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1.  INTRODUCTION 

Paramoebiasis is caused by opportunistic amoebae 
belonging to the family Paramoebidae. These amoe-
bae have been implicated with mass mortalities in 
farmed fish, wild crustaceans and wild sea urchins, 
potentially with increasing frequency (Nowak & 
Archibald 2018). Paramoeba and Neoparamoeba are 
free-living marine amoebae distinguished primarily 

on the basis of their cell surface coats: the former 
with boat-shaped microscales, and the latter with a 
dense amorphous glycocalyx, ca. 10 nm thick (Page 
1987). However, subsequent microscopic investiga-
tions of a larger number of related lineages, com-
bined with phylogenetic analyses have suggested 
that the 2 ‘genera’ do not form holophyletic clades, 
that the presence or absence of microscales is not a 
distinguishing feature, and therefore Neoparamoeba 
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is a junior synonym of Paramoeba (Feehan et al. 
2013). However, due to the limited number of scale-
bearing Paramoeba species, it has been considered 
pre mature to make these taxonomic conclusions (Ku -
dryavtsev et al. 2011, Young et al. 2014, Volkova & 
Kudryavtsev 2017, Nowak & Archibald 2018, Vol -
kova et al. 2019), and here we adhere to the nomen-
clature recommended by Kudryavtsev et al. (2021). 
Molecular data recently generated from Janickina 
pigmentifera, a parasite of marine arrow worms 
(Volkova & Kudryavstev 2021), further complicate 
the taxonomy of paramoebids, as this genus is now 
shown to branch within the clade that includes 
Neoparamoeba and Paramoeba. 

Multiple paramoebid species have been described: 
N. perurans, N. pemaquidensis, N. aestuarina, N. bran -
chiphila, N. longipodia, and P. eilhardi, P. kar teshi, 
P. aparasomata, P. atlantica, P. invadens, P. perniciosa 
and P. schaudini (De Faria et al. 1922, Sprague et al. 
1969, Page 1970, Jones 1985, Dyková et al. 2005, 
Young et al. 2007, Kudryavtsev et al. 2011, 2021, 
Volkova & Kudryavtsev 2017, Volkova et al. 2019), all 
from marine or brackish habitats. Most paramoebae 
possess an intracellular kinetoplastid symbiont, Per -
kinsela (Dyková et al. 2003), which co-evolves with 
the amoeba host by vertical inheritance (Nowak & 
Archibald 2018). The only known exception to this is 
Paramoeba aparasomata, which has apparently lost 
the symbiont (Volkova et al. 2019). 

Grassi (1881) identified 2 species of amoeba in 
marine arrow worms (Chaetognatha), noting the 
presence of an intracellular structure within spheri-
cal shaped cells with hyaline protrusions. These cells 
displayed monopodial locomotion and were named 
Amoeba pigmentifera and A. chaetognathi. Janicki 
(1912) re iso lated these species, confirming the pres-
ence of an intracellular endosymbiont and moved 
them to Para moeba. Chatton (1953) re-evaluated the 
structural and locomotive differences of P. pigmen-
tifera and P.  chaetognathi (Janicki 1912) and sug-
gested they should be moved into a separate genus, 
establishing Janickina and renaming the species 
(J.  pig mentifera and J. chaetognathi). This distinc-
tion was recently confirmed using molecular phylo-
genetics by Volkova & Kudryavstev (2021), who high-
lighted that J. pigmen tifera has not been found as a 
free-living organism, suggesting it is an obligate par-
asite, the only example of which so far reported 
within the Para moebidae. They suggested that the 
differences in morphology and locomotion between 
Janickina and Neopara moeba/Para moeba (hereafter 
Neo/Paramoeba) may be a consequence of this 
 adaptation. 

Three Paramoeba species have been reported 
infecting crustaceans: P. perniciosa in blue crab 
 Callinectes sapidus, N. pemaquidensis in American 
lobster Homarus americanus and Paramoeba sp. in 
Pacific white shrimp Penaeus vannamei (Sprague et 
al. 1969, Mullen et al. 2005, Han 2019). Grey crab 
disease was first reported by Sprague & Beckett 
(1966) in blue crabs from Chincoteague Bay, Mary-
land, and Wachapreague, Virginia, USA. The dis-
ease was named due to the grey, translucent coloura-
tion of the body and appendages of moulting crabs, 
which were reported to be lethargic and partial to 
rapid mortality following removal from the water. 
Body fluid from these crabs contained amoeboid cells 
with 2 visible nucleus-like bodies. Sprague et al. 
(1969) isolated the amoeboid cells from crabs taken 
directly from the fishery and soft crabs from onshore 
holding facilities, naming the pathogen Paramoeba 
perniciosa (for which no sequence data are currently 
available). Johnson (1977) reported that this parasite 
affected the connective tissues and haemal spaces, 
only in vading the circulating blood when the infec-
tion was terminal. Lighter-grade infections were not 
reported to affect crabs, whilst heavier infection 
resulted in lethargy and loss of clotting ability of the 
haemo lymph. Johnson (1977) also reported amoebae 
in the haemal spaces of the antennal gland and Y 
organ, connective tissues of the midgut and haemal 
spaces of the hepatopancreas. In terminal-stage 
infections, amoeba cells were reported in the haemal 
spaces of the gills, heart, nerve, muscle tissue and 
fixed phagocytes. It was noted that most infected 
crabs displayed a host response to the presence of 
the amoeba cells, involving encapsulation and de -
struction of these cells by host haemocytes (Johnson 
1977). The disease is thought to have had local or 
regional effects on blue crab abundance and distri-
bution over short periods of time. Newman & Ward 
(1973) sampled 30 crabs each month from various 
regions along the Atlantic coast of the USA, high-
lighting peak infections of 17% in Chincoteague Bay 
and 30% in North Carolina, and 100% mortality of 
infected animals held in tanks. Reports of grey crab 
disease have been rare since 1977 (Morado 2011), 
but similar amoebae species have been reported in 
other crab and lobster species, including rock crab 
Cancer irroratus, American lobster, and shore crab 
Carcinus maenas (Sawyer 1976, Sawyer & MacLean 
1978, Bower et al. 1994). 

