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ARTICLE INFO ABSTRACT

Keywords: Phenotypic heterogeneity in bioprocesses is suspected to reduce performances, even in case of monoclonal
Cupriavidus necator cultures. Here, robustness of an engineered isopropanol-overproducing strain and heterogeneity of its plasmid
?GFP | expression level were evaluated in fed-batch cultures. Previously, eGFP was identified as a promising plasmid
Ssopropano.

expression reporter for C. necator. Here, the behavior of 3 engineered strains (isopropanol overproducer, eGFP
producer, and isopropanol/eGFP co-producers) was compared at the single-cell and population levels. Produc-
tion yields and rates have been shown to be dependent on isopropanol/acetone tolerance. A link could be
established between the variations in the fluorescence intensity distribution and isopropanol/acetone production
using the eGFP-biosensor. Co-production of isopropanol and eGFP exhibited cumulative metabolic burden
compared to single overexpression (isopropanol or eGFP). Expression of eGFP during isopropanol production
resulted in lower isopropanol tolerance with a loss of membrane integrity resulting in protein leakage and
reduced plasmid expression. The co-expression of heterologous isopropanol pathway and eGFP-biosensor
enabled to demonstrate the heterogeneity of robustness and plasmid expression at the single cell level of
C. necator. It highlighted the conflicting interactions between isopropanol overproduction and eGFP reporter
system. Fluorescent reporter strains, a crucial tool for monitoring subpopulation heterogeneity although biases

Fed-batch cultivations
Flow cytometry

Plasmid expression levels
Single cells

have to be considered.

1. Introduction

Phenotypic heterogeneity occurs when a clonal population exhibits
several distinct phenotypes even in homogeneous environments. Even
monoclonal cultures grown in homogeneous environments can experi-
ence cellular heterogeneity. Thus, the amount of protein produced from
a particular gene will vary among cells in a population and also over
time for a single cell. Most of the time, this is due to heterogeneous gene
expression [1-5]. Noise in gene expression is a natural phenomenon
arising in two ways: “intrinsic” and “extrinsic” noises [6-8].

In engineered strains, the insertion of heterologous genes is an
additional source of cell-to-cell variability. Indeed, the maintenance and
expression of these heterologous genes induce a metabolic load on the
host cells. In most cases, the metabolic load is due to the consumption of
extracellular transcriptional resources during the expression of recom-
binant genes [9]. Therefore, two biological phenomena are in compe-
tition within the engineered strains: the maintenance of the recombinant
genes and the growth of the host cell [10]. Resource redistribution could
significantly disrupt translation, especially if mRNAs expressed from the

heterologous gene sequence encode strong RBS (i.e. Ribosome Binding
Sites). In this case, a significant proportion of ribosomes should no
longer be available for expression of host genes. Metabolic load leads to
decreased growth rate and overall physiological changes. Therefore, the
performance of engineered microorganisms toward the production of
the recombinant molecules of interest decreases. Finally, the production
of a recombinant molecule might be toxic for host cells, which might
eventually cause plasmid expression loss [9].

Whether due to stochastic gene expression or metabolic load, pop-
ulation heterogeneity is thought to decrease production yields and
enhance process instability. Thus, securing phenotypic homogeneity in
engineered microbial populations is of major interest for synthetic
biology and bioprocess optimization [11-13]. Bioprocesses are tradi-
tionally evaluated from measurements based on mean values of cell
populations. However, such methods are not suitable to study the
behavior of individual cells especially within heterogeneous cell pop-
ulations. Single-cell techniques have been intensively investigated in
recent years to trigger key biological mechanisms in living single cells,
such as stochasticity of gene expression [14-21]. A wide variety of
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proteins have been studied as gene expression reporters. Among them
the most used are: lacZ encoding the E. coli beta-galactosidase, luxAB
encoding the Vibrio harveyi luciferase and gfp encoding the green fluo-
rescent protein from Aequorea victoria [2]. GFP reporter proteins have
often been coupled to flow cytometry. Nowadays, gene reporters based
on GFP and its derivatives are the most widely used biological tools for
dynamic analysis of gene expression in living cells [14,22-27].

C. necator H16 has a versatile metabolism and is naturally able to
consume both organic [28-31] and inorganic carbon sources [32-35].
C. necator is able to store up to 80 % of its dry cell weight in poly--
p-hydroxybutyrate (abbr. PHB) [36,37], by diverting carbon flow at the
acetyl-coA node toward PHB biosynthesis under conditions of nutrient
limitation and excess carbon [38]. By the way, C. necator has been
engineered to produce acetyl-coA derived compounds: isopropanol [32,
35,39,40], isobutanol [41], alka(e)ne [34], carboxylic acids [42,43],
alpha-humulene [44] and methyl ketones [45], both heterotrophically
and autotrophically.

