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Procambarus clarkii is a worldwide freshwater invasive crustacean from North America
and was first introduced into Europe the 1970s. Along with P clarkii, another invasive
alien species was also spreading: Aphanomyces astaci. This pathogen is listed among
the 100 World’s worst invasive species and involved in the European native crayfish
decline. Although both species live in freshwater ecosystems, P clarkii can withstand
brackish waters and inhabit estuarine habitats. However, the presence of A. astaci
associated to North American crayfishes has never been described in brackish waters.
In this study, we have investigated the presence of A. astaci in a P, clarkii population of a
Mediterranean coastal lagoon in the Albufera Natural Park, Valencia, Spain introduced in
1976. Our study confirmed the presence of this pathogen, and suggests that A. astaci
has been spreading for more than four decades in the mentioned estuarine environment.
Mitochondrial ribosomal rmnS and rnnL indicated that the isolated pathogen belongs
to di-haplotype (i.e., D-haplogroup) typically hosted by P clarkii. The presence of
this pathogen in a brackish environment may suggest a better adaptation than other
A. astaci strains to adverse conditions, such as high salinity levels. This is a matter of
concern for the conservation of European native freshwater crayfish and highlights once
more the risk of introducing invasive alien crustaceans.
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INTRODUCTION

Biological invasions represent one of the main threats to biodiversity. Some of the alien
species causing these invasions are now common throughout the world and are driving the
existing biodiversity toward homogenization (Piscart et al., 2011). Among the diverse ecosystems
affected by invasive alien species, freshwater ecosystems are particularly rapidly altered and
according to the European Union the impact of invaders accounts for billions of euros yearly
(Tollington et al., 2015).
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The success of freshwater invasive species seems to be due
to a combination of several traits, such as aggressive behavior,
higher metabolic, and growth rates, greater fecundity, omnivory,
and great tolerance to different pH and salinities (Firkins, 1993;
Tollington et al.,, 2015). In particular, freshwater crustaceans
represent some of the most successful aquatic alien invaders
(Héanfling et al, 2011). In European freshwater ecosystems,
these represent about 53% of all macroinvertebrate invasive
species, and almost half of the freshwater decapods in European
waters, ca 46%, are invasive species (Karatayev et al., 2009). Five
species of freshwater decapods of North American origin, i.e.,
the freshwater crayfish Faxonius limosus, F. virilis, Pacifastacus
leniusculus, Procambarus clarkii, and P. virginalis, are included
in a list of invasive alien species of the European Union concern
pursuant to Regulation (EUR-lex, 2016) because of the alarming
increasing impact to the flora and fauna of European ecosystems
(Simberloff and Rejmanek, 2011).

Specifically, the red swamp crayfish, P. clarkii, was introduced
into Europe in 1973 from Louisiana (see review by Alonso
et al., 2000) and was identified as a high-risk species (Gherardi
et al, 2011; Souty-Grosset et al, 2016; Oficialdegui et al.,
2019). The high ecological plasticity of this species allows
it to colonize most types of water bodies (Fidalgo et al,
2001; Scalici et al., 2010). Besides its omnivore condition, this
invasive species is a major predator of aquatic vertebrates (i.e.,
amphibians and fishes) and invertebrates, and is responsible for
the decline and local extinctions of many native species (Cruz
and Rebelo, 2005; Geiger et al., 2005; Rodriguez et al., 2005;
Casellato and Masiero, 2011). Since its introduction, P. clarkii
has negatively affected freshwater ecosystems (Gherardi et al.,
2011; Arce and Diéguez-Uribeondo, 2015), and native crayfish
species (Diéguez-Uribeondo et al., 1997; Rezinciuc et al., 2015;
Souty-Grosset et al.,, 2016; Martin-Torrijos et al., 2019). The
latter was due to the fact that P. clarkii is a chronic carrier
of the crayfish plague pathogen Aphanomyces astaci (Diéguez-
Uribeondo and Séderhill, 1993; Diéguez-Uribeondo et al., 1995;
Aquiloni et al., 2010; Rezinciuc et al., 2014; Martin-Torrijos
et al, 2019). This pathogenic oomycete is listed among the
100 World’s worst invasive species (Lowe et al., 2000) and
has provoked a rapid decline of native European freshwater
crayfishes due to a disease named crayfish plague (see review by
Rezinciuc et al., 2015).

