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Saccocirrids are tiny, slender annelids inhabiting the interstices among coarse sand sediments in shallow
waters. The 22 nominal species can be grouped into two morphological groups “papillocercus” and
“krusadensis”, based on the absence/presence of a pharyngeal bulbus muscle, absence/presence of
ventral ciliary patterns, bilateral/unilateral gonad arrangement and chaetal differences. We present
herein the first phylogenetic analyses of Saccocirridae based on four molecular markers and 34 morpho-
logical characters, employing maximum likelihood and Bayesian methods. All analyses confirmed the
monophyly of each morphological group with high nodal support. As a consequence and based on several
apomorphic characters, a new genus, Pharyngocirrus gen. nov., is erected for the “krusadensis” clade.
Remarkably, the habitat preferences and trophic guilds are also shown to differ between the two genera,
yet show strong consistency within each group. Geographic distribution analyses underscore the family
preference for subtropical areas, but reject the previously proposed restriction of Pharyngocirrus gen. nov.
to the Indo-Pacific. The finding of two morphologically diverging, cosmopolitan sister clades with differ-
ent habitat preferences suggest an early ecological diversification of the family, conserved during the
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later evolution, speciation processes and dispersal of the family.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Saccocirridae is an annelid family with 22 nominal species,
marine and interstitial, all of them belonging to the genus Saccocir-
rus Bobretzky, 1872. They are characterized by the presence of two
long palps with internal canals provided with basal ampullae, as
well as small cylindrical parapodia with simple chaetae and a
bilobed adhesive pygidium. Seminal vesicles and penis are present
in the males, and oviducts and spermathecae in females (Purschke
and Jouin, 1988). Saccocirridae has morphologically been grouped
with Protodriloididae and Protodrilidae in the clade Protodrilida
(Purschke and Jouin, 1988; Westheide, 2008), which is left unre-
solved in the Canalipalpata clade in morphological phylogenies of
Annelida (Rouse and Fauchald, 1997; Rouse and Pleijel, 2001).
However, Protodrilida has never been recovered in molecular
phylogenetic analyses, and Saccocirridae is either left unresolved

* Corresponding authors. Address: Marine Biological Section, Department of
Biology, University of Copenhagen, Strandpromenaden 5, 3000 Helsinger, Denmark
(M. Di Domenico).
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Q4 (Rousset et al., 2007), or as sister group of Polygordiidae (Struck

et al., 2008; Golombek et al., 2013), sometimes within a clade
including Protodrilidae, Protodriloididae and Nerilidae (Zrzavy
et al., 2009).

Two morphological groups resembling either Saccocirrus papil-
locercus Bobretzky (1872) or S. krusadensis Alikunhi (1948) can be
distinguished within the genus (Gray, 1969; Jouin, 1971; Martin,
1977; Brown, 1981; Sasaki, 1981; Sasaki and Brown, 1983; Jouin
and Rao, 1987; Purschke and Jouin, 1988; Bailey-Brock et al.,
2003; Jouin and Gambi, 2007; Westheide, 2008). The two groups
have never received taxonomic value or been tested phylogeneti-
cally, but they seem well delineated by several morphological
features (Brown, 1981; Purschke and Jouin, 1988; Westheide,
2008) and may contain species with different habitat preferences,
trophic guilds and geographic distribution (Brown, 1981; Bailey-
Brock et al., 2003; Jouin and Gambi, 2007; Westheide, 2008).

The “papillocercus” group consists of 10 nominal species
distributed worldwide, all with bilateral gonads and no muscular
pharyngeal organ or ventral ciliation. They possess three types of
chaetae: long chaetae with short terminal prongs; medium chaetae
with oar-shaped tips; and short chaetae with smooth or bifid shape
tips (Jouin and Gambi, 2007). Conversely, the “krusadensis” group,

Please cite this article in press as: Di Domenico, M., et al. Molecular and morphological phylogeny of Saccocirridae (Annelida) reveals two cosmopolitan
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with 12 described species, is mostly reported from the Indo-Pacific
and characterized by the presence of unilateral gonads, pharyngeal
muscular organ and anterior ventral ciliation (Brown, 1981; Jouin
and Gambi, 2007). Species of this subgroup have long capillary
lyrate chaetae (deeply bifid at tip), medium chaetae with a deep
and denticulate terminal notch, and short bifid chaetae with a
notched apex (see Brown, 1981; Sasaki, 1981; Jouin and Gambi,
2007;). The main difference in pharyngeal morphology and cilia-
tion may reflect different trophic guilds. Gut contents indicate that
species in the “papillocercus” group often are scavengers (Du Bois-
Reymond Marcus, 1948; Westheide, 2008), whereas those in the
“krusadensis” group seem more specialized in bacteria-diatom
grazing (Du Bois-Reymond Marcus, 1946; Jouin and Gambi,
2007; Westheide, 2008). Species in each group also show different
habitats preferences, with examples of species of the “krusadensis”
group being common in sheltered sediments versus species of
“papillocercus” prefering reflective beaches (Brown, 1981; Jouin
and Gambi, 2007; Di Domenico et al., in preparation). These overall
differences in morphology, feeding and ecology may indicate two
distinct evolutionary lineages within Saccocirrus (Brown, 1981;
Westheide, 2008). However, this hypothesis remains to be tested
with phylogenetic methods.

We present herein the first phylogenetic analyses of Saccocirri-
dae based on four molecular markers and 34 morphological
characters analyzed with maximum likelihood and Bayesian meth-
ods. We hereby aim to (i) address the monophyly of Saccocirridae,
(ii) address the monophyly of the morphological groups “papillo-
cercus” and “krusadensis”, (iii) trace the main morphological
characters in order to test for apomorphies sustaining the family
and the possible groups, as well as (iv) analyze the geographical
distribution and habitat preferences.

2. Materials and methods
2.1. Taxon selection, sampling and fixations

This study included 19 species of Saccocirrus and 7 outgroups.
Nine of the saccocirrids are described species and ten are unde-
scribed taxa. Two Protodriloididae, two Protodrilidae, as well as
one Sabellariidae, Ctenodrilidae, and Spionidae, were chosen as
outgroups (Table 1). Since Saccocirridae have not been positioned
with high support in any of the molecular phylogenies, the
outgroup choices are instead based on the Protodrilida hypothesis
(Purschke and Jouin, 1988; hereof Protodriloididae and Protodrili-
dae) as well as older morphological phylogenies placing them
incertae sedis in Canalipalpata us hereof including representatives
from each the three subclades (Rouse and Fauchald, 1997; Rouse
and Pleijel, 2001). It is not an aim of this study to resolve the
systematic position of Saccocirridae in Annelida and the small
number of outgroups are just meant to reflect the morphological
discussion.

Most of the specimens were extracted from sandy or gravelly
sediments using the MgCl, decantation technique and sieved
through a 63-pum mesh (Higgins and Thiel, 1988). Sediments were
collected by hand from intertidal zones of sandy beaches or
sheltered bays, or by snorkeling or scuba diving from sublittoral
bottoms. All specimens were sorted, identified and photographed
alive in the field using dissecting and compound microscopes.
Specimens for the molecular analyses were stored in 100% ethanol,
whereas vouchers and specimens used for morphological studies
were fixed in 2% glutaraldehyde in cacodylate buffer or 2% parafor-
maldehyde in PBS. All the investigated material is listed in Table 1.

Aditionally, we examined type material of the following
species: Saccocirrus alanhongi Bailey-Brock et al., 2003 (USNM
POLY 1012494-1012497), S. eroticus Gray, 1969 (USNM POLY

36064-36066); S. jouinae Brown, 1981 (USNM POLY 62027-
62033); S. oahuensis Bailey-Brock et al, 2003 (USNM POLY
1012490-1012491); S. tridentiger Brown, 1981 (USNM POLY
62034-62040); S. waianaensis Bailey-Brock et al., 2003 (USNM
POLY 1012492-1012493); S. sonomacus Martin, 1977 (USNM POLY
53050-53052); as well as the neotypes of Saccocirrus pussicus Du
Bois-Reymond Marcus, 1948 (ZUEC POL 14069) and S. gabriellae
Du Bois-Reymond Marcus, 1946 (ZUEC POL 14053) (Di Domenico
et al,, in press).

2.2. DNA extraction and amplification

DNA was extracted using Qiagen DNeasy Tissue and Blood kit
(Diisseldorf, Germany), following protocols provided by the manu-
facturer. DNA elution was repeated twice with the same 80 pl of
buffer to maximize the amount of DNA yielded.

Three nuclear and one mitochondrial markers were consistently
amplified for each of the species. Nuclear markers consisted of
approximately 1800 base pairs of the small subunit ribosomal
RNA (18S rRNA), 800 base pairs of the large subunit ribosomal
RNA (28S rRNA, D1 region) and 350 base pairs of the protein-cod-
ing gene Histone 3 (H3). The mitochondrial marker consisted of
600 base pairs of the 16S ribosomal RNA (16S rRNA). Gene cover-
age among taxa was 96 % for the 18S rRNA, 92% for the 28S rRNA,
96% for the H3 and 100% for the 16S rRNA.

