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Simple Summary: The spread of freshwater crustacean farms, in particular of the Australian species
Cherax, has been widespread in recent years and has aroused particular interest at an economic level.
Knowledge of the basic levels of some biochemical parameters becomes particularly important to
understanding the health status of the animals and, therefore, for the maintenance of aquaculture
facilities. In this study, the values of some biochemical parameters of two species of Cherax, Cherax de-
structor and Cherax quadricarinatus, reared in an Italian aquaculture plant, were evaluated for the first
time. These parameters should contribute to assessing the health status of these animals on a farm
and to understanding if they will be affected by stressful conditions or not.

Abstract: In the last few years, there has been a notable development in the breeding of freshwater
shrimp (astaciculture), which involved various species and in particular, the two Australian Parastaci-
dae species, Cherax destructor and Cherax quadricarinatus. Information about the haemolymphatic
parameters of these two species is fragmentary, and filling these gaps becomes important given their
importance in aquaculture. Cellular and biochemical parameters were analyzed in both species to
create a reference baseline for these parameters to identify the state of welfare or suffering of these
animals. The results showed that the total haemocyte count, haemocyte subpopulations, enzymatic
activities and pH are similar between the two species, while total protein and osmolality are higher
in C. destructor than C. quadricarinatus. Knowledge of these parameters could assist in evaluating the
good health status of these species kept in aquaculture facilities.

Keywords: crayfish; Cherax spp.; total haemocytes count; total protein; aquaculture plant

1. Introduction

It is well known that marine or freshwater vertebrates and invertebrates play an impor-
tant role as environmental bioindicators [1–5] and as a source of bioactive molecules for the
treatment of medical applications [6–12]. The red shrimp, Cherax quadricarinatus, is a native
species of northern Australia and southern New Guinea and has become one of the most
important crustacean species for aquaculture purposes. It is among the largest freshwater
decapods, matures early, and females can lay over a thousand eggs in a single brood and
has a broad environmental tolerance [13]. All of these characteristics make it a highly
appreciated species for aquaculture all over the world, to the point of becoming the second
most economically important crayfish species after Procambarus clarkii [13]. In addition to
this species, the yabby (Cherax destructor), the most widespread freshwater shrimp species
in Australia, also showed a very high potential for aquaculture purposes [14,15]. Thanks to
these characteristics, a few years ago, the breeding of these two species has spread to Europe
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and recently to Italy (Sicily). Although some commercial yabby farms have experienced
significant disease problems in the past, such as the pathogenicity of Vibrio mimicus [16]
or cases of ectosymbiotic Temnocephala flatworms [17], today, the health status of the Euro-
pean yabbies is still not well known. Conversely, both Cherax species have been studied
from various points of view, such as the effects of dietary supplementation [18–20], changes
in haemolymphatic parameters following molting [21], effects of pollutants [22,23], and
spatial distribution [24]. Despite this, to date, no one has analyzed the basic cellular and
biochemical parameters of the haemolymph of these two species kept in optimal breeding
conditions. Stress in crustaceans has been evidenced by measurements of biochemical
and behavioral (physical injuries) parameters [25]. In fact, physical and chemical aquatic
environmental stressors [26–28] are responsible for important changes in crustaceans, such
as (i) the alteration of the endocrine system, influencing the release of neuropeptide crus-
tacean hyperglycaemic hormone (CHH) and glucose [25]; (ii) the regulation of the ecdysone
receptor [29–31], which is important for growth, development, reproduction and regener-
ation; (iii) the total protein levels in haemolymph [32]; and (iv) the total and differential
haemocytes’ count [1] and pH values, and osmolality in the haemolymph [33,34]. All
these parameters could be useful to control animal welfare and maintain good conditions
during breeding. For these reasons, in this study, we report a preliminary analysis of some
haemolymphatic parameters of the two Cherax species reared in an aquaculture plant
located in the east of Sicily. These parameters could provide information on the proper
maintenance and animal welfare of the two freshwater shrimp species and allow for the
enhancement of the production of these two species.

2. Materials and Methods
2.1. Animals

A total of 30 adult individuals for each of the 2 species (C. quadricarinatus and C. de-
structor) were used to evaluate the parameters of the haemolymph. The individuals of
C. destructor weighed 57.66 ± 7 g and were 10.88 ± 0.56 cm long, while the individuals
of C. quadricarinatus weighed 54.82 ± 8.04 g and were 11.13 ± 0.91 cm long. The animals
were supplied by the yabby aquaculture facility located at ‘Fiumefreddo di Sicilia’ (Catania)
(eastern of Sicily). The animals were divided into different rectangular tanks (80 L each),
acclimatized for two weeks with continuous aeration (O2 > 5.0 mg/L) and a constant
temperature (21 ± 1 ◦C), and fed daily with a commercial diet (5% body weight, Malta
Cleyton, SA, Mexico) up to 24 h before the sampling of haemolymph.

2.2. Haemolymph Sampling

For haemolymph sampling, each animal was anesthetized in ice for 10 min. All
haemolymph samples were taken by inserting a 21-gauge needle into the pericardial sinus
at the base of the first abdominal segment.

The haemolymph was obtained from 15 individuals of each species. The samples
were taken with anticoagulant by sampling the haemolymph in 0.2 M sodium cacodylate
with 1% glutaraldehyde in a 1:1 ratio (1 mL in total). Then, 100 µL of the samples were
used for the total haemocytes count and flow cytometer cell sorter. The remaining sample
was immediately centrifuged at 800× g for 10 min at 4 ◦C to separate the cells from
the supernatant. After centrifugation, a cellular pellet and cell-free samples (CLF) were
obtained and used for enzymatic assays. Another 15 individuals for each species were
used to evaluate total protein, osmolality and pH values on cell-free samples. In these
cases, the haemolymph sampling was carried out without anticoagulant and immediately
centrifuged at 800× g for 10 min at 4 ◦C to avoid coagulation.

