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Abstract 15 

Synthetic endosymbiosis, the deliberate introduction of bacteria into eukaryotic host 16 

cells, provides a tractable model for how endosymbiotic relationships become 17 

established, and a route to cells with new metabolic capabilities that never evolved 18 

naturally in that lineage. Current methods for introducing bacteria into mammalian cells 19 

rely on microinjection, engineered invasion, listeriolysin-mediated phagosomal 20 

escape, or naturally permissive hosts. These methods are invasive, low-throughput, 21 

or costly, and most require the prospective endosymbiont to be genetically tractable, 22 

which excludes endosymbiotic bacteria which are of great interest as potential 23 

organelle precursors. Here we describe a protocol based on polyethylene glycol 24 

(PEG), long used to fuse mammalian cells, that delivers Escherichia coli into HeLa 25 

cells without genetic modification of either partner or the use of specialised equipment. 26 

We optimised the governing parameters in two stages: first, bacterial density, 27 

gentamicin concentration, and PEG molecular weight and concentration were 28 

optimised; then, medium composition and the timing of fusion and recovery. Across 29 

four parameters screened, 10% PEG-3350 applied for 4 min to HeLa cells 12 h after 30 

seeding, followed by 4 h in gentamicin-containing medium, gave the most consistent 31 

delivery. Under these conditions, confocal microscopy and z-stack reconstruction 32 

detected mCherry-tagged E. coli inside HeLa cells. Applying the same protocol to 33 

Candidatus Kinetoplastibacterium crithidii, a naturally occurring β-proteobacterial 34 

endosymbiont of the trypanosomatid Angomonas deanei, we observed the 35 

endosymbiont inside the HeLa cells. This protocol offers an accessible entry point for 36 

constructing artificial endosymbioses. 37 

 38 

 39 

 40 
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Introduction  42 

Endosymbiosis has repeatedly driven the evolution of eukaryotic cellular complexity. 43 

The transformation of endosymbiotic bacteria into genetically integrated organelles 44 

was central to the origin and diversification of eukaryotes and development of new 45 

metabolic and physiological capabilities. It gave rise to mitochondria and plastids and 46 

reshaped the trajectory of cellular complexity. This process starts with the integration 47 

of one organism into another, often leading to mutual benefits such as nutrient 48 

exchange or protection. The Endosymbiosis theory suggests that many bacterial 49 

genes in eukaryotic genomes originated from organelle ancestors that entered the 50 

eukaryotic lineage1,2. The transformation of a free-living bacterium into a genetically 51 

integrated organelle was gradual, and the intermediate stages are largely 52 

inaccessible, as the events that produced mitochondria and plastids occurred more 53 

than a billion years ago.  54 

Merging two cells, or introducing one cell into another, represents an emerging frontier 55 

in synthetic biology. Synthetic endosymbiosis aims to reconstruct this process in the 56 

laboratory, both to gain experimental access to an ancient transition otherwise inferred 57 

from comparative genomics, and to build cells with metabolic capabilities which never 58 

evolved naturally with potential applications in biotechnology, medicine and 59 

evolutionary biology.  60 

Synthetic endosymbiosis has most often been attempted in permissive hosts like  61 

yeast, in which auxotrophic E.coli has been sustained over many generations3.  62 

Mammalian cells are far more demanding hosts, but also a far more consequential 63 

one; an engineered endosymbiont could supply metabolic functions a human cell lacks 64 

or actively direct its behaviour as demonstrated by bacteria engineered to secrete 65 

mammalian transcription factors that redirect host cell fate4. To establish synthetic 66 

endosymbioses in mammalian cells, a few principal barriers have to be considered, 67 

such as phagolysosomal degradation, anti-growth cytoplasmic factors, antigen 68 

presentation via MHC pathways, and the induction of apoptosis or autolysis in 69 

response to the associated stress5. 70 

Various technologies are implemented to introduce bacteria or organelles into 71 

eukaryotic host cells. Isolated spinach chloroplasts internalised by mouse fibroblasts 72 

degraded within approximately five cell generations6. Cyanobacteria engineered to 73 

express invasin and listeriolysin O persisted for approximately twelve hours in 74 

macrophages and induced autolysis in CHO cells7. The most durable associations 75 

reported to date include auxotrophic E. coli maintained in yeast for 40-120 76 

generations3. Bacteria have been introduced into mammalian host cells by several 77 

routes. Microinjection has delivered Listeria monocytogenes, Shigella flexneri and 78 

enteroinvasive E. coli (EIEC)8 and Salmonella enterica serovar Typhimurium (S. Tm)9 79 

directly into the cytosol, and fluid force microscopy10 has been used to inject E.coli10. 80 

Host cells have also been engineered to permit invasin or listeriolysin mediated 81 

invasion7,10; and ciliate Tetrahymena thermophila has served as a naturally permissive 82 

host11. These protocols are invasive, low-throughput, and expensive. For example, 83 

microinjection and fluidic force microscopy (FluidFM) operates on individual cells and 84 

requires dedicated instrumentation.  85 

Some bacterial targets pose subsequent constraints, as exemplified with Candidatus 86 

Kinetoplastibacterium crithidii, a ß-proteobacterial endosymbiont of the 87 

trypanosomatid Angomonas deanei. The endosymbiont possesses a reduced 88 
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genome, divides in synchrony with its host, is not genetically tractable and has not 89 

been yet cultured axenically12–15. Several host-encoded proteins are targeted to this 90 

endosymbiont, indicating a degree of host control over endosymbiont integration14,16. 91 

It therefore represents an advanced endosymbiosis and an informative system in 92 

which to study host-endosymbiont integration. However at the same time it is 93 

inaccessible to every delivery method mentioned above as every established route 94 

into a mammalian cell requires the bacterium to participate: to be transformed with 95 

invasion or escape factors, to survive culture beforehand, or to be introduced 96 

individually by micromanipulation. A bacterium that cannot be cultured, cannot be 97 

modified, and remains viable for only a few hours, meets none of these conditions. 98 

Instead, we need a method in which the bacterium is inert, the medium mediates 99 

crossing of the host cytoplasmic membrane, and the bacterium thus only needs to be 100 

present. 101 

Polyethylene glycol (PEG)-based fusion would be such a method. PEG is a neutral, 102 

highly hydrated polymer that binds substantial quantities of water. When two 103 

membranes are apposed in concentrated PEG, the polymer withdraws water from the 104 

intervening space, the resulting dehydration is thought to produce an asymmetry in 105 

lipid packing pressure between the two leaflets of each bilayer, forming a single bilayer 106 

septum at the point of contact that then decays as the initial fusion pore opens17. As 107 

the driving force is physical rather than receptor-mediated, no recognition system, 108 

invasion apparatus, or genetic modification is required of either partner. Both, 109 

molecular weight and concentration of the PEG, influence the outcome, since together 110 

they determine the extent of water withdrawal and viscosity of the medium. 111 

PEG has been used to induce fusion between plant protoplasts18 and between yeast 112 

protoplasts and hen erythrocytes19, and Pontecorvo et al. (1971) demonstrated PEG-113 

mediated fusion of mammalian cells with subsequent recovery of viable hybrids20. The 114 

absence of surface specificity has permitted fusions that no biological mechanism 115 

would support; HeLa cells were fused with tobacco protoplasts in 1976, yielding viable 116 

interkingdom hybrids that survived six days21, and human and Arabidopsis cells have 117 

more recently been fused to generate proliferating lines carrying chromosomes from 118 

both partners, in which plant genes were transcribed by the human machinery22. Cell 119 

fusion has been identified as one of three principal routes to artificial photosynthetic 120 

animal cells23, and interkingdom fusion has been proposed, though not tested, as a 121 

strategy for artificial endosymbiosis5.  122 

A PEG-based protocol would therefore differ from existing methods in three respects: 123 

