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Abstract 15 

We monitored the disease condiƟon of the fan mussel Pinna nobilis (L.) in the Venice lagoon 16 

(North of Italy) during a period of one and half year (2023-2024) in two areas named OƩagono 17 

Alberoni (OA) and Coīa Val Grande (CV). Host and environmental factors (e.g. pen shell age, state 18 

of infecƟon, oxygen, temperature, salinity, immune cell depleƟon with acƟvaƟon of caspase-3) 19 

were invesƟgated and shown to inŇuence morbidity and mortality progressiveness in the two 20 

areas. During the study period, Pinna nobilis Picornavirus (PnPV) caused systemic hemic infecƟons 21 

in all examined individuals (100%) compromising the organelle compartment of the cells. 22 

Ultrastructure revealed widespread viral replicaƟon organelles (vROs) occupying most of the host 23 

immune cells that arose from a total rearrangement of cytoskeletal membranes that were 24 

dedicated to the virus machinery. Our results demonstrate a posiƟve correlaƟon between relaƟve 25 

mortality and size classes, showing a higher mortality percentage across all classes, highlighƟng 26 

local diīerences. Younger, smaller individuals in CV showed higher tolerance and lower mortality 27 

rates due to milder viral infecƟons. Conversely, larger adults in OA suīered a 100% mortality rate, 28 

leading to the exƟncƟon of that populaƟon by October 2024. Total Hemocyte Count (THC) was 29 

lower in OA (1.77 ± 0.16 and.2 ± 5 x 104 cells/ml) compared to CV (1.65 ± 8 x 105 - 2.62 x 105 30 

cells/ml) and with a posiƟve correlaƟon with viral load, connected with percentage of dead cells 31 
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percentage, in turn correlated with animal size, suggesƟng that number of immune cells is 32 

regulated by the level of infecƟon, and also age. Picornaviruses are highly resistant to 33 

environmental variables which allow them to persist for long periods in aquaƟc ecosystems. Viral 34 

seasonal presence and interacƟon with environmental variables need to be clariĮed.  35 

 36 
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1. IntroducƟon 41 

 42 

Immunosuppressive viruses cause immune system failure. They are responsible for long-term, 43 

structural damage, leading to established dysfuncƟon that hijacks immune cells, signiĮcantly 44 

reducing the body’s ability to defend against opportunisƟc pathogens. 1-2 They are correlated to 45 

diīerent disease states, acute and chronic, eventually creaƟng an immune deĮciency condiƟon. 46 

These types of infecƟons are responsible for changes in cell structure and funcƟon.1-3 The 47 

alteraƟons can include cell enlargement, vacuolaƟon, syncyƟa formaƟon (mulƟnucleated cells), 48 

loss of funcƟon, cell lysis, and, Įnally, reducƟon in cell number.1,4 In fact, the host response to the 49 

infecƟon involves its management through disƟnct mechanisms, such as the acƟvaƟon of cell 50 

death. Apoptosis, a conserved geneƟc program of cell death (PCD), is criƟcal for organism 51 

development and homeostasis but also crucial for cell defense. PCD is executed by a family of 52 

cysteine-asparƟc proteases known as caspases that assists in regulaƟng the immune response, 53 

eliminaƟng self-reacƟve and infected cells to prevent disease spread.5-9 Many viral infecƟons in 54 

humans and animals have been reported manipulaƟng the apoptoƟc pathways. However, various 55 

features of apoptoƟc cell death, including maturaƟon of execuƟoner caspase-3, and plasma 56 

membrane permeabilizaƟon, are commonly shared with other programmed cell death pathways. 57 

During the disease the interplay can be complex: some viruses induce apoptosis to facilitate their 58 
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spread, while others use it to their beneĮt, prevenƟng apoptosis to facilitate viral replicaƟon and 59 

persistence.10  60 

In bivalves, several caspases have been idenƟĮed11 with homologues to caspase-812-13, caspase-61 

214, caspase-115 and caspase-3. 16-17 Caspase-3 plays the central role of the proteases that cleave 62 

cytoplasmic and nuclear substrates allowing cell disassembly. 18-20 So far, the presence of caspase-63 

3 has been demonstrated in oyster hemocytes exposed to cadmium21 or noradrenaline.22 64 

The pen shell Pinna nobilis (Linnaeus, 1758), is the largest bivalve of the Mediterranean Sea where 65 

it is endemic.  Since 2016, the species has been aīected by the largest panzooƟc of marine wildlife 66 

in history due to its geographical spread in all the mediterranean countries, reducing the species 67 

to few individuals exisƟng in few enclosed bays and lagoons.23 Recently the species status change 68 

from “Vulnerable” category to “CriƟcally Endangered”, with a serious exƟncƟon risk (Orden 69 

TEC/1078/2018). The cause of the mortality, however, has been debated for long due to its mulƟ-70 

pathogen nature involving bacterial and parasite infecƟons24. Moreover, factors oŌen associated 71 

with outbreaks, such elevated temperatures and salinity, had mixed associaƟons with the MMEs 72 

depending on the site, species and data sources.24-25 In 2021, a Picornavirus aīecƟng pen shell 73 

immune cells in most of the residual populaƟon of the Mediterranean Sea was reported.26-28 The 74 

virus, named Pinna nobilis Picornavirus (PnPV) infects the bivalve immune cells, hijacking them 75 

to spread, resulƟng in a two-edged Įght of the immune system, pushed between not responding, 76 

or responding and facilitaƟng the viral diīusion, damaging cells communicaƟons and 77 

phagocytosis.26-28 The virus was reported in 100% of the examined animals in diīerent geographic 78 

areas where the pen shell populaƟons sƟll endure: two regions of Spain, Catalonia and Murcia, 79 

and two areas in Italy, the Lake of Faro in Sicily and the Venice lagoon.26,28. 80 

The Lagoon of Venice (NW AdriaƟc, Italy), one of the largest coastal transiƟonal ecosystems (CTEs) 81 

in the Mediterranean, covering about 550 km of interƟdal and subƟdal habitats, sƟll hosts one of 82 

the last residual populaƟons of P. nobilis.29 The presence of the species is historically documented 83 

both in the Venice Lagoon and in the adjacent marine waters since 1792 by the naturalist 84 

Giuseppe Olivi in his Zoologia AdriaƟca30, and conĮrmed by subsequent inventories and studies.30-
85 

35 In October 2020, Įrst signs of mortality were reported, reaching 80% in 2023 in the monitored 86 

areas.29 Considering that this populaƟon represent one of the last of the Italian waters, the 87 
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evaluaƟon of the health status started in 2021 (Carella pers. Comm) assessing the presence of 88 

the parasite Haplosporidium pinnae and of the Mycobacterium sherrisi-like, while the viral 89 

infecƟon was reported in May 2023.24  90 

Current knowledge of PnPV pathogenesis in all the areas of the Mediterranean Sea is sƟll limited. 91 

26-28 Scarce is our understanding of the mechanisms of replicaƟon of the virus, the ongoing of the 92 

infecƟon over the seasons and the eīect on immune cells in aīected areas of the Mediterranean 93 

Sea. Based on this assumpƟon, in the context of the LIFE PINNARCA project (LIFE20 94 

NAT/ES/001265), we evaluated the presence of the Picornavirus PnPV in May and July 2024 in P. 95 

nobilis in two diīerent sites in the Venice lagoon, OƩagono Alberoni (OA) and Coīa Val Grande 96 

(CF). Since other immunosuppressive viruses are known to induce apoptosis and immune cell–97 

mediated eliminaƟon and depleƟon, using a conservaƟve sampling, we provided ultrastructural 98 

features of the hemocytes aīected by PnPV and its eīect on animals’ immunity, assessing the 99 

Total Hemocyte Counts (THC), apoptosis acƟvaƟon using Ňow cytometry, transmission electron 100 

microscopy (TEM) and qPCR for virus detecƟon during Spring and Summer and seasons (2023-101 

2024). Meanwhile, data were collected through Įeld surveys to deĮne populaƟon density, 102 

mortality, and size structure over some months encompassing the increase in mortality during 103 

summer. The data obtained provide valuable informaƟon to establish the factors involved in the 104 

pathogenesis of mortality in the natural populaƟons, opening new perspecƟves on the 105 

progression of the virus infecƟon in Venice lagoon and mortality event dynamics in the 106 

Mediterranean Sea.  107 

 108 

2. Results 109 

 110 

2.1 Pinna nobilis populaƟon structure and survival in the Venice lagoon 111 

 112 

The sampling areas are reported in Figure 1. In OA sub-plots (374.3 m2 overall), a total number of 113 

428 individuals (116 alive) were counted in March 2023, with 120 (22 alive), 153 (47 alive), and 114 

155 (47 alive) recorded in replicates A, B, and C, respecƟvely. The mean overall density of the 115 

study area is 1.14 ind. m-2 (st. dev. = 0.092). In CV area sub-plots (324.2 m2), 128 individuals (38 116 
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alive) were recorded in March 2024, with 36 (15 alive), 37 (10 alive), and 55 (13 alive) in replicates 117 

A, B, and C, respecƟvely. The mean density is 0.4 ind. m-2 (st. dev. = 0.128). No shell was observed 118 

to be displaced aŌer death. No recruitment of juveniles was recorded in either study area during 119 

the survey period. The temporal trend in survival rates, expressed as the live-to-total raƟo, is 120 

shown in Fig. 2. February 2024 values for CV local populaƟon were esƟmated by considering alive 121 

at that moment the dead individuals recorded in May characterized by intact shell. Overall, 122 

survival rates showed a progressive decline across both areas and all the sub-plots during the 123 

study period. Mortality in both years began to be observed in May, and intensiĮed in the following 124 

months, with peak mortality rates recorded during the summer period, between July and 125 