In the present work, the heterologous production of isopropanol by
C. necator Re2133 was chosen as a case study to assess plasmid
expression levels during production of an unnatural potentially toxic
product. The production titers achieved by such engineered strains
could be limited by alcohol toxicity in host strains [46]. The high hy-
drophobicity of solvent increases its toxic impact on host cells, in effect
leading to solvent accumulation in the cytoplasmic membrane causing
various side effects [47-49]. Solvents can also denature biological
molecules and lead to protein unfolding, DNA and lipid damage, RNA
unfolding or degradation [49], consequently, growth inhibition or cell
death. Expression of groESL in solvent-producing microorganisms has
been shown to increase cell tolerance [47]. Marc et al. (2017) showed
that groESL genes over-expression led to a better tolerance to exogenous
isopropanol and to a lower cell permeabilization toward higher iso-
propanol concentrations during fedbatch culture.

Previously we designed and validated an eGFP-based plasmid
expression level monitoring system for C. necator [15,20,21]. Here, the
eGFP was expressed under the constitutive promoter Pj,. in order to
monitor the level of plasmid expression and inserted into the plasmid
PEG7c containing an inducible isopropanol synthetic operon [40]. The
use of an inducible promoter has been shown to achieve better iso-
propanol production performance because it allows growth and pro-
duction to be uncoupled to help the cell cope with the inhibitory effect of
isopropanol. The overall objective of this work was to study the impact
of the production of a toxic recombinant molecule on the levels of
plasmid expression. The present study was supported by macroscopic
data (metabolite concentrations, production/consumption yields and
rates) as well as single-cell analysis (flow cytometry).

2. Material and methods
2.1. Strain, plasmids and media

2.1.1. Strains

C. necator Re2133 [28] was used as an expression strain. This strain
was obtained by deletion of the genes coding for acetoacetyl-CoA re-
ductases (phaB1B2B3) and for PHA synthase (phaC1) from the wildtype
strain C. necator H16/ATCC17699 which was resistant to gentamicin
(Gen®). The strains Escherichia coli S17-1 and Top10 were used during
plasmid construction.

2.1.2. Plasmids

The plasmids pEG7c (arabinose induced isopropanol operon), pCB1
(constitutive Plac-eGFP) and pJLCB2 (combining the two genetic parts)
were used in this work (Table 1). The plasmid maps are provided in
Supplementary Material 1. The design and associated molecular biology
protocols for the construction of these plasmids were explained in more
details in [21,32,40].
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Table 1
Plasmids used in this work.
Strains Relevant characteristics References
Re2133 Cupriavidus necator H16 AphaB;B2BsC; (Gen®) [55]
Plasmids
pBBAD PBBRIMCS-2 derivative (Kan®), Pp,q (L-Arabinose [56]
inducible promoter)
PEG7c pBBad (Kan®), isopropanol operon phaA — RBS — ctfAB  [40]
— RBS - adc - RBS - adh inserted into the multiple
cloning site (MCS), Pgaq
pCB1 pBBad (Kan®), Pj,-egfp [15]
pJLCB2 PEG7c (KanR), Pjac-egfp (on the opposite strand, [32]; This
compared to pCB1) work
2.1.3. Media

The rich medium for precultures was composed of 27.5 g 1! Tryptic
Soy Broth (TSB, Becton Dickinson, Sparks, MD, USA) with addition of
10 mg 1! gentamicin and 200 mg 1! kanamycin as final concentration.
For Tryptic Soy Agar (abbr. TSA) plates, 20 g 1" agar was added to the
TSB medium.

For molecular biology, the rich Lysogeny broth medium (abbr. LB)
was used and composed of 10 g I'* of peptone, 5 g I"! of yeast extract and
10 g I'! of NaCl. For LB agar plates, 20 g I'' agar was added to the LB
medium.

The mineral medium used for flasks cultivation was previously
described in Lu et al. [50]. Gentamicin (10 mg I'!) and kanamycin (200
mg 1'1) were added to this medium. Fructose (20 g 1'1) and NH4C1 (0.5 g
1'Y) were respectively used as carbon and nitrogen sources. The mineral
medium used for bioreactor cultivation was composed as follows (per
liter): (NH4)2SO4, 2.8 g; MgSO4 * 7 H0, 0.75 g; phosphorus (NaoHPO4
*12 H0, 1.5 g; KHoPOy, 0.25 g); nitrilotriacetic acid, 0.285 g; ammo-
nium iron(Il) citrate (28 %), 0.09 g; CaCly, 0.015 g; trace elements
(H3BO3, 0.45 mg; CoCly *6 H20, 0.3 mg; ZnSO4 *7 Hy0, 0.15 mg; MnCly
*4 H,0, 0.045 mg; NapMo0O4 *2 H,0, 0.045 mg; NiCl, *6 H20, 0.03 mg;
CuSOy4, 0.015 mg). Fructose was used as sole carbon source with an
initial concentration of 30 g 1"!. No antibiotics (i.e. gentamicin and
kanamycin) were added in bioreactor cultures in order to evaluate
plasmid stability without selection pressure.

