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Abstract 10 

Biological invasions have the capacity to introduce non-native parasites. This study aimed to 11 

determine whether the invasive green crab population, Carcinus spp., on the Southwestern 12 

Atlantic coast of Argentina harbours any symbionts, and whether these may spillover or spillback 13 

between native crabs, Cyrtograpsus altimanus and C. angulatus. Macroscopy, histology, and 14 

molecular analyses of some parasites were used to describe and compare their diversity across the 15 

three species of crab. We also evaluated the susceptibility of invasive Carcinus spp. to a native 16 

digenean, Maritrema madrynense, via experimental infections (exposure and cohabitation).  17 

Our results revealed that the green crab pathobiome included similar symbiotic groups to native 18 

crabs. This included putative viral, bacterial, and protozoan parasites. Haplosporidium-like 19 

observations were recorded in all crab species, and a single green crab was found to be parasitized 20 

by an Agmasoma-like microsporidium. Metagenomic analysis of one individual revealed 21 

additional symbiotic diversity (46 bacteria, 5 eukaryotic species). The green crabs were infected 22 

by more microparasite taxa than the native crabs (5:3). Wild populations of Carcinus spp. were 23 

free of metazoan parasites and are shown not to be susceptible to M. madryense under 24 

experimental conditions.  25 



Our results suggest a reduction/escape of macroparasites (trematode Maritrema madrynense; 26 

acanthocephalan Profilicollis chasmagnathi) in invasive Carcinus spp. compared to their native 27 

competitors.  28 

Keywords: Carcinus; Pathology; Histology; Metagenomics; Invasion-Biology; Enemy-Release. 29 

 30 

1. Introduction 31 

Due to increasing globalization, an unprecedented number of introduced species are entering new 32 

ecosystems (Bax et al., 2003). These introductions are becoming more frequent, due to 33 

widespread global trade and shipping (Ruiz et al., 2000; Byers and Pringle, 2006; Zanolla and 34 

Andreakis, 2016). Despite increasing efforts to reduce the risk of invasion along multiple routes 35 

of introduction, recent estimates indicate that the rate at which invasive species are detected shows 36 

no signs of slowing (Seebens, 2017). Marine invasions pose a global threat to human populations 37 

and native wildlife, and are listed as one of the top global conservation concerns (IPCC, 2009). 38 

When species are introduced into a new range, different scenarios can alter the functioning of the 39 

ecosystem (Lymbery et al., 2014). Among them, biological invasions are of concern due to their 40 

potential to alter host-parasite dynamics (Chalkowski et al., 2018). 41 

Parasitism is particularly significant and may be a key driver of host ecology and evolution 42 

in systems where host health, survival, and reproduction are significantly affected (Meibner and 43 

Bick, 1999; Torchin et al., 2002; Sures et al., 2017). Invasive species can harbour parasites 44 

originating from three possible locations: (i) the invasive specie’s native range, (ii) an 45 

intermediate location along the invasion route, and (iii) the location where the invasive species 46 

becomes established. Concerning these processes, the invading host, and the harbouring / 47 

acquiring of parasites, several possible ecological interactions and subsequent outcomes are 48 

possible (Chalkowski et al., 2018).  49 

Introduced organisms can co-introduce their native parasites into recipient ecosystems. 50 

These introduced parasites can spread from invasive to native hosts ("spillover" effect) (Kelly et 51 



al., 2009), which can lead to emerging diseases (Daszak, 2000) and/or mortality of native 52 

populations (Goedknegt et al., 2016). Native parasites could infect the invader in its new habitat, 53 

altering the disease risk to native species and vis versa ("spillback" effect). This can depend on 54 

competent introduced hosts and population density that can amplify transmission rates, increasing 55 

the transmission level of parasites in native host populations (Kelly et al., 2009). 56 

Parasites are ubiquitous organisms with the potential to regulate and limit the abundance of 57 

hosts (Hudson and Dobson, 1986), as well as associated ecosystem processes (Whiles et al., 2013; 58 

Preston and Sauer, 2020). It has been demonstrated that the losses in parasite diversity can occur 59 

in non-native species (Torchin et al., 2003). Hosts in non-native populations have been found to 60 

escape about 67-100% of certain native parasite richness (Blakeslee et al., 2013). An example 61 

includes the invasive green crab, Carcinus maenas, whose release of parasites has been well 62 

investigated (Torchin et al., 2001; Blakeslee et al., 2015; Bojko et al., 2018).  63 

In some systems, escaping from a host's native parasite load could confer a fitness benefit 64 

(Torchin et al., 2001), or provide a competitive advantage (Aliabadi and Juliano, 2002). This 65 

contributes to its successful reproduction in a new region (Torchin and Mitchell, 2004; Torchin 66 

and Lafferty, 2009; Blakeslee et al., 2013). The degree to which non-native species can escape 67 

parasites often depends on: the vector of introduction; the distance between native and non-native 68 

regions; the complexity of the parasite's lifecycle; and the time elapsed since introduction (Prenter 69 

et al., 2004; Torchin and Mitchell, 2004; Blakeslee et al., 2013). However, this escape of parasites 70 

could decrease over time if the introduction vectors remain active and/or if the introduced species 71 

become competent hosts for native parasites (Torchin and Mitchell, 2004; Torchin and Lafferty, 72 

2009; Goedknegt et al., 2016; Kroft and Blakeslee, 2016). 73 

The ubiquity of marine sibling species that are identifiable via genetic analysis, suggests that 74 

many invasions are cryptic and misidentified, resulting in an underestimation of the diversity of 75 

invading species (Geller et al., 1997). For green crabs (Carcinus spp.), two species native to 76 

Europe: C. maenas (Atlantic species) and C. aestuarii (Mediterranean species), are 77 

morphologically similar (Leignel et al., 2014; Carlton and Cohen, 2003).  78 



Carcinus maenas is an invasive crustacean species on a global scale (Darling et al., 2008). 79 

Its native range includes Mauritania, in Northwest Africa, Northern Europe, the United Kingdom, 80 

Norway, Faroe Islands, and Iceland (Yamada and Gillespie, 2008; Compton et al., 2010). This 81 

long and complex invasion history began in the early 19th century with the establishment of the 82 

first known invasive population on the Atlantic coast of the United States, probably introduced 83 

via ballast water and equipment fouling (Carlton et al., 2003; Darling et al., 2008). Since then, it 84 

has established in Australia (in the 1890s), South Africa (1983), Japan (1984), the Pacific coast 85 

of North America (1989), the northern Canadian Maritimes (1991), Tasmania (1993) and, more 86 

recently, Argentina (2003) (Hidalgo et al., 2005).  87 

Carcinus aestuarii, which is native throughout the Mediterranean Sea (Yamada and 88 

Gillespie, 2008; Carlton and Cohen, 2003), has been recorded beyond its native range only in 89 

South Africa and Japan (Geller et al., 1997; Carlton and Cohen, 2003). There is no known case 90 

of C. aestuarii establishing independently of its congener C. maenas, and the suggestion has been 91 

made that maenas × aestuarii hybrids may exist in poorly studied portions of the native range, or 92 

may be present in introduced populations following establishment of both species (Geller et al., 93 

1997).  94 

On the Southwestern Atlantic coast, C. maenas was detected in Bahía Camarones (Patagonia 95 

Argentina) in 2003 by Hidalgo et al. (2005). Subsequently, it has dispersed northward to Puerto 96 

Madryn (42º45' S – Nuevo Gulf) and southward to Puerto Deseado (47º45' S) (Torres and 97 

