An example of using reference
genomes from my own work



Comparing rapidly and slowly speciating Ithomiini genera
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Millerian mimicry rings of ithomiini and others
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Co-mimics converge
in microhabitat use
and associated traits

Mimicry richness
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Sequencing 200 ithomiini genomes
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Do chromosomal rearrangements
contribute to rapid diversification?

most butterflies have 30-31 chromosomes

De Vos et al. (2020): 2400 Lepidoptera (including 171 ithomiini)

Melinaea species:
13-30 chromosomes
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Large-scale chromosomal rearrangements

! Melitaea cinxia
80 My {

— Danaus plexippus

W v | . ]
g

— Melinaea marsaeus

14 . ;
Melinaea menophilus
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Mechanitis messenoides

Karin Nasvall

Napeogenes sylphis

Napeogenes inachia

Divergence times: Chazot et al. 2019



Large-scale chromosomal rearrangements

— — Melitaea cinxia

80 My —

(30] .
. — Danaus plexippus

45 My -

21 .
— Melinaea marsaeus

14 ; i
Melinaea menophilus

Mechanitis mazaeus W

Mechanitis messenoides

Karin Nasvall

Napeogenes sylphis

Napeogenes inachia

Divergence times: Chazot et al. 2019



Large-scale chromosomal rearrangements

! Melitaea cinxia
80 My {

— Danaus plexippus

Melinaea marsaeus
<1 My

Melinaea menophilus

Mechanitis mazaeus
<1 My

@ Mechanitis messenoides

Napeogenes sylphis % e
~2 My

Napeogenes inachia

Karin Nasvall

Divergence times: Chazot et al. 2019



Large-scale chromosomal rearrangements

! Melitaea cinxia
80 My {

— Danaus plexippus

Melinaea marsaeus
<1 My

Melinaea menophilus

Mechanitis mazaeus
<1 My

@ Mechanitis messenoides

Napeogenes sylphis % ) —
E-‘ l, {,
: |
~2 My i

Napeogenes inachia

Divergence times: Chazot et al. 2019
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Species of recent radiations (<1 Mya) show
highly rearranged chromosomes

M. macrinus (23)
/

n chromosomes

M. mazaeus (14)

M. menapis (20)

M. messenoides (15

M. polymnia (15)




Some individuals are heterozygous
for fission-fusion rearrangements
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Butterflies have holocentric chromosomes

Monocentric
(like us) /'
centromere -

Holocentric
(all butterflies)




Hypothesis: Chromosomal rearrangements during
periods of geographic isolation drive speciation

time

Population 1 Population 2

m
in secondary sympatry: _—

too many rearrangements [

lead to sterile hybrids
Van der Heijden et al., 2024
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Hybridisation

Joana Meier






Outline

 What is hybridisation and introgression?

* Defining terms
e How common is it?

* Evolutionary consequences of hybridisation
* From genome swamping to hybrid speciation

e Detecting hybridisation
* Time scale matters (ongoing versus ancestral)

* An example of my work on hybridisation



The dual role of hybridisation in speciation and adaptation

Gene flow between sister taxa Hybridisation can introduce
counteracts speciation new genetic variation
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Key terminology — —
* Hybridisation: sexual reproduction between individuals ’v‘

from different species or genetically divergent populations | |

—

* Back-crossing: hxbrid individuals mating with «pure» -— |
individuals and thus leading to gene transfer between » ‘—
species | | I

* Admixture: the genetic pattern of mixed ancestry in hybrid |

individuals »
I—
I

* Introgression: movement of gene variants across lineage
boundaries through hybridisation and backcrossing

* Gene flow: gene exchange between closely related

populations

* Allopolyploid : organism with multiple sets of I
chromosomes from different parental lineages due to ‘ —_—
hybridisation —



History

Historically, zoologists considered hybridisation between species as a rare

process or as a sign of incomplete speciation (Dobzhansky 1937; Mayr 1942).
Botanists recognized that hybridisation may sometimes generate novel traits
and even species (Lotsy, 1916) (Anderson 1949; Anderson and Stebbins 1954).

