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Phylogenetic tree: a visual representation of the 
relationship between species, taxa, individuals, or 
populations. 
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I 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
Phylogenomics and evo/eco: Molecular evolution and 
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 
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“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!”

Amy Zanne

After returning a draft tree of plants in a 
record 5 minutes
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Today

• Why build bigger trees?
• Building a better tree of life to 

address large scale questions about 
biodiversity
• A comprehensive dated seed plant 

phylogeny
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If we build a 
better tree of 
life, can we learn 
more about 
biodiversity?
CAN WE CONSTRUCT A COMPLETE TREE OF 
LIFE?

Build a better tree
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Gaut et al., 1996
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Lonicera (Honeysuckles)

Build a better tree



Stephen A. Smith

Lonicera climatic niche reconstruction
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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

Dipsacales

Commelinids

PrimulalesMoraceae-Urticaceae

Apiales

herbaceous

woody

Smith and Beaulieu 2009
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Grasses • 5th most diverse angiosperm 
“family”

• over 800 genera and more 
than 10,000 species

• C3 and C4 photosynthetic 
pathways
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What about C4?

A

Pooideae

Bambusoideae

Ehrhartoideae

Panicoideae

CentothecoideaeMicrairioideae

Chloridoideae

Danthonioideae

Aristidoideae

Photosynthetic
pathway

C3
C4

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

Typically C4 had been 
associated with 
evolution into warm
habitats
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What about climate (mean annual temperature)?

MAT (ºC)
-16 to 10
10 to 13
13 to 16
16 to 29

Pooideae

Bambusoideae

Ehrhartoideae

Panicoideae

CentothecoideaeMicrairioideae

Chloridoideae

Danthonioideae

Aristidoideae

B

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

Grasses are 
ancestrally warm. 
Unlikely associated 
with C4
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What about climate (mean annual precipitation)?

Pooideae

Bambusoide

Ehrhartoidea

Panicoideae

CentothecoideaeMicrairioideae

Chloridoideae

Danthonioideae

Aristidoideae

MAP
< 1000
1000-1500
1500-2000
> 2000

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

With each C4 transition, 
there is a transition to 
dry

C4 is associated with 
shifts into dry habitats, 
not hot habitats
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Did temperate plants adapt before or after they moved?

LETTER
doi:10.1038/nature12872

Three keys to the radiation of angiosperms into
freezing environments
Amy E. Zanne1,2, David C. Tank3,4, William K. Cornwell5,6, Jonathan M. Eastman3,4, Stephen A. Smith7, Richard G. FitzJohn8,9,
Daniel J. McGlinn10, Brian C. O’Meara11, Angela T. Moles6, Peter B. Reich12,13, Dana L. Royer14, Douglas E. Soltis15,16,17,
Peter F. Stevens18, Mark Westoby9, Ian J. Wright9, Lonnie Aarssen19, Robert I. Bertin20, Andre Calaminus15, Rafaël Govaerts21,
Frank Hemmings6, Michelle R. Leishman9, Jacek Oleksyn12,22, Pamela S. Soltis16,17, Nathan G. Swenson23, Laura Warman6,24

& Jeremy M. Beaulieu25

Early flowering plants are thought to have been woody species
restricted to warm habitats1–3. This lineage has since radiated into
almost every climate, with manifold growth forms4. As angiosperms
spread and climate changed, they evolved mechanisms to cope with
episodic freezing. To explore the evolution of traits underpinning
the ability to persist in freezing conditions, we assembled a large
species-level database of growth habit (woody or herbaceous; 49,064
species), as well as leaf phenology (evergreen or deciduous), diameter
of hydraulic conduits (that is, xylem vessels and tracheids) and climate
occupancies (exposure to freezing). To model the evolution of spe-
cies’ traits and climate occupancies, we combined these data with an
unparalleled dated molecular phylogeny (32,223 species) for land
plants. Here we show that woody clades successfully moved into freezing-
prone environments by either possessing transport networks of small
safe conduits5 and/or shutting down hydraulic function by dropping
leaves during freezing. Herbaceous species largely avoided freezing
periods by senescing cheaply constructed aboveground tissue. Growth
habit has long been considered labile6, but we find that growth habit
was less labile than climate occupancy. Additionally, freezing envir-
onments were largely filled by lineages that had already become herbs
or, when remaining woody, already had small conduits (that is, the
trait evolved before the climate occupancy). By contrast, most decidu-
ous woody lineages had an evolutionary shift to seasonally shedding
their leaves only after exposure to freezing (that is, the climate occu-
pancy evolved before the trait). For angiosperms to inhabit novel
cold environments they had to gain new structural and functional
trait solutions; our results suggest that many of these solutions were
probably acquired before their foray into the cold.

Flowering plants (angiosperms) today grow in a vast range of envir-
onmental conditions, with this breadth probably related to their diverse
morphology and physiology7. However, early angiosperms are gen-
erally thought to have been woody and restricted to warm understory
habitats1–3. Debate continues about these assertions, in part because of
the paucity of fossils and uncertainty in reconstructing habits for these
first representatives8–11. Nevertheless, greater mechanical strength of
woody tissue would have made extended lifespans possible at a height
necessary to compete for light12,13. A major challenge resulting from
increased stature is that hydraulic systems must deliver water at tension

to greater heights: as path lengths increase so too does resistance5.
Among extant strategies, the most efficient method of water delivery
is through large-diameter water-conducting conduits (that is, vessels
and tracheids) within xylem5.

