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ABSTRACT 

Shell diseases affect many economically important crustacean species, they are unrelated 

diseases with diverse symptoms, but which generally involve shell erosion. Shell diseases 

have been shown to be complex, often involving polymicrobial dysbiosis and host 

susceptibility and resistance factors. These diseases include impoundment shell disease 

(ISD) which affects the American lobster (Homarus americanus) and black spot shell disease 

(BSD) which affects the Jonah Crab (Cancer borealis). Despite the economic losses caused 

by these diseases, little is known about key factors in their host-pathogen interactions, such 

as host immune responses or microbial community dynamics. The first objective of this 

thesis was to characterize the transcriptional responses of H. americanus and C. borealis to 

ISD and BSD in three tissues of immune interest: circulating haemocytes, hepatopancreas 

and shell epidermis. After RNA-Seq analyses, specific transcriptional patterns were found 

in each tissue and animal. Gene expression differences were most notable in the study 

involving H. americanus, especially in the shell epidermis where over 3600 differently 

expressed genes (DEGs) were found. Expression differences were also observed in the 

hepatopancreas (134 DEGs) and circulating haemocytes (853 DEGs) of H. americanus 

against ISD. Expression differences in C. borealis affected by BSD were notable in the shell 

epidermis (606 DEGs) but almost absent in the hepatopancreas (28 DEGs) and circulating 

haemocytes (seven DEGs). Some immune-related DEGs were found in both species and in 

different tissues, indicating relevance to shell diseases. Histopathological analyses showed 

some symptoms of shell diseases in the shell epidermis, especially in H. americanus, but no 

differences were found in the hepatopancreas of these animals. After bacteriome analyses, 

signs of dysbiosis were found in the bacterial communities associated with ISD in H. 

americanus, such as decreases in diversity. Some bacterial genera, such as Vibrio and 

Colwellia, were associated with ISD lesions, but were also found in healthy samples. The 

bacteriome analyses in the C. borealis study were performed in individuals in the early stages 

of BSD development in search for potential initial colonizers of the disease. No signs of 

dysbiosis were found, but a few bacteria were related to shell lesions, such as Aquimarina 

and Colwellia. 
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CHAPTER 1 INTRODUCTION 

1.1 IMPORTANCE OF FISHERY 

Fisheries of fish, crustaceans, molluscs and other aquatic animals is an established and 

growing activity worldwide. In addition to being important in the supply of animal protein for 

human consumption, fishing generates countless jobs and is significant for the economy of 

many countries (FAO, 2020). Global crustacean fisheries captured 9.4 million tonnes of 

crustaceans in 2018, with 0.78 million tonnes coming from Canada (FAO, 2020). Over 

300,000 tonnes of lobsters are caught each year; with more than half coming from the American 

lobster Homarus americanus. The H. americanus fishery is the most economically important 

fishery in Atlantic Canada. In 2022, 98,060 tonnes of H. americanus were captured in Canada 

with an estimated value of $1.78 billion (DFO, 2023a, 2023b). 

The Brachyura crab fishery is also highly economically relevant, reaching 314,000 tonnes of 

animals per year (FAO, 2020). Economically relevant crabs from the genus Cancer include 

the Jonah crab (Cancer borealis) in the Northwest Atlantic, and the edible or brown crab (Cancer 

pagurus) in the Northeast Atlantic. Traditionally, not many fishers have targeted C. borealis, 

and any landed animals were those accidentally caught as bycatch in lobster traps (Truesdale et 

al., 2019a). However, socioeconomic and environmental factors have caused the fishing of 

this species to increase dramatically in recent decades. Changes in management practices 

and marine ecosystems are changing key species availability, resulting in a shift to target 

alternative species in the fishery (Pinsky and Mantua, 2014). The decline of the southern New 

England lobster population triggered increased interest in the C. borealis fishery (Truesdale 

et al., 2019a). 
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1.2. SHELL DISEASES 

The economic and ecological relevance of H. americanus and C. borealis raises interest in the 

health of their populations. Diseases are among the greatest impediments to the long- term 

sustainability and growth of crustacean fisheries and aquaculture (FAO, 2020). Shell diseases 

are among the diseases that affect crustaceans globally. These diseases have been noted in 

crustaceans for at least 100 million years (Klompmaker et al., 2016) and affect many species of 

crustaceans. They have similar manifestation but have different symptoms and are caused by 

apparently unrelated microorganisms. They can manifest as small, circular lesions of different 

colours, or as severe lesions that may include the loss of integument pieces and soft tissue 

exposure (Vogan et al., 2008). Rowley and Coates (2023) separated crustacean shell diseases 

into three types. Type 1 is the most common shell disease type across crustaceans, 

characterized by the erosion of the shell. Type 2 and 3 do not necessarily involve cuticle 

erosion and are the result of host reaction against invading fungi and oomycetes. Type 3 is the 

result of pigment change in the cuticle. However, Rowley and Coates (2023) do not consider 

types 2 and 3 as “true” shell diseases, due to the lack of cuticle erosion. 

Crustaceans develop shell diseases in wild populations and in captivity. Early stages of these 

diseases can be removed during moult, but deep lesions can cause death by secondary 

infections (Vogan et al., 2008) or adhesion of shells during the moult process (Smolowitz et 

al., 1992). Shell diseases result in economic losses by making the appearance of the crustacean 

less appealing to the public, or in mortality of the animal. 

The abiotic and biotic factors belonging to the host-pathogen-environment triad that lead to 

erosion shell disease infections are not entirely clear (Cawthorn, 2011). Despite this, there is a 

consensus that chitinolytic bacteria are involved in these processes (Gomez-chiarri and Cobb, 
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2021; Rowley and Coates, 2023; Vogan et al., 2008). Chitin is a linear polymer of β- (1-4)-

linked N-acetylglucosamines (GlcNAc) and the second most abundant complex 

polysaccharide in the world (Zhang et al., 2021). Chitin is one of the main components of the 

shell of crustaceans, constituting the majority of the procuticle, the largest layer of their shells. 

The accumulation of chitin in the environment is avoided by the abundant chitinolytic bacteria 

responsible by its degradation (Kumar et al., 2022). The process of degradation of chitin by 

microorganisms can be divided into four steps, namely (i) sensing of chitin, (ii) attachment to 

the biopolymer, (iii) chitin degradation through enzymatic activity, and (iv) internalization 

and use of breakdown products (Vogan et al., 2008). Microorganisms can perform the first 

step, sensing of chitin, when they have access to the procuticle, which can be divided into the 

exocuticle and endocuticle. This involves removing the epicuticle, the first layer of the 

exoskeleton, which is composed of proteins, lipids and calcium salts (Waddy et al., 1995). The 

chitin-absent epicuticle can be removed by proteolytic and lipolytic microbial enzymes, 

chemical reactions, interactions with other organisms or abrasion by sediments (Vogan et al., 

2008). This exemplifies the complexity of shell diseases and shows that non- chitinolytic 

bacteria can cooperate in the development of these diseases. In fact, there is evidence that 

some of these diseases are caused by multiple microorganisms (Bergen et al., 2022; Feinman 

et al., 2017; Meres et al., 2012; Ooi et al., 2020; Quinn et al., 2012). Some of the etiological 

agents of these diseases are present exclusively on diseased animals (Ooi et al., 2020), but 

there is increasing consensus that these diseases are caused by polymicrobial shift (or 

dysbiosis) of the natural shell microbiota due to external and/or internal factors (Bergen et al., 

2022; Cawthorn, 2011; Egan and Gardiner, 2016; Meres et al., 2012). Meres et al. (2012) 

hypothesized that epizootic shell disease is caused by a natural dysbiosis of the shell, since 

there is no correlation of specific taxa with shell disease lesions in H. americanus. Bergen et 
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al. (2022) showed that a shell disease affecting C. pagurus can be interpreted as a dysbiosis 

for similar reasons. Recently, Rowley & Coates (2023) suggested that all cuticle erosion shell 

diseases, except for the white leg shell disease, are caused by dysbiosis. The term dysbiosis 

describes the disturbance of microbiota homeostasis due to an imbalance in the microbial 

community, changes in their local distribution, functional composition and metabolic 

activities. Dysbiosis can be categorized in three types: loss of beneficial microorganisms, 

excessive growth of potentially pathogenic microorganisms and a reduction of microbial 

diversity (reduction in evenness and/or richness). Usually, these three categories of dysbiosis 

are related and occur simultaneously (Degruttola et al., 2016) (Figure 1.1). 

 
Figure 1. 1. Schematic representation of a healthy lobster (left) and shell diseased lobster 

(right) with their associated microbiotas. It is possible to observe a reduction in richness and 

evenness in their microbial composition because of external and/or internal triggers and 

factors. 

Several triggers and causative factors of shell disease dysbiosis have been proposed. Epizootic 

shell disease (ESD) distribution and prevalence indicates water temperature is an important 

environmental factor that may play a role in susceptibility of H. americanus to ESD. This 
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disease is more abundant in southern regions of the lobster’s distribution and is rarer in Maine 

and Canada (Tlusty and Metzler, 2012). Vogan et al. (1999) found that a shell disease affecting 

C. pagurus is more present in the posterior area of the shell. The authors suggest the shell 

disease development could be triggered by the epicuticle degradation of these animals due to 

their back-burrowing behavior (Vogan et al., 1999). Host factors likely play a role in shell 

disease susceptibility or resistance. For example, the moulting frequency is associated with the 

prevalence of shell diseases. Animals that moult more frequently are less likely to exhibit shell 

disease. Therefore, factors such as age (size) and sex will influence the presence of shell disease 

(Castro et al., 2012). Younger and, therefore, smaller animals moult more frequently than older 

and larger animals. Similarly, male animals moult more frequently than females. Therefore, large 

older females are more likely to exhibit some shell diseases (Koepper et al., 2023). Physiological 

factors appear to play an important role in the presence of shell diseases as well. Tlusty et al. 

(2007) hypothesized that the internal conditions of the lobster are the main driver of resistance 

or susceptibility to ESD, although environmental and pathological factors and triggers 

contribute to its development. Additionally, there is a correlation between plasma total protein 

levels and impoundment shell disease (ISD) susceptibility (Theriault et al., 2008). 

Impoundment shell disease is among the most economically significant shell diseases that 

affect H. americanus. Impoundment shell disease occurs when animals are stored in tidal 

pounds, structures similar to dams built in coves or coastal areas. Ideally, pounds are built in 

areas with constant tidal water flow to ensure adequate oxygenation. These structures must be 

built in areas with adequate salinity and low temperature variation (Mcleese and Wilder, 

1969). Animals can be stored alive in tidal pounds for up to six months to be sold during 

periods of higher demand and higher prices. Poor management practices or environmental 

factors, such as overcrowding, can cause animals to develop ISD, especially during the winter 
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(Smolowitz et al., 1992). The ISD prevalence in pound populations is low (<1%) and animals 

may recover from it by moulting in a new shell (Prince and Bayer, 2005; Sullivan and Nelson, 

2005). However, ISD prevents animals from being sold live to consumers due to their 

unappealing appearance. In more serious cases, ISD can result in lobster mortality. 

Impoundment shell disease is characterized by the development of bilateral and symmetrical 

circular lesions around setal pores in the early stages of the disease. Further disease 

development results in lesion overlap and collapse in advanced stages (Theriault et al., 2008) 

(Figure 1.2A and 1.2B). Some authors also suggest that this disease is an evolution of another 

shell disease, burnt spot shell disease, but there is not enough evidence to support this idea 

(Cawthorn, 2011). Moreover, ISD and ESD lesions may be visually similar, but they have 

different shell degradation patterns that can be observed through histopathology (Figure 2). 

Although ISD was discovered in 1937 (Hess, 1937), its causes are still unclear, possibly 

because of the complex physiological, environmental and microbial effects around this and 

other shell diseases. Its development may be polymicrobial as in other shell diseases. 

Filamentous algae can be found in early epicuticular erosions in ISD and, in advanced stages, a 

mix of fungi, bacteria and protozoa (Smolowitz et al., 1992). Chitinolytic bacteria are also 

found at all stages of the disease. A few bacteria were associated with ISD because they were 

found to be present in lesions, such as Aquimarina, Thalassobius, Tenacibaculum, 

Aeromonas, Vibrio, Beneckea (later fused to the Vibrio genus) and Pseudomonas 

(Chistoserdov et al., 2012; Malloy, 1978; Smolowitz et al., 1992). Some studies have 

attempted to develop this disease in the laboratory by inoculating some of these 

microorganisms into the shell after mechanical abrasion, but the results are inconsistent 

(Malloy, 1978). 
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Figure 1. 2. Homarus americanus with ISD or ESD and their histopathological symptoms. 

Homarus americanus with ISD in earlier stage (A) and advanced stage (B) or ESD (C). 

Hematoxylin and eosin staining of a healthy (D), ISD degraded (E) and ESD degraded (F) 

shells. Figure 2C was adapted from AccessScience Editors (2015) and figures 2D and 2F were 

adapted from Shields et al (2012). Epi: epicuticle; Exo: exocuticle; Endo: endocuticle; Mb: 

membranous layer; Me: melanin. 

Black spot shell disease (BSD) naturally affects many crustacean species, including 

economically important crabs of the Cancer genus. This disease is characterized by dark spots 

(or melanized spots) on the shell, which can collapse in more advanced stages (Figure 3). 

Similarly to ISD, some BSD lesions can penetrate the shell exposing the internal animal tissue, 

which can cause death by secondary infections, or via adhesion between the two shells during 

moulting (Ayres and Edwards, 1982; Truesdale et al., 2019b; Vogan et al., 2008). Contrary to 

ISD, BSD can be highly prevalent in some populations, impacting up to 88% of animals (Ayres 

and Edwards, 1982; Comely and Ansell, 1989; King et al., 2014; Truesdale et al., 2019b; 

Vogan et al., 1999). A few studies indicate that BSD prevalence is increasing, but this could 



8  

be caused by seasonal differences or natural variance (Truesdale et al., 2019b). Prevalence of 

BSD in C. borealis from Rhode Island Sound, US, ranges from 75% in June to 25% in August. 

This prevalence matches with the proposed moulting seasonality of C. borealis, with moulting 

occurring around June (Truesdale et al., 2019b). The black spots are the result of melanin 

accumulation, an indication of the prophenoloxidase (proPO) cascade immune response in the 

shell (Asano and Ashida, 2001; Ferrer et al., 1989; Vogan et al., 2008). Therefore, it is possible 

hypothesize that BSDs of different crustacean species are distinct diseases caused by different 

factors, but with similar symptoms, because melanization is an ancestral defense mechanism 

in arthropods (Bilandžija et al., 2017). Little is known about the causative agents of BSD and 

what factors lead to resistance or susceptibility of animals. Studies indicate that this disease 

could be associated with sewage disposal in the water, with higher BSD prevalence in these 

areas (Young and Pearce, 1975). However, another study indicated that this correlation could 

be caused by reduction in fishery activity in areas close to sewage disposal (Ayres and 

Edwards, 1982). This would increase the number of older animals in these areas, and moulting 

is not as frequent in older animals compared to younger individuals. The decrease in moulting 

frequency would cause animals to have more shell diseases, as moulting is the main process 

to recover from shell diseases (Ayres and Edwards, 1982). Some bacteria have been associated 

with BSD in C. pagurus, such as Aquimarina, Cellvibrionaceae, Tenacibaculum and Vibrio 

(Bergen et al., 2022; Vogan et al., 2002). 
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Figure 1. 3. Cancer borealis with different coverages of BSD. 

1.3. CRUSTACEAN IMMUNE SYSTEM 

Crustaceans have efficient defense mechanisms to protect themselves from potential 

pathogens. The shell is a physical and chemical barrier that composes one of the first lines of 

defense in crustaceans (Barracco et al., 2014; Vazquez et al., 2009). When this barrier is 

breached by potential pathogens, these animals rely on their efficient immune system. 

Although efficient, they lack the adaptive immune system of vertebrates; which means they 

do not have lymphocytic lineage or classical immunological memory (Rosa and Barracco, 

2010). Their immune system acts against microorganisms through cellular and humoural 

responses, which occur synergically at the same time (Amparyup et al., 2013). These 

responses are triggered after the recognition of the non-self/pathogen when microbial- 

associated-molecular-patterns (MAMPs) are recognized by pattern-recognition receptors 

(PRRs) present in the host plasma, cell membrane or cytosol (Sellge and Kufer, 2015). 
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Lipopolysaccharide, peptidoglycans, β-glucans and double-stranded RNA (dsRNA) are 

examples of MAMPs from Gram-negative bacteria, Gram-positive bacteria, fungi and viruses, 

respectively (Wang and Wang, 2013a). These and other MAMPs can be recognized by host 

PRRs, such as β-glucan-binding proteins (βGBPs), C-type lectins (C-lectins) and Toll-like 

receptors (TLRs), triggering the immune signalling pathways responsible for regulating the 

cellular and humoural responses (Sellge and Kufer, 2015; Wang and Wang, 2013a). 

The cellular immune responses in crustaceans include specialized fixed and circulating cells 

capable of phagocytosis, infiltration and capsule and nodule formation (Bouallegui, 2021). 

Haemocytes are considered the immunocompetent cells of crustaceans and are classically 

divided into three types: hyaline, semi-granular and granular. Haemocytes are separated into 

these types based on cell size, nuclear/cytoplasm ratio and number of granules (Liu et al., 

2020) (Figure 1.4). Hyalin haemocytes are characterized as the smallest type with few to no 

intracellular granules. Granular haemocytes are the biggest type with many intracellular 

granules carrying humoural molecules. Semi-granular haemocytes are between hyalin and 

granular haemocytes in terms of cell size and granule content (Liu et al., 2020). Crustacean 

hyalin haemocytes mainly act in phagocytosis (Smith and Söderhäll, 1983), while granular 

haemocytes contain proPO-activating molecules and other antimicrobial molecules (Söderhäll 

et al., 1985). The semi-granular haemocytes have some phagocytic activity, and their granules 

contain proPO cascade molecules. Importantly, the lineage of haemocytes is not entirely clear, 

and there is increasing evidence that crustacean haemocytes should be divided in more types 

or subtypes (Xin and Zhang, 2023). 
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Figure 1. 4. Schematic representation of a crustacean with three organs/cells of 

immunological importance: haemocytes (blue), shell epidermis (red) and hepatopancreas 

(yellow). 

Haemocyte infiltration is characterized by the migration of circulatory haemocytes, 

immunocompetent cells, from the haemolymph to infection sites (Bouallegui, 2021). Once in 

the infection site, these cells may recognize pathogens and internalize them through 

phagocytosis. Haemocytes can also form nodules if there is a large number of small 

microorganisms, or form capsules around bigger microorganisms (Battistella et al., 1996). 

Once microorganisms are wrapped by nodules or capsules, haemocytes will initiate immune 

responses such as degranulation to immobilize and kill pathogens (Bouallegui, 2021). In some 

cases, haemocytes can release all their content to immobilize and kill pathogens in nucleic 

acid extracellular traps (ETs). The ETs formed by DNA, histones and proteins with 

antimicrobial activity are efficient, but also result in haemocyte death in a process called 

ETosis (Ng et al., 2013). Despite these functions, the capsule/nodule formation restricts the 

immunological responses only in the pathogen site. This local response helps to protect host 

tissues, because haemocytes release or produce many humoural response molecules with 

cytotoxic capacities, such as proPO cascade molecules (Amparyup et al., 2013). The proPO 

cascade is a classical immune response widely studied in arthropods with melanin as final 
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product and the phenoloxidase enzyme (PO) playing a key role. The PO has 

tyrosinase/monophenolase and catecholase/diphenoloase activities producing o-quinone, the 

melanin precursor (Amparyup et al., 2013). Reactive intermediates, such as reactive 

intermediates of oxygen (ROI) and nitrogen (RNI), are produced against the microorganisms 

during this cascade (Nappi and Christensen, 2005). Many components of this cascade are 

naturally present in the plasma of crustaceans, with some initiating factors released, mainly 

by haemocytes, into the plasma after pathogen recognition. The release of these molecules 

activates a serine protease cascade, which results in the activation of PO by serine proteases 

named proPO-activating enzymes (PPAEs) (Amparyup et al., 2013). This cascade is 

negatively regulated by host protease inhibitors, because the proPO cascade reactive 

intermediates are also cytotoxic to the host. 

Haemocytes are not the only cells important for crustacean defense mechanisms (Farias et al., 

2019; Hao et al., 2024; Vogt, 2019). The crustacean shell epidermis is directly involved with 

shell diseases, as it is one of the first tissues to come into contact with the microorganisms 

present in these diseases (Figure 1.4). Despite this, little is known about the shell epidermis 

role in defense responses against shell diseases, but it is possible that it produces and releases 

cytokines and immune effectors in the presence of external microorganisms, like the intestinal 

and branchiostegite epithelial cells of other crustaceans (Farias et al., 2019; Le Bloa et al., 

2020). Farias et al. (2019) reported that Penaeus vannamei intestinal epithelial cells produce 

stylicins, an AMP, and release them into the gut lumen to potentially control microbiota. 

Moreover, the branchiostegite is a shallow structure covering the crustacean gills. This 

structure has an outer thick cuticle facing the environment, epithelial cells and an inner thin 

cuticle facing the gills (Martinez et al., 2005). Le Bloa et al. (2022) reported that Rimicaris 

exoculata branchiostegite epithelial cells produce Re-crustin, an AMP, and release them into 
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the cuticle. This AMP can be found in the branchiostegite cuticle and is associated with 

ectosymbiotic bacteria in the inner cuticle, possible controlling microbiota associated with the 

fragile gills (Le Bloa et al., 2020). Therefore, it is reasonable to suggest that shell epithelial 

cells would produce and release AMPs to control shell microbiota, though the shell cuticle 

can be 100x thicker than the inner cuticle of the branchiostegite (Martinez et al., 2005). The 

exoskeleton of crustaceans and arthropods contains immune components, such as PO and 

molecules with classical characteristics of AMPs (Ferrer et al., 1989; Haug et al., 2002; Mars 

Brisbin et al., 2015). Furthermore, the shell bacteriome of Cancer irrotatus and Carcinus 

maenas was compared in three different locations from Canada. Their bacteriome differences 

are greater between species from the same location than for different locations for the same 

species, suggesting intrinsic factors control the shell microbiota in these animals, possibly 

immune molecules (Koepper et al., 2023b). However, this activity could be the result of 

molecules produced and released by haemocytes, which are normally infiltrated in the shell 

and abundantly infiltrated in face of shell diseases (Smolowitz et al., 1992). 

The hepatopancreas is the main metabolic organ of crustaceans, with functions similar to those 

of the intestine, liver and pancreas in vertebrates (Vogt, 2019). The hepatopancreas consists 

of hundreds of tubules contained in a muscular net. These tubules are separated by an 

interstitium, which contains connective tissue and haemolymph with circulating haemocytes 

and arterioles (Vogt, 2019). The hepatopancreas is considered the most important immune 

organ in crustaceans, acting in crucial immune responses, producing and releasing systemic 

humoural immune effectors (Ridgway et al., 2006; Sun et al., 2008; Vogt, 2019; Yu et al., 

2022). This organ contains fixed phagocytes, also called sessile haemocytes, in the outer walls 

of their interstitial arterioles (Bouallegui, 2021; Factor et al., 2005). The fixed phagocytes are 

constantly bathed in haemolymph and effectively phagocytize foreign particles and pathogens 
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(Factor et al., 2005). In some cases, fixed phagocytes can migrate from the arterioles to the 

hepatopancreas tubules to phagocytose pathogens during infections (Vogt and Štrus, 1998). 

In addition to cellular responses, the hepatopancreas is also responsible for many humoural 

responses, being considered the main site of humoural immune factors by some authors 

(Factor and Beekman, 1990). Specialized F-cells from the hepatopancreas synthesize and 

release β-glucan-binding protein (βGBP) into the plasma (Phupet et al., 2018; Wang et al., 

2007) where it recognizes bacterial lipopolysaccharide and fungal β-1,3-glucan. This MAMP- 

PRR complex interacts with circulating haemocytes inducing the proPO cascade (Amparyup et 

al., 2013). The hepatopancreas also produces molecules with agglutination activity (Sun et al., 

2008) and releases molecules with direct antimicrobial activity. The hepatopancreas can 

produce molecules potentially involved in immune regulation, such as chitinases. Despite 

having direct activity against chitin-containing microorganisms (Seo et al., 2016; Zarei et al., 

2011), chitinases also play a role in gene regulation (Niu et al., 2018; Zhang et al., 2021). The 

silencing of a chitinase gene results in transcriptional inhibition of immune genes, such as 

antimicrobial peptides, transcriptional factors, and other proteins with antibacterial or antiviral 

activity (Niu et al., 2018). 

To manage diseases and reduce economic losses, it is necessary to understand the relationships 

between pathogen and host immune responses. There is very limited data focusing on the 

immune parameters or responses of H. americanus and C. borealis related to ISD and BSD, 

respectively. The main information about H. americanus immunity against ISD focuses on the 

risk factors for the disease development (Theriault et al., 2008). Physiological parameters, 

such as haemolymph total protein concentration, were collected prior to storage of lobsters in 

pounds and shell disease development was monitored over time. Animals with low total 

protein levels developed more ISD in comparison to animals with higher total protein levels 
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prior to storage (Theriault et al., 2008). Other studies may observe immunological responses 

against ISD, such as haemocytic agglomeration and melanin accumulation under lesions 

through histological examination (Smolowitz et al., 1992), but they do not focus on these 

responses. Information about C. borealis immunological responses to BSD is even more 

scarce, with most information coming from a close species, Cancer pagurus. However, the 

information about C. pagurus responses against BSD is also limited, with some studies 

showing haemocytic aggregation and melanin in affected tissues (Vogan et al., 2001). Studies 

focusing on ISD and BSD etiological agents are more abundant in H. americanus and Cancer 

crabs, with researchers isolating microorganisms from these lesions for decades (Chistoserdov 

et al., 2012; Hess, 1937; Malloy, 1978; Smolowitz et al., 1992; Vogan et al., 2002). However, 

most studies to date have attempted to characterize the microbiota associated with ISD or BSD 

using traditional microbial cultivation methods or DGGE, which have many disadvantages 

(Gupta et al., 2019; Rizal et al., 2020; Stewart, 2012). Shell diseases have proven to be 

complex, involving polymicrobial etiological agents and important host intrinsic factors. This 

highlights that these diseases need to be studied in a comprehensive or holistic manner looking 

at both host and pathogen factors. The advancement of omics studies in recent years has 

allowed us to broadly understand host-pathogen interactions. Using strategies such as 

transcriptome and bacteriome sequencing would help characterize these diseases from both 

the host and pathogen perspectives. Taking all these factors into account, this thesis aimed to 

study the host and microbial factors associated with impoundment shell disease in H. 

americanus and black spot shell disease affecting C. borealis. More specifically, the overall 

goals were (1) to characterize the gene expression patterns of H. americanus and C. borealis 

associated with ISD and BSD in immune-related tissues; (2) to characterize the bacterial 

communities associated with ISD and BSD in the shell of H. americanus and C. borealis.  
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CHAPTER 2 AMERICAN LOBSTER (HOMARUS AMERICANUS) 

HEPATOPANCREAS TRANSCRIPTOME REVEALS THE 

SIGNIFICANCE OF CHITIN-RELATED GENES DURING 

IMPOUNDMENT SHELL DISEASE 

 

The contents of this chapter are published as:  

Argenta, N., Rampaul, M., & Clark, K. F. (2024). American lobster (Homarus americanus) 

hepatopancreas transcriptome reveals the significance of chitin-related genes during 

impoundment shell disease. FACETS, 9, 1–10. https://doi.org/10.1139/facets-2024-0049 

 

2.1. ABSTRACT 

American lobsters (Homarus americanus) stored in open tidal pounds can develop 

impoundment shell disease (ISD), resulting in decreased marketability of the lobsters on the 

live market. Little is known about ISD or the immunological responses of lobsters exhibiting 

this disease. The objective of this project was to identify genes from the H. americanus 

hepatopancreas that are differentially expressed in response to ISD. Lobsters were separated 

into asymptomatic, moderately symptomatic and severely symptomatic groups, which 

represent animals with 0%, 5-20% and >20% lesion coverage of the shell respectively. RNA- 

seq analysis found that 134 genes were differentially expressed between groups (FDR<0.05). 

