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Abstract
Biotechnological production processes are sustainable approaches for the pro-
duction of biobased components such as amino acids for food and feed indus-
try. Scale-up from ideal lab-scale bioreactors to large-scale processes is often
accompanied by loss in productivity. This may be related to population hetero-
geneities of cells originating from isogenic cultures that arise due to dynamic
non-ideal conditions in the bioreactor. To better understand this phenomenon,
deeper insights into single-cell physiologies in bioprocesses aremandatory before
scale-up. Here, a triple reporter strain (3RP) was developed by chromosomally
integrating the fluorescent proteinsmEmerald, CyOFP1, andmTagBFP2 into the
L-phenylalanine producing Escherichia coli strain FUS4 (pF81kan) to allow mon-
itoring of growth, oxygen availability, and general stress response of the single
cells. Functionality of the 3RP was confirmed in well-mixed lab-scale fed-batch
processes with glycerol as carbon source in comparison to the strain without
fluorescent proteins, leading to no difference in process performance. Fluores-
cence levels could successfully reflect the course of related process state vari-
ables, revealed population heterogeneities during the transition between differ-
ent process phases and potentially subpopulations that exhibit superior process
performance. Furthermore, indications were found for noise in gene expression
as regulation strategy against environmental perturbation.
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PRACTICAL APPLICATION

Genetically encoded fluorescent reporter strains
express fluorescent proteins together with cellu-
lar events of interest. Triggering of these events
can then be monitored via fluorescence measure-
ment. Developing multiple instead of nowadays
commonly applied single reporter strains raises
these strains as noninvasive tools for bioprocess
monitoring to a next level as they enable simul-
taneous monitoring of different single-cell char-
acteristics, which can then be correlated to each
other and to process performance on population
level. This information leads to increased under-
standing of bioprocess events, heterogeneities,
and enlighten cell–cell and cell–bioreactor inter-
actions, which would be masked when solely
considering population level physiology. In bio-
processes, potential subpopulations with supe-
rior properties for improved productivity can be
uncovered. Thus, multiple reporter strains shall
support future bioprocess design and supervised
up-scaling by already knowing coexisting pheno-
types before potentially experiencing productivity
loss due to unspecific population heterogeneities
induced by non-ideal process conditions.

1 INTRODUCTION

Biotechnological production processes are a sustainable
alternative to chemical production industries, as microor-
ganisms are capable of producing a great variety of prod-
ucts for the food, feed, and pharmaceutical industries [1].
An example is the production of L-phenylalanine (L-phe),
an important building block for sweeteners in the food
industry, which can be produced by Escherichia coli from
glycerol [2].
Despite promising concepts, a rather modest number

of bioprocesses has resulted in industrial scale production
and marketed products [3]. One major reason is that the
scale-up of bioprocesses to production scale often results
in lowered yields and productivity compared to the respec-
tive well-mixed lab-scale processes due to the omnipresent
phenomenon population heterogeneity [4, 5]. Although
the producing cells in the bioreactor originate from iso-
genic cultures, the phenotype of single cells can differenti-
ate significantly especially during large-scale bioprocesses,
so that potentially even distinct subpopulations arise [6].
The reason is that fluctuating environmental conditions
with gradients in process state variables occur due to mix-

ing insufficiencies and mass transfer limitations in large-
scale bioprocesses. As a consequence, each cell experi-
ences a randomorder ofmicroenvironments (lifelines) and
thus exhibits different single-cell physiologies matched
with its lifeline in the bioreactor. This leads to formation of
a heterogeneous culture with potentially deviating single
cell productivity [7, 8]. Even though the consequences of
population heterogeneity in bioprocesses can nowadays be
studied with different available experimental tools, mech-
anistic understanding of this phenomenon is still compa-
rably low [9].
One prominent approach to get insights on physiology

of cells is the utilization of fluorescent reporter strains
[10, 11]. These are strains in which fluorescent proteins
are integrated into specific operons or loci of interest.
Therefore, the triggering event for their expression can be
monitored by measurement of fluorescence levels of the
reporter strain. These fluorescence levels are almost exclu-
sively measured with flow cytometry as it allows at-line
high-throughput single-cell data acquisition during culti-
vations [12, 13]. For the design of reporter strains, a great
diversity of fluorescent proteins is available which differ in
characteristics such as brightness, maturation times, and
oligomeric state [14]. However, mostly fast maturating flu-
orescent proteinswith bright detectability and no cytotoxic
effects on the host strain are desirable [13, 14]. There are
various single-reporter strains already available, allowing
monitoring of different single-cell characteristics such as
growth, stress responses of different kind and cellular fit-
ness [15–18]. There are also reporter strains that can sense
nutrient or oxygen limitation as well as intracellular stress
factors like imbalances in redox state, intracellular pH or
accumulation of oxygen radicals [19–22]. Product forma-
tion reporter strains can identify the best producing cells
in a bioprocess or detect loss in productivity during scale-
up [23, 24].
More efficient, however, is the application of multiple

reporter strains combining reportermolecules formonitor-
ing of several cellular characteristics, whose response can
then be directly correlated to each other [25]. This raises
the level of understanding of cellular interactions and com-
prises a powerful alternative tool to omics technologies,
which are time-consuming and not yet capable of provid-
ing data on single-cell level [26].
To the best of our knowledge, only fewmultiple reporter

strains exist [27, 28]. One example is the E. coli triple
reporter strain (3RP) described by Heins et al. (2020)
in which three fluorescent proteins were chromosomally
integrated into the rrnB operon, the narGHIJ operon, and
downstream of the rpoS gene for monitoring of growth,
oxygen availability, and the general stress response of sin-
gle cells [25]. In the present study, the general reporter
strain concept was adapted to generate a 3RP based on
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the previously well-characterized L-phe producing E. coli
strain FUS4 (pF81kan) [29]. The aim was to apply this
3RP in fed-batch processes for L-phe production in a
well-mixed stirred-tank bioreactor at lab-scale to uncover
single-cell phenomena and potential formation of subpop-
ulations that contribute to process performance of FUS4
(pF81kan). A special focus was put on investigating physio-
logical changes in different process phases as, for instance,
during the product formation phase, when a decline in
product formation coupled to loss in cellular activity was
consistently found in previous studieswith FUS4 (pF81kan)
[29].