Early in angiosperm evolution they probably evolved larger conduits
for water transport, especially compared with their gymnosperm cousins14.
Although efficient in delivering water, these larger cells would have
impeded angiosperm colonization of regions characterized by episodic
freezing14,15, as the propensity for freezing-induced embolisms (air bub-
bles produced during freeze/thaw events that block hydraulic pathways)

1Department of Biological Sciences, George Washington University, Washington DC 20052, USA. 2Center for Conservation and Sustainable Development, Missouri Botanical Garden, St Louis, Missouri
63121, USA. 3Department of Biological Sciences, University of Idaho, Moscow, Idaho 83844, USA. 4Institute for Bioinformatics and Evolutionary Studies, University of Idaho, Moscow, Idaho 83844, USA.
5Department of Ecological Sciences, Systems Ecology, de Boelelaan 1085, 1081 HV Amsterdam, the Netherlands. 6Evolution & Ecology Research Centre, School of Biological, Earth and Environmental
Sciences, University of New South Wales, Sydney, New South Wales 2052, Australia. 7Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, Michigan 48109, USA.
8Department of Zoology and Biodiversity Research Centre, University of British Columbia, Vancouver, British Columbia V6T1Z4, Canada. 9Department of Biological Sciences, Macquarie University, Sydney,
New South Wales 2109, Australia. 10Department of Biology and the Ecology Center, Utah State University, Logan, Utah 84322, USA. 11Department of Ecology and Evolutionary Biology, University of
Tennessee, Knoxville, Tennessee 37996, USA. 12Department of Forest Resources, University of Minnesota, St Paul, Minnesota 55108, USA. 13Hawkesbury Institute for the Environment, University of
Western Sydney, Penrith, New South Wales 2751, Australia. 14Department of Earth and Environmental Sciences, Wesleyan University, Middletown, Connecticut 06459, USA. 15Department of Biology,
University of Florida, Gainesville, Florida 32611, USA. 16Florida Museum of Natural History, University of Florida, Gainesville, Florida 32611, USA. 17Genetics Institute, University of Florida, Gainesville,
Florida 32611, USA. 18Department of Biology, University of Missouri—St Louis, St Louis, Missouri 63121, USA. 19Department of Biology, Queen’s University, Kingston, Ontario K7L 3N6, Canada.
20Department of Biology, College of the Holy Cross, Worcester, Massachusetts 01610, USA. 21Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3AB, United Kingdom. 22Polish Academy of Sciences,
Institute of Dendrology, 62-035 Kornik, Poland. 23Department of Plant Biology and Ecology, Evolutionary Biology and Behavior, Program, Michigan State University, East Lansing, Michigan 48824, USA.
24Institute of Pacific Islands Forestry, USDA Forest Service, Hilo, Hawaii 96720, USA. 25National Institute for Mathematical & Biological Synthesis, University of Tennessee, Knoxville, Tennessee 37996, USA.
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Figure 1 | Time-calibrated maximum-likelihood estimate of the molecular
phylogeny for 31,749 species of seed plants. The four major angiosperm
lineages discussed in the text are highlighted: Monocotyledoneae (green),
Magnoliidae (blue), Superrosidae (brown) and Superasteridae (yellow).
Non-seed plant outgroups (that is, bryophytes, lycophytes and monilophytes)
were removed for the purposes of visualization.
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Tropical is likely ancestral for 
flowering plants

Temperate plants have many 
adaptations to colder and seasonal 
climates 
• Deciduous
• Herbaceous
• Vessel size

Did these adaptations occur before or 
after movement into temperate 
climates
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Did temperate plants adapt before or after they moved?

and Superasteridae (superasterids) (see ref. 10 for lineage definitions);
these clades represent , 22%, 3%, 34% and 34%, respectively, of all
extant angiosperm species.

Across woody angiosperms, a model that assumed coordinated evolu-
tion of leaf phenology and climate occupancy was strongly supported
over a model that assumed they evolved independently (Akaike infor-
mation criteria (DAIC) 5 310.1; Fig. 2a and Extended Data Table 2).
Deciduous freezing-exposed and evergreen freezing-unexposed were
highly persistent character states (Fig. 2a, as indicated by size of the
circles, and Extended Data Table 3); persistence times (that is, expected
time until state change) are defined as the inverse of the sum of estimated
transition rates away from a given character state. Therefore, in the
presence of freezing, the deciduous state was far more stable than the
evergreen one. We also found that leaf phenology was generally about
as labile as climate occupancy (climate:trait rate ratio 5 0.845), and it
was also far more likely to evolve as a response to a change in envir-
onment rather than arising before encountering freezing (that is, cli-
mate occupancy evolved first; Fig. 2c).

Similarly, across woody angiosperms, a model assuming coordinated
evolution of conduit diameter size and climate occupancy was strongly
supported over a model that assumed they evolved independently
(DAIC 5 21.5; Fig. 2b and Extended Data Table 2). Both climate occu-
pancy states (freezing exposed and freezing unexposed) in combina-
tion with small conduits were highly persistent (Fig. 2b and Extended
Data Table 3). Additionally, no species with large conduits were in the
freezing-exposed state, indicating that this is a highly transitory char-
acter state (that is, short persistence time). As with leaf phenology,
climate occupancy and conduit diameter were similar in their overall
lability (climate:trait rate ratio 5 0.895); however, a shift into environ-
ments with freezing temperatures was far more likely to occur after
conduits had already shifted from large to small (that is, the trait evolved
before climate occupancy; Fig. 2d).

Evolutionary shifts in growth habit were also strongly coordinated
with shifts in climate. However, the nature of coordination varied con-
siderably among major angiosperm clades (Extended Data Table 3), as
did overall transition rates (superrosids and superasterids . magnoliids
. monocots). Of 104 models evaluated, a 40-parameter model allow-
ing each major lineage to have its own transition matrix received most
support (Extended Data Table 4). These results were generally robust

to uncertainty about whether species in the freezing-unexposed state
actually lacked an ability to cope with freezing (Supplementary Informa-
tion). Across angiosperms, asymmetry of transition rates led to numer-
ous extant species in the woody freezing-unexposed and herbaceous
freezing-exposed states (Fig. 3a and Extended Data Table 3). The large
number of extant species in the woody freezing-unexposed state, accord-
ing to our model, was the result of this state being persistent (Fig. 3a).
Even within monocots, where relatively few woody species exist, the
woody freezing-unexposed state was strongly persistent. The herbaceous
freezing-exposed state, on the other hand, had low persistence times,
indicating that the numerous extant species (N 5 4,066 out of 12,706
species for which data are available) were due to many rapid transitions
both into and out of this character state (Fig. 3a). Climate occupancy was
much more labile than growth form (climate:trait rate ratio 5 4.93).
Furthermore, the predominant pathway within angiosperms from the
woody freezing-unexposed state to the herbaceous freezing-exposed
state was to first evolve the herbaceous habit and subsequently enter
habitats with freezing-exposed conditions (that is, the trait evolved
before the climate occupancy; Fig. 3b). This, in combination with the
conduit diameter results, suggests that lineages that successfully colo-
nized new freezing environments were probably predisposed to do so,
at least for these two traits.

