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TpaHCKPUMNUMOHHbIE PaKToOpbLI
(n3 Gilbert 2010)

TABLE 2.1 Some major transcription factor families and subfamilies

Representative

Family transcription factors Some functions
Homeodomain:
Hox Hoxal, Hoxb2, etc. Axis formation
POU Pitl, Unc-86, Oct-2 Pituitary development; neural fate
LIM Lim1, Forkhead Head development
Pax Paxl1, 2, 3, 6, etc. Neural specification; eye development
Basic helix-loop-helix (bHLH) MyoD, MITF, daughterless Muscle and nerve specification;
Drosophila sex determination;
pigmentation
Basic leucine zipper (bZip) C/EBL, AP1 Liver differentiation; fat cell specification
Zinc finger:
Standard WT1, Kriippel, Engrailed Kidney, gonad, and macrophage

Nuclear hormone receptors

Sry-5ox

Glucocorticoid receptor, estrogen
receptor, testosterone receptor,
retinoic acid receptors

Sry, SoxD, Sox2

development; Drosophila segmentation

Secondary sex determination; craniofacial

development; limb development

Bend DNA; mammalian primary sex
determination; ectoderm differentiation
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Uncondensed nucleosomes: Acetyligsonps
Histone tails largely unmethylated bind H2, H3 and H4
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Transcriptional Silent FIGURE 2.4  Histone methylations on his-

elongation  heterochromatin tone H3. The tail of histone H3 (its amino-
most sequence, at the beginning of the pro-
tein) sticks out from the nucleosome and is
capable of being methylated or acetylated.
Here, lysines can be methylated and recog-
nized by particular proteins. Methylated lysine
residues at positions 4, 38, and 79 are associ-
ated with gene activation, whereas methylated
lysines at positions 9 and 27 are associated
with repression. The proteins binding these
sites (not shown to scale) are represented
above the methyl group. (After Kouzarides and
Berger 2007.)
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regulation Memaory activation
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Jlokanusauuna mPHK B anue apo3odpunsbl
(Gilbert, 2010)

(A) Diffusion and local anchoring (B) Localized protection
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(A)
Lens and

Pancreas cornea Neural tube Retina
enhancer ’fenhanc.er enhancer enhancer
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Phxl-”  Meis- [B-galactosidase
binding  binding
sequence  sequence

FIGURE 2.9 Enhancer region modularity. (A) The gene for Pax6, a protein critical in the
development of a number of widely different tissues, has several enhancer elements (green).
These enhancers direct Pax6 expression (yellow exons 1-7] differentially in the pancreas, the
lens and cornea of the eye, the retina, and the neural tube. (B} A portion of the DNA
sequence of the pancreas-specific enhancer element. This sequence has binding sites for the
Pbx1 and Meis transcription factors; both must be present in order to activate the Pax6 gene
in the pancreas.(C) When the gene for bacterial B-galactosidase is fused to Pax6 enhancers
for expression in the pancreas and the lens/cornea, this enzyme (which is easily stained) can
be seen in those tissues. (C from Williams et al. 1998, courtesy of R. A. Lang.)
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[MpuHUMN paboTbl Mmanbix PHK

(A) Initiation block

Initiation complex A. bnhoKku POBKAd
/X TpaHcAAUUK
C'apﬂ‘EE#—— AAAA
R1bnsmne 3’ UTR 5. AKTUB aums
(B) Endonuclease digestion (de-adenylation) 3H,£|,OHY|'(I'|ea3
o 06bI4HO — € Non-A
Coding mRNA /_ /—-_——\j:j - (
Cap—1 ) AAAA9 > J XBOCTa)
’>(_ %
Endonuclease
digests polyA tail
(C) Proteolysis B. AKTnBauuA
Degradation of nascent peptide NpPoOTe0/1n3a
CUHTE3NPYyEMOro
AAAA nentuaa dicer

Gilbert 2010 after Filipowicz 2008
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™

O
CornacHo Krnaccuyeckmm
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Molecular Phylogeny of the Animal Kingdom

KATHARINE G. FIELD, GARY J. OLSEN, DAVID ]J. LANE, STEPHEN J. GIOVANNONI,
MicHAEL T. GHISELIN, ELIZABETH C. RAFF, NORMAN R. PACE, RUDOLF A. RAFF*

* Bnepsble cucTemMaTUKa
aHa/N3nUpPoBanacb NOA AAHHbIM
CuKBeHca 18s PHK.

