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P
opulation genetic theory is central to understanding the 
dynamics of cancer evolution. Cancers are clonally evolving 
populations of somatic cells shaped by the processes of muta-

tion, migration, genetic drift and selection. Applied to human can-
cers, theoretical and empirical population genetic analyses have 
provided deep insights into distinct modes of cancer cell evolution, 
clonal diversity, selection and adaptability1–7. Many reviews have 
examined cancer through the lens of population genetics8–11 and 
recent work applying evolutionary and ecological theory to trans-
missible cancers has touched on these topics12–14. Here, we explore 
these issues to provide a broad population genetic framework for 
probing the unusual phenomena of transmissible cancers.

Transmissible cancers are malignant somatic cell clones that 
spread between individuals via physical transfer of living cancer 
cells15,16 (Fig. 1a). Such tumours evolve across a longer “tape of life”17 
than other cancers, extending well past the life span of any individ-
ual host. They therefore exemplify cancer evolution over long tim-
escales, similar in some respects to cancer cell cultures maintained 
in laboratories. Recent sequencing studies provide empirical data to 
explore the effects of asexuality on the genomes of these long-lived 
cancer lineages and to examine predictions based on the population 
genetics of asexual populations18–24.

We begin this Review with a brief introduction to cancers as 
clonal organisms and an overview of the known transmissible can-
cers. We then consider key population genetic processes in the con-
text of clonal evolution and how the parameters that govern these 
processes might influence transmissible cancer evolution. In partic-
ular, we concentrate on the process of genome decay that may result 
from the switch to clonal inheritance. Throughout the Review, we 
compare transmissible and non-transmissible cancer data with pre-
dictions from population genetic theory for clonal diploids as well 
as findings from experimental evolution and genome-scale studies 
of asexual organisms. Of special note is the iconic long-term evo-
lution experiment (LTEE) of Lenski and colleagues, wherein 12 
populations of the bacterium Escherichia coli were founded from a 
common ancestral strain in 1988 and have since evolved for 75,000 

generations25–27. Indeed, it is tempting to think of transmissible can-
cer lineages as naturally occurring LTEEs.

However, before we discuss the parallels, it is important to rec-
ognize the substantial ways in which transmissible cancer popu-
lations differ from microbial populations used in experimental 
evolution. Experimental microorganisms are usually haploid and 
they evolve in controlled environments. Evolution experiments 
also typically begin with a model organism that is unicellular and 
largely asexual, whereas the ‘natural experiment’ of a transmis-
sible cancer is one where an initially sexual population becomes 
clonal and transitions from multicellularity to unicellularity. 
Conventional (non-transmissible) cancers might then also be con-
sidered short-term experiments involving these same transitions. 
Transmissible cancers are not restricted to a fixed number of hosts 
and lineages (unlike the 12 LTEE populations) and therefore they 
have the potential to diversify across a much larger number of trans-
mission lines. Additionally, these cancers are inoculated into a con-
tinuously changing ‘medium’ at each transmission, with resources 
and immune pressures varying in each new host. Despite these dif-
ferences, experimental and other studies of asexually evolving lin-
eages can provide insights relevant to the population dynamics and 
fitness landscapes of cancer cells28–31.

Cancers as clonal organisms
Most cancers originate from the abnormal clonal outgrowth of a sin-
gle somatic cell32,33. The classic portrait of cancer evolution depicts 
a process akin to Darwinian evolution, with stochastic mutational 
events introducing somatic genetic variation into an expanding 
population of asexual cancer cells33,34. This framework can also 
encompass heritable traits acquired through epigenetic changes35,36. 
Cancer cell clones that acquire mutations conferring a replicative 
or survival advantage, often called ‘drivers’, are selected and drive 
successive waves of expansion of increasingly disordered clones 
and tumour progression. Here, clone refers to a group of cells that 
share a common genotype owing to descent from a common ances-
tor. So-called ‘passenger’ mutations, which may be neutral or even 
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harmful to the cancer lineage, can nonetheless multiply by hitchhik-
ing on the genome of expanding clones carrying driver mutations. 
Somatic mutations accumulate inexorably over time even in normal 
cells during the renewal and maintenance of healthy tissue, before 
any malignant transformation. In fact, recent studies have dem-
onstrated that physiologically normal tissues often harbour many 
potentially competing clones5,37,38.