“The rarity of allopolyploids constitutes the
greatest known difference between the
evolutionary patterns in the two kingdoms"
(Dobzansky, 1937, p. 219)

,the majority (if not all) of organisms have an
evolutionary history (...) that includes genetic
exchange events” (Arnold, 2009, p. 183).



The majority of arctic plants
are allopolyploid hybrids




Hybridisation is widespread but not common

Table 1. Hybridization in the wild, including rates of hybridization per species®

Taxon

Mo. species sampled

Mo. species
hybridizing with at
least one other

Y% species
hybridizing with at
least one other

Approx. rate of
hybridization per
individual

UK wvascular plants
(Pteridophyta,
Angiospermaeg)

Flora of Concord,
Massachusetts
{(Angiospermae)

European
butterflies
ILepidoptera:
Bhopalocera)

Swallowtail
butterflies
ILepidoptera:
Papilionidae;
Fapilio)

Passion flower
butterflies
(Lepidoptera:
Heliconiina)

539 (sampled from
2290 species known
in the UK)

379

216

73

135

=27

47

14-32

19

25.0%

=3.2%

Widespread

12.4%

6.5-14.8%

26.0% (34.8% in
genus Heliconius)

Variable, but
mostly < 1%

Unknown

Not common

Maostly <0.1%

Some hybrids
COMmmon in
restricted areas

Maostly <0.1%

Mallet 2005

Trends in Ecology & Evolution



Hybridisation is widespread but not common

Table 1. Hybridization in the wild, including rates of hybridization per species®

Taxon Mo. species sampled Mo. species " species Approx. rate of Motes and references
hybridizing with at hybridizing with at hybridization per
least one other least one other individual

Mative grouse 4 4 100.0% Mostly <0.1% [83]

of Britain

(Tetraonidae)

All grouse species of Britain
hybridise with other species,
but only <0.1% individuals
are visible hybrids

Mallet 2005
Trends in Ecology & Evolution
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Hybridisation does not necessarily lead to introgression




Even if hybrids are very rare, introgression can be
highly relevant, e.g. if beneficial allele introgresses

Insecticide resistance
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High altitude adaptation in Tibetans
o

Admixture between
Denisovans and humans
in Asia 50k-30k years
ago led to 1-6%
Denisovan ancestry in
southeast Asians.

EPAS1 introgression
from Denisovans
increases the efficiency
in oxygen transport in
Tibetans, without
straining the heart

Getty Images



Because of introgression, the tree of life
is actually a network of life

«With whole-genome sequencing we can study gene flow
in the past and assess levels of reticulation but the quest
for the «correct tree» is flawed»

Walker et al. 2024 Common misconceptions of speciation



Phylogenies are inaccurate

Lachemilla (Rosaceae)

() _E L. nivalis (b) e [, NIVAlis
L. galioides = |_. galioides
_E L. hispidula L. hispidula
L. sprucei L. sprucei
‘Y= e e L. andina = [_. andina
_E L. jamesonii T e | jAMESONII
L)
L. vulcanica | | ke [, vUICaNICA
y=0.388 iy = 0.388 _
L. aphanoides s | aphanoides
- L. orbiculata L. orbiculata
y=0.863 <
L. pectinata — ! L. pectinata
—_ 1y=0.137 o =
L. erodiifolia : e |, @rodiifolia
y=0.137 L. mandoniana i L. mandoniana
i — L. tanacetifolia : L. tanacetifolia
L. pinnata L. pinnata
L. diplophylla L. diplophylla
Al mollis — Al. mollis
L— A/, argyrophylia L— Al argyrophylla
F. vesca F. vesca

Morales-Briones et al., 2018, New Phytologist



The same is true for animals (e.g. guenons)

® M ogouensis

mt1;C. hamlyni
8 C.diana
— e C. roloway

® C. neglectus

B1

mtl

® C. pogonias

b__C. lowei

mt4,C. m
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e

® (. nictitans
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mt2! E, patas

