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Phylogenetic tree: a visual representation of the
relationship between species, taxa, individuals, or
populations.
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On the origin of species
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| use phylogenies to address:

Empirical
~=: Biodiversity: The origin and evolution of biodiversity
€ Biogeography: Why do species live where they live
-+ Tempo and mode: What are the rates of evolution

Phylogenomlcs and evo/eco: Molecular evolution and
e ecological adaptations

Methodological
; Genomes and transcriptomes for evolutionary biology
~ and ecology
%@%Phylogenetic methods
How do we know what we know
Divergence time estimation
Biogeography, niches, and phylogenies



“I would rate this as excellent 5 star
service. I'll definitely be ordering
phylogenies from you in the future :).
Plus you offer up the biggest
phylogenies with more dated nodes
than anyone in the business!!! You
need a Yelp page!”

After returning a draft tree of plantsin a
record 5 minutes

Amy Zanne



* Why build bigger trees?

* Building a better tree of life to
address large scale questions about
biodiversity

* A comprehensive dated seed plant
phylogeny



If we build a
better tree of
life, can we Iearn?’:’j

more about ” §
biodiversity?

CAN WE CONSTRUCT A COMPLETE TREE OF
LIFE?




tobacco

100 maize Adh2
barley Adh2
100 57
rice Adh2
96 maize Adhl
barley Adhl
e 33 rice Adhl
Washingtonia AdhB
-
67 Calamus
700 —— Phoenix
100} Washingtonia AdhA
lettuce
99
potato

1.0% divergence

Gaut et al., 1996
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Rates of
niche
evolution

Phylogenetically
corrected PCA

Herbaceous plants
occupy larger climatic
niche space

Woody plants occupy
smaller climatic niche
space

Often occupy different
spaces

PCA2

PCA 2

PCA 2
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Grasses

5th most diverse angiosperm
“family”

over 800 genera and more
than 10,000 species

C3 and C4 photosynthetic
pathways




What about C4?

Pooideae Typically C4 had been
associated with
evolution into warm

habitats

Photosynthetic
pathway

I C3
I C4

Bambusoideae

Ehrhartoideae

Edwards and Smith 2010, Edwards et al. 2010,

Micrairioideae Grass working group 2012

Centothecoideae



What about climate (mean annual temperature)?

Grasses are
ancestrally warm.
Unlikely associated
with C4

Pooideae
W ‘\‘\\‘}“\\\\\\ :
ol =

MAT (2C)
Il -16 to 10
M 10to 13
[ 13to 16
Il 16 to 29

Bambusoideae

Ehrhartoideae

Edwards and Smith 2010, Edwards et al. 2010,
Grass working group 2012

Micrairioideae Centothecoideae



What about climate (mean annual precipitation)?

Pooideae

With each C4 transition,
there is a transition to
dry

C4 is associated with
shifts into dry habitats,
not hot habitats

MAP
Il <1000

= 1000-1500
I 1500-2000
I > 2000

Bambusoide

Ehrhartoide:

Panicoideae

Chloridoideae

Edwards and Smith 2010,
Edwards et al. 2010,
Grass working group 2012

Micrairioideae Centothecoideae



Did temperate plants adapt before or after they moved?

. T olidae
Tropical is likely ancestral for N

flowering plants

Temperate plants have many
adaptations to colder and seasonal
climates

* Deciduous

* Herbaceous

* Vesselsize

Did these adaptations occur before or
dafter movement into temperate
climates

Zanne et al. 2013, Zanne et al. 2014



Did temperate plants adapt before or after they moved?

From woody
to herbaceous

before Woody
. Not freezing
freezing
Herbaceous

Not freezing

Herbaceous
Freezing

Woody
Freezing

Trait first Simultaneous Climate first
58.0% 0.0% 42.0%
Herbaceous
before
moving

From evergreen
to freezing
before deciduous

Evergreen
Not freezing

Deciduous

Not freezing
Evergreen

Freezing

Deciduous
Freezing

Trait first Simultaneous Climate first
36.7% 14.6% / 48.7%

Deciduous
dafter
moving

Zanne et al. 2013, Zanne et al. 2014




What flower types increase diversification?

Are there particular flower
combinations that contribute to higher
speciation?

* Corolla present vs corolla absent?

* Bilateral symmetry vs radial symmetry

» Stamens many vs stamens few




Evolution of biodiversity and flowers
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Transcrlptomes
for evolution

WHAT ARE THE PROCESSES THAT UNDERLIE
WHAT WE SEE IN MOLECULAR DATA?




Molecular data availability

Genbank Bases

240000000000 —— GenBank
Bases
180000000000
3
% 120000000000
m

60000000000




Molecular data availability (with whole genomes)

2000000000000

1500000000000

1000000000000

Bases

500000000000

WGS and GenBank

—— GenBank
Bases

— WGS Bases




Typical phylogenetic analyses Transcriptomic and genomic

phylogenetic analyses
* 1-10 genes

. °* 140 genes. Metazoa (Dunn et al. 2008
* 17 genes. Plants (Soltis et al. 2011) 408 ( )

* 19 genes. Birds (Hackett et al. 2007) " 242 genes. Metazoa (Ryan et al. 2013)
* 248 genes. Turtles (Chiari et al., 2012)

* 1185 genes. Molluscs (Smith et al. 2011)

* 1720 genes. Rice (Cranston et al. 2007)

* 2970 genes. Seed plants (Lee et al. 2011)
* >8000 genes. Birds (Jarvis et al. 2014)

*259 genes. Birds (Prum et al. 2015)

* 859 genes. Seed plants (Wickett et al.
2014)



Neomenia megatrapezata

—| . ) Neomeniomorpha
Ao 59/84/100/93 Greenland neomeniomorph
culifera o
) Chaetoderma nitidulum Chaetodermomorpha

Chaetopleura apiculata Polyplacophora

Laevipilina hyalina  Monoplacophora

100/98/100/99 . .
— Nautilus pompilius

« Idiosepius paradoxus
—E Cephalopoda
—* Euprymna scolopes

*

Octopus vulgaris

l— Antalis entalis
O u S C Gadila tolmiei

100/70/100/89 — Littorina littorea

I ik A llyanassa obsoleta
h y l l y Conchifera’| — ———— Aplysia californica
* — Lymnaea stagnalis
E Biomphalaria glabrata
99/79/100/1
Siphonaria pectinata

Perotrochus lucaya

Scaphopoda

* 14 transcriptomes added
to existing genomes and

*

4‘_7 Haliotis discus
N
30/74/24/52 Haliotis asinina

Lottia gigantea Gastropoda

EST datasets ]

100/84/100/100

e RAXML pa rtitioned Yoldia limatula
86/62/73/62
analyses

Nucula expansa
96/100/100/31

Solemya velum
Hyriopsis cumingii

e PhyloBayes CAT model : V0088 iy e

99/100/100/99

Mizuhopecten yessoensis

Argopecten irradians
100/26/0/100 Mytilus galloprovincialis

e MrBayes unpartitioned

Mytilus californianus Bivalvia

e general agreement i Pinctada martensi
100/67/53/99 )

between 301 and 1185 gene Crassostrea viginioa

datasets

69/95/100/90 Crassostrea gigas

— Ruditapes decussatus

Node Support Legend L Ruditapes philippinarum

A/B/C/D (all values are percent)

A - Bootstrap, RAXML WAG, Big matrix

B - Bootstrap, RAXML WAG, Small matrix —_—

C - Posterior probability, MrBayes WAG, Small matrix 0.08

D - Posterior probability, PhyloBayes CAT, Small matrix

*100/100/100/100 support Taxa with new data shown in green

Smith et al., 2011




Caryophyllales

Sarcobataceae
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Caryophyllales

>12,500 species in 39 families

extreme disparity in life history and
ecology

Stephen A. Smith




\elgY

Carn

Stephen A. Smith



Ironments

Cold env




ications

if

ic mod

Photosynthet




ications

if

ical mod

Morpholog




Caryophyllales

NSF DEB funded

300 transcripomes broadly sampled

investigate phylogeny and climate

determine utility of transcriptomes
for addressing broad evolutionary
questions

Sam Brockington
(postdoc - now curator
at Ucambridge)

Michael Moore (co-PI) Ya Yang (postdoc — now employed at Uminn)



Driving biological questions

Is there a molecular signature of life
history across the genome?

