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Cichlids like to radiate

Lake Victoria (~500 spp.)

a — pelagic zooplanktivore;

f- Pundamma nyererei ! m i b - rock—dwelling algae sCraper,
& | ¢— paedophage;
& ' d - scale eater;

' e —spail crusher;

& the most exciting advances will come from analysis of more-

closely related genomes within each radiation” (Jiggins 2014)

d |
multidens

'ﬂ"

rr.
0. niloficus
Sleatocranus

I Riverine East African Astatotilapia

Lake Victoria: . niyererei
Lake Albert/Cdward
Lake Kivu

r T T 1
150 100 50 o

75 50 25 ° Astatotilapia burtoni Oreochromis niloticus
Divergence time (millions of years)

Brawand et al. Nature 2014
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Remarkable phenotypic adaptations
allowed Lake Malawi cichlids to conquer
ecological niches

feeding
= apparatus ¢

And size, body shape, behaviour...




Sampling: >2500 samples; >250 species; >1800
museum specimen

This talk: ~ 140 samples from 70 species
whole genome sequencing at 15X/5X



Samples from all major morpho-
ecological groups

100%

100% Overall B

0%

Lake Malawi

200km

Proportion
sampled

0% -
) 100%
Total: 34/54 73/854* 134 specimens
N

Genera __ Species
(*high-end estimates)

100% | shallow benthic ™

0%

Diplotaxodon

5cm

2/2  7/19 7 specimens

0%

100%

19/32 41/287 76 specimens

mbuna | 100%

= 0%
7/12 8/328 8 specimens
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0%
171
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4/55 8

Rhamphochromis g

3/14 3 specimens

deep benthic W

3/5 9/150 11 specimens

A. calliptera

&

—_—
5cm

21 specimens sampled across
its geographic distribution

specimens



Questions

Genetic relatedness

Do species hybridise? Can we quantify gene
flow?

Which genes were under selection?

Is there any evidence for adaptive
introgression?



Genetic relatedness

* Lots of phenotypic diversity and hundreds of species with little genetic
divergence
— max. 0.25% sequence divergence, five times less than human-chimp (1.23%)

The distribution of pairwise sequence divergence in Lake Malawi
(using one individual per species)

& - = Within an individual (i.e. hets)
Between species comparisons (i.e. Dxy)
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Genetic relatedness

e Lots of phenotypic diversity and hundreds of species with little genetic
divergence

— max. 0.25% sequence divergence, five times less than human-chimp (1.23%)

Human-chimp
divergence

| s e

[ L P
- - s o

http://www.spacedaily.com/images-lg/human-
child-chimpanzee-baby-Ig.jpg



More or less well-defined major clades...

NJ tree

A, ste i
A, stuartgrant/

C. quadrimaculatus
C. likomae

P genalutea
M, sebra

G. mento

1. sf ae
C. afra

. axelrodi

| e R. wood
R. esox
—

R. longiceps



Interesting observations

 Tree topology sensitive
to method used,
samples and loci
included

L I.-.
- R. woodi lhﬂ‘h.
— maximum clade credibility tree

% clades supported by = 50% of trees



Under introgression, a phylogeny
cannot capture the data.

-l

f %

No single species tree
1-f % f %

introgression




More or less well-defined major clades...

. Steven
A, stuartgranti
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R. longiceps



Relatedness not tree-like

Pairwise differences {kb‘l)
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Measuring gene-flow: D/F4-statistic

FENEEE NS EEEE NN EEE NN EEENEEEEEEEEEEER uy
L]

A B C 0]

e Aand B should be equally closely related to C
S(4, Bo@eyer=f i, wapgand flowpbdtween B and C th]enzB Helutd e Wbit)
more closefyfelated to C than Aisto C S(A,Cy,C,,0)




Relatedness not tree-like

1
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Many ABBA BABA tests are highly significant

4495 comparsions
3370 above FWER<0.001 (|Z|>3.17)

50 |

40

Z|

o

0.4 0.5

human -- Neanderthal



ABBA-BABA tests not independent

b

I

A

) |

.

B

.

Y Y
A B C f~a A B C f~a+p
C f~a A B C [~«

C O A B

Branch specific f-score f,:

fp(C) = median,|ming|[f (A, B, C)]]

annes.s

vardal@sanger.ac.uk



Branch specific f-score f,

70 I 1 I 1 1 B
SOH I original f |
30 E f

20

15

density

10

5

0 P
0.00 0.05 0.10 0.15 0.20 0.25 0.30
\f]

e Reduces the amount of tests
* Removes some of the correlation

e Allows to infer non-tree like relationships at
internal and terminal branches.

hannes.svardal@sanger.ac.uk



Test f, with Simulations

f=0,0.1,0.3,05

{

200 150 100 50
generations ago x 10°*

Al A2, ..., D2 ... 2 diploid individuals

outgroup O ... single diploid individual

Effective population size constant at 10°.

