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Darwin’s Tree

“As buds give rise by growth to fresh buds, and these, if vigorous, branch
out and overtop on all sides many a feebler branch, so by generation |
believe it has been with the great Tree of Life, which fills with its dead and
broken branches the crust of the earth, and covers the surface with its
ever branching and beautiful ramifications”

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 nse 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-




Comparative Morphology of Extant Organisms

Human Cat Whale Bat

1000 Addison Wesley Longman, Inc.

http://www.mun.ca/biology/scarr/139393_forelimb_homology.jpg




Comparative Anatomy of Fossils

Early cynodont (260 mya)

SynapS|d (300 mya)
C TS

o WW“ W”Wf Later cynodont (220 mya)

Key to skull bones
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Campbell (2016) Biology, 10" Ed., Fig. 25.7



Comparative Embryology

Lizard Tortoise Pig Human

http://www.nature.com/nrg/journal/vy/ni1/images/nrg1918-f2.jpg




The First Published Phylogeny

St. George Jackson
Mivart

Mivart (1865) Proc. Zool. Soc. London




10

L]

Fossil gastropods

Entwickelung der Formen der Planorbis
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Inferring Phylogenies Becomes a Cottage Industry
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Haeckel’s Phylogenies
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Disagreement Between Phylogenies

1865: SPINAL COLUMN 1867: LIMBS
Homo Homo
— Simia Simia
Hylobates
— Troglodytes — d
Troglodytes
Hyiobates 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



Comparative Morphology & Embryology in Trouble

By the turn of the century, the
conflicting phylogenies produced by
comparative morphology and
embryology data have given rise to a
sense of despair among the community

“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”

William Bateson (1894)

f
#

~
Materials for the Study of Variation Ly o H il

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




The Origins of “Molecular” Phylogenetics

Studies in immunochemistry
were showing that serological
cross-reactions were stronger

for more closely related
organisms

BLOOD IMMUNITY
BLOOD RELATIONSHIP

THE PRECIPITIN TEST FOR BLOOD

by
GEORGE H. F. NUTTALL, M.A,, M.D., Pu.D.
University Lecturee in Bacteriok Preventive Medicine, Cambridge,

|72 Nuttall, realizing the evolutionary
£ & implications, used this approach
to reconstruct the phylogenetic
relationships among various
groups of animals

He determined that humans’ closest relatives were the apes, followed, in
order of relatedness, by Old World monkeys, New World monkeys, and
prosimians (lemurs and tarsiers)!

V Nuttall (1904) Blood Immunity and Blood Relationship




The First Large-Scale Molecular Investigation of Species Differences

+» Different crystals of hemoglobin
from the same species differed in
size & shape, but angles between
faces constant

L)

* But interfacial angles differed
from species to species ->
similarities in angle values were
consistent with taxonomy-based

phylogeny

L)

<

L)

» 600 photomicrographs of crystals
of hemoglobin from >100 species

L)

s All this before discoveries of X-
ray diffraction / protein
sequencing / DNA & DNA
sequencing

V Reichert & Brown (1909) The Crystallography of Hemoglobins

L)




“Molecular” Phylogenetics of Drosophila

Theodosius Dobzhansky Alfred Sturtevant
https://www-te.pbs.org/wgbh/evolution/library/o06/2/images/l_062_04_L.jpg;

http://www.caltech.edu/news/first-genetic-linkage-map-38798



Polytene Chromosomes

V Viera et al. (2009) Transposons and the Dynamic Genome



Using Chromosomal Rearrangements as Markers...

[JOBIHAKSEY AND STURTEVANT, CHROMOSOMES 0F DIROSOPHILA PSECDOORSCURA
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...To Infer the History of Species

Olympic (A)
Estes Park [M‘“*--...“ ﬂouaca (A)
Tree Line (A)

A

Mammoth (A)
Santa Cruz(A) — Cuernavaca (A)

\
Chiricahua I (A) — 1

Hypothetical A = miranda

Pikes Peak (A) <—— Standard (A & B) — Arrowhead (A) —Chiricahua II (A)

T

Kiamath (B) Sequoia I (B)

Cowichan(B) Wawona (B) Sequoia II (B)

Ficure 3.—Phylogeny of the gene arrangements in the third chromosome of Drosophila pseu-
doobscura. Any two arrangements connected by an arrow in the diagram differ by a single in-
version. Further explanation in text,

V Dobzhansky & Sturtevant (1938) Genetics




“The stream of heredity makes
phylogeny; in a sense, it is phylogeny.
= Complete genetic analysis would provide
T 7777 the most priceless data for the mapping
of this stream”

G. G. Simpson, 1945



Early ‘50s: Discovery of Protein Sequencing

NH2 NH2
Pl
Phc-Vol-Asp-Glu-His-Lzu-(}y-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-Cy-Gly.Glu-Arg-Gly- Phe:Phe-Tyr-ThrPro-Lys-Ala

\
? %
N[Hz ? N:'lz Nﬁiz ? Nll—iz
Gly-lleu-Vol-Glu-Gh.(‘ﬂr; Cy Ala-Su'-Val-Ciy-Ser-Lm-Tyr-GIu-Lzu-Glu-Asp‘Tyr-Cy-Asp
S S

Fig. 2. Structure of insulin.

Frederick Sanger
The Nobel Prize in Chemistry 1958

Born: 13 August 1918, Rendcombe, United Kingdom
Died: 19 November 2013, Cambridge, United Kingdom

Affiliation at the time of the award: University of Cambridge,
Cambridge, United Kingdom

Prize motivation: "for his work on the structure of proteins,
especially that of insulin."”

