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Evolution of Sex Determination and Sex Chromosomes:
A Novel Alternative Paradigm

Richard P. Meisel

Sex chromosomes can differ between species as a result of evolutionary
turnover, a process that can be driven by evolution of the sex determination
pathway. Canonical models of sex chromosome turnover hypothesize that a
new master sex determining gene causes an autosome to become a sex
chromosome or an XY chromosome pair to switch to a ZW pair (or vice
versa). Here, a novel paradigm for the evolution of sex determination and sex
chromosomes is presented, in which there is an evolutionary transition in the
master sex determiner, but the X chromosome remains unchanged. There are
three documented examples of the novel paradigm, and it is hypothesized
that a similar process could happen in a ZW sex chromosome system. Three
other taxa are also identified where the novel paradigm may have occurred,
and how it could be distinguished from canonical trajectories in these and
additional taxa is also described.

1. Introduction

Many eukaryotes have separate male and female individuals, a
situation that requires developmental regulation of sex determi-
nation and sexual dimorphism.[1,2] Master regulators of sex deter-
mination initiate gene regulatory pathways that establish sexually
dimorphic phenotypes through differential gene expression and
splicing of genes betweenmales and females.[3,4] Themaster reg-
ulatory signal can be an environmental cue or a genetic difference
between males and females.[5,6]

When the sex determination signal is a genetic difference
between males and females, the master sex determining gene
can be (but is not always) found on a sex chromosome.[2] In
contrast, downstream genes in the sex determination pathway
are not expected to be on a sex chromosome. For example,
Sry is the master male-determining gene on the mammalian
Y chromosome,[7] but Dmrt1—a downstream gene involved in
testis differentiation—is autosomal.[8] In Drosophila, a handful
of X-linked genes serve as readouts of X chromosome dosage,
which is the master regulatory signal for sex determination.[4]

The downstream targets of these X-linked genes include the au-
tosomal genes transformer (tra), doublesex, and fruitless.[9] Both
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mammals and Drosophila have XY sex
chromosome systems—females are “ho-
mogametic” with two X chromosomes (XX
genotype), and males are “heterogametic”
with one X and one Y (XY genotype). Other
animals, such as birds and Lepidoptera
(i.e., butterflies and moths), have ZW sex
chromosome systems,[10] in which males
are the homogametic sex (ZZ), and females
are heterogametic (ZW).
Sex chromosomes have originated in-

dependently in multiple plant and animal
taxa as a result of new sex determining
genes arising in different evolutionary
lineages.[2,6] For example, the XY sex chro-
mosomes found inmammals, reptiles, fish,
Drosophila, and beetles are not homologous.
However, the same genes are sometimes
found on independently derived sex

chromosomes, presumably as a result of convergent
evolution.[11–13] Characterizing the causes and effects of sex
chromosome turnover has been an important and long-term
goal in evolutionary genetics.[5,14–16] Most previous research
described three types of sex chromosome turnovers. In the first
two, a new sex chromosome can be created from an autosome,
a situation in which the old sex chromosome reverts to an
autosome. In the third, an existing XY sex chromosome pair can
be converted into a ZW chromosome pair, or vice versa. Here,
I propose a novel alternative paradigm based on recent studies
of insect and fish sex chromosomes.[17–19] In this alternative
trajectory, a new male-determining locus arises on an existing X
or Y chromosome. This changes the sex determination pathway
and possibly creates a new Y chromosome, but the ancestral
X chromosome remains unchanged. Similarly, a new female-
determining locus could create a new W chromosome, while the
ancestral Z chromosome is not affected.

