


Bacterial shell disease syndrome in the mud crab Scylla serrata (Forskål, 1775) from the Pichavaram mangrove ecosystem, southeast coast of India

Abstract
Shell disease syndrome is characterised by progressive alterations of the crustacean cuticle and may involve interactions among the host, microorganisms and environmental conditions. This study describes pathological changes associated with shell lesions in a wild mud crab, Scylla serrata, obtained from the Mudasalodai fishing harbour adjacent to the Pichavaram mangrove ecosystem on the southeast coast of India. A crab exhibiting conspicuous rust-brown to dark-brown lesions on the appendages and ventral body surface was examined by gross observation, histopathology and 16S rRNA gene sequence analysis. Histological examination showed disruption of the gill cuticle and underlying epithelium, infiltration of eosinophilic granular haemocytes and formation of haemocyte plugs or nodules. Changes in the hepatopancreas included an increased abundance of B-cells around the basal lamina and tubular lumen. Two 16S rRNA gene sequences obtained from lesion-associated material were designated AH01 and AH02. Phylogenetic analysis placed the sequences at different positions within an Aeromonas sequence dataset, with bootstrap support values of 64% and 79%, respectively, and both were provisionally identified as Aeromonas hydrophila. The observations demonstrate an association between external shell lesions, internal tissue responses and lesion-associated Aeromonas DNA in the examined crab. However, because the investigation was restricted to a single specimen and bacterial causality was not experimentally established, further sampling, bacterial isolation and molecular confirmation are required to determine the role of Aeromonas in shell disease of wild S. serrata.	Comment by Appolinaire GOUSSANOU: clearly highlight the two main objectives (pathological change associated with the presence of the parasite?)	Comment by Appolinaire GOUSSANOU: Could you briefly outline the methodology used for histopathology and sequence analysis?
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1. Introduction
The exoskeleton of decapod crustaceans consists of acellular layers: a thin outer epicuticle of lipids and proteins, and an underlying procuticle of chitin and Chito proteins toughened with calcite, secreted by the epidermis (Rowley & Coates 2023). Chitin, a β-(1,4)-linked polymer of N-acetylglucosamine (GlcNAc), forms about 70% of the organic fraction of the crustacean exoskeleton and is the most abundant biopolymer after cellulose (Vogan et al. 2008). Moult casts of marine arthropods yield an estimated 1.3 × 10^9 t of chitin each year, yet only traces accumulate in marine sediments, because chitinolytic bacteria recycle it efficiently (Keyhani & Roseman 1999;, Vogan et al. 2008). The intact carapace resists desiccation, predation and microbial attack, and few microbes can penetrate it (Rowley & Coates 2023). When the cuticle of a living crustacean, rather than a discarded moult or carcass, is degraded, the condition is termed shell disease syndrome (Vogan et al. 2008).
Shell disease was first described in American lobsters Homarus americanus held in a tidal pound in Nova Scotia, where pitted lesions were attributed to chitinovorous bacteria (Hess 1937). It has since been reported, as black spot, brown spot, burnt spot, impoundment and epizootic shell disease, in more than 15 species of crabs, lobsters and shrimps from wild and captive populations worldwide (Getchell 1989, Vogan et al. 2008, Rowley & Coates 2023). The lesions are darkened by melanin, a defence response triggered by cuticular damage (Vogan et al. 2008). Rowley & Coates (2023) grouped these conditions into three types: Type 1, progressive erosion of the cuticle by microbial lipases, proteases and chitinases; Type 2, melanised responses to fungal or oomycete penetration; and Type 3, pigment change without erosion. The only well-documented shell disease of the mud crab Scylla serrata belongs to Type 3. At Port Curtis, Queensland, 21.7% of 673 mud crabs had shell lesions and 82.9% of these were ‘rust spots’; histopathology found no bacteria or fungi, and the cause was considered non-infectious (Andersen et al. 2000).