2 MATERIALS ANDMETHODS

2.1 Escherichia coli strains

The recombinant E. coli strain FUS4 (pF81kan) was used
for cultivation in the L-phe production process [29, 30].
FUS4 is a derivative of E. coli K-12 with deletion of chro-
mosomal genes pheA, aroF, and tyrA along the aromatic
biosynthesis pathway. Consequently, cells are auxotroph
toward L-phe and L-tyrosine (L-tyr). FUS4 harbors the
pF81kan plasmid encoding for the genes aroF, pheA, aroB,
and aroL under the control of an inducible Ptac promoter
system. This allows overexpression of deleted enzymes
along the aromatic biosynthesis pathway for production
of L-phe. The plasmid further provides kanamycin resis-
tance, which can be used as selection marker [29]. In this
study, FUS4 (pF81kan) was transformed into a 3RP by a
series of knock-in recombination reactions for site-specific
insertion of three synthetic cassettes using λ-red recom-
bination and a subsequent FLP/FRT mediated recombi-
nation reaction [31]. Each cassette carried a monocopy of
the coding sequence (CDS) of a fluorescent protein. A syn-
thetic copy of mEmerald was inserted into the ribosomal
rrnB promoter complexwith a synthetic ribosomal binding
site (RBS) 5′-AAAGAGGAGAAA-3′ according to Elowitz
and Leibler (2000) and a transcriptional terminator down-
stream of the CDS [32]. This cassette was integrated in the
rhamnose operonwith simultaneous deletion of the native
genes rhaB and rhaS. Subsequently, the mTagBFP2 gene
was inserted downstream of the rpoS gene in conjunction
with its own RBS. Last, the CyOFP1 gene was inserted into
the narGHIJ gene cluster downstream of all native genes
together with the synthetic RBS mentioned above. These
insertions allow to follow single-cell growth, oxygen lim-
itation, and general stress response of single cells by flu-
orescence of rrnB-mEmerald, rpoS-mTagBFP2, and nar-
CyOFP1, respectively [25].

2.2 Preliminary culture preparation

Cryopreserved cells of E. coli FUS4 (pF81kan) and E. coli
3RP (pF81kan) were streaked on minimal medium agar
plates with glycerol as carbon source prepared according
to Weiner et al. (2014) [29] and incubated at 37◦C for at
least 66 h. One single colony was then used for inocula-
tion of a 100 mL shake flask with 10 mL minimal medium
with 7 g/L of glycerol as carbon source prepared accord-
ing to the same protocol as the agar plates [29]. After cul-
tivation at 37◦C and 150 rpm for approximately 24 h in
an orbital shaker (Multitron, Infors HT, Switzerland), the
optical density at 600 nm (OD600) was measured (Genesys
10UV, Thermo Fisher Scientific, USA). A defined volume
of cell suspension was transferred to two 500 mL shake
flasks each one with 100 mL minimal medium to yield a
starting OD600 of 0.01. These cultures were further culti-
vated at 37◦C and 250 rpm for at least 24 h. When the cells
reached exponential growth phase with an OD600 above
0.5, the cultures were centrifuged at 3260×g for 10 min at
4◦C. The supernatant was discarded and the cell pellets
were suspended in fresh minimal medium. Bioreactor cul-
tivations were inoculated with washed cells to a starting
OD600 of 0.1.