More than 60 years ago, Julian Huxley proposed that cancer cells 
might be viewed as new asexual species arising through spontane-
ous mutation and thus represent an accelerated instance of specia-
tion39–41. New individuals arise from somatic cells that are genetically 
identical to ancestral individuals at all genomic sites except those 
affected by somatic mutations. Asexual reproduction of neoplastic 
cells also implies the absence of meiotic recombination and, as a 
consequence, deviation from Hardy–Weinberg equilibrium and 
other theoretical expectations that presume sexual reproduction42.

Asexual reproduction is an uncommon mode of reproduction for 
eukaryotes. Most multicellular asexual organisms are of recent origin 
and derive from sexual ancestors43. Strictly asexual animal species 
are especially rare and they are expected to have short evolutionary 
lifespans. Population genetic theory makes several bleak predictions 
regarding genome evolution in strictly asexual lineages44,45. In par-
ticular, strict clonality is predicted to cause the irreversible accumu-
lation of deleterious mutations, leading to genome decay, especially 
in lineages with small or moderate effective population sizes typical 
of most animal species46,47. Moreover, the absence of recombination 
should lead to inefficient selection48, while limited genetic diversity 
in clonal populations reduces their evolutionary potential. However, 
important exceptions exist and some asexual animals, such as bdel-
loid rotifers (with hundreds of asexual species), are thought to have 
survived without sex for at least 40 million years49,50.

transmissible cancers
Cancers frequently acquire properties that cause cells to leave the 
primary tumour site and establish new tumours elsewhere in the 
body. This final step in tumour progression—metastasis—is an 
ominous feature of most malignant cancers. By contrast, transmis-
sible cancers can move between different individual hosts via the 
transfer of living cancer cells. We might think of this transmission 
as an otherwise unprecedented next step in the invasion–metastasis 
cascade. These rare, contagious ‘inter-individual metastases’ have 
overcome strong physical and immunological barriers by acquir-
ing adaptations both to allow the transmission of cells between 
allogeneic hosts and to evade the immune response12,13. To survive, 
these clones must also achieve a genome structure compatible with 
long-term continuity.

Compared to cancers that are restricted to an individual host, the 
apparent rarity of transmissible cancers suggests that their occur-
rence is infrequent and improbable. Alternatively, perhaps they 
arise more frequently than realized but are short-lived or remain 
undetected51–53. However, once established in a population, such 
cancers can propagate quickly and persist for thousands of years19.  

Ten naturally occurring transmissible cancer lineages have been 
described to date: one in domestic dogs54,55, two independent lin-
eages in Tasmanian devils56–58 and several widespread independent 
lineages in marine bivalves23,24,59–61 (Table 1). Each of these asexual 
lineages originated in founders whose somatic cells acquired changes 
that drove carcinogenesis and these lineages continue to exist long 
after the death of the individuals that gave rise to them. Box 1 briefly 
describes the natural history of these transmissible cancers.

Population genetics: core processes and effects
Populations of transmissible cancer cells undergo the same core 
population genetic processes that govern the evolution of all asex-
ual populations: mutation, selection and drift. We begin the Review 
with a discussion of these core processes. We then delve into how 
these processes give rise to more complex and specific phenomena 
in asexual populations, such as Muller’s ratchet, mutational melt-
down and the fate of transposable elements (TEs), and we consider 
recent findings especially relevant to transmissible cancers.

Mutation and recombination. Evolution requires the generation of 
heritable variation. In sexually reproducing organisms, this varia-
tion is produced by both mutation and recombination (sensu seg-
regation and reassortment). Even in some asexually reproducing 
organisms (including most bacterial species in nature), horizontal 
gene transfer (HGT) leads to some inter-organismal recombination. 
In conventional cancers, lineages are strictly asexual. Many types 
of mutation can play a role in cancers: point substitutions, inser-
tions, deletions, chromosomal rearrangements and copy-number 
alterations, including even the duplication or deletion of whole 
chromosomes. Epigenetic changes that are stably inherited over 
cell generations could also be viewed as a kind of mutation in the 
context of cancer cell populations. Genomic instability is consid-
ered a hallmark of non-transmissible cancer62 and late-stage can-
cers in particular often become increasingly unstable with rapid 
and disruptive genomic rearrangement via chromothripsis (mas-
sive, clustered rearrangement), kataegis (localized hypermutation), 
chromoplexy (large chains of rearrangements affecting multiple 
chromosomes) and other mutational processes63–65. All else being 
equal, the supply of new mutations increases as a cancer cell lineage 
proliferates within an individual and, in the case of transmissible 
cancers, as the cells spread to new hosts, thereby fuelling inter- and 
intra-tumour heterogeneity11.