September. 126 

Regarding the OA local populaƟon, the mean live-to-total raƟo decreased from 0.26 in March 127 

2023 to 0.019 in November 2023. This led to a substanƟal reducƟon in mean density, from 0.31 128 

down to 0.023 ind. m-2. By October 2024, values further declined to 0.0078 ind. m-2. In the CV 129 

local populaƟon, although the available data are limited to 2024, live-to-total raƟo values are 130 

overall higher, with mean values decreasing from 0.32 in February to 0.25 in October, respecƟvely. 131 

The mean mortality rate appears slightly higher than in OA during the same period, however, 132 

comparisons are diĸcult due to the very low number of specimens sƟll alive in OA in 2024. The 133 

density decreased from 0.12 ind. m-2 in February 2024 to 0.096 ind. m-2 in October. 134 

The overall size distribuƟon (both live and dead individuals) for both areas as of February 2024 is 135 

shown in Fig. 3A. The histograms are skewed towards larger size classes, corresponding to adult 136 

specimens. In OA, the mean and median sizes were 44.73 cm and 44.87 cm, respecƟvely (IQR: 137 

40.15–49.69 cm). In contrast, CV exhibited lower average values, with a mean of 39.32 cm and a 138 

median of 38.60 cm (IQR: 34.02–43.29 cm). In Fig. 3B the size distribuƟon of live individuals are 139 

compared at diīerent moments, in March 2023 (only for OA), February and October 2024 (for 140 

both OA and CV). The distribuƟon of residual OA specimens in February 2024 appears shiŌed 141 

towards smaller size individuals. RelaƟve mortality calculated for 10-cm size classes over an eight-142 

month span (encompassing the summer mortality peaks) for 2023 (OA) and 2024 (OA and CV) is 143 

presented in Fig. 3C. A simple linear model (Y = b0 + b1X) was ĮƩed to both 2023 OA dataset and 144 

2024 CV dataset (for the laƩer, the value corresponding to the largest size class was excluded, as 145 



6 

 

it was based on a single individual). The linear regression for the 2023 OA dataset was staƟsƟcally 146 

signiĮcant (adjusted R2 = 0.728, p = 0.0418), yielding the following esƟmates: b0 = 0.62 and b1 = 147 

0.0078. The regression for the 2024 CV dataset was also staƟsƟcally signiĮcant (adjusted R2 = 1, 148 

p = 8.3 × 10-17), with parameter esƟmates b0 = −0.36 and b1 = 0.014. Overall, both models indicate 149 

a posiƟve relaƟonship between size and mortality, with similar slopes, although they diīer 150 

substanƟally in their intercepts. In addiƟon, a Generalized Linear Model (GLM) with a 151 

quasibinomial distribuƟon and logit link funcƟon was ĮƩed to both complete datasets. For the 152 

2023 OA dataset, the GLM revealed a highly signiĮcant posiƟve eīect of size on mortality rates (β 153 

= 0.139, p < 0.01), accompanied by a strong reducƟon in deviance (from a null deviance of 0.871 154 

to a residual deviance of 0.026). For the 2024 CV dataset, the GLM showed a similar posiƟve trend 155 

(β = 0.265), however, the eīect was not staƟsƟcally signiĮcant (p = 0.14), likely due to the limited 156 

number of size classes. Nevertheless, a reducƟon in deviance was sƟll observed (from 3.19 to 157 

0.39). No model was ĮƩed to the 2024 OA dataset due to the very small sample size. 158 

 159 

2.2 Environmental characterizaƟon 160 

 161 

Over the 18-month Ɵme series, water temperature at OA ranged from 6.7 to 32.3 °C (monthly 162 

variability Suppl. Fig. 1A), while daily salinity varied between 25.9 and 38.3 (mean: 33.1; median: 163 

33.6; monthly variability Suppl. Fig. 1B). During the shorter deployment at CV, temperature and 164 

salinity ranges were 8.9-32.9 °C and 29.3-34.2, respecƟvely. Dissolved oxygen (DO) at OA ranged 165 

between 0 and 17.01 mg L-1 (mean: 7.63 mg L-1; median: 8.38 mg L-1), whereas in CV between 0 166 

and 15.77 mg L-1 (mean: 8.03 mg L-1; median: 8.17 mg L-1). The DO Ɵme series at OA is incomplete 167 

from 28 July to 20 September 2024 due to sensor malfuncƟon. Despite the diīerent deployment 168 

lengths, temperature trend appeared comparable across both sites during the overlapping 169 

period. A robust comparison of salinity between the two sites is precluded by the limited data 170 

overlap, also due to sensor malfuncƟons. DO was the sole parameter to exhibit clear diīerences 171 

between the two study areas. During summer, OA study area experienced more frequent, intense 172 

and prolonged hypoxic events (DO < 2.0 mg L-1) compared to CV. Anoxic condiƟons (DO < 1.0 mg 173 

L-1) were restricted to OA during late June and July. Prolonged hypoxic events typically occur 174 
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during neap Ɵdes. In contrast, CV exhibited only short-term hypoxia, primarily in July and August, 175 

with sporadic episodes extending into October and November (Suppl. Fig. 1C). 176 

 177 

2.3 Immune cells morphology in the two areas 178 

 179 

ObservaƟon of semithin secƟons of P. nobilis hemocytes showed a diīerent situaƟon in May and 180 

July 2024 and in two areas. In May, in OA, hemocytes displayed an extensive number of apoptoƟc 181 

cells with no nucleus and apoptoƟc bodies. In July, in the same area, hemocytes displayed 182 

addiƟonal long projecƟons and higher number of dead cells (Fig 4A-B). Cells showed many 183 

alteraƟons such as long and numerous Įlopodia and blebs formaƟons (Fig. 4C-E). In CV the 184 

number of apoptoƟc bodies was lower and projecƟons less evident. In both areas, cells were 185 

mostly basophilic at MMG stain, displaying numerous vacuoles, and showing granules/dots (Fig. 186 

4F-L).  187 

 188 

2.4 Total Hemocyte Count (THC), caspase 3 acƟvaƟon and pathogen infecƟon  189 

 190 

The mean number of circulaƟng hemocytes was 1.77 ± 0.16 x 105 cells/ml in OA in May and 9.2 ± 191 

5 x 104 cells/ml in July. In CV, the values were 1.65 ± 8 x 105 cells/ml in May and 2.62 x 105 cells/ml. 192 

In OA, in May 2024, number of dead cells ranged from 27 to 63% (mean value: 40,5) and acƟve 193 

caspase 3 ranged from 0 to 5.68%. In July, number of dead cells increased, from 32 to 70% (mean 194 

value: 50,14), and acƟve caspase 3 passed from 0 to 66.6% (Fig.5A). In CV in May 2024, it ranged 195 

from 12-32% (mean value:25,6) and acƟve caspase 3 from 0 to 36.7%. In July, number of dead 196 

cells ranged from 39 to 54% (mean value: 47,3), and acƟve caspase 3 from 0 to 75.0% (Fig.5B).  197 

The quanƟtaƟve real-Ɵme PCR experiments conducted on the cDNA of P. nobilis hemocytes 198 

collected in diīerent sampling points in Venice lagoon gave posiƟve results for the primer pair 199 

designed on the reconstructed sequence DN35348_DN58105, similar to a Chaetoceros 200 

tenuissimus RNA virus type II. Viral RNA was detected in all the other samples examined with 201 

variable infecƟon levels in both the areas (Fig.5C). The THC status showed a posiƟve correlaƟon 202 

with logNRQ value (P < 0.0022, r = 0.62) and posiƟve correlaƟon of logNRQ value with animal size 203 
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(P < 0.626, r = 0.62), suggesƟng that number of immune cells is regulated by the level of infecƟon 204 

also related with animal size (Fig.5D-E).  205 

RealƟme PCR for PnPV conducted on mantle Ɵssues in February 2024 in 5 out of 8 (62.5%) gave 206 

posiƟve results. The samples of mantle taken in the individual Pn5Old_OJ24M resulted also 207 

posiƟve. End-point PCR on hemocytes performed for H. pinnae and Mycobacterium sp. resulted 208 

both negaƟve.   209 

 210 

2.5 Ultrastructural features of Pinna nobilis Picornavirus infecƟng cells  211 

 212 

As previous descripƟons from Carella et al.26 and Iaria et al.28, in both OA and CV, the Pen shell 213 

hemocytes ultrastructure revealed the features of PnPV infecƟon at diīerent phase of 214 

development in all animals (100 %). AlteraƟons of cytosolic organelles were variable depending 215 

on the virus phase of development, showing viral ReplicaƟon Organelles (vROs) of diīerent 216 

dimensions. The schemaƟc of the changes observed is represented in Fig 6.  217 

The cells could appear more elongated or rounded, Įlled with complex Double Membrane 218 

Vesicles (DMVs) forming virions. They could also display prominent presence of Įlopodia at the 219 

level of plasma membrane or be stellated with Įlopodia projecƟons (mulƟpolar) or binucleated 220 

(showing syncyƟum) (Fig. 7A-E). The populaƟon of cells could also be represented by dead bodies 221 

with no nucleus and residual DMVs, as reported by cytology (Fig. 7F). This situaƟon was more 222 

evident in July in both areas. 223 

Filopodia presence and microvilli were a common feature of the infected cells in both seasons 224 

and areas. They were variable in number for each cell, ranging from one to 5-7 also accompanied 225 

by other types of acƟn rearrangement, such as the presence of smaller buds and microvilli (Fig. 226 

