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1 |  INTRODUCTION

‘Everything is everywhere, but the environment selects’, 
the widely cited tenet of Baas Becking (1934), captures the 

notion that species of microorganisms (<2 mm) such as bac-
teria, protists and small metazoans occur everywhere as long 
as environmental conditions are suitable (Girguis, 2016). This 
ubiquitousness is attributed to large effective population sizes, 
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Abstract
Many nominal species of microscopic animals traditionally fitting the ‘everything 
is everywhere’ paradigm have been revealed to be complexes of cryptic species. 
Here, we explore species diversity within the micrometazoan flatworm Gyratrix 
hermaphroditus— unique among meiofauna because of its global occurrence in a 
wide variety of brackish, freshwater and marine environments. With maximum like-
lihood and Bayesian approaches, we analysed 18S, 28S, 5.8S and ITS2 rDNA se-
quences from 401 specimens across the global distribution of G. hermaphroditus. 
Generalized Mixed Yule Coalescent (GMYC) and Automatic Barcode Gap Discovery 
(ABGD) methods delineated 78 and 62 putative species, respectively. This renders 
G. hermaphroditus one of the most species- rich complexes known to date. Based on 
shape variations of the male copulatory organ, 14 morphotypes corresponding with 
molecular clades were identified within the species complex. Within morphotypes, 
morphometric measurements were able to further discriminate between GMYC spe-
cies using discriminant analyses. While most putative species occur on local or re-
gional scales, over 10% are distributed over vast distances (>500 km apart) and two 
GMYC and six ABGD species have colonised multiple continents. This suggests that 
the cosmopolitanism of the G. hermaphroditus species complex is not just caused by 
mixing cryptic species with a more limited geographic distribution, but is due to the 
presence of previously unrecognised cosmopolitan taxa. The wide variation in dis-
tribution patterns between putative species indicates that meiofaunal biogeography 
should not be simplified into ‘everything is everywhere’, but rather entails every 
ecological state, extending from local endemism to true cosmopolitanism.
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dormancy capabilities and short generation times. However, this 
paradigm is contradicted by accumulating evidence of biogeo-
graphic provincialism in microscopic organisms (e.g. Derycke 
et al., 2013; Ribeiro et al., 2018; Spatharis et al., 2019).

Biogeographic patterns of microscopic metazoans are 
still poorly documented. For example, many freshwater zoo-
plankton species are thought to comply with the ‘everything 
is everywhere’ paradigm because of their high dispersal po-
tential through passive transport of resting stages (reviewed 
by Fontaneto, 2019). Conversely, cosmopolitan distributions 
are considered paradoxical in marine meiobenthic species— a 
proposition known as the meiofauna paradox— because many 
of these organisms lack dispersal stages such as planktonic 
larvae or resting stages (Giere, 2009, 2019). In several cases, 
this paradox was resolved by the discovery that these cos-
mopolitan species consist of several cryptic species with a 
more limited distribution (Cerca et al., 2018 and references 
therein). Nevertheless, evidence for transoceanic dispersal 
has been found for some meiobenthic taxa, suggesting that 
some species do have vast distributions (Derycke et al., 2008; 
George, 2013; Packmor & Riedl, 2016).

Understanding the biogeography of an organism requires a 
solid taxonomic framework, a prerequisite often lacking in mi-
croscopic metazoans. Recent studies based on molecular analy-
ses revealed a high degree of cryptic diversity in micrometazoan 
morphospecies as diverse as copepods (e.g. Cornils & 
Held,  2014), nematodes (e.g. Janssen et al., 2017), nemerte-
ans (e.g. Leasi & Norenburg,  2014), polychaetes (e.g. Cerca 
et al., 2020) and rotifers (e.g. Mills et al., 2017). Some of these 
morphospecies seem to exhibit cosmopolitan distributions, but 
this may be caused by lumping together cryptic species with 
more confined geographic distributions. However, distribution 
ranges of cryptic species are often difficult to pinpoint, because 
many studies cover only a small part of the complete range of a 
species complex (e.g. Jiu et al., 2017; Kordbacheh et al., 2017; 
Tomioka et al., 2016). The few studies assessing cryptic diver-
sity on a comprehensive scale suggest that some cryptic spe-
cies within ‘cosmopolitan’ morphospecies have a very wide 
distribution and even occur on several continents (e.g. Liu 
et al., 2017; Mills et al., 2017; Worsaae et al., 2019). Hence, 
the presence of abundant cryptic diversity in cosmopolitan mi-
crometazoans is in itself insufficient to reject the ‘everything is 
everywhere’ hypothesis, while it is also not clear to what extent 
individual cryptic species do show a wide geographic distribu-
tion and thus are in line with this hypothesis. As such, there is a 
need for more in- depth taxonomic and biogeographic studies of 
cosmopolitan micrometazoans on a global scale.

