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Abstract

Crangonyx pseudogracilis is a North American amphipod recently detected in Portugal and it is the first invasive freshwater amphipod detected in the Iberian Peninsula. The aim of this study was to assess the population structure and its invasion range in this area, but also to assess its pathogen profile and its origin through genetic analyses. Crangonyx pseudogracilis was only found in the lowlands of the Tagus River basin, a restricted area of the three sampled river basins (Tagus, Guadiana and Sado). Only one mitochondrial DNA (mtDNA) gene cytochrome oxidase subunit 1 (COI) haplotype, identical to the one already detected in Europe and in the Lake Charles, USA, was identified. The obtained data show that the studied populations are well-established, have a high female fecundity and a reproduction period extended throughout the year. No parasites were detected in the 236 dissected specimens. The dissimilarity of parasites prevalence to other European invasive populations opens the possibility of a direct introduction from North America but it also does not exclude the possibility of a secondary introduction from another European country.

Résumé

Crangonyx pseudogracilis est un amphipode nord-américain récemment détecté au Portugal et c'est le premier amphipode d'eau douce envahissant détecté dans la péninsule ibérique. L'objectif de cette étude était d'évaluer la structure de la population et son aire de répartition dans cette zone, mais aussi d'évaluer son profil pathogène et son origine par des analyses génétiques. Crangonyx pseudogracilis n' a été trouvé que dans les basses plaines du bassin du Tage, une zone restreinte des trois bassins échantillonnés (Tagus, Guadiana et Sado). Un seul haplotype d'ADN mitochondrial (ADNmt) de la sous-unité 1 du gène cytochrome oxydase (COI), identique à celui déjà détecté en Europe et dans le lac Charles, USA, a été identifié. Les données obtenues montrent que les populations étudiées sont bien établies, ont une fécondité femelle élevée et une période de reproduction prolongée tout au long de l'année. Aucun parasite n'a été détecté dans 236 spécimens disséqués. La dissemblance de la prévalence des parasites avec d'autres populations invasives européennes ouvre la possibilité d'une introduction directe depuis l'Amérique du Nord mais n'exclut pas non plus la possibilité d'une introduction secondaire depuis un autre pays européen.
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1 Introduction
Crangonyx pseudogracilis Bousfield, 1958 is a North American amphipod that was unintentionally introduced to Europe in the 1930's, spreading across Great Britain (Gledhill et al., 1993), northern and central Europe (Berthold and Kaiser, 2004; Pinkster et al., 1980; Silfverberg, 1999; Tittizer et al., 2000). Within the last decade it was spotted in Portugal, being the first invasive amphipod in the Iberian Peninsula (Grabowski et al., 2012). The population colonizing inland waters of Western and Northern Europe originated in the Lake Charles, Louisiana, USA and underwent a strong genetic bottleneck during its introduction, which suggests that this was a single introduction event (Slothouber et al., 2010). This was evidenced by the molecular analysis of COI mtDNA in the native and invaded range and it was shown that the whole genetic pool observed in Europe consists only of one haplotype. However, in contrast to previous observations in invasive species parasite release (Torchin et al., 2003), the species maintained its microsporidian parasites: Fibrillanosema crangonycis, as well as two other unnamed Microsporidia: Microsporidium sp. CRANPA and Microsporidium sp. CRANB, which were the only Microsporidia detected in native populations (Slothouber et al., 2010). Moreover, in the invaded range two more parasites were identified: Microsporidium sp. CRANPB and Microsporidium sp. CRANPC, increasing the parasite species number to five (Slothouber et al., 2010).
