CHAPTER THREE

What a Phylogenetic
Tree Represents

Before you can use trees to organize
| knowledge of biodiversity and refine your understanding of evolution, you
! need to know what a tree diagram represents and to become comfortable with
' some of the conventions used to communicate phylogenetic information. As

noted by Robert O’'Hara in his seminal exploration of the concept of tree think-

ing, “just as beginning students in geography need to be taught how to read

maps, so beginning students in biology should be taught how to read trees and

to understand what trees communicate” (O’Hara 1997). In this chapter, we

begin by clarifying how reproduction of individual organisms within popula-

tions is connected to ancestry and descent at the level of the tree of all life. We
. then describe how to read tree diagrams in order to extract their essential phy-
logenetic content.

THE CONTINUITY OF REPRODUCTION FROM THE
POPULATION TO THE TREE OF LIEE

A phylogenetic tree depicts the evolutionary ancestry of a set of tips. The tips
are typically living species or groups of species, but can also be fossil organ-
isms, individual organisms, genes, or populations. There is only one basic kind
7 fifancestry in biology: that which links parents, or more generally ancestors,
- and their children, or descendants. A pedigree or family tree is a depiction of
ancestor-descendant relationships within a population. A phylogenetic tree
WS the same thing, but at a larger scale and in less microscopic detail. To
iderstand what a phylogenetic tree depicts, therefore, we need to conceptu-
bridge the reproduction of organisms within populations and the branch-
of evolutionary lineages to create a phylogenetic tree.
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FIGURE 3.7 Two alternative representations of the same four-species tree.
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DIFFERENT TREE STYLES

ces can be drawn (Figure 3.1 5).
chapter have been in the diagonal or rectangu-
oot at the bottom SO that time points Up- These
d in a different orientation. For example, Fig-

ure 3.15 shows the same topology drawnina diagonal-up; diagonal-dowD, and
rectangular-right format. This figure also shows one additional tree style, the
circle tree. A circle tree has only one orientation: ime always runs outward

from the middle.

There are several alternative styles in which tr
Most trees drawn so far in this
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lar format an:
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uivalent to one another. This can be

The four trees in Figure 3.15 are all eq
post methods or using mental gymnastics to
es, the tree

established using the clade or sigh
he other by twisting and bending branches. Inall cas

shown has the topology (A(B(C,D))).
The choice among different tree formats is
{ssues rather than biological factors- Diagonal

lines need to be drawn. Psychological research has shown that diagonal trees
may confuse students, who some

times misinterpret the long diagonal line from
the root to taxon D as indicating that taxa A, B, and C descended “from D’
This confusion is easily overcome by recalling the meaning of a tre¢ diagram
and by becoming fluent in converting topologies froma diagonal toa rectangu-
Jar format.

Rectangular trees are tidy and provi
text. Circle trees are useful when oné wishes to include many tips i

ABCD D
C

B

A

Rectangular—right

guided by practical and stylistic
trees are efficient because few

ich to insert

de horizontal lines on wh
n a compact
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Diagonal-down Circle

f1GURE 3.15 Four alternative representations of the same topology-
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tree metaphor has utilityn llghlt) of the immensity of the gi adt ip, as discussed
. ) 2.7 . and tree of li
resilient in the only because it is resil of life, the
sense t ient to certain simplificati
e tieeasa Wﬁgi statements based on a small pi(tgacm St{mpllﬁcatlons_
tant:PTunin d . e. Two ways of sim hfy e of the tree will be
Pl g and merging. P mng trees are eSpECiaHY lmp
ylogenetic trees o 1 ; D
included in the di nly depict relationshi
iagram ps among th :
21y that pruning tif)s off ionefihﬂess, the treelike formgha: t;el’l(‘;lln‘als thitare
B For exampl ree does not change th : e desirable prop-
e, gi e relati i
B iche Corritl given the tree on the left in Pigursgsinps of the remain-
y represents the phylogeny for the 16, ieiproned tree
remaining specie
s.

A B
G

E3.16 Pruni
) fr. ing does not alt o
' ) from the tree does not chan er relationships of the included ti
R ps- Removing three tips (A
aining taxa (B, E, F, G) ’
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ave done is cut off three tips (A5

remaining branches. Two tre€
tree topology that can be converted
ing of branches (one of the trees can be
The resilience of trees to pruning
they are such good devices for com
property it is possible to make accurd
without having t0 list every species th

newly discovered

ships among thes
Stability in the face of pru

connected to the rest of the tree

nection. This can
seeking to climb fro
e same P
d off. Thisisa manife

All we b

pecies th

rel
lows exactly th

have been prune

GuURE 3.17 The path of asqu

Fl
s are on the tree.

other branche

| Whata Phylogenetic

s are said to be compatible
10 either of the two tre
dentical to the larger tree).
isa
municating info

well-established treehasno ¢

ning takes advantage O
(and hence t

be illustrated by imagining a
m tip A to tip 7 along b

ath regardles

jrrel from leaf A to leaf Z is

Tree Represents

D) and then straightened the
if there is one larger

es by selective prun-

C, and

n important feature that explains why
rmation. Because of this
f evolutionary kinship
conversely, adding 2
fFect on the relation-

te statements 0
at ever lived. Or,

dy included.
{ the fact that each tip is

o all other tips) by only one con- |
literal tree (Figure 3.17). A squir- |
ranches (without jumping) fol- ".
s of how many other tips and branches

station of the acyclic nature of a tree.