Prize share: 1/1

V Sanger (1959) Science




“...before long we shall have a
subject which might be called
“protein taxonomy”; the study of
amino acid sequences of the
proteins of an organism and the
comparison of them between
species. It can be argued that
these sequences are the most
delicate expression possible of
the phenotype of an organism
and that vast amounts of
evolutionary information may be
hidden away within them”

Francis Crick (1957) Nature



Elucidating the Sequence of Proteins

NATURE March 4, 1961 o. :so

—» Myoglobin

aQa—o

—a, > Qo - AH Hb's

)’ZT ' + Y, - Foetal Hb

32 o o 32 - Adutt Hb
Loy s

Fig. 1. Evolution of the heemoglobin chains. The a-chain is the
ancestral peptide chain. —(O— indicates a point of genc dupli-

cation followed by translocation of the new gene

V Ingram (1961) Nature




“...the search for homologous
genes is quite futile except in
very close relatives”

Ernst Mayr, 1963




DNA & Protein Sequences Record Evolutionary History

Molecules as Documents of Evolutionary History

*

EMILE ZUCKERKANDL AND LINUS PAULING

Gates and Crellin Laboratories of Chemistry,
California Institute of Technology, Pasadena, California, U.S.A.

(Received 17 September 1964)

Different types of molecules are discussed in relation to their fitness for
providing the basis for a molecular phylogeny. Best fit are the
“semantides”, i.e. the different types of macromolecules that carry the
genetic information or a very extensive translation thereof. The fact that
more than one coding triplet may code for a given amino acid residue in a
polypeptide leads to the notion of “isosemantic substitutions™ in genic
and messenger polynucleotides. Such substitutions lead to differences in
nucleotide sequence that are not expressed by differences in amino acid
sequence. Some possible consequences of isosemanticism are discussed.

Zuckerkandl & Pauling (1965) J. Theoret. Biol.




Estimating the Divergence of Humans and Chimps

Divergence times were estimated by measuring the
immunological cross-reaction of blood serum albumin
between pairs of primates

Paleontological view ca. 1967 — Gibbon
Apes Sarich and Wilson view L— Siamang
peseteee ORENGULAT
Common .1 Human
Human
Ancestor ok Common Chimp
Ancestor
Gorilla
Old World
o i ek SR B AENDNSIPRNSVE SO, . |
30 20 10 5 0 30 20 10 5 0 it
Time (millions of years) Time (millions of years)

“no fuss, no muss, no dishpan hands. Just throw some proteins into a
laboratory apparatus, shake them up, and bingo! — we have an answer
to questions that have puzzled us for three generations.”

V Sarich & Wilson (1967) Science




The Phylogeny of Human Populations

L. L. Cavalli-Sforza and A. W. F. Edwards

Australion (Central)

New Guinean

— Korean

— [~ Venezuela Indians

Eskimo (Victoria I)

Arizona Indians

Maori

= Gurkhas (Nepal)

Veddahs (Ceylon)
Swedish Lapps

South Turks

English

r Tigre (Ethiopia)

— Bantu
Ghanaian
. L l l |
Phylogeny inferred from blood group . g - o ~
allele frequencies from 15 populations Number of gene substirutions

Cavalli-Sforza & Edwards (1965) Genetics Today




Sequence-based Phylogenies

25

Used protein sequences from a
large number of organisms

[y
(=]

Developed a computational
approach for efficient analysis of
large numbers of taxa (distance
matrix method)

15

AVERAGE MINIMAL MUTATION DISTANCE

V Fitch & Margoliash (1967) Science



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*

Department of Genetics and Development, University of Illinois, Urbana, Illinois

Communicated by T. M. Sonneborn, August 18, 1977

ABSTRACT A phylogenetic analysis based upon ribosomal
RNA sequence characterization reveals that living systems
represent one of three aboriginal lines of descent: (iuil:a eu-
bacteria, comprising all lygica bacteria; (ii) the archaebacteria,
containing methanogenic bacteria; and (iii) the urkaryotes, now
reT-resented in the cytoplasmic component of eukaryotic

cells.
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Gene tree =Speeies phylogeny

Gene tree # Species phylogeny



Two Types of Factors Influence the Relationship

Analytical factors

They lead to failure in accurately inferring a gene tree; these
can be either due to stochastic error (e.g., insufficient
sequence length or taxon samples) or due to systematic error
(e.g., observed data far depart from model assumptions)

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 and natural selection
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Rokas (2011) Curr. Prot. Mol. Biol.
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Systematic Error

Long branch attraction

V Felsenstein (1978) Syst. Zool.



“The Strepsiptera Problem” is a Classic Example of LBA

Halictophagidae (Strepsiptera)



The Strepsiptera Problem

100 Strepsiptera
36 100 — Aedes
. Flea Drosophila
7 Scorpionfly
45 Lacewing
N Antlion
18 Sa Wﬂ’y
Polistes
78 Meloid
Tenebrio
100 Cercopid

Cicada

Carmean & Crespi (1995) Nature




The Strepsiptera Problem

Strepsiptera Strepsiptera Strepsiptera
Aedes Aedes Meloid
—— Drosophila L— Drosophila Tenebrio
s Meloid Meloid Aedes
Tenebrio Tenebrio Drosophila
Flea Flea Polistes
Scorpionfly Scorpionfly Flea
Lacewing Lacewing Scorpionfly
Antlion Antlion Lacewing
Sawfly Sawfly Antlion
Polistes Polistes Sawfly
iy Cicada Cicada Cicada
Cercopid Cercopid Cercopid
p distance HKY85 HKY85+GAMMA

V Huelsenbeck (1997) Syst. Biol.



Solving the Strepsiptera Problem with More Genes and Better Models

Drosophila melanogaster
1001 00
! . . -
sonvioe = Culex quinquefasciatus

A
100100 —  Aedes aegypli Diptera
Bombyx mori . ﬁ &
— Lepidoptera E
1]
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i T L mmn oL 2 E
100/9E : — Priacma serrala P - : :: h E
E’ 100784 Humathes —
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ey e Pogonomyrmex barbatus
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- — ————— Apis mellifera . e
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Nasonia vitripennis
— -"'\-.\_\_\. -""-\._ e i -
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Niehuis et al. (2012) Curr. Biol.




