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Phylogeny (from phylum – tribe, and genesis – origin)

• the term introduced by E. Haeckel in the second half of 
the XIX century and now has two somewhat different 
meanings. 

• (1) Phylogeny in wide sense is a historical development of 
organisms

• (2) Phylogeny in narrow sense includes not all aspects of 
historic development, but only succession of branching of 
a genealogical (i.e. a phylogenetic) tree. 

• Usually represented by a phylogenetic tree.

What is a phylogenetic tree?

• A tree is a mathematical structure 
which is used to model the actual 
evolutionary history of a group of 
sequences or organisms.

• The actual pattern of historical 
relationships is an evolutionary 
tree which we try to estimate



Darwin’s letter to Thomas Huxley (1857)

“The time will come I believe, 
though I shall not live to see 
it, when we shall have fairly 
true genealogical 
(phylogenetic) trees of each 
great kingdom of nature”

Dawkins (2003),  A Devil’s Chaplain

“… there is, after all, one true 
tree of life […]. It exists. It is in 
principle knowable. We don’t 
know it all yet. By 2050 we 
should –or if we do not, we 
shall have been defeated only 
at the terminal twigs, by the 
sheer number of species.” 

The AToL 
initiative 
(Assembling the 
Tree of Life) is a 
large research 
effort sponsored 
by the National 
Science 
Foundation. Its 
goal is to 
reconstruct the 
evolutionary 
origins of all 
living things.

which offered tantalising glimpses of their potential for
enabling interactions between researchers (Figure 7b)
[44,45]. However, the release by Apple of first the iPhone
and subsequently the iPad have made touch interfaces
mainstream. Not only does this mean that touch-screen

devices are now widely available, but there also is a
consistent vocabulary for how users can interact with these
devices, using gestures such as ‘tap’, ‘swipe’ and ‘pinch and
zoom’. Phylogenetics software developers have yet to ex-
ploit fully the possibilities of these devices. Interacting
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Figure 3. Folding a tree. To save space, the subtree shaded in (a) is collapsed and drawn as a smaller triangle (b). The choice of which nodes to collapse can be automated,
or left as a task for the user.
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Figure 4. Phylogenies in three dimensions. (a) Hyperbolic view of the National Center for Biotechnology Information taxonomy [58]. (b) Google Earth visualisation of the
Hawaiian endemic katydid genus Banza based on the phylogeny from [58]. (c) Stacked representation of a gene tree with multiple gene duplications [32].
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with focus+context tools, such as Dendroscope [46]  and
Tree Juxtaposer [42], using a desktop computer with a
mouse is rather clumsy, whereas a touch screen would
provide a more natural way to apply the spatial distortions
these tools use to visualise very big trees.

Phyloinformatics
There is a long tradition of annotating phylogenies by
colouring in branches, as popularised by the program
MacClade [47]. However, much of this annotation has
been local; that is, only data contained within a single
file are mapped on the tree (typically the data used to
create the tree). A bigger challenge is annotating phy-
logenies with data on genomics, geographic distribution,
ecology and phenotype. Pioneering efforts in this direc-
tion include TaxonTree [9], a stand-alone tool that runs
on desktop computers, and the web-based iToL [48]. As
an increasing amount of biodiversity data acquires digi-
tal identifiers that can be resolved [49], one can look
forward to phylogeny viewers that automatically aggre-
gate annotations from multiple data sources and display
these to the user, as well as enabling the user to query
that information [50].

Perhaps one can draw a lesson here from the success of
Google Earth, which has become a ubiquitous tool for
visualising geographic data, in large part because of the
ease of creating the Keyhole Markup Language (KML) files
used by that program. This has enabled third parties,
including evolutionary biologists, to create innovative
visualisations rich in biological data. This suggests an
obvious way forward for the phylogenetic community,
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Figure 7. Interacting with phylogenies. (a) Displaying a phylogeny using multiple monitors. (b) Interacting with a visualisation using a touch screen.
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Figure 6. Alternative visualisations of uncertainty in trees. (a) Two and a half dimensional visualisation of a series of trees where neighbouring trees show minor
topological changes. (b) DensiTree visualisation of variation in estimates of branch length among a set of trees. (c) Phylogenetic network showing two conflicting signals for
a set of four taxa.
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Figure 5. Reconciled trees and tanglegrams. (a) In a reconciled tree, one tree (such
as a gene tree) is embedded inside another tree; for example, the phylogeny of the
species from which the genes were obtained. (b) Trees for different, associated
entities, such as genes and species, or hosts and parasites, can also be depicted
using a tanglegram.
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Space, time, form: viewing the Tree
of Life
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There are numerous ways to display a phylogenetic tree,
which is reflected in the diversity of software tools
available to phylogenetists. Displaying very large trees
continues to be a challenge, made ever harder as in-
creasing computing power enables researchers to con-
struct ever-larger trees. At the same time, computing
technology is enabling novel visualisations, ranging
from geophylogenies embedded on digital globes to
touch-screen interfaces that enable greater interaction
with evolutionary trees. In this review, I survey recent
developments in phylogenetic visualisation, highlight-
ing successful (and less successful) approaches and
sketching some future directions.

Visualising trees
Visualising phylogenies is one of the fundamental tasks of
evolutionary analysis. Reviews of the field [1,2] list a
growing number of tree viewers, some of which, such as
NJPlot [3] and TreeView [4], have been in use for over a
decade. A quick glance at Felsenstein’s list of phylogeny
programs (http://evolution.genetics.washington.edu/phylip/
software.html#Plotting) reveals viewers for just about every
conceivable operating system, written in a wide range of
computer programming languages. Given this diversity of
tools that all provide essentially the same functionality, it
would be tempting to conclude that the basic problem of
displaying an evolutionary tree has been solved. Yet, it was
striking that all the entries in the iEvoBio 2010 visualisation
challenge were tree viewers (Figure 1). This suggests that
although the niche of tree viewer is crowded, biologists
working with trees are still searching for tools to help them
visualise phylogenies. The goal of this review is to survey
some recent developments in phylogeny visualisation, with
an eye to future directions.

Trees are relatively simple structures that place few
restrictions on how they can be depicted, apart from pre-
serving the connections between the nodes in the tree. This
lack of constraints has led to a proliferation of ways to
visualise trees, many of which are striking (for a visual
survey, see http://treevis.net). Conversely, this freedom
means that the interpretation of a tree diagram might
not always be obvious to the person viewing it [5] [Green,
D. and Shapley, R. (2005) Teaching with a visual tree
of life; http://groups.ischool.berkeley.edu/TOL/], especially
distinguishing which aspects of the diagram are providing

information, and which largely reflect artistic license
(Box 1).

Although the most common representation of a phylog-
eny is a two-dimensional (2D) Euclidean drawing [1], an
increasingly diverse range of visualisations are emerging
(Figure 2). Typically phylogenies are drawn as trees; how-
ever, authors have experimented with treemaps [6], which
lay out a tree as a set of nested rectangles (Figure 2).
Treemaps are perhaps best suited for classifications rather
than phylogenies, although Arvelakis et al. [7] recently
used treemaps to display phylogenies with over 2000
species.

Euclidean geometry is reassuringly familiar, but it
becomes difficult to accommodate very large trees within
the confines of the printed page or a computer screen. One
approach is to ‘fold’ or collapse nodes to save space
(Figure 3). Several methods, such as degree of interest
(DOI) trees [8], space trees [9] and expand-ahead browsers
[10], exploit the natural hierarchy of rooted trees to com-
press the tree into a smaller display area. The choice of
which nodes in a tree to collapse can be made by the user, or
the process can be automated [11,12]

An alternative approach to saving space is to keep the
tree unchanged, but instead distort the space in which the
tree is being displayed, the best-known examples being
hyperbolic viewers (Figure 2) [13,14]. Although capable of
producing some stunning images (e.g. Figure 4a), these
tools have gained little traction among users. In practice,
users find them hard to navigate, and hyperbolic viewers in
particular are best suited to classifications, which tend to
be shallow (few nodes along the path from any tip to the
base or root of the tree) and frequently have internal nodes
of high degree (many immediate descendants). By contrast,
a fully resolved phylogeny may be deep (in a tree with n
leaves, there may be a path from leaf to root with n–1
nodes) and binary (each node having only two immediate
descendants); consequently, phylogenies rarely look good
in hyperbolic viewers.