8). The Įlopodia averaged 7.4 ±05 µm in length (n = 59) or could be signiĮcantly shorter (average 227 

length, 2.37±08 μm; n = 60). These membrane projecƟons were more visible when cells were 228 

highly damaged, showing total loss of cytoskeleton and an increased size, Įƫng with the 229 

acƟvaƟon of apoptoƟc pathway. In those cases, unassembled amorphic viral substance was 230 

concentrated at the periphery of the cells in conƟguity to the cell membrane and expanding to 231 

the Įlopodia/microvilli, associated with viral parƟcles in formaƟon or mature (Fig.8A-B). The 232 
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Įlopodia were seen as bridges between cells with visible acƟn Įlaments and passage of viral 233 

parƟcles in May and July in OA (Fig. 8C-E). FormaƟon of budding and numerous viral parƟcles 234 

carrying vesicles were also visible (Fig. 8F). Individual Pn3CVM24/Pn3old_CVJ24 showed 58% of 235 

dead cells in both the seasons while the value reached 76% for the individual Pn5_OA24.  236 

ReplicaƟon organelles (ROs) were represented by a total rearrangement of cytoskeletal proteins 237 

and organelles membrane structures, creaƟng an independent compartment to facilitate viral 238 

genome replicaƟon (Fig. 9). In the cells, they appeared in all the cells as a complex system made 239 

of membrane vesicles of diīerent dimensions. The ROs seemed to originate by a remodeled ER 240 

and nuclear membrane structure, and interacƟng with the Golgi complex intermediate 241 

compartment (Fig.9A-E). The transformed ER comprised ŇaƩened sacs (cisternae) connected to 242 

the nuclear envelope as well as loose interconnected membrane tubes and sheets and visible 243 

ribosomes (Fig.9A-C). Viral budding at the endoplasmic reƟculum (ER), ER-Golgi-Intermediate 244 

Compartment and Golgi apparatus was visible, was also the site of replicaƟon of the viral parƟcles 245 

(Fig. 9D-E) in some case passing from a roseƩe-like structure assembling with a common stalk 246 

form the vesicles or Golgi modiĮed structure to a mature single viral parƟcle (Fig. 9F-G). In all the 247 

seasons and areas, cells might also display the presence of PnPv repeatedly surrounding the 248 

nucleus, interacƟng with the nuclear membrane and acƟvely entering the nuclear compartment, 249 

with visible viral parƟcles present among chromaƟn Įbers.  250 

 251 

2.6 Flow cytometry and acƟve Caspase-3 in P. nobilis hemocytes in Venice lagoon 252 

Flow cytometry analysis detected diīerent sub-populaƟons in P. nobilis hemocytes based on size 253 

and internal complexity and/or granularity (Fig. 10A). The type 1 was the most abundant 254 

circulaƟng hemocyte (~50% of circulaƟng cells) with a medium size and medium internal 255 

complexity and granules, previously described in P. nobilis as granulocytes27; the type 2 had the 256 

smallest size and the lowest complexity, represenƟng the hyalinocytes (10-20%); type 3 was the 257 

one displaying the same size of the type 1 but the highest internal complexity and granularity, 258 

variable in percentage and depending on the individual (8-12%). Moreover, we observed a fourth 259 

sub-populaƟon not reported previously, named type 4, that has bigger size and greater 260 
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complexity when compared to the others (0,5-15%). When comparing cell types and acƟvaƟon 261 

of Caspase-3, type 4 sub-populaƟon corresponds to those in which Caspase-3 is acƟvated (Fig. 262 

10A-B). Furthermore, another sub-populaƟon was present only in few animals, smaller and 263 

poorly granulated, and on the bases of propidium iodide (PI) staining it was not nucleated, as it 264 

did not absorb PI, and it was named type 5 (Fig. 11). In Tab. 2, for each type of cell, the percentage 265 

of cells in which Caspase-3 acƟvated is reported in associaƟon with the percentage of cell 266 

numbers compared to total events acquired. 267 

Percentage of each populaƟon of cells was variable depending on individuals, season and areas 268 

(Sup. Tab. 1). Even if the type 1 is the most representaƟve sub-populaƟon, an increase in 269 

percentage of type 2 was observed in certain individuals in both sites and seasons (animals 270 

Pn3OAM24 and Pn1oldCVJ24). Moreover, in July, the hemocytes showed a higher Caspase-3 271 

acƟvaƟon than in May, independent from the site. Morphologically, when Caspase-3 is acƟvated, 272 

it appears in a sub-populaƟon bigger and more complex than the other one, here called type 4, 273 

except for the two individuals Pn1New_CVJ24 and Pn1New_CVJ24. This can be due to cell 274 

transformaƟon and biochemical events can occur in diīerent moments.   275 

In some case, animals showed disƟnƟve features over seasons and areas. In OA in May many cells 276 

were posiƟve to PI staining, but negaƟve to caspase-3, while  in July nucleated cell accounted only 277 

the 5%, and about 43% of them were death, as for the animal Pn5_OA24 (Fig. 11). Instead the 278 

animal Pn3CVM24 the number of cells was low and the cell populaƟons didn’t have acƟvate 279 

caspase-3. In July there was an increased count, a reasonable number of cells can be observed in 280 

each subpopulaƟon, with a 75% of acƟve caspase-3 (Fig 12). This is in accordance with the 281 

situaƟon observed at ultrastructure where numerous dead cells where observed.  282 

 283 

2.7 Virus phylogeny 284 

The NJ tree based on the 193 bp PnPv fragments obtained in this study revealed a staƟsƟcally 285 

well-supported clade (96% bootstrap support) including all sequences from the Venice and Sicily, 286 

together with the sequence from Spain (accession number OR448788) reported in the previous 287 

study (Carella et al., 2023b). This clade is closely related to the Chaetoceros tenuissimus RNA virus 288 

type II (Fig. 13). 289 
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3. Discussion  290 

In this study, we invesƟgated the complex host-virus interacƟons associated with diīerent 291 

environmental parameters involved in the disease aīecƟng Pinna nobilis in the Venice Lagoon. 292 

We report the persistence of PnPV in the Venice populaƟon in 2024, following its iniƟal detecƟon 293 

in 2023, providing new insights into populaƟon structure, environmental factors, 294 

immunopathogenesis, and virus phylogeny. 295 

The PnPV is an RNA single strand virus previously reported in Spain (Catalonia and Murcia region), 296 

in Italy, in Venice lagoon in 202324 and in the Lake of Faro populaƟon (Siciliy) in 2024.28 The virus 297 

is a Sogarnavirus, a picornavirus originally idenƟĮed in the marine diatom Chaetoceros 298 

tenuissimus (designated as C. tenuissimus RNA virus type II). The ampliĮed region was idenƟcal 299 

to the strains found in populaƟons from Spain and Sicily; only two sequences showed slight 300 

diīerences in a few base pairs. 301 

 302 

Ecological factors, populaƟon structure and pathological threats 303 

In 2024 the local populaƟons of P. nobilis were characterized in terms of densiƟes, size structure 304 

and mortality in both OA and CV study areas. The monitoring of the OA study area was iniƟated 305 

in 2020, coinciding with the onset of the Mass Mortality Events (MMEs) in the Lagoon of Venice.29 306 

Before the pandemic, the OA area iniƟally showed a high density of live individuals, esƟmated at 307 

0.8 ind./m². The CV study area, located at a relaƟvely short distance (~3 km) from OA, hosts the 308 

highest known density of live P. nobilis in the Venice Lagoon at present. Although the available 309 

data do not allow for a precise determinaƟon of the cohort structure, individuals in the present 310 

study probably fall in the range from 2 to over 10 years old.37 In both study areas, the populaƟon 311 

size-frequency distribuƟon is skewed towards larger size classes, a paƩern widely documented 312 

for this species.38-39 This paƩern has been associated to biological traits such as high longevity 313 

and a signiĮcant growth slowdown aŌer maturity as well as higher mortality rates in young stages, 314 

generally aƩributed to intense predaƟon.25,40-42 In our study sites, the overall size-frequency 315 

distribuƟons and the variable degree of shell degradaƟon suggest the co-presence of mulƟple 316 

cohorts and an older seƩlement in OA compared to CV.  However, the observed shiŌs in size-317 

frequency distribuƟons over Ɵme suggest a higher mortality rate for larger size classes, although 318 
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the total proporƟon of dead individuals varied between the study areas. Our results demonstrate 319 

a posiƟve correlaƟon between relaƟve mortality and large size classes, and therefore age. Due to 320 

data availability, the direct comparison between sites was limited to the 2023 dataset for OA and 321 

the 2024 dataset for CV. Although both datasets exhibited a similar linear trend, they diīered in 322 

their intercepts, with OA showing a higher relaƟve mortality across all size classes, highlighƟng 323 

local diīerences. Our Įndings suggest a higher vulnerability of older individuals to the ongoing 324 

epidemic, which is consistent with prior observaƟons in other Mediterranean regions.25,43 This 325 

may be driven by several physiological and pathological factors. A disƟnct peak of mortality is 326 

observed during the summer months, with the maximum mortality rate recorded between July 327 

and September 2023, and from May to July 2024 across both areas. The peak of summer mortality 328 

is also consistent with our results on the status of the immune system of the populaƟon as 329 

demonstrated by THC, Ňow cytometry and electron microscopy. 330 

 331 

In the Venice Lagoon, temporal variability was observed among sites for temperature, salinity, 332 

and dissolved oxygen. Those parameters are correlated with animal physiology but also to 333 

pathogens distribuƟon and acƟvity, as previously reported by other authors.25,42 The mortality 334 

trend is characterized by a synchronous seasonality in both sites, which points to seasonal 335 

variaƟon in key environmental variables, in parƟcular water temperature, whose variaƟon over 336 