2. Sex Chromosome Turnover Can be Caused by
Evolution of the Sex Determination Pathway

Evolutionary transitions in the regulation of sex determination
are an important cause of sex chromosome turnovers. These
evolutionary transitions can happen when a new master regu-
latory gene usurps control of a sex determination pathway from
the ancestral master regulator.[3,20,21] The new sex determining
gene can create a new sex chromosome, resulting in evolution-
ary turnover of the sex chromosomes. Three canonical types
of sex chromosome turnovers have previously been described
(Figure 1A–C). These sex chromosome turnovers only apply
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Figure 1. Canonical trajectories and novel paradigms in sex chromosome evolution. In the ancestral state, a male-determining gene (M1 or M) on the
Y chromosome is a negative regulator of F or F1. A) In an example of sex chromosome turnover, a mutation creates a new male-determining gene
(M2) on an ancestral autosome, which replaces M1 as the master regulator of sex determination. The chromosome containing M2 is converted into a
proto-Y, and the homolog of that chromosome becomes a proto-X. The ancestral X chromosome reverts to an autosome, and the ancestral Y is lost. B)
In an example of XY to ZW turnover involving different chromosomes, a mutation creates a new allele of F (F2), which is not sensitive to the negative
regulation of M. This converts the chromosome upon which F2 is found into a proto-W, and the homolog of that chromosome becomes a proto-Z. The
ancestral Y chromosome reverts to an autosome, and the ancestral X is lost. C) In an example of XY to ZW turnover involving the same chromosome,
F1 is found on the same chromosome as M. A mutation creates a new allele, F2, which is not sensitive to the negative regulation of M. This converts the
X or Y chromosome upon which F2 is found into a proto-W chromosome. X or Y chromosomes without F2 become proto-Z chromosomes. D) A neo-Y
chromosome arm is created when an autosome fuses to the Y chromosome. The homologous copy of that autosome becomes a neo-X chromosome.
The neo-X chromosome could fuse to an autosome or sex chromosome. An X-autosome fusion could similarly create a neo-X chromosome without a
Y-autosome fusion. E) In the novel paradigm, if the M2 gene arises on the ancestral X chromosome, it will convert the X into a proto-Y. Copies of the
ancestral X chromosome that do not have M2 remain X-linked, and the ancestral Y is lost. F) If M2 arises on the ancestral Y chromosome, it will change
the molecular regulation of the sex determination pathway, but both the X and Y chromosome will remain the same. In cases where the ancestral X or
Y chromosome is lost, any X- or Y-specific genes would transpose to other chromosomes.

when the ancestral state is genetic sex determination with sex
chromosomes—additional trajectories are possible if the ances-
tral state is sex determination by environmental cues or some
form of hermaphroditism.[2,6]

In the first canonical trajectory, a new XY chromosome
pair arises in a species with a different existing pair of X and
Y chromosomes (Figure 1A). This can happen if a new male-
determining locus arises on an autosome and takes control of the
sex determination pathway. This process has happened at least
twice in the past 10 million years (My) in Oryzias fishes.[22–26]

Similarly, a male-determining gene could transpose from a Y
chromosome to an autosome.[27–30] The new male-determining
locus converts the autosome into a “proto-Y” chromosome, and

its homolog becomes a “proto-X”. Shortly after the origin of the
new male-determiner, there will be a period of polygenic sex
determination (Figure 2A), wherein the ancestral and derived
sex determiners (and sex chromosomes) segregate as polymor-
phisms within a species.[31] If the new sex determining locus and
proto-sex chromosome establish themselves in the population,
the ancestral X (or possibly Y) chromosome can revert to an
autosome.[32] A similar phenomenon could also happen in a
taxon with a ZW sex chromosome system (i.e., an autosome
becomes a new ZW pair).
Second, a new ZW chromosome pair can arise in a species

with XY sex chromosomes if a female-determining gene or allele
arises on an autosome[33] (Figure 1B). For example, when a new
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Figure 2. Steps in the evolutionary turnover of sex chromosomes. In the ancestral state, a male-determining gene (M1) on the Y chromosome is a
negative regulator of F. A) In a canonical trajectory of sex chromosome turnover, a mutation creates a newmale-determining gene (M2) on an autosome.
The chromosome containingM2 is converted into a proto-Y, and the homolog of that chromosome becomes a proto-X. There is a period of polygenic sex
determination, during which both the ancestral (M1) and derived (M2) genotypes segregate in a population. Eventually, if the M2 genotype fixes, there
has been a sex chromosome turnover, and the ancestral X chromosome reverts to an autosome. B) In the novel paradigm, M2 arises on a copy of the
ancestral X chromosome, converting the X into a proto-Y. As with the canonical trajectory, there is a period of polygenic sex determination, during which
both the M1 and M2 genotypes segregate. Eventually, if the M2 genotype fixes, the proto-Y chromosome fixes, and, in the new trajectory, the ancestral
X chromosome remains.

female-determining gene took over control of the sex determina-
tion pathway in a cichlid fish, the autosome upon which it was lo-
cated became a proto-W chromosome, its homologwas converted
into a proto-Z, and the ancestral X or Y chromosome reverted
to an autosome.[34] Similarly, a new ZW system was created in
house fly. In most flies, a Y-linked male-determiner regulates the
splicing of the autosomal tra gene, which then regulates the splic-
ing of downstream genes in the sex determination pathway.[35,36]