Selection. Selective pressures produce changes in genotype fre-
quencies within a population based on differences in relative fit-
ness. Mutations can fall along a continuum of selective effects 
from lethal to deleterious to selectively neutral to advantageous. 
Selection has especially strong effects on genome evolution in 
asexual organisms: each beneficial mutation that sweeps to fixation 
eliminates pre-existing diversity because the entire genome is one 
linkage group. However, most new mutations with fitness effects  
are deleterious66,67.

Fig. 1 | transmissible cancers as long-term evolution experiments. a, Clonal transmission of cancer (in this example, canine transmissible venereal 

tumour, CTVT) between unrelated individual hosts via the physical transfer of living cancer cells. b, Cancers are made up of genetically heterogeneous 

populations of cells. Coloured circles represent distinct cancer cell populations within the tumour. Population bottlenecks occur during transmission of 

cancer cells to new hosts. New cancers are typically founded by only a small fraction of the cells present in the donor tumour (the founding population). 

During the time interval, Δt, the founding population that passes through the bottleneck replicates and expands. The effect of bottlenecks on clonal 

diversity is shown for single-cell, tight and wide bottlenecks, as represented by the size of the gap between the grey bars. Severe bottlenecks purge 

most or all of the diversity, whereas less stringent bottlenecks preserve more diversity. c, In many evolution experiments, including the LTEE with E. coli, 

populations are propagated by serial transfer of a proportion of the previously grown population into fresh medium (top panel). The bottleneck at each 

transfer reduces diversity, but the number of cells transferred is large enough that many beneficial mutations survive and eventually become fixed in the 

population. Aliquots of the evolving populations are collected periodically and stored (typically frozen) for future analyses. Single-cell bottlenecks are 

used in so-called mutation accumulation experiments (bottom panel). By plating cells and picking individual colonies, one imposes single-cell bottlenecks. 

These severe bottlenecks repeatedly purge genetic variation and thereby prevent adaptation by natural selection, which requires that variation.

NatuRE ECoLogy & EvoLutioN | www.nature.com/natecolevol

http://www.nature.com/natecolevol




REVIEW ARTICLE NATURE ECOLOGY & EVOLUTION

is limited to genes that encode essential functions19. Moreover, there 
was no detectable excess of non-synonymous relative to synony-
mous mutations, implying little ongoing positive selection for new 
variants in CTVT. Collectively, these findings suggest that weak 
negative selection and genetic drift are the main evolutionary forces 
acting on CTVT genomes, and perhaps other transmissible cancers, 
over long periods19.

The observation of weak negative selection in cancer could be 
explained in several ways, as highlighted by refs. 70,77. In any somatic 
lineage, many genes are likely to be irrelevant to fitness78, especially 
in long-lived cancers under selection for increased survival and 
proliferation. Also, having two copies of a gene typically buffers 
the impact of new mutations, probably masking their phenotypic 
effects70. Furthermore, high mutation rates and clonal growth in 
the absence of recombination allows deleterious passenger muta-
tions to hitchhike with beneficial drivers, provided the fitness effect 
of the driver is greater than that of the passenger. Weakly deleteri-
ous mutations can thus become fixed in a cancer cell population by 
hitchhiking alongside drivers. Genome-wide linkage prevents dele-
terious mutations from being separated from other variants, thereby 
leading to their progressive accumulation and impeding the spread 
of beneficial mutations79. In conventional cancers, tumour structure 
and population size can also influence genetic drift70. However, the 
extent to which these factors affect selection in transmissible can-
cers requires further investigation.

Drift. Drift is the stochastic process that describes temporal fluc-
tuations in the frequency of alleles or genotypes in a population 
due to random birth–death events: by chance, one parent or lineage 
leaves more surviving offspring than another and its genetic con-
tribution therefore expands. Drift generally has a greater impact in 
determining the fate of genetic variants in small populations than in 
large ones80. However, it should be noted that new mutations, even 
in very large populations, are invariably rare when they first appear 
and therefore they are strongly affected by drift. Even beneficial 
mutations are often lost by random drift before they can become 
established in a population25,81,82.