2.3 Bioreactor cultivation

Fed-batch processes for L-phe productionwithE. coliFUS4
(pF81kan) and E. coli 3RP (pF81kan) on minimal medium
with 4 g/L glycerol as sole carbon source, as described by
Weiner et al. (2014) [29], were conducted in a 3.6 L stirred-
tank bioreactor (Labfors 5, InforsGmbH,Germany),which
was equipped with three baffles and two six-blade flat-
blade turbines. Prior to inoculation, the medium was
pumped into the bioreactor under sterile conditions to a
starting volume of 1 L. During the process, temperature
was kept at 37◦C and a pH electrode (EasyFerm Plus PHI
Arc 325, Hamilton, USA) was implemented for pH con-
trol at 7.0 ± 0.1 with 42% phosphoric acid and 25% ammo-
nia. Dissolved oxygen (pO2) levels were monitored by a
pO2 probe (VisiFerm DO Arc 325 H0, Hamilton, USA)
and were maintained above 30% by the stepwise increase
of either stirrer speed (maximum: 1500 rpm) or aeration
rate (maximum: 5 L/min). Both sensors were calibrated
according to standard procedures using a two-, respec-
tively one-point calibration (pH 4.0 and 7.0, calibration for
100%pO2). An antifoamprobe allowed the controlled addi-
tion of antifoam solution (AF204, Sigma–Aldrich, USA)
to circumvent over foam reactions. Online analysis of off-
gas oxygen (O2) and carbon dioxide (CO2) was performed
using a gas sensor (BlueVary, BlueSens, Germany).
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The process strategy was adapted from Weiner et al.
(2014) [29]. The fed-batch process for L-phe production
can be divided into three distinctive phases: a batch phase,
a biomass production phase, and a product formation
phase. After the batch phase, whose endwas characterized
by glycerol depletion and recognized by a steep increase
in pO2 levels in the bioreactor, the biomass production
phase was started. In this phase, an exponential feed
with a growth rate of μset = 0.1 h–1 was applied with
two consecutive feed media in which the second feed
medium was applied after the first feed medium was
empty. Feed medium one contained 120 g/L glycerol,
2.5 g/L L-phe, 3.6 g/L L-tyr, 60 g/L ammonium sulfate, and
0.1 g/L kanamycin, whereas feed medium two consisted
of 400 g/L glycerol, 1.11 g/L L-phe, 3.8 g/L L-tyr, 25 g/L
ammonium sulfate, and 0.1 g/L kanamycin. Both media
were titrated with either 25% ammonia or 5 M potassium
hydroxide to allow the complete dissolving of L-tyr. Provi-
sion of a biomass concentration of at least 20 g/L indicated
the transition to the product formation phase in which
the cells were induced with 0.3 mM IPTG. Additionally,
feed medium three was constantly applied with a rate of
0.18 gglycerol/g biomass/h, which contained 800 g/L glycerol,
8 g/L ammoniumsulfate, 8 g/L ammoniumphosphate, and
0.1 g/L kanamycin. At the start of supply of feed medium
one and two, 4.8 or 9.6 mL of minimal media without
amino acids and glycerol was added whereas at the start of
supply of feed medium three, 8.8 mL of a four times con-
centrated minimal media solution without amino acids
and glycerol was injected to the cultivation broth [29].
Samples for high-performance liquid chromatography
(HPLC), cell dry weight measurements and flow cytome-
try analysis were withdrawn frequently during all process
phases.

2.4 Sample analysis

For measuring the cell biomass, empty 2 mL centrifuge
tubes were dried at 80◦C for at least 24 h and weighted.
After collecting 2 mL cell sample, they were centrifuged at
21,130×g and 4◦C for 20 min. The cell pellet was dried at
80◦C for at least 24 h. The weight difference between dried
empty tubes and tubes with cell pellets divided by the vol-
ume revealed the biomass concentration.
Samples for the quantification of extracellular metabo-

lite concentrations were prepared by filtration (pore size
0.2 μm) of the supernatant from dry cell weight measure-
ments and stored at 4◦C until analysis.
L-phe and L-tyr concentrations were analyzed using a

Smartline HPLC (Knauer, Germany) coupled to a deriva-
tization protocol with 0.04 M bicine (pH 10.2 titrated
with sodium hydroxide) as buffer solution as described by

Weiner et al. (2014) but with higher sample volumes of
11 μL to enhance detectability [29].
Organic metabolites such as glycerol, acetate, and lac-

tate were quantified by the Prominence-I LC-2030C HPLC
(Shimadzu, Japan) equipped with an ion-exchange col-
umn (AminexHPX-87H 300mm× 7.8mm,Bio-Rad,USA).
An isocratic flow of 0.6 mL/min of 5 mM sulfuric acid and
a constant temperature of 60◦C were applied during sep-
aration. 10 μL of sample were injected and the quantifica-
tion of the componentswas donewith aRID-20A refractive
index detector (Shimadzu, Japan).
Samples for flow cytometry analysis of fluorescence

were prepared by centrifugation at 21,130 × g and 20◦C
for 3 min. The cell pellets were suspended in phosphate
saline buffer (0.2 g/L potassium chloride, 0.24 g/L mono-
potassium phosphate, 8 g/L sodium chloride, and 1.44 g/L
di-sodium phosphate). Fluorescence of the cells at differ-
ent process stages was measured with a FACSMelody (BD,
USA). This device is equipped with three lasers allow-
ing excitation at 405 nm (36 mW), 488 nm (16 mW), and
640 nm (36 mW) and nine detection filters. A sorting noz-
zle with a diameter of 100 μm was applied. As sheath
fluid, FACSFlow (BD, USA) was used and measurement
was done with a rate of 1000 events per second record-
ing 100,000 events. Background noise signals were circum-
vented by application of a threshold on the side scatter
(SSC). Photon multiplier tube voltages for forward scatter
(FCS) and SSC as well as the detection filters 448/45 nm
for mTagBFP2 (excited by the 405 nm laser), 527/32 nm
for mEmerald, and 586/42 nm for CyOFP1 fluorescence
(both excited by the 488 nm laser) were set to 250, 335, 500,
500, and 600 mV, respectively. Distinct signal detection
of mTagBFP2, mEmerald, and CyOFP1 fluorescence with-
out overlapwas confirmed in preliminary experiments (see
Supplementary material Figures S1–S3).
Autofluorescence measurements were done measuring

fluorescence of the reference strain E. coli FUS4 (pF81kan)
in the above-mentioned filters, which allowed detection of
mTagBFP2, mEmerald, and CyOFP1 fluorescence.

