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General introduction 

Introduction 

Crayfish are decapod crustaceans that play a vital role in aquatic ecosystems, providing 
valuable ecological services and serving as important links in the food chain (Souty-Grosset 
et al., 2006). They are also of significant commercial interest, being harvested for human 
consumption, bait, and the pet trade (FAO, 2019). Moreover, crayfish, in particular marbled 
crayfish Procambarus virginalis have been utilized as model organisms in diverse areas 
of research, including developmental biology, ecology, regeneration biology, genetics and 
physiology due to their relatively small size and short generation time, ease of handling, 
breeding at any time of the year and robustness under laboratory conditions (Vogt, 2008; 
Hossain et al., 2018). For example, in developmental biology, marbled crayfish have been 
utilized to investigate the development of transmitter systems in crustaceans by examining 
the growth of their histamine-immunoreactive neurons in the ventral nervous system (Rieger 
and Harzsch, 2008). Crayfish have been used to investigate population dynamics, habitat 
preferences, and the effects of environmental stressors on aquatic communities in the field of 
ecology (Reynolds etal., 2013). Furthermore, in regeneration and genetic studies, for instance, 
marbled crayfish have been utilized to examine the gene that encodes for Baboon, a type 
I TGF-p superfamily receptor involved in the activin pathway and plays an important role in 
regeneration. The study found that this gene is responsible for controlling the growth, but not 
patterning, of the new leg during regeneration (Shinji et al., 2016). In physiology, one area of 
particular interest in crayfish research is the study of their hemolymph. Crayfish have emerged 
as important models for studying the function and regulation of the crustacean circulatory 
system, particularly the hemolymph, which serves as the circulatory fluid and plays critical 
roles in the maintenance of their physiology and immune system (Grubhoffer et al., 2013). 
This introductory chapter aims to provide an overview to better understand the composition 
and function of hemolymph in crayfish and discusses the growing body of literature focused 
on understanding the cellular and molecular characteristics of hemolymph in crustaceans. 

1. Hemolymph: the circulatory fluid of crustaceans 

Hemolymph is the circulatory fluid found in invertebrates, particularly arthropods and 
crustaceans. It serves a role analogous to the blood found in vertebrates, but its composition 
and functions differ in several significant ways that make it a fascinating and important topic 
of study. Hemolymph is a multifunctional fluid that serves a variety of roles in invertebrates, 
including the transportation of nutrients, waste products, and hormones, as well as providing 
hydraulic pressure for locomotion and serving as an immune defense system (Vazquez et al., 
2009; Gianazza et al., 2021). 

1.1. Differences between hemolymph and mammalian blood  

There are several key differences between hemolymph and mammalian blood. One of the 
most notable differences is the presence of hemocyanin as the primary respiratory protein in 
many invertebrates, as opposed to hemoglobin in vertebrates (Terwilliger, 2015). Additionally, 
unlike mammalian blood, hemolymph lacks the variety of cell types found in blood, including 
erythrocytes (red blood cells), leukocytes (white blood cells), and thrombocytes (platelets). 
Instead, hemolymph contains specialized cells called hemocytes, which play a critical role 
in the innate immune response (Hartenstein, 2006). Another significant difference between 
hemolymph and mammalian blood is the presence of an open circulatory system in 
invertebrates, as opposed to the closed circulatory system found in vertebrates (Grubhoffer 
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et al., 2013). In an open circulatory system, hemolymph is not confined to vessels but instead 
bathes tissues directly, providing a less efficient method of nutrient delivery and waste 
removal (Grubhoffer et al., 2013). 

1.2. Hemolymph composition  

The composition of hemolymph is highly variable among invertebrates, but it generally 
consists mainly of water, inorganic ions, small organic molecules, proteins, lipids, and immune 
cells - the hemocyte (Leta et al., 1996; Hrassnigg et al., 2003; Burmester and Hankeln, 2007; 
Gianazza et al., 2021). The components of hemolymph are derived in part from the fat body, 
hemocytes, hepatopancreas, midgut, and epidermis (Gilbert and Chino, 1974). Inorganic ions 
such as sodium, potassium, calcium, and magnesium are important for maintaining osmotic 
balance and cellular function (Jungreis et al., 1973). Small organic molecules, including 
glucose, amino acids, and urea, serve as nutrients and waste products (Edwards, 1982; Lee 
and Chen, 2003). 

One of the primary components of hemolymph is its proteins, which include enzymes, 
hormones, and transport proteins, which play essential roles in metabolism, homeostasis and 
immunity (Gianazza et al., 2021). The major proteins found in the hemolymph are hemocyanin, 
a copper-containing respiratory protein that carries oxygen and serves various immunological 
roles in many arthropods and crustaceans (Lee et al., 2004; Coates and Nairn, 2014). Unlike 
hemoglobin, the iron-containing respiratory protein found in vertebrate blood, which imparts 
a red color to the blood due to oxygenation of hemoglobin via iron within the heme cofactor, 
the hemocyanin in chelicerate and, to a lesser extent in crustaceans imparts a blue color to 
hemolymph when oxygenated (Coates and Nairn, 2014). Lipids in hemolymph are primarily 
found in the form of lipoproteins, which transport lipids between tissues and are involved 
in lipid metabolism (Yepiz-Plascencia et al., 2000). The cellular components of hemolymph, 
known as hemocytes, are involved in immune defense and other physiological processes, such 
as phagocytosis, coagulation and wound healing (Smith and Soderhall, 1986; Jiravanichpaisal 
et al., 2006; Matozzo and Marin, 2010). 

In addition to its physiological roles, hemolymph plays a crucial role as a component of 
the invertebrate immune system. The cellular and humoral components of hemolymph work 
together in the innate immune response under pathogenic challenges and environmental 
stress (Mengal et al., 2023a). Therefore, the innate immune system of crustaceans heavily 
relies on hemolymph, which contains various essential components critical for the immune 
response against pathogens and environmental stressors. 

2. The basis of crustacean's innate immunity 

The study of immunity in crayfish and other crustaceans has garnered significant attention 
in recent years due to its importance in understanding the defense mechanisms of aquatic 
species, potential applications in aquaculture, and broader implications for invertebrate 
immunology. One of the most important aspects of crustacean biology is their innate 
immune system, which plays a critical role in protecting them from various pathogens and 
environmental stressors. Unlike the adaptive immune system found in vertebrates, which 
relies on the production of specific antibodies and memory cells (Boehm, 2011), the innate 
immune system of invertebrates is the first line of defense against invading pathogens 
(Vazquez et al., 2009). It comprises various cellular and molecular mechanisms that work 
together to recognize and eliminate the pathogen or and ameliorate the harmful effect of 
various stressors. Crustacean innate immunity is a complex system that involves both cellular 
and molecular components. 
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General introduction 

The cellular component of crustacean's innate immunity comprises hemocytes, which 
are the circulating immune cells in the hemolymph. Hemocytes play a critical role in the 
recognition and elimination of invading pathogens and in mitigating the deleterious effects 
of environmental stressors (Pathak, 1993; Jiravanichpaisal et al., 2006). They are involved in 
various cellular mechanisms, such as hemolymph coagulation, phagocytosis, encapsulation, 
nodulation, and melanization (Smith and Soderhall, 1986; Mengal et al., 2023a; Vazquez et 
al., 2009). The molecular component of crustacean's innate immunity comprises a diverse 
array of peptides and proteins, such as lectins, antimicrobial peptides, clotting factors, and 
complement-like proteins. These proteins are involved in various functions, such as pathogen 
recognition, opsonization, and pathogen elimination (Edwards, 1982; Jiravanichpaisal et al., 
2006; Coates and Nairn, 2014; Gianazza et al., 2021). 

Hemolymph is the main fluid affected by various environmental stressors in decapods 
because it is the primary circulatory fluid in direct contact with the external environment, 
which makes it more susceptible to changes in environmental conditions and exposure to 
pathogens. Therefore, any changes in the external environment can affect the innate immune 
status of decapods. Understanding the effects of environmental stressors on hemolymph 
and the immune system of decapods is essential for developing effective strategies for 
conservation and disease control. 

3. Impact of environmental stressors on the immune system 

Crustaceans are constantly exposed to a wide range of environmental stressors, such as 
changes in temperature, salinity, and pH, as well as exposure to pollutants and pathogens. 
These stressors can have a profound effect on the immune system of crustaceans, which 
is responsible for protecting them against pathogens and other harmful agents. Exposure 
to stressors can lead to changes in the expression of immune-related genes, alterations in 
the composition and activity of immune cells, and changes in the production of immune-
related molecules, such as antimicrobial peptides (Matozzo et al., 2011; Ren et al., 2017; 
Korkut et al., 2018). In chapter 2, we have reviewed and discussed in detail the effects of 
environmental factors on the cellular and molecular immune parameters of decapods. Also, 
we highlighted important knowledge gaps in the immune system of decapods, such as 
hemocyte classification, phagocytosis, and coagulation, which served as the basis for the 
experiments conducted in chapters 3 and 4. Therefore, the impact of environmental stressors 
on the immune system is briefly reviewed here. 

Temperature stress is one of the most common environmental stressors affecting 
crustacean's immune parameters. Exposure to high or low temperatures can have a profound 
effect on the immune system of crustaceans. For instance, exposure to high temperatures 
can lead to an increase in the production of heat shock proteins (Mengal et al., 2023b), 
which are involved in protecting cells from thermal stress. Additionally, it was observed that 
exposure to high temperatures significantly altered key immune parameters, including total 
hemocyte count (the immune cells), phenoloxidase, superoxide dismutase and catalase 
activities in crayfish, Pacifastacus leniusculus and crab Carcinus aestuarii (Matozzo et al., 
2011; Korkut et al., 2018). Thus, high temperatures can lead to a decrease in the activity 
of hemocytes, which are responsible for phagocytosis and encapsulation of pathogens and 
can make crustaceans more susceptible to infection by pathogens. Likewise, salinity stress 
is another common environmental stressor affecting crustacean's immune parameters. 
Changes in salinity can lead to alterations in the activity and composition of immune cells, 
as well as changes in the production of immune-related molecules. In the crab Portunus 
trituberculatus, low salinity resulted in a decrease in the hemocyte count and a decrease in 
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the prophenoloxidase activity (Wang et al., 2018). Changes in water pH also have a significant 
impact on the immune system of decapods, affecting various immune parameters such as 
total hemocyte count (THC), differential hemocyte count (DHC), total hemolymph protein, 
phenoloxidase (PO) activity, reactive oxygen species (ROS) production, and antioxidant 
responses (Chen et al., 2015). A study on Penaeus vannamei shrimp showed that exposure 
to low (6.5) and high (10.1) pH levels, after being injected with Vibrio alginolyticus, resulted 
in reduced immunity. The study noted a significant reduction in THC, PO activity, respiratory 
burst, phagocytic activity, superoxide dismutase activity, and clearance efficiency against 
V. alginolyticus (Li and Chen, 2008). In addition, exposure to toxins, such as heavy metals, 
pesticides, and hydrocarbons, can also have a profound effect on the immune parameters of 
crustaceans. Toxin exposure can lead to changes in the expression of immune-related genes, 
alterations in the composition and activity of immune cells, and changes in the production 
of immune-related molecules (Renault, 2015). Understanding the impact of environmental 
stressors on crustacean immunity is crucial for developing strategies to mitigate the effects 
of these stressors, such as improving aquaculture practices and monitoring environmental 
changes that could affect the health of wild populations. 

4. Hemocyte classification and functions in the innate immune system of crustaceans 

Hemocytes are a critical component of the innate immune system of crustaceans. They 
are responsible for recognizing and eliminating invading pathogens, as well as maintaining 
hemolymph homeostasis (Jiravanichpaisal et al., 2006). Hemocytes are classified into different 
types based on their morphology, function, and staining properties. However, there is a lack of 
consensus on the classification of hemocytes, and different classification schemes have been 
proposed by various researchers (Li et al., 2019; Li et al., 2021; Soderhall et al., 2022). Despite 
the lack of consensus on the classification of hemocytes, their importance in the innate immune 
system of crustaceans cannot be neglected. Hemocytes are involved in various functions, 
such as pathogen recognition, coagulation, phagocytosis, encapsulation, melanization and 
opsonization (Smith and Soderhall, 1986; Jiravanichpaisal et al., 2006; Matozzo and Marin, 
2010). They also play a critical role in the regulation of hemolymph homeostasis, such as 
nutrient transport, waste removal, and osmoregulation (Jiravanichpaisal et al., 2006). 

The most commonly used classification scheme for hemocytes is based on their 
morphological features, such as size, shape, granulation, and nuclear/cytoplasmic ratios. 
According to this scheme, hemocytes can be classified into three main types: hyalinocytes, 
semi-granulocytes, and granulocytes (Smith and Soderhall, 1983; Soderhall and Smith, 1983). 
However, the second concept suggests that all morphologically different hemocytes in 
circulation are actually different developmental stages of a single type of hemocyte (Li et al., 
2021). Hyalinocytes are generally the smallest cell type and are characterized by their ovoid 
shape, high nucleocytoplasmic ratio, and electron-dense deposits in the nucleus. Although 
largely agranular, hyalinocytes may sometimes contain a few granules (Smith and Soderhall, 
1983). Semi-granulocytes, on the other hand, are relatively larger than hyalinocytes and contain 
a variable number of smaller granules than those found in granulocytes (Mengal et al., 2023a). 
Granulocytes are the largest cell type and are characterized by their kidney-shaped nucleus 
and cytoplasm filled with membrane-bound, electron-dense refractile granules. These granules 
contain various proteins, such as enzymes and antimicrobial peptides, which are involved in the 
immune response (Mengal et al., 2023a). Granulocytes play a crucial role in the defense against 
invading pathogens through various immune functions, including phagocytosis, coagulation, 
encapsulation, and melanization. Although three types of hemocytes have been characterized 
based on their morphological features, yet their classification and specific functions, such 
as phagocytosis and coagulation, remain unclear. Further details on the classification and 
functions of hemocytes in these processes are discussed in chapters 2 and 3. 

- 7 2 -



General introduction 

5. Phagocytosis in crustaceans 

The phagocytic cells, known as hemocytes in invertebrates, recognize and ingest invading 
pathogens and apoptotic cells through the process of phagocytosis, which involves the 
engulfment of foreign entities, followed by their degradation and elimination (Giulianini 
et al., 2007; Flannagan et al., 2012). The process involves several steps, including binding, 
internalization, formation of the phagosome, fusion with lysosomes, and degradation of the 
engulfed material (Flannagan et al., 2012, Jiravanichpaisal et al., 2006). Hemocytes use a series 
of pattern recognition receptors (PRRs) to recognize specific pathogen-associated molecular 
patterns (PAMPs) to initiate pathogen recognition (Charles A. Janeway and Medzhitov, 2002). 
They phagocytose pathogenic targets such as bacteria and yeast, as well as apoptotic cells 
resulting from injury or wounds, thus enabling the animal to defend against pathogens and 
maintain tissue homeostasis for optimal health. 

Although the contributions of hemocytes in the cellular defense reactions in the hemolymph 
are widely recognized in invertebrates, the types of hemocytes involved in the phagocytic 
reaction vary among different species and even within the same species. For example, in 
non-insect invertebrates like decapod crustaceans, different types of hemocytes have been 
shown to carry out phagocytic activity. The phagocytosis assays of bacteria performed in 
vitro with the hemocytes of Homarus americanus and Panulirus interruptus have revealed 
that both large granular hemocytes (LGH) and small granular hemocytes (SGH) are involved 
in the process, with the strongest response observed in SGH, reaching a maximum of 96% 
of phagocytizing cells in this hemocyte category (Hose et al., 1990). In vitro studies with 
the hemocytes of Penaeus monodon, Macrobrachium rosenbergii, and M. acanthurus, have 
also shown that both LGH and SGH can engulf yeast particles, but apparently not the hyaline 
hemocytes (HH) (Gargioni and Barracco, 1998). In contrast, a study on Penaeus monodon 
hemocytes revealed that only the hyaline cells, not the LGH or SGH cells, were capable of 
phagocytosing latex beads (Sung and Sun, 2002). Interestingly, in Astacus leptodactylus, it 
has been suggested that all hemocyte types are involved in the phagocytic activity to some 
extent, but the SGH are the only ones that respond to all foreign particles, with the highest 
percentage of phagocytic activity (Giulianini et al., 2007). 

Furthermore, in insects like Lepidoptera, many authors have reported that the main hemocyte 
type that carries out phagocytic activity is the granular hemocyte (Mazet et al., 1994; Ribeiro 
et al., 1996). In an electron-microscopic study in the silk moth Bombyx mori, plasmatocytes 
were reported to be the main hemocytes responsible for phagocytic reaction (Pathak, 1993). 
On the other hand, it has also been found that both granular cells and plasmatocytes are 
involved in phagocytic reactions in the greater wax moth, Galleria mellonella (Tojo et al., 
2000). These findings highlight the diversity and complexity of the immune responses among 
different invertebrates species, particularly in decapods. 

Besides the contrasting reports on the specific types of phagocytic hemocytes involved in 
in vitro and in vivo conditions against abiotic or biotic agents, how phagocytic hemocytes 
respond to tissue homeostasis and regeneration after an injury or muscle degeneration 
in natural conditions is not well understood in decapods. To gain a better understanding 
of hemocyte phagocytic behavior in live animals after muscle injury, we used transmission 
electron microscopy to study the ultra structure of hemocytes in situ. Chapter 3 provides 
detailed information regarding the behavior of hemocytes after muscle injury and the types 
of hemocytes involved in phagocytosis. 
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6. Morphological characteristics of hemolymph clotting 

Coagulation is a crucial defense mechanism in both arthropods and crustaceans with body 
fluids containing hemolymph. It serves to prevent the loss of blood or hemolymph through 
breaks in the exoskeleton or wounds, respectively, and to prevent the spread of pathogens 
throughout the body (Jiravanichpaisal et al., 2006; Cerenius and Soderhall, 2011). The 
clotting system, along with the prophenoloxidase-activating system and the production of 
antimicrobial peptides, is a key component of the innate immune response in invertebrates 
(Cerenius and Soderhall, 2011). The ultimate objective of the coagulation process is the 
formation of a stable clot, which is achieved through the involvement of hemocytes, their 
granular products and plasma proteins. 

In earlier studies, three different types of coagulation mechanisms in crustaceans were 
proposed based on morphological characteristics: A, B, and C (Perdomo-Morales et al., 2019). 
Type A coagulation involves the rapid agglutination of hemocytes without the involvement 
of plasma. During this type of coagulation, a dense network of hemocytes is enough to seal 
the wound, with clotted hemocytes connected through polymerized fibers. This mechanism 
is observed in crabs such as Maja squinado, Loxorhynchus grandis, and Cancer pagurus 
(Perdomo-Morales et al., 2019). Type B coagulation is characterized by cell aggregation 
followed by limited clotting of the plasma, as observed in the lobster Homarus americanus and 
the crabs Carcinus maenas and Macropipus puber (Perdomo-Morales et al., 2019). Finally, 
Type C coagulation involves the rapid lysis of hemocytes, termed "explosive corpuscles," and 
immediate clotting of the plasma, resulting in low cell aggregation. This type of coagulation is 
observed in shrimps and spiny lobsters (Martin et al., 1991). 

In addition, the identification of the type of hemocytes that initiate coagulation has 
been complicated by past confusion over hemocyte classification. For instance, the type C 
coagulation mechanism suggests that "explosive corpuscles" initiate clotting and undergo 
cytolysis. Another ultrastructural investigation of hemocytes in three decapod crustaceans 
(Homarus americanus, Panulirus interruptus, and Loxorhynchus grandis) reported that 
the hemocytes triggering blood clotting could be easily distinguished by several features 
characteristic of hyaline cells. At the transmission electron microscopy level, hyaline cells 
contain small cytoplasmic deposits that undergo lysis, releasing the content suggesting 
the hyaline cell's involvement in the clotting process (Hose et al., 1990). Furthermore, a few 
other reports suggested that hyaline cells are the primary cells that initiate hemolymph 
coagulation in decapod crustaceans and arthropods (Wood et al., 1971; Ravindranath, 1980). 
The involvement of granular hemocytes in hemolymph coagulation has also been reported. 
Dumont and colleagues reported observing a series of cytological changes in granular 
hemocytes during clotting in Limuius poiyphemus. These changes included cellular swelling, 
loss of granular refractivity, degranulation, and cytoplasmic vacuolation (Dumont et al., 1966). 
However, Ravindranath (1980) pointed out that it is noteworthy that neither Dumont et 
al. (1966) nor other researchers who had reported similar findings on granular hemocytes 
observed any changes in the plasma's consistency when the granular contents were released 
into it, which contradicts the involvement of granular hemocytes in hemolymph coagulation 
(Ravindranath, 1980). 

Hemocyte granules play a vital role in clotting, but there are contrasting reports regarding 
their ultrastructural forms and types in past studies. Hemocyte granules have been described 
in several invertebrates; in migratory locust Locusta migratoria, two types of granules 
were reported: ovoid electron-dense granules occupying the marginal area of the cell and 
granules containing diverse microfibrillar structures covered by a unit membrane (Hoffmann 
and Stoeckel, 1968). On the other hand, cystocyte granules in mealworm Tenebrio moiitor 
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General introduction 

contained only microtubular structures instead of being electron-dense (Stang-Voss, 1970). 
Furthermore, the granular hemocytes in Limulus polyphemus contained not only electron-
dense granules but also low-density spherical granules containing microtubules and granules 
of low density containing particulate matter without microtubular structures when fixed a few 
minutes after sample collection (Dumont et al., 1966). 

Uncertainty and ambiguity regarding the type, function, and fate of different types of 
hemocytes during coagulation arise from the lack of distinct structural characteristics. In 
vitro, experimental conditions used in past studies may have altered hemocyte morphology, 
leading to the misidentification of different cell types as these cells are highly unstable once 
removed from the body. To better understand hemocyte fate during coagulation, we used an 
in situ experimental approach and transmission electron microscopy as a tool to study the 
ultra structure of hemocytes and clots during the coagulation process. Chapter 3 provides 
detailed information regarding hemocyte types and the morphological changes that these 
cells undergo during coagulation. 

7. Molecular characteristics of hemolymph clotting 

The open circulation system of crustaceans makes them more vulnerable to hemolymph 
loss during injury and more susceptible to infections compared to vertebrates (Grubhoffer 
et al., 2013). However, crustaceans are less likely to develop thrombosis and associated 
fatal consequences due to their open circulation system. To cope with the challenges of the 
open circulation system, crustaceans have developed a fast coagulation mechanism that 
not only promotes wound healing but also serves as a critical part of their immune system 
(Ravindranath, 1980; Cerenius and Soderhall, 2011). 

Hemolymph clotting is a complex process that involves both cellular and humoral 
components. The cellular components are mainly the hemocytes (the equivalent of blood 
cells), which are involved in phagocytosis, encapsulation, nodulation and melanization of 
foreign materials (Smith and Soderhall, 1986; Mengal et al., 2023a; Vazquez et al., 2009). The 
humoral components are mainly the soluble proteins and peptides that are present in the 
plasma (the liquid part of the hemolymph), which are involved in the recognition, activation, 
aggregation and cross-linking of clotting factors (Edwards, 1982; Jiravanichpaisal et al., 2006; 
Coates and Nairn, 2014; Gianazza et al., 2021). Hemolymph clotting not only serves as 
a physical barrier against pathogens and injuries but also as a source of antimicrobial agents 
that can kill or inhibit the growth of microorganisms (Jiravanichpaisal et al., 2006). 

Arthropods and crustaceans have developed complex mechanisms to utilize the coagulation 
and entrapment of microorganisms as an effective part of their innate immune system. 
Among arthropods, the coagulation mechanism is well-described in chelicerate, particularly in 
horseshoe crabs (Limulidae). The horseshoe crab's coagulation system involves a proteolytic 
cascade that converts a soluble protein (coagulogen) into an insoluble aggregate (coagulin), 
which is stored intracellularly until degranulation is initiated on contact with pathogens 
(Iwanaga, 2002; Kawabata and Muta, 2010). In decapod crustaceans, the clotting protein is 
found in the hemolymph (plasma), while the coagulation factors are stored intracellularly (Hall 
et al., 1999; Yeh et al., 1999). Unlike in horseshoe crabs, the coagulation reaction in decapod 
crustaceans does not involve a proteolytic cascade. Instead, the release of transglutaminase 
from hemocytes into the hemolymph is sufficient to initiate protein polymerization and clot 
formation (Hall et al., 1999; Yeh et al., 1999). 

Despite extensive characterization of the crayfish coagulation system, no comparative 
analysis of the entire clot proteome with fresh hemolymph has been conducted for crayfish 
or any other decapods. In contrast, clotting has been extensively studied in Drosophila 
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(Karlsson et al., 2004; Scherfer et al., 2004; Lindgren et al., 2008), and more recently, the 
entire hemolymph clot proteome was characterized without comparison to fresh hemolymph 
in the Brazilian whiteknee tarantula spider, Acanthoscurria geniculata (Sanggaard et al., 
2016). Conducting a comparative proteome study of non-clot vs. clot hemolymph in decapod 
crustaceans would be a valuable step toward gaining a deeper understanding of the molecular 
mechanisms involved in coagulation and other physiological processes. 

Quantitative proteomics has emerged as a powerful tool for studying proteins in 
biological systems. It enables the identification and quantification of peptides and proteins. 
By conducting a comparative proteome study of non-clot vs. clot hemolymph in decapod 
crustaceans, we can identify changes in protein abundances that occur during clot formation, 
which can contribute to a better understanding of the molecular mechanisms involved in 
coagulation and other physiological processes. Therefore, we performed the first comparative 
proteome analysis of non-clot and clot hemolymph in marbled crayfish to gain insights into 
the molecular mechanisms of hemolymph clotting in crustaceans. Chapter 4 provides detailed 
information on the molecular characteristics of hemolymph clotting in crustaceans, which can 
further enrich our knowledge in this field. Overall, proteomics is a valuable tool for advancing 
our understanding of the molecular mechanisms of hemolymph clotting in crustaceans. 

Thesis aim and specific objectives 

To investigate the innate immune system of decapod crustaceans, with a focus on 
hemocyte types, phagocytosis, and coagulation, the study aims to understand the cellular and 
molecular characteristics of hemolymph under various environmental stress conditions and to 
investigate the in situ ultrastructural and morphological characteristics of hemolymph clotting 
components, as well as the in vitro molecular characteristics of hemolymph coagulation in 
crayfish. 

Thesis objectives: 

1. To conduct a comprehensive review to assess the important knowledge gaps in the 
innate immune system of decapods, including hemocyte types, phagocytosis, and 
coagulation. And also to review and understand the cellular and molecular characteristics 
of hemolymph under various environmental stress conditions, with a special focus on 
immune parameters and abiotic stress mechanisms in decapod crustaceans. 

2. To examine the in situ ultrastructural and morphological characteristics of hemolymph 
and its components, with a particular focus on the behavior of hemocytes during 
coagulation and phagocytosis in marbled crayfish. 

3. To investigate the in vitro molecular characteristics of hemolymph in relation to 
coagulation in crayfish using quantitative proteomic profiling techniques. 
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Crustaceans and i n par t i cu lar decapods (i.e. shr imp, crabs and lobsters) are a diverse, c ommerc i a l l y and 
ecolog ica l ly impor tant g roup of organisms. They are exposed to a range o f env i ronmenta l factors whose abiot ic 
and b io t ic components are prone to f luctuate beyond their o p t i m u m ranges and , i n do ing so, affect crustaceans' 
immune system and hea l th . Changes i n key env i ronmenta l factors such as temperature, p H , sal ini ty , d isso lved 
oxygen, a m m o n i a concentrat ions and pathogens can provoke stress and i m m u n e responses due to alterat ions i n 
immune parameters. The mechanisms through w h i c h stressors mediate effects on i m m u n e parameters are not 
ful ly understood i n decapods. Improved knowledge o f the env i ronmenta l factors - above a l l , the ir abiot ic 
components - that in f luence the i m m u n e parameters o f decapods c o u l d he lp mit igate o r constra in the ir harmfu l 
effects that adversely affect the produc t i on o f decapod crustaceans. The first part of this ove rv i ew examines 
current knowledge and in fo rmat i on gaps regard ing the basic components and functions o f the innate i m m u n e 
system o f decapods. In the second part, we discuss var ious mechanisms provoked b y env i ronmenta l factors and 
categorize ce l lu la r and molecu lar i m m u n e responses to each env i ronmenta l factor w i t h specia l reference to 
decapods. 

1. In t roduc t i on 

D e c a p o d c r u s t a c e a n s i n c l u d e a r o u n d 1 0 , 0 0 0 i n v e r t e b r a t e spec i es 

i n h a b i t i n g b o t h f r e s h w a t e r a n d m a r i n e e n v i r o n m e n t s . T h e y a r e p h y l o -

g e n e t i c a l l y a n c i e n t t a x a t h a t a p p e a r e d o n E a r t h i n t h e l a t e D e v o n i a n 

a r o u n d 3 6 0 m i l l i o n y e a r s a g o ( S c h r a m a n d D i x o n , 2 0 0 4 ) . T o d a y , d e c a ­

p o d s a r e f o u n d i n v a r i o u s a q u a t i c e c o s y s t e m s a n d a r e i n t e n s e l y h a r ­

v e s t e d as a n i m p o r t a n t f o o d r e s o u r c e for h u m a n s . A c c o r d i n g t o t h e la t es t 

F A O r e p o r t , i n 2 0 1 8 g l o b a l a q u a c u l t u r a l p r o d u c t i o n r e a c h e d 8 2 m i l l i o n 

t o n s ( w o r t h U S $ 2 5 0 b i l l i o n ) , o f w h i c h c r u s t a c e a n s a c c o u n t e d f o r 9 .4 

m i l l i o n t o n s w i t h a sa l e v a l u e o f U S $ 6 9 . 3 b i l l i o n ( F o o d a n d A g r i c u l t u r e 

O r g a n i z a t i o n o f t h e U n i t e d N a t i o n s , 2 0 2 0 ) . 

H o w e v e r , d e c a p o d s i n n a t u r a l a q u a t i c e c o s y s t e m s a n d f a r m s a r e 

c o n s t a n t l y e x p o s e d t o v a r i o u s s t resses c a u s e d b y e n v i r o n m e n t a l f a c t o r s , 

r e s u l t i n g i n i m m u n e s y s t e m s u p p r e s s i o n a n d i n c r e a s i n g s u s c e p t i b i l i t y to 

d i s ease , w h i c h c a n l e a d to e c o n o m i c losses . E x a m p l e s o f b i o t i c a n d 

a b i o t i c e n v i r o n m e n t a l f a c t o r s i n c l u d e t e m p e r a t u r e , p H , s a l i n i t y , o x y g e n 

a n d a m m o n i a c o n c e n t r a t i o n s , a n d p a t h o g e n s , a l l o f w h i c h a r e k n o w n to 

h a v e s i g n i f i c a n t e f fects o n i m m u n e r e s p o n s e s i n d e c a p o d c r u s t a c e a n s 

( V a r g a s - A l b o r e s e t a l . , 1 9 9 8 ; L e M o u l l a c a n d H a f f n e r , 2 0 0 0 ; J i a n g e t a l . , 

2 0 0 4 c ; P a n et a l . , 2 0 0 8 ; K a t h y a y a n i e t a l . , 2 0 1 9 ) . T e m p e r a t u r e i s o n e o f 

the m a j o r e n v i r o n m e n t a l f a c t o r s t h a t n e g a t i v e l y a f fects d e c a p o d i m ­

m u n e s y s t e m s a n d , f o r e x a m p l e , i n c r e a s e d w a t e r t e m p e r a t u r e c auses a 

s i g n i f i c a n t r e d u c t i o n i n t h e t o t a l h e m o c y t e c o u n t ( T H C ) , p h e n o l o x i d a s e 

( PO ) a c t i v i t y , r e s p i r a t o r y b u r s t ( R B ) a n d s u p e r o x i d e d i s m u t a s e ( S O D ) 

a c t i v i t y i n t h e w h i t e l e g s h r i m p Litopenaeus vannamei ( C h e n g e t a l . , 

2 0 0 5 b ) . A l s o i n L . vannamei, f l u c t u a t i o n s i n s a l i n i t y a n d p H c a n c a u s e 

s i g n i f i c a n t a l t e r n a t i o n s i n i m m u n e r e sponses ( L u - Q i n g e t a l . , 2 0 0 5 ) a n d 

h y p o x i c s tress c a n p r o f o u n d l y a f fect i m m u n e r e sponses s u c h as T H C , 

d i f f e r e n t i a l h e m o c y t e s c o u n t ( D H C ) , R B a n d P O ( L e M o u l l a c et a l . , 

1 9 9 8 ) . H i g h l e v e l s o f e n v i r o n m e n t a l a m m o n i a h a v e b e e n r e p o r t e d to 

af fect i m m u n e r e sponses , g r o w t h a n d m o u l t i n g i n d e c a p o d c r u s t a c e a n s 

( C h e n a n d K o u , 1 9 9 2 ; J i a n g e t a l . , 2 0 0 4 c ) , a n d p a t h o g e n c h a l l e n g e s a r e 

k n o w n t o p r o v o k e s i g n i f i c a n t a l t e r a t i o n s i n k e y i m m u n e p a r a m e t e r s i n a 

r a n g e o f d e c a p o d spec i e s ( S u n et a l . , 2 0 1 5 ; R e n et a l . , 2 0 1 7 ; P a n g e t a l . , 

2 0 1 9 ; B o u a l l e g u i , 2 0 2 1 ) . 

T h e i m p a c t o f these e n v i r o n m e n t a l f a c t o r s c a n b e d i r e c t l y assessed b y 

o b s e r v a t i o n o f t h e i m m u n e r e s p o n s e o f o r g a n i s m s . L i k e o t h e r c r u s t a ­

c eans , d e c a p o d s l a c k a d a p t i v e i m m u n i t y a n d r e l y c o m p l e t e l y o n t h e i r 

i n n a t e i m m u n e s y s t e m f o r p r o t e c t i o n a g a i n s t s t r essors a n d p a t h o g e n s . 
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Table 1 
M o r p h o l o g i c a l features and funct ions o f hemocytes i n d e capod crustaceans and 

the di f ferent t e rmino log ies used for t h e m i n the l i t e rature . H e m o c y t e c lass i f i ­

ca t i on by Sode rha l l et a l . was used as a w i d e l y accepted reference i n decapods 

(Soderha l l and S m i t h , 1 9 8 3 ; S m i t h a n d Sode rha l l , 1 9 8 3 ; Sode rha l l , 2016 ) . The 

m o r p h o l o g i c a l features of i m m u n e cel ls i n the text and/or i n the m ic rog raphs i n 

each r ev i ewed ar t i c le were used for ass ign ing s im i l a r ce l ls w i t h di f ferent ter­

m ino l og i e s to the c lass i f i ca t ion used by Sode rha l l a n d col leagues. 

Table 1 (continued) 

Hemocyte type based Equivalent 
on Soderhall and terminology 
colleagues (Smith and 
Soderhall, 1983; 
Soderhall and Smith, 
1983; Soderhall, 
2016 ) . 

Species Functions 

Hyaline cell (HC) 
The smallest cell, 
generally ovoid in 
shape, high 
nncleocytoplasmic 
ratio, and electron-
dense deposits in 
the nucleus, largely 
agranular, 
sometimes with few 
granules 

Semi-granular cell 
(SGC) 

Relatively larger 
than HC, contains 
variable number of 
granules, relatively 

Undifferentiated 
hemocyte (Tsing 
et al., 1989a) 

Lymphocyte 
(Dall, 1964) 

A, spindle shaped 
hyaline cell 
B, spherical 
shaped hyaline 
cell (Sawyer 
et al., 1970) 

Penaeus 
japonicus, 
Penaeus 
monodon, 
Macrobrachium 
rosenbergii, and 
Palaemon 
adspersus CTsing 
et al. , 1989a) 
Metapenaeus 
mastersii (Dall, 
1964) 
Callinectes 
sapidus ("Sawyer 
et al. , 1970) 

Phagocytosis 
(Smith and 
Ratcliffe, 1978; 
Sung and Sun, 
2002; Giulianini 
et al., 2007), 
and hemolymph 
coagulation 
(Sternshein and 
Burton, 1980; 
Omori et al., 
1989; Clare and 
Lnmb, 1994) 
(Vazquez et al., 
2009; Rowley, 
2016) 

Hyaline cell Callinectes 
(Bodammer, sapidus 
1978) (Bodammer, 

1978) 
a, prohyalocyte Homarus 
b, hyalocyte americanus 
(Cornick and (Cornick and 
Stewart, 1978) Stewart, 1978) 
Agranular cell Sicyonia ingentis 
(Martin and and Penaeus 
Graves, 1985) californiensis 

(Martin and 
Graves, 1985) 

Deposit cell Sicyonia ingentis 
(Omori et al., (Omori et al., 
1989) 1989) 
Hyaline cells Callinectes 
(Clare and Lnmb, sapidus ("Clare 
1994) and Liunb, 

1994) 
Coagulocyte Procambarus 
(Sternshein and spp., Orconectes 
Burton, 1980) ("Sternshein and 

Burton, 1980) 
Hyaline cell Cancer pagurus 
(Vogan and (Vogan and 
Rowley, 2002) Rowley, 2002) 
Phagocytic cell Carcinus maenas 
(Smith and (Smith and 
Ratcliffe, 1978) Ratcliffe, 1978) 
Agranular Sicyonia ingentis 
hemocyte (Martin (Martin et al., 
et al., 1987) 1987) 
Hyaline hemocyte Astacus 
(Giulianini et al., leptodactylus 
2007) (Giulianini 

et al. , 2007) 
Small granule Penaeus Encapsulation, 
hemocyte (Tsing japonicus, nodule 
et al., 1989a) Penaeus formation and 

monodon, phagocytosis 
Macrobrachium (Giulianini 
rosenbergii, and et al., 2007; Li 
Palaemon et al., 2018), 

Hemocyte type based 
on Soderhall and 
colleagues (Smith and 
Soderhall, 1983; 
Soderhall and Smith, 
1983; Soderhall, 
2016) . 

Equivalent 
terminology 

Species 

small granules than 
GC 

Small-granule 
hemocyte (Clare 
and Liunb, 1994) 

Amebocyte 
(Sternshein and 
Burton, 1980) 

Eosinophilic granular 
cells (Vogan and 
Rowley, 2002) 

A, Small granule 
hemocyte (with 
cytoplasmic 
deposits) 
B, Small granule 
hemocyte (without 
cytoplasmic 
deposits) (Martin 
et al., 1987) 

Small granule 
hemocyte 
(Giulianini et al., 
2007) 

Thigmocyte (Dall, 
1964) 

Procambarus spp., 
Orconectes 
(Sternshein and 
Burton, 1980) 
Cancer pagurus 
(Vogan and 
Rowley, 2002) 
Sicyonia ingentis 
(Martin et al., 
1987) 

Astacus 
leptodactylus 
(Giulianini et al., 
2007) 

adspersus (Tsing storage and 
et al., 1989a) release of proPO 
Metapenaeus molecules and 
mastersii (Dall, cytotoxicity 
1964) (Vazquez et al., 
Finely granular 2009; Rowley, 
granulocyte 2016) 
(Sawyer et al., 
1970) 
Callinectes 
sapidus ("Sawyer 
et al., 1970) 
Intermediate 
cells 
(Bodammer, 
1978) 
Callinectes 
sapidus 
(Bodammer, 
1978) 
Retractile and 
chromophobic 
granulocyte 
(Cornick and 
Stewart, 1978) 
Homarus 
americanus 
(Cornick and 
Stewart, 1978) 
Small-granule 
hemocyte 
(Martin and 
Graves, 1985) 
Sicyonia ingentis 
and Penaeus 
californiensis 
(Martin and 
Graves, 1985) 
Small-granule 
hemocyte 
(Omori et al., 
1989) 
Sicyonia ingentis 
(Omori et al., 
1989) 
Callinectes 
sapidus ("Clare 
and Liunb, 
1994) 

[continued on nextp 
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T h e i r i n n a t e i m m u n e s y s t e m c o n s i s t s o f c e l l u l a r a n d h u m o r a l c o m p o ­

n e n t s t h a t p e r f o r m v a r i o u s f u n c t i o n s i n c l u d i n g p h a g o c y t o s i s , e n c a p s u ­

l a t i o n , n o d u l e f o r m a t i o n , c l o t t i n g , m e l a n i z a t i o n , t h e a c t i v a t i o n o f 

a n t i m i c r o b i a l p e p t i d e s ( A M P s ) a n d t h e p r o p h e n o l o x i d a s e s y s t e m 

( p r o P O ) ( L e M o u l l a c a n d H a f f n e r , 2 0 0 0 ; J i r a v a n i c h p a i s a l e t a l . , 2 0 0 6 ; 

V a z q u e z et a l . , 2 0 0 9 ) . T h e s e i m m u n e p a r a m e t e r s c a n a c t as b i o m a r k e r s 

f o r a s s e s s i n g t h e i m p a c t o f e n v i r o n m e n t a l f a c t o r s o n d e c a p o d i m m u n e 

s ta tus . T h e m o s t - m e n t i o n e d i m m u n e p a r a m e t e r s i n t h e l i t e r a t u r e a r e th e 

P O , a k e y c o m p o n e n t o f t h e p r o P O - s y s t e m . T H C a n d D H C re f e r t o t h e 

n u m b e r o f i m m u n e c e l l s a n d a r e i m p o r t a n t i n d i c a t o r s o f t h e i m m u n e 

s ta tus a n d r e s i s t a n c e a g a i n s t d i s eas e . R B i s t h e m e c h a n i s m r e s p o n s i b l e 

f o r p r o d u c i n g r e a c t i v e o x y g e n s p e c i e s ( R O S ) t h a t h e l p k i l l p h a g o c y t i z e d 

p a t h o g e n s a n d i s a k e y i n d i c a t o r o f o x i d a t i v e s t ress r e g u l a t e d b y a n t i ­

o x i d a n t s s u c h as S O D s . L y s o z y m e i s a n a n t i m i c r o b i a l e n z y m e a n d ac ts as 

a n i m p o r t a n t i n d i c a t o r o f i m m u n e s t a tus . 

A l a r g e b o d y o f w o r k d e s c r i b e s t h e e f fects o f b i o t i c a n d a b i o t i c 

e n v i r o n m e n t a l f a c t o r s o n t h e i m m u n e p a r a m e t e r s o f d e c a p o d s . T h e 

m o l e c u l a r m e c h a n i s m s b y w h i c h b i o t i c f a c t o r s s u c h as p a t h o g e n s i n d u c e 

i m m u n e r e s p o n s e s a r e w e l l e s t a b l i s h e d i n d e c a p o d c r u s t a c e a n s . N e v e r ­

the l e ss , f u r t h e r e f for ts a r e s t i l l n e e d e d t o a c q u i r e b e t t e r u n d e r s t a n d i n g o f 

t h e m o l e c u l a r p a t h w a y s i n d u c e d b y a b i o t i c s t r e sso rs a n d , i n p a r t i c u l a r , 

h o w s t r e s s o r - s p e c i f i c s e n s o r s r e c e i v e s i g n a l s f r o m a p a r t i c u l a r a b i o t i c 

f a c t o r a n d w h i c h s p e c i f i c c e l l u l a r r e s p o n s e i s t r i g g e r e d b y a p a r t i c u l a r 

e n v i r o n m e n t a l f a c t o r , t w o q u e s t i o n s t h a t a r e n o t s u f f i c i e n t l y w e l l 

e x p l a i n e d i n t h e l i t e r a t u r e . T h e r e f o r e , w e d i s c u s s h e r e d i f f e r e n t m e c h ­

a n i s m s b y w h i c h a b i o t i c e n v i r o n m e n t a l f a c t o r s i n d u c e v a r i o u s m e t a b o l i c 

p a t h w a y s a s s o c i a t e d w i t h i m m u n e r e sponses . I n a d d i t i o n , t h i s r e v i e w 

c r i t i c a l l y e v a l u a t e s a n d s u m m a r i z e s a v a i l a b l e i n f o r m a t i o n i n t h e l i t e r a ­

t u r e o n t h e e f fects o f a l t e r e d a b i o t i c e n v i r o n m e n t a l c o n d i t i o n s a n d t h e i r 

i m p a c t o n t h e i m m u n e p a r a m e t e r s t h a t c a n l e a d t o i n c r e a s e d s u s c e p t i ­

b i l i t y (e.g. c o m p r o m i s e d i m m u n e r e s p o n s e ) i n d e c a p o d c r u s t a c e a n s . T o 

f u l l y u n d e r s t a n d h o w these i m m u n e m e c h a n i s m s o p e r a t e , t h e first p a r t 

o f t h i s r e v i e w p r o v i d e s a c o m p r e h e n s i v e o v e r v i e w o f c u r r e n t k n o w l e d g e 

o f t h e i n n a t e i m m u n e s y s t e m i n d e c a p o d c r u s t a c e a n s a n d h i g h l i g h t s 

i m p o r t a n t k n o w l e d g e gaps r e g a r d i n g h e m o c y t e t y p e s a n d f u n c t i o n s . 

