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The evolution of dimorphic sex chromosomes is driven largely by the evolution of reduced recombination and the subsequent

accumulation of deleterious mutations. Although these processes are increasingly well understood in diploid organisms, the

evolution of dimorphic sex chromosomes in haploid organisms (U/V) has been virtually unstudied theoretically. We analyze a

model to investigate the evolution of linkage between fitness loci and the sex-determining region in U/V species. In a second step,

we test how prone nonrecombining regions are to degeneration due to accumulation of deleterious mutations. Our modeling

predicts that the decay of recombination on the sex chromosomes and the addition of strata via fusions will be just as much a part

of the evolution of haploid sex chromosomes as in diploid sex chromosome systems. Reduced recombination is broadly favored, as

long as there is some fitness difference between haploid males and females. The degeneration of the sex-determining region due

to the accumulation of deleterious mutations is expected to be slower in haploid organisms because of the absence of masking.

Nevertheless, balancing selection often drives greater differentiation between the U/V sex chromosomes than in X/Y and Z/W

systems. We summarize empirical evidence for haploid sex chromosome evolution and discuss our predictions in light of these

findings.
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The evolution of genetically dimorphic sex chromosomes from

autosomes has occurred independently in numerous taxa (Bull

1983; Charlesworth 1990, 1996; Rice 1996). The most com-

monly known are the XY and ZW systems and transitions to,

from and among them have repeatedly occurred in diploid or-

ganisms such as mammals, birds, reptiles, amphibians, fish, and

plants (see Charlesworth and Mank 2010; Bachtrog et al. 2011

for review). Factors such as the rate of mutation and recombi-

nation as well as intragenomic conflict play a pivotal role in

the evolution of sex-determining regions (SDRs) and hence sex

chromosomes. Genes subject to differential selection between the

sexes favor tighter linkage to the sex-determining locus to keep

alleles more often in the sex in which they are favored (Rice

1984; Charlesworth et al. 1987; Vicoso and Charlesworth 2006).

Once recombination between the sex chromosomes has ceased,

the nonrecombining region gradually decays due to the accumula-

tion of deleterious mutations (e.g., Gordo and Charlesworth 2001;

Bergero and Charlesworth 2009). These processes have been ex-

tensively studied in theory (e.g., Charlesworth 1978; Rice 1987b),

as well as empirically for diploid organisms with XY systems as in

mammals or ZW systems as in birds (e.g., Lawson-Handley et al.

2004; Matsubara et al. 2006; Bergero and Charlesworth 2009; see

Bachtrog 2013 for review).

However, a large number of taxa, particularly protists, fungi,

algae, and plants, spend some if not most of their life as hap-

loids (Mable and Otto 1998). In species with a free-living hap-

loid phase, it is often the haploid phase (the “gametophyte”)

that exhibits male and female sexual organs. By contrast, the

diploid phase (the “sporophyte”) lacks sexual differentiation and

reproduces via meiotically produced spores. Whether there are
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separate male and female haploids (dioicy) or both sexes can be

found in the same haploid individual (hermaphroditism) is highly

dynamic over evolutionary time, with 133 transitions between

hermaphroditism and dioicy in mosses alone (McDaniel et al.

2013a). Similarly, haploid dioicy has evolved repeatedly and the

haploid sex determination system is thought to have first evolved

before X/Y or Z/W systems (Luthringer et al. 2014). Interestingly,

genetic sex determination underlying dioicy is widespread in the

haploid phase of many nonvascular plants (e.g., 50% of mosses,

40% liverworts, and 80% hornworts; Jesson and Garnock-Jones

2012).

The exact nature of the sex-determining system varies among

organisms (Bachtrog et al. 2014). Here, we focus on the evolu-

tion of dimorphic SDRs and dimorphic sex chromosomes within

haploid organisms. In many haploids, there are not sexes, per

se, but mating types that govern compatibility (Casselton 2002).

Nevertheless, our model also describes the evolution of regions

surrounding mating-type loci, particularly those with two mating

types. Historically, haploid sex chromosomes have been termed

X and Y (e.g., Vitt 1968), but we use the more recent notation of

U (for the female) and V (for the male; Bachtrog et al. 2011) to

distinguish between diploid X/Y and haploid U/V systems.

It is currently not clear how well the theory developed for

X/Y and Z/W systems applies to the U/V system. For one, the

evolution of recombination per se and the effect of events such as

fusions and inversions on the linkage between sex-specific genes

and the sex-determining locus in haploid sex chromosomes has not

previously been explored. Furthermore, as a consequence of hap-

loid sex determination and hence a heterozygous diploid phase,

any genes on either the U or V that are expressed during the

diploid sporophyte phase will be sheltered and hence both chro-

mosomes may potentially degenerate (Lewis and Benson-Evans

1960; Lewis 1961; Lewis and John 1968). However, genes are

only sheltered in the diploids, whereas expression in the haploids

results in efficient purging due to selection against deleterious

mutations (Haldane 1933; Bull 1978). Hence, the accumulation

of deleterious mutations and the resulting degeneration of haploid

sex chromosomes (U/V) are expected to be much slower than for

diploid sex chromosomes (X/Y or Z/W). Interestingly though, di-

morphic U/V sex chromosomes have been repeatedly described in

several groups of bryophytes (Allen 1945; Vitt 1968) and also in

several algae (Martinez et al. 1999; Liu et al. 2009; Umen 2011).

This phenomenon is somewhat puzzling given the fact that puri-

fying selection in the haploid phase should efficiently eliminate

deleterious mutations (Bull 1978). One possible reason for this

discrepancy is that degeneration occurs at loci that are primarily

expressed in the diploid phase or in the other sex. We explore the

impact of expression differences in the haploid and diploid phase

on the rate of mutation accumulation on haploid sex chromo-

somes, applying theory examining the speed of Muller’s ratchet

in haploid asexuals (Charlesworth and Charlesworth 1997; Gordo

and Charlesworth 2001).

