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ABSTRACT: Endosymbioses are cellular mergers in which one
cell lives within another cell and have led to major evolutionary
transitions, most prominently to eukaryogenesis. Generation of
synthetic endosymbioses aims to provide a defined starting point
for studying fundamental processes in emerging endosymbiotic
systems and enable the engineering of cells with novel properties.
Here, we tested the potential of different bacteria for artificial
endosymbiosis in mammalian cells. To this end, we adopted the
fluidic force microscopy technology to inject diverse bacteria
directly into the cytosol of HeLa cells and examined the
endosymbiont-host interactions by real-time fluorescence microscopy. Among them, Escherichia coli grew exponentially within
the cytoplasm, however, at a faster pace than its host cell. To slow down the intracellular growth of E. coli, we introduced
auxotrophies in E. coli and demonstrated that the intracellular growth rate can be reduced by limiting the uptake of aromatic amino
acids. In consequence, the survival of the endosymbiont-host pair was prolonged. The presented experimental framework enables
studying endosymbiotic candidate systems at high temporal resolution and at the single cell level. Our work represents a starting
point for engineering a stable, vertically inherited endosymbiosis.
KEYWORDS: endosymbioses, cytosolic bacteria, fluidic force microscopy, metabolic engineering, synthetic endosymbiosis

■ INTRODUCTION
Endosymbioses are symbiotic relationships in which one
partner, the endosymbiont, is incorporated within a living
host cell. Endosymbiosis drives fundamental evolutionary
developments by unifying two separate entities metabolically
and genetically. The most prominent example for this process
is eukaryogenesis: eukaryotic cells emerged from the intra-
cellular symbiosis of an endosymbiotic bacterium related to
Alphaproteobacteria and an archaeal host some 2 billion years
ago.1,2 More recent examples of endosymbioses exist, revealing
common patterns in the evolution of host-endosymbiont pairs
such as nutrient interdependencies and genome reduction of
the endosymbiont.3−6 These types of long-term biological
interactions are widespread in nature. They are either based on
vertical transmission of the endosymbiont to progeny or are
facultative and horizontally acquired, as in legume plants where
endosymbiotic bacteria fix nitrogen in exchange for nutrients
and shelter.7

Synthetic endosymbioses have great potential for future
biotechnological applications by directly linking two distinct
chemical and metabolic compartments. Few groups have
begun to explore the feasibility of such cell mergers. For
example, by microinjection of algae or cyanobacteria into
zebrafish eggs,8,9 or by fusing Escherichia coli or Mycoplasma
mycoides, with Saccharomyces cerevisiae cells.10,11 Nevertheless,
to date, a stable endosymbiont-host merger has not been
demonstrated, and the required boundary conditions remain
unexplored.

Two fundamentally different approaches can be used to
introduce cells into cells to initiate artificial endosymbiosis:
merging cells in bulk and microinjection. Merging cells in bulk
utilizing polyethylene glycol-based protocols10,12 has the
advantage of mixing large numbers of cells and thus achieving
potentially high throughput. However, due to low efficiencies
at the single cell level, a selection regime for mergers is
necessary, requiring an already stable endosymbiosis, including
functional metabolic cooperation, coordinated cell division,
and neglect adverse effects such as xenophagy or apoptosis.
The initiation of a beneficial symbiosis thus remains a major
challenge. To reduce the complexity of the task, direct
injection of bacteria into host cells and subsequent microscopic
analysis represents an alternative to engineering endosymbiotic
systems at the single cell level. This allows the observation of
newly created host-endosymbiont pairings in real time.
Delivery of bacteria into the cytosol of mammalian cells has
been shown using microinjection.13,14 Among enabling
technologies, fluidic force microscopy (FluidFM) is partic-
ularly promising. The technology features atomic force
microscopy (AFM) that connects the ability of microinjection
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devices to dispense small volumes (fL�pL) with high spatial
precision while preserving cell viability.15−17 Here, we have
expanded the toolbox of the FluidFM platform to introduce a ̀
priori non-pathogenic bacterial strains (Azotobacter vinelandii,
Vibrio natriegens, and E. coli) as well as a pathogenic bacterium
(Salmonella enterica), into HeLa cells, to analyze their growth
behavior in the cytosol. We explore the impact of rationally
designed metabolic E. coli mutants with the long-term goal to
match their growth to that of cultured mammalian cells as the

designated host organism. Our approach allows exploration of
genetic and physiological impacts of reduced metabolic
capabilities of the symbiont and their impact on the stability
of the host-endosymbiont relationship.