the same regardless of how many

M
ERGING AND PRUNING

Figure 3.18 provi .
shiow the tres Flf;v;g;se :tn il}llustration of tree pruning. In th
mammals (all except the tsen i Curl“ajntl}’ accepted relationshei uSPPP-I“ panel we
pruned off several tips to yi lfcfc are in a clade called Afrotherii) g
welhiickalaniths aie “fgle” the smaller tree to the right. In th’ and we have
While the two pruned tree tree and have removed a diﬂ“e.rent e lower panel,
the species that are includ iim"?}i’ look different, they have the sa sxtelisanches,

1Determining by eye V:h;etheithree tfltl?es are compatible witlruns;?;?llog or

a lar a small t : . other.
ger tree takes practice. A modiﬁCatior;emlcstﬁev;l;cclllgr rlralﬂ:[l}?eg version of
ethod for testing

Tenrec
Dugong
Manatee
Aardvark
Elephant shrew
— Hyrax
African elephant
= Asian elephant
Tenrec
D ugong
[ Elephant shrew
African elephant

'

"
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ugng%ig < & & =
3 EF 22y 5% L o» 3 5 o5
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L

'E‘ IG URE 3.18 I'wo d Iar er tree
'
pruned versions Of the same g .

|
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be used to s€€ if trees with different numbers of tips are
be broken down into the following steps: (1) Find a
that are included. (2) Find the small-
all those tips- (3) Note any tips that

est clade on the larger tree that includes
e clade on the smaller tree.
ree, then the two trees

are in the clade on the larger tree that were not in th

(4) If these extra tips occur anywhere 01 the smaller t
are incompatible: the smaller tree 15 10 .on of the larger tree- (5)
1f, after considering all clades in the smaller tree, you do not find any cases of
incompatibility, then the smaller tree is a validly pruned yersion of the larget

free.

For example, the upper pruned tree in Figure 3.18 has a clade that includes

just African elephants and elephant shrews: The smallest clade on the unprune
1so includes the aardvark, hyra%, and Asian

tree that includes these tWoO tips @
re anywhere 01} the

elephant tips: However, since none of these three taxa 2
that the African elephant + elephant shrew clade

topological identity can

compatible. The rule can
clade on the smaller tree and note the tips

pruned tree, we can conclude
is compatible with the full tree. Repeatling this procedure for all the clades can
3.18 are compatible with the full trees to

show that the pruned trees in Figure

the left.
In addition to being resilient 0 pruning, trees can als

merging a cladeintoa single tip- Regardless of how large 2 clad
he tree remains the same. For example, inste

basic topology of t
every species in cJade H in the tree 07 the left in Figure 3.19,wec

tree with T merged into a single terminal.

1t is important t0 understand that merging is 8 valid maneuver for clades
but not for non‘monophyletic groups. T .der a couple of examm-
ples using the tree in Figure 3.19. First, i amed the non-

monophyletic group c+D+Eas «1” Wherever you
tree would imply an incorrect placement for at least one tip- Fore

o be simplified by
¢ is merged, the
ad of displaying
an redraw the

FIGURE 3.19 Merging 2 clade into 2 single tip- The two trees are identical given that taxd

D-Gare merged into clade H.

THE TIME AXIS

were placed as the si
e sister t .
more closely related to F j)é)n to F + G, it would incorrectl
than itisto A + B. Thisisam Y suggest that C is
da]0r reason whi
y the

current convention i
n is to give fi
groups of organism s ezonom
s b ic names only to
‘ monophyletic

THE TIME AXIS

A rooted tree f
ollows the f:
banlingERif AHA) ellft:e Ccl)f one ancestral lineage through ;
cal chronicle: the nodes :Eid?; ing to a set of living species g[ha series of lineage
at some particular time in thr anches represent ancestral .0 eltr.ee is @ historl,
some implicit information e past. A tree diagram muzt p]ll1 ations thatlived
events. However, you Shouﬁlnbthe relative timing of di fferé tt 1erefc.re, contain
. - 2 n . i i
mation into a tree diagram e careful not to read too much ineagelsphttmg
Two nodes th ‘ SepoLEL
at are on th o
e one another. The node cle same path from the root have a fix
Isms that is ancestral to the Ofler to the root represents a ec_l relationsip
in Figure 3.20, node b is 21t er node, and therefore live dPOP‘il.lanon of organ-
population of organisms t; ESlcendant of node a. The Iattear ier. For example,
B o ot Hkews at lived after the former. Node % must represent a
I8 e on the rig)ht ‘ c;\Cfllse, have lived after node a. To mcalli also a descendant
s ‘ is easi
B endants. arrowheads pointing along lime;;lge thf15 RRBIRE S
While the t I
ree contains i : o
Pt odes, this dia information about the relative a
OO s that are not gram does not contain informati e D dIIZERUR LN
on the same path from the motnl)?n —
. For example Fi
» L1gUre

i \</ G H
b N
C
b
a
74

B

" FIGURE 3
i .20 Tree
s contain inf i
ormation about the relative age of nod
nodes that are o
n the

ne Path from
y the root, W,
e . Wecani

B ::’t]il fiescendants of nod;nier th_at n.odes band ¢ are both you

: plicit temporal informatio (as indicated by the arrows in tl?ge'r than node a, because
n, we cannot determine the relati e right panel). However

ve ages of nodes b ’
andc.
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s not contain information o1l the relative ages of nodes band ¢- 1t might
g to infer that node ¢ lived after node b because there are two nodes
and ¢ but no intervening nodes between @ and b. This reasoning is

this diagram just shows tree topology- There is no informa-
ch duration in this diagram. For example, the three branches
d each represent @ short period of time, summing to
al branch betweenl nodes aand b-