González-Pisani, 2016). According to Darling et al. (2008), the Argentinean population is most 98 

genetically similar to the Australian and Tasmanian populations. It inhabits rocky shores from the 99 

intertidal to 5-6 m deep (Klassen and Locke, 2007). In Patagonia, it has been reported to cohabit 100 

with the native crabs, Cyrtograpsus altimanus and Cyrtograpsus angulatus (Vinuesa, 2007). A 101 

recent study carried out by Cordone et al., (2020) detected sequences corresponding to C. 102 

aestuarii in the stomach content DNA of C. maenas in Nuevo Gulf, suggesting that the green crab 103 

Patagonian population may include C. aestuarii. The same authors also detected, by 104 



metabarcoding, the presence of the nemertean parasite Carcinonemertes, another undocumented 105 

invader. 106 

No dedicated parasitic screening study of Carcinus spp. in the Southwestern Atlantic has 107 

been carried out, but native crabs in this region have some parasitology studies available. The 108 

native crab C. altimanus on the Patagonian coast, is the second intermediate host in the life cycle 109 

of the microphallid trematode, Maritrema madrynense (Diaz and Cremonte, 2010; Gilardoni et 110 

al., 2011). The source of infection is the gastropod Siphonaria lessonii, which acts as the first 111 

intermediate host (Gilardoni et al., 2011; Bagnato et al., 2015). This crab has also been reported 112 

as a host for the acanthocephalan, Profilicollis chasmagnathi (Polymorphidae) (Lorenti et al., 113 

2018). For C. angulatus from the Buenos Aires province, Alda et al., (2011) reported several 114 

symbionts, including digenean metacercariae and P. chasmagnathi. The definitive host of both 115 

parasites, M. madrynense and P. chasmagnathi on the Patagonian coast is the kelp gull, Larus 116 

dominicanus (Diaz and Cremonte, 2010; Lorenti et al., 2018). 117 

The aim of this study was to investigate if the recently introduced green crab population on 118 

the Southwestern Atlantic coast harbours any symbionts, and whether spillover or spillback has 119 

occurred between native crabs. We describe and compare parasites from three populations: the 120 

invasive green crab (Carcinus spp.) and the natives, C. altimanus and C. angulatus, which coexist 121 

on the Patagonian coast. We look for epifauna, commensals, ectoparasites, and endoparasites 122 

using classical histology and macroscopy. Metagenomic tools were used to confirm the identity 123 

of some parasite groups. In addition, we performed experimental infections using a trematode 124 

parasite known to infect native crabs to see if invasive green crab were susceptible.  125 

 126 

2. Materials and Methods  127 

2.1 Sampling and processing 128 

The three species of crabs (Carcinus spp., C. altimanus and C. angulatus) were captured by hand 129 

in the lower intertidal zone from two sites, Puerto Madryn (45° 50' S, 64° 54' W) and Bahía 130 



Camarones (44° 72′ S, 65º 57′ W), on the Southwestern Atlantic coast of Argentina (Fig. 1). From 131 

Puerto Madryn, sampling was conducted seasonally during 2018 and 2019, including a total of 132 

870 green crabs, 120 Cyrtograpsus altimanus, and 83 C. angulatus. In Bahía Camarones, 133 

sampling was conducted in spring 2018 and autumn 2019, resulting in a total of 60 green crabs 134 

and 26 C. altimanus.  135 

The crabs were transported to the laboratory, alive, in refrigerated containers and kept in 136 

aquaria with aerated seawater up to 48 h before processing. Processing included cooling in the 137 

freezer (-20 °C) for 10 min prior to dissection. The carapace width (CW) was measured with 138 

callipers at its widest point, and the sex was determined. All the crabs were examined externally 139 

for epibionts and the organs were carefully removed and examined under a stereoscopic 140 

microscope. From both studied sites, < 30 specimens of each crab species, from each sample 141 

opportunity, were subsequently subjected to classical histological processing. 142 

 143 

2.2 Examination for macrosymbionts 144 

Each crab was carefully dissected and examined under a stereomicroscope to look for 145 

commensals, ectoparasites, and endoparasites. The parasites were identified following 146 

descriptions given by Bagnato et al., (2015); Diaz and Cremonte, (2010); Gilardoni et al., (2011); 147 

and Lorenti et al., (2018). Green crabs were found free of the trematode Maritrema madrynense, 148 

which infects the native crabs (Bagnato et al., 2015; Diaz and Cremonte, 2010; Gilardoni et al., 149 

2011), and so experimental infections were carried out (see below). Parasitological indices 150 

(prevalence and mean intensity) were calculated according to Bush et al., (1997).  151 

 152 

2.3 Experimental infections 153 

During the spring and summer of 2019, Carcinus spp., C. altimanus and C. angulatus of similar 154 

size (12 - 24 mm of carapace width) were collected in the lower intertidal at Puerto Madryn. In 155 



addition, the pulmonate limpet, S. lessonii was also collected from this site. The limpet was 156 

reported to host M. madrynense at a prevalence of ~10 % (Bagnato et al., 2015), justifying 157 

collection from this area. Crabs and limpets were transported live to the laboratory and two 158 

experimental infections were performed: ‘Cercaria exposure’ and ‘Cohabitation experiment’. 159 

 160 

2.3.1 Cercariae exposure  161 

Approximately 500 Siphonaria lessonii were individually placed in small flasks (50 ml) 162 

filled with filtered seawater (Fig. 2). After 2 h at room temperature (18 - 20 ºC), the limpets were 163 

inspected under a stereomicroscope looking for emerged cercaria. The crabs (Carcinus spp. n = 164 

20, C. altimanus n = 10, C. angulatus n = 10) were placed individually in 350 ml bins with 165 

seawater and adequate aeration at a temperature of 4 °C. Approximately 300 cercariae were 166 

transferred to each crab using a Pasteur pipette. The infection of native crabs was used as a 167 

positive control where we can expect infection. Carcinus spp. (n = 20) and the two native crabs 168 

(10 of each species) were used as a negative control and incubated under the same conditions but 169 

without cercariae exposure. After 72 h post-infection all the crabs were dissected, sexed, and the 170 

gills, gut, hepatopancreas, and gonads were removed and examined under a stereomicroscope to 171 

detect the presence of metacercariae. 172 

 173 

2.3.2 Cohabitation experiment 174 

Two replicas, each one with 20 Carcinus spp., 16 native crabs C. altimanus and C. 175 

angulatus (8 of each species), and 250 Siphonaria lessonii were performed. Crabs were placed 176 

into separate, labelled housing units, which consisted of small plastic cages that allowed for water 177 

flow and did not prevent the cercariae from circulating. These cages were submerged into a large 178 

(45 L) plastic aquarium filled ¾ with filtered seawater and had adequate aeration at room 179 

temperature. Siphonaria lessonii were placed at the bottom of the aquarium and were forced to 180 

submerge 3 times a day to enhance cercarial extrusion. The control group consisted of 20 181 



Carcinus spp. and 16 native crabs (8 of each species). The crabs were incubated under the same 182 

conditions but with no S. lessonii. After 72 h the limpets were dissected and examined under a 183 

stereomicroscope to determine the prevalence of infection. Crabs were exposed to snails for 72 h 184 

following a previous study (Blakeslee et al., 2015), which demonstrated that this period was 185 

sufficient to infect the crabs and obtain a moderate infection intensity. After 72 h, each crab was 186 

moved to an individual plastic aquarium with aerated seawater for 7 days. During that time, crabs 187 

were fed a diet of Ulva lactuca (every other day), and the water was changed every two days. 188 

