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Microbotryum anther smut fungi
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Stepwise extension of recombination suppression 

in sex chromosomes - Evolutionary strata

Per gene divergence between X and Y
(proxy for time since recombination suppression)

0

X chromosome gene order

Sex-determining gene20
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Recombination suppression

Sex-determining gene

Male-specific advantageous allele

Proto X Proto Y

Stepwise extension of recombination suppression :

Due to sexual antagonism?

X Y
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Very little evidence for sexual antagonism 
generating evolutionary strata 

Alternative explanations for stepwise extension 
of suppressed recombination (little considered)

Study organisms showing suppressed 
recombination but no sexual antagonism

Stepwise extension of recombination suppression :

Due to sexual antagonism?
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Basidiomycete fungi

Mating types defined by two gene clusters: 

PR - Pheromone percursor and receptor genes

HD - Homeodomain genes

Corn smut fungus
Ustilago maydis

Coprinopsis

Unlinked mating-type loci
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Basidiomycete fungi

PR - Pheromone percursor and receptor genes

HD - Homeodomain genes

Linked mating-type loci 
(beneficial under selfing)

Unlinked mating-type loci

Microbotryum anther smuts

Barley smut fungus
Ustilago hordei

Mating types defined by two gene clusters: 
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PR - Pheromone percursor and receptor genes

HD - Homeodomain genes

Strata beyond 

mating-type genes?

dS

0

Basidiomycete fungi

Mating types defined by two gene clusters: 

Linked mating-type loci 
(beneficial under selfing)

Unlinked mating-type loci
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Strata in Microbotryum lychnidis-dioicae?

No evidence for evolutionary strata
Mating-type chromosomes too rearranged? (neither is recombining) 
Loss of ancestral gene order…

0 100 200 300 400

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

MvSl orthologs

dS

M. lychnidis-dioicae gene order

dS

dS

0

Divergence between alleles associated with alternative mating types
PR

HD

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
18

 ©
 48

th 
Eur

op
ea

n C
on

tac
t L

en
s S

oc
iet

y O
f O

ph
tha

lm
olo

gis
ts.

 A
ll r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .



*

*

HDHD

PR

PR

M
. la

g
e

rh
e
m

ii

M
. 
in

te
rm

e
d
iu

m
Use the ancestral gene order 

maintained in M. lagerhemii ?

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
18

 ©
 48

th 
Eur

op
ea

n C
on

tac
t L

en
s S

oc
iet

y O
f O

ph
tha

lm
olo

gis
ts.

 A
ll r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .



0 100 200 300 400 500

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

MvSv MAT A1xA2 HD filtered

MvSv MAT A1xA2 orthologs

dS

0 50 100 150 200 250 300

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

MvSv MAT A1xA2 PR filtered

MvSv MAT A1xA2 orthologs

dS

M. lagerhemii gene orderD
iv

er
ge

nc
e 

be
tw

ee
n 

al
le

le
s 

as
so

ci
at

ed
 

w
ith

  a
lte

rn
at

iv
e 

m
at

in
g 

ty
pe

s
HD chromosome PR chromosome

HD

PR 

Microbotryum lagerhemii: 

evolutionary strata strata around HD and PR loci, 
not involving mating-type genes

(Branco et al. 2017 PNAS)
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-A more recent (orange) stratum

(Branco et al. 2017 PNAS)

Evolutionary strata in Microbotryum lychnidis-dioicae 

not involving mating-type genes
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-Further very recent extension of suppressed recombination
-Currently located between the PR and HD loci 

(Branco et al. 2017 PNAS)

Evolutionary strata in Microbotryum lychnidis-dioicae 

not involving mating-type genes
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Evolution of Microbotryum lychnidis-dioicae 

mating-type chromosomes 

(Branco et al. 2017 PNAS)

Blue and purple strata
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Multiple evolutionary strata of different ages 

beyond mating-type genes

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
18

 ©
 48

th 
Eur

op
ea

n C
on

tac
t L

en
s S

oc
iet

y O
f O

ph
tha

lm
olo

gis
ts.

 A
ll r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .



