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RESUMEN (en espaifiol)

El transporte maritimo es uno de los vectores mas importantes en la introduccién y
dispersién de especies aléctonas, algas toxicas y patdégenos al rededor del mundo.
Miles de organismos, de gran diversidad son transportados diariamente en tanques de
agua de lastre o incrustados en el casco de buques y acaban siendo liberados en
puertos 0 en nuevos entornos. Estos puertos a menudo proporcionan habitats
adecuados para el asentamiento de especies y se consideran "puntos calientes” en la
introduccion de especies aléctonas. El Convenio Internacional para el Control y la
Gestion del Agua de Lastre y los Sedimentos de los buques (Convenio BWM) que
desde el 2017 esta vigente, se adopto6 el 2004 con el fin de prevenir, reducir y controlar
la introduccién de especies al6ctonas transportadas por las aguas de lastre. La
monitorizacion de la biodiversidad en las aguas de lastre y en puertos es esencial para
el convenio, pero hasta el momento la monitorizacion se ha basado en la identificacion
morfolégica de organismos, actividad que resulta costosa econémicamente y en
tiempo. El objetivo general de la tesis es facilitar dicha monitorizacion explorando la
utiidad de las herramientas genéticas como métodos coste-efectivos que podrian
integrarse en la investigacion y en la gestién de la diversidad de especies asociadas al
transporte maritimo. De la evaluacion de diversas herramientas genéticas aplicadas a
las aguas de lastre y de la investigacion en puertos se extrae que el uso del ADN
ambiental (ADNa, trazas de ADN liberados en el medio ambiente en forma de células,
heces, piel, saliva, moco, ...) y el metabarcoding (asignacion taxonémica de individuos
de una muestra ambiental basada en sus secuencias de ADN) se distinguen, en esta
tesis, como dos posibles catalizadores para proporcionar datos biologicos al Convenio
BWM. Los dos casos de estudio demuestran la eficiencia y las limitaciones de estas

herramientas para la monitorizacion de la biodiversidad en las aguas de lastre y en los
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puertos. Dichos casos revelan la presencia de especies aloctonas ya documentados
con anterioridad, pero ademas ponen de manifiesto su capacidad para detectar
nuevas especies. Es mas, esta tesis destaca la importancia de definir protocolos de
muestreo inclusivos que consideren la variabilidad espacial y temporal de las
comunidades y que se basen en métodos de muestreo adecuados para descubrir
todos los taxones presentes en las aguas de lastre y en los puertos. En patrticular, se
resalta que el uso conjunto de ADNa y el metabarcoding so6lo pudo detectar un
subconjunto de toda la biodiversidad encontrada en los habitats del puerto, lo que
hace pensar que el binomio ADNa metabarcoding podria presentar limitaciones a la
hora de convertirse en una posible sustitucion de metabarcoding realizada con
métodos de muestreo convencionales (por ejemplo, redes de plancton, toma de
sedimentos, placas de asentamiento). Sin embargo, el ADNa resulta muy prometedor
para el monitoreo de las aguas de lastre de los buques, ya que las caracteristicas del
agua y la gestion asociada (cambio de agua de lastre o tratamiento de agua de lastre)
pueden detectarse con este método de muestreo. En general, se concluye que la tesis
ha proporcionado nuevos conocimientos sobre las ventajas e inconvenientes de
aplicar estas herramientas en la identificacion de especies asociadas al transporte
maritimo y asi proporcionar datos biolégicos para el Convenio BWM. Estos nuevos
conocimientos incluyen la creacion de directrices para realizar estudios de referencia
biolégica de los puertos con la herramienta ADN metabarcoding y la exploracién de la

aplicabilidad del ADNa metabarcoding para el monitoreo del agua de lastre.

RESUMEN (en Inglés)

Shipping is one of the most important vectors for the introduction and dispersal of Non-
Indigenous Species (NIS), harmful algae and pathogens worldwide. Thousands of very
diverse species are daily transported in ballast water tanks or through hull fouling, and
are released into new environments, including ports. These ports often provide suitable
habitats for the settlement of species coming with ship and are considered as “hot-
spots” for the introduction of NIS. To prevent, reduce and control further introduction of
ballast water-borne NIS, the International Convention for the Control and Management
of Ships' Ballast Water and Sediments (BWM Convention) was conceived in 2004 and
is in force since 2017. In this context and in line with this convention, monitoring port
and ballast water diversity is essential but has often relied hitherto upon morphological
identification of organisms which is costly and time-consuming. The general aim of the
thesis was to ease such monitoring by exploring the usefulness of genetic tools, and

how these cost-effective methods could be integrated into ship-borne diversity research




Universidad de Oviedo
Universida d'Uviéu
University of Oviedo

and management. Through the evaluation of several genetic tools applied in ballast
water and port research, the use of environmental DNA (eDNA, traces of DNA released
in the environment in form of cells, feces, skin, saliva, mucus,...) and metabarcoding
(taxonomic assignment of individuals from an environmental sample based on their
DNA sequences) were emphasized in this thesis as two potential “game-changer” tools
to provide biological data for the BWM Convention. Two case studies of their
application showed the efficiency and limitations of these tools in monitoring port and
ballast water biodiversity, in revealing the presence of previously reported NIS but also
their capacity to detect new ones. More importantly, this thesis unveiled the critical
importance of defining appropriate sampling protocols, that consider the spatial and
temporal variabilities of communities, and rely on adequate sampling methods to
uncover all taxa present in ballast water or ports. Particularly, this work discovered that
the use of eDNA metabarcoding detected only a subset of all the biodiversity found in
the miscellaneous habitats of a port and hence it could have limitations to become a
potential substitution of metabarcoding performed on conventional sampling methods
(e.g. plankton nets, sediment grab, settlement plates). Yet, eDNA holds great potential
for ballast water monitoring and control as ballast water characteristics and application
of management (ballast water exchanged or treated) were depicted with this sampling
method. Overall, by providing guidelines for DNA metabarcoding-based port biological
baseline survey and exploring the applicability of eDNA metabarcoding for ballast water
monitoring, the thesis provided new insights into the advantages and drawbacks of
implementing such genetic-based species identification to depict ship-borne

biodiversity and provide biological data for the BWM Convention.

