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Chapter 1

General Background

Biological evolution can appear a simple, even obvious idea. Thomas Huxley
recalls his initial reflection upon reading Darwin’s ‘On the Origin of Species’ (1859) as
"How extremely stupid of me not to have thought of that!" (Huxley 1888). Yet in nature
this apparently simple concept plays out as a multitude of complex interactions between
subtle processes, frequently producing results that seem counterintuitive, or even
paradoxical. For example, Darwin initially found it difficult to explain the evolution of
costly traits that seemed to reduce the chance of surviving or producing offspring, such
as the sterility of many eusocial insects, or the cumbersome tail feathers of male
peacocks (Burkhardt et al. 1993). Later researchers puzzled over questions such as how
evolution might allow animals to aid unrelated individuals at cost to themselves?
(Hamilton 1963) Or the ‘C-value paradox’ - why some species had evolved genomes many
times larger and more expensive to replicate than other, similarly complex species
(Thomas 1971). These paradoxical phenomena proved more than mere curiosities.
Darwin’s confusion gave way to insights that prompted the development of theories of
kin selection and sexual selection (Darwin 1859, 1871). The later examples led to entire
subfields studying reciprocal altruism (Trivers 1971) and selfish genetic elements (Orgel
& Crick 1980). The potential for unexpected insight makes the investigation of
evolution’s most counterintuitive outcomes valuable.

Amongst the most important principles of evolutionary theory is natural
selection, a concept so simple and self-evident that it has been described as a tautology
(Waddington 1959) - organisms with traits that make them efficient at surviving and
producing numerous offspring tend to survive and produce numerous offspring. It
follows that, if those beneficial traits are inheritable, they will become more common,
and opposingly, traits which inhibit reproduction or survival will become less common
and eventually go extinct (Darwin 1859). Despite this incontrovertible logic, some
organisms appear to defy natural selection. A notorious example of this are the newts
of the genus Triturus. In these species 50% of all offspring spontaneously die during
embryogenesis, cutting their reproductive potential in half. This trait is clearly massively
disadvantageous, provides no known benefit, and is not shared by any other newt taxa
- clearly it should be heavily selected against. However, it has persisted for over 20
million years and is fixed in every species in the genus.
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Triturus — The Crested and Marbled Newts

Newts (subfamily Pleurodelinae) are salamanders in the family Salamandridae,
which also includes the true salamanders. Newts are characterised by a semiaquatic
lifestyle, where adults alternate between terrestrial and aquatic habitats, with breeding
occurring in the water during spring and summer. All salamanders possess extremely
large genomes and in newts the haploid genome consists of around 30 billion base pairs
(30 Gbp). The newt genome is arranged into twelve pairs of chromosomes, except for
the two new world genera, which have eleven pairs (Sessions 2008).

Triturus is a genus of newt distributed throughout Europe and western Asia. As
of 2024 it is recognised to include three species of marbled newt and seven species of
crested newt (Arntzen 2024). All Triturus species are capable of breeding together to
produce viable offspring, however hybrids between the crested and marbled newt
lineages have very low fertility (Arntzen et al. 2009, 2018). Triturus is part of a clade
sometimes termed ‘modern European newts, which also includes genera such as
Ichthyosaura (the alpine newt) and Ommatotriton (banded newts) (Veith et al. 2018).
The phylogenetic relationships within this lineage have been obscured by extensive
ancient introgression, but recent publications place Triturus as the sister genus of
Lissotriton (Rancilhac et al. 2021), which occupies a similar distribution. Europe is also
home to ‘primitive newts’ of the genus Pleurodeles, which are much more distantly
related, having diverged 60 mya (Marjanovi¢ & Laurin 2014). Compared to their close
relatives, Triturus newts are notably larger and occupy different ecological niches. For
example, the northern crested newt Triturus cristatus is approximately twice overall
length and five times the total mass of the common newt Lissotriton vulgaris, with
which it co-occurs across most of northern Europe and opportunistically predates upon
(Cicort-Lucaciu et al. 2005; Sparreboom 2014).

