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How cellular materials are partitioned during cell division is fundamental to life and the queries 
of those who seek to understand, manipulate, and mimic it. Partitioning strategies vary in 
complexity and specificity. At one extreme, a great many cytoplasmic factors are partitioned 
simply yet approximately by mass, with each cell inheriting a particular amount of cytoplasmic 
“stuff”. On the other hand, chromosome partitioning in eukaryotic cells is renowned for utilizing 
an orchestra of components and ancillary regulatory systems. Together, these mechanisms are 
able to achieve incredibly accurate partitioning of the number and identities of chromosomal 
DNAs: Each new cell inherits the exact same number and kinds of each DNA. 

However, what if all the DNAs were identical and each molecule of DNA contained the same 
information? Then, DNA identity could be disregarded and partitioning would only concern 
achieving numerical accuracy (50-50 partitioning). How much of the extensive, and 
metabolically costly, network of DNA partitioning-related systems could be eliminated? If all the 
DNAs are identical, then perhaps deviations from 50-50 accuracy can also be tolerated (so long 
as poor accuracy does not prevent the DNA from propagating to the next generation). In fact, 
plasmid DNAs exist as multiple identical* copies within a cell and do partition under these 
criteria. Plasmids have gained notoriety as the most common source of antibiotic resistance1 and 
as invaluable molecular biology tools. Here, I will describe how plasmids also serve as a unique 
model system to investigate the question, “What is the most minimal system that can 
partition DNA with sufficient accuracy to prevent extinction?”. 

Plasmids are self-replicating, extrachromosomal DNAs that often exist in multiple copies within 
bacteria (and some other cell types). To insure that a plasmid is stably inherited when its host cell 
divides, plasmid carefully control their copy number by regulating replication and partitioning. 
Therefore, low-copy number plasmids (such as R1 with a mean copy number of 5-6) may encode 
partitioning systems to actively promote equal copy inheritance during division. Plasmid-
encoded partitioning systems are under selective pressure to be efficient and use minimal 
resources so as to minimize the host’s metabolic burden2. At the same time, these systems are 
selected be even more robust than chromosomal systems: A chromosome-free cell will quickly 
perish, but a plasmid-free cell will become a competitor with reduced metabolic burden. 

The R1 plasmid encodes a partitioning system (parMRC, 
hereafter par) that is comprised of only three components: 
An adaptor protein (ParR) connects a centromere-like 
sequence (parC) to the ends of filaments formed by the actin 
homologue (ParM)3,4. Then, filament polymerization 
partitions the plasmids, pushing them to the cell poles 
(Figure 1). Despite detailed knowledge of how par partitions 
individual plasmid pairs5,4 and initial efforts to visualize par 
in vivo6,7, it is unclear how par coordinates partitioning of the 
all plasmids in the cell. 

Early models of in vivo par activity suggested that all plasmids be partitioned simultaneously via 
the formation of multiple elongating filaments. However, the formation of so many filaments 

 
* or near identical… for the purposes of this discourse, plasmids of the same type can be assumed to be identical. 

Figure 1. ParM (blue) filament 
polymerization partitions a pair of 
plasmids (black). Plasmids attach 
to ParM ends at parC (green) sites 
via ParR (orange). 



would incur a high metabolic cost and early microscopy experiments  (under non-physiological 
conditions) have only ever observed one elongating filament per cell6,7. Based on these studies, 
another model was posited in which multiple plasmids attach to each end of the elongating 
filament (forming a dumbbell-like structure). Yet, the perturbations that these studies introduced 
in order to visualize the system have left this basic question unanswered for some time8. In my 
project, I am working to elucidate the in vivo par mechanism and its regulation via live-cell 
microscopy with the use of improved visualization technologies (an improved DNA-labelling 
construct, engineered fluorophores, and minimally-disruptive Halo labelling). 

Preliminary data from the Paulsson Lab had shown that deviations from 50-50 partitioning 
(compared to random, binomial partitioning) are few with a copy number of only two but that 
these deviations increase with copy number (unpublished). This trend is consistent with a "pair-
site partitioning" mechanism, wherein one pair of plasmids is actively partitioned at a given time 
and the rest move passively. 