We begin by investigating how the rate of recombination and

linkage of fitness loci with sex-determining loci may evolve in

species with haploid sexes. In a second step, we test how prone

nonrecombining regions are to degeneration due to the accumu-

lation of deleterious mutations. We show that lower recombina-

tion rates are expected to evolve between haploid U and V sex

chromosomes whenever haploid males and females experience

different selection pressures. Furthermore, although deleterious

alleles that are fully exposed to selection during the haploid phase

rarely go to fixation on either the U or the V chromosome, loci

subject to balancing selection—overdominance, sexually antago-

nistic selection, and/or ploidally antagonistic selection—become

fixed for alternate alleles in nonrecombining regions of the U and

V. That is, for loci tightly linked to the SDR, no polymorphism

is expected on either the U or the V chromosome, only fixed

differences between them. Thus, we expect U/V systems to be

more highly differentiated at loci subject to balancing selection

than diploid sex determination systems where polymorphism is

often maintained on the X or the Z chromosome (Clark 1987; Otto

2014). We then discuss our model in light of recent genomic data

testing for recombination and differentiation of SDRs that act in

the haploid phase.

The Evolution of Recombination
Rate
In this section, we examine how recombination evolves under

sexually antagonistic selection in a haploid dioicious organism.

Studies on the evolution of sex linkage in diploid dioecious or-

ganisms have shown that reduced recombination between a se-

lected locus and the SDR is typically favored, as long as selec-

tion acts differently on alleles in males and females (Nei 1969;

Charlesworth and Charlesworth 1980; Lenormand 2003; Otto

2014). Interestingly, selection can act differently on alleles in

males and females even when the two sexes have the same fit-

ness for each genotype, as long as genotypic frequencies differ

between the sexes; while a seemingly odd requirement, Clark

(1987) showed that genotypic frequencies generally do differ be-

tween males and females at sex-linked loci, causing alleles to ex-

perience different genotypic contexts in the two sexes in a manner

that can favor reduced recombination (Otto 2014). Furthermore,

it is possible for looser linkage to evolve in some cases with

X/Y sex determination if diploid males are subject to heterozy-

gous advantage (Otto 2014). Here, we show that this scenario

does not arise in U/V systems where males and females exist

only in the haploid phase, so that modifiers of recombination are

favored only if they tighten linkage between selected loci and

the SDR.
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Table 1. Summary of notation used.

(A) Fitness of haploid males (Vi) and females (Ui) and diploid sporophytes (Si).

Haploid genotype: A a
Female fitness: UA Ua

Male fitness: VA Va

Diploid genotype: AA Aa Aa
Diploid fitness: SAA SAa Saa

(B) Additional terms
oi: The frequency of genotype i among female haploid spores (i = MA, Ma, mA, ma).
pi: The frequency of genotype i among male haploid spores (i = MA, Ma, mA, ma).
rkl: Recombination rate between A and the sex-determining locus in diploids of modifier genotype kl.
R: Recombination rate between A and M loci.
χ: Rate of double recombination.
Ui•[Vi•]: The marginal fitness of a U [V] chromosome carrying allele i considered over the life cycle (see eqs. (3), (4)).
δi: Difference in frequency of allele i between the sexes (see eqs. (9a), (9b).
Dk: Linkage disequilibrium in sex k (see eqs. (9c), (9d)).
ρi: Average frequency of allele i across both sexes (see eq. 8).
δ̄r : Average effect on recombination of replacing an M allele with an m allele (see eq. (10b)).
u: Mutation rate per chromosome
se: Effective strength of selection across the life cycle against allele a on the U chromosome,

se = 1 − SAaUa = 1 − (1 − h s)d (1 − f s)1−d .

d: Proportion of the sexual life cycle spent in the diploid phase.
f: Importance of a gene to selection in the haploid phase relative to the diploid phase.

Specifically, we develop a model that allows the rate of re-

combination to evolve between a selected locus and the U/V

SDR. Selection acts in both the haploid and diploid phases and

can be sex specific in haploids. For ease of interpretation, we refer

to fitness in male haploids, female haploids, and diploid sporo-

phytes using the letters Uk, Vk, and Skl, respectively, depending

on the genotype at the selected locus A with alleles k,l = A or a

(Table 1A). During meiosis, the rate of recombination between the

A locus and the U/V sex-determining locus occurs at a rate rkl that

depends on the genotype at a modifier locus M with alleles k,l =
M or m. The frequency of recombination between the modifier M
and selected locus A is R, and double recombination between M,

A, and the SDR occurs with probability χ (see Appendix for more

details). Chromosome frequencies are censused at the beginning

of the gametophytic stage (before selection), with oi measuring

the frequency of genotype i among female haploid spores bearing

the U chromosome, and pi measuring the frequency among male

haploid spores bearing the V chromosome, where i = MA, Ma,

mA, or ma. These haploids then experience selection and pro-

duce gametes, with one female and one male gamete uniting at

random. The resulting diploid sporophyte experiences selection

followed by meiosis to produce haploid male and female spores.

The full recursions are given in the Appendix, and a summary of

parameters is provided in Table 1.

We explore the conditions under which linkage evolves be-

tween the selected locus A and the sex-determining locus. To

do this, we consider three specific cases: where the A locus is

initially unlinked to the SDR, where it is initially tightly linked,

and where selection is weak relative to recombination. These cases

are analytically tractable and provide complementary pictures of

the evolution of recombination in haploid dioicious organisms.

We then numerically evaluate how linkage evolves across the

parameter space to determine whether these results are robust.

SELECTED LOCUS UNLINKED TO SDR

We first assume that the A locus is initially unlinked to the SDR

and comes, by way of a fusion with either the U or the V chro-

mosome, to be tightly linked to the SDR. This case parallels that

considered by Charlesworth and Charlesworth (1980), who ex-

plored the fate of a fusion that brings a selected locus into linkage

with the X/Y SDR in a diploid organism.

Initially, the A locus is autosomal and has one polymorphic

equilibrium:

OMA = pMA

= SAaUAVa + SAaUa VA − 2SaaUa Va

2 (SAaUAVa + SAaUa VA − SAAUAVA − SaaUa Va)
, (1)

which is valid (lies between 0 and 1) and stable if:

2 < min

[
SAa

Saa

(
UA

Ua
+ VA

Va

)
,

SAa

SAA

(
Ua

UA
+ Va

VA

)]
. (2)

Condition (2) can be met under a variety of circumstances,

including heterozygous advantage in diploids, sexual antagonism
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in the haploid phase, ploidy antagonism between selection in the

haploid and diploid phases, or a mixture of the above.