Type 1 shell disease begins when the non-chitinous epicuticle is removed by microbial lipolytic and proteolytic activity, predatory or cannibalistic injury, chemical attack, or abrasion by sediment and body parts (Vogan et al. 1999, 2008). Chitinolytic bacteria then colonize and degrade the exposed procuticle (Cook & Lofton 1973, Getchell 1989). Malloy (1978) reproduced lesions in lobsters with a chitinolytic Vibrio (Beneckea) isolate, but only after the epicuticle had been abraded; 17.7% of inoculated animals developed carapace lesions. Bacteria isolated from lesions belong mainly to Vibrio, Pseudomonas, Aeromonas, Alteromonas, Pseudoalteromonas, Photobacterium and Flavobacterium (Getchell 1989, Vogan et al. 2002). Culture-independent studies show that lesions carry a less diverse, dysbiotic community enriched in Flavobacteriaceae, especially Aquimarina spp., which supports a polymicrobial aetiology (Chistoserdov et al. 2012, Bergen et al. 2022, Rowley & Coates 2023). Of direct relevance to mud crabs, Aquimarina hainanensis has been isolated from diseased S. serrata larvae in a hatchery (Midorikawa et al. 2020).
Shell disease is not confined to the cuticle. In the edible crab Cancer pagurus, culturable bacteria were present in the haemolymph of 78% of crabs examined, their numbers rose with lesion severity, and diseased crabs showed haemocytic nodules in the gills and graded necrosis of hepatopancreatic tubules (Vogan et al. 2001). Two chitinolytic isolates from C. pagurus lesions were lethal when injected into healthy crabs, and the extracellular products of one isolate killed crabs within 3 h (Vogan et al. 2002). Severely affected animals may also die when the old cuticle adheres to the new one at lesion sites and cannot be shed at moult (Smolowitz et al. 1992, Vogan et al. 1999). Even when not fatal, lesions lower market value, and severely affected crabs cannot be sold (Vogan et al. 1999).
Shell disease is strongly shaped by local habitat. In juvenile C. pagurus, the lesion pattern was linked to back-burrowing into abrasive sediments rich in chitinolytic bacteria (Vogan et al. 1999). Sediment chitinase activity was about twice as high (1.57 vs 0.74 µmol GlcNAc ml^-1 h^-1) at the site where male crabs had significantly more severe disease (Vogan & Rowley 2002). Higher prevalence has been associated with sewage sludge (Young & Pearce 1975) and with reduced serum antibacterial activity in blue crabs from degraded estuaries (Noga et al. 1994), yet prevalence did not fall after a sewage outfall was closed (Powell & Rowley 2005). Rising water temperature also favours disease by altering host immunity, moulting and microbial growth (Shields 2019). The causes of shell disease are therefore likely to be site-specific and must be studied locally (Vogan & Rowley 2002).	Comment by Appolinaire GOUSSANOU: ?????
The mud crab S. serrata is a commercially valuable portunid of Indo-Pacific mangrove estuaries; in Queensland alone, its fishery is worth about AUS$7 million yr^-1 (Andersen et al. 2000). Mud crabs burrow in soft, organically rich mangrove mud, which exposes the carapace to the abrasion and sediment bacteria implicated in shell disease of other crabs (Vogan et al. 1999, Vogan & Rowley 2002). Yet, apart from the non-infectious rust spot condition (Andersen et al. 2000), bacterial (Type 1) shell disease has not been documented in wild S. serrata. The Pichavaram mangrove on the southeast coast of India supports an important mud crab fishery, but no information exists on shell disease in its crab populations. The present study therefore aimed to describe the external and internal pathology associated with the disease through histopathology and confirmation of pathogen by sequencing.	Comment by Appolinaire GOUSSANOU: ???

2. Material and methods
2.1. Sample collection
Mud crab Scylla serrata with conspicuous black, eroded lesions on its exoskeleton was obtained from Mudasalodai fishing harbour, Cuddalore District, Tamil Nadu, on the southeast coast of India [11.4853730, 79.7743795]. Mudasalodai is the main landing and marketing centre for crabs caught by artisanal fishers in the adjacent Pichavaram mangrove, an estuarine wetland between the Vellar and Coleroon estuaries. It was noticed among the crabs offered for sale because of its lesions and was purchased for examination. The position of the lesions on the carapace, chelipeds, walking legs and ventral surfaces was recorded and photographed (Vogan et al. 1999).