Biological Factors

Lineage Sorting Horizontal Gene Transfer

Speciation ------? :

Speciation ----- \

Degnan & Rosenberg (2009) Trends Ecol. Evol.




Stochastic Lineage Sorting of Ancestral Polymorphisms

.{-# Genes’ histories
b b 4l candiffer from
ressiys - #3.. species ones

[oR = NeNe

. 000000000

a

- Speciation
Lt of Band C
Splitting of Aand___ - lineages
B alleles o
¢} .~ Speciation
... of Aand BC
- lineages

Splitting of AB
and C alleles

QgJo 0 0 0

o

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




Lineage Sorting in Primates

Informative Sites

Human

Chimpanzee 8,561 / 11,293

Gorilla (~76%)

Human

Gorilla 1,302 / 11,293

Chimpanzee (~11:5%)

Human

Chimpanzee SRR
(~12.5%)

Gorilla

Patterson et al. (2006) Nature




Horizontal Transfer of Genes

Exchange of genes between organisms other than through reproduction

Species A B C D

HGT

Gogarten & Townsend (2005) Nature Rev. Genet.




Horizontal Gene Transfer in Fungi

Debaryomyces hansenii

Schizosaccharomyces octosporus .
Schizosaccharomyces pombe Schizosaccharomyces
Schizosaccharomyces japonicus GAL10 recent duplicate clustered GAL10
Schizosaccharomyces japonicus GAL10
Candida lusitaniae pseudogene

Candida guillermondii

Pichia stipitis

Candida tropicalis

Candida albicans

Candida dubliniensis

Candida parapsilosis

Lodderomyces elongosporus

Pachysolen tannophilus

Kluyveromyces lactis 0.8 substitutions / site
Kluyveromyces thermotolerans

Vanderwaltozyma polyspora

Zygosaccharomyces rouxii

Saccharomyces castellii

Saccharomyces bayanus

Saccharomyces mikatae

Saccharomyces cerevisiae

Saccharomyces paradoxus

Yarrowia lipolytica ; d ; y
/ & I Pezizomycotina (Sordariomycetes, Leotiomycetes,
Dothidiomycetes, and Eurotiomycetes) (31 sequences)

GAL10

fusion\

fused
Gal10p

Schizosaccharomyces pombe .
Schizosaccharomyces octosporus| Schizosaccharomyces
Schizosaccharomyces japonicus unclustered GAL10

unfused
Gal10p

~1 Non-Ascomycete GAL10s

Slot & Rokas (2010) PNAS




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

MHC
ABO

ZC3IHAV]

TRIMS
e LADL

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

of dinosaurs!!!)
]/

\ \
2\ \
\ \\ \
\ ! AN

Pongo pygmaeus Gorilla gorilla Pan paniscus Pan troglodytes Homo sapiens

V Azevedo et al. (2015) Human Genomics




Postitwe Selection

rat

— -
Marsupialis
— [NOuUSEe
| gerbil
rabbit
Phylogeny of
—dod prestin, a gene
. cat . .
| involved in
| echolocation
horse
pig

L bats
o ; — . (echolocating) *
Pracentalis ; 3 dolphins
s %ﬂ R (echolocating) *
=
= »

g1,
FEE—— X
—— "% |
+ ——=. ..~ —{,':.L,:} bats (echolocating) *
=i
20 175 B0 128 fa 78 S0 2 0 ____ bats (non-echolocating)

Li et al. (2010) Curr. Biol.




Postitwe Selection

Outgroups
‘ Sphenodon punctatus

| Scincoidea

™.

36 CKROGOCD I Gekkonidae
L] - Teratoscincus keyseringii
‘ ; Cordylus wamreni
: Eumeces egregius
Lacerta viridis
Rhineura floridana
| = - Bipes biporus . .
1 Diplometopon zarudnyi Ampbisbaenia
: Amphisbaena schmidti
: Geocalamus acutus
Anolis carolinensis
Iguana iguana !guam
Sceloporus occidentalis
Abronia graminea
Ophisaurus attenuatus Anguimorpha
Shinisaurus crocodilurus
Varanus komodoensis
Pogona vitticepes | -
Xenagama taylori | AGAMidae
_[ Leptotyphiops dulcis
| Ramphotyphlops australis -
] Typh!oggmynes = | Blind Snakes
. Anilius scytale
Tropidophis haetianus
Acrochordus granulatus
Agkistrodon piscivorus
Ovophis okinavensis “True Snakes”
Dinodon semicarinatus = = =
Pantherophis slowinskii (Aleth I noph Idla)
[ Boa constrictor
—— Eunectes notaeus
—_— Cylindrophis ruffus
0.5 sub./site 1 Python regius
! Xenopeltis unicolor

Castoe et al. (2009) PNAS




Gene Duplication Can Confound Phylogeny

75~ (15). A cautionary note may be de-

rived from this. A wildly incorrect re-
sult could easily be obtained if the pres-
ence of multiple, homologous genes
were not recognized and a phylogeny
were constructed from sequences which
were coded for, say, half by genes for
alpha hemoglobin chains and half by
genes for beta hemoglobin chains. This
results from the speciation having oc-
curred more recently than the gene du-
plication which permitted the separate
evolution of the alpha and beta gencs.