SR. PRESIDENTE DE LA COMISION ACADEMICA DEL PROGRAMA DE DOCTORADO
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Summary/Resumen

Shipping is one of the most important vectors for the introduction and dispersal of
Non-Indigenous Species (NIS), harmful algae and pathogens worldwide. Thousands of
very diverse species are daily transported in ballast water tanks or through hull fouling,
and are released into new environments, including ports. These ports often provide
suitable habitats for the settlement of species coming with ship and are considered as “hot-
spots” for the introduction of NIS. To prevent, reduce and control further introduction of
ballast water-borne NIS, the International Convention for the Control and Management of
Ships' Ballast Water and Sediments (BWM Convention) was conceived in 2004 and is in
force since 2017. In this context and in line with this convention, monitoring port and
ballast water diversity is essential but has often relied hitherto upon morphological

identification of organisms which is costly and time-consuming.

The general aim of the thesis was to ease such monitoring by exploring the
usefulness of genetic tools, and how these cost-effective methods could be integrated into
ship-borne diversity research and management. Through the evaluation of several genetic
tools applied in ballast water and port research, the use of environmental DNA (eDNA,
traces of DNA released in the environment in form of cells, feces, skin, saliva, mucus,...)
and metabarcoding (taxonomic assignment of individuals from an environmental sample
based on their DNA sequences) were emphasized in this thesis as two potential “game-
changer” tools to provide biological data for the BWM Convention. Two case studies of
their application showed the efficiency and limitations of these tools in monitoring port
and ballast water biodiversity, in revealing the presence of previously reported NIS but
also their capacity to detect new ones. More importantly, this thesis unveiled the critical
importance of defining appropriate sampling protocols, that consider the spatial and
temporal variabilities of communities, and rely on adequate sampling methods to uncover
all taxa present in ballast water or ports. Particularly, this work discovered that the use of
eDNA metabarcoding detected only a subset of all the biodiversity found in the
miscellaneous habitats of a port and hence it could have limitations to become a potential
substitution of metabarcoding performed on conventional sampling methods (e.g.

plankton nets, sediment grab, settlement plates). Yet, eDNA holds great potential for
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ballast water monitoring and control as ballast water characteristics and application of
management (ballast water exchanged or treated) were depicted with this sampling

method.

Overall, by providing guidelines for DNA metabarcoding-based port biological
baseline survey and exploring the applicability of eDNA metabarcoding for ballast water
monitoring, the thesis provided new insights into the advantages and drawbacks of
implementing such genetic-based species identification to depict ship-borne biodiversity

and provide biological data for the BWM Convention.
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Summary/Resumen

El transporte maritimo es uno de los vectores mas importantes en la introduccion
y dispersion de especies aldctonas, algas toxicas y patdgenos al rededor del mundo. Miles
de organismos, de gran diversidad son transportados diariamente en tanques de agua de
lastre o incrustados en el casco de buques y acaban siendo liberados en puertos o en
nuevos entornos. Estos puertos a menudo proporcionan hébitats adecuados para el
asentamiento de especies y se consideran "puntos calientes" en la introduccion de especies
aloctonas. El Convenio Internacional para el Control y la Gestion del Agua de Lastre y los
Sedimentos de los buques (Convenio BWM) que desde el 2017 esta vigente, se adopto el
2004 con el fin de prevenir, reducir y controlar la introduccion de especies aloctonas
transportadas por las aguas de lastre. La monitorizacion de la biodiversidad en las aguas
de lastre y en puertos es esencial para el convenio, pero hasta el momento la
monitorizacion se ha basado en la identificacion morfoldgica de organismos, actividad que

resulta costosa econdmicamente yen tiempo.

El objetivo general de la tesis es facilitar dicha monitorizaciéon explorando la
utilidad de las herramientas genéticas como métodos coste-efectivos que podrian
integrarse en la investigacion y en la gestion de la diversidad de especies asociadas al
transporte maritimo. De la evaluacion de diversas herramientas genéticas aplicadas a las
aguas de lastre y de la investigacion en puertos se extrae que el uso del ADN ambiental
(ADNa, trazas de ADN liberados en el medio ambiente en forma de células, heces, piel,
saliva, moco, ...) y el metabarcoding (asignacion taxonomica de individuos de una muestra
ambiental basada en sus secuencias de ADN) se distinguen, en esta tesis, como dos
posibles catalizadores para proporcionar datos bioldgicos al Convenio BWM. Los dos
casos de estudio demuestran la eficiencia y las limitaciones de estas herramientas para la
monitorizacién de la biodiversidad en las aguas de lastre y en los puertos. Dichos casos
revelan la presencia de especies aldctonas ya documentados con anterioridad, pero
ademas ponen de manifiesto su capacidad para detectar nuevas especies. Es mas, esta tesis
destaca la importancia de definir protocolos de muestreo inclusivos que consideren la
variabilidad espacial y temporal de las comunidades y que se basen en métodos de

muestreo adecuados para descubrir todos los taxones presentes en las aguas de lastre y en
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los puertos. En particular, se resalta que el uso conjunto de ADNa y el metabarcoding sélo
pudo detectar un subconjunto de toda la biodiversidad encontrada en los hébitats del
puerto, lo que hace pensar que el binomio ADNa metabarcoding podria presentar
limitaciones a la hora de convertirse en una posible sustitucién de metabarcoding
realizada con métodos de muestreo convencionales (por ejemplo, redes de plancton, toma
de sedimentos, placas de asentamiento). Sin embargo, el ADNa resulta muy prometedor
para el monitoreo de las aguas de lastre de los buques, ya que las caracteristicas del agua
y la gestion asociada (cambio de agua de lastre o tratamiento de agua de lastre) pueden

detectarse con este método de muestreo.

En general, se concluye que la tesis ha proporcionado nuevos conocimientos sobre
las ventajas e inconvenientes de aplicar estas herramientas en la identificacion de especies
asociadas al transporte maritimo y asi proporcionar datos bioldgicos para el Convenio
BWM. Estos nuevos conocimientos incluyen la creacién de directrices para realizar
estudios de referencia bioldgica de los puertos con la herramienta ADN metabarcoding y
la exploracion de la aplicabilidad del ADNa metabarcoding para el monitoreo del agua de

lastre.
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Introduction

1 Maritime shipping and introduction of harmful aquatic
organisms and pathogens

1.1 Shipping: “a conveyor belt of marine organisms”

The transportation of commodities and people through maritime shipping is playing
an undoubted role in the aquatic organisms dispersal around the world (Hulme, 2009;
Katsanevakis Stylianos et al., 2014; Minchin et al., 2009; Molnar et al., 2008; Ruiz et al.,
2015; Seebens et al., 2013). When describing maritime shipping, the invasion biologist Dr
Carton said “we see a conveyor belt of marine organisms wrapping around the world”
(Stevens, 1993). The dispersal of organisms via maritime shipping is likely to have started
centuries ago. For instance, there are evidences that Romans and Greeks knew about
shipworms attached on hull of vessels in the 12 century (Carlton and Hodder, 1995;
Ojaveer et al., 2018). Also, Carlton and Hodder (1995) conducted an experimental study
on a replica of 16" century sailing vessel, in which they describe the organisms that
survived open sea voyages between the harbors attached on the hull. Another example is
the introduction of the rockweed Fucus serratus and the snail Littorina littorea in Atlantic
North America that has been linked to the discharge of ballast rock from vessels coming

from Europe during the early 19 century (Brawley et al., 2009).

