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Darwin’s data
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The DNA record

“The genome is, it's a fossil record; the genome is a
landscape; the genome is a whole geography of
distributions. [...] you might think the genome's just a
boring string of letters [...] The genome is a storybook that's
been edited for a couple of billion years, and you could take
it to bed, like A Thousand and One Arabian Nights, and read
a different story, in the genome, every night.”

Eric Lander



The Rokas Lab
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We Study the DNA record to gain insight ihto evolutionary
patterns and processes using computational and
experimental approaches
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The repeated evolution of fungal pathogenicity

Basidiomycota

Other fungal

Mucor,
Rhizopus,
and relatives \

Microsporidia

Pneumocystis
Non-fungal

Outgroups

C. glabraia
and relatives

0.1 amino acid
substitutions per site

. Lineages containing pathogens
. Non-pathogenic lineages

Pichia kudriavzevii
and relatives

Meyerozyma
guilliermondii and relatives

C. albicans and relatives

;\\ C. EUV
Candida

(clavispora)
lusitaniae

Aspergillus

Talaromyces Onygenales
(dimorphic fungi
and dermatophytes)

Rokas (2022) Nature Microbiol.

Ascomycota



Evolution of variation in gestation length in mammals

Posterior probability
0.4

Danis & Rokas (2023) bioRxiv



...But I'm also an evolutionist in Tennessee (USA)
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Foes of science faced ridicule at the Scopes trial.
We're paying the price 95 years later. g Opiion by Max Boot

Columnist

The Washington Post
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Lecture outline

“* Incongruence and its causes

“* Handling incongruence in phylogenomic
data



Darwin’s tree

Darwin's hand-made proof of the famous diagram in his Origin of Species;
w Maderspacher (2006) Curr. Biol.



486 CONCLUSION. Crar. XIV,

and instinet as the summing up of many contrivances,
each useful to the possessor, nearly in the same way as
when we look at any great mechanical invention as the
summing up of the labour, the experience, the reason,
and even the blunders of numerous workmen ; when we
thus view each organic being, how far more interesting,
I speak from experience, will the study of natural
history become !

A grand and almost untrodden field of inquiry will
be opened, on the causes and laws of variation, on corre-
lation of growth, on the effects of use and disuse, on
the direct action of external conditions, and so forth.
The study of domestic productions will rise immensely
in value. A new variety raised by man will be a far
more important and interesting subject for study than
one more species added to the infinitude of already
recorded species. Our classifications will come to be, as
far as they can be so made, genealogies; and will then
truly give what may be called the plan of creation.
The rules for classifying will no doubt become simpler
when we have a definite object in view. We possess no
pedigrees or armorial bearings; and we have to dis-
cover and trace the many diverging lines of descent in
our natural genealogies, by characters of any kind which
have long been inherited. Rudimentary organs will
speak infallibly with respect to the nature of long-lost
structures. Species and groups of species, which are
called aberrant, and which may fancifully be called
living fossils, will aid us in forming a picture of the
ancient forms of life. Embryology will reveal to us the
structure, in some degree obscured, of the prototypes of
each great class. :

When we can feel assured that all the individuals of
the same species, and all the closely allied species of
most genera, have within a not very remote period de-




Data from comparative morphology and embryology

http://www.mun.ca/biology/scarr/139393_forelimb_homology.jpg &
http://www.nature.com/nrg/journal/vy/nii/images/nrgi1918-f2.jpg




The furst published phylogeny

St. George Jackson
Mivart

Mivart (1865) Proc. Zool. Soc. London



Disagreement between phylogenies

1865: SPINAL COLUMN 1867: LIMBS
Homo Homo
— Simia Simia
Hylobates
— Troglodytes — d
Troglodytes
Hylobates Semnopithecinae
— Loris | Cynopithecinae
— Nycticebus Ateles
— Perodicticus Lagothrix
— Arctocebus Cebus
Other Primates Mycetes
Other Primates

St. George Jackson Mivart

http://phylonetworks.blogspot.se/2012/09/the-first-network-from-conflicting.html



In some M.S. [... | say] that on genealogical
principles alone, & considering whole
organisation man probably diverged from
the Catarhine stem a little below the branch
of the anthropo:apes [...]. | have then added
in my M.S. that this is your opinion [...]. Is
this your opinion?

| have really expressed no opinion as to
Man'’s origin nor am | prepared to do so at
this moment. The [1865] diagram [...]
expresses what | believe to be the degree of
resemblance as regards the spinal
column only. The [1867] diagram expresses
what | believe to be the degree of
resemblance as regards the appendicular
skeleton only

Darwin Correspondence Project letters 7718A & 7170



Inferences from comparative morphology / embryology data in trouble

“From the same facts, opposite
conclusions are drawn; facts of the
same kind will take us no further. [...]
Need we waste more effort in these
vain and sophistical disputes. If facts of
the old kind will not help, let us seek
facts of a new kind.”

William Bateson (1894)
Materials for the Study of Variation

ll:."-" [ Jlr
IIIJ -"'IJJ‘H; |'r'|l-|.

Courbesy of Amerlcan Philosophical Society, Curt Stern Papers.
Moncommercial, educational use only.

V https://www.dnalc.org/view/16197-Gallery-5-William-Bateson-Portrait.html
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“The stream of heredity makes
phylogeny; in a sense, it is phylogeny.
= Complete genetic analysis would provide
T 775 the most priceless data for the mapping
of this stream”

G. G. Simpson, 1945
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Proc. Natl. Acad. Sci. USA

Vol. 74, No. 11, pp. 5088-5090, November 1977
Evolution

Phylogenetic structure of the prokaryotic domain: The primary
kingdoms

(archaebacteria/eubacteria/urkaryote/16S ribosomal RNA /molecular phylogeny)

CARL R. WOESE AND GEORGE E. Fox*

Bacteria
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Incongruence / conflict / discordance

a
b

d

Species

C
phylogeny?
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Gene X Gene Y



The genomics revolution

Cost per Raw Megabase of DNA Sequence
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https://www.genome.gov/about-genomics/fact-sheets/DNA-Sequencing-Costs-Data



A systematic evaluation of single gene phylogenies
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Incongruence at the single gene level