Mullen et al. (2004) reported a mass mortality of 
American lobsters from Long Island Sound, USA, 
from 1999. Eleven million lobsters were estimated to 
have died during this event, decimating the lobster 
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fishery and resulting in the collapse of the regional 
fishing economy. At the same time, increased mortali-
ties in crab and sea urchins from the same area were 
reported. Moribund lobsters were described as flac-
cidly paralysed, showed delayed clotting of haemo -
lymph, red discolouration of muscle and haemo lymph, 
and swelling of segmental ganglia of the ventral 
nerve cord. Samples for histology revealed a proto-
zoan parasite within foci of haemocytic infiltration of 
the nerve tissues and within the subcuticular intersti-
tium and tegumental glands. The parasite was subse-
quently recognised as Neoparamoeba pema qui densis 
(Mullen et al. 2005). A sequence (represented by 
GenBank Acc. No. MG761752) clearly be longing to 
N. pemaquidensis has also been amplified from shore 
crabs from the Faroe Islands (Bojko et al. 2018). 

Han (2019) described the first Paramoeba sp. from 
cultured Pacific white shrimp in a hatchery in North 
America. Infected animals showed reduced appetite, 
lethargy, respiratory distress, eroded carapace and 
blackened gills. Histology revealed an amoeba-like 
pathogen mainly affecting the gills but associated 
with other organs such as the lymphoid organ, anten-
nal gland, appendages and nerve cord. Irregularly 
shaped trophozoites with a prominent centrally loca -
ted nucleus and associated Perkinsela-like organism 
suggested that this pathogen was related to the order 
Dactylopodida, possibly a Paramoeba species. The 
SSU rDNA sequence of this parasite (KU852700) is 
very short (131 bp) and covers a region of the gene 
that is conserved between many pa ramoebid species, 
and therefore cannot be used for phylogenetic or 
 taxonomic assignment. Han (2019) suggested this 
infection was likely due to stress factors (increased 
water temperature, high salinity) combined with high 
densities of shrimp in ponds and could be a new 
Paramoeba species infecting cultured shrimp. 

The edible crab Cancer pagurus fishery in the UK 
supplies over 50% of total European catch for this 
species. In 2019 the value of landings into the UK 
was £71 million (€82.2 million) (https://www.gov.uk/
government/statistics/uk-sea-fisheries-annual-statis
tics-report-2019), with trap-based landings supply-
ing 31 000 of the 50 000 t landed from across Europe 
(www.fao.org/fishery/statistics/en, accessed 26/07/21). 
Diseases within commercially exploited crab stocks 
and the impact of such infections upon the fisheries 
have been highlighted (Bonami & Zhang 2011, Sten-
tiford 2012, Lafferty et al. 2015). Stentiford (2008) 
reviewed diseases within C. pagurus populations; a 
number of these were reported in UK stocks includ-
ing those of viral (Corbel et al. 2003, Bateman & Sten-
tiford 2008), bacterial (Vogan et al. 2002), protistan 

(Stentiford et al. 2002, Stentiford et al. 2007, Feist et 
al. 2009, Hartikainen et al. 2014, Bateman et al. 
2016), fungal (Stentiford et al. 2003) and metazoan 
(Boschma 1955, Kuris et al. 2002, Saville & Irwin 
2005) origin. Bateman et al. (2011) highlighted that 
the prevalence of these diseases often differs be -
tween fished and non-fished (juvenile) populations, 
with juvenile crabs displaying a much broader range 
of pathogens than that observed in fished (adult) 
populations. 

Following reports of elevated post-capture mortal-
ity in edible crabs captured from a site within the 
English Channel fishery in the UK in autumn 2019, 
samples were obtained for disease investigation. A 
high proportion of the crabs obtained were infected 
by amoeboid cells, accompanied by a significant host 
haemocytic response in some animals. We report the 
first recorded incidence of paramoebiasis in C. pagu-
rus, principally associated with a novel paramoebid 
lineage belonging to the genus Janickina, which was 
strongly associated with histopathological responses 
in infected hosts. We name this condition amoebic 
crab disease (ACD) as exemplified by this disease in 
populations of edible crab from the English Channel 
fishery and describe the novel paramoebid parasite 
as its primary causative agent, in the context of other 
paramoebae associated with the diseased animals. 

2.  MATERIALS AND METHODS 

2.1.  Sampling 

Thirty edible crabs were obtained from a commer-
cial fisherman operating out of Selsey, Hampshire, in 
the English Channel (2.5−3 miles [~4−4.8 km] off the 
coast of Selsey Bill in International Council for the 
Exploration of the Sea [ICES] Sub Rectangle 30E9) in 
October 2019. An additional 22 crabs were sampled 
from the same location in November 2019. Crabs 
were selected from the landings of a single fishing 
vessel, sampling the first 30 animals above minimum 
landing size. In line with conventional practice, the 
arthrodial membrane of the claws had been severed 
(‘nicked’) during the period between capture and 
landing. In December 2020, we obtained 20 edible 
crabs from a location similar to that previously sam-
pled, and an additional 26 crabs were sourced from a 
crab holding facility (pre-market) in the vicinity of 
the original landings. A total of 98 crabs were 
obtained. 

Crabs were transported live to the Cefas Wey-
mouth laboratory where they were humanely eutha -
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nised using the CrustastunTM electrical stunning de -
vice, prior to dissection. Hepatopancreas, gill, heart, 
gonad and muscle tissues were removed and fixed in 
Davidson’s seawater fixative for histology. Additional 
samples of hepatopancreas, heart and gill were fixed 
in 2.5% glutaraldehyde in 0.1 M sodium cacodylate 
buffer for electron microscopy. A parallel set of sam-
ples were obtained from these organs and tissues 
and fixed in 100% ethanol for subsequent molecular 
analysis. 

2.2.  Histology 

Samples were fixed in Davidson’s seawater fixative 
for a minimum of 24 h before transfer to 70% indus-
trial denatured alcohol (ethyl alcohol solution, Pio-
neer Research Chemicals). Fixed samples were pro-
cessed to wax in a vacuum infiltration processor 
(Leica Peloris) using standard protocols. Sections 
were cut at a thickness of 3−5 μm on a rotary micro-
tome prior to mounting on glass slides before stain-
ing with haematoxylin and eosin (H&E). Stained sec-
tions were analysed by light microscopy (Nikon 
Eclipse Ni), and digital images and measurements 
were obtained using the NIS-Elements Imaging Soft-
ware (Nikon). 