If the selected locus then fuses with the U chromosome,

causing tight linkage between the selected and sex-determining

locus, the fusion spreads at a rate that depends on the larger

of two eigenvalues, λ, of the local stability matrix describing

the dynamics of the fusion while rare. These eigenvalues equal

UA•/W̄ and Ua•/W̄ , where Ui• is the marginal fitness of a U

chromosome carrying allele i considered over the life cycle and

averaged over the two sperm types with which it might pair:

Ui• = Ui (Va pMa Sia + VA pMASi A) , (3)

and where W̄ represents the mean fitness over the life cycle,

which equals W̄ = oM AUA• + oMaUa•. As long as the marginal

fitness of the alleles differs, however, one will be higher than

the mean and one will be lower, so there will always be one

eigenvalue greater than one. Furthermore, it can be shown that

the marginal allele fitness of alleles A and a differs at equilibrium

only if there are selective differences between haploid males and

females (i.e., if UA/Ua �= VA/Va), otherwise the fusion is neutral

(with a leading eigenvalue of one). Assuming that there are sex-

specific differences in selection in the haploid phase, a fusion

with the U chromosome will be favored as long as it captures the

allele that causes female haploids to have a higher lifetime fitness.

This is true even when polymorphism is maintained by ploidally

antagonistic selection (e.g., even when selection acts in the same

direction in males and females, but with UA/Ua �= VA/Va). In

this case, the fixation of the fittest allele on the U chromosome

ensures that female haploids have high fitness, as does the diploid,

which are mostly heterozygotes after the spread of the fusion

(condition 2 requires that the heterozygote have high fitness in

diploids relative to the average homozygous fitness).

Equivalent results apply to a fusion with the V chromosome.

In this case, the two eigenvalues are VA•/W̄ and Va•/W̄ , where

Vi• is the marginal fitness of a V chromosome carrying allele i

averaged over the egg types with which it might pair:

Vi• = Vi (UaoMa Sia + UAoMASi A) . (4)

Again, as long as male haploids differ in their marginal fit-

ness, one of the eigenvalues will be greater than one. This in turn

requires that there be selective differences between haploid males

and females (otherwise, VA• = Va• if UA/Ua = VA/Va). Conse-

quently, a fusion with the V chromosome will always be favored

as long as it captures the allele that causes male haploids to have

a higher lifetime fitness.

Charlesworth and Charlesworth (1980) found that the spread

of a fusion to the Y chromosome in a diploid X/Y system is

similarly described by the larger of two eigenvalues, which are

equivalent to equation (4) in describing the marginal fitness across

the life cycle of sperm bearing allele A (YA•/W̄ ) and those bear-

ing allele a (Ya•/W̄ ) (their eq. A1). Because of masking by the X

chromosome during the diploid phase, the difference between the

marginal fitness across the life cycle of sperm bearing allele A and

those bearing allele a may often be milder than in the dioicious

case where fitness differences in the haploid phase also con-

tribute to the eigenvalues. Although the results of Charlesworth

and Charlesworth (1980) for a fusion to the X are slightly more

complicated, the net result is multiplied by 1/3, relative to the case

of a Y-fusion (compare their eqs. A7–A1). These eigenvalues are

approximately 2/3 X♀i•/W̄♀+1/3 X♂i•/W̄♂ for the two alleles

(i = A or a), where Xk
i•/W̄ k is the marginal fitness of allele i in

sex k relative to the mean fitness (assuming only a small difference

in allele frequency between the sexes, see Supporting Informa-

tion). With sexually antagonistic selection, any benefit gained by

a fusion the 2/3 of the time when the X is in a female is un-

done by the 1/3 of the time it is in a male. This counterselection,

along with masking in diploids, makes it plausible that the leading

eigenvalue for X-autosome fusions will tend to be smaller—and

the spread of the fusion slower—than in the dioicious case. As-

suming that fusion rates and population sizes are similar and that

the strength of selection in haploids is similar to the strength of

selection between diploid homozygotes (i.e., assuming “all else

is equal”), we thus expect that reduced recombination would be

more strongly favored in haploid U/V systems than in diploid

X/Y systems. Whether all else is equal, however, depends on the

organisms in question and particularly on the strength of selection

across ploidy levels.

In the case of X/Y sex determination, Charlesworth and

Charlesworth (1980) interpreted their results by stating that the

spread of fusions depends on the existence of a difference in

allele frequency between eggs and sperm. In our model, for a

locus unlinked to the SDR, there can be no initial difference

in allele frequencies between male and female haploid spores

(see eq. (4)). Nevertheless, there will be a difference in the fre-

quency of A-bearing males and females after haploid selection

(and hence among the sperm and eggs that they produce) as long

as selection acts differently in male and female haploids (i.e.,

UA/Ua �= VA/Va), a condition that we have shown is required

for fusions to spread.

In summary, fusions are generally favored as long as they

better couple female-beneficial alleles with the U chromosome

and male-beneficial alleles with the V chromosome. If, however,

selection does not differ between males and females in the haploid

phase, the A and a alleles are equally fit at equilibrium in each

sex, on average, and the fusion behaves neutrally.

EVOLUTION MARCH 2015 6 9 7



S. IMMLER AND S. P. OTTO

SELECTED LOCUS TIGHTLY LINKED TO SDR

The next case investigates the opposite scenario, where the se-

lected A locus has evolved into tight linkage with the SDR and

hence rMM and χ are both small (of the order of a small term ξ).

Assuming the modifier locus is fixed for allele M, the system has

three polymorphic equilibria, which are (to leading order in ξ)

near:

(A) oMA = 1, pMA = 0 (5)

(B) oMA = 0, pMA = 1

(C) oMA = (Va Saa − VA SAa)Ua

Ua Saa Va − UA SAa Va − Ua SAa VA + UA SAAVA

pMA = (Ua Saa − UA SAa)Va

Ua Saa Va − UA SAa Va − Ua SAa VA + UA SAAVA
.

Recombination slightly alters the position of these equilibria

by an amount proportional to ξ, bringing the frequencies of allele

A in male and female haploids (pMA and oMA) slightly closer

together.

It can be shown that equilibrium (C) is never stable, whereas

equilibria (A) and (B) are stable when the fractions x and y are

both less than one, where for equilibrium:

(A) x = Ua Saa

UA SAa
and y = VA SAA

Va SAa
(6)

(B) x = UA SAA

Ua SAa
and y = Va Saa

VA SAa
.