25t

AVERAGE MINIMAL MUTATION DISTANCES

Mb X ¥ B §
WHALE HUMAN HEMOGLOBINS

V Fitch & Margoliash (1967) Science




Gene Duplication Can Confound Phylogeny

[T IR T W R Y uv\i“v;lyvu TEMAE Y RELT P L s S—— —

homologous. It has been pointed out be-
fore that a phylogeny of birds and mam-
mals based upon a haphazard mixture of
o and 8 hemoglobins would be biological
nonsense since the initial dichotomy would
be on the distinction between the « and S
genes rather than between the birds and
the mammals (Fitch and Margoliash,
1967). Therefore, there should be two
subclasses of homology. Where the ho-
mology is the result of gene duplication
so that both copies have descended side by
side during the history of an organism,
(for example, o« and B hemoglobin) the
genes should be called paralogous (para =
in parallel). Where the homology is the
result of speciation so that the history of
the gene reflects the history of the species
(for example « hemoglobin in man and
mouse) the genes should be called ortho-
logous (ortho = exact). Phylogenies require
orthologous, not paralogous, genes. Note

V Fitch (1970) Syst. Zool.




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

Cl 1 [c Class 1 (c |

S.cer S.cer S.cer S.cer :

S.cas S.casa S.cas S.caza

33 C.gla 15 C.gla E 86 C.ola 134 C.gla E

S.cer S.cer S.cer S.cer

. S.cas S.cas, S.cas S.cas,
Class Caia Class Class Cla : Cl C.ola Class o : Class Sl
0 S.cer 2C S.ceri 2D S.cer 3B 5.ceri 4 S.cer
S.cas S.cas S.cas S.cas S.cas
210 C.gla 120 i N2 38 comt 957 ¢
S.cer S.cer | S.cer S.cer S.cer
S.cas S.cas | 5.cas S.cas, S.cas

z “ |Class Class ' Class Class !

S.cer S.cera S.cer S.cera

S.cas S.cas | S.cas S.cas,

B o 9 coal \28 cgn 52 o ot

S.cer S.cer | S.cer S.cer

S.cas S.cas | 5.cas Scas!

V Scannell et al. (2006) Nature



Hybridization / 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

V Hittinger (2013) Trends Genet.




OK, | now get why
gene trees # species trees

What does this have to do with
phylogenomics?



All this Manifests Itself as Incongruence

d

d

Species

b
Cc

Gene X Gene Y

C
phylogeny?




Incongruence is Pervasive in the Phylogenetics Literature

A: All organisms B: Mammals C: Insects

Rokas & Chatzimanolis (2008) in Phylogenomics (W. J. Murphy, Ed.)




A Systematic Evaluation of Single Gene Phylogenies

S. cerevisiae S. bayanus
S. paradoxus S. castellii
S. mikatae S. kluyveri

S. kudriavzevii Candida glabrata

-L:‘U.nc [ va

Zrou3 BA%Zrou3 Z.rou 3 Zrou3 0
C005594 CO0660

b b Kfac 1 b Kfac 1 Kizcl bKfacl bpKizcl bpKlacl b
A03443 AO3377 A03487 AD3509 A03531 AD3553 AD3575

_»I(fu‘v

D]4586

Kthe 4 E K.th 1 b Kthe4 " Kthe 4 E Kthed4 D" Kthed DR "Kmed A" Kthed
D085 8 AQ7744 DOOSED 2 00846 DOOS:8 DO0S%0

Tt

Kwal26 D1 Kwal26 b Kwaiz3 b| [N Ccd [ﬂ Kwai26 [1° Kwal26 ﬂ KwalZ6 | b] Kwai26 O Kwaizé 0
6799 |4 B80S 6528 810 gl 2 6824 6825 6831

74 = 7 = 7 = 7




Incongruence at the Single Gene Level

YBL091C S. cerevisiae YDLO31W 100/100= S. cerevisiae

S. paradoxus S. paradoxus

S. mikatae S. mikatae

S. kudriavzevif S. kudriavzevii

S. bayanus S. bayanus

S. castellii S. kluyveri

S. kluyveri S. castellii

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

100/99 S. paradoxus S. paradoxus

S. mikatae — S. kudriavzevii

S. kudriavzevii S. bayanus

S. bayanus S. mikatae

S. castellii S. castellif

S. kluyveri S. kluyveri

C. albicans C. albicans

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




Concatenation of 106 Genes Yields a Single Yeast Phylogeny

100/ 100 S. cerevisiae

100/100f 100 S. paradoxus

100 .
1007100 S. mikatae

100
10?(/11) Q0 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 Stochastic Error

100 - e
ML / MP on nt

MP on aa

~J
o
1

o
o

N
3!
1

100/ 100 S. cerevisiae

% bootstrap value

o

\—vammhoomo::ﬁggggo 100/ 100 100 S pafadOXUS

enes/datg 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




Gene Trees Can Differ from Species Trees

Lineage Sorting Horizontal Gene Transfer

Speciation ------? :

Speciation ----- \

V Degnan & Rosenberg (2009) Trends Ecol. Evol.




Inferring the Species Tree from Individual Gene Histories

Concordance Factor: The proportion of the genome for which a clade
is true
98 (95, 100)[" S. serevisiae

92 (86, 97) Ls paradoxus
92 (86, 97) S. mikatae
99 (97, 100) S. kudriavzevii
93 (87, 98) S. bayanus
S. castellii
S. kluyveri
C. albicans

New methods to calculate concordance factors for phylogenomic datasets

a Q
Bui Quang Minh, Matthew Hahn, Robert Lanfear b l 0 RX lV

doi: https://doi.org/10.1101/487801
THE PREPRINT SERVER FOR BIOLOGY
This article is a preprint and has not been peer-reviewed [what does this mean?].

Ané et al. (2007) Mol. Biol. Evol.



The Phylogenomics Era — “Resolving” the Tree of Life

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 Cpen Access artick: distributed under the terms of the Creative Commons Attribution Non-Commercial License (http: / / creabivecommons.org) licenses,/by-nc/ 3.0, which
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Have we eliminated
incongruence?



