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FIGURE 2.4 The tree of life. This phylogeny of
thousands of species is based on DNA se-
quences. The root is in the center, and branches
are reflected into a circular figure for the sake of
compact display. Note the position of the human
species ("You are here"). To zoom in on branches
of interest, visit www.zo.utexas.edu/faculty/
antisense/DownloadfilesToL.html. (From [14],
courtesy of D. M. Hillis.)
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Ta&vouikn

* H ta&ivopnon twv opyaviouwy
O0€ OMAOEC

o EdpaiwbnKe w¢ ETUOTIUN OTIO
tov Carolus Linnaeus (1707-
1778)

e H ta&ivouikn dnuIiovpyei pia
IEPAPXIKN KATATAEN OPAOWV
(taxa)

* H katataén yivetal ye faon Tg
OHOIOTNTEG METAEL TWV
OpPYaVIOUWV




PDUAOYEVETIKI)

e Otav 0l EEEAIKTIKEC OXETEIC METAED TWV
taxa opidouv TNV IEPAPXIKN TAEIVOUNGCN

* H e€eAIKTIKNA 10TOPIO TV taxa AEyeTal
(PUAOYEVETIKN

e JOPEWVO PE TNV €EEAIKTIKI Bewpia, ol
OMABEC OUOIWV OPYOVIOUWV
TIPOEPXOVTAL ATIO £VaV KOIVO TTPOYOVOo

e AvaTttuxOnke arto Tov Mepuavo
evtopoAoyo Willi Hennig, 1o 1950

* AV KOl QUAOYEVETIKA OEVTPA EiXav
KUKAOQOPIOEl TIOAD TIOAAIOTEPD ATIO
TNV €110X1) TOL AapBivou

Emil Hans Willi Hennig (1913 — 1976)



[0 va JEAETIOOVE TNV 1oTopIa TNC (WNC OTN YN...

e ATIOANIBWUOTO

e QPUAOYEVETIKEC OXEDTEIC
UETAEL OLYXPOVWV
OpPYaVIOUWV

* @PUAOYEVETIKN UTTO0EON:
EVA EEENIKTIKO OEVAPIO
OXETIKA UE TIC OXEDEIC
YOVEWV KOl OTIOYOVWV

* MUAOYEVETIKO OEVTPO:
LI YPO@IKA OTIEIKOVION
LIOC (PUAOYEVETIKNG
LTTIOBEDNC
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chimpanzee - bonobo

Evolution 4th Edition, Futuyma & Kirkpatrick,
Sinauer Associates 2017
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AvalnTtwvtog ToV KoIvo Ttpoyovo

A
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——® Human
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PUAOYEVETIKOI XOPOKTIPEC

* XOPOKTINPIOTIKA TIOL XPNOIUOTIOIOUVTAL YIO TNV KATAOKELN
(PUAOYEVETIKWV OEVTPWV
— 1davIKA TIAPEXOLV TIANPOPOPIEC OXETIKA PE TNV €EEAIKTIKN 1OTOPIO
TV taxa
e MIKPN TIOIKINOTNTAO PHECO OTIC EVOTNTEC TIOU EEETALOVE
* MeyaAn TIOIKIAOTNTA AVAUEDO OTIC EVOTNTEC TIOU EEETALOVE
* JTIC OVYXPOVEC (PUAOYEVETIKEC LTIOBETEIC, Ol XOPAKTAPEC EiVal
ouVINBWC BETEIC VOUKAEOTIOIWVY (SNPS) Kal n KaBe Beon £xel 4
duvarteg kataotaoelc (A,C,G,T)



[Mapaywyoc Kal TIPOYOVIKOC XOPOKTIPOC

* Napdaywyoc (derived): xapaKTrPac TToU OEV UTIIPXE OTOV KOIVO
TIPOYOVO (ATIOHOoP@IN)
* MpoyoviKo¢ (ancestral): XapaKTrpog TToL KANPOVOUNBNKE aTto
KOIVO TIPOYOVO (TTAnCIopop@ia)
* Mia Trapaywyn Kataotaon XapaKTipo TIou €ival Kovr o€ pid
opada taxa AEYETal cUVATIOHOP@Ia (Synapomorphy)
- ATt0d£IEn OTI Ta taxa eEEAIXTNKAV ATIO TOV idI0 KOIVO TIPOYOVO