* TaKXe Bnepsble bbin NPUMEHEH
aZleKBaTHbIM Habop meToa0B
aHaNM3a CUKBEHCOB
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Fig. 2. An evolutionary tree for animals thar is based on partial sequences of

, Coelenterata 188 rRNAs. The tree is read from left to right. The root of the tree is

B”aty provided by the most distantly related organism, the cellular slime mold. The

Eumetazoa
r Acoelomates ar- Coelomates -—*-—l

__— Forifera Rapid Radiation of Four Coelomate Groups

Fig. 1. Phylogeneti tree for the Metazoa, based on the views of Hyman (). Within the Bilateria, an early split separated Platyhelminthes
This phylogeny is based on morphology of both adults and embrycs. (flatworms) from coelomate animals (Fig. 2). The close relationship
Phylum names are shown in lightface lettering. among cucoclomate lineages renders it implausible that the coelom
originated more than once (2#). Our data suggest a rapid radiation
of coelomates, resulting in the divergence of four major groups: (i)
Chordata, (ii) Echinodermarta, (iii) Arthropoda, and (iv) “eucoelo-
mate protostomes,” a group consisting of Annelida, Mollusca,
Brachiopoda, Sipuncula, and Pogonophora (Vestimentifera). The

Protista
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LETTERS

Arthropod relationships revealed by phylogenomic
analysis of nuclear protein-coding sequences

Jerome C. Regier', Jeffrey W. Shultz'**, Andreas Zwick’, April Hussey', Bernard Ball*, Regina Wetzer’,
Joel W. Martin® & Clifford W. Cunningham®

Our results strongly support Pancrustacea (Hexapoda plus Crustacea) but
also strongly favour the traditional morphology-based Mandibulatall
(Myriapoda plus Pancrustacea) over the molecule-based Paradoxopoda
(Myriapoda plus Chelicerata)2,5,12. In addition to Hexapoda,
Pancrustacea includes three major extant lineages of ‘crustaceans’, each
spanning a significant range of morphological disparity. These are
Oligostraca (ostracods, mystacocarids, branchiurans and pentastomids),
Vericrustacea (malacostracans, thecostracans, copepods and
branchiopods) and Xenocarida (cephalocarids and remipedes).
Finally,within Pancrustacea we identify Xenocarida as the long-sought
sister group to theHexapoda, a result confirming that ‘crustaceans’ are
notmonophyletic.

2010 Macmillan Publishers Limited. All rights reserved
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NcTopua 3BepbKa Xenoturbella

* OnucaHbl n3 pbopaos LWseunn B 1949 r. no
cbopam 1915 ropa

(Westblad, E. (1949). Xenoturbella bocki n.g.,

n.sp., a peculiar, primitive turbellarian type. Arkiv for
Zoologi, 1, 3-29.)

* OTHeceHbl K beckulieyHbiMm Typbennapmam
(Acoelomortpha)

[10 4 cM B ANUHY. Y HUX HET NULLEBAPUTENBHOIO
TpakTa, NofI0BOM CUCTEMbI U LLEHTPANMU30BaHHOIO
Mo3ra unu HepsHoro y3na.ll Umeetcs opraH
paBHoBecus (cTaTouuncT), Auddy3Hasa HepBHas
cuctema (pacnosiokeHa rnog aNnMaepMmncom),
MeLlukoobpasHasd kuwka (bes 3agHero npoxoaa)
obpasyeT eANHCTBEHHYIO NOMOCTb Tena, 0bHapyXeHbl
rameTbl. Mopckue YepBeobpasHble XNUBOTHbIE,
HangeHHble y nobepexbs Lseunn (Ha rmybmnHe 60-
100 m B pbopaax), Wotnanguun, cnangmn.



http://ru.wikipedia.org/wiki/Xenoturbella

* MoneKkynapHble nccnenoBaHuA
(1997) — 6an3Koe poacTBO C
MOANKOCKaMU. [mnotesa o
HEOTEHMYHOWN TPOXOodOopeE,
nepeweawen K N0N3aHUIO Ha AHe
n nutaHuio. Noren & Jondelius,
1997

Michael Norén, Ulf Jondelius

Swedish Museum of Natural History,
POB 50007, SE-104 05 Stockholm, Sweden

e-mail: ulfj@nrm.se

Xenoturbellds
molluscan relatives...

Despite detailed morphological studies'™,
the phylogenetic relationships of Xeno-
turbella bocki Westblad 1949 have remained
unclear. The marine, worm-like X. bocki
was first described as an acoel flatworm’.
Later it was proposed to be a deutero-
stome', and most recently as the sister taxon
of the Bilateria®. Here we present DNA
sequence data that place X. bocki within the
protostome clade Eutrochozoa.