Polymerase chain reactions (PCR) were performed with Illustra
PuReTaq Ready-To-Go PCR beads (Amersham Biosciences) follow-
ing the protocol of the manufacturer. PCR reactions were
performed in a volume of 25 pl, containing 2 pl of template DNA,
1.5 uM of each primer (10 pM) and 18 pl of ddH,O. Details on
the primers are summarized in Table 2. PCR reactions were carried
out using a Bio-Rad S1000 Thermal Cycler with the following
temperature profile: initial denaturation, 96°/2 min or 1 min -
(denaturation, 94 °C/30s or 60s - annealing, 38-55°C/30s or
60s - extension, 72 °C/60s)«40-45cycles - final extension,
72 °C[420s. PCR products were checked in a E-Gel 2% SYBR safe
agarose gels (Invitrogen, Life Technologies, CA, USA) and purified
with E.Z.N.A. Cycle-Pure kit (Omega Bio-tek). Purified products
were sequenced by Macrogen Europe Sequencing System on an
ABI 3730XL DNA Analyzer (Applied Biosystems).

Chromatograms were read and assembled with Sequencer
4.10.1 (GeneCodes Corporation, Ann Arbor, MI, USA). Assembled
sequences were blasted in GenBank and checked for possible con-
taminations. All sequences were deposited in GenBank (accession
numbers are provided in Table 1).

2.3. Morphological data

A morphological matrix of 34 characters was compiled for 26
terminal taxa based on the original descriptions and new observa-
tions. Information on general features, as well as sexual and glan-
dular characters were generally obtained from whole mounted
specimens. Whole mounts were examined and photographed with
an Olympus DP71 camera mounted on an Olympus BX50 micro-
scope at the Marine Biological Section, University of Copenhagen
(MBS).

Ciliary patterns and chaetae were preferably studied with
electron scanning microscopy (SEM) on material fixed in 2% glutar-
aldehyde. Specimens were post-fixed in 1% osmium tetroxide for
one hour, rinsed in demineralized water and dehydrated through
a graded-ethanol series. Specimens in 100% ethanol were subse-
quently transferred to acetone, critical-point dried, mounted on
stubs and sputter-coated with platinum. Coated specimens were
examined with a JEOL JSM-6335F field emission scanning electron
microscope at the Natural H istory Museum of Denmark, Univer-
sity of Copenhagen.
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Table 1
Origin of sequenced terminals, morphological groups, localities, regions, vouchers, and GenBank accession numbers. New sequences are set in bold.
Species Group Locality Region Voucher 18S 28S 16S Histone 3
Saccocirrus sp. 6 (CA, USA)* krusadensis Cove, La Jolla, CA, USA North America - Pacific ZMUC-Pol KF954476 KF954434 KF954455 KF954495
Ocean (XXXX)
Saccocirrus sp. 3 (Bocas del Toro, krusadensis Bocas del Toro, Panama Central America - ZMUC-Pol KF954469 KF954427 KF954448 KF954488
Panama)* Caribbean Sea (XXXX)
Saccocirrus sp. 5 (Bocas del Toro, krusadensis Bocas del Toro, Panama Central America - ZMUC-Pol KF954475 KF954433 KF954454 KF954494
Panama)* Caribbean Sea (XXXX)
Saccocirrus sp. 9 (Belize) papillocercus Carrie Bow Cay, Belize Central America - ZMUC-Pol KF954479 KF954437 KF954458 KF954498
Caribbean Sea (XXXX)
Saccocirrus sonomacus krusadensis  Bird Rock, CA, USA North America - Pacific ZMUC-Pol KF954472 KF954430 KF954451 KF954491
Ocean (XXXX)
Saccocirrus sonomacus krusadensis Chile South America - Pacific ZMUC-Pol KF954425 KF954446
Ocean (XXXX)
Saccocirrus tridentiger krusadensis North East Cay, Salomon Island Indo-Pacific ZMUC-Pol KF954465 KF954421 KF954443 KF954484
(XXXX)
Saccocirrus tridentiger krusadensis New South Wale, Australia Indo-Pacific ZMUC-Pol KF954466 KF954422 KF954444 KF954485
(XXXX)
Saccocirrus jouinae krusadensis Kennedy Island, Salomon Island Indo-Pacific ZMUC-Pol KF954473 KF954431 KF954452 KF954492
(XXXX)
Saccocirrus krusadensis krusadensis Ao Yon Beach, Phuket, Thailand Indo-Pacific ZMUC-Pol KF954474 KF954432 KF954453 KF954493
(XXXX)
Saccocirrus sp. 8 (Bermuda) papillocercus Windsor Beach, Bermuda Central America - ZMUC-Pol KF954478 KF954436 KF954457 KF954497
Caribbean Sea (XXXX)
Saccocirrus sp. 10 (Solomon Isl.) papillocercus Mono island, Salomon Island Indo-Pacific ZMUC-Pol KF954480 KF954438 KF954459 KF954499
(XXXX)
Saccocirrus pussicus papillocercus Barra Velha, Santa Catarina, South America - Atlantic ZMUC-Pol KF954481 KF954439 KF954460 KF954500
Brazil Ocean (XXXX)
Saccocirrus sp. 1 (Tenerife, papillocercus Playa Abades, Tenerife, Canary Atlantic Island ZMUC-Pol KF954467 KF954424 KF954445 KF954486
Canary Isl.) Island (XXXX)
Saccocirrus sp. 7 (Giglio, Italy)  papillocercus Giglio Island, Italy Mediterranean Sea ZMUC-Pol KF954477 KF954435 KF954456 KF954496
(XXXX)
Saccocirrus sp. 4 (La Palma, krusadensis La Palma, Canary Island Atlantic Island ZMUC-Pol KF954471 KF954429 KF954450 KF954490
Canary Isl.)* (XXXX)
Saccocirrus sp. 2 (Lanzarote, krusadensis Lanzarote, Canary Island Atlantic Island ZMUC-Pol KF954468 KF954426 KF954447 KF954487
Canary IsL.)* (XXXX)
Saccocirrus gabriellae krusadensis Ponta do Balleiro, S3o Sebastido, South America - Atlantic ZMUC-Pol KF954470 KF954428 KF954449 KF954489
SP, Brazil Ocean (XXXX)
Saccocirrus papillocercus papillocercus Sevastopol Bay, Ukraine Black Sea ZMUC-Pol KF954482 KF954461 KF954501
(XXXX)
Protodrilus purpureus outgroup EU418874 AY527057 AY340474 DQ779760
Protodrilus ciliatus outgroup Kallak, Faroe Island Atlantic Island, North KF954464 KF954420 KF954442 KF954505
Protodriloides symbioticus outgroup Roscoff, France North Sea, Atlantic KF954463 KF954419 KF954441 KF954504
Protodriloides chaetifer outgroup Ellekilde Hage, Denmark North Sea, Atlantic KF954462 KF954418 KF954440 KF954503
Ctenodrilus serratus outgroup AY340426 AY364864 AY340452 DQ779727
Polydora giardi outgroup AY611455 AY611442 DQ779632 DQ779756
Sabellaria alveolata outgroup DQ140412 AY340416 AY340479 DQ779763
Table 2
PCR and sequencing primers to 18S do rDNA, 28S rDNA, 16S rDNA ribossomal and Histone 3.
Code Gene Bases Direction Sequence 5'-3’ Reference
G952 18s 20 F GCGAAAGCATTTGCCAAGMA 1
G951 18s 20 R GAGTCTCGTTCGTTATCGGA 1
G950 18s 19 F GTTCGATTCCGGAGAGGGA 1
G758 28s (D1) 19 F ACC CSC TGA AYT TAAGCA T 2
G747 18s 20 R CGG TAT CTG ATC GTC TTC GA 3
G51 18s 18 F GGT TGA TCC TGC CAG TAG 3
G1275 28s 20 R TCG GAA GGA ACC AGC TAC TA 4
G944 18S 24 R TGA TCC TTC TGC AGG TTC ACC TAC 5
16Sar-L 16s 20 F CGC CTG TTT ATC AAA AAC AT 6
16Sbr-H 16s 22 R CCG GTC TGA ACT CAG ATC ACG T 6
H3f H3 23 F ATG GTC CGT ACC AAG CAG AC(ACG) GC 7
H3r H3 23 R ATA TCC TT(AG) GGC AT(AG) AT(AG) GTG AC 7

Fonte: 1 - Cohen et al. (2004), 2 - Brown et al. (1999), 3 - Hillis e Dixon (1991), 4 - Markmann (2000), 5 - Stoeckle (http://www.coreocean.org), 6 — Cunningham et al. (1994),

7 - Colgan et al. (1998).

Independent morphological characters were scored as absence/
presence or multistate characters. Linked characters were coded
hierarchically following the principles of C-coding (Pleijel, 1995).
First, absence/present of features were coded. Subsequently, traits
of each feature (e.g. length, shaped or position) were coded as inde-
pendent multistate characters, hereby performing a combination

of binary and contingent coding. Absence of information was
scored with question marks, and inapplicable states with a dash.
Scores of continuous characters were taken from the literature
or measured from newly collected material. Unless otherwise indi-
cated, a minimum of 10-15 whole mounted specimens were mea-
sured. All measures were taken from relaxed and fixed specimens.

