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A B S T R A C T   

The larval development of the endangered freshwater mussel Margaritifera margaritifera (L.) represents one of the 
most unique parasitism among naiads, in which larva parasite the fish gills for several months. Despite the 
importance of this parasitic phase to successfully culture the freshwater mussel, the larval morphogenesis re
mains understudied. To describe the parasitic larval development and metamorphosis, Atlantic salmon (Salmo 
salar L.) were exposed to glochidia, sampled periodically to visualize the gills by stereomicroscopy and light 
microscopy and results were summarized throughout three developmental stages. Once attached to the fish gills, 
glochidia changed their morphology within the first days and acquired an intermediate stage termed mushroom 
larva due to the presence of the mushroom body and the zip membrane, both structures are transitory and 
distinctive of this long-lasting parasitism. The zip membrane, located at the valve cleft, may play a unique role in 
the isolation and acquisition of non-particulate nutrients from the fish, while the mushroom body of the mantle 
accumulates abundant intracytoplasmic lipid droplets. After 200 days, a successful metamorphosis was evi
denced by the formation of a complete set of post-larval organs, pointing to the acquisition of different func
tionality, which will be essential for the settlement and deposit-feeding into the riverbed. Among the post-larval 
organs, the byssal complex of the post-larval foot was described for the first time at the end of the parasitic stage 
of naiads. In conclusion, this study provides an overview of the larval morphogenesis of M. margaritifera, from 
glochidium to post-larva, essential for understanding the parasitic interaction between the freshwater mussel 
larva and the fish host. Moreover, the morphological techniques and the hallmarks described might be applicable 
to optimize and monitor the larval developmental status during one of the most critical stages of the captive 
breeding programmes of endangered freshwater mussels.   

1. Introduction 

Freshwater mussels of the order Unionida are known as naiads, ac
cording to the mythological female nature deities which preside over 
bodies of fresh water and protect the water quality and the freshwater 
ecosystem. Naiads provide a direct contribution to human and animal 
health which depend on these resources (Strayer, 2017; Vaughn, 2018). 
These ecosystem services are expected to occur in large mussel com
munities, where the semi-infaunal adults display important burrowing 
and biofiltration functions in the riverbeds (Boeker et al., 2016; Vaughn 
and Hakenkamp, 2001; Vaughn et al., 2008). Nevertheless, freshwater 
mussels in the Northern Hemisphere are one of the largest and most 

threatened freshwater taxa worldwide (Lopes-Lima et al., 2018, 2017a). 
In Europe, Margaritifera margaritifera (Linnaeus, 1758) is listed as criti
cally endangered (Lopes-Lima et al., 2018, 2017b), and most of the 
populations lack recent recruitment due to the loss of the habitat 
required by the young mussels (Geist and Auerswald, 2007). 

Before the juvenile stage, the M. margaritifera embryo is brooded 
within the marsupia of parent mussels and develops into glochidium. 
This unique larval stage is released into the water to encyst into the gill 
epithelia of their salmonid host, Salmo salar L. and Salmo trutta L. fry and 
parr (Kat, 1984; Wächtler et al., 2001). After several months larva 
completes its metamorphosis and detaches from the host gills when 
temperature increases (Hruska, 1992). This embryological and larval 
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development is regarded as a parasitic strategy for upstream dispersal 
and nutrition (Barnhart et al., 2008; Denic et al., 2015; Schwartz and 
Dimock, 2001), and contrasts with the pelagic veliger larva of other 
bivalves (Bändel, 1988; Carriker, 2001). Moreover, this interaction be
tween the larva and the fish supposes an important parasitism among 
unionoideans, where the small glochidium of M. margartifera grows five 
folds from the initial size (Bauer, 1994; Denic et al., 2015; Howard and 
Anson, 1922; Scharsack, 1994; Scheder et al., 2011). Therefore, one of 
the eventual emergency conservation strategies relies on the captive 
culturing of the young mussels, in which the larva needs to successfully 
develop during this long-lasting parasitic larval stage on its suitable fish 
hosts (Gum et al., 2011). 

Despite the importance of this parasitic phase for the subsequent 
survival of the juvenile mussels, very few studies focused on the anat
omy of freshwater mussel adults (McElwain and Bullard, 2014). For 
instance, this parasitic stage has been characterized in other naiads such 
as the margaritiferid Pseudunio auricularius during its parasitism in Si
berian sturgeon (Acipenser baerii) (Araujo et al., 2002). Moreover, other 
species as Hyriopsis bialatus and Utterbackia imbecillis develop large 
glochidium with brief parasitic stages on the fish, thus, a supplemented 
tissue culture with fish serum could be successfully employed to describe 
the short in vitro development of these larvae (Chumnanpuen et al., 
2011; Fisher and Dimock, 2002). Recent studies described the 
morphology of free-living young M. margaritifera after metamorphosis 
and detachment from the gills, termed post-larval or juvenile stages 
(Araujo et al., 2018; Lavictoire et al., 2018; Schartum et al., 2016). 
However, up to our knowledge, there is only one study focused on the 
larval development of the threatened species M. margaritifera, by 
Scharsack (1994) in brown trout. 

Based on these previous descriptions of the larval development, our 
hypothesis is that the parasitic larvae of M. margaritifera might acquire 
exclusive anatomical structures involved in the survival and develop
ment from glochidium to free-living freswater juveniles. In order to 
provide insight into the unique parasitic interaction between the 
M. margaritifera naiad and one of their hosts (S. salar), this study aims to 
thoroughly describe the larval development of the parasitic larva 
M. margaritifera in the salmon gills by stereomicroscopy and light mi
croscopy. This knowledge will contribute to a better understanding of 
the pathogenesis of this parasitism as well as to improve the manage
ment of parasitic and post-parasitic larvae during the freshwater mussel 
conservation programmes. 

2. Material and methods 

Three independent experimental trials were performed from 2015 to 
2018. Atlantic salmon fry (S. salar), coming from wild progenitors of the 
Ulla and Eo rivers, were artificially infested with glochidia and sampled 
periodically for approximately seven months to evaluate the micro
scopical morphology of the encysted larva. These experimental trials 
were carried out in the framework of a conservation aquaculture pro
gram, held in Lugo (Galicia, NW of the Iberian Peninsula) and focused on 
the propagation and captive breeding of this endangered freshwater 
mussel. 

2.1. In vivo procedures in the salmon host 

At the end of summer, salmon fry (age 0 +) were submitted to a 
glochidial exposure (Procedure 1) following the methodology described 
by Castrillo et al. (2020) (Fig. 1a and b). Briefly, wild gravid mussels of 
M. margaritifera (n = 2–4) were induced at each trial to oxygen and 
temperature stress to release and collect the glochidial spat. The released 
glochidia were evaluated in quantity and quality by light microscopy 
(number of viable larvae per millilitre). Thereafter, fry were exposed by 
bath immersion to 1000 glochidia g− 1 of fish for 30 min, and subse
quently reared in open system tanks of 0.5 m3 and a density below 1.1 
fish/L. 

Although a number of fish prematurely rejected the encysted larva, 
fish that remained infested after six months contained large larva 
encysted in the gill tissue, visible macroscopically by manual immobi
lization and abduction of the opercula (Castrillo et al., 2021). This 
technique allowed us to the in vivo diagnosis and selection of the 
infested fish (Procedure 2) showing a variable prevalence from 8% and 
35% (Fig. 1a and b). Thereafter, infested fish (n = 40–78) were intro
duced in a recirculating system to synchronize the post-larval detach
ment (Procedure 3) by progressively increasing the water temperature 
up to 17 ºC (Fig. 1a and b). Detached post-larva, also known as juveniles, 
were collected daily from the tank outlet by sieves and the start of the 
detachment of viable post-larva was determined at each trialwhen the 
majority of the detached individuals were viable (Fig. 1a). 