@1—{@5} Chl. dryas
@  Chl. sabaeus

®  Chl. pygerythrus
r-'_' A. solatus

@— mt3 A, preussi

mt3; A, jhoesti

2n
| 54
|64

56

|62
| 72

68

72

|70

66

| 54
I

60

60

®  Allen. nigroviridis |48

Cercopithecus species groups
diana

hamlyni

C. hamlyni

b. pgonias

C. lowei
C. mona

C. diéna
C. roloway

mitis

C. albogularis

C. mitis
C. nictitans

neglectus

A d "'~ i

C. negléctus

o

C. bétaurista

C. cephus
C. ascanius

Jensen et al. 2023, MBE



Phylogenies as networks
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Introgression can affect large amounts of the genome:
In Anopheles most parts of the genome do not represent the species tree

An.epi 20.0 Myr (+4.3)
A B )
) ) An.chr 9.5 Myr (£1.3)

Species topology Whole-genome

[ An. coluzzii |
An. gambiae —_—

s
-2 An. arabiensis - =———1 |
g—
O Je—
=
o An. quadriannulatus
b An. melas
1 0.54 Myr
An. merus b

0.01
coo gam ara qua mel me

Fontaine et al., 2015, Science



Heliconius elevatus and H. pardalinus

~11.8 Mya | Only 1.5% of the phylogenies of different
( & genomic windows show the species topology
r = f A N
> PalAng
parAma
<>
A
H. ethilla H. hecale H. pardalinus H. elevatus H. melpomene H. erato f_ eleGUI
Andes Amazon Amazon Guianas
) y —0O mel Agl
—® r'nelAms

\ Outgroup

Rosser & Seixas et al. 2024



Evolutionary consequences of hybridisation
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Local adaptation can be lost and species can fuse

THE GLOBAL FERAL MALLARD THREAT

1;3

o 4°

 ‘\"_\>7

i F S Photo by B. Zaun
African Black Duck

Photo © H. Stiver

Photo © H. Stiver

Photo © H. Stiver Photo by C.D. Roderick

Worldwide, native ducks are vulnerable to invasion and
hybridization with feral Mallards, particularly when already
in jeopardy from habitat loss and introduced mammalian
predators. The Mallard occurs naturally in the Northern
Hemisphere, but because of its popularity, people have
transported it to areas where it was not previously found.
Mallard introductions have caused conflicts with native
duck populations throughout the world. In New Zealand,
descendants of game-farm Mallards, estimated to number
4to 5 million, are responsible for the near extinction of the
New Zealand Grey Duck. In South Africa, Mallards intro-
duced by farmers and waterfowl collectors now threaten
both the African Black Duck and Yellow-billed Duck.

American Black Duck
U.S. Fish and Wildlife Service photo

Photo © M. Epstein

Introduced mallards
threaten local duck species
through hybridization



Stickleback despeciation / speciation reversal

0.05

0.0

PC2

-0.05

benthic

1977

-006 -0.02 002 0.06

PC1

limnetic

v

« ¥

Nrg

.a/*AK iy

)I'
SN A

&~ 5
~

..;"'»' oy {,“
’ )

Taylor et al. 2005



Stickleback despeciation / speciation reversal

Morphological variation got more and more lost

=0.05

0.05

0.0

—0.05 -

0.05 A

0.0 -

1977

1997

-0.06 -0.02 0.02

0.06

-0.06 -0.02 0.02 0.06
PC1

T

-0.06 -0.02 0.02 0.06

Collapse into a hybrid
swarm, likely due to the
invasive crayfish competing
with the near-shore
sticklebacks for food.

Taylor et al. 2005



Evolutionary consequences of hybridisation
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Jacana hybrid zone in Panama

Triangle plot shows
assymmetric introgression

1.0

0.8

®
F1
hybrids

0.6

J. jacana
backcross

Heterozygosity (H)
0.4
]

0.2
!

