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Abstract

Given the pending biodiversity crisis, species delimitation is a
critically important task in conservation biology, but its efficacy
based on single lines of evidence has been questioned as it may
not accurately reflect species limits and relationships. Hence,
the use of multiple lines of evidence has been portrayed as a
means to overcome identification issues arising from gene/
species tree discordance, morphological convergence or recent
adaptive radiations. Here, the integrative taxonomic approach
has been used to address the study of the Monocelis lineata
species complex. The taxonomic resolution of the complex is
challenging, as the species lacks sclerotised copulatory struc-
tures, which as a rule of thumb aid identification in Proseriata.
Eighteen populations, which encompass most of the geographic
range of the complex, were studied using morphology, karyol-
ogy, crossbreeding experiments and molecular analysis. These
different markers provided evidence of four (karyology) to
eight (morphology) discrete entities, whereas crossings showed
various degrees of intersterility among the tested populations.
Molecular species delimitation revealed a different number of
candidate species, spanning from five (ABGD and K/6) to 11
(GMYC). Such incongruences reflect the multifaceted evolu-
tionary history of M. lineata s.1. and hamper the full taxonomic
resolution of the complex. However, two candidate species were
consistently validated by all of the markers and are described as
new species: Monocelis algicola nov. sp. and M. exquisita nov.
sp. The latter species appear to have a restricted distribution,
and the possibility that meiofaunal taxa may be of conservation
concern is discussed.
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Introduction

A recent study of the magnitude of marine biodiversity
downscaled the global number of species to the lower
end of previous estimates (Appeltans et al.,2012). This
result has been challenged on the basis that, in many
taxa, the actual number of cryptic species may be un-
derestimated (Mora et al., 2013; Adams et al., 2014).
The lack of resolution of cryptic complexes, whose
species may have limited geographic ranges and unique
ecological requirements (Cox and Moore, 2005), may
indeed hinder our chances of determining both the
actual level of biodiversity and the extinction risks of
the individual components of a cryptic complex.
Molecular techniques are the preferred tool for the
resolution of cryptic complexes and, although they have
been applied in a minority of instances (see Jorger and
Schrodl, 2013 and references therein), nowadays their
use is increasing following the implementation of new
specific software for automated species delimitation
(see Fontaneto et al., 2015). This is particularly true
for obscure, minute marine meiofaunal organisms, for
which even the description of morphologically distinct
species still lags given the tremendous heterogeneity
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and species-richness of this group. For instance, a re-
cent study of two nominal species of Nemertoderma-
tida, which revealed the existence of 20 supported spe-
cies (Meyer-Wachsmuth et al., 2014), is of particular
interest as it points to the existence of hyper-cryptic
complexes in morphologically simple, ‘worm-like’
taxa that lack clear diagnostic features.

Among meiofaunal organisms, the marine micro-
turbellarians (Platyhelminthes) are a group whose
contribution to marine biodiversity has yet to be fully
assessed (Appeltans et al., 2012). They may be tre-
mendously common and species-rich in littoral ma-
rine habitats (Martens and Schockaert, 1986), rank-
ing second in abundance after Nematoda (Fonseca
et al., 2010), as evidenced by environmental meta-
genomics (Fonseca et al., 2014). This group includes
known examples of hyper-cryptic complexes; for in-
stance, in the supposedly cosmopolitan Gyratrix her-
maphroditus Ehrenberg, 1831, studies of karyotype
and fine morphology have revealed the existence of
seven cryptic species in a small portion of a tidal
creek at Darwin (NT, Australia) (Curini-Galletti and
Puccinelli, 1990). The paucity of diagnostic morpho-
logical characters is particularly felt in a taxon of ma-
rine microturbellaria, the Monocelididae Monoce-
lidinae (Proseriata), where the copulatory organ of
the simplex type (Litvaitis et al., 1996) provides very
limited taxonomic information, and species detection
and diagnoses increasingly rely on nucleotide-based
information (Casu et al., 2009). The case of Monoce-
lis lineata O.F. Miiller, 1774 is exemplary as the nom-
inal species has an unusually wide distribution for an
interstitial microturbellarian, ranging from both
coasts of the North Atlantic through the entire Medi-
terranean and the Black Sea, and a similarly unusu-
ally wide ecological tolerance, occurring in brackish
to marine habitats on any type of substrate (Ax,
1956). In stark contrast, most Mediterranean species
of Proseriata have ranges limited to single sectors of
the basin, and either occur in brackish-water or fully
marine habitats (Martens and Curini-Galletti, 1994;
Delogu and Curini-Galletti, 2009; Casu et al., 2014).
A previous study carried out by means of allozyme
electrophoresis (Casu and Curini-Galletti, 2004) on
15 populations morphologically attributable to M.
lineata, based on the general morphology of the re-
productive structures, suggested the presence of a
complex composed of at least six sibling species in
Europe alone: five species from the Mediterranean
[three (siblings A, B, and E) with a pigmented eye-
shield from brackish areas, one unpigmented (sibling

C) from sandy marine habitats, and one (sibling D)
with a pigmented eye-shield from algae] and one (sib-
ling F) from the Atlantic. However, the study ulti-
mately had no impact on taxonomy due to the lack of
more detailed information about markers other than
the allozymatic patterns.

This study aimed to provide further insights into
the species complex of M. lineata using a multifac-
eted approach. In fact, since the publication of the
paper by Casu and Curini-Galletti (2004), there has
been an emerging consensus that an integrative taxo-
nomic approach (Padial et al., 2010; Schlick-Steiner
et al., 2010 and references therein), which considers
species boundaries from multiple complementary
perspectives, is the best way to overcome the poten-
tial caveats of any species delimitation method (Day-
rat, 2005; Will et al., 2005; Padial er al., 2010).

For the purposes of our study, we planned a work-
flow that established the six siblings, hereafter treated
as OTUs — operational taxonomic units (sensu Sokal
and Sneath, 1963; Sneath and Sokal, 1973, identified
by Casu and Curini-Galletti (2004) as a taxonomic
null hypothesis to be tested against different datasets.
The new data sources included information on karyo-
type, morphology, reproductive biology and genetics
(DNA gene sequences). For the genetic approach, we
chose to use two nuclear ribosomal markers, the com-
plete nuclear small subunit rDNA (18S) gene and the
partial nuclear large subunit rDNA (28S) fragment
(spanning the D1-D6 variable domains). These mark-
ers have been chosen because of their potential in de-
picting the genetic variability at inter-specific level,
combined to their low level of intra-specific varia-
tion, that make them a powerful tool for molecular
phylogeny and taxonomy (see Litvaitis et al., 1996;
Littlewood et al., 2000; Curini et al., 2010; Casu et
al., 2011a; 2014). Furthermore, 18S and 28S genes
represent the most complete molecular dataset avail-
able for Proseriata in GenBank. Molecular datasets
were analysed using automated species delimitation
methods, two of which, GMYC (Pons et al., 2006),
and PTP/bPTP (Zhang et al., 2013), are based on the
PSC (phylogenetic species concept); one, ABGD
(Puillandre ef al.,2012) is based on genetic distances,
and one, K/0 method (Birky er al., 2010) is based on
the 4x rule criterion. Finally, we estimated the diver-
gence time among taxa to obtain a better understand-
ing of the evolutionary pathways (see Lemey and Po-
sada, 2009).
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Material and methods
Taxon sampling

We utilised specimens from populations of the Mono-
celis lineata complex evinced as distinct OTUs by
Casu and Curini-Galletti (2004) (and unpubl. data)
(see Appendix 1 for details). To gain a wider taxonomic
landscape, we designed a molecular dataset with the
available species of the genus Monocelis: M. longiceps
(Dugés, 1830), M. longistyla Martens & Curini-Gal-
letti, 1987, M. fusca Orsted, 1843 and other species
belonging to the subfamily Monocelidinae: Minona
ileanae Curini-Galletti, 1997; Pseudomonocelis ophio-
cephala (Schmidt, 1861); P. occidentalis Curini-Gal-
letti, Casu & Lai, 2011; P. orientalis Curini-Galletti,
Casu & Lai, 2011; P. agilis (Schultze, 1851); P. cetinae
Meixner, 1943; P. cf. cavernicola Schockaert & Mar-
tens, 1987; P. paupercula Curini-Galletti, Casu & Lai,
2011. Archiloa rivularis de Beauchamp, 1910, a Mono-
celididae Duplomonocelidinae (sensu Litvaitis et al.,
1996), and Archimonocelis staresoi Martens & Curini-
Galletti, 1993 (Proseriata: Archimonocelidae) were
chosen as outgroups.