2.2. Fed-batch cultivations on fructose

Precultures and batch phases were performed according to the pro-
tocol detailed in [15] to avoid any cell growth limitation. The fed-batch
phases were initiated when nitrogen depletion was reached in the
mineral medium (corresponding to 4 gcpw-1"! biomass). Nitrogen (using
ammonium,) was the limiting substrate and was fed in the bioreactor by
a calibrated peristaltic pump with an exponential flow rate set at 0.04
hl. This growth rate was chosen based on previous works to investigate
isopropanol producing conditions. The initial fructose concentration
was 30 g I'. After the start of the fed-batch phase, when the fructose
concentration reached 20 g I}, fructose was fed exponentially in the
bioreactor to maintain a constant residual concentration of 20 g I''. Two
guard flasks, kept in ice, allowed the re-solubilization of the gaseous
fractions of acetone and isopropanol in order to quantify their total
production both in the liquid phase and gaseous phase.

To prevent nutrient limitation, a phosphorus solution (7 ml-I'*) and a
trace element solution (2 ml.I' 1) were added for every 10 g(;Dw-l'1 of
biomass produced.

2.3. Analytical procedure

2.3.1. Biomass characterization

Biomass quantification was achieved through optical density (600
nm) and cell dry weight measurements. These techniques were
described in [15].
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2.3.2. Metabolite quantification

Cells samples were centrifuged, and supernatants were filtrated (0.2
um PTFE syringe filters, VWR) before being used for substrate and
products determination. The residual fructose and organic acids con-
centrations were quantified by high-performance liquid chromatog-
raphy (HPLC). The HPLC instrument (Series 1100, Agilent) was
equipped with an ion-exchange column (Aminex HPX-87H, 300 x7.8
mm, Bio-Rad, Hercules, CA, USA) protected with a guard column
(Cation H+ cartridge, 30 x 4.6 mm, Bio-Rad) and coupled to a RI de-
tector and an UV detector (A = 210 nm). The column was eluted with 2.5
mM HySO4 as a mobile phase at 50 °C at a flow rate of 0.5 ml-min’.
Residual nitrogen was quantified by higher-pressure ionic chromatog-
raphy (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 metanesulfonic acid as a mobile phase at 40 °C
and a 40 mA ion suppressor current, at a flow rate of 0.36 ml-min’.
Isopropanol and acetone concentrations were also determined by gas
chromatography (GC), with a GC system 6890 A Series (Hewlett Pack-
ard®, USA) and a column SupelQ-Plot 30 x 0.53 mm (ID). Internal
standard was 1 g 1! propionic acid.

2.3.3. Plate count

Plasmid stability was quantified by parallel plate count on antibiotic
selective TSB Petri dishes (10 mg 1" ! gentamicin and 10 mg 1! genta-
micin + 200 mg I"! kanamycin), as described in [15]. Decimal reduction
rate from plate count measurements was calculated as: N =

Gen®cells
log <GenRKan’ celLs) '

2.3.4. Flow cytometry

Cell permeability (propidium iodide staining/FL3 channel) and the
eGFP-fluorescence of plasmid-expressing cells (FL1 channel) were
measured by the BD Accuri C6® flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). Cell samples were diluted in physiological
solution at 10° cells-mI? and then, were stained with 20 pl of a com-
mercial solution of propidium iodide at 20 mg 1'! (abbr. PI) (Molecular
Probes, Invitrogen, USA) and incubated 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. Samples were run until
20, 000 events were counted at 14 ul min~' 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 and data
processing was achieved with FlowJo software (Becton Dickinson,
Sparks, MD, USA). Decimal reduction rate was calculated as described
above from plasmid-expressing cells (eGFP-positive cells, FL1-A >
8-102) and total cells (Single cells, bisectors of both FCS-A vs FSC-H and

SSC-A vs SSC-H): N = log(Sagle=seie).

2.3.5. Fluorescence measurement in the medium
Extracellular fluorescence intensity in the supernatant was measured

using a multiplate reader as described in [15]. Relative extracellular
FU.~FU,
0D~ 0D,

density considered was corrected with the percentage of intact cells (i.e.
not stained by propidium iodide).

fluorescence intensity was calculated as: RFU = . The optical

2.4. Data analysis

Specific substrate consumption (fructose gs, ammonium gy) and
biomass production () rates were calculated from experimental data
and mass balances (carbon, nitrogen and elemental). Specific growth

rate was determined as In (XgCDW . 1‘1) = f(t) and its error was calcu-

lated as the standard deviation of the slope. Determination of specific
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oxygen consumption (qo,) and carbon dioxide production (gco,) was
based on mass balance calculations in both liquid and gaseous phase,
from inlet/outlet gas composition, temperature, pH, stirring, oxygen
partial pressure (pO»), and liquid volume. For overall production/con-
sumption yield calculation, masses were plotted pairwise in a scatter
plot. A linear regression was used to determine the considered yields and
the error was calculated by the standard deviation of the slope. The total
mass of isopropanol and acetone produced were calculated by summing
the masses of solvents in the bioreactor (liquid phase) and in the two
guard flasks (evaporation).

2.4.1. Statistical analysis: normality of distribution functions by BoxPlot
representation

Boxplot representation used to represent fluorescence intensity dis-
tribution in single cells was described in Boy et al. (2020).

3. Results

The behavior of the strain Re2133/pJLCB2, engineered to constitu-
tively express eGFP protein and synthesize isopropanol after arabinose
induction, was compared to the Re2133/pCB1 fluorescent strain and the
Re2133/pEG7c isopropanol over-producer. The characterization of the
strains was achieved during fed-batch cultivation where fructose was fed
continuously as the sole carbon source under controlled nitrogen
limitation.