At least five convergent linkage events and three 

additional young evolutionary strata

Branco et al., Nature Communications 2018

Different genomic 
rearrangements linking 

HD and PR loci

1.74 MYA

2.30 MYA

2.30 MYA

0.20 MYA

1.19 MYA

M. intermedium
on Salvia pratensis

(Mint) 

M. lagerheimii
on Silene vulgaris

(MvSv) 

M. violaceum s. str.
on Silene nutans

(MvSn) 

M. lychnidis-dioicae
on Silene latifolia

(MvSl) 

M. silenes-dioicae
on Silene dioicae

(MvSd) 

0.471,0.448

0.699,0.699

0.871,0.871

R. babjevae
(outgroup) 

0.01

ML tree 2,100,301 codons: -21648255.1 18407 
Tree certainty for this tree: 2.0143

Full bootstrap support
Linked mating type loci
Unlinked mating type loci

Strata

A

B

older younger

0.6

0.4

M. intermedium
on Salvia pratensis

(Mint) 

M. lagerheimii
on Silene vulgaris

(MvSv) 

M. violaceum s. str.
on Silene nutans

(MvSn) 

M. lychnidis-dioicae
on Silene latifolia

(MvSl) 

M. silenes-dioicae
on Silene dioicae

(MvSd) 

0.471,0.448

0.699,0.699

0.871,0.871

R. babjevae
(outgroup) 

0.01

ML tree 2,100,301 codons: -21648255.1 18407 
Tree certainty for this tree: 2.0143

Full bootstrap support
Linked mating type loci
Unlinked mating type loci

Strata

A

B

older younger

0.6

0.4

M. intermedium
on Salvia pratensis

(Mint) 

M. lagerheimii
on Silene vulgaris

(MvSv) 

M. violaceum s. str.
on Silene nutans

(MvSn) 

M. lychnidis-dioicae
on Silene latifolia

(MvSl) 

M. silenes-dioicae
on Silene dioicae

(MvSd) 

0.471,0.448

0.699,0.699

0.871,0.871

R. babjevae
(outgroup) 

0.01

ML tree 2,100,301 codons: -21648255.1 18407 
Tree certainty for this tree: 2.0143

Full bootstrap support
Linked mating type loci
Unlinked mating type loci

Strata

A

B

older younger

0.6

0.4

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

.

20
18

 ©
 48

th 
Eur

op
ea

n C
on

tac
t L

en
s S

oc
iet

y O
f O

ph
tha

lm
olo

gis
ts.

 A
ll r

igh
ts 

re
se

rve
d -

 A
ny

 re
pr

od
uc

tio
n e

ve
n i

n p
ar

t is
 pr

oh
ibi

ted
] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .

20
18

 ©
 II 

Jo
int

 C
on

gr
es

s o
n E

vo
lut

ion
ar

y B
iol

og
y 2

01
8. 

All r
igh

ts 
re

se
rve

d -
 A

ny
 re

pr
od

uc
tio

n e
ve

n i
n p

ar
t is

 pr
oh

ibi
ted

] .



Repeated evolution of stepwise 

recombination suppression 

beyond mating-type genes without 

antagonistic selection

- neutral inversions
- sheltering of deleterious mutations 
- spread of transposable elements and their silencing

Other mechanisms than sexual antagonism 
can generate evolutionary strata,

which may also act on sex chromosomes

Intra-tetrad mating
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Trans-specific polymorphism in the red 

evolutionary stratum
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Lower genetic diversity in the red and green 

evolutionary strata, as expected in non-

recombining regions
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Red stratum between HD and PR 

in M. lychnidis-dioicae, but not in M. violaceum
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At least five independent linkage events: 

convergent evolution of supergenes
Recombination suppression events younger than speciation events
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Independent stratum in  M. v. caroliniana 

devoid of mating-type genes
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Two independent strata in M. v. paradoxa 

devoid of mating-type genes
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Genomic decay increasing with time since 

recombination suppression: 

transposable element accumulation
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M. intermedium a1

M. lagerheimii a1

M. lychnidis-dioicae a1

M. silenes-dioicae a1

M. v. paradoxa a1

M. scabiosae a1

M. v. caroliniana a1

M. scabiosae a2

M. v. caroliniana a2

M. v. paradoxa a2

M. lagerheimii a2

M. silenes-acaulis a1

M. silenes-acaulis a2

M. lychnidis-dioicae a2

M. silenes-dioicae a2

R. babjeva a1

R. babjeva a2

Bipolar species

Tetrapolar species

No transpecific 
polymorphism across  
alleles in non mating-type 
black genes associated 
with a1 and  a2
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M. lagerhemii

PR chromosomes HD chromosomes

HD a1

PR a1

PR a2

HD a2
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