2.3. Total Haemocytes Count and Flow Cytometer Cell Sorter

The total haemocyte count (THC; the number of haemocytes per mm3) was determined
using a Neubauer haemocytometer chamber. Moreover, the flow cytometer cell sorter
(FACS analysis by Epics XL™ flow cytometer with Expo32 software Beckman Coulter,
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Fullerton, CA, USA) evaluation was performed on each sample to classify cell types and the
percentage differences between them. In particular, 500 µL of cells in suspension was used
and for each sample, at least 10,000 events were analyzed. Results were expressed using cell
cytograms showing the granularity (SS value) and the proportional size (FS value) of cells;
moreover, histograms were used to show the percentages of each cell subpopulation. Three
cellular subpopulations were defined by their size and complexity and were electronically
gated and sorted with FACS.

2.4. Enzymatic Assay

The enzymatic activities of the alkaline phosphatase (AKP) and esterase (EST) were
performed in the cellular lysate (CL) and cell-free samples of each individual. The cellular
pellet of each individual was individually lysed using the minimum RIPA buffer 1X added
with antiprotease 1:200 (200 µL). In particular, each sample was pottered for at least 5 min,
sonicated for 2 min, and centrifuged at 15,500 rpm for 20 min and 4 ◦C. The enzymatic
activities were evaluated by incubating 50 µL of the sample with 50 µL of buffer in 96-well
plates [35]. The buffers for the esterase and phosphatase activity were different. For esterase,
the buffer was prepared using 0.4 mM of p-nitrophenyl myristate (Sigma-Aldrich, Saint
Louis, MO, USA) in a solution of 100 mM ammonium bicarbonate and 0.5% Triton X-100
(pH 7.8); for the alkaline phosphatase activity, the buffer was produced using 4 mM of
p-nitrophenyl phosphate (Sigma-Aldrich, Saint Louis, MO, USA) in a solution of 100 mM
ammonium bicarbonate and 1 mM of MgCl2 (pH 7.8). The activity of the two enzymes was
measured 3 times every 5 min for 1 h using a spectrophotometer (GloMax®-Multi Detection
System; Promega Corporation, Madison, WI, USA).

The enzymatic activities were expressed in U/µg of protein and calculated using
the formula:

Enzymatic activity = Abs/min × 1000/Eb × Vf/Vi

where Abs/min is the absorbance value obtained for each sample divided by the time at
which the measurement was taken (60 min), Vf indicates the final volume of the plate well,
Vi represents the initial volume of the plate well, and Eb is an experimental constant (16.4
for the esterase and 18.4 for alkaline phosphatase activities).

2.5. Total Protein, Osmolality and pH Evaluation

The total protein was evaluated in cell-free samples of each individual obtained during
sampling of haemolymph without anticoagulant (haemolymph serum). In detail, the total
protein was evaluated using the Bradford method [36]. Bovine serum albumin (BSA) was
used as the protein standard.

Osmolality was estimated with an osmometer (Roebling, Messtechnik, Berlin, Ger-
many). The pH was measured on each cell-free sample using a pH meter with a microelec-
trode (pH 8 bench meter, XS Instrument).

2.6. Statistical Analysis

To determine significant differences between the two Cherax species for each haemolym-
phatic parameter analyzed, an unpaired t-test was used (Statistica 8). Three replicas were
performed for each species (five individuals for each replica). Each sample for each replica
was analyzed three times.

3. Results

The total haemocyte count (THC) showed very similar values in both species (1.568× 103 ±
560 × 103 in C. destructor and 1.678 × 103 ± 707 × 103 in C. quadricarinatus, Figure 1) and
were not significant (p = 0.70).
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Figure 1. Total haemocyte counts (THC) of C. destructor and C. quadricarinatus are shown as mean± SD.

Three subpopulations of haemocytes were classified in both species according to
cell complexity (SS) and cell size (FS) (Figure 2A,B). In detail, region 1 (R1) shows cells
characterized by low complexity, region 2 (R2) are the more complex cells, and region 3
(R3) are the most complex cells. In both species, the percentage of haemocytes of the three
regions is very similar. The highest percentage was observed for cells in R1, followed by R2
and R3 regions, respectively.

Figure 2. Haemocyte subpopulations of Cherax destructor (A) and Cherax quadricarinatus (B) classified
by FACS analysis expressed using cell cytograms pointing to the granularity (SS value) and the
proportional size (FS value) of cells. On the right, the histogram shows the percentages of each cell
subpopulation of the three different regions.

The activities of the enzymes of the hydrolase class were evaluated on the cellular
lysate and cell-free samples of 15 individuals of both Cherax species after haemolymph
collection using anticoagulant. The values obtained from the cellular lysate showed
a lower value for the esterase activity compared to the alkaline phosphatase activity in both
species. In particular, the esterase activity showed similar values between the two species
(0.050 ± 0.016 in C. destructor and 0.044 ± 0.017 in C. quadricarinatus). On the other hand,
the alkaline phosphatase activity was 0.083 ± 0.036 in C. destructor and 0.096 ± 0.043 in
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C. quadricarinatus (Figure 3A,B). In both cases, the differences were not significant (p = 0.47
for esterase and p = 0.51 for alkaline phosphatase).

Figure 3. Esterase activity (A) and alkaline phosphatase (B) activity in the cellular lysate of C. destruc-
tor and C. quadricarinatus are shown as mean ± SD.

The hydrolase enzymes in the cell-free samples of both species showed a similar
pattern without significant differences (p = 0.29 for alkaline phosphatase and p = 0.55 for
esterase). In fact, the activity of the esterase enzyme in both species was lower than the
alkaline phosphatase. Furthermore, in both species, the enzymatic activity in the cell-free
haemolymph was lower than those observed in the cellular lysate. In detail, the activity of
the esterase enzyme was 0.009± 0.004 in C. destructor and 0.010± 0.004 in C. quadricarinatus.
Regarding the alkaline phosphatase, in C. destructor the activity was 0.014 ± 0.004, while in
C. quadricarinatus the activity was 0.016 ± 0.004 (Figure 4A,B).

Figure 4. Esterase activity (A) and alkaline phosphatase (B) activity in cell-free haemolymph of
C. destructor and C. quadricarinatus are shown as mean ± SD.