Microsporidia are intracellular, obligatory eukaryotic parasites with nonmotile walled spores, belonging to a sister clade to Fungi, Opisthosporidia, which also includes Aphelida and Cryptomycota (Corsaro et al., 2014; Haag et al., 2014; Karpov et al., 2014) and commonly infect amphipod crustaceans (Grabner et al., 2015; Terry et al., 2004). They can be transmitted vertically within the host population (transovarially, from female to offspring) or horizontally (transmission through consumption of infected tissue) causing microsporidiosis (Dunn and Rigaud, 1998; Dunn et al., 2001; Haine et al., 2004) which may be lethal (Haine et al., 2007; Ryan and Kohler, 2010; Stentiford et al., 2013). Nevertheless, some parasite species employ a mixed strategy for transmission (Vizoso and Ebert, 2004). Vertically transmitted Microsporidia are less virulent, enhance the reproduction rate and induce sex ratio distortions that may influence the population structure promoting female individuals and invasive success of the host (Haine et al., 2007; Mautner et al., 2007). Microsporidia that are transmitted horizontally may spread not only to the specific host but to a broader range of species (Bacela-Spychalska et al., 2012). Crangonyx pseudogracilis is most commonly infected by Fibrillanosema crangonycis (detected all around the Europe) which was suggested to be vertically transmitted (but also present in muscles) and to enhance the success of its invasive host in European waters (Slothouber et al., 2010).
The aim of our study is: (1) to test whether the Iberian population of C. pseudogracilis originates from the European source or from the native area as a result of an independent introduction; (2) to reveal the population structure and the extent of the range invaded by the species in the south-western Iberian Peninsula; (3) to test the Iberian populations for the presence of helminths and microsporidian parasites that could promote/impede the invasion of C. pseudogracilis in the Iberian Peninsula.
2 Methods
2.1 Samples collection
The field work was conducted between February and December 2014, in 48 sites located in three river basins of central Portugal (Tagus river; Sado river and Guadiana river) (Fig. 1). In order to assess the C. pseudogracilis invasion range, a grid of sampling locations containing water throughout the year (isolated pools) was created around the initial detection locations (Banha and Anastácio, 2015; Grabowski et al., 2012) and extended with new records while conducting this survey. This was important because of the temporary character of streams and rivers in this region. The typical three months without precipitation and high temperatures in the summer of Mediterranean climate regions, promote total or partial drought of watersheds and limits aquatic organisms dispersion, colonization or recolonization (Gasith and Resh, 1999). Sites were sampled downstream and upstream from the locations with presence of C. pseudogracilis but also in the other closest watersheds. At each site, the typical microhabitats for amphipods, i.e. rich in plants and their roots (Banha and Anastácio, 2015; Grabowski et al., 2012), were inspected with a dip net (1 mm mesh, 60 cm × 40 cm frame) until C. pseudogracilis was found, for a maximum of 15 minutes per site. If no C. pseudogracilis were found in its favorable microhabitats, the species was considered absent. In the sites with C. pseudogracilis, the densities were estimated by sampling one m2 of the microhabitat until no more amphipods were captured, following the procedure by Banha and Anastácio (2015). The captured individuals were preserved in 96% alcohol for further studies. The characteristics of each microhabitat, namely water depth, type of sediment substrate (granulometry scale from ASTM (1996), see Tab. 1), vegetation and water flow velocity were registered at each site.
	[image: thumbnail]	Fig. 1
Study sites in Central Portugal. Sampling stations are represented by dots (Black − C. pseudogracilis present; White − C. pseudogracilis absent). Different grey shadings correspond to different river basins (dark grey − Sado river basin; medium grey − Guadiana river basin; clear grey − Tagus river basin).



Table 1

Classification of the different types of sediments, adapted from ASTM (1996)

2.2 Sample analyses
In the laboratory all the amphipods were identified to the species level according to the available literature (Holsinger, 1976; Holsinger, 1977; Piscart and Bollache, 2012). The total length of each individual was measured under a stereomicroscope from the anterior margin of a head to the posterior margin of the telson with an accuracy of 0.5 mm using a reflection microscope Nikon SMZ 800 coupled to an image analysis system Precoptic Coolview 2.7.4. The sex of each individual was identified by the presence of calceoli on flagellum of 2nd antennae in males and by the presence of oostegites in females (Zhang and Holsinger, 2003). The number of eggs and embryos in each female was also counted if the brood pouch was undamaged.