Samplings and isolation of specimens

Samples were collected manually by scooping up the
superficial layer of sediment, or by scratching algae
from the upper infralittoral. Permits for samplings in
the National Park of La Maddalena (Italy) were ob-
tained from the Director of the Park, Dr. M. Gargiulo.
No specific permits were required for other sites,
which were not privately owned or protected. Given
the size of the organisms, the samples collected were
small (in most instances, less than 2 1 of sediments).
Extraction of the animals from the sediment and from
algae was accomplished using MgCl, decantation (see
Casu et al., 2011a and reference therein). Each indi-
vidual was first studied alive by slight squeezing under
the cover slip. Specimens were then retrieved and pro-
cessed for further analyses.

Morphological and karyological analysis

Twenty-two to 33 fully mature specimens per popula-
tion, after relaxation in an isotonic MgCl, solution,
were fixed in Bouin’s fluid and embedded in Paraplast
at 56°. Serial sections were cut at 4 um thickness,
stained in Mayer’s haematoxylin and eosin, and
mounted in Depex.
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Biometric analyses took into account the following
morphological parameters: (1) total body length; (2)
length and (3) width of the copulatory organ; (4) length
of the penis papilla; (5) thickness of the proximal mus-
cle sheath of the copulatory bulb; (6,7) thickness of the
(6) muscular and (7) prostatic components of the penis
papilla; (8) distance between vaginal pore and male
pore; (9) distance between male pore and female pore.
All measurements were performed by the same person
(MCQG) on the same microscope (Leitz DM-RB).

In order to obtain karyometrical information, 15 to
20 specimens per population were placed in a 2% col-
chicine solution for 6 h. Specimens were then put on a
slide, and kept for 5 min in acetic acid 5%. After re-
moval of the solution, specimens were stained with
lactic acetic orcein for about 7 min, covered with a
coverslip, and strongly squeezed. This staining tech-
nique, which can be carried out in field conditions, as
often happened in the course of the research, and with
minimal equipment, does not allow removal of tissues.
For this reason, chromosome plates rarely lie perfectly
at the same focal plane, and, in many instances, need
to be studied through slight movements of the micro-
metric focusing knob, and were unsuitable for photo-
micrography. Measurements were thus obtained from
metaphase plates drawn utilising a camera lucida. The
measured parameters were: relative length (r.1.= length
of chromosome x 100/total length of haploid genome)
and centromeric index (c.i.= length of short arm x 100/
length of entire chromosome).

To test whether the karyological and morphological
characters may yield taxonomic information, unifacto-
rial analysis of variance (ANOVA) was performed on
each variable. Cochran’s C-test was used to test the as-
sumption of homogeneity of variance. Following sig-
nificant effects in the ANOVA (P < 0.01), a posteriori
analyses were performed [Student-Newman—Keuls
(SNK) test], in order to detect homogeneous groupings
of populations at a P = 0.05 (Underwood, 1997).

In order to assign individuals to clusters we fol-
lowed the approach described in Edwards and Knowles
(2014), which combines multivariate and clustering
techniques, with modifications. The method allows to
combine data of different origin (e.g., morphological,
genetic, ecological, etc.) using multivariate non-metric
multidimensional scaling (nMDS) to obtain a new set
of reduced variables (the nMDS dimensions) from
each independent dataset. Such standardized datasets
are then analysed separately or jointly using Gaussian
clustering; in the second case reduced nMDS variables
from each dataset are merged in a unique matrix.
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However, in this study it was not possible to combine
standardized dimensional datasets in a single matrix,
since morphological and karyological as well as ge-
netic analyses could not be performed on the same set
of individuals, due to the small size of the flatworms.
All analyses and packages reported above are imple-
mented in the R 2.15.3 statistical environment (R Core
Team, 2013).

Crossbreeding experiments

Cultures of specimens were maintained in the labora-
tory at 18 + 0.5 °C and 37%o salinity and fed weekly
with crushed Sphaeroma sp. (Isopoda). Reproductive
biology experiments were carried out on one popula-
tion for each of the OTUs proposed by Casu and
Curini-Galletti (2004) (and unpubl. data): ALo (OTU
A), CSo (OTU B), PPx (OTU C), CRo (OTU D), PUo
(OTU E), KFo (OTU F). They all showed good sur-
vival and remarkable longevity in the laboratory. Two
sets of experiments were carried out:

a) Intra-population crossings:

Experiments were carried out by isolating pairs of
newborns in 20 ml containers filled with seawater,
under the culture conditions described above. The
offspring produced weekly by pairs were counted
and relocated. Fifteen replicates (i.e., pairs) were set
for each of the six populations. To exclude bias due to
ageing of specimens, which results in sparse, episod-
ic events of reproduction (unpubl. data), the experi-
ments were carried out for a 20 weeks period. In case
one or both members of the pair died before 20
weeks from the onset of the experiment, the replicate
was considered as lost, and a new pair was set as re-
placement.

b) Inter-population crossings:

Experiment was set as above, but the pair of juve-
niles belonged to different populations. All possible
combinations were tested (i.e., ALo x CSo; ALo x
PPx; ALo x CRo; ALo x PUo; ALo x KFo; CSo x
PPx; CSo x CRo; CSo x PUo; CSo x KFo; PPx x CRo;
PPx x PUo; PPx x KFo; CRo x PUo; CRo x KFo; PUo
x KFo), with 15 replicates per combination (for details
about abbreviation codes see Appendix 1).

ANOVAs were used to analyse differences in repro-
ductive outputs (i.e., the number of offspring pro-
duced) among pairs of specimens of different popula-
tions in the 20 weeks period. Cochran’s C-test was
used to test the assumption of homogeneity of vari-
ance. The SNK test was used a posteriori to compare
means.

DNA extraction, amplification and sequencing

Genomic DNA was extracted using the Macherey-
Nagel NucleoSpin Tissue (MACHEREY-NAGEL
GmbH & Co. KG) according to the supplier’s instruc-
tions. After extraction, DNA was stored as a solution at
4 °C. Complete 18S and partial 28S (spanning variable
domains D1-D6) were analysed for a total of 56 speci-
mens, 45 of which newly sequenced by us, and 11 tak-
en from GenBank (for details about specimens and
sampling localities see Appendix 1).

PCRs for 18S and 28S D1-D6 regions were carried
out using the following primers: 18S: A (forward)
GCG AAT GGC TCA TTA AAT CAG, and B (re-
verse) CTT GTT ACG ACT TTT ACT TCC (Little-
wood and Olson, 2001); 28S D1-D6: LSUS (forward)
TAG GTC GAC CCG CTG AAY TTA AGC A, and
LSUDG6-3 (reverse) GGA ACC CTT CTC CAC TTC
AGT C (Littlewood et al., 2000). PCRs were carried
out in a total volume of 25 pl containing 5 ng/ul of
total genomic DNA on average, 1.0 U of Tag DNA
Polymerase (Euroclone), 1x reaction buffer, 3.5 mM of
MgCl,, 0.32 uM of each primer, and 200 uM of each
dNTP. PCR amplifications were performed in a MJ
PTC 200 Thermal Cycler (Biorad) programmed as
follows: 1 cycle of 2 min at 94° C, 35 cycles of 1 min at
94° C, 1 min at 54° C (18S / 28S D1-D6 primers’ an-
nealing temperature), and 1 min and 30 s at 72° C. At
the end, a post-treatment for 5 min at 72° C and a final
cooling at 4° C were carried out. Both positive and
negative controls were used to test the effectiveness of
the PCR reagents, and the absence of possible contam-
inations.

Electrophoresis was carried out on 2% agarose gels,
prepared using 1x SBA buffer (sodium boric acid, pH
8.2) and stained with a 1 wl/20 ml ethidium bromide
solution. PCR products were purified by ExoSAP-IT
(USB Corporation) and sequenced for both forward
and reverse 18S and 28S D1-D6 strands (by means of
the same primers used for PCR), using an external se-
quencing core service (Macrogen Europe).

Phylogenetic analysis and dating

The 18S and 28S D1-D6 sequences were aligned sepa-
rately using the algorithm Q-INS-I implemented in
Mafft 6.903 (Katoh and Toh, 2008), which is appropri-
ate for non-coding RNA as it considers RNA second-
ary structure. The best probabilistic model of sequence
evolution was determined independently for each gene
using jModeltest 2.1.1 (Posada, 2008), with a maxi-
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mum likelihood optimised search, and both the Akai-
ke Information Criterion (AIC) and the Bayesian In-
formation Criterion (BIC). The model GTR+G (Ta-
varé, 1986) both for 18S and 28S DI1-D6 was selected
by either criterion as the best-fitting model to both se-
quences.