2. A n o v e r v i e w o f the i nna t e i m m u n e sys tem i n decapods 

S u c c e s s f u l p r o d u c t i o n o f d e c a p o d c r u s t a c e a n s d e p e n d s o n t h e e f fec­

t i v e u s e o f d i s e a s e p r e v e n t i o n s t r a t eg i e s , w h i c h r e q u i r e s a c o m p r e h e n ­

s i v e u n d e r s t a n d i n g o f t h e b a s i c f u n c t i o n s o f t h e i m m u n e s y s t e m . T h e 

i m m u n e s y s t e m i n s h r i m p s a n d p r a w n s h a s b e e n w e l l s t u d i e d , g i v e n t h e i r 

e c o n o m i c v a l u e ( K u m a r e s a n et a l . , 2 0 1 7 ; K u l k a r n i e t a l . , 2 0 2 1 ) . D e c a p o d 

c r u s t a c e a n s l a c k a n a c q u i r e d i m m u n e s y s t e m b u t h a v e a h i g h l y d e v e l ­

o p e d i n n a t e i m m u n e s y s t e m . T h e i n i t i a l n o n - s p e c i f i c d e f e n c e o f d e c a p o d 

c r u s t a c e a n s a g a i n s t f o r e i g n e n t i t i e s i s t h e i r t o u g h c h i t i n o u s i n t e g u m e n t 

( A m p a r y u p et a l . , 2 0 1 3 ; R o w l e y , 2 0 1 6 ) . H o w e v e r , t h e p a t h o g e n i c i n ­

v a d e r s t h a t d o e n t e r t h e h e m o c o e l t h e n h a v e to f ace u p t o m u l t i p l e 

i n n a t e i m m u n e r e sponses . T h e i n n a t e i m m u n e s y s t e m o f d e c a p o d s is 

d i v i d e d i n t o c e l l u l a r a n d n o n - c e l l u l a r ( h u m o r a l ) d e f e n c e r e s p o n s e s , as 

w e l l as a m i x t u r e o f b o t h t h a t f o r m s c o a g u l a t i o n a n d p r o P O s y s t e m s . T h i s 

c l a s s i f i c a t i o n c o n s i d e r s t h e n a t u r e o f t h e e f f e c to rs - n o t o n l y t h e i r o r i g i n 

- a n d t h e f u n c t i o n s t h a t a c t s y n e r g i s t i c a l l y t o p r o d u c e a c o o r d i n a t e d 

r e s p o n s e a g a i n s t f o r e i g n p a t h o g e n s ( H a u t o n , 2 0 1 2 ) . 

2.1. Immune cells in decapods 

H e m o c y t e s a r e c r u c i a l c o m p o n e n t s o f c e l l u l a r i m m u n e r e s p o n s e s i n 

d e c a p o d s a n d h a v e d i v e r s e c e l l u l a r i m m u n i t y f u n c t i o n s . T h e i r m o s t 

i m p o r t a n t f u n c t i o n s i n c l u d e p h a g o c y t o s i s , n o d u l a t i o n a n d e n c a p s u l a ­

t i o n , a n d t h e r e l e a s e o f i m m u n e m o l e c u l e s ( S m i t h a n d S o d e r h a l l , 1 9 8 6 ; 

S m i t h , 1 9 9 1 ; S o d e r h a l l a n d C e r e n i u s , 1 9 9 2 ; L e M o u l l a c a n d H a f f n e r , 

2 0 0 0 ; J i r a v a n i c h p a i s a l e t a l . , 2 0 0 6 ; M a t o z z o a n d M a r i n , 2 0 1 0 ; Q y l i 

e t a l . , 2 0 2 0 ) . H o w e v e r , i t i s i m p o r t a n t to n o t e t h a t t h e c l a s s i f i c a t i o n o f 

h e m o c y t e s i n d e c a p o d s h a s a l w a y s b e e n a c h a l l e n g e d u e t o t h e l a c k o f 

a n y u n i f i e d c l a s s i f i c a t i o n s c h e m e t h a t c o u l d d i s t i n g u i s h h e m o c y t e t ype s 

Table 1 (continued) 

Hemocyte type based 
on Soderhall and 
colleagues (Smith and 
Soderhall, 1983; 
Soderhall and Smith, 
1983; Soderhall, 
2016) . 

Equivalent 
terminology 

Species 

Granular cell (GC) Large granule Penaeus Limited role in 
hemocyte (Tsing japonicus, phaogocytosis 

The largest cell, et a l , 1989a) Penaeus (Giidianini 
generally with monodon, et al., 2007; Li 
kidney-shaped Macrobrachium et a l , 2018), 
nucleus and rosenbergii, and storage and 
cytoplasm filled Palaemon release of proPO 
with membrane- adspersus (Tsing molecules, 
bound, electron- et al., 1989a) encapsulation 
dense retractile Large granule Metapenaeus and cytotoxicity 
granules amoebocyte mastersii (Dall, (Vazquez et al., 

(Dall, 1964) 1964) 2009; Rowley, 
Coarsely granular Callinectes 2016) 
granulocyte sapidus (Sawyer 
(Sawyer et al., et al., 1970) 
1970) 
Granulocytes Callinectes 
(Bodammer, sapidus 
1978) (Bodammer, 

1978) 
Refractile and Homarus 
eosinophilic americanus 
granulocyte (Cornick and 
(Cornick and Stewart, 1978) 
Stewart, 1978) 
Large -granule Sicyonia ingentis 
hemocyte (Martin and Penaeus 
and Graves, californiensis 
1985) (Martin and 

Graves, 1985) 
Large-granule Sicyonia ingentis 
hemocyte (Omori (Omori et al., 
et al., 1989) 1989) 
Large-granule Callinectes 
hemocyte (Clare sapidus (Clare 
and Lumb, 1994) and Lumb, 

1994) 
Granulocyte Procambarus 
(Sternshein and spp., Orconectes 
Burton, 1980) (Sternshein and 

Burton, 1980) 
basophilic Cancer pagurus 
granular cell (Vogan and 
(BG), basophilic/ Rowley, 2002) 
eosinophilic cell 
(BEG) (Vogan and 
Rowley, 2002) 
Refractile cell Carcinus maena 
(Smith and (Smith and 
Ratcliffe, 1978) Ratcliffe, 1978) 
Large granule Sicyonia ingentis 
haemocyte (Martin et al., 
(Martin et al., 1987) 
1987) 
Large granule Astacus 
hemocyte leptodactylus 
(Giidianini et al., (Giulianini 
2007) et al., 2007) 

a n d t h e i r r e l a t e d f u n c t i o n s ( B a u c h a u et a l . , 1 9 8 1 ; J o h a n s s o n et a l . , 

2 0 0 0 ) . T h e c l a s s i f i c a t i o n c r i t e r i a o f h e m o c y t e s u s e d i n s t u d i e s d i f f e r a n d 

a r e b a s e d o n e i t h e r m o r p h o l o g i c a l a spec t s a n d / o r c y t o c h e m i c a l p r o p ­

e r t i e s , w h i c h o f t e n m a k e t h e i r n o m e n c l a t u r e c o n t r o v e r s i a l . D u e t o a l a c k 

o f u n i f o r m c o n s e n s u s o n c l a s s i f i c a t i o n c r i t e r i a , r e s e a r c h e r s use a w i d e 

v a r i e t y o f t e r m i n o l o g i e s i n t h e l i t e r a t u r e t o r e f e r to v a r i o u s h e m o c y t e 

t ypes . F o r e x a m p l e , h y a l i n e c e l l s h a v e a l s o b e e n d e f i n e d as ' l y m p h o ­

c y t e s ' ( D a l l , 1 9 6 4 ) , w h i l e s e m i - g r a n u l a r c e l l s h a v e b e e n t e r m e d ' t h i g -

m o c y t e s ' ( D a l l , 1 9 6 4 ) a n d g r a n u l a r c e l l s ' g r a n u l a r a m o e b o c y t e s ' ( D a l l , 
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Fig. 1. Scheme o f decapod crusta­
ceans ' c e l lu l a r and h u m o r a l i m m u n e 
responses and the i r in terac t ion to 
pathogens and parasites as b io t ic env i ­
r onmenta l factors. (A) The key ce l lu l a r 
events are phagocytos is , encapsu la t ion , 
nodu l e fo rmat ion and me lan i za t i on . (B) 
The essent ia l responses for the h u m o r a l 
events after ac t i va t ion of granulocytes , 
p ropheno lox idase (proPO) , p roPO-
act i va t ing enzyme (ppA) , trans­
g lu taminase ac t i va t ion , c l o t t ing , etc. 
P A M P / P R R : Pathogen-Assoc iated M o ­
lecu lar Pat terns/ Pat te rn Recogn i t i on 
Receptors. 

Degranulating haemocyte 

1 9 6 4 ) . D e s p i t e these c o n t r a s t i n g c l a s s i f i c a t i o n s , d e c a p o d h e m o c y t e s a r e 

g e n e r a l l y c l a s s i f i e d i n t o t h r e e t y p e s , h y a l i n e c e l l s ( H C ) , s e m i - g r a n u l a r 

c e l l s ( S G C ) a n d g r a n u l a r c e l l s ( G C ) , m a i n l y b a s e d o n m o r p h o l o g i c a l 

c r i t e r i a s u c h as c e l l s i z e , n u c l e a r / c y t o p l a s m i c r a t i o s , a n d t h e p r e s e n c e / 

a b s e n c e a n d s i z e a n d n u m b e r o f c y t o p l a s m i c g r a n u l e s ( S o d e r h a l l a n d 

S m i t h , 1 9 8 3 ; S o d e r h a l l , 2 0 1 6 ) . T h e i d e a t h a t h e m o c y t e s i n d e c a p o d s 

d e v e l o p f r o m a s i n g l e c e l l l i n e a g e a n d t h a t s u b p o p u l a t i o n s a r e p r o b a b l y 

d i f f e r e n t d e v e l o p m e n t a l s tages h a s b e e n m o o t e d i n s o m e s t u d i e s o f 

c r u s t a c e a n s — a l b e i t w i t h l i t t l e s u p p o r t i n g e v i d e n c e ( T s i n g e t a l . , 1 9 8 9 b ; 

J u s s i l a e t a l . , 1 9 9 7 ; v a n d e B r a a k et a l . , 2 0 0 2 ) . H o w e v e r , a r e c e n t s t u d y 

o f h e m o c y t e s i n t h e c r a y f i s h Cherax quadricarinatus sugges t s t h a t t h e so-

c a l l e d h e m o c y t e s u b t y p e s ( i .e . S G C a n d H C ) a r e p r o b a b l y d i f f e r e n t s tages 

o f a s i n g l e c e l l t y p e ( G C ) l i n e a g e . A d d i t i o n a l l y , t h i s s t u d y sugges t s t h a t 

a l l h e m o c y t e s a t d i f f e r e n t d e v e l o p m e n t a l s tages a r e f u n c t i o n a l l y a c t i v e 

i m m u n e c e l l s t h a t a r e c a p a b l e o f p h a g o c y t o s i s ( L i e t a l . , 2 0 2 1 ) . A s t u d y 

o f t h e b i v a l v e Crassostrea rhizophorae r e p o r t e d t h a t t h e d i f f e r e n t s u b -

p o p u l a t i o n s o f h e m o c y t e s m a y i n r e a l i t y b e d i f f e r e n t s tages o f o n e t y p e 

o f c e l l , i n w h i c h t h e a b s e n c e o f g r a n u l e s ( l oss o f c o m p l e x i t y ) c o u l d be 

d u e t o d e g r a n u l a t i o n i n t h e e v e n t o f a n i m m u n e r e s p o n s e ( d e F r e i t a s 

R e b e l o e t a l . , 2 0 1 3 ) . It w o u l d b e i n t e r e s t i n g t o t es t t h e p o s s i b i l i t y o f t h i s 

h y p o t h e s i s i n f u t u r e s t u d i e s o f o t h e r d e c a p o d s p e c i e s u s i n g s ta t e -o f -a r t 

m o r p h o l o g i c a l a n d m o l e c u l a r t e c h n i q u e s . 

T a b l e 1 s u m m a r i z e s d i f f e r e n t h e m o c y t e t y p e s a n d t h e i r s y n o n y m o u s 

t e r m s i n t h e l i t e r a t u r e , t h e i r r e l a t e d m o r p h o l o g i c a l f e a tu r es , a n d t h e i r 

f u n c t i o n i n d e c a p o d i m m u n i t y . 

2.2. Phagocytosis 

P h a g o c y t o s i s p r o t e c t s t h e h o s t b y e n g u l f i n g i n v a d i n g p a t h o g e n s a n d 

b y h e l p i n g r e m o v e a p o p t o t i c c e l l d e b r i s t o m a i n t a i n t i s s u e h o m e o s t a s i s 

( L i e t a l . , 2 0 1 8 ) . It s t a r t s w i t h t h e r e c o g n i t i o n o f f o r e i g n p a r t i c l e s b y th e 

h e m o c y t e s , w h i c h is f o l l o w e d b y t h e e n g u l f i n g a n d e n c l o s i n g o f t h e 

p a r t i c l e i n t o p h a g o s o m e . T h e p a r t i c l e i s t h e n s h r e d d e d i n t o p i e c e s b y 

s p e c i a l i z e d e n z y m e s , w h i c h p r o d u c e h a r m l e s s p a r t i c l e s t h a t a r e e i t h e r 

r e c y c l e d f o r f u r t h e r u s e b y t h e c e l l o r a r e d i s c a r d e d ( L i u et a l . , 2 0 2 0 c ) . 

D u e t o t h e l a c k o f a n y u n i f i e d c l a s s i f i c a t i o n s c h e m e o f h e m o c y t e t y p e s i n 

d e c a p o d s ( T a b l e . 1 ) , c o n t r a s t i n g f i n d i n g s r e g a r d i n g t h e p h a g o c y t i c r o l e 

o f h e m o c y t e s a r e f o u n d i n t h e l i t e r a t u r e . F o r e x a m p l e , a n i n v i v o 

p h a g o c y t o s i s a s s a y i n t h e n a r r o w - c l a w e d c r a y f i s h Astacus leptodactylus 

d e m o n s t r a t e d p h a g o c y t i c a c t i v i t y i n a l l t h r e e t y p e s o f h e m o c y t e s ( G i u -

l i a n i n i e t a l . , 2 0 0 7 ) , w h e r e a s a s t u d y o f t h e t i g e r s h r i m p Penaeus mon-

odon r e p o r t e d t h a t p h a g o c y t i c a c t i v i t y w a s m a i n l y e x h i b i t e d b y H C 

r a t h e r t h a n S G C o r G C ( S u n g a n d S u n , 2 0 0 2 ) . O n t h e o t h e r h a n d , a s t u d y 

o f t h e c r a y f i s h C. quadricarinatus s h o w e d t h a t t h e 0 . 2 \im f l u o r e s c e n t 

m i c r o s p h e r e s w e r e i n t e r n a l i z e d b y S G C a n d G C c e l l s , t h e r e b y s u g g e s t i n g 

t h a t o n l y t w o t y p e s o f h e m o c y t e s p e r f o r m p h a g o c y t i c a c t i v i t y ( L i e t a l . , 

2 0 1 8 ) . F u r t h e r r e s e a r c h i s s t i l l r e q u i r e d i n t h i s a r e a t o b e t t e r c h a r a c t e r i z e 

a n d c l a s s i f y h e m o c y t e s u b p o p u l a t i o n s a n d t h e i r c o r r e s p o n d i n g p h a g o ­

c y t i c r o l e i n d e c a p o d s . T h e s c h e m a t i c m o d e l o f p h a g o c y t o s i s i s s h o w n i n 

F i g . 1 ( A ) . 

2.3. Encapsulation and nodulation 

E n c a p s u l a t i o n a n d n o d u l a t i o n a r e t w o p o w e r f u l c e l l u l a r i m m u n e 

r e a c t i o n s t h a t a r e r e s p o n s i b l e f o r t h e l o c a l i z a t i o n a n d i s o l a t i o n o f 

p a t h o g e n s a n d p a r a s i t e s t h a t a r e t o o l a r g e f o r p h a g o c y t o s i s b y a n i n d i ­

v i d u a l h e m o c y t e ( R o w l e y , 2 0 1 6 ) . 

E n c a p s u l a t i o n , w h e r e b y h e m o c y t e s p r o g r e s s i v e l y s u r r o u n d a f o r e i g n 

i n t r u d e r i n m u l t i p l e l a y e r s , e f f i c i e n t l y p r e v e n t s t h e g r o w t h a n d d e v e l ­

o p m e n t o f p a r a s i t e s s u c h as c e s t o d e s , t r e m a t o d e s a n d n e m a t o d e s , as w e l l 

as p a t h o g e n i c f u n g i ( N y h l e n a n d U n e s t a m , 1 9 8 0 ; V r a n c k x a n d D u r l i a t , 

1 9 8 1 ; P e r s s o n et a l . , 1 9 8 7 b ) . It h a s b e e n s h o w n t h a t t h e i m m u n e c e l l s o f 

t h e n a r r o w - c l a w e d c r a y f i s h a r e a b l e t o e n c a p s u l a t e a p a r a s i t e Psor-

ospermium haeckeli i n m u l t i p l e l a y e r s o f h e m o c y t e s w i t h t w o d i f f e r e n t 

s h a p e s ( V r a n c k x a n d D u r l i a t , 1 9 8 1 ) . F u r t h e r m o r e , a s t u d y h a s r e p o r t e d 

t h a t t h e c r a y f i s h p l a g u e Aphanomyces astaci t h a t p e n e t r a t e d a w o u n d s i t e 

i m m e d i a t e l y e n c o u n t e r e d e n c a p s u l a t i o n b y h e m o c y t e s , w i t h h i g h e r a n d 

l o w e r l e v e l s , r e s p e c t i v e l y , o f m e l a n i z a t i o n i n r e s i s t a n t s i g n a l c r a y f i s h 
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Table 2 
Majo r prote ins released f r om granules o f i m m u n e cel ls and the ir i m m u n e 

funct ions i n decapods. 

Proteins from the 
granules 

Species Function References 

Prophenoloxidase Pacifastacus Component of Asp an and 
leniusculus proPO-system Soderhall, (1991) 

proPO-activating Pacifastacus Activation of Asp an et al., 
enzyme (ppA) leniusculus proPO-system (1990) 

Peroxinectin Pacifastacus Cell-adhesion Johansson et al., 
leniusculus activity (1995) 

Antimicrobial Pacifastacus Antimicrobial Sricharoen et al., 
peptides (AMPs) leniusculus activity (2005; Rosa and 

Barracco, (2010) 
Transglutaminase Marsupenaeus Coagulation and Fagutao et al., 

japonicus regulation of (2012) 
immune genes 

Proteinase Penaeus Proteinase Amparyup et al., 
inhibitors monodon inhibitor and (2008) 

antimicrobial 
activities 

Pattern recognition Penaeus Cell-adhesion Amparyup et al., 
proteins (PRPs) monodon activity, (2012a) 

antimicrobial 
activity and 
component of 
proPO-system 

Pacifastacus leniusculus a n d s u s c e p t i b l e n o b l e c r a y f i s h Astacus astacus 

( N y h l e n a n d U n e s t a m , 1 9 8 0 ) . 

N o d u l a t i o n i s a n o t h e r e f f e c t i v e c e l l u l a r d e f e n c e r e s p o n s e t o l a r g e 

n u m b e r s o f b a c t e r i a t h a t h e l p s t h e b o d y i s o l a t e a n d n e u t r a l i z e f o r e i g n 

p a t h o g e n s (Götz , 1 9 8 6 ) . I n v i v o s t u d i e s o f t h e s h o r e c r a b Carcinus 

maenas i n j e c t e d w i t h t w o p a t h o g e n i c b a c t e r i a , Bacillus cereus a n d Mor­

axella sp . , f o r m e d s e v e r a l h e m o c y t i c c l u m p s ( n o d u l e s ) t h a t e n t r a p p e d a 

l a r g e n u m b e r o f m i c r o o r g a n i s m s , t h e r e b y e f f e c t i v e l y c o n s t r a i n i n g the 

s p r e a d o f b a c t e r i a i n t h e h e m o c o e l ( S m i t h a n d R a t c l i f f e , 1 9 8 0 a ; S m i t h 

a n d R a t c l i f f e , 1 9 8 0 b ) . S i m i l a r l y , t h e i n f e c t i o n o f s i g n a l c r a y f i s h b y Vibrio 

areninigrae c a u s e d h e m o c y t e s t o f o r m n o d u l e s a g a i n s t b a c t e r i a l p a t h ­

o g e n i n t h e h e a r t , h e p a t o p a n c r e a s a n d g i l l s ( H e r n a n d e z - P e r e z e t a l . , 

2 0 2 1 ) . 

B o t h c a p s u l e s a n d n o d u l e s a r e g e n e r a l l y a c c o m p a n i e d b y m e l a n i n 

f o r m a t i o n d e r i v e d f r o m t h e a c t i v a t i o n o f t h e p r o p h e n o l o x i d a s e ( p r o P O ) 

s y s t e m . T r a p p e d p a t h o g e n s a r e k i l l e d a n d d i s m a n t l e d b y t h e c y t o t o x i c 

q u i n o n e s i n t h e r i g i d m e l a n i n l a y e r ( V o g t , 2 0 0 8 ) . E n c a p s u l a t i o n a n d 

n o d u l e f o r m a t i o n i s i l l u s t r a t e d i n F i g . 1 (A ) . 

2.4. Recognition of pathogens 

R e s p o n s e s t o p a t h o g e n i n v a d e r s a r e v e r y p o w e r f u l a n d r a p i d i n 

d e c a p o d c r u s t a c e a n s . T h e y a r e i n d u c e d b y e x t r a c e l l u l a r s i g n a l m o l e c u l e s 

c a l l e d p a t h o g e n - a s s o c i a t e d m o l e c u l a r p a t t e r n s ( P A M P s ) t h a t a r e r e c o g ­

n i z e d b y s p e c i a l i z e d c e l l s u r f a c e r e c e p t o r s c a l l e d p a t t e r n - r e c o g n i t i o n 

p r o t e i n s ( P R P s ) o r p a t t e r n - r e c o g n i t i o n r e c e p t o r s ( P R R s ) o n t h e s u r f a c e 

o f i m m u n e c e l l s ( J a n e w a y J r a n d M e d z h i t o v , 2 0 0 2 ; A m p a r y u p et a l . , 

2 0 1 2 b ; T a s s a n a k a j o n et a l . , 2 0 1 3 ) . W h e n P A M P / P R R i n t e r a c t i o n o c c u r s , 

t h e i m m u n e c e l l s a r e r a p i d l y a c t i v a t e d a n d r e s p o n d t h r o u g h i n t r a c e l l u l a r 

s i g n a l l i n g c a s c a d e s , r e s u l t i n g i n c e l l u l a r a n d h u m o r a l i m m u n e r e s p o n s e s 

( T a s s a n a k a j o n e t a l . , 2 0 1 3 ) i n c l u d i n g p h a g o c y t o s i s , e n c a p s u l a t i o n a n d 

n o d u l a t i o n , as w e l l as t h e a c t i v a t i o n o f p r o P O a n d c o a g u l a t i o n s y s t e m s 

a n d t h e r e l e a s e o f a n t i m i c r o b i a l p e p t i d e s ( J i r a v a n i c h p a i s a l e t a l . , 2 0 0 6 ; 

A m p a r y u p et a l . , 2 0 1 2 b ) . 

2.5. Prophenoloxidase (proPO) system 

T h e p r o P O s y s t e m i s a n e s s e n t i a l p a r t o f t h e h u m o r a l i m m u n e 

r e s p o n s e a n d i s f o u n d i n t h e z y m o g e n f o r m s t o r e d i n t h e s e m i - g r a n u l a r 

a n d g r a n u l a r h e m o c y t e s ( S o d e r h a l l a n d S m i t h , 1 9 8 3 ) . T h e P O c e n t r a l 

e n z y m e i s p r o d u c e d a f t e r t h e i n a c t i v e f o r m p r o P O i s r e l e a s e d f r o m the 
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c y t o p l a s m o f h e m o c y t e s as a r e s u l t o f a s t i m u l a t i o n . A v a r i e t y o f P A M P s 

s u c h as b - l , 3 - g l u c a n s , l i p o p o l y s a c c h a r i d e ( L P S ) a n d p e p t i d o g l y c a n 

r e l e a s e d f r o m m i c r o b e s i n i t i a t e s t i m u l i b y a c t i v a t i n g s e r i n e p r o t e a s e s 

s u c h as p r o P O - a c t i v a t i n g e n z y m e ( p p A ) , w h i c h i n t u r n c o n v e r t t h e 

i n a c t i v e p r o P O t o a n a c t i v e P O e n z y m e s ta t e ( C e r e n i u s et a l . , 2 0 1 0 ) . 

F u r t h e r m o r e , t h e P O ac ts u p o n p h e n o l i c c o m p o u n d s a n d y i e l d s m e l a n i n 

a n d a v a r i e t y o f p o t e n t i a l l y t o x i c f a c t o r s t h a t a r e i m p o r t a n t f o r k i l l i n g 

p a t h o g e n s ( R o w l e y a n d P o w e l l , 2 0 0 7 ; C e r e n i u s et a l . , 2 0 0 8 ) . T h e p r o P O 

c a s c a d e m e c h a n i s m h a s b e e n e x t e n s i v e l y s t u d i e d i n t h e s i g n a l c r a y f i s h 

( S o d e r h a l l e t a l . , 2 0 0 9 ; C e r e n i u s et a l . , 2 0 1 0 ) , t i g e r s h r i m p ( C h a r -

o e n s a p s r i e t a l . , 2 0 1 1 ) a n d t h e C h i n e s e m i t t e n c r a b Eriocheir sinensis ( G a i 

e t a l . , 2 0 0 8 ) . T h e R N A i n t e r f e r e n c e - m e d i a t e d s i l e n c i n g o f p r o P O g ene 

a c t i v i t y i n s i g n a l c r a y f i s h i n f e c t e d b y p a t h o g e n i c b a c t e r i u m s h o w e d 

i n c r e a s e d b a c t e r i a l g r o w t h a n d d e c r e a s e d c e l l u l a r r e s p o n s e s s u c h as 

n o d u l e f o r m a t i o n a n d p h a g o c y t o s i s ( L i u e t a l . , 2 0 0 7 ) . L i k e w i s e , t h e 

a p p l i c a t i o n o f t h e s a m e t e c h n i q u e i n t i g e r s h r i m p s c h a l l e n g e d w i t h 

w h i t e - s p o t s y n d r o m e v i r u s ( W S S V ) c a u s e d h i g h e r m o r t a l i t y ( S u t t h a n g -

k u l e t a l . , 2 0 1 5 ) . P O - m e d i a t e d m e l a n i n s y n t h e s i s a n d o t h e r h u m o r a l 

e v e n t s a r e s h o w n i n F i g . 1 A , B . 

2.6. Coagulation system 

C o a g u l a t i o n o f t h e h e m o l y m p h i s a n o t h e r c r u c i a l h u m o r a l d e f e n c e 

r e s p o n s e . D e c a p o d s possess a n o p e n c i r c u l a t o r y s y s t e m w i t h a v e r y 

r a p i d , p o w e r f u l c o a g u l a t i o n m e c h a n i s m t o p r e v e n t t h e l oss o f h e m o ­

l y m p h a n d t h e d i s s e m i n a t i o n o f p a t h o g e n s ( M a r t i n et a l . , 1 9 9 1 ) . T h e 

c o a g u l a t i o n s y s t e m h a s b e e n e x t e n s i v e l y s t u d i e d i n s i g n a l c r a y f i s h as a 

u s e f u l m o d e l f o r c l a r i f y i n g d e c a p o d i m m u n i t y ( C e r e n i u s a n d S o d e r h a l l , 

2 0 1 8 ; P e r d o m o - M o r a l e s et a l . , 2 0 1 9 ) . T r a n s g l u t a m i n a s e ( T G a s e ) , t h e 

c e n t r a l e n z y m e i n h e m o l y m p h c o a g u l a t i o n , is s t o r e d i n t h e g r a n u l e s a n d 

r e l e a s e d f r o m t h e c e l l s w h e n h e m o c y t e s a r e a c t i v a t e d ( A o n o a n d M o r i , 

1 9 9 6 ) . T G a s e i s a c t i v a t e d b y C a 2 + c o n t e n t s i n p l a s m a , w h i c h i n i t i a t e s th e 

p o l y m e r i z a t i o n o f p l a s m a - c l o t t i n g p r o t e i n ( C P ) m o l e c u l e s i n t o l o n g 

f l e x i b l e c h a i n s t h a t f o r m t h e v i s i b l e c l o t ( M a r t i n et a l . , 1 9 9 1 ; M a n i n g a s 

e t a l . , 2 0 0 8 ) . C P s a r e d e f e n c e m o l e c u l e s t h a t possess m u l t i f u n c t i o n a l 

p r o p e r t i e s a n d a r e e s s e n t i a l f o r r e c o g n i z i n g a n d n e u t r a l i z i n g f o r e i g n 

b o d i e s ( I w a n a g a a n d L e e , 2 0 0 5 ) . 

2.7. Antimicrobial peptides (AMPs) 

A s k e y h u m o r a l d e f e n c e m o l e c u l e s , A M P s a r e m a i n l y c a t i o n i c p e p ­

t i d e s a n d h a v e b e e n c a t e g o r i z e d i n t o f o u r g r o u p s b a s e d o n t h e i r a m i n o 

a c i d c o m p o s i t i o n a n d s t r u c t u r e i n d e c a p o d s : (1 ) L i n e a r cc -he l i ca l s i n g l e -

d o m a i n A M P s s u c h as h o m a r i n a n d a r m a d i l l i d i n ; (2 ) S i n g l e - d o m a i n 

p e p t i d e s A M P s e n r i c h e d w i t h c y s t e i n e r e s i d u e s s u c h as d e f e n s i n a n d 

a n t i - l i p o p o l y s a c c h a r i d e f a c t o r ; (3 ) M u l t i - d o m a i n o r c h i m e r i c A M P s s u c h 

as c r u s t i n s a n d p e n a e i d i n ; (4 ) N o n - c o n v e n t i o n a l A M P s t h a t e x h i b i t 

m u l t i f u n c t i o n a l a n t i m i c r o b i a l a c t i v i t y s u c h as h e m o c y a n i n - d e r i v e d 

p e p t i d e s ( R o s a a n d B a r r a c c o , 2 0 1 0 ; B e c k i n g et a l . , 2 0 2 0 ) . 

T w o k e y s i g n a l t r a n s d u c t i o n p a t h w a y s i n c l u d i n g t h e T o l l a n d i m ­

m u n o d e f i c i e n c y ( I M D ) p a t h w a y s a r e r e s p o n s i b l e f o r r e g u l a t i n g the 

e x p r e s s i o n o f A M P s ( D e G r e g o r i o e t a l . , 2 0 0 2 ) . T h e s y n t h e s i s a n d r e l e a s e 

o f A M P s f r o m g r a n u l e s o f i m m u n e c e l l s a r e r a p i d l y t r i g g e r e d a f t e r a 

m i c r o b i a l c h a l l e n g e v i a P A M P s / P R P s i n t e r a c t i o n a n d t h e s u b s e q u e n t 

a c t i v a t i o n o f T o l l a n d I M D s i g n a l l i n g p a t h w a y s ( C a l d e r o n - R o s e t e e t a l . , 

2 0 1 8 ; T a s s a n a k a j o n et a l . , 2 0 1 8 ; L i e t a l . , 2 0 1 9 ) . T h e T o l l p a t h w a y 

r e g u l a t e s t h e e x p r e s s i o n o f A M P s t h a t a r e m a i n l y a c t i v e a g a i n s t g r a m -

p o s i t i v e b a c t e r i a a n d f u n g i ( R u t s c h m a n n et a l . , 2 0 0 2 ; V a l a n n e e t a l . , 

2 0 1 1 ) , w h i l e t h e I M D p a t h w a y m a i n l y r e g u l a t e s A M P s a c t i v e a g a i n s t 

g r a m - n e g a t i v e b a c t e r i a a n d v i r u s e s ( L e m a i t r e a n d H o f f m a n n , 2 0 0 7 ) . 

T a b l e 2 s h o w s t h e m a i n p r o t e i n s t h a t a r e r e l e a s e d f r o m i m m u n e c e l l s a n d 

t h e i r f u n c t i o n s i n d e c a p o d s . 
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Fig. 2. The i l lus t ra t i on shows the key i m m u n e parameters that are most 
c o m m o n l y affected by abiot ic factors such as temperature , p H , sa l in i ty , d is­
so lved oxygen and a m m o n i a . These parameters are often used as i m m u n e i n ­
dicators to assess the hea l th status o f decapod crustaceans. 

3. I n t e r ac t i on o f e n v i r o n m e n t a l factors a n d the i m m u n e sys tem 

i n decapods 

D e c a p o d c r u s t a c e a n s i n h a b i t a d i v e r s e r a n g e o f a q u a t i c e n v i r o n m e n t s 

a n d a r e g r e a t l y a f f e c t ed b y a v a r i e t y o f a b i o t i c a n d b i o t i c e n v i r o n m e n t a l 

s t r essors , w h i c h h a v e b e e n s h o w n t o h a v e p r o f o u n d e f fects o n r e a c t i v e 

o x y g e n s p e c i e s ( R O S ) p r o d u c t i o n , n u c l e i c a c i d , l i p i d a n d p r o t e i n s t a ­

b i l i t y , a n d h e m o c y t e c o u n t s ( K u r t z , 2 0 0 3 , 2 0 0 5 ; C h a n g et a l . , 2 0 0 9 b ; 

W a n g et a l . , 2 0 0 9 ; C h e n g et a l . , 2 0 1 8 ; B u r g o s - A c e v e s e t a l . , 2 0 2 1 ; X u 

et a l . , 2 0 2 2 ) a n d so , i n t u r n , c a n i n d u c e s i g n i f i c a n t i m m u n o l o g i c a l r e ­

a c t i o n s ( C h e n g a n d C h e n , 2 0 0 0 ; K u m a r e s a n et a l . , 2 0 1 7 ; B u r g o s - A c e v e s 

et a l . , 2 0 1 8 ) . A l t h o u g h t h e m e c h a n i s m s b y w h i c h b i o t i c f a c t o r s a n d 

p a t h o g e n s i n d u c e i m m u n e r e s p o n s e s a t c e l l u l a r a n d m o l e c u l a r l e v e l s i n 

d e c a p o d s a r e w e l l s t u d i e d , t h e m e c h a n i s m s t h a t a b i o t i c e n v i r o n m e n t a l 

f a c t o r s e m p l o y to a f f ec t s p e c i f i c i m m u n e f u n c t i o n s a t c e l l u l a r a n d m o ­

l e c u l a r l e v e l s a r e f a r l ess w e l l k n o w n . F o r e x a m p l e , h o w s t r e s s o r - s p e c i f i c 

s e n s o r s r e c e i v e s i g n a l s f r o m a p a r t i c u l a r e n v i r o n m e n t a l f a c t o r a n d h o w a 

s p e c i f i c c e l l u l a r r e s p o n s e i s t r i g g e r e d b y o n e o f t h e s e f a c t o r s is y e t t o be 

i n v e s t i g a t e d i n d e c a p o d s . T h e o v e r a l l e f fects o f a b i o t i c f a c t o r s o n t h e 

i m m u n e p a r a m e t e r s o f d e c a p o d s a r e s u m m a r i z e d i n F i g . 2. 

I n t h e f o l l o w i n g s e c t i o n , w e first e l u c i d a t e s o m e o f t h e m e c h a n i s m s 

t h r o u g h w h i c h d i v e r s e c a t e g o r i e s o f e n v i r o n m e n t a l f a c t o r s a c t i v a t e t h e 

i m m u n e s y s t e m a n d t h e n c l a s s i f y t h e r e s u l t i n g i m m u n e r e s p o n s e s . 

3.1. Temperature 

3.1.1. Possible mechanism of action of temperature on the immune system 

T e m p e r a t u r e i s p r o b a b l y t h e m o s t i m p o r t a n t a b i o t i c e n v i r o n m e n t a l 

f a c t o r h a v i n g a n a d v e r s e e f fect o n i m m u n e r e s p o n s e s i n d e c a p o d c r u s ­

t a c e a n s . C r i t i c a l l y h i g h a n d l o w t e m p e r a t u r e s c a n a l t e r e n v i r o n m e n t a l 

o x y g e n l e v e l s a n d t h e i r d e m a n d at c e l l u l a r a n d t i s s u e l e v e l s . H i g h t e m ­

p e r a t u r e s a r e a s s o c i a t e d w i t h a r e d u c t i o n i n t h e o x y g e n i n t h e a q u a t i c 

e n v i r o n m e n t t o g e t h e r w i t h a s h a r p r i s e i n o x y g e n d e m a n d d u e t o t h e 

i n c r e a s e d e n e r g y c o s t o f v e n t i l a t i o n a n d c i r c u l a t i o n c a u s e d b y these 

e l e v a t e d t e m p e r a t u r e s ( P o r t n e r , 2 0 0 1 ) . O n t h e o t h e r h a n d , c r i t i c a l l y l o w 

t e m p e r a t u r e s h a v e b e e n s h o w n t o r e d u c e m i t o c h o n d r i a l a e r o b i c c a p a c ­

i t y ( P o r t n e r , 2 0 0 1 ) . A l t h o u g h w a t e r c a n d i s s o l v e m o r e o x y g e n a t l o w e r 

t e m p e r a t u r e s , t h e l e v e l o f o x y g e n d r o p s a r o u n d f r e e z i n g p o i n t b e c a u s e 

the s u r f a c e i c e l a y e r a c t s as a b a r r i e r a g a i n s t t h e d i f f u s i o n o f o x y g e n f r o m 

the a i r i n t o w a t e r ( P u l k k a n e n a n d S a l o n e n , 2 0 1 3 ) . D e s p i t e t h e f ac t t h e 

l e v e l o f R O S i s n o t h i g h a t l o w t e m p e r a t u r e s , f r e e z e - t o l e r a n t a n i m a l s c a n 

i n c r e a s e t h e i r a n t i o x i d a n t l e v e l s a t f r e e z i n g p o i n t t o c o p e w i t h the 

o x i d a t i v e s t ress t h a t o c c u r s d u r i n g t h e t h a w i n g a n d r e o x y g e n a t i o n s tage 

( G o r r e t a l . , 2 0 1 0 b ) . It i s e s t i m a t e d t h a t 2 - 3 % o f t h e o x y g e n c o n s u m e d 

b y a e r o b i c c e l l s i s c o n v e r t e d i n t o f r ee o x y g e n r a d i c a l s a n d H2O2 ( S o h a l 

a n d W e i n d r u c h , 1 9 9 6 ) . T h e r e f o r e , h i g h e r t e m p e r a t u r e s o u t s i d e t h e o p ­

t i m u m t o l e r a n c e r a n g e e n h a n c e R O S p r o d u c t i o n a n d c a u s e o x i d a t i v e 

d a m a g e t o e s s e n t i a l c e l l u l a r b i o m o l e c u l e s s u c h as l i p i d s , p r o t e i n s a n d 

D N A i n a q u a t i c a n i m a l s ( K u r t z , 2 0 0 5 ; M a l e v et a l . , 2 0 1 0 ; L i e t a l . , 2 0 1 5 ) . 

T o m i t i g a t e o x i d a t i v e s t ress , t h e s u r v i v a l o f t h e h o s t c e l l i s s u p p o r t e d b y 

m o l e c u l a r p r o t e c t i o n p r o v i d e d v i a s t r e s s - r e l a t e d p r o t e i n s a n d t h e a n t i -

o x i d a t i v e d e f e n c e s y s t e m ( F e d e r a n d H o f m a n n , 1 9 9 9 ; P o r t n e r , 2 0 0 1 ; 

Z h o u et a l . , 2 0 1 0 ) . 

H o w e v e r , d e s p i t e v a r i o u s p r o t e c t i v e m e c h a n i s m s , e x c e s s i v e a n d 

p r o l o n g e d t h e r m a l s t r ess b e y o n d c e l l s ' a b i l i t y t o c o p e r e s u l t s i n th e 

a c t i v a t i o n o f a p o p t o t i c m e c h a n i s m s s u c h as p 5 3 - B a x a n d caspase -

d e p e n d e n t a p o p t o t i c p a t h w a y s ( C h e n g et a l . , 2 0 1 5 ) . C o n s e q u e n t l y , 

h i g h t e m p e r a t u r e s m a y i n c r e a s e a p o p t o s i s i n h e m o c y t e s a n d r e d u c e T H C 

a n d i m m u n e f u n c t i o n s , a n d i n c r e a s e t h e v u l n e r a b i l i t y t o p a t h o g e n s i n 

d e c a p o d s ( J i r a v a n i c h p a i s a l e t a l . , 2 0 0 4 ; C h e n g et a l . , 2 0 0 5 b ; W a n g a n d 

C h e n , 2 0 0 6 b ) . T h e r e a s o n f o r d e c l i n i n g p h e n o l o x i d a s e a c t i v i t y a f t e r 

t h e r m a l s t r ess c o u l d b e d u e t o g r e a t e r h e m o c y t e d e a t h f o l l o w e d b y a 

h i g h l e v e l o f p r o t e a s e i n h i b i t o r s s u c h as t r y p s i n i n h i b i t o r a n d a- 2 - m a c r o -

g l o b u l i n i n t h e h e m o l y m p h . B o t h t h e s e p r o t e a s e i n h i b i t o r s c a n h a l t t h e 

p r o P O s y s t e m b y i n h i b i t i n g p p A as t h e k e y e n z y m e f o r p r o P O a c t i v a t i o n 

( S u n g et a l . , 1 9 9 8 ) . 

I n a d d i t i o n , r e c e n t r e p o r t s sugges t t h a t as a r e s p o n s e t o c e r t a i n 

e n v i r o n m e n t a l f a c t o r s , t h e n e u r o e n d o c r i n e - i m m u n e s y s t e m p l a y s a 

c r u c i a l r o l e i n m a i n t a i n i n g h o m e o s t a s i s a n d e n h a n c i n g e n v i r o n m e n t a l 

a d a p t a b i l i t y ( T o n g et a l . , 2 0 2 2 ) . F o r e x a m p l e , a f t e r e x p o s u r e t o c o l d 

stress, p r o d u c t i o n o f t h e h e m o l y m p h n o r e p i n e p h r i n e ( N E ) i n c r e a s e d , 

w h i c h c o n s e q u e n t l y i n d u c e d t h e a p o p t o s i s o f h e m o c y t e s v i a c a s p a s e - 3 i n 

th e w h i t e l e g s h r i m p ( C h a n g et a l . , 2 0 0 9 a ) . A s w e l l , t h e r m a l s t ress 

i n d u c e d t h e r e l e a s e o f N E a n d c a u s e d s i g n i f i c a n t m o d u l a t i o n o f t h e 

i m m u n e r e s p o n s e s i n t h e g i a n t f r e s h w a t e r p r a w n Macrobrachium rose-

nbergii ( C h a n g et a l . , 2 0 1 5 ) , i n d i c a t i n g t h u s t h a t t h e a p o p t o s i s o f T H C 

m i g h t b e c o n t r o l l e d v i a t h e e n d o c r i n e s y s t e m . F u r t h e r m o r e , i t h a s b e e n 

s u g g e s t e d t h a t u n d e r c o l d s t ress , t h e d e c l i n e o f T H C c o u l d b e d u e t o 

w e a k e n e d p r o d u c t i o n a n d r e l e a s e o f h e m o c y t e s f r o m h e m a t o p o i e t i c 

o r g a n s , as w e l l as t h e a d h e r e n c e a n d i m m o b i l i z a t i o n o f h e m o c y t e s t o 

o t h e r t i s sues s u c h as g i l l s ( J o h n s o n , 1 9 8 0 ; V i c t o r e t a l . , 1 9 9 0 ; L u b a w y 

a n d S l o c i n s k a , 2 0 2 0 ) . 

3.1.2. Immune responses of decapods under thermal stress 

T h e e x p o s u r e o f t h e n a r r o w - c l a w e d c r a y f i s h t o h i g h t e m p e r a t u r e s o f 

u p t o 3 0 °C c a u s e d a s i g n i f i c a n t i n c r e a s e i n t h e l e v e l o f D N A d a m a g e , 

T H C c o u n t , h e m o l y m p h g l u c o s e a n d t o t a l p r o t e i n c o n c e n t r a t i o n s ( M a l e v 

et a l . , 2 0 1 0 ) . A r e c e n t s t u d y h a s r e p o r t e d a c o r r e l a t i o n b e t w e e n t e m ­

p e r a t u r e a n d d i s e a s e s u s c e p t i b i l i t y i n s i g n a l c r a y f i s h . T h e s e c r a y f i s h 

w e r e k e p t a t t w o t e m p e r a t u r e s ( 6 °C a n d 2 2 °C ) a n d i n j e c t e d w i t h t w o 

p a t h o g e n e t i c g r a m - n e g a t i v e b a c t e r i a s t r a i n s a n d L P S . A t t h e l o w e r 

t e m p e r a t u r e , t h e m o r t a l i t y r a t e w a s l o w e r , T H C d e c r e a s e d a n d p h a g o ­

c y t o s i s i m p r o v e d , w h i l e a t t h e h i g h e r t e m p e r a t u r e t h e m o r t a l i t y r a t e a n d 

m e l a n i z a t i o n r o s e . ( K o r k u t et a l . , 2 0 1 8 ) . L i k e w i s e , J i r a v a n i c h p a i s a l a n d 

c o l l e a g u e s s t u d i e d t h e e f fect o f w a t e r t e m p e r a t u r e o n i m m u n e p a r a m ­

e te rs a n d t h e i n f e c t i v i t y p a t t e r n o f w h i t e - s p o t d i s e a s e i n b o t h s i g n a l a n d 

n o b l e c r a y f i s h , a n d d e m o n s t r a t e d t h a t t e m p e r a t u r e g r e a t l y a l t e r e d t h e 

i m m u n e p a r a m e t e r s a n d m o r t a l i t y r a t e s i n i n f e c t e d c r a y f i s h ( J i r ­

a v a n i c h p a i s a l e t a l . , 2 0 0 4 ) . 

F u r t h e r m o r e , i n t h e t i g e r s h r i m p a c h a n g e i n t e m p e r a t u r e f r o m a 

c o n t r o l o f 2 6 °C t o 3 4 a n d 2 2 °C r e s u l t e d i n l o w e r T H C a n d D H C l e v e l s , 

l ess p h a g o c y t i c , p h e n o l o x i d a s e a n d S O D a c t i v i t y , a n d g r e a t e r s u s c e p t i ­

b i l i t y t o p a t h o g e n s ( W a n g a n d C h e n , 2 0 0 6 b ) . S i g n i f i c a n t r e d u c t i o n s 
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Table 3 
A summary o f the i m m u n e responses of decapods to therma l stress. 

