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Abstract
Endoparasitic annelids living inside another annelid host are known, particularly with regard to Oenonidae, but in general are 
poorly studied. The dorvilleid Veneriserva pygoclava is known from southern California, and its genus name (Latin = Venus’s 
servant) alludes to the close association with the host aphroditid scaleworm Aphrodita longipalpa. Little is known on funda-
mental questions on the biology of Veneriserva pygoclava. What is its mode of reproduction? How do they feed? How do they 
penetrate the host? We have studied multiple parasitized hosts and V. pygoclava specimens, using an integrative approach, com-
bining µCT, histology, and electron microscopy. 3D reconstructions from µCT data of a parasitized Aphrodita show the exact 
position of the parasites in their natural condition within the host’s coelomic cavity. Ultrastructural investigations of the parasites 
revealed interesting adaptations to their lifestyle such as the complete reduction of their gut, despite the presence of a functional 
jaw apparatus and a modified epidermis enabling nutrient uptake from the host’s coelomic fluid. In addition to these, we also 
investigated spermatogenesis and oogenesis in V. pygoclava. Sperm morphology indicates an external fertilization of eggs within 
the coelomic cavity of the host. Mature male and female parasites living inside the same mature host and the presence of juvenile 
V. pygoclava within juveniles of Aphrodita suggest an obligate form of parasitism with a very early penetration of the hosts. In 
addition to our detailed morphological investigation, we conducted a phylogenetic analysis showing the position of Veneriserva 
within Dorvilleidae and its position was recovered nested among taxa of the Iphitime. Our phylogenetic analyses also show that 
the taxation Ophryotrocha puerilis siberti should be given full species rank and referred to as Ophryotrocha siberti. Finally, we 
publish here the full mitochondrial genome of V. pygoclava and discuss its novel gene order with reference to other annelids.
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Introduction

Rossi (1984) described Veneriserva pygoclava Rossi, 1984 
from southern California, giving it the allusive genus name 
(Latin = Venus’s servant), referring to their close association 

with Aphrodita longipalpa Essenberg, 1917, a sea mouse  
(Aphroditidae). Apart from the original species description  
by Rossi (1984) and the ecological studies on the 
Antarctic subspecies V. pygoclava meridionalis by 
Micaletto et al. (2002) and Micaletto et al. (2003), no other  
study exists on these endoparasitic annelids that live within 
the coelomic cavity of their hosts. Veneriserva is the only 
known member of Dorvilleidae that is endoparasitic. 
However, numerous Dorvilleidae species, primarily from the 
genus Iphitime, as well as some from Ophryotrocha, exhibit 
ectoparasitic or commensal relationships with decapod  
crustaceans (Martin & Britayev, 1998).

Polychaetes that parasitize other polychaetes had been, 
until recently, only restricted to some members of Oenonidae 
and Veneriserva (Jimi et al., 2021; Martin & Britayev, 1998, 
2018). Endovermis seisuiae Jimi et al. 2020, an endoparasitic 
Phyllodocidae from Japanese waters, with Aphrodita and 
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Lepidonotus spp. hosts, is the most recent addition to this very 
short list (Jimi et al., 2021). Much of the research up to now 
has been restricted to taxonomic descriptions and far too little 
attention has been paid to fundamental questions on the biol-
ogy of endoparasitic polychaetes. This is also largely because 
parasitic Oenonidae often have a free-living stage and lack 
any pronounced morphological adaptations (Emerson, 1974; 
Hernández-Alcántara & Solís-Weiss, 1998; Pettibone, 1957). 
Also, in the case of the recently described Endovermis, nothing 
is known on the mechanisms of host entry, reproduction, and 
feeding (Jimi et al., 2021).

Endoparasitic organisms occupy one of the most special-
ized ecological niches, residing within the body of another 
organism. This intimate relationship with the host usually 
demands a suite of adaptations, often driving significant mor-
phological changes. To thrive in such a unique environment, 
endoparasites must navigate and withstand the host’s defense 
mechanisms. A resilient tegument, such as the neodermis in 
adult parasitic flatworms (Tyler & Tyler, 1997), or parasite 
encystment, like in the notorious nematode Trichinella spiralis 
(Ritterson, 1966), can aid in resisting digestive enzymes and 
immune attacks (Zarowiecki & Berriman, 2015). Adaptations 
for nutrient uptake within a host, like the tegument brush bor-
der of tapeworms that amplifies the surface area by 10 to 50 
times (Lumsden, 1975), are also crucial. These examples, all 
driven by the need to survive and reproduce in the challenging 
internal environment of a host, suggest that Veneriserva likely 
evolved set of morphological traits enabling them to thrive 
within the coelomic cavity of their polychaete hosts.

This paper seeks to unravel some of these mysteries 
surrounding the biology of Veneriserva using a holistic 
approach integrating a variety of morphological (µCT, TEM, 
and histology) and molecular techniques. We not only dem-
onstrate unique anatomical adaptations to a parasitic lifestyle 
but also publish the full-mitochondrial genome of these fas-
cinating and understudied annelids. Furthermore, we discuss 
the phylogenetic placement of Veneriserva within Dorvil-
leidae, based on a five-gene molecular phylogeny.