This A. astaci carrier has colonized several coastal and
saline environments in Europe (Fidalgo et al., 2001; Scalici
et al., 2010; Sousa et al., 2013; Meineri et al., 2014) due
to its resilience. Scalici et al. (2010) demonstrated that a
P. clarkii population was capable of live and reproduce in
a brackish wetland in Italy, with salinity varying between
16,200 and 29,600 ppm. Procambarus clarkii’s ability consists
in regulating its metabolism (Casellato and Masiero, 2011)
and adapting it to saline environments by osmoregulating
the ions and compatible solutes in their hemolymph. This
adaptation has enabled this invasive species to live and
reproduce in diverse water salinities (Fidalgo et al., 2001; Scalici
et al,, 2010; Casellato and Masiero, 2011; Sousa et al., 2013;
Meineri et al., 2014; Bissattini et al., 2015; Vodovsky et al,
2017; Dorr et al, 2020). However, there are scarce studies

focusing on the tolerance, survival and dispersion in relation
to salinity conditions of the crayfish plague pathogen, that is
chronically carried in the cuticle of this invasive North American
crayfish species.

First studies on A. astaci physiological response and zoospore
production under different salt concentrations showed that high
mineral salt concentrations inhibited the growth and sporulation
(Unestam, 1969a,b). Moreover, Persson and Soderhill (1986) and
Rantamaki et al. (1992) suggested that A. astaci would barely
survive for long or spread under brackish water conditions.
However, investigations carried out in other Aphanomyces spp.
such as A. invadans (Kiryu et al., 2005), and other closely related
genera such as Phytophthora or Saprolegnia (Harrison and Jones,
1975; Padgett, 1984; Hearth and Padgett, 1990; Ali, 2009; Preuett
et al.,, 2016) suggested that some oomycetes might survive under
high salinity conditions and sporulate when salinity decreases.

So far, no studies regarding presence of A. astaci in their
native carriers, i.e., North American freshwater species, living
under adverse conditions of high salinity, have been performed in
nature. The naturalized population of P. clarkii from the shallow
Mediterranean coastal lagoon of the Albufera Natural Park of
Valencia, in the east coast of the Iberian Peninsula, represents
an ideal opportunity to investigate the survival of A. astaci in
its original host under saline conditions. This Natural Park is
listed in the Ramsar List of Wetlands of International Importance
(RAMSAR, 2020) and Natura 2000 site (EU, 2020), and during
the past decades have suffered from several anthropogenic
impacts, shaping the lake to a seriously deteriorated ecosystem
(Martin et al., 2020). The invasive P. clarkii was introduced there
in 1976 and since then, the decline of the native white clawed
crayfish populations, Austropotamobius pallipes, in Valencia has
been associated to the co-introduction of both P. clarkii and
A. astaci (Galindo et al., 2000; Martin-Torrijos et al., 2019).

The detection of crayfish plague pathogen and its genetic
diversity can currently accurately be performed in clinical
samples (Oidtmann et al, 2004, 2006; Vralstad et al., 2009;
Makkonen et al., 2018). Therefore, this work aims to detect
whether the introduced P. clarkii still carry this pathogen
in a Mediterranean brackish lagoon after four decades of its
introduction. This information is necessary to better understand
crayfish plague epidemiology and its survival in its chronically
infected carriers in different ecosystems.

