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ABSTRACT 
 
Background: Genomes encode for organisms and thus genome synthesis implies the 
possibility of organismal synthesis, including the synthesis of organisms without constraint to 
lineage. Current genome-scale engineering projects are focused on minimization, refactoring, or 
recoding within the context of existing natural lineages. Minicells arise naturally as anucleate 
cells that are devoid of heritable genetic material but are capable of gene expression. Thus, 
minicells may serve as a useful starting point for developing lineage-agnostic organisms 
encoded by newly-designed synthetic genomes. However, the composition and expression 
capacity of minicells is fixed at the time of their formation. The possibility of reestablishing 
cellular growth and division starting from minicells and entirely heterologous synthetic genomes 
is unknown. 
 
Results:  We observed expression and segregation of functional proteins among mixed 
populations of reproducing cells and so-derived anucleate minicells via fluorescence 
microscopy. By adapting and integrating established methods of preparation and purification we 
were able to isolate minicells from a growing population of progenitor cells with a purity of at 
least 500 minicells per progenitor. We then used heterologous expression of plasmid-encoded 
green fluorescent protein to estimate the absolute expression capacity of minicells. We found 
that minicells can support the formation of 4.9 ± 4.6 × 108 peptide bonds prior to exhausting 
their initial intrinsic expression capacity. 
 
Conclusions: Minicells can be produced in large numbers with high purity and can also harbor 
and express engineered plasmids. The observed variation in minicell gene expression capacity 
suggests that about 13% of gene-expressing minicells can support the formation of more than 
one-billion peptide bonds, an amount sufficient to replicate known prokaryotic proteomes. 
Stated differently, while most minicells would require a sophisticated genetic ‘boot’ program to 
first increase minicell-specific expression capacity sufficient to instantiate newly reproducing 
lineages, a subset of minicells may be able to directly support whole genome, lineage-agnostic 
organism engineering.  
 
Keywords: Minicells, genome engineering, organism engineering, synthetic cells, synthetic 
biology, expression capacity 
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Background 

Our increasing proficiency at engineering living matter is impacting a diversity of human 

activities including health, energy, agriculture, manufacturing, and our relationships with the 

environment [1-7]. One imperfect but operationally-useful measure of these impacts is the 

growth of the so-called bioeconomy, which has increased annually by ~10% in the United 

States over the past decade [8] and engages ~8% of the workforce in the European Union [9]. 

The increasing technological and economic impacts of bioengineering are undergirded by an 

increasing mastery of DNA design, from encoding single genes to complex pathways and 

cellular systems. More recently, capacities for designing, constructing, and handling DNA on the 

genomic scale [10,11] coupled with the dropping price and increasing fidelity of DNA synthesis 

and sequencing technologies [12] has made the building of functional synthetic genomes both 

technically practical and fiscally feasible. This recently emergent capacity to design and build 

genomes enables the pursuit of constructing, understanding, and operationally mastering the 

core unit of life – living cells. 

 

Various approaches for building synthetic cells have made progress towards constructing 

functional synthetic genomes while also revealing gaps in our collective knowledge of how 

natural genomes encode viable cells. For example, top down genome minimization efforts (Fig. 

1) have been used to determine one or more minimal gene sets capable of sustaining life [13-

17]. As one specific example, work towards obtaining a minimal Mycoplasma mycoides genome 

generated the design of a 531 kbp genome (JCVI-syn3.0) encoding a functional set of 473 

genes each individually essential for life yet for which 149 genes could not be assigned any 

specific biological function [13]. A more recent computational model of a JCVI-syn3.0-derived 

cell using flux balance analysis to categorize and quantify central-, nucleotide-, lipid-, cofactor-, 

and amino acid-metabolism was still unable to assign functions to 91 genes, at least 30 of which 
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are essential [18]. The ongoing lack of a complete first-order understanding of all the genes 

essential for life presents a significant opportunity for the science of biology [19], while hindering 

the ability of engineers to operate at the cellular scale except via high-throughput tinker-and-

testing.  

 

The dominant, complementary method for building synthetic cells utilizes bottom up additive 

approaches, combining from scratch the chemical and physical functions known or thought to 

be essential for life, with the aim of creating or recreating cellular life starting from lifeless 

ensembles of molecules (Fig. 1). Efforts along this track are focused on the co-assembly of 

artificial lipid membranes with cell extract-based or purified gene expression systems [21-24]. 