Material and methods

Specimens

Specimens of Aphrodita longipalpa were obtained from near 
its type locality off San Diego by otter trawl at depths of 
500–700 m depth on soft bottom from 2017 to 2022. The 
specimens were identified as A. longipalpa based on its 
distinctly elongate palps. Vouchers have been deposited at 
the Benthic Invertebrate Collection of Scripps Institution of 
Oceanography (SIO-BIC) and at the Senckenberg Natural 
History Museum, Frankfurt (SMF).

Aphrodita longipalpa specimen vouchers: SIO-BIC 
A7408, A10919 (µCT), A13898, A14143, A14144 (CO1 
barcode sequence on GenBank: OR544434) and histologi-
cally sectioned juveniles with Veneriserva SMF 32800, 
SMF32801, and SMF 32802.

Veneriserva pygoclava specimen vouchers: SIO-BIC 
A7406, A7409, A11479, A13465, A13466, A16364, 
A16365, A16366, A16372 (CO1 barcode: OR826119), 
A16373 (CO1 barcode: OR826119), A16374 (CO1 barcode: 
OR826117), A18367, and A13687 (mitogenome on Gen-
Bank: OR449961, CO1 barcode: OR826118).

Micro‑computed tomography (µCT)

An adult sized specimen of formalin-fixed, ethanol-pre-
served A. longipalpa was chosen for µCT scanning (SIO-
BIC A10919). The specimen was stained with a contrast 
enriching phosphotungstic acid solution (0.3% PTA in 70% 
ethanol) (Metscher, 2009) for 3 weeks before scanning. A 
SkyScan 1272 µCT scanner (Bruker microCT, Kontich, 
Belgium) was used with the following parameters: 60 kV 
source voltage, 166 μA source current, 972 ms exposure, and 
a camera resolution of 1224 × 820 px. The voxel resolution 
was 7.4 μm. An aligned image stack was generated with the 
software Nrecon (Bruker) and the surface renderings were 
generated with the software Drishti 2.6.5 (Limaye, 2012) 
(National University, Canberra, Australia). 3D reconstruc-
tions were done using Amira 6.7 (FEI Company, Hillsboro, 
OR, USA).

The entire µCT dataset is published together with this 
paper and is available under https:// doi. org/ 10. 5281/ zenodo. 
82607 23.

Semi‑thin histology and transmission electron 
microscopy (TEM)

Male and female Veneriserva pygoclava used for TEM and 
semi-thin histology were directly dissected into the fixa-
tive and fixed in 2.5% glutaraldehyde buffered in 0.05 M 
phosphate 0.3 M NaCl saline (PBS) for 1–2 h in room 
temperature. The samples were rinsed and stored in PBS 
(with  NaN4) until embedding. The samples were postfixed 
with 1%  OsO4, buffered in the same way as the fixative, for 
30 min at 4 °C. The material was subsequently dehydrated 
in an ascending alcohol series and embedded in Spurr’s low 
viscosity embedding mixture. Series of silver interference-
colored ultra-thin sections (60–70 nm) were prepared with 
a Diatome Ultra 45° diamond knife mounted on a Leica 
Ultracut S ultramicrotome and placed on formvar-covered 
single-slot copper grids. These were stained with 2% uranyl 
acetate and 2.6% lead citrate (E17810, Science Services) 
after Reynolds in an automated TEM stainer (QG-3100, 
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Boeckeler Instruments). Ultra-thin sections were examined 
and imaged using a ZEISS EM10CR with phosphate imag-
ing plates (Ditabis). Ribbons of 1-µm semi-thin sections 
were prepared with a Diatome Histo 45° diamond knife on 
the same microtome and collected on object slides follow-
ing Blumer et al. (2002). Semi-thin sections were stained 
with toluidine blue (1% toluidine, 1% sodium tetraborate, 
and 20% sucrose) and the coverslips were mounted with 
Araldite. These were imaged using an Olympus BX-51 
microscope with an Olympus CC12 camera setup.

Paraffin histology

Two formalin-fixed juveniles of A. longipalpa were post-
fixed for 24 h in Bouin’s solution (modified after Dubosque-
Basil). The specimens were dehydrated completely in an 
ascending ethanol series, followed by an incubation in meth-
ylbenzoate and subsequently in butanol. The material was 
preincubated in Histoplast (Thermo Scientific, Dreieich, 
Germany) at 60  °C for 2  weeks and multiple medium 
changes and later embedded in Paraplast (McCormick Sci-
entific, Richmond, USA). Serial sections of 7 µm thickness 
were prepared using an Autocut 2050 microtome (Reichert-
Jung, Leica, Wetzlar) and transferred on to glass slides 
coated with albumen-glycerin. Sections were stained with 
Azan staining (stained with carmalaun, subsequently differ-
entiated with a 5% phosphotungstic acid solution, washed in 
distilled water, and stained again with an aniline blue-orange 
G mixture). Coverslips were mounted using malinol.

Complete series of the two parasitized A. longipalpa 
specimens are deposited in the Senckenberg Natural History 
Museum, Frankfurt am Main, Germany (collection numbers 
SMF 32800, SMF32801, and SMF 32802).