Phylogenetic relationships among taxa were investi-
gated using both Maximum Likelihood (ML) and
Bayesian Inference (BI) on the combined 18S and 28S
D1-D6 sequences.

ML analyses were conducted using the software
RAXMLGUI version 1.3 (Silvestro and Michalak, 2012)
setting the analysis option to ‘ML+ thorough bootstrap’,
which consists in a thorough bootstrap analysis fol-
lowed by a maximum likelihood search. Then, the boot-
strap support values are drawn on the most likely tree.
For each data partition, separate GTR+G models were
used. Analysis was carried out with 10 runs and 1000
bootstrapping replicates. The consensus tree was visu-
alized by means of the software FigTree 1.4.0 (http:/
tree.bio.ed.ac.uk/software/figtree/).

BI was carried out using the software package Beast
1.7.4 (Drummond and Rambaut, 2007). This software
was also used to obtain both the ultrametric tree and
the chronogram for estimating the divergence time
from the most recent common ancestor (TMRCA) for
each clade. Site parameters (Substitution Model =
GTR; Bases Frequencies = Estimated; Site Heteroge-
neity Model = Gamma; Number of Gamma Categories
= 4) have been set according to the model selected by
jModeltest. The lognormal uncorrelated relaxed mo-
lecular clock model was chosen because it assumes
independent mutation rates on different branches. For
the tree prior, the Yule prior process to the speciation
model was applied.

Priors for model parameters and statistics have
been set using a normal distribution, with lower and
upper values set according to Scarpa et al. (2015). Op-
erator parameters have been set following the instruc-
tions on the user manual. In order to obtain an Effec-
tive Sample Size (ESS) greater than 200 for all of the
parameters, a run of 200,000,000 generations was per-
formed, sampling a tree every 20,000 generations. Run
was executed by means of the Cipres Phylogenetic
Portal (Miller et al., 2010). Resulting log files were ex-
amined using the software Tracer 1.6 (Rambaut and
Drummond, 2009). TreeAnnotator (part of the BEAST
package) was used for drawing the chronogram, apply-
ing a Burn-in period of 10%. The chronogram has
been visualised by means of the software FigTree
(http:// tree.bio.ed.ac.uk/software/figtree/).
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Alignments and Bayesian tree-files are deposited and
available in Treebase with the accession number TB2:
S17581.

Species delimitation

We used four different methods of species delimita-
tion. First we applied two methods inspired to the PSC
(Phylogenetic Species Concept), which use the species
tree to delimit species: the GMYC (Generalized Mixed
Yule Coalescent) method by Pons et al. (2006), and the
PTP (Poisson Tree Processes) model and its Bayesian
implementation, the bPTP (Zhang et al., 2013).

The GMYC model tests for a significant shift in the
branching rate along an ultrametric species tree. The
analysis was performed on the ultrametric species tree
resulting from the Bayesian analyses (Fig. 1) by means
of the SPLITS (SPecies LImits by Threshold Statis-
tics) package (Ezard et al.,2009) implemented in the R
statistical environment (available at http:/r-forge.r-
project.org/projects/splits/). As recommended by the
user manual, species entities were identified by means
of the single threshold option, which uses a single
threshold to specify the transition from between- to
within-species branching.

The PTP and bPTP models use the number of sub-
stitutions to assess the speciation rate. Species delim-
itation was performed by means of the bPTP web
server (available at http:/species.h-its.org/ptp/) on
the Bayesian phylogenetic species tree (Fig. 1), using
default options and 500,000 MCMC generations. In
order to test the reliability of results, each run was
checked for convergence by visualising the likeli-
hood plot: if convergence occurred, the chain should
stay at high likelihood locations most of the time dur-
ing the run.

We also applied the ABGD (Automatic Barcode
Gap Discovery) (Puillandre et al., 2012) method on
the combined dataset (18S + 28S D1-D6) using K2P
genetic distances (Kimura, 1980). This method does
not consider phylogenetic relationships within the
dataset, and works on sequences, detecting the bar-
code gap as the first significant gap beyond this limit,
and using it to partition the data (Puillandre et al.,
2012). Species were assessed by means of the ABGD
online tool (available at http://wwwabi.snv.jussieu.fr/
public/abgd/abgdweb.html) using the default settings.
The correct species estimate was selected, as sug-
gested by Puillandre ef al. (2012), using the gene spe-
cific priors for maximum divergence of intraspecific
diversity, corresponding to P = 0.001.
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Fig. 1. Chronogram obtained by Bayesian Inference (BI) showing interrelationships of the species based on combined 18S + 28S D1-
D6. The branch length is proportional to the number of substitutions per site. Node supports are indicated by posterior probabilities for
BI, and bootstraps for Maximum likelihood (ML). The grid indicates the mean divergence time (in myr). A synthetic stratigraphic
chart, in which geological epochs have been placed according to Cohen et al. (2013), is reported below the time bar.

The last method applied is the K/0 (Birky et al., sequence difference between a pair of clades (K), and
2010). This method is based on a speciation model the mean pairwise sequence difference within a clade
relying upon the so-called 4x rule criterion. According (0) is greater than 4, clades are samples from different

to this criterion, if the ratio between the mean pairwise species (Birky, 2013). Thus, the K/0 method estimates
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the probability that two samples are from different
evolutionary species (Birky ef al., 2010). For this test
the topology obtained in present study (see Fig. 1) has
been used. K/0 has been applied on a subset com-
posed by specimens belonging to the M. lineata com-
plex sensu stricto, OTUs D and E, and M. fusca. On
this subset the uncorrected (p-distance) pairwise ge-
netic distances have been calculated by means of the
software Mega 6.06 (Tamura et al., 2011) with 1,000
bootstrap replications. For estimating the ratio K/6,
formulas corrected for sexual organism have been
used as exposed in Birky (2013). Clades that showed
values of K/0 = 4 should be considered as entities
with a 95% probability of having an independent evo-
lutionary history. In order to be as conservative as
possible, for each ratio, the upper values of 0 have
been used.

Results
Morphological data

Values of the nine morphological parameters are
shown in S1. ANOVAs revealed significant differences
in the sample for most of the variables tested, but
groupings, as detected by SNK test (S2), were not con-
sistent among variables.

Stress value of the nMDS ordination was 8.87%,
and the plot of the first two nMDS dimensions did not
evidence a clear separation between individuals be-
longing to different OTUs, with the exception of CRo
(OTU D) (Fig. 2). In addition, the eight clusters identi-
fied by the Gaussian clustering (S3A) of the standard-
ized morphological nMDS dimensions showed a poor
congruence either with the six OTUs based upon the
allozyme data (Casu and Curini-Galletti, 2004), or
with geography, as well as presence/absence of pig-
mented shield. Indeed, with respect to the six OTUs
the classification error was as high as 66%. Nonethe-
less, two Gaussian clusters matched tightly OTU D
(CRo) and OTU E (PUo), respectively (S3A). Using a
probability threshold of 0.95 to assign individuals to a
species cluster, only two specimens from PUo could
not be assigned to any cluster. In the remaining popu-
lations the percentage of unassigned individuals
ranged from 12% (PPx) to 76% (HEo), with the excep-
tion of CSo where all specimens were assigned to the
same cluster with a probability = 0.95. Interestingly,
successfully assigned Mediterranean and Atlantic in-
dividuals were never assigned to the same cluster.
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Karyological data

Values of the six karyological parameters are shown in
S4. ANOVAs performed on karyological variables re-
vealed significant differences among populations, but
SNK failed to detect discrete groupings of populations
(S5), apart from the centromeric index of Chromosome
III, where Mediterranean and Atlantic populations
(with the exception of CRo) were assigned to different
groupings. Furthermore, CRo was uniquely character-
ised for centromeric index of Chromosome II, and
PUo for relative lengths of Chromosomes I and I1I, and
centromeric index of Chromosome III.