We used standard DNA extraction,
polymerase chain reaction (PCR) and
sequencing techniques to sequence 1,759
nucleotides of the small-subunit ribosomal
RNA gene (185 rRNA) and 708 base pairs of
the protein-coding mitochondrial cyto-
chrome ¢ oxidase subunit I gene (COI)
from five specimens of X. bocki collected on
the west coast of Sweden. We sequenced the
corresponding COI fragment from the flat-
worm Graffilla buccinicola for comparison.
We used these and sequences obtained from
GenBank to construct two matrices for
cladistic analysis.



Noren & Jondelius, 1997 — 18s tree
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Figure 1 Consensus tree showing groups present in 60% of jack-knife replicates from analysis of 185 rENA
matrix (successive weighting of characters, 10 iterations with 100 replicates each, delstion frequency 7).
Labels indicate jack-knife frequencies. Clades marked with asterisks represent multiple terminals.



Noren & Jondelius, 1997 — COl tree
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Figure 2 Consensus tree showing groups present in 60% of jack-knife replicates from analysis of COl matrix
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knife frequencies. Full details of tree topology and sequence alignment are available from the authors.



Other metazoans

Other molluscs

...and molluscan —

2 Nucula nucleus
embryogenesis e
Nuculoma fenwis
................................................................................. Malletia inequalis 3
Xenoturbella bocki Westblad' is a strange ‘ Pseudomaliefia obtusa | &
animal — a 2-cm-long, slowly moving cili- diinkinn g
. Yoldia hyperborea o
ated bag with no anus and no organs except 3 |, o
f ‘. : & . — - _-_|: Portlandia arctica
or a position-sensing statocyst containing ortleta nane
flagellated statoconia®. Despite the animal’s Voldislla lucida
peculiarities, it has been neglected by most Yoidiella philippiana

textbooks. I now report a study of oogenesis
in X. bocki Whi‘:hr tﬂgEthEl‘ with the Figure 2 Cladistic analyses of oogenesis indicates
nucleotide data of Norén and ]ﬂﬂdf!lilla’i}: that Xenoturbella bocki is a sister group or a sub-
contradicts earlier hypotheses as to the phy- group of protobranch bivalves. The analysed
logeny of the animal and instead suggests a characters, with their apomorphic states, are: 1,
molluscan relationship close to or within |
the protobranch bivalves.

Olle Israelsson

Department of Zoology, University of Stockholm
S-10691 Stockholm, Sweden

e-mail: olle.israelsson@nrm.se

Figure 1 Relationship of Xenoturbella bocki to molluscs. Late vitellogenous oocytes of a, Xenoturbella
bocki and b, the protobranch mollusc Nucula nucleus. Scale bars, 20 pm.

32 Nature @ Macmillan Publishers Ltd 1997
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Xenoturbella is a deuterostome
that eats molluscs

Sarah J. Bourlat', Claus Nielsen’, Anne E. Lockyer”,
D. Timothy J. Littlewood’ & Maximilian J. Telford'

' University Museum of Zoology, Department of Zoology, Downing Street,
Cambridge CB2 3E], UK

*Zoological Museum (University of Copenhagen), Universitetsparken 15,
DER-2100 Copenhagen, Denmark

Jf..?ﬁ’pﬁn‘mf’m‘ of Zoology, The Natural History Museum, Cromwell Road,
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Figure 2 Posfion of Xenoturbela within the deuterostomes as suggested by our analyses
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Deuterostome phylogeny reveals monophyletic
chordates and the new phylum Xenoturbellida

Sarah J. Bourlat', Thorhildur Juliusdottir?, Christopher J. Lowe”, Robert Ereeman’l, Jochanan Aronowicz’,
Mark Kirschner’, Eric S. Lander™®, Michael Thorndyke’, Hiroaki Nakano’, Andrea B. Kohn®, Andreas Heyland®,
Leonid L. Moroz®, Richard R. Copley” & Maximilian J. Telford’

and urochordates, meaning that chordates are paraphyletic’. To
study the relationships among all deuterostome groups, we have
assembled an alignment of more than 35,000 homologous amino
acids, including new data from a hemichordate, starfish and
Xenoturbella. We have also sequenced the mitochondrial genome
of Xenoturbella. We support the clades Olfactores (urochordates
and vertebrates) and Ambulacraria (hemichordates and echino-
derms®). Analyses using our new data, however, do not support a
cephalochordate and echinoderm grouping and we conclude that
chordates are monophyletic. Finally, nuclear and mitochondrial
data place Xenoturbella as the sister group of the two ambulacrar-
ian phyla'. As such, Xenoturbella is shown to be an independent
phylum, Xenoturbellida, bringing the number of living deutero-
stome phyla to four.