Although our focus here is on evolutionary links between species
distributions with respect to freezing conditions and traits that allow
species to cope with freezing, we note that differential diversification
rates23 and vagility among lineages also certainly played their parts in
determining why we see species where we do today. For instance, herbs
may have higher speciation and/or extinction rates than woody taxa24.
Additionally, growth form may influence a plant’s ability to disperse to
and colonize newly emerging locations with freezing temperatures25.
Tests of these alternatives are critical for fully understanding how angios-
perms radiated into freezing environments, but such analyses require
an even more complete record of global distributions of vagility and
growth habit across land plants and a comparably more completely
sampled phylogeny. These are non-trivial improvements as we cur-
rently have growth habit data for only 16% of accepted land plants20

(R.G.F. et al., manuscript submitted) and molecular and climate data
for 26% (12,706 species) of those taxa. Total trait records are fewer for
phenology (6,705 species) and conduit diameter (2,181 species).
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Figure 3 | Coordinated evolutionary transition
rates between growth form and climate
occupancy. a, A representation of coordinated
evolution for the best likelihood-based model
between growth form for 12,706 species
(herbaceous, green; woody, brown) and climate
occupancy based on a model assuming the same
rates were applied to all Angiospermae (top plot
above the dashed arrow), and the best-fit model, in
which rates were estimated separately for the major
lineages, that is, Monocotyledoneae, Magnoliidae,
Superrosidae and Superasteridae (bottom four
plots below the dashed arrows). b, The weighted
average (by clade diversity) of the relative
likelihood of the different pathways out of the
woody and freezing-unexposed state and into the
herbaceous and freezing-exposed state (see Fig. 2
and Methods for further details).
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increases as conduit diameter increases5. Three evolutionary solutions
seemingly arose to address the challenges of freezing: (1) woody species
withstood freezing temperatures without serious loss of hydraulic func-
tion by building safe water-transport networks consisting of small-diameter
conduits; (2) woody species shut down hydraulic function by becom-
ing deciduous, dropping leaves during freezing periods; and (3) herb-
aceous species largely avoided freezing by senescing cheaply constructed
aboveground tissue and overwintering, probably as seeds or underground
storage organs. However, the order in which angiosperms are likely to
have acquired these solutions relative to exposure to and persistence in
the cold16 remains unclear.

Proportions of herbaceous species, deciduous species and those with
small water-conducting conduits increase towards the poles1,4,17,18, and
an earlier limited survey of angiosperm families indicated that herba-
ceousness and ability to cope with freezing evolved in parallel19. However,
exactly how global-scale ecological patterns are linked to functional evolu-
tion of angiosperms is uncertain. We dissect the contributions of different
evolutionary solutions allowing angiosperms to cope with periodic freez-
ing and assess likely pathways by which clades acquired these traits (that is,
timing of evolution in climate occupancy relative to trait evolution).

We compiled a very large species-level database of angiosperm growth
habits (49,064 species, which is 16.4% of accepted land plant species20

in The Plant List; http://www.theplantlist.org), leaf phenology, conduit
diameter and freezing climate exposure. To trace species trait and climate
occupancy relationships over evolutionary time, we generated an unpar-
alleled time-scaled molecular phylogeny for 32,223 land plant species
in our database (Fig. 1; http://www.onezoom.org/vascularplants_tank
2013nature.htm). This timetree gives us the most comprehensive view
yet into the evolutionary history of angiosperms. On the basis of their
geographic distributions, we classified species’ climate occupancies with
respect to freezing: ‘freezing unexposed’, only encountering temperatures

.0 uC across a species’ range; and ‘freezing exposed’, encountering
temperatures #0uC somewhere across a species’ range. This dichotomy
assumes that climate tracking through environmental changes is more
common than the evolution of climate occupancy; this is more likely to
be true if freezing exposure has a physiological cost in regions without
freezing21. Species were further distinguished by leaf phenology (deciduous
or evergreen); conduit diameter (large $0.044 mm, or small ,0.044 mm;
as 0.044 mm diameter is the diameter above which freezing-induced
embolisms are believed to become frequent at modest tensions22); and
growth form (woody or herbaceous, with woody species defined as
those maintaining a prominent aboveground stem that is persistent
over time and with changing environmental conditions; see Extended
Data Fig. 1 for examples of angiosperms with woody growth habits as
we define them, and Extended Data Table 1 for a breakdown of growth
habit by order within angiosperms).

Among woody species we asked whether evolutionary transitions
between climate occupancy states were significantly associated with shifts
in leaf phenology and/or conduit diameter. Among all angiosperms we
asked whether evolutionary transitions between climate occupancy states
were significantly associated with shifts in growth form. We determined
the relative lability of climate occupancy (exposure to freezing) versus
traits (growth form, leaf phenology or conduit diameter) by summing
all climate occupancy transitions and dividing by the sum of all trait
transitions. We also devised a novel summary based on these evolutio-
nary transition rates that provides the likeliest pathways from the pur-
ported early angiosperm (woody, evergreen, with large conduits and
freezing unexposed) to a plant with traits for freezing conditions.
Because evolutionary rates are unlikely to be uniform at this phylogenetic
scale, we ran growth form analyses both across the entire angiosperm
data set and also within each of four major lineages: Monocotyledoneae
(monocots), Magnoliidae (magnoliids), Superrosidae (superrosids)
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Figure 2 | Coordinated evolutionary transition rates between leaf
phenology or conduit diameter and climate occupancy. a, b, A
representation of coordinated evolution for the best likelihood-based
model between leaf phenology for 2,630 species (evergreen, dark green;
deciduous, light green) and climate occupancy (freezing exposed (freezing),
striped; freezing unexposed (not freezing), solid) (a), and conduit diameter for
860 species (large ($0.044 mm), light blue; small (,0.044 mm), dark blue) and
climate occupancy (b) based on models fit to all Angiospermae. The sizes of the
black arrows in the plot are proportional to the transition rates between each
possible state combination (larger arrows denote higher rates; no arrows for
rates of 0). The number at the top of each panel denotes the number of extant
Angiospermae species used in the analyses and percentages denote the
percentage of extant species with that character state. The size of each circle is
proportional to the persistence time in that state, where persistence time is

defined as the inverse of the sum of the transition rates away from a given
character state (that is, the inverse of the sum of all arrow rates out of a character
state). c, d, The relative likelihood of the different pathways out of the evergreen
and freezing-unexposed state and into the deciduous and freezing-exposed
state (c), and out of the large-diameter conduit and freezing-unexposed state
and into the small-diameter conduit and freezing-exposed state (d). The three
possible pathways between two focal character state combinations provide
insight into whether lineages typically evolved: (1) with the trait first, such that
phenology or conduit diameter shifted before encountering freezing; (2) with
climate occupancy first, such that phenology or conduit diameter shifted after
encountering freezing; or (3) both simultaneously, such that shifts in phenology
or conduit diameter and encountering freezing happened at the same time (see
Supplementary Information for further details).
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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
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Evolution of biodiversity and flowers