In the haemolymph of the 15 individuals of both species sampled without anticoagu-
lant, total protein, osmolality and pH were also evaluated. The total protein values did not
differ much between the two species but were significantly higher (p < 0.05) in C. destructor
(3409 ± 1276 µg/mL) with respect to C. quadricarinatus (2455 ± 824 µg/mL) (Figure 5A). In
regards to the osmolality, the values were very similar between the two species, even if sig-
nificantly higher (p < 0.05) in C. destructor. The osmolality values were 448 ± 51.41 mOsm
in C. destructor and 409 ± 18.75 mOsm in C. quadricarinatus (Figure 5B). In the end, the
pH values in the haemolymph were very similar between the two species (7.66 ± 0.095 in
C. destructor and 7.56 ± 0.105 in C. quadricarinatus, Figure 5C).
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Figure 5. Total protein (A), osmolality (B), and pH values (C) in the haemolymph of C. destructor and
C. quadricarinatus are shown as mean ± SD. (*p < 0.05).

4. Discussion

Crustaceans are very important in aquaculture, but to date, due to the high culture
densities, the animal’s diseases are increasing, causing consequential economic damage [37].
As in all invertebrates, including crustaceans, the innate immune system is a very impor-
tant defense mechanism in which haemocytes play a key function against microorganisms’
infections [38]. Until now, little is known about the health management of the yabby
culture, and knowing the values of some haemolymphatic parameters of organisms in
good health status could play an important role. One of the most important haemolym-
phatic parameters useful to understand the health status of organisms is THC, which refers
to the number of haemocytes in circulation in the haemolymph of invertebrate species.
The immune system is based on circulating haemocytes, which play an important role
in immunity surveillance and is used to evaluate the health status of organisms. Several
studies in the literature used THC to evaluate the effects of stressful conditions on inverte-
brates [39–44]. Our results showed that THC values were similar between the two species
and were in agreement with the values found by [18,45,46]. Using flow cytometer cell sorter
(FACS—an extremely important technique that allows thousands of cells to be analyzed
in seconds), we classified cell subpopulations of haemocytes from both Cherax species. In
literature, haemocyte populations in crustaceans were classified, in general, following the
morphological characterization according to the size of the cell and the structural com-
plexity of the cytoplasm [47]. Our results are in agreement with reports by [18] and [48],
which used microscopic observation and flow cytometry analysis to describe three cellular
subpopulations: hyaline, semigranular, and granular. The granulocytes showed higher
granularity values than the semigranular and hyaline cells. Moreover, in this study, we
found that in both species, the cell population is composed of a higher percentage of hyaline
cells, followed by semigranular cells and granular cells, respectively. These data agree
with a study by [18] regarding C. destructor and were different from what was reported
by [48] for C. quadricarinatus. In fact, these authors showed that in C. quadricarinatus the
semigranular and granular cells are the two largest groups of haemocytes compared to the
hyalines, which constituted the lower portion, since hyaline cells are rare and immature
and are released into the haemolymph under certain conditions, causing a variation of the
latter between species and specimens [47]. On the other hand, other authors did not show
evidence that the hyaline cells are immature or undifferentiated cells, as in Penaeus mon-
odon [49]. The hyaline cells and the granular cells (semigranular and granular) seem to
be two morphologically and functionally distinct cell lineages. Moreover, semigranular
cells are a transitional form between granular and hyaline cells, which are considered
precursors of the first two [50]. Therefore, the higher percentage of hyaline cells found
in our study may be due to this. Nonetheless, the flow cytograms obtained in this study
were comparable to those observed in other crustacean species, such as Carcinoscorpius
rotundilata [51] and Cancer borealis [47].

In addition to cell-mediated responses, defense mechanisms are based on a mediated
humoral response involving humoral factors produced and released by immune cells, such
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as enzymes of the hydrolase class. Regarding enzymatic activity, esterase is one of the
most common biomarkers used in aquatic organisms to understand the effects of stressful
conditions [52–58], perform the hydrolysis of the ester bond, and are present in different
forms for different substrates [56]. Alkaline phosphatase (AKP), on the other hand, is
a metalloenzyme that catalyzes the nonspecific hydrolysis of phosphate monoesters [59].
In stressful conditions, AKP and other enzymes are involved in the degradation of carbo-
hydrates, foreign proteins and lipids to protect the individual also, for example, against
pathogen infections [60,61], and could be useful to study the immune status of inver-
tebrates [58,62,63]. In literature, no one analyzed this parameter in the Cherax species,
however, other studies evaluated it in other invertebrates’ species. In this study, these
enzymatic activities were evaluated in the haemolymph, cellular lysate and in cell-free
samples, showing very similar values in both Cherax species. In agreement with what was
observed in sea cucumbers, these enzymes showed a higher activity level in CL than in
CLF [5]. Moreover, the alkaline phosphatase was higher with respect to the esterase enzyme
class. The knowledge of the physiological levels of these enzymes is important because they
play a fundamental role in the immunity of aquatic organisms. Alkaline phosphatase, for
example, has been shown to be involved in many biological processes of aquatic organisms,
such as energy metabolism and immune response [64–68]. Enzymes are just some of the
proteins present in the haemolymph; in reality, there are other proteins, as indicated by
the total protein concentration (TPC) results, each with a different function and physical
and biochemical properties that change in physiological and pathological conditions. In
addition to performing an enzymatic role, they are involved in coagulation, in the activation
of profenoloxidase, and in antimicrobial activity [69–71]. In the literature, several authors
describe the variation of TPC levels in fish and invertebrates subjected to different stress
conditions [32,72–75]. Our TPC values were significantly higher in C. destructor than in
C. quadricarinatus. However, in both cases, the values obtained were lower than the values
reported by other authors in the same species [45,76], likely due to the different methods
used to prepare the samples and the assay used to evaluate the TPC. Osmolality is another
important biomarker, being that freshwater crustaceans are adapted for active ion uptake
and a reduction in passive ion loss to maintain osmotic balance [77], and have been used
in ionoregulatory studies, particularly to model ion transport in gills [78]. The patterns
of ionoregulation in freshwater crustaceans differ from those in freshwater fish [79], and
a change in environmental ion concentrations could be dangerous to the body [80,81]
as well as alter the physiological pH of the haemolymph [34]. This issue is important if
we consider that in aquatic crustaceans, the acid-base balance between the animal and
its environment is mainly regulated by cation/H+ and anionic exchangers [82–84]. Re-
garding osmolality, the values of haemolymph in C. destructor were very similar to the
values obtained by [21]. Moreover, the osmolality was similar to that obtained in other
freshwater crustacean species, like Procambarus clarkii [1]. In the end, the pH values of
haemolymph obtained in our study agreed with the values shown by [85] in C. destructor.
The values of osmolarity and pH were comparable with other freshwater species, such as
Macrobrachium rosembergii, as observed by [86]. Knowing these values is important because,
in crustacean species, exposure to stressful conditions (e.g., pollutants) can disrupt the ionic
balance and cause extracellular acid-base changes, as observed in Carcinus maenas by [87].