■ RESULTS
Injection of Bacteria into HeLa Cells. For this study, we

selected three different gammaproteobacteria that could be
promising candidates for artificial endosymbioses due to their

Figure 1. Injection of bacteria into mammalian cells using FluidFM. (A) Focused ion beam image of a FluidFM cantilever with a cylindrical apex, h
describes the height of the microfluidic channel inside the probe, and w the width of the cylindrical apex used for cell insertion. Scale bar = 5 μm.
(B) Measurement of cell diameters of selected bacterial strains. Horizontal bars indicate mean value, vertical bars indicate standard deviation of
each strain: E. coli: 0.56 ± 0.13 μm, S. enterica: 0.59 ± 0.10 μm, A. vinelandii: 1.50 ± 0.27 μm, and V. natriegens: 0.85 ± 0.20 μm. (C) Fluorescent
microscopy overlay of the FluidFM cantilever (brightfield, gray) loaded with fluorescently labeled A. vinelandii cells (fluorescent, red). Scale bar =
10 μm. (D) Fluorescent microscopy overlay images of HeLa cells (gray) post bacterial (red) injection over time. For used fluorescent labels see
Material and Methods section and Table S2. Scale bars = 10 μm. (E) Fluorescent time-lapse microscopy images of non-proliferating, fluorescently
labeled E. coli cells (eGFP, yellow) inside HeLa cells over one cell division. Scale bar = 10 μm.
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biosynthetic capabilities and genetic tractability: E. coli (K-12)
V. natriegens, and A. vinelandii. Furthermore, these strains
cannot naturally invade host cells, preventing cross-infections
in cell cultures18 that would compromise long-term experi-
ments in the future. As a premise, the candidates need to be
able to proliferate in the cytosol of mammalian cells, which has
generally been described not to be permissive for bacterial
growth.13 Therefore we included the pathogenic strain S.
enterica as a positive control because the bacterium is known
for its ability to grow in the cytosol of mammalian cells.18 To
enable fluidic handling and injection of the bacteria, we used
cylindrical FluidFM probes.19 To freely move within the
microfluidic channel of the cantilevers, the minimal Feret
diameter of the bacteria needs to be smaller than the channel
dimensions of the probe (Figure 1A). We therefore measured
the diameters of the chosen bacteria (Figure 1B) and found
that E. coli, V. natriegens, and S. enterica can be handled with a
channel width of 1.2 μm, while A. vinelandii requires a larger
channel width of 1.6 μm (Figure 1C). More detailed

information on the bacterial injection protocol is available in
the Materials and Methods section.
In a first set of experiments, we injected fluorescently labeled

S. enterica bacteria into the cytosol of cultured HeLa cells.
Because S. enterica is generally able to grow in the cell culture
media (Table S1), we ensured that the observed growth is
purely intracellular by adding gentamicin to the culture media.
Gentamicin is a bactericidal antibiotic that does not pass
eukaryotic membranes, hence cytoplasmic bacteria are
protected.20 As expected, we observed the robust cytosolic
growth of S. enterica, as evidenced by the proliferation of the
GFP-tagged bacteria 3 h post injection (Figure 1D). Next, we
injected the fluorescently labeled bacteria that are not known
to proliferate in the cytosol. In three experimental replicates, V.
natrigens and A. vinelandii were unable to replicate intra-
cellularly. While A. vinelandii was apparently unable to
proliferate in the cytosolic compartment, V. natriegens cells
disintegrated within the first 2 h post injection, staining the
cytosol of HeLa cells with GFP (see Movie S1). The
commensal E. coli showed robust intracellular growth, which