To reflect the temperature fluctuations throughout each trial, the 
water temperature was monitored every three hours with a temperature 
data logger (UX100, Onset HOBO®), represented in relation to each 
experimental procedure (Fig. 1b). Moreover, to consider these different 
temperatures among trials, the elapsed accumulated temperature was 
calculated with the maximal and minimal values, expressed as the sum 
of the average daily water temperature in degree-days (Fig. 1a). 

2.2. Sampling procedure 

Based on the proportion of infested fish in the tank, from 6 to 10 
exposed fish were sampled randomly at: 40 min and 1, 3, 14, 21, 30, 60, 
90, 120, 150, 180, 200 and 220 days postexposure (PE; Fig. 1b). Each 
fish was anesthetized with an overdose of Tricaine methane-sulfonate 
(MS-222, Sigma-Aldrich®) and a bicarbonate solution (1:2); and the 
euthanasia was confirmed by sectioning cranially the spinal cord. Hol
obranches were excised and left gills were observed and photographed 
under a M125C stereomicroscope and a DM750 light microscope 
(Leica®). Additional squashes of small portions of the gill tissue without 

Fig. 1. Summary of experimental trials performed in Atlantic salmon fry during 
the 2015–16, 2016–17 and 2017–18, divided in three procedures. (a) Sum
marizing table of the different yearly procedures. (b) Fluctuations of the 
smoothed daily water temperatures through each trial (represented by different 
colours) in relation to the different procedures (1− 3) and the 13 sam
plings (arrows). 
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the supporting arch were visualized directly by light microscopy. Larvae 
morphologically oriented in a lateral view were photographed with the 
light microscope objective at 10x (n = 5) to measure the larval shell 
length in the antero-posterior axis by ImageJ (Rueden et al., 2017). 

Once the detachment from the fish gill was initiated, viable and 
unviable post-larvae were classified based on the presence or absence of 
pedal and valve movements, respectively, and photographed under the 
stereomicroscope to measure their length as previously described 
(n = 40, ± 0.1 µm). For the histological analysis of the detached post- 
larva, only the viable individuals were sampled to avoid potential 
post-mortem changes. 

All procedures were carried out at the facilities of “Centro Ictiogénico 
de O Veral” (Xunta de Galicia) and followed the international (Directive 
2010/63/EU, on the protection of animals used for scientific purposes), 
national (Law 6/2013 and RD 53/2013, on the protection of animals 
used for scientific experiments) and institutional regulations (USC Re
view Board). 

2.3. Histology 

Quickly after euthanasia, right holobranchs were fixed in Bouińs, 
Dietrich́s and Davidsońs fluids to compare the effect of the different 
fixatives and minimize the shrinkage artifacts of larvae due to poten
tially high osmolarity (Castrillo et al., 2020). After fixation for 18 h, 
right holobranchs were decalcified for 6 hr in a 10% ethyl
enediaminetetraacetic acid solution (Osteodec, Bio-optica®) and pro
cessed for histopathology by routine methods. Sections were stained 
with hematoxylin and eosin (H&E) and additional periodic acid-Schiff 
(PAS), PAS-diastase, PAS-alcian blue (PAS-AB) and Masson-Goldner 
trichrome stains were performed. During the most representative sam
plings of the last trial, left holobranches were fixed in 10% buffered 

formalin without the decalcification and stained with the 
calcium-specific stain alizarin red S; or sampled for cryosectioning and 
staining with H&E or the lipid-specific stain Sudan black B. 

On the other hand, the sampled juveniles were fixed in Davidsońs 
fluid for 3 h, rinsed in 10% ethanol, stained with a light solution of 
eosin, wrapped in a lens paper inside the cassettes and embedded by 
pipetting them, before being dehydrated and processed as 
aforementioned. 

All slides were observed and photographed using a BX51 light mi
croscopy equipped with an EP50 digital camera and a polarized light 
(Olympus®). 

2.4. Statistical analysis 

To estimate the relationship between the larval length and the 
accumulated temperature, the Kendall-Theil nonparametric linear 
regression and Spearman’s correlation coefficient were calculated since 
data did not accomplish with the normality assumptions. On the other 
hand, the length of detached juveniles was compared between viable 
and unviable mussel with the parametric Student́s t-test for hypothesis 
testing. The significance level was 95% in all cases (p-value <0.05). All 
the numeric data were analyzed by RStudio software (Anon, 2019). 

3. Results 

During the encystment in the gills of Atlantic salmon, the parasitic 
larvae of M. margaritifera grew and displayed a progressive organogen
esis which led to the metamorphosis and detachment of the viable post- 
larva. To summarize the larval development during this long-lasting 
parasitism, the descriptions of each sampling point were grouped in 
three parasitic stages (I–III), based on the main morphological changes 

Table 1 
Summary of the main morphological changes observed during the parasitic development of M. margaritifera larvae encysted in the Atlantic salmon gills, grouped in 
three parasitic stages (I–III) represented each with a tranversal histological section.  
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summarized in Table 1. 

3.1. Parasitic stage I 

This short stage comprised the first three days of the parasitism, from 
40 min PE to 3 days PE. From the day 0 to the day 1 PE, glochidia 
became encysted into the gill tissue and lost their typical morphology 
specialized for clasping to the fish mucosa (Table 1). Initially, glochidia 
were completely encircled by the gill tissue and showed a walnut shape, 
approximately 60 µm length and 70 µm height (Fig. 2a). By histology, 
larvae were pinched to the gills by contraction of the larval adductor 
muscle clasping a small portion of host epithelium inside the pallial 
cavity. This pinched tissue became rapidly disintegrated in contact with 
the internal mantle epithelium, the latter characterized by the presence 
of eosinophilic, PAS positive and coarse intracytoplasmic granules 
(Fig. 2b and c). Exceptionally, very few glochidia failed to encyst at day 
1 PE, observed with the valves wide open inside the gill tissue (Inset, 
Fig. 2a). At day 3 PE, larvae showed a negligible growth and the glo
chidial appearance was completely lost, confirmed by the absence of the 
clasped gill tissue, atrophy of the adductor muscle and loss of the 
granular appearance of the inner mantle (Fig. 2d). 

3.2. Parasitic stage II 

This stage, comprised from the day 14 to the day 150 PE (around the 
degree-day 130 and 1400 PE), was characterized by a pronounced in
crease in length in most of the larvae (71.8 ± 3.2 up to 293 ± 2.4 µm), 
the formation of the zip membrane and the profuse development of the 
mantle, especially the mushroom body (Table 1). 

In detail, larvae were externally characterized by the acquisition of 
bean-shaped valves, elongated in the antero-posterior axis since the 
degree-day 500 PE (Fig. 3a). Each valve was formed by a semi
transparent and single layer of thin and continuous periostracum (below 

1 µm thick), in intimate contact with the surrounding host tissue (Fig. 3a 
and b). Exceptionally, at the center of the hinge, the larval ligament was 
observed uncovered by periostracum (Fig. 3c) and conformed internally 
by a basophilic U-shaped structure around 2 µm height (Fig. 3d). The 
remaining valve cleft observed between the valve rims in the gill squash 
(Fig. 3a), was filled by the zip membrane since the degree-day 260 PE, 
identified as a membranous structure that isolated the pallial cavity 
from the surrounding host medium (Fig. 3e–g). This membrane was 
composed of a homogeneous, acellular and basophilic material; stained 
magenta-blue under the PAS-AB stain (Fig. 3 f) and turquoise-green 
under the trichrome stain (Inset, Fig. 3 g). Initially, the zip membrane 
arose as a thin and narrow structure which progressively became wider, 
increasing in width since the thedegree-day 800 PE onwards (Fig. 3 g). 