(i) the bacterium is a passive participant, so neither culture nor genetic modification is 124 

required of it, (ii) the procedure acts on whole populations in a single step, rather than 125 

one cell at a time and, (iii) it needs no complex instrumentation beyond a pipette. 126 

Together these traits place organisms such as Ca. K. crithidii within reach to establish 127 

a synthetic endosymbiosis for the first time.   128 

To our knowledge, PEG has not previously been used to deliver bacteria into 129 

mammalian cells. Two problems must be addressed for this to be feasible. First, the 130 

property that enables fusion might also limit it: hyperosmotic conditions slow E. coli 131 

growth by causing water loss and loss of turgor in cells. PEG at the concentrations 132 

used for mammalian cell fusion could therefore harm the bacteria24,25. Since this effect 133 

of PEG has not been well characterised, we first identified the range of PEG molecular 134 

weights and concentrations that do not impair bacterial growth. Second, bacteria 135 

proliferate rapidly in mammalian culture medium, and extracellular growth must 136 

therefore be suppressed without compromising bacteria already delivered or the 137 

viability of the host.  138 
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Here, we address both possible limitations using E. coli as a prototyping 139 

chassisOptimisation, requires bacteria in bulk and on repeated occasions, since each 140 

parameter must be tested across a range of values. E. coli, which can be cultured to 141 

any required density on demand. Bacterial density and gentamicin concentration, PEG 142 

molecular weight and concentration, medium composition and incubation timings were 143 

systematically optimised to yield conditions that reproducibly deliver E. coli into HeLa 144 

cells. The resulting protocol was then successfully applied to the endosymbiont Ca. K. 145 

crithidii isolated from A. deanei, indicating its potential as a general route for 146 

constructing artificial endosymbioses. Isolation of Ca. K. crithidii requires successive 147 

density gradient centrifugation steps, yields limited material, and produces 148 

endosymbionts that remain viable for only a few hours. Therefore, as a general 149 

approach setting up the protocol in E. coli first, which is comparable in size to Ca. K. 150 

crithidii making it a suitable proxy, and afterwards in the target endosymbiont is a 151 

straightforward approach. 152 

 153 

Protocol development and optimisation for 154 

endosymbiont - mammalian host cell PEG fusion 155 

The procedure must balance two sets of competing constraints: it has to be mild 156 

enough so that bacteria and host cells survive, but intense enough to enable fusion. 157 

We developed and optimised the method using E. coli as a prototyping chassis to 158 

screen the full parameter space at each stage while carrying forward only conditions 159 

that satisfied both the bacterium and host cell, and afterwards implemented it to fuse 160 

Ca. K. crithidii with the mammalian cell  (Fig. 1).  161 

 162 

Optimisation of bacterial parameters 163 

The bacterium establishes its boundary conditions considering that two steps in the 164 

process are actively detrimental to its viability: i) the antibiotic of choice that should 165 

inhibit growth and proliferation of extracellular bacteria, without affecting the viability 166 

of the intracellular ones, and ii) the fusion reagent used. As previously employed in 167 

Gäbelein et al.10 we used gentamicin to eliminate the extracellular bacteria. 168 

 169 

Bacterial density and gentamicin concentration  170 

Since bacteria can proliferate exponentially in the rich mammalian cell culture medium,  171 

we aimed to limit proliferation exclusively to bacteria within HeLa cells. To address this 172 

issue, we considered the antibioticum gentamicin, which specifically targets the 30S 173 

subunit of bacterial ribosomes, disrupting translation26. As a polycationic 174 

aminoglycoside, it crosses the mammalian plasma membrane poorly, so intracellular 175 

bacteria remain unexposed26,27, whereas growth of bacteria located outside 176 

mammalian cells is effectively suppressed. We evaluated gentamicin concentrations 177 

of 10 µg, 25, 50, and 100 µg mL-1 against the bacterium at four bacterial densities 178 

(OD600 0.15, 0.2, 0.3, and 0.5), yielding 16 combinations (Suppl. Fig. S1). All 179 

concentrations tested suppressed growth with OD600 peaking at approximately 2 h and 180 

suppression beginning thereafter, whereas the antibiotic free controls continued to 181 

increase. We selected 50 µg mL-1 with the bacterial input OD600 of 0.5 (Fig. 2A-B), 182 

considering that higher bacterial concentration than 0.5 OD might be harmful for HeLa 183 

cells. Gentamicin is reported to be non-toxic to mammalian cells at these 184 

concentrations27 and we observed no effect on HeLa morphology or attachment; 185 
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therefore, additional tests of gentamicin concentration effects on HeLa cell viability 186 

were not conducted.  187 

  188 

Polyethylene glycol weight and concentration  189 

As a fusion reagent, we selected PEG, which is widely used in cellular fusion 190 

procedures20,28,29. We then aimed to identify the maximum PEG concentration 191 

compatible with bacterial viability. Fusion efficiency between mammalian cells 192 

increases with PEG concentration, with little fusion reported below 30% w/w29. These 193 

thresholds were established for fusion between two mammalian cells, and do not 194 

necessarily need to apply to the delivery of a bacterium, which differs in size, envelope 195 

composition and contact geometry. However, as mentioned before, PEG could restrict 196 

bacterial growth. Therefore, we combinatorially tested multiple PEG formulations at 197 

different concentrations to find the optimal conditions. Four molecular weight PEGs 198 

(PEG-3350, PEG-4000, PEG-6000, and PEG-8000) at five concentrations (10%, 20%, 199 

30%, 40%, and 50%) were tested against a bacterial culture with an OD600 of 0.5 (Fig. 200 

2A; Suppl. Fig. S2). Growth was reduced relative to the no-PEG control at every 201 

concentration tested and the reduction increased with the concentration. Molecular 202 

weight had little systematic effect. Growth in 10% and 20% PEG-3350 remained 203 

comparable to the no-PEG control for approximately 90 min, after which the OD slightly 204 

reduced for both the PEG-3350 and PEG-4000 compared to no-PEG control (Fig. 2C). 205 

Based on the results, we used a PEG concentration of 10-20% for subsequent 206 

experiments, since PEG at these levels is not toxic to mammalian cells30. 207 

In sum, the optimisation of bacterial parameters established three parameters for the 208 

resulting PEG-fusion protocol: a bacterial concentration with OD600 of 0.5, a 209 

gentamicin concentration of 50 µg mL−1 (Fig. 2B) and 10% to 20% PEG-3350 (Fig. 210 

2C). Out of these conditions, OD600 of 0.5 and a gentamicin concentration of 50 µg 211 

mL−1 were maintained throughout the subsequent optimisation process and 10% and 212 

20% of PEG-3350, -4000, -6000 and -8000 were further tested in fusion tests.  213 

Optimisation of Host and PEG fusion parameters 214 

As mammalian cell host, we selected HeLa cells based on metabolomics evidence 215 

indicating that the predominant portion of their metabolite pool comprises free amino 216 

acids, accounting for approximately 80% of the metabolites associated with central 217 

carbon metabolism. These amino acids function as a significant source of carbon and 218 

energy, thereby eventually supporting the proliferation of cytosolic E. coli10,31.  219 