NATURE|Vol 444|2 November 2006



Deuterostome phylogeny reveals monophyletic
chordates and the new phylum Xenoturbellida

Sarah J. Bourlat', Thorhildur Juliusdottir?, Christopher J. Lowe”, Robert Ereemarﬂ, Jochanan Aronowicz?,
Mark Kirschner, Eric S. Lander®®, Michael Thorndyke’, Hiroaki Nakano’, Andrea B. Kohn®, Andreas Heyland®,
Leonid L. Moroz®, Richard R. Copley” & Maximilian J. Telford’

b Xenoturbella bocki | Xenoturbellida
Solaster stimpsonii Echinodermata
Echinoidea
100/99/68 L Saccoglossus kowalevski I Hemichordata
Eptatretus burgern
100/99/100 Petromyzon marinus || Vertebrata
] Homo sapiens
Ciona intestinalis
—/ . Halocynthia roretzi QUrochordata
/ ) Molgula tectiformis
100/5a/- i Branchiostoma sp. I Cephalochordata

» Figure 1 | Phylogenetic analyses of 170 nuclear proteins and 13
mitochondrial proteins support a monophyletic chordate clade and an
independent deuterostome phylum of Xenoturbellida.

b Bayesian analysis of nuclear

data after the addition of asteroid, hemichordate and xenoturbellid data. The new
seqguences join the branch to the echinoderm, and the cephalochordates now join
the chordate branch. This indicates that the previous result is due to systematic
error. Xenoturbella is the sister group of the Ambulacraria (echinoderms plus
hemichordates).
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Deuterostome phylogeny reveals monophyletic
chordates and the new phylum Xenoturbellida

Sarah J. Bourlat', Thorhildur Juliusdottir?, Christopher J. Lowe”, Robert Ereemarﬂ, Jochanan Aronowicz?,
Mark Kirschner, Eric S. Lander®®, Michael Thorndyke’, Hiroaki Nakano’, Andrea B. Kohn®, Andreas Heyland®,
Leonid L. Moroz®, Richard R. Copley” & Maximilian J. Telford’
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Phylogenetic distribution of microRNAs supports the basal position of
acoel flatworms and the polyphyly of Platyhelminthes

Lorenzo F. Sempere,2 Pedro Martinez,?-¢ Charles Cole,29 Jaume Baguna,® and Kevin J. Petersone-*

SUMMARY Phylogenetic analyses based on gene
sequences suggest that acoel flatworms are not members of
the phylum Platyhelminthes, but instead are the most basal
branch of triploblastic bilaterians. Nonetheless, this result has
been called into question. An alternative test is to use
qualitative molecular markers that should, in principle,
exclude the possibility of convergent (homoplastic) evolution
in unrelated groups. microBRNAs (miRNAs), noncoding
regulatory RNA molecules that are under intense stabilizing
selection, are a newly discovered set of phylogenetic markers
that can resolve such taxonomic disputes. The acoel Childia
sp. has recently been shown to possess a subset of the
conserved core of miRNAs found across deuterostomes

and protostomes, whereas a polyclad flatworm—in addition
to this core subset—possesses miRNAs restricted to just
protostomes. Here, we examine another acoel, Symsagittifera
roscoffensis, and three other platyhelminths. Our results show
that the distribution of miRNAs in S. roscoffensis parallels that
of Childia. In addition, two of 13 new miRNAs cloned from a
triclad flatworm are also found in other lophotrochozoan
protostomes, but not in ecdysozoans, deuterostomes, or in
basal metazoans including acoels. The limited set of miRNAs
found in acoels, intermediate between the even more reduced
setin cnidarians and the larger and expanding set in the rest of
bilaterians, is compelling evidence for the basal position of
acoel flatworms and the polyphyly of Platyhelminthes.



Dismissal of Acoelomorpha: Acoela and Nemertodermatida are
separate early bilaterian clades reral.

AnprEAS WALLBERG, MArRCO CURINI-GALLETTI, AFsaneH AHMADZADEH & ULF JONDELIUS
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Fig. 5 A, B. The positions of Acoela and Nemertodermatida as separate braches are not artefacts of globally fast evolving characters. Maximum
likelihood non-parametric bootstrap values (MLBS; bold italics; 200 pseudoreplicates, GTR + I' + I model, PuymL) and parsimony jackknife
values (PJK; italics; 1000 pseudoreplicates, 10 random additon sequences and TBR branch swapping, TINT) relevant for Acoela and
Nemertodermatida are displayed above branches. MLBS frequencies over 50% for nodes in other parts of the trees when characters with low
CI were removed are indicated with a star. ‘Rouge’ taxa recovered outside their expected major group are indicated using their full name. The
five longest branches are indicated as bold lines. —A. Phylogram reconstructed from a maximum likelihood analysis of 18S and 28S ribosomal
data when the fastest 25% of the data was removed. Values in grey boxes are resampling support values recovered when characters where
removed according to their consistency index; the other values are resampling support values recovered from removing characters according
to their maximum likelihood rates. Resolution is lost within Nephrozoa. —B. Removing characters according to their Shannon-Wiener
variability index results in general loss of resolution within Bilateria and potential LBA artefacts.
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To Be or Not to Be a Flatworm: The Acoel Controversy