Additional work focused on the formation of minimal protocells as a model for abiogenesis 

strives to demonstrate the synchronization of genomic replication, often using RNA-based 

genomes and ribozymes, in unison with compartment division of droplets or unilamellar vesicles 

[25,26]. While significant progress has been made towards self-assembly, encapsulation, and 

synthesis and division of lipid membranes, the bottom-up creation of a full reproducing cell has 

not yet been realized. Moreover, it is unclear what may remain missing at the end of ongoing 

efforts; just as genome minimization efforts reveal essential genes of unknown function, we 

might also anticipate that bottom-up synthetic cell construction efforts will eventually reveal the 

complementary puzzle of essential functions that are unknown. 

 

Given that the two dominant strategies for building fully-understood synthetic cells have not yet 

succeeded we sought to explore a third approach in which the strength of each existing method 

might complement the weakness of the other. One possibility would be to develop wholly-

designed, lineage-agnostic genomes that, at least initially, operate within the molecular milieu 

derived from natural cells that have been depleted of all natural genetic material (Fig. 1). While 

the existence of containers for gene expression in the absence of expressible nucleic acids are 
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vanishingly rare in nature, an example occurs in the form of minicells [27,28]. Minicells result 

from aberrant cell division events and contain a subset of proteins, RNA, and lipid membrane 

derived from a full cell while lacking genomic DNA. Bacterial minicell producing strains can 

occur from several different means [29,30], one example being an E. coli strain possessing a 

minB mutation. The absence of minB causes septation to appear at the poles during cell 

division resulting in spherical minicells ranging from 50 nm to a few microns in diameter (Figure 

2D). Despite lacking a genome, minicells have been reported to possess the capacity for gene 

expression [31-35]. Although minicells themselves are lineage derived from their source 

organism, the possibility to express and replicate using an arbitrary genome that overtakes its 

endogenous componentry makes minicells a potentially attractive chassis for engineering 

synthetic cells. Stated differently and to summarize, top down and bottom up approaches help 

make clear our lack of understanding of essential genes of unknown functions and essential 

functions that are unknown; a “middle out” strategy starting from minicells might help bridge the 

gap. 

 

Minicells have also found use in applications ranging from biosensing to drug delivery [35-39]. 

To expand minicell usage for prototyping synthetic cells, three technical questions will have to 

be addressed. First, are we able to reliably transfer heterologous DNA into minicells?  Second, 

are we able to purify minicells from an initial growing culture of progenitor cells? Third, do 

individual minicells have the expression capacity necessary to express a genome encoding an 

entire living cell? Here, we establish working protocols and quantify the expression capacity of 

minicells, such that organism designers might better develop synthetic genomes to restore 

growth and reproduction of minicells without constraint to lineage.  
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Results 

Heterologous proteins are present in newly-formed minicells, but where are they made? 

Due to both their limited size and mechanism of formation, minicells are deficient in 

chromosomal DNA but receive a subset of cytosol, proteins, and membrane from their 

progenitor cells. To confirm this expectation, we used brightfield and fluorescence microscopy to 

observe minicell production from cells transformed with a plasmid that constitutively expresses 

green fluorescent protein (sfGFP) at medium copy number (10-20 copies per cell) (Fig. 3). While 

the progenitor cells continued to grow and divide, producing both viable progeny as well as 

minicells, the minicells themselves did not grow or divide (Fig. 3, 320’ brightfield panel). Most 

progenitor cells and at least some of the minicells harbored significant fluorescence (Fig. 3, 

middle and bottom rows).  

 

Minicell fluorescence typically intensified and appeared more highly concentrated than in 

progenitor cells. Upon formation, minicells receive all the components necessary for gene 

expression, and so those minicells that receive copies of the sfGFP-encoding plasmid have the 

possibility for continued expression of sfGFP. However, it is unclear whether the heightened 

fluorescence signal results from sfGFP production in the minicells themselves. The increased 

signal could be due to progenitor-cell expression of sfGFP followed by segregation of 

progenitor-expressed proteins into minicells that undergo post-translational maturation. To 

evaluate whether minicells are a suitable chassis for cell builders, we must better quantify to 

what extent minicells can express heterologous genes. 