The plot of the first two nMDS dimensions sepa-
rated CRo and PUo (OTUs D and E, respectively) bet-
ter than morphological data (Figs 2, 3); the stress value
of the ordination was slightly lower as well (7.24%).
Gaussian clustering of standardized dimensional kary-
ological data detected four clusters (S3B). The classifi-
cation error rate with respect to the OTUs was less
than that corresponding to morphological data (30%).
Two Gaussian clusters corresponded almost perfectly
to CRo and PUo, respectively (S3B), and nearly all in-
dividuals were assigned to the expected cluster with a
probability of = 95%. Once again two specimens from
PUo could not be assigned to any cluster as their prob-
ability did not reach the assumed threshold; conversely
an individual from COo was assigned to the same clus-
ter as individuals from PUo. The remaining individu-
als that could be assigned to a cluster with a probability
= 95% were subdivided into two clusters that roughly
resembled their Mediterranean or Atlantic origin.
Only one Atlantic (from FEo) and eight Mediterranean
specimens (four from PPx and four from CHx) were
misassigned. Furthermore, with the exceptions of CRo
and TJx (where all individuals were assigned), the pro-
portion of unclassified individuals ranged from about
7% (ARX) up to 80% (CSo and PLo).

Crossbreeding experiments

Intra-populational crossing experiments revealed signifi-
cant differences in the number of offsprings produced by
pairs during the 20 weeks period of the test (S6)
(Cochran’s C Test= 0.2792, P>0.05; F=57.21, P<<0.001);
SNK test: PPx=CRo<<ALo=KFo=PUo<< CSo).

On the contrary, no offsprings were produced in
any of the inter-populational crossings performed,
with the unique exception of the test involving pairs
derived from specimens from CSo and ALo, which
produced 1.7437 + 0.8681 offsprings per week.
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Phylogeny and dating numbers). Because both the ML and BI results con-

After the alignment, 1656 and 1596 bp-long sequences
were obtained for the 18S and 28S D1-D6 regions, re-
spectively (see Appendix 1 for the GenBank accession

verged on the same topology, we reported only the
Bayesian tree (Fig. 1). All of the main nodes in the tree
are highly supported by both bootstrap values and pos-
terior probability.
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Fig. 4. Summary of the results obtained by all species delimitation methods applied. The first row refers to the six OTUs obtained in a
previous paper (Casu and Curini-Galletti, 2004), here used as null hypothesis. For morphological and karyological datasets, colours
and patterns inside the squares correspond to the clusters identified using Gaussian clustering to which specimens have been assigned,
respectively. Only those individuals that have been successfully assigned to a cluster above the 95% probability threshold have been
reported in the figure. Squares containing different colours or patterns correspond to populations in which individuals were success-
fully assigned to more than one cluster. Amount of colours or patterns is proportional to the number of individuals assigned to each

cluster.

Populations attributed to the Monocelis lineata
species complex were not monophyletic as Monocelis
fusca (MFU) is nested among them. In particular,
MFU is the sister taxon of PUo, whereas CRo shows
a sister-taxon relationship with the clade including
the rest of the Mediterranean and Atlantic popula-
tions. The remaining Mediterranean samples consti-
tute a monophyletic group split into two reciprocally
monophyletic clades, one composed of individuals
from marine habitats and one of individuals from
brackish habitats (Appendix 1). Samples from the
brackish habitats were further split into two clusters
representative of the two brackish taxonomic units
retrieved by allozyme electrophoresis analyses
(OTUs A and B). Conversely, individuals belonging
to the Atlantic populations do not form a monophyl-
etic clade but are paraphyletic because FEo clustered
externally to the Mediterranean populations. Re-
markably, the tree shows that the Monocelis genus
itself is paraphyletic; indeed, Monocelis longiceps
(MLS) results as an outgroup of the clade composed
by all of the specimens belonging to the genus Pseu-
domonocelis + Minona ileanae (MIL), although this
clustering is very low supported.

The estimated ucld.stdev parameter amounts to 0.977
and 0.691 for 18S and 28S, respectively, indicating that
our dataset is clock-like (i.e., it does not show substantial
rate heterogeneity among lineages). The divergence
times for the whole dataset are reported in Fig. 1, S7.

Molecular species delimitation

The results for the whole dataset are as follows: i) the
GMYC model identified a total of 24 entities (CI =
8-27), 12 of which are represented by singletons and 12
by clusters (CI = 2-13) (likelihood ratio test of the null
against the mixed model: 5.4e-05, P < 0.001); ii) the
PTP/bPTP method identified a total of 20 entities (CI =
16-25), and iii) the ABGD method, checked at the prior
maximal distance (P = 0.001), identified 15 entities.
Regarding the M. lineata complex 1) the GMYC
model found five entities among the Mediterranean
samples and six in the Atlantic; ii) the PTP/bPTP
model found a total of seven entities, three from the
Mediterranean and four from the Atlantic; iii) the
ABGD method found four entities in the Mediterra-
nean and one in the Atlantic, and iv) the K/0 method
delimited three and two entities from the Mediterra-
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nean and Atlantic, respectively. For details on the spe-
cies delimitation results, see Fig. 4 and S8, S9, S10,
S11.

Discussion

The study of free-living Platyhelminthes can be chal-
lenging due to the limited number of characters with
taxonomic and phylogenetic weight. However, in
some interstitial microturbellarian taxa, such as the
Rhabdocoela, the complex morphology of the sclero-
tised pieces of the copulatory organ (and, in some in-
stances, of the female reproductive system) allows for
species discrimination with a certain degree of confi-
dence (see e.g., Artois, 2008). However, these charac-
ters are not always present; among the order Prose-
riata, the Monocelididae Monocelidinae usually lack
sclerotised parts in their copulatory organ (see e.g.,
Litvaitis et al., 1996), substantially reducing the num-
ber of characters available for study. This limitation
calls for the utilisation of markers other than mor-
phology, particularly molecular markers, which have
significantly contributed to the detection of species
boundaries (e.g., Casu et al., 2011a; Casu et al., 2014,
Leasi and Norenburg, 2014 and references therein).

In our study, we considered the six OTUs identified
by Casu and Curini-Galletti (2004) as candidate spe-
cies (null hypothesis). Multiple lines of evidence (i.e.,
morphometric and karyometric data; reproductive bi-
ology; genetic data from two nuclear loci, analysed
using a phylogenetic approach and four different spe-
cies delimitation methods) were tested on 18 popula-
tions, which span most of the range of the species
complex. The patterns revealed by these markers were
not entirely congruent:

Morphology: Of the eight clusters identified, two
matched OTUs D and E (CRo and PUo, respectively).
The rest of the Mediterranean and all of the Atlantic
specimens were grouped into six clusters with no cor-
respondence to the OTUs (Figs 4, S3A).

Karyology: Two of the four clusters detected by
Gaussian clustering matched OTUs D and E, with the
exceptions mentioned above. However, specimens
from the populations attributed to the four OTUs (A
- C, F) were assigned to only two clusters, which were
predominantly but not exclusively based on geogra-
phy (Mediterranean vs Atlantic) (Figs 4, S3B).

Reproductive biology: The experiment indicated a
barrier to crossbreeding among the studied popula-
tions, with the exception of specimens of OTUs A

(ALo) and B (CSo), which showed reduced fertility
compared to crossings involving specimens from the
parental populations. On the other hand, PLo (also be-
longing to OTU B), did not crossbreed with other
OTUs (S6). Distinct allopatric lineages may show re-
productive compatibility (de Queiroz, 2005), and the
results do not necessarily disprove the null hypothe-
sis, which appears to be supported by the presence of
reproductive barriers among the rest of the study pop-
ulations.

Molecular analysis: Our phylogenetic analysis in-
dicated that Monocelis fusca (MFU), which was ini-
tially assumed to be the sister taxon to our study case,
clustered within the M. lineata complex. The status of
M. fusca as a valid species has never been questioned:
among other features, it is characterised by the pres-
ence of a copulatory stylet variable in length (see
Graff, 1913). The other Monocelis species with a cop-
ulatory stylet in our database, M. longistyla (MLA)
appears to be only remotely related to M. fusca (Fig.
1), which raises questions about how a stylet may be
acquired/lost in Monocelididae. However, this is be-
yond the scope of our paper.

