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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 et al., 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-β 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 Söderhäll, 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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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 Söderhäll, 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; Söderhäll 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 Söderhäll, 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 Söderhäll, 1983; Söderhäll 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 Söderhäll, 
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.
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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 ultrastructure 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 Söderhäll, 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 Söderhäll, 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 Limulus polyphemus. 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 molitor 
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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 
ultrastructure 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 Söderhäll, 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 Söderhäll, 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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A B S T R A C T   

Crustaceans and in particular decapods (i.e. shrimp, crabs and lobsters) are a diverse, commercially and 
ecologically important group of organisms. They are exposed to a range of environmental factors whose abiotic 
and biotic components are prone to fluctuate beyond their optimum ranges and, in doing so, affect crustaceans’ 
immune system and health. Changes in key environmental factors such as temperature, pH, salinity, dissolved 
oxygen, ammonia concentrations and pathogens can provoke stress and immune responses due to alterations in 
immune parameters. The mechanisms through which stressors mediate effects on immune parameters are not 
fully understood in decapods. Improved knowledge of the environmental factors – above all, their abiotic 
components – that influence the immune parameters of decapods could help mitigate or constrain their harmful 
effects that adversely affect the production of decapod crustaceans. The first part of this overview examines 
current knowledge and information gaps regarding the basic components and functions of the innate immune 
system of decapods. In the second part, we discuss various mechanisms provoked by environmental factors and 
categorize cellular and molecular immune responses to each environmental factor with special reference to 
decapods.   

1. Introduction 

Decapod crustaceans include around 10,000 invertebrate species 
inhabiting both freshwater and marine environments. They are phylo-
genetically ancient taxa that appeared on Earth in the late Devonian 
around 360 million years ago (Schram and Dixon, 2004). Today, deca-
pods are found in various aquatic ecosystems and are intensely har-
vested as an important food resource for humans. According to the latest 
FAO report, in 2018 global aquacultural production reached 82 million 
tons (worth US$ 250 billion), of which crustaceans accounted for 9.4 
million tons with a sale value of US$ 69.3 billion (Food and Agriculture 
Organization of the United Nations, 2020). 

However, decapods in natural aquatic ecosystems and farms are 
constantly exposed to various stresses caused by environmental factors, 
resulting in immune system suppression and increasing susceptibility to 
disease, which can lead to economic losses. Examples of biotic and 
abiotic environmental factors include temperature, pH, salinity, oxygen 
and ammonia concentrations, and pathogens, all of which are known to 
have significant effects on immune responses in decapod crustaceans 
(Vargas-Albores et al., 1998; Le Moullac and Haffner, 2000; Jiang et al., 

2004c; Pan et al., 2008; Kathyayani et al., 2019). Temperature is one of 
the major environmental factors that negatively affects decapod im-
mune systems and, for example, increased water temperature causes a 
significant reduction in the total hemocyte count (THC), phenoloxidase 
(PO) activity, respiratory burst (RB) and superoxide dismutase (SOD) 
activity in the whiteleg shrimp Litopenaeus vannamei (Cheng et al., 
2005b). Also in L. vannamei, fluctuations in salinity and pH can cause 
significant alternations in immune responses (Lu-Qing et al., 2005) and 
hypoxic stress can profoundly affect immune responses such as THC, 
differential hemocytes count (DHC), RB and PO (Le Moullac et al., 
1998). High levels of environmental ammonia have been reported to 
affect immune responses, growth and moulting in decapod crustaceans 
(Chen and Kou, 1992; Jiang et al., 2004c), and pathogen challenges are 
known to provoke significant alterations in key immune parameters in a 
range of decapod species (Sun et al., 2015; Ren et al., 2017; Pang et al., 
2019; Bouallegui, 2021). 

The impact of these environmental factors can be directly assessed by 
observation of the immune response of organisms. Like other crusta-
ceans, decapods lack adaptive immunity and rely completely on their 
innate immune system for protection against stressors and pathogens. 
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Table 1 
Morphological features and functions of hemocytes in decapod crustaceans and 
the different terminologies used for them in the literature. Hemocyte classifi-
cation by Söderhäll et al. was used as a widely accepted reference in decapods 
(Söderhäll and Smith, 1983; Smith and Soderhall, 1983; Soderhall, 2016). The 
morphological features of immune cells in the text and/or in the micrographs in 
each reviewed article were used for assigning similar cells with different ter-
minologies to the classification used by Söderhäll and colleagues.  

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

Equivalent 
terminology 

Species Functions 

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

Undifferentiated 
hemocyte (Tsing 
et al., 1989a) 

Penaeus 
japonicus, 
Penaeus 
monodon, 
Macrobrachium 
rosenbergii, and 
Palaemon 
adspersus (Tsing 
et al., 1989a) 

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 
Lumb, 1994) 
(Vazquez et al., 
2009; Rowley, 
2016) 

Lymphocyte 
(Dall, 1964) 

Metapenaeus 
mastersii (Dall, 
1964) 

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

Callinectes 
sapidus (Sawyer 
et al., 1970) 

Hyaline cell 
(Bodammer, 
1978) 

Callinectes 
sapidus 
(Bodammer, 
1978) 

a, prohyalocyte 
b, hyalocyte 
(Cornick and 
Stewart, 1978) 

Homarus 
americanus 
(Cornick and 
Stewart, 1978) 

Agranular cell 
(Martin and 
Graves, 1985) 

Sicyonia ingentis 
and Penaeus 
californiensis 
(Martin and 
Graves, 1985) 

Deposit cell 
(Omori et al., 
1989) 

Sicyonia ingentis 
(Omori et al., 
1989) 

Hyaline cells 
(Clare and Lumb, 
1994) 

Callinectes 
sapidus (Clare 
and Lumb, 
1994) 

Coagulocyte 
(Sternshein and 
Burton, 1980) 

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

Hyaline cell 
(Vogan and 
Rowley, 2002) 

Cancer pagurus 
(Vogan and 
Rowley, 2002) 

Phagocytic cell 
(Smith and 
Ratcliffe, 1978) 

Carcinus maenas 
(Smith and 
Ratcliffe, 1978) 

Agranular 
hemocyte (Martin 
et al., 1987) 

Sicyonia ingentis 
(Martin et al., 
1987) 

Hyaline hemocyte 
(Giulianini et al., 
2007) 

Astacus 
leptodactylus 
(Giulianini 
et al., 2007) 

Semi-granular cell 
(SGC)  

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

Small granule 
hemocyte (Tsing 
et al., 1989a) 

Penaeus 
japonicus, 
Penaeus 
monodon, 
Macrobrachium 
rosenbergii, and 
Palaemon 

Encapsulation, 
nodule 
formation and 
phagocytosis 
(Giulianini 
et al., 2007; Li 
et al., 2018),  

Table 1 (continued ) 

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

Equivalent 
terminology 

Species Functions 

small granules than 
GC 

adspersus (Tsing 
et al., 1989a) 

storage and 
release of proPO 
molecules and 
cytotoxicity 
(Vazquez et al., 
2009; Rowley, 
2016) 

Thigmocyte (Dall, 
1964) 

Metapenaeus 
mastersii (Dall, 
1964) 
Finely granular 
granulocyte 
(Sawyer et al., 
1970) 
Callinectes 
sapidus (Sawyer 
et al., 1970) 
Intermediate 
cells 
(Bodammer, 
1978) 
Callinectes 
sapidus 
(Bodammer, 
1978) 
Refractile 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) 

Small-granule 
hemocyte (Clare 
and Lumb, 1994) 

Callinectes 
sapidus (Clare 
and Lumb, 
1994) 

Amebocyte 
(Sternshein and 
Burton, 1980) 

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

Eosinophilic granular 
cells (Vogan and 
Rowley, 2002) 

Cancer pagurus 
(Vogan and 
Rowley, 2002) 

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

Sicyonia ingentis 
(Martin et al., 
1987) 

Small granule 
hemocyte 
(Giulianini et al., 
2007) 

Astacus 
leptodactylus 
(Giulianini et al., 
2007) 

(continued on next page) 
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Their innate immune system consists of cellular and humoral compo-
nents that perform various functions including phagocytosis, encapsu-
lation, nodule formation, clotting, melanization, the activation of 
antimicrobial peptides (AMPs) and the prophenoloxidase system 
(proPO) (Le Moullac and Haffner, 2000; Jiravanichpaisal et al., 2006; 
Vazquez et al., 2009). These immune parameters can act as biomarkers 
for assessing the impact of environmental factors on decapod immune 
status. The most-mentioned immune parameters in the literature are the 
PO, a key component of the proPO-system. THC and DHC refer to the 
number of immune cells and are important indicators of the immune 
status and resistance against disease. RB is the mechanism responsible 
for producing reactive oxygen species (ROS) that help kill phagocytized 
pathogens and is a key indicator of oxidative stress regulated by anti-
oxidants such as SODs. Lysozyme is an antimicrobial enzyme and acts as 
an important indicator of immune status. 

A large body of work describes the effects of biotic and abiotic 
environmental factors on the immune parameters of decapods. The 
molecular mechanisms by which biotic factors such as pathogens induce 
immune responses are well established in decapod crustaceans. Never-
theless, further efforts are still needed to acquire better understanding of 
the molecular pathways induced by abiotic stressors and, in particular, 
how stressor-specific sensors receive signals from a particular abiotic 
factor and which specific cellular response is triggered by a particular 
environmental factor, two questions that are not sufficiently well 
explained in the literature. Therefore, we discuss here different mech-
anisms by which abiotic environmental factors induce various metabolic 
pathways associated with immune responses. In addition, this review 
critically evaluates and summarizes available information in the litera-
ture on the effects of altered abiotic environmental conditions and their 
impact on the immune parameters that can lead to increased suscepti-
bility (e.g. compromised immune response) in decapod crustaceans. To 
fully understand how these immune mechanisms operate, the first part 
of this review provides a comprehensive overview of current knowledge 
of the innate immune system in decapod crustaceans and highlights 
important knowledge gaps regarding hemocyte types and functions. 

2. An overview of the innate immune system in decapods 

Successful production of decapod crustaceans depends on the effec-
tive use of disease prevention strategies, which requires a comprehen-
sive understanding of the basic functions of the immune system. The 
immune system in shrimps and prawns has been well studied, given their 
economic value (Kumaresan et al., 2017; Kulkarni et al., 2021). Decapod 
crustaceans lack an acquired immune system but have a highly devel-
oped innate immune system. The initial non-specific defence of decapod 
crustaceans against foreign entities is their tough chitinous integument 
(Amparyup et al., 2013; Rowley, 2016). However, the pathogenic in-
vaders that do enter the hemocoel then have to face up to multiple 
innate immune responses. The innate immune system of decapods is 
divided into cellular and non-cellular (humoral) defence responses, as 
well as a mixture of both that forms coagulation and proPO systems. This 
classification considers the nature of the effectors – not only their origin 
– and the functions that act synergistically to produce a coordinated 
response against foreign pathogens (Hauton, 2012). 

2.1. Immune cells in decapods 

Hemocytes are crucial components of cellular immune responses in 
decapods and have diverse cellular immunity functions. Their most 
important functions include phagocytosis, nodulation and encapsula-
tion, and the release of immune molecules (Smith and Söderhäll, 1986; 
Smith, 1991; Söderhäll and Cerenius, 1992; Le Moullac and Haffner, 
2000; Jiravanichpaisal et al., 2006; Matozzo and Marin, 2010; Qyli 
et al., 2020). However, it is important to note that the classification of 
hemocytes in decapods has always been a challenge due to the lack of 
any unified classification scheme that could distinguish hemocyte types 

and their related functions (Bauchau et al., 1981; Johansson et al., 
2000). The classification criteria of hemocytes used in studies differ and 
are based on either morphological aspects and/or cytochemical prop-
erties, which often make their nomenclature controversial. Due to a lack 
of uniform consensus on classification criteria, researchers use a wide 
variety of terminologies in the literature to refer to various hemocyte 
types. For example, hyaline cells have also been defined as ‘lympho-
cytes’ (Dall, 1964), while semi-granular cells have been termed ‘thig-
mocytes’ (Dall, 1964) and granular cells ‘granular amoebocytes’ (Dall, 

Table 1 (continued ) 

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

Equivalent 
terminology 

Species Functions 

Granular cell (GC)  

The largest cell, 
generally with 
kidney-shaped 
nucleus and 
cytoplasm filled 
with membrane- 
bound, electron- 
dense refractile 
granules 

Large granule 
hemocyte (Tsing 
et al., 1989a) 

Penaeus 
japonicus, 
Penaeus 
monodon, 
Macrobrachium 
rosenbergii, and 
Palaemon 
adspersus (Tsing 
et al., 1989a) 

Limited role in 
phaogocytosis 
(Giulianini 
et al., 2007; Li 
et al., 2018), 
storage and 
release of proPO 
molecules, 
encapsulation 
and cytotoxicity 
(Vazquez et al., 
2009; Rowley, 
2016) 

Large granule 
amoebocyte 
(Dall, 1964) 

Metapenaeus 
mastersii (Dall, 
1964) 

Coarsely granular 
granulocyte 
(Sawyer et al., 
1970) 

Callinectes 
sapidus (Sawyer 
et al., 1970) 

Granulocytes 
(Bodammer, 
1978) 

Callinectes 
sapidus 
(Bodammer, 
1978) 

Refractile and 
eosinophilic 
granulocyte 
(Cornick and 
Stewart, 1978) 

Homarus 
americanus 
(Cornick and 
Stewart, 1978) 

Large -granule 
hemocyte (Martin 
and Graves, 
1985) 

Sicyonia ingentis 
and Penaeus 
californiensis 
(Martin and 
Graves, 1985) 

Large-granule 
hemocyte (Omori 
et al., 1989) 

Sicyonia ingentis 
(Omori et al., 
1989) 

Large-granule 
hemocyte (Clare 
and Lumb, 1994) 

Callinectes 
sapidus (Clare 
and Lumb, 
1994) 

Granulocyte 
(Sternshein and 
Burton, 1980) 

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

basophilic 
granular cell 
(BG), basophilic/ 
eosinophilic cell 
(BEG) (Vogan and 
Rowley, 2002) 

Cancer pagurus 
(Vogan and 
Rowley, 2002) 

Refractile cell 
(Smith and 
Ratcliffe, 1978) 

Carcinus maena 
(Smith and 
Ratcliffe, 1978) 

Large granule 
haemocyte 
(Martin et al., 
1987) 

Sicyonia ingentis 
(Martin et al., 
1987) 

Large granule 
hemocyte 
(Giulianini et al., 
2007) 

Astacus 
leptodactylus 
(Giulianini 
et al., 2007)  
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1964). Despite these contrasting classifications, decapod hemocytes are 
generally classified into three types, hyaline cells (HC), semi-granular 
cells (SGC) and granular cells (GC), mainly based on morphological 
criteria such as cell size, nuclear/cytoplasmic ratios, and the presence/ 
absence and size and number of cytoplasmic granules (Söderhäll and 
Smith, 1983; Soderhall, 2016). The idea that hemocytes in decapods 
develop from a single cell lineage and that subpopulations are probably 
different developmental stages has been mooted in some studies of 
crustaceans –– albeit with little supporting evidence (Tsing et al., 1989b; 
Jussila et al., 1997; van de Braak et al., 2002). However, a recent study 
of hemocytes in the crayfish Cherax quadricarinatus suggests that the so- 
called hemocyte subtypes (i.e. SGC and HC) are probably different stages 
of a single cell type (GC) lineage. Additionally, this study suggests that 
all hemocytes at different developmental stages are functionally active 
immune cells that are capable of phagocytosis (Li et al., 2021). A study 
of the bivalve Crassostrea rhizophorae reported that the different sub-
populations of hemocytes may 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 (de Freitas 
Rebelo et al., 2013). It would be interesting to test the possibility of this 
hypothesis in future studies of other decapod species using state-of-art 
morphological and molecular techniques. 

Table 1 summarizes different hemocyte types and their synonymous 
terms in the literature, their related morphological features, and their 
function in decapod immunity. 

2.2. Phagocytosis 

Phagocytosis protects the host by engulfing invading pathogens and 
by helping remove apoptotic cell debris to maintain tissue homeostasis 
(Li et al., 2018). It starts with the recognition of foreign particles by the 
hemocytes, which is followed by the engulfing and enclosing of the 
particle into phagosome. The particle is then shredded into pieces by 
specialized enzymes, which produce harmless particles that are either 

recycled for further use by the cell or are discarded (Liu et al., 2020c). 
Due to the lack of any unified classification scheme of hemocyte types in 
decapods (Table. 1), contrasting findings regarding the phagocytic role 
of hemocytes are found in the literature. For example, an in vivo 
phagocytosis assay in the narrow-clawed crayfish Astacus leptodactylus 
demonstrated phagocytic activity in all three types of hemocytes (Giu-
lianini et al., 2007), whereas a study of the tiger shrimp Penaeus mon-
odon reported that phagocytic activity was mainly exhibited by HC 
rather than SGC or GC (Sung and Sun, 2002). On the other hand, a study 
of the crayfish C. quadricarinatus showed that the 0.2 μm fluorescent 
microspheres were internalized by SGC and GC cells, thereby suggesting 
that only two types of hemocytes perform phagocytic activity (Li et al., 
2018). Further research is still required in this area to better characterize 
and classify hemocyte subpopulations and their corresponding phago-
cytic role in decapods. The schematic model of phagocytosis is shown in 
Fig. 1 (A). 

2.3. Encapsulation and nodulation 

Encapsulation and nodulation are two powerful cellular immune 
reactions that are responsible for the localization and isolation of 
pathogens and parasites that are too large for phagocytosis by an indi-
vidual hemocyte (Rowley, 2016). 

Encapsulation, whereby hemocytes progressively surround a foreign 
intruder in multiple layers, efficiently prevents the growth and devel-
opment of parasites such as cestodes, trematodes and nematodes, as well 
as pathogenic fungi (Nyhlén and Unestam, 1980; Vranckx and Durliat, 
1981; Persson et al., 1987b). It has been shown that the immune cells of 
the narrow-clawed crayfish are able to encapsulate a parasite Psor-
ospermium haeckeli in multiple layers of hemocytes with two different 
shapes (Vranckx and Durliat, 1981). Furthermore, a study has reported 
that the crayfish plague Aphanomyces astaci that penetrated a wound site 
immediately encountered encapsulation by hemocytes, with higher and 
lower levels, respectively, of melanization in resistant signal crayfish 

Fig. 1. Scheme of decapod crusta-
ceans’ cellular and humoral immune 
responses and their interaction to 
pathogens and parasites as biotic envi-
ronmental factors. (A) The key cellular 
events are phagocytosis, encapsulation, 
nodule formation and melanization. (B) 
The essential responses for the humoral 
events after activation of granulocytes, 
prophenoloxidase (proPO), proPO- 
activating enzyme (ppA), trans-
glutaminase activation, clotting, etc. 
PAMP/PRR: Pathogen-Associated Mo-
lecular Patterns/ Pattern Recognition 
Receptors.   
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Pacifastacus leniusculus and susceptible noble crayfish Astacus astacus 
(Nyhlén and Unestam, 1980). 

Nodulation is another effective cellular defence response to large 
numbers of bacteria that helps the body isolate and neutralize foreign 
pathogens (Götz, 1986). In vivo studies of the shore crab Carcinus 
maenas injected with two pathogenic bacteria, Bacillus cereus and Mor-
axella sp., formed several hemocytic clumps (nodules) that entrapped a 
large number of microorganisms, thereby effectively constraining the 
spread of bacteria in the hemocoel (Smith and Ratcliffe, 1980a; Smith 
and Ratcliffe, 1980b). Similarly, the infection of signal crayfish by Vibrio 
areninigrae caused hemocytes to form nodules against bacterial path-
ogen in the heart, hepatopancreas and gills (Hernández-Pérez et al., 
2021). 