O’meara et al. 2016

Act as key 
innovations 
(higher diversity)

Will remain below 
expectation because 
of rare transitions

Corolla present
Bilateral symmetry
Few stamens
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Transcriptomes 
for evolution 
and ecology
WHAT ARE THE PROCESSES THAT UNDERLIE 
WHAT WE SEE IN MOLECULAR DATA?

Broad patterns
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Molecular data availability
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Molecular data availability (with whole genomes)
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New data

Typical phylogenetic analyses

• 1-10 genes

• 17 genes. Plants (Soltis et al. 2011)

• 19 genes. Birds (Hackett et al. 2007)

Transcriptomic and genomic 
phylogenetic analyses

• 140 genes. Metazoa (Dunn et al. 2008)

• 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)



Smith et al., 2011

Mollusc
phylogeny
• 14 transcriptomes added 
to existing genomes and 
EST datasets

• RAxML partitioned 
analyses

• PhyloBayes CAT model

• MrBayes unpartitioned

• general agreement 
between 301 and 1185 gene 
datasets
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Caryophyllales
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Caryophyllales

• >12,500 species in 39 families

• extreme disparity in life history and 
ecology



Stephen A. Smith

Carnivory



Stephen A. Smith

Cold environments
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Photosynthetic modifications
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Morphological modifications
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Caryophyllales

• NSF DEB funded 

• 300 transcripomes broadly sampled

• investigate phylogeny and climate

• determine utility of transcriptomes 
for addressing broad evolutionary 
questions

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

Joe Walker (grad student at UM)

Sam Brockington 
(postdoc – now curator 
at Ucambridge)
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Driving biological questions

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

Are gene/genome duplications 
associated with diversification?

Can we determine gene families that 
have been important for new traits or 
ecological adaptation?
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Genome duplications
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Genome 
duplications in 
Caryophyllales
• expanded analysis with 

50 more taxa added 

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

• Likely to continue to 
find more

• Yang et al. in review
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Duplications and diversification

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

• This is highly debated in the literature 

(Fig. 2b). This is perhaps unsurprising as this interval coincides
with the rise of many of the major lineages of angiosperms,
especially among the eudicots. This period also encompasses
the Cretaceous–Paleogene (K-Pg) extinction event, which pa-
leobotanical studies suggest led to the extinction of up to c.
60% of plant species in some regions (Wilf & Johnson,
2004), and which provoked major changes in regional floras
(McElwain & Punyasena, 2007). Furthermore, this time

period coincides with a nonrandom association of WGD
events (Vanneste et al., 2014).

We observe two general temporal trends in angiosperm diversi-
fication. The origin of Mesangiospermae marks the beginning of a
trend toward gradually increasing rates of net diversification
coupled with a trend of decreasing relative extinction (Fig. 2c,d).
Following this, we further observe a trend toward increasing
among-lineage heterogeneity in both net diversification and

Fig. 3 Phylogenetic location of whole-genome duplication (WGD) events and the corresponding increases in net diversification that support the WGD
radiation lag-time model (Schranz et al., 2012). Collapsed clades are drawn as triangles proportional to family-level species richnesses. Green stars indicate
WGD events, and colored circles show the location of increases in net diversification. Colors within circles reflect magnitudes of change in r (net
diversification) from the immediate phylogenetic background to the shifted lineage, averaged across the distribution of bootstrap replicates; bolder colors
are associated with greater magnitudes of shifts (Dr). The size of circles indicates shift support as the relative frequency of trees in the distribution for which
MEDUSA (modeling evolutionary diversification using stepwise AIC) recovers a given shifted lineage (see ‘support’ key). For clarity, support for shifts at
unresolved clades is indicated at the outermost extents of those clades (e.g. Asteraceae). Both WGDs and associated diversification rate shifts are
numbered according to Table 1, and major lineages are labeled.

Fig. 2 Summary of results fromMEDUSA (modeling evolutionary diversification using stepwise AIC), focusing on 27 shifts that are well supported across a
distribution of bootstrap replicates (i.e. found in > 75% of bootstrap replicates). (a) Mean timing and nature of primary shifts: red points depict magnitude
of change in relative extinction comparing a shifted lineage (es) to its immediate ancestor (ea) such that De = es! ea. Similarly, black segments indicate
ancestor–descendant changes in net diversification (Dr = rs! ra). Numeric labels correspond to those in Table 2 and are ordered through time; for example,
the first shift (at c. 219 million yr ago (Ma), forMesangiospermae; Table 2) shows a moderate increase in net diversification and a precipitous drop in
relative extinction in comparison to the immediate background rates. (b) Uncertainty in timing of primary shifts, compiled fromMEDUSA analyses for each
tree in the distribution of bootstrap replicates. Temporal bins of 1 million yr (Myr) were used to assess the shift density through time (see text). Broader
peaks are those for which there is more uncertainty in timing (e.g. the mesangiosperm shift between c. 230 and 200 Ma). Densities may exceed 1 if
multiple shifts overlap in timing. (c, d) Trends through time in estimated means (black) and ranges (gray, where dark gray represents uncertainty in
estimated means across the bootstrapped distribution of trees, and light gray represents the absolute ranges across all trees) are shown for net
diversification (c) and relative extinction (d). Parameter estimates for all extant lineages in a given 1-Myr bin of time, and across all bootstrap replicates,
were used to generate panels (c) and (d). As a result of the inability to estimate relative extinction in clades that lack resolution (Rabosky et al. 2007),
estimates associated with shifts in unresolved clades were excluded from (d) and (a).