Species Species 
group 

Temperature °C Immune responses References 

Crayfish Astacus leptodactylus 

Pacifastacus leniusculus 

Procambarus clarkii 

Crabs Carcinus aestuarii 

Carcinus maenas 
Carcinus maenas 

Shrimps 

Macrobrachium 

Macrobrachium 
rosenbergii 
Penaeus monodon 

Litopenaeus vannamei 

Litopenaeus vannamei 

Litopenaeus vannamei 

Litopenaeus vannamei 

Penaeus californiensis 

Penaeus vannamei 

Litopenaeus vannamei 

25,30 

6, 22 

Pacifastacus leniusculus and Astacus 4, 12, 18, 22 
astacus 

18, 24 

4, 17, 30 

10, 20 
Water temperatures in February and 
August 

22, 28, 34 

20,21,27,28, 30,31,33,34 

22, 26, 30, 34 

18, 21, 24, 27 ,30 

17, 20, 23 

16, 22, 28 

18, 22, 25, 28, 32 

13, 15, 25 

18, 21, 24, 27 ,30 

J Total hemocyte count 
fTotal protein concentrations 
4 Total hemocyte count 
t Melanization 
t Phagocytic activity 
J Total hemocyte count 
J Granular cells 
- Phenoloxidase activity 
- prophenoloxidase 
4 Lipopolysacharide glucan binding 
protein 
J Total hemocyte count 
t Phenoloxidase activity 
4 Total hemocyte count 
t Phenoloxidase activity 
4 Superoxide dismutase activity 
4 Catalase activity 
4 Total protein concentrations 
t Total hemocyte count 
J Total hemocyte count 
J Total protein concentrations 
|Antibacterial activity 
J Total hemocyte count 
J Differential hemocyte count 
t Phenoloxidase activity 
t proPO-system 
4 Superoxide dismutase activity 
4 Phagocytic activity 
J Total hemocyte count 
J Phenoloxidase activity 
4 Total hemocyte count 
4 Differential hemocyte count 
4 Phenoloxidase activity 
4 respiratory burst 
4 superoxide dismutase activity 
4 phagocytic activity 
4 Total hemocyte count 
t Phenoloxidase activity 
4 Bacteriolytic activity 
4 Total hemocyte count 
t Reactive oxygen species 
4 Total hemocyte count 
J Phenoloxidase activity 
J Nitric oxide synthase activity 
J Superoxidase activity 
t Malondialdehyde content 
4 Total hemocyte count 
4 Phenoloxidase activity 
4 Respiratory burst 
4 Superoxidase activity 
4 Phagocytic activity 
t Total plasma protein concentration 
4 prophenoloxidase activity 
4 Total hemocyte count 
J Differential hemocyte count 
J Phenoloxidase activity 
4 prophenoloxidase expression 
J Lysozyme activity 
J Gamma-glutamyl transferase activity 
4 Total hemocyte count 
4 Differential hemocyte count 
4 Phenoloxidase activity 
4 Serine protease activity 

Malevet al., (2010) 

Korkut et al., (2018) 

Jiravanichpaisal et al., 
(2004) 

Dong et al., (2015) 

Matozzo et al., (2011) 

Truscott and White, 1990) 
Chisholm and Smith, 1994) 

Chang et al., (2015) 

Cheng and Chen, 2000) 

Wang and Chen, 2006b) 

Lu-Qing et al. (2007) 

Li et al., (2014) 

Jia et al., (2014b) 

Cheng et al., (2005b) 

Vargas-Albores et al. (1998) 

Xu et al., (2019) 

Panet al., (2008) 

t = increase 
4 = decrease. 

I = increase and decrease 
—= no s igni f icant change. 

w e r e a l s o o b s e r v e d i n p h a g o c y t o t i c r e s p o n s e s , a n t i b a c t e r i a l a c t i v i t y , 

T H C , P O a n d S O D a c t i v i t y , a n d R B w h e n w h i t e l e g s h r i m p s w e r e i n f e c t e d 

w i t h b a c t e r i a a t a h i g h t e m p e r a t u r e o f 3 2 °C ( C h e n g et a l . , 2 0 0 5 b ) . I n th e 

y e l l o w - l e g s h r i m p Penaeus californiensis a n i n c r e a s e i n t e m p e r a t u r e f r o m 

1 8 t o 3 2 °C a f f e c t e d b o t h p r o P O a n d p l a s m a p r o t e i n h e m o l y m p h p a ­

r a m e t e r s , c a u s i n g a r e d u c t i o n i n t o t a l p r o P O l e v e l a t 3 2 °C a n d d e c r e a s e 

i n p l a s m a t o t a l p r o t e i n a t 2 8 a n d 3 2 C C ( V a r g a s - A l b o r e s et a l . , 1 9 9 8 ) . 

I n t h e g i a n t f r e s h w a t e r p r a w n a f t e r e x p o s u r e t o l o w ( 2 2 °C ) a n d h i g h 

7 
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Table 4 
A summary of the i m m u n e responses of decapods to p H stress. 

Species Species pH Immune References 
group responses 

t = increase 
4 = decrease 

I = increase and decrease 
—= no s igni f icant change. 
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( 3 4 °C ) t e m p e r a t u r e s i m m u n e r e s p o n s e s i n c l u d i n g T H C , P O , S O D , R B , 

a n d p h a g o c y t i c a c t i v i t y , a n d p r o P O - s y s t e m - r e l a t e d g e n e e x p r e s s i o n 

w e r e f o u n d t o h a v e c h a n g e d s i g n i f i c a n t l y ( C h a n g et a l . , 2 0 1 5 ) . 

W h e n t h e M e d i t e r r a n e a n g r e e n c r a b Carcinus aestuarii w a s e x p o s e d t o 

4 , 1 7 , a n d 3 0 °C, a t t e m p e r a t u r e s o f 4 °C a n d 3 0 °C, T H C f e l l s i g n i f i ­

c a n t l y , w h i l e h e m o l y m p h p r o t e i n c o n c e n t r a t i o n s d r o p p e d o n l y a t 3 0 °C. 

I n a d d i t i o n , h e m o c y t e p r o l i f e r a t i o n a n d P O a c t i v i t y i n c r e a s e d g r e a t l y a t 

b o t h t h e l o w e s t a n d h i g h e s t t e m p e r a t u r e s , w h i c h d e m o n s t r a t e s t h a t 

these c r a b s c a n m o d u l a t e t h e i r i m m u n e p a r a m e t e r s t o c o p e w i t h t e m ­

p e r a t u r e f l u c t u a t i o n s ( M a t o z z o e t a l . , 2 0 1 1 ) . I n t h e s h o r e c r a b , a g r a d u a l 

i n c r e a s e i n t e m p e r a t u r e o v e r 1 2 h f r o m 1 0 t o 2 0 °C f o r f i v e d a y s l e d to a 

s i g n i f i c a n t r i s e i n h e m o c y t e n u m b e r s , w h e r e a s a s u d d e n t e m p e r a t u r e 

r i s e i n i t i a t e d n o s u c h r e s p o n s e ( T r u s c o t t a n d W h i t e , 1 9 9 0 ) . T h e a n t i ­

b a c t e r i a l a c t i v i t y i n s h o r e c r a b s f e l l i n F e b r u a r y a n d A u g u s t a t t h e 

m o m e n t o f t h e l e a s t a n d g r e a t e s t s e a s o n a l f l u c t u a t i o n i n t e m p e r a t u r e s 

( C h i s h o l m a n d S m i t h , 1 9 9 4 ) , w h i c h sugges t s t h a t t h e r m a l s t ress g r e a t l y 

a f fects t h e i m m u n e p a r a m e t e r s i n d e c a p o d c r u s t a c e a n s . T h e i m p a c t o f 

t h e r m a l s t ress o n t h e i m m u n e p a r a m e t e r s o f d e c a p o d c r u s t a c e a n s is 

s u m m a r i z e d i n T a b l e 3 . 

3.2. pH 

3.2.1. Possible mechanism of action ofpH on the immune system 

D e c a p o d c r u s t a c e a n s a r e s e n s i t i v e t o f l u c t u a t i o n s i n e n v i r o n m e n t a l 

p H . Its s t ress p r o b a b l y d a m a g e s t i s sues a s s o c i a t e d w i t h i o n e x c h a n g e 

s u c h as g i l l s , a n d causes a c i d - b a s e i m b a l a n c e s ( M c c u l l o c h , 1 9 9 0 ) . T h e 

p r i m a r y p r o b l e m a s s o c i a t e d w i t h a c i d - i n d u c e d s t ress i n a q u a t i c a n i m a l s 

is e x c e s s i v e s e c r e t i o n a n d a c c u m u l a t i o n o f m u c u s o n g i l l f i l a m e n t s 

l e a d i n g t o r e s p i r a t o r y f a i l u r e , a n o x i a a n d d e a t h ( D a y e a n d G a r s i d e , 

1 9 7 5 ) . G r e a t e r u p t a k e o f h y d r o g e n i o n s a c r o s s t h e g i l l s l e a d s t o h e m o ­

l y m p h a c i d o s i s i n c r a y f i s h u n d e r a c i d i c c o n d i t i o n s ( M o r g a n a n d 

M c M a h o n , 1 9 8 2 ; W o o d a n d R o g a n o , 1 9 8 6 ) . B o t h h e m o l y m p h a c i d o s i s 

a n d a l k a l o s i s d e p e n d o n c h a n g e s i n p H i n t h e s u r r o u n d i n g m e d i u m a n d 

b o t h c r i t i c a l l y h i g h a n d l o w p H i n c r e a s e o x y g e n c o n s u m p t i o n i n t h e 

n o b l e a n d n a r r o w - c l a w e d c r a y f i s h ( C u k e r z i s , 1 9 7 3 ) . H e m o l y m p h o x y ­

g e n a f f i n i t y d r o p s s i g n i f i c a n t l y w i t h t h e d e c l i n e i n h e m o l y m p h p H 

( M c c u l l o c h , 1 9 9 0 ) a n d , i n a d d i t i o n , b o t h a c i d i c a n d a l k a l i n e p H stresses 

h a v e b e e n f o u n d t o i n d u c e R B a n d D N A d a m a g e i n t h e h e m o c y t e s a n d 

the h e p a t o p a n c r e a s o f s h r i m p s ( W a n g e t a l . , 2 0 0 9 ) . It i s i m p o r t a n t t o 

n o t e t h a t b o t h h i g h a n d l o w p H s t resses h a v e b e e n r e p o r t e d t o l e a d t o 

s u b s t a n t i a l i m m u n o s u p p r e s s i o n a n d d e c r e a s e d r e s i s t a n c e a g a i n s t p a t h ­

o g e n s i n d e c a p o d s d u e t o a r e d u c t i o n i n P O a c t i v i t y a n d p h a g o c y t i c 

a c t i v i t y ( L i a n d C h e n , 2 0 0 8 ; C h e n et a l . , 2 0 1 5 ) . 

3.2.2. Immune responses of decapods under pH stress 

F l u c t u a t i o n s i n w a t e r p H c a n g r e a t l y a l t e r i m m u n e p a r a m e t e r s s u c h 

as T H C , D H C , t o t a l h e m o l y m p h p r o t e i n , P O a c t i v i t y , R O S p r o d u c t i o n 

a n d a n t i o x i d a n t r e s p o n s e s i n d e c a p o d s . I n t h e w h i t e l e g s h r i m p i m m u n e 

p a r a m e t e r s a n d r e s i s t a n c e a g a i n s t Vibrio alginolyticus d e c r e a s e d i n l o n g -

t e r m c u l t u r e s a t l o w p H l e v e l s . T h e i m m u n e p a r a m e t e r s i n c l u d i n g T H C , 

H C , G C , R B , P O a c t i v i t y , l y s o z y m e a c t i v i t y ( L Z M ) , a n d S O D a c t i v i t y 

s i g n i f i c a n t l y d e c r e a s e d , a n d t h e e x p r e s s i o n l e v e l s o f g e n e s i n c l u d i n g 

e c C u Z n S O D , c y t M n S O D , L Z M , g l u t a t h i o n e p e r o x i d a s e a n d p e n a e i d i n 3 a 

w e r e a l s o d o w n - r e g u l a t e d a t p H 6 .8 c o m p a r e d to 8 . 1 . I n a d d i t i o n , a 

s e p a r a t e e x p e r i m e n t d u r i n g t h e s a m e s t u d y s h o w e d t h a t d u r i n g a 2 4 -

w e e k c h a l l e n g e w i t h V. alginolyticus l o w e r p H c a n r e d u c e p h a g o c y t i c 

i n d e x , p h a g o c y t i c a c t i v i t y a n d t h e c l e a r a n c e e f f i c i e n c y o f a n i m a l s ( C h e n 

et a l . , 2 0 1 5 ) . T h e I n d i a n w h i t e s h r i m p Fenneropenaeus indicus e x p e r i ­

e n c e d r e d u c e d i m m u n i t y w h e n e x p o s e d t o l o w (5 .5 ) a n d h i g h (9 ) p H 

stresses a n d a t l o w e r p H t h e v a l u e s o f T H C , P O a c t i v i t y a n d h e m o l y m p h 

p r o t e i n w e r e s i g n i f i c a n t l y l o w e r t h a n a t a h i g h e r p H ( S h a r m a et a l . , 

2 0 0 9 ) . E x p o s u r e o f t h e g i a n t f r e s h w a t e r p r a w n to t h e c o m b i n e d ef fects 

o f p H , t e m p e r a t u r e a n d s a l i n i t y c a u s e d a r e d u c t i o n i n T H C a n d P O ac ­

t i v i t y i n b o t h l o w ( 4 . 6 - 5 . 0 ) a n d h i g h ( 9 . 0 - 9 . 5 ) p H m e d i a b u t n o t i n th e 

m i d d l e - r a n g i n g p H ( 7 . 0 5 - 7 . 7 ) ( C h e n g a n d C h e n , 2 0 0 0 ) . 

F u r t h e r m o r e , p H h a s b e e n s h o w n t o i n f l u e n c e b a c t e r i a l v i r u l e n c e i n 

Shrimps 

Callinectes 6.6, 7.0, 4 Phenoloxidase Tanner 
sapidus 7.4, 7.6, 

7.8 
activity et al.,(2006) 

Macrobrach turn 4.6-5.0, 4 total hemocyte Cheng and 
rosenbergii 7.5-7.7, count Chen, 2000) 

9.0-9.5 4 phenoloxidase 
activity 

Litopenaeus 6.8, 8.1 4 total hemocyte Chen et al., 
vannamei count [2015) 

4 Hyaline cells 
4 Granular cells 
4 Respiratory 
Bursts 
4 Superoxide 
dismutase activity 
4 Lysozyme 
activity 
4 phenoloxidase 
activity 
t Mortality rate 

Litopenaeus 6.8 4 Hyaline cells Lin et al., 
vannamei 4 Granular cells [2010) 

4 Semi-granular 
cells 
4 Total hemocyte 
count 
4 Phenoloxidase 
activity 
4 Respiratory 
burst 
4 Superoxide 
dismutase activity 
4 Glutathione 
peroxidase 
activity 
4 Lysozyme 
activity 

Litopenaeus 6.5, 8.2, t Mortality rate Li and Chen, 
vannamei 10.1 4 Total Hemocyte 2008) 

count 
4 Phenoloxidase 
activity 
4 Respiratory 
burst, 
4 Phagocytic 
activity 
4 Clearance 
efficiency 
4 Superoxide 
dismutase activity 

Fenneropenaeus 6, 5.5 4 total hemocyte Sharma 
indicus count et al.,(2009) 

4 phenoloxidase 
activity 
4 hemolymph 
protein values 

Litopenaeus 7.0, 7.5, 4 Total hemocyte Lu-Qing 
vannamei 9.0, 9.5 count et al.,(2005) 

4 Bacteriolytic 
activity 
4 Antibacterial 
activity 
t Phenoloxidase 
activity 
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Table 5 

A summary of the i m m u n e responses of decapods to the sa l in i ty stress. 

Species group Species Salinity %o Immune responses References 

Crabs Portimus trituberculatus 21, 26, 31 

Prawns Macrobrachium 0, 5, 10, 15 
rosenbergii 

Shrimps Fetmeropenaeus indicus 5, 25 ,35 

Litopenaeus vannamei 

Penaeusmonodon 

Penaeusmonodon 

Farfantepenaeus paulensis 

Litopenaeus vannamei 

Marsupenaeus japonicus 

Litopenaeus vannamei 

Litopenaeus vannamei 

Litopenaeus vannamei 

Litopenaeus vannamei 

5, 15, 25, 35 

5, 15,35 

13, 22, 34 

5,30 

9,13,17,21,29 and 33 ppt 

Freshwater and seawater 

2.5, 5, 15, 25 ,35 

21,26 

4 Total hemocyte count 
4 prophenoloxidase activity 
t phenoloxidase activity 
t Total hemocyte count 
t phenoloxidase activity 
t Phenoloxidase 
t Superoxide anion production 
t Total hemolymph proteins 
t Ac id phosphatase activity 
t Alkaline phosphatase activity 
4 Total hemocyte count 
4 Phenoloxidase activity 
4 Respiratory burst 
4 Phagocytic activity 
4 Superoxide dismutase activity 
t Mortality 
4 Total hemocyte count, 
- Phenoloxidase activity 
4 Nitroblue tetrazolium salt (NBT) reduction 
- Alkaline phosphatase activity 
4 Ac id phosphatase activity 
4 Total hemocyte count 
4 Hyaline cell 
4 Phenoloxidase activity 
4 Respiratory burst 
4 Superoxide dismutase activity 
4 Phagocytic activity 
4 Clearance efficiency 
4 Total hemocyte count 
- Total serum protein concentration 4Phenoloxidase activity 
4 Total hemocyte count 
4 Bacteriolytic activity 
4 Antibacterial activity 
t Phenoloxidase activity 
4 Total hemocyte count 
t Phenoloxidase activity 
t Total hemocyte count 
4 Respiratory burst 
4 Phenoloxidase activity 
4 Nitric oxide synthase (NOS) 
4 Lysozyme activity 
4 Hyaline cells 
4 Granular cells 
4 Phenoloxidase activity 
4 Respiratory bursts 
4 Superoxide dismutase activity 
4 Lysozyme activity 
4 Total hemocyte count 
4 Differential hemocyte count 
4 Phenoloxidase activity 
4 hyaline cell count 
4 Granular cell (semi-granular cell) count 
4 Total hemocyte count 
4 Phenoloxidase activity 
4 Respiratory burst 
4 Superoxide dismutase activity 

Wanget al., (2018) 

Cheng and Chen, 2000) 

Selven and Phil ip, 2013) 

Wang and Chen, 2005a) 

Joseph and Phil ip, 2007) 

Wang and Chen, 2006a) 

Perazzolo et al., (2002) 

Lu-Qing et al., (2005) 

Yu et al., (2003) 

Jia et al., (2014a) 

Lin et al., (2012) 

Pan et al., (2010) 

Li et al., (2010a) 

t — increase. 
4 — decrease. 
I = increase and decrease. 

—— no signi f icant change. 

hos t s . F o r e x a m p l e , t h e m o r t a l i t y r a t e i s e x a c e r b a t e d i n g i a n t f r e s h w a t e r 

p r a w n s w h e n c h a l l e n g e d w i t h Enterococcus-like b a c t e r i u m a t h i g h p H 

( 8 . 8 - 9 . 5 ) . H o w e v e r , t h e e x p o s u r e o f l u m i n o u s b a c t e r i a to l o w p H (5 .5 ) 

s i g n i f i c a n t l y r e d u c e d t h e p a t h o g e n i c i t y o f b a c t e r i a t o w a r d s p e n a e i d 

p r a w n l a r v a e ( P r a y i t n o a n d L a t c h f o r d , 1 9 9 5 ; C h e n g a n d C h e n , 1 9 9 8 ) . 

T h i s i m p l i e s t h a t fluctuations i n p H n o t o n l y i n f l u e n c e t h e h e a l t h a n d 

i m m u n e a b i l i t y o f h o s t s b u t a l s o a f f ec t p a t h o g e n v i r u l e n c e i n hos t s , 

t h e r e b y l e a d i n g t o d i s e a s e o u t b r e a k s . T h e i m p a c t o f p H stress o n the 

i m m u n e p a r a m e t e r s o f d e c a p o d c r u s t a c e a n s i s s u m m a r i z e d i n T a b l e 4. 

3.3. Salinity 

3.3.1. Possible mechanisms of action of salinity on the immune system 

A c u t e c h a n g e s i n s a l i n i t y c a n d i s r u p t o s m o r e g u l a t o r y m e c h a n i s m s 

a n d s u b s e q u e n t l y s u p p r e s s p h y s i o l o g i c a l a n d i m m u n e m e c h a n i s m s i n 

d e c a p o d c r u s t a c e a n s . A s w e l l , b o t h h y p e r - a n d h y p o - s a l i n i t i e s h a v e b e e n 

s h o w n t o h a v e i m m u n o s u p p r e s s i v e e f fects , w h i c h r e d u c e r e s i s t a n c e to 

i n f e c t i o n ( W a n g a n d C h e n , 2 0 0 5 b ; W a n g a n d C h e n , 2 0 0 6 a ) . T h e r e s u l t s 

o f s t u d i e s o f t e r r e s t r i a l , f r e s h w a t e r a n d m a r i n e c r u s t a c e a n s s u g g e s t t ha t 

n e u r o h o r m o n e s l i k e d o p a m i n e ( D A ) p e r f o r m a n i m p o r t a n t r o l e i n i o n i c 

a n d o s m o t i c r e g u l a t i o n a n d a r e k e y n e u r o r e g u l a t o r s o f t h e i m m u n e 

9 
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Table 6 
A summary o f the i m m u n e responses o f decapods to a m m o n i a stress. 

Species Species Range of Effect on Immune References 
group Ammonia responses 

mgL-1 
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Table 6 (continued) 

Species Species Range of Effect on Immune References 
group Ammonia 

mgL-1 
responses 

0.05,0.15, 4 Prophenoloxidase 
0.75, 1.50, activity 
3.0 4 superoxide 

dismutase activity 
4 Ac id phosphatase 

Litopenaeus 0.5, 1.0, 4 Total hemocyte Jiang et al., 
vannamei 1.5, 2.0, 

2.5 
count 
t Phenoloxidase 
activity 
4 Bacteriolytic and 
antibacterial 
activity 

(2004c) 

t = increase. 
4 = decrease. 

| = increase and decrease. 
—= no s igni f icant change. 

s y s t e m u n d e r s a l i n i t y s t ress ( M o r r i s , 2 0 0 1 ; P a n et a l . , 2 0 1 0 ) . E x p e r i ­

m e n t s h a v e s h o w n t h a t t h e i n j e c t i o n o f D A c a u s e s s i g n i f i c a n t c h a n g e s i n 

k e y i m m u n e p a r a m e t e r s i n d e c a p o d s i n c l u d i n g T H C , D H C , P O a n d R B , 

a n d a d e c r e a s e i n a n t i b a c t e r i a l a c t i v i t i e s ( C h e n g et a l . , 2 0 0 5 a ; L i e t a l . , 

2 0 0 5 ; H u et a l . , 2 0 0 7 ) . S i m i l a r l y , i n t h e w h i t e l e g s h r i m p u n d e r s a l i n i t y 

s t ress , h e m o l y m p h c o n c e n t r a t i o n s o f D A p e a k e d w h i l s t k e y i m m u n e 

p a r a m e t e r s i n t h e h e m o l y m p h d e c l i n e d c o n s i d e r a b l y ( P a n et a l . , 2 0 1 0 ) , 

s u g g e s t i n g t h a t b i o g e n i c a m i n e s l i k e D A m i g h t h a v e i m m u n e -

m o d u l a t o r y e f fects . I n a d d i t i o n , h i g h s a l i n i t y c o u l d n e g a t i v e l y a f fect 

c e l l v i a b i l i t y b y a c t i v a t i n g t h e p r o P O s y s t e m a n d t r i g g e r i n g c e l l 

d e g r a n u l a t i o n , w h i c h c a n l e a d t o e x t r e m e d e g r a n u l a t i o n a n d s u b s e q u e n t 

c e l l d e a t h d u e t o c e l l l y s i s ( P a n et a l . , 2 0 1 1 ) . T h e r e f o r e , i t is a s s u m e d t h a t 

t h e s a l i n i t y - i n d u c e d h i g h D A c o n c e n t r a t i o n s o f h e m o l y m p h c o u l d r e d u c e 

i m m u n i t y i n d e c a p o d s b y r e d u c i n g T H C as a r e s u l t o f c e l l d e a t h . 

M o r e o v e r , t h e l o n g - t e r m e x p o s u r e t o l o w s a l i n i t y s t ress a f f ec ts t h e i m ­

m u n i t y i n s e a w a t e r d e c a p o d s v i a s e v e r a l p r o t e i n s a n d b i o c h e m i c a l 

p a t h w a y s , i n c l u d i n g t h e d o w n - r e g u l a t i o n o f h e m o c y a n i n s , a g r o u p o f 

p r o t e i n s w i t h r e s p i r a t o r y a n d s e v e r a l i m m u n o l o g i c a l f u n c t i o n s ( X u et a l . , 

2 0 1 7 ) . 

3 . 3 . 2 . Immune responses of decapods under salinity stress 

S a l i n i t y s t r ess h a s a n e g a t i v e i m p a c t o n i m m u n e p a r a m e t e r s a n d c a n 

i n t e n s i f y t h e v i r u l e n c e o f p a t h o g e n s i n h o s t s l e a d i n g t o h i g h e r m o r t a l i t y . 

A c c o r d i n g to S e l v e n a n d P h i l i p , t h e s h r i m p F. indicus u n d e r l o w (5%o) 

a n d h i g h (35%o) s a l i n i t y s t resses s h o w e d s i g n i f i c a n t a l t e r a t i o n s i n i t s 

i m m u n e p a r a m e t e r s i n c l u d i n g P O , i n t r a c e l l u l a r s u p e r o x i d e a n i o n p r o ­

d u c t i o n , t o t a l h e m o l y m p h p r o t e i n s , a c i d p h o s p h a t a s e ( A C P ) a n d a l k a l i n e 

p h o s p h a t a s e ( A L P ) a c t i v i t y w h e n c h a l l e n g e d w i t h t h e m a r i n e b a c t e r i u m 

Vibrio harveyi. H o w e v e r , t h e v i r u l e n c e o f V. harveyi w a s m o r e s e v e r e a t 

3 5 % 0 ( S e l v e n a n d P h i l i p , 2 0 1 3 ) . L i k e w i s e , W a n g a n d C h e n r e p o r t t h e 

e f f ec ts o f s a l i n i t y s t ress a t 5, 1 5 , 2 5 , a n d 35%o o n t h e i m m u n e a b i l i t y o f L . 

vannamei a n d i t s s u s c e p t i b i l i t y t o V. alginolyticus. A t l o w s a l i n i t i e s , t h e 

i m m u n e p a r a m e t e r s i n c l u d i n g T H C , P O a c t i v i t y , R B , p h a g o c y t i c a c t i v i t y 

a n d S O D a c t i v i t y , as w e l l as t h e p a t h o g e n c l e a r a n c e e f f i c i e n c y d e c r e a s e d 

c o n s i d e r a b l y a f t e r 1 2 h , a n d t h e m o r t a l i t y o f V. alginolyticus- i n j e c t e d 

s h r i m p s r e a c h e d i t s p e a k a t t h e l o w e s t s a l i n i t y l e v e l o f 5%o ( W a n g a n d 

C h e n , 2 0 0 5 a ) . T h e e x p o s u r e o f t h e t i g e r s h r i m p to 0%o s a l i n i t y s t ress 

r e s u l t e d i n a s u b s t a n t i a l d e p r e s s i o n o f i m m u n e p a r a m e t e r s a n d i n c r e a s e d 

s u s c e p t i b i l i t y t o W S S V i n f e c t i o n ( J o s e p h a n d P h i l i p , 2 0 0 7 ) . S i m i l a r l y , 

t h e w h i t e l e g s h r i m p w a s m o r e s u s c e p t i b l e t o V. alginolyticus a t l o w e r 

(5% 0 ) t h a n h i g h e r (35% 0 ) s a l i n i t y ( W a n g a n d C h e n , 2 0 0 5 b ) . 

S t u d i e s o f d e c a p o d s s u c h as t h e t i g e r s h r i m p , s w i m m i n g c r a b Portu-

nus trituberculatus a n d g i a n t f r e s h w a t e r p r a w n h a v e s h o w n t h a t s a l i n i t y 

s tress c o u l d s i g n i f i c a n t l y i n d u c e a l t e r n a t i o n s i n i m m u n e p a r a m e t e r s 

i n c l u d i n g T H C , P O , R B , S O D , A C P , a n d A L P , a n d p h a g o c y t i c a c t i v i t y 

( C h e n g a n d C h e n , 2 0 0 0 ; W a n g a n d C h e n , 2 0 0 6 a ; J o s e p h a n d P h i l i p , 

Crabs Portunus 
trituberculatus 

Eriocheir sinensis 

Eriocheir sinensis 

Lobsters Panulirus 
homarus 

Prawns Macrobrachium 

20, 40, 60, 
80 

1.0, 2.0, 
3.0, 4.0,5.0 

Macrobrachium 
nipponense 

Macrobrachium 
rosenbergii 

Shrimps Penaeus 
vannamei 

Litopenaeus 
vannamei 

0-55, 1-68, 
3-18 

0, 5,10, 15, 
20 

1, 3, 6, 9 

I. 10, 5.24, 
I I . 10, 
21.60 

Penaeus 
japonicus 

Litopenaeus 
schmitti 

Litopenaeus 
vannamei 

4 Phagocytic 
activity 
4 Antibacterial and 
bacteriolytic 
activity 
4 Total hemocyte 
count 
4 Superoxide 
dismutase activity 
4 Total hemocyte 
count 
4 Lysozyme activity 
4 Phenoloxidase 
activity 
4 Superoxide 
dismutase activity 
4 Total hemocyte 
count 
4 Phenoloxidase 
activity 
- Total hemocyte 
count 
- Differential 
hemocyte count 
4 Phenoloxidase 
activity 
4 Respiratory burst 
J Superoxide 
dismutase 
J catalase 
t Alkaline 
phosphatase 
t Ac id phosphatase 
t Malonaldehyde 
4 Total hemocyte 
count 
4 Phenoloxidase 
activity 
4 Superoxide 
dismutase activity 
4 Total hemocyte 
count 
4 Hyaline cells 
4 Granular cells 
4 Phenoloxidase 
activity 
4 Respiratory bursts 
t Superoxide 
dismutase activity 
4 Clearance 
efficiency to 
pathogen 
4 Total hemocyte 
count 
4 Plasma protein 
content 
4 Hemocyte 
phagocytosis 
4 prophenoloxidase 
activity 
4 Alkaline 
phosphatase 
4 Nitric oxide 
synthase 
4 Total hemocyte 
count 
- Phenoloxidase 
activity 
- Hemagglutination 
activity 
4 Total hemocyte 
count 

Yue et al., 
(2010b) 

Hong et al., 
(2007) 

Huang et al., 
(2006) 

Verghese 
etal. , (2007) 

Cheng and 
Chen, 2002) 

Zhang et al., 
(2015) 

Hu et al., 
(2005) 
Kathyayani 
etal. , (2019) 

Liu and 
Chen, 2004) 

Jiang et al., 
(2004b) 

Rodriguez-
Ramos et al., 
(2008) 

Qiu et al., 
(2008) 
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Table 7 
A summary of the i m m u n e responses of decapods to pathogens. 

Species Species 
group 

Pathogens Immune responses 

Crabs Portunus 
trituberculatus 

Crayfishs 

WSSV, Vibrio parahaemolyticus and V. alginolyticus 

Scylla paramamosain (WSSV) or Vibrio alginolyticus 

Scylla paramamosain Beta streptococcus, Vibrio, parahemolyticus, and (rhubarb 
polysaccharides (immunostimulant)) 

Hepatopancreas and 
hemocytes 

Hemocytes 

Eriocheir sinensis 
Procambarus clarkii 

Pacifastacus 
leniusculus 
Macrobrachium 

Vibrio anguillarum 
Viral and bacterial- pathogen-associated molecular 
patterns 

Aphanomyces astaci 

Spiroplasma MR-1008 

Macrobrachium Aeromonas strains (A. veronii and A. caviae) 

Shrimps Litopenaeus WSSV and Vibrio parahaemolyticus 
vannamei 

Litopenaeus Micrococcus lysodeikticus and WSSV 
vannamei 

Penaeus. vannamei Vibrio alginolyticus 

Litopenaeus Vibrio parahaemolyticus 
vannamei 

Fenneropenaeus WSSV 
chinensis 

Hemocyte, 
hepatopancreas and intestines 

Hemocytes 
Hepatopancreas 

Hemolymph 

Hepatopancreas 

Hemolymph 

Hemolymph 

Hepatopancreas hemolymph 
and, hemocytes 

Lymphoid organ, gil l , 
hepatopancreas 
and hematopoietic tissue 

4 pro-phenoloxidase- Ren et al., 
activating system (2017) 
4 Lysozyme 
4 Crustin 
t i*2-macroglobulin 
T NADPH oxidase (NOX) 
t Nitric oxide synthase 
4 Janus kinase Zhu et al., 
I Relish (2018) 
t Phenoloxidase Cao et al., 
t Alkaline phosphatase (2014) 
t Alkaline phosphatasein 
-Superoxide dismutase 
-Lysozyme 
T SpHMC 
t Cathepsin C (catC) L iet al., (2010b) 
t Pc-cathepsin C Liu et al., 

(2020b) 
4 Total hemocyte count Persson et al., 

(1987a) 
t Alkaline phosphatase Du et al., (2013) 
- Superoxide dismutase 
4 Catalase 
t ß-l,3-glucan-binding 
protein 
t Peroxinectin 
t i*2-macroglobulin 
4 Total hemocyte count Sung et al., 
J Hyaline cells (2000) 
J Granular cells 
t Phenoloxidase activity 
t Superoxide dismutase Pang et al., 
t Peroxidase (2019) 
t Ac id phosphatase 
t Alkaline phosphatase 
t Ac id phosphatase 
t Ac id phosphatase Sun et al., 
t Peroxidase (2015) 
t Alkaline phosphatase 
t Lysozyme phosphatase 
t Phenoloxidase 
4 Total hemocyte count Hsieh et al., 
4 Phenoloxidase (2008) 
4 Superoxide dimutase 
4 Respiratory burst 
4 Total hemocyte counts Zhai et al., 
t Hemocyanin (HEM) (2019) 
t Lysozyme 
J Ac id phosphatase 
J Alkaline phosphatase 
4 Phenoloxidase 
- Total hemocyte count Zhang et al., 
t Mitotic index (2005) 
t Phenoloxidase 
t Superoxide dismutase 
t Alkaline phosphatase 
t Ac id phosphatase 

t = increase 
4 = decrease. 

I = increase and decrease 
—= no s igni f icant change. 

2 0 0 7 ; W a n g et a l . , 2 0 1 8 ) . T h e i m p a c t o f s a l i n i t y s t ress o n i m m u n e p a ­

r a m e t e r s o f d e c a p o d c r u s t a c e a n s i s s u m m a r i z e d i n T a b l e 5. 

3.4. Hypoxia 

3.4.1. Possible mechanism of action of hypoxia on the immune system 

D i s s o l v e d o x y g e n ( D O ) i s a n o t h e r m a j o r e n v i r o n m e n t a l f a c t o r i n 

a q u a c u l t u r e t h a t c a n b e a f f e c t ed b y f ros t , a n a b r u p t c h a n g e o r d e a t h o f 

t h e p h y t o p l a n k t o n i n t h e w a t e r b o d y , a n i n c r e a s e i n t h e s i z e o f t h e 

z o o p l a n k t o n p o p u l a t i o n a n d t h e d e c o m p o s i t i o n o f o r g a n i c m a t t e r s u c h 

as f o o d l e f t o v e r s a n d faeces , w h i c h c a n r e s u l t i n a s u d d e n d e c r e a s e i n D O 

( J i a n g et a l . , 2 0 0 5 ) . A p r o l o n g e d d r o p i n t h e o x y g e n s u p p l y c a n i n d u c e 

h y p o x i a - i n d u c i b l e t r a n s c r i p t i o n f a c t o r ( H I F ) , a g e n e k n o w n to a c t i v a t e 

m e c h a n i s m s a g a i n s t h y p o x i a t h a t i s h i g h l y c o n s e r v e d a c r o s s t h e a n i m a l 

k i n g d o m . T h e r e i s a l s o e v i d e n c e t h a t H I F h a s a n i m p o r t a n t r o l e i n t h e 

i n n a t e i m m u n e r e s p o n s e o f d e c a p o d c r u s t a c e a n s . T h e r e f o r e , H I F m a y 

a l so t r i g g e r i m m u n e r e s p o n s e s a f t e r e x p o s u r e t o h y p o x i a as a n a b i o t i c 

s t r esso r ( G o r r e t a l . , 2 0 1 0 a ) . I n a d d i t i o n , i t h a s b e e n s h o w n t h a t h y p o x i c 
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e x p o s u r e c a n i n c r e a s e t h e l e v e l o f h e m o c y a n i n ( H c s ) , p r o t e i n s t h a t a c t as 

o x y g e n c a r r i e r s i n t h e h e m o l y m p h o f d e c a p o d c r u s t a c e a n s ( G i o m i a n d 

B e l t r a m i n i , 2 0 0 7 ) . H c s a l s o p l a y a r o l e i n t h e i n n a t e i m m u n e r e s p o n s e b y 

p r o v i d i n g o x y g e n f o r p h e n o l o x i d a s e a c t i v i t y o r b y w o r k i n g as p h e n o -

l o x i d a s e u n d e r c e r t a i n c i r c u m s t a n c e s ( T e r w i l l i g e r e t a l . , 2 0 0 6 ; J a e n i c k e 

et a l . , 2 0 0 9 ; N i k s i r a t e t a l . , 2 0 1 4 ; N i k s i r a t e t a l . , 2 0 1 5 ) . H y p o x i a c a n 

i n c r e a s e t h e l e v e l o f a n t i o x i d a n t p r o t e i n s i n t h e c e l l a n d s o h e l p c o p e 

w i t h t h e o x i d a t i v e s t ress t h a t o c c u r s a f t e r a p o s s i b l e r e o x y g e n a t i o n o f t h e 

e n v i r o n m e n t ( G o r r e t a l . , 2 0 1 0 a ) . 

T h e r e i s a l s o e v i d e n c e t o sugges t t h a t h y p o x i c s t ress c a n a l t e r i m ­

m u n e p a r a m e t e r s t h r o u g h t h e e n d o c r i n e s y s t e m . A f t e r h y p o x i a s t ress i n 

L. vannamei, h e m o l y m p h D A c o n c e n t r a t i o n s i n c r e a s e d s i g n i f i c a n t l y a n d 

s u b s e q u e n t l y a l l i m m u n e p a r a m e t e r s i n c l u d i n g h e m o c y t e c o u n t s , p h e ­

n o l o x i d a s e a c t i v i t y , p h a g o c y t i c a c t i v i t y o f h e m o c y t e s , a n d b a c t e r i o l y t i c 

a n d a n t i b a c t e r i a l a c t i v i t i e s w e r e f o u n d t o d e c l i n e ( H u e t a l . , 2 0 0 9 ) . 

3.4.2. Immune responses of decapods under hypoxic stress 

T h e r e w a s a s i g n i f i c a n t d e c r e a s e i n t h e i m m u n e p a r a m e t e r s s u c h as 

T H C , b a c t e r i o l y t i c a n d a n t i b a c t e r i a l a c t i v i t i e s , w h i l e P O g r e a t l y 

i n c r e a s e d i n a c t i v i t y w h e n w h i t e l e g s h r i m p s w e r e e x p o s e d t o h y p o x i a 

c o n d i t i o n s o f 2 .0 a n d 3 . 5 m g O2 1 _ 1 ( J i a n g e t a l . , 2 0 0 5 ) . L i k e w i s e , i n th e 

b l u e s h r i m p Penaeus stylirostris a c u t e h y p o x i a a t l e v e l s o f 1 m g O2 1 _ 1 f o r 

2 4 h i n d u c e d s i g n i f i c a n t r e d u c t i o n s i n T H C , D H C a n d R B , w h i l e P O a c ­

t i v i t y g r e a t l y i n c r e a s e d ( L e M o u l l a c e t a l . , 1 9 9 8 ) . H y p o x i c s t ress g r e a t l y 

a f f e c t ed i m m u n e p a r a m e t e r s s u c h as P O , S O D a n d p e r o x i d a s e ( P O D ) , as 

w e l l as a n t i b a c t e r i a l a n d L Z M a c t i v i t i e s i n t h e C h i n e s e s h r i m p Fenner-

openaeus chinensis ( L i e t a l . , 2 0 0 6 ) . T H C , D H C , R B a n d P O a c t i v i t y f e l l 

c o n s i d e r a b l y a n d m o r t a l i t y i n c r e a s e d a t 1.75 c o m p a r e d t o 2 . 7 5 m g O2 

l - 1 a f t e r 1 2 - h e x p o s u r e i n g i a n t f r e s h w a t e r p r a w n s c h a l l e n g e d w i t h 

Enterococcus ( C h e n g e t a l . , 2 0 0 2 ) . F u r t h e r m o r e , i n j u v e n i l e C h i n e s e 

m i t t e n c r a b s , h y p o x i c s t ress o f 1.40 m g O2 l - 1 g r e a t l y a f f e c t e d t h e i m ­

m u n e p a r a m e t e r s T H C , D H C a n d R B ( Q i u e t a l . , 2 0 1 1 ) , t h e r e b y s u g ­

g e s t i n g t h a t h y p o x i c s t ress h a s a p o t e n t i a l l y d e v a s t a t i n g e f f ec t o n 

i m m u n e p a r a m e t e r s a n d i n c r e a s e s t h e s u s c e p t i b i l i t y to i n f e c t i o n s a n d 

m o r t a l i t y i n d e c a p o d s . 

3 . 5 . Ammonia 

3.5.1. Possible mechanism of action of ammonia on immune system 

A m m o n i a i s o n e o f t h e m a j o r l i m i t i n g e n v i r o n m e n t a l f a c t o r s t h a t c a n 

h a v e a n e g a t i v e i m p a c t o n t h e i m m u n e r e s p o n s e s o f d e c a p o d c r u s t a c e a n s 

a n d t h e i r p r o d u c t i v i t y . I n n a t u r a l w a t e r s , t o t a l a m m o n i a n i t r o g e n ( T A N ) 

is m a i n l y f o u n d i n t w o f o r m s , a m m o n i u m ( N H 4 + ) a n d a m m o n i a (NH3). 

T h e l a t t e r is m o r e t o x i c t o a q u a t i c a n i m a l s s i n c e i t c a n d i f f u s e a c r o s s c e l l 

m e m b r a n e s ( F r i a s - E s p e r i c u e t a e t a l . , 2 0 0 0 ; Z h a o e t a l . , 2 0 2 0 ) . In 

i n t e n s i v e a q u a c u l t u r e s y s t e m s w i t h h i g h - s t o c k i n g d e n s i t i e s , a m m o n i a 

c o n c e n t r a t i o n s r i s e a b r u p t l y , p r e d o m i n a n t l y d u e t o t h e a c c u m u l a t i o n o f 

n i t r o g e n o u s w a s t e f r o m t h e c u l t u r e d a n i m a l s t h e m s e l v e s , u n c o n s u m e d 

f o o d a n d o t h e r o r g a n i c m a t t e r ( C s a v a s , 1 9 9 4 ; R o m a n o a n d Z e n g , 2 0 1 3 ) . 

I n a d d i t i o n t o i t s r o l e as a n i m p o r t a n t l i m i t i n g f a c t o r i n d e c a p o d c r u s ­

t a c e a n a q u a c u l t u r e , a m m o n i a i s a l s o a n i m p o r t a n t e n v i r o n m e n t a l 

p o l l u t a n t u s e d as a k e y w a t e r q u a l i t y p a r a m e t e r f o r a s s e s s i n g e n v i r o n ­

m e n t a l p o l l u t i o n . E x p o s u r e o f d e c a p o d c r u s t a c e a n s t o e l e v a t e d a m m o n i a 

c o n c e n t r a t i o n s c a n i m p a i r m a n y i m p o r t a n t b i o l o g i c a l p r o c e s s e s s u c h as 

i o n i c r e g u l a t i o n , c e l l p e r m e a b i l i t y a n d i m m u n e f u n c t i o n s ( Y o u n g - L a i 

e t a l . , 1 9 9 1 ; H a r r i s e t a l . , 2 0 0 1 ; H o n g et a l . , 2 0 0 7 ) . H i g h a m m o n i a l e v e l s 

c a n s e v e r e l y d a m a g e t h e g i l l s t r u c t u r e o f d e c a p o d c r u s t a c e a n s b y 

i n d u c i n g n e c r o s i s a n d h y p e r p l a s i a , a n d h a r m g i l l e p i t h e l i a l c e l l s ( de 

F r e i t a s R e b e l o e t a l . , 2 0 0 0 ; R o m a n o a n d Z e n g , 2 0 0 7 ) . H i g h a m m o n i a 

a l s o d e c r e a s e s t h e e x p r e s s i o n o f N a + / K + - A T P a s e a c t i v i t y a n d s o d i ­

m i n i s h e s t h e a b i l i t y o f g i l l s to e x c r e t e a m m o n i a - N a l o n g a g r a d i e n t , 

w h i c h e v e n t u a l l y r e s u l t s i n i n c r e a s e d h e m o l y m p h a m m o n i a - N c o n c e n ­

t r a t i o n s ( M a r t i n e t a l . , 2 0 1 1 ) . 