Both capsules and nodules are generally accompanied by melanin 
formation derived from the activation of the prophenoloxidase (proPO) 
system. Trapped pathogens are killed and dismantled by the cytotoxic 
quinones in the rigid melanin layer (Vogt, 2008). Encapsulation and 
nodule formation is illustrated in Fig. 1 (A). 

2.4. Recognition of pathogens 

Responses to pathogen invaders are very powerful and rapid in 
decapod crustaceans. They are induced by extracellular signal molecules 
called pathogen-associated molecular patterns (PAMPs) that are recog-
nized by specialized cell surface receptors called pattern-recognition 
proteins (PRPs) or pattern-recognition receptors (PRRs) on the surface 
of immune cells (Janeway Jr and Medzhitov, 2002; Amparyup et al., 
2012b; Tassanakajon et al., 2013). When PAMP/PRR interaction occurs, 
the immune cells are rapidly activated and respond through intracellular 
signalling cascades, resulting in cellular and humoral immune responses 
(Tassanakajon et al., 2013) including phagocytosis, encapsulation and 
nodulation, as well as the activation of proPO and coagulation systems 
and the release of antimicrobial peptides (Jiravanichpaisal et al., 2006; 
Amparyup et al., 2012b). 

2.5. Prophenoloxidase (proPO) system 

The proPO system is an essential part of the humoral immune 
response and is found in the zymogen form stored in the semi-granular 
and granular hemocytes (Söderhäll and Smith, 1983). The PO central 
enzyme is produced after the inactive form proPO is released from the 

cytoplasm of hemocytes as a result of a stimulation. A variety of PAMPs 
such as b-1,3-glucans, lipopolysaccharide (LPS) and peptidoglycan 
released from microbes initiate stimuli by activating serine proteases 
such as proPO-activating enzyme (ppA), which in turn convert the 
inactive proPO to an active PO enzyme state (Cerenius et al., 2010). 
Furthermore, the PO acts upon phenolic compounds and yields melanin 
and a variety of potentially toxic factors that are important for killing 
pathogens (Rowley and Powell, 2007; Cerenius et al., 2008). The proPO 
cascade mechanism has been extensively studied in the signal crayfish 
(Söderhäll et al., 2009; Cerenius et al., 2010), tiger shrimp (Char-
oensapsri et al., 2011) and the Chinese mitten crab Eriocheir sinensis (Gai 
et al., 2008). The RNA interference-mediated silencing of proPO gene 
activity in signal crayfish infected by pathogenic bacterium showed 
increased bacterial growth and decreased cellular responses such as 
nodule formation and phagocytosis (Liu et al., 2007). Likewise, the 
application of the same technique in tiger shrimps challenged with 
white-spot syndrome virus (WSSV) caused higher mortality (Sutthang-
kul et al., 2015). PO-mediated melanin synthesis and other humoral 
events are shown in Fig. 1 A, B. 

2.6. Coagulation system 

Coagulation of the hemolymph is another crucial humoral defence 
response. Decapods possess an open circulatory system with a very 
rapid, powerful coagulation mechanism to prevent the loss of hemo-
lymph and the dissemination of pathogens (Martin et al., 1991). The 
coagulation system has been extensively studied in signal crayfish as a 
useful model for clarifying decapod immunity (Cerenius and Söderhäll, 
2018; Perdomo-Morales et al., 2019). Transglutaminase (TGase), the 
central enzyme in hemolymph coagulation, is stored in the granules and 
released from the cells when hemocytes are activated (Aono and Mori, 
1996). TGase is activated by Ca2+ contents in plasma, which initiates the 
polymerization of plasma-clotting protein (CP) molecules into long 
flexible chains that form the visible clot (Martin et al., 1991; Maningas 
et al., 2008). CPs are defence molecules that possess multifunctional 
properties and are essential for recognizing and neutralizing foreign 
bodies (Iwanaga and Lee, 2005). 

2.7. Antimicrobial peptides (AMPs) 

As key humoral defence molecules, AMPs are mainly cationic pep-
tides and have been categorized into four groups based on their amino 
acid composition and structure in decapods: (1) Linear α-helical single- 
domain AMPs such as homarin and armadillidin; (2) Single-domain 
peptides AMPs enriched with cysteine residues such as defensin and 
anti-lipopolysaccharide factor; (3) Multi-domain or chimeric AMPs such 
as crustins and penaeidin; (4) Non-conventional AMPs that exhibit 
multifunctional antimicrobial activity such as hemocyanin-derived 
peptides (Rosa and Barracco, 2010; Becking et al., 2020). 

Two key signal transduction pathways including the Toll and im-
munodeficiency (IMD) pathways are responsible for regulating the 
expression of AMPs (De Gregorio et al., 2002). The synthesis and release 
of AMPs from granules of immune cells are rapidly triggered after a 
microbial challenge via PAMPs/PRPs interaction and the subsequent 
activation of Toll and IMD signalling pathways (Calderon-Rosete et al., 
2018; Tassanakajon et al., 2018; Li et al., 2019). The Toll pathway 
regulates the expression of AMPs that are mainly active against gram- 
positive bacteria and fungi (Rutschmann et al., 2002; Valanne et al., 
2011), while the IMD pathway mainly regulates AMPs active against 
gram-negative bacteria and viruses (Lemaitre and Hoffmann, 2007). 
Table 2 shows the main proteins that are released from immune cells and 
their functions in decapods. 

Table 2 
Major proteins released from granules of immune cells and their immune 
functions in decapods.  

Proteins from the 
granules 

Species Function References 

Prophenoloxidase Pacifastacus 
leniusculus 

Component of 
proPO-system 

Aspan and 
Soderhall, (1991) 

proPO-activating 
enzyme (ppA) 

Pacifastacus 
leniusculus 

Activation of 
proPO-system 

Aspán et al., 
(1990) 

Peroxinectin Pacifastacus 
leniusculus 

Cell-adhesion 
activity 

Johansson et al., 
(1995) 

Antimicrobial 
peptides (AMPs) 

Pacifastacus 
leniusculus 

Antimicrobial 
activity 

Sricharoen et al., 
(2005; Rosa and 
Barracco, (2010) 

Transglutaminase Marsupenaeus 
japonicus 

Coagulation and 
regulation of 
immune genes 

Fagutao et al., 
(2012) 

Proteinase 
inhibitors 

Penaeus 
monodon 

Proteinase 
inhibitor and 
antimicrobial 
activities 

Amparyup et al., 
(2008) 

Pattern recognition 
proteins (PRPs) 

Penaeus 
monodon 

Cell-adhesion 
activity, 
antimicrobial 
activity and 
component of 
proPO-system 

Amparyup et al., 
(2012a)  
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3. Interaction of environmental factors and the immune system 
in decapods 

Decapod crustaceans inhabit a diverse range of aquatic environments 
and are greatly affected by a variety of abiotic and biotic environmental 
stressors, which have been shown to have profound effects on reactive 
oxygen species (ROS) production, nucleic acid, lipid and protein sta-
bility, and hemocyte counts (Kultz, 2003, 2005; Chang et al., 2009b; 
Wang et al., 2009; Cheng et al., 2018; Burgos-Aceves et al., 2021; Xu 
et al., 2022) and so, in turn, can induce significant immunological re-
actions (Cheng and Chen, 2000; Kumaresan et al., 2017; Burgos-Aceves 
et al., 2018). Although the mechanisms by which biotic factors and 
pathogens induce immune responses at cellular and molecular levels in 
decapods are well studied, the mechanisms that abiotic environmental 
factors employ to affect specific immune functions at cellular and mo-
lecular levels are far less well known. For example, how stressor-specific 
sensors receive signals from a particular environmental factor and how a 
specific cellular response is triggered by one of these factors is yet to be 
investigated in decapods. The overall effects of abiotic factors on the 
immune parameters of decapods are summarized in Fig. 2. 

In the following section, we first elucidate some of the mechanisms 
through which diverse categories of environmental factors activate the 
immune system and then classify the resulting immune responses. 

3.1. Temperature 

3.1.1. Possible mechanism of action of temperature on the immune system 
Temperature is probably the most important abiotic environmental 

factor having an adverse effect on immune responses in decapod crus-
taceans. Critically high and low temperatures can alter environmental 
oxygen levels and their demand at cellular and tissue levels. High tem-
peratures are associated with a reduction in the oxygen in the aquatic 
environment together with a sharp rise in oxygen demand due to the 
increased energy cost of ventilation and circulation caused by these 
elevated temperatures (Portner, 2001). On the other hand, critically low 
temperatures have been shown to reduce mitochondrial aerobic capac-
ity (Portner, 2001). Although water can dissolve more oxygen at lower 

temperatures, the level of oxygen drops around freezing point because 
the surface ice layer acts as a barrier against the diffusion of oxygen from 
the air into water (Pulkkanen and Salonen, 2013). Despite the fact the 
level of ROS is not high at low temperatures, freeze-tolerant animals can 
increase their antioxidant levels at freezing point to cope with the 
oxidative stress that occurs during the thawing and reoxygenation stage 
(Gorr et al., 2010b). It is estimated that 2–3% of the oxygen consumed 
by aerobic cells is converted into free oxygen radicals and H2O2 (Sohal 
and Weindruch, 1996). Therefore, higher temperatures outside the op-
timum tolerance range enhance ROS production and cause oxidative 
damage to essential cellular biomolecules such as lipids, proteins and 
DNA in aquatic animals (Kultz, 2005; Malev et al., 2010; Li et al., 2015). 
To mitigate oxidative stress, the survival of the host cell is supported by 
molecular protection provided via stress-related proteins and the anti-
oxidative defence system (Feder and Hofmann, 1999; Portner, 2001; 
Zhou et al., 2010). 

However, despite various protective mechanisms, excessive and 
prolonged thermal stress beyond cells’ ability to cope results in the 
activation of apoptotic mechanisms such as p53–Bax and caspase- 
dependent apoptotic pathways (Cheng et al., 2015). Consequently, 
high temperatures may increase apoptosis in hemocytes and reduce THC 
and immune functions, and increase the vulnerability to pathogens in 
decapods (Jiravanichpaisal et al., 2004; Cheng et al., 2005b; Wang and 
Chen, 2006b). The reason for declining phenoloxidase activity after 
thermal stress could be due to greater hemocyte death followed by a 
high level of protease inhibitors such as trypsin inhibitor and α- 2-macro-
globulin in the hemolymph. Both these protease inhibitors can halt the 
proPO system by inhibiting ppA as the key enzyme for proPO activation 
(Sung et al., 1998). 

In addition, recent reports suggest that as a response to certain 
environmental factors, the neuroendocrine-immune system plays a 
crucial role in maintaining homeostasis and enhancing environmental 
adaptability (Tong et al., 2022). For example, after exposure to cold 
stress, production of the hemolymph norepinephrine (NE) increased, 
which consequently induced the apoptosis of hemocytes via caspase-3 in 
the whiteleg shrimp (Chang et al., 2009a). As well, thermal stress 
induced the release of NE and caused significant modulation of the 
immune responses in the giant freshwater prawn Macrobrachium rose-
nbergii (Chang et al., 2015), indicating thus that the apoptosis of THC 
might be controlled via the endocrine system. Furthermore, it has been 
suggested that under cold stress, the decline of THC could be due to 
weakened production and release of hemocytes from hematopoietic 
organs, as well as the adherence and immobilization of hemocytes to 
other tissues such as gills (Johnson, 1980; Victor et al., 1990; Lubawy 
and Slocinska, 2020). 

3.1.2. Immune responses of decapods under thermal stress 
The exposure of the narrow-clawed crayfish to high temperatures of 

up to 30 ◦C caused a significant increase in the level of DNA damage, 
THC count, hemolymph glucose and total protein concentrations (Malev 
et al., 2010). A recent study has reported a correlation between tem-
perature and disease susceptibility in signal crayfish. These crayfish 
were kept at two temperatures (6 ◦C and 22 ◦C) and injected with two 
pathogenetic gram-negative bacteria strains and LPS. At the lower 
temperature, the mortality rate was lower, THC decreased and phago-
cytosis improved, while at the higher temperature the mortality rate and 
melanization rose. (Korkut et al., 2018). Likewise, Jiravanichpaisal and 
colleagues studied the effect of water temperature on immune param-
eters and the infectivity pattern of white-spot disease in both signal and 
noble crayfish, and demonstrated that temperature greatly altered the 
immune parameters and mortality rates in infected crayfish (Jir-
avanichpaisal et al., 2004). 

Furthermore, in the tiger shrimp a change in temperature from a 
control of 26 ◦C to 34 and 22 ◦C resulted in lower THC and DHC levels, 
less phagocytic, phenoloxidase and SOD activity, and greater suscepti-
bility to pathogens (Wang and Chen, 2006b). Significant reductions 

Fig. 2. The illustration shows the key immune parameters that are most 
commonly affected by abiotic factors such as temperature, pH, salinity, dis-
solved oxygen and ammonia. These parameters are often used as immune in-
dicators to assess the health status of decapod crustaceans. 

K. Mengal et al.                                                                                                                                                                                                                                 



- 29 -

Effects of environmental factors on the cellular and 
molecular parameters of the immune system in decapods

Comparative Biochemistry and Physiology, Part A 276 (2023) 111332

7

were also observed in phagocytotic responses, antibacterial activity, 
THC, PO and SOD activity, and RB when whiteleg shrimps were infected 
with bacteria at a high temperature of 32 ◦C (Cheng et al., 2005b). In the 
yellow-leg shrimp Penaeus californiensis an increase in temperature from 

18 to 32 ◦C affected both proPO and plasma protein hemolymph pa-
rameters, causing a reduction in total proPO level at 32 ◦C and decrease 
in plasma total protein at 28 and 32 ◦C (Vargas-Albores et al., 1998). 

In the giant freshwater prawn after exposure to low (22 ◦C) and high 

Table 3 
A summary of the immune responses of decapods to thermal stress.  

Species 
group 

Species Temperature ◦C Immune responses References 

Crayfish Astacus leptodactylus 25, 30 ↕ Total hemocyte count 
↑Total protein concentrations 

Malev et al., (2010) 

Pacifastacus leniusculus 6, 22 ↓ Total hemocyte count 
↑ Melanization 
↑ Phagocytic activity 

Korkut et al., (2018) 

Pacifastacus leniusculus and Astacus 
astacus 

4, 12, 18, 22 ↕ Total hemocyte count 
↕ Granular cells 
– Phenoloxidase activity 
– prophenoloxidase 
↓ Lipopolysacharide glucan binding 
protein 

Jiravanichpaisal et al., 
(2004) 

Procambarus clarkii 18, 24 ↕ Total hemocyte count 
↑ Phenoloxidase activity 

Dong et al., (2015) 

Crabs Carcinus aestuarii 4, 17, 30 ↓ Total hemocyte count 
↑ Phenoloxidase activity 
↓ Superoxide dismutase activity 
↓ Catalase activity 
↓ Total protein concentrations 

Matozzo et al., (2011) 

Carcinus maenas 10, 20 ↑ Total hemocyte count Truscott and White, 1990) 
Carcinus maenas Water temperatures in February and 

August 
↕ Total hemocyte count 
↕ Total protein concentrations 
↓Antibacterial activity 

Chisholm and Smith, 1994) 

Prawns Macrobrachium rosenbergii 22, 28, 34 ↕ Total hemocyte count 
↕ Differential hemocyte count 
↑ Phenoloxidase activity 
↑ proPO-system 
↓ Superoxide dismutase activity 
↓ Phagocytic activity 

Chang et al., (2015) 

Macrobrachium 
rosenbergii 

20,21,27,28, 30, 31,33,34 ↕ Total hemocyte count 
↕ Phenoloxidase activity 

Cheng and Chen, 2000) 

Shrimps Penaeus monodon 22, 26, 30, 34 ↓ Total hemocyte count 
↓ Differential hemocyte count 
↓ Phenoloxidase activity 
↓ respiratory burst 
↓ superoxide dismutase activity 
↓ phagocytic activity 

Wang and Chen, 2006b) 

Litopenaeus vannamei 18, 21, 24, 27, 30 ↓ Total hemocyte count 
↑ Phenoloxidase activity 
↓ Bacteriolytic activity 

Lu-Qing et al. (2007) 

Litopenaeus vannamei 17, 20, 23 ↓ Total hemocyte count 
↑ Reactive oxygen species 

Li et al., (2014) 

Litopenaeus vannamei 16, 22, 28 ↓ Total hemocyte count 
↕ Phenoloxidase activity 
↕ Nitric oxide synthase activity 
↕ Superoxidase activity 
↑ Malondialdehyde content 

Jia et al., (2014b) 

Litopenaeus vannamei 20 to 34 ↓ Total hemocyte count 
↓ Phenoloxidase activity 
↓ Respiratory burst 
↓ Superoxidase activity 
↓ Phagocytic activity 

Cheng et al., (2005b) 

Penaeus californiensis 18, 22, 25, 28, 32 ↑ Total plasma protein concentration 
↓ prophenoloxidase activity 

Vargas-Albores et al. (1998) 

Penaeus vannamei 13, 15, 25 ↓ Total hemocyte count 
↕ Differential hemocyte count 
↕ Phenoloxidase activity 
↓ prophenoloxidase expression 
↕ Lysozyme activity 
↕ Gamma-glutamyl transferase activity 

Xu et al., (2019) 

Litopenaeus vannamei 18, 21, 24, 27, 30 ↓ Total hemocyte count 
↓ Differential hemocyte count 
↓ Phenoloxidase activity 
↓ Serine protease activity 

Pan et al., (2008) 

↑ = increase. 
↓ = decrease. 
↕ = increase and decrease. 
̶ = no significant change. 
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(34 ◦C) temperatures immune responses including THC, PO, SOD, RB, 
and phagocytic activity, and proPO-system-related gene expression 
were found to have changed significantly (Chang et al., 2015). 

When the Mediterranean green crab Carcinus aestuarii was exposed to 
4, 17, and 30 ◦C, at temperatures of 4 ◦C and 30 ◦C, THC fell signifi-
cantly, while hemolymph protein concentrations dropped only at 30 ◦C. 
In addition, hemocyte proliferation and PO activity increased greatly at 
both the lowest and highest temperatures, which demonstrates that 
these crabs can modulate their immune parameters to cope with tem-
perature fluctuations (Matozzo et al., 2011). In the shore crab, a gradual 
increase in temperature over 12 h from 10 to 20 ◦C for five days led to a 
significant rise in hemocyte numbers, whereas a sudden temperature 
rise initiated no such response (Truscott and White, 1990). The anti-
bacterial activity in shore crabs fell in February and August at the 
moment of the least and greatest seasonal fluctuation in temperatures 
(Chisholm and Smith, 1994), which suggests that thermal stress greatly 
affects the immune parameters in decapod crustaceans. The impact of 
thermal stress on the immune parameters of decapod crustaceans is 
summarized in Table 3. 

3.2. pH 

3.2.1. Possible mechanism of action of pH on the immune system 
Decapod crustaceans are sensitive to fluctuations in environmental 

pH. Its stress probably damages tissues associated with ion exchange 
such as gills, and causes acid-base imbalances (Mcculloch, 1990). The 
primary problem associated with acid-induced stress in aquatic animals 
is excessive secretion and accumulation of mucus on gill filaments 
leading to respiratory failure, anoxia and death (Daye and Garside, 
1975). Greater uptake of hydrogen ions across the gills leads to hemo-
lymph acidosis in crayfish under acidic conditions (Morgan and 
McMahon, 1982; Wood and Rogano, 1986). Both hemolymph acidosis 
and alkalosis depend on changes in pH in the surrounding medium and 
both critically high and low pH increase oxygen consumption in the 
noble and narrow-clawed crayfish (Cukerzis, 1973). Hemolymph oxy-
gen affinity drops significantly with the decline in hemolymph pH 
(Mcculloch, 1990) and, in addition, both acidic and alkaline pH stresses 
have been found to induce RB and DNA damage in the hemocytes and 
the hepatopancreas of shrimps (Wang et al., 2009). It is important to 
note that both high and low pH stresses have been reported to lead to 
substantial immunosuppression and decreased resistance against path-
ogens in decapods due to a reduction in PO activity and phagocytic 
activity (Li and Chen, 2008; Chen et al., 2015). 