 

Minicells can be extracted and purified from growing culture of progenitor cells 

In order to better perturb and quantify minicells in the absence of progenitor cells, we sought to 

purify minicells with high yield and purity. As minicells themselves are unable to replicate, they 
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are dependent on progenitor cells to produce an abundant number sufficient for characterization 

and downstream processing. Historically, differential separation of minicells has been conducted 

using sucrose gradients, filtration, and centrifugation methods that leverage the differing size 

and densities of minicells compared to their progenitors [27,40,41]. Alternatively, selection 

methods have been performed using penicillin-based antibiotics to inhibit synthesis of the 

peptidoglycan layer, exploiting the minicells’ arrested growth to lyse progenitor cells while 

leaving minicells intact [42]. We used an approach that combines differential centrifugation and 

antibiotic selection to purify minicells [43] and then quantified the purity and yield of the resulting 

preparations. 

   

To start we grew cultures of the minicell-producing strain to late exponential growth phase (OD 

~1), where a majority (~75%) of minicells within the mixture will have been formed within a 

window of two cell doublings. We then centrifuged down the mixed culture leaving most of the 

minicells within the supernatant (Fig. 4A). We observed via flow cytometry that two population 

clusters are separable when sorted by side scattering, signifying clusters of minicells at low 

scattering and progenitor cells at high scattering (Fig. 4B). Minicells represented 26.7% of cells 

that are pelleted, and a sizable number of progenitor cells are left in the supernatant and must 

still be removed (Fig. 4C). We then added ceftriaxone, a penicillin-based antibiotic, to lyse 

growing cells (Fig. 4D). By this purification process, we obtained a yield of 6 × 108 minicells per 

1 L of starting culture and a purity of 500 minicells per remaining viable progenitor cell, as 

measured by plate assay. The purity can be further increased through post-purification 

centrifugation of cell debris and FACS for minicell sorting and extraction (Fig. 4E). 

 

To eliminate expression activity from the small number of remaining progenitor cells, we eluted 

the remaining minicells within sterile PBS and applied additional ceftriaxone. We conducted 

viability assays using dilution-based plating on growth media and saw no viable colonies when 
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plating 2 × 109 minicells incubated overnight at 37°C. We also saw no increase in optical density 

of the culture under sustained incubation at 37°C over two days. Using these methods, we can 

maintain quantities of minicells to utilize and characterize without any background presence of 

progenitor cells. 

 

Heterologous expression measured in bulk minicell preparations  

To study whether the increased fluorescence observed over time is due to synthesis of new 

fluorescent proteins within minicells, we conducted an assay measuring translation activity in 

purified minicells. Previous evidence of gene expression within minicells have been reported in 

the forms of expression from heterologous plasmid DNA [31-35], producing transcription and 

translation activity from minicell lysate [41,44], or via susceptibility to phage infection and 

production of phage particles [45-49]. We sought to directly verify and quantify gene expression 

within minicells using a fluorescence-based assay.   

 

We purified minicells as described from a minicell-producing E. coli strain harboring a sfGFP-

expressing plasmid. We relied on plasmid segregation during cell division for introduction of 

heterologous DNA to minicells. A significant proportion of minicells should receive the plasmid 

as well as plasmid-bound RNA polymerase, thereby increasing minicell-based transcription 

[41,44].  We observed constitutive expression of sfGFP in minicells (Figure 5). We used a 

protein synthesis inhibitor (chloramphenicol) to distinguish between newly-expressed GFP and 

latent maturation of GFP made in progenitor cells. We measured an increase in fluorescence 

over time for minicell samples both with and without the translation inhibitor.  However, after one 

hour, we observed no fluorescence accumulation in minicells exposed to the translation 

inhibitor, whereas untreated minicells accumulated roughly twice as much fluorescence, 

consistent with expression and maturation of new heterologous proteins inside minicells. 
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A small fraction of individual minicells should be capable of expressing entire genomes 

We next sought to understand the expression capacity of individual minicells. Due to the 

random nature of their formation, minicells are expected to possess high diversity in their 

composition and expression capacity. We first confirmed this notion by observing minicells via 

time-lapse fluorescence microscopy (Fig. 3), where the increase in fluorescence within 

individual minicells varied widely compared to neighboring progenitor cells and nearby minicells. 