The most striking difference between Triturus and its relatives concerns
reproduction. Similar to other newt taxa, fertilisation occurs internally and the females
lay clutches of 150-500 eggs, with approximately 200 being typical for most crested newt
species (Sparreboom 2014). However, whereas in related genera close to 100% of
fertilised eggs will hatch as viable larvae (Sessions et al. 1988), in Triturus only 50% will.
The other 50% will develop normally until they reach the late tailbud stage, which
occurs at day 6-7 in embryos developing at 20 °C, and then will spontaneously cease to
develop and eventually die (Horner & Macgregor 1985).

The death of half of Triturus embryos had been noted over two centuries ago,
by Italian naturalist Mauro Rusconi, in his treatise ‘Amours des salamandres aquatiques’
- The love life of newts (Rusconi 1821). However, the mechanism behind this trait and
its evolutionary implications remained uninvestigated until the second half of the 2oth
century. Superficially this phenomenon might appear similar to phenomena observed
in other amphibians. Frogs of the genus Oophaga lay unfertilized eggs, which are eaten
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by their tadpoles (Brust 1993). In fire salamanders, Salamandra salamandra, intrauterine
cannibalism is observed in viviparous populations (Buckley et al. 2007). However, in
these examples, the sacrifice of a mother’s resources is balanced by a clear benefit to her
surviving offspring. In contrast, Triturus larvae do not consume their unhatched brood
mates (Grossen et al. 2012), and the result is Triturus losing half of their reproductive
capacity, which must be considered strictly maladaptive.

Chromosome 1 in Triturus

The logic of natural selection suggests that trait as deleterious as the
spontaneous loss of half of all offspring should be swiftly eliminated (Darwin 1859), but
a peculiarity of the Triturus genome prevents this. The largest chromosome pair
(chromosome 1) is unusual, while clearly a matched pair, the chromosomes are
heteromorphic - the long arm of one chromosome is extended in comparison to the
other (Callan et al. 1960). The larger of these forms is designated 1A and the smaller 1B.
Under Giemsa staining, the long arms of chromosome 1 show an extreme amount of
banding, in a pattern that differs between 1A and 1B (Sims et al. 1984). This implies that
the long arms are a heterochromatic region that does not undergo homologous
recombination, a suggestion supported by the lack of chiasmata observed in this region
(Morgan 1978).

Initially chromosome 1A and 1B were proposed to be sex chromosomes, as the
lack of recombination and accumulation of heterochromatin would indicate (Callan et
al. 1960; Mancino & Nardi 1971). As many early investigations into the karyology of
salamanders relied on lampbrush chromosomes prepared from female oocytes, and
female heteromorphism (Z- and W-chromosomes) was already known in Pleurodeles
(Lacroix1970), this determination was accepted until it was realized that chiasmata were
absent from the long arm in both males and females (Morgan 1978; Macgregor 1979)
and chromosome 1 is heterozygous in both sexes. As all Triturus adults carry both
chromosome 1A and 1B, Mendelian genetics would suggest that half of all offspring will
be homozygous (1A,1A or 1B,1B). However, these genotypes are never observed in adults,
because it is these homozygote embryos that undergo premature arrest (Macgregor &
Horner 1980).

The requirement of both 1A and 1B for survival in Triturus is likely due to each
form of the chromosome carrying genes that are essential for viability, that are either
not functional or not present on the other form. This phenomenon, where
heterozygosity is persevered in a population because homozygosity is invariably lethal,
is termed a balanced lethal system (Muller 1918).
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Figure 1: The balanced lethal system in Triturus chromosome 1. Each form of chromosome

1 has (recessively) lethal alleles at different locations. Consequently the 50% of offspring that
inherit two copies of either version are unable to survive embryogenesis, and their development
arrests, followed by eventual death. The 50% of offspring that inherit one copy of both versions of
chromosome 1 survive and hatch as viable larvae. (Photographs courtesy of Micheal Fahrbach).

Balanced Lethal Systems

For over a century, artificial balanced lethal systems have been used to maintain
stocks of organisms which carry alleles that are recessively lethal (Muller 1917). Most of
these systems have been created in Drosophila, but they have also been engineered in
nematodes (Herman et al. 1976) and mice (Zheng et al. 1999). Balanced lethal systems
preserve recessively lethal alleles in a population by pairing them with a ‘balancer
chromosome’ (Miller et al. 2019). This is a homologous chromosome which also carries
a gene that is lethal when homozygous. This enforces heterozygosity, ensuring all that
all individuals possess the allele of interest.

