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Abstract

Background: Small and cryptic sponges associated w ith  cold-water coral reefs are particularly numerous and challenging to 
Identify, but the ir ecological and biochemical Importance Is likely to  compete w ith  megabenthlc specimens.

M ethodo logy/P rinc ipa l F indings: Here we use a com bination o f the standard M1M6 and I3M11 partitions o f the COI 
fragment, partial rDNA 28S sequences and m orphology to  delineate small encrusting Plocamionida species. In total, 46 
specimens were retrieved from seven shallow to  deep-water coral locations, crossing 3,000 km along the European margins. 
Our work provides evidence that the Plocamionida ambigua f. tylotata and f. grandichelata can be considered valid species, 
whereas Plocamionida ambigua f. tornata corresponds to the species P. ambigua. W ithin the monophyletlc group o f 
Plocamionida, P. microcionides Is shown as really divergent from the other taxa, and four putative new Plocamionida species 
are suggested.

Conclusions/Significance: This study shows that the use o f molecular and morphological Information In an Integrative 
approach Is a powerful tool for the Identification o f sponge species, and suggests that an under-estimated biodiversity o f 
sponges occurs In cold-water coral reefs.
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Introduction

Sponges represent one o f the m ost rem arkable groups in deep- 
w ater coral ecosystems [1,2]. T h e  high biodiversity and  ab u n ­
dance o f these filter-feeders (with a  total o f 191 species recorded in 
Irish bathyal coral reefs, [3]) contrasts with the paucity  o f the coral 
reef building species, p redom inantly  Lophelia pertusa (Linnaeus 
1758) an d  Madrepora oculata (Linnaeus 1758). Ecologists initially 
focused on large-sized, bright-coloured or conspicuous Porifera 
species (e.g. [4-6]), bu t the extensive presence o f small sized and  
m orphologically cryptic sponges in cold-w ater coral reefs (CWRs) 
has widely been no ted  [3 ,7-10], Single dead  coral branches from 
cold waters can contain  up to 15 sponge species [9], T he 
distribution o f CW R s along the E uropean  m argins has now  been 
well docum ented [11], and  several coral hotspots are found along 
the continental m argin  off Ireland, off Norw ay, and  in the 
M ed iterranean  basin. Nevertheless, only few biodiversity studies 
have addressed the substantial diversity o f deep-sea sponges

associated w ith C W R s [3,8-10], Such lack o f knowledge forms a 
substantial im pedim ent for establishing baselines o f biodiversity 
and  for the efficient m anagem ent o f this group [9], w hich is o f 
particular interest for the pharm aceutical industry [12]. M oreover, 
the significance of these deep and  nu trien t rich hotspot ecosystems 
for potential centers o f endem ism  has direct implications for bo th  
regional diversity an d  local endem icity.

T h e  sponge genus Plocamionida Topsent (1927) (Class D em os­
pongiae, O rd e r Poecilosclerida, Fam ily Hym edesm iidae) is widely 
distributed along the continental m argins o f E urope, and  occurs 
from  the M ed iterranean  Sea and  the Azores to “ high latitudes” in 
the N E Atlantic [9 ,13-15]. W ithin C W R  environm ents, Plocamio­
nida species encrust rocks or h a rd  corals in th in  (< 5  nini) sheets o f 
b row n coloration and  can be locally abundant. Occasionally, 
shallow-water occurrence is reported , bu t their m ain  occurrence is 
at depths o f 50 m  and  deeper. A lthough the genus has excellent 
m orphological m arkers, the taxonom ic distinctness o f its E uropean 
species rem ains highly contentious. T w o species nam es, P. ambigua
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(Bowerbank, 1866) an d  P. microcionides (Carter, 1876) have been 
considered as valid separate species, or as synonyms o f a  single 
variable species (e.g. [14,15]). Furtherm ore, a  num ber o f ‘form as’ 
have been  proposed by various authors for specimens with 
deviating spicule characteristics, Plocamionida microcionides f. achelata 
Topsent, 1928, Plocamionida ambigua /.grandichelata Brondsted, 1932, 
Plocamionida ambigua f. tornotata Brondsted, 1932 and  Plocamionida 
ambigua f .  tylotata Brondsted, 1932. T h e  latter form  has been  given 
species status by  A lander [16] and  Picton and  G oodw in [17]. 
Plocamionida rem ains a  group o f sponges th a t are notoriously 
difficult to identify because the intra- an d  interspecific character 
variation is no t well understood, an d  has given rise to 
disagreem ents betw een taxonom ic experts.

