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Summary

Biological invasions are considered one of the major threats to conservation because of the
great ecological effects such as habitat degradation and loss of native biodiversity. It has been
estimated that this deterioration is much more intense in freshwater habitats, where a global
decline of biodiversity is observed.

The zebra mussel (Dreissena polymorpha Pallas, 1771) and the Asian clam (Corbicula fluminea
Miuiller, 1774) are considered two of the worst invasive aquatic species worldwide. The zebra
mussel is native to the Ponto-Caspian region, while the Asian clam is considered native to Asia,
Middle East, Australia and Africa. In the last decades the two species have successfully
expanded worldwide, and they have caused major ecological and economic impacts on aquatic
ecosystems. Both species are present in the Iberian Peninsula since several years. The zebra
mussel was first detected in the middle reaches of the Ebro River in 2001. Since then this
species has expanded across the Ebro River basin as well as other adjacent basins of the
Northeast of the Iberian Peninsula. The Asian clam was first recorded in 1980 in the mouth of
the Tajo River. While the range distribution of the zebra mussel is found mainly in the
Northeast of the Iberian Peninsula, the Asian clam is much more widespread and can be found
in all major Iberian basins. However, introduction history and colonization routes of these two
invasive species in the Iberian Peninsula remain mainly unknown.

In this thesis, we have focused on understanding the possible sources of invasion of the two
species, and how they have colonized and have expanded across the Iberian basins, using
molecular and population genetics techniques. In this respect, we have been developed first
new molecular markers to increase the number of genetic markers in the two species. We
have focused on optimizing new sets of microsatellites using bioinformatic analysis of the
results obtained by massive genome sequencing. Additionally, we use the information
generated by the massive sequencing to identify and validate new SNPs markers.

Second, after selecting the best molecular markers described in each of the two species, we
characterized the genetic structure of the Iberian populations to infer their possible invasion
routes. Our results show that the invasion of the zebra mussel in the Iberian Peninsula is
explained by a unique and recent invasion episode. Since its introduction in the middle reaches
of the Ebro River, this species has spread throughout the Ebro basin, and other rivers, using a
continuous expansion model. Our results also show how the zebra mussel invasion in the
Iberian Peninsula may be a different episode from the rest of the European invasion, and
therefore contradict previous studies that placed the origin populations in France.

Regarding the Asian clam, our results suggest that there have been at least two colonization
episodes in the Iberian Peninsula. The first covers almost the entire range distribution in the
Peninsula, while the origin of the second episode is more limited to the lower Ebro River in the
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east of the Peninsula, posteriorly expanding upstream throughout the basin. The two
colonization episodes converge on the middle reaches of the Ebro River, from where Asian
clam populations present in adjacent basins seem to have come.

Finally, we have developed and optimized a genetic method based on environmental DNA and
Real Time PCR, to detect larvae of dreissenids in water samples.
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Resumen

Las invasiones bioldgicas son consideradas una de las principales amenazas para la
conservacién debido a los grandes efectos ecoldgicos que provocan tales como la degradacion
del habitat y la pérdida de la biodiversidad autéctona. Se ha estimado que este deterioro es
mucho mas intenso en aguas dulces, en las que se observa un decline global de su
biodiversidad.

El mejilldn cebra (Dreissena polymorpha Pallas, 1771) y la almeja asidtica (Corbicula fluminea
Miiller, 1774) estan consideradas dos de las peores especies acudticas invasoras en todo el
mundo. El mejillén cebra es originario de la regién de los mares Negro, Azov y Caspio, mientras
que la almeja asiatica se considera nativa de Asia, Oriente Medio, Australia y Africa. En las
ultimas décadas las dos especies se han expandido con éxito en todo el mundo, y han causado
grandes impactos a nivel ecoldgico y econédmico en ecosistemas acudticos. Ambas estan
presentes en la Peninsula Ibérica desde hace afos. El mejilldn cebra fue detectado por primera
vez en la parte baja del rio Ebro en el embalse de Ribarroja en 2001. Desde entonces esta
especie se ha expandido por toda la cuenca del rio Ebro asi como también en otras cuencas
adyacentes del noreste de la Peninsula Ibérica. La almeja asidtica fue detectada por primera
vez en 1980 en la desembocadura del rio Tajo. Mientras el rango de distribucién del mejillén
cebra se encuentra principalmente en el noreste de la Peninsula Ibérica, la almeja asiatica estd
mucho mds extendida y puede encontrarse en todas las principales cuencas ibéricas. Sin
embargo, no se conocen de manera cierta ni la historia de su invasion ni las rutas de
colonizacion de las dos especies en la Peninsula Ibérica.

En esta tesis, nos hemos enfocado en entender las posibles fuentes de invasién de las dos
especies, y como han colonizado y se han expandido a través de las cuencas ibéricas, utilizando
técnicas de genética molecular y de poblaciones. En este sentido, se han desarrollado en
primer lugar nuevos marcadores moleculares para incrementar el ndmero de marcadores
genéticos disponibles en las dos especies. Nos hemos centrado en optimizar nuevos juegos de
microsatélites a partir del analisis bioinformatico de los resultados obtenidos de Ia
secuenciacion masiva del genoma. Adicionalmente, usamos la informacién generada por la
secuenciacién masiva para detectar y validar nuevos marcadores SNPs.

En segundo lugar, después de seleccionar los mejores marcadores moleculares descritos en
cada una de las dos especies, se ha caracterizado la estructura genética de las poblaciones
ibéricas para inferir sus posibles rutas de invasion. Nuestros resultados muestran que la
invasion del mejillon cebra en la Peninsula Ibérica se explica con un episodio de invasidn Unico
y reciente. Desde su introduccidn en la parte media del rio Ebro, esta especie se ha expandido
por toda la cuenca, ademas de otros rios, utilizando un modelo continuo de expansién.
Nuestros resultados también muestran como la invasidon del mejillon cebra en la Peninsula
Ibérica podria constituir un episodio de invasién diferente al resto de Europa, y por lo tanto
contradicen estudios previos que situaban el origen a partir de poblaciones de Francia.
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Respecto a la almeja asiatica, nuestros resultados sugieren que ha habido al menos dos
episodios de colonizacién en la Peninsula Ibérica. El primero engloba casi todo el rango de
distribucidn de la almeja en la Peninsula, mientras que el origen del segundo episodio se
encuentra mas limitado al este de la Peninsula en la parte baja del rio Ebro, desde donde se ha
expandido rio arriba por toda la cuenca. Los dos episodios de colonizacidon convergen en el
tramo medio del rio Ebro, desde donde parece que han surgido las poblaciones de almeja
asiatica presentes en cuencas adyacentes.

Finalmente, se ha desarrollado y optimizado un método genético, basado en DNA ambiental y
Real Time PCR que permite la deteccion de larvas de especies de dreissenidos en masas de
agua.
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Resum

Les invasions biologiques sén considerades una de les principals amenaces per a la conservacio
a causa dels grans efectes ecologics que provoquen, com ara la degradacié de I'habitat i la
pérdua de la biodiversitat autoctona. S’ha estat estimat que aquest deteriorament és molt més
intens en aiglies dolces, en les quals s'observa un declini global de la seva biodiversitat.

El musclo zebrat (Dreissena polymorpha Pallas, 1771) i la cloissa asiatica (Corbicula fluminea
Miuiller, 1774) estan considerades dues de les pitjors especies aquatiques invasores a tot el
mon. El musclo zebrat és originari de la regié dels mars Negre, Azov i Caspi, mentre que la
cloissa asiatica es considera nativa d'Asia, I'Orient Mitja, Australia i Africa. En les Ultimes
decades les dues espécies s'han expandit amb éxit arreu del mdn, i han causat grans impactes
a nivell ecologic i economic en ecosistemes aquatics. Totes dues sén presents a la Peninsula
Ibérica des de fa anys. El musclo zebrat va ser detectat per primera vegada a la part baixa del
riu Ebre a I'embassament de Riba-roja I'any 2001. Des de llavors aquesta espécie s'ha expandit
per tota la conca del riu Ebre aixi com també en altres conques adjacents del nord-est de la
Peninsula Ibérica. La cloissa asiatica va ser detectada per primera vegada el 1980 a la
desembocadura del riu Tajo. Mentre el rang de distribucié del musclo zebrat es troba
principalment al nord-est de la Peninsula Ibérica, la cloissa asiatica esta molt més escampada i
pot trobar-se en totes les principals conques ibériques. No obstant aix0, no es coneixen de
manera certa ni la historia de la seva invasié ni les rutes de colonitzacié de cap de les dues a la
Peninsula Ibérica.

En aquesta tesi, ens hem enfocat a entendre les possibles fonts d’invasié de totes dues
espécies, i com han colonitzat i s'han expandit a través de les conques ibériques, fent servir
tecniques de genética molecular i de poblacions. En aquest sentit, s’han desenvolupat en
primer lloc nous marcadors moleculars per incrementar el nombre de marcadors genetics
disponibles. Ens hem centrat en optimitzar un nou joc de microsatél-lits a partir de I'analisi
bioinformatica dels resultats obtinguts de la seqilenciaci6 massiva del genoma.
Addicionalment, vam fer servir la informacié generada per la seqlienciacié massiva per
detectar i validar nous marcadors SNPs.

En segon lloc, després de seleccionar els millors marcadors moleculars descrits a cadascuna de
les dues especies, s’ha caracteritzat |'estructura geneética de les poblacions iberiques per inferir
les possibles rutes de invasid. Els nostres resultats mostren que la invasié del musclo zebrat a
la Peninsula Ibérica s’explica amb un episodi d'invasié Unic i recent. Des de la seva introduccio
a la part mitjana del riu Ebre, aquesta espécie s'ha expandit per tota la conca, a més d'altres
rius, fent servir un model continu d'expansié. Els nostres resultats també mostren com la
invasié del musclo zebrat a la Peninsula Ibérica podria constituir un episodi d'invasié diferent a
la resta d'Europa, i per tant contradiuen estudis previs que situaven l|'origen a partir de
poblacions de Franga.
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Respecte a la cloissa asiatica, els nostres resultats suggereixen que hi ha hagut almenys dos
episodis de colonitzacid a la Peninsula Ibérica. El primer engloba gairebé tot el rang de
distribucié de la cloissa a la Peninsula, mentre que I'origen del segon episodi es troba més
limitat a I'est de la Peninsula a la part baixa del riu Ebre, des d'on s'ha expandit riu amunt per
tota la conca . Els dos episodis de colonitzacié convergeixen en el tram mitja del riu Ebre, des
d'on sembla que han sorgit les poblacions de cloissa asiatica presents en conques adjacents.

Finalment, s’ha desenvolupat i optimitzat un metode genétic, basat en DNA ambiental i en
Real Time PCR que permet la deteccio de larves d'especies de dreissenids en masses d'aigua.
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SCIENTIFIC BACKGROUND

1. SCIENTIFIC BACKGROUND
1.1. Invasive species
An invasive species is defined as a non-native species whose introduction into new areas

causes environmental and/or economic harms (adapted from
https://www.invasivespeciesinfo.gov/whatis.shtml). Invasions are considered a main threat for

conservation because their large ecological effects such as habitat degradation, decreased
diversity and high economic impacts on the ecologic communities they invade (Sakai et al.
2001). Introduction of a species in a non-native area usually occurs because of anthropogenic
factors rather than by natural events (Cristescu 2015). Furthermore, these impacts have been
estimated to be greater in freshwater habitats, which are already suffering a global decline in
biodiversity (reviewed in Vaughn and Hakenkamp 2001). Introduction of aquatic organisms
away of their native ranges has occurred intentionally or unintentionally over the last centuries
for connecting river basins and associated passive transport (Bij de Vaate et al. 2002).

1.1.1. Stages of successful biological invasions

Interestingly, not all of the nonindigenous species arriving to a new ecosystem become
successful invaders. In fact, approximately only 10 % (in a range between 5 to 20 %) of the
migrant species are able to develop populations dense enough to persist in the new habitat
(Bij de Vaate et al. 2002). In general, biological invasions occur as a combination of different
steps following transport of individuals from occupied areas (either native or already invaded)
into a new location. These invasion processes include three main stages: (1) introduction, (2)
establishment, and (3) secondary spread of the invasive species in the new habitat (Sakai et al.
2001; Allendorf and Lundquist 2003). Each stage of the invasive process is associated with
different “competition” traits that may act as the key point for survival, and thus they are
extremely relevant in sustaining the final invasion (Blackburn et al. 2015).

Specifically, the first stage is an initial introduction of the invasive organism. This introduction
is usually carried out by intentionally or unintentionally transport of individuals. It is clear that
the larger number of transported individuals, the higher probability of invasion success
(Blackburn et al. 2015). The second stage requires a successful establishment of a self-
sustaining population (Sakai et al. 2001). This is more likely to become successful if the new
habitat has conditions similar to those of the native one (Suarez and Tsutsui 2008). Populations
originated from a small number of individuals may suffer from reduced genetic diversity,
genetic drift, and bottlenecks; all of which could cause declines in their adaptation to the new
habitat (Sakai et al. 2001; Blackburn et al. 2015). Then, the number of transported individuals
also influences this step. Finally, the last stage of successful invasions includes distribution
within the new range, usually by gradual short-distance dispersal by passive diffusion, but by
long dispersal jumps, often derived from human transport, as well (Blackburn et al. 2015). This
stage will exhibit exponential population growth, sometimes to densities higher than those in
its native range (Bij de Vaate et al. 2002).
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In conclusion, several factors are needed to be accomplished for a successful colonization in a
new environment (Sakai et al. 2001; Allendorf and Lundquist 2003). In general, the most
important are: (1) the species capacity to be transported over large distances (Suarez and
Tsutsui 2008), and (2) climate similarity between native and non-native habitats (Karatayev et
al. 2007). In this sense, the increase of worldwide transportation together with the climate
change is contributing to the easy transport and settlement of putative invasive species
(Vaughn and Hakenkamp 2001; Sousa et al. 2014).

1.1.2. Zebra mussel and Asian clam species description

Two clear examples of successful invasive species are the zebra mussel (Dreissena polymorpha
Pallas, 1771) and the Asian clam (Corbicula fluminea Miller, 1774). The zebra mussel and the
Asian clam belong to the Subclass Heterodonta, Order Veneroidea. Specifically, the zebra
mussel is within the Superfamily Dreissenoidea and Family Dreissenidae, whereas Asian clam
belongs to the Superfamily Cyrenoidea and Family Cyrenidae.

The zebra mussel is native of the Ponto-Caspian region, including the Black, Caspian and Azov
Seas, and the lower section of Danube River (Albrecht et al. 2007). On the other hand, the
Asian clam is considered native of Asia, the Middle East, Australia and Africa (McMahon 1982).

1.1.2.1. Life cycle characteristics

The zebra mussel and the Asian clam possess the ability to colonize a vast range of habitats
because of their high genetic variability and phenotypic plasticity (Figure 1.1), high tolerance to
different conditions, short generation times, rapid growth, sexual maturity at early ages, and
high fecundity (Sousa et al. 2014). In addition to these traits, their nonspecific food preference
and the benefits of gregarious behavior (Karatayev et al. 2005) -with colonies of 150,000
individuals/m? for the zebra mussel (Astanei et al. 2005), and up to 2,000 individuals/m? for
the Asian clam (Sousa et al. 2008)- may contribute to settlement of new large colonies.

Both species have the capacity of sexual reproduction with early sexual maturity and high
fecundity rate, releasing offspring numbers of up to 1 million eggs per female/season in the
case of the zebra mussel (Astanei et al. 2005). However, in the invaded areas the Asian clam
reproduces exclusively by androgenesis (Pigneur et al. 2012). Androgenesis is a type of asexual
reproduction consisting in the fecundation of one oocyte by an immature sperm with the
subsequent elimination of the nuclear maternal DNA, and thus producing an offspring with a
nuclear genome identical to the genome of the male progenitor (Pigneur et al. 2012). As a
consequence, a single individual can release up to 90,000 offspring clones genetically identical
to the parental progenitor (Pigneur et al. 2014a).

1.1.2.2. Invasiveness potential
These two species have several life history-traits useful during the different stages of a

successful invasion (described in the section 1.1.1). Large numbers of individuals of zebra
mussels and Asian clams can be easily carried along by human transport activities, allowing the
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opportunistic transfer of these invasive bivalves (Sousa et al. 2014). Larvae of both species
resist transport in ballast waters, which may explain their expansion throughout North
American and European continents (Karatayev et al. 2007; Brown and Stepien 2010, Pigneur et
al. 2014a). In addition, adult individuals can be passively transported by commercial and
recreational ships, attached to the hulls in case of zebra mussels (Johnson and Carlton 1996) or
by commercial traffic as food resource in case of Asian clams (Karatayev et al. 2007). This
clearly accomplishes the requirements of the initial introduction step.

The second successful stablishment step is conditioned by intrinsic biological factors such as
lag time (period between this initial colonization and an exponential growth in the following
stage) and morphologic plasticity (capacity of generating adaptive phenotypes in a new area)
(Suarez and Tsutsui 2008; Stapley et al. 2015). In this sense, both zebra mussel and Asian clam
have shorter lag times than other competing bivalve species (Karatayev et al. 2015) and high
plasticity levels (Pigneur et al. 2014a; Pigneur et al. 2014b).

In addition, both species have the capacity of release large numbers of offspring (Astanei et al.
2005; Sousa et al. 2008), this being a crucial feature for the last invasion step with secondary
expansions in the new area (Karatayev et al. 2005). Then, once first introduction is already
stablished, secondary introductions do not necessarily experience the same first “competition”
traits for survival, and individuals just interact with the large number of individuals already
established for increasing secondary spread in the new range (Blackburn et al. 2015).
Moreover, the large number of relocated individuals plus the numerous offspring may help
retaining high levels of genetic diversity, thus avoiding bottlenecks (Sakai et al. 2001).
Populations with higher genetic diversity may present more capacity of adaptation to new
conditions and higher adabtiblity to new area (Sakai et al. 2001), although other traits may be
relevant as well. However, adaptative success depends on several traits, and the association
between genetic diversity levels and adaptation capacity to new conditions is not completely
correlated (Roman and Darling 2007).

1.1.2.3. Invasive range

Although both species can be sympatric in the invaded areas, their distribution ranges usually
differ. One of the major factors affecting bivalves’ distribution and abundance is the availability
of a suitable substrate, and the two species differ in habitat tolerance and preference
(Karatayev et al. 2005). Thus, while zebra mussels grow in high densities in lakes and reservoirs
because they need to attach to hard surfaces, Asian clams usually dominate rivers and small
streams because they bury themselves in the sand or other soft substrates. Minimum
temperature for growth and development is similar (10—11°C), but zebra mussel presents
smaller tolerance limits (2-33 °C) than Asian clam (0-37 °C). In this same sense, salinity
tolerance and pH tolerances are higher in the Asian clam (salinity concentration = 10-17 %;
low pH tolerance = 5.6) than in zebra mussel (salinity concentration = 4-6.2 %o; low pH
tolerance = 7.4). Accordingly, zebra mussel range distribution remains more limited than Asian
clam (Karatayev et al. 2007). For instance, based on the US Geological Survey official North
American website for invasive species monitoring (http://nas.er.usgs.gov/), zebra mussel

distribution is mainly situated in the East North America, and zebra mussels have not been
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detected in open waters of the West. In contrast, Asian clam individuals are well distributed
across the entire North American continent. In Europe, the Delivering Alien Invasive Species In
Europe (DAISIE) project developed by the official European Commission for invasive species
monitoring (http://www.europe-aliens.org/) situates the Asian clam distribution reaching a

more southern distribution range than the zebra mussel.
1.1.3. Ecological Impacts

Bivalves produce the majority of the successful invasions found in freshwater ecosystems
(Howard and Cuffey 2006; Lopes-Lima et al. 2014). They can remove large amounts of
phytoplankton, bacteria and particulate organic matter from the water column, which they
transfer to the substrate. This would mean that subsequently inorganic and organic
component of the sediment increases, and the structure of the benthic community becomes
affected (Vaughn and Hakenkamp 2001; Karatayev et al. 2007). Because of this, some authors
consider bivalves as ecosystem engineers (Karatayev et al. 2005; Sousa et al. 2014), and when
invading, they are responsible for a wide range of environmental changes, affecting from
individuals to ecosystems (Sousa et al. 2014). These impacts change from hydrology and
biogeochemical cycling to biotic interactions through several mechanisms. Therefore, the main
ecological impacts produced by the zebra mussel and the Asian clam are consequence of the
biofilter activity of their massive colonies producing a significant disequilibrium (Hakenkamp et
al. 2001; Sousa et al. 2008; Lucy et al. 2012). Specifically, the reduction in plankton and thus
photosynthesis induce changes in water clarity and oxygen availability in the benthos
(Malmqvist 2002; Howard and Cuffey 2006). Moreover, benthic algal abundance becomes
enhanced and the submerged vegetation increases (Spooner and Vaughn 2006).

At the level of animal communities, competition for habitat and food can lead to replacement
of autochthonous bivalve species during invasion (Sakai et al. 2001; Allendorf and Lundquist
2003). Native unionids, chironomid and sphaeriid population densities are negatively affected
by zebra mussel invasion (Descy et al. 2003). This decrease may depend on invasive species
colony density, time since invasion, and type of bottom sediments (Karatayev et al. 2007).
Previous studies have observed that severe unionid mortality (>90%) occurs when zebra
mussel density and mean infestation intensity reach 6,000 individuals/m?® and the proportion
outcomes 100 dreissenids/unionid (Ricciardi et al. 1995; Strayer and Malcom 2007).

Finally, dense populations of invasive bivalve species can also alter predatory behavior of
native fish and birds (Strayer et al. 2004), which may alter their dietary intake to include these
new species. However, no evidence of any long-term decline in invasive populations has been
observed, even in punctual situations of 90% depletion by predation (Karatayev et al. 2005;
Sousa et al. 2014), with a quick reestablishment of invasive populations. Paradoxically,
consumptions of larvae of Asian clam and zebra mussel by fishes and birds may facilitate their
spread as they can survive gut passage (Galtin et al. 2013).
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Figure 1.1. Pictures of zebra mussel (A-G) and Asian clam (H-M) adult individuals. A: Trasimeno Lake,
Umbria, Italy; B: Rhéne River, Lyon, France; C: Ebro River, Burgos, Spain; D: Danube River, Moldavia,
Romania; E: Lugano Lake, Lombardy, Italy; F: Llobregat River, Barcelona, Spain; G: Ebro River, Tarragona,
Spain; H: Ter River, Girona, Spain; I: Guadiana River, Huelva, Spain; J: Ebro River, Zaragoza, Spain; K:
Mifio River, Pontevedra, Spain; L: Mero River, A Corufia, Spain; M: Rhéne River, Lyon, France.



Pefarrubia, L. Genetic characterization of the Iberian zebra mussel and Asian clam populations

1.1.4. Economic impacts

The ability of zebra mussels to attach to solid substrates, creating layers of shelves, may end
up collapsing artificial waterways. Nuclear and hydroelectric power stations are the most
harmed facilities by fouling of pipes, but they can also harm ship hulls, aquaculture cages, or
other navigational structures (Oscoz et al. 2010). Conversely, the economic effects of Asian
clams mostly come from macrofouling of water conduction systems in fossil-fueled or nuclear
power stations, and enhancement of sedimentation rates in irrigation channels (Lucy et al.
2012). Overall, up to S2 billion are spent every year in the USA for control, replacement, and
repair water structures (Pimentel et al. 2005). In the Iberian Peninsula during the 2005-2009
time period, the cost derived from zebra mussel invasion has been estimated in €11.5 million,
including operation problems in affected facilities, cleaning, and control treatments (Duran et
al. 2012).

1.2. Invasion of the Iberian Peninsula
1.2.1. Distribution

The zebra mussel was first reported in the lIberian Peninsula in the low reaches of the Ebro
River, in the Ribarroja Reservoir in 2001 (Ruiz-Altaba et al. 2001). The relatively late Iberian
invasion contrasts with the detection timing in other Western European habitats. For instance,
first detection in UK and France were in 1824 and 1826, respectively (revised in Strayer and
Smith 1993). This late invasion of zebra mussel in the Iberian Peninsula can probably be
attributed to the Pyrenees acting as a barrier (Rajagopal et al. 2009; Bij de Vaate et al. 2013).
The origin of the Iberian invasion is supposed to be occurred through adults or larvae carried
along by sport fishing boats or by fish transport trailers proceeding from France (Rajagopal et
al. 2009). Since then, this species has expanded across all Ebro River basin (Durdn and Anaddn
2008; Oscoz et al. 2010), to also adjacent basins in the Northeast of the Iberian Peninsula, such
as Mijares River, 105 km south of Ebro River (Navarro et al. 2013); and Llobregat River, 215 km
north of Ebro River (ACA 2015). Recently (2009-2011 period), zebra mussels have also been
detected in the Guadalquivir River in the South of the Iberian Peninsula (Figure 1.2A).

The first detection of the Asian clam in the Iberian Peninsula was documented in 1980 in the
Tajo River estuary (Mouthon 1981). Since then, this species has been continuously spreading.
While the zebra mussel is restricted to the Northeast of the Iberian Peninsula, the Asian clam
distribution has a wider extension being found in all main river ecosystems (Figure 1.2B). These
range distribution differences between both species could be explained by their invasion
history. Since the Asian clam was firstly recorded 30 years before of first citation of zebra
mussel had more time to spread along the Iberian basins. In addition, because of Asian clam
larvae have the capacity of crawling away (rather than float in plankton) in its first life stages, it
can easily avoid the obligated unidirectionally downstream spread following the river flow
(Karatayev et al. 2005) and thus have the capacity of spreading also upstream.
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Figure 1.2. Invasion history in the Iberian Peninsula. A: Zebra mussel. B: Asian clam. See Additional
Table 7.2.1. and Additional Table 7.2.2. for location numbers. Temporality of the invasions is
represented from dark (older) to light (newer) red. First detection in the Iberian Peninsula for each

species is indicated in black.
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1.2.2. Control and management

Understanding the invasion history of the zebra mussel and the Asian clam in the Iberian
Peninsula could be essential for environmental management and conservation. Up to seven
species of native freshwater bivalve, belonging three major families (Sphaeriidae, Unionidae,
and Margaritiferidae), are present in the lberian Peninsula, and all of them are being
negatively affected by zebra mussel and Asian clam presence (Araujo 2004; Oscoz et al. 2006).
Due to the fact that eradication of invasive bivalve is extremely difficult once populations are
established (Sousa et al. 2014), the implementation of control and management plans focused
on detecting initial infestation stages is crucial to avoid a full establishment of the invasive
species (Lucy 2006; Duran et al. 2010) and contain further expansions (Ricciardi 2003).

In this sense, the relatively late invasion of the zebra mussel in the lberian Peninsula has
allowed developing governmental plans of control and monitoring strategies to prevent large-
scale expansion. The National Strategy for the Control of Zebra Mussel in Spain (MMARM
2007) started in 2007 and focused on avoiding initial establishment of new populations based
on a quick detection. The main objectives of the government are to prevent the spread of
zebra mussels into uncontaminated bodies of water, as well as finding out more about the
biology and behavior of the species in order to design control measures as effective as possible
(Durdn et al. 2010). To that end, the National Strategy included integrated ecological and cost-
effective management plan involving information and awareness campaigns, strategies of the
construction of disinfection stations, closing uncontrolled accesses, and research on the
species and its interaction with the environment in affected and in unaffected areas (Durdan et
al. 2010).

Because of zebra mussel distribution mainly remains in the Northeast of the Iberian Peninsula,
governmental organisms such as the Ebro Hydrographic Confederation (CHE) of the
Agriculture, Food and Environment Ministry of Spain, and the Catalan Water Agency (ACA) of
the Agriculture, Fisheries, Food and Environment Department of the Autonomous Community
of Catalonia, monitorize the Ebro River and the rest of the Catalan basins (ACA 2015; CHE
2015), by conducting annual campaigns of larval and adult zebra mussels detection (ACA 2015;
CHE 2015). Current monitoring plans involve adult individual detection by direct visual
diagnostics and veliger larvae detection in filtered water volumes through microscopic
methods (Lucy 2006).

By contrast, Asian clam remains as a secondary priority in Spain’s plans against invasive
species, probably because the higher visual impacts produced by the zebra mussel mask the
economic impacts produced by Asian clams. Although some governmental organisms have
monitoring plans for adult detection and they gather data about the expansion into the Iberian
Peninsula, no particular actions are taken to diminish densities and/or protect newly infected
waterbodies. Fortunately, strategies carried out to control the zebra mussel spread
concurrently prevent extensive spreading of the Asian clam, because as described before the
dissemination of larvae by anthropogenic factor is the main spreading mechanism and is
shared by both species (Karatayev et al. 2007).
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As we have seen, spread mechanisms of zebra mussel and Asian clam include the transport of
juvenile states (Karatayev et al. 2007; Brown and Stepien 2010, Pigneur et al. 2014a), and thus
early monitoring and detection of larvae may be crucial to prevent new establishments. For
this reason, governmental ACA and CHE organisms also include in their prevention efforts
water bodies where zebra mussel is not already present (ACA 2015; CHE 2015), and they
specifically focus on larvae detection (Figure 1.3). However, as the current methodologies are
based on microscopically visual detection (Lucy 2006), false positives are common due to the
morphological similarity of zebra mussel larvae with other organisms (Baldwin et al. 1996). In
addition, these protocols present limitations to detect larvae at low concentrations. Improved
molecular protocols could generate more accurate larvae quantification results and,
subsequently, detect water bodies with real potential risk of invasion.