0.0

[ T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

0 100 200 300 400 km AdletUl’e (S)

Lipshutz et al. 2019



Frequency

Hybrid zones allow us to test for barriers to
reproductive isolation and estimate selection

H. erato
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Evolutionary consequences of hybridisation
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Example of adaptation to climate change:
Adaptive introgression in snowshoe hares

-
A fall molt

1
photoperiod
threshold

summer winter

spring molt

’ r\
k

winter whlte
probability

(__ kilometers

A

104

1.0~

0.8 1

unplaced

1 2 3 4 56 7 8 9 1011 12

9 Bonferroni-corrected threshold (P=0.05)

Ahcy  Agouti Eif2s2 Raly
4 4
HE— il
D

5.4 55 5.6 5.7 5.8

21
13 14 15 16 17 18 1920JX

wild-caught 26 24 2
captive 7 4 7
Aa '
or
aa

Jones et al. 2018



Example of adaptation to climate change:
Adaptive introgression in snowshoe hares

@ winter-white
snowshoe hare

™,

winter-brown
snowshoe hare

black-tailed
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d mountain hare ‘ European rabbit
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Jones et al. 2018



Introgression of key traits contributes to speciation

Hawthorn race

Apple race

Early diapause termination
-> ecological and allochronic isolation

Mexican Rhagoletis flies

Feder et a. 2003 PNAS; Xie et al 2008 JEB

~1.5M years
H. cydno (C
| w
Red colour + H. timareta (T

preference ‘ ’

H. melpomene (M)

Rossi et al. 2024 Science



Hybridisation can facilitate invasiveness

. Multiple hybridization
patterns in the green crab

7 \\ o

(B) Spread of the Africanized
honeybee in the Americas

/ :’q < &
'

Trends in Ecology & Evolution
Porretta & Canestrelli, 2023



Supergene formation —
. . Inversion (2.42Mya)
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Evolutionary consequences of hybridisation
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Homoploid hybrid speciation

* Hybridisation must precede speciation

* Hybrid species must be reproductively isolated from both parental
lineages

* Hybridisation must be causal for reproductive isolation

A Secondary gene flow B Hybrid swarms C Hybrid speciation
1 2 3 1 2 3
—_—
e
S
a 1-a

Schumer et al. 2014



Sorting of incompatibilites

Species 1

Hybrids

Species 2

— pair 1

— pair 2

Schumer et al. 2015

Italian sparrow: Putative hybrid species

House sparrow
(Passer domesticus)

[ Italian-house hybrids

Italian sparrow
L | (Passer italiae)

Spanish sparrow
(Passer hispaniolensis)

Hermansen et al. 2014



Hybrid sunflower species: homoploid hybrids

X P_
J 2
e
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Ungerer et al. 1998 PNAS



Allopolyploid hybrid species

Selection by Zohaid ul Hassan



Old genetic variants, often derived from hybridisation,
contributed to fast speciation and adaptation

Margues*, Meier*, Seehausen, 2019, TREE



What determines the evolutionary consequences?
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Fitness of hybrids is key

Hybrid speciation Fitness optima
(‘adaptive peaks’) are coloured blue.
Adaptive landscapes are not rigid, but
are readily distorted by environmental
or biotic changes, including evolutionary
change. Mean phenotypes of species
and their hybrids are shown as crosses,
and offspring distributions as dots.