2.2 Histopathology 
The crab was anaesthetised by chilling at 4–6°C for about 1 h before dissection (Andersen et al. 2000). Pieces of carapace and leg cuticle bearing lesions, together with gills, hepatopancreas and muscle, were removed. A piece of lesion-free cuticle from the same crab was taken for comparison. Calcified cuticle was fixed in Davidson's fixative and decalcified, while soft tissues were fixed in 10% neutral buffered formalin prepared in seawater for 24–48 h (Andersen et al. 2000).
Fixed tissues were dehydrated through a graded ethanol series (70–100%), cleared in xylene and embedded in paraffin wax. Sections 5 µm thick were cut on a rotary microtome and stained with haematoxylin and eosin (Andersen et al. 2000, Vogan et al. 2001). Sections were examined under a light microscope and photographed. Internal organs were assessed for haemocytic infiltration and nodules, necrosis, and changes to gill lamellae and hepatopancreatic tubules (Vogan et al. 2001).	Comment by Appolinaire GOUSSANOU: characteristic of your microscope
2.3 Molecular confirmation by 16S rRNA gene sequencing
At dissection, before fixation, the lesion surface was swabbed with 70% ethanol and rinsed with sterile seawater, and lesioned cuticle with the underlying soft tissue (about [25–50] mg) was excised aseptically with a sterile scalpel into a sterile tube. A piece of lesion-free cuticle from the same crab was collected in the same way as a negative control. Total genomic DNA was extracted directly from the tissue, without culturing, using [Qiagen kit method] following the manufacturer's protocol. DNA quality and quantity were checked by 1% agarose gel electrophoresis and spectrophotometry (A260/A280).
The 16S rRNA gene was amplified by PCR in a 50 µl reaction containing PCR buffer and 16S rDNA-specific primers following the standard procedure of Weisburg et al. (1991), 200 pmol each of dATP, dGTP, dCTP and dTTP, and 1 µl (1 ng) of extracted DNA as template. In the negative control, 1 µl of sterile distilled water replaced the template DNA. Amplification was carried out in a PCR thermal cycler with initial denaturation at 94°C for 5 min; 30 cycles of 94°C for 1 min, 54°C for 45 s and 72°C for 1 min; and final extension at 72°C for 10 min.
The purified 16S rDNA PCR product amplified from lesion DNA was sequenced directly, without prior culturing, on a commercial automated sequencer (Applied Biosystems). The sequence was compared with similar sequences in the GenBank database of the National Center for Biotechnology Information (NCBI) using the Basic Local Alignment Search Tool (BLAST), and the bacterium was identified on the basis of maximum identity. The sequence was submitted to GenBank through the BankIt program and assigned accession number.	Comment by Appolinaire GOUSSANOU: Could you provide a brief summary of how the sequences were processed (software and method)?
3. Results & Discussion
3.1 Gross observation	Comment by Appolinaire GOUSSANOU: discuss each result before moving on to the next one. This will allow us to better monitor your progress.
Gross examination revealed distinct rust-colored lesions on the appendages and ventral body surface of affected Scylla serrata. As shown in Figure 1A, irregular rust-brown spots were visible on the chelate leg and swimming leg, with the lesions clearly distinguishable from the surrounding cuticular surface. Figure 2B showed the ventral surface of the carapace with localized superficial discoloration and focal lesions. The boxed regions in Figure 1B correspond to the areas shown at higher magnification in Figure 1C, where multiple superficial dark-brown lesions were clearly evident (black arrows).