One of the most striking examples of a cosmopolitan mi-
crometazoan morphospecies is the flatworm Gyratrix her-
maphroditus Ehrenberg, 1831 (Rhabdocoela, Polycystididae). 
Unlike any other microscopic animal, this microturbellarian 
combines a global distribution and an exceptional ecologi-
cal diversity, with some populations occurring exclusively in 

marine environments, while others are confined to brackish or 
freshwater habitats (Tessens, 2012). Marine populations live 
interstitially in sand and on algae, from the eulittoral zone up to 
depths of >400 m (Artois et al., 2000), while freshwater popu-
lations live on aquatic macrophytes and even mosses in wet ter-
restrial habitats. These features, together with cytogenetic and 
subtle morphological evidence, suggest that G. hermaphrodi-
tus may be prone to a high degree of cryptic diversity (Artois 
& Tessens,  2008; Curini- Galletti & Puccinelli,  1989, 1990, 
1994, 1998; Hallez,  1873; Heitkamp,  1978; l’Hardy,  1986; 
Puccinelli & Curini- Galletti,  1987; Puccinelli et  al.,  1990; 
Reuter, 1961; Timoshkin et al., 2004).

In this study, we explore cryptic diversity in G. hermaph-
roditus throughout its global range. In a multiple evidence 
approach, we combine species delimitation analyses based 
on molecular data and morphometric measurements. Based 
on this comprehensive analysis, we assess to what extent 
this species complex complies with the ‘everything is every-
where’ hypothesis.

2 |  MATERIAL AND METHODS

2.1 | Sampling

Individuals of Gyratrix hermaphroditus were collected from 
70 aquatic sites in various freshwater, marine and brack-
ish water habitats across the global distribution of the mor-
phospecies (Table S1). Several specimens of the congeners 
G. proavus Meixner, 1938, and G. proaviformis Karling & 
Schockaert, 1977, were also collected to be included as an 
outgroup in the phylogenetic analyses. Worms were extracted 
from sediments and aquatic plants following Schockaert 
(1996) and identified with the aid of a stereomicroscope and 
a compound microscope. From each location, a number of 
specimens were stored in absolute ethanol for DNA analy-
sis, the remainder being whole- mounted with lactophenol for 
morphological study. Micrographs of live specimens selected 
for molecular work are stored as vouchers in the collection of 
the Centre for Environmental Sciences at Hasselt University 
and are available upon request.

2.2 | DNA extraction, 
amplification and sequencing

DNA was extracted from whole or partial (see below) speci-
mens using the QIAamp DNA micro kit (QIAGEN) accord-
ing to manufacturer's instructions. Extracts were stored in 
duplicates (40 and 20 µl) for each specimen. Four partitions 
of the nuclear ribosomal gene complex (18S, 5.8S, ITS2 and 
partial 28S) were amplified by PCR (primers and protocols 
in Table 1). Species- specific primers for ITS2 and 5.8S were 
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designed in silico. Illustra PuReTaq Ready- To- Go PCR beads 
(GE Healthcare) were used to prepare reactions containing 
3 µl DNA extract, 0.2 µM of each primer and water for a final 
volume of 25 µl. PCR products were checked on 1.4% agarose 
gels stained with Gelred (Biotum Inc.), cleaned in NucleoFast 
96 PCR plates (MN Düren) and bidirectionally sequenced 
(ABI3730XL, Macrogen). Trace files were visually inspected 
and assembled into full sequences in SeqScape v2.5 (Life 
Technologies) or Geneious Pro v5.7.5 (Biomatters Ltd). All 
sequences are deposited in Genbank under accession numbers 
MZ575164– MZ575591 and MZ598667– MZ599582.

2.3 | DNA sequence analysis

2.3.1 | Sequence alignment

Sequences of each gene partition were aligned separately 
using the Q- INS- i option in MAFFT v7.012 (Katoh & 
Standley,  2013), which accounts for secondary structures. 
Alignment ambiguities were identified with ALISCORE 

v2.0 (Kück et al., 2010; Misof & Misof, 2009) and removed 
from the alignments with ALICUT (Kück,  2009), treating 
gaps as ambiguous characters and using a sliding window 
size w = 6. Substitution saturation was checked for each gene 
partition by plotting transitions and transversions against 
genetic distance in DAMBE 5.3.00 (Xia & Xie, 2001), yet 
no sign of saturation was detected. Alignments of the four 
gene partitions were concatenated and only specimens with 
sequence information for all four markers were included in 
subsequent analyses. Identical sequences were removed from 
the alignment.