FILTERED-WATER SAMPLES COLLECTION
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Figure 1.3. Workflow of the protocol used by the official Spanish governmental agencies for the
detection and quantification of zebra mussel larvae in water samples.
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1.3. Genetics of invasive species

Conservation genetics is an interdisciplinary science that aims to apply genetic methods to the
conservation and restoration of biodiversity (adapted from Avise 1994). Researchers involved
in conservation genetics come from a variety of fields including population genetics, molecular
ecology, biology, evolutionary biology, and systematics of endangered or invasive species.
Specifically, genetic studies in invasive species may aim to (1) describe the origin and the
temporal and spatial patterns of invasion trough the description of the distribution of the
genetic variation (Sakai et al. 2001; Allendorf and Lundquist 2003), (2) improve identification,
management, prevention and restoration strategies through the understanding of the
population dynamics during the process of invasion (Roux and Wieczorek 2008; Handley et al.
2011), and (3) study key evolutionary processes at unusual timescales if enough markers or
functionaly mutations are assessed (Colautti and Lau 2015; Lau and Terhorst 2015). In this
sense, assessment of genetic diversity may predict the population’s capacity to adapt to new
or changing environmental conditions (Romiguier et al. 2014). For instance, invasive species
usually present a loss of genetic diversity because of bottlenecks and founder effects, and this
loss becomes higher when introductions derived from single episodes and the number of
introduced individuals is low (Sakai et al. 2001). However, multiple introductions can often be
critical to be successful establishment and spread of introduced species, as they may be
important sources of genetic variation necessary for adaptation in new environments
(Dlugosch and Parker 2008; Suarez and Tsutsui 2008).

1.3.1. Population genetics analyses

Population genetics includes several methodologies to compute genetic diversity statistics and
to reconstruct the past demography of a set of populations using allele frequencies
distribution among populations (Excoffier and Heckel 2006). We could summarize these
approaches in two main types: (1) descriptive genetics for the assessment of genetic variability
among individuals, and (2) population structure characterization for analyzing the genetic
relationships among populations.

1.3.1.1. Descriptive genetics

Assessment of population genetic diversity parameters is estimated from allele frequencies
analyses. It includes concordance with Hardy-Weinberg Equilibrium (HWE) expectations,
Linkage Disequilibrium (LD) between pairs of loci, heterozygosity degree, number of alleles or
number of polymorphic loci, allelic richness (number of alleles standardized to the smallest
sample size in the study) and private alleles detection for any location (Excoffier and Heckel
2006). In addition, recent genetic bottlenecks can be detected from allele frequency data sets
by testing for reduced allele number and excess of heterozygosity compared to that expected
for an equilibrium population (Cristescu 2015). The knowledge of these parameters allows to
infer the genetic diversity level in each location, and also to compare different locations.
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1.3.1.2. Population structure inference

Inter-population genetic diversity analyses involve comparisons among populations for
inferring genetic structure using estimates of F-statistics and genetic distances. Phylogenetic
trees of populations can be constructed based on genetic-distance measures and parsimony
networks. These phylogenies are used to infer genetic relationships among native and
introduced populations and to investigate patterns of range expansions (Cristescu 2015).

In addition, specialized genetic approaches such as assignment tests allow studying patterns of
colonization events (Excoffier and Heckel 2006). These assighment tests are based on
clustering genotypes into groups, and involve (1) allocating individuals to previously defined
populations and comparing the observed allele frequencies, or (2) allocating them to virtual
populations with estimated allele frequencies based on bayesian frameworks (Handley et al.
2011). This information allows inferring the genetic structure among a set of populations and,
in consequence, estimating colonization routes.

1.3.2. Molecular markers

Molecular markers are DNA fragments that can be identified with a specific localization in the
genome and that present genetic variations (polymorphisms) among individuals, species, or
higher order taxonomic groups (Liu and Cordes 2004). Choosing the correct molecular marker
depends on the desired sensitivity for specific biological questions (Liu and Cordes 2004; Roux
and Wieczorek 2008), a feature that is related to polymorphism and mutation rate. Common
genetic markers include mitochondrial DNA (mtDNA), Single Sequence Repeat (SSR), and Single
Nucleotide Polymorphism (SNP) markers. Other less used markers are Restriction Fragment
Length Polymorphism (RFLP), Randomly Amplified Polymorphic DNA (RAPD), Amplified
Fragment Length Polymorphism (AFLP), and allozymes (Sunnucks 2000; Allendorf and Luikart
2009).

1.3.2.1. mtDNA

Mitochondrial DNA is a circular, double-stranded closed DNA molecule located in the
mitochondria. In general, the structure (gene order) of mtDNA is conserved among eukaryotes,
(Hoelzel 1998), and it encodes 37 genes. Of these, 13 are protein-coding genes, 22 are for
transfer RNA (tRNA) and two are for the small and large subunits of ribosomal RNA (rRNA)
(Hoelzel 1998).

As a result of the lack of a repair mechanism during replication, mutations accumulate more
rapidly in mitochondrial than in nuclear DNA (Avise 1994; Liu and Cordes 2004) with a
relatively high mutation fixation rate about 5-10 times higher than nuclear DNA (Arif et al.
2011). Genetic drift and no recombination combined with MtDNA is maternal inheritance and
haploid, generate an effective population size four times lower than nuclear DNA (Avise 1994)
making it more prone to random changes in frequency due to drift. Sequences from known
mtDNA can be easily amplified by conserved or specific PCR primers, and polymorphisms in the
inner amplified sequence may reveal differences among individuals (Tjensvoll et al. 2005).
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Thus, mtDNA has been furtherly used for intra- and inter- population variation assessment,
species identification, and DNA barcoding in a diverse range of taxa (Avise 1994; Tjensvoll
2005). The fact that mitochondrial DNA is maternally inherited enables genealogical analyses
to trace maternal lineage far back in time and it is useful for studying phylogenetic
relationships (Avise 1994). Because of these properties, mtDNA has been the most popular
marker of molecular diversity in animals over the last three decades (Galtier et al. 2009).

However, there are different mtDNA fragments used as molecular markers depending on their
characteristics. First, mitochondrial ribosomal RNA markers (12S rDNA and 16S rDNA) are
highly conserved and have been used to understand the genetic diversity of higher categorical
levels such as phyla or subphyla (12S rDNA) or middle categorical levels such as families or
genera (16S rDNA, Arif and Khan 2009). Second, the mitochondrial protein—coding genes are
regarded as powerful markers for genetic diversity analysis at lower categorical levels
(including families, genera and species) due to their faster evolutionary rates compared to
ribosomal RNA genes (Arif et al. 2011). Animal mitochondria DNA contains 13 protein-coding
genes, but only two, Cytochrome b (cytb) and the cytochrome oxidase | (COI) genes, are
frequently used for species identification and biodiversity analysis (Arif et al. 2011). Finally,
mtDNA contains a non—coding region, the control region (D—loop), having a relevant role in
replication and transcription of mtDNA. The D—loop region segments contain larger level of
variation than protein—coding sequences because of reduced functional constraints and
relaxed selection pressure (Arif and Khan 2009). Sequence analysis of the mtDNA D—loop
fragment has been generally used to measure the genetic diversity to establishing phylogenic
relationships among individuals in the same species.

1.3.2.2. SSRs

SSR markers, also known as microsatellites, are one of the most used nuclear markers. They
are short sequence motifs (ranging from 2 to 6 nucleotides), repeated in tandem usually
between 5 and 100 times (Tautz and Schildtterer 1994). The most commonly proposed model
for microsatellite mutation is the slipped-strand mispairing of DNA chains during replication
(Kelkar et al. 2010). According to this model, nascent DNA strand misaligns with the template
strand because of the presence of tandem repeats structures. Displacing some tandem repeats
in template or new strand may result in addition or deletion of repeat units, respectively
(Kelkar et al. 2010). Because polymorphisms are generated by the different number of repeats,
a large number of alleles may be found in one locus. Theoretically, we could obtain one
different allele from each number of tandem repeats in a single locus.

DNA sequences flanking variable fragment among individuals are usually conserved and thus
can be used for primer design (Roux and Wieczorek 2008). SSRs are highly variable,
consequence of their high mutation rates (10%-10° per generation), and multiple alleles are
found in a single locus. Therefore, they can resolve population structure, even among closely
related populations (Allendorf and Luikart 2009). In addition, they are usually very abundant in
the genome and have a co-dominant inheritance (DeWoody and Avise 2000). Utilities of SSRs
include (1) genetic mapping, (2) individual DNA identification and parentage assignment, (3)
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phylogeny, population, and conservation genetics, (4) molecular epidemiology and pathology,
(5) gquantitative trait loci mapping, and (6) marker-assisted selection (Chistiakov et al. 2006).

1.3.2.3. SNPs

Nuclear SNP markers are point mutations derived from single base substitutions (Liu and
Cordes 2004). Theoretically, a single SNP could produce up to four alleles, but they typically
are biallelic in nature (Liu and Cordes 2004). They are usually neutral base variants with no
changes in the protein sequence. These markers present co-dominant inheritance and they are
the most abundant polymorphism in the genome, approximately one SNP is found every 500
bp in many animal species (Allendorf and Luikart 2009). However, their mutation rate at a
single base is low (10 changes per nucleotide per generation, Allendorf and Luikart 2009).
Their high quantities and the potential genotyping by high throughput genotyping automated
allele detection systems (with the possibility of combining and adding new data to existing sets
of genotypes) increase their usability in genetic variability detection, and they are likely to
replace SSRs as the marker of choice for many applications.

1.3.3. Genetic analyses of invasive zebra mussel and Asian clam species

There are several genetic studies inferring sources and pathways of colonizations of the zebra
mussel. Initial studies using allozyme markers focused on detecting general patterns of genetic
structure among North American and European locations identifyed multiple colonization
events in North America. In fact, these invasions were originated from previously invaded
European locations (Mardsen et al. 1995; Lewis et al. 2000). In addition, nuclear and
mitochondrial markers have been used to also describe that colonizations in North America
involved multiple and accumulative founding sources (Stepien et al. 2002; Stepien et al. 2005).
High SSR genetic diversity values found in North America and shared allele frequencies with
European populations confirmed multiple North American invasion events from specific
European basins (Brown and Stepien 2010) .

MtDNA has also been used to examine the evolutionary history in both native and invasive
European areas (Gelembuik et al. 2006; May et al. 2006). These studies show that all invasive
populations in Central-North Europe derive directly from native Ponto-Caspian sea basin. In
addition, authors revealed a clear genetic structure in Europe, mainly explained by the
existence of specific expansion corridors from the native area to Western Europe in the two
last centuries (Bij de Vaate et al. 2002). In the Iberian Peninsula, a suggested source for the
invasion is the Rhone River in France (Rajagopal et al. 2009). This hypothesis would follow the
same patern of invasion found in French rivers, a continuous linear spread from northern to
southern France (Tarnowska et al. 2013).

In contrast, population structure among Asian clams remains unresolved, an uncertainity
probably conditioned by their particular asexual reproduction system (Pigneur et al. 2012).
Whereas within the native range Asian clam lineages can present both sexual and asexual
reproduction, in the invasive range only asexual androgenesis has been described (Pigneur et
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al. 2014a). This asexual reproduction system allows crossed fecundation among lineages,
which difficults the genetic comparisons (Pfenninger et al. 2002; Hedtke et al. 2008).

In this context, genetic studies for the Asian clam have been focusing on phylogenetic analyses
rather than population dynamics analyses. In general, three main lineages across the invasive
area have been described based on shell morphology and molecular analysis (Pfenninger et al.
2002; Hedtke et al. 2008). A combination of mitochondrial the COI gene and a 28S nuclear
ribosomal DNA fragment is commonly used to identify these lineages, and it has been used to
infer some colonization routes as well (Park and Kim 2003; Lee et al. 2005; Pigneur et al. 2011).
On average, mitochondrial analyses suggest that all three invasive lineages present a similar
spread history among European locations, whereas in America their range distribution remains
restricted for some lineages (Pigneur et al. 2014a). However, the comparison of mitochondrial
and nuclear markers has allowed the detection of androgenetic genome mismatches likely due
to hybridization events among all lineages (Pigneur et al. 2014a).

1.3.4. Choosing the best molecular marker

Historically, the most common molecular markers in invasive species studies have been
nuclear SSRs and mitochondrial DNA COI gene sequences (Handley et al. 2011). Both kinds of
markers can be used to describe invasion episodes and for taxonomic identification. The utility
of molecular markers can be measured by their Polymorphic Information Content (PIC) index
(Botstein et al. 1980). PIC value refers to the capacity of detecting polymorphism in a
population, based on the global number of detectable alleles among all loci used and their
frequencies distribution. All molecular markers can be compared based on their PIC values.
MtDNA can present a large number of alleles per locus but the total amount of markers is very
limited, thus yielding lower PIC values than those found in nuclear markers such as SSRs or
SNPs. The highest PIC values are found in SSR markers due to the larger number of alleles per
locus, followed by SNPs because of their abundance (Liu and Cordes 2004). In addition, mtDNA
also is less informative than nuclear markers, because it generates incomplete inheritance
patterns based only on maternal inheritance. Furthermore, mutation model of mtDNA
generates useful information for ancient phylogeographic episodes, but has less power of
resolution in inferring recent changes in populations (Avise 2000), thus being a less
appropriate marker to be implemented in the study of population dynamics in invasive
species.

In contrast, the use of SSRs in population genetics may provide unique genotypes for every
individual within a population. For this reason SSRs are also the most common genetic tool for
parental analysis and related protocols (Liu and Cordes 2004; Roux and Wieczorek 2008).
However, the total number of SSRs that can be used simultaneously in a single study is limited
due to this molecular marker type requires their previous time-consuming identification and
characterization (Zane et al. 2002; Zhan et al. 2008), and only a limited number of loci can be
multiplexed simultaneously (Guichoux et al. 2011). In this sense, SNPs are becoming the
marker of choice for several applications, mainly due to their adaptability to automation
(Morin et al. 2004). However, several SNPs are needed to generate sufficient genetic
information. On average, genetic information derived from a similar number of random SSRs
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and SNPs, SSRs are four to twelve times more informative (Liu et al. 2005; Defaveri et al.
2013). Based on the total number of alleles, 100 SNPs could present the same discriminatory
power than a set of 10-20 SSRs (Kalinowski 2002). Specifically, in extreme scenarios where
moderate levels of population differentiation are present, it can easily be detected by a
combination of 30 SSRs whereas a minimum of 80 SNPs are required (Morin et al. 2009). By
contrast, using only between 6 and 10 SSRs with moderate allelic diversity are required for
optimizing population assignment (Bernatchez and Duchesne 2000). Since high-throughput
screening of SNPs is not always possible, SSRs might provide the most cost-effective and time
efficient means of screening for structure population (Defaveri et al. 2013).

1.3.5. SNP and SSR discovery

Traditional methodologies of SSRs isolation require the construction of microsatellite-enriched
libraries with tandem repeat probes, and they usually display low efficiencies, ranging from 12
% to less than 0.04 % SSRs out of initial screened sequences depending on the species (Zane et
al. 2002; Zhan et al. 2008). In parallel, traditional SNP detection protocols also involve
expensive, labor intensive and time-consuming steps. They are based on resequencing
methods producing sequences to be aligned and subsequently compared for polymorphism
detection among individuals (Kwok and Chen 2003; Twyman 2005). However, since the
availability of large data bases of Expressed Sequence Tag (EST), molecular marker
characterization protocols had been facilitated. Screening EST data bases for bioinformaticaly
markers detection became less time and cost consuming, and all efforts can be easily focused
on validating them for polymorphism detection among individuals.

1.3.6. Massive Parallel Sequencing implementation

Massive Parallel Sequencing (MPS) technologies (also known as Next-Generation Sequencing
or NGS) appeared in 2005 with the sequencing technology developed by Margulies et al.
(2005) and commercialized by 454 Life Sciences. Over the past ten years, other MPS
technologies have been developed and all of them have become widely available, reducing
costs of DNA sequencing for obtaining large data sets (Mardis 2008a; Ansorge 2009). With MPS
technologies, molecular markers isolation and characterization procedures have become
easier, faster and cheaper. Moreover, the high power of the de novo assembly strategies of
MPS approaches allow screening these large databases in search of sets of SSR or SNP markers,
even in non-model species when no previous genetic information is available (Everett et al.
2011; Gardner et al. 2011).

Two MPS methods are the most widely used to identify molecular markers: Roche 454
Pyrosequencing system (http://www.454.com), and Illumina Sequencing by synthesis

(http://www.illumina.com). The molecular basis of 454 Pyrosequencing is emulsion PCR

(emPCR) and a subsequent Pyrosequencing reaction (Droege and Hill 2008). After initial DNA
fragmentation (into 300 — 800 bp size fragments), thousands of DNA strands are massively
amplified by emPCR. In this emulsion step, oil bubbles containing all PCR reagents and a single
DNA segment attached to an agarose microbead allows the DNA amplification in pararell (See
Additional Figure 7.1.1). Next, positive amplified microbeads are isolated, and are
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subsequently used for pyrosequencing (Mardis 2008b). At this point, the specific nucleotide
incorporation reaction in pyrosequencing in each microbead generates a luminous peak
immediately detected by 454 Sequencer Systems (Additional Figure 7.1.1). The major
achievement of 454 Pyrosequencing is the longer read sizes obtained compared to other MPS
platforms (700-800 bp size). In contrast, major drawbacks involve errors in the sequencing
reaction producing false insertion-deletions (InDels) in homopolymeric regions, and the higher
per-base costs compared to other systems (Nowrousian 2010).

In contrast, lllumina technology is based on the concept of bridge PCR and subsequent
sequencing by synthesis. Here, single DNA fragments are initially joined to a solid surface plate,
where they occupy single spots. Sequence linkers attached to the plate join both DNA
fragment ends, thus creating a loop structure (Shendure and Ji 2008). Then, this structure is
amplified (the bridge PCR reaction) and each DNA fragment ends up forming a specific cluster.
These clusters will be the template for the subsequent sequencing reaction, which involves
fluorescently labeled nucleotides carrying a terminating/inhibiting group. At the end of each
round of the sequencing reaction, there is a cleavage step to remove the
terminating/inhibiting group, so a new nucleotide can be added to the sequence during the
next cycle (Shendure and Ji 2008). In this sense, each cycle consists in a single-base extension,
and cycles are repeated up to 200 times making sequence reads up to 200 bp size from each
DNA fragment. When paired-end was lately incorporated in lllumina sequencers, both sides of
the bridge PCR fragment were sequenced, doubling the genetic information acquired (Ansorge
2009).The major achievements of lllumina MPS sequencers are the lower per-base costs and
the high quantity of sequences generated (more than 40 million) compared to other systems.
In contrast, this method presents nucleotide substitution errors during the reaction, needing
more sequencing coverage for base confirmation (Mardis 2008b).

Additional MPS platforms have been developed, including SOLID sequencers (Applied
Biosystems) based on ligase enzymes reactions, and lont Torrent sequencers (Life
Technologies) based on the detection of pH changes after nucleotide incorporations (Huang
and Marth 2011; Rothberg et al. 2011). However, their use for the development of molecular
markers has been masked by 454 and lllumina platforms. The larger read sequences of the 454
have allowed this MPS to be the most usually used for new SSRs characterization (Guichoux et
al. 2011; Zalapa et al. 2012). In contrast, lower costs of Illumina have made this MPS the most
common for population genetics, ecological genetics and evolution using SNP (Davey et al.
2011; Nielsen et al. 2011; Shanin et al. 2012). With both MPS technologies and subsequent
bioinformatic analysis, markers across almost any genome of interest are available to be
discovered rapidly and at a low cost, even without a reference genome (Ratan et al. 2010;
Helyar et al. 2011).
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2. OBJECTIVES

The zebra mussel and the Asian clam have been present in the lberian Peninsula for several
decades, generating high ecological and economic impacts in ecosystems. However,
introduction history and colonization routes of these invasive species in the Iberian Peninsula
remain mainly unknown. In the present thesis, we focus on understanding possible source(s)
of both invasions, and how both species have colonized and spread across Iberian basins based
on subsequent genetic procedures.

Specifically, our objectives are:

1. Development of new genetic markers using MPS technologies for the zebra mussel
and the Asian clam.

1.1. Identification and characterization of a new set of SSR markers in zebra
mussel for population genetics analyses (chapter 1).

1.2. Identification and characterization of new SSR markers in Asian clam
(chapter 2).

1.3. Identification and characterization of new SNPs in zebra mussel and Asian
clam species to increase the number of available markers in both invasive
species (chapter 3).

2. Genetic characterization of Iberian populations to understand their invasion history
in the Iberian Peninsula.

2.1. Genetic characterization of the zebra mussel distribution in the Iberian
Peninsula (chapter 4).

2.2. Genetic characterization of the Asian clam distribution in the Iberian
Peninsula (chapter 5).

3. Development a genetic method for monitoring the zebra mussel detection in
environmental samples (chapter 6).
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Using Massive Parallel Sequencing for the
development, validation, and application of
population genetics markers in the invasive bivalve
zebra mussel (Dreissena polymorpha)

Pefnarrubia L., Sanz N., Pla C., Vidal O. and Vinas J., 2015. Using Massive Parallel Sequencing
for the development, validation, and application of population genetic markers in the
invasive bivalve zebra mussel (Dreissena polymorpha). PLoS ONE 10: e0120732.
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Abstract

The zebra mussel (Dreissena polymorpha, Pallas, 1771) is one of the most invasive species
of freshwater bivalves, due to a combination of biological and anthropogenic factors. Once
this species has been introduced to a new area, individuals form dense aggregations that
are very difficult to remove, leading to many adverse socioeconomic and ecological conse-
quences. In this study, we identified, tested, and validated a new set of polymorphic micro-
satellite loci (also known as SSRs, Single Sequence Repeats) using a Massive Parallel
Sequencing (MPS) platform. After several pruning steps, 93 SSRs could potentially be am-
plified. Out of these SSRs, 14 were polymorphic, producing a polymorphic yield of 15.05%.
These 14 polymorphic microsatellites were fully validated in a first approximation of the ge-
netic population structure of D. polymorpha in the Iberian Peninsula. Based on this polymor-
phic yield, we propose a criterion for establishing the number of SSRs that require
validation in similar species, depending on the final use of the markers. These results could
be used to optimize MPS approaches in the development of microsatellites as genetic
markers, which would reduce the cost of this process.

Introduction

The zebra mussel (Dreissena polymorpha, Pallas, 1771) is a successful invasive bivalve that is
native to the brackish and fresh waters that drain into seas of the Ponto-Caspian region (Black,
Caspian, and Azov Seas) [1]. This species is now considered one of the World's 100 most inva-
sive species according to the International Union for Conservation of Nature—Invasive Species
Specialist Group (IUCN—ISSG) [2]. Dreissena polymorpha has several biological attributes
that facilitate the success of its invasions, including rapid growth with early sexual maturity,
dispersal by larvae, unspecific food preference, and gregarious behavior [3]. The invasive be-
havior of this species is further enhanced by several transport-related anthropogenic factors,
primarily the ballast water of boats that move through inland waterways [4].
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The freshwater invasion of D. polymorpha is of public interest because of the associated
major economic and ecological damage caused by this species. Once individuals are introduced
to a new area, high-density aggregations [3] have many adverse socioeconomic and ecological
consequences including habitat destruction, the loss of species diversity, and the extinction of
native species [5]. The socio-economic effects of dense colonies of D. polymorpha include the
inability usage of freshwater superficies for recreational purposes and the blockage of artificial
water-conducts, among others. The latter creates serious working problems to industries and
water supply systems, as well as to the watering and refrigeration systems of hydroelectric, ther-
mic, and nuclear structures [6]. Understanding the population genetic structures in invasive
species have revealed their usefulness for inferring source regions, routes of invasion and possi-
ble threatened locations by phylogeographic analysis. In recent years, molecular markers have
been increasingly used on Dreissenid species in studies of taxonomy, phylogeny, genetic diver-
sity, and phylogeography [7]. The mitochondrial gene of the Cytochrome Oxidase subunit I
(COI) and nuclear Amplified Fragment Length Polymorphism (AFLP) markers have been
used to examine the evolutionary history of D. polymorpha species in Europe [8-9], revealing
highly structured populations. Nuclear allozyme markers have been used to analyze the North
American invasion indicating that its presence was consequence of accumulative invasion
events from Europe [10-11].

Microsatellites [12], also known as Simple Sequence Repeats (SSRs) or Short Tandem Re-
peats (STRs), are one of the most informative types of molecular markers due to their high var-
iability, consequence of their high mutation rates, and power to resolve population structure,
even among closely related populations [13]. Other advantages of microsatellite markers are
that they are abundant in the genome, co-dominant and easy to detect by PCR [14-15]. Conse-
quently, microsatellite loci have been the most used genetic markers for population genetic
analysis, and they are used in a diverse range of applications, such as parentage analyses, genet-
ic mapping, and conservation genetics [16]. These markers have also proven to be useful for
the genetic characterization of invasive species [17-18], where genetic diversity is reduced [19],
as well as to infer the sources and pathways of the introduced populations in aquatic ecosys-
tems [20-21]. However, despite the critical situation caused by the expansion of D. polymorpha
across Europe and North America, only a few microsatellites have been described for this spe-
cies [22-24] and their analyses have corroborated the results obtained by mitochondrial and
allozyme markers [20, 25].

For most non-model species, few or none microsatellite are described, and they must be iso-
lated de novo. One of the causes of having limited number of microsatellite loci is consequence
of the high cost and labor-intensive approaches required in traditional methodologies of mi-
crosatellites isolation [26-27], but are being overcome by new sequencing technologies. For in-
stance, large databases of genomic sequences have been obtained by Massive Parallel
Sequencing (MPS) methods (also known as Next-Generation Sequencing or NGS), which
could be screened using bioinformatics tools to detect large sets of microsatellite markers [28],
even in invasive mollusk species [29].

All of the microsatellites identified in D. polymorpha employed traditional hybridization
probes. The implementation of new microsatellites by MPS methods may provide new markers
for assessing the dispersion capacity and invasion routes of D. polymorpha, which would help
with the establishment of management strategies to control the invasive potential of this spe-
cies [30]. Thus, the main objective of this study was to identify and validate new polymorphic
microsatellite loci using MPS platforms to increase the number of molecular markers for
D. polymorpha. This process involved establishing procedures to set up and implement a proto-
col for the identification and validation of new markers for application in successive non-
model species and organisms. The second objective was to determine the number of
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microsatellite markers needed for several genetic applications. The newly developed markers
are expected to be used in subsequent studies focusing on the population genetic structure of
D. polymorpha, to determine its invasion history and dispersal routes through Europe. This in-
formation could potentially help predict possible new areas of invasion, which would allow the
implementation of preventative management to prevent accidental introduction.

Methods
Phase A: MPS Data Processing

DNA Extraction and Sample Selection. Total DNA was isolated separately from three
D. polymorpha individuals by two phenol-chloroform and ethanol precipitations, as described
in [31]. RNase treatment was performed between the two DNA precipitations by adding 2 uL
of RNase (10 uL/ml) in each DNA tube, and implementing an incubation step of 30 min at
37°C. DNA quality was analyzed by 0.6% Agarose Gel Electrophoresis, and DNA quantity was
evaluated using the Nanodrop spectrophotometer ND-1000 (Thermo Fischer Scientific, Inc.
Waltham, Massachusetts, U. S. A.) (Fig. 1). Finally, the best of the three DNA extractions was
sent for the massive DNA sequencing at CRAG (Centre de Recerca en Agrigenomica, Barce-
lona, Spain).

Sequencing by the 454 GS System. DNA was sequenced using a 454 GS FLX platform
using 1/8 of a plate. Reads were assembled using GS DE NOVO ASSEMBLER software, version
2.5.3. (Fritz Hoffmann-La Roche Ltd. Basel, Switzerland) (Fig. 1). Two strategies were used to
compare different yield when recovering reads into the contigs. First, we used the default align
and assemble parameters: minimum read length = 20 base pairs (bp); seed step = 12 bp; seed
length = 16 bp; seed count = 1; minimum match length = 40 bp; overlap minimum match iden-
tity = 90%; alignment identity score = 2; alignment difference score = 3; and minimum output
sequence size = 100 bp. Second, we ran an assembly to optimize the number of assembled
reads into the contigs. We used the same assembled parameters and included the options of
“Large or Complex Genome” to specify that the species was eukaryotic and “Heterozygotic
Mode,” due to the diploid nature of D. polymorpha.