However, a dominant allele of tra (Md-traD) exists in some house
fly populations; Md-traD is a female-determiner that is resistant
to regulation by the male-determining gene.[29,37] The autosome
carrying Md-traD has thus been converted into a proto-W chro-
mosome, but this is still segregating as a polymorphism in nat-
ural populations.[38] Likewise, a new XY sex chromosome could
be created from an autosome in a species with an existing ZW
system.
Third, an evolutionary transition in the sex determination

pathway can convert an existing XY chromosome pair into a
ZW pair, or vice versa (Figure 1C). In this trajectory, the same
chromosome remains sex-linked, but the heterogametic sex
changes. For example, an XY chromosome pair was converted
into a ZW chromosome pair in the frog Rana rugosa.[39] Simi-
larly, in the platyfish, Xiphophorus maculatus, a single chromo-
some segregates as both an XY and ZW pair.[40,41] In addition,
a single chromosome can be a Y, W, or Z in the frog Xenopus
tropicalis.[42]

Sex chromosomes can also experience substantial evolution-
ary change when they fuse with an autosome, creating a “neo-sex
chromosome”[43] (Figure 1D). X-autosome and Y-autosome fu-
sions (aswell as translocations) have happened in numerous taxa,
including insects, vertebrates, and plants.[44–50] These neo-sex
chromosomes differ from the proto-sex chromosomes described
above in an important way: neo-sex chromosomes are the result
of fusions between autosomes and sex chromosomes, whereas
proto-sex chromosomes are created when a new sex determining
locus arises on a chromosome. The novel paradigm for the evo-
lution of sex determination and sex chromosomes that I describe
below is best contrasted with canonical proto-sex chromosomes.
During polygenic sex determination or shortly after the estab-

lishment of a new sex chromosome, the X and Y (or Z and W)
chromosomes will be undifferentiated, or homomorphic. In the
most extreme example of homomorphic sex chromosomes, the
X and Y chromosomes of the tiger pufferfish, Takifugu rubripes,
differ only in a single missense allele in the anti-Müllerian hor-
mone receptor type II gene.[51] Over time, the X and Y (or Z and
W) can become differentiated from each other as they evolve into
a heteromorphic sex chromosome pair.[43] When the sex chro-
mosome pair is differentiated, the X or Z chromosome typically
resembles an autosome in gene content and density, although
the X or Z can have its own regulatory machinery or be enriched
for genes with sex-specific regulation.[52–55] In contrast, Y (or W)
chromosomes are often referred to as “degenerated” because they
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harbor a small number of genes withmale (female) specific func-
tions and an enrichment of repetitive DNA sequences.[56–59] Y
and W chromosome degeneration results from a smaller effec-
tive population size (one quarter that of autosomes) and low X-Y
(or Z-W) recombination, which reduces the efficacy of purifying
selection.[57,60]

3. Genomic Approaches Identify Sex Chromosome
Turnovers and Determine the Fate of Old Sex
Chromosomes

Historically, sex determining genes and sex chromosomes were
only identified in a limited number ofmodel organisms.[4,7,22,61,62]

Advances in molecular biology and genomics have improved our
ability to characterize sex chromosomes, sex determining genes,
and sex chromosome turnovers across animal taxa.[29,36,63–67] This
work has largely confirmed that sex chromosome turnovers oc-
cur via the canonical trajectories described above (Figure 1A–
C). For example, a sex chromosome turnover was identified in
the lineage leading to Drosophila—an autosome was converted
into a sex chromosome, and the ancestral X chromosome re-
verted to an autosome.[32] Similarly, a test for sex-specific DNA
sequence markers discovered that canonical sex chromosome
turnovers are common in geckos.[68] These canonical sex chro-
mosome turnovers were inferred by determining which chromo-
some is sex-linked in each species and testing if it is an XY or ZW
sex chromosome. Notably, the master sex-determining genes in-
volved in these sex chromosome turnovers are largely unknown.
Genomic data have also helped resolve what happens to the

ancestral sex chromosomes following turnover or formation of a
neo-sex chromosome. Y chromosomes—such as those in mam-
mals and Drosophila—often contain genes that are essential for
male fertility and are not found elsewhere in the genome.[59,69]

In Drosophila, when a neo-X chromosome forms, the ancestral
Y chromosome genes can translocate to an autosome.[70,71] Al-
ternatively, the ancestral Y can fuse to the homolog of the neo-X
chromosome, creating a neo-Y chromosome.[72] However, it is
often the case that the ancestral X and Y (or Z and W) are undif-
ferentiated, in which case there are not any essential X-specific
or Y-specific genes that would be lost during a sex chromosome
turnover (other than the old master sex determiner). In this case,
whether the ancestral X or Y is retained or lost might depend on
the mechanism of sex determination. For example, the X would
be lost and the Y retained if the ancestral male determiner were
required for male development in the new sex determination
pathway (Figure 1B). On the other hand, some Y chromosomes
are dispensable because they contain no genes essential for male
fertility, as is the case inDrosophila affinis.[73] When the Y chromo-
some is dispensable, it could be lost via genetic drift or nondis-
junction, with the X retained.