A convenient way {o summarize the ages of nodes (when known) is tO draw
pranch lengths pt0p0rtiona1 to time, usually with an associated scale 10 allow
one to read off the estimated age of an internal node. Such diagrams are called

jon on time, a8 contrasted with

chronograms, because they contain informaty

cladograms, which only depict topology and clade membership. Figure 3l
shows a chronogram {hat match in Figure 3.20. It is assumed
that all the tips shown are extant (ie., still Jiving), meaning that they lived z€r0
millions of yea i imescale,

rs ago. BY dropping 2 line fr
n see that no

we ca han node b.
ethods that may

320 doe
be temptin
between @
flawed because
tion about bran
between nodes @ and ¢ coul
less total time than the single inter?

Chapter 11 introduce

onstructing chron® grams.

cladogram and a full chronogram is
are assigned ages, but
ot us start with a case

2. Given that

de c is older t
dating m

be used for ¢
An intermediate situation pbetween &
when certain no

encountered des or tips within a tree
branch lengths are not drawn proportional to time. L
where certain tips ar€ fossils of known 28¢; as shown in Figure 32
tipFisa fossil that 1s dated at 55 Ma, what else can we infer?

A
B
C
D
E
B
G
H

10 0

20

50 40 30

70 60
s before present (Ma)

100 90 80
Millions of year
RrE 321 A chronogram showing the timing of the branching events. This figure

that could not be inferred from the Jadogram d€

FIGU
de b, something

that node ¢ predates no
in Figure 3.20.

shows |
e le topol i
. ogy suffices fi
or
some purposes, such as delimiting t
axonomic

BRANCH
LENGT
H AND EVOLUTIONARY RA
TE
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F (fossil at 55 Ma)

1
E

FIGURE 3.22 Usin
g a date i
Ma, we can infer that nodes xda]flodssﬂ to place limits on nodal ages. Gi
age of node z or any of the unlabel ﬁaredbmh at least 55 Ma wegcan' 'tvin that F is dated at 55
ed nodes without maki ' not, howeve :
aking addition T, constrain the
al assumption
s.

o | .
x b
: -F (fossil at 55 Ma) c
——D
L E

=1 : :
: :
100 90 80 7{0 ‘ I I
60 50 40 3I0 ! I l
Mili
illions of years before present (Ma) . ! ’

FIGURE 3.23 Ach
. ronogram showin
g that fossil F lived
after node z.

Because nodes x and

at least 55 Ma. It mi yareancestral to , it is vall
than 55 Ma, baselzlng}rllttl;e tempting to infer additijntacil?zstsgil = UL G
_l}lfleage_ B ever. such 1re reasoning that it occurred afte t}il Ode.z,ls younger
yand F could be of lon gason'lng would be invalid. The br 0N Or.he F
: -f?o,uld be of short dur & uration, while the one lea&in f s e g
.FmﬂFigure e litlon. In that case node z could g éom node y to node z
‘on the age of node , based only on Figure 3.22, we h predings s peshavn
z or either of the other two unmarl{:::’cel3 HOddlrect information

nodes.

#hi

1ps or inferri
ting evoluti
utionary relationships (Chapter 5)
, some downstre
am
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es, where length usu-

information on the length of branch
ould change state on

ility that a character W
ntitatively analyzing patterns
ges tend

e evolutionary chan

uses of trees require
ally represents the relative probab
a particular branch. For example, if you are qua
of trait evolution (Chapter 10), knowing that mor
to occur on sOmMe branches than others can have 2 substantial effect o1 your
conclusions. In many cases, expressing branch length in units of time (1€ in
the form of 2 chronogram) is all that is needed. In other Cases, it can be useful
(o draw branches such that their length is proportional to the amount of evolu-
tion thatis inferred to have occurred on the branch, most often expressed as
the average aumber of changes occurring to each character used in a particu-
lar analysis (Chapter 8). Trees with branch lengths drawn proportional to the
amount of evolution are called phylograms:
Figure 3.24 shows a sample phylogram from a study of the evolution of
cotton (Gossypium) and its wild relatives. The scale bar at the bottom of the
to the amount of

diagram indicates that the branch lengths are proportional
n tree diagrams

evolutionary change. Phylograms ar€ among the most cOmmo
in research literature, but they are ndary literature and in

Jess common in $eco
textbooks, where cladograms and chronograms predominate.
hylogram rel