T h e  first aim  of this study is to investigate the phylogenetic 
relationships o f Plocamionida species and  form as from  the G ulf o f 
Cadiz to N otw ay occurring in CW Rs. Specim ens from  one 
shallow w ater population  w ere also included. W e used phyloge­
netic congruence criteria betw een the cytochrom e oxidase c 
subunit I (COI) and  the independent nuclear region D 3 -D 5  of the 
rD N A  28S gene to delineate evolutionary significant units, and  to 
reveal the presence o f cryptic species w ithin the studied m aterial. 
T h e  standard  (COI) barcoding fragm ent, am plified w ith the 
universal prim ers o f Folm er et al. ([18]; hereafter called the M 1M 6 
partition) is generally too conserved in diploblast phyla [19] and  
has led to some difficulties in resolving taxonom ic an d  phylogeo- 
graphic relationships in sponges [20,21]. O n  the o ther hand, 
genetic studies above and  below  the species level have been 
perform ed using this C O I partition  [10,22-25]. In  addition, the

C O I dow nstream  I3 M 1 1 partition  showed m ore resolution than  
the standard  M 1M 6 partition  [26], It proved  useful a t interspecific 
level [27] and  to determ ine the genetic population  structure o f 
C aribbean  and  E uropean  sponge species [28,29]. Flerein, we seize 
the opportun ity  to com pare the I3 M 11 partition  to the M 1M 6 
partition  in term s o f am plification success an d  substitution pattern , 
as well as to assess the potential o f their com bination  for species 
level delineation. Second, the phylogenetic units were m orpho­
logically analyzed to investigate w hether concordant m olecular 
lineages are also m orphologically distinct and  to resolve the 
curren t taxonom ic difficulties in Plocamionida.

Materials and Methods

Sampling
A total o f 46 specimens of Plocamionida were collected from  seven 

locations along the A tlantic continental m argin  spanning about 
3,000 km  (Fig. 1). N orm al storm  waves disturb the seafloor 
significantly dow n to 50 m  [30] and  this dep th  was used to 
separate shallow from  deep-w ater environm ents. D eep-w ater 
specimens (> 5 0  m) were collected w ith boxcores o r with a 
R em ote O p erated  Vehicle (ROV) during  five cruises and  one 
specim en was dredged up  from  the coast o f N oiw ay in  Bergen 
(Table SI). Shallow-water specimens were collected by  scuba 
diving at T h e  M aidens, N orthern  Ireland. Specim ens were 
detected by searching dead  coral branches an d  stones using a 
low pow er m icroscope. All samples were preserved in absolute 
ethanol and  stored at room  tem perature  until further processing.

BERGEN

MINGULAY j/y 
(13)

ROCKALL ★

PORCUPINE

«’r

F igure  1. M a p  show ing sam p ling  locations o f Plocamionida species (num bers  in parenthesis in d ica te  sam p le  sizes) an d  geographica l 
d is tr ib u tio n  o f ESUs. M ap w as p ro v id ed  by  th e  p ro je c t H o tsp o t Ecosystem  R esearch  an d  M an 's Im pact on  E uropean  Seas (HERMIONE). S am pling  
loca tion  a re  g iven  in u p p e rc a se  le tte rs  fo r d e e p -w a te r  sam p les  (> 5 0  m) a n d  in lo w ercase  le tte rs  fo r sh a llo w -w ate r sam p les . 
do i:10 .1371/jou rnal.pone .0016533 .g001
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Plocamionida-like individuals were identified by looking a t their 
skeletal structure using thick sections air-dried  on m icroscopical 
slides and  m ounted  in C an ad a  balsam . V oucher specimens are 
deposited in the Porifera collection o f the Zoological M useum  of 
A m sterdam  (ZM APOR) and  in the U lster M useum , Belfast 
(BELUM) an d  are available upon  request. T h e  list o f studied 
species and  localities with their abbreviations is given in T able  S I.

DNA extraction, PCR se tup  and  amplifications
D N A  extraction from  samples was perform ed using the DN easy 

Blood and  Tissue K it (Qiagen) in accordance with the m anufac­
tu re r’s instructions. Polym erase chain  reaction (PCR) am plifica­
tions were carried  ou t in a  total volum e o f 47 pi, w ith 5 pi o f  10 x 
P C R  buffer (Qiagen), 5 pi o f lOx C oralL oad  (Qiagen), 1 pi MgC12 
(25 mM), 1 pi d N T P  (10 m M  each), 0.5 pi o f BSA (10 pg /p l), 1 pi 
o f  forw ard an d  reverse p rim er (25 pM ), 0.25 pi T o p T a q  DN A  
polym erase (5 u /p l,  Qiagen), 1 pi o f  tem plate D N A  and  31.25 pi 
o f  H P L C  grade water.