* To oUVOAO TWV taxa TIoL €XOLV TIPOEABEI ATIO TOV iId10 KOIVO
TIPOYOVO OTIOTEAOUV HIO MOVO@PUAETIKH OPAON I EvaV KAKOO
(monophyletic group, clade)



(A) | Ancestral features include (B)
short ribs, small cranium
and multiple bones in the
lower jaw (not visible).

‘ Derived features

— include large cranial size
and single jaw bone

Derived features include
loss of teeth in lower jaw and
reduction of 5 to 4 fingers

| Ancestral features include |
5 fingers on the hand.

Evolution 4th Edition, Futuyma & Kirkpatrick,
Sinauer Associates 2017




(A) (B) (C)

(A) Ta dévtpa cival idla

(B) Ta dévipa autd eK@PAalouv
TNV id1a TIANPOYoOpIa PE TN Popd
TOL XPOVOU VA dNAWVETaI
OlAPOPETIKA

2
l (M Ta devipa dev gival idla
3

Evolution 4th Edition, Futuyma & Kirkpatrick,
Sinauer Associates 2017
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Ta d0o dévtpa gival idia.

To dévtpo deId ival TTIO
“OHOPYO” KOl TIPOKUTITEI
OTIO OTIAN PETAKIVNON

TWV OPAdWV OTO oXAMO.



OPOAOYOI XOPOKTNPEC

* OI CLUVOTIOPOPPOI XOPOKTIPEC AEyovTal KOl OMGAoyoOl

— Eival kowvoi o€ dVo (1] TIEPIoCOTEPN) taxa AOYyw KANPovounong
aTIO KOIVO TIPOYOVO

- Eival 1dlaitepa Xproigol yia TNV KATAoKELH] (PUAOYEVETIKWV
OEVTPWV YI0Ti 0pilOUV HOVOPULAETIKEC OUAEC

e OpoAoya yovidla

— [ovidla TTov LTTIAPXOULV C€ VO I TIEPICCOTEPOLE OPPAVIOHUOUG
AOYW KANPOVOUNOoNC aTto KoIvo TIpOyovo

— EI10IKA TIEPITITWOT OPOAOYWV XOPAKTHPWVY



OuOAOYOI XOPOKTAPEC

___—Humerus

) _—Ulna
Radlusal

__—Carpals
sgpts _— Metacarpals
fa g %,,,. Phalanges
1813 ({ N
2 9
3 4 -
Early tetrapod

Pterosaur (extinct)

Adapted for swimming

Adapted for running

Bird

Adapted for grasping



clacle ¢: vascular plants

clade b: land plants

To “TTOAUKUTTOPO CTTOPIOPUTO”
gival TTapAywyog XapakKTnpag.
[MoIa UOVOQUAETIKN opada opilel;

taxa: |Coleochaete liverwort conifer angiosperm

character
stales:

Ta “ayyeia” gival Trapdywyog
XOPOKTHPAG TTOU £CEAIXTNKE

derived . )
unicellular /@ /a”;;ﬂe:“—-ax GVG”EGG O'TOUg KOH BOU(_: B KAl C
s o - osa onilen
multicellular O Prilnitivek.\"“:a-—sfli]-lil"/ [Mola IJOVO(PU}\ETIKI‘] 0“06(] (:)l:)lc“-’_,ll_l

sporophyle




Cladogram Example:

b f i ere

Sharks flsh Amphlblans Primates & rabbits Crocodies Birds

Eggs with shells

Amniotic egg
Four limbs
Bony skeleton

Vertebrae

[Moloc €ival o
OUVATIOUOPPOC
XOPOKTNPOC TIOL Opilel TN
HMOVOQUAETIKI) OPAdA TWV
ONAQCTIKWV;
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Skull, brain, - =
’ o
spine S
> &

3
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LegS; toes, """""""""""" ! %

neck; gills lost @

Internal egq «--------eeeeeeeees :
=
jai]
3
\_I_ =
Hair, Milk -weeeeeeeeseemsremeensncnaed ' = 2
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Salelgaliap

O1 ouOAOYOI XOPAKTIPEC
Mo Bonbouv va
OPICOVPE PYOVOPUAETIKEC
OpAadEC.