 

We then used time-lapse microscopy to track fluorescence production in individual minicells 

under two conditions: minicells formed immediately from their progenitor cells and minicells 

purified as described. We tracked individual progenitor cells and newly-formed minicells every 

15 minutes (Fig. 6A). We wrote and used a script for tracking individual minicells throughout the 

movie and the fluorescence of minicells was recorded. Minicells recorded in this fashion have, 

on average, a nearly 3-fold increase in fluorescence over a two hour window. We tracked 

minicells prepared by our previously described purification process using the same methodology 

and filter settings (Fig. 6B) and found that the purified minicells have on average a 2.7-fold 

increase in fluorescence over time. We converted the measured fluorescence signal to an 

absolute number of sfGFP molecules produced (Supplementary Fig. 1) and estimate that 

purified minicells are able to form 4.9 ± 4.6 × 108 peptide bonds. Compared to the ~1 × 109 

peptide bonds necessary for making an E. coli proteome at a doubling time of 30 minutes [50], 

at least 13% of gene-expressing minicells should be able to express a full microbial proteome. 

 

Discussion 

Minicells possess several intrinsic qualities that make them an attractive option for prototyping 

genomes and constructing synthetic cells. Most notably, minicells provide an ensemble of 

functions necessary for life, including unknown functions, that may serve as a “crutch” for 
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bottom-up cell building approaches; life-essential functions that are currently unknown may 

already exist within minicells. Stated differently, in contrast to liposomes and primitive protocells, 

minicells inherit known and unknown functional molecules that have already evolved to persist 

as a physically-structured ensemble. Thus, while minicells may be ill suited for understanding 

abiogenesis, their suite of evolved enzymes, polymerases, tRNAs, ribosomes, and other 

components form a complex milieu that could provide an advanced starting point for building 

and testing lineage-agnostic synthetic genomes. Additionally, although minicells themselves are 

unable to replicate, the progenitor cells that produce minicells can rbe eengineered in ways that 

vary minicell composition, as might be useful in studying or debugging genome-scale 

engineering projects. 

 

Practically, working with minicells introduces other constraints that may limit their usefulness as 

chassis for synthetic cell building. For example, many traditional laboratory methods, especially 

those that rely on growth or selection of specific genotype or phenotype, cannot be used with 

non-growing minicells. As an example, we tested direct chemical transformation and 

electroporation of sfGFP-expressing plasmids into minicells but found no evidence of successful 

transformants (Supplementary Fig. 2). The lack of transformants could be explained by low 

efficiencies of transfer or by the lack of plasmid-bound RNA polymerase from the purified 

plasmid DNA used during transformation.  

 

Another constraint of minicells is their reduced physical size and expression capacity that may, 

in turn, limit the size of genome that can initially be contained and expressed within most 

minicells. For example, using a volume of 1 nm3 per base pair of packed DNA, an entire 4.6 MB 

E. coli genome would occupy the entire volume of a 200 nm-diameter minicell.  Smaller 

minicells might thus necessitate a “boot order” for the staged expression of core life functions 

prior to expressing all functions needed for growth and division. Addressing the challenge of 
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booting up smaller minicells may be revealing for synthetic cell engineering, in general, as a 

goal in and of itself.  However, we note that conjugation of genomic DNA into minicells followed 

by recovery of cell growth has been reported albeit as extraordinary low frequencies [51], 

suggesting that synthetic genomes may be able to be transferred to minicells via conjugation.  

Alternatively, the genome of progenitor cells could be degraded, leaving behind a maxicell (i.e., 

the functional equivalent of an anucleate minicell but with the size and resourcing of a normal-

sized cell) [52-54]. 