Phylogenetic analysis

DNA sequences of the mitochondrial gene 16S rRNA 
(16S), cytochrome c oxidase subunit I (COI), cytochrome 
b (Cytb), and the nuclear genes 18 rRNA (18S) and histone 
H3 (H3) for a wide range of Dorvilleidae were sourced from 
GenBank (Supplementary Table 1) and used with newly 
generated sequences for Veneriserva pygoclava. The new 
sequences were obtained following the same protocols and 
primers outlined in Yen and Rouse (2020). A eunicid, Eunice 
pennata (Müller, 1776), was used as the outgroup. Align-
ments were performed using MAFFT (Katoh & Standley, 
2013). A maximum likelihood (ML) analysis was conducted 
using RAxML-NG (Kozlov et al., 2019) and ModelTest-NG 
(Darriba et al., 2020) in the raxmlGUI 2.0 interface (Edler 
et al., 2021). The models used for each partition were chosen 
in ModelTest-NG and the partitions were concatenated. Fifty 
random addition searches were run to obtain the maximum 
likelihood tree and 1000 bootstrap pseudoreplicates were 

generated and analyzed to assess support. The resulting best 
tree with bootstrap scores was visualized with FigTree 1.4.4 
(Rambaut, 2018). A haplotype network of five Veneriserva 
pygoclava COI sequences was created with PopART ver. 1.7 
(Leigh & Bryant, 2015) using the TCS algorithm.

Mitochondrial genome assembly

DNA was extracted from several specimens of Veneriserva 
pygoclava using the Zymo Research DNA-Tissue Miniprep 
kit. DNA quantity was estimated using a Qubit dsDNA BR 
Assay Kit with a Qubit fluorometer (Invitrogen). The DNA 
extraction with the highest concentration (SIO-BIC A13687) 
was chosen for genome skimming. Library preparation and 
sequencing was carried out by Novogene Corporation Inc. 
(Sacramento, CA). Whole genome libraries were prepared 
targeting an insert size of 350 bp. A total of 9,303,989 
paired-end reads (150 bp) were sequenced on an Illumina 
NovaSeq 6000. Raw sequence reads were uploaded to the 
NCBI SRA database and are available under the BioProject 
accession number: PRJNA1041643.

The complete circular mitochondrial genome was assem-
bled with GetOrganelle v1.7.5.2 (Jin et al., 2020), which 
uses a “baiting and iterative mapping” approach to de novo 
assemble circular organelle genomes. The GetOrganelle 
pipeline incorporates Bowtie2 (Langmead & Salzberg, 
2012) and SPAdes (Bankevich et al., 2012). The average 
base coverage for the mitogenome assembly was 974 and the 
average kmer coverage was 155.8. The assembled mitochon-
drial genome was first annotated on the MITOS2 web server 
(RefSeq 81 Metazoa; Genetic Code 9) (Donath et al., 2019) 
and then manually with Geneious  Prime® 2022.0.1. NCBI 
GenBank accession number for the complete mitochondrial 
genome of Veneriserva pygoclava is OR449961. The mito-
chondrial genome map was drawn using Organellar Genome 
Draw (ORGDRAW) (Lohse et al., 2007).

Results

Parasite abundance

Often the parasites could be observed moving within the 
host’s body when the more translucent ventral side of the 
sea mice were inspected (Fig. 1A) or dorsally when the felt-
age chaetae were removed (Fig. 1B). Male V. pygoclava are 
markedly smaller in size when compared to their female 
counterparts (Fig. 1F, G) and are easy to overlook. Males 
were almost entirely white whereas the females had an ante-
rior white mark and an orange mid-dorsal line (Fig. 1D–G).

The infection rate of A. longipalpa with V. pygoclava 
appears to be high, at least in the specimens collected off 
San Diego. A total of 61 specimens of A. longipalpa were 
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collected by trawling during several cruises in the years 
between 2017 and 2022. Out of the 58 dissected speci-
mens, 62% were found to be parasitized (Fig. 2). Among 
the remaining three specimens, one was scanned using 
microCT, and two were histologically sectioned, revealing 
the presence of parasites in all three cases, which makes a 
total 64% of specimens of A. longipalpa parasitized by V. 
pygoclava. Of the dissected individuals, 24% exhibited a 
male and a female V. pygoclava cohabiting within a single 
host. Solitary female parasites were found in 17% of the 
specimens; six individuals of A. longipalpa (10%) housed a 
single female coexisting with two males. Additionally, one 
A. longipalpa featured a female cohabiting with a single 
juvenile. The remaining 9% of cases consisted of solitary 
juveniles (Fig. 2). The presence of parasites showed a signif-
icant correlation with host size, indicating that larger hosts 
were more prone to parasitization (t-test p value: 2e − 04). 
Additionally, hosts hosting both female and male parasites 
exhibited larger sizes. Specimens of Aphrodita that accom-
modated 3 parasites (one female + two males) surpassed the 
size of those with only a male and female V. pygoclava. 
Interestingly, sea mice hosting juvenile parasites were com-
paratively smaller (see Fig. 2). Similar infection rates were 
observed in specimens collected in October and May.