2.5 Data analysis

Fluorescence measurements were conducted based on the
pulse area and savedwith FACSChorus (BD, USA), and the
raw data were exported as FCS 3.1 files. Data analysis was
conducted with FCS Express 7 (De Novo Software, USA)
and Matlab (Mathworks, USA). This includes the calcula-
tion of median, skewness, and coefficient of variance (CV)
of fluorescence distributions for the three reporter pro-
teins. The latter was calculated by dividing the standard
deviation of the distribution by its mean and is a mea-
sure of the level of population heterogeneity. Pearson’s first
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coefficient of skewness is calculated by dividing the dif-
ference between the mean and mode of the distribution
by its standard deviation. Since distributions are shown in
logarithmic scale, all distributions are right-skewed; how-
ever, a decrease in skew might indicate left-skewed dis-
tributions. Stacked offset histogram plots were generated
visualizing changes in fluorescence distributions during
the L-phe production process. Furthermore, density plots
were created for chosen process time points (15, 37, 43,
and 94 h), correlating fluorescence at 448/45 nm versus
527/32 nm, 586/42 nm versus 527/32 nm, and 448/45 nm
versus 586/42 nm. When fluorescence distributions exhib-
ited distinct subpopulations, a gate was set corresponding
to the local minimum between the subpopulations. Then,
the percentage of the population that is found in both sub-
populations was calculated.

3 RESULTS

3.1 Influence of genomic engineering
on process performance

Since genomic integration of several fluorescent proteins
into a production host potentially results in metabolic bur-
den, process performance of the triple reporter in fed-batch
cultivations for L-phe production was evaluated based on
population level physiology in comparison to the reference
strain without fluorescent proteins. Both, the reference
strain E. coli FUS4 (pF81kan) and the modified strain E.
coli 3RP (pF81kan), were cultivated in a well-mixed stirred-
tank bioreactor at lab-scale for L-phe production. The pro-
cess was adapted from Weiner et al. (2014) and consisted
of three phases including a batch phase, followed by a
biomass production phase and finally a product formation
phase in which the cells were induced with 0.3 mM IPTG
[29].
After the initial batch phase of around 15.0 h to 16.0 h,

both E. coli FUS4 (pF81kan) and E. coli 3RP (pF81kan)
showed a linear increase of biomass in the subsequent
feeding phase until 40.7 h respectively 42.2 h of process
time (Figure 1A and B). During that phase, concentra-
tions of the auxotrophic amino acids, L-phe and L-tyr, were
below 0.4 g/L. The stronger slope of biomass increase at
the end of this phase is due to the application of a differ-
ently concentrated feeding solution from 25.2 h onwards.
With provision of a sufficiently high biomass concentra-
tion of over 20 g/L after 40.7 h respectively 42.2 h of pro-
cess, the cells were induced with 0.3 mM IPTG marking
the start of the product formation phase (Figure 1, second
vertical line). Eight hours later, L-tyr was fully depleted
and the biomass concentration remained level at a max-
imum of 29.05 ± 0.43 g/L for E. coli FUS4 (pF81kan) and

30.78 ± 0.75 g/L for E. coli 3RP (pF81kan), respectively.
Simultaneously, both strains started to produce L-phe and
achieved a maximum product concentration of 16.6 g/L
and 17.6 g/L at the end of the cultivation with E. coli FUS4
(pF81kan) andE. coli 3RP (pF81kan), respectively. After 70 h,
respectively 74 h of process, product formation declined in
both strains accompanied by a preceding accumulation of
by-products such as lactate and acetate (Figure 1C and D)
that were not produced in earlier process stages. Neverthe-
less, glycerol as sole carbon sourcewas still fully consumed
by the cells (Figure 1C and D).
The oxygen uptake rate (OUR) and carbon emission rate

(CER) (Figure 1E and F) increased during the biomass
production phase, reaching their highest values between
40 h to 42 h of process. Both decreased after induc-
tion and remained level after product formation started.
With declining product formation, their levels gradually
decreased further until the end of the process for both
strains.

3.2 At-linemonitoring of cellular
characteristics by averaged single-cell
fluorescence

Next, median fluorescence values of distributions for
growth, oxygen availability, and general stress response of
single cells (rrnB-mEmerald, narGHIJ-CyOFP1, and rpoS-
mTagBFP2, respectively) were correlated with the growth
rate on population level, the dissolved oxygen level in the
bioreactor, and the product formation rate during the L-
phe production process, respectively.
Following the growth rate of 3RP on population level

(Figure 2A), three distinctive levels were visible. The high-
est growth rate of 0.22 h–1 was achieved at the end of
the initial batch phase at around 15 h of process time.
Afterwards, during the biomass production phase, the
growth rate decreased to around 0.1 h–1 due to the con-
trolled feeding strategy. In the product formation phase,
the growth rates further declined to almost no growth after
60 h of process time. Expectedly, these three growth levels
were mirrored by the corresponding median fluorescence
of mEmerald. The highest median fluorescence level of
624 ± 5.2 was reached at the end of the initial batch phase,
while an intermediate median fluorescence of 454.8 ± 61.7
wasmonitored during the biomass production phase. Dur-
ing the product formation phase, median fluorescence fur-
ther decreased within 10 h; thereafter, it only gradually
declined further until reaching a value below 300 at the
end of the process.
With the increase of biomass during the biomass pro-

duction phase, dissolved oxygen levels in the bioreactor
continuously decreased from approximately 75% to 30%
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F IGURE 1 Fed-batch process for L-phenylalanine production with Escherichia coli FUS4 (pF81kan) (A, C, E) and the triple reporter
strain E. coli 3RP (pF81kan) (B, D, F) in a 3.6 L stirred tank bioreactor. A and B show concentrations of biomass (black circles), L-phenylalanine
(gray triangles) and L-tyrosine (white diamonds) in the course of the bioprocess, whereas C and D display concentrations of the substrate
glycerol (black circles) and the by-products acetate (gray triangles) and lactate (white diamonds). E and F provide the oxygen uptake (OUR,
black line) and carbon emission rates (CER, gray line). The first vertical line in each graph indicates the start of the biomass production phase
(16 h or 15 h) after a batch phase, while the second vertical line marks the switch to higher concentrated feed media at 25 h. Product formation
phase (third vertical at 40 h or 42 h) starts upon induction with 0.3 mM IPTG. Both strains were cultivated using minimal medium with
glycerol as carbon source. CER, carbon emission rate; OUR, oxygen uptake rate; 3RP, triple reporter strain