Due to the translucent valves, the larval mantle could be observed 
composed of an inner and outer epithelium with abundant refringent 
vacuoles clustered concentrically, evidenced by visualization of the gill 
squashes (Fig. 4a). The outer layer was composed of a simple squamous 
epithelium that progressively acquired a cuboidal morphology, with a 
peripherally located nucleus and a vacuolized cytoplasm with exten
sions towards the inner epithelium (Fig. 4a–f). The central zone of the 
inner epithelium was covered mostly by the mushroom body (Fig. 4b). 
This structure was composed of abundant, tightly packed and highly 
globose cells with their cytoplasm extended apically, acquiring the 
characteristic mushroom-like appearance (Fig. 4b). Both outer and inner 
epithelium contained abundant lipid droplets, intensely stained black- 
blue under the Sudan black B stain (Fig. 4c). In detail, each cell con
tained a round and extensive nucleus (7–8 µm of diameter) with a 
marked nucleolus and abundant vacuoles up to 2 µm diameter dispersed 
all over the basal region of the cytoplasm (Fig. 4d). Moreover, an 
abundant and finely granular intracytoplasmic material (blue-magenta 
under the PAS-AB, diastase-resistant and slightly green-blue under the 
trichrome stain) was observed at the mushroom body and being secreted 
towards the pallial cavity (Fig. 4e and f). The apical membrane of these 

Fig. 2. Stage I of the parasitic larva of M. margaritifera 
encysted in the Atlantic salmon gills during the day 0–3 
postexposure (PE). (a) Light microscopy of two recently 
encysted glochidia within the fresh gill tissue with closed 
valves and walnut shape. A few larvae failed to encyst, 
observed with their valves wide opened (Inset). (b–d) 
Histological sections of the closed bivalve, surrounded by 
the gill host tissue and showing at day 1 PE the inner 
mantle with coarse intracytoplasmic granules (white as
terisks), eosinophilic (b) and PAS positive (c); becoming 
lost at day 3 PE (d). Anchored at both valves, the single 
larval adductor muscle (black asterisk, c) became atrophied 
and was absent at day 3 PE (d). H&E (b) and PAS stains (c 
and d).   
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globose cells was lined with microvilli, forming a brush border epithe
lium (Fig. 4 f). At the marginal zone, the inner mantle epithelium be
tween the mushroom body and the pallial edges was composed of 
basophilic cuboidal cells which progressively became more abundant at 
the end of this stage (Fig. 4d). 

At the visceral mass of the larvae, abundant immature cells were 
observed with a small nucleus and basophilic cytoplasm. At the central 
region, a discontinuous digestive tract was progressively evidenced 
since the degree-day 300 PE as a cluster of cells concentrically arranged 
forming a small lumen around the degree-day 1000 PE (Fig. 4g). The 
epithelial cells shaping this tubular structure showed a simple and 
columnar epithelium, lacking cilia and with nucleus at basal position 
(Fig. 4g). Haemolymphatic cells were observed since the degree-day 
1000 PE, with a PAS positive cytoplasm, loosely located at the dorso
posterior region without lining endothelium (Fig. 4h). 

In contrast to this pronounced larval development, a few larvae 
showed a delayed development since the degree-day 300 to the degree- 
day 1000 PE, characterized on the gill squashes by the roundish shape, 
small size (approximately half the size of the bean-shaped larvae) and 
poorly discernible mantle structures (Fig. 4i). 

Tissue fixation led to the occurrence of shrinkage artifacts that hin
dered the evaluation of the internal morphology of the larvae by his
tology, especially at the end of this stage. An inwards displacement of 
larval structures and tissues was observed in the most marked cases as 
hyperstained and irregular cell masses without discernible cell bound
aries (Fig. 4j). By comparison of the different fixatives, Dietrich́s fluid 
avoided the cell shrinkage causing minimal histological distortion, 
despite a moderate inward tissue displacement that remained present 

during all the study. On the other hand, the fresh frozen sections did not 
exhibit this artefactual displacement (Fig. 4k) and revealed an external 
empty cavity all over the outer surface of the zip membrane, well- 
delimited by flattened gill epithelial cells and completely isolated 
from the external medium (Fig. 4l and m). 

3.3. Parasitic stage III 

From the day 150 and 220 PE (around the degree-day 1400–2500 
PE), the encysted larvae ranged from 308 ± 17–397 ± 27 µm length and 
suffered a metamorphosis, confirmed by the formation of most of the 
organs which constitute the plantigrade, or post-larva (Table 1). The 
morphological differences between the pre-metamorphosed and the 
encysted post-metamorphosed larva or post-larva, could be chronolog
ically stablished before and after the day 200 PE or the degree-day 2000 
PE, almost coincident with the mean start of the detachment of viable 
post-larva (Fig. 1a). 

From the day 150 to the day 200 PE (the degree-day 1400–1800 PE), 
the pre-metamorphosed larva was characterized by a partially devel
oped digestive tract, foot and gills. Valves progressively darkened in 
contrast with the previous stage, hindering the visualization of the in
ternal morphology on the gill squashes (Fig. 5a). Regarding the mantle, 
the outer epithelial cells acquired a highly vacuolized cytoplasm with an 
intensely basophilic and PAS positive homogeneous material deposited 
as an amorphous thin layer over the inner side of the periostracum 
(Fig. 5b–d). On the other side of the mantle, the inner cuboidal epithe
lium occupied a wider mantle region than at the stage II and became as 
extensive as the mushroom body (Fig. 5b). 