5. Conclusions

To date, providing reference levels of haemolymphatic biochemical parameters typical
of the state of health of aquaculture animals becomes important for the maintenance of
farms. The farms of the freshwater Cherax species are now widespread, and the knowledge
of their health status becomes important at an economical level. To date, no scientific study
in the literature has provided information about the levels of some haemolymphatic bio-
chemical parameters (typical of the evaluation of the health status of aquatic invertebrates)
of these species. For the first time in this study, we provided THC levels, information
on haemocytes subpopulations, levels of esterase and phosphatase enzymes in cells and
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in cell-free, and levels of protein concentration, osmolarity and pH. We have provided
baseline values and demonstrated that there are no significant differences in these param-
eters between the two most economically important Cherax species, except in the case of
osmolarity and protein concentration, probably due to a species-specific response. In the
future, aquaculture plants will need to evaluate the health status of these animals will be
able to evaluate these biochemical haemolymphatic parameters and understand whether
the health status will be compromised or not, thus monitoring animal welfare. These
parameters will provide information on the correct maintenance of the two freshwater
shrimp species.

Author Contributions: Conceptualization, M.A. and M.V.; methodology, M.M., G.B., A.A., P.C. and
P.P.; validation, M.A. and M.V.; investigation, M.M. and M.V.; resources, M.A. and V.A.; data curation,
M.M. and M.V.; writing—original draft preparation, M.A., M.M. and M.V.; writing—review and
editing, M.A., V.A. and M.V.; supervision, M.A., L.T. and M.V.; project administration, M.A.; funding
acquisition, M.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by POFEAMP 02/INA/17′ of the Sicily Region, “Nuove tec-
nologie nella produzione del crostaceo parastacide Cherax quadricarinatus”, 02/INA/17, PO-FEAMP
2014–2020—CUP: B76C18000910006.

Institutional Review Board Statement: Ethical review and approval were waived for this study
performed on a marine invertebrate other than cephalopods (shrimp) which do not require Ethical
review and approval according to EU directive 2010/63/EU (22 September 2010).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author (mirella.vazzana@unipa.it). The data are not publicly available due to privacy.

Acknowledgments: This research was supported by the fund ‘POFEAMP 02/INA/17′ (02/INA/17,
PO-FEAMP 2014–2020—CUP: B76C18000910006) of the Sicily Region. A. Milano (Dipartimento Pesca
Mediterranea—Regione Siciliana, Italy) is acknowledged for the support provided.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Celi, M.; Filiciotto, F.; Parrinello, D.; Buscaino, G.; Damiano, M.A.; Cuttitta, A.; D’Angelo, S.; Mazzola, S.; Vazzana, M.

Physiological and agonistic behavioural response of Procambarus clarkii to an acoustic stimulus. J. Exp. Bio. 2013, 216, 709–718.
[CrossRef] [PubMed]

2. Vazzana, M.; Mauro, M.; Ceraulo, M.; Dioguardi, M.; Papale, E.; Mazzola, S.; Arizza, V.; Beltrame, F.; Inguglia, L.; Buscaino, G.
Underwater high frequency noise: Biological responses in sea urchin Arbacia lixula (Linnaeus, 1758). Comp. Biochem. Physiol. 2020,
242, 110650. [CrossRef] [PubMed]

3. Vazzana, M.; Ceraulo, M.; Mauro, M.; Papale, E.; Dioguardi, M.; Mazzola, S.; Arizza, V.; Chiaramonte, M.; Buscaino, G. Effects of
acoustic stimulation on biochemical parameters in the digestive gland of Mediterranean mussel Mytilus galloprovincialis (Lamark,
1819). J. Acoust. Soc. Am. 2020, 147, 2414–2422. [CrossRef] [PubMed]

4. Mauro, M.; Pérez-Arjona, I.; Belda Perez, E.J.; Ceraulo, M.; Bou-Cabo, M.; Benson, T.; Espinosa, V.; Beltrame, F.; Mazzola, S.;
Vazzana, M.; et al. The effect of low frequency noise on the behaviour of juvenile Sparus aurata. J. Acoust. Soc. Am. 2020, 147,
3795–3807. [CrossRef] [PubMed]

5. Mauro, M.; Queiroz, V.; Arizza, V.; Campobello, D.; Custódio, M.R.; Chiaramonte, M.; Vazzana, M. Humoral responses during
wound healing in Holothuria tubulosa (Gmelin, 1788). Comp. Biochem. Phys. B 2021, 253, 110550. [CrossRef]

6. Cordero, H.; Mauro, M.; Cuesta, A.; Cammarata, M.; Esteban, M.Á. In vitro cytokine profile revealed differences from dorsal
and ventral skin susceptibility to pathogen-probiotic interaction in gilthead seabream. Fish Shellfish Immunol. 2016, 56, 188–191.
[CrossRef]

7. Lazzara, V.; Arizza, V.; Luparello, C.; Mauro, M.; Vazzana, M. Bright spots in the darkness of cancer: A review of starfishes-derived
compounds and their anti-tumor action. Mar. Drugs 2019, 17, 617. [CrossRef]

8. Mauro, M.; Lazzara, V.; Punginelli, D.; Arizza, V.; Vazzana, M. Antitumoral compounds from vertebrate sister group: A review of
Mediterranean ascidians. Dev. Comp Immunol. 2020, 108, 103669. [CrossRef]

