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Concatenated Analysis Sheds Light on Early 
Metazoan Evolution and Fuels a Modern 
“Urmetazoon” Hypothesis
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For more than a century, the origin of metazoan animals has been debated. One aspect of this debate has been 
centered on what the hypothetical “urmetazoon” bauplan might have been. The morphologically most simply 
organized metazoan animal, the placozoan Trichoplax adhaerens, resembles an intriguing model for one of several 
“urmetazoon” hypotheses: the placula hypothesis. Clear support for a basal position of Placozoa would aid in resolving 
several key issues of metazoan-specific inventions (including, for example, head-foot axis, symmetry, and coelom) and 
would determine a root for unraveling their evolution. Unfortunately, the phylogenetic relationships at the base of 
Metazoa have been controversial because of conflicting phylogenetic scenarios generated while addressing the 
question. Here, we analyze the sum of morphological evidence, the secondary structure of mitochondrial ribosomal 
genes, and molecular sequence data from mitochondrial and nuclear genes that amass over 9,400 phylogenetically 
informative characters from 24 to 73 taxa. Together with mitochondrial DNA genome structure and sequence analyses 
and Hox-like gene expression patterns, these data (1) provide evidence that Placozoa are basal relative to all other 
diploblast phyla and (2) spark a modernized “urmetazoon” hypothesis.
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Introduction

A ttem p ts to explain  the o rig in  o f m etazoan  life seek to 
unravel b o th  the tran sitio n  from  (1) single-celled to m ulti- 
cellu lar organism s and  (2) d ip loblastic to trip lob lastic  body 
plans. T he m ost favored  scenarios are  based  on  five well- 
know n hypotheses on  the “u rm e tazo o n ” bauplan : H aeckel’s 
gastraea. J a g e r s te n i b ila terogastraea , M etschnikoffs phago- 
cytella. L a n k e s te r i planilla, and  B iitschli’s placula [1-5], 
A ttem pts to  unravel the u rm etazo o n  b aup lan  an d  to p rov ide 
su p p o rt fo r any o f the five hypotheses depends on  identify ing 
the m ost basal ex tan t d ip lob last group . Two phylogenetic 
alternatives have rem ain ed  u n d e r  discussion; one sees the 
sponges (Porifera) and  the o th e r  the placozoans (Placozoa) as 
basal relative to all o th e r d ip lob last g roups [6-10], T he la tte r  
view was accep ted  fo r the m ost p a r t  o f the last century . T he 
p resen ce  o f  only fo u r  som atic  cell types, the sm allest 
m etazo an  genom e, a n d  th e  lack  o f  any fo o t o r  h ead  
structu res, any a n te r io r -p o s te r io r  o rgan ization , o r  any k ind 
o f organs, and  b o th  a basal lam ina and  an ex tracellu lar m atrix  
(ECM) places Trichoplax in a basal and  iso lated  position  
relative to all o th e r  m etazoan  phyla [11-16] (cf. [17], however).

Tangled Roots a t  th e  Base of th e  Metazoan Tree of Life
M ainly because o f m is in te rp re ta tio n  o f life cycle stages 

betw een Trichoplax adhaerens and  the hydrozoan  Eleutheria 
dichotoma. P lacozoa lost th e ir  p red o m in an t ro le  as the key 
m odel system fo r studying the o rig in  o f m etazoan  life [5,17], 
This ou tcom e was n o u rished  by m olecu lar studies based  on  a 
varie ty  o f ch a ra c te r  sources, w hich c rea ted  a series o f 
con flic ting  phy logenetic  scenarios in  w hich m ost o ften

P o rife ra  cam e o u t basal [18-24], F igure 1 shows six plausible 
scenarios fo r the re la tionsh ips o f five taxonom ic groups 
(B ilateria, C nidaria , C tenopho ra , Porifera , and  Placozoa) and  
two plausible arrangem en ts fo r fo u r taxa w hen Placozoa are 
le ft o u t th a t a re  critical in  assessing the early re la tionsh ips o f 
m etazoans. F o r five taxa and  one ou tg roup , th ere  are  105 
ways to arrange  these taxa in  d icho tom ous b ran ch in g  trees. 
N early 95% o f these possible trees can  be e lim ina ted  as n o t 
p lausible based  on  existing data. All six o f the hypotheses in 
F igure 1 have b een  suggested as viable in  the lite ra tu re  over 
the past two decades (see T able SI fo r a sum m ary o f papers in 
the last decade addressing  the phylogenetics o f these taxa).

All six hypotheses have b een  suggested in  publications in 
the last year alone. F o r instance, Srivastava e t al. (2008) [23] 
hypothesize P lacozoa as the sister g ro u p  to b o th  C n idaria  and  
B ilateria, w ith sponges b ran ch in g  o ff ea rlie r (arrow  b in 
F igure 1). A n o th e r re cen t study, w hich suggests a basal 
position  fo r C ten o p h o ra  an d  A nthozoa (arrow  E in  F igure 1), 
u n fo rtu n a te ly  does n o t add  to the issue, since it does n o t 
include Placozoa in  the analysis [25], H owever, this study does
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Author Summary

Follow ing o n e  o f  th e  basic  princip les In ev o lu tio n ary  b io logy  th a t 
co m p lex  life fo rm s derive  from  m ore  prim itive an ces to rs , It has long 
b e e n  believ ed  th a t  th e  h ig h er anim als, th e  Bilateria, a ro se  from  
sim pler (dlploblastlc) o rg an ism s such  as th e  cn ldarlans (corals, 
polyps, a n d  jellyfishes). A large n u m b e r  o f  stu d ies , using  d ifferen t 
d a ta s e ts  a n d  d ifferen t m e th o d s , have tried  to  d e te rm in e  th e  m o st 
ancestra l an im al g ro u p  as well as th e  a n c e s to r  o f  th e  h ig h er anim als. 
Here, w e  u se  “ to ta l e v id e n c e ” analysis, w hich In co rp o ra tes  all 
availab le  d a ta  (Including m o rp h o lo g y , g e n o m e , a n d  g e n e  exp ression  
d a ta ) a n d  co m e  to  a surprising  conclusion . T he Bilateria a n d  Cnidaria 
( to g e th e r  w ith  th e  o th e r  d lp lob lastlc  anim als) are  In fac t sister 
g ro u p s: th a t  Is, th e y  evo lved  In parallel from  a very sim ple co m m o n  
an ces to r. W e co n c lu d e  th a t  th e  h ig h er an im als (Bilateria) an d  low er 
an im als (d lp loblasts), p ro b ab ly  se p a ra te d  very early, a t  th e  very 
b e g in n in g  o f  m e ta z o a n  an im al ev o lu tio n  a n d  In d e p e n d e n tly  
evo lved  th e ir  co m p lex  b o d y  p lans, Including b o d y  axes, nerv o u s 
system , sen so ry  o rg an s, a n d  o th e r  characteristics . The striking 
sim ilarities In several co m p lex  ch a rac te rs  (such as th e  eyes) resu lted  
from  b o th  lineages using  th e  sa m e  basic g e n e tic  too l kit, w hich w as 
a lready  p re se n t In th e  co m m o n  an cesto r. T he s tu d y  Identifies 
P lacozoa as th e  m o st basal d ip lo b last g ro u p  a n d  th u s  a living fossii 
g e n o m e  th a t  nicely d e m o n s tra te s , n o t only  th a t  co m p lex  g e n e tic  
to o l kits arise b efo re  m orpho log ica l com plexity , b u t  also  th a t  th e se  
kits m ay fo rm  sim ilar m orpho log ica l s tru c tu re s  In parallel.