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Figure 1. External manifestations of shell disease in mud crab Scylla serrata. A, rust-colored lesions on the chelate and swimming legs (arrows); B, ventral surface of the crab showing localized superficial lesions, with boxed areas indicating regions enlarged; C, magnified view of superficial shell lesions (black arrows)
3.2 Histopathology
Histological examination revealed distinct pathological alterations in the gill tissue of crabs exhibiting external shell disease lesions. In Figure 2A, lesions were evident on the outer surface of the gill cuticle, with disruption of the underlying epithelium and associated haemal space. Figure 2B showed pronounced haemocyte infiltration at the sites of epithelial damage, including numerous eosinophilic granular haemocytes, along with haemocyte plug/nodule formation within or adjacent to the haemal spaces. Figure 2C demonstrated an increased abundance of B-cells associated with the basal lamina and surrounding the tubular lumen. Overall, these findings indicate marked cellular and structural responses in the gill tissues associated with shell disease lesions.
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Figure 2. Histopathological alterations in the gill of a crab with shell disease lesions. A, outer gill cuticle (c), underlying epithelium (e) and haemal space (hs); B, epithelial lesion with haemocyte infiltration, haemocyte plug/nodule (hpg) and eosinophilic granular haemocytes (eg); C, increased abundance of B-cells (B), basal lamina and tubular lumen (lm).
3.3 Molecular characterization and phylogenetic analysis
The bacterial isolates were characterized based on 16S rRNA gene sequences, and the resulting sequences were subjected to phylogenetic analysis using the neighbour-joining method. Two sequences obtained in the present study were designated AH01 (QB053383.1) and AH02 (QB053381.1). The phylogenetic tree revealed that the two sequences did not form a single cluster but occupied distinct positions within the analyzed Aeromonas sequence dataset. AH01 (QB053383.1) clustered with MG428794.1, with a bootstrap support of 64%, whereas AH02 (QB053381.1) grouped with PZ959625.1, supported by a bootstrap value of 79%.

The cluster containing AH01 was subsequently associated with sequences PP759396.1, OR131038.1, PQ671497.1, PX884990.1 and PX884993.1, with strong support (100%) at the major internal node. Another well-supported lineage comprising OQ553752.1, OQ421482.1, OQ421472.1, OQ160719.1 and OQ160717.1 showed bootstrap values ranging from 83 to 97%.
Overall, the phylogenetic topology demonstrates that AH01 and AH02 represent distinct phylogenetic placements within the examined 16S rRNA sequence dataset and identified has Aeromonas hydrophila, with AH01 showing its closest association with MG428794.1 and AH02 with PZ959625.1. The bootstrap values provide support for the inferred clustering relationships.
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Figure 3. Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences showing the relationships of the two sequences obtained in the present study (AH01 and AH02) with reference Aeromonas sequences. Numbers at the nodes represent bootstrap support values.


The present report documents shell disease in a wild mud crab Scylla serrata from the Pichavaram mangrove. Superficial rust-brown to dark-brown cuticular lesions were accompanied by damage to the gill cuticle and epithelium, haemocytic nodules and changes in the hepatopancreas, and two 16S rRNA gene sequences recovered from lesion tissue were identified as Aeromonas hydrophila. Shell lesions of S. serrata have previously been described only from Port Curtis, Australia, where they were considered non-infectious (Andersen et al. 2000) and were later examined during a mortality event associated with harbour development (Dennis et al. 2016). 	Comment by Appolinaire GOUSSANOU: the present study
The gross appearance of the lesions resembled the rust spots of Port Curtis mud crabs, which were also rust Coloured and occurred mostly on the ventral surface. In those crabs, however, the lesions were confined to the endocuticle and the adjacent muscle attachment, bacteria were found, and the internal organs shows tissue alteration in the gill and hepatopancreas. The authors attributed them to a defect in the formation of the endocuticle, which is laid down after ecdysis (Travis 1957) while calcium is rapidly taken up from the environment to calcify the new cuticle (Greenaway 1985). In the present crab, by contrast, bacterial DNA was recovered from the lesion and internal organs showed pathological changes. The brown to black colour of shell lesions results from melanin deposited at sites of cuticular damage, part of the wound response of crustaceans (Nyhlén & Unestam 1980) that is triggered early in the innate immune response (Lee & Söderhäll 2002). Similarly, Coloured lesions of differing aetiology have been reported as black necrotic disease in crabs from Scotland (Morado et al. 1988; Comely & Ansell 1989; Morado et al. 1988).