Figure 2. Doubling times of E. coli cells in the cytoplasm of HeLa cells. (A) Fluorescent time-lapse microscopy images of proliferating, fluorescently
labeled E. coli cells (eGFP, yellow) inside HeLa cells over time. Scale bar = 10 μm. (B) Counting of E. coli fluorescent voxels over time in HeLa
cells, each curve shows growth of E. coli in an individual HeLa cell. Gray area marks timeframe when intracellular growth ceased. Number of initially
injected bacteria and corresponding doubling times are depicted on the right. (C) Calculated intracellular doubling times of E. coli (35 ± 4 min)
and S. enterica (35 ± 5 min). (D) Frequency distribution of injections into single HeLa cells.
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contrasts with earlier observations where only an enter-
oinvasive E. coli strain was able to replicate in the cytosolic
compartment.13

HeLa cells harboring proliferating S. enterica or E. coli cells
perished within a few hours post injection. This observation
correlated with the decrease in integrity of the cytoplasmic
membrane, which we tracked by the influx of the dye DRAQ7,
which stains only permeabilized mammalian cells.21 Visible dye
influx can only be detected after considerable bacterial growth
(Figure S1). Still, the question remained open whether loss of
viability occurs non-specifically due to an increasing metabolic
burden caused by the bacteria, or due to an apoptotic program
induced by bacterial presence.22 Therefore, we tested whether
HeLa cells are still able to proliferate when injected with non-
proliferating E. coli cells by injecting the bacteria in the
presence of the bacteriostatic antibiotic chloramphenicol. We
followed 30 injected HeLa cells in a time-course experiment
for over 20 h. In all of them, the bacteria remained visible
without multiplying (Figure 1E). When the host cell divided,
the bacterial cells were partitioned seemingly at random
between both daughter cells (Figure 1E). This pattern
remained constant throughout the series of experiments in

this study: whenever E. coli cells failed to replicate intra-
cellularly, the viability of the host cell was unaffected, and it
continued to proliferate while containing bacterial cells.
We conclude that injection of bacteria directly into the

cytosol of HeLa cells with FluidFM works reliably and does
not affect host cell viability upon injection. It is thus a powerful
approach to investigate intracellular growth of different
bacterial species, including commensal E. coli strains.
Evaluation of Doubling Times of Intracellularly

Growing E. coli Wild Type Cells. The observations
described above revealed that E. coli can proliferate until it
occupies a large portion of the cytoplasmic volume, and that
HeLa cells generally tolerate the presence of E. coli cells in their
cytoplasm but eventually disintegrate, coinciding with
excessive intracellular proliferation of the bacterium. Host
cells showed early signs of stress (1−2 h post injection, ∼20
intracellular E. coli cells) manifesting itself in detachment from
the substrate before finally lysing after 3−4 h post injection. To
analyze the doubling time of E. coli cells in the cytoplasm of
single HeLa cells, we developed an approach to quantify E. coli
cell volume from Z-stack images, by counting the total amount
of fluorescent voxels from fluorescent bacteria over time