The branch lengths on a P ate to a specific set of traits, most
nly the gene sequences that were fer the tree (Chapters 7-8).
dering the

commo used to in
For example, if we Were consi evolution of the hemoglobin protein,
ht be drawn proportion?a

then length mig . ate of the proportion of
amino acid sites that changed on cach branch. In the case of Figure 3.24, the
branches are drawn proportional to the number of substitutions estimated
to have occurte e chloroplast)

d at each sitein 2 portion of the plastid (i-€- th
branch is its duration multiplied by

genome of these plants. The length of 2
he rate of evolution can vary across

its average rate of evolution. Because t
branches, phylograms are not the same as chronograms.
1f two sister 1in€ages are of different Jengths, and if both have living repre-
sentatives, then the rate of evolution must have differed between them. The lon-
ger branch has accumulated more changes and, thus, has evolvedata faster rate
than the short branch. On Figure 324, Gossypium and Hibiscus are part of a
clade called the Fumalvoideae with long branches, whereas the baobab, Adan-
sonia, is in 2 clade called Bombacoideae with relatively short branches. HOW
should this be interpreted? All one can safely assume i that for this gene the
rate of molecular evolution was higher 1n Eumalvoideae than in Bombacol-
deae. 1t could be the case that all genes evolved more rapidly in Eumalvoidea

BRANCH L
EN
GTH AND EVOLUTIONARY RAT
| E
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COMMUNI
CAT
ING PHYLOGENETIC UNCERT
AINTY
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58 CHAPTER THREE | What a Phylogenetic
+ be drawn from 2 single
than anc :
estral lineages actually splitting into multiple d
iple descendants) ar
e called

than in Bombacoideae, but this conclusion should no
phylogrem- soft polytomies
Consider a stud
y that has ruled
rule out the two s ed out most of the .
trees in Figure 3.26. The remainin{g)(frilcbli ety L s
ertainty can be ca
p‘

OGENETIC UNCERTAINTY tured with
a conse 5
nsus tree using the two possible trees as input
ut trees. The

COMMUNICATING PHYL
: . ; i : consensus t . .
Up until this point, all the trees we have shown Were bm.ary: ancestral lineages only of cla dzze t;hi)wn in Figure 3.26 is a strict consen
split into just tWO descendant lineages: The splits are Jichotomous (Greek for (ABC), (DEFG) 1;3;‘(?&011 all input trees. Both inpu?ﬁ-;ree: a tree composed
« . . » . . { 3 1 e 3
cutting into tWO 1 B ft{lly binary tree is also called fu_ll)./ resolved. In parts :. three resolved clad ), and therefore the consensus t 8 _lnclude the clades
of the tree of life where lineage splitting is a rare event, it 18 probablj reason- | trees are collapsed 65 Internal branches that are not ree includes just these
able to assume that all Jineage-splitting vents are dichotomous- But it is easy ‘l T Pste into a polytomy. The clade (DE), f present on all the input
enough to imagine cases in which an ancestral lineage splits more Of Jess simul- ! - kingu trees and is therefore not shown , for example, occurs only in
taneously into multiple descendants. For example, & widespread species might ' ST bz ("icogsensus trees, but we will not ggszil%cothnSEDSus tree. There
: . . : : 2 onderi . 1D0€e
become fragmented into multiple 1sola‘fed popul_atmns asa 1'681:1112 ofa change in either an ancestral li ing how to interpret polytomies if em here.
the climate. If several of these populations persisted t0 establish new lineages, lineages or phylogemi'age splitting simultaneously intol t}}ey can represent
i i netic ; multi
the result would be 2 nqde with more than two descendant 1.mee‘1ges, a Polytomy- polytomy as an indicati uncertainty. The safest inter : 1p1-e descendant
Figure 3.25 compares binary and polytomous trees drawn 1n cither diagonal or possibility ofah dICatlon of uncertainty, where that pretation is to view the
a hard pol d at uncertainty i
rectangular format. p polytomy. ainty includes th
. . . olvtomies i ; s the
It is certainly possible that true phylogenies have polytomous nodes, O~ . com};()nl;s in tree diagrams represent complete
. . . o . o rana . unc &
called hard polytomies. More comrr}only, polytomies 10 tree diagrams indicate different levels of nalysis of real data to yield a tree whertamty' However, it
uncertainty as to the correct pranching pattern. Recall that the trees that appear support by those data. Phylo whose branches receive
in research publications, textbooks, OF websites are inferred from data: they are ylogeneticists have developed a
chips. Thus, even if the true tree were : e c D E F @

onary relation

be insufficient to ¥€
¢ uncertainty in the tre

solve all the relationships. Poly-
e topology (rather

hypotheses of actual evoluti
fully binarys the data might
tomies that are used to communicat

Input
W;l A B CDETF G

Polytomy
Strict consensus tree

Input tree 2

. N
i

URE 3.26 C
. . ombining tw
or i
esolved input trees into a strict cons
ensus tree with

ionships. The clade
mies. The co
] nsensus tree ¢ :
ontains only clades that are present in both i
input trees.

phylogenetic relat

rtainty in
¢ trees on the right.