(Figure 2B). From 18 h of process time onward, which
correlated with a dissolved oxygen level in the bioreac-
tor of around 70%, the median fluorescence of CyOFP1
correlated to oxygen limitation constantly increased from
412.4 ± 6.1 to 821.1 ± 13.9, displaying its peak values at
the end of the biomass production phase and the begin-
ning of the product formation phase, respectively.With the
induction of product formation at around 42 h of process
time, the dissolved oxygen level rose after a short delay of
1–2 h and remained level at around 50%. Simultaneously,

the median fluorescence dropped before staying constant
at 577.5 ± 20.9.
Median fluorescence values of mTagBFP2 coupled to

expression of the rpoS gene for at-line monitoring of the
general stress response of single cells showed two peaks
during the L-phe production process (Figure 2C). In the
biomass production phase, an increase of median fluo-
rescence from 1107.2 ± 1.7 at 18 h to its highest value at
1649.2± 14.8 at 24.6 hwas detected.Afterwards, themedian
remained about level before starting to decline 5 h before
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F IGURE 2 Median fluorescence measurements during the
L-phenylalanine production process with E. coli triple reporter
strain (3RP) (pF81kan) in a 3.6 L stirred tank bioreactor. Median
fluorescence of mEmerald is coupled to the expression of the
rrnB-operon for monitoring of single cell growth and is therefore
plotted together with the growth rate on population level (A). B
shows the dissolved oxygen levels in the bioreactor together with
median fluorescence of narGHIJ-CyOFP1 as marker for oxygen
availability. mTagBFP2 is coupled to the expression of the rpoS gene
and provides a correlation to general stress response levels. These
data are plotted together with the biomass specific product
formation rate (C). The first vertical line in each graph indicates the
start of the biomass production phase (15 h) after a batch phase,
while the second vertical line marks the switch to higher
concentrated feed media at 25 h. Product formation phase (third
vertical at 42 h) starts upon induction with 0.3 mM IPTG. The strain
was cultivated using minimal medium with glycerol as carbon
source

induction of the cells.With induction at around 42 h of pro-
cess,median fluorescence levelswere lowest at 965.5± 14.5.
Afterwards, they constantly increased reaching a maxi-
mum of 1593.8 ± 14.2 after around 75 h of process, before
declining again until the process was stopped. In compar-
ison with the biomass specific product formation rate on
population level, it is interesting that after 52 h of process
time, the cells reached their highest product formation rate
of 16.8 ± 1.9 mgL-phe/g biomass/h, which remained constant
until 75 h of process when the rate started to decrease. Con-
sequently, the highest general stress response levels coin-
cided with the start of product formation decline.

3.3 Single-cell fluorescence distribution
during the L-phenylalanine production
process

To consider potential unequal behavior of single cells, his-
togram distributions plots for growth, oxygen limitation,
and general stress response following theL-phe production
process were generated (Figure 3) as well as skewness and
CV for the respective distributions plotted (Figure 4). Addi-
tionally, respective autofluorescencemeasurements, taken
during the L-phe production process with E. coli FUS4
(pF81kan), are depicted.
Single cell growth (rrnB-mEmerald) followed a mono-

modal distribution until 37 h of process in the biomass pro-
duction phase (Figure 3A) with a low constant CV value
of 0.96 ± 0.32 (Figure 4A). Between 37 and 45 h of the
process, during the transition from biomass production
phase to product formation phase, distributions broadened
with tailing toward lower fluorescence intensities, which
resulted in declining skew and exponentially increasing
CV values (Figure 4). The effect enhanced the longer the
transition period lasted. From 50 h onwards, distributions
narrowed again at lower fluorescence intensity accompa-
nied by decreasing CV values (Figure 4A). Concurrently,
tailing toward higher fluorescence intensities (Figure 3A)
was confirmed by increased skew (Figure 4B). Moreover,
toward the end of the process, gradual broadening can be
suspected. Median autofluorescence was low with aver-
age value at 111.3 ± 19.2 and thus only marginally over-
lapping with fluorescence signals of E. coli 3RP (pF81kan)
(Figure 3A).
The overlap between autofluorescence signals and

CyOFP1 fluorescence distributions of E. coli 3RP (pF81kan)
weremore pronounced (averagemedian autofluorescence:
423.2 ± 70.0; Figure 3B). However, the main part, covering
71.8% ± 6.3%, of oxygen limitation distributions (narGHIJ-
CyOFP1) of E. coli 3RP (pF81kan) settled at higher fluo-
rescence intensities compared to autofluorescence values
and exhibited mono-modal distributions with relatively
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8 of 15 HOANG et al.