YBL091C S. cerevisiae YDLO31W 100/100™ S. cerevisiae

S. paradoxus S. paradoxus

S. mikatae S. mikatae

S. kudriavzevii S. kudriavzevi

S. bayanus S. bayanus

S. castellii S. kluyveri

S. kluyveri S. castellif

C. albicans C. albicans
YGL001C 91/80 S. cerevisiae YNL155W S. cerevisiae

100/99 S. paradoxus S. paradoxus

S. mikatae SEIDG S. kudriavzevii

S. kudriavzevii S. bayanus

S. bayanus S. mikatae

S. castellii S. castellii

S. kluyveri S. kluyveri

C. albicans C. albicans

ML / MP Anonymous Reviewer for Natur®@aag®t al. (2003) Nature



Concatenation of 106 genes yields a single species phylogeny

100/ 100 S. cerevisiae

100100} 10 W S, paradoxus
100/100f 190

= S. mikatae
10?(/11) 00 S. kudriavzevii
100/ 100
= S. bayanus
S. castellii
S. kluyveri
C. albicans
ML / MP on nt
MP on aa

V Rokas et al. (2003) Nature




The use of many genes eliminates incongruence

100 - e
ML / MP on nt

MP on aa
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100/ 100 S. cerevisiae

% bootstrap value

)

\—vamq:r-oomo::ﬁggggo 100/ 100 100 S pafadOXUS

enes/daté_ set 100 .
J S. mikatae

100/ 100
100

S. kudriavzevii
100/ 100

m— S. bayanus

S. castellii
S. kluyveri
C. albicans

V Rokas et al. (2003) Nature




The dawn of the phylogenomics era

Syst. Biol. 61(1):150-164, 2012
(© The Author(s) 2011, Published by Oxford University Press on behalf of Society of Systematic Biologists.

This is an Open Access artick distributed under the terms of the Creative Commons Attribution Non-Commercial License (hitp: / / creativecommons.org,/ licenses, by-nc/ 3.0), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

DOL10.1093 / sysbio,/ sy rliE9

Advance Access publication on September 7, 2011

T -:TT- Phylogenomic Analysis Resolves the Interordinal Relationships and Rapid Diversification
4 - of the Laurasiatherian Mammals

:' I u I ! XUMING ZHOU, SHIXIA XU, JUNXIAO XU, BINGYAO CHEN, KAIYA ZHOU, AND GUANG YANG*
[

Jiangsu Key Laboratory for Biodiversity and Biotechnology, College of Life Sciences, Nanjing Normal University, Nanjing 210046, China;

*Correspondence to be sent to: Jiangsu Key Laboratory for Biodiversity and Biotechnology, College of Life Sciences, Nanjing Normal University,
Nanjing 210046, China; E-mail: gyang@njnu.edu.cn.

'Resolving the evolutionary relationships of molluscs e
with phylogenomic tools CTTCDC

1,2 T: 3,4 Syst. Biol. 57(6):920-938, 2008
Stephen A. Smith ™%, Nerida G. Wilson™", Freya o, rioht © Society of Systematic Biologists

Gonzalo Giribet® & Casey W. Dunn' 1SSN: 1063-5157 print / 1076-836X online
Pt gy ry e ey sy s 950701

Resolving Arthropod Phylogeny: Exploring Phylogenetic Signal within 41 kb
of Protein-Coding Nuclear Gene Sequence

Toward Resolving} 1

JEROME C. REGIER,' JEFFREY W. SHULTZ,2 AUSTEN R. D. GANLEY,>® APRIL HUSSEY,! DIANE SHI,'

Tree: The Phy |ogen BERNARD BALL,2 ANDREAS ZWICK,! JASON E. STAJICH,>7 MICHAEL P. CUMMINGS,* JOEL W. MARTIN,’
. AND CLIFFORD W. CUNNINGHAM?
of Jakobids and Cercozoans Veast
— e Prion-Like Proteins in the Fungal Kingdom

An  Toward| Resolving

. Edgar M. Medina - Gary W. Jones -
opeN B Access Free  PTIOT'S David A. Fitzpatrick

Towards Renae C. Prat, * Gillian C. Gibb,* Mary Morgan-Richards,” Maitthew J. Phillips,v Michael
D. Hendy,* and David Penny*

Samuli Lehtoner *Allan Wilson Centre for Molecular Ecology and Evolution, Massey University, Palmerston North, New Zealand; and +Centre for

Department of Biology, Ui Macroevolution and Macroecology, School of Botany and Zoology, Australian National University, Canberra ACT, Australia



Have we eliminated
incongruence?



2 sets of factors influence the gene tree — species tree relationship

Biological factors

They lead to gene trees whose histories may differ from each
other and from the species tree. Known factors include
stochastic lineage sorting, hidden paralogy, horizontal
gene transfer, recombination, hybridization /
introgression, and natural selection

Analytical factors

They lead to failure in accurately inferring a gene tree; these
can be either due to stochastic error (e.g., insufficient number
of genes or taxa), systematic error (e.g., observed data
deviate from model assumptions), or treatment error (e.g.,
excessive trimming)

Steenwyk et al. (2023) Nature Rev. Genet.




Biological factors

Hybridization /
Lineage sorting Horizontal transfer Introgression
A B c D A B c D A B c D
Recombination Duplication & Loss Selection

D A B c D A B cC D

Steenwyk et al. (2023) Nature Rev. Genet.




Stochastic lineage sorting of ancestral polymorphisms

Il 1 Genes’ histories
can differ from
ot species ones

" Speciation
of Band C

Splitting of A and_ ( lineages

B alleles

Splitting of AB
and C alleles

lineages

Nei (1987) Mol. Evol. Genet.; Maddison (1997) Syst. Biol.




Lineage sorting in primates

Human

Chimpanzee 8,561 / 11,293

Gorilla (~76%)

Human

Gorilla 1,302 / 11,293

Chimpanzee (~11.5%)

Human

Chimpanzee RS
(~12.5%)

Gorilla

Patterson et al. (2006) Nature

Informative Sites




Horizontal transfer of genes

Exchange of genes between organisms other than through reproduction

Species A B C D

HGT

V Gogarten & Townsend (2005) Nature Rev. Genet.



Horizontal transfer of an entire operon in yeasts

operon from Enterobacteria — organisms from
both lineages co-occur in insect guts, where

A clade of yeasts acquired the enterobactin @r . Y@
1 N, EOLO/OI:H OH
iron is a growth-limiting factor ﬁ

Pectobacterium
Brenneria,
Yersinia

Xenorhabdus, .7
Photorhabdus, Dickeya .-~

-
e
-
-
-
-
-
-
-

-

Pantoea, e smz-:smo FRE-TM
Erwinia Tt '
putavela e DI P XD

Cronobacter

Klebsiella, Kluyvera

Esherichia, Salmonella,
Citrobacter, Shigella “-._

Kosakonia, ]::l[ n.[ ]]:]E :’“ [‘ [[l

E b entD fepA fess entF  fepE ifepGientS v entC: entB: entH
nterobacter 1kb ybdZ fepC fepD fepB  entE entA

0.5 &

Kominek, Doering, et al. (2019) Cell




Balancing selection

Balancing selection can maintain “trans-species polymorph-
isms”, in which the alleles are more ancient than the species

Best example: alleles at loci of
the MHC - they have been
retained by selection because
they confer resistance to
infection

—_— \HC
ABO

— FCIHAV]

TRIMS
LADI

Certain human MHC alleles
appear to have diverged more
than 65 million years ago (these
alleles witnessed the extinction

of dinosaurs!!!)