Position of Veneriserva within Aphrodita

The µCT scan of a parasitized A. longipalpa allowed visu-
alizing in 3D the position of Veneriserva inside their host 
without dissection and in their natural condition (Fig. 3). 
In the Aphrodita specimen scanned, a single juvenile and 
a single female V. pygoclava were present. The juvenile is 
likely to be a male, as two females were never observed 
together in a single host. Veneriserva pygoclava resided 
within the coelomic cavity of the host, largely occupying 
the lateral and ventral coelomic spaces (Fig. 3). The larger 
female was approximately 77.1 mm long, 10 times the size 
of the juvenile (± 7.2 mm), and about twice the length of 
the host (± 42.7 mm) (Fig. 3A). The female was positioned 
in a U-shaped coil with the posterior and anterior ends 

both located near the anterior of the host. The juvenile was 
located near the anterior end of the female (Fig. 3A, B, E, 
F). Other female Veneriserva with an even larger parasite 
to host body length ratio were observed in some of the dis-
sected specimens (Fig. 1C, G). In these, the parasites could 
be observed making multiple coils within the ventral coe-
lomic space, and also extending dorsally (Fig. 1A–C), taking 
up a very large area within the host’s body. Neither the mus-
culature nor the gut of the host appeared to be substantially 
damaged by the parasite (Fig. 3B–D). Despite the relatively 
large size of many of the A. longipalpa collected, no gonads 
or gametes of any stage were observed in any sampled hosts, 
infected or not. Specimens were observed from the months 
December, March, May, July, September, and October over 
the period of 2017 to 2023; so, the breeding season may be 
over the winter/spring months.

Interestingly, the two juvenile A. longipalpa specimens 
examined (both less than 3 cm in length) did not show any 
signs of infection upon external inspection of the ventral 
side. However, histological sectioning of these specimens 
revealed a single juvenile V. pygoclava in both (Fig. 4A, B). 
These V. pygoclava specimens were juveniles themselves 
and did not show any signs of gametogenesis (Fig. 4B), so 
sex determination was not possible.

Oogenesis

Oogenesis in Veneriserva pygoclava occurs in segmentally 
repeated ovaries. The oogonia of V. pygoclava proliferated 
from the ventral surface of the dorsal blood vessel (Fig. 5A, 
C) and the gonads were attached to the intersegmental 
septa (mesenteries) (Fig. 5C). Each developing oocyte was 
directly connected to a nurse cell by intercellular cytoplas-
mic bridges (Fig. 5D). The nucleus of the oocyte appeared to 
undergo numerous morphological changes during oogenesis, 
as it appeared heterochromatic in early stages and enlarged 
and became euchromatic with a single prominent nucleolus 
during the vitellogenic phase (Fig. 5B, C). The nurse cells 
appeared to undergo a striking morphological change after 
the onset of vitellogenesis, making them easy to distinguish 
from their neighboring oocytes. During vitellogenesis, the 
volume of the nurse cell nucleus rapidly increased and was 
always dense and heterochromatic, whereas the nuclei of 
the oocytes were all euchromatic at this stage (Fig. 5C). 
Another difference between vitellogenic oocytes and nurse 
cells was the size and distribution of yolk platelets. Nurse 
cells never contained ripe yolk bodies, but only small-sized 
yolk platelets arranged in clusters (Fig. 5D). While oocytes 
kept growing reaching a final diameter of about 100 µm, 
nurse cells had already reached their final diameter of about 
30 µm during vitellogenesis. The nurse cells then appear to 
undergo a decrease in diameter until they are finally incor-
porated into the oocytes (Fig. 5B).

Fig. 1  Live photos and dissection of parasitized Aphrodita longipalpa 
and Veneriserva pygoclava. A Ventral view of A. longipalpa. B Dor-
sal view of A. longipalpa with removed feltage chaetae, revealing the 
parasite visible through the body wall. C Ventrally dissected A. lon-
gipalpa, exposing the sizable female parasite. Veneriserva pygoclava 
individuals within the host are indicated by arrowheads. D Juvenile 
female V. pygoclava, with developing oocytes visible through the 
body wall along the mid-dorsal orange line. E Female V. pygoclava 
showing the mid-dorsal orange pigmentation and the white mark at 
the base of the prostomium. F Male V. pygoclava. G A large female 
and smaller male V. pygoclava, extracted from the same host. The 
pygidium is club-shaped in both males and females and juveniles. H 
Juvenile V. pygoclava shown from multiple angles, characterized by a 
complete white coloration; black jaws are magnified in panel

◂
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Spermiogenesis

In the histologically sectioned male specimen, spermio-
genesis occurred along the peritoneal lining (Fig. 5F). 
Spermatogonia were found ventrally associated with the 
coelomic lining, near the dorsal blood vessel (Fig. 5F). 
Spermatocytes and mature sperm were found released into 
the coelomic cavity. Upon dissection, liberated sperm cells 
could be observed under the light microscope. Mature 
sperm of V. pygoclava had a large conical acrosome 

(~ 12 µm long) and a spherical nucleus (6 µm in diameter) 
with no evidence of an emergent flagellum (Fig. 5E).