2.3.  Transmission electron microscopy  
(TEM) 

Samples were fixed in 2.5% glutaraldehyde in 
0.1  M sodium cacodylate buffer for 1 hour and 
rinsed in sodium cacodylate buffer before post 
fixation in 1% osmium tetroxide in sodium cacody-
late buffer. Tissues were rinsed in sodium ca co -
dylate buffer before being dehydrated through a 
graded acetone series and embedded within Agar 
100 epoxy resin (Agar Scientific). Semithin sections 
(1−2 μm) were stained with toluidine blue to 
identify suitable target areas. Ultrathin sections 
(70−90 nm) of these target areas were mounted 
on  uncoated copper grids and 
stained with aqueous uranyl ace -
tate and Reynolds lead citrate 
(Reynolds 1963). Tissues were 
examined with a JEOL JEM 1400 
trans mission electron microscope, 
and digital images and measure-
ments were obtained using an 
AMT XR80 camera and AMTv 602 
software. 

2.4.  DNA extraction 

All samples were received in 70% ethanol, which 
was removed, and the samples were air dried prior to 
processing. The samples collected during October 
and November 2019 were homogenised in GMEM 
transport medium (Sigma Aldrich) using an Omni 
homogeniser to give 1/10 w/v tissue homo genate. A 
further 1:3 dilution was made with ATL buffer con-
taining Proteinase K (Qiagen), and the sample was 
digested overnight at 56°C. DNA was extracted from 
200 μl of the digested sample using a Qiacube HT 
bio-robot (Qiagen) and the Qia cube HT DNA tissue 
kit (Qiagen). The DNA was eluted in a 200 μl volume. 
Samples (40 mg) collected during December 2020 
were diluted in 800 μl Lifton’s buffer and 20 μl of 
10 mg ml−1 Proteinase K (Nishi guchi et al. 2002) be -
fore homogenisation using a Fast Prep-24™ Classic 
Instru ment (MP Biomedi cals™) and lysing matrix A 
tubes (MP Biomedi cals™). DNA was extracted from 
100 μl homogenate using a Maxwell® RSC Tissue 
DNA Kit (Promega) on a Maxwell® RSC 48 Instru-
ment (Promega) eluting into 100 μl. 

2.5.  PCR 

An initial screen of the DNA was performed using 
a broadly targeted anti-metazoan primer set (Bower 
et al. 2004) and a ‘generic’ Neo/Paramoeba primer 
set (Bojko et al. 2018) (Table 1). Having identified the 
amoeba sequences present in the sample as cluster-
ing with N. pemaquidensis and N. aestuarina, plus a 
novel paramoebid lineage, 4 nested primer sets were 
designed: 2 nested sets specific to the novel lineage: 
210FA−1319R first round followed by 210FB−1319R 
(expected amplicon size ca. 1109 bp) and 210FA−
1319R first round followed by 210FA−478R second 
round (expected amplicon size ca. 268 bp), and 2 
nested sets targeting most of the known diversity of 
Neo/Paramoeba sequence types, including all N. 
pemaquidensis and N. aestuarina sequence types 
but excluding the novel lineage. Of these 2 sets, 56f−

4

Primer                   Sequence (5’–3’)                                             Reference 
 
18s-EUK581-F     GTG CCA GCA GCC GCG                           Bower et al. (2004) 
18s-EUK1134-R   CGC AAG GCT GAA ACT TAA A                Bower et al. (2004) 
Amoeba F1           TAT GGT GAA TCA TGA TAA CTT WAC   Bojko et al. (2018) 
Amoeba R1          TCT CCT TAC TAG ACT TTC AYK 
Amoeba F2           AAT CAT GAT AAC TTW ACG AAT CG

Table 1. List of generic 18s primers used for the initial PCR screen of samples
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1165R nested with 150F−1165R produced an ampli-
con of ca. 1 kb, and 56f−R1 nested with 150F−R1 
 produced an amplicon of ca. 630 bp. All primer se -
quences designed and used in this study are shown 
in Table 2. The primer set that amplified the short 
amplicon (210FA−478R) of the novel sequence, along 
with both of the generic primer sets were used to 
screen DNA extracted from heart, hepatopancreas 
and gill tissue from sample sets October 2019 (n = 30) 
and  November 2019 (n = 22), and hepatopancreas 
and gill tissue from December 2020 (n = 46). 

For the 2 nested generic PCRs (56F−1165R fol-
lowed by 150F−1165R [long amplicon] and 56f−R1 
followed by 150F−R1 [short amplicon]) and the novel 
lineage-specific long amplicon PCR (210FA−1319R 
followed by 210FB–1319R), the following thermocy-
cling conditions were used for both first and second 
rounds: 95°C for 2 min; followed by 35 cycles of 95°C 
for 1 min, 60°C for 1 min and 72°C for 1 min; and a 
final extension at 72°C for 10 min. For the novel 
 lineage-specific (short amplicon) PCR (210FA−1319R 
followed by 210FA−478R), the annealing tempera-
ture for both the first and second rounds was set at 
63°C. The first-round PCR product was diluted 1/10 
before being added to the nested PCR. PCR reactions 
were set up in a final volume of 25 μl with final con-
centrations of 1× Green GoTaq® Flexi Buffer 
(Promega), 1.5 mM MgCl2, 0.2 mM dNTPs, 0.2 μM 
each of the forward and reverse primer, 1.25 units of 
GoTaq® G2 Flexi DNA Polymerase (Promega), 
1.25 μl extracted nucleic acid and 15.92 μl molecular 
grade H2O. Amplifications were performed on a 
Mastercycler® nexus (Eppendorf) thermal cycler 
with a 100°C-heated lid to prevent evaporation. 
Amplification products were resolved on 2% TBE 
agarose gels stained with Gel Red. Gels were run at 
120 V for approximately 20 min and visualized using 
a UV illuminator.  Correct-size products amplified 

using both primer sets were purified from PCR prod-
ucts using the Wizard® SV Gel and PCR Clean-Up 
System (Promega). Purified DNA positive for the 
novel lineage PCR was quantified using a Nanodrop 
(Thermo Scientific) and sent to Eurofins Genomics, 
Luxembourg, for sequencing. Purified DNA positive 
for the generic PCR was quantified using the Quanti-
Fluor® dsDNA System on the Quantus™ Fluo -
rometer (Promega) prior to clo ning. Ligation and 
transformation were completed using pGEM®-T 
Easy Vector Systems (Promega) and JM109 compe-
tent cells (Promega) following the manufacturer’s 
instructions. This was necessary because more than 
one amoeba lineage was present in some samples. 
White clones containing in serts were checked by 
colony PCR using specific primers. PCR products 
were then sequenced as described above. Subse-
quent analysis, checking the quality of the sequence 
and trimming of unreadable chromatogram peaks, 
was completed using Bioedit 7.2.5 (Hall 1999) and 
CLC main Workbench 21. Sequences were then 
matched against the National Center for Biotechnol-
ogy Information (NCBI) nucleotide database using 
the Basic Local Alignment Search Tool (BLASTn). 