3.2.2. Immune responses of decapods under pH stress 
Fluctuations in water pH can greatly alter immune parameters such 

as THC, DHC, total hemolymph protein, PO activity, ROS production 
and antioxidant responses in decapods. In the whiteleg shrimp immune 
parameters and resistance against Vibrio alginolyticus decreased in long- 
term cultures at low pH levels. The immune parameters including THC, 
HC, GC, RB, PO activity, lysozyme activity (LZM), and SOD activity 
significantly decreased, and the expression levels of genes including 
ecCuZnSOD, cytMnSOD, LZM, glutathione peroxidase and penaeidin 3a 
were also down-regulated at pH 6.8 compared to 8.1. In addition, a 
separate experiment during the same study showed that during a 24- 
week challenge with V. alginolyticus lower pH can reduce phagocytic 
index, phagocytic activity and the clearance efficiency of animals (Chen 
et al., 2015). The Indian white shrimp Fenneropenaeus indicus experi-
enced reduced immunity when exposed to low (5.5) and high (9) pH 
stresses and at lower pH the values of THC, PO activity and hemolymph 
protein were significantly lower than at a higher pH (Sharma et al., 
2009). Exposure of the giant freshwater prawn to the combined effects 
of pH, temperature and salinity caused a reduction in THC and PO ac-
tivity in both low (4.6–5.0) and high (9.0–9.5) pH media but not in the 
middle-ranging pH (7.05–7.7) (Cheng and Chen, 2000). 

Furthermore, pH has been shown to influence bacterial virulence in 

Table 4 
A summary of the immune responses of decapods to pH stress.  

Species 
group 

Species pH Immune 
responses 

References 

Crabs Callinectes 
sapidus 

6.6, 7.0, 
7.4, 7.6, 
7.8 

↓ Phenoloxidase 
activity 

Tanner 
et al., (2006) 

Prawns Macrobrachium 
rosenbergii 

4.6–5.0, 
7.5–7.7, 
9.0–9.5 

↓ total hemocyte 
count 
↓ phenoloxidase 
activity 

Cheng and 
Chen, 2000) 

Shrimps Litopenaeus 
vannamei 

6.8, 8.1 ↓ total hemocyte 
count 
↓ Hyaline cells 
↓ Granular cells 
↓ Respiratory 
Bursts 
↓ Superoxide 
dismutase activity 
↓ Lysozyme 
activity 
↓ phenoloxidase 
activity 
↑ Mortality rate 

Chen et al., 
(2015) 

Litopenaeus 
vannamei 

6.8 ↓ Hyaline cells 
↓ Granular cells 
↓ Semi-granular 
cells 
↓ Total hemocyte 
count 
↓ Phenoloxidase 
activity 
↓ Respiratory 
burst 
↓ Superoxide 
dismutase activity 
↓ Glutathione 
peroxidase 
activity 
↓ Lysozyme 
activity 

Lin et al., 
(2010) 

Litopenaeus 
vannamei 

6.5, 8.2, 
10.1 

↑ Mortality rate 
↓ Total Hemocyte 
count 
↓ Phenoloxidase 
activity 
↓ Respiratory 
burst, 
↓ Phagocytic 
activity 
↓ Clearance 
efficiency 
↓ Superoxide 
dismutase activity 

Li and Chen, 
2008) 

Fenneropenaeus 
indicus 

6, 5.5 ↓ total hemocyte 
count 
↓ phenoloxidase 
activity 
↓ hemolymph 
protein values 

Sharma 
et al., (2009) 

Litopenaeus 
vannamei 

7.0, 7.5, 
9.0, 9.5 

↓ Total hemocyte 
count 
↓ Bacteriolytic 
activity 
↓ Antibacterial 
activity 
↑ Phenoloxidase 
activity 

Lu-Qing 
et al., (2005) 

↑ = increase. 
↓ = decrease. 
↕ = increase and decrease. 
̶ = no significant change. 
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hosts. For example, the mortality rate is exacerbated in giant freshwater 
prawns when challenged with Enterococcus-like bacterium at high pH 
(8.8–9.5). However, the exposure of luminous bacteria to low pH (5.5) 
significantly reduced the pathogenicity of bacteria towards penaeid 
prawn larvae (Prayitno and Latchford, 1995; Cheng and Chen, 1998). 
This implies that fluctuations in pH not only influence the health and 
immune ability of hosts but also affect pathogen virulence in hosts, 
thereby leading to disease outbreaks. The impact of pH stress on the 
immune parameters of decapod crustaceans is summarized in Table 4. 

3.3. Salinity 

3.3.1. Possible mechanisms of action of salinity on the immune system 
Acute changes in salinity can disrupt osmoregulatory mechanisms 

and subsequently suppress physiological and immune mechanisms in 
decapod crustaceans. As well, both hyper- and hypo-salinities have been 
shown to have immunosuppressive effects, which reduce resistance to 
infection (Wang and Chen, 2005b; Wang and Chen, 2006a). The results 
of studies of terrestrial, freshwater and marine crustaceans suggest that 
neurohormones like dopamine (DA) perform an important role in ionic 
and osmotic regulation and are key neuroregulators of the immune 

Table 5 
A summary of the immune responses of decapods to the salinity stress.  

Species group Species Salinity ‰ Immune responses References 

Crabs Portunus trituberculatus 21, 26, 31 ↓ Total hemocyte count 
↓ prophenoloxidase activity 
↑ phenoloxidase activity 

Wang et al., (2018) 

Prawns Macrobrachium 
rosenbergii 

0, 5, 10, 15 ↑ Total hemocyte count 
↑ phenoloxidase activity 

Cheng and Chen, 2000) 

Shrimps Fenneropenaeus indicus 5, 25, 35 ↑ Phenoloxidase 
↑ Superoxide anion production 
↑ Total hemolymph proteins 
↑ Acid phosphatase activity 
↑ Alkaline phosphatase activity 

Selven and Philip, 2013) 

Litopenaeus vannamei 5, 15, 25, 35 ↓ Total hemocyte count 
↓ Phenoloxidase activity 
↓ Respiratory burst 
↓ Phagocytic activity 
↓ Superoxide dismutase activity 
↑ Mortality 

Wang and Chen, 2005a) 

Penaeus monodon 0, 15, 35 ↓ Total hemocyte count, 
– Phenoloxidase activity 
↓ Nitroblue tetrazolium salt (NBT) reduction 
– Alkaline phosphatase activity 
↓ Acid phosphatase activity 

Joseph and Philip, 2007) 

Penaeus monodon 5, 15, 35 ↓ Total hemocyte count 
↓ Hyaline cell 
↓ Phenoloxidase activity 
↓ Respiratory burst 
↓ Superoxide dismutase activity 
↓ Phagocytic activity 
↓ Clearance efficiency 

Wang and Chen, 2006a) 

Farfantepenaeus paulensis 13, 22, 34 ↓ Total hemocyte count 
– Total serum protein concentration ↓Phenoloxidase activity 

Perazzolo et al., (2002) 

Litopenaeus vannamei 5, 30 ↓ Total hemocyte count 
↓ Bacteriolytic activity 
↓ Antibacterial activity 
↑ Phenoloxidase activity 

Lu-Qing et al., (2005) 

Marsupenaeus japonicus 9,13,17,21,29 and 33 ppt ↓ Total hemocyte count 
↑ Phenoloxidase activity 

Yu et al., (2003) 

Litopenaeus vannamei Freshwater and seawater ↑ Total hemocyte count 
↓ Respiratory burst 
↓ Phenoloxidase activity 
↓ Nitric oxide synthase (NOS) 
↓ Lysozyme activity 

Jia et al., (2014a) 

Litopenaeus vannamei 2.5, 5, 15, 25, 35 ↓ Hyaline cells 
↓ Granular cells 
↓ Phenoloxidase activity 
↓ Respiratory bursts 
↓ Superoxide dismutase activity 
↓ Lysozyme activity 

Lin et al., (2012) 

Litopenaeus vannamei 21,26 ↓ Total hemocyte count 
↓ Differential hemocyte count 
↓ Phenoloxidase activity 

Pan et al., (2010) 

Litopenaeus vannamei 15, 20, 25, 35 ↓ hyaline cell count 
↓ Granular cell (semi-granular cell) count 
↓ Total hemocyte count 
↓ Phenoloxidase activity 
↓ Respiratory burst 
↓ Superoxide dismutase activity 

Li et al., (2010a) 

↑ = increase. 
↓ = decrease. 
↕ = increase and decrease. 
̶ = no significant change. 
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system under salinity stress (Morris, 2001; Pan et al., 2010). Experi-
ments have shown that the injection of DA causes significant changes in 
key immune parameters in decapods including THC, DHC, PO and RB, 
and a decrease in antibacterial activities (Cheng et al., 2005a; Li et al., 
2005; Hu et al., 2007). Similarly, in the whiteleg shrimp under salinity 
stress, hemolymph concentrations of DA peaked whilst key immune 
parameters in the hemolymph declined considerably (Pan et al., 2010), 
suggesting that biogenic amines like DA might have immune- 
modulatory effects. In addition, high salinity could negatively affect 
cell viability by activating the proPO system and triggering cell 
degranulation, which can lead to extreme degranulation and subsequent 
cell death due to cell lysis (Pan et al., 2011). Therefore, it is assumed that 
the salinity-induced high DA concentrations of hemolymph could reduce 
immunity in decapods by reducing THC as a result of cell death. 
Moreover, the long-term exposure to low salinity stress affects the im-
munity in seawater decapods via several proteins and biochemical 
pathways, including the down-regulation of hemocyanins, a group of 
proteins with respiratory and several immunological functions (Xu et al., 
2017). 

3.3.2. Immune responses of decapods under salinity stress 
Salinity stress has a negative impact on immune parameters and can 

intensify the virulence of pathogens in hosts leading to higher mortality. 
According to Selven and Philip, the shrimp F. indicus under low (5‰) 
and high (35‰) salinity stresses showed significant alterations in its 
immune parameters including PO, intracellular superoxide anion pro-
duction, total hemolymph proteins, acid phosphatase (ACP) and alkaline 
phosphatase (ALP) activity when challenged with the marine bacterium 
Vibrio harveyi. However, the virulence of V. harveyi was more severe at 
35‰ (Selven and Philip, 2013). Likewise, Wang and Chen report the 
effects of salinity stress at 5, 15, 25, and 35‰ on the immune ability of L. 
vannamei and its susceptibility to V. alginolyticus. At low salinities, the 
immune parameters including THC, PO activity, RB, phagocytic activity 
and SOD activity, as well as the pathogen clearance efficiency decreased 
considerably after 12 h, and the mortality of V. alginolyticus- injected 
shrimps reached its peak at the lowest salinity level of 5‰ (Wang and 
Chen, 2005a). The exposure of the tiger shrimp to 0‰ salinity stress 
resulted in a substantial depression of immune parameters and increased 
susceptibility to WSSV infection (Joseph and Philip, 2007). Similarly, 
the whiteleg shrimp was more susceptible to V. alginolyticus at lower 
(5‰) than higher (35‰) salinity (Wang and Chen, 2005b). 

Studies of decapods such as the tiger shrimp, swimming crab Portu-
nus trituberculatus and giant freshwater prawn have shown that salinity 
stress could significantly induce alternations in immune parameters 
including THC, PO, RB, SOD, ACP, and ALP, and phagocytic activity 
(Cheng and Chen, 2000; Wang and Chen, 2006a; Joseph and Philip, 

Table 6 
A summary of the immune responses of decapods to ammonia stress.  

Species 
group 

Species Range of 
Ammonia 
mgL-1 

Effect on Immune 
responses 

References 

Crabs Portunus 
trituberculatus 

0, 1, 5, 20 ↓ Phagocytic 
activity 
↓ Antibacterial and 
bacteriolytic 
activity 

Yue et al., 
(2010b) 

Eriocheir sinensis 20, 40, 60, 
80 

↓ Total hemocyte 
count 
↓ Superoxide 
dismutase activity 

Hong et al., 
(2007) 

Eriocheir sinensis 1.0, 2.0, 
3.0, 4.0,5.0 

↓ Total hemocyte 
count 
↓ Lysozyme activity 
↓ Phenoloxidase 
activity 
↓ Superoxide 
dismutase activity 

Huang et al., 
(2006) 

Lobsters Panulirus 
homarus 

0, 0.5, 1.5, 
3 

↓ Total hemocyte 
count 
↓ Phenoloxidase 
activity 

Verghese 
et al., (2007) 

Prawns Macrobrachium 
rosenbergii 

0⋅55, 1⋅68, 
3⋅18 

– Total hemocyte 
count 
– Differential 
hemocyte count 
↓ Phenoloxidase 
activity 
↓ Respiratory burst 

Cheng and 
Chen, 2002) 

Macrobrachium 
nipponense 

0, 5, 10, 15, 
20 

↕ Superoxide 
dismutase 
↕ catalase 
↑ Alkaline 
phosphatase 
↑ Acid phosphatase 
↑ Malonaldehyde 

Zhang et al., 
(2015) 

Macrobrachium 
rosenbergii 

1 ↓ Total hemocyte 
count 

Hu et al., 
(2005) 

Shrimps Penaeus 
vannamei 

1, 3, 6, 9 ↓ Phenoloxidase 
activity 
↓ Superoxide 
dismutase activity 

Kathyayani 
et al., (2019) 

Litopenaeus 
vannamei 

1.10, 5.24, 
11.10, 
21.60 

↓ Total hemocyte 
count 
↓ Hyaline cells 
↓ Granular cells 
↓ Phenoloxidase 
activity 
↓ Respiratory bursts 
↑ Superoxide 
dismutase activity 
↓ Clearance 
efficiency to 
pathogen 

Liu and 
Chen, 2004) 

Penaeus 
japonicus 

5 ↓ Total hemocyte 
count 
↓ Plasma protein 
content 
↓ Hemocyte 
phagocytosis 
↓ prophenoloxidase 
activity 
↓ Alkaline 
phosphatase 
↓ Nitric oxide 
synthase 

Jiang et al., 
(2004b) 

Litopenaeus 
schmitti 

4, 6 ↓ Total hemocyte 
count 
– Phenoloxidase 
activity 
– Hemagglutination 
activity 

Rodríguez- 
Ramos et al., 
(2008) 

Litopenaeus 
vannamei 

↓ Total hemocyte 
count 

Qiu et al., 
(2008)  

Table 6 (continued ) 

Species 
group 

Species Range of 
Ammonia 
mgL-1 

Effect on Immune 
responses 

References 

0.05,0.15, 
0.75, 1.50, 
3.0 

↓ Prophenoloxidase 
activity 
↓ superoxide 
dismutase activity 
↓ Acid phosphatase 

Litopenaeus 
vannamei 

0.5, 1.0, 
1.5, 2.0, 
2.5 

↓ Total hemocyte 
count 
↑ Phenoloxidase 
activity 
↓ Bacteriolytic and 
antibacterial 
activity 

Jiang et al., 
(2004c) 

↑ = increase. 
↓ = decrease. 
↕ = increase and decrease. 
̶ = no significant change. 
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2007; Wang et al., 2018). The impact of salinity stress on immune pa-
rameters of decapod crustaceans is summarized in Table 5. 

3.4. Hypoxia 

3.4.1. Possible mechanism of action of hypoxia on the immune system 
Dissolved oxygen (DO) is another major environmental factor in 

aquaculture that can be affected by frost, an abrupt change or death of 
the phytoplankton in the water body, an increase in the size of the 

zooplankton population and the decomposition of organic matter such 
as food leftovers and faeces, which can result in a sudden decrease in DO 
(Jiang et al., 2005). A prolonged drop in the oxygen supply can induce 
hypoxia-inducible transcription factor (HIF), a gene known to activate 
mechanisms against hypoxia that is highly conserved across the animal 
kingdom. There is also evidence that HIF has an important role in the 
innate immune response of decapod crustaceans. Therefore, HIF may 
also trigger immune responses after exposure to hypoxia as an abiotic 
stressor (Gorr et al., 2010a). In addition, it has been shown that hypoxic 

Table 7 
A summary of the immune responses of decapods to pathogens.  

Species 
group 

Species Pathogens Tissues Immune responses References 

Crabs Portunus 
trituberculatus 

WSSV, Vibrio parahaemolyticus and V. alginolyticus Hepatopancreas and 
hemocytes 

↓ pro-phenoloxidase- 
activating system 
↓ Lysozyme 
↓ Crustin 
↑ α2-macroglobulin 
↑ NADPH oxidase (NOX) 
↑ Nitric oxide synthase 

Ren et al., 
(2017) 

Scylla paramamosain (WSSV) or Vibrio alginolyticus Hemocytes ↓ Janus kinase 
↕ Relish 

Zhu et al., 
(2018) 

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

Hemocyte, 
hepatopancreas and intestines 

↑ Phenoloxidase 
↑ Alkaline phosphatase 
↑ Alkaline phosphatasein 
–Superoxide dismutase 
–Lysozyme 
↑ SpHMC 

Cao et al., 
(2014) 

Eriocheir sinensis Vibrio anguillarum Hemocytes ↑ Cathepsin C (catC) Li et al., (2010b) 
Crayfishs Procambarus clarkii Viral and bacterial- pathogen-associated molecular 

patterns 
Hepatopancreas ↑ Pc-cathepsin C Liu et al., 

(2020b) 
Pacifastacus 
leniusculus 

Aphanomyces astaci Hemolymph ↓ Total hemocyte count Persson et al., 
(1987a) 

Prawns Macrobrachium 
rosenbergii 

Spiroplasma MR-1008 Hepatopancreas ↑ Alkaline phosphatase 
- Superoxide dismutase 
↓ Catalase 
↑ β-1,3-glucan-binding 
protein 
↑ Peroxinectin 
↑ α2-macroglobulin 

Du et al., (2013) 

Macrobrachium 
rosenbergii 

Aeromonas strains (A. veronii and A. caviae)  ↓ Total hemocyte count 
↕ Hyaline cells 
↕ Granular cells 
↑ Phenoloxidase activity 

Sung et al., 
(2000) 

Shrimps Litopenaeus 
vannamei 

WSSV and Vibrio parahaemolyticus Gills ↑ Superoxide dismutase 
↑ Peroxidase 
↑ Acid phosphatase 
↑ Alkaline phosphatase 
↑ Acid phosphatase 

Pang et al., 
(2019) 

Litopenaeus 
vannamei 

Micrococcus lysodeikticus and WSSV Hemolymph ↑ Acid phosphatase 
↑ Peroxidase 
↑ Alkaline phosphatase 
↑ Lysozyme phosphatase 
↑ Phenoloxidase 

Sun et al., 
(2015) 

Penaeus. vannamei Vibrio alginolyticus Hemolymph ↓ Total hemocyte count 
↓ Phenoloxidase 
↓ Superoxide dimutase 
↓ Respiratory burst 

Hsieh et al., 
(2008) 

Litopenaeus 
vannamei 

Vibrio parahaemolyticus Hepatopancreas hemolymph 
and, hemocytes 

↓ Total hemocyte counts 
↑ Hemocyanin (HEM) 
↑ Lysozyme 
↕ Acid phosphatase 
↕ Alkaline phosphatase 
↓ Phenoloxidase 

Zhai et al., 
(2019) 

Fenneropenaeus 
chinensis 

WSSV Lymphoid organ, gill, 
hepatopancreas 
and hematopoietic tissue 

– Total hemocyte count 
↑ Mitotic index 
↑ Phenoloxidase 
↑ Superoxide dismutase 
↑ Alkaline phosphatase 
↑ Acid phosphatase 

Zhang et al., 
(2005) 

↑ = increase. 
↓ = decrease. 
↕ = increase and decrease. 
̶ = no significant change. 
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exposure can increase the level of hemocyanin (Hcs), proteins that act as 
oxygen carriers in the hemolymph of decapod crustaceans (Giomi and 
Beltramini, 2007). Hcs also play a role in the innate immune response by 
providing oxygen for phenoloxidase activity or by working as pheno-
loxidase under certain circumstances (Terwilliger et al., 2006; Jaenicke 
et al., 2009; Niksirat et al., 2014; Niksirat et al., 2015). Hypoxia can 
increase the level of antioxidant proteins in the cell and so help cope 
with the oxidative stress that occurs after a possible reoxygenation of the 
environment (Gorr et al., 2010a). 