«m, Are gene/genome duplications
<!> associated with diversification?

., Can we determine gene families that
b have been important for new traits or
ecological adaptation?




Genome duplications

genome
--E-B-E- - - DR -

compare

Num of genes

Ks

duplicated genome at time x
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compare
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Num of genes
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Aizoaceae_Zaleya_pentandra_H
Aizoaceae_Trianthema_portulacastrum_H
1 0.01 Aizoaceae_Delosperma_echinatum_H 0.1
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Nyctaginaceae_Boerhavia_purpurascens
Nyctaginaceae_Boerhavia_lorreyana_2n=52
Nyctaginaceae_Boerhavia coccinea SRA_2n:

Paleopolyploidy events supported by both gene
tree topology and distribution of synonymous

distance between paralogs (Ks)
Paleopolyploidy supported by Ks alone bt bt

— X _stipitata_2n=34
L— Nyctaginaceae_Bougainvillea_spectabilis_2n=34
Nyctaginaceae_Guapira_oblusata
Nyctaginaceae Pisonia_aculeata_2n
Nyctaginaceae_Pisonia_umbellifera 2n=134"
Binsoone. Hitara. taiiola an=36
Rivinaceae_Rivina_humilis 2n=108_
Rivinaceae_Petiveria_aliacea._2
Rivinaceae_Seguieria_aculeata
Phytolacsacese_Phytolacca_americana.
Pryioiaccaccas. Pryionaca. Bogerencis 2ness
yiolaccaceae._Phytolacca.dioica.

. Anisomeria_litt
Phytolaccaceae_Ercilla_volubilis
r us_vermi =3
rcobataceae_Sarcobatus_vermiculatus_MJM_2n=36
€

/ctagin
Nyelssateas. Cyphomers_gypso
e Alonie: incarnata,2

nata Bnedo

Nyctaginaceae_Mirabilis_jalapa
Nyclaginacoao_tirabil_jalapa_2n=58
Nyctaginaceae_Mirabilis_mul

ovu

Aizoaceae_Sesuvium_portulacast
Aizoaceae Sesuvium Verrucosum
‘eae_Cypselea_humifusa
Aizgaceas Zaleya_pontand
izoaceae_Trianthema_portulacastrum
‘Azoaceas. Trianthema _portlacastrur sm ras 20
=54

Azoaceae_Delosperma_echin
_cryst:

ortulaca_pilosa_2n=8
Portulaca_sulfrutescens_2n=8

P
Portula %
caceae |
»_Portul a_2n=18
Portulacaceae_Portulaca_oleracea_SRA_2n=18
— Portulacaceae_Portulaca_molokiniensis_2n=40
[ (] o filamentosa_2n=18
Anacampserotaceae_Talinopsis_frutescens
Gatacese.Leuenbergoria Iychnidilora_2h=22
Cactace ia_ble 2
s ia_:
Caclacego_Peroskia grand foli
Cactacs -2n

expanded analysis with
50 more taxa added |

Satlaceaq_Nopaioa. cocnanmiiiera. 37252
Talinaceae_Talinu
Talinaceae_Talinum_paniculatum_2n=24

Talinacsae Talinum_poriulacifolun 2n=48

Montiaceae_f X
olluginaceae. Mollugo_cerviana._2n=18
- Mollugo_nudicaulis.

ollig vemcmam 2

e_Mollugo pemaphy\l
orsrs

2
lanata_20=18

¥ s

Ehansses i
Chonapodiacose Suneds Inars s
Ghonopodiaceas vsporsia. zne1s
%T‘snuped

-0ac_Salicor X
iaceae”Halogeton_glomeratus 2n=1
Chenopodiaceae_Haloxylon_ammodendron_2n=18

Chenopodiaceae_Bassia_scoparia_2n=18
r Bota_maritima_2n=18
L Chenopodiaceae_Beta_vulgaris_2n=18
aranihaceae_Alternanthera_brasiliana
ltornanthera_philoxoroides_2n=64
sossils 2n=28 52 34_40_88

illeminea_densa_var_aggregata
4058

L Amaranthaceae_Froelichia latifolia
. Tidestromia_lariuginosa 2

Amaranthacase Aerva sl 2ni
maranihaceas Aerva Javanica 2n-32
Amaranthacoas Amaraminia mpoooNcUS_PAC 2n=02
! Amaraninaceae Amaranthus hypochondriacus 2n=32
AL elfonss S1-2 51

22 duplications (so far -
analyses are on-going)

L] i sese, Amacanihss icolor 5
e TP A
- g _spinesden
— rastum_ onanu_subs wigare_
e ot P O
CavormGetae Ceprodats Sarluss 2r-cs

_Arenaria_serpyllifolia_2n:
Caréaphy laceae_Honckenya_peploides s
ophyliaceae_Schiedea membranacea. 2n=44-60
Caryophyliaceas_Seleranthas,  golycarpos
Colobanthus_ qmlensws 2n=80

Likely to continue to

= — “Dianthus 30
— oo Canplscene Vet 1 ds o
ypsonila repens 2
L canopiylatose-Sapora S Chicinaiis. 2228
aryophyliadeas Siene atifolia 2n-24
Ganjopnyiceas Sie s 4
Canyophyliac

oo
Caryophyllac

Saryopnyllacoao_Sion
S insane Shone. oauis subsp_ Schiescans. 2
o 2n=2s

— Caryophy/iaceae. Evamugone Bovort usap. Gaterionm hei_o6
_Spergularia_media_2n:
Cavyopnyuaceae Drymaria._cordata_20-24 38
i rum_vertcifatum. 2n=70
L caryophyllaceae_Polycarpaea_repen:
Caryophyliaceas. Hernlaria,latfolia_zn r
Corriglola_ltorals_2n=
Caryophyljaceas. Tlsohiur. imperati
- - halimifolium
._Microtea_debilis_2n=18
- _Physena madagascariensis
Simmondsia_chinensis_2n=52
Polygonaceae_Muehlenbeckia_platyclada_2r
onaceze._Fallopia_convolvulus, 2
Palygonaceae. Reynou ma Japon s
Polygonaceae_Ems

Yang et al. in review

Polygonaceas. Polygonum sviculas,2n-do_60

‘eae_Rumex_hastatulus

umex acetosa. sn=id.
o0

18
15

Polygonaceae_| Rumex. palustris. 21

I,
Polygonaceae_Rheum nobile
Polygonaceas. Rheum. thaparbarum_2n=22

a aricum_2

Persicaria

= L—— Polygonaceae_Persicaria_virginiana_2n=:
Folyganagsas. Plerostegia_drymarioides_2n=28
2

_b Polygonaceae_Ruprechtia_s salwcw olwa 2
Polygonaceae_Antigonon_leptopus_2:
o Plimibago_auriculata_2n=14
,_Limonium_spectabil

Tamaricacoao_Reaumuria_soongarica_zn=22

» Nepenthes_alata_2n=80
1 L 'Nepenthacene_Noponines_aiaia SFe. 2

_lusitanicum_2n=12




Duplications and diversification

* It has been suggested that diversification is
associated with genome duplication

* This is highly debated in the literature

 From Tank et al. 2015

* Suggests that duplications (in
green) general precede
diversification shifts (in red/blue)

* Using 9 duplications




Dated phylogeny of Caryophyllales

Nyctaginaceae,
Phytolaccaceae, etc.