2.6.  In situ hybridisation (ISH) 

A digoxygenin (DIG)-labelled DNA probe was syn-
thesised using the s19probeF−s19probeR primer set 
(Table 2) to produce an 18S-targeted probe specific 
to the novel paramoebid lineage. The probe was syn-
thesised by PCR in 100 μl volume reactions with a 
final concentration of 1× Green GoTaq® Flexi Buffer 
(Promega), 2.5 mM MgCl2 (Promega), 1× PCR DIG 
labelling mix (Roche Applied Science), 2.5 u GoTaq® 
G2 Flexi DNA polymerase (Promega), 0.5 μM for-
ward primer, 0.5 μM reverse primer, 0.01 mg ml−1 

BSA (New England Bioscience) 
and 6 μl template DNA. Cycling 
conditions were as follows: 94°C for 
5  min; followed by 35 cycles of 
94°C for 1 min, 50°C for 1 min and 
72°C for 1 min; with a final exten-
sion of 72°C for 10 min. 

ISH was carried out using an 
adaption of the methods described 
by Montagnani et al. (2001) and 
Fabioux et al. (2004). Sections of 
gill, hepa to pancreas, heart, muscle 
and gonad were collected onto 
poly-L-lysine-coated glass slides 
from animals that were (1) PCR 

5

Primer                                               Sequence (5’−3’) 
 
210FA: J. feisti-specific                   TAA CTT TAC GAA TCG CAC ACT T 
210FB: J. feisti-specific                    CGA ATC GCA CAC TTA TGA TAT AC 
1319R: J. feisti-specific                    CTG TCA ATC CTA ACT GTG TCT G 
478R: J. feisti-specific                      CCA GAA CTT GCC CTC GAA TC 
S19probeF: J. feisti-specific ISH    CGA AGA GAT AAC ATA TAA ACC 
S19probeR: J. feisti-specific ISH    CTA ATA GTA TTC ATT GCT TAA ATT C 
56F                                                    ATT TGA TGG TCT TTT ACT ACT TGG 
1165R                                                CGT AAG GTR CTG AAG GAG TTT 
150F                                                  TTA GAT TCA AAA GCC AAT GCC A 
R1                                                      TCT CCT TAC TAG ACT TTC AYS

Table 2. List of specific primers designed in this study to amplify both novel (Ja -
nickina feisti-specific) and generic paramoebae found. ISH: in situ hybridisation
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positive for the novel paramoebid  lineage (samples 
Oct19-1,9,19,30; Table S1 in the Supplement at 
www.int-res.com/articles/suppl/d150 p001_supp.pdf), 
3 of which were PCR negative for N. pemaquidensis/
N. aestuarina, and (2) PCR negative for the novel lin-
eage but PCR positive for N. pemaquidensis/N. aes-
tuarina (samples Dec20-35,36; Table S1). Sections 
were dewaxed in xylene substitute (Thermo Scien-
tific) 2 times for 5 min and rehydrated in 100% indus-
trial denatured alcohol (ethyl alcohol solution, Pio-
neer Research Chemicals) twice for 5 min. Sections 
were treated with Proteinase K (Sigma Aldrich) 
(100 μg ml−1) at 37°C for 15 min in a humid chamber 
before dehydration in 100% IMS for 5 min. Slides 
were rinsed with 2× SSC (Sigma Aldrich) and hy -
bridised overnight at 40°C with 125 μl of DIG-
labelled probe diluted 1:1 with hybridisation buffer 
(4× SSC, 50% formamide [VWR], 1× Denhardt’s solu-
tion [Invitrogen], 250 μg ml−1 yeast tRNA [Thermo 
Scientific], 10% dextran sulphate [Millipore]). Nega-
tive control slides (one corresponding to each slide 
hybridised with probe) were incubated with hybridi-
sation buffer with the exclusion of DIG-labelled 
probe. Slides were washed with 2× washing buffer 
(2× SSC, 6 M urea, 2 mg l−1 BSA) 2 times for 15 min at 
40°C. Endogenous phosphate activity was blocked 
by incubation in 6% skimmed milk (Sigma Aldrich) 
in Tris 7.5 buffer (0.15 M NaCl, 0.1 M Tris base, 
pH 7.5) for 1 h, prior to incubation with anti-DIG-AP, 
Fab fragments (Roche Applied Science), diluted 1:300 
with Tris 7.5 buffer for 1 h. Slides were washed with 
Tris 7.5 buffer 5 times for 5 min followed by washing 
with Tris 9.5 buffer (0.1 M NaCl, 0.1 M Tris base, 
pH  9.5) for 20 s. The  hy bridisation signal was de -
tected using nitroblue tetrazolium/5-bromo-4-chloro-
3-indolyl phosphate (Roche Applied Science) diluted 
20 μl ml−1 in Tris 9.5 buffer for 10 min. Slides were 
washed with Tris 9.5 buffer for 2 min and counter-
stained with Nuclear Fast Red solution (Sigma 
Aldrich). 

2.7.  Phylogenetics 

Phylogenetic trees were built with MrBayes v.3.2.6 
(Ronquist et al. 2012). Two separate MC3 runs with 
randomly generated starting trees were carried out 
for 5 million generations each with 1 cold and 3 
heated chains. The evolutionary model applied a 
GTR substitution matrix, with a 4-category autocor-
related gamma correction and the covarion model. 
All parameters were estimated from the data. The 
trees were sampled every 1000 generations, and the 

first 1.25 million generations were discarded as burn-
in. All phylogenetic analyses were carried out on the 
CIPRES server (Miller et al. 2010). 