Phase B: SSR Isolation and Primer Design

Identification and Microsatellite Selection of Tandem Repeats. We used TANDEM RE-
PEATS FINDER (TRF) software version 4.04 [32] to identify simple tandem repeats (Fig. 1).
TREF target SSR sequences were aligned to a predefined library of consensus tandem repeats se-
quences. We selected alignments of 30 nucleotides, with values of match = 2, mismatch =7,
and indels = 7, and a maximum period size of five nucleotides for each microsatellite. This final
parameter excludes hexanucleotide SSRs. Homopolymeric repeats were discarded, due to the
extremely high number of sequencing errors made within homopolymeric runs using the 454
GS FLX platform [33].

Tandem repeat structures identified by TRF were pruned to obtain the Potential Amplifi-
able Loci (PAL), after removing structures composed of less than five tandem repetitions and
regions with less than 30 base pairs in each of the flanking sequences and with positive primer
annealing positions. In addition, we considered two neighboring SSRs separated by less than
100 nucleotides as the same locus (a compound microsatellite).

Primer Design. PCR primers were designed (Fig. 1) using PRIMER3 software, version
0.4.0. [34]. BLASTN [35] analysis was run to discount possible homologies that could produce
inespecifities in the PCR. Predicted amplicons spanned three size ranges (100-150, 200-300,
and 350-450 base pairs) to facilitate possible implementation in future multiplex PCR without
overlapping allele sizes. All forward PCR primers contained a sequence of 19 additional
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Fig 1. Experimental design and protocol pipeline. Gray steps: Laboratory protocols. White steps: 454 GS System. Black steps: Bioinformatic analysis.

doi:10.1371/journal.pone.0120732.9001

nucleotides (CACGACGTTGTAAAACGAC) at each 5'-end. A labelled primer consisting of
the same sequence with a 6-FAM fluorochrome was included in each genotyping PCR, as de-
scribed in Schuelke et al. [36].

Phase C: Microsatellite Validation

Sample Collection and DNA Extraction. Forty-eight D. polymorpha individuals were col-
lected from six representative locations where they had been introduced in north-eastern Spain
(S1 Table). Samples were collected and manipulated under permits provided by the Catalan
Water Agency of the Agriculture, Fisheries, Food and Environment Department of the Auton-
omous Community of Catalonia and the Hydrographic Confederation of the Ebro River of the
Agriculture, Food and Environment Ministry of Spain. All work was performed in compliance
with and approved by the Ethics Committee of the University of Girona and met the require-
ments stated by the Spanish (RD53/2013) and Catalonian (D214/1997) laws of animal care and
experimentation. The shell was removed, and the whole muscle bodies were preserved in 96%
ethanol until processing. DNA extraction was performed using the Real Pure DNA Extraction
Kit (Durvitz, Valencia, Spain). Quality was checked using 0.6% Agarose Gel Electrophoresis,
and DNA quantity was measured with a Nanodrop spectrophotometer ND-1000 (Thermo Fi-
scher Scientific, Inc. Waltham, Massachusetts, USA) (Fig. 1).
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Genotyping and Polymorphism Evaluation. The PCR mix was prepared in a final vol-
ume of 20 pL, containing 1X Buffer (BIOLINE), 1.5 uM MgCl,, 0.8 mM dNTPs, 5x107 uM
primer Forward, 0.2 uM primer Reverse, 0.2 uM 6-FAM dye-probe, and 2.5x10 u/uL Taq po-
lymerase (BIOLINE). DNA samples (25-100 ng) were added to each PCR mix. The thermal cy-
cles consisted of an initial denaturing step of 3 min at 94°C, followed by 35 cycles of denaturing
at 94°C for 30 s, annealing at 50°C or 60°C for 90 s, and extension at 72°C for 90 s, and a final
extension period of 10 min at 72°C. Negative controls were included in all PCR runs to confirm
that there was no cross-contamination. PCR products were read in a 3130 Genetic Analyzer
(Applied Biosystems).

Validation analysis of PALs was conducted in two steps (Fig. 1). First, PCR screening of the
putative SSRs was completed to check the specificity of the primers in 15 D. polymorpha indi-
viduals from four different locations separated in range of 167 and 562 km. If these initial PCR
conditions failed or unspecific results were obtained, a second attempt was made using the
same samples, but increasing the annealing temperature to 60°C. Successfully validated loci
were genotyped in 48 D. polymorpha individuals to assess polymorphism and allele richness.

SSR Characterization. We evaluated the presence of null alleles in each locus using
MICRO-CHECKER software, version 2.2.3 [37]. The observed (H,) and expected (Hj) hetero-
zygosities were assessed for each new polymorphic locus for conformance to Hardy-Weinberg
and Linkage disequilibrium expectations by the exact test implemented in GENEPOP 4.0 soft-
ware [38]. We calculated the Polymorphism Information Content (PIC) index to estimate the
information values of each microsatellite marker [39]. Microsatellite sequences were added to
the GenBank Database with accession numbers [GenBank: JQ812984-JQ812997].

We also tested the 14 new polymorphic microsatellites in the preliminary characterization of
the genetic structure of D. polymorpha in the Iberian Peninsula. We analyzed 48 D. polymorpha
individuals from six representative locations where they are present in north-eastern Spain
(S1 Table). The Hardy-Weinberg equilibrium (HWE) of genotypic distributions was measured at
each site by the exact probability test [40] using GENEPOP software version 4 [38]. Benjamini &
Yekutieli [41] False Discovery Rate (FDR) was applied to each test to adjust the significance levels
for multiple simultaneous comparisons. Genetic diversity within each study site was estimated
from direct counts as the number of alleles per locus (A), the estimated expected heterozygosity
(Hy), and allelic richness (A,) from allele frequencies using FSTAT 2.9.3 [42]. In addition, pairwise
population differentiation (Fsr) [43] and significance values were calculated using FSTAT soft-
ware. The number of genetically homogeneous groups (K) was estimated among all sampled col-
lections using the Bayesian Markov Chain Monte Carlo approaching method of STRUCTURE
software version 2.3.2 [44]. Runs for each possible K (1 to 6) were repeated five times. A burn-in
period of 20,000 steps, followed by 100,000 Monte Carlo replicates, was simulated with the model
of independent allele frequencies. The optimal K value was selected following the recommenda-
tions of Pritchard et al. [44], according to the posterior probability of the data. Finally, patterns of
gene diversity distribution among D. polymorpha collections provided by the genetic results were
estimated by Analyses of Molecular Variance (AMOVA) conducted in ARLEQUIN 3.5 [45]. In
the AMOVA model, all six locations were grouped into two hydrographic basins (i. e., the Ebro
River and Llobregat River). We tested whether genetic diversity was partitioned into three levels:
within locations, among locations within river basins, and among river basins.

Results
Phase A: MPS Data Processing

454 GS System Sequencing Results. The 454 GS FLX run generated 110,593 reads (read
range size = 24-691 bp, mean read size = 331 bp), with a total of 36,554,817 bases (Table 1). GS
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DE NOVO ASSEMBLER software generated two assembled outputs based on the selected pa-
rameters (see Methods section). In the first output using the default parameters, 31,330 reads
(28.33% of total) were assembled into 2,326 contigs (contig range size = 100-8,697 bp, mean
contig size = 457 bp, N50 = 825 bp) and 70,208 singletons (Table 1). In comparison, the second
output using modified parameters assembled 35,374 reads (31.99% of total) into 3,885 contigs
(contig range size = 100-8,717 bp, mean contig size = 421 bp, N50 = 860 bp) and 68,463 single-
tons (Table 1). Since one of the main objectives of this study was to find as many SSR structures
as possible, we selected the second assembly with the modified parameters “Large or Complex
Genome” and “Heterozygotic Mode,” because it generated a higher N50 value with a greater
number of long contigs of the same sequence quality.

Phase B: SSR Isolation and Primer Design

Identification, Microsatellite Selection, and Primer Design of Tandem Repeats. TRF
software identified a total of 299 single SSR structures. After removing homopolymers, 288
SSRs were identified with an overall estimated density of 0.18 SSRs/Kb. The SSRs were distrib-
uted in 6.60%, 37.85%, 39.58%, and 15.97% of di-, tri-, tetra-, and pentanucleotides respectively
(S2 Table). Of these SSRs, 93 (32.29% of the 288 initial SSRs identified that had a density of
0.06 SSRs/Kb) were identified as Potential Amplifiable Loci (PAL), after removing sequences
with less than 5 units of repetition or with less than 30 nucleotides at each end of the tandem
repeat, assuming that repeat structures separated by less than 100 base pairs were the same
locus, and with positive designed PCR primers (Table 1 and S3 Table).

Phase C: Microsatellite Validation

Genotyping and Polymorphism Evaluation. All 93 PALs were tested for PCR amplifica-
tion in 15 representative D. polymorpha individuals out of the 48 individuals collected from six
locations in the North-Eastern Iberian Peninsula (S1 Table). Twelve PALs failed to produce
PCR products. The remaining 81 loci, which generated positive PCR amplification with a prod-
uct within the expected size range, were genotyped in the set of 48 mussel samples. These loci
represented 28.13% of the 288 initially identified SSRs (Table 1). Fourteen of these 81 loci
showed polymorphism (Table 2). Blast analysis of these new 14 polymorphic microsatellites re-
sulted in no matches with previously published microsatellite markers in D. polymorpha.

SSR Characterization. MICRO-CHECKER software detected null alleles or scoring errors
in three (Dp2, Dp43, and Dp72) of the 14 microsatellite loci (Table 2). The Dp2 locus presented
null alleles at three of the locations, whereas Dp43 and Dp72 presented null alleles at just one
location. The number of alleles detected at each locus ranged from two (Dp7 and Dp72) to 13
(Dp31). Estimates of gene diversity and the PIC index varied among loci. The lowest value of
expected heterozygosity was obtained for Dp2 (H; = 0.20), while the highest value was obtained
for Dp1 (H, = 0.83). The lowest PIC index was in Dp68 (PIC = 0.19), while the highest was in
Dp31 (PIC = 0.83) (Table 2). Only two markers (DpI and Dp2) presented significant deviations
from Hardy-Weinberg equilibrium at the 5% significance level, and all loci appeared to be un-
linked, according to the lack of gametic disequilibria in each location (Table 2).

These validated microsatellites were used for the preliminary analysis of the genetic popula-
tion structure of D. polymorpha in the Iberian Peninsula. All 48 individuals collected from the
six locations were used, with a sample size of eight individuals from each sampling site (five lo-
cations from the Ebro River and one from the Llobregat River; S1 Table). All 14 microsatellite
loci were polymorphic at all six locations. Analyses of allele frequencies (S4 Table) presented
deviations from HWE in only one location at Ebro River. After adjusting for differences in
sample size, permutation tests demonstrated lower average allelic richness (A,) and genetic
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Table 1. Summary of MPS results and of polymorphic microsatellites identification.

Output description Default assembly Modified assembly
Phase A Sequencing step Reads number 110,593
Largest read size (bp) 691
Shorter read size (bp) 24
Reads mean size (bp) 331
Sequenced bases (Kb) 36,555
Assembling step Aligned reads (of the total right reads) 31,330 (28.33%) 35,374 (31.99%)
Aligned bases (Kb) (of the sequenced bases) 7,620 (20.84%) 9,030 (24.71%)
Assembled reads 18,758 20,570
Contigs number 2,326 3,885
Bases number into contigs (kb) 1,063 1,635
Largest contig size (bp) 8,697 8,717
Shorter contig size (bp) 100 100
Contig mean size (bp) 457 421
Contig N50 value (bp) 825 860
Singletons number 70,208 68,463
Phase B Initial SSR identified - 288
Potential Amplifiable Loci (% initial SSR) - 93 (32.29%)
Phase C Positive PCR amplification (% initial SSR) - 81 (28.13%)
Polymorphic markers (% SSR) - 14 (4.86%)

Phase A: MPS data processing; Phase B: SSR isolation and primer design; Phase C: Microsatellite validation

doi:10.1371/journal.pone.0120732.t001

diversity (Hy) in the Llobregat River (A, = 2.06; H; = 0.50) compared to the Ebro River basin
(A,=2.14-2.33; H,= 0.53-0.61). The lowest number of total alleles (A) across all 14 loci also
corresponded to the Llobregat River (A = 43) in comparison to the Ebro River (A = 46-50)
(S1 Table).

Estimated average genetic differentiation (Fsr) among locations was Fsr = 0.044. None of
the pairwise Fgr values were significant after FDR correction (S5 Table). The Bayesian analyses
of STRUCTURE showed an In P value that was lower for K =1 compared to for K=2 and K =
3(K=1,mean In P=-1429.80; K = 2, mean [n P = -1473.96; K = 3, mean In P = -1582.28). Fol-
lowing the recommendations of Pritchard et al. [38], these results distinguished only one genet-
ically homogeneous group of populations for all analyzed locations (K = 1). Finally, the
AMOVA test revealed similar genetic variance between the tested river basins (3.20%) and
among locations within river basins (3.89%). Furthermore, genetic variance was not significant
(P =0.062) in the comparison between the two river basins.

Discussion
New Microsatellites in D. polymorpha

This study presents a set of new polymorphic microsatellites in D. polymorpha (Table 2),
which, together with previously described microsatellites [22-24], represent a useful tool for in-
vestigating genetic variation within and among populations of this species.

This study is the first to use MPS platforms to discover new SSRs in D. polymorpha. Interest-
ingly, our approach yielded a higher number of initially identified SSR structures (288 SSRs in
this case) compared to the average number of SSR structures identified using hybridization
methodologies (mean = 47 SSRs, SD = 18.52) (Table 3). However, the polymorphic yield (ratio
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Table 2. Polymorphic microsatellites description.

Locus Repeat motif S Primer Sequences 5" — 3’ Ta A H,/Hg PIC NA LD GenBank
Accession
Dp1 [ATA],4 279- F: GGATTTTTCTCCCGTGGAAT 60 5 0.83/081 0.76 No No JQ812984
299
R: CGGTAGCGTTCTCTTCACAA
Dp2 [TGA]y7 410- F: GCTACCGGAGCTCAACCTAA 60 9 0.20/066 0.62 Yes No JQ812985
440
R: ACGTCGAACCCTGTCAAAAA
Dp7 [TAA]11 4 [ATT]s 48 [TAT]11  411-— F: GGAATACCGGGTGCTGTAGA 50 2 0.28/049 0.37 No No JQ812986
71 [ATA]14 416
R: GACGTGCGTCACAATAGGTG
Dp30 [TTG], 57 [GTTle 214- F: GCGTTGGTGTTGTGTACGTC 60 6 058/067 0.62 No No JQ812987
234
R: CTGAGCATCTCACCGTCAAA
Dp31  [ATTls 231- F: CGAGTTTCTTGCACGTTTCA 50 13 0.79/0.86 0.83 No No JQ812988
306
R: TGTTATTTTAAGAAGGCCACATTG
Dp39 [GGCGly4 385— F: GACGTCATGGTTCTGAATGG 50 3 056/066 058 No No JQ812989
393
R: CCGGACAAGCTCATTTATGG
Dp42 [GTTG]e 243— F: TCGCTTAACCTGACCAGTGA 50 3 0.60/0.59 052 No No JQ812990
256
R:
CCAAATATCAAGTTGCCTATCTTCA
Dp43  [TTA]4o 224— F: TTGCTCATGATGAAATATGATGT 50 5 0.34/0.38 0.35 Yes No JQ812991
259
R: ATGCGTTTCACTTTGGCATC
Dp44  [GACClg 139- F: CCCCAAGCGTCTTGAGTATC 50 5 0.60/067 0.60 No No JQ812992
153
R: TCCTGCCAAGCATGTATGAG
Dp68 [TGTTC]s 291— F: TGCTACACACCGTATTTGCTG 50 3 0.23/021 0.19 No No JQ812993
297
R: ACACGTGGATGGTGTGAAGA
Dp72 [GGTA]s 378- F: TGCACACACATCTTGACCTG 50 2 0.31/041 0.32 Yes No JQ812994
382
R: GCTGAAGGCACAACATTTGA
Dp74  [CGTCJg 332— F: ATCCCCTCAAGACGTTTCCT 60 3 057/058 049 No No JQ812995
360
R: ACCATACCGGTGGCATAAAA
Dp86 [CGTC]s 306— F: GCAAAGGGAGAAAACTGCAC 50 4 0.73/0.71 0.65 No No JQ812996
315
R: CACTGTCACCGTCGCACATA
Dp89 [CGTCls 260— F: TTTTCACACAGCAGCCAAAG 50 4 056/053 042 No No JQ812997
284

R: TGAGAAATAGCCCGGACAAA

Repeat motif, size range in base pairs (S), forward (F) and reverse (R) (5'— 3') sequences, annealing temperatures in°C (Ta), number of alleles (A),
Observed (H,) and Expected (Hs) heterozygosities, PIC index, presence of null alleles (NA), linkage disequilibrium (LD) and GenBank accession number
for the 14 polymorphic microsatellites loci tested on 8 individuals for each of the 6 populations (n = 48) in D. polymorpha.

doi:10.1371/journal.pone.0120732.t002
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Table 3. Microsatellites described in Dreissena polymorpha.

Initial SSR identified PAL loci Polymorphic microsatellites Polymorphic yield Reference
(% of initial SSR)
Traditional techniques 65 16 (24.62%) 5 31.25% [18]
48 8 (16.67%) 8 100.00% [19]
28 8 (28.57%) 5 62.50% [20]
Mean 47 10.67 (23.40%) 6 64.58%
SD 18.52 4.62 1.73 34.42
This study 288 93 (32.29%) 14 15.05% This study

Initial SSR identified, PAL loci, Polymorphic microsatellites, and Polymorphic yield in all studies describing microsatellite loci in D. polymorpha. SD:
Standard deviation. PAL: Potential Amplifiable Loci. Polymorphic yield is the ratio between the numbers of polymorphic microsatellites divided by the

number of PCR validated loci.

doi:10.1371/journal.pone.0120732.t003

between the number of polymorphic microsatellites divided by the number of PCR validated
loci) of hybridization techniques has an average of 64.58% of final polymorphic markers,
which is substantially higher than the 15.05% obtained in our analysis using MPS (Table 3).
Yet, the final number of polymorphic microsatellites obtained by MPS is greater than the ex-
pected total number of microsatellites obtained by hybridization techniques (Table 3).

Microsatellite isolation and validation in bivalve species is challenging for several reasons.
For instance, we found about180 microsatellites per Mb in D. polymorpha. This value is situat-
ed in the lower range of 50-1,500 microsatellites/Mb expected in eukaryotes [46]. This phe-
nomenon is probably related to the large genome of bivalves, particularly for D. polymorpha
(1.70 £ 0.03 pg, about 1.6 Gb) [47-48], combined with the suspected low frequency of micro-
satellites in the bivalve genome [26, 49]. In addition, PCR design for microsatellite amplifica-
tion is not always efficient because of the high number of repetitive elements in the flanking
regions of mollusks [50]. On average, invertebrates require over twice as many sequences to ob-
tain the same number of useable loci compared to other taxa, like plants and vertebrates [28].

In the current study, we obtained a slightly lower values for the average number alleles per
locus (A = 4.79) and mean gene diversity (H; = 0.56) compared to the value obtained by previ-
ous studies analyzing the population genetic structure of D. polymorpha (A = 12.70, Hy = 0.84,
5 SSRs, [25]; A = 35.09, H, = 0.61, 11 microsatellites; [20]). The present study focused on vali-
dating and obtaining a first approximation of the usefulness of the developed markers in a very
restricted number of D. polymorpha individuals (n = 48) compared to the sample sizes used by
previous studies (n = 309 [25] and n = 386 [20]). This difference may partly explain the lower
genetic diversity detected here. However, the overall genetic diversity obtained here was ade-
quate for use in further genetic studies.

Microsatellites in Population Genetics Analyses and Other Applications

Microsatellite markers are the most used genetic markers for population genetic analysis, due
to their high variability and power to resolve population structure, even among closely related
populations [13]. To optimize the laboratory work in population genetic analyses, it is crucial
to determine the minimum number of microsatellite markers used. Then, two issues must be
considered: 1) how many microsatellites are needed to achieve a specific objective; and 2) how
much effort is needed to develop the desired number of polymorphic microsatellites using
MPS platforms. Chistiakov ef al. [16] classified six main applications of microsatellites

(Table 4): 1) genetic mapping; 2) individual DNA identification and parentage assignment; 3)
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Table 4. Microsatellite validation effort depending of the application.

Genetic application using microsatellite markers n Range Mean (SD) Median Initial SSR markers to be validated
Genetic mapping 19 31-2000 337.89 (442.37) 209 1388.70
Individual DNA identification and parentage assignment 15 1-14 7.73 (4.03) 8 53.16
Phylogeny, population and conservation genetics 30 1-33 8.77 (6.32) 7 46.51
Molecular epidemiology and pathology 26 1-227 26.15 (49.56) 9 59.80
Quantitative trait loci mapping 13 15-428 96.54 (77.38) 77 511.63
Marker-assisted selection 6 1-7 417 (1.94) 4 26.58

Studies analyzed (n), SSR markers used and validation effort to get markers required in each genetic application using microsatellite markers. Validation
effort was determined using the median values of the number of SSR used in each microsatellite-containing analysis according with 104 studies revised in
Chistiakov et al. [24]. The number of locus required to be validated were calculated using the median of SSR analyzed and the polymorphism yield
(15.05%) calculated in this study.

doi:10.1371/journal.pone.0120732.t004

phylogeny, population, and conservation genetics; 4) molecular epidemiology and pathology;
5) quantitative trait loci mapping; and 6) marker-assisted selection. However, the authors did
not infer the average number of microsatellites required for each specific objective. To gather
this information, we reviewed all 104 studies included in the analysis by Chistiakov et al. [16]
(S6 Table). We used the median value to avoid bias caused by extreme values present in some
of the applications. As expected, genetic mapping requires the highest number of microsatel-
lites (median = 209), whereas a median of just four microsatellites is required for marker-
assisted selection studies. In molecular epidemiology and pathology, only one microsatellite is
necessary when the diagnostic marker associated to a metabolic disorder is known, while sever-
al (hundred) markers are used to search for new diagnostic markers. For population genetic
studies, which are the target application for D. polymorpha, a median of seven microsatellites is
required (Table 4).

This information could be used to determine the validation effort required for a specific
task. Based on the median value of SSR markers used in each genetic application with the poly-
morphic yield (15.05%) obtained in this study, we could estimate the number of initial SSR
markers that would require validation in mollusk species depending on the desired genetic
study (Table 4). Thus, for a population genetics study of eight microsatellites about 54 SSR
markers must be validated. Then, the set of 14 polymorphic microsatellite markers developed
on D. polymorpha clearly exceeds the median number of microsatellites required for genetic
population analyses.

A preliminary analysis on the genetic structure (using a sample size of eight individuals per loca-
tion) of these microsatellites in the Iberian Peninsula failed to show any population structure, but
demonstrated the usefulness of these new markers. Our results suggest that all D. polymorpha indi-
viduals in the Iberian Peninsula belong to the same genetic population supporting a previous prelim-
inary genetics study using a single microsatellite marker [51]. Since its first citation in Iberian
Peninsula in the lower Ebro in 2001 [52], the expansion of D. polymorpha could be caused by a com-
bination of a free-swimming larval dispersion and human mediated, particularly in ballast waters in
vessels. Nevertheless, further analysis with a larger sample size from more locations, and even includ-
ing some of the previously described microsatellites [22-24], is crucial to confirm this result.

Conclusions

In summary, this study identified and validated 14 new polymorphic microsatellites in D. poly-
morpha, which, added to those developed by Naish and Gosling, Feldheim et al, and Thomas
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et al [22-24], increase the number of working microsatellites in this invasive species. Our re-
sults indicate that methodology based on MPS platforms and bioinformatic analysis could be
used to identify a large number of markers, supporting its suitability in microsatellite isolation.
This study showed that MPS approaches may be used to optimize to the development of micro-
satellites as genetic markers, minimizing the cost of this process.

In addition, we conducted a preliminary study of the genetic structure of D. polymorpha at
six locations in Spain using all 14 new microsatellite markers. Our results showed that all six lo-
cations represent the same genetic population; however, further analysis with a larger sample
size from more locations, along with more microsatellites, is crucial to confirm this result. In
conclusion, this study demonstrates the usefulness of these new markers for population genetic
analyses in D. polymorpha.

Data deposition

The 454 GS FLX reads of D. polymorpha were submitted to the NCBI Sequence Read Archive
under accession number SRX803533. De novo assembly was also submitted in DDBJ/EMBL/
GenBank Whole Genome Shotgun project when contigs size was longer than 500 nucleotides
under accession number JWHF00000000. Monomorphic microsatellite sequences were sub-
mitted in Genbank with accession numbers KP274952-KP275018, and polymorphic microsat-
ellite sequences with accession numbers JQ812984-JQ812997.
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S1 Table. Samples analyzed in this study with their genetic variability statistics.
(PDF)

$2 Table. Number (and percentage) of microsatellite types based on the size of the repeat
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Abstract

Asiatic clam (Corbicula fluminea) is one of the most invasive freshwater bivalves. Despite the
ecologic and economic impacts of this species, there are only a few polymorphic microsatellites. In
this study, we screened the genome from C. fluminea in search of microsatellite markers using
massive parallel sequencing. We identified 246 new microsatellites involving di-, tri-, tetra- and
pentanucleotide single repeats and different compound microsatellites, and we used a validation
protocol to characterize a sample of those. Nine of them presented two or more alleles indicating a
low level of variability.
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RESULTS

3.3

SNP identification in two invasive species: zebra
mussel (Dreissena polymorpha) and Asian clam
(Corbicula fluminea)
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Abstract

Single-nucleotide polymorphisms (SNPs) have been increased their use in population and
conservation genetic studies, due to their advantages over neutral markers. Massive Parallel
Sequencing (MPS) platforms have been reducing time and costs in SNP developing. After the
SNP calling step, a subsequent validation is usually required. We have used a High Resolution
Melting Analysis (HRMA), a simple method for mutation scanning and genotyping by detecting

sequence variants through differences in melting temperatures.

We present a set of 5 and 4 novel polymorphic SNPs identified by MPS in two invasive species:
zebra mussel (Dreissena polymorpha) and Asian clam (Corbicula fluminea). Improving the
number of molecular markers described in these species is crucial to population genetics in
order to understand their invasion history to predict future invasions.

Keywords

Corbicula fluminea, Dreissena polymorpha, High Resolution Melting Analysis, Massive Parallel

Sequencing, Single Nucleotide Polymorphisms.
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Single-nucleotide polymorphisms (SNPs) are becoming more common in population genetic
studies (Morin et al. 2009) since the development of Massive Parallel Sequencing (MPS)
protocols for their discovery and genotyping. Advantages include low-scoring error rates, high
abundance, functionally relevance, and easy high-throughput genotyping (Liu et al. 2005), and
in large sets can provide with better F¢; estimates than other molecular markers (Morin et al.

2009).

SNP identification in non-model species can be performed even without genomic references,
due to the high power of the de novo assembly strategies of the MPS approaches (Everett et
al. 2011). After the SNP calling step, and before their use in population studies, a subsequent
validation is usually required. High Resolution Melting Analysis (HRMA), a relatively new,
reliable and cheap technology, is an interesting option for both validation and genotyping. This
method was introduced in 2002 (Reed et al. 2007) and it is based in the detection of the of the
DNA melting temperature (Tm) which can display differences between several PCR products
due to sequence variations (Wittwer et al. 2003; Reed et al. 2007). Even a single base change
in the sequence may result in differences in these melting curves (Smith et al. 2010; Smith et
al. 2012). As a result, both homozygote and heterozygote genotypes may be identified
(Wittwer et al. 2003; Liew et al. 2004; Montgomery et al. 2007).

The main objective of this study was to identify and validate new polymorphic SNP using MPS
reads and HRMA of two invasive species, the zebra mussel (Dreissena polymorpha, Pallas,
1771) and the Asian clam (Corbicula fluminea, Miller, 1774). 454 GS FLX reads of D.
polymorpha and C. fluminea from previous studies (Pefarrubia L et al, 2015a; 2015b) were

processed with CLC Genomics Workbench version 4.0 (http://www.clcbio.com/) following

Shahin et al. (2012) and Seeb et al. (2011) recommendations. CLC Genomics Workbench
software assembled 60,399 reads into 12,840 contigs (mean size = 424 bp; N50 = 469 bp;
involving 5,446,443 bases), remaining 50,194 reads unassembled for D. polymorpha. In C.
fluminea, 53,864 were assembled into 10,853 contigs (mean size = 402 bp; N50 = 458 bp;

involving 4,363,423 bases) and 44,681 reads remained unassembled.