 

Minicells also provide a means for cleanly instantiating ab initio genomes without constraint to 

specific natural lineages (Fig. 7). For example, if one is interested in minimal genomes it may be 

important to consider genome minimization beyond the context of a specific natural lineage.  As 

a more specific example, the JCVI-syn3.0 genome uses the pre-existing Mycoplasma mycoides 

ATP synthase as its source of ATP. However, there exist multiple means for cells to produce or 

obtain ATP. If a potential synthetic cell was supplied with an ATP-rich environment then that cell 

might be able to more simply utilize an ATP/ADP translocase adapted from a bacterial 

endosymbiont [55] as its energy source – an impossibility if genome-scale researchers strictly 

adhere to lineage-specific genome minimization. The potential for construction by the means of 

composing and integrating functions across lineages could thus enable the process of building 

up of cells more generally.  

 

Building cells from scratch and without constraint to lineage will also require expertise across 

multiple areas of cell biology, biochemistry, biophysics, bioengineering, imaging, and many 

other disciplines. To best coordinate and integrate such work, we might take note of lessons 

from other engineering disciplines that have overcome systems-scale integration challenges. 

One example we take inspiration from is the development of the UNIX operating system [56]. In 

a similar vein to how the UNIX operating system was purposefully designed to enable 
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communal development of software [56,57], we suggest that the emerging global network of cell 

builders (e.g., BaSyC, Build-A-Cell, et al.) might choose to design the process by which cells are 

built in ways that enable fellowship and collaboration; how we organize ourselves will impact 

how we organize our cells, and vice versa.  Minicells or their equivalents, being an easily 

producible and distributable chassis with the means for executing ab initio lineage-agnostic 

genomes, have remarkable potential as a starting system for the coordinated work that will be 

needed to realize fully-understood synthetic cells.  

 

Antoine de Saint Exupéry eloquently stated that “building a boat isn’t about weaving canvas, 

forging nails, or reading the sky. It’s about giving a shared taste for the sea, by the light of which 

you will see nothing contradictory but rather a community of love” [58]. Perhaps the greatest 

benefit the mission of rejuvenating minicells might provide is the vivid dream of the requisite 

knowledge, design, measurements, tools, and community that would be necessary to realize the 

goal of collaborative construction of synthetic cells. 

 

Conclusions 

We developed methods for making and characterizing minicells for the purpose of enabling the 

engineering of lineage-agnostic organisms. We confirmed that minicells have the capacity to 

harbor and express user-designed genetic material. We showed with the use of translation 

inhibition and fluorescence microscopy that minicells are capable of ab initio protein synthesis 

and that minicell expression capacity can be quantified with single minicell resolution. Based on 

our observations a fraction of minicells so-produced should be able to express genes sufficient 

to instantiate a free-living microbe. 
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Methods 

Strains and plasmids 

Minicell producing strain DS410 and derivatives are obtained from Yale Coli Genetic Stock 

Center (CGSC). The sfGFP plasmid used to quantify expression in minicell strain was derived 

from previous work [59]. 

 

Purification of minicells 

We used a previous combination approach of antibiotic and size centrifugation [43] with some 

modification. Unless otherwise specified, we grew cultures at 37°C and 250 RPM. We cultured 5 

mL culture overnights of DS410 in LB, with addition of 25 μg/mL chloramphenicol when using 

the sfGFP plasmid. We back-diluted the culture 1 mL into 1 L of fresh LB and grown for 6 hours, 

at the end of the exponential growth phase (OD ~1). We centrifuged the culture at 2000 × g for 

10 minutes at 4°C and retained the supernatant. We centrifuged the supernatant at 10,000 × g 

for 10 minutes at 4°C. We resuspended the pellet in 50 mL of LB and incubated in shaker for 45 

minutes. We added ceftriaxone to the culture at a final concentration of 100 μg/mL and 

continued incubating the culture for 2 additional hours. Afterwards, we centrifuged the culture at 

400 × g for 5 minutes to removal of cell debris and the decanted supernatant is centrifuged at 

10000 × g for 10 minutes. We resuspended the final pellet in 20 mL of PBS stored at 4°C. 