F u r t h e r m o r e , r e c e n t i n v e s t i g a t i o n s h a v e s u g g e s t e d t h a t n e u r o e n d o ­

c r i n e f a c t o r s c a n d r i v e t h e e f fects o f a m m o n i a o n t h e i m m u n e s y s t e m o f 

d e c a p o d s ( T o n g e t a l . , 2 0 2 2 ) a n d , f o r e x a m p l e , i t h a s b e e n s h o w n t h a t 
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a m m o n i a - N c a n a f f ec t P O a n d a n t i b a c t e r i a l a n d b a c t e r i o l y t i c a c t i v i t i e s 

v i a t h e e y e s t a l k h o r m o n e i n L . vannamei ( C u i e t a l . , 2 0 1 7 a ) . D A i s 

a n o t h e r n e u r o e n d o c r i n e f a c t o r t h a t c a n a f f ec t T H C , a n t i b a c t e r i a l a n d 

b a c t e r i o l y t i c a c t i v i t i e s a n d p r o P O i n Portunus trituberculatus as a r e s u l t o f 

c h a n g e s i n a m m o n i a c o n c e n t r a t i o n s ( Y u e e t a l . , 2 0 1 0 a ) . 

It i s w i d e l y a c c e p t e d t h a t h e m o c y t e s a r e t h e m o s t i m p o r t a n t 

c o m p o n e n t o f t h e d e c a p o d i m m u n e s y s t e m ( V a z q u e z e t a l . , 2 0 0 9 ) . 

N u m e r o u s s t u d i e s h a v e c o n f i r m e d t h a t t h e t o t a l h e m o c y t e c o u n t de ­

c r eases s i g n i f i c a n t l y u n d e r a m m o n i a s t ress i n s e v e r a l d e c a p o d c r u s t a ­

c e a n s p e c i e s ( J i a n g e t a l . , 2 0 0 4 a ; H o n g e t a l . , 2 0 0 7 ; V e r g h e s e e t a l . , 

2 0 0 7 ; R o d r i g u e z - R a m o s e t a l . , 2 0 0 8 ) . A t r a n s c r i p t o m i c s t u d y o f the 

h e m o c y t e s o f s h r i m p s d i s c o v e r e d t h a t h i g h c o n c e n t r a t i o n s o f h e m o ­

l y m p h a m m o n i a c o u l d i n d u c e t h e a p o p t o s i s o f h e m o c y t e s . U n d e r 

a m m o n i a s t ress , t h e a n t i - a p o p t o t i c g enes s u c h as t h e i n h i b i t o r o f 

a p o p t o s i s p r o t e i n ( I A P ) a n d b a c u l o v i r a l L A P r e p e a t - c o n t a i n i n g p r o t e i n 2 

( B i r c 2 ) w e r e g r e a t l y d o w n - r e g u l a t e d , w h e r e a s t h e p r o - a p o p t o t i c g e n e s 

s u c h as m a p k i n a s e - i n t e r a c t i n g s e r i n e / t h r e o n i n e ( M K N K ) a n d C C A A T / 

e n h a n c e r - b i n d i n g p r o t e i n ( C / E B P ) w e r e s i g n i f i c a n t l y u p - r e g u l a t e d ( L i u 

et a l . , 2 0 2 0 a ) , w h i c h sugges t s t h a t h i g h h e m o l y m p h a m m o n i a e n h a n c e s 

a p o p t o s i s p r o c e s s e s a n d d e c r e a s e s t h e h e m o c y t e c o u n t . T h e r e f o r e , i t i s 

b e l i e v e d t h a t a m m o n i a s t ress w e a k e n s t h e i m m u n e a b i l i t y b y d e c r e a s i n g 

the n u m b e r o f i m m u n e c e l l s , t h e r e b y e v e n t u a l l y i n c r e a s i n g t h e s u s c e p ­

t i b i l i t y o f h o s t s t o p a t h o g e n s . 

R e c e n t g e n e e x p r e s s i o n s t u d i e s h a v e s h o w n t h a t a m m o n i a s t ress 

c o u l d s i g n i f i c a n t l y a l t e r t h e e x p r e s s i o n p a t t e r n s o f v a r i o u s i m p o r t a n t 

i m m u n e genes i n d e c a p o d s . I n t h e s w i m m i n g c r a b , t h e e x p r e s s i o n l e v e l s 

o f i m m u n i t y - r e l a t e d g e n e s w e r e d e t e r m i n e d a f t e r a m m o n i a e x p o s u r e . 

T h e e x p r e s s i o n o f L Z M , a n t i b a c t e r i a l p e p t i d e ( c r u s t i n ) a n d a n t i -

l i p o p o l y s a c c h a r i d e f a c t o r ( A L F ) g e n e s d e c l i n e d s i g n i f i c a n t l y , w h i l e t h e 

e x p r e s s i o n o f a 2 - m a c r o g l o b u l i n ( a 2 M ) g e n e i n c r e a s e d s i g n i f i c a n t l y a f t e r 

a m m o n i a - N e x p o s u r e ( Y u e et a l . , 2 0 1 0 b ) . F u r t h e r m o r e , i n t h e g i a n t t i g e r 

s h r i m p t h e g e n e e x p r e s s i o n s o f C - l y s o z y m e , c r u s t i n a n d t h e a n t i -

l i p o p o l y s a c c h a r i d e f a c t o r u n d e r h i g h a m m o n i a e x p o s u r e i n i t i a l l y 

i n c r e a s e d f o r a l l g e n e s b u t l a t e r d e c r e a s e d f o r a l l e x c e p t c r u s t i n ( Y a n g 

et a l . , 2 0 1 5 ) . T h e s e g e n e s a r e m a i n l y e x p r e s s e d a n d s t o r e d as i m m u n e 

m o l e c u l e s i n t h e g r a n u l e s o f h e m o c y t e s a n d , w h e n h e m o c y t e s a r e a c t i ­

v a t e d , t h e y a r e r e l e a s e d i n t o t h e h e m o l y m p h t o p e r f o r m a n t i b a c t e r i a l 

a n d b a c t e r i o l y t i c f u n c t i o n s a g a i n s t p a t h o g e n s ( Y u e e t a l . , 2 0 1 0 c ) . 

3 . 5 . 2 . Immune responses of decapods under ammonia stress 

S t u d i e s h a v e d e m o n s t r a t e d t h a t t h e e x p o s u r e o f d e c a p o d c r u s t a c e a n s 

to h i g h a m m o n i a c o n c e n t r a t i o n s c o u l d a l t e r a n u m b e r o f k e y i m m u n e 

p a r a m e t e r s ( H o n g e t a l . , 2 0 0 7 ; R o d r i g u e z - R a m o s e t a l . , 2 0 0 8 ; Y u e e t a l . , 

2 0 1 0 c ; R o m a n o a n d Z e n g , 2 0 1 3 ; C u i e t a l . , 2 0 1 7 b ) . A f t e r s e v e n d a y s o f 

e x p o s u r e to d i f f e r e n t c o n c e n t r a t i o n s ( 1 . 1 0 , 5 .24 , 1 1 . 1 0 , a n d 2 1 . 6 0 m g 

l - 1 ) o f a m m o n i a , t h e S O D a n d P O a c t i v i t y , a n d c l e a r a n c e e f f i c i e n c y t o 

V. alginolyticus i n w h i t e l e g s h r i m p s f e l l s i g n i f i c a n t l y . B y c o n t r a s t , s u ­

p e r o x i d e a n i o n i n c r e a s e d s i g n i f i c a n t l y , a n d T H C , H C a n d G C s h o w e d n o 

s i g n i f i c a n t c h a n g e s ( L i u a n d C h e n , 2 0 0 4 ) . It h a s b e e n s h o w n t h a t a n 

i n c r e a s e i n p H a n d t e m p e r a t u r e c a n a c c e n t u a t e t h e n e g a t i v e e f fects o f 

a m m o n i a s t ress b y c o n v e r t i n g a m m o n i u m t o a m o r e t o x i c u n - i o n i z e d 

f o r m o f a m m o n i a ( W u r t s , 2 0 0 3 ) . K a t h y a y a n i a n d c o l l e a g u e s r e p o r t t h e 

i n d i v i d u a l a n d c o m b i n e d e f fects o f a m m o n i a a n d p H o n t h e P a c i f i c 

w h i t e l e g s h r i m p w h e r e b y , a f t e r e x p o s u r e t o a m m o n i a s t ress f o r 14 d a y s , 

i m m u n e p a r a m e t e r s s u c h as T H C , P O a n d S O D t e n d e d t o d e c l i n e . O n the 

o t h e r h a n d , t h e c o m b i n e d e f fect o f a m m o n i a a n d p H 1 0 p r o v o k e d 4 4 8 

t i m e s m o r e T A N t o x i c i t y t h a n T A N a l o n e , t h e r e b y i n c r e a s i n g t h e m o r ­

t a l i t y r a t e ( K a t h y a y a n i e t a l . , 2 0 1 9 ) . S i m i l a r l y , i m m u n e p a r a m e t e r s 

i n c l u d i n g T H C , p l a s m a p r o t e i n , p r o P O , n i t r i c o x i d e s y n t h a s e ( N O S ) a n d 

A L P s h o w e d n e g a t i v e t r e n d s i n t h e s h r i m p Penaeus japonicus w h e n 

e x p o s e d t o 5 m g l - 1 a m m o n i a - N ( J i a n g e t a l . , 2 0 0 4 b ) . 

It h a s b e e n r e p o r t e d t h a t h i g h c o n c e n t r a t i o n s o f a m m o n i a c o u l d 

i n d u c e a n i n c r e a s e i n t h e p r o d u c t i o n o f r e a c t i v e o x y g e n s p e c i e s ( R O S ) 

c a u s i n g o x i d a t i v e s t r ess a n d a r e d u c t i o n i n s u p e r o x i d e d i s m u t a s e a c ­

t i v i t y , t h e r e b y w e a k e n i n g t h e a n t i o x i d a n t a b i l i t y i n d e c a p o d s ( D i M a s c i o 

e t a l . , 1 9 9 1 ; P a n e t a l . , 2 0 0 3 ; L i a n g e t a l . , 2 0 1 6 ) . I n g i a n t f r e s h w a t e r 
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p r a w n s e x p o s e d t o 0 . 5 5 , 1 .68 a n d 3 . 1 8 m g l - 1 a m m o n i a - N f o r s e v e n 

d a y s , R B i n i t i a l l y i n c r e a s e d s i g n i f i c a n t l y a t l o w l e v e l s o f a m m o n i a b u t 

d e c r e a s e d s i g n i f i c a n t l y a t h i g h e r l e v e l s o f e x p o s u r e ( C h e n g a n d C h e n , 

2 0 0 2 ) . L i k e w i s e , t h e e x p o s u r e o f j u v e n i l e c r a b s , E. sinensis t o 2 0 , 4 0 , 6 0 , 

a n d 8 0 m g o f T A N f o r t w o d a y s l e d to s i g n i f i c a n t d e c r e a s e s i n T H C a n d 

S O D a c t i v i t y ( H o n g et a l . , 2 0 0 7 ) . T h e i m p a c t o f a m m o n i a s t ress o n the 

i m m u n e p a r a m e t e r s o f d e c a p o d c r u s t a c e a n s is s u m m a r i z e d i n T a b l e 6. 

T h e o v e r a l l e f fects o f a b i o t i c f a c t o r s o n t h e i m m u n e p a r a m e t e r s o f 

d e c a p o d s a r e s u m m a r i z e d i n F i g . 2. 

3 .6 . Biotic factors 

3.6.1. Immune responses of decapods to biotic factors 

T h e c o - i n f e c t i o n o f Vibrioparahaemolyücus a n d W S S V i n t h e w h i t e l e g 

s h r i m p g r e a t l y i n c r e a s e d t h e a c t i v i t y o f i m m u n e e n z y m e s i n c l u d i n g 

S O D , P O D , A L P a n d A C P i n t h e g i l l s ; b y c o m p a r i s o n , t h e m o r t a l i t y r a t e i n 

th e c o - i n f e c t i o n g r o u p w a s n o t a b l y l o w e r t h a n t h e g r o u p i n f e c t e d o n l y 

b y W S S V , w h i c h a l s o sugges t s t h a t t h e p r o l i f e r a t i o n o f W S S V w a s 

r e p r e s s e d b y V. parahaemolyticus ( P a n g et a l . , 2 0 1 9 ) . I n a d d i t i o n , w h e n 

the c r a b P. trituberculatus w a s c h a l l e n g e d w i t h t h r e e d i f f e r e n t p a t h o g e n s 

i n c l u d i n g V. parahaemolyticus, V. alginolyäcus, a n d W S S V i n o r d e r t o 

i n v e s t i g a t e t h e i r i m p a c t o n i m p o r t a n t i m m u n e - r e l a t e d genes , t h e 

e x p r e s s i o n l e v e l s o f p r o P O , l y s o z y m e a n d c r u s t i n w e r e d o w n r e g u l a t e d , 

t h e r e b y s u g g e s t i n g t h e i m m u n o s u p p r e s s i v e r o l e o f p a t h o g e n s ; h o w e v e r , 

cc2M e x p r e s s i o n i n c r e a s e d o v e r t i m e i n d i c a t i n g t h a t p a t h o g e n s c o u l d 

a f fect p r o t e i n a s e c a s c a d e s ( R e n et a l . , 2 0 1 7 ) . S i m i l a r l y , w h e n c h a l l e n g e d 

w i t h W S S V a n d Micrococcus lysodeikticus, t h e w h i t e l e g s h r i m p s h o w e d 

s i g n i f i c a n t l y e n h a n c e d i m m u n e e n z y m e a c t i v i t y s u c h as A C P , A L P , P O , 

P O D a n d L Z M i n t h e h e m o l y m p h ( S u n et a l . , 2 0 1 5 ) . H o w e v e r , a n o t h e r 

s t u d y r e p o r t e d t h a t w h e n c h a l l e n g e d w i t h V. alginolyäcus, t h e w h i t e l e g 

s h r i m p h a d c o n s i d e r a b l y l o w e r i m m u n e p a r a m e t e r s , n a m e l y T H C , P O 

a n d S O D a c t i v i t i e s , a n d R B a f t e r 1 2 h , i n d i c a t i n g t h a t t h e i m m u n e re ­

s p o n s e s o f s h r i m p s a r e s p e c i f i c a n d t h a t i m m u n e - a s s o c i a t e d e n z y m e s ac t 

i n d i f f e r e n t w a y s a g a i n s t e a c h p a t h o g e n ( H s i e h et a l , 2 0 0 8 ) . T h e g i a n t 

f r e s h w a t e r p r a w n s i g n i f i c a n t l y a l t e r e d i t s i m m u n e e n z y m e a c t i v i t i e s 

w h e n i n f e c t e d b y s p i r o p l a s m a M R - 1 0 0 8 a n d , f o r e x a m p l e , A K P , A C P a n d 

S O D a c t i v i t y i n c r e a s e d , w h i l e C A T a c t i v i t y d e c r e a s e d ; f u r t h e r m o r e , t h e 

m R N A l e v e l s o f s e v e n i m p o r t a n t i m m u n e - r e l a t e d g enes i n c l u d i n g pe r -

o x i n e c t i n ( P E ) , ß-1,3-gluean-binding p r o t e i n ( L G B P ) , a 2 M , A L P , A C P , 

C A T , C u , a n d Z n - S O D w e r e a l l g r e a t l y u p - r e g u l a t e d a f t e r b e i n g c h a l ­

l e n g e d b y s p i r o p l a s m a M R - 1 0 0 8 i n h e p a t o p a n c r e a s . O n t h e o t h e r h a n d , 

t h e C A T e n z y m e a c t i v i t y w a s d i f f e r e n t f r o m i t s m R N A t r a n s c r i p t i o n l e v e l 

( D u et a l . , 2 0 1 3 ) . S u b l e t h a l doses o f t w o v i r u l e n t s t r a i n s o f Aeromonas 

spp . (A. caviae a n d A. veronu) g r e a t l y d e c r e a s e d t h e T H C i n t h e g i a n t 

f r e s h w a t e r p r a w n b e t w e e n 4 a n d 2 4 h a f t e r i n j e c t i o n . A s w e l l , a n i n i t i a l 

i n c r e a s e w a s o b s e r v e d i n H C f o l l o w e d b y a s h a r p d e c l i n e , w h i l e S G C a n d 

G C i n i t i a l l y d e c r e a s e d s l i g h t l y a n d t h e n p r o g r e s s i v e l y i n c r e a s e d . P O 

a c t i v i t y i n c r e a s e d f o u r - f o l d i m m e d i a t e l y a f t e r i n j e c t i o n a n d d r o p p e d t o 

n o r m a l l e v e l a f t e r 2 4 h ( S u n g et a l . , 2 0 0 0 ) . I n m a n y a n i m a l s , f e m a l e s 

possess s t r o n g e r i m m u n e s y s t e m t h a n m a l e s , w h i c h g i v e t h e m be t t e r 

r e s i s t a n c e to e n v i r o n m e n t a l s t resses a n d p a t h o g e n s ( N i k s i r a t e t a l . , 

2 0 2 1 ) . It w o u l d b e i n t e r e s t i n g t o d e v e l o p s e x - s p e c i f i c t r e a t m e n t s t o test 

t h e s e x - b a s e d a b i l i t i e s o f d e c a p o d c r u s t a c e a n s t o r e s i s t t h e a b o v e -

m e n t i o n e d f ac to rs . T h e i m p a c t o f d i s e a s e o n c h a n g e s i n i m m u n e p a ­

r a m e t e r s h a s b e e n s t u d i e d i n s e v e r a l i m p o r t a n t d e c a p o d spec i e s 

i n c l u d i n g t h e c r a b s Scylla paramamosain ( Z h u et a l . , 2 0 1 8 ) , Portunus 

trituberculatus ( R e n et a l . , 2 0 1 7 ) a n d Eriocheir sinensis ( L i e t a l . , 2 0 1 0 b ) , 

t h e r e d s w a m p c r a y f i s h Procambarus clarkii ( L i u e t a l . , 2 0 2 0 b ) , s i g n a l 

c r a y f i s h ( P e r s s o n et a l . , 1 9 8 7 a ) , A m e r i c a n l o b s t e r Homarus americanus 

( C l a r k et a l . , 2 0 1 5 ) , t h e g i a n t f r e s h w a t e r p r a w n ( D u et a l . , 2 0 1 3 ) , a n d the 

s h r i m p s Litopenaeus vannamei ( H s i e h et a l . , 2 0 0 8 ; P a n g et a l . , 2 0 1 9 ) , a n d 

Fenneropenaeus chinensis ( Z h a n g et a l . , 2 0 0 5 ) . T h e i m p a c t s o f d i s e a s e o n 

t h e i m m u n e p a r a m e t e r s o f d e c a p o d c r u s t a c e a n s a r e s u m m a r i z e d i n 

T a b l e 7 . 
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4. C o n c l u s i o n s a n d future prospects 

H e m o c y t e s i n c i r c u l a t i n g h e m o l y m p h a r e t h e m o s t i m p o r t a n t 

c o m p o n e n t o f t h e i n n a t e i m m u n e s y s t e m . T r a d i t i o n a l l y , h e m o c y t e s i n 

c r u s t a c e a n s a r e c l a s s i f i e d i n t o t h r e e m o r p h o l o g i c a l t yp e s : H C s , S G C s a n d 

G C s . Y e t , t h e r e i s s t i l l a l a c k o f c o n s e n s u s r e g a r d i n g t h e c l a s s i f i c a t i o n o f 

h e m o c y t e t y p e s a m o n g s t r e s e a r c h e r s . R e c e n t s t u d i e s o f d e c a p o d c r u s ­

t a c eans h a v e p r o p o s e d t h a t t h e s o - c a l l e d h e m o c y t e s u b - p o p u l a t i o n s a r e 

p r o b a b l y j u s t d i f f e r e n t d e v e l o p m e n t a l s tages o f a s i n g l e c e l l t y p e . T h e r e 

i s a n u r g e n t n e e d t o e x p l o r e t h e p r o c e s s o f h e m o c y t e d e v e l o p m e n t i n 

d e c a p o d c r u s t a c e a n s v i a t h e d e v e l o p m e n t a n d a p p l i c a t i o n o f n e w 

o b s e r v a t i o n m e t h o d s t h a t c a n d i r e c t l y m o n i t o r t h e w h o l e p r o c e s s o f 

h e m a t o p o i e s i s . A d e e p e r u n d e r s t a n d i n g o f t h e i m m u n e c e l l t y p e s a n d 

t h e i r f u n c t i o n s w i l l i m p r o v e m a n a g e m e n t s t r a t e g i e s d e s i g n e d to c o m b a t 

th e h a r m f u l e f fects o f e n v i r o n m e n t a l s t r e sso rs o n d e c a p o d c r u s t a c e a n s . 

E v i d e n c e f r o m t h e r e v i e w e d l i t e r a t u r e sugges t s t h a t e n v i r o n m e n t a l 

f a c t o r s i n f l u e n c e t h e i m m u n e p a r a m e t e r s a n d h e a l t h s t a tus o f d e c a p o d 

c r u s t a c e a n s i n a w i d e v a r i e t y o f w a y s . T h e e f fects o f e n v i r o n m e n t a l 

f a c t o r s o n i m m u n e r e s p o n s e s a r e o f t e n i m m u n o s u p p r e s s i v e a n d t h e r e ­

f o r e t h e s e s t r e sso rs i n c r e a s e t h e r i s k o f s u s c e p t i b i l i t y t o d i s ease . D u e t o 

th e l a c k o f a v a i l a b l e d a t a , c r i t i c a l i s sues l i k e h o w a b i o t i c s t r e sso rs 

o p e r a t e r e m a i n u n c l e a r . U n d e r s t a n d i n g t h e e x a c t m e c h a n i s m s b y w h i c h 

e n v i r o n m e n t a l f a c t o r s a n d , e s p e c i a l l y , t h e i r a b i o t i c c o m p o n e n t s - i n ­

f l u e n c e t h e i m m u n e p a r a m e t e r s o f d e c a p o d s c o u l d h e l p m o d e r a t e o r 

c o n s t r a i n t h e h a r m f u l e f fects o f these e n v i r o n m e n t a l f a c t o r s t h a t n e g a ­

t i v e l y a f f ec t t h e p r o d u c t i o n o f d e c a p o d c r u s t a c e a n s . T w o e x c e l l e n t 

s t a r t i n g p o i n t s w o u l d b e ( i ) t h e use o f s ta t e -o f -a r t o m i c t e c h n i q u e s to 

a c h i e v e a n i n - d e p t h u n d e r s t a n d i n g o f t h e m o l e c u l a r m e c h a n i s m s o f 

these e n v i r o n m e n t a l f a c t o r s , a n d ( i i ) t h e l o c a l i z a t i o n o f b i o m a r k e r s 

u s i n g i n s i t u h y b r i d i z a t i o n o r i m m u n o h i s t o c h e m i s t r y f o r a b e t t e r u n ­

d e r s t a n d i n g o f t h e c e l l u l a r a n d m o l e c u l a r m e c h a n i s m s u n d e r l y i n g e a c h 

i m m u n o l o g i c a l p r o c e s s . S u c h a p p r o a c h e s c o u l d f o m e n t t h e d e v e l o p m e n t 

o f s p e c i f i c d i a g n o s t i c m o r p h o l o g i c a l a n d b i o c h e m i c a l b i o m a r k e r s f o r 

m o n i t o r i n g t h e p o t e n t i a l i m p a c t o f e n v i r o n m e n t a l f a c t o r s o n ta rge t 

d e c a p o d spec i e s . L a s t l y , f u t u r e r e s e a r c h s h o u l d a l s o t a r g e t l ess w e l l -

s t u d i e d a b i o t i c f a c t o r s s u c h as s a l i n i t y , h y p o x i a a n d , m o r e i m p o r ­

t a n t l y , t h e c o m b i n e d ef fects o f a b i o t i c a n d b i o t i c e n v i r o n m e n t a l c o n d i ­

t i o n s o n d i s e a s e o u t b r e a k s . 

D e c l a r a t i o n o f C o m p e t i n g Interest 

T h e a u t h o r s d e c l a r e t h a t t h e y h a v e n o k n o w n c o m p e t i n g financial 

i n t e r e s t s o r p e r s o n a l r e l a t i o n s h i p s t h a t c o u l d h a v e i n f l u e n c e d t h e w o r k 

r e p o r t e d i n t h i s p a p e r . 

D a t a ava i l ab i l i t y 

N o d a t a w a s u s e d f o r t h e r e s e a r c h d e s c r i b e d i n t h e a r t i c l e . 

A c k n o w l e d g e m e n t s 

T h e s t u d y w a s financially s u p p o r t e d b y t h e G r a n t A g e n c y o f t h e 

U n i v e r s i t y o f S o u t h B o h e m i a , ( G A J U ) p r o j e c t s N o . 0 5 5 / 2 0 2 2 / Z a n d 

0 1 2 / 2 0 2 2 / Z . 
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Crustacean hemocytes are impor tant mediators o f i m m u n e functions such as coagu la t ion and phagocytosis. W e 
employed an in situ approach to investigate the u l t rast ructura l behavior o f hemocytes d u r i n g coagulat ion and 
phagocytosis i n the ear ly stages after in jury caused by leg amputat ion , us ing t ransmiss ion e lectron microscopy 
technique i n m a r b l e d crayf ish Procambarus virginalis. Hemocytes underwent drast ic morpho log i ca l changes 
du r ing coagulat ion. The morpho logy o f the cytop lasmic granules changed f rom electron-dense to e lectron-lucent 
forms i n an expand ing manner . The transformed granules conta in ing amorphous e lectron- lucent mate r i a l were 
observed to merge and discharge the ir contents in to extrace l lu lar space for coagula t ion . W e also observed that 
the contents o f the nuc leus part ic ipate i n the process o f coagulat ion. In add i t i on , l eg amputa t i on i nduced 
extensive musc le degenerat ion and necrot ic tissues were av id ly taken up by the phagocyt ic hemocytes conta in ing 
d is t inct phagosomes. Interestingly, we observed for the first t ime h o w the digested contents of phagocyt i zed 
necrot ic tissues are incorporated in to granules and other ce l lu la r components that change the ce l l morpho logy by 
increas ing the granular i ty o f the hemocytes. Nevertheless, the degranulat ion o f hemocytes du r ing coagu la t ion 
can also reduce their granular i ty . G i v e n that morpho log i ca l traits are impor tant c r i t e r ia for hemocyte classi f i ­
cat ion , these morpho log i ca l changes that occur du r ing coagu la t ion and phagocytosis mus t be taken in to account. 

1. I n t roduc t i on 

A n i m m e d i a t e de f ense r e s p o n s e t o i n j u r y i n d e c a p o d c r u s t a c e a n s is 

the a c t i v a t i o n o f t h e c o a g u l a t i o n s y s t e m , w h i c h l e a d s t o h e m o l y m p h 

c l o t t i n g a t t h e d a m a g e d s i te . C o a g u l a t i o n re fers t o t r a n s f o r m a t i o n o f 

h e m o l y m p h as a n e x t r a c e l l u l a r f l u i d f r o m a l i q u i d to a g e l s tate . It i s w e l l 

e s t a b l i s h e d t h a t c o a g u l a t i o n is a c o m p l e x a n d d y n a m i c p r o c e s s t h a t i n ­

v o l v e s c e l l - t o - c e l l a n d c e l l - t o - e x t r a c e l l u l a r m a t r i x i n t e r a c t i o n s ( M a j n o 

a n d J o r i s , 2 0 0 4 ; S i r i k h a r i n e t a l . , 2 0 1 7 ; S r i t u n y a l u c k s a n a a n d S o d e r h a l l , 

2 0 0 0 ) . H e m o l y m p h c o a g u l a t i o n p l a y s a c r i t i c a l r o l e i n i n n a t e i m m u n e 

r e s p o n s e s i n d e c a p o d s ( V a z q u e z e t a l . , 2 0 0 9 ) c r e a t i n g a p h y s i c a l b a r r i e r 

a r o u n d t h e w o u n d t h a t p r e v e n t s t h e l oss o f h e m o l y m p h a n d m a i n t a i n s 

h e m o s t a s i s a n d , a t t h e s a m e t i m e , r e s t r i c t s t h e e n t r y o f m i c r o b e s i n t o th e 

h e m o c o e l , t h e r e b y h i n d e r i n g t h e i r s y s t e m i c d i s s e m i n a t i o n ( C e r e n i u s a n d 

S o d e r h a l l , 2 0 1 3 ; K o p a c e k e t a l . , 1 9 9 3 ; T h e o p o l d e t a l . , 2 0 0 4 ) . S i n c e 

d e c a p o d s possess a n o p e n c i r c u l a t o r y s y s t e m , t h e y u s e c l o t f o r m a t i o n as 

a d e f ense s y s t e m m u c h m o r e e x t e n s i v e l y t h a n v e r t e b r a t e s w i t h n o p o ­

t e n t i a l d a n g e r o f t h r o m b o s e s ( L o o f et a l . , 2 0 1 1 ) . 

I n g e n e r a l , d e c a p o d c r u s t a c e a n h e m o c y t e s a r e g r o u p e d i n t o t h r e e 

m a j o r c lasses , n a m e l y , h y a l i n e c e l l s ( H C s ) , s e m i g r a n u l a r c e l l s ( S G C s ) , 

a n d g r a n u l a r c e l l s ( G C s ) b a s e d o n c y t o p l a s m i c g r a n u l a r i t y , d e n s i t y , 

n u c l e a r s i z e , a n d s t a i n i n g p r o p e r t i e s ( M e n g a l e t a l . , 2 0 2 2 ; S o d e r h a l l , 

2 0 1 6 ; S o d e r h a l l a n d S m i t h , 1 9 8 3 ) . T h e p r o d u c t i o n o f h e m o c y t e s t ake s 

p l a c e m a i n l y i n t h e h e m a t o p o i e t i c t i s s u e a f te r w h i c h t h e y a r e r e l e a s e d 

i n t o t h e c i r c u l a t i o n w h e r e t h e y f i n a l l y m a t u r e a n d p e r f o r m v a r i o u s 

b i o l o g i c a l f u n c t i o n s i n c l u d i n g c o a g u l a t i o n a n d p h a g o c y t o s i s ( J u n k u n l o 

et a l . , 2 0 1 6 ; L i n e t a l . , 2 0 0 8 ; S i r i k h a r i n e t a l . , 2 0 1 8 ; S i r i k h a r i n e t a l . , 

2 0 2 0 ; S o d e r h a l l , 2 0 1 3 ; S o d e r h a l l a n d J u n k u n l o , 2 0 1 9 ) . I n i t i a l c h a n g e s 

i n c l o t f o r m a t i o n r e s u l t i n g f r o m t h e a c t i o n s o f h e m o c y t e s p r o m o t e he ­

m o l y m p h c o a g u l a t i o n a n d m e l a n i z a t i o n ( V a f o p o u l o u e t a l . , 2 0 0 7 ) . H e ­

m o c y t e s a r e h i g h l y l a b i l e c e l l s t h a t u n d e r g o r a p i d m o r p h o l o g i c a l 

t r a n s f o r m a t i o n s d u r i n g t h e c l o t t i n g p r o c e s s ( C l a r e a n d L u m b , 1 9 9 4 b ; 

O m o r i e t a l . , 1 9 8 9 a ; S t e r n s h e i n a n d B u r t o n , 1 9 8 0 ) . O n e o f t h e k e y fea­

tu r es o f h e m o c y t e s is t h e p r e s e n c e o f l a r g e , h o m o g e n e o u s - t o - i r r e g u l a r l y 

s h a p e d c y t o p l a s m i c g r a n u l e s ( B u r g o s - A c eves e t a l . , 2 0 2 1 a , b ; S t e r n s h e i n 

a n d B u r t o n , 1 9 8 0 ) p a c k e d w i t h v a r i o u s i m m u n e m o l e c u l e s t h a t p a r t i c ­

i p a t e i n c o a g u l a t i o n a n d o t h e r i m m u n e f u n c t i o n s , a n d a r e r e l e a s e d u p o n 

i n j u r y ( K u m a r e t a l . , 2 0 1 3 ; S r i c h a r o e n e t a l . , 2 0 0 5 ) . 
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Fig. 1. A - C . Transmiss ion e lec t ron mic rographs of P. virginalis hemocytes. (A) A hya l ine c e l l show ing a h i gh nuc leus/cy top lasm rat io . (B) A semi-granular ce l l 
show ing a r ound centra l ly located nuc leus con ta in ing dif ferent amounts o f sma l l e lectron-dense cy top lasmic granules (wh i t e arrowheads) of di f ferent sizes. (C) A 
granular ce l l f i l l ed w i t h t yp i ca l , re la t ive ly large e lectron-dense cy top lasmic granules (wh i t e arrowheads ) . M , m i t o chond r i on ; N , nucleus. 

Fig. 2 . A - D . T ransmiss ion e lec t ron micrographs of 
several act ivated hemocytes con ta in ing expand ing 
and decondens ing granules d u r i n g h e m o l y m p h 
coagu la t i on i n P. virginalis. The i n d i v i d u a l ac t ivated 
semigranulocytes are s h o w n i n Figs. A - C . No t e the 
large intact g ranu locy te h i gh l i gh ted by the wh i t e 
square and the act ivated semigranulocy te h i gh l i gh ted 
by the b lack square i n Fig . 2D. The deta i ls o f the 
act ivated semigranulocy te i n Fig . 2D h i gh l i gh ted by 
the b lack square are shown i n greater magn i f i ca t i on 
i n F ig . 3 . C lo t t ed h e m o l y m p h is ind i ca ted by asterisks 
i n the micrographs . N , nucleus. 

M o l e c u l a r a s p e c t s o f t h e r o l e h e m o c y t e s p l a y i n t h e c l o t t i n g s y s t e m 

h a v e b e e n s t u d i e d p r e v i o u s l y i n d e c a p o d c r u s t a c e a n s ( G e r e n i u s a n d 

Sóderhál l , 2 0 1 3 ; M a n i n g a s et a l , 2 0 1 3 ; P e r d o m o - M o r a l e s e t a l . , 2 0 1 9 ; 

V a z q u e z et a l . , 2 0 0 9 ) . B r i e f l y , c o a g u l a t i o n is i n d u c e d w h e n t r a n s ­

g l u t a m i n a s e ( T G a s e ) i s r e l e a s e d f r o m h e m o c y t e g r a n u l e s u p o n i n j u r y . It 

t h e n b e c o m e s a c t i v a t e d b y t h e C a 2 + i n t h e p l a s m a a n d , finally, s t a r t s 

c r o s s l i n k i n g t h e p l a s m a - c l o t t i n g p r o t e i n ( C P ) i n t o l a r g e a g g r e g a t e s ( H a l l 

e t a l . , 1 9 9 9 ; J u n k u n l o e t a l . , 2 0 1 8 ; S o d e r h a l l a n d S o d e r h a l l , 2 0 2 2 ; W a n g 

et a l . , 2 0 0 1 ) . E a r l i e r u l t r a s t r u c t u r a l s t u d i e s h a v e n o t e d c e r t a i n 

m o r p h o l o g i c a l f e a t u r e s o f h e m o c y t e s d u r i n g c o a g u l a t i o n i n d e c a p o d s 

s u c h as t h e c r a y f i s h Procambarus s p p . a n d Orconectes s p p . ( S t e r n s h e i n 

a n d B u r t o n , 1 9 8 0 ) , r i d g e b a c k p r a w n Sicyonia ingentis ( O m o r i e t a l . , 

1 9 8 9 a ) , a n d b l u e c r a b Callinectes sapidus ( C l a r e a n d L u m b , 1 9 9 4 b ) . 

N e v e r t h e l e s s , in situ u l t r a s t r u c t u r a l a spec t s o f h e m o c y t e b e h a v i o r d u r i n g 

c o a g u l a t i o n r e m a i n p o o r l y u n d e r s t o o d . 

H e m o c y t e s a l s o p l a y a m a j o r r o l e i n c e l l u l a r i m m u n e f u n c t i o n s s u c h 
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Fig. 3 . A - C . T ransmiss ion e lec t ron micrographs o f a semigranulocy te d u r i n g the ear ly stages of g ranu lar ac t i va t i on for h e m o l y m p h coagu la t ion i n P. virginalis 
show ing h o w granules are transformed. The h igher magn i f i ca t i on o f g ranu l e t rans format ion f r om electron-dense (wh i t e arrowheads) in to e lectron- lucent forms 
resembl ing f ibrous structures (b lack arrowheads) are s h o w n i n Figures B and C. C lo t t ed h e m o l y m p h is ind i ca ted by asterisks i n Fig . 3A . N , nucleus. 

as p h a g o c y t o s i s i n d e c a p o d s ( B u r g o s - A c e v e s et a l . , 2 0 1 8 ; C e r e n i u s et a l . , 

2 0 1 0 ; G i u l i a n i n i e t a l . , 2 0 0 7 ; L i u et a l . , 2 0 2 0 ; S m i t h , 1 9 9 1 ) . T h e 

p h a g o c y t i c r o l e o f h e m o c y t e s is c r u c i a l f o r r e m o v i n g p a t h o g e n i c a g e n t s 

a n d a p o p t o t i c o r n e c r o t i c c e l l s a n d f o r m a i n t a i n i n g t i s s u e h o m e o s t a s i s 

( L i u et a l . , 2 0 2 0 ) . U l t r a s t r u c t u r a l s t u d i e s o f t h e n a r r o w - c l a w e d c r a y f i s h 

Pontastacus leptodactylus h a v e d e m o n s t r a t e d t h a t h e m o c y t e s a r e a c t i v e i n 

t h e p h a g o c y t o s i s o f d i s i n t e g r a t i n g m u s c l e fiber a f t e r i n j u r y ( B r a n i s l a v 

U h r i k a n d Z a c h a r o v a , 1 9 8 9 ) . 

S e v e r a l u l t r a s t r u c t u r a l s t u d i e s h a v e b e e n c o n d u c t e d o n the 

h e m o c y t e - m e d i a t e d p h a g o c y t o s i s o f b o t h b i o t i c a n d a b i o t i c p a r t i c l e s i n 

m a n y c r u s t a c e a n s s p e c i e s i n c l u d i n g t h e c r a y f i s h Astacus leptodactylus 

( G i u l i a n i n i e t a l . , 2 0 0 7 ) , Procambarus, orconectes a n d P. clarkiispp. ( L a n z 

e t a l . , 1 9 9 3 ; S t e r n s h e i n a n d B u r t o n , 1 9 8 0 ) , S. ingentis ( O m o r i e t a l . , 

1 9 8 9 a ) , t i g e r s h r i m p Penaeus monodon ( S u n g a n d S u n , 2 0 0 2 ) , C. sapidus 

( B o d a m m e r , 1 9 7 8 ) , A m e r i c a n l o b s t e r Homarus americanus, s p i n y l o b s t e r 

Panulirus interruptus, s p i d e r c r a b Loxorhynchus grandis ( H o s e et a l . , 

1 9 9 0 ) , C h i n e s e m i t t e n c r a b Eriocheir sinensis ( L v e t a l . , 2 0 1 4 ) , a n d 

c o m m o n s h o r e c r a b Carcinus maenas ( J o h n s t o n et a l . , 1 9 7 3 ) . 

A l t h o u g h t h e a f o r e m e n t i o n e d s t u d i e s o f d e c a p o d s f o c u s e d o n the 

u l t r a s t r u c t u r a l f e a t u r e s o f t h e h e m o c y t e s , t o t h e b e s t o f o u r k n o w l e d g e 

n o c o m p r e h e n s i v e in situ u l t r a s t r u c t u r a l s t u d y o f t h e c o a g u l a t i o n a n d 

p h a g o c y t o s i s b e h a v i o r o f h e m o c y t e s f o l l o w i n g i n j u r y i n d e c a p o d s ex i s t s . 

T h e r e f o r e , w e p e r f o r m e d a t r a n s m i s s i o n e l e c t r o n m i c r o s c o p i c s t u d y 

u s i n g t h e m a r b l e d c r a y f i s h Procambarus virginalis as a m o d e l o r g a n i s m t o 

i l l u s t r a t e t h e b e h a v i o r o f h e m o c y t e s d u r i n g t h e e a r l y s tages o f a n i n j u r y 

i n d e c a p o d s , w i t h s p e c i a l e m p h a s i s o n t h e m o r p h o l o g i c a l f e a tu r e s o f t h e 

d e v e l o p m e n t o f c o a g u l a t i o n a n d p h a g o c y t o s i s . 

2. Ma te r i a l s a n d m e t h o d s 

F r e s h w a t e r m a r b l e d c r a y f i s h w e r e o b t a i n e d f r o m o u r o w n l a b o r a t o r y 

c u l t u r e o f t h i s spec i e s . O n l y h e a l t h y i n t e r m o l t i n d i v i d u a l s w i t h f u l l y 

d e v e l o p e d b o d y a p p e n d a g e s w e r e u s e d d u r i n g t h e e x p e r i m e n t T h e 

c r a y f i s h w e r e m a i n t a i n e d i n w e l l - a e r a t e d s h a l l o w t a n k s filled w i t h t a p 

w a t e r a n d f e d ad libitum d a i l y w i t h c o m m e r c i a l f e e d ( G r a n u g r e e n , S e r a , 

H e i n s b e r g , G e r m a n y ) . A t o t a l o f fifteen a n i m a l s w e r e u s e d a n d n o a n i m a l 

w a s k i l l e d d u r i n g t h e e x p e r i m e n t . A l l a n i m a l s w e r e r e t u r n e d t o t h e m a i n 

a q u a r i u m f o l l o w i n g t h e s a m p l i n g p r o c e d u r e s . 

A n in situ i n j u r y w a s i n d u c e d b y a m p u t a t i n g t h e s e c o n d p a i r o f 

w a l k i n g l e g s . T o d o so , t h e a m p u t a t i o n s i t e w a s first s w a b b e d w i t h 7 0 % 

e t h a n o l a n d t h e l e gs w e r e t h e n a m p u t a t e d u s i n g a s t e r i l e s u r g i c a l b l a d e . 

T i s s u e s a m p l i n g f r o m t h e i n j u r y s i t e w a s c a r r i e d o u t a t d i f f e r e n t t i m e -

p o i n t s (0 , 5, 1 0 , 2 0 m i n , a n d l h r ) a n d s a m p l e s w e r e p r o c e s s e d f o r 

t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y ( T E M ) as d e s c r i b e d b y ( N i k s i r a t e t a l . , 

2 0 1 4 ) . 

B r i e f l y , t h e t i s s u e s a m p l e s w e r e i m m e d i a t e l y p l a c e d i n a fixative 

2 . 5 % g l u t a r a l d e h y d e i n 0 .1 M p h o s p h a t e b u f f e r f o r 4 8 h a t 4 °C, f o l l o w e d 

b y b u f f e r w a s h i n g . N e x t , t h e y w e r e p o s t - f i x e d f o r a n a d d i t i o n a l 2 h i n 4 % 
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Fig. 4. A - D . Transmiss ion e lec t ron mic rographs of 
act ivated hemocytes show ing the degranu la t i on of 
the c y t op l a sm v i a the d ischarge of e lectron- lucent 
mater ia ls f rom the expanded granules in to the 
extrace l lu lar env i r onment for clot f o rmat ion du r ing 
the later stages o f g ranu le ac t i va t i on and h e m o l y m p h 
coagu la t ion i n P. virginalis (Figs. A , B). No t e two 
expanded merg ing granules ind i ca ted by wh i t e 
a r rowhead (F ig B). The h igher magn i f i ca t i on mic ro ­
graphs show mate r ia l d ischarges (b lack arrowheads) 
f rom the expanded granules o f the act ivated hemo­
cytes, w h i c h j o i n the h e m o l y m p h c lot i n the extra­
ce l lu la r env i r onment (Figs. C , D) . C lo t t ed h e m o l y m p h 
is ind i ca ted by asterisks i n the micrographs . N , 
nucleus. 

Fig. 5. A - B . T ransmiss ion e lec t ron micrographs of act ivated hemocytes after comple te degranu la t i on and the release o f the ir cy top lasmic granules in to the extra­

ce l lu la r env i r onment for c lo t f o rmat ion i n the h e m o l y m p h o f P. virginalis. No te that the borders o f the cy top lasmic zone (b lack arrowheads) are left after the complete 

degranu la t i on of the ce l l . C lo t ted h e m o l y m p h is ind i ca ted by asterisks i n the micrographs . N , nucleus. 

o s m i u m t e t r o x i d e a t r o o m t e m p e r a t u r e a n d t h e n w a s h e d a g a i n i n t h e 

bu f f e r , d e h y d r a t e d t h r o u g h a n a c e t o n e s e r i e s ( 3 0 , 5 0 , 7 0 , 9 0 , 9 5 , a n d 

1 0 0 % f o r 1 5 m i n e a c h ) a n d f i n a l l y e m b e d d e d i n r e s i n ( E P O N ) . A se r i e s o f 

u l t r a - t h i n s e c t i o n s o b t a i n e d u s i n g a U C T u l t r a m i c r o t o m e ( L e i c a M i c r o ­

s y s t e m s , W e t z l a r , G e r m a n y ) w e r e m o u n t e d o n c o p p e r g r i d s a n d d o u b l e -

s t a i n e d w i t h u r a n y l a c e t a t e a n d l e a d c i t r a t e . T h e s e c t i o n s w e r e e x a m i n e d 

w i t h a 1 0 1 0 t r a n s m i s s i o n e l e c t r o n m i c r o s c o p e ( J E O L L t d . , T o k y o , J a p a n ) 

o p e r a t i n g a t 8 0 k V i n t h e c o r e f a c i l i t y o f t h e B i o l o g y C e n t r e ( C A S ) l a b ­

o r a t o r y o f e l e c t r o n m i c r o s c o p y . 

3. Resu l t s 

F r o m t h e u l t r a s t r u c t u r a l m i c r o g r a p h s w e o b s e r v e d t h a t t y p i c a l l y 

h e m o c y t e s h a d t w o p r i n c i p a l r o l e s , c o a g u l a t i o n a n d p h a g o c y t o s i s . 

C o a g u l a t i o n : T h e m o r p h o l o g i c a l c h a n g e s t h a t t h e h e m o c y t e s u n ­

d e r g o d u r i n g c o a g u l a t i o n c a n b e d e s c r i b e d i n t h r e e s tages : i ) d e c o n ­

d e n s a t i o n o f t h e g r a n u l e c o n t e n t s i n t h e c y t o p l a s m p r i o r t o d i s c h a r g e o r 

r e l ease ; i i ) d i s c h a r g e o r r e l e a s e o f g r a n u l a r c o n t e n t s i n t o e x t r a c e l l u l a r 

space ; a n d i i i ) d e g e n e r a t i o n a n d r e l e a s e o f t h e c o n t e n t s o f t h e n u c l e u s . 