Genetic recombination is a problem for balanced lethal systems. If the balancer
chromosome exchanges its lethal allele for a functional gene, it will become viable when
homozygous and displace the allele of interest from the population. To prevent this,
balancer chromosomes are developed with one or more genetic inversions (Miller et al.
2019). Recombination between the inverted and normal chromosome is inhibited
within the inverted region both because the formation of chiasmata is often suppressed
and because the chiasmata that do occur tend to result in inviable gametes (Coyne et al.
1993; Navarro & Ruiz 1997; del Priore & Pigozzi 2015).

The naturally occurring balanced lethal system in Triturus accounts for the
inability of natural selection to purge what has been termed ‘chromosome 1 syndrome’
(Wallace 1994). However, it remains difficult to explain the origin of such a disastrously
maladaptive trait. While extreme artificial selection has occasionally forced a balance
lethal system into existence, as Dawson (1967) demonstrated with Tribolium beetles, it
is improbable these conditions could occur in nature. However, the Triturus balanced
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lethal system cannot be dismissed as an evolutionary fluke; similar systems have been
described in widely divergent branches of the tree of life, including Oenothera (Steiner
1956), Isotoma (James et al. 1990) and Drosophila Tropicalis (Dobzhansky & Pavlovsky

1955).

Suppressed Recombination

For the balanced lethal system to remain stable, recombination between the
two forms of chromosome 1 must be inhibited. This implies that the region of
suppressed recombination we observe in Triturus chromosome 1 must have evolved
before or concurrently with the balanced lethal system. The non-recombing region may
have expanded afterwards, forming strata similar to those observed on sex
chromosomes (Lahn & Page 1999).

Suppression of recombination is often primarily discussed in relation to genetic
inversions, but other chromosomal rearrangements such as deletions and translocations
can also inhibit homologous recombination, although these are much more likely to be
immediately deleterious and hence are observed less frequently. Certain DNA
sequences, for example the PRDMg binding site (Paigen & Petkov 2018), also affect the
local frequency of recombination and transposable elements have a bidirectional
association with regions of suppressed recombination (Kent et al. 2017).

When initially describing the Triturus balanced lethal system Macgregor and
Horner (1980) briefly posited that both chromosome 1A and 1B could have been created
in a single event, during an unequal exchange between sister chromosomes. Sessions et
al. (1988) elaborated upon this, suggesting that a pair of reciprocal deletions and
duplications resulting from such an exchange would explain the non-viability of the
homozygotes as well as suppressing recombination. However, this concept was
dismissed by later authors as it provided no mechanism by which such deleterious
mutations could achieve fixation (Grossen et al. 2012).

Recombination is a process of immense importance in evolution and so its
suppression has significant consequences. Recombination is vital to the efficient
purging of deleterious alleles, and its absence results in an accumulation of such alleles
in an effect termed ‘Muller’s ratchet’ (Felsenstein 1974), which may gradually reduce the
fitness of the population. This effect is responsible for the accumulation of transposons
and other repetitive elements in non-recombing regions resulting in the build-up of
heterochromatin commonly observed (Charlesworth et al. 1994). As alleles for different
loci within a non-recombining region will be inherited together for many generations
the synergistic effects between them become more visible to selective pressures, which
contributes to the evolution of phenomena such as sex chromosomes and supergenes
(Charlesworth et al. 2005; Thompson & Jiggins 2014).
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Supergenes

A supergene is a group of genes located on the same chromosome and
consistently inherited together (Dobzhansky 1970). Supergenes can have profound
effects on the evolution of a species (Thompson et al. 2014). By locking together a large
number of genes a supergene can produce highly distinctive, complex phenotypes
(Schwander et al. 2014). Among the most studied systems are the Miillerian mimicry
supergenes in Heliconius butterflies (Joron et al. 2006) and the supergenes that control
social organization in fire ants of the genus Solenopsis (Wang et al. 2013). Example in
vertebrates include the supergenes that give rise to the spectacular mating morphs in
the ruff (Kipper et al. 2016) and white throated sparrow (Tuttle et al. 2016).