Having the bacterial (co)-culture conditions fixed, we optimised the parameters for the 220 

host cell and fusion steps itself: These are governed by a different and partly opposing 221 

set of requirements. The culture medium must sustain bacterial viability sufficiently for 222 

the fusion to occur, albeit also facilitating the suppression of residual extracellular 223 

bacteria while supporting host cell viability. This presents a challenge, as a medium 224 

that inhibits bacterial growth initially would hinder the delivery, whereas one that 225 

permits continuous growth could lead to overculturing. The interval between seeding 226 

of the mammalian cells and fusion influences the host monolayer morphology; a short 227 

interval may not allow adequate cell spreading, reducing available surface area after 228 

fusion; conversely, a longer interval may lead to monolayer confluence potentially 229 

affecting the delivery of bacteria inside the host cell. The duration of PEG exposure 230 

must balance delivery efficiency against host cell viability, as dehydration enhances 231 

membrane contact but stresses the cells thus reducing viability. Following fusion, the 232 
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recovery time must be optimised to ensure effective extracellular bacterial clearance 233 

by gentamicin without compromising host integrity. Hence, three parameters were 234 

optimised: medium composition, seeding-to-fusion interval, and recovery time post-235 

fusion in gentamicin. Unlike bacterial growth assays, these parameters were assessed 236 

primarily by delivery efficacy rather than bacterial viability alone. The effect of medium 237 

composition was evaluated with growth curves (Fig. 3A-B), clearance dynamics by 238 

taking confocal images at different time intervals (Fig. 3C), and overall delivery 239 

success was determined by the presence of mCherry-positive E. coli cells inside of 240 

HeLa cells. The timing matrix (Fig. 3D) shows the various timepoints and conditions 241 

tested. 242 

 243 

Medium combinations   244 

We evaluated various media types to determine optimal maintenance conditions for 245 

the HeLa cell line used which ensured the simultaneous viability of the bacteria and, 246 

ultimately, the endosymbiont of A. deanei. These media are usually supplemented 247 

with FBS (Fetal Bovine Serum) for nutritional support and with Penicillin-streptomycin 248 

(P/S) to prevent bacterial contamination. DMEM medium is a commonly used medium 249 

in mammalian cell culture and was selected for the experiments. 250 

For cellular fusion and to perform experiments with the synthetic endosymbiont or to 251 

facilitate an eventual stable symbiosis, maintaining bacterial or endosymbiont viability 252 

in mammalian cell culture for multiple hours, or even days, is required. Once 253 

introduced, we aimed to preclude bacterial extracellular growth, i.e. bacteria in the cell 254 

culture medium. For this, we tested various combinations of these media, as shown in 255 

Fig. 3A and Suppl. Fig. S3, to determine which combination supports bacterial growth 256 

for a few hours and ultimately kills extracellular bacteria. Combinations 4 and 5 257 

(DMEM+FBS+P/S+Gentamicin 50 µg mL-1 and 100 µg mL-1) appear to meet our 258 

requirements, as they support bacterial growth for 90 min, after which OD600 declines 259 

(Fig. 3B). Combination number four with 50 µg mL-1 was carried forward, on the basis 260 

of the concentration already selected as part of the bacterial parameter optimisation.  261 

The rationale for selecting this particular combination is that it is a commonly used 262 

composition for cultivating healthy mammalian cells. Consequently, adding gentamicin 263 

to the established medium appears to be the most appropriate approach to facilitate 264 

co-culture of HeLa cells and bacteria.  265 

 266 

Timing of seeding, fusion and recovery  267 

We fixed the medium combinations, and for recovery, tested four time intervals from 0 268 

to 4 h post-fusion to determine the minimum time required to eliminate extracellular 269 

bacteria, as shown in Fig. 3C. With the medium and recovery interval fixed, we 270 

screened the remaining timing parameters together with PEG identity and 271 

concentration. 272 

We identified the optimal PEG type and concentration for bacteria in the bacterial 273 

parameter optimisation part, however Ikada et al. (1995) reported less fusion between 274 

mammalian cells below 30% w/w PEG29. This threshold however was established for 275 

fusing two mammalian cells and not for the delivery of bacteria. We therefore aimed 276 

to use lower PEG concentrations while also exploring higher molecular weight PEGs. 277 

Consequently, we screened combinations of PEG types and concentrations, seeding-278 

to-fusion intervals, and post-fusion recovery intervals (Fig. 3D; Suppl. Fig. S4). Cells 279 

were seeded and incubated for 12 or 24 h before fusion, with one of eight PEG 280 

conditions: 10 or 20% PEG-3350, -4000, -6000 or -8000, and fixed after further 4 or 281 

24 h, resulting in 32 combinations in total (Fig. 3D). Ten conditions gave consistent 282 
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delivery, as shown in Suppl. Fig. S4. Lower yield was observed for PEG-6000 and 283 

above, consistent with the higher viscosity of these solutions, which limited contact 284 

between the two membranes. A seeding-to-fusion interval of 12 h was more 285 

permissive than 24 h.  286 

Two methods consistently proved effective: applying 10% or 20% PEG-3350 twelve 287 

hours after seeding, followed by a 4 h incubation with gentamicin post-fusion. The 4 h 288 

recovery period was deliberately chosen to exceed the 2 h duration required for 289 

gentamicin to suppress extracellular growth in the initial phase, ensuring that 290 

clearance is complete prior to imaging. Additional experiments involving HeLa cells 291 

post-fusion at various intervals over 4 h revealed extracellular growth of E. coli even 292 

after 2 h, leading to the choice of a 4 h recovery period instead of the previously tested 293 

1.5 h.  294 

Out of 32 conditions, 10 conditions showed positive delivery as shown in Suppl. Fig. 295 

4. From these 10 conditions, 10% PEG-3350, 12 h after seeding and 4 h recovery was 296 

selected for all subsequent experiments. This condition was the least concentrated 297 

and lowest molecular weight PEG giving consistent delivery, and HeLa cells retained 298 

normal morphology and adherence throughout the procedure, whereas higher 299 

concentrations and molecular weights are associated with more variable outcomes. 300 

Also, delivery was more reproducible across replicate wells, and fewer visibly stressed 301 

or rounded cells.The final protocol involves mixing bacteria at OD600 0.5 with a 3:1 ratio 302 

of 10% PEG-3350, then applying this mixture to HeLa cells 12 h after the seeding for 303 

4 min at room temperature. The cells are then incubated in OptiMEM for 30 min at 304 

37°C, followed by a 4 h incubation in DMEM containing 50 µg mL-1 gentamicin (Fig. 305 

4). These conditions were maintained for all later experiments.  306 

 307 

Final, optimised PEG-mediated E. coli - HeLa 308 

cells fusion protocol  309 

The following describes the final, resulting protocol following the optimisation 310 

procedures described above and detailed in Suppl. Fig. S1-S4. The complete workflow 311 

is summarised in Fig. 4. 312 

1. Preparation of host cells and bacteria  313 

Approximately 40,000 HeLa cells are seeded per well onto 24-well plates with glass-314 

coverslips in a total volume of 500 µL of DMEM medium supplemented with 125 U mL-315 
1  penicillin, 125 U mL-1  streptomycin and 10% FBS. The cells are then incubated at 316 