New Phytologist (2015) 207: 454–467 ! 2015 The Authors
New Phytologist! 2015 New Phytologist Trustwww.newphytologist.com

Research
New
Phytologist462

• From Tank et al. 2015

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

• Using 9 duplications
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• 5036 taxa
• 7 genes

Dated phylogeny of Caryophyllales
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Caryophyllales geography

>6,000,000 filtered coordinates 
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Caryophyllales: annual mean temperature
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Adaptations
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Climate shifts and genome duplications

Duplication

temperature

Co-opted in 
adaptation to new 
environment
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Summary of results
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• 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
◦Comprehensive
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Why is constructing a tree 
for all life hard?
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Challenges

Computational challenges
◦ Tree space is large
◦ Datasets can be large
◦ 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
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Tree space is large 

• 5 species = 105 trees

• 6 species = 945 trees

• 7 species = 10,395 trees

• 9 species = 2,027,025 trees

• 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

Number of stars in the 
universe is between 20 and 
30 species

2𝑛 − 5 !  
2'() 𝑛 − 3 !  

Number of rooted trees = 



Stephen A. Smith

Edges can be difficult to resolve

Hinchliff et al. 2015
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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
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PHLAWD

Phylogenetic dataset assembly 
with databases

•multithreaded C++ program for 
assembly large phylogenetic 
datasets

• automatically updating (as of 
Izquierdo-Carrasco et al. 2014)

• baited Smith-Waterman 

• you provide sequences and it 
does the rest

Algorithm 

1. pick a group of organisms

2. pick a gene region -- identify 
sequences (𝑥) that represent 
these genes

3. compare these seqs with those 
in  the database (𝑛) -- so 𝒙𝒏
comparisons not 𝒏𝟐

4.test for saturation 

5. divide and conquer if saturated

• repeat 2-4 for additional genes

Smith et al. 2009, Izquierdo-Carrasco et al. 2014 
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Concatenate and construct a tree
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Are data available to 
construct a tree for all life?

Build a better tree
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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

Build a better tree



Stephen A. Smith

Are data available to construct a 
tree for life?
• NO

> 500,000 species in GenBank

Are data available to construct a 
tree for plants?
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Species of plants with molecular data

92,000 of 250,000-
500,000 
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Genera of plants with molecular data

13,500 of 
14,000-16,000
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How many genes 
speak to these 
edges?

13,083 genera

128 gene regions

148,150 sites
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Are data available to construct a 
tree for life?
• NO
Are data available to construct a 
tree for plants?
• NO
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What is the Open Tree of Life 
project?

Build a better tree
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Open Tree of Life

• Open Tree of Life (NSF AVATOL)
• 11 PIs working collaboratively 

• > 2.3 million species, extinct and extant

• Synthesize data from existing sources (trees and 
datasets) 

• Allow for annotations, comments, and 
comparison 
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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
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a dcb
a b c d

c,d

a,b,c,d

a,b
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a b c d

c,d

a,b,c,d

a,b

dbca

a b c d

c,d

a,b,c,d

a,b b,da,c
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Angiosperm Tree of Life (Soltis et al., 2011) 
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Picramnia

