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Super#genes##

two populations have tailed females and the gene determining the
presence/absence of tails is unlinked to the mimicry locus, H.

The remaining butterfly examples have not been studied using
molecular methods. P. memnon and P. polytes are long-standing
examples of polymorphic Batesian mimics, in which multiple morphs
are inherited as a single trait. In both cases, a second locus determines
the presence/absence of tails (Clarke et al., 1968, 1971; Clarke and
Sheppard, 1971, 1973), such that not all mimicry traits are inherited at
the supergene. Some rare phenotypes (or geographically restricted
forms) have been interpreted as recombinants, allowing the ordering of
components within the supergene (Clarke et al., 1968). These species
were both studied extensively in the 20th century and are now excellent
candidates for the application of modern molecular techniques.

Avian brood parasites offer another case of mimicry in which
negative frequency-dependent selection exerted by hosts can maintain
polymorphism, and where effective mimicry requires a correlated
response in several phenotypic characters. In the case of Common
Cuckoo, Cuculus canorus, host races (gentes) are adapted to particular
hosts—for example, with egg and hatchling mimicry (Davies, 2011
and references therein). As males mate at random with respect to
female host race (Gibbs et al., 2000), some mechanisms are required
to keep gens-specific adaptations together, and egg polymorphism
may be W-linked. If this can be shown to be the case then this would
then undoubtedly fulfil our criteria of a supergene.

Another well-studied brood parasite is the Greater Honeyguide,
Indicator indicator. Honeyguides have two deeply diverged mitochon-
drial lineages, specialising on burrow- and hole-nesting hosts
(Spottiswoode et al., 2011). The available data suggest that honey-
guide host races have been host-specific (ground versus tree-nesting
lineages) for a long time, but that gene flow through males has
prevented host races from speciating. The location of the host

specificity trait(s) is/are unknown; however, the results are consistent
with either W-linkage or a sex-limited autosomal locus.

SOCIAL POLYMORPHISM
Hamilton (1964) proposed that altruism could evolve if altruistic
behaviour were directed towards other carriers of the altruistic allele,
later termed the ‘green beard’ hypothesis (Dawkins, 1976). Hamilton
recognised that a supergene architecture was likely to be required to
retain the tight association of the signal and behaviour. This idea
remained theoretical until the recent discovery of examples such as
Solenopsis invicta.

The Imported Red Fire Ant S. invicta has a social polymorphism
affecting worker behaviour and queen reproductive strategies that
maps to the odorant-binding protein gene Gp-9, and the linked gene
pgm-3 (Ross and Keller, 1998). Gp-9 has been called a ‘green beard’
(Keller and Ross, 1998) due to its association with tolerance of
multiple queens within a nest; all queens in polygynous nests are Bb
heterozygotes at Gp-9—in these nests BB queens are killed, pre-
dominantly by Bb workers (bb is lethal). Selection favouring b due to
its greater success through polygynous colony form is balanced by the
lower fitness of b males and the lethality of bb homozygote females.
The B and b alleles are characterised by a c. 13-Mb non-recombining
region, including Gp-9 and more than 615 other coding regions,
many of which are known to be differentially expressed between ants
of the two social forms (19 out of 27 total differentially expressed
genes). The non-recombining region contains a 48-kb inversion that
alters the expression of a candidate effector gene for cuticular odour
differences between queens of the two forms (Wang et al., 2013). The
existence of a large non-recombining region determining alternative
morphs is very similar to the role of the Y (or W) chromosome in sex

Figure 2 (a) Different forms of the butterfly H. numata are associated with different genome arrangements in the region of the P supergene. Forms of H.
numata are shown above the horizontal line, with their corresponding models beneath. Photos from Mathieu Joron. (b) Representation of the rearrangements
on chromosome 2 of Zonotrichia albicollis associated with reproductive dimorphism. The inversions cover c. 105Mb. Population genetics figures from
Thomas et al. (2008). Figures for collinear region are for the marker SUPT3H. Pi values for the inverted region are for both loci considered together, and
each separately. Photographs modified from Figure 1 of Horton et al. (2012).

Supergenes are real
MJ Thompson and CD Jiggins
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Heredity

‘coadapted  combinations  of  several  or  many 
genes  locked  in  inverted  sections  of 
chromosomes   and  therefore   inherited  as  
single  units.’!
(Dobzhansky, 1970).!
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The#cost#of#sex.##
Why#risk#breaking#it#up#a#winning#genotype.#
#
Finding#and#aUrac?ng#a#mate#are#costly#and#
may#be#impossible,#and#ma?ng#is#dangerous#
#
The#two#fold#cost#of#sex#

Despite#this#sexual#reproduc?on#persists.##

Sexual#organisms#only#
contribute#½#of#their#
genome#to#their#offspring#
While#asexual#organisms#
contribute#their#en?re#
genome.#This#is#some?mes#
called#the#cost#of#males###
#



Vertebrate#asexual#species#can#evolve#

1/26/10!