A ship in itself acts as two main vectors for the dispersal of organisms (Figure 1). First,
all surfaces of the ship that are exposed to seawater (e.g. hull, seachest, propeller, seawater
piping systems) are prone to accumulate organisms on the surface, a process termed
biofouling (Hewitt et al., 2009). Biofouling communities are usually composed of sessile
organisms such as barnacles or algae. Second, ships require to be ballasted to improve the
balance, stability and the trim during sea voyages and during maneuvering. The use of
any type of ballast loaded inside the ship transported organisms between ports (Hewitt et
al., 2009). Ballast is used to increase stability when a ship is empty of cargo and, to
compensate for the changing weight induced with fuel consumption during transit and
when a ship is loading or discharging cargo (Minchin et al., 2009). Ballast started with the
use of rock or sand inside the ship and moved progressively from 1880s toward the use of

ambient water to avoid the time-consuming loading of solid materials and also because
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water was easily accessible and cheaper (Minchin et al., 2009). Usually uptake of port’s
water happens during the unloading of the cargo, while the discharge occurs during the
cargo loading. The seawater is uptake from the sea-chest, it is pumped through a filter,
and transferred to the ballast tanks where it is stored. Sea-chests are equipped with a
grating designed to remove large organisms (e.g. fishes) but fails to prevent the uptake of
small organisms or early life stages of bigger ones (e.g. phytoplankton, copepods, larvae
of fishes). Inside a ballast water tank, several sub-vectors are present including: the water
itself (Gollasch et al., 2002), the sediment at the bottom of the tank (Branstrator et al., 2015)
and the internal tank walls through biofouling (Drake et al., 2007). The cargo itself can also
act as a potential vector of organisms transfer but is usually associated to terrestrial species

such as insects (Rassati et al., 2015).

i
RN il

Figure 1. Pictures showing the two main vectors of dispersal of organisms
associated with maritime shipping: (A) Biofouling on the propellers, (B)
Biofouling on the hull, (C) Ballast sediment and (D) Ballast water
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1.2 Evolution of maritime shipping increased the dispersal of

organisms

During the 19 and 20* centuries, the shipping industry evolved considerably thanks
to key innovations including the use of water as ballast, the diesel engine, and the
specialization of ships (e.g. cargo, bulk carrier) that optimized the transport of specific
cargos types (Davidson et al., 2018; Ojaveer et al., 2018). This modernization of shipping
played a crucial role in the exponential rise and globalization of maritime trade (Figure 2,
Ojaveer et al. (2018)). Such globalization had profound effects on the way of aquatic
organisms were dispersed worldwide (Carlton, (1996a). First, the increase in the number
and size of ships enlarged the surface area for biofouling organisms to be attached to and
expanded the volume of ballast water discharged. Second, higher ship speeds reduced
transit length and thereby inflated the number of organisms discharged as more ports
could be visited in a shorted time. Also, as transits were shortened, more organisms were
able to survive the voyage. Thirdly, the creation of tanks specialized in holding only ballast
water avoided the mixing of ballast water with residuals of chemicals or oil present in
empty tanks, which derived in improving the quality of the water and thus, increased the
survival of organisms. These changes were also associated to the increase in port
connectivity around the world, which, altogether, contributed to the dispersal of
organisms (Crooks and Suarez, 2006). Indeed, global shipping evolved from “one port to
one port travel” to a “hub and spoke” network (Ojaveer et al., 2018). In the “hub and
spoke” configuration, cargos are delivered in international hub ports from local and
smaller ports before being transported to other hub ports (Peng et al., 2019). As a result,
the world's merchant fleet is now associated to a continuous and massive transfer of
organisms’ assemblages, with up to 10 billion of tons of ballast water translocated each
year (David and Gollasch, 2015) and approximately 325 x 10° square meters of ship’s hulls

wetted surface area available for biofouling (Moser et al., 2016).
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Figure 2. Global merchant fleet by vessel type in millions of dead-weight
tons, Source: UNCTADstat

1.3 The introduction of harmful aquatic organisms and pathogens with

ballast water

The diversity and high density of organisms transferred, and its worldwide impact
led maritime shipping to become one of the most prevalent vectors of introduction of Non-
Indigenous Species (NIS) and cryptogenic species into new environments (Hewitt et al.,
2004; Molnar et al., 2008; Ricciardi, 2016; Ruiz et al., 2015). NIS (synonyms of alien, exotic,
non-native, allochthonous) are species introduced into new areas outside of their native
ranges due to human-mediated actions, either intentionally (e.g. release of fishes for
angling) or unintentionally (e.g. discharged of ballast water). Contrary to NIS, cryptogenic
species have uncertain origins and cannot be described as being native or non-indigenous.
Cryptogenic species are very common, and many unrecognized invasions are potentially
classified under this terminology (Carlton, 1996b; Darling and Carlton, 2018; David and
Gollasch, 2015). One of the first records of a NIS introduced by ballast water was the case
of the phytoplankton Odontella (Biddulphia) sinensis, native from Asia and documented in

the North Sea in 1903 (Ostenfeld, (1908) in David and Gollasch (2015)). Since then, reports
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on introduction of NIS via ballast water have increased in distinct regions of the world,
from well-studied areas such as Europe (Tsiamis et al., 2018) and North America
((Davidson et al., 2018)), to less-studied ones such as the Arctic ((Ware et al., 2016)). As an
example of this phenomenon, Ruiz et al (2015) estimated that two hundred marine NIS
that were introduced in North America (44% of the total) have been initially transferred

with shipping.