2.3.2 | Phylogenetic analyses

Heterozygotic or ambiguous sites were coded using IUPAC 
codes and considered as different characters. Mean/maximum 
uncorrected p- distances among haplotypes were calculated 
in MEGA5 (Tamura et al., 2011). Bayesian (BI) trees were 
inferred in MrBayes v3.1.2 (Huelsenbeck & Ronquist, 2001; 
Ronquist & Huelsenbeck, 2003). Two parallel runs with four 

Primers Sequence (5'→3') Usage Reference

18S

TimA AMCTGGTTGATCCTGCCAG PCR/Seq Norén and Jondelius (1999)

TimB TGATCCATCTGCAGGTTCACCT PCR/Seq Norén and Jondelius (1999)

TimA/TimB PCR regime:

5 min 10 s at 95°C, 30x (30 s at 94°C , 30 s at 55°C , 90 s at 72°C ), 5 min at 72°C

600F GGTGCCAGCAGCCGCGGT Seq Willems et al. (2006)

600R ACCGCGGCTGCTGGCACC Seq Willems et al. (2006)

1100F CAGAGGTTCGAAGACGATC Seq Norén and Jondelius (1999)

1100R GATCGTCTTCGAACCTCTG Seq Norén and Jondelius (1999)

18S7F GCAATAACAGGTCTGTGATGC Seq Norén and Jondelius (1999)

18S7FK GCATCACAGACCTGTTATTGC Seq Norén and Jondelius (1999)

TimB TGATCCATCTGCAGGTTCACCT Seq Norén and Jondelius (1999)

28S

LSU5 TAGGTCGACCCGCTGAAYTTA PCR/Seq Littlewood et al. (2000)

LSUD6- 3 GGAACCCTTCTCCACTTCAGTC PCR/Seq Littlewood et al. (2000)

LSU5/LSUD6- 3 PCR regime:

5 min at 95°C , 30x (60 s at 94°C , 60 s at 50°C , 90 s at 72°C ), 5 min at 72°C

L300F CAAGTACCGTGAGGGAAAGTTG Seq Littlewood et al. (2000)

L300R CAACTTTCCCTCACGGTACTTG Seq Littlewood et al. (2000)

L1600F GCAGGACGGTGGCCATGGAAG Seq Littlewood et al. (2000)

L1600R CTTCCATGGCCACCGTCCTGC Seq Littlewood et al. (2000)

5.8S+ITS2

58SITS2F1 GCGGTGGATCACTCGGCTCG PCR/Seq This study

58SITS2R1 TCGCTCGCCGCTACTRRGGGA PCR/Seq This study

58ITS2F/58ITS2R PCR regime:

5 min at 95°C , 35x (60 s at 94°C , 60 s at 55°C , 72 s at 72°C ), 5 min at 72°C

T A B L E  1  Primers and PCR protocols
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independent chains were run for 10,000,000 generations using 
default priors and Markov Chain Monte Carlo (MCMC) set-
tings. Convergence was evaluated based on the logL values 
and the average standard deviation of split frequencies. Trees 
were sampled every 100th generation after a burn- in of 25%. 
Three partitioning schemes were applied as follows: unpar-
titioned, partitioned by ‘function’ (i.e. 18S + 5.8S + 28S 
versus ITS2) and partitioned by rDNA segment (i.e. 18S, 
5.8S, 28S, ITS2). Evolutionary models of the different par-
titions were selected using the Akaike (AIC) and Bayesian 
(BIC) information criteria implemented in jModelTest v0.1.1 
(Posada, 2008). When AIC and BIC selected different models, 
both were tried. All combinations of partitioning schemes and 
evolutionary models were specified in different runs. Based 
on calculated Bayes factors, final analyses were partitioned 
by segment and run under the GTR + G + I model for 18S, 
ITS2, 28S and SYM + G + I for 5.8S. The resulting 75,000 
trees were summarised in a 50% majority- rule consensus tree.

Maximum likelihood (ML) analyses were con-
ducted for the concatenated datasets in RAxML v7.2.8 
(Stamatakis, 2006) using the same partitioning scheme, but 
under the GTR + G model following the recommendation 
of the developer. Hundred independent runs of thorough 
searches and 1,000 standard non- parametric bootstrap (bs) 
replicates were performed.

Trees were rooted with the outgroup taxa G. proavus and 
G. proaviformis.

2.3.3 | Species delineation

Based on the molecular data, putative species were deline-
ated using the following two methods: Generalized Mixed 
Yule Coalescent (GMYC) (Pons et al., 2006) and Automatic 
Barcode Gap Discovery (ABGD; Puillandre et al., 2012).

The GMYC method requires an ultrametric tree, 
which was constructed in BEAST v1.6.2 (Drummond & 
Rambaut,  2007) under an uncorrelated lognormal relaxed 
clock with the mean substitution rate set to 1. Evolutionary 
models, partitioning scheme and tree topology were fixed 
to those resulting from the final MrBayes analysis. A con-
stant size coalescent prior was used because a single co-
alescent cluster constitutes the GMYC null model and is 
considered more conservative than a Yule prior for species 