3.1. Growth kinetics and isopropanol production

During batch phases, the maximum growth rates were close for the
three strains, with 0.23 +0.02h' for Re2133/pEG7c (isopropanol
operon), 0.21 +0.03 h™ for Re2133/pJLCB2 (isopropanol operon -+
egfp cassette) and 0.24 + 0.01 h! for Re2133/pCB1 (egfp cassette)
(Table 2 & Fig. 1b). During nitrogen limited fed-batch, after arabinose
induction, Re2133/pEG7c and Re2133/pJLCB2 began to produce iso-
propanol. Growth rates were maintained at a controlled growth rate of
0.03 = 0.01 h'! for Re2133/pEG7c, 0.04 + 0.01 h! for pJLCB2 and
0.04 + 0.01 h'! for pCB1 by controlled nitrogen limitation (Fig. 1b).

Substrate consumption and metabolite production were quantified.
In all cases, the carbon, nitrogen and elemental balances were satisfied
above 90 %. In fed-batch mode, the maximum isopropanol concentra-
tion reached was 5.3 g 1’ 1 (38 h after induction) for the strain Re2133/
pJLCB2 and 15.1g 1! (76h after induction) for Re2133/pEG7c
(Table 2). Isopropanol was produced at a maximum production yield of
0.27 & 0.01 gpa-gd for Re2133/pEG7c¢ and 0.11 + 0.02 gpa-gs for
Re2133/pJLCB2, at the start of the fed-batch phase, before decreasing
for all the strains (Table 2). Profiles of isopropanol specific production
rates showed the same dynamics for both strains (Fig. 1e). First, after
arabinose induction, the specific isopropanol production rate increased
up to a maximum, which was equal to 0.09 glpA~g§1~h'1 (30 h) for
Re2133/pEG7c, and 0.04 g[pA'g-sl'h-l (20 h) for pJLCB2, before
decreasing. The maximum isopropanol yield was reached over this
period of time. Then, the specific production rate of isopropanol was low
until the end of the culture.

Acetone is an intermediate in the isopropanol production pathway. It
was produced simultaneously with isopropanol throughout the fed-
batch cultures (Fig. 1 d & e). The maximum yields of acetone produc-
tion from fructose reached 0.024 + 0.001 gac g'sl for Re2133/pEG7c and
0.011 + 0.001 gac-gg for pJLCB2 respectively (Table 2). The profiles of
the specific acetone production rate followed the same behavior as for
those of isopropanol, confirming that the two productions were coupled.
The maximal acetone production rates were 0.009 gac-gg-h? for
Re2133/pEG7c and 0.002 ga.-gg-h™! for pJLCB2 (Fig. 1e).

No significant organic acid production was detected during cultiva-
tion for any of the strains. However, after induction by arabinose, a
slight peak in pyruvic acid production was observed for the strain
Re2133/pEG7c but was re-consumed shortly afterwards; this was not
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Table 2
Fed-batch cultivation parameters of the strains Re2133/pEG7c, pJLCB2 and pCB1. N/A; not applicable.
Hmax Mprod [isopropanol] ax Yield Yield Yield Yield [isopropanol]cyitical
biomass CO, isopropanol acetone
G} ®™h (gL (g8 CF) (gg™h (g8 (L
PEG7c 0.23 £+ 0.02 0.03 £ 0.01 15.1 0.44 + 0.02 0.54 +0.03 0.27 + 0.01 0.024 + 0.001 15.1
(batch) (batch) (19-35h) (19-35h)
0.09 + 0.01 0.65 £ 0.01 0.098 + 0.003 0.007 £+ 0.003
(19-35h) (19-35h) (47-92 h) (47-92 h)
0.17 £ 0.01 0.90 £+ 0.01
(47-92 h) (47-92 h)
pJLCB2 0.21 £+ 0.03 0.04 £ 0.01 5.3 0.48 + 0.04 0.66 + 0.04 0.11 + 0.01 0.011 + 0.001 5.3
(batch) (batch) (14-45 h) (14-45h)
0.19 £ 0.01 0.62 £+ 0.01 0.004 + 0.001 0.006 + 0.001
(14-45h) (14-45h) (48-77 h) (48-77 h)
0.30 + 0.001 0.86 + 0.01
(48-77 h) (48-77 h)
pCB1 0.24 £ 0.01 0.04 £ 0.01 N/A 0.32 +0.01 0.89 £ 0.02 N/A N/A N/A

the case for Re2133/pCB1 or pJLCB2 as no pyruvate was detected at all.

Oxygen and carbon dioxide consumption rates were calculated from
off gas analysis allowing the calculation of the respiratory quotient
(abbr. RQ) (Fig. 1c). The respiratory quotient reached a maximum value
a few hours after arabinose induction (Fig. 1c), at 1.96 (30 h) for pEG7c
and 1.90 (29 h) for pJLCB2, approaching the theoretical value for iso-
propanol alone (= 1.96). For the strain Re2133/pCB1 it remained stable
around 1.05 + 0.06 in the range of the theoretical RQ for growth (=
1.06), before decreasing in the last hours of culture. For Re2133/pEG7c¢
and pJLCB2, its value stabilized until the end of culture at respectively
1.30 £ 0.07 and 1.19 + 0.06.