suggest th a t C n idaria  are  n o t sister to B ilateria, b u t ra th e r  to 
P o rife ra  [25], A study th a t does include Placozoa [26] also 
suggests th a t B ilateria an d  Placozoa are  basal m etazoans 
(arrow  a in  F igure 1). S trik ing  exam ples o f the diversity o f 
hypotheses g en era ted  on  these taxa are  re cen t analyses of 
m itochond ria l genom e sequence data  [27-29] th a t place 
B ilateria as sister to all non-B ilateria , w ith Placozoa as the 
m ost basal d ip lob last (arrow  e in  F igure 1). In  the following, 
we use the te rm  “d ip lob lasts” fo r all n o n b ila te r ian  m etazoans; 
we do n o t in ten d  to co n tr ib u te  to the discussion o f  w hether 
d ip loblastic  anim als may have a m esoderm , how ever [1,30- 
33],

Results and Discussion
A C oncatenated  Dataset for Metazoa

G iven th a t b o th  nonphy logenetic  in te rp re ta tio n  o f m o r­
phological da ta  as well as m olecu lar analyses o f sequence data  
have failed  to resolve the issue, a m ore  com prehensive, 
system atic analysis o f m orphological da ta  an d  new m olecu lar 
m arkers are  now a requ isite  fo r iden tify ing  the ro o t o f the 
m etazoan  tree  o f  life. To ap p ro ach  this goal, we conducted  
co n ca ten a ted  analyses fo r 24 m etazoan  taxa from  all o f the 
m ajo r o rganism al lineages in this p a r t  o f the tree  o f  life th a t 
in c lu d ed  m orpho log ica l cha rac te rs  (17 characters), b o th  
m itochond ria l and  nuc lea r ribosom al gene sequences (five 
gene p a rtitio n s  fo r 6,111 nucleo tide  positions) and  m olecu lar 
m orphology  [8] (ten characters), as well as n u c lea r coding 
genes (16 gene p a rtitio n s  derived  from  o u r  database searches 
an d  a n o th e r  18 gene p a rtitio n s  derived  from  the D unn  e t al. 
(2008) study [25]; see M aterials and  M ethods) fo r 8,307 am ino 
acid  positions an d  p ro te in  cod ing  genes (16 gene partitio n s 
fo r 3,004 am ino  acid  characters) to resolve phylogenetic 
rela tionsh ips betw een  recen t d ip lob last groups. T he to tal 
n u m b er o f characters included  was 17,664 from  51 partitions, 
giving 7,822 phylogenetically  in form ative characters. We also
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Figure  1. D iscussed R elationsh ips a t th e  Base o f th e  M etazoan  Tree 

Po ten tia l a r ra n g e m e n ts  o f  five critical taxa  (B, Bilateria; Cn, Cnidaria; Ct, 
C te n o p h o ra ; P, Placozoa; an d  S, Porifera) a re  sh o w n  on  th e  righ t, and  
so m e  h y p o th e se s  in th e  lite ra tu re  w ith  on ly  fo u r taxa  (P lacozoa o m itted ) 
o n  th e  left. A rrow s in d ica te  th e  ro o t o f  th e  n e tw o rk s . The le tte rs  a t  th e  
a rro w s a re  fo r re fe ren ce  to  T ab le  S I. The u p p e rc a s e  le tte rs  refer to  
p u b lic a tio n s  in Table S1 th a t  s u p p o r t  th e  in d ica ted  ro o t fo r tre e s  w ith o u t 
P lacozoa. The low ercase  le tte rs  refer to  p u b lica tio n s  in T able S1 th a t  
s u p p o r t  th e  ro o t fo r tre e s  w ith  all five taxa. 
do i:10.1371 /journal.pb io ,1000020 ,g001

co n stru c ted  a m atrix  w ith a la rg er n u m b er o f taxa based  on 
the D unn  e t al. (2008) [25] study w ith  73 taxa fo r the sam e 
gene p a rtitio n s  (see M aterials and  M ethods and  Tables S2 and  
S4). This m atrix  had  17,637 to ta l charac te rs an d  9,421 
phylogenetically  in fo rm ative characters. In  add ition . H ox 
gene exp ression  was c o m p ared  fo r  a p lacozoan  an d  a 
cn id a rian  b au p lan  to  test p red ic tio n s from  the p lacula 
hypothesis [5],

Clarity and  Confusion a t  th e  Root of the  M etazoan Tree
Parsim ony , lik e lih o o d  (w ith m o rp h o lo g ica l ch a rac te rs  

rem oved), an d  m ixed  B ayesian  analysis o f  the  sm aller 
co n ca ten a ted  m atrix  using a variety  o f approaches, w eighting 
schem es, an d  m odels is generally  consisten t w ith the view th a t 
B ila teria  and  dip loblasts (Porifera, C tenopho ra , Placozoa, and  
C nidaria) are  sister groups. In  add ition . Placozoa a re  robustly  
observed as the m ost basal d ip lob last g ro u p  (Figure 2 and  
F igure 3). F igure 3 shows the su p p o rt fo r several hypotheses 
o f m onophyly  o b ta in ed  from  diverse m ethods o f analysis. 
Po rifera , B ilateria, an d  Fungi all fo rm  strong  m onophyletic 
g roups (Figure 3). T he fo u r  cn id a rian  classes (Anthozoa, 
H ydrozoa, Scyphozoa, an d  C ubozoa) to g e th e r  w ith  the 
C ten o p h o ra  fo rm  a m onophyletic  g roup , the “C oelen te ra ta .” 
W ith in  the C nidaria, the generally  accep ted  basal position  of 
the an thozoans is also recovered  by this analysis [34,35], B oth  
choanoflagellates and  Placozoa are  strongly excluded  from  a 
P o rife ra -C o e len te ra ta  m onophyletic  g roup. T he basal posi­
tion  o f P lacozoa is also strongly su p p o rted  by com paring  the 
phylogeny in F igure 2 w ith  hypotheses th a t place it m ore 
derived, using  the statistical ap p ro ach  o f Sh im odaira  and  
Hasegawa [36,37], This ba tte ry  o f tests (Table 1) dem onstra tes 
th a t the basal position  o f the Placozoa is significantly b e tte r  
than  o th e r  hypotheses. T he 95% confidence tree  includes the 
M axim um  L ikelihood  (ML) and  Bayesian trees (both  w ith 
P lacozoa as basal in  the d ip loblasts) w ith  a cum ulative 
expected  likelihood  w eight (ELW) o f 0.960763.

T he tree  topology shown in F igure 2 sum m arizes the best 
su p p o rted  phylogenetic hypothesis o b ta in ed  by using Max-
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Figure 2 . M axim um  Likelihood P h y lo g en e tic  T ree o f M etazoan  R elationsh ips U sing th e  C o n ca te n a ted  D ata M atrix