9. Luparello, C.; Mauro, M.; Lazzara, V.; Vazzana, M. Collective locomotion of Human cells, wound healing and their control by
extracts and isolated compounds from marine invertebrates. Molecules 2020, 25, 2471. [CrossRef] [PubMed]

10. Luparello, C.; Mauro, M.; Arizza, V.; Vazzana, M. Histone deacetylase inhibitors from marine invertebrates. Biology 2020, 9, 429.
[CrossRef] [PubMed]

http://doi.org/10.1242/jeb.078865
http://www.ncbi.nlm.nih.gov/pubmed/23125346
http://doi.org/10.1016/j.cbpa.2020.110650
http://www.ncbi.nlm.nih.gov/pubmed/31923630
http://doi.org/10.1121/10.0001034
http://www.ncbi.nlm.nih.gov/pubmed/32359276
http://doi.org/10.1121/10.0001255
http://www.ncbi.nlm.nih.gov/pubmed/32611157
http://doi.org/10.1016/j.cbpb.2020.110550
http://doi.org/10.1016/j.fsi.2016.07.018
http://doi.org/10.3390/md17110617
http://doi.org/10.1016/j.dci.2020.103669
http://doi.org/10.3390/molecules25112471
http://www.ncbi.nlm.nih.gov/pubmed/32466475
http://doi.org/10.3390/biology9120429
http://www.ncbi.nlm.nih.gov/pubmed/33260710


Animals 2022, 12, 543 9 of 11

11. Inguglia, L.; Chiaramonte, M.; Di Stefano, V.; Schillaci, D.; Cammilleri, G.; Pantano, L.; Mauro, M.; Vazzana, M.; Ferrantelli, V.;
Nicolosi, R.; et al. Salmo salar fish waste oil: Fatty acids composition and antibacterial activity. PeerJ 2020, 8, e9299. [CrossRef]
[PubMed]

12. Chiaramonte, M.; Arizza, V.; La Rosa, S.; Queiroz, V.; Mauro, M.; Vazzana, M.; Inguglia, L. Allograft Inflammatory factor AIF-1:
Early immune response in the Mediterranean sea urchin Paracentrotus lividus. Zoology 2020, 142, 125815. [CrossRef] [PubMed]

13. Haubrock, P.J.; Oficialdegui, F.J.; Zeng, Y.; Patoka, J.; Yeo, D.C.Y.; Kouba, A. The redclaw crayfish: A prominent aquaculture
species with invasive potential in tropical and subtropical biodiversity hotspots. Aquaculture 2021, 13, 1488–1530. [CrossRef]

14. Carroll, P.N. Aquaculturists’ enthusiasm for yabbies highlights potential beyond the problems. Aust. Fish 1981, 40, 23–31.
15. Staniford, A.J.; Kuzenocovs, J. Aquaculture of the yabbie, Cherax destructor Clark (Decapoda: Parastacidae): An economic

evaluation. Aquacult. Fish. Manag. 1988, 19, 325–340. [CrossRef]
16. Wong, F.Y.K.; Fowler, K.; Desmarchelier, P.M. Vibriosis due to Vibrio mimicus in australian freshwater crayfish. J. Aquat. Anim.

Health 1995, 7, 284–291. [CrossRef]
17. Vecchioni, L.; Chirco, P.; Bazan, G.; Marrone, F.; Arizza, V.; Arculeo, M. First record of Temnosewellia minor (Platyhelminthes,

Temnocephalidae) in Sicily, with a plea for a re-examination of the identity of the publicly available molecular sequences of the
genus. Biogeogr. J. Integr. Biogeogr. 2021, 36, 1–9. [CrossRef]

18. Sang, H.M.; Fotedar, R.; Filer, K. Effects of dietary mannan oligosaccharide on the survival, growth, immunity and digestive
enzyme activity of freshwater crayfish, Cherax destructor Clark (1936). Aquacult. Nutr. 2011, 17, 629–635. [CrossRef]

19. Mac Loughlin, C.; Canosa, I.S.; Silveyra, G.R.; López Greco, L.S.; Rodríguez, E.M. Effects of atrazine on growth and sex
differentiation, in juveniles of the freshwater crayfish Cherax quadricarinatus. Ecotoxicol. Environ. Saf. 2016, 131, 96–103. [CrossRef]

20. Chen, C.; Xu, C.; Yang, X.; Qian, D.; Gu, Z.; Jia, Y.; Li, E. Growth, antioxidant capacity, intestine histology and lipid metabolism of
juvenile red claw crayfish, Cherax quadricarinatus, fed different lipid sources. Aquacult. Nutr. 2020, 27, 261–273. [CrossRef]

21. Van Mai, H.; Fotedar, R. Haemolymph constituents and osmolality as functions of moult stage, body weight, and feeding status
in marron, Cherax cainii (Austin and Ryan, 2002) and yabbies, Cherax destructor (Clark, 1936). Saudi J. Biol. Sci. 2018, 25, 689–696.
[CrossRef]

22. Pham, B.; Miranda, A.; Allinson, G.; Nugegoda, D. Evaluating the non-lethal effects of organophosphorous and carbamate
insecticides on the yabby (Cherax destructor) using cholinesterase (AChE, BChE), Glutathione S-Transferase and ATPase as
biomarkers. Ecotoxicol. Environ. Saf. 2017, 143, 283–288. [CrossRef]

23. Stara, A.; Bellinvia, R.; Velisek, J.; Strouhova, A.; Kouba, A.; Faggio, C. Acute exposure of common yabby (Cherax destructor) to the
neonicotinoid pesticide. Sci. Total Environ. 2019, 665, 718–723. [CrossRef]

24. Akmal, S.G.; Santoso, A.; Yuliana, B.; Patoka, J. Redclaw crayfish (Cherax quadricarinatus): Spatial distribution and dispersal
pattern in Java, Indonesia. Knowl. Manag. Aquat. Ecosyst. 2021, 422, 16. [CrossRef]

25. Stoner, A.W. Assessing Stress and Predicting Mortality in Economically Significant Crustaceans. Fish Sci. 2012, 20, 111–135.
[CrossRef]

26. Shock, B.C.; Foran, C.M.; Stueckle, T.A. Effects of salinitystress on survival, metabolism, limb regeneration, and ecdysisin Uca
pugnax. J. Crustac. Biol. 2009, 29, 293–301. [CrossRef]