It was interesting to consider the variation in the ratio between
isopropanol and acetone production (Fig. 1d). For the reference strain
Re2133/pEG7c, this ratio remained stable at 13 + 1 Cmolps/Cmolac
from arabinose induction until the stop of isopropanol production. For
the strain Re2133/pJLCB2, the evolution of this ratio was drastically
different. Just after arabinose induction, its value reached 13 £1
Cmolpa)/Cmolsc which was equal to the behavior in Re2133/pEG7c.
However, this value decreased continuously throughout the fermenta-
tion until it reached 4 Cmol;pp/Cmolac at the end of the culture. This
meant that there was an accumulation of acetone to the detriment of the
production of isopropanol at the end of the culture.

During the batch phase (Fig. 2), the distribution of carbon between
biomass and carbon dioxide was comparable for the 3 strains Re2133/
PEG7c (60: 40 %) pJLCB2 (62: 38 %) and pCB1 (65: 35 %). During the
fedbatch, the strain Re2133/pJLCB2 has an intermediate proportion of
biomass and CO5 (28-50 %) comparing to strains Re2133/pEG7C
(11-44 %) and Re2133/pCB1 (40-60 %). The highest isopropanol pro-
duction yield was achieved when the specific isopropanol production
rate was the highest for all strains. The percentage of the carbon flow
dedicated to isopropanol reached 41 % for Re2133/pEG7c and 20 % for
pJLCB2; the proportions of isopropanol and acetone were halved in
Re2133/pJLCB2. The lower proportion of isopropanol in Re2133/
pJLCB2 compared to pEG7c was mainly due to a higher carbon flow
toward the biomass/eGFP synthesis (+ 17 %), and carbon dioxide (+ 6
%) to a lesser extent.

3.2. Inhibition by isopropanol production

After induction, the specific isopropanol production rate increased to
a maximum (qrpa, max) at a concentration of 1.4 g 11 isopropanol pro-
duced for Re2133/pEG7c, and 0.4 g I for pJLCB2 (Fig. le). For
Re2133/pEG7c, the specific isopropanol production rate decreased (- 96
%) until 7.5 g I'* of isopropanol were produced, then remained low and
constant until it became null at 15.1 g I"! of isopropanol. For Re2133/
pJLCB2, the specific isopropanol specific production rate decreased
until 5.3 g 1" of isopropanol were produced, and became zero. For
Re2133/pJLCB2, even when isopropanol concentration decreased in the

medium due to higher amounts evaporated compared to the amounts
produced, the specific isopropanol production rate remained zero. Thus,
the critical isopropanol concentrations were equal to 15.1g 17 for
Re2133/pEG7c and 5.3 g I'! for pJLCB2. Same profiles were obtained
regarding acetone production with almost 10 times lower specific pro-
duction rates and critical acetone concentration values around 1 g.I"! for
both strains.

3.3. Plasmid expression levels variations during isopropanol production

Plasmid expression levels via single-cell eGFP fluorescence intensity
monitoring were studied throughout the fermentation, with and without
isopropanol production (strain Re2133/pJLCB2 versus strain Re2133/
pCB1). Flow cytometry has been used as a fast and reliable method for
fluorescence intensity measurements in single-cells (i.e. eGFP and PI).
Plasmid stability was also assessed by the standard plate count method.
The strains Re2133/pEG7c and pCB1 were used as reference, respec-
tively for the production of isopropanol only and the single-cell fluo-
rescence eGFP only, and compared to the strain Re2133/pJLCB2.

3.3.1. Plasmid expression levels analysis

The distribution of fluorescence intensity among single cells was
studied for the strains Re2133/pCB1 and pJLCB2, with a boxplot rep-
resentation (Fig. 3). The first observation was that fluorescence intensity
in single cells was higher for Re2133/pJLCB2 than for Re2133/pCB1
during the batch phase. To solve a construction issue, the fluorescent
cassette Py,-eGFP had to be inserted on the opposite strand of DNA in
pJLCB2, compared to the localization in the plasmid pCB1. Indeed,
during the construction of the plasmid it appeared that there was an
incompatibility for the fluorescent cassette and isopropanol operon to be
localized on the same DNA strand. No convincing explanation for this
phenomenon has yet been found. Higher fluorescent intensity of single
cells for Re2133/pJLCB2 compared to pCB1 might be due to a higher
induction of the promoter P, when located on the opposite DNA strand.
Nevertheless, the threshold between fluorescent and non-fluorescent
cells was still reached at 8.102 in the FL1-A channel for both strains.

For the strain Re2133/pCBl1, the fluorescence intensity distribution
of the total cell population was noisier during the first 30 h after ni-
trogen limitation (20-50 h) (Fig. 3a). During batch phase and after 60 h
in fed-batch, fluorescence intensity distribution was considered close to
Gaussian and reproducible over time. For the specific eGFP-positive cell
population (Fig. 3c), the fluorescence intensity distribution was
Gaussian and reproducible throughout the culture.