In D. polymorpha, 783 sequence variants were detected, of which 721 were Single Nucleotide
Variants (SNVs) (356 transversions and 365 transitions), 20 were Multiple Nucleotide Variants
(MNVs, two or more consecutive nucleotide changes), and 42 were Insertions-Deletions
(InDels). In contrast, 446 sequence variants were detected in C. fluminea, of which 417 were

SNV (188 transversions and 229 transitions), 11 were MNVs and 18 were InDels. SNP
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annotation into contigs was performed using Geneious software, version 5.6 (Kearse et al.
2012). For all SNP, variant type, allele variants, sequence coverage, allele counts and

percentage, and average quality were registered.

For HRMA, we used 15 individuals of each species following workflow designed by Smith et al.
(2012). PCR primers were designed using Primer3 (Rozen and Skaletshy 2000) implemented in
Geneious interface. Melting temperatures were estimated with uMELT*™ v2.0 (Dwight et al.
2011). BLASTN analysis (Altschul et al. 1990) was run to identify possible homologies producing
non-specific amplifications in the PCR. A total of 86 SNPs were selected for validation to best
predicted melting curves according Smith et al. (2012) recommendations. Thus, for 46 SNPs in
D. polymorpha and 40 SNP in C. fluminea primers were designed, yielding amplicon sizes

shorter than 65 bp (Table S1).

HRMA amplifications were conducted in 10 pL reactions containing 25—-100 ng of genomic
DNA, 1x Econotaq Plus Master Mix (Lucigen), 1x LCGreen+ fluorocrome (ldaho Technology),
and 0.20 uM of each primer. Thermal cycling was performed on a LightCycler 480 Real-Time
PCR system (Roche Diagnostics) with an initial denaturation of 10 min at 95°C followed by 35
cycles denaturing for 10 s at 95°C, annealing at 60°C for 30 s, and extension for 10 s at 72°C.
Reactions were overlaid with 15 pL of mineral oil to prevent evaporation (Smith et al., 2010).
Twenty-five HRMA data acquisitions were collected in a ramp rate of 0.02°C/s between 60 and
95°C. All melting curve patterns were analyzed using the LightCycler 480 Gene Scanning
Software v. 1.5.0 SP1 (Roche Diagnostics). When a double-peak pattern resulted for all
individuals, SNPs were genotyped in a set of 96 individuals to be corroborated (Figure S1). In D.
polymorpha, 5 SNPs displayed the expected melting curves and were polymorphic among the
analyzed individuals (Table 1). In C. fluminea, 4 SNP showed melting curves compatible with
polymorphic SNPs (Table 1). Polymorphic SNPs were submitted to GenBank with accession
numbers KT220181-86 and KT220188-90.

A constant heteroduplex melting pattern among the initial 15 individuals was found in 23 SNPs
of D. polymorpha and 18 SNPs of C. fluminea (Table S1), and further genotyping in 96
individuals was found in all cases (Figure S1). This feature could be compatible with these
regions being paralogous sequence variants (PSV) (Smith et al. 2005). This number of non-
validated SNPs may be related to the fact that our MPS data sets were derived from a single

individual of each species, belonging to invading populations with low levels of genetic
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diversity (Blackburn et al. 2015). Alternatively, it could be possible that that PSV are a common

trait of the genomes of mollusks, a taxa with cryptic repetitive DNA (Mclnerney et al. 2011).

Table 1. Name, nucleotide variant (NV), amplicon size (As), forward (F) and reverse (R) primers,
Annealing temperature (Ta) for polymorphic SNPs in D. polymorpha and C. fluminea.

Ta GenBank
(°C)  Accesion

Species Name NV As Primer sequences (5’ = 3’)

F: TGCAACCGAGTTTACCAACGGCT

D. polymorpha Dp292 A/T 60 R: TGCTGTTCAAATGAACCGGAGCAG 57 KT220181

F: TCGCCTTGCAAGTCTCGTGCT

Dp367 T/6 60 R: GCAATTGTTCTTGCAGTAATGTCCCGC >7 KT220182

F: GCTGCCTGAAACGTTCAGTGGT

KT220183
Dpa52  T/G 60 . CCTCCGGGATCGGCCCACTT >

F: TGCGTGGAGCCTTTCCACCG

KT220184
Dpa67  A/G >4 R TGGCAAGAACAAAGCAGACCGC >7

F: GTGTGAAATCTTGAAAGCGCCTTGT

Dps01 o > R: GGCTGCTGGTAAATAAATGGGCTCCG >7 KT220185

F: CGAAAGCTGCGCATTTCTGCGA

. flumi Cf46 /G 54
C. fluminea / R: ACCTGCGGATGGATCATTACCGA 7 KT220186

F: TGTAGGCGGCCACCCCATGT

Cf132 T/G 59
/ R: GGTCTTCACTGACGGGCGGC 60 KT220188

F: AGCTTACAGTTTGCCCACTTACCTCT
Cf190 T/A 60 57 KT220189
R: AGATGCGAATTGGCCCCGGT

F: GTAATGTCCGTCTGCGTATCAGATTCA
Cf270 T/A 60 57 KT220190
R: TGCCGGGGTGTCTTGTTTGTCG
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Abstract

Asiatic clam (Corbicula fluminea) is one of the most invasive freshwater bivalves. Despite the
ecologic and economic impacts of this species, there are only a few polymorphic microsatellites. In
this study, we screened the genome from C. fluminea in search of microsatellite markers using
massive parallel sequencing. We identified 246 new microsatellites involving di-, tri-, tetra- and
pentanucleotide single repeats and different compound microsatellites, and we used a validation
protocol to characterize a sample of those. Nine of them presented two or more alleles indicating a
low level of variability.
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Genetic characterization of the Asian clam species
complex (Corbicula) invasion in the Iberian
Peninsula
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Abstract

The Asian clam (Corbicula sp.) is an invasive freshwater bivalve native to Asia, the Middle East,
Australia, and Africa. It is now widely distributed around the world producing large ecological and
economic impacts. Three well-described invasive lineages form a cryptic species complex with
asexual reproduction based on androgenesis. In this study, we collected 175 individuals from
different Iberian, European, and North American locations to genetically study Corbicula invasion in
the Iberian Peninsula using COl and 28S genes. The use of mitochondrial and nuclear markers allows
us to characterize both maternal and paternal inheritance from androgenetic Corbicula locations and
to deal with the incongruences caused by egg parasitism. We identified 7 COIl and 10 28S haplotypes
that grouped individuals within the three invasive Corbicula lineages. Haplotype distribution of
mitochondrial and nuclear markers detected genetic divergence between the Ebro Delta location
and the rest of Iberian sites, suggesting that at least two invasion episodes occurred in the Iberian
Peninsula. Haplotype distribution also suggested secondary contacts between Iberian and other
European invaded regions. Additionally, results revealed that nuclear hybridization, a feature more
widespread than previously reported, contributes to retain gene diversity in the Corbicula invasion.
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Corbicula; Iberian Peninsula; Invasive species; Mitochondrial COI; Nuclear 28S; Population structure
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Abstract

The zebra mussel (Dreissena polymorpha Pallas, 1771) and the quagga mussel (D. rostriformis
Deshayes, 1838) are successful invasive bivalves with substantial ecological and economic
impacts in fresh water systems once they become established. Since their eradication is
extremely difficult, their detection at an early stage is crucial to prevent spread. In this study,
we optimized and validated a gPCR detection method based on the histone H2B gene to
quantify combined infestation levels of zebra and quagga mussels in environmental DNA
samples. Our results show specific dreissenid DNA present in filtered water samples for which
microscopic diagnostic identification for larvae failed. Monitoring a large number of locations
for invasive dreissenid species based on a highly specific environmental DNA gPCR assay may
prove to be an essential tool for management and control plans focused on prevention of
establishment of dreissenid mussels in new locations.

Keywords

Dreissenids, environmental DNA, Histone gene, Infestation level quantification, qPCR
amplification, Quagga mussel, Zebra mussel.
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Introduction

The zebra mussel, Dreissena polymorpha (Pallas, 1771) is a successful invasive bivalve native to
the brackish estuaries and freshwaters systems of the Ponto-Caspian regions (Black, Caspian,
and Azov Seas). It is considered one of the 100 world's worst invasive alien species (IUCN-
ISSG)' possessing several biological life cycle features that favor its proliferation: rapid growth,
early sexual maturity, and high fecundity of up to 1 million eggs per season®®. Due to a

planktonic larval stage and also facilitated by human-mediated activities such as larvae in

ballast water*, attachment of adults to hulls of commercial and recreational ships>®’.

The zebra mussel was first time found on the Iberian Peninsula in the Ribarroja Reservoir (Ebro

River) in 20018, about 100 years later than its first report in Western Europe®. This delayed

9,10

invasion might have been due the Pyrenees mountain range serving as a barrier”™ to

dispersal. Since then, this species has expanded along the Ebro River and adjacent basins in the

11,12

Northeast region of the Iberian Peninsula™"*. Moreover, these effects are expected to

increase with the imminent arrival of another invasive dreissenid, the quagga mussel (D.

rostriformis Deshayes, 1838)'%'*!

15,16,17

. Around 2004 the quagga mussel arrived in Western

Europe
d18,19,20

and has been constantly spreading into areas where zebra mussels previously
invade , and thus are predicted to arrive to the Iberian Peninsula in a near future unless

effective prevention measures are enacted™.

To face these challenges, the National Strategy for the Control of Zebra Mussel in Spain has
focused efforts on the rapid detection of both species. Plans for control and management®>?
were developed to prevent further zebra mussel expansion since eradication of dreissenids is

4,24
d

extremely difficult once they are establishe . Therefore it is critical to detect their presence

as early as possible, when measures of eradication could be effective®.

The current methodology for detecting the presence of the zebra mussel is rather
rudimentary. Adult individual detection is based on visual diagnostics, and veliger larvae are
detected using microscopy”. The latter is labour intensive and time-consuming, and can result
in false positives due to the similar appearance between dreissenid larvae and those of other
macroinvertebrates®’. Alternatively, molecular markers have proven useful in species
identification diagnostics, but these previous studies do not intend sample quantification®?*%.
Thus, after optimization they offer a faster diagnosis without false positives but they do not
allow the quantification of the dreissenid infestation. The combination of environmental DNA
(eDNA) sampling is with a quantitative PCR (qPCR) method>**" may be optimized to permit

quantification, as evaluated here.

In the present study, we developed and optimized a qPCR procedure to assess the level of
dreissenid infestation using eDNA samples. This method is based on a single-copy gene used as
a genetic marker from Massive Parallel Sequencing (MPS) output of zebra mussel genomic
DNA™. This method could be applied to diagnose the dreissenid infestation level in locations at
risk of invasion. Evaluation and quantification of these locations will be crucial to complete the
management and control plans to prevent future dreissenid spread.
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Results

Stage A: single-copy gene marker selection

Gene annotation, single-copy gene selection and PCR specificity

Analysis of MPS output™ using Blast2GO software resulted in a total of 220 Gene Ontology
(GO) terms that were tagged on 56 contigs (1.44% of the total 2,326)(see Supplementary Fig.
S1 online). When single-copy genes were screened in contigs larger than 500 bp, just four were
found in the BlastX analysis (Table 1). Of these genes, one corresponded to the methionyl-
tRNA synthetase (MARS) gene with an E-value of 7.52E-23. The remaining three genes were
different histone genes as follows: histone 1 (H1) with an E-value of 1.08E-27; histone 2B (H2B)
with 5.31E-54; and histone 3 (H3) with having 3.77E-88 (Table 1). All four markers were
verified for species specificity, and three (H1, H2B and MARS) presented a single and clear PCR
amplicon for the two dreissenid species (see Supplementary Fig. S2 online).

Standard qPCR curve amplification

Following the species specificity test, we considered that three markers (H1, H2B and MARS)
were suitable to be optimized for dreissenid DNA quantification by gPCR. After several
attempts, only H1 and H2B markers had a dynamic range with a coefficient of variation (CV)
below 0.3 in all concentrations tested (from 50 to 5E-3 ng/uL), characterized by a single peak in
the melting curve (Table 1). H2B was selected due to real time amplification efficiency (E =
1.973), lower Blast E-value, and lower coefficient of variation among replicates (CV = 0.154).
Adding the concentrations needed for the standard curve, the H2B gene showed both
detection level (DL) and quantification level (QL) at 5E-4 ng/uL. In all cases, the sequence of
the PCR products matched the reference sequence with a variation of 5 SNPs between the two
dreissenid species (see Supplementary Fig. S2 online).

Stage B: Environmental quantification

PCR amplification

The Banyoles Lake eDNA sample confirmed the absence of dreissenid DNA resulting in
negative PCR amplification. Positive dreissenid DNA presence was observed in the remaining
five locations in at least one of the two temporal samples (Table 2, Fig. 1). In the spring
sampling, three locations (La Baells, Sant Pon¢ and Boadella) were positive for dreissenid DNA,
and all five locations were positive in the autumn sampling (Table 2, Fig. 1).

Infestation DNA level quantification
The DNA quantification comparisons between seasons were significantly different for all
locations (Fig. 1). As a general pattern, the DNA levels were approximately seven times higher

(t =-4.791; df = 34; P = 0.000; inset in Fig. 1) in autumn (70.081 ng/L; SEM = 14.258) than in
spring (10.728 ng/L; SEM = 1.361). The Sant Pong (t = -4.103; df = 7; P = 0.005) and Boadella (t
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= -6.514; df = 5; P = 0.001) reservoirs followed this general pattern with significantly higher
DNA values after the summer spawning period (Fig. 1). In contrast, La Baells Reservoir
presented significantly lower DNA quantity for the autumn season (t = 10.105; df = 11; P
0.000). Moreover, the spring season comparison (F = 70.802; df = 14; P = 0.000) showed that
La Baells Reservoir differed from the other two reservoirs (Sant Pong¢ and Boadella Reservoirs)
with the presence of dreissenid DNA in this season. In contrast, the autumn season was more
variable (F = 235.539; df = 30; P = 0.000) with four significantly differentiated groups. Only La
LLosa and Sant Pong¢ Reservoirs presented similar quantification levels (Fig. 1).
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Figure 1. DNA quantification level for each location. White and black bars correspond to spring
and autumn sampling periods respectively. Right square represents the total quantification
average among all locations for both sampling periods. Pairwise T-Student comparisons
between sampling periods significance is represented by asterisks (*: P < 0.05; **: P < 0.001;
***. P < 0.0001). Letters and numbers correspond to statistical identity among spring and
autumn comparisons respectively after ANOVA and subsequent Bonferroni post-hoc analysis.
ND= non-detected.

Discussion

Several previous studies have developed detection methods based on molecular markers for

4,28,29

dreissenid identification in environmental samples . However, to our knowledge, this study

is the first published in which a method was developed for identification and quantification of
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the infestation level of invasive dreissenid species. To achieve these results, we generated and
validated a highly specific marker using gPCR quantification of the H2B nuclear single-copy
gene. The selection of the maker (H2B single-copy gene) was realized by bioinformatics
analyses of a previous MPS published output™ with a laboratory validation of the usefulness of
the marker. The choice of the marker was based on the high specificity for dreissenid species,
which allows the discrimination of dreissenids species from endemic mollusk species. The
marker also presented the best qPCR parameters compared to other putative markers (Table
1). Several other studies have targeted mitochondrial DNA based markers for species

identification in environmental samples®>3*3*

instead of using single copy nuclear genes. The
use of mitochondrial DNA is extremely useful for detecting the presence of a species, but has
some disadvantages when besides detecting presence the protocol is designed for

quantification®>.

Our qPCR methodology developed is not designed to provide the absolute number of larvae or
adults in the water body, but it quantifies the amount of dreissenid DNA, which very likely
informs about the levels of infestation. As we will discuss, the fact that we were able to detect
the significant differences in seasonal fluctuations within dreissenid populations strongly
supports this assessment. In this context, any source of further variation should be avoided.
Thus, although the total amount of DNA (both nuclear and mitochondrial) may vary by several

272830 the number of mtDNA molecules also varies from

orders of magnitude during ontogeny
cell to cell. The use of mtDNA markers is therefore not recommended as they would

incorporate additional errors in quantifying the infestation®.

This protocol outperforms an alternative quantification using the difference in the number of
endpoint PCR replicates with positive detections, even in samples with low DNA presence®’.
Replicative endpoint PCR would experience the same problem of quantifying DNA instead of
assessing the number of individuals. However, a single gPCR can yield a quantification of the
amount of DNA*?°

methods should provide with a more precise quantification of the presence of dreissenid DNA.

. Furthermore, replicating qPCRs, as it is done in replicative endpoint PCR

Thus, using the qPCR protocol described here, we can provide water managers with accurate
data on the success of control measures in the early invasion stages. This information is crucial
for eradications, since it has been demonstrated that effective control measures should be
undertaken as early as possible®*>?°,

The H2B single-copy gene marker does not discriminate between the closely related zebra and
quagga mussels due to the low levels of interspecies differentiation of this marker between
the two species (see Supplementary Fig. S2 and Fig. S3 online). The inability to separate zebra

from quagga mussels is not a hindrance to implement the method developed in this study.

Both dreissenid species have a related native range, similar life histories and morphology®*,

and they are currently well expanded in Europe'®**

13,14,41

The zebra mussel expansion typically

|14,42,43

occurs earlier with an invasion lag time five times shorter than the quagga musse

7,10

Quagga mussels become established in water bodies where zebra mussels are present”™, and

zebra mussel populations are gradually replaced by quagga mussels®***

with a complete
replacement after nine of more years of coexistence®. Thus, the lack of discrimination

between these two species and the possible incipient quagga mussel specimens in the area
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studied is not a critical problem to implement the developed method, since regardless which

31314 or when species occurs

of the two species are present the impact of the invasion is similar
concurrently, their effect is even greater™. Interestingly, as the first reported presence of the
zebra mussel in the Iberian Peninsula was in 2001, we could suspect that the quagga mussel is
already present in the Iberian Peninsula. However, the morphological analysis of more than
4,000 adult individuals from two lberian locations (in the first and the last locations where
zebra mussel was detected; see Supplementary Table S1) failed to identify quagga mussel
individuals, which may indicate that the invasion of quagga mussel has not yet started or it is in

its initial stages.

Additional advantages of our gPCR method developed in this study include: (1) faster results,
(2) more cost-effective, (3) and more powerful resolution to detect presence of dreissenid
infestation than the previous methods based on visual inspection and/or molecular markers.

2226 are labour

The traditional microscopic screening methods for veliger larvae detection
intensive and time-consuming®, with a relatively high potential for false positive results. In
addition, our method outperforms previous molecular methods aimed at determining only

4,28,29

dreissenid DNA presence . To the best of our knowledge, this is the first method capable to

differentiate specific dreissenid DNA levels from other bivalves in eDNA samples.

A goal of this study was to apply our method to actual environmental samples. Five locations
were sampled within the recollection program of the Catalan Governmental control and
management of zebra mussel expansion® (Table 2). Each location was analysed in two
sampling periods as follows: prior to the spawning in spring period ; and after the spawning in
autumn period®>. When comparing the visual and molecular analyses results, the molecular
analysis provided more positive results than the visual inspection. For instance, neither larvae
nor adults were detected by traditional methods in the autumn samples from La Llosa and
Boadella Reservoirs as well as in both temporal samples from the Sant Pong Reservoir. In
contrast, the PCR amplifications (subsequently confirmed by Sanger sequencing) were positive
in all these samples. These discrepancies between analysis methods may be due to a low
number of larvae present in the water column, which is not detected by the microscopical
inspection. We should be cautious in the locations where we have failed to detect dreissenid
DNA, as there is the possibility that the overall eDNA levels are poorly represented by the
48 with the

risk of having dreissenid DNA (and thus infestation) in these negatively amplified locations.

sampling design since eDNA concentration may vary between adjacent samples

However, the sampling of our study is based on capturing free but also larvae DNA and thus
having a more representative sampling consequence of the larvae movement and
propagation”. On the contrary, the positive PCR results may indicate an incipient invasion of
dreissenid, and these locations should be considered major objectives for the prevention
directives by the governmental agencies.

A novel component of our gPCR method is the quantification of the dreissenid infestation
level. As a general pattern, we obtained a significantly higher presence of dreissenid DNA in
autumn than in spring (t = -4.791; df = 34; P = 0.000) (inset in Fig. 1). This is in concordance

14,25

with the vital cycle of zebra mussels, in which major spawning is in summer when the

water temperature increases above 18°C*. Thus, significantly higher DNA amounts are
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expected in autumn as a consequence of the higher concentrations of veligers in water
samples. This pattern was shared in four of the five locations analysed (Fig. 1). In the Sant Pong
and Boadella Reservoirs, DNA presence was detected for both sampling seasons with
significantly higher DNA quantity in the autumn sample, whereas dreissenid DNA presence was
only detected in the autumn season in the Gaia and La LLosa Reservoirs (Fig. 1). La Baells
Reservoir presented an opposite pattern with significantly higher DNA presence in the spring
season (Fig. 1). The results from this reservoir were in concordance with the Catalan Water
Agency (ACA) monitoring plan as it was the only reservoir with a confirmed presence of adult
individuals along the year®.

One surprising result was the high DNA quantity found in the autumn season for the Gaia
Reservoir with no presence of DNA in the spring. A similar situation occurred in La Llosa
samples albeit to a lesser extent (Table 2, Fig. 1). ACA only found the presence of larvae but no
adults in Gaia in 2012. However, the presence of zebra mussels has not been observed in
succeeding years. Based on these results, we suspect that these locations are probably having
a flow of dreissenid input, with a high risk of establishment of the invasion in a short term.

In summary, to the best of our knowledge, we have developed the first method for specific
detection and quantification of dreissenid DNA in environmental samples based on gPCR. This
method outperforms previous methods based on visual and microscopic inspection, and it
provides additional information than other molecular methods only based on the detection of
the presence of dreissenid DNA. Application of our method allows early detection of dreissenid
invasions and fast implementation of control measures.

Methods

Sequences from zebra mussel were obtained from a previous Massive Parallel Sequencing
(MPS) study™. De novo assembly generated a total of 2,326 contigs (contig range size = 100 —
8,697 bp; mean contig size = 457 bp; N50 = 825 bp) and was submitted to the
DDBJ/EMBL/GenBank Whole Genome Shotgun project when the contig size was longer than
500 nucleotides under accession number JWHF00000000.

Stage A: Single-copy marker selection

Homologous sequences of the contig sequences longer than 500 nucleotides were identified
using Blast2GO software (version 2.4.2)*. The Non-Redundant (NR) NCBI protein database was
searched using BlastX with a Cut-Off e-value of 1E-6, Cut-Off length of 30, and 20 Blast Hits.
Subsequently, Gene Ontology (GO) terms were assigned according to the Gene Ontology
Database with an e-value-Hit-Filter of 1E-6, annotation Cut-Off of 55, and GO Weight of 5.
These results were used to predict single-copy genes using homologies with NCBI and

49
|

Ensembl* databases. The PCR primers for selected genes were designed using Primer3*® with

default parameters.
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Stage A: Stage B:
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Figure 2. Workflow of experimental design. Black steps: bioinformatic analysis, white steps:
laboratory procedures.

Adult individual collections for PCR development and validation

The PCR results were validated in three adult zebra mussels from the Aragdn Imperial Canal
(Ebro River), and the PCR specificity was verified against several mollusc species found in
overlapping distribution with zebra mussel: one individual of Spengler’s freshwater mussel
(Margaritifera auricularia), two Asian clam (Corbicula fluminea) and one spike-topped apple
snail (Pomacea sp.). Furthermore, two individuals of quagga mussel sampled in the
Netherlands (52°42’N, 05°18’E) were also included. Whole bodies without shell were
preserved in 70% ethanol until processed. DNA isolations were performed using the EZNA
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Mollusk DNA kit (Omega Bio-Tek), and DNA was eluted in a volume of 200 pl. DNA quality and
quantity was verified by agarose gel electrophoresis, Qubit v2.0 fluorometer (Life
technologies) and NANODROP spectrophotometer (Thermo Fischer Scientific).

In addition, to infer the possible presence of quagga mussel in waters of the Iberian Peninsula,
we collected more than 4,000 dreissenid adult individuals in 2013. All individuals were
collected in Ribarroja reservoir (Ebro River; first cited record of the zebra mussel in the Iberian
Peninsula®; n = 3,013) and La Baells (Llobregat River; last cited record in the lberian
Peninsula®®; n = 1,230) (see Supplementary Table S1).

Tissue PCR amplification

All primer sets were tested by end-point PCR in adult tissue DNA using a 2720 Thermal Cycler
(Applied Biosystems). PCR assays were set up in 30 pL reactions containing 25-100 ng of
genomic DNA, 1X Buffer, 1.5 uM MgCl,, 0.8 mM dNTPs, 0.2 uM of each primer, 2.5E-2 u/uL Taq
polymerase (BIOLINE) and 3 pL of genomic DNA (approximately 100 ng). Thermal cycles
consisted: an initial denaturing step of 3 min at 94°C; 35 cycles of denaturing at 94°C for 30 s,
annealing at 50°C for 90 s, and extension at 72°C for 90 s; and a final extension period of 5 min
at 72°C. The PCR annealing temperature was increased to 60°C if unspecific results were
obtained. Negative controls were included in all PCR runs to ascertain the lack of cross-
contamination. The PCR results were verified using 1.5% agarose gel electrophoresis. Finally,
the primer pairs that produced a single, clean amplicon were selected for subsequent steps

(Fig. 2).
Marker selection by standard qPCR curve amplification

The PCR reactions of single-copy genes that demonstrated specificity for dreissenids (zebra
and quagga mussels) were used to generate standard curves for the qPCR using an ABI 7300
Real-Time PCR System (Applied Biosystems). First, DNA stock concentrations were normalized
to 50 ng/uL and were mixed in a final volume of 200 pL with 100 ng/uL salmon sperm DNA
(Invitrogen) as a DNA carrier to minimize loss of zebra mussel DNA in the aliquots. The
standard curve was constructed by five consecutive 10-fold dilutions (range of dilutions from
50 to 5E-3 ng/uL). The quantitative gPCR mix was prepared in 20 pL volume reactions with 2 L
of each DNA dilution, 1x SyBR® Green PCR Master Mix (Applied Biosystems) and 0.20 uM of
each primer. The amplification temperature profile consisted of an initial step at 50°C for 10
min; 40 cycles of 95°C for 15 s and annealing at 60°C for 1 min; and a dissociation curve
consisting of 95°C for 15 s, 60°C for 30 s and 95°C for 15 s. Negative controls were also
included to ascertain the lack of cross-contaminations. All samples were tested in triplicate,
and the coefficient of variation (CV) was calculated in the triplicates of cycle threshold (CT) to
determine the absence of technical and manipulation errors.

The quantification level (QL), defined as the minimum of quantifiable DNA in the standard
curve, was determined as the lowest DNA concentration with positive amplification and a CV
lower than 0.3. The detection level (DL) was determined as the lower concentration with
positive amplification but a CV larger than 0.3. The DL indicates DNA presence but no reliability
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in the quantification. The dynamic range of the standard curve for every single-copy gene
marker was determined using DNA concentrations up to QL and linear correlation. The marker
producing the best efficiency and linearity values (lowest CV, QL and DL) was the one selected
for dreissenid DNA quantification in the environmental samples. Positive PCR amplifications
were directly sequenced by Sanger sequencing to reconfirm identity.

Stage B: Environmental quantification of dreissenid DNA presence

Filtered water sample collection

Samples were obtained from five representative locations (See Table 1 and Supplementary Fig.
S4) of different reservoirs in the Northeast Iberian Peninsula following the sampling protocol

22
. In

and procedure of the control and management of the zebra mussel expansion plan
addition, a sample from Banyoles Lake (Girona, Spain) with no potential risk of zebra mussel
invasion due to its isolated geographical distribution was used as a negative control. The
presence of adults and larvae in these locations has been tested periodically®® using the official
Spanish Government procedures®®. The positive presence of larvae and adult individuals was
only detected in La Baells Reservoir since 2011, and ACA also detected larvae but no adults in
Gaia Reservoir only in 2012%%. The remaining three reservoirs were visually negative for the
presence of both adults and larvae (See summary of presence of larvae and/or adults in Table
1). For quantitative analysis, two 100 L water samples were collected at each location before
(spring) and after (autumn) spawning periods (Table 1). All of the environmental samples were
filtered using a 50 um diameter mesh to target veliger larvae of Dreissena species, rehydrated

with water and stored at -20°C until analysis.
Environmental DNA (eDNA) isolation

One of the main points of this method is optimizing the eDNA extraction for all 11 water
samples (Table 1) obtaining the most DNA but the lowest presence of PCR inhibitors. After
several attempts, the best method resulted using the DNA isolation kit for environmental
samples called the FastDNA™ SPIN Kit for Soil (MP Biomedicals). All DNA isolations were
validated by 1% agarose gel electrophoresis and quantified using a QUBIT v2.0 fluorometer.