6!

188!188!

Ways of thinking about the advantage of asexuality/cost of sexual 

reproduction!

1)! Asexual females will replace sexual females!

2)! An allele that suppresses meiosis will be transmitted to all 

offspring rather than half the offspring!

3)! An asexual female passes on all of her genes to each offspring 

rather than only half her genes !

189!189!

One possibility for the maintenance of sexual reproduction is!

that sex evolved for some (unknown) reason and could not be!

lost.  However, this is clearly not the case.  !

Unisexual Cnemidophorus!

Unisexual P. formosa (left) sexually!

parasitizes the sexual P. latipinna (right)!

Many#species#are#not#obligate#sexuals#and#can#reproduce#clonally#(i.e.#
asexually)##
e.g.#Vegeta?ve#growth#in#plants.#
However,#they#will#only#do#so#for#a#few#genera?ons#

Despite#this#sexual#reproduc?on#persists.##

• Why#have#sex?#
Vast#majority#of#eukaryo?c#organisms#reproduce#sexually#

#
#



Asexual#species#emerge#o\en#in#animals/plants#but#are#generally#shortElived#as#species##



Hypotheses#for#the#evolu?onary#
advantage#and#maintenance#of#sex#

•  Asexual#species#accumulate#deleterious#
muta?ons##

•  Hitchhiking#of#deleterious#muta?ons#
•  Due#to#Muller’s#Ratchet#

•  Asexual#species#adapt#slower#
–  forced#to#fix#advantageous#muta?ons#sequen?ally#
(Clonal#interference)#

–  Crea?on#of#novel#haplotypes#in#asexuals#is#
muta?on#limited.#Hard#to#keep#pace#with#rapidly#
evolving#pathogens#(Red#queen#hypothesis)#



The#Red#Queen##
Hypothesis#
Hosts#have#to#constantly#adapt#to##
changing#pathogen#environment##

Time#

Pathogen/#
Parasite#

Host#
popula?on#

Recombina?on#generates#novel#combina?ons#of#alleles#(i.e.#haplotypes)#
#
So#that#sexual#species#can#more#rapidly#evolve#to#resist#parasites.#



•  Increase#in#sex##
with#higher#parasite##
load.#

Evidence#for#red#queen#hypothesis#

Potamopyrgus#an?pofarum#
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Selected#alleles#must#fix#sequen?ally#in#absence#of#sex#

Clonal#interference#hypothesis#

Ab#

aB#

ab#

sA#=0.08#
sB#=0.06#
sAB=0.14#
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Clonal#interference#hypothesis#

Ab#

aB#

ab#

Selected#alleles#can#fix#simultaneously##in#presence#of#sex.#

Ab#

aB#

ab# AB#

Without#recombina?on # # # # # #With#recombina?on#(r=0.001)#



Evidence#of#Clonal#
Interference#

Clonal#interference#also#plays#a#key#role#in#thinking#about#evolu?on#of#
drug#resistance#in#pathogens.##
#



Muller’s#Ratchet#in#
asexuals#

Loss#by#dri\#of#
haplotype#with#
no#deleterious#alleles#

Hermann#J.#Muller#

=Deleterious#allele#

Loss#of#haplotype#w.#
Only#1#deleterious#allele#



Muller’s#Ratchet#

Ratchet#in#asexuals:#Progressive#loss#by#
dri\#of#haplotype#with#lowest#number#
deleterious#alleles.#Lowers#fitness#of#
popula?on.#

Loss#of#haplotype#
With#zero#deleterious#
alleles#

Recombina?on##
Can#reform#that#
haplotype#

Sexual#organisms#avoid#the#effects#
Of#Muller’s#ratchet.#
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Showy#evening#primrose#
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#
•  The#fundamental#difference#between#male#and#female#

func?on#is#Anisogamy#(Gametes#differ#in#size)#
•  Male#sexual#func?on:#

–  Small#mobile#gametes#
•  Female#sexual#func?on:#

–  Larger#less#mobile#gametes#
– Maternal#provisions#

Zimmer#book#

A#species#having#sex#is#not#the#same#as#a#species#having#different#sexes#

Male#and#female#func?ons#do#not##
necessarily#mean#sexes#are#separate#individuals#
But#separate#sexes#have#arisen#many#?mes#
Perhaps#because#of:#
Selec?on#for#specializa?on##
or#inbreeding#avoidance.#
#
#
#





Evolu?on#of#sex#chromosomes#
In#species#with#gene?c#sex#determina?on#
the#chromosomes#containing#the#sex#determining#factors#
are#o\en#heteromorphic:#
One#is#much#reduced#in#
#func?on#and#size.#
And#does#not#recombine.##