The lesions were concentrated on the ventral surface and the appendages, the body regions in closest contact with the substratum. Damage to the epicuticle and invasion through cuticular pores and the bases of setae have been proposed as the main routes by which bacteria enter the cuticle (Prince et al. 1993). S. serrata lives in burrows in soft, fine-grained and organically rich mangrove mud. Bacterial abundance in sediments increases with particle surface area and organic content (Yamamoto & Lopez 1985), and chitin is degraded rapidly in estuarine environments (Hood & Meyers 1977). Mangrove sediments are therefore likely to expose the ventral cuticle of burrowing crabs to large numbers of chitinolytic bacteria, as in the estuarine blue crab Callinectes sapidus, in which shell disease was among the earliest described in crabs (Rosen 1967).
The gill changes observed here closely match those described in shell-diseased edible crabs Cancer pagurus, in which lesions of the gill lamellae were associated with haemocyte nodules occluding the haemal sinuses, infiltration by eosinophilic granular cells and haemocytic plugs sealing breaches of the epithelium (Vogan et al. 2001). The decapod gill is covered by a thin cuticle continuous with the exoskeleton and has a delicate epithelium specialized for respiration and ion exchange (Lawson et al. 1994). Nodule formation is the characteristic response of crabs to bacteria in the haemocoel: bacteria injected into the shore crab Carcinus maenas are rapidly trapped by haemocytes in nodules, particularly in the gills (Smith & Ratcliffe 1980), and similar nodules and tissue damage develop in the course of bacterial infections of the blue crab (Johnson 1976). The nodules in the present crab therefore suggest that bacteria or their products had breached the gill cuticle and entered the haemolymph. Gill lesions and haemocyte responses are not specific to infection, however, and can also be induced by sublethal exposure to heavy metals such as cadmium (Victor 1993).
The hepatopancreas also showed changes, with an increased abundance of B-cells along the basal lamina and around the tubular lumen. The tubules of the decapod hepatopancreas contain distinct R-, F- and B-cells with different roles in absorption, storage and secretion of digestive enzymes (Johnson 1980;, Ceccaldi 1998). The proportions and appearance of these cells change through the moult cycle (Travis 1957) and in response to toxicants (Bhavan & Geraldine 2000), and bacteria can also damage the hepatopancreas directly, as in hepatopancreatic brush border lysis of shrimp (Vogt 1997). The shift in B-cell abundance seen here may therefore reflect altered tubule activity during infection, but a single specimen cannot separate the effects of disease from those of the nutritional and moult state of the crab.
The bacterial sequences obtained from the lesion were identified as A. hydrophila. Chitinase production is widespread among aquatic bacteria, and Aeromonas is among the genera known to degrade chitin (Gooday 1990; , Bhattacharya et al. 2007). Most earlier studies of bacterial shell disease and related lesions isolated Vibrio, Pseudomonas and other marine genera (Baross et al. 1978, Cipriani et al. 1980, Stewart 1993). Aeromonas species are most common in freshwater and brackish water. The Pichavaram mangrove lies between the Vellar and Coleroon estuaries and receives freshwater inflow, so salinity conditions there may favor Aeromonas over the strictly marine bacteria reported from shell disease in fully marine crustaceans.
The two sequences, AH01 and AH02, did not form a single cluster and grouped with different reference sequences, with moderate bootstrap support (64% and 79%). This may indicate that two closely related Aeromonas strains were present in the lesion, or it may reflect variation between the multiple copies of the 16S rRNA gene within one genome. Because the 16S rRNA gene often cannot reliably separate closely related Aeromonas species, the identification of A. hydrophila should be confirmed by sequencing housekeeping genes such as gyrB or rpoD.