2.3 Crangonyx pseudogracilis genetic diversity
To estimate the C. pseudogracilis genetic diversity and to identify the source of the population colonizing Portuguese inland waters, 186 individuals pooled from all the sampled sites were analyzed (Tab. 2). First, the total DNA was extracted following the procedure used by (Ovcharenko et al., 2010) and the fragment of crustacean mitochondrial DNA (mtDNA) gene cytochrome oxidase subunit 1 (COI) was amplified with a pair of primers LCO1490-JJ (5'-CHACWAAYCATAAAGATATYGG-3') and HCO2198-JJ (5'-AWACTTCVGGRTGVCCAAARAATCA-3') following (Astrin and Stüben 2008; Wattier et al., 2007). The amplification program began with 94 °C denaturation for 2 min followed by 34 cycles of 94 °C (20 s), 57 °C (45 s) and 65 °C (45 s). The PCR product was visualized on the 2% agarose gel to assess the quality of the reaction and then sequences were obtained using Big Dye sequencing protocol (Applied Biosystems 3730xl) by Macrogen Inc., Korea. Amplicon length varied from 614 to 625 base pairs. The sequences were edited and aligned with Geneious R10 (Biomatters Ltd.) as well as identification of haplotypes. The sequences were identified using BLAST (Altschul et al., 1990).
Table 2

Sampling locations and individuals captured.

2.4 Parasite detection
Each individual was analyzed to detect parasites: presence of macroparasites as helminths was checked during dissection under light microscope. Presence of the intracellular Microsporidia was tested using molecular methods. In the case of females that had a brood pouch filled with eggs and/or juveniles, the latter were removed before dissection. We amplified a fragment of microsporidian SSU rDNA using a pair of specific primers v1f (Baker et al., 1994) and 530r (Vossbrinck et al., 1993) following Ovcharenko et al. (2010). The PCR products being a signature of microsporidian infection, were visualized on the 2% agarose gel. This assessment provided no microsporidian amplicons and so sequencing was not carried out.
3 Statistical analyses
Differences in proportions of sediment types and in proportions of vegetation types, in the sampling sites with and without amphipod presence, were tested using a Chi-square test on a contingency table. A 2-sample t-test was used to test for statistical difference between female and male sizes. Differences in water flow velocity and water depth between these places were tested using a Mann-Whitney test.
Due to small sample sizes, some data for population structure analysis were aggregated (Tab. 2). The criteria were that the two sites to aggregate were sampled in the same day, were in the same water course and the Euclidean distance between points was less than 10 km. Seven groups were created by this process (1–a; 2+3–b; 4–c; 5–d; 6+7–e; 8−f; 9+10−g) (Fig. 1). Differences in sex ratio among samples were checked using a Chi-square test on a contingency table. After checking the assumptions of normal distribution and homoscedasticity, differences between samples in mean size of each gender were evaluated using an ANOVA followed by a Tukey HSD post hoc test. A female fertility vs. size regression line was adjusted to the data, using discrete size classes of 1 mm total length and number of eggs.
All statistical tests were performed using SPSS version 22, except for the exponential curve adjustment in the fertility vs. size analysis which was performed using Excel.