Some three-dimensional (3D) phylogeny viewers have
forgone trying to truly display a phylogeny in three dimen-
sions, and instead use the third dimension to provide a
‘fly through’ experience over a 2D tree, such as Paloverde
[15] and the Wellcome Trust Tree of Life (http://www.
wellcometreeoflife.org/). Although perhaps less disorien-
tating than hyperbolic viewers, it is not clear that this
provides a better way to navigate through a tree compared
with a simple 2D visualisation. Although the case for 3D
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a | The phylogeny shows the distributions of new Drosophila spp. genes involved in development 
(above) and in the brain (below) in various evolutionary stages within the past 36 million years.

Why molecular phylogenetics?

• The stream of heredity makes phylogeny: in a 
sense, it is phylogeny.  Complete genetic analysis 
would provide the most priceless data for the 
mapping of this stream. George G. Simpson, 1945

• “I do not fully understand why we are not 
proclaiming the message from the housetops ... 
We finally have a method that can sort 
homology from analogy.” Stephen J. Gould , 1985

Linus Pauling

• “We may ask the question 
where in the now living systems 
the greatest amount of 
information of their past history 
has survived and how it can be 
extracted”

• “Best fit are the different types 
of macromolecules (sequences) 
which carry the genetic 
information” 

Molecules as documents of evolutionary 
history



Applications of Phylogenetic Analysis

• Systematics and classification

• Discovering new life forms

• Phylogeography and speciation 

• Molecular evolution 

• Genomics 

• Epidemiology and forensics

• Biotechnology

• Agriculture

• Conservation

The Tree of Life: Benefits to Society through
Phylogenetic Research

Phylogenetic analysis is playing a major role in discovering
and identifying new life forms that could yield many new
benefits for human health and biotechnology. Many

microorganisms, including bacteria and fungi, cannot be culti-
vated and studied directly in the laboratory, thus the principle
road to discovery is to isolate their DNA from samples collected
from marine or freshwater environments or from soils. The DNA
samples are then sequenced and compared in phylogenetic

analyses with the sequences of previously
described organisms. This has led to major
new discoveries.

For several decades microbiologists
have been searching for new bacteria in
extreme environments such as hotsprings
or marine hydrothermal vents. The thermal
springs of Yellowstone National Park 
have yielded a host of new and important 
bacterial species, many of which were identified using phyloge-
netic analysis of DNA sequences.  

The most famous 
bacterium from Yellowstone
is Thermus aquaticus . An
enzyme derived from 
this species —DNA Taq 
polymerase — powers a
process called the poly-
merase chain reaction
(PCR), which is used in
thousands of laboratories
to make large amounts 
of DNA for sequencing.
This discovery led to the
creation of a major new
biotechnological industry
and has revolutionized
medical diagnostics, foren-
sics, and other biological
sciences. Many microorganisms in extreme environments may
yield innovative products for biotechnology.

Fungi are among the most ecologically important organisms.
By feeding on dead or decaying organic material, fungi help
recycle nutrients through ecosystems. Additionally, fungi are

important economically as foods and as biotechnological sources
for medicines, insecticides, herbicides, and many other products.

About 2 0 0 ,0 0 0  species of fungi are known, but there may 
be millions more to be discovered because most are extremely
small and found in poorly studied habitats such as soils.
Increasingly, phylogenetic analysis is being used to discover 

new microfungi through isolation and sequencing of DNA.
Biological studies on these new species hold great promise 
for developing novel natural products. 

2

Common fungi often have
mycorrhizal associations in
early stages of development,
and thus are important 
parts of Earth’s ecosystems.

Fungi — an unknown world revealed by
phylogenetic analysis

Using phylogenetic analysis to discover
new life forms for biotechnology
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Thermophilic bacteria found in Yellowstone hot springs

A phylogeny of some archaeobacteria. 
Newly discoverd life forms are in red.
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“Simple identification 
via phylogenetic 
classification of 
organisms has,
to date, yielded 
more patent filings 
than any other use 
of phylogeny in 
industry.”
Bader et al. (2001)
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Phylogenetic structure of the prokaryotic domain: The primary
kingdoms

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

CARL R. WOESE AND GEORGE E. Fox*

Department of Genetics and Development, University of Illinois, Urbana, Illinois 61801

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

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

The biologist has customarily structured his world in terms of
certain basic dichotomies. Classically, what was not plant was
animal. The discovery that bacteria, which initially had been
considered plants, resembled both plants and animals less than
plants and animals resembled one another led to a reformula-
tion of the issue in terms of a yet more basic dichotomy, that of
eukaryote versus prokaryote. The striking differences between
eukaryotic and prokaryotic cells have now been documented
in endless molecular detail. As a result, it is generally taken for
granted that all extant life must be of these two basic types.

Thus, it appears that the biologist has solved the problem of
the primary phylogenetic groupings. However, this is not the
case. Dividing the living world into Prokaryotae and Eukar-
yotae has served, if anything, to obscure the problem of what
extant groupings represent the various primeval branches from
the common line of descent. The reason is that eukaryote/
prokaryote is not primarily a phylogenetic distinction, although
it is generally treated so. The eukaryotic cell is organized in a
different and more complex way than is the prokaryote; this
probably reflects the former's composite origin as a symbiotic
collection of various simpler organisms (1-5). However striking,
these organizational dissimilarities do not guarantee that eu-
karyote and prokaryote represent phylogenetic extremes.
The eukaryotic cell per se cannot be directly compared to

the prokaryote. The composite nature of the eukaryotic cell
makes it necessary that it first be conceptually reduced to its
phylogenetically separate components, which arose from an-
cestors that were noncomposite and so individually are com-
parable to prokaryotes. In other words, the question of the
primary phylogenetic groupings must be formulated solely in
terms of relationships among "prokaryotes"-i.e., noncomposite
entities. (Note that in this context there is no suggestion a priori
that the living world is structured in a dichotomous way.)
The organizational differences between prokaryote and

eukaryote and the composite nature of the latter indicate an
important property of the evolutionary process: Evolution seems
to progress in a "quantized" fashion. One level or domain of
organization gives rise ultimately to a higher (more complex)
one. What "prokaryote" and "eukaryote" actually represent
are two such domains. Thus, although it is useful to define
phylogenetic patterns within each domain, it is not meaningful
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payment of page charges. This article must therefore be hereby marked
"advertisement" in accordance with 18 U. S. C. §1734 solely to indicate
this fact.

to construct phylogenetic classifications between domains:
Prokaryotic kingdoms are not comparable to eukaryotic ones.
This should be recognized by, an appropriate terminology. The
highest phylogenetic unit in the prokaryotic domain we think
should be called an "urkingdom"-or perhaps "primary
kingdom." This would recognize the qualitative distinction
between prokaryotic and eukaryotic kingdoms and emphasize
that the former have primary evolutionary status.
The passage from one domain to a higher one then becomes

a central problem. Initially one would like to know whether this
is a frequent or a rare (unique) evolutionary event. It is tradi-
tionally assumed-without evidence-that the eukaryotic
domain has arisen but once; all extant eukaryotes stem from a
common ancestor, itself eukaryotic (2). A similar prejudice holds
for the prokaryotic domain (2). [We elsewhere argue (6) that
a hypothetical domain of lower complexity, that of "pro-
genotes," may have preceded and given rise to the prokaryotes.]
The present communication is a discussion of recent findings
that relate to the urkingdom structure of the prokaryotic do-
main and the question of its unique as opposed to multiple or-
igin.