P h a g o c y t o s i s : m u s c l e d e g e n e r a t i o n t a k e s p l a c e a t t h e w o u n d s i t e , 

l e a d i n g t o t h e s u b s e q u e n t p h a g o c y t o s i s o f d e g e n e r a t e d m u s c l e t i s sues b y 

h e m o c y t e s . 

3.1. Ultrastructural features of hemocytes during coagulation 

3.1.1. Structure of intact hemocytes 

A s p r e v i o u s l y r e p o r t e d i n c r a y f i s h , t h r e e t y p e s o f h e m o c y t e i d e n t i f i e d 

b y e l e c t r o n m i c r o s c o p y w e r e f u r t h e r c o n f i r m e d b y t h e d e n s i t y g r a d i e n t 

c e n t r i f u g a t i o n m e t h o d ( D u a n et a l . , 2 0 1 4 ; S o d e r h a l l a n d S o d e r h a l l , 

2 0 2 2 ) . W e o b s e r v e d t h r e e m a j o r t y p e s o f h e m o c y t e s , as s h o w n b y the 

c o n t r o l g r o u p ( F i g . 1 A - C ) . A t y p i c a l h y a l i n e c e l l h a s a n i r r e g u l a r p r o f i l e , 

c h a r a c t e r i z e d b y a h i g h n u c l e u s - t o - c y t o p l a s m r a t i o w i t h o n l y a f e w 

c y t o p l a s m i c g r a n u l e s a n d p o o r l y d e v e l o p e d m i t o c h o n d r i a ( F i g . 1 A ) . A 

s e m i - g r a n u l a r c e l l h a s a r o u n d , c e n t r a l l y l o c a t e d n u c l e u s s u r r o u n d e d b y 

c y t o p l a s m i c g r a n u l e s o f v a r i o u s s i z es , a n d m o d e r a t e l y d e v e l o p e d m i t o ­

c h o n d r i a ( F i g . 1 B ) . F i n a l l y , a t y p i c a l g r a n u l a r c e l l h a s a r e l a t i v e l y s m a l l 

i r r e g u l a r n u c l e u s p a c k e d w i t h l a r g e e l e c t r o n - d e n s e c y t o p l a s m i c g r a n u l e s 

( F i g . 1 C ) . 

3.1.2. Activation of the cytoplasmic granules during coagulation 

H e m o c y t e s p l a y a k e y r o l e i n c o a g u l a t i o n ( F i g . 1). T h e y b e c o m e 

a c t i v a t e d w i t h i n 5 - 1 0 m i n o f a n i n j u r y o c c u r r i n g . F i r s t , t h e g r a n u l e s o f 
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Fig. 6. A - F . T ransmiss ion e lec t ron mic rographs of 
the nuc leus o f an act ivated hemocyte after comple te 
degranu la t i on of the cy top lasm contents show ing the 
degenerat ion and release o f nuc leus contents in to the 
extrace l lu lar env i r onment d u r i n g h e m o l y m p h coag­
u l a t i on i n P. virginaUs. B l a ck ar rowheads show mate­
r i a l resulted f r om the nucleus degenerat ion that 
passes through the nuc lear pores (wh i t e arrowheads) 
and is released outs ide. C lo t t ed h e m o l y m p h is i n d i ­
cated by asterisks i n micrographs . N , nucleus. 

t h e h e m o c y t e s d e c o n d e n s e a n d e x p a n d , a n d t h e i r c o n t e n t s c h a n g e f r o m 

a n e l e c t r o n - d e n s e i n t o a n e l e c t r o n - l u c e n t s ta te , w i t h s o m e filaments 

p r e s e n t i n t h e e a r l y s tages t h a t f u r t h e r d e g r a d e i n t o fine p a r t i c l e s as th e 

d e c o n d e n s a t i o n p r o g r e s s e s ( F i g s . 2 a n d 3 ) . T h e n , s o m e o f these 

e x p a n d e d g r a n u l e s m e r g e a n d d i s c h a r g e t h e i r c o n t e n t s i n t o t h e e x t r a ­

c e l l u l a r e n v i r o n m e n t t o f o r m a c l o t ( F i g . 4 ) . T h i s p r o c e s s c o n t i n u e s u n t i l 

a l l t h e c y t o p l a s m i c g r a n u l e s e x p a n d a n d d i s c h a r g e t h e i r c o n t e n t s , a t 

w h i c h p o i n t t h e c y t o p l a s m o f t h e c e l l d i s a p p e a r s ( F i g . 5 ) . A f t e r w a r d s , t h e 

n u c l e u s o f t h e h e m o c y t e s t a r t s to d e g e n e r a t e a n d r e l e a s e i t s c o n t e n t s as 

w e l l i n t o t h e s u r r o u n d i n g c l o t ( F i g . 6 ) . A l l t h e m a j o r s tages o f t h e 

m o r p h o l o g i c a l c h a n g e t h a t h e m o c y t e s u n d e r g o d u r i n g in situ c o a g u l a ­

t i o n a r e s h o w n i n a s c h e m a t i c i l l u s t r a t i o n ( F i g . 7 ) . 

3.1.3. Degeneration of muscle tissue and hemocyte phagocytic activity 

T h e u l t r a s t r u c t u r e o f i n t a c t m u s c l e t i s s u e f r o m t h e c o n t r o l g r o u p i s 

s h o w n i n F i g . 8 A a n d B . M u s c l e t i s s u e s t a r t t o b r e a k d o w n a n d d e g e n ­

e ra t e w i t h i n 5 m i n a f t e r l e g a m p u t a t i o n . M u s c l e fibers l o s e i n t e g r i t y a n d 

b e c o m e d e g r a d e d ( F i g . 8 C - D ) . T h e m i t o c h o n d r i a s w e l l a n d t h e s h a p e o f 

t h e i r c r i s t a e d i s t o r t s . A l s o , e l e c t r o n - d e n s e p a r t i c l e s a p p e a r i n s i d e 

d e g e n e r a t i n g o r g a n e l l e s s u c h as m i t o c h o n d r i a ( F i g . 8 E - F ) . H e m o c y t e s 

a r r i v e a t t h e a r e a o f t i s s u e d e g e n e r a t i o n w i t h i n 5 - 1 0 m i n a n d s ta r t 

p h a g o c y t i z i n g t h e d e g e n e r a t i n g t i s s u e o r g a n e l l e s . W e o b s e r v e d t h a t 

h e m o c y t e s c o u l d a b s o r b s m a l l e l e c t r o n - d e n s e p a r t i c l e s v i a t h e i r m e m ­

b r a n e s ( F i g . 9 A - E ) . I n a d d i t i o n , l a r g e r o r g a n e l l e s w e r e o b s e r v e d t o be 

t r a p p e d a n d d i g e s t e d t h r o u g h t h e f o r m a t i o n o f t h e p h a g o s o m e i n th e 

h e m o c y t e s ( F i g . 1 O A - C ) . F i n a l l y , d i g e s t e d p a r t i c l e s o f d e g e n e r a t i n g 

t i s sues w e r e a b s o r b e d a n d i n c o r p o r a t e d i n t o t h e g r a n u l e s a n d n u c l e u s o f 

p h a g o c y t i c h e m o c y t e s , a n d w e r e p r i m a r i l y d i s t i n g u i s h a b l e as e l e c t r o n -

d e n s e p a r t i c l e s i n s i d e t h e o r g a n e l l e s o f t h e h e m o c y t e s ( F i g . 11 ) . T h e 

p r o c e s s o f t i s s u e d e g e n e r a t i o n a n d s u b s e q u e n t h e m o c y t e p h a g o c y t o s i s i s 

s h o w n i n a s c h e m a t i c d r a w i n g ( F i g . 12 ) . 

4. D i s c u s s i o n 

4.1. Hemocyte classification 

T w o g e n e r a l c o n c e p t s e x i s t i n t h e l i t e r a t u r e r e g a r d i n g t h e c l a s s i f i ­

c a t i o n o f h e m o c y t e s i n d e c a p o d s ( M e n g a l e t a l . , 2 0 2 2 ) . T h e first d i v i d e s 

h e m o c y t e s i n t o t h r e e t ypes , n a m e l y , h y a l i n e , s e m i g r a n u l a r , a n d g r a n u l a r 

b a s e d o n t h e i r m o r p h o l o g i c a l t r a i t s s u c h as d e g r e e o f g r a n u l a r i t y 

( S o d e r h a l l a n d S o d e r h a l l , 2 0 2 2 ) . T h e s e c a n b e f u r t h e r d i v i d e d i n t o 

s u b c l a s s e s b a s e d o n t h e i r m o l e c u l a r t r a i t s d e t e r m i n e d b y t r a n s c r i p t o m i c 

s t u d i e s ( S o d e r h a l l e t a l . , 2 0 2 2 ) . H o w e v e r , t h e s e a u t h o r s a l s o s t a t e t h a t a t 

l e a s t a f r a c t i o n o f t h e l ess g r a n u l a r h e m o c y t e s c a n b e d i f f e r e n t i a t e d i n t o 

m o r e g r a n u l a r c e l l s ( G h a g a et a l . , 1 9 9 5 ) . 

O n t h e o t h e r h a n d , t h e s e c o n d c o n c e p t s ta tes t h a t a l l m o r p h o l o g i c a l l y 

d i f f e r e n t h e m o c y t e s i n c i r c u l a t i o n a r e a c t u a l l y d i f f e r e n t d e v e l o p m e n t a l 

s tages o f a s i n g l e t y p e o f h e m o c y t e . C e l l s w i t h a l o w e r l e v e l o f g r a n u ­

l a r i t y a r e r e l e a s e d b y h e m a t o p o i e t i c t i s s u e i n t o c i r c u l a t i o n , i n w h i c h 

m a t u r a t i o n t a k e s p l a c e b y i n c r e a s i n g t h e c o n t e n t s o f t h e c y t o p l a s m i c 

g r a n u l e s . T h e i d e a o f a s i n g l e c e l l l i n e a g e i n c r u s t a c e a n s a n d a r t h r o p o d s 

h a s b e e n p r o p o s e d i n a n u m b e r o f p r e v i o u s s t u d i e s ( B o d a m m e r , 1 9 7 8 ; 
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Fig. 7. Schemat ic i l lus t ra t i on dep i c t ing dif ferent 
stages of hemocyte change d u r i n g coagula t ion . Stage 
(1) shows an intact hemocy te con ta in ing e lectron-
dense cy top lasmic granules. Stage (2) shows a n act i ­
vated hemocyte , i n w h i c h the c y t op l a sm contains 
granules i n va r y ing states, undergo ing g ranu lar 
t rans format ion f rom electron-dense to e lectron- lucent 
forms i n a n expand ing manner . The expanded 
e lectron- lucent granules f ina l ly merge and tu rn in to a 
less e lectron-dense amorphous mater ia l . Stage (3) 
shows the membrane o f the e lectron- lucent granules 
as they fuse w i t h the p l asma membrane o f the he­
mocy te and d ischarge the ir g ranu la r components in to 
the ex t race l lu lar space whe r e they con t r ibute to the 
f o rmat ion o f the ge la t inous clot. Stage (4) shows a 
hemocy te that has undergone comple te deg ranu la t i on 
and has an empty c y t op l a sm devo i d o f granules sur­
r ounded by d i scharged g ranu lar contents. F ina l l y , 
stage (5) shows a degenerat ing nuc leus , the end stage 
of a g ranu lar hemocyte d u r i n g coagu la t i on process, i n 
w h i c h the contents o f the nucleus is d is integrated and 
released in to the clot. 

B r e h e l i n et a l . , 1 9 7 8 ; D u m o n t et a l . , 1 9 6 6 ; L i e t a l . , 2 0 1 9 , 2 0 2 1 ; R a v ­

i n d r a n a t h , 1 9 7 4 ; R e b e l o et a l . , 2 0 1 3 ) . 

H o w e v e r , b o t h c o n c e p t s a g r e e t h a t t h e t r a n s f o r m a t i o n i n t o m o r e 

g r a n u l a r c e l l s i s p o s s i b l e i n d e c a p o d h e m o c y t e s . O u r r e s u l t s s u g g e s t t h a t 

o b t a i n i n g m a t e r i a l v i a p h a g o c y t o s i s i n c e l l s w i t h l o w e r g r a n u l a r c o n ­

t en ts s u c h as H C a n d S G C h e m o c y t e s a n d i t s s t o r a g e i n t h e c y t o p l a s m c a n 

i n c r e a s e t h e n u m b e r a n d s i z e o f g r a n u l e s , a n d c a n d r i v e t h e d i f f e r e n t i ­

a t i o n o f c e l l s i n t o m o r e g r a n u l a r c e l l s s u c h as g r a n u l o c y t e s . T h e r e f o r e , 

p h a g o c y t o s i s i s a t l e a s t p a r t i a l l y r e s p o n s i b l e f o r t h i s d i f f e r e n t i a t i o n i n 

d e c a p o d h e m o c y t e s . 

T h e t e r m h y a l i n e c e l l i s c u r r e n t l y u s e d t o r e f e r t o h e m o c y t e s t h a t 

c o n t a i n n o o r o n l y a f e w c y t o p l a s m i c g r a n u l e s . H o w e v e r , i n s o m e cases 

t h e y c a n b e c o n f u s e d w i t h t h e e n d - s t a g e o f g r a n u l a r h e m o c y t e s , w h i c h i s 

t h e l e f t - o v e r n u c l e u s a f t e r d e g r a n u l a t i o n ( D o l a r e t a l . , 2 0 2 0 ) . G r a n ­

u l o c y t e s a r e h i g h l y u n s t a b l e c e l l s t h a t d e g r a n u l a t e a n d r e l e a s e t h e i r 

c o n t e n t s d u r i n g t h e c o a g u l a t i o n p r o c e s s l e a v i n g o n l y t h e i r n u c l e i , w h i c h 

h a v e s o m e t i m e s b e e n m i s t a k e n l y c o n s i d e r e d to b e h y a l i n e c e l l s b y p r e ­

v i o u s s t u d i e s . F u r t h e r m o r e , g i v e n t h a t n o t a l l g r a n u l o c y t e s r e a c t 

s i m u l t a n e o u s l y , t h e l e f t o v e r n u c l e i o f r e a c t e d g r a n u l o c y t e s a n d the 

u n r e a c t e d g r a n u l o c y t e s p r e s e n t i n t h e s a m e s a m p l e c o u l d b e c o n f u s e d 

a n d b e r e g a r d e d as t w o d i f f e r e n t t y p e s o f h e m o c y t e s ( C l a r e a n d L u m b , 

1 9 9 4 a ) . 

F u r t h e r m o r e , s i n g l e - c e l l m R N A s e q u e n c i n g ( s c R N A - s e q ) t e c h n i q u e s 

h a v e b e e n u s e d r e c e n t l y i n d e c a p o d s t o c a t e g o r i z e h e m o c y t e s s u b p o p -

u l a t i o n a n d t h e i r f u n c t i o n s . F o r e x a m p l e , u s i n g s c R N A - s e q t e c h n i q u e i n 

h e m o c y t e s o f f r e s h w a t e r c r a y f i s h , Pacifastacus leniusculus, t h e a u t h o r s 

d e m o n s t r a t e d t h a t s e v e r a l s u b t y p e s o f h e m o c y t e s e x i s t ( S o d e r h a l l e t a l . , 

2 0 2 2 ) . T h e p o s s i b i l i t y o f s e v e r a l h e m o c y t e s u b t y p e s w a s a l s o p r o p o s e d 

i n t h e i r p r e v i o u s w o r k s ( J u n k u n l o et a l . , 2 0 1 7 , 2 0 2 0 ) . H o w e v e r , u s i n g 

t h e s a m e s c R N A - s e q t e c h n i q u e i n o t h e r d e c a p o d s s u c h as Marsupenaeus 

japonicus r e v e a l e d s i x t y p e s o f h e m o c y t e s ( K o i w a i e t a l . , 2 0 2 1 ) , w h e r e a s , 

i n w h i t e s h r i m p Penaeus vannamei, t h r e e m a j o r c e l l - t y p e s w e r e i d e n t i f i e d 

n a m e l y p r o h e m o c y t e s , m o n o c y t i c h e m o c y t e s , a n d g r a n u l o c y t e s ( Y a n g 

et a l . , 2 0 2 2 ) . A l t h o u g h s c R N A - s e q a p p r o a c h e s h a v e s o m e l i m i t a t i o n s , 

s t i l l u s e o f t h e s e t e c h n i q u e s c a n f u r t h e r o u r u n d e r s t a n d i n g o f h e m o c y t e 

s u b t y p e s a n d t h e i r f u n c t i o n s . 

4.2. Morphological changes in hemocytes during in situ coagulation 

T h e r e s u l t s o f t h e p r e s e n t s t u d y u n d e r s c o r e t h e c r u c i a l c o n t r i b u t i o n 

m a d e b y h e m o c y t e s to t h e c o a g u l a t i o n p r o c e s s i n a m o d e l d e c a p o d 

spe c i e s . T h e y d i s c h a r g e t h e i r c y t o p l a s m i c a n d n u c l e i c c o n t e n t s a f t e r 

d e c o n d e n s a t i o n a n d t h e e x p a n s i o n o f r e l a t e d m a t e r i a l s , a p r o c e s s t h a t i s 

a c c o m p a n i e d b y v a s t m o r p h o l o g i c a l c h a n g e s to c e l l s . 

T h e a c t i v a t e d s t age o f h e m o c y t e s d u r i n g c o a g u l a t i o n i s c h a r a c t e r i z e d 

b y t h e p r e s e n c e o f v a r i a b l e f o r m s o f c y t o p l a s m i c g r a n u l e s . S o m e a u t h o r s 

s ta te t h a t c y t o p l a s m i c g r a n u l e t r a n s f o r m a t i o n i s n o t n e c e s s a r y f o r he ­

m o l y m p h c o a g u l a t i o n a n d t h a t t h e g r a n u l a r c h a n g e f r o m e l e c t r o n l u c e n t 

to d e n s e f o r m s is t h e f i n a l s t age o f g r a n u l e f o r m a t i o n ( S c h a r r e r , 1 9 7 2 ; 

S e i t z , 1 9 7 2 ) . C o n v e r s e l y , o t h e r a u t h o r s r e p o r t t h a t l o w - d e n s i t y g r a n u l e s 

w i t h m i c r o t u b u l a r s t r u c t u r e s c o n t a i n i n g a m o r p h o u s f l o c c u l e n t m a t e r i a l 

a r e t r a n s f o r m a t i o n a l p h a s e s o f t h e e l e c t r o n - d e n s e g r a n u l e s ( D u m o n t 

e t a l . , 1 9 6 6 ; H e a r i n g a n d V e r n i c k , 1 9 6 7 ; R a t c l i f f e a n d P r i c e , 1 9 7 4 ; 

R o w l e y , 1 9 7 7 ; R o w l e y a n d R a t c l i f f e , 1 9 7 6 ) . O u r o b s e r v a t i o n s a g r e e w i t h 

t h e l a t t e r a u t h o r s t h a t t h e v a r y i n g s ta tes o f g r a n u l e s a r e i n f ac t t r a n s ­

f o r m a t i o n a l p h a s e s i n w h i c h t h e e l e c t r o n - d e n s e g r a n u l e s c h a n g e i n t o 

l o w - d e n s i t y g r a n u l e s w i t h m i c r o t u b u l a r s t r u c t u r e a n d , f i n a l l y , t r a n s f o r m 

i n t o e l e c t r o n - l u c e n t a m o r p h o u s g r a n u l e s . T h i s p r o c e s s a l l o w s h i g h l y 

c o m p a c t e d m a t e r i a l s i n t h e g r a n u l e s t o b e u n p a c k e d a n d r e l e a s e d f r o m 

t h e c e l l s to p a r t i c i p a t e i n t h e p r o c e s s o f c l o t f o r m a t i o n . 

A d d i t i o n a l l y , d u r i n g t h e a c t i v a t i o n o f c y t o p l a s m i c g r a n u l e s , t h e c l o t -

p r o m o t i n g e n z y m e s y s t e m i s a c t i v a t e d a n d r e l e a s e d i n t o t h e e x t r a c e l ­

l u l a r m a t r i x . T h e c o n t e n t s o f t h e c y t o p l a s m i c g r a n u l e s a n d t h e i r in vitro 

r e l e a s e i n d u c e d b y e x o c y t o s i s ( d e g r a n u l a t i o n ) h a v e b e e n w e l l s t u d i e d i n 
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Fig. 8. A - F . Transmiss ion e lec t ron micrographs of intact (Figs. A , B) and degenerated (Figs. C, D) muscle fibers and m i t o chondr i a that start 5 m i n after leg 
amputa t i on (Figs. E , F) i n P. virginalis. Note h o w the electron-dense part ic les can be seen i n the degenerat ing musc le tissue (Fig. D) and i n the degenerat ing 
m i t o c h o n d r i a (b lack arrowheads) (Figs. E , F). W h i t e arrows ind icate m i t o c h o n d r i a i n Figs. B , C. M F , Musc l e f ibers; N , nucleus. 

c r a y f i s h a n d o t h e r d e c a p o d s ( J o h a n s s o n a n d S o d e r h a l l , 1 9 8 5 , 1 9 8 9 b ; 

S m i t h a n d S o d e r h a l l , 1 9 8 3 ; S r i c h a r o e n et a l . , 2 0 0 5 ) . T h e g r a n u l e s o f t h e 

h e m o c y t e s a r e p a c k e d w i t h c l o t t i n g f a c t o r s a n d s e v e r a l d e f ense m o l e ­

c u l e s s u c h as T G a s e , v a r i o u s a n t i m i c r o b i a l p e p t i d e s , a n d c o m p o n e n t s o f 

t h e p r o - p h e n o l o x i d a s e a c t i v a t i n g s y s t e m ( p r o P O ) ( J o h a n s s o n a n d 

S o d e r h a l l , 1 9 9 6 ; J u n k u n l o e t a l . , 2 0 2 0 ; S o d e r h a l l a n d S m i t h , 1 9 8 6 ) . T h e 

r e l e a s e o f these m o l e c u l e s i s i m p o r t a n t i n c l o t t i n g a n d d e f e n s e a n d c a n 

b e t r i g g e r e d b y v a r i o u s d e g r a n u l a t i o n - i n d u c i n g f a c t o r s i n c l u d i n g the 

p - l , 3 - g l u c a n l a m i n a r i n G a n d L i p o p o l y s a c c h a r i d e s t h a t i n d u c e e x o c y -

t os i s o f o n l y S G C s ; b y c o n t r a s t , t h e C a 2 + i o n o p h o r e A 2 3 1 8 7 a n d pe r -

o x i n e c t i n w e r e f o u n d t o g r e a t l y i n d u c e e x o c y t o s i s i n b o t h S G C s a n d G C s 

f r o m t h e c r a y f i s h ( J o h a n s s o n a n d S o d e r h a l l , 1 9 8 5 ; S r i c h a r o e n et a l . , 

2 0 0 5 ) . F u r t h e r m o r e , c o m p o n e n t s o f p r o P O w e r e o b s e r v e d to i n d u c e 

d e g r a n u l a t i o n i n t h e h e m o c y t e s , w h i c h as a r e s u l t m a y i n f l u e n c e the 

c l o t t i n g p r o c e s s i n Astacus astacus ( S m i t h a n d S o d e r h a l l , 1 9 8 3 ) . A c e l l 

a d h e s i o n f a c t o r t h a t c a n m e d i a t e a d h e s i o n b e t w e e n S G C a n d G C S he ­

m o c y t e s w a s f o u n d t o i n d u c e d e g r a n u l a t i o n i n t h e g r a n u l a r h e m o c y t e s o f 

c r a y f i s h ( J o h a n s s o n a n d S o d e r h a l l , 1 9 8 8 , 1 9 8 9 a ) . T h e r e f o r e , t h e g r a n u l e 

c o n t e n t s c a n b e i n d u c e d in vitro a n d a r e r i c h i n v a r i o u s c l o t - i n d u c i n g 

f a c t o r s a n d d e f ense m o l e c u l e s . 

I n t h e h o r s e s h o e c r a b Limuluspolyphemus ( A r t h r o p o d a : X i p h o s u r a ) , a 

s e r i e s o f c y t o l o g i c a l c h a n g e s w e r e o b s e r v e d b y D u m o n t et a l . ( 1 9 6 6 ) 

d u r i n g i n vitro c l o t t i n g . T h e s e c h a n g e s i n c l u d e d h e m o c y t e s w e l l i n g , t h e 

l o s s o f c y t o p l a s m i c g r a n u l e d e n s i t y , t h e v a c u o l i z a t i o n o f t h e c y t o p l a s m , 

a n d , finally, t h e r e l e a s e o f g r a n u l a r c o n t e n t s i n t o t h e s u r r o u n d i n g 

p l a s m a ( D u m o n t et a l . , 1 9 6 6 ) . T h e s e c h a n g e s i n m a n y w a y s r e s e m b l e o u r 

o b s e r v a t i o n s . S o l u m m a d e s i m i l a r o b s e r v a t i o n s i n L. polyphemus ( S o l u m , 

1 9 7 0 ) , w h i l e G r e g o i r e a n d G o f f i n e t o b s e r v e d a l t e r a t i o n s i n h e m o c y t e s 

d u r i n g c l o t t i n g i n a s t i c k i n s e c t Carausius morosus a n d r e p o r t e d the 

d i s c h a r g e o f c o a g u l o c y t e c y t o p l a s m i c a n d n u c l e a r s u b s t a n c e s i n t o th e 

p l a s m a t h r o u g h m i c r o r u p t u r e s o f t h e c y t o p l a s m i c m e m b r a n e ( G r e g o i r e 

a n d G o f f i n e t , 1 9 7 5 ) . T h e i n v o l v e m e n t o f n u c l e u s c h r o m a t i n c o n t e n t s i n 

th e c o a g u l a t i o n p r o c e s s h a s a l s o b e e n o b s e r v e d i n t h e m e a l w o r m Tene-

brio molitor ( S t a n g - V o s s , 1 9 7 0 ) . S i m i l a r l y , c e l l l y s i s i n h e m o c y t e s has 

b e e n r e p o r t e d i n t h e h e m o l y m p h o f c e r t a i n a r t h r o p o d s d u r i n g c o a g u ­

l a t i o n ( R a v i n d r a n a t h , 1 9 8 0 ) . In vitro u l t r a s t r u c t u r a l o b s e r v a t i o n s i n h e ­

m o c y t e s i n t h e c r a y f i s h Procambarus spp . a n d Orconectes s pp . , as w e l l as 

i n w o r m s , s h o w t h a t h e m o c y t e s u n d e r g o c y t o l y s i s d u r i n g h e m o l y m p h 

c l o t t i n g ( S t a n g - V o s s , 1 9 7 4 ; S t e r n s h e i n a n d B u r t o n , 1 9 8 0 ) . S i m i l a r o b ­

s e r v a t i o n s h a v e b e e n r e p o r t e d b y J o n e s , w h o r e p o r t e d h o w h i g h l y u n ­

s t a b l e h e m o c y t e s r a p i d l y d i s i n t e g r a t e a n d r e l e a s e g r a n u l a r c o n t e n t s i n t o 

th e s u r r o u n d i n g p l a s m a ( J o n e s , 1 9 6 2 ) . M o r e o v e r , t h e c o n t r o l l e d r e l e a s e 

o f c h r o m a t i n f r o m t h e h e m o c y t e n u c l e i ( k n o w n as E T o s i s ) p l a y s a n 

i m p o r t a n t r o l e i n t h e i n n a t e i m m u n i t y o f i n v e r t e b r a t e s . It h a s b e e n re ­

p o r t e d t h a t t h e c h r o m a t i n c o n t e n t r e l e a s e d f r o m h e m o c y t e s i n c r a b s 

p a r t i c i p a t e i n i t s d e f e n s e a n d c a n e f f e c t i v e l y p r o t e c t t h e h o s t a g a i n s t 

i n f e c t i o n ( R o b b et a l . , 2 0 1 4 ) . S i m i l a r l y , i t h a s b e e n f o u n d t h a t , b e s i d e s 

th e i n n a t e i m m u n e r e s p o n s e , e x t r a c e l l u l a r n u c l e i c a c i d s c a n i n d u c e 
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Fig. 9 . A - E . Transmiss ion e lectron micrographs of a 
large granulocyte phagocy t i z ing sma l l e lectron-dense 
part ic les resul t ing f rom the degenerat ion of musc le 
fibers 5 - 1 0 m i n after leg amputa t i on i n P. virginalis. 
The b lack arrowheads show whe r e the electron-dense 
part ic les are absorbed in to the phagocyt ic hemocyte 
(Figs. B , C) . The wh i t e ar rows ind icate where new ly 
absorbed electron-dense part ic les enter and are 
incorpora ted in to the nuc leus and granules (Figs. D, 
E). The w h i t e arrowheads ind icate electron-dense 
part ic les that have a lready entered the nuc leus and 
granules. M F , degenerat ing muscle fibers; N , nucleus. 

c o a g u l a t i o n i n t h e h e m o l y m p h o f o t h e r a r t h r o p o d s s u c h as i nsec t s 

( A l t i n c i c e k et a l . , 2 0 0 8 ) . 

I n a d d i t i o n , t h e e x p l o s i v e b e h a v i o r o f t h e s e c e l l s c a n r e l e a s e c l o t t i n g 

s u b s t a n c e s s u c h as T G a s e i n t o t h e e x t r a c e l l u l a r e n v i r o n m e n t ( J u n k u n l o 

et a l . , 2 0 1 8 , 2 0 2 0 ) . I n t h e p r e s e n c e o f G a 2 + , t h e T G a s e f u r t h e r c r o s s l i n k s 

p l a s m a C P to f o r m t h e c l o t ( J u n k u n l o et a l . , 2 0 1 8 ) . B e s i d e s c o a g u l a t i o n , 

these r e l e a s e d m a t e r i a l s m a y a l s o i n d u c e l y s i s i n t h e o t h e r e x p l o s i v e c e l l s 

i n t h e h e m o l y m p h a n d i n t e n s i f y t h e p r o c e s s o f c o a g u l a t i o n ( H e a r i n g a n d 

V e r n i c k , 1 9 6 7 ) . F o r i n s t a n c e , c o m p o n e n t s o f t h e p r o P O s y s t e m m a y 

e n h a n c e h e m o c y t e d e g r a n u l a t i o n a n d l y s i s , w h i c h c a n r e s u l t i n t h e 

r e l e a s e o f m o r e T G a s e a n d p r o P O c o m p o n e n t s i n t o n e a r b y h e m o c y t e s 

( S m i t h a n d S o d e r h a l l , 1 9 8 3 ) . S c h a r r e r r e p o r t e d t h e s w e l l i n g o f c e l l s 

f o l l o w e d b y p l a s m a c y t o p l a s m i c m e m b r a n e r u p t u r e a n d t h e r e l e a s e o f 

t h e c o n t e n t s o f t h e g r a n u l e s , w h i c h i n d u c e d h e m o l y m p h c o a g u l a t i o n i n 

t h e v i c i n i t y o f t h e a c t i v a t e d c e l l s ( S c h a r r e r , 1 9 7 2 ) . A s i m i l a r s e q u e n c e 

r e g a r d i n g t h e r e l e a s e o f g r a n u l a r c o n t e n t s i n t o t h e s u r r o u n d i n g e x t r a ­

c e l l u l a r s p a c e h a s a l s o b e e n o b s e r v e d i n t h e g r a n u l a r c e l l s o f a c r a b 

( B a u c h a u a n d D e B r o u w e r , 1 9 7 4 ) . I n t h e r i d g e b a c k p r a w n S. ingentis, 

h e m o c y t e l y s i s h a s b e e n r e p o r t e d w h i c h r e s u l t s i n t h e r e l e a s e o f g r a n u l a r 

filamentous m a t e r i a l i n t o t h e e x t r a c e l l u l a r m a t r i x , w h i c h f u r t h e r 

e x p a n d s t o f o r m t h e c l o t ( O m o r i e t a l . , 1 9 8 9 b ) . E a r l i e r in vitro u l t r a -

s t r u c t u r a l o b s e r v a t i o n s s u c h as c y t o p l a s m i c g r a n u l a r t r a n s f o r m a t i o n s o r 

t h e e x p l o s i v e o r l y s i s b e h a v i o r o f h e m o c y t e s a r e i n m a n y w a y s e q u i v a ­

l e n t t o t h e d e c o n d e n s a t i o n , e x p a n s i o n , a n d d e g r a n u l a t i o n o f h e m o c y t e s 

t h a t w e o b s e r v e d in situ d u r i n g c o a g u l a t i o n i n c r a y f i s h . H o w e v e r , d u e t o 

t h e in situ c o n d i t i o n s , t h e c h a n g e s w e o b s e r v e d i n t h e h e m o c y t e s a r e 

m o r e n a t u r a l a n d d e t a i l e d a n d i n c l u d e a l l s tages o f t h e c h a n g e s . I n n o 

p a s t s t u d i e s w e r e a l l t hese s tages o b s e r v e d t o g e t h e r . It i s i m p o r t a n t t o 

r e c o g n i z e t h a t i f h e m o c y t e s a r e u n d e r in vitro c o n d i t i o n s , c h a n g e s i n c l o t 

f o r m a t i o n d o n o t f u l l y r e p l i c a t e t h e in situ c o n d i t i o n s o f t h e c o a g u l a t i o n 

p r o c e s s . T h e r e f o r e , i t i s p o s s i b l e t h a t in vitro c h a n g e s i n h e m o c y t e s 

d u r i n g c o a g u l a t i o n m i g h t n o t r e p r e s e n t t h e t r u e p h y s i o l o g i c a l c h a n g e s 

t h a t w e o b s e r v e d i n o u r in situ s t u d y . 

T h r e e m e c h a n i s m s o f c o a g u l a t i o n i n c r u s t a c e a n s w e r e p r o p o s e d 

( P e r d o m o - M o r a l e s et a l . , 2 0 1 9 ) . B r i e f l y , t y p e A c o a g u l a t i o n i s a c h i e v e d 

b y t h e r a p i d a g g l u t i n a t i o n o f h e m o c y t e s w i t h n o p l a s m a c l o t t i n g , w h e r e 

a d e n s e n e t w o r k o f h e m o c y t e s i s e n o u g h to f o r m a c l o t w i t h o u t a n y n e e d 

f o r p l a s m a c l o t t i n g . T y p e B c o a g u l a t i o n i n v o l v e s h e m o c y t e c o a g u l a t i o n 

f o l l o w e d b y p l a s m a c o a g u l a t i o n . T y p e C c o a g u l a t i o n i s c h a r a c t e r i z e d b y 

r a p i d h e m o c y t e r u p t u r e / l y s i s a n d i m m e d i a t e c l o t t i n g o f p l a s m a (e.g. i n 
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Fig. 10. A - C . Transmiss ion e lec t ron micrographs of a 
phagocyt ic semigranulocy te on the per iphery of 
degenerat ing musc l e t issue show ing var i ous inter­
na l i z ed organel les resul t ing f r om musc l e degenera­
t i on i n membrane -bound phagosomes (F ig . 10 A) . 
No te the l o w number of granules i n the cy t op lasm of 
the phagocyt ic hemocyte . Phagosomes and the ir 
contents, i n c l u d i n g degenerated m i t o chondr i a , are 
shown at h igher magni f i cat ions i n Figures B and C. As 
w e l l , note the e lectron-dense part ic les resul t ing f rom 
the degenerat ion that are t rapped ins ide the phag­
osomes (wh i t e ar rowheads i n F ig . B and b lack ar­
rowheads i n F i g . C) . N , nucleus. 

s h r i m p s a n d s p i n y l obs t e r s ) ( H o s e e t a l . , 1 9 9 0 ) . O u r o b s e r v a t i o n s a r e 

c o n s i s t e n t w i t h t y p e C c o a g u l a t i o n s i n c e t h e h e m o c y t e s r e l e a s e d t h e i r 

c o n t e n t s t h r o u g h d e g r a n u l a t i o n i n t o t h e e x t r a c e l l u l a r e n v i r o n m e n t t o 

f o r m t h e c l o t . 

O u r s t u d y s h o w e d t h a t t h e p r o c e s s o f c o a g u l a t i o n i n t h e h e m o l y m p h 

o f c r a y f i s h c a n c a u s e r a p i d m o r p h o l o g i c a l c h a n g e s i n t h e h e m o c y t e 

c y t o p l a s m a n d n u c l e u s a n d , e v e n t u a l l y , i n t h e w h o l e c e l l b y d i s c h a r g i n g 

i t s c o n t e n t s i n t o t h e s u r r o u n d i n g e n v i r o n m e n t . 

4.3. In situ phagocytic behavior of hemocytes after muscle degeneration 

I n t h e p r e s e n t s t u d y , m a s s i v e m u s c l e d e g e n e r a t i o n w a s o b s e r v e d 

a f te r t h e a m p u t a t i o n o f t h e l egs , f o l l o w e d b y a n e x t e n s i v e i n f l u x o f 

p h a g o c y t i c h e m o c y t e s t h a t r e m o v e d a l a r g e a m o u n t o f m u s c l e f i b e r s a n d 

o t h e r o r g a n e l l e s s u c h as m i t o c h o n d r i a p r o d u c e d d u r i n g d e g e n e r a t i o n i n 

t h e w o u n d . W e o b s e r v e d p h a g o c y t i c h e m o c y t e s w i t h d i f f e r i n g n u m b e r s 

o f g r a n u l e s i n t h e i r c y t o p l a s m a n d n o t e d t h a t p h a g o c y t i c h e m o c y t e s 

i n c o r p o r a t e n e c r o t i c b o d i e s r e s u l t e d f r o m d e g e n e r a t e d m u s c l e s to t h e i r 

o r g a n e l l e s , s u c h as c y t o p l a s m i c g r a n u l e s a n d n u c l e u s . 

P h a g o c y t o s i s i s a n i m p o r t a n t i m m u n e f u n c t i o n u s e d f o r e l i m i n a t i n g 

p a t h o g e n s as w e l l as c e l l d e b r i s ( J i r a v a n i c h p a i s a l e t a l . , 2 0 0 6 ) . H o w e v e r , 

t h e t r u e p h a g o c y t i c r o l e o f d i f f e r e n t h e m o c y t e t y p e s i s u n c l e a r , e v e n i n 

v e r y c l o s e l y r e l a t e d spe c i e s . F o r e x a m p l e , i n c r a b s G C s a n d S G C s the 

p h a g o c y t i c a c t i v i t y c o m p a r e d t o t h e H C s w a s r e l a t i v e l y l i m i t e d ( L v et a l . , 

2 0 1 4 ; M a t o z z o a n d M a r i n , 2 0 1 0 ; S o d e r h a l l e t a l . , 1 9 8 6 ) . T h e S G C s a n d 

G C s i n p e n a e i d s h r i m p s w e r e r e p o r t e d t o b e t h e m a i n t y p e s o f h e m o c y t e s 

t h a t i n g e s t y e a s t ( G a r g i o n i a n d B a r r a c c o , 1 9 9 8 ) . Y e t , a s t u d y o f t h e t i g e r 

S h r i m p P. monodon c o n c l u d e d t h a t H C s w e r e t h e o n l y t y p e o f h e m o c y t e s 

t h a t e n g u l f e d l a t e x b e a d s ( S u n g a n d S u n , 2 0 0 2 ) . F u r t h e r m o r e , a m o r e 

r e c e n t s t u d y o f t h e c r a y f i s h Cherax quadricarinatus r e p o r t e d S G C s a n d 

G C s as t h e m a i n p h a g o c y t i c h e m o c y t e s ( L i e t a l . , 2 0 1 8 ) . I n s o m e e a r l y 

l i t e r a t u r e o n f r e s h w a t e r c r a y f i s h , S G C s w e r e i d e n t i f i e d as t h e m a i n 

p h a g o c y t i c c e l l s a n d G C s as n o n - p h a g o c y t i c c e l l s , w h i l e i n c r a b s H C s 

w e r e f o u n d to b e t h e m a i n p h a g o c y t i c c e l l s ( S m i t h a n d S o d e r h a l l , 1 9 8 3 ; 

S o d e r h a l l e t a l . , 1 9 8 6 ) . A s t u d y o f t h e f r e s h w a t e r c r a y f i s h A . leptodactylus 

s h o w e d t h a t h e m o c y t e s o f a l l t h r e e t y p e s p a r t i c i p a t e d i n t h e p h a g o c y ­

tos is o f f o r e i g n p a r t i c l e s , w i t h S G C s b e i n g t h e m a i n p h a g o c y t i c c e l l s . 

( G i u l i a n i n i e t a l . , 2 0 0 7 ) . I n a d d i t i o n , a m o r e r e c e n t s t u d y o f c r a y f i s h 

h e m o c y t e s h a s s u g g e s t e d t h a t a l l t h r e e t y p e s a r e f u n c t i o n a l l y a c t i v e as 

p h a g o c y t i c c e l l s a t d i f f e r e n t d e v e l o p m e n t a l s t ages ( L i e t a l . , 2 0 2 1 ) . O u r 

o b s e r v a t i o n s s h o w e d t h a t g r a n u l a r h e m o c y t e s a r e t h e m a i n h e m o c y t e s 

t h a t a c t i v e l y i n g e s t n e c r o t i c b o d i e s r e s u l t i n g f r o m m u s c l e d e g e n e r a t i o n . 

S u c h d i s p a r i t y i n t h e a b o v e - m e n t i o n e d s t u d i e s m a y b e d u e t o d i f f e r e n c e s 

b e t w e e n s p e c i e s a n d e x p e r i m e n t a l c o n d i t i o n s (e .g. in vitro), m o r p h o ­

l o g i c a l c h a n g e s i n h e m o c y t e s a f t e r t h e w i t h d r a w a l o f h e m o l y m p h s a m ­

p l e s (e .g. c h a n g e s i n t h e p H o f t h e h e m o l y m p h ) , o r d i f f e r i n g 

d e v e l o p m e n t a l s tages i n t h e t e s t e d a n i m a l s . 

M u s c l e d e g e n e r a t i o n a t t h e s i t e o f t h e i n j u r y a p p e a r s t o b e a n i n i t i a l 

s tage o f w o u n d h e a l i n g a n d l i m b g e n e r a t i o n . It i s k n o w n t h a t , l i k e o t h e r 

d e c a p o d s , c r a y f i s h a r e a b l e t o r e g e n e r a t e t h e i r l i m b s a f t e r a m p u t a t i o n . 

T h e r e f o r e , m u s c l e d e g e n e r a t i o n a n d t h e s u b s e q u e n t c l e a r a n c e o f t h e 

l e f t o v e r t i s s u e b y t h e p h a g o c y t i c h e m o c y t e s m i g h t b e a n e s s e n t i a l 
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Fig. 11. A - C . Transmiss ion e l ec t ron mic rographs of a 
phagocyt ic large g ranu locy te t rapp ing several mi to ­
chondr i a f r om degenerated musc l e t issue in phag­
osomes 5 - 1 0 m i n after amputa t i on . No te the 
numerous new ly absorbed e lectron-dense part ic les 
ins ide the cy top lasmic granules (wh i t e arrowheads) 
i n F igure A . The higher magn i f i ca t i on micrographs 
show (Fig. B) the absorpt ion o f e lectron-dense part i ­
cles (wh i t e c i rc les and w h i t e square) f rom phag­
osomes (P), and thei r t ransportat i on and 
incorpora t i on in to cy top lasmic granules i n the 
phagocyt ic hemocy te o f P. virginalis after l imb 
amputa t i on and musc l e degenerat ion. The ye l l ow-
h igh l i gh ted area i n F i gure C shows one o f the paths 
a long w h i c h e lectron-dense part ic les are t ransported 
f r om the phagosome in to the cy top lasmic granules. N , 
nuc leus ; P, phagosome. 

p r o c e s s f o r o p e n i n g s p a c e f o r t h e a r r i v a l , a g g r e g a t i o n , a n d p r o l i f e r a t i o n 

o f t h e s t e m c e l l s n e e d e d d u r i n g t h e p r o c e s s o f l i m b r e g e n e r a t i o n . 

T h e i n c o r p o r a t i o n o f t h e m a t e r i a l f r o m t h e p h a g o s o m e i n t o t h e o r ­

g a n e l l e s o f t h e h e m o c y t e c a n i n c r e a s e t h e s i z e a n d n u m b e r o f g r a n u l e s i n 

t h e c y t o p l a s m a n d s u b s e q u e n t l y c h a n g e t h e m o r p h o l o g y o f t h e w h o l e 

c e l l . A s t u d y o f P. leptodactylus d e m o n s t r a t e d t h a t t h e n u m b e r o f c y t o ­

p l a s m i c m i c r o t u b u l e s i n t h e h e m o c y t e s t r a n s f o r m e d a f t e r i n j u r y w e r e 

a b l e t o e n g u l f m a t e r i a l f r o m d i s i n t e g r a t i n g m u s c l e f i b e r s ( B r a n i s l a v 

U h r i k a n d Z a c h a r o v a , 1 9 8 9 ) . T h i s p o s s i b i l i t y h a s a l s o b e e n s u g g e s t e d b y 

p r e v i o u s s t u d i e s o f i n s e c t s ( B r e h e l i n et a l . , 1 9 7 8 ; R a v i n d r a n a t h , 1 9 8 0 ) . 

I n a s i m i l a r o b s e r v a t i o n , a n in vitro c u l t u r e o f c r a y f i s h h e m a t o p o i e t i c 

t i s s u e w i t h m u s c l e t i s s u e e x t r a c t f r o m t h e s a m e a n i m a l c a n r e s u l t i n 

d i f f e r e n t i a t i o n o f h e m o c y t e s w i t h h i g h e r g r a n u l a r c o n t e n t s ( L i e t a l . , 

2 0 1 9 ) . T h i s c o u l d b e t h e r e s u l t o f t h e p h a g o c y t i z i n g o f m a t e r i a l s f r o m 

m u s c l e e x t r a c t t h a t a r e i n c o r p o r a t e d i n t o h e m o c y t e s o r g a n e l l e s a n d 

i n c r e a s e d h e m o c y t e g r a n u l a r i t y . T h e s e f i n d i n g s s u g g e s t t h a t h e m o c y t e s 

a r e a b l e to r e c y c l e m a t e r i a l f r o m d e g e n e r a t i n g c e l l s a n d s t o r e i t i n t h e i r 

o r g a n e l l e s f o r f u t u r e use , p o s s i b l y f o r use as p a r t o f t h e i r o t h e r f u n c t i o n s 

s u c h as c o a g u l a t i o n , i m m u n e r e a c t i o n , a n d r e g e n e r a t i o n . 