After the initial released into a new environment, some of the NIS may become
established (i.e. start to grow and reproduce); others may even become Invasive Alien
Species (IAS). IAS are defined by Olenin et al. (2010) as “a subset of established NIS that
have spread, are spreading or have demonstrated their potential to spread elsewhere, and
have or might have an adverse effect on biodiversity, ecosystem function, socio-economic
values and/or human health in invaded regions”. The multiple impacts of marine IAS on
invaded environments have been widely documented (Mack et al., 2000; PySek and
Richardson, 2010; Stiger-Pouvreau and Thouzeau, 2015). Consequences of biological
invasions include, inter alia, impacts on ecological interactions such as competition for
resources, including place to settle and spawning grounds (Stiger-Pouvreau and
Thouzeau, 2015), predation or grazing (Grosholz et al., 2000) and trophic cascading effects
(Levin, 2006) as well as hybridization with native species (Ayres et al., 1999). Besides, the
establishment of globally spread NIS into disparate habitats contributes to the generalized
biotic homogenization (Clavero and Garcia-Berthou, 2006; Olden, 2006). IAS can also
cause serious economic and social impacts on activities and resources related to the
invaded environment such as aquaculture, fisheries, tourism and marine infrastructures
(Mooney, 2005; Williams and Grosholz, 2008). For example, it has been estimated that the
economic losses attributable to invasive species in the United States amount almost $120
billion per year (Pimentel et al., 2005). Another example can be found in North America
with the zebra mussel that clogs and invades waterways or water filtration of power plant.
The economic cost associated to this species has been estimated to exceed $100 million

over the past decades (Strayer, 2008).
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Ballast water is also a well-known vector for pathogens and harmful algal species
releases (Drake et al., 2007). Human pathogens such as Vibrio cholera and Escherichia coli
have been previously found to survive ballast water conditions due to their strong
tolerance to variation of temperature and salinity (McCarthy and Khambaty, 1994;
Takahashi et al., 2008). Besides, these pathogens have been recorded with high frequency
in ballast water surveys (Burkholder et al., 2007; Ruiz et al., 2000). Furthermore, ballast
water contains many phytoplankton species (McCarthy and Crowder, 2000) and among
them, some (usually diatoms and dinoflagellates) are forming harmful algal blooms,
which can jeopardize sea-life and human health (Burkholder et al., 2007; David and
Gollasch, 2015; Hallegraeff and Bolch, 1991). For instance, it was estimated that a single
ballast tank contained 300 million viable cysts of the harmful microalgae Alexandrium
tamarense (Hallegraeff, 2007).

In order to manage and prevent these negative consequences associated to the
introduction of NIS and the spread of harmful algal bloom species and pathogens, a set of
management actions can be taken. These are commonly divided into four main
components: (1) prevention, (2) early detection and rapid response, (3) control and (4)
adaptation ( ; Lodge et al. (2006)). Prevention focuses on the early steps of the
introduction process. It aims at preventing organisms from entering a dispersal vector,
and from being transported and released alive. In case this first step fails, the second lever
of action is the early detection to rapidly identify species introduced in an environment and
act before they start reproducing and spreading (Campbell et al., 2007; Davidson et al.,
2015; Vander Zanden et al., 2010). Control is based on the monitoring of established NIS
and aim at managing their ecological and economic impacts, as well as eradicating them,
if possible. Adaptation is the last management option and consists in changing human
behavior and dealing with the cost associated to the consequences of NIS introduction. All
these management components are crucial to face and manage the spread of invasion, but
experience has shown that the sooner the discovery of a NIS, the higher the probability of
a successful intervention is (Vander Zanden et al., 2010). In that sense, the management of

the first step of invasions, including prevention and early detection, should be prioritized.
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Figure 3. Stages of invasion by Non-Indigenous Species (left column,
major policy options (middle column) and major recommendations (right
column), from Lodge et al. (2006)

1.4 Joint efforts to prevent the spread of organisms with ballast

water

Over the years, various national and international regulations have been proposed around
the world to minimize the spread of organisms via ballast water (David and Gollasch,
2015). Among those, the two most significant and noteworthy endeavors are undoubtedly
those initiated by the International Maritime Organization (IMO) and the United States
Coast Guard (USCG). The IMO developed the International Convention for the Control
and Management of Ships” Ballast Water and Sediments (BWM Convention; IMO (2004)).
The BWM Convention entered into force in September 2017 (IMO, 2016), involving at the

time of writing 79 states, representing more than 81% of the world gross tonnage
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(http://www.imo.org/en/About/Conventions/StatusOfConventions/Documents/Status %2

0-%202019.pdf, last update the 11/02/2019). The main management actions that this

framework proposed to prevent further spread of organisms are (1) exchanging
coastal/brackish/fresh ballast water with oceanic water, and (2) treating ballast water to
inactivate or kill organisms uploaded with ballast. The United States, in contrast, did not
sign the BWM Convention but developed instead national regulations regarding ballast
water management since 1990 with the USCG and the US Environmental Protection
Agency (Verna and Harris, 2016). The USCG, US Environmental Protection Agency and
IMO have the same numerical discharge standards regarding the maximum number of
organisms that can be discharged after the treatment of ballast water (Albert et al., 2013).
However, IMO counts the number of “viable” (i.e. able to reproduce) organisms whereas
the US regulations count the number of “living” (i.e. alive) organisms (Blatchley et al.,

2018).

2 Monitoring ship-borne biodiversity

2.1 From ballast to port surveys: great diversity of assemblages

Assemblages of organisms found in ballast tank:

Characterizing the biodiversity discharged around the world with ballast water has
become an active field of research (Cabrini et al., 2018; Desai et al., 2018; DiBacco et al.,
2012; Gollasch et al., 2002; Hutchings, 1992; Ware et al., 2016; Wu et al., 2017). It is clear
from this substantial piece of literature that ballast water transported wide range of species
assemblages. Ballast tanks are mainly dominated by planktonic species including holo-
planktonic species that spends their whole life cycle in the water column but also mero-
planktonic species that only have a part of their life cycle in the water column (Hewitt et
al., 2009). The associated biota with ballast tank is composed of pathogens, fungi, viruses,
bacteria, protists, micro- and macro-algae and zooplankton (see Figure 4 for some
examples). Among zooplankton, copepods are the most abundant taxa but other taxa such
as barnacles, isopods, mysids, euphausiids, bivalves, gastropods, crabs and fishes are also

found in ballast tanks, usually at larval stages (Gollasch et al., 2000, 2002; McCollin et al.,
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2007). Importantly, these taxa are not evenly distributed in a ballast tank. For instance,
ballast water sediment may contain diapausing eggs of some species that are not present
in the water of the same tank (Duggan et al., 2006). Within the water column, vertical
migration of zooplankton, patchiness in the distribution of organisms and accumulation
of plankton near the tank walls can also result in a heterogenous distribution of organisms.
All these factors make representative samples of ballast tank biodiversity difficult to

obtain (First et al., 2013; Murphy et al., 2002).