Within the M. lineata complex (henceforth exclud-
ing M. fusca), the results of the molecular-based spe-
cies delimitation methods were not consistent as they
detected different numbers of entities (Fig. 4). For in-
stance, within the Mediterranean populations, GMYC
merged the brackish OTUs A and B and split the ma-
rine populations (OTU C) into two entities, from the
western (PPx) and eastern Mediterranean (CHx). In
contrast, the K/0 indicated no separation among
OTUs A, B and C. Even more heterogeneous are the
results obtained for the Atlantic populations (Fig. 4)
from which we found one (ABGD) to six (GMYC)
different entities. Although we cannot rule out that the
different numbers of entities identified by the four
methods may reflect the different modelling assump-
tions (Carstens et al., 2013), the recent divergence
time may account for the discrepancy in the number
of entities obtained by the species delimitation meth-
ods (Fig. 4), as detecting species boundaries tends to
be less accurate when divergence times are low (Puil-
landre et al., 2012; Birky, 2013; Fujisawa and Barra-
clough, 2013). For instance, our results dated the basal
node of the A, B and C OTUs to approximately
800,000 years ago (Fig. 1, S7) and set the divergence
time between PPx and CHx at only 530,000 years ago
(Fig. 1, S7). In addition, within the Atlantic entities,
divergences dated from approximately 700,000 to
330,000 years ago (Fig. 1, S7).
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In this context, it is surprising that GMYC, one of
the most widely used methods (see Tang ef al., 2012
and references therein), identified quite a few Atlantic
populations as distinct entities, i.e., FEo, HEo, RSx,
TJx, and KQo (Fig. 4). These populations are located
in geographic areas recognised as Quaternary age ref-
ugia for M. lineata (Casu et al., 2011b). Thus, the com-
plex phylogeography of Monocelis lineata s.s. in the
Atlantic might have clouded the pattern, as intraspe-
cific divergence can accumulate over evolutionary
time in geographically isolated populations (Norris
and Hull, 2012). It should be noted that the rate of ge-
nome evolution may vary significantly according to
species characteristics, ecological factors, aspects of
evolutionary history and life history traits (Thomas et
al., 2010 and references therein). Accordingly, poor
dispersal capabilities, as shown by the Proseriata
(Curini-Galletti et al., 2012) may promote adaptation
to local conditions and enhance intraspecific genetic
and phenotypic variation.

Notwithstanding the largely unresolved taxonomic
scenario, two populations, CRo and PUo (OTUs D and
E, respectively), were consistently validated by multi-
ple lines of evidence (see Appendix 2; see also Tables
1, 2 for molecular pure diagnostic characters) and rep-
resent candidate species belonging to the CCS catego-
ry (confirmed candidate species), i.e., entities that can
be delimited by molecular data and are also supported
by other data but have not yet been formally described
and named (see Vieites et al.,2009). There may be few
objections to attributing the rank of species to these
highly characterised lineages. Indeed, in addition to
the molecular data, the two populations are uniquely
characterised by morphological and/or karyological
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data (see Appendix 2). This de facto outcome reduces
the M. lineata complex to OTUs A, B, C, and F of the
primary hypothesis, with the two new species and M.
fusca as sister taxa, and stresses the importance of ex-
tensive taxonomic and geographic sampling.

Naming the species

Although integrative taxonomy gives priority to spe-
cies delineation and not to the creation of new names
(Dayrat, 2005), the importance of naming species that
result from the validation of the primary species hy-
potheses should not be underestimated. Without a for-
mal description, in fact, newly discovered species may
not be documented and adequately vouchered, and re-
producibility can thus be hindered and confusion can
result from the different numbering systems of the
OTUs (Jorgen and Schrodl, 2013).

The synonymy of Monocelis lineata is vast (see
Graff, 1913), and the first nomenclatural problem is de-
termining to which of the populations the nominal
taxon applies. The taxon was introduced by O.F. Miil-
ler (1774: pp 60, 61) for specimens found ‘in littore
maris Balthici’ with a pigmented eye-shield. At pre-
sent, M. lineata is known to occur throughout most of
the Baltic, from the @resund to Finland (Luther, 1960;
Karling, 1974). Baltic specimens have a vertically
elongate, elliptical copulatory organ and a vagina-
male pore distance that is markedly longer than the
male pore-female pore distance (Luther, 1960). In our
sample, the pigmented population that is closer to the
type locality is HEo from the @resund. Indeed, this
population shows a muscular, ovoid-elongate copula-
tory organ; the pore ratio is 3.68: 2.12: 1 (based on 15

Table 1. Molecular pure diagnostic characters based on the 18S and 28S genes for CRo. Nucleotide positions refer to CRo sequences
(GenBank accession number: KR364646-50 for the 18S gene and KR364691-95 for the 28S D1-D6 fragment).

Marker Molecular Pure Diagnostic Characters
18S 56 (G); 67 (C); 68 (A); 127 (T); 169 (C); 241 (G); 360 (A); 611 (C); 735 (A); 917 (A); 1293(C)
28S 443 (A); 602 (G); 615 (T); 653 (A); 679 (C); 839 (A); 889 (A); 1473 (T)

Table 2. Molecular pure diagnostic characters based on the 18S and 28S genes for PUo. Nucleotide positions refer to PUo sequences
(GenBank accession number: KR364641-45 for the 18S gene and KR364686-90 for the 28S D1-D6 fragment).

Marker Molecular Pure Diagnostic Characters

185 214 (T); 652 (A); 1232 (A)

288 431 (A); 448 (C); 597 (G); 599 (G); 622 (G); 644 (C); 668 (T); 841 (A); 853 (T); 887 (A); 1099 (G); 1470 (C); 1487 (G)
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specimens; see Appendix 2 for the explanation of the
ratio) (Fig. 5I-M). HEo specimens have a karyotype
with isobrachial chromosomes that are almost even in
size (Fig. 5M, S4). To the best of our knowledge, this
population may be taken as representative of the nom-
inal species. Most of the taxa synonymised with M.
lineata are based on populations from the NE Atlantic
Ocean (Graff, 1913), and the original, extremely poor
descriptions and the lack of museum specimens for
comparison make their classification problematic if
not impossible (Karling, 1966) and should best be con-
sidered to be nomina dubia.

In any case, the taxonomic classification proposed
for the northern European populations does not appear
applicable to the two Mediterranean populations. They
are distinct from any of the known Atlantic popula-
tions for almost any marker considered and are charac-
terised by univocal morphological, karyological, and
molecular markers (this paper). We therefore describe
PUo (OTU E) and CRo (OTU D) as new species,
namely Monocelis exquisita nov. sp. and Monocelis
algicola nov. sp., respectively (see Appendix 2).

A conservation issue?

A shared trait of the new species is their apparent re-
stricted distribution; both are known from only one
station. Monocelis algicola nov. sp. is the only Medi-
terranean Monocelis species occurring on algae. Since
the habitat has not been thoroughly sampled elsewhere
for Proseriata, the species may be more widespread
than presently known.

Monocelis exquisita nov. sp. may prove to be a dif-
ferent case. It is only known from a shallow brackish
water habitat in Northern Sardinia (Porto Puddu).
Specimens were first sampled in 2002 (Casu and
Curini-Galletti, 2004), and at that time, the species
was present throughout the inlet and in an adjacent
creek mouth. Afterwards, the area underwent massive
modifications due to the construction of a pier and a
marina (S12) and a real estate development. Extensive
sampling performed in June 2014 revealed that the
species had possibly disappeared from most of the sta-
tions where it was common in 2002, and its presence
was only confirmed in the unaffected creek (S12).
Closely related species of the genus Pseudomonocelis
Meixner, 1943 have strict sediment preference, and
populations have disappeared after natural or human
mediated sedimentary imbalance (Cognetti and
Curini-Galletti, 1993; Casu and Curini-Galletti, 2006).
The apparent disappearance of the inlet population of

M. exquisita nov. sp. may thus be linked to the ob-
served silting of the sediments of the area, presumably
caused by reduced exchange with the sea following the
construction of the pier.

Brackish water habitats, and especially brackish
microhabitats, are numerous throughout Sardinia, and
it would be pretentious to assume that we managed to
sample all of the habitats suitable for the species. How-
ever, over the years, extensive sampling along most of
the Sardinian coast (our own unpubl. data) failed to
detect the species. Instead, we consistently found one
or the other of OTUs A and B. Brackish areas were not
as thoroughly investigated for Proseriata outside of
Sardinia, but we have conducted numerous sampling
campaigns in many parts of the northern and central
Mediterranean (mostly unpubl. data). In most of the
brackish areas of the Mediterranean, one or the other
of OTUs A and B were abundantly found, but in none
of them were specimens of M. exquisita present. The
demise of the species in its only known station is thus
particularly worrying.

The species meets the TUCN criteria of Critically
Endangered (CR), as the species is: “... known to exist
at only a single location.” (point V, B2.a), and the area,
extant and quality of habitat is in “continuing decline,
observed, inferred or projected ...” (point V, B2.b iii)
(IUCN Red List Categories and Criteria. Version 3.1,
2001).

Conclusion

Discrepancies among markers and methods may con-
tribute to the elucidation of their limits. Indeed, al-
though genetic data have recently became the primary
workhorse used for species delimitation, an uncritical
adoption of any species delimitation method in this
case would have resulted in a taxonomic resolution
that might have not reflected the evolutionary history
and speciation processes of the M. lineata complex.