N ode s u p p o r t  is b a se d  o n  th e  b e s t  ML tre e  filtered  th ro u g h  1,000 rapid  b o o ts tra p  rep lica tes . Only s u p p o r t  va lues  b e lo w  100%  a re  sh o w n . Bayesian 
in fe rence  s u p p o r te d  s tro n g ly  (p o s te rio r p ro b ab ility  =  1.0) all n o d e s  w ith  th e  e x c ep tio n  o f m o n o p h y ly  o f  C nidaria. T he m ax im um  a p o sterio ri a n d  th e  
Bayesian 50%  m ajority -ru le  c o n se n su s  tre e s  d isag reed  w ith  th e  b e s t  ML tre e  in su p p o rtin g  a C te n o p h o ra -A n th o z o a  c lad e  w ith  p o s te r io r p ro b ab ility  o f
0.98. P lease  n o te  th a t  “C o e len te ra ta "  is n o t a ta x o n o m ic  un it, b u t ra th e r  it is a tra d itio n a l g ro u p in g  fo r re a so n s  o f c o n v en ien c e . T he a lp h a  s h ap e  
p a ra m e te rs  o f th e  G am m a d is trib u tio n  w e re  0 .507454  a n d  0 .651659  fo r th e  n u c leo tid e  an d  am in o  acid  p a rtitio n s , respec tive ly . Log-likelihood =  
-2 6 1 4 2 9 .8 2 1 4 2 6 .
do i:10.1371 /jou rn a l.p b io .1 0 0 0 0 2 0 .g 0 0 2

im ttm  Parsim ony, ML, and  Bayesian analyses o f the con ­
ca ten a ted  dataset. Analysis o f the la rg er m atrix  (Figure S2) 
was less well resolved w ith in  the B ilateria, b u t show ed the 
sam e genera l topology as the sm aller analysis. Specifically, 
B ilateria are  m onophyletic  and  sister to the d iploblasts, w ith 
the choanoflagellate Monosiga basal to these taxa w ith h igh 
jackkn ife  values and  Bayesian posterio rs. D iploblasts are  also 
m onophyletic, an d  Placozoa are  the m ost basal taxon  in the 
diploblasts. In  add ition , w ith in  the diploblasts. P o rife ra  and  
C oelen te ra ta  are  m onophyletic , and  w ith in  B ilateria, Ecdy- 
sozoa and  D eu terostom ia  are  m onophyletic; all g roupings 
w ith h igh  node support.

T he topology w ith in  the dip loblasts is also ro b u s t w hen 
B ilateria are  rem oved  from  the analysis. T he full analysis 
seem ingly m isplaces the B ilateria clade as the sister to all 
d iploblasts. T he classical position  o f the B ilateria  is in a highly 
derived  position  from  w ith in  the d iploblasts and  usually sister 
to the C nidaria. T he seem ingly “w eird” p red ic tio n  o f a basal 
B ilateria from  the p re sen t analysis has been  observed befo re  
in  o th e r  studies (see T able SI). Several studies have addressed

phylogenetic p rob lem s specific to this reg ion  o f the tree  of 
life an d  have suggested th a t this reg ion  o f the tree  will be 
inheren tly  difficult to resolve. These studies suggest th a t the 
com pression  o f sp litting  events in  this reg ion  renders  the 
reso lu tion  o f these nodes w ith  h igh su p p o rt difficult, if n o t 
im possible [38-42]. These studies have suggested th a t even 
large am ounts o f data  m ight n o t resolve the prob lem . O th e r 
studies have p o in ted  to taxon  sam pling an d  m odeling  as a 
p o ten tia l p rob lem  in resolving this p a r t o f the tree  o f life 
[25,38-40], A n o th e r p rob lem  is th a t the large n u m b er o f 
m olecu lar phylogenetic  app roaches creates m ultip le  and  
possibly the m ost short-lived  hypotheses in  biology. T he large 
re p e r to ire  o f a lgorithm s, m odels, and  assum ptions som etim es 
p roduces a fo rest o f trees from  the sam e datase t (cf. [43]). 
Thus, tree -bu ild ing  p rocedu res are  highly crucial an d  deserve 
p a rticu la r a tte n tio n  if this reg ion  o f the tree  o f life is to be 
resolved [38],

Possible Swamping by Mitochondrial Data?
O u r analyses p rov ide stro n g  evidence fo r a basal position  

o f P lacozoa relative to o th e r diploblasts, an d  thus agrees w ith

M etazoa B ilateria P ro to s to m ia  L o p ho trochozoa  E cdysozoa  D eu te ro stom ia  C nidaria  D iploblasta  M onosiga P orifera P lacozoa Fungi
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Gonnet:2
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Gonnet:
Bayesian 
ML
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Figure 3 . Phy logeny  o f A nim als an d  W eigh ting  S ch em es

The im p ac t o f  several w e ig h tin g  sch e m e s  on  th e  p h y lo g e n e tic  h y p o th e sis  in Figure 2. The va lu e s  in th e  ta b le  a re  jackknife v a lu e s  fo r m axim um  
parsim ony , rap id  b o o ts tra p  fo r ML, a n d  p o s te r io r c lad e  p ro b ab ilities  fo r Bayesian in ference . The co lo r co d in g  fo r th e  va lu es  is sh o w n  a t  th e  b o tto m  o f 
th e  ta b le . T he m ajo r m o n o p h y le tic  g ro u p s  ex am in ed  fo r jackknife s u p p o r t  in Figure 2 a re  in d ica ted  in th e  to p  row . See Figure 2 fo r n o d e s  d e fin ed  by 
th e se  g ro u p s . M onosiga  refers to  p lacing  M onosiga  as  basal to  M etazoa, an d  P lacozoa refers to  p lacing  P lacozoa as basal to  d ip lo b las ts . Total in th e  first 
row  refers to  th e  e n tire  d a ta s e t  ana ly zed  w ith  e q u a l w e ig h tin g  o f  all ch arac te rs . The n e x t fo u r row s sh o w  resu lts  fo r analy ses  o f  p a rtitio n e d  d a ta se ts : 
mtDNA, m ito ch o n d ria l pa rtition ; N uclear, nuclear; P rotein , p ro te in ; a n d  rRNA, ribosom al RNAs from  b o th  nu c lear an d  m itochondria l g e n o m e s . The 
b o tto m  row s sh o w  resu lts  fo r various w e ig h tin g  sch em es; 2:rRNA, 10:rRNA, a n d  100:rRNA refer to  w e ig h tin g  sch e m e s  in w hich  tran sv ersio n s  a re  
w e ig h te d  2, 10, a n d  100 tim e s  m o re  th a n  tran sitio n s , respec tive ly . P ro tein  w e ig h tin g  sch e m e s  a re  G ö n n e t w e ig h tin g  m atrix , W helan  an d  G oldm an  
(WAG) m atrix , Le an d  G ascuel (LG) m atrix , an d  g e n e t ic  id en tity  (Gl). For d e ta ils  o n  w e ig h tin g  m atrices, s ee  Figure S4. 
do i:10.1371 /jou rn a l.p b io .1 0 0 0 0 2 0 .g 0 0 3
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Table 1. C o m p a r iso n  o f  C o m p e tin g  P h y lo g e n e tic  H y p o th e se s

P hylo genetic  H ypothesis Tre e  Leng th  (Steps) H om op lasy  Index Log-L ike lihood SH Test ELW

ML tre e 49,076 0.3579 -261429 .821426 Best 0.576167
Bayesian tre e 49,103 0.3582 -261441 .636024 NS 0.384596
Bilateria sister to  Cnidaria 49,175 0.3591 -261620 .290035 Significant —
Bilateria sister to  Porifera 49,193 0.3594 -261633 .754060 Significant —
Trichoplax  sister to  Cnidaria 49,134 0.3586 -261503 .704225 Significant —
Trichoplax  w ithin Porifera 49,129 0.3585 —261480.357306 NS 0.015007
Trichoplax  w ithin Cnidaria 49,196 0.3594 -261624 .775575 Significant —
C tenophora basal 49,117 0.3584 -261473 .944734 NS 0.024230