There is also evidence to suggest that hypoxic stress can alter im-
mune parameters through the endocrine system. After hypoxia stress in 
L. vannamei, hemolymph DA concentrations increased significantly and 
subsequently all immune parameters including hemocyte counts, phe-
noloxidase activity, phagocytic activity of hemocytes, and bacteriolytic 
and antibacterial activities were found to decline (Hu et al., 2009). 

3.4.2. Immune responses of decapods under hypoxic stress 
There was a significant decrease in the immune parameters such as 

THC, bacteriolytic and antibacterial activities, while PO greatly 
increased in activity when whiteleg shrimps were exposed to hypoxia 
conditions of 2.0 and 3.5 mg O2 l�1 (Jiang et al., 2005). Likewise, in the 
blue shrimp Penaeus stylirostris acute hypoxia at levels of 1 mg O2 l�1 for 
24 h induced significant reductions in THC, DHC and RB, while PO ac-
tivity greatly increased (Le Moullac et al., 1998). Hypoxic stress greatly 
affected immune parameters such as PO, SOD and peroxidase (POD), as 
well as antibacterial and LZM activities in the Chinese shrimp Fenner-
openaeus chinensis (Li et al., 2006). THC, DHC, RB and PO activity fell 
considerably and mortality increased at 1.75 compared to 2.75 mg O2 
l�1 after 12-h exposure in giant freshwater prawns challenged with 
Enterococcus (Cheng et al., 2002). Furthermore, in juvenile Chinese 
mitten crabs, hypoxic stress of 1.40 mg O2 l�1 greatly affected the im-
mune parameters THC, DHC and RB (Qiu et al., 2011), thereby sug-
gesting that hypoxic stress has a potentially devastating effect on 
immune parameters and increases the susceptibility to infections and 
mortality in decapods. 

3.5. Ammonia 

3.5.1. Possible mechanism of action of ammonia on immune system 
Ammonia is one of the major limiting environmental factors that can 

have a negative impact on the immune responses of decapod crustaceans 
and their productivity. In natural waters, total ammonia nitrogen (TAN) 
is mainly found in two forms, ammonium (NH4+) and ammonia (NH3). 
The latter is more toxic to aquatic animals since it can diffuse across cell 
membranes (Frias-Espericueta et al., 2000; Zhao et al., 2020). In 
intensive aquaculture systems with high-stocking densities, ammonia 
concentrations rise abruptly, predominantly due to the accumulation of 
nitrogenous waste from the cultured animals themselves, unconsumed 
food and other organic matter (Csavas, 1994; Romano and Zeng, 2013). 
In addition to its role as an important limiting factor in decapod crus-
tacean aquaculture, ammonia is also an important environmental 
pollutant used as a key water quality parameter for assessing environ-
mental pollution. Exposure of decapod crustaceans to elevated ammonia 
concentrations can impair many important biological processes such as 
ionic regulation, cell permeability and immune functions (Young-Lai 
et al., 1991; Harris et al., 2001; Hong et al., 2007). High ammonia levels 
can severely damage the gill structure of decapod crustaceans by 
inducing necrosis and hyperplasia, and harm gill epithelial cells (de 
Freitas Rebelo et al., 2000; Romano and Zeng, 2007). High ammonia 
also decreases the expression of Na+/K+-ATPase activity and so di-
minishes the ability of gills to excrete ammonia-N along a gradient, 
which eventually results in increased hemolymph ammonia-N concen-
trations (Martin et al., 2011). 

Furthermore, recent investigations have suggested that neuroendo-
crine factors can drive the effects of ammonia on the immune system of 
decapods (Tong et al., 2022) and, for example, it has been shown that 

ammonia-N can affect PO and antibacterial and bacteriolytic activities 
via the eyestalk hormone in L. vannamei (Cui et al., 2017a). DA is 
another neuroendocrine factor that can affect THC, antibacterial and 
bacteriolytic activities and proPO in Portunus trituberculatus as a result of 
changes in ammonia concentrations (Yue et al., 2010a). 

It is widely accepted that hemocytes are the most important 
component of the decapod immune system (Vazquez et al., 2009). 
Numerous studies have confirmed that the total hemocyte count de-
creases significantly under ammonia stress in several decapod crusta-
cean species (Jiang et al., 2004a; Hong et al., 2007; Verghese et al., 
2007; Rodríguez-Ramos et al., 2008). A transcriptomic study of the 
hemocytes of shrimps discovered that high concentrations of hemo-
lymph ammonia could induce the apoptosis of hemocytes. Under 
ammonia stress, the anti-apoptotic genes such as the inhibitor of 
apoptosis protein (IAP) and baculoviral IAP repeat-containing protein 2 
(Birc2) were greatly down-regulated, whereas the pro-apoptotic genes 
such as map kinase-interacting serine/threonine (MKNK) and CCAAT/ 
enhancer-binding protein (C/EBP) were significantly up-regulated (Liu 
et al., 2020a), which suggests that high hemolymph ammonia enhances 
apoptosis processes and decreases the hemocyte count. Therefore, it is 
believed that ammonia stress weakens the immune ability by decreasing 
the number of immune cells, thereby eventually increasing the suscep-
tibility of hosts to pathogens. 

Recent gene expression studies have shown that ammonia stress 
could significantly alter the expression patterns of various important 
immune genes in decapods. In the swimming crab, the expression levels 
of immunity-related genes were determined after ammonia exposure. 
The expression of LZM, antibacterial peptide (crustin) and anti- 
lipopolysaccharide factor (ALF) genes declined significantly, while the 
expression of α2-macroglobulin (α2M) gene increased significantly after 
ammonia-N exposure (Yue et al., 2010b). Furthermore, in the giant tiger 
shrimp the gene expressions of C-lysozyme, crustin and the anti-
lipopolysaccharide factor under high ammonia exposure initially 
increased for all genes but later decreased for all except crustin (Yang 
et al., 2015). These genes are mainly expressed and stored as immune 
molecules in the granules of hemocytes and, when hemocytes are acti-
vated, they are released into the hemolymph to perform antibacterial 
and bacteriolytic functions against pathogens (Yue et al., 2010c). 

3.5.2. Immune responses of decapods under ammonia stress 
Studies have demonstrated that the exposure of decapod crustaceans 

to high ammonia concentrations could alter a number of key immune 
parameters (Hong et al., 2007; Rodríguez-Ramos et al., 2008; Yue et al., 
2010c; Romano and Zeng, 2013; Cui et al., 2017b). After seven days of 
exposure to different concentrations (1.10, 5.24, 11.10, and 21.60 mg 
l�1) of ammonia, the SOD and PO activity, and clearance efficiency to 
V. alginolyticus in whiteleg shrimps fell significantly. By contrast, su-
peroxide anion increased significantly, and THC, HC and GC showed no 
significant changes (Liu and Chen, 2004). It has been shown that an 
increase in pH and temperature can accentuate the negative effects of 
ammonia stress by converting ammonium to a more toxic un-ionized 
form of ammonia (Wurts, 2003). Kathyayani and colleagues report the 
individual and combined effects of ammonia and pH on the Pacific 
whiteleg shrimp whereby, after exposure to ammonia stress for 14 days, 
immune parameters such as THC, PO and SOD tended to decline. On the 
other hand, the combined effect of ammonia and pH 10 provoked 448 
times more TAN toxicity than TAN alone, thereby increasing the mor-
tality rate (Kathyayani et al., 2019). Similarly, immune parameters 
including THC, plasma protein, proPO, nitric oxide synthase (NOS) and 
ALP showed negative trends in the shrimp Penaeus japonicus when 
exposed to 5 mg l�1 ammonia-N (Jiang et al., 2004b). 

It has been reported that high concentrations of ammonia could 
induce an increase in the production of reactive oxygen species (ROS) 
causing oxidative stress and a reduction in superoxide dismutase ac-
tivity, thereby weakening the antioxidant ability in decapods (Di Mascio 
et al., 1991; Pan et al., 2003; Liang et al., 2016). In giant freshwater 
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prawns exposed to 0.55, 1.68 and 3.18 mg l−1 ammonia-N for seven 
days, RB initially increased significantly at low levels of ammonia but 
decreased significantly at higher levels of exposure (Cheng and Chen, 
2002). Likewise, the exposure of juvenile crabs, E. sinensis to 20, 40, 60, 
and 80 mg of TAN for two days led to significant decreases in THC and 
SOD activity (Hong et al., 2007). The impact of ammonia stress on the 
immune parameters of decapod crustaceans is summarized in Table 6. 
The overall effects of abiotic factors on the immune parameters of 
decapods are summarized in Fig. 2. 

3.6. Biotic factors 

3.6.1. Immune responses of decapods to biotic factors 
The co-infection of Vibrio parahaemolyticus and WSSV in the whiteleg 

shrimp greatly increased the activity of immune enzymes including 
SOD, POD, ALP and ACP in the gills; by comparison, the mortality rate in 
the co-infection group was notably lower than the group infected only 
by WSSV, which also suggests that the proliferation of WSSV was 
repressed by V. parahaemolyticus (Pang et al., 2019). In addition, when 
the crab P. trituberculatus was challenged with three different pathogens 
including V. parahaemolyticus, V. alginolyticus, and WSSV in order to 
investigate their impact on important immune-related genes, the 
expression levels of proPO, lysozyme and crustin were downregulated, 
thereby suggesting the immunosuppressive role of pathogens; however, 
α2M expression increased over time indicating that pathogens could 
affect proteinase cascades (Ren et al., 2017). Similarly, when challenged 
with WSSV and Micrococcus lysodeikticus, the whiteleg shrimp showed 
significantly enhanced immune enzyme activity such as ACP, ALP, PO, 
POD and LZM in the hemolymph (Sun et al., 2015). However, another 
study reported that when challenged with V. alginolyticus, the whiteleg 
shrimp had considerably lower immune parameters, namely THC, PO 
and SOD activities, and RB after 12 h, indicating that the immune re-
sponses of shrimps are specific and that immune-associated enzymes act 
in different ways against each pathogen (Hsieh et al., 2008). The giant 
freshwater prawn significantly altered its immune enzyme activities 
when infected by spiroplasma MR-1008 and, for example, AKP, ACP and 
SOD activity increased, while CAT activity decreased; furthermore, the 
mRNA levels of seven important immune-related genes including per-
oxinectin (PE), β-1,3-glucan-binding protein (LGBP), α2M, ALP, ACP, 
CAT, Cu, and Zn-SOD were all greatly up-regulated after being chal-
lenged by spiroplasma MR-1008 in hepatopancreas. On the other hand, 
the CAT enzyme activity was different from its mRNA transcription level 
(Du et al., 2013). Sublethal doses of two virulent strains of Aeromonas 
spp. (A. caviae and A. veronii) greatly decreased the THC in the giant 
freshwater prawn between 4 and 24 h after injection. As well, an initial 
increase was observed in HC followed by a sharp decline, while SGC and 
GC initially decreased slightly and then progressively increased. PO 
activity increased four-fold immediately after injection and dropped to 
normal level after 24 h (Sung et al., 2000). In many animals, females 
possess stronger immune system than males, which give them better 
resistance to environmental stresses and pathogens (Niksirat et al., 
2021). It would be interesting to develop sex-specific treatments to test 
the sex-based abilities of decapod crustaceans to resist the above- 
mentioned factors. The impact of disease on changes in immune pa-
rameters has been studied in several important decapod species 
including the crabs Scylla paramamosain (Zhu et al., 2018), Portunus 
trituberculatus (Ren et al., 2017) and Eriocheir sinensis (Li et al., 2010b), 
the red swamp crayfish Procambarus clarkii (Liu et al., 2020b), signal 
crayfish (Persson et al., 1987a), American lobster Homarus americanus 
(Clark et al., 2015), the giant freshwater prawn (Du et al., 2013), and the 
shrimps Litopenaeus vannamei (Hsieh et al., 2008; Pang et al., 2019), and 
Fenneropenaeus chinensis (Zhang et al., 2005). The impacts of disease on 
the immune parameters of decapod crustaceans are summarized in 
Table 7. 

4. Conclusions and future prospects 

Hemocytes in circulating hemolymph are the most important 
component of the innate immune system. Traditionally, hemocytes in 
crustaceans are classified into three morphological types: HCs, SGCs and 
GCs. Yet, there is still a lack of consensus regarding the classification of 
hemocyte types amongst researchers. Recent studies of decapod crus-
taceans have proposed that the so-called hemocyte sub-populations are 
probably just different developmental stages of a single cell type. There 
is an urgent need to explore the process of hemocyte development in 
decapod crustaceans via the development and application of new 
observation methods that can directly monitor the whole process of 
hematopoiesis. A deeper understanding of the immune cell types and 
their functions will improve management strategies designed to combat 
the harmful effects of environmental stressors on decapod crustaceans. 

Evidence from the reviewed literature suggests that environmental 
factors influence the immune parameters and health status of decapod 
crustaceans in a wide variety of ways. The effects of environmental 
factors on immune responses are often immunosuppressive and there-
fore these stressors increase the risk of susceptibility to disease. Due to 
the lack of available data, critical issues like how abiotic stressors 
operate remain unclear. Understanding the exact mechanisms by which 
environmental factors and, especially, their abiotic components - in-
fluence the immune parameters of decapods could help moderate or 
constrain the harmful effects of these environmental factors that nega-
tively affect the production of decapod crustaceans. Two excellent 
starting points would be (i) the use of state-of-art omic techniques to 
achieve an in-depth understanding of the molecular mechanisms of 
these environmental factors, and (ii) the localization of biomarkers 
using in situ hybridization or immunohistochemistry for a better un-
derstanding of the cellular and molecular mechanisms underlying each 
immunological process. Such approaches could foment the development 
of specific diagnostic morphological and biochemical biomarkers for 
monitoring the potential impact of environmental factors on target 
decapod species. Lastly, future research should also target less well- 
studied abiotic factors such as salinity, hypoxia and, more impor-
tantly, the combined effects of abiotic and biotic environmental condi-
tions on disease outbreaks. 
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A B S T R A C T   

Crustacean hemocytes are important mediators of immune functions such as coagulation and phagocytosis. We 
employed an in situ approach to investigate the ultrastructural behavior of hemocytes during coagulation and 
phagocytosis in the early stages after injury caused by leg amputation, using transmission electron microscopy 
technique in marbled crayfish Procambarus virginalis. Hemocytes underwent drastic morphological changes 
during coagulation. The morphology of the cytoplasmic granules changed from electron-dense to electron-lucent 
forms in an expanding manner. The transformed granules containing amorphous electron-lucent material were 
observed to merge and discharge their contents into extracellular space for coagulation. We also observed that 
the contents of the nucleus participate in the process of coagulation. In addition, leg amputation induced 
extensive muscle degeneration and necrotic tissues were avidly taken up by the phagocytic hemocytes containing 
distinct phagosomes. Interestingly, we observed for the first time how the digested contents of phagocytized 
necrotic tissues are incorporated into granules and other cellular components that change the cell morphology by 
increasing the granularity of the hemocytes. Nevertheless, the degranulation of hemocytes during coagulation 
can also reduce their granularity. Given that morphological traits are important criteria for hemocyte classifi-
cation, these morphological changes that occur during coagulation and phagocytosis must be taken into account.   

1. Introduction 

An immediate defense response to injury in decapod crustaceans is 
the activation of the coagulation system, which leads to hemolymph 
clotting at the damaged site. Coagulation refers to transformation of 
hemolymph as an extracellular fluid from a liquid to a gel state. It is well 
established that coagulation is a complex and dynamic process that in-
volves cell-to-cell and cell-to-extracellular matrix interactions (Majno 
and Joris, 2004; Sirikharin et al., 2017; Sritunyalucksana and Söderhäll, 
2000). Hemolymph coagulation plays a critical role in innate immune 
responses in decapods (Vazquez et al., 2009) creating a physical barrier 
around the wound that prevents the loss of hemolymph and maintains 
hemostasis and, at the same time, restricts the entry of microbes into the 
hemocoel, thereby hindering their systemic dissemination (Cerenius and 
Söderhäll, 2013; Kopacek et al., 1993; Theopold et al., 2004). Since 
decapods possess an open circulatory system, they use clot formation as 
a defense system much more extensively than vertebrates with no po-
tential danger of thromboses (Loof et al., 2011). 

In general, decapod crustacean hemocytes are grouped into three 

major classes, namely, hyaline cells (HCs), semigranular cells (SGCs), 
and granular cells (GCs) based on cytoplasmic granularity, density, 
nuclear size, and staining properties (Mengal et al., 2022; Söderhäll, 
2016; Söderhäll and Smith, 1983). The production of hemocytes takes 
place mainly in the hematopoietic tissue after which they are released 
into the circulation where they finally mature and perform various 
biological functions including coagulation and phagocytosis (Junkunlo 
et al., 2016; Lin et al., 2008; Sirikharin et al., 2018; Sirikharin et al., 
2020; Söderhäll, 2013; Söderhäll and Junkunlo, 2019). Initial changes 
in clot formation resulting from the actions of hemocytes promote he-
molymph coagulation and melanization (Vafopoulou et al., 2007). He-
mocytes are highly labile cells that undergo rapid morphological 
transformations during the clotting process (Clare and Lumb, 1994b; 
Omori et al., 1989a; Sternshein and Burton, 1980). One of the key fea-
tures of hemocytes is the presence of large, homogeneous-to-irregularly 
shaped cytoplasmic granules (Burgos-Aceves et al., 2021a,b; Sternshein 
and Burton, 1980) packed with various immune molecules that partic-
ipate in coagulation and other immune functions, and are released upon 
injury (Kumar et al., 2013; Sricharoen et al., 2005). 
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Molecular aspects of the role hemocytes play in the clotting system 
have been studied previously in decapod crustaceans (Cerenius and 
Söderhäll, 2013; Maningas et al., 2013; Perdomo-Morales et al., 2019; 
Vazquez et al., 2009). Briefly, coagulation is induced when trans-
glutaminase (TGase) is released from hemocyte granules upon injury. It 
then becomes activated by the Ca2+ in the plasma and, finally, starts 
crosslinking the plasma-clotting protein (CP) into large aggregates (Hall 
et al., 1999; Junkunlo et al., 2018; Soderhall and Soderhall, 2022; Wang 

et al., 2001). Earlier ultrastructural studies have noted certain 
morphological features of hemocytes during coagulation in decapods 
such as the crayfish Procambarus spp. and Orconectes spp. (Sternshein 
and Burton, 1980), ridgeback prawn Sicyonia ingentis (Omori et al., 
1989a), and blue crab Callinectes sapidus (Clare and Lumb, 1994b). 
Nevertheless, in situ ultrastructural aspects of hemocyte behavior during 
coagulation remain poorly understood. 

Hemocytes also play a major role in cellular immune functions such 

Fig. 1. A–C. Transmission electron micrographs of P. virginalis hemocytes. (A) A hyaline cell showing a high nucleus/cytoplasm ratio. (B) A semi-granular cell 
showing a round centrally located nucleus containing different amounts of small electron-dense cytoplasmic granules (white arrowheads) of different sizes. (C) A 
granular cell filled with typical, relatively large electron-dense cytoplasmic granules (white arrowheads). M, mitochondrion; N, nucleus. 