Following the 7 days post-exposure period, all the crabs were measured, sexed, dissected, and 189 

examined under a stereomicroscope for the presence and number of metacercariae. 190 

 191 

2.4 Histological procedure 192 

From the total number of collected crab specimens from Puerto Madryn and Bahia Camarones, 193 

approximately 30 of each species (Carcinus spp., C. altimanus, C. angulatus) (Table 1) were 194 

processed according to the OIE standards (http://www.crustaceancrl.eu/sops/2014.pdf) using 195 

classical histology. One piece of each organ was placed in 96% ethanol and in 2.5 % 196 

glutaraldehyde in 0.1% sodium cacodylate buffer for molecular and electron microscope studies. 197 

For each crab, two biopsy cassettes were used for the following organs: epidermis, heart, gill, 198 

hepatopancreas, gut, gonad, and muscle from both the claw and body. The cassettes were placed 199 

into Davidson’s saltwater fixative for 24 h and processed for histological examination using 200 

standard protocols (Howard et al., 2004). One section (5 µm) from each block was cut and stained 201 

with haematoxylin and eosin (H & E). Histological sections were examined under a light 202 

microscope (Leica DM2500) for the presence of parasites and pathological alterations, and 203 

photographs were taken with a Leica DFC280 digital camera and associated software. Histology 204 

was used as the primary screening tool in this study and was used to estimate host immune 205 

responses to any symbionts, such as melanisation reactions and haemocyte aggregation. 206 

 207 

http://www.crustaceancrl.eu/sops/2014.pdf


2.5 Molecular analysis of microsporidian-infected tissues 208 

Ethanol-fixed hepatopancreatic tissue from a Carcinus sp. exhibiting microsporidian infection 209 

was delivered to the National Horizons Centre (Teesside University, Darlington) for DNA 210 

extraction and metagenomic sequencing. The tissue biopsy underwent DNA extraction using a 211 

‘Wizard Genomic DNA Purification Kit’ (Promega). The DNA extract was prepared into a 212 

sequence library using a ‘NEBNext® Ultra™ DNA Library Prep Kit’ (Illumina) following the 213 

manufacturer’s protocol. The library preparations were sequenced on an Illumina HiSeq platform, 214 

which generated paired-end reads. The sequence data included 3.5 x 106 raw forward reads and 215 

3.7 x 106 raw reverse reads. 216 

The raw reads were trimmed and paired using Trimmomatic v0.36 (Parameters: NexteraPE-217 

PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36) (Bolger et al., 218 

2014) and then assembled in combination with any unpaired reads using SPAdes v3.13.0 219 

(Bankevich et al., 2012), with default parameters and k-mer lengths of 21, 33, 55, 77, 99. The 220 

resulting data consisted of 211,648 contigs (>1000bp), which were processed using Metaxa2 221 

(Bengtsson-Palme et al., 2015) to look for small ribosomal subunit (SSU) sequences. The 222 

resulting sequences were passed through Blastn (NCBI) to determine closely associated 223 

sequences in the GenBank repository, relating to bacteria, protozoa, microsporidia, or host 224 

sequences.  225 

The host sequence data included a putative mitochondrial genome, which was mined for the 226 

cytochrome oxidate 1 (cox1) gene as well as the 16S gene, to determine the species of the animal 227 

harbouring the microsporidian infection using Blastn. 228 

 229 

2.6 Phylogenetic analysis 230 

The complete 18S gene of the microsporidian parasite (903bp) was aligned with other 18S 231 

sequences from 58 Microsporidia. A MAFFT alignment was conducted via the CIPRES gateway 232 

(Katoh and Toh, 2010) and then submitted to IQtree (Nguyen et al., 2015). The final alignment 233 



accounted for 1073 columns (including gaps) and the maximum-likelihood tree was based on the 234 

following evolutionary model according to BIC: TIM3+F+G4, using 1000 bootstrap replicates. 235 

The resulting tree was downloaded and annotated using FigTree v1.4.3. 236 

 237 

2.7 Statistical analysis 238 

Data collected from the experiments included a control group and an exposure group for the 239 

exposure trial, and a cohabitation group and a control group for the cohabitation trial. Data were 240 

collected on all three species, resulting in individual carceria count data. All count data were either 241 

zero, normally distributed, or close to normal, based on qqnorm data visualisation and Shapiro 242 

tests. Groups within each trial were compared using t-tests. The data were plotted into box plot 243 

diagrams using ggplot2. All data analysis was conducted in R and the resulting graphics were 244 

developed in ggplot2 (R Core Team, 2019; Wickham, 2016). 245 

 246 

3. Results 247 

3.1 Location and specimen data 248 

The average size of Carcinus spp. from Puerto Madryn in spring (43 mm) and in autumn (39 mm) 249 

was smaller than those from Bahía Camarones (48 mm, 51 mm, respectively). The average size 250 

of C. altimanus from Puerto Madryn in spring (17 mm) was larger than in Bahía Camarones (15 251 

mm) and in autumn was larger in Bahía Camarones (14 mm) compared to those from Puerto 252 

Madryn (11 mm) (Tables 1, 2).  253 

The sex distribution (female/male) of Carcinus spp. differed between sites. Puerto Madryn 254 

(340/530) showed a male bias and Bahía Camarones (38/22) showed a female bias (Table 1, 2). 255 

For C. altimanus, the sex distribution of crabs in Puerto Madryn (43/77) and Bahía Camarones 256 

(12/14) had a male bias. For C. angulatus, the sex distribution of the Puerto Madryn crabs (43/39) 257 

showed a strong female bias (Tables 1, 2).  258 



 259 

3.2 Macrosymbiont prevalence 260 

Carcinus spp. was found free of epibionts and macrosymbionts at both sites and across all seasons. 261 

The native C. altimanus and C. angulatus were parasitized with encysted metacercariae from the 262 

trematode M. madrynense, which were found free in the haemocoel in all cases. In Puerto Madryn, 263 

M. madrynense was present at a prevalence of 27 % in C. altimanus and 25 % in C. angulatus. 264 

Cyrtograpsus altimanus from Bahía Camarones was found with a lower prevalence of M. 265 

madrynense (18 %, only in autumn) than in Puerto Madryn (Tables 1, 2). In native crabs, 266 

cystacanth larvae of Profilicollis chasmagnathi were observed in the haemocoel, surrounding the 267 

midgut, and frequently encapsulated. In C. altimanus, a higher prevalence of this parasite was 268 

recorded in the spring at both sampled sites: 25% in Puerto Madryn and 35 % in Bahía Camarones 269 

(Tables 1, 2). In C. angulatus, the highest prevalence was recorded in autumn (24 %). 270 

 271 

3.3 Experimental infections 272 

Carcinus spp. exhibited no infection by M. madrynense in both the cohabitation and exposure 273 

experiments (Fig. 3). During the “Cercariae exposure”, native crabs C. altimanus and C. 274 

angulatus were parasitized with metacercariae from M. madrynense, with a prevalence and mean 275 

intensity of infection of 90 % and 4.3, and 80 % and 2.2, respectively. The negative control group, 276 

C. altimanus and C. angulatus displayed a prevalence and intensity of infection of 40 % and 2.0, 277 

and 23 % and 1.5, respectively. These groups were significantly different (C. altimanus: t.test, P 278 