Recombination rate 2*10-8, mutation rate 3*10-°.

120 independent stretches of 5*10° bp (600 10° bp in total)

Al
A2
Bl
B2
€1
C2
D1

D2



Inferred split trees

=0 Al
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200 150 100 50 0
generations ago x 10°



Pairwise differences and residuals

iann:

f=30%
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Comparison to treemix: m=1

Al 1.3 SE

.-1 3SE

r Ll T T L} Ll Ll 1 H N ﬁ N H O r T L) T Ll T T 1 .—. N H N
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Pickrell and Pritchard 2012, PLOS Genetics
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treemix m=3

Al 1.35E Al 0.9 5E
A2 l A2 l
Bl Bl
B2 B2
C1 s Cc1 _ Moose
ol 2 B
D1 p1. I8
D2 D2 |
ol W ol |
f T T T T T T J H N HNANANO L T T T ! H N H N NSA N
0.00 0.02 0.04 0.06 g << mmUUAN 0.00 0.02 004 006 008 << mmUUAON
Drift parameter Drift parameter
D2 Bl
D1 Al 13.1 SE Al Al 17.4 5
- A2 l a A2 l
Bl Bl
c2 B2 2 c2 B2 | i
’_’-;:q\:-w A2 C1 -13.1 S€ :;g,é;'”‘ Dl C1 . 17.4 SE
B2 c2 I - D2 Cc2 -
B1 D1 " D1 .
Al D2 D2
0 = 0
r T T ) H AN ANANASNO r T T J HAN AN NANQO
0.00 0.05 0.10 0.15 g momm QOO0 0.00 0.05 0.10 0.15 g < momm QOO0

Drift parameter Drift parameter



Conclusion simulations

* Asingle gene-flow event generally leads to
multiple significant f,

* f,can identify problematic branches that are
not consistent with tree like ancestry

* f,scores have a biologically sensible
interpretation even if the inferred tree is
wrong

* treemix is sensitive to correct inference of the
tree --> results not sensible in scenarios with

strong gene flow



P. ornatus }

H. spilopterus+

-

excess allele sharing (C)
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Diplotaxodon—benthics introgression

excess allele sharing with

branch affected

Rhampho-
chromis

13%

mbuna

utaka
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e f—
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treemix on cichlid data

m=1 m=3
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Nonsynonymous vs synonymous
diversity

top 5%
cutoff

Number of genes
400 600 800
I I |

200
|

L i

photoreceptor activity: e ©  WONSL WO WS 00 00
hemoglobin complex: @ # e —ee
cytokine receptor binding: '
piRNA metabolic process:

I I I I E I
=300 -200 -100 0 100

Apn.s between Malawi species
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Visual system and oxygen transport
pathways enriched for high selection scores

photoreceptor outer regulation of
peptidyl-tyrosine

phosphorylation

iron-sulfugcluster ) b ]
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Haplotype networks of these genes show deep benthic —
Diolotaxodon allele sharing

*HWW L

3: peripherin-2 4: guanine nucleotide-binding protein G(t)
XP_004556729.1; 343aa subunit alpha-2 - GNAT2
. XP_004554304.1; 350aa

5: arrestin-C 6: G-protein-coupled receptor kinase 7 - GRK7
XP_004550345.1; 355aa XP_004570581.1; 557aa

s gmn -sens i\raops R

a: arrestin-C
XP_004545716.1; 36588 p b: homeobox protein SIX6
- P (closest zebrafish homolog is six7) 7 : rhodopsin RH1

XP_004570733.1; 260aa XP_004546142.1; 354aa Massoko  A: hemoglobin subunit HBB
, _/oral - Xp_004562337.1; 147aa




What is the mechanism behind deep benthic —
Diolotaxodon allele sharing at these loci?

* Independent de-novo mutations?
e Selection on ancestral polymorphism?
e Adaptive introgression



Elevated f-statistic for photoreceptor
genes
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Some genes show long introgression
haplotypes
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scaffold_18 coordinates
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For others f is only elevated for non-

synonymous variants
B
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Conclusion

Developed branch specific f-statistic f,
Gene flow within and between major clades

Evidence for selection on specific gene
categories

Excess allele sharing in ecologically relevant
genes between two genetically distant groups
sharing the same habitat (the deep)

For some genes, the pattern is most consistent
with adaptive introgression, for others with
de-novo mutations or ancestral variation
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