Fig. 2. A–D. Transmission electron micrographs of 
several activated hemocytes containing expanding 
and decondensing granules during hemolymph 
coagulation in P. virginalis. The individual activated 
semigranulocytes are shown in Figs. A–C. Note the 
large intact granulocyte highlighted by the white 
square and the activated semigranulocyte highlighted 
by the black square in Fig. 2D. The details of the 
activated semigranulocyte in Fig. 2D highlighted by 
the black square are shown in greater magnification 
in Fig. 3. Clotted hemolymph is indicated by asterisks 
in the micrographs. N, nucleus.   
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as phagocytosis in decapods (Burgos-Aceves et al., 2018; Cerenius et al., 
2010; Giulianini et al., 2007; Liu et al., 2020; Smith, 1991). The 
phagocytic role of hemocytes is crucial for removing pathogenic agents 
and apoptotic or necrotic cells and for maintaining tissue homeostasis 
(Liu et al., 2020). Ultrastructural studies of the narrow-clawed crayfish 
Pontastacus leptodactylus have demonstrated that hemocytes are active in 
the phagocytosis of disintegrating muscle fiber after injury (Branislav 
Uhrik and Zacharova, 1989). 

Several ultrastructural studies have been conducted on the 
hemocyte-mediated phagocytosis of both biotic and abiotic particles in 
many crustaceans species including the crayfish Astacus leptodactylus 
(Giulianini et al., 2007), Procambarus, orconectes and P. clarkii spp. (Lanz 
et al., 1993; Sternshein and Burton, 1980), S. ingentis (Omori et al., 
1989a), tiger shrimp Penaeus monodon (Sung and Sun, 2002), C. sapidus 
(Bodammer, 1978), American lobster Homarus americanus, spiny lobster 
Panulirus interruptus, spider crab Loxorhynchus grandis (Hose et al., 
1990), Chinese mitten crab Eriocheir sinensis (Lv et al., 2014), and 
common shore crab Carcinus maenas (Johnston et al., 1973). 

Although the aforementioned studies of decapods focused on the 
ultrastructural features of the hemocytes, to the best of our knowledge 
no comprehensive in situ ultrastructural study of the coagulation and 
phagocytosis behavior of hemocytes following injury in decapods exists. 
Therefore, we performed a transmission electron microscopic study 
using the marbled crayfish Procambarus virginalis as a model organism to 

illustrate the behavior of hemocytes during the early stages of an injury 
in decapods, with special emphasis on the morphological features of the 
development of coagulation and phagocytosis. 

2. Materials and methods 

Freshwater marbled crayfish were obtained from our own laboratory 
culture of this species. Only healthy intermolt individuals with fully 
developed body appendages were used during the experiment. The 
crayfish were maintained in well-aerated shallow tanks filled with tap 
water and fed ad libitum daily with commercial feed (Granugreen, Sera, 
Heinsberg, Germany). A total of fifteen animals were used and no animal 
was killed during the experiment. All animals were returned to the main 
aquarium following the sampling procedures. 

An in situ injury was induced by amputating the second pair of 
walking legs. To do so, the amputation site was first swabbed with 70% 
ethanol and the legs were then amputated using a sterile surgical blade. 
Tissue sampling from the injury site was carried out at different time- 
points (0, 5, 10, 20 min, and 1hr) and samples were processed for 
transmission electron microscopy (TEM) as described by (Niksirat et al., 
2014). 

Briefly, the tissue samples were immediately placed in a fixative 
2.5% glutaraldehyde in 0.1 M phosphate buffer for 48 h at 4 ◦C, followed 
by buffer washing. Next, they were post-fixed for an additional 2 h in 4% 

Fig. 3. A–C. Transmission electron micrographs of a semigranulocyte during the early stages of granular activation for hemolymph coagulation in P. virginalis 
showing how granules are transformed. The higher magnification of granule transformation from electron-dense (white arrowheads) into electron-lucent forms 
resembling fibrous structures (black arrowheads) are shown in Figures B and C. Clotted hemolymph is indicated by asterisks in Fig. 3A. N, nucleus. 
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osmium tetroxide at room temperature and then washed again in the 
buffer, dehydrated through an acetone series (30, 50, 70, 90, 95, and 
100% for 15 min each) and finally embedded in resin (EPON). A series of 
ultra-thin sections obtained using a UCT ultramicrotome (Leica Micro-
systems, Wetzlar, Germany) were mounted on copper grids and double- 
stained with uranyl acetate and lead citrate. The sections were examined 
with a 1010 transmission electron microscope (JEOL Ltd., Tokyo, Japan) 
operating at 80 kV in the core facility of the Biology Centre (CAS) lab-
oratory of electron microscopy. 

3. Results 

From the ultrastructural micrographs we observed that typically 
hemocytes had two principal roles, coagulation and phagocytosis. 

Coagulation: The morphological changes that the hemocytes un-
dergo during coagulation can be described in three stages: i) decon-
densation of the granule contents in the cytoplasm prior to discharge or 
release; ii) discharge or release of granular contents into extracellular 
space; and iii) degeneration and release of the contents of the nucleus. 

Phagocytosis: muscle degeneration takes place at the wound site, 
leading to the subsequent phagocytosis of degenerated muscle tissues by 

hemocytes. 

3.1. Ultrastructural features of hemocytes during coagulation 

3.1.1. Structure of intact hemocytes 
As previously reported in crayfish, three types of hemocyte identified 

by electron microscopy were further confirmed by the density gradient 
centrifugation method (Duan et al., 2014; Soderhall and Soderhall, 
2022). We observed three major types of hemocytes, as shown by the 
control group (Fig. 1A–C). A typical hyaline cell has an irregular profile, 
characterized by a high nucleus-to-cytoplasm ratio with only a few 
cytoplasmic granules and poorly developed mitochondria (Fig. 1 A). A 
semi-granular cell has a round, centrally located nucleus surrounded by 
cytoplasmic granules of various sizes, and moderately developed mito-
chondria (Fig. 1 B). Finally, a typical granular cell has a relatively small 
irregular nucleus packed with large electron-dense cytoplasmic granules 
(Fig. 1 C). 

3.1.2. Activation of the cytoplasmic granules during coagulation 
Hemocytes play a key role in coagulation (Fig. 1). They become 

activated within 5–10 min of an injury occurring. First, the granules of 

Fig. 4. A–D. Transmission electron micrographs of 
activated hemocytes showing the degranulation of 
the cytoplasm via the discharge of electron-lucent 
materials from the expanded granules into the 
extracellular environment for clot formation during 
the later stages of granule activation and hemolymph 
coagulation in P. virginalis (Figs. A, B). Note two 
expanded merging granules indicated by white 
arrowhead (Fig B). The higher magnification micro-
graphs show material discharges (black arrowheads) 
from the expanded granules of the activated hemo-
cytes, which join the hemolymph clot in the extra-
cellular environment (Figs. C, D). Clotted hemolymph 
is indicated by asterisks in the micrographs. N, 
nucleus.   

Fig. 5. A–B. Transmission electron micrographs of activated hemocytes after complete degranulation and the release of their cytoplasmic granules into the extra-
cellular environment for clot formation in the hemolymph of P. virginalis. Note that the borders of the cytoplasmic zone (black arrowheads) are left after the complete 
degranulation of the cell. Clotted hemolymph is indicated by asterisks in the micrographs. N, nucleus. 
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the hemocytes decondense and expand, and their contents change from 
an electron-dense into an electron-lucent state, with some filaments 
present in the early stages that further degrade into fine particles as the 
decondensation progresses (Figs. 2 and 3). Then, some of these 
expanded granules merge and discharge their contents into the extra-
cellular environment to form a clot (Fig. 4). This process continues until 
all the cytoplasmic granules expand and discharge their contents, at 
which point the cytoplasm of the cell disappears (Fig. 5). Afterwards, the 
nucleus of the hemocyte starts to degenerate and release its contents as 
well into the surrounding clot (Fig. 6). All the major stages of the 
morphological change that hemocytes undergo during in situ coagula-
tion are shown in a schematic illustration (Fig. 7). 

3.1.3. Degeneration of muscle tissue and hemocyte phagocytic activity 
The ultrastructure of intact muscle tissue from the control group is 

shown in Fig. 8 A and B. Muscle tissue start to break down and degen-
erate within 5 min after leg amputation. Muscle fibers lose integrity and 
become degraded (Fig. 8C–D). The mitochondria swell and the shape of 
their cristae distorts. Also, electron-dense particles appear inside 
degenerating organelles such as mitochondria (Fig. 8E–F). Hemocytes 
arrive at the area of tissue degeneration within 5–10 min and start 
phagocytizing the degenerating tissue organelles. We observed that 
hemocytes could absorb small electron-dense particles via their mem-
branes (Fig. 9A–E). In addition, larger organelles were observed to be 
trapped and digested through the formation of the phagosome in the 
hemocytes (Fig. 10A–C). Finally, digested particles of degenerating 

tissues were absorbed and incorporated into the granules and nucleus of 
phagocytic hemocytes, and were primarily distinguishable as electron- 
dense particles inside the organelles of the hemocytes (Fig. 11). The 
process of tissue degeneration and subsequent hemocyte phagocytosis is 
shown in a schematic drawing (Fig. 12). 

4. Discussion 

4.1. Hemocyte classification 

Two general concepts exist in the literature regarding the classifi-
cation of hemocytes in decapods (Mengal et al., 2022). The first divides 
hemocytes into three types, namely, hyaline, semigranular, and granular 
based on their morphological traits such as degree of granularity 
(Soderhall and Soderhall, 2022). These can be further divided into 
subclasses based on their molecular traits determined by transcriptomic 
studies (Söderhäll et al., 2022). However, these authors also state that at 
least a fraction of the less granular hemocytes can be differentiated into 
more granular cells (Chaga et al., 1995). 

On the other hand, the second concept states that all morphologically 
different hemocytes in circulation are actually different developmental 
stages of a single type of hemocyte. Cells with a lower level of granu-
larity are released by hematopoietic tissue into circulation, in which 
maturation takes place by increasing the contents of the cytoplasmic 
granules. The idea of a single cell lineage in crustaceans and arthropods 
has been proposed in a number of previous studies (Bodammer, 1978; 

Fig. 6. A–F. Transmission electron micrographs of 
the nucleus of an activated hemocyte after complete 
degranulation of the cytoplasm contents showing the 
degeneration and release of nucleus contents into the 
extracellular environment during hemolymph coag-
ulation in P. virginalis. Black arrowheads show mate-
rial resulted from the nucleus degeneration that 
passes through the nuclear pores (white arrowheads) 
and is released outside. Clotted hemolymph is indi-
cated by asterisks in micrographs. N, nucleus.   
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Brehelin et al., 1978; Dumont et al., 1966; Li et al., 2019, 2021; Rav-
indranath, 1974; Rebelo et al., 2013). 

However, both concepts agree that the transformation into more 
granular cells is possible in decapod hemocytes. Our results suggest that 
obtaining material via phagocytosis in cells with lower granular con-
tents such as HC and SGC hemocytes and its storage in the cytoplasm can 
increase the number and size of granules, and can drive the differenti-
ation of cells into more granular cells such as granulocytes. Therefore, 
phagocytosis is at least partially responsible for this differentiation in 
decapod hemocytes. 

The term hyaline cell is currently used to refer to hemocytes that 
contain no or only a few cytoplasmic granules. However, in some cases 
they can be confused with the end-stage of granular hemocytes, which is 
the left-over nucleus after degranulation (Dolar et al., 2020). Gran-
ulocytes are highly unstable cells that degranulate and release their 
contents during the coagulation process leaving only their nuclei, which 
have sometimes been mistakenly considered to be hyaline cells by pre-
vious studies. Furthermore, given that not all granulocytes react 
simultaneously, the leftover nuclei of reacted granulocytes and the 
unreacted granulocytes present in the same sample could be confused 
and be regarded as two different types of hemocytes (Clare and Lumb, 
1994a). 

Furthermore, single-cell mRNA sequencing (scRNA-seq) techniques 
have been used recently in decapods to categorize hemocytes subpop-
ulation and their functions. For example, using scRNA-seq technique in 
hemocytes of freshwater crayfish, Pacifastacus leniusculus, the authors 
demonstrated that several subtypes of hemocytes exist (Söderhäll et al., 
2022). The possibility of several hemocyte subtypes was also proposed 
in their previous works (Junkunlo et al., 2017, 2020). However, using 
the same scRNA-seq technique in other decapods such as Marsupenaeus 
japonicus revealed six types of hemocytes (Koiwai et al., 2021), whereas, 
in white shrimp Penaeus vannamei, three major cell-types were identified 

namely prohemocytes, monocytic hemocytes, and granulocytes (Yang 
et al., 2022). Although scRNA-seq approaches have some limitations, 
still use of these techniques can further our understanding of hemocyte 
subtypes and their functions. 

4.2. Morphological changes in hemocytes during in situ coagulation 

The results of the present study underscore the crucial contribution 
made by hemocytes to the coagulation process in a model decapod 
species. They discharge their cytoplasmic and nucleic contents after 
decondensation and the expansion of related materials, a process that is 
accompanied by vast morphological changes to cells. 

The activated stage of hemocytes during coagulation is characterized 
by the presence of variable forms of cytoplasmic granules. Some authors 
state that cytoplasmic granule transformation is not necessary for he-
molymph coagulation and that the granular change from electron lucent 
to dense forms is the final stage of granule formation (Scharrer, 1972; 
Seitz, 1972). Conversely, other authors report that low-density granules 
with microtubular structures containing amorphous flocculent material 
are transformational phases of the electron-dense granules (Dumont 
et al., 1966; Hearing and Vernick, 1967; Ratcliffe and Price, 1974; 
Rowley, 1977; Rowley and Ratcliffe, 1976). Our observations agree with 
the latter authors that the varying states of granules are in fact trans-
formational phases in which the electron-dense granules change into 
low-density granules with microtubular structure and, finally, transform 
into electron-lucent amorphous granules. This process allows highly 
compacted materials in the granules to be unpacked and released from 
the cells to participate in the process of clot formation. 

Additionally, during the activation of cytoplasmic granules, the clot- 
promoting enzyme system is activated and released into the extracel-
lular matrix. The contents of the cytoplasmic granules and their in vitro 
release induced by exocytosis (degranulation) have been well studied in 

Fig. 7. Schematic illustration depicting different 
stages of hemocyte change during coagulation. Stage 
(1) shows an intact hemocyte containing electron- 
dense cytoplasmic granules. Stage (2) shows an acti-
vated hemocyte, in which the cytoplasm contains 
granules in varying states, undergoing granular 
transformation from electron-dense to electron-lucent 
forms in an expanding manner. The expanded 
electron-lucent granules finally merge and turn into a 
less electron-dense amorphous material. Stage (3) 
shows the membrane of the electron-lucent granules 
as they fuse with the plasma membrane of the he-
mocyte and discharge their granular components into 
the extracellular space where they contribute to the 
formation of the gelatinous clot. Stage (4) shows a 
hemocyte that has undergone complete degranulation 
and has an empty cytoplasm devoid of granules sur-
rounded by discharged granular contents. Finally, 
stage (5) shows a degenerating nucleus, the end stage 
of a granular hemocyte during coagulation process, in 
which the contents of the nucleus is disintegrated and 
released into the clot.   
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crayfish and other decapods (Johansson and Söderhäll, 1985, 1989b; 
Smith and Söderhäll, 1983; Sricharoen et al., 2005). The granules of the 
hemocytes are packed with clotting factors and several defense mole-
cules such as TGase, various antimicrobial peptides, and components of 
the pro-phenoloxidase activating system (proPO) (Johansson and 
Söderhäll, 1996; Junkunlo et al., 2020; Söderhäll and Smith, 1986). The 
release of these molecules is important in clotting and defense and can 
be triggered by various degranulation-inducing factors including the 
β-1, 3-glucan laminarin G and Lipopolysaccharides that induce exocy-
tosis of only SGCs; by contrast, the Ca2+ ionophore A23187 and per-
oxinectin were found to greatly induce exocytosis in both SGCs and GCs 
from the crayfish (Johansson and Söderhäll, 1985; Sricharoen et al., 
2005). Furthermore, components of proPO were observed to induce 
degranulation in the hemocytes, which as a result may influence the 
clotting process in Astacus astacus (Smith and Söderhäll, 1983). A cell 
adhesion factor that can mediate adhesion between SGC and GCS he-
mocytes was found to induce degranulation in the granular hemocytes of 
crayfish (Johansson and Söderhäll, 1988, 1989a). Therefore, the granule 
contents can be induced in vitro and are rich in various clot-inducing 
factors and defense molecules. 

In the horseshoe crab Limulus polyphemus (Arthropoda: Xiphosura), a 
series of cytological changes were observed by Dumont et al. (1966) 
during in vitro clotting. These changes included hemocyte swelling, the 
loss of cytoplasmic granule density, the vacuolization of the cytoplasm, 

and, finally, the release of granular contents into the surrounding 
plasma (Dumont et al., 1966). These changes in many ways resemble our 
observations. Solum made similar observations in L. polyphemus (Solum, 
1970), while Grégoire and Goffinet observed alterations in hemocytes 
during clotting in a stick insect Carausius morosus and reported the 
discharge of coagulocyte cytoplasmic and nuclear substances into the 
plasma through micro ruptures of the cytoplasmic membrane (Grégoire 
and Goffinet, 1975). The involvement of nucleus chromatin contents in 
the coagulation process has also been observed in the mealworm Tene-
brio molitor (Stang-Voss, 1970). Similarly, cell lysis in hemocytes has 
been reported in the hemolymph of certain arthropods during coagu-
lation (Ravindranath, 1980). In vitro ultrastructural observations in he-
mocytes in the crayfish Procambarus spp. and Orconectes spp., as well as 
in worms, show that hemocytes undergo cytolysis during hemolymph 
clotting (Stang-Voss, 1974; Sternshein and Burton, 1980). Similar ob-
servations have been reported by Jones, who reported how highly un-
stable hemocytes rapidly disintegrate and release granular contents into 
the surrounding plasma (Jones, 1962). Moreover, the controlled release 
of chromatin from the hemocyte nuclei (known as ETosis) plays an 
important role in the innate immunity of invertebrates. It has been re-
ported that the chromatin content released from hemocytes in crabs 
participate in its defense and can effectively protect the host against 
infection (Robb et al., 2014). Similarly, it has been found that, besides 
the innate immune response, extracellular nucleic acids can induce 

Fig. 8. A–F. Transmission electron micrographs of intact (Figs. A, B) and degenerated (Figs. C, D) muscle fibers and mitochondria that start 5 min after leg 
amputation (Figs. E, F) in P. virginalis. Note how the electron-dense particles can be seen in the degenerating muscle tissue (Fig. D) and in the degenerating 
mitochondria (black arrowheads) (Figs. E, F). White arrows indicate mitochondria in Figs. B, C. MF, Muscle fibers; N, nucleus. 
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coagulation in the hemolymph of other arthropods such as insects 
(Altincicek et al., 2008). 

In addition, the explosive behavior of these cells can release clotting 
substances such as TGase into the extracellular environment (Junkunlo 
et al., 2018, 2020). In the presence of Ca2+, the TGase further crosslinks 
plasma CP to form the clot (Junkunlo et al., 2018). Besides coagulation, 
these released materials may also induce lysis in the other explosive cells 
in the hemolymph and intensify the process of coagulation (Hearing and 
Vernick, 1967). For instance, components of the proPO system may 
enhance hemocyte degranulation and lysis, which can result in the 
release of more TGase and proPO components into nearby hemocytes 
(Smith and Söderhäll, 1983). Scharrer reported the swelling of cells 
followed by plasma cytoplasmic membrane rupture and the release of 
the contents of the granules, which induced hemolymph coagulation in 
the vicinity of the activated cells (Scharrer, 1972). A similar sequence 
regarding the release of granular contents into the surrounding extra-
cellular space has also been observed in the granular cells of a crab 
(Bauchau and De Brouwer, 1974). In the ridgeback prawn S. ingentis, 
hemocyte lysis has been reported which results in the release of granular 
filamentous material into the extracellular matrix, which further 

expands to form the clot (Omori et al., 1989b). Earlier in vitro ultra-
structural observations such as cytoplasmic granular transformations or 
the explosive or lysis behavior of hemocytes are in many ways equiva-
lent to the decondensation, expansion, and degranulation of hemocytes 
that we observed in situ during coagulation in crayfish. However, due to 
the in situ conditions, the changes we observed in the hemocytes are 
more natural and detailed and include all stages of the changes. In no 
past studies were all these stages observed together. It is important to 
recognize that if hemocytes are under in vitro conditions, changes in clot 
formation do not fully replicate the in situ conditions of the coagulation 
process. Therefore, it is possible that in vitro changes in hemocytes 
during coagulation might not represent the true physiological changes 
that we observed in our in situ study. 