Phenotype

Y

Mallet, 2007



The time scale matters

 Methods that only work with recent/ongoing hybridisation:
* Hybrid zone study: cline analyses
* Triangle plot
* Clustering methods such as ADMIXTURE or STRUCTURE
* FST and DXY to infer regions with low gene flow as barriers to reproduction
* Haplotype assignment

* Methods that also work with ancient hybridisation:
 Demographic modeling (e.g. Fastsimcoal, gIMble)
* Phylogeny-based methods such as D statistics
e TWISST (Martin et al. 2019)
 MSCi (multispecies coalescent-with-introgression, in BPP: Flouri et al. 2020)
e QuIBL (Edelman et al. 2019)
* Network methods such as Phylonet, AIM, GPhoCS



Hybrid zones: Clustering methods to identify hybrids
and infer ancestry proportions: Bromeliads

Vriesia simplex Vriesia scalaris

Sympatric - EBS (Santa Licia) Allopatric Allopatric

Neri, et al., AoB Plants



Very different evolutionary histories can give the
same ADMIXTURE plot -> badMixture

a Recent Admixture Ghost Admixture Recent Bottleneck
P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4

bu.} - 1.0 - 1.0

0.8 - 0.8 - 0.8-

0.6 - 0.6 - 0.6 -

0.4 - 0.4 - 0.4 -

0.2 - 0.2 - 0.2 -

0.0- 0.0- 0.0-

- 1 . I -1 5P 1 | 1 15 1 |

Very important: Use STRUCTURE/ADMIXTURE plots only to get a first overview of genetic structure. Putative cases of
hybridization need to be followed up with other analyses such as D statistics and/or demographic modeling.

Lawson et al., 2018, NatComm



Isolation by distance can mimic hybridisation in
STUCTURE plots -> use triangle plots

A Isolation-by-Distance: Gen 0 B Neutral Diffusion: Gen 0
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Gene flow creates gene tree — species tree discordance

Selection against gene flow ‘ Recent species-specific
during specnatlon y i selective sweep

——)

l]“l Region affected by selectlon “ I

o8 i
-4 ~

\\\
\\\'

A Within-species
TMRCA

X Cross coalescence
time

Genomic regions with selection against gene flow or recent selective sweeps show less ILS
-> Selection can affects levels of ILS

Hejase et al., 2020, PNAS



Distinguishing ‘species tree’ and ‘introgression tree’

* Species tree is older (deeper) than introgression tree
* Species relationships fit with morphological expectations

* Introgression clusters populations in geographical proximity




Patterson’s D statistics to identify hybridisation

A B B A B A B 4
African European Neanderthal Chimp African European Neanderthal Chimp
human human numan human

Y: Cassal(i) — Caasal(i)
Z Cassa(i) + Caasali)

D(P1’P2’P3’0)= (1)

Green et al. 2010



Patterson’s D statistics to identify hybridisation

* Also called ABBA-BABA test: D=(ABBA-BABA)/(BABA+ABBA)

. ABBA — BABA
~ ABBA + BABA

P1 P2 P3 P4
Posl T T A A
Pos20 G G G T Concordant SNPs
Pos23 C T T T
Pos35 C A C A _
Discordant SNPs
Pos41 A T T A



Patterson’s D statistics to identify hybridisation
e Also called ABBA-BABA test: D=(ABBA-BABA)/(BABA+ABBA)

. ABBA — BABA
~ ABBA + BABA

P1 P2 P3 P4
Posl T T A A
Pos20 G G G T Concordant SNPs
Pos23 C T T T 2—1 /
D= —=1/3
Pos35 C A C A BABA 2+1
Pos41 A T T A ABBA
Pos44 C G G C ABBA



thousands of years ago (kya)

—400
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Network methods, e.g. GPhoCS
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Methods that use branch lengths

e.g. QuIBL (Edelman et al. 2019)

B simple ILS stably polymorphic ILS introgression

‘sar dem tel hsa him era ‘sar dem tel hsa him era sar dem tel hsa him era



Examples from my work



Some lineages diversify again and again

Anolis lizards on the Caribbean
islands and the mainland

Crown-Giant Grass-Bush Trunk

_ Caribbean

Mainland

Trunk-Crown Trunk-Ground

AL

_Caribbean

Mainland

Huie et al., 2021

Cichlid fishes in East Africa

Lake
Tanganjika

Brawand et al., 2014

Lake
Victoria

Lake
Malawi

Hawaiian lobeliads
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Givnish et al. 2008