Phylogenetic relationships cannot be reliably established in
terms of noncomparable properties (7). A comparative ap-
proach that can measure degree of difference in comparable
structures is required. An organism's genome seems to be the
ultimate record of its evolutionary history (8). Thus, compar-
ative analysis of molecular sequences has become a powerful
approach to determining evolutionary relationships (9, 10).
To determine relationships covering the entire spectrum of

extant living systems, one optimally needs a molecule of ap-
propriately broad distribution. None of the readily character-
ized proteins fits this requirement. However, ribosomal RNA
does. It is a component of all self-replicating systems; it is readily
isolated; and its sequence changes but slowly with time-per-
mitting the detection of relatedness among very distant species
(11-13). To date, the primary structure of the 16S (18S) ribo-
somal RNA has been characterized in a moderately large and
varied collection of organisms and organelles, and the general
phylogenetic structure of the prokaryotic domain is beginning
to emerge.
A comparative analysis of these data, summarized in Table

1, shows that the organisms clearly cluster into several primary
kingdoms. The first of these contains all of the typical bacteria
so far characterized, including the genera Acetobacterium,
Acinetobacter, Acholeplasma, Aeromonas, Alcaligenes, An-
acystis, Aphanocapsa, Bacillus, Bdellovbrio, Chlorobium,
Chromatium, Clostridium, Corynebacterium, Escherichia,
Eubacterium, Lactobacillus, Leptospira, Micrococcus, My-
coplasna, Paracoccus, Photobacteriurn, Propionibacterium,

* Present address: Department of Biophysical Sciences, University of
Houston, Houston, TX 77004.
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Discovering new life forms

Environmental Genome Shotgun
Sequencing of the Sargasso Sea
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Wehave applied “whole-genome shotgun sequencing” tomicrobial populations
collected enmasse on tangential flow and impact filters from seawater samples
collected from the Sargasso Sea near Bermuda. A total of 1.045 billion base pairs
of nonredundant sequencewas generated, annotated, and analyzed to elucidate
the gene content, diversity, and relative abundance of the organisms within
these environmental samples. These data are estimated to derive from at least
1800 genomic species based on sequence relatedness, including 148 previously
unknown bacterial phylotypes. We have identified over 1.2 million previously
unknown genes represented in these samples, including more than 782 new
rhodopsin-like photoreceptors. Variation in species present and stoichiometry
suggests substantial oceanic microbial diversity.

Microorg anisms are responsible for most of th e
biog eoch emical cycles th at sh ape th e env iron-
ment of Earth and its oceans. Yet, th ese org an-
isms are th e least well u nderstood onEarth , as
th e abilitytostu dyand u nderstand th e metabol-
ic potential of microorg anisms h as beenh am-
pered byth e inabilitytog enerate pu re cu ltu res.
Recent stu dies h av e beg u ntoexplore env iron-
mental bacteria ina cu ltu re-independent man-
ner byisolating DNA from env ironmental sam-
ples and transforming it intolarg e insert clones.
For example, a prev iou slyu nk nownlig h t-driv en
proton pu mp, proteorh odopsin, was discov ered
with ina bacterial artificial ch romosome (BAC)
from th e g enome of a SAR8 6 ribotype (1 ), and
soil microbial DNA libraries h av e beenconstru ct-
ed and screened for specific activ ities (2 ).

Here we h av e applied wh ole-g enome sh ot-
g u nsequ encing toenv ironmental-pooled DNA
samples totest wh eth er new g enomic approach -
es canbe effectiv elyapplied tog ene and spe-
cies discov ery and to ov erall env ironmental

ch aracterization. Toh elpensu re a tractable pilot
stu dy, we sampled inth e Sarg assoSea, a nu trient-
limited, open ocean env ironment. Fu rth er, we
concentrated onth e g enetic material captu red on
filters sized toisolate primarilymicrobial inh abit-
ants of th e env ironment, leav ing detailed analysis
of dissolv ed DNA and v iral particles onone end
of th e size spectru m and eu k aryotic inh abitants on
th e oth er, for su bsequ ent stu dies.
The Sargasso Sea. Th e north west Sar-

g assoSea, at th e Bermu da Atlantic Time-series
Stu dy site (BATS), is one of th e best-stu died
and arg u ably most well-ch aracterized reg ions
of th e g lobal ocean. Th e Gu lf Stream represents
th e western and north ern bou ndaries of th is
reg ionand prov ides a strong ph ysical bou ndary,
separating th e low nu trient, olig otroph ic open
oceanfrom th e more nu trient-rich waters of th e
U.S. continental sh elf. Th e Sarg asso Sea h as
beenintensiv elystu died as part of th e 5 0 -year
time series of oceanph ysics and biog eoch em-
istry (3 , 4 ) and prov ides an opportu nity for
interpretationof env ironmental g enomic data in
anoceanog raph ic context. Inth is reg ion, for-
mationof su btropical mode water occu rs each
winter as th e passag e of cold fronts across th e
reg ion erodes th e seasonal th ermocline and
cau ses conv ectiv e mixing , resu lting in mixed
layers of 1 5 0 to3 0 0 m depth . Th e introdu ction
of nu trient-rich deep water, following th e
break down of seasonal th ermoclines into th e
brig h tlylit su rface waters, leads toth e bloom-
ing of sing le cell ph ytoplank ton, inclu ding two
cyanobacteria species, Syn echo co ccus and Pro -

chlo ro co ccus, th at nu merically dominate th e
ph otosynth etic biomass inth e Sarg assoSea.

Su rface water samples (1 7 0 to 2 0 0 liters)
were collected aboard th e RV Weath erbird II
from th ree sites off th e coast of Bermu da in
Febru ary 2 0 0 3 . Additional samples were col-
lected aboard th e SV Sorcerer II from “Hydro-
stationS” inMay2 0 0 3 . Sample site locations
are indicated onFig . 1 and described intable
S1 ; sampling protocols were fine-tu ned from
one expeditiontoth e next (5 ). Genomic DNA
was extracted from filters of 0 .1 to3 .0 !m, and
g enomic libraries with insert sizes rang ing from
2 to 6 k b were made as described (5 ). Th e
prepared plasmid clones were sequ enced from
both ends toprov ide paired-end reads at th e J.
Craig Venter Science Fou ndationJoint Tech -
nolog yCenter onABI 3 7 3 0 XL DNA sequ enc-
ers (Applied Biosystems, Foster City, CA).
Wh ole-g enome random sh otg u n sequ encing of
th e Weath erbird II samples (table S1 , samples 1 to
4 ) produ ced 1 .6 6 millionreads av erag ing 8 1 8 bp
inleng th , for a total of approximately1 .3 6 Gbpof
microbial DNA sequ ence. Anadditional 3 2 5 ,5 6 1
sequ ences were g enerated from th e Sorcerer II
samples (table S1 , samples 5 to7 ), yielding ap-
proximately2 6 5 Mbpof DNA sequ ence.
Environmental genome shotgun as-

sembly. Wh ole-g enome sh otg u n sequ encing
projects h av e traditionallybeenapplied toiden-
tifyth e g enome sequ ence(s) from one particu lar
org anism, wh ereas th e approach tak enh ere is
intended to captu re representativ e sequ ence
from many div erse org anisms simu ltaneou sly.
Variation in g enome size and relativ e abu n-
dance determines th e depth of cov erag e of any
particu lar org anism in th e sample at a g iv en
lev el of sequ encing and h as strong implications
for both th e applicationof assemblyalg orith ms
and for th e metrics u sed inev alu ating th e re-
su lting assembly. Alth ou g h we wou ld expect
abu ndant species tobe deeplycov ered and well
assembled, species of lower abu ndance maybe
represented by only a few sequ ences. For a
sing le g enome analysis, assembly cov erag e
depth inu niqu e reg ions sh ou ld approximate a
Poissondistribu tion. Th e meanof th is distribu -
tioncanbe estimated from th e observ ed data,
look ing at th e depth of cov erag e of contig s
g enerated before any scaffolding . Th e assem-
bler u sed inth is stu dy, th e Celera Assembler
(6 ), u ses th is v alu e to h eu ristically identify
clearlyu niqu e reg ions toform th e back bone of
th e final assemblywith inth e scaffolding ph ase.
Howev er, wh enth e starting material consists of
a mixtu re of g enomes of v arying abu ndance, a
th resh old estimated inth is waywou ld classify
samples from th e most abu ndant org anism(s) as
repetitiv e, du e to th eir g reater-th an-av erag e
depth of cov erag e, paradoxically leav ing th e
most abu ndant org anisms poorly assembled.
We th erefore u sed manu al cu rationof aninitial
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Molecular Epidemiology: HIV-1 and HCV sequences from Libyan outbreak
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In 1998, outbreaks of human immunodeficiency virus type 1 (HIV-1) and hepatitis C virus (HCV) infection were reported
in children attending Al-Fateh Hospital in Benghazi, Libya. Here we use molecular phylogenetic techniques to analyse
new virus sequences from these outbreaks. We find that the HIV-1 and HCV strains were already circulating and
prevalent in this hospital and its environs before the arrival in March 1998 of the foreign medical staff (five Bulgarian
nurses and a Palestinian doctor) who stand accused of transmitting the HIV strain to the children.