Amaranthaceae

O
Molluginaceae ,M&>

A

Portulacaceae,

Montiaceae, etc. [IB Caryophyllaceae

5036 taxa
7 genes

Stephen A. Smith
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Caryophyllales: annual mean temperature

Nyctaginaceae, Caryophyllaceae
Phytolaccaceae, TV

Amaranthaceae




Adaptations

Gypsum/

Succulence Halophytes

Halophytes

Gypsum/
serpentine




Amaranthaceae annual mean temperature (red = hot, blue = cold)

putative duplication

diversification AR i /) 7, \, Polygonaceae
SANA\S \ b 7,

diversification (on treeset)
(on ML)

Caryophyllaceae

Nepenthaceae+
Droseraceae

Bioclim 1

© Diversification shift (MEDUSA ML) /L
@ Diversification shift (MEDUSA set)
O Putative duplication

Nyctaginaceae+
Phytolaccaceae+
others

Cactaceae

Aizoaceae

Portulacaceae+
Montiaceae+
others




annual mean temperature (red = hot, blue = cold)

[] putative duplication I =

diversification o Diversification shift (MEDUSA ML) A
diversification (on treeset) ® Diversification shift (MEDUSA set)
(on ML) O Putative duplication

Bioclim 1

Portulacaceae+
Montiaceae+
others




Amaranthaceae annual mean temperature (red = hot, blue = cold)

putative duplication

diversification AR i /) 7, \, Polygonaceae
SANA\S \ b 7,

diversification (on treeset)
(on ML)

Caryophyllaceae

Nepenthaceae+
Droseraceae

Bioclim 1

© Diversification shift (MEDUSA ML) /L
@ Diversification shift (MEDUSA set)
O Putative duplication

Nyctaginaceae+
Phytolaccaceae+
others

Cactaceae

Aizoaceae

Portulacaceae+
Montiaceae+
others




Amaranthaceae principal component 1

D putative duplication

diversification

diversification (on treeset)
(on ML)

Polygonaceae

Plumbaginaceae
Caryophyllaceae | L

Nepenthaceae+
Droseraceae

iversification shift (MEDUSA ML) ke
@ Diversification shift (MEDUSA set)
O Putative duplication

Nyctaginaceae+ '\,
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others




Climate shifts and genome duplications

temperature

Co-optedin
adaptation to new
environment

Duplication

temperature

4+ .
+

dup sister




Summary of results
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Summary of results

Duplications are not associated
with diversifications

Duplications occur before
diversification

We need a better description of
the biological model that would
associate diversification and dups

Many duplications associated
with expanded climate ranges

Combining these paradigms will
likely transform evolutionary
biology

Smith et al. in review
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What would we like to do?

We would like a phylogeny that is
°Accurate and precise

°Has branch lengths relative to time
cComprehensive




Why is constructing a tree
for all life hard?




Challenges

Computational challenges
> Tree spaceis large
> Datasets can be large
o Basic limits on computational time and memory

Biological challenges

> Some nodes are difficult to resolve because of biological reasons
> Incomplete lineage sorting
° Horizontal gene transfer
> Duplications and loss

Data challenges
> We haven’t collected all of the data (yet)
> Some of the data is difficult to include in datasets



Tree spaceis large

: Y
* 5 species =105 trees Number of rooted trees = (Zn 5)
2n=3(n — 3)!
* 6 species = 945 trees
* 7 species = 10,395 trees Number of stars in the
universe is between 20 and
° 9 species = 2,027,025 trees 30 species

° 20 species = 8,200,794,532,637,892,000,000 trees /

* 30 species = 495,179,769,008,019,800,000,000,000,000,000,000,000
trees

° 40 species =57 zeros
* 60 species = 96 zeros
* 80 species =139 zeros

Finding the best tree is NP-hard



Edges can be difficult to resolve

. Cnidaria t ~ !l !‘
‘@ W Placozoa Bllaterla
% Porifera

Ctenophora

Dunn et al., 2008 Eumetazoa
Pick et al. 2010

Ryan et al. 2013

Phillipe et al. 2009 \

Metazoa

Hinchliff et al. 2015
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Smith et al. 2015 0.06




Nature of molecular data

* major sequence database (GenBank) stores
species taxonomy but not gene taxonomy

* hard to get gene identification for all of GenBank

> all genes for species x

* NOT all the species for gene y




PHLAWD

Algorithm

Phylogenetic dataset assembly
with databases 1. pick a group of organisms

- multithreaded C++ program for 2. pick a gene region - identify
assembly large phylogenetic sequences (x) that represent
datasets these genes

* automatically updating (as of 3.compare these seqs with those
Izquierdo-Carrasco et al. 2014) in the database (n) - so xn

comparisons not n*

* baited Smith-Waterman

4.test for saturation
* you provide sequences and it
does the rest 5.divide and conquer if saturated

* repeat 2-4 for additional genes

Smith et al. 2009, Izquierdo-Carrasco et al. 2014



Concatenate and construct a tree



Are data available to
construct a tree for all life?




Data for building trees are growing in both directions

* >30,000,000 sequences in GenBank
* >500,000 species in Genbank

* >2.5 million described species

* >10 million species




Are data available to construct a
tree for life?

*NO
> 500,000 species in GenBank

Are data available to construct a
tree for plants?




Species of plants with molecular data
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Genera of plants with molecular data
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ASTERIDS

Apiales Asterales
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Ericales 4 b SAEL

1 3 ) O 8 3 ge n e ra Caryophyllales
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128 gene regions e

Solanales

How many genes
speak to these
edges?

148,150 sites

Rosales

i Lamiales

Charophyceans
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Gymnosperms
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Are data available to construct a
tree for life?

*NO

Are data available to construct a
tree for plants?

*NO




What is the Open Tree of Life

project?

7 Tree of Life




Open Tree of Life

* Open Tree of Life (NSF AVATOL)
* 11 Pls working collaboratively

> 2.3 million species, extinct and extant

* Synthesize data from existing sources (trees and

datasets)

* Allow for annotations, comments, and

comparison

Qor

-\

Tree of Life



Open Tree of Life

* We don't have genetic data for all species?