3.  RESULTS 

3.1.  Macroscopic findings 

Prior to dissection, some crabs (16%) were noted to 
be lethargic and slow to respond to stimuli, other crabs 
appeared to be healthy and responsive. Upon dissec-
tion, the connective tissues of the lethargic crabs ap-
peared spongy and of a watery consistency; in non-
lethargic crabs, melanised nodules (granuloma) were 
ob served in the hepatopancreas and heart. 

3.2.  Histology 

Histopathology revealed a significant host cellular 
response in the majority of crabs (62%), with pro-
nounced haemocytic infiltration leading to congestion 
of haemal spaces, particularly within the hepato -
pancreas and at locations where otherwise large 
haemal lacunae would be expected (Fig. 1A). In some 
individuals, masses of an amoeboid parasite occurred 
within the haemal sinuses, fixed phagocytes (Fig. 1C) 
and apparently within connective tissue cells of the 
heart (Fig. 1D) and gills (Fig. 1E). Amoeba-like cells ap-
peared to be the focus of these haemocyte accumula-
tions, suggesting recognition of parasite cells by host 
haemocytes. Amoebae were spherical to elongate in 
shape and measured 4−12 μm in length and 4−9 μm in 
width (n = 60). In most cases, 2 clearly visible nuclei 
were observed within these cells (Fig. 1B), leading to a 
presumptive diagnosis of infection by a Paramoeba-
like pathogen using light microscopy. Some crabs dis-
played large numbers of amoeba-like cells within rem-
nants of fixed phagocyte clusters in the hepa topancreas 
and within connective tissue cells of the hepatopan-
creas, heart and gills. Melanised host reactions were 
occasionally observed in the gills (Fig. 1F) and heart. 
We did not observe any other infections or co-infections 
in tissue sections from crabs sampled from these sites. 

3.3.  TEM 

Electron microscopy confirmed the presence of an 
amoeba-like pathogen in the tissues of crabs pre -
viously identified as being infected via histology. TEM 
confirmed the presence of a single apparent Per -

https://www.int-res.com/articles/suppl/d150p001_supp.pdf
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Fig. 1. Janickina feisti within tissues of edible crab. (A) Haemal sinuses (*) be tween the hepatopancreas tubules (T) appeared 
congested with host haemocytes; clear paramoeba cells (arrows) can be seen distributed throughout the host response. (B) 
Paramoebae distributed throughout the haemal sinuses between the hepatopancreas tubules appear to contain a nucleus 
(white arrow) with clear nucleolus and a Perkinsela-like organism (PLO) (black arrow). (C) Paramoebae infected the fixed 
phagocytes in heavy infections; paramoebae identified within the exterior cells of the arteriole (arrows). Inset: paramoeba 
cells containing clear nucleus and PLO. (D) Paramoebae (arrows) within connective tissues of the heart in heavily infected 
crab. Inset: paramoeba cells containing clear nucleus and PLO. (E) Paramoebae (arrows) within haemal spaces of the gill 
lamellae. (F) Melanised host reaction (black arrow) and paramoeba (white arrow) within the gill lamellae. All images: H&E stain



kinsela-like endosymbiont in close asso ciation with the 
amoeboid nuclei of most cells (Fig. 2A,D). The Perkin-
sela-like organism appeared spherical in shape and 
measured 1−3 μm in diameter. Amoebae contained nu-
merous mitochondria, vacu oles, a Golgi body, electron 
dense vesicles and electron lucent vesicles distributed 
throughout the cytoplasm (Fig. 2B,C). Pseudopodia-like 
structures were obser ved projecting from the periph-
eral cell membrane in some cases (Fig. 2A). Amoeba 
cells were ovoid to elongate in shape and measured 
6−16 μm in length and 3−10 μm in width (n = 10). The 
outer membrane was distinctive in appearance, with 
some areas appearing crenulated; electron lucent vesi-
cles were seen lining the cell membrane, potentially in-
dicating sites of pinocytosis/exocytosis (Fig. 2E,F). No 
scale-like structures were ob served on the membrane 
of amoeba cells. However, a glycocalyx-like layer was 
observed on the outermost surface; hair-like structures 
(glycostyles) were ob served within this layer and 
measured approximately 55 nm in length. The glyco-
calyx layer and hair-like structures were also observed 
on the internal surface of the electron lucent vesicles 
within the cytoplasm (Fig. 2F). 

3.4.  ISH 

ISH labelling with a probe de signed to be specific 
to the nov el paramoebid lineage revealed dense ly 
stained cells in the arterioles (Fig. 3B), haemal si -
nuses of the hepatopancreas (Fig. 3D) and gill tissues 
(Fig. 3F). Cells cor responding to those previously 
identified as an amoeboid parasite and associated 
with pathology in H&E-stained sections were shown 
to stain a deep blue colour, highlighting positive la -
belling with the novel lineage- specific probe, in all 4 
samples that were PCR-positive for the novel line-
age. No labelling was observed in negative control 
tissue sections (Fig.  3A,C,E). The probe was also 
applied to tissue sections from crabs which were 
strongly PCR positive for N. aestuarina and N. pe ma -
quidensis but PCR negative for the novel lineage; no 
labelling was observed in any of these tissue sec-
tions. Furthermore, amoeba cells were not observed 
by histology in tissues of any of the crabs which were 
PCR positive for N. aestu a rina/N. pema quidensis but 
not for the novel lineage. 

3.5.   PCR and sequence analysis 

The anti-metazoan and generic Neo/Paramoeba 
PCRs amplified 6 lineages that grouped with N. pe -

maquidensis and N. aestuarina sequences in prelim-
inary phylogenetic trees (not shown), and a novel, 
divergent sequence distinct from any known para -
moebid, but still branching in the paramoebid clade, 
robustly sister to, but genetically highly distinct from, 
Janickina pigmentifera. Based on these initial se -
quence data, primer sets were de signed to produce 
longer amplicons for increased phylogenetic and 
taxo nomic resolution, and to provide more accurate 
targeting/screening of the novel lineage and the 
other sequence types in the N. pe ma quidensis and 
N. aestuarina radiation. 

Table 3 shows the results of PCR screens using the 
nested PCR protocols specific to the novel amoeba, 
the Neo/Paramoeba targeted primer set producing 
the longest amplicon (56F−1165R/150F−1165R), and 
a summary of the corresponding histo pathology re -
sults. Very faint PCR positives (indicated by ‘+’ in 
Table S1) were not counted as positive results in the 
total summarised in Table 3, or as presen ted below. 