PCR amplification and Sanger sequencing validation

The eDNA samples were validated by endpoint PCR using the best molecular marker for
dreissenid specificity previously selected in Stage A. Gradient PCR with an annealing
temperature ranging from 60 to 70°C and a Touch-Down PCR with decreasing annealing
temperature from 70 to 60°C (-1°C/cycle in the first ten cycles) were performed in parallel to
optimize PCR amplification. The PCR products were also sequenced using the Sanger method
for validation.
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Quantification of infestation

The dreissenid DNA from the 11 samples was quantified by gPCR in three consecutive 10-fold
dilutions in triplicate. To infer the effect of inhibitors in the eDNA samples, a second qPCR
analysis was performed with controlled contaminations (Spikes) using the same dilutions of
environmental samples but with the addition of 2 uL of 2 ng/ulL zebra mussel DNA extracted
from adult tissue. In all cases, the gPCR mix and thermal cycles were performed following
Stage A conditions. The quantification results were analysed using 7300 SDS v1.3.1 Software
(Applied Biosystems). For positive amplification samples with no inhibitors, concentrations
were determined using the standard curve previously developed. The values are presented as
the mean concentration (ng/L) with the corresponding standard error of the mean (SEM). A
gPCR amplification was considered positive when the following conditions were met: (1) at
least one of the dilutions is in the dynamic range of the standard curve and has a cycle
threshold (CT) at least six cycles earlier than the no template control; (2) a proportional
correspondence among decimal template dilutions and CT amplifications; (3) replicates should
present a coefficient of variation lower than 0.3; and 4) specificity must be verified by a single
melting peak. Finally, we calculated the estimated number of target gene copies per microliter
in positive amplified samples.

The data resulting from the quantification was tested for normality by a Kolmogorov-Smirnov
test, and values were transformed when necessary (exponential transformation for
comparisons among seasons within the same location; and square root transformation for
comparisons among the seasons). The statistical analyses for concentration comparisons were
performed using two-tailed Student t-tests or ANOVA tests with Bonferroni post-hoc tests. All
statistical analyses were computed using the IBM SPSS Statistics package (v. 20.0; IBM Corp.,
USA).
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4. DISCUSSION

4.1. Massively Parallel Sequencing in search of new molecular markers

The implementation of MPS has improved the identification of new molecular markers. Large
databases generated by MPS methods can be bioinformatically screened to detect SSRs
(Gardner et al. 2011) or SNPs (Everett et al. 2011). As previously mentioned, SSR and SNP
markers are genetic markers commonly used in population genetics, and both provide valuable
information for conservation strategies and management (Sunnucks 2000). Specifically, this
doctoral thesis has seeked to identify and characterize new polymorphic SSRs in both zebra
mussel and the Asian clam (chapters 1 and 2) using sequences obtained from 454
Pyrosequencing, to be used in subsequent population analyses in the lberian Peninsula
(Additional Figure 7.1.2). Additionally, the same 454 Pyrosequencing runs used for SSR
developing have also been used to increase the number of available SNP markers in both
species (chapter 3).

The search of molecular markers such as SSRs involves two main steps: (1) detection of
candidate regions (in this case, tandem repeat structures) throughout the genome, and (2)
validation with genotyping protocols. Because of this further validation, low coverage is not
usually an issue, and it has been established that the average proportion of a 454
Pyrosequencing plate required to identify a set of 40 unique pre validated SSR loci in
invertebrates is 7.25% (a 1/14 fraction) of a 454 plate (Gardner et al. 2011). Even in larger
genomes this value is adequate. In the largest estimated haploid genome (the conifer Callitris
verrucosa, Cupressaceae) included in an analysis of SSR characterization using 454
Pyrosequencing (Gardner et al. 2011), a 1/6 (16.67%) of a single plate was enough to obtain
117 pre validated loci with their corresponding primers. This same study includes information
about successful conversion from selected loci to polymorphic loci (polymorphic yield), which
is 62% in invertebrates. Thus, a 7.25% of a 454 plate should be enough to obtain a viable set of
polymorphic SSRs. We therefore used 1/8 of a 454 plate (12.5%) for each species.

We were able to detect candidate regions containing tandem repeats using DNA from single
individuals in our MPS libraries construction. Sequencing a single individual could generate a
larger representation of the genome and more tandem repeat structures might be detected
compared to from the use of pooled individuals, the total number of sequenced nucleotides
being equal. Posteriorly, these single individual derived markers were analyzed in several
specimens to detect polymorphism. However, the search of SNP in such MPS runs may yield a
significant number of false positives (as well as false negatives) during the initial detection of
base variation. As we will discuss, only heterozygous SNP were detected, and these may be
related to genomic duplications and not to real polymorphisms.

4.1.1. SSRs
The sequencing of 12.5% of a 454 plate in zebra mussel generated 36,554,817 bases in 110,593

reads. Parallely, Asian clam sequencing resulted in the similar values of 29,474,243 bases in
98,534 reads. These yields in massive sequencing are in concordance with the normal range of
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previous studies using 454 Pyrosequencing for isolating SSRs in other bivalves. For instance, a
total of 63,715,316 bases (161,714 reads) were obtained in the Texas hornshell (Popenaias
popeii, Lea, 1857) (Inoue et al. 2013), and 420,204,057 bases (859,313 reads) were also
generated in the Chinese razor clam (Sinonovacula constricta, Lamarck, 1818) (Niu et al. 2013)
using a whole 454 plate. Calculated yields in sequencing for these studies if they would have
used the same proportion of the plate than us (12.5%) would be 31,857,658 bases (80,857
reads) and 52,525,507 bases (107,414 reads) respectively.

After the assembly, 3,885 zebra mussel and 3,347 Asian clam contigs were build and screened,
with a total of 288 and 246 single tandem repeats, respectively. Finally, 93 of the 288 detected
tandem repeats and 97 of the 246 tandem repeats were unique loci conformming the
conditions for primer design, respectively. After PCR validation in 15 individuals from different
locations, 14 out of 93 (15.05%) loci in zebra mussel and 9 out of 97 (9.28%) in the Asian clam
were polymorphic. These values of polymorphism are lower than expected, considering the
62% of polymorphism yied reported in other invertebrates (Gardner et al. 2011).

However, our results are similar to those found in some previous MPS studies using 454
Pyrosequencing for SSR isolation in bivalve species, both in number of candidate tandem
repeats and validated polymorphic loci. We identified one single tandem structure every 5,677
screened nucleotides in zebra mussel and one every 5,309 screened nucleotides in Asian clam
(one repeat structure every 13 screened contig sequences in both cases). These results are in
concordance with previous MPS studies using 454 Pyrosequencing for SSR discovering in the
Korean mussel (Mytilus coruscus, Gould, 1861) (Kang et al. 2013), in the Antarctic bivalve
(Laternula elliptica, King & Broderip, 1832) (Clark et al. 2010), or in the Chinese razor clam
(Sinonovacula constricta, Lamarck, 1818) (Niu et al. 2013). These studies obtained one tandem
repeat structure in 6,698, 6,085, and 6,527 bases respectively, representing one single repeat
structure every 11-13 screened sequences. Our final polymorphic SSR sets (14 in the zebra
mussel and nine in the Asian clam) and our polymorphic yield values (15.05% and 9.28% in the
zebra mussel and the Asian clam) also were similar than previous studies. For instance, a final
set of 18 polymorphic SSRs were finally described in the Korean mussel (Kang et al. 2013).
Other studies in the Korean manila clam (Ruditapes philippinarum, Adams & Reeve, 1850) (Kim
et al. 2014) and in the thick-shelled river mussel (Unio crassus, Retzius, 1788) (Sell et al. 2013)
described 10 SSRs each. Polymorphic yield in these 3 species resulted in 10.23%, 16.13%, and
14.29%, respectively.

It is interesting to note that none of the other bivalve species for which SSR have been
described are invasive, and thus the comparatively low polymorphic yield could be attributed
to idiosyncratic genomic traits of these taxa, and not to invasiveness. Bivalves have large
genomes (Saavedra and Bachere 2006) and a low frequency of SSRs (Zane et al. 2002). This
feature may be decreasing the power of the approach, and a higher number of initial
candidate sequences may be required to obtain a similar number of polymorphic SSRs than
other invertebrate taxa (Gardner et al. 2011). Additionally, some studies suggest that PCR
design for SSR amplification in mollusks may not be optimal because of the high incidence of
cryptic repetitive DNA in their flanking regions (Mclnerney et al. 2011).
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In a general way, MPS platforms have drastically increased the number of polymorphisms
obtained per single sequencing run whiht a decreasing costs per base (Metzker 2010) while
improvements in de novo assemblies and higher quality of both alignments and assembly
strategies have increased final coverage per run and thus marker discovery. However, different
MPS platforms have different length-coverage rates (Metzker 2010). Although 454
Pyrosequencing systems generate longer sequences compared to other platforms (Droege and
Hill 2008), Illlumina provides shorter sequences at a lower cost, therefore providing better
coverage. Interestingly, the detection of tandem repeats for SSR discovery doesn’t require high
coverage in the sequencing step, although sufficient sequence length is needed for successful
primer design in their flanking regions, and the use of 454 MPS is then recommended.

4.1.2. SNPs

Whereas for SSR capture larger assemblies are preferred, both for identification of the
structural motif and for primer design, for SNP calling it is better to get better coverage for
each base position. Thus, to identify SNP in our genomic data, we reassembled the 454
Pyrosequencing reads of chapters 1 and 2 in order to increase the number of sequences in the
alignment. Following the criteria of Altmann et al. (2012) and Seeb et al. (2011), we considered
a minimum of 40% of sequence overlap in contrast of a minimum of 40 bp criterion used for
the SSR capture. A 40 bp criterion is much more restrictive because smaller reads will be
trimmed and not included in the final assembly. Assemblies including smaller reads may
contain contigs of lower quality, yet they are likely to increase coverage and to identify more
variable positions (Seeb et al. 2011). For the zebra mussel, such assembly conditions increased
the number of contigs from 3,885 (average size = 421 bp) to 12,840 (average size = 424 bp),
and for the Asian clam the increase was from 3,347 (average size = 390 bp) to 10,853 (average
size = 402 bp). Bioinformatic base variants detection resulted in 783 positions in the zebra
mussel and 446 positions in the Asian clam, including single nucleotide variants (transitions
and transversions), multiple nucleotide variants (changes of two or three consequtive bases),
and Insertions/Deletions (InDels).

Next, we selected a subset of these variants for laboratory validation and polymorphism
confirmation. In this case, validation was performed by High Resolution Melting Analysis
(HRMA), to assess polymorphisms based on differences in DNA melting temperatures (Tm) of
different sequence fragments (Reed et al. 2007). SNPs can be discerned because even a single
base change may result in different melting curves (Smith et al. 2012). Thus, both homozygote
and heterozygote genotypes present differently shaped melting curves (Liew et al. 2004). The
main advantage of HRMA is its easy-to-use genotyping of nucleotide variants (McGlauflin et al.
2010). In order to increase the resolution among genotypes during HRMA, we excluded
multiple nucleotide variants and InDels. We therefore included single variants with a non
polymorphic 50 bp window, plus the flanking regions for primer design. Thus, amplicons of less
than 65 bp were produced (Smith et al. 2012). A total of 46 (5.87% of total) base variants in the
zebra mussel and 40 (8.97% of total) in the Asian clam met these criteria. After HRMA, a set of
5 and 4 base variants (10.87% and 10% of the analyzed loci, respectively) presented
polymorphism.
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Previous studies using 454 Pyrosequencing for SNP discovery in bivalves have better
polymorphic yields. For instance, Gallardo-Escarate et al. (2015) also sequenced 1/8 of a 454
Pyrosequencing plate in the surf clam (Mesodesma donacium, Lamark, 1818). The authors
obtained 10,178 contigs with average contig size of 581 bp. Such values are similar to our
zebra mussel and Asian clam MPS outputs. However, they detected 2,594 variants, compared
to the lower yield of 783 variants in zebra mussel or the 446 variants in Asian clam reported
here. Interestingly, these authors pooled 15 surf clams to perform their MPS analysis, and the
lower power of detection of our approach might be attributed to the design of our
experiment, which focused on SSR detection and was based in one individual only. Using
pooled samples to construct the DNA library increases the likelihood of finding base
polymorphisms, because a better representation of the alleles is available.

During HRMA validation, we found in several loci a heterozygote pattern in all analyzed
individuals. This anomalous heterozygosity rate may be related to the presence of paralogous
sequence variants (PSVs). Thus, we would be detecting the occurrence of slightly different
alleles on paralogous (duplicated) genes rather than real SNPs on homologue regions (Smith et
al. 2005). These PSV could be a consequence of the high transpositional activity reported for
the mollusk genomes (Mclnerney et al. 2011), and they are very difficult to overcome. In fact,
even setting a stringency criterion at a 90% of sequence identity, would also assemble
paralogues (Seeb et al. 2011). Again, increasing the number of individuals in library
construction would neither avoid the PSV detection, but these false positives would be diluted
with real SNPs, thus improving the number of real base variants initially detected and their
polymorphic yield in SNPs validation.

If SNP are the targeted marker of the experimental design, there are other new methods that
could improve the results, such as Restriction-site-Associated DNA Sequencing (RAD-seq) and
Genotyping by Sequencing (GBS). Both methods avoid the random fragmentation of the DNA
during the construction of the genomic library, a common first step of MPS protocols. This
random fragmentation causes that different portions of the genome are sequenced in each
individual, and the alignment is restricted to those parts in common. RAD-seq use restriction
enzymes during this initial DNA fragmentation, and because the same fragments are generated
in different individuals, the genomic overlap increases (Davey et al. 2011; Elshire et al. 2011).
Furthermore, polymorphism detection and population analyses are performed simultaneously
(Cristescu 2015).

4.2. Zebra mussel and Asian clam invasions and spread in the Iberian Peninsula

Invasions of the zebra mussel and the Asian clam in the Iberian Peninsula exhibit different
histories and distributions. The first record of the Asian clam was documented in 1980 in the
Tajo River estuary (Mouthon 1981). In contrast, the zebra mussel was probably introduced
more recently, with a first report in the low reaches of the Ebro River, in Ribarroja Reservoir, in
2001 (Ruiz-Altaba et al. 2001). Since then, both species have been continuously spreading
through the Iberian freshwater basins (Figure 1.2), following different pathways. Currently,
whereas zebra mussel is mainly distributed in the Northeast of the Iberian Peninsula (Figure
1.2A), Asian clam has a more extended distribution and is found in all main freshwater
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ecosystems (Figure 1.2B). Although both bivalve species share some biological and
invasiveness factors, our genetic studies reported differences in their invasion history pattern
in the Iberian Peninsula.

4.2.1. Genetic characterization of the zebra mussel invasion

The main result of our genetic characterization of Iberian locations (Additional Table 7.2.3)
using SSR markers revealed that the zebra mussel invasion in the Iberian Peninsula could be
considered a separate episode from the other European invasions. Our results partially
disagree with previous studies using AFLPs, which locate the origin of the Iberian invasion in
France (Rajagopal et al. 2009). Our analyses stablish the independent origin of the Iberian
samples, and they group the northern French basins with the rest of European sites as
reported by May et al. (2006). Both studies support the scenario of a single origin for all these
north-of-the-Pyrenees non-native populations.

However, when including the South of France some discrepancies appear. Rajagopal et al.
(2009) clustered the Southern France samples with the Iberian populations, in concordance
with some results of Tarnowska et al. (2013) describing these Southern basins as presenting
genetic divergence from the rest of French basins. Interestengly, though, this latter study
found that the Southern French region shared some of the most abundant COI haplotypes
found in the rest of French basins, and discarded the hypothesis of separate introduction
episodes (Tarnowska et al. 2013). Therefore, it has been considered that zebra mussel in
France conforms a single population, which we have included in our study through the Moselle
river individuals.

Being this the scenario, the origin of the Iberian samples is then conflicted, as it is not related
to the French population when using SSR, although AFLPs detect some kind of proximity
between lberian and Southern France individuals (Rajagopal et al. 2009). In general, SSR are
considered to provide more reliable information than AFLP (Liu and Cordes 2004), so the
hypothesis of an independent origin of the Iberian samples is well supported. The
identification of the south of France as a mixture region could suggest that the Spanish and
European invasions maintain a post-invasion gene flow.

Interestingly, our results could be compatible with a direct invasion from the native range.
Nevertheless, previous studies (Miiller et al. 2002; Gelembuik et al. 2006), after analyzing the
native populations in the Black-Ponto-Caspian Sea basins, concluded that fluctuations and
instability of genetic diversity in the native zebra mussel populations generated a mixture of
different genetic populations in the native range. As a consequence, the exact identification of
the original invasion sources in this species could be difficult and significantly affected by
stochastic sampling effects, even with more extensive analysis of the native range. As we
discussed in chapter 4, further sampling may be helpful to discover the source of the Spanish
invasion. However, the original population may have already changed significantly, thus
making very difficult to make assessments.
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High genetic homogeneity among Iberian sites revealed that all Iberian locations belong to the
same genetic population. First invasion in 2001 in the middle course of the Ebro River (Ruiz-
Altaba et al. 2001) seems to be produced by a large and diverse set of individuals that
recovered quickly from the founder event. Since then, the zebra mussel has spread along the
river and has reached neighboring basins, following a similar step-wise model than in France
(Tarnowska et al. 2013). This dispersion has likely been carried out through the usual strategies
of the zebra mussel including attachment to hulls of commercial and recreational ships, as well
as veliger larvae surviving in ballast water (Johnson and Carlton 1996). Interestingly, one
hypothesis about this independent introduction in the Iberian Peninsula is the direct transport
from the native range by tourism related activities and/or transport of exotic species. In fact,
globalization has facilitated the spread of exotic species from the East to the Western Europe
including other macroinvertebrate freshwater feeding invaders, such as the freshwater
hydroid (Cordylophora caspia, Pallas, 1771), the gravel snail (Lithoglyphus naticoides, Pfeiffer,
1828), or the freshwater mite (Halacarellus hyrcanus, Viets, 1928) as revised in Bij de Vaate et
al. (2002) or in Havel et al. (2015).

In general, populations stablishing in a new area are usually originated from a small number of
individuals, and suffer a reduction of genetic diversity (Sakai et al. 2001). However, initial
settlements of zebra mussel are usually originated from individuals belonging to more than
one location and/or from repeated translocations (Brown and Stepien 2010). As a
consequence, these species are supposed to avoid loss of genetic diversity and bottleneck
effects (Blackburn et al. 2015). Accordingly, our genetic analyses reported similar genetic
variability values in native and introduced zebra mussel populations. However, our results
suggested that the zebra mussel invasion in the Iberian Peninsula has been produced by a
single event; therefore we could attribute these high genetic diversity values to a large number
of individuals initially introduced and not to repeated translocations.

It has been suggested that the high transpositional activity present in bivalve genomes also
could explain their rapid adaptation to new habitats (Mclnerney et al. 2011). Stress-induced
changes could alter the action of these genes and thus promote structural variation, which, in
turn may facilitate the rapid adaptation observed in new environments (Stapley et al. 2015).
These genetic variations could generate the high morphological plasticity of zebra mussel and
provide the basis for genetic adaptations in new habitats (Stepien et al. 2014). Specifically, our
genetic results suggest that an incipient differentiation is already occurring in the Llobregat
River. The introduction in this river was first documented in 2011 (chapter 4), ten years after
the first introduction in the Ebro River. Therefore, this short period of time could be sufficient
to genetically differenciate populations in zebra mussel invasions (Stockwell and Ashley 2004;
Dlugosch and Parker 2008).

4.2.2. Genetic characterization of the Asian clam invasion
The relationship among the different Asian clam lineages is difficult to assess in phylogenetic
analyses because this species reportedly displays asexual reproduction by androgenesis in

invaded areas (Pigneur et al. 2012). Thus, the genetic characterization may vyield different
results depending on the molecular markers of choice. Furthermore, nuclear SSR and SNP
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markers optimized in the present thesis (chapters 2 and 3 respectively) are not numerous
enough and/or not polymorphic enough to attain a reliable description of androgenetic
populations. In this sense, the best combination of molecular markers seems to be a set of one
mitochondrial and one nuclear marker (COl and 28S genes, respectively) (Lee et al. 2005;
Hedtke et al. 2008). Together they provide information of both paternal (nuclear) and
maternal (mitochondrial) inheritance.

Our population genetic study of the Iberian locations (Additional Table 7.2.4) showed for the
first time that Iberian Corbicula populations are a mixture of the three most representative
invasive lineages (chapter 5). These three Asian clam lineages are commonly present in other
invaded European locations (Pigneur et al. 2014a), and the most common lineage within the
Iberian locations (RA lineage) corresponded to the most abundant lineage throughout Europe
and North America (Hedtke et al. 2008; Pigneur et al. 2014a). Since the first invasion in the
estuaries of the western Tajo River in 1980 (Moutthon 1981), this Asian clam lineage seems to
have extended east to the remaining Iberian basins. Moreover, our results indicate that an
independent colonization episode occurred in the estuaries of the Ebro River, where the first
reported Asian clam were found in 1996 (Lépez and Altaba 1997). Accordingly, the Ebro River
harbors a genetically distinct population. This second episode has spread upstream, along the
Ebro River, maybe because of the crawling capacity of the clam larva at first stages of
development (Karatayev et al. 2005). Both invasion episodes converge in the middle Ebro
River, where overlapped mitochondrial-nuclear haplotypes from eastern and western
colonizations are found. According to our results, the adjacent basins in the East of the Iberian
Peninsula (like the Ter River) may have been invaded from this middle Ebro River section.

Additionally, our results revealed high number of 28S nuclear heterozygotes, with alleles from
divergent lineages in the same individuals. This feature likely confirms a predominant use of
androgenetic reproduction (with egg parasitism involving two lineages) in these populations.
Interestingly, heterosis in founder populations has been linked to rapid adaptation (Drake
2006). This heterosis, rather than selection of increased genetic diversity, would be responsible
for the increased fitness and the major success on the colonization of hybrid individuals.

The results also suggested secondary contacts between Iberian Asian clam populations and
other European sites (chapter 5). This admixture, if confirmed, could increase genetic variation
related to ecologically important traits or to novel phenotypes. Then adaptation to new
environments could be facilitated (Colautti and Lau 2015). Additionally, the invasive success of
the androgenetic Asian clam lineages may be linked to their asexual mode of reproduction
(Pigneur et al. 2012), which we have most likely detected in the Iberian populations. A single
androgenetic individual can therefore establish new Asian clam populations.

4.2.3. Genetics of invasion
Although the zebra mussel and the Asian clam are frequently described using the same
mechanisms of invasions, in the Iberian Peninsula we have detected some differences. Thus,

the zebra mussel invasion seems to have been produced by a single introduction episode,
whereas the Asian clam invasion involves multiple episodes.
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However, both zebra mussel (chapter 4) and Asian clam (chapter 5) showed a genetic diversity
similar to the one of their native populations. The relevance of genetic variation in invasive
species is not completely clear, and even though its loss is considered a difficulty for the
survival of the population (Sakai et al. 2001), different invasive populations may present
normal values of genetic diversity. Population dynamics may strongly influence these
variations, and if bottlenecks are moderate (when large numbers of individuals are
transported) and/or population growth rapid, the genetic diversity may remain unaltered
(Roman and Darling 2007; Suarez and Tsutsui 2008).

In general, in zebra mussel and Asian clam, the similar values of genetic diversity between
native and invasive |berian populations can be attributed to (1) large amount of individuals in
the first step of the infestation, as both species can be easily carried along by human transport
activities allowing opportunistic transport (Sousa et al. 2014) and/or (2) the release of large
numbers of offspring (Astanei et al. 2005; Sousa et al. 2008). In any case, the relatively high
values we have found in the Iberian populations may have been playing an important role for
the invasion success (Stockwell and Ashley 2004).

Moreover, multiple introductions may be important sources of genetic variation necessary for
adaptation to new environments and thus can be critical to a successful establishment of
introduced species (Dlugosch and Parker 2008; Suarez and Tsutsui 2008). When multiple
introductions of a species occur, introduced populations may attain higher levels of genetic
diversity than native populations. Individuals in these populations may possess alleles in
combinations that do not exist in the native range, thus increasing the likelihood of novel
epistatic interactions or the expression of new phenotypes (Suarez and Tsutsui 2008; Lau and
Terhorst 2015). This maybe the situation in the Iberian Asian clam populations, and even in the
zebra mussel: although we have identified a single origin for the Iberian populations, the
source area could be already harboring new combinations of adaptive alleles due to previous
contacts between divergent populations.

Many invasive species reach high densities in the invaded range, and these large populations
may adapt faster to changing environments by increasing the probability of adaptive
mutations arising (Colautti and Lau 2015). Thus, the high densities achieved by the zebra
mussel and the Asian clam species could be a fundamental feature for its invasion success, at
least if this success is related to fast genetic change and adaptation. In fact, both zebra mussel
and Asian clam species have adapted to periodically disturbed habitats (McMahon 2002).
Although the SSR markers we have used are considered to be neutral, the incipient
differentiation we have detected in the zebra mussel of the Llobregat River could be an
indication of adaptive genetic variations (Stockwell and Ashley 2004).

4.3. Molecular protocols for detection
Eradication of invasive bivalves is extremely difficul to achieve once the population is
established, and thus a fast detection method is crucial to stop the spread. As we have already

detailed, current Spanish plans for control and management including early detection are only
implemented for zebra mussel.
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Therefore, we focused on developing a genetic method to improve the sensibility and the
specificity of routine zebra mussel detection systems based on gPCR (chapter 6). To do so, we
identified a dreissenid specific DNA sequence, the Histone-2B gene that was amplified by Real
Time PCR. Although quantification of larvae should be possible, we have not been able to
construct a standard curve to cross DNA amplification results with larvae count, and it is not
clear if the differences we have reported between locations are related to different levels of
infestation and/or yearly oscillations. Further analyses to check both sampling and season
biases should be required. Moreover, a DNA extraction method yielding environmental free
DNA (not only DNA from plankton samples) could also improve our results, as this DNA might
be less sensitive to these variations. Previous studies developing other molecular detection
methods don’t address these problems, because they either use conventional PCR (Frischer et
al. 2002; Egan et al. 2015) or do not sample intending quantification (Ram et al. 2011). Even
though our genetic protocol has limitations, it has been able to detect zebra mussel presence
in waterbodies where visual protocols yielded negative results. Then, this probably reflects
better detection sensibility. When visual methods fail to detect larvae in waterbodies where
molecular methods do, either an incipient invasion or a location with characteristics to “resist”
complete invasion could be hypothesized. In both cases, these sites should be considered
major objectives of analysis by the governmental agencies.

In contrast, there are no molecular protocols for detection of Asian clam. Because Asian clam
larvae are not floating in plankton (Hedtke et al. 2008), any attempt should be focused on
environmental DNA, which is going to be the only floating trace of the invasion. A Real-Time
PCR protocol with the capacity of quantification would be of great interest, as clam colonies
are much less evident than aggregations of zebra mussel. Our MPS output could be used to
identify single copy nuclear markers suitable for such design.

4.4. Future challenges in control and management

4.4.1. Zebra mussel control plans

The high economic impacts produced by the zebra mussel have concentrated all the measures
included in the Spanish control and management plans. The relatively late invasion in Spain
has allowed the government to design monitoring strategies to prevent large scale expansion
across the country. These strategies are developed through the National Strategy of Zebra
Mussel Control in Spain (MMARM 2007), a program involving all the Spanish Hydrographic
Confederations. This National Strategy includes integrated ecological and cost-effective
management plans, such as informative campaigns, the construction of disinfection stations,
closing of uncontrolled accesses, and research on the species and its interaction with the
environment in affected and in unaffected areas (Duran et al. 2010). Because zebra mussel
distribution is mainly found in the Northeast of the Iberian Peninsula (Figure 1.2A), most of the
control plans belong to the Ebro Hydrographic Confederation (CHE) (http://www.chebro.es/)

and the Catalan Water Agency (ACA) (http://aca-web.gencat.cat/aca/appmanager/aca/aca/)
(Abel-Abelldan 2010, ACA 2015, CHE 2015). Another important governmental agency is the
Basque Water Agency (URA) (www.uragentzia.euskadi.net), which has developed an Action

Plan for the Zebra Mussel Expansion Control in the Basque Country, in the Northeast of Spain
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(URA 2013). Moreover, because zebra mussel has also been punctually detected in the
Guadalquivir River, the Guadalquivir Hydrographic Confederation (CHG)
(http://www.chguadalquivir.es/) has focused on preventing further invasions along the

southern basins. The CHG is now developing a monitoring plan for detecting zebra mussel DNA
(http://www.chguadalquivir.es/).

Our results may be indicating that the implementation of the National Strategy of Zebra
Mussel Control in Spain in 2007 was partially successful, and the zebra mussel spread has
become mostly controlled. All the Iberian locations belong to the same population,
demonstrating that no further introductions have occurred in the Iberian basins (chapter 4).
Zebra mussel spread seems to be by passive diffusion among Northeast Iberian Peninsula
Rivers. However, a large-scale introduction event may have happened in the Guadalquivir
River. Thus, additional measures may be necessary to avoid further expansion of this species
within the country. Our detection protocol shows freshwater ecosystems with no reported
zebra mussels but with detection of dreissenid DNA (chapter 6), indicating that the invasion
region may be larger that was initially expected.