37°C in a 5% CO2 atmosphere for approximately 12 h. On the same day, an E. coli 317 

culture is inoculated in LB medium and grown aerobically at 37°C, with shaking at 160 318 

rpm 319 

 320 

2. Fusion of bacteria and HeLa cells 321 

The overnight E. coli culture is pelleted at 6,000 g for 5 min and resuspended in PBS. 322 

OD600 is determined and adjusted to 0.5. A 400 µL 10% PEG 3350-bacteria mixture is 323 

prepared at a 3:1 ratio and vortexed for 10-15 s. The medium is aspirated from the 324 

HeLa cells, and then the cells covered with 400 µL of a PEG-bacteria mixture per well. 325 

The plate subsequently incubated at room temperature. After 4 min, 600 µL of Opti-326 

MEM medium is added, and the mixture is incubated at 37°C in a 5% CO2 atmosphere 327 

for 30 min. 328 

 329 

3. Suppression of extracellular E. coli and recovery of the host  330 
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After 30 min of incubation, the medium is exchanged with DMEM supplemented with 331 

125 U mL-1  penicillin, 125 U mL-1  streptomycin, 50 µg mL-1 gentamicin and 10% FBS. 332 

Next, the cells are incubated at 37°C in a 5% CO2 atmosphere for 4 h to recover. This 333 

step is performed to suppress the growth of extracellular E. coli cells. After 4 h of 334 

incubation, the medium is aspirated from the well and cells washed twice with 500 µL 335 

of DMEM supplemented with 125 U mL-1  penicillin, 125 U mL-1  of streptomycin and 336 

10% FBS to get rid of residual extracellular bacteria.  337 

 338 

4. Fixation and imaging 339 

After washing, the medium is aspirated from the well, and the cells are fixed with 4% 340 

paraformaldehyde for 10 min on ice, followed by 10 min at room temperature. Cells 341 

are stained with 250 µL of DAPI solution (1:1,000 dilution of a 1 mg mL-1 stock) for 10 342 

min and washed once with 1X PBS to remove residual DAPI. Coverslips are 343 

embedded in Mowiol 4–88 supplemented with 15 mg mL−1 4-diazabicyclo[2.2.2]octane 344 

and mounted on object slides. Samples are imaged on a confocal microscope system, 345 

Ti2 inverted microscope. mCherry, EGFP, and DAPI are visualised using excitation 346 

lasers of 561 nm, 488 nm, 408 nm, and emission filters of 570–1,000 nm, 500–550 347 

nm, 417–477 nm, respectively. Image acquisition is performed using NIS-Elements. 348 

Analysis and processing (brightness and contrast) are adjusted using Omero Viewer 349 

(4.20.00). 350 

 351 

Implementation of the protocol  352 

 353 

The optimised protocol delivers E. coli into HeLa cells 354 

We first used E. coli as a generally prototyping platform because it is fast-growing and 355 

easy to work with, Applying the optimised protocol to mCherry-containing E. coli 356 

TOP10, bacteria were detected in association with HeLa cells by confocal microscopy 357 

after the gentamicin clearance step (Fig. 5A). To distinguish delivered bacteria from 358 

the bacteria adhering to the cell surface, we acquired z-stacks through the full depth 359 

of the host cells and generated orthogonal x- and y-projections in Fiji (Fig. 5B). 360 

Persistence of delivered bacteria was observed over 3-4 days. Delivery of bacteria 361 

was observed in HeLa cells across two independent experiments (n=2).  362 

 363 

Extension to the natural endosymbiont Ca. K. crithidii 364 

Having established the protocol with E. coli, we asked whether it is readily applicable 365 

to a bacterium of direct evolutionary interest, Ca. K. crithidii; the obligate ß-366 

proteobacterial endosymbiont of A. deanei. Isolation of Ca. K. crithidiii from A. deanei 367 

is laborious (see the materials and methods section), and yields material that is 368 

unstable outside its host cell. Because PEG-fusion requires no particular genetic 369 

modification of the bacterium, it is in principle applicable. For fusion of this 370 

endosymbiont with the HeLa cell, we used freshly isolated endosymbionts which were 371 

purified using density gradient centrifugation as discussed in the materials and 372 

methods section (Fig. 6A-B). Delivery of the endosymbiont was observed in HeLa cells 373 

across two independent experiments (Fig. 6C). 374 

 375 

 376 

Troubleshooting   377 
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Table 1 lists the drawbacks most frequently encountered during development of this 378 

protocol, together with the likely causes and the solutions we adopted.  379 

 380 

Table 1: Troubleshooting guide for PEG-mediated delivery of bacteria into 381 

mammalian cells. 382 

Issues are listed in the order in which they arise during the protocol. Causes and 383 

solutions are based on the experience during protocol development in our laboratory. 384 

No. Issue Likely cause Suggested solution 

1 No intracellular 

bacteria 

detected 

PEG concentration too low or 

exposure too short 

Increase PEG-3350 from 10% 

to 20%, or extend exposure 

beyond 4-5 min. Prepare PEG 

fresh, confirm it is fully 

dissolved and sterilise by 

filtration, not autoclaving. 

2 No intracellular 

bacteria 

detected 

Bacterial density too low at the 

time of fusion 

  

Adjust the suspension to OD₆₀₀ 
= 0.5 and confirm by plating. 

Densities below 0.3 yield few 

delivery events. 

  

Use constitutively expressed 

fluorescence markers to track 

the bacteria microscopically. 

3 Bacterial 

overgrowth in 

the culture 

medium 

Gentamicin added too late, too 

diluted, or inactive against the 

strain 

Add 50 µg mL⁻¹ gentamicin 

immediately after the 30 min 

recovery step. Confirm 

sensitivity of the strain in use; 

gentamicin took ~2 h to 

suppress growth in our hands, 

but longer incubation times up 

to 4 h seem to work nicely. 

Shorter recovery periods leave 

extracellular bacteria growing. 

4 Poor HeLa  

viability after 

fusion 

PEG exposure too long, or PEG 

concentration above 20% 

Keep exposure at 4 min and 

PEG at 10–20%. Do not delay 

the Opti-MEM addition step. 

Also make sure HeLa cells are 

not dried out during any steps, 

and should always be in 

contact with either medium or 

PBS. 

5 Low delivery 

yield with higher 

molecular 

weight PEG 

Increased viscosity limits 

membrane contact; growth 

inhibition of the bacterium 

Use PEG-3350.  

Yield already decreased at 

PEG-6000. 
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6 Bacteria appear 

associated with, 

but not inside, 

host cells 

Surface adherence rather than 

delivery 

Extend the post-gentamicin 

washes. Confirm intracellularity 

by z-stack and orthogonal 

projection, and by differential 

labelling of extracellular 

bacteria before 

permeabilisation. 

7 Endosymbiont 

signal weak or 

absent 

Ca. K. crithidii is unstable 

outside its host after isolation 

Use the freshly isolated 

fraction, keep at 4°C 

throughout, and minimise the 

interval between the final 

isolation gradient and fusion. 