Purely genetic methods can inadequately describe
diversity and require significant amounts of genetic
data to delimit rapid radiation (Edwards and Knowles,
2014 and references therein), and evolutionary pro-
cesses may impact the detection of species using only
a single datatype (either genetic or morphological).
The integration of information from as many markers
as possible, i.e., integrative taxonomy, remains thus the
best option for overcoming the limits of a single source
of data.

Although we partially resolved the M. lineata com-
plex by describing two new species, there is evidence
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pointing to the existence of an Atlantic-Mediterranean
hyper-cryptic complex, which still needs to be ex-
plored. More researches involving more populations
across biogeographic breaks, more inclusive cross-
breeding experiments, and the adoption of molecular
markers better tailored to tackle the rapid radiations
that occur along morphological/ecological axes (see
Wagner et al., 2013 and references therein) are still
needed.

Our research has involved a number of populations
and extensive coverage of a geographic area, which is
unusual in studies of meiofauna, and a potentially in-
teresting outcome is that these minute organisms,
which are usually completely neglected in overviews
of marine biodiversity conservation (e.g., Bianchi,
2007), may have restricted distributions (see also Casu
and Curini-Galletti, 2006; Casu et al., 2009, 2011a,
2012, 2014; Leasi and Norenburg, 2014), and can be
particularly affected by the alteration of habitats, fac-
ing the threats of silent extinction.
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S1. Biometrical data (means + SD) of populations of the Monocelis lineata complex (for details see Materials and
Methods). Values are in um. Characters: 1 = Total body length; 2 = Length of the copulatory organ; 3 = Width of
the copulatory organ; 4 = Length of the penis papilla; 5 = Thickness of the proximal muscle sheath of the copula-
tory bulb; 6 = Thickness of the muscular components of the penis papilla; 7 = Thickness of the prostatic components
of the penis papilla; 8 = Distance between vaginal pore and male pore; 9 = Distance between male pore and female
pore.

S2. Results of Cochran’s C-test (C), analysis of variance (F)) and Student—-Newman—Keuls test (SNK) on morpho-
logical parameters of populations of the Monocelis lineata complex (for details see Materials and Methods). The
significance of C-test in parameters 1 and 9, even after transformation, pointed to dishomogeneity of variances, and
precluded further analysis. Characters: 1 = Total body length; 2 = Length of the copulatory organ; 3 = Width of the
copulatory organ; 4 = Length of the penis papilla; 5 = Thickness of the proximal muscle sheath of the copulatory
bulb; 6 = Thickness of the muscular components of the penis papilla; 7 = Thickness of the prostatic components of
the penis papilla; 8 = Distance between vaginal pore and male pore; 9 = Distance between male pore and female
pore.

NS = Not significant; ** = P < 0.01; *** = P < 0.001.

§3. Gaussian clustering of A) morphological, and B) karyological data, represented by barplots of individual assign-
ment probabilities. Each individual is represented by a vertical bar, divided into coloured segments, each of which
represents a cluster. Height of the segments is proportional to the probability of assignment. Barplots were con-
structed using Distruct 1.1 (Rosenberg, 2004).

S4. Karyometrical data (means + SD) of populations of the Monocelis lineata complex (for details and explanation
of abbreviations, see Materials and Methods).

S5. Results of Cochran’s C-test (C), analysis of variance (F) and Student—Newman—Keuls test (SNK) on karyologi-
cal parameters of populations of the Monocelis lineata complex (for details and explanation of abbreviations, see
Materials and Methods). * = after sqrt (x+1) transformation.

NS = Not significant; *** = P < 0.001.

S6. Reproductive outputs (offsprings x pair x week; means + SD) of the six populations of the Monocelis lineata
complex (for details and explanation of abbreviations, see Materials and Methods).

§7. Chronogram obtained by Bayesian Inference (BI) showing the interrelationships of the species based on the
combined 18S + 28S D1-D6 dataset. The branch length is proportional to the number of substitutions per site. The
grid indicates the mean divergence time (in myr). Node values indicate the range of divergence time (in myr).

S8. Results of species delimitation obtained by GMYC, performed on the ultrametric species tree resulting from the
Bayesian analyses. The “Individuals” column shows the number of specimens for each found entity. The “Taxon ID”
column shows how many specimens have been assigned to the corresponding entity.

S9. Results of species delimitation obtained by PTP, and its Bayesian implementation bPTP, performed on the
Bayesian phylogenetic species tree. The “Individuals” column shows the number of specimens for each found entity.
The “Taxon ID” column shows how many specimens have been assigned to the corresponding entity.

S10. Results of species delimitation obtained by ABGD on the combined dataset (18S + 28S D1-D6) using K2P
genetic distances (Kimura, 1980). The “Individuals” column shows the number of specimens for each found entity.
The “Taxon ID” column shows how many specimens have been assigned to the corresponding entity.
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S11. Results of K/8 applied to nine pairs of sister clades (see Fig. 1 for topology details), representative of the taxa
here discussed (i.e., Monocelis lineata complex sensu stricto, M. exquisita, M. algicola, M. fusca). The “Taxon ID”
column shows clades which were compared. In order to be as conservative as possible, for each ratio the upper val-
ues of 6 have been used. Therefore, asterisks in the “K/6” column indicate which values have been considered for
the choice of the results. Clades that showed values of K/0 ratio has = 4 are considered as entities with a 95% prob-
ability of having an independent evolutionary history.

S12. Map of the Porto Puddu area (north Sardinia) (pointed by the arrow in the inset), showing sampling sites and
position of the pier (arrow) at the entrance of the lagoon. Y present known distribution of Monocelis exquisita nov.
sp-; 3 sites where the species has not been found since 2004; O: species absent in 2004 and 2015.
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Appendix 1

Scarpa et al. — Species delimitation in interstitial flatworms

List of populations sampled. Accession numbers of sequences refer to GenBank codes. G = number of specimens
used for genetics analyses. * The suffixes “0” and “x” indicate the presence and the absence of the eye pigment,
respectively. ®* The codes KFo and TJx here substitute ICo and SVx in Casu and Curini-Galletti (2004), respectively.
¢ Sibling codes used in Casu and Curini-Galletti (2004). ¢ Abbreviation “Br” and “Ma” indicate brackish-water and
marine populations, respectively. ¢ Superscript codes refer to the specific analysis applied to individuals: M = morphol-
ogy; K = karyology; R = reproductive biology; G = genetics. Accession numbers of newly sequenced taxa are in bold.

Family Species Abbreviation*  Sibling codes* Habitat?

Monocelididae Monocelis exquisita nov. sp. PUo E Br
Monocelis algicola nov. sp. CRo D Ma
Monocelis lineata OF Miiller, 1774 COo A Br
Monocelis lineata OF Miiller, 1774 ALo A Br
Monocelis lineata OF Miiller, 1774 CSo B Br
Monocelis lineata OF Miiller, 1774 PLo B Br
Monocelis lineata OF Miiller, 1774 PPx C Ma
Monocelis lineata OF Miiller, 1774 CHx C Ma
Monocelis lineata OF Miiller, 1774 FEo - Ma
Monocelis lineata OF Miiller, 1774 KQo - Ma
Monocelis lineata OF Miiller, 1774 KFo" F Ma
Monocelis lineata OF Miiller, 1774 Tlo - Ma
Monocelis lineata OF Miiller, 1774 TIx® F Ma
Monocelis lineata OF Miiller, 1774 ARo - Ma
Monocelis lineata OF Miiller, 1774 ARXx - Ma
Monocelis lineata OF Miiller, 1774 RSo - Ma
Monocelis lineata OF Miiller, 1774 RSx - Ma
Monocelis lineata OF Miiller, 1774 HEo - Ma
Monocelis longiceps (Duges, 1830) MLS - -
Monocelis longistyla Martens & Curini-Galletti, 1987 MLA - -
Minona ileanae Curini-Galletti, 1997 MIL - -
Monocelis fusca Orsted, 1843 MFU - -
Archiloa rivularis de Beauchamp, 1910 ARI - -
Pseudomonocelis ophiocephala (Schmidt, 1861), POP - -
Pseudomonocelis occidentalis Curini-Galletti, Casu & Lai, 2011 POC - -
Pseudomonocelis orientalis Curini-Galletti, Casu & Lai, 2011 POR - -
Pseudomonocelis agilis (Schultze, 1851) PAG - -
Pseudomonocelis cetinae Meixner, 1943 PCE - -
Pseudomonocelis cf cavernicola Schockaert & Martens, 1987 PCA - -
Pseudomonocelis paupercula Curini-Galletti, Casu & Lai, 2011  PPA - -