Ɵme appears similar in the two areas. 337 

Water temperature is considered a typical iniƟaƟng factor for the mortality across Spain, France, 338 

and Italy.24,42 Temperature is a key stress factor involved in shellĮsh summer mortality, by causing 339 

metabolic stress, lower dissolved oxygen availability, and increased pathogen suscepƟbility.25,44 340 

Typically, the onset of mortality has been associated with temperature exceeding 13.5 °C.45  341 

Temperature was recorded in OA starƟng on 31/05/2023, just aŌer the May monitoring. The 342 

mean value of the Įrst two weeks of June was 23.82°C (range between 21.31°C – 27.41°C). In 343 

2024 instead, the mean T value in May is 20.28°C (range between 16.31°C – 24.41°C) in OA study 344 

area. Water temperature data are available in CV area only since June 2024, nevertheless in the 345 

overlapping period with OA measurements they follow closely each other.  346 
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Dissolved oxygen (DO) is an important parameter that aīects the biology, physiology, and 347 

immunology of aquaƟc animals. In general, hypoxia negaƟvely impacts the food consumpƟon rate 348 

and assimilaƟon eĸciency, as well as increasing respiraƟon rates in many bivalves.46-47  As a result, 349 

it reduces the energy allocaƟon for bivalve growth, shell formaƟon, and reproducƟon. The 350 

tolerance of bivalves to hypoxia largely depends on size and species, with larger bivalves being 351 

more suscepƟble to hypoxia and interƟdal species being relaƟvely more tolerant.47 352 

At CV, the DO concentraƟon was relaƟvely stable, with only a few shorter hypoxic events 353 

concentrated in late summer and autumn. Instead, in mid-July 2024, the probe at OA highlighted 354 

severe nocturnal anoxic (DO < 1.0 mg L-1) and hypoxic (DO < 2.0 mg L-1) events during neap Ɵdes. 355 

Since the sensor was located within 20 cm of the seabed and outside the Cymodocea meadow, 356 

these values likely reŇect micro-habitat condiƟons conĮned beneath macroalgal mats, where 357 

organic maƩer decomposiƟon triggers intense oxygen depleƟon. However, the site proximity to 358 

the Malamocco Ɵdal inlet ensures signiĮcant hydrodynamics and oxygenaƟon in the upper water 359 

column. Large adult individuals can protrude signiĮcantly above the sediment and have access to 360 

beƩer-oxygenated layers, thereby miƟgaƟng respiratory stress. Conversely, smaller juveniles are 361 

more prone to these condiƟons, parƟcularly when located outside well-oxygenated seagrass 362 

meadows. Yet experimental studies have conĮrmed that juveniles of the species are relaƟvely 363 

resistant to moderate exposure to hypoxia48, and the conƟnued existence of dense populaƟons 364 

in highly variable lagoonal habitats underscores their potenƟal for physiological plasƟcity and 365 

resilience in these subopƟmal environments.25,49  366 

Salinity is another important parameter to ponder. Mortality events have been predominantly 367 

associated with a salinity range between 36.5 and 39.7 PSU.25 Environmental condiƟons outside 368 

this window, typically found in coastal transiƟonal ecosystems, can act as a protecƟve barrier. The 369 

nature of these refugia diīers based on their hydrological regime. In the Ebro Delta, parƟcularly 370 

in Fangar Bay, the spread of the parasite H. pinnae was hindered by low salinity values (30.5–33.5 371 

PSU).25 Conversely, the Mar Menor lagoon typically provides protecƟon through its hypersaline 372 

condiƟons (ranging from 42 to 47 PSU).50 During the data overlap period, the two staƟons 373 

exhibited a highly synchronized temporal trend, sharing very close overall values with a mean 374 

salinity of 33.09 at CV and 32.41 at OA. Although the long-term salinity oīset between the two 375 
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sites was only 0.68 units, the associated SD = 0.99 indicates minor localized ŇuctuaƟons. In our 376 

study, samples analyzed during this period showed no presence of H. pinnae. 377 

 378 

Immune status, animal infecƟon and ecological factors 379 

Total hemocyte count (THC) is a criƟcal indicator of bivalve’s immune condiƟon. This parameter 380 

changes dramaƟcally during infecƟon, with severe or prolonged infecƟon leading to a signiĮcant 381 

reducƟon in circulaƟng immune cells, reported as heamocytopenia.51 In our study the populaƟon 382 

in the two areas revealed a diīerent level of infecƟon and THC values over the seasons, also lower 383 

when compared with many other bivalve species52-53  and previous studies on P. nobilis.54 In fact, 384 

in previous Įndings before the MMEs on the pen shell the amount of circulaƟng hemocytes 385 

corresponded to 5 × 105 cells, a much higher number if compared with the recent situaƟon of 386 

residual wild populaƟons, where recorded values ranged between 7.9 ± 0.3 cells × 104 –2.30 ± 1.0 387 

cells × 105 in 2021-2022 in Ebro Delta and Murcia24,26 and 9.2 ± 5 x 104 -2.62 x cells 105 in this 388 

study (2023-2024). THC values were correlated with PnPV infecƟon level and animals’ size. THC 389 

values in OA were lower when compared to CV, demonstraƟng and higher capability of animals 390 

from CV to cope with the infecƟon aŌer damage.  391 

The loss of immune cells is itself a cell death mechanism acƟvated which bring to 392 

immunodeĮciency.55 For this reason, here we evaluated the immune cells death percentage in 393 

each individual along seasons analyzing caspase-3. Over 2024, in OA the mean percentage of dead 394 

immune cells was around 40,5- 50,14 while in CV it ranged from 25,6 to 47,3, with an increased 395 

value in summer in both areas. Moreover, Ňow cytometry showed the major damage to the 396 

immune cells and acƟvaƟon of the execuƟoner caspase-3 in both sites in Summer 2024. At the 397 

same Ɵme, we recorded a higher viral load in July 2024 in OA and slightly higher, but steady in CV.  398 

The acƟvaƟon of caspase-3 in turn cleaves key proteins, causing cytoskeleton collapse, DNA 399 

fragmentaƟon, and apoptoƟc body formaƟon, ulƟmately sacriĮcing the infected cell to contain 400 

the spread of the pathogen. Furthermore, has been demonstrated that high temperatures (e.g., 401 

30-33°C) can signiĮcantly increase CAS-3 mRNA levels, indicaƟng also that stress-driven apoptosis 402 

is part of the mortality syndrome in summer.17  When considering the correlaƟon of the viral load 403 
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and animals’ size, smaller individuals in CV showed lower level of PnPV infecƟon. This could be 404 

due to lower ĮltraƟon acƟvity and consequent inferior viral parƟcle accumulaƟon over Ɵme, a 405 

less compromised immune system due to the younger age/size.  406 

About the PnPV infecƟon and seasonality in the environment, we don’t have any informaƟon on 407 

its distribuƟon. Marine viruses exhibit strong seasonal dynamics, with abundance peaking in 408 

Spring and nutrient-rich summer months (oŌen 2.0 × 107 viruses/mL), corresponding with 409 

increased bacterial and phytoplankton producƟon. In our case, we have scarce informaƟon about 410 

the life cycle of this Picornavirus outside of the host and the eīect of abioƟc factors on viral 411 

replicaƟon, presence and potenƟal vectors. Yet, we know from literature that the most similar 412 

virus, Chaetoceros tenuissimus picornavirus, show strong seasonality linked to phytoplankton 413 

populaƟon blooms, typically peaking during summer to autumn (July to September) in coastal 414 

Japanese waters.56 Picornaviruses are highly resilient naked (non-enveloped) viruses that can 415 

persist in the environment for extended periods. Because they lack a fragile lipid envelope, they 416 

are resistant to pollutants and extreme pH levels including acidic condiƟons.57-59 They can persist 417 

for long periods on surfaces and in water and low oxygen condiƟons as they do not metabolize 418 

and therefore do not require oxygen for survival or replicaƟon.58-59 419 

 420 

Immune cell types and damage related to ultrastructural details  421 

Based on Ňow cytometry, this study discriminated against immune cell types during infecƟon by 422 

their size and internal complexity, consistent with previous reports on this viral infecƟon.26 In 423 

contrast to the situaƟon observed in Spain, we idenƟĮed four types of hemocytes: hyalinocytes, 424 

granulocytes, a third type (type 3) characterized by larger size and high internal 425 

complexity/granularity, and a fourth type (type 4) that was even larger and more complex. From 426 

a funcƟonal perspecƟve, our data suggests that type 4 may be a morphological variant of type 1 427 

(granulocytes), larger and more granular cells found in animals undergoing an acƟve immune 428 

response in the Įnal stages of apoptosis. From previous observaƟons these cells corresponded at 429 

ultrastructure to hemocytes with advanced replicaƟng phases of PnPV infecƟon, displaying 430 

numerous and complex vRO containing Double Membrane Vesicles (DMVs) and having 431 

mulƟpolar/stellate shape with formaƟon of long Įlopodia. The presence of bigger vRO might 432 
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primarily be due to higher viral capability in assembling and scaīolding nonstructural protein in 433 

the cells. This could reŇect more permissible behavior to the infecƟon of the pen shell immune 434 

system of Venice populaƟon, and lower resistance to the disease.  435 

Caspase-3 is acƟvated via intrinsic (mitochondrial) or extrinsic (death receptor) pathways, leading 436 

to characterisƟc ultrastructural changes in immune cells. Its acƟvaƟon involves proteolyƟc 437 

cleavage of pro-caspase-3 into acƟve p17 and p12 subunits.60 Using ultrastructure, we 438 

demonstrated that viral-infected immune cells exhibited rearranged cytoskeleton and organelle 439 

damage. The PnPV, like other posiƟve stranded RNA viruses invesƟgated to date, replicates its 440 