 385 

 386 

Remarks and limitations of the protocol 387 

The compartment in which the delivered bacteria reside has not been determined yet, 388 

z-stack reconstruction places them inside the host cell but cannot distinguish cytosol 389 

from a host-derived vacuole, and this distinction matters for any downstream 390 

endosymbiosis analysis or follow up experiment. Consequently, all claims in this study 391 

are limited to a localisation within the host cell.  392 

The viability of bacteria following delivery has not been directly evaluated. The 393 

persistence of the mCherry fluorescence signal over three to four days suggests 394 

potential survival but does not confirm bacterial viability, as fluorescent proteins can 395 

remain detectable in non-metabolically active bacteria. No assertion is made regarding 396 

whether the delivered bacteria are alive, dividing, or metabolically active.  397 

HeLa cells retained normal morphology and adherence post-procedure, but these 398 

observations are qualitative. The protocol is a bulk process with a stochastic outcome, 399 

so the population is heterogeneous. Some cells receive no bacteria while others 400 

receive several, and we have not established what determines this heterogeneity. As 401 

we have not examined the bacteria or endosymbiont persistence beyond a few days, 402 

no claim is made about maintenance over host cell division. The viability of the 403 

extracellular bacteria is not assessed. OD600 measures the turbidity which also 404 

includes the non-viable cells and debris, so the data establish that extracellular 405 

bacteria cease to grow rather than they are removed. Recovery of colony-forming units 406 

after the clearance step would distinguish the two.   407 

We are interested whether a specific cell cycle stage of the host cell favours bacterial 408 

or endosymbiont introduction. The two bacterial species tested differ in aspects that 409 

may influence the generalizability of the findings. E. coli was employed for the protocol 410 

optimisation due to its availability, ease to culture. The size of Ca. K. crithidii is similar 411 

to E. coli. 412 

Lastly, the experiments were conducted with a single host cell line; HeLa cells were 413 

selected for their nutrient rich cytosol, helpful for the growth of bacteria and flattened 414 

morphology and large cytoplasmic volume, which facilitate fusion and imaging. The 415 

applicability of the protocol to smaller, rounder, less adherent, or immunologically 416 

competent cell types remains to be evaluated. 417 

 418 

Discussion and perspectives  419 

We describe here a polyethylene glycol-based method that results in the introduction 420 

of bacteria into mammalian cells. Our goal was to identify conditions in which fusion 421 
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occurs while both the bacteria and host cells remain viable. We observed that 10% 422 

PEG-3350 facilitated efficient delivery, whereas concentrations of 30% or higher 423 

halted bacterial growth. Timing is crucial: gentamicin takes about 2 h to eliminate 424 

extracellular bacteria, establishing a minimum recovery period, while extended PEG 425 

exposure improves delivery at the expense of bacterial viability. Each parameter is 426 

limited by the balance between fusion needs and cellular tolerance; the resulting 427 

general protocol optimally intersects these constraints rather than maximizing one. 428 

The main advantage over existing approaches is that neither partner needs to be 429 

engineered. Microinjection reliably introduces bacteria but targets individual cells and 430 

requires specialised equipment8,9. Methods such as engineered invasion and 431 

listeriolysin-mediated phagosomal escape can be scaled up to populations but depend 432 

on the endosymbiont being culturable and genetically tractable7,10. This is a significant 433 

constraint, not just a technical inconvenience; the genome reduction that indicates an 434 

endosymbiont's advanced integration stage toward becoming an organelle also 435 

hinders its independent cultivation and subsequent engineering. Organisms further 436 

along the integration pathway, which are most informative about the process, are 437 

largely inaccessible to the most effective methods. PEG fusion overcomes this 438 

limitation; the bacterium is a passive participant, making tractability irrelevant. 439 

Additionally, this is a bulk process performed while isolated endosymbionts remain 440 

viable, which is crucial for materials that cannot be prepared in advance or in large 441 

quantities.  442 

A second potential advantage, based on the underlying mechanism, still needs to be 443 

tested. In invasion pathways, bacteria are enclosed in a host vacuole and must escape 444 

afterwards; this explains why listeriolysin O is co-expressed with invasin in engineered 445 

systems7, and why phagolysosomal degradation remains the main barrier to 446 

endosymbiosis in mammalian cells5. PEG acts by directly fusing adjacent bilayers, 447 

possibly allowing direct incorporation of the bacteria into the host cell cytosol without 448 

a vacuole, thereby bypassing the escape challenge. However, PEG treatment may 449 

also promote uptake into a membrane-bound compartment via a route similar to 450 

macropinocytosis, in which the barrier is simply delayed rather than removed32. Co-451 

staining with a plasma membrane marker and an endolysosomal pathway marker 452 

could indicate whether a host membrane surrounds the bacterium. Stimulated 453 

emission depletion (STED) microscopy and correlative light and electron microscopy 454 

(CLEM) would together eventually establish the identity and ultrastructure of any 455 

eventual bacteria-surrounding membrane. 456 

Bacterial and host viability after the delivery also requires direct assessment.. 457 

Recovering colony-forming units from lysed host cells or inducing a reporter after 458 

delivery would directly demonstrate viability. Live-cell imaging over comparable 459 

intervals would show whether the delivered bacteria divide and would indicate whether 460 

the host tolerates their presence throughout its own division cycle. Host viability and 461 

proliferation after PEG exposure should be quantified alongside delivery efficiency 462 

rather than inferred from morphology, particularly since some PEG derivatives have 463 

been reported to affect HeLa cell growth30. The outcomes of the protocol vary across 464 

the population. A hypothesis worth exploring, the host cell cycle stage might influence 465 

permissiveness, as membrane composition, surface area, and cortical organization 466 

change throughout the cycle. Differentiating between possibilities is crucial both 467 

practically and mechanistically, since a protocol that consistently delivers a single 468 

bacterium per cell would be more effective for studying integration than one with 469 

variable numbers. Delivery is the first of several requirements for establishing an 470 

endosymbiotic relationship, and this paper focuses solely on that aspect. Persistence 471 
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through host cell division, coordinating replication with the host, achieving metabolic 472 

alignment via transporters, and ultimately transferring genes to the host nucleus 473 

remain unaddressed5,33. The historical context of PEG-based associations illustrates 474 

the scope of this challenge: HeLa-tobacco hybrid lines, although proliferative, retained 475 

only fragments of the plant genome22. Advances have been made through alternative 476 

approaches; Gäbelein et al. (2022)10 demonstrated endosymbiotic growth of E. coli 477 

within mammalian cells10 and Courneyer et al. (2022)34 achieved photosynthetic 478 

functionality via engineered endosymbiosis, both methods involving significant 479 

bacterial modification34. Our contribution emphasises not greater persistence but 480 

broader accessibility, a delivery method applicable to organisms that cannot be 481 

genetically engineered and effective at the population level.  482 

For a generalised application of the protocol, as for instance here illustrated, one 483 

primary goal might be to characterise host integration of the endosymbiont, i.e. Ca. K. 484 

crithidii in greater detail. Unlike E. coli, this organism has spent its evolutionary history 485 

within a eukaryotic cytosol and has lost the genes for functions that its host supplies. 486 

Whether that history helps or hinders its survival in an unrelated host is unknown, and 487 

either outcome would be informative. If its persistence is similar to that of E. coli, it 488 

would indicate that adaptation to an intracellular environment is transferable between 489 

hosts, implicating general features of the cytosol rather than anything specific to A. 490 

deanei. Poorer persistence would indicate that the dependence is specific, and would 491 

help identify what the trypanosomatid host provides that HeLa cells lack. 492 

More broadly, because the method requires no engineering of either partner, it should 493 

be transferable readily to other intractable bacteria, and to other mammalian cell types, 494 

providing a general starting point for reconstructing host-endosymbiont integration. 495 

 496 

 497 

Materials and Methods  498 

Bacterial cell culture  499 

Two E. coli strains were used: T7 express E. coli carrying plasmid pET28a-sfGFP for 500 