Almost half of the 111 children studied in the early months after the discovery of the outbreak showed evidence of both HIV-1 and HCV

infection
1
. Of 418 children eventually affected by these viruses, 248 were referred to European hospitals

1, 2
. Sequence analysis of 51 children

classified the HIV-1 infection as the strain CRF02_AG; HCV infection was classified as genotype 4 or subtype 1a in 15 children
1, 2

.

We studied HIV-1 gag gene sequences from 44 affected children, plus 61 HCV E1E2 gene sequences that span the HCV hypervariable region
(for methods, supplementary information). By using these data in an evolutionary analysis, we could place a real timescale on the
transmission history of the outbreaks.

We collated all available reference strains that were closely related to the sequences from the Al-Fateh Hospital, then estimated and assessed
phylogenies using algorithmic, bayesian and maximum-likelihood methods (for details, supplementary information). The HIV-1
sequences from the hospital form a well supported monophyletic cluster within the CRF02_AG clade, indicating that the outbreak arose
from one CRF02_AG lineage. The cluster is closest to three west African reference sequences (Fig. 1a), the basal location of which suggests
that the Al-Fateh Hospital lineage arrived in Libya from there. The branch length leading to the Al-Fateh Hospital cluster is perfectly typical;

hence the Al-Fateh Hospital strain is not unusually divergent
2

.

Figure 1: HIV-1 and HCV sequences from 1998 Al-Fateh Hospital (AFH) outbreak.

a–c, Estimated maximum-likelihood phylogenies for HIV-1 CRF02_AG (a), HCV genotype 4 (b) and HCV genotype 1 (c). Source of sequences
used for analysis: AFH, red; Egypt, green; Cameroon, blue. Black circles mark the common ancestor of HCV subtype 4a and 1a; numbers above
AFH lineages give clade support values using bootstrap and bayesian methods, respectively. Scale bar units are nucleotide substitutions per site.
For visual clarity, AFH clusters are represented by triangles and some non-informative reference strains are excluded.

High resolution image and legend (21K)

In an equivalent HCV phylogenetic analysis, the HCV sequences from the hospital formed three monophyletic clusters containing 11
subtype-4a sequences, phylogenetically placed among Egyptian subtype 4a lineages; 22 sequences most closely related to a Cameroonian
genotype-4 strain; and 24 sequences belonging to the worldwide and prevalent subtype 1a; four remaining sequences belong to genotype 4
(Fig. 1b, c; see supplementary information).

Epidemiological linkage of the HIV-1 and HCV clusters from Al-Fateh Hospital with sequences from sub-Saharan Africa is to be expected,

given the large number of migrants within or passing through Libya
3

; indeed, the Libyan authorities have expressed concern about the risk

of introduction of HIV/AIDS and hepatitis as a result of this migration
4

. In addition, HCV genotype 4 is endemic to central Africa and the

Middle East
5, 6, 7

, and subtype 4a is exceptionally prevalent in neighbouring Egypt
8, 9

.

Virus sequences also contain temporal information about the date of origin and age of epidemics
10

. We therefore comprehensively analysed

the evolution of the Al-Fateh Hospital clusters using an established bayesian Markov chain Monte Carlo (MCMC) approach
9, 10

 that
appropriately accounts for estimation uncertainty. We estimated three parameter values for each cluster: the date of its most recent
common ancestor; the probability that its most recent common ancestor was more recent than 1 March 1998; and the percentage of its
lineages that already existed before 1 March 1998. (These values are conservative, because cluster origins could be older than the most
recent common ancestor, but not younger.) To avoid model selection bias, we used a range of applicable models.

Ou et al. 1992

Applications of Phylogenetic Analysis

• Systematics and classification

• Discovering new life forms

• Phylogeography and speciation 

• Molecular evolution 

• Genomics 

• Epidemiology and forensics

• Biotechnology

• Agriculture

• Conservation

The Tree of Life: Benefits to Society through
Phylogenetic Research

Phylogenetic analysis is playing a major role in discovering
and identifying new life forms that could yield many new
benefits for human health and biotechnology. Many

microorganisms, including bacteria and fungi, cannot be culti-
vated and studied directly in the laboratory, thus the principle
road to discovery is to isolate their DNA from samples collected
from marine or freshwater environments or from soils. The DNA
samples are then sequenced and compared in phylogenetic

analyses with the sequences of previously
described organisms. This has led to major
new discoveries.

For several decades microbiologists
have been searching for new bacteria in
extreme environments such as hotsprings
or marine hydrothermal vents. The thermal
springs of Yellowstone National Park 
have yielded a host of new and important 
bacterial species, many of which were identified using phyloge-
netic analysis of DNA sequences.  

The most famous 
bacterium from Yellowstone
is Thermus aquaticus . An
enzyme derived from 
this species —DNA Taq 
polymerase — powers a
process called the poly-
merase chain reaction
(PCR), which is used in
thousands of laboratories
to make large amounts 
of DNA for sequencing.
This discovery led to the
creation of a major new
biotechnological industry
and has revolutionized
medical diagnostics, foren-
sics, and other biological
sciences. Many microorganisms in extreme environments may
yield innovative products for biotechnology.

Fungi are among the most ecologically important organisms.
By feeding on dead or decaying organic material, fungi help
recycle nutrients through ecosystems. Additionally, fungi are

important economically as foods and as biotechnological sources
for medicines, insecticides, herbicides, and many other products.

About 2 0 0 ,0 0 0  species of fungi are known, but there may 
be millions more to be discovered because most are extremely
small and found in poorly studied habitats such as soils.
Increasingly, phylogenetic analysis is being used to discover 

new microfungi through isolation and sequencing of DNA.
Biological studies on these new species hold great promise 
for developing novel natural products. 

2

Common fungi often have
mycorrhizal associations in
early stages of development,
and thus are important 
parts of Earth’s ecosystems.

Fungi — an unknown world revealed by
phylogenetic analysis

Using phylogenetic analysis to discover
new life forms for biotechnology

pJP 74

pJP 7

pJP 8

pJP 6

pJP 81

pJP 33

pJP 9

Thermophilic bacteria found in Yellowstone hot springs

A phylogeny of some archaeobacteria. 
Newly discoverd life forms are in red.

Desufurococcus mobilis

Sulfolobus aciducaldarius

Pyrodictium occultum

Pyrobaculum islandicum

Pyrobaculum aerophilum

Thermoproteus tenax

Thermofilum pendens

Methanopyrus kandleri

Thermococcus celer

Archaeoglobus fulgidus

“Simple identification 
via phylogenetic 
classification of 
organisms has,
to date, yielded 
more patent filings 
than any other use 
of phylogeny in 
industry.”
Bader et al. (2001)
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How do we know that phylogenetics work?

Application and Accuracy of Molecular Phylogenies 

David M. Hillis, John P. Huelsenbeck, Clifford W. Cunningham 

Molecular investigations of evolutionary history are being used to study subjects as diverse 
as the epidemiology of acquired immune deficiency syndrome and the origin of life. These 
studies depend on accurate estimates of phylogeny. The performance of methods of 
phylogenetic analysis can be assessed by numerical simulation studies and by the ex- 
perimental evolution of organisms in controlled laboratory situations. Both kinds of as- 
sessment indicate that existing methods are effective at estimating phylogenies over awide 
range of evolutionary conditions, especially if information about substitution bias is used 
to provide differential weightings for character transformations. 