Please cite this article in press as: Di Domenico, M., et al. Molecular and morphological phylogeny of Saccocirridae (Annelida) reveals two cosmopolitan
clades with specific habitat preferences. Mol. Phylogenet. Evol. (2014), http://dx.doi.org/10.1016/j.ympev.2014.02.003

214
215
216
217
218
219


http://www.coreocean.org
http://dx.doi.org/10.1016/j.ympev.2014.02.003

220
221
222
223
224
225
226
227
228
229

230

232
233
234
235
236

238
239

240
241
242
243
244
245
246
247

248
249
250
251
252
253
254
255

256
257
258
259
260
261
262
263
264
265
266

267
268
269
270
271
272
273
274
275

276
277
278

YMPEYV 4813
21 February 2014

No. of Pages 17, Model 5G

4 M. Di Domenico et al./Molecular Phylogenetics and Evolution xxx (2014) XxX-Xxx

All continuous characters were tested for correlations among them
in order to avoid inclusion of redundant information. The charac-
ters maximum length, maximum width, maximum number of
trunk segments and palps length were independent and subse-
quently coded into discrete states. Discrete states for each contin-
uous character were defined after a k-means cluster analyses of the
mean maximum values.

The morphological matrix (Table 3) was prepared using Mes-
quite software v2.75 (Maddison and Maddison, 2011). A summary
of the morphological characters and states is present in Section 2.4.

2.4. Description of the morphological characters

2.4.1. Total body length (1): shorter than 3 mm (=0); 3-5 mm (=1); 5-
10 mm (=2); 10-20 mm (=3); longer than 20 mm (=4)

Total length was divided into five discrete states. Polydora giar-
di and Sabellaria alveolata are longer than 20 mm; Protodriloides
symbioticus, Protodriloides chaetifer and Protodrilus purpureus
are 10-20 mm (Jouin, 1966; Von Nordheim, 1989), Protodrilus
ciliatus is 3-5 mm and Ctenodrilus serratus is shorter than 3 mm
(Petersen and George, 1991). The different sizes of Saccocirrus spe-
cies are summarized in Table 4.

2.4.2. Maximum width (2): thinner than 200 um (=0); 200-400 um
(=1); thicker than 400 um (=2)

Maximum width was divided in three discrete states in our
matrix. Polydora giardi and Sabellaria alveolata are thicker than
400 um; Protodriloides symbioticus, Protodriloides chaetifer,
Protodrilus purpureus are 200-400 pm, Protodrilus ciliatus and
Ctenodrilus serratus are thinner than 200 pum. Variation within
Saccocirrus is summarized in Table 4.

2.4.3. Maximum number of trunk segments (3): less than 50 segments
(=0); 50-100 segments (=1); 100-150 segments (=2); more than 150
segments (=3)

All outgroups have less than 50 segments, except for Polydora
giardi with 50-100 segments. In Saccocirridae, the number of seg-
ments varies from 50 to more than 150 segments. The maximum
number of trunk segments is not covariant with the maximum
body length.

2.4.4. Position of the palps (4): dorsal (=0); ventral (=1), terminal (=2)

Absence/presence of palps is uninformative with the selected
taxa and the character is excluded from the analyses, since palps
are only lacking in Ctenodrilus serratus in our matrix. Palp position
however contains information and is defined by the place where
palps insert on the prostomium. Palps insert ventrally in Saccocir-
rus and Protodrilus, terminally on the tip of the prostomium in Pro-
todriloides (Purschke, 1993) and dorsally in Polydora (Blake, 1980;
Worsaae, 2001; Orrhage and Miiller, 2005). The palps are inserted
dorsally anterior of the mouth in sabellariids (Orrhage, 1978,
1980).

2.4.5. Maximum length of palps (5): shorter than 200 um (=0); 200-
500 um (=1); 500-1000 um (=2); longer than 1000 um (=3)

Palp length varies among the examined species and it is not
covariant with the total body length. Therefore, the maximum
length of the palp may represent a source of phylogenetic informa-
tion, tested in our analyses. Length of the palps ranges from 200 to
1500 pm in Saccocirrus. Palps are longer than 1000 pm in Polydora
and Protodrilus purpureus, range between 200-500 pum in Proto-
driloides, and 500-1000 pm long in Protodrilus ciliatus.

2.4.6. Palp ciliation (6): sparse (=0); longitudinal bands (=1)
Protodrilus ciliatus, P. purpureus, Polydora, Sabellaria and a single
species of Saccocirrus sp. 10 (Solomon Isl.) have the palp ciliation

arranged in longitudinal bands (Von Nordheim, 1989; Worsaae,
2001). In Protodriloides, the palps bear a ventral field of motile cilia
extending from the tip to about two-thirds of their length (Purs-
chke, 1993). Palps ciliation is organized as individual tufts
uniformly scattered on the entire surface of the palp in the remain-
ing Saccocirrus (Table 4).

2.4.7. Palp internal canal (7): absent (=0); present (=1)

Palps are supplied with one internal canal (coelomic cavities) in
Saccocirrus and Protodrilus, and two (medial + lateral) internal
canals in Spionidae (Orrhage, 1964; Purschke, 1993) and Sabellaria
(Orrhage, 1978). The palp canals of Protodrilus and Saccocirrus may
be similar to medial canal cavities of Spionidae (Purschke, 1993).
The internal canal is absent in Protodriloides (Purschke and Jouin,
1988; Purschke, 1993), and the character is inapplicable for Cteno-
drilus (Petersen and George, 1991; Orrhage and Miiller, 2005).

2.4.8. Internal canal connected behind the brain (8): absent (=0);
present (=1)

A connection of the internal canals behind the brain is only
present in Protodrilus and Saccocirrus (Purschke, 1993) in our anal-
yses. The internal palp canals of Polydora and Sabellaria are not
connected (Orrhage, 1978; Purschke, 1993). The character is inap-
plicable for Ctenodrilus and Protodriloides.

2.4.9. Terminal ampulla in the palp internal canals (9): absent (=0);
present (=1)

Palps in Saccocirrus are supplied with basal sac-like structures
that extend longitudinally along the first segment. These sacs are
connected by the internal canal. Sacs are also present in Spionidae,
but they are relatively small, extend anteriorly into the prosto-
mium and are not connected by the palp canals (Orrhage, 1964).
Therefore, they are considered different than the ampulla in Sacco-
cirrus, which is coded as absent for Spionidae. Sacs are absent in
the palp canals of Sabellaria and Protodrilus. The character is
inapplicable for Ctenodrilus and Protodriloides (Purschke, 1993).

2.4.10. Position of the nuchal organs (10): dorsal (=0), dorsolateral
(=1)

Nuchal organs are probably homologous in Annelida (Purschke,
1997), but their external morphology and their position vary be-
tween groups. Nuchal organs are oval and elongated in Saccocirri-
dae, but never extend laterally around the peristomium (Purschke,
1990; Westheide, 2008; pers. obs). Nuchal organ morphology
greatly varies among Protodrilidae (see e.g. Martinez et al., 2013;
Di Domenico et al., 2013). In Protodrilus purpureus and Protodrilus
ciliates, nuchal organs are oval and extend dorsolaterally around
peristomium (Von Nordheim, 1989; Martinez et al., in prepara-
tion). Protodriloides, Ctenodrilus serratus, Polydora and Sabellaria
present dorsal nuchal organs (rounded or elongated) (Jouin,
1966; Rouse and Pleijel, 2001).

2.4.11. Epidermal eyes with microvilli in the shading pigment cells
(11): absent (=0); present (=1)

Eyes are present in Saccocirridae, Sabellaria and all described
Protodrilus larvae. However, saccocirrid eyes are bicellular (with a
“shading pigment cell” and “light-sensitive cell”) and embedded
in the epidermis. Both cells exhibit apical extensions with rhab-
dom-like microvilli and vestigial cilia (Eakin et al., 1977; Purschke,
1992). Pigmented eyes are only described in the adults of four
species of Protodrilidae not included in our analyses, otherwise
lacking the rhabdom-like microvilli extensions in the shading
pigment cell. (Eakin et al., 1977). Eyes are absent in Protodriloides,
Ctenodrilus and Polydora giardi.
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Table 3
Literature sources for geographic and habitats information on Saccocirridae.