A-—1200 bp  long fragm ent o f the cytochrom e c oxidase subunit 
I (COI) m tD N A  gene was initially am plified from  ten  random  
specimens using the universal p rim er L C O 1490 [18] an d  the 
reverse p rim er C O X 1-R 1 (5 '-T G T T G R G G G A A A A A R G T - 
T A A A T T  -3') [31]. Polym erase chain  reaction  (PCR) cycling 
conditions included an  initial dénatu ration  step of 5 m in a t 94°C, 
5 cycles (94°C for 1 m in, 48°C for 1 m in an d  72°C for 1 m in 30), 
30 cycles (94°C for 1 m in, 50°C for 1 m in and  72°C for 1 m in 30) 
and  a  final extension a t 72°C for 10 m in. Based on these ten 
sequences, specific Plocamionida sp. p rim er C O IP lo20F  (5'- 
G C T T T T G C G G G G A T G A T A G G T A C -3 ') and  C O I800R ev 
(5 '-T C T A C A T C C A T T C C T A C T G T A A A C A T G T G  -3') were 
developed to amplify the M 1M 6 partition  ([18]) under a 
tem peratu re  regim e o f 5 m in a t 94°C followed by 35 cycles o f 
94°C for 45 s, 47°C for 45 s, 72°C for 45 s and  a  final extension at 
72°C for 10 m in. P C R  amplifications o f the I3 M 1 1 partition  were 
perform ed using the prim ers C O I800F w d (5'- C A C A T G T T T A - 
C A G T A G G A A T G G A T G T A G A -3 ') (reverse com plem ent from 
the specific p rim er CO I800R ev) and  C O X 1-R 1 under a 
tem peratu re  regim e o f 94°C for 2 m in, followed by 30 cycles o f 
(94°C for 30 s, 47°C for 30 s, 72°C for 30 s) and  a  final extension 
a t 72°C for 10 min.

T h e  D 3 -D 5  fragm ent o f  the rD N A  28S gene fragm ent was 
am plified using the prim ers R D 3A  5 '-G A C  C C G  T C T  T G A  
AAC AC G  A -3 ' an d  RD 5B 2 5 '-  A C A  CAC T C C  T T A  G C G  
G A -3' [32] under a  tem perature  regim e described in Reveillaud 
et al. [10],

PCR p roduct processing and  sequencing
T h e  PC R -am plified products were loaded onto a  1% agarose 

gel, checked for size, an d  sequenced in  bo th  directions th rough  a 
Perkin- 234 E lm er ABI 3130 capillary D N A  sequencer. T h e  P C R  
products were purified by  incubation  a t 37°C using exonuclease I, 
E. coli (20 U  pi *; Ferm entas) and  FastAP therm osensitive alkaline 
phosphatase (1 U  p i-  ; Ferm entas), and  labelled using the Big Dye 
T erm inato r v3.1 Cycle Sequencing K it (Applied Biosystems). 
C hrom atogram s obtained from  the au tom ated  sequencer were 
read  and  contigs assem bled using the sequence editing software 
SeqM an Pro v.7.1.0 (D N A STA R  Lasergene). W e checked the 
poriferan origin o f the sequences by BLAST searches against the 
G enbank  database (h ttp ://w w w .n cb i.n lm .n ih .g o v /B L A S T /) and  
their relationship to o ther taxa in a  phylogenetic tree as described 
in E rpenbeck et al. [22]. All the sequences are deposited in the 
E uropean  M olecular Biology L aboratory  (EMBL) under accession 
num bers F R 6 8 7 2 19-687251.

Sequence  a l ignm ent and  phylogenetic  analyses
C O I and  28S sequences were aligned using the web interface of 

the m ultiple alignm ent software M A FFT  ([33]; available a t h t tp : / /  
w w w .ebi.ac.uk /T oo ls/m afft/index .h tm l), under default settings. 
Am biguous positions in  the D 3 -D 5  region of 28S were discarded. 
O u r own sequences o f the poecilosclerid sponges Desmacella inornata 
(Family Desmacellidae) and  Mycale lingua (Family Mycalidae) were 
used as uniform  outgroup for all analyses.

Both partitions o f the C O I gene were com bined for phyloge­
netic analyses. T he C O I and  the 28S partitions were separately 
analyzed an d  then  com bined for the same set o f specimens 
w henever possible. A partition  hom ogeneity test perform ed in 
PAUP* 4 .0 b l0  [34] w ith 100 replicates betw een the C O I an d  the 
28S datasets showed th a t da ta  partitions were no t significandy 
incongruent (p = 1). Phylogenetic reconstructions o f the nucleotide 
d a ta  sets w ere perform ed using the m axim um  likelihood (ML) 
criterion o f PAUP* 4 .0b 10 [34] and  Bayesian inference (Bí) 
criterion of M rBayes 3.1.2 [35]. W e used M odeltest 3.06 [36] as 
well as its simplified version M rM odeltest 1.1 [37] to estim ate the 
best-fitting nucleotide m odel under the Akaike Inform ation  
C riterion (AIC) for each independent gene for the M L  and  the 
B í analysis respectively. T h e  G T R + I best fitted the C O I da ta  set 
for b o th  M L  and  Bí reconstructions whereas for the 28S dataset, 
the m odels selected by AIC were T rN + I for the M L  reconstruc­
tions and  H K Y + I for the B í analyses. T h e  G T R + G + I m odel was 
selected for M L  and  B í for the com bined C O I an d  28S dataset. 
M L  trees were calculated using heuristic searches and  a  tree 
bisection an d  reconnection  (TBR) b ran ch  swapping algorithm  (10 
000 rearrangem ents), and  a  random  stepwise addition o f 
sequences in 100 replicate trials. N odal support was estim ated 
with a  bootstrap  p rocedure with 100 replications and  10 replicate 
trials o f  sequence addition. Bootstrap supports (BS)>70 were 
considered high enough to support clades in M L  reconstructions. 
Bayesian inference analyses were perform ed w ith four M arkov- 
chains for each gene. For C O I and  the com bined C O I-28S  
dataset, analyses were perform ed w ith 1 m illion generations 
sam pled every 1000 generations while 300000 generations 
sam pled every 300 generations were used for the 28S dataset. 
After all analyses, the average standard  deviation o f split 
frequencies was below 0.01. W e used the burn-in  value o f 25% . 
In  B í reconstructions, posterior probabilities (PP)>95 were 
considered to support clades.