Most, 80, of these genes were found exclusively in the comparison between moderately 

symptomatic and asymptomatic groups. All animals clustered in their proposed groups based 

on the expression of the differently expressed genes (DEGs), and the asymptomatic group 

clustered as an out-group. The expression of most DEGs was higher in the asymptomatic 
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group than the others, which could be related to a stronger response against the disease or 

differences in individual resistance against ISD development. Among these genes, we 

highlight eight chitin-related genes, one α-2-macroglobulin-like gene, one acute phase serum 

amyloid A (SAA) gene, one pseudohaemocyanin gene and one trypsin-1-like gene. 

Keywords: Crustacean, invertebrate immunity, impoundment shell disease, chitin gene 

expression, hepatopancreas transcriptome 

 

2.2. INTRODUCTION 

The American lobster (Homarus americanus) fishery is Canada’s most valuable fishery, 

generating $2 billion in commercial landings in 2021 in Atlantic Canada (DFO, 2022). This 

fishery generates thousands of jobs in rural areas and is significant for the economy and 

culture of Atlantic Canada (FAO, 2020). The present and future of the global crustacean 

fishery is influenced by several factors; however, disease is one of the greatest impediments 

to their long-term sustainability and growth. Shell diseases are the most common diseases that 

affect multiple crustacean genera globally. These diseases have been noted in crustaceans for 

at least 100 million years (Klompmaker et al., 2016) and affect many crustacean species. 

Classically, shell diseases present as lesions of the shell but are thought to be caused by 

unrelated infections (Rowley and Coates, 2023). These diseases can manifest themselves in 

wild populations, or in captivity, and can lead to death o by secondary infections (Cawthorn, 

2011). 

Impoundment shell disease (ISD), one of the most economically significant shell diseases of 

H. americanus occurs in lobsters kept in live storage, especially during the winter (Smolowitz 
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et al., 1992). The presence of ISD prevents animals from being sold through the live-market 

due to their unappealing appearance and, in more serious cases, can result in the mortality of 

the animal. Impoundment shell disease is characterized by the development of bilateral and 

symmetrical circular lesions around setal pores in the early stages of the disease, but lesions 

overlap and collapse to develop into a severe shell disease in advanced stages (Figure 2.1A) 

(Theriault et al., 2008). Although ISD was discovered in 1937, its causes were not fully 

characterized because of the complex nature of the disease. Firstly, ISD may not be caused 

by a single microorganism, but rather a mix of many microorganisms. Among the 

microorganisms found in ISD lesions are filamentous algae in early epicuticular erosions and, 

in advanced stages, a mix of fungi, bacteria and protozoa (Smolowitz et al., 1992). As with 

other shell diseases, chitinolytic bacteria are found at all stages of the disease (Smolowitz et 

al., 1992). It is also possible thatISD is caused by opportunistic microorganisms from the 

natural microbiota of the shell when animals become more susceptible. This happens in 

Epizootic Shell Disease (ESD), a disease symptomatically similar to ISD that occurs in wild 

populations of lobsters (Meres et al., 2012). 
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Figure 2. 1. Lobsters representing the asymptomatic (left), moderately symptomatic (middle) 

and severely symptomatic (right) with collapsed impoundment shell disease lesions (A). 

Impoundment shell disease lesion coverage in the three groups (B). As: asymptomatic 

animals; MS: moderately symptomatic animals; SS: severely symptomatic animals. 

Like all other crustaceans, American lobsters have an innate immune system to avoid 

pathogenic proliferation and infections (Li and Wang, 2021). The hepatopancreas is the most 

important immune organ in crustaceans, acting in crucial immune responses, such as 

phagocytosis by fixed phagocytes, and the production and release of systemic immune 

effectors (Ridgway et al., 2006; Sun et al., 2008; Vogt, 2019; Yu et al., 2022). Little is known 

about the hepatopancreas immune responses during shell diseases in lobsters as only one 

study evaluated the expression of hepatopancreas genes in lobsters with ESD (Tarrant et al., 

2010). The advancement of high-throughput transcriptomic studies in recent years has 

deepened our understanding of host-pathogen interactions, which is essential to understand 
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immune responses against complex diseases such as ISD. 

The aim of this study was to identify ISD-related immune molecules by comparing the 

hepatopancreatic transcriptome of asymptomatic, moderately symptomatic, and severely 

symptomatic lobsters. Although these lobsters were subjected to the same impoundment 

conditions, they developed different degrees of disease or remained asymptomatic, which is 

possibly related to their transcriptional profiles. 

2.3. MATERIALS AND METHODS 

2.3.1. Homarus americanus handling and tissue collection 

All research involving animals was approved by the Dalhousie University Animal Care and 

Use Committee (approval number 1036552; January 2020) as per the Canadian Council of 

Animal Care guidelines. Fifteen juvenile intermoult stage American lobsters with and without 

visible ISD lesions were collected in March 2020 at a tidal pound operation in southwestern 

Nova Scotia, Canada. The lobsters were kept in aquariums containing 30 ppt seawater with 

constant aeration at Dalhousie University. After 48 h of acclimatation, animals were 

euthanized by severing the ventral nerve cord anterior to the chelae. Hepatopancreas tissue 

from a distal posterior lobe was macerated in TRI Reagent (1.4 M guanidine thiocyanate, 38% 

phenol, 5% glycerol and 0.1 M sodium acetate) and stored at - 20 oC. Another part of the 

sample was fixed in Davidson’s solution (30% filtered seawater, 30% ethanol, 20% 

formaldehyde, 10% glacial acetic acid, 10% glycerol) for 24 h. The fixative solution was 

changed to 70% ethanol after 24 h. Fixed tissues were paraffin- embedded, sliced at 5 µm, 

stained with haematoxylin and eosin, and examined with a light microscope to check the 

presence of pathogens and glycogen storage. 
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2.3.2. Disease classification 

The lobsters were separated into three groups according to the percentage of ISD lesion 

coverage on the shell: asymptomatic group (lesion coverage = 0%), moderately symptomatic 

group (lesion coverage = 5-20%) and severely symptomatic group (lesion coverage >20%). 

Leaf Doctor software was used to distinguish the disease through the colour difference 

between healthy and unhealthy tissues. The detection threshold was adjusted to select only 

symptomatic tissues (Pethybridge and Nelson, 2015). The percentages of lesion coverage on 

the cephalothorax and abdomen of the animals were used to separate the groups. 

2.3.3. RNA extraction and sequencing 

Samples were homogenized in TRI reagent and chloroform was added to the samples (1:5; 

v:v), and centrifuged at 12,000 × g for 15 min at 4 oC. The top aqueous phase was transferred to 

a new tube containing 70% alcohol (1:1; v:v). This solution was mixed and the RNA extraction 

was completed using the RNeasy® column extraction kit (Qiagen), according to 

manufacturer's recommendations with an on-column DNase I digestion (Qiagen). Total RNA 

samples were eluted in molecular biology grade water and their concentration and purity was 

measured by spectrophotometry using a Nanodrop ND-1000. Their integrity was assessed 

using an RNA 6000 Nano chip on the Agilent Bioanalyzer 2100. 

Total RNA samples were submitted to the Genome Quebec Innovation Center for reverse 

transcription, library preparation and mRNA sequencing by Illumina NovaSeq. Sample 

mRNA was purified using oligo(dT)-attached beads and randomly fragmented with addition of 

fragmentation buffer. Reverse transcription into single-stranded cDNA was performed using 

mRNA template and random hexamers primers. The second-strand was synthesized by adding 

dNTP/dUTP, DNA polymerase I, RNase H and custom second-strand synthesis buffer 
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(Illumina) to the reactions. After 3’ A addition, sequencing adapter ligation and UDG 

degradation of the dUMP-containing strand were performed. Fragments were selected by size 

and PCR enriched. After quality control, libraries were sequenced on an Illumina NovaSeq 

sequencer to produce PE150 reads. Raw reads were deposited in NCBI-SRA database 

(Bioproject accession number: PRJNA1084878). 

2.3.4. Gene expression analysis 

All analyses were conducted on the usegalaxy.org High Throughput Computing platform 

unless otherwise stated. Raw reads were trimmed using Trim-Galore (Krueger, 2012) and their 

quality was assessed using FastQC (Andrews, 2010). The reads were mapped to the H. 

americanus genome (Genbank accession number: GCA_018991925.1) using HISAT2 (Afgan 

et al., 2018; Kim et al., 2015; Polinski et al., 2021). Transcript counting was performed using 

StringTie and StringTie merge and the read counts was performed using featureCounts (Liao 

et al., 2014; Pertea et al., 2015). The normalization and gene expression comparisons between 

the different groups of interest were determined using DESeq2 and edgeR (Love et al., 2014; 

Robinson et al., 2009). The difference in gene expression was considered statistically 

significant when FDR<0.05 using the Benjamini and Hochberg method. The functional 

annotation of differentially expressed genes (DEGs) was done using BLASTX, Blast2GO, 

KAAS and KEGG tools (Altschul et al., 1997; Götz et al., 2008; Kanehisa et al., 2017; Moriya 

et al., 2007). Heatmaps of gene expression profiles were made using heatmap.2 package 

(Warnes et al., 2022) in R environment (R Core Team, 2023) based on log2(fold change) of 

DESeq2 DEGs normalized counts comparing individuals to the average of all samples. 

Volcano plots were made using DESeq2 values in SRplot online platform (Tang et al., 2023). 

2.4. RESULTS 
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2.4.1. Impoundment Shell Disease categorization and histology 

Lobsters collected from a tidal pound with ISD were separated into three groups depending 

on the lesion percent coverage of their shell. The Leaf Doctor application classified six 

animals in the asymptomatic group (As; 0% lesion coverage), four in the moderately 

symptomatic group (MS; lesion coverage = 8.09% ± 1.91%) and five in the severely 

symptomatic group (SS; lesion coverage = 24.09% ± 7.52%) (Figure 2.1B). The histological 

examination of these animals revealed that all lobsters in this study were free from pathogens in 

the hepatopancreas and had similar levels of glycogen reserves (Supp Figure 2.1). 

2.4.2. RNA sequencing of hepatopancreas tissue 

Hepatopancreatic mRNA sequencing using Illumina NovaSeq PE150 resulted in 234,721,632 

raw reads, which were processed into 229,870,498 filtered reads (80.47 GB), with an average 

of 15,324,610 ± 2,654,555 clean reads per sample, (Supp Table 2.1). The samples had Q20 

and Q30 values equal to 97.69 ± 0.24% and 93.62 ± 0.47%, respectively. 

2.4.3. Identification of DEGs associated with ISD 

The filtered reads were used in RNA-seq pipelines using DESeq2 and edgeR to identify the 

DEGs in all possible comparisons between the three groups. Gene expression was quantified as 

log2(fold change). A total of 134 and 11 DEGs were identified across all comparisons using 

DESeq2 and edgeR, respectively. All DEGs found using edgeR were also found using 

DESeq2, and for this reason, all subsequent steps were performed using the results obtained 

with DESeq2. From the 134 DEGs, 100 are present in the comparisons MS against As, 39 in 

the comparison of SS against As, and 16 in the comparison of SS against MS (Figure 2.2). 
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Figure 2. 2. Venn diagram containing shared and specific DEGs among different comparisons 

(A). Volcano plots of gene expression in each comparison. Each dot represents the average 

expression of a gene. Blue and red dots represent individual mean expression of down and up-

regulated genes (FDR<0.05) respectively, and gray dots represent non- differentially expressed 

genes (FDR<0.05) (B). As: asymptomatic animals; MS: moderately symptomatic animals; SS: 

severely symptomatic animals. 

A total of 23 genes were expressed higher in MS in comparison to As, 5 higher in SS in 

comparison to As, and 11 higher in SS in comparison to MS (Figure 2.2B). With 77, 34 and 5 

genes expressed less in the same comparisons respectively (Figure 2.2B). A heatmap clustering 

columns (sample) and rows (genes) was made using all DEGs log2 fold-change normalized counts 

from all samples, where log2 fold-change of each gene in each sample was calculated in 

comparison to the average of all samples to highlight the comparative expression values (Figure 

2.3 & Supp Table 2.2). The samples were hierarchically clustered, and the As group clustered 

outside the groups of symptomatic animals (Figure 2.3). The transcriptional levels of most DEGs 
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were higher in the As group compared to the others (Figure 2.3). 

 

Figure 2. 3. Heatmap of gene expression profile of DEGs (rows) in all animals (columns). 

Genes in blue had lower expression, whereas genes in red had higher expression based on 

log2(FC) of DESeq2 normalized counts compared to average of all samples. The distance of 

the thin blue line from the center of each cell is proportional to the log2(FC) of it. 

2.4.4. Transcript annotation 

From the 134 DEGs submitted for annotation using Blast2GO (Götz et al., 2008), 95 

sequences had similarity to at least one protein in the non-redundant protein sequences 

database (nr) in NCBI (January, 2022 database version) (Supp Table 2.2). Functional 

annotation of the 95 sequences was performed using KAAS/KEGG, with 49 genes annotated 

according to their functions, but no pathways had more than three representative genes being 

differently expressed. Eight chitin-related DEGs were found, including three chitinases. The 

identified chitinases have percent identity ranging from 54.2% to 68.2% of each other, but are 

encoded by different genes. Their genes are positioned in different regions of the genome, 
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present in scaffolds 16894, 41027 and 56910. In fact, all chitin-related genes are in different 

scaffolds. In addition, other molecules potentially related to defense against infections were 

also found, including α-2-macroglobulin-like (α2M), pseudohaemocyanin, acute phase serum 

amyloid A-5 protein-like (SAA5) and trypsin-1 like (Figures 2.4 & 2.5). Finally, 18 

sequences had high similarity with hypothetical proteins, predicted protein or uncharacterized 

protein with limited annotations. 

 
Figure 2. 4. Relative gene expression of selected DEGs is represented as DESeq2 log2(FC) 

of the comparisons. The gene expressions of MS compared to As, SS compared to As and SS 

compared to MS are represented by white, grey and black bars, respectively. Statistical 

differences (FDR<0.05) are represented by an asterisk. ChtBD2-containing protein 17: chitin 

binding peritrophin-A domain-containing protein 17; CBD-containing protein: chitin binding 

domain containing protein; β-GlcNAcase: β-N-acetylglucosaminidase-like; CDA7: chitin 

deacetylase 7-like; SAA5: serum amyloid A-5 protein-like; α2M: α-2- macroglobulin protein. 

As: asymptomatic animals; MS: moderately symptomatic animals; SS: severely symptomatic 

animals. 
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Figure 2. 5. Heatmap of gene expression profile of selected DEGs. Genes in blue had lower 

expression, whereas genes in red had higher expression based on log2(FC) of DESeq2 

normalized counts compared to average of all samples. The distance of the thin blue line from 

the center of each cell is proportional to the log2(FC) of it. ChtBD2-containing protein 17: 

chitin binding peritrophin-A domain-containing protein 17; CBD-containing protein: chitin 

binding domain containing protein; β-GlcNAcase: β-N-acetylglucosaminidase-like; CDA7: 

chitin deacetylase 7-like; SAA5: serum amyloid A-5 protein-like; α2M: α-2- macroglobulin 

protein. 

2.5. DISCUSSION 

This is the first study to use a high-throughput sequencing technique to understand H. 

americanus hepatopancreas responses to ISD. The objective of this work was to characterize 

the genes associated with the presence of ISD in lobsters exhibiting different degrees of ISD. 

This work was also the first to take advantage of the first version of the recently published 

genome of H. americanus (Polinski et al., 2021), aligning the reads to the genome instead of 

a de novo transcriptome and potentially revealing genes that would not be identified in this 

study without access to the genome. The hepatopancreas was chosen for this study because it 

is the most important immune organ in crustaceans, acting in crucial immune responses 

(Ridgway et al., 2006; Sun et al., 2008; Vogt, 2019; Yu et al., 2022). Moreover, this organ is 

also responsible for glycogen storage (Bonilla-Gómez et al., 2012), which is important 
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because the animals from this study were stored for months and were unable to exhibit all of 

their natural behaviors. However, all animals had similar levels of glycogen reserves. Some 

studies showed that pathogens can be found in the haemolymph of lobsters infected with ISD 

(Smolowitz et al., 1992). Once in the haemolymph, these microorganisms can spread to other 

organs, but the hepatopancreases of the animals in the current study were free from pathogens, 

showing that the disease was contained at some level at this stage. 

Most of the 134 DEGs potentially involved with ISD identified had higher transcriptional 

levels in the asymptomatic group compared to the symptomatic groups (Figure 2.2). After an 

infection, microorganisms may evade the defense mechanisms of their host in different ways, 

such as controlling host gene regulation (Cole and Nizet, 2016). For example, Dai et al. (2022) 

suggest that Vibrio owensii hijacks the immune system of Fenneropenaeus merguiensis by 

reducing the expression of C-type lectin and ficolin, resulting in reduced recognition and 

phagocytosis of the microorganism. In this sense, it is possible that the largest number of genes 

with lower expression in symptomatic animals in the present study is due to gene suppression 

caused by microorganisms associated with the ISD. Alternatively, it is possible that the 

difference in gene expression is the result of a greater ability of asymptomatic animals to have 

a greater constitutive immune response against ISD. All animals in this study were subjected 

to the same biotic and abiotic factors, where some animals developed moderately to severe 

degrees of the disease, others remained asymptomatic. Tlusty et al. (2007) developed a 

hypothesis that it is the internal conditions of the lobster that make the animal resistant or 

susceptible to ESD, although several environmental and pathological factors also contribute 

to its development. Therefore, the transcriptional profiles observed in the present study could 

be part of the internal conditions of these animals contributing to the resistance or 

susceptibility to ISD development. Transcriptional profiles were previously associated with 
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resistance and susceptibility against diseases in shrimp (de Lorgeril et al., 2005). In line with 

this idea, Theriault et al. (2008) examined physiological parameters of H. americanus prior 

the storage in pounds and evaluated the development of ISD for 120 days. Interestingly, 

lobsters with lower levels of total protein developed more ISD compared to lobsters with 

higher levels of total protein (Theriault et al., 2008). 

Among the DEGs found in this study are several chitin-related genes, such as three chitinases 

and one chitooligosaccharidolytic β-N-acetylglucosaminidase-like (β-GlcNacase). While 

chitinases degrade the chitin molecule into chitin-oligosaccharides (GlcNAc)n, β-GlcNacase 

is responsible for cleaving these oligosaccharides into monomers of N-acetylglucosamine 

(Merzendorfer and Zimoch, 2003; Qiu et al., 2022; Yang et al., 2008). These enzymes are 

distributed in different organisms, since chitin is the second most present biopolymer in the 

world, participating in different physiological processes (Qiu et al., 2022). Chitinases have 

three primary functions in crustaceans: participating in the moulting and growth processes of 

these animals, helping in the digestion of foods that contain chitin, and directly or indirectly 

participating in defense responses against bacteria, fungi and viruses (Zhang et al., 2021). 

Although these molecules have the ability to kill some chitin-containing pathogens through 

their catalytic activity (Seo et al., 2016; Zarei et al., 2011), they seem to play a major role in 

direct and indirect immune regulation (Niu et al., 2018; Zhang et al., 2021). The LvChi5 

chitinase from P. vannamei does not show in vitro activity against Vibrio parahaemolyticus or 

Escherichia coli, but expression of LvChi5 was induced against V. parahaemolyticus, WSSV, 

LPS and poly(I:C) (Niu et al., 2018). The absence of LvChi5 through silencing by RNAi 

caused an increase in the mortality of P. vannamei against infections with WSSV and V. 

parahaemolyticus. Moreover, silencing of this gene also resulted in transcriptional inhibition 

of immune genes such as antimicrobial peptides, transcriptional factors, and other proteins 
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with antibacterial or antiviral activity (Niu et al., 2018). Chitinase transcriptional levels of 

WSSV-resistant Penaeus japonicus were higher than virus-sensitive animals (Pan et al., 

2005). The three chitinases differently expressed found in the present study are encoded by 

different genes and share an aminoacidic identity ranging from 54.2 % to 68.2 % to each other. 

Chitinases are very diverse molecules, being divided into two families with multiple groups 

according to sequence homology and catalytic mechanism with multiple functions, that could 

be pathogen-specific or gene- specific regulations (Zhang et al., 2021). Therefore, the activity 

of some chitinases may be mainly due to immune regulation and these genes could play a 

major role in ISD development through multiple routes. 

As well as chitinases, β-GlcNacases comprise a diverse family of intracellular, secreted or 

transmembrane molecules that appear to participate in immune responses (Soto-Rodriguez et 

al., 2022; Zhang et al., 2021). Gene expression of a GlcNacase from Exopalaemon 

carinicauda increased in the hepatopancreas after infection with Vibrio parahaemolyticus and 

Aeromonas hydrophila (Sun et al., 2018). In mammals, GlcNacase is one of the preformed 

mediator lysosomal enzymes, which is stored in some granulocytes and is released upon 

infection (Prabhuling et al., 2021). These molecules are also associated with intercellular 

communication during immune responses in mammals (Prabhuling et al., 2021). In cell cultures 

of Drosophila melanogaster, silencing of a lysosomal GlcNacase by RNAi resulted in an 

increase of mycobacteria growth (Koo et al., 2008). In Bombyx mori, GlcNacase activity is 

increased during haemocytic degranulation after parasitism, indicating the release of this 

molecule to fight the parasite directly or indirectly (Prabhuling et al., 2021). The mucin-like 

protein is found in the membrane of the hepatopancreas and is associated with protection 

against bacteria (Soto-Rodriguez et al., 2022), but some contradictory studies suggest an 

importance of mucin-like protein for bacterial establishment (De los Santos et al., 2022). It 
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would be important to understand the role of mucin-2-like protein during ISD in future studies, 

since this was the only chitin-related gene that had higher expression in symptomatic animals. 

α-2-macroglobulin protein is a class of protease inhibitors abundant in the haemolymph of 

invertebrates, and acts as a multifunctional protein (Chaikeeratisak et al., 2012). They act as 

protease inhibitors neutralizing pathogenic proteases important for bacterial establishment 

(Armstrong, 2010). However, these molecules are also involved in other immune responses, 

such as phagocytosis, prophenoloxidase activating systems and the haemolymph clotting 

system (Chaikeeratisak et al., 2012). The gene modulation of α2M in the hepatopancreas and 

haemocytes of crustaceans during bacterial and viral infections has been reported 

(Pongsomboon et al., 2011; Ren et al., 2019). Previous studies found that the α2M expression 

was higher in symptomatic animals with ESD (Tarrant et al., 2010); which is contrary to the 

findings of this study (Tarrant et al., 2010). This suggests that, although ISD and ESD have 

similar symptoms, some immune responses against these two infections may be different. 

Trypsin-1-like also had higher expression in asymptomatic animals compared to others, which 

may be indicative of an immune response against ISD pathogens. Trypsin is involved in 

metabolic processes but may also contribute to defense mechanisms in crustaceans in the form 

of a serine protease. Interestingly, the gene expression of trypsin-1 is frequently upregulated 

during infections in crustaceans (Clark et al., 2013a, 2013b, 2013c; Li et al., 2018; Yu et al., 

2022). Trypsin may also be associated with the cleavage of haemocyanin into haemocyanin-

derived peptides with immune activity. The regulation of trypsin against infections is related 

to the generation of haemocyanin-derived peptides in P. vannamei and its silencing by RNAi 

reduces the amount of haemocyanin-derived peptide. In addition, in vitro experiments have 

shown that recombinant trypsin hydrolyses haemocyanin and the generated fragments have 
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bacterial agglutinating capacity (Li et al., 2018). In this study, a pseudohaemocyanin gene 

also had higher expression in asymptomatic animals compared to symptomatic animals in this 

study. Pseudohaemocyanin function is not well understood, and there is no in vitro study 

showing its cleavage to produce fragments with antimicrobial activity. However, there is 

evidence of this molecule being cleaved, and the possibility of pseudohaemocyanin-derived 

peptides with antimicrobial activity should not be discarded (Terwilliger et al., 2005). 

Therefore, it is possible that the increase in trypsin and pseudohaemocyanin results in an 

increase in the number of fragments with antimicrobial activity to prevent the establishment of 

the disease. 

Acute phase serum amyloid A or SAA is a protein present in the haemolymph of crustaceans 

during the acute phase of infections and is used as a biomarker in the medical and veterinary 

fields (Cray et al., 2009). In this work, the SAA gene had higher expression in moderately 

symptomatic animals compared to the asymptomatic group (FDR<0.05), and this trend was 

also observed without statistical difference in the comparison between severely symptomatic 

and asymptomatic animals (FDR = 0.7). These results suggest that moderately symptomatic 

animals are at the acute stage of the disease, whereas SAA levels in severely symptomatic 

animals have started to decline. This could also indicate that asymptomatic animals are, in 

fact, in a healthy condition. Although SAA is classically a biomarker of the acute stage of a 

disease, this gene is also up-regulated in moribund lobsters infected with the Gram-positive 

bacteria Aerococcus viridans var. homari and the ciliated protist Anophryoides haemophila 

(Clark et al., 2013a, 2013b). Altogether, it is possible to suggest that, despite having an 

advanced stage of ISD, the acute phase of the disease is over in severely symptomatic animals. 

2.6. CONCLUSION 
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This was the first study to apply massively parallel sequencing techniques and the genome of 

H. americanus to investigate genes associated with the presence of ISD. We identified that 

134 genes are differentially expressed in symptomatic and asymptomatic ISD animals. 

Interestingly, most of these genes had higher expression in asymptomatic animals compared 

to symptomatic animals, which could indicate a potential susceptibility or immunocompromise 

of symptomatic animals or resistance of asymptomatic animals. Among the DEGs found are 8 

chitin-related proteins, suggesting that chitin and its related proteins are important to fight this 

infection. α2M and SAA also appear to be involved in ISD, and SAA may be a potential marker 

for the early stages of this disease. Future work is required to better understand how chitin and 

chitin-related proteins are associated to ISD defense or disease pathogenicity. In addition, it is 

essential to understand the defense mechanisms of lobsters against ISD in other tissues, such as 

the shell epidermis of these animals, which is directly linked to this disease. 
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CHAPTER 3 HAEMOCYTES AND SHELL EPIDERMIS 

TRANSCRIPTOMES FROM THE AMERICAN LOBSTER (HOMARUS 

AMERICANUS) REVEAL GENES ASSOCIATED WITH THE 

IMPOUNDMENT SHELL DISEASE. 

 

The contents of this chapter are in submission for publication in the journal Fish and 

Shellfish Immunology under the authorship of Nicolas Argenta, Jeffrey D. Shields & K. 

Fraser Clark. 

 

3.1. ABSTRACT 

Lobster impoundment shell disease (ISD) is an economically challenging shell disease that 

affects Homarus americanus in live storage, especially in tidal pounds during the winter. It is 

unclear how the H. americanus immune system acts against ISD pathogens and why some 

individuals are more resistant to its development. The goal of this study was to characterize 

gene expression patterns associated with ISD in the shell epidermis and circulating 

haemocytes of symptomatic and asymptomatic lobsters. Although these animals were kept 

together in tidal pounds for the same time, some developed ISD symptoms and some did not. 

Their transcriptome revealed 4403 differently expressed genes (DEGs) among all 

comparisons, where most, 3061, were found in the comparison between lesion shell areas 

from symptomatic animals and healthy shell areas from asymptomatic animals. The 

expression of haemocyte recruitment genes and pathways was related to the lesion shell area 

group, such as transendothelial migration and chemokine pathways. The gene expression of 

several immune molecules was higher in the epidermis of asymptomatic animals compared to 
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symptomatic animals, which could be related to resistance/susceptibility of these animals. 

These genes included: antimicrobial peptides, C-type lectins, prophenoloxidases, 

prophenoloxidase activating factors, proteases and protease inhibitors. The opposite was 

observed in circulating haemocytes, with genes of immune molecules being expressed higher 

in the symptomatic animals. Histopathology showed asymptomatic animals presented melanin 

in their shell, an indicator of crustacean immune reaction, which can be a sign these animals 

are developing the disease or controlling its development. Genes related to bacterial infection 

pathways were differently expressed, especially in lesion shell areas and circulating 

haemocytes of symptomatic animals. However, the histopathology of the shell epidermis 

showed no signs of bacteria under the shell. 