Rhabdodendron

Carpodetus

Piper

Eucryphia

Smilax

Sarracenia

Fagopyrum

Lampranthus

Myrtus

Myrothamnus

Maranta

Euphorbia

Gunnera

Anisophyllea

Sedum

Polyosma

Orontium

Brunia

Tamarix

Elatine

Nicotiana

Polemonium

Delosperma

Fedia

Mammea

Haloragis

Zea

Aralia

Corokia

Bhesa

Pimelodendron

Podocalyx

Galium

Asparagus

Gerbera

Brexia

Drosophyllum

Polygala

Flacourtia

Ochthocosmus

Apium

Coffea

Phalaenopsis

Lachnostylis

Begonia

Valeriana

Quillaja

Manilkara

Didymeles

Hedycarya

Hymenanthera

Neoscortechinia

Nymphaea

Mollugo

Clusia

Erythroxylum

Stegnosperma

Abrophyllum

Dicentra

Androstachys

Thomandersia

Camellia

Xanthosoma

Schinus

Morina

Eucommia

Portulaca

Cycas

Hedyosmum

Viviania

Vitis

Atropa

Physena

Petalostigma

Caryocar

Trigonostemon

Podostemum

Maytenus

Lamium

Podocarpus

Paradrypetes

Kalanchoe

Antirrhinum

Chamaedorea

Acorus

Escallonia

Cananga

Arbutus

Euonymus

Lotus

Musa

Plocosperma

Bonnetia

Hirtella

Floerkea

Alluaudia

Atuna

Austrobaileya

Tropaeolum

Scrophularia

Beaucarnea

Oncotheca

Impatiens

Ctenolophon

Goupia

Parnassia

Casearia

Martynia

Dissiliaria

Wittsteinia

Lunania

Myrica

Frankenia

Menispermum

Fauria

Pilea

Olinia

Lactuca

Humiria

Luculia

Symphoricarpos

Mesua

Anopterus

Aextoxicon

Centroplacus

Tripterygium

Sollya

Gentiana

Medusagyne

Cichorium

Cuscuta

Juglans

Styrax

Phryma

Diospyros

Jasminum

Heteromorpha

Houttuynia

Sarcandra

Helianthus

Clethra

Delarbrea

Halophytum

Lepidobotrys

Rhizophora

Byrsonima

Dampiera

Nepenthes

Brunellia

Cucumis

Tinospora

Rhodoleia

Quintinia

Cespedesia

Ribes

Geranium

Tetraplasandra

Pangium

Helianthemum

Stachyurus

Cercidiphyllum

Croizatia

Tofieldia

Exbucklandia

Carludovica

Petrophile

Trachelium

Diervilla

Oryza

Conceveiba

Klainedoxa

Moultonianthus

Paulownia

Opuntia

Celosia

Campanula

Reseda

Brassica

Stegolepis

Paeonia

Clutia

Gnetum

Panda

Celastrus

Paxistima

Dipelta

Aristolochia

Trigonia

Heisteria

Daucus

Ruptiliocarpon

Nitraria

Saintpaulia

Saccharum

Argophyllum

Suregada

Ixerba

Citronella

Welwitschia

Clidemia

Dialypetalum

Bixa

Panax

Cephalotus

Anisoptera

Saruma

Cornus

Plumbago

Meliosma

Thottea

Saxifraga

Corylopsis

Claytonia

Hordeum

Rivina

Glycine

Boopis

Hydrangea

Calophyllum

Berzelia

Mirabilis

Tasmannia

Ricinus

Typha

Schefflera

Crypteronia

Sloanea

Ipomoea

Omphalea

Catalpa

Lonicera

Averrhoa

Peltanthera

Alisma

Pisum

Metasequoia

Circaeaster

Iris

Nyssa

Tradescantia

Prunus

Leonia

Linnaea

Idria

Garrya
Icacina

Lilium

Guizotia

Acanthus

Ceratophyllum

Capparis

Schoepfia

Lomandra

Sanicula

Leycesteria

Spinacia

Donatia

Pedicularis

Marcgravia

Euptelea

Dioncophyllum

Berberidopsis

Curtisia

Triplostegia

Vantanea

Galearia

Hevea

Eschscholzia
Hypecoum

Arabidopsis

Zabelia

Sphenoclea

Bougainvillea

Phyllanthus

Mauloutchia

Cyrilla

Abatia

Licania

Gomphandra

Altingia

Platysace

Triadenum

Bergia

Krameria

Coriaria

Qualea

Angelica

Azorella

Beta

Cannabis

Saururus

Adoxa

Limonium

Pseudonemacladus

Ceanothus

Siparuna

Alseuosmia

Celtis

Patrinia

Dichapetalum

Carpotroche

Peridiscus

Gaiadendron

Desfontainia

Strasburgeria

Phelline

Valdivia

Nandina

Medicago

Homalanthus

Chrysobalanus

Atherosperma

Heptacodium

Spathiphyllum

Nothofagus

Pterocephalodes

Laurus

Pittosporum

Borago

Reinwardtia

Eupomatia

Galax

Caulophyllum

Aporusa

Fouquieria

Ascarina

Carallia

Trillium

Tapiscia

Caloncoba

Thryallis

Trithuria

Geissois

Acharia

Croton

Hypericum

Columellia

Strychnos

Pinus

Acicarpha

Lactoris

Cabomba

Kolkwitzia

Androsace

Xanthorrhoea

Syringa

Sambucus

Heywoodia

Petalonyx

Pera

Thymelaea

Hydrophyllum

Ochna

Ilex

Roupala

Illicium

Croomia

Hernandia

Mackinlaya

Melianthus

Ternstroemia

Terminalia

Myodocarpus

Micrantheum

Afrostyrax

Albizia

Liriodendron

Dioscorea

Gyrocarpus

Couroupita

Dillenia

Stylobasium

Buxus

Triosteum

Talinum

Sabia

Drosera

Putranjiva

Echinops

Allium

Decaisnea

Rourea

Stackhousia

Soyauxia

Anethum

Polyscias

Platyspermation

Alnus

Populus

Bruguiera

Crossosoma

Cussonia

Cuttsia

Hydnocarpus

Pleea

Bischofia

Malpighia

Ancistrocladus

Balanops

Elaeocarpus

Tetradoxa

Tetracarpaea

Pentaphalangium

Erythrospermum

Asteropeia

Elaeodendron

Salix

Glaucidium

Turnera
Malesherbia

Dapania

Cratoxylum

Leea

Myriophyllum

Bursera

Elaeis

Phytolacca

Idesia

Passiflora

Simmondsia

Crinodendron

Sphenostemon

Pinguicula

Takhtajania

Staphylea

Platanus

Oncidium

Potamogeton

Tribeles

Tetramerista

Cryptothladia

Annona

Hugonia

Agave

Vismia

Zamia

Aphloia

Vriesea

Casuarina

Hydrolea

Gossypium

Limeum

Phyllonoma

Magnolia

Stellaria

Codiaeum

Triglochin

Dalechampia

Hura

Citrus

Nardostachys

Hua

Connarus

Calceolaria

Helwingia

Rinorea

Pennantia

Calyptrotheca

Fagus

Gisekia

Crispiloba

Pachysandra

Itea

Forgesia

Linum

Lophopyxis

Weigela

Actinidia

Acanthocalyx

Menyanthes

Pereskia

Yucca

Quercus

Cupaniopsis

Hydrocharis

Sesamum

Barbeuia

Lozania

Blandfordia

Basella

Nerium

Hydrocotyle

Viburnum

Triphyophyllum

Sparganium

Liquidambar

Ximenia

Dovyalis

Ehretia

Hybanthus

Drypetes

Irvingia

Griselinia

Acalypha

Primula

Garcinia

Nuphar

Lemna

Denhamia

Centranthus

Kiggelaria

Valerianella

Opilia

Choristylis

Lasiocroton

Lacistema

Viola

Dicella

Eucalyptus

Sacoglottis

Irvingbaileya

Eremosyne

Penthorum

Spathiostemon

Tetrorchidium

Gonocaryum

Torricellia

Kadsura

Cardiopteris

Hamamelis

Zelkova

Arctopus

Trimenia

Melanophylla

Acridocarpus

Carica

Roussea

Pogonophora

Goodenia

Poliothyrsis

Dipentodon

Cucurbita

Santalum

Schisandra

Mentzelia

Siphonodon

Paracryphia

Hedera

Tagetes

Sauvagesia

Canella

Scabiosa

Barnadesia

Gelsemium

Microdesmis

Pseudopanax

Oenothera

Cyphia

Tragopogon

Tetrapanax

Lythrum

Drimys

Polygonum

Brasenia

Nymphoides

Hydrastis

Sargentodoxa

Batis

Polypremum

Idiospermum

Exacum

Austrobuxus

Quiina

Tapura

Philydrum

Heuchera

Solanum

Lardizabala

Aralidium

Euphronia

Chrysolepis

Guaiacum

Daphnandra

Rhamnus

Aphanopetalum

Halleria

Cryptocarya

Villarsia

Marathrum

Byblis

Ginkgo

Sinadoxa

Daphniphyllum

Cinnamodendron

Peperomia

Urtica

Prockia

Cicer

Vahlia

Tetracera

Calycanthus

Swietenia

Forstera

Peumus

Elaeagnus

Montinia

Scyphostegia

Paropsia

Plagiopteron

Oxalis

Tetracentron

Pentaphragma

Grisollea

Datisca

Clavija

Endospermum

Abelia

Scaevola

Stylidium

Coriandrum

Luxemburgia

Archytaea

Gomortega

Hibbertia

Durandea

Myristica

Touroulia

Nelumbo

Chloranthus

Verbena

Galbulimima

Moschopsis

Tetracoccus

Phaulothamnus

Strelitzia

Maesa

Dipsacus

Spiraea

Amborella

Manihot

Degeneria

Morus

Ailanthus

Trochodendron

Ranunculus

Sterculia

Sarcobatus

Bistorta

Lobelia
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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
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Hinchliff et al. 2015

Informed by 
phylogenies

Informed by 
taxonomy
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Birds and conflict

• combine 233 trees into a 
new tree for birds
• includes 13,579 taxa
•what if we compare to 
other trees

Brown et al. in revision
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Conflict Support

Prum et al. 2016

• Support for a clade of Passeriformes

• Large conflict for the early diverging branches
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Brown et al. in revision

Conflict Support
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Michigan phylogenies

Washtenaw 
county plants
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Michigan diversity
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Michigan phylogenetic diversity
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What about biodiversity?