delimitation (Monaghan et  al.,  2009). The improper prior 
on the ucld.mean parameter was changed into a uniform 
prior with an initial value of 1, a lower bound of 0 and an 
upper bound of 100. All other prior distributions and oper-
ators were left at default settings. Five independent MCMC 
chains were run for 10,000,000 generations and sampled 
every 1,000th generation. Independent runs were combined 
using LogCombiner v1.6.2 (implemented in BEAST) with a 
50% burn- in and thinned by a factor 2.5, resulting in 10,000 
trees. The estimated sample size of all model parameters in 
the combined log file was checked in Tracer v1.4 (Rambaut 
& Drummond,  2007) and was well above 200. An ultra-
metric maximum clade credibility tree was inferred using 
TreeAnnotator v1.6.2 (Drummond & Rambaut, 2007) with 
default options. Both a single-  and multiple- threshold GMYC 
model were optimised on this tree after removing the out-
group, using the script available in the SPLITS package for 
R (Ezard et al., 2009; Fujisawa & Barraclough, 2013; R Core 
Team,  2017). The single- threshold and multiple- threshold 
models were compared using the likelihood ratio test imple-
mented in the spiderDev package (Brown et al., 2012, 2018).

The ABGD method was implemented using the online 
version of the program (http://www.abi.snv.jussi eu.fr/publi c/
abgd/), using the concatenated dataset and default parameters.

2.3.4 | Rarefaction

To investigate the effect of the sample size on the number 
of suggested GMYC and ABGD species, individual- based 
rarefaction curves were produced in EstimateS v.8.2.0 
(Colwell, 2005).

2.3.5 | Genetic diversity

To explore relationships among haplotypes (i.e. clusters of 
identical ribosomal gene complexes) within the most wide-
spread (multicontinental) putative species resulting from the 
most conservative species delineation analyses (ABGD), 
haplotype networks were constructed from the concatenated 
dataset using the statistical parsimony procedure in TCS 
v.1.21 (Clement et al., 2001). Haplotypes were connected at 
the 95% confidence level.

F I G U R E  1  (a) Bayesian majority- rule consensus tree of the concatenated dataset obtained using BEAST v1.6.2 (Drummond & 
Rambaut, 2007) and made ultrametric under an uncorrelated lognormal relaxed clock with the mean substitution rate set to 1. Clades with a 
bootstrap support (bs) < 75 are indicated with an asterisk (*), and all branches with a posterior probability (pp) < 0.95 have been collapsed, except 
for node 4 (pp = 0.92, bs = 57) and GMYC- G1 (pp = 0.65, bs = 95). Dots behind the terminals represent the habitat where the genotype was found 
(red = marine, yellow = brackish and blue = freshwater). Bars indicate putative species inferred by GMYC and ABGD and are numbered per 
morphotype. (b) Morphology of the sclerotised parts in the male copulatory organ of clades A to O. Measurements taken are indicated for clade 
A. Morphotypes F* and G are identical, but the copulatory organ of specimens in F* is almost twice the size of that in G (F* not drawn to scale). 
[Colour figure can be viewed at wileyonlinelibrary.com]

http://www.abi.snv.jussieu.fr/public/abgd/
http://www.abi.snv.jussieu.fr/public/abgd/
www.wileyonlinelibrary.com
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2.4 | Morphology and morphometrics

Based on the results of the molecular phylogeny, we explored 
to what extent clades could be morphologically differentiated 
by the sclerotised parts of the male copulatory organ. These 
structures are the standard diagnostic characters for species 
identification in polycystidid flatworms. In G. hermaphrodi-
tus, they consist of a stylet, which slides through a sheath 
with a proximal stalk (Figure 1b). We examined and imaged 
the stylet, sheath and stalk of 405 specimens from the same 
localities as specimens collected for DNA analysis using dif-
ferential interference contrast on Polyvar and Nikon Eclipse 
80i microscopes equipped with a Nikon DS- Ri2 digital cam-
era. When more than one morphotype was detected in the 
same location, a direct link between each morphotype and 
sequence data was established by cutting individual worms 
in half with a scalpel, using the frontal half for DNA extrac-
tion and whole- mounting the stylet- containing posterior part 
as a voucher.

The morphological variation of the stylet, sheath and 
stalk (annotated on copulatory organ A in Figure 1b) within 
and between morphotypes was quantified by taking mea-
surements in the digital images using the program ImageJ 
(Abramoff et  al.,  2004). Measurements were taken along 
the longest axis of each structure. Raw data are available in 
Table S2. Correlations between the three measurements were 
tested using Pearson's correlation coefficient.

All morphotypes with sufficient measurements were 
included in discriminant analyses (DA) in SPSS 20 (IBM 
Corp.,  2011). Specifically, this included all morphotypes 
of which measurements from at least three different speci-
mens of at least two GMYC species were obtained, i.e. clades 
A, C, E, H, I, L and N. These data were selected to explore 
whether morphometric data can discriminate between puta-
tive GMYC species within a single morphotype. A measure 
of error was expressed in a misclassification matrix. As some 
putative GMYC species were combined in single putative 
ABGD species, we checked whether misclassifications were 
more common among GMYC clusters than putative ABGD 
species.