4. A Novel Alternative Paradigm for Sex
Chromosome Turnover

Recent analyses of sex chromosomes across insects and fish have
revealed a novel alternative paradigm in the evolution of sex de-

termination and sex chromosomes.[17–19] In the novel paradigm,
there is an evolutionary transition in the master regulator of
sex determination, but the ancestral X chromosome remains
unchanged. This can happen if a new male-determining gene
arises on an existing X chromosome, converting a copy of the
X into a proto-Y, and leaving other copies of the X chromo-
some unchanged (Figure 1E). As in the canonical trajectories,
the new paradigm includes a period in which both the ancestral
Y and proto-Y chromosomes segregate as polymorphisms, be-
fore the proto-Y chromosome reaches fixation (Figure 2B). The
new paradigm is similar to one of the canonical trajectories of
sex chromosome turnover, in which an XY chromosome pair is
converted into a ZW pair, or vice versa (Figure 1C). In the new
paradigm, as in the canonical trajectory, the same chromosome
remains sex-linked. The difference, however, is that in the new
paradigm the X chromosome remains an X chromosome (i.e., it
is not converted into a Z or W). In the novel paradigm, it is also
possible for a new male-determiner to arise on the ancestral Y
chromosome (Figure 1F). In this case, both the X and Y chromo-
somes would remain unchanged, although this has not yet been
documented. An example of the novel paradigm in a ZW system
has also not yet been observed, but it is theoretically possible.
The first documented example of the novel paradigm was in

house fly (Figure 3A). The ancestral fly karyotype contains a gene-
poor X chromosome, known as Muller element F.[32] In many
fly species, this X chromosome is paired with a Y chromosome
that carries a male-determining gene.[35,36] Element F is an X
chromosome in many house fly populations, but other chromo-
somes can also be sex-linked.[38] This is because the house fly
has a new male-determining gene (Mdmd) that transposed onto
multiple different chromosomes,[29] and each chromosome car-
ryingMdmd is a proto-Y.[17] Notably,Mdmd can be found on ele-
ment F,[17,29] whichmeans the ancestral X chromosome (element
F) has been converted into a proto-Y. Meanwhile, copies of ele-
ment F without Mdmd remained X-linked. Therefore, there was
an evolutionary transition in the sex determining pathway when
Mdmd took over master regulatory control, which caused a copy
of the ancestral X chromosome to be converted into a proto-Y, but
copies of the ancestral X chromosome without Mdmd remained
unchanged (Figure 1E).
The second example of the novel paradigm emerged from

the discovery that fly X chromosome (element F) genes are dis-
proportionately found on the X chromosome in the German
cockroach.[18] Therefore, some flies and some cockroaches may
share an evolutionary conserved X chromosome despite 400 My
divergence (Figure 3A). German cockroach females are XX and
males are XO, with one copy of the X chromosome and no
Y.[47] Sex in the German cockroach is thus determined by the
number of copies of the X chromosome, although the mech-
anism by which X chromosome dosage determines sex is not
yet resolved.[74] In contrast, in flies where element F is X-linked,
males have a Y chromosome with a male-determining gene.[35,36]

Therefore, flies and cockroaches share a homologous X chro-
mosome (element F), but they use different mechanisms of sex
determination. An evolutionary transition in the sex determina-
tion pathway must have happened in the lineage leading to cock-
roaches, flies, or both. However, element F appears to have been
the X chromosome of themost recent common ancestor (MRCA)
of cockroaches and flies, remaining X-linked in both lineages
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Figure 3. Examples of the novel paradigm. A) The German cockroach and most flies share a common X chromosome (element F), but have different
mechanisms for sex determination—a Y-linked male-determiner in flies, and X chromosome dosage in cockroach.[18] It is not clear if the MRCA of flies
and cockroaches had XY or XO males. Therefore, there was an evolutionary transition in the sex determination pathway, changing the Y chromosome,
but the X chromosome remained the same. In addition, a new male-determiner in house fly converted the ancestral X chromosome into a proto-Y.[17,29]

B) The guppy, P. reticulata, has undifferentiated X and Y chromosomes, while the close relative P. picta has the same X chromosome and a differentiated
Y.[76] If the MRCA of Poecilia had a differentiated X and Y, then the guppy Y chromosome likely arose from an X chromosome that acquired a male-
determining locus.[19]