 

Quantification of yield and purity of minicell purification 

We obtained minicell [43] and E. coli [60] cell counts using previously established formulas 

N��������� � OD�		 � 5 � 10

	 

N�.
��� � OD�		 � 7.8 � 10

	 

where N is the count per mL volume. 
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We assumed the portions of the cell culture post purification contributing to the OD600 reading 

consist solely of minicells, E. coli cells, and cell debris. We calculated the ratio of contribution of 

OD600 consisting of E. coli cells to cell debris using a non-minicell producing strain (MG1655), 

with the number of E. coli cells measured by plate assays and calculated the expected OD600 

using the above formula. We subtracted this reading to the measured OD600 and attribute the 

rest of the OD600 to cell debris. This calculation on MG1655 calculated 1.12% of the OD600 of the  

purified minicell culture as E. coli cells. We ran the purified minicells through flow cytometry 

(Attune NxT) using fluorescence (490 nm excitation, 530 nm emission with 30 nm bandwidth) 

and SSC gating settings to establish counts within a minicell and large cell bin (Figure 4E). We 

categorized all counts within the gated region as E. coli and cell debris and compared the ratio 

to hits in the minicell bin (1:5). The concentration of minicells can be calculated by the OD600 of 

the purified minicells and carry-over progenitor cells through 

OD�		 �������� � OD�		 ��������� 
 OD�		 �.
��� �
����������

��
	�	



�
.�
��

�.� � 
	�	
�

����������

��
	�	



����������

���.� � 
	�	
�

2.26 � 10
�



 N��������� . 

 

Phase contrast and fluorescence microscopy 

We used time lapse microscopy using an inverted light microscope (Nikon Eclipse TE-2000 E) 

with a fluorescent excitation lamp (Lambda XL, 470 nm excitation, 500 nm emission) and image 

capture software (MicroManager [61]). We seeded and stabilized cells and minicells using 1.5% 

low melting point agarose pads with LB media. We incubated cells and minicells at 37°C and 

acquired time lapse images every 40 minutes for 18-hours. The images and videos shown are 

identically leveled with a peak of 0.1% pixel saturation for the frame with the highest produced 

signal. 

 

Quantification of expression capacity of minicells 
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We grew and purified 1 L of minicell-producing culture with the sfGFP plasmid and 1 L of 

minicell-producing culture without the sfGFP plasmid and eluted into a final volume of 500 μL. 

We pipetted the minicell preparation into a 96 well plate (Greiner Bio-One M-8935) with 100 μL 

volume. We purified minicells without the sfGFP plasmid to subtract as background. For wells 

with translation inhibitor, we added chloramphenicol at a final concentration of 25 μg/mL. We 

used a plate reader (SpectraMax i3) to measure sfGFP fluorescence (485 nm excitation 10 nm 

bandwidth, 520 nm emission 10 nm bandwidth) every 5 minutes over an 8-hour time period at 

37°C. 

 

Quantification of expression capacity of minicells 

We established a standard curve using 6×His-purified sfGFP linking fluorescence measured on 

the plate reader and concentration of sfGFP (Nanodrop). We calculated the number of GFP 

molecules present in each well using the standard curve. We then equate the increase in 

fluorescence of bulk minicells in the plate reader (Figure 5) to the expression of number of 

sfGFP molecules. We analyzed images taken from the fluorescence microscope time lapse 

(Figure 3 and Figure 6) to attribute the proportion of fluorescence increase of the bulk mixture to 

that of sfGFP molecules expressed by individual minicells. We utilize the number of sfGFP 

molecules produced (240 amino acid length) to quantify the expression capacity as the number 

of peptide bonds formed. 

 

Figures 

Figure 1. Minicells are a chassis housing existing natural expression machinery that 

could be used to express synthetic genomes and instantiate synthetic cells. Approaches 

for producing synthetic cells have traditionally applied top down minimization of genomes from 

removal of non-essential genes and bottom up synthesis of protocells from self-assembly 
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macromolecules. The unanswered questions for building synthetic cells consist of identifying the 

unknown functions that are essential to life in the fully synthetic approach, and unknown genes 

of essential functions in the fully natural approach. Minicells combine the strengths of each by 

using the operational expression machinery and the container of natural cells and introducing 

fully synthetic genomes that are designed and engineered. 

 

Figure 2. Minicells can be derived from mutant E. coli strains. (A) Phase contrast 

microscopy image of E. coli minicell producing strain DS410. (B) Electron cryotomography 

(Cryo-ET) slice of E. coli minicell infected with phage T4 (adapted from [39]). (C) Time lapse of 

single MG1655 (wildtype) cell and (D) DS410 at an elapsed time period of 0, 45, and 75 

minutes. 