Pharyngeal apparatus and lack of an intestine

The alimentary tract of V. pygoclava was found to be 
unique and aberrant among Annelida, in that it consisted 
of a functional muscular axial proboscis with a jaw appa-
ratus but with no through-gut (Figs. 3E, and 4B–H). The 
pharynx ended blindly (Fig. 4G, H) leaving a completely 

Fig. 2  Parasite abundance and distribution statistics. A total of 58 
Aphrodita longipalpa were dissected and examined for parasite pres-
ence. The upper horizontal bars graphically depict the proportional 
parasitism rates and the corresponding distribution among male, 

female, and juvenile parasites, along with various cohabitation con-
figurations. The box plots show the relationship between host size and 
the occurrence of parasites, presented collectively and then individu-
ally for female, male, and juvenile parasites
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hollow body cavity only occupied by developing gametes 
in mature specimens (Fig. 5A, F). The complete reduc-
tion of the gut was observed in both juvenile (Fig. 4B–H) 
and adult specimens of V. pygoclava (Fig. 5A, F) we sec-
tioned histologically. Even though a jaw apparatus is pre-
sent, and the animals can evert and move the maxillae in 
a pinching motion (Fig. 1H). The maxillae and the fused 
mandibles appear reduced when compared to free-living 

Dorvilleidae. The pygidium of V. pygoclava was con-
firmed as being club shaped, which inspired the species 
epithet. An anus, rudimentary or not, was not confirmed.

Epidermal ultrastructure

The entire body surface of V. pygoclava was densely covered 
with microvilli of the epidermal cells that pierced through 

Fig. 3  µCT visualization of parasites within Aphrodita longipalpa. 
A 3D rendering of parasites shown within the projection of the host 
body. B–D Virtual dissections of surface renderings, showing cross-
sections of the host across three consecutive body regions, from 
anterior to posterior. Raw image data from the micro-CT stack, illus-
trating a horizontal section through the host (E) and a sagittal sec-

tion (F). Head of the juvenile parasite is magnified to display the 
prominent jaws in white. Abbreviations—ja jaws, ne nephridia, pha 
pharynx. Female Veneriserva pygoclava is shown in yellow or with 
yellow arrowheads and the juvenile V. pygoclava in blue or with blue 
arrowheads
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the cuticle (Fig. 6A–C). The cuticle was less than 500 µm 
in thickness. A thin electron-dense epicuticle was present 
and had an inner lighter and an outer denser zone. The outer 
electron dense zone of the epicuticle was covered with a thin 
layer of darkly stained particles, giving it a fuzzy appear-
ance (Fig. 6B). The unbanded collagen fibers of the cuticle 
were embedded in an electron-light glycocalyx matrix and 
were more densely arranged towards the epicuticle (Fig. 6B). 
Distally, the epidermal cells contained numerous transport 
vesicles (inclusion bodies) (Fig. 6E). Individual mucosecre-
tory cells were abundant in the epidermis and were situated 
between supportive cells (Fig. 6A). Patches of multicili-
ated epidermal cells were present scattered around the body 

(Fig. 6D). These multiciliated cells contained larger amounts 
of mitochondria and were also covered with microvilli 
(Fig. 6D). Microvilli were branched (Fig. 6E) and had an 
enlarged, inflated tip covered with electron-dense droplets 
(Fig. 6B). The inflated portion of a microvillus was bulbous 
and had a maximum diameter of ± 300 nm.

Phylogenetic placement of Veneriserva

The ML analysis of the three mitochondrial and two nuclear 
genes for Dorvilleidae showed two main clades (labeled 
A and B) containing all Ophryotrocha terminals as well 
as members of other genera such as Exallopus, Iphitime, 

Fig. 4  AZAN-stained paraffin histology. A Histological cross-section 
of a juvenile Aphrodita longipalpa featuring an endoparasitic imma-
ture Veneriserva pygoclava (denoted by a star). B Longitudinal sec-
tion of V. pygoclava, highlighting the absence of a through gut, and 
continuous uninterrupted mesenteries. C–H Cross-sections through 

the anterior region of V. pygoclava, showing the muscularized phar-
ynx with jaws culminating in blind termination at section G. Abbre-
viations—ac acicula, br brain, df dorsal felt, el elytra, ja jaws, mo 
mouth, ne nephridium, pha pharynx, vnc ventral nerve cord
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Pseudophryotrocha, and Veneriserva. Veneriserva pygo-
clava was in clade B with a relatively long branch and 
formed a poorly supported clade with the three included 
terminals of Iphitime (Fig. 7), which are all symbiotic with 
Crustacea (de Paiva and Nonato, 1991). It was sister taxon 
to Iphitime paguri Fage & Legendre, 1934, making Iphi-
time paraphyletic, though there was little support for this. 
This Iphitime/Veneriserva clade formed a well-supported 
clade together with a sister clade of Ophryotrocha mainly 
associated with hydrothermal vents (6 species) (Zhang et al., 
2023) and one with a whale fall O. clava Taboada et al., 
2013. Another clade of symbiotic dorvilleids, also living 
with Crustacea (O. mediterranea Martin et al., 1991 and O. 
geryonicola Esmark, 1874), formed a clade with the free-
living O. vivipara Banse, 1963 (Fig. 7) and was also in clade 
B. Five specimens of V. pygoclava exhibited four CO1 hap-
lotypes, each differing by a few mutational steps (Fig. 7).