3 |  RESULTS

3.1 | Phylogeny and species delimitation

The 3,906 bp long concatenated alignment (18S: 1,781 bp; 
5.8S: 105 bp; ITS2: 354 bp; 28S: 1,666 bp) contains 1,346 
(34.5%) variable sites (18S: 316; 5.8S: 34; ITS2: 257; 28S: 
751). As such, the concatenated sequences of 401 speci-
mens of G. hermaphroditus included here yield 229 differ-
ent haplotypes. The mean/maximum uncorrected p- distances 
among haplotypes are very high (18S: 0.028/0.053; 5.8S: 

0.045/0.126; ITS2: 0.159/0.306; 28S: 0.065/0.107) for what 
are generally considered slow- evolving genes (18S, 5.8S) 
(Hillis & Dixon, 1991). BI and ML tree topologies are nearly 
identical (Figure 1a) and reveal deep divergences and many 
well- supported clades.

The GMYC model supports the presence of cryptic spe-
cies in G. hermaphroditus (likelihood ratio test, p < 0.001). 
A multiple- threshold model did not fit the data significantly 
better than the single- threshold model (χ2 = 8.83, p = 0.453). 
A total of 78 putative species consisting of 50 clusters and 28 
singletons were identified with the GMYC method (confi-
dence interval 72– 82, Figure 1a, Table S1). All GMYC clus-
ters are well supported (posterior probability/pp > 0.95, bs > 
75), except for clusters C3 (not retrieved by BI, bs = 78), D4 
(pp = 0.98, bs = 67), G1 (pp = 0.65, bs = 95) and I4 (pp = 
0.99, bs = 50).

ABGD results suggest 62 putative species with 38 clus-
ters and 24 singletons (Figure  1a, Table  S1). All ABGD 
clusters are well supported (pp > 0.95, bs > 75), except 
for cluster A3 (pp = 0.65, not retrieved in ML analysis). 
All GMYC species correspond to or are nested within the 
ABGD species.

3.2 | Morphology and morphometrics

Based on subtle variations in the shape and relative length 
of the sclerotised structures of the male copulatory organ, 14 
morphotypes were distinguished (Figure 1b) and related to 
the different clades in the phylogeny (clades A– O, Figure 1a).

The lengths of the stylet, sheath and stalk were signifi-
cantly correlated (Table S3). Therefore, measurements of the 
sheath and stalk relative to the length of the stylet were used 
in subsequent analyses (Table  S3). For morphotypes A, C, 
E, H, I, L and N, we were able to test whether morphomet-
ric data discriminate between putative GMYC species within 
each morphotype. DA clearly separated the GMYC clusters 
within each morphotype (Figure  S1), and there was a low 
misclassification proportion (0 to 10.4%, Table  S4). Even 
shallow GMYC clades (e.g. A1, A2, A3 and N1, N2, N3) 
were successfully discriminated by the morphometric data 
(Figure S1, Table S4).

3.3 | Biogeography

A total of 35 GMYC species (45%; 17 freshwater, 17 marine, 
1 brackish) and 22 ABGD species (36%; 11 freshwater, 10 
marine, 1 brackish), excluding those represented by a sin-
gle specimen, were found at single sites. An additional 20 
GMYC species (26%; 13 freshwater, 5 marine, 1 freshwater 
+ marine, 1 freshwater + brackish) and 18 ABGD species 
(30%; 12 freshwater, 5 marine, 1 freshwater + marine) were 
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found at locations separated by <100 km. Conversely, eight 
GMYC species (3 freshwater, 5 marine) have wide distribu-
tions within a single continent (>500  km apart) and three 
GMYC species (1 freshwater, 2 marine) were found on at 
least two continents. ABGD revealed even more putative 
species with very wide distributions: eight ABGD species (3 
freshwater, 5 marine) separated by >500 km within a single 
continent and six ABGD species (4 freshwater, 2 marine) on 
more than one continent. Each of the six ABGD species with 
the widest distributions formed interconnected statistical par-
simony networks at the 95% confidence level (Figure 2). In 
these networks, haplotypes were never shared between dif-
ferent geographic regions.

Many putative species occur sympatrically, i.e. at exactly 
the same site: 34/37% of freshwater and 59/57% of marine 
sites contain more than one GMYC/ABGD species. While 
most instances of sympatry pertain to species with differing 

copulatory organs, six (GMYC & ABGD) cases of identical 
morphotypes co- occurring were also observed. There were 
on average 1.7/1.8 GMYC/ABGD species per site, with a 
maximum number of 7/9 GMYC/ABGD species found at a 
single site (a beach near Alghero, Sardinia).

3.4 | Habitat

All putative species occur either exclusively in marine, 
brackish or freshwater habitats, except clade A3/A1 GMYC/
ABGD, which contains both freshwater and brackish water 
(= Baltic Sea) populations (Figures 1 and 3). No habitat type 
conforms to a single monophyletic group. Indeed, the brack-
ish water taxa are distributed over three unrelated clades 
deeply nested in otherwise freshwater (node 4, Figure 1a) or 
marine (node 3, Figure 1a) clades.