RNA in associaƟon with organelles inducing enormous spaƟal reorganizaƟon of the cytoplasm to 441 

create a network of vROs in the perinuclear region along with fragmented and stacked 442 

membranes of the Golgi apparatus. Mitochondria was the organelle that was observed intact in 443 

the cell most of the Ɵme, while the virus was replicaƟng. In advanced phases of damaged cells, 444 

broken cristae were observed. We can hypothesize that at this point mitochondrial outer 445 

membrane permeabilizaƟon releases the cytochrome c that trigger caspase acƟvaƟon (caspase-446 

9/3).  447 

For the Įrst Ɵme, we observed that hemocytes infected by PnPV displayed Įlopodia formaƟon 448 

with acƟve passage of viral parƟcles. CommunicaƟon between two or more neighboring cells was 449 

evident, Įnding Įlopodial bridges (Įlopodia joined but not fused). Filopodia are acƟn-rich plasma 450 

membrane protrusions elicited to enhance infecƟvity in the entry step into various kinds of cells 451 

and reported in SARS-CoV-2, Rous sarcoma virus (RSV), Herpes simplex virus type 1 (HSV-1) among 452 

the others.61-62 Generally, the Įrst step of every viral infecƟon involves virions engaging the cell 453 

surface, with subsequent penetraƟon of the cell membrane and entry into the cytoplasm. The 454 

physical barrier imposed by the acƟn network must be weakened, a process involving the 455 

sƟmulaƟon of acƟn cytoskeleton remodeling. Virion binding can iniƟate signaling events that 456 

change the cell surface and acƟvate endocytosis. Evidence for the endocytosis of infecƟng virions 457 

is widespread and is oŌen acƟn dependent or acƟn sƟmulated by clathrin-coated pit-mediated 458 

endocytosis.63 Virus entrance could be regulated by heparan sulfate proteoglycans (HSPG) which 459 

are expressed on the membrane of the target cell, called the aƩachment step, as we observed in 460 
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our study. HSV then surf along the surface of these Įlopodia by using their glycoprotein gB 461 

aƩachment to HSPG causes acƟn remodeling. 462 

4. Conclusions 463 

Our study conĮrms the presence and eīects of PnPV in another Mediterranean populaƟon. These 464 

results help idenƟfying survival areas for the species, highlighƟng disƟnct populaƟon condiƟons 465 

locally within the same lagoon system. Furthermore, we begin to disentangle the complex 466 

interacƟon between populaƟon structure, environment, tolerance thresholds and infecƟon 467 

dynamics. Site-speciĮc factors and pen shell demography emerged as two key players in immunity 468 

and disease during infecƟon. AddiƟonally, this study advances our understanding of how 469 

immunity funcƟons in natural populaƟons, raising quesƟons about Picornavirus infecƟon, and 470 

provides urgently needed informaƟon on the condiƟons that inŇuence disease in an ecologically 471 

important host species. Our Įndings could indicate that the infecƟon has compromised the 472 

resilience of younger individuals, historically endured high temperatures and hypoxia, leading 473 

now to reduced survival rates. Using our ultrastructural dataset as a foundaƟon, we can begin to 474 

design studies aimed at answering these quesƟons that will provide useful insights into PnPV 475 

pathogenesis. For instance, the biogenesis of vROs is sƟll poorly characterized, and we do not 476 

have detailed informaƟon on the host or viral factors that contribute to their formaƟon. 477 

IdenƟĮcaƟon of these features can help in comparing pathogenesis in diīerent areas and 478 

populaƟon. 479 

Picornavirus can infect a vast range of aquaƟc life. They are widely distributed across the oceans 480 

and are major drivers of marine ecology and biogeochemical cycles. Indeed, they act as key 481 

mortality agents in aquaƟc ecosystems, controlling populaƟon blooms and altering marine 482 

biogeochemistry. Chaetoceros tenuissimus RNA virus speciĮcally infects phytoplankton and 483 

microalgae. When lyses algal cells, it terminates massive oceanic blooms, releasing amounts of 484 

dissolved organic maƩer (DOM). The presence of non-enveloped, proteinaceous capsid renders 485 

picornaviruses highly resistant to environmental stressors—including UV radiaƟon, salinity and 486 

oxygen changes, and general physicochemical degradaƟon—which allows them to persist for long 487 

periods in marine and aquaƟc ecosystems. The occurrence of free viral parƟcles in the 488 
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environment and their transport via phytoplankton vectors warrants further invesƟgaƟon. 489 

Genome characterizaƟon of PnPV in Venice lagoon and the other areas is also needed.   490 

The existence of this virus is largely underesƟmated by the scienƟĮc community because it is 491 

diĸcult to diagnose, due to its tropism and its nature as an RNA virus. Mantle biopsies have 492 

demonstrated to be eīecƟve in some cases but might depend on viral parƟcle presence in the 493 

water captured but mantle cilia, as reported in other marine viruses. New detecƟon methods in 494 

animals are currently under development to simplify the diagnosƟc process. At the same Ɵme, e-495 

RNA based monitoring can be used to idenƟfy potenƟal transmission sites.  496 

 497 

 498 

5. Material and methods  499 

 500 

5.1 Study area 501 

 502 

In the context of LIFE PINNARCA and LIFE PINNACARE Projects a study to evaluate health status 503 

of the Venice lagoon populaƟon and with diīerent diagnosƟc purposes was performed between 504 

October 2021 to July 2024. In 2023 the acƟviƟes focused on the area of OƩagono Alberoni (OA)24 
505 

and aŌer, in 2024, also on a second area named Coīa Val Grande (CV), chosen because of the 506 

presence of signiĮcant densiƟes of live specimens, as well as recorded mortality episodes. Both 507 

OA and CV are located in the southern part of the Lagoon, in the Malamocco sub-basin, and fall 508 

into the marine Ɵdal delta hydrogeological zone64, characterized by euryhaline condiƟons (salinity 509 

> 30 ppt) and high-water exchange (Fig. 1). OƩagono Alberoni is a sheltered island near the 510 

Malamocco inlet. The depth range of this area is between -1 m and -1.5 m with reference to mean 511 

sea level. The sandy silt substrate is characterized by the presence of seagrass meadows of 512 

Cymodocea nodosa, with canopy cover varying according to the season (minimum values in 513 

winter), and macroalgal cover. Coīa Val Grande is an area located along the Val Grande channel, 514 

which branches oī from the main waterway Canale dei Petroli, the laƩer originaƟng at the 515 

Malamocco inlet. The area features a monitoring staƟon managed by the Venice Water Authority 516 

(Fig. 1). The bathymetry range is 1.5 – 2 m below the mean sea level. Also in this area, the surĮcial 517 
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sediments grain size is sandy silt, and the seabed cover is characterized mostly by Cymodocea 518 

nodosa meadows. 519 

 520 

5.2 PopulaƟon structure and survival 521 

 522 

Size structure and mortality of local P. nobilis populaƟons were analyzed in both the OA and CV 523 

study areas. Due to the species’ high densiƟes, for each study area the analyses were 524 

concentrated on three roughly equidistant plots of about 120 m2 (20 x 6 m) within homogeneous 525 

habitat patches of approximately one hectare. This design was chosen to ensure the capture of 526 

local populaƟon variability while maintaining a sustainable sampling eīort.  527 

A baseline mapping of Pinna nobilis individuals in OA and CV was performed using area-speciĮc 528 

methodologies to opƟmize performance under local condiƟons. In both areas, each plot was 529 

iniƟally delimited with ground lines. Vertex coordinates were recorded with a Hemisphere S631 530 

GNSS receiver operaƟng in Real-Time KinemaƟc (RTK), enabling the calculaƟon of the actual 531 

surface area and the reposiƟoning of ground lines in subsequent surveys. High-resoluƟon 532 

waterproof maps (with an esƟmated posiƟoning error of about 20 cm) were produced for each 533 

plot to relocate the individuals.  534 

In the OA plots, individuals were mapped from high-resoluƟon orthophoto mosaics based on 535 

underwater Structure-from-MoƟon (SfM) photogrammetry.65 The photogrammetric survey for 536 

plot A was conducted in October 2020 and for plots B and C between March and April 2023. The 537 

plot areas resulted 115.4 m2, 125.5 m2, and 133.4 m2, respecƟvely. IniƟal status (either live or 538 

dead) and biometrics for all individuals were assessed on 16 and 30 March 2023. Main shell 539 

biometrics40 were acquired with a custom-designed caliper (resoluƟon of 0.5 cm), including the 540 

width at the maximum dorso-ventral shell amplitude (Wmax) and the unburied shell length (UL). 541 

Shell degradaƟon was also assessed and categorized as follows: intact and with negligible fouling 542 

on the shell margin (recently deceased specimens, on a Ɵmescale spanning from days to two 543 

weeks); chipped (with all biometrics sƟll measurable); heavily damaged (UL not reliable); and 544 

broken at the base (Wmax not measurable). The status of the live individuals was assessed over 545 

two summers, with surveys at intervals of 2-3 months on the following dates: 30-31/05/2023, 26-546 