Figure 4. Examples of alive organisms illustrating the broad variety of
taxa found in ballast water samples. Photo taken from David & Gollasch
(2015).
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Assemblages of organisms found in port:

Organisms transferred through shipping are primarily taken from and released in
ports. Ports comprise a wide range of potential habitats for organisms carried by ships and
are hence considered as critical gateways for NIS introduction (Ferrario et al., 2017;
Ojaveer et al., 2014). For instance, ports construction such as berths and slipways provide
suitable substrates for the settlement of larvae of sessile organisms while soft sediment

allows resting stages of zooplankton and dinoflagellates to find appropriate environment

(Lehtiniemi et al., 2015).

Ports are considered priority areas for NIS monitoring (Lehtiniemi et al., 2015; Olenin
et al, 2016), since once established, NIS can spread from ports into surrounding
environments (Keller et al., 2011; Leuven et al., 2009; Lopez-Legentil et al., 2015; Wang et
al., 2018). Hence, exhaustive ports monitoring require substantial sampling efforts to
collect organism from sediment, water and all the substrates on which biofouling
organisms may settle (Hewitt and Martin, 2001). In this perspective, Port Biological
Baseline Surveys (PBBS) have been used to standardize port monitoring and provide
protocol for port biodiversity inventories as well as for assessment of presence, abundance
and distribution of NIS/IAS (see for instance the GloBallast PBBS (2014) and the
Helcom/Ospar PBBS (2013)). Specifically, PBBS were developed to inform port authorities
about the presence of local and alien taxa and provide them a biological inventory that

will serve as baseline data for the BWM Convention (Awad et al., 2014).

PBBS protocols are already developed but differ in scope, scale and exhaustiveness.
They range from NIS-targeted detection to whole-community assessments
(HELCOM/OSPAR, 2013) and from presence-absence data only to abundance evaluation
(Campbell et al., 2007). The two types of PBBS most often used are the CRIMP protocol
(Hewitt and Martin, 2001) and the Rapid Assessment Surveys (Minchin, 2007). The CRIMP
protocol consists in an exhaustive sampling of all habitats of the ports through various
methods (e.g. plankton net, sediment grab, divers for visual census and sampling
biofouling). In contrast, the Rapid Assessment Surveys is based on in situ identification,

restricted allocated time and “easy” sampling locations (e.g. divers are not used) and
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consists in collecting a representative specimen for all types of targeted taxa. This protocol
is usually based on a list of target alien species that are not yet present in the port of interest
and its surroundings but that are likely to be introduced. Rapid Assessment Survey is
particularly useful for management actions as it evaluates the presence and variation of
the spatial distribution of “target” species to monitor (Ashton et al., 2006). However, it has
also showed some limitations in its capacity to provide comprehensive data by missing
the detection of some NIS (Bishop and Hutchings, 2011; Rohde et al., 2017) in particular
for small organisms (Kakkonen et al., 2019). Based on both protocols, the Helcom/Ospar
developed a new one specifically to answer the requirements of the BWM Convention

(HELCOM/OSPAR, 2013)

2.2 From morphology to genetic-based species detection

The identification of organism from ships and ports has traditionally relied on the use
of morphological taxonomy (Bishop and Hutchings, 2011; Gollasch et al., 2000). Yet,
several difficulties are associated to this method including;

(1) The absence of diagnostic morphological traits in damaged and degraded
organisms, in development (e.g. larvae, egg) or resting stages (e.g. spore) which
very often led to coarse taxonomic resolution of taxa (e.g. “copepods
nauplii”,“bivalvia sp.”; DiBacco et al. (2012)).

(2) It can be common for a NIS to be misidentified as a local species or left as “new and
undescribed” when organisms from very distinct part of the world are identified
by local taxonomist or parataxonomists who lack the full skills of a taxonomist
(Bishop and Hutchings, 2011; Campbell et al., 2007; David and Gollasch, 2015;
Zenetos et al., 2005). Specifically, for ballast water and ports monitoring, it is
difficult to gather taxonomists who have an expertise on the wide range of taxa
found in these environments.

(3) It is highly dependent on taxonomic group, which can lead to overlooking small

taxa such as protozoa or oomycota in ballast water (Zaiko et al., 2015b).
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(4) It is labor intensive, costly and often slow to get the results when many or large

samples need to be identified (Pfrender et al., 2010).

The described limitations likely led to underestimating the biodiversity of NIS
introduced with shipping, as most of taxa not identified to species level were categorized
as cryptogenic (for example DiBacco et al. (2012)) or left undescribed. Resolving species
identity is crucial to define an invasion status. Hence, to circumvent some of the limitations
of morphological taxonomy identification, DNA-based species detection has been

developed and increasingly applied to NIS monitoring since 1980 (Figure 5).

Dreissena polymorpha Marenzelleria spp. Gymnodinium catenatum Neogobius melanostomus
Allozyme studies Sanger sequencing Species-specific PCR assays Droplet digital PCR
* Identity of cryptic species « Identity of cryptic species * Detection of target * Detection and
» Genetic diversity of «  Phylogeny of cryptic species from bulk quantification of target
established populations invasions samples species
* Biogeography of cryptogenic
populations l l
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Polymerase Chain Reaction (PCR)- DNA barcoding T High-troughput sequencing (HTS)
based approaches * Identity of cryptic metabarcoding
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Figure 5. Timeline of molecular methods applications to marine
bioinvasions research and surveillance, with images visualizing examples
of species or biological matrices to which the method was applied in the
context of bioinvasions, from Ojaveer et al (2018).
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At first, DNA-based methods were used to distinguish between cryptic species
(two or more species morphologically indistinguishable classified as one species,
McDonald and Koehn (1988)) and identify the source of introduced population (Ward
and Andrew, 1995). Species-specific assays were also developed to detect target species
from an environmental sample such as water or sediment. Species-specific assays are
based on the design of short fragments called primers that bind to a specific region of the
genome of the species of interest only. The development of these approaches has played a
pivotal role in the detection of many harmful species in ballast water (see for instance for
Vibrio cholerae Fykse et al.(2012)) and port (see for instance for Styela clava Gillum et al.
(2014)). However, although target species detection is of vital importance for the early
detection and monitoring of targeted harmful species, the detection of non-target species
was not possible until the development of the so-called DNA barcoding in the early 2000s
(Hebert et al., 2003a). In the DNA barcoding, a short-standardized DNA fragment called
barcode, is extracted from a single organism, amplified usually with group-specific or
“universal” primers during Polymerase Chain Reaction (PCR), and then sequenced. The
resulting sequence is then compared to sequences available in public reference databases