FIGURE 3.25 Polytomies express unce
4D is collapsed into 2 polytomy in th

containing B, G, a0
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gree of confidence

notate a tree to indicate the de
for a particu-

number of different ways to an
that should be associated with each clade. The strength of support
ber on the branc

lar clade is typically indicated by placing 2 num
that clade. The most commontly used measures are pootstrap percentages (also

called bootstrap scores), which range from 0 to 100% and posterior probabili-
ties (also called clade credibilities), which range from 0 to 1.0. The meaning
of these numbers s explained in Chapters 8 and 9. For now, it will suffice to
know that the higher the aumber, the more strongly the data support the clade
descended from the annotated branch (or node). While the thresholds are sub-
hat clades W cater than

jective, a rough rule of thumb is t :th bootstrap scores gt
(0% or posterior than 0.95 are considered well supported.

probabilities greater
As an examp 327, which shows part of a phylogram

le, consider Figure
from a scientific paper (Medina et al. 2001). While most of the sampled tips

Salpingoecd
dpirgee }Chnanoﬂagellida

somycetozoa

Icthyophonus} Me
} Hexactinellida

Rhabdocalyptus

Suberites . X
Demospongia Porifera

Ctenophora

<L pleurobrachia
Antipathes
Anthozoa
Montastraed
Atolla} Scyphozod

Hydra
0 ) Hydrozoa
Nectopyratis

Cnidaria

Dugesia

Bilateria

0.1 substitutionsf site
"
relatives. Numb

of animals and their closest
324, Adapted fr

FIGURE 3.27 A phylogeny
scores (scotes <50% are marked “<”)- gcale bar as in Figure

(2001).

ers are boot
om Medina etal

UNROOTED TREES

may be unfamiliar
Fach branch of the’t)r(::h?:z: know g number of the major clad
are typically not provided Krlllasspaated bootstrap score. \/Valuezs1 represented.
scores, and that these SCOrés ?ng hetall internal branches b ess than 50%
can ui.ee which number refersrfoe\ir}tl(') ?elcgde descended from thafltvl:rgoottlsuap
results were st ich clade. This nch, you
vides quite St;gf‘:ggl:usup{l)aortedoby this analysis. Fégioe‘j(z ;5 tl(; C;eltermine which
clade that includes th 5}; it (9§ @ for a clade comprisin Pb : t}igu}"e 3.27 pro-
Cnidaria (e.g., jellyfish a;dmajorlty of living animal SPecié; s d lBﬂlateria. (the
weak support (77%) for the corals). In contrast, this study ’ i_I:JC %dmg us) and
contradicts the monophyl I?Onophyly of Cnidaria. LikewlzS . v }f_s felgti%ly
the support for CaICareJ f); of sponges, it does so only weakl ’t“}\’l 1l§ this tree
remaining sponges is onl g clade with other mimaly rather because
manner, an ability to do fo 6. While it can take practice to r ad B ety e
ture that summarizes ph opens & wonderfully rich ar cac trees in this
s phylogenetic data using these Conin);jOf scientific litera-
ons.

UNROOTED TREES

Rooted trees contain i ;
discern the Pat?;?:)nf zlféfm mation about the flow of time, whi
evolution (Chapter 4) ;:(f:ttefgotlf common ancestry and ’tl‘:; é?i:tlilgws t}ls to
stream uses of Phylogéni rees are thigtefors eesantial & n of trait
trees in orde es. While it is only ne ial for most down-
ficed some u;?e;:faiEuCh of the Seco”dagf Ph(;fif)sggett?cﬁdersm“d rooted
plan to read the prima ng of unrooted trees and how tree iterature, you will
B 1se of how r00tr}£1 phylogenetic literature. Additi s are rooted if you
dee}&)er understanding oef trzgsfli;ll nrooted trees differ can hoelllsli’)gudf Veloﬁ)ing .
~ An unrooted tree is _general, 0 achievea
branches re 2 tl"ee without a define
‘know Whidf:::;r;tvz‘fsi}ltlonary lineages, but i;}oﬂo(:: ir;'(?élt udl:lrooted tree the
d b ancestor and ;ﬁq preceded along the lineage. Becz brce, o€ 0 6k
identify clades. Thus, the i its descendants, we need tempo ]ilsre a clade com-
des . sl;lit ; }internal.branches F sy uantEd ia information to
ctly or indirectly) to t}f taxa into two sets of lineages :Ee do not denote
an example, conside e two ends of the branch. 8 mbsancatcandie
?.ng I uni a rooted tree for selected archosaurs (Fi
sing the lowermost i0n0ted version, obtained by remo s (Figure 3.28a).
ternal branch into a pol Ytomyw;}g] ﬂ?-? root and
. The figure may
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odile lineage or between 2 Croco-

be assumed. Because
n, we should be open

true root is 01 the croc
and the dinosaurs, but this cannot
in the absence of extra informatio

seem to imply that the
dile + pterosaur clade

this is an unrooted tree,
to the possibility that the true root lies along any branch of the tree.
Crocodile Crocodile
Pterosaur Pterosaur
Stegosauris Stegosauris
Ankylosauris Ankylosauris
Tguanodon Iguanodon
Triceratops Triceratops
Diplodocus Diplodocus
Allosauris Allosaurus
Tyrantosaurus Tyrannosaurus
Velocirapto? Velociraptor
Archeopleryx Archeopteryx
Ostrich Ostrich
Robin Robin
Unrooted

Rooted

Stegosaurus Ankylosaurtis

Triceratops Pterosaur

Crocodile

Jguanodot

Diplodoctis

Allosaurus

Tymnnosaums

Velociraptor

Archeopteryx

Robin
Ostrich

Unrooted

C
oted (a) and two different u

FIGURE 3.28 The same tre¢ topology in o

formats.

arooted (bs c) tte.