Tree length and homoplasy index are maximum parsimony measures, w hereas log-likelihood, Shimodaira-Hasegawa (SH) test, and expected likelihood weights (ELW) are based on a 
likelihood framework. The 95% confidence tree set includes the  ML and Bayesian trees with cumulative ELW of 0.960763 and was assessed with 100 bootstrap replicates.
NS, not significantly worse than th e  best topology; significant, p <  0.05. 
doi:10.1371/journal.pbio.1000020.t001

the m itochond ria l genom e data  analyses (as ind ica ted  by 
arrow  f  in  F igure 1; [27,28]). I t is th e re fo re  im p o rta n t to 
exam ine w hether the m itochond ria l signal swamps o u t the 
n uc lea r data, to ru le  o u t the possibility th a t the topology we 
p resen t in  F igure 2 is b iased by m itochond ria l in fo rm ation . 
F igure SI addresses this p rob lem  and  d em onstra tes th a t 
n uc lea r in fo rm a tio n  co n tribu tes  positive su p p o r t to  16 o f the 
21 nodes in  the tree. M itochondria l in fo rm a tio n  con tribu tes 
positive su p p o r t to only 15 o u t o f 21 nodes. In  add ition , 
exam ination  o f the am o u n t o f h id d en  su p p o r t co n tr ib u ted  by 
n uc lea r versus m itochond ria l da ta  (no t shown) shows th a t the 
m ajority  o f the h id d en  su p p o rt com es from  n uc lea r in fo rm a­
tion. B oth  o f these results using p a rtitio n e d  su p p o r t m easures 
ind icate  th a t the ad d itio n  o f n uc lea r da ta  does n o t conflict 
w ith m itochond ria l in fo rm atio n  and  is indeed  co n tr ib u tin g  
positively to the overall phylogenetic hypotheses

Resurrecting th e  "Placula”
A lthough  the hypothesis in F igure 2 is in  conflic t w ith a 

re cen t analysis o f coding  genes from  w hole genom es [23] as 
well as is in  conflic t w ith  o th e r  studies (Table SI), the  scenario  
p resen ted  h e re  is consisten t w ith a n o th e r set o f studies and  
also w ith one  o f the m ajo r u rm etazo o n  hypotheses, the 
placula hypothesis (Figure 4). This hypothesis fuels in trigu ing  
scenarios fo r the m echanism s an d  d irec tio n  o f anagenetic 
evolu tion  in  M etazoa, an d  in  the fo rm  p resen ted  here , it can 
illu stra te  the derivation  o f C n idaria  an d  B ilateria  from  a 
p lacozoan-like ancestor. A basal position  o f P lacozoa relative 
to C nidaria, an d  diploblasts sister to B ila teria  are  cum grano 
salis consisten t w ith  several re cen t m olecu lar phylogenetic 
analyses ([23,27] and  this study) encou rag ing  us to reconsider 
the placula hypothesis in  a m o d ern  light.

T he com parison  o f H ox/ParaH ox-like gene expression  
p a tte rn s  in  Placozoa an d  C n idaria  creates a new w orking 
hypothesis fo r the o rig in  o f the en to d erm , a m ain  body axis, 
an d  sym m etry. B ased on  th e  u n d isp u te d  ev idence th a t 
Placozoa are  basal relative a t least to C nidaria, the Trox-2 
gene is likely ancestra l to H ox/ParaH ox-like genes from  
C nidaria  (as fo rm erly  suggested [44,45]). Trox-2 is expressed  at 
the gastroderm is/ep iderm is (low er/upper ep ithelium ) b o u n ­
dary in  Trichoplax [46], Strikingly, we fo u n d  sim ilar expression  
p a tte rn s  fo r two pu ta tive  Trox-2 descendents in  the hydro- 
zoan Eleutheria dichotoma (Figure 4). These regu la to ry  gene 
expression  data  m irro r  d irectly  the beg inn ing  an d  end ing
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stage o f a m o d ern  in te rp re ta tio n  o f the placula hypothesis. 
T he la tte r  explains the o rig in  o f a sym m etric bau p lan  w ith 
one o r  two defined  body axes an d  an in te rn a l feed ing  cavity 
from  a sim ple p lacu lo id  (p ro to -p lacozoan-like) baup lan  th a t 
lack ed  all o f  th e  fo rm e r  c h a ra c te r is tic s . In  th e  m ost 
parsim onious scenario, the expression  o f a single regu latory  
gene defines po larity  in  Placozoa, i.e., the  d iffe ren tia tio n  o f a 
low er versus u p p e r  ep ithelium . A ccord ing  to the p ro p o sed  
"new  p lacu la  h y p o th es is ,” the n o nsym m etric  p lacozoan  
b au p lan  transfo rm s in to  a sym m etric C n idaria  (or also 
B ilateria) b aup lan  by the fo rm er ring  o f ep ithe lia  boundary  
sep a ra tio n  tran sfo rm ing  in to  the new "o ra l” reg ion  o f the 
derived  sym m etric b aup lan  (Figure 4). This tran sfo rm a tio n  is 
simply the resu lt o f a placula lifting  u p  its feed ing  ep ithe lium  
in o rd e r  to  fo rm  an  ex te rna l feed ing  cavity, keep ing  func tion  
an d  m orphology  o f the ep ithe lium  unchanged . In  the final 
stage, the "o ra l” pole develops specialized organs, such as a 
m o u th  and  tentacles fo r feed ing  (cf. [47]). T he la tte r  could  be 
driven  by d u p lica tion  o f the regu la to ry  gene, w hich originally  
defined  po larity  in the p lacula (Figure 4; cf. [48] fo r review). 
O bservations on  ex tan t Placozoa and  C n idaria  m irro r  this 
scenario  alm ost perfectly  (Figure 4).

A lthough  p red ic tio n  an d  observation  m atch  nicely, one has 
to note , how ever, th a t no gene o r  even gene family, no m a tte r 
how im p o rtan t, can p rov ide m ore  th an  ju s t in d irec t su p p o rt 
fo r a w orking hypothesis on  a hypo thetica l anim al baup lan  
th a t can never be observed. I t is im p o rta n t to  n o te  th a t 
m u ltip le  topo log ies can  be  co n sis ten t w ith  th e  p lacula 
hypothesis and  th a t the fo rm  o f the ex tan t earlies t-b ranch ing  
lineage does n o t necessarily have to rep re sen t the fo rm  o f the 
ancestor; we consider the la tte r, how ever, the m ore  pars im o­
nious alternative. We also p o in t o u t th a t the regu la to ry  gene 
fam ily m en tio n ed  here , H ox/ParaH ox-like genes, seems to  be 
absen t in  sponges [49], A secondary  loss o f H ox/ParaH ox-like 
genes in  sponges seems plausible, and  the w ork by P e te rson  
an d  Sperling, 2007 [50] provides som e evidence fo r this 
assum ption. W h ethe r a possible loss o f a H ox/ParaH ox gene 
m ight be re la ted  to  the red u c tio n  o f ep ithe lia l o rgan iza tion  in 
P o rife ra  [3] rem ains an  in te restin g  speculation .

T he H ox/ParaH ox loss scenario  in  sponges is ju s t one of 
several crucial questions ra ised  by the phylogeny in  F igure 2. 
A ccord ing  to this phylogeny, d iploblasts and  B ilateria  b o th  
may have s ta rted  from  a placula-like bau p lan  as suggested in 
F igure 4 (“new  placula hypo thesis”). T he show n new placula
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?