such as the BOLD database (www.barcodinglife.org). It is worth mentioning that DNA

barcoding is based on one major assumption namely that intraspecific sequence
polymorphism is lower than interspecific divergence. This is referred to as barcoding gap
(Meyer and Paulay, 2005). DNA barcoding has been applied to detect the biodiversity
both in ports (Miralles et al., 2016) and in ballast water (Briski et al., 2011). In particular,
there are several examples of DNA barcoding used in combination with morphological
taxonomy to characterize ballast water taxa and benefit from the advantages of both
methods (Briski et al., 2014, 2015; Ware et al., 2016). In these studies, morphology was used
to count alive and dead organisms of each taxa and barcoding served for species
identification. Yet, because the whole laboratory process is performed on one specimen at
a time, DNA barcoding is also labor-intensive. This impedes the use of DNA barcoding
for large monitoring such as screening taxa in many ships coming to a port or performing

exhaustive Port Biological Baseline Surveys.
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2.3 DNA metabarcoding: a game-changing approach for ship-borne

biodiversity surveillance

The recent development of Next-Generation Sequencing (NGS, also called High-
Throughput Sequencing) technologies opened the door to perform DNA barcoding
simultaneously on all organisms present in an environmental sample (Shokralla et al.,
2012). This technique has been named DNA metabarcoding (Taberlet et al., 2012) and can
provide several hundred thousand to ten millions sequenced reads in parallel. The process
involves five main steps, as described in Figure 6. In Step #1 samples of a targeted
environment are collected. In Step #2 the samples are pre-processed for DNA extraction
(e.g. filtration of water, homogenization of bulk organisms). Step #3 consists in the
preparation of samples for the sequencing with NGS platforms (e.g. Illumina Miseq). This
step includes 3 additional sub-steps. First, DNA is extracted and then the target DNA
region is amplified by PCR. Second, unique nucleotide sequences (called “indexes”)
specific to each sample are added using PCR so that each sample can be discriminate from
the others. Thirdly, samples are pooled together and send to sequencing. In Step #4 the
sequences retrieved from each sample are taxonomically identified by the use of
bioinformatics analysis. This step generally includes the removal of primers and bad
quality sequences, the alignment of sequences against a reference alignment database to
retain only sequences that align inside the barcode region, the removal of chimeras (hybrid
sequences), the clustering of sequences into Operational Taxonomic Unit (OTU), the
removal of OTUs with a single sequence and finally, the taxonomic assignment of OTUs

against database. In Step #5, data are interpreted to understand community patterns.
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Figure 6. Schematic representation of the five main steps of metabarcoding
exemplified for port monitoring surveys

The DNA metabarcoding enables the screening of many samples in a relatively
short amount of time, which outstrips the ability of morphological-based taxonomy for
biodiversity monitoring (Aylagas et al., 2018; Ji et al., 2013). Metabarcoding has been
applied in a broad range of environments, from terrestrial (Ji et al., 2013), to freshwater
(Elbrecht et al., 2017b) and marine ones (Chain et al.,, 2016). It is also increasingly
acknowledged as valuable tool to detect NIS from a community (Brown et al., 2016) and
perform ecological status assessment (Aylagas et al., 2018). DNA metabarcoding is also
viewed as a promising tool to screen ship-borne biodiversity (Comtet et al., 2015; Darling
and Frederick, 2017). The applications and developments of the technique in ballast water
(Darling et al., 2018; Lohan et al., 2015; Lymperopoulou and Dobbs, 2017; Zaiko et al.,
2015b) and ports (Brown et al., 2016; Grey et al., 2018; Koziol et al., 2018; Lacoursiere-
Roussel et al., 2018) are rocketing. With this rise of metabarcoding-based monitoring
applications, developing and standardizing protocols to optimize biodiversity recovery
has become an increasing necessity. Hitherto, most of the works in this direction has

focused on post-sampling steps, spanning from samples pre-processing to bioinformatic
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pipelines (steps #2 to #5 in see for instance Aylagas (2017) and Elbrecht (2017)),
including inter alia:

(1) DNA extraction protocols:
While home-made DNA extraction protocols have been shown optimal in some cases
(Corell and Rodriguez-Ezpeleta, 2014), their standardization remain limited. Hence, they
are not recommended for monitoring in constrast to commercial kits, which have fixed
protocols and do not contain toxic substances. For sediment samples or bulk organisms
retrieved from sediment and biofouling samples, the use of MoBio PowerSoil or
PowerMax Soil kit has been generally recommended as the optimal kit (Ammon et al.,
2018; Aylagas et al., 2016b; Lanzén et al., 2017; Lekang et al., 2015). For zooplankton and
filtered water samples, Qiagen's DNeasy Blood & Tissue Kit usually outperforms other
protocols and is commonly used (Clarke et al., 2017; Hinlo et al., 2017; Jeunen et al., 2019;
Spens et al., 2017). Also, the development of automated DNA/RNA/proteins extraction
processing (QIAcube) encourages the use of Qiagens” DNeasy Blood & Tissue Kit for
biodiversity monitoring, which includes usually hundreds of samples to process.

(2) Trial of “universal” primers:
A rapid evolution of metabarcoding consisted in moving from a single barcode to a multi-
barcode approach, taking advantage of each barcode specificity to provide the most
exhaustive view possible of the sampled community (Clarke et al., 2017; Drummond et al.,
2015; Grey et al., 2018; Glinther et al., 2018). The most commonly used barcodes are the
mitochondrial cytochrome c oxidase subunit I gene (COI) for metazoan, usually amplified
with the degenerated primers developed by Leray et al (2013) for marine taxa, and the
nuclear 185 small subunit rRNA (185 rRNA) for eukaryotes, with common primers such
as those developed by Amaral-Zettler (2009) or Zhan et al (2014). It is also worth
mentioning the 16S mitochondrial ribosomal DNA (16S rRNA) that is currently being
developed for aquatic invasive invertebrates (Klymus et al., 2017).