Transmission bottlenecks, particularly in asexual populations, 
can promote genetic drift; neutral and even deleterious alleles can 
rapidly fix and beneficial mutations can be lost, rendering selection 

inefficient. For example, when microbial populations are experi-
mentally subjected to repeated extreme bottlenecks during serial 
transfer (Fig. 1b,c), evolution is dominated by random mutation and 
drift (ref. 83 and references therein). Similarly, during periodic trans-
mission between hosts, only one or a few cells from the donor typi-
cally seed a tumour in a new host15,59 (Fig. 1b,c) and the transmitted 
cells may be a random set of those that are potentially transmis-
sible. An important difference between the microbial experiments 
and transmissible cancers is that as the number of infected hosts 
increases, the effects of drift are reduced at the ‘species’ level (across 
the set of transmission lines). However, it is usually not feasible to 
follow transmission lines in these cancers directly and over short 
time intervals.

For positive selection to be consequential within a single 
transmission line, it must be sufficiently strong to overcome the 
variation-purging effect of bottlenecks. Indeed, there are likely to 
be strong selective barriers during transmission and thus bottle-
necks do not rule out the possibility of an important role for posi-
tive selection during transmissible cancer evolution. Strong positive 
selection might also come into play during tumour growth, when 
mutation and clonal expansion occur within hosts and between 
transmissions. Looking at the whole population and across all 
transmission lines, selection dynamics will also be influenced by 
changes in the effective population size84. Finally, the absence of 
positive selection does not necessarily imply the preponderance of 
neutral evolution, as additional processes come into play, including 
those described below.

Muller’s ratchet. In clonal organisms, the progressive accumulation 
of deleterious mutations can lead to a decline in fitness (Fig. 3)46,47. 
Without new beneficial mutations, the maximum accessible fit-
ness in an asexual population is determined by the individuals with 
the fewest and least deleterious mutations. In small populations, 
this ‘least-loaded’ class of individuals is readily lost by drift85 and, 
without recombination, it cannot be reconstituted. Repeated losses 
of the least-loaded class can be envisioned as successive clicks of a 
hypothetical ratchet, called Muller’s ratchet46,47. The rate at which 
the ratchet advances depends on the interplay of population size, 
mutation rate and the strength of selection86. In the case of transmis-
sible cancers, the rate at which the ratchet advances will depend on 

Table 1 | Known transmissible cancer lineages

Host species Species of origin transmissible cancer lineage Location References

Dog (Canis lupus familiaris) Dog (Canis lupus familiaris) Canine transmissible venereal 
tumour (CTVT)

Worldwide Refs. 54,55

Tasmanian devil (Sarcophilus harrisii) Tasmanian devil (Sarcophilus harrisii) Devil facial tumour 1 (DFT1, 
first described as DFTD)

Tasmania Refs. 56,57

Tasmanian devil (Sarcophilus harrisii) Tasmanian devil (Sarcophilus harrisii) Devil facial tumour 2 (DFT2) Tasmania Ref. 58

Bay mussel (Mytilus trossulus) Bay mussel (Mytilus trossulus) Mytilus BTN1 (MtrBTN1) North America 
(British Columbia)

Ref. 23

Bay mussel (Mytilus trossulus) Bay mussel (Mytilus trossulus) Mytilus BTN2 (MtrBTN2) Northwest Pacific Ref. 97

Chilean mussel (Mytilus chilensis) Bay mussel (Mytilus trossulus) MtrBTN2 South America Ref. 60

Blue mussel (Mytilus edulis) Bay mussel (Mytilus trossulus) MtrBTN2 Europe Ref. 60

Mediterranean mussel (Mytilus 
galloprovincialis)

Bay mussel (Mytilus trossulus) MtrBTN2 Europe Ref. 24

Soft-shell clam (Mya arenaria) Soft-shell clam (Mya arenaria) MarBTN (M. arenaria) North America Refs. 59,160

Common cockle (Cerastoderma edule) Common cockle (Cerastoderma edule) BTN1 (C. edule) Europe Ref. 23

Common cockle (Cerastoderma edule) Common cockle (Cerastoderma edule) BTN2 (C. edule) Europe Ref. 23

Golden carpet shell clam (Polititapes aureus) Pullet shell clam (Venerupis corrugata) BTN (P. aureus) Europe Ref. 23

Warty venus clam (Venus verrucosa) Striped venus clam (Chamelea gallina) BTN (V. verrucosa) Europe Ref. 61
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the size of the infected host population. Therefore, when infection 
and transmission are extensive, the ratchet is slowed at the level of 
the whole population of parasitic tumours.