Bernhard Egger’”, Dirk Steinke?”, Hiroshi Tarui®*®, Katrien De Mulder?®, Detlev Arendt®, Gaétan
Borgonie®, Noriko Funayama®, Robert Gschwentner’, Volker Hartenstein®, Bert Hobmayer', Matthew
Hooge’, Martina Hrouda®, Sachiko Ishida®, Chiyoko Kobayashi®'?, Georg Kuales', Osamu Nishimura®,
Daniela Pfister', Reinhard Rieger’, Willi Salvenmoser’, Julian Smith, I11'", Ulrich Technau'?, Seth Tyler”*,
Kiyokazu Agata®*, Walter Salzburger'3#, Peter Ladurner*

Abstract

Since first described, acoels were considered members of the flatworms (Platyhelminthes). Howewver, no clear
synapomorphies among the three large flatwom taxa - the Catenulida, the Acoelomorpha and the Rhabditophora -
have been characterized to date. Molecular phylogenies, on the other hand, commonly positioned acoels separate from
other flatworms. Accordingly, our own multilocus phylogenetic analysis using 43 genes and 23 animal species places the
acoel flatworm Godiametra pulchra at the base of all Bilateria, distant from other flatworms. By contrast, novel data on the
distribution and proliferation of stem cells and the specific mode of epidermal replacement constitute a strong
synapomaorphy for the Acoela plus the major group of flatwoms, the Rhabditophora. The expression of a piwi-like gene not
only in gonadal, but also in adult somatic stem cells is another unique feature among bilaterians. These two independent
stem-cell-related characters put the Acoela into the Platyhelminthes-Lophotrochozoa clade and account for the most
parsimonious evolutionary explanation of epidermal cell renewal in the Bilateria. Most available multigene analyses produce
conflicting results regarding the position of the acoels in the tree of life. Given these phylogenomic conflicts and the
contradiction of dewelopmental and morphological data with phylogenomic results, the monophyly of the phylum
Platyhelminthes and the position of the Acoela remain unresolved. By these data, both the inclusion of Acoela within
Platyhelminthes, and their separation from flatworms as basal bilaterians are wellsupported alternatives.

Egger B, Steinke D, Tarui H, De Mulder K, Arendt D, et al. (2009) To Be or Not to Be a Flatworm: The Acoel
Controversy. PLoS ONE 4(5): €5502. doi:10.1371/journal.pone.0005502
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Acoelomorph flatworms are deuterostomes related

to Xenoturbella

Herve Philippel, Henner Brinkmannl, Richard R. C()pley?, Leonid L. Mor()zg, Hiroaki Nakanu‘“r, Albert J. P()ustka'_’,

Andreas Wallberg®, Kevin J. Peterson’ & Maximilian J. Telford®

Xenoturbellida and Acoelomorpha are marine worms with conten-
tious ancestry. Both were originally associated with the flatworms
(Platyhelminthes), but molecular data have revised their phylogenetic
positions, generally linking Xenoturbellida to the deuterostomes'?
and positioning the Acoelomorpha as the most basally branching
bilaterian group(s)’™. Recent phylogenomic data suggested that
Xenoturbellida and Acoelomorpha are sister taxa and together con-
stitute an early branch of Bilateria’. Here we assemble three inde-
pendent data sets—mitochondrial genes, a phylogenomic data set of
38,330 amino-acid positions and new microRNA (miRNA) comple-
ments—and show that the position of Acoelomorpha is strongly
atfected by a long-branch attraction (LBA) artefact. When we mini-
mize LBA we find consistent support for a position of both acoelo-
morphs and Xenoturbella within the deuterostomes. The most likely
phylogeny links Xenoturbella and Acoelomorpha in a clade we call
Xenacoelomorpha. The Xenacoelomorpha is the sister group of the
Ambulacraria (hemichordates and echinoderms). We show that ana-
lyses of miRNA complements® have been affected by character loss in
the acoels and that both groups possess one miRNA and the gene
Rsb66 otherwise specific to deuterostomes. In addition, Xenoturbella
shares one miRNA with the ambulacrarians, and two with the
acoels. This phylogeny makes sense of the shared characteristics of
Xenoturbellida and Acoelomorpha, such as ciliary ultrastructure and
diffuse nervous system, and implies the loss of various deuterostome
characters in the Xenacoelomorpha including coelomic cavities,
through gut and gill slits.