Based on the invasion history among the Ebro river basin, we can hypothesize that the recent
introduction in the Guadalquivir River (or any river in the initial stages of invasion) will
progress with the same pattern: it seems likely that zebra mussel will expand throughout the
whole basin by passive diffusion following the step-wise spread model. In addition, the
presence of zebra mussel in additional freshwater bodies than Ebro River puts on risk all other
river basins of the lIberian Peninsula since all new infested locations can act as source
populations of invasive species. Thus, it would be interesting to implement an efficient
detection system for monitoring the as more water bodies as possible. The genetic
methodology optimized in this thesis could also be used for detecting specifically dreissenid
DNA into monitored water samples, and prevention efforts could be focused on sites where
dreissenid DNA was detected by the first time and/or in sites when dreissenid presence is
increasing.

4.4.2. Asian clam control plans

Asian clam monitoring remains secondary in priority within the Spanish plans for constraining
invasive species. The different River Confederations have only developed strategies to detect
adults (CHG 2014; CHS 2014), but no management plans to prevent future spread are currently
stablished. Fortunately, it seems that strategies carried out to control the zebra mussel contain
the Asian clam. When the National Strategy of Zebra Mussel Control was implemented in
2007, the Asian clam had already been present in several Iberian basins for almost 30 years.
Interestingly, based on our compilation of the Asian clam presence in the Iberian Peninsula
(Figure 1.2B), its dispersion after 2007 has been mainly controlled, and no more large-scale
introduction episodes have occurred in the Western area. However, some Eastern basins
adjacent of the Ebro River have been invaded (Figure 1.2B). It could be useful develop similar
genetic methodologies to monitor locations with high risk of future invasions.
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6. CONCLUSIONS

From objective 1: Development of new genetic markers using MPS technologies for the zebra
mussel and the Asian clam (chapters 1, 2 and 3).

1. We have validated new sets of 14 polymorphic SSR markers for the zebra mussel and 9
SSRs for the Asian clam.

2. We also have characterized 5 new polymorphic SNP markers for the zebra mussel and
4 for the Asian clam using High Resolution Melting Analysis.

From objective 2: Genetic characterization of Iberian populations to understand their invasion
history in the Iberian Peninsula (chapters 4 and 5).

3. The zebra mussel invasion in the Iberian Peninsula involves a single and recent
invasion episode, with a step-wise expansion model during the colonization of the
Northeast Iberian Peninsula from the initial introduction in the middle Ebro River
stream.

A. The introduction of the zebra mussel in the Iberian Peninsula may come from an
independent colonization event not related to other European sites, disagreeing with
previous studies situating its origin on French populations.

5. The Asian clam invasion in the Iberian Peninsula involves the three major lineages
described in the invaded range of this species.

6. In Asian clam, based on both nuclear and mitochondrial analyses, at least two
colonization episodes have occurred in the Iberian Peninsula, each one derived from
different invasive androgenetic lineages. The first one involves the main area of
distribution of the Asian clam in the Iberian Peninsula, and the second episode started
in the eastern Peninsula at the low Ebro River section, spreading upstream throughout
the Ebro River.

7. In Asian clam, both Iberian colonization pathways converged in the middle Ebro River,
where haplotypes from both episodes are present. Populations from adjacent Eastern
basins like Ter River seem to be originated from this middle Ebro River section.

From objective 3: Development a genetic method for monitoring the zebra mussel detection in
environmental samples (chapter 6).

8. we have developed and optimized a genetic method based on Real Time PCR for
detecting dreissenid presence in water samples.
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454 Pyrosequencing system

1.- Libraries construction

Stage A: StageB: Stage C:
Nebulization Quality control A and B Roche adaptersaddition

gDNA BE

O =) — ) ope

2.- Emulsion PCR (emPCR)

Stage A: Stage B: Stage C:
Union to agarose microbeads Emulsion Amplification
<=
3.- Pyrosequencing
Stage A: Stage B: Stage C:
Plate preparation Pyrosequencing Generating the reads

Seauence: GCTAAGGCAGCTTAAG

GC TAGCTAGCTAG

4.- Assembling
Stage A: StageB: Stage C:
Reads alignment Filtering Generating the contigs
— | =I=I i i Read 1
— — R S — Read 2
e I E) —— . : = R::d 3

# Contig

Figure 7.1.1. 454 Pyrosequencing framework. After libraries construction (1), emPCR (2)
followed by Pyrosequencing (3) steps generate thousands of reads. These reads can be aligned
and assembled (4) to obtain larger contigs.
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Research workflow of the thesis
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Figure 7.1.2. Workflow of the PhD thesis. 454 Pyrosequencing has been used for discovering

new sets of SSRs (chapers 1 and 2) and SNPs (chapter 3) in the zebra mussel and the Asian

clam. Subsequently, we used the best molecular markers to characterize the Iberian

populations in both species (chapters 4 and 5). Finally, we also used the 454 Pyrosequencing

for detecting single-copy genes in zebra mussel to optimize a protocol based on qPCR for the

quantification of the infestation level of dreissenids in water samples (chapter 6).
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Table 7.2.1. Invasion history of the zebra mussel in the Iberian Peninsula.

Basin River Location Latitu:zde / First record Reference
Longitude
Ebro River 2.- Miranda Ebro g;zg:\’;‘v 2006-2010 ggi:z etal. 2010; CHE
Ebro River 3.- Ircio River g;z:g:\% 2006-2010 Sgigz etal. 2010; CHE
Ebro River 4.- St. Vicente gizzg:c‘v 2006-2010 ggi‘;z etal. 2010; CHE
Linares River 5.- Mendavia g;zi;\% 2006-2010 gg;gz etal. 2010; CHE
kE):;)nRiver /(-:\;iicl')n Imperial 6. Zaragoza g(l)zizi\l;lv 2006-2010 (z)éigz et al. 2010; CHE
Ebro River 8.- Ebro’s Delta ggzgg:g 2006-2010 ggizz etal. 2010; CHE
- i 1= [} 4
Zadorra River i'e S‘;R/";:” Gamboa 35923'\’7\/ 2012 CHE 2015
Gallego River ;g's'eti;cr’tonera 3(2)2231;:\'7\/ 2013 CHE 2015
. 0’
Jalén River ;Z'srtzi:ra”q“era gigig'\t‘v 2006 CHE 2015
E:zi:n Liobregat River éé's'eti;fe"s giigi;g 2011 ACA 2015
. Mijares River 13.- Sitjar Reservoir 40901:N 2005 Navarro et al. 2013
Jucar River 00°14’'W
; ) o2
basin Jucar River éise:;?:a gggzg,\NN 2006 CHJ,2015
Guadalquivir Cacin River éige?\?;?ejales (S)Zzgi'\ljv 2009 CHG 2015
Riverbasin il River ;g'se':\:'(:’ijrar 32922'\’7\/ 2011 CHG 2015
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Table 7.2.2. Invasion history of the Asian clam in the Iberian Peninsula.

Latitude / First

Basin River Location Longitude record Reference

gaa:lf]':” Mero River 1.- Cambre QZZZ\% 2009 Lois 2010
Minho River 2.- Minho’s Delta gziiz:y\/ 1989 Araujo et al. 1993

’F\{/il\i/r:r‘?_bszilsin Minho River 3.- Bridge Valenga g;zg;:\’;‘v 2004 Sousa et al. 2007
Sil River 4.- San Martifio gizég\’;‘v 2009 Lois 2010
Duero River 5.- Duero’s Delta gézgg\t‘v 1988 Nagel 1989

E::i;o River  puero River 6.- Regua g;zgg:\'\/‘v 1989 Araujo et al. 1993
Castilla Canal 7.- Amusco, Palencia gizig:\% 2007 yg(\)/grro and Ugalde

Tajo River Tajo River 8.- Tajo’s Delta ggzgg\'\/j\/ 1980 Mouthon 1981

basin Ocreza River 9.- Beira Baixa 3322‘;:\% 2009 De Olivera et al. 2010
Arroyo Grande 10.- Piedras River 37918:N 1999 Pérez-Quintero 2008

07°212’'W

;L\J;?isggn Rivera Grande 11.- Rivera Grande g;z;;,s\l 1988 Morais et al. 2009
Guadiana River il o dborsw % ferminses 008
gi‘\‘lae‘:a'q“i"" 13.- Sevilla 35?;\% 1993 Pérez-Quintero 2008

L - ) . 0g 2’

oo G 16 G SN s s mne 20
Arga River 16.- Peralta gii?g:{;‘v 2004 Araujo 2004

Ebro River Ebro River 17.- Pina de Ebro gézz:\'\/l\/ 2008 Oscoz et al. 2008

basin Ebro River ;js'er:\izai:“’ja gé:;gs 2002 Oscoz et al. 2006
Ebro River 19.- Ebro’s Delta 40942:N 1997 Lépez and Altaba 1997

00242’E

E:Ei:” Ter River ﬁ&&;ﬁme”a de gg:gis 2012 ACA 2015

Jbl';cs?r: River Jucar River 21.- Tous Reservoir ggzg:s 2011 Rueda et al. 2012

szi‘:a RIVer  segura River 22.- Cieza g?;iis 2013 CHS 2014

w/d: without data.
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Table 7.2.3. Zebra and quagga mussel adult samples. Country, basin, latitude and longitude,
number of collected individuals (Tissue), number of DNA isolations (DNA), and sampling date are
detailed for each location.

Species Country Basin Location tz::;?i:é Tissue DNA Zz;:pling
fne:;:el Spain Ebro River ;z?;;: Reservoir, g;g?ig sv/ 160 60  21/04/2010
g"::gga de Ebro, gizggig \'\/lv/ 52 52 27/10/2011
Ircio, Burgos 32223:1(1): \';IV/ 52 52 27/10/2011
Il;;lr:eanrgsv?:f(:;varra gi:i;gg” \'\/l\// 12 12 27/10/2011
ooty ool Ovagayw 2 % w0
Covmpiis SN
e SN a s
?Lii::ﬁ:fg:ona gé:;:’gi”g/ 162 62 15/04/2011
el T
T - STRRI -
s S WOWEN s s s
France Rhone River tjg:e'C‘EaUSB'e“es’ 322:2,215(;?/ 60 60  13/03/2013
0 ’ ”
ST e (T
e STV @ s
Italy Lugano Lake tgf;:rfiike' gg:gz:gg:s/ 31 31 20/01/2013
e Tameoe,  SEEN 52 o
, R
UK eseroi otk Lincainanire 333323? W 60 60 2sios/0ns
m?gzgenssler Zi::lerMuZZ\Sc'hester gz:ii’}lz” \'\/l\// 28 28 15/01/2013
gt Ve SN e
Romania RDSZ‘:be Galati, Moldavia gg:égg \h/lv/ 48 48 28/10/2008
o ’ ”
USA Red River E‘Z’;‘??;if:fas ggoz;ﬂ” \h/lv/ 175 75  24/09/2013
Trinity River gx;":”i:igzke’ g?:éiég \l;lv/ 160 60  24/09/2013
e L T OB o
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Table 7.2.4. Asian clam adult samples. Country, basin, latitude and longitude, number of collected
individuals (Tissue), number of DNA isolations (DNA), and sampling date are detailed for each

location.

Species Country Basin Location tz::;?i:é tissue DNA Zz;:pling
ﬁ\ljfn” Spain Minho River Eg;‘f:\'/';’dfzm' gégéﬁ sv/ 50 50 21/09/1994
Mero River Cambre, A Corufia g::;z:ﬁ: \'\/IV/ 160 60 09/08/2012

. . 01
gours e TTON o s
Ebro River Alagon, Zaragoza gizggg;lw/ 21 21 14/08/2012

. Onprgan
Cramens WS o
R [
. A
e TN gy e

0 ’ ”
Ter River L";;‘;;'Iagﬁona ggogs,g;g/ 170 70 03/06/2012

- - oy
France Rhone River ;iIS:\eC,IT_Iyroiu 3451"421451'22"2/ 60 60  13/03/2013

- - - Gy
Romania RD;'::be g;%rffrg' lalomita ‘21‘710‘512,;(7),, \';lv/ 24 24 15/08/2007
USA Sabine River  Deweyville, Texas gg:g:}é: \'\/IV/ 180 80 17/11/2012
Trinity River  Dayton, Texas ;g:gg:;i: \';IV/ 22 22 14/10/2013
Brazos River  Sealy, Texas gzzggﬁ: \'\/IV/ 129 72 14/11/2013
Ei%ae‘:ampe Gonzales, Texas g?:g?gg \I;lv/ 110 81  22/01/2013
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MPS outputs accession numbers

Both 454 GS FLX read sets were submitted to the NCBI Sequence Read Archive (SRA). The zebra
mussel run corresponded to BioSample accession number SAMNO03257522 and BioProject
accession PRINA269790. SRA file containing all reads was under accession number SRP051009
with the experiment accesion SRX803533 and run SRR1702044. Parallely, the Asian clam run
corresponded to BioSample accession number SAMNO04633495 and BioProject accession
PRJNA318156. SRA file containing all reads was under accession number SRP073154 with the
experiment accession SRX1692559 and run SRR3360742. De novo assembly was also
submitted for both species in DDBJ/EMBL/GenBank Whole Genome Shotgun project when
contigs size was longer than 500 nucleotides. Zebra mussel assembly was submitted under
accession number JWHF00000000, whereas Asian clam assembly was under accession number

LWHL00000000.

SSRs accession numbers

All SSRs developed in the present thesis were also submitted to GenBank. For the zebra mussel
(chapter 1), 81 validated SSRs were submitted. Of them, 67 were monomorphic with accession
numbers KP274952-KP275018, and 14 were polymorphic microsatellite sequences with
accessions JQ812984-JQ812997. In case of the Asian clam (chapter 2), all 246 identified
microsatellites were submitted. The nine polymorphic SSRs corresponded to accessions
KF730321-KF730329, whereas the 49 monomorphic SSRs corresponded to accessions
KF744990-KF745038. The remaining 188 identified SSRs were also submitted with accession
numbers KM589068-KM589255.

SNPs accession numbers

Only polymorphic SNPs of the two species (chapter 3) were submitted to GenBank. In this

sense, five SNPs in zebra mussel with accessions KT220181-KT220185, and four SNPs for the

Asian clam with accessions KT220186-KT220190.

Nuclear and mitochondrial haplotypes described in the Asian clam

Sequences obtained in the Asian clam genetic characterization (chapter 5) were deposited in

GenBank. Mitochondrial haplotypes corresponding to seven COIl gene sequences
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corresponded to accession numbers KT373819-KT373825. In addition, a total of ten nuclear
haplotypes for the 28S gene corresponded to accesions KT373826-KT373835. Additionally, less
frequent 28S haplotypes found during the cloning step (not included in the analyses) were also

submitted with accession numbers KT373836-KT373841.

Single-copy genes described in the zebra mussel

Single-copy genes in the zebra mussel were also characterized from the MPS output (chapter
6). In this sense, we kept the accession numbers from the assembly submission, and four
single-copy genes were characterized and used in subsequent genetic procedures: Histone 3
(Accession number JWHF01000070), Histone 2B (Accession JWHF01000076), Histone 1
(Accession JWHF01000102), and Methionyl-tRNA Synthetase (Accesion JWHF01000913).
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8.1

Supporting information from Chapter 1:

Using Massive Parallel Sequencing for the development,
validation, and application of population genetics
markers in the invasive bivalve zebra mussel (Dreissena
polymorpha)
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Table S1. Samples analyzed in this study with their genetic variability statistics. n, number of

samples; A, number of alleles average per locus); Ar, allelic richness; Hs, gene diversity.

Study Coordenates
. . - - Date of
number Study site Basin Latitude, Longitude, . A Ar Hs
collection
N E

! Sobron Reservoir  CPTORIVer 4o e 3°07 2010 g 48 214053
basin (3.43)

2 Canal Imperial Ebro River 05 0 a) 50 2.33 0.61
Aragon basin 41736 0751 2011 8 (3.57)

3 Ribarroja Badia- Ebro River oa - 46 2.16 0.54
Tucana Wharf basin 41714 025 2011 8 (3.29)

4 Ribarroja Reservoir ~ CPrORIVEr - 4q0 44 0° 25’ 2011 g 46 229 060
basin (3.29)

> Delta of Ebro River 0O RIVEr 40045 0° 49’ 2010 g 0 231 060
basin (3.57)

6 . Llobregat - o s 43 2.06 0.50
La Baells Reservoir River basin 42° 07 1°53 2012 8 (3.07)

67 2.21 0.56

TOTAL/AVERGE 4

OTAL/AVERG 8 (4.79)
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Table S2. Number (and percentage) of microsatellite types based on the size of the repeat

motif.

% of each motif

SSR isolation and primer design

Potentially amplifically

Repeat Size SSR identified (%) loci (%) Loci primers designed (%)
. . 19 8 8
Dinucleotide (6.60) (7.77) (8.60)
Trinucleotide 109 4 39
(37.85) (39.81) (41.94)
Tetranucleotide 114 45 a3
(39.58) (43.69) (46.24)
Pentanucleotide 46 ? 1
(15.97) (8.74) (4.30)
Hexanucleotide - - N
TOTAL 288 103 93
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Table S3. Description of the 93 validated microsatellites. Repeat motif, teoric size in base pairs
(bp), forward (F) and reverse (R) (5'- 3') primer sequences and GenBank accession number.

. Teoric Primers Forward (F) and Reverse (R) . GenBank
Locus Repeat motif size (bp) N Validation Accession
F: GGATTTTTCTCCCGTGGAAT )
Dpl [ATA],; 262 Polymorphic Q812984
R: CGGTAGCGTTCTCTTCACAA
F: GCTACCGGAGCTCAACCTAA )
Dp2 [TGA],; 409 Polymorphic 10812985
R: ACGTCGAACCCTGTCAAAAA
F: TGTTAACTTGTCCATGCTATTCG .
Dp3 [AT]1, 105 Validated KP274952
R: ATCTCAGGGGTCACAACAGG
F: CCCATATTTACTGCCAGTGC n
Dp4 [CTA]sq 2 [CCAl,5 373 Not amplified -
R: GCAGCCATTGTGTGAATACG
F: TTTCTTTTGGGAAGTCGACAC )
Dp5 [TGlyo 148 Validated KP274953
R: ATTAGTTGCCCGGTTTCCAT
F: TAACCAGGTTTTCCGAAGGA )
Dp6 [GGCT]y; 256 Validated KP274954
R: GGCCATTTTTGACCTTTGAA
[TAA],; 4 [ATT]s 48 F: GGAATACCGGGTGCTGTAGA ]
Dp7 417 Polymorphic JQ812986
P [TAT]y; 71 [ATAlL, R: GACGTGCGTCACAATAGGTG ymorp Q
F: TCTATGCTCGCCAAAACGTA )
Dp8 [ATC]10 [TCG]7 303 Validated KP274955
R: CGGCGAAACAGTTACACAAC
F: AATATGGGCTTCCATCCTGA .
Dp9 [CTAl40 36 [CTA] Lo 357 Validated KP274956
R: TGGTTATAGTGGTAGTGGTAGTGG
F: TTTGGGATATTTTGGCTGCT
Dp10 [TGAI5 37 [TGAlL) 36 415 Validated KP274957
[TGA]L4 R: TCCGATAAACATCGCTGTC
F: ATGACTTGTAGAAATTGCTTTGAA
Dp1l [CAAL, [CAG]1s 79 436 Validated KP274958
[CTA]g 66 [CTA],;3 [CTG]s R: GAACACCTTACACTTACAAATAGTCAA
F: CGATATACAATTGCGCCAAA )
Dpl2 [ATTl46 254 Validated KP274959
R: CAAAATAGGAATTTTGAGTTTGTGAA
F: AACACAGGCGCATAACACAC )
Dp13 [CAls 224 Validated KP274960
R: CATAAGCGCACTTCCGTACA
F: AAATTTAAATATAAACACGCATTGTG )
Dpl4 [ACA]s 139 Validated KP274961
R: AAAACAAAATCATACGCACTATTGA
F: TTTGTTTTTACGTGGCAGCA »
Dp15 [ATG]s6 300 Not amplified -
R: TGAAACAAGGAAATGAGGACCTA
F: ACAATACTCCGCTCCGAATC )
Dp16 [GATl4o 212 Validated KP274962
R: CGACGCGCGATATTTTATTA
F: TGCTCCCTCCCTTCCTTAAT )
Dpl7 [TGCG], 150 Validated KP274963
R: AAAAATGTGGTAGCCCTAGATCC
F: AGAGGCGGAGGGATATTGTT )
Dp18 [GTCCly3 104 Validated KP274964
R: TATGGCTCCGGACACAAAAG
F: TGGGATATTAATTTGGCTTCAA )
Dp19 [AT]y5 377 Validated KP274965
R: CAATTATGGCTGACCAAGCA
F: CGAAAAACATATCACGCTTTCA )
Dp20 [ATCl4 224 Validated KP274966
R: TCGTGTTTTGCTGGTTCTGA
F: TTATCCCCACGCTTTTTGAA .
Dp21 [TCCGy; 416 Not amplified -
R: GAAATTTTTGGTGGGTGTGG
F: TGCATGAGTGGTGTCAATGT )
Dp22 [TAl; 246 Validated KP274967
R: GTCCTCTGCACAAACCATGA
F: TAGTCGCATGCATGAGTGGT )
Dp23 [TAl:s 285 Validated KP274968
R: GGGCATATGTCATCCTACGG
F: CCCAGACTGCCCATATCCT )
Dp24 [TAl}1 286 Validated KP274969
R: CACTGGAACACCAGTCATGC
Dp25 [CTG]43 341 F: TGCAATCTTGAGAATTGTGG Not amplified -

161



Pefarrubia, L. Genetic characterization of the Iberian zebra mussel and Asian clam populations

Dp26

Dp27

Dp28

Dp29

Dp30

Dp31

Dp32

Dp33

Dp34

Dp35

Dp36

Dp37

Dp38

Dp39

Dp40

Dp4l

Dp42

Dp43

Dp44

Dp45

Dp46

Dp47

Dp48

Dp49

Dp50

Dp51

Dp52

Dp53

[CGGAJg

[TAG]1s

[TGA]3

[CCGClo

[TTG],; 58 [GTTle

[ATT]:3

[ATC]y, 24 [TCG]y,

[CAT]s [TCTIg

[CAT]1s

[GTCG],

[GAAG]4,

[ATG]y

[TCCGly,

[GGCG]1,

[TTAA],

[TCTG]g

[GTTG]s

[TTA] 10

[GACClg

[TGTlg

[ACCG]s

[GAGCls

[TAAA];

[AATA],

[TTA]s

[AAAT],

[AAGs

[TTATA]e

117

102

140

119

218

267

348

447

405

382

200

277

391

389

110

113

239

240

148

412

380

434

448

440

335

301

208

205

: CACAACCAGCGGTAGCATTA
: TTCAATGAAATCCGCCAAAG

: GACCTAATTATCCCCGCCATA
. ATGTGCATAGTTTGGGCAGA

: CATATTCTACTGCCAGCACCA
: TAGTAGTGACGCTGCTGCTG

: CTTTCATTCACAATTTCCACTTT
TTTGGTGAAGATCGGATGAA

: CGGGACGTATTATGTGAAACC
GCGTTGGTGTTGTGTACGTC

: CTGAGCATCTCACCGTCAAA
CGAGTTTCTTGCACGTTTCA

: TGTTA AAGAAGGCCACATTG
: CATCGTTATGGTCGTCATCG

: TTTTAGCGACAAATTGACTTGG
: ATCATCATCGTCGTCGTCGT

: CACAACGGTCCGAAGTCATA
. GCTAAGGGCGACAGTGTTGT

: AACACAATGATGCTGCTGCT
: ACTGGACAGCAACCAGCTTT

: TCTGACAACCACCTGAAGGA
: CTTGACCTTGACCCCATTGA

: AATAAAATTTTGGCGGAGCA
TTCCCATCTTAAGTGCATTGTG

: TTGGGTCATAGGGAGTCTGG
: TCGTCCAAATGACCAAATGT

: GACGTCATGGTTCTGAATGG

: CCGGACAAGCTCATTTATGG
. GGTCAGAAGATTGGCCTCAA

: TCGAAAGGGGGCATAAAAAT
: AGGGGTGGGGCATTTTTAT

: AGAGCGGACACGAAAAGTGT
TCGCTTAACCTGACCAGTGA

TTGCTCATGATGAAATATGATGT
: ATGCGTTTCACTTTGGCATC

: CCCCAAGCGTCTTGAGTATC

: TCCTGCCAAGCATGTATGAG

: GCATAACGGCTAAGTTGGTTTT
: TGCTTCGTACTCAGCGATTT

: AGGGGTCATCTGCAAGTCAT

: TGGGGGATATGTGTGTTGTT

: AGGGTGCTGCATTCTTATCG

: GCTTGTCCAACGCAGCTATT

: TATCCCGGCCCTATAGGAAA

: GACAGCTCCCTCATCTTTGC

: TGTCAATGGCGAACAGAGAA

: GATTGGCACAAACCTGAAAAA
: GCGCTCGATGTCAATGATTA

: CGCGTGATTTAACAATGTCG
CACAACTTTTGATTTTTGACACC
: ATGCTGTCTGCTGGCGTTAT

: GGCCGTTTTAAATCGTGAAA
:TGTTTGTTTCCCCTTTCTGG

F: TAGTGCATGCTGGGTAGCAC

o J L T~ B s B - B 1 = N L =~ RN £ =« BN« = S NS L = B« - B o =~ B« - B o =~ A - L o = A o N £ =« SN s R S =~ T« B~ o =~ N A~ o = B o = - N £ = BN I SN L B= T L B~ B £ B

GCTTTTAGTGTAGGAGGAGATAGTGG

: CCAAATATCAAGTTGCCTATCTTCA

Validated

Validated

Validated

Validated

Polymorphic

Polymorphic

Validated

Validated

Validated

Validated

Validated

Validated

Validated

Polymorphic

Not amplified

Validated

Polymorphic

Polymorphic

Polymorphic

Validated

Validated

Not amplified

Validated

Validated

Validated

Validated

Validated

Validated

KP274970

KP274971

KP274972

KP274973

10812987

JQ812988

KP274974

KP274975

KP274976

KP274977

KP274978

KP274979

KP274980

10812989

KP274981

10812990

10812991

10812992

KP274982

KP274983

KP274984

KP274985

KP274986

KP274987

KP274988

KP274989
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Dp54

Dp55

Dp56

Dp57

Dp58

Dp59

Dp60

Dp61

Dp62

Dp63

D64

Dp65

Dp66

Dp67

Dp68

Dp69

Dp70

Dp71

Dp72

Dp73

Dp74

Dp75

Dp76

Dp77

Dp78

Dp79

Dp80

Dp81

[ATC]s

[ATACA],

[CCGT]s

[AAC]s

[ACACC],

[CAlg

[ATT]e

[TCCGle

[ACAG]s

[TGT]s

[TTGle

[TTA]s

[TGT]s

[GTTG],

[TGTTC]s

[GACA],

[TTG]s

[ACAA],

[GGTAls

[ACTG]s

[CGTCl,

[ATTT]s

[GACG],

[AAAT],

[AACC]

[AAC]s

[ACA];

[GTCT]s

287

261

279

271

205

278

138

121

141

125

149

141

141

150

287

257

212

358

383

217

361

336

312

259

100

100

113

138

DV MV MOV MOV M NIV TMIOMI TN NMIOT DI TN NMI MDD NI MO MOV TTI MDD TN TTIOD NI TN NMI NI TN T

: TGGCCTTCCAGGTAAATACG
: TGTCATCGTAAACCCAGTCG

: AATGGGCGTAACATTTGCAT
: AGGGTTACACGCACAGGTTC

: CCTACAAAACGCGCACATAC
: CGCAAATGTTCTATTGAGCGTA

: CTAAGGTATGGCTCCGGACA
: TCCCCCGTAACCAACTAACA

: TCACTCTGGATCAGCAGACG
. AACGACACCGCATCACTCTA

: TGGTGTGGTGTTTATTGGAA
: AGGGTAGGGTCAACCACAACT

: CAAAATAGTATGCGTCTCGGAAT
: CATGACACAACTTTCCCCTTA

: CCGCTACATACCGATTGACA

CGGAGGGGACTTATGGTTTT

: TGCCATCTATCCATGTTCCA
: AGGGATGCTCCACATGAAAT

: CTCGGGGGTGAGCTATTGT

TTGACGCCAACAATAACAGTTT

: ACTGGTGGTGGGAACGATAA
: TGCCAGTAGTGACGTTGGAG

: ACAGGTCATGAACCCTCCTC
: TCCTAACATCGATCTGTTCCAA

: CGGCTGCTAAGGGGTAAAGT
: GCCGTGGTTCACCTTTTT

: AGCTAATACGCCCATTGCAT
: GAACATTGTTTTTGCCCTGTC

: CCACTCAAAATGTGCAGCTC
: TGCTACACACCGTATTTGCTG

: ACACGTGGATGGTGTGAAGA
: GGGGTCAGATCAAAATTCCA

: TGTCCAGCATCGTCAAAAAG
: GCAGCGACATCAGACAACAT

: TTTCAGCTGTTTTATTGGTATGAA
: CTGCCATCAGCATCTGAAAA

: TGACTGGAGTTGAGCACAGG
: TGCACACACATCTTGACCTG

: GCTGAAGGCACAACATTTGA
: GGATGACCTTCACCTTCACC

: ATCGCCATTGCTTTTTATGC
. ATCCCCTCAAGACGTTTCCT

: ACCATACCGGTGGCATAAAA
: AAAAACTAGGGTAGGTAGGTACGG

: GCACAGCATTGATGTTCTTCT
: AAATCCGCCAAAGAACTTCC

: AAAAGGGGATTTGCCGTAAC
: GGAAGACCTACCTACGTTCAACC

: GGTGATGGCCATGATGATTA

AGTTATTGCAAATGTTAAAGTTGGTG

: CCACTAAAGTATTGGGGGACA

: TGGTGTAAGTTAGCCATGCAA

: TTTGTAGCTTAATTGCCGAAA

: AGCGAACCATAGCTCGTACC

: GCTTAAATCAAACGATTCAAGTGT
F:

TGGCAGTCTCACTGTTCACC

Validated

Validated

Validated

Not amplified

Validated

Not amplified

Validated

Validated

Validated

Validated

Validated

Validated

Validated

Validated

Polymorphic

Validated

Validated

Validated

Polymorphic

Validated

Polymorphic

Not amplified

Validated

Validated

Validated

Validated

Validated

Validated

KP274990

KP274991

KP274992

KP274993

KP274994

KP274995

KP274996

KP274997

KP274998

KP274999

KP275000

KP275001

10812993

KP275002

KP275003

KP275004

10812994

KP275005

JQ812995

KP275006

KP275007

KP275008

KP275009

KP275010

KP275011
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Dp82

Dp83

Dp84

Dp85

Dp86

Dp87

Dp88

Dp89

Dp90

Dp91

Dp92

Dp93

[GCAC]¢

[ACGG],

[CGTCly;

[TCA]39

[CGTC]s

[AACC],

[TTTA],

[CGTClg

[GGAC]s

[ATA]g

[GACG]s

[AGAC],

106

294

364

259

312

302

238

275

216

243

241

138

DV MOV MOV MOV MV MO MI MO TN NMI NI M

: TCAAAAACGGCTAGAAAACTCC
: CAGAATTGGACCAGTAGTTTAGGA

: CCACGCTAATGTCATGGTCA
: TGAGAAATAGCCCGGACAAA

: GATATCCGACCTCCGTTCAA
: TGTAGACCGTTTGAAACTTGC

: AAGATCGGACAAGAAATGTGG

TTTGGGGTAAAATGCCTGAC

. GATGATGATGGTGGTGTTGG
: GCAAAGGGAGAAAACTGCAC

: CACTGTCACCGTCGCACATA
: GATGACCTTGACCTTTCACCA

: TGGGCATATGTCATCCTATGG
: ATAGGCGCTCGATGTCAATG

: CAATAAGCGAGAGGGGTGAC

TTTTCACACAGCAGCCAAAG

: TGAGAAATAGCCCGGACAAA

GTTTTTGACCCAGCATGACC

: CAAAGCGTATAGGGGGCATA
: AAAGCGCACTTCCGTACACT

: CGTACATGCACAACACAACG
. GAAATTGCTATCTGAAGCGACA

: GGTCATGCAGGGTCAAAAAC
: TTTTGCATGATAAAAGTTCGTGA

: CCGGTATGTTTTCCACCACT

Validated

Not amplified

Validated

Validated

Polymorphic

Not amplified

Validated

Polymorphic

Validated

Not amplified

Validated

Validated

KP275012

KP275013

KP275014

10812996

KP275015

10812997

KP275016

KP275017

KP275018
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Table S4. Allele frequencies for the 14 polymorphic microsatellite loci in the six locations.
Refer to Table S1 for Sample numbers.