Figure 3. Intracellular growth of E. coli metabolic mutants. (A) Schematic metabolic pathway map for the synthesis of aromatic amino acids of E.
coli and aromatic amino acid importers. (B) Intracellular doubling times of E. coli wt and tested metabolic mutants: wt: 35 ± 4 min, ΔproC: 50 ±
10 min, ΔtyrA: 49 ± 1 min, ΔtyrA, ΔAAimporters (ΔtyrP, ΔtnaB, ΔaroP, ΔpheP, Δmtr, ΔhisPMQJ, ΔproY, livHMGKF::Cam): 68 ± 3 min, ΔpheA,
ΔAAimporters: 71 ± 12 min, ΔtrpC, ΔAAimporters: 69 ± 8 min, ΔaroC: 56 ± 4 min, ΔaroC, ΔAAimporters: 70.9 ± 11 min. (C) Counting of E. coli
ΔaroC, ΔAAimporters fluorescent voxels over time in HeLa cells, each curve shows bacterial growth in an individual HeLa cell. Gray area marks
timeframe when intracellular growth ceased. (D) Fluorescent time-lapse microscopy images of proliferating, fluorescently labeled E. coli ΔaroC,
ΔAAimporters cells (eGFP, yellow) inside HeLa cells over time. Scale bar = 10 μm.
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(Figures 2A,B and S2). The intracellular doubling time of E.
coli of Td = 35 ± 4 min (Figure 2C) was higher than on LB
media (Td = 22 ± 2 min, Table S1), but lower than in cell
culture media (Td = 57 ± 8 min, Table S1). Notably,
intracellular bacteria showed a short lag-phase, followed by
exponential growth and a stationary phase. The end of the
exponential growth phase coincided with influx of DRAQ7,
marking permeability of the cytoplasmic membrane of HeLa
cells. Presence of an exponential growth phase suggests that
the bacteria in the cytoplasm do not experience initial growth
limitation due to nutrient pool depletion. The FluidFM
approach allowed the injection of single and multiple E. coli
cells into the cytoplasm of individual HeLa cells, enabling
starting points of single or multiple endosymbionts per host
(Figure 2D). We tested whether the doubling time was
influenced by the number of bacteria initially injected (here:
1−4 bacterial cells). No effect on bacterial growth speed was
observed (Figure 2B), consistent with the exponential growth,
until more than 20 bacterial cells were present in the host cells.
The calculated doubling time is comparable to the intracellular
doubling time previously observed for Shigella flexneri cells (Td
= 37 ± 4 min),23 a pathogenic relative of the commensal E. coli
harboring similar metabolic capabilities. Growth analysis of
injected S. enterica cells resulted in a similar doubling time of
35 ± 5 min (Figure 2C), which again was higher compared to
LB (Td = 24 ± 1 min) and lower compared to the cell culture
media (Td = 41 ± 2 min).
Intracellular Growth Speed of E. coli Metabolic

Mutants in Single Cells. The intracellular growth of E. coli
led to collapse of the fused systems approximately 3 h after its
initiation (see gray area Figures 2B and S1 and S3). Evidently,
the growth of the bacteria must be slowed down to achieve a
stable merger between E. coli and HeLa cells. Metabolomic
studies suggest that the pool of metabolites in HeLa cells is
dominated by free amino acids (∼80% of metabolites in
central carbon metabolism),24 constituting a rich source of
carbon and energy for the cytosolic growth of E. coli. To ensure
that E. coli was dependent on this pool, we used an auxotrophic
mutant deficient in tyrosine biosynthesis ΔtyrA (Figure 3A).
The mutant grew slightly slower intracellularly than the wild-
type (Td = 49 ± 7 min) (Figure 3B). To now limit amino acid
import from the cytosol, we then tested a nonuple mutant, in
which in addition to tyrA, also the aromatic and branched
chain amino acid importers ΔtyrP,25 ΔtnaB,26 ΔaroP,27
ΔpheP,28 Δmtr,29 ΔhisPMQJ,30 ΔproY,31 and livHMGKF::-
Cam32,33 (ΔtyrA, ΔAAimporters) were mutated. The strain was
unable to grow in M9 minimal media supplemented with
tyrosine (Table S1). Intracellularly, the strain grew at a
doubling time of 68 ± 3 min. In addition, we tested single
mutations of trpC and pheA that are required for the
biosynthesis of the amino acids tryptophan and phenylalanine,
respectively, in the genetic background of the ΔAAimporters
strain. These nonuple mutants yielded similar doubling times
of 69 ± 8 min (ΔtrpC, ΔAAimporters) and 68 ± 3 min
(ΔpheA, ΔAAimporters). Simultaneous abolishment of the
synthesis of all three aromatic amino acids can be achieved by
knocking out the aroC gene (Figure 3A). Again, the knockout
of aroC alone reduced the doubling time to 56 ± 8 min, while
the mutations of the ΔAAimporters�strain introduced an
additive effect, increased the doubling time to 70 ± 11 min
(Figure 3B−D).
The slower growth rate of E. coli resulting from the

introduction of amino acid auxotrophies had a direct impact on

the longevity of the cellular merger. It effectively extended the
time of intracellular growth of E. coli and HeLa from slightly
over 3 h up to 6 h (Figure 3C,D), affirming the potential to
alter metabolism toward sustainable intracellular growth.