UNROOTED TREES

To avoid implyi
in
(Figure 3.28). ]Ijﬂfe tgeaox;zot, the t-ree has been redrawn in a
Sodde has three branche er trees in Figure 3.28, this tree is b'Sprea’d-out e
to descendant lineages SI:I(())ne corresponding to the anceStrallTiarY in that each
d i neage and tw
ST —— wever, because the tree i : Y
5 t H " S 1n Fl
To see that the threec}it:'\;};;c_h ll;%lges are ancestral and vﬁuﬁ; 2-28;’ and ¢ are
for yourself tha in Figure 3.28 ar , re descendant.
txoies fioi e topologically identi
branch leadin one to the other ntical, confirm
g to the root and you need only rem
Aditional bisck nd then unbend, resize oveitheishint
) 5 a
o that the trees aise :and thr? root branch have to bencdu: o(t)a i
iy can seausngeFh ﬁi X tetof pipe cleaners (but whose leng;th Ece a%am, imag-
If this phys ree to yield the second gth can change) and
ysical modeling is di nd or the th
earlier section on ’l“rg:ei f;lng is difficult, try the approach (l)li'dh t
B tos trecs, Eirst list-th opology) to establish the topologi 1% 5 'dades e
B e thatares : clade;s:1 in the rooted tree Ther% fiit ltdlf nley of these
R parated from i e taxa on th
a Vertha]_ hne to indic eaCh Othef b . the
stewhich t y an internal branch, usi
These are spli axa are on which si ch, usin
plits, also called bipartiti which side of the int )
e i ipartitions. For e ernal branch.
gl lon Soct xample, as shown in Fi
. Iouanodon, P at divides Stegosaurus, A igure 3.29,
, Pterosaurus, and crocodile on the 0n,e sirctiiy flosaurus, Tricer-
rom Diplodocus

Stegosauruis Ankylosaurus

Iguanodon

Pterosaur

Triceratops
Crocodile
Robi

QOstrich S
Diplodocus

Archeopteryx
Allosaurus

Velociraptor
Tyrannosaurus

RE 3.29 Oneof
the spli ’ o
splits (a bipartition) in the archosaur tree (Figure 3
ure 3.28).
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64
ostrich, and robin

Allosaurus, Tyrannosaurus, Velociraptor, Archaeoptery%
on the other. This coul 0SAUTUS, Ankylosaurus, Iguanodon,

d be written as: St€g
Tricerotops, Pterosaurs crocodile | other species. Table 3.1 lists all the splits seen
in Figure 3.28b and c. Fo d to look at the rooted tree (Figure

1 each split you nee
3282) and ask, Does the set of taxa befo after theline

re the line or the set of taxa

or both correspond to a clade on the rooted tree? 1f the answer is yes for each
split on the unrooted tree, and if all clades on the rooted tree correspond to one
of the splits, th

en the rooted and unrooted trees match.
Assuming that you hould go on an unrooted tree,
ou can easily convert an unrooted

know where the root s
ree. Rooting an
lves adding an @

tree back into a rooted t
unrooted tree just invo

dditional node to one of the branches
de. Figure 3.30 illustrates three ways

and reorienting the tree relative to that no
to root the same unrooted tree.
You may wonder, How do I decide where to place the root onl an unrooted A &

tree? When reconstructing trees (Chapters 7 and 8), scientists generally use one E B _[ A
of two methods to decide on how to root the trees. Most commonly, an analysis 5 C B
will include a group that is known to be outside of the group whose relation- " D ——C
ships are being studied: an outgroup- When an unrooted tree is obtained from . E F
a study, the rootis placed between the ingroup and the outgroup- Alternatively, & F _E G
lecular clock applies (Chapter 11), u G H
H E
D

for example, when a 110

{ the root based on the relative lengths of different =

in some situations,
we can infer the position 0

branches.

FIGURE 3.30 Th i
ree alternative ways to root the same unrooted
ed tree.

TREE-TO-TREE DISTANCES

rABLE 3.1 List of splits in Figure 328bandc

When worki i
: ng with two trees th
e es that are not identi i
o ical, it ma
BE oty i a}sf ta}fe to one another. For a number ofY pe usefl .tO deter-
B bossible to quanti e degree of difference, that is, the trEurposes’ tis valu
B b ;fy t;eeftoﬁree distance while ,takin f};i"'tfee i
?-SI.gniﬁcantly o Com;i[ st. I(-ilowever, since branch lengt}gls mokacf}?unt both
- e s el il ake the analysis
- Thel;e 2%}7 while ignoring branch 1ength;y introduce methods that consi}(rler
; several meth :
il meiilis to ;neasure the distance between two tree t
o on two. For simplicit i ree topolo-
- ‘ y we will i
o althouei (tislee earlier section on Communic;}tlt? e
- : ' in i
N0Us trees. The ﬁrft wa e:e basic approaches can be adapted tg l;hYlogeneUC
. " o
y to quantify the distance between two tre a?dle 1pO1Y~
e topologies

us | other species

other species
Iguanodon, Triceratops | other species

Stegosaurus, Ankylosaur

Iguanodot, Triceratops |
losaurus,

Stegosaurus, Anky
codile | other species
Pterosaur, Crocodile | other species

Iguanodot, Triceratops,
Velociraptor, ArchagopteryX, Ostrich, Robin | other species