(3) The development of bioinformatic pipelines:
The use of open and free standardized pipelines for data processing, from raw sequences

cleaning and filtering to taxonomical assignment of sequences, is critical to standardize
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bioinformatic analyses and foster comparability. Examples of such pipelines include for

example MiSeq SOP (https://www.mothur.org/wiki/MiSeq SOP) and QIIME

(http://giime.org)/).

While the optimization of the metabarcoding process led to an increase in
standardization and reliability of the technique, few studies so far have attempted to
evaluate the impact of the sampling method, seasonality and locality on the recovered
biodiversity (see step #1 of Figure 6). More specifically, how sampling protocol might
affect the identification of some taxa of interest for ship-borne biodiversity monitoring
remains to be better understood. Indeed, as explained above, conventional protocols for
PBBS or ballast water monitoring have been developed for morphological taxonomy and
understanding if these protocols are appropriate for metabarcoding monitoring or, on the

contrary, need adjustments, is critical before using this promising technique.

2.4 Environmental DNA: cost-effective and non-intrusive sampling

method

Conventional sampling methods (e.g. plankton net, sediment grab, settlement plates)
used for marine monitoring are being superseded by the development of the
environmental DNA (“eDNA”). eDNA is defined as any traces of DNA released in the
environment (e.g. water or sediment) in form of cells, feces, skin, saliva, mucus, blood,
gametes, etc (Shaw et al., 2017). The use of eDNA is non-intrusive and greatly reduces cost
and time associated to sampling (Borrell et al., 2017). Indeed sampling of a community
with eDNA only requires the collection of a little volume of water (from few ml to few
liters, Rees et al (2014)) or few grams of sediment (Turner et al., 2015) in comparison to
conventional sampling methods where more time (and consequently more resources) is
spend for the sampling (Borrell et al., 2017). Also, when comparing with conventional
sampling methods, eDNA has been shown to be very efficient for detecting rare, elusive

or invasive species (Jerde et al., 2011; Thomsen et al., 2012). Hence, the possibility of using
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eDNA in studies targeting eukaryote taxa, with a focus on macro-organisms, resulted in
rocketing of publications per year (Figure 7a). As for metabarcoding, the on-going
optimization of the eDNA workflow, specifically for capturing eDNA and extracting the
DNA, remains a priority in eDNA-related research (Figure 7a). Recently, the combination
of open cellulose nitrate filters, or enclosed filters such as Sterivex™ filtration system
filters, with Qiagen's DNeasy Blood & Tissue extraction Kit has been recommended for
aquatic eDNA monitoring (Djurhuus et al., 2017; Hinlo et al., 2017; Jeunen et al., 2019;
Spens et al.,, 2017). One advantage of enclosed filter is the reduced contamination risk,
which happened to be a common issue in eDNA-studies with the risk of introducing false-

positive detection (Deiner et al., 2017; Goldberg et al., 2016).

(a) (b)

90 60
80 . Newly described methods . Freshwater ecosystem
Total number of methods described 50 Marine ecosystem
70 — Number of publications — Number of publications
34
Q
=
o 60 w 407
E S
9 S
Q N
2 ¥ 3
Q __'—g 30 A
g =
Gy
kS 3
= =
O 20 4
B 30 2 20
g £
=] =
Z 20 Z
10
10
0 0-
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Year Year

Figure 7. Meta-analysis of aquatic eDNA literature displaying (a) the
total number of described methods and (b) the proportion of aquatic eDNA
research performed in freshwater and marine ecosystems, from Jeunen et
al. (2019)
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To date, eDNA has been more developed for freshwater than marine environment
( ) but the number of studies targeting the marine realm is quickly increasing (see
for instance Lacoursiere-Roussel et al. (2018), Jeunen et al. (2018, 2019), Borrell et al. (2017),
Giinther et al (2018)). It was perhaps due to the initial perception that species detection
with eDNA from seawater can be more challenging because of the large volume and the
dynamic nature (tidal and current) of the ocean that might rapidly dilutes and disperses
eDNA from its initial source (Diaz-Ferguson and Moyer, 2014). Several evidences in
coastal and offshore systems encouragingly support the ability of eDNA to represent local
and contemporary communities (Collins et al., 2018; Jeunen et al., 2018; O’Donnell et al.,
2017; Port et al., 2016; Yamamoto et al., 2017). It has been suggested that eDNA is
transported over small distances only (within 100-200 m, Jeunen et al. (2018)) and detects
species present or recently present (in the last 50 hours approximately, Collins et al.

(2018)).

Many studies assessed the reliability of eDNA to monitor aquatic monitoring in
comparison with conventional surveys (see among others Deiner et al. (2016) for
freshwater macroinvertebrate with kicknet sampling; Kelly et al. (2017) for marine
epibenthic macroinvertebrates with benthic sled; Port et al. (2016) for marine fishes with
scuba diving). In general, studies tend to conclude that eDNA can be used as a
complementary method, different species/taxa being retrieved with different methods, but
highlight that eDNA can also detect a high diversity of taxa and increases the resolution
of taxonomic identification in comparison with other methods (Deiner et al., 2017).
Consequently, implementing filtered water-based eDNA metabarcoding into ship-borne
biodiversity monitoring has recently started and primally focused on ports environment
(Borrell et al., 2017; Grey et al., 2018; Koziol et al., 2018; Lacoursiere-Roussel et al., 2018).
Nonetheless, the advantages and drawbacks of eDNA sampling in comparison with
conventional sampling methods have only been scarcely studied (see however Koziol et
al. (2018) for ports) and warrant further research. In particular, such comprehensive

comparisons are lacking for ballast environments.
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Overall, genetic tools overcome some of the main limitations of morphological
identification and have been described as a promising revolution in the assessment and
management of species diversity (Fonseca et al., 2010; Wood et al., 2013). In particular,
DNA metabarcoding has been proposed as an appealing and cost-effective approach to
perform biodiversity monitoring surveys and early detection of NIS (Comtet et al., 2015;
Xiong et al.,, 2016). Yet, application of genetic tools for ballast water research and
management requires further testing to understand how these tools could be integrated

into regular monitoring programs (Comtet et al., 2015).
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Objectives

General objectives:

The general objectives of the thesis are (1) to evaluate the potential of genetic tools

to provide valuable biological data for monitoring ship-borne biodiversity, with a

particular focus on DNA metabarcoding, and (2) to provide guidelines to ease the

implementation of DNA metabarcoding for ports and ballast water monitoring.