M axim um  in traclade (whenever m ore th an  one haplotype was 
found) an d  m inim um  in te rc lad e /b ran ch  corrected p-distances 
were calculated for the C O I an d  the 28S gene fragm ent using 
PAUP* 4.0b 10 [34] under the respective m odels from  the M L 
analyses.

Morphological analyses
M icroscopic ex am ination  o f spicule o rn am en ta tio n s and  

m easurem ents o f  spicule m icrom etries w ere done using a 
co m p o u n d  Leitz m icroscope a t lO x lO x  a n d  1 0 x 4 0 x  m agnifi­
cations, on  dissociated  spicule m ounts ob ta in ed  after b od ing  a 
fragm en t in co n cen tra ted  n itric  acid, m o u n ted  in  C an ad a  
balsam . All specim ens w ere exam ined  an d  classified using the 
follow ing m orpholog ical criteria: p resence o r absence o f spines 
on  the  b lu n t ends o f  the  choanosom al large styles, the tylote, 
m u cro n a te  o r p o in ted  shape o f the  to rn o te  endings, the  simple or 
co m p o u n d  shape o f the  spines in the  acanthostrongyles, an d  size 
o f the chelae  (m ore o r less th an  30 m icrons). For the la tter 
charac te r, a t least 25 chelae spicules w ere m easu red  in each 
p re p ara tio n  an d  no overlap was found  be tw een  the  ranges 15-25 
versus 30+ pm .
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F igure  2. Bayesian m a jo rity -ru le  consensus tre e  o f th e  m tD N A  COI M 1 M 6  and I3M 11  partitio n s . Bayesian p o s te r io r p ro b ab ilities  (w hen  
> 0 .9 5 ) an d  th e  ML b o o ts tra p  va lues  (w hen  > 7 0 ) a re  in d ica ted  a b o v e  an d  b e lo w  b ran ch es , respec tive ly . For in fo rm ation  o n  th e  sp ec im en s  (listed in 
pa ren th e sis ) s e e  Table  S1. 
do i:10 .1371/jo u rn a l.p o n e .0 0 1 6 5 3 3 .g 0 0 2

Results

Phylogenetic reconstruction 
m tD N A  COI d a ta se t. T h e  resulting da ta  sets com prised 27 

specimens and  12 haplotypes with 777 characters (88 parsim ony 
inform ative, ts / tv  ratio  = 1.941) for the M 1M 6 partition  an d  46 
specimens, 13 haplotypes with 363 nucleotides (53 parsim ony 
inform ative, ts / tv  ratio = 1.65) for the I3 M 1 1 partition  (Table SI). 
Both partitions could unam biguously be aligned and  translated 
into respectively a  functional 259 and  121 am ino-acid protein  
sequence o f the C O I. No fram e shifts o r poin t m utations were 
present. T h e  success rate  o f the C O I am plification in all specimens 
varied along the C O I fragm ent, w ith 58% in the M 1M 6 partition  
and  85%  in the I3 M 1 1 partition. T h e  com bined dataset contained 
only specimens from  w hich bo th  partitions were obtained. It 
com prised 27 specimens an d  12 haplotypes with 1140 characters 
(138 parsim ony informative, ts / tv  ratio  = 1.685) an d  was used for 
the phylogenetic reconstruction o f the C O I gene (Fig. 2).