T h e r e f o r e , t h e p h a g o c y t o s i s p r o c e s s c a n a f f ec t c e l l m o r p h o l o g y b y 

i n c o r p o r a t i n g e x t e r n a l m a t e r i a l i n t o t h e c y t o p l a s m a n d n u c l e u s , w h i c h 

m a y i n c r e a s e t h e n u m b e r a n d s i z e o f t h e g r a n u l e s i n t h e c e l l . 

m o r p h o l o g i c a l c h a n g e s i n h e m o c y t e s o c c u r r i n g d u r i n g c o a g u l a t i o n a n d 

p h a g o c y t o s i s a f t e r i n j u r y i n a d e c a p o d . O u r o b s e r v a t i o n s s h o w e d t h a t 

c y t o p l a s m i c g r a n u l e s e x p a n d a n d r e l e a s e t h e i r c o n t e n t s i n t o t h e e x t r a ­

c e l l u l a r s p a c e f o r t h e p u r p o s e o f c o a g u l a t i o n . T h e c o n t e n t s o f t h e n u c l e u s 

a r e a l s o d i s c h a r g e d a n d p a r t i c i p a t e i n t h e p r o c e s s o f c o a g u l a t i o n . 

I n a d d i t i o n , w e o b s e r v e d f o r t h e first t i m e t h a t t h e t i n y e l e c t r o n -

d e n s e p a r t i c l e s r e s u l t i n g f r o m d e g e n e r a t i n g m u s c l e t i s sues a r e i n g e s t e d 

a n d i n c o r p o r a t e d i n t o t h e g r a n u l e s a n d o t h e r c e l l u l a r c o m p o n e n t s o f 

h e m o c y t e v i a p h a g o c y t o s i s . T h e r e f o r e , i t is p o s s i b l e t h a t a f t e r p h a g o ­

c y t o s i s t h e m o r p h o l o g y o f h e m o c y t e s s u b s t a n t i a l l y c h a n g e s a n d these 

c e l l s b e c o m e m o r e g r a n u l a r . 

T h e r e f o r e , t h e d r a s t i c m o r p h o l o g i c a l c h a n g e s t h a t o c c u r d u r i n g 

c o a g u l a t i o n a n d p h a g o c y t o s i s c a n s i g n i f i c a n t l y a l t e r h e m o c y t e 

m o r p h o l o g y s u c h t h a t t h e y c a n b e c o n f u s e d w i t h o t h e r t y p e s o f h e m o ­

cy t e s t h a t e x i s t i n c i r c u l a t i o n . F o r e x a m p l e , d e g r a n u l a t e d h e m o c y t e s i n 

t h e i r e n d s t age o n l y h a v e a l e f t - o v e r n u c l e i , w h i c h m a y h a v e b e e n 

c o n f u s e d w i t h h y a l i n o c y t e s i n s o m e p r e v i o u s s t u d i e s . 

It is h o p e d t h a t t h e r e s u l t s p r e s e n t e d h e r e w i l l e n h a n c e o u r u n d e r ­

s t a n d i n g o f t h e p h y s i o l o g i c a l r o l e o f h e m o c y t e s i n c o a g u l a t i o n a n d 

p h a g o c y t o s i s d u r i n g e a r l y s tages o f a n i n j u r y a n d h e l p c l a r i f y s o m e o f t h e 

u n c e r t a i n t i e s t h a t e x i s t r e g a r d i n g t h e t y p e s a n d d e v e l o p m e n t o f h e m o ­

cy t e s i n d e c a p o d s . 

5. C o n c l u s i o n s E t h i c a l s ta tement 

T h e p r e s e n t in situ e x p e r i m e n t d e s c r i b e d i n d e t a i l a l l t h e s tages o f t h e A l l e x p e r i m e n t a l p r o c e d u r e s i n v o l v i n g c r a y f i s h w e r e c o n d u c t e d i n 
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Fig. 12. Schemat ic i l lus t ra t i on dep i c t ing a phago­
cyt ic g ranu locy te at the site o f degenerat ing musc le 
that has t rapped several m i t o c h o n d r i a f rom the 
degenerat ing musc l e i n phagosomes. The in te rna l i zed 
necrot ic bodies i n the phagosome, i.e. the m i t o chon ­
d r i a and musc l e t issue f ibers, resul ted f rom the 
degenerated musc l e tissue. The in t e rna l i z ed bodies 
are degraded in to sma l l e lectron-dense part ic les, 
w h i c h are m o v e d (b lack arrows) and incorpora ted 
in to other c e l lu l a r components such as granules and 
nuc leus , b r o w n a r rowhead = m i t o chond r i a ; gray 
a r rowhead = degenerated musc l e f ibers; b lack 
a r rowhead = e lectron-dense particles. 

a c c o r d a n c e w i t h t h e p r i n c i p l e s o f l a b o r a t o r y a n i m a l c a r e , t h e n a t i o n a l 

l a w s a n d r e g u l a t i o n s o n a n i m a l w e l f a r e 2 4 6 / 1 9 9 2 , a n d t h e i n s t i t u t i o n a l 

a n i m a l c a r e g u i d e l i n e s o f t h e F a c u l t y o f F i s h e r i e s a n d P r o t e c t i o n o f 

W a t e r s o f t h e U n i v e r s i t y o f S o u t h B o h e m i a i n České Budě jov ice . A l l ef­

f o r t s w e r e m a d e t o m i n i m i z e a n i m a l s u f f e r i n g . 
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H e m o l y m p h is the c i rcu la tory f lu id that fills the body cav i ty o f crustaceans, analogous to b lood i n vertebrates. 
H e m o l y m p h coagulat ion , s imi la r to b l ood c lo t t ing i n vertebrates, p lays a c ruc i a l ro le i n w o u n d hea l ing and 
innate i m m u n e responses. Despite extensive studies o n the c lo t t ing process i n crustaceans, n o comparat ive 
quant i tat ive analysis o f the prote in compos i t i on o f non-c lot ted and c lot ted h e m o l y m p h i n any decapod has been 
reported. In this study, we used label-free prote in quant i f i ca t ion w i t h h igh-reso lut ion mass spectrometry to 
identi fy the proteomic prof i le o f h e m o l y m p h i n crayf ish and quanti fy s igni f icant changes i n prote in abundances 
between non-c lot ted and c lo t ted hemo l ymph . Our analysis ident i f i ed a total o f two-hundred and nineteen pro­
teins i n both h e m o l y m p h groups. Furthermore , we discussed the potent ia l functions o f the top most h i g h and 
low-abundant proteins i n h e m o l y m p h proteomic prof i le . The quant i ty o f most o f the proteins was no t s igni f i -
candy changed du r ing coagu la t ion between non-c lot ted and c lo t ted h e m o l y m p h , w h i c h may ind icate that 
c lo t t ing proteins are l i k e l y pre-synthesized, a l l ow ing for a swift coagulat ion response to in jury . Four proteins st i l l 
showed abundance differences (p < 0 .05, fo ld change>2) , i n c l u d i n g C-type l e c t in doma in-conta in ing proteins, 
L a m i n i n A cha in , T ropomyos in , and Reverse transcriptase doma in-conta in ing proteins. W h i l e the first three 
proteins were down-regulated, the last one was up-regulated. The down-regu la t ion o f s t ructura l and cytoskeletal 
proteins may affect the process of hemocyte degranulat ion needed for coagu la t ion , w h i l e the up-regulat ion of an 
immune-re la ted prote in m i gh t be at tr ibuted to the phagocytosis ab i l i t y o f v iab le hemocytes d u r i n g coagulat ion. 

1. In t roduc t i on 

C r u s t a c e a n s possess a n o p e n c i r c u l a t o r y s y s t e m i n w h i c h 

h e m o l y m p h — a c i r c u l a t o r y f l u i d — f i l l s t h e b o d y c a v i t y a n d s u r r o u n d s 

o r g a n s ( G r u b h o f f e r e t a l . , 2 0 1 3 ) . H e m o l y m p h s e r v e s as a n e x c h a n g e 

m e d i u m for t r a n s p o r t i n g n u t r i e n t s , o x y g e n , a n d h o r m o n e s a n d a l s o for 

s t o r i n g a m i n o a c i d s , f a c i l i t a t i n g d e v e l o p m e n t , w o u n d h e a l i n g , a n d 

i n n a t e i m m u n i t y ( V a z q u e z e t a l . , 2 0 0 9 ) . T h e h e m o l y m p h c o n t a i n s b o t h 

c e l l u l a r c o m p o n e n t s — h e m o c y t e s — a n d ce l l - f r e e p l a s m a , w h i c h c a r r y 

o u t v a r i o u s d e f e n c e f u n c t i o n s i n c l u d i n g c o a g u l a t i o n , p h a g o c y t o s i s , 

e n c a p s u l a t i o n , n o d u l a t i o n , m e l a n i z a t i o n , t h e a c t i v a t i o n o f a n t i m i c r o b i a l 

p e p t i d e s ( A M P s ) a n d t h e p r o p h e n o l o x i d a s e s y s t e m ( p r o P O ) ( J i r ­

a v a n i c h p a i s a l et a l . , 2 0 0 6 ; M e n g a l e t a l . , 2 0 2 3 a , 2 0 2 3 b ) . 

I n c r u s t a c e a n s , h e m o l y m p h c o a g u l a t i o n , a n a l o g o u s t o b l o o d c l o t t i n g 

i n v e r t e b r a t e s , p l a y s a n i m p o r t a n t r o l e i n w o u n d h e a l i n g a n d i m m u n e 

r e a c t i o n s ( J u n k u n l o e t a l . , 2 0 2 0 ; S o d e r h a l l a n d S m i t h , 1 9 8 6 ; S r i c h a r o e n 

et a l . , 2 0 0 5 ; T h e o p o l d e t a l . , 2 0 0 4 ) . T h e c l o t a c t s as a p h y s i c a l b a r r i e r 

t h a t h e l p s to p r e v e n t t h e s p r e a d o f p a t h o g e n s , w h i l e t h e h e m o c y t e s 

r e l e a s e a n t i m i c r o b i a l p e p t i d e s t h a t h e l p t o k i l l o r i n h i b i t t h e g r o w t h o f 

i n v a d i n g p a t h o g e n s a n d p r e v e n t t h e i r e n t r y i n t o t h e h e m o c o e l ( M e n g a l 

e t a l . , 2 0 2 3 a , 2 0 2 3 b ) . I n c r u s t a c e a n s , h e m o l y m p h c o a g u l a t i o n is a c h ­

i e v e d t h r o u g h a c o m b i n a t i o n o f c e l l u l a r ( h e m o c y t e s ) a n d n o n - c e l l u l a r 

( p l a s m a ) c o m p o n e n t s . C l o t t i n g f a c t o r s a r e s t o r e d i n t r a c e l l u l a r l y i n 

g r a n u l e s , w h i l e c l o t t i n g p r o t e i n i s p r e s e n t i n t h e e x t r a c e l l u l a r m i l i e u , i . 

e., p l a s m a ( H a l l e t a l . , 1 9 9 9 ; J u n k u n l o e t a l . , 2 0 2 0 ) . U n l i k e i n o t h e r 

n o n - c r u s t a c e a n i n v e r t e b r a t e s , t h e c o a g u l a t i o n r e a c t i o n i n c r u s t a c e a n s 
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does n o t i n v o l v e a p r o t e o l y t i c c a s c a d e . T h e r e l e a s e o f t r a n s g l u t a m i n a s e 

f r o m h e m o c y t e s i n t o t h e h e m o l y m p h is s u f f i c i e n t t o i n i t i a t e c l o t t i n g 

p r o t e i n p o l y m e r i z a t i o n i n t h e p r e s e n c e o f c a l c i u m i o n s , r e s u l t i n g i n th e 

f o r m a t i o n o f t h e c l o t ( T h e o p o l d et a l . , 2 0 0 4 ; Y e h et a l . , 1 9 9 9 ; H a l l e t a l . , 

1 9 9 9 ; KOPÁČEK e t a l . , 1 9 9 3 ) . 

T h e g r a n u l e s o f h e m o c y t e s a r e d e n s e l y p a c k e d w i t h c l o t t i n g f a c t o r s , 

as w e l l as s e v e r a l d e f ense m o l e c u l e s , i n c l u d i n g t r a n s g l u t a m i n a s e 

( TGase ) , v a r i o u s a n t i m i c r o b i a l p e p t i d e s , a n d c o m p o n e n t s o f t h e p r o P O 

s y s t e m ( J u n k u n l o et a l . , 2 0 2 0 ; S o d e r h a l l a n d S m i t h , 1 9 8 6 ; S r i c h a r o e n 

et a l . , 2 0 0 5 ) . T h e p r o P O s y s t e m i s a n e s s e n t i a l c o m p o n e n t o f t h e i m ­

m e d i a t e i m m u n e r e s p o n s e i n c r u s t a c e a n s , a n d i t i s a l s o s t o r e d i n th e 

h e m o c y t e g r a n u l e s i n a n i n a c t i v e s tate . T h e p r o P O s y s t e m c a u s e s the 

d e g r a n u l a t i o n a n d l y s i s o f h e m o c y t e s , l e a d i n g t o t h e r e l e a s e o f m o r e 

p r o P O c o m p o n e n t s a n d T G a s e ( S m i t h a n d S o d e r h a l l , 1 9 8 3 ) . H o w e v e r , i t 

is w o r t h n o t i n g t h a t t h e p r o P O s y s t e m a n d t h e c l o t t i n g r e a c t i o n d o n o t 

s h a r e a c o m m o n a c t i v a t i o n p a t h w a y ( H a l l et a l . , 1 9 9 9 ) . T h e p r o P O 

s y s t e m i s a c t i v a t e d b y a p r o t e o l y t i c c a s c a d e t r i g g e r e d b y m i c r o b i a l 

p o l y s a c c h a r i d e s ( S o d e r h a l l a n d C e r e n i u s , 1 9 9 8 ; S o d e r h a l l e t a l . , 1 9 9 6 ) . 

P r o t e o m i c a p p r o a c h e s a r e p o w e r f u l t o o l s for i d e n t i f y i n g a n d q u a n ­

t i f y i n g p r o t e i n s i n v o l v e d i n c o m p l e x b i o l o g i c a l p rocesses . S e v e r a l p r o -

t e o m i c s s t u d i e s h a v e b e e n r e p o r t e d t o i d e n t i f y d i f f e r e n t i a l l y a b u n d a n t 

p r o t e i n s i n t h e p r o f i l e s o f t h e h e m o c y t e s o f c r u s t a c e a n s a g a i n s t i n ­

f e c t i o n s ( H a v a n a p a n et a l , 2 0 1 9 ; H o u et a l , 2 0 1 6 , 2 0 2 0 ; L i e t a l . , 2 0 1 4 ; 

S u n et a l . , 2 0 1 7 ) . A d d i t i o n a l l y , p r o t e o m i c s r e s e a r c h h a s b e e n c a r r i e d o u t 

o n c r a y f i s h h e m o c y t e s to d e t e c t m a r k e r p r o t e i n s s p e c i f i c to c e r t a i n he ­

m o c y t e t ypes . F o r e x a m p l e , a s t u d y e m p l o y i n g 2 - D e l e c t r o p h o r e s i s o n 

s e m i - g r a n u l a r a n d g r a n u l a r h e m o c y t e s o f t h e s i g n a l c r a y f i s h , Pacifasta­

cus leniusculus, i d e n t i f i e d a K a z a l - t y p e p r o t e a s e i n h i b i t o r (KP I ) s p e c i f i c t o 

s e m i - g r a n u l a r c e l l s a n d a s u p e r o x i d e d i s m u t a s e e x c l u s i v e t o g r a n u l a r 

h e m o c y t e s ( W u et a l . , 2 0 0 8 ) . M o r e o v e r , a c o m p a r a t i v e p r o t e o m e a n a l ­

y s i s w a s p e r f o r m e d b e t w e e n s t e m c e l l s a n d m a t u r e h e m o c y t e s i n 

P. leniusculus, r e v e a l i n g s e v e r a l n o v e l p u t a t i v e b i o m a r k e r s f o r c e l l d i f ­

f e r e n t i a t i o n a n d c e l l - s p e c i f i c p r o t e i n s ( S o d e r h a l l a n d J u n k u n l o , 2 0 1 9 ) . 

P r e v i o u s s t u d y h a s a l s o i n v e s t i g a t e d p u r i f i e d c o m p o n e n t s i n v o l v e d i n 

c o a g u l a t i o n , s u c h as t h e p l a s m c l o t t i n g p r o t e i n i n P. leniusculus ( H a l l 

e t a l . , 1 9 9 9 ) . H o w e v e r , p r o t e o m i c i n v e s t i g a t i o n s i n d e c a p o d c r u s t a c e a n s 

h a v e b e e n h a m p e r e d d u e t o i n s u f f i c i e n t g e n o m i c d a t a a v a i l a b i l i t y 

( G i a n a z z a et a l . , 2 0 2 1 ) . W h i l e p r o t e o m i c s t u d i e s o n h e m o c y t e s a n d he ­

m o l y m p h u n d e r v a r i o u s t r e a t m e n t c o n d i t i o n s h a v e e n h a n c e d o u r u n ­

d e r s t a n d i n g o f t h e h e m o c y t e a n d h e m o l y m p h p r o t e o m e , a 

c o m p r e h e n s i v e c o m p a r a t i v e p r o t e o m i c a n a l y s i s o f n o n - c l o t t e d a n d 

c l o t t e d h e m o l y m p h i s r e q u i r e d t o f u l l y e l u c i d a t e t h e p r o t e o m i c c h a n g e s 

tha t o c c u r d u r i n g c o a g u l a t i o n . 

T h e p a r t h e n o g e n i c m a r b l e d c r a y f i s h Procambarus virginalis is 

c o n s i d e r e d a m o d e l spe c i e s f o r s t u d y i n g v a r i o u s b i o l o g i c a l a spec t s i n 

d e c a p o d c r u s t a c e a n s , s u c h as m i c r o s c o p i c a n a t o m y , t o x i c o l o g y , ep i g e -

n e t i c s , p h y s i o l o g y , a n d d e v e l o p m e n t , as w e l l as for h u m a n c a n c e r 

r e s e a r c h ( G r e a v e s a n d M a l e y , 2 0 1 2 ; K o r et a l . , 2 0 2 3 a , 2 0 2 3 b ; S c h o l t z 

e t a l . , 2 0 0 3 ) . 

I n t h i s s t u d y , w e u s e d a l a b e l - f r e e p r o t e o m i c s a p p r o a c h w i t h h i g h -

r e s o l u t i o n m a s s s p e c t r o m e t r y to i d e n t i f y p r o t e i n s i n t h e p r o t e o m i c 

p r o f i l e o f P. virginalis. O u r g o a l w a s t o i d e n t i f y p r o t e i n s w i t h p o t e n t i a l 

r o l e s i n c o a g u l a t i o n a n d i m m u n i t y i n d e c a p o d c r u s t a c a e n s . W e a l s o 

q u a n t i f i e d t h e p r o t e o m i c c h a n g e s b e t w e e n n o n - c l o t t e d a n d c l o t t e d he ­

m o l y m p h t o b e t t e r u n d e r s t a n d t h e m o l e c u l a r f u n c t i o n s o f c r u c i a l p r o ­

t e ins c o n t r i b u t i n g t o c o a g u l a t i o n a n d i m m u n e r e sponses . 

2. Ma te r i a l s a n d methods 

2.1. Experimental animals 

I n t e r m o l t m a r b l e d c r a y f i s h P. virginalis w i t h a c a r a p a c e l e n g t h 

r a n g i n g f r o m 3 to 5 c m w e r e s e l e c t e d f r o m t h e l a b o r a t o r y c u l t u r e a t t h e 

F a c u l t y o f F i s h e r i e s a n d P r o t e c t i o n o f W a t e r s , U n i v e r s i t y o f S o u t h 

B o h e m i a i n České Budějov ice . S i x h e a l t h y a n d i n t a c t i n d i v i d u a l s w e r e 

c h o s e n f o r t h e e x p e r i m e n t T h e a n i m a l s w e r e k e p t i n a q u a r i a w i t h i n a 
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r e c i r c u l a t i o n s y s t e m at a c o n s t a n t t e m p e r a t u r e o f 2 1 - 2 2 °C a n d w e r e f ed 

ad libitum w i t h f r o z e n c h i r o n o m i d l a r v a e a n d s l i c e d c a r r o t s . 

2.2. Collection of hemolymph 

A s t e r i l e 1 m L s y r i n g e fitted w i t h a 2 5 G n e e d l e w a s u s e d to c o l l e c t at 

l eas t 1 0 0 u L o f h e m o l y m p h f r o m t h e p e r i c a r d i a l s i n u s o f t h e c r a y f i s h . 

H a l f o f t h e o b t a i n e d h e m o l y m p h f r o m e a c h a n i m a l w a s i m m e d i a t e l y 

i n s e r t e d i n t o l i q u i d n i t r o g e n as c o n t r o l . T h e r e s t o f t h e h e m o l y m p h w a s 

a l l o w e d to c o a g u l a t e a t r o o m t e m p e r a t u r e f o r 1 h , a n d t h e n c l o t s a m p l e s 

w e r e fixed i n l i q u i d n i t r o g e n . A l l s a m p l e s w e r e t h e n s t o r e d a t — 8 0 °C 

u n t i l s u b s e q u e n t a n a l y s i s . 

2.3. Protein and peptide extraction for mass spectrometry 

T h e h e m o l y m p h s a m p l e s ( n — 1 2 , s i x n o n - c l o t t e d a n d s i x c l o t t ed ) 

w e r e d i s s o l v e d i n 9 0 u l l y s i s b u f f e r ( 1 % s o d i u m d o d e c y l s u l f a t e (SDS ) 

a n d 2 0 m M t r i s [ h y d r o x y m e t h y l ] a m i n o e t h a n e ( T r i s ) , ( p H — 7 .55 ) a n d 

h o m o g e n i z e d o n i c e b y p r o b e s o n i c a t i o n w i t h B r a n s o n D i g i t a l Soni f ier® 

2 5 0 - D ( B r a n s o n U l t r a s o n i c s C o r p o r a t i o n , D a n b u r y , U S A ) u s i n g 6 0 % 

a m p l i t u d e , 5s p u l s e o n x 5 c y c l e s a n d 5s p u l s e o f f x 5 c y c l e s . T h e s a m p l e s 

w e r e t h e n c e n t r i f u g e d ( E p p e n d o r f b e n c h t o p c e n t r i f u g e ) to r e m o v e 

d e b r i s a n d t h e s u p e r n a t a n t , c o n t a i n i n g p r o t e i n s , w a s r e c o v e r e d . T h e 

p r o t e i n s w e r e q u a n t i f i e d u s i n g P i e r c e B C A p r o t e i n a s s a y k i t ( T h e r m o 

F i s h e r S c i e n t i f i c , G e r m a n y ) . 

2.4. HILIC clean-up and on-bead protein digestion 

T h e p r o t e i n s w e r e first r e d u c e d w i t h 1 0 m M d i t h i o t h r e i t o l ( D T T ) f o r 

4 5 m i n a t r o o m t e m p e r a t u r e . T h i s w a s f o l l o w e d b y a l k y l a t i o n w i t h 4 0 

m M i o d o a c e t a m i d e ( I A A ) for 4 5 m i n i n t h e d a r k . F i n a l l y , I A A w a s 

q u e n c h e d w i t h D T T to a c h i e v e a final c o n c e n t r a t i o n o f 2 0 m M . F i f t y ug 

o f p r o t e i n s w e r e u s e d f o r h y d r o p h i l i c i n t e r a c t i o n l i q u i d c h r o m a t o g r a p h y 

(H I L IC ) ( R e S y n B i o s c i e n c e s , S o u t h A f r i c a ) c l e a n - u p a n d a u t o m a t e d 

p r o t e i n o n - b e a d d i g e s t i o n u s i n g K i n g F i s h e r F l e x ( T h e r m o F i s h e r S c i e n ­

t i f i c , G e r m a n y ) i n a 9 6 - w e l l f o r m a t , as d e s c r i b e d p r e v i o u s l y ( S i i n o et a l . , 

2 0 2 2 ) . 

B r i e f l y , t h e a u t o m a t e d p r o c e d u r e i n v o l v e d t h e f o l l o w i n g steps: 

m a g n e t i c m i c r o s p h e r e s ( 1 : 1 0 p r o t e i m b e a d s r a t i o ) w e r e i n c u b a t e d a n d 

e q u i l i b r a t e d i n e q u i l i b r a t i o n bu f f e r ( 1 5 % a c e t o n i t r i l e ( A C N ) , 1 0 0 m M 

a m m o n i u m ace t a t e ( N H 4 A c ) , p H — 4 .5 ) ; p r o t e i n s a m p l e s w e r e i n c u ­

b a t e d i n b i n d i n g bu f f e r ( 3 0 % A C N , 2 0 0 m M N H 4 A c , p H = 4 .5 ) w h e r e 

p r o t e i n s b i n d t o H I L I C b eads . T o r e m o v e u n s p e c i f i c p r o t e i n s , t h e b e a d s 

w e r e t h e n w a s h e d t w i c e i n 9 5 % A C N . B e a d s - b i n d i n g p r o t e i n s w e r e t h e n 

i n c u b a t e d w i t h t r y p s i n ( S eq g r a d e , P r o m e g a A B ) a t a r a t i o o f 2 0 : 1 p r o -

t e i m t r y p s i n d i s s o l v e d i n 5 0 m M a m m o n i u m b i c a r b o n a t e f o r l h a t 4 7 °C. 

A f t e r w a r d s p e p t i d e s w e r e r e c o v e r e d f r o m t h e p l a t e a n d d r i e d i n a 

S p e e d v a c ( T h e r m o F i s h e r S c i e n t i f i c , G e r m a n y ) p r i o r to C I 8 d e s a l t i n g 

p r o c e d u r e . 

P e p t i d e d e s a l t i n g p r o c e d u r e w a s c a r r i e d o u t u s i n g B i oPureSPN™ 

M i n i , P R O T O 3 0 0 C I S ( T h e N e s t G r o u p , Inc . , M A , U S A ) . C o l u m n s w e r e 

e q u i l i b r a t e d w i t h 1 0 0 u l 7 0 % A C N , 5 % f o r m i c a c i d ( F A ) a n d t h e n c o n ­

d i t i o n i n g w a s p e r f o r m e d u s i n g 1 0 0 u l 5 % F A . N e x t , s a m p l e s w e r e 

r e s u s p e n d e d i n 1 0 0 u l 5 % F A a n d l o a d e d i n t o t h e c o l u m n . C o l u m n w a s 

w a s h e d w i t h 1 0 0 u l 5 % F A a n d c l e a n e d p e p t i d e s w e r e e l u t e d u s i n g 1 0 0 

\A 5 0 % A C N , 5 % F A . A l l c e n t r i f u g a t i o n s teps w e r e c a r r i e d o u t u s i n g a n 

E p p e n d o r f b e n c h - t o p c e n t r i f u g e a t 5 0 xg f o r 2 m i n . C l e a n e d p e p t i d e s 

w e r e d r i e d a n d s t o r e d a t — 2 0 °C p r i o r t o q u a n t i f i c a t i o n a n d i n j e c t i o n 

i n t o t h e m a s s s p e c t r o m e t e r . 

2.5. NanoLC mass spectrometry 

C l e a n e d p e p t i d e d i g e s t s w e r e r e s u s p e n d e d i n 0 . 1 % F A a n d q u a n t i f i e d 

u s i n g t h e N a n o D r o p 1 0 0 0 ( T h e r m o F i s h e r S c i e n t i f i c , G e r m a n y ) . F o u r 

h u n d r e d n g p e p t i d e s w e r e i n j e c t e d t h r o u g h a n E v o S e p ( O n e L C s y s t e m 

E v o S e p , D e n m a r k ) c o u p l e d w i t h a Q E x a c t i v e H F - X m a s s s p e c t r o m e t e r 

-60-
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( T h e r m o F i s h e r S c i e n t i f i c , G e r m a n y ) o p e r a t i n g i n p o s i t i v e i o n m o d e f o r 

d a t a - d e p e n d e n t a c q u i s i t i o n ( D D A ) . T h e a n a l y t i c a l c o l u m n w a s 1 5 c m 

l o n g f u s e d s i l i c a c a p i l l a r y ( 7 5 f i m " 1 6 c m P i c o T i p E m i t t e r , N e w 

O b j e c t i v e ) , p a c k e d i n - h o u s e w i t h C 1 8 m a t e r i a l R e p r o S i l - P u r 1.9 [ im (D r . 

M a i s c h G m b H , G e r m a n y ) . P e p t i d e s w e r e s e p a r a t e d u s i n g t h e 5 8 - m i n 

w h i s p e r m e t h o d . A t o p 2 0 m e t h o d w a s u s e d f o r t h e M S d a t a a c q u i s i ­

t i o n , w i t h a n a u t o m a t i c g a i n c o n t r o l t a r g e t v a l u e o f 3 x 1 0 6 i o n s w i t h a 

m a x i m u m f i l l t i m e o f 5 0 m s a n d a t a r g e t r e s o l u t i o n o f 1 2 0 0 0 0 a n d a s c a n 

r a n g e f r o m 3 7 5 t o 1 5 0 0 m / z f o r t h e M S I s c a n s . C h a r g e 2 - 6 i o n s w e r e 

s e l e c t e d f o r M S / M S u s i n g h i g h e r e n e r g y c o l l i s i o n - i n d u c e d d i s s o c i a t i o n 

f r a g m e n t a t i o n ( N C E 2 7 ) , w i t h 1 5 , 0 0 0 F W H M r e s o l u t i o n a n d a t a r g e t o f 

1 x 1 0 5 i o n s w i t h a m a x i m u m i n j e c t i o n t i m e o f 2 0 m s u s i n g a n i s o l a t i o n 

w i n d o w o f 1.2 m / z . 

2.6. Mass spectrometry data processing 

M a x Q u a n t ( w w w . m a x q u a n t . o r g , v e r s i o n 1 .6 .17 .0 ) w a s u s e d t o p r o ­

cess a l l M S r a w f i l e s . F i l e s w e r e s e a r c h e d a g a i n s t t h e Procambarus e n t r i e s 

i n U n i P r o t as o f 2 0 2 1 1 1 2 2 a n d t h e P. pvirginalis_04 d a t a b a s e ( G u t e k u n s t 

e t a l . , 2 0 1 8 ) u s i n g t h e f o l l o w i n g p a r a m e t e r s : c a r b a m i d o m e t h y l a t i o n o f 

c y s t e i n e s w a s se t as f i x e d m o d i f i c a t i o n a n d o x i d a t i o n o f m e t h i o n i n e a n d 

p r o t e i n N - t e r m i n a l a c e t y l a t i o n as v a r i a b l e m o d i f i c a t i o n s . D e f a u l t p a ­

r a m e t e r s w e r e u s e d , i n c l u d i n g p r e c u r s o r m a s s e r r o r t o l e r a n c e 4 . 5 p p m 

a n d m o n o i s o t o p i c f r a g m e n t s m a s s e r r o r t o l e r a n c e 0 . 0 2 D a a n d p r o t e i n 

f i l t e r i n g a t F D R 0 . 0 1 . 

T h e p r o t e i n i n t e n s i t y v a l u e s f r o m t h e r e s u l t i n g p r o t e i n g r o u p s f i l e 

w e r e l o g 2 - t r a n s f o r m e d a n d n o r m a l i z e d u s i n g N o r m a l y z e r D E ( W i l l f o r s s 

et a l . , 2 0 1 9 ) . C y c l i c L o e s s n o r m a l i z a t i o n w a s d e e m e d t h e m o s t s u i t a b l e 

n o r m a l i z a t i o n m e t h o d b a s e d o n t h e m e t r i c s i n t h e r e p o r t a n d b e c a u s e i t 

ad jus t s f o r s y s t e m a t i c d i f f e r e n c e s i n a b u n d a n c e b e t w e e n s a m p l e s at 

d i f f e r e n t a b u n d a n c e l e v e l s ( B a l l m a n e t a l . , 2 0 0 4 ; S m y t h , 2 0 0 5 ) . T h e 

t r a n s f o r m e d d a t a w e r e u s e d f o r p r o t e i n d i f f e r e n t i a l a b u n d a n c e a n a l y s i s , 

a n d d i f f e r e n t i a l a b u n d a n c e w a s c a l c u l a t e d u s i n g t h e e m p i r i c a l B a y e s 

m o d e r a t e d t-test ( L i m m a ) b e t w e e n t h e c o n t r o l a n d c l o t h e m o l y m p h 

s a m p l e s i n t h e N o r m a l y z e r D E w e b i n t e r f a c e ( W i l l f o r s s e t a l . , 2 0 1 9 ) . A 

p - v a l u e o f l ess t h a n 0 . 0 5 a n d f o l d c h a n g e o f m o r e t h a n t w o w e r e 

c o n s i d e r e d s i g n i f i c a n t . P r o t e i n s e q u e n c e s w i t h u n k n o w n f u n c t i o n s w e r e 

a n n o t a t e d w i t h a B L A S T ( B a s i c L o c a l A l i g n m e n t S e a r c h T o o l ) s e a r c h i n 

the U n i v e r s a l P r o t e i n R e s o u r c e ( U n i P r o t , h t t p s : / / w r w w . u n i p r o t . o r g / ) 

d a t a b a s e t o o b t a i n h o m o l o g o u s s e q u e n c e s f o r c h a r a c t e r i z e d p r o t e i n s . 

2.7. Gene Ontology (GO) and Protein interaction analysis 

T h e l i s t o f i d e n t i f i e d p r o t e i n s i n t h e h e m o l y m p h s a m p l e s w a s s u b ­

j e c t e d to G O f u n c t i o n a l e n r i c h m e n t a n a l y s i s u s i n g t h e S h i n y G O ( v 0 . 7 7 ) 

a p p l i c a t i o n t o o l ( b i o i n f o r m a t i c s . s d s t a t e . e d u / g o ) ( G e et a l . , 2 0 1 9 ) . T h e 

a n a l y s i s w a s p e r f o r m e d w i t h t h e d e f a u l t ' B e s t m a t c h i n g s p e c i e s ' o p t i o n , 

a n d t h e e n r i c h e d G O d o t p l o t c h a r t s f o r b i o l o g i c a l p r o c e s s e s a n d c e l l u l a r 

c o m p o n e n t s w e r e s e l e c t e d f o r t h e s u b m i t t e d l i s t o f g enes . T h e fa lse 

d i s c o v e r y r a t e ( F D R ) c u t o f f f o r p r e d i c t i o n s w a s set a t 0 . 0 5 . S h i n y G O 

c a l c u l a t e s F D R b a s e d o n t h e n o m i n a l p - v a l u e f r o m t h e h y p e r g e o m e t r i c 

test. 

T h e p r o t e i n - p r o t e i n i n t e r a c t i o n ( PP I ) a n a l y s i s w a s p e r f o r m e d u s i n g 

t h e S T R I N G ( v l l . 5 ) ( h t t p s : / / s t r i n g - d b . o r g / ) w e b s e r v e r . N o d e s i n t h e 

n e t w o r k a r e c o n n e c t e d w i t h c o l o r l i n e s t h a t r e p r e s e n t e v i d e n c e - b a s e d 

i n t e r a c t i o n s f o r t h e n e t w o r k edges , i n c l u d i n g " k n o w n i n t e r a c t i o n s " 

b a s e d o n e x p e r i m e n t a l l y d e t e r m i n e d c u r a t e d d a t a b a s e s a n d " p r e d i c t e d 

i n t e r a c t i o n s " b a s e d o n g e n e n e i g h b o r h o o d , g e n e c o - o c c u r r e n c e , g e n e 

f u s i o n , t e x t m i n i n g , p r o t e i n h o m o l o g y , o r c o - e x p r e s s i o n . 

T h e p r o t e o m e p r o f i l i n g o f h e m o l y m p h s a m p l e s i n P. virginalis w a s 

c a r r i e d o u t u s i n g a m a s s s p e c t r o m e t r y - b a s e d w o r k f l o w , w h i c h is 

d e p i c t e d i n F i g . 1. 

V • ' . ň 
Crayfish hemolymph 

D G O Ú ' 

\ 4 » » » ' . / 

HILIC automated protein digestior 
MS/MS DDA 

Bioinformatic: 

Fig. 1. A schemat ic ove rv i ew of the mass spectrometry (MS)-based w o r k f l o w 
used for proteome pro f i l ing o f the non-c lot ted and c lo t ted h e m o l y m p h samples. 
In this work f l ow , an automated sample prepara t i on pro toco l was e m p l o y e d 
us ing MagReSyn® HILIC magnet ic microspheres for pro te in c lean-up and on -
bead d igest ion. 

s e a r c h i n t h e P. virginalis n o n - c l o t t e d a n d c l o t t e d h e m o l y m p h ( S u p p l e ­

m e n t a r y T a b l e 1 ) . A m o n g t h e m , f o u r p r o t e i n s e x h i b i t e d s i g n i f i c a n t 

c h a n g e s (p < 0 . 0 5 , f o l d c h a n g e >2 ) d u r i n g c l o t f o r m a t i o n , i n c l u d i n g 

t h r e e d o w n - r e g u l a t e d p r o t e i n s ( C - t y p e l e c t i n d o m a i n - c o n t a i n i n g p r o ­

t e ins , l a m i n i n A c h a i n , a n d t r o p o m y o s i n ) a n d o n e u p - r e g u l a t e d p r o t e i n 

( r e v e r s e t r a n s c r i p t a s e d o m a i n - c o n t a i n i n g p r o t e i n ) ( F i g . 2 ) . T o o b t a i n a n 

a d e q u a t e e s t i m a t i o n o f p r o t e i n a b u n d a n c e s , t h e h i g h a n d l o w - a b u n d a n t 

p r o t e i n s w e r e s o r t e d b a s e d o n t h e i r p r o t e i n s i g n a l ( i n t e n s i t y ) v a l u e s . 

F u r t h e r m o r e , p r o t e i n s t h a t p l a y a v i t a l r o l e i n c o a g u l a t i o n a n d i n n a t e 

i m m u n i t y w e r e s c r e e n e d a n d d i s c u s s e d . T h e t o p t h i r t y m o s t h i g h a n d 

l o w - a b u n d a n t p r o t e i n s i d e n t i f i e d i n h e m o l y m p h a r e l i s t e d i n T a b l e 1. 

T h e r e s u l t s o f t h e G O b i o l o g i c a l p r o c e s s a n d c e l l u l a r c o m p o n e n t s a r e 

s h o w n i n F i g . 3 , a n d t h e r e s u l t s o f p r o t e i n n e t w o r k i n t e r a c t i o n s a r e 

s h o w n i n F i g . 4. 

T h e p r o t e o m i c a n a l y s i s o f n o n - c l o t t e d a n d c l o t t e d s a m p l e s r e v e a l e d 

t h a t t h e a b u n d a n c e s o f m o s t p r o t e i n s r e m a i n e d u n c h a n g e d d u r i n g t h e 

c o a g u l a t i o n p r o c e s s . T h i s sugges t s t h a t m o s t o f t h e p r o t e i n s r e q u i r e d f o r 

t h e c o a g u l a t i o n p r o c e s s a r e p r e - s y n t h e s i z e d a n d s t o r e d b e f o r e c l o t for ­

m a t i o n . D i f f e r e n t m e c h a n i s m s o f c o a g u l a t i o n h a v e b e e n p r o p o s e d f o r 

c r u s t a c e a n s , i n c l u d i n g t h e T y p e C m e c h a n i s m , w h i c h i n v o l v e s r a p i d 

h e m o c y t e d e g r a n u l a t i o n o r l y s i s a n d i m m e d i a t e p l a s m a c l o t t i n g d u e t o 

the r e l e a s e o f c l o t t i n g f a c t o r s ( P e r d o m o - M o r a l e s e t a l . , 2 0 1 9 ) , as w e 

o b s e r v e d i n o u r e a r l i e r u l t r a s t r u c t u r a l s t u d y o f c o a g u l a t i o n i n c r a y f i s h 

( M e n g a l e t a l . , 2 0 2 3 a ) . C r u s t a c e a n s possess r o b u s t c l o t t i n g m e c h a n i s m s 

d u e t o t h e i r o p e n c i r c u l a t o r y s y s t e m . O u r p r o t e o m i c s r e s u l t s s u g g e s t t h a t 

c l o t t i n g f a c t o r s a r e p r e - s y n t h e s i z e d a n d s t o r e d i n h e m o c y t e g r a n u l e s a n d 

p l a s m a , f a c i l i t a t i n g a r a p i d r e s p o n s e t o w o u n d s . U p o n i n j u r y , these 

c l o t t i n g f a c t o r s a r e i m m e d i a t e l y r e l e a s e d a n d a c t o n c l o t t i n g p r o t e i n s i n 

p l a s m a , r e s u l t i n g i n c l o t f o r m a t i o n ( J u n k u n l o e t a l . , 2 0 1 8 ) . S y n t h e s i z i n g 

n e w p r o t e i n s n e e d e d f o r c o a g u l a t i o n a f t e r a n i n j u r y c a n be 

t i m e - c o n s u m i n g , p a r t i c u l a r l y i n d e c a p o d s w i t h a n o p e n c i r c u l a t o r y 

s y s t e m w h e r e b l e e d i n g c a n b e l i f e - t h r e a t e n i n g . T h i s m a y e x p l a i n w h y 

o n l y a f e w p r o t e i n s s i g n i f i c a n t l y c h a n g e d d u r i n g c l o t t i n g , m o s t l y b e i n g 

d o w n - r e g u l a t e d . 

T h r e e p r o t e i n s , n a m e l y , C - t y p e l e c t i n d o m a i n - c o n t a i n i n g p r o t e i n s , 

L a m i n i n A c h a i n , a n d T r o p o m y o s i n , w e r e d o w n - r e g u l a t e d , w h i l e o n e 

p r o t e i n , c a l l e d R e v e r s e t r a n s c r i p t a s e d o m a i n - c o n t a i n i n g p r o t e i n w a s 

s i g n i f i c a n t l y u p - r e g u l a t e d d u r i n g c l o t f o r m a t i o n . A d d i t i o n a l l y , w e h a v e 

i d e n t i f i e d a n d d i s c u s s e d t h e k e y p r o t e i n s i n v o l v e d i n h e m o l y m p h c l o t ­

t i n g a n d i m m u n i t y f r o m t h e t o p t h i r t y m o s t h i g h a n d l o w - a b u n d a n t 

p r o t e i n s i n t h e p r o t e o m e p r o f i l e o f h e m o l y m p h . 

3. Resu l t s a n d d i s cus s i on 

T w o - h u n d r e d a n d n i n e t e e n p r o t e i n s w e r e i d e n t i f i e d b y M a x Q u a n t 
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Fig. 2. The bar graphs o f the no rma l i z ed abundances o f prote ins that were s igni f icant ly down-regu la ted (A - C ) o r up-regulated (D) d u r i n g c lo t t ing . The prote ins i n 
each pane l are as fo l lows: (A) C-type l ec t in doma in - con ta in ing prote ins , (B) L a m i n i n A cha in , and (C) T ropomyos in . Pane l (D) shows Reverse transcr iptase d o m a i n -
con ta in ing prote in . The no rma l i z ed abundances are presented as mean ± s. e.m. 

3.1. Differentially abundant proteins identified in hemolymph of marbled 

crayfish 

3.1.1. C-type lectin domain-containing proteins 

C - t y p e l e c t i n d o m a i n - c o n t a i n i n g p r o t e i n s ( C T L s ) a r e a d i v e r s e f a m i l y 

o f p r o t e i n s t h a t p l a y i m p o r t a n t r o l e s i n t h e i m m u n e s y s t e m a n d c o a g u ­

l a t i o n p r o c e s s o f c r u s t a c e a n s ( L u o e t a l . , 2 0 1 9 ; V i a n a e t a l . , 2 0 2 2 ) . T h e s e 

p r o t e i n s a r e k n o w n t o h a v e a C - t y p e l e c t i n d o m a i n , w h i c h i s a 

c a r b o h y d r a t e - b i n d i n g d o m a i n t h a t r e c o g n i z e s s p e c i f i c s u g a r m o l e c u l e s 

o n t h e s u r f a c e o f p a t h o g e n s k n o w n as p a t h o g e n - a s s o c i a t e d m o l e c u l a r 

p a t t e r n s ( P A M P s ) ( L u o et a l , 2 0 1 9 ) . T h e e x i s t i n g s h r i m p t r a n s c r i p t o m e 

d a t a h a v e r e v e a l e d a t l e a s t s e v e n d i f f e r e n t t y p e s o f l e c t i n , c o m p r i s i n g 

C - t ype , M - t y p e , L - t y p e , P - t y p e , l e c t i n s w i t h f i b r i n o g e n - l i k e d o m a i n s , 

c a l n e x i n / c a l r e t i c u l i n , a n d g a l e c t i n s ( W a n g a n d W a n g , 2 0 1 3 ) . 