Fig. 3. Stage II of encysted larva of M. margaritifera from 
the day 14 to day 150 post-exposure (PE). (a) The gill 
squash of a bean-shaped larva highlights a pair of semi
transparent and continuous valves, the cleft between the 
valve rims (arrowheads) and the globose inner mantle cells 
(asterisks). (b) By light microscopy, the zip membrane 
(arrow) and the apical surface of the inner epithelium of 
the mantle was stained blue under the PAS-AB stain (ar
rowheads). (c and d) Microphotographs of the hinge re
gion, located at the dorsal region, with a well-localized 
discontinuity on the periostracum (arrowhead, c), related 
to a basophilic U-shaped structure underneath under the 
H&E stain (arrowhead, d). (e and f) Comparison of a 
detailed histological section of the zip membrane (arrows) 
under PAS (e) and PAS-AB stain (f). (g) Evolution of the zip 
membrane dimensions (thickness and width) represented 
along the parasitic stages in the smoothed scatter plot. 
Inset: details of the zip membrane morphology highlighting 
the thickness as the distance among the periostracum of 
each valve (red arrow) and width as the distance among 
the external and outer surface of the zip membrane (blue 
arrow). Trichrome stain.   
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Fig. 4. Stage II of the encysted M. margaritifera larva from the day 14 to the day 150 post-exposure. (a) Gill squash showing highly vacuolized mantle cells (ar
rowheads) which lied over the thin periostracum of the valves (arrows). (b) Light microscopy of the larval mantle displaying the outer mantle cells and the char
acteristic mushroom body at the inner mantle (asterisks), composed by globose cells showing a vacuolized and PAS positive cytoplasm which protruded towards the 
pallial cavity (PC). PAS stain. (c) Specular view (in relation to b) of a dorsal histological section of the mantle highlighting in black-blue the lipid vacuoles located 
both at the larval mantle surround the pallial cavity (PC). Sudan black B stain. (d) The larval mantle was composed by an outer and inner epithelium, the latter 
composed by the extensive mushroom body oriented towards the center of the pallial cavity (asterisks) and basophilic cuboidal cells at the pallial edges (arrowheads). 
Note the globose cells of the mushroom body with a round nucleus (arrows) with an evident single nucleolus. H&E stain. (e-f) Detail of the mushroom body con
taining a PAS positive intracytoplasmic granular material (asterisks, e) and abundant vacuoles (arrowheads, f). Note the brush-border at the apical region (arrows, f). 
PAS and trichrome stains, respectively. (g and h) Visceral region of the larva showing abundant immature cells (asterisks, g), a discontinuous digestive tract (arrow, 
g) and a haemolymphatic cell (arrowhead, h). PAS stains. (i) Gill squash evidencing two small larva at the upper left corner (arrows), with a roundish shape and 
poorly identified mantle structures, in contrast with larger larva (right and lower side). (j) Inner displacement (in the direction of arrows) of the larval internal 
structures together with the surrounding gill tissue of the fish, due to histological artifact during tissue processing. (k) Fresh frozen section without histological 
shrinkage, also evidencing abundant lipid vacuoles highlighted in black-blue. Sudan black B stain. (l and m) Detail of the well-delimited external cavity (asteriks) 
over the zip membrane (arrowheads), only visible in the frozen sections. H&E stains. 
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At the visceral mass, the formation of the different portions of the 
digestive tract was accompanied by the apparition of a low number of 
haemolymphatic cells at the dorsoposterior region (Fig. 5e). The 
digestive epithelium was hyperplastic and not completely differentiated, 
with poorly ciliated cells and abundant mitotic figures (Fig. 5 f and 
Inset). Moreover, since the degree-day 1600 PE, two bilateral evagina
tions arose antero-dorsally from the stomach, giving rise to a bilobed 
primordium of the digestive gland composed of highly granular 
epithelial cells (Fig. 5 g). 

Towards the pallial cavity, the foot and the gills protruded ventrally 
and became hyperplastic showing an evaginated epithelium consisting 
of poorly organized and poorly differentiated cells with scant basophilic 
cytoplasm and abundant mitosis (Fig. 5b, g and h). The primordium of 
the foot arose from the central region of the visceral mass (Fig. 5 g); 
while the gill buds (between one and two) began to evaginate at both 
sides of the posterior region (Fig. 5 h). All organs were infiltrated by 

abundant lipid droplets of variable sizes as demonstrated with the Sudan 
black stain (Fig. 5i). 

After metamorphosis, the post-larva was observed encysted in the 
gills between the day 200 and 220 PE (the degree-day 1900–2500 PE) 
and was characterized by the concurrence of post-larval organs/tissues 
(e.g. digestive tract, musculature, foot, ctenidia and nephridia;  
Fig. 6a–e) with the larval structures described during the stage II 
(mushroom body and zip membrane). Valves were mostly opaque and 
black-brown all over their surface except the anterior and posterior 
adductor muscle insertions that appeared as partially translucent and 
roundish areas on the valves (Fig. 6a). The valve clefts were completely 
occluded by the zip membrane (Fig. 7a–c), which was wider(Fig. 3 h) 
and intensely magenta stained under the PAS-AB when compared to 
previous stages. Moreover, the pallial edges folded inwards so an outer 
and inner fold became discernible (Fig. 7a–c). Each valve was composed 
by an outermost layer of continuous periostracum with homogeneous 

Fig. 5. Stage III of the M. margaritifera pre-metamorphosed larva encysted in the salmon gills from the day 150 to the day 200 post-exposure. (a) Squash showing a 
pair of larvae with partially opaque valves, encysted in two gill filaments. (b) Low magnification of a histological section of an encysted larva showing the partially 
developed foot, gill filaments, digestive gland and haemopericardial cavity. The extensive inner cuboidal epithelium (asterisks) and the mushroom body can be 
distinguished in the inner part of the mantle, as well as the outer epithelium located towards the valves. H&E stain. (c and d). Detail of the mantle margin (asterisks) 
showing the basophilic and PAS positive amorphous material over the outer mantle epithelium (arrowheads) and below the periostracum (arrows). H&E and PAS-AB 
stains, respectively. (e) Dorsoposterior region of the larva containing several haemolymphatic cells (arrowheads). PAS stain. (f). Anterior portion of the digestive tract 
showing a hyperplastic and poorly ciliated epithelium of the oesophagus (white asterisks) and stomach (black asterisk). H&E stain. Inset: Mitotic figure within the 
digestive lining epithelium. Trichrome stain. (g) Transversal histological section at the central region of the larva with the bilobed primordium of the digestive gland 
containing PAS positive granules (asterisks) as well as the primordium of the foot (arrow). PAS stain. (h) Transversal section at the posterior region of the larva where 
a pair of evaginated gill filaments (asterisks) and a portion of the intestine (arrow) were observed at the visceral mass. H&E stain (i) Frozen section showing abundant 
lipid vacuoles, highlighted black-blue all over the different larval tissues. Sudan black stain. 
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thickness below 1 µm, birefringent under the polarized light (Fig. 7d). 
Moreover, a fibrous ligament with similar staining properties to the 
periostracum was evidenced underneath the U-shaped ligament, pro
truding inwards as a semioval structure with approximately 22 µm 
length and 11 µm height (Fig. 7e and f). 

A thin basophilic layer coated irregularly the inner face of the peri
ostracum (Fig. 7g). This material, stained blue by PAS-AB (Fig. 7h), did 
not stain specifically under the alizarin red S nor the trichrome stain 
(Fig. 7i). On the other side, the internal epithelium of the mantle 
resembled that of the adult mussel since the mushroom body at the 
central zone regressed in size, being replaced by a cuboidal epithelium 
(Fig. 6d). At the marginal zone, the inner epithelium became columnar, 
bore long cirri and contained a blue and turquoise-green intra
cytoplasmic material under the PAS-AB and the trichrome stains, 
respectively (Fig. 7a–c). An abundant mucinous material was located 
between both mantle margins, becoming more eosinophilic and deep- 
blue under the H&E and PAS-AB stains, respectively (Fig. 7a and b). 