For the strain Re2133/pJLCB2, the fluorescence intensity distribu-
tion was Gaussian and reproducible throughout the batch phase, for
total (Fig. 3b) and eGFP-positive cell populations (Fig. 3d). After arab-
inose induction, the median fell rapidly for the total cell population
(Fig. 3b), the distribution interval increased drastically between 30 and
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Re2133/pEG7c

Isopropanol operon

Re2133/pJLCB2

Isopropanol operon
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Fig. 1. (a). Cumulated biomass produced (@) and fructose consumed (4). (b). Growth rate evolution through time (m). (c). oxygen consumption (= =) and carbon
dioxide (m) production rates, and respiratory quotient (m). (d). Cumulated acetone (M) and isopropanol (A) produced during fed-batch. Evolution of isopropanol
(=) and acetone (m) production rates. Cultures in fed-batch of the strains Re2133/pEG7c (1), pJLCB2 (2) and pCB1 (3). The horizontal dotted black line represented
the time limit between the batch phase and the fed-batch phase. The doted circles (el & 2) represent the moments when specific production rate was either maximum
or minimum, and the corresponding isopropanol/acetone concentrations reached.

40 h, and then more slowly until the end of the culture. After 30 h, the
distribution could no longer be considered Gaussian. For the eGFP-
positive cell population, the distribution range increased significantly
between 30 and 40 h and then, remained stable (Fig. 3d). After that, the
fluorescence intensity distribution was reproducible. The median and
mean values slightly decreased and the first quartile became longer than
the third quartile, as the number of less fluorescent cells increased.

3.4. Plasmid expression stability: flow cytometry versus plate count

The decimal reduction rate (Fig. 4) was used to compare the stability
of plasmid expression by two reporters: eGFP biosensor (flow cytom-
etry) and kanamycin resistance (plate count).

For Re2133/pEG7c, up to 9 gl isopropanol (and 0.6g 17 of
acetone), the decimal reduction rate calculated from the plate count
remained low below 0.5 (Fig. 4a, d & ). From 9-14 g 1! of isopropanol,
the decimal reduction rate was maintained at 0.7. After 14 g I'! of iso-
propanol, the decimal reduction rate increased up to 1.6.
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Fig. 2. Overall carbon repartition ( % Cmol) between biomass (M), carbon dioxide (M), acetone (M) and isopropanol (M), based on global yields during culture of
Re2133/pEG7c, pJLCB2 and pCB1.
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For Re2133/pJLCB2, the decimal reduction rate measured by plate
counting was significantly higher than that measured by flow cytometry
(Fig. 4b, e & g) and it began to increase once 3.6 g1 of isopropanol were
produced in the liquid phase (21 h after induction, corresponding to
0.5 g I'! of acetone). After 5.3 g I'! of isopropanol produced in the liquid
phase, the quantity of isopropanol evaporated was greater than the
quantity of isopropanol produced in the liquid phase, therefore the
isopropanol concentration in the liquid phase decreased. However, the
decimal reduction rate calculated by plate count kept on increasing until
reaching 2.6, value reached at a concentration as low as 1.7 g 1" of
isopropanol in the medium, because on this time period, acetone con-
centration had kept on increasing up to 0.8 g I'. After that point, the
decimal reduction rate by plate count decreased slightly down to 1.5, as
acetone concentration in the medium decreased as well, because of
enhanced evaporation at the expense of production. When calculated
from flow cytometry data, the decimal reduction rate remained low,
even if a slight heterogeneity was measured around 2g 1" ! of iso-
propanol. For Re2133/pCB1, the decimal reduction rate was low
throughout culture, for both counting methods (Fig. 4c).

It appeared that the plasmid stability was more affected by the
overproduction of isopropanol than the production of recombinant
protein e-GFP even if the decimal reduction rate for the single-construct
remained at a low level. However, cumulative production of isopropanol
and e-GFP protein was detrimental for the stability of plasmid-
expression.

3.5. Cell permeability and eGFP leakage

To study the impact of isopropanol production and/or eGFP

expression on cell physiology, permeability and extracellular fluores-
cence were studied during culture.

During the batch phase, all the strains showed a percentage of per-
meabilized close to zero (Fig. 5). For the strain Re2133/pEG7c, the
percentage of permeabilization remained low (<5 %) up to 55h of
culture, corresponding to 9 g 1" of isopropanol and 0.6 g I'* acetone
(Fig. 5a & d). Then, it increased gradually until it reached 25 % at the
end of the culture. For the strain Re2133/pCB1, a slight transient peak at
8 % was measured just after the beginning of the fed-batch phase
(Fig. 5¢). This was due to a nitrogen depletion phase that was longer
(3 h) for this strain compared to Re2133/pEG7c and pJLCB2 (less than
1 h), due to technical problems at the initiation of nitrogen feeding.
Then, cell permeabilization percentage maintained low, under 5 %, all
along fermentation. For Re2133/pJLCB2, contrary to strain Re2133/
PEG7c, cell permeability increased as soon as isopropanol and acetone
started to accumulate in the medium (Fig. 5b & e). Even though, the
concentration of isopropanol and acetone remained below 6 g. 1 and
0.8 gI'!, respectively, cell permeabilization increased continuously to
reach 25 % at the end of culture. For the same concentration of iso-
propanol produced, cell permeabilization percentage was much lower
for Re2133/pEG7c than for pJLCB2. The strain Re2133/pJLCB2 appears
clearly less tolerant to acetone and/or isopropanol than Re2133/pEG7c.