Over the past few decades, biologists from 
many disciplines have turned to phyloge- 
netic analyses to interpret variation in bio- 
logical systems (1). This increased interest 
in evolutionary history has developed partly 
in response to a new appreciation of the 
importance of understanding evolutionary 
constraints when interpreting biological 
variation and partly in response to develop- 
ments in phylogenetic methodology. Three 
developments in particular have been crit- 
ical to the success of the field: (i) the 
development of objective criteria and algo- 
rithms for discriminating among potential 
phylogenies, (ii) increased computational 
power to implement phylogenetic algo- 
rithms, and (iii) a rapid increase in the data 
available for inferring phylogenies, espe- 
cially from molecular investigations (2). As 
a result of these developments, applications 
of phylogenetic analysis span the range of 
biological diversity from questions about 
the history of life (3) to studies of the 
epidemiology of acquired immune deficien- 
cy syndrome (AIDS) (4). However, the 
success of these applications depends on the 
accuracy of the inferred phylogenies, so it is 
necessary to ask how well the methods work 
and to identify the conditions under which 
they may fail. 

The accuracy of methods of phylogenet- 
ic analysis can be assessed by the examina- 
tion of either numerical simulations of phy- 
logenies or phylogenies of organisms whose 
evolutionary history has been observed di- 
rectly. Numerical simulations assume a par- 
ticular model of evolution and then gener- 
ate characters (typically, nucleotide se- 
quences) according to the model and to a 
given phylogeny. Thus, an investigator can 
generate many replicate data sets under 
specified conditions in order to compare the 
performance of competing methods. The 
analysis of known phylogenies adds a reality 
check to the simulation studies: The history 

The authors are in the Department of Zoology, Univer- 
sity of Texas, Austin, TX 78712, USA. 

of the lineages is known (or, ideally, con- 
trolled by the investigator), but the orga- 
nisms evolve under real biological con- 
straints rather than idealized model condi- 
tions. Known phylogenies may involve lab- 
oratory or cultivated strains whose history 
has been recorded (5) or lineages that have 
been manipulated under controlled experi- 
mental conditions for the purpose of gener- 
ating testable phylogenies (6, 7). 

The numerical simulation and experi- 
mental phylogeny approaches are largely 
complementary, and both kinds of studies 
are necessary to evaluate methods of phylo- 
genetic analysis effectively. Simulations can 
be used to explore virtually any conceivable 
phylogeny, and phylogenies can be replicat- 
ed with speed and ease. The primary limi- 
tation of numerical simulations is that they 
always include gross simplifications of bio- 
logical processes-. For -instance, most simu- 
lations assume that nucleotide positions 
evolve independently of one another, even 
though several causes of non-independence 
have been identified (8). Many simulations 
also assume simple one- or two-parameter 
substitution models; for instance, all possi- 
ble substitutions may be assumed to be 
equally probable (a one-parameter model), 
or separate probabilities of substitution may 
be assigned to transitions and transversions 
(a two-parameter model). However, real 
substitution biases are known to be much 
more complex (9). Although these com- 
plexities can be added to simulation studies, 
there is rarely sufficient knowledge to esti- 
mate the extent of the influence of factors 
such as non-independence among nucleo- 
tide positions or variance of rates of evolu- 
tion across nucleotide positions. Therefore, 
results from simulation studies need to be 
compared to results from studies of real 
biological organisms to determine the ef- 
fects of the simplifying assumptions. If re- 
sults from simulations can be replicated 
with experimental systems, then greater 
faith can be placed in the simulation re- 
sults. However, if departures from the sim- 

ulation results are discovered, then the 
processes that are responsible for the differ- 
ences can be identified and the simulations 
can be improved. The simulations are likely 
to suggest conditions that are of interest in 
the experimental phylogenies, and the ex- 
perimental phylogenies can provide a test of 
the simulation results. Thus, a combination 
of the two approaches is the most effective 
way to evaluate the performance of meth- 
ods of phylogenetic analysis (10). 

Simple Evolutionary Models 

Most simulated phylogenies assume a sim- 
ple one- or two-parameter model of evolu- 
tion and then test the ability of various 
methods to reconstruct the evolutionary 
history of lineages generated under the as- 
sumed model (11, 12). Several methods are 
known to be consistent (at least for simple 
tree topologies) for data generated under 
such models, which means that they con- 
verge on the correct answer, given infinite 
data. In general, most of the commonly 
used methods are consistent if corrections 
are made for superimposed changes (such as 
multiple substitutions at a single nucleotide 
site) in accord with the model of evolution 
used (13). For instance, most pairwise dis- 
tance methods (except the UPGMA meth- 
od) are consistent under the Jukes-Cantor 
one-parameter model of evolution if Jukes- 
Cantor distances are used to infer the phy- 
logeny (12, 14). Character-based methods 
such as parsimony can also be made consis- 
tent by using a Hadamard transformation to 
correct the data (13). However, the fact 
that a method is consistent indicates only 
that it will converge on the correct answer 
when given unlimited data, so it is neces- 
sary to do power analyses in order to com- 
pare the performance of competing meth- 
ods, given finite data sets. 

A common objection made to simula- 
tion studies is that it is easy to bias the 
results in favor of almost any method by 
choosing conditions to sirnulate that are 
most favorable to that method (15). Such 
biases can be avoided only by exhaustively 
exploring the potential parameters, of any 
given problem. As an example, consider 
one of the most commonly simulated cases: 
a simple four-taxon unrooted tree, in which 
the five lineages (four peripheral branches 
and a central branch) are evolving at two 
different rates (Fig. 1). Felsenstein (16) 
used a tree of this type to demonstrate that 
some methods of phylogenetic reconstruc- 
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tion are inconsistent when two of the op- 
posing peripheral branches are evolving 
much more rapidly than are the remaining 
three branches. Given a model of evolution 

(for example, the Kimura two-parameter 
model, which allows for independent sub- 
stitution rates for transitions and transver- 

sions) (17), and given two rates of evolu- 
tion (one rate for two of the opposing 
branches and a second rate for the remain- 

ing three branches), the universe of possi- 
ble trees can be examined in a two-dimen- 
sional graph (Fig. 1). Instantaneous substi- 
tution rates can be varied from zero to 

infinity along each of the axes, and se- 

quences can be generated in accord with 
the model of evolution. A power analysis is 
conducted by generating sequences of given 
finite length and then inferring the trees 
from the sequences by the use of competing 
methods. 

Figure 1 shows a power analysis for three 
common methods of phylogenetic inference 
and the effects of two common methods of 
data transformation under the model of 
evolution outlined above (18). For non- 
transformed data, all three methods are 
inconsistent in parts of the graph space; use 
of Kimura-corrected distances (which ex- 

actly match the model of evolution) makes 
the neighbor-joining method consistent 
across the graph (12). Another common 

type of data transformation involves char- 
acter weighting (19, 20). In character 
methods such as parsimony, differential 

weights are often assigned to the different 
character-state changes, depending on their 
observed frequency of occurrence. Thus, in 
the Kimura model simulated in Fig. 1, 
transitions are 10 times more likely to occur 
than are transversions, so the weighted- 
parsimony analysis weights the transver- 
sions 10 times more heavily than transitions 
(in practice, a wide range of weights of 
transversions over transitions produces 
identical results) (Fig. 2). Such weighting is 
not equivalent to transforming the data to 
account for superimposed changes, so 

weighted parsimony is not consistent across 
the entire graph space (12). However, the 

power analysis shown in Fig. 1 indicates 
that weighting of characters has a much 

greater effect on performance than does 
correction for superimposed changes, espe- 
cially at high rates of change. Although the 

weighted-parsimony method is more likely 
to be misleading at extreme differences in 
the two rates (that is, in the upper left 
comer of the graph space), it is more likely 
to find the correct tree at high rates of 

change (Fig. 1). The Kimura corrections do 

improve the performance of the neighbor- 
joining method in regions that are incon- 
sistent for the uncorrected data but do not 

improve performance when rates are uni- 

formly higher (as does character weight- 
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ing). The Kimura corrections actually re- 
duce the performance of distance methods 
under conditions of equal rates of change 
(Fig. 1). 

