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Nilsson and Pelger. A Pessimistic Estimate of the Time
Required for an Eye to Evolve. Proc. R. Soc. Lond. B,
1994 256:53-58
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Millions of Years Ago

Eye structure and embryonic development in the hagfish and lamprey—primitive, eel-like verte-
brates—hint at how our camera-style eye evolved and how it functioned in its early stages. The
hagfish has a degenerate eye that cannot see but that probably serves to detect light for modulating
circadian rhythms @. Early in development the lamprey eye resembles the structurally simple hag-
fish eye, before metamorphosing into a complex camera-style eye @). The human eye, too, recalls
the hagfish eye during development, passing through a stage in which the retina has just two layers
before a third layer of cells emerges . Aspects of the embryonic development of an individual are
known to reflect events that occurred during the evolution of its lineage.

Retinal
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Developing

ens —p°

Mature retinal cells

Larval lamprey eye

Ganglion cells

Photoreceptors

. Adult lamprey eye
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\\
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 alay

Two-layered retina

Ancestral eye: The available evidence suggests that a nonvisual proto-eye ’ u @€ O™

with a two-layered retina had evolved in an ancestor of vertebrates around 550
million to 500 million years ago @ and that this precursor to the camera-style

eye functioned to detect light to drive the ancestor’s internal clock.

Three-layered retina
. Adult human eye



Y10 HYyXHO nMeTb 4TOD caenaTtb rnas

U KneTtkn pboTopeuentopbl, OCYLLECTBAOLWNE TPAHCAYKLUMIO

U KoMnoHeHTbI Kackaga TpaHCAYKUMH:
CBeTo4yBCTBUTESbHbIE PELENTOPbI- TpPaHCMeMbpaHHble 6ernkn (ONCUHbI)
G-6enku

Q MNurmeHThl, NnornowatoLme n3dbITOYHbIN CBET

U benku kpuctannnHbel, GopMmpyoLLIne NINH3Y

d leHbl-perynsatopbl



Tunbl PoTOPELIENTOPHBLIX KINETOK

Pa6,EI,OMeprIe-«MVIKpOBOpCVIHKOBbIe» LI,I/IJ'II/IaprIe- «pPEeCHUNYHbIE»
G —
R/“a\b“me'e % Cilium
(@—
Outer « =
D ) Microvil e € =
=
(-
.
e U U
TApicaI
Inner <
Segment Nucleus lBasal
\
Synaptic {
Terminal
hv\ Rod Cone
Vertebrate: c-Opsin— Gt = PDE —cGMP — Na ETOaSTEIS —» Membrane potential
Ciliary
0 Retinal Signal amplification  cyrrent decrease ,
C.—_;_JL,_:_? activation Phototransduction Hyperpolarize

—

W

—— \:_-'

hv

\

Invertebrate: r-Opsin=>Gq =» PIPy —DAG — TRP channels __\, 1 brane potential

open
Rhabdomeric , , P L
I Retinal Phototransduction ~S'9nal amplification Depolarize
activation Current increase

i



LinnnapHbie n pabgomepHbie OTOPELIENTOPbI Y XKNBOTHbIX

Arthropods e
Amphioxus
f @ Qpﬁmitive Bilaterians
' Cnidarians

Box jellyfish

Chordates

Current Biology



Hacnegue pabgomMepHbIX POTOHEUPOHOB B PETUHY MO3BOHOYHbIX

specification genes ‘

(transcription factors) effector genes

;_I E%'{ ‘ bHLH E%U’{ HD ‘ transmitter opsins
X brain ciliary EJ -
photoreceptor \ { -
A X rod E
i i:-:':.ll - ﬂ-l-
el % X
' pinea )
c-opsin photoreceptor LEJ;;:_J cone
"«-..,."_h” = E
> , bipolar [| E SIS
_ S = || =
BarH ———EE S horizontal %
Prox 1 ~ 2,3
[ Irr"\_ﬁ:l E E g — §
3 - & 5 S
pinealocyte MY A, o 2 - o = - -E
r-opsin e ree (8= [|3=}|E - |3 s
ACh B =g | | : l

-~



'POJ 31RIgAUBA

(ENE N Ry S\
O

2U0J ZS/MS d1eIqolIaA
diiEe—

A
2u09 (TSMS) 8reigals i
U092 (S/\1) drelgalan =

||190 Jejodig a1eiqoalan >LO\
loidaoaloioyd Areljio .
192 Al018108S04N8U @Mmkoj/

=
aAlISuUas-1ybl| arelgalon .
192 Alo}8108s0Inau AL
aAnIsuas-1yoi| <O\
192 Al0}8108s0Inau ==
aAnIsuas-1yoi| ! ﬂmme
\ e
S |/_
loidaosaloloyd Aselio ueuepiud i%@
192 [e1UOZIIOY 31el(alIaA g@
192 BuLIoeWe 31eIgalIaA G
Vu/\f/&fﬁo
192 uolbueb reunal areiqalan mﬂ/
ZB

dnoaks assaH
ouswopgeys snxolydwe e
9Aa [enle) -

dllawopgeys a1aeyakjod /O/r
aka 1npe =

duswopqgeys ayaeyaLjod =0
9/a [eAse| ouBwopgeyJ 109sul

‘Ao punodwo?d
JlIswopgeyd 199sul

aka ollBWopgeyy ueleplud S e

112
=4t)