Pongo pygmaens Gorilla gﬂrﬂ!’ﬂ Pan paniscus Pum frog ."a-dj ‘tes  Homo sapiens

V Azevedo et al. (2015) Human Genomics




Postitive selection

— rat
- — (TIOuUSEe
| b—— gerbil
rabbit
Phylogeny of
dog prestin, a gene
o cat . .
u involved in
_ echolocation
horse
pig
bats
[ (echolocating) *

dolphins
(echolocating) *-(

] bats (echolocating) *

. bats (non-echolocating)

Li et al. (2010) Curr. Biol.



Gene duplication and loss

Species A B C D

Gogarten & Townsend (2005) Nature Rev. Genet.




Gene duplication and loss

0 Losses 1 Loss 2 Losses 3 Losses
210 Loci 149 Loci 188 Loci 2,176 Loci
Divergent Convergent Divergent Convergent
36 Loci 152 Loci 219 Loci 1,957 Loci
- ™ | | 5 T [ "
?lliss C.qla {;55 C.ala 1' %;55 C.ala %iﬁs C.qla :
S.cer S.cer 1' S.cer S.cer :
S.cas S.casa S.cas S.casa
33 C.gla 15 C.gla E 86 C.gla 134 C.gla :
S.cer S.cera S.cer :
,. S.cas S.cas S.cas
Class Class Class ' Class Class
S.cer : S.cer
S.cas S.cas
210 120 <88 ] [es
S.cer JI S.cer
S.cas | S.cas
- Class ' Class Class
o gl opi209E| gk
S.eera S.cer
S.cas | S.cas
9 caal \28 cga 92
S.cer ,' S.cer
S.cas | S.cas

V Scannell et al. (2006) Nature



Hybridization and introgression

S. cerevisiae
S. paradoxus S. cerevisiae X

S. mikatae S. kudriavzevii
S. kudriavzevii

S. arboricola
S. eubayanus
S. uvarum

S. pastorianus

S. bayanus

S. eubayanus was discovered in 2011 — until then, S. bayanus was
thought to be a “pure” species

S. cerevisiae — S. paradoxus divergence ® human — mouse divergence
S. cerevisiae — S. uvarum divergence = human - chicken divergence

Hittinger (2013) Trends Genet.



Analytical factors

@ Taxon selection Contributer of incongruence

Taxan 1 Taxon 2 Taxan 3 Taxkan 4

+ Insufficient tazon sampling
» Insufficient locus sampling
+ Fast-evalving lineages

» Rogue taxa

+ Clutgroup choice

b orthology inference

Taxan 1 Taxan 2 Taxan 3 Taxon 4

v Secquences length biases
» Erroneous erthalogue inference
{hidden paralogy and orthology)

€ Alignment and site trimming

Taman 1 MPEQP---VQ ... Taxan 1 MGH--YEEN ... Taxon1 MSP-VEG-PR ... + Misali -

Taxon 2 MPEQFP===-W0 ... Taxon2 M==LEY=== ... Taxon2 MSPTVE--PR ... . -'xI::--!'g'i::-l'::: mrmin

Taxon 3 MPSQPYVOVE ... Taxon3 MEHL-YEEN ... Taxon 3 MSPTVEGIFR B |
» Imappropriate recoding

Texon 4 M--QPYVOVD ... Taxon 4 M--LEYEEN ... Temon 4 MS---KEEI-R ...

d Selection of substitution modal

5ite-homogenesus model Sita-homogeneous with partitioning Slte-heterogensous madel
Taxon 1 R e Taxan 1 L Tanian 1 oy i E h attract
& LONQ-Lranch a8iracisan
Emng ............. Inxung " }'ﬂmng - - -l + Model misspecification
BXON CDCOoEoOODooac aXOn BXON B .-l « Irademguate model complexity
L Taxon 4 Tamon 4 B « .

8 Method of tree inference

Concatenation

« Irreproducibility
= Single-locus accuracy

< OO

Steenwyk et al. (2023) Nature Rev. Genet.




10 50
Cow
Carp
Chicken
Human
Loach
Mouse
Rat
Seal
Whale
Frog

MAYEMOLGFQ
MRHPTQLGFK
MRNHSQLGFQ
MARHARQVGELY
MRHPTQLGFQ
MAYPFQLGLQ
MAYPFQLGLO
MRYPLOMGLQ
MRYPFQLGFQ
MRHPSQLGFQ

DATSPIMEEL
DARMPVMEEL
DASSPIMEEL
DATSPIMEEL
DARSPVMEEL
DATSPIMEEL
DATSPIMEEL
DATSPIMEEL
DARSPIMEEL
DAASPIMEEL

Sampling error

LHFHDHTLMT
LHFHDHAT.MT
VEFHDHATLMV
ITFHDHAT.MT
LHFHDHAT.MT
MNFHDHTLMI
TNFHDHTLMI
LHFHDHTLMI
LHFHDHTLMT
LHFHDHTLMA

VFLISSLVLY
VLLISTLVLY
ALATCSLVLY
IFLICFLVLY
VFLISALVLY
VFLISSLVLY
VFLISSLVLY
VFLISSLVLY
VFLISSLVLY
VFLISTLVLY

.Gt\'lu I::-lula n

ITSIMLTTEIL
ITTAMVSTEIL
LLTLMIMEET.
ALFLTLTTEL
VIITTVSTEL
ITSILMLTTEKIL
ITSIMLTTEIL
ITSIMLTTEIL
ITTIMLTTEIL
ITTIMMTTEIL

0.06

Rokas (2011) Curr. Prot. Mol. Biol.
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Systematic error

0 .0 .0 .30 .40 .50 .0 .70 .80 .90 1.00
Q

Long branch attraction

V Felsenstein (1978) Syst. Zool.




“The Strepsiptera Problem” is a classic example of LBA

male

Halictophagidae (Strepsiptera)



The Strepsiptera Problem

100 Strepsiptera

- Flaa Drosophiia
7 Scorpionfly
45 Lacewing
9 Antlion

Faolistes
TH ME'EIIE'
Tenebrio
100 Cercopid
Cicada

V Carmean & Crespi (1995) Nature




The Strepsiptera Problem

Strepsiptera
Aedes

_[‘

— Drosophila

Meloid
{

Tenebrio
Flea
Scorpionfly
Lacewing
Antlion

Sawfly

Polistes
Cicada
Cercopid

p distance

——— Aedes
L— Drosophila

Meloid

Tenebrio

Flea

Scorpionfly
Lacewing

Antlion
Sawfly
Polistes

Cicada

Cercopid

HKY85

Huelsenbeck (1997) Syst. Biol.