MATERIALS AND METHODS

Crayfish Sampling and Environmental

Conditions

The lagoon of the Albufera Natural Park (Valencia) has the
surface area of 2,433 ha, and comprises brackish water (salinity
1,280-1,920 ppm). We used one baited funnel trap during 24 h
to collect a total of 40 individuals of P. clarkii in December 2018
from this Natural Park. The individuals collected were transferred
to aquaria in the Real Jardin Boténico (RJB-CSIC) facilities in
Madrid. To test the prevalence of the pathogen A. astaci in the
sampled P. clarkii, we maintained the aquaria at 17°C until the
crayfish molted.
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Molecular Analyses: Genomic Isolation,

PCR Amplification, and Sequencing

Molts were first kept in sterile distilled water for 3 days
and observed for the presence of melanization spots and
growing hyphae (Figure 1). If any growing hyphae were
detected, we preserved part of the sample in 96% ethanol for
further molecular analyses. Genomic DNA was isolated with
the EZN.A.® Insect DNA Kit (Omega Bio-Tek, Norcross,
Georgia, United States). We performed a single round of
PCR for the extracted DNA with the A. astaci diagnostic
primers 42 (Oidtmann et al., 2006) and 640 (Oidtmann et al.,
2004) (which amplify the ITSI and ITS2 surrounding the 5.8S
rDNA), according to the assay described by Oidtmann et al.
(2006). All samples which PCR products were sequenced and
matched with A. astaci (i.e., specific primers 42 and 640) were
further analyzed in order to describe their genetic diversity
(i.e., haplogroup and haplotype pathogen characterization). In
order to do it, we amplified mitochondrial ribosomal small
(rnnS) and large (rnnL) subunits as described in Makkonen
et al. (2018). For all PCR reactions, we used a positive
control (i.e., genomic DNA from a A. astaci SAP-Malaga5
pure culture; Makkonen et al., 2016) and a negative control
(distilled Milli-Q water). Amplified products were visualized
by electrophoresis in 1% agarose TAE gels stained with
0.5 wM SBYR1 Safe (Thermo Fisher Scientific, Waltham,

MA, United States). Both strands of amplified PCR products
(ITS, rnnS, and rnnl) were sequenced using an automated
sequencer (Applied Biosystems 3730xl DNA, Macrogen, The
Netherlands). Consensus sequences were assembled and edited
with Geneious Prime 2019.2.1.

RESULTS

Pathogen Characterization and

Molecular Analyses

Procambarus clarkii from Albufera Natural Park exhibited
characteristic melanized areas in the soft abdominal cuticle
and pereiopods. Microscopically, in these melanized
areas we observed hyphal growth and also sporangia of
A. astaci (Figure 1).

For a total of 40 analyzed crayfish, we obtained five positive
samples for A. astaci based on amplification of the nuclear
ribosomal ITS region (amplified by diagnostic primers 42 and 640
for A. astaci). These five sequences (GenBank accession numbers
MW332633-MW332637) were identical and showed a 99.82%
similarity to other A. astaci deposited in GenBank (e.g., sequence
FM999249 of the isolate SAP302). Moreover, the mitochondrial
rnnS and rnnL subunits belonged to the D-haplogroup, allowing
us to concatenate both regions to obtain the dl-haplotype

will eventually produce secondary zoopores, i.e., infective unit. Bar = 100 wm.

FIGURE 1 | An Aphanomyces astaci growing hypha and sporangium. The sporangium is formed from a hypha (h) growing from the cuticle of a Procambarus clarkii
specimen originated from Albufera Natural Park, Valencia. Primary zoospores (pz) move toward the hyphal tip to form a characteristic spore ball sporangium (s) that
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(GenBank accession number for rnnS MW174856-MW 174860
and for rnnL MW174851-MW174855).