H ta&ivounon twv taxa
OTIOKTA EEEAIKTIKI)
TEKUNPiwon Kal onuooio




MnN UOVOQUAETIKEC OMADEC

* MAPAPUAETIKA: PO OUAdO TIOL TIEPIEXEL KATIOIO OAAG OXI OAO TO!
taxa TTov KOTAyovTal aTIO £VAV KOIVO TIPOYOVO

* MOAU@UAETIKN: LIO OPAdN TIOU TIEPIEXEI taxa TIoL OEV £XOULV TOV
1010 KOIVO TIPOYOVO HE TO LTTOAOITIO taxa TNC OPAdAC

Non-
monophyletic

Monophyletic




A Monophyly B Polyphyly C Paraphyly

, <3
=H| e 4

- __Not a clade
(paraphyly)

" Not a clade L4
(polyphyly) a

-

—— Monophyletic
clade =
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Paraphyly

'Reptiles’
. l : S | /
Birds Crocodiles Lizards Turtles

=

Ciconia ciconia l Polyphyly
'Vu Itu res

Aquila cysaetos

ﬁ _\—___—__—___‘—

I New Worid] Storks and Birds I Old World |
vultures their relatives of prey vultures

Gypaetus barbatug




Cyclostomata
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a Chondrichthyes
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Pila kal e€wopuada

e Q¢ pila (root) BewpPOLUE TOV KOIVO TIPOYOVO TwV taxa evoC OEVTPOU

- 2uvnROBwC¢ dev yvwpidouvpe TN pida Kal aTtAwC TNV TOTTIOBETOVUE OTO
LUECO TV taxa PE TNV HEYOAUTEPN OTIOKAION

 H e&wopdda (outgroup) €ival eva taxon 1tov yvwpilovue OTI BpioKeTal
TTIOAU HOKPULA EEEAIKTIKA OTIO TA LTIOAOITIA taxa Tov OEVTIPOU

- H e&wopada YttopEi va xpnolportoineei yia va Bpebei n pida o€ eva
OEVTPO

— Karoleg @opeg n e€wopdda dev gival TOOO POKPIVI] KOl ONUIOVPYEI
OOAQEIEC

— To id10 Kal av N e€wopada gival TOCO0 POKPIVI WOTE VA
OMOAOTIOIOVVTOI ACXETA EidN



UNIVERSITY OF

Southampton

Outgroup Rooting

Outgroup Rooted
Kangaroo Kangaroo B

Lemur Lo
Human
Human

Mouse
Root

o

Mouse

Unrooted

Mid-point
Rooted

To devTpo A dev Exel pida.
>av pida ETUAEYOLE Eva
onueio Tavw otnv Evwon
TOUL outgroup (Kaykoupo) e
TOV TIPWTO KOWO.

To dévtpo B TI0L £XEI
PI{wBEei pe outgroup 10
KOYKOULPO, €ival T0 0waoTo.

To dévtpo I TTou £l oav
Pida OTTAG TO KEVTIPIKO
onueio Tov ypagruatog
gival Aaboc yiati Badel 1o
KOyKoupO otnv idia opdda
HE TOV AVOPWTIO Kal TOV
Agpouplo.




Ta pilwpéva dEVTPA TIEPIEXOUV TIANPOPOPIEC VIO TIC TIPOYOVIKEC KATACTACEIC TWV
XOPOKTHPWV KAl JTTOPOLV VA XPNOIPOoTIoIN 80UV yia TNV avixveuon tng eEEAIKTIKAC 10Topiacg
OMAdWY OPYAVIOUWY PHECT OTO XPOVO.