Some authors have argued that methods 
such as parsimony should be avoided be- 
cause they are inconsistent for some trees 
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(for example, those in the upper left comer 
of the graphs in Fig. 1) when they evolve 
under simple models of evolution (21). 
However, all methods become inconsistent 
for some trees when their assumptions are 
violated (12), and the cost of complete 
consistency under simple models of evolu- 

9. 1. Performance of three methods of phylogenetic 
alysis on the basis of simulation of four-taxon trees 
der the Kimura model of evolution (18). Two rates of 
olution were simulated: one rate for branches a, b, 
d c (horizontal axis of each graph) and a second 
e for branches d and e (vertical axis). The diagonal 
ashed line, top left) represents equal rates of evo- 
on along all lineages. Branch lengths are shown in 

pected frequency of divergent nucleotides at the 
o ends of the respective branches. At infinite rates 

change, DNA sequences with equal base compo- 
ons are expected to differ at 75% of their positions. 
ue indicates that the method estimates the correct 
e a high percentage of the time under the simulated 

nditions; red indicates poor performance of the 

;thod (see color bar, top right). The solid white lines 
cumscribe the regions in which each method esti- 
ites the correct tree over 95% of the time. In the 

gions above the dashed white lines, the methods 
timate the correct tree less than one-third of the time 
rate worse than that obtained by choosing a tree at 

idom). The three colored graphs on the left were 
sed on nontransformed data; the three graphs on 
a right show the effects of character-state weighting 
r parsimony, top) and distance correction (for 
ighbor joining and UPGMA, middle and bottom). 

Fig. 2. Efficiency of five 100- * - 

methods of phylogenetic 
analysis for a four-taxon tree 90- / / 
with equal rates of evolution, Pars f5 0.5 0.5 

evolving under a Kimura , 80- UPGMA 

model of evolution and a 5 0. 

10:1 transition:transversion 70 / / / N 
ratio. The branch lengths 
shown on the tree indicate 8 60- 
that 50% of the nucleotide / / 
sites are expected to 50- Lake's invarants 

change along each branch. 

Although all five methods 40- 
are consistent under these 
conditions (they all eventual- 30 . . . . ................ ........... ...... 

ly converge on the correct 101 102 103 104 105 106 107 108 

solution), the methods differ Number of nucleotides 

markedly in the number of 
nucleotides needed to find the correct solution. All points are based on 1000 simulated trees. WPars 
is weighted parsimony (45) (any weighting of transversions over transitions from 5:1 to infinity 
produces results indistinguishable from those shown); Pars is uniformly weighted parsimony (45); 
NJ is neighbor joining with Kimura distances (38); UPGMA is the unweighted pair-group method of 

averages with Kimura distances (40); Lake's invariants is the method also known as evolutionary 
parsimony (22). 
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from parsimony. In the original study, the 

phylogeny of these lineages was inferred 
from restriction site maps of the entire viral 

genome, and all methods tested were suc- 
cessful at recovering the known phylogeny 
(6). The methods differed significantly in 
their ability to recover the branch lengths 
of the phylogeny (7), and the study also 
indicated a high degree of success in the 
reconstruction of ancestral restriction maps 
(>98% accuracy). However, the study did 
not discriminate among methods on the 
basis of their ability to find the correct order 
of branching events, because all methods 
found the correct tree. 

We have now investigated this phylog- 
eny, using two additional data sets: restric- 
tion fragments and DNA sequences (33). 
Some authors recommend using the pres- 
ence or absence of restriction fragments 
(rather than the presence or absence of 
restriction sites) to infer phylogenies, be- 
cause it is much easier to collect restriction 

fragment data than restriction site data 

(34). However, restriction fragments do 
not evolve independently (a single site gain 
results in the loss of one fragment and the 

gain of two others), and deletions can affect 
the fragments produced by many restriction 

enzymes simultaneously. Because of these 

problems, many authors argue that restric- 
tion site data should be preferred to restric- 
tion fragment data (35). This position is 

supported by the experimental T7 phylog- 
eny, because all methods estimated an in- 
correct phylogeny when using high-resolu- 
tion restriction fragments, but they estimat- 

ed the correct phylogeny when using re- 
striction sites. This difference in the 

performance of analyses based on the two 

types of data has not been apparent in 
simulation studies, possibly because simula- 
tion studies rarely include deletions in their 
models of evolutionary change. 

The sequence data consist of 1091 base 

pairs across four genes of T7 (36). There are 

only 63 variable sites across the sequences, 
or about one-third as many variable char- 
acters as are present in the restriction site 
data (6). Competing methods do not per- 
form as well with the sequence data as they 
do with the restriction site data. With the 

sequence data, only parsimony and weight- 
ed parsimony estimate the correct tree, 
although a second tree (that differs by one 

branch) is equally parsimonious. Maximum 
likelihood (37), neighbor joining (38), the 

Fitch-Margoliash method (39), and UP- 
GMA (40) each estimate a single, incorrect 
tree that differs from the correct tree by one 
branch rearrangement. The less accurate 
overall performance of all methods with the 

sequence data does not necessarily imply 
that sequences are less reliable than restric- 
tion sites for inferring phylogeny, because 
there are fewer variable sites in the se- 

quence data set. However, if bootstrap sam- 

ples equal in size to the sequence data set 
are selected from the complete restriction 
site data and compared to bootstrap samples 
of the sequence data, then the restriction 
site data do appear to be somewhat more 
reliable for inferring phylogeny for most 
methods (maximum likelihood is the ex- 

ception) (Fig. 7). A possible explanation 
lies in the non-independent evolution of 
some nucleotides within genes (7, 8); the 
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Fig. 6. Comparison of an observed phylogeny of 
viruses derived from bacteriophage T7 with an 
estimated phylogeny from the parsimony meth- 

od, on the basis of analysis of the terminal 

sequences (J through R). The numbers above 
the branches indicate the actual or estimated 
number of substitutions that occurred along the 

respective lineages. The actual numbers of sub- 
stitutions were determined by sequencing the 
ancestral viruses. Ranges of values on the esti- 
mated tree indicate that multiple, equally parsi- 
monious reconstructions of character states are 

possible. 

Weighted Parsimony Neighbor UPGMA Maximum 
parsimony joining likelihood 

Fig. 7. Comparison of phylogenetic analyses of 
the viral lineages derived from bacteriophage 
T7, on the basis of 1000 bootstrap samples of 
DNA sequences and 1000 bootstrap subsam- 

ples of the restriction site data that have the 
same number of variable sites as are in the 

sequence data. All methods found the correct 
tree with the complete restriction site data set; 
only parsimony and weighted parsimony found 
the correct tree with the complete sequence 
data set. 
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variable restriction sites are distributed 
across the entire T7 genome and therefore 
are more likely to vary independently of 
one another. For these data, differential 

weighting of character states does not im- 

prove phylogenetic resolution, because rare 
substitutions are restricted to single termi- 
nal lineages and therefore are uninforma- 
tive under the parsimony criterion. On the 
basis of the simulated HIV phylogenies 
discussed earlier, the beneficial effects of 

weighting are expected only at higher rates 
of evolution than were observed. The rela- 

tively poor performance of maximum-like- 
lihood estimation on the restriction site 
data may be because the strongly biased 
substitution matrix violates the assumptions 
of the method (7). 

Clearly, it will be necessary to construct 
additional experimental phylogenies that 
are based on other tree topologies and 

experimental conditions so that the gener- 
ality of the results can be checked. In 

particular, predicted conditions of inconsis- 

tency need to be examined experimentally. 
Nonetheless, there is a high degree of cor- 

respondence between the results from sim- 
ulations and the experimental phylogenies, 
although the experiments suggest addition- 
al complexities that need to be added to 
simulations. For instance, the comparison 
of restriction site data with restriction frag- 
ment data indicates the need to incorporate 
insertion-deletion events into simulations 
as well as methods of analysis, and the 

sequence analyses confirm the importance 
of accounting for non-independence among 
nucleotide sites. In general, however, the 

experimental phylogenies confirm the rela- 

tively high levels of performance of the 
various methods of phylogenetic analysis 
under realistic conditions. 