Placula transformation 
cross section “oral” view

Diplox expression 
(“oral” view)

Figure 4 . M odern  In te rp re ta tio n  an d  M odification o f th e  Placula H ypothesis  o f M etazoan  O rigin
Here, a n o n sy m m etric  a n d  axis-lacking b a u p la n  (placula) tran sfo rm s  in to  a typical sy m m etric  m e ta zo a n  b a u p la n  w ith  a d e fin ed  o ra l-a b o ra l o r a n te r io r -  
p o s te r io r b o d y  axis. In th e  p lacu la  tra n sfo rm a tio n , a prim itive  d isk  co n sis tin g  o f a n  u p p e r  a n d  a low er e p ith e liu m  (low er row), w h ich  can  b e  de riv ed  from  
a f la tte n e d  m u lticellu lar p ro tis t, fo rm s an  ex te rn a l fe ed in g  cavity  b e tw e e n  its low er ep ith e liu m  an d  th e  s u b s tr a te  (second  row  from  b o tto m ). The la tte r is 
ach iev ed  by  th e  p lacu la  lifting u p  th e  c e n te r  o f  its b o d y , as  th is  is na tu ra lly  see n  in fe e d in g  Trichop lax  (i.e., th e  tw o  Trichop lax  im ag es  de riv e  from  a 
n o n fe e d in g  (first row) a n d  fe ed in g  (seco n d  row) indiv idual. If th is  p ro c e ss  is c o n tin u e d , th e  ex te rn a l fe e d in g  cav ity  in c reases  (cross sec tio n , th ird  row) 
w hile a t th e  sam e  tim e  th e  o u te r  b o d y  s h a p e  c h a n g e s  from  irregu lar to  m o re  circular (see oral view s). Eventually, th e  p ro ce ss  re su lts  in a b a u p la n  in 
w hich  th e  fo rm erly  u p p e r  ep ith e liu m  o f  th e  p lacu la  rem ain s  o u ts id e  (and fo rm s th e  ec to d e rm ) an d  th e  fo rm erly  low er ep ith e liu m  b e c o m e s  “ in s id e” 
(and fo rm s th e  e n to d e rm ; u p p e r  row). This is th e  basic  b a u p la n  o f Cnidaria an d  Porifera. T hree  o f  th e  fo u r  tran sfo rm a tio n  s ta g e s  h ave  living 
c o u n te rp a r ts  in th e  fo rm  o f  re s tin g  Trichoplax, fe e d in g  Trichoplax, a n d  cn ida rian  po lyps a n d  m e d u sa e  (righ t co lum n).
The a b o v e-o u tlin e d  tra n sfo rm a tio n  o f  a p lacu la  in to  a cn idarian  b a u p la n  involves th e  d e v e lo p m e n t o f a m ain  b o d y  axis an d  a h e ad  reg ion , w hich  allow s 
th e  in v en tio n  o f n ew  s tru c tu re s  an d  o rg a n s  fo r fe ed in g . From a d ev e lo p m e n ta l g e n e tic s  p o in t o f view , a s ing le  re g u la to ry  g e n e  w o u ld  b e  re q u ired  to  
con tro l sep a ra tio n  b e tw e e n  th e  low er an d  u p p e r  ep ith e liu m  (th ree  low er row s). If th e  a b o v e  scen a rio  w ere  co rrec t, th e  fo llow ing  em pirical d a ta  w ou ld  
b e  c o n g ru e n t w ith  it. In th e  fo rm  o f  th e  p u ta tiv e  P ro toH ox/P araH ox  g e n e , Trox-2, in Trichoplax, w e find a s ing le  reg u la to ry  g e n e , m arks th e  
d iffe ren tia tio n  o f an  as y e t u n d e sc rib e d  cell ty p e  a t th e  lo w e r-u p p e r  ep ith e liu m  b o u n d a ry  in Trichop lax  [46], M ore th a n  o n e  reg u la to ry  g e n e  w o u ld  be  
req u ired  to  o rg an ize  n e w  h e ad  s tru c tu re s  o rig in a tin g  from  th e  e c to d e rm -e n to d e rm  b o u n d a ry  o f  th e  oral p o le  (u p p e r  row ). Q u ite  n o te w o rth y , tw o  
p u ta tiv e  d e sc e n d e n ts  o f th e  Trox-2 g e n e , C nox-I an d  Cnox-3, sh o w  th e se  h y p o th e size d  ex p re ss io n  p a tte rn s  (Diplox ex p ress io n  u p p e r  row; fo r sim plicity, 
on ly  th e  ring fo r C nox-I e x p ress io n  is sh o w n ; see  Figure S4 fo r ex p ress io n  p a tte rn s  o f b o th  g e n e s  a n d  Jak o b  e t  al. [46,52] fo r de ta ils . C nox-I an d  Cnox-3 
exp ress ion  b o th  m ark  th e  e c to d e rm -e n to d e rm  b o u n d a ry  a t  th e  oral p o le  in th e  h y d ro z o a n  Eleutheria d icho tom a . B oth g e n e s  a re  e x p re sse d  in parallel in 
a rin g -sh ap e d  m a n n e r a t  th e  tip  o f th e  m a n u b riu m , w ith  Cnox-3 b e in g  e x p re ssed  m o re  ec to d e rm ally  an d  C nox-I b e in g  e x p re ssed  m o re  e n to d e rm a lly  
(u n p u b lish e d  da ta). 
do i:10.1371 /jo u rn a l.p b io .1 0 0 0 0 2 0 .g 0 0 4

hypothesis illustrates a po ten tia l tran sitio n  from  a n o n ­
sym m etric, axis-lacking p lacula in to  a rad ial sym m etric and  
h e a d -fo o t axis o rganized  cn idarian . In  a sim ilar way, the 
placula could  also be tran sfo rm ed  in to  a B ila teria  bauplan ,
i.e., a b ila te ra lly  sym m etric  b a u p la n  w ith  an a n te r io r -  
p o s te rio r body axis. O ne o f the easiest m odels fo r adop ting  
a b ila tera l sym m etry suggests th a t the "u rb ila te ria n ” k ep t the 
b en th ic  lifestyle o f the p lacula b u t a d o p ted  d irec tiona l 
m ovem ent. T he la t te r  a lm ost au tom atica lly  leads to an 
a n te r io r -p o s te r io r  an d  v en tra l-d o rsa l d iffe ren tia tion . T he 
pole m oving fo rw ard  develops a head  and  becom es an te rio r, 
the body side facing the g ro u n d  carries the m o u th  and  thus 
by defin itio n  becom es ven tral. A cco rd ing  to the above 
scenario, the m ain  body axes o f dip loblastic  anim als and  
B ilateria w ere in d e p e n d e n t inventions. W hereas an  in d e ­
p e n d e n t evo lu tion  o f body axes in  dip loblastic  anim als and  
B ilateria seems easily plausible, the in d e p e n d e n t evolu tion  o f 
o th e r characters (e.g., the nervous system; see below) seems

less p lausible given o u r  know ledge o f the developm ent and  
m orphology  o f these characters.

We will never observe the hypo thetica l placula, b u t we may 
draw  som e conclusions from  Placozoa, w hich seem  to have 
re ta in ed  m any o f the characteristics o f the p lacula if o u r 
in te rp re ta tio n  is valid. This scenario  draws in to  question  
several aspects o f anim al evolu tion  th a t will req u ire  re in te r ­
p re ta tio n  if this hypothesis is co rrect. M ost no tab le  o f these 
aspects is the evo lu tion  o f the nervous system, w hich in  the 
hypothesis in  F igure 2, can  only be exp la ined  by convergent 
evo lu tion  o f C n idaria  and  B ilateria  nervous system o rg an ­
ization. A ccord ing  to the p lacula hypothesis, we suggest th a t 
the placula a lready h ad  the genetic capability  and  basic 
b u ild ing  blocks to b u ild  a nervous system, an d  th a t from  here, 
the final bu ild -u p  o f the nervous system developed  via 
in d e p e n d e n t, b u t p a ra lle l, pathw ays in  d ip lob las ts  and  
B ilateria. T he genom e o f the p lacozoan Trichoplax adhaerens 
in d eed  delivers som e n o tab le  evidence th a t the genetic
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in v en to ry  m ay p reced e  m o rp h o lo g ica l m an ife s ta tio n  o f 
organs [23], F o r exam ple, the p lacozoan genom e harbo rs  
rep resen ta tives o f all m ajo r genes th a t a re  involved in  
neurogenesis in  h ig h er anim als, w hereas p lacozoans show 
n o t th e  slightest m orpholog ical h in t o f nerve o r  sensory cells. 
Q u ite  notew orthy , how ever, is th a t placozoans are  qu ite  
cap ab le  o f  s tim u li re c e p tio n  a n d  p e rc e p t io n  u sed  to 
co o rd in a te  behavioral responses. In  this light, th e  generally 
accep ted  unlikely convergen t evo lu tion  o f a nervous system 
only looks unlikely from  a m orpholog ical, b u t n o t from  a 
genetic an d  physiological, p o in t o f view.