Keywords: American lobster; Homarus americanus; shell diseases; Crustacean immunology; 

RNA-Seq 

 

3.2. INTRODUCTION 

The American lobster, Homarus americanus, fishery is the most economically significant 

fishery in Atlantic Canada, resulting in $2 billion of landed value in 2021 (DFO, 2022). 

Different diseases can affect this fishery and result in economic losses (FAO, 2020). Decapod 

shell diseases are abnormalities of the cuticle that affect many crustacean species (Rowley 

and Coates, 2023). They do not necessarily share the same etiology and have different names; 

such as shell disease syndrome, black spot, rust spot disease, box burnt disease, bacterial shell 

disease, tail fan necrosis, epizootic shell disease, endemic shell disease, brown spot disease, 

impoundment shell disease (ISD) and others (Davies and Wootton, 2018; Dyrynda, 1998; 

Rowley and Coates, 2023; Shields, 2013; Vogan et al., 2008). 



36  

Lobster impoundment shell disease is one of the most economically damaging H. americanus 

shell diseases. It affects animals that are held live in pounds for long periods of time, especially 

during winter (Smolowitz et al., 1992). The initial stages of this disease are characterized by the 

presence of bilateral erosion lesions around setal pores in the shell. The disease develops and its 

lesions spread and collapse in late stages (Smolowitz et al., 1992). Bacteria present in the erosion 

can get to the shell epidermis and the haemocoel in severe cases of shell diseases resulting in 

death(Smolowitz et al., 1992). The ISD prevalence is low (<1%) in most pounds(Prince and 

Bayer, 2005; Rowley and Coates, 2023), but its presence reduces the marketability of lobsters. 

Most ISD studies focus on the causative agents of these complex diseases, ignoring the lobster 

immune responses against ISD. However, there is increasing evidence that most shell diseases are 

a dysbiosis of the natural external shell microbiome (Bergenet al., 2022; Feinman et al., 2017; 

Meres et al., 2012), with its development potentially related to host susceptibility (Prince and 

Bayer, 2005; Theriault et al., 2008; Tlusty et al., 2007). 

The lobster epidermis is one of the earliest lines of defence against ISD. Crustacean epithelial 

cells of different tissues act as a barrier between the host and the environment, producing and 

releasing molecules to avoid infections and control the host microbiome (Farias et al., 2019; Hao 

et al., 2024; Le Bloa et al., 2020). In fact, the shell of lobsters has antimicrobial molecules that 

could help to control their microbiome (Brisbin et al., 2015; Ferrer et al., 1989). Moreover, a 

recent study has proposed that the shell bacteriome of European green crab, Carcinus maenas, 

and Atlantic rock crab, Cancer irrotatus, are mainly selected by their host rather than 

geographically (Koepper et al., 2023b). However, it is unclear if the shell epidermal cells are the 

main source of these molecules. Another possible source is haemocytes, the immunocompetent 

cells of crustaceans, as they are consistently found to be recruited under shell lesions (Smolowitz 

et al., 1992). These cells are responsible for many humoural and cellular responses; and molecules 
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exclusively expressed by haemocytes are up-regulated in epithelia (Argenta et al., 2023), denoting 

their relevance to epithelial responses. The H. americanus transcriptome associated with ISD was 

previously studied in American lobster hepatopancreatic tissue because of its immune and 

metabolic functions (Argenta et al., 2024), but transcriptional responses to ISD in the shell 

epidermis and circulating haemocytes are still unclear. 

The goal of this study was to determine if there are changes in gene expression patterns in the 

shell epidermis and circulating haemocytes of ISD symptomatic and asymptomatic American 

lobsters. A high-throughput sequencing strategy was used to acquire a holistic understanding of 

gene expression in these tissues. The study was also designed to analyze the epidermis gene 

expression under lesion shell areas of symptomatic animals, healthy shell areas of symptomatic 

animals and healthy shell areas of asymptomatic animals to determine if there is a localized or 

systemic response. 

 

3.3. METHODS 

3.3.1. Animals and sample collection 

Nine juvenile H. americanus in the intermoult stage with and without signs of ISD were 

collected from a tidal pound in southwest Nova Scotia, Canada, in March 2020. Animals were 

considered symptomatic when they had at least 5% of the shell area covered by lesions and 

asymptomatic or apparently healthy when the shell was free of erosion. These animals had 

been stored in the pound for three months. The animals were acclimated for 48 h in aquariums 

containing 30 ppt seawater with constant aeration. After acclimatation, haemolymph was 

collected from the ventral section of their abdomen using a sterile syringe to evaluate 

haemolymph Brix using a refractometer. Haemolymph Brix was compared between 
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symptomatic and asymptomatic animals and considered statistically different when p-value < 

0.05 using a nonparametric t-test. Afterwards, animals were euthanized by severing the ventral 

nerve cord anterior to the chelae. A sterile surgical blade was used to collect the dorsal shell 

epidermis, which was macerated in TRI reagent (1.4 M guanidine thiocyanate, 38% phenol, 

5% glycerol and 0.1 M sodium acetate) and stored at -20 oC. The shell epidermis was collected 

under healthy and lesion shell areas of asymptomatic and symptomatic animals, generating 

three groups: healthy shell area from asymptomatic animals (As-H; n = five); healthy shell 

area from symptomatic animals (Sy-H; n = four) and lesion shell area from symptomatic 

animals (Sy-L; n = four). Shell samples containing epithelial tissues from the same animals 

were fixed in Davidson’s solution (30% filtered seawater, 30% ethanol, 20% formaldehyde, 

10% glacial acetic acid, 10% glycerol) for 24 h, then changed to 70% ethanol. An additional 

10 juvenile intermoult stage lobsters with and without ISD were collected from a pound in 

southwest Nova Scotia, Canada, in March 2022. Animals were acclimated as above and 

haemolymph was collected from the ventral section of their abdomen using a sterile syringe 

containing cold anticoagulant solution (115 mM glucose, 336 mM NaCl, 27 mM sodium 

citrate, 9 mM EDTA, pH 7.2) (1:1; v:v). Haemocytes were centrifuged at 800 g at 4 oC and the 

resulting cell pellet was homogenized in TRI reagent and stored at -20 oC. The research was 

approved prior to beginning by the Dalhousie University Animal Care and Use Committee 

(approval number 1032798; 2020 and 1036552; 2022) as per the Canadian Council of Animal 

Care guidelines. 

3.3.2. Histology 

The shell samples stored in 70% ethanol were decalcified using the formic acid-sodium citrate 

method (Luna, 1968; Shields et al., 2012). Briefly, fixed samples were submerged in a formic 
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acid-sodium citrate solution (25% formic acid and 387.5 mM sodium citrate) overnight. 

Decalcified samples were paraffin-embedded, sliced at 5 µm and stained with hematoxylin 

and eosin for routine examination or with Nile blue to visualize melanin (Lillie, 1956). Briefly, 

slides were stained for 20 min in Nile blue A solution (1% sulfuric acid and 1.41 mM Nile 

blue A) and rinsed in running water for 20 min. All slides were examined for signs of 

pathological and immunological activity using a Zeiss Axioscope 5 light microscope. 

3.3.3. RNA extraction and sequencing 

Total RNA was extracted from samples stored in TRI reagent using the phenol-chloroform 

method (Chomczynski & Sacchi, 1987). Chloroform was added to the samples (1:5; v:v), 

samples were mixed thoroughly and incubated at room temperature for 3 min, then centrifuged 

at 12000 g for 15 min at 4 oC. The top aqueous phase was transferred to a new sterile tube and 

70% ethanol was added (1:1; v:v). Subsequent steps followed the RNeasy® column extraction 

kit (Qiagen) manufacturer’s instructions (starting at step 6 of the RNeasy® Mini handbook) 

and included an on-column DNase I treatment. Extracted RNA quantity and purity were 

checked spectrophotometricly using a Nanodrop ND-1000 and its integrity was evaluated with 

an Agilent Bioanalyzer 2100. High-quality RNA samples were sent to the Genome Quebec 

Innovation Center for mRNA enrichment using oligo(dT), reverse transcription, library 

preparation and sequencing by Illumina NovaSeq to obtain PE150 reads. 

3.3.4. Differential expression analysis 

Raw reads were subjected to a gene expression analyses pipeline as previously described 

(Argenta et al., 2024). Pipeline steps were performed on the usegalaxy.org High Throughput 

Computing platform (Afgan et al., 2018) with default tool options unless otherwise stated. 
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Raw read quality was checked with FastQC (Andrews, 2010), and adapters and low-quality 

sequences were trimmed using Trim- Galore (Krueger, 2012). Trimmed reads were mapped to 

the H. americanus reference genome (Genbank accession number: GCA_018991925.1) using 

HISAT2 (Kim et al., 2015; Polinski et al., 2021). Transcripts were reassembled using 

StringTie and merged into non- redundant transcripts using StringTie Merge (Pertea et al., 

2015). Counting was performed using featureCounts with HISAT2 and StringTie Merge gene 

annotation GTF files (Liao et al., 2014). Paired-end reads were counted as 1 single fragment, 

where only fragments with both reads aligned to the lobster genome were considered and 

chimeric fragments were excluded. Normalization and gene expression comparisons between 

groups were performed using DESeq2 software (Love et al., 2014). Differently expressed 

genes (DEGs) were considered statistically significant when FDR < 0.05 using the Benjamini 

and Hochberg multiple comparisons correction method (Benjamini & Hochberg, 1995). 

3.3.5. Gene annotation 

The fully assembled transcriptome sequences, excluding introns, were retrieved by converting 

the StringTie Merge GTF file into a BED12 file and using bedtools getfasta (Quinlan and 

Hall, 2010). BLASTX was used to compare DEGs against the NCBI nr database (Jul 2024 

database) using an e-value of 1 × 10-5 in Blast2GO software (Altschul et al., 1997; Götz et al., 

2008). The functional pathways of DEGs were determined using KEGG/KAAS tools 

(Kanehisa et al., 2017; Moriya et al., 2007). Gene expression heatmaps were made using the 

heatmaps.2 package in R based on the log2(fold-change) comparison of DESeq2 normalized 

gene counts. Log2(fold-change) was determined by comparing an individual specific gene 

count to the average count of the particular gene from all samples (R Core Team, 2023; 

Warnes et al., 2022). 
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3.4. RESULTS 

3.4.1. Shell epidermis histopathology and haemolymph Brix 

The conditions of the shell from ISD symptomatic and asymptomatic lobsters were analyzed 

for histopathological abnormalities. Impoundment shell disease lesions had classical signs of 

ISD, such as degradation of large portions of the epicuticle and most of the exocuticle (Figure 

3.1). Moreover, it is possible to find aggregations of haemocytes under lesions (Figure 3.1). 

Filamentous algae were found in the shell biofilm of all animals, especially around setal pits 

(Figure 3.1). Signs of melanization were abundant in symptomatic animals, but also present in 

some asymptomatic animals (Figure 3.1D). One of the shells with signs of melanization from 

an asymptomatic animal was cut into 10 serial sections in search of signs of shell disease or 

damage, but nothing was found except melanization in all sections. The presence of melanin 

was confirmed using a melanin-staining technique (Supp Figure 3.1). 
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Figure 3. 1. Shell sections stained with hematoxylin and eosin. Melanin (red arrow), 

infiltrated haemocytes (black arrow) and filamentous algae (blue arrow) are present in specific 

sections. (A,B) Lesion shell areas symptomatic lobsters with melanin signs and infiltrated 

haemocytes . (C) Filamentous algae around setal pit in a symptomatic animal apparently 

healthy shell area. (D) Asymptomatic animal shell with melanin. 

The Brix Index of haemolymph was compared between asymptomatic and symptomatic 

animals to evaluate a potential association between protein concentration and ISD. 

Asymptomatic individuals showed a statistically (p-value = 0.03) higher Brix value (10.1 ± 

2.36) in comparison to symptomatic animals (6.77 ± 0.8). 

3.4.2. Gene expression in the shell epidermis associated with ISD 

Gene expression comparisons between all three shell epidermis groups were performed to 

understand how these animals could be responding to the ISD. A total of 3667 differently 

expressed genes (DEGs) were found (Supp Table 3.1). Most of these, 3061, were found in 

the comparison between Sy-L against As-H, (Figure 3.2A). A total of 1005 DEGs were 
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found in the comparisons Sy-H against As-H and 916 DEGs were found in the comparison 

Sy-L against Sy-H. Most of the DEGs found in the comparisons Sy-H against As-H and Sy- L 

against Sy-H were also found in the comparison Sy-L against As-H (Figure 3.2B). 

Interestingly, the expression of most DEGs was higher in the group As-H compared to the 

symptomatic groups. 

 

Figure 3. 2. Gene expression analyses in the shell epidermis. (A) Number of genes with higher 

(red) and lower (red) expression in all shell epidermis comparisons. (B) Venn diagram 

containing specific and shared DEGs found in all epidermis comparisons. Sy-L: group of 

lesion shell areas from symptomatic animals; Sy-H: group of healthy shell areas from 

symptomatic animals; As-H: group of healthy shell areas from asymptomatic animals. 

The samples were hierarchically clustered in their proposed groups based on the expression 

of the 3667 DEGs, and the asymptomatic group clustered as an outgroup (Figure 3.3A). 

Genes potentially involved with immunity were found to be differently expressed, such as 

proteases, protease inhibitors, chitin-related genes, antimicrobial peptides (AMPs) and 

prophenoloxidase (proPo) cascade genes (Figure 3.3B). Most of these genes were expressed 

higher in the healthy shell area groups compared to the lesion shell area group in symptomatic 
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animals (Supp Table 3.1). 

 

Figure 3. 3. Heatmap of DEGs (rows)in all shell epidermis samples(columns). Genes in red 

and blue had a higher and lower expression, respectively, to the average of all samples per 

gene. (A) Heatmap containing all DEGs found in the shell epidermis comparisons. (B) 

Heatmap containing differently expressed chitin-related, antimicrobial peptide (AMP), 

prophenoloxidase (proPO), proPO activating factor, protease and protease inhibitor genes. Sy-

L: group of lesion shell areas in symptomatic animals; Sy-H: group of healthy shell areas 

from symptomatic animals; As-H: group of healthy shell areas from asymptomatic animals. 

The KEGG/KAAS pathway analysis found five pathways associated with disease infections 

represented by DEGs from the Sy-L against As-H comparison. These included: Shigellosis 

(KEGG: 05131; 20 genes), Salmonella infection (KEGG: 05132; 17 genes), Bacterial invasion 

of epithelial cells (KEGG: 05100; 16 genes), Pathogenic Escherichia coli infection (KEGG: 

05130; 16 genes) and Yersinia infection (KEGG: 05135; 13 genes) (Table 3.1 and Supp Table 

3.2). Pathways directly or indirectly associated with cell migration, such as immune cell 

transmigration, were found, such as Rap1 signalling pathway (KEGG: 04015; 15 genes), Tight 

junction (KEGG: 04530; 16 genes), Chemokine signalling pathway (KEGG: 04062; 10 genes) 
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and Leukocyte transendothelial migration (KEGG: 04670; seven genes). A few signal 

transduction pathways were found, such as Ras signalling pathway (KEGG: 04014; 12 genes) 

and MAPK signalling pathway - fly (KEGG: 04013; 10 genes). Some pathways strongly 

related to immune responses were found, such as the C-type lectin receptor signalling pathway 

(KEGG: 04625; eight genes). Some of the pathways mentioned above were also found in other 

shell epidermis comparisons. Genes from the pathways Shigellosis (KEGG: 05131; eight 

genes), Salmonella infection (KEGG: 05132; six genes), Bacterial invasion of epithelial cells 

(KEGG: 05100; five genes), Tight junction (KEGG: 04530; eight genes) were found to be 

differently expressed in Sy-L in comparison to Sy-H (Table 3.1). Moreover, the pathways 

Shigellosis (KEGG: 05131; five genes), pathogenic Escherichia coli infection (KEGG: 05130; 

five genes) and 05132 Salmonella infection were found to be differently expressed in Sy-H in 

comparison to As-H (Table 3.1). Only selected pathways with at least 5 genes being 

differently expressed were mentioned, but all pathways can be found in Supplementary 

Table 3.2. 

 

3.4.3. Gene expression in circulating haemocytes associated with ISD 

The gene expression of circulating haemocytes was compared between symptomatic and 

asymptomatic animals. A total of 853 genes were differently expressed between groups 

(Figure 3.4A). From these, only 117 were also differently expressed in the shell epidermis 

comparisons (Supp Table 3.1). Genes potentially involved with immunity were found to be 

differently expressed, such as proteases, protease inhibitors, chitin-related genes, 

antimicrobial peptides (AMPs) and prophenoloxidase (proPO) cascade genes (Figure 3.4B), 

similar to what was observed in the shell epidermis. However, most of these genes were 
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over-expressed in symptomatic animals compared to asymptomatic animals in the 

haemocytes, differently from what was observed in the shell epidermis (Supp Table 3.1). 

 

 

Table 3. 1. Number of DEGs assigned to selected KEGG pathways in each group. Sy-L: 

group of lesion shell areas from symptomatic animals; Sy-H: group of healthy shell areas from 

symptomatic animals; As-H: group of healthy shell areas from asymptomatic animals; As: 

group of circulating haemocytes from asymptomatic animals; Sy: group of circulating 

haemocytes from symptomatic animals. 

Number of DEGs 

KEGG pathways  Shell epidermis Circulating haemocytes 

Sy-L vs As-H Sy-L vs Sy-H Sy-H vs As-H Sy vs As 

05131 Shigellosis 20 8 5 13 

05130 Pathogenic Escherichia coli infection 16 4 5 11 

05132 Salmonella infection 17 6 6 15 

05100 Bacterial invasion of epithelial cells 16 5 3 7 

05110 Vibrio cholerae infection 1 2 0 7 

05135 Yersinia infection 13 4 3 8 

04015 Rap1 signalling pathway 15 6 2 8 

04530 Tight junction 16 8 4 12 

04062 Chemokine signalling pathway 10 4 2 4 

04670 Leukocyte transendothelial migration 7 5 2 3 

04014 Ras signalling pathway 12 5 2 3 

04013 MAPK signalling pathway - fly 10 3 2 6 

04625 C-type lectin receptor signalling pathway 8 4 3 2 

04613 Neutrophil extracellular trap formation 3 2 1 7 
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Figure 3. 4. Heatmap of DEGs (rows) in all circulating haemocyte samples (columns). Genes 

in red and blue are being over and under-expressed, respectively, to the average of all samples 

per gene. (A) Heatmap containing all DEGs found in the circulating haemocytes. (B) 

Heatmap containing differently expressed chitin-related, antimicrobial peptide (AMP), 

prophenoloxidase (proPO) and protease genes in circulating haemocytes. As: circulating 

haemocytes from asymptomatic animals; Sy: circulating haemocytes from symptomatic 

animals. 

The KEGG/KAAS pathway analysis found six pathways associated with disease infections 

represented by DEGs from the haemocytes comparison (Table 3.1 and Supp Table 3.2). 

These included: Salmonella infection (KEGG: 05132; 15 genes), Shigellosis (KEGG: 05131; 

13 genes), Pathogenic Escherichia coli infection (KEGG: 05130; 11 genes), Yersinia infection 

(KEGG: 05135; eight genes), Bacterial invasion of epithelial cells (KEGG: 05100; seven 

genes) and Vibrio cholerae (KEGG: 05110; seven genes) pathways. Similarly to what was 

observed in the epidermis, genes from the pathways Tight junction (KEGG: 04530; 12 genes), 

Rap1 signalling pathway (KEGG: 04015; eight genes) and MAPK signalling pathway (KEGG: 

04010; six genes) were found to be differently expressed in haemocytes. Interestingly, genes 

assigned to the KEGG pathway Neutrophil extracellular trap formation (KEGG: 04613; seven 

genes) were differently expressed in haemocytes (Table 3.1). 
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3.5. DISCUSSION 

The goal of this study was to understand genes and pathways responding to ISD in the shell 

epidermis and circulating haemocytes of H. americanus. The shell epidermis was chosen 

because it is one of the first lines of defense against ISD, since it is in close contact with the 

disease lesions and its microorganisms. Arthropod epithelial tissues are known to provide or 

initiate several defense mechanisms against microorganisms, such as the production of 

antimicrobial molecules (Farias et al., 2019; Hao et al., 2024; Le Bloa et al., 2020; Royet and 

Charroux, 2013). Despite the relevance of the shell epidermis to understanding host-pathogen 

interactions in ISD, to our knowledge, this is the first study focusing on the molecular immune 

responses in this tissue against shell diseases in the American lobster. 

This study evaluated the histopathology and the transcriptome of the shell epidermis. Lesion 

shell areas contained degradation of large portions of the epicuticle and exocuticle, which are 

symptoms of ISD (Smolowitz et al., 1992). Haemocyte aggregations were also found under 

these lesions. Once recruited to the infected tissue, haemocytes phagocytize microorganisms, 

release granules containing antimicrobial molecules or cast extracellular traps (ETs) 

(Bouallegui, 2021). These cells may slightly affect the transcriptome of epithelial samples, as 

they are not so abundant in healthy areas of the shell. Unfortunately, this is a constant issue in 

crustacean gene expression studies, since transcripts exclusive to haemocytes are found in other 

tissues due to haemocytic infiltration (Argenta et al., 2023; Barreto et al., 2022). Melanin has 

also been found in the shell of asymptomatic animals. The presence of melanin in the shell of 

crustaceans is a sign that the proPO cascade was, or is, active at the site. The proPO cascade is 

a classical immune response of crustaceans, acting in infections or wound healing (Amparyup 

et al., 2013). This indicates that the asymptomatic animals were under stress. It is difficult to 
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justify that asymptomatic animals are disease-free because they lack ISD erosion, since they 

may be in the early stages of the disease. This is further complicated because the pathology 

of ISD is complex, which explains why its etiology is unclear although it was first described 

in 1937 (Hess, 1937; Smolowitz et al., 1992). The lobsters in the present study were called 

symptomatic and asymptomatic rather than infected and control for these reasons. Despite the 

presence of immune reactions, no bacteria were found on the inner part of the shell. No 

bacterial aggregation, phagocytosed bacteria or bacteria infecting epithelial cells 

intracellularly were found. Perhaps, molecules from external bacteria stimulate epithelial cells 

at this stage, triggering these and other responses. 

The majority of DEGs found in the present study were over-expressed in the shell epidermis of 

asymptomatic animals in comparison to symptomatic animals (Figure 3.2A), including many 

immune-related genes (Figure 3.3). I observed the same trend in the hepatopancreas of H. 

americanus with ISD, including many immune-related genes (Argenta et al., 2024). There are 

a few possibilities for this pattern of gene expression. Among them, symptomatic animals may 

be more susceptible to ISD, while the gene expression patterns of asymptomatic animals 

would be associated with greater resistance to the development of ISD. In fact, the animals in 

this study spent three months in a pound under similar conditions and only some of the animals 

developed ISD symptoms while others remained asymptomatic. The hypothesis that the 

development of ISD and other shell diseases is associated with host susceptibility has been 

proposed (Prince and Bayer, 2005; Tlusty et al., 2007). Moreover, studies suggest that 

erosion shell diseases, such as ISD, are caused by the natural dysbiosis of the shell microbiota 

of these animals (Bergen et al., 2022; Meres et al., 2012; Rowley and Coates, 2023). This 

dysbiosis would be triggered by environmental or biological stressors, such as the high density 

of animals in the pounds, but the susceptibility of animals would determine disease 
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establishment. Theriault et al. (2008) showed that haemolymph total protein concentration 

was lower in animals that would develop ISD compared to animals that would not develop it. 

Similarly, symptomatic animals from the current study showed lower values of Brix in 

comparison to asymptomatic animals. Altogether, the gene expression profiles found in the 

present study could be another indicator of resistance or susceptibility between symptomatic 

and asymptomatic animals. 

Five pathways related to bacterial infections were found in Sy-L in comparison to other shell 

epidermis groups: the Shigellosis, Salmonella infection, Bacterial invasion of epithelial cells, 

Pathogenic Escherichia coli infection and Yersinia infection pathways. These pathways 

comprise host and bacterial molecules used to establish infection. It is unlikely that bacteria 

from these pathways are causing ISD, but other bacteria could use similar pathways to cause 

this disease. Most of these pathways are associated with intracellular infections through the 

classical mechanisms of non-professional eukaryotic phagocyte infection, the zipper and 

trigger mechanisms (Ribet and Cossart, 2015). Interestingly, genes present in both 

mechanisms were differentially expressed in the present study. Therefore, these DEGs suggest 

that intracellular bacteria may play a role in ISD. Currently, the taxa Aquimarina, 

Thalassobius, Tenacibaculum, Aeromonas, Vibrio and Pseudomonas are associated with ISD 

(Chistoserdov et al., 2012; Malloy, 1978; Smolowitz et al., 1992). To our knowledge, there is 

no record of these bacteria intracellularly infecting epithelial cells of H. americanus. 

Although, some species of Vibrio and Pseudomonas, can invade different non-crustacean 

host cells (de Souza Santos and Orth, 2014; Kroken et al., 2023; Malet et al., 2022; Van Der 

Henst et al., 2016). The KEGG pathways Salmonella infection and Shigellosis were also found 

in the circulating haemocyte comparison. However, these results of activation of bacterial 

infectious pathways are contradictory to our histopathology results, as bacteria were not found 
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under the shell. It is important to highlight that many DEGs found in these pathways are 

widely distributed in other KEGG pathways, which means that the DEGs could be activated 

due to their role in other pathways and not as a sign of bacterial infections. Moreover, we are 

studying a non-model animal, which means there is less knowledge about their molecular 

pathways and, potentially, less accuracy in determining KEGG pathways. 

The only pathogen recognition pathway found to be differently expressed in lesion shell areas 

was the C-type lectin receptor signalling pathway. Moreover, eight C-type lectins (CTLs) 

were found to have higher expression in Sy-L compared to As-H. These molecules are 

important for the recognition of pathogens as transmembrane receptors. Once they recognize 

the microorganism, different cell signalling pathways are triggered resulting in immune 

reactions, such as phagocytosis (Li et al., 2022; Ming et al., 2024). Alternatively, CTLs can 

be released in the extracellular environment, resulting in pathogen agglutination and 

opsonization. The CTLs and CTL receptors act in extracellular and intracellular environments 

(Tran et al., 2022; Wang and Wang, 2013b). Interestingly, three CTLs were over-expressed 

in the As-H group compared to Sy-L, which could be related to the specificity of these 

molecules (Cambi et al., 2005). 

The pathways Chemokine signalling pathway, Leukocyte transendothelial migration, Tight 

Junction, Ras signalling pathway, MAPK signalling pathway – fly and Rap1 signalling 

pathway were found to be differently expressed in lesion shell areas of symptomatic animals in 

comparison to apparently healthy shell areas from asymptomatic animals. The Ras, MAPK and 

Rap1 pathways are related and are responsible for many processes, such as cell adhesion, 

proliferation, survival and migration (Lam and Huttenlocher, 2013). In the present study, 

genes associated with cytoskeleton organization, cell motility, adhesion and migration from 
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these pathways were over-expressed in Sy-L in comparison to As-H. Genes from the 

leukocyte transendothelial migration pathway also had higher expression in the lesion areas, 

such as RhoA, Vinculin, α- Catenin and Integrin-β-1. Genes from the Tight Junction pathway 

had higher expression in lesion shell area samples. This pathway is related to cell-cell 

permeability, which must be controlled for immune cells to get across endothelial or epithelial 

cells (Lau et al., 2018; Thuma et al., 2018; Zemans et al., 2009). The higher gene expression 

of these pathways in lesion shell areas is likely related to the noticeable presence of 

haemocytes between the shell and epithelial cells under lesion areas, denoting their recruitment 

to combat the disease. Moreover, DEGs not associated with KEGG pathways in our analyses 

also provide evidence of this. Several genes important for haemocyte recruitment were over-

expressed in the lesion shell area, such as integrins, cytokines and interleukines (Supp Table 

3.2). 