256 | NATURE | VOL 470 | 10 FEBRUARY 2011
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Some major transcription factor families
and subfamilies

Family Representative transcription Some functions
factors

Homeodomain:

Hox Hoxa-1, Hoxb-2, etc. Axis formation

POU Pit-1, Unc-86, Oct-2 Pituitary development; neural fate

LIM Lim-1, Forkhead Head development

Pax Pax1, 2, 3, etc. Neural specification; eye development

Basic helix-loop-helix (bHLH) MyoD, achaete, daughterless Muscle and nerve specification;
Drosophila sex determination

Basic leucine zipper (bZip)  C/EBP, AP1 Liver differentiation; fat cell specification

Zinc finger:

Standard WT1, Kriippel, Engrailed Kidney, gonad, and macrophage

development; Drosophila segmentation

Nuclear hormone receptors Glucocorticoid receptor, estrogen Secondary sex determination;
receptor, testosterone receptor, craniofacial development; limb
retinoic acid receptors development

Sry-Sox Sry, SoxD, Sox2 Bend DNA; mammalian primary sex

deter- mination; ectoderm
differentiation
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(n3 Gilbert, 2000)

Category Category

Gap genes Kriippel (Kr) Pair-rule genes Secondary fushi tarazu (fiz)
fmirps (kni) odd-paired (opa)
hunchback (hb) odd-skipped (sip)
giant (gt) sloppv-paired (sip)
tailless (tll) paired (prd)
huckendein (hkb)
buttonhead (btd) Segment engrailed (en)
empty spiracles (ems) polarity genes wingless (wg)
orthodenticle (otd) cubitus interruptus” (ci®)

hedgehog (hh)

Pair-rule genes Primary hairy (h) fused (fu)
even-skipped (eve) armadillo (aym)
runt (rumn) patched (pic)

gooseberry (gsb)
pangolin (pan)
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A gene complex controlling segmentation in
Drosophila

E. B. Lewis

‘Division of Biology, California Institute of Technology, Pasadena, California 91125

The bithorax gene complex in Drosophila contains a minimum of eight genes that seem to code for
substances controlling levels of thoracic and abdominal development. The state of repression of at least
four of these genes is controlled by cis-regulatory elements and a separate locus (Polycomb) seems to
code for a repressor of the complex. The wild-type and mutant segmentation patterns are consistent with
an antero-posterior gradient in repressor concentration along the embryo and a proximo-distal gradient
along the chromosome in the affinities for repressor of each gene’s cis-regulatory element.

Nature Vol. 276 7 December 1978
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Sonic hadgehog perynupyet nepegHe-
3aHIOK OCb KOHEYHOCTEWN U KPbINbLEB.

Normal development Experimental expression of Hedgehog
in anterior limb primordium
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Figure 22.15 Sonic the Hedgehog 4

Homology of process in the formation of the anterior-posterior axes in Drosophila and chick
appendages. A chick limb bud expresses Sonic hedgehog in its posterior region. If Sonic
hedgehog is also expressed in an anterior region, the limb develops a mirror-image duplica
tion of the anterior-posterior axis. A Drosophila wing disc expresses Hedgehog in its posten
or compartment. If Hedgehog is expressed in the anterior compartment as well, the wing de-
velops a mirror-image duplication of the anterior-posterior axis. (After Ingham 1994.)



[1pyrne ocu KOHEYHOCTEMN LbINMEHKa U KPbINbEB MYXUN TaKXe
onpegenarTca dKcnpeccmen roMonormyYHbIX reHoB

D&phomologyof(hclimbs.mumcmo(protcimisustdtocuablishlhcpohrityof

limbs in both deuterostomes (chick) and protostomes (Drosophila). The top panels represent
chick limb buds with the dorsal region on top and the apical ectodermal ridge facing the
viewer. The bottom panels represent the Drosophila wing disc with its dorsal region upward
and its anterior side to the left. (A) Proximal-distal axes are specified by the Distal-less pro-
tein in the most distal region of the limb bud or disk. This protein forms at the junction
where the Fringe-containing dorsal cells meet the ventral cells. (B) Dorsal-ventral patterning
is specified by the expression of a LIM protein, cither Apterous (Drosophila) or Lmx|1
(chick), in the dorsal portion of the disk or bud. A Wnt protein (Wingless in Drosophila,
Wnt7A in the chick) induces this expression. (C) Anterior-posterior patterning is accom-
plished by the expression of Hedgehog in the posterior of the disk or bud. Hedgehog, in
turn, activates a BMP that can relay a signal to other cells.