Three mechanisms of coagulation in crustaceans were proposed 
(Perdomo-Morales et al., 2019). Briefly, type A coagulation is achieved 
by the rapid agglutination of hemocytes with no plasma clotting, where 
a dense network of hemocytes is enough to form a clot without any need 
for plasma clotting. Type B coagulation involves hemocyte coagulation 
followed by plasma coagulation. Type C coagulation is characterized by 
rapid hemocyte rupture/lysis and immediate clotting of plasma (e.g. in 

Fig. 9. A–E. Transmission electron micrographs of a 
large granulocyte phagocytizing small electron-dense 
particles resulting from the degeneration of muscle 
fibers 5–10 min after leg amputation in P. virginalis. 
The black arrowheads show where the electron-dense 
particles are absorbed into the phagocytic hemocyte 
(Figs. B, C). The white arrows indicate where newly 
absorbed electron-dense particles enter and are 
incorporated into the nucleus and granules (Figs. D, 
E). The white arrowheads indicate electron-dense 
particles that have already entered the nucleus and 
granules. MF, degenerating muscle fibers; N, nucleus.   
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shrimps and spiny lobsters) (Hose et al., 1990). Our observations are 
consistent with type C coagulation since the hemocytes released their 
contents through degranulation into the extracellular environment to 
form the clot. 

Our study showed that the process of coagulation in the hemolymph 
of crayfish can cause rapid morphological changes in the hemocyte 
cytoplasm and nucleus and, eventually, in the whole cell by discharging 
its contents into the surrounding environment. 

4.3. In situ phagocytic behavior of hemocytes after muscle degeneration 

In the present study, massive muscle degeneration was observed 
after the amputation of the legs, followed by an extensive influx of 
phagocytic hemocytes that removed a large amount of muscle fibers and 
other organelles such as mitochondria produced during degeneration in 
the wound. We observed phagocytic hemocytes with differing numbers 
of granules in their cytoplasm and noted that phagocytic hemocytes 
incorporate necrotic bodies resulted from degenerated muscles to their 
organelles, such as cytoplasmic granules and nucleus. 

Phagocytosis is an important immune function used for eliminating 
pathogens as well as cell debris (Jiravanichpaisal et al., 2006). However, 
the true phagocytic role of different hemocyte types is unclear, even in 
very closely related species. For example, in crabs GCs and SGCs the 
phagocytic activity compared to the HCs was relatively limited (Lv et al., 
2014; Matozzo and Marin, 2010; Söderhäll et al., 1986). The SGCs and 
GCs in penaeid shrimps were reported to be the main types of hemocytes 

that ingest yeast (Gargioni and Barracco, 1998). Yet, a study of the tiger 
Shrimp P. monodon concluded that HCs were the only type of hemocytes 
that engulfed latex beads (Sung and Sun, 2002). Furthermore, a more 
recent study of the crayfish Cherax quadricarinatus reported SGCs and 
GCs as the main phagocytic hemocytes (Li et al., 2018). In some early 
literature on freshwater crayfish, SGCs were identified as the main 
phagocytic cells and GCs as non-phagocytic cells, while in crabs HCs 
were found to be the main phagocytic cells (Smith and Söderhäll, 1983; 
Söderhäll et al., 1986). A study of the freshwater crayfish A. leptodactylus 
showed that hemocytes of all three types participated in the phagocy-
tosis of foreign particles, with SGCs being the main phagocytic cells. 
(Giulianini et al., 2007). In addition, a more recent study of crayfish 
hemocytes has suggested that all three types are functionally active as 
phagocytic cells at different developmental stages (Li et al., 2021). Our 
observations showed that granular hemocytes are the main hemocytes 
that actively ingest necrotic bodies resulting from muscle degeneration. 
Such disparity in the above-mentioned studies may be due to differences 
between species and experimental conditions (e.g. in vitro), morpho-
logical changes in hemocytes after the withdrawal of hemolymph sam-
ples (e.g. changes in the pH of the hemolymph), or differing 
developmental stages in the tested animals. 

Muscle degeneration at the site of the injury appears to be an initial 
stage of wound healing and limb generation. It is known that, like other 
decapods, crayfish are able to regenerate their limbs after amputation. 
Therefore, muscle degeneration and the subsequent clearance of the 
leftover tissue by the phagocytic hemocytes might be an essential 

Fig. 10. A–C. Transmission electron micrographs of a 
phagocytic semigranulocyte on the periphery of 
degenerating muscle tissue showing various inter-
nalized organelles resulting from muscle degenera-
tion in membrane-bound phagosomes (Fig. 10 A). 
Note the low number of granules in the cytoplasm of 
the phagocytic hemocyte. Phagosomes and their 
contents, including degenerated mitochondria, are 
shown at higher magnifications in Figures B and C. As 
well, note the electron-dense particles resulting from 
the degeneration that are trapped inside the phag-
osomes (white arrowheads in Fig. B and black ar-
rowheads in Fig. C). N, nucleus.   
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process for opening space for the arrival, aggregation, and proliferation 
of the stem cells needed during the process of limb regeneration. 

The incorporation of the material from the phagosome into the or-
ganelles of the hemocyte can increase the size and number of granules in 
the cytoplasm and subsequently change the morphology of the whole 
cell. A study of P. leptodactylus demonstrated that the number of cyto-
plasmic microtubules in the hemocytes transformed after injury were 
able to engulf material from disintegrating muscle fibers (Branislav 
Uhrik and Zacharova, 1989). This possibility has also been suggested by 
previous studies of insects (Brehelin et al., 1978; Ravindranath, 1980). 
In a similar observation, an in vitro culture of crayfish hematopoietic 
tissue with muscle tissue extract from the same animal can result in 
differentiation of hemocytes with higher granular contents (Li et al., 
2019). This could be the result of the phagocytizing of materials from 
muscle extract that are incorporated into hemocytes organelles and 
increased hemocyte granularity. These findings suggest that hemocytes 
are able to recycle material from degenerating cells and store it in their 
organelles for future use, possibly for use as part of their other functions 
such as coagulation, immune reaction, and regeneration. 

Therefore, the phagocytosis process can affect cell morphology by 
incorporating external material into the cytoplasm and nucleus, which 
may increase the number and size of the granules in the cell. 

5. Conclusions 

The present in situ experiment described in detail all the stages of the 

morphological changes in hemocytes occurring during coagulation and 
phagocytosis after injury in a decapod. Our observations showed that 
cytoplasmic granules expand and release their contents into the extra-
cellular space for the purpose of coagulation. The contents of the nucleus 
are also discharged and participate in the process of coagulation. 

In addition, we observed for the first time that the tiny electron- 
dense particles resulting from degenerating muscle tissues are ingested 
and incorporated into the granules and other cellular components of 
hemocyte via phagocytosis. Therefore, it is possible that after phago-
cytosis the morphology of hemocytes substantially changes and these 
cells become more granular. 

Therefore, the drastic morphological changes that occur during 
coagulation and phagocytosis can significantly alter hemocyte 
morphology such that they can be confused with other types of hemo-
cytes that exist in circulation. For example, degranulated hemocytes in 
their end stage only have a left-over nuclei, which may have been 
confused with hyalinocytes in some previous studies. 

It is hoped that the results presented here will enhance our under-
standing of the physiological role of hemocytes in coagulation and 
phagocytosis during early stages of an injury and help clarify some of the 
uncertainties that exist regarding the types and development of hemo-
cytes in decapods. 

Ethical statement 

All experimental procedures involving crayfish were conducted in 

Fig. 11. A–C. Transmission electron micrographs of a 
phagocytic large granulocyte trapping several mito-
chondria from degenerated muscle tissue in phag-
osomes 5–10 min after amputation. Note the 
numerous newly absorbed electron-dense particles 
inside the cytoplasmic granules (white arrowheads) 
in Figure A. The higher magnification micrographs 
show (Fig. B) the absorption of electron-dense parti-
cles (white circles and white square) from phag-
osomes (P), and their transportation and 
incorporation into cytoplasmic granules in the 
phagocytic hemocyte of P. virginalis after limb 
amputation and muscle degeneration. The yellow- 
highlighted area in Figure C shows one of the paths 
along which electron-dense particles are transported 
from the phagosome into the cytoplasmic granules. N, 
nucleus; P, phagosome.   
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Söderhäll, K., Smith, V.J., Johansson, M.W., 1986. Exocytosis and uptake of bacteria by 
isolated haemocyte populations of two crustaceans: evidence for cellular co- 
operation in the defence reactions of arthropods. Cell Tissue Res. 245, 43–49. 

Solum, N., 1970. Coagulation in Limulus—Some Properties of the Clottable Protein of 
Limulus polyphemus Blood Cells. Symposia of the Zoological Society of London, 
p. 207. 

Sricharoen, S., Kim, J.J., Tunkijjanukij, S., Söderhäll, I., 2005. Exocytosis and proteomic 
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A B S T R A C T   

Hemolymph is the circulatory fluid that fills the body cavity of crustaceans, analogous to blood in vertebrates. 
Hemolymph coagulation, similar to blood clotting in vertebrates, plays a crucial role in wound healing and 
innate immune responses. Despite extensive studies on the clotting process in crustaceans, no comparative 
quantitative analysis of the protein composition of non-clotted and clotted hemolymph in any decapod has been 
reported. In this study, we used label-free protein quantification with high-resolution mass spectrometry to 
identify the proteomic profile of hemolymph in crayfish and quantify significant changes in protein abundances 
between non-clotted and clotted hemolymph. Our analysis identified a total of two-hundred and nineteen pro-
teins in both hemolymph groups. Furthermore, we discussed the potential functions of the top most high and 
low-abundant proteins in hemolymph proteomic profile. The quantity of most of the proteins was not signifi-
cantly changed during coagulation between non-clotted and clotted hemolymph, which may indicate that 
clotting proteins are likely pre-synthesized, allowing for a swift coagulation response to injury. Four proteins still 
showed abundance differences (p < 0.05, fold change>2), including C-type lectin domain-containing proteins, 
Laminin A chain, Tropomyosin, and Reverse transcriptase domain-containing proteins. While the first three 
proteins were down-regulated, the last one was up-regulated. The down-regulation of structural and cytoskeletal 
proteins may affect the process of hemocyte degranulation needed for coagulation, while the up-regulation of an 
immune-related protein might be attributed to the phagocytosis ability of viable hemocytes during coagulation.   

1. Introduction 

Crustaceans possess an open circulatory system in which 
hemolymph—a circulatory fluid—fills the body cavity and surrounds 
organs (Grubhoffer et al., 2013). Hemolymph serves as an exchange 
medium for transporting nutrients, oxygen, and hormones and also for 
storing amino acids, facilitating development, wound healing, and 
innate immunity (Vazquez et al., 2009). The hemolymph contains both 
cellular components—hemocytes—and cell-free plasma, which carry 
out various defence functions including coagulation, phagocytosis, 
encapsulation, nodulation, melanization, the activation of antimicrobial 
peptides (AMPs) and the prophenoloxidase system (proPO) (Jir-
avanichpaisal et al., 2006; Mengal et al., 2023a, 2023b). 

In crustaceans, hemolymph coagulation, analogous to blood clotting 
in vertebrates, plays an important role in wound healing and immune 
reactions (Junkunlo et al., 2020; Söderhäll and Smith, 1986; Sricharoen 
et al., 2005; Theopold et al., 2004). The clot acts as a physical barrier 
that helps to prevent the spread of pathogens, while the hemocytes 
release antimicrobial peptides that help to kill or inhibit the growth of 
invading pathogens and prevent their entry into the hemocoel (Mengal 
et al., 2023a, 2023b). In crustaceans, hemolymph coagulation is ach-
ieved through a combination of cellular (hemocytes) and non-cellular 
(plasma) components. Clotting factors are stored intracellularly in 
granules, while clotting protein is present in the extracellular milieu, i. 
e., plasma (Hall et al., 1999; Junkunlo et al., 2020). Unlike in other 
non-crustacean invertebrates, the coagulation reaction in crustaceans 
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does not involve a proteolytic cascade. The release of transglutaminase 
from hemocytes into the hemolymph is sufficient to initiate clotting 
protein polymerization in the presence of calcium ions, resulting in the 
formation of the clot (Theopold et al., 2004; Yeh et al., 1999; Hall et al., 
1999; KOPÁČEK et al., 1993). 

The granules of hemocytes are densely packed with clotting factors, 
as well as several defense molecules, including transglutaminase 
(TGase), various antimicrobial peptides, and components of the proPO 
system (Junkunlo et al., 2020; Söderhäll and Smith, 1986; Sricharoen 
et al., 2005). The proPO system is an essential component of the im-
mediate immune response in crustaceans, and it is also stored in the 
hemocyte granules in an inactive state. The proPO system causes the 
degranulation and lysis of hemocytes, leading to the release of more 
proPO components and TGase (Smith and Söderhäll, 1983). However, it 
is worth noting that the proPO system and the clotting reaction do not 
share a common activation pathway (Hall et al., 1999). The proPO 
system is activated by a proteolytic cascade triggered by microbial 
polysaccharides (Söderhäll and Cerenius, 1998; Söderhäll et al., 1996). 

Proteomic approaches are powerful tools for identifying and quan-
tifying proteins involved in complex biological processes. Several pro-
teomics studies have been reported to identify differentially abundant 
proteins in the profiles of the hemocytes of crustaceans against in-
fections (Havanapan et al., 2019; Hou et al., 2016, 2020; Li et al., 2014; 
Sun et al., 2017). Additionally, proteomics research has been carried out 
on crayfish hemocytes to detect marker proteins specific to certain he-
mocyte types. For example, a study employing 2-D electrophoresis on 
semi-granular and granular hemocytes of the signal crayfish, Pacifasta-
cus leniusculus, identified a Kazal-type protease inhibitor (KPI) specific to 
semi-granular cells and a superoxide dismutase exclusive to granular 
hemocytes (Wu et al., 2008). Moreover, a comparative proteome anal-
ysis was performed between stem cells and mature hemocytes in 
P. leniusculus, revealing several novel putative biomarkers for cell dif-
ferentiation and cell-specific proteins (Söderhäll and Junkunlo, 2019). 

Previous study has also investigated purified components involved in 
coagulation, such as the plasm clotting protein in P. leniusculus (Hall 
et al., 1999). However, proteomic investigations in decapod crustaceans 
have been hampered due to insufficient genomic data availability 
(Gianazza et al., 2021). While proteomic studies on hemocytes and he-
molymph under various treatment conditions have enhanced our un-
derstanding of the hemocyte and hemolymph proteome, a 
comprehensive comparative proteomic analysis of non-clotted and 
clotted hemolymph is required to fully elucidate the proteomic changes 
that occur during coagulation. 

The parthenogenic marbled crayfish Procambarus virginalis is 
considered a model species for studying various biological aspects in 
decapod crustaceans, such as microscopic anatomy, toxicology, epige-
netics, physiology, and development, as well as for human cancer 
research (Greaves and Maley, 2012; Kor et al., 2023a, 2023b; Scholtz 
et al., 2003). 

In this study, we used a label-free proteomics approach with high- 
resolution mass spectrometry to identify proteins in the proteomic 
profile of P. virginalis. Our goal was to identify proteins with potential 
roles in coagulation and immunity in decapod crustacaens. We also 
quantified the proteomic changes between non-clotted and clotted he-
molymph to better understand the molecular functions of crucial pro-
teins contributing to coagulation and immune responses. 

2. Materials and methods 

2.1. Experimental animals 

Intermolt marbled crayfish P. virginalis with a carapace length 
ranging from 3 to 5 cm were selected from the laboratory culture at the 
Faculty of Fisheries and Protection of Waters, University of South 
Bohemia in České Budějovice. Six healthy and intact individuals were 
chosen for the experiment. The animals were kept in aquaria within a 

recirculation system at a constant temperature of 21–22 ◦C and were fed 
ad libitum with frozen chironomid larvae and sliced carrots. 

2.2. Collection of hemolymph 

A sterile 1 mL syringe fitted with a 25G needle was used to collect at 
least 100 μL of hemolymph from the pericardial sinus of the crayfish. 
Half of the obtained hemolymph from each animal was immediately 
inserted into liquid nitrogen as control. The rest of the hemolymph was 
allowed to coagulate at room temperature for 1 h, and then clot samples 
were fixed in liquid nitrogen. All samples were then stored at �80 ◦C 
until subsequent analysis. 

2.3. Protein and peptide extraction for mass spectrometry 

The hemolymph samples (n = 12, six non-clotted and six clotted) 
were dissolved in 90 μl lysis buffer (1% sodium dodecyl sulfate (SDS) 
and 20 mM tris[hydroxymethyl] aminoethane (Tris), (pH = 7.55) and 
homogenized on ice by probe sonication with Branson Digital Sonifier® 
250-D (Branson Ultrasonics Corporation, Danbury, USA) using 60% 
amplitude, 5s pulse on x 5 cycles and 5s pulse off x 5 cycles. The samples 
were then centrifuged (Eppendorf bench top centrifuge) to remove 
debris and the supernatant, containing proteins, was recovered. The 
proteins were quantified using Pierce BCA protein assay kit (Thermo 
Fisher Scientific, Germany). 

2.4. HILIC clean-up and on-bead protein digestion 

The proteins were first reduced with 10 mM dithiothreitol (DTT) for 
45 min at room temperature. This was followed by alkylation with 40 
mM iodoacetamide (IAA) for 45 min in the dark. Finally, IAA was 
quenched with DTT to achieve a final concentration of 20 mM. Fifty μg 
of proteins were used for hydrophilic interaction liquid chromatography 
(HILIC) (ReSyn Biosciences, South Africa) clean-up and automated 
protein on-bead digestion using KingFisher Flex (Thermo Fisher Scien-
tific, Germany) in a 96-well format, as described previously (Siino et al., 
2022). 

Briefly, the automated procedure involved the following steps: 
magnetic microspheres (1:10 protein:beads ratio) were incubated and 
equilibrated in equilibration buffer (15% acetonitrile (ACN), 100 mM 
ammonium acetate (NH4Ac), pH = 4.5); protein samples were incu-
bated in binding buffer (30% ACN, 200 mM NH4Ac, pH = 4.5) where 
proteins bind to HILIC beads. To remove unspecific proteins, the beads 
were then washed twice in 95% ACN. Beads-binding proteins were then 
incubated with trypsin (Seq grade, Promega AB) at a ratio of 20:1 pro-
tein:trypsin dissolved in 50 mM ammonium bicarbonate for 1h at 47 ◦C. 
Afterwards peptides were recovered from the plate and dried in a 
Speedvac (Thermo Fisher Scientific, Germany) prior to C18 desalting 
procedure. 

Peptide desalting procedure was carried out using BioPureSPN™ 
Mini, PROTO 300 C18 (The Nest Group, Inc., MA, USA). Columns were 
equilibrated with 100 μl 70% ACN, 5% formic acid (FA) and then con-
ditioning was performed using 100 μl 5% FA. Next, samples were 
resuspended in 100 μl 5% FA and loaded into the column. Column was 
washed with 100 μl 5% FA and cleaned peptides were eluted using 100 
μl 50% ACN, 5% FA. All centrifugation steps were carried out using an 
Eppendorf bench-top centrifuge at 50×g for 2 min. Cleaned peptides 
were dried and stored at �20 ◦C prior to quantification and injection 
into the mass spectrometer. 

