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Abstract: Dinoflagellates belonging to Hematodinium are important parasites of marine crustaceans, primarily
decapods. In this study, we document the first report of H. perezi Chatton & Poisson, 1930 on the African
Atlantic coast. This is also the first parasite record in the invasive American blue crab Callinectes sapidus
Rathbun, 1896 in Morocco. Specimens of C. sapidus were sampled in winter 2023 from two Ramsar sites on the
Atlantic coast of Morocco, namely Merja Zerga and Oualidia Lagoons, and were screened to detect the presence
of parasites in their hemolymph. Based on staining fresh hemolymph smears, we did not detect Hematodinium
in any of the 36 investigated individuals (20 and 16 from Merja Zerga and Oualidia lagoons, respectively),
probably due to methodological artifacts. The PCR-based method was revealed to be more accurate in
diagnosing the Hematodinium parasite. It showed that 13 blue crabs were infected by the parasite at Merja Zerga
Lagoon (prevalence 65%) and four individuals at Oualidia Lagoon (25%). Genetic analysis, based on the ITS1
rDNA gene from Hematodinium, confirmed the sequences as being those of Hematodinium perezi.

Keywords: bioinvasion; parasites; ITS1 rDNA; coastal lagoon; North Africa

1. Introduction

The American blue crab Callinectes sapidus Rathbun, 1896, belonging to Portunidae, is native to
the estuaries and coastal waters of the western Atlantic Ocean [1,2]. Its natural geographical
distribution ranges from Nova Scotia in Canada down to northern Argentina, including Bermuda
and the Antilles [1,3,4]. This species was accidentally or intentionally introduced into Asia, Europe
and Africa, and this widened the current biogeographic distribution of the species worldwide. The
first record from European waters was in 1900 along the Atlantic coast of France [5]. In the
Mediterranean Sea, blue crab first occurred in the Aegean Sea between 1935 and 1945, but its first
confirmed and documented presence was reported from Italy in 1949 and was commonly ascribed to
[6]. To date, the species has been recorded almost ubiquitously in the Mediterranean and the Black
Sea [1,7-9] where it is classified as one of the 100 “worst invasive” species [10]. While ballast water is
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considered the most likely introduction pathway for this species, some of these introductions have
resulted from deliberate releases [1,6]. In Morocco, C. sapidus was first reported on its Mediterranean
coast, in the Marchica coastal lagoon in 2017 [11] while its first record on the Atlantic coast of Morocco
was in the Merja Zerga Lagoon in 2019 [12]. The species is now established in many localities along
the Mediterranean and Atlantic coasts of Morocco [12-14].

Invasive alien species are considered to be a severe threat to marine biodiversity and functioning
of invaded coastal and marine ecosystems [15]. In addition, they pose a risk as possible carriers of
invasive parasites and/or enhancers for native parasites, which can lead to loss of native biodiversity,
disease and mortality of indigenous species, and risks to human health and the economy [16-18]. The
establishment of introduced hosts and their parasites may also impact native parasite life cycles.
Native hosts could contract parasites carried with an introduced species; i.e. “host switching’, more
specifically, spill-over [17,19,20-22]. For example, the invasive nematode Spirocamallanus istiblenni
Noble, 1966, was introduced to the Hawaiian archipelago along with Lutjanus kasmira Forsskal, 1775
from French Polynesia, and this introduction led to the spread of the nematode into native hosts [23].
The monogenean Nitzschia sturionis (Abildgaard, 1794) Kreyer, 1852 was co-introduced with
Acipenser stellatus Pallas, 1771 from the Caspian Sea to the Aral Sea and caused severe mass mortalities
of the native bastard sturgeon Acipenser nudiventris Lovetsky, 1828. The parasite infected the gills of
the fish, causing the fish to die on the beaches [24]. The eel nematode Anguillicoloides crassus
(Kuwahara, Niimi & Itagaki, 1974) Moravec & Taraschewski, 1988 has infected seven different eel
species on four different continents via the global eel trade, causing severe damage to the swim
bladder of the eels, which resulted in significant mortality in most eel species [25-28]. The
rhizocephalan barnacle Loxothylacus panopaei Gissler, 1884, which infects native flatback mud crabs
Eurypanopeus depressus Smith, 1869, was probably co-introduced with infected mud crabs (species
unknown) in batches of oysters transferred from the Gulf of Mexico to Chesapeake Bay (North
America) [29].