If selection is absent during the diploid phase (Skl = 1), the

stability conditions for equilibria (A) and (B) require antagonis-

tic selection between the sexes, where one of the two alleles is

favored in females and the other in males. If selection is absent in

the haploid phase, x and y will be less than one only if there is het-

erozygote advantage in the diploid phase. With selection in both

phases, the geometric mean fitness must be higher for one allele

when averaged across the female haploid stage and the diploid

stage, whereas the other allele must be fitter when averaged over

the male haploid stage and the diploid stage.

Equilibria (A) and (B) are examples of “high-complementary

equilibria,” where linkage disequilibrium is maximized when

linkage is tight (e.g., Feldman et al. 1974). At these two equi-

libria, allele A is fixed on the female chromosome U (equilibrium

A) or on the male chromosome V (equilibrium B), and all diploids

are Aa heterozygotes (or nearly so if there is some recombination).

The fact that we expect fixed differences between the U and V

chromosomes holds regardless of the fitness regime maintaining

a polymorphism: heterozygote advantage, sexually antagonistic

selection, and/or ploidally antagonistic selection.

We now introduce a weak modifier allele m, which slightly

alters the recombination rate between U and V so that both

(rMm − rMM) and (rmm − rMM) are small (of order ξ). Again,

we assume that recombination rates involving the region between

locus A and the SDR (rkl and χ) are small (of order ξ), although

the modifier may be anywhere in the genome. We also adjust

equilibria A and B in equation (5) by including the smaller order

terms (of order ξ) to ensure that the rate of spread of the modifier

is calculated correctly to leading order (see Supporting Informa-

tion). These assumptions allow us to approximate the leading

eigenvalue, λ, describing the dynamics of the system while the

modifier is rare (setting λ = 1 + λ0ξ + λ1ξ
2 + · · · and solving

for the largest terms). The modifier spreads whenever λ > 1,

which occurs when:

− (rMm − rM M ) × 2 (1 − x) (1 − y) + R (x (1 − y) + y (1 − x))

2 (1 − x (1 − R)) (1 − y (1 − R))
> 0,

(7)

using the appropriate values of x and y for equilibrium (A) and

(B) from equation (6). Because x and y must be positive and less

than one for the equilibrium to be stable before the new modifier

is introduced, the fraction in (7) must be positive. Hence, genetic

modifiers of recombination will spread only if they tighten linkage

between the selected locus and the SDR (rMm < rMM). Interest-

ingly, this does not require that there be sexually antagonistic

selection; any form of selection that maintains a polymorphism

will do. In particular, selection favors tighter linkage with the

SDR even for loci that are subject solely to heterozygote advan-

tage in the diploid phase. In this case, it is not sexual antagonism

that is driving selection for sex linkage, but rather the fact that

tighter sex linkage causes male and female gametes to differ more

in allele frequency, making carriers of a modifier that reduces

recombination more likely to produce the most fit heterozygous

diploids.

WEAK SELECTION APPROXIMATION

To examine the evolution of recombination without assuming ini-

tially tight or loose linkage between the selected locus A and

the SDR, we performed a quasi-linkage equilibrium (QLE) ap-

proximation, which assumes that the genetic associations among

the loci rapidly reach their steady-state values and then follow

slower changes in allele frequencies. As detailed in the Support-

ing Information Mathematica file, this separation of time scales

is appropriate when selection is weak relative to the recombina-

tion rates among the loci. Unlike the previous cases, the QLE

approximation is valid even when the allele frequencies are not at

equilibrium and so applies with directional selection.

In this approximation, we replace the haploid chromosome

frequencies, oi and pi, with two allele frequencies and four ge-

netic association measures, which provide a dynamically equiva-

lent description of the system. Specifically, we track the average

frequency of allele A and allele M across the sexes as:

ρA = (oM A + om A)/2 + (pM A + pm A)/2 (8a)
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ρM = (oAM + oaM )/2 + (pAM + paM )/2. (8b)
For genetic associations, we track the difference in allele

frequencies between the sexes:

δA = (oM A + om A) − (pM A + pm A) (9a)

δM = (oAM + oaM ) − (pAM + paM ) (9b)

as well as the linkage disequilibrium between loci A and M in

males and females:

D f = oAM oam − oAmoaM (9c)

Dm = pAM pam − pAm paM . (9d)

We then replace the steady-state values for the associations

in (9) into equation (8) for the allele frequency change to de-

termine the change in allele frequencies over one generation (as

detailed in Supporting Information Mathematica file). Assuming

selection is weak and that the modifier has only a small effect on

recombination, the modifier allele, m, changes across a generation

by:
�ρm ≈ − δ̄r

× (1 − ρA)ρA(1 − ρM )ρM (UA − Ua − VA + Va)2

4rMM(R + 2(rMM − χ))
, (10a)

where δ̄r is the average effect on the recombination rate of replac-

ing an M allele with an m allele (assumed small):

δ̄r = ((1 − ρM ) rmm + ρMrMm)

− ((1 − ρM ) rMm + ρMrMM) . (10b)

Again, because the fraction in (10a) is generally positive,

modifiers rise in frequency only if they reduce the recombination

rate between the selected locus and the SDR (δ̄r < 0). Selection

is, however, required in the haploid phase and must not be exactly

equivalent in males and females (i.e., UA − Ua must not equal

VA − Va). Notice, however, that selection can act in the same di-

rection in male and female haploids—sexual antagonism is not

needed. This parallels the result of Lenormand (2003), who used

a similar QLE approximation to show that the evolution of tighter

linkage to the SDR in XY (or ZW) species requires only that male

and female diploids differ in fitness. Here, as long as selection

differs between male and female haploids, then associations will

build between allele A and one of the two sexes; this association

is stronger if recombination is tighter, generating linkage disequi-

librium that favors the evolution of reduced recombination.