■ DISCUSSION
In this study, we introduce FluidFM as an efficient tool to
inject bacteria into cultured cells while preserving viability of
both organisms. Recently developed FluidFM cantilevers with
cylindrical apexes19 allow injection of diverse bacteria. We
deduced intracellular growth from individual injected host cells
using diverse fluorescently labeled bacteria.
While intracellular growth of enteroinvasive E. coli strains

has been well documented,34 injection of commensal E. coli
strains has yielded inconsistent results in previous studies.13 In
our experiments using the minimally invasive FluidFM
approach, the commensal laboratory K-12 strain BW25113
showed robust intracellular growth. We also tested other
gammaproteobacteria and found that these were unable to
replicate inside the cytosol of HeLa cells. Whether the cytosol
is generally growth permissive for bacteria in terms of nutrient
availability, osmolarity and pH, is under debate. These
parameters may vary between cell types and organisms and
are speculated to dictate niches of invasive bacteria.35,36 The
observation that V. natriegens lysed rapidly inside the cytosol
may hint toward osmotic stress experienced by the halophilic
bacterium. Recently, we have shown that FluidFM can also be
used to inject liquids into hard-wall cells including fungal
cells,37 opening up the opportunity to test injection of larger
objects, including bacteria, into a wider variety of eukaryotic
organisms. This could then allow to address the question
which metabolic pre-adaptations are required for bacteria to
grow in a given host range.
Furthermore, we demonstrate that the use of fluorescence

microscopy for the evaluation of total bacterial cell volume
provides a powerful means by which the intracellular growth
behavior of bacteria can be quantified. In our system, the
merger collapses after a few hours. However, we show that the
intracellular growth rate can be slowed by introducing
auxotrophies in amino acid synthesis and uptake (shown
here for aromatic amino acids, Figure 3). Although the
auxotrophs were unable to grow in minimal medium without
supplementation of the respective amino acid (Table S1),
growth of E. coli was rescued intracellularly. The underlying
reason for the auxotrophy rescue is currently unclear, but we
speculate that the uptake of short peptides might be a
promising target to investigate in the future. Preliminary tests
revealed that the ΔaroC strain in M9 minimal media
supplemented with Casein hydrolysate, providing a source of
short peptides, showed a doubling time of larger than 200 min
(Table S1). It will be of interest to test whether oligopeptide
importer knockouts slow down intracellular growth even more.
Throughout the project, we tested additional strategies to tune
E. coli growth (Figure S4). Mutations in purine metabolism led
to defects in cell division during intracellular growth of E. coli, a
similar effect was induced by the addition of carbenicillin to
the media resulting in elongated E. coli cells extending over 10
μm (Figure S4). A defect in synthesis of the cofactor biotin
showed no effect in E. coli growth (Figure S4). Additionally, we
tested an E. coli HS strain deficient in the biosynthesis of D-
alanine,38 a component of the peptidoglycan layer. The strain
was able to divide once intracellularly, while losing its rod
shape and disintegrating (Figure S4). We conclude that the
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cytoplasm is generally growth permissive for E. coli cells;
however, restricting the intracellular growth may induce
pleiotropic effects preventing sustained growth. Our data
suggest that the strategy to limit growth via amino acid uptake
in conjunction with amino acid auxotrophy is promising to be
explored further, as a high metabolic flux is required to sustain
growth enabling quick feedback on growth speed. In addition,
a mutualistic symbiosis in which E. coli strains provide
nutrients for HeLa cells would then allow selection for
functional symbioses. Ideally, this would be an essential
metabolite that can be provided by few endosymbiotic cells.
Endosymbionts in nature undergo massive reduction of

genome size, simultaneously shrinking their network of
metabolic pathways as observed, for example, in the genus of
Buchnera.39 “Slimmer” genomes, also observed in obligate
pathogenic bacteria, are speculated to be the result of Muller’s
Ratchet.39,40 We argue that gene loss also has a stabilizing
effect on the host-endosymbiont relationship by enhancing
interdependencies and paralleling growth rates. Constriction of
the endosymbiont genome could also purge non-beneficial
metabolic interactions, leading to a systemic gain of fitness.41