27. Nakano, T.; Kameda, M.; Shoji, Y.; Hayashi, S.; Yamaguchi, T.; Sato, M. Effect of severe environmental thermal stress on redoxstate
in salmon. Redox Biol. 2014, 2, 772–776. [CrossRef] [PubMed]

28. Carnevali, O.; Santangeli, S.; Forner-Piquer, I.; Basili, D.; Maradonna, F. Endocrine-disrupting chemicals in aquatic environment:
What are the risks for fish gametes? Fish Physiol. Biochem. 2018, 44, 1561–1576. [CrossRef]

29. Ismail, N.A.H.; Wee, S.Y.; Aris, A.Z. Multi-class of endocrine disrupting compounds in aquaculture ecosystems and health
impacts in exposed biota. Chemosphere 2017, 188, 375–388. [CrossRef] [PubMed]

30. Goff, A.D.; Saranjampour, P.; Ryan, L.M.; Hladik, M.L.; Covi, J.A.; Armbrust, K.L.; Brander, S.M. The effects of fipronil and
the pho-todegradation product fipronil desulfinyl on growth and gene expression in juvenile blue crabs, Callinectes sapidus, at
differ-ent salinities. Aquat. Toxicol. 2017, 186, 96–104. [CrossRef] [PubMed]

31. Park, K.; Kim, W.S.; Kwak, I.S. Characterization and transcriptional response of ecdysone receptor gene in the mud crab
Macrophthalmus japonicus: Effects of osmotic stress and endocrine disrupting chemicals. Ocean Sci. J. 2019, 54, 611–620. [CrossRef]

32. Lorenzon, S.; Martinis, M.; Ferrero, E.A. Ecological relevance of haemolymph total protein concentration in seven unrelated
crustacean species from different habitats measured predictively by a density-salinity refractometer. J. Mar. Sci. 2011, 2011, 1–7.

33. Van Horn, J.; Tolley, S.G. Acute response of the estuarine crab Eurypanopeus depressus to salinity and desiccation stress. J. Crustac.
Biol. 2009, 29, 556–561. [CrossRef]

34. Morris, C.; Sakarya, M.; Koh, O.; O’Donnell, M. Alterations in haemolymph ion concentrations and pH in adult Daphnia magna in
response to elevations in major ion concentrations in freshwater. Environ. Toxicol. Chem. 2020, 40, 366–379. [CrossRef]

35. Ross, N.W.; Firth, K.J.; Wang, A.; Burka, J.F.; Johnson, S.C. Changes in hydrolytic enzyme activities of naïve Atlantic salmon Salmo
salar skin mucus due to infection with the salmon louse Lepeophtheirus salmonis and cortisol implantation. Dis. Aquat. Org. 2000,
41, 43–51. [CrossRef]

36. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of proteins utilizing the principles of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

37. Saoud, I.P.; Ghanawi, J. A review of the culture and disease of redclawn crayfish Cherax quadricarinatus (Von Martens 1868).
J. World Aquac. Soc. 2013, 44, 1–29. [CrossRef]

http://doi.org/10.7717/peerj.9299
http://www.ncbi.nlm.nih.gov/pubmed/32596043
http://doi.org/10.1016/j.zool.2020.125815
http://www.ncbi.nlm.nih.gov/pubmed/32683241
http://doi.org/10.1111/raq.12531
http://doi.org/10.1111/j.1365-2109.1988.tb00582.x
http://doi.org/10.1577/1548-8667(1995)007&lt;0284:VDTMIA&gt;2.3.CO;2
http://doi.org/10.21426/B636051182
http://doi.org/10.1111/j.1365-2095.2010.00812.x
http://doi.org/10.1016/j.ecoenv.2016.05.009
http://doi.org/10.1111/anu.13183
http://doi.org/10.1016/j.sjbs.2016.03.007
http://doi.org/10.1016/j.ecoenv.2017.05.035
http://doi.org/10.1016/j.scitotenv.2019.02.202
http://doi.org/10.1051/kmae/2021015
http://doi.org/10.1080/10641262.2012.689025
http://doi.org/10.1651/08-2990.1
http://doi.org/10.1016/j.redox.2014.05.007
http://www.ncbi.nlm.nih.gov/pubmed/25009778
http://doi.org/10.1007/s10695-018-0507-z
http://doi.org/10.1016/j.chemosphere.2017.08.150
http://www.ncbi.nlm.nih.gov/pubmed/28892772
http://doi.org/10.1016/j.aquatox.2017.02.027
http://www.ncbi.nlm.nih.gov/pubmed/28282622
http://doi.org/10.1007/s12601-019-0029-3
http://doi.org/10.1651/08-3123.1
http://doi.org/10.1002/etc.4919
http://doi.org/10.3354/dao041043
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1111/jwas.12011


Animals 2022, 12, 543 10 of 11

38. Lee, S.J.; Söderhäll, K. Early events in crustacean innate immunity. Fish Shellfish. Immunol. 2002, 12, 421–437. [PubMed]
39. Le Moullac, G.; Soyez, C.; Saulnier, D.; Ansquer, D.; Avarre, J.C.; Levy, P. Effect of hypoxic stress on the immune response and the

resistance to vibriosis of the shrimp Penaeus stylirostris. Fish Shellfish Immunol. 1998, 8, 621–629. [CrossRef]
40. Johansson, M.W.; Keyser, P.; Sritunyalucksana, K.; Söderhäll, K. Crustacean haemocytes and haematopoiesis. Aquaculture 2000,

191, 45–52. [CrossRef]
41. Sánchez, A.; Pascual, C.; Sánchez, A.; Vargas-Albores, F.; Le Moullac, G.; Rosas, C. Haemolymph metabolic variables and immune

response in Litopenaeus setiferus adult males: The effect of acclimation. Aquaculture 2001, 198, 13–28. [CrossRef]
42. Malagoli, D.; Casarini, L.; Sacchi, S.; Ottaviani, E. Stress and immune response in the mussel Mytilus galloprovincialis. Fish Shellfish