Ostrich, Robin | other species

Pterosaur, Cro
Stegosaurus, Ankylosaurus,

Allosaurus, Tyranhosaurts
Velociraptor Archaeopteryx,
x, Ostrich, Robin | other species

Tyrannosaums,

Velociraptor, Archaeoptery
Robin | other species

ArchaeopteryX, Ostrich,
Ostrich, Robin | other species




66

three trees,

clades. The
distance of 5
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trees is that
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pumber of

one s

tree 2
2 but

CHAPTER T

is to count the proporti
each with

|
' 2, (ABCDEFGH) and
with tree 3 (AB), (GH

pumber of disc

A problem wi

If you compare
between them i

There &
duce one: subt
maneuver enta
The word st

and regrafted. Also,
trees (Figure
While it may
determine the mini
pecific tree topolo

Tree 1
distance. Tree 1 share

FIGU‘RE
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on of shared clades. For example,
seven clades. Tree 1 has tWo clades in €O

(AB), and five discordant clades. Tree 1
), and (ABCDEFGH), and four di
measure of distanc

tree 3. This suggest

e: tree 1 hasa

ordant cladesis @
g that tree 1is

to tree 2 and a distance of4to

tree 3 than to tre€ 2:
th counting clades asa W

e rearrangements
d 2 more closely, you W
ent of one clade, (AP

to

i1l see that the e
s whichisa sister

that a more
s is to count the

simpl
trees 1 an
s due to the moven

ethods, of which we will intro-

nd regrafting ot SPR. As the name indicates, this
e off the tree and reattaching it in a new location.
d because single tips can be pruned
nts are usually applied to unrooted

o subtreesis@ clade.
is usually possible to
eeded 10 convert

2 measure of tree

tree rearrange
re several tree 1€
ree pruning @
s cutting a piec
btree rather than clade is Us€
since SPR rearrangeme
ar which of the tw
alculate for large
er of SPR rearra

gy into another. This can

trees, it
ngements n
be used as

3.32),it1s uncle
be difficult to ¢
ipimum numb

IHGDCEFBA

IHBAGFEDC

Tree3

-to-tree

SPR rearrangement 10 convert tre

3.31 An example jllustrating tre€
and three clades with tree 3, Tt takes only one

three 1o convert itinto tree 3.

5 TWO lades Witk
e 1into tre¢

TREE-
TO-TREE DISTANCES

A § . 2
b g
B/ , G
e/
SPR H
F E A

G H

FIGURE 3.32 A
: n example
ple of subtree pruning and regraftin
g on an unroot
ed tree.

1 : ) con Tt 1 :11'1 i '

‘Iﬁlu-lti.dim i e [8) can move |||[|)|| 1
. EnSlOﬂal “S ’
g

is space by rea
L rrangi
hapter 7, this abiIit);g LI)] %rtrees SPR by SPR. As will be di
averse tree space is what allOW;SCU-SSCd more fully in
a computer pro
gram

i
(4
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P - W]l a (1 ere t )a' er n t h T
rH ¢ Io ees de .
ER plC S lff ren n Of relatlonshlps tha th
3 1C ( ij [Il u t € others

FURTHER READING

ece: Maddison and Maddison 2000
et al. 2005; Baum and Offner 20083 Gregory

68

Interpretation of a phylogenetic tr
Common problems in reading trees: Baum H A B C D
d Novick 2008, 2009 E F G

2008; Catley 2
Rooting trees: Maddison etal. 1984

CHAPTER 3 QUIZ
|

1. Which of the five labelled nodes in the tree corresponds t0 the most recent cOm~
and a sponge?
—.H

ancestor of 2 mushroom

mon

o
&

S
& F LS
a

— B

nthe others?
— G

5 Which of the four trees depicts a different pattern of relationships tha

DECAHB B H A E

E G
4. The clade wi
ith the name Di
| % : ikaryom

A Coﬁﬁf(l)ses all the descendants c?f thzclzii
) ga tr;x ancest}?r of morel and puffball
1 a on thi i .
. is tree are not in Dikaryo-

o Bread mold b. Corn smut

; u

b
(ci. geast, bread mold
- Yeast, portabella, corn smut, bread mold

s AHCDEZS)S by ¢ E G BAS :
‘ €. Yeast, corn smut, puffball
3. On the tree, whi
>Wh1ch !
' 1ot form a clade? oielepigreas
2. Yeast, morel :
LR L b. Portabella
| d.Portabela, puffh puffball - c.P
| puffball, corn smut, bread mold e Acljlr:Z::]ia) Puﬁgaﬂ, s
- xcept bread mold

d

G ¢ D E

Yeast
Morel
Portabella
Puftball
Corn smut
Bread mold

a
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FGHI]KLM

6. Which of the five smaller trees is COM” ACBDE
patible with the larger tree once the
extra taxa are pruned?
g D E ¢ H K M
A D F
F D C B A

b
XK L M

H ] M
p F G 1
DWGC/A

d

€

esized relationships

shows some hypoth
You do not need t0

The tree on the facing page
r clades are named.

or animal groups. Some majo
swer the questions.

ms are in Ecdysozo
c. Onychophora

Questions 7-9.
among the maj
know these organisms o an

7. Which of the following organis
a Molluscs b Flatworms

g. Each node on this tree is anc
the tips. Which of the following nodes does
a. Ancestral to annelids but not flatworms
b. Ancestral to trilobites and ctenophora
¢. Ancestral t rotifers and echinoderms, but not cnidaria
d. Ancestral to sea squirts and lancets, but not molluscs
e. Ancestral to crustaceans and tardigrades, but not myriapods

abut are not arthropods?
4. Crustaceans & Arachnids

estral to somewhere between tWo and twenty-one of

not existon this tree?