Archimonocelididae Archimonocelis staresoi Martens & Curini-Galletti, 1993 AST - -
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Date of collection® Latitude Longitude Locality G 18S 28S D1-D6

2002MKRG 2() 14K 41.983 9.317 Porto Puddu (Sardinia, Italy) 5 KR364641-45 KR364686-90

2002MKRG 41.500 8.933 Cala Rossa (Sardinia, Italy) 5 KR364646-50 KR364691-95

2012MKe 39.354 9.593 Colostrai (Sardinia, Italy) 3 KR364628-30 KR364673-75

2003MKRG 31.294 30.021 Al Iskandariyya (Egypt) 1 KR364631 KR364676

2002MK 20126R 40914 8.228 Casaraccio (Sardinia, Italy) 2 KR364651-52 KR364696-97

2012MKG 40.863 8.282 Pilo (Sardinia, Italy) 1 KR364627 KR364672

20028 2003Mk 2012¢ 41.191 9.286 Porto Pozzo (Sardinia, Italy) 6 KR364619-24 KR364664-69

2007MKG 36.167 28.097 Charaki (Rhodes, Greece) 2 KR364625-26 KR364670-71

2004MKG 43.479 -8.260 Ferrol (Galicia, Spain) 2 KR364632-33 KR364677-78

2008%6 52.171 -6.589 Kilmore Quay (Ireland) 2 KR364634-35 KR364679-80

2001 MKRG 63.988 -22.541 Keflavik (Iceland) 1 KR364638 KR364683

2007MKe 58.871 11.141 Tjarno (Sweden) 1 KR364653 KR364698

2007MKG 58.878 11.116 Tjarn6 (Sweden) 4 KR364636-37; KR364681-82;
KR364654; KR364699;
KR364656” KR364701

2009%6 55.631 -4.793 Ardrossan (Scotland) 1 KR364655 KR364700

2009% 55.631 -4.793 Ardrossan (Scotland) - - -

2013MK 48.727 -3.988 Roscoff (France) - - -

2013MKe 48.727 -3.988 Roscoff (France) 2 KR364657-58 KR364702-03

2006MKG 56.042 12.611 Helsingor (Denmark) 2 KR364639-40 KR364684-85

- - - Al-Maharas (Tunisia) - KC971064 KC971087

2010¢ 41.183 9.465 La Maddalena (Sardinia, Italy) 1 KR364618 KR364663

- - - Great Bitter Lake (Egypt) - JN224905 JN224910

2009¢ 55.631 -4.789 Ardrossan (Scotland) KR364614-17 KR364659-62

- - - Unknown - u70077 U40049

- - - Porto Torres (Sardinia, Italy) - JN224895 JN224907

- - - Porto Pozzo (Sardinia, Italy) - JN224894 JIN224909

- - - Maliakos (Greece) - JN224896 JN224908

- - - Helsinggr (Denmark) - JN224897 JN224912

- - - Omi_ (Croatia) - JN224899 JN224913

- - - Dongwe (Zanzibar) - JN224900 JN224914

- - - Akko (Israel) - IN224901 IN224915

- - - Porto Cesareo (Lecce, Italy) - AJ270152 AJ270166
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In the following descriptions, Pore Index (a/c: b/c: c) is
based on the following distances: a = mouth - vagina;
b = vagina - male pore; ¢ = male pore - female pore,
with ¢ = 1. Karyotype formula is represented as fol-
lows: fundamental number (NF) (according to Mat-
they, 1949); relative length and centromeric index of
each chromosome; chromosome nomenclature within
parentheses (m = metacentric; sm = submetacentric; st
= subtelocentric; t = acrocentric).

Molecular diagnostic characters were checked on a
subset composed by specimens belonging to the two
new species, M. lineata complex sensu stricto, and M.
fusca, in which molecular pure characters have been
underlined (see Tables 1, 2). The state of the pure char-
acters is present only across all members of a single
clade (see Jorger and Schrodl, 2013).

This published work and the nomenclatural acts it
contains have been registered in Zoobank, the online
registration system for the ICZN. The ZooBank LSIDs
(Life Science Identifiers) can be resolved and the as-
sociated information viewed through any standard
web browser by appending the LSID to the prefix
http://zoobank.org/. The LSID for this publication is:
urn:lsid:zoobank.org:pub:FSF588A8-EE88-4FAE-
BO5D-99B8F9439F5E. The electronic edition of this
work was published in a journal with an ISSN, and has
been archived.

Types have been deposited at the Swedish Museum
of Natural History (SMNH) (Stockholm, Sweden) and
in the collections of the Zoological Museum (CZM),
University of Sassary (Italy).

Phylum Platyhelminthes Minot, 1876
Order Proseriata Meixner, 1938

Family Monocelididae Hofsten, 1907
Subfamily Monocelidinae Midelburg, 1908
Genus Monocelis Ehrenberg, 1831

Monocelis algicola Curini-Galletti and Casu nov. sp.
urn:lsid:zoobank.org:act:D81936 DB-350B-4042-8373-
EC8BY9EF7COAF

(Fig. 5A-D)

Holotype.ltaly: Sardinia, Cala Rossa (Lat.41.027595N;
Long. 8.892886E), 2-3 m deep on algae (05.15.2002):
one specimen sagittally sectioned (SMNH-Type-8770).

Paratypes: same data as holotype, 32 specimens
sagittally sectioned (CZM 614-645).

Other material: 15 specimens studied karyologi-
cally (in non-permanent mounts); five specimens se-
quenced.

Etymology: the specific epithet refers to the habitat

of the species (from latin alga: seaweed; colere: to
dwell).
Description. A very slender Monocelis, slightly taper-
ing anteriorly. Living specimens very active; extreme-
ly adhesive due to the presence of numerous adhesive
glands in the tail. The fixed holotype is 2.8 mm long:
living, extended specimens up to 3 mm long. Many
specimens show faint, irregular brownish lines in the
cephalic area. With a large, pigmented eye-shield, just
in front of the statocist. Epithelium with insunk nuclei,
ciliated (cilia about 4 um long) apart from the dorsal
side of the caudal tip. With two types of rhabdoid
glands: a) large, up to 30 um long, numerous dorsally
and caudally, with fine, filamentous content, appearing
dot-like in transverse sections; b) smaller (up to 15
pum), more globular glands, with much thicker content
(about 0.5 um in diameter), particularly abundant cau-
dally. With well developed ventral longitudinal mus-
culature; rest of subepidermal musculature poorly de-
veloped. With a short, tubular pharynx, about 1/9" to-
tal body length, almost at mid-body. The pharynx is
ciliated (cilia 3-4 pm long) a part from distal tip, where
pharyngeal glands discharge. Musculature layers in-
verted with respects to body musculature, poorly de-
veloped a part from the layers surrounding the inner
lumen. Oesophagous 1/4th to 1/5th the total length of
the pharynx.

Male genital system. With about 30 testes, irregu-
larly arranged in front of the pharynx. The copulatory
organ is spherical (48.8 + 1.03 um wide, 47.18 + 0.93
pm high; 30 measurements) (Fig. 5C). It consists of a
seminal vesicle, surrounded by a thin muscular layer,
and provided with a short penis papilla. Thin (up to 2
pum), proximal musculature mostly longitudinal. Penis
papilla 7.31 £ 2.01 um long, surrounded by a thin mus-
cular coating. The proximal basis of the papilla is lined
by stronger, circular muscles. The penis papilla is lined
internally by a thick layer of prostatic tissue, whose
cell nuclei are mostly located outside the copulatory
organ. Prostatic secretion dot-like. Male atrium small;
opening to the outside though the male pore.