Our real-time observations of growth arrested E. coli cells
suggest that random repartitioning of cells during mitosis can
occur (Figure 1E). Assuming random transfer of endo-
symbionts to daughter cells, the merger does not necessarily
require perfectly synchronized growth rates because some
progenitor cells will receive low amounts of endosymbionts,
enabling further proliferation, while others will drop out
containing excessive amounts of endosymbionts. Therefore,
host endosymbiont pairs might be relatively tolerant toward
doubling time mismatches, as long as the host cell is still able
to divide.
In summary, we present a strategy toward engineering host-

endosymbiont systems that will provide new insights into host-
endosymbiont evolution and new opportunities in biotechnol-
ogy and synthetic biology.

■ MATERIAL AND METHODS
Bacterial Cultures. For a list of all strains and plasmids see

Table S2.
E. coli and S. enterica cells were grown at 37 °C in Luria-

Bertani (LB, Sigma-Aldrich, USA) agar plates, supplemented,
when needed, with kanamycin (50 μg/mL, Roth) or
streptomycin (50 μg/mL, AppliChem). E. coli strains were
fluorescently labeled with plasmid pGFP, S. enterica strains
were fluorescently labeled with plasmid pM965. A. Vinelandii
cells were grown on standard B media42 at 28 °C, the cells
were tagged with GFP using the bjGFP plasmid, media were
supplemented with tetracycline (10 μg/mL, Sigma-Aldrich,
USA) if needed. V. natriegens was grown on a LB3 medium
(LB + NaCl fc. 3% w/v) at 37 °C and fluorescently labeled
using a sfGFP plasmid, and the expression was induced over
night with anhydrotetracycline (500 ng/mL, Adipogen. USA).
For experiments, all strains were grown to stationary phase via
incubation for 48 h, except E. coli strain ΔaroC ΔAAimporters,
which was incubated for 20 h at 28 °C.
Cell Culture. HeLa cells were maintained in Dulbecco’s

Modified Eagle Medium containing 1% penicillin−streptomy-
cin (ThermoFisher, USA) and 10% fetal bovine serum
(ThermoFisher, USA) culture medium at 37 °C and in a
humidified incubator at 5% CO2 concentration (Memmert,
Germany). Cells were seeded 24 to 48 h preceding an
experiment onto 50 mm tissue-culture-treated low μ-dishes

(ibidi, Germany) inside two-well culture inserts (ibidi,
Germany). For the injection experiments, cells were washed
and subsequently cultured using a CO2-independent growth
medium containing 10% FBS (ThermoFisher, USA). When
required, DRAQ7 was added to the culture media preceding
the bacterial injection procedure (see below) following
manufacturer’s instructions (Life Technologies, USA).
FluidFM Setup and Microscopy. The FluidFM setup

consists of a FlexAFM 5-NIR scan head controlled by a C3000
controller (Nanosurf, Switzerland), a pressure controller
(ranging from −800 to +1000 mbar, Cytosurge), and
microfluidic atomic force microscopy probes (Cytosurge,
Switzerland and SmartTip, The Netherlands). The scan head
is mounted on an inverted AxioObserver microscope equipped
with a temperature-controlled incubation chamber (Zeiss,
Germany). The microscope is coupled to a spinning disc
confocal microscope (Visitron, Germany) with a Yokogawa
CSU-W1 scan head and an EMCCD camera system (Andor,
UK). For the creation of images and videos, a 63× oil objective
with 1.4 numerical aperture was used, 4.85 pixel/micron;
images were acquired in 16 bit format. Image acquisition was
controlled using the VisiView software (Visitron, Germany);
linear adjustments and video editing were made with Fiji.43