F I G U R E  2  TCS networks of the 
six ABGD species occurring on more 
than one continent. Colours represent 
geographic regions, and the size of circles 
is proportional to the number of specimens 
with a particular haplotype.
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4 |  DISCUSSION

4.1 | Cryptic species

The amount of cryptic diversity uncovered here renders G. 
hermaphroditus one of the largest species complexes known 
to date (78 GMYC and 62 ABGD putative species). To the 
best of our knowledge, the only species complex of compa-
rable size is the bdelloid rotifer Rotaria rotatoria (Pallas, 
1766) Scopoli, 1777 (Fontaneto et al., 2013 and references 
therein). Formally recognising the new entities delineated in 
G. hermaphroditus would increase the total number of poly-
cystidid species by >33%, and rarefaction curves (Figure 4) 

indicate that still more cryptic diversity remains undetected 
in this complex.

Results from single- gene (or gene cluster) species delin-
eations may be misleading as they may be affected by intro-
gression (Cong et al., 2017) and incomplete lineage sorting 
(Mallo & Posada, 2016). Moreover, population sampling ef-
fects might cause the GMYC model to overestimate species 
numbers, because geographic structuring may be mistaken 
for species limits (but see Talavera et al., 2013). These delin-
eations should therefore be viewed as prima facie estimates of 
species boundaries to be re- evaluated and refined when new 
lines of evidence become available (Yeates et al., 2011). Our 
putative species are consistent with a phylogenetic (lineage) 

F I G U R E  3  Global distribution of putative species according to (a) GMYC and (b) ABGD. Circles represent freshwater and rectangles marine 
sampling sites. Putative species occurring in more than one continent are highlighted in colour. [Colour figure can be viewed at wileyonlinelibrary.
com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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species concept, and several are diagnosable by morpholog-
ical data. However, different delineation methods are known 
to produce alternative interpretations for the same data (Luo 
et al., 2018). This is also the case here, leaving the question 
as to which of the putative GMYC and ABGD species should 
be retained. Future work will have to explore to what extent 
the putative species suggested by the present phylogenetic 
and species delineation analyses represent phenotypically di-
agnosable and reproductively isolated entities. In the same 
sense, it will be important to corroborate the current phyloge-
netic structuring by other molecular markers, for there is no 
a priori reason to expect that the DNA region surveyed here 
provides a complete picture of the entire phylogenetic and 
taxonomic structuring in G. hermaphroditus.

It has been suggested that species with non- visual mat-
ing signals and/or that are under morphological stasis are 
more likely to show cryptic diversity (Bickford et al., 2007). 
Both possibilities may be applicable to G. hermaphroditus: 
(a) chemical signals are probably involved in mate attraction 
as the copulation of G. hermaphroditus is preceded by some 
sort of ‘sniffing’ behaviour (Graff, 1908; Tessens, 2012) and 
in captivity a couple engaged in mating behaviour quickly 
attracts other specimens, which will start to circle the mating 
couple (personal observations by the first and last author); 
(b) the male copulatory organ is the main taxonomic char-
acter of rhabdocoel flatworms. Species level identification 
is often based exclusively on this character. However, G. 
hermaphroditus does not only use its male copulatory organ 
for mating (Graff,  1908; Heitkamp, 1978; Reisinger,  1923; 
Reuter,  1961), but also for prey capture (Tessens,  2012). 
Perhaps this dual function for mating and feeding imposes 
constraints on the shape of the male copulatory organ, thus 
allowing only the sort of subtle variations reported here.

Asexual reproduction is also a driver of cryptic diver-
sification, with sympatric divergence occurring more eas-
ily (Fontaneto et  al., 2009). However, asexual reproduction 
involves the production of clones, of which the taxonomic 
interpretation is contentious. As most other flatworms, G. 

hermaphroditus is presumed to reproduce sexually because 
mating is frequently observed (Graff, 1908; Heitkamp, 1978; 
Reisinger, 1923; Reuter, 1961). This does not exclude the pos-
sibility of parthenogenesis or self- fertilisation, both of which 
are known to occur in other hermaphroditic flatworms (Casu 
et al., 2012; D’Souza & Michiels, 2009; Jarne & Auld, 2006; 
Noreña et  al.,  2015; Pandian,  2020; Ramm,  2017). Hence, 
more detailed information on the reproduction strategies of 
G. hermaphroditus throughout its range is needed to interpret 
their role in the evolution of this species complex.