F IGURE 3 Fluorescence distributions as cell count against fluorescence intensity for the L-phenylalanine production process with E.
coli triple reporter strain (3RP) (pF81kan) in a 3.6 L stirred tank bioreactor. Stacked histograms show fluorescence distributions for
rrnB-mEmerald (A), narGHIJ-CyOFP1 (B), and rpoS-mTagBFP2 (C) following the bioprocess. The gray area indicates the maximum of
autofluorescence distributions during the cultivation of the E. coli FUS4 (pF81kan) reference strain. The time points and phase of the process
the distributions originate from are depicted on the left side of the graphs. The strain was cultivated using minimal medium with glycerol as
carbon source. *Biomass production phase with feed media 1, **biomass production phase with feed media 2, and ***product formation phase

lowCV values (Figure 4A) until 45 h of process. They tailed
toward lower fluorescence intensities, which got less pro-
nouncedwith time, however. From 52 h of process until the
process was stopped, distributions significantly increased
in skew (Figure 4B) and reached almost double width,
compared to distributions at the end of the batch phase,
which caused an increase in CV values (Figure 4A). Start-
ing from63 h of process, a small higher fluorescent subpop-
ulation of 22.6% adjacent to the main population appeared
that increased in significance until 75 h of process whereon
it gradually declined again.
General stress response levels of single cells (rpoS-

mTagBFP2) revealed more distinct changes following the
L-phe production process (Figure 3C). At the end of the
batch phase, at 15–18 h of process, two adjacent distri-

butions were visible covering 40%–60% of cells in the
higher fluorescent subpopulation. However, the distri-
bution changed into a mono-modal distribution within
6 h, which caused a decrease in CV values (Figure 4A).
Afterwards, distributions broadened with increased tail-
ing toward lower fluorescence intensities, which decreased
their skewand enhanced their CVvalues (Figure 4), during
the transition from biomass production to product forma-
tion phase between 37 and 45 h of process. After 50 h, the
distributions slowly got less skewed (Figure 4B) und more
uniform (Figure 4A) at higher fluorescence intensities
until 75 h of process and then gradually broadened again.
The average median autofluorescence was at 88.7 ± 36.2
and thus marginally overlapping with fluorescence levels
of E. coli 3RP (pF81kan) (Figure 3C).
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HOANG et al. 9 of 15

F IGURE 4 Skewness (A) and coefficient of variance (B) for
fluorescence distributions of rrnB-mEmerald, narGHIJ-CyOFP1,
and rpoS-mTagBFP2 at 527/32-A, 586/42-A during the
L-phenylalanine production process with E. coli 3RP (pF81kan) in a
3.6 L stirred tank bioreactor. The first vertical line in each graph
indicates the start of the biomass production phase (15 h) after a
batch phase, while the second vertical line marks the switch to
higher concentrated feed media at 25 h. Product formation phase
(third vertical at 42 h) starts upon induction with 0.3 mM IPTG. The
strain was cultivated using minimal medium with glycerol as
carbon source

3.4 Correlation between the fluorescent
markers of the triple reporter strain

When applying multiple instead of single reporter strains,
distributions of different fluorescent markers can be pair-
wise correlated with each other in biplots, allowing deeper
insights into their interconnection (Figure 5). As fluores-
cence distributions, (Figure 3), skewness, and CV values
(Figure 4) indicated the significant changes in single-cell
fluorescence at the end of the batch phase (15 h), during
the transition from biomass production phase to product
formation phase (37–43 h) and at the end of the process
(94 h), a focus was set on these process stages.
Correlating general stress responses to the single-cell

growth showed two adjacent populations exhibiting two
different levels of general stress response; however, the
same growth characteristics were seen at 15 h of process.
These, however, transformed into a uniform population
during the transition from the biomass production phase
(37 h) to the product formation phase (43 h). At the end
of the process, two populations were visible, one showing

highermEmerald levels (10%) than themajority of the cells
(Figure 5A–D).
When plotting the single-cell oxygen availability in

relation to the general stress responses, one population
appeared at the end of the batch phase with a slight dif-
ference in general stress response levels within the pop-
ulation. Interestingly, a minority of cells (13%) showed
increased levels of oxygen limitation at the end of the
biomass production phase at 37 h. This subpopulation even
increased to 26.5% at the beginning of the product forma-
tion phase at 43 h but shrank again to 11% at the end of
the process. Some cells of this subpopulation did not only
show higher oxygen limitation levels, but also lower gen-
eral stress response levels (Figure 5E–H).
The correlation of single-cell oxygen availability with

single-cell growth revealed a uniform distribution at 15 h
of process. This population broadened over time, with a
small subpopulation in the oxygen availabilitymarkerwith
gradually increasing fluorescence intensity until the end
of the process. Furthermore, this subpopulation exhibited
weaker growth characteristics than the main population
(Figure 5I–L).