The novel amoeba was detected by PCR in all of 
the samples in which amoeba cells were observed by 
histology (24/24; Table S1). In contrast, only 10 of the 
24 samples in which amoebae were observed by his-
tology were PCR positive for N. pemaquidensis and 
N. aes tuarina, and all of these were PCR positive for 
the novel amoeba. Similarly, the novel amoeba was 
de tected by PCR in all samples in which host 
response was observed, with the exception of the 
December 2020 sample set, in which only 16 of the 31 
samples showing host response were PCR positive 
for the novel amoeba. Samples in which host re -
sponse was ob served (n = 61) also corresponded 
more strongly with positive PCR re sults for the novel 
amoeba than for N. pe ma quidensis and N. aestuar-
ina: 46/61 po si tive PCR results for the novel amoe ba 
and 31/61 for N. pe ma qui densis/N. aes tuarina. There 
was complete corres pondence between no vel amoe -
ba PCR positives and host response for the October 
and November 2019 sample sets, but not for Decem-
ber 2020 (Table 3; Table S1). The novel amoeba was 
detected by PCR far more  frequently in heart tissues 
than the other lineages (27/52 vs. 3/52). 

Amoeba cells were not observed by histology (or 
ISH) in histological  sections of any samples which 
were PCR positive for N. aestuarina/N. pemaquiden-
sis but negative for the novel lineage (a total of 20 
samples; Table S1). There were no histological obser-
vations of amoebae in samples PCR negative for all 
amoeba lineages (n = 24), although 7 of these showed 
a host response, but only in the December 2020 set. 
Of the 36 samples across all sampling points in which 
no infecting amoebae or host responses were ob -

Dis Aquat Org 150: 1–16, 20228
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Fig. 2. Janickina feisti within tissues of edible crab. (A) Paramoeba showing a clear nucleus (N) and endosymbiont Perkinsela 
sp. (*), with pseudopodia-like structures at the peripheral membrane (arrow). (B) Amoeba with clear nucleus (N), mitochon-
dria (line arrow), electron dense vesicles (black arrow) and electron lucent vacuoles (white arrow) distributed throughout the 
cytoplasm. (C) Amoeba showing a clear nucleus (N) and endosymbiont Perkinsela sp. (*), mitochondria (line arrow), electron 
dense vesicles (black arrow) and electron lucent vacuoles (white arrow) distributed throughout the cytoplasm. (D) Nuclei 
within the amoeba display prominent nucleolus (white arrow) and show close association with the endosymbiont Perkinsela 
sp. (*). (E) Cytoplasmic organelles within paramoeba, mitochondria (M), vacuole (V), electron dense (black arrow) and lucent 
(white arrow) vesicles. (F) Higher magnification image of cell membrane and exchange of materials via pinocytosis/exocytosis 

(arrow). Electron lucent vacuoles appear to line up along the crenulated external cell membrane of the paramoeba
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Fig. 3. In situ hybridisation (ISH) of tissues of edible crab. (A) Negative control section of an arteriole; note the lack of labelling. 
(B) ISH of a similar region of tissue in closely adjacent section using Janickina feisti probe. Note the presence of densely 
stained (positively labelled) J. feisti cells (arrows). (C) Negative control section of the hepa topancreas, no labelling was 
observed. (D) ISH-labelled section of hepatopancreas. Note the presence of positively labelled J. feisti cells in the haemal 
sinuses (arrows). (E) Negative control section of gill tissues, no labelling was observed. (F) ISH-labelled section of gill. J. feisti  

cells are clearly labelled with the dense stain (arrows)



served, 7 were PCR positive for the novel amoeba 
and 15 were positive for N. pemaquidensis and 
N. aes tuarina (Table S1). 

Sequences generated in this study were submitted 
to GenBank (Neoparamoeba aesturina: MZ773583–
MZ773603; N. pemaquidensis: MZ773561–MZ7735
82; J. feisti: MZ773604). 

3.6.  Phylogenetic analyses 

Fig. 4 is a Bayesian phylogenetic 
analysis summarising the branching 
po sition of the cloned se quences from 
different tissue samples from indi -
vidual crabs. The branches are shown 
collapsed, as there is small-scale se -
quence variation within most para -
moebid species. An un-collapsed ver-
sion of the tree is shown in Fig. S1 

The analysis showed that 22 se -
quence types branched with existing 
N. pemaquidensis sequences (Clade A 
in Fig. 4), in 2 main clusters (Fig. S1), 
both also including previously pub-
lished sequences from salmonid fish 
and aquaculture sites. All but 1 of the 
21 N. aestuarina clones clustered to -
gether to the exclusion of all other 
known sequence types from that spe-
cies, having at least 3% 18S sequence 
difference from sequences in Gen-
Bank; these are labelled as ‘novel C. 
pagurus clade’ in Fig. S1. The single 
other N. aestuarina clone branched in 
Clade C (Fig. 4). 

The majority of the N. pemaquiden-
sis clones were derived from gill sam-

ples, with the remaining sequences derived from a 
hepatopancreas sample from a single individual 
(Table 3; Table S1). Similarly, only 1 N. aestuarina 
sequence did not derive from gill samples and did 
not group in the novel N.  aestuarina clade, which 
comprised only se quen ces from gill samples (Table 3; 
Fig. S1, Table S1). 
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Fig. 4. 18S rRNA gene Bayesian phylogeny of all known paramoebid lineages 
for which 18S sequence data are available, including the new species 
described in this paper, Janickina feisti. Sequences generated in this study are 
indicated by bold text. Collapsed branches comprise clades of closely related 
sequences corresponding to individual species or subclades within species. A 
non-collapsed version of this tree is shown in Fig. S1. Bayesian posterior prob-
ability (BPP) values are indicated at each node; filled black circles represent  

full BPP support (BPP = 1) for the node indicated

Sample                      J. feisti PCR-positive                        N. pemaquidensis and           Histology (% of histology-positive  
                              Gill        Hepato-         Heart            N. aestuarina PCR-positive            samples also PCR-positive for    
                                            pancreas                               Gill         Hepato-     Heart               J. feisti, other paramoebae)  
                                                                                                        pancreas                        Amoeboid cells         Host response 
                                                                                                                                                    observed                  observed 
 