Mitochondrial genome of Veneriserva pygoclava

The mitochondrial genome of Veneriserva pygoclava was 
found to span a length of 15,709 base pairs (bp) (Fig. 8). The 
GC content is measured at 27.4%. In our analysis, we have 
successfully identified a total of 13 protein-coding genes 
(cox1, cox2, cox3, nad1, nad2, nad3, nad4, nad4l, nad5, 
nad6, cytb, atp6, and atp8), accompanied by two rRNAs and 
a set of 22 tRNAs. The arrangement of these mitochondrial 
genes presents a deviation from the typical pattern observed 
in the majority of annelids.

Discussion

Host infection

Our analysis of Aphrodita longipalpa specimens suggests 
that the infection rate of Veneriserva pygoclava is relatively 
high in the San Diego area. At least 64%, over the various  
sets of samples taken through most of the year. A study  
by Micaletto et al. (2002) examined the infection rate of  
the Antarctic subspecies V. pygoclava meridionalis in 
another aphroditid, Laetmonice producta and found an 
infection rate of approximately 20% in their analysis of 842 
host specimens. To our knowledge Veneriserva specimens 
have not been reported in any other location thus far. The  
two juvenile Aphrodita specimens that we sectioned histo-
logically both had a single juvenile parasite. These were not 
visible upon external examination of the hosts. This suggests 
that the penetration of the hosts occurs very early during the 
host development and demonstrates that small Veneriserva 
specimens can be easily overlooked upon initial examina-
tion. Veneriserva pygoclava specimens evidently mature  
within the coelomic cavity of the hosts and most likely never  

leave their host once settled, as they lack a functional gut 
(see below for more details). However, the specific mecha-
nism of host entry remains unclear. We hypothesize that the 
larval stages of the parasite are sufficiently small to enter 
and exit the coelomic cavity of A. longipalpa through its 
nephridia (Figs. 3B, C and 4A).

The parasitization of a single host by multiple individu-
als of Veneriserva had been previously reported (Mical-
etto et al., 2002; Rossi, 1984). Rossi (1984) in his original 
description mentions four specimens collected from a single 
host. The highest amount of Veneriserva reported from a 
single host was six in Micaletto et al. (2002). In our study, 
we never found more than three parasites within a single 
Aphrodita specimen. Interestingly, neither Rossi (1984) nor 
Micaletto et al. (2002) and Micaletto et al. (2003) report 
finding male Veneriserva. Rossi (1984) only identifies the 
largest specimen, which is the holotype, as a female and does 
not comment on the sex of the paratypes, while Micaletto 
et al. (2002) did not find any males and only report female 
Veneriserva that they were able to recognize by the presence 
of large eggs.

We now, for the first time, report the presence of male 
and female Veneriserva within a single host. Males are much 
smaller than females and easier to be overlooked. Further-
more, spermatozoa in these small individuals are less con-
spicuous making it more challenging to determine the sex 
of male Veneriserva without comprehensive morphological 
investigation. Therefore, it is likely that both Rossi (1984) 
and Micaletto et al. (2002) also had male Veneriserva in 
their samples. We never found any of the host A. longipalpa 
with gametes, although they were sampled over much of the 
year. Micaletto et al. (2003) found no evidence for an impact 
of V. pygoclava meridionalis on reproduction of its host L. 
producta, which appears to breed constantly throughout the 
year. Little is known about reproduction in Aphroditidae 
otherwise.

Reproductive strategy of Veneriserva

The presence of male and female Veneriserva pygoclava 
within the same host also may indicate that the parasites 
reproduce within the coelomic cavity of the host. Consid-
ering the large number of eggs produced by female Ven-
eriserva pygoclava, the most plausible reproductive strat-
egy seems to be that mature oocytes and spermatozoa are 
released into the coelomic cavity of the host and fertilized 
therein. Thereby, the body cavity of Aphrodita may be used 
almost like a brood chamber, increasing the chance of suc-
cessful fertilization of eggs by providing a contained and 
protected space. The sperm morphology provides further 
support for this hypothesis. Sperm morphology (though not 
without exceptions) can be correlated to the fertilization 
mechanism (Franzen, 1956; Rouse, 2005). The sperm of 
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Ophryotrocha lack long flagella, making pseudocopulation 
a prerequisite for successful fertilization in a cocoon (Ber-
ruti et al., 1978; Troyer & Schwager, 1979). The sperm of 
Veneriserva is similar to that of Ophryotrocha and suggests 
that fertilization occurs without the spermatozoa having to 
swim a long distance.

Micaletto et al. (2002) proposed that some specimens of 
V. pygoclava meridionalis were regenerating and speculated 
that asexual reproduction, as well as sexual reproduction, 
might be occurring in this species. We did not observe any 
regenerating specimens. It is possible that the observation 
of Micaletto et al. (2002) might be explained by the fact 
that the pygidium is significantly elongated in V. pygoclava 
meridionalis making the posterior end of the animal resem-
ble a regenerative bud. Asexual reproduction by budding is 
not known for any Dorvilleidae, and it is highly unlikely that 
the parasites would have wounded posterior ends within the 
protected body cavity of the host. Considering all this and 
our findings showing the cohabitation of both sexes, sexual 
reproduction seems to be the primary reproductive strategy 
in Veneriserva.