Images and movies showing fluorescently labeled bacteria
(Figures 1, 2, 3, and S1 and Movies S1 and S2) were created
by summing up fluorescence from Z-stacks and subsequently
reconverted into 16 bit format using Fiji. The paper uses the
“thermal” colormap originating from Thyng et al.44

FluidFM Probe Processing and FIB-SEM Imaging and
Milling. Cylindrical FluidFM-probes were prepared as in
Gab̈elein et al.19 The used protocol only deviates in the used
FIB-scanning electron microscopy (SEM) imaging setup: for
the current paper, a Helios 5UX DualBeam FIB-SEM setup
(ThermoFisher, USA) was used. The image in Figure 1A was
taken using FIB-imaging.
Generation of E. coli Deletion Strains. Plasmid and

genomic locus maps are provided in Supporting Information
file 1.
Individual genes were deleted from the E. coli genome using

CRISPR-Cas9-assisted recombineering as described by Jiang
and co-workers.45 For a given locus, we chose the best
validated guide RNA corresponding to Guo et al.,46 and cloned
it into a modified pTargetF plasmid using Gibson assembly
(New England Biolabs, USA). The plasmid, pTargetF_sacB,
carried the Bacillus subtilis sacB gene which confers
susceptibility to sucrose and enables counterselection against
the plasmid. The exact deletion was encoded by the ssDNA
oligo.47 The editing protocol was as follows: an E. coli carrying
pCas plasmid was inoculated in a 2 mL SOB medium
supplemented with kanamycin in a culture tube and grown
overnight at 30 °C, 220 rpm. This culture was diluted 50-fold
into a 3 mL fresh SOB medium (0.5% (w/V) yeast extract, 2%
(w/V) tryptone, 10 mM sodium chloride, 2.5 mM potassium
chloride, and 20 mM magnesium sulfate. SOC medium is SOB
medium supplemented with 20 mM glucose. If indicated,
antibiotics were added in the following concentrations (mg
L−1): 50 kanamycin, 20 streptomycin sulfate) supplemented
with kanamycin and grown to mid-exponential phase (OD600
0.4−0.7). At this point, expression of recombineering enzymes
was induced with 10 mM L-arabinose, and the culture was
incubated for 27 min. 2 mL of the culture was harvested by
centrifugation (4 °C, 5000g, 2 min) and made electro-
competent by washing five times with 1 mL of ice cold 10%
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(V/V) glycerol. 100 ng of pTargetF_sacB plasmid and ssDNA
oligo to a final concentration of 5 μM were added to the
electrocompetent cells and electroporated using a Bio-Rad
MicroPulser Electroporator (Bio-Rad, Switzerland). Subse-
quently, cells were recovered in a 1 mL SOC medium for 2 h
and streaked out on an agar plate containing LB medium
supplemented with kanamycin and streptomycin which was
incubated overnight at 30 °C. Successful deletion of a locus
was confirmed by colony PCR. pTargetF_sacB plasmid was
cured by streaking out strains on agar plates containing LB
medium supplemented with 10% (w/V) sucrose and
kanamycin and incubated overnight at 30 °C.
Bacteria Injection Using FluidFM. Before each experi-