Human#Y:#60#Mbp#~80#genes#
Human#X:#153#Mbp#~2000#genes#

Heteromorphic#sex#
chromosomes#have#evolved#
independently#many#?mes#



Sex#determining#allele#arises#(e.g.#dominant#male#determining#allele)#
Recombina?on#between#sexually#antagonis?c#allele#and#maleEdetermining#allele#
have#lowers#fitness.#
Recombina?on#between#these#loci#suppressed#by#inversion#
#
##

The#evolu?on#of#sex#chromosomes#

“Autosomal”#region#(Y)#



Females # # # # # # #Males#

“Autosomal”#region#(Y)#
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Sexual#antagonis?c#alleles#and#the#
evolu?on#of#reduced#recombina?on##
on#Y#chromosomes#

Recessive#female#advantageous#allele### # #Has#deleterious#consequences#in#males#



Sex#determining#allele#arises#(e.g.#dominant#male#determining#allele)#
Recombina?on#between#sexually#antagonis?c#allele#and#maleEdetermining#allele#have#lowers#
fitness.#
Recombina?on#between#these#loci#suppressed#by#inversion#
#
Shurng#off#recombina?on#now#means#that#this#sec?on#of#ProtoEY#no#long#recombines#(note#
that#ProtoEX#can#recombine#with#itself#in#females)#
#
This#in#turn#leads#to#degenera?on#of#Y#sex#chromosome#genes#due#to:##
Muller’s#Ratchet##
And#the#hitchhiking#of#deleterious##alleles.##
Accumula?on#of#repeats#and#transposable#elements.##
#
#
##

The#evolu?on#of#sex#chromosomes#



Bellot#et#al#2015,#Nature#

Ancestral#gene#content#in#sec?on#of#human#Y#chromosome##
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The evolution of sex chromosomes has taken the same winding 

downhill path many times in the lineages to diverse taxa.

X Y

autosome

X neo-Y

neo-X

X Y

X

Y chromosomes and neo-Ys

8

What is the population genetic process of Y 

degeneration?

• deleterious mutations and genetic drift?

• Muller’s Ratchet ? 

• background selection?”

• Hill-Roberts Effect?

• adaptively favored mutations -> “hitchhiking”

• what’s a good systems in which to study?

• the X-transposition regions - mini-neo-Y

• the pseudoautosomal regions

• a larger neo-Y - chromosome translocation

• how can these two models be distinguished? 9

D. miranda lives near streams of the Sierra and Coastal 
Ranges.  A close relative of D. pseudoobscura - common 

dark drosophila in the western states. 10

The Drosophila miranda neo-Y

• About 1 MYA one  of the autosomes fused with 

the old Y to produce a neo-Y (and a second X).

• Since the genes on this segment of the genome 

will remain in males (no crossing over) they will 

evolve independently of their homologs on the 

neo-X2.

• Several observations:

• increase rates of divergence, esp. nonsyn.

• accumulation of “deleterious” mutations.

• reduced levels of polymorphism.
11

Drosophila

pseudoobscura
Drosophila miranda

12

NeoEsex#chromosomes#in#Drosophila#
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If#an#autosome#fuses#to#the#Y#chromosome#
#
Then#one#copy#segregates#with#the#Y#and#one##
With#the#X#this#is#called#a#neoEsex#chromosome#
#
#
#

The#autosome#fused#to#the#Y##
does#not#experience#recombina?on#



A#neoEY#chromosome#region#
was#formed#in#Drosophila*
miranda#1.25#Myrs#ago#
and#has#rapidly#decayed#
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Majority#of#genes#(open#reading#frames,#ORFs)#
In#neoEY#region#have#become#nonEfunc?onal#

degenera?on#of#Y#sex#chromosome#genes#due#
to:##
Muller’s#Ratchet##
And#the#hitchhiking#of#deleterious##alleles.##
Accumula?on#of#repeats#and#transposable#
elements.##



The#evolu?on#of#sex#chromosomes#

X#
Y#

X#
Y#

X#
Y#

~2#million#years#old# ~10#million#years#old#

~20#million#years#old#

Corresponding X 

Non-recombining Y (gene poor) 

Convergent#evolu?on#and#different#ages#of#sex#chromosomes#

Papaya# Silene#

Asparagus#

Cannabis#also#has#old#XY#



The#evolu?on#of#sex#chromosomes#
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Our#own#X#and#Y#have#different##
Evolu?onary#strata#corresponding##
to#different#ages#that#recombina?on#
#ceased#between#X#and#Y#(different#
Inversions#&#transposi?ons)##
#
Genes#on#Y#in#these#different#strata##
are#in#different#states#of#decay.#

Bergero,#Charlesworth#2009#