Strepsiptera

Strepsiptera
Meloid

Tenebrio

Aedes
Drosophila
Polistes

Flea

Scorpionfly
Lacewing

Antlion

Sawfly

Cicada

Cercopid

HKY85+GAMMA




Solving the Strepsiptera Problem with more genes and better models

Drosophila melanogaster

1004100 .
sowiop ™ Culex quinquefasciatus - - _/\*
¥,
1004100 — Aedes aegypli E: o f
Bombyx mori - - -1 ‘ B
100/100 Lepidoptera E
m
Y0070 [r— Tribolium castaneum . . _ . . M "I{ "5';}
Wi ™, amn T %
10086 7 Priacma serrata CﬂiEﬂptErﬂ .-';."-._.-'Ll\ E
B 10084 Hypathesi e R O
ypothesis 2 v ! =)
Mengenilla moldrzyki - .- m L T 4 L
Stmpmptara £
ooy [ Pogonomyrmex barbatus
LV
10VES — Harpegnathos saltafor m o A
i 1007100 — A Dis mellifera & 4 \
Hymenoplera 2
MNasonia vitripennis
- ™ -':l
Pediculus humanus s : ﬁt v
Catth ﬁ .
Acyrthosiphon pisum Acercaria

Niehuis et al. (2012) Curr. Biol.




Treatment errors

Multiple sequence alignment
Alignment trimming
Character recoding

Irreproducibility

V Steenwyk et al. (2023) Nature Rev. Genet.
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7 tools produce 6 different topologies

CLUSTAL/DIALIGN (0.24)
S mik S cas

S cer S bay
MAFFT (0.18)
S cas Sklu
S mlk
S pnr 'i kud
S t.cr S bay

MUSCLE (0.25)

Scer Spar S mik

S klu S kud
N
7

S cas S bay

DCA (0.12)

S cas S cer S mik S bay S kud
N/
/ N\

S par Sklu

T-COFFEE (0.30)
S kud S bay

] mlk
S pdr

5 -:,Lr

PROBCONS (0.05)

S cas S par S cer S mik

A

Q cas

": klu

S kud

il

/

Sklu

R

S bay

V Wong et al. (2008) Science



What is the reproducibility of our analyses?

Species A I
Species B I
Species C I
Species D I
Species E I

/ N\

Runi Run2
General options: General options:
ML program ML program
Model: GTR+G4+F Model: GTR+G4+F
Seed: 197834512 Seed: 197834512
# of threads: 2 # of threads: 2
# of searches: 20 # of searches: 20
Epsilon: 0.0001 Epsilon: 0.0001
Processor A Processor B

[ ] [ ]
Gene tree Gene tree
Reproducibility?
A P Yo A
B H B
(o] Comparison: D
D Topology c
Branch length
E Clade support E

Shen et al. (2020) Nature Comm.




9-18% of gene trees are irreproducible

Percentage of genes that are irreproducible (%)

Animal: Baas (LUCE)

Animal: Birds [AHE]}

40 4
30 4
20 4
10 4

9.34

I .334?

15.06

1.16

Animal: Lizards [Exon-captura)

Animal: Marina fishas (LUCE)

Animal: Rodents (exon caphura)

40
30
20 4
10 1
ﬂ-

33.95

42.66
31.57

12.05
3.05
I

Plant: Caryophyllales (franscripioma)

Plant; Green plants (franscripiomea)

Plant: Jaltlomata (franscripboms)

40 4
30 4
20 19.83
10 4 7.07 7.65
o4 0.36 0.08
Fungl: Aspergillaceas (genams) Fungl: Budding yeasts (gename) Fungl: Hansenigspora (gename)
40
30 1
20 1
107 5.11
ol 012 08 T —l A I
IG-T.HEE H.HKN'IIL-NG IG-TIF{EE H.Pl.}-:hl'.IL-NG IQ-T.H EE H.P.xl'l-;L-NG
Programs

Shen et al. (2020) Nature Comm.




Genes yielding irreproducible trees are less informative

VN
~
— 4 = \
32 0 \ “ Software
@ & el ® IQ-TREE
2 e
S ‘e ® RAXML-NG
o 30 1 Vo
o ‘o
S (SR Reference tree
© vy
o e — Balanced tree
& 20 - ‘e
= AN — — Startree
©
@
o
8
S 10
o
@
o
0 -

i . L S )

0.007 (132) -
0.008 (147) -
0.009 (167) -
0.01 (179) -
0.02 (294) -
0.04 (418) -
0.06 (469) -
0.08 (511) -
0.1 (530) -

0.002
0.003
0.004
0.005
0.006 (116) A

Length of external branches:a. (average number of parsimony-informative sites)

| Phytogensiic mermaiveresS M

Low High

Shen et al. (2020) Nature Comm.




We have not eliminated
incongruence but now better
understand the biological and

analytical contributing factors and
their impact; sources vary by lineage
and depth



Inference at shallow depths is
easler:

analytical factors

biological factors
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The phylogeny of primate genera

Nomascus Hoolock  Symphalangus Hylobates Hylobates
leucogenys leuconedys syndactylus pileatus moloch

Carbone et al. (2014) Nature



“Easier” doesn’t mean “easy”!

o [NEE [HLE] ssvi [HPL
13.2% 10.9%

Carbone et al. (2014) Nature




Inference in deep time can be
more challenging:

analytical factors

biological factors



Incongruence in deep time

Schierwater et al. (2009) Dunn et al. (2008) Philippe et al. (2009)
15 mitochondrial and 34 nuclear genes 6 mitochondrial and 144 nuclear genes 128 nuclear genes
GTR and WAG models WAG and CAT models CAT model
Porifera (3) Porifera (9)
Cnidaria (4) ‘ —i Placozoa (1)
—9 Porifera (1)
—e Cnidaria (9)
Cnidaria (5)

—9 Placozoa (1)

Ctenophora (3)

Bilateria (50)

Bilateria (9) Bilateria (22)

Porifera Placozoa Cnidaria Ctenophora Bilateria

Philippe et al. (2011) PLoS Biol.




Incongruence in deep time

'-------

Kocot et al. (2011) Nature Smith et al. (2011) Nature



Incongruence in deep time

Bilaterian —
animals

=1
|
I
. - Ctenophores cedTrmy
= :
' |
' 1.
|
|
|
\ .