Ta devipa €dw €ival iIcoduvapa

Nodes — _ J T

\

Root
1 { e—

Branch—d

4 A

MmO rMn

-
e

Ancestral - » Derived
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Waxvovtag yio cuvaTtiOpop@oug XopakTiPEeC: Ol KOTITIKOI YOM@iol LTTAPXOUV TOCO0 OTo Lynx rufus 600
KOl 0TOV AUKO ToU MEe&IkoU (Canis lupus baileyi) kal opidouv Tov KAASO TwV capKO@Aywv BNAACTIKWY

) o
g =

Canis lupus baileyi

Carnassial Carnassial

Left: Argonaut / Shutterstock.com; right: Matt Cooper / Shutterstock.com
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FIGURE 2.7 Similarity versus relationship.

(A) Chimpanzees and monkeys are more

closely related to each other than to ro-

dents, and they are also more similar. , , , , ,
(B} Do|ph'|r15 are c|05e|y related to h]p- H O“OIOTHTG 68\) 6“)\(&)\}8[ TTavVTa KOlVf] KCXTCXVOOVI’]
popotamuses and other mammals, even

though they superficially look more like

sharks. (C) Crocodiles and birds share a

more recent common ancestor than either

does with lizards, but birds look very differ- : ” : :
' Y Evolution 4th Edition, Futuyma & Kirkpatrick,
ent because they have undergone more ) )
. ‘ Sinauer Associates 2017
evolutionary changes than crocodiles.




OuoTtAaoia

e H aveédptntn €€EAIEN TIOPOUOIWY XOPAKTNPIOTIKWVY

e ANMIOVPYEI OVOKOAIO OTN PUAOYEVETIKI OVAALCH KOl UTIOPEL VO
TIPOKLYEI HEOW:
—  ZUYKAIivouoac e€EAIENC

* AUO EEEAIKTIKA OTIOMOKPLOUEVO €0 EUPAVIOLY PAIVOTUTIIKEC OUOIOTNTEC
AOYW KOIVWV EEEAIKTIKWV TIETEWV

— MapAaAANANC €€EAIENC

* OI XOpOKTAPEC OVO OTEVA GLYYEVIKWV PUAOYEVETIKWVY YPAUMWY OAAGLOLY UE
TIOPOUOIO TPOTIO TALTOXPOVA (AOYW €EEAIKTIKNC TTIEONC KOl AOYW TIOPOUOING
“OPXITEKTOVIKNC” TOL OPYAVIGHOU

- E&EAIKTIKAC avaoTpo@rC

» ETIOTpOQr) 0€ TIPOYEVESTEPN KATAOTACH XAPAKTHPO



Parallel evolution Convergent evolution Secondary loss

Independent evolution of  Independent evolution of Reversion to
same feature from same  same feature from different ancestral
ancestral condition ancestral condition condition

X




CONVERGENT EVOLUTION 1 ZUVK}\iVOUO'a gEg)\IEn

Streamlined Shape due to Aquatic Environment {Shared Selection F'ressura}l

DOLPHIN ’ ) PUMA

SHARK
MAMMALIA

CHONDRICHTHYES

«  Cartilaginous Skeleton
v Gills * Bony skeleton
+ Scale Denticles in Skin * Lungs

+  Mammary Glands

VERTEBRATA
«  Vertebrae

= Cranium

« Tri-Partite brain

DIVERGENT EVOLUTION

Branching of Vertebrata into
Mammalia and Chondrichthyes




(A) Octopus

(B) Fish

optic nerves.

The nerve cells that convey

| visual signals from the retinal
receptors to the brain leave
the eye directly in multiple

To
Photoreceptor brain

&'IIII I i ."}" l """""" ’@"‘Q‘_
Light i ,
GW'MMMW -
MWWMJ

Y

. The photoreceptors point .
toward the incoming light. |

g

Muscle

Lens

Light

Cornea
Iris

To Integrating
brain neurons

Retinal nerve cells form networks
that extensively process visual
information before signals go

to the brain.

R "';:»—0-(@«««««««(«'

single optic nerve.

The nerve cells leaving
the retina gather into a

Retina

Photoreceptor

i[{(ll((([(((((((“((((((ﬂ(

The photoreceptors point away
from the incoming light,

so the light must pass through the
retinal tissue to stimulate the
photoreceptors.