Ebro River Basin Llobregat River

Locus  Allele Basin
1 2 3 4 5 6
Dpl 299 0.1 0.2 0 0.25 0.429 0.125
308 0.3 0.2 0.5 0.083 0.071 0.125
314 0.2 0.2 0 0.25 0.429 0.125
317 0.4 0.2 0.5 0.25 0.071 0.125
323 0 0.2 0 0.167 0 0.5
Dp2 411 0 0 0 0 0.062 0
429 0 0 0 0 0 0.1
432 0 0 0 0.062 0.062 0
435 0 0 0.375 0.312 0.188 0
438 0 0 0.125 0 0 0
441 1 0.812 0.375 0.375 0.188 0.5
444 0 0 0.062 0.25 0.25 0.4
453 0 0.188 0 0 0.25 0
459 0 0 0.062 0 0 0
Dp7 430 0.438 0.625 0.125 0.688 0.375 0.214
436 0.562 0.375 0.875 0.312 0.625 0.786
Dp30 233 0.312 0.25 0.125 0.125 0.125 0.357
236 0.5 0.438 0.562 0.562 0.75 0.286
242 0 0 0 0.188 0 0.286
245 0.062 0.125 0.125 0 0 0.071
251 0.125 0.125 0.188 0.125 0.125 0
254 0 0.062 0 0 0 0
Dp31 250 0.125 0.062 0 0.125 0.062 0
253 0.062 0.062 0 0.062 0.188 0.143
262 0.125 0.062 0.312 0.375 0.25 0.214
277 0 0 0.062 0 0 0
280 0.062 0.125 0.125 0.188 0.062 0
283 0.312 0.188 0.188 0.062 0.25 0.5
295 0.062 0 0.062 0 0.125 0
307 0.062 0.062 0 0 0 0
310 0.062 0 0.062 0 0 0.071
313 0.062 0.062 0 0 0 0
325 0.062 0.312 0.125 0.188 0.062 0.071
328 0 0.062 0 0 0 0
337 0 0 0.062 0 0 0
Dp39 404 0.312 0.375 0.25 0.312 0.312 0.062
408 0.188 0.125 0.312 0.375 0.188 0.75
412 0.5 0.5 0.438 0.312 0.5 0.188
Dp42 261 0.125 0.25 0.375 0.25 0.312 0.188
265 0.125 0.312 0.125 0.125 0.312 0.125
277 0.75 0.438 0.5 0.625 0.375 0.688
Dp43 242 0 0 0 0 0 0.071
260 0.812 0.625 0.75 0.938 0.688 0.857
263 0 0 0 0 0.125 0
269 0.062 0.125 0.188 0.062 0.188 0.071
278 0.125 0.25 0.062 0 0 0
Dp44 156 0 0.125 0 0 0.062 0
160 0.188 0.062 0.125 0.312 0.125 0.071
164 0.062 0.312 0.562 0.5 0.438 0.357
168 0 0 0 0 0.188 0
172 0.75 0.5 0.312 0.188 0.188 0.571
Dp68 310 0.875 0.875 0.938 0.812 0.938 0.857
315 0.125 0.125 0.062 0.125 0.062 0.143
320 0 0 0 0.062 0 0
Dp72 397 0.562 0.25 0.25 0.438 0.188 0
401 0.438 0.75 0.75 0.562 0.812 1
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Dp74 351 0.125 0.125 0.125 0.188 0.188 0.083
371 0.625 0.688 0.438 0.5 0.562 0.75
379 0.25 0.188 0.438 0.312 0.25 0.167

Dp86 324 0.375 0.25 0.375 0.5 0.5 0.562
328 0.188 0.25 0.438 0.188 0.188 0.25
332 0.062 0.125 0.062 0.188 0.125 0.125
336 0.375 0.375 0.125 0.125 0.188 0.062

Dp89 279 0.062 0 0 0 0.062 0
291 0.25 0.438 0.188 0.562 0.375 0.5
299 0.625 0.5 0.812 0.438 0.562 0.5
303 0.062 0.062 0 0 0 0
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Table S5. Pairwise Fgr values among populations. Above diagonal: pairwise Fsr values. Below
diagonal: P-values obtained after 300 permutations. Refer to Table S1 for sample numbers.

Ebro River Basin Llobregat River Basin

1 2 3 4 5 6
1 -0.009 0.062 0.0539 0.0783 0.0985
2 0.84333 0.0451 0.0147 0.0146 0.0622
3 0.16333 0.05 0.0354 0.0276 0.0683
4 0.03667 0.1 0.26 -0.0013 0.0586
5 0.05667 0.23 0.10333 0.73667 0.0619
6 0.05 0.03 0.16 0.16333 0.15
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Table S6. Number of microsatellite markers used in the different genetic analyses. N: number
of the study. *Cites from 79 to 89 belong to study 78.

Application N Reference SSR used

1. LINKAGE MAP 1 Woram RA, McGowan C, Stout JA, Gharbi K, Ferguson MM, Hoyheim 184
B, Davidson EA, Davidson WS, Rexroad C, Danzmann RG (2004) A
genetic linkage map for Arctic char (Salvelinus alpinus): evidence for
higher recombination rates and segregation distortion in hybrid versus
pure strain mapping parents. Genome 47: 304-315.

2 Moen T, Hoyheim B, Munck H, Gomez-Raya L (2004) A linkage map of 31
Atlantic salmon (Salmo salar) reveals an uncommonly large difference
in recombination rate between the sexes. Anim Genet 35: 81-92.

3 Waldbieser GC, Bosworth BG, Nonneman DJ, Wolters WR (2001) A 262
microsatellite-based genetic linkage map for channel catfish, Ictalurus
punctatus. Genetics 158: 727-734.

4 Ohara E, Nishimura T, Nagakura Y, Sakamoto T, Mushiake K, Okamoto 297
N (2005) Genetic linkage map of two yellowtails (Seriola
quinqueradiata and Seriola lalandi). Aquaculture 244: 41-48.

5 Peichel CL, Nereng KS, Ohgi KA, Cole BL, Colosimo PF, Buerkle CA, 281
Schluter D, Kingsley DM (2001) The genetic architecture of divergence
between threespine stickleback species. Nature 414: 901-905.

6 Kocher TD, Lee WJ, Sobolewska H, Penman D, McAndrew B (1998) A 59
genetic linkage map of a cichlid fish, the tilapia (Oreochromis
niloticus). Genetics 148: 1225-1232.

7 Agresti JJ, Seki S, Cnaani A, Poompuang S, Hallerman EM, Umiel N, 63
Hulata G, Gall GAE, May B (2000) Breeding new strains of tilapia:
development of an artificial center of origin and linkage map based on
AFLP and microsatellite loci. Aquaculture 185: 43-56.

8 Lee BY, Lee WJ, Streelman JT, Carleton KL, Howe AE, Hulata G, Slettan 525
A, Stern JE, Terai Y, Kocher TD (2005) A second-generation genetic
linkage map of tilapia (Oreochromis spp.). Genetics 170: 237-244.

9 Sakamoto T, Danzmann RG, Gharbi K, Howard P, Ozaki A, Khoo SK, 191
Woram RA, Okamoto N, Ferguson MM, Holm LE, Guyomard R,

Hoyheim B (2000) A microsatellite linkage map of rainbow trout
(Oncorhynchus mykiss) characterized by large sex-specific differences
in recombination rates. Genetics 155: 1331-1345.

10 Nichols KM, Young WP, Danzmann RG, Robison BD, Rexroad C, Noakes 226
M, Phillips RB, Bentzen P, Spies |, Knudsen K, Allendorf FW,
Cunningham BM, Brunelli J, Zhang H, Ristow S, Drew R, Brown KH,

Wheeler PA, Thorgaard GH (2003) A consolidated linkage map for
rainbow trout (Oncorhynchus mykiss). Anim Genet 34: 102-115.

11 Chistiakov DA, Hellemans B, Haley CS, Law AS, Tsigenopoulos CS, 162
Kotoulas G, Bertotto D, Libertini A, Volckaert FA (2005) A
microsatellite linkage map of the European sea bass Dicentrarchus
labrax L. Genetics 170: 1821-1826.

12 Inami M, Hatanaka A, Mitsuboshi T, Yamada S, Tateishi A, Fukuda H, 136
Sakamoto T (2005) A microsatellite linkage map of red sea bream
(Pagrus major) and mapping of QTL markers associated with
resistance to red sea bream iridovirus (RSIV). Plant & Animal Genomes
Xl Conference .

13 Walter RB, Rains JD, Russell JE, Guerra TM, Daniels C, Johnston DA, 256
Kumar J, Wheeler A, Kelnar K, Khanolkar VA, Williams EL, Hornecker
JL, Hollek L, Mamerow MM, Pedroza A, Kazianis S (2004) A
microsatellite genetic linkage map for Xiphophorus. Genetics 168: 363-
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372.

14 Knapik EW, Goodman A, Atkinson OS, Roberts CT, Shiozawa M, Sim 102
CU, Weksler-Zangen S, Trolliet MR, Futrell C, Innes BA, Koike G,
MclLaughlin MG, Pierre L, Simon JS, Vilallonga E, Roy M, Chiang PW,

Fishman MC, Driever W, Jacob HJ (1996) A reference cross DNA panel
for zebrafish (Danio rerio) anchored with simple sequence length
polymorphisms. Development 123: 451-460.

15 Knapik EW, Goodman A, Ekker M, Chevrette M, Delgado J, Neuhauss 705
S, Shimoda N, Driever W, Fishman MC, Jacob HJ (1998) A
microsatellite genetic linkage map for zebrafish (Danio rerio). Nat
Genet 18: 338-343.

16 Woods |G, Kelly PD, Chu F, Ngo-Hazelett P, Yan YL, Huang H, 616
Postlethwait JH, Talbot WS (2000) A comparative map of the zebrafish
genome. Genome Res 10: 1903-1914.

17 Shimoda N, Knapik EW, Ziniti J, Sim C, Yamada E, Kaplan S, Jackson D, 2000
de SF, Jacob H, Fishman MC (1999) Zebrafish genetic map with 2000
microsatellite markers. Genomics 58: 219-232.

18 Singer A, Perlman H, Yan Y, Walker C, Corley-Smith G, Brandhorst B, 141
Postlethwait J (2002) Sex-specific recombination rates in zebrafish
(Danio rerio). Genetics 160: 649-657.

19 Coimbra MRM, Kobayashi K, Koretsugu S, Hasegawa O, Ohara E, Ozaki 183
A (2003) A genetic linkage map of the Japanese flounder, Paralichtys
olivaceus. Aquaculture 220: 203-218.

2. INDIVIDUAL 20 Miller ML, Kapuscinski AR (1996) Microsatellite DNA markers reveal 4
DNA new levels of genetic variation in northern pike. TAFS 125: 971-977.
IDENTIFICATION 21 Larsen PF, Hansen MM, Nielsen EE, Jensen LF, Loeschcke V (2005) 8
AND PARENTAGE

Stocking impact and temporal stability of genetic composition in a

ASSIGMENT ) ) : ) ,
brackish northern pike population (Esox lucius L.), assessed using
microsatellite DNA analysis of historical and contemporary samples.
Heredity (Edinb ) 95: 136-143.

22 Hansen MM, Ruzzante DE, Nielsen EE, Bekkevold D, Mensberg KL 9
(2002) Long-term effective population sizes, temporal stability of
genetic composition and potential for local adaptation in anadromous

brown trout (Salmo trutta) populations. Mol Ecol 11: 2523-2535.

23 Zierdt H, Hummel S, Herrmann B (1996) Amplification of human short 1
tandem repeats from medieval teeth and bone samples. Hum Biol 68:
185-199.

24 Bentzen P, Olsen JB, McLean JE, Seamons TR, Quinn TP (2001) Kinship 14

analysis of Pacific salmon: insights into mating, homing, and timing of
reproduction. J Hered 92: 127-136.

25 Castro J, Bouza C, Presa P, Pino-Querido A, Riaza A, Ferreiro L, Sanchez 12
L, Martinez LM (2004) Potential sources of error in parentage
assessment of turbot (Scophthalmus maximus) using microsatellite
loci. Aquaculture 242: 119-135.
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Supporting information from Chapter 2:

Identification of 246 microsatellites in the Asiatic clam
(Corbicula fluminea)
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Table S1. Repeat motif and GenBank Accession number for 246 SSRs isolated in C. fluminea.
*Numbers between two repeat motives correspond to the number of base pairs in composed
microsatellites.

Locus Repeat motif* GenBank Accession

Number
cf1 [GTT]yg KF730321
cf2 [AACl,, KF730322
cf3 [CAALL, KF744990
cf4 [ATG]y6 KF744991
cfs [TTAl;s KM589068
cfe [TGT]ys KM589069
cf7 [GTT]s KM589070
cf8 [GTT]ys KF730323
cf9 [AAC]g KF730324
Cf10 [TGT], KM589071
cf11 [TTATA] KM589072
cf12 [GTT]s KF744992
Cf13 [AAAG], KM58073
cf14 [TGA], [GAC]s KF730325
Cf15 [ATG]s [TCA], [TGAlL, KM589074
Cf16 [TTG], KF744993
cf17 [GTT]s KF744994
Cf18 [TGT]g KM589075
Cf19 [CAAls KF744995
Cf20 [ATClg KF744996
cf21 [ATGT]g KF744997
cf22 [TTA], KF744998
cf23 [AAAT]s KF744999
cf24 [TTGAT], KM589076
Cf25 [ATTTG]s 16 [ATTG]s KF745000
Cf26 [ATC], KF745001
cf27 [CAT]30 KM589077
cf28 [TGAly KF730326
Cf29 [TAG]s KM589078
Cf30 [ATTT]s KF745002
cf31 [AAC], KF730327
cf32 [TAA], KM589079
cf33 [AGT], 16 [TGC]yo KM589080
Cf34 [TGT]s KM589081
Cf35 [ATT]s KF745003
Cf36 [ACCA], KF745004
cf37 [AAC];; [ACT]10 50 [CAA]¢ [ACT],, KF745005
Cf38 [GTT], KF745006
Cf39 [ATG]y, KF745007
Cf40 [CTGTT)s KF745008
cfa1 [ATTCl1q KM589082
cf42 [TTG], KM589083
cfa3 [TCAl14 KF745009
cfaa [ATClg KF745010
Cfas [GTATA]; [GTGTG]3 KF745011
Cf46 [TATT]s KF745012
cfa7 [AAC]g KF745013
cf48 [AAC]s KF745014
Cf49 [TGT]s KF745015
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Cf50 [GTCT]s KF745016
Ccfs1 [TCG]s KF730328
cfs2 [CAAA]s [AAC], KM589084
Cf53 [ACAA], KF745017
Cf54 [AAC]o KM589085
Cfs5 [TTG]s KF745018
Cf56 [TTTTG]s KF745019
Ccfs7 [AGAC]s [GACG]s KM589086
Cfs8 [GCAJ, 15 [AAC], KM589087
Cf59 [AGTGC], 5 [GGTAG], KM589088
Cf60 [GAT]y; 60 [GATI, KM589089
cf61 [TTAGT]; KM589090
cf62 [GTCGlg KF745020
cf63 [ATTG],, KM589091
cfe4 [CCATG], 15 [ACCAC] 44 KF745021
cf65 [AAC]g KF745022
Cf66 [AAC],; KM589092
cf67 [TTACs KM589093
cf68 [TGTCJs KM589094
Cf69 [CGTClo KF745023
Cf70 [ATG]o KM589095
cf71 [GTT], KF745024
72 [AACs KF745025
Cf73 [ACGJ¢ KM589096
Cf74 [CACC], KF745026
Cf75 [AAAC], KF745027
Ccf76 [TCl1, KF730329
cf77 [TGTly KF745028
Ccf78 [GACA]s KM589097
cf79 [AGC], KF745029
Cf80 [CTGT]y; KM589098
cfs1 [GTCC], KF745030
cf82 [AAC]s KF745031
Cf83 [CGGAl4o KF745032
cf84 [CGGAJ, KM589099
Cf85 [GTCCly KM589100
Cf86 [TGT] KF745033
cf87 [ACA], KF745034
Cfs8 [AAG], KM589101
Cf89 [TGG], KF745035
Cf90 [ACC], KM589102
cfo1 [TTGly, KF745036
cf92 [GGAC], KM589103
cfo3 [AGGlg KF745037
cfo4 [GTT], KM589104
Ccfos [CGTClg KM589105
Cf96 [GTG]s KM589106
cf97 [TTTTAI; KF745038
Ccf98 [TTTTCl, KM589107
cf99 [TATTGI; KM589108
Cf100 [AAC]3 KM589109
Cf101 [ATCT]; KM589110
Cf102 [TTTTC]s KM589111
Cf103 [ATGC], KM589112
Cf104 [TAAAT]; KM589113
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Cf105 [CAAAA]; KM589114
Cf106 [AAC], KM589115
Cf107 [TAAA], KM589116
Cf108 [TCCGlg KM589117
Cf109 [CGTC], KM589118
Cf110 [GTGTG]y, KM589119
Cf111 [TTGA],; KM589120
Cf112 [AAGTA], KM589121
Cf113 [GTGTG], KM589122
Cf114 [AAAAT], KM589123
Cf115 [CAA], KM589124
Cf116 [CAAC], KM589125
Cf117 [CACCA], KM589126
Cf118 [ACGTC], KM589127
Cf119 [TAAAA], KM589128
Cf120 [CGGAT], KM589129
Cf121 [ATCT], KM589130
Cf122 [GTCCl, KM589131
Cf123 [AGAAC]; KM589132
Cf124 [AAAC], KM589133
Cf125 [GGTGT]y; [TGGTAl, KM589134
Cf126 [AACs KM589135
Cf127 [GTTCCl, KM589136
Cf128 [CGGAA]; KM589137
Cf129 [ATACT]s [ACACCls, 18 [ATACC] ;5 KM589138
Cf130 [CGTCls KM589139
Cf131 [TCTClys [TAl14 KM589140
Cf132 [AAC]5, KM589141
Cf133 [ACAA]q KM589142
Cf134 [GTCG], KM589143
Cf135 [TTGAT], KM589144
Cf136 [CGCCl, KM589145
Cf137 [CGT], KM589146
Cf138 [TTAC]s KM589147
Cf139 [CCATA];, [ACCAC],5 16 [ATACC]s 87 [TATAC];o 10 [ACCAC] ;s KM589148
Cf140 [CCGA]s KM589149
Cf141 [ATT], KM589150
Cf142 [GTCly; [CAT]1; [CAAL, KM589151
Cf143 [CCCCAl, KM589152
Cf144 [ATTG]ss KM589153
Cf145 [GTCC]e KM589154
Cf146 [TATTC]s KM589155
cf147 [GAACA]; KM589156
Cf148 [ACT]gs KM589157
Cf149 [GTGTG]y, KM589158
Cf150 [TCCGJg 12 [ATA]45 3 [AGA]L, KM589159
Cf151 [TGAlL KM589160
Cf152 [GGGGTI; KM589161
Cf153 [CAA], KM589162
Cf154 [GTTCCl; KM589163
Cf155 [GAACAI; KM589164
Cf156 [GGAC],s KM589165
Cf157 [GAT], KM589166
Cf158 [CGTG], KM589167
Cf159 [CGTG], [CGTC], KM589168
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Cf160 [ATTG]¢ KM589169
Cf161 [GGTAC]; KM589170
Cf162 [ACCAC]s¢ KM589171
Cf163 [ATTT], KM589172
Cf164 [GTCG], KM589173
Cf165 [GCGGG]5 KM589174
Cf166 [TTAL KM589175
Cf167 [TCATI, KM589176
Cf168 [TATGG];3 KM589177
Cf169 [AAC], KM589178
Cf170 [TGAA], KM589179
Cf171 [ACCAC]y, 24 [CCATA], KM589180
Cf172 [TCTG], 30 [ACGC], KM589181
Cf173 [ACCAC], 36 [CCATA], 61 [ATACT]; KM589182
Cf174 [ATT], KM589183
Cf175 [TGTTT], KM589184
Cf176 [CAT]ss KM589185
Cf177 [CGTC], KM589186
Cf178 [CGTC]ys KM589187
Cf179 [ACCAC]g [ACTAT],; 6 [CATAC];s [ACCAC]14 KM589188
Cf180 [GTGTG]; 68 [GTGTG]; 50 [GTGTG], KM589189
Ccf181 [GTCClg KM589190
Cf182 [CGATC], KM589191
Cf183 [ATACC] KM589192
Ccf184 [GGAC]g KM589193
Cf185 [CcCGCl, KM589194
Cf186 [AAC]s KM589195
Cf187 [GGTGG]; KM589196
Cf188 [AAAC], KM589197
Cf189 [TTTG]s KM589198
Cf190 [GTTls KM589199
Cf191 [CGTC]y, KM589200
Cf192 [GGAC]s KM589201
Cf193 [ACCAC], 24 [CCATA]; 9 [ACTAT], KM589202
Cf194 [TTC [TTA], KM589203
Cf195 [ATAl KM589204
Cf196 [AATAG],, KM589205
Cf197 [AAAG], KM589206
Cf198 [ATCCA], [ATCCG], KM589207
Cf199 [CATAC], KM589208
Cf200 [TGGTA]; KM589209
Cf201 [CATAC], [TATAC],2 KM589210
Cf202 [GTGTG]; KM589211
€203 [CAAT]s KM589212
Cf204 [TATAC);0 10 [ACCAC],; [ACCAT]4; KM589213
Cf205 [TTTTG]s KM589214
Cf206 [ACGG]y0 KM589215
cf207 [ATTG]1, KM589216
Cf208 [TAA]L KM589217
Cf209 [TCAT]; [CAAs KM589218
Cf210 [CCATAl3; KM589219
cf211 [TAAL KM589220
cf212 [TGAAA]; KM589221
Cf213 [CCGT], KM589222
cf214 [TTAC], KM589223
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Cf215 [ACT]3, KM589224
cf216 [TTTG]s KM589225
cf217 [AAT]y, KM589226
Cf218 [TCAT],; KM589227
Cf219 [TGTGG]; 4 [TATAG]s 29 [TGGTG]4s KM589228
Cf220 [GTCCl,s KM589229
cf221 [ATACCA];0 5 [ACCAC] 46 KM589230
Cf222 [CAT], KM589231
Cf223 [TGTGG], KM589232
Cf224 [ATG], KM589233
Cf225 [AGAC], KM589234
Cf226 [GTGTG]s KM589235
cf227 [ATG]s KM589236
Cf228 [GTGTG], KM589237
Cf229 [CCATA] KM589238
Cf230 [TGTAl, KM589239
Cf231 [GGTAT], 57 TAGTA], KM589240
Cf232 [CGTAl, KM589241
Cf233 [AGls, KM589242
Cf234 [GTCC, KM589243
Cf235 [CCGT]y, KM589244
Cf236 [ATT] KM589245
Cf237 [TGT]s KM589246
Cf238 [CCATA], [ATACT], 25 [ACCAC]s KM589247
Cf239 [ATT], KM589248
Cf240 [GTGTGl, KM589249
cf241 [GTTTT]; KM589250
cf242 [ATTG], KM589251
Cf243 [ATT], KM589252
cf244 [GAT]3; 10 [TGA]s 83 [GATl,;5 47 [GAT] 0 44 [GAT],s KM589253
CF245 [GTATAl5, KM589254
Cf246 [AAAAT], KM589255
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Table S2. Size in base pairs, forward (F) and reverse (R) primers and PCR amplification results for