(A) Proximal-distal patterning: (B) Dorsal-ventral patterning: (C) Anterior-posterior patterning:
Distal-less in most distal region Lim protein in dorsal region Hedgehog in posterior induces
specified by Wnt protein i
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THE GENESIS AND EVOLUTION OF

The Hox / ParaHox clusters origin | s 1, 1100 ke HOMEOBOX GENE CLUSTERS

1 Jordi Garcia-Fernandez

Garcia-Fernandez
ProtoHox F 1 ! Eyx/Meox ancestor Nature Reviews Genetics, 6, 881, 2005
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Hox, ParaHox, ProtoHox: facts and guesses

] Garcia-Fernandez
Departament de Genetica, Facultat de Biologia, Universitat de Barcelona, Av. Diagonal, 645, E-08028, Barcelona, Spain
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Evolution of Antp-class genes and differential
expression of Hydra Hox/paraHox genes in
anterior patterning

Dominique Gauchat*, Francoise Mazet*, Cédric Berney**t, Micheél Schummer*s, Sylvia Kreger*, Jan Pawlowski**,
and Brigitte Galliot*T

Fig.5. Expression pattern of the Hv Hox/paraHox genes, cnox-1 (Top), cnox-2 (Middie), and cnox-3 (Bottom) in adult (Left) and regenerating Hydra. Time points
after cutting are given; arrowheads and arrows indicate foot- and head-regenerating stumps, respactively. st, budding stage.
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The Trox-2 Hox/ParaHox gene of Trichoplax (Placozoa) marks
an epithelial boundary
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Fig. 2 Neighbour-Joining tree of all known full-length Diplox gene

homeodomains. 7rox-2 groups at the base of known Cnox-2 genes
from Cnidaria (Diplox-2 group, highlighted), while all other Diplox

genes are separated on different clades. The tree is intended to TrOX-Z eXpreSSion in
Trichoplax adhaerens.

Dev Genes Evol (2004) 214:170-175
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Figure 22.8

Schematic representation of the expres-
sion of Ubx and abdA (green) in the tho-
racic segments of different types of crus-
taceans. The generation of maxillipeds
occurs in the thoracic segments that do
not express either of these homeo-
domain proteins. (After Averof and Patel
1997.)



Summary of centipede Hox expression

Dfd

The expression of fushi tarazu suggests that it has both a Hox-like role (as in the mite), as well as a role in segmentation
(as in insects). This suggests that this dramatic change in function was achieved via a multifunctional intermediate, as

found in thé centipede. HEAD MXPD TRUNK
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Temperature dependant plasticity of segment number in a
centipede, Strigamia maritima
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The Ubx protein in arthropods is
highly variable

Sequences shared by
Hexapods (Dros. [Dm] &
mosquito [Ag]) is yellow

Artemia [Af] & velvet worm [AK]

This is only observations.
What do you do next?
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Fig. 1. Diagrams of three stages in Chaetopterus development.
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Fig. 2. Adiagram relating the late larval expression domains of the five most anteriorly-

expressed Hox genes in Chaetopterus to the reported expression patterns for Hox genes in
laarhac
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Fig. 3. Diagrammatic representation of Hox gene expression patterns at intermediate stages
of development reported for representative arthropods, displayed as described for Figure 2.
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Hedgehog Signaling Regulates
Segment Formation in the
Annelid Platynereis
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Fig. 3. (A Comparison of the anteroposterior exiension of sriped expression patiemns of proven and
pesumed segment polarity orthologous genes in Blatynereis and Drosophila. Segment boundaries and
fimb anlagen positions are represented with a schematic body wall saction in Elade. Orthologows genes
are olor-coded; sagment polarity—ike genes specific to Flagnemis are mpresenied by gray redangies.
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study. Unlike in fiy, Fh'u-ptr:ueq:mmd in en- and hh-positive c2lls, and Pdy-GY expression does notabut
en- and hivpasitive cells in Platnersls. (B) Comgparison of expression pattems of some of thess ssgment
potarity—tike genes in the early stages of appendage formation. The homotogy of annelid ssgments with
arthropod pam segments impfies that annelid pampodia do not comespond in embepamnic position with the
arthropod appendages, which suggests that these appendages do not share 3 comman anigin in the
proostame ancestar. PSE, parassgmental boundary.