= 0.003; C. angulatus: t.test, P = <0.01). The “Cohabitation” experiment revealed the prevalence 279 

of infection was 93 % in C. altimanus, with a mean intensity of 4.7 metacercariae, and 87 % in 280 

C. angulatus, with mean intensity of 3. In the control group, the mean prevalence and mean 281 

intensity for C. altimanus and C. angulatus were 37 % and 1.8, and 19 % and 1.6, respectively. 282 

These groups were also significantly different (C. altimanus: t.test, P = < 0.0001; C. angulatus: 283 

t.test, P = < 0.0001). The prevalence of infection of the limpets used in this experiment was 3 %. 284 



 285 

3.4 Histological examination 286 

3.4.1 Histopathology of invasive Carcinus spp. 287 

Carcinus spp. hosted 5 symbionts putatively identified through histology (Tables 1, 2). A putative 288 

Viral-like pathology was observed in the nuclei of circulating haemocytes. A dark purple-staining 289 

viroplasm was noted to cause nuclear hypertrophy and margination of host chromatin (Fig. 4A). 290 

This infection did not appear to elicit an immune response from the host. The highest prevalence 291 

observed in crabs from Puerto Madryn was recorded in summer (23 %) and in spring (7 %) for 292 

crabs collected from Bahía Camarones (Tables 1, 2). 293 

Intracellular basophilic plaques of prokaryotic microorganisms were observed in the 294 

epithelial cells of the hepatopancreas in green crabs from Puerto Madryn (summer season, 3 %) 295 

(Table 1). The presence of these colonies caused hypertrophy of the host cell (Fig. 4B).  296 

Stalked ciliated protists were observed on the gills. They were characterized as basophilic, 297 

with one curved nucleus and several inclusion bodies (Fig. 4C). The highest prevalence was 298 

recorded in autumn from Puerto Madryn (13 %) (Table 1).  299 

Multinucleated plasmodia similar to Haplosporidium spp. were recorded in the haemocoel 300 

and tubule lumen of the hepatopancreas (Fig. 4D) and inner gill lamellae (Fig. 4E). Where the 301 

plasmodia were observed, they were associated with an inflammatory response in form of 302 

encapsulation, but without evident presence of the parasite (Figs. 4F-G). In crabs from Puerto 303 

Madryn, the haplosporidian was found only in autumn and from Bahía Camarones only in spring, 304 

each at a prevalence of 10 % and 3 % respectively (Tables 1, 2). 305 

A single individual from Puerto Madryn was found parasitized by a microsporidian, which 306 

was observed in the haemocoel of the hepatopancreas, in the gills, and in the heart (Figs. 5A-D). 307 

This infection appeared to parasitise the reserve inclusion cells and muscle tissue of the heart but 308 



did not appear to elicit a visible immune response. This parasite was found only in Puerto Madryn 309 

and is discussed further using molecular and phylogenetic data. 310 

 311 

3.4.2 Histopathology of Cyrtograpsus altimanus 312 

Four symbionts were histologically identified in C. altimanus (Tables 1, 2). Intracellular 313 

basophilic colonies of prokaryotic microorganisms were observed infecting the haemocytes and 314 

the epithelium of the hepatopancreas in crabs from Puerto Madryn, at a prevalence of 20 % in 315 

summer (Fig. 6A; Table 1). In Bahía Camarones, this same pathology was observed around the 316 

tubules of the hepatopancreas in autumn with a prevalence of 16 % (Fig. 6B). They often occurred 317 

together with filamentous bacteria, and debris, and did not appear to cause any host immune 318 

response.  319 

Gill fouling by filamentous bacteria and ciliates (Figs. 6C-D) was observed in crabs collected 320 

from both sites (Tables 1, 2). Bacterial fouling and the presence of ciliates were more prevalent 321 

in crabs from Puerto Madryn compared to crabs from Bahía Camarones (Tables 1, 2).                                                                                                                                                                                                                                                                                                                                                                                                       322 

Multinucleated plasmodia, similar to Haplosporidium spp., were found to surround the tubules of 323 

the hepatopancreas (Fig. 6E). Several infected crabs appeared to elicit a granulomatous response 324 

(Fig. 6F). This parasite was detected in crabs from Puerto Madryn (Table 1). The 325 

acanthocephalan, P. chasmagnathi, was encapsulated in the periphery of the midgut (Fig. 6G). 326 

This parasite was observed in 5 % of the histological sections from Puerto Madryn in spring, and 327 

in 20 % of the population of Bahía Camarones in autumn (Tables 1, 2). 328 

 329 

3.4.3 Histopathology of Cyrtograpsus angulatus 330 

Four symbionts were histologically identified from C. angulatus (Tables 1, 2). Intracellular 331 

basophilic colonies of prokaryotic microorganisms were observed infecting the epithelium of the 332 

hepatopancreas (Fig. 7A) with the highest prevalence of 40 % in autumn in Puerto Madryn (Table 333 



1). Fouling of the gills by filamentous bacteria and ciliates was observed. Ciliates were found in 334 

crabs collected in all seasons, with a maximum prevalence of 64 % in summer (Table 1). 335 

Multinucleated plasmodia, similar to Haplosporidium spp., were found in the haemocoel and 336 

tubule lumen of the hepatopancreas and in the heart (Fig. 7B). Occasionally, accumulations of 337 

haemocytes were found in the connective tissue of the heart, and in the haemal sinus of the 338 

hepatopancreas (Fig. 7C). This parasite was found in Puerto Madryn at a prevalence of 15 %, in 339 

spring (Table 1). The acanthocephalan, P. chasmagnathi, was observed in 20 % of the histological 340 

sections of the crabs collected in autumn (Fig. 6G).  341 

 342 

3.3 Metagenomic data and the Carcinus sp. pathobiome in Argentina 343 

Using Metaxa2, the metagenomic data (> 1000bp) derived from the microsporidian-infected 344 

individual was screened for SSU-like sequences and compared with the NCBI Blastn database. 345 

This analysis resulted in 51 SSU sequences reflecting symbiont SSU data. Overall, 46 putative 346 

bacterial SSU isolates (MZ616810-MZ616812; bioproject: PRJNA748273) and 5 putative 347 

eukaryotic symbiont SSU sequences were derived (MZ611700; MZ613174-MZ613177) (Table 348 

3). In addition, host mitochondrial data pertaining to the 16S and cytochrome oxidase 1 (cox1) 349 

genes was also identified from the dataset (MZ613322, MZ613323). 350 

The 46 bacterial 16S isolates included a range of species across the Proteobacteria (Table 3). 351 

The following bacteria were identified to genus or species level, based on sequence comparison: 352 

Phaeobacter piscinae, Phaeobacter porticola, Halobacteriovorax sp., Lewinella cohaerens, 353 

Monaibacterium sp., Bacteriovorax sp., Cyclobacterium sp., Cobetia sp., Colwellia sp., 354 

Maribacter litoralis, Neptuniibacter sp., Alteromonas sp., Winogradskyella sediminis, 355 

Roseovarius gaetbuli, Sulfitobacter indolifex, and Fuerstia marisgermanicae (Table 3). 356 

Five related eukaryotic symbionts were identified via 18S sequence comparison. These 357 

included organisms similar to: Squamamoeba japonica (Amoebozoa), Agmasoma penaei 358 