Supergenes can also promote speciation, via several mechanisms. A lack of
recombination can cause a supergene to rapidly accumulate mutations (Muller 1964),
resulting in faster divergence between populations. Rigid genetic linkage also facilitates
the evolution of meiotic drive systems, which selfishly destroy gametes that do not
possess the supergene (Larracuente & Presgraves 2012). Drive systems typically impose
a fertility penalty, favouring the evolution of genes which suppress them (Zanders &
Unckless 2019). If a hybridization event introduces the drive system into a population
that lacks the suppressor, then less fertile offspring will be produced (McDermott &
Noor 2010). This will result in reproductive isolation and may explain some of the hybrid
infertility often observed in nature (Patten 2018). Ironically, while supergenes can
separate species by preventing hybridization, some supergenes are created by
hybridization between two species (Tuttle et al. 2016; Jay et al. 2018). In addition, like
any gene, supergenes can introgress between species, sometimes carrying over entire
complex phenotypes with them (Corcoran et al. 2016).

As supergenes can only exist in regions of suppressed recombination, they often
originate as a chromosomal inversion (Kirkpatrick 2010). If the inversion is not
immediately deleterious, it may spread through the population and start to acquire
mutations that cannot be passed back to the original chromosome, the beginnings of a
supergene. With the inverted chromosome now in competition with the original,
selection or genetic drift will eventually eliminate one of the variants. If the inversion is
adaptive, it may become fixed in the population (Lande 1985). It must be noted that
typically, an inverted chromosome will be capable of recombining with itself.
Consequently, if the inversion becomes fully fixed, there will be no suppressed
recombination, and the chromosome will cease to evolve as a supergene system.

For a supergene system to be stable in the long term, it must exist in a balanced
polymorphism, where some selective mechanism actively maintains multiple alleles in
a population (Charlesworth 2006). One possible mechanism is negative frequency
dependent selection, where a trait is advantageous when rare, but disadvantageous
when common (Ayala & Campbell 1974). This may be the case in grove snails Cepaea
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nemoralis, which exist in several distinct morphs, coded for by a supergene (Gonzalez
et al. 2019). It is suggested that the rarer a morph is, the less likely it is to be recognized
by the snail’s main predator, the song thrush (Clarke 1969).

Balanced polymorphism may also be sustained by heterozygote advantage. This
occurs when possession of a single copy of an allele is more advantageous than having
two (or zero) (Birchler et al. 2003). In severe cases an otherwise advantageous allele may
be lethal when homozygous, which is the case in many supergene systems, such as those
found in fire ants, ruffs and fruit flies (Kenvon 1972; Wang et al. 2013; Kiipper et al. 2016).
Recessive lethality may result from the accumulation of deleterious mutations, or from
the disruption of an essential gene by the original inversion (Albornoz & Dominguez

1994).

The non-recombining region of Triturus chromosome 1, can be viewed as a
supergene system exhibiting the most extreme form of heterozygote advantage possible.
However, this prompts the question of how the original, un-inverted (or otherwise
rearranged) form of the chromosome also loses viability when homozygous. A possible
mechanism is that of a self-reinforcing heterozygote advantage: An increased
proportion of a population heterozygous for a supergene leads to fewer opportunities
for recombination within the affection section of the chromosome. With less
recombination deleterious alleles are purged less efficiently, which in turn increases the
relative heterozygote advantage. Berdan et al. (2021) model this scenario, showing that
under strict conditions symmetric degeneration within a supergene locus can eventually
result a balanced lethal system.

Alternatively, chromosomes 1A and 1B may be two incompatible descendants of
the same supergene, with the original arrangement driven extinct. This would be the
case if the balanced lethal system evolved from the most ubiquitous class of supergene:
a sex chromosome.