Extrinsic and intrinsic factors together best predict adaptive radiation

Matt
McGee
" (Monash U) All described 1,712 species
McGee et al., 2020, Nature




Extrinsic and intrinsic factors together best predict adaptive radiation

Factors affecting speciation rates

C 1
Low rainfall (desert) —— |
1
» Small range size 0
o 1
§ Large depth gradient 0
O
= High latitude >
o) ]
< High rainfall (rainforest) Q
High elevation o
-1.5-1.0-05 0 05 1.0
1
Predator presence {  <@» :
()
S Male ornaments | <>
(@] 1
© :
© Large body size o
= 1
2 Polygamous mating ¢
Small body size <D
Matt -1.5-1.0-0.5 0' 05 1.0
Effect size
McGee - N
(Monash U) All described 1,712 species constrains promotes

McGee et al., 2020, Nature speciation



Cichlid lineages vary massively in species richness

E " Lake Victoria cichlid fishes
500 species
2 ) 1 species
Lake .
RS G L e 1 species
Victoria =
' 1 species

1 species




The same lineage diversified in all major lakes in the Lake
Victoria Region in only 150,000 years into 700 species

sbarrier K
yoga
Albert 50
(10) g (50)
=
species
in the
| lake Saka
Lake ~ (2)
Victoria G Edward
Region (60)
- #
Kivu p)
(30) y
Kagera Victoria
(15) (500)




In each lake, the cichlids form species
assemblages with similar ecomorphs

Lake Victoria Lake Edward Lake Kivu Kagera Lakes
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Requirements for rapid adaptive radiation
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Identifying the closest relatives of the radiations
(RAD-sequencing of >100 cichlid species)

Meier et al. (2017) Nat Commun



Identifying the closest relatives of the radiations
(RAD-sequencing of >100 cichlid species)

A. flavijosephi outgroup
— A. bloyeti

—— A. sparsidens i
—— A. paludinosa Eastern

Wami river sp. |

r— T. pharyngalis | )
L— H. gracilior Upper Nile

A. sp. Yaekama
A. stappersi } Congo

— Lake Albert
 Lake Edward
| Lake Kivu

| Lake Saka

. Lake Victoria
— Kagera Lakes

- LVR radiations

Meier et al. (2017) Nat Commun



Hybrid origin of the lineage that speciated rapidly
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Meier et al. (2017) Nature Commun



Sorting of the parental lineage variation into different species

Congolese ancestor

Nilotic ancestor
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At sites under divergent selection, different species are
different genomic mosaics of the parental lineages

Upper Nile
Congolese W

\*
aad !l 3 X >

T

Pu. pundamilia
N. omnicaeruleus
Pu. nyererei

L. melanopterus
Pa. chilotes

H. cf. serranus

Different positions under divergent selection
Meier et al. (2017) NatComm



Admixture provided key genetic variation

LWS opsin gene

(red-sensitive)

e.g. clear shallow water algivores
haplotype ‘
class |

e.g. turbid deep water detritivores

Congo

Upper Nile

, haplotype
= class II

Meier et al. (2017) Nature Commun



How did this admixture variation of 150 kya contribute to the origin
of the much younger radiations after the Pleistocene dry period?

Less than 16,000 years old!