The digestive tract showed a high differentiation of the different 
portions with an evident development of cuboidal epithelial cells with 
cilia (Fig. 7j–m). The oral groove was observed as a broad and ciliated 
opening with poorly developed labial palps, observed as mild and non- 
plicated protrusions (Fig. 7j). The oesophagus was plicated and ciliated, 
surrounded by the cerebroideal ganglion (Fig. 6c and e). The stomach 
presented a dorsal region with round shape and non-ciliated epithelium 
covered by a thin gastric shield. At the ventral region, the style sac was 
funnel-shaped, oriented posteroventrally, lined by a ciliated, pseudos
tratified columnar epithelium and contained the crystalline style 
(Fig. 7k–n). Both crystalline style and gastric shield were acellular 
structures with diffuse limits that stained magenta or light-blue under 
the PAS-AB and the trichrome stains, respectively (Fig. 7k–n). The 
lateral region of the stomach is communicated by two openings with the 
bilobed primordium of the digestive gland (Fig. 6c), which contained 
refringent, eosinophilic granules of highly variable size up to 6 µm 
diameter (Fig. 7n). These granules intensely stained PAS positive 

Fig. 6. Three-dimensional representation of the anatomy of the stage III of M. margaritifera post-larva encysted within the Atlantic salmon gills between the day 200 
and 220 post-exposure. (a) Gill squash with two encysted post-larva showing almost entirely opaque valves, excepting the two insertions of the adductor muscles 
(white arrowheads). Inset: Higher magnification of the valve surface showing a black-brown colour. (b) Diagram of the post-larval shell, viewed from the left side, 
and showing the two adductor muscle insertions (white areas) in relation to three anatomical planes of section highlighted in red (dorsal), green (transversal) and 
yellow (longitudinal). (c-e) Representation of the main organs and structures in the different sections. (c) Dorsal histological section. H&E stain. (d) Transversal 
histological section. Trichrome stain. (e) Longitudinal histological section. PAS-AB stain. 
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towards the lumen of the diverticula (Fig. 7o) and were yellowish under 
the trichrome stain (Fig. 7p). The intestine was lined by ciliated 
columnar epithelium and formed a short loop inside the visceral mass, 
but no typhlosole was observed (Figs. 6c and 7q). The rectum passed 
through the renopericardial region, between the posterior pedal 
retractor muscles and opened to the pallial cavity at the anal region 
(Fig. 7q). 

Between the paired gill filaments, a ciliated foot extended from the 

visceral mass towards an antero-ventral position (Fig. 6d and e). It was 
supported by abundant muscle fibers interposed in multiple directions 
all over the foot and by two well-developed retractor muscles which 
created a muscular chiasma dorsally at the medial line (Fig. 7q and  
Fig. 8a). Two different types of glandular tissue could be observed into 
the foot, conforming the byssal complex. At the proximal region of the 
foot, between the pedal ganglia and the stomach, large globular and 
vacuolized gland cells with PAS positive cytoplasm not stained by H&E 

Fig. 7. Stage III of M. margaritifera post-larva encysted within the Atlantic salmon gills from the day 200 to the day 220 post-exposure. (a-c) Detail of zip membrane 
filling the valve cleft (white asterisks), as well as the outer margin (arrowheads) and inner margin of the mantle, the latter provided with long cirri (arrows). Note the 
lack of continuity of the valve periostracum with the zip membrane and the slightly different staining properties of the zip and the mucinous material located towards 
the pallial cavity (black asterisks). H&E (a), PAS-AB (b) and trichrome (c) stains. (d) Histological section highlighting the periostracum (arrowheads) and the muscle 
fibers (asterisks) under polarized light. Trichrome stain. (e) Transversal section of the hinge region showing the fibrous ligament (arrow) underneath the U-shaped 
ligament (arrowhead). H&E stain. (f) Longitudinal section of the fibrous ligament (asterisk) showing a semioval shape. Trichrome stain. (g-i) Detail of the outer 
mantle epithelium lying over the periostracum, with a basophilic material in between (arrowheads), stained under the H&E stain (g) and blue under the PAS-AB stain 
(h), but unstained with the trichrome stain (i). (j) Ciliated simple columnar epithelium of the oral groove (arrow), besides the anterior adductor muscle (asterisk). 
Note the proximity of one globose mantle cell of the mushroom body (arrowhead). (k) Stomach with the dorsal region covered by a thin gastric shield stained 
turquoise-green with the trichrome stain (arrowhead), and a funnel-shaped style sac ventrally (asterisk). (l and m) The crystalline style (arrowheads) was visualized 
magenta and light-blue under the PAS-AB and trichrome stains, respectively. Ventrally to the stomach, the globular gland cells of the byssal complex (asterisks) were 
observed blue with the PAS-AB stain, but poorly light-blue stained with the trichrome stain. (n) Communication between the stomach and the primordium of the 
digestive gland (arrow), the latter containing a high number of eosinophilic granules (asterisks). H&E stain. (o and p) Detail of the digestive gland epithelium with 
abundant PAS-positive and yellowish granules under the PAS and trichrome stain, respectively. Note the vacuolized and finely granular PAS-postive material within 
the lumen (asterisk, o). (q) Detail of the intestine and rectum (arrow) anatomically related with the muscular chiasma formed by the retractor muscles (asterisk). 
Trichrome stain. 
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nor the trichrome stain (Fig. 7 m) were observed in a clustered fashion 
(Fig. 8a). This gland tissue extended towards the posterior region of the 
foot and opened into a diverticulated and ciliated byssal duct which 
continued ventrally and opened into the byssal groove, a narrow 

longitudinal invagination at the posteroventral midline of this organ 
(Fig. 8b). No byssus thread was observed at the lumen. At the apical 
region of the foot, a large number or unicellular glands were densely 
packed underneath the lining epithelium. These gland cells contained 

Fig. 8. Stage III of the M. margaritifera post-larva encysted within the Atlantic salmon gills between the day 200 and 220 post-exposure. (a) Transversal sections of 
the foot showing PAS-positive globular gland cells of the byssal complex (black asterisks), in a dorsoposterior location in respect to the bilobed pedal ganglia (white 
asterisks). PAS stain. (b) Longitudinal section of the foot, exhibiting the byssal duct (arrow) at the posteroventral midline and highly packed subepithelial gland cells 
of the byssal complex (asterisks) at the apical region. H&E stain. (c and d) Detail of the granular content of the subepithelial gland cells (asterisks) at the apical region 
of the foot, highlighted blue under the PAS-AB stain and turquoise-green under the trichrome stain. Note the presence of similar staining features at the cytoplasm of 
the highly ciliated epithelium and over the surface of the foot (arrowheads). (e and f) Three ctenidia (asterisks) positioned between the mantle and the visceral mass, 
supported by chitinous rods (white arrows) and lined by a ciliated epithelium (black arrows) and a few goblet cells (arrowheads). PAS-AB and H&E stains, 
respectively. (g and h) Detail of the mushroom body with marked intercellular spaces (arrows), shrunken nucleus (arrowheads) and vacuolized and PAS positive 
cytoplasmic portions partially sloughed (asterisks) towards the pallial cavity (PC). H&E and PAS stains, respectively. (i) Low magnification showing the remnants of 
the mushroom body (asterisk) molded by the adjacent ctenidia (arrows) and abundant cellular material (arrowheads) within the lumen of the stomach and the 
digestive gland primordium. H&E stain. (j) High magnification of the central stomach and the lobulated digestive gland primordium containing cellular fragments 
with shrunk nucleus (arrowhead) and abundant vacuoles (asterisks). H&E stain. (k) Detail of the posterior adductor muscle conformed by PAS positive myofibers 
(arrowheads). PAS stain. (l) Renopericardial cavity containing few haemolymphatic cells (arrowheads) and the nephridium with a highly vacuolized epithelium 
(asterisks). H&E stain. (m) Nephridium displayed an apical cytoplasmic portion with a finely granular PAS positive material oriented towards the lumen (asterisk). 
PAS stain. (n) Statocyst near the pedal ganglia (asterisk) lined by a cuboidal simple epithelium containing a turquoise-green statolith (arrowhead) with the tri
chrome stain. 
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abundant small intracytoplasmic granular material which stained PAS 
positive and turquoise-green under the trichrome stain; this material 
was also observed inside the cytoplasm and over the surface of the 
epithelial cells (Fig. 8a–d). Superficially, the foot was lined by a ciliated, 
simple columnar epithelium (Fig. 8a–d). 