 

Figure 3. Newly-formed minicells harbor heterologous proteins from progenitor cells. 

Individual progenitor cells (strain DS410) bearing a constitutively expressed sfGFP plasmid for 

520 minutes are captured using microscopy in the brightfield (BF) and GFP (490-510 nm) 

channels. Minicells (arrowed) are easily identifiable when examined under the GFP emission 

channel. 

 

Figure 4. Purification yields large quantities of high-purity freshly-formed minicells. (A) 

An overnight culture of DS410 is backdiluted and grown to exponential growth phase (OD600 

~1). (B) We centrifuge down the culture pelleting most of the progenitor cells while leaving a 

population of minicells and small progenitor cells in the supernatant. Flow cytometry data 

reveals 26.7% of pellet contains potential minicells. (C) The supernatant is incubated to 

reinitiate growth of progenitor cells. (D) The addition of ceftriaxone causes the growing 

progenitor cells to lyse leaving minicells and cell debris. (E) Minicells can be extracted through 
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methods such as FACS (sorting data pictured on left) or suspension in supernatant after 

centrifugation of cell debris (resultant minicells pictured on right).  

 

Figure 5. Heterologous gene expression occurs within minicells. Minicells are purified as 

previously described with and without the addition of translation inhibitor (chloramphenicol) 

applied post purification. Solid lines denote the mean and the shaded regions denote the 

standard deviation (n=3). 

 

Figure 6. A small fraction of minicells appear to possess the expression capacity needed 

to instantiate synthetic cells. (A) Using time lapse videos of single cells of minicell producing 

strain DS410, minicells that arise from cell division events are tracked (time = 0) and 

fluorescence signal is tracked over time. 20 individual traces are presented in blue, and the 

mean and standard deviation of 100 traces are shown. The shaded region signifies the time 

required for 90% of sfGFP to complete maturation process in vivo [62]. The green regime 

denotes expression capacity necessary to express E. coli proteome at a doubling rate of 30 

minutes. (B) Minicells containing sfGFP plasmid are tracked post-purification process (time = 0) 

from initial DS410 cells with sfGFP expressing plasmid. 20 individual traces are presented in 

blue, and the mean and standard deviation of 397 traces are shown. The green line denotes the 

expression capacity necessary to express the E. coli proteome. 

 

Figure 7. Enabling engineering of lineage-agnostic genomes could facilitate the 

distributed development and construction of operationally-understandable cells. Current 

methods for engineering cells and genomes involve iteration or re-assortment of genes from 

natural genomes (top) and are reliant upon an existing lineage for design and instantiation of 

new cell strains. The design of genomes ab initio (lower left) promote asynchronous distributed 

development without constraint from a single lineage. Successful implementation of designed 
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genomes in membrane bound anucleate expression systems (lower right) permits the synthesis 

of novel, rationally-designed repurposed cells. 

 

Supplementary Figure 1. Standard curve for purified sfGFP fluorescence measurement 

on plate reader. Purified sfGFP fluorescence is measured on a 96-well plate reader at different 

dilutions at in 100 μL. Error bars are shown for three replicate measurements. 

 

Supplementary Figure 2. Plasmid transformation via electroporation of minicells could 

not be verified. Electroporation is performed on (A) wildtype E. coli and (B) purified DS410 

minicells in the presence (+) and absence (-) of sfGFP plasmid. After a 2-hour incubation time 

for uptake and gene expression, minicells are sorted using flow cytometry measuring sfGFp 

fluorescence (530 nm emission with a bandwidth of 30 nm). 

 

Supplementary Video 1. Brightfield microscopy time lapse of minicell producing strain.  

Times given in hours:minutes. 

 

Supplementary Video 2. Fluorescence microscopy time lapse of minicell producing strain 

harboring sfGFP plasmid. Times given in hours:minutes. 

 

Abbreviations 

FACS: Fluorescence-activated cell sorting 

sfGFP: Superfolder green fluorescent protein 

LB: Luria-Bertani medium 

OD: Optical density 

PBS: Phosphate-buffered saline 

SSC: Side scatter 
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