In native habitats, C. sapidus is known to host a wide range of pathogens, including viral,
bacterial and microalgal agents [30], which have been implicated in causing diseases, mortalities or
reducing fecundity [31]. Along invaded Mediterranean and north-eastern Atlantic coasts, although
the blue crab constitutes an important model organism for studying invasions related to the spread
of microorganisms, the majority of scientific research is focused on the population dynamics,
structure, and fisheries of the species [32]. The occurrence of parasites in the species has been very
little explored, even though it is an appreciated shellfish product in many countries such as Greece
and Turkey, Italy, and Egypt [33].

Among pathogens of C. sapidus, the parasitic dinoflagellates belonging to Hematodinium
(Dinophyceae: Syndiniales: Syndiniaceae) are an important group of disease-causing agents infecting
over 40 species of crustaceans worldwide [34-36]. This parasite is known to cause bitter crab disease
in a number of crab species such as Chionoecetes opilio Fabricius, 1788 and Chionoecetes bairdi Rathbun,
1924 [37], resulting in a crab meat flavor resembling bitterness with an aspirin-like taste due to
biochemical alterations [34]. Also due to the massive proliferation of parasitic cells in the hemolymph
of affected tissues, Hematodinium-infected hosts generally experience malfunction or dysfunction of
major tissues or organs, and consequent mortality in the late stages of infection [38—40]. Despite not
causing biochemical alteration in blue crabs, it does cause mass mortalities [41].

In this study, hemolymph of C. sapidus specimens from Merja Zerga and Oualidia coastal
lagoons, located on the Atlantic coast of Morocco, was screened to detect the presence of parasites.
Here, we document the first detection of dinoflagellates belonging to Hematodinium in C. sapidus on
the African Atlantic coast.
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2. Materials and Methods

2.1. Study Sites

Merja Zerga and Oualidia Lagoons are two semi-enclosed coastal systems (SECS) situated along
the Atlantic coast of Morocco (Figure 1). Both sites are recognized as Site of Biological and Ecological
Interest (SIBE) [42] and Ramsar sites as Wetlands of International Importance.

The Merja Zerga Lagoon (34°47'N—-6°13'W) is an elliptically shaped lagoon of 9 km long and 5
km wide, with a depth from 0.50 to 1.50 m for a total surface of 35 km?[43]. The lagoon is connected
with the Atlantic Ocean through a narrow, sinuous and relatively deep gully (up to 6 m), which
branches out in the direction of the lagoon into shallow subtidal channels, ensuring the circulation of
water during the flood and ebb. The freshwater supply is provided by two rivers: Canal of Nador in
the south and Oued Drader in the northeast of the lagoon [44]. Tides are semi-diurnal, with an
average amplitude of 0.15 to 1.50 meters [45]. Salinity in this lagoon fluctuates between 8 PSU and 36
PSU, with mean water temperature varying between 14.6°C and 24.15°C [46].

The Oualidia Lagoon (32°74'N-9°03'W) is over 7 km long and 1 km wide, with a mean depth of
2 m for a total surface of 3 km?[43]. This coastal basin is made up by the morphology of a depression,
in a north-south direction, limited by a continental cliff and by a coastal consolidated dune ridge [47].
Tides are semi-diurnal, with amplitudes ranging from 0.8 to 3.6 meters [48]. The average water
temperature ranges from 16.1°C to 21.1°C, and the lagoon's salinity varies between 20 PSU and 35
PSU at low tide, while at high tide it can reach 30 PSU to 36 PSU throughout the year [49].
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Figure 1. Map showing the localization of Merja Zerga (A) and Oualidia (B) Lagoons on the Atlantic
coast of Morocco.

2.2. Sampling and Microscopic Analysis

Blue crabs were collected from Merja Zerga (February 2023) and Oualidia (March 2023) Lagoons
using a seine net. Crabs were transferred to the laboratory in refrigerated containers; we immersed
them in ice water for about 15 to 20 minutes to induce anesthesia and reduce mobility and sensitivity
to pain. Captured crabs were identified and numbered, measured for their carapace length (CL),
carapace width (CW) and fresh weight (W). Sex and maturity were determined for each crab.