Other isolation mechanisms as drivers of speciation have 
also been proposed. Extensive studies on numerous fresh-
water and marine populations of G. hermaphroditus from 
Europe, the Caribbean and Australia have demonstrated clus-
ters of specimens characterised by karyotype and the size and 
morphology of the sclerotised structures in the male copula-
tory organ (Curini- Galletti & Puccinelli, 1989, 1990, 1994, 
1998; Heitkamp, 1978; l’Hardy, 1986; Puccinelli & Curini- 
Galletti, 1987; Puccinelli et al., 1990). Morphological evolu-
tion of the male copulatory structure and different examples 
of karyological evolution, including changes in genome size, 
chromosome number and chromosome structure, have been 
suggested as pre-  and postzygotic isolation mechanisms 
(Curini- Galletti & Puccinelli, 1998). Freshwater populations 
and some marine populations have chromosome numbers 
2n = 4, while most marine populations have 2n = 6. In ad-
dition, close relatives of G. hermaphroditus sensu lato, G. 
proavis and Gyratricella attemsi (Graff, 1913) Karling, 1955 
also have 2n = 6. It was therefore hypothesised that three 
pairs of chromosomes in an ancestral marine form is the ple-
siomorphic condition (Puccinelli & Curini- Galletti,  1987). 
Karyological data for our specimens are currently lacking. 
Consequently, it remains to be tested whether the putative 
marine species forming a clade with the putative freshwater 
species (clades I and J) have two pairs of chromosomes, while 
all other putative marine clades have three pairs of chromo-
somes. If so, then this would suggest that chromosome fusion 
could have led to the early separation of most marine and 
freshwater clades (node 1). In an alternative scenario, puta-
tive marine species with two pairs of chromosomes are more 
scattered among the marine clades, indicating that chromo-
some fusion has occurred multiple times within the species 
complex.

Clusters of up to 12 putative species belonging to the 
same morphotype based on the copulation organ (clades C 
and L) were retrieved in our analyses. This suggests that mor-
phological evolution might have been a next step in the spe-
ciation process of the G. hermaphroditus complex. Several 
putative species with different morphotypes occur sym-
patrically in some of our sampling localities (e.g. Cerbère, 
Doñana; Table S1). Differences in the sclerotised copulation 
structures may prevent hybridisation between these sympat-
ric species. Other isolation mechanisms are likely responsible 

F I G U R E  4  Individual- based rarefaction curve of the number of 
GMYC and ABGD clusters.



846 |   TESSENS ET al.

for co- occurring putative species with a similar morphotype 
based on the copulation structures. This would be consis-
tent with previous findings that some marine areas contain 
high levels of sympatric putative species in the Gyratrix her-
maphroditus complex based on karyotype differentiation. 
Pericentric chromosome inversions and ecological and phys-
ical barriers have been proposed to explain patterns of high 
local diversity and regional differences in putative species oc-
currences, preventing local hybridisation and dispersal across 
areas with different types of sediments or water temperature, 
respectively (Curini- Galletti & Puccinelli, 1998). Integrating 
karyological and ecological data into future studies on the 
G. hermaphroditus complex may provide clues about which 
isolation mechanisms have acted during speciation in this 
complex.

4.2 | Geographic distribution

The cosmopolitan distribution of many micrometazoans has 
long been attributed to the lumping of cryptic taxa with a more 
limited geographic distribution (Darling & Carlton, 2018 and 
references therein). Often these conclusions are based on 
surveys in only part of the entire range of a cosmopolitan 
morphospecies (e.g. Jiu et al., 2017; Kordbacheh et al., 2017; 
Tomioka et al., 2016). However, by screening G. hermaph-
roditus on a global scale, we did not only find indications of 
high local cryptic diversity consistent with previous studies, 
but we also observed several putative species with a very wide 
(>500 km apart; 11/13% GMYC/ABGD) or even multicon-
tinental distribution (4/10% GMYC/ABGD). This indicates 
that, while part of the global distribution of G. hermaphrodi-
tus might be due to lumping unrecognised cryptic species, 
some cryptic species themselves can have widespread dis-
tributions. For example, one of the putative freshwater spe-
cies (GMYC: D4; ABGD: D2) was collected in South Africa, 
India and Australia, while some of the putative marine spe-
cies have an Indo- Pacific distribution (GMYC: M1; ABGD: 
M1, N1). Indeed, our results suggest that widespread micro-
metazoans do exist, even in marine meiobenthos, and do not 
comply with the meiofauna paradox. However, the reported 
wide distributions could be caused by limitations in signal of 
the ribosomal genes analysed here. In addition, none of these 
widespread putative species share haplotypes between conti-
nents. This is why further screening of phylogenetic structur-
ing using additional DNA markers is imperative.

The current data indicate that G. hermaphroditus com-
prises a complex mix of sympatric and allopatric species, 
with instances of sympatry in both marine and freshwater 
environments. The co- occurrence of regional species and 
more widespread species was also reported in the marine 
rhabdocoel Astrotorhynchus bifidus (McIntosh, 1874) Graff, 
1905 (Van Steenkiste et  al.,  2018). Mechanisms to explain 

co- occurrence and/or co- existence in this complex were spec-
ulated to include habitat partitioning and life history traits. 
In G. hermaphroditus, sexual selection pressure might (par-
tially) account for the distribution patterns observed. Indeed, 
the majority of cases of sympatry involved species with dis-
tinct copulatory organs. As the copulatory organ is also used 
for prey capture (Tessens, 2012), morphological differences 
in this structure could also be linked to trophic niche varia-
tion. However, as for all meiofauna, it remains highly diffi-
cult to pinpoint what exactly constitutes an ecological niche 
for these animals. Moreover, the fact that species carrying 
(seemingly) identical copulatory organs also co- occur implies 
that alternative and/or additional mechanisms are at work. 
Re- examination of sclerotised structures with high- resolution 
imaging methods such as scanning electron microscopy 
might also reveal additional morphological variations.