----- Porifera

V Pisani et al. (2015) PNAS Chang et al. (2015) PNAS



Lecture outline

*» Incongruence and its causes

“* Handling incongruence in phylogenomic
data



An expanded yeast data matrix

Yeast Gene Order Browser (YGOB)
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Yeasts exhibit striking genomic diversity

Yeasts Animals Plants
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N B. bruxellensis reen algae

\Y lipolytica @®1]. starkeyi 5 Roundworm

Saccharomyces, Candida, Kluyveromyces, etc. are all
polyphyletic genera

Shen, Opulente, Kominek, Zhou et al. (2018) Cell




Concatenation yields an absolutely supported phylogeny

Saccharomyces

Kluyveromyces waltii (Kwal)

Saccharomyces kluyveri (Sklu)

JiL

Kluyveromyces lactis (Klac)

"’

Eremothecium gossypii (Egos)

Zygosacharomyces rouxii (Zrou)

Kluyveromyces polysporus (Kpol)

Candida glabrata (Cgla)

0.2

Saccharomyces castellii (Scas)
" I—Saccharomyces bayanus (Sbay)

Saccharomyces kudriavzevii (Skud)
Saccharomyces mikatae (Smik)
Saccharomyces paradoxus (Spar)
Saccharomyces cerevisiae (Scer)

Candida lusitaniae (Clus)

'— Kluyveromyces thermotolerans (Kthe) lin eag e

* Candida dubliniensis (Cdub)
* ECandida albicans (Calb)
Candida tropicalis (Ctro)

* | Candida parapsilosis (Cpar)

Lodderomyces elongisporus (Lelo)

Pichia stipitis (Pst1)

Candida guilliermondii (Cgui)

lineage

Debaryomyces hansenii (Dhan)

Salichos & Rokas (2013) Nature

Candida




Bootstrap support is misleading when used in large datasets

taxon A taxon C
~72%
100 characters —_—
taxon B taxon D
53% 47%

taxonA AAAAAAAAAATTTTTTTTT taxon A o, o taxonC
taxonB AAAAAAAAAACCCCCCCCC 1,000 characters —— » >"9L/‘<
taxonC GGGGGGGGGGTTTTTTTTT taxon B taxon D

tazonD GELGEGLEEHLCCLCCCCL

taxon A taxon C
100%
10,000 characters —_>
taxon B taxon D

v Rokas & Carroll (2006) PLoS Biol.




The concatenation phylogeny is at least partly wrong

Saccharomyces cerevisiae

- acchar_o:_'nyce Rare Genomic } Candida glabrata
cerevisiae Changes

‘ Saccharomyces castellii
Saccharomyces
castellii -

Candida
glaprats

“* 5 genomic rearrangements that are
uniquely shared by S. cerevisiae and
C. glabrata

Linear Sequence Data < Much higher proportion of shared

gene losses in S. cerevisiae and C.

glabrata
% Bias in the placement of C. glabrata
Saccharomyces cerevisiae as an outgroup of S. cerevisiae and
Saccharomyces castellii S. castellii
Candida glabrata

v Scannell et al. (2006) Nature




All gene trees differ from the concatenation phylogeny

1000
1,070 observed gene trees
----------- 100 random gene trees ;
«» 800 !
) ]
' !
= i
2 600 i
Q ]
@ /
G '
o i
5 400 i
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g !
= i
Z. 200 !
0 / | \ 40’
0 0.2 0.4 0.6 0.8 1
Normalized Tree Topology Distance

V Salichos & Rokas (2013) Nature




Gene trees are mcongruent in most datasets




The yeast phylogeny inferred by majority-rule consensus

) Saccharomyces
99 — Kluyveromyces waltii (Kwal) .
il L Kluyveromyces thermotolerans (Kthe) Ilneage
31 Saccharomyces kluyveri (Sklu)
36 I Khiyveromyces lactis (Klac)
T Eremothecium gossypii (Egos)

”

Zygosacharomyces rouxii (Zrou)
Kluyveromyces polysporus (Kpol)
e Candida glabrata (Cgla)
29 Saccharomyces castellii (Scas)
99 Saccharomyces bayanus (Sbay)

Saccharomyces kudriavzevii (Skud)

95 @ckammycw mikatae (Smik)
0.2 60 Saccharomyces paradoxus (Spar)
¢ 77 Saccharomyces cerevisiae (Scer)

Candida lusitaniae (Clus)
98 p— Candida dubliniensis (Cdub)
90 L— Candida albicans (Calb)
{/— 86 Candida tropicalis (Ctro)
45 89 [ Candida parapsilosis (Cpar)
Lodderomyces elongisporus (Lelo)
29 Pichia stipitis (Psti)
ﬂl Candida guilliermondii (Cgui) |ineage
Debaryomyces hansenii (Dhan) .
Candida

29

Gene Support Frequency (GSF): % of single gene trees supporting a
given internode

Salichos & Rokas (2013) Nature




Gene and site concordance factors

New Methods to Calculate Concordance Factors for
Phylogenomic Datasets

Bui Quang Minh @ ,"> Matthew W. Hahn,>* and Robert Lanfear*”

'Research School of Computer Science, Australian National University, Canberra, ACT, Australia

*Department of Ecology and Evolution, Research School of Biology, Australian National University, Canberra, ACT, Australia
’Department of Biology, Indiana University, Bloomington, IN

“Department of Computer Science, Indiana University, Bloomington, IN

Correspondence to: *Corresponding author: E-mail: rob.lanfear@anu.edu.au.
Associate editor: Michael Rosenberg

Abstract

We implement two measures for quantifying genealogical concordance in phylogenomic data sets: the gene concordance
factor (gCF) and the novel site concordance factor (sCF). For every branch of a reference tree, gCF is defined as the
percentage of “decisive” gene trees containing that branch. This measure is already in wide usage, but here we introduce
a package that calculates it while accounting for variable taxon coverage among gene trees. sCF is a new measure defined
as the percentage of decisive sites supporting a branch in the reference tree. gCF and sCF complement classical measures
of branch support in phylogenetics by providing a full description of underlying disagreement among loci and sites. An
easy to use implementation and tutorial is freely available in the IQ-TREE software package (http://www.iqtree.org/doc/
Concordance-Factor, last accessed May 13, 2020).

Key words: phylogenetic inference, concordance factor, phylogenomics.

Minh et al. (2020) Mol. Biol. Evol.