TRANSITION BETWEEN LOOSE AND TIGHT LINKAGE

REGIMES

From the above analyses, if linkage is initially loose (unlinked case

or QLE), selection must differ between male and female haploids

for decreased recombination to be favored (Ua/UA �= Va/VA,

which is equivalent to UA − Ua �= VA − Va for weak selec-

tion). By contrast, with initially tight linkage, all parameters that

maintain a polymorphism favor the evolution of tighter linkage,

even if there is no selection in the haploid phase. To determine

the transition between these two regimes, we eliminated differ-

ences in selection between male and female haploids (setting

Ua/UA = Va/VA = c) and determined when the sex-symmetric

equilibrium (1) with oM A = pM A is stable, finding that it is stable

only if rM M > r∗, where:

r∗ =
(
c SAa − c2 Saa

)
(c SAa − SAA)

2 c SAa
(
2 c SAa − c2 Saa − SAA

) . (11)

When this equilibrium is stable, an invasion analysis

demonstrates that changes in recombination are indeed neutral

(see Supporting Information), as expected from the unlinked

case considered above with Ua/UA = Va/VA. With tighter

linkage (rM M < r∗), a pair of asymmetric equilibria become

stable where the allele frequencies differ between the sexes

(oM A �= pM A). We conjecture that decreased recombination is

always selected when starting from these asymmetric equilibria,

which is consistent with the numerical analysis conducted next.

NUMERICAL ANALYSIS

The above analyses suggest that increased recombination is never

favored between any locus that remains polymorphic due to selec-

tion and the SDR. These analyses required specific assumptions,

however: an initially unlinked locus in the first case, tight link-

age in the second case, and weak selection in the third case.

We thus set out to confirm these results by randomly drawing

fitness and recombination parameters, calculating all stable equi-

libria, and determining if a modifier that increases recombination

would spread at any of these equilibria. An exploration of 70,000

random parameter sets failed to identify any cases of increased

recombination. If, however, we assumed no difference in selec-

tion within male and female haploids (UA/Ua = VA/Va), then

tighter linkage was favored only when recombination was suffi-

ciently low initially. If the initial level of recombination was too

high (rM M > r∗), allele frequencies were the same in males and

females at equilibrium, and a modifier of recombination behaved

neutrally, neither spreading nor disappearing. With tight enough

linkage between the selected locus and the SDR (rM M < r∗), how-

ever, the system approached an equilibrium with sex differences

in allele frequency, and reduced recombination was then always

favored.

Degeneration in Haploid Sex
Chromosomes
The above models indicate that the U and V chromosomes should

both, over evolutionary time, become nonrecombining as loci with
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differences in selection between the sexes are brought into tighter

linkage with the SDR. Of course, the need for proper segregation

of the sex chromosomes during meiosis in diploids may place

constraints against the complete loss of recombination for U/V as

well as X/Y and Z/W systems (Otto et al. 2011). Once reduced

recombination around the SDR has evolved, an important subse-

quent process in the evolution of diploid sex chromosomes is the

degeneration of Y or W chromosomes through the accumulation

of deleterious mutations, which are largely masked by the X or

Z, respectively. This process is well described for the evolution

of diploid sex chromosomes and has found ample empirical ev-

idence (Charlesworth et al. 2005; Bachtrog 2006). Bull (1978)

argued that degeneration in haploid sex chromosomes should not

be expected, however, due to the efficacy of purifying selection in

haploids. This assumes that the alleles are expressed and subject

to selection in both haploid males and females. Here, we estimate

the time it takes for a haploid sex chromosome to lose the least-

loaded class (one click of Muller’s ratchet) as a function of the

degree of selection acting on a gene in the haploid stage relative

to the diploid stage.

Briefly, we use the approximation developed by

Charlesworth and Charlesworth (1997) to estimate the time to

loss of the least-loaded class. The method is based on a one-

dimensional diffusion process, assuming a haploid model with

multiplicative selection among loci, which is expected to gener-

ate a Poisson distribution of number of mutations per chromo-

some. The per chromosome mutation rate is assumed to be u,

with effective selection against each deleterious mutation of se.

The diffusion then tracks the frequency x of the least-loaded class

as it varies around the deterministic mutation–selection balance of

x0 = exp (−u/se). The expected time until loss is then given by:

T = 2

⎛
⎜⎜⎜⎝

x0∫
0

x∫
0

ψ(y)dy

b(x)ψ(x)
dx

⎞
⎟⎟⎟⎠ + 2

⎛
⎜⎜⎜⎝

1∫
x0

x0∫
0

ψ(y)dy

b(x)ψ(x)
dx

⎞
⎟⎟⎟⎠ , (12)

where

ψ(y) = exp

(
−2

∫ y

0

a(z)

b(z)
dz

)

= exp
(

2Neeu y
( y

2
− x0

))
, (13)

using the drift and diffusion coefficients, a(x) ≈ −x(x − x0)eμ

and b(x) ≈ x/Ne, respectively, in a population of effective size

Ne (Charlesworth and Charlesworth 1997).

We can directly apply the above model to a population of

U chromosomes, with effective population size Ne, where we

census the population in the haploid phase (V chromosomes may

be treated similarly.) We assume complete linkage between the

selected locus and the SDR and assume that sites that accumulate

deleterious mutations on the U do not do so on the V. Assuming

A-bearing haploids and AA-bearing diploids have fitness of one,

the effective strength of selection across the life cycle against a on

the U chromosome is se = 1 − SAaUa (note that the only haploid

selection relevant to the U is in females). If selection acted only

in the diploid phase, we would set SAa = 1 − h s, where s is the

strength of selection and h the dominance coefficient. If selection

acted only in the haploid phase, we would set Ua = 1 − f s,

where f measures the relative importance of a particular gene

to selection in the haploid phase relative to the diploid phase.

For example, if a gene is not expressed in the haploid phase

(or is expressed in males but not females), then f would be 0,

whereas if it is more strongly selected in female haploids, then

f > 1. Finally, we assume that the proportion of the sexual life

cycle spent in the diploid phase is d and that selection in the

diploid and haploid phase scales with the proportion of time in

that phase (as in Otto 1994). The above assumptions allow us to

explore the impact of the relative lengths of the haploid and diploid

phases (through d) and differences in the strength of haploid

versus diploid selection for particular genes (through f), via the

effective selection coefficient, se = 1 − (1 − h s)d (1 − f s)1−d .

As illustrated in Figure 1, Muller’s ratchet rarely clicks in

organisms that are primarily haploid (d low) for genes that are

expressed and subject to selection in the haploid phase (f high).