IPTG-inducible sfGFP expression, and OneShot TOP10 (Invitrogen cat. no. C4040-501 

03, competency: >10−9 CFU μg−1), constitutively expressingmCherry (Addgene, 502 

pmr101A-cPr-mCherry, cat. No. 177207). The T7 Express strain was used for all 503 

optimisation experiments; whereas the TOP10 strain was used for fusion, where its 504 

constitutively expressed mCherry complements the mScarlet-tagged endosymbiont. 505 

Cultures were inoculated from a glycerol stock into 5 mL of Luria-Bertani broth (Roth, 506 

cat. no. 6673.4) containing 50 µg mL-1 ampicillin for T7 express E. coli  along with 1.5 507 

mM IPTG and for oneshot TOP10 E. coli cells,  5 mL of Luria-Bertani broth (Roth, cat. 508 

no. 6673.4) containing 50 µg mL-1 kanamycin and cultures were incubated overnight 509 

at 37°C with shaking at 160 rpm.  510 

 511 

Growth curve  512 

An overnight-grown culture was inoculated into a fresh LB or DMEM-based medium. 513 

The OD600 was either adjusted for the OD optimization step, or it was maintained at 514 

0.5 throughout the experiment. For every condition, 2 mL of mixture was prepared. 515 

150 µL aliquots were dispensed in triplicate into a 96-well flat-bottom plate, and OD600 516 

was recorded at 0, 30, 60, 90, 120, 150 and 180 min using a plate reader CLARIOstar 517 

(BMG LABTECH, Ortenberg, Germany). Plates were held at 37℃ with shaking at 160 518 
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rpm between the readings. All the readings were blanked against the cell-free medium 519 

of the corresponding composition. 520 

Gentamicin screen 521 

Gentamicin (Sigma, Cat. no. G1397) was added at 10, 25, 50 or 100 µg mL-1 to 522 

bacterial suspensions at OD600 0.15, 0.2, 0.3 and 0.5, resulting in 16 conditions (Suppl. 523 

Fig. S1). 524 

PEG screen 525 

PEG-3350,-4000, -6000 and -8000 were tested at 10, 20, 30, 40, 50% (w/v) in bacterial 526 

cultures at OD600 0.5, with each molecular weight with its own no-PEG control, 527 

resulting in 20 conditions in total (Suppl. Fig. S2). PEG solutions were prepared in 528 

PBS, sterile-filtered, and used fresh. Readings in PEG-containing medium were 529 

blanked against the corresponding PEG-only control.  530 

Media screen 531 

Five cumulative DMEM-based compositions were compared at a starting OD600 of 0.5: 532 

(1) DMEM; (2) DMEM + 10 % FBS; (3) DMEM +10% FBS + 125 U mL-1 Penicillin and 533 

streptomycin; (4) DMEM + 10% FBS + 125 U mL-1 Penicillin and streptomycin + 50 µg 534 

mL-1 gentamicin; (5) DMEM + 10% FBS + 125 U mL-1 Penicillin and streptomycin + 535 

100 µg mL-1 gentamicin. Media were prewarmed to 37°C before incubation (Fig. 3A-536 

B, Suppl. Fig. S3). Mean 士 SD, n=3 537 

 538 

 539 

Mammalian cell culture  540 

HeLa (DSMZ,ACC 57) cells were cultivated in a humidified atmosphere at 37℃, 5% 541 

CO2 in Dulbecco’s modified Eagle medium (DMEM, PANBiotech, Aidenbach, 542 

Germany, cat. no. P04-03550), supplemented with 125 U mL-1 penicillin, 125 U mL-1 543 

streptomycin (PANBiotech, cat. no.P06-07100), and 10% fetal bovine serum (FBS, 544 

PAN Biotech, cat. no. P30-3602). 545 

 546 

Cultivation of Angomonas deanei and endosymbiont extraction 547 

Endosymbionts were isolated essentially as described previously15. In brief, an A. 548 

deanei strain expressing the endosymbiont marker mScarlet-ETP132 was grown in 549 

Brain Heart Infusion (BHI, Sigma-Aldrich) containing 10 µg mL-1 hemin (Sigma-Aldrich) 550 

at 28°C with shaking. To isolate a sufficient number of endosymbionts at least 300 mL 551 

of a late-log culture were used for extraction. All isolation steps were carried out at 552 

4°C. Cells were harvested by centrifugation for 15 min at 6,000 g followed by three 553 

washing steps with 50 mL 1x PBS and 10 min of centrifugation at 5,000 g each. The 554 

cell pellet was resuspended in 15 mL of buffer A (10 mM HEPES, 0.5 mM EDTA and 555 

20 mM KCl, pH 7.4) containing 150 mM sucrose and a protease inhibitor cocktail 556 

(cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail, Roche; in addition, 1 mM 557 

PMSF, 10 µM E64 and 100 µM Na-tosyl-L-lysine can be added). Cells were lysed by 558 

sonication with 10 cycles, an amplitude of 80 %, 0.8 cycles, and 18 pulses per cycle 559 

using a Hielscher UP50H Compact Lab Homogenizer equipped with an MS3 560 

sonotrode. Sufficient cell lysis was confirmed microscopically. The cell lysate was 561 

centrifuged at 15 min at 7,600 g and the supernatant discarded. The pellet was 562 

resuspended in 8 mL buffer A containing 250 mM sucrose. The suspension was split 563 

and 4 mL each loaded on top of two discontinuous sucrose gradients prepared with 5 564 

mL buffer A containing 800 mM sucrose and 10 mL buffer A containing 400 mM 565 

sucrose in 30 mL glass tubes (Corex). The gradients were centrifuged at 760 g for 30 566 

.CC-BY 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 22, 2026. ; https://doi.org/10.64898/2026.09.20.753003doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?broken=ZThztR
https://www.zotero.org/google-docs/?broken=u1uP6O
https://doi.org/10.64898/2026.09.20.753003
http://creativecommons.org/licenses/by/4.0/


14 

min without brake in a Beckman JS-21 centrifuge with a swinging-bucket rotor JS-567 

13.1. After centrifugation the entire cloud-like material in the upper half of the gradient 568 

was transferred to a 50 mL tube and centrifuged at 7,600 g for 15 min. The pellet was 569 

resuspended in 2 mL buffer A containing 250 mM sucrose. The suspension was split 570 

and 1 mL each loaded on top of two discontinuous Percoll® PLUS (Cytiva) gradients 571 

of 2 mL each 80 %, 70 %, 60 %, 50 % and 40 % Percoll in buffer A with a final 572 

concentration of 250 mM sucrose prepared in 15 mL glass tubes (Corex). Gradients 573 

were centrifuged at 10,000 g for 1 h without brake in a Beckman JS-21 centrifuge with 574 

a swinging-bucket rotor JS-13.1. The endosymbionts are contained in the fraction that 575 

is visible at/between the 60 % - 70 % Percoll bands. This fraction was transferred to a 576 

50 mL reaction tube and an equal volume of buffer A containing 250 mM sucrose was 577 

added. The suspension was centrifuged at 7,600 g for 15 min. Afterwards, half of the 578 

supernatant was removed and the removed volume was substituted with the same 579 

volume buffer A containing 250 mM sucrose. This step was repeated three times until 580 

a visible pellet formed. Most of the supernatant was removed carefully and the pellet 581 

was resuspended in the remaining supernatant (~200 - 500 µl). The suspension was 582 

analysed microscopically to verify that endosymbionts were successfully isolated and 583 