Figuring out what’s going on is
easier at shallow depths, b/c
systematic error is usually
absent



The Evolution of

Human
. Divergence
Populations -l

Neanderthal Denisovan ~

Origin of
modern humans

Unknown
Hominin

Population
divergence

Out of Africa

\
Y
L} %
B = €---
1 i

I
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)
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/ and
Ancestral |/ Vindija
European |/

Nielsen et al. (2017)

Present day
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“Easier” Doesn’t Mean “Easy”!

2L
n=918

2R
n=1165

n=771

3R
n=965

n=244

Fontaine et al. adhere to a classical view
that there is a “true species tree” [...]. But
given that the bulk of the genome has a
network of relationships that is different

from this true species tree, perhaps we
Rkttt l | Mitlolatacl | Liiattatnlt should dispense with the tree and
vm vm i acknowledge that these genomes are best
gl | Rl | Rad e described by a network, and that they
undergo rampant reticulate evolution

Fontaine et al. (2015) Science; Clark & Messer (2015) Science




The Phylogeny of Primate Genera

Nomascus Symphalangus Hylobates Hylobates
leucogenys syndactylus pileatus moloch

Carbone et al. (2014) Nature




“Easier” Doesn’t Mean “Easy”!

2 R EHE B B @M

Carbone et al. (2014) Nature




Incongruence in Deep Time is More Challenging

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) Paorifera (9)
Ctenophora (2

Cnidaria (4) — Placozoa (1)

—e Porifera (1)
—e — Ctenophora (1 Cnidaria (9)
. Cnidaria (5)
—9 Placozoa (1) . Ctenophora (3)

Bilateria (50)

Bilateria (9) Bilateria (22)

m O #

Gl
Porifera Placozoa Cnidaria Ctenophora Bilateria

V Philippe et al. (2011) PLoS Biol.




Incongruence in Deep Time is More Challenging

'-------

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




Incongruence in Deep Time is More Challenging

Bilaterian —
animals

'---
|
|
v - Ctenophores cadTta,
|
i |
' |
: 1.
|
|
|
So oS Porifera —

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



Why the disconnect?



Coffee Break



—— Bilaterian
animals

_

Porifera

------ Ctenophores

Why are deep branches incongruent?
(How) can we resolve them?

— Gastropoda \%{ —

——————



An Expanded Yeast Data Matrix
Yeast Gene Order Browser (YGOB)

Thiattae A
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V Byrne & Wolfe (2005) Genome Res. Fitzpatrick et al. (2010) BMC Genom.




Budding Yeasts Exhibit Striking Genomic Diversity

’ °S. paradoxus

2
o , C. glabrata
= ' Orchid
.S. % Rice \‘ﬁh &Malze
:g 0.5 1 ..K. lactis , Pme
= e | ancelet Starfish
£
= * Sea Urchin
=
3 @NVy. anomalus ‘w‘ Coral ¥ Spikemoss
E
g Polyp
< .D. hansenii a Sponge

1.0 - “C. albicans

‘ Comb jelly G :
N B. bruxellensis reen algae

\Y lipolytica @®]. starkeyi 5 Roundworm

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

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




Concatenation Yields an Absolutely Supported Phylogeny

Saccharomyces
* Kluyveromyces walltii (Kwal)

* |—Kluyveromyces thermotolerans (Kthe) Ilneage

* Saccharomyces kluyveri (Sklu)

* Kluyveromyces lactis (Klac)

/F Eremothecium gossypii (Egos)
Zygosacharomyces rouxii (Zrou)

Kluyveromyces polysporus (Kpol)

Candida glabrata (Cgla)

Saccharomyces castellii (Scas)

" I—Saccharomyces bayanus (Sbay)

Saccharomyces kudriavzevii (Skud)

Saccharomyces mikatae (Smik)

Saccharomyces paradoxus (Spar)

Saccharomyces cerevisiae (Scer)

Candida lusitaniae (Clus)

* Candida dubliniensis (Cdub)

* ECandida albicans (Calb)

4/ * Candida tropicalis (Ctro)

* * | Candida parapsilosis (Cpar)
Lodderomyces elongisporus (Lelo)

x Pichia stipitis (Psti)

X Candida guilliermondii (Cgui) |ineage

Debaryomyces hansenii (Dhan) s
Candida

V Salichos & Rokas (2013) Nature
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Bootstrap Support is Misleading When Used in Large Datasets

taxon A 729 taxon C
100 characters — >—°<

taxon B taxon D
53% 47%
taxonA AAAAAAAAAATTTTTTTTT taxon A ., ,taxonC
taxonB AAAAAAAAAACCCCCCCCC 1,000 characters 5 >'L7/°<
taxanC GECEGEECUET TITT T {sson B taxon D

tezonD GEGEOLGLEEGLUCLECCLECT

taxon A taxon C
100%
10,000 characters I 3
taxon B taxon D

v Rokas & Carroll (2006) PLoS Biol.




The Concatenation Phylogeny is at Least Partly Wrong

Saccharomyces cerevisiae

aCChar_ or_ny ce Rare Genomic ) Candida glabrata
cerevisiae Chanaes
: g Saccharomyces castellii
. Saccharomyces
castellii
Candida i
Qlay'_a ¢ % 5 genomic rearrangements that are
S 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 cerevisiac 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

V Salichos & Rokas (2013) Nature

1000
1,070 observed gene trees
----------- 100 random gene trees ;
«» 600 !
Q ]
& !
= ."
2 600 !
() ]
© {
G '
= i
5 400 i
2 .-'
= .'
= i
Z 200 !
0 / l \ ! s
0 0.2 0.4 0.6 0.8 1
Normalized Tree Topology Distance




Gene Trees are Incongruent in Most Datasets

&Trong et al Trery'ls Plant Sci.