Lake Edward Lake Kivu Lake Victoria Kagera Lakes



http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwitxvX62JjKAhUCIA8KHWCAB-EQjRwIBw&url=http://seaweeds.uib.no/?art%3D438&psig=AFQjCNEEmVOlc-mY3GKrCla66dlDpSZUsQ&ust=1452290169794001
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjszouu2ZjKAhWDdQ8KHS-gCw0QjRwIBw&url=http://www.piscesconservation.com/cube/e-books/aquatic-biology/crustacea-of-norway-vol-iv-copepoda-calanoida.html&psig=AFQjCNE6zCJC_zKLKXN-7-ZAYUKDgHeOVw&ust=1452290325586904
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjOp9WM3ZjKAhVCdg8KHcYPBRQQjRwIBQ&url=http://www.hawaii.edu/cowielab/tentacle/tentacle_17.pdf&bvm=bv.110151844,d.ZWU&psig=AFQjCNHIJpXmX4trGQ5mVhiQKk08OidXmQ&ust=1452291299227519
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiEzI2E35jKAhWHow4KHY-hAMIQjRwIBw&url=http://www.ec21.com/offer_detail/Sell_Green_Algae_Chlorophyta--6430204.html&psig=AFQjCNFvnMggcBe2RrShKlUR5wNCJVk-Gg&ust=1452291667459219
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwid68Xt5JjKAhUL1hoKHcR9A_sQjRwIBw&url=http://www.troutnut.com/specimen/388&psig=AFQjCNGStSoKjc549AEwBqM5P82LtLRx4w&ust=1452293421084278
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwitxvX62JjKAhUCIA8KHWCAB-EQjRwIBw&url=http://seaweeds.uib.no/?art%3D438&psig=AFQjCNEEmVOlc-mY3GKrCla66dlDpSZUsQ&ust=1452290169794001
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjszouu2ZjKAhWDdQ8KHS-gCw0QjRwIBw&url=http://www.piscesconservation.com/cube/e-books/aquatic-biology/crustacea-of-norway-vol-iv-copepoda-calanoida.html&psig=AFQjCNE6zCJC_zKLKXN-7-ZAYUKDgHeOVw&ust=1452290325586904
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjOp9WM3ZjKAhVCdg8KHcYPBRQQjRwIBQ&url=http://www.hawaii.edu/cowielab/tentacle/tentacle_17.pdf&bvm=bv.110151844,d.ZWU&psig=AFQjCNHIJpXmX4trGQ5mVhiQKk08OidXmQ&ust=1452291299227519
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiEzI2E35jKAhWHow4KHY-hAMIQjRwIBw&url=http://www.ec21.com/offer_detail/Sell_Green_Algae_Chlorophyta--6430204.html&psig=AFQjCNFvnMggcBe2RrShKlUR5wNCJVk-Gg&ust=1452291667459219
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwid68Xt5JjKAhUL1hoKHcR9A_sQjRwIBw&url=http://www.troutnut.com/specimen/388&psig=AFQjCNGStSoKjc549AEwBqM5P82LtLRx4w&ust=1452293421084278
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwitxvX62JjKAhUCIA8KHWCAB-EQjRwIBw&url=http://seaweeds.uib.no/?art%3D438&psig=AFQjCNEEmVOlc-mY3GKrCla66dlDpSZUsQ&ust=1452290169794001
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjOp9WM3ZjKAhVCdg8KHcYPBRQQjRwIBQ&url=http://www.hawaii.edu/cowielab/tentacle/tentacle_17.pdf&bvm=bv.110151844,d.ZWU&psig=AFQjCNHIJpXmX4trGQ5mVhiQKk08OidXmQ&ust=1452291299227519
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiEzI2E35jKAhWHow4KHY-hAMIQjRwIBw&url=http://www.ec21.com/offer_detail/Sell_Green_Algae_Chlorophyta--6430204.html&psig=AFQjCNFvnMggcBe2RrShKlUR5wNCJVk-Gg&ust=1452291667459219
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwid68Xt5JjKAhUL1hoKHcR9A_sQjRwIBw&url=http://www.troutnut.com/specimen/388&psig=AFQjCNGStSoKjc549AEwBqM5P82LtLRx4w&ust=1452293421084278
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwitxvX62JjKAhUCIA8KHWCAB-EQjRwIBw&url=http://seaweeds.uib.no/?art%3D438&psig=AFQjCNEEmVOlc-mY3GKrCla66dlDpSZUsQ&ust=1452290169794001
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjszouu2ZjKAhWDdQ8KHS-gCw0QjRwIBw&url=http://www.piscesconservation.com/cube/e-books/aquatic-biology/crustacea-of-norway-vol-iv-copepoda-calanoida.html&psig=AFQjCNE6zCJC_zKLKXN-7-ZAYUKDgHeOVw&ust=1452290325586904
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjOp9WM3ZjKAhVCdg8KHcYPBRQQjRwIBQ&url=http://www.hawaii.edu/cowielab/tentacle/tentacle_17.pdf&bvm=bv.110151844,d.ZWU&psig=AFQjCNHIJpXmX4trGQ5mVhiQKk08OidXmQ&ust=1452291299227519
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiEzI2E35jKAhWHow4KHY-hAMIQjRwIBw&url=http://www.ec21.com/offer_detail/Sell_Green_Algae_Chlorophyta--6430204.html&psig=AFQjCNFvnMggcBe2RrShKlUR5wNCJVk-Gg&ust=1452291667459219
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwid68Xt5JjKAhUL1hoKHcR9A_sQjRwIBw&url=http://www.troutnut.com/specimen/388&psig=AFQjCNGStSoKjc549AEwBqM5P82LtLRx4w&ust=1452293421084278