Regardless o f th e  n eed  fo r re in te rp re ta tio n  o f this and  
o th e r anatom ical characters, th e  findings p resen ted  h ere  
p rov ide a viable hypothesis fo r the m ajo r cladogenetic  events 
d u rin g  th e  m etazoan  rad ia tion . G iven the basal position  o f 
Placozoa, we suggest th a t a t least fo r d ip lob lastic  m etazoan  
life, th e  body p lan  s ta rted  w ith th e  following: an  asym m etric 
body p lan, a m ost sim ple m orphology  (only two steps above 
basic d e fin itio n  [51]), a single P ro to H o x  gene, a large 
m itochond ria l (mtDNA) genom e, an  o u te r  feed ing  ep ithe lium  
th a t gave rise to  th e  en toderm , an d  the sm allest o f all know n 
(not secondarily  reduced) m etazoan  genom es. If  the p lacu la  is 
also th e  ancestra l s ta te  fo r m etazoans (i.e., the  com m on 
ancesto r o f B ila teria  an d  diploblasts in  F igure 2), th en  the 
sam e could  be said fo r th e  u rm etazoon .

Materials and M ethods
C lon in g  an d  seq u en c in g  o f  target g e n e s . In  o r d e r  to  e x te n d  th e  

analy ses  o f  R o k as  e t  al. [42] to  b a sa l m e ta z o a n s  a lso , w e is o la te d  13 o f  
th e  su g g es te d  ta rg e t  g e n es  th a t  w e re  m is s in g  f r o m  th e  p la c o z o a n  
Trichoplax adhaerens. T h e s e  g e n e s  c o u ld  b e  a m p lif ie d  by  u s in g  th e  
p r im e r  se ts  th a t  h a d  w o rk e d  in  th e  p re v io u s  s tu d y  in  sp o n g es : T O A 0 4 , 
05, 06, 09, 10, 11, 13, 15, 16, 17, 21, 25, 33, 48, 53, 56, 57, 59, 62, 65, 67, 
a n d  6 8 . I n  o r d e r  to  o b ta in  s e q u e n c e s  o f  th e se  g en es  f o r  P la c o z o a  a n d  
to  c h a ra c te r iz e  v a r ia t io n  w ith in  P la co z o a , w e also  is o la te d  six  o f  th e se  
g en es  f r o m  a  sec o n d , d is ta n tly  r e la te d  p la c o z o a n  sp ec ie s  (P lac o zo a  sp. 
H 2 , T u n B  c lo n e , T u n is ia ) . F o r  c u b o zo a n s , w e fil led  g a p s  in  th e  m a tr ix  
by  is o la tin g  th r e e  ta rg e t  g en es  f r o m  Carybdea m arsupialis (T ab le  S5). 
W e a m p lif ie d  ta rg e t  g e n e s  f r o m  cD N A . F o r  b o th  p la c o z o a n  sp ec ies, 
so m e  2 0 0  h e a l th y  g ro w in g  v e g e ta tiv e  a n im a ls  o f  e a c h  sp ec ie s  w e re  
u s e d  f o r  th e  is o la t io n  o f  to ta l  R N A . B e fo re  e x tra c t io n ,  a n im a ls  w e re  
w a sh e d  th r e e  tim e s  w ith  s te r i le  3 .5%  a rtif ic ia l s e a w a te r  (ASW ) a n d  
s ta rv e d  o v e rn ig h t to  p re v e n t  a lg ae  c o n ta m in a t io n .  A n im a ls  w e re  ly sed  
in  500  p i o f  f r e s h  h o m o g e n iz a t io n  b u f f e r  (H O M : 50 m M  T ris  HC1, 10 
m M  E D T A , 100 m M  N aC l, 2.5 m M  D T T , 0 .5%  SDS, 0 .1%  D E P C  in  
u l t r a p u r e  w a te r  [G ibco]; p H  8.0). A f te r  a d d i t io n  o f  25 p g  o f  D E P C - 
t r e a te d  P r o te in a s e  K, sam p les  w e re  s to re d  f o r  30 m in  a t  65 °C. T h e  
h o m o g e n a te  w as s q u e e z e d  th ro u g h  a  n e e d le  c o n n e c te d  to  a  2 .5 -m l 
sy rin g e . T h is  p r o to c o l  s ig n if ic a n tly  in c re a s e d  R N A  y ie ld  c o m p a re d  to  
c o n v e n t io n a l R N A  e x t r a c t io n  k its . N u c le ic  ac id s  w e re  is o la te d  by  tw o 
ro u n d s  o f  p h e n o l/c h lo ro fo rm /is o a m y l a lc o h o l (25:24:1) p u r if ic a tio n . 
N u c le ic  ac id s  w e re  d is so lv e d  in  u l t r a p u r e  w a te r , a n d  D N A  w as 
d ig e s te d  w ith  D N ase  I (F e rm en tas ). T o ta l  R N A  w as u s e d  f o r  cD N A  
t r a n s c r ip t io n  w ith  p o ly -T  p r im e r s  fo llo w in g  th e  m a n u f a c tu r e r ’s 
p r o to c o l  (In v itro g e n  S u p e r s c r ip t  II  K it).

T a rg e t  g e n es  w e re  a m p lif ie d  a f te r  in it ia l  d é n a tu r a t io n  (3 m in  a t  94  
°C) b y  40 ro u n d s  o f  94  °C f o r  30 s, 50 °C f o r  30 s, a n d  72 °C f o r  75 s, 
fo llo w e d  by  a  f in a l e lo n g a t io n  s te p  (5 m in  a t  72 °C) u s in g  th e  B io lin e  
T a q  sy stem  fo llo w in g  th e  m a n u f a c tu r e r ’s r e c o m m e n d a t io n s  (B io line). 
A m p lif ie d  f r a g m e n ts  o f  th e  p r e d ic te d  size w e re  p u r if ie d  a n d  c lo n e d  
in to  pG E M -T  (P ro m eg a). S e q u e n c in g  w as p e r f o r m e d  o n  a  M eg ab ase  
500 u s in g  th e  D Y E n am ic  E T  T e r m in a to r  C ycle  S e q u e n c in g  K it 
(A m e rsh am ) o r  by  u s in g  th e  se rv ice  p r o v id e d  by  M ac ro g e n . F o r  
f u r th e r  d e ta ils , see  J a k o b  e t  al. [46] a n d  T a b le  S5.