The transcriptome of circulating haemocytes was examined in this study because these are the 

immunocompetent cells of crustaceans, being directly responsible for humoural and cellular 

immune responses and being recruited for localized immune responses (Bouallegui, 2021). 

Expectedly, fewer genes were differently expressed in the circulating haemocytes in 

comparison to the shell epidermis, but similar gene pathways were found to be regulated under 

ISD symptoms. Interestingly, circulating haemocyte gene expression is different between 

symptomatic and asymptomatic animals, though histopathology results suggest 

microorganisms have not reached the haemocoel through the shell. The differences observed 

in circulating haemocytes could be triggered by cytokines released by other cells 

(Eleftherianos et al., 2021). Alternatively, basal gene expression of these animals is different 

as observed in resistance lines of different invertebrates (de Lorgeril et al., 2008; Schmitt et 

al., 2013). Moreover, genes associated with the pathway Neutrophil extracellular trap 
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formation were differently expressed in the circulating haemocyte comparison in this study. 

However, the expression of these genes could be associated with other pathways too. 

Haemocytes can form extracellular traps (ETs) by releasing their nuclear content into 

pathogens to entrap and kill them (Bouallegui, 2021). This content is often accompanied by 

other antimicrobial molecules, such as AMPs and hydrolases (Bouallegui, 2021). Therefore, 

circulating haemocytes could be entrapping pathogens in the haemolymph through the 

formation of ETs or at least activated and ready. 

Chitin-related genes, especially chitinases, were considered associated with ISD in the 

hepatopancreas of H. americanus (Argenta et al., 2024). A total of eight chitin-related genes, 

including three chitinases, one hexosaminidase and one mucin-like, were differently 

expressed, although only 134 genes were differently expressed between asymptomatic and 

symptomatic animals. These genes had higher expression in the hepatopancreas of 

asymptomatic animals compared to symptomatic animals, apart from one mucin-like gene 

(Argenta et al., 2024). Chitinases and hexosaminidases were previously associated with 

immune gene regulation and direct defense responses against bacteria, fungi and viruses (Koo 

et al., 2008; Niu et al., 2018; Prabhuling et al., 2021; Zhang et al., 2021). Mucin-like proteins 

are also associated with protection against bacteria, though some pathogens could use mucin-

like proteins for their establishment (De los Santos et al., 2022; Soto-Rodriguez et al., 2022). 

In the present study, two chitinases and three hexosaminidases were differently expressed in 

Sy-L in comparison to As-H. A total of five mucin-like genes had lower expression in the same 

comparison. Only one mucin-like gene was found to be differently expressed in the 

comparison Sy-H against As-H and only three mucin-like genes were differently expressed in 

circulating haemocytes. Altogether, these results suggest that chitin-related genes play a bigger 

role in the lesion shell areas compared to healthy areas or in haemocytes. It would be important 
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to check if these molecules are playing a role in direct immune response against pathogens or 

immune regulation in future studies. 

Several other genes potentially related to humoural responses were differently expressed in 

the present study. Interestingly, many had higher expression in As-H compared to Sy-L. There 

were 15 antimicrobial peptides (AMPs) among them: five crustins, four panusins, four β-

defensins, one anti-lipopolysaccharide factor (ALF) and one putative antimicrobial peptide 

(AMP). Two ALFs and two crustins had lower expression in the same comparison. Similarly, 

nine AMPs were over-expressed in Sy-H compared to Sy-L. Only two AMPs were differently 

expressed in the comparison Sy-H against As-H. The gene expression pattern of AMPs from 

As-H and Sy-H is similar between these groups but higher than Sy-L, indicating the 

microorganisms in lesions play a role in AMPs down-regulation. The down-regulation of 

crustacean AMPs upon infection was previously reported. For example, the expression of 

CrusEs was down-regulated after infection with the Gram- positive bacteria Micrococcus 

luteus (Mu et al., 2010). The possibility that pathogens from ISD are down-regulating AMPs 

to avoid an efficient immune response from the host should not be discarded, though some 

AMPs are stored in granules and only released upon infection (Antony et al., 2010; 

Destoumieux et al., 2000; Muñoz et al., 2002). In contrast to what was observed in the shell 

epidermis, all differently expressed AMP genes were over-expressed in the circulating 

haemocytes from symptomatic animals in comparison to asymptomatic animals. It is not clear 

if we are observing gene regulation in circulating haemocytes prior to migration to ISD 

lesions, higher basal expression in symptomatic animals or if an immune reaction in the 

haemolymph is in place. Genes related to the proPO cascade were found in the present study, 

such as proPO and proPO-activating factor genes. Similarly to gene expression of AMPs, 

proPO cascade genes had higher expression in the healthy shell area groups compared to Sy-
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L. This cascade is characterized by the presence of several serine proteases and their 

inhibitors, which terminates by a phenoloxidase (PO) (Park and Lee, 2012). This cascade 

generates reactive intermediates of oxygen (ROI) and nitrogen (RNI) that initiate cytotoxic 

responses (Nappi and Christensen, 2005). Additionally, the proPO cascade is functionally 

similar to the vertebrate complement system, being a main component of the invertebrate 

immune system (Cerenius and Söderhäll, 2021). The proteolysis of proPO cascade 

components generates peptides that participate in opsonization, agglutination, haemocyte 

differentiation and have bacterial activity (Cerenius and Söderhäll, 2021). Melanin is the final 

product of this cascade, which can remain in the shell after the reaction is inhibited (Cerenius 

and Söderhäll, 2021; Gonçalves and de Oliveira, 2016). Melanin was found in the shell of all 

groups in the present study, but genes annotated as proPO cascade components were expressed 

at a higher level in the healthy shell area groups compared to the Sy-L group. Moreover, this 

indicates that the proPO cascade molecules could be trying to control the development of ISD 

in healthy shell areas at this stage. 

3.6. CONCLUSION 

This was the first study to focus on the immune responses of H. americanus associated with 

ISD in two tissues of immune relevance for this disease: the shell epidermis and the circulating 

haemocytes. Our results indicate that these tissues have different gene expression patterns in 

response to ISD. However, some genes were differently expressed in both tissues, such as 

some chitinase genes, mucin-like genes, protease genes, protease inhibitor genes and AMP 

genes. Regardless of ISD development, asymptomatic animals were kept in pounds for the 

same length of time as symptomatic animals without developing ISD symptoms, indicating 

they could be more resistant to ISD. This resistance could be associated with the DEGs found 
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in the present study. Therefore, it would be interesting to evaluate the genes found in this 

study using complementary techniques to understand which of them are necessary to prevent 

or delay ISD development. 
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CHAPTER 4 THE FULL 16S BACTERIAL DYNAMICS SUGGESTS 

THE AMERICAN LOBSTER (HOMARUS AMERICANUS) 

IMPOUNDMENT SHELL DISEASE IS CAUSED BY A DYSBIOSIS 

 

The contents of this chapter are in submission for publication in the journal Microbial 

Pathogenesis under the authorship of Nicolas Argenta & K. Fraser Clark. 

 

4.1. ABSTRACT 

Impoundment shell disease (ISD) in the American lobster (Homarus americanus) is a distinct 

pathological condition from the more well-known epizootic shell disease. It is commonly 

observed at low prevalences in live American lobsters held overwinter in tidal pounds and 

significantly reduces their economic value. Impoundment shell disease was originally 

described in 1937; however, its etiology remains unclear. The main goal of this study was to 

characterize the bacterial community associated with ISD in Canadian lobsters. Lobsters were 

collected from a pound in southwest Nova Scotia, Canada, and the full 16S rRNA gene of 

bacterial communities from lesion and healthy shell areas of asymptomatic (As), moderately 

symptomatic (MS) and severely symptomatic (SS) animals was sequenced. Pielou evenness 

and Shannon diversity indexes of alpha-diversity were higher in healthy areas compared to 

lesion areas. Beta-diversity metrics indicate that the bacterial diversity differences are driven 

mainly by the relative abundance of a small number of bacteria, rather than the specific taxa 

present in the samples. Taxa were designated as being potentially involved with ISD based on 

their relative frequency, relative abundance or being core bacteriome in the lesion shell area. 

Among those found in this study, Tenacibaculum and Vibrio were previously described in ISD 



58  

lesions; but others, such as Cellvibrionaceae, Polaribacter, Maribacter and Sulfitobacter were 

not. Altogether, the findings of this study indicate that ISD is driven by dysbiosis. Moreover, 

the inconsistency of taxa with previous studies may indicate that ISD consists of a combination 

of specific functional groups of bacteria, rather specific taxa. 

Keywords: American lobster, shell disease, shell bacterial diversity, dysbiosis, 16S 

rRNA gene sequencing, PacBio. 

 

4.2. INTRODUCTION 

The American lobster (Homarus americanus) fishery is the most economically important 

fishery in Canada, generating $1.78 billion CAD in Atlantic Canada in 2022 (DFO, 2023). 

However, economic losses caused by shell diseases pose a barrier for the fishing industry to 

take full advantage of this valuable species. The term shell disease is used for several 

conditions affecting the carapace, or shell, of crustaceans (Rowley & Coates, 2023). However, 

many shell diseases do not share the same etiology, being separated into three main forms or 

types. The most observed type affects many crustaceans and is characterized by an erosion of 

the cuticle (Rowley & Coates, 2023). Although there is no consensus around the initial cause 

for the development of many erosion shell diseases, the erosion is caused by bacterial enzymes 

(Bell et al., 2012). 

Among the most relevant erosion shell diseases that affect the American lobster in Canada is 

impoundment shell disease (ISD). Its early stages are characterized by rounded lesions around 

the setal pores in the shell. These lesions collapse into severe lesions with the development of 

the disease (Smolowitz et al., 1992). This disease is most common in animals that are stored in tidal 
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pounds; walled structures built by the shoreline that allow ocean water to flow in and out 

during tides (Smolowitz et al., 1992). Lobsters can be stored alive in these structures for up to 

six months, but the development of adverse conditions in the pounds can lead to the 

development of the disease, especially during winter. Although this disease was discovered in 

1937, the causative agents have not been defined to date (Cawthorn, 2011; Rowley & Coates, 

2023; Smolowitz et al., 1992). Different microorganisms have been found in the lesions of 

this disease in different studies, such as Aquimarina, Thalassobius, Tenacibaculum, 

Aeromonas, Vibrio, Beneckea (later fused to the Vibrio genus) and Pseudomonas 

(Chistoserdov et al., 2005; Malloy, 1978; Smolowitz et al., 1992). To date, only Malloy 

(Malloy, 1978) was able to induce ISD in a controlled environment. This was performed 

through direct inoculation of Vibrio sp. in regions of the shell that were abraded by sandpaper 

prior to inoculation. However, only 17.7% of animals developed lesions, and only when 

overcrowded (Malloy, 1978), demonstrating that the etiological agent of this disease is still 

unclear. A recent hypothesis is that most erosion shell diseases are complex polymicrobial 

diseases caused by dysbiosis triggered by pathogenic, host or environmental factors, as 

suggested for epizootic shell disease (ESD) (Groner et al., 2018; Meres et al., 2012; Rowley 

& Coates, 2023; Tlusty et al., 2007). However, there is no work supporting clear evidence of 

dysbiosis in ISD to date. A reason for this is that the identification of bacteria in ISD lesions 

has previously been performed using traditional microbial cultivation techniques and, in some 

cases, partial 16S rRNA gene PCR followed by denaturing gradient gel electrophoresis 

(DGGE) (Chistoserdov et al., 2012; Malloy, 1978; Smolowitz et al., 1992). Although useful, 

these techniques are limited in their taxonomic resolution (Gupta et al., 2019; Rizal et al., 

2020; Stewart, 2012), and it is important to understand the complex microbial community 

dynamics and diversity of complex microbial diseases, such as ISD. This study aimed to 
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characterize the bacterial community associated with ISD using a full-length 16S rRNA gene 

sequencing approach to better understand the bacterial composition and dynamics associated 

with ISD, because of its increased taxonomic resolution. In addition to identifying bacterial 

taxa, we aimed to understand the bacterial diversity of ISD and predict which functional 

composition could be more abundant in ISD lesions. 

4.3. MATERIALS AND METHODS 

4.3.1. Animals and sample collection 

This research was conducted with approval from the Dalhousie University Animal Care and 

Use Committee (approval number 1036552; January 2020) as per the Canadian Council of 

Animal Care guidelines. Intermoult stage Homarus americanus (n=27) were collected from a 

tidal pound in southwest Nova Scotia, Canada, in March 2020. These animals had been in the 

tidal pound for three months. Lobsters were separated into three groups according to the 

percentage of shell occupied by lesions: asymptomatic (As; 0%), moderately symptomatic 

(MS; 5-20%) and severely symptomatic (SS; >20%). Lesion coverage was measured using 

the software Leaf Doctor using default settings (Pethybridge & Nelson, 2015). Animals were 

moved to the laboratory at Dalhousie University for the sample collection. Briefly, the shell 

of the animals was rinsed twice with filtered (0.22 µm) molecular biology-grade water 

(DNase/RNase-free) to remove microorganisms not associated with the shell biofilm. Then, 

cotton-tipped swabs submerged in buffer A (20 mM Tris, 2 mM EDTA, 1.2% Triton X-100, 

pH 8) (Birer et al., 2017) were scrubbed against the dorsal cephalothorax shell in apparently 

healthy or lesion areas. Controls consisting of cotton-tipped swabs exposed to buffer A and 

air but not lobster shell were also taken. Swabs were stored at -20 °C in 100% ethanol prior 

to DNA extraction. 
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4.3.2. DNA extraction and sequencing 

Stored swabs were placed into sterile 1.2 mL 96-deep well plates for lysis. The following 

method was modified from Ivanova et al (Ivanova et al., 2006). Ethanol was evaporated at 56 

°C and plates were incubated with 300 µL of lysozyme mix (50 mM NaCl, 30 mM Tris, 2 mM 

EDTA, lysozyme 1 mg/mL, pH 8) at 37 °C for 30 min. Afterwards, 300 µL of lysis buffer 

(1.4 M GuSCN, 60 mM EDTA, 60 mM Tris, 1 % Triton X-100, 10 % TWEEN 20, proteinase K 

8 U, pH 8) was added to the plates and they were incubated at 56 °C for 16 h. Plates were 

centrifuged at 1500 g for 2 min, then 400 µL of lysate was transferred to a new plate and 

mixed with 300 µL of binding mix (6 M GuSCN, 20 mM EDTA, 10 mM Tris, 4% Triton X- 

100). Samples were transferred to a glass fiber plate, centrifuged at 3500 g for 5 min at 4 °C, 

washed once with protein wash buffer (1.5 M GuSCN, 5 mM EDTA, 2.5 mM Tris, 1% Triton 

X-100, 70% ethanol, pH 8) and twice with wash buffer (50 mM NaCl, 10 mM Tris, 0.5 mM 

EDTA, 60% EtOH). Samples were eluted in molecular biology-grade water and their quantity 

was checked using a Nanodrop ND-1000 (Thermo Fisher Scientific). Samples were shipped 

to the Integrated Microbiome Resource Lab (IMR) at Dalhousie University, Halifax, for full-

length bacterial 16S rRNA gene amplification and sequencing through PacBio circular 

consensus sequencing (CCS) according to their protocol (Comeau et al., 2017a, 2017b). 

Briefly, the full bacterial 16S rRNA gene was amplified using the universal primers 27F 

(AGRGTTYGATYMTGGCTCAG) and 1492R (RGYTACCTTGTTACGACTT) (Lane, 

1991; Paliy et al., 2009), amplicons were visualized using a Coastal Genomics Analytical Gel 

and normalized using the Charm Biotech Just-a-Plate 96-well Normalization kit. Samples 

were indexed and pooled to make one library to perform PacBio Sequel 2 platform sequencing 

(Comeau et al., 2017a, 2017b). Control samples were dropped out from subsequent analytical 

steps because of their sequencing failure due to no or very low DNA concentration. 
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4.3.3. Bioinformatics 

All analyses were conducted using the QIIME2 (Bolyen et al., 2019) environment on Ubuntu-

Linux OS unless otherwise specified. Raw read quality was assessed using the FASTQC 

software in the usegalaxy.org high throughput computing platform (Andrews, 2010). 

Bacteriome analysis was performed according to PacBio Amplicon SOP v2 from IMR 

protocols (Comeau et al., 2017b). The sequence correction, primer removal and amplicon 

sequence variants (ASVs) inferencing were performed using DADA2 with ASVs lengths 

ranging from 1200 to 1800 nt (Callahan et al., 2016). Taxonomy was assigned to ASVs with a 

Naive-Bayes approach using the trained SILVA 138 classifier  (Bokulich et al., 2018; 

Pedregosa et al., 2011; Quast et al., 2013; Robeson II et al., 2020). Rare ASVs (below 0.1%) 

and contaminating sequences (mitochondria and chloroplast) were filtered out of samples, and 

low-depth samples (less than 4000 reads) were excluded from the analysis. The ASVs were 

inserted into a SATé-Enabled Phylogenetic Placement (SEPP) SILVA reference phylogenetic 

tree using the SEPP method (Mirarab et al., 2011). Alpha-diversity metrics were calculated 

using Chao1 richness estimation, Pielou evenness and Shannon diversity indexes (Chao, 1984; 

Pielou, 1966; Shannon, 1948). Statistical differences between comparisons were identified 

using a Kruskal-Wallis test (Kruskal & Wallis, 1952) where p-values were corrected using the 

Benjamini and Hochberg method (Benjamini & Hochberg, 1995). Beta-diversity metrics were 

calculated using Bray-Curtis, Jaccard, Unifrac and Weighted Unifrac methods (Jaccard & 

Paul, 1908; C. A. Lozupone et al., 2007; C. Lozupone & Knight, 2005; Sorenson, 1948). The 

pairwise PERMANOVA test (Anderson, 2001) was applied with 999 permutations to identify 

differences among comparisons and p-values were corrected using the Benjamini and 

Hochberg method (Benjamini & Hochberg, 1995). The homogeneity of dispersion from 

groups was tested using PERMDISP when comparisons from PERMANOVA tests were 
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statistically different. The core ASVs were determined when a specific ASV had features in at 

least 80% of the samples from a group. The ASV frequencies were clustered up to the genus 

level, and the relative abundance of taxa was calculated using Analysis of Compositions of 

Microbiomes with Bias Correction (ANCOM-BC) (Lin & Peddada, 2020) and p-values were 

adjusted using the Holm method (Holm, 1979). The ASV frequencies were used to predict the 

functional composition of the shell conditions using PICRUSt2 (Douglas et al., 2020) with 

the qiime picrust2 full-pipeline command, where ASVs were inserted into the default 

PICRUSt2 reference tree using the SEPP method (Mirarab et al., 2011). The obtained 

abundance of KO metagenome predictions and MetaCyc pathways were used to determine the 

relative abundance of these data between the shell conditions. Relative abundance was 

calculated using ANCOM-BC (Lin & Peddada, 2020). The statistical significance of the 

analyses of alpha diversity, beta-diversity and relative abundances were considered when 

adjusted p-values (q-values) were below 0.05. Raw reads generated in this study were 

submitted to the NCBI-SRA repository under the BioProject Accession Number 

PRJNA1134179. 

4.4. RESULTS 

4.4.1. Alpha and beta diversities 

The bacterial community alpha and beta diversities from the five groups were compared to 

better understand the ISD bacterial community dynamics. The Pielou evenness index indicates 

that ASVs from the healthy area of the shell have similar evenness regardless of animal shell 

condition (q-value > 0.05); with the groups As-H, MS-H and SS-H having values of 0.84 ± 

0.03, 0.87 ± 0.05 and 0.86 ± 0.05, respectively (Figure 4.1A). The ASVs evenness in the shell 

lesion areas was also similar regardless of animal condition (q-value > 0.05); with the groups 

http://www.ncbi.nlm.nih.gov/bioproject/1134179
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MS-L and SS-L having values of 0.71 ± 0.13 and 0.74 ± 0.09. Overall, the evenness of the 

healthy area of the shell was higher compared to the lesion area (q-value < 0.05). The only 

exception was the comparison between SS-H and MS-L, although a similar trend was observed 

(q-value = 0.08) (Figure 4.1A). The Chao1 index method was used to estimate the richness 

of these samples (Figure 4.1A). Groups As-H, MS-H, SS-H, MS-L and SS-L had Chao1 index 

values of 662.4 ± 270.59, 774.5 ± 180.1, 790 ± 392.76, 510 ± 224.1 and 648.14 ± 301.2, 

respectively, but there was no statistical difference between comparisons. The calculated 

Shannon index indicated that there is no difference in diversity levels between the groups in 

the healthy area of the shell of these animals. The groups As- H, MS-H and SS-H presented 

Shannon values equal to 7.55 ± 0.6, 8.05 ± 0.73 and 7.88 ± 1.32. (Figure 4.1A). The Shannon 

values of lesion area groups were also similar to each other (q-value > 0.05), at 6.09 ± 1.21 

and 5.94 ± 1.08 for the MS-L and SS-L groups. Overall, the diversity of healthy shell area 

groups was higher than lesion shell area groups. (Figure 4.1A).  
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Figure 4. 1. Bacterial diversity metrics of the groups As (asymptomatic), MS (moderately 

symptomatic), SS (severely symptomatic) in the healthy (H) and lesion (L) shell areas. (A) 

Boxplots of alpha diversity metrics estimated using the Pielou evenness, Chao1 – estimated 

richness and Shannon diversity methods. Statistical differences (q-value < 0.05) are 

represented by letters the letters a,b and c. (B) Principal Coordinates Analysis (PCoA) of all 

samples bacterial communities using the Jaccard, Bray-Curtis, Unifrac and Weighted Unifrac 

distance methods. 
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The bacterial community beta-diversity of all groups was compared based on their 

dissimilarities or similarities using the Bray-Curtis, Jaccard, Unifrac and Weighted Unifrac 

methods (Figure 4.1B). There was an overall distinction between the healthy and lesion shell 

area groups using all methods (PERMANOVA; q-value < 0.05) (Table 4.1). The distance and 

Pseudo-F among comparisons were similar when the methods Jaccard and Unifrac were used 

(Table 4.1), even when comparing different shell condition groups (e.g. As-H against SS-L; 

SS-H against SS-L). However, a different trend was observed in the Bray-Curtis and Weighted 

Unifrac results. Distance and Pseudo-F values were similar in comparisons involving the same 

shell condition (e.g. MS-H against As-H; SS-L against MS-L), but these values were higher in 

comparisons involving different shell conditions (e.g. As-H against SS-L; SS-H against SS-

L) (Table 4.1). The difference in bacterial composition was statistically different 

(PERMANOVA; q-value < 0.05) when comparing SS-H against MS-L or SS-H against SS-L 

using the Bray-Curtis and Jaccard methods, but it was not statistically different using the 

Unifrac and Weighted Unifrac methods (Table 4.1). There was no statistical distinction when 

comparing lesion shell area groups, SS-L against MS-L, using any of the four methods (Table 

4.1). The only difference between the healthy shell area group comparisons was the 

comparison of As-H against MS-H using the Bray-Curtis method (Table 4.1). For this reason, 

it was decided to cluster samples into two groups based only on the shell condition to perform 

other analyses, the healthy group and the lesion group. 
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Table 4. 1. Values of Distance, PseudoF and q-value of the beta-diversity metrics Jaccard, 

Bray-Curtis, Unifrac and Weighted Unifrac. Statistically differences are highlighted in green 

(PERMANOVA; q-value < 0.05) or blue (PERMANOVA and PERMDISP; q-values < 0.05). 

Comparison  Distance Pseudo-F PERMANOVA q-values 

Group 

1 

Group 

2 
Jaccard 

Bray-

Curtis 
Unifrac 

Weighted 

Unifrac 
Jaccard 

Bray-

Curtis 
Unifrac 

Weighted 

Unifrac 
Jaccard 

Bray-

Curtis 
Unifrac 

Weighted 

Unifrac 

As-H 

As-H 0.88 0.70 0.65 0.61         

MS-H 0.87 0.73 0.64 0.59 1.07 1.65 1.03 1.20 0.180 0.041 0.496 0.383 

MS-L 0.87 0.91 0.67 0.82 1.94 5.13 1.93 6.25 0.004 0.003 0.005 0.010 

SS-H 0.89 0.75 0.67 0.64 1.01 1.32 0.99 0.57 0.441 0.126 0.532 0.693 

SS-L 0.91 0.91 0.69 0.81 2.18 7.20 2.22 8.60 0.003 0.003 0.005 0.010 

MS-H 

MS-H 0.85 0.70 0.63 0.54         

MS-L 0.89 0.87 0.66 0.79 1.74 3.72 1.75 6.24 0.003 0.005 0.025 0.010 

SS-H 0.87 0.73 0.66 0.59 1.00 1.04 0.96 0.74 0.484 0.366 0.532 0.617 

SS-L 0.89 0.87 0.67 0.78 1.94 5.47 2.03 8.89 0.003 0.003 0.017 0.010 

MS-L 

MS-L 0.84 0.76 0.62 0.65         

SS-H 0.91 0.87 0.68 0.85 1.46 2.42 1.33 3.79 0.007 0.007 0.113 0.060 

SS-L 0.83 0.72 0.63 0.57 0.98 1.33 0.92 0.73 0.565 0.193 0.682 0.617 

SS-H 

SS-H 0.90 0.77 0.70 0.69 NA NA NA NA NA NA NA NA 

SS-L 0.90 0.88 0.69 0.84 1.54 3.68 1.45 5.53 0.004 0.006 0.113 0.012 

SS-L SS-L 0.83 0.65 0.64 0.52         

H 
H 0.87 0.72 0.65 0.60         

L 0.90 0.89 0.68 0.81 2.96 9.16 3.02 14.81 0.001 0.001 0.001 0.001 

L L 0.83 0.71 0.63 0.57         

 

The bacterial community alpha and beta-diversity analyses of these two groups, healthy and 

lesion, had similar trends to what was observed prior to the clustering of groups (Figure 4.2). 

The Pielou evenness was higher in the healthy group (0.85 ± 0.05) compared to the lesion 

group (0.7 ± 0.11) (Figure 4.2A). The Chao1 index of the healthy and lesion groups were 

726.18 ± 276.66 and 584.38 ± 277.08, respectively; but there was no statistical significance. 

The Shannon diversity index was higher in the healthy group (7.79 ± 0.85) compared to the 

lesion group (6.01 ± 1.15). The Bray-Curtis, Unifrac and Weighted Unifrac methods clustered 

groups distinctly (q-value = 0.001) (Figure 4.2B and Table 4.1). The homogeneity of 

dispersion from all groups was tested using PERMDISP when the PERMANOVA comparison 

was statistically significant. Only the comparison between the groups healthy and lesion using 

the Jaccard method was statistically different (PERMDISP; q-value = 0.004).  No statistical 
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differences were found using PERMDISP (q-value < 0.05) in the remaining groups, indicating 

the groups differ because of location effect and not because of dispersion differences.  

4.4.2. Taxa and core ASVs 

The relative frequency of all samples was estimated at the bacterial family level to evaluate 

taxa potentially associated with ISD (Figure 4.3). The 10 most relatively frequent families 

include Colwelliaceae, Rhodobacteraceae, Cellvibrionaceae, Flavobacteriaceae, 

Thiotrichaceae, Saccharospirillaceae, Arenicellaceae, Alteromonadaceae, 

Hyphomonadaceae and Arcobacteraceae. These 10 families represent 71.94% and 86.25% of 

the relative frequency of the healthy and lesion groups, respectively. The relative frequency 

was also analysed in the healthy and lesion groups separately, showing some differences in 

the 10 most frequent bacterial families. The families Cellvibrionaceae, Saccharospirillaceae 

and Arcobacteraceae are not among the 10 most frequent families in the bacterial 

communities of the healthy group, but rather the families Granulosicoccaceae, 

Cardiobacteriaceae and Saprospiraceae. The family Hyphomonadaceae is not among the 10 

most frequent families in the lesion group, but rather the family Nitrincolaceae. 
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Figure 4. 2. Bacteriome diversity metrics of the groups healthy (H) and lesion (L) shell areas. 