The hemolymph was extracted from each specimen from the right swimming leg (based on
dorsal view) at the uncalcified joint near the carapace which was cleaned with a cotton swab and 70%
ethanol. To ensure complete sterilization of the joint, the leg was sterilized twice. A disposable 1ml
syringe coupled to a 26-G needle was inserted into the leg. The hemolymph of each specimen was
analysed by preparation of wet smears, one drop of hemolymph was mixed (1:1) with 0.3% neutral
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red solution on a glass slide and directly observed under optical microscope Leica® DM 2500. The
hemolymph was also collected and placed in EDTA tubes containing 95% ethanol and frozen at -20
°C for DNA extraction to detect the presence of Hematodinium by polymerase chain reaction (PCR).

2.3. DNA Extraction, Amplification and Sequencing

Prior to DNA extraction, 200 ul of ethanol-preserved hemolymph was centrifuged at 1500 g for
1 min and the excess ethanol removed [50]. Samples were dried for at least 30 min to allow residual
ethanol to evaporate [50]. DNA was extracted using Invitrogen TM Kit Blood and Tissue kits per the
manufacturer’s recommendations, with overnight lysis of hemolymph samples, and two 5-minute
elution incubations and two 50 pl elutions.

For amplification, HITS1F and HITS1R primers that target the ITS1 rDNA were used according
to [51], with the expected length of 299 bp [52].

The PCR reaction was performed in a final volume of 25ul containing: 5 pl Tag (Gquence)
reaction buffer, 1.5 mM MgCl, 0.1 mM dNTPs, 0.5 uM HITS1F
(5'CATTCACCGTGAACCTTAGCC3'), 0.5 uM HITSIR (5'CTAGTCATACGTTTGAAGAAAGCC3),
1 unit of Platinum™ Taq DNA Polymerase and 5 pl of extracted DNA [50]. The mix was brought to
the final volume with Nanopure water. Amplification reactions were performed in a thermal gradient
PCR MultiGene OptiMax Thermal Cycler according to the following program: 95.0 °C for 10 min; 40
cycles of 94.0 °C for 30 s, 56.0 °C for 30 s, 72.0 °C for 1 min; and a final extension at 72.0 °C for 10 min.
Amplified products were separated by 1% agarose gel electrophoresis stained with ethidium
bromide. Successful PCR products were sent to the National Centre for Scientific and Technical
Research (CNRST) in Rabat for purification and sequencing. The sequencing was carried out using a
Genomix sequencer (MGX) and the same forward and reverse primers as for the PCR.

The obtained sequences were cleaned manually with MEGA version XI [53] and aligned using
the computer program ClustalW [54], running in MEGA version XI. Sequences obtained were
identified by the Basic Local Alignment Search Tool (BLAST) [55]. Genetic distances (uncorrected —
‘p’) between Moroccan sequences and all published sequences generated from GenBank were
calculated using MEGA version XI. Sequences generated from this study were deposited to GenBank
under accession numbers xxxxxxxx-xx (will be made available after revision).

3. Results

3.1. Biometric Characteristics of Analysed Specimens of Callinectes sapidus

Overall, 36 C. sapidus specimens were collected in winter 2023. The 20 specimens from Merja
Zerga Lagoon were five adult females, five adult males, five female juveniles and five male juveniles.
Among the 16 specimens from Oualidia Lagoon, there were four adult females, three adult males,
five female juveniles and four male juveniles. Their biometric characteristics are summarized in Table

1.
Table 1. Biometric measurements of specimens of Callinectes sapidus from Merja Zerga and Oualidia
Lagoons on the Moroccan Atlantic. CL: carapace length; CW: carapace width; W: body weight; SD:
standard deviation.
Lagoon Sampling  Number of W (g CW (cm) CL (cm)
8 period individuals Min-Max Mean*SD Min-Max Mean*SD Min-Max Mean *SD
Merja Zerga Felz’(r);;ry 20 46-2375 889+787 31-148  92:41 22-66  46+18
Qualidia  March 2023 16 18.8 -207 57.0+524 5.8-149 8.6+2.6 31-74 45+14

3.2. The Hemolymph Smear Assay with Neutral Red

Based on staining fresh hemolymph smears, we did not detect Hematodinium in any of the 36
investigated individuals (20 and 16 from Merja Zerga and Oualidia lagoons, respectively) sampled
in winter 2023.
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3.3. PCR-Based Method and Sequence Analysis

Overall, 17 samples out of the 36 individuals investigated were successfully amplified, revealing
that 13 blue crabs were infected by the parasite at Merja Zerga Lagoon (prevalence 65%) and four
individuals at Oualidia Lagoon (25%).