4 Results
Crangonyx pseudogracilis was found in 10 of the 48 sites sampled in the three river basins. According to our results, the invasion range of this species in the area is so far restricted to the Tagus river basin, corresponding mainly to the lower stretch of the Sorraia River and some adjacent smaller rivers (Fig. 1). We found a mean relative density of 23.2 individuals m−2, with a minimum of 3 individuals m−2 to a maximum of 78 individuals m−2. Within the invasion range, the species was recorded in the river, streams, small oxbow lakes, agricultural canals and ditches, in microhabitats with aquatic plants (i.e. Typha sp.; Salix sp. roots; Myriophyllum aquaticum; Cynodon daclylon; Scirpoides holoschoenus). The average water depth in such localities was 48 cm with a range from 0.30 m to 0.70 m. The sites with the species had low to null water flow (mean = 0.3 ms−1; range: 0–0.5 ms−1) and mainly fine bottom substrate like fine sand and clay. The exception was concrete agricultural canals with filamentous algae and without plants. The locations with or without amphipods did not differ neither in the water depth (Mann-Whitney: U = 187.0; N1 = 38; N2 = 10; p > 0.05) nor in water velocity (Mann-Whitney: U = 161.0; N1 = 38; N2 = 10; p > 0.05). Also, the sites with or without amphipods did not differ, neither regarding the proportion of plant species composing the vegetation (X2 = 9.613, df = 8, p > 0.05), nor the type of substrate (according to ASTM, 1996) (see Tab. 1) (X2 =  6.568, df = 3, p > 0.05).
We detected only one COI haplotype in the analysed material coming from 10 sites. Our sequences were identical to the sequences already detected in Europe (AY529053) and in the Lake Charles, USA (AJ968893). Our best quality sequence (614 bp) was identical to sequences AY529053 and AJ968893 with E value of 0.0 and query coverage 99% and 97% respectively. A Mann Whitney U test indicated that the number of eggs per female was not different between seasons (winter and spring) (Total N = 50, Mann Whitney U = 206, p > 0.05). The mean fecundity was 33 eggs (32.82 ± 22.29 SD). The maximum number of eggs per female was 91, and the minimum was 1. The total length of females with eggs or juveniles varied from 7.14 to 11.46 mm (Fig. 2). The mean fecundity rose with female body length according to the equation Y =  3.055x + 26.005 (r2 = 0.8417). Four females carried juveniles/embryos (7, 9 and 9 juveniles/embryos, respectively) and two of these four females carried juveniles/embryos simultaneously with the eggs (9 and 28 juveniles/embryos − 31 and 1 eggs, respectively). The percentage of females carrying eggs was 30% and 33% during spring and winter, respectively.
The overall sex ratio (M/F) was 0.51. A chi-square test on a contingency table showed that the sex ratio varied significantly among samples (X2 = 21.985, df = 6,p < 0.001).
Females attained larger size than males (t = −16,702; df = 230, p < 0.001). Mean size and confidence intervals were 7.95 (7.68–8.22) mm and 5.23 (5.05–5.41) mm for females and males, respectively. The largest female was 11.46 mm while the largest male was 9.62 mm, which was an unusually large size (in fact, an outlier).
Samples from different sites presented significantly different mean female sizes (ANOVA, F = 3.599, p < 0.05), but male size was not significantly different depending on the sampling sites (ANOVA, F = 2.092, p > 0.05). Size was not different between spring and winter for females (t = −0.499; df = 43; p > 0.05) and males (t = −0.474; df = 17; p > 0.05).
Altogether, 236 individuals were checked for the presence of the parasites. No macro-parasites from the body cavities nor Microsporidia (no positive PCR reaction) were detected in any of the analyzed individuals.
	[image: thumbnail]	Fig. 2
Box and whiskers plots for number of eggs for each size class of Crangonyx pseudogracilis female body length.



5 Discussion
The present study reveals the invasion range and distinctive biological characteristics of the first amphipod invader detected in the Iberian Peninsula. We found out that recently installed populations are genetically similar to other European populations but with population structure similarities to North American native populations (Embody, 1911).