Relative extracellular fluorescence intensity in the supernatant was
largely higher for Re2133/pJLCB2 than for Re2133/pCB1 all along the
culture (Fig. 5b, e & d). This was consistent with the fact that the per-
meabilization percentage was significantly higher for Re2133/pJLCB2
all along the culture and that the fluorescence intensity of single-cells
was higher in Re2133/pJLCB2 than in Re2133/pCB1.
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4. Discussion

A plasmid-encoded biosensor was used to monitor and quantify
variations in plasmid expression levels at the single cell level. This study
was carried out in the particular case of isopropanol production from
fructose by C. necator. The isopropanol production pathway was
plasmid-encoded as well. The objective of this work was to study the
impact of isopropanol and eGFP productions on plasmid expression
levels and isopropanol production.

The maximum titer of isopropanol produced was much higher for the
reference strain Re2133/pEG7c (15.1g 1) compared to Re2133/
pJLCB2 (5.3 g 1, - 65 %). In addition, a higher maximum isopropanol
production yield was measured for Re2133/pEG7c (+ 59 %) compared
to Re2133/pJLCB2. Thus, the maximum production yield depended on
whether or not eGFP was expressed.

When the isopropanol concentration increased for Re2133/pEG7c
and pJLCB2, the membrane permeability increased up to 25 %,
compared to Re2133/pCB1, the non-isopropanol producing strain (<5
%). Indeed, cell permeability and membrane fluidity have been shown to
increase in response to higher alcohol concentration in producing strains
[51]. The strain Re2133/pEG7c showed a better tolerance toward iso-
propanol and acetone in terms of cell permeability (<5 % up to 8 g1
isopropanol and 0.5 g I"! acetone) compared to Re2133/pJLCB2 (<5 %
up to 2 g I'! isopropanol and 0.2 g 1! acetone). This could be explained
by the fact that Re2133/pJLCB2 also produced eGFP. Depending on
culture conditions, GFP has been shown to increase cell permeability
[52]. Under optimal growth conditions, cell permeability in fluorescent
cells remained low as obtained with the strain Re2133/pCB1. However,
under more challenging culture conditions, such as isopropanol pro-
duction or fluctuating environments [20], eGFP might contribute

increase cell permeability.

As cell permeability increased during isopropanol production, eGFP
leaked outside the cells during fed-batch cultivation. Indeed, the relative
intensity of the extracellular fluorescence increased gradually until the
critical concentrations of isopropanol and acetone (5.3 and 0.8 g 17
respectively) were reached in the medium for Re2133/pJLCB2 (60 h).
Both isopropanol and acetone have shown a negative impact on cell
permeability. Acetone could have a greater impact on cell permeability
being a more hydrophobic solvent, which could solubilize the phos-
pholipidic membrane of cells [47-49]. On the contrary, the relative
extracellular intensity for the strain Re2133/pCB1 was insignificant
compared to Re2133/pJLCB2. This could be due to two phenomena: i)
higher intracellular fluorescence intensity of single-cells for
Re213/pJLCB2 due to strain construction and ii) higher cell perme-
ability for this strain. These statements could be supported by the dis-
tribution of fluorescence intensity within the population which
decreased over the same period. Thus, monitoring of plasmid expression
levels via biosensor was biased by intracellular fluorescence leakage due
to increased permeability. However, this sensor made it possible to
highlight the potential loss of intracellular compounds (proteins, nucleic
acids, co-factors, etc.) that the strain would have to manage under
production of an unnatural toxic molecule, such as isopropanol. Such a
loss would certainly have an impact on the strain and therefore on the
robustness of the process.

For Re2133/pJLCB2, the rate of decimal reduction (i.e. loss of
plasmid expression) started to increase as revealed by two counting
methods (plate count and flow cytometry) when a concentration of 3.6 g
11 of isopropanol was reached in the bioreactor (60 h), which was close
to the critical isopropanol concentration (5.3 g 1I"}). As the isopropanol
concentration decreased, the decimal reduction rate increased further in
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response to increasing acetone concentrations. Subsequently, the deci-
mal reduction rate increased drastically to 2.6 by plate count and to 0.5
by flow cytometry. Thus, for Re2133/pJLCB2, isopropanol and acetone
were observed to have a negative impact on the stability of plasmid
expression. A similar behavior could be observed for Re2133/pEG7c,
but to a lesser extent. The additional increase in the rate of decimal
reduction by plate count (compared to flow cytometry) was due to the
decrease in cell cultivability itself due to increased isopropanol con-
centrations [46] When no isopropanol/acetone was produced, the dec-
imal reduction rate was low throughout culture for Re2133/pCB1. Thus
the decimal reduction rate by plate count reflects both cell cultivability
and plasmid expression stability, which were both lower for
Re2133/pJLCB2 compared to pEG7c and pCBL1. In contrast, the decimal
reduction rate by flow cytometry only reflects the stability of plasmid
expression, which was lower for Re2133/pJLCB2 compared to pCB1.
Thus, the decrease in the decimal reduction rate measured by plate
count at the end of the culture with Re2133/pJLCB2 could be due to the
decrease in isopropanol concentration (i.e. evaporation > production) in
the medium and therefore to a lower toxicity of the environment.
Therefore, new-forming cells were subjected to lower isopropanol con-
centrations and exhibited better cultivability, which reduced the gap
between the two counting methods. This could explain why the decimal
reduction rate by flow cytometry continuously increased over the same
period, since it was not affected by cell cultivability. Thus, isopropanol
and acetone productions have a negative impact on both cell cultiva-
bility and plasmid expression stability. Moreover, the production of
isopropanol and eGFP by strain Re2133/pJLCB2 caused an increase in
the loss of plasmid expression and cell cultivability compared to pCB1
and pEG7c. Finally, a decrease in the stability of plasmid expression
appeared to cause a decrease in the specific production rate of iso-
propanol. As plasmid expression was destabilized earlier for
Re2133/pJLCB2, it was consistent with the strain’s lower isopropanol
production performance.