20 

 

28/07/2023, 25/09/2023, 27/11/2023, 20/02/2024, 17/05/2024, 18 and 30/07/2024, and 547 

7/10/2024. 548 

In the CV area, which was added in 2024 to establish a comparaƟve framework with the exisƟng 549 

OA dataset, the baseline surveys were conducted on 14, 17, and 23 May 2024, when the three 550 

plots were delineated and all the individuals mapped. In this case, individuals were georeferenced 551 

directly with a Hemisphere S631 GNSS receiver operaƟng in RTK. The surface areas of the three 552 

plots A, B and C resulted respecƟvely 116.4 m2, 107.3 m2, and 100.5 m2.  Concurrently, the status 553 

and biometrics of the individuals were recorded following the approach previously described. The 554 

status of the live individuals was assessed again on 31 July – 1 August and on 11 and 14 October. 555 

To extend the comparison to OA data, the February 2024 status for the CV populaƟon was 556 

approximated by classifying all specimens with intact shells in May as live at that Ɵme.  557 

All the Įeld acƟviƟes were performed by snorkel divers. The applied protocols do not involve the 558 

sampling/collecƟon of specimens, nor other invasive procedures. 559 

The size structure of the populaƟons was analyzed based on Total shell length (TL), derived from 560 

Wmax using the model proposed by García-March66, TL = 1.29 x Wmax1.24. The model was selected 561 

for its relevance to lagoon populaƟons. The analysis excluded shells broken at the base due to 562 

unreliable TL esƟmaƟon. TL histograms (2-cm breaks) as well as kernel density plots were 563 

produced for the pooled live and dead individuals, and for live individuals only, contrasƟng study 564 

areas and moments in Ɵme (March 2023, February 2024 and October 2024). 565 

Size-speciĮc relaƟve mortality was assessed as the proporƟon of individuals that died over an 566 

eight-month period encompassing the summer mortality peaks (using the 2023 and 2024 567 

datasets for OA, and the 2024 dataset for CV), based on 10-cm size classes. To invesƟgate the 568 

relaƟonship between size and mortality, regression analyses were performed with the center of 569 

each class as the independent variable, using both Linear Models (LM) and Generalized Linear 570 

Models (GLM) with a quasibinomial family to capture potenƟal non-linear relaƟonships. Model 571 

performances were compared using the Root Mean Square Error (RMSE). 572 

 The staƟsƟcal analyses were performed with the R environment.67 573 

 574 

6.3 Environmental characterizaƟon 575 
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 576 

To characterize the environmental condiƟons of the two study areas, temperature, salinity, and 577 

dissolved oxygen (DO) were monitored throughout the survey period. ConƟnuous data (5-min 578 

interval) were acquired using conducƟvity and DO data loggers, about 10-20 cm above the 579 

seabed. ConducƟvity loggers (HOBO U24) were deployed in OA on 31 May 2023 and in CV on 20 580 

June 2024, while DO logger (HOBO U26) were deployed in OA and CV on 17 and 20 June 2024, 581 

respecƟvely. Sensors were cleaned and calibrated periodically every about one month. Outliers 582 

(values < Q1−3×IQR or > Q3+3×IQR, where Q1 is 1st quarƟle, Q3 is 3rd quarƟle and IQR is 583 

interquarƟle range) and unreliable data were removed and, when possible, replaced through 584 

linear interpolaƟon.  585 

 586 

 587 

 588 

5.4 Hemocyte and Ɵssue sampling in OƩagono Alberoni and Coīa Val Grande 589 

 590 

Due to its status as an endangered and protected species, sampling of P. nobilis was carried out 591 

under the permission of regional and naƟonal AuthoriƟes for animal welfare (Prot. MATTM 592 

0016478 05/03/2020 Ref.: Prot. 28494, renewed in 2023, Prot. MASE 0208559 del 19/12/2023). 593 

In May 2023, hemolymph was collected from 8 individuals and the 100% diagnosed with Pinna 594 

nobilis Picornavirus.26 Following this discovery, 8 Mantle biopsies (0.5 cm2) were taken using 595 

Schumacher biopsy forceps and preserved in RNAlater (Thermo Fisher ScienƟĮc) in February 596 

2024. AŌer, a total of 28 animals were sampled in OƩagono Aberoni and Coīa Val Grande areas 597 

for two consecuƟve seasons in May and July 2024, sampling the same animals over all the seasons 598 

when possible (Tab. 1-2).   599 

 600 

 601 

 602 

 603 

Table 1. Samples of mantle collected in Coīa Val Grande (CV) in February 2024.   604 
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 606 

 607 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

 615 

Table 2. Sampling areas and animals code of the samples collected in OƩagono Alberoni (OA) and Coīa Val Grande 616 

(CV) in May and July 2024.  In bold: the animals sampled in both the seasons. 617 

 618 

AREA OF 

SAMPLING 

SAMPLE CODE MANTLE 2024 

CV Pn1_CVF24 

CV Pn2_CVF24 

CV Pn3_CVF24 

CV Pn4_CVF24 

CV Pn5_CVF24 

CV Pn6_CVF24 

CV Pn7_CVF24 

CV Pn8_CVF24 

Sampling Area Sample code 

May 

Sample code July  

Sample code July 

(mantle) 

Animal max lenght 

(cm) 

OA Pn1_OAM24   53 x 17 

OA Pn2_OAM24 Pn2Old_OAJ24  51 x17 

OA Pn3_OAM24   48 x16 

OA Pn4_OAM24   61x19 

OA Pn5_OAM24 Pn5Old_OAJ24 Pn5Old_OAJ24M 64X22 

OA Pn6_OAM24   56 X16 

OA Pn7_OAM24   48 x 18 

OA Pn8_OAM24   65 x 22 

OA  Pn1New_OAJ24  57 x 18 

OA  Pn2New_OAJ24  54 x 13 

CV Pn1_CVM24 Pn1Old_CVJ24  38 x 30 

CV Pn2_CVM24   44 x 25 

CV Pn3_CVM24 Pn3Old_VJ24  52 x 19 

CV Pn4_CVM24   38 x 14 

CV Pn5_CVM24   35 x 13 
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 619 

 620 

 621 

 622 

Animals were measured for the maximal valve length. Hemolymph was collected via a 21-gauge 623 

needle from the anterior adductor muscle as a non-destrucƟve sampling. According to Carella et 624 

al.26, the specimens were gently detached from the substrate and brought to surface level to allow 625 

hemolymph to be withdrawn from the anterior adductor muscle that lies at the Ɵp of the valves. 626 

Presence of disease symptoms were considered during sampling. The procedure was performed 627 

carefully to minimize animal stress. Adductor muscle was gently penetrated with a 21-gauge 628 

needle directed along a line parallel to the anterior edge of the shell valves, as reported by Carella 629 

et al.26 AŌer the procedure, the animals were immediately relocated to the seabed, and the 630 

health state was monitored over the following days. A volume of ∼2 ml of hemolymph was 631 

collected for each animal. A 1 ml hemolymph aliquot was placed in a 1 ml RNA Later (Sigma-632 

Aldrich, Italy)-labeled tube placed on ice for molecular analyses, and the other half was preserved 633 

for ultrastructural analyses. A small hemolymph aliquot (20 μl) was placed on a hemocytometer 634 

(Burker chamber) to determine the total cell number (×105/ml) and deĮne the total hemocyte 635 

count (THC). Other 50ul were put on a slide for cytology.  636 

 637 

5.4.1  Cytology  638 

 639 

Glass slides with Įxed hemocytes were stained with May-Grunwald-Giemsa (MGG), for basic 640 

proteins detecƟon (Bio-OpƟca, Italy) and observed at the microscope. IdenƟĮcaƟon of diīerent 641 

morphotypes of hemocytes and nucleus staining and evaluaƟon of cytoplasm color and its 642 

intensity.  643 

 644 

5.4.2 Semithin secƟons and Transmission Electron Microscopy (TEM)  645 

 646 

For all the animals collected in 2024, part of the hemolymph was also Įxed in glutaraldehyde 647 

2,5% in PBS for 3 h. Cells were posƞixed in 1% osmium tetroxide for 60 min and 0.25% uranyl 648 

CV  Pn1New_CVJ24  51 x 19 

CV  Pn2New_CVJ24  45 x 20 

CV  Pn3New_CVJ24  54 x 15 
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acetate overnight. They were dehydrated through a graded ethanol series and embedded in EPON 649 

resin overnight at 37 °C, 1 day at 45 °C and 1 day at 60 °C. Semi-thin secƟons (0.75 μm) were 650 

prepared using a HM-360 rotary microtome (MICROM InternaƟonal GmbH, Germany) and 651 

stained with methylene blue, then analyzed using a camera Axiocam 208 colour mounted on a 652 

Axioscope 5 (Carl Zeiss, Germany) microscope connected to a computer. EsƟmaƟon of number of 653 

death cells (absence of nucleus or fragmented nucleus) was evaluated over 100 cells and 654 

expressed as percentage.  Ultrathin secƟons (80 nm) were cut parallel to the substrate and placed 655 

onto a 200-mesh copper grid. Bright-Įeld TEM images were obtained on the dried sample by 656 

using a FEI TECNAI G2 200 kV s-twin microscope operaƟng at 120 kV (Thermo Fisher ScienƟĮc, 657 