Plocamionida specimens formed a well supported monophyletic 
group, with high Bayesian PP  and M L BS (1.0/100). T he C O I tree 
was divided into two well supported parts A and B ( 1.0/100) separated 
by high genetic divergence values (GTR+I corrected p-distance of 
14.5% to 20%, Table 1). Part A showed six highly divergent 
haplotypes (H 1-H 6) with G T R + I corrected p-distance ranging from 
1.3 to 5.9%. H 4  and  H 5  were m ore closely related to each other than 
to any of the other sequences. In  addition H4—6  and  H 2 -6  formed well 
supported subclades (1.0/81 and 0 .95/92 respectively). Genetic 
divergence between the six sequences of Part B was m uch lower 
(0.5% to 1.9%) than those within part A. Part B was substructured into 
a  well supported clade (H8a-e; 1.0/86) and a  highly divergent single 
sequence (H 7 ). T he sequences H8d-e  were found to be m ore closely 
related to each other than to the other H 8  haplotypes.

rDNA 28S d a ta se t. T h e  resulting data  sets com prised 39 
specimens and  8 genotypes with 620 nucleotides (15 parsim ony 
informative). Phylogenetic relationships using the 28S fragm ent 
were highly similar to the ones obtained from  C O I, bu t received
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Table 1. mtDNA genetic divergence values between and 
w ith in  Evolutionary Significant Unit (ESU).

COI H7 H 8a-e H4 H5 H6 H I H2

H7

H8a e 0,019 0,005

H4 0,188 0,184 ■
H5 0,197 0,200 0,023 -

H6 0,165 0,161 0,032 0,040

H I 0,148 0,149 0,055 0,059 0,024 -

H2 0,147 0,145 0,039 0,042 0,013 0,022

H3 0,155 0,155 0,040 0,045 0,014 0,023 0,014

The COI genetic divergence (corrected p-distance) between ESU are provided 
below diagonal and between individuals within ESU on diagonal. The different 
haplotypes are presented in Fig. 2. 
doi:10.1371 /journal, pone.0016533.t001

less support (Fig. 3): Plocamionida specimens were recovered as a 
m onophyletic group (-/IV) and  the deeper parts A and  B were 
recovered (-/85 an d  1 .0 /87 , respectively). T h e  subclades H4—5 
and  H4—6  were recovered with high support (0 .99 /70  and  1 .0 /79 , 
respectively).The different haplotypes identified in C O I as H 8a-e  
shared a  single 28S sequence (H8), w ith a  sequence divergence of 
0.1%  from  H 7  (Table 2).

Sequence divergence ranged from 1.9 to 3.3% between part A and 
B, and was 1.2% and 0.1 % within Part A  and B, respectively (Table 2).

C o m b in ed  d a ta se t CO I-28S. T he concatenated COI-28S 
dataset comprised 24 specimens with 1760 characters. T he mono- 
phyly o f the Plocamionida specimens was highly supported (1.0/92), and 
Parts A and B were again recovered with high support (1.0/94 and 
1.0/100, respectively; Fig. 4). H 4  and H 5  were found m ore closely 
related to each other as found in C O I and subclades H4—6  and H 2 -6  
were highly supported (1.0/98 and 0.97/81 respectively). Subclade 
H8a-e  within part B was recovered with high support (1.0/96) and 
H8cl-e were found to be m ore closely related to each other, as 
previously found in C O I. Based on the phylogenetic congruence 
between C O I and 28S and the higher genetic divergence value 
between than within H I—8 in both genes, we consider hereafter H I—8 
as independent E v o lu tionary  Significant Units (ESU).

Morphological analysis
M ost ESUs w ere characterized  by m orphological differences, 

except H 1—H 3  and  H 7 -H 8  (Table 3). Specim ens from  H 6  were 
characterized  by spined large styles, tylote tornotes, a  simple shape 
o f the spines in the acanthostrongyle and  the size o f the chela 
being  sm aller than  30 m icrons (pm). In  contrast, H 4  and  H 5  
specimens w ere characterized  by a  m ucronate  shape o f the tornote 
endings. T h e  size o f the chela fu rther differentiated H 4  and  H 5  
specimens. As m entioned  above, the three  G ulf o f Cadiz 
specimens (H l, H 2  and  H3) w ere m orphologically similar and  
possessed the tylote tornotes in com bination  with a  large chela 
> 3 0  pm . Part B specimens possessed sm ooth large styles, fusiform 
tornotes, a  truncate  shape o f the spines in the acanthostrongyle 
and  a  chela smaller than  30 pm . T h e  only exception was H8e (P6) 
from  the G ulf o f C adiz w hich h ad  a chela > 3 0  pm .

Discussion

Integrative Taxonom y in Plocamionida
T h e  genetic results conform  well to previous m orphological 

proposals for the subdivision o f Plocamionida into several distinct

E uropean  taxa. T h e  specimens are divided into eight ESUs, which 
were grouped into two clades: Part A (H I —6) and  p a rt B (H 7-8) 
specimens were separated by high divergence values in the C O I 
and  28S fragm ents (m inim um  corrected p-distance of 14.5% and  
1.9% respectively) an d  showed consistent m orphological differ­
ences (spined large styles in Part A specimens vs. sm ooth large 
styles in Part B specimens). C om paring  the lim ited num ber o f 
m orphological characters against a  robust and  com prehensive 
phylogenetic (DNA) tree approved to be a  fruitful approach  for 
integrating the strengths o f m orphological da ta  with those of 
sequence data.