Genetic analyses show that the Portuguese populations of C. pseudogracilis share the same genetic background as other European populations. It is highly probable that the population in Portugal may be of European origin, as a further invasion step on the European continent. Bearing in mind the ability of C. pseudogracilis to cling to waterfowl (Rachalewski et al., 2013), the role of zoochory in the spread of this amphipod within Europe cannot be underestimated. However, it may not be excluded that it was introduced again from the same native area in the Louisiana, USA, that was the source for the previous introduction to Europe. Nevertheless, low parasite prevalence when compared with invasive populations in Europe, may support the hypothesis of independent introduction from the native range which in a consequence led to parasite release in Portugal. The introduction from a population without parasites from a native area seems more likely than from other European populations, which are predominantly characterized by very high parasite prevalence (Slothouber et al., 2010).
On the other hand, the lack of microsporidian parasites in Portuguese populations of C. pseudogracilis seems to be evidence for parasite release in this recent invasion process, if it was a case of a secondary introduction from other European country. Loss of natural enemies is one of the major hypothesis for the success of biological invasions (Torchin et al., 2003) and therefore we assume that the lack of virulent Microsporidia is favoring the ongoing invasion of the Iberian Peninsula. Slothouber et al. (2010) demonstrated that C. pseudogracilis underwent a post-invasion genetic bottleneck. However, they did not observe parasite loss in populations in France, UK, Belgium and Netherlands. The most abundant microsporidium species in those populations is the vertically transmitted Fibrillanosema crangonycis which can reach a prevalence up to 100% (Slothouber et al., 2010). Interestingly, within the north-American native range, F. crangonycis does not exceed a 10% prevalence, possibly because this microsporidium shows high level of pathogenesis (Slothouber et al., 2004). No studies were conducted to test the impact of this parasite on its host. By its mode of transmission it was suggested to enhance the spread of the host, but this parasite was also found in muscles (Slothouber et al., 2004), thus it may serve as pathogen affecting the host fitness. Other Microsporidia were rare, as they were recorded in singe individuals in single sites and they presence did not impact the host populations (Slothouber et al., 2004). So, in Portugal, the likely scenario for the absence of parasites may be a recent introduction of a small population of uninfected hosts directly from North America.
Similarly, histopathology (Bojko et al., 2013) and PCR-based (Arundell et al., 2015) studies of UK populations of the invasive amphipod Dikerogammarus villosus showed a distinct lack of pathogens and parasites when compared in invasive range across central (Etxabe et al., 2015) populations of D. villosus is suggestive of single-point introductions, rather than continual incursion events as previously observed throughout its continental invasive (Bojko et al., 2013). In contrast, Dikerogammarus haemobaphes, presents UK populations with high prevalence of parasites, such as the Microsporidia Dictyocoela berillonum and Cucumispora ornate (Bojko et al., 2015) or the Nematoda Hysterothylacium deardorffoverstreetorum (Etxabe et al., 2015). In this, case it is possible that the initial invasive population consisted of a small number of infected individuals and that the current infection prevalence represents a parasitic founder-effect (Etxabe et al., 2015). Despite, the potentially lower invasive performance of D. haemobaphes in comparison with D. villosus, the transmission of parasites to native amphipods by the latter species, via cross-taxa transmission, may pose a significant ecological impact, as observed in other European regions (Bacela-Spychalska et al., 2012).