(Microsporidia), Choanoeca perplexa (Choanazoa), Filasterea sp. (Filozoan), and Incisomonas 359 

marina (Opalozoa) (Table 3).  360 

Finally, the host data derived from the metagenomic screen provides an opportunity to 361 

compare mitochondrial haplotype between C. maenas from global populations as well as other 362 

related species. The cox1 gene on the mitochondrial genome consists of a 1517bp coding region 363 

and the 16S gene is composed of a 499bp region. The cox1 gene shows the greatest similarity to 364 

a haplogroup 3 Carcinus aestuarii (MG798800; sim: 100%, cov: 82%, e-value: 0.0), a closely 365 

related species to C. maenas (Deli et al., 2018). The 16S gene of our specimen is also most closely 366 

related to C. aestuarii from Banyul-Sur Mer, France (U74327; sim: 99.24 %, cov: 79 %, e-value: 367 

0.0). 368 

 369 

3.4 Microsporidian phylogenetics 370 

The microsporidian parasite colonising the reserve inclusion cells, heart muscle, and circulating 371 

the haemolymph of the Carcinus aestuarii host, produced a 903bp SSU sequence that was isolated 372 

from a larger contig of 1935bp (MZ611700), which had 292X coverage. The SSU region (903bp) 373 

showed closest genetic similarity with Agmasoma penaei (KF549987: similarity: 83 %, coverage: 374 

89 %, e-value: 0), ‘Microsporidium sp. PT11’ (KP966297: similarity: 79 %, coverage: 90 %, e-375 

value: 6 e-145) and Globulispora mitoportans (KT762153: similarity: 79 %, coverage: 89 %, e-376 

value: 4 e-142). These microsporidians are part of the CLADE IV group and our microsporidian 377 

isolate also falls into this group (Fig. 8).  378 

Phylogenetic comparison with 58 other microsporidians identified that our isolate was most 379 

closely related to A. penaei extracted from Litopenaeus setiferus in Louisiana, USA. Our 380 

phylogenetic tree branched the new isolate next to A. penaei with 100 % bootstrap support; 381 

however, the branch length between the two (0.38 units) indicated that this new isolate is a distant 382 

relative. 383 

 384 



4. Discussion 385 

The complex invasion history of Carcinus spp. is explored further in our study, providing 386 

additional host information as well as a range of informative data on the presence of parasites, 387 

which are intertwined with the recent invasion of Argentina. The exploration of invasive 388 

crustacean systems is vital to better understand their influence on local disease ecology (Bojko et 389 

al., 2020). We suggest that the Patagonian coast (Southwestern Atlantic Ocean), has been invaded 390 

by C. maenas (Hidalgo et al., 2005; Vinuesa, 2007; Darling et al., 2008) as well as C. aestuarii, 391 

suggesting a cryptic introduction, and agreeing with the recent suggestion made by Cordone et 392 

al., (2020). 393 

Our pathology data suggest that native species (Cyrtograpsus altimanus and Cyrtograpsus 394 

angulatus) and invasive Carcinus spp. may be sharing some parasites, whereby others are likely 395 

to have been introduced by the invader. Our experimental trials suggest that invasive populations 396 

of Carcinus spp. are not susceptible to the native microphallid parasite, M. madrynense.  397 

 398 

4.1 Carcinus aestuarii in Argentina 399 

The Mediterranean green crab, C. aestuarii, is a burgeoning global invader (Lee et al., 2020). 400 

Most recently, this sister species of C. maenas was detected in Argentina (Cordone et al., 2020). 401 

Cordone et al., (2020) consider the population to be composed of C. maenas and C. aestuarii 402 

hybrids based on metabarcoding data, and many questions remain regarding the ‘species’ 403 

introduction pathway and the potential for the two species of Carcinus to hybridise. Our 404 

metagenomic data, which was acquired to better understand the novel Agmasoma-like 405 

microsporidian parasite that is playing a role in this invasion, confirms that at least one individual 406 

within our dataset held a mitochondrial genome that assigned to C. aestuarii.  407 

The discovery and confirmation of this species on the Argentinean coastline provides a unique 408 

opportunity to gain pathological and invasion data on a cryptic invasion system. The density and 409 

distributiuon of the two species require greater clarity, as does the likelihood for pathogen 410 



acquisition and introduction. Much data has been collected on the pathogens of C. maenas (Bojko 411 

et al., 2020); however, fewer studies have determined the pathogen profile for C. aestuarii. 412 

Carcinus aestuarii has been referred to as Carcinus mediterraneus, historically, and most 413 

pathological studies refer to this pseudonym. These studies include the discovery of 414 

microsporidians (Vivares et al., 1980). As suggested for other invasive crustacean populations, 415 

the diseases of native populations have the potential to spread to invasive populations (Bojko et 416 

al., 2020). It may be possible that the microsporidian parasite we have observed is from the native 417 

range of Argentina; however, no genetic data is available from those early discoveries to validate 418 

which may be the case (Vivares et al., 1980). 419 

 420 

4.2 The pathobiome of invasive Carcinus on the Argentinean coastline 421 

Our data show that the Carcinus spp. on the Argentinean coastline compose a complex 422 

pathobiome. This includes putative viral-like, bacterial and protozoan pathologies as well as the 423 

detection of multiple bacterial 16S and protozoan 18S sequences. We also determined that local 424 

Carcinus spp. populations appear to be missing metazoan parasites, using histology and 425 

metagenomic techniques. 426 

Carcinus maenas is known to carry over 80 different symbionts (Bojko et al., 2020). The 427 

missing metazoans include a range of helminths and parasitic crustaceans. Specifically, the 428 

nemertean parasite Carcinonemertes sp., was detected by metabarcoding by Cordone et al., 429 

(2020) in Argentinean populations but was missing from our specimens. On the Patagonian coast, 430 

infections by P. chasmagnathi have been recorded in C. altimanus (Lorenti et al., 2018) and C. 431 

angulatus (north of the Argentine Sea) (Alda et al., 2011). Carcinus maenas is parasitized by the 432 

acanthocephalan Profilicollis botulus (Goedknegt et al., 2017; Torchin et al., 2001) as well as in 433 

introduced populations from North America (Bojko et al., 2018). Introduced and native crabs 434 

differed in acanthocephalan infection and the green crabs were not parasitized in Argentina.  435 



The green crabs were infected by more microparasite taxa than the native crabs (5:3). Viral-436 

like pathologies were recorded at moderate prevalence in the present study, possibly relating to 437 

RV-CM and other nuclear DNA viruses that infect this species, pending genetic and 438 

ultrastructural data (Bojko et al., 2018; Subramaniam et al. 2020). No bunyaviral pathologies were 439 

observed in the Argentinean population, which were noted in the native range (Bojko et al., 2019). 440 

Ostreid herpesvirus 1 (OsHV-1) has been recently reported from the invasive oyster Crassostrea 441 

gigas in Puerto Madryn on the Patagonian coast, and is a possible contender (Barbieri et al., 2019). 442 

Carcinus maenas is a potential carrier, reservoir, and alternative host of oyster herpesvirus in Irish 443 

oyster cultures (Bookelaar et al., 2018) and if this disease is present in our invasive population, 444 

there may also be an associated risk in Argentina.  445 

Infections caused by bacterial microorganisms were observed in the epithelium of the 446 

hepatopancreas in the three crab species. Prevalence values were higher in summer, 20% and 21% 447 

for C. altimanus and C. angulatus respectively, and 3% in Carcinus spp.; however, the species is 448 

yet to be determined for each specimen but our metagenomic data provide candidates for future 449 

work. Temperature has been found to have both direct and indirect effects on the immune systems 450 

of crustaceans, resulting in immunosuppression and enhanced disease prevalence and severity 451 