> UYKAIivouoa €EAIEN

Evolution 4th Edition,
Futuyma & Kirkpatrick,

Sinauer Associates 2017




> UYKAIivouoa €EAIEN

FIGURE 2.22 Examples of convergent evolution. Many groups of birds have indepen-
dently evolved long, slender bills for feeding on nectar procluced af the base of long
fubular flowers, (A) Hummingbirds, family Trochilidae. This violet sabrewing (Campy-
lopterus hemileucurus) is from Costa Rica. (B) Sunbirds, family Nectariniidae. The greater
double-collared sunbird (Nectarinia afra) is native to South Africa. Bird-pollinated
plants also have converged, in flower characteristics. A long tubular flower, often red
or orange, has evolved independently in many groups of bird-pollinated plants.

(C) Erythring, a member of the pea family, Fabaceae. (D) Many species of Aloe (Aspho-
delaceae) are visited by sunbirds in Africa and the Middle East.

Evolution 4th Edition,
Futuyma & Kirkpatrick,
Sinauer Associates 2017
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[TapaAANAN €€EAIEN

Ta {wa pe TTAaKoLVTA Kal T
HMOPOITIOPOPA ATIOTEAOLV TIC OO
BaoIKEC OPAdEC TV BNAACTIKWY. Kal
OTIC OVO OPAdEC gppavidovTal
TIAPOMOIOl HOPPOTLTION AOYW
TIPOCOPHOYWV GE GUYKEKPIUEVD
TIEPIBAANOVTO.



EEEAIKTIKA avooTpo@r)

Ol TtyKovivol gival
TITNVA TIOU OPWC
ETMECTPEYPOV OTNV
Katdotaon ¢ pn-
Tong
TIPOCOPUOLOYEVA OTO
TIEPIBAAANOV TOULC
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Fleas M EEEAIKTIKA) avooTpO@r)

Fies GEHD
Lice w

Bugs %* , )
Loss H amwAgla Twv QTEPWV
3.?%'2 4 Crickets ﬁ\ OTO £VIOMO EYIVE
(vingloss] Sg—_— OVEEAPTNTA TPEIC POPEC

Crickets M
Dragonflies #‘-'/
. SN

.

Loss

Insects

-, d

Silverfishes - gge

FIGURE 16.3 Winglessness in many insects has resulted from evolu-
fionary reversals. The basal orders of insects, bristletails (Microcoryphia)
and silverfishes (Zygentoma), are descended from the wingless ances-
i i N, / tor of all insects, and have never had wings. The other orders of insects
Bristletails %& are descended from an ancestral insect that had wings. In many orders,
" however, some species have reverfed to the wingless condition, such
p—— ' H7 Y as some species of crickefs and grasshoppers (order Orthoptera). Lice
l# .I (order Phthiraptera) are entirely wingless but are related to winged suck-
. "' L0 ing insects such as true bugs and cicadas (order Hemiptera). The entirely
i wingless fleas (order Siphonaptera) are related to true flies (order Diptera).

Crustacean




(@) Mutations can create synapomorphies

>uvartopop@io oto DNA

DNA sequences in descendants:

ATTGCTATTC ATTGCTTTTC ATTGCTTTTC

LY

DNA sequence changes to: ATTGCTTTTC

Ty

Ancestral DNA sequence: ATTGCTATTC
Copyright © 2004 Pearson Prentice Hall, Inc.



(b) Reversals ("back-mutations") can remove synapomorphies

OuoTmtAaoia oto DNA

DNA sequences in descendants:

ATTGCTATTC ATTGCTTTTC ATTGCTTTTC ATTGCTTTTC ATTGCTATTC

Reversal to A at 7th
position occurs here

Ancestral DNA sequence: ATTGCTATTC

I Copyright © 2004 Pearson Prentice Hall, Inc. _
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Placenta \

Single jawbone \ I

Beaver
Milk I,
) e Molo 3éVTPo £ival TIO KOVTA OTNV OARBEIX;
I I I | Human
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-t e AYOTEPEC EEENIKTIKEC PETABOAEC OTIO OTI TO
I L 3évtpo (B)
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Beaver
|
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To 3EVTPO (A) EXEl HEYOADTEPN PEIOWASTNTA
(parsimony)