OD600 was measured. Images of isolated endosymbionts were acquired with an Axio 584 

Imager A.2 and processed with the Zen Blue software v2.5 (both from Zeiss). For 585 

fusion experiments, freshly extracted endosymbionts were used.   586 

 587 

Post-fusion recovery imaging  588 

PEG-mediated fusion was performed as described below and replicates were fixed 589 

after 1, 2, 3 and 4 h of recovery in gentamicin-containing medium. Extracellular 590 

bacteria were identified as mCherry positive rod. Three fields were scored per time-591 

point from 2 independent experiments (Fig. 3C).  592 

 593 

 594 

Timing Matrix 595 

HeLa cells were seeded and incubated (as mentioned before) for 12 to 24 h before 596 

fusion. The PEG fusion was performed with each one of the eight conditions (10 or 597 

20% PEG-3350, -4000, -6000 or -8000), and fixed after a further 4 or 24 h incubation 598 

period, resulting in 32 combinations (Fig. 3D; Suppl.  Fig. S4). Delivery of bacteria in 599 

mammalian cells was scored using confocal microscopy as a presence of intracellular 600 

mCherry or sfGFP signal. Conditions with no detectable intracellular signal under 601 

these criteria were scored as negative. Three fields were scored per time-point from 2 602 

independent experiments. 603 

 604 

Quantification of delivery 605 

Delivered bacteria were observed using confocal z-stacks acquired throughout the 606 

depth of the host cell. A bacterium was counted as intracellular when sfGFP/mCherry 607 

signal was resolved in optical sections interior to host cell in both orthogonal 608 

projections. Four cells were scored per conditions across 2 independent experiments.  609 

 610 

Statistics 611 

No inferential statistical tests were conducted. All comparisons are descriptive. For the 612 

growth assays (Figs. 2B, 2C, 3B, Suppl. Fig. S1-S3), each screen was performed as 613 

three independent experiments; the figures show data from one representative 614 

experiment, with values reported as mean ± SD of three technical replicates measured 615 
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in parallel wells of that experiment. Error bars therefore reflect within-experiment (well-616 

to-well) variability rather than variability between independent experiments. The same 617 

overall pattern was observed in all three independent experiments. In imaging 618 

experiments, n indicates the number of fields or cells scored, as noted in each legend. 619 

Post-fusion recovery (Fig. 3C) was assessed from three fields per timepoint across 620 

two independent experiments. Timing matrix conditions (Fig. S4) and delivery of Ca. 621 

K. crithidii (Fig. 6) were assessed across two independent experiments. Results are 622 

thus reported as observed outcomes rather than quantified efficiencies. Growth curve 623 

means and SDs were calculated in R version 4.6.1 using dplyr version 1.2.1, and 624 

figures were produced with ggplot2 version 4.0.3. 625 

 626 
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 637 
Figure 1. Two-part optimisation strategy. Optimisation was carried out in two 638 

stages. Bacterial parameters optimisation established the constraints set by the 639 

bacterium, and comprised screening gentamicin concentration against bacterial 640 

density (16 conditions) and PEG molecular weight against PEG concentrations (20 641 

conditions). This fixed the bacterial optimal input OD600 0.5, gentamicin at  50 µg mL-1 642 

and PEG-3350 at 10-20%. Host and fusion parameters optimised within those 643 

constraints, screening medium composition (5 combinations; 1: DMEM, 2: 644 

DMEM+FBS 3: DMEM+FBS+P/S 4: DMEM+FBS+P/S+gentamicin 50 µg mL-1 5: 645 

DMEM+FBS+P/S+gentamicin 100 µg mL-1) and the timing of PEG exposure, seeding 646 

and recovery. Highlighted box showing the optimised parameters for the PEG fusion 647 

workflow. 648 

 649 

 650 

 651 
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 652 
Figure 2. Optimisation of bacterial parameters. (A) Screened parameters: 653 

gentamicin (10, 25, 50, 100 µg mL-1) was tested with bacterial density (OD600 0.15, 654 

0.2, 0.3, 0.5), and PEG molecular weight (-3350, -4000, -6000, -8000) at 655 

concentrations 10-50%. The highlighted parameters were selected for the next 656 

experiments. Complete matrices are given in Suppl. Figs. S1, S2. (B) Growth of E. coli 657 

at the selected gentamicin concentration across the 4 densities was tested with an 658 

antibiotic-free control; growth suppression began at approximately 2 h. (C) Growth at 659 

OD600 0.5 in 10% and 20% PEG-3350 with a no-PEG control. Values are shown as a 660 

mean 土 SD of three technical replicates from a single experiment. 661 

 662 

 663 
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 664 
Figure 3. Optimisation of host and fusion parameters. (A) Five cumulative DMEM-665 

based medium combinations were screened. Bacterial growth was unaffected by FBS 666 

and bacterial growth was cleared faster in the presence of gentamicin than in the 667 

medium with only penicillin and streptomycin. Combinations 4 and 5 both met the 668 

requirement, and combination 4 was used in the final protocol on the basis of the 669 

concentration fixed in the bacterial parameter optimisation. (B) Growth of E. coli in 670 

combination 4 compared with a gentamicin-free medium; growth is supported for 671 

approximately 90 min before the decline is observable. (C) Post-fusion recovery. HeLa 672 

cells are fixed at 1, 2, 3, and 4 h after PEG-mediated fusion. mCherry-tagged E. coli 673 
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(red), DAPI-stained nuclei (cyan). Arrows mark extracellular bacteria, still present at 1 674 

and 3 h and not detected at 4 h, establishing 4 h as the recovery interval used in the 675 

final protocol. Scale bar, 50 µm. (D) Timing matrix. Cells were seeded and incubated 676 

for 12 to 24 h prior to fusion. Fusion was then performed using one of eight 677 

polyethylene glycol (PEG) conditions: 10% or 20% PEG-3350, PEG-4000, PEG-6000, 678 

or PEG-8000 and fixed after additional 4 or 24 h. This resulted in a total of 32 679 

experimental combinations. Optimal conditions identified included 12 h for fusion, 10% 680 

PEG-3350 (20% PEG-3350 was also effective; 10% was selected as the milder 681 

condition), and 4-hour incubation with gentamicin. The outcomes of this optimization 682 

are detailed in a matrix presented in Suppl. Fig. S4.  Image created with BioRender. 683 

 684 

 685 
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 687 
Figure 4. The resulting four-phase protocol. HeLa cells are seeded 12 h before the 688 

PEG fusion and E. coli is grown overnight; bacteria at OD600 0.5 are mixed 3:1 with 689 

10% PEG-3350 and applied for 4 min at room temperature, followed by addition of 690 

OptiMEM and incubation at 37°C, 5% CO2 for 30 min; extracellular bacteria are cleared 691 

in 50 µg mL-1 gentamicin for 4 h; cells are then fixed, DAPI stained and imaged. Image 692 

created with BioRender. 693 

 694 

 695 
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 697 
 698 

Figure 5. Optimised protocol delivers E. coli into HeLa cells. (A) Representative 699 

confocal images of HeLa cells 4 h after fusion with E. coli TOP10 expressing  mCherry 700 

plasmid, DAPI (cyan, nuclei), mCherry (red, E. coli), and merge. Scale bar, 50 µm. (B) 701 

