1 (Light and Molin, 
1982), for E. coli Br/A with plasmid pBR322 (Lin-Chao and Bremer, 
1986) and for E. coli JM13 with plasmid pUC8 (Ryan and Parulekar, 
1991). On the other hand, plasmids which confer a growth advantage to 
host cells are less common but might alter the physiological state of cells 
to favor growth (Patnaik, 2000). It is the case of the association of E. coli 
K12 with the plasmid pBR322 (Klumpp, 2011; Noack et al., 1981; 
Reinikainen and Virkajärvi, 1989) and also Bacillus stearothermophilus 
CU21 with the plasmid pLP11 (Koizumi et al., 1985), where the plasmid 
copy number increases with the growth rate. There is not yet a definitive 
explanation for this phenomenon, but this behavior generally concerns 
low copy number plasmids and plasmids whose replication is cell-cycle 
specific (Patnaik, 2000). It has been reported that the plasmid copy 
number may increase with increasing dilution rates in bacteria, for 
plasmids with low to medium copy number. The plasmid used here, 
pBBR1MCS-2, is known to be a medium copy plasmid at around 30 
copies per cell (Buch et al., 2010). 

A plasmid curing strategy by raising the temperature was applied in 
chemostat, hoping to amplify the phenomenon observed in flasks and 

batch mode, over an increased number of cell generations. The second 
objective was to analyze the impact of the dilution rate (i.e. growth rate). 
Chemostat was set at 2 dilution rates (0.05 and 0.10 h-1) at 37 ◦C and 
analyzed in terms of subpopulations. Those dilution rates were chosen 
because they covered the range of the specific growth rates of the P1 and 
P2 subpopulations previously determined in 96 - well plates in selective 
medium (Boy et al., 2020). Moreover, 0.05 h-1 was close to the lowest 
specific growth rate observed in the second successive batch at 37 ◦C 
(where P2 - cell were still majority). Even when macroscopic steady 
states were reached after 5 residence times, variations in the fluores
cence intensity distribution could be observed. At 0.05 h-1, the steady 
state favored the settlement of the subpopulation P1 (80%) within 10 
cell generations, corresponding to 7 residence times. The cell population 
in the bioreactor was completely renewed and the remaining P2 - cells 
from the batches were gradually washed out. However, after 10 new cell 
generations, a gradual shift was observed towards the increase of the 
P2subpopulation. This could be explained by the fact that cells were able 
to adapt to these conditions of increased temperature for a number of 
cell generations at this controlled dilution rate. Therefore, at the sub
population level, the steady state at dilution rate of 0.05 h-1 resulted in a 
60: 35% distribution between subpopulations P2 and P1, respectively. 
The fluorescence intensity median reached at the end of the 0.10 h-1 - 
chemostat (1⋅104 in FL1-H) was significantly higher than that reached at 
the end of the 0.05 h-1 - chemostat (5⋅103 in FL1-H), even if still was in 
the P2 - gate. So, switching the chemostat dilution rate up to 0.10 h-1 

Fig. 7. Cell concentrations vs the number of generations for (a) fluorescent cells ( ) and total cells (✚) determined by flow cytometry as well as (b) GenR cells ( ) 
and GenRKanR cells ( ). (c) Decimal reduction rate vs the number of generations for P2-cells ( ), P1-cells ( ), P0-cells ( ) and for (d) GenRKanR cells ( ). 
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resulted in the increase of the subpopulation P2 over the subpopulation 
P1. This suggests that the maximal specific growth rates previously 
estimated for P1 and P2 were largely underestimated in 96 - wells plate, 
otherwise P2 would have been washed out of the bioreactor. The nearly 
homogeneous population (90% P2) reached at steady state 0.10 h-1 

could be the result of a growth - rate dependent increase in the plasmid 
copy number of the P1 subpopulation to match to the maximal possible 
number in the strain for this dilution rate (subpopulation P2). The sub
population P2 was maintained and the fluorescence intensity distribu
tion was very stable over time. The cells were able to cope with this 
higher dilution rate without the need to decrease the protein production 
performance in supra - optimal temperature conditions, as was also the 
case under optimal growth conditions. 

8. Conclusions 

Our study showed that well-controlled plasmid curing conditions can 
be used to generate heterogeneity in plasmid expression in engineered 
C. necator without completely inhibiting cell growth. For this, it was 
better to use a temperature increase of 30–37 ◦C instead of adding 
rifampicin. By applying these conditions, to successive batches, we were 
able to identify three subpopulations with different levels of plasmid- 
based eGFP expression through the use of our plasmid-encoded eGFP 
biosensor. The distribution of these three subpopulations could be 
modulated in chemostat by changing the dilution rate. The further use of 
the biosensor should make it possible to study the mechanisms under
lying the genesis of heterogeneity within the engineered microorgan
isms cultivated in a bioreactor. 
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