Species Group Type locality Distribution References Habitat Depth
description
Saccocirrus papilocercus  “papillocercus”  Sebastopol Bay,  English Channel (Plymouth, Isles of Scilly, North Wales). Abd-Elnaby (2009), Boaden (1963), Bobretzky (1871), Dauvin Swash zone, Intertidal
Bobretzky, 1871 Russia (Baltic Irish Sea (Irish coast, North Wales). Mediterranean (Italy: et al. (2003), Gusjewa (1929), Jouin and Gambi (2007), Jouin in exposed beach
Sea, Europe) Meloria; Spain: Valencia). Black Sea. Suez Channel. Madeira Cabioch et al. (1968), Langerhans (1880), Magagnini (1980),
and Canary Islands Mastepanova (2004), Nifiez et al. (2005); Pierantoni (1906),
Pierantoni (1907), Purschke (1990), von Repiachoff (1881),
Smigielski e Souplet (1977), Villora-Moreno et al. (1991) and Wu
and Yang (1962)
Saccocirrus major “papillocercus”  Resina, Iltaly Mediterranean (Italy. Spain: Chafarinas Isl.). Jouin and Gambi (2007), Magagnini (1980), Pierantoni (1907), Swash zone, Intertidal
Pierantoni, 1907 (Mediterranean) Uchida and Okuda (1953) and Villora-Moreno (1997) exposed beach
Saccocirrus orientalis “papillocercus” Madras, India Indian Ocean (Madras, South Andaman, Kavarathi and Alikunhi (1948), Jouin (1975) and Jouin and Rao (1987) Swash zone, Intertidal
Alikunhi, 1946 (Indian ocean) Laccadive, India; Durban, South Africa) exposed beach
Saccocirrus archiboldi “papillocercus”  Middle Bay, Caribbean (Dominica) Kirsteuer (1967) Swash zone, Intertidal
Kirsteuer, 1967 Dominica exposed beach
(Caribbean)
Saccocirrus minor Aiyar ~ “papillocercus” Madras Coast Indian Ocean (Coast of India); New South Wales, Australia ~ Aiyar and Alikunhi (1944), Jouin and Rao (1987), Rao and Ganapati ~ Swash zone, Intertidal
and Alikunhi, 1944 (India) (1966, 1967) exposed beach
Saccocirrus pussicus Du  “papillocercus”  Sdo Sebastido, Brasil (Sdo Sebastido, Santos) Du Bois-Reymond Marcus (1948) Swash zone, Intertidal
Bois-Reymond Santos (Brazil) exposed beach
Marcus, 1948
Saccocirrus “papillocercus” Amanzimtoti Eastern Africa (Amanzimtoti, Natal; Durban) Jouin (1975) Swash zone, Intertidal
heterochaetus Jouin, (Natal), South exposed beach
1975 Africa
Saccocirrus parvus “papillocercus” Marina di Pisa, Mediterranean (France: Aigues-Mortes, Marseille; Tunez: Delamare de Bouteville (1954), Fize (1963), Gerlach (1953, 1954), Swash zone, Intertidal
Gerlach, 1953 Italy Nabeul; Tyrrhenian Sea; Spain: Valencia Gulf, Chafarinas Villora-Moreno et al. (1991), Villora-Moreno (1997) and exposed beach
Islands) Westheide (1972)
Saccocirrus oahuensis “papillocercus” Hanauma Bay, Hanauma Bay and Kamehameha Bay, O’ahu (Hawaii) Baley-Brock et al. (2003) Bay, reef, Subtidal
Baley-Brock et al., O’ahu (Hawaii) coarse sand
2003
Saccocirrus waianaensis ~ “papillocercus”  Barbers Point, Barbers Point, O’ahu (Hawaii) Baley-Brock et al. (2003) Bay, reef, Subtidal
Baley-Baley-Brock O’ahu (Hawaii) coarse sand
et al., 2003
Saccocirrus cirratus “papillocercus”  Madras Coast Indian Ocean (Coast of India) Alyar e Alikunhi (1944), Rao and Ganapati (1966, (1967) Swash zone, Intertidal
Aiyar and Alikunhi, (India) exposed beach
1944
Saccocirrus krusadensis ~ “krusadensis” Krusadai Isl. India (Krusadai) , South Africa (Cape Town, Durban); French  Alikunhi (1942), Jouin (1975), Jouin and Rao (1987), Purschke Sheltered Intertidal
Alikunhi, 1942 (India) Polinesia (Moorea); New South Wales (Australia) (1990) and Sasaki and Brown (1983) beach with
organic
matter, algae
Saccocirrus gabriellae “krusadensis” Guaruja Beach Brasil (Guaraja, Santos); Mar do Japao (revisdo) Du Bois-Reymond Marcus (1946), Mastepanova (2004) (doubt) Tidal pool Intertidal
Du Bois-Reymond (Santos, Brazil) and Wu and Yang (1962) (S. major) with organic
Marcus, 1946 matter, algae
Saccocirrus eroticus “krusadensis” Orcas Isl. Orcas Isl. (Washington, E. USA) Gray (1969) Sheltered Intertidal
Gray, 1969 (Washington, beach with
USA) organic
matter, algae
Saccocirrus labilis “krusadensis” Tanabe Bay, Tanabe Bay, Wakayama (Japan) Yamanishi (1973) Sheltered Intertidal
Yamanishi, 1973 Wakayama beach with
(Japan) organic
matter, algae
Saccocirrus sonomacus “krusadensis” California (E. California (E. America); Galapagos (Bahia Academy, Santa Brown (1981), Martin (1977); Salazar-Valejo and Lodond-Mesa Exposed Intertidal
Martin, 1977 America) Cruz) (2004) and Schmidt and Westheide (1977) beach
Saccocirrus jouinae “krusadensis” New South New South Wales, Australia Among rocks, Intertidal
Brown, 1981 Wales, Australia beach with
organic

(continued on next page)
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Table 3 (continued)

Depth

Habitat

References

Type locality Distribution

Group

Species

description

matter, algae

Intertidal

Among rocks,
beach with
organic

Brown (1981)

New South Wales, Australia

New South
Wales, Australia

“krusadensis”

Saccocirrus tridentiger

Brown, 1981

matter, algae

Cliffed,

Intertidal

Sasaki (1981) and Sasaki and Brown (1983)

Hokkaido (North Japan)

Hokkaido

“krusadensis”

Saccocirrus uchidai

sheltered
beach

(North Japan)

Sasaki, 1981

Subtidal

Amphioxus
sand

Jouin and Gambi (2007)

Gulf of Naples (Mediterranean)

Gulf of Naples

“krusadensis”

Saccocirrus goodrichi

(Mediterranean)

Jouin-Toulmond

and Gambi, 2007
Saccocirrus burchelli

Intertidal

Among rocks,
beach with
organic

Silberbauer (1969)

Cape Agulhas, South Africa

Cape Agulhas,
South Africa

“krusadensis”
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Silberbauer, 1969

matter, algae
Reef flat

Subtidal

Baley-Brock et al. (2003)

Wai'anae, O’ahu (Hawaii)

Wai'anae, 0’'ahu

(Hawaii)

“krusadensis”

Saccocirrus alanhongi

Baley-Brock et al.,

2003

2.4.12. Prostomial transverse ciliary band (12): absent (=0); present
(=1)

A transverse band of motile cilia extends latero-ventrally on the
prostomium, from the palps to the delineation between prosto-
mium and peristomium. The band is present in some Saccocirrus
species belonging to the “krusadensis” group. The character is
inapplicable in Protodrilus, Protodriloides, Ctenodrilus, Sabellaria
and Polydora. This character is not present in the outgroups (Jouin,
1966; Von Nordheim, 1989; Petersen and George, 1991; Rouse and
Pleijel, 2001).

2.4.13. Ventral pharynx (13): absent (=0); present (=1)

A ventral muscular pharynx is present in Protodrilus, Protodrilo-
ides, Ctenodrilus, Polydora and species from “krusadensis” group
(Purschke, 1988; Purschke and Jouin, 1988). When the ventral pha-
ryngeal apparatus is present, it consists of a ventral bulbus muscle
with transverse muscular fibers and interstitial cells in all the ter-
minals of our analyses (Purschke and Jouin, 1988; Purschke, 1988).
The ventral pharynx is absent in the remaining species of the
analyses.

2.4.14. Ventral pharyngeal apparatus with tongue-like organ (14):
absent (=0); present (=1)

A tongue-like muscular organ is present in the “krusadensis”
species of Saccocirridae, as well as Protodrilidae and Ctenodrilidae
(Purschke and Tzetlin, 1996). A tongue-like organ is absent in Pro-
todriloides and Polydora species included in the current analyses
and is inapplicable for species of the “papillocercus” group.

2.4.15. Midventral ciliary band (15): absent (=0); present (=1)

Midventral ciliary band, consisting of a longitudinal band of ci-
lia extending along the trunk in a groove is present in adults of Sac-
cocirrus krusadensis, S. jouinae, S. tridentiger (“krusadensis” group,
Brown, 1981), as well as in Protodrilus and Protodriloides. Midven-
tral ciliary band is absent in adults species in the “papilocercus”
group, Ctenodrilus, Sabellaria and Polydora (Rouse and Pleijel,
2001; Westheide, 2008).

2.4.16. Extension of the midventral ciliary band (16): from the mouth
to the pygidium (=0); from the mouth to segment 10 (=1)
Midventral ciliary band extends from the mouth to the pygid-
ium in Protodrilus and Protodriloides. Midventral ciliary band
extends maximum until segment 10 in Saccocirrus krusadensis, S.
jouinae and S. tridentiger (Fig. 1B), although the presence and
extension of band exhibit relatively high intraspecific variation
the re-examined material of these species. The character is inappli-
cable for Ctenodrilus, Sabellaria and Polydora (Petersen and George,
1991; Rouse and Pleijel, 2001), and species of the “papillocercus”

group.

2.4.17. Mouth ciliary patches (17): absent (=0); present (=1)

Ciliary patches are present around the mouth in saccocirrids
from “krusadensis” group as well as in Protodrilus and Protodrilo-
ides (Fig. 1A). The character is absent in the remaining outgroups
(Rouse and Pleijel, 2001; Westheide, 2008).

2.4.18. Morphology of the mouth ciliary patches (18): arranged as a
field around the mouth (=0); arranged as paired longitudinal bands,
laterally to the mouths (=1)

Mouth ciliary patches consist of two short longitudinal ciliary
bands at each side of the mouth in species from ‘“krusadensis”
group, whereas they represent a triangular field extending posteri-
orly in Protodrilus and Protodriloides (Purschke and Jouin, 1988;
Jouin and Gambi, 2007). The character is inapplicable in Ctenodri-
lus, Sabellaria and Polydora (Petersen and George, 1991; Rouse
and Pleijel, 2001), and species in the “papillocercus” group.