07011, 070'14 3




The Yeast Phylogeny Inferred by Majority-Rule Consensus

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

"

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

Saccharomyces kudriavzevii (Skud)
95 Saccharomyces mikatae (Smik)
52
T 0.2 60 Saccharomyces paradoxus (Spar)
77

Saccharomyces cerevisiae (Scer)
Candida lusitaniae (Clus)
98 Candida dubliniensis (Cdub)
90 Candida albicans (Calb)
{}— 86 Candida tropicalis (Ctro)
45 89 Candida parapsilosis (Cpar)
: Lodderomyces elongisporus (Lelo)
29 Pichia stipitis (Pst1)
Al Candida guilliermondii (Cgui) line age
Debaryomyces hansenii (Dhan) .
Candida

29

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

Salichos & Rokas (2013) Nature




Phylogenetic Trees are Sets of Splits / Bipartitions
Division Splits / Bipartitions
i H B A I H
< —> oo ~
E N G D E F G
Set of splits in reference tree: {A, B, C, D, E} {F, G,H, I}

Al Y

B ! H

. A
Ko— o

E " F G D E F G

Conflicting set of splits: {l, B, C, D, E} {F, G, H, A}




Quantifying Incongruence

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

}—l

-
—
T —

Uncertainty
&
o
/
\

\\ /

/
Tree Certainty (TC): the sum
N

of IC across all internodes

0 0.5 1.0

IC and TC are implemented Ratio of “Heads/Tails”
in the latest versions of
RAXxML

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

Zhou et al. (2018) bioRxiv




Quantifying Incongruence

Internode Certainty (IC): a

measure of the support for a given

N
internode by considering its L0 / \
frequency in a given set of trees / \
jointly with that of the most > / \
prevalent conflicting internode in -% / \
0.5
the same set of trees t
L \
Tree Certainty (TC): the sum / \
of IC across all internodes 0
0 0.5 1.0
IC_ and TC are implemented Ratio of Support for
in the latest versions of Two Conflicting
RAXML Internodes

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

Zhou et al. (2018) bioRxiv



IC Can Be More Informative Measure of Internode Support

) Saccharomyces
Kluyveromyces waltii (Kwal) .
Kluyveromyces thermotolerans (Kthe) Ilneage
Saccharomyces kluyveri (Sklu)
Kluyveromyces lactis (Klac)
1/ 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)
prevalent conflicts: Sactharomees coreviiae (Seon
#1: 6% % Support for most
IC value: 0.59 prevalent conflicts:

#1: 29%

IC value: 0.06

V Salichos & Rokas (2013) Nature




Why So Much Incongruence? Biological Factors

Horizontal Gene Transfer Lineage Sorting Hybridization

Speciation ------* \

Speciation ----- :
t1
\ t4
t2 )
t3 t4 G
: N 2 O
. ! | / \ A . . ‘
Sbay Skud Smik Scer Spar Shay Skud Smik Scer Spar Sbay  Skud Smik Scer Spar

V Yu et al. (2012) PLOS Genet.



Why So Much Incongruence? Analytical Factors

X s W—¥—¥— species A ey ¥—¥— species A
-@ ® species B @—@— species B
%*—0 o—x % species C &—n & %— species C

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

>

2 100 R e - —

2 ., r=0.708 . ® TN

3 80 o » >

L

= r=0.823

= 60— A - v

= 40 3 . .2

(/5) o 0‘ * r=0.744 00’.00 ’0

Q

5 0 . : . . — p—————

@, 0 0.1 4 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






Standard Recipes for Handling Incongruence Didn’t Help

Default analysis 8.35 n/a
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] e 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| O

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

V Salichos & Rokas (2013) Nature



Selecting Specific Bipartitions Dramatically Improves Phylogeny
— (e —=
- e —

— ‘ {—— ————

=

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




The Status of the Yeast Phylogeny

99/0.96 Kluyveromyces waltii (Kwal) ——— Supported
41/0.32 Kluyveromyces thermotolerans (Kthe) Weakly supported
31/0.04 Saccharomyces kluyveri (Sklu)
siieg _ Unresolved
g :32/2 0 Kluyveromyces lactis (Klac)
1F = Eremothecium gossypii (Egos)
Zygosacharomyces rouxii (Zrou)
B20.a8 4 Kluyveromyces polysporus (Kpol)
24!535!!. 1 Sa ccharifnnijs'acizZ;!j; CE S(igs,l)a)
29/0.12z -
20 B%8 _— Saccharomyces bayanus (Sbay)
95/0.90 : Saccharomyces kudriavzevii (Skud)
50 !0.36 Saccharomyces mikatae (Smik)
02 60/0.30 Saccharomyces paradoxus (Spar)
77/0.54 Saccharomyces cerevisiae (Scer)
Candida lusitaniae (Clus)
98/0.95 p— Candida dubliniensis (Cdub)
90/0.78 — Candida albicans (Calb)
1+ . 86/0.76 Candida tropicalis (Ctro)
/ g 45/0.11 89/0.77 Candida parapsilosis (Cpar)
- - A— Lodderomyces elongisporus (Lelo)

SU ppO rted by §29f,.-...l‘! Pichia stipitis (Pst1)

Rare Genomic 5““. Candida guilliermondii (Cgui)

C haracters 29/0.02 Debaryomyces hansenii (Dhan)

Gene Support Frequency / 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
animals

VR

Porifera

----- Ctenophores - -

These debates concern internodes that are poorly
supported by individual gene trees

'-------

— Gastropoda

r------.




What is the phylogenetic
signal in branches of the tree
of life that are challenging to

resolve?