As plasmid expression stability was lower for strain Re2133/pJLCB2,
a higher proportion of the carbon flow was dedicated to COy and
biomass production (50 % and 28 % respectively at qpa, max), compared
to strain Re2133/pEG7c (44 % and 11 %, respectively at qipa, max)-
Therefore, carbon flux toward acetone (2 % at qipa, max) and isopropanol
(20 % at qipa, max) Was strongly decreased for this strain (4 % and 44 %
respectively, for pEG7c¢ at Qipa, max). TO overcome this phenomenon, it
could be beneficial to reduce the production growth rate in order to
favor the isopropanol production.

Now, given the distribution of carbon between isopropanol and
acetone, acetone accumulated in the medium in higher proportions for
strain Re2133/pJLCB2 compared to pEG7c, to the detriment of the
isopropanol biosynthesis. This less efficient carbon redirection to iso-
propanol could be caused by lower specific activity of ADH (i.e. alcohol
dehydrogenase) compared to ADC (i.e. acetoacetate decarboxylase),
leading to a bottleneck in the hydrogenation of acetone and thus to the
accumulation of acetone. It could also be due to a lower availability of
NADPH, H™ for the hydrogenation of acetone [40].

Marc and coworkers (2017) showed that an enhancement of the
specific activity of heterologous enzymes of the isopropanol synthesis
pathway (i.e. ADC, ADH) via the expression of chaperones contributed to
improved cellular tolerance to isopropanol and led to better carbon
redirection to isopropanol. Indeed, with increasing isopropanol con-
centrations, intracellular proteins are likely to be partially or completely
denatured [53]. This could disrupt the activity of enzymes as well as
transcription and translation. As we have shown that fluorescence
expression in Re2133/pJLCB2 increased permeability upon isopropanol
production, it could be advantageous to add a chaperon protein
expression system (ex. GroELS) on the plasmid in order to stabilize
protein expression. Since eGFP was also produced in Re2133/pJLCB2 it
might have disrupted enzyme expression by competing ribosomes, tRNA
or amino acid availability compared to non-fluorescent strains [9].
However, at the isopropanol concentrations considered (maximum
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15.1 g I'Y), the intrinsic fluorescence intensity of eGFP should not be
significantly disrupted, since an isopropanol concentration of 235 g 1!
(30 % v/v) has already been successfully applied to purify eGFP by
chromatography, without disrupting the fluorescence signal [54]. Thus,
a change in the fluorescence intensity distributions was only due to a
change in the amount of eGFP molecules present in the cells, and not to a
change in the fluorescence signal of the eGFP molecules due to dena-
turation by isopropanol.

In conclusion, the heterogeneity of the plasmid expression level
during the over-production of unnatural isopropanol by a fluorescent
strain of C. necator cultured in fed-batch mode was evaluated by
comparing the behavior at the single-cell and population levels of the 3
strains (isopropanol producer, eGFP producer, and isopropanol/eGFP
co-producers). A link could be established between the variations of the
fluorescence intensity distribution and the isopropanol/acetone pro-
duction rates and titers. Thus, the use of the eGFP-reporter coupled to
single cell analysis provided complementary information to the more
traditional plate count method. However, isopropanol/eGFP co-
expression had limitations especially in terms of isopropanol produc-
tion. Indeed, the coupled productions of isopropanol and eGFP in
Re2133/pJLCB2 led to enhance cell permeability compared to pEG7c. In
addition, the plasmid stability was disrupted and resulted in decreased
production rates of major metabolites, as the redirection of carbon flux
to isopropanol synthesis was less efficient than in the reference strain.
Thus, even if a complete understanding of the mechanisms leading to the
heterogeneity of plasmid expression during isopropanol production has
not yet been achieved, this work has made possible to highlight the
increase in membrane permeability due to the isopropanol/acetone
production most likely leading to loss of intracellular compounds and
also to highlight the conflicting interactions between two different
production pathway (i.e.) isopropanol and eGFP reporter system.
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