Anchored to the posterior region of the visceral mass, three pairs of 
ctenidia occupied each lateral region of the pallial cavity (Fig. 8e and f), 
being oriented towards an antero-ventral direction (Fig. 6d and e). Each 
ctenidium was highly vascularized, supported by thin chitinous rods and 

lined by a simple columnar epithelium with few goblet cells (Fig. 8e). 
The lateral epithelial cells bore abundant long cilia which progressively 
increased in number during this stage and contacted the cilia of the 
adjacent filament (Fig. 8 f). 

The globose cells which comprised the remaining mushroom body 
were scarce and presented wide intercellular spaces, a shrunken nucleus 
and highly vacuolized cytoplasm with abundant PAS positive material at 
the apical border (Fig. 8g and h). Moreover, abundant cellular portions 
were observed partially sloughed at the pallial cavity (Fig. 8h) and the 

Fig. 9. (a) Evolution of larval length during the three parasitic stages (I-III), highly correlated with the accumulated temperature. (b) The length of the viable 
detached post-larva showed a significant bigger size than the unviable detached post-larvae (***; p-value <0.001). (c) Stereomicrophotograph of the viable post- 
larva, recently detached from the fish gills with yellowish valves and protruding foot through the valve cleft (white arrowheads). In some specimens, the inser
tion of both adductor muscles (black arrowheads) could be observed. Inset: details of the external surface of the continuous periostracum without any remnant of the 
gill tissue. (d) Histological image at low magnification of a detached post-larva, showing a similar morphology to the encysted larvae except for the foot which 
protruded towards the valve cleft. Inset. Detail of the semioval fibrous ligament at the hinge region (asterisks). 
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remaining epithelial surface of the cytoplasm displayed concave de
pressions being molded by the adjacent ciliated ctenidial and pedal 
epithelia (Fig. 8i). Remnants of cells similar to those aforementioned 
were observed inside the lumen of the stomach and the primordium of 
the digestive gland, characterized by a shrunk nucleus, abundant vac
uoles and finely PAS positive granular material within the cytoplasm 
(Figs. 7o, 8i and j). 

At the dorsal region, the anterior and posterior adductor muscles 
measured around 20 µm of diameter and were intermingled by abun
dant bundles of myofibers (Fig. 8k). The renopericardial cavity was 
located at the posterodorsal region of the visceral mass, containing a 
paired and well-developed nephridia, with excretory cells arranged to
wards a lumen and showing a highly vacuolized cytoplasm with PAS 
positive substance at the apical border (Fig. 8l and m), and a high 
number of haemolymphatic cells, as haemolymphatic cells (Fig. 8l). In 
addition, the complete development of the nervous system was 
confirmed by the presence of the cerebroideal, visceral and pedal 
ganglia (Fig. 8a). Besides the bilobed pedal ganglia, a paired statocyst 
could be identified (Fig. 8 n). 

During the three parasitic stages, larvae grew a 670% in length, from 
59 ± 2.6 µm to 397 ± 23 µm, and the larval length was positively 
correlated to the degree-days (Spearman’s coefficient.97), displaying a 
significant linear relationship (y = 67.9 + 0.149x, p-value <0.05;  
Fig. 9a). 

After detachment from the gill, the post-larva showed a variable size 
in which the viable individuals were significantly longer (361 µm) than 
the unviable ones (314 µm) (p-value <0.001; Fig. 9b). Externally, valves 
showed ivory, smooth and continuous periostracum lacking any 
remnant of the previous surrounding gill tissue of the host (Fig. 9c). The 
internal morphology of the viable post-larva was similar to that 
described during the previous stage III (Table 1), but lacking the zip 
membrane, so that the pallial cavity communicated with the medium 
through the valve cleft, where the foot occasionally protruded towards 
(Fig. 9d). Dorsally, these valves remained anchored by the semioval 
fibrous ligament (Inset, Fig. 9d). 

4. Discussion 

This study provides an exhaustive description of the larval devel
opment and organogenesis of the freshwater mussel M. margaritifera in 
the gills of Atlantic salmon (S. salar). This knowledge is essential to 
establish the sequential growth stages of the larva and also to under
stand the host-parasite interaction, which has been scarcely addressed. 
Thus, this work aims to illustrate the main morphological changes 
occurring at this stage and that may help other researchers to inter
pretate the larval development of naiads. Moreover, this information 
migh help to optimize the breeding programmes of M. margaritifera, 
where the parasitic stage is an important bottleneck. 

During this 7-month parasitism, larvae overwintered in the fish gills 
and grew over 6-folds in length; up to 308–397 µm, similarly to previous 
studies in M. margaritifera (Araujo et al., 2018; Bauer, 1987; Eybe et al., 
2015; Marwaha et al., 2017; Schartum et al., 2016; Young and Williams, 
1984). This slow but marked development contrast with other species 
with larger glochidia with around 200–400 µm length, which showed a 
negligible growth during its much shorter time encysted into the fish 
host (Bauer, 1994; Wächtler et al., 2001). Despite this different devel
opment rate among species, the organogenesis took place in a similar 
continuous fashion, divided from two to six sequential stages, as 
depicted in margaritiferids (Araujo et al., 2002; Scharsack, 1994) and 
other naiads (Bändel, 1988; Chumnanpuen et al., 2011). 

The stage I could be regarded as a short and transitional period in 
which the typical morphology of the small glochidia vanished. During 
the first three days of parasitism, the pinched epithelial cells of the gill 
became rapidly disintegrated (Castrillo et al., 2020), aided by the en
zymes contained in the coarse granules of the inner mantle (Lefevre and 
Curtis, 1912; Pekkarinen and Valovirta, 1996). Subsequently, during the 

long and intermediate stage II, comprised from the day 14 to the day 150 
PE, the encysted larva was enclosed by the valves and the zip membrane 
in between the valve cleft, providing an interface between the outer gill 
tissue of the fish and the inner larval tissues. 

Valves were articulated at the dorsal region by a U-shaped ligament 
which might counteract the larval adductor muscle of the glochidia, 
supporting previous descriptions of the hinge ligament in other naiad 
described by scanning electron microscopy (Chumnanpuen et al., 2011; 
Schwartz and Dimock, 2001; Uthaiwan et al., 2001). Once the larval 
adductor muscle was lost, a fibrous ligament became evident at the 
terminus of the parasitism and resembled the primitive and provisional 
ligament structure of M. margaritifera which is also vanished six months 
after detachment from the fish gills (Pennec and Jüngbluth, 1983). 
These different ligament formations suggest a discontinuous ligament 
ontogeny as described in several Palaheterodont taxa (Bändel, 1988; 
Sartori and Ball, 2009). 