Furthermore, a feedback loop can arise in which an increasing 
load of deleterious mutations causes a decline in population size, 
which leads to a faster-advancing ratchet and more rapid popula-
tion decline87. In ever-smaller populations, allele frequency changes 
are increasingly driven by drift, and deleterious mutations without 
effective selection can cause extinction. This synergy between ran-
dom genetic drift and mutation accumulation is called a mutational 
meltdown87,88.

Mitochondrial meltdown. Similar considerations apply to the 
normally non-recombining and clonally inherited mitochondrial 
genome89,90. Mitochondria are ancient haploid asexual lineages and 
they accumulate mutations during somatic growth. Cancer cell lin-
eages are particularly susceptible to mitochondrial DNA erosion91,92, 
which raises the question of how long-lived transmissible cancers 
maintain functional mitochondrial genomes13,14.

While the CTVT nuclear genome is clonal93, the CTVT mito-
chondrial genomes are polyclonal and derive from horizontal trans-
fer of mitochondrial DNA (mtDNA) from intermediate host dog 
genomes to CTVT76,94,95 (Fig. 4a). The original CTVT mtDNA haplo-
type, which was present in the founder dog that spawned this cancer 
lineage, has been replaced and is not found in any extant tumour76.

The replacement of CTVT mitochondrial haplotypes that have 
been degraded by deleterious mutations, via replacement with ‘reju-
venated’ host haplotypes, could provide a selective advantage to the 
lineage96. However, the possibility that CTVT acquired host mtDNA 

via neutral processes cannot be ruled out, nor can the possibility 
of ‘selfish’ mitochondrial genotypes with a replication or survival 
advantage be excluded (Fig. 4b,c). A recent example of this last sce-
nario is the report of a single naturally occurring canine mtDNA 
haplotype that has repeatedly invaded CTVT cells22. An insertion 
in the mtDNA control region is thought to provide this haplo-
type with a replicative advantage, driving it to fixation in multiple  
CTVT lineages22.

In addition, there is evidence for mtDNA recombination activ-
ity in transmissible cancers. Multiple complex mtDNA recom-
bination events have been reported in CTVT76. Recombination 
might be triggered by DNA damage and the resulting cellular 
responses, which could play a role in mtDNA repair and support 
long-term survival76. Recombinant mtDNA haplotypes have been 
reported in MtrBTN2-affected Mytilus chilensis individuals involv-
ing an MtrBTN2 Mytilus trossulus-derived sequence and host M. 
chilensis-derived sequence, and more recently in BTN2-affected 
M. trossulus from the Sea of Japan (Table 1)60,97. These instances 
of recombination, along with a recent report of mitochondrial 
movement between MtrBTN2 sublineages24, imply that horizontal 
transfer of mtDNA also occurs in bivalve cancers60,97. Horizontal 
transfer of mtDNA has not yet been reported in DFTD20,57. Whether 
dynamic mitochondrial populations are a common feature of trans-
missible cancers and whether the recombinant mitotypes have 
selective advantages, remain questions for future studies.

Counteracting the ratchet. Compensatory mechanisms can 
counteract deleterious mutations in some asexual lineages. Loss 
of heterozygosity (LOH) can occur via gene-conversion processes 

Box 1 | transmissible cancers in nature

Canine transmissible venereal tumour (CTVT). CTVT is a clon-
ally transmitted cancer that affects domesticated dogs (Canis 
lupus familiaris; Table 1)54,55,93. Mating is the most common route 
of CTVT transmission and tumours usually occur on the external 
genitalia (Fig. 2a). Phylogenetic evidence suggests that the CTVT 
clone originated from the somatic cells of a single founder dog 
~6,000 years before present, with the most recent common ances-
tor of all extant tumours having lived ~1,900 years ago19,161. CTVT 
is a successful colonizer and has expanded globally within the 
past 500 years19. Some of this success reflects several centuries of 
human-mediated dispersal of the disease around the globe via com-
mercial sea routes19,76. The disease now persists at low prevalence 
in dog populations across all inhabited continents, and genomic 
analyses reveal substantial diversity of sublineages worldwide19,162. 
Broad geographical and host distribution is generally linked to 
the presence of free-roaming or unmanaged dog populations162. 
Limited data on the clinical course of CTVT describe long-term 
persistence in affected hosts and occasional immune-mediated 
tumour regression, although the frequency with which this occurs 
in natural populations remains unclear163,164.