(Figure 3A). This suggests that there was an evolutionary tran-
sition in the sex determination pathway, but the X chromosome
was not affected, consistent with the novel paradigm.
The third example of the novel paradigm comes from poe-

ciliid fish (Figure 3B). The guppy, Poecilia reticulata, has an XY
pair that is homomorphic and minimally differentiated in DNA
sequence.[75] Other species in the genus, including Poecilia picta,
have the same X chromosome, suggesting it has been conserved
for at least 20 My.[76] However, the P. picta XY pair is highly
differentiated.[76] Therefore, the MRCA of Poeciliamay have had
a differentiated XY pair that includes the X chromosome found
in P. reticulata and P. picta.[19] If that is the case, then P. reticu-
lata has a new Y chromosome that is highly similar to the an-
cestral X chromosome of the genus. It is thus possible that a
newmale-determining gene on the ancestral X chromosome took
control of the P. reticulata sex determination pathway, or the an-
cestralmale-determinermay have transposed onto a copy of the X
chromosome.[19] This would have created a proto-Y chromosome
from a copy of the ancestral X chromosome, while copies of the
ancestral X without the male-determiner remained unchanged
(Figure 1E).

5. Three Candidate Examples of the Novel
Paradigm in Fish and Frogs

There are at least three additional candidates for the novel
paradigm, two in fish and one in frogs (Table 1). In these ex-
amples, the same chromosome is sex-linked in multiple species,
but in most cases very little is known about the mechanism of
sex determination. First, in the Pseudocrenilabrinae subfamily
of cichlid fish, linkage group (LG) 3 is a ZW pair in species from
three different tribes that last shared a common ancestor 45 My
ago.[77] Other species within those tribes have different sex-linked
chromosomes. In at least one of the species in which LG3 is

Table 1. Three taxa that are candidates for the novel paradigm.

Taxon Evidence for new trajectory

Pseudocrenilabrinae
cichlids

LG3 is a homomorphic ZW pair in three different
tribes.[77]

Ranidae (true frogs) X. tropicalis chromosomes 1, 3, and 5 are X-linked in
independent evolutionary lineages with homomorphic
XY chromosomes.[79]

Oryzias ricefish LG10 is a homomorphic XY pair in two independent
evolutionary lineages.[82]

a sex chromosome, there is some sequence differentiation be-
tween the Z and W chromosomes,[78] although the sex chromo-
somes are homomorphic across the subfamily.[77] In all species
in which LG3 is a sex chromosome, the master sex determining
gene is unknown. It is possible that LG3 was a Z chromosome in
the MRCA of Pseudocrenilabrinae cichlids, and it remained a Z
chromosome in at least three different evolutionary lineages. In
at least one of those lineages, a new master female-determining
locus could have recently arisen on the Z chromosome, convert-
ing the Z into a new W chromosome (Figure 4A,B). The recent
origin of the female-determiner would explain why the Z and W
chromosomes are homomorphic. Testing this hypothesis will re-
quire characterizing the master sex determining loci in cichlids
in which LG3 is sex-linked. If there was an evolutionary transi-
tion in the sex-determining locus, but conservation of the Z chro-
mosome since the MRCA, this would be evidence for the novel
paradigm.
The second candidate for the novel paradigm is in Ranidae, or

true frogs (Table 1). Most ranid frogs have homomorphic XY sex
chromosomes. In multiple independent evolutionary lineages
within Ranidae, one of three chromosomes (corresponding to X.
tropicalis chromosomes 1, 3, and 5) is X-linked.[79] The MRCA of
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Figure 4. Inferring the novel paradigm using inter-species comparisons. Three species are descended from an ancestor with an XY sex chromosome
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the X and Y can be undifferentiated D). A) In the novel paradigm, a newmale-determiner arises on the ancestral X chromosome. B) If the novel paradigm
happens in multiple evolutionary lineages, a new male-determiner independently arises on the ancestral X chromosome multiple times. All species with
new male-determiners will have the same pair of undifferentiated sex chromosomes. Alternative scenarios can create outcomes similar to the novel
paradigm. C) If a new male-determiner independently arises on the same autosome in two separate evolutionary lineages, two species will share the
same undifferentiated sex chromosomes. D) If the common ancestor had an undifferentiated XY pair, then recombination between the X and Y will allow
the XY pair to remain undifferentiated in all extant species. Distinguishing between these scenarios requires knowing the evolutionary relationships of
the species, the identities of the sex chromosomes, and the master sex determining loci.