(Eddy et al., 2007). In particular, Chisholm and Smith, (1994) found that temperature affected the 452 

antibacterial activity of the hemocytes of C. maenas. Prokaryotic infections have been reported 453 

in the green crabs C. maenas and C. aestuarii from their native area of distribution (Hauton et al., 454 

1997; Bonami and Pappalardo, 1980; Eddy et al., 2007) and may be introduced to Argentina.  455 

Filamentous bacteria were observed on the gills of both native crab species, C. altimanus 456 

and C. angulatus, similar to those observed by Stentiford and Feist, (2005) and Alda et al., (2011). 457 

Generally, the filamentous bacteria on the gills were commonly found alongside ciliates. It has 458 

been suggested that an increased burden of branchial ciliates may be due to host 459 

immunosuppression, along with changes in gill structure caused by contaminants (Khan, 1990; 460 

Yeomans et al., 1997). 461 



Haplosporidium-like observations were recorded in all the species of crab. Despite the large 462 

numbers of these parasites in the connective tissue around the hepatopancreatic tubules, no 463 

evidence of tissue destruction or lysis was found. Some green crabs were present with 464 

multinucleate plasmodial stages, similar to Haplosporidium spp. reported in C. maenas (Davies 465 

et al., 2020). A single green crab was found parasitized by a microsporidian organism explored 466 

further in section 4.4. below. This infection appeared to be morphologically similar to other 467 

microsporidian parasites of invasive green crab, such as the recently described as 468 

Parahepatospora carcini (Bojko et al., 2017), but was present in different tissue types.  469 

Our study provides baseline data on parasitic infection levels in invasive green crab and 470 

native crab populations on the recently invaded Patagonian coast, using both histological and 471 

molecular tools. A reduction/escape of macroparasites in invader Carcinus spp. compared to their 472 

native competitors was found; however, they showed a greater diversity of microparasites. 473 

Despite the richness of microparasites, the crab invasion continues to be persistent. Green crabs 474 

have been expanding their range of distribution to the north of Patagonia, where some specimens 475 

have been observed on the coast of San Matías gulf on the Patagonian coast (Malvé et al., 2020). 476 

It is now important to consider whether any of the symbionts identified in this study could cause 477 

a risk to locally fished species as well as other native fauna. 478 

 479 

4.3 Native trematodes do not infect invasive Carcinus spp. 480 

The two native crabs shared two taxa, a trematode (M. madrynense), and an acanthocephalan 481 

(P. chasmagnathi). Carcinus maenas in its native range harbours eight macroparasite taxa 482 

(Torchin et al., 2001), a high richness relative to other invaded areas (Tasmania in 1983), where 483 

only metacestodes were recorded (Zetlmeisl et al., 2011). For C. aestuarii, three macroparasite 484 

taxa have been reported from its native area (Naidenova and Mordvinova, 1985), including a 485 

microphallid trematode, a metacestode, and two nematode larvae (Naidenova and Mordvinova, 486 

1985). The results obtained in our study suggest that host specificity limits the trematode, M. 487 



madrynense, and the acanthocephalan, P. chasmagnathi, from infecting green crabs in the studied 488 

area.  489 

The microphallid trematode M. madrynense is known to have a complex life cycle involving 490 

snails, crustaceans, and birds as hosts (Bagnato et al., 2015; Diaz and Cremonte, 2010; Gilardoni 491 

et al., 2011). Cyrtograpsus altimanus has been registered as the second intermediate host in the 492 

life cycle of this trematode; the final host is the kelp gull Larus dominicanus, which becomes 493 

infected when feeding on the crab infected with metacercariae (Bagnato et al., 2015; Diaz and 494 

Cremonte, 2010). Yorio et al., (2020) reported C. maenas as a prey item for the kelp gull; 495 

therefore, it was expected to find the green crab to be infected by the digenean, since in its native 496 

and other distribution ranges as the Pacific and Atlantic coasts of EEUU, it was found infected by 497 

another microphallid trematode species, Microphallus similis (Blakeslee et al., 2020).  498 

In the invasive range, C. maenas is infected by at least four microphallid species, 499 

Mircrophallus prima (Pina et al., 2011), M. similis (Goedknegt et al., 2017), M. claviformis, and 500 

Maritrema sobdolum (Thieltges et al., 2008, Zetlmeisl et al., 2011). The trematode M. simillis 501 

was found on both sides of the Atlantic and is one of the most prevalent parasites that infect green 502 

crabs in both regions (Elner and Raffaelli, 1980, Blakeslee et al., 2009). It is unclear whether the 503 

trematode parasite (M. similis) that infects C. maenas in eastern North America was transported 504 

from Europe, acquired from eastern North America after C. maenas introduction, a combination 505 

of both, or may be considered native due to the gull (avian host) being able to migrate to this 506 

location and potentially transmit the parasite (Blakeslee et al., 2015).  507 

Studies comparing local infection levels between competing native and introduced hosts 508 

suggest that the richness, prevalence, and abundance of parasites are often higher in natives than 509 

in introduced host species (Torchin and Lafferty, 2009; Goedknegt et al., 2017). In the present 510 

study, the green crabs were not infected by two native (or any known) macroparasites; a lack of 511 

susceptibility may be explained by their lack evolutionary history with M. madrynense or P. 512 

chasmagnathi.  513 



According to Combes (2020), the two filters: ‘encounter’ and ‘compatibility’, suggests that 514 

some host-parasite associations should occur. In this study, the encounter filter is open, since the 515 

hosts necessary to complete the life cycles of both parasites are present; however, the 516 

compatibility filter would be still closed, allowing the parasite to escape or deter the defensive 517 

responses of the host. In the laboratory experiments, the infective stages of the trematode 518 

parasite/cercariae) or the first intermediate infected host were provided to assess the transmission 519 

of the trematode. According to our results, we can assume that a closed compatibility filter 520 

prevents the native parasite from exploiting the invasive host, since green crabs were not infected 521 

by the native trematode parasite in experimental or wild populations.  522 

 523 

4.4 A novel member of the CLADE IV microsporidian in C. aestuarii 524 

Agmasoma penaei, the closest known relative to the microsporidian identified from a C. aestuarii 525 

in Argentina, is a prolific and damaging pathogen of aquacultured penaeid shrimp species 526 

(Litopenaeus setiferus) (Clotilde-Ba and Toguebaye, 2001). The presence of the newly discovered 527 

pathogen in Argentina highlights a potential risk for local crustacean fisheries and aquaculture, 528 

whilst increasing our understanding of microsporidian phylogenetics and host range. 529 

This novel microsporidian is likely to be a new species belonging to a new genus, within the 530 

CLADE IV group. Our phylogenetic analysis supports that this species branches alongside A. 531 

penaei; however, the two are 83% similar at their SSU loci, falling short of the 90% mark, which 532 

would suggest the new member to be part of the Agmasoma genus. The new isolate requires 533 

complete developmental characterisation using electron microscopy to make a formal taxonomic 534 

identification and confirm its true taxonomic position within the Microsporidia. 535 

Despite our current lack of precise taxonomic characterisation, our comparison suggests that 536 

this species is the most related known isolate to A. penaei, allowing for some consideration of the 537 

predicted impacts. Argentina is an important fisheries resource, accounting for ~2.7% of the EU 538 

fisheries trade (~€600 million annum-1), and provides ~100 different fished species, including 539 