Devil facial tumour disease (DFTD). Tasmanian devils (Sarcophilus 
harrisii; Table 1) are affected by two transmissible cancer cell lin-
eages that arose independently, almost 20 years apart, known 
as devil facial tumour 1 (DFT1, first described as DFTD)56 and 
devil facial tumour 2 (DFT2)58. Both diseases, collectively known 
as DFTD, are transmitted by biting and result in facial and oral 
tumours with comparable gross features (Fig. 2b,c,d). Similar 
mutational signatures, driver gene candidates and drug response 
profiles imply that both lineages arose via common oncogenic pro-
cesses and from similar tissues18. Notably, however, DFT2 retains 

surface expression of major histocompatibility complex class I 
molecules, in contrast to both DFT1 and CTVT165. DFT2, first 
reported in 2014, is so far limited to a few individuals in south-
east Tasmania166,167. DFT1, first observed in 1996, has resulted 
in large-scale host population decline and continues to spread, 
although a recent report suggests that the disease is transitioning 
from emergence to endemism21.

Bivalve transmissible neoplasia (BTN). BTN refers to a group of 
transmissible leukaemia-like diseases that arose independently 
in soft-shell clams (Mya arenaria), golden carpet shell clams 
(Polititapes aureus), cockles (Cerastoderma edule) and bay mus-
sels (M. trossulus)23,59,97. Another independently evolved trans-
missible cancer lineage that originated in an M. trossulus host 
was reported in Chilean mussels (M. chilensis), as well as in blue 
mussels (Mytilus edulis), Mediterranean mussels (Mytilus gal-
loprovincialis) and their hybrids (Table 1)24,60,168. Cross-species 
transmission of cancer cells has also been demonstrated from 
the pullet shell clam (Venerupis corrugata) to a related species 
in the same region, P. aureus and from striped venus (Chamelea 
gallina) to warty venus clams (Venus verrucosa)23,61. It is thought 
that engraftment occurs via filtration of seawater contaminated 
with leukaemic cells shed by infected individuals59,169 (Fig. 2e,f). 
Similar to CTVT, disease spread has been facilitated by transport 
of infected bivalves on shipping vessels and inadvertent human 
intervention. While the ages of BTN lineages have not been firmly 
established, recent investigations suggest that the M. arenaria and 
M. edulis clones arose at least 40 and 50 years ago, respectively59,60. 
However, it is possible that, like CTVT, some BTNs might repre-
sent much older cell lineages that have circulated in populations  
for millennia.
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mutational motif (C to T mutations within GTCCA pentanucleo-
tides) was reported in the CTVT genome as well as hyperactivity of 
an endogenous mutational process in some tumour sublineages; it 
is possible that these mutational pulses are caused by the emergence 
of mutator alleles19,138. However, as discussed earlier, genomic sta-
bility is probably required for long-term survival of transmissible 
cancer lineages and selection against destabilizing mutators is likely 
to become particularly important in long-lived lineages. Indeed, 
there is some evidence that the process driving the GTCCA motif 
ceased to operate ~1,000 years ago, which suggests that it could have 
been generated by a transient mutator phenotype19. As noted in the 
context of the LTEE, antimutators (mutations that compensate for 
mutators) can also evolve that reduce the mutation rate and thus the 
rate of increase in the load of deleterious mutations129. Whether anti-
mutators might explain the abrupt cessation of the process respon-
sible for this specific motif in CTVT has yet to be determined.

Linkage and interference. Because tumours evolve asexually, the 
entire genome functions as a single linkage unit. The fate of any 
mutation depends not only on its own fitness effect but also on the 
genetic background in which it occurs. Thus, mutations that hap-
pen to occur in a background that has advantageous alleles can 
reach high frequencies by hitchhiking with them139 and this process 
should be especially prevalent in clonal organisms140. In particular, 
the spread of deleterious mutations linked to beneficial mutations 
becomes more probable in asexual populations, potentially contrib-
uting to genome decay141.

Advantageous mutations that arise in different lineages within 
the same asexual population cannot recombine into a single genetic 
background. Instead, clones with beneficial mutations compete not 
only against their progenitors but also against one another, which 
interferes with the spread and substitution of beneficial mutations82. 
In fact, clones carrying beneficial mutations can be driven extinct 
by this clonal interference, despite reaching substantial frequencies 
before eventually being overtaken. This process of clonal interfer-
ence has been shown to impose a ‘speed limit’ on the rate of adap-
tive evolution132. While more prevalent in asexual organisms, this 
effect can sometimes be observed even in sexually reproducing 
populations142. In general, clonal interference occurs more often 
in large populations and with high mutation rates because those 
features lead to more beneficial mutations that must compete with  
one another132,143.