Waltham, USA). Digital images were acquired with an Olympus VELETA camera. 658 

 659 

5.5. Immunobloƫng analysis and Caspase-3 acƟvaƟon assay 660 

 661 

Total proteins from hemocytes from 2024, and Ɵssues such as gonad, mantle and gill and 662 

hemocytes from 3 moribund animals sampled in Venice in 2021 were obtained with RIPA Buīer 663 

containing 1x protease inhibitor, 1x PMSF and 1x Na3VO4. Lysates were clariĮed by centrifugaƟon 664 

at 12000g for 30’ at 4°C. 30g of each sample was separated by SDS-PAGE and subjected to 665 

western blot. The nitrocellulose membranes were immunobloƩed with anƟbodies against acƟve 666 

Caspase-3 (clone C92-605, BD, bioscience) and GADPH (E-AB-40337, ElabScience) at the diluƟon 667 

of 1:1000 in 3% BSA in T-TBS (0,1% tween in TBS) overnight. AŌer incubaƟon with peroxidase-668 

conjugated anƟ-mouse and/or anƟ-rabbit anƟbodies (1:5000; Amersham-Biosciences), proteins 669 

were revealed by an ECL kit (Millipore). Band intensity was quanƟĮed by Image Lab SoŌware 670 

ChemiDoc (BioRad).  671 

ApoptoƟc cells were detected using a FITC AcƟve Caspase 3 Apoptosis kit (550480 BD Bioscience) 672 

which selecƟvely recognize the acƟve form of caspase-3 in cells following the manufacture’s 673 

recommendaƟons. BrieŇy, 1x10^6 cells, previously stored at 4°C in 2,5% glutaraldehyde, were 674 

washed twice with cold 1X PBS, then incubated in BD CytoĮx/CytopermTM soluƟon at a 675 

concentraƟon of 1x10^6 cells/0.5 ml for 20 min on ice. AŌer two Perm/WashTM buīer (1X) 676 

washes, cells were incubated with 10l of anƟ-Caspase 3 anƟbody and 10g/ml Propidium Iodide 677 
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(PI) for 30 min at room temperature. Fluorescence was determined by using Accuri C6 Flow 678 

Cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). At least 15000 total events were acquired, 679 

of which 5000 events were PI posiƟve and analyzed. All data were analyzed with Floreada.io 680 

online soŌware WASM Version: SIMD (accessed May, 2025). 681 

 682 

5.6 RNA and DNA isolaƟon, real Ɵme PCR, end point PCR and sequencing 683 

 684 

Simultaneous isolaƟon of DNA and RNA from immune cells was performed to accomplish both 685 

evaluaƟon of DNA and RNA pathogens. Total RNA and DNA were extracted from the hemocytes 686 

using the PureLink RNA Mini Kit (Thermo Fisher ScienƟĮc, Waltham, MassachuseƩs, USA) eluted 687 

in 50μl. DNase treatment was performed on all the individuals in a volume of 20ul. RNA 688 

quanƟĮcaƟon was then performed using the Nanodrop 2000 spectrophotometer (Thermo Fisher 689 

ScienƟĮc). RNA (~500 ng) was reverse transcribed using Maxima First Strand cDNA Synthesis 690 

(Thermo ScienƟĮc). SpeciĮc primers for PnPv were used and a quanƟtaƟve real-Ɵme PCR reacƟon 691 

was performed as reported by Carella et al.26 AmpliĮcaƟon reacƟons were performed in a total 692 

volume of 10 μl using 5 μl of PowerUp SYBR Green Master Mix (Applied Biosystems), 0.2 μM of 693 

each speciĮc primer, and adjusted to 10 μl with disƟlled water. The reacƟons were conducted in 694 

technical duplicates using bivalve 18S rRNA as a reporter gene.68 The ampliĮcaƟon condiƟons 695 

used were as follows: 1 cycle for 2 min at 50◦C; 1 cycle for 2 min at 95◦C; 40 cycles of ampliĮcaƟon 696 

at 95◦C for 15 s; 60◦C for 18 s; and 72◦C for 1 min. The reacƟons were conducted in the 697 

QuantStudio 3 Real-Time PCR System (Thermo ScienƟĮc). Two posiƟve controls were used, and 698 

two negaƟve controls were run without cDNA. PCR ampliĮcaƟons were conducted on cDNA using 699 

the primer pair ChaetoF1 5’-AGGGATGTTTGTGGGAGCAC-3’ and ChaetoR1 5’-700 

ACCGCCGAGGGTATTCTACT-3’.  701 

End point PCR were conducted as follows: 1 cycle for 3 min at 95◦C; 35 cycles of ampliĮcaƟon at 702 

95◦C for 30s, 58◦C for 30 s and 72◦C for 30 s with a Įnal extension of 72°C for 7 minutes. The 703 

ampliĮed fragments (193 bp) were separated using electrophoresis on 2% agarose gel in 1X TAE 704 

buīer. Sanger sequencing was performed of the obtained products (EuroĮn Genomics, Germany). 705 
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AŌer BLAST checking, the sequences were deposited in GenBank (accession numbers: PZ407978- 706 

PZ407985). 707 

DNA quality and quanƟty were checked with a Nanodrop ND-1000 spectrophotometer 708 

(Nanodrop spectrophotometer, Monza, Italy). The primer pairs HPNF3/HPNR3 were used to 709 

detect the presence of H. pinnae with the thermal cycle and condiƟons as reported by Catanese 710 

et al.69 For Mycobacterium, primers derived from the 16S rRNA sequence of mycobacteria, 711 

mycgen-f / mycgen-r, as described by Böddinghaus et al.70, were used. PosiƟve controls were used 712 

for both the PCR reacƟons. The ampliĮcaƟon products were separated using electrophoresis on 713 

2% agarose gel in 1X TAE buīer. Sanger sequencing was performed of the obtained products 714 

(EuroĮn Genomics, Germany). 715 

StaƟsƟcal analyses were performed with GraphPad Prism version 8.0 (GraphPad SoŌware). The 716 

correlaƟons between biological and environmental variables were evaluated by a Spearman rank 717 

correlaƟon test. Wilcoxon’s signed-rank test was used for matched pairs. Mann-Whitney U tests 718 

were used for comparison between 2 groups of data. P values less than 0.05 were considered to 719 

indicate staƟsƟcal signiĮcance.  720 

 721 

5.7 PnPV phylogeny 722 

 723 

A nucleoƟde alignment was performed using the 193 bp fragments of PnPv obtained in this study, 724 

the corresponding fragments ampliĮed from two samples from Sicily (Accession: PZ407986-87), 725 

and representaƟve sequences available in GenBank. The alignment was produced with ClustalW, 726 

and the Neighbor-Joining (NJ) tree was inferred using the Jukes–Cantor model implemented in 727 

MEGA X (Kumar et al., 2018), with 1000 bootstrap replicates.  728 
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Figures and Tables legends: 921 

 922 

Figure 1. Map of the Venice lagoon with circles indicaƟng the posiƟon of the two study areas OƩagono 923 

Alberoni (OA) and Coīa Val Grande (CV). 924 

 925 

Figure 2. Temporal trends in survival rates (as live-to-total raƟo) at the OƩagono Alberoni (OA) and Coīa 926 

Val Grande (CV) areas in 2023-2024. 927 
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 928 

 929 

Figure 3. A. Histogram and kernel density plot of esƟmated total length (TL) for all the individuals (live and 930 

dead) of OƩagono Alberoni (OA) and Coīa Valgrande (CV). B. Histogram of esƟmated total length (TL) for 931 

live individuals of OƩagono Alberoni (OA) and Coīa Valgrande (CV); C. RelaƟve mortality over eight-932 

months periods for 10-cm size classes across the two study areas and two years. Points indicate mortality 933 

fracƟons for dataset D1 (black circles) and dataset D3 (red triangles) with 95% Wilson score conĮdence 934 

intervals. Linear regressions (dashed lines) and GLM (logit link) Įts for the 2023 OA and 2024 CV datasets 935 

are shown. 936 

 937 
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 938 

 939 

Figure 4. Light micrograph of Pinna nobilis hemocyte semi-thin secƟons stained with methylene blue (A-940 

E) and cytology stained with MGG (F-L); in images A and B of cell status representaƟves of May and July 941 

2024 in both OA and CV with dead cells and apoptoƟc bodies (*) with no nucleus or displaying projecƟons 942 

(arrows in B); C, cells display Įlopodia and blebs (D-E); F.  MGG stain shows hemocytes types, granulocytes 943 

(g) and hyalinocytes (h) and details of cells displaying large vacuoles in G-H and with visible darken dots 944 

(g) in L. 945 
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 946 

Figure 5. THC and acƟvaƟon of caspase-3 in Pinna nobilis immune cells during PnPv infecƟon. A-B 947 

RepresentaƟve graphs show THC and dead cells in OA and CV in May and July 2024 and acƟve caspase-3 948 

expression in hemocytes cells. C. Real-Ɵme PCR of PnPv performed on the immune cells in the two areas 949 

and moths. Each dot represents a single individual, and associaƟons were evaluated using Pearson’s 950 

correlaƟon test (D-E). P values are presented. *P < 0.05, **P < 0.01, ***P < 0.001. pos, posiƟve. 951 
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 952 