Crustacea (Ines et al., 2011). If fished or aquacultured crustaceans are susceptible to this 540 

microsporidian, it could result in an impact to this important economic resource (Stentiford et al., 541 

2020). 542 

 543 

4.5 Conclusions 544 

This study identifies a range of symbiotic organisms in native and invasive crabs on the 545 

Argentinean shoreline, primarily using histology, but with the addition of metagenomic research 546 

tools in one case. Some discoveries, such as putative virus observations, require dedicated studies 547 

to confirm their presence. Further studies are required to investigate the taxonomic origins of the 548 

parasites we have found, and the pathological effects they can cause in their native or invasive 549 

host(s). It is important to consider whether the pathogens we have identified may be a risk to 550 

native wildlife and/or to assess which have been acquired from the Argentinean coastline 551 

(pathogen acquisition) or carried to Argentina from abroad. If invasive, further study is necessary 552 

to determine whether the parasite may be problematic (Roy et al., 2017); however, if the parasite 553 

is native, it may provide a controlling effect on the invasive population.  554 

The presence of a new microsporidian parasite that shows phylogenetic similarity to A. 555 

penaei is of particular interest and requires experimental assessment to determine its ability to 556 

transmit to native species. Overall, we have determined that all three crab populations harbour 557 

symbiotic organisms; however, it appears that several metazoan groups are missing from invasive 558 

Carcinus spp. and instead this crab may have carried a diversity of microparasites to Argentina. 559 
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 823 

Table 1.  Mean carapace width (CW) and range, sex distribution, and prevalence (%) of symbionts recorded in Carcinus sp., Cyrtograpsus 824 

altimanus, Cyrtograpsus angulatus collected seasonally in Puerto Madryn, Southwestern Atlantic coast. In the first part of the table, the results of 825 

the symbionts found of the total n of crabs collected after stereoscope microscope examination are shown; the second part includes the results 826 

from the subsample processed for histology and examined under a light microscope.827 
Crab species Carcinus spp. Cyrtograpsus altimanus Cyrtograpsus angulatus 

Season spring summer autumn winter spring summer autumn winter spring summer autumn winter 

N total (stereoscope 

microscope examination) 

230 255 200 185 30 30 30 30 23 27 22 11 

CW and range (mm) 43 (21 –77) 53 (30 - 73) 39 (9 – 70) 45 (12 -68) 17(14-21) 13 (11-17) 12 (10-16) 13 (11-18) 27 (21-35) 24 (17-31) 24 (17-32) 24 (12-28) 

Sex distribution 

(female/male) 

88/142 89/166 91/109 72/113 8/22 12/18 10/20 8/23 18/5 9/18 10/12 7/4 

Maritrema madrynense 0 0 0 0 20 31 30 23 17 30 27 27 

Profilicollis chasmagnathi 0 0 0 0 26 13 20 17 10 22 24 18 

N (histology subsample) 30 30 30 30 20 15 15 15 20 15 10 8 

CW and range (mm) 43 (24- 61) 50 (30-72) 37 (10-70) 47 (12-68) 16(15-20) 13 (12-17) 12 (10-16) 13 (11-16) 27 (22-31) 23 (17-30) 25 (17-31) 24 (14-28) 

Sex ratio (female/male) 5/25 10/20 13/17 12/18 1/19 4/11 5/10 5/10 14/5 5/10 4/6 5/3 

Virus-like 6 23 23 20 0 0 0 0 0 0 0 0 

Prokaryotic microorganisms 0 3 0 0 0 20 0 0 0 21 20 0 

Ciliates 0 7 13 3 20 13 20 0 30 6 20 12 

Haplosporidium -like 0 0 10 0 6 13 0 0 20 0 0 0 

Microsporidium -like 0 0 0 3 0 0 0 0 0 0 0 0 

Profilicollis chasmagnathi  0 0 0 0 5 0 0 0 0 0 10 0 



Table 2.  Mean carapace width (CW) and range, sex distribution, and prevalence (%) of 828 

symbionts recorded in Carcinus spp. and Cyrtograpsus altimanus collected in spring 829 

and autumn in Bahía Camarones, Southwestern Atlantic coast. 830 

  831 

Crab species Carcinus spp. Cyrtograpsus altimanus 

 spring autumn spring autumn 

N total 30 30 20 6 

CW mean and range (mm) 48 (20-76) 51 (34-72) 15 (11-18) 14 (9-16) 

Sex distribution (female/male) 17/13 19/11 7/13 3/3 

Symbionts (stereoscope microscope 

examination) 

    

Maritrema madrynense 0 0 0 33 

Profilicollis chasmagnathi 0 0 35 15 

Histology (light microscope 

examination) 

    

Virus-like 7 0 0 0 

Prokaryotic microorganisms 0 0 0 16 

Ciliates 0 0 10 0 

Haplosporidium-like 3 0 0 0 

Microsporidian-like 0 0 0 0 

Profilicollis chasmagnathi 0 0 0 20 

 832 

 833 

Table 3: Metagenomic mining of the data using Metaxa2 resulted in the isolation of 834 

putative Small Sub-Unit (SSU) genetic regions for comparison using Blastn. The table 835 

includes the coverage, similarity, and e-value of any non-host sequences in comparison 836 

to closest accession on NCBI. The ‘Blastn hit’ column includes the closest known related 837 

taxa that compose the Carcinus aestuarii pathobiome. Accession numbers for the 46 838 

bacterial isolates include: MZ616810-MZ616812; bioproject: PRJNA748273. Eukaryotic 839 

sequences are stored under accessions MZ613174-MZ613177. The microsporidian 840 

sequence is stored under MZ611700. 841 

Metagenomic 

node (coverage) 

Metaxa2 ID Blastn Hit Coverage 

(%) 

Similarity 

(%) 