Nevertheless, Muller’s ratchet will click for genes on the U (or

V) chromosome either when the haploid phase experiences rel-

atively little selection (d high) or when a gene has only a weak

effect on the survival of female (or male) haploids (f low). In-

deed, Muller’s ratchet can click faster per sexual cycle on the U

sex chromosome than on a Y sex chromosome for the subset of

genes that are less important during the haploid phase than the

diploid phase, such that f < h (comparing red and black curves

to the blue dashed line). Furthermore, if male haploids and fe-

male haploids differ in effective population size, Ne (e.g., due to

differences in variance in reproductive success), Muller’s ratchet

would click faster on the sex chromosome (U or V) associated

with the lower Ne. Similarly, Muller’s ratchet would click faster

on whichever sex chromosome is subject to weaker selection. If

both Ne and selection differ between the sexes, the relative rate

of U and V degeneration can be predicted from equation (12).

Thus, although Bull’s (1978) insight was largely correct in pre-

dicting that the U and V chromosomes would not decay, there

are some important exceptions, including in species with limited

haploid phases and at genes with diploid-limited or sex-limited

selection.

Importantly, even if Muller’s ratchet clicks too slowly for U

and V sex chromosomes to degenerate, this does not necessarily

mean that sex chromosomes will differentiate slowly. According

to equation (5), the U and V chromosomes are expected to fix

alternate alleles at any locus linked to the SDR that is maintained

polymorphic through a combination of heterozygous advantage,
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Figure 1. Waiting time for a click of Muller’s ratchet on the U (or V) chromosome. Figure shows the waiting time in generations until

the loss of the least-loaded class, based on the approximation of Charlesworth and Charlesworth (1997). The selective importance per

unit time of a gene in haploids relative to diploids, f, is varied along the horizontal axis. The life cycle is varied from being exclusively

haploid (d = 0; red dotted curve) to exclusively diploid (d = 1; blue dashed line), with intermediate life cycles in black curves (thin: d =
1/10, medium: 1/2, thick: 9/10). The blue line also describes the speed of the ratchet on a Y chromosome in exclusively diploid organisms

(assuming the same Ne for the U and Y). Parameters: u = 0.2, h = 0.2, s = 0.1, Ne = 2000.

sexually antagonistic selection, and/or ploidally antagonistic se-

lection. This contrasts with selection in X/Y (or Z/W) systems,

where alleles that are fixed on the Y (or W) often remain poly-

morphic on the X (or Z) (Clark 1987; Otto 2014). Furthermore, as

alternate alleles rise to fixation on the U and V (e.g., following a

new fusion and/or the onset of balancing selection at a sex-linked

locus), the spreading alleles might drag along with them linked

deleterious alleles. The net result is that we might expect substan-

tial differentiation between U and V chromosomes, even without

degeneration.

Discussion
Our modeling predicts that the decay of recombination on the

sex chromosomes and the addition of strata via fusions will be

just as much a part of the evolution of haploid sex chromosomes

(U/V) as diploid sex chromosome systems (XX/XY or ZW/ZZ).

Indeed, reduced recombination is broadly favored, with or without

sexually antagonistic selection, as long as there is some fitness

difference between haploid males and females (i.e., VA/Va �=
UA/Ua). Furthermore, even if selection acts only in the diploid

phase, tighter linkage is favored if the selected locus is initially

close enough to the SDR, such that the allele frequencies differ

between males and females at equilibrium. In other words, the

accumulation of sex-specific alleles (i.e., alleles slightly favored

in one sex over the other) is expected to be commonplace around

the SDR for selectively maintained polymorphisms and hence

may well be detectable even in young haploid sex chromosomes.

Genetic divergence between U and V chromosomes should be

slow until recombination rate r approaches zero, at which point

all of the stable polymorphisms involve fixed differences between

U and V sex chromosomes (eq. (5)).

Despite the similarities between the evolution of sex chro-

mosomes with haploid versus diploid sex determination, some

fundamental differences exist, as highlighted by our findings. For

one, in systems with haploid sex determination, recombination

is absent in the individuals exhibiting the sexes—this is not true

for diploid systems. In particular, there cannot be sex differences

in recombination with haploid sex determination. Furthermore,

with U and V chromosomes being equally exposed to haploid

selection, there is no asymmetry allowing one chromosome to

maintain polymorphism (as on the X) more readily than the other

chromosome (as on the Y). Indeed, we find that the only selec-

tively maintained polymorphism at loci completely linked to the

SDR involves fixed differences, with a U-specific allele and a

V-specific allele, regardless of the nature of balancing selection

(assumed to be frequency independent). Consequently, we predict

much lower genetic variance in fitness among U’s or among V’s

once recombination is reduced, in contrast to the high amount of

genetic variance on the X thought to be maintained by sexually

antagonistic selection (e.g., Gibson et al. 2002).

A further important difference between diploid and haploid

sex determination is the speed with which deleterious mutations

accumulate: masking of deleterious mutations does not occur in
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haploid males and females and hence the degeneration of the SDR

is expected to be slower with haploid sex determination than with

diploid sex determination. Indeed, the accumulation of deleterious

mutations is essentially halted by selection for loci that are highly

expressed in the haploid phase (unless selection is very weak).

Our numerical evaluations of the speed of Muller’s ratchet, using

Charlesworth and Charlesworth (1997) approximation, support

Bull’s (1978) argument that degeneration on haploid sex chro-

mosomes should be minimal, at least for genes highly expressed

in the haploid phase. This is not true, however, for loci subject

primarily to selection in the other sex or in the diploid phase. In

the latter case, masking allows the accumulation of different dele-

terious mutations on the U and V chromosomes, without much

reduction in fitness in the diploid phase. In addition, we pre-

dict nearly fixed differences between the U and V at any locus

tightly linked to the SDR that is maintained polymorphic by selec-

tion, whether through overdominance, sexually antagonistic se-

lection, and/or ploidally antagonistic selection. As a consequence,

we expect differentiation to arise more readily than degenera-

tion on U/V sex chromosomes relative to X/Y or Z/W systems,

with degeneration observed primarily at loci with limited haploid

expression.