Part A contains Plocamionida ambigua s.l. and  the forms described 
by B rondsted [38] as f .  tornotata, f .  tylotata and  f .  grandichelata. 
Specim ens o f E SU  H 5  possess the characters described by 
Bow erbank [39] for the type specim en o f Plocamionida ambigua 
and  by B rondsted [38] as f .  tornotata. H aplotype H 6  specimens 
possess the characters described by B rondsted [38] as f .  tylotata and  
haplotype H 4  specimens possess the characters described by 
B rondsted [38] as f .  grandichelata. G iven these m orphological 
differences and  the high genetic distance betw een H 4  and  H 6  
specimens (corrected p-distance o f 3.2%  in C O I an d  0.7%  in 28S), 
as well as betw een H 4  and  H 5  (corrected p-distance o f 2.3%  in 
C O I and  0.1%  in 28S), f .  tylotata and  f .  grandichelata can  be 
considered valid species, w hereas f .  tornata corresponds to the 
species P. ambigua. T h ree  G u lf o f C adiz specimens o f Part A (H I—3) 
appear to have deviating characters from  the o ther Plocamionida 
specimens (spined large styles, tylote tornotes, simple shape o f the 
spines in the acanthostrongyle an d  large chelae). This observation, 
in addition  to the presence o f unique haplotypes, divergent from 
the m ost closely related  species (P.tylotata, H6) by p-distance values 
from  1.3% to 2.4% in C O I an d  from  0.5%  to 1% in 28S suggests 
that these specimens m ay actually be undescribed Plocamionida 
species. How ever, no m orphological characters could distinguish 
the three  different specimens from  each other. Evidently, a  larger 
num ber o f specimens from  these ESUs need  to be  analyzed to 
infer w hether they m ay form  a  cryptic species complex.

Part B conform s alm ost entirely with the description of
Plocamionida microcionides (Carter, 1876) as redescribed by Stephens 
[14], O nly  the above m entioned H 8e from  the G ulf o f  Cadiz 
deviates by having large chelae, a  characteristic used so far as 
critical to delineate species, in com bination w ith m olecular data. 
This one C O I sequence indicates that the classification o f species 
purely by  m eans o f m orphology m ay be difficult and  that the size 
o f the chelae w ithin Plocamionida species can be an  am biguous 
diagnostic character in some Plocamionida species. It again 
emphasizes the need  to study m orphological variation in 
com bination w ith o ther data, such as genetic variation. In 
addition, H 7  is highly divergent from  the o ther P. microcionides 
specimens in the m olecular analyses o f C O I an d  28S (p-distance 
values o f  1.9% and  0.1%  respectively) and  the com bined
partitions, bu t its m orphological features are  identical to the ones 
o f Part B. This m ay indicate that P. microcionides is actually a  species 
complex. H ow ever, m ore specimens o f H 7  are requ ired  to support 
this hypothesis. A dditional investigations (behavioural, ecological, 
etc.) and  further taxonom ic analyses (cytology, chemistry) m ight 
also be needed.

T h e  high and  non-overlapping genetic divergence values am ong 
ESUs (from 1.3% to 20%), and  w ithin the m ore w idespread and  
genetically diverse species H 8  (0.5%, T ab le  1) indicates the 
usefulness o f the C O I partitions for the m olecular distinction of 
species in our data  set. A slightly lower ratio o f tran s itio n /
transversions (1.45 vs. 1.941) was observed in I3M 11 vs. M 1M 6
partitions w hen using the 27 specimens for w hich b o th  M 1M 6 and  
I3 M 1 1 sequences were available. It confirm s the m ore progressive
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F igure  3 . Bayesian m a jo rity -ru le  consensus tre e  o f th e  rD N A  28S frag m en t. Bayesian p o s te r io r p ro b ab ilities  (w hen  > 0 .9 5 ) a n d  th e  ML
b o o ts tra p  va lu es  (w hen  > 7 0 ) a re  in d ica ted  a b o v e  a n d  b e lo w  b ran ch es , respectively . For in fo rm ation  on  th e  sp ec im e n s  (listed in pa ren th e sis ) see  
Table  S1.
do i:10 .1371/jo u rn a l.p o n e .0 0 1 6 5 3 3 .g 0 0 3