My microscopy results thus-far continue to support the employment of a pair-site partitioning 
model, as well. The various R1 copies are clearly seen dispersed throughout the cell. And, when 
a filament forms and elongates towards the cell poles, it appears that only one focus (identifying 
a plasmid) co-localizes and tracks with each end. In time lapse acquisitions of this process, 
construction of a new filament between a new pair of plasmids can be seen to occur rapidly after 
the previous filament disassembles. From these data, it seems evident that the partitioning system 
is constantly in flux and successively partitions plasmids in singular pairs (irrespective of cell 
cycle timing). Moving forward, I am eager to perturb par and probe the systems’ limits by 
observing the system functionality at different copy numbers and by perturbing ParM 
concentration (which is responsible for elongation and de-polymerization rates of the filaments). 

Upon reflection, a pair-site mechanism makes sense considering that par operates independently 
of the host cell cycle. It is plausible that, if plasmids were to cluster, all copies could attach to an 
elongating-yet-still-short filament in one half of the cell. If the filament does not elongate enough 
before cytokinesis, the result would be a par-induced plasmid loss event (the exact outcome that 
par exists to prevent!). Of course, this crisis could be averted by coordinating with the host cell 
cycle, like the checkpoints in mitosis, but such a communication mechanism would require 
additional components and regulation. To a great extent, it is ability of par to operate agnostic of 
the host cell cycle that facilitates its minimalism. 

And, importantly, highly accurate 50-50 partitioning is ideal but not necessary. If each new cell 
from a division inherits at least one copy of the plasmid, then that copy can simply replicate until 
the copy number is restored to the target value. A pair-site partitioning mechanism guarantees 
exactly this, that each cell inherits at least one plasmid, while also using minimal resources. 

In all, it seems that one of most minimal, natural DNA partitioning systems need not always be 
highly numerically accurate in the canonical sense of 50-50 partitioning. Rather, numerical 
accuracy for this system is more aptly framed as preventing plasmid loss. At first, I found this 
sensible characterization rather unexpected. Part of why scientists have been so entranced by 
partitioning of DNAs in particular is because of eukaryotic mitosis’s exceptional care and 
specificity in partitioning DNAs with respect to number and identity. Yet, this minimal 
partitioning system (even nicknamed “bacterial mitosis”9,10 for its use of filaments) is not 
designed to prioritize either of these criteria; plasmid partitioning systems have remarkably 
minimized complexity but have sacrificed specificity as a tradeoff. 



References 

1. Iredell, J., Brown, J. & Tagg, K. Antibiotic resistance in Enterobacteriaceae: mechanisms and 
clinical implications. BMJ 352, h6420 (2016). 

2. Garner, E. C. Understanding a Minimal DNA-Segregating Machine. Science 322, 1486–1487 
(2008). 

3. Gerdes, K. & Molin, S. Partitioning of plasmid R1: Structural and functional analysis of the 
parA locus. Journal of Molecular Biology 190, 269–279 (1986). 

4. Salje, J., Gayathri, P. & Löwe, J. The ParMRC system: molecular mechanisms of plasmid 
segregation by actin-like filaments. Nature Reviews Microbiology 8, 683–692 (2010). 

5. Garner, E. C., Campbell, C. S., Weibel, D. B. & Mullins, R. D. Reconstitution of DNA 
Segregation Driven by Assembly of a Prokaryotic Actin Homolog. Science 315, 1270–1274 
(2007). 

6. Choi, C. L., Claridge, S. A., Garner, E. C., Alivisatos, A. P. & Mullins, R. D. Protein-
nanocrystal conjugates support a single filament polymerization model in R1 plasmid 
segregation. J. Biol. Chem. 283, 28081–28086 (2008). 

7. Campbell, C. S. & Mullins, R. D. In vivo visualization of type II plasmid segregation: 
bacterial actin filaments pushing plasmids. J. Cell Biol. 179, 1059–1066 (2007). 

8. Tal, S. & Paulsson, J. Evaluating quantitative methods for measuring plasmid copy numbers 
in single cells. Plasmid 67, 167–173 (2012). 

9. Gerdes, K., Howard, M. & Szardenings, F. Pushing and pulling in prokaryotic DNA 
segregation. Cell 141, 927–942 (2010). 

10. Møller-Jensen, J. et al. Bacterial mitosis: ParM of plasmid R1 moves plasmid DNA by an 
actin-like insertional polymerization mechanism. Mol Cell 12, 1477–1487 (2003). 

11. Solar, G. del, Giraldo, R., Ruiz-Echevarría, M. J., Espinosa, M. & Díaz-Orejas, R. 
Replication and Control of Circular Bacterial Plasmids. Microbiol. Mol. Biol. Rev. 62, 434–
464 (1998). 

12. Paulsson, J. & Ehrenberg, M. Noise in a minimal regulatory network: plasmid copy 
number control. Q. Rev. Biophys. 34, 1–59 (2001). 

 