DISCUSSION

The ability of P. clarkii to survive and reproduce in saline
environments have been widely reported (Fidalgo et al., 2001;
Scalici et al,, 2010; Casellato and Masiero, 2011; Sousa et al,,
2013; Meineri et al., 2014; Bissattini et al., 2015; Vodovsky et al.,
2017; Dorr et al., 2020). However, the tolerance of A. astaci to
grow in saline environments in its natural carriers, i.e., North
American crayfish, have never been investigated. Panteleit et al.
(2018) did not find A. astaci when tested its prevalence in nine
marine decapods from the Black Sea. However, in this study, we
report and describe for the first time the presence of the crayfish
plague pathogen in a P. clarkii population that lives in a saline
environment, a Mediterranean coastal lagoon of the Albufera
Natural Park. The presence of the crayfish plague within a similar
scenario, had only been reported in the Danube Delta and in the
narrow-clawed crayfish (Astacus leptodactylus) (Schrimpf et al.,
2012). Although these crayfish were in the vicinity of the river
mouth, they might represent a real threat if their A. astaci
strain could survive salinity concentrations, such as those of the
Albufera Natural Park.

Procambarus clarkii was introduced in the Albufera Natural
Park in 1976 (Galindo et al., 2000) and this population has
survived in this lagoon until today. Our results show the presence
of the pathogen A. astaci in this population, which corresponds to
the same genetic group, i.e., D-haplogroup, identified in founder
population of P. clarkii introduced in Spain in 1973 (Diéguez-
Uribeondo et al., 1995; Makkonen et al., 2018; Martin-Torrijos
et al., 2019). This lagoon is a changing environment with high
salinity, accumulations of sediments, hypertrophic status, and
intense daily oscillations in pH and dissolved oxygen (Martin
et al, 2020). Previous studies on physiological adaptations
of A. astaci isolates of the D-haplogroup showed that they
can grow and sporulate at warmer temperatures than other
genetic groups (Diéguez-Uribeondo et al., 1995). Physiological
characteristics of this D-haplogroup may indicate a better ability
to adapt to adverse conditions (e.g., higher temperatures, high
salinity levels or low dissolved oxygen concentrations). Although
brackish conditions are known to prevent A. astaci transmission
(Rantamaki et al., 1992), the salinity of the Albufera Natural Park
decreases during the months of May and September due to the
rainfall and rice field irrigations. This fact appears to allow the
dispersion of the pathogen by formation of the infection units
of the pathogen, i.e., the swimming zoospores that infect other
crayfish (Rantamiki et al., 1992). A similar effect was described
by Kiryu et al. (2005) for the survival and spread of A. invadans
in estuarine environments.

The resilience of both P. clarkii and A. astaci in saline
environments constitutes an additional difficulty to the
management of threatened populations of native European
freshwater crayfish, which are susceptible to the crayfish plague
pathogen, and, especially, to the native species of the Iberian
Peninsula, A. pallipes. Currently, only 25 populations of this

endangered native crayfish species remain in the Valencia
province in small isolated highland streams (Generalitat
Valenciana, 2019). Specimens of P. clarkii are continuously
translocated and can transport this disease to surrounding areas,
and potentially transmit it to certain decapods that might become
vectors for this pathogen (e.g., the Chinese mitten crab, Eriocheir
sinensis, or the semi-terrestrial Potamon potamios appear to be
capable of transmitting A. astaci to the European native crayfish;
Schrimpf et al, 2014; Svoboda et al., 2014). In the Albufera
Natural Park, P. clarkii coexists with the blue crab, Callinectes
sapidus that migrates into freshwater habitats during its live cycle
(Hines et al., 1987) and since we found that P. clarkii can carry
and transmit the crayfish plague pathogen, this dispersion could
be favored by this invasive crab.

Therefore, this work alerts to the authorities and decision
makers to rapidly develop and implement action plans to avoid
the translocation from the Albufera Natural Park of P. clarkii
and other potential carriers of A. astaci such as C. sapidus.
Thus, future studies on salinity tolerance should be designed in
order to determine the physiological adaptations of the different
A. astaci genetic groups, highlighting brackish environments as
favorable habitats for the maintenance of A. astaci. Moreover,
transmission experiments in saline environments should be
performed in order to get future insights about the biological
characteristics of this pathogen and its possible transmission
to other crustaceans. Furthermore, considering the current
distribution of P. clarkii introductions and their negative impacts
in non-European freshwater ecosystems (specifically for non-
North American crayfish), these findings should be of worldwide
aware and concern.
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