ment, the cantilevers were cleaned by a 60 s plasma treatment
(Plasma Cleaner PDG-32G, Harrick Plasma) before coating
overnight with vapor phase SL2 Sigmacote (Sigma-Aldrich,
USA) in a vacuum desiccator. The siliconized probe was
subsequently oven-dried at 100 °C for 1 h. The cantilever
spring constant was measured using software-implemented
scripts (cylindrical probes: 1.5 ± 1 Nm−1). Bacterial cultures
were scraped off agar plates, washed three times in HEPES-2
buffer (10 mM HEPES, 150 mM NaCl, pH = 7.4), and
adjusted to an optical density at 600 nm (OD600) of 1.5, then
15 μL of the bacterial culture were filled into the microfluidic
system of the used FluidFM probe. Subsequently, the probe
was moved to a region containing cells targeted for injection.
For injection of bacteria, the probe was positioned above a
target cell in proximity, but never directly over, the nucleus.
The cantilever was then inserted into the cell using a force
setpoint of 100 nN, and subsequently retracted for 300 nm
before the bacteria were injected by applying 40 mbar positive
pressure. The injection process is controlled by observing the
process in brightfield in real-time where the positive pressure is
held until the cell visibly inflates, allowing injection of ∼100 fL
to 1 pL while maintaining cell viability.17 Subsequently the
pressure of the microfluidic system is set to 0 mbar and the
probe is retracted and moved to the next cell. Injection of a
single cell, including the targeting and retraction process, takes
less than 2 min. Therefore, the approach enables injection of
>100 cells per day and is mostly limited by the capability of the
microscope setup to follow bacterial growth in the injected
cells at sufficient resolution. The workflow presented in this
work was optimized for cultured cells under a 63× oil objective
(see “FluidFM setup and microscopy” above). Host cell
viability post injection depends on the injected volume, which
can be tuned by setting the positive pressure value of the
fluidic system and the time of injection, as previously
characterized for this probe type19 and other FluidFM
probes.17 Following injection, bacteria only start to proliferate
in a subset of injected cells, these cells were subsequently used
to quantify the doubling time. As soon as the desired number
of cells was injected, gentamicin (Axon Lab, Switzerland) was
added into the culture media to a final concentration of 20 μg/
mL, the AFM scan head was removed from the microscopy
setup and the ibidi μ-dish, 50 mm low (ibidi, Germany), was
sealed from evaporation using the provided lid. Movie S2
shows a full recorded frame of HeLa cells injected wild-type E.
coli cells.
Evaluation of Bacterial Voxel Number from Z-Stack

Images. The MatlabR2020b code is available at https://gitlab.
ethz.ch/cgaebele/engineering-endosymbiotic-growth-of-e-coli/
In short: for an individual timepoint, a Z-stack image of E.

coli inside of viable HeLa cells was taken imaging the full range

in Z in which fluorescent signal could be detected using a step
size of 500 nm. Subsequently, the images were loaded into
MatlabR2020b (MathWorks, USA). For these Z-stack images,
the fluorescent background remained steady at ∼500 (16 bit
images); hence, pixels having a fluorescence value of 1000 (2×
background level) were then counted as voxels belonging to a
fluorescent E. coli cell. Furthermore, only voxels within a
manually outlined region of interest were counted. The
program also evaluates the average fluorescence levels of the
imaged E. coli cells because the bacteria may shift in their
fluorescence levels during the measurement leading to false
results. Growth curves were obtained using timeframes in
which the voxel number increases linearly when plotted on a
logarithmic axis and in which the average fluorescence level
remained stable.
Measurements of Bacterial Growth Rates in Media.

The bacterial strains were grown on plate as done in
preparation for bacteria injection experiments, see above.
Subsequently, the strains were transferred to the tested media
condition at an adjusted OD600 of 0.05 inside a single well in a
96-well plate (flat bottom, TPP). Each growth condition was
tested in triplicates. Tested media: LB (Sigma-Aldrich, USA),
CO2-free media (ThermoFisher, USA), and M9 minimal
medium with (g* L−1): 20 glucose, 6.78 Na2HPO4, 3 KH2PO4,
0.5 NaCl, 1 NH4Cl, 0.049 MgSO4·7H2O, 0.0015 CaCl2·2H2O,
0.34 thiamine hydrochloride, trace elements (mg*L−1) 0.5
FeCl3·6H2O, 0.09 ZnSO4·7H2O, 0.088 CuSO4·5H2O, 0.045
MnCl2, 0.09 CoCl2·6H2O, if indicated M9 media was
supplemented with 100 μM tyrosine (Y), tryptophan (W),
phenylalanine (F), or 1% w/v casein hydrolysate. Growth
curves were measured at a wavelength 600 nm for 24 h in a
LogPhase 600 plate reader (Biotek, USA) at 37 °C and
subsequently evaluated in Excel (Microsoft, USA).
Statistics and Reproducibility. All shown experiments

were repeated at least three times independently. Shown
microscopy images were chosen as representative images.
Performed statistical testes and significance levels were
indicated in the text, figure legends, or supplementary files.
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