The detection of A. hydrophila DNA in lesion tissue does not by itself show that this bacterium caused the disease. Rosen (1970) first proposed that shell lesions are microniches occupied by several interacting microbial groups. Culture-based 16S rRNA sequencing of lesion isolates from American lobsters Homarus americanus recovered a diverse community (Chistoserdov et al. 2005), and culture-independent analysis revealed a dysbiotic lesion microbiota rather than a single pathogen (Meres et al. 2012). Bacteria are also present in the haemolymph of apparently healthy crabs (Colwell et al. 1975, Sizemore et al. 1975), and members of the normal cuticular flora may become involved in shell disease once the cuticle is damaged (Porter et al. 2001). The universal 16S rDNA primers used here amplify most bacteria, so direct sequencing recovers the dominant taxa but may miss less abundant members of the lesion community. Establishing the role of A. hydrophila would require isolating it from lesions, testing the toxicity of its extracellular products (Costa-Ramos & Rowley 2004), and reproducing lesions by experimental exposure of the cuticle, as has been done with lesion bacteria in lobsters (Quinn et al. 2012).
Shell disease is increasingly viewed as the outcome of interactions between host, environment and microbes rather than of a single pathogen (Castro et al. 2006). Environmental stressors can weaken invertebrate immune defences (Mydlarz et al. 2006); manganese, for example, suppresses immunity in the Norway lobster Nephrops norvegicus (Hernroth et al. 2004), and shell disease in estuarine blue crabs has been linked to tissue metal content (Weinstein et al. 1992). Prevalence can vary markedly between sites within a single estuarine system (Dyrynda 1998) and rises with water temperature (Glenn & Pugh 2006, Tlusty & Metzler 2012). Diet also influences susceptibility, as shown in impounded and laboratory-held lobsters (Prince et al. 1995, Tlusty et al. 2008). Environmental conditions at the collection site were not measured in the present study, and these factors should be examined in future work in Pichavaram.
Shell disease has practical consequences for crustacean fisheries. Epizootic shell disease contributed to the decline of American lobster populations in southern New England (Castro et al. 2012), and disease can reduce the survival of commercially fished crustaceans (Hoenig et al. 2017). Disease levels may also rise where crustacean densities increase (Wootton et al. 2012). The mud crab is a major target of artisanal fisheries in Indo-Pacific mangroves (Heasman 1980), and Pichavaram crabs are traded live and increasingly held for fattening and culture. Holding systems can favour disease outbreaks (Delves-Broughton & Poupard 1976), and bacterial cuticular disease has caused losses in cultured larval lobsters (Ooi et al. 2020). The occurrence of Aeromonas-associated shell disease in a wild crab therefore warrants monitoring of both wild and cultured mud crab stocks in the region.
5. Summary and conclusion
This report describes shell disease in a wild mud crab Scylla serrata caught in the Pichavaram mangrove and landed at Mudasalodai fishing harbour, on the southeast coast of India. The crab bore rust-brown to dark-brown superficial lesions on the chelipeds, swimming legs and ventral surface. Histopathology revealed lesions of the gill cuticle with epithelial disruption, infiltration of eosinophilic granular haemocytes and haemocyte nodules, together with an increased abundance of B-cells in the hepatopancreatic tubules. Two 16S rRNA gene sequences recovered directly from lesion tissue (AH01 and AH02) were identified as Aeromonas hydrophila by BLAST and neighbour-joining phylogenetic analysis.
Unlike the non-infectious rust spot disease previously described in S. serrata, the present case shows the hallmarks of bacterial (Type 1) shell disease: a chitinolytic bacterium associated with the lesion and a host response that extends beyond the cuticle to internal organs. Aeromonas hydrophila should be considered a candidate agent of shell disease in mud crabs from brackish mangrove habitats. Because this is a single case, the causal role of A. hydrophila remains to be confirmed. Surveys of disease prevalence in wild and cultured mud crabs of the Pichavaram region, alongside environmental measurements, are also needed to assess the importance of this disease for the regional fishery.
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