Conclusions 

Both simulation studies and experimental 
phylogenies indicate that many methods of 

phylogenetic analysis are powerful enough 
to reconstruct evolutionary histories with a 

high degree of accuracy, as long as the rates 
of change of the observed characters are 

appropriate for analysis. This emphasizes 
the importance of methods that evaluate 
whether rates of evolutionary change in 

target sequences are appropriate for phylo- 
genetic analysis (41). Experimental phylog- 
enies also indicate that many methods may 
be fairly robust to violations of the under- 

lying assumptions, such as non-indepen- 
dence among nucleotide sites or deviations 
from simple models of evolution. It also is 
clear that differential weighting of charac- 
ter-state changes to reflect the observed fre- 

quency of the different types of transforma- 
tions may substantially improve the perfor- 
mance of phylogenetic methods (especially 
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a) simulations

b) experimental phylogenies

Springer et al. 2004
mammalian taxa, new questions arise, such as whether the
underlying genetic architecture responsible for these
changes involves the same or different genes.

The root of the placental tree and other remaining
problems
With the proposal of and strong support for the four major
clades of placental mammals, as well as Boreoeutheria

(Euarchontoglires þ Laurasiatheria), there are only three
viable locations for the root of the placental tree
[19,21–23]. These are between (i) Afrotheria and other
placental orders, (ii) Xenarthra and other placental orders
(as favored by morphology), and (iii) ATLANTOGENATA

(Xenarthra þ Afrotheria) and Boreoeutheria. Numerical
simulations [21] reject the latter two hypotheses, but these
tests might be too liberal in rejecting alternate hypotheses
if real data are not simulated accurately according to
current models of sequence evolution [40]. Resolving the
placental root remains the most fundamental problem for
future studies of placental phylogeny and has implications
for understanding early placental biogeography. For all
three competing hypotheses, molecular data give the
separation of South American xenarthrans and African-
origin afrotheres as being ,100 million years ago, which
coincides with the vicariant separation of South America
and Africa. Whereas some workers have suggested a
causal connection between these plate-tectonic dates and
molecular dates separating Xenarthra and Afrotheria
[18,21], others dismiss this as coincidence [41].

Similar to the placement of the placental root, remain-
ing problems associated with resolving relationships
within the major clades involve minor perturbations of
the tree shown in Figure 1b. The discovery of further RGCs
will be crucial in testing alternate hypotheses that involve
short time intervals [22]. Within Laurasiatheria, it is
unclear if perissodactyls are more closely related to
pangolins þ carnivores or to Cetartiodactyla. Within
Afrotheria, it has proved difficult to resolve the relation-
ship among the three paenungulate orders (elephants,
hyraxes, dugongs–manatees). By contrast, morphology
strongly supports a sister-group relationship between
Proboscidea and Sirenia (Tethytheria) [3,4,42], which is
also supported by complete mitochondrial genomes [43].

Minority views
The emerging consensus for placental ordinal relation-
ships (Figure 1b), with its four major clades that are
supported by overwhelming sequence evidence and RGCs,
is not without critics [4,14,44]. Arnason et al.’s [14]mtDNA
analysis suggests that hedgehogs are dissociated from
other core insectivores, such as shrews and moles, and
were the earliest offshoot of the placental tree. Arnason
et al. [14] also find that rodents, Glires, Euarchontoglires,
and Boreoeutheria are all paraphyletic taxa. However, Lin
et al. [27] found that mtDNA trees recover the same four
clades as nuclear genes when outgroup taxa are removed.
Peculiar features of rooted mtDNA trees can result from
inadequate models of sequence evolution [27,28] and/or
unbalanced taxon sampling [28,29]. In particular, some
marsupials have unusual nucleotide compositions and
there have been changes in the mutational process in both
hedgehogs and murid rodents relative to most other
placental mammal mitochondrial genomes [27]. These
changes violate the assumptions of most methods of
phylogeny reconstruction. For example, general time
reversible models of nucleotide substitution assume that
base composition remains the same in different lineages.
Other analyses suggest that protein-coding regions of the

Figure 2 . Parallel morphological radiations in Afrotheria and Laurasiatheria illus-
trate homoplasy in external morphology. (a) African golden mole (Chrysochlori-
nae) and (b) Old World mole (Talpinae); (c) Malagasy hedgehog (Tenrecinae) and
(d) common hedgehog (Erinaceinae); (e) shrew tenrec (Oryzorictinae; Microgale
thomasi; Copyright Link Olson) and (f) common shrew (Soricinae); (g) manatee
(Trichechidae) and (h) dolphin (Delphininae); (i) aardvark (Orycteropodidae) and (j)
pangolin (Maninae).
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convergent evolution of features related to volancy in bats
and flying lemurs, but eliminates the need to postulate the
loss of archontan ankle specializations in bats [32].
Complete mtDNA analyses recently placed flying lemurs
within primates and render the latter PARAPHYLETIC [14].
However, SINE and LINE insertions [33] and analyses of
nuclear genes [21,24] recover traditional primate MONO-

PHYLY. Within Laurasiatheria, Eulipotyphla (e.g. moles,
shrews, hedgehogs) is the probable sister-taxon to the
remaining orders. The emerging molecular support for a
sister-group relationship between carnivores and pango-
lins includes concatenated nuclear sequences [21], mito-
chondrial protein sequences [14] and an RGC (Box 1).
Morphologically, carnivores and pangolins are unique
among living placental mammals in possessing an osseous
tentorium that separates the cerebral and cerebellar
compartments of the cranium [3].

Molecular data are also resolving relationships within
orders, sometimes with unexpected results. In addition to
nesting whales within Artiodactyla, molecular data

separate hippos from other Suiformes (e.g. pigs) [10]. In
Eulipotyphla, shrews and hedgehogs group to the exclu-
sion of moles [25,34]. This result contrasts with morpho-
logical hypotheses that favor either moles þ shrews to
the exclusion of hedgehogs or moles þ hedgehogs to the
exclusion of shrews. In Rodentia, molecular data suggest a
novel mouse-related clade that includes murids (mice and
rats), dipodids (jerboas), castorids (beavers), geomyids
(pocket gophers), heteromyids (pocket mice), anomalurids
(scaly-tailed flying squirrels), and pedetids (springhares)
[35]. This group had never been proposed based on
morphological and paleontological data. Within Chirop-
tera (bats), both nuclear and mitochondrial sequences
favor microbat paraphyly, which has profound impli-
cations for understanding the origins of laryngeal echolo-
cation (Box 2).