stage in character evolution of the I3 M 11 partition  com pared  to 
the M 1M 6 partition  [26]. M oreover, the I3M 11 partition  was 
m uch easier to amplify than  the M 1M 6 partition. Sequences o f the 
M 1M 6 partition  were m ore often im peded by contam inations 
(hydrozoans, m icrobial symbionts, etc.). > < O u r  study further 
confirms the resolution pow er an d  suitability o f the I3M 11 C O I 
partition  for low level phylogenies such as barcoding, (Sponge 
B arcoding project,), as the same num ber o f  E SU  (eight) was 
detected using the M 1M 6 and  I3 M 1 1 partitions separately o r even 
jointly. A lthough the low C O I genetic differences betw een some of 
the ESETs (Table 1:1.3 to 1.9%) are clearly smaller th an  the 
interspecific distances found w ithin o ther genera, such as Hexadella 
(O rder V erongida, 3.9 to 8.7%  [10]) o r Scopalina (O rder
H alichondrida, 11 to 22%  [25]), Poppe et al. [40] reported  very 
low genetic distance values (m axim um  1.8%) betw een m orpho­
logically distinct Psammocinia species (O rder Dictyoceratida). 
C onsequently, the C O I m arker seems to show different levels o f

genetic variation  betw een different sponge taxa. T h e  28S tree 
showed m ajor congruences w ith the C O I tree, although the 
num ber o f highly supported clades recovered in 28S was lower. 
T his m arker, in com bination with C O I, was found suitable to 
highlight putative cryptic species w ithin Plocamionida, such as H I —3 
and  H 7—8. T h e  com bination  betw een m olecular da ta  and  
m orphological characters proved useful for differentiating Ploca­
mionida species and  for establishing their phylogenetic relation­
ships. All trees showed the same topology, w hich confirms the 
consistency o f the arrangem ent. This study reinforces the utility o f 
integrative taxonom y [25,41-43].

Bathymetric and  geographic  distribution of Plocam ionida  
species

P.tylotata, and  P.ambigua were shown to present a  wide bathym etric 
range distribution, with records in bo th  deep (Skagerrak and
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Table 2. 28S genetic divergence values between and w ith in 
Evolutionary Significant Unit (ESU).

28S H7 H8 H4 H5 H6 H I H2 H3

H7

H8 0,001 -

H4 0,033 0,031

H5 0,028 0,026 0,001 -

H6 0,026 0,024 0,007 0,004

H I 0,020 0,019 0,012 0,010 0,008 -

H2 0,023 0,021 0,012 0,010 0,010 0,005 -

H3 0,020 0,019 0,009 0,006 0,005 0,003 0,005 -

The 28S genetic divergence (corrected p-distance) between ESU are provided 
below diagonal and between individuals within ESU on diagonal. The different 
haplotypes are presented in Fig. 3 
doi:10.1371 /journal, pone.0016533.t002

M ingulay CW R s respectively), and shallow w ater (the Irish locality), 
while P.microcionides and  P.grandichelata were found only in deeper 
habitats (> 50  m; [14,38,44] this study). So far, Pgrandichelata was 
only reported from Scandinavian waters (the Faroe, [38]; CW Rs 
area from Bergen and  Skagerrak, this study). Interestingly, our data 
suggests that the deep habitats o f the G ulf o f  Cadiz area harbors the 
highest diversity, with four ESUs observed out o f four samples 
(Fig. 1). C urrently there is one described Plocamionida species from  the 
Antarctic (Plocamionida gaussiana (Hentschel, 1914), one from 
W ashington (ETSA) (Plocamionida lyoni (Bakus, 1966), one from  St 
Georges, G renada (Plocamionida topsenti Burton, 1954) and  none of 
them  have been  reported  in the N E Atlantic. In  addition, P. gaussiana. 
and  P. lyoni m ay lack p roper short echinating acanthostyles, a 
m orphological criteria shared by P. topsenti and  the E uropean 
Plocamionida species. Consequently, most o f the ESETs investigated 
here m ight represent new taxa and  our data  show that the current 
num ber o f Plocamionida species o f the N E  Atlantic waters m ay be 
underestim ated. W e did not encounter any individual that could be
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(P8CAD)

(P7CAD)

(P28M1N, P29CMIN, B0607MIN 
MC3992ire, MC3982ire, MC3983ire)
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Mycalejingua
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Figure 4. Bayesian m a jo rity -ru le  consensus tree  o f th e  co ncatenated  dataset (C O I-28S). Bayesian posterior probabilities (when >0.95) and 
the ML bootstrap  values (when >70) are indicated above and below  branches, respectively. For inform ation on th e  specim ens (listed in parenthesis) 
see Table S1.
doi:10.1371/journal.pone.0016533.g004
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T able 3. M o r p h o lo g ic a l  c h a r a c t e r s  o f  Plocamionida s p e c im e n s .