* We can use taxonomy and other sources of
trees

* We have to scale to the millions
* Few existing methods can do this

* Solution: We need a novel way to combine trees
and to develop new methods for synthesis

\v

QoreN

Tree of Life

C seheAsm




a,b c,d

\O a,b,c,d




a,b c,d

.
a,b,c,d




Angiosperm Tree of Life (Soltis et al
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Open Tree of Life synthetic tree

* constructed taxonomy (OTT) with only evolutionary
lineages

* combined 484 studies (from our database of over 7000)

® 2,339,460 tips

* 37,525 tips are informed by phylogeny (many inform
deeper edges)

* opentreeoflife.org for adding trees or browsing
synthesis




How to Read the Circle of Life
A

Primordial life begins at the center and branches out in all directions,

leading to the groups of species that exist today (colored rings). Arthropods (insects,

arachnids, crustaceans)

Outer ring: Estimated proportion of all species

Scientists have identified about one

Inner ring: Proportion of the groups
g: rop group million arthropods (tan); millions

named to date > !
more remain undescribed

Each black line represents at least
500 descendant species
Dark lines: Many species have mosﬁlierfpe:g:sci;h;:
been genetically sequenced W spec

. g ay eqfl discovered will be
Light lines: Few s.pemes bacteria (orange) and
have been genetically archaea (magenta)

sequenced

Nematodes
(roundworms)
The first single-celled

organism from which all s
life has descended arose A?el;;:a n(:::gl.e
Lophotrocho- 35 billion years ago organisms that

zoa (mollusks, tolerate extreme
segmented conditions)
worms,
brachiopods)

Informed by
‘ taxonomy

Informed by
phylogenies

Y

Early diverging
metazoa (cnidaria,
comb jellies, sponges)

Many deuterostomia (gold) and
plants (green) are already genetically Early diverging
sequenced (dark lines) because archaeplastida (green
they are culturally or economically algae, red algae)
important (such as humans!)

SOURCE: “SYNTHESIS OF PHYLOGENY AND TAXONOMY INTO A COMPREHENSIVE
TREE OF LIFE;” BY CODY E. HINCHLIFF ETAL., IN PNAS, VOL 112, OCTOBER, 2015.

80 Scientific American, March 2016 Hinchliff et al. 2015 Graphic by Stephen Smith



Birds and conflict

* combine 233 trees into a
new tree for birds

* includes 13,579 taxa

* what if we compare to
other trees

|||||||




Conflict Support

Passeriformes,

|

* Support for a clade of Passeriformes

* Large conflict for the early diverging branches

Prum et al. 2016




Hackett Prum
Conflict

Passeriformes

Brown et al. in revision




Michigan phylogenies

How to Read the Circle of Life
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Michigan diversity

=1
County Plant Diversity

Click "D" for diversity or
"P" for phylo diversity
and hover over a county

50-100
100-250
.................. 250-500
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1000-1500
1500+

X

Leaflet | Map tiles by Stamen Design, under CC-BY-3.0:-Data by OpenStreetMap, under ODbL. |




Michigan phylogenetic diversity

|
County Plant Diversity

Click "D" for diversity or
"P" for phylo diversity
and hover over a county

.......
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1000-1500 ~
1500-2000
2000-2500
2500-3000
3000-3500
3500+

Leaflet | Map tiles by Stamen Design, under CC-BY-3.0:-Data by O




What about biodiversity?

How does diversification relate to rates of biogeographic movement?

Grasses




What about biodiversity?

How does diversification relate to rates of biogeographic movement?
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Comprehensive s
and dated tree  “%&
for seed plants

LET’S SEE A BIG PLANT TREE




Tree from Open Tree of Life

How to Read the Circle of Life
N

Outer ring: Estimated proportion of all species

i Com pre h en Sive (Or Inner ring: Proportion of the groups

named to date

n e a rl y S O ) Each black line represents at least

500 descendant species

° Resolution in many We” Dark lines: Many species have

been genetically sequenced
Light lines: Few species

S a m p I e d a re a S have been genetically

sequenced

° Can be u dated -
Limitations :

* Resolution may be poor |+

zoa (mollusks,
segmented

* No divergence times or s
branch lengths

Early diverging
metazoa (cnidaria,
comb jellies, sponges)

Many deuterostomia (gold) and
plants (green) are already genetically
sequenced (dark lines) because

they are culturally or economically
important (such as humanst)

o Primordial life begins at the center and branches out in all directions,
B e n e fl t S leading to the groups of species that exist today (colored rings).

The first single-celled
organism from which all
life has descended arose
3.5 billion years ago

arachnids, crustaceans)

Arthropods (insects,

Scientists have identified about one
million arthropods (tan); millions
more remain undescribed

Experts expect that
most new species to be
discovered will be
bacteria (orange) and
archaea (magenta)

Archaea (single-
celled micro-
organisms that
tolerate extreme
conditions)

Early diverging
archaeplastida (green
algae, red algae)

SOURCE: “SYNTHESIS OF PHYLOGENY AND TAXONOMY INTO A COMPREHENSIVE
TREE OF LIFE” BY CODY E. HINCHLIFF ET AL, IN PNAS, VOL 112, OCTOBER, 2015.

80 Scientific American, March 2016

Graphic by Stephen Smith



Combine GenBank and Open Tree

We developed a technique that will allow us to combine the efforts of the
Open Tree of Life and the data on GenBank

This is implemented in PyPHLAWD (Smith et al. in prep; Smith and Brown
submitted)

How to Read the Circle of Life
A

Primordial life begir h inall directions,
leading to the groups of species that exist today (colored rings).

Outer ring: Estimated proportion of all species

I ing: Proportion of th : Scientists have identified about one
Genbank Bases v eng: roporion ofhe groups o - milonarthropods anlsmlions
A & i, more remain undescribed
Each black inerepresents atleast ),

240000000000 500 descendant species W Y
Darklines: Many species have ) Fxperts expect it
been genetically sequenced 7 mm:;:’ ui':;ﬂﬁ b:
Light lines: Few species bacteria (orange) and
Z 2 archaea (magenta)

180000000000
The first single-celled
+ organism from which al =
life has descended arose
3
@ 120000000000
@
60000000000
0 Early diverging -H

metazoa (cnidaria,
comb jellies, sponges)

Early diverging
Date archaplastida (green ¥
algae, red algae) e
£33

80 Scientific American, March 2016 Graphic by Stephen Smith




Procedure

Get a list of clades
> We construct trees for monophyletic orders (roughly)

For each clade
o Cluster and identify homologs

> Construct phylogenies (assuming monophyly)
> Test monophyly constraints and remove if necessary
> Re-estimate phylogeny with constraints removed

° Estimate support
> Date

Add these new clades to a backbone
> OpenTree synth tree for comprehensive sampling

> Magallon dated tree
o Construct our own (work with Joe Walker - grad student in my lab)



Create folders that replicate the constraint tree

Each folder represents
some putative
monophyletic taxonomic

group

These constraints don’t
have to be in the final
tree. They organize the
data




Cluster and identify homologs

3) At each node in 1) At the tips, we
the tree, we record populate the folder
the clustersin a with sequences and
folder \ /\__ perform a clustering

analysis (MCL)

2) Cluster the
clusters with

BLAST. Align

alignments with —
mafft (profile)

Optionally, build trees

and break up long

branches into new

clusters (Yang and o
Smith 2014)




Constructing datasets

2) If clusters at

internal nodes still 1) Start at the tip
folders and get the

have high percentage

of species, we keep /\ number of species and

the deeper ones - those clusters with
high percentage of

species are kept

3) Keep good nested
and good deep
clusters




An alignment example

Gene regions
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Sampling in one clade \