Sex Chromosomes as Supergenes

The human Y-chromosome may be the most familiar example of a supergene
(Charlesworth 2016). It displays all the typical characteristics of a supergene: it gives rise
to a complex phenotype, it does not undergo homologous recombination over a portion
of its length, and it is maintained in balanced polymorphism with the X-chromosome
(Charlesworth 2017).

Sex chromosomes can also demonstrate some of the more diverse aspects of
supergene biology. Haldane’s rule summarizes how sex chromosomes decrease the
fertility of hybrids and promote speciation (Haldane 1922). In some species highly
divergent Y chromosomes can code for distinct morphs. This is the case in the guppy,
Poecilia reticulate, where the polymorphism is maintained by females which
preferentially mate with rare male morphs (Hughes et al. 2013). Interestingly it is
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possible to breed viable YY guppies (by using temperature dependent sex reversal to
produce an XY female), but only if the Y-chromosomes are heterozygous. This indicates
that each Y chromosome linage possesses a unique set of recessively lethal alleles
(Haskins et al. 1970).

In contrast to mammals and birds, where the XY and ZW systems have been
relatively stable for hundreds of millions of years (Cortez et al. 2014; Zhou et al. 2014),
amphibians exhibit a far more diverse array of sex determination systems (Nakamura
2009; Miura 2017). For example, the Iberian ribbed newt, Pleurodeles waltl, possesses a
ZW system (Cayrol et al. 1983), but in Triturus chromosome 4 is identified an XY pair
(Sims et al. 1984). In many Salamander species sex chromosomes are difficult to identify
with a karyotype, as they are relatively homomorphic (Keinath et al. 2018), which is
characteristic of evolutionarily young chromosomes (Stock et al. 2011). This suggests the
Salamanders experience rapid turnover of sex determination systems (Hillis & Green

1990).

Did Chromosome 1 Evolve from a Sex Chromosome System?

Wallace (1987) suggested that this rapid turnover explained the origin of the
balanced lethal system - chromosome 1A and 1B were the remnants of an ancient sex
determination system. This model relied upon the X-chromosome becoming self-
incompatible but provided no mechanism by which this mutation might become fixed.
A similar, but more developed hypothesis was later proposed by Grossen et al. (2012)
where it was given the imaginative title “A Ghost of Sex Chromosomes Past?”. This model
is based on the following sequence of events:

1)  Firstly, Triturus chromosome 1 was previously the Y-chromosome of a XY sex
determination system.

2) Within this system the Y-chromosome diverged into two lineages, which were
maintained in balanced polymorphism. The authors propose that, after divergence,
each Y-chromosome lost several (different) essential genes which were maintained on
the X-chromosome, creating a unique set of recessively lethal alleles on each lineage of
the Y-chromosome. This created a system much like that observed in guppies.

3) The climate became colder. The sex determination mechanisms of salamanders
are affected by temperature, with lower temperatures having a feminizing effect
(Wallace & Wallace 2000). The environmental shift resulted in a proportion of XY
Triturus developing as female.

4) When XY females bred with XY males, YY offspring resulted. These behaved
similarly to sex reversed guppies: they were viable, but only when heterozygous for the
two Y-chromosome linages. To preserve these linages, they must have been so divergent
that they were incapable of homologous recombination with each other.
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5) The climate became even colder resulting in all XY individuals developing as
female. However, the YY individuals had two copies of the masculinizing chromosome,
so a proportion of them remained male.

6) The temperature induced sex reversal resulted in a large excess of females over
males. In this situation the X-chromosome (which was always in females) was at a
disadvantage and was eventually lost from the gene pool. This resulted in a population
that was purely YY, with temperature dependent sex determination.

7) The balanced lethal system was now fully established. All individuals carry two
copies of the chromosome, but only those which had each of the two lineages were
viable. This resulted in the 50% embryonic mortality rate now characteristic of Triturus.

8) Finally, a masculinizing mutation evolved on chromosome 4. As the sex ratio
was still biased in favour of females, this mutation spread rapidly and eventually evolved
into the XY sex determination system observed today on chromosome 4.