 953 

Figure 6. SchemaƟc of the mechanism of PnPv infecƟon in Pinna nobilis hemocytes in Venice lagoon and 954 

related cytopathic eīects.  A. Virus InfecƟng cells induces cell structural alteraƟons with Įlopodia or 955 

microvilli formaƟon due to acƟn polymerizaƟon; Įlopodia are acƟn-rich structures that contain 956 

polymerized acƟn packages induced by the virus to support his life cycle.36 B. AcƟn is remodeled along the 957 

viral life cycle and used for viral parƟcle passage and movement (surĮng) to infect other cells inducing a 958 

cell-cell interacƟon. Virus can also induce syncyƟa formaƟon (cell fusion) as reported also by Carella et 959 

al.27 At the level of the cytoplasm, the ReplicaƟon Organelle (RO) (large blue doƩed square) is the most 960 

evident feature and seems to originate by a remodeled ER and nuclear membrane interacƟng with a Golgi 961 

complex compartment creaƟng DMVs of diīerent dimensions where viral replicaƟon takes place. The RO 962 

is reported to be consƟtuted by both viral and host factors (small blue doƩed square). InfecƟous exosomes 963 

and budding extracellular vesicles were also visible as previously reported by Carella et al.26 PnPV can also 964 

acƟvely interact with the host nucleus to facilitate infecƟon using nuclear pores. C. Damage to 965 

mitochondria and virus entrance in the nucleus can acƟvate apoptosis, displayed as visible morphological 966 

alteraƟon with cell shrinkage nuclear condensaƟon (pyknosis) and membrane blebbing with formaƟon of 967 

apoptoƟc bodies. This phase is acƟvated by the executor Įnal acƟve caspase-3 aŌer the iniƟator caspases.  968 

 969 

 970 

 971 
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 972 

Figure 7. Ultrastructural alteraƟons of Pinna nobilis hemocytes in Venice lagoon over the seasons and 973 

areas. In blue doƩed lines the viral ReplicaƟon Organelles (vRO) composed by Double Membrane Vesicles 974 

(DMVs). A. OA site in May 2024 showed presence of deformed cells displaying large intracellular vacuoles 975 

(V) and small forming vesicles containing viral parƟcles in acƟve producƟon represented typically by 976 

grouped “Ňower shaped” structure (inset). B. OA site in May 2024 Highly deformed hemocytes displaying 977 

large intracellular vacuoles (V), Įlopodia (F) and small forming vesicles containing forming viral parƟcles 978 

(arrows); some virus parƟcles (white arrows) were observed in intracellular vesicles interacƟng with the 979 
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Golgi apparatus (GA) (inset); C. CV site in July 2024, some cell displayed absence of cytoskeleton, few small 980 

vesicles, scaƩered viral parƟcles (arrows), mitochondria (m) and intact nucleus (N) and microvilli (mi). D. 981 

stellate or mulƟpolar cell, developing star-like shapes with mulƟple projecƟons, oŌen due to cytoskeletal 982 

reorganizaƟon involving acƟn tails and microvilli, displayed viral parƟcles at the Ɵps of the Įlopodia or 983 

unassembled amorphic viral material (inset, arrows). E. Binucleated hemocyte with small complex DMVs; 984 

D. dead cell with no visible nucleus and DMVs containing unassembled viral material. 985 

 986 

Figure 8. AcƟn modiĮcaƟon during viral replicaƟon and egress. A-B. Detail of many infected cells 987 

displaying Įlopodia (black arrow), or buddings (B-inset, black arrows), DMVs, ReplicaƟon Organelles (RO) 988 

and viral parƟcles (white arrows) ;C-F. cell-cell contact using Įlopodia in the blue doƩed square (C) and in 989 

D and E details of the acƟn Įlament (black arrows) and viral parƟcles surĮng (white arrows) in the passage 990 
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among cells. F. Cells formaƟon of budding (B) releasing vesicles containing viral parƟcles (white arrows); 991 

IB: inclusions bodies; V: vesicles. 992 

 993 

 994 

 995 

Figure 9. PnPv ReplicaƟon Organelles (RO) derived from the ER. A. appearance of the replicaƟon 996 

organelles organized in the cytoplasm (blu-line circle). B-C. Details of ER and ribosomes (R-black arrows) 997 

in communicaƟon with nuclear membrane and presence of forming virions (white arrows); D-E Detail of 998 

Golgi complex in communicaƟon with the ER and used for viral replicaƟon (white arrows), with vesicles 999 

showing forming not mature viral parƟcles (blue lined arrows) emerging from Golgi Lumen (inset- white 1000 

arrows). F-G. Vesicles in the RO containing the viral material in bigger vesicle (V) and in smaller open 1001 
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vesicles (F-inset, blue lined arrows) also showing the faded not mature viral parƟcles (blue lined arrows) 1002 

and darker grouped roseƩe-like parƟcles  (G-Inset, white arrows).  1003 

 1004 

 1005 

 1006 

Figure 10. Cytograms representaƟve of FSC-A/SSC-A dot plot of hemocytes types of P. nobilis. A. Cytology 1007 

of P. nobilis hemocyte populaƟons based on their size and complexity; B. histogram of total number cells 1008 

that express acƟve Caspase-3; C. FSC-A/FL2-A dot plot PI posiƟve cells gaƟng strategy. 1009 

 1010 
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 1011 

 1012 

Figure 11. Cytograms representaƟve FSC-A/SSC-A dot plot of hemocytes of the individual Pn5_OA24 in 1013 

May and July 2024. (A) linked to cytology of P. nobilis hemocyte populaƟons based on their size and 1014 

complexity, (B) FSC-A/FL2-A dot plot PI posiƟve cells gaƟng strategy, (C) histogram of total number cells 1015 

that express acƟve Caspase-3. (D) In the panels are shown the percentage of PI posiƟve cells which express 1016 

acƟve caspase 3 in each sub-populaƟons (from leŌ to right: Type 1, Type 2, Type 3, Type4). 1017 

 1018 

 1019 

 1020 

 1021 
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1022 

Figure 12. Cytograms representaƟve FSC-A/SSC-A dot plot of hemocytes of the individual Pn3CV24 A. 1023 

Cytology of hemocyte populaƟons based on their size and complexity; B. FSC-A/FL2-A dot plot PI posiƟve 1024 

cells gaƟng strategy; C. histogram of total number cells that express acƟve Caspase-3. In upper panels are 1025 

shown May samples, in down panel July samples. 1026 

 1027 
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 1028 

 1029 

Figure 13. NJ PhylogeneƟc tree shows the relaƟonship of PnPv in Venice Lagoon with other PnPv in Sicily 1030 

and Catalunya and with other Picornavirus of aquaƟc algae. In the square in green, the sequences 1031 

obtained from the animals in the Venice lagoon. 1032 

 1033 

 1034 
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Supplementary Figure 1 A. Monthly water temperature variability across the two study areas (from May 1035 

2023 to December 2024 for OA, and from June to December 2024 for CV). Boxplots show the median, 1st 1036 

and 3rd quarƟles (hinges), and whiskers extending to 2.5 Ɵmes the interquarƟle range (IQR) to encompass 1037 

data variability; individual outliers are omiƩed for visual clarity. B. Daily mean salinity variability across the 1038 

two study areas (from May 2023 to December 2024 for OA, and from June to December 2024 for CV). C. 1039 

Weekly variability of dissolved oxygen (DO) across the two study areas from June 17 to December 4, 2024. 1040 

Boxplots show the median, 1st and 3rd quarƟles (hinges), and whiskers extending to 2.5 Ɵmes the 1041 

interquarƟle range (IQR); individual outliers are omiƩed for visual clarity. The conƟnuous line indicates the 1042 

hypoxic threshold (DO = 2.0 mg L-1), while the doƩed line represents the anoxic threshold (DO = 1.0 mg L-
1043 

1). 1044 
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May 2024 
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Health 

status 

in 

October 

2024 

sample ID Total % Casp 

3 Active 

Type 1 

% 

Type 

2% 

Type 

3% 

Type 

4% 

Total % Casp 

3 Active 

Type 1 

% 

Type 

2% 

Type 

3% 

Type 

4% 

 

Pn2_OA24 3,34 5,8 8,51 2.96 1,36 0,7 11,84 5,48 6,07 0,4 dead 

Pn3_OA24 0,19 7,6 38,64 0 1,02 ND ND ND ND ND dead 

Pn5_OA24 0,07 10,98 9,49 0 1,5 43,72 2,4 2,13 0 0,53 dead 

Pn6_OA24 5,08 1,57 1,88 0 0,49 ND ND ND ND ND dead 

Pn8_OA24 5,68 24,5 4,48 11,27 3,75 ND ND ND ND ND dead 

Pn1New_OA24 ND ND ND ND ND 66,64 20,57 3,47 13,27 3,36 dead 

Pn2New_OA24 ND ND ND ND ND 59,53 30,47 9,84 16,41 5,19 dead 

Pn1_CV24 ND ND ND ND ND 28,64 13,96 16,01 6,11 4,99 alive 

Pn2_CV24 2,77 6,19 7,49 2,64 0,92 ND ND ND ND ND alive 

Pn3_CV24 0,06 2,96 7,95 2,41 0,56 75,23 18,59 14,77 9,05 6,64 alive 

Pn4_CV24 0,64 6,24 3,65 0 0 ND ND ND ND ND alive 

Pn5_CV24 2,4 0 0 0 0 ND ND ND ND ND alive 

Pn1New_CV24 ND ND ND ND ND 36,76 28,92 0,86 13,19 15,63 dead 

Pn2New_CV24 ND ND ND ND ND 0,39 37,04 22,1 5,37 5,24 dead 

Pn3New_CV24 ND ND ND ND ND 0,01 46,52 14,87 6,88 10,08 alive 
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Supplementary Table 1. Percentage of acƟve Caspase-3 detected in P. nobilis hemocytes in the two areas 1048 

(OA and CV) N.D. not detected. In bold the highest percentage of acƟvated caspase-3 is underlined.  1049 

 1050 