Female genital system. Ovaria just in front of phar-
ynx. Vitellaria run from the level of the first testes to in
front of bursa. Oviducts join behind pharynx to form
an unciliated female duct. Just in front of the copula-
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Fig. 5A-D: Monocelis algicola nov. sp.: sagittal reconstruction of the genital area (A); general organisation of a live specimens (B);
sagittal section of copulatory organ (C); spermatogonial metaphase plate; arrows point to heterobrachial Chromosome II (D). E-H:
Monocelis exquisita nov. sp.: sagittal reconstruction of the genital area (E); general organisation of a live specimens (F); sagittal sec-
tion of copulatory organ (G); spermatogonial metaphase plate; arrows point to Chromosome III (H). I-M: Monocelis lineata s.s.: sagit-
tal reconstruction of the genital area (I); sagittal section of copulatory organ (H); spermatogonial metaphase plate (M), from specimens

from Helsingor, Denmark (HEo). Scale bar : C, G, L = 10 um; D, H, M = 5 um. Abbreviations used in figures: b: bursa, co: copulatory
organ, e: eye, fd: female duct, fg: female glands, fp: female pore, gl: gut lumen, ml: muscular lining, mp: male pore, ov: ovary, pg:
prostatic glands, ph: pharynx, pp: penis papilla, pt: prostatic tissue, rh: rhabdoid gland, sp: sphincter, st: statocist, t: testis, v: vagina, vi:

vitellaria, vs: seminal vesicle.

tory organ, the female duct is connected ventrally to a
short, unciliated vaginal duct (10-15 pm long), sur-
rounded by a strong sphincter, and opening to the out-
side through a vagina. Immediately above this duct, a
very short bursal duct, also surrounded by a strong
muscular sphincter, leads to a large bursa, up to 100
wm across, consisting mostly of resorbing vacuoles,
many of which abutting the gut, with sperm in differ-

ent stages of degeneration. Distally to this vaginal-
bursa complex, the female duct is lined with an irregu-
lar, high, at least partly resorbiens epithelium, runs
over the copulatory bulb and opens to the outside just
posterior to the male pore through a female pore, sur-
rounded by female glands (Fig. SA).

Karyotype. Chromosome number n=3. With a dis-
tinctly heterobrachial chromosome pair. Chromosome
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I and II nearly even in size; Chromosome III about
83% the size of Chromosome I. Karyotype formula:
FN=5; Chromosome I: 35.69 + 0.56; 42.19 = 0.8 (m);
Chromosome II: 34.88 +0.62; 9.26 +0.78 (t); Chromo-
some III: 29.46 + 0.43; 44.15 £ 0.61 (m) (Fig. 5D).
Diagnosis. slender Monocelis species with a large,
pigmented eye-shield. With large rhabdoids with thin
fibrillar content, and smaller rhabdoids with coarser
content. With about 30 testes. Spherical copulatory or-
gan (about 48 um across), with a thin muscular coat-
ing, and a poorly developed penis papilla, with a thick
layer of prostatic tissue. Prostatic secretion finely gran-
ular. With a large, mostly resorbiens bursa, and a va-
gina close to male pore; female duct at least partly re-
sorbiens distally. Karyotype with n=3, and Chromo-
some II acrocentric. Pore Index: 6.7: 0.9: 1.
Molecular diagnosis: see Table 1.

Monocelis exquisita Curini-Galletti and Casu nov. sp.
urn:lsid:zoobank.org:act:26F6E96F-1D4C-4275-87E4-
895285647043

(Fig. 5E-H)

Holotype.Italy: Sardinia, Porto Puddu (Lat.41.192306N;
Long. 9.340800E), lagoon, about 30 cm deep in coarse
silty sand (07.01.2002): one specimen sagittally sec-
tioned (SMNH-Type-8769).

Paratypes: same data as holotype, 29 specimens
sagittally sectioned (CZM 646-674).

Other material: 15 specimens from type locality
studied karyologically (in non-permanent mounts); five
specimens sequenced from type locality. Porto Puddu,
mouth of creek close to the lagoon (see map in Fig. S3)
(Lat. 41,983; Long. 9,317), about 20 cm coarse silty sand
(07.01.2002; 05.28.2014), numerous specimens studied
alive, three specimens studied karyologically.

Etymology: the specific epithet reflects the exten-
sive search for populations of the species outside the
type locality (lat. exquisitus: searched for, sought out).

Description. A slender, active Monocelis. The fixed
holotype is 2.5 mm long: living specimens up to 3 mm
long. Some specimens show faint, irregular brown
lines in the cephalic area. With a pigmented eye-shield
in front of statocist, irregular in shape; in a few speci-
mens split into two closely lying spots. Epithelium
with insunk nuclei, ciliated (cilia about 3-3.5 um long)
apart from the dorsal side of the caudal tip. With large
rhabdoid glands, particularly numerous dorsally and
caudally, in some areas appearing as a continuous lay-
er parallel to the surface, with coarse-grained, thick (>

1 um in diameter) fibrillar content, intensely stained
with hematoxylin (Fig. 5C). A few, scattered, subepi-
thelial glands, with fine-grained, dot-like eosinophil-
ous content are present dorsally. Posterior end with
adhesive glands. Pharynx at the beginning of the pos-
terior half of body, comparatively long (between 1/7%
and 1/8™M of total body length). It is ciliated externally
(cilia 2-2.5 um long), and internally (cilia 3-4 um
long) in its distal half, a part from its tip, where phar-
yngeal glands discharge. With very strong inner circu-
lar musculature. Oesophagous about 1/4™ the total
length of pharynx.

Male genital system. With numerous (40-60) testes,
irregularly arranged in front of the pharynx. The cop-
ulatory organ is nearly spherical (44.12 + 0.96 pm
wide, 39.02 + 0.92 um high; 30 measurements), back-
ward oriented, with an angle of about 40° to the verti-
cal axis (Fig. 5G). It consists of a seminal vesicle, sur-
rounded by a thick muscular layer, with a thin, pointed
penis papilla, ranging 12.86 + 0.43 um in length (30
measurements). Proximally, the muscular coating, up
to 3 wm thick, consists mostly of longitudinal muscles.
Circular musculature more developed distally; penis
papilla lined by a thick layer of outer circular muscles,
with a thin layer of longitudinal, inner musculature.
The distal part of the copulatory bulb is lined inter-
nally by a thin layer of glandular epithelium, whose
cell bodies are placed mostly externally to the copula-
tory bulb. These glandular cells have a fibrillar con-
tent. Male atrium small.

Female genital system. Similar to the previous spe-
cies in general arrangement. Ovaria just in front of
pharynx. Vitellaria run from the level of the first testes
to in front of bursa. The vaginal duct is short (about 15
pm long), unciliated and surrounded by a strong
sphincter. Above it, a large vacuolar bursa (up to 150
pm in diameter), abutting the gut, is present. The fe-
male duct, lined by an irregular, high, at least partly
resorbiens epithelium, opens to the outside just poste-
rior to the male pore through a female pore, surround-
ed by female glands (Fig. SE).

Karyotype. Chromosome number n=3. Karyotype
with Chromosome I and II almost of the same length;
Chromosome III markedly smaller, about 60 % the
size of Chromosome I. Karyotype formula: FN=6;
Chromosome I: 39.26 +0.51; 45.07 = 0.7 (m); Chromo-
some II: 37.38 + 0.46; 31.72 = 1.6 (sm); Chromosome
III: 23.35 £ 0.42; 29.43 + 1.09 (sm) (Fig. SH).

Diagnosis. Slender Monocelis species with pig-
mented eye-shield. With large rhabdoid glands with
coarse fibrillar content, and smaller rhabdoids with
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dot-like, eosinophylous content. With 40-60 testes.
With a nearly spherical, backward oriented copulatory
organ (about 40 pm across), with a slender penis pa-
pilla about 13 pum long, internally coated by a thin
layer of prostatic tissue. Prostatic secretion fibrillar.
With a large, mostly resorbiens bursa and external va-
gina close to male pore. Karyotype with n=3, and
Chromosome III markedly smaller than the other
pairs. Pore index: 6.3: 1.1: 1.
Molecular diagnosis: see Table 2.

Species justification

In addition to diagnostic characters of sequences (see
above), the two new species are uniquely characterised
by Chromosome III with low value of centromeric in-
dex and markedly smaller than the other pairs, and the
penis papilla with a very thin prostatic component
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(Monocelis exquisita nov. sp.); Chromosome II acro-
centric, extremely thin layer of proximal musculatura
of the copulatory bulb, and the penis papilla with a
thick prostatic component (M. algicola nov. sp.) (Ta-
bles S1-S4). The two new species appear externally
quite similar, as both are more slender than the rest of
the species-group, and may present similar cephalic
pigmentation. In addition to the remarkably different
morphology of their copulatory bulbs, the two species
differ for morphology of prostatic secretion (dot-like
in M. algicola nov. sp.; fibrillar in M. exquisita nov.
sp.), and content of the larger, dorsal, rhabdoid glands:
thin, fibrillar in M. algicola nov. sp., thick, coarse-
grained in M. exquisita nov. sp. It is worth mentioning
that the morphology of both rhabdoid and prostate
gland secretion found in M. exquisita is also found in
HEo (close to type locality of Monocelis lineata, see
above) (Fig. 51) and is then possibly plesiomorphic.