I n t h e i m m u n e s y s t e m o f c r u s t a c e a n s , C T L s h a v e b e e n s h o w n t o p l a y 

a r o l e i n t h e r e c o g n i t i o n a n d c l e a r a n c e o f p a t h o g e n s a n d h e m a g g l u t i ­

n a t i o n . F o r e x a m p l e , a r e c o m b i n a n t l e c t i n L v L e c , w h e n u s e d i n w h i t e l e g 

s h r i m p Litopenaeus vannamei, s i g n i f i c a n t l y i m p r o v e d t h e p h a g o c y t i c 

a b i l i t i e s o f h e m o c y t e s , e n h a n c e d p h e n o l o x i d a s e , b a c t e r i o l y t i c a n d 

h e m a g g l u t i n a t i n g a c t i v i t i e s ( L i e t a l . , 2 0 2 2 ) . A n o t h e r s t u d y o f t h e m u d 

c r a b Scylla paramamosain s h o w e d i n c r e a s e d a n t i b a c t e r i a l a n d 

c a l c i u m - d e p e n d e n t a g g l u t i n a t i o n a c t i v i t y a g a i n s t b o t h G r a m - p o s i t i v e 

a n d G r a m - n e g a t i v e b a c t e r i a i n t h e C - t y p e l e c t i n ( d e s i g n a t e d as F c - h s L ) 

t r e a t e d g r o u p a f t e r a b a c t e r i a l c h a l l e n g e ( S u n et a l . , 2 0 0 8 ) . F u r t h e r ­

m o r e , t h e C - t y p e - l e c t i n ( d e s i g n a t e d as H j C L ) i n t h e J a p a n e s e b u l l h e a d 

s h a r k Heterodontus japonicus c a u s e d a g g l u t i n a t i o n o f t h e b a c t e r i a l 

p a t h o g e n Edwardsiella tarda a n d p r o m o t e d i m m e d i a t e b l o o d c l o t t i n g 

( T s u t s u i e t a l . , 2 0 1 4 ) . T h i s i m p l i e s t h a t C T L s m a y s e r v e a r o l e i n c o a g ­

u l a t i o n a n d as p a t t e r n r e c o g n i t i o n r e c e p t o r s i n a n t i m i c r o b i a l d e f ense i n 

c r u s t a c e a n s . F u r t h e r m o r e , as o b s e r v e d i n o u r e a r l i e r s t u d y o f c o a g u l a ­

t i o n , h e m o c y t e s u n d e r g o e x c e s s i v e d e g r a n u l a t i o n , w h i c h r e s u l t s i n c e l l 

l y s i s s i m i l a r t o a p o p t o s i s ( M e n g a l e t a l . , 2 0 2 3 a ) . It i s p o s s i b l e t h a t t h e 

a c t i v a t i o n o f a p o p t o t i c p a t h w a y s i n h e m o c y t e s m a y l e a d t o t h e c l e a v a g e 

a n d d e g r a d a t i o n o f C - t y p e l e c t i n s o r t h e i r a s s o c i a t e d s i g n a l i n g m o l e ­

c u l e s ; t h i s c o u l d b e o n e o f t h e r e a s o n s t h a t c o n t r i b u t e d t o t h e d o w n -

r e g u l a t i o n o f C - t y p e l e c t i n s d u r i n g c o a g u l a t i o n ; f u r t h e r r e s e a r c h is 

n e e d e d to c o n f i r m t h i s h y p o t h e s i s . 

3.1.2. Laminin a chain 

T h e L a m i n i n A c h a i n i s a c r i t i c a l c o m p o n e n t o f l a m i n i n , a s t r u c t u r a l 

p r o t e i n a b u n d a n t i n t h e e x t r a c e l l u l a r m a t r i x o f v a r i o u s t i s sues . L a m i n i n 

is c o m p o s e d o f a , p, a n d y c h a i n s , a n d b i n d i n g o f f u n c t i o n a l s e q u e n c e s 

l i k e t h e l a m i n i n a l p h a c h a i n t o c e l l u l a r r e c e p t o r s s u c h as t h e l a m i n i n 

r e c e p t o r i n i t i a t e s i n t r a c e l l u l a r s i g n a l i n g t h a t d r i v e s c e l l a c t i v i t i e s , s u c h 
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Table 1 

Un ip ro t accession numbers and names o f th i r ty most h i g h and l o w abundant 
prote ins i n the h e m o l y m p h o f marb l ed cray f i sh P. virginalis. 

High Abundant Proteins Low Abundant Proteins 

Accession Proteins Accession Proteins 
Number Number 

Developmental and Comparative Immunology 147 (2023) 104760 

Table 1 (continued) 

High Abundant Proteins Low Abundant Proteins 

Accession Proteins Accession Proteins 
Number Number 

[NAD(P)(+)J (EC 
1.4.1.3) 

A0A4S2KIX4 Histone H2A A0A423T909 Anti-
lipopolysaccharide 
factor isoform 6 

A0A3R7PKU8 Histone H2B F5A6E1 40S ribosomal 
protein SI 8 

A0A3R7MUX2 Melanization interactin A0A1D2MJK0 Putative peptidase 
protein CI-like protein 

F26E4.3 

as a d h e s i o n , m i g r a t i o n , g r o w t h , a n d d i f f e r e n t i a t i o n ( C a s t r o n o v o , 1 9 9 3 ; 

S u z u k i e t a l . , 2 0 0 5 ) . S t u d i e s o f l a m i n i n r e c e p t o r p r o t e i n s ( L a m r ) h a v e 

b e e n c o n d u c t e d i n c r u s t a c e a n s . T h e R N A i - m e d i a t e d k n o c k d o w n o f 

P v L a m r i n P. vannamei r e s u l t e d i n 1 0 0 % m o r t a l i t y w i t h i n 9 d a y s a n d a 

s u b s t a n t i a l d e c r e a s e i n p e r i p h e r a l h e m o c y t e n u m b e r s , t h o u g h th e 

m e c h a n i s m b e h i n d t h e h e m o c y t e r e d u c t i o n w a s u n c l e a r ( S e n a p i n e t a l . , 

2 0 1 0 ) . O u r p r e v i o u s u l t r a s t r u c t u r a l s t u d y o f c o a g u l a t i o n a l s o s h o w e d 

t h a t h e m o c y t e s u n d e r g o e x c e s s i v e d e g r a n u l a t i o n , l e a d i n g t o h i g h l e v e l s 

o f h e m o c y t e l y s i s a n d c e l l d e a t h ( M e n g a l e t a l . , 2 0 2 3 a ) . T h e s e o b s e r ­

v a t i o n s s u g g e s t t h a t t h e d o w n r e g u l a t i o n o f t h e L a m i n i n A c h a i n d u r i n g 

c o a g u l a t i o n m a y b e l i n k e d to t h e d e g r a n u l a t i o n a n d c e l l l y s i s o f h e m o ­

cy t es . A n o t h e r s t u d y o f L. vannamei r e v e a l e d t h a t k n o c k d o w n o f L a m r 

s i g n i f i c a n t l y r e d u c e d e x p r e s s i o n o f c r u s t a c e a n h e m a t o p o i e t i c f a c t o r 

( C H F ) - l i k e p r o t e i n a n d h e m o c y t e h o m e o s t a s i s - a s s o c i a t e d p r o t e i n 

( H H A P ) , s u g g e s t i n g L a m r ' s r o l e i n s h r i m p h e m o c y t e h o m e o s t a s i s 

t h r o u g h i n t e r a c t i o n w i t h C H F - l i k e a n d H H A P p r o t e i n s ( C h a r o e n s a p s r i 

e t a l . , 2 0 1 5 ) . F u r t h e r m o r e , t h e d a t a f r o m h u m a n s k i n c e l l s s u g g e s t t h a t 

l a m i n i n L G 4 - 5 - d e r i v e d p e p t i d e s c a n i m p r o v e w o u n d h e a l i n g a n d e x h i b i t 

b r o a d a n t i m i c r o b i a l a c t i v i t y ( S e n y i i r e k e t a l . , 2 0 1 4 ) . L a m i n i n h a s a l s o 

b e e n i m p l i c a t e d i n r e g u l a t i n g c o r e c e l l b e h a v i o r s r e q u i r e d f o r w o u n d 

r e p a i r a n d a n g i o g e n e s i s ( I o r i o e t a l . , 2 0 1 5 ) . A l t h o u g h t h e a n t i m i c r o b i a l 

p r o p e r t i e s o f l a m i n i n i n c r u s t a c e a n s h a v e b e e n w e l l d o c u m e n t e d 

( B u s a y a r a t e t a l . , 2 0 1 1 ; L i u et a l . , 2 0 1 6 , 2 0 1 8 ) , i t s r o l e i n c o a g u l a t i o n 

a n d w o u n d h e a l i n g i s l ess e x p l o r e d . It i s p o s s i b l e t h a t t h e s t r u c t u r a l 

p r o t e i n ( L a m i n i n ) m a y b e r e s p o n s i b l e f o r m a i n t a i n i n g c e l l i n t e g r i t y a n d 

r e t a i n i n g g r a n u l e s w i t h i n h e m o c y t e s . W h e n i t is d o w n r e g u l a t e d d u r i n g 

a n i n j u r y , d e g r a n u l a t i o n i s f a c i l i t a t e d , r e s u l t i n g i n t h e r e l e a s e o f g r a n u l e 

c o n t e n t a n d t h e f o r m a t i o n o f c l o t s . P r e s u m a b l y , t h e n o n - s p e c i f i c p r o ­

t eases/pep t i d a s e s m a y f a c i l i t a t e t h e s e l e c t i v e d e g r a d a t i o n o f l a m i n i n 

p r o t e i n s , w h i c h c o u l d r e s u l t i n i t s o b s e r v e d d o w n - r e g u l a t i o n . T h e s e 

p r o t e o l y t i c e n z y m e s m a y s e l e c t i v e l y c l e a v e a n d d e g r a d e e x t r a c e l l u l a r 

m a t r i x p r o t e i n s l i k e l a m i n i n , p o t e n t i a l l y t h r o u g h a n a s - y e t - u n k n o w n 

m e c h a n i s m . F u r t h e r r e s e a r c h i s n e e d e d t o u n d e r s t a n d t h i s m e c h a n i s m 

d u r i n g c o a g u l a t i o n . 

3.1.3. Tropomyosin 

T r o p o m y o s i n ( T p m ) is a p r o t e i n t h a t p r i m a r i l y r e g u l a t e s m u s c l e 

c o n t r a c t i o n i n a n i m a l s . It a c t s as a m a s t e r r e g u l a t o r o f c y t o s k e l e t a l 

p r o t e i n s ( G u n n i n g e t a l . , 2 0 1 5 ) , w h i c h p l a y a c r u c i a l r o l e i n c e l l a d h e ­

s i o n , m i g r a t i o n , p h a g o c y t o s i s , a n d w o u n d r e p a i r ( C o w i n , 2 0 0 6 ) . 

I n c r u s t a c e a n s , T p m p l a y s a k e y r o l e i n i n n a t e i m m u n i t y b y 

c o n t r i b u t i n g t o t h e p r o c e s s o f p h a g o c y t o s i s . It s e r v e s as a n i m p o r t a n t 

c o m p o n e n t o f t h e R a b - C o m p l e x t h a t r e g u l a t e s p h a g o c y t o s i s i n c r u s t a ­

c e a n s ( W u et a l . , 2 0 0 8 ) . I n k u r u m a p r a w n Penaeus japonicus, t h e R N A i 

a n d m R N A assays r e v e a l e d t h a t t h e R a b - C o m p l e x , a p r o t e i n c o m p l e x 

c o n s i s t i n g o f t h e P j R a b , t r o p o m y o s i n , a n d (3-actin a n d a w h i t e s p o t 

s y n d r o m e v i r u s ( W S S V ) e n v e l o p p r o t e i n V P 4 6 6 , r e g u l a t e s a n t i - v i r a l 

p h a g o c y t o s i s ( W u et a l . , 2 0 0 8 ) . I n t h i s c o m p l e x , t h e R a b 6 p r o t e i n c a n 

r e g u l a t e t h e h e m o c y t i c p h a g o c y t o s i s , w i t h t r o p o m y o s i n s e r v i n g as a 

c r u c i a l c o m p o n e n t ( Y e et a l . , 2 0 1 2 ) . T h e i n t e r a c t i o n o f T p m w i t h L c R a c l 

w a s a l s o f o u n d t o b e v i t a l t o p h a g o c y t o s i s i n l a r g e y e l l o w c r o a k e r 

A0A142BZ28 Hemocyanin subunit 2 

A0A3R7NPL9 Hemocyanin subunit L2 

A0A142BZ27 Hemocyanin subunit 1 

A0A5N5TD50 Hemocyanin A chain 

A0A5N5TE88 

Q6RG02 

A0A5B7CMF4 

A0A386H740 

A0A5B7DUJ6 

P00761 

A0A3R7Q123 

A0A3R7MB02 

A0A075BUH1 

A0A423SGT1 

Hemocyanin A chain 

Vitellogenin [Cleaved 
into: Vitellin] 
Beta-1,3 -glucan-binding 
protein 

Clotting protein 

Hemocyanin A chain 

Trypsin (EC 3.4.21.4) 

Hemocyanin 

Hemocyanin 

Hemocyanin 2 

Hemocyanin subunit L3 

A0A386H7H6 Pacifastin heavy chain 

A0A1C6ZZL7 

A0A386H7I6 

A0A423TS71 

A0A0M4J5L0 
A0A423SB75 

A0A7T5Y1V8 

A0A318TCI9 

A0A3R7QXB9 
A0A2P1JJ65 

A0A346QR93 

A0A3R7N8L8 

A0A5B7HTA5 

Vitellogenin 

Alpha-2-macroglobulin-
like protein isoform 3 

WD_REPEATS_REGION 
domain-containing 
protein 

Beta-actin 
Vitellogenin 

Prophenoloxidase 

Apolipoprotein A1/A4/E 
domain-containing 
protein 

Laccase 1 
Protein-glutamine 
gamma-
glutanryltransferase (EC 
2.3.2.13) 
Prophenoloxidase (EC 
1.14.18.-) 

Pl-crustin 2 (Type la 
crustin cruIa-6) 

Peroxisomal assembly 
protein PEX3 

A0A3R7MK72 

A0A5B9GCL9 

A0A423U6P8 

A0A423TC99 

A0A5B9GAH5 

A0A2J7Q0E5 

A0A3R7MWT2 

A0A3R7SIW3 

A0A423TBN8 

A0A5N5TJF1 

K7QPA1 

A0A3R7QZR3 

A0A5N5T2M7 

A0A3R7NUJ0 

A0A423TE44 

A0A3R7QHC4 

A0A5B7E1N1 

A0A3R7SZS6 

A0A5B7FG04 
A0A3R7NDA8 

A0A5B7CPW0 

A0A5B7DQN7 

A0A5B7D8D5 
A0A5N5TMZ3 

A0A4Y6A8P8 

Putative RNA-
binding protein 4 
isoform X2 
Small nuclear 
ribonucleoprotein E 
(snRNP-E) (Sm 
protein E) 
Alpha2 
macroglobulin 
isoform 3 
Vitellogenin 
domain-containing 
protein 
Ferritin (EC 
1.16.3.1) 
Beta-glucuronidase 
(EC 3.2.1.31) 
Putative teneurin-3-
like 
Putative serine 
proteinase inhibitor 
RNA helicase (EC 
3.6.4.13) 
Alpha-actinin, 
sarcomeric 
Small ubiquitin-
related modifier 
(SUMO) 
Alpha-mannosidase 
(EC 3.2.1.) 
Cartilage oligomeric 
matrix protein 
Putative rho GDP-
dissociation 
inhibitor 2 
Fibril-forming 
collagen alpha 
chain-like 
Catalase (EC 
1.11.1.6) 
Eukaryotic 
translation 
initiation factor 5A 
(eIF-5A) 
Isocitrate 
dehydrogenase 
[NADP] (EC 
1.1.1.42) 
Secreted protein 
Tail muscle 
elongation factor 1 
gamma 
Laminin subunit 
beta-1 
Small nuclear 
ribonucleoprotein 
Sm Dl (snRNP core 
protein Dl) 
Annexin 
60S ribosomal 
protein L30 

Ubiquitin carboxyl-
terminal hydrolase 
(EC 3.4.19.12) 
Heterogeneous 
nuclear 
ribonucleoprotein K 
glutamate 
dehydrogenase 

5 
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(A) Pos. reg. of synapse maturation 
Reg. of synapse maturation 

Intermediate filament organization 
Pos. reg. of neuron migration 

Peptide cross-linking 
Pos. reg. of long-term synaptic potentiation 

Intermediate filament-based process 
Cytoplasmic translation 

Epithelial cell proliferation 
Receptor-mediated endocytosis 

Translation 
Amide biosynthetic process 
Peptide metabolic process 

Supramolecular fiber organization 
Posttranscriptional reg. of gene expression 
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Cellular amide metabolic process 

Cellular nitrogen compound biosynthetic process 
Cellular component assembly 

• N. of Genes 

• • 2 
• 4 

• 6 
• • 8 

• 
i • i • i • 

-loglO(FDR) 
• 1 6 
w 1 - u 

• 1.8 
# 2.0 

V • 0 2.2 V • 
50 100 
Fold Enrichment 

150 

Fig. 3 . The dot-p lot char t represents the G O enr i ch ­
ment analys is for b i o l og i ca l processes (A) and ce l lu l a r 
components (B) o f the c o m m o n l y ident i f i ed proteins 
i n the non-c lot ted and c lo t ted h e m o l y m p h o f 
P. virginalis. The char t was created us ing S h i n y G O 
(v0.77). The b io l og i ca l processes and ce l lu l a r com­
ponents i n the x-axis are ranked by fo ld enr i chment 
values. The most s igni f icant processes are h i gh l i gh ted 
w i t h red dots and less s igni f icant ones w i t h b lue dots 
based o n the i r l o g lO (FDR ) values. Larger dots i n the 
graph correspond to a greater numbe r of proteins 
i n vo l v ed i n the b i o l og i ca l process or ce l lu la r compo­
n e n t (Deta i led in f o rmat i on depos i ted i n Supp lemen­
tary Table 2). (For interpretat ion o f the references to 
co lor i n this f igure legend, the reader is referred to 
the Web vers ion of this article. ) 
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Larimichthys crocea ( H a n et a l . , 2 0 1 9 ) . 

A d d i t i o n a l l y , t h e r o l e o f T m p i n w o u n d h e a l i n g h a s b e e n r e p o r t e d i n 

a m o u s e s t u d y . T h e s t u d y f o u n d t h a t d e l e t i o n o f t h e 9 D e x o n f r o m the 

TPM3/yTm t r o p o m y o s i n g e n e r e s u l t e d i n i m p r o v e d w o u n d h e a l i n g a n d 

i n c r e a s e d c e l l m i g r a t i o n , p o t e n t i a l l y d u e t o t h e a c t i v a t i o n o f p a x i l l i n / 

R a c s i g n a l i n g , s u g g e s t i n g T m p p l a y s a n i m p o r t a n t r o l e i n r e g u l a t i n g t h e 

t i m i n g o f c e l l m i g r a t i o n d u r i n g w o u n d h e a l i n g ( Lees et a l . , 2 0 1 3 ) . A n 

i n c r e a s e i n T m p l e v e l s w a s a l s o o b s e r v e d i n t h e h e m o l y m p h o f t h e 

M e d i t e r r a n e a n m u s s e l Mydlus galloprovinciaUs f o l l o w i n g a n i n d u c e d 

i n j u r y t o t h e a d d u c t o r m u s c l e . ( F r a n c o - M a r t i n e z e t a l . , 2 0 1 8 ) . T h e r e f o r e , 

T p m c a n r e g u l a t e a c t i n filament d y n a m i c s a n d c h a n g e c e l l m i g r a t i o n 

r a t e s , t h e r e b y a f f e c t i n g w o u n d h e a l i n g . H o w e v e r , i n o u r c u r r e n t s t u d y , 

T p m w a s s i g n i f i c a n t l y d o w n - r e g u l a t e d . T h i s m a y b e b e c a u s e t h e he ­

m o c y t e s i n v o l v e d i n c o a g u l a t i o n a r e c o n s u m e d i n t h e p r o c e s s ; as 

m e n t i o n e d b e f o r e , d u r i n g c o a g u l a t i o n , h e m o c y t e s u n d e r g o r a p i d 

d e g r a n u l a t i o n a n d e v e n t u a l l y a p o p t o s i s . T h u s , t h e d o w n - r e g u l a t i o n o f 

T p m , b e i n g a c y t o s k e l e t a l p r o t e i n , c o u l d r e s u l t i n t h e d e s t a b i l i z a t i o n o f 

h e m o c y t e s t r u c t u r e , p o t e n t i a l l y l e a d i n g to i t s l y s i s d u r i n g d e g r a n u l a t i o n 

a n d c o a g u l a t i o n . F u r t h e r r e s e a r c h i s n e e d e d to d e t e r m i n e t h e s p e c i f i c 

c a u s e o f t r o p o m y o s i n d o w n r e g u l a t i o n d u r i n g t h i s p r o c e s s . 

3.1.4. Reverse transcriptase domain-containing protein 

T h e r o l e o f r e v e r s e t r a n s c r i p t a s e d o m a i n - c o n t a i n i n g p r o t e i n ( R T D P ) 

i n i n v e r t e b r a t e s i s n o t w e l l u n d e r s t o o d a n d m a y v a r y d e p e n d i n g o n the 

o r g a n i s m . H o w e v e r , s o m e s t u d i e s h a v e s u g g e s t e d t h a t c e l l u l a r r e v e r s e 

t r a n s c r i p t a s e s ( R T s ) m a y p l a y a r o l e i n t h e i m m u n e r e s p o n s e o f i n ­

v e r t e b r a t e s . F o r e x a m p l e , i n i n s e c t s , c e l l u l a r R T a c t i v i t y h a s b e e n l i n k e d 

to t h e a c t i v a t i o n o f t h e R N A - m e d i a t e d i n t e r f e r e n c e ( R N A i ) p a t h w a y , 

w h i c h i n t u r n i n h i b i t s v i r a l r e p l i c a t i o n , s u g g e s t i n g a r o l e f o r R T i n th e 

d e f e n s e a g a i n s t v i r a l i n f e c t i o n s ( G o i c e t a l . , 2 0 1 3 ) . It h a s b e e n p r o p o s e d 

t h a t s h r i m p m a y a l s o u s e c e l l u l a r R T t o r e c o g n i z e f o r e i g n m R N A o f v i ­

r u s e s a n d i n t e g r a t e s h o r t c D N A s e q u e n c e s i n t o t h e i r g e n o m e s t h r o u g h 

i n t e g r a s e s , w h i c h c o u l d r e s u l t i n t h e p r o d u c t i o n o f i m m u n o s p e c i f i c R N A 

( i m R N A ) c a p a b l e o f s u p p r e s s i n g v i r a l p r o p a g a t i o n v i a R N A i n t e r f e r e n c e 

( R N A i ) ( F l e g e l , 2 0 0 9 ) . 

O u r s t u d y f o u n d t h a t R T D P w a s u p - r e g u l a t e d d u r i n g c l o t f o r m a t i o n 

i n P. virginalis h e m o l y m p h . D u r i n g c o a g u l a t i o n , m o s t h e m o c y t e s u n ­

d e r g o r a p i d d e g r a n u l a t i o n , r e l e a s i n g g r a n u l a r c o n t e n t s f o r c l o t f o r m a ­

t i o n , a n d s u b s e q u e n t l y d i e t h r o u g h a p o p t o s i s , w h i l e a d i s t i n c t g r o u p o f 

h e m o c y t e s m a i n t a i n t h e i r i n t e g r i t y a n d r e m a i n p h a g o c y t i c a l l y a c t i v e f o r 

a n e x t e n d e d p e r i o d , as n o t e d i n o u r e a r l i e r u l t r a s t r u c t u r a l s t u d y o f 

c o a g u l a t i o n a n d p h a g o c y t o s i s ( M e n g a l e t a l . , 2 0 2 3 a ) . C o n s i d e r i n g t h e 

i m m u n e - r e l a t e d r o l e s o f t h e r e v e r s e t r a n s c r i p t a s e d o m a i n - c o n t a i n i n g 

p r o t e i n , i t i s l i k e l y t h a t t h e u p - r e g u l a t i o n o f t h i s p r o t e i n d u r i n g c l o t ­

t i n g i s f r o m t h e p h a g o c y t i c h e m o c y t e s . T h e d o w n - r e g u l a t e d s t r u c t u r a l 

p r o t e i n s m a y b e a t t r i b u t e d t o t h e h e m o c y t e s t h a t d e g r a n u l a t e a n d 

e v e n t u a l l y u n d e r g o a p o p t o s i s . T h e s e p r o t e i n s m a i n l y h a v e s t r u c t u r a l 

f u n c t i o n s r e l a t e d t o h e m o c y t e i n t e g r i t y , w h i c h m a y h i n d e r t h e p r o c e s s o f 

d e g r a n u l a t i o n . T h e r e f o r e , t h e i r d o w n - r e g u l a t i o n m a y b e n e c e s s a r y f o r 

t h e r e l e a s e o f g r a n u l a r c o n t e n t s to f o r m t h e c l o t . S i n c e p r o t e i n s y n t h e s i s 

i s n o t p o s s i b l e i n s i d e t h e c e l l s t h a t h a v e a l r e a d y l y s e d as a r e s u l t o f 

d e g r a n u l a t i o n , t h u s , t h e u p - r e g u l a t e d p r o t e i n R T D P d u r i n g c l o t t i n g m a y 

b e a t t r i b u t e d to t h e s u r v i v i n g p h a g o c y t i c h e m o c y t e s t h a t s y n t h e s i z e t h i s 

p r o t e i n a n d p l a y i m m u n o l o g i c a l r o l e s i n p h a g o c y t o s i s . 

3.2. High-abundant proteins in the hemolymph proteomic profile 

S e v e r a l h i g h - a b u n d a n t p r o t e i n s w i t h c r i t i c a l r o l e s i n c l o t t i n g a n d th e 

i n n a t e i m m u n e s y s t e m o f c r u s t a c e a n s w e r e f o u n d i n b o t h n o n - c l o t t e d 

a n d c l o t t e d h e m o l y m p h s a m p l e s . I n t h e t o p 3 0 m o s t h i g h l y a b u n d a n t 
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Fig. 4. The prote in-prote in in terac t ion ne twork d i sp l ay ing the l ist o f ident i f i ed prote ins that were subjected to St r ing ( v l l . 5 ) analys is to revea l func t iona l i n ­
teract ions for the prote ins ob ta ined f r om h e m o l y m p h samples. Each node i n the ne twork represents a pro te in , and each edge represents an in terac t ion that was 
pred ic ted based o n the ava i lab le ev idence. (Deta i led in f o rmat i on depos i ted i n Supp lementary Tab le 3). 

p r o t e i n s , w e d i s c u s s e d t h e f u n c t i o n s o f s o m e o f t h e i m p o r t a n t o n e s 

b e l o w . T a b l e 1 p r o v i d e s a c o m p l e t e l i s t o f t h e t o p t h i r t y h i g h - a b u n d a n c e 

p r o t e i n s f o u n d i n t h e h e m o l y m p h . 

3.2.1. Clotting factors in the clot and hemolymph 

H e m o l y m p h c l o t t i n g i s a c r u c i a l i m m u n e r e s p o n s e i n v o l v i n g s o l u b l e 

a n d c e l l - d e r i v e d c l o t t i n g f a c t o r s . I n o u r c o m p a r a t i v e s t u d y o f h e m o ­

l y m p h c l o t t i n g , w e o b s e r v e d t h a t h e m o c y a n i n w a s c o n s i s t e n t l y t h e m o s t 

a b u n d a n t p r o t e i n i n b o t h g r o u p s w i t h o u t a n y s i g n i f i c a n t c h a n g e i n 

a b u n d a n c e . A d d i t i o n a l l y , w e i d e n t i f i e d o t h e r i m p o r t a n t c l o t t i n g f a c t o r s 

s u c h as C l o t t i n g p r o t e i n , V i t e l l o g e n i n [ C l e a v e d i n t o : V i t e l l i n ] , a n d B e t a -

1 , 3 - g l u c a n - b i n d i n g p r o t e i n . 

I n c r u s t a c e a n s , t h e c l o t t i n g p r o t e i n w a s f i r s t c l o n e d a n d c h a r a c t e r ­

i z e d i n c r a y f i s h ( H a l l e t a l . , 1 9 9 9 ) a n d l a t e r i n t i g e r s h r i m p Penaeus 

monodon ( Y e h et a l . , 1 9 9 9 ) . T h e c l o t t i n g p r o t e i n i s a h o m o d i m e r i c g l y -

c o l i p o p r o t e i n , s t r u c t u r a l l y s i m i l a r b u t d i s t i n c t f r o m v i t e l l o g e n i n a n d 

c o n t a i n s a s e q u e n c e s i m i l a r t o t h e D - d o m a i n o f m a m m a l i a n v o n W i l l e -

b r a n d ' s f a c t o r ( C e r e n i u s a n d S o d e r h a l l , 2 0 0 4 ) . I n t e r e s t i n g l y , b o t h 

v i t e l l o g e n i n a n d v o n W i l l e b r a n d ' s f a c t o r w e r e a l s o f o u n d i n o u r r e s u l t s . 

A d d i t i o n a l l y , w e i d e n t i f i e d a s t a k i n e 2 , a h e m a t o p o i e t i c c y t o k i n e t h a t h a s 

b e e n s h o w n t o i n h i b i t T G a s e a c t i v i t y a n d r e d u c e c l o t t i n g p r o t e i n 

c r o s s l i n k i n g i n c r a y f i s h ( S i r i k h a r i n et a l . , 2 0 1 7 ) t h a t p r o b a b l y r e g u l a t e s 

h e m a t o p o i e s i s a n d c o a g u l a t i o n i n c r u s t a c e a n s . T h e c l o t t i n g s y s t e m i n 

d e c a p o d s i s e f f i c i e n t a n d r a p i d d u e t o t h e p r e - e x i s t i n g s t o r a g e o f c l o t t i n g 

f a c t o r s i n g r a n u l o c y t e s a n d c l o t t i n g p r o t e i n s i n t h e p l a s m a . O u r L C / M S 

r e s u l t s d i d n o t r e v e a l a s i g n i f i c a n t d i f f e r e n c e i n c l o t t i n g f a c t o r l e v e l s 

b e t w e e n t h e n o n - c l o t t e d a n d c l o t t e d h e m o l y m p h s a m p l e s . T h i s sugges t s 

t h a t t h e m a j o r c l o t t i n g f a c t o r p r o t e i n s a r e n o t s y n t h e s i z e d d u r i n g t h e 

c l o t t i n g p r o c e s s b u t a r e p r e - s y n t h e s i z e d a n d s t o r e d i n t h e g r a n u l e s o f 

h e m o c y t e s a n d p l a s m a . T h e s e c l o t t i n g f a c t o r s c a n b e r a p i d l y r e l e a s e d 

f r o m g r a n u l e s w h e n n e e d e d t o f o r m a c l o t b a r r i e r as q u i c k l y as p o s s i b l e . 

H e m o c y t e s c a n s t o r e d i f f e r e n t c o m p o n e n t s n e c e s s a r y f o r c o a g u l a t i o n 

s e p a r a t e l y f r o m p l a s m a to a v o i d u n n e c e s s a r y c o a g u l a t i o n . 

3.2.2. Hemocyanin and prophenoloxidase 

H e m o c y a n i n ( H C ) i s a l a r g e , c o p p e r - c o n t a i n i n g p r o t e i n w h o s e p r i ­

m a r y f u n c t i o n i s t o b i n d , t r a n s p o r t , a n d s t o r e d i o x y g e n m o l e c u l e s i n th e 

h e m o l y m p h ( C o a t e s a n d N a i r n , 2 0 1 4 ; C o a t e s a n d C o s t a - P a i v a , 2 0 2 0 ) . 

A p a r t f r o m i t s t r a d i t i o n a l r o l e as a r e s p i r a t o r y p r o t e i n , h e m o c y a n i n h a s 

b e e n s h o w n t o e x h i b i t m u l t i p l e i m m u n o l o g i c a l p r o p e r t i e s . F o r e x a m p l e , 

H C u p o n a c t i v a t i o n , d i s p l a y s p h e n o l o x i d a s e a c t i v i t y i n c h e l i c e r a t e s , 

i n c l u d i n g B r a z i l i a n w h i t e k n e e t a r a n t u l Acanthoscurria geniculata ( S a n g -

g a a r d et a l . , 2 0 1 6 ) , h o r s e s h o e c r a b s Tachypleus tridentatus ( N a g a i a n d 

K a w a b a t a , 2 0 0 0 ) , a n d i n c r u s t a c e a n s , l i k e P. japonicus ( A d a c h i e t a l . , 

2 0 0 1 ) , a n d P. leniusculus ( L e e et a l . , 2 0 0 4 ) . M o r e o v e r , i t h a s b e e n re ­

p o r t e d t h a t H C p l a y s a r o l e i n i m m u n e m o d u l a t i o n b y i n t e r a c t i n g w i t h 

o t h e r s i g n a l i n g p a t h w a y s o r g e n e r a t i n g a n t i m i c r o b i a l i m m u n e m o l e ­

c u l e s ( C o a t e s a n d T a l b o t , 2 0 1 8 ) . F o r i n s t a n c e , H a v a n a p a n et a l . , 

d e m o n s t r a t e d t h a t i n Penaeus vannamei h e m o c y a n i n ' s C - t e r m i n a l u n ­

d e r g o e s s e r i n e p h o s p h o r y l a t i o n a n d b i n d s t o E R K 1 / 2 d u r i n g T a u r a 

s y n d r o m e v i r u s ( T S V ) i n f e c t i o n ( H a v a n a p a n et a l . , 2 0 0 9 ) . In 

P. leniusculus, a s t a c i d i n 1 - a p r o t e o l y t i c c l e a v a g e p r o d u c t o f 
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h e m o c y a n i n — h a s b e e n s h o w n t o h a v e a n t i b a c t e r i a l a c t i v i t y a g a i n s t b o t h 

G r a m - p o s i t i v e a n d G r a m - n e g a t i v e b a c t e r i a ( L e e et a l . , 2 0 0 3 ) . M o r e 

r e c e n t l y , H C h a s b e e n r e p o r t e d t o a c t as a p a t t e r n r e c o g n i t i o n r e c e p t o r 

( P R R ) , a c t i v a t i n g i n n a t e i m m u n i t y i n r e d s w a m p c r a y f i s h Procambarus 

clarkii ( Q i n et a l . , 2 0 1 8 ) . It h a s b e e n s h o w n t h a t h e m o c y a n i n i s a 

c o m p o n e n t o f g a m e t e s i n c r a y f i s h t h a t m i g h t b e e s s e n t i a l f o r t h e i r 

r e s p i r a t i o n a n d i m m u n i t y ( N i k s i r a t e t a l . , 2 0 1 4 , 2 0 1 5 ) . A d d i t i o n a l l y , t h e 

a n a l y s i s o f t h e c l o t p r o t e o m e r e v e a l e d t h a t h e m o c y a n i n c o n s t i t u t e s a 

s i g n i f i c a n t p o r t i o n o f t h e h e m o l y m p h c l o t i n A . geniculate!, s u g g e s t i n g i t s 

i n v o l v e m e n t i n t h e c o a g u l a t i o n p r o c e s s . H o w e v e r , t h e i r s t u d y d i d n o t 

c o m p a r e t h e c l o t p r o t e o m e w i t h f r e s h h e m o l y m p h t o d e t e c t a n y d i f f e r ­

e n c e s ( S a n g g a a r d et a l . , 2 0 1 6 ) . 

3 . 2 . 3 . Histone proteins 

I n t h i s s t u d y , m a s s s p e c t r o m e t r y a n a l y s i s i d e n t i f i e d h i g h l e v e l s o f 

c o r e h i s t o n e p r o t e i n s H 2 A , H 2 B , H I , a n d H 3 i n t h e c l o t a n d h e m o l y m p h . 

H i s t o n e s p l a y a n e s s e n t i a l r o l e as p r o t e i n c o m p o n e n t s i n t h e a r c h i t e c t u r e 

o f c h r o m a t i n . T h e r o l e o f h i s t o n e s i n t h e d e c a p o d ' s d e f e n s e w a s first 

i d e n t i f i e d i n L. vannamei ( P a t a t e t a l . , 2 0 0 4 ) . H i s t o n e s a r e e x t r a c e l l u l a r l y 

r e l e a s e d as p a r t o f a d e f ense m e c h a n i s m k n o w n as E T o s i s , w h i c h i n ­

v o l v e s t h e f o r m a t i o n o f e x t r a c e l l u l a r t r a p s ( E T s ) o f D N A t h a t e n t r a p a n d 

k i l l m i c r o o r g a n i s m s ( R o b b et a l . , 2 0 1 4 ) . T h i s p r o c e s s h a s b e e n s h o w n t o 

b e t r i g g e r e d b y b o t h i n f e c t i o n a n d / o r t i s s u e d a m a g e 

( D e s t o u m i e u x - G a r z o n et a l . , 2 0 1 6 ) . T h e a n t i m i c r o b i a l r o l e o f h i s t o n e s 

a n d h i s t o n e - d e r i v e d p r o t e i n s h a s b e e n d e t e r m i n e d i n a n u m b e r o f i n ­

v e r t e b r a t e s , i n c l u d i n g L. vannamei ( N g et a l . , 2 0 1 3 , 2 0 1 5 ; P a t a t e t a l . , 

2 0 0 4 ) , s h o r e c r a b , Carcinus maenas, a n d b l u e m u s s e l , Mytilus eduUs 

( R o b b et a l . , 2 0 1 4 ) . I n a d d i t i o n t o a c t i v a t i n g t h e i n n a t e i m m u n e 

r e s p o n s e , e x t r a c e l l u l a r n u c l e i c a c i d s h a v e b e e n f o u n d t o i n d u c e c o a g u ­

l a t i o n i n t h e h e m o l y m p h o f o t h e r a r t h r o p o d s , s u c h as i n s e c t s ( A l t i n c i c e k 

et a l . , 2 0 0 8 ) . L i k e w i s e , o u r e a r l i e r u l t r a s t r u c t u r e s t u d y o f c o a g u l a t i o n 

s h o w e d t h a t g r a n u l a r h e m o c y t e s e x t e r n a l i z e d c h r o m a t i n i n t o t h e s u r ­

r o u n d i n g c l o t , f o r m i n g w e b - l i k e s t r u c t u r e s t h a t c o n t r i b u t e t o c l o t for ­

m a t i o n a n d m a y a l s o h a v e a r o l e i n c a p t u r i n g a n d k i l l i n g p a t h o g e n s 

d u r i n g c o a g u l a t i o n . ( M e n g a l e t a l . , 2 0 2 3 a ) . It is i n t r i g u i n g t o s p e c u l a t e 

t h a t t h e h i g h l e v e l o f h i s t o n e s i n t h e c l o t a n d h e m o l y m p h i n d i c a t e t h a t 

h i s t o n e p r o t e i n s a r e a n a n c i e n t p a r t o f t h e i n n a t e i m m u n e s y s t e m t h a t 

m a y e n h a n c e i n n a t e i m m u n e r e s p o n s e s a n d i n d u c e c o a g u l a t i o n i n 

d e c a p o d s . 

3.2.4. Beta-1,3-ghican-bindingprotein 

B e t a - 1 , 3 - g l u c a n - b i n d i n g p r o t e i n ( p G B P ) i n c r u s t a c e a n s is a n i m p o r ­

t a n t p a t t e r n r e c o g n i t i o n p r o t e i n ( P R P ) t h a t p l a y s a k e y r o l e i n th e 

r e c o g n i t i o n a n d b i n d i n g o f (3-g lucan f o u n d o n t h e s u r f a c e o f m i c r o b e s . 

T h e b i n d i n g o f (3GBP t o p - l , 3 - g l u c a n s i n i t i a t e s a c a s c a d e o f i m m u n e 

r e s p o n s e s , i n c l u d i n g b o t h c e l l - m e d i a t e d r e s p o n s e s s u c h as p h a g o c y t o s i s , 

e n c a p s u l a t i o n , a n d n o d u l e f o r m a t i o n , a n d h u m o r a l r e s p o n s e s s u c h as th e 

p r o d u c t i o n o f a n t i m i c r o b i a l p e p t i d e s a n d a c t i v a t i o n o f p r o p h e n o l o x ­

i d a s e ( p r o P O ) s y s t e m p r o t e i n s ( J i r a v a n i c h p a i s a l e t a l . , 2 0 0 6 ) . F o r 

e x a m p l e , I n t h e field c r a b Paratelphusa hydrodromus, p u r i f i e d P h - p - G B P 

e n h a n c e d c e l l u l a r i m m u n e r e s p o n s e s a g a i n s t p a t h o g e n s b y i n c r e a s i n g 

a g g l u t i n a t i o n , p h a g o c y t i c a c t i v i t y , a n d e n c a p s u l a t i o n i n a 

d o s e - d e p e n d e n t m a n n e r . It a l s o i n c r e a s e d p r o p h e n o l o x i d a s e a n d s e r i n e 

p r o t e a s e a c t i v i t y , a i d i n g i n p a t h o g e n c l e a r a n c e ( I s w a r y a et a l . , 2 0 1 7 ) . 

A l s o , i n c r a y f i s h a n d s h r i m p , i t h a s b e e n r e p o r t e d t h a t (3GBP s e r v e s a v i t a l 

r o l e i n t h e a c t i v a t i o n o f p r o P O a c t i v a t i n g s y s t e m p r o t e i n s w h i c h i s a n 

i m p o r t a n t c o m p o n e n t o f t h e i n n a t e i m m u n e s y s t e m i n v o l v e d i n m e l a -

n i z a t i o n , c e l l a d h e s i o n c y t o t o x i c r e a c t i o n s , p h a g o c y t o s i s a n d e n c a p s u ­

l a t i o n ( A m p a r y u p et a l . , 2 0 1 2 ; L e e et a l . , 2 0 0 0 ) . T h e p G B P i s s y n t h e s i z e d 

m a i n l y b y t h e h e p a t o p a n c r e a s a n d s e c r e t e d to t h e h e m o l y m p h ( Y e p i z -

P l a s c e n c i a e t a l . , 2 0 0 0 ) , w h e r e i t h e l p s t o p r o v i d e c o n t i n u o u s s u r v e i l ­

l a n c e a g a i n s t p o t e n t i a l p a t h o g e n s , a l l o w i n g f o r a r a p i d i m m u n e r e s p o n s e 

i f n e c e s s a r y . 

3.2.5. Vitellogenin 

V i t e l l o g e n i n ( V T G ) i s a p r o t e i n r e s p o n s i b l e f o r c a r r y i n g l i p i d s s u c h as 
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c h o l e s t e r o l a n d i s p r i m a r i l y a s s o c i a t e d w i t h m a j o r y o l k p r o t e i n s i n egg -

l a y i n g a q u a t i c a n i m a l s s u c h as c r a y f i s h ( N i k s i r a t e t a l . , 2 0 1 4 , 2 0 1 5 ) , 

s t u r g e o n ( N i k s i r a t et a l , 2 0 1 7 ) , r a i n b o w t r o u t ( N i k s i r a t e t a l . , 2 0 2 0 ) a n d 

z e b r a f i s h ( N i k s i r a t et a l , 2 0 2 1 ) . R e c e n t s t u d i e s , h o w e v e r , h a v e r e v e a l e d 

i t s n o n - r e p r o d u c t i v e f u n c t i o n s , s u c h as i m m u n i t y a n d a n t i o x i d a t i o n ( L i 

e t a l . , 2 0 1 7 ; S u n et a l . , 2 0 2 0 ) . A s t u d y c o n d u c t e d i n C h i n e s e m i t t e n c r a b 

Eriocheir sinensis, s h o w e d t h a t V T G p l a y s c r u c i a l r o l e s i n i n n a t e i m m u ­

n i t y , i n c l u d i n g b i n d i n g t o b a c t e r i a , i n h i b i t i n g b a c t e r i a l p r o l i f e r a t i o n , 

a n d r e g u l a t i n g t h e e x p r e s s i o n o f a n t i m i c r o b i a l p e p t i d e s ( L i e t a l . , 2 0 1 7 ) . 

A d d i t i o n a l l y , t h e s u r v i v a l r a t e o f E. sinensis s i g n i f i c a n t l y i m p r o v e d a f t e r 

i n j e c t i o n w i t h r e c o m b i n a n t V T G p r o t e i n f o l l o w i n g b a c t e r i a l i n f e c t i o n 

( S u n et a l . , 2 0 2 0 ) . 

V T G h a s a l s o b e e n s h o w n t o possess a n t i o x i d a n t a b i l i t i e s . H a v u k a i -

n e n et a l . , r e p o r t e d t h a t i t c a n i n c r e a s e t h e l i f e s p a n o f h o n e y b e e s b y 

e n h a n c i n g t h e i r o x i d a t i v e s t ress t o l e r a n c e a n d s h i e l d i n g t h e m f r o m 

o x i d a t i v e d a m a g e ( H a v u k a i n e n et a l . , 2 0 1 3 ) . It h a s b e e n o b s e r v e d t h a t 

t h e c l o t t i n g p r o t e i n i n c r a y f i s h is q u i t e s i m i l a r t o v i t e l l o g e n i n . T h e i r 

s e q u e n c e s i m i l a r i t y sugges t s t h a t t h e s e t w o p r o t e i n s m a y h a v e a c o m ­

m o n e v o l u t i o n a r y o r i g i n ( H a l l e t a l . , 1 9 9 9 ) . I n a d d i t i o n t o V T G ' s 

i n v o l v e m e n t i n l i p i d m e t a b o l i s m a n d r e p r o d u c t i o n , i t m a y h a v e a c q u i r e d 

o t h e r f u n c t i o n s d u r i n g m e t a z o a n e v o l u t i o n , s u c h as i n v o l v e m e n t i n th e 

c l o t t i n g c a s c a d e a n d i m m u n e r e s p o n s e ( H a l l e t a l . , 1 9 9 9 ; A v a r r e et a l . , 

2 0 0 7 ) . T h i s f u r t h e r e m p h a s i z e s t h e v e r s a t i l i t y a n d i m p o r t a n c e o f t h e 

V T G p r o t e i n i n d e c a p o d c r u s t a c e a n s . 