(A) Boxplots of alpha diversity metrics estimated using the Pielou evenness, Chao1 – 

estimated richness and Shannon diversity methods. Statistical differences (q-value < 0.05) are 

represented by letters the letters a and b. (B) Principal Coordinates Analysis (PCoA) of all 

samples bacterial communities using the Jaccard, Bray-Curtis, Unifrac and Weighted Unifrac 

distance methods.  
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Figure 4. 3. Bar plot of the relative frequency of bacterial communities in the groups healthy 

and lesion shell areas. Taxa were clustered at the family level and only the 10 most frequent 

ones are represented. 

The core bacterial community members in the healthy and lesion areas were analysed to 

understand which bacterial taxa differ between the groups. The core bacterial community 

members are important because they are present in at least 80% of the samples within a group 

(Table 4.2). A total of 112 core ASVs assigned up to species level were found, where 44 and 68 

were in the healthy and lesions groups, respectively. From the 112 core ASVs, 18 ASVs were 

found in both groups. Although most core ASVs listed for a particular group are not in the core 

ASVs list for the other group, they could be present in fewer than 80% of the samples from 

the other group. Only one ASV assigned to the Cellvibrionaceae family was exclusively found 

in samples from the lesion group. Four other ASVs assigned to this family were core ASVs in 

the lesion group, but they were found in at least one sample of the healthy group. No ASVs 
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assigned to the Cellvibrionaceae family were core in the healthy group. The Colwella genus 

was assigned to 16 core ASVs in the lesion group and only three core ASVs in the healthy 

group. Eleven ASVs assigned to the Flavobacteriaceae family were found in the lesion group 

core bacterial community while five were found in the healthy group (Table 4.2). 

Table 4. 2. Number of core ASVs present in at least 80% of samples from the groups healthy 

shell area (H), lesion shell area (L) and both (HL). Multiple ASVs can be assigned to the 

same taxa. c: class; f: family; g: genus; s: species. 

Taxa H L HL 

Ahrensiaceae (f) Pseudahrensia todarodis (s) 1 0 0 

Alcanivoracaceae (f) Marinicella (g) 1 0 0 

Alteromonadaceae (f) 
Glaciecola (g) 0 1 0 

Paraglaciecola (g) 1 1 0 

Arcobacteraceae (f) Arcobacteraceae (f) 0 2 0 

Arenicellaceae (f) Perspicuibacter (g) 2 4 1 

Cardiobacteriaceae (f) Cardiobacteriaceae (f) 1 1 1 

Cellvibrionaceae (f) 
Cellvibrionaceae (f) 0 4 0 

Eionea flava (s) 0 1 0 

Colwelliaceae (f) 
Colwellia (g) 3 15 2 

Colwellia beringensis (s) 0 1 0 

Crocinitomicaceae (f) Fluviicola (g) 1 0 0 

Ectothiorhodospiraceae (f) Ectothiorhodospiraceae (f) 1 1 1 

Flavobacteriaceae (f) 

Dokdonia (g) 0 1 0 

Flavobacteriaceae (f) 0 1 0 

Lacinutrix  (g) 0 2 0 

Maribacter (g) 1 1 1 

Maritimimonas (g) 2 1 1 

Pibocella (g) 2 2 1 

Polaribacter (g) 0 1 0 

Winogradskyella (g) 0 2 0 

Granulosicoccaceae (f) 

Granulosicoccus (g) 2 1 1 

Granulosicoccus antarcticus (s) 1 1 1 

Granulosicoccus undariae (s) 1 1 1 

Hyphomonadaceae (f) 

Hellea balneolensis (s) 1 0 0 

Hyphomonadaceae (f) 1 0 0 

Litorimonas (g) 2 0 0 

Robiginitomaculum (g) 1 1 0 

Methylobacteriaceae (f) Methylorubrum (g) 1 0 0 
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Taxa H L HL 

Oceanospirillaceae (f) Neptunomonas (g) 0 5 0 

Paracoccaceae (f) 
Amylibacter (g) 0 1 0 

Yoonia (g) 2 1 0 

Rhodobacteraceae (f) 

Litoreibacter (g) 0 1 0 

Litoreibacter ascidiaceicola (s) 2 1 1 

Loktanella ponticola (s) 0 1 0 

Octadecabacter (g) 0 1 0 

Octadecabacter temperatus (s) 2 1 1 

Pelagimonas (g) 1 0 0 

Roseobacteraceae (f) Sulfitobacter (g) 3 4 2 

Saccharospirillaceae (f) Saccharospirillaceae (g) 0 1 0 

Saprospiraceae (f) Saprospiraceae (f) 0 1 0 

Thiotrichaceae (f) Cocleimonas (g) 5 4 3 

  Gammaproteobacteria (c) 1 0 0 

 

4.4.3. Differentially abundant taxa 

The relative abundance of microorganisms was evaluated in the healthy and lesion groups 

using ANCOM-BC. The ASVs were clustered up to the genus level and the relative abundance 

was calculated as loge(fold-change). A total of 30 taxa were differently abundant between the 

groups (q-value < 0.05), where 15 were more abundant in the healthy group and another 15 

were more abundant in the lesion group (Figure 4.4). Some taxa previously mentioned in this 

study were considered differently abundant. For example, Saccharospirillaceae (genus) and 

Cellvibrionaceae (f) were 5.19 and 4.18 loge(FC) in the lesion group compared to the healthy 

group, respectively. The Vibrio (g) was noticeably more abundant in the lesion group, being 

2.76-fold higher compared to the healthy group. The Flavobacteriaceae family was found more 

times than any other of the 30 differently abundant taxa; with 5 taxa being more abundant in the 

lesion group and 1 taxon being more abundant in the healthy group (Figure 4.4). 
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-6 -4 -2 0 2 4 6

Rubritaleaceae (f) Persicirhabdus (g)

Rhizobiaceae (f) Pseudahrensia (g)

Cyclobacteriaceae (f) Reichenbachiella (g)

Saprospiraceae (f) Portibacter (g)

Hyphomonadaceae (f) uncultured (g) 

Microtrichaceae (f) Sva0996_marine_group (g)

Microtrichaceae (f) uncultured (g)

Cardiobacteriaceae (f) uncultured (g)

Flavobacteriaceae (f) Algitalea (g)

Crocinitomicaceae (f) Fluviicola (g)

Gammaproteobacteria (c) uncultured (o,f,g)

Rhodobacteraceae (f) Pelagimonas (g)

Schleiferiaceae (f) Schleiferia (g)

Rhodobacteraceae (f) Octadecabacter (g)

Ilumatobacteraceae (f) Ilumatobacter (g)

Bacteriovoracaceae (f) Halobacteriovorax (g)

Colwelliaceae (f) Colwellia (g)

Nitrincolaceae (f) Neptunomonas (g)

MBAE14 (f) MBAE14 (g)

Flavobacteriaceae (f) Lacinutrix (g)

Flavobacteriaceae (f) Tenacibaculum (g)

Flavobacteriaceae (f) Nonlabens (g)

Shewanellaceae (f) Psychrobium (g) 

Vibrionaceae (f) Vibrio (g)

Flavobacteriaceae (f) Cellulophaga (g)

Arcobacteraceae (f) uncultured (g)

Flavobacteriaceae (f) Dokdonia (g)

Nitrincolaceae (f) Profundimonas (g)

Cellvibrionaceae (f) uncultered (g)

Saccharospirillaceae (f) Saccharospirillaceae (g)

Loge(FC)

 
Figure 4. 4. Bar graph of the relative abundance of taxa up to the genus level comparing the 

lesion shell area group against healthy shell area group. Only statistically different (q-value < 

0.05) taxa are shown. Relative abundance was calculated using ANCOM-BC and are shown 

as loge(fold-change). (c): class; (f): family; (g): genus. 

4.4.4. PICRUSt2 analyses 

The functional abundance of the healthy and lesion groups was predicted based on ASVs 

using PICRUSt2 and the differences between the groups were calculated by ANCOM-BC. A 

total of 683 KEGG Orthology (KO) terms were considered differently abundant between the 

lesion and healthy groups (Figure 4.5A). From the 683 KO terms, 381 and 302 were more 

and less abundant in the lesion group compared to the group healthy group, respectively. The 
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683 KO terms were associated with 176 Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathways and 36 BRITE functional hierarchies (Supp Table 4.1). Among these, 15 KO terms 

were associated with the KEGG pathway biofilm formation – Vibrio cholerae (ko05111) and 

13 KO terms associated with the quorum sensing (ko02024) KEGG pathway. There were 25 

KO terms associated with the KEGG BRITE functional hierarchy Prokaryotic defense system 

(ko02048) and 24 associated with bacterial motility proteins (ko02035) (Supp Table 4.1). 

ANCOM-BC calculated that 63 MetaCyc pathways are differently abundant between the 

healthy and lesion groups (Figure 4.5B). From these, 12 and 51 were more and less abundant 

in the lesion group compared to the healthy group. Four of the 12 pathways more abundant in 

the lesion group were associated with carbohydrate degradation and three were associated with 

energy metabolism. 

 
Figure 4. 5. Volcano plots of relative abundance [loge(fold-change)] of KO terms (left) and 

MetaCyc pathways (right) comparing the lesion shell area against the healthy shell area. 

Functional composition was estimated using PICRUSt2 and relative abundance with 

ANCOM-BC. Grey dots represent KO terms or MetaCyc pathways non-differently between 

groups. Red and blue dots represent KO terms or MetaCyc pathways being more and less 

abundant in the lesion group compared to healthy group (q-value < 0.05), respectively. 
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4.5. DISCUSSION. 

The goal of this study was to characterize the bacterial communities associated with ISD. 

Most studies to date have attempted to characterize the microbiome associated with ISD using 

traditional microbial cultivation methods or DGGE (Chistoserdov et al., 2012; Smolowitz et 

al., 1992). These methods have many disadvantages including culture limitations and 

difficulty in correctly identifying individual species; both of which limits the amount of 

information that can be gained about the ecology of bacterial communities (Gup ta  e t  

a l . ,  2019 ;  Riza l  e t  a l . ,  2020 ;  S t ewar t ,  2012 ) . For these reasons, the present study 

used a next-generation full 16S rRNA gene sequencing approach (Pacbio CCS), thereby 

increasing bacterial taxonomic resolution and abundance estimation as the etiology of ISD 

may be dependent on a few bacteria or bacterial species. Moreover, it was decided to divide 

animals into three groups according to the degree of disease coverage on the shell of animals, 

instead of dividing them into healthy and diseased. This was done to understand whether there 

is an association between the bacterial community present in the ISD and the degree of this 

disease. 

One of the goals of this study was to characterize the differences in the bacterial communities 

of apparently healthy shell areas in symptomatic animals (e.g. MS-H group) as these areas are 

possibly in a transitional stage to develop ISD. In general, the alpha and beta-diversity indices 

of the apparently healthy areas of lobsters with ISD were not different than the animals not displaying ISD, 

and there were no differences between the lesion areas on moderately and severely symptomatic animals. 

Therefore, samples were condensed into the healthy and lesion shell area groups irrespective 

of whether or not they came from a symptomatic animal. The reasons for this lack of 

separation between groups are unclear. It is possible that there are no notable differences 
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between these comparisons, or that such differences were not found in the conditions and 

samples of this study. 

The Pielou evenness and Shannon diversity alpha-diversity estimates were higher in the 

healthy shell areas compared to lesion shell areas. This lower bacterial diversity and evenness 

in the lesion areas could be due a dysbiosis caused by microorganisms naturally present in the 

shell. Decreased alpha-diversity metrics such as diversity, richness, and evenness are classic 

features of dysbiosis (Hrncir, 2022; Schlechte et al., 2023). A trend possibly associated with 

dysbiosis was also observed in the beta-diversity analyses. The distance values were smaller 

and similar regardless of the groups under comparison when the Jaccard and Unifrac beta-

diversity metrics were generated (Table 4.1). However, the Bray-Curtis and Weighted Unifrac 

methods values found greater differences in bacterial community composition when healthy 

areas of the shell were compared to lesion areas (Table 4.1). These differences were smaller 

when a healthy area group was compared to another healthy area group, or a lesion area group 

was compared to another lesion area group (Table 4.1). This strongly suggested that there were 

differences between areas of the shell with visible lesions and those without (healthy). 

Although these four methods (Jaccard, Unifrac, Bray-Curtis and Weighted Unifrac) measure 

dissimilarity, or similarity, in bacterial communities, they place different importance on 

different bacterial community composition and abundance characteristics. Weighted Unifrac 

and Bray-Curtis consider the abundance and composition of each ASV to calculate the 

distances between samples and groups, while the Jaccard and Unifrac methods only consider 

the composition of each ASV and ignore ASVs relative abundance (Jaccard & Paul, 1908; C. 

A. Lozupone et al., 2007; C. Lozupone & Knight, 2005; Sorenson, 1948). Therefore, these 

methods allow us to understand which factors may be impacting the samples the most; in 

addition to grouping them (Kers & Saccenti, 2022). 
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In the present study, the beta-diversity distances between the healthy and lesion areas, 

regardless of the condition of the animals, were greater when using methods that consider 

abundance (Table 4.1). However, these distances were similar when methods did not consider 

abundance, suggesting that abundance is an important factor in this disease. The bacterial 

community diversity of healthy areas of a shell, even if an animal had visible lesions 

elsewhere, were more similar to each other than they were to the bacterial community in a 

lesion. Altogether, these findings indicate that the bacterial diversity differences are driven 

more by the bacterial abundance, rather than the specific taxa present in these samples; which 

is a key indicator of dysbiosis in shell diseases. There is increasing support that shell diseases 

are caused by dysbiosis rather than specific pathogens. Dysbiosis can be caused by different 

triggers, such as temperature, presence of carbon dioxide, lack of oxygen, lack of key 

organisms in the environment, change in behaviour and onset of other diseases (Hrncir, 2022; 

Ishaq et al., 2022, 2023; Jašarević et al., 2015; Meres et al., 2012). Meres et al. (Meres et al., 

2012) hypothesized that epizootic shell disease is caused by a natural dysbiosis of the shell, 

since there is no clear correlation of any one taxon with the lesions. Rowley & Coates (Rowley 

& Coates, 2023) recently suggested that all cuticle erosion shell diseases, except the white leg 

shell disease, are caused by dysbiosis. Until now, it was suggested that the development of 

ISD could be triggered by the crowdedness of lobsters in the pounds, poor water quality, 

inadequate diets and host susceptibility (Prince et al., 1995; Smolowitz et al., 1992; Tlusty et 

al., 2007). 

The most abundant family in this study was the Colwelliaceae family, which was present in 

all samples. Three and 16 ASVs from this family were core ASVs in the healthy and lesion areas 

of the shell, respectively. However, there was no relative abundance difference of these taxa 

between the shell areas. Although there was no relative abundance difference, these bacteria 
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should not be discarded as irrelevant for ISD. Members of this family have been previously 

associated with diseases as causative or opportunistic bacteria (Dor-Roterman et al., 2024; 

Fernandes et al., 2012; Thompson et al., 2006). Interestingly, exposing oysters (Spondylus 

spinosus) to cold temperatures led to a decrease in health and the proliferation of opportunistic 

bacteria, such as Colwelliaceae, Arcobacter, Pseudoalteromonas and Vibrio (Dor-Roterman 

et al., 2024). Members of the family Colwelliaceae are known to resist cold temperatures and 

ISD is known to be a winter disease (Bowman, 2014). These bacteria could proliferate during 

winter and participate in the degradation of the cuticle. Colwelliaceae is not mentioned as 

being a relatively frequent or core taxa of the healthy bacteriome of lobsters across Canada 

(Koepper et al., 2023a, 2024). Although, winter samples from Koepper et al (Koepper et al., 

2023a, 2024) studies were collected in December and samples for the current study were 

collected in March. It is unclear if this difference is due to time of collection, or impounded 

animals developing a different bacterial community compared to wild animals. 

Although the Cellvibrionaceae family was found in all groups in this study, it was one of the 

10 most frequent families in the lesion shell group. Moreover, five ASVs assigned to 

Cellvibrionaceae were core ASVs in the lesion shell group, where one of these was assigned to 

the Eionea flava species. The relative abundance of Cellvibrionaceae was the second highest 

when comparing the lesion and healthy shell areas, being 4.18 loge(FC) higher in the lesion. 

Cellvibrionaceae is a genetically diverse bacterial family found in seawater (Lau & Furusawa, 

2024). Although the pan-genome of this family has high variability, with only 1.7% being 

considered core genome, carbohydrate metabolism genes are enriched in this family. Many 

members of this family have a chitinolytic system capable of degrading the chitin present in 

the shell of the lobsters (Lau & Furusawa, 2024). Therefore, it is likely that this family is 

involved in degrading the chitin in the ISD lesions. To our knowledge, this is the first report of 
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Cellvibrionaceae being associated with a lobster shell disease. However, this family was 

previously associated as an opportunistic colonizer in the black spot shell disease in the crab 

Cancer pagurus (Bergen et al., 2022). Two OTUs assigned to Cellvibrionaceae were more 

abundant in the lesion areas compared to non-affected areas in the shell of C. pagurus, where 

one was from the Eionea genus (Bergen et al., 2022). Interestingly, E. flava was found to be 

part of the core taxa of the lesions from ISD in the present study. 

Other core taxa (Polaribacter, Maribacter and Sulfitobacter genera) of the present study have 

not previously been associated with ISD but they have been associated with another shell disease 

in H. americanus: ESD (Chistoserdov et al., 2012; Koepper et al., 2023a). The taxa previously 

associated with ISD are: Aquimarina, Thalassobius, Tenacibaculum, Aeromonas, Vibrio, 

Beneckea (fused to the Vibrio genus) and Pseudomonas (Chistoserdov et al., 2012; Malloy, 

1978; Smolowitz et al., 1992). From these, only Tenacibaculum and Vibrio were associated 

with ISD in the present study; with a relative abundance higher in lesions compared to healthy 

shell areas, but not core taxa of any group. The remaining were not found to be more relatively 

abundant or core taxa in the lesions. Aquimarina is regularly related to different shell diseases, 

including ISD (Rowley & Coates, 2023). However, only two ASVs assigned to Aquimarina 

were found in the current study and they were considered rare ASVs. Whereas one of those 

was present in two samples, the other ASV was present in only one sample. Although, other 

taxa from its family (Flavobacteriaceae), possibly with similar niches, were core taxa with a 

higher relative abundance in the lesion areas. The inconsistency of taxa within a study or in 

different studies may indicate that this disease consists of a combination of specific functional 

groups of opportunistic bacteria, but not necessarily the same taxa, as suggested in the coral 

black-band disease (Lesser et al., 2007). Alternatively, there are primary and secondary 

colonizers during the lesion formation. However, differences between microbiome results 
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were previously associated with differences in sampling and analysis methods (Church et al., 

2020). To elucidate this, it would be interesting to compare the ISD-associated bacterial 

communities of different pounds and at different times. 

PICRUSt2 was used to predict the functional composition of the microbial community 

associated with ISD. The 683 KO terms differently abundant between lesion and healthy shell 

areas were assigned to 177 and 36 KEGG pathways and BRITE, respectively, but only 20 and 

15 KEGG pathways and BRITE, respectively, had at least 10 KO terms assigned to them. 

From these, biofilm formation - Vibrio cholerae (ko05111), quorum sensing (ko02024), 

prokaryotic defense system (ko02048) and bacterial motility proteins (ko02035) were expected 

and could be associated. Briefly, quorum sensing is the chemical interaction within specific 

members of a bacterial community, being relevant for biofilm formation, bacterial mobility 

and pathogenicity (Vadakkan et al., 2024). These could be relevant for disease establishment, 

proliferation and to avoid the immune system of the host, which has been known to act in 

response to shell diseases (Smolowitz et al., 1992; Tarrant et al., 2010; Vogan et al., 2008). 

Unexpectedly, from the 63 MetaCyc differently abundant pathways, only 12 were more 

abundant in the lesion compared to the healthy shell area. Of those, four and three were related 

to carbohydrate degradation and energy metabolism, respectively. However, none of the 

carbohydrate degradation MetaCyc pathways were related to chitin degradation. Interestingly, 

no chitin degradation KEGG or MetaCyc pathways were differently abundant. This is 

unexpected as chitin degradation is considered the most relevant process in the erosion of the 

shell, which is mainly composed of chitin, and many chitinolytic bacteria are found in these 

diseases (Ishaq et al., 2023; Rowley & Coates, 2023; Vogan et al., 2008). The causes for this 

are unclear, but PICRUSt2 limitations could be related. PICRUSt2 tries to predict the functional 

metagenome based on their taxonomic composition. However, its accuracy depends on the 
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quality of the databases used for the analyses. As a result, PICRUSt and PICRUSt2 have high 

accuracy for human samples and housekeeping genes, but lower for other sample types (Sun 

et al., 2020). Therefore, it would be interesting to perform a full metagenome study on the 

functional composition of the microbial community associated with ISD.  

This study focused on the bacterial community associated with ISD, because bacteria are 

commonly considered the most relevant microbial community for shell diseases 

(Chistoserdov et al., 2012; Vogan et al., 2008). This is because they are the main 

microorganism to degrade chitin in the marine environment and chitin is the main component 

of crustacean shells (Keyhani & Roseman, 1999; Kumar et al., 2022). Non-bacterial 

organisms cannot be discarded as being related to ISD or even being its causative agent. 

Classically, ISD establishment begins as circular lesions around the setal pores in the shell 

(Theriault et al., 2008). Filamentous algae can be found within these setal pores in early 

epicuticular erosions and fungi and protozoans in the late stages of the disease, though their roles 

in ISD are still unclear (Smolowitz et al., 1992). The Pacific oyster mortality syndrome final 

stage is a bacteremia caused by opportunistic bacteria, but this dysbiosis is only triggered after 

an immunosuppression caused by a viral haemocyte infection (de Lorgeril et al., 2018). Although 

chitinolytic bacteria are the main focus in shell disease studies, the first layer of the shell, the 

epicuticle, is a thin layer of protein and lipids. Therefore, other stressors or microorganisms 

would have to erode the epicuticle so chitinolytic bacteria can degrade the chitin (Vogan et 

al., 2008). Altogether, it might be necessary to expand the ISD microbiome knowledge to non-

bacterial organisms to find the causative agent of this disease. 

4.6. CONCLUSION 

This was the first study to apply PacBio CCS to investigate bacteria associated with the 
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presence of ISD using the full 16S rRNA gene sequence. Our diversity results indicate that 

there is a dysbiosis occurring in these bacterial communities. While alpha-diversity indicates 

a loss of evenness and diversity in the lesion bacterial communities, the beta-diversity shows 

these microbial differences are driven by abundance differences rather than the presence or 

absence of specific taxa. We identified microorganisms associated with ISD that were 

previously found in ISD lesions, such as Vibrio and Tenacibaculum, but also others not related 

to ISD before, such as Cellvibrionaceae, Polaribacter, Maribacter, Sulfitobacter and 

Colwelliaceae. However, other taxa previously associated with ISD were not found in the 

present study, such as Aquimarina and Thalassobius, which could indicate different 

opportunistic bacteria establish during this disease development or there are primary and 

secondary colonizers in this disease. Future work is required to better understand the 

consistency of shell diseases microbiome and its functional composition, preferably by 

metagenomics, to better understand it. In addition, it is essential to understand the non-

bacterial microbiome associated with ISD, as it may play an important role in this disease 

establishment. 
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CHAPTER 5 THE JONAH CRAB (CANCER BOREALIS) BACTERIAL 

COMMUNITY DYNAMICS IN THE EARLY STAGES OF BLACK SPOT 

SHELL DISEASE 

 

The contents of this chapter are in submission for publication in the journal Microbial 

Pathogenesis under the authorship of Nicolas Argenta, Jeffrey D. Shields & K. Fraser Clark. 

 

5.1. ABSTRACT 

Black spot shell disease (BSD) is a highly prevalent disease in Jonah crab (Cancer borealis) 

populations, with observed prevalence of up to 75% of individuals. Little is known about the 

microorganisms involved in this disease, especially in the early stages of its development. 

This study investigated the changes in shell bacterial communities associated with the early 

stages of BSD using full-length 16S rRNA gene sequencing. Overall, no statistical differences 

were found using Shannon diversity, chao1 richness or beta-diversity metrics in any 

comparisons. The relative abundance of the chitinolytic Aquimarina genus was significantly 

higher in melanized shell areas compared to healthy shell areas of symptomatic individuals. 

Our results indicate this genus could play other roles in BSD prior to access to chitin, because 

the epicuticle is still intact during early stages of BSD. Some core ASVs assigned to taxa 

previously associated with shell diseases were found in the present study, such as Loktanella, 

Maribacter and Tenacibaculum; indicating they could be early colonizers in BSD 

development. One ASV assigned to the proteolytic Colwellia psychrerythraea 

(Colwelliaceae) was considered core ASV only in melanized shell areas. Moreover, the 

Colwelliaceae was the third most abundant family in all samples. These could play a role in 
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cuticle degradation. Although the mentioned core ASVs are potentially related to BSD, they 

were not differently abundant among comparisons. These findings offer a new insight into 

BSD bacterial communities in C. borealis and the differences in core shell bacteria in 

apparently healthy and BSD affected animals. 

Keywords: Shell disease, shell bacterial diversity, Jonah Crab, 16S rRNA sequencing, 

PacBio. 

 

5.2. INTRODUCTION 

Crustacean fisheries are an important component of the rural economies of many countries. 

Broadscale changes in marine ecosystems are altering the availability of traditional fishery 

species, resulting in a shift to targeting alternative species (Pinsky and Mantua, 2014). Among 

emerging fishery species in the Westerns Atlantic is the Jonah crab, Cancer borealis, with an 

increase in landings up to five-fold in 15 years (Truesdale et al., 2019a). The increase of C. 

borealis landings has begun to raise concerns about its long-term sustainability as little is 

known about its diseases or natural mortality (Truesdale et al., 2019a). Among the most 

prominent diseases of concern are shell diseases which can impact crab crustacean health and 

marketability (Ayres and Edwards, 1982; Rowley and Coates, 2023). 

Crustacean shell diseases are classified into several conditions affecting the shell (Rowley and 

Coates, 2023). These conditions may result in the erosion of the shell, cuticle lesions and 

potentially death of the affected animal (Vogan et al., 2008). There is an increasing consensus 

that they are polymicrobial diseases with chitinolytic bacteria playing a main role during 

erosion; but their initiation factors are not always clear (Rowley and Coates, 2023). Among 

the various forms of shell diseases, black spot shell disease (BSD) is particularly notorious in 
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Brachyura crab populations; especially within the genus Cancer (Ayres and Edwards, 1982). 

This disease manifests as dark spots on the exoskeleton, which can collapse in more advanced 

stages and penetrate the shell thereby exposing the internal animal tissues (Vogan et al., 2008). 

The black spots in the shell are accumulated melanin in the exoskeleton, the result of the 

crustacean immune response (Vogan et al., 2008). Studies have documented a high prevalence 

of BSD in Cancer crabs, up to 75% in some populations (Comely and Ansell, 1989; King et 

al., 2014; Truesdale et al., 2019b; Vogan et al., 1999). Despite its high prevalence, the exact 

abiotic and/or biotic factors that trigger the onset of BSD remain unclear, but microbial 

processes look to be the main promoters of shell erosion after disease establishment (Vogan 

et al., 1999). 

Efforts to characterize microorganisms related to shell diseases have predominantly focused 

on analyzing the bacterial diversity present in lesions (Bergen et al., 2022; Vogan et al., 2002). 

However, this approach may not always allow a comprehensive understanding of crustacean 

shell diseases development. The bacterial communities present in advanced stages of the 

disease might differ from those involved in the initial stages (Feinman et al., 2017; Meres et 

al., 2012; Smolowitz et al., 1992). The main constituents of the thin epicuticle are proteins, 

waxy lipids and calcium salts, while the exocuticle and endocuticle are mainly composed of 

the polysaccharide chitin (Waddy et al., 1995). Therefore, the composition of microbial 

communities involved in the degradation of these shell layers is likely different. Previous 

studies isolated chitinolytic bacteria from lobster shell lesions and inoculated these strains in 

apparently healthy crustacean shells. However, disease establishment only partially 

succeeded, and only if the epicuticle of these animals was physically abraded prior inoculation 

(Quinn et al., 2012). This highlights the need to investigate the early microbiome associated 

with BSD, as understanding the initial microbial colonization in BSD could provide insights 
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into disease prevention. 