Broader sampling across
clades



Website for each node/folder

Each clade has a
website with
cluster
information

Ericales 41945

Actinidiaceae 3623

name

num_species

avg unaln len

defline

Balsaminaceae 25692

Clethraceae 16611

Eriastrum sparsiflorum voucher
KANU:354712 tRNA-Leu (trnL) gene,

Theaceae 27065

cluster1825 fa | 2297 940.468437092 | partial sequence; trnL-trnF intergenic
Cyrillaceae 4339 spacer, complete sequence; and tRNA-Phe
Diapensiaceae 16673 (trnF) gene, partial sequence; chloroplast.
Ebenaceac 19955 Agapetes moorei chloroplast DNA, trnK
— cluster2228 fa | 2213 1417.07455942 intron including the matK gene, complete
Ericaceae 4345 = ’ sequence, specimen_voucher:
Fouquieriaceac 24902 MBK:Kuroiwa et.al 030333.
Fouquieriaceac a4Vz
Lecvihidaceae 3642 Aubregrinia taiensis 18S ribosomal RNA
y . o )
gene, partial sequence; internal transcribed
Marcgraviaceae 55360 cluster2168 fa | 1397 802.29706514 spacer 1, 5.8S ribosomal RNA gene, and
Mitrastemonaceae 91826 = ’ internal transcribed spacer 2, complete
e —— sequence; and 26S ribosomal RNA gene,
Myrsinaceae 16614 partial sequence.
Pentaphylacaceae 125045 Schima superba NADH dehydrogenase
Polemoniaceac 24584 cluster1797 .fa | 940 1518.97340426 | (ndhF) gene, partial cds; chloroplast gene
e ————— for chloroplast product.
Lrimniboas =033 Micropholis obscura voucher P00610293
Roridulaceae 91900 cluster1850.fa | 938 121372601279 | Fibulose-1.5-bisphosphate .
Sapotaceac 3737 carboxyla.se/oxygenasg large subunit (rbcl)
2aporaceac /o7 gene, partial cds; plastid.
Sarraceniaceae 4353 - - - -
Lysimachia remyi subsp. remyi voucher
Sladeniaceae 235238 cluster2360.fa | 680 936.613235294 | Marr 424 (NY) ribosomal protein L16
Stvracaceae 20008 (rpl16) gene, intron; chloroplast.
Styracaceae cUUVUs
Symplocaceae 20019 | cluster2211 fa |635 780.0094488 19 | Aubregrinia taiensis atpB-rbcL. intergenic
spacer, partial sequence; chloroplast.
Jurmstiocriinie 9508 Erica alexandri subsp. alexandri isolate
Tetrameristaceae 91901 Jcluster900.fa [501 792.896207585 | alexandri_EO12449 trnT-trnL intergenic

spacer region, partial sequence; chloroplast.




Assume monophyly until proven otherwise

* Some edges are impossible to reconstruct
without genomic data or otherwise difficult to
assemble datasets

* Can we assume that things are monophyletic?
* Certain clades?
* Major Linnaean groups? Orders, Families, Genera?

* Do we have to confirm this every run?




Constraint procedure

1) Calculate phylogeny 2) Test constraints 2) Recalculate the tree

with a constraint tree using a quartet with the constraint

based on taxonomy procedure (when tree as the ML tree
- there is strong with constraints

conflict, constraints removed
are removed

E

Replicate 1 F>L<J H>""<J J>""<F
Replicate 2 Z>L<T 2><

Pease et al. submitted




Example with Dipsacales

Valeriana_niphobia
Vakeriana, stenaphyla
Valeriana_convallariodes

[TL— VaREns Rl

a_decussata
[P eigpieaicon
Valeri
jaleriana_pycnantha

Valerisna interrypta
Aleriana_chacrophylloides

Valeriana_pi

et plantagines

Valeriana adscendens

Valeriana, tafamana
Valerna secunda
Valeriana_microphyll
e hirels
Valeriana aretioides
2, 00
riana_niphobia
riana stenophylla
iana convallrieidds
miana_parviflora riana_selerorum
Yaleriana bractesy Valeriana,_tanacetifolia
e erians phyliciodes |—|: Valeriana, bryophila
i whores [ Yaleriana.s 1iber|rllxldulu
riana tachirensis — _palmer
Valeriana tomentosa Valeriana,_candofleana
Valeriana, nivais Valeriana_scandens
Valeriana_spifoka

a_albonervata
- ———— "Valeriana _sorbifolia
Valeriana_edulis
Valeriana_texana
Valeriana_procera
Valeriana_prionophylla

Plectritis_congesta

Valeriana,_serratifolia
Valeriana,_decussata
Valeriana_pyramidalis

Valeriana,_coarctata
Valeriana_officinalis_subsp._tenuifolia

— Vs Valeriana_pratensis
jderina stuckens Vel
Valerians actorhiza Valeriana_sambucifolia_f._dageletiana
‘Valerian: ,,,,m, Valeriana,_sichuanica
Valerana, pratensis Vileriana, fauriei
Vakmna oﬂ-nlak‘x'_subw tenuifolia Vdalsnn;»wallmlhn
Valeriana_di -mm" /aleriana_minutiflora
Vakrunx nnﬂw(.rlnlu I _dageletiana Valeriana "‘ﬁo“ roma
\?Z 1a_k awak amil

ica
V*ruu wallrothii
2 fauriei

Valeriana minutifiors
a_kawakamii

Valeriana,_sisymbrifolia
Valeriana_tuberosa

Valeriana_hookeri
Valeriana,sitchensls

Conflicting support
for Valeriana = m: ==

Sinica
Valeriana_occidentalis

iflo
erans ok apauctios
ey, kp-2014 iyeriana stolonifera
Valeriana transjenis ensis o henoptera
Valeriana:sambuciiola S e Y.
o lerims Solaniters viana flaccidissima
Valeriana_cf._tripters. Hidalgo_218
Ve Facoissima Valerina prrénacs
Valeriana.stenaptera iana pseudofficinals
Valeriana_saliunca

Valeriana,rotundifoli segana
e |
" alerana, montana "ariana, montana
Valeriana_Supina Valeriana_rotundifolia
Viplerana_sauicon Valerana supina
“Vileriana cf._tripteris_Hidalgo_218 zi::: 9"";“1"'
e 'v Tana.pseudofficinalis . M f Valertana, allarifolia
Valeriana_salius L Valeriana_saxicola
Valeriana-globularifolia O n S r I n n Valeriana_alpestris
Valeriana_3pula ‘ a a
Vaierana, sliarifolia

Valeriana_longiflora

[

Centranthus_sicberi
Centranthus. rul
Centranthus, longolius
Centranthus_angustifolius
Centranthus. ecoqii
Seniranthus. evsdensis
Centranthus. trin
Centranthis 1. .cakitrapae, Romo,_& Sorino_13128
entranthus_macrosiphon

Valeriana_elongata
Valeriana celtica
3 cetca_subsp. norica

e this is the new

Centranthus. angustitolius Centranthus_calcitrapae
‘Centranthus_lecoq Valeriana_longiflos
ranthus_sieberi alerianella_pumila

s v
Centranthus ruber -
Contranhs Tongilaios 2
S o e Romo_& Soriano_13128 3
htrantius, itrapac_ Romo_& Soriano_ =" Slerianels locusta
Valer
riocarpa

Centranthus_macrosiphon
Centranthus_calcir
Plectrtis: brachystemon

e Valeriana

Valurandia s

ancla sien

.;m,..."f.;‘:ﬁ:..
et

42 geaciifiors
4|:‘——wp.nsmx
Fedia cormucopiac.