As each step in this sequence is plausible under the conditions proposed it
presents a viable theoretical route to the fixation balanced lethal system - which is
supported by the simulations performed by the authors. However, the pre-requisites are
exacting. The Y-chromosome lineages must have diverged early enough that they share
no common lethal factors and then been maintained in polymorphism, likely requiring
some degree of balancing selection. They must also have evolved separate chromosomal
rearrangements to prevent recombination between them in the YY individuals. The
mechanism relies on specific patterns of climate alteration and depends on the final
masculinizing mutation being delayed until after the balanced lethal system has been
fixed, despite a strong selection pressure in its favour from the beginning of the scenario.

A major virtue of the “Ghost of Sex Chromosomes Past” model is that it is not
simply an evolutionary “Just So Story” (Smith 2016), but a falsifiable hypothesis that
implies testable predictions. If Triturus chromosome 1 is a former Y-chromosome, the
most parsimonious scenario is that it descended from (and hence is homologous with)
the same common ancestor as the current XY systems found in related European newt
genera such as Lissotriton. Furthermore, because the model involves sex-chromosome
turnover specific to the Triturus lineage, it implies that the current Triturus Y-
chromosome is different to that of any common ancestor, and so is extremely unlikely
to be homologous to those found its relatives.
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Figure 2: The hypothesized evolution of the Triturus balanced lethal system from a Y-
chromosome (Grossen et al. 2012). A) The ancestral Y-chromosome diverges into two lineages,
each other which possesses its own lethal alleles. Normally the Y-chromosomes cannot meet, but
if they did only individuals with one copy of each of the two different lineages would be viable. B)
As the climate cooled, temperature dependent sex reversal would result in XY females, producing
the possibility of YY individuals. With drastic climate change even a YY genotype may not always
be sufficient for masculinization, resulting in a sufficiently female biased sex-ratio that the X-
chromosome is driven extinct, even though this results in a balanced lethal system.
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Ancestral ZW System

Transition to XY system
on chromosome 1

Chromosome 1 evolves into
balanced lethal system
New Y-chromosome evolves
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New Y- Retains Retains ZW sex-
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chr 2-12 homolog as Y- system
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Figure 3: Sex chromosomes turnover events in newts required by the Y-chromosome
origin hypothesis. A transition between an ancestral male-determining region on chromosome
1 to a new Y-chromosome is an essential feature of this mechanism. This implies that the Y-
chromosome of Lissotriton cannot be homologous with that of Triturus and will instead likely be
homologous with the Triturus balanced lethal system. Also indicated is transition from the
ancestral ZW system of ‘primitive newts’ to the XY system in ‘modern’ newts.

A Degenerate Supergene?

While Grossen et al. (2012) presented the first detailed simulation of the
evolution of a balanced lethal system the alternative hypothesis of a runaway
heterozygote advantage has recently been modelled by Berdan et al. (2022) These
simulations concern different arrangements of a supergene that are initially mildly
overdominant with respect to each other (i.e. the supergene locus drives heterozygote
advantage) which can be either inherent to the arrangement, or a consequence of
genetic linkage to other overdominant alleles (associative overdominance). As
individuals carrying two different arrangements of the supergene have a fitness
advantage in this scenario, they will experience disproportionate reproductive success
and may constitute the majority of the breeding population.

The supergene arrangements can only undergo recombination in homozygous
individuals, and so if these homozygotes reproduce less often, there will be less frequent
recombination within the supergenes. This will reduce the efficiency of purifying
selection within these regions and therefore cause an accumulation of deleterious
mutations within each supergene arrangement. As most deleterious mutations are
recessive, and the mutations will be different in each supergene arrangement, they will
have little impact on individuals that are heterozygote for the supergene. However,
homozygotes will suffer reduced fitness due to the additional mutation burden and so
will make up even less of the breeding population. This forms the basis of a vicious cycle
where there is ever less recombination and purifying selection within the supergene
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arrangements, resulting in an ever-increasing mutation burden which eventually drives
the fitness of the homozygotes to zero, producing a balanced lethal system.