Please cite this article in press as: Di Domenico, M., et al. Molecular and morphological phylogeny of Saccocirridae (Annelida) reveals two cosmopolitan
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4
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1
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1
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Saccocirrus sp. 2 (Lanzarote, Canary Isl)

Saccocirrus sp. 6 (CA, USA)

Saccocirrus sp. 1 (Tenerife, Canary Isl)
Saccocirrus sonomacus

Saccocirrus sp. 7 (Giglio, Italy)
Saccocirrus sp. 8 (Bermuda)
Saccocirrus sp. 9 (Belize)

Saccocirrus pussicus
Saccocirrus sp. 4 (La Palma, Canary Isl)

Saccocirrus sp. 10 (Solomon Isl)

Saccocirrus krusadensis

Saccocirrus jouinae
Saccocirrus sp. 3 (Panama 1)

Protodrilus purpureus

Saccocirrus sp. 5 (Panama 2)
Protodrilus ciliatus

Protodriloides symbioticus
Protodriloides chaetifer
Ctenodrilus serratus
Sabellaria alveolata

Saccocirrus papillocercus
Polydora giardi

Saccocirrus tridentiger
Saccocirrus tridentiger
Saccocirrus gabriellae

Saccocirrus sonomacus

Morphology character matrix. “?” denotes missing data and “-” denotes inapplicable states.

Table 4
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Fig. 1. Morphology of the “krusadensis” group (Pharyngocirrus gen. nov.), light and scanning electron micrographs. (A) Saccocirrus sonomacus, ventral view of the anterior end
showing mouth ciliation. (B) Saccocirrus jouinae, ventral view of the anterior end showing the mouth ciliation and midventral ciliary band. (C) Saccocirrus tridentiger, mid body
of a male showing the unilateral arrangement of seminal vesicles. (D) Saccocirrus tridentiger, midbody segments of a female showing the unilateral arrangement of oocytes. (E)
Saccocirrus gabriellae, ventral pharyngeal bulbous on segments 2-4. (F) Saccocirrus sp. 4 (La Palma, Canary Island), showing a diatom inside the gut. (G) Saccocirrus sonomacus,
equal lyrate longest chaeta; (H) Saccocirrus tridentiger, unequal lyrate longest chaeta. Abbreviations: Ic, longest chaeta; Is, longest side of the longest chaeta; mo, mouth open;
mp, Mouth ciliary patch; mv, midventral ciliary band; nv, Diatom; oo, oocytes; pa, palp; ph, pharynx; pr, parapodium; ss, shortest side of the longest chaeta; sv, seminal

vesicle; te, teeth; to, tooth.

2.4.19. Parapodia (19): absent (=0); present (=1)

Fleshy distinct parapodia are absent in Protodrilus, Protodriloides
and Ctenodrilus (Jouin, 1978; Purschke and Jouin, 1988; Petersen
and George, 1991; Rouse and Pleijel, 2001; Westheide, 2008),
and present in the remaining species included in the analyses. In
Saccocirrus, parapodia are uniramous, cylindrical, without lobes
or cirri and bear 5-10 chaetae (Jouin and Gambi, 2007). In
Protodriloides chaetifer and Ctenodrilus serratus, the hooked chaetae
arise directly from the body wall.

2.4.20. Parapodial ciliary tuft (20): absent (=0); present (=1)

Small ciliary tufts are present on the ventral side of the parapo-
dia of all Saccocirrus. Each tuft consists of small groups of 5-10 ci-
lia, up to 10 pum long. Similar parapodial ciliary tufts are absent in
the adults of Sabellaria and Polydora (Rouse and Pleijel, 2001; Wes-
theide, 2008). The character is inapplicable for Protodrilus, Proto-
driloides and Ctenodr ilus.

Please cite this article in press as: Di Domenico, M., et al. Molecular and morphological phylogeny of Saccocirridae (Annelida) reveals two cosmopolitan
clades with specific habitat preferences. Mol. Phylogenet. Evol. (2014), http://dx.doi.org/10.1016/j.ympev.2014.02.003
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Fig. 2. Morphology of the “papillocercus” group, light microscopic and scanning electron micrographs. (A) Saccocirrus sp. 7 from Giglio (Italy), ventral view of the anterior end
showing the mouth. (B) Saccocirrus pussicus, segments 1-3 showing esophagus. (C) Saccocirrus pussicus; detail of the gut showing the presence of sand grains. (D) Saccocirrus pussicus,
bilateral arrangement of seminal vesicles in a male. (E) Saccocirrus pussicus, bilateral arrangement of oocytes in a female. (F) Saccocirrus sp. 1 from Abades (Tenerife, Canary Island),
equal forked longest chaeta. (G) Saccocirrus sp. 8 from Windsor Beach (Bermuda), unequal forked longest chaeta. (H) Saccocirrus sp. 7 from Giglio (Italy), unequal forked longest
chaeta. Abbreviations: elc, equal longest chaeta; es, esophagus; mo, mouth; oo, oocytes; pa, palp; sd, sand grain; sv, seminal vesicle; ulc, unequal longest chaeta.

2.4.21. Chaetae (21): absent (=0); present (=1) 2.4.22. Long chaetae with distinct apical morphology (22); absent
Chaetae are present in all Saccocirrus, as well as Protodriloides (=0); present (=1)

chaetifer, Polydora and Sabellaria. Chaetae are absent in Protodrilus All Saccocirrus presents three types of chaetae, except for

and Protodriloides symbioticus (Jouin, 1966; Westheide, 2008). Saccocirrus sp. 4 (La Palma, Canary Island), with five types. The
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three types of chaetae common to all saccocirrids are usually
identified as long, medium and short (Jouin and Gambi, 2007).
The longest chaetae present a very characteristic morphology
within each of the groups. Following the nomenclature proposed
by Jouin and Gambi (2007), the longest chaetae in the species of
the “papillocercus” group are coded as robust and forked (Section
2.4.25), whereas the delicate fan-shaped chaetae in the species of
the “krusadensis” group are coded as lyrate (Section 2.4.26). This
character is absent in all outgroups. Sabellaria alveolata and Polydo-
ra giardi present capillary chaetae, but they lack the distinct apical
morphology present in saccocirrids (Petersen and George, 1991;
Rouse and Pleijel, 2001; Surugiu, 2012). Protodriloides chaetifer
and Ctenodrilus serratus only present a single type of short,
hooked-like chaetae.

2.4.23. Long forked chaetae (23): absent (=0); present (=1)

The robust and forked thick chaetae are present in the species of
the “papillocercus” group (Section 2.4.25). The character is absent
for species in the “krusadensis” group and inapplicable in the
outgroups.

2.4.24. Morphology of the long forked chaetae (24): with equal prongs
(=0); with unequal prongs (=1)

The long forked chaetae of Saccocirrus sp. 7 (Giglio, Italy)
(Fig. 2H), Saccocirrus sp. 8 (Bermuda) (Fig. 2G) and Saccocirrus sp.
9 (Belize) present unequal prongs; prongs are equal in the remain-
ing species of “papillocercus” group included in the analyses
(Fig. 2F). The character was inapplicable for species in the “krusad-
ensis” group and outgroups.

2.4.25. Long lyrate chaetae (25): absent (=0); present (=1)

Long, lyrate and delicate fan-shaped chaetae are present in the
species of the “krusadensis” group (Section 2.4.27). The character
was absent in the species of the “papillocercus” group and inappli-
cable for the outgroups.

2.4.26. Morphology of the lyrate long chaetae (26): symmetrical (=0);
asymmetrical (=1)

The lyrate chaeta was coded as asymmetrical in Saccocirrus kru-
sadensis, S. jouinae and S. tridentiger (Fig. 1H), and symmetrical in
the remaining species of the “krusadensis” group (Table 4). The
character was inapplicable in the outgroups and species in the
“papillocercus” group. Scanning electron microscopy examinations
revealed the presence of three teeth (Fig. 1G and H) in all the lyrate
chaetae examined in species of the “krusadensis” group, and not
only in S. tridentiger as previously described (Brown, 1981).
Therefore, the number of teeth was as a separate character is
uninformative and not coded.

2.4.27. Morphology of the medium chaetae (27): spatulate (=0); bifid
(=1)

The medium chaeta was coded as spatulated when it presents
an oar-shaped or smooth apex, as in all the species of the “papillo-
cercus” group (Jouin and Gambi, 2007). It was instead coded as
bifid when it has two equally long prongs as in the species of the
“krusadensis” group. The character was inapplicable in the
outgroups.

2.4.28. Morphology of the short chaetae (28): spatulated (=0); bifid
(=1)

The shortest and thin chaeta present in all saccocirrids was coded
as bifid when it bears a notched apex, as in all the species of the “kru-
sadensis” group; or spatulated when it presents a smooth tip, as in
the species of the “papillocercus” group (Jouin and Gambi, 2007).
The character was inapplicable for the outgroups.

2.4.29. Seminal vesicle (29): absent (=0); present (=1)

Seminal vesicles are present in all Saccocirrus and consist of a
sperm-sac with short ciliated ejaculatory ducts. The ejaculatory
ducts lead into a robust and long penis with a conical tip (Figs.
1C and 2D) (Purschke and Jouin, 1988). Different penis structures
are known among other saccocirrid species (Purschke, 2006), but
this information could not be coded with accuracy in our dataset.

2.4.30. Arrangement of the seminal vesicle (30): bilateral (=0); right
side (=1); left side (=2)

Seminal vesicles are arranged at both sides of the trunk in all
the species of the “papillocercus” group (Fig. 2D), whereas they
are arranged only in one of the sides in the “krusadensis” group.
The character was inapplicable for the outgroups.