This study aimed to explore the bacterial communities associated with early stages of BSD in 

C. borealis using a full length 16S rRNA gene sequencing approach. Despite identifying taxa 

potentially associated with BSD, we aimed to understand the bacterial diversity and evaluate 

its shift with BSD onset. We also aimed to identify potential transitional bacterial 

communities in healthy shell areas in animals with BSD. 

5.3. MATERIALS AND METHODS 

5.3.1. Sampling 

This research was conducted with approval from the Dalhousie University Animal Care and 

Use Committee (approval number 1032798; January 2020) as per the Canadian Council of 

Animal Care guidelines. Recently caught C. borealis individuals (n = 21) in the intermoult 

stage were purchased from a seafood supplier in Bedford, Nova Scotia, Canada in September 

2021. Crabs with and without BSD were moved to the aquatic research facility in Dalhousie 

University Bible Hill NS. Crabs were separated based on the presence (symptomatic) or 

absence (asymptomatic) of BSD. The shell was swabbed from a healthy area of asymptomatic 

animals or from separate healthy and melanized areas of symptomatic animals. Samples were 

separated into three groups: asymptomatic animals – healthy shell area (As-H; n = 10), 

symptomatic animals – healthy shell area (Sy-H; n = 6) and symptomatic animals – melanized 

shell area (Sy-M; n = 11) (Figure 5.1). 
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Figure 5. 1. Pictures of asymptomatic (left) and symptomatic (right) C. borealis from the 

current study. Arrows indicate areas of sample collection. As-H: asymptomatic animals – 

healthy shell area; Sy-H: symptomatic animals – healthy shell area; Sy-M: symptomatic 

animals – melanized shell area. 

To perform sample collection, the shell of these animals was rinsed twice with filtered (0.22 

µm) molecular biology grade water (DNase/RNase-free). Cotton-tipped swabs were 

submerged in Buffer A (20 mM Tris, 2 mM EDTA, 1.2% Triton X-100, pH 8) and then a 1 

cm2 area of the dorsal shell was scrubbed in areas containing or not containing black spots. 

Swabs were stored in 100 % ethanol at -20 oC prior DNA extraction. Air or buffer A exposed 

swabs without touching a crab were placed in 100% ethanol as controls. Sections of the shell 

were fixed in Davidson’s solution (30% filtered seawater, 30% ethanol, 20% formaldehyde, 

10% glacial acetic acid, 10% glycerol) for 24 h and then transferred to 70% ethanol to perform 

histopathological analysis. 

5.3.2. Histology 

Fixed shell samples were decalcified using the formic acid-sodium citrate method (Luna, 

1968; Shields et al., 2012). Samples were submerged in a formic acid-sodium citrate solution 

(25% formic acid and 387.5 mM sodium citrate) for 16 h. Samples were processed and 
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paraffin-embedded after decalcification, sliced at 5 µm, and stained with hematoxylin and 

eosin. All slides were examined with a Zeiss Axioscope 5 light microscope. 

5.3.3. DNA extraction and sequencing 

Swabs were placed into new sterile tubes and kept at 56 °C for ethanol evaporation. They 

were incubated with 300 µL of lysozyme mix (50 mM NaCl, 30 mM Tris, 2 mM EDTA, 

lysozyme 1 mg/mL, pH 8) at 37 °C for 30 min. The remaining steps were performed according 

to the Qiagen DNeasy Blood & Tissue Kit protocol’s instructions. Briefly, 180 µL of buffer 

ATL and 20 µL of proteinase K were added to samples, they were vortexed and incubated at 

56 °C for 2 h. A total of 200 µL of buffer AL was added to samples, and they were incubated 

at 56 °C for 10 min. Then 200 µL of 100% ethanol was added to samples and they were mixed 

by pulse vortexing. The mixture was transferred to a DNeasy Mini spin column and centrifuged 

at 6000 g for 1 min. The column was washed twice with 500 µL of buffer AW1 and once with 

500 µL of buffer AW2 through centrifugation at 6000 g for 1 min. The DNA was eluted in 

molecular grade water and its concentration and purity was checked using a Nanodrop ND-

1000. Samples were shipped to the Integrated Microbiome Resource Lab (IMR) at Dalhousie 

University, Halifax to perform 16S rRNA gene full-length through PacBio circular consensus 

sequencing. The IMR amplified the 16S rRNA gene using the universal primers 27F 

(AGRGTTYGATYMTGGCTCAG) and 1492R (RGYTACCTTGTTACGACTT) (Lane, 

1991; Paliy et al., 2009), checked amplicon integrity, indexed samples and pooled them to 

make one library to perform PacBio Sequel 2 sequencing (Comeau et al., 2017a, 2017b). The 

control samples were dropped out from remaining steps because of DNA extraction or 

sequencing failing. 
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5.3.4. Bioinformatics 

Analyses were performed on the QIIME2 (Bolyen et al., 2019) environment on Ubuntu- Linux 

OS unless mentioned. The bacterial community analysis was performed according to PacBio 

Amplicon SOP v2 from IMR protocols (Comeau et al., 2017b). The software DADA2 was 

used on raw reads to infer amplicon sequence variants (ASVs), correct sequences, remove 

primers and keep ASVs ranging from 1200 to 1800 nt (Callahan et al., 2016). The ASVs 

were assigned to taxa with a Naive-Bayes approach and the trained SILVA 138 classifier 

(Bokulich et al., 2018; Pedregosa et al., 2011; Quast et al., 2013; Robeson II et al., 2020). The 

commands qiime feature-table filter-features and qiime taxa filter-table were used to remove 

ASVs below 0.1%, mitochondria and chloroplast sequences and samples with less than 4000 

features. The ASVs were placed into a SILVA reference phylogenetic tree using the SATé-

Enabled Phylogenetic Placement (SEPP) method (Mirarab et al., 2011). Pielou evenness, 

Chao1 richness estimation, and Shannon diversity indexes were used to calculate alpha-

diversity metrics (Chao, 1984; Pielou, 1966; Shannon, 1948). To identify statistical 

differences among comparisons, a Kruskal-Wallis test (Kruskal and Wallis, 1952) was used 

and p-values were corrected using the Benjamini and Hochberg (BH) method (Benjamini and 

Hochberg, 1995). The Jaccard, Bray-Curtis, Unifrac and Weighted Unifrac methods were used 

to calculate beta-diversity metrics (Jaccard and Paul, 1908; Lozupone and Knight, 2005; 

Lozupone et al., 2007; Sorenson, 1948). Statistical differences among beta-diversity 

comparisons were assessed with a PERMANOVA test (Anderson, 2001) with 999 

permutations and p-values were corrected using the BH method (Benjamini and Hochberg, 

1995). A specific ASV was considered a core ASV from a group when at least 80% of a group’s 

samples contained this ASV. The relative abundance of taxa at the genus level was calculated 

using Analysis of Compositions of Microbiomes with Bias Correction (ANCOM-BC) (Lin 
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and Peddada, 2020) and p-values were adjusted using the Holm method (Holm, 1979). The 

functional composition of the shell bacterial communities was predicted using PICRUSt2 

(Douglas et al., 2020). The ASVs were inserted into the default PICRUSt2 reference tree using 

the SEPP method (Mirarab et al., 2011). The relative abundance of the resulting PICRUSt2 

KO metagenome and MetaCyc pathways was calculated using ANCOM-BC comparing 

different sample groups (Lin and Peddada, 2020). Alpha diversity, beta-diversity and relative 

abundance analyses were considered statistically significant when adjusted p-values (q-values) 

were below 0.05. Raw reads generated in this study were submitted to the NCBI-SRA 

repository under the BioProject Accession Number PRJNA1164906. 

5.4. RESULTS 

5.4.1. Histopathology 

The histopathology of shell sections was evaluated and compared to search for signs of 

abnormalities. No signs of lesions, recruitment of immune cells or other abnormalities were 

found in the shell (Figure 5.2). No differences were found among shells from asymptomatic 

or symptomatic animals regardless of shell condition, except by a small presence of melanin in 

the exocuticle of melanized shell areas (Figure 5.2). Shell biofilm was found in all samples. 
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Figure 5. 2. Eosin and hematoxylin staining of the healthy shell area from asymptomatic (A) 

and symptomatic (B) animals and from the melanized shell area from a symptomatic animal 

(C). The epicuticle (black arrow) is followed by the exocuticle (thick purple layer) and 

endocuticle (thick pink layer) in all samples. 

5.4.2. Alpha and beta diversity indices 

The alpha diversity of the crab bacterial communities was compared in the three groups: 

asymptomatic animals – healthy shell area (As-H), symptomatic animals – healthy shell area 

(Sy-H) and symptomatic animals – melanized shell area (Sy-M). Overall, the chao1 estimated 

richness of Sy-H (767.33 ± 169.87) and Sy-M (754 ± 200.14) were higher than As-H (587.1 

± 74.56) but not statistically significant (Figure 5.3). As seen in figure 2, the Pielou evenness 

index was statistically higher in the group As-H (0.918 ± 0.007) in comparison to Sy-M (0.903 

± 0.012) (q-value = 0.018), but no differences were found in comparison to Sy-H (0.915 ± 

0.004). The Shannon index was assessed to evaluate the diversity differences across samples. 

The Shannon index of As-H, Sy-H and Sy-M groups were 8.42 ± 0.15, 8.54 ± and 8.70 ± 0.29, 

respectively, with no statistical differences across comparisons (Figure 5.3). 
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Figure 5. 3. Boxplots of bacterial communities alpha-diversity metrics. Statistical differences 

(q-value < 0.05) are represented by an asterisk. As-H: asymptomatic animals – healthy shell 

area; Sy-H: symptomatic animals – healthy shell area; Sy-M: symptomatic animals – 

melanized shell area. 

The beta-diversity was assessed to compare the between-groups bacterial differences 

associated with BSD. The comparisons based on similarities or dissimilarities were performed 

using the methods Bray-Curtis, Jaccard, Unifrac and Weighted Unifrac (Figure 5.4). As seen 

in Figure 5.4, the bacterial communities were tentatively clustered based on their groups. 

However, there is no clear grouping (Figure 5.4). The overall small values in the coordinate 

axes in the Jaccard, Bray- Curtis and Unifrac plots (Figure 5.4) indicate the differences in 

sample compositions are small. Moreover, there were no statistical differences 

(PERMANOVA, q-value < 0.05) when comparing As- H, Sy-H and Sy-M with the methods 

Jaccard, Bray-Curtis, Unifrac and weighted Unifrac (Table 5.1).  
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Figure 5. 4. Principal Coordinate Analysis (PCoA) of all samples bacterial communities using 

the Jaccard, Bray-Curtis, Unifrac and Weighted Unifrac distance methods. As-H: 

asymptomatic animals – healthy shell area; Sy-H: symptomatic animals – healthy shell area; 

Sy-M: symptomatic animals – melanized shell area. 
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Table 5. 1. Beta-diversity comparisons of all samples using different metrics. Jac: Jaccard; 

BC: Bray-Curtis; Uni: Unifrac; WUni: Weighted Unifrac; As-H: asymptomatic animals – 

healthy shell area; Sy-H: symptomatic animals – healthy shell area; Sy-M: symptomatic 

animals – melanized shell area. 

Comparison  Distance   PseudoF   q-value   

Grou 

p 1 

Group 

2 

Jac BC Uni WUni Jac BC Uni WUni Jac BC Uni WUni 

 As-H 0.65 0.53 0.42 0.39         

As-H Sy-H 0.66 0.52 0.43 0.38 1.12 0.95 1.18 0.79 0.22 0.78 0.23 0.95 

 Sy-M 0.66 0.54 0.42 0.38 1.29 1.50 1.28 1.43 0.15 0.09 0.21 0.43 

 Sy-H 0.65 0.53 0.44 0.39         

Sy-H             

 Sy-M 0.64 0.52 0.43 0.36 0.83 0.75 0.90 0.50 0.95 0.94 0.73 0.95 

Sy-M Sy-M 0.65 0.54 0.42 0.36         

 

5.4.3. Taxa and core ASVs 

The relative frequency of taxa was assessed at the family level in all groups. The top 10 

families across all samples were Rhodobacteraceae, Flavobacteriaceae, Colwelliaceae, 

Saprospiraceae, Nitrincolaceae, Incertae sedis family from the Gammaproteobacteria class, 

Arenicellaceae, Nitrosomonadaceae, Nannocystaceae and Rubritaleaceae, comprising 

75.94% of samples (Figure 5.5). 
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Figure 5. 5. Bar plot of the bacteriome relative frequency in each sample. Taxa were clustered 

at the family level and only the 10 most frequent families are represented. As-H: 

asymptomatic animals – healthy shell area; Sy-H: symptomatic animals – healthy shell area; 

Sy-M: symptomatic animals – melanized shell area. 

The top 10 most relative frequent families were evaluated for each group separately and then 

compared between groups. Among the top 10 bacterial families, Nannocystaceae and 

Pirellulaceae were exclusively found in As-H and the family Thiotrichaceae was exclusively 

found in Sy-M. The families Bdellovibrionaceae and Arenicellaceae were among the top 10 

frequently abundant bacterial families in Sy-H and Sy-M and the family Rubritaleaceae was 

found in As-H and Sy-H i these comparisons. The families Flavobacteriaceae, 

Colwelliaceae, Incertae sedis family from the Gammaproteobacteria class, Saprospiraceae, 

Nitrincolaceae, Nitrosomonadaceae and Rhodobacteraceae were among the 10 most 

frequently abundant families in all groups. The core ASVs of As-H, Sy-H and Sy-M were 
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assessed to understand which taxa are consistently present in these groups (Figure 5.6 and 

Table 5.2). The As-H, Sy- H and Sy-M groups showed 224, 321 and 270 core ASVs, 

respectively, which were assigned to 42 families (Figure 5.6). From all core ASVs, 17, 74 and 

26 were unique to the As-H, Sy- H and Sy-M groups, respectively, which were assigned to 29 

families. Interestingly, the Sy- H group showed a distinct core bacterial community in 

comparison to As-H and Sy- M, with 74 unique core ASVs (Figure 5.6). 

 
Figure 5. 6. Venn diagrams of unique and shared core ASVs in each group. ASVs were 

considered core in a group when present in at least 80% of samples from this group. As-H: 

asymptomatic animals – healthy shell area; Sy-H: symptomatic animals – healthy shell area; 

Sy-M: symptomatic animals – melanized shell area. 

A few core taxa were remarkable for having many ASVs assigned to them, such as the 

Colwellia and Sulfitobacter genera (Table 5.2). A few core taxa stood out for being 

exclusively found in symptomatic animals (Sy-H and Sy-M), such as the Maribacter genus 

and Colwellia psychrerythraea bacteria. (Table 5.2). All core ASV information is in the 

supplementary table 5.2. Although several differences were found in terms of core ASVs, 

they do not necessarily reflect differences in relative abundance across groups. 
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Table 5. 2. Number of core ASVs assigned to taxa in each group. The ASVs were considered 

core ASVs when found in more than 80% of samples from a group. Different ASVs can be 

assigned to the same taxa. As-H: asymptomatic animals – healthy shell area; Sy-H: 

symptomatic animals – healthy shell area; Sy-M: symptomatic animals – melanized shell area; 

p: phylum; o: order; c: class; f: family; g: genus; s: species. 

Taxa As-H Sy-H Sy-M 

Actinomarinales (o) Actinomarinales (o) 0 1 0 

Alteromonadaceae (f) 
Glaciecola (g) 2 2 3 

Paraglaciecola (g) 1 1 1 

Arcobacteraceae (f) 
Halarcobacter (g) 0 1 0 

Arcobacteraceae (f) 1 0 1 

Arenicellaceae (f) Arenicella (g) 2 2 2 

Bacteriovoracaceae (f) Peredibacter (g) 0 1 0 

Bdellovibrionaceae (f) Bdellovibrionaceae (f) 3 4 3 

Bradymonadales (o) Bradymonadales (o) 1 1 1 

Cellvibrionaceae (f) Aestuariicella (g) 0 1 0 

Chitinophagales (o) Chitinophagales (o) 5 9 8 

Colwelliaceae (f) 

Colwellia (g) 15 17 17 

Colwellia psychrerythraea (s) 0 0 1 

Colwellia rossensis (s) 0 1 1 

Crocinitomicaceae (f) Crocinitomix (g) 0 1 1 

Cryomorphaceae (f) Cryomorphaceae (f) 0 2 1 

Cyclobacteriaceae (f) Fulvivirga (g) 1 1 1 

Desulfuromonadia (c)  Desulfuromonadia (c)  0 1 0 

Ectothiorhodospiraceae 

(f) 
Ectothiorhodospiraceae (f) 

1 1 1 

Flavobacteriaceae (f) 

Aequorivita sublithincola (g) 1 1 0 

Arcticiflavibacter luteus (s) 3 4 4 

Arenibacter (g) 0 1 1 

Bizionia hallyeonensis (s) 0 1 0 

Bizionia (g) 0 1 1 

Cellulophaga fucicola (s) 0 1 0 

Lacinutrix (g) 5 10 4 

Maribacter (g) 0 1 1 

Maritimimonas rapanae (s) 0 2 1 

Maritimimonas (g) 1 1 0 

Pibocella (g) 3 3 2 

Polaribacter (g) 2 2 3 

Polaribacter lacunae (s) 0 2 0 

Pseudofulvibacter (g) 1 1 1 
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Taxa As-H Sy-H Sy-M 

Psychroserpens (g) 1 4 2 

Ulvibacter (g) 3 4 2 

Ulvibacter marinus (s) 1 1 1 

Flavobacteriaceae (f) 2 5 3 

Tenacibaculum todarodis (s) 1 3 2 

Winogradskyella damuponensis (s) 0 1 1 

Winogradskyella  (g) 2 3 1 

Winogradskyella thalassocola (s) 1 1 1 

Flavobacteriales (o) Flavobacteriales (o) 0 0 1 

Francisellaceae (f) Francisella (g) 1 1 1 

Gallionellaceae (f) Candidatus nitrotoga (g) 3 2 2 

Gammaproteobacteria (c)  Gammaproteobacteria (c)  2 3 2 

Granulosicoccaceae (f) Granulosicoccus undariae (s) 0 0 1 

Haliangiaceae (f) Haliangium (g) 1 1 1 

Halieaceae (f) 
Halieaceae (f) 2 2 2 

Halioglobus (g) 2 1 2 

Hyphomonadaceae (f) Hyphomonas (g) 0 1 0 

Ilumatobacteraceae (f) 
Ilumatobacter (g) 1 2 1 

Ilumatobacter nonamiensis (s) 1 0 0 

Incertae sedis (f) Marinicella (g) 3 5 4 

Kordiimonadales (o) Kordiimonadales (o) 1 1 1 

Marinifilaceae (f) Marinifilum (g) 0 1 1 

Marinobacteraceae (f) Marinobacter (g) 1 1 1 

Microbacteriaceae (f) Salinibacterium amurskyense (s) 0 1 0 

Microtrichaceae (f) Microtrichaceae (f) 3 3 3 

Nannocystaceae (f) 
Nannocystaceae (f) 1 2 1 

Nannocystis (g) 4 4 3 

Nitrincolaceae (f) 
Neptuniibacter (g) 0 2 1 

Neptunomonas (g) 5 5 6 

Nitrosomonadaceae (f) Nitrosomonas (g) 2 1 2 

Opitutaceae (f)  Cephaloticoccus (g) 2 1 1 

Phycisphaeraceae (f) Algisphaera (g) 1 1 1 

Pirellulaceae (f) 

Pirellulaceae (f) 2 2 1 

Blastopirellula (g) 3 4 4 

Rubripirellula (g) 0 1 0 

Planctomycetota (p) Planctomycetota (p) 4 8 5 

Porticoccaceae (f) Porticoccus (g) 1 1 1 

Rhizobiaceae (f) Rhizobiaceae (f) 2 1 2 

Rhodobacteraceae (f) Rhodobacteraceae (f) 16 23 19 
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Taxa As-H Sy-H Sy-M 

Albirhodobacter (g) 0 0 1 

Aliiroseovarius sedimenilitoris (s) 1 0 0 

Aliiroseovarius (g) 2 2 2 

Amylibacter (g) 3 3 3 

Halocynthiibacter (g) 1 1 1 

Lentibacter (g) 0 0 1 

Litoreibacter (g) 1 1 1 

Litoreibacter arenae (s) 1 1 1 

Litoreibacter ascidiaceicola (s) 2 1 1 

Litoreibacter meonggei (s) 1 1 1 

Octadecabacter (g) 1 1 1 

Octadecabacter temperatus (s) 0 0 1 

Paracoccus (g) 0 1 0 

Pelagimonas (g) 1 1 1 

Phaeobacter (g) 2 2 2 

Planktotalea (g) 0 2 1 

Primorskyibacter (g) 0 0 1 

Primorskyibacter marinus (s) 1 1 0 

Pseudoruegeria (g) 2 2 1 

Roseobacter (g) 2 5 1 

Roseovarius (g) 6 6 7 

Ruegeria (g) 0 1 0 

Sedimentitalea nanhaiensis (s) 1 0 0 

Sedimentitalea (g) 1 3 2 

Sulfitobacter (g) 20 27 25 

Loktanella ponticola (s) 1 1 1 

Loktanella salsilacus (s) 1 1 1 

Loktanella (g) 3 4 5 

Rubinisphaeraceae (f) 

Rubinisphaeraceae (f) 2 0 1 

Fuerstia marisgermanicae (s) 0 1 0 

Fuerstia (g) 1 1 1 

Planctomicrobium (g) 1 0 0 

Rubritaleaceae (f) 
Persicirhabdus (g) 1 1 1 

Roseibacillus (g) 6 8 5 

Saccharospirillaceae (f) 
Oleispira (g) 2 5 5 

Oleispira antarctica (s) 0 0 1 

Sandaracinaceae (f) Sandaracinaceae (f) 2 3 2 

Saprospiraceae (f) 

Lewinella persica (s) 0 1 0 

Lewinella (g) 14 16 18 

Saprospiraceae (f) 10 24 18 
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Taxa As-H Sy-H Sy-M 

Schleiferiaceae (f) Schleiferia (g) 1 2 1 

Sphingobacteriales (o) Sphingobacteriales (o) 1 2 1 

Spirosomaceae (f) Taeseokella (g) 1 2 3 

Spongiibacteraceae (f) Spongiibacteraceae (f) 2 2 2 

Thiotrichaceae (f) 

Leucothrix mucor (s) 1 1 1 

Leucothrix (g) 0 0 1 

Thiothrix (g) 0 0 1 

Thiotrichaceae (f) 0 1 1 

Verrucomicrobiales (o) Verrucomicrobiales (o) 2 2 2 

 

5.4.4. Relative abundance of taxa 

The ASVs were clustered up to the genus level and the relative abundances of taxa were 

calculated using ANCOM-BC comparing all groups in the present study. The taxa 

Aquimarina and Marixanthomonas were, respectively, 3.3-fold higher and 0.97-fold lower in 

Sy-M in comparison to Sy-H (Figure 5.7). The taxa Sphingorhabdus, Alkanindiges, 

Phaeobacter and Francisellaceae were, respectively, 1.68, -0.44, -0.51, -0.55-fold different in 

Sy-M in comparison As-H. No statistical differences were found when the Sy-M and Sy- H 

groups were compared with ANCOM-BC at the genus level. 

 
Figure 5. 7. Bar graph of the relative abundance up to the genus level. Relative abundance 

was calculated using ANCOM-BC and is represented as loge(fold-change) of the first group 

(Sy-M) in comparison to the second one (Sy-H or As-H). Only statistically different (q- value 

< 0.05) taxa are shown. As-H: asymptomatic animals – healthy shell area; Sy-H: symptomatic 

animals – healthy shell area; Sy-M: symptomatic animals – melanized shell area; (f): family; 

(g): genus. 
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5.4.5. Functional composition 

The functional composition was predicted based on ASVs using PRICRUSt2 and relative 

abundance between groups was calculated using ANCOM-BC in search for pathways possibly 

associated with BSD development. A total of 2401 KEGG Orthology (KO) terms were 

considered differently abundant among comparisons. From these, 2400, 1 and 1 KO terms 

were differently abundant in Sy-M vs As-H, Sy-M vs Sy-H and Sy-H vs As-H, respectively 

(Supp Table 5.2). The 2401 KO terms were assigned to 433 KEGG pathways and 51 BRITE 

functional hierarchies (Supp Table 5.2). Among assigned KEGG pathways, the pathways 

Salmonella infection, Shigellosis, epithelial cell signalling in Helicobacter pylori infection, 

pathogenic Escherichia coli infection, Staphylococcus aureus infection, Vibrio cholerae 

infection, bacterial invasion of epithelial cells, pertussis, biofilm formation - Vibrio cholerae, 

cationic antimicrobial peptide (CAMP) resistance and quorum sensing stands out (Table 5.3). 

Among assigned KEGG BRITE hierarchies, antimicrobial resistance genes, peptidases and 

inhibitors and secretion system stands out (Table 5.3). Only nine MetaCyc pathways were 

differently abundant in all comparisons (Supp Table 5.2). Most of these, seven, were 

associated with aromatic compound degradation (Supp Table 5.2). 
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Table 5. 3. Number of KO terms assigned to specific KEGG pathways or BRITE hierarchies 

in the Sy-M vs As-H comparison. Only differently abundant KOs were used for assignments. 

KO KEGG pathway Number of 

genes/proteins 

ko05132 Salmonella infection 33 

ko05131 Shigellosis 33 

ko05120 Epithelial cell signalling in Helicobacter 

pylori infection 

29 

ko05130 Pathogenic Escherichia coli infection 24 

ko05150 Staphylococcus aureus infection 22 

ko05110 Vibrio cholerae infection 17 

ko05100 Bacterial invasion of epithelial cells 17 

ko05133 Pertussis 17 

ko05111 Biofilm formation - Vibrio cholerae 15 

ko01503 Cationic antimicrobial peptide (CAMP) 

resistance 

14 

ko02024 Quorum sensing 49 

KO KEGG BRITE  

ko01504 Antimicrobial resistance genes 59 

ko01002 Peptidases and inhibitors 97 

ko02044 Secretion system 108 

 

5.5. DISCUSSION 

The goal of this study was to investigate the bacterial community composition changes of C. 

borealis shell in the early stages of BSD. The early stage of BSD was chosen rather than a 

later stage of BSD because most studies involving shell diseases focus on well-developed 

shell lesion animals. However, understanding the early stages of shell diseases may be crucial 
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to find potential microbial initiators or causative agents of this disease. Shell diseases have 

proven to be complex and in many cases their etiology is still unclear (Rowley and Coates, 

2023). Although their causes are unclear, chitinolytic bacteria are consistently isolated from 

shell disease lesions. These bacteria are more abundant in these lesions because the main 

component of crustacean shells is chitin (Vogan et al., 2008). However, the first layer of their 

shell, the epicuticle, is a thin layer that lacks chitin and contains proteins, waxy lipids and 

calcium salts (Waddy et al., 1995). Therefore, epicuticle abrasion is important so chitinolytic 

bacteria get access to chitin-containing layers to produce deeper lesions. There are several 

hypotheses for epicuticle degradation in shell diseases, which can be abiotic and biotic (Vogan 

et al., 2008). The shell histopathology from the present study indicates the shell of these 

animals is intact, including the epicuticle. No differences in the epicuticle were found between 

asymptomatic and symptomatic animals or between healthy and melanized shell areas. The 

presence of melanin in shells with no other histopathological signs could indicate the crab 

immune system is reacting against the microbial community prior lesion formation. There is 

evidence that crustaceans release molecules in their shell to control their shell microbiota (Haug 

et al., 2002; Koepper et al., 2023b; Vogan et al., 2008), but this does not imply a disease 

development. One hypothesis is that some, but not necessarily all, microbiomes from black 

spots are under control prior to the erosion of the shell due to the melanization cascade. 

Melanin would accumulate in the shell with time and be removed during moulting. 

Alternatively, the black spots may develop into lesions and the differences in bacterial 

communities found in this study could help to explain what causes the epicuticle degradation 

prior to chitin degradation in the BSD lesion, if this degradation is caused by bacteria. 