≥ 0 ≥ 2 ≥ 4 ≥ 5 ≥ 7 ≥ 267≥ 784≥ 1301≥ 1818

How does diversification relate to rates of biogeographic movement?

Grasses
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What about biodiversity?

≥ 0 ≥ 2 ≥ 4 ≥ 5 ≥ 7 ≥ 15≥ 28≥ 41≥ 54
0.8

albiflora

sempervirens

ciliosa

carnosifolia

dioica

interrupta

etrusca

subspicata

hispidula

stabiana

caprifolium

tragophylla

hirsuta

periclymenum

reticulata

implexa

arizonica

How does diversification relate to rates of biogeographic movement?
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Comprehensive 
and dated tree 
for seed plants
LET’S SEE A BIG PLANT TREE

Broad patterns
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Tree from Open Tree of Life

Benefits
• Comprehensive (or 

nearly so)
• Resolution in many well 

sampled areas
• Can be updated
Limitations
• Resolution may be poor
• No divergence times or 

branch lengths



Stephen A. 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)

+
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Procedure

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

For each clade
◦ 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
◦ Construct our own (work with Joe Walker - grad student in my lab)
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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
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Cluster and identify homologs

3) At each node in 
the tree, we record 
the clusters in a 
folder

1) At the tips, we 
populate the folder 
with sequences and 
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 
Smith 2014)
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Constructing datasets

a

b

c

d

Phylogenetic tree

1) Start at the tip 
folders and get the 
number of species and 
those clusters with 
high percentage of 
species are kept

2) If clusters at 
internal nodes still 
have high percentage 
of species, we keep 
the deeper ones 

3) Keep good nested 
and good deep 
clusters
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An alignment example

Sampling in one clade

Broader sampling across 
clades

Gene regions
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Website for each node/folder
5/31/2017 info.html

file:///Users/smitty/plant_clusters/Ericales_41945/info.html 1/13

Actinidiaceae_3623
Balsaminaceae_25692
Clethraceae_16611
Cyrillaceae_4339
Diapensiaceae_16673
Ebenaceae_19955
Ericaceae_4345
Fouquieriaceae_24902
Lecythidaceae_3642
Marcgraviaceae_55360
Mitrastemonaceae_91826
Myrsinaceae_16614
Pentaphylacaceae_125045
Polemoniaceae_24584
Primulaceae_4335
Roridulaceae_91900
Sapotaceae_3737
Sarraceniaceae_4353
Sladeniaceae_235238
Styracaceae_20008
Symplocaceae_20019
Ternstroemiaceae_91898
Tetrameristaceae_91901
Theaceae_27065
Theophrastaceae_16667

name num_species avg unaln len defline

cluster1825.fa 2297 940.468437092

Eriastrum sparsiflorum voucher
KANU:354712 tRNA-Leu (trnL) gene,
partial sequence; trnL-trnF intergenic
spacer, complete sequence; and tRNA-Phe
(trnF) gene, partial sequence; chloroplast.

cluster2228.fa 2213 1417.07455942
Agapetes moorei chloroplast DNA, trnK
intron including the matK gene, complete
sequence, specimen_voucher:
MBK:Kuroiwa et.al 030333.

cluster2168.fa 1397 802.29706514

Aubregrinia taiensis 18S ribosomal RNA
gene, partial sequence; internal transcribed
spacer 1, 5.8S ribosomal RNA gene, and
internal transcribed spacer 2, complete
sequence; and 26S ribosomal RNA gene,
partial sequence.

cluster1797.fa 940 1518.97340426
Schima superba NADH dehydrogenase
(ndhF) gene, partial cds; chloroplast gene
for chloroplast product.

cluster1850.fa 938 1213.72601279
Micropholis obscura voucher P00610293
ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcl)
gene, partial cds; plastid.

cluster2360.fa 680 936.613235294
Lysimachia remyi subsp. remyi voucher
Marr 424 (NY) ribosomal protein L16
(rpl16) gene, intron; chloroplast.

cluster2211.fa 635 780.009448819 Aubregrinia taiensis atpB-rbcL intergenic
spacer, partial sequence; chloroplast.

cluster900.fa 501 792.896207585
Erica alexandri subsp. alexandri isolate
alexandri_EO12449 trnT-trnL intergenic
spacer region, partial sequence; chloroplast.

cluster2071.fa 258 798.724806202 Schima superba chloroplast rps16 gene for
ribosomal protein S16, intron.

cluster1712.fa 252 730.694444444
Gilia capitata voucher WS:Johnson 92-015
trnS-trnG intergenic spacer, partial
sequence; chloroplast.

cluster2277.fa 245 1427.39591837

Styrax pentlandianus voucher Nunez et al.
23488 tRNA-Ser (trnS) gene, partial
sequence; trnS-trnG intergenic spacer,
complete sequence; and tRNA-Gly (trnG)
gene, partial sequence; chloroplast.

cluster1746.fa 236 1053.31355932
Navarretia mellita psbM-trnD intergenic
spacer and tRNA-Asp (trnD) gene, partial
sequence; chloroplast.

cluster2243.fa 233 1400.09871245 Gilia capitata atpB gene.

cluster2212.fa 188 979.734042553 Gilia capitata trnD-trnT intergenic spacer,
partial sequence; chloroplast.

cluster1647.fa 185 1133.28648649 Pouteria subsessilifolia voucher Faria &

Ericales_41945

a

b

c

d

Phylogenetic tree

Each clade has a 
website with 
cluster 
information 
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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?
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Constraint procedure

0.5

1) Calculate phylogeny 
with a constraint tree 
based on taxonomy

2) Test constraints 
using a quartet 
procedure (when 
there is strong 
conflict, constraints 
are removed

2) Recalculate the tree 
with the constraint 
tree as the ML tree 
with constraints 
removed

J
I

H

A

D

E

F
G

B

C

S
4

S
3

S
2

S
1

b

B

A

JF

H A

JH

F A

FJ

H

B

JG

H B

JH

G B

GJ

H

Replicate 1

Replicate 2

A

... Concordant
quartet topology

Discordant
topology #1

=    0.52 / 0.04 / 0.01

Quartet Concordance (QC)

Discordant
topology #2

How often is the concordant
quartet inferred over
both discordant quartets?