2.4.31. Pygidial lobes (31): absent (=0); present (=1)

Protodrilus, Protodriloides and Saccocirrus bear paired pygidial
lobes with adhesive glands (Jouin, 1966; Martin, 1978; Von Nord-
heim, 1989). Pygidial lobes are absent in Polydora, Sabellaria and
Ctenodrilus. Polydora giardi has a cylindrical pygidium, dorsally
incised (Fauvel, 1927).

2.4.32. Shape of the pygidial lobes (32): paddle shaped (=0); cylindrical
(=1); rounded (=2)

Pygidial lobes are cylindrical, with transverse adhesive ridges in
all Saccocirrus (Martin, 1978). Protodrilus instead presents paddle-
shaped pygidial lobes with terminal adhesive glands (Von
Nordheim, 1989), whereas pygidial lobes are short and rounded
in Protodriloides (Jouin, 1966). The character is inapplicable for
Polydora, Sabellaria and Ctenodrilus (Rouse and Pleijel, 2001).

2.4.33. Transverse pygidial adhesive papillae (33): absent (=0); present
(=1)

In Saccocirrus, the two pygidial lobes are subdivided into a
variable number of transverse papillae. Each pygidial ridge bears
several adhesive duo-glands. Duo-glands are also described in Pro-
todriloides and Protodrilus (Jouin, 1966; Martin, 1978), but they are
not arranged in papillae but as terminal rows in the pygidium (Du
Bois-Reymond Marcus, 1948). Transverse adhesive papillae are ab-
sent in Polydora, and inapplicable for Sabellaria and Ctenodrilus
(Rouse and Pleijel, 2001).

2.4.34. Number of pygidial adhesive papillae (34): 0-5 (=0); 6-10
(=1); 11-15(=2); more than 16 (=3)

A species-specific range of transverse adhesive papillae is pres-
ent on the pygidium of Saccocirrus. The character is inapplicable for
Protodrilus, Protodriloides, Ctenodrilus serratus, Polydora or Sabellaria
(Rouse and Pleijel, 2001; Westheide, 2008).

2.5. Alignments and data analyses

The molecular dataset was analyzed on static alignments in-
ferred for each gene independently using MAFFT version 6 (Katoh
et al., 2002, 2010). L-ins-I (16s rRNA, H3 and 28s rRNA) and L-ins-E
(18s rRNA) were the selected aligning strategies. Sequences for the
protein-coding gene H3 were confirmed for reading frame before
treatment with GBlocks. H3 sequences were constant in length;
therefore, no gaps were permitted within blocks.

The initially aligned dataset consist of 1899 base pairs for 18S
RNA, 1163 bp for 28S rRNA, 689 bp for 16S rRNA and 331 bp for
H3, reduced to 1713 bp (18S rRNA), 1022 bp (28S rRNA), 341 bp
(16S rRNA) and 324 bp (H3) after treatment with Gblocks. The
positions of the H3 gene fragment trimmed by Gblocks correspond
to terminal positions missing for some terminals due to the
sequencing process. Individual gene alignments and the combined
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dataset were analyzed using maximum likelihood (ML) and Bayes-
ian methods (BA).

ML analyses were performed using RaxML-VI-HPC (Stamatakis,
2006) at CIPRES Science Gateway implemented on the Trestles
TeraGrid cluster (Miller et al.,, 2010; http://www.phylo.org) or
RaxML GUI (Silvestro and Michalak, 2011). ML analyses of the
combined data, partitioned genes, were run with a GTR + I" model.
Nodal support was calculated after 1000 pseudoreplicates of a non-
parametric bootstrap, with a GTR + I" model of evolution.

BA analyses were performed in MRBAYES v.3.1.2 (Ronquist and
Huelsenbeck, 2003). JModelTest (Posada, 2008) was used to infer
evolutionary models for each gene. Best-fit evolutionary model
was selected after the Akaike information criterion. A K2 + I model
was selected for H3, GTR+I" for 16S rRNA and 28S rRNA, and
GTR+ T +1 for 18S rRNA. The morphological data partition was
analyzed with a Mkv model and gamma correction. Four MCMCMC
were run in two independent runs during 10,000,000 generations.
Samples were set every 1000 generation and the first 25% of the
samples were discarded as burn-in after assessing convergence
using Tracer 1.4.1 (Rambaut and Drummond, 2007).

Morphological character evolution was reconstructed with the
program Mesquite 2.75 (Maddison and Maddison, 2011) using par-
simony on the fully resolved consensus tree from the Bayesian
searches of the combined analysis (molecules and morphology).
This tree was congruent with best tree from maximum likelihood
analyses. Apomorphic states were plotted at the nodes correspond-
ing to Saccocirridae as well as the “krusadensis” and “papillocer-
cus” groups, in order to highlight the synapomorphies for each of
the clades.

2.6. Analyses of geographic distribution patterns

Analyses of the geographical distribution patterns were
performed on a matrix including all available geographical data
for the 32 described and undescribed species of Saccocirrus. Both
published and our own unpublished data were included for all
described saccocirrids as well as the new species reported in this
study. Geographical coordinates for our own records were directly
taken in the field or estimated from maps (Table 1). Records from
the literature were georeferenced with www.getlatlon.com site
(Table 3). The distributions of the species in the “papillocercus”
and “krusadensis” groups were plotted with the package ‘maps’
and ‘mapdata’ in R (Becker et al., 2013; Brownrigg, 2013).

The preferences for tropical, subtropical or polar zones were in-
ferred using correlation between the numbers of species recorded
at each 10 degrees of latitude. The “papillocercus” and “krusaden-
sis” groups preferences for Indian Ocean, Pacific Ocean and Atlantic
Ocean were tested using correlation between the numbers of spe-
cies recorded in each subgroup every 40 degrees of longitude.
Though surface water temperature is not the only factor to regulate
the diversity of saccocirrids on a global scale, it may well limit the
maximum attainable diversity for the family or subgroups. In the
same way, Indo-Pacific preference of “krusadensis” species had
never been tested. The maximum diversity of saccocirrids was
used as an indication of the latitudinal and longitudinal prefer-
ences of the family. Geographical ranges with maximum diversity
were estimated using quantile regression spline models (Koenker
et al., 1994; Koenker, 2005; Anderson, 2008) built for the 95th per-
centile (i.e., the value below the diversity is expected to fall a 95%,
the 7 = 0.95 quantile), which is less sensitive to outliers (Anderson,
2008). Models were fitted using the functions rq() and bs(), part of
the “quantreg” package for R (Hastie, 1993; Koenker, 2007; R
Development Core Team, 2011). The function bs() provides a flex-
ible way of constructing B-spline basis expansions to fit a piece-
wise polynomium of a specified degree. The degree of the
polynomium (resulting in a given number of parameters for the

spline model) was optimized after the Akaike’s information crite-
rion corrected for small-samples (Hurvich and Tsai, 1989; Burn-
ham and Anderson, 2002). The model with the smallest AICc
value from a set of models with a degree of polynomial of 2, 3, 4
or 5 was chosen. Peaks with optimal values were interpreted.
Ninety-five percent bootstrap confidence intervals (Manly, 2006)
were obtained for the estimated optimum using bias-corrected
percentiles from the re-application of the model to each of the
10,000 bootstrapped sample pairs, using the polynomial degree
that was chosen for the original data.

3. Results
3.1. Phylogenetic analyses

Saccocirridae (Bayesian posterior probability, BPP = 1.00,
BPP;o = 1.00; maximum likelihood bootstrap, MLB¢ =100,
MLBo = 100), as well as both “krusadensis” (BPPe =1.00,
BPP, ;01 = 1.00; MLB¢ = 88, MLB,o; = 77) and “papillocercus” groups
(BPP¢e = 1.00, BPPy,,0; = 1.00; MLB¢e = 97, MLB,o; = 96) were mono-
phyletic in all the analyses (Fig. 3). The Saccocirridae relationship
with the outgroups were poorly supported, but the putative clade
Protodrilida was never recovered.

The “papillocercus” group consisted of a monophyletic group
with seven species in two sister clades. One of the clades included
exclusively undescribed species (BPPi =0.86, BPP,,=.98;
MLB¢. = 96, MLB,,o; = 96) with Saccocirrus sp. 10 (Solomon Island)
sister to Saccocirrus sp. 9 (Belize) and Saccocirrus sp. 8 (Bermuda)
(BPP, = 1.00, BPP,,, = 1.00; MLB,. = 100, MLB,,; = 100). The sec-
ond clade, only recovered under BA (BPP = 0.99, BPP,, = 0.73),
included S. pussicus and Saccocirrus sp. 7 (Giglio, Italy) (BPP = 0.99,
BPPyo1 = 0.98; MLB = 94, MLB,o = 94), sister to S. papillocercus
and Saccocirrus sp. 1 (Tenerife, Canary Island) (BPP. =0.98,
BPP,,01 = 0.81).