2.5. NanoLC mass spectrometry 

Cleaned peptide digests were resuspended in 0.1% FA and quantified 
using the NanoDrop 1000 (Thermo Fisher Scientific, Germany). Four 
hundred ng peptides were injected through an EvoSep (One LC system 
EvoSep, Denmark) coupled with a QExactive HF-X mass spectrometer 
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(Thermo Fisher Scientific, Germany) operating in positive ion mode for 
data-dependent acquisition (DDA). The analytical column was 15 cm 
long fused silica capillary (75 μm* 16 cm Pico Tip Emitter, New 
Objective), packed in-house with C18 material ReproSil-Pur 1.9 μm (Dr. 
Maisch GmbH, Germany). Peptides were separated using the 58-min 
whisper method. A top 20 method was used for the MS data acquisi-
tion, with an automatic gain control target value of 3 × 106 ions with a 
maximum fill time of 50 ms and a target resolution of 120000 and a scan 
range from 375 to 1500 m/z for the MS1 scans. Charge 2–6 ions were 
selected for MS/MS using higher energy collision-induced dissociation 
fragmentation (NCE 27), with 15,000 FWHM resolution and a target of 
1 × 105 ions with a maximum injection time of 20 ms using an isolation 
window of 1.2 m/z. 

2.6. Mass spectrometry data processing 

MaxQuant (www.maxquant.org, version 1.6.17.0) was used to pro-
cess all MS raw files. Files were searched against the Procambarus entries 
in UniProt as of 20211122 and the P. pvirginalis_04 database (Gutekunst 
et al., 2018) using the following parameters: carbamidomethylation of 
cysteines was set as fixed modification and oxidation of methionine and 
protein N-terminal acetylation as variable modifications. Default pa-
rameters were used, including precursor mass error tolerance 4.5 ppm 
and monoisotopic fragments mass error tolerance 0.02 Da and protein 
filtering at FDR 0.01. 

The protein intensity values from the resulting protein groups file 
were log2-transformed and normalized using NormalyzerDE (Willforss 
et al., 2019). Cyclic Loess normalization was deemed the most suitable 
normalization method based on the metrics in the report and because it 
adjusts for systematic differences in abundance between samples at 
different abundance levels (Ballman et al., 2004; Smyth, 2005). The 
transformed data were used for protein differential abundance analysis, 
and differential abundance was calculated using the empirical Bayes 
moderated t-test (Limma) between the control and clot hemolymph 
samples in the NormalyzerDE web interface (Willforss et al., 2019). A 
p-value of less than 0.05 and fold change of more than two were 
considered significant. Protein sequences with unknown functions were 
annotated with a BLAST (Basic Local Alignment Search Tool) search in 
the Universal Protein Resource (UniProt, https://www.uniprot.org/) 
database to obtain homologous sequences for characterized proteins. 

2.7. Gene Ontology (GO) and Protein interaction analysis 

The list of identified proteins in the hemolymph samples was sub-
jected to GO functional enrichment analysis using the ShinyGO (v0.77) 
application tool (bioinformatics.sdstate.edu/go) (Ge et al., 2019). The 
analysis was performed with the default ‘Best matching species’ option, 
and the enriched GO dot plot charts for biological processes and cellular 
components were selected for the submitted list of genes. The false 
discovery rate (FDR) cutoff for predictions was set at 0.05. ShinyGO 
calculates FDR based on the nominal p-value from the hypergeometric 
test. 

The protein-protein interaction (PPI) analysis was performed using 
the STRING (v11.5) (https://string-db.org/) web server. Nodes in the 
network are connected with color lines that represent evidence-based 
interactions for the network edges, including “known interactions” 
based on experimentally determined curated databases and “predicted 
interactions” based on gene neighborhood, gene co-occurrence, gene 
fusion, text mining, protein homology, or co-expression. 

The proteome profiling of hemolymph samples in P. virginalis was 
carried out using a mass spectrometry-based workflow, which is 
depicted in Fig. 1. 

3. Results and discussion 

Two-hundred and nineteen proteins were identified by MaxQuant 

search in the P. virginalis non-clotted and clotted hemolymph (Supple-
mentary Table 1). Among them, four proteins exhibited significant 
changes (p < 0.05, fold change ≥2) during clot formation, including 
three down-regulated proteins (C-type lectin domain-containing pro-
teins, laminin A chain, and tropomyosin) and one up-regulated protein 
(reverse transcriptase domain-containing protein) (Fig. 2). To obtain an 
adequate estimation of protein abundances, the high and low-abundant 
proteins were sorted based on their protein signal (intensity) values. 
Furthermore, proteins that play a vital role in coagulation and innate 
immunity were screened and discussed. The top thirty most high and 
low-abundant proteins identified in hemolymph are listed in Table 1. 
The results of the GO biological process and cellular components are 
shown in Fig. 3, and the results of protein network interactions are 
shown in Fig. 4. 

The proteomic analysis of non-clotted and clotted samples revealed 
that the abundances of most proteins remained unchanged during the 
coagulation process. This suggests that most of the proteins required for 
the coagulation process are pre-synthesized and stored before clot for-
mation. Different mechanisms of coagulation have been proposed for 
crustaceans, including the Type C mechanism, which involves rapid 
hemocyte degranulation or lysis and immediate plasma clotting due to 
the release of clotting factors (Perdomo-Morales et al., 2019), as we 
observed in our earlier ultrastructural study of coagulation in crayfish 
(Mengal et al., 2023a). Crustaceans possess robust clotting mechanisms 
due to their open circulatory system. Our proteomics results suggest that 
clotting factors are pre-synthesized and stored in hemocyte granules and 
plasma, facilitating a rapid response to wounds. Upon injury, these 
clotting factors are immediately released and act on clotting proteins in 
plasma, resulting in clot formation (Junkunlo et al., 2018). Synthesizing 
new proteins needed for coagulation after an injury can be 
time-consuming, particularly in decapods with an open circulatory 
system where bleeding can be life-threatening. This may explain why 
only a few proteins significantly changed during clotting, mostly being 
down-regulated. 

Three proteins, namely, C-type lectin domain-containing proteins, 
Laminin A chain, and Tropomyosin, were down-regulated, while one 
protein, called Reverse transcriptase domain-containing protein was 
significantly up-regulated during clot formation. Additionally, we have 
identified and discussed the key proteins involved in hemolymph clot-
ting and immunity from the top thirty most high and low-abundant 
proteins in the proteome profile of hemolymph. 

Fig. 1. A schematic overview of the mass spectrometry (MS)-based workflow 
used for proteome profiling of the non-clotted and clotted hemolymph samples. 
In this workflow, an automated sample preparation protocol was employed 
using MagReSyn® HILIC magnetic microspheres for protein clean-up and on- 
bead digestion. 
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3.1. Differentially abundant proteins identified in hemolymph of marbled 
crayfish 

3.1.1. C-type lectin domain-containing proteins 
C-type lectin domain-containing proteins (CTLs) are a diverse family 

of proteins that play important roles in the immune system and coagu-
lation process of crustaceans (Luo et al., 2019; Viana et al., 2022). These 
proteins are known to have a C-type lectin domain, which is a 
carbohydrate-binding domain that recognizes specific sugar molecules 
on the surface of pathogens known as pathogen-associated molecular 
patterns (PAMPs) (Luo et al., 2019). The existing shrimp transcriptome 
data have revealed at least seven different types of lectin, comprising 
C-type, M-type, L-type, P-type, lectins with fibrinogen-like domains, 
calnexin/calreticulin, and galectins (Wang and Wang, 2013). 

In the immune system of crustaceans, CTLs have been shown to play 
a role in the recognition and clearance of pathogens and hemaggluti-
nation. For example, a recombinant lectin LvLec, when used in whiteleg 
shrimp Litopenaeus vannamei, significantly improved the phagocytic 
abilities of hemocytes, enhanced phenoloxidase, bacteriolytic and 
hemagglutinating activities (Li et al., 2022). Another study of the mud 
crab Scylla paramamosain showed increased antibacterial and 
calcium-dependent agglutination activity against both Gram-positive 

and Gram-negative bacteria in the C-type lectin (designated as Fc-hsL) 
treated group after a bacterial challenge (Sun et al., 2008). Further-
more, the C-type-lectin (designated as HjCL) in the Japanese bullhead 
shark Heterodontus japonicus caused agglutination of the bacterial 
pathogen Edwardsiella tarda and promoted immediate blood clotting 
(Tsutsui et al., 2014). This implies that CTLs may serve a role in coag-
ulation and as pattern recognition receptors in antimicrobial defense in 
crustaceans. Furthermore, as observed in our earlier study of coagula-
tion, hemocytes undergo excessive degranulation, which results 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 mole-
cules; this could be one of the reasons that contributed to the down-
regulation of C-type lectins during coagulation; further research is 
needed to confirm this hypothesis. 

3.1.2. Laminin a chain 
The Laminin A chain is a critical component of laminin, a structural 

protein abundant in the extracellular matrix of various tissues. Laminin 
is composed of α, β, and γ chains, and binding of functional sequences 
like the laminin alpha chain to cellular receptors such as the laminin 
receptor initiates intracellular signaling that drives cell activities, such 

Fig. 2. The bar graphs of the normalized abundances of proteins that were significantly down-regulated (A–C) or up-regulated (D) during clotting. The proteins in 
each panel are as follows: (A) C-type lectin domain-containing proteins, (B) Laminin A chain, and (C) Tropomyosin. Panel (D) shows Reverse transcriptase domain- 
containing protein. The normalized abundances are presented as mean ± s. e.m. 
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as adhesion, migration, growth, and differentiation (Castronovo, 1993; 
Suzuki et al., 2005). Studies of laminin receptor proteins (Lamr) have 
been conducted in crustaceans. The RNAi-mediated knockdown of 
PvLamr in P. vannamei resulted in 100% mortality within 9 days and a 
substantial decrease in peripheral hemocyte numbers, though the 
mechanism behind the hemocyte reduction was unclear (Senapin et al., 
2010). Our previous ultrastructural study of coagulation also showed 
that hemocytes undergo excessive degranulation, leading to high levels 
of hemocyte lysis and cell death (Mengal et al., 2023a). These obser-
vations suggest that the downregulation of the Laminin A chain during 
coagulation may be linked to the degranulation and cell lysis of hemo-
cytes. Another study of L. vannamei revealed that knockdown of Lamr 
significantly reduced expression of crustacean hematopoietic factor 
(CHF)-like protein and hemocyte homeostasis-associated protein 
(HHAP), suggesting Lamr’s role in shrimp hemocyte homeostasis 
through interaction with CHF-like and HHAP proteins (Charoensapsri 
et al., 2015). Furthermore, the data from human skin cells suggest that 
laminin LG4–5-derived peptides can improve wound healing and exhibit 
broad antimicrobial activity (Senyürek et al., 2014). Laminin has also 
been implicated in regulating core cell behaviors required for wound 
repair and angiogenesis (Iorio et al., 2015). Although the antimicrobial 
properties of laminin in crustaceans have been well documented 
(Busayarat et al., 2011; Liu et al., 2016, 2018), its role in coagulation 
and wound healing is less explored. It is possible that the structural 
protein (Laminin) may be responsible for maintaining cell integrity and 
retaining granules within hemocytes. When it is downregulated during 
an injury, degranulation is facilitated, resulting in the release of granule 
content and the formation of clots. Presumably, the non-specific pro-
teases/peptidases may facilitate the selective degradation of laminin 
proteins, which could result in its observed down-regulation. These 
proteolytic enzymes may selectively cleave and degrade extracellular 
matrix proteins like laminin, potentially through an as-yet-unknown 
mechanism. Further research is needed to understand this mechanism 
during coagulation. 

3.1.3. Tropomyosin 
Tropomyosin (Tpm) is a protein that primarily regulates muscle 

contraction in animals. It acts as a master regulator of cytoskeletal 
proteins (Gunning et al., 2015), which play a crucial role in cell adhe-
sion, migration, phagocytosis, and wound repair (Cowin, 2006). 

In crustaceans, Tpm plays a key role in innate immunity by 
contributing to the process of phagocytosis. It serves as an important 
component of the Rab-Complex that regulates phagocytosis in crusta-
ceans (Wu et al., 2008). In kuruma prawn Penaeus japonicus, the RNAi 
and mRNA assays revealed that the Rab-Complex, a protein complex 
consisting of the PjRab, tropomyosin, and β-actin and a white spot 
syndrome virus (WSSV) envelop protein VP466, regulates anti-viral 
phagocytosis (Wu et al., 2008). In this complex, the Rab6 protein can 
regulate the hemocytic phagocytosis, with tropomyosin serving as a 
crucial component (Ye et al., 2012). The interaction of Tpm with LcRac1 
was also found to be vital to phagocytosis in large yellow croaker 

Table 1 
Uniprot accession numbers and names of thirty most high and low abundant 
proteins in the hemolymph of marbled crayfish P. virginalis.  

High Abundant Proteins Low Abundant Proteins 

Accession 
Number 

Proteins Accession 
Number 

Proteins 

A0A142BZ28 Hemocyanin subunit 2 A0A3R7MK72 Putative RNA- 
binding protein 4 
isoform X2 

A0A3R7NPL9 Hemocyanin subunit L2 A0A5B9GCL9 Small nuclear 
ribonucleoprotein E 
(snRNP-E) (Sm 
protein E) 

A0A142BZ27 Hemocyanin subunit 1 A0A423U6P8 Alpha2 
macroglobulin 
isoform 3 

A0A5N5TD50 Hemocyanin A chain A0A423TC99 Vitellogenin 
domain-containing 
protein 

A0A5N5TE88 Hemocyanin A chain A0A5B9GAH5 Ferritin (EC 
1.16.3.1) 

Q6RG02 Vitellogenin [Cleaved 
into: Vitellin] 

A0A2J7Q0E5 Beta-glucuronidase 
(EC 3.2.1.31) 

A0A5B7CMF4 Beta-1,3-glucan-binding 
protein 

A0A3R7MWT2 Putative teneurin-3- 
like 

A0A386H740 Clotting protein A0A3R7SIW3 Putative serine 
proteinase inhibitor 

A0A5B7DUJ6 Hemocyanin A chain A0A423TBN8 RNA helicase (EC 
3.6.4.13) 

P00761 Trypsin (EC 3.4.21.4) A0A5N5TJF1 Alpha-actinin, 
sarcomeric 

A0A3R7Q123 Hemocyanin K7QPA1 Small ubiquitin- 
related modifier 
(SUMO) 

A0A3R7MB02 Hemocyanin A0A3R7QZR3 Alpha-mannosidase 
(EC 3.2.1.-) 

A0A075BUH1 Hemocyanin 2 A0A5N5T2M7 Cartilage oligomeric 
matrix protein 

A0A423SGT1 Hemocyanin subunit L3 A0A3R7NUJ0 Putative rho GDP- 
dissociation 
inhibitor 2 

A0A386H7H6 Pacifastin heavy chain A0A423TE44 Fibril-forming 
collagen alpha 
chain-like 

A0A1C6ZZL7 Vitellogenin A0A3R7QHC4 Catalase (EC 
1.11.1.6) 

A0A386H7I6 Alpha-2-macroglobulin- 
like protein isoform 3 

A0A5B7E1N1 Eukaryotic 
translation 
initiation factor 5A 
(eIF-5A) 

A0A423TS71 WD_REPEATS_REGION 
domain-containing 
protein 

A0A3R7SZS6 Isocitrate 
dehydrogenase 
[NADP] (EC 
1.1.1.42) 

A0A0M4J5L0 Beta-actin A0A5B7FG04 Secreted protein 
A0A423SB75 Vitellogenin A0A3R7NDA8 Tail muscle 

elongation factor 1 
gamma 

A0A7T5Y1V8 Prophenoloxidase A0A5B7CPW0 Laminin subunit 
beta-1 

A0A318TCI9 Apolipoprotein A1/A4/E 
domain-containing 
protein 

A0A5B7DQN7 Small nuclear 
ribonucleoprotein 
Sm D1 (snRNP core 
protein D1) 

A0A3R7QXB9 Laccase 1 A0A5B7D8D5 Annexin 
A0A2P1JJ65 Protein-glutamine 

gamma- 
glutamyltransferase (EC 
2.3.2.13) 

A0A5N5TMZ3 60S ribosomal 
protein L30 

A0A346QR93 Prophenoloxidase (EC 
1.14.18.-) 

A0A1W5LJR1 Ubiquitin carboxyl- 
terminal hydrolase 
(EC 3.4.19.12) 

A0A3R7N8L8 Pl-crustin 2 (Type Ia 
crustin cruIa-6) 

A0A4Y6A8P8 Heterogeneous 
nuclear 
ribonucleoprotein K 

A0A5B7HTA5 Peroxisomal assembly 
protein PEX3 

A0A3R7PGP1 glutamate 
dehydrogenase  

Table 1 (continued ) 

High Abundant Proteins Low Abundant Proteins 

Accession 
Number 

Proteins Accession 
Number 

Proteins 

[NAD(P)(+)] (EC 
1.4.1.3) 

A0A4S2KIX4 Histone H2A A0A423T909 Anti- 
lipopolysaccharide 
factor isoform 6 

A0A3R7PKU8 Histone H2B F5A6E1 40S ribosomal 
protein S18 

A0A3R7MUX2 Melanization interactin 
protein 

A0A1D2MJK0 Putative peptidase 
C1-like protein 
F26E4.3  
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Larimichthys crocea (Han et al., 2019). 
Additionally, the role of Tmp in wound healing has been reported in 

a mouse study. The study found that deletion of the 9D exon from the 
TPM3/γTm tropomyosin gene resulted in improved wound healing and 
increased cell migration, potentially due to the activation of paxillin/ 
Rac signaling, suggesting Tmp plays an important role in regulating the 
timing of cell migration during wound healing (Lees et al., 2013). An 
increase in Tmp levels was also observed in the hemolymph of the 
Mediterranean mussel Mytilus galloprovincialis following an induced 
injury to the adductor muscle. (Franco-Martínez et al., 2018). Therefore, 
Tpm can regulate actin filament dynamics and change cell migration 
rates, thereby affecting wound healing. However, in our current study, 
Tpm was significantly down-regulated. This may be because the he-
mocytes involved in coagulation are consumed in the process; as 
mentioned before, during coagulation, hemocytes undergo rapid 
degranulation and eventually apoptosis. Thus, the down-regulation of 
Tpm, being a cytoskeletal protein, could result in the destabilization of 
hemocyte structure, potentially leading to its lysis during degranulation 
and coagulation. Further research is needed to determine the specific 
cause of tropomyosin downregulation during this process. 

3.1.4. Reverse transcriptase domain-containing protein 
The role of reverse transcriptase domain-containing protein (RTDP) 

in invertebrates is not well understood and may vary depending on the 
organism. However, some studies have suggested that cellular reverse 
transcriptases (RTs) may play a role in the immune response of in-
vertebrates. For example, in insects, cellular RT activity has been linked 
to the activation of the RNA-mediated interference (RNAi) pathway, 
which in turn inhibits viral replication, suggesting a role for RT in the 
defense against viral infections (Goic et al., 2013). It has been proposed 

that shrimp may also use cellular RT to recognize foreign mRNA of vi-
ruses and integrate short cDNA sequences into their genomes through 
integrases, which could result in the production of immunospecific RNA 
(imRNA) capable of suppressing viral propagation via RNA interference 
(RNAi) (Flegel, 2009). 