The negative impacts known for introduced amphipods are related with replacing native amphipod species and community disturbance (Conlan, 1994; MacNeil et al., 1997). However, the impacts in Portuguese waters are still poorly studied. No native amphipod species were found in the locations during this study, nor in the literature regarding the corresponding sampling areas. Nevertheless, other crustaceans such as the invasive red swamp crayfish Procambarus clarkii (Girard, 1852) and the native river shrimp Atyaephyra desmarestii (Millet, 1831), were detected (Banha and Anastácio, 2011). Indeed, the lack of amphipod competitors in this region and the wide range of potential dispersal vectors could promote a rapid expansion in the Iberian Peninsula, since natural vectors, e.g. waterfowl (Rachalewski et al., 2013) and those related with human activities, such as sport fishing, are very frequent in the area (Banha and Anastácio, 2015). Range expansion may also be enhanced due to the high suitability of environmental conditions found in most river networks, especially in the south of the Iberian Peninsula and in lowlands. Crangonyx pseudogracilis seems to thrive best in marginal habitats, particularly shallow eutrophic waters (Dick et al., 1999), rich in macrophytes and/or roots (Grabowski et al., 2012). Generally, this species is associated to low water quality (polluted and low oxygen content) but it is also able to colonize areas of high water quality (MacNeil et al., 2000). Thus, it is possible that C. pseudogracilis will be able to invade nearby water bodies and poor-quality rivers which are very common in the study area. Lotic ecosystems with permanent and fast flow are frequent in highlands and in the north of the Iberian Peninsula, some of them being the habitat of native amphipods (Gama et al., 2017) and these could also be at risk of invasion. Echinogammarus meridionalis (Pinkster, 1973) is one example of an endemic Iberian amphipod potentially threatened by the arrival of C. pseudogracilis and it has populations in an adjacent river basin (Mondego). However, a short-term laboratory experiment with both species, studying food intake, molting and survival, suggests that direct effects of C. pseudogracilis on E. meridionalis may be scarce (Gama et al., 2017). Nevertheless, some community disturbance is expected in the invaded range, namely due to a variety of complex interspecific prey-predator interactions with native and invasive fish species (MacNeil et al., 1999). Altogether, no evidence for negative ecological or economic impact is currently known, but this species has high invasive potential, as assessed according to the Great Britain non-native organism risk assessment scheme (Dunn, 2013). The absence of parasites in Portuguese populations should minimize the risk of parasite transmission to native amphipods, however, this also increases the fitness of the host. Our preliminary results from C. pseudogracilis biology seems to reveal that warmer climate conditions in Portugal are beneficial for C. pseudogracilis reproduction and invasion. In the north of Europe, cold temperatures almost prevent reproduction during winter (Pinkster and Platvoet, 1983) and in the laboratory it was shown that the time needed to reach sexual maturity is also affected by temperature (80–106 days at 15 °C and 60–85 days at 25 °C) (Sutcliffe and Carrick, 1981). Crangonyx pseudogracilis is characterized by high fecundity while compared to local species (Zhang and Holsinger, 2003) and our results seem to be congruent with this statement. Our data suggest that the studied populations are well established and high temperatures of the Iberian Peninsula may be beneficial for female fecundity (mean number of eggs was 32.82 eggs) which is higher than in north-European populations (mean number of eggs 25.94) and the reproduction period does not have an intermission during the winter (percentage of females with eggs is 30 % in Portugal and less than 10 % in north-Europe) (Pinkster and Platvoet, 1983). An exception was observed in an UK population that also presented high fecundity (mean number of 34.3 eggs) and breeding period during the entire year (Hynes, 1955). These UK and Portuguese population features are shared with the native populations that appear to breed at all seasons and have also high fecundity (mean number eggs 45) (Embody, 1911). As previously found by Goedmakers (1981) for other freshwater amphipods, our results showed that fecundity increases with female size.
Concluding, we found a C. pseudogracilis' restricted invasion range, limited to a few south margin Tagus river tributaries in central Portugal. We cannot exclude that this may be the result of a recent invasion directly from the native area in the USA, since we found highly fertile populations, without parasites and the surrounding wetlands have both excellent environmental conditions for these species and abundance of potential dispersal vectors. Finally, we highlight the importance of studies for invasive amphipods in the Iberian Peninsula due to a virtual lack of studies of invasive amphipods presence, distribution and ecology (García-Berthou et al., 2007). This is a matter of high conservation concern in view of the potential for new endemic species discovery in the inland waters of the Iberian Peninsula.
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Box and whiskers plots for number of eggs for each size class of Crangonyx pseudogracilis female body length.
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