———— Nardostachys, plxrunn
Patrinia, monandra
atrin

L Nadostachys si
Pagrinia nm«opﬂyvlﬁ'

atrinia, villos
’?Jt'?..‘.'a‘ib. s Pari pess
i
Patrinia_gibbosa atrinia,gibbosa
Patrinia_saniculifolia




Place clades in the backbone/synth tree

1537850

pott24237

. - ott36276
mrcaott3450tt3853 ott425645

mrese 4 ott5233427

mrcaott2ott371

e —— pott179386
ott56528% ott784108

ott120824

ott5922333
| ott1008296

b5
pott543243
pott84975

542

fcaott2ott8384

3

micaoftZoti 2464

ott1015632
ott34013

bott128315

ott396446
Pott249575
fott337878

0tt108502

ott55260
| ott5316182 [] mrcaott2480tt320 — ott55259

mrcaott248ott1191 ott59472

otf596112 3 ott5502793

] ot{853757 Pott381067
fcaott2480tt27233 ott66740

3

y3
ott147134
p2

micadtt2ptt62529 micaott2480tt20991 ott37775
micadtt2ptt969 micactt248ett10053—{—] 0116038090

ott#3TATS — - i Fottao002
ott512537

—1 micadtt2ott8379 [ | mrcaottZ43oticSs

ott427739

ott333076
ott388980

[] mrcaott2ott121

mrcaottl2lott334 0tt1001146

] mrcaottI2Iott1439 ott557124

145298374

micaott121ott2256
’_1—1:53 8424 ott268400
micadttzott35776 { ott5390

ott29117

micadtt2ott2645 ‘ ott162503
ot{99252 0tt295828
ott10218 ott5143618

o

9

Stephen A. Smith




What does the data look like?

79,759 sampled from GenBank

ott85422
ott465301
ott76388
ott691373
ott357688
ott22754
ott5522361
ott974012

ott5760864

mrcaott3200tt1673
$tt596121 T

ott559191
0tt91096
1914006

Number of tips: 79,875

mrcaott11910tt2192
Gentianales.
mrcaott248ott320

mrcaott248ott119

Number of internal nodes: 79,813

rcaott248ott2

ott3886013
ott826083

ott862722
ott3881934
0tt899966
ott648849
1933753
ott1066192
ott5336397

ott201856
ott211515
ott30057

61 unresolved nodes

ott457549

ott1047527
ott31113

ott1059176

ott4724315

ott55792
ott716252
1884282

ott610879

ott554053

ott662825

ott400961

ott426174
ott827120

ott5748974
ott889187
ott234441
0tt1059616

[1ott5316182

ott1008296

ott807790
ott100704
ott715337
1891965
ott316089
ott761375
0tt3930455
ott3932265
ott146312

11853757

rcaott2ott8384
rcaott20tt8379)

caott2ott62529
rdaott2attO6a

rcaott20tt2464

ott6115182
ott273937
ott6123676
ott232131
ott947819
ott452399
ott5740697
ott491531

ott507157

ott431495
rcaott2ott10930

Asparagales.rn.dg _—

ott645622
ott733347
ott1003746
ott678809

ott657075
ott413548
ott490061
ott243472
ott43076

ott442881

mrcaott2ott121

mrcaott121o; _nl—.!-———

ottl60119
ott252196
0tt3956230

115298374 rcaott121ott2256

4

TCaottZott35778
caott2ott2645

ott10218

ott2066
ott442400
ott1024387
ott284077
0tt105090
ott63551
ott391335
ott246402
0tt966939
ott5232053
0tt615992

Stephen A. Smith




Place clades in the backbone/synth tree

e g fiteier
mreaott3200tt1673 -
(L Griselinia_littoralis

Grevea_sp. _Thulin_et_al._s.n.

mrcaoti2480t320

Inreactt248ott650

Placosperma_buxifolium
frrcactiz4zon27233 capensis
Clethra revoluta

Schwartzia costaricensis

Bergia occultipetala
petes. floribunda

Pera_glabrata
Ruptiliocarpon_caracolito

Pentapetalae Quillaja_saponaria
Trema_integerrima
Datisca_cannabina

Emblingia_calcealiflora
unnerid: [harcan e — Muntingia_calabura

Xanthoceras_sorbifolium

Circaea alpina_subsp._imaicola
Penaca_cneorum_subsp._cneorum

Haloragis aspera
Platanus_arientalis

Stauntonia chinensis

] mreaott2ot121

Ecdeiocolea monostachya
Thuria_sphaerocephala
ftesangiospermae Sparganium emersum

Calectasia_intermedia
Stemona tuberosa
Acorus gramineus

Sparattanthelium septentrionale

licaott2ot12645
bt ctinie

Saururus_cernuus

160111

£5567
0001233

add Open Tree
back

0tt1059898

Alismatales.m.tre att4001421




What does the data look |

356,807 with GenBank and Open
Tree taxonomy

Number of tips: 356,807

Number of internal nodes: 84,416

rcao
C

Il mrcaott3200tt1673

mrcaott248ott320

rcaott248ott650

rcaott248o0tt27233

Boopis_filifolia.1
Corokia_macrocarpa

Griselinia_littoralis

Grevea_sp._Thulin_et_al._s.n.

Plocosperma_buxifolium
Vahlia_capensis

Clethra_revoluta

Schwartzia_costaricensis

Achatocarpus_praecox
0tt20991

lales rn d

Barbeuia_madagascariensis

272,390 unresolved nodes

Pentapetalae

[ Gunneridae

fMrcaott2o0tt837

Octoknema_sp._Nickrent_4560
Caloncoba_echinata
Bergia_occultipetala
Drypetes_floribunda

Pera_glabrata
Ruptiliocarpon_caracolito

mrcaott2ott3

Quillaja_saponaria

mrcaott371ott579

Trema_integerrima
Datisca_cannabina

Emblingia_calceoliflora
Muntingia_calabura

Xanthoceras_sorbifolium

Circaea_alpina_subsp._imaicola

rcaott20tt6252
faott20tt969

r

Penaea_cneorum_subsp._cneorum
Haloragis_aspera

eudicotyledons

Platanus_orientalis

mrcaott2ott121

Mesangiospermae

Stauntonia_chinensis

Ecdeiocolea_monostachya
Thurnia_sphaerocephala
Sparganium_emersum

Calectasia_intermedia
Stemona_tuberosa

rcaott20tt2645
licobuta

Acorus_gramineus

Sparattanthelium_septentrionale

Spermatophyta I'IV

Saururus_cernuus

Stephen A. Smith




Divergence time estimation

We use the Magallon tree as
a backbone for dates and
resolution

Details:

We use hard constraints for
clades that overlap with
Magallon

We run with treePL (Smith
and O’meara 2012)

= Gentianales
= Solanales

- Boraginales
= Lamiales

= Vahliaceae

= Qncothecaceae
= Garryales

= Paracryphiales
~ Dipsacales

= Apiales

= Bruniales

~ Escalloniales

= Asterales

= Aquifoliales

= Ericales

= Cornales

= Ca
+ Berberidopsidales
= Santalales

= Dilleniales

= Erqs&pales

oeplinuedwe) oepifiien

ophyllales

= Huerteales

= Sapindales

+ Picramniales
= Crossosomatales
= Myrtales

= Geraniales

+ Cucurbitales
= Fagales

+ Rosales

+ Fabales

~ Oxalidales

= Malpighiales

SepIAEIN

eepiqey

= C

= Zygophyllales

= Vitales

= Saxifragales

= Gunnerales

~ Buxales

= Trochodendrales
— Sabiales

= Proteales

= Ceratophyllales

+ Zingiberales

= Commelinales

+ Arecales

= Poales

= Dasypogonaceae
- Asparagales

= Liliales

+ Dioscoreales

Ranunculales

sepiuleLWo)

+ Pandanales

+ Petrosaviales

= Alismatales

+ Acorales

= Laurales

= Magnoliales

- Canellales

: Piperales

= Chloranthales
Austrobaileyal

aeplijoubep

= Nymph

2522

2989

325.1

2013 125 66

Triassic |

26

[_Paleogene |neogene]]

Jurassic | C

[[cetenters | Permian
[ Paleozoic

Cenozoic

Magallon et al. 2015

=~ Amborellales

= Pinaceae

= Cupressaceae

~ Ginkgoaceae

= Cycadaceae

~ Welwitschiaceae
= Gnetaceae
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Dated Alismatales

ott588578

ott328930
ott1 080685

011662651

ott367591

ott10218 T




With divergence times




With divergence times and Open Tree taxa

Boopis_filifolia.1
Corokia_macrocarpa

Griselinia_littoralis

Grevea_sp._Thulin_et_al._s.n.