15 ITS1 rDNA sequences were generated (13 sequences from Merja Zerga Lagoon and two from
Oualidia Lagoon), and the alignment was 295 bp in length. The comparison of ITS1 rDNA sequences
with those already present in the GenBank database using BLAST search confirmed the identification
of our parasites’ species sequences as being those of Hematodinium perezi, sharing 98.99% of similarity
with the sequence having the accession number EF065716, 98.65% with EF065708 and EF065711, all
of them from the host Liocarcinus depurator Linnaeus, 1758 (Polybiidae), harbour crab, collected from
Rye Bay on the South Coast of England [56], and 98.32% with the sequence with accession number
PP056127 from the host Callinectes sapidus Rathbun, 1896 (Portunidae), American blue crab, collected
from Greece [33].

The uncorrected p-distances between Moroccan sequences varied between 0% and 0.6%, and the
uncorrected p-distances between Moroccan sequences and published sequences generated from
GenBank [33,56,57] (Table 2), varied between 0.6% from H. perezi in Liocarcinus depurator collected off
the South Coast of England and 4% from H. perezi in Callinectes sapidus from the United States of
America (Table 3).

Table 2. List of Hematodinium perezi sequences used in this study, their GenBank accession numbers,
host species, localities and references.

GenBank accession

Host Locality References
number

PPO56127 Callinectes .sapzdus Greece [33]

(Portunidae)

Liocarcinus depurator
EF065716 (Polybiidae) South Coast of England [56]
EF065708 Liocarcinus depurator South Coast of England [56]
EF065711 Liocarcinus depurator South Coast of England [56]
P )

KX244637 ortunus trzttfberculatus China [57]

(Portunidae)
KX244644 Portunus trituberculatus China [57]
KX244641 Portunus trituberculatus China [57]
KX244634 Callinectes sapidus USA [57]

Table 3. Range of uncorrected pairwise genetic distances (p-distances) between ITS1 rDNA sequences

of Hematodinium perezi infecting Callinectes sapidus collected from Morocco and all published

sequences from GenBank.

Merja Zerga Oualidia South Coast of China USA Greece
England

Merja Zerga Lagoon - - - - - -
Oualidia Lagoon 0%-0.6% - - - - -
South Coast of England o o o o
EF065716, EF065708, EF06s711 -0/ 3% 0.6%-13% i i i i
China
KX244637, KX244644, 1.7%-2.3% 1.7%-2.3% 1%-1.7% - - -
KX244641
USA 0, 0, 0, 0, 0, 0, 0, 0y
KX244634 3.7%-4% 3.7%-4% 3.6%-4% 3.7%-4%
1?123228127 0.6%-1.6% 0.6%-1.6% 0.3%-0.6% 1.3%-1.7% 3.4% -

The measurements of specimens of Callinectes sapidus parasitized by Hematodinium perezi (as
identified using PCR) from Merja Zerga Lagoon and Oualidia Lagoon of Morocco are reported in
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Table 4. All the four groups (male adult, female adult, male juveniles and female juveniles) were
parasitized.

Table 4. Biometric measurements of specimens of Callinectes sapidus parasitized by Hematodinium
perezi from Merja Zerga and Oualidia Lagoons on the Moroccan Atlantic. CL: carapace length; CW:
carapace width; W: body weight; SD: standard deviation.