Theory predicts that linkage between genetic loci reduces the 
efficiency of selection, and linkage is tightest and most prevalent 
in asexual organisms. In general terms, linkage couples the targets 
of selection—whether positive selection for beneficial mutations or 
negative selection against deleterious ones—with any linked vari-
ants that have the opposite effect, such that selection at one site 
can interfere with the response to selection at linked sites144. These 
so-called ‘Hill–Robertson’ effects can take a number of forms. For 
example, weakly beneficial alleles linked to highly detrimental 
alleles can be driven to extinction via background selection, while 
weakly deleterious alleles linked to strongly beneficial alleles can 
reach fixation. In asexual genomes, the fates of mutant alleles are 
especially dependent on the genetic backgrounds in which they 
arise. A study of human cancer genomes found that Hill–Robertson 
effects, and not relaxed selection, lead to a large burden of deleteri-
ous mutations in many cancer types4. In light of this evidence, a pos-
sible explanation for the high mutational burden seen in CTVT19 is 
that background-linked selection has dominated the evolutionary 
process in this transmissible cancer.

Fitness and adaptation. The bottom line in population genetics is 
fitness, that is the propensity of a specific genotype to leave descen-
dants under a particular set of conditions. Fitness gains require 
mutations that confer some benefit to the individuals with that  

genotype within a population in its present environment. The rate of 
adaptation then depends on the rate at which beneficial mutations 
arise, avoid extinction (especially while they are rare) and eventu-
ally become fixed in the population by natural selection. However, 
adaptive paths are not necessarily paved only by beneficial muta-
tions, as deleterious mutations can serve as ‘stepping stones’ across 
fitness valleys, thereby also promoting adaptive evolution145.

Adaptation depends on mutation effects, rates and interactions. 
Experiments with microorganisms show that adaptation often arises 
as a result of relatively few beneficial mutations with large benefits, 
rather than a large number of mutations with small effects26,134,146,147. 
Similarly, new traits required for conventional cancer progres-
sion are often acquired by driver mutations in a few key genes148. 
However, empirical and theoretical analyses of E. coli populations 
in the LTEE show that fitness can continue to increase for at least 
60,000 generations, even in a constant environment27,149. Thus, even 
small fitness gains can become important in large populations over 
long timescales.

From this evolutionary perspective, populations of cancer cells 
can be expected to undergo progressive adaptation until further 
beneficial mutations are exhausted, a stable equilibrium is reached 
or the host dies. Even non-transmissible cancers are dynamically 
adapting lineages that evolve within the complex and changing, 
albeit mortal, ecosystems of their hosts. Transmissible cancers 
face the same challenges as their conventional counterparts, along 
with the added complexity of moving between host individuals 
and adapting to changing microenvironments12. Changes in the 
frequency of alleles that appear to confer a selective advantage to 
DFT1-affected Tasmanian devils have recently been reported150. 
The DFT1 genomic regions exhibiting these signatures of selec-
tion contain genes associated with cancer risk and immune func-
tions, supporting an adaptive explanation based on the emergence 
of immune-modulated resistance150. During the long-term evolu-
tion of cancers, there is also a tension between adaptive evolution 
and reducing genetic load, with load reduction becoming relatively 
more important as the cancer lineage becomes better adapted to its 
environment. It is interesting to note the apparent genital tropism 
of CTVT and facial tropism of DFTD and to consider whether this 
specificity is explained by the transmission route alone15, by syn-
chrony between the cell-of-origin and a permissive host microenvi-
ronment51,151 or by some barrier to adaptive evolution that limits the 
opportunity for shifts in tropism.

A question of vital interest in cancer biology concerns the 
dynamics of fitness: do cancer lineages eventually reach a fitness 
peak? This question is of particular importance for transmissible 
cancers because they are potentially immortal. CTVT seems to have 
optimized its adaptation to the transmissible cancer niche early in 
its history19. The recent finding of weak negative selection in CTVT 
is consistent with the action of Muller’s ratchet and it suggests that 
its fitness may even be declining with time. Mechanisms that could 
limit adaptive genome evolution in these lineages include reduc-
tions in the number and effect-size of beneficial mutations as they 
become better adapted to their niche, leading to diminishing fitness 
returns. Furthermore, transmissible cancer clones are geographically 
dispersed, while adaptation may occur mostly within local popula-
tions. Without ongoing migration, selective sweeps would fix benefi-
cial mutations only within the local populations and thus would not 
produce detectable genomic signatures of adaptive evolution.