6]

O—a

(5]
O

Loss

Divergence B—a

Gain
Segregation

| - T S T S =

Cell type function




Mogoenb dpopmmpoBaHus rnasa 1

Urbilateria

non-directional

ciliary photoreceptor ~ photoresponse
e oo~y

rhabdomeric
photoreceptor

Vertebrate retina

3 =\
-

——+—bipolar cell
\TT

— ciliary photoreceptor
L horizontal cell

— amacrine cell

-

ganglion cell



retina

. ' photoreceptors
bipolar cells

Mogoenb dpopmMmnpoBaHns rnasa 2

Urbilateria

W%W% photoreceptors
.... interneurons (Vsx/Lhx)

' ' projection neurons (Math5/Brn3b)

Vertebrates Drosophila

EEEEEE
ganglion cells <.... ..

InAS

compound
eye

optic lobe

photoreceptors

transmedullary
neurons

lobula complex
neurons



OncuH + PETNHAIb = CBeTO‘-IyCTBI/ITeJ'IbeII7I MArMEeHT

OoncuH——

6enkoBas PeTtuHanb

(xpomodwp)

. )'ﬂ ‘! ‘\' ‘l‘
% l ﬂ W
’)f Iy

poaoncuH

» /
\ \/ N @ > ~
‘v\" m‘ .‘ﬂ' NS

-!__—

Konobou4ka nano4ka

Light cBeT

trans
KoHdopmauums
(akTMBMpOBaHHas)

Cis KoHdopmauua
(HeaKTMBMpPOBAHS)

~~oncwuH

~
~OMNCUH cBeT
Copyright © 2008 Pearson Benjamin Cummings. All rights reserved.



[MupaTbl n3obpenun nepebii NPUOOP HOYHOTO BUOEHDLS

N 3TO He nonyramn!




Rhabdomeric

IBOMNOLUNSA ONCUHOB

Photoisomerase

Ciliary

inkl

5 2

E =

&t
Pigment and abbreviation U E
Protostome q
Melanopsin q?
RGR ?
Encephalopsin E ?
Parietopsin Pt o
Ci-Crpsinl Ci ?
WA WA ?
Parapinopsin - Pp E ?
Pinopsin P E o'g
ws L RIS
swa v I|E|[5]] ¢t
sws2 [s |5 t
rHz/rhe G | £ t
Rha lamprey ah & i t
Rhl jawed t




CnekTpbl NOrrfoLweHnsa OrncNHOB

Ancestral
§ 360 440 500501 580  mammalike
3 1.0 1 reptile
o

0.8 <
a8
o
'S 06 -
w
g 04 -
o 02+ '
=

0.0 T T

400 500 600 700

Wavelength (nm)

B LwsS B swsi1 B sws2 B Rh2 B Rh1



OBONOUNSA ONCUHOB NO3BOHOYHbIX

Vertebrata
Key:
LWS opsin I w
SWST opsin <7
SWS2 opsin 7 4l pre “\
RHB/RHZ opsin Agnatha Gnathostomata
RHA/RH1 opsin l l w
4, o Chond\' hith
Petromyzontiformes Myxinoidea e o
(lampreys) (hagfishes) w
| = ‘ e
> X ? Sarcopterygii Actinopterygii ' N
i (lobe-finned (ray-finned fishes)  Elasmobranchii Holocephali
Nonhoi;nmr:g;:p yna South?an‘:‘t:;ny;sphere fishes) (skates, sharks, ra'ys) (chimaep?as)
(e.g. sea lamprey) (e.g. pouched lamprey) AR ® (e.g. elephant shark)
A *I
Ry e oy ceaBab e P A
< . ®
Tetrapoda xoe
i w Lissamphibia — —.w
Actinistia Dipnoi Amniota
(coelacanth) (lungfishes) Gymnophiona l
Anura (caecilians) | w
(frogs and toads) ~
e v Urodela 5 ' Y
w w (newts and Saa:mgal Synapsida
w salamanders) w
Archosauro- Lepidosauro-
w morpha morpha
[ F & X
1 . Sphenodontida Squamata
7 N\ Aves (tautaras) ,_M
Crocodylotarsi Chelonia (birds) ’ Serpentes Lacertilia 8',
(crocodiles) (tortoises, turtles (snakes) Amphisbaenia
‘V terrapins) 2 m (lizards)
g )




OBOMOLNSA ONMCUHOB NO3BOHOYHbIX

Mammalia

= ‘ —
Monotrema Theria

(platypus and l w
echidna) - -
’. ' 3 - iy
MeTna Eutheria®
rp— w
Australidelphia Amerideiphia ( 1

(wallabies, kangarocos, (opossums) 4 A\

4

POSIUINS, Kowes) Marine mammals* Non-primate mammals” Primates
l (e.g. whales, doiphins) j (e.g. hﬂmansl