In this study, we have focused on only two aspects of sex

chromosome evolution in haploids: the evolution of reduced re-

combination and degeneration due to the accumulation of dele-

terious mutations. Other aspects of sex chromosome evolution

also merit investigation in haploid U/V systems. For example, the

spread of deleterious alleles by hitchhiking with beneficial alleles

will differ for nonrecombining U (and V) sex chromosomes, be-

cause alleles (both beneficial and deleterious) are fully exposed to

haploid selection compared to alleles on the Y, which are masked

in diploids (Rice 1987a). Furthermore, although nonrecombining

and masked Y chromosomes are adaptively crippled and expected

to lag increasingly far behind the X in fitness (Orr and Kim 1998),

the U and V should adapt more similarly and readily given that

alleles are fully exposed to haploid selection. Consequently, U

and V sex chromosomes may consist of a larger fraction of long-

standing functional genes, in contrast to Y chromosomes where, at

least in humans, many functional genes are recently transposed or

are maintained by gene conversion (Skaletsky et al. 2003). Nev-

ertheless, the lack of recombination would continue to hamper

adaptation on nonrecombining U and V chromosomes, relative

to autosomes, potentially favoring the appearance and spread of

functional gene copies on the autosomes, followed by their loss on

the sex chromosomes. Another question of interest is whether the

relative importance of hitchhiking versus Muller’s ratchet differs

for U/V and X/Y or Z/W systems, and how this changes over the

course of sex chromosome divergence (Bachtrog 2008). Finally,

because we expect selection to drive differences in allele frequen-

cies between U and V sex chromosomes, divergence between the

sex chromosomes may well be faster initially, but taper off, rela-

tive to the process of degeneration differentiating the Y (W) from

the X (Z).

Empirical data on the genomic landscape and structure of

SDRs in haploid organisms is still scarce, despite the fact that

Allen (1917) described the likely existence of sex chromosomes in

bryophytes nearly a century ago. We performed a literature review

and collected information from studies examining the evolution

of sex determination regions in haploid organisms ranging from

brown, red, and green algae to bryophytes and fungi (Table 2).

Only a few of the included studies provide detailed descriptions

of the SDRs based on sequencing data. However, in all cases,

signs of reduced recombination had been reported, confirming our

predictions about the efficacy of selection to reduce recombina-

tion. Differentiation is also commonly observed. In the liverwort

Marchantia polymorpha, the long established V chromosome car-

ries genes of which only half have putative homologues on the

U chromosome and those that do have homologs show signs of

6–30% divergence (Yamato et al. 2007). Similarly, in the moss

Ceratodon purpureus, the U/V chromosomes exhibit recent and

repeated gene capture and low polymorphism (McDaniel et al.

2013b), in combination with high numbers of repetitive elements

and asymmetric gene loss between homologs on the U and V (S.

F. McDaniel, unpubl. data). Finally, in the brown alga Ectocar-

pus, the SDRs in males and females are extremely divergent with

only small regions showing sequence similarity between the two

(Ahmed et al. 2014).

Signs of degeneration have been putatively reported for a few

species (Table 2), although most examples cannot distinguish be-

tween degeneration due to the accumulation of deleterious muta-

tions and differentiation due to selection favoring different alleles

on the U and V chromosomes. Furthermore, some of the genetic

changes (e.g., repeat differences) could be neutral and differ sim-

ply because of the lack of recombination to equalize them between

the two sex chromosomes. In the rhodophyte Gracilaria chilensis,

for example, male- and female-specific SCAR markers (sequence

characterized amplified regions) were shown to differ between the

sexes at 8–9% of sites, although the authors noted that this might

represent either degeneration or differentiation (Guillemin and

Huanel 2012). Furthermore, in the alga Volvox carteri, the sex-

linked region appears to have accumulated repeats, exhibits low

gene density, and has accumulated sex-limited genes present in

one sex chromosome but not the other (Ferris et al. 2010; Umen

and Olson 2012). Again, however, the authors note that these

patterns may reflect either degeneration or divergent natural se-

lection. Indeed, one gene (MAT3) exhibited signs of sex-specific

selection driving the alleles apart, with parts of the gene more

strongly conserved in females and others in males. Similarly, a

genomic analysis of the V chromosome in the liverwort M. poly-

morpha found that it had accumulated several repeats, is relatively
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gene poor, and also has several male-specific genes (Yamato et al.

2007), but other genes had divergent male and female homologs

expressed in sexual organs, consistent with differentiation rather

than degeneration. On the other hand, Ahmed et al. (2014) con-

cluded that degeneration was surprisingly mild in the Ectocarpus

UV system, despite the relatively old age of the sex chromosomes

(Ahmed et al. 2014). It remains an open empirical challenge to de-

termine the nature of selection at loci that differ between U and V

chromosomes in a way that distinguishes among degeneration ver-

sus selectively favored differentiation versus neutral divergence.

For example, the lack of a homolog in one sex could represent any

one of these possibilities, depending on whether gene loss from

one of the sex chromosomes reduced fitness slightly, increased

fitness, or had no effect on fitness.

It is worth highlighting one taxonomic group in our table that

has been excluded from previous discussions on the evolution of

sex chromosomes—the fungi. The reason for avoiding the fungi

was based on the fact that anisogamy in most fungi is limited or

absent, and hence the scope for sexual dimorphism and sexually

antagonistic selection appears to be rather limited. This also ap-

plies to some of the volvocine algae including Chlamydomonas

reinhardtii and Gonium pectorale (Hamaji et al. 2008; De Hoff et

al. 2013). Nevertheless, isogamy in these species does not exclude

the fact that genes may be differentially expressed among the two

types of gametes that need to fuse, where one is sometimes re-

ferred to as the donor and the other the receptor (Nieuwenhuis

and Aanen 2012). Therefore, given that any differences in allele

frequencies due to even slight differential selection in the two

mating types may lead to the reduction of recombination, we be-

lieve that our models apply to these taxonomic groups as well. In

fact, for all three fungal species listed in our table and for both

volvocine algae, suppressed recombination and signs of genetic

divergence have been reported. Perhaps the best evidence to date

of degeneration per se comes from regions linked to the mating-

type locus of Neurospora tetrasperma (Whittle et al. 2011). These

authors showed an elevated level of transitions from preferred to

nonpreferred codons in the nonrecombining region near the mat

locus. Such degeneration may occur despite the efficacy of hap-

loid selection because selection against nonpreferred codons is

weak and more readily overcome by drift and Muller’s ratchet

(eq. (12)) or by hitchhiking with positively selected changes

within nonrecombining regions. Interestingly, sex-specific genes

have started to accumulate around the mating-type locus in

N. tetrasperma, with mat A becoming associated with sex-

ual/female traits (protoperithecia) and mat a with asexual/male

traits (conidia), blurring the distinction between a mating-type

locus and a sex-determining locus (Samils et al. 2013). These rep-

resent some of the first detailed studies investigating the genomic

landscape around mating-type loci in fungi. More examples of the

accumulation of sex-specific genes around mating-type loci likely

remain to be discovered.