F o r  a  d e ta i le d  e x p la n a t io n  o f  th e  in c lu s io n  o f  s e q u e n c e s  in  th e  
p h y lo g e n e tic  m a tr ic e s  u s e d  in  th is  s tu d y , see T a b le  S2, w h ic h  show s 
th e  s o u rc e  o f  s e q u e n c es  in  th is  s tudy . W e c o n s t r u c te d  tw o  m a tr ic e s ,  a 
sm all o n e  c o m p o s e d  o f  24  ta x a  (see F ig u re  2) a n d  a  la rg e  o n e  
c o m p o s e d  o f  73 tax a . F o r  th e  s m a lle r  m a tr ix ,  w e c h o se  n in e  b i la te r ia n  
ta x a  b a s e d  o n  th e  a v a ilab il ity  o f  s e q u e n c e  in f o r m a t io n  f o r  a  sp ec ies. 
W e c h o se  th r e e  L o p h o t r o c h o z o a ,  th r e e  E c d y so zo a , a n d  th r e e

D e u te r o s to m ia  as re p re s e n ta t iv e s  o f  th e  B ila te r ia . O th e r  in g ro u p  
ta x a  in c lu d e  re p re s e n ta t iv e s  o f  th e  f o u r  c lasses o f  C n id a r ia ,  th e  th re e  
m a jo r  g ro u p s  o f  P o r if e r a  (D e sm o sp o n g ia e , C a lca re a , a n d  H e x a c t i ­
n e llid a ), P la co zo a , a n d  C te n o p h o ra .  S in c e  r o o t in g  o f  th e  t r e e  is 
c r itic a l, w e a t t e m p te d  to  b re a k  u p  th e  r o o t  by  in c lu d in g  sev era l 
o u tg ro u p  sp ec ies: tw o  fu n g a l sp ec ie s  {Saccharomyces a n d  Cryptococcus), 
Tetrahymena , Trypanosoma , a n d  Dictyostelium  b a s e d  o n  th e i r  re le v a n c e  to  
th e  s tu d y  a n d  th e  a v a ilab il ity  o f  g e n o m e -le v e l in fo r m a tio n .  Trypano­
soma  w as u s e d  as o u tg ro u p  sp ec ie s  in  all a sp e c ts  o f  th e  s tu d y , b u t  th e  
to p o lo g y  o f  r e s u l ta n t  t re e s  in d ic a te s  th a t  s lim e  m o ld  o r  Tetrahymena  
c o u ld  a lso  b e  u sed . T o  in c re a s e  th e  n u m b e r  o f  p la c o z o a n  a n d  
c u b o z o a n  seq u e n c es , w e P C R  a m p lif ie d  sev e ra l g e n es  as in d ic a te d  in  
T a b le  S5. M o rp h o lo g ic a l  c h a r a c te r s  w e re  s c o re d  f o r  th e  ta x a  in  th is  
s tu d y  as d e s c r ib e d  in  S c h ie rw a te r  a n d  D e S a lle  (2007 [10]; see  T a b le  
S3). M o le c u la r  “ m o rp h o lo g y ” c h a r a c te rs  w e re  a lso  in c lu d e d  f o r  th e  
ta x a  in  th is  s tu d y  as s c o re d  by  E n d e r  a n d  S c h ie rw a te r , 2003  [8 ] (see 
F ig u re  S3). T h e  f in a l p a r t i t io n e d  m a tr ic e s  f o r  th e  s m a lle r  (24 tax a ) 
a n d  th e  la rg e r  (73 tax a ) c an  b e  fo u n d  in  T a b le  S4. In  a d d i t io n  to  g en es  
a lre a d y  av a ilab le  f r o m  w h o le  m ito c h o n d r ia l  s e q u e n c in g  (15 g en es) 
a n d  n u c le a r  g e n e s  (16 g enes), w e in c lu d e d  18 g e n es  f r o m  th e  D u n n  e t  
al. (2008) s tu d y  [25]. T h e s e  g e n e s  w e re  c h o se n  o n  th e  b asis  o f  
ta x o n o m ic  r e p r e s e n ta t io n  b e in g  o v e r  50%  in  th e  D u n n  e t  al. (2008) 
s tudy .

F o r  th e  la rg e r  7 3 - ta x o n  m a tr ix ,  w e in c lu d e d  all o f  th e  ta x a  f r o m  th e  
D u n n  e t  al. (2008) s tu d y  ( th e ir  s m a lle r  m a tr ix  in  th e i r  F ig u re  2; [25]) 
p lu s  C u b o zo a , S cy p h o zo a , P laco z o a , H e x a c tin e ll id a ,  C a lca re a , Caeno­
rhabditis , Tetrahymena , Trypanosoma , a n d  Dictyostelium. F o r  th is  la rg e r  
m a tr ix ,  w e fil led  in  c h a r a c te r  in fo r m a t io n  f o r  th e se  ta x a  f o r  th e  18 
D u n n  e t  al. (2008) [25] g e n es  f r o m  G e n B a n k  as c o m p le te ly  as p o ssib le . 
W e u s e d  B last sco res  a n d  e x is t in g  a n n o ta t io n s  as c r i te r ia  f o r  a ssess in g  
o r th o lo g y  f o r  th e s e  a d d e d  seq u e n c es . In  th is  la rg e r  m a tr ix , w e u s e d  
o n ly  g e n es  f r o m  th e  D u n n  e t  al. (2008) s tu d y  [25] w ith  g r e a te r  th a n  
50%  ta x o n  r e p re s e n ta t io n .

In  s itu  h yb rid iza tion  an d  im m u n o cy to lo g y . R N A  in  s itu  h y b r id ­
iz a tio n  s tu d ie s  w e re  p e r f o r m e d  as d e s c r ib e d  b e fo re  [46,52]. F o r  
im m u n o c y to lo g y  s tu d ie s , p o ly c lo n a l a n t ib o d ie s  w e re  p r o d u c e d  to  
o l ig o p e p tid e s  n e a r  th e  C - te rm in a l  o f  th e  Trox-2 , Cnox-1, a n d  Cnox-3 
p ro te in s .  F o r  w h o le -m o u n t analy sis , live a n im a ls  w e re  f ix e d  f o r  1 h  in  
5%  fo rm a ld e h y d e  in  s te r i le  sea w a te r . Im m u n o c y to c h e m is try  was 
p e r f o r m e d  w ith  a n t i -Trox  o r  a n t i -Cnox, re sp ec tiv e ly , a n t is e r a  a n d  g o a t 
a n ti- r a b b it-A P  (N ovagen ) o r  F IT C -c o n ju g a te d  g o a t  a n t i - r a b b i t  a n t i ­
b o d y  (S igm a). L o c a liz a t io n  o f  a n t ib o d y  c o m p le x es  w as re v e a le d  by  
s ta in in g  w ith  N B T  a n d  X -p h o s p h a te  (R oche) o r  f lu o r e s c e n t  m ic ro ­
scopy , re sp ec tiv e ly . F u r th e r  d e ta ils  w ill b e  d e s c r ib e d  e lse w h e re  (S. 
S ag asse r e t  al. u n p u b lis h e d  d a ta ).

A lig n m en t. T o  g e n e r a te  s ta t ic  a l ig n m e n ts , w e u s e d  M A F F T  [53], 
in itia lly  w ith  a  g a p  o p e n in g  p e n a l ty  o f  1.5 a n d  g a p  e x te n s io n  p e n a l ty  
o f  0 .123. W e also  e x a m in e d  th e  im p a c t o f  v a ry in g  g a p  o p e n in g  
p e n a l t ie s  by  o b ta in in g  a lig n m e n ts  u s in g  o p e n in g  p e n a l t ie s  o f  1.0, 0.5, 
a n d  0.1. T h e  a l te r a t io n  o f  g a p  p e n a l ty  o n ly  se rv e d  to  a l te r  th e  n u m b e r  
o f  c h a r a c t e r s  in  o u r  m a t r ic e s  a n d  d id  n o t  s e v e re ly  im p a c t  
p h y lo g e n e tic  h y p o th e se s .