97 SSRs in C. fluminea.

Locus Size Primer Sequences (5’ 2 3’) PCR amplification
F: GTTCGGTGGACTGGTTTGAT -
cf 432 R: CATGGAGAATGACGCCAAAT Positive
F: GCAGTCGTTGTGTTGTTGCT .
cf2 29 R: GGGCGATTAGGACCTTTGA Positive
F: TCGCCCTTTCTGGTCATATC .
cf3 269 R: GTGATGCAGGGGAAAACAAT Positive
cia 136 F: AAATCAGCAATCCGTTAATTTGA bositive
R: TTTACCCGTCGCAGTTCAAT
ot 286 F: GATGCTCGGAGTGTGTTCAA Negative
R: GCGGTGACAATCAACAGATG
ot s F: GCGTTCACGTCTTACACACC Negative
R: TGTTCGTTTGTCACGTTCTG
F: CCGCGGTATAACTGATGGTT .
¢t 372 R: CCGCGATATTTCGACACTTT Negative
ot S8 F: TGGACTGGTTTGATGTCGAT Positive
R: TGACGCCCAATAACAATACG
- 217 F: GTTCGGTGGACTGGTTTGAC bositive
R: GCGCGGATATGTTATTTTGC
10 139 F: CATATCCACTAGCCTGACGAA Negative
R: AAGGGAACAAGATATGTTTGGA
o1 179 F: AGGGAATACAGCCGAACTGA Negative
R: CCAGCTTTGTTTTCAGTTTTTCA
ot 135 F: AGCTTGTGTAATAGTGGCAGTG Positive
R: TGATGGATGTGTGTAATGGTTAGA
F: AGATAACACGTGCGCTACCC .
Negative
cf13 394 R: GCTGAAGACGGCCCTTATTA &
ct1a 129 F: ATTGTTTTCCCCTGCATCAC Positive
R: GAGGGAAATATGGCCCATTG
F: TCGGGAAATATGATGCGAATA 4
Negative
Cf15 419 R: GTCGTCGACGTCATCATCA &
16 100 F: TCTTATGTAGATGCGGGAGCTT Positive
R: ACAGCACGTACTTGTTTAGCC
i1y 260 F: CAGTTAAACGCATCGGAACC bositive
R: TAGCATCACCACCATCATCG
F: AAMAATTGTGTCCGTCCCAAA 4
Negative
cfig 257 R: TTTTCGTTTTTGAGGCTTGA &
19 150 F: ATGCGTGAAACGTTGAATGA bositive
R: TTACGCGTTATCCGGAGTTT
0 136 F: TGCCTTTTGATTTACCGTAACC Positive
R: TGTGAAACACGGCTTACTGC
o1 200 F: AGCATGCAAAACAGTTACATCA Positive
R: TGGTCCTCTTAAAAAGTACAGATGG
- 200 F: CTTTGCCAAATATGCCATCC Positive
R: CATAATGTGGCCTCCTTTGA
i3 Je3 F: AGATGCCGATTATTTCATACAAC Positive
R: GCGTTACAGTAAAAGATGGTTGA
cha S8 F: TTTAATTTTGTTGTTTGTACCAGTTG Negative
R: TGCCCAAGACCAAATCAAAT
s ™ F: CCCGACCCGTATACATTGTT Positive
R: GCATAATATGGCCTGGCAGT
h6 146 F: TGTCACTTATCAAAATGTGTCAAAAA Positive
R: CATCGTGGTGTCGAGATGTT
F: ACATCCATATCCCGTGGAGT .
Negative
27 388 R: ATCAGCGACCCGTTAATTTG 8
s 118 F: TTGATGCTGCTTCTGCTGTT Positive
R: AAMACAAAACATTCGCGGAAC
29 119 ;: CCTCATGTTCCTCGAAAAGC Negative

: TTCTATTCGTTTGGAATGGATCT
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Cf30 221 F: CCGAGAATGTCGGTAGCATT Positive
R: GCATGGTCGCGAAAACTAAT
cf31 450 F: GTCAACAATGGACCACACCA Positive
R: GAAACCCGTGCGTATGTTTT
Cf32 149 F: TTTATTCTTGGGAAGACAAGATTC Negative
R: TGTTGCTGTTCATTCTGCAA
cf33 260 F: AAAAGCAGAAACAACAGCATCA Negative
R: TGCTTCGCTACTTCAACTGC
F: CATGGCCAAAGTAATCCAACT .
Negative
cf34 132 R: CCAGTTTTTCGGCATCAAAT &
Cf35 311 F: GCGATGGGTTCAGAGACAGT Positive
R: GGCATCCAACTCAAGCAAAT
Cf36 330 F: AATTTCATGTCCCCTGCAAA Positive
R: GACCAAAATTGGCCACGTC
cf37 420 F: ATCGGAACAAGCATCAACAT Positive
R: GGGGGTAAATGTGAAAGTCG
cf38 269 F: GCAACAGCAGAAACGAACCT Positive
R: TATTCAGCAGCAGCATCGTC
Cf39 115 F: GACGATGCTGCTGCTGAATA Positive
R: TGTCCTTAGGCTGTTTGCTTG
Cfa0 124 F: TTCTCAGTGCATGCAATTGTT Positive
R: GGAAAGCCTTCGTCCAATTT
F: CCTTCACAGGTAACCCCATTT .
Negative
cfal 380 R: AGGCCGAATGCTACACTGAG 8
cfa2 225 F: TGCAGTAACCACAGCGTCAT Negative
R: CAAAGAAAACAAGAAAACAAAAAGG
cfa3 141 F: TGATGATCATAGCAATCATACTCCT Positive
R: GGCTATGTTGATGCTGCTGA
Cfaa 127 F: TGAAATAGTCTGCCGATGTG Positive
R: TGATAACTGCGATGTTTTTCG
cfas 266 F: TACCCCAGCCAGACACCTTA Positive
R: CCCCACACATATATTCTATTCCA
Cfa6 248 F: AACCACAGATTCCATCCACA Positive
R: CGGGCTGATTCATTATGTGA
cfa7 137 F: TGGATTAATTGGTTCCCGTTT Positive
R: CGATCGTGACATTCAACACC
Cfa8 235 F: ATTGTCGGCGGTTAAAGATG Positive
R: ACCCAGCGTTCACGTCTTAC
Cfa9 149 F: TAAAGGCCCCGTAATCTCTG Positive
R: AAGCCAAAGGGCTAGAGGTC
50 202 F: AGTGCGATTTCATGGTCTGA Positive
R: TGCATGCCTTTTAATTTTTGG
cfs1 363 F: CGTTTCCTGGTCGTTGTTTT Positive
R: GAGGGAGATGTGGAAGACGA
Ccf52 251 F: ATAACGTTCGGGCATTGTTC Negative
R: TGTGTATGCTGCATTGGAAAA
cf53 132 F: CGTAATGCTGGTTTCCCATC Positive
R: GATGACAAATGGCGGAAATC
F: AAAACGACGCCATCAATCAT .
Negative
Cis4 214 R: TCCCGTTTCCTTTTTCCTTT &
55 313 F: TCTCACGAGGATGGGAGTCT Positive
R: AATACGCCGGTTATGTTTGG
56 425 F: TCAGCAGTAAGCGCAGAAGA Positive
R: CAGTTCTTCGTCGGTGTCAA
F: CCCTGAGGGGTTTGACATTA .
Negative
cf57 268 R: GCTGCTGCTGCGTCTACATA &
Cfs8 267 F: TGTTGTCTTTGAAGTTGAAGCA Negative
R: GACGCCCACCTAGCCTATTA
F: TGAGGTGGACATTGCCACTA .
Negative
Cf59 406 R: GAAGGCGACACAAGTGTTCA &
Cf60 251 F: GCCTGCCAAAACTTCTTCAT Negative
R: TTGTAACAAAACGGCAAAATACA
Cfel 143 F: ATTCCTCGCCATTTTTGATG Negative
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R: GCGTGCGTTTTCATTGTCT

Ccf62 139 F: GGCACTGCCTCTTATCAAGC Positive
R: CCGGAAACGATGTGGTCTAC
F: AAGCGAAACTTTTGCGGTTA .
Negative
cfe3 364 R: TCCATAGTCAAGGGCACAAA &
cF64 224 F: CTTGGGTTGCTTGTGTTGAG Positive
R: CCCCTACACTCCTCCAAGTT

Cf6s 329 F: CGAGTGTGTATGCCGAGAAC Positive
R: CAGTGTGGTTTGTTGTGTGG
F: TTTGGACGTACAGGCATTCA .

Negative
cfee 302 R: AAAACTGCCCTGTGACCCTA 8

F: TCAAGTAGTGCGTCCAAACG .

Negative
cfe7 349 R: AGCCCTACCCTTCTCCACAC &

F: CTGTTTGAGCTCGCTTTTGA .

Negative
cfes a44 R: GGGGCAATATACGACCAATG &

Cf69 320 F: ATCGGTGGGTCTGTCAGTCT Positive
R: GGTAAAAATGGTCGCAGGAA
F: GATGACATTTCACCCAGCAA .

Negative
Cf70 200 R: CCACAGCTTCTTCTTCTACCA &

71 226 F: TCCAAGTCACAGTCATGTTTCC Positive
R: GGTCGTTGATCACGAGCATT

CF72 298 F: GGCGCAACAAAGCAAATATC Positive
R: TGTTTCTTCGGAAAGCTGAA

Cf73 301 F: AATGTGGTCATGGTCGGAGT Negative
R: TTCATTTCTCATCATGTCTCACG

Cf7a 117 F: TGTTGAAAATCGGGAGACAA Positive
R: GGATGGAGAGATATCGGGTTG

CF75 277 F: TTGAAACCAGGCGTTAAACC Positive
R: CGACAATTCGACTTCCCAAT

Cf76 205 F: AGACAAGGCGTTCGCTTTTA Positive
R: CACCATCGTGATGATGAACG

Cf77 221 F: TCGCTGGTTTTTAATGAAAGG Positive
R: CAAAACAATTCTCCACCTGACA

Cf78 308 F: ACAGATGGACGGACAAATCC Negative
R: TCTGACAAAACTTCCCACTGAA

CF79 229 F: TTTTTGTGGTGATGGTGGTG Positive
R: TGCTGTTGCTAAAATGCTTCTC
F: TGGTGTGGGAGACATTTTGA .
N t
cfeo 207 R: GGGCCATAATTCTGACATGC egative
cfs1 277 F: AGCGACGCGAGTCATAAAAT Positive
R: CAAGGTAGCGACCCAAATGT

cf82 210 F: AGACGAGGGATGATCACAAAA Positive
R: CACACTGAATCGATGGCAATA

83 150 F: GGAGTTGCGTTCACGAGAATA Positive
R: TGTGTTGGTGGCATACAATG

cfga 135 F: CATAAACCCAAAATAAGCCACA Negative
R: CAAATGCCCATCTGTGAGAA

Cf85 103 F: CCTTTCAAAGAAAAGGCGATA Negative
R: TGGCACAGTTATAGCCAACG

86 125 F: AGGCAGGATGCGTAGATTGA Positive
R: CGAGGTGTAGCCAACACAAG

cf37 125 F: GGACGGGTTTTAGCCATACA Positive
R: TGAAATATCGGTCCCATACAAA

cfss 212 F: GCCATTAGAAGTTTACAAGTCAGAA Negative
R: TGGGACAATTGCACAAGTAAA

cf89 147 F: CAGTAGCAGCAGCAGTGGAG Positive
R: CCTCCTCCACATAAAACTTTGC

Cf90 131 F: TGCATGCAAGCTACTCATAACT Negative
R: TGTGGTGTGTGGTGTGGTCT

cfo1 132 F: AAACTGCCTCTGGTCGAAAA Positive
R: TCGCAGTTTGCTTGTACGTC
F: GGAGGAGTTGATGCCACAAG .

Negative
cfo2 106 R: TTTTTATGCCCCCACAAAGT g
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Cf93

cfo4

Cf95

Cfo6

cfo7

130

106

100

100

217

F: GTCGTGATGCCCTCATCTTT

R: ACCCAGATGTTCCGTACCAC
F: TACGCCTGTCTTCGACCTTT

R: TGGAACAGAGTTGATTCGTCA
F: AGCGAGGAGGGGGATATAGG
R: AAAGTTATGGACCGGACACG
F: CCAAGTTTGCCCTGTGAGAT
R: CCATATGGTATTGCTGGGAAA
F: TAGGGATTATCGGGACGATG
R: ATGCCAGATTTAGGGCATTG

Positive

Negative
Negative
Negative

Positive
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8.3

Supporting information from Chapter 3:

SNP identification in two invasive species: zebra
mussel (Dreissena polymorpha) and Asian clam
(Corbicula fluminea)
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8.4

Supporting information from Chapter 4:

Genetic characterization of the invasive zebra mussel
(Dreissena polymorpha) in the Iberian Peninsula
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Table S1. Microsatellite primer sequences, concentrations of reagents and thermal profiles
used for PCR amplifications. F = Forward PCR primer; R = Reverse PCR primer. *Standard final
concentrations for PCR mix reagents in a final volume of 30 pl per sample.

F /R final
PCR reaction Microsatellite  concentration Thermal profile
(nm)*
PCR — Multiplex 1 DpolC5 0.2 Initial denaturation step
DpolB9 0.2 94°C 3’
DpolB6 0.2 Cycling step
DpolA6 0.2 10 TOUCH-UP cycles = 94°C 30”; 50-60°C 2’
DpolB8 0.2 (increasing 1°C every cycle); 72°C 2’
25 cycles = 94°C 30”; 56°C 2’; 72°C 2’
Final extension step
72°C for 10/
PCR — Multiplex 2 Dp31 0.267 Initial denaturation step
Dp43 0.267 94°C 3’
Dp68 0.4 Cycling step
Dp86 0.2 12 TOUCH-DOWN cycles = 94°C 30”; 62-50°C 2’

(decreasing 1°C every cycle); 72°C 2’

25 cycles = 94°C 30”; 50°C 2’; 72°C 2’
Final extension step

72°C for 10’
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8.5

Supporting information from Chapter 5:

Genetic characterization of the Asian clam species
complex (Corbicula) invasion in the Iberian Peninsula
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Table S1. Haplotype and Corbicula lineage identified in the 175 individual analyzed in this
study based on phylogenetic COl and 28S markers.

. - COl gene 28S gene
Location Individual . .
Haplotype Lineage Haplotype Lineage

CA CAO01 con RA S4/S5 RA/SC
CA02 coll RA S4/S5 RA/SC
CAO3 coll RA S4/S5 RA/SC
CA04 coil RA S4/S5 RA/SC
CAO05 conn RA S4/S5 RA/SC
CAO6 conn RA S4/S5 RA/SC
CAO07 coil RA S4/S5 RA/SC
CA08 coll RA S4/S5 RA/SC
CA09 conn RA S4/S5 RA/SC
CA10 con RA S4/S5 RA/SC
CAll CoI3 RA S4/S5 RA/SC
CA12 coll RA S4/S5 RA/SC
CA13 COoIl RA S4/S5 RA/SC

GA GAO01 coll RA S4/S5 RA/SC
GA02 coll RA S4/S5 RA/SC
GAO03 coil RA S4/S5 RA/SC
GAO4 coil RA S4/S5 RA/SC
GAO5 coil RA S4/S5 RA/SC
GA06 coll RA S4/S5 RA/SC
GA07 coll RA S4/S5 RA/SC
GAO8 coil RA S4/S5 RA/SC
GA09 coil RA S4/S5 RA/SC
GA10 coll RA S4/S5 RA/SC
GAll coll RA S4/S5 RA/SC
GA12 coil RA S4/S5 RA/SC
GA13 COoIl RA S4/S5 RA/SC

TE TEO1 coil RA S3/S3 RA/RA
TEO2 coll RA S4/S5 RA/SC
TEO3 coll RA S4/S5 RA/SC
TEO4 coil RA S4/S5 RA/SC
TEO5 coil RA S4/S5 RA/SC
TEO6 coll RA S4/S5 RA/SC
TEO7 Col5 RA S4/S5 RA/SC
TEOS8 coll RA S4/S5 RA/SC
TEO9 coil RA S3/S3 RA/RA
TE10 coil RA S4/S5 RA/SC
TE11 COl6 RicB S3/S3 RA/RA
TE12 Ccoll RA S4/S5 RA/SC

AL ALO1 coil RA S1/S2 RA/RIcB
ALO2 coil RA S4/S5 RA/SC
ALO3 coil RA S1/S3 RA/RA
ALO4 coll RA S1/s1 RA/RA
ALO5 coll RA S4/ S5 RA/SC
ALO6 coil RA S4/ S5 RA/SC
ALO7 coil RA S4/ S5 RA/SC
ALO8 con RA sS4/ S5 RA/SC
ALO9 con RA sS4/ S5 RA/SC
AL10 coll RA S4/ S5 RA/SC
AlL11 coil RA S4/ S5 RA/SC
AL12 Coll RA S4/ S5 RA/SC

G Z2G01 con RA S4/S5 RA/SC
2G02 con RA S4/S5 RA/SC
Z2G03 coll RA S4/S5 RA/SC
2G04 coll RA S4/S5 RA/SC
Z2G05 con RA S4/S5 RA/SC
2G06 con RA S4/S5 RA/SC
2G07 con RA S4/S5 RA/SC
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ZG08 con RA S4/S5 RA/SC
ZG09 con RA S4/S5 RA/SC
ZG10 con RA S4/S5 RA/SC
ZG11 con RA S4/S5 RA/SC
2G12 col1 RA S4/S5 RA/SC
RB RBO1 con RA S1/S5 RA/SC
RBO2 con RA S1/S5 RA/SC
RBO3 con RA S1/S5 RA/SC
RBO4 con RA S1/S5 RA/SC
RBO5 con RA S1/S3 RA/RA
RBO6 con RA S1/S5 RA/SC
RBO7 con RA S1/S5 RA/SC
RBO8 con RA S1/S5 RA/SC
RBO9 con RA S1/S5 RA/SC
RB10 con RA S1/S5 RA/SC
RB11 con RA S1/S5 RA/SC
RB12 con RA S1/S5 RA/SC
RB13 COol1 RA S1/S5 RA/SC
XE XEO1 COl6 RlcB S4/S9 RA/RIcB
XEO2 conn RA S4/S5 RA/SC
XEO3 conn RA S4/S5 RA/SC
XEO4 col7 SC $8/510 SC/sc
XEO5 COl6 RlcB S4/S9 RA/RIcB
XEO6 conn RA S4/S5 RA/SC
XEO7 conin RA S4/S5 RA/SC
XEO8 conn RA S4/S5 RA/SC
XEO9 con RA S4/S5 RA/SC
XE10 con RA S4/S5 RA/SC
XE11 conn RA S4/S5 RA/SC
XE12 coll RA S4/S5 RA/SC
DE DEO1 Ccol2 RlcB S4/S7 RA/SC
DE02 Ccol12 RlcB S4/S7 RA/SC
DEO3 Ccol2 RlcB S4/S7 RA/SC
DEO4 CoI12 RlcB S4/S7 RA/SC
DEO5 col4 RlcB S4/S7 RA/SC
DEO6 col4 RlcB S4/S7 RA/SC
DEO7 ColI2 RlcB S4/S7 RA/SC
DEO8 Col12 RlcB S4/S7 RA/SC
DEO9 col4 RlcB S4/S7 RA/SC
DE10 col4 RlcB S4/S7 RA/SC
DE11 CcolI2 RlcB S4/S7 RA/SC
DE12 CcolI2 RlcB S4/S7 RA/SC
DE13 Col12 RlcB S4/S7 RA/SC
DE14 Col12 RlcB S4/S7 RA/SC
DE15 Ccol2 RlcB S4/S7 RA/SC
DE16 COI2 RlcB S4/S7 RA/SC
RH RHO1 con RA S4/S5 RA/SC
RHO2 con RA S4/S5 RA/SC
RHO3 conin RA S4/S5 RA/SC
RHO4 con RA S4/S5 RA/SC
RHO5 con RA S4/S5 RA/SC
RHO6 conn RA S4/S5 RA/SC
RHO7 conn RA S4/S5 RA/SC
RHO8 con RA S4/S5 RA/SC
RHO9 con RA S4/S5 RA/SC
RH10 conn RA S4/S5 RA/SC
RH11 conn RA S4/S5 RA/SC
RH12 coll RA S4/S5 RA/SC
RO ROO1 con RA S4/S5 RA/SC
ROO02 con RA S4/S5 RA/SC
ROO03 conn RA S4/S5 RA/SC
RO04 conn RA S4/S5 RA/SC
ROO05 conn RA S4/S5 RA/SC
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RO06 con RA S4/S5 RA/SC
ROO7 con RA S4/S5 RA/SC
RO08 con RA S4/S5 RA/SC
ROO09 con RA S4/S5 RA/SC
RO10 con RA S4/S5 RA/SC
RO11 coil RA S1/S2 RA/RIcB
BR BRO1 coi2 RlcB S6/S6 RlcB/RIcB
BRO2 Col12 RlcB S6/56 RlcB/RIcB
BRO3 con RA S6/56 RlcB/RIcB
BRO4 Col12 RlcB S6/56 RlcB/RIcB
BRO5 con RA S6/S6 RlcB/RIcB
BRO6 con RA S2/S3 RIcB/RA
BRO7 con RA S6/56 RlcB/RIcB
BRO8 con RA S2/S3 RIcB/RA
BRO9 coi2 RlcB S6/S6 RlcB/RIcB
BR10 con RA S2/S3 RIcB/RA
BR11 Col12 RlcB S6/56 RlcB/RIcB
BR12 COol1 RA S6/56 RlcB/RIcB
GR GRO1 con RA S1/58 RA/SC
GRO2 conn RA S4/S5 RA/SC
GRO3 conn RA S4/S5 RA/SC
GRO4 con RA S4/S5 RA/SC
GRO5 con RA S4/S5 RA/SC
GRO6 conn RA S1/s8 RA/SC
GRO7 conin RA S1/s8 RA/SC
GRO8 conn RA S1/s8 RA/SC
GRO9 con RA S1/59 RA/RIcB
GR10 con RA S4/S5 RA/SC
GR11 conn RA S1/S3 RA/RA
GR12 coll RA S1/S2 RA/RIcB
SB SBO1 con RA S4/S5 RA/SC
SB02 con RA S4/S5 RA/SC
SB03 con RA S4/S5 RA/SC
SB04 conn RA S4/S5 RA/SC
SB0O5 conin RA S4/S5 RA/SC
SB06 con RA S4/S5 RA/SC
SBO7 con RA S4/S5 RA/SC
SB0O8 conin RA S4/S5 RA/SC
SB09 conn RA S4/S5 RA/SC
SB10 con RA S4/S5 RA/SC
SB11 con RA S4/S5 RA/SC
SB12 con RA S4/S5 RA/SC
SB13 Ccol1 RA S4/S5 RA/SC
TY TYO1 conn RA S1/S2 RA/RIcB
TYO2 con RA S1/S2 RA/RIcB
TYO3 con RA S1/S3 RA/RA
TY04 con RA S1/S2 RA/RIcB
TYO5 con RA S1/S3 RA/RA
TY06 conin RA S1/S3 RA/RA
TYO7 con RA S1/S2 RA/RIcB
TYO8 con RA S1/S2 RA/RIcB
TYO09 conn RA S1/S2 RA/RIcB
TY10 conn RA S1/S3 RA/RA
TY11 conn RA S1/S3 RA/RA
TY12 COol1 RA S1/S2 RA/RIcB
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Figure S1. Multidimensional Scaling (MDS) analysis based on pairwise genetic differentiation
(®PST) between sampling locations for mt COIl (left) and nuclear 28S (right) genes. Encircled
locations corresponded to no significant pairwise ¢sr comparisons (P> 0.05) among sites after

Bonferroni correction.
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8.6

Supporting information from Chapter 6:

Validated methodology for quantifying infestation levels
of dreissenid in environmental DNA (eDNA) samples
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Figure S1. Gene Ontology (GO) gene annotation for MPS sequences.
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Figure S2. Agarose gel (1.5%) of representative adult individuals in the species specificity
PCR. DP: D. polymorpha, DR: D. rostriformis, CF: C. fluminea, PS: Pomacea sp., MA: M.

auricularia, Neg: negative PCR control.
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1 5 15 25 35 45 55
| | | | I I |

Contig000076 CGCGCGCTCC ACTGACAAGA AGAAGCGCAG GAGGAGGAGG GAATCCTACG CCATCTACAT
DP adult tissue . ... ... i it i et ie et ettt e e e e
DR adult tissue . ... ... .. ittt it i it e e e e -
Water samples .. .. ... i ittt ter st e e aa e e

65 75 85 95 105 115

| | | I I |
Contig000076 CTACAAAGTC TTGAAGCAGG TGCACCCCGA CACCGGAGTG TCCAGCAAGG CCATGTCGAT
DP adult tissue . ... ... ittt it e et e e
DR adult tissue .......... [ C..
Water samples .. .. ... it ittt sttt e e e

125 135 145 155 165 175

| | | | | |
Contig000076 CATGAACAGC TTTGTCAACG ACATCTTCGA GCGCATTGCT GCCGAGGCTT CCCGCCTTGC
DP adult tissue . ... ... ittt it e et e e
DR adult tissue ........ .. ... et e Gt e et e e
Water samples .. .. ...t ittt it ittt e ettt s e s e e

185 195 205 215 225 235

| | | I I |
Contig000076 CCACTACAAC AAGCGATCCA CCATCACAAG CAGAGAGATC CAGACCGCTG TGCGTCTCCT
DP adult tissue . ... ... it i i e et e ettt e e e e
DB adult tissue . ... ... ... it s e i a sttt e s e e
Water samples .. .. ... it ittt it s it ittt et ettt ee e e

245 251

| |
Contig000076 GCTGCCTGGT G

DP adult tissue ..........
DR adult tissue ..........
Water samples ..........

Figure S3. Alignment of H2B sequences with the MPS sequence of reference. DP adult tissue
represents all H2B sequences for the three D. polymorpha adult individuals. DR adult tissue
represents H2B sequences for the two D. rostriformis adult individuals analyzed. Water
samples sequence represents all environmental samples, all of them matching completely with

adult D. polymorpha H2B sequences.
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1.- La Baells Reservoir
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Figure S4. Map of the situation of the water samples analyzed in this study. All locations are

Mediterranean
Sea

situated in the Northwest Iberian Peninsula (grey area).
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Table S1. Morphological characterization of adult dreissenid individuals collected from the
Iberian Peninsula. Numbers in Sample correspond to different sampling recipients. Np.:
number of mussels checked and measured; n.:: number of mussels checked only; N total

number of mussels checked.

Location Ebro River, Ribarroja reservoir Llobregat River, La Baells reservoir
Sampling May 13, 2013 May 13, 2013
date
Sample IV IV W/IV O IV/IV O Total YVID VD VI IV/VID VVIE VIV VIVIEE VII/VID Total
Coordinates 41°15'N; 0° 26" W 42°71'N; 1° 53" W
she(lrl’nlemﬂ)gth Nm Nm Nm Nm Nm Nm Nm Nm Nm Nm Nm Nm Nm Nm

1 3 2 2 7
2 5 5 4 8 22
3 13 17 10 22 62
4 16 18 19 33 86
5 17 19 15 31 82 1 1
6 17 18 13 15 63 1 1
7 21 22 18 30 91 1 1 2
8 22 24 28 31 105 0
9 25 23 17 23 88 1 1 2 4
10 19 20 21 20 80 1 1
11 22 15 24 19 80 1 2 1 4
12 24 20 16 24 84 5 2 1 3 3 14
13 29 16 18 17 80 7 2 1 1 1 2 1 15
14 25 16 17 15 73 7 1 1 3 3 2 3 20
15 26 23 23 16 88 8 3 3 3 1 4 3 4 29
16 21 15 19 18 73 6 5 3 1 2 2 3 22
17 20 18 22 22 82 6 1 1 5 2 6 3 24
18 15 20 20 16 71 8 2 2 5 2 4 7 2 32
19 9 12 17 13 51 7 7 3 6 3 5 6 8 45
20 10 8 10 15 43 18 7 4 5 4 11 8 19 76
21 4 5 7 5 21 12 11 7 10 9 13 10 15 87
22 4 3 4 4 15 17 15 11 17 16 10 13 17 116
23 5 1 1 7 16 20 14 21 18 21 17 18 145
24 1 2 3 18 24 21 18 16 21 14 12 144
25 1 1 17 31 19 19 15 20 15 14 150
26 5 18 27 17 17 13 19 14 130
27 3 15 10 10 10 11 10 8 77
28 2 9 11 6 12 5 3 6 54
29 3 3 5 3 3 3 2 2 24
30 3 1 2 1 7
31 1 3 1 1 6
32 1 1

nm total 374 342 343 399 1,458 169 176 148 154 135 150 144 154 1,230
ne 331 469 310 445 2,909
Neot 705 811 653 844 3,013
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The zebra mussel (Drezssena polymorpha Pallas, 1771) and the Asian clam (Corbicula
Sfluminea Miiller, 1774) are considered two of the worst invasive aquatic species
worldwide, causing major ecological and economic impacts on aquatic ecosystems.

Both species are present in the Iberian Peninsula since several years. The zebra
mussel was first detected in the middle reaches of the Ebro River in 2001, and the
Asian clam was first recorded in 1980 in the mouth of the Tajo River. While the
current range distribution of the zebra mussel is found mainly in the Northeast of
the Iberian Peninsula, the Asian clam is much more widespread and can be found
in all major Iberian basins. However, introduction history and colonization routes
of these two invasive species in the Iberian Peninsula remain mainly unknown.

In this respect, we have focused on understanding the possible sources of invasion
of the two species, and how they have colonized and have expanded across the
Iberian basins, using molecular and population genetics techniques. We have
optimized new sets of microsatellites in each species using bioinformatic analysis
of the results obtained by massive genome sequencing, and we also identified new
SNPs. After selecting the best molecular markers, we characterized the genetic
structure of the Iberian populations to infer their possible invasion routes. Finally,
we have developed and optimized a genetic method based on environmental DNA
and Real Time PCR to detect larvae of dreissenid mussels in water samples.
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