Ranidae, which existed 50–60 My ago, likely had XY sex chromo-
somes, probably corresponding to X. tropicalis chromosomes 1
or 5.[79] In addition, chromosome 3 was possibly the sex chromo-
some of the MRCA of the Pelophylax genus within Ranidae. The
master sex-determining gene has not yet been identified in any of
these species. Chromosome 1 or 5 may have been independently
conserved as an X chromosome along multiple evolutionary lin-
eages within Ranidae (or chromosome 3 in Pelophylax). Because
the X and Y chromosomes are homomorphic across Ranidae,
they may all be very young sex chromosome pairs. It is therefore
possible that a new male-determining locus recently arose on
the existing X chromosome in at least one evolutionary lineage,
converting it into a new Y chromosome, but the ancestral X
chromosome remained unchanged (Figure 4B). The new origin

of the proto-Y would explain the homomorphic sex chromo-
somes. Testing this hypothesis will require characterizing the
sex determining genes across Ranidae.
The third candidate for the novel paradigm is in the Oryzias

ricefish (Table 1). The same chromosome (LG10) with the same
male-determining gene (Sox3) is an XY pair in three different
Oryzias species: two species within the celebensis group and
Oryzias dancena within the javanicus group.[80–82] One expla-
nation for this is that LG10 was an autosome in the MRCA of
the celebensis and javanicus groups, and there was convergent
recruitment of Sox3 as a master male-determining gene in the
evolutionary lineages leading to both groups (Figure 4C). This
would have converted LG10 from an autosome into a sex chromo-
some in both lineages independently, consistent with a canonical
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trajectory (Figure 1A,B). Alternatively, if this is an example of
the novel paradigm, LG10 would have been the X chromosome
of the MRCA of the two groups, and Sox3 was independently
recruited as a new male-determiner on that X chromosome in
the lineages leading to the celebensis and javanicus groups (Fig-
ure 4B). Testing this hypothesis will require characterizing the
sex determining loci in more Oryzias species and determining
which chromosome was sex-linked in the MRCA of the genus.

6. Testing if the Novel Paradigm Occurred in Fish,
Frogs, and Other Taxa

Evidence for the novel paradigm of sex chromosome turnover
includes an X or Z chromosome that is homologous across
species, but the master regulator of sex determination is
not the same in all species (Figure 4A,B). Collecting such
evidence requires identifying the sex chromosomes, char-
acterizing the sex determining genes, and testing for ho-
mologies in sex-linked elements and sex determiners across
species. If cichlids, frogs, and ricefish include examples of
the novel paradigm (Table 1), a new male- (or female-)
determiner would have arisen recently on the ancestral X (or Z)
chromosome. The recent origin of the sex determiner would ex-
plain why the X and Y (or Z andW) chromosomes are undifferen-
tiated in these taxa. This could have happened in one evolutionary
lineage (Figure 4A) or along multiple lineages (Figure 4B).
There are at least two alternative explanations for the same sex-

linked chromosome across species in cichlids, frogs, and ricefish.
The first is convergent evolution of sex chromosomes from au-
tosomes following a canonical trajectory (Figure 4C). This could
happen if a new master sex determining locus recently arose on
the same ancestral autosome in multiple evolutionary lineages.
This convergent evolution would have occurred recently because
the sex chromosomes of cichlids, frogs, and ricefish are homo-
morphic, and, as such, it is conventional wisdom to infer that
they are young.[83] One explanation for convergent evolution is
that these chromosomes are primed to be recruited as sex chro-
mosomes because they contain genes that are well suited to reg-
ulate the top of the sex determination pathway.[11–13,21] That may
be the case with Sox3 on LG10 in ricefish.[81,82]

The other alternative explanation for the same sex-linked
chromosome across species in cichlids, frogs, and ricefish is that
different species share their X (or Z) chromosomes, Y (or W)
chromosomes, and master sex determining loci by common an-
cestry (Figure 4D). This common ancestry hypothesis is similar
to the novel paradigm because the ancestral X or Z chromosome
is conserved in all species, but it differs from the novel paradigm
in two important ways. First, in the common ancestry hypothesis,
the ancestral master sex determining locus is conserved in all ex-
tant species, and in the novel paradigm there is a newmaster sex
determining locus in at least one evolutionary lineage (Figure 4).
Second, in the common ancestry hypothesis, the Y or W chro-
mosome in each species is the same as in the MRCA, whereas in
the novel paradigm there can be a new Y or W chromosome in
at least one evolutionary lineage as a result of the newmaster sex
determining locus (Figure 4). The common ancestry hypothesis
does not itself explain why the conserved X and Y (or Z and
W) chromosomes have remained homomorphic in all species.