Thomas-Chollier et al. BMC Evolutionary Biology 2010, 10:73
http:/www.biomedcentral.com/1471-2148/10/73
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A non-tree-based comprehensive study of
metazoan Hox and ParaHox genes prompts new
insights into their origin and evolution

Morgane Thomas-Chollier'##", Valérie Ledent®, Luc Leyns®, Michel Vervoort™®

Conclusions: Qur analysis suggests that the presence of a single type of Posterior Hox genes (PG9-like) is ancestral
to bilaterians, and that new Posterior PGs would have arisen in deuterostomes through independent gene
duplications. Four types of Central genes would also be ancestral to bilaterians, with two of them, PG6- and PG7-
like that gave rise, in protostomes, to the UbdA- and fiz/Antp/Lox5-type genes, respectively. A fifth type of Central
genes (PGB) would have emerged in the vertebrate lineage. Our results also suggest the presence of Anterior (PG
and PG3), Central and Posterior Hox genes in the cnidarians, supporting an ancestral four-gene Hox cluster. In
addition, our data support the relationship of the bilaterian ParaHox genes Gsx and Xox with PG3, and Cdx with
the Central genes. Our study therefore indicates three possible models for the origin of Hox and ParaHox in early
metazoans, a two-gene (Anterior/PG3 - Central/FPosterior), a three-gene (Anterior/PG1, Anterior/PG3 and Central/
Posterior), or a four-gene (Anterior/PG1 - Anterior/PG3 - Central - Posterior) ProtoHox cluster.
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FIGURE 2.28 The Dscam gene of Drosophila can produce 38,016 different types
of proteins by alternative nRNA splicing. The gene contains 24 exons. Exons 4, 6, 9,
and 17 are encoded by sets of mutually exclusive possible sequences. Each messen-
ger RNA will contain one of the 12 possible exon 4 sequences, one of the 48 possi-
ble exon 6 alternatives, one of the 33 possible exon 9 alternatives, and one of the 2
possible exon 17 sequences. The Drosophila Dscam gene is homologous to a DNA
sequence on human chromosome 21 that is expressed in the nervous system. Distur-
bances of this gene in humans may lead to the neurological defects of Down syn-
drome (Yamakawa et al. 1998; Saito 2000).
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Alternative splicing of the Anopheles gambiae
Dscam gene in diverse Plasmodium falciparum
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Dscam and DSCAM: complex genes in simple
animals, complex animals yet simple genes
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Evolution of Pou5f1

Expression

—— Pou5f1/Pou2 - ancestor gene at gastrula stages
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FIG. 2. Mouse Pou5fl overexpression rescues the phenotype of
zebrafish maternal and zygotic Pou5f1 mutant embryos (MZspg).
(@) Embryonic phenotype (MZspg) at 24 h postfertilization (hpf).
Note the absence of body axes and recognizable organs. (b)
MZspg embryos that were injected with 25 pg mouse Pou5f1
mRNA at one cell stage at 24 hpf. Note that body axes, head, eyes,
and tail formation are restored. (c) Wild-type control embryos are

24 hpf.
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FIG. 3. Pou5f1 activates repressors of differentiation to suppress
premature expression of PODs. (a) Wild-type embryo (WT).



Pou5f1 activates germlayer-specific repressors
to control gene expression in time
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[TapaAoKcbl Ha 3ape Evo-Devo

benku y dunoreHeTUYECKN Aaneknx BUAoB(LUTOXPOMbI,
rMOOUHbI) CUNBHO OTINYALOTCA, HO GYHKLUMA KOHCEPBATUBHA.
Zuckerkand| and Pauling, 1965 — ¢peHOTUNbI 3MeEHAIOTCA 33
cYeT U3SMEHEHUA BPEMEHU U CUMbI SKCNPECCUMN.

OueHb 611M3KKe reHoMbl (YeNnoBeK-LLIMMMNAH3Ee) — Pa3HbIN
deHoTtumn. King and Wilson, 1975- “to explain how species
which have such substantially similar genes can differ so
substantially in anatomy...” - evolution of anatomy occurred
more by changing gene regulation than by changing protein
seguences.



[eHbl peaKo NoABAAOTCA, YaCTO
TepAKTCA

(4) Based upon the Hox gene complements of
onychophora and arthropods, a minimum of ten
Haox genes must have existed in the common an-
cestor of lobopodians and arthropods. No new
Hox genss arose in centipedes or insects while
the Hox3 and fiz genes were co-opted into new
functions in cerain insects (stippling).

(B) Mo new Hox genes are known to have evolved
sinca the divergence of tetrapods from a common

sarcopterygian ancestor

shared with coelacanths.

Rather, gene loss has occurred in several lineages.

Hypothetical Lobopodian/Arthropod ancestor (>530 mya)

Hypothetical sarcopterygian

ancestor (>400 mya)
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* 1. HoBble popmbl 06pa3yroTCA 3a CHET USMEHEHUSA
3KCNPeccun KoOHCepPBaTUBHbIX 6enKoB

* 2. 2TN N3MEHEeHMA 3a CYeT CIS-perynaTopHbIX
obnactem Mo3anyHbIX NNENOTPOMNHbIX PErYIATOPHbIX
reHOB U reHOB, KOTOPble UMW KOHTPONPYHOTCA
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