Lagoon Groups Total W(g) CW (cm) CL (cm)
individuals Min-Max Mean+SD  Min-Max Mean+SD  Min-Max  Mean +SD
male adult 2 159.2-175.7 167.4+11.6 11.7-12.1 11.9+0.2 62-65 6.3+0.2
Merja  female adult 5 109.9-153.1 131+182  12.5-133 12.9+0.3 58-6.3 6.1+0.2
Zerga  malejuveniles 1 4.6 3.1 2.2
female juveniles 5 104-222 17.0+5.0 43-64 54+09 2.6-32 3.0+03
male adult 1 70.1 9.7 5.0
Oualidia female adult 0 - - - - - -
male juveniles 2 21.6-305 258+6.6 62-71 6.6+0.6 33-37 35+03
female juveniles 1 18.7 6.1 3.1

4. Discussion

The first report of Hematodinium perezi (Dinophyceae: Syndiniales) on the African Atlantic coast,
which also represents the first parasite recorded in the invasive blue crab Callinectes sapidus in
Morocco, has been documented in the present study.

The blue crab is known to be infected by two parasitic dinoflagellates belonging to the genus
Hematodinium [58], namely Hematodinium sp. and H. perezi. Hematodinium sp. was reported for the
first time in blue crab C. sapidus sampled from coastal areas of North Carolina, Georgia, and Florida
(USA) [59], and many habitats in the USA [50,51,60-66], and in Adana, Turkey [67]. Hematodinium
perezi was first described from Carcinus maenas Linnaeus, 1758 and Liocarcinus depurator from the
French coastline [68]. Since then, the number of host species and distribution records have increased
gradually in the past decades [69]. Gallien [70] reported its spread in French host Portunus latipes
Pennant, 1777. In the Mid-Atlantic, it showed rare infections in the cancer crabs Cancer irroratus Say,
1817 and Cancer borealis Stimpson, 1859, and in the portunid crab Ovalipes oceallatus Herbst, 1799 from
the New York bight area of the northeastern United States [71]. Hematodinium perezi was documented
in the American blue crab Callinectes sapidus for the first time in coastal Maryland and Virginia, USA
[72] and afterwards in many habitats in the USA [62,73-77]. In the Mediterranean and north-eastern
Atlantic, regions where C. sapidus invaded, H. perezi was reported as endoparasite of C. sapidus in the
eastern Mediterranean, Greece [33] and now also on the African Atlantic coast (this study) (Figure 2).
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Figure 2. Map showing the distribution of Hematodinium species infecting Callinectes sapidus. Note:
Hematodinium perezi (red dot); Hematodinium sp. (green dot); and Hematodinium-like disease (blue dot)
[33,78].
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Hematodinium is considered to be a generalist parasite [34,56,69], reflecting its host range as well
as its ability to switch between host species, allowing it to maintain a presence in the environment
when the preferred host may become scarce. Positive infections of Hematodinium were reported in 13
crustacean species belonging to two orders, Decapoda and Amphipoda [78]. Several factors affect the
epidemiology of Hematodinium, including environmental conditions such as salinity and
temperature. It is known that this parasite tends to infect hosts in high salinity waters [79]. For
example, in Europe (Wadden Sea), no detection of Hematodinium in 1252 individuals of eight
crustacean species from six sites was reported due to lower salinity [78]. Epidemics of these parasites
have damaged commercial stocks of Nephrops norvegicus (Linnaeus, 1758) langoustines, Chionoecetes
opilio (Fabricius, 1788) snow crabs, Chionoecetes bairdi Rathbun, 1924 Tanner crabs, C. sapidus
American blue crabs and Necora puber (Linnaeus, 1767) velvet swimming crabs [34]. Moreover, it is
thought to affect fisheries and host populations in a way that is similar to how viral diseases of
crustaceans affect fisheries and host populations [56], as they cause significant mortality in the host
[80].

In the present research, diagnosis of infection by representatives of Hematodinium in C. sapidus
was performed using the fresh hemolymph smear essay with neutral red and molecular analysis
(PCR-based method and sequencing). The hemolymph smear assay with neutral red has been used
as an initial assessment tool due to its cost-effective and time-efficient diagnostic method for detection
of members of Hematodinium [78] as well as to its specificity and sensitivity [81]. The active absorption
of neutral red by Hematodinium lysosomes results in distinct staining, providing visual contrast to
host hemocytes [34]. In our case, based on staining fresh hemolymph smears, we did not detect
Hematodinium in any of the 36 investigated individuals (20 and 16 from Merja Zerga and Oualidia
lagoons, respectively), probably due to methodological artifact. Indeed, as smears are rated positive
when abnormal cells, i.e., cells that could not be identified as crab hemocytes that were consistent
with Hematodinium in some features, are encountered, it requires expertise in parasite identification
[82]. Some pathogens of crustaceans such as parasitic dinoflagellates and rhizocephalans may be
more difficult to identify for the non-specialist [83]. Moreover, certain stages of Hematodinium
parasites can be very difficult to detect in fresh hemolymphs smears, because the trophic stages
resemble hemocytes. The vermiform plasmodium (cf. filamentous trophont) is the most easily
identified form, but the vegetative, amoeboid stage is that most frequently observed and to the
uninitiated, is easily confused with a hemocyte and they may be present at relatively low densities,
making microscopic diagnosis difficult [34,63].