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.
Miinkemiiller 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(T1|X,-) =—-100 lﬂ(Tlel) = —150

Phylogenetic Signal = —(In(T1|X;) — In(T,|X;))

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




Signal of the Genes in a Phylogenomic Data Matrix

1,080 genes from 36 animal taxa

s

5 40-

ﬁ 30 -

= 20-

S

9 10- T4
2

> T2
o —10-

Genes

V Shen et al. (2017) Nature Ecol. Evol.; data from Borowiec et al. (2015) BMC Genomics




Signal of the Genes in a Phylogenomic Data Matrix

10 =

All others h
Porifera W
Ctenophora ‘

Phylogenetic Signal

All others h /
Ctenophora ‘
| Porifera ‘@

Genes

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




Signal of the Genes in Multiple Phylogenomic Data Matrices

Borowiec_total1080 (1,080) Borowiec_best108 (108)

10 =

30 =
10— l I I | I I l l I
10 =

yanl EST_ Opisthokonta (406) Ryan_EST_Choanoflagellata (406)

40 =
30 =

- |

-10=

Whelan_Datasetl_Opisthokonta (251) ‘Whelan_Dataset]l_Choanoflagellata (251)

Lt

Whelan_Dataset16_Opisthokonta (89) Whelan_Dataset16_Choanoflagellata (89)

Phylogenetic Signal

Genes

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




Summarizing Phylogenetic Signal Across Genes and Sites

—

N

! — T2
/)

2 .

C

Q

O

©

g—
b T1

Genes Sites
100 -
75 -
50 -
25 -

Da'tase'ts'

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

Plants Vertebrates Yeasts

Phyloggnetic Signal

I

f P

Genes

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




The Signal in Some Branches is Very Strong...

T1 (Turtles are
sister to birds +
crocodiles)

; —
T2 /

(turtles are sister
to crocodiles)

Phylogenetic Signal

Genes

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




Phylogenetic Signal

...But in Others It Stems from One or Two Genes

~ Topology 1
Saccharomycetaceae /
} Saccharomycodaceae
Phaffomycetaceae
- — " Ascoideacene
175 = <Pichiaceae Topology 2
150 - 4|: Saccharomycetaceae /
s CUG clade Saccharomycodaceae
100 4 Phaffomycetaceae
50 = Pichiaceae
7 LL CUG clade
e d — Ascoideaceae
Genes

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




Phylogenetic Signal per Gene for the Two Hypotheses

1233 genes, 86 yeast taxa

>—= 300- i

= < Removal of this

g i gene switches T

=% 200- support from T1

S -2 to T2 ~T1
O

% 8 100 -

£

- 0 3}T2

Genes

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




What Happens if we Remove That One Gene?

Plants Vertebrates Yeasts
Q
«
w 3
2 3
2 3 3
3‘ E % ; ~ 'S T <
5 =2 s 2 w § g§ g2 3
7 w - l¢) o =1 =} - —

Full dataset

One gene randomly
excluded

Gene with the strongest
signal excluded

suadso13uy
IprIS-YNV

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.




BT 12 | Others

# of genes excluded

Quantifying the
Impact of
Removing

Opinionated Genes

Shen et al. (2017) Nature Ecol. Evol

Plants

500 =

400 —
300 =
200 <
100 -

100 —I
0— 24

~100 =

150 =
100 —
600 —
400 —
" |I
200 —
150 —
100 —
: |I
15000 —
10000 —
5000 — I

9000 —

6000 —
= M -

200—
O_L-

-200—

-400—

'I

0— -__—
200 _1
—-800—
1000 -
lllﬁ

2000
1500~
1000—

300 -
—400—
—600—

15000—

10000 —
5000 -

60000 —

40000 —

20000—

AInL

10 :0 lOOOm-

Fungi

300 —
1000— 200—-'
0_.
Il  —
_lm_

800 —
600 —

400 —
’m‘llll.—

500—-
400 —
300 =
200 —
100 l-
3000—-
70m_
1000 =
3000 —
2000 =
1000—-

1000—

300—
200—
+ -

10000 —

7500 —
5000 —
1500_.

3000 —
2000 —

10 50 IOOOm



BTt T2 | Others

# of genes excluded

Which Branches
are Resolved and
Which are
Unresolved?

AInL

15000 —

10000 —

5000 — I
9000 —

6000 —
I Il

Shen et al. (2017) Nature Ecol. Evol
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Methods for Phylogenomic Inference

concatenation

supermatrix

w
y
¥
,

gene1 gene2 geneld gened

species A I NN 1
species 8 N N I—
species C N WS =
species D N N I
species E 1IN N =
‘single step’ coalescent ‘two-step’ coalescent

pm

estimated gene trees

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




What Happens if we Remove One Site from Every Gene?

Site with the strongest
signal excluded

Plants Vertebrates Yeasts
G

A o =

©Z & 53 = = 3>‘ tr = 7

203: 2 § 2 & = & £ g 4 -

= . = = b o
s § £ § & < & & = g g
S8 5 e =] = B B z B 2 =
w 72} 7 7] w - = = =] - [¢]
One site randomly
excluded

T1: strong support ~ T1: weak support T2: strong support  T2: weak support Others: strong support Others: weak support
BS > 70% BS = 70% BS > 70% BS = 70% BS > 70% BS =70%

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




Removing 1 Site Alters the Topology

Ornithorhynchus anatinus (Ormithorhynchus)

Monodelphis domestica (Monodelphis) —

Sarcophilus harrisii (Sarcophilus)

Macropus eugenii (Macropus)

Dasypus novemcinctus (Dasypus) —

Choloepus hoffimanni (Choloepus) —
Echinops telfairi (Echinops) —
Loxodonta africana (Loxodonta) —

Canis familiaris (Canis) —

Erinaceus europaeus (Erinaceus) —

Homo sapien (Human) —

el R

Mus musculus (Mus) —

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




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)



The Making of Biodiversity across the Yeast Subphylum

THE UNIVERSITY

WISC6NSIN - VANDERBILT

MADISON UNIVERSITY

Hittinger lab Kurtzman lab Rokas lab



The Making of Biodiversity across the Yeast Subphylum

* Sequence the genomes of
all ~1,000+ known
budding yeast species

* Construct their definitive
phylogeny and timetree

*+ Examine the impact of
metabolism on yeast
diversification

** Revise their taxonomy

Hittinger / Kurtzman / Rokas Labs; http://y1000plus.org




*» Sequenced the genomes of 220 species (196 Y1000+
species + 24 RIKEN genomes); most of them are from

type strains
“* + 112 publicly available genomes -> 332 genomes

* Sampled taxa from 79 / 92 genera (~85%)

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



Genome-Scale Phylogeny of Budding Yeasts

Brettanomyces

o

Yarrowia &
\ N
\

Saccharomyces

Candida
albicans

A

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

332 taxa
2,408 genes



The 32 Conflicting Branches in the Yeast Phylogeny
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Distribution of Conflict on the Yeast Phylogeny

-----
......