The deployment of morphological character evolution
Darwin [36] recognized that ANALOGICAL or adaptive
characters would be almost valueless to the systematist

Figure 1 . The prevailing morphological tree (a) and the emerging molecular tree (b) of the placental orders. (a) Morphology generally places Xenarthra (sloths, anteaters
and armadillos) as basal, and most of the remaining orders into three well-established clades: Ungulata (thought to be derived from CONDYLARTH ancestors, Archonta and
Anagalida. The depicted tree is from Shoshani and McKenna [3]. The tree obtained by Liu et al. [4] is identical, apart from placing cetaceans as sister group to the perisso-
dactyl-paenungulate clade. The tree of Novacek ([6]; http://tolweb.org/tree?group ¼ Eutheria&contgroup ¼ Mammalia) places Pholidota (pangolins) as basal sister to
Xenarthra, makes Primates and Scandentia (tree shrews) sister groups, and collapses several clades (black dotted lines). Novacek [5] subsequently collapses some further
clades (gray dotted lines), which increases reconciliation with the molecular tree. (b) The molecular tree recognizes four major clades: Afrotheria, Xenarthra, Laurasiatheria
and Euarchontoglires, of which the latter two are joined into Boreoeutheria. The presented placental ordinal topology is according to Murphy et al. [21]. Placing Marsupialia
as sister to Placentalia is based on Phillips and Penny [54] and references therein. Clades indicated by solid lines are, with rare exceptions, supported independently by all
other molecular data and analyses [24–29]. Notable exceptions are the strong tendency of mitochondrial protein sequences to place hedgehogs and rodents as basal in the
tree [14]. Colors distinguish the four basal placental clades in the molecular tree.
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A comprehensive phylogeny of birds (Aves) using
targeted next-generation DNA sequencing
Richard O. Prum1,2*, Jacob S. Berv3*, Alex Dornburg1,2,4, Daniel J. Field2,5, Jeffrey P. Townsend1,6,
Emily Moriarty Lemmon7 & Alan R. Lemmon8

Although reconstruction of the phylogeny of living birds has pro-
gressed tremendously in the last decade, the evolutionary history of
Neoaves—a clade that encompasses nearly all living bird species—
remains the greatest unresolved challenge in dinosaur systematics.
Here we investigate avian phylogeny with an unprecedented scale
of data: .390,000 bases of genomic sequence data from each of
198 species of living birds, representing all major avian lineages,
and two crocodilian outgroups. Sequence data were collected using
anchored hybrid enrichment, yielding 259 nuclear loci with an
average length of 1,523 bases for a total data set of over 7.8 3 107

bases. Bayesian and maximum likelihood analyses yielded highly
supported and nearly identical phylogenetic trees for all major
avian lineages. Five major clades form successive sister groups to
the rest of Neoaves: (1) a clade including nightjars, other caprimul-
giforms, swifts, and hummingbirds; (2) a clade uniting cuckoos,
bustards, and turacos with pigeons, mesites, and sandgrouse; (3)
cranes and their relatives; (4) a comprehensive waterbird clade,
including all diving, wading, and shorebirds; and (5) a compre-
hensive landbird clade with the enigmatic hoatzin (Opisthocomus
hoazin) as the sister group to the rest. Neither of the two main,
recently proposed Neoavian clades—Columbea and Passerea1—
were supported as monophyletic. The results of our divergence
time analyses are congruent with the palaeontological record, sup-
porting a major radiation of crown birds in the wake of the
Cretaceous–Palaeogene (K–Pg) mass extinction.

Birds (Aves) are the most diverse lineage of extant tetrapod verte-
brates. They comprise over 10,000 living species2, and exhibit an extra-
ordinary diversity in morphology, ecology, and behaviour3. Substantial
progress has been made in resolving the phylogenetic history of birds.
Phylogenetic analyses of both molecular and morphological data sup-
port the monophyletic Palaeognathae (the tinamous and flightless
ratites) and Galloanserae (gamebirds and waterfowl) as successive,
monophyletic sister groups to the Neoaves—a diverse clade including
all other living birds4. Resolving neoavian phylogeny has proven to be a
difficult challenge because this radiation was very rapid and deep in
time, resulting in very short internodes4.

In the last decade, phylogenetic analyses of large, multilocus data
sets have resulted in the proposal of numerous, novel neoavian rela-
tionships. For example, a clade consisting of diving and wading birds
has been consistently recovered, as well as a large landbird clade in
which falcons and parrots are successive sister groups to the perching
birds4–8. Recently, phylogenetic analyses of 48 whole avian genomes
resulted in the proposal of a novel phylogenetic resolution of the initial
branching sequence within Neoaves1. Although this genomic study
provided much needed corroboration of many neoavian clades, the
limited taxon sampling precluded further insights into the evolution-
ary history of birds.

It has long been recognized that phylogenetic confidence depends
not only on the number of characters analysed and their rate of evolu-
tion, but also on the number and relationships of the taxa sampled
relative to the nodes of interest9–11. Theory predicts that sampling a
single taxon that diverges close to a node of interest will have a far
greater effect on phylogenetic resolution than will adding more char-
acters11. Despite using an alignment of .40 million base pairs, sparse
sampling of 48 species in the recent avian genomic analysis may not
have been sufficient to confidently resolve the deep divergences among
major lineages of Neoaves. Thus, expanded taxon sampling is required
to test the monophyly of neoavian clades, and to further resolve the
phylogenetic relationships within Neoaves.

Here, we present a phylogenetic analysis of 198 bird species and
2 crocodilians (Supplementary Table 1) based on loci captured using
anchored enrichment12. Our sample includes species of 122 avian
families in all 40 extant avian orders2, with denser representation of
non-oscine birds (108 families) than of oscine songbirds (14 families).
Effort was made to include taxa that would break up long phylogenetic
branches, and provide the highest likelihood of resolving short inter-
nodes at the base of Neoaves11. We also sampled multiple species
within groups whose monophyly or phylogenetic interrelationships
have been controversial—that is, tinamous, nightjars, hummingbirds,
turacos, cuckoos, pigeons, sandgrouse, mesites, rails, storm petrels,
petrels, storks, herons, hawks, hornbills, mousebirds, trogons, king-
fishers, barbets, seriemas, falcons, parrots, and suboscine passerines.

We targeted 394 loci centred on conserved anchor regions of the
genome that are flanked by more variable regions12. We performed all
phylogenetic analyses on a data set of 259 genes with the highest
quality assemblies. The average locus was 1,524 bases in length
(361–2,316 base pairs (bp)), and the total percentage of missing data
was 1.84%. The concatenated alignment contained 394,684 sites. To
minimize overall model complexity while accurately accounting for
substitution processes, we performed a partition model sensitivity
analysis with PartitionFinder13,14, and compared a complex partition
model (one partition per locus) to a heuristically optimized (rclust)
partition model. Phylogenetic informativeness (PI) approaches15,16

provided strong evidence that the phylogenetic utility of our data set
was high, with low declines in PI profiles for individual loci, data set
partitions, and the concatenated matrix (Supplementary Fig. 4). We
estimated concatenated trees in ExaBayes17 and RAxML18 using a 75
partition model. Coalescent species trees were estimated with the gene
tree summation methods in STAR19, NJst20, and ASTRAL21 from gene
trees estimated with RAxML (see Methods.)

Our concatenated Bayesian analyses resulted in a completely
resolved, well supported phylogeny. All clades had a posterior prob-
ability (PP) of 1, except for a single clade including shoebill
(Balaeniceps) and pelican (PP 5 0.54) (Fig. 1). The concatenated
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maximum likelihood analysis recovered a single topology that was
identical to the Bayesian tree except for three clades, all of which are
far from the base of Neoaves: the relationships among pigeons; among
skimmers, gulls, and terns; and among pelicans, shoebill, and waders
(Supplementary Fig. 1). Almost all clades in the maximum likelihood

tree were maximally supported with bootstrap scores (BS) of 1.00, but
nine clades within Neoaves (including four of the most inclusive
neoavian clades) received support ,0.70 (Supplementary Fig. 1).
Coalescent species tree analyses produced substantially different
hypotheses for neoavian relationships (Supplementary Fig. 3), but
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Figure 1 | Phylogeny of birds. Time-calibrated phylogeny of 198 species of
birds inferred from a concatenated, Bayesian analysis of 259 anchored
phylogenomic loci using ExaBayes17. Figure continues on the opposite page
from green arrow at the bottom of this panel. Complete taxon data in
Supplementary Table 1. Higher taxon names appear at right. All clades are
supported with posterior probability (PP) of 1.0, except for the Balaeniceps–
Pelecanus clade (PP 5 0.54; clade 109). The five major, successive, neoavian

sister clades are: Strisores (brown), Columbaves (purple), Gruiformes (yellow),
Aequorlitornithes (blue), and Inopinaves (green). Background colours mark
geological periods. Ma, million years ago; Ple, Pleistocene; Pli, Pliocene;
Q., Quaternary. Clade numbers refer to the plot of estimated divergence
dates (Supplementary Fig. 7). Fossil age-calibrated nodes are shown in grey.
Illustrations of representative bird species30 are depicted by their lineages. See
Supplementary Information for details and further discussion.
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