October 2019       24/30         12/30           24/30             8/30           4/30         2/30           18/30 (100, 33)         24/30 (100, 42) 
November 2019   6/22           3/22             3/22              9/22           1/22         1/22            5/22 (100, 60)           6/22 (100, 67) 
December 2020   19/46         10/46             n.d.             26/46          6/46          n.d.           1/46 (100, 100)          31/46 (52, 55)

Table 3. Comparison of molecular and histological data highlighting where the detection of the novel Janickina species 
(J. feisti) and Neoparamoeba pemaquidensis and N. aestuarina via PCR corresponded to detection of amoeba-like cells and 
pathology within the crab tissues. The full dataset, with results for each crab individual, is shown in Table S1. PCR positives  

here exclude the very weak positives indicated by ‘+’ in Table S1
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The novel amoeba 18S sequence branched with 
full Bayesian posterior pro bability support as sister to 
J. pigmentifera (Fig. 4). The phylogenetic position of 
the Janickina branch was not resolved within the 
paramoebid clade, but the 2 Janickina sequences are 
strongly mutually related and very distinct from all 
other paramoebids. 

3.7.  Historic data analysis 

Data from previous edible crab health surveys con-
ducted at Cefas  between 2002 and 2021 (Stentiford 
et al. 2002, 2003, 2007, Bateman & Stentiford 2008, 
Feist et al. 2009, Bateman et al. 2011, 2016, Har-
tikainen et al. 2014) were re-evaluated to determine 
whether pa thologies like those de scribed here were 
present. A total of 620 edible crabs sampled directly 
from fisheries in the English Channel and 2860 juve-
nile edible crabs collected from the shoreline at 4 
separate sites around the coast of England and Wales 
were examined over this period. None of these sam-
ples re ported histological evidence of a para moebid 
infection or associated pathologies consistent with 
paramoebiasis within the tissues. 

4.  DISCUSSION 

We provide the first report of para moebiasis in edi-
ble crabs and name this condition amoebic crab dis-
ease (ACD). Although we have no data on the pres-
ence and prevalence of ACD beyond the immediate 
location sampled, we can confirm that the agent(s) 
implicated in this disease have not previously been 
detected in extensive studies of adult and juvenile 
crabs collected from multiple locations in the English 
Channel, North Sea and Irish Sea by our and other 
laboratories over at least the past 20 yr. Additionally, 
the 18S rRNA gene se quence of the novel lineage is 
highly distinct from any previously re ported para -
moebid sequence. 

Amoeboid cells, predominantly or exclusively the 
novel lineage, were observed by histology distrib-
uted throughout multiple tissues (gills, heart, fixed 
phagocytes, haemal sinuses), in particular the con-
nective tissues and haemal spaces of the hepatopan-
creas. Significant host immune response was evident 
in some individuals with pronounced haemocytic 
infiltration and aggregations of phagocytes congest-
ing the haemal spaces. The pathology observed in 
heavy infections is considered sufficient to lead to 
morbidity and mortality in crabs. Histologically, the 

infection appears very similar to grey crab disease 
described previously in blue crabs (Johnson 1977); 
however, no external sign of infection was noted in 
the individuals sampled in this study, apart from 
lethargy. 

In blue crabs, the midgut epithelium was sug-
gested to be a logical portal of entry for the amoebae 
due to high numbers, present in connective tissues 
surrounding the gut and the higher likelihood of 
amoebae in these areas in light infections (Johnson 
1977). Johnson (1977) had reported small (3−7 μm) 
and large forms (10−25 μm) of the parasite; large 
forms were observed in the antennal gland and nerv-
ous system. Unlike grey crab disease, we did not 
observe 2 cell types in ACD. We observed a range of 
spherical to elongate cells measuring 4−12 μm in 
length and 4−9 μm in width distributed throughout 
edible crab tissues. Johnson (1977) suggested that 
infection of heart tissues in blue crabs was an artefact 
of sampling; here we clearly show infection of the 
connective tissue cells in the heart of edible crabs. 
Paramoeba perniciosa is not formally recognised as a 
Paramoeba species, as species characterisation was 
based upon morphology alone and no genetic infor-
mation is available for comparison; however, it has 
been suggested that P. perniciosa may be conspecific 
with other well characterised amoebae (English & 
Lima 2020). 

TEM observations of the novel parasite supported 
the presumptive diagnosis from light microscopy. 
The amoeboid cells were confirmed to possess a 
Perkinsela-like organism, an intracellular endosym-
biont characteristic of the Neo/Paramoeba (Dyková 
et al. 2003). Amoeboid cells observed in this study 
contained a single Perkinsela-like organism in close 
association with the amoeboid cell nuclei. No scales 
were observed on the outer membrane of the amoe-
boid cells; instead, we observed a glycocalyx layer 
covering the external surface of the cell membrane. 
Hair-like projections occurred in this layer, regularly 
distributed along the membrane. It has been sug-
gested that the presence of this glycocalyx layer may 
be an adaptation to parasitism, with the composition 
of the layer shown to vary between parasitic and 
non-parasitic forms of some Paramoeba species 
(Nowak & Archibald 2018). Janickina pigmen tifera is 
covered in a layer of a stratified glycocalyx that dif-
fers from the cell coat of Neopara moeba and Para -
moeba. J. pigmentifera is an obligate parasite which 
infects the testes of marine arrow worms, and it has 
been suggested that its distinct morphology com-
pared to Neo/Paramoeba is related to its obligate 
parasitic lifestyle (Volkova & Kudryavstev 2021). 
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In some regions of the amoeboid cell membrane of 
the novel parasite, crenulation occurred, correspon-
ding with the presence of electron lucent vesicles. 
We observed a glycocalyx layer with hair-like projec-
tions on the internal membrane of these electron 
lucent vesicles. The vesicles aligned on the inner 
membrane, presumably for exchange of materials 
be tween the amoeboid cells and host tissues. Other 
paramoebid species are reported to be much larger 
in size and either lack or possess multiple Perkinsela-
like organisms, and some possess scale-like struc-
tures on their cell membranes. Compared to other 
species, the novel amoeba is similar in size and shape 
to P. perniciosa described as the agent of grey crab 
disease in blue crabs, with both species reported to 
contain a single Perkinsela-like organism. TEM and 
molecular data are not available for P. perniciosa to 
enable fine comparison of surface structure between 
these species, or to determine the phylogenetic posi-
tion of P. perniciosa. 