P h y lo g en e tic  an a lysis . F o r  o u r  2 4 - ta x o n  m a tr ix ,  w e c o n d u c te d  
p a rs im o n y , B ay esian , a n d  l ik e l ih o o d  analyses  as e x p la in e d  b e lo w . T h e  
7 3 - ta x o n  m a tr ix  w as a n a ly z e d  w ith  B ay es ian  in fe re n c e . P h y lo g e n e tic  
tre e s  u s in g  s ta t ic  a l ig n m e n t  w e re  g e n e r a te d  u s in g  P A U P  v 4 b l0  [54]. 
T r e e  sea rc h e s  w e re  a c c o m p lis h e d  u s in g  1,000 r a n d o m  ta x o n  a d d it io n s  
a n d  T r e e  B ise c tio n  R e c o n n e c t io n  (TBR). J a c k k n ife  m e a su re s  f o r  n o d e  
s u p p o r t  w e re  o b ta in e d  u s in g  P A U P  w ith  30%  c h a r a c te r  re m o v a l a n d  
1,000 r e p e t i t io n s .  T o  e x a m in e  th e  e ffe c t o f  c h a r a c te r  w e ig h tin g  in  
p h y lo g e n e tic  analy sis  o f  th is  d a ta se t ,  w e im p le m e n te d  c h a r a c te r  
w e ig h tin g  f o r  n u c le ic  ac id s  a n d  a m in o  a c id  p a r t i t io n s  as fo llow s. F irs t, 
w e im p le m e n te d  th r e e  sch em es  f o r  w e ig h tin g  tr a n s i t io n s  a n d  t r a n s ­
v e rs io n s  (100, 10, a n d  2) f o r  n u c le ic  acid s. S e c o n d , w e u s e d  f o u r  
t r a n s f o r m a t io n  m a tr ic e s  f o r  a m in o  a c id  w e ig h tin g : G ö n n e t  [55], W A G  
[56], L G  [57], a n d  G e n e tic  Id e n t i ty  (GI). B re m e r  s u p p o r t  m e a su re s  
(decay  in d ic e s )  [58], p a r t i t io n e d  B re m e r  a n d  h id d e n  s u p p o r t  va lues 
[59,60] w e re  g e n e r a te d  u s in g  T re e R o t  v3 [61]. T h e  p a ra lle l  im p le ­
m e n ta t io n  o f  M rB ayes v3 .1 .2  [62,63] w as u s e d  f o r  B ay es ian  in fe re n c e  
o f  p h y lo g en y . T w o  s im u lta n e o u s  ru n s  w ith  r a n d o m  s ta r t in g  tre e s  w e re  
l a u n c h e d  f o r  tw o  m il l io n  g e n e r a t io n s ,  e a c h  w ith  a  1 ,0 0 0 -s te p  
th in n in g ,  a  1 0 % b u rn - in ,  a n d  a  te m p e r a tu r e  p a r a m e te r  o f  0 . 2  so  as 
to  le a d  to  b e t t e r  m ix in g . A ll th r e e  d a ta  ty p es  (DNA, p r o te in ,  a n d  
m o rp h o lo g y )  w e re  a c c o m m o d a te d  in  th e  B ay e s ia n  analysis . W e 
e m p lo y e d  M L in fe re n c e  in  R A xM L  v7 .0 .4  [64] u s in g  th e  G T R  
s u b s t i tu t io n  m o d e l f o r  D N A  [65,66] a lo n g  w ith  G -d is tr ib u te d  ra te  
h e te ro g e n e i ty  [67,68] a n d  th e  W h e la n  a n d  G o ld m a n  (W AG) a m in o  
a c id  s u b s t i tu t io n  m a tr ix  [55] w ith  e m p ir ic a l  re s id u e  fr e q u e n c ie s  
c o u p le d  w ith  G -d is tr ib u te d  r a te  h e te ro g e n e ity .  N o d e  s u p p o r t  was 
e v a lu a te d  w ith  1,000 r a p id  b o o ts t r a p  re p l ic a te s  [69]. A lte rn a tiv e
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p h y lo g e n e tic  h y p o th e se s  w e re  c o m p a r e d  u s in g  th e  S h im o d a ir a -  
H a s e g a w a  te s t  [37] a n d  e x p e c te d  l ik e l ih o o d  w e ig h ts  [70], as 
im p le m e n te d  in  R A xM L.
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F igure S I . P o s itiv e  o r  N e g a tiv e  P a r t i t io n e d  B re m e r  S u p p o r t  f o r  A ll 
N o d e s  u n d e r  M ito c h o n d r ia l  v e rsu s  N u c le a r  G e n e  P a r t i t io n s

T h e  sh o w n  analysis  w as d o n e  f o r  o n e  o f  th e  “ p la u s ib le ” p a rs im o n y  
tre e s . O th e r  to p o lo g ie s  p r e f e r r e d  by  p a rs im o n y  an a ly sis  gave s im ila r  
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p a r t i t io n s  (11/21). M o st o f  th e  n e g a tiv e  s u p p o r t  in  th e  t r e e  is w ith in  
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F igure S2. P h y lo g e n e tic  T re e  f o r  73 T a x a  M a tr ix  w ith  B ila te r ia  
S h o w n  as M a jo r  G ro u p s  (A) a n d  In c lu d in g  A ll T a x o n o m ic  N a m es  (B) 

T h e  73  ta x a  a re  c o m p r is e d  o f  th e  64  ta x a  f r o m  th e  D u n n  e t  al. (2008) 
s tu d y  [25] p lu s  n in e  ta x a  a d d e d  f r o m  th e  p r e s e n t  s tu d y . S in ce  th e  
to p o lo g ie s  w ith in  L o p h o tro c h o z o a , E cd y so zo a , a n d  D e u te r o s to m ia  
a re  n o t  d iscu ssed  in  o u r  s tudy , we h a v e  r e p r e s e n te d  th e se  as m a jo r  
m o n o p h y le tic  g ro u p s  in  th is  f ig u re  (A).
A ll in c lu d e d  ta x a  a re  l is te d  in  (B). T h e  b lu e  c irc le s  in d ic a te  th a t  th e  
s u p p o r t  f o r  th e se  n o d e s  a re  1 0 0 % ja c k k n ife  s u p p o r t  f o r  u n w e ig h te d  
p a r s im o n y  a n a ly s is  a n d  1.0 p o s t e r io r  B a y e s ia n  p r o b a b i l i ty  f o r  
p a rs m o d e l an a ly sis  in  M rB ayes. F o r  f o u r  n o d e s  re le v a n t to  th e  
p re s e n t  s tu d y  f r o m  th is  la rg e r  analy sis , th e  ja c k k n ife  v a lu e s  a n d  
B ay es ian  p o s te r io r s  a re  l is te d  n e x t  to  th e  n o d e s , re sp ec tiv e ly .
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F igure S3. 16S rR N A  S e c o n d a ry  S t r u c tu re  P r e d ic t io n  
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F igure S4. In  S itu  E x p re s s io n  o f  H o x -L ik e  G e n es  Cnox-1 a n d  Cnox-3  in  
th e  H y d ro z o a n  Eleutheria dichotoma

T h e  tw o  H o x -lik e  g en es , Cnox-1 a n d  Cnox-3 , d isp la y  d if f e re n t ia l  
s p a t io te m p o r a l  e x p re s s io n  p a t te r n s  in  th e  m e d u sa  s tage . Cnox-1 (A i-  
A 4 ) is e x p re ss e d  e c to d e rm a lly  in  th e  so -c a lle d  N e sse lr in g , a n  a re a  o f  
u n d if f e r e n t ia te d  cells l in in g  th e  r in g  c a n a l o f  m e d u sa e  (c ross sec tio n : 
A 3 , A 4 ). Cnox-3  e x p re s s io n  m a rk s  th e  m o s t e c to d e r m a l  o ra l  p a r t  o f  th e
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