Aquimarina (Flavobacteriaceae) was found to be more abundant in Sy-M in comparison to 

Sy-H (Figure 5.4). A similar trend was observed in the comparison between Sy-M and As- 
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H, but without statistical difference. This genus is consistently found in shell disease lesions 

(Bergen et al., 2022; Meres et al., 2012; Ooi et al., 2020; Quinn et al., 2017). Interestingly, 

the relative abundance of Aquimarina was not different between diseased and unaffected C. 

borealis in a previous study (Quinn et al., 2017). Different studies suggest that Aquimarina is 

one of the causative agents of many crustacean shell diseases (Ooi et al., 2020; Quinn et al., 

2012). The inoculation of Aquimarina in the shell of lobsters may cause shell disease 

development if shells are mechanically abraded to promote epicuticle removal prior 

inoculation (Quinn et al., 2012). Aquimarina is known for its capabilities in degrading 

polysaccharides (Bergen et al., 2022), making it an important chitin-degrading bacteria in 

shell disease lesions. However, it was found to be related to Sy-M in the present study, even 

though samples have intact epicuticles. This may indicate that Aquimarina has other roles in 

BSD development. Bergen et al. (2022) found that the Aquimarina genus was the most 

abundant taxon in black spot shell disease lesions of C. pagurus. The Aquimarina strains 

isolated from these black spots showed antagonistic activity against other bacteria. It was 

suggested that the antimicrobial activities of the Aquimarina strains could be favoring other 

chitinolytic bacteria (Bergen et al., 2022). However, it is possible that the antagonistic activity 

of Aquimarina favors other bacteria in the early stages of BSD to potentially degrade the 

epicuticle. 

A total of 224, 321 and 270 core ASVs were found in the groups As-H, Sy-H and Sy-M, 

respectively. After assigning these core ASVs to specific taxa, a few taxa stood out. One 

ASV assigned to C. psychrerythraea (Colwelliaceae) was exclusively core ASV to the Sy- M 

group. C. psychrerythraea has proteolytic activity and an extracellular cold-active 

aminopeptidase (Huston et al., 2004). One, three and two ASVs assigned to Tenacibaculum 

todarodis were core ASVs in As-H, Sy-H and Sy-M, respectively. Similarly, one ASV 
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assigned to Maribacter was core ASV in the Sy-H and Sy-M groups. Tenacibaculum and 

Maribacter were previously found to be associated with shell disease in lobsters 

(Chistoserdov et al., 2012; Quinn et al., 2013). These genera were also found in a study of 

BSD in C. pagurus (Bergen et al., 2022). However, Tenacibaculum and Maribacter were 

more abundant in healthy areas of the shell in comparison to melanized areas of the shell in 

symptomatic animals (Bergen et al., 2022). The Bergen et al. (2022) study involved animals 

in an advanced stage of BSD in comparison to the current study. Altogether, Tenacibaculum 

could be an early pathogen in BSD for being core taxa only in early BSD groups in C. borealis, 

but less abundant in C. pagurus advanced stages. Three, four and five core ASVs assigned to 

Loktanella were found in As-H, Sy-H and Sy-M, respectively. This genus was previously 

associated with shell disease development in laboratory-reared juvenile lobsters (Feinman et 

al., 2017). Loktanella was core taxa in Homarus americanus lesion areas of the shell and 

transitionary areas of the shell (0.5 cm close to lesions), but not in unaffected areas of the shell 

(Feinman et al., 2017). Loktanella was previously associated with BSD in C. pagurus, being 

more abundant in melanized areas of the shell in comparison to healthy areas of the shell in 

symptomatic animals (Bergen et al., 2022). Loktanella could be an initial colonizer in BSD 

that persists through the development of the disease, similarly to Aquimarina. A total of 20, 

27 and 25 ASVs assigned to the Sulfitobacter genus were core ASVs in the As- H, Sy-H and 

Sy-M groups, respectively. This genus is widely distributed in aquatic environments 

(Xu et al., 2024), being previously found more abundantly in shell lesions, including BSD 

(Bergen et al., 2022; Chistoserdov et al., 2012). However, Sulfitobacter plays roles in inhibiting 

important aquaculture pathogens (Sharifah and Eguchi, 2012), making its role in C. borealis 

BSD unclear. 

Although several bacteria were core taxa potentially associated with BSD, most were not 
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statistically differently abundant in comparisons. Moreover, little differences were found in 

terms of evenness, Shannon diversity, beta-diversity or taxa frequencies among the groups. 

Overall, the bacterial communities of these animals were similar in all groups. Bergen et al. 

(2022) reported a decrease in the number of OTUs, evenness and diversity in melanized areas 

of the shell in comparison to healthy areas of C. pagurus symptomatic animals. These are 

classical signs of dysbiosis, which is considered the main cause of erosion shell diseases 

(Rowley and Coates, 2023). The bacterial communities in the present study are associated 

with the early stage of disease development, and this could be the reason for the small 

differences in terms of diversity and abundance. A small decrease in evenness was found in 

Sy-M in comparison to As-H. This difference could be exacerbated with the disease 

development, possibly resulting in a dysbiosis as observed in other shell diseases. 

Alternatively, asymptomatic animals may also be in a transitioning stage to develop BSD too. 

Black spot shell disease prevalence and severity can greatly change through the year 

(Truesdale et al., 2019b). The C. borealis Rhode Island Sound population showed up to 75% 

BSD prevalence in their shell prior to moulting season around June. This prevalence dropped to 

around 25% in September (Truesdale et al., 2019b). The animals from the present study were 

collected in September, so it is likely that some or all asymptomatic animals would develop 

black spots. This raises the importance of understanding the bacterial communities of C. 

borealis regardless of BSD symptoms. The most relatively frequent microbial family was 

Rhodobacteraceae, represented by 29.11% of sequences. This group of bacteria is abundant 

in the pelagic zone, but also in algae biofilms, cephalopods and sponges (Barbieri et al., 2001; 

Pohlner et al., 2019). Several taxa from this family were considered core taxa in many groups 

in the present study (Table 5.2 and Supp Table 5.1). Rhodobacteraceae was previously 

associated with coral, algae, lobster and oyster diseases and they could also be considered an 
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indicator of stressed reefs (Chistoserdov et al., 2012; Pujalte et al., 2014; Rosales et al., 2020). 

However, they are also involved in symbiotic relationships and are naturally abundant in the 

marine environment (Pujalte et al., 2014). The Flavobacteriaceae family was the second most 

relative frequent taxa in the present study, represented by 13.47% of sequences. This family 

was previously related to BSD in C. pagurus, with a relative abundance of 12% and 25% in 

healthy and melanized shell areas, respectively (Bergen et al., 2022). Flavobacteriaceae 

members, such as Aquimarina, Tenacibaculum and Maribacter, are associated with other shell 

diseases (Chistoserdov et al., 2012; Malloy, 1978; Ooi et al., 2020; Quinn et al., 2013). 

Although similarly distributed in samples from the present study, members from this family 

might proliferate with BSD development in C. borealis too. The family Colwelliaceae was 

among the most relative frequent taxa, represented by 10.93% of sequences. Colwelliaceae 

are cold resistant bacteria (Bowman, 2014) and their high abundance in the present study 

could indicate an important role in epicuticle degradation, but complementary studies are 

required to confirm this. 

The functional composition predictions showed most microbial functional differences were 

present between Sy-M and As-H groups. Interestingly, eight KEGG pathways of pathogenic 

infections showed differentially abundant KO terms in this study, including intracellular 

infections (Table 5.3). Differently abundant KO terms from the current study were assigned to 

peptidases, which could potentially degrade the protein-rich epicuticle. However, the 

epicuticle is also lipid-rich, and no lipid degradation pathways with at least 10 KO terms were 

found in the present study. Moreover, peptidases are related to many other processes. 

Differently abundant KO terms were also assigned to CAMP resistance and antimicrobial 

resistance pathways. Microorganisms can use these pathways to establish BSD, while 

avoiding immune molecules with AMP characteristics present in crustacean shells (Brisbin et 
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al., 2015; Ferrer et al., 1989; Haug et al., 2002). It is important to highlight that this functional 

composition is a prediction containing many limitations, such as the lack of complete genomes 

of microorganisms from less studied environments (Sun et al., 2020). Furthermore, this 

prediction is based on the genetic material of bacteria, which does not imply significant 

transcriptional or translational activity of these mechanisms (Zhou and Yang, 2006). 

Therefore, it would be interesting to analyze the BSD metagenome and their activity in future 

studies. 

5.6. CONCLUSION 

This was the first study to investigate the shell bacterial communities associated with the early 

stages of BSD in Cancer borealis using a high-throughput sequencing technology. The 

diversity analyses indicate the bacterial communities were similar regardless of the 

comparisons, with some subtle differences among groups. The Pielou evenness was lower in 

Sy-M in comparison to As-H. This could indicate an initial decrease in evenness during BSD 

development. It is unclear if this evenness would reduce in developed lesions, as it happens 

in other shell diseases. It would be fundamental to understand the disease microbiome 

in different time points to elucidate this. The relative abundance of the Aquimarina genus was 

significantly higher in groups associated with BSD. This genus is consistently considered a 

main chitinolytic bacteria in shell lesions. Our results indicate this genus could play other 

roles in BSD prior to accessing chitin, because epicuticle is still intact in early stages of BSD. 

The identified core ASVs across different groups provide insights into potential key bacteria 

in BSD. Some core ASVs were found exclusively or in higher abundance in groups associated 

with BSD. These include ASVs assigned to taxa previously associated with shell disease, such 

as Loktanella, Tenacibaculum and Maribacter. However, it is unclear if these are only 
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transitionary or persistent taxa in BSD. The Colwelliaceae family is among the most relatively 

frequent bacterial families in all samples. This family has proteolytic capabilities and could 

play a role in epicuticle degradation too. In conclusion, the findings from this study provide a 

foundation for understanding the bacterial communities associated with BSD in its early stages, 

but future work is important to understand its dynamics through other disease development 

stages. 
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CHAPTER 6 THE JONAH CRAB (CANCER BOREALIS) MULTI- 

ORGAN TRANSCRIPTOMES INDICATE A PARTIAL SUPPRESSION 

OF THE BLACK SPOT SHELL DISEASE IN THE SHELL. 

 

The contents of this chapter are in submission for publication in the journal Developmental 

and comparative immunology under the authorship of Nicolas Argenta, Jeffrey D. Shields & 

K. Fraser Clark. 

 

6.1. ABSTRACT 

Black spot shell disease (BSD) is a complex and highly prevalent disease affecting the 

economically relevant Jonah crab (Cancer borealis). Understanding host-pathogen factors of 

C. borealis against this disease is crucial, since the fishery for this species is increasing and, 

consequently, their population dynamics can change. Although BSD is highly relevant, most 

studies focus on the microbial diversity related to this disease, ignoring the host immune 

responses necessary to protect animals against it. This transcriptomic study explores the 

immune responses of C. borealis to BSD in three immune-related tissues: the circulating 

haemocytes, hepatopancreas and shell epidermis. There were minimal differences in gene 

expression (<40 differently expressed genes) and histopathology in haemocytes and 

hepatopancreas between symptomatic and asymptomatic individuals, suggesting that BSD 

may not significantly impact systemic immune responses at the observed stage. However, a 

total of 606 genes were differently expressed in the shell epidermis, highlighting a localized 

immune response in this tissue. Several up-regulated immune-related genes were differently 

expressed in the shell epidermis, including antimicrobial peptide genes, prophenoloxidase-
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activating factor genes, protease genes, serine protease inhibitor genes, a chitin deacetylase 

gene and a chitinase gene. The histopathology shell analyses showed that even melanized shell 

areas have intact epicuticle and no signs of abnormalities, indicating shell coverage may not 

be enough to classify disease degree or stage. Altogether, these findings suggest that the shell 

epidermis plays a critical role in the immune defense against BSD. Moreover, transcriptional 

and histopathological patterns suggest BSD does not trigger a systemic response at this stage, 

but rather localized immune responses. 

Keywords: Shell disease; Illumina sequencing; proPO; disease establishment. 

 

6.2. INTRODUCTION 

Crustacean fishing is a globally established activity, being economically and culturally 

valuable for many countries (FAO, 2020). Some crustaceans, such as the lobsters Homarus 

americanus and Homarus gammarus, are highly desirable to fishermen and consumers and 

have a well-established fishery. (Hinchcliffe et al., 2022). However, sociopolitical and 

economic changes are shifting fishing targets to some secondary species, such as crabs from 

the genus Cancer (Pinsky and Mantua, 2014). Originally, these animals were the result of 

bycatch from lobster fisheries (Truesdale et al., 2019a). The increase in targeted fishing of 

these animals and the impact this could have on wild populations results in the need to 

understand their health to ensure sustainability (Truesdale et al., 2019a). Although few 

diseases are known in these species, shell diseases, such as black spot shell disease (BSD), 

can be highly prevalent in wild populations. 

Black spot shell disease is a naturally occurring disease affecting several species of 
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crustaceans, although these shell diseases are not necessarily related (Rowley and Coates, 

2023). Black spot shell disease is characterized by the presence of melanized black spots on 

any part of the exoskeleton of crustaceans. It has been proposed that early stages symptoms 

include small and shallow discoloured depressions, which are the result of degradation of the 

epicuticle, the outer layer of the shell. The degradation progresses to deeper layers of the shell 

resulting in the degradation of the procuticle, composed of the exocuticle and endocuticle, in 

more advanced stages (Vogan et al., 2008). It is possible that microorganisms reach the 

epidermis of crustaceans and invade the haemocoel, which can lead to death of the animal due 

to secondary infections or lethal adhesion between old and new shells during moulting (Vogan 

et al., 2008). There is a growing consensus that shell diseases, including BSD, are not caused 

by a single etiological agent, but by polymicrobial dysbiosis (Groner et al., 2018; Meres et al., 

2012; Rowley and Coates, 2023; Tlusty et al., 2007). The factors that initiate BSD are unclear, 

but some associations between pollution and BSD prevalence have been proposed (Young 

and Pearce, 1975). Other studies have found that animal size is closely associated with BSD 

prevalence (Ayres and Edwards, 1982). Animals in polluted environments would have higher 

BSD prevalence because they are older and larger due to lower fishing activity in these areas 

(Ayres and Edwards, 1982). Typically, larger animals take longer to moult, which is the only 

way for crustaceans to get rid of early-stage lesions (Vogan et al., 2008). 

The prevalence of BSD in Cancer borealis appears to be seasonal, with peak prevalence 

exceeding 75% in June, prior the proposed moulting period for these animals, with more than 

50% of the shell of some individuals covered with black spots (Truesdale et al., 2019b). 

Although mortality is low, it affects the sale of crabs, since individuals with high levels of 

BSD tend to be rejected by the end consumer (Ayres and Edwards, 1982). 
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Crustaceans rely on an innate immune system, composed of humoural and cellular immune 

responses (Kulkarni et al., 2021). Haemocytes are circulating immunocompetent cells present 

in the haemolymph of crustaceans (Kulkarni et al., 2021). These cells can infiltrate tissues to 

combat pathogens, since crustaceans have an open/semi-open circulatory system (Bouallegui, 

2021). Haemocytes are responsible for several cellular responses, such as phagocytosis, 

capsule formation and extracellular traps (ETs) formation (Bouallegui, 2021). These cells are 

also responsible for humoural responses, such as release of serine proteases, lectins and 

antimicrobial peptides (AMPs) (Cerenius et al., 2008; Kulkarni et al., 2021). Importantly, 

haemocytic cellular and humoural responses occur simultaneously and are not independent of 

each other, being interdependent and acting synergistically (Amparyup et al., 2013). A classic 

response of these cells is melanotic encapsulation, in which haemocytes surround/encapsulate 

pathogens and release molecules that activate the prophenoloxidase (proPO) cascade; 

resulting in the generation of cytotoxic chemicals and melanin (Amparyup et al., 2013). The 

black spots are an accumulation of melanin in the shell, and melanin is the final product of the 

proPO cascade, an immune response of crustaceans, rather than a pathogenic product 

(Amparyup et al., 2013; Vogan et al., 2008). 

The hepatopancreas is a multifunctional organ that is also one of the main immune tissues in 

crustaceans. Like haemocytes, the hepatopancreas performs cellular responses, such as 

phagocytosis by specialized fixed cells, and humoural responses, such as the release of 

immune molecules (Ridgway et al., 2006; Sun et al., 2008; Vogt, 2019; Yu et al., 2022). 

Among these hepatopancreatic immune molecules are the β-Glucan-binding proteins 

(βGBPs), which are released into the plasma and bind to β-1,3-glucan from pathogens 

(Cerenius et al., 1994; Yepiz-Plascencia et al., 2000, 1998). This interaction induces 

haemocyte degranulation and activation of the proPO cascade (Yepiz-Plascencia et al., 1998). 



114  

The epidermis is the first tissue to come into contact with pathogens that degrade the shell, so 

understanding the immune responses of this tissue against shell disease is essential. This tissue 

likely releases molecules to control microorganisms present on the shell. The Rimicaris 

exoculata shrimp epithelial cells present in the branchiostegite, a shallow shell structure 

covering gills, produce an AMP. This AMP can be found in the branchiostegite cuticle and is 

associated with ectosymbiotic bacteria in the inner cuticle (Le Bloa et al., 2020). It is possible 

that these cells also release molecules through the outer cuticle, although the inner cuticle 

facing the gills can be 100x thinner than the outer cuticle facing the external environment 

(Martinez et al., 2005). In line with this idea, crustacean shell also contains molecules with 

antimicrobial activity (Brisbin et al., 2015; Ferrer et al., 1989). Furthermore, the shell bacterial 

communities of Cancer irrotatus and Carcinus maenas looks to be interspecies driven rather 

than geographically driven, indicating a control of the shell microbiota by individuals 

(Koepper et al., 2023). 

Understanding the immune system of C. borealis to better understand their health against BSD 

is essential, given the increased fishing of these animals. The advances in omics approaches, 

especially transcriptomics, make it possible to have a more comprehensive and holistic 

understanding of host immune responses. The present work has aimed at identifying immune 

genes that are differently expressed in C. borealis exhibiting symptoms of BSD in three 

immune tissues: the circulating haemocytes, hepatopancreas and shell epidermis through 

transcriptomics. In addition to comparing symptomatic and asymptomatic animals, we also 

focused on understanding whether there were transcriptional differences between the 

epidermis of melanized and healthy areas of the shell in animals presenting symptoms of BSD. 
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6.3. METHODOLOGY 

6.3.1. Sampling 

This research was conducted with approval from the Dalhousie University Animal Care and 

Use Committee (approval number 1036552; January 2022) as per the Canadian Council of 

Animal Care guidelines. Cancer borealis individuals (n = 10) were collected from a 

Fisherman’s Market in Bedford, Nova Scotia, Canada in February 2022. The individuals with 

and without BSD were kept in separate aquariums containing 30 ppt seawater at 12 °C with 

constant aeration for two weeks. After acclimatation, haemolymph was collected from 

asymptomatic (n=five) and symptomatic (n=five) animals using a sterile syringe prefilled with 

cold anticoagulant solution (115 mM glucose, 336 mM NaCl, 27 mM sodium citrate, 9 mM 

EDTA, pH 7.2) (1:1; v:v). The mixture was centrifuged at 800 g at 4 oC, and precipitated 

haemocytes were homogenized in TRI reagent (1.4 M guanidine thiocyanate, 38% phenol, 

5% glycerol and 0.1 M sodium acetate) and stored at -20 oC prior to RNA extraction. 

Afterwards, animals were euthanized to collect shell epidermis and hepatopancreas tissues 

with a sterile surgical blade. Hepatopancreas tissues was collected from asymptomatic 

(n=five) and symptomatic (n=five) animals. Shell epidermis was collected under healthy and 

melanized shell areas of symptomatic and asymptomatic animals, resulting in tissues from 

three groups: healthy shell area from asymptomatic animals (As-H; n = five); healthy shell 

area from symptomatic animals (Sy-H; n = five) and melanized shell area from symptomatic 

animals (Sy-M; n = five) (Figure 6.1). Samples were macerated in TRI reagent and stored at 

-20 oC prior to RNA extraction. Sections corresponding to shells from the same individuals 

were collected and fixed in Davidson’s solution (30% filtered seawater, 30% ethanol, 20% 

formaldehyde, 10% glacial acetic acid, 10% glycerol) for 24 h. The Davidson’s solution was 
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changed to 70% ethanol after fixation and samples were stored for histopathology analysis. 

 
Figure 6. 1. Individuals representing asymptomatic and symptomatic animals used in the 

transcriptomics analyses. Arrows represent where epidermal samples were collected and their 

groups. Symptomatic animals have similar black spots shell coverage. As-H: healthy shell 

area from asymptomatic animals; Sy-H: healthy shell area from symptomatic animals; Sy-M: 

melanized shell area from symptomatic animals. 

6.3.2. Histopathology 

Samples stored in 70% ethanol were decalcified using the formic acid-sodium citrate method 

(Luna, 1968; Shields et al., 2012). Briefly, samples were submerged in a formic acid-sodium 

citrate solution (25% formic acid and 387.5 mM sodium citrate) overnight and rinsed in 

running water after. They were then paraffin-embedded, sliced at 5 µm and stained with 

hematoxylin and eosin. All slides were examined with a Zeiss Axioscope 5 light microscope in 

search of immune reactions, pathologies and signs of abnormalities. 

6.3.3. RNA extraction and sequencing 

Chloroform was added to stored tissues (1:5; v:v), and they were centrifuged at 12,000 g for 

15 min at 4 oC. The top aqueous phase was transferred to a new tube and 70% alcohol was 
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added (1:1; v:v). This solution was mixed, and the RNA extraction was finalized using the 

RNeasy® column extraction kit (Qiagen), according to manufacturer's instructions with the 

on-column DNase I digestion (Qiagen). Total RNA samples were eluted in molecular biology 

grade water. RNA concentration and purity were measured by spectrophotometry using a 

Nanodrop ND-1000 and their integrity was evaluated with an RNA 6000 Nano chip on the 

Agilent Bioanalyzer 2100. High quality RNA samples were submitted to the Genome Quebec 

Innovation Center for mRNA sequencing by Illumina NovaSeq. Briefly, mRNA from samples 

was enriched using oligo(dT)-attached beads and randomly fragmented. Reverse transcription 

was performed with random hexamers primers. Adaptors were added to samples, and they 

were PCR enriched. After quality control, samples were sequenced on an Illumina NovaSeq 

to produce paired-end 150 bp reads. 

6.3.4. Bioinformatics 

Gene expression analyses were performed as previously described (Argenta et al., 2024) and 

were conducted on the usegalaxy.org High Throughput Computing platform with software 

default options unless stated (Afgan et al., 2018). Briefly, reads were trimmed and low-quality 

sequences removed using Trim-Galore (Krueger, 2012). Their quality was assessed using 

FastQC (Andrews, 2010). Trimmed reads were mapped to the C. borealis genome 

(unpublished) using HISAT2 (Kim et al., 2015). Transcripts were reassembled using StringTie 

and redundant transcripts were removed with StringTie Merge (Pertea et al., 2015). Counting 

was performed using featureCounts using HISAT2 files and the StringTie Merge annotation file 

(Liao et al., 2014). FeatureCounts was set to count paired-end reads as one fragment and only 

if both reads aligned to the crab genome. Count normalization and gene expression 

comparisons between the different groups of interest were conducted using DESeq2 (Love et 
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al., 2014). The difference in gene expression was considered statistically significant when 

FDR<0.05 using the Benjamini and Hochberg multiple test correction method (Benjamini and 

Hochberg, 1995). All differently expressed gene (DEG) sequences were compared to the 

NCBI nr database (July 2024 database) using BLASTX and e-value of 1 × 10-5 in Blast2GO 

software (Altschul et al., 1997; Götz et al., 2008) The functional annotation of DEGs was 

performed using KAAS/KEGG tools (Kanehisa et al., 2017; Moriya et al., 2007). Shell 

epidermis gene expression heatmaps were made using heatmap.2 package (Warnes et al., 

2022) in R environment (R Core Team, 2023) based on log2(fold-change) of DEGs normalized 

counts comparing individuals to the average of all samples. Volcano plots were made using 

DESeq2 values in SRplot online platform (Tang et al., 2023). 

6.4. RESULTS 

6.4.1. Histopathology 

The histopathology of the healthy and melanized shells and hepatopancreas from 

asymptomatic and symptomatic C. borealis was evaluated in search of abnormalities 

potentially associated with BSD. The hepatopancreas from asymptomatic and symptomatic 

animals were free of pathogens and showed similar levels of glycogen reserves (Figure 6.2). 

The shell epicuticle, exocuticle, endocuticle and internal tissues of all animals were in good 

condition (Figure 6.2). Biofilm accumulation was present in the epicuticle, but no differences 

were found regardless of shell (healthy or melanized) or animal condition (asymptomatic or 

symptomatic). The exocuticle of melanized shell areas were slightly darker because of the 

melanin presence (Figure 6.2). 
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Figure 6. 2. Eosin and hematoxylin staining of C. borealis hepatopancreas (A, B) and shell 

(C-G). Hepatopancreatic tubules of asymptomatic (A) and symptomatic (B) animals. Healthy 

shell areas from asymptomatic (C) and symptomatic animals (D). Melanized shell area from 

symptomatic animal (E). Shell section with epidermal and muscular tissues under the 

membranous layer of asymptomatic (F) and symptomatic (G) animals. Epi: epicuticle; Exo: 

exocuticle; Endo: endocuticle; ML: membranous layer. 

The histopathology of two additional animals was assessed. These animals showed different 

symptoms or degrees of disease in comparison to the animals used for transcriptomic analyses 

(Supp Figure 6.1). One individual had few black spots on the shell, but they were visibly 

deep lesions. Despite having few black spots, histopathology analyses showed clear signs of 

erosion of the epicuticle and exocuticle and melanin accumulation (Supp Figure 6.1). The 

other individual had a large part of the shell covered with black spots, indicating a more 

advanced stage of the disease. However, histopathology analyses showed no difference in 

relation to the animals used for the transcriptomic analyses, with all layers of the cuticle intact 

and a darkening of the exocuticle due to melanin (Supp Figure 6.1). 
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6.4.2. Gene expression analysis 

The gene expression of the circulating haemocytes and hepatopancreas tissues was compared 

between asymptomatic and symptomatic animals to evaluate C. borealis immune responses to 

BSD. Interestingly, only seven genes were differently expressed in the circulating haemocytes 

of symptomatic animals in comparison to asymptomatic animals, but none were annotated as 

immune-related molecules (Supp Table 6.1). Only 28 DEGs were found when comparing the 

hepatopancreas from symptomatic and asymptomatic animals. Among them, two protease 

genes were over-expressed in the hepatopancreas of symptomatic animals in comparison to 

asymptomatic animals. One chitooligosaccharidolytic β-N- acetylglucosaminidase-like (β-

GlcNacase) gene had lower expression in the same comparison. 

The gene expression among the three groups of the shell epidermis (As-H, Sy-H and Sy-M) 

was compared to evaluate C. borealis immune responses to BSD. A total of 606 DEGs were 

found in all comparisons using DESeq2 (Supp Table 6.1 & Figure 6.3). Most of these, 391, 

were found in the comparison between healthy shell areas from symptomatic animals against 

asymptomatic animals (Sy-H vs As-H). A total of 378 DEGs were found in the comparison 

between melanized shell areas from symptomatic animals and healthy shell areas from 

asymptomatic animals (Sy-M vs As-H). A total of 164 DEGs were shared in both comparisons 

mentioned above (Figure 6.3). The gene expression of melanized and healthy shell areas from 

symptomatic animals (Sy-M vs Sy-H) was similar, with only four genes being differently 

expressed. 
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Figure 6. 3. Venn diagram comparing the number of DEGs among the three shell epidermis 

groups (top). Volcano plot containing gene expression in each comparison (bottom). The 

volcano plot up-regulated, down-regulated and unaffected genes are represented by red, blue 

and grey dots, respectively. Genes were considered differently expressed when FDR < 0.05. 

As-H: healthy shell area from asymptomatic animals; Sy-H: healthy shell area from 

symptomatic animals; Sy-M: melanized shell area from symptomatic animals. 