In addition to suppressed recombination and sex chromo-

some differentiation, chromosomal rearrangements such as fu-

sions, transpositions, and inversions certainly play a crucial role

in the evolution of dimorphic sex chromosomes in haploid organ-

isms as well. As demonstrated by our model, a fusion that brings a

selected locus into the immediate vicinity of the SDR will spread

through the population as long as selection differs between male

and female haploids. Furthermore, the modifier locus M that we

have modeled can also describe inversions and transpositions that

lead to tighter linkage of selected loci with the SDR. Chromo-

somal rearrangements due to inversions and translocations have

been reported in three of the four species of volvocine algae listed

in our table. Chromosomal fusion and subsequent inversions ap-

pear to have played an important role also in the evolution of

the mating-type locus in the fungal pathogen Cryptococcus ne-

oformans (Fraser et al. 2004). With the increasing emergence

of next-generation sequencing data from nonmodel organisms,

more information will soon become available to investigate the

processes involved in the evolution of sex chromosomes in organ-

isms where it is the haploid phase that determines sex.
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Appendix
RECURSIONS

We follow chromosomes, starting at the beginning of the haploid

phase, with female U-bearing chromosome frequencies given by

oi and male V-bearing chromosome frequencies given by pi. Here,

i is an index that numbers the chromosomes, with 1 = MA, 2 =
Ma, 3 = mA, and 4 = ma.

Selection first acts in the haploid phase, depending on the

allele, k, that the haploid bears at the A locus (e.g., k = A for

haploids of genotype i = 1 or 3). Selection thus changes the chro-

mosome frequencies in haploid females to os
i = Uk oi/Ū , where

Ū = ∑4
i=1 Uk oi is the mean fitness of haploid females. Similarly,

selection changes the chromosome frequencies in haploid males

to ps
i = Vk pi/V̄ , where V̄ = ∑4

i=1 Vk pi .

At the next stage, haploid females produce eggs and hap-

loid males produce sperm, which unite at random to produce a

diploid sporophyte of genotype ij with probability xi j = os
i ps

j ,

where i refers to the haplotype bearing the U chromosome and j

the haplotype bearing the V chromosome. After selection in the

diploid phase, these genotype frequencies become xs
i j = Sk xi j/S̄,

where S̄ = ∑4
i=1

∑4
j=1 Sk xi j is the mean sporophytic fitness and

k now describes the diploid genotype at locus A (e.g., k = Aa for

individuals where i = 1 and j = 2).

Finally, the diploid sporophytes undergo meiosis with re-

combination to produce the next generation of haploid U-bearing

females:

o′
MA =

⎛
⎝ 4∑

j=1

xs
1 j

⎞
⎠ − rMM

(
xs

12 − xs
21

)

− (R + rMm − 2χ)
(
xs

13 − xs
31

) − (R + rMm − χ) xs
14

+ (rMm − χ) xs
41 + χ xs

23 + (R − χ) xs
32 (A1a)

o′
Ma =

⎛
⎝ 4∑

j=1

xs
2 j

⎞
⎠ − rMM

(
xs

21 − xs
12

)

− (R + rMm − 2χ)
(
xs

24 − xs
42

) − (R + rMm − χ) xs
23

+ (rMm − χ) xs
32 + χ xs

14 + (R − χ) xs
41 (A1b)

o′
mA =

⎛
⎝ 4∑

j=1

xs
3 j

⎞
⎠ − rmm

(
xs

34 − xs
43

)

− (R + rMm − 2χ)
(
xs

31 − xs
13

) − (R + rMm − χ) xs
32

+ (rMm − χ) xs
23 + χ xs

41 + (R − χ) xs
14 (A1c)
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o′
ma =

⎛
⎝ 4∑

j=1

xs
4 j

⎞
⎠ − rmm

(
xs

43 − xs
34

)

− (R + rMm − 2χ)
(
xs

42 − xs
24

) − (R + rMm − χ) xs
41

+ (rMm − χ) xs
14 + χ xs

32 + (R − χ) xs
23 (A1d)

and haploid V-bearing males:

p′
MA =

⎛
⎝ 4∑

j=1

xs
j1

⎞
⎠ − rMM

(
xs

21 − xs
12

)

− (R + rMm − 2χ)
(
xs

31 − xs
13

) − (R + rMm − χ) xs
41

+ (rMm − χ) xs
14 + χ xs

32 + (R − χ) xs
23 (A2a)

p′
Ma =

⎛
⎝ 4∑

j=1

xs
j2

⎞
⎠ − rM M

(
xs

12 − xs
21

)

− (R + rMm − 2χ)
(
xs

42 − xs
24

) − (R + rMm − χ) xs
32

+ (rMm − χ) xs
23 + χ xs

41 + (R − χ) xs
14 (A2b)

p′
m A =

⎛
⎝ 4∑

j=1

xs
j3

⎞
⎠ − rmm

(
xs

43 − xs
34

)

− (R + rMm − 2χ)
(
xs

13 − xs
31

) − (R + rMm − χ) xs
23

+ (rMm − χ) xs
32 + χ xs

14 + (R − χ) xs
41 (A2c)

p′
ma =

⎛
⎝ 4∑

j=1

xs
j4

⎞
⎠ − rmm

(
xs

34 − xs
43

)

− (R + rMm − 2χ)
(
xs

24 − xs
42

) − (R + rMm − χ) xs
14.

+ (rMm − χ) xs
41 + χ xs

23 + (R − χ) xs
32 (A2d)

If the gene order is M—A—U/V SDR and there is no ge-

netic interference, then χ = R rMm . If the gene order is A—M—

U/V SDR (as with a fusion) and there is no genetic interference,

then χ = R (1 − R − rMm) (1 − 2R). If a fusion brings the se-

lected locus into complete linkage with the SDR, then rMm = R =
χ = 0.

Supporting Information
Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Immler & Otto 2015 Supplementary Matematica file.

7 0 8 EVOLUTION MARCH 2015