The use of molecular analysis has become increasingly widespread in pathogen identification
and disease detection and monitoring and is particularly useful in the diagnosis of cryptic organisms
such as dinoflagellates and parasitic stages [51,84-86]. The PCR-based method offers 1000 times
greater sensitivity than histological methods. The sensitivity of PCR diagnosis has been estimated at
one parasite cell in 300,000 crab hemocytes [51]. Use of the PCR test eliminates the need for visual
identification of cells with ambiguous characteristics. Overall, a combination of morphological and
molecular characterization is often used to ensure accurate detection and monitoring of Hematodinium
infections in crustacean populations.

The PCR assay, adopted in our study to detect the Hematodinium infecting the blue crab
Callinectes sapidus, based on the amplification of the parasite’s first internal transcribed spacer region
(ITS1), has been developed by [63]. It was revealed to be more accurate in identifying crabs
parasitized by Hematodinium than histological methods. The difference in parasite prevalence
between Merja Zerga (65%) and Oualidia Lagoon (25%) could be explained by environmental factors
[60,78,80] or biological factors [66,87]. According to [80], several studies have shown that temperature
and salinity conditions favor the invasion of Hematodinium. The prevalence of Hematodinium
decreased at lower temperatures [80], and lower salinity can also limit the distribution of the parasite
[78]. For example, the highest prevalence (69%) of the parasite in blue crab collected from the USA
was found at salinities of 26 PSU to 30 PSU and water temperature >25 °C and no infected crabs were
found in salinities below 11 PSU [60]. Hematodinium may also be more prevalent due to a large variety
of environmental reservoirs and high densities of hosts [87], and the absence of host immune
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response may also be the reason of the high prevalence of Hematodinium in crustaceans [87].
Furthermore, according to [66], Hematodinium infection in blue crabs may vary due to additional
factors that differ from year to year and river to river.

Calculated pairwise uncorrected p-distances from sequences of Hematodinium perezi parasitizing
Callinectes sapidus in Morocco and all published sequences of Hematodinium perezi drawn from
GenBank show that Moroccan sequences are closely similar to those from Licocarcinus depurator
collected from the South Coast of England with accession numbers (EF065716, EF065711, EF065708)
and to that with accession number PP056127 from the host Callinectes sapidus Rathbun, 1896
(Portunidae), American blue crab, collected from Greece, and differ more from the sequence from
Callinectes sapidus collected from the USA with accession number KX758132. The uncorrected p-
distances between Moroccan sequences and sequences having accession numbers (KX244637,
KX244644, KX244641) from Portunus trituberculatus from China range from 1.7% to 2.3% (Table 3).
According to [56], the mean interspecific genetic distances between H. perezi from L. depurator and the
Hematodinium sp. infecting Portunus trituberculatus Miers, 1876 and Scylla serrata Forskal, 1775 is 0.025,
and 0.046 between H. perezi from L. depurator and the Hematodinium sp. from C. sapidus. In our study,
the mean intraspecific genetic distances between H. perezi from C. sapidus collected from Morocco and
all published sequences of H. perezi from GenBank is 0.011. In comparison with the above-mentioned
interspecific distances, this confirms that our sequences belong to parasites that are conspecific with
H. perezi.

Ultimately, in-depth studies are desirable for understanding the interactions between the
invasive American blue crab and its parasites in the coastal areas of Morocco and for assessing their
effects on native biodiversity, associated marine diseases and risks to human health. In addition,
more elaborate genetic analysis based on a large-scale sampling of native and introduced populations
of the American blue crab and its associated Hematodinium parasites will provide relevant insights
into the invasion history of the American blue crab in Morocco.
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