Berdan et al. (2022) show that this is a plausible mechanism for the formation
of a balanced lethal system, but in common with the degenerate sex-chromosome
scenario, its viability depends on specific conditions, especially a small effective
population size and low rates of gene conversion. An interesting aspect of this
mechanism is that the degeneration must be symmetric. If the mutation burden in one
of the supergene arrangements results in significantly lower fitness of its homozygotes
than the otherarrangement, then its frequency within the population will decrease. Any
imbalance in frequency will reduce purifying selection within the less common
supergene arrangement (and enhance its efficiency in the more common arrangement)
resulting in this arrangement experiencing an even greater mutation burden and
exacerbating the original imbalance. This cycle would continue until the less common
arrangement was either driven extinct, or, if the heterozygote advantage was very high,
evolved into a ‘half-lethal’ supergene - like those observed in ruffs or fire ants (Kenvon
1972; Wang et al. 2013; Kiipper et al. 2016).

The genomic signature that this mechanism would leave in modern Triturus
requirement is less obvious than evolution from a ‘ghost’ sex chromosome. However, the
requirement for steady, symmetric degeneration of both supergene arrangements
suggests that we would not expect to find evidence of macro-mutations (such as multi-
gene deletions) that would have abruptly incurred major fitness penalties. This is a stark
contrast to the first mechanism proposed for the evolution of the Triturus balanced
lethal system, the unequal exchange described by Sessions et al. (1988) which likely
would leave clear evidence of large-scale deletions.

Exploring the Balanced Lethal System and the Giant Triturus
Genome

There has been considerable investigation of the Triturus balanced lethal
system at the embryonic and cytological level. Multiple mechanisms have been
proposed, and in some cases simulated, to explain the evolution of naturally occurring
balanced lethal systems in general (Berdan et al. 2021) and the Triturus system in
particular (Wallace 1987; Sessions 2008; Grossen et al. 2012). Despite this interest,
essentially nothing is known about the system at the genetic or genomic level. The
specific mechanism of lethality remains a mystery. Not a single gene has been shown to
be associated with the non-recombing regions of either chromosome 1A or 1B. No
structural rearrangements have been definitively identified with the Triturus genome.
This is unfortunate, as understanding the evolution of the balanced lethal system may
be almost impossible without knowledge of the structure and content of this part of the
genome and so far, any predictions implied by the proposed hypotheses have remained
untested.
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The relative lack of progress has been typical of salamander genetics/genomics
in the first two decades of the 21st century (for example no male-linked markers have
been identified on the Y-chromosome of any salamander) and may be due to the
intimidating size of the genomes involved. Other than lungfish (Metcalfe et al. 2012)
(Meyer et al. 2021), salamanders have the largest genome of any vertebrate. In Triturus,
estimates of the haploid length varies between 27 GB and 32 GB depending on species
(Litvinchuk et al. 2007) and this does not account for the heteromorphy observed in the
largest chromosome. This size complicates sequencing and genome assembly.
Chromosome scale assemblies have been published for the axolotl and Iberian ribbed
newt (Brown et al. 2025; Nowoshilow et al. 2018; Smith et al. 2019), but while more are
sure to follow, these remain very resource intensive projects.

An alternative to whole genome sequencing is reduced representation
sequencing (Hirsch et al. 2014). This is diverse category of techniques that aim to
interrogate subset of loci. Importantly, if the techniques are applied consistently, the
same loci are sequenced across multiple samples. Compared to whole genome
sequencing, these approaches have several advantages. Sequencing a single sample is
much cheaper, large sample sizes become viable, very high coverage is possible (making
it easier to identify rare polymorphisms) and useful data can be quickly generated even
from the largest of genomes.

Two techniques of particular interest are RADseq and target capture
sequencing. RADseq sequences sections of DNA flanked by the binding sites of selected
restricted enzymes (Davey & Blaxter 2010). Though restriction sites will be scattered
randomly throughout the genome, their position will be conserved between samples of
the same species. RADseq may yield hundreds of thousands of loci with little
preliminary work, but these are rarely coding sequences, and often poorly conserved
between species. Target capture relies on the hybridization of synthetic complementary
RNA probes to preselected target sequences (Mertes et al. 2011). The targets chosen are
generally coding genes, and often highly conserved between species. However, one
limitation is that the general sequences of the targeted loci must be known in advance.
Often transcriptome data is used to design the probes, but this is not helpful for non-
transcribed sequences, making investigation of gene-poor regions, such as sex
chromosomes, difficult. For Triturus a probe set targeting ca. 7000 genes has already
been designed and used to construct a phylogeny of the genus (Wielstra et al. 2019).