The “krusadensis” group was recovered as a clade with 12 spe-
cies. The new species Saccocirrus sp. 6 (CA, USA) and Saccocirrus sp.
5 (Bocas del Toro, Panama) branch off together near the root of the
clade, sister to two derived clades. One clade (BPP =1.00,
BPP,,,0 = 0.95) contained the following taxa branching off subse-
quently from the root: Saccocirrus sp. 3 (Bocas del Toro, Panama)
(BPP¢ = 1.00, BPP,,, = 0.97), Saccocirrus sp. 4 (La Palma, Canary
Isl) (BPP = 1), S. gabriellae (BPP = 1) and S. sonomacus (CA, USA)
and S. sonomacus (Chile). The second clade (BPP =1.00,
BPP,,,01 = 1.00) included Saccocirrus sp. 2 (Lanzarote, Canary Island)
branching off next to two sister clades (BPP;. = 1.00, BPP,,,o; = 1.00;
MLB. = 100), with S. krusadensis and S. jouinae (BPP =1.00,
BPP;o1 = 1.00) and S. tridentiger (NSW, Australia) and S. tridentiger
(Solomon Island) (BPPi =1.00, BPPy =1.00; MLB =100,
MLB,,,01 = 100), reciprocally monophyletic.

The monophyly of the family Saccocirridae was supported by
unique morphological apomorphies: Palps with internal canal con-
nected behind the brain (character, ch 08) and provided with basal
ampullae (ch 09), epidermical eyes with microvilli in the shading
pigment cell (ch 11), parapodial ciliary tuft (ch 20), presence of dis-
tinct long chaetae (ch 22), presence of seminal vesicle (ch 29),
cylindrical pygidial lobes (ch 32) with transverse pygidial adhesive
papilla (ch 33). The number of pygidial papillae presented two
transformations within the family, being 6-10 in the ancestral
state (ch 34), with transformations into 0-5 in S. pussicus and
16-20 in Saccocirrus sp. 1 (Tenerife, Canary Islands). This leaves
the following species with the ancestral number of 6-10 transverse
pygidial adhesive papillae: Saccocirrus papillocercus, Saccocirrus sp.
9 (Belize), Saccocirrus sp. 8 (Bermuda), Saccocirrus sp. 10 (Solomon
Island), Saccocirrus krusadensis, Saccocirrus sp. 4 (La Palma, Canary
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Fig. 3. Phylogenetic relationships of Saccocirridae. Tree from the Bayesian analysis, congruent with the maximum likelihood best tree. First line on the node represent
Bayesian posterior probabilities (BPP) with molecular and morphological data and BPP only with molecular data; second line, maximum likelihood bootstrap (MLB) with
molecular and morphological data and BPP only with molecular data. “Krusadensis” (Pharyngocirrus gen. nov.) clade is colored in blue and “papillocercus” clade in red. Box on
the branches indicate unambiguous character transformations after character reconstructions, the character states are indicated between parentheses and explained in the
Section 2.4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Island), Saccocirrus sp. 2 (Lanzarote, Canary Island) and Saccocirrus
sp. 5 (Bocas de Toro, Panama).

Additional morphological apomorphies delineated and distin-
guished the clades “papillocercus” and “krusadensis”. The “krusad-
ensis” clade was characterized by the presence of prostomial
transverse ciliary band (ch 12, unique apomorphy), presence of
ventral pharyngeal apparatus with tongue-like organ (ch 13 and
14) (Fig. 1E), presence of mouth ciliation arranged as paired longi-
tudinal bands (ch 17, unique apomorphy), unilateral arrangement
of the seminal vesicle (ch 30) (Fig. 1C), long chaetae lyrate (ch
25, unique apomorphy) (Fig. 1G and H), bifid medium chaetae

and notched apex short chaetae (ch 27 and 28, unique apomor-
phy). The presence of asymmetrical lyrate chaetae (ch 26, unique
apomorphy), presence of midventral ciliary band up to segment
10 (ch 17-18, see discussion) (Fig. 1B) were the synapomorphies
supporting a clade with Saccocirrus krusadensis, S. jouinae and S.
tridentiger.

The “papillocercus” clade was delineated by the following syn-
apomorphies: presence of bilateral seminal vesicle (ch 30, unique
apomorphy) (Fig. 2D and E), robust forked chaetae (ch 23, unique
apomorphy) (Fig. 2F-H), spatulated medium and short chaetae
(ch 26-27, unique apomorphies). Additionally, all the species of
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the clade lack prostomial transverse ciliary band (ch 12), pharyn-
geal bulbous muscle (ch 13 and 14) (Fig. 2B), ciliary patches around
the buccal area (ch 17) (Fig. 2A).

3.2. Geographic distribution patterns

Geographic analyses yielded a well-supported diversity
gradient of Saccocirridae, with a maximal diversity estimated at
20°N, with the latitudinal range between 0° and 30°N within the
95%. A steep decrease in diversity was registered from 0° to 30°N
towards both poles (Fig. 4A and B).

The comparison of the longitudinal distribution patterns
between “papillocercus” and “krusadensis” clades (Fig. 4C and D)
shows the homogeneous diversity of both lineages throughout all
longitudes, with no significant optimal values. The clade “krusad-
ensis” showed a non-linear asymmetric unimodal relationship
with longitudes. The longitude for the highest diversity was esti-
mated in the middle of the Pacific Ocean at 180°W, but with wide
ranges of longitudes (0-180°E; 180-60°W) within the 95% confi-
dence interval. Species belonging to the “papillocercus” clade are
distributed mainly in the Mediterranean and North Sea along the
coast of Europe, with an optimal value estimated at 20°W, but with
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Fig. 4. (A) Geographic distribution of the groups “papillocercus” and “krusadensis” (Pharyngocirrus gen. nov.) based on Tables 1 and 3. (B) Spline smoothing with polynomial
regression (n = 14) of latitude and number of Saccocirrus species showing the optimum value for diversity (line) and 95% confidence interval (gray). (C) Spline smoothing with
polynomial regression (n = 10) of longitudinal and number of Saccocirrus species of the krusadensis group showing the optimum value for diversity (line) and 95% confidence
interval (gray). (D and C) Spline smoothing with polynomial regression (n = 10) of longitudinal and number of Saccocirrus species of the papillocercus group showing the

optimum value for diversity (line) and 95% confidence interval (gray).
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wide ranges of longitudes 180°W to 100°E within the 95%
confidence interval.

4. Discussion
4.1. Saccocirridae phylogeny

The monophyly of Saccocirridae was fully supported in all anal-
yses, but as in other studies (Rousset et al., 2007; Struck et al.,
2008; Zrzavy et al., 2009; Golombek et al., 2013), neither sister
relationship between Saccocirrus and Protodrilus or a monophyletic
Protodrilida were recovered. Yet, our study is not intended to ad-
dress the position of Saccocirridae due to the limited number of
outgroups and few sequenced genes.

Saccocirridae was sustained by several synapomorphies in our
analyses, congruent with previous morphological studies
(Purschke and Jouin, 1988). These synapomorphies included the
presence of palp canals with basal ampullae, transverse pygidial
adhesive ridges, parapodial ciliary tufts, penis and seminal vesicles,
as well as the presence of specific type long chaetae. Several of
these synapomorphies are clear adaptations to interstitial life.
Transverse pygidial adhesive ridges provide attachment and stabil-
ity among the sand grains and seminal vesicle and penis facilitate
sperm transfer in these turbulent upper layers of the seafloor
(Westheide, 1984). Other reproductive adaptations to these envi-
ronments are the genital hooks in S. heterochaetus (Jouin, 1975)
or the ovoviviparity in S. burcheli (Silberbauer, 1969) and Saccocir-
rus sp. 5 (Bocas del Toro, Panama). These features are not included
in our analyses since they are apomorphies of terminals only.

Conversely, the adaptive value of other apomorphies of the fam-
ily, e.g., presence of basal ampullae, parapodial tufts or presence of
specific type of chaetae, is more difficult to assess. Basal ampullae
aid to the stiffness control of the palps by varying the preasure
within the canals (Purschke, 1993). Functionally similar ampullae
are present in other groups, traditionally included in Canalipalpata,
such as Spionidae or Magelonidae (Rouse and Fauchald, 1997).
However, these sacs are smaller and normally included in the
prostomium. Although homology of both structures has been
proposed (Purschke, 1993), more recent molecular phylogenies
indicate they alternatively may represent convergences, favoured
by similar functional contraints related to independent evolution
of long motile palps.

The monophyly of the clades “krusadensis” and “papillocercus”
was fully supported in all analyses and well sustained morpholog-
ically, as expected from previous morphological studies (Brown,
1981; Purschke and Jouin, 1988; Purschke, 1992; Jouin and Gambi,
2007; Westheide, 2008). The most striking morphological differ-
ence between “papillocercus” and “krusadensis” clade is the lack
of a ventral pharyngeal bulbus muscle in the “papillocercus” (Purs-
chke and Jouin, 1988; Purschke and Tzetlin, 1996). The lack of
pharynx in the “papillocercus” has been previously interpreted as
a loss under the Protodrilida hypothesis, since a similar pharynx
is shared by Protodrilidae and Protodriloidae (Purschke and Jouin,
1988; Purschke, 1988; Westheide, 2008). However, Protodrilida
was unrecovered in our analyses and the sister group of Saccocir-
ridae remains unknown (Rousset et al., 2007; Struck et al., 2008;
Zrzavy et al., 2009; Golombek et al., 2013), affecting the tracing
of the pharynx on the root of Saccocirridae. On the other hand, ven-
tral pharyngeal organs with bulbous muscle are common among
polychaetes and might represent a plesiomorphy of annelids
(Purschke and Tzetlin, 1996; Tzetlin and Purschke, 2005). This
argument seems to favor the interpretation of absence of pharynx
in “papillocercus” as a loss (Sasaki and Brown, 1983; Purschke and
Jouin, 1988; Jouin and Gambi, 2007), until the position of Saccocir-
ridae is fully resolved.