Samples and genes were clustered in a heatmap according to all DEGs log2(fold-change) to 

understand samples/groups gene expression similarities (Figure 6.4). The asymptomatic 

animals formed an outgroup clade based on their gene expression, though one animal from 

Sy-H was within this clade (Figure 6.4). Both groups of symptomatic animals, Sy-H and 

Sy-M, did not form distinct clades from each other, indicating similar gene expression patterns 

based on DEGs (Figure 6.4). 
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Figure 6. 4. Heatmap of DEGs (rows) in all shell epidermis samples (columns). Blue to red 

colours represent sample gene expression based on log2(fold-change) in comparison to the 

average of all samples within the row. Genes were considered differently expressed when 

FDR < 0.05. As-H: healthy shell area from asymptomatic animals; Sy-H: healthy shell area 

from symptomatic animals; Sy-M: melanized shell area from symptomatic animals. 

Among the up-regulated genes found in the comparison Sy-H vs As-H, there were three AMP 

genes, three proPO-activating factor (PPAE) genes, four protease genes and one protease 

inhibitor gene. Among the up-regulated genes found in the comparison Sy-M against As-H, 

there were three AMP genes, six protease genes, three serine protease inhibitor genes, three 

PPAE factor genes, one chitin deacetylase 1 gene and one chitinase gene (Supp Table 6.1 & 

Figure 6.5). Among the down-regulated genes in the same comparison, there was one protease 

gene and two protease inhibitor genes (Figure 6.5). No immune-related pathways showed 
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more than five representative genes being differently expressed in the KEGG/KASS functional 

annotation, even though the pathways from diverse organisms, including mammals, insects 

and crustaceans, were considered for the analysis. 

 
Figure 6. 5. Heatmap containing differently expressed antimicrobial peptide (AMP), 

prophenoloxidase(proPO)-activating factor, protease, protease inhibitor, chitin deacetylase 

and chitinase genes (rows) in all shell epidermis samples (columns). Blue to red colours 

represent sample gene expression based on log2(fold-change) in comparison to the average of 

all samples within the row. Genes were considered differently expressed when FDR < 0.05. 

As-H: healthy shell area from asymptomatic animals; Sy-H: healthy shell area from 

symptomatic animals; Sy-M: melanized shell area from symptomatic animals. 
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6.5. DISCUSSION 

Although there is increasing interest in C. borealis as a food source, little is known about its 

health. This is the first study to investigate the immune system of these animals when 

showing symptoms of BSD. Moreover, to our knowledge this is the first C. borealis study 

performing transcriptome analyses in non-neuronal cells (Christie and Pascual, 2016; 

Northcutt et al., 2019). 

The histopathology of the shell epidermis and hepatopancreas were evaluated together with 

the transcriptome in the current study. Overall, few histopathological differences were 

observed in animals used for transcriptomical analyses. Animals from the present study did 

not show any signs of hepatopancreatic tubular degradation or debris accumulation. They also 

did not show signs of melanin, haemocyte aggregations or other pathological indicators in the 

hepatopancreas tissue. Differently, Vogan et al. (2001) showed a correlation between BSD 

prevalence in Cancer pagurus and hepatopancreatic tubular degradation. Differences found 

between the present and previous studies could be related to disease stage, as there was an 

association between severity of disease with increase in haemocoelic bacterial infection 

(Vogan et al., 2001; Vogan and Rowley, 2002). Therefore, bacteria may not have made it 

through the shell to reach haemocoel and the hepatopancreas at this stage. In agreement, no 

bacteria were found beneath the shell of C. borealis. No bacterial aggregation, phagocytosed 

bacteria or bacteria infecting host cells were found. Moreover, the shell epicuticle, exocuticle 

and endocuticle were not eroded as expected. The only difference found was the presence of 

melanin in symptomatic animals, indicating a localized response. The melanization of the shell 

is an immune response triggered by pathogenic infections or physical injuries, so it would be 

expected that at least the first layer of the shell would be eroded or injured as described in 
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BSD (Vogan et al., 2008). Some studies use the coverage of black spots in the shell to classify 

disease stage (Truesdale et al., 2019b; Vogan et al., 2001; Vogan and Rowley, 2002), but this 

might not be enough in animals with BSD. The black spots are the presence of melanin in 

the shell caused by the crustacean immune system (Vogan et al., 2008). However, the present 

study demonstrates that this does not guarantee erosion of the shell. In fact, even C. borealis 

individuals highly covered by black spots may not show erosion of the shell (Supp Figure 

6.1). Contrary, C. borealis individuals with low black spots coverage can have deep lesions 

on the shell (Supp Figure 6.1). This could indicate that black spot coverage may not be 

sufficient to determine disease degree. Regardless of shell physical condition, the melanin 

indicates these animals are responding to microorganisms in the shell, but this response 

appears to be prior shell erosion. Haemocyte recruitment under the melanized or healthy shell 

areas of C. borealis were similar in the present study. The lack of haemocyte recruitment at 

this stage may indicate there is no systemic immune reaction occurring in these animals. 

The gene expression of haemocytes showed minimum differences between BSD symptomatic 

C. borealis and asymptomatic C. borealis in the present study, with only seven genes being 

differently expressed and none of them were clearly associated with immunity. This suggests 

that animals from the current study are not suffering enough internal stress to regulate the gene 

expression of circulating haemocytes against BSD, indicating there is not a systemic response 

at this stage. Importantly, some haemocytic post-transcriptional immune regulations could be 

in place, such as the release of granules (Amparyup et al., 2013). However, Vogan et al (2002) 

found no correlation of levels of phenoloxidase (PO), and antibacterial activity in the 

haemolymph of C. pagurus with the proportion of BSD shell cover (Vogan and Rowley, 2002). 

Although, there was an association between severity of the shell with decrease in haemolymph 

protein concentration (Vogan et al., 2001; Vogan and Rowley, 2002). 
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Few differences (28 DEGs) were found in the gene expression of hepatopancreas tissue in 

asymptomatic and symptomatic BSD animals, similar to what was found with the circulating 

haemocytes. The hepatopancreas is the most important immune organ of crustaceans, being 

responsible for many cellular and humoural responses (Ridgway et al., 2006; Sun et al., 2008; 

Vogt, 2019; Yu et al., 2022). The gene expression of two proteases were found to be up-

regulated in the hepatopancreas of C. borealis with BSD. Proteases are associated with many 

metabolic processes, but they could also be involved in immune responses in the 

hepatopancreas or haemolymph (Amparyup et al., 2013; Li et al., 2018). One β-GlcNacase 

gene was down-regulated in the hepatopancreas of BSD animals by -3.75 log2(fold-change). 

The β-GlcNacase is a chitin-degrading enzyme that appears to participate in immunity in 

intracellular and extracellular environments, though these molecules also have non-immune 

functions (Soto-Rodriguez et al., 2022; Zhang et al., 2021). Studies indicate that β-GlcNacase 

is released to fight pathogens in Bombyx mori (Prabhuling et al., 2021), and their silence is 

associated with an increase of mycobacteria growth (Koo et al., 2008). Members from the β-

GlcNacase family were found to be up-regulated in the hepatopancreas of crustaceans upon 

infection (Sun et al., 2018), including in the hepatopancreas of H. americanus in face of a shell 

disease (Argenta et al., 2024). Here we found that β-GlcNacase gene was down-regulated in the 

face of BSD in C. borealis, which could be associated with specificity. The general lack of gene 

regulation in the hepatopancreas is an additional indicator that BSD showed little systemic 

effect in C. borealis in the present study. 

In contrast, many differences were observed in the shell epidermis transcriptome of C. 

borealis with BSD. Most up-regulated immune genes were found in common between the 

comparisons of Sy- M or Sy-H against As-H. Moreover, only four DEGs were found in the 

comparison between Sy-M against Sy-H. The expression pattern of all these DEGs clustered 
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Sy-M and Sy-H samples together but separate from As-H samples. The presence of most up-

regulated immune genes in Sy-M and Sy-H may indicate the Sy-H group is in a transitory 

condition responding to the development of BSD. Previous studies found that apparently 

healthy shell areas close to lesion shell areas could have transitionary microorganisms. For 

example, Loktanella was part of the core taxa in lesion and transitionary areas of H. americanus 

shells with epizootic shell disease, but not in unaffected areas of the shell (Feinman et al., 

2017). This taxon was more abundant in C. pagurus melanized areas of the shell in 

comparison to healthy areas in a BSD study (Bergen et al., 2022). Therefore, it is possible that 

C. borealis is responding to BSD development in apparently healthy areas of the shell in 

symptomatic animals prior to the onset of symptoms, such as melanization. 

Melanin is the final product of one of the most effective immune responses in crustaceans, the 

proPO cascade (Cerenius et al., 2008). This cascade requires the combination of haemocytes 

and proPO-activating system proteins. The key enzyme PO contains 

tyrosinase/monophenolase and catecholase/diphenoloase activities producing o-quinone, the 

melanin precursor (Amparyup et al., 2013). During the proPO cascade, several reactive 

intermediates, such as reactive intermediates of oxygen (ROI) and nitrogen (RNI), with 

cytotoxic activity are produced against the microorganisms (Nappi and Christensen, 2005). 

Many components of this cascade are constitutively present in the plasma of crustaceans, 

and some are released into the plasma after pathogen recognition, mainly by haemocytes. The 

release of these molecules activates a serine protease cascade, which will result in the 

activation of PO by serine proteases named PPAEs (Amparyup et al., 2013). 

Three PPAEs were found to be up-regulated in the epidermis of symptomatic groups in 

comparison to the asymptomatic group in the present study. Genes encoding PPAEs were 
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previously up-regulated in several arthropods upon experimental infections and their silencing 

resulted in host susceptibility increase and PO activity decrease (De Gregorio et al., 2001; 

Jang et al., 2011; Pang et al., 2014). Although, some PPAE genes were unaffected or down-

regulated upon infection (Liu et al., 2007; Pang et al., 2014). Three protease inhibitors 

potentially associated with the proPO cascade were up-regulated in symptomatic groups in 

comparison to the asymptomatic group. Proteases, including serine proteases, were also up-

regulated in the same comparisons and could be related to the proPO cascade or other immune 

processes. More proPO cascade genes were expected to be up-regulated in symptomatic 

animals in the present study. The proPO cascade plays an important role in BSD, as the black 

spots are considered melanin, the final product of the cascade (Vogan et al., 2008). This could 

be partially explained by the proPO molecules undergoing post- transcriptional regulation, as 

molecules necessary to activate this cascade are constantly expressed, accumulated in 

haemocytic granules and released in the plasma only upon pathogen recognition (Amparyup 

et al., 2013). 

Genes encoding chitin-degrading enzymes were regulated in the present study. The chitin 

deacetylase and chitinase genes had higher expression in epidermal cells under melanized 

shell areas of symptomatic animals (Sy-M) in comparison to healthy shell areas of 

asymptomatic animals (As-H). Chitinases participate in the moulting and growth of 

crustaceans, the digestion of chitin-containing food and the defense responses against fungi, 

bacteria and viruses (Zhang et al., 2021). These molecules can have direct catalytic activity 

against chitin-containing pathogens (Seo et al., 2016; Zarei et al., 2011). Chitinases also 

indirectly participate in immune responses. The LvChi5 is a chitinase without in vitro activity 

against Vibrio parahaemolyticus but its RNAi silencing results in increased mortality against 

the same bacteria in P. vannamei (Niu et al., 2018). The LvChi5 silencing results in the down-
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regulation of other immune genes, such as AMPs, showing its role in gene regulation (Niu et 

al., 2018). Chitinase genes are also regulated in the hepatopancreas of H. americanus against 

a shell disease (Argenta et al., 2024). These molecules could participate in C. borealis immune 

regulation against BSD, but additional work is needed to elucidate that. 

Two crustins and two ALFs had higher expression in the C. borealis shell epidermis of 

symptomatic animals (Sy-M and Sy-H) in comparison to asymptomatic animals (As-H) in the 

present study. Crustins and ALFs are diverse AMP families from arthropods that play essential 

roles in immune reactions (Matos and Rosa, 2022). Crustins are involved in immune activity 

against Gram-positive and Gram-negative bacteria, yeasts and viruses, and their silencing 

causes an increase in mortality of the host (Barreto et al., 2022). Crustins have alternative 

biological functions, including opsonization, bacterial agglutination, protease inhibition and 

microbiota control (Amparyup et al., 2008; Le Bloa et al., 2020; Liu et al., 2014; Lv et al., 

2020). Re-crustin was reported to be expressed in epithelial cells under the cuticle of the 

branchiostegite of the Rimicaris exoculata shrimp and Re-crustin can be found in this cuticle 

and associated to ectosymbiotic bacteria (Le Bloa et al., 2020). Similarly, ALFs have a broad 

spectrum of activity, acting against Gram-positive bacteria, Gram-negative bacteria, fungi 

and viruses (Matos and Rosa, 2022). The ALFs also regulate the crustacean microbiota and 

their silencing results in proliferation of haemolymph microbiota and death of the host 

(Ponprateep et al., 2012). It is reasonable to speculate these AMPs are produced by the shell 

epidermis and released to control the cuticle ectobacteria, similarly to Re-crustin (Le Bloa et 

al., 2020). Moreover, some studies show evidence that crustaceans release molecules in their 

shell to control their shell microbiota (Haug et al., 2002; Koepper et al., 2023; Vogan et al., 

2008). Although, immunolocalization essays are required to confirm the expression and 

release of these molecules in the shell of C. borealis. 
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6.6. CONCLUSION 

This was the first study to focus on the immunity of C. borealis against the BSD. We identified 

641 genes being differently expressed among all comparisons in the present study. From the 

641 DEGs, only 35 were found in the hepatopancreas and circulating haemocytes from 

symptomatic animals in comparison to asymptomatic animals. The majority of these 35 DEGs 

are unlikely to be related to immune responses, suggesting there is no systemic immune 

response in place, but rather a localized response in the shell epidermis. Moreover, 

histopathology analyses do not indicate microbial invasion or immune responses in the 

hepatopancreas or shell tissues, except by melanin in the shell. Altogether, these findings 

suggest that the BSD is delimited to the outer shell of C. borealis at the current disease stage. 

The shell histopathology analyses also suggest that disease degree should consider other 

aspects besides black spots coverage, because even animals with high degrees of BSD 

coverage did not show clear signs of damage in the shell. The shell epidermis transcriptome 

revealed a few immune-related genes that indicate C. borealis is responding to 

microorganisms in the shell, such as proPO cascade and AMP genes. However, additional 

work is required to evaluate if these molecules are being secreted to the outer of the shell to 

control the microbiota as suggested in other crustaceans. 
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CHAPTER 7 CONCLUSION 

7.1. MAIN CONCLUSIONS 

The goal of this research was to study the host and microbial factors associated with 

impoundment shell disease in H. americanus and black spot shell disease affecting C. 

borealis. The main strategies used to achieve these goals were based on omics approaches: 

mRNA Illumina sequencing to study host gene expression and full length 16S rRNA gene 

PacBio CCS to study shell bacterial communities. Histopathological strategies were used as 

secondary methodologies to support our findings. We found many immune-related genes 

being differently expressed in H. americanus in the face of ISD and a few in C. borealis in 

face of BSD. Similarly, the biggest differences in bacterial communities were observed in the 

ISD study. 

The histopathological analyses showed no differences in the hepatopancreas of H. americanus 

with ISD. However, many symptoms of ISD and immune responses, such as haemocytic 

infiltration, were found in the shell and its epidermis. Similar trends were observed in the gene 

expression analyses. The hepatopancreas did not show many differences in gene expression 

and the shell epidermis had thousands of genes being differentially expressed in face of ISD. 

Some genes possibly related to immune responses stood out in these analyses, such as chitin-

degrading enzyme genes, α-2-macroglobulin-like gene, crustin genes, ALF genes and proPO 

cascade genes, being possible targets for the management of shell diseases. Interestingly, 

some of these genes were also differently expressed in C. borealis with BSD.  

Classical signs of dysbiosis found in the ISD study were among the main findings in the 

bacteriome study. The alpha diversity of bacterial communities of ISD lesions were lower in 
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comparison to healthy shell areas and no microorganism was exclusively found in shell lesion 

samples. Beta-diversity differences were driven mainly by the relative abundance of a small 

number of bacteria, rather than specific taxa present in samples. Tenacibaculum and Vibrio 

previously described in ISD lesions were more abundant in lesions in comparison to healthy 

shell areas, but they were found in both groups. Interestingly, Aquimarina, a genus consistently 

associated with shell diseases, including ISD, was a rare ASV present in only three samples in 

the present study. No differences were found between the bacterial communities from healthy 

shell areas from symptomatic animals and asymptomatic animals. However, the shell epidermis 

gene expression under these shell areas were different. This could indicate a larger host 

immune response associated with ISD, as suggested for ESD. 

Crustins, ALFs and proPO cascade genes were differentially expressed in the shell epidermis 

in animals with BSD, indicating they could play crucial roles in crustacean shell diseases. The 

transcriptional and histopathological patterns also indicate BSD is suppressed to the outer 

shell at the disease stage examined in this study. Histopathology of C. borealis revealed no 

signs of infection in the hepatopancreas or shell epidermal cells. Transcriptional patterns of 

C. borealis revealed no immune-related genes being differently expressed in circulating 

haemocytes and hepatopancreas. Histopathology shell analyses showed melanized shell areas 

have intact epicuticle and no signs of abnormalities, indicating animal shell coverage may not 

be enough to classify disease degree or stage. The Aquimarina genus was differently abundant 

in the BSD study. Aquimarina was more abundant in melanized shell areas in comparison to 

healthy shell areas of C. borealis and could play a role in the initial stages of shell disease. 

Interestingly, the cold resistant Colwelliaceae family was the most frequent family in the ISD 

study and third most frequent family in the BSD study. Moreover, ASVs assigned to this 

family were core ASVs in lesion groups in both bacteriome studies. This family has 
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proteolytic activity and could play a role in epicuticle degradation in shell diseases. 

We aimed to understand the host and pathogen factors in shell diseases, as both have important 

roles in disease development, establishment and clearance. Transcriptome and microbiome 

next-generation sequencing strategies have proven to be powerful techniques to gain a broad 

and in-depth understanding of diseases and their host-pathogen dynamics (Casamassimi et al., 

2017; Diallo et al., 2023; Rizal et al., 2020; Wensel et al., 2022). This was true as well for 

impoundment and black spot shell diseases, which have not been the focus of much research 

in recent years; especially in terms of host immune responses. This allowed us to have an 

initial and comprehensive characterization of H. americanus and C. borealis responses to 

these diseases. However, omics approaches are better when used with other techniques (e.g.: 

RNAi and experimental infections) to have strong conclusive remarks (de Lorgeril et al., 2018), 

which led us to raise many future areas of research to study these diseases. 

7.2. FUTURE AREAS OF RESEARCH BUILDING UPON OUR RESEARCH 

FINDINGS 

It would be important to combine the knowledge obtained in this research to better understand 

ISD and BSD. Firstly, it would be interesting to evaluate if the DEGs found in this research 

play an important role in controlling the bacterial communities associated with ISD and BSD. 

Combining gene silencing of these molecules and techniques/knowledge of the shell 

microbiota would be very important. After silencing, it would be possible to observe 

bacterial community shifts in asymptomatic animals and compare it to the bacterial 

community from symptomatic animals. The silencing of these DEGs could be implemented in 

inoculation trials of ISD. Inoculation of shell disease pathogens has proven difficult, making 

it hard to induce shell diseases in the laboratory. Researchers have inoculated the shell from 
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healthy crustaceans with bacteria found in lesions, but disease development results were 

inconsistent (Malloy, 1978; Quinn et al., 2012). Moreover, the mechanical abrasion of the 

shell was necessary to achieve this goal, though not all animals developed the disease. Despite 

the polymicrobial nature of these diseases, the efficient immune system and defense 

mechanisms of crustaceans could be a reason for this difficulty. Silencing genes found in the 

present study prior inoculation could ease the process of inducing shell diseases in the 

laboratory. Moreover, the bacteria found in this research could be the focus of inoculation 

trials. 

We characterized the transcriptome in animals already showing some symptoms of ISD and 

BSD. Although, some studies in H. americanus indicate that internal factors of crustaceans 

are associated with susceptibility/resistance to the development of shell diseases (Theriault et 

al., 2008; Tlusty et al., 2007). It would be advantageous to study which transcripts could be 

associated with resistance to shell disease development. For example, circulating haemocytes 

of H. americanus could be collected before storing animals in pounds and compare their 

transcriptomes between animals that developed or not ISD. Differences in crustacean basal 

gene expression would potentially be related to ISD resistance, as observed in other diseases 

(de Lorgeril et al., 2008, 2005). These could also be compared to DEGs found in the present 

research. The same could be done with the bacteriome of these animals. Moreover, the shifts 

in bacteriome and transcriptome of these crustaceans should be compared over time. 

These crustaceans can be tagged and circulating haemocytes and shell biofilm collected while 

BSD and ISD develop for omics comparisons. 

The circulating haemocytes, shell epidermis and hepatopancreas were chosen for 

transcriptional analyses in this research. Circulating haemocytes and hepatopancreas were 
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mainly chosen because they are very important for immune reactions in crustaceans, acting in 

local and systemic responses effectors (Bouallegui, 2021; Ridgway et al., 2006; Sun et al., 

2008; Vogt, 2019; Yu et al., 2022). Circulating haemocytes can migrate directly to the 

infection site to act directly against pathogens or release immune molecules in the 

haemolymph (Bouallegui, 2021). While the hepatopancreatic cells cannot migrate, it has 

specialized cells to act in local responses in the organ or produce and release molecules in the 

haemolymph or in the gastrointestinal system of these animals (Vogt, 2019). The shell 

epidermis was chosen because it is supposedly the first tissue to get in contact with shell 

disease pathogens. Overall, shell disease progression is attributed to the chitinolytic 

microorganisms in the lesions (Vogan et al., 2008), meaning that the epidermis would be the 

first line of defense after the shell physical and chemical structure. Therefore, epidermal cells 

could induce immune reactions because of direct pathogen interactions. Shell epidermal cells 

could also tentatively control the outer microbiota prior to shell trespassing, which was 

suggested by other studies (Koepper et al., 2023b; Le Bloa et al., 2020). Although the 

importance of circulating haemocytes, shell epidermis and hepatopancreas, transcriptional 

responses of other tissues could be important against shell diseases. Crustacean gills and gut 

are potential sites of entry into the haemocoel by pathogens (Farias et al., 2019; Vogan et al., 

2001). Although these tissues are coated by chitin, they are more permeable in comparison to 

the shell. Moreover, immune responses were previously observed in gills of C. pagurus 

affected by BSD (Vogan et al., 2001). Therefore, it would be interesting to observe if these 

tissues also play a role in different stages of shell diseases through transcriptomics and 

histopathology analyses. 

Although antimicrobial molecules have been found in the cuticle of crustaceans in previous 

studies (Brisbin et al., 2015; Ferrer et al., 1989), it is not certain that the DEGs found in the 
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present research, such as crustins, ALFs, chitinases or PO, result in proteins released in the 

shell biofilm. This could be addressed using histofluorescence techniques, also allowing to 

observe if these immune molecules interact directly with the shell microbiome. 

Crustacean shell biofilms contain diverse microbiotas, which were evaluated in face of ISD 

and BSD in the present study. We restricted our study to the bacteriome, but the microbiota 

of healthy marine organisms is more complex and may include other microorganisms, such 

as archaea, microbial eukaryotes, and viruses (Egan and Gardiner, 2016; Smolowitz et al., 

1992). It would be important to evaluate if non-bacterial microbiota play a role in ISD and 

BSD, as observed in other bacterial dysbiosis triggered by non-bacterial microbiota (de 

Lorgeril et al., 2018). This could be achieved by whole genome metagenomics, which allows 

the understanding of the whole microbiota through sequencing (Diallo et al., 2023). 

Metagenomics would also allow researchers to better evaluate the functional composition of 

the microbiota (Sun et al., 2020), allowing to understand the microbiota dynamics of shell 

diseases and which functions are potentially more abundant in different stages of their 

development. 

Overall, this study shed light into important information about two shell diseases, ISD and 

BSD, affecting H. americanus and C. borealis. This study focused not only on the pathogens 

but also on the immune responses of crustaceans to shell diseases in three cells/tissues. 

Although we discovered several important molecules and microorganisms during this host- 

pathogen dynamic, there are many exciting questions that still need to be addressed. 
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APPENDIX A SUPPLEMENTARY MATERIAL - AMERICAN 

LOBSTER (HOMARUS AMERICANUS) HEPATOPANCREAS 

TRANSCRIPTOME REVEALS THE SIGNIFICANCE OF CHITIN- 

RELATED GENES DURING IMPOUNDMENT SHELL DISEASE 

(CHAPTER 2) 

 

Supp Figure 2. 1. Histology of the cross section of the hepatopancreas of asymptomatic (A), 

moderately symptomatic (B) and severely symptomatic (C) groups. Tissues were stained 

with H&E and observed under the light microscope. 

DESCRIPTION OF ELECTRONIC SUPPLEMENTS: 

Supp Table 2.1. Table containing all samples raw reads quality from all samples 

Supp Table 2.2. Table containing all differently expressed genes between comparisons, their 

log2(fold-change), false discovery rate and sequences 
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APPENDIX B SUPPLEMENTARY MATERIAL - THE HAEMOCYTES 

AND SHELL EPIDERMIS TRANSCRIPTOMES FROM THE 

AMERICAN LOBSTER (HOMARUS AMERICANUS) REVEAL GENES 

ASSOCIATED WITH THE IMPOUNDMENT SHELL DISEASE 

(CHAPTER 3) 

 

Supp Figure 3. 1. Shell sections stained with Nile blue A. Melanin (red arrow) is present in 

all sections. (A) Shell section of a symptomatic animal. (B) Shell section of an asymptomatic 

animal. 
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Supp Figure 3. 2. Venn diagram containing specific and shared DEGs found in haemocytes 

and shell epidermis comparisons. Genes were considered differently expressed when FDR 

< 0.05. 

DESCRIPTION OF ELECTRONIC SUPPLEMENTS: 

Supp Table 3.1. Table containing all differently expressed genes between all comparisons, 

their log2(fold-change), false discovery rate and sequences 

Supp Table 3.2. Table containing number of DEGs assigned to KEGG/KAAS pathways 
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APPENDIX C SUPPLEMENTARY MATERIAL - THE FULL 16S 

BACTERIAL DYNAMICS SUGGESTS THE AMERICAN LOBSTER 

(HOMARUS AMERICANUS) IMPOUNDMENT SHELL DISEASE IS 

CAUSED BY A DYSBIOSIS (CHAPTER 4) 

 

DESCRIPTION OF ELECTRONIC SUPPLEMENTS: 

Supp Table 4.1. Table containing all differently abundant MetaCyc and KEGG pathways 

based on Picrust2 prediction 
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APPENDIX D SUPPLEMENTARY MATERIAL - THE JONAH CRAB 

(CANCER BOREALIS) BACTERIAL COMMUNITY DYNAMICS IN 

THE EARLY STAGES OF BLACK SPOT SHELL DISEASE (CHAPTER 

5) 

 

DESCRIPTION OF ELECTRONIC SUPPLEMENTS: 

Supp Table 5.1. Table containing shared and unique core ASVs and taxa 

Supp Table 5.2. Table containing all differently abundant MetaCyc and KEGG pathways 

based on Picrust2 prediction 
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APPENDIX E SUPPLEMENTARY MATERIAL - THE JONAH CRAB 

(CANCER BOREALIS) MULTI-ORGAN TRANSCRIPTOMES 

INDICATE A PARTIAL SUPPRESSION OF THE BLACK SPOT SHELL 

DISEASE IN THE SHELL (CHAPTER 6) 

 

Supp Figure 6. 1. Individuals with different symptoms or degrees of disease and eosin and 

hematoxylin staining of their shell. While the first individual (left) has few deeper lesions with 

epicuticle and exocuticle degradation, the second individual (right) is highly covered in black 

spots with no signs of shell erosion. Epi: epicuticle; Exo: exocuticle; Endo: endocuticle; ML: 

membranous layer. 

DESCRIPTION OF ELECTRONIC SUPPLEMENTS 

Supp Table 6.1. Table containing all differently expressed genes between all comparisons, 

their log2(fold-change), false discovery rate and sequences  
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