Predators across different lake radiations
are extremely similar in morphology
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PCA on whole-genomes separates Lake Victoria/Kyoga cichlids from others
(152 genomes, 1.6M LD-pruned SNPs)
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PCA on whole-genomes separates Lake Victoria/Kyoga cichlids from others
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PCA on whole-genomes separates Lake Victoria/Kyoga cichlids from others

(152 genomes, 1.6M LD-pruned SNPs)
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PCA on whole-genomes separates Lake Victoria/Kyoga cichlids from others
(152 genomes, 1.6M LD-pruned SNPs)
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PCA on whole-genomes separates Lake Victoria/Kyoga cichlids from others
(152 genomes, 1.6M LD-pruned SNPs)
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Phylogeny of 474 genomes reveals two lineages of generalists as closest relatives
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Multiple lines of evidence for another hybrid origin

Deep mitochondrial divergence

not reflected in the nuclear phylogeny
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Slight excess allele sharing between
ecologically similar species of different lake radiations
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Victoria ecomorphs share alleles with the
corresponding ecomorphs of the other radiations
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Victoria ecomorphs share alleles with the
corresponding ecomorphs of the other radiations
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Hybrid origin at the base of the Victoria Radiation
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Repeated cycles of admixture and diversification

1. level: ~150,000 years ago: 2. level: ~16,000 years ago:
Hybrid origin of the entire LVRS Hybrid origin of the Victoria Radiation
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Hybrid origin of pelagic dwarf predators
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Hybrid origin of pelagic dwarf predators
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Hybrid origin of pelagic dwarf predators
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Repeated cycles of admixture and diversification

1. level: ~150,000 years ago: 2. level: ~16,000 years ago: 3. level: <16,000 years ago:
Hybrid origin of the entire LVRS Hybrid origin of the Victoria Radiation Hybrid origin of dwarf predators
and other species

Northern Generalists

Upper Nile lineage

large

predators .

N W“"’ -.“"4 ’::/':?._ 0 invasive®
» 66 1/034% 2 invasive"

I 4
P Y =

Western ! K'WQ

Lake lineage

pelagic zoo-
planktivores

Southern Generalists

pelagic dwarf
predators

Meier et al. (2023) Science



Did the other lineages not hybridize?

~ ~e.g. in Lake Victoria
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Did the other lineages not hybridize?

'@n Lake Victoria
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Lake Bangweulu contains a single generalistic
Zambezian Pseudocrenilabrus species

) &% P philander (1 species)

Meier et al., 2019, Nature Comms



Lake Mweru was colonized by Zambezian and Congolese
Pseudocrenilabrus lineages and radiated into 15 species
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Lake Mweru was colonized by Zambezian and Congolese

Pseudocrenilabrus lineages and radiated into 15 species
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In Lake Mweru ~40 new species evolved from hybrid origin
between Zambezian and Congolese lineages
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Slow evolution through Boost of diversity through hybridisation
new mutations
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