The presence of ventral mouth ciliation arranged as paired
longitudinal bands is a synapomorphy for the “krusadensis” clade
(Brown, 1981; Jouin and Gambi, 2007), whereas the presence of a
midventral ciliary band only supports a derived subclade consist-
ing of Saccocirrus tridentiger, S. jouinae and S. krusadensis. Mouth
and midventral ciliation, as well as prostomial transverse ciliary
band, may have evolved as retention of larval characters into the
adult stage (underdevelopment, paedomorphosis). Midventral
and mouth ciliation are at least present in the larva of S. uchidai
(Sasaki and Brown, 1983), the only saccocirrid for which the com-
plete larval development is known. During development of this
species, the midventral ciliary band is progressively reduced and
lost in most of the adults, and mouth ciliation is retained (Sasaki
and Brown, 1983). Retention of larval features is common in other
interstitial groups (Worsaae et al., 2012; Westheide, 1997; Wors-
aae and Kristensen, 2005). However, the retention of larval features
in the clade “krusadensis” then seems restricted to the ciliary pat-
terns. Other synapomorphies of the clade are difficult to interpret
as retention of larval characters.

The morphologically diverging clades “papillocercus” and “kru-
sadensis” are corroborated by the phylogenetic analyses and are
shown to represent systematic significant entities and good candi-
dates for well sustained taxonomic units (see Section 4.3). This
divergence is correlated with different trophic guilds and habitat
preferences in each clade. Members of both groups are sometimes
categorized as deposit-feeders, but species of “krusadensis” are
more specialized bacteria-diatom grazers (e.g. diatoms, Fig. 1F),
typically occurring in sheltered intertidal and subtidal reefs and
rocky shores (see Table 3, Brown, 1981; Du Bois-Reymond Marcus,
1946; Jouin and Gambi, 2007). In these species, a muscular ventral
pharyngeal bulbous and ventral ciliation around the mouth may
facilitate grazing on biofilms and ingestion of deposited organic
matter. In contrast, members of the clade “papillocercus” are scav-
engers or microphagous (e.g. gut with sand grains, Fig. 2C), more
common in the intertidal zones of sandy beaches with strong
hydrodynamics (Du Bois-Reymond Marcus, 1948; Di Domenico
et al., 2009; Jouin and Gambi, 2007). The high turbulence in these
habitats prevents the deposition of organic matter, so palps (rather
than pharynx) possibly play a more decisive role in feeding in these
species (Di Domenico et al., in preparation).

4.2. Geographic distribution

The highest species diversity of saccocirrids is estimated
between 0° and 30°N, which correspond to the equatorial and
north subtropical region. Similar diversity patterns are reported
in several other marine groups (Huston, 1994). The species diver-
sity decreases towards the poles, although the decrease is steeper
in the southern hemisphere than in the northern hemisphere. This
asymmetrical decrease in the diversity is most likely related to a
higher sampling and taxonomical effort in the Mediterranean Sea
and the North Atlantic (Table 3), however, it may also be influ-
enced by the longer coastline of the northern hemisphere contain-
ing more km’s of suitable coarse sandy beaches.

Previous studies on Saccocirridae suggested vicariant distribu-
tion patterns for the “krusadensis” and “papillocercus” clades.
Species in the clade “krusadensis” were mostly reported in the
Indo-pacific, while “papillocercus” clade was more abundant at
the Atlantic (Jouin and Gambi, 2007). However, our more extensive
sampling shows that both the “krusadensis” and “papillocercus”
clades are geographically widespread.

The wide geographic distribution exhibited by Saccocirridae
suggests an ancient origin, as for other annelid families. Though
saccocirrids disperse by free-living larvae, their planktotrophic
stage has a short-time duration. This, as well as the lack of consis-
tent geographical distribution patterns, makes it unlikely that the
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current wide distribution of the family is the result of recent
dispersal events. In contrast to this geographical ubiquity, species
in each clade seemingly exhibit distinct habitat preferences, with
members of the “krusadensis” group inhabiting sheltered sandy
habitats, and members of the “papillocercus” group specialized
to exposed sandy beaches.

The worldwide distribution patterns of each clade, the short-
time planktotrophic larval stages (Sasaki and Brown, 1983), and
the seeming habitat preferences of the species in each clade
indicate an early ecological diversification of Saccocirridae into
two diverging interstitial habitats (Gerlach, 1977; Sterrer, 1973).
Further characterization of the habitats of a variety of Saccocirridae
is warranted in order to test this hypothesis.

4.3. Taxonomic implications

The phylogenetic analyses and reconstructed morphological
apomorphies of the “krusadensis” and “papillocercus” clades are
here addressed for taxonomic consequences. Several works
proposed these two groups of Saccocirridae as monophyletic (Wes-
theide, 2008) or at least as morpho-functionals (Brown, 1980;
Jouin and Gambi, 2007; Di Domenico et al., submitted for publica-
tion). We hereof propose a new generic name for the “krusadensis”
clade and provide an emended diagnosis for Saccocirrus. Both gen-
era include the species from the analyses herein as well as other
described species that fit their diagnoses.

Pharyngocirrus, gen. nov. Di Domenico, Martinez, Lana and
Worsaae.

Type species: Pharyngocirrus gabriellae (Du Bois-Reymond
Marcus, 1946).

Included species: Pharyngocirrus gabriellae (Du Bois-Reymond
Marcus, 1946); P. krusadensis (Alikunhi, 1948); P. archiboldi
(Kirsteuer, 1967); P. eroticus (Gray, 1969); P. burchelli (Silberbauer,
1969); P. labilis (Yamanishi, 1973); P. sonomacus (Martin, 1977); P.
jouinae (Brown, 1981); P. tridentiger (Brown, 1981); P. uchidai
(Sasaki, 1981); P. goodrichi (Jouin-Toulmond and Gambi, 2007); P.
alanhongi (Bailey-Brock et al., 2003).

Diagnosis: Brown body. Prostomium with two pigmented eyes
and long filiform palps. Presence of prostomial transverse ciliary
band. Mouth surrounded by ciliary patches consisting of paired
longitudinal bands. Mid-ventral ciliary band can be present. Ven-
tral muscular pharynx present. Unirramous parapodia with three
types of chaetae: (1) long capillary chaetae lyrate (equal or unequal
sides) with a small median tooth; (2) medium bifid chaetae with
equal lateral prongs and (3) short chaetae with notched apex.
Females with unilateral ovaries at the right or left side side of
the gut. Males with unilateral seminal vesicles at the right or left
side of the gut.

Molecular evidence: The monophyly of Pharyngocirrus gen. nov.
is well suported by molecular data including both nuclear and
mitochondrial genes (BPPy = 1.00; MLB,o =77), as well as by
total evidence analyses including morphological data (BPP¢ = 1.00;
MLB, = 93).

Habitat and distribution: Species of Pharyngocirrus gen. nov.
occur intertidally at sheltered beaches, bays or coves, between
rocks in tidal pools or subtidally. Generally they occur in coarse
sand with a well-defined redox layer.

Etymology: From the Latin, “Pharyngo” (pharynx), as a reference
to the characteristic ventral pharynx; “cirrus”, from latin (curl, tuft)
with reference to the sister taxon Saccocirrus.

Saccocirrus Brobretzky, 1871, emended.

Type species: Saccocirrus papillocercus Brobretzky, 1871.

Included species: Saccocirrus papilocercus Bobretzky, 1871; S.
major Pierantoni, 1907; Saccocirrus orientalis Alikunhi, 1946;
Saccocirrus minor Aiyar e Alikunhi, 1944; Saccocirrus pussicus Du
Bois-Reymond Marcus, 1948; Saccocirrus heterochaetus Jouin,

1975; Saccocirrus parvus Gerlach, 1953; Saccocirrus oahuensis
Baley-Brock et al., 2003; Saccocirrus waianaensis Baley-Baley-Brock
et al., 2003; Saccocirrus cirratus Aiyar and Alikunhi, 1944.
Emended diagnosis: Brown body. Prostomium with two pig-
mented eyes and long filiform palps. Unirramous parapodia with
three types of chaetae: (1) 1-2 long chaetae, robust and forked
with equal or unequal prongs; (2) 2-3 medium spatuled chaetae;
and (3) 2-3 short spatuled chaetae, with notched apex. Females
with bilateral ovaries. Males with bilateral seminal vesicles.
Molecular evidence: The monophyly of Saccocirrus is well suport-
ed by molecular data including both nuclear and mitochondrial
genes (BPP,o =1.00; MLB,,o; =97), as well as by total evidence
analyses including morphological data (BPP;. = 100; MLB¢. = 96).
Habitat and distribution: Species of Saccocirrus are found inter-
tidally in well-oxygenated coarse sand of exposed beaches.

5. Uncited references
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and Palmer (1976), Giere (2009), Hausen (2005), Ing6lfsson (1995),
Katoh and Toh (2008), Orrhage (1974), Rosenzweig (1995),
Stamatakis et al. (2008), Struck (2011, 2007), Struck et al. (2011),
Tamura et al. (2007), Todaro et al. (1996), Westheide and Haf3-Cor-
des (2001) and Westheide and Rieger (1987).
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