Sample Localities Abb. large style tornotes acanthostrongyle chela Identity

M 2004-02 ROC smooth fusiform truncate < 3 0 H8

M 2004-03 ROC smooth fusiform truncate < 3 0 H8

P2 ROC smooth fusiform truncate < 3 0 H8

P3 ROC smooth fusiform truncate < 3 0 H8

P4 ROC smooth fusiform truncate < 3 0 H8

P11 ROC smooth fusiform truncate < 3 0 H8

P14 ROC smooth fusiform truncate < 3 0 H8

B05-01 ROC smooth fusiform truncate < 3 0 H8

P9 POR smooth fusiform truncate < 3 0 H8

P10 a POR smooth fusiform truncate < 3 0 H8

P23 a MIN smooth fusiform truncate < 3 0 H8

P25 MIN smooth fusiform truncate < 3 0 H8

P29a MIN smooth fusiform truncate < 3 0 H8

P30d MIN smooth fusiform truncate < 3 0 H8

P31 MIN smooth fusiform truncate < 3 0 H8

P32b MIN smooth fusiform truncate < 3 0 H8

B06-03 MIN smooth fusiform truncate < 3 0 H8

B06-04 MIN smooth fusiform truncate < 3 0 H8

B06-05 MIN smooth fusiform truncate < 3 0 H8

B06-06 MIN smooth fusiform truncate < 3 0 H8

B07-05 SKA smooth fusiform truncate < 3 0 H8

B07-06 SKA smooth fusiform truncate < 3 0 H8

B07-07 SKA smooth fusiform truncate < 3 0 H8

B07-08 SKA smooth fusiform truncate < 3 0 H8

B07-09 SKA smooth fusiform truncate < 3 0 H8

P22c SKA smooth fusiform truncate < 3 0 H8

P6 CAD smooth fusiform truncate > 3 0 H8

P5 ROC smooth fusiform truncate < 3 0 H7

P12 ROC smooth fusiform truncate < 3 0 H7

B07-03 SKA spined tylote simple shape <30 H6

B07-04 SKA spined tylote simple shape <30 H6

B07-10 SKA spined tylote simple shape <30 H6

MC3539 ire spined tylote simple shape <30 H6

MC4049 ire spined tylote simple shape <30 H6

P28 MIN spined mucronate simple shape <30 H5

P29c MIN spined mucronate simple shape <30 H5

B06-07 MIN spined mucronate simple shape <30 H5

MC3992 ire spined mucronate simple shape <30 H5

MC3982 ire spined mucronate simple shape <30 H5

MC3983 ire spined mucronate simple shape <30 H5

P20b SKA spined mucronate simple shape >30 H4

B07-01 SKA spined mucronate simple shape >30 H4

BER82-01 BER spined mucronate simple shape >30 H4

CPOR08-01 CAD spined tylote simple shape >30 H3

P8 CAD spined tylote simple shape >30 H2

P7 CAD spined tylote simple shape >30 H1

Specimens, their localities abbreviation (Abb.) as in Table S1, examined for the  following morphological criteria: presence or absence of spines on the  blunt ends of the 
choanosomal large styles, the tylote, mucronate or pointed shape of the  tornote endings, the  simple or compound shape of the spines in the  acanthostrongyles, and 
size of the  chelae (more or less than 30 microns). Their identity is provided by their corresponding Evolutionary Significant Unit (ESU). Part B's specimens in bold. 
doi:10.1371 /journal.pone.0016533.t003
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assigned to an  achelata variety Topsent, 1928, bu t its existence m ay 
also indicate further diversity in the genus Plocamionida. A  possible 
radiation o f Plocamionida in the G ulf o f  Cadiz is suggested by  our data, 
supporting the idea that ‘low latitude’ CW R s act as diversity hot­
spots. Similarly, the bathyal G ulf o f Cadiz a rea  showed particularly 
high species diversity o f m arine hydroids [45], while an  unprece­
dented num ber o f unique evolutionary lineages o f tubeworms was 
reported from  the G ulf o f Cadiz m ud volcanoes [46]. Obviously, the 
sharp environm ental discontinuities in tem perature, pressure and 
nutrient richness (including silica concentration) in shallow w ater vs. 
deep-water coral reef habitats m ay have a  great potential for sponge 
evolution. O u r study adds to the growing evidence of genetically 
highly diverse CW Rs and  is expected to contribute to an  im proved 
understanding o f the role o f CW R s in the sustenance o f sponge 
distributions along the coasts o f Europe.

Conclusion
Following an  “ integrative taxonom y” approach  to study species 

from  multiple, com plem entary perspectives [41], this study 
provides evidence th a t P. grandichelata, P. tylotata, P. ambigua and  
P. microcionides in the N E  AÜantic are valid species, an d  suggests the 
existence o f putatively new  Plocamionida species. Those hypothet­
ical species are now  subm itted to the filter o f o ther approaches and  
further sam pling followed by detailed phenotypic diagnostic 
analyses m ay support the observed m olecular differences. New 
species are indeed im portan t to consider for the p rotection  o f cold- 
w ater coral reefs, w hich are increasingly shown as reservoirs o f 
biodiversity. O n  the o ther hand, the unexpected high level o f 
Plocamionida biodiversity, found in the G u lf o f C adiz especially 
illustrates the problem  o f obtain ing sufficient specimens in any one 
deep-sea sponge species from  C W R s for phylogeographic studies.
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