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Abstract
Carefully maintained and precisely inherited chromosomal DNA provides long-term genetic stability, but eukaryotic cells 
facing environmental challenges can benefit from the accumulation of less stable DNA species. Circular DNA molecules 
lacking centromeres segregate randomly or asymmetrically during cell division, following non-Mendelian inheritance pat-
terns that result in high copy number instability and massive heterogeneity across populations. Such circular DNA species, 
variously known as extrachromosomal circular DNA (eccDNA), microDNA, double minutes or extrachromosomal DNA 
(ecDNA), are becoming recognised as a major source of the genetic variation exploited by cancer cells and pathogenic 
eukaryotes to acquire drug resistance. In budding yeast, circular DNA molecules derived from the ribosomal DNA (ERCs) 
have been long known to accumulate with age, but it is now clear that aged yeast also accumulate other high-copy protein-
coding circular DNAs acquired through both random and environmentally-stimulated recombination processes. Here, we 
argue that accumulation of circular DNA provides a reservoir of heterogeneous genetic material that can allow rapid adap-
tation of aged cells to environmental insults, but avoids the negative fitness impacts on normal growth of unsolicited gene 
amplification in the young population.

Keywords  Circular DNA · Extrachromosomal DNA · Double minutes · Extrachromosomal circular DNA · Ageing · Non-
Mendelian inheritance

From a human perspective, the concept of mutation appears 
purely negative, associated only with degeneration and 
cancer. However, all living organisms must maintain an 
appropriate mutation rate to survive: too high a rate leads to 
genome instability and degradation of vital functions, but 
conversely too little mutation strangles evolution by sup-
pressing genetic diversity, preventing adaptation to new 
environmental challenges and condemning an organism to 
be out-competed. Evolutionary studies in E. coli and asexual 
yeasts reveal that strains with high mutation rates outper-
form those with low mutation rates, showing that mutation 
provides an adaptive advantage (Arjan et al. 1999; Desai 
et al. 2007; Wielgoss et al. 2013). However, increasing the 

mutation rate only improves adaptability up to a critical 
“error threshold”: above this, further increases reduce adapt-
ability because fitness-enhancing mutations only account for 
a very small proportion of total mutations, and the accu-
mulation of more frequent deleterious mutations becomes 
limiting for fitness (Eyre-Walker and Keightley 2007; Ger-
rish et al. 2013; Lynch et al. 1993; Sprouffske et al. 2018).

It is well understood that prokaryotes supplement chro-
mosomal genetic material with circular DNA plasmids that 
deviate from normal rules of Mendelian inheritance and 
accelerate adaptation. In contrast, the evolutionary signifi-
cance of circular DNA in eukaryotes has until recently been 
largely ignored, despite evidence for circular DNA in eukar-
yotic nuclei dating back over half a century (Cox et al. 1965; 
Hotta and Bassel 1965). Here, we examine the potential of 
circular DNA to accelerate adaptation in eukaryotes in gen-
eral and ask whether the accumulation of particular circular 
DNA species during ageing in yeast enhances the potential 
of those species to confer adaptive phenotypes, providing a 
beneficial outcome of ageing in simple eukaryotes.

Circular DNA ranges in size from a few hundred base 
pairs (100–1000  bp microDNA) to several megabases 
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(1–5 Mb ecDNA also known as double minutes) (Paulsen 
et al. 2018; Shibata et al. 2012; Turner et al. 2017). Circular 
DNA can derive from sites with little or no sequence homol-
ogy, however, highly repetitive genomic regions, such as the 
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circular DNA species do not form at a high rate, nor contain 
active replication origins and, therefore, the copy number of 
these species in mother cells will remain static or decrease 
with age. A curious outcome of these differences in forma-
tion speed, replication capacity and asymmetric retention 
is that the diversity of circular DNA species observed in 
young cells is high, but the copy number of each individual 
circle and, therefore, the phenotypic impact is low. As cells 
age, only a subset of circular DNA can accumulate but that 



	 Current Genetics

1 3

megabase of DNA, gene-rich chromosomes contribute 
more to the total level of circular DNA in healthy human 
tissues (Moller et al. 2018). Furthermore, TTN (titin), the 
most transcribed protein-coding gene in muscle tissue, is 
also the largest producer of circular DNA per gene (Moller 
et al. 2018). Formalising this idea, we suggest that genes 
which have evolved to be induced in response to particu-
lar environmental conditions are excellent candidates for 
adaptive amplification, and that simply connecting circu-
lar DNA formation to transcriptional induction is a clever 
means by which cells could gain the maximum chance of 
accumulating useful circular DNA, rather than unhelpful 
or negative species.

By itself, an adaptive phenotype in an individual aged 
cell is of little use if the causal circular DNA is selfishly 
retained in the mother cell, as would be the case if asym-
metric segregation is maintained, and we must consider 
how circular DNA accumulation is translated into a herit-
able advantage. First, once circular DNA has accumulated, 
segregation can be relaxed under stress allowing circles 
with replication origins to propagate at high copy num-
ber in the population (Fig. 1, step 5a). This release of the 
asymmetric segregation system under heat stress has been 
observed and represents a general response to signalling 
from the cell wall integrity pathway (Baldi et al. 2017). 
Secondly, accumulation of high levels of circular DNA 
increases the chances of chromosome re-integration and, 
therefore, restoration of normal heritability for the ampli-
fied allele (Fig. 1, 5b). Such adaptive chromosomal re-
integration events have been repeatedly observed, although 
it is unclear whether they happened in aged cells (Beverley 
et al. 1984; Brewer et al. 2015; Demeke et al. 2015; Durkin 
et al. 2012; Galeote et al. 2011; Koche et al. 2020; Lauer 
et al. 2018; Vogt et al. 2004).

The idea that a sub-population trades short-term growth 
for adaptive capacity is formalised in bet-hedging (concisely 
reviewed in (Levy et al. 2012)), and facets of ageing that fit 
with a bet-hedging model have been demonstrated experi-
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