Morphology alone is an unreliable tool for species 
identification given the diversity in amoeba size and 
shape within a species, and it is noted that different 
species and even genera are often indistinguishable 
at the light microscope level (Nowak & Archibald 
2018, English & Lima 2020). During our investiga-
tion, unsuccessful attempts were made to culture the 
novel amoeba (data not shown); therefore, we de -
scribe its structural features based upon fixed tissues 
only. It should thus be noted that some of the mor-
phological and dimensional observations provided 
here may differ from cells in wet preparations. 

Although we were unable to make direct morpho-
logical comparisons between the novel amoeba and 
Janickina species as provided and summarised by 
Vol kova & Kudryavstev (2021), the phylogenetic po -
sition of the 18S sequence of the novel crab-infecting 
amoeba was sister to J. pigmentifera with maximal 
support. The morphology of our novel amoeba is con-
sistent with that of Janickina spp., as far as we can 
determine, and similarly appears to be an obligate 
parasite. Therefore we formally describe the crab-
infecting amoeba as a novel species of Janickina, 
J. feisti, in the taxonomic summary below (Section 5). 

In addition to the identification of J. feisti, we iden-
tified a range of Neoparamoeba lineages associated 
with the pathology, although in most cases pathology 
was only associated with the molecular detection of 
J. feisti. The small number of samples which were 
PCR-positive for J. feisti but showed no histopathol-
ogy could be explained by the fact that a larger vol-
ume (and different section) of tissue was interrogated 
by the molecular assays than via histology, and 

therefore the molecular approach may have more 
opportunity to detect localised infection. Further, the 
nested PCR protocol would likely detect low-level 
infections that are not easily visible by histological 
screening. The weaker association between PCR-
positive results for the novel amoeba and host re -
sponse in the December 2020 sample set is worthy of 
further investigation and may be explained by less 
recent infection by J. feisti in this set compared to the 
other two; this would also account for the very low 
level of histological obser vations of infecting amoeba 
in this sample set. 

The association between PCR detection of N. pe -
ma quidensis and N. aestuarina and visible amoeba 
cells and/or host response was far weaker than for 
J. feisti. No amoeba cells were observed via histology 
in any tissues from samples which were PCR positive 
for N. aestuarina and N. pemaquidensis but PCR 
negative for J. feisti. However, in some cases strong 
PCR positives of all paramoebid lineages coincided 
with infection/pathology; in these cases, it is possible 
that N. pemaquidensis/aestuarina were contributing 
to the pathological manifestation of ACD, although 
we can provide no evidence that this was the case. 
The fact that samples strongly PCR-positive for 
N. pemaquidensis/aestuarina were either positive for 
J. feisti, or had no infection/pathology noted, and 
were largely associated with tissues either exposed 
to the external environment (gill), part of the diges-
tive system (hepatopancreas), but very rarely (by 
PCR) heart tissue (which is part of the closed circula-
tion system), suggests that PCR detection of N. pe -
maquidensis/aestuarina may represent incidental or 
secondary infections, or opportunist colonizers from 
the surrounding environment. The high incidence of 
weak N. pemaquidensis/aestuarina PCR positives 
dis tributed across all sample types is consistent with 
this hypothesis, as is the similarity of our N. pema -
quidensis/aestuarina sequences to many others from 
a range of marine environments present in GenBank. 
In contrast, the J. feisti sequence has never previ-
ously been recorded from any sample type or associ-
ated with any host. 

Despite potential for involvement by other para -
moebids, we propose that J. feisti is the main cau -
sative agent of ACD. However, in the December 2020 
sample set, 8/46 animals showed pathology associ-
ated with strong PCR detection of N. pemaquidensis/
aestuarina whilst negative for J. feis ti. Therefore, fur-
ther studies are required to in vestigate what may 
potentially be a pathobiotic system (Bass et al. 2019, 
Bass & del Campo 2020), in volving multiple agents. If 
so, ACD may have parallels with amoebic gill disease 
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(AGD) in sal monids. The causative agent of AGD has 
been identified as N. perurans, but this disease is 
often associated with a range of amoeba species 
(English et al. 2019a,b), whose role in AGD aetiology 
remains un clear. For  example, N. pemaquidensis 
and N. bran chiphila have been isolated from AGD-
affected fish but ex perimental exposure of fish to 
these species did not result in AGD (Nowak & 
Archibald 2018). The de tailed aetiology of ACD 
remains to be determined, but we provide strong evi-
dence for a cau sa tive role of the newly discovered 
J. feisti. So far J. feisti has only been detected at the 
English Channel site, and its possible distribution in 
edible crabs more widely and in other sample types 
(water, sediment, other hosts) is currently under 
investigation. Further studies are required to investi-
gate the potential role of ACD as a mortality driver in 
commercially exploited populations of C. pagurus in 
European waters. 

5.  TAXONOMIC SUMMARY 

Diagnosis of Janickina feisti 

Position in the system according to Adl et al. (2019): 
Amorphea: Amoebozoa: Discosea: Flabellinia: Dac -
ty lopodida 
Genus: Janickina Grassi, 1896 
Species: Janickina feisti sp. nov. Bateman et al. 2022 
Diagnosis: Spherical to elongate cells which when 
observed histologically appear to contain 2 nuclei. 
Cells contain a single intracellular en do symbiont, a 
Perkinsela-like organism. Cells mea sure 4−16 μm in 
length and 3−9 μm in width, can be seen distributed 
throughout the connective tissues, fixed phagocytes 
and haemal spaces in the gill, heart and hepatopan-
creas tissues. Cells are associated with intense host 
(Cancer pagurus) response with extensive haemo-
cytic infiltration and congestion of haemal spaces in 
advanced infections. 
Type host: Edible/brown crab Cancer pagurus 
Type locality: English Channel, 2.5−3 miles (4−
4.8 km) off the coast of Selsey Bill, within ICES Sub 
Rectangle 30E9 
Etymology: Specific epithet feisti: named in recogni-
tion of the great contribution of Professor Stephen 
W. Feist to parasitology and pathology of aquatic ani-
mals 
Type material: Original slides used for this paper 
are stored together with biological material embed-
ded in wax and epoxy resin in the Registry of Aquatic 
Pathology (RAP) at the Cefas Weymouth Labora-

tory. The type material is stored as PM38845 (speci-
men 19) and the type 18S rRNA gene sequence is 
deposited in GenBank under accession number 
MZ773604. 
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