Because G. hermaphroditus lives both epiphytically in 
freshwater and interstitially in marine environments, bio-
geographic patterns should be compared to those of both 
zooplankton and marine meiobenthos. In freshwater environ-
ments, the wide distribution of microscopic species is thought 
to be the result of passive long- distance transport of resting 
stages through vectors such as wind, water and waterfowl, 
maintaining extensive gene flow (Fontaneto, 2019). Resting 
eggs or cocoons are also present in many limnic and limno-
terrestrial microturbellarians (Artois et al., 2004; Domenici & 
Gremigni, 1977; Graff, 1913; Hand, 1991; Heitkamp, 1972a, 
1972b, 1988; Hyman,  1951; Ingole,  1987; Luther,  1955; 
Pandian, 2020; Rietzler et al., 2018; Schockaert et al., 2008; 
Young,  1974). In G. hermaphroditus, resting eggs with a 
hard eggshell are present in limnic populations. Passive long- 
distance transport modes such as displacement by wind, an-
imals or humans (Steinböck, 1931; Vanschoenwinkel et al., 
2008, 2008, 2009; Vanschoenwinkel, Waterkeyn et al., 2008; 
Young & Young, 1976) could also ensure dispersal and con-
nectivity of freshwater microturbellarians, but this remains to 
be tested (see Artois et al., 2011; Balsamo et al., 2020). One 
of the best- studied examples among freshwater meiofauna is 
the species complex of the monogonont rotifer Brachionus 
plicatilis Müller, 1786, in which passive dispersal led to 
the apparent global distribution of many cryptic species 
(Gómez et al., 2002; Mills et al., 2017; Suatoni et al., 2006). 
Similarly, there is evidence of globally distributed putative 
cryptic species of bdelloid rotifers (Fontaneto et al., 2008), 
even though most of them were distributed at continental 
or smaller scales (<2,000 km), presumably through passive 
transport of resting stages. However, cosmopolitan cryptic 
species of B. plicatilis are extensively substructured into geo-
graphically restricted lineages and with a strong global sig-
nal of isolation by distance (Gómez et al., 2000, 2002, 2007; 
Gómez, Serra et al., 2002; Mills et al., 2007, 2017). The same 
is true for bdelloid rotifers (Fontaneto et al., 2008; Robeson 
et al., 2011).
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It is not clear whether there is ongoing gene flow between 
distant populations of the widespread cryptic species in G. 
hermaphroditus. Dispersal capacities of marine flatworms 
have hardly been studied, but rafting on floating materials 
such as driftweed (Gerlach, 1977; Goldstein et al., 2014; Van 
Steenkiste et al., 2018) and anthropogenic spread (Faubel & 
Gollasch, 1996) has been suggested and observed anecdot-
ally. Some populations of G. hermaphroditus overwinter in 
eggs attached to the substrate (Brunet, 1965; Heitkamp, 1978; 
Hoxhold,  1974), which might promote passive dispersal 
through rafting. Yet, our data do not provide evidence of 
shared haplotypes between populations on different conti-
nents, suggesting complete isolation (Figure 2). However, a 
more densely sampled dataset including more specimens per 
putative target species is imperative before drawing definite 
conclusions on this matter.

4.3 | Conclusions and future perspectives

Our analyses of a large nuclear ribosomal dataset of Gyratrix 
hermaphroditus show an unprecedented amount of cryptic 
diversity. Depending on the method used, 62 or 78 putative 
species are delineated. Part of this diversity can be correlated 
to morphological and morphometric variations in the sclero-
tised copulatory organ. Disentangling this species complex 
has revealed an intricate mixture of sympatric and allopatric 
species distributed over all aquatic habitats. The uncovered 
cryptic species vary widely in their distribution ranges, with 
some species occurring in single localities and others over 
vast distances or even across different continents.

The species delineated in this study need to be further ex-
plored and corroborated by new lines of evidence and based 
on a far more comprehensive genomic survey and denser geo-
graphic sampling. Population genomic work can elucidate to 
what extent the entities delineated by our methods reflect 
gene flow. Moreover, almost nothing is known on the mat-
ing system of G. hermaphroditus, and in vitro cross- breeding 
experiments hold much potential to reveal prezygotic or post-
zygotic isolation mechanisms. Irrespective of the outcomes 
of such in- depth analyses of the species complex, our current 
data already demonstrate that even organisms with high dis-
persal potential can show substantial geographic subdivision 
and it should be clear that the biogeography of meiofauna is 
not as simple as ‘everything is everywhere’. Rather, distribu-
tion patterns most likely span the whole range of alternatives, 
from full cosmopolitanism to local endemism.
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