Plocosperma_buxifolium
Vahlia_capensis
Clethra_revoluta

Schwartzia_costaricensis

Achatocarpus_praecox
Barbeuia_madagascariensis
Octoknema_sp._Nickrent_4560
Caloncoba_echinata

Bergia_occultipetala
Drypetes_floribunda

Pera_glabrata
Ruptiliocarpon_caracolito

Quillaja_saponaria

Trema_integerrima
kDatisca_cannabina

Emblingia_calceoliflora
Muntingia_calabura

Xanthoceras_sorbifolium

Circaea_alpina_subsp._imaicola
Penaea_cneorum_subsp._cneorum

Haloragis_aspera
Platanus_orientalis

Stauntonia_chinensis

mrcaottdot

mreaott121ott5 34 Ecdeiocolea_monostachya

Thurnia_sphaerocephala
Sparganium_emersum

Calectasia_intermedia
Stemona_tuberosa
Acorus_gramineus
Sparattanthelium_septentrionale
Saururus_cernuus

Spermatophyta

Stephen A. Smith



How about data overlap

We measured each edge for data
overlap between subtending left
and right edges

N

How many sites overlap between
any taxa on the left and any taxa
on the right?

Example

1 ACCCGTTT—---GTGG
2 AG-CGTTT-———G——-
++ +++++ + =

8




Arecales data overlap

n —al’

vy U\ PP
3y =

|

&
—x 7

J’!I/ //,

‘ ' High data overlap 2
7 . &
(multiple genes) =

1 ="
E — ———aa
-_- \ =
= I
f,“ Low data overlap

(~one gene)




Minimum:
Median:
Mean:
Maximum:

0
1792
2339.7
29229

no overlap

Frequency
15000 20000
| |

10000
|

5000

N

data overlap summary

~one gene

/

multiple genes

[ I I I I I I
0 5000 10000 15000 20000 25000 30000

number of sites




How about support?

We would like to ascertain support

> Bootstrap is too slow and maybe not
what we want

> Bayesian analysis is not going to happen

> aBayes and SH-Like are fine but aBayes is :. ..
limited and SH-Like requires that you have ) - FA ]

) b
the ML tree (we don’t because of Replicate 1 F>_< H>....<J J>....<F

constraints) . S - ;
Replicate 2 G>L<J H>....<J J>....<G

Concordant Discordant Discordant

To do this, we are using Quartet

CO n cord ance (QC) quartet topology topology #1 topology #2
. li =
Pease et al. (submitted) uartet Sampling = 052

QC=0 — equivocal conc./dis

CUEER TR GVEr QC<0 — disc. > concordant

How often is the concordant QC=1 — all concordant c
both discordant quartets?

[Quartet Concordance (QC)




Arecales support

tu“\:\ Wy -y :
\ ) /" -II/,/ W
y 7/ High support/ <
5




QC support distribution

support

Minimum: -1 8 | ’
Median: 0.29 = High support
Mean: 0.285 g | \
Maximum: 1 i

5 27 No support

S or anythin

& g4 Highsupport f yening

for alternative _ /

4000

11"

et e e

[ I I I I
-1.0 -0.5 0.0 0.5 1.0

2000

0
L

qc



Do we need to recalculate
the tree each time?




Updating trees

If we want to add a sequence to Rhipsalis, do we need to recalculate
the resolution of Silene

. Rhipsalis




Why not more taxa?




The challenge of barcoding for phylogenetics

Barcoding efforts
° These are popular (and more prevelant on GenBank)

> Promise of many species that can then be placed
phylogenetically or used for identification

Problems
> Misidentification
> Submitted sequences may not be the species they say they are

> Itis difficult to get NCBI to correct these and there is little information
to distinguish from other sequences

> No phylogenetic information

> Some of the sequences can be very short and not carry much if any
phylogenetic information

> This renders them useless for resolution and potentially misleading for
maximum likelihood methods without uncertainty calculations
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The challenge of barcoding for phylogenetics

— Neolitsea_puichella
- Neolitsea_confertifolia
— Neolitsea_kwangsiensis
Neolitsea_variabilima
Neolitsea_lunglingensis
Neolitsea_sutchuanensis
— Neolitsea_homilantha
Neolitsea_pinninervis
Neolitsea_dealbata
.’— Neolitsea_umbrosa
Litsea_verticillata
Neolitsea_levinei \
— Neolitsea_konishii
- Neolitsea_sericea
Neolitsea_phanerophlebia
Neolitsea_aurata
Neolitsea_chui
Lindera_chunii
Neolitsea_aciculata
_[ Neolitsea_javanica
Neolitsea_cassia
Actinodaphne_obovata
Actinodaphne_henryi
— Lindera_benzoin
Cinnamomum_aromaticum
Cinnamomum_insularimontanum
— lteadaphne_caudata
- Lindera_umbelata
— Licaria_brittoniana
Actinodaphne_forrestii
Lindera_megaphylia
Actinodaphne_omeiensis
Litsea_glutinosa
Litsea_tomentosa
- Lindera_aggregata
Lindera_thomsonii
Lindera_lucida
g Lindera_polyantha

Taxonomically unconstrained tree

Misidentified

Sextonia_rubra
Mezilaurus_opaca
Wiiliamodendron_glaucophyium
Anaueria_brasiliensis
Chiorocardium_venenosum
Chiorocardium_rodiei
Caryodaphnopsis_bilocellata
’_[ Caryodaphnopsis_tonkinensis
Cary is_laotica

|_‘— Caryodaphnopsis_cogoloi
Caryodaphnopsis_tomentosa

Neocinnamomum_delavayi
I_[ Neocinnamomum_mekongense

| Naocinnamomum_fa_rgosﬁ
Cassytha_fiiformis
Cassytha_ciliolata

I

C:
L Cassytha_melantha
Litsea_collina
Triadodaphne_inaequitepala

Endiandra_dichrophylia
Endiandra_montana
Cryptocarya_yunnanensis
Cryptocarya_brachythyrsa
Endiandra_kingiana
Endiandra_impressicosta
Endiandra_glauca
Endiandra_poueboensis
Endiandra_lecardii
Endiandra_pubens
Beilschmiedia_tooram
Beilschmiedia_volckif
Beilschmiedia_tarairi
Beilschmiedia_recurva
Beilschmiedia_oreophila
4 Beilschmiedia_tawaroa
Beilschmiedia_tawa
Yasunia_sessilifiora
Yasunia_quadrata
Beilschmiedia_emarginata
Beilschmiedia_berteroana
Beilschmiedia_miersii
Beilschmiedia_percoriacea
Beilschmiedia_paucifiora
Beilschmiedia_inconspicua
Beilschmiedia_roxburghiana
Beilschmiedia_brachythyrsa
Beilschmiedia_tsangii
Beilschmiedia_dictyoneura
Beilschmiedia_fasciata
Beilschmiedia_yunnanensis
Beilschmiedia_linocieroides
Beilschmiedia_robusta