3 . 3 . Low-abundant proteins in the hemolymph proteomic profile 

S e v e r a l l o w - a b u n d a n t p r o t e i n s w i t h i n t h e i n n a t e i m m u n e s y s t e m o f 

c r u s t a c e a n s w e r e f o u n d i n b o t h n o n - c l o t t e d a n d c l o t t e d h e m o l y m p h 

s a m p l e s . I n t h e t o p 3 0 m o s t l o w - a b u n d a n t p r o t e i n s , w e d i s c u s s e d the 

f u n c t i o n s o f s o m e o f t h e i m p o r t a n t o n e s b e l o w . T a b l e 1 p r o v i d e s a 

c o m p l e t e l i s t o f t h e t o p t h i r t y l o w - a b u n d a n c e p r o t e i n s f o u n d i n th e 

h e m o l y m p h . 

3.3.1. Putative RNA-binding protein 

R N A - b i n d i n g p r o t e i n s a r e a b r o a d c l a s s o f p r o t e i n s t h a t b i n d t o R N A 

m o l e c u l e s a n d p l a y a c r u c i a l r o l e i n a n t i - v i r a l i m m u n i t y i n c r u s t a c e a n s . 

T r a n s - a c t i v a t i o n r e s p o n s e R N A - b i n d i n g p r o t e i n ( T R B P ) , a k e y c o m p o ­

n e n t o f R N A - i n d u c e d s i l e n c i n g c o m p l e x , w a s s h o w n t o p l a y a k e y r o l e i n 

t h e a n t i - v i r a l R N A i n t e r f e r e n c e p a t h w a y i n Marsupenaeus japonicus 

( W a n g et a l . , 2 0 1 2 ) . T h e u s e o f r e c o m b i n a n t T R B P i n C h i n e s e w h i t e 

s h r i m p Fenneropenaeus chinensis s i g n i f i c a n t l y r e d u c e d W S S V p r o l i f e r a ­

t i o n , i n d i c a t i n g i t s i m p o r t a n c e i n t h e s h r i m p ' s a n t i v i r a l d e f ense ( W a n g 

et a l . , 2 0 0 9 ) . A n o t h e r p r o t e o m i c s s t u d y r e p o r t e d t h e s i g n i f i c a n t 

d o w n - r e g u l a t i o n o f T R B P u n d e r W S S V i n f e c t i o n , s u g g e s t i n g t h a t t h i s 

v i r a l i n f e c t i o n m i g h t n e g a t i v e l y a f f ec t t h e i m m u n e d e f e n s e v i a t h e R N A i 

p r o c e s s i n r e d c l a w c r a y f i s h Cherax quadricarinatus ( J e s w i n et a l . , 2 0 1 6 ) . 

3.3.2. Alpha2 macroglobulin 

A l p h a 2 m a c r o g l o b u l i n ( A 2 M ) i s a m u l t i f u n c t i o n a l , b r o a d - r a n g e 

s e r i n e p r o t e i n a s e i n h i b i t o r p r o t e i n t h a t i s i n v o l v e d i n a v a r i e t y o f i m ­

m u n e r e s p o n s e s i n i n v e r t e b r a t e s , i n c l u d i n g t h e h e m o l y m p h c l o t t i n g 

s y s t e m ( H a l l a n d S o d e r h a l l , 1 9 9 4 ) , p r o P O a c t i v a t i n g s y s t e m ( A s p a n 

et a l . , 1 9 9 0 ) , a n d p h a g o c y t o s i s ( B u r e s o v a et a l . , 2 0 0 9 ) . A 2 M s e r v e s as a n 

i m p o r t a n t s u b s t r a t e d u r i n g t h e c l o t t i n g p r o c e s s i n c r a y f i s h ( H a l l a n d 

S o d e r h a l l , 1 9 9 4 ) . I n P. leniusculus, A 2 M h a s a l s o b e e n f o u n d t o h a v e a 

p r o t e i n a s e i n h i b i t o r y a c t i v i t y t o a l i m i t e d e x t e n t i n t h e p r o P O s y s t e m b y 

r e s t r i c t i n g t h e a c t i v i t y o f t h e p r o P O - a c t i v a t i n g e n z y m e ( p p A ) (Aspän 

e t a l . , 1 9 9 0 ) . A l t h o u g h A 2 M h a s b e e n r e p o r t e d t o h a v e a r e g u l a t o r y r o l e 

to s o m e e x t e n t i n t h e p r o P O s y s t e m o f c r a y f i s h a n d s h r i m p (Aspän et a l . , 

1 9 9 0 ; P o n p r a t e e p et a l . , 2 0 1 7 ) , i t h a s a l s o b e e n d e m o n s t r a t e d t h a t 

p a c i f a s t i n , a n o t h e r s e r i n e p r o t e i n a s e i n h i b i t o r , p l a y s a m o r e s i g n i f i c a n t 

r o l e i n r e g u l a t i n g t h e p r o P O s y s t e m i n t h e s e s p e c i e s ( L i a n g et a l . , 1 9 9 7 ; 

S a n g s u r i y a et a l . , 2 0 1 6 ) . I n a d d i t i o n t o i t s r o l e i n t h e p r o P O s y s t e m , A 2 M 

h a s a l s o b e e n f o u n d to p l a y a r o l e i n t h e c e l l u l a r i m m u n e r e s p o n s e . 

S i l e n c i n g o f t h e I r A M , a n A 2 M i n h a r d t i c k Ixodes Ricinus, r e s u l t e d i n 

- 66-



Quantification of proteomic profile changes in the hemolymph 
of crayfish during in vitro coagulation 

K. Mengal et al 

r e d u c e d p h a g o c y t o s i s o f Chryseobacterium indologenes p a t h o g e n , i n d i ­

c a t i n g t h e r o l e o f I r A M i n t h i s p r o c e s s ( B u r e s o v a et a l . , 2 0 0 9 ) . 

3 . 3 . 3 . Ferritin 

F e r r i t i n i s a u b i q u i t o u s i r o n s t o r a g e p r o t e i n f o u n d i n a w i d e r a n g e o f 

o r g a n i s m s a n d h a s v a r i o u s f u n c t i o n s , s u c h as a n t i o x i d a n t a c t i v i t y , c e l l 

a c t i v a t i o n , r e g u l a t i o n o f i r o n m e t a b o l i s m , a n d i m m u n e d e f e n s e ( N i k s i r a t 

e t a l . , 2 0 2 0 , 2 0 2 1 ; Y a n g et a l . , 2 0 1 9 ) . H u a n g et a l . ( 1 9 9 6 ) c l o n e d a n d 

c h a r a c t e r i z e d f e r r i t i n f r o m t h e h e p a t o p a n c r e a s o f t h e f r e s h w a t e r c r a y ­

f i s h Pacifastacus leniusculus, a n d f o u n d t h a t i t s p r i m a r y s t r u c t u r e i s m o r e 

s i m i l a r t o v e r t e b r a t e H - f e r r i t i n s . I n v e r t e b r a t e s , f e r r i t i n h a s b e e n i n d i ­

r e c t l y l i n k e d t o i n n a t e i m m u n e r e s p o n s e , as i t s s y n t h e s i s i s r e g u l a t e d b y 

p r o i n f l a m m a t o r y c y t o k i n e s , s u g g e s t i n g i t s p o t e n t i a l r o l e i n i n n a t e i m ­

m u n i t y ( H u a n g et a l . , 1 9 9 9 ; T o r t i a n d T o r t i , 2 0 0 2 ) . 

S t u d i e s h a v e e x p l o r e d t h e f u n c t i o n o f f e r r i t i n i n o t h e r c r u s t a c e a n s , 

s u c h as P. clarkii a n d M. nipponense. Y a n g et a l . ( 2 0 1 9 ) o b s e r v e d a s i g ­

n i f i c a n t i n c r e a s e i n t h e e x p r e s s i o n o f P c F e r m R N A a n d p r o t e i n i n he ­

m o c y t e s a n d h e p a t o p a n c r e a s o f P. clarkii e x p o s e d t o W S S V a n d 

Aeromonas hydrophila. S i m i l a r l y , T a n g et a l . ( 2 0 1 9 ) r e p o r t e d t h a t f e r r i t i n 

e x p r e s s i o n l e v e l s w e r e s t r o n g l y e l e v a t e d i n r i v e r p r a w n M. nipponense 

a f te r i n j e c t i o n o f a f r ee r a d i c a l - g e n e r a t i n g a g e n t a n d b a c t e r i a l i n f e c t i o n , 

s u g g e s t i n g i t s p r o t e c t i v e r o l e s i n c e l l u l a r r e d o x h o m e o s t a s i s a n d a n t i ­

b a c t e r i a l i m m u n i t y . 

3.3.4. RNA helicase 

R N A h e l i c a s e s a r e i n v o l v e d i n v a r i o u s p r o c e s s e s t h a t a r e e s s e n t i a l f o r 

t h e i n n a t e i m m u n e r e s p o n s e i n c r u s t a c e a n s . T h e y p l a y a v i t a l r o l e i n 

r e g u l a t i n g t h e R N A i n t e r f e r e n c e ( R N A i ) p a t h w a y ( P h e t r u n g n a p h a et a l . , 

2 0 1 5 ) . F o r i n s t a n c e , k n o c k d o w n o f t h e R N A h e l i c a s e g e n e ( M j - m o v - 1 0 ) 

l e d t o i n c r e a s e d s u s c e p t i b i l i t y t o W S S V i n f e c t i o n i n M. japonicus, s u g ­

g e s t i n g t h a t s i l e n c i n g o f R N A h e l i c a s e s m a y d i s r u p t t h e n o r m a l f u n c t i o n s 

o f R N A i - r e l a t e d p r o t e i n s a n d t h u s a f f ec t t h e a n t i - v i r a l d e f ense m e c h a ­

n i s m ( P h e t r u n g n a p h a e t a l . , 2 0 1 5 ) . A d d i t i o n a l l y , R N A h e l i c a s e s a r e a l s o 

i n v o l v e d i n s e n s i n g v i r a l n u c l e i c a c i d s a n d a c t i v a t i n g t h e a n t i v i r a l i m ­

m u n e r e s p o n s e i n f i s h . A n in vitro s t u d y o n s p l e e n c e l l s ( G S ) o f 

o r a n g e - s p o t t e d g r o u p e r Epinephelus coioides, h a s s h o w n t h a t i n f e c t i o n 

w i t h r e d - s p o t t e d g r o u p e r n e r v o u s n e c r o s i s v i r u s ( R G N N V ) i n d u c e d 

u p - r e g u l a t i o n o f t h e e x p r e s s i o n o f R N A h e l i c a s e d d x 3 . M o r e o v e r , o v e r -

e x p r e s s i o n o f d d x 3 i n G S c e l l s e n h a n c e d t y p e I I F N - r e l a t e d a n t i - v i r a l 

r e s p o n s e a n d i n h i b i t e d r e p l i c a t i o n o f R G N N V ( L i u et a l . , 2 0 1 7 ) . 

3.3.5. Catalase 

C a t a l a s e i s a n e n z y m e t h a t p l a y s a c r i t i c a l r o l e i n t h e a n t i o x i d a n t 

d e f ense s y s t e m o f c r u s t a c e a n s . W h e n c r u s t a c e a n s a r e e x p o s e d t o 

s t r essors , s u c h as p a t h o g e n s o r p o l l u t a n t s , r e a c t i v e o x y g e n s p e c i e s ( R O S ) 

a re g e n e r a t e d , l e a d i n g t o o x i d a t i v e s t ress . C a t a l a s e w o r k s t o b r e a k d o w n 

h y d r o g e n p e r o x i d e , a h a r m f u l R O S , i n t o w a t e r a n d o x y g e n , t h e r e b y 

r e d u c i n g o x i d a t i v e s t r ess a n d p r e v e n t i n g c e l l d a m a g e ( Z h a n g et a l . , 

2 0 0 8 ; C o a t e s a n d S o d e r h a l l , 2 0 2 1 ) . S t u d i e s h a v e s u g g e s t e d t h a t c a t a l a s e 

m a y a l s o p l a y a r o l e i n t h e i m m u n i t y o f c r u s t a c e a n s . F o r e x a m p l e , i n th e 

s w i m m i n g c r a b Portunus trituberculatus, c a t a l a s e a c t i v i t y w a s f o u n d t o 

i n c r e a s e s i g n i f i c a n t l y a f t e r t h e c h a l l e n g e w i t h t h e p a t h o g e n i c b a c t e r i u m 

Vibrio aiginolyticus ( C h e n et a l . , 2 0 1 2 ) . S i m i l a r l y , i n t h e F. chinensis, 

c a t a l a s e a c t i v i t y w a s u p - r e g u l a t e d i n t h e h e m o c y t e s a n d t h e h e p a t o ­

p a n c r e a s a f t e r e x p o s u r e t o t h e p a t h o g e n i c v i r u s o f W S S V ( Z h a n g et a l . , 

2 0 0 8 ) . T h e s e f i n d i n g s sugges t t h a t c a t a l a s e m a y b e i n v o l v e d i n t h e i m ­

m u n e r e s p o n s e o f c r u s t a c e a n s b y p r o t e c t i n g c e l l s f r o m o x i d a t i v e d a m a g e 

c a u s e d b y p a t h o g e n s . 

3.3.6. And-lipopolysaccharide factor 

A n t i - l i p o p o l y s a c c h a r i d e f a c t o r s ( A L F s ) a r e a n t i m i c r o b i a l p e p t i d e s 

t h a t p l a y a c r i t i c a l r o l e i n a n t i m i c r o b i a l d e f e n s e i n c r u s t a c e a n s . A L F s 

e x e r t t h e i r a n t i m i c r o b i a l a c t i v i t y b y b i n d i n g t o a n d d i s r u p t i n g t h e c e l l 

m e m b r a n e s t r u c t u r e s o f t h e p a t h o g e n s , l e a d i n g t o t h e i r d e a t h . A n u m b e r 

o f A L F s f r o m d i f f e r e n t c r u s t a c e a n s p e c i e s , i n c l u d i n g s h r i m p ( d e l a V e g a 

et a l . , 2 0 0 8 ) , c r a y f i s h ( L i u et a l , 2 0 0 6 ) a n d l o b s t e r ( B e a l e et a l . , 2 0 0 8 ) , 
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h a v e b e e n s t u d i e d . I n L.vannamei, L v A L F w a s f o u n d t o h a v e 

b r o a d - s p e c t r u m a n t i m i c r o b i a l a c t i v i t y a g a i n s t b a c t e r i a l a n d f u n g a l i n ­

f e c t i o n s . A f t e r t h e k n o c k d o w n o f L v A L F l i n Vibrio penaeicida a n d Fusa-

rium oxysporum i n f e c t e d g r o u p s o f s h r i m p , t h e m o r t a l i t y ra t e 

s i g n i f i c a n t l y i n c r e a s e d c o m p a r e d t o t h e c o n t r o l g r o u p ( d e l a V e g a et a l . , 

2 0 0 8 ) . A L F h a s b e e n d e m o n s t r a t e d t o p l a y a c r i t i c a l r o l e i n p r o t e c t i n g 

P. leniusculus f r o m W S S V i n f e c t i o n b o t h in vitro a n d in vivo b y i n t e r f e r i n g 

w i t h v i r a l r e p l i c a t i o n ( L i u et a l . , 2 0 0 6 ) . S i m i l a r l y , a f t e r i n j e c t i o n o f 

Vibrio ftuvialis i n t o t h e A m e r i c a n l o b s t e r Homarus americanus i n c r e a s e d 

A L F H a - 1 m R N A a b u n d a n c e i n g i l l , h e m a t o p o i e t i c , a n d h e p a t o p a n c r e a s 

t i s sues b u t h a d n o s i g n i f i c a n t e f f ec t o n t h e r e l a t i v e a b u n d a n c e o f 

A L F H a - 2 m R N A , i n d i c a t i n g a s p e c i f i c r o l e o f A L F H a - 1 i n a n t i m i c r o b i a l 

r e g u l a t i o n ( B e a l e et a l . , 2 0 0 8 ) . I n a d d i t i o n t o t h e i r d i r e c t a n t i m i c r o b i a l 

a c t i v i t y , A L F s h a v e a l s o b e e n s h o w n t o m o d u l a t e i m m u n e - r e l a t e d genes . 

F o r i n s t a n c e , w h e n P c A L F w a s s u p p r e s s e d i n c r a y f i s h P. clarkii, i t 

r e s u l t e d i n t h e a l t e r e d e x p r e s s i o n o f s e v e r a l i m m u n e - r e l a t e d g enes , s u c h 

as C r u s t i n , T o l l , L e c t i n , a n d C a c t u s ( Z h u et a l . , 2 0 1 9 ) . 

4. C o n c l u s i o n 

T h i s i s t h e f i r s t s t u d y t o p e r f o r m a c o m p a r a t i v e p r o t e o m e a n a l y s i s o f 

n o n - c l o t a n d c l o t h e m o l y m p h i n d e c a p o d s . T h e a b u n d a n c e o f t h e m a ­

j o r i t y o f p r o t e i n s r e m a i n e d u n c h a n g e d d u r i n g c o a g u l a t i o n , s u g g e s t i n g 

t h a t c l o t t i n g p r o t e i n s a r e p r e - s y n t h e s i z e d a n d s t o r e d i n t h e g r a n u l e s o f 

h e m o c y t e s a n d p l a s m a t o e n a b l e a r a p i d r e s p o n s e t o w o u n d s . S y n t h e ­

s i z i n g n e w p r o t e i n s a f t e r a n i n j u r y c a n b e t i m e - c o n s u m i n g , e s p e c i a l l y i n 

a n i m a l s w i t h a n o p e n c i r c u l a t o r y s y s t e m l i k e d e c a p o d s , w h e r e b l e e d i n g 

c a n b e l i f e - t h r e a t e n i n g . T h e r e f o r e , m o s t o f t h e p r o t e i n s i n v o l v e d i n 

c l o t t i n g a r e l i k e l y p r e - s y n t h e s i z e d a n d s t o r e d , e n a b l i n g a s w i f t r e s p o n s e 

to i n j u r y i n t h e f o r m o f c o a g u l a t i o n . I n a d d i t i o n , w e f o u n d t h r e e 

s i g n i f i c a n t l y d o w n - r e g u l a t e d p r o t e i n s , w h i c h t w o o f t h e m a r e m a i n l y 

s t r u c t u r a l p r o t e i n s r e l a t e d t o h e m o c y t e i n t e g r i t y . T h i s i n d i c a t e s t h a t 

t h e i r d o w n r e g u l a t i o n c o u l d e n h a n c e h e m o c y t e l y s i s a n d d e g r a n u l a t i o n , 

w h i c h e v e n t u a l l y r e s u l t s i n c l o t f o r m a t i o n . L a s t l y , w e f o u n d a n i m m u n e 

r e l a t e d p r o t e i n t h a t w a s s i g n i f i c a n t l y u p - r e g u l a t e d , i n d i c a t i n g t h e s y n ­

the s i s o f a t l e a s t o n e p r o t e i n d u r i n g c o a g u l a t i o n , p r o b a b l y b y p h a g o c y t i c 

h e m o c y t e s . 

D e c l a r a t i o n of c o m p e t i n g interest 

T h e a u t h o r s d e c l a r e t h a t t h e y h a v e n o k n o w n c o m p e t i n g f i n a n c i a l 

i n t e r e s t s o r p e r s o n a l r e l a t i o n s h i p s t h a t c o u l d h a v e a p p e a r e d t o i n f l u e n c e 

t h e w o r k r e p o r t e d i n t h i s p a p e r . 

D a t a a va i l a b i l i t y 

D a t a w i l l b e m a d e a v a i l a b l e o n r eques t . 

A c k n o w l e d g e m e n t s 

T h e s t u d y w a s f i n a n c i a l l y s u p p o r t e d b y t h e G r a n t A g e n c y o f t h e 

U n i v e r s i t y o f S o u t h B o h e m i a , ( G A J U ) p r o j e c t s N o . G A J U p r o j e c t 0 6 5 / 

2 0 2 2 / Z , 0 5 5 / 2 0 2 2 / Z a n d 0 1 2 / 2 0 2 2 / Z . F r a n k L y k o a n d P a n a g o t i s P r o -

v a t a r i s a r e t h a n k e d f o r p r o v i d i n g t h e Procambarus virginalis d a t a b a s e . 

P r o t e o f o r m s @ L U i s t h a n k e d f o r p r o v i d i n g L C - M S i n f r a s t r u c t u r e . 

A p p e n d i x A . S u p p l e m e n t a r y da ta 

S u p p l e m e n t a r y d a t a t o t h i s a r t i c l e c a n b e f o u n d o n l i n e a t h t t p s : / / d o i . 

o r g / 1 0 . 1 0 1 6 / j . d c i . 2 0 2 3 . 1 0 4 7 6 0 . 
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General discussion 

General discussion 

Marbled crayfish (Procambarus virginalis) has recently emerged as a valuable model 
organism for biological research due to its unique biological features. The hemolymph is an 
important component of the innate immune system, with hemocytes (the immune cells) 
present in hemolymph - playing a crucial role in immunity, such as coagulation, phagocytosis, 
and defense against pathogens and other foreign substances. Therefore, understanding the 
cellular and molecular characteristics of hemolymph in marbled crayfish is of great importance 
for elucidating the innate immune system of crustaceans. 

Effects of environmental factors on the cellular and molecular parameters of the 
immune system in decapods 

In Chapter 2 of the present study, we reviewed the key components of innate immunity 
and the effects of various environmental stressors on the immune parameters and the abiotic 
stress mechanisms of commercial decapod species. The innate immune system of decapod 
crustaceans relies heavily on hemocytes in the circulating hemolymph. Traditionally, hemocytes 
in crustaceans have been classified into three morphological types: hyaline cells (HCs), semi-
granular cells (SGCs), and granular cells (GCs) (Soderhall and Smith, 1983; Soderhall, 2016). 
However, there is still a lack of consensus among researchers regarding the classification of 
hemocyte types. As a result, a wide variety of terminologies has been used in the literature to 
refer to various hemocyte types (Dall, 1964; Mengal et al., 2023b). Additionally, recent studies 
of bivalves and crustaceans have proposed that hemocyte sub-populations are likely different 
developmental stages of a single cell type. For instance, a study of the bivalve Crassostrea 
rhizophorae reported that the different subpopulations of hemocytes might, in reality, be 
different stages of one type of cell, in which the absence of granules (loss of complexity) 
could be due to degranulation in the event of an immune response (Rebelo et al., 2013). 
Similarly, a study of hemocytes in the crayfish Cherax quadricarinatus suggests that the so-
called hemocyte subtypes (i.e., SGC and HC) are probably different developmental stages of 
a single cell type (GC) lineage (Li et al., 2021). 

On the other hand, the involvement of different types of hemocytes in crucial immune 
processes like phagocytosis and coagulation is still unclear. Studies have shown conflicting 
results. For instance, in crayfish Astacus leptodactylus, it was suggested that all three types 
of hemocytes are involved in phagocytic activity (Giulianini et al., 2007), while a study of the 
crayfish Cherax quadricarinatus indicated that only SGC and GC perform this phagocytic 
activity (Li et al., 2018). In the shrimp Penaeus monodon, it was found that phagocytic 
activity was mainly exhibited by HC rather than SGC or GC (Sung and Sun, 2002). While 
the basic molecular mechanism of clotting in decapods is well understood, the cellular 
characteristics of the hemocytes that initiate coagulation remain poorly understood. Some 
studies suggest that hyaline cells are the primary cells that initiate hemolymph coagulation 
in decapod crustaceans and arthropods, as they have been observed to contain cytoplasmic 
deposits that are released during lysis (Wood et al., 1971; Ravindranath, 1980; Hose et al., 
1990). However, granular hemocytes have also been reported to be involved in hemolymph 
coagulation (Dumont et al., 1966). Further research is needed to better understand the 
functional roles of different hemocyte subpopulations in decapod crustaceans. 

Moreover, the evidence from the literature review suggested that environmental factors can 
have a significant impact on the immune parameters and health status of decapod crustaceans 
(Le Moullac and Haffner, 2000). Various environmental stressors such as temperature, pH, 
salinity, dissolved oxygen, ammonia concentrations and pathogens can adversely affect the 
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immune responses of crustaceans and increase their susceptibility to disease (Vargas-Albores 
et al., 1998; Kathyayani et al., 2019; Jiang et al., 2004; Le Moullac and Haffner, 2000). The 
immunosuppressive effects of environmental stressors have been well-documented; however, 
many critical questions regarding the exact mechanisms by which abiotic stressors operate 
remain unanswered. Understanding how environmental factors, particularly their abiotic 
components, influence the immune parameters of decapod crustaceans is crucial in mitigating 
the harmful effects of these stressors and promoting the sustainable production of decapod 
crustaceans. 

In order to gain a clear understanding of hemocyte functions and types, there is an 
urgent need to explore the hemocyte's behavior during coagulation and phagocytosis using 
state-of-the-art morphological and molecular techniques, as highlighted in our review. The 
experimental findings presented in the following studies were based on the gaps identified 
in the literature review. 

Hemocyte coagulation and phagocytic behavior in early stages of injury in crayfish 
(Arthropoda: Decapoda) affect their morphology 

Coagulation plays a vital role in the innate immune response of arthropods and 
crustaceans, preventing the loss of blood or hemolymph and limiting the spread of pathogens 
(Jiravanichpaisal et al., 2006; Cerenius and Soderhall, 2011). It involves the participation of 
hemocytes, their granular products, and plasma proteins, ultimately leading to the formation 
of a stable clot. 

We conducted an in situ study using transmission electron microscopy to investigate the 
ultrastructural behavior of hemocytes during coagulation and phagocytosis in the early stages 
of leg amputation injury in marbled crayfish Procambarus virginalis (Mengal et al., 2023a). 
Our results revealed that granular hemocytes were activated first, and the morphology of 
cytoplasmic granules changed from electron-dense to electron-lucent forms in an expanding 
manner. The transformed granules containing amorphous electron-lucent material merged 
and discharged their contents into the extracellular space for coagulation. Additionally, we 
observed that the contents of the leftover nucleus from degranulated hemocytes participate 
in the process of coagulation, and this leftover nucleus has been previously confused with 
hyalinocytes in some studies (Clare and Lumb, 1994; Dolar et al., 2020). This in situ experiment 
results provided a comprehensive description of all the stages of morphological changes in 
hemocytes during coagulation and phagocytosis after injury in crayfish. Although previous 
ultrastructural studies on coagulation in arthropods and crustaceans have enhanced our 
understanding of the process, none of them have described all of these changes altogether 
in situ conditions (Rowley and Ratcliffe, 1976; Rowley, 1977; Ravindranath, 1980; Perdomo-
Morales et al., 2019). 

The activated stage of hemocytes during coagulation is characterized by variable forms 
of cytoplasmic granules. Some authors in the past argued that granule transformation is 
unnecessary for hemolymph coagulation and changes in the granules represent maturation 
stages (Seitz, 1972; Scharrer, 1972), while others suggested that low-density granules with 
microtubular structures are transformational phases of electron-dense granules (Ratcliffe and 
Price, 1974; Rowley and Ratcliffe, 1976; Rowley, 1977). Our observations support the latter 
view, as the varying states of granules are, in fact, transformational phases where electron-
dense granules change into low-density granules with microtubular structures and finally into 
electron-lucent amorphous particles. This process enables the release of highly compacted 
materials from the granules to participate in clot formation. 
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In addition, our findings revealed that leg amputation caused massive muscle degeneration in 
the place of the wound, followed by a significant influx of phagocytic hemocytes that removed 
a substantial amount of degenerated muscle fibers and organelles, such as mitochondria, 
generated from disintegrating muscle. We observed that phagocytic hemocytes contained 
varying numbers of granules in their cytoplasm and, for the first time, found that these cells 
incorporate necrotic bodies resulting from degenerated muscles into their organelles, such 
as cytoplasmic granules and nucleus (Mengal et al., 2023a). The incorporation of material 
from the phagosome into hemocyte organelles can increase the size and number of granules 
in the cytoplasm, ultimately changing the morphology of the whole cell. A study on crayfish 
P. ieptodactyius demonstrated that the number of hemocyte's cytoplasmic microtubules 
increase after injury, allowing them to engulf material from disintegrating muscle fibers (Uhrfk 
et al., 1989). Another study observed that in vitro culture of crayfish hematopoietic tissue 
with muscle tissue extract from the same animal resulted in the differentiation of hemocytes 
with higher granular contents (Li et al., 2019). This may be due to hemocytes phagocytizing 
materials from muscle extract and incorporating them into their organelles, which increases 
hemocyte granularity. These findings suggest that hemocytes can recycle material from 
degenerating cells and store it in their organelles for future use, potentially for other functions 
such as coagulation and immune reactions. 

Therefore, the process of coagulation and phagocytosis can cause drastic morphological 
changes to hemocytes, altering their appearance and potentially leading to confusion with 
other types of circulating hemocytes. For instance, degranulated hemocytes in their end stage 
only have leftover nuclei, which can be mistaken for hyalinocytes in some studies. Additionally, 
after phagocytosis, the morphology of hemocytes can significantly change, leading to a more 
granular appearance. Our study provides valuable insights into the physiological role of 
hemocytes in coagulation and phagocytosis during the early stages of an injury, helping to 
clarify uncertainties about the types and development of hemocytes in decapods. 

Quantification of proteomic profile changes in the hemolymph of crayfish during 
in vitro coagulation 

As previously discussed, coagulation plays a vital role in the innate immune response 
by preventing the loss of blood or hemolymph and limiting the spread of pathogens. The 
molecular characteristics of coagulation depend on the hemolymph proteins. In our study 
(chapter 4), we performed the first comparative proteome analysis of non-clotted and clotted 
hemolymph in the crayfish as a member of decapods. 

The proteomic analysis of non-clotted and clotted samples indicated that the abundances 
of most proteins remained unchanged during the coagulation process, which suggests that 
the necessary proteins for coagulation are pre-synthesized and stored before clot formation. 
Crustaceans possess robust clotting mechanisms due to their open circulatory system, and 
clotting factors are pre-synthesized and stored in hemocyte granules and plasma, allowing 
for a rapid response to wounds. Clotting factors are released immediately upon injury, acting 
on clotting proteins in plasma, resulting in clot formation (Junkunlo et al., 2018, 2020). The 
synthesis of new proteins can be a time-consuming process, particularly in decapods with an 
open circulatory system where bleeding can be dangerous (Grubhoffer et al., 2013). Therefore, 
the quantities of only a few proteins, such as C-type lectin domain-containing proteins, Laminin 
A chain, and Tropomyosin, were down-regulated during clotting, while Reverse transcriptase 
domain-containing protein was significantly up-regulated. 

Studies have shown that C-type lectins (CTLs) play a crucial role in the recognition and 
clearance of pathogens and hemagglutination in the immune system of crustaceans. 
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For instance, a recombinant lectin LvLec was found to enhance the phagocytic abilities of 
hemocytes, as well as phenoloxidase, bacteriolytic, and hemagglutinating activities in shrimp 
Litopenaeus vannamei (Li et al., 2022). Similarly, treatment with a C-type lectin designated 
as Fc-hsL in mud crab Scylla paramamosain led to increased antibacterial and calcium-
dependent agglutination activity against both Gram-positive and Gram-negative bacteria (Sun 
et al., 2008). In addition, our earlier study on coagulation revealed that hemocytes undergo 
excessive degranulation, resulting in cell lysis similar to apoptosis (Mengal et al., 2023a). It is 
possible that the activation of apoptotic pathways in hemocytes may lead to the cleavage and 
degradation of C-type lectins or their associated signaling molecules. This could be one of the 
contributing factors to the downregulation of C-type lectins during coagulation. 

The Laminin A chain is a crucial component of the extracellular matrix in various tissues. 
Studies have been conducted on laminin receptor proteins (Lamr) in crustaceans. In shrimp 
P. vannamei, RNAi-mediated knockdown of PvLamr resulted in 100% mortality within 9 days 
and a significant decrease in peripheral hemocyte numbers, although the mechanism behind 
the hemocyte reduction was unclear (Senapin et al., 2010). Our previous ultra structural study 
of coagulation demonstrated that hemocytes undergo excessive degranulation, resulting in 
high levels of hemocyte lysis and cell death (Mengal et al., 2023a). This suggests that the 
downregulation of Laminin A chain during coagulation may be linked to the degranulation and 
cell lysis of hemocytes. Although the antimicrobial properties of laminin in crustaceans have 
been well documented, its role in coagulation and wound healing is less explored (Busayarat 
et al., 2011; Liu et al., 2016; Liu et al., 2018). It is plausible that the structural protein, Laminin, 
maintains cell integrity and retains granules within hemocytes. After an injury and necessity 
of clot formation, Laminin A chain is downregulated in hemocytes, degranulation is facilitated, 
and granule content is released from hemocytes, promoting clot formation. 

Tropomyosin (Tmp) plays a crucial role in cell adhesion, migration, phagocytosis, and 
wound repair by regulating cytoskeletal proteins (Gunning et al., 2015). A mouse study 
found that Tmp can regulate the timing of cell migration and improve wound healing (Lees 
et al., 2013). Moreover, increased Tmp levels were observed in the hemolymph of Mytilus 
galloprovincialis mussels following injury (Franco-Martinez et al., 2018). However, our study 
revealed a significant down-regulation of Tmp, which could be due to the consumption and 
degranulation of hemocytes during the coagulation process. 

The role of reverse transcriptase domain-containing protein (RTDP) in invertebrates is not 
well understood, but some studies suggest a potential role in the immune response (Flegel, 
2009; Goic et al., 2013). Cellular reverse transcriptases have been linked to the activation 
of the RNA-mediated interference (RNAi) pathway in insects, inhibiting viral replication and 
suggesting a role in defense against viral infections (Goic et al., 2013). Shrimp may also 
use cellular RT to recognize foreign mRNA and produce immunospecific RNA capable of 
suppressing viral propagation (Flegel, 2009). Our study found an up-regulation of RTDP during 
clot formation. During coagulation, some hemocytes undergo rapid degranulation, releasing 
granular contents for clot formation, and subsequently undergo apoptosis. Meanwhile, another 
group of hemocytes retain their integrity and remain phagocytically active for an extended 
period, as previously noted in our ultra structural study of coagulation and phagocytosis 
(Mengal et al., 2023a). Therefore, this protein only could be synthesized by phagocytic cells, 
the cells that retain their integrity and are still alive during in vitro coagulation, to enhance the 
phagocytosis needed as a defense mechanism in the place of wound. The significance of the 
up-regulation of RTDP during coagulation in crayfish requires further investigation. 

Further research is needed to explore the functions of these differentially abundant proteins 
in the in coagulation and immune response of crustaceans. Overall, this proteomic analysis 
provides insights into the molecular mechanisms of hemolymph clotting and immunity in 

- 76-



General discussion 

decapod crustaceans and may have implications for the development of disease prevention 
and control strategies in aquaculture systems. 

Proteomics analysis of biofluids, like crustacean hemolymph, often faces challenges due 
to the masking effect of high-abundant proteins on low-abundant counterparts (Otarigho et 
al., 2021). This interference can make it difficult to detect low-abundant proteins that may 
play important roles in biological processes. In crustaceans, hemocyanins, copper-containing 
proteins, can constitute up to 95% of the total protein content in hemolymph (Horn and Kerr, 
1969; Jayasree, 2001). However, identifying low-abundance proteins remains a considerable 
challenge due to the overwhelming presence of hemocyanin proteoforms (Otarigho et al., 
2021). This similar challenge persists in the proteomic analysis of other biological samples, 
such as serum and plasma, in humans and other mammalians (Paul and Veenstra, 2022). 

Moreover, limited genomic resources for Crustacea present an obstacle. The Genome 
database (https://www.ncbi.nlm.nih.gov/genome/) lists 57 assemblies (410 for organelle 
DNA) for crustaceans, with no nuclear genome close to completeness for single-copy genes 
(Gianazza et al., 2021). Large repetitive genomes characterize many decapod crustaceans, 
complicating genomic analysis (Van Quyen et al., 2020). Consequently, de novo sequence 
data from MS/MS procedures often lack matching same-species genomic information. 
Researchers frequently resort to cross-species identification of homologous proteins using 
similarity searching databases like UniProt. 

Additionally, working with crustacean proteomics is challenging due to the limited 
availability of optimized antibodies for validating proteomics data via western blot or 
immunohistochemistry. Another limitation of working with hemolymph is the high reactivity 
and instability of the cells when taken out of the animal or in vitro. To minimize this limitation, 
we used an in situ experimental approach to study cells at their biological spots inside the 
body. This approach resulted in high-quality samples. However, we faced a major limitation 
when using transmission electron microscopy (TEM) due to the hard exoskeleton of the 
crayfish, which made the processes of sample preparation and acquiring micrographs labor-
intensive and time-consuming. 

In conclusion, the role of hemocytes in the immune response of decapod crustaceans is 
crucial but still poorly understood. The classification of hemocyte types remains a matter of 
debate, and further research is needed to explore the process of hemocyte development in 
decapod crustaceans. Environmental stressors can negatively affect the immune response of 
decapods, making them more susceptible to diseases. The morphological changes that occur 
during coagulation and phagocytosis can alter hemocyte morphology. While degranulation 
during coagulation reduces the granularity of the hemocyte, the ingestion of tiny electron-
dense particles from degenerating muscle tissues can make hemocytes more granular. 
It shows that functions such as phagocytosis can cause development of hemocytes with 
a higher granularity from a cell with lower granules, such as semi-granulocyte and hyalinocyte 
and can be considered a proof of the fact that different cells observed in the decapod 
hemolymph are actually different developmental stages of hemocytes. Also, morphological 
changes of hemocytes during coagulation and subsequent reduction of their granularity can 
cause confusion with other types of circulating hemocytes. Additionally, clotting proteins 
appear to be pre-synthesized and stored, enabling a swift response to injury in the form 
of coagulation. Although the abundance of most clotting proteins remained unchanged, 
the downregulation of structural proteins related to hemocyte integrity during coagulation 
could enhance hemocyte lysis and degranulation, leading to clot formation. The synthesis of 
a protein during coagulation may be related to the increased level of phagocytosis necessary 
after injury. Overall, our findings provide a better understanding of the physiological role 
of hemocytes in coagulation and phagocytosis during the early stages of injury, clarifying 
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uncertainties about the types and development of hemocytes in decapods. To sum up, this 
research highlights the following conclusions; 

1. The role of hemocytes in the immune response of decapod crustaceans is crucial but still 
poorly understood. The classification of hemocyte types remains a matter of debate, and 
further research is needed to explore the process of hemocyte development in decapod 
crustaceans. Environmental stressors can negatively affect the immune response of 
decapods, making them more susceptible to diseases. 

2. The granularity of immune cells can be affected by hemocytes' phagocytic and coagulation 
behavior, leading to changes in the number and size of granules in their cytoplasm. 
This alteration can cause a shift in hemocyte categories, e.g., from semigranulocyte to 
granulocyte. 

3. Most proteins required for coagulation are pre-synthesized, while the downregulated 
proteins during in vitro coagulation primarily serve a structural role in maintaining 
cellular integrity, and their downregulation can facilitate hemocyte degranulation. 
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English summary 

The cellular and molecular characteristics of hemolymph in crayfish 

The cellular and molecular components of the hemolymph are the major arm of the innate 
immune system in decapod crustaceans. In-depth knowledge of the hemolymph components, 
including hemocytes and hemolymph proteins, can enhance our understanding of innate 
immunity in crustaceans. We utilized transmission electron microscopy and quantitative 
proteomics to study the cellular and molecular aspects of coagulation and phagocytosis in 
the hemolymph. 

Chapter 2 reviews the cellular and molecular parameters of the innate immune system 
and the effects of environmental stressors and their abiotic and biotic stress mechanisms in 
decapod crustaceans. The innate immune system of decapod crustaceans heavily relies on 
hemocytes in the circulating hemolymph. Generally, three types of hemocytes are accepted 
based on their morphology; however, there is still a lack of consensus among researchers 
regarding the classification of hemocyte types. The key innate immune functions such as 
coagulation and phagocytosis are still poorly understood and require further investigation, 
especially at a molecular level. Environmental stressors can adversely affect the immune 
responses of decapod crustaceans, increasing their susceptibility to diseases. However, the 
abiotic stress mechanism is poorly understood due to the lack of available literature and 
needs further investigation. 

In Chapter 3, transmission electron microscopy was used to investigate the ultrastructural 
behavior of hemocytes during coagulation and phagocytosis in the early stages of leg 
amputation injury in marbled crayfish Procambarus virginalis. The granular hemocytes 
were the first to be activated, and the morphology of cytoplasmic granules changed from 
electron-dense to electron-lucent forms in an expanding manner. The transformed granules 
containing amorphous electron-lucent materials merged and discharged their contents 
into the extracellular space for coagulation. We observed that the leftover nucleus from 
degranulated hemocytes participates in the process of coagulation, which could be confused 
with hyalinocytes in some previous studies. In addition, leg amputation caused massive 
muscle degeneration, followed by a significant influx of phagocytic hemocytes that removed 
a substantial amount of muscle fibers and organelles, such as mitochondria, generated from 
disintegrating and decaying muscle. Furthermore, we found that phagocytic hemocytes 
contained varying numbers of granules in their cytoplasm and, for the first time, discovered 
that these cells incorporate necrotic bodies resulting from degenerated muscles into their 
organelles, such as cytoplasmic granules and nucleus. The granular hemocytes were found 
to be the main cells that carry out phagocytic activity in the injury site. This study provides 
a comprehensive description of all the stages of morphological changes in hemocytes during 
coagulation and phagocytosis after injury in crayfish for the first time. 

In Chapter 4, proteomic analysis of non-clotted and clotted samples indicated that quantities 
of most proteins remained unchanged during the coagulation process, suggesting that 
necessary proteins for coagulation are pre-synthesized and stored before clot formation. Due 
to their open circulatory system, decapod crustaceans possess robust clotting mechanisms. 
Upon injury, pre-synthesized clotting factors are released, resulting in clot formation. 
Therefore, only a few proteins, such as C-type lectin domain-containing proteins, Laminin 
A chain, and Tropomyosin, were down-regulated during clotting, suggesting their possible 
roles in the structural integrity of cells. Their downregulation could facilitate degranulation, 
a crucial step for clot formation. Additionally, Reverse transcriptase domain-containing protein 
was significantly up-regulated during clotting, possibly by the alive phagocytic hemocytes, 
indicating its role in immunity. 
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Czech summary 

Czech summary 

Buněčné a molekulární charakteristiky hemolymfy u raků 

Celulární a molekulární složky hemolymfy jsou hlavní součástí vrozeného imunitního 
systému u desetinožců. Hlubší znalosti složek hemolymfy, včetně hemocytů a proteinů 
hemolymfy, mohou zlepšit naše chápání vrozené imunity u korýšů. Pro studium celulárních 
a molekulárních aspektů koagulace a fagocytózy jsme využili transmisní elektronovou 
mikroskopii a kvantitativní proteomiku. 

Kapitola 2 přehledně shrnuje celulární a molekulární parametry vrozeného imunitního 
systému a účinky environmentálních stresom a jejich abiotických a biotických stresových 
mechanismů u desetinožců. Vrozený imunitní systém desetinožců se silně opírá o hemocyty. 
Obecně jsou přijímány tři typy hemocytů na základě jejich morfologie, avšak stále existuje 
nedostatek shody ohledně klasifikace typů hemocytů. Klíčové funkce vrozené imunity, jako 
jsou koagulace a fagocytóza, jsou stále špatně pochopeny a vyžadují další zkoumání zejména 
na molekulární úrovni. Environmentálni stresory mohou negativně ovlivnit imunitní odpovědi 
desetinožců, čímž zvyšují jejich náchylnost k nemocem. Avšak abioticky stresový mechanismus 
je špatně pochopen kvůli nedostatku dostupné literatury a vyžaduje další zkoumání. 

V kapitole 3 byla transmisní elektronová mikroskopie použita k prozkoumání 
ultrastrukturního chování hemocytů během koagulace a fagocytózy v raných stadiích zranění 
amputace nohy u raka mramorovaného Procambarus virginalis. Granulami hemocyty byly 
aktivovány jako první a morfologie cytoplazmatických granulí se změnila z elektronově hustých 
na elektronově průsvitné formy v expanzivním způsobu. Transformované granule obsahující 
amorfní elektronově průsvitné materiály se sloučily a vypustily svůj obsah do extracelulárního 
prostoru pro koagulaci. Pozorovali jsme, že zbývající jádro z degranulovaných hemocytů se 
podílí na procesu koagulace, což by mohlo být v některých předchozích studiích zaměněno 
s hyalinocyty. Kromě toho amputace nohy způsobila masivní degeneraci svalů, následovanou 
významným přílivem fagocytických hemocytů, které odstranily značné množství svalových 
vláken a organel, jako jsou mitochondrie, generované z rozpadajících se a rozkládajících se 
svalů. Dále jsme zjistili, že fagocytické hemocyty obsahují různé počty granulí v cytoplazmě 
a poprvé jsme objevili, že tyto buňky začleňují nekrotická tělíska vzniklá z degenerovaných 
svalů do svých organel, jako jsou cytoplazmatické granule a jádro. Granulami hemocyty byly 
nalezeny jako hlavní buňky provádějící fagocytickou aktivitu na místě zranění. Tato studie 
poskytuje poprvé komplexní popis všech stadií morfologických změn hemocytů během 
koagulace a fagocytózy po zranění u raků. 

V kapitole 4 proteomická analýza sražených a nesražených vzorků ukázala, že množství 
většiny proteinů zůstalo během koagulačního procesu nezměněno, což naznačuje, že nezbytné 
proteiny pro koagulaci jsou předem syntetizovány a uloženy před vznikem sraženiny. Díky 
svému otevřenému oběhovému systému mají desetinožci robustní koagulační mechanismy. 
Po zranění jsou uvolněny předem syntetizované koagulační faktory, což vede ke vzniku 
sraženiny. Proto byly pouze některé proteiny, jako jsou proteiny obsahující domény C-typu 
lektinu, laminin A řetězec a tropomyosin, během srážení sníženy, což naznačuje jejich možné 
role ve strukturní integritě buněk. Jejich snížení by mohlo usnadnit degranulaci, klíčový krok 
pro vznik sraženiny. Navíc protein obsahující doménu reverzní transkriptázy byl během srážení 
významně zvýšen, možná živými fagocytickými hemocyty, což naznačuje jeho roli v imunitě. 
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