Each valve was comprised of a single and extremely thin layer of 
periostracum with no signs of calcification under the alizarin red S stain, 
similar to previous electron microscopy descriptions of the 
M. margaritifera glochidium (Nezlin et al., 1994; Pekkarinen and Valo
virta, 1996). This contrasts with the much thicker shell of many other 
glochidia within the family Unionidae, which contained an inner and 
porous calcareous layer underneath the thin periostracum, referred to as 
cuticle or pellicle (Bändel, 1988; Chumnanpuen et al., 2011; Lasee, 
1991; Lima et al., 2006; Rand and Wiles, 1982; Schwartz and Dimock, 
2001; Uthaiwan et al., 2001). To structurally support the thin valves of 
M. margaritifera larva, fluid-filled reservoirs described in the flanges 
could tighten the clasping valves of the glochidia (Pekkarinen and 
Valovirta, 1996) and, similarly, the fluid enclosed within the encysted 
larva might also maintain the structure of the larval valves. Neverthe
less, the progressive increase in the valve opacity and the accumulation 
of an acidic material between the periostracum and the outer mantle 
might indicate the onset of the shell biomineralization towards the end 
of the parasitic phase (stage III), as has been described during the early 
shell secretion by the outer mantle epithelium in the post-larval stages of 
bivalves (Addadi et al., 2006; Checa, 2018). 

At the valve cleft, the zip membrane, recently described as a C-sha
ped proteinaceous barrier located over the valve rims (Castrillo et al., 
2020), delimited completely the pallial cavity from the outer gill 
microenvironment during most of the M. margaritifera parasitism. This 
membrane might isolate the larva and avoid the release of the dis
integrated clasped tissue or enzymes from the pallial cavity through the 
valve cleft, limiting the triggering of the host immune response. How
ever, before the formation of the zip membrane, the material afore
mentioned is susceptible to elicit an early immune response as described 
during the first 14 days of glochidiosis, related to the early detachment 
of immature larva (Castrillo et al., 2020). In this sense, despite a specific 
immune response against the glochidia of Lampsilis reeveiana was 
described in Micropterous salmoides, there is no information about the 
antigenicity of the parasitic freshwater mussel larvae (Dodd et al., 
2006). Further studies need to elucidate the antigenic role of the 
different larval structures during these critical early stages, which could 
bet in touch—prior to the formation of the zip membrane—with sur
rounding gill tissue. Moreover, the external surface of the larva itself, 
with the scleroproteinaceous periostracum and zip membrane, should 
not be dismissed. 

Considering the extreme thinness of the larval shell, the formation of 
the zip membrane, and the absence of a functional digestive apparatus 
during most of the parasitism, non-particulate nutrients of the gill 
interstitial fluid might diffuse through these external structures and 
serve as the main source of nutrition to the M. margaritifera larva, as 
evidenced by stable isotope analysis (Denic et al., 2015). This source of 
nourishment from non-particulate organic matter has been already 
described in the veliger larva of the family Ostreidae through the velum 
(Manahan and Crisp, 1982). 

In intimate contact with the valves, the mantle of the encysted larva 
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developed a different morphology than the glochidium, characterized 
by the extensive mushroom body –a mantle tissue related to the parasitic 
nutrition from fish which owes its name to its mushroom shape pro
truding towards the pallial cavity (Blystad, 1923). This organ was 
described exclusively during the parasitic stage of M. margaritifera 
(Scharsack, 1994) and other few naiads (Arey, 1932; Blystad, 1923; 
Chumnanpuen et al., 2011). For the first time, the accumulation of lipid 
droplets during the larval development of M. margaritifera was demon
strated by the observation of abundant lipid vacuoles in the larval 
mantle. These results complement previous descriptions in Utterbackia 
imbecillis larva, in which the mushroom body accumulated lipid droplets 
and glycogen granules, observed by transmission electron microscopy 
(Fisher and Dimock, 2002); although no glycogen material was 
discernible with the PAS-diastase stain in our study. This abundant lipid 
content could be regarded as energy storage essential for the meta
morphosis into post-larva, similar to that described during the early 
development of marine bivalves (Gallager et al., 1986). Based on the fact 
that the lipid droplets appeared only while the larva remained encysted 
in the fish, Fisher and Dimock (2002) hypothesized that the mushroom 
body might take part in the uptake of nutrients through the microvilli 
located in their apical surface, in a similar way to the microvillar surface 
of veligeŕs velum (Manahan and Crisp, 1982) or the epithelium of the 
digestive gland of adult bivalves (Owen, 1974). Such microvillar 
appearance of the mushroom body was also evidenced in 
M. margaritifera by electron microscopy (Scharsack, 1994). Based on this 
parasitic nutrition, the quantification of the lipid content could serve as 
a potential indicator of the larval status during the parasitism as 
described during the development of Unio crassus and Anodonta anatina 
juveniles (Douda, 2015). On the other hand, the gill cryosection 
revealed its potential, not only for the preservation of lipids, but also for 
the evaluation of the larval structures by reducing the histological fix
ation artifacts. To deal with the apparition of these artifacts, an thorough 
selection of the best and most representative images was required. 

Due to this morphology and functionality, different from the 
glochidium, we propose to name “mushroom larva” to the larval form 
described during the parasitic stage II, grounded in the first descriptions 
of a similar intermediate “mushroom body stage” coined during the 
parasitism of naiads (Blystad, 1923). Nevertheless, the marked vacuo
lization of the mantle of anodontine glochidia, prior to the encystment 
into the fish (Pekkarinen, 1996; Wood, 1974), may allude to a previous 
embryonic nourishment during the matrotrophic brooding in those large 
glochidia with short parasitic periods (Schwartz and Dimock, 2001). 
Besides nutrition, the larval mantle of naiads has been also proposed as a 
multifunctional organ involved also in respiratory, osmoregulatory and 
excretory functions (Castilho et al., 1989; Rand and Wiles, 1982; 
Schwartz and Dimock, 2001). Some of the most relevant organs involved 
in the aforementioned functions, i.e., the ctenidia and nephridia, were 
morphologically absent or non-functional during most of the parasitism; 
thus, it seems plausible that the extensive larval mantle might coun
teract the hyperosmotic fish tissue (Nezlin et al., 1994; Pekkarinen and 
Valovirta, 1996). Further studies are needed to evaluate the perme
ability of the zip membrane and the periostracum to the nutrients, gases, 
salts and waste products, together with the potential role that the mantle 
cells might play in the exchange of these substances as it has been 
proposed by Robertson and Coney (1979). 

From the day 150 to the day 220 PE, the stage III was associated with 
the larval metamorphosis, characterized histologically by an intense and 
progressive organogenesis, leading to the detachment of viable post- 
larva since approximately the day 200 PE (the degree-day 1900–2200 
PE), similar to previous studies in which the onset of post-larval 
detachment started around 1700–1800 day-degrees (Castrillo et al., 
2021; Eybe et al., 2015; Marwaha et al., 2017; Taeubert et al., 2013). 
This detachment was successfully synchronized by the high cumulative 
temperatures in combination with the increase of water temperature 
over 15ºC, both considered as important trigger factors of larval meta
morphosis (Hruska, 1992; Marwaha et al., 2017; Scheder et al., 2014). 

On the other hand, it was reported that extremely cold water (1–3ºC) 
might also slow down this development rate up to a diapause stage 
(Murzina et al., 2017; Scheder et al., 2014); although this was not 
observed in this study, since the larval growth was linear (approximately 
0.15 µm/day) and temperatures were over 6ºC. 

The morphological features described after the day 200 PE 
–exclusively in the metamorphosed post-larva– could be employed to 
monitor the larval metamorphosis in the fish gills during the breeding 
programmes of M. margaritifera. Among those features, the indirect 
observation of the anterior and posterior adductor muscles through the 
valves might serve as a promising tool to easily distinguish the larval 
metamorphosis by wet mount of fish gills. This observation is compa
rable with the formation of the pigmented larva eye spot which precedes 
the metamorphosis of Ostrea edulis (Waller, 1981) or the visualization of 
the adductor muscles reported in the detached juvenile naiad of 
Hyriopsis myersiana (Kovitvadhi et al., 2007). On the other hand, the 
presence of globose cells of the mushroom body contrasts with previous 
studies which described a completely absent mushroom body after 10 
months of parasitism (Scharsack, 1994). These mushroom body rem
nants in the recently detached post-larva might suggest a premature 
detachment and could be considered as a potential indicator of an 
incomplete metamorphosis, in which the artificial increase in water 
temperature might synchronize, but also precipitate the detachment of 
the outermost larvae (Castrillo et al., 2021). 