One explanation for homomorphic sex chromosomes shared by
common ancestry is continuous recombination between X and
Y (or Z and W) chromosomes in the heterogametic sex.[83–85]

Distinguishing between the three explanations for the same
sex-linked chromosome across species (the novel paradigm, con-
vergent turnover by a canonical trajectory, or common ancestry)
requires characterizing the sex chromosomes and master sex de-
termining genes ofmultiple species, and using those data to infer
the genotype of the MRCA (Figure 4). The novel paradigm would
be supported if there is a new master male- (female-) determin-
ing gene in at least one evolutionary lineage, and the ancestral X
(or Z) chromosome remained unchanged in those lineages. Con-
vergent evolution by a canonical trajectory would be supported if
there was the same autosome-to-sex-chromosome turnover via
new master sex determining genes in at least two evolution-
ary lineages. Common ancestry with continuous recombination
would be supported if the ancestral master sex determiner and
both sex chromosomes (i.e., X and Y) are conserved across all
species with the same sex-linked chromosome. Current genomic
approaches are well-suited to identify sex chromosomes,[67] but
characterizing themaster sex determining genes is farmore chal-
lenging.
The aforementioned comparisons are suited to test for the

novel paradigm in taxa where there are shared homomorphic
sex chromosomes across different lineages (Figure 4), as is
the case in cichlids, frogs, and ricefish (Table 1). However, the
novel paradigm does not require that the sex chromosomes
be undifferentiated—in one of the best characterized examples,
most flies have highly divergent X and Y chromosomes,[32] and
cockroachmales have an XO genotype[18] (Figure 3). The point in
highlighting taxa with shared homomorphic sex chromosomes is
that they are promising candidates for the novel paradigm.

7. Causes of the Novel Paradigm

There are at least five possible causes of the novel paradigm
for the evolution of sex determination and sex chromosomes
(Figure 5). Each cause has been previously invoked to explain
canonical trajectories of sex chromosome turnover (Figure 1A–
C), and they also help in understanding why the novel paradigm
might be favored in some cases. The first three causes result from
selection on alleles that are linked to the master sex determining
locus, and the last two come about from direct effects of the sex
determiner itself.
The first two causes are possible if there are deleterious effects

associated with one of the ancestral sex chromosomes. First, the
“hot potato” model (Figure 5A) hypothesizes that the accumu-
lation of deleterious mutations on a non-recombining Y (or W)
chromosome could favor a sex chromosome turnover.[86] These
deleterious mutations accumulate because a lack of recombina-
tion between the X and Y chromosomes prevents the purging of
deleterious mutations from the Y.[57,60] In the hot potato model, a
new male-determiner on an existing X chromosome (converting
the X into a Y) could allow for the loss of an existing Y chromo-
some that is laden with deleterious alleles (or similarly for a W
chromosome). This would result in evolutionary turnover of the
Y chromosome (creating a new Y from the X) without affecting
the X chromosome.
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Figure 5. Causes of the novel paradigm. A) In the hot potato model, a new proto-Y chromosome with a newmale-determiner will be favored because the
ancestral Y chromosome carries deleterious mutations.[86] B) If a sex ratio driver on the X chromosome leads to the elimination of Y-bearing sperm, a
proto-Y chromosome (created from the ancestral X) will be favored that is immune to the X-linked driver.[87–94] C) A sexually antagonistic (male-beneficial
and female-detrimental) allele on the ancestral X chromosome can fix in a population if a copy of the X with the allele obtains a new male-determiner,
converting it into a proto-Y and resolving the conflict by limiting inheritance of the allele to males only.[97] D) A dominant male-determiner (M) is more
likely to replace a recessive female-determiner (F) than vice versa.[98] E) A stronger, more penetrant male-determiner can replace a weakmale-determiner
[33,99] if the stronger male-determiner leads to higher male fitness (e.g., more reproductive output). D,E) A dominant or more penetrant male-determiner
could arise on either the ancestral X chromosome (creating a proto-Y) or the ancestral Y (allowing both X and Y to be retained).

Second, if an existing sex chromosome pair experiences non-
Mendelian inheritance (e.g., via a sex ratio drive system that bi-
ases the inheritance of the X or Y[87]), there will be selection in
favor of amutation that produces the rarer sex.[88–91] For example,
X chromosome drivers in flies can act by eliminating Y-bearing
sperm,[92] causing female-biased sex ratios.[93,94] One way to over-
come the effect of the X chromosome driving against the Y is
for a male-determining locus to arise on the X chromosome, cre-
ating a proto-Y that is immune from the X chromosome driver
(Figure 5B). This would result in equal transmission of the an-
cestral X and the proto-Y (thereby balancing the sex ratio), and it
would cause evolutionary turnover of the Y chromosome without
affecting the X chromosome.
Third, sexually antagonistic selection could favor a sex chro-

mosome turnover that converts an existing X into a Y, or Z
into W (Figure 5C). For example, a male-beneficial and female-
detrimental allele on an X chromosome may be unlikely to
invade a population (unless it is recessive) because the female-
biased transmission of the X favors female-beneficial alleles.[95,96]