=== Lipomycetaceae

mmms Trigonopsidaceae

Dipodascaceae /
Trichomonascaceae

== Alloascoideaceae

wm Sporopachydermia clade

mmm CUG-Ala clade

=== Pichiaceae
CUG-Ser1 clade
CUG-Ser2 clade

== Phaffomycetaceae

mems Saccharomycodaceae

mmmm Saccharomycetaceae

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



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 capsulata
Candida boidinii

Candida arabinofermentans
Ogataea polymorpha
Ogataea parapelymorpha
Brettanomyces bruxellensis
Brettanomyces anomalus
Pichia membranifaciens
Pichia kudriavzevii

Babjeviella inositovora

CUG

Candida tenuis

EEE— Hyphopichia burtonii

Candida auris
Clavispora lusitaniae
Melschnikowia bicuspidata

Metschnikowia fructicola
—— Debaryomyces hansenii

3¢

1 Meyerozyma guilliermondii
Meyerozyma caribbica

Suhomyces tanzawaensis

Scheffersomyces stipitis
Spathaspora arborariae
Spathaspora passalidarum
Lodderomyces elongisporus
Candida parapsilosis
Candida orthopsilosis
Candida dubliniensi.
Candida albicans

Candida maltosa

Candida sajae

Candida tropicall

)

Ascoidea rub

Wickerhamomyces ciferrii
|_: Wickerhamomyces anomalus

|_|: Cyberlindnera fabianii

Cyberlindnera jadinii
[ Hanseniaspora vineae

|_: Hanseniaspora uvarum

Hanseniaspora valbyensis
Lachancea kluyveri

;
Lachancea lanzarotensis
\_|_|: Lachancea waltii
Lachancea thermotolerans

Eremothecium coryli

; '
Eremothecium cymbalariae
\_|_: Eremothecium gossypii
'Ashbya’ acert
Kluyveromyces aestuarii
Kluyveromyces wickerhamii
Khiyveromyces marxianus
Kluyveromyces dobzhanskii
Kluyveromyces lactis
Torulaspora delbrueckii

I s

|_|: Zygosaccharomyces bailii
Zygosaccharomyces rouxii

Tetrapisispora blattae

Unresolved

—
1 Vanderwaltozyma polyspora
Tetrapisispora phaffii

Naumovozyma castellii
l_: Naumovozyma dairenensis

WGD

Shen et al. (2016) G3

|_: Kazachstania africana

Kazachstania naganishii
Candida castellii
Nakaseontyces b
Candida glabrata
Candida bracarensis
Nakaseomyces delphensis
Candida nivariensis
Saccharomyces uvarum
Saccharomyces eubayants
Saccharomyces arboricola
Saccharomyces kudriavzevii
Saccharomyces mikatae
Saccharomyces paradoxus
Saccharomyces cerevisiae

1l ;
pOTlS

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 Topology 1
— — Saccharomycetaceae /
© - Saccharomycodaceae
€ 30-  Removal of this ~| ' i
.({—) g ene ( D PM1) \ Phaffomycetaceae
_f_j 200_ switches Support I Ascoideaceae
GCJ fromT1to T2 4|:<P1chlaceae
:',, 100_ UG clade
E‘ () —4thots i et ,11, T e WV Topology 2
a Saccharomycetaceae /
Saccharomycodaceae
Genes
: Phaffomycetaceae
‘[‘Pichiaceae
- CUG clade

Ascoideaceae

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




Sampling of 3 Additional Taxa “Breaks” the Long Branch

i [ Phaffomycetaceae
‘ T Saccharomycetaceae /
! . Saccharomycodaceae

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




Sampling of 3 Additional Taxa Decreases Gene’s Signal

2,408 genes, 329 — 332 yeast taxa

300 DPM1

|
(o)
(e

Phylogenetic signal (1 taxon)

Phylogenetic signal (4 taxa)

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



Genomfart?

*» Parts of the tree of life are more likely to resemble a
bush rather than a tree — do we expect that we can
confidently infer every branch and twig?

*» Bootstrap-based measures not useful in large data sets

*» Methods evaluating conflict among data subsets (e.g.,
internode certainty among genes or sites or
concordance factors) are preferable

» Explicitly identify internodes that, despite the use of
genome-scale data sets, robust study designs and

powerful algorithms, are poorly supported

*» Taxon choice matters & more data will help!



The Way Forward

t il ACCCGATAGACAA
taxon 2 =S
taxon 3 2 ocieew

taxon 4
taxon 5 . .
taxon T  ssomes & i en

taxon 8 - TN .. - _> Yy _>
taxon 9  ....... G.....
ta%on 10 Tuowusneseoaws
taxon 11 T........

taxon 12
tax

Apply different
phylogenetic Assess conflict
— analyses (diff. \ (e.g., use internode

Multiple sequence
alignment / data
matrix

: optimality criteria / certainty /
reconstruction i
diff. approaches) concordance
factors)

/“

Investigate alternative
hypotheses for branches
showing conflict / assess

sensitivity of results

Only report resolution of
branches that you have -
support for




Rokas Lab

“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)
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