Maybe ok

I- Beilschmiedia_velutina
— Beilschmiedia_mexicana
Beilschmiedia_brenesii
Beilschmiedia_costaricensis
J Beilschmiedia_immersinervis
iedia_pendula

Beilschmiedia_alloiophylia
Beilschmiedia_acuta

Beilschmiedia_pierreana
Beilschmiedia_jacques-felixii
Potameia_thouarsiana

Potameia_chartacea
Syndiclis_mariipoensis

Bgischmisdia _purpurascens




Little to no phylogenetic information

Two identical barcodes

|dentical sequences in maximum likelihood have distance (branch length) = 0

We have to either
* integrate over the uncertainty
* add these back later
* constrain



The challenge of barcoding for phylogenetics

Misidentification
o There is little that can be done for this on NCBI

> NCBI requires the original submitter correct the taxonomy

° We may be able to attempt to automate the discovery of these with the constrained
searches

No phylogenetic information

> Maximum likelihood may be positively misled if uncertainty is not
incorporated

> You may be able to use for ids to some general place in a phylogeny but
not more specifically

> Perhaps this data is not going to be very useful for phylogenetics

Ways forward

© Automate the discovery of these and filter them (with PyPHLAWD but
communicated on GitHub)

o Can we collect this data so that it is more useful?



Don’t despair




Rates of diversification

MEDUSA analyses of
rates of evolution using
birth-death models

Mean rate of evolution
plotted
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Many repeated patterns

Many repeated patterns of
depauperate lineages sister to
very diverse lineages (Donoghue
and Sanderson 2015)

Cycas_slephantipes
Cycas_clivicola
Cycas_condaoensis
Cycas_nongnoochiae
Cycas_petraca
Cycas_siamensis
Cycas_zeylanica
Cycas_edentata
Cycas_thouarsii

Cycas_tuckeri
Cycas_angulata
Cycas_media
Cycas_furfuracea
Cycas_ophiolitica
Cycas_aculeata
Cycas_seemannii
Cycas_bougainvilleana
Cycas_chamaoensis
Cycas_pranburiensis
Cycas_pachypoda
Cycas_tansachana

Cycas_szechuanensis
Cycas_bifida
Cycas_curranii

Cycas_wadei
Cycas_taitungensis
Cycas_revoluta
Cycas_panzhihuaensis
Cycas_fairylakea
Cycas_tamwaniana
Cycas_hainanensis
Cycas_changjiangensis
Cycas_segmentifida
Cycas_sexseminifera
Cycas_balansae
Cycas_fugax
Cycas_tropophylla
Cycas_hoabinhensis
Cycas_simplicipi
Cycas_diannanensis
Cycas_tangingii
Cycas_dolichophylla
Cycas_hongheensis
Cycas_guizhouensis
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Ephedra_antisyphilitica
Ephedra_coryi
Ephedra_torreyana
Ephedra_fasciculata
Ephedra_funerea
Ephedra_aspera
Ephedra_nevadensis
Ephedra_califarnica
Ephedra_trifurca
Ephedra_cutleri
Ephedra_viridis
Ephedra_pedunculata
Ephedra_compacta
Ephedra_andina
Ephedra_gracilis
Ephedra_boelckei
Ephedra_ochreata

Ephedra_breana
Ephedra_multiflora
Ephedra_frustillata
Ephedra_americana
Ephedra_rupestris
Ephedra_tweediana
Ephedra_triandra
Ephedra
Ephedra_foeminea
Ephedra_campylopoda
Ephedra_fragilis
Ephedra_major_subsp._major
Ephedra_major

Ephedra_aktissima

Ephedra_aphylla

Ephedra_alata

Ephedra_milleri

Ephedra_foliata

Ephedra_laristanica
Ephedra_lomatolepis
Ephedra_przewalskii
Ephedra_rituensis
Ephedra_intermedia
Ephedra_fedtschenkoae
Ephedra_pseudodistachya
Ephedra_sinica

Ephedra_dahurica
Ephedra_regeliana
Ephedra_monasperma
Ephedra_transitoria
Ephedra_sarcocarpa
Ephedra_strobilacea
Ephedra_distachya_subsp._hehetica
Ephedra_distachya
Ephedra_tilhoana

Ephedra_saxatilis
Ephedra_gerardiana
Ephedra_rhytidosperma
[Ephedra_sguisetina
Ephedra_botschantzevii
Ephedra_major_subsp._procera
Ephedra_pachyclada
Ephedra_somalensis
Ephedra_pachyclada_subsp. _sinaica
Ephedra_likiangensis
Ephedra_minuta

Asarum_delavayi
Asarum_porphyronatum
Asarum_maximum
Asarum_ichangense
Asarum_chinense
Asarum_chingchengense
Asarum_splendens
Asarum_inflatum
Asarum_bashanense
Asarum_chengkouense
Asarum_crispulatum
Asarum_sp._BTS-2015
Asarum_virginicum
Asarum_naniflarum
Asarum_memmingeri
Asarum_contractum
Asarum_minus
Asarum_heteraphyllum
Asarum_lewisii
Asarum_speciosum
Asarum_sicbaldii_f._seoulense
Asarum_hongkangense
Asarum_wulingense
Asarum_longerhizomatasum
Asarum_magnificum
Asarum_campanifiorum
Asarum_sagittarioides
Asarum_insigne
Asarum_forbesii
Asarum_simile
Asarum_okinawense
Asarum_hatsushimae
Asarum_gelasinum
Asarum_crassum
Asarum_kumageanum
Asarum_satsumense
Asarum_fudsingi
Asarum_tokarense
Asarum_yakusimense
Asarum_trinacrifarme
Asarum_nanchuanense
Asarum_muramatsui

Asarum_
Asarum_pellucidum
Asarum_sicbaldii
Asarum_europacum
Asarum_caudatum
Asarum_canadense
Asarum_lemmanii
Asarum_debile
Asarum_caudigerellum
Asarum_caulescens
Asarum_manadariflarum
Asarum_yasyamense
Asarum_dissitum
Asarum_yunnanense
Asarum_epigynum
Asarum_geophilum
Asarum_himalaicum
Asarum_pulchellum
Asarum_gusk
Asarum_asarides
Asarum_ i

Asarum_unzen
Asarum_asperum

Asarum_megacalyx

Asarum_sakawanum
Asarum_savatieri_subsp._pseudasavatieri
Asarum_costatum

Asarum_nipponicum

Asarum_takaoi

Asarum_minamitanianum
Asarum_savatieri

Asarum_blumei

Asarum_subglobosum
Asarum_tamaensis
Asarum_cardiophyllum

Asaru i

mr%m%ﬁfmwf%m\%m\\wﬁ%

s
Asarum_cordifolium
Saruma_henryi




General conclusions

Methodological

%‘fjﬁ With some methodological advances, we can
- construct comprehensive trees with branch lengths

; We may need to combine large tree, single genes,
= and, genomic studies to do simultaneous analyses

Empirical

We can construct a reasonable tree for seed plants
that can be used for many analyses. We can also add

back taxa not sampled in GenBank for comprehensive
analyses.

, Diversification analyses yield results suggesting many
" nested shifts throughout the seed plant tree
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