Epidermal nutrient uptake in Veneriserva

One unanticipated finding in our study was the complete 
reduction of a digestive tract in both adult and juvenile spec-
imens of Veneriserva pygoclava. This observation indicates 
that the reduction of the gut happens early during develop-
ment. Currently, there is no information available about the 
post-embryonic development in V. pygoclava. Future devel-
opmental studies could not only elucidate the ontogenetic 
process leading to gut reduction but could also shed light 
on critical aspects of V. pygoclava’s biology, such as larval 
dispersal, mechanisms, and strategies for host penetration.

Gutless annelids are known, but rare and so far, had been 
restricted to deep-sea Siboglinidae that rely on symbiotic 
bacteria for their nutrition (Cavanaugh et al., 1981; Goffredi 
et al., 2005), to phallodrilin oligochaetes also living with 
bacterial symbionts (Dubilier et al., 2006; Erseus, 1984) 

and to the interstitial polychaete Astomus taenioides Jouin, 
1979 (Martínez et al., 2015). In A. taenioides, there are no 
bacterial symbionts, the animals lack a mouth opening, and 
a non-functional residual gut is present. In the case of these 
meiofaunal polychaetes, the nutrients appear to come in the 
form of dissolved and particulate organic matter, possibly 
from the detritus in the sediment that the animals dwell in. 
However, the origin and nature of their nutritional source 
still remains unresolved (Jouin, 1992).

In the undoubtedly endoparasitic V. pygoclava, how-
ever, the nutrients must stem from the coelomic fluid of the 
host. In contrast to A. taenioides, V. pygoclava has a mouth 
opening and a functional muscular axial proboscis with dis-
tinct jaws. There is no vestigial gut and the pharynx ends 
blindly. It is possible, therefore, that the jaws play a role in 
moving/biting through the host’s tissues, although no sig-
nificant damage to the host’s internal organs or musculature 
was observed. The enlarged epidermal surface area, with 
elongated microvilli covering the entire body and extend-
ing over the thin cuticle, is likely to play an active role in 
the transport of dissolved organic compounds from the coe-
lomic fluid of the host. Ciliated patches along the body may 
be agitating the microenvironment around the parasite to 
enhance the flux of coelomic fluid and thereby of nutri-
ents along the epidermal surface. The presence of numerous 
subcuticular transport vesicles in the supportive cells of the 
epidermis indicates that particulate organic matter is taken 
up through endocytosis and digested in the epidermis. The 
integument of an endoparasitic animal is the direct interface 
between the parasite and the host, and thus plays a crucial 
role in both defense against the host’s immune system, as 
well as in nutrient acquisition, as described above. A similar 
mechanism of nutrient uptake is best-known from gutless 
endoparasitic tapeworms (Dalton et al., 2004; Poddubnaya 
et al., 2007; Tyler & Hooge, 2004). The epidermis, or tegu-
ment, of a tapeworm is syncytial, with its surface area sig-
nificantly increased by dense surface projections forming 
a “tegument brush” (Lumsden, 1975), although the micro-
villi covering the apical surface of the epidermis are not as 
densely arranged or as elongated as the “microtriches”—the 
digitiform projections of the neodermis in tapeworms. In V. 
pygoclava, the epidermal microvilli likely serve to expand 
the surface area for nutrient absorption. In contrast, tape-
worm microvilli also play a crucial role in maintaining a 
high-pH boundary layer, which protects against digestion by 
the host’s intestinal enzymes (Tyler & Hooge, 2004). How-
ever, since V. pygoclava resides in the coelom rather than the 
gut, this protective function is less likely to be applicable. V. 
pygoclava is the only known obligate endoparasitic annelid 
with the ability to absorb particulate material and nutrients 
from the ambient milieu through its epidermis.

Fig. 5  Gametogenesis in male and female Veneriserva pygoclava. 
A–D Semi-thin histological sections of female Veneriserva pygoclava, 
stained with toluidine blue. A Cross-section of a female Veneriserva. 
B Close-up of large mature oocytes without discernible nurse cells. C 
Developing oocytes attached to mesenteries (mes), and oogonia prolif-
erating from the ventral side of the dorsal blood vessel (bv). D Details 
of vitellogenic oocytes and nurse cells. Arrowheads indicate brown-
stained yolk platelets and yolk bodies. E Live sperm cells captured in 
a light micrograph. F–G Cross-sections of male Veneriserva. Note the 
absence of a gut in the cross-sections. Abbreviations—ac acicula, acr 
acrosome, bv blood vessel, coe coelomic cavity, mes mesentery, nc 
nurse cell, nn nurse cell nucleus, nu sperm cell nucleus, Oo oocyte, on 
oocyte nucleus, sp spermatogonia, vnc ventral nerve cord

◂
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Phylogenetic placement of Veneriserva

Veneriserva pygoclava was recovered well inside the 
genus Ophryotrocha, which has been acknowledged as a 
paraphyletic group for some time (see Zhang et al., 2023). 
What was more striking was that Veneriserva was also 
nested within the genus Iphitime, which was represented 
by three terminals in Fig. 7. Other Iphitime species were 

not used in the analysis, including the type species, Iphi-
time doederleini Marenzeller, 1902, which prevents us 
from taking any taxonomical action regarding the syn-
onymization of genera Iphitime and Veneriserva. In addi-
tion, we noted here the sister group relationship of O. 
puerilis with O. eutrophila and with what has normally 
(Bacci & La Greca, 1953) been regarded as O. puerilis sib-
erti as the sister group to this clade (Fig. 7). There seems 

Fig. 6  Epidermal ultrastructure of Veneriserva pygoclava. A–D TEM 
images of the epidermis revealing the presence of dense, modified 
microvilli (mv) that cover the body surface. A mucosecretory gland 
cell (gl) is discernable in A. D shows details of a multi-ciliated epi-
dermal cell. B depicts the microvilli (mv) covering the cuticle (cu). 