QC=1 → all concordant
QC=0 → equivocal conc./disc.
QC<0 → disc. > concordant

Quartet Differential (QD)
Are discordant #1 and #2 
frequencies equal or skewed?

QD=0 → all concordant
QD=0.3 → skewed
QD=1 → all #1 or #2

Quartet Uncertanty (QU)
What proportion of replicates
were uninformative?
(failed likelihood differential cutoff) 

Examples:
QU=0 → no uninformative
QD=0.3 → 30% uninform.
QD=1 → none informative

Quartet Sampling
Internal Node Scores 

=    (0.52)

Quartet Fidelity (QF)
When this taxon is used
how often does it produce
a concordant topology?

Examples:
QF=1 → all concordant
QF=0.1 → 10% concordant
QF=0 → none concordant

Quartet Sampling
Terminal Node Scores 

b

b

Pease et al. submitted
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Example with Dipsacales

Conflicting support 
for Valeriana

Break monophyly
constraint and 
this is the new 
MRCA for 
Valeriana
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Place clades in the backbone/synth tree
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What does the data look like?

79,759 sampled from GenBank

Number of tips: 79,875

Number of internal nodes: 79,813

61 unresolved nodes
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Place clades in the backbone/synth tree

add Open Tree 
back
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What does the data look like?

356,807 with GenBank and Open 
Tree taxonomy

Number of tips: 356,807

Number of internal nodes: 84,416

272,390 unresolved nodes
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Divergence time estimation

& McDougall, 1987; Hughes et al., 1991; Brenner, 1996;
Methods S1). The maximum bound of the confidence interval
(FAc), calculated with confidence levels (C) of 0.5, 0.95 and
0.99, is 136.77, 139.35 and 141.19Ma, respectively. Hence, the
95% confidence interval of angiosperm age is between 136 and
139.35Ma.

Relaxed clock analyses

Stem and crown ages of 14 major angiosperm clades and 62
orders, and stem ages of 374 families are provided in Table S2.
Fig. 2 shows the UNCL time-tree at the level of angiosperm
orders, and Fig. 3(a–e) shows the family-level UNCL angiosperm
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Fig. 2 Angiosperm time-tree estimated using the uncorrelated lognormal method in BEAST, with terminals collapsed to represent orders. Numbers next to
nodes indicate the median age, and blue bars correspond to the 95% highest posterior density (HPD).

New Phytologist (2015) ! 2015 The Authors
New Phytologist! 2015 New Phytologist Trustwww.newphytologist.com

Research
New
Phytologist6

Magallon et al. 2015

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)
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Dated Alismatales
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With divergence times
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With divergence times and Open Tree taxa
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How about data overlap

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

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

1 2

1 ACCCGTTT----GTGG
2 AG-CGTTT----G---

++ +++++    +   = 8

Example
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Arecales data overlap

High data overlap 
(multiple genes)

Low data overlap 
(~one gene)
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Summary

data overlap summary

number of sites

Fr
eq

ue
nc

y

0 5000 10000 15000 20000 25000 30000

0
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00
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00
0
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00

0
20

00
0

Minimum: 0
Median: 1792  
Mean: 2339.7
Maximum: 29229

no overlap

~ one gene

multiple genes
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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 
the ML tree (we don’t because of 
constraints)

To do this, we are using Quartet 
Concordance (QC) 
Pease et al. (submitted)
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Replicate 1

Replicate 2

A

... Concordant
quartet topology

Discordant
topology #1

=    0.52 / 0.04 / 0.01

Quartet Concordance (QC)

Discordant
topology #2

How often is the concordant
quartet inferred over
both discordant quartets?

QC=1 → all concordant
QC=0 → equivocal conc./disc.
QC<0 → disc. > concordant

Quartet Differential (QD)
Are discordant #1 and #2 
frequencies equal or skewed?

QD=0 → all concordant
QD=0.3 → skewed
QD=1 → all #1 or #2

Quartet Uncertanty (QU)
What proportion of replicates
were uninformative?
(failed likelihood differential cutoff) 

Examples:
QU=0 → no uninformative
QD=0.3 → 30% uninform.
QD=1 → none informative

Quartet Sampling
Internal Node Scores 

=    (0.52)

Quartet Fidelity (QF)
When this taxon is used
how often does it produce
a concordant topology?

Examples:
QF=1 → all concordant
QF=0.1 → 10% concordant
QF=0 → none concordant

Quartet Sampling
Terminal Node Scores 

b

b
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Arecales support

High support

Low support
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QC support distribution

support

qc
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Median: 0.29
Mean: 0.285 
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High support 
for alternative

High support

No support 
for anything
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Do we need to recalculate 
the tree each time?
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Updating trees
If we want to add a sequence to Rhipsalis, do we need to recalculate 
the resolution of Silene

Rhipsalis

Silene
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Why not more taxa?



Stephen A. Smith

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
◦ It is 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
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Outlying species
• Litsea collina
• Alseodaphne andersonii
• Beilschmiedia pendula

Clear pattern from 
constrained tree

Taxonomically constrained tree
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The challenge of barcoding for phylogenetics

Maybe ok

Misidentified

Taxonomically unconstrained tree
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Little to no phylogenetic information

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

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

Two identical barcodes
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The challenge of barcoding for phylogenetics

Misidentification
◦ 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)
◦ Can we collect this data so that it is more useful?
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Don’t despair
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Rates of diversification

MEDUSA analyses of 
rates of evolution using 
birth-death models

Mean rate of evolution 
plotted

low high
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Repeated nested patterns
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Many repeated patterns

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

Methodological 
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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