4 DISCUSSION

Reporter strains have been proven to be useful noninvasive
tools to monitor cellular characteristics in bioprocesses
in real-time [33–35]. In the present study, the previously
well-characterized L-phe producing strain E. coli FUS4
(pF81kan) was transformed into a 3RP by chromosomally
integrating the fluorescent proteins, mEmerald, CyOFP1,
and mTagBFP2, so that they are expressed together with
the ribosomal promoter rrnB, thenarGHIJ-operon, and the
alternative sigma factor rpoS, respectively. The resulting
strain was successfully applied to monitor growth, oxygen
limitation, and general stress responses of singles cells in
the L-phe production processes in a well-mixed lab-scale
bioreactor. General functionality of the 3RP concept was
already demonstrated in an earlier study [25], but the flu-
orescent proteins for monitoring oxygen availability and
general stress response, TagBFP657 respectively mStraw-
berry, were exchanged by CyOFP1 and mTagBFP2 in the
present strain. Furthermore, applicability of the concept
for a strain that is already metabolically challenged by
production of L-phe was ambiguous. Comparing key pro-
cess performance parameters, such as maximum biomass
and product concentrations and growth behavior during
the L-phe production processes of the newly generated E.
coli 3RP (pF81kan) with that of the reference strain E. coli
FUS4 (pF81kan) without fluorescent proteins, no signifi-
cant impact on process performance was found. Conse-
quently, metabolic burden by expression of the fluorescent
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F IGURE 5 Density plots of combinations of fluorescence intensities at 15 (end of the batch phase), 37 (end of the biomass production
phase), 43 (start of the product formation phase), and 94 h (end of the process) during the L-phenylalanine production process with E. coli
triple reporter strain (3RP) (pF81kan) in a 3.6L stirred tank bioreactor. A–D show the fluorescence intensity at 448/45-A versus 527/32-A, while
E–H show the correlation between 448/45-A and 586/42-A. I–L show fluorescence data of 586/42-A versus 527/32-A. Fluorescence ranges of
527/32, 586/42, and 448/45 nm allow detection of rrnB-mEmerald (growth), narGHIJ-CyOFP1 (oxygen availability), or rpoS-mTagBFP2
(general stress response), respectively. The strain was cultivated using minimal medium with glycerol as carbon source. Induction was done
by the addition of 0.3 mM IPTG

proteins next to L-phe production was obviated. This was
expected, as in previous investigations with E. coli it was
shown that disruption of a considerable portion of genes
did not affect cell viability and metabolism [36–40].

Furthermore, the changes in distributions and median
fluorescence signals of the 3RP in bioprocesses for L-phe
production related to cellular growth, oxygen limitation,
and general stress response matched the respective timely
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course of process state variables with a maximum signal
delay of 1 h to 2 h.
Monitoring of cell growth was realized by integration of

mEmerald into the rrnB operon, decoding for a RNA poly-
merase subunit. Growing cells exhibit higher concentra-
tions of ribosomes, which should trigger rrnB expression
[41]. Therefore, higher growth rates should lead to higher
fluorescence intensities. Indeed, considering the median
fluorescence levels of mEmerald, the growth rate on pop-
ulation level was closely reflected in all process phases.
CyOFP1 was integrated into the narGHIJ operon decod-

ing for a nitrate reductase. Whenever cells experience dis-
solved oxygen levels below 40% in the bioreactor or are
surrounded by high nitrate concentrations, the narGHIJ
operon is active [20, 42]. Consequently, an inverse correla-
tion between oxygen availability andmedian CyOFP1 fluo-
rescence was expected. This could be confirmed especially
during the biomass production phase in which dissolved
oxygen levels decreased with increasing biomass concen-
tration as well as at the beginning of the product formation
phase.
mTagBFP2 was integrated downstream to the promoter

controlling the expression of the alpha subunit of the
alternative sigma factor rpoS. This gene is generally
known as global stress response factor. Triggering this
gene leads to the expression of rpoS-dependent genes
decoding for more specific stress response pathways [43].
As a consequence, general stress response levels can be
reflected but the underlying reasons remain unclear. What
is well known as a strong trigger for the general stress
response is the lack of nutrients leading to starvation
[44–46]. Indeed, elevated general stress response levels
via blue fluorescence were visible during the biomass
production phase. Though substrate was fed at this stage
of the process, fed-batch processes normally provide a
minimum of substrate which is immediately consumed
by the cells for control of the cell’s growth rate [47].
This uncertainty of nutrient availability however could
potentially induce the cellular stress response. Besides
nutrient availability, the rpoS gene is induced by various
other suboptimal conditions such as high or low pH values
or temperatures and accumulation of toxic metabolites
[43]. Especially, the latter is often a major factor when it
comes to production decline in recombinant strains [49,
50]. This might supposingly have happened in this study,
as the highest blue fluorescence was seen were the L-phe
concentration reached its maximum. Afterwards, general
stress response levels decreased simultaneously with the
starting decline of product concentration. Consequently,
the decline in L-phe production might be related to the
metabolic overload of the cells, which could have been
ultimately triggered by accumulation of toxic byproducts.
Hence, the measurement of general stress response was

interesting; however, for a deeper investigation of the
stress response, future reporter strains shall be equipped
with fluorescence proteins coupled to more specific stress
responses.
The selection of appropriate fluorescent proteins

enables distinctive detection of their fluorescence. Even
though there are plenty of selectable characteristics [14,
50, 51], choices were made focusing on high brightness
for robust detection even at low concentration of the
fluorescent protein and low maturation times to provide
a rapid response to triggering events. Although the delay
between expression and complete maturation of the
fluorescent proteins might be a drawback, it could be
neglected in the present study as the maturation times
of mEmerald, CyOFP1, and mTagBFP2 were all shown
to be <20 min in previous studies [14, 52–54] and thus
low compared to overall process duration. The in vivo
degradation characteristics of the fluorescent proteins are
unknown. Very few related techniques are described in
the literature [55, 56], which shall be used for upcoming
research. One possibility to control degradation is the
implementation of degradation tags on the fluorescent
protein, which are recognized by the intracellular protease
systems such as ClpXP and Lon [57–59]. With degradation
tag sequences, which differ regarding their degradation
time, the lifetime of each fluorescent protein could be
determined. Nevertheless, it is important to adapt the
degradation times to measuring time to avoid complete
loss of signal. Despite the uncertainty of in vivo degrada-
tion of the reporter molecules, the median fluorescence
data still followed the changes in process state variables
almost synchronously. Indeed, it is necessary to mention
that autofluorescence for CyOFP1 was only marginally
lower than the fluorescence intensities measured for the
3RP. This might be related to weak expression levels of
the nar-operon in general. Similar findings were also
described by Heins et al. (2020), but a slower maturating
fluorescent protein was used [25]. Therefore, substitution
of the narGHIJ-operon as reporter for oxygen limitation
might be advisable.
The reason to apply a 3RP in the L-phe production pro-