However, if a male-determining locus arises on a copy of the
X chromosome that carries the sexually antagonistic allele, it
would limit the inheritance of the allele only to males, thereby
resolving the inter-sexual conflict. If the male-determiner and
sexually antagonistic allele are genetically linked, this could drive
evolutionary turnover of the X into a proto-Y chromosome.[97]

The result would be an evolutionary transition in the master reg-
ulator of sex determination and turnover of the Y chromosome,

but X chromosomes without the male-determiner would remain
unchanged.
The last two causes result from direct effects of the master sex

determining gene. In the fourth mechanism, a new dominant
male-determiner on an existing X or Y chromosome is likely to
invade if it is replacing a recessive female-determining X chro-
mosome, or vice versa in a ZW system[98] (Figure 5D). In the
fifth mechanism, the “strength” or penetrance of a new mas-
ter sex determiner may favor its invasion if it is more likely to
produce fertile adults (or results in higher fitness) of a particu-
lar sex[33,99] (Figure 5E). Both of these could explain how a new
male- (female-) determiner can arise on an existing Y (or W)
chromosome. In both, there would be a transition in the master
regulator of sex determination, possibly evolutionary turnover of
the Y or W chromosome, and the X or Z chromosome would
remain unchanged.

8. The Novel Paradigm is Likely Rare but May
Affect Estimates of the Rate of Sex Chromosome
Turnover

The extent to which the novel paradigm occurs relative to the
canonical trajectories is not yet resolved. Despite the uncertainty
about its frequency, it is unlikely that the novel paradigm is
the norm in the evolution of sex determination. Most of the
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previously documented sex chromosome turnovers, and all
neo-sex chromosomes, fit in one of the canonical trajectories
(Figure 1A–D). In addition, transitions from environmental sex
determination to genetic sex determination, which is common
in reptiles,[100] cannot occur via the novel paradigm because
there is not an existing sex chromosome to retain. The same is
true for transitions from hermaphrodity to separate sexes, which
has occurred in many plant lineages.[101–103] Therefore, the novel
paradigm is likely rare, but additional tests are required to assess
the frequency with which it occurs relative to the canonical
trajectories of sex chromosome turnover.
Despite being rare, the novel paradigm should be considered

when estimating the rate of sex chromosome turnover using
phylogenetic approaches. Most phylogenetic methods that quan-
tify sex chromosome turnovers test if the same chromosome is
sex-linked across species.[79,104] When the same chromosome
is sex-linked in different species, it is commonly inferred to be
the result of either convergent evolution or common ancestry of
both the X and Y, or Z and W (Figure 4C,D). The sex chromo-
some of the MRCA can also be ambiguous using phylogenetic
approaches, even with deep taxonomic sampling.[79] In addition,
these tests of sex chromosome turnover are used to infer evolu-
tion transitions of the master regulators of sex determination,
but they do not directly identify the master sex determining
genes across species. Without identifying the sex chromosomes
of the MRCA and master sex determining genes, methods that
map sex chromosome turnover onto a phylogeny may mis-
characterize the novel paradigm as a conserved or convergently
evolved XY (or ZW) pair (Figure 4). If the novel paradigm is mis-
characterized as conserved sex chromosomes, this will lead to an
underestimate of evolutionary transitions in sex determination.

9. Conclusions and Outlook

I have described a novel paradigm for the evolution of sex deter-
mination and sex chromosomes in which there is an evolutionary
transition in the sex determination pathway, which can cause
turnover of the Y chromosome, but the ancestral X chromosome
remains unchanged (Figure 1). After the new sex determining
locus arises, there will be a period during which the ancestral
and derived sex chromosomes both segregate as polymorphisms
before the new sex determiner reaches fixation in the popula-
tion, as with canonical trajectories of sex chromosome turnover
(Figure 2). To date, there are three documented examples of the
novel paradigm, two within insects and one in fish (Figure 3).
However, I identified three other taxa where this new trajectory
may have occurred, including one that may involve a Z chro-
mosome (Table 1). Future work is needed to characterize the
master sex determining loci in these taxa (and other candidate
taxa) to test if they are bona fide examples of the novel paradigm
(Figure 4). This work will likely be possible in the near future
with continuing advances in sequencing and molecular biology
technologies, although characterizing master sex determining
genes is still an immense challenge. Additional developments
in theoretical and empirical population genetics are also needed
to evaluate the possible causes of the novel paradigm (Figure 5).
Studies of the evolutionary dynamics of sex chromosomes have
a rich history of contributing toward our understanding of

fundamental population genetics processes, including the adap-
tation and inter-sexual conflict.[95–97,105] Insights gained from
evaluating the novel paradigm for sex chromosome turnover
could similarly contribute toward our general understanding of
genome evolution.
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