Orthogonal (xy, xz, yz) projections of a selected representative single HeLa cell, 702 

showing mCherry-positive E. coli signal confined to a specific region within the cell in 703 

all three planes. Scale bar, 10 µm. (C) Controls. HeLa cells treated with PEG alone 704 

(no bacteria), and HeLa cells incubated with mCherry-tagged E. coli without  PEG. No 705 

intracellular mCherry signal was observed in either control. n=2 independent 706 

experiments. 707 

 708 

 709 

 710 
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 711 
Figure 6. The applicability of the developed fusion protocol extends to the 712 

endosymbiont Ca. K. crithidii isolated from A. deanei. (A) Isolation workflow: A. 713 

deanei grown to late-log phase is harvested, lysed by sonication, and the 714 

endosymbiont fraction is purified through successive sucrose and Percoll PLUS 715 

gradients; freshly isolated material was used for PEG fusion. Created in BioRender. 716 

https://BioRender.com/s91nlns. (B) Micrograph of the isolated endosymbiont fraction. 717 
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Endosymbionts identified by the typical peanut shape (DIC) and the mScarlet-tagged 718 

ETP1 marker, scale bar, 10 µm. (C) Confocal images of HeLa cells after the fusion 719 

with isolated Ca. K. crithidii, scale bar, 100 µm, n=2 independent experiments. 720 

 721 

.CC-BY 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 22, 2026. ; https://doi.org/10.64898/2026.09.20.753003doi: bioRxiv preprint 

https://doi.org/10.64898/2026.09.20.753003
http://creativecommons.org/licenses/by/4.0/


24 

Supplementary information  722 

 723 

 724 

 725 

Suppl. Fig. S1. Complete gentamicin vs bacterial density matrix:  726 

Growth of E. coli at gentamicin concentrations of 10, 25, 50, and 100 µg mL-1 (columns) 727 

and OD600 of 0.15, 0.2, 0.3, and 0.5 (rows). Each panel shows the gentamicin (purple) 728 

with the corresponding no-gentamicin (grey) growth curve, repeated across four 729 

panels of each row. All gentamicin concentrations suppressed growth, with OD600 730 

peaking at 120 min and then declining thereafter, whereas controls continue to 731 

increase throughout. 50 µg mL-1 gentamicin (shaded column) was selected as the 732 

lowest concentration that provided consistent suppression across the full density 733 

range and carried forward for subsequent experiments.  Mean 士 SD, n=3. 734 

 735 

 736 
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 737 

 738 

 739 
 740 

Suppl. Fig. S2. Complete PEG molecular weight vs. concentration screen matrix. 741 

Growth of E. coli at OD600 0.5 with PEG-3350, PEG-4000, PEG-6000, and PEG-8000 742 

at 10, 20, 30, 40, and 50% recorded over 180 min. Each panel shows the PEG 743 

condition (orange) with the corresponding no-PEG (grey) control; the same control 744 

trace is repeated across the five panels in each row. Growth was reduced relative to 745 

control at every concentration tested, and the reduction increased with concentration. 746 

Molecular weight had little effect. The shaded panel indicates the ten conditions 747 

carried forward into host and fusion optimisation experiments. Mean 士 SD, n=3. 748 

 749 
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 751 

 752 
 753 

Suppl. Fig. S3. Complete medium panel. Growth of E. coli at a starting density of 754 

OD600 0.5 in five DMEM based combinations: (1) DMEM; (2) DMEM+FBS; (3) 755 

DMEM+FBS+Penicillin-Streptomycin; 756 

(4) DMEM+FBS+Penicillin-Streptomycin+50 µg mL-1 gentamicin;  757 

(5) DMEM+FBS+Penicillin-Streptomycin+100 µg mL-1 gentamicin. Growth was 758 

unaffected by the addition of FBS. Penicillin-streptomycin led to a slower growth 759 

compared to the first two combinations; only the gentamicin containing combinations 760 

showed a reduction, with OD600 peaking at 60 min and declining thereafter. 761 

Combination 4 was carried out in the final protocol, on the basis of a gentamicin 762 

concentration selected in Fig. 2B.  Mean 士 SD, n=3. 763 

 764 

 765 
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 767 

 768 
Suppl. Fig. S4. Complete timing matrix. All 32 tested combinations with PEG type 769 

and concentration, seeding-to-fusion interval and post-fusion recovery interval, with 770 

outcome scored for each. Out of these 32 conditions, 10 were scored positive. Out of 771 

these ten, 10% PEG-3350 was selected for the final protocol. Image created with 772 

BioRender. 773 

 774 

 775 

 776 

 777 

 778 

 779 
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Supplementary Table S1.  784 
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Strains, plasmids and reagents used in this study  785 

 786 

Bacterial strains 787 

 788 

Strain Source Used for 

E. coli T7 Express NEB (cat. No. C2566H) 

 

Optimisation (density, 

gentamicin and PEG screens) 

E. coli One Shot TOP10 Invitrogen (cat. no. C4040-03)  PEG-mediated fusion into HeLa 

cells 

 789 

 790 

Trypanosomatid host and endosymbiont 791 

 792 

Organism Strain/line Source Used for 

Angomonas deanei mScarlet-ETP1 

expressing strain based 

on ATCC PRA-265 

from the American Type 

Culture Collection  

Generated in 

Morales et al; 2016  

Source of mScarlet-

ETP1-marked Ca. K. 

crithidii 

 793 

Mammalian cell line  794 

 795 

Cell line Description Source Used for 

HeLa Human cervical epithelial 

adenocarcinoma 

DSMZ, ACC 57  PEG-mediated fusion, 

all optimisation and 

imaging experiments 

 796 

Plasmids 797 

 798 

Strain Genotype/plasmid Source Used for 

pET28a-sfGFP IPTG-inducible sfGFP, 

kanamycin resistance 

Addgene, cat.no. 

85492 

Optimisation 

pmr101A-cPr-mCherry Constitutive mCherry, 

ampicillin resistance 

Addgene, cat. no. 

177207 

Final PEG fusion 

protocol 

 799 

Reagents 800 

 801 
Reagent Supplier Catalogue no. Used for 

Luria-Bertani broth Roth 6673.4 Bacterial culture 

Gentamicin Sigma-Aldrich G1397 Suppression of 

extracellular bacterial 

growth 
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Ampicillin Sigma-Aldrich A9518 T7 Express selection 

Kanamycin Sigma-Aldrich K4000-25G TOP10 selection 

IPTG Thermo Fisher scientific R0392 sfGFP induction 

Polyethylene glycol 

(PEG) 

Sigma 3350: [c]  4000: [cat. no.]  

6000: [cat. no.]  8000: 

[cat. no.] 

Fusion reagent 

DMEM PAN Biotech P04-03550 HeLa culture and fusion 

medium 

Fetal bovine serum (FBS) PAN Biotech P30-3602 HeLa culture medium 

Penicillin–streptomycin PAN Biotech P06-07100 HeLa culture medium 

Opti-MEM Gibco 22600-134 Post-fusion dilution 

Paraformaldehyde, 4% in 

PBS 

VWR J61899  Cell fixation 

DAPI Sigma-Aldrich D9542-5MG Nuclear counterstain 

Mowiol 4-88 Carl Roth 0718 Mounting medium 

DABCO Carl Roth 0713 mounting medium 

Percoll  Cytiva 17544501 Density-gradient isolation 

of Ca. K. crithidii 

 802 

 803 

 804 
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