The appearance of the post-larval organs since the day 200 PE 
indicated a completely different morphology which is essential for the 
settlement into the benthos and the acquisition of a deposit-feeding 
lifestyle, as has been described for the M. margaritifera juveniles 
(Araujo et al., 2018; Lavictoire et al., 2018; Schartum et al., 2016). The 
post-larva anatomy, acquired at the end of the parasitism, is surprisingly 
similar to that described during the plantigrade stages in many different 
species of marine bivalves, which is crucial for the settlement and 
nourishment in the benthos (Baker and Mann, 1997; Bower and Meyer, 
1990; Carriker, 2001). 

The post-larval foot was internally characterized by different glan
dular tissues described for the first time in M. margaritifera, resembling 
some of the glandular tissues which conform the byssal complex of the 
recently detached juveniles of the freshwater mussel Lampsilis cardium 
(Lasee, 1991) but also other marine bivalves (Gruffydd et al., 1975). The 
subepithelial gland cells located at the tip of the foot were morpholog
ically similar to the gland type A of Ostrea edulis (Cranfield, 1973), 
which exhibit similarities to the tip attachment glands of scallops Pati
nopecten yessoensis and Pecten maximus, where a mucinous merocrine 
substance is secreted through the epithelium by ducts and is involved in 
the pedal attachment after metamorphosis (Bower and Meyer, 1990; 
Gruffydd et al., 1975). Similar cells, termed as “violet cells”, were 
similarly characterized in the foot of other adult freshwater mussels, 
although the role of these cells has not been elucidated yet (McElwain 
and Bullard, 2014). In addition to the subepithelial gland cells, globular 
gland cells extending over the pedal ganglion towards the 
dorso-posterior region of the foot were morphologically similar to the 
gland type D4 of Ostrea edulis (Cranfield, 1973). Its location and 
anatomical relation to the byssal duct suggests that this gland tissue 
corresponded with the primary byssus gland described in scallops 
(Bower and Meyer, 1990; Gruffydd et al., 1975). This duct opened into 
the byssal groove, a longitudinal invagination described in the foot of 
M. margaritifera juveniles (Araujo et al., 2018). Nevertheless, the for
mation of the byssal thread was not confirmed until the formation of a 
macroscopical byssal thread in more advanced juvenile stages of 
M. margaritifera (Lavictoire et al., 2018), Lampsilis radiata and Elliptio 
complanata (Smith, 1998). In absence of a byssal thread after meta
morphosis and detachment from the fish gill, the pedal attachment has 
been proposed in several juvenile naiads as an essential mechanism for 
the settlement and burrowing by action of the adhesive mucus (Bradley, 
2011; French and Ackerman, 2014) and the well-developed muscle 
system of the foot. Despite the potential role of the byssal complex in the 
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settlement of juvenile naiads, the post-larval foot remain poorly studied 
and require further characterization of the different gland tissues and 
secreted products. 

Moreover, these mucinous and/or collagenous secretions observed 
over the tip of the foot may be involved in the physical and immunitary 
protection, but also in the agglutination of feeding particles. Considering 
that deposit-feeding occurs in many autobranch juveniles before the gills 
are capable of suspension-feeding, the highly protractile and ciliated 
foot could create a feeding current that transports the fine particulate 
algae and bacteria from the river sediment to the labial palps (Yeager 
et al., 1994). Once the food is ingested, the ciliated stomach displayed a 
similar morphology to the typical type IV stomach of freshwater bi
valves, being capable of sorting, triturating and digesting food particles. 
In communication with the stomach, the bilobed primordium of the 
digestive gland presented a similar granular appearance to 
M. margaritifera and P. auricularius larva at the end of the parasitism 
(Araujo et al., 2002; Scharsack, 1994), but contrasted with the ductal 
system of the bivalvés digestive gland, lined by digestive and basophilic 
cells (Owen, 1974). This different morphology might point towards 
different post-larval nutrition during and/or rigth after the parasitism, 
in which the abundant granules might correspond with a proteinaceous 
material involved in the enzymatic digestion and extracellular digestion 
of the digestive gland. 

Within the lumen of the stomach and digestive gland primordium, a 
large number of vacuolized cell fragments were present, similarly to that 
described at the end of the parasitic stage in other freshwater mussels 
(Arey, 1932; Chumnanpuen et al., 2011; Scharsack, 1994) and resem
bled sloughed cell fragments from the mushroom body to the pallial 
cavity. This abundant material inside the digestive lumen when the 
valves remained closed by the zip membrane leads to the speculation 
that the mushroom body might be detached and ingested, similar to the 
ingestion of the large test cells during the metamorphosis of the primi
tive encapsulated pericalymma larva of protobranch bivalves (Okusu, 
2002; Zardus and Morse, 1998). To support this hypothesis, further 
studies are needed to corroborate this ingestion and reuse of the 
mushroom body and discard other potential physiological processes of 
the digestive gland related to the rhythmic feeding of bivalves (Owen, 
1974). 

The observation of the ctenidia during the stage III of M. margaritifera 
development provides the first histological evidence of the early gill 
formation during metamorphosis of this species, being complementary 
of the previous scanning electron microscopy description by Scharsack 
(1994). The presence of gill filaments, endowed with lateral cilia and the 
haemolymphatic vessels underneath, suggests that gills were able to 
generate a ciliary water current and haemolymphatic circulation, 
essential for respiration. On the other hand, the unreflected and partially 
ciliated ctenidia, only located at the inner demibranch, resemble the first 
post-larval stages which are not completely effective for 
suspension-feeding until the first year post-detachment (Lavictoire et al., 
2018; Schartum et al., 2016). 

Based on the continuous larval development of M. margaritifera 
described in three parasitic stages (I–III), the morphogenesis from 
glochidia to post-larva was observed, highlighting an intermediate 
larval stage with unique morphological features involved in the parasitic 
interaction between the bivalve larva and the fish host. In conclusion, 
this study provides an overview of the larval morphogenesis of 
M. margaritifera, from glochidium to post-larva, essential for under
standing the parasitic interaction between the freshwater mussel larva 
and the fish host. The intermediate stage—termed as “mushroom lar
va”—was characterized by a distinct morphology among bivalves in 
which the mushroom body and the zip membrane might be involved in 
both isolation and nutrition from the host fish. After metamorphosis and 
detachment from the gills, these unique larval structures are lost and the 
complete set of post-larval organs and structures allowed to continue 
with their free-living stage in the riverbed. Simultaneously, the 
morphological techniques and the hallmarks described in this sequential 

larval development (i.e., the lipid content and the presence of the 
adductor muscle at metamorphosis) could be directly employed to 
optimize and monitor the larval developmental status during the most 
critical stages within the conservation programmes of this endangered 
bivalve. In addition, the techniques developed in this study are sub
ceptible of being employed in further studies to better understand the 
role of these larval and juvenile anatomical structures, focusing on the 
glochidium encystment, development of the mushroom larvae, and 
metamorphosis into juvenile mussels. 
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