Immunol. 2007, 23, 171–177. [CrossRef]
43. Filiciotto, F.; Vazzana, M.; Celi, M.; Maccarrone, V.; Ceraulo, M.; Buffa, G.; Di Stefano, V.; Mazzola, S.; Buscaino, G. Behavioural

and biochemical stress responses of Palinurus elephas after exposure to boat noise pollution in tank. Mar. Pollut. Bull. 2014, 84,
104–114. [CrossRef]

44. Vazzana, M.; Celi, M.; Maricchiolo, G.; Genovese, L.; Corrias, V.; Quinci, E.M.; Vincenzi, G.D.; Maccarrone, V.; Cammilleri, G.;
Mazzola, S.; et al. Are mussels able to distinguish underwater sounds? Assessment of the reactions of Mytilus galloprovincialis
after exposure to lab-generated acoustic signals. Comp. Biochem. Physiol. Part A 2016, 201, 61–70. [CrossRef]

45. Bone, J.W.P.; Renshaw, G.M.C.; Furse, J.M.; Wild, C.H. Using biochemical markers to assess the effects of imposed temperature
stress on freshwater decapod crustaceans: Cherax quadricarinatus as a test case. J. Comp. Physiol. B 2015, 185, 291–301. [CrossRef]
[PubMed]

46. Sánchez-Salgado, J.L.; Pereyra, M.A.; Agundis, C.; Calzada-Ruiz, M.; Kantun-Briceño, E.; Zenteno, E. In vivo administration
of LPS and β-glucan generates the expression of a serum lectin and its cellular receptor in Cherax quadricarinatus. Fish Shellfish
Immunol. 2019, 94, 10–16.

47. Parrinello, D.; Sanfratello, M.A.; Celi, M.; Vazzana, M. Hemocyte types and some plasmatic properties of two edible crabs Cancer
borealis and Cancer pagurus. Invertebr. Surviv. J. 2015, 12, 195–202.

48. Li, F.; Chang, X.; Xu, L.; Yang, F. Different role of crayfish hemocytes in the uptake of foreign particles. Fish Shellfish Immunol.
2018, 77, 112–119. [CrossRef] [PubMed]

49. Sung, H.H.; Sun, R. Use of monoclonal antibodies to classify hemocyte subpopulations of tiger shrimp (Penaeus monodon).
J. Crustac. Biol. 2002, 22, 337–344. [CrossRef]

50. Battistella, S.; Bonivento, P.; Amirante, G.A. Hemocytes and immunological reactions in crustaceans. Comp. Immunol. 1996, 63,
337–343. [CrossRef]

51. Wu, F.; Xie, Z.; Yan, M.; Li, Q.; Song, J.; Hu, M.; Wang, Y. Classification and characterization of hemocytes from two Asian
horseshoe crab species Tachypleus tridentatus and Carcinoscorpius rotundicauda. Sci. Rep. 2019, 9, 7095. [CrossRef]

52. Galloway, T.S.; Millward, N.; Browne, M.A.; Depledge, M.H. Rapid assessment of organophosphorous/carbamate exposure in
the bivalve mollusc Mytilus edulis using combined esterase activities as biomarkers. Aquat. Toxicol. 2002, 61, 169–180. [CrossRef]

53. Forget, J.; Beliaeff, B.; Bocquené, G. Acetylcholinesterase activity in copepods (Tigriopus brevicornis) from the Vilaine River estuary,
France, as a biomarker of neurotoxic contaminants. Aquat. Toxicol. 2003, 62, 195–204. [CrossRef]

54. Rickwood, C.J.; Galloway, T.S. Acetylcholinesterase inhibition as a biomarker of adverse effect. A study of Mytilus edulis exposed
to the priority pollutant chlorfenvinphos. Aquat. Toxicol. 2004, 67, 45–56. [CrossRef] [PubMed]

55. Barata, C.; Solayan, A.; Porte, C. Role of B-esterases in assessing toxicity of organophosphorus (chlorpyrifos, malathion) and
carbamate (carbofuran) pesticides to Daphnia magna. Aquat. Toxicol. 2004, 66, 125–139. [CrossRef]

56. Hannam, M.L.; Hagger, J.A.; Jones, M.B.; Galloway, T.S. Characterisation of esterases as potential biomarkers of pesticide exposure
in the lugworm Arenicola marina (Annelida: Polychaeta). Environ. Pollut. 2008, 152, 342–350. [CrossRef]

57. Ren, X.; Pan, L.; Wang, L. Toxic effects upon exposure to benzo[a]pyrene in juvenile white shrimp Litopenaeus vannamei. Environ.
Toxicol. Pharmacol. 2015, 39, 194–207. [CrossRef]

58. Parisi, M.G.; Mauro, M.; Sarà, G.; Cammarata, M. Temperature increases, hypoxia, and changes in food availability affect
immunological biomarkers in the marine mussel Mytilus galloprovincialis. J. Comp. Physiol. B 2017, 187, 1117–1126. [CrossRef]

59. Zhang, M.; Wang, L.; Guo, Z.Y.; Wang, B.J. Effect of lipopolysaccharide and Vibrio anguillarum on the activities of phosphatase,
superoxide dismutase and the content of hemocyanin in the serum of Fenneropenaeus chinensis. Mar. Sci. 2004, 28, 22–25.

60. Ottaviani, E. Composition of the serum haemolymph of Planorbis corneus (Gastropoda, Pulmonata). Comp. Biochem. Physiol. B
1984, 78B, 227–239. [CrossRef]

61. Xue, Q.; Renault, T. Enzymatic activities in European flat oyster, Ostrea edulis, and Pacific oyster, Crassostrea gigas, haemolymph.
J. Invertebr. Pathol. 2000, 76, 155–163. [CrossRef]

62. Mou, H.J.; Jiang, X.L.; Liu, S.Q.; Guan, H.S. Effects of immunopolysaccharide on the activities of acid phosphatase, alkaline
phosphatase and superoxide dismutase in Chlamys farreri. J. Ocean Univ. China 1999, 29, 463–468.