Human
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||| | Bird
Kangaroo o Evolution 4th Edition,
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PeldwAoTnTa

* H @e1dwAoTNTa €ival pia apxn TTov 0dnyei atnv £TIAOYT TNC TTIO TIEIOTIKIC
(PUAOYEVETIKIC LTIOBEONC, OVAUECSA OE JIAPOPEC EVOANOKTIKEC

e H um6Beon avth TTov aTtartei Ta Alyotepa Bripata yia va e€nynoei sivail cuvriwc
(aAAG OX1 TTAVTO) N opPoN

FIGURE 2.16 Inferring ancestral charac-
ter states. Two possible histories of the
evolution of opposable (O) versus nonop-
posable (N) foes in the Hominoidea (O,
orangutan; G, gorilla; C, chimpanzee; H,
human) are shown. At left, if nonopposable
toes (open circles) are hypothesized for
A5, The common ancestor of chimpanzee
and human, two state changes must be
postulated. At right, opposable foes are
hypothesized for A;, and only one change
need be postulated. Assuming that charac-
A, tfer state changes are rare, the more likely
hypothesis is that humans evolved from an
9, '.A1 ancesfor with opposable toes.

o <




(A) (B)
Site: 123 456 789
Ground € ATT AAT GAA
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Fox'§ Western gray @ ATA AAT GAA
[Molo gival 1o TTI0
OANBOPAVEC OEVTPO;
Eastern gray €) Weste;flxig;r:s\
(©€) Tree 1 Tree 2 Tree 3
O 6 6 0O O ©6 e 0 O 0 8 ©
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KAadOypappa: dEiXVel
TIC EEAIKTIKEC OXETEIC
ovapeod o€ taxa

AEV UTTAPXEI XPOVIKNA
OVOAOYIO OTO PNKOC TWV
Bpaxiovwy (YPOUH®WY
KOTOYWYNC) TOL OXNMATOC

Chimpanzee Human Chicken Dinosaur




Drosophil%

4

Lancelei:'{ /;,-f-

Zebrafish =— —

Copyright @ 2008 Pearson Education, Inc., publishing as Pearson Benjamin Cummings.

DUAOYEVETIKO OEVTPO: OEiXVEl TIC EEEAIKTIKEC OXETEIC AVAUEDO O€ taxa o€
OVOAOYiO PJE TOV EEEAIKTIKO XPOVO



KOTOOKELH (PUAOYEVETIKWV OEVTPWV

e T UAOYEVETIKA OEVTPA KATOOKELALOVTAI ME:

- 'Eva oOVOAO XOpOKTAPWV, VIO TOUC OTIOIOU(
avadnToLVTal OPOIOTNTEC Kal DIOPOPEC avAaETa
OTOUC OPYAVIOUOUC

- 'Eva €€EAIKTIKO 0€vAplo, JECO ATIO TO OTIOIO
EPUNVEVOULE TIC DIOPOPEC TWV XOPUKTIPWV
* TI.X. TO JOPIOKO POAOI



MopIaKO POAOI

MEB0O0C TIPOCEYYIONC TOU EEEAIKTIKOU

»«*"—35% L8 4{-)’,‘\'@ 7 2%\'9 , ; , .
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Tipoyovou (opldovtiog agovac)

FIGURE 2.17 This plot of base pair differences against time since
divergence was some of the earliest evidence that the rate of
sequence evolution might be approximately constant. Each point
represents a pair of living mammal species whose most recent
common ancestor, based on fossil evidence, occurred at the fime
indicated on the x-axis. (The fossil would indicate the minimal age of
the lineage to which a living species belongs.) The y-axis shows the
number of base pair differences between the species, inferred from
the amino acid sequences of seven proteins. The three green circles
represent pairs of primate species, which have diverged more
slowly than other mammal groups. The arrows show how we would
estimate that a pair of species with 45 base pair differences shared a
common ancestor about 74 Mya. (After [21].)
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