Phylogenetic trees are sets of splits / bipartitions

Division

Set of splits in reference tree: {A, B, C, D, E}

F

|
| /
N\

A

F

Conflicting set of splits: {l, B, C, D, E}

H

G

H

G

. | A
|I< > C>‘ _|<
D’ e

Splits / Bipartitions
B A lH

—> c%,— —|<
D E F G

{F, G, H, I}

B H

{F, G, H, A}



Quantifying incongruence

Internode Certainty (IC): a
measure of the support for a given L0
internode (bipartition) by considering its ' \ ]
frequency in a given set of trees jointly
with that of the most prevalent conflicting
bipartition in the same set of trees

UGeetdaihty
&
o
/
\

\\ /

Tree Certainty (TC): the sum of IC /
values across all internodes ) \\ ,/
0 0.5 1.0
Implemented in RAXML and RRtitiowbf Bapgwifits’
QuartetScores Two Conflicting
(https://github.com/lutteropp/QuartetS Bipartitions

cores)

Salichos et al. (2014) Mol. Biol. Evol.; Kobert et al. (2016) Mol. Biol. Evol.;

Zhou et al. (2020) Syst. Biol.


https://github.com/lutteropp/QuartetScores
https://github.com/lutteropp/QuartetScores

IC is a more informative measure of branch support

) Saccharomyces
Kluyveromyces waltii (Kwal)

Kluyveromyces thermotolerans (Kthe) Iineage
Saccharomyces kluyveri (Sklu)

Kluyveromyces lactis (Klac)
1F Eremothecium gossypii (Egos)
@ Zygosacharomyces rouxii (Zrou)

Kluyveromyces polysporus (Kpol)
Candida glabrata (Cgla)
Saccharomyces castellii (Scas)
Saccharomyces bayanus (Sbay)
Saccharomyces kudriavzevii (Skud)

% Support for most Saccharomyces mikatae (Smik)

prev alent conflict: Saccharomyces parado?cys (Spar)
#1: 6% Saccharomyces cerevisiae (Scer)
. (]

% Support for most
IC value: 0.59 prevalent conflict:
val #1: 29%

IC value: 0.06

V Salichos & Rokas (2013) Nature




Coalescent-based inference of the yeast phylogeny

The yeast species phylogeny inferred using the STAR species tree method

100M| Kluyveromyces waltii (Kwal)

99/0.53 Kluyveromyces thermotolerans (Kthe)
89/0.45 Saccharomyces kluyven (Sklu)

530,40 Kluyveromyces lactis (Klac)
Eremothecium gossypii (Egos)

Zygosaccharomyces rouxii (Zrou)
10071 38 Kluyveromyces polysporus (Kpol)
67/0.22 Candida glabrata (Cgla)
80/0.42 Saccharomyces castelli (Scas)
27/0.95 Saccharomyces bayanus (Sbay)
1001213 Saccharomyces kL_/driavzevii _(Skud)
100/2.68 58/0.29 Saccharomyces mikatae (Smik)
96/0.53 | Saccharomyces paradoxus (Spar)
99/0.84 Saccharomyces cerevisiae (Scer)
100/ EI Candida dubliniensis (Cdub)
100/0.98 Candida albicans (Calb)
100/1.25 Candida tropicalis (Ctro)
84/0.58 | Candida parapsilosis (Cpar)
100/0.94 Lodderomyces elongisporus (Lelo)
Pichia stipitis (Psti)
0 Candida guilliermondii (Cgui)

Debaryomyces hansenii (Dhan)

68/0.2 Candida lusitaniae (Clus)

40

Coalescent units / IC

V Salichos & Rokas (2013) Nature




Coalescent branch lengths are correlated with GSF/IC

b STAR internode length versus GSF STAR internode length versus IC
25 25
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V Salichos & Rokas (2013) Nature




Why so much incongruence? Biological factors

Horizontal Gene Transfer Lineage Sorting Hybridization

Speciation ------3 )

Speciation ----- 3

t1

0 t4
N — t2 O
R
Sbay Skud Smik Scer Spar ‘ Shay Skud Smik Scer Spar Sbay  Skud Smik Scer Spar

Y

Yu et al. (2012) PLOS Genet.




Why so much incongruence? Analytical factors

X s ¥— species A eys—% ¥—¥— species A
-@ ® species B @ species B
%*—0 o—x % species C $— 2 %— species C

Internode length: influences amount of phylogenetic signal (l)
Homoplasy: independent evolution of identical characters ( *, o)

>

Q

= 100 * S 2

2 o * r=0.708 M c -

g 80 . r ©

3 r=0.823

H= 60 t—e—= - - -*

= . 5 # R

S 40— s $;

USJ - ’“ * r=0.744 L 7S :0 * .“0

Q

5 0 , : . . —— S —

O 0 0.1 0.2 0 0.2 0.4 0.6 0 0.04 0.08 0,12
Internode length Root-to-internode length (Internode length) *

(Root-to-internode length)

V Rokas & Carroll (2006) PLOS Biol. Salichos & Rokas (2013) Nature



Certain recipes for handling incongruence didn’t help

Default analysis 8.35
Removing sites containing gaps
All sites with gaps excluded 7.91 o|7
Removing fast-evolving or unstable species
C. lusitaniae 8.15 1|2
C. glabrata 8.30 2|2
E. gossypii, C. glabrata, K. lactis 7.88 1|3

Selecting genes that recover specific clades

[C. tropicalis, C. dubliniensis, C.

albicans] S o|o

Selecting the most slow-evolving genes

100 slowest-evolving genes 6.76 2|9

V Salichos & Rokas (2013) Nature




What do we do then?

Default analysis

Selecting genes whose bootstrap consensus trees have high average support

All genes with average BS = 60% 8.59 4|0
All genes with average BS = 70% 9.18 14 | o
All genes with average BS = 80% 9.92 15| 0

average BS 260% average BS 270% average BS =280%

S. cerevisiae S. cerevisiae S. cerevisiae
100 73 95

S. castellii S. castellii C. glabrata

C. glabrata C. glabrata S. castellii

Y

Salichos & Rokas (2013) Nature




Selecting specific bipartitions dramatically improves phylogeny

= = —=
= = =

B

Default analysis 8.35 n/a

Selecting genes whose bootstrap consensus trees have high average support

All bipartitions with BS > 60% 10.11 14 | O
All bipartitions with BS = 70% 10.70 16 | O
All bipartitions with BS = 80% 11.32 15| O

V Salichos & Rokas (2013) Nature




Least supported internodes harbor the most conflict

|
\

\
\

Internode Certainty

V Salichos & Rokas (2013) Nature
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The status of the yeast phylogeny

Kluyveromyces waltii (Kwal) _— Supported

Saccharomyces kluyveri (Sklu)

Kluyveromyces thermotolerans (Kthe) Weakly supp orted
Unresolved

EEEEEER
3
o
[ [=]

[ [=]

Kluyveromyces lactis (Klac)

Eremothecium gossypii (Egos)
Zygosacharomyces rouxii (Zrou)

95/0.90

Iy i

Kluyveromyces polysporus (Kpol)

Candida glabrata (Cgla)