E-value Accession 

101 (6.7) Bacterium Bacterial Clone 61 92 0.0 KF771567 

102920 (2.3) Bacterium Bacterial Clone 100 94 7e-89 JQ240786 

108082 (143.2) Bacterium Gammaproteobacteria 100 99 2e-134 AJ240917 



112407 (2.4) Bacterium Bacterial Clone 100 99 2e-124 KJ590592 

112720 (2.7) Bacterium Bacterial Clone 100 99 3e-173 JX391653 

119666 (5.0) Bacterium Bacterial Clone 100 100 7e-124 HQ727500 

129255 (8.0) Bacterium Gammaproteobacteria 42 91 6e-171 KJ364606 

136240 (47.7) Bacterium Halobacteriovorax sp. 77 82 3e-144 CP027772 

139810 (7.4) Bacterium Bacterial Clone 100 100 4e-172 KJ491764 

151387 (9.7) Bacterium Oceanospirillaceae 100 99 0.0 KX014259 

15378 (2.8) Bacterium Lewinella cohaerens 100 99 4e-173 MK589118 

154810 (2.1) Bacterium Monaibacterium sp. 100 99 3e-148 MT570011 

155 (12.2) Bacterium Acidimicrobidae 99 95 0.0 JX193407 

160500 (3.0) Bacterium Bacteriovorax sp. 99 98 3e-153 AY580409 

163107 (3.5) Bacterium Arcobacter sp. 100 99 0.0 HM057667 

17549 (4.5) Bacterium Alphaproteobacteria 100 95 0.0 AB981876 

176724 (7.3) Bacterium Cobetia sp. 100 100 6e-171 MK079507 

17862 (73.1) Bacterium Alphaproteobacteria 100 97 0.0 DQ269054 

180042 (2.4) Bacterium Alphaproteobacteria 97 90 0.0 GQ349335 

1901 (4.5) Bacterium Bacterial Clone 100 98 0.0 JQ287053 

199148 (4.2) Bacterium Colwellia sp. 99 99 4e-178 KM873069 

2079 (8.6) Bacterium Saprospiraceae 100 96 3e-148 KU691078 

231 (13.0) Bacterium Bacterial Clone 99 99 0.0 AB476265 

263 (9.7) Bacterium Phaeobacter porticola 100 99 0.0 CP016364 

268 (10.2) Bacterium Maribacter litoralis 100 95 5e-147 MG456900 

2 (41.0) Bacterium Gammaproteobacteria 100 99 0.0 EF215779 

30883 (15.8) Bacterium Maribacter sp. 99 99 0.0 MK967024 

336 (6.3) Bacterium Bacterial Clone 60 99 0.0 JX017083 

34149 (45.7) Bacterium Neptuniibacter sp. 100 99 1e-131 LC465499 

36517 (51.9) Bacterium Winogradskyella sp. 100 99 0.0 KY770285 

3844 (6.2) Bacterium Deltaproteobacterium 98 99 0.0 AF468246 

399 (5.7) Bacterium Alteromonas sp. 100 100 3e-163 MN099610 

468 (7.8) Bacterium Bacterial Clone 100 100 6e-176 LC002976 

475404 (65.6) Bacterium Alphaproteobacterium 100 99 0.0 JN092219 

54500 (4.6) Bacterium Roseovarius gaetbuli 100 99 4e-75 NR_134163 

55526 (10.5) Bacterium Cyclobacterium 

marinum 

100 98 0.0 CP002955 

6285 (5.2) Bacterium Bacterial Clone 99 98 0.0 HM126984 

635 (4.5) Bacterium Bacterial Clone 100 98 0.0 HQ326351 

703 (7.0) Bacterium Bacterial Clone 61 95 0.0 JN480742 

70952 (2.8) Bacterium Sulfitobacter indolifex 100 100 8e-103 NR_027563 

71 (25.2) Bacterium Bacterial Clone 100 93 0.0 EF645939 

79243 (175.3) Bacterium Fuerstia 

marisgermanicae 

100 95 0.0 KX757851 

8464 (5.0) Bacterium Deltaproteobacteria 100 99 0.0 LC171303 

87828 (3.4) Bacterium Bacterial Clone 100 98 3e-158 JQ199759 

948 (8.0) Bacterium Bacterial Clone 100 99 0.0 KY235960 

986 (17.4) Bacterium Bacterial Clone 100 97 0.0 KP410319 

124221 (2.0) Eukaryote Squamamoeba 

japonica 

98 98 0.0 JN638032 

189801 (291.7) Eukaryote Agmasoma penaei 85 81 0.0 KF549987 

194456 (1.2) Eukaryote Choanoeca perplexa 100 99 2e-62 KT757437 

33608 (3.5) Eukaryote Filasterea sp. 100 93 8e-62 MT611055 

6125 (5.0) Eukaryote Incisomonas marina 62 99 0.0 JN848814 
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Figures 843 



 844 

Figure 1: Sampling sites of invasive green and native crabs on the Southwestern Atlantic coast. 845 

Map was drawn and annotated in QGIS 3.14.15 (Development Team, 2020. QGIS Geographic 846 

Information System. Open-Source Geospatial Foundation Project. https://qgis.org.). 847 

 848 

Figure 2: A diagrammatic representation of the cercariae exposure experiment. 849 



 850 

 851 

Figure 3: Box-plot diagrams of the cohabitation (upper) and exposure (lower) experiments. This 852 

figure compares the control and exposed groups from the experiment. Definitions: box-plot bar 853 

refers to the median; the box refers to the 25th–75th percentiles, and the whiskers refer to the 854 

min.–max values within the 1.5× interquartile range (IQR) of the data; dots. The dots signify 855 

outliers.  856 



 857 

Figure 4: Symbionts of Carcinus sp. A) Viral-like pathology in the haemocytes around the 858 

haemocoel (h) of the hepatopancreatic tubules (ht), which are uninfected (asterisk) or putatively 859 



infected (arrow) haemocytes; note the hypertrophy of the nucleus. Scale bar = 20 µm. B) 860 

Intracellular basophilic colonies of prokaryotic microorganisms in epithelial cells of the 861 

hepatopancreas; note the hypertrophy of the host cells (arrow). Scale bar = 100 µm. C) Ciliated 862 

protozoan attached to the gill lamella (gl). Scale bar = 50 µm. D) Hepatopancreatic tubules (ht) 863 

with multinucleated plasmodia in the hemocoel (h) (arrow). Scale bar = 20 µm. E) Multinucleate 864 

plasmodia within the gill lamella (gl) (arrow). Scale bar = 20 µm. F) Haemocyte encapsulation of 865 

intracellular parasites (arrow). G) Detail of haemocyte encapsulation (arrow). Scale bar = 50 µm.  866 

 867 

 868 

Figure 5. Histological screening of Carcinus sp. tissues infected with a microsporidian parasite. 869 

A) Cross-section of the hepatopancreatic tubule (ht) infected with plasmodia (arrows). Scale bar 870 

= 100 µm. B) High magnification of infected hepatopancreatic tubules. Scale bar = 50 µm. C) 871 

Microsporidian infection in the heart tissue. Scale bar = 100 µm. D) High magnification of 872 

infected gill lamella (gl), note the spores (arrow). Scale bar = 20 µm.   873 



 874 

 875 

 Figure 6. Histological screening of Cyrtograpsus altimanus. A) Hepatopancreatic tubules (ht) 876 

infected with intracellular basophilic colonies of prokaryotic microorganisms (arrows). Scale bar 877 

= 50 µm. B) Intracellular basophilic colonies of prokaryotic microorganisms (arrows) around the 878 



tubules of the hepatopancreas (ht). C) Ciliates (arrows) in the gill chamber between lamellae (gl), 879 

basophilic, with a curved deep basophilic nucleus, and filamentous bacteria (arrowhead). Scale 880 

bar = 50 µm. D) High magnification filamentous bacteria in gill (arrowhead). Scale bar = 20 µm. 881 

E) Hemocoel of the hepatopancreas showing the presence of Haplosporidium-like spores 882 

(arrows). Scale bar = 20 µm. F) Melanised nodules corresponding to a granuloma (arrow). Scale 883 

bar = 50 µm. G) An acanthocephalan, Profilicollis chasmagnathi (arrow) in the periphery of the 884 

midgut (mg). Scale bar = 400 µm. 885 

 886 

 887 

Figure 7: Histological screening of Cyrtograpsus angulatus. A) Intracellular basophilic colonies 888 

of prokaryotic microorganisms (arrows) in epithelial cells of the hepatopancreas. Scale bar = 50 889 

µm. B) Haplosporidium-like spores (arrow) in the hemocoel (h) of the hepatopancreatic tubule 890 

(ht). Scale bar = 20 µm. C) Accumulations of haemocytes in the connective tissue of the heart 891 

(arrow). Scale bar = 50 µm. 892 



 893 

Figure 8: A maximum-likelihood phylogenetic tree of multiple CLADE IV microsporidia, 894 

including the new Agmasoma-like isolate from Carcinus aestuarii (MZ611700). The genus 895 

Glugea act as an outgroup. Black spots on the branches indicate greater than 90 % bootstrap 896 

support. The “Agmassoma group” arrow indicates where the new isolate branches, next to 897 

Agmasoma penaei. 898 
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