Future directions for research
Transmissible cancers present a fascinating opportunity to study 
the genomic consequences of asexual evolution in natural popula-
tions and to test population genetic predictions. Furthermore, these 
exceptional tumours provide a chance to look for parallel pheno-
typic and genomic evolution across different transmissible cancer 
lineages, across independently occurring lineages within the same 
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host species and across tumour sublineages arising from the same 
clone18,152. Studying such parallelism has proved to be a powerful 
way of identifying driver mutations, not only in the E. coli LTEE but 
also in natural infections including most recently SARS-CoV-2 (refs. 
26,153–155). Experimental studies in yeast have found parallel chro-
mosomal abnormalities in response to strong selective pressures, 
similar to changes often observed during tumour progression156–158. 
A recent study highlights the value of this approach for transmis-
sible cancers, where genome architectures, mutational processes 
and putative driver mutations were found to be strikingly similar 
in the independently arising DFT1 and DFT2 lineages18. Identifying 
genomic signatures of adaptive evolution is an important challenge 
for future research and one that will help us understand the evolu-
tion of transmissible cancers more generally.

Those asexual lineages that suffer severe effects from a lack of 
recombination should go extinct quickly. By contrast, long-lived 
asexual lineages, including transmissible cancers, presumably 
represent the subset of asexual lineages that face lesser problems. 
Future studies should address the genetic mechanisms and popu-
lation dynamics that allow these lineages to persist. For example, 
there has been no systematic study to date that examines the mecha-
nism underlying the LOH events in CTVT and whether it might be 
advantageous in reducing the mutational load and thereby allow-
ing long-term survival of this lineage. A comprehensive analysis of 
the frequency, size, distribution and gene content of LOH events 
across time in transmissible cancers, or even in immortalized cell 
lines, would therefore be worthwhile. Additionally, it is not known 
whether and to what extent transmissible cancers maintain strict 
clonality throughout their history. Remarkably, spontaneous recom-
bination involving fusion of genetically distinct tumour cells has 
been reported to provide a mechanism for parasexual recombina-
tion159. Whether a similar process might take place in transmissible 
cancer genomes and whether recombination that involves exoge-
nous DNA (besides mitochondria), host or otherwise, ever occurs 
in these lineages requires further study.

Describing the long-term dynamics of adaptation by natural 
selection is a question of fundamental interest for clonal popula-
tions27. Transmissible cancers present an opportunity to observe 
directly the rich and dynamic population genetic processes that 
characterize adaptation to new environments. In CTVT, the cycle 
of infection takes about 6 months; if this has been the case for 
6,000 years, then there have been roughly 12,000 transmission 
events along each transmission line, which would provide consider-
able opportunities for adaptation. While CTVT sequencing stud-
ies have generated data over only a relatively short window in this 
lineage’s long history, the recent emergence, rapid identification and 
heterochronous sampling of DFTD means that the rate of molec-
ular evolution can be observed and analysed almost in real time. 
Moreover, by following the fate of sublineages with different muta-
tions, it may be possible to infer some features of the underlying 
distribution of fitness effects.

Another topic that remains to be explored in the context of trans-
missible cancers is spatial structure and population subdivision. At 
any given time, a single tumour can harbour multiple genotypes, 
leading to competition and, in the case of beneficial mutations, clonal 
interference141. The spatial distribution of these competing clones 
and the geometry of tumour growth are crucial factors that affect the 
fate of clones29. In transmissible cancers, these processes can play out 
not only within tumours but also on a global scale. Spatial diversi-
fication has been observed in DFT1, CTVT and MtrBTN2 lineages 
and sublineages continue to coexist even when introduced to the 
same host populations following secondary contact19,20,24. The contri-
bution of migration to population genetic processes in transmissible 
cancer lineages has yet to be thoroughly studied.

Finally, mathematical approaches may need to be developed 
or refined to infer the parameters characterizing the population  

genetics of transmissible cancer progression. One key issue con-
cerns the predominance of stochastic versus deterministic pro-
cesses in the long-term evolution of these cancers19. Assessing the 
parameters necessary to understand the roles of random drift and 
natural selection in transmissible cancers will benefit greatly from  
further studies.
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