cess was to uncover single-cell behavior that is masked
when only considering population level physiology. This
includes the appearance of subpopulations, quantification
of population heterogeneity in different process phases
as well as characterization of single-cell behavior during
declining product formation, which was consistently seen
in earlier studies, but it could not be explained [29].
Whereas single cells exhibited low uniform levels of oxy-

gen limitation, two temporary subpopulations were seen
for the general stress response at the beginning of the pro-
cess with similar single-cell growth characteristics. These
might have arisen because part of the population in the
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bioreactor took longer time to adapt to the fed-batch mode
and exhibited a distinct general stress response to reacti-
vate, whereas the remaining part of the population was
still prepared to grow. Consistently, earlier studies revealed
that cells in stationary phase exhibited different response
times to the addition of fresh medium [60]. When the sec-
ond feed was applied in the biomass production phase,
population heterogeneity levels rose notably by strong dis-
persion of distributions and some cells appeared to be
less vital and stronger metabolically challenged by the
higher concentrated feed. The reason was possibly a nutri-
ent overload and the subsequent accumulation of metabo-
lites. This finding clearly extends the information gained
by just considering population level physiology, revealing
that the cells exhibit a diverse reaction to potentially harm-
ful changes in their environment. This might not have
been expected, as on population level, no change in cel-
lular physiology was seen in this process phase. In future
studies, cells from opposite sites of the distributions should
be deeper functionally characterized to uncover the under-
lying reason for this strong dispersion.
During the transition from biomass production phase to

product formation phase, this effect first persisted, as the
heterogeneity level was high for single-cell growth, with
the majority of cells first maintaining their growth level
even though the culture was induced to start production
formation and stop growing. Concurrently, the cells exhib-
ited broader general stress responses. This phenomenon
might be explainable by a bet-hedging strategy to copewith
the transition. Bet-hedging describes the development of
coexisting phenotypes within one population, of which
some may be currently disadvantageous but prepare these
cells for the future environments theymight encounter [35,
61, 62].
Following product formation phase, single cell growth

and general stress response levels got more uniform, prob-
ably because the overload in metabolism, which lowered
the vitality of some cells, could be released by-product for-
mation. However, some more actively growing cells with
high stress response levels seemed to exist, which raises
the question whether these were able to simultaneously
grow and produce. Furthermore, some cells seemed to be
stronger challenged during L-phe production. They exhib-
ited a less effective general stress response, together with
higher oxygen limitation levels and lower growth levels.
The cells probably tried to fight accumulation of poten-
tially toxic by-products, which were seen on population
level, by using alternative parts of the metabolism [37, 38].
Another strategy the cells could have applied is noise in
gene expression. Noise in gene expression is known to be
one of the major sources of population heterogeneity in
bioprocesses and appears even in stable environments [63,
64]. Noise in gene expression for single-cell growth and

general stress response was only elevated during the tran-
sition from the biomass to the product formation phase.
Surprisingly, noise in gene expression levels for the gen-
eral stress response were lower than for the other mark-
ers, which was unexpected as rpoS expression is known be
noisy especially in comparison to the expression of genes
that are related to the growth rate [65]. Therefore, this
finding needs further investigation in future experiments.
Other than that, the cells seemed to employ noise in gene
expression in the nar-operon during the product formation
phase. However, this strategy did not seem to be sustain-
able against metabolic stress as after around 75 h, product
formation collapsed and cell activity gradually declined.
All subpopulations found should be further characterized
by proteome analysis after sorting to identify factors that
contribute to cell robustness of E. coli FUS4 (pF81kan). It
should generally be mentioned that none of the subpop-
ulations that appeared during the process for L-phe pro-
ductionwas clearly resolved from themain population and
permanent. They rather temporary arose in certain pro-
cess phases and afterwards reverted again.However, due to
the well-mixed conditions provided in the laboratory scale
stirred-tank bioreactor applied in this study this might not
be surprising.

5 CONCLUDING REMARKS

Overall, application of the 3RP during the L-phe produc-
tion process could provide further additional insights to
population level physiology. The level of heterogeneity
was mostly elevated during the transition between differ-
ent process phases. This is related to the homogeneous
conditions in well-mixed lab-scale stirred-tank bioreac-
tors, in which the cells mostly experience the same ideal
conditions and therefore behave equally [16]. Therefore,
future studies should aim to induce dynamic conditions,
for example, applying a multicompartment system to sim-
ulate conditions that would arise during scale-up [66–68].
This setup would probably induce higher levels of hetero-
geneity and thus more permanent subpopulation forma-
tion.
Furthermore, investigations regarding the product for-

mation decline appear to be interesting. Here, advancing
the strain with another fluorescent protein for monitoring
of single-cell product formation could be interesting. This
could be integrated on the plasmid that carries the genes
for finalizing L-phe synthesis so that its expression would
be correlated to product formation.
In long-term perspective, it is desirable to influence the

level of population heterogeneity in the L-phe production
process to induce the appearance of process beneficial sub-
populations.
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