63. Sarlin, P.J.; Rosamma, P. Efficacy of marine yeasts and baker’s yeast as immunostimulants in Fenneropenaeus indicus: A comparative
study. Aquaculture 2011, 321, 173–178. [CrossRef]

64. Pipe, R.K. Hydrolytic enzymes associated with the granular haemocytes of the marine mussel Mytilus edulis. Histochem. J. 1990,
22, 596–603. [CrossRef]

65. He, H.Q.; Sun, F. The study characteristics of acid phosphatase and alkaline phosphatase in Penaeus chinensis. Chin. J. Oceanol.
Limnol. 1992, 23, 555–560.

http://www.ncbi.nlm.nih.gov/pubmed/12194453
http://doi.org/10.1006/fsim.1998.0166
http://doi.org/10.1016/S0044-8486(00)00418-X
http://doi.org/10.1016/S0044-8486(00)00576-7
http://doi.org/10.1016/j.fsi.2006.10.004
http://doi.org/10.1016/j.marpolbul.2014.05.029
http://doi.org/10.1016/j.cbpa.2016.06.029
http://doi.org/10.1007/s00360-014-0883-3
http://www.ncbi.nlm.nih.gov/pubmed/25528146
http://doi.org/10.1016/j.fsi.2018.03.029
http://www.ncbi.nlm.nih.gov/pubmed/29578050
http://doi.org/10.1163/20021975-99990240
http://doi.org/10.1080/11250009609356156
http://doi.org/10.1038/s41598-019-43630-8
http://doi.org/10.1016/S0166-445X(02)00051-6
http://doi.org/10.1016/S0166-445X(02)00084-X
http://doi.org/10.1016/j.aquatox.2003.11.004
http://www.ncbi.nlm.nih.gov/pubmed/15019250
http://doi.org/10.1016/j.aquatox.2003.07.004
http://doi.org/10.1016/j.envpol.2007.06.022
http://doi.org/10.1016/j.etap.2014.08.006
http://doi.org/10.1007/s00360-017-1089-2
http://doi.org/10.1016/0305-0491(84)90102-0
http://doi.org/10.1006/jipa.2000.4965
http://doi.org/10.1016/j.aquaculture.2011.08.039
http://doi.org/10.1007/BF01072941


Animals 2022, 12, 543 11 of 11

66. Mazorra, M.T.; Rubio, J.A.; Blasco, J. Acid and alkaline phosphatase activities in the clam Scrobicularia plana: Kinetic characteristics
and effects of heavy metals. Comp. Biochem. Physiol. B 2002, 131, 241–249. [CrossRef]

67. Rajalakshmi, S.; Mohandas, A. Impact of mercury on the activity pattern of a marker enzyme in a freshwater bivalve. Environ.
2008, 28, 249–252. [CrossRef]

68. Zhou, L.; Limbu, S.M.; Shen, M.; Zhai, W.; Qiao, F.; He, A.; Du, Z.Y.; Zhang, M. Environmental concentrations of antibiotics
impair zebrafish gut health. Environ. Pollut. 2018, 235, 245–254. [CrossRef] [PubMed]

69. Sritunyalucksana, K.; Söderhäll, K. The proPO and clotting system in crustaceans. Aquaculture 2000, 191, 53–69. [CrossRef]
70. Rosa, R.D.; Barraco, M.A. Antimicrobial peptides in crustaceans. Invertebr. Surviv. J. 2010, 7, 262–284.
71. Cerenius, L.; Söderhäll, K. Coagulation in invertebrates. J. Innate Immun. 2011, 3, 3–8. [CrossRef]
72. Hadi, A.A.; Shokr, A.E.; Alwan, S.F. Effect of aluminium on the biochemical parameters of freshwater fish, Tilapia zilli. J. Appl. Sci.

2009, 3, 33–41.
73. Muazzez, O.; Atli, G.; Canli, M. Effects of metal (Ag, Ad, Cr, Cu, Zn) exposures on some enzymatic and non-enzymatic indicators

in the liver of Oreochromis niloticus. Bull. Environ. Contam. Toxicol. 2009, 82, 317–321.
74. Kori-Siakpere, O.; Ikomi, B.R.; Ogbe, M.G. Biochemical response of the African catfish: Clarias gariepinus (Burchell, 1822) to

sublethal concentrations of potassium permanganate. Ann. Biol. Res. 2011, 2, 1–10.
75. Parvathi, K.; Sivakumar, P.; Ramesh, M.; Sarasu. Sublethal effects of chromium on some biochemical profiles of the freshwater

teleost, Cyprinus carpio. Int. J. Appl. Biol. Pharm. Technol. 2011, 2, 295–300.
76. Stara, A.; Kouba, A.; Velisek, J. Biochemical and histological effects of sub-chronic exposure to atrazine in crayfish Cherax destructor.

Chem.-Biol. Interact. 2018, 291, 95–102. [CrossRef] [PubMed]
77. Bianchini, A.; Wood, C.M. Sodium uptake in different life stages of crustaceans: The water flea Daphnia magna Strauss. J. Exp. Biol.

2008, 211, 539–547. [CrossRef]
78. Kirschner, B.; Greenwalk, L.; Kerstetter, T. Effect of amiloride on sodium transport body surfaces of freshwater animals. Am. J.

Physiol. 1973, 224, 832–837. [CrossRef]
79. Hogstrand, C.; Wood, C.M. Toward a better understanding of the bioavailability, physiology, and toxicity of silver in fish:

Implications for water quality criteria. Environ. Toxicol. Chem. 1998, 17, 547–561. [CrossRef]
80. Mount, D.R.; Erickson, R.J.; Highland, T.L.; Hockett, J.R.; Hoff, D.J.; Jenson, C.T.; Norberg-King, T.J.; Peterson, K.N.; Polaske, Z.M.;

Wisniewski, S. The acute toxicity of major ion salts to Ceriodaphnia dubia: Influence of background water chemistry. Environ.
Toxicol. Chem. 2016, 35, 3039–3057. [CrossRef]

81. Erickson, R.J.; Mount, D.R.; Highland, T.L.; Hockett, J.R.; Hoff, D.J.; Jenson, C.T.; Norberg-King, T.J.; Peterson, K.N. The acute
toxicity of major ion salts to Ceriodaphnia dubia. III. Mathematical models for mixture toxicity. Environ. Toxicol. Chem. 2017, 37,
247–259. [CrossRef] [PubMed]
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