Our study found that RTDP was up-regulated during clot formation 
in P. virginalis hemolymph. During coagulation, most hemocytes un-
dergo rapid degranulation, releasing granular contents for clot forma-
tion, and subsequently die through apoptosis, while a distinct group of 
hemocytes maintain their integrity and remain phagocytically active for 
an extended period, as noted in our earlier ultrastructural study of 
coagulation and phagocytosis (Mengal et al., 2023a). Considering the 
immune-related roles of the reverse transcriptase domain-containing 
protein, it is likely that the up-regulation of this protein during clot-
ting is from the phagocytic hemocytes. The down-regulated structural 
proteins may be attributed to the hemocytes that degranulate and 
eventually undergo apoptosis. These proteins mainly have structural 
functions related to hemocyte integrity, which may hinder the process of 
degranulation. Therefore, their down-regulation may be necessary for 
the release of granular contents to form the clot. Since protein synthesis 
is not possible inside the cells that have already lysed as a result of 
degranulation, thus, the up-regulated protein RTDP during clotting may 
be attributed to the surviving phagocytic hemocytes that synthesize this 
protein and play immunological roles in phagocytosis. 

3.2. High-abundant proteins in the hemolymph proteomic profile 

Several high-abundant proteins with critical roles in clotting and the 
innate immune system of crustaceans were found in both non-clotted 
and clotted hemolymph samples. In the top 30 most highly abundant 

Fig. 3. The dot-plot chart represents the GO enrich-
ment analysis for biological processes (A) and cellular 
components (B) of the commonly identified proteins 
in the non-clotted and clotted hemolymph of 
P. virginalis. The chart was created using ShinyGO 
(v0.77). The biological processes and cellular com-
ponents in the x-axis are ranked by fold enrichment 
values. The most significant processes are highlighted 
with red dots and less significant ones with blue dots 
based on their log10(FDR) values. Larger dots in the 
graph correspond to a greater number of proteins 
involved in the biological process or cellular compo-
nent. (Detailed information deposited in Supplemen-
tary Table 2). (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the Web version of this article.)   
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proteins, we discussed the functions of some of the important ones 
below. Table 1 provides a complete list of the top thirty high-abundance 
proteins found in the hemolymph. 

3.2.1. Clotting factors in the clot and hemolymph 
Hemolymph clotting is a crucial immune response involving soluble 

and cell-derived clotting factors. In our comparative study of hemo-
lymph clotting, we observed that hemocyanin was consistently the most 
abundant protein in both groups without any significant change in 
abundance. Additionally, we identified other important clotting factors 
such as Clotting protein, Vitellogenin [Cleaved into: Vitellin], and Beta- 
1,3-glucan-binding protein. 

In crustaceans, the clotting protein was first cloned and character-
ized in crayfish (Hall et al., 1999) and later in tiger shrimp Penaeus 
monodon (Yeh et al., 1999). The clotting protein is a homodimeric gly-
colipoprotein, structurally similar but distinct from vitellogenin and 
contains a sequence similar to the D-domain of mammalian von Wille-
brand’s factor (Cerenius and Söderhäll, 2004). Interestingly, both 
vitellogenin and von Willebrand’s factor were also found in our results. 
Additionally, we identified astakine 2, a hematopoietic cytokine that has 
been shown to inhibit TGase activity and reduce clotting protein 
crosslinking in crayfish (Sirikharin et al., 2017) that probably regulates 
hematopoiesis and coagulation in crustaceans. The clotting system in 
decapods is efficient and rapid due to the pre-existing storage of clotting 
factors in granulocytes and clotting proteins in the plasma. Our LC/MS 
results did not reveal a significant difference in clotting factor levels 

between the non-clotted and clotted hemolymph samples. This suggests 
that the major clotting factor proteins are not synthesized during the 
clotting process but are pre-synthesized and stored in the granules of 
hemocytes and plasma. These clotting factors can be rapidly released 
from granules when needed to form a clot barrier as quickly as possible. 
Hemocytes can store different components necessary for coagulation 
separately from plasma to avoid unnecessary coagulation. 

3.2.2. Hemocyanin and prophenoloxidase 
Hemocyanin (HC) is a large, copper-containing protein whose pri-

mary function is to bind, transport, and store dioxygen molecules in the 
hemolymph (Coates and Nairn, 2014; Coates and Costa-Paiva, 2020). 
Apart from its traditional role as a respiratory protein, hemocyanin has 
been shown to exhibit multiple immunological properties. For example, 
HC upon activation, displays phenoloxidase activity in chelicerates, 
including Brazilian whiteknee tarantul Acanthoscurria geniculata (Sang-
gaard et al., 2016), horseshoe crabs Tachypleus tridentatus (Nagai and 
Kawabata, 2000), and in crustaceans, like P. japonicus (Adachi et al., 
2001), and P. leniusculus (Lee et al., 2004). Moreover, it has been re-
ported that HC plays a role in immune modulation by interacting with 
other signaling pathways or generating antimicrobial immune mole-
cules (Coates and Talbot, 2018). For instance, Havanapan et al., 
demonstrated that in Penaeus vannamei hemocyanin’s C-terminal un-
dergoes serine phosphorylation and binds to ERK1/2 during Taura 
syndrome virus (TSV) infection (Havanapan et al., 2009). In 
P. leniusculus, astacidin 1 - a proteolytic cleavage product of 

Fig. 4. The protein-protein interaction network displaying the list of identified proteins that were subjected to String (v11.5) analysis to reveal functional in-
teractions for the proteins obtained from hemolymph samples. Each node in the network represents a protein, and each edge represents an interaction that was 
predicted based on the available evidence. (Detailed information deposited in Supplementary Table 3). 
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hemocyanin—has been shown to have antibacterial activity against both 
Gram-positive and Gram-negative bacteria (Lee et al., 2003). More 
recently, HC has been reported to act as a pattern recognition receptor 
(PRR), activating innate immunity in red swamp crayfish Procambarus 
clarkii (Qin et al., 2018). It has been shown that hemocyanin is a 
component of gametes in crayfish that might be essential for their 
respiration and immunity (Niksirat et al., 2014, 2015). Additionally, the 
analysis of the clot proteome revealed that hemocyanin constitutes a 
significant portion of the hemolymph clot in A. geniculata, suggesting its 
involvement in the coagulation process. However, their study did not 
compare the clot proteome with fresh hemolymph to detect any differ-
ences (Sanggaard et al., 2016). 

3.2.3. Histone proteins 
In this study, mass spectrometry analysis identified high levels of 

core histone proteins H2A, H2B, H1, and H3 in the clot and hemolymph. 
Histones play an essential role as protein components in the architecture 
of chromatin. The role of histones in the decapod’s defense was first 
identified in L. vannamei (Patat et al., 2004). Histones are extracellularly 
released as part of a defense mechanism known as ETosis, which in-
volves the formation of extracellular traps (ETs) of DNA that entrap and 
kill microorganisms (Robb et al., 2014). This process has been shown to 
be triggered by both infection and/or tissue damage 
(Destoumieux-Garzón et al., 2016). The antimicrobial role of histones 
and histone-derived proteins has been determined in a number of in-
vertebrates, including L. vannamei (Ng et al., 2013, 2015; Patat et al., 
2004), shore crab, Carcinus maenas, and blue mussel, Mytilus edulis 
(Robb et al., 2014). In addition to activating the innate immune 
response, extracellular nucleic acids have been found to induce coagu-
lation in the hemolymph of other arthropods, such as insects (Altincicek 
et al., 2008). Likewise, our earlier ultrastructure study of coagulation 
showed that granular hemocytes externalized chromatin into the sur-
rounding clot, forming web-like structures that contribute to clot for-
mation and may also have a role in capturing and killing pathogens 
during coagulation. (Mengal et al., 2023a). It is intriguing to speculate 
that the high level of histones in the clot and hemolymph indicate that 
histone proteins are an ancient part of the innate immune system that 
may enhance innate immune responses and induce coagulation in 
decapods. 

3.2.4. Beta-1,3-glucan-binding protein 
Beta-1,3-glucan-binding protein (βGBP) in crustaceans is an impor-

tant pattern recognition protein (PRP) that plays a key role in the 
recognition and binding of β-glucan found on the surface of microbes. 
The binding of βGBP to β-1,3-glucans initiates a cascade of immune 
responses, including both cell-mediated responses such as phagocytosis, 
encapsulation, and nodule formation, and humoral responses such as the 
production of antimicrobial peptides and activation of prophenolox-
idase (proPO) system proteins (Jiravanichpaisal et al., 2006). For 
example, In the field crab Paratelphusa hydrodromus, purified Ph-β-GBP 
enhanced cellular immune responses against pathogens by increasing 
agglutination, phagocytic activity, and encapsulation in a 
dose-dependent manner. It also increased prophenoloxidase and serine 
protease activity, aiding in pathogen clearance (Iswarya et al., 2017). 
Also, in crayfish and shrimp, it has been reported that βGBP serves a vital 
role in the activation of proPO activating system proteins which is an 
important component of the innate immune system involved in mela-
nization, cell adhesion cytotoxic reactions, phagocytosis and encapsu-
lation (Amparyup et al., 2012; Lee et al., 2000). The βGBP is synthesized 
mainly by the hepatopancreas and secreted to the hemolymph (Yepiz--
Plascencia et al., 2000), where it helps to provide continuous surveil-
lance against potential pathogens, allowing for a rapid immune response 
if necessary. 

3.2.5. Vitellogenin 
Vitellogenin (VTG) is a protein responsible for carrying lipids such as 

cholesterol and is primarily associated with major yolk proteins in egg- 
laying aquatic animals such as crayfish (Niksirat et al., 2014, 2015), 
sturgeon (Niksirat et al., 2017), rainbow trout (Niksirat et al., 2020) and 
zebrafish (Niksirat et al., 2021). Recent studies, however, have revealed 
its non-reproductive functions, such as immunity and antioxidation (Li 
et al., 2017; Sun et al., 2020). A study conducted in Chinese mitten crab 
Eriocheir sinensis, showed that VTG plays crucial roles in innate immu-
nity, including binding to bacteria, inhibiting bacterial proliferation, 
and regulating the expression of antimicrobial peptides (Li et al., 2017). 
Additionally, the survival rate of E. sinensis significantly improved after 
injection with recombinant VTG protein following bacterial infection 
(Sun et al., 2020). 

VTG has also been shown to possess antioxidant abilities. Havukai-
nen et al., reported that it can increase the lifespan of honeybees by 
enhancing their oxidative stress tolerance and shielding them from 
oxidative damage (Havukainen et al., 2013). It has been observed that 
the clotting protein in crayfish is quite similar to vitellogenin. Their 
sequence similarity suggests that these two proteins may have a com-
mon evolutionary origin (Hall et al., 1999). In addition to VTG’s 
involvement in lipid metabolism and reproduction, it may have acquired 
other functions during metazoan evolution, such as involvement in the 
clotting cascade and immune response (Hall et al., 1999; Avarre et al., 
2007). This further emphasizes the versatility and importance of the 
VTG protein in decapod crustaceans. 

3.3. Low-abundant proteins in the hemolymph proteomic profile 

Several low-abundant proteins within the innate immune system of 
crustaceans were found in both non-clotted and clotted hemolymph 
samples. In the top 30 most low-abundant proteins, we discussed the 
functions of some of the important ones below. Table 1 provides a 
complete list of the top thirty low-abundance proteins found in the 
hemolymph. 

3.3.1. Putative RNA-binding protein 
RNA-binding proteins are a broad class of proteins that bind to RNA 

molecules and play a crucial role in anti-viral immunity in crustaceans. 
Trans-activation response RNA-binding protein (TRBP), a key compo-
nent of RNA-induced silencing complex, was shown to play a key role in 
the anti-viral RNA interference pathway in Marsupenaeus japonicus 
(Wang et al., 2012). The use of recombinant TRBP in Chinese white 
shrimp Fenneropenaeus chinensis significantly reduced WSSV prolifera-
tion, indicating its importance in the shrimp’s antiviral defense (Wang 
et al., 2009). Another proteomics study reported the significant 
down-regulation of TRBP under WSSV infection, suggesting that this 
viral infection might negatively affect the immune defense via the RNAi 
process in red claw crayfish Cherax quadricarinatus (Jeswin et al., 2016). 

3.3.2. Alpha2 macroglobulin 
Alpha2 macroglobulin (A2M) is a multifunctional, broad-range 

serine proteinase inhibitor protein that is involved in a variety of im-
mune responses in invertebrates, including the hemolymph clotting 
system (Hall and Söderhäll, 1994), proPO activating system (Aspán 
et al., 1990), and phagocytosis (Buresova et al., 2009). A2M serves as an 
important substrate during the clotting process in crayfish (Hall and 
Söderhäll, 1994). In P. leniusculus, A2M has also been found to have a 
proteinase inhibitory activity to a limited extent in the proPO system by 
restricting the activity of the proPO-activating enzyme (ppA) (Aspán 
et al., 1990). Although A2M has been reported to have a regulatory role 
to some extent in the proPO system of crayfish and shrimp (Aspán et al., 
1990; Ponprateep et al., 2017), it has also been demonstrated that 
pacifastin, another serine proteinase inhibitor, plays a more significant 
role in regulating the proPO system in these species (Liang et al., 1997; 
Sangsuriya et al., 2016). In addition to its role in the proPO system, A2M 
has also been found to play a role in the cellular immune response. 
Silencing of the IrAM, an A2M in hard tick Ixodes Ricinus, resulted in 
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reduced phagocytosis of Chryseobacterium indologenes pathogen, indi-
cating the role of IrAM in this process (Buresova et al., 2009). 

3.3.3. Ferritin 
Ferritin is a ubiquitous iron storage protein found in a wide range of 

organisms and has various functions, such as antioxidant activity, cell 
activation, regulation of iron metabolism, and immune defense (Niksirat 
et al., 2020, 2021; Yang et al., 2019). Huang et al. (1996) cloned and 
characterized ferritin from the hepatopancreas of the freshwater cray-
fish Pacifastacus leniusculus, and found that its primary structure is more 
similar to vertebrate H-ferritins. In vertebrates, ferritin has been indi-
rectly linked to innate immune response, as its synthesis is regulated by 
proinflammatory cytokines, suggesting its potential role in innate im-
munity (Huang et al., 1999; Torti and Torti, 2002). 

Studies have explored the function of ferritin in other crustaceans, 
such as P. clarkii and M. nipponense. Yang et al. (2019) observed a sig-
nificant increase in the expression of PcFer mRNA and protein in he-
mocytes and hepatopancreas of P. clarkii exposed to WSSV and 
Aeromonas hydrophila. Similarly, Tang et al. (2019) reported that ferritin 
expression levels were strongly elevated in river prawn M. nipponense 
after injection of a free radical-generating agent and bacterial infection, 
suggesting its protective roles in cellular redox homeostasis and anti-
bacterial immunity. 

3.3.4. RNA helicase 
RNA helicases are involved in various processes that are essential for 

the innate immune response in crustaceans. They play a vital role in 
regulating the RNA interference (RNAi) pathway (Phetrungnapha et al., 
2015). For instance, knockdown of the RNA helicase gene (Mj-mov-10) 
led to increased susceptibility to WSSV infection in M. japonicus, sug-
gesting that silencing of RNA helicases may disrupt the normal functions 
of RNAi-related proteins and thus affect the anti-viral defense mecha-
nism (Phetrungnapha et al., 2015). Additionally, RNA helicases are also 
involved in sensing viral nucleic acids and activating the antiviral im-
mune response in fish. An in vitro study on spleen cells (GS) of 
orange-spotted grouper Epinephelus coioides, has shown that infection 
with red-spotted grouper nervous necrosis virus (RGNNV) induced 
up-regulation of the expression of RNA helicase ddx3. Moreover, over-
expression of ddx3 in GS cells enhanced type I IFN-related anti-viral 
response and inhibited replication of RGNNV (Liu et al., 2017). 

3.3.5. Catalase 
Catalase is an enzyme that plays a critical role in the antioxidant 

defense system of crustaceans. When crustaceans are exposed to 
stressors, such as pathogens or pollutants, reactive oxygen species (ROS) 
are generated, leading to oxidative stress. Catalase works to break down 
hydrogen peroxide, a harmful ROS, into water and oxygen, thereby 
reducing oxidative stress and preventing cell damage (Zhang et al., 
2008; Coates and Söderhäll, 2021). Studies have suggested that catalase 
may also play a role in the immunity of crustaceans. For example, in the 
swimming crab Portunus trituberculatus, catalase activity was found to 
increase significantly after the challenge with the pathogenic bacterium 
Vibrio alginolyticus (Chen et al., 2012). Similarly, in the F. chinensis, 
catalase activity was up-regulated in the hemocytes and the hepato-
pancreas after exposure to the pathogenic virus of WSSV (Zhang et al., 
2008). These findings suggest that catalase may be involved in the im-
mune response of crustaceans by protecting cells from oxidative damage 
caused by pathogens. 

3.3.6. Anti-lipopolysaccharide factor 
Anti-lipopolysaccharide factors (ALFs) are antimicrobial peptides 

that play a critical role in antimicrobial defense in crustaceans. ALFs 
exert their antimicrobial activity by binding to and disrupting the cell 
membrane structures of the pathogens, leading to their death. A number 
of ALFs from different crustacean species, including shrimp (de la Vega 
et al., 2008), crayfish (Liu et al., 2006) and lobster (Beale et al., 2008), 

have been studied. In L.vannamei, LvALF was found to have 
broad-spectrum antimicrobial activity against bacterial and fungal in-
fections. After the knockdown of LvALF1 in Vibrio penaeicida and Fusa-
rium oxysporum infected groups of shrimp, the mortality rate 
significantly increased compared to the control group (de la Vega et al., 
2008). ALF has been demonstrated to play a critical role in protecting 
P. leniusculus from WSSV infection both in vitro and in vivo by interfering 
with viral replication (Liu et al., 2006). Similarly, after injection of 
Vibrio fluvialis into the American lobster Homarus americanus increased 
ALFHa-1 mRNA abundance in gill, hematopoietic, and hepatopancreas 
tissues but had no significant effect on the relative abundance of 
ALFHa-2 mRNA, indicating a specific role of ALFHa-1 in antimicrobial 
regulation (Beale et al., 2008). In addition to their direct antimicrobial 
activity, ALFs have also been shown to modulate immune-related genes. 
For instance, when PcALF was suppressed in crayfish P. clarkii, it 
resulted in the altered expression of several immune-related genes, such 
as Crustin, Toll, Lectin, and Cactus (Zhu et al., 2019). 

4. Conclusion 

This is the first study to perform a comparative proteome analysis of 
non-clot and clot hemolymph in decapods. The abundance of the ma-
jority of proteins remained unchanged during coagulation, suggesting 
that clotting proteins are pre-synthesized and stored in the granules of 
hemocytes and plasma to enable a rapid response to wounds. Synthe-
sizing new proteins after an injury can be time-consuming, especially in 
animals with an open circulatory system like decapods, where bleeding 
can be life-threatening. Therefore, most of the proteins involved in 
clotting are likely pre-synthesized and stored, enabling a swift response 
to injury in the form of coagulation. In addition, we found three 
significantly down-regulated proteins, which two of them are mainly 
structural proteins related to hemocyte integrity. This indicates that 
their downregulation could enhance hemocyte lysis and degranulation, 
which eventually results in clot formation. Lastly, we found an immune 
related protein that was significantly up-regulated, indicating the syn-
thesis of at least one protein during coagulation, probably by phagocytic 
hemocytes. 
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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) (Söderhäll and Smith, 1983; Söderhäll, 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 Söderhäll, 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.



- 75 -

General discussion

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.  leptodactylus demonstrated that the number of hemocyte’s cytoplasmic microtubules 
increase after injury, allowing them to engulf material from disintegrating muscle fibers (Uhrík 
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 ultrastructural 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-Martínez 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 ultrastructural 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 
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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

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 stresorů 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. Environmentální stresory mohou negativně ovlivnit imunitní odpovědi 
desetinožců, čímž zvyšují jejich náchylnost k nemocem. Avšak abiotický 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. Granulární 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. Granulární 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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