CHAPTER THREE QUIZ

Ctenophora

Cnidaria

Echinoderms

Sea squirts

— Lancets

—— Vertebrates
Molluscs

| Pogonophora

Vestimentifera

~—— Annelids

— Rotifers

—— Flatworms

—— Nematodes

Tal‘digra_des

Onychophora

—— Crustaceans

— Insects

Myriapods

——— Horseshoe crabs

L—— Arachnids

Y
Ar thl’opod

Trilobites (extinct)
wh

VAN

Lophotrochozoa

ECdYSOZOa

71

w
Deuterostome

Protostome
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10.

9. Supposing you merg
clades into 2 single ti

g | Whata Phylogenetic Tree Represents
CHAPTER THREE QUIZ

CHAPTER THR

and deuterostome
Gibbon

e each of the arthropod, Lophotmchozoa,
Si
amang Orangutan Gorilla Chimpanzee H
uman

p. Which of these trees would result?

- <
S o < g 8 o
o) = g g 2 S
= @ @ o ] « = @ |41 < ] &
Q (Y] < S o =) 9 < 8 = 3 3
g 9 2 £ % % = 2 z g 3 T 5 & £ ¢
g & & 2 = = S B8 £ & 2 & §
2 5) =l By = < '{a
o«s.aﬂ—’ahv"’°3§“’-“°“°
28 2% 248328 3 Et 2 E
=5 S = 7] [a¥ o =) + W
5 8 = T I = T Do = S £ 2 8
&3 g8 <289 Q7 g 82 &0 27
1
{
11. Onthe
. same tree, whi
ch of the following i
' _ owin 2
from the information given)? ¢ is not necessarily true (cannot be assumed
a. ais a descenda . e
ntofb :
. 3 gl afte s b. dis a descendant of b ;
a 12 Th e. ¢ lived before d C-EllVed after b
. This figure show
s apo ula 1 s &
N ) most snails, are herrﬂaph tl(-)nlmeage with six generations of snai
s & s & ——- phrodites). Which way is the t snails (which, like
R g B 3 i ge and how do you know? ay is the time axis pointing i .
I 2 = % B 7 o 2 o 8 =2 2 w pointing ia HiE T,
= 5 9 & & < 2 3 s g & g 2 g ’
5 . 7 £ 3 g9 T 8 g - 2z 2 B 3 8 8
£ & ¢ & 2 g 2 g 2§ g 2 % 5 2 £ @ 6. 6. 6.
=] < WO < =] 1 & = 2
5 5 & 4 3 8 = 2 5 2 & 2 & £ <
S & g B g = = 2 " 5 & 5 | g 5 <1
5 0 /A = z. = © < H O A - 7z, & © <

S<><]

- 13. Sh ili
ow your ability to manipulate trees

Given the tree shown on the next page, which (if any) of the following living SP"

cies are ancestors of humans?
a. Chimpanzee

b. Qrangutan

c. White-handed gibbon

&. All of the above
¢. None of the above (no living species)

a. Draw
an 8-taxon tree in a diagonal format

b. Redr.

o aw ’[he same ti .

that the opology in rectangular fi

\ = -
taxon names are in a differeEt orderrmat, with some branches rotated so

'.C-.Dra.w tW() i
] dlffel‘ent 5 t (8] W e axon tree
axon trees that are EaCh Compatible ith th 8 t
.
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CHAPTER THREE |

vided here in parenthetical notation:

14. Draw the tree that is pro

(1,((2,(3,4)),(((5,(7,8)),6),(9,((10,11),12)))))-

osophila 12 genomes
d for twelve species of fruit fly
4. Assume that the tree is COI-

is based on a tree by the Dr

the relationships inferre
e completely sequence

Questions 15—
consorfium (2007
(Drosophila) whose genomes

rectly rooted-

) and depicts
wer

D. ananassae

D. pseudoobscurd
D. persimilis

D. willistoni

D. virilis
D. mojavensis

D. grimshawi

15. The branches aré drawn proportional to the number of muta

have happened along that branch. Assuming the tre
rate, which species has accumulated the fewest evol

common ancestor of all twelve species?
mulated the most evolutionary changes?

ootstrap values that are

utionary changes since

16. Which species has accu
ated with ®
an 84% bootstrap?

on this tree, which is th

17. The tree is annot

tute a clade with
ain)?

o weakest (most uncert

18. Of the annotated clades

you decided that internal branches W
ly resolved and you wante

ith bootstraps of less tha
d to represent them as P

19. Suppose
to 79% are not reliab

Draw the resulting tree.

0.1 substitutions
per site

tions estimated to

¢ and branch Jengths are acct
the last

over 50%. Which tips consti

n or equal
olytomie_:s
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20. Howm
any SPR eve
nts separate these two trees, and which t
A ch taxa are invol
ved?

Trout Trout
coxz cox2
Chicken Chicken
COXx2 COox2
Human
Cox2
Rat Human
[00).¥] COX1
Monst 15 f:lgep
COX2 ouse X1
COX1
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