99/0.97

Saccharomyces castellii (Scas)
Saccharomyces bayanus (Sbay)

h
52/0.06
60/0.30

H Saccharomyces kudriavzevii (Skud)
Saccharomyces mikatae (Smik)
Saccharomyces paradoxus (Spar)

77/0.54 Saccharomyces cerevisiae (Scer)
Candida lusitaniae (Clus)

/

86/0.76

98/0.95 = Candida dubliniensis (Cdub)
90/0.78 Candida albicans (Calb)

Supported by
Rare Genomic
Characters

Candida tropicalis (Ctro)
89/0.77 Candida parapsilosis (Cpar)

Lodderomyces elongisporus (Lelo)

Pichia stipitis (Psti)

Candida guilliermondii (Cgui)

Debaryomyces hansenii (Dhan)

V Gene Support Frequency (or gene Concordance Factor) / Internode Certainty



Similar results in other lineages

Vertebrates
(1,086 genes, 18 taxa)

Animals
(225 genes, 21 taxa)

Mosquitoes
(2,007 genes, 20 taxa)

Salichos & Rokas (2013) Nature; Wang et al. (2015) Genome Biol. Evol.



Incongruence in phylogenomic datasets

— Bilaterian

——————

-TEoeeeSeSeeSe®en

teme—e——-

Hypothesis: these debates concern internodes that are
poorly supported by individual gene trees

Test: measure the phylogenetic signal in
contentious branches of the tree of life



Definitions of phylogenetic signal

A measure of the statistical dependence among species’ trait values
due to their phylogenetic relationships / the tendency of related
species to resemble each other more than species drawn at random

from the same tree

Revell et al. (2008) Syst. Biol.
Munkemuller et al. (2012) Methods Ecol. Evol.

The amount of support for a particular topology, e.g., the relative

number of resolved internodes in a consensus tree
Sanderson (2008) Science

A measure of the substitutions occurring along a given branch of the
evolutionary tree. In parsimony methods, the signal is encoded in
shared derived characters. In probabilistic methods, the amount of
phylogenetic signal actually extracted from a given dataset depends
on the model and is expected to increase with the fit of the model to

the data

Philippe et al. (2011) PLoS Biol.
Townsend et al. (2012) Syst. Biol.



Maximum Likelihood tree Conflicting tree
(T1) (T2)

All others h All others h

Porifera \@ Ctenophora ‘
Ctenophora ‘ Porifera ‘@

ln(TllX,-) = —-100 ln(Tle,) = —150

Phylogenetic Signal = —(In(T4|X;) — In(T3|X;))

Shen et al. (2017) Nature Ecol. Evol.



Signal of genes in a phylogenomic data matrix

1,080 genes from 36 animal taxa
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V Shen et al. (2017) Nature Ecol. Evol.; data from Borowiec et al. (2015) BMC Genomics



Signal of genes in a phylogenomic data matrix

15 =
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All others h
Porifera !@
Ctenophora ‘

=]

Phylogenetic Signal

All others h

Ctenophora ‘
Porifera .@

Genes

Shen et al. (2017) Nature Ecol. Evol.




Signal of genes in multiple phylogenomic data matrices
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Shen et al. (2017) Nature Ecol. Evol.




Summarizing phylogenetic signal across genes and sites
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Testing several contentious branches of the tree of life

Clade
Plants

Vertebrates

Yeasts

ML Tree (T1)

Amborella as sister to all other flowering plants
Magnoliids as sister to Eudicots + Chloranthales
Hornworts as sister to all other land plants, followed by a
mosses + liverworts clade

Gnetales as sister to the Pinaceae, nested within the
Coniferales

Zygnematophyceae as sister to all land plants
Gymnophiona as sister to all other amphibians
Atlantogenata (Afrotheria + Xenarthra) as sister to all other
placental mammals

Lungfishes as sister to all tetrapods

Pigeons as sister to all other Neoaves

Elopomorpha + Osteoglossomorpha as sister to all other
teleosts

Turtles as sister to archosaurs (birds + crocodiles)
Ascoideaceae as sister to Phaffomycetaceae +
Saccharomycetaceae

Candida glabrata rather than Naumovozyma castellii as
sister to Saccharomyces sensu stricto yeasts

Hyphopichia burtonii as sister to Candida auris +
Metschnikowia bicuspidata

Zygosaccharomyces rouxii as sister to all other yeasts with
occurring whole-genome duplication event

Meyerozyma guilliermondii as sister to Debaryomyces
hansenii

Candida tanzawaensis as sister to Pichia stipiti + Candida
maltosa

Conflicting Tree (T2)
Amborella + Nuphar as sister to all other flowering plants
Eudicots as sister to Magnoliids + Chloranthales
Hornworts as sister to a mosses + liverworts clade

Gnetales as sister to the Coniferales

Charales as sister to all land plants
Anura as sister to all other amphibians
Afrotheria as sister to all other placental mammals

Lungfishes + coelacanths as sister to all tetrapods
Falcons as sister to all other Neoaves
Osteoglossomorpha alone as sister to all other teleosts

Turtles as sister to crocodiles

Ascoideaceae as sister to a clade comprising Pichiaceae,
Debaryomycetaceae, Phaffomycetaceae, and
Saccharomycetaceae

Naumovozyma castellii rather than Candida glabrata sister to
Saccharomyces sensu stricto yeasts

Hyphopichia burtonii as sister to Debaryomyces hansenii

Vanderwaltozyma polyspora as sister to all other yeast with
occurring whole-genome duplication event

Meyerozyma guilliermondii as sister to Hyphopichia burtonii +
Candida auris

Pichia stipiti as sister to Candida tanzawaensis + Candida
maltosa

Shen et al. (2017) Nature Ecol. Evol.




Phylogenetic signal in contentious branches of the ToL

Vertebrates

4‘4':_‘44
=

Phylogenetic Signal

Genes

Shen et al. (2017) Nature Ecol. Evol.



The signal in some branches is very strong...

100 =

—~
L

T1 (Turtles are
/ sister to birds +
. crocodiles)

._
1

N T2

Phylogenetic Signal

(turtles are sister
to crocodiles)

Genes

Shen et al. (2017) Nature Ecol. Evol.




...But in others it stems from one or two genes

Topology 1

Saccharomycetaceae /
Saccharomycodaceae

Phaffomycetaceae

D Ascoideaceae

175 [< Pichiaceae Topology 2

Saccharomycetaceae /
CUG clade Saccharomycodaceae

100 = : Phaffomycetaceae

Phylogenetic Signal

50 - Pichiaceae

CUG clade

— Ascoideaceae

Genes

Shen et al. (2017) Nature Ecol. Evol.