YL

Key:
LWS opsin
SWS1T opsin
SWS2 opsin
RHB/RH2 opsin
RHA/RHT opsin




Bosspau.l,eHme 3€J1eHOIo OrNncCumMHa

Mouse

Lemur

{ Spider monkey

— Colobus

— Langur
— Macaque
A Gibbon
Orangutan

Gorilla
_E Chimpanzee
Human

80 60 40 20 0
Million years ago

T cimelm
Squirrel monkey

A Howler monkey

L

OWMSs

Apes

:l Prosimians

MNWMs

Catarrhines

Dichromatic

+

Polymaorphic

y

Trichromatic

— -




OBOMNOLMSA ONCUHOB NO3BOHOYHbIX

ronyok
¥amMmeneod

Kapach

ronyok
XameneoH
Kapachk

YenoBek
XamMeneoH
ronybb
Kapachk

YernoBek
YernoBek
ronybk
XamMeneoH
Kapachb

o




TplepowlaqueCKoe VS ,u,mxpomaTquCKoe 3peHune

'-n"\‘

Tak BUOUT YenoBek

a Tak - ObIK




[MUrMeHT, norroLwarLWwmin n3dbITOK cBeTa

Cubozoa
O M Tripedalia
GO M Carybdea -
photoreceptor cell type E
Scyphozoa B
o 1‘1}lgbdorllel‘1c @ Stylocoroneila =
& ciliary
Hydrozoa
GO M Cladonema
annelids
@ PM? Platynereis
=)
molluscs %
@ 0 Sepia, Loligo (5
3 07, cua Pecten 2
2
planarians
& M Dugesia
arthropods
@ 0 Tribolium, Anopheles o
@ 0, Drosophila é_
=
nematodes S
oM Chromadorina
? haemo Mermis
Pigment type -
g P echinoderms
M melanin @) Patiria, Leptasterias
@ ommochrome M amphioxus ?
pterin o Branchiostoma E
Q
haemo haemoglobin tunicates 2
gua guanidine O M Ciona, Halocynthia 5
not kHOWH @ B,I \;ertebrates




KpuctannuHel - 6enkm doopmumpytome rimH3y

PIATIGORSKY

TABLE 1. Lens Crystallins®

Distribution Crystallin (Related) or identical
All vertebrates a Small heat shock protein; chaperonin
B-vy (Microbial stress proteins)

(Aldehyde dehydrogenase)
2

Birds and reptiles 3] Argininosuccinate lyase
€ Lactate dehydrogenase B
Some mammals { {Alcohol dehydrogenase; quinone reductase)
m Cytoplasmic aldehyde dehydrogenase
A (Hydroxyl CoA dehydrogenase)
n {Ornithine cyclodeaminase)
Frogs p (NADPH-dependent reductases)
Many vertebrates T w-enolase
Cephalopods S (Glutathione S-transferase)
)
J

Jellyfish
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Drosophila Gene(s) Molecular Function Domain(s)
eyeless, twin of eyeless transcription factor paired/homeodomain
eyegone, twin of eyegone transcription factor paired (truncated)/homeodain
eyes absent co-activator/phosphatase P/S/T
dachshund transcription factor winged helix tum helix
sine oculis/optix/DSix4 transcription factor homedomain
teashirt transcription factor zinc finger
homothorax transcription factor homeodomain
11504 NOTCH
TSH l
A//E Yi—/ EYG/TOE
GRO€» OPTIX SO <> EYA€»DAC X
/ \ UPD
STRING
Eye Specification ~ <& * > Cell Proliferation
DPP
v Sreor:z?:;?f;rf ?:tr;racﬁon confirmed in vitro

[eHbl-perynsatopbl pa3BuTUs rnasa

Pattern Formation

TF binding site confirmed in vitro/vivo
Connection to developmental process

Vertebrate Gene(s)
Pax6
Pax6(5a)
Eyal-4
Dachl-2
Six1-6
Tshl-4
Meisl
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V, vertebrates; A, ascidians; D, Drosophila; C, cnidarians; M, molluscs; P, planarians



[na3sa IBONMOUMNOHNPOBAJIN HE TaK YXK U HE 3aBUCUMO

O KneTkn-cdotopeLentTopbl 060X TUNOB NPUCYTCTBYIOT KaK Yy MO3BOHOYHbIX TaK U 'Y
6ecno3BOHOYHbIX XXMBOTHbLIX — 00a NpPUCYTCTBOBaNM y npeaka

O KomnoHeHTbl kKackaga TpaHCOYKLUUN:

OncuHbl, a Takke G-6ernku No3BoHOYHbIX 1 BECNO3BOHOYHbIX UMEIOT olLLee

NpoUCXoXxaeHue.

O lMurMmeHTHbI, nornowatoume n3bbliTOYHbLIA CBET 00LLME NN HANBUAYArbHbIE
O Benkn kpuctannnHbl, GOpMUPYHOLLUE NUH3Y
npuBneYeHbl NPon3BOSibHO

O TeHbl-perynsatopbl FOMONOrNYHbI