Note the inflated tips of the microvilli and the electron-dense drop-
lets. E Apically the epidermal cells display an abundance of trans-
port vesicles (v). Arrowheads mark the branching microvilli piercing 
through the cuticle in all images. Abbreviations—ci cilia, m mito-
chondria, nc nucleus
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to be no justification for regarding O. siberti as a subspe-
cies of O. puerilis, especially given its nearly 20% COI 
divergence so we have labeled it in Fig. 7 as O. siberti and 
formally restore to species rank. These two species, cur-
rently regarded as subspecies, were originally described 
from two different localities: Whitstable and Plymouth in 
the Atlantic (Staurocephalus siberti, McIntosh, 1885) and 
the Bay of Naples in the Mediterranean (Ophryotrocha 
puerilis, Claparède & Mecznikow, 1869). Later, Fauvel 
(1923) synonymized S. siberti with O. puerilis. Bacci and 

La Greca (1953) subsequently treated McIntosh’s species 
as a subspecies of O. puerilis despite finding clear mor-
phological differences in the mandibles. More recently, 
Paxton and Åkesson (2007) presented a formal taxonomy 
for Ophryotrocha puerilis siberti. However, despite report-
ing again clear morphological differences in the mandibles 
and very low success in hybridization, they kept O. pueri-
lis siberti at subspecies rank (Paxton & Åkesson, 2007). 
In 2009, Wiklund et al. (2009) presented molecular data 
from three genes and including O. puerilis puerilis and 

Fig. 7  Maximum likelihood (ML) tree of Dorvilleidae. The tree 
depicts the phylogenetic relationships within Dorvilleidae inferred 
through concatenated 16S, COI, Cytb, 18S, and H3 sequences. Boot-
strap support values are provided for each node. Nodes with complete 

support are indicated with an asterisk (*); values below 50% are not 
shown. Branches of parasitic/symbiotic species highlighted in blue. 
Haplotype network for 5 Veneriserva pygoclava specimens is shown 
next to the tree
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O. puerilis siberti, recovering them as sister taxa, though 
with branch length differences that were greater than those 
between sister species pairs on the same tree, however no 
taxonomic action was taken. Our analysis here, with five 
genes instead of three (Fig. 7), shows O. puerilis siberti 
is not the sister taxon to O. puerilis puerilis. Also, the 

COI distance between these two taxa is nearly 20%. For 
all these reasons, we now suggest to formally give the 
status of species to Ophryotrocha puerilis Claparède & 
Mecznikow, 1869 (previously considered as O. puerilis 
puerilis) and to Ophryotrocha siberti (McIntosh, 1885) 
(previously considered as O. puerilis siberti).

Fig. 8  Mitochondrial genome map of Veneriserva pygoclava. The inner ring presents the GC content graph. The complete, fully annotated mito-
chondrial genome is accessible via the NCBI GenBank database under the accession number: OR449961
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Mitochondrial gene rearrangements in Veneriserva

Recent studies have highlighted the mostly conserved 
nature of mitochondrial gene order in annelids 
(Struck et al., 2023; Weigert et al., 2016). Despite this 
predominantly conserved pattern, various exceptions have 
been documented, revealing deviations from the presumed 
standard mitochondrial gene order (Aguado et al., 2016; 
Alves et al., 2020; Seixas et al., 2017; Sun et al., 2021; 
Tempestini et al., 2020; Zhang et al., 2018). Furthermore, 
certain taxa exhibit considerable variability, even within 
a single genus. For example, species within Hydroides 
(Serpulidae) (Sun et  al., 2021) and Ophryotrocha 
(Dorvilleidae) (Tempestini et al., 2020) display extensive 
rearrangements.

The mitochondrial gene order in V. pygoclava signifi-
cantly departs from the patterns observed in previously 
published annelid mitogenomes. However, considering Ven-
eriserva’s placement nested within Ophryotrocha and the 
documented variability of mitogenomes within this group 
(Tempestini et al., 2020), this divergence is not unexpected. 
Tempestini et al. (2020) based their analyses on six Ophry-
otrocha species (O. puerilis, O. robusta, O. japonica, O. 
labronica, O. diadema, and O. adherens), predominantly 
from the labronica/puerilis clade (Fig. 7, clade B), to which 
Veneriserva also belongs. Sampling more distantly related 
Ophryotrocha species is likely to unveil even more distinct 
gene arrangement patterns.

Parasitism has been proposed as a potential biological 
factor driving mitochondrial gene rearrangements (Bernt 
et al., 2013); this hypothesis did not receive statistical con-
firmation within annelids in the recent study by Struck et al. 
(2023). Nevertheless, the complete rearrangement of the 
mitochondrial genome in Veneriserva remains intriguing, 
albeit not entirely unexpected.
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tary material available at https:// doi. org/ 10. 1007/ s13127- 023- 00633-8.
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