Phylogenetic signal per gene for the two hypotheses

1233 genes, 86 yeast taxa

300- Removal of this
gene switches T
200 - support from T1
to T2 ~T1

Difference 1n phy-
logenetic signal

Genes

Shen et al. (2017) Nature Ecol. Evol.



What happens if we remove that one gene?

Plants Vertebrates Y easts

o13uy
VNV

S

swads
opeis

so)AydoAig
swaadsouwAn

1SO9[9,
[N,
mqy
[odA

Full dataset

One gene randomly
excluded

Gene with the strongest
signal excluded

T1: strong support  T1: weak support T2: strong support  T2: weak support
BS = 70% BS = 70% BS = 70% BS < 70%

Shen et al. (2017) Nature Ecol. Evol.




11 T2 [ Others

# of genes excluded

Quantifying the
impact of removing
opinionated genes

Shen et al. (2017) Nature Ecol. Evol
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Plants
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Shen et al. (2017) Nature Ecol. Evol.
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Methods for phylogenomic inference

gene1 gene2 geneld gened

speciesA [ NN I
species B I NN I
species C I N I
species D I NN I
species £ I .
concatenation ‘single step’ coalescent ‘two-step’ coalescent
BN . , ,
A I A { {
| I ! )
| I I ' | A
| . i
supermatrix estimated gene trees

Liu et al. (2015) Ann. N. Y. Acad. Sci.




What happens if we remove one site from every gene?

Plants Vertebrates Yeasts
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What’s going on?

Explanation #1: Biological factors (parts
of the tree of life are bush-like / network-
like rather than tree-like)

Explanation #2: Analytical factors
(systematic error due to the bad fit of our
models to our data)



Genome-scale phylogeny of 332 yeasts

Candida
albicans

Shen, Opulente,
Kominek, Zhou et
al. (2018) Cell

332 taxa
2,408 genes
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Distribution of conflict on the yeast phylogeny

== ipomycetaceae

= Trigonopsidaceae

Dipodascaceae /
Trichomonascaceae

: mmmm Alloascoideaceae
Y | =

s Sporopachydermia clade

mmm CUG-Ala clade

% '*3 mssm Pichiaceae
@ .

_— : CUG-Ser1 clade

CUG-Ser2 clade

Phaffomycetaceae
\ === Saccharomycodaceae
mmmm Saccharomycetaceae
_ &
3
® | .
AN Shen, Opulente, Kominek,
2 A

Zhou et al. (2018) Cell
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Lipomyces starkeyi

Tortispora caseinolytica
Nadsonia fulvescens

Yarrowia lipolytica

Geotrichum candidum CLIB 918
Saprochaete clavata
Blastobotrys adeninivorans
Candida apicola

Starmerella bombicola
Pachysolen tannophilus

Komag lla pastoris
Kuraishia I

Candida boidinii

Candida ar if
Ogataea polymorpha
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—
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Br nvces bruxellensis
Brettanomyces anomalus
Pichia membranifaciens
Pichia kudriavzevii
Babjeviella inositovora
Candida tenuis

| — I{lphapr'chia_bnrmnii
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Candida auris

Clavispora lusitaniae
Metschnikowia bicuspidata
Meischnikowia fructicola
Debaryontyces hansenii
Meyerozyma guilliermondii
Meyerozyma caribbica
Suhomyces tanzawaensis
Scheffersomyces stipitis
Spathaspora arborariae
Spathaspora passalidarum
Lodderomyces elongisporus
Candida parapsilosis
Candida orthopsilosis
Candida dubliniensis
Candida albicans

Candida maltosa

Candida sojae

Candida tropicalis
Ascoidea rubescens
Wickerhamomyces ciferrii

]

L —

" —

Wickerhamomyces anomalus
Cyberlindnera fabianii
Cyberlindnera jadinii

H iaspora vineae

H iaspora uvarum
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Lach Kluyvert

Lachancea lanzarotensis
Lachancea waltii
Lachancea thermotolerans
Eremothecium coryli
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Kluyveromyces aestuarii
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Zygosaccharomyces bailii
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Tetrapisispora blattae
Vanderwaltozyma polyspora
Tetrapisispora phaffii
Naumovozyma castellii
Naumovozyma dairenensis
Kazachstania africana
Kazach i ishi

Candida castellii
Nakaseomyces bacillisporus
Candida glabrata

Candida bracarensis
Nalkaseomyces delphensis
Candida nivariensis
Saccharomyces uvarum
Saccharomyces enbayanus
Saccharomyces arboricola
Saccharomyces kudriavzevii

Saccharomyces mikatae
Saccharomyces paradoxus
Saccharomyces cerevisiae

Lipomycetaceae
Trigonopsidaceae

Yarrowia clade

Pichiaceae
Komagataella clade

Pichiaceae

Debaryomycetaceae
Metschnikowiaceae

Ascoideaceae

Phaffomycetaceae

Saccharomycodaceae

Saccharomycetaceae

1,233-gene, 86-
taxon data matrix

~13% (11 / 85) of

internal branches

conflict between
analyses

Despite increasing
# internal branches
~4X, (85 -> 331),
conflict decreased



A single gene governs the placement of Ascoideaceae

1,233 genes, 86 yeast taxa

300 - Removal of this
gene (DPM1) |

00- Switches support
from T1 to T2

—_—

(-
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I

Phylogenetic Signal

|

Genes
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Saccharomycetaceae /
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Phaffomycetaceae

Ascoideaceae

Pichiaceae
CUG clade

Topology 2

>
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Phaffomycetaceae

Pichiaceae

CUG clade

Ascoideaceae

Shen et al. (2017) Nature Ecol. Evol.



Sampling of 3 additional taxa “breaks” the long branch

- Ascoidea asiatica
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Shen, Opulente, Kominek, Zhou et al. (2018) Cell



Sampling of 3 additional taxa decreases gene’s signal

300 DPM1

o
o
o

Phylogenetic signal
2,408 genes, 329 taxa

0 20 40 50

Phylogenetic signal
2,408 genes, 332 taxa

Shen, Opulente, Kominek, Zhou et al. (2018) Cell



Genomfart? The way forward?

Apply different
phylogenetic
analyses (diff.
optimality criteria /
diff. approaches /
different treatments)

Multiple sequence
alignment / data
matrix
reconstruction
(more taxa, more
genes)

Only report resolution of
branches that you have
support for

‘\

Assess conflict
(e.g., use internode
certainty /
concordance
factors)

/

Investigate alternative
hypotheses for branches
showing conflict / assess

sensitivity of results (keep
biology of lineage in mind!)



Carefully analyze and listen to the data

“One can use the most sophisticated audio equipment to listen, for an
eternity, to a recording of white noise and still not glean a useful scrap of
information”

Rodrigo et al. (1994)
Chapter in: Sponge in Time and Space; Biology, Chemistry, Paleontology
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