Unlike a whole genome assembly, reduced representation sequencing does not
directly give information about the position of any marker within a genome. However,
if a family of related individuals is sequenced, the relative position of any two markers
can be inferred by calculating the frequency of recombination between them. With
enough markers a linkage map covering all chromosomes within the genome can be
constructed (Kai et al. 2014).
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Aims and Structure of the Thesis

The primary objectives of this PhD project are to map Triturus genome, to
compare the structure of the Triturus genome to that of related genera and identify
regions of shared synteny, to identify any chromosomal rearrangements which may have
been involved in the evolution of the non-recombing region of Triturus chromosome 1,
and to test the “A Ghost of Sex Chromosomes Past” hypothesis by determining whether
or not chromosome 1 ever has acted as a sex chromosome.

Chapter 2

To verify whether Triturus chromosome 1 has ever acted as a sex chromosome it
will be necessary to identify the sex-linked regions of the genome of its close relatives
(on the assumption that these still retain the sex determination system of their common
ancestor). To this end, a RADseq based linkage map will be constructed for the common
newt Lissotriton vulgaris, which, like Triturus, also possess a small heteromorphic Y-
linked region close to the telomere of one of its middle-ranked chromosomes.

Other researchers working in amphibians have shown that a sex-linked region
may be identified directly from such a map without any previously known sex-associated
sequence and without knowledge of the sex any samples other than the parents of a
family (Brelsford et al. 2016). If this is also possible in newts it would negate the need
for a separate study searching for sex-associated markers. However, the large genomes
and apparently small sex-linked regions observed in the karyotypes of both Triturus and
L. vulgaris make it questionable whether this approach is reliable. Consequently, for L.
vulgaris, an association based RADseq approach is also employed, and the markers
identified used to benchmark the suitability of a purely linkage mapping based study.
The sex-specific performance of any Y-linked markers identified in L. vulgaris will also
be verified across the genus Lissotriton.

Chapter 3

With the Y-linked region of the Lissotriton genome identified, the same must
be achieved for Triturus. The same RADseq methodology used in chapter 2 will be
employed for the Balkan crested newt T. ivanbureschi. Sex association will be used to
identify male-linked RAD markers in sequences from samples of adults of known sex.
These markers will then be located a on RADseq-based linkage map. Bioinformatic
approaches will be used to determine whether the Lissotriton and Triturus Y-
chromosomes are homologous. Additionally, the Y-linked regions of both genera will be
placed on target capture-based linkage which also include genes involved in the Triturus
balanced lethal system. Finally, the performance of Y-linked markers developed in T.
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ivanbureschi will be assessed throughout the genus Triturus, as multispecies sex-specific
markers may be valuable for many future research projects.

Chapter 4

This chapter will focus directly on the genes involved in the Triturus balanced
lethal system and the identification of structural rearrangements. Target capture
sequencing of F2 hybrid families will be used to construct linkage maps for both Triturus
and Lissotriton. As the Triturus dataset will include both viable and arrested embryos it
will become possible to distinguish alleles associated with each of the chromosome 1
heteromorphs. Via the linkage maps any structural rearrangements between Triturus
and Lissotriton involving these loci will become apparent. Additionally, allele ratio
analysis will be used to investigate any change in the copy number of the genes. Finally,
the viability of the various hypotheses for the evolution of the Triturus balanced lethal

system will be discussed in light of the results, and an evolutionary scenario will be
modelled.

Chapter 5

In the final chapter of this thesis will summarize and synthesize the findings of
the previous three chapters and place them in the context of the surrounding literature.
Topics of discussion will include: Which, if any, the different proposed models for the
evolution of balanced lethal system best fit the observations made in Triturus? Whether
the evolutionary processes experienced by Triturus are relevant to other naturally
occurring balanced lethal systems? What are the broader relationships between the
origin of the balanced lethal system and other evolutionary processes, such as genetic
surfing and speciation? And, what is the outlook for future research?
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