Secondary objectives:

To answer these two general objectives, three secondary objectives have been

developed, each associated to a specific chapter of this thesis and detailed in

Table 1. Description of the secondary objectives of the thesis

Secondar Specific Related
oneay pe Methods
objectives aims chapters
o Define what are the most o Exhaustive literature
promising genetic tools for review of studies applying
, . ballast water monitorin enetic tools to ballast
Identify how genetic . . 5 5
and address their associated water and ports related
tools could be L
. . advantages and limitations research
integrated into the I
preven,twe easires Propose which genetic tools o Scrutinizing all articles,
associated with the . . . .
BWM C " could be included in the regulations and associated
onverttion different guidelines of the guidelines of the BWM
BWM Convention requiring Convention
biological data
o Characterize the ballast o Sampling of ballast water
water community retrieved from 11 vessels entering
with eDNA metabarcoding the Chesapeake Bay (USA)
E valum.fe the and compare its accuracy and comparison with
p(?tentzal of with conventional ballast morphological taxonomy
environmental water monitoring based on
DNA oo -
) morphological identification
metabarcoding IT
to become an easy o Assessif eDNA o Comparison of
sampling method to metabarcoding can provide communities of vessels

screen ballast
water biodiversity

reliable information to
evaluate the efficiency of
any type of ballast water

management applied

with treated and
exchanged ballast water
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o Explore the effects of
sampling procedures on
ballast water communities

o Comparison of
communities retrieved
from different ballast water
sampling points on board
of vessel and from an
experimental ballast tank of
300m? where port’s water
was held for 2 days

Design a cost-
effective and
standardized protocol
for Port Biological
Baseline Survey
based on DNA
metabarcoding and
propose guidelines
to ease its integration
into ports
monitoring for the
BWM Convention

o Evaluate the importance of
using different conventional
sampling methods to
maximize the recovery of
biodiversity and assess the
reliability of environmental
DNA to characterize port
communities

o Define if sampling
seasonality affects port
communities, and if yes,
evaluate which seasons

allow to recover the
maximum biodiversity to
provide the most cost-
effective protocol

o Define if sampling locality
in an estuary has an impact

on the port biodiversity
retrieved and if sites inside
the estuary are more prone
to the settlement of NIS that

sites located outside

Comparison of biodiversity
detected with zooplankton
nets, water, sediment grab
and settlement plates into
the port of Bilbao (Spain)

o Comparison of Autumn,
Winter, Spring and
Summer communities of
the port of Bilbao over one
year

o Comparison of four sites
chosen into the port of
Bilbao with three sites

located in the outer part of
the estuary and one site
located inside the estuary

I11
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Chapter I

The challenges and promises of genetic approaches for ballast water

management

Anais Rey, Oihane C. Basurko, Naiara Rodriguez-Ezpeleta
AZTI, Marine Research Division, Txatxarramendi ugartea z/g, 48395 Sukarrieta, Spain

This chapter was published in Journal of Sea Research (Volume 133, Pages 134-145) in
2018. DOI: https://doi.org/10.1016/j.seares.2017.06.001

Abstract:

Ballast water is a main vector of introduction of Harmful Aquatic Organisms and
Pathogens, which includes Non-Indigenous Species. Numerous and diversified organisms
are transferred daily from a donor to a recipient port. Developed to prevent these
introduction events, the International Convention for the Control and Management of
Ships’ Ballast Water and Sediments will enter into force in 2017. This international
convention is asking for the monitoring of Harmful Aquatic Organisms and Pathogens. In
this review, we highlight the urgent need to develop cost-effective methods to: (1) perform
the biological analyses required by the convention; and (2) assess the effectiveness of two
main ballast water management strategies, i.e. the ballast water exchange and the use of
ballast water treatment systems. We have compiled the biological analyses required by the
convention, and performed a comprehensive evaluation of the potential and challenges of
the use of genetic tools in this context. Following an overview of the studies applying
genetic tools to ballast water related research, we present metabarcoding as a relevant
approach for early detection of Harmful Aquatic Organisms and Pathogens in general and
for ballast water monitoring and port risk assessment in particular. Nonetheless, before
implementation of genetic tools in the context of the Ballast Water Management
Convention, benchmarked tests against traditional methods should be performed, and

standard, reproducible and easy to apply protocols should be developed.
Keywords:

ballast water management convention; non-indigenous species; early detection; genetic

methods; metabarcoding
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1 Introduction

Ballast water discharges are recognized as critical sources of pathogens, harmful algae
blooms and Non-Indigenous Species (NIS) introduction (Aguirre-Macedo et al., 2008;
Drake and Lodge, 2004; Hallegraeff, 2007, Molnar et al., 2008). To prevent potential
environmental, human health and socioeconomic impacts of these introductions, the
International Convention for the Control and Management of Ships” Ballast Water and
Sediments (referred after as “BWM Convention”) was adopted in February 2004 by the
International Maritime Organization (IMO, 2004). The BWM Convention will enter into
force in September 2017 as the required ratification by at least 30 States representing 35%
of world merchant shipping tonnage has finally been reached (IMO, 2016). One of the
many challenges of the BWM Convention is ballast water monitoring in commercial ports,
i.e. screening the whole biodiversity discharged from ballast water to guarantee the
prevention and control of Harmful Aquatic Organisms and Pathogens (HAOP) which
includes NIS, in recipient ports, which are also monitored for presence of HAOP.
Traditionally, ballast water biological inventories, which should preferably be done to the
lowest taxonomic level, have relied upon morphological identification, which is costly,
time-consuming (Ji et al., 2013) and requires a high level of taxonomy expertise, skill that
is becoming rare (Agnarsson and Kuntner, 2007). Besides, one of the most crucial issues
associated with this traditional approach is the difficulty to identify early developmental
stages (e.g. larvae and eggs), broken organisms or morphologically indistinguishable
species; all are common in ballast water (Gollasch et al., 2002). Thus, alternative fast, cost-
effective, accurate and broadly applicable methods need to be developed in order to
improve ballast water monitoring (Lehtiniemi et al., 2015). Genetic methods overcome
some of the main limitations of morphological identification and have been described as
a challenging revolution in the assessment and management of species diversity (Fonseca
etal., 2010; Wood et al., 2013). Specially, numerous reviews highlight the promises of these
tools for studying marine biological invasions processes (Rius et al., 2015; Viard et al.,
2016), including early detection (Bott, 2015, Comtet et al, 2015) and provide
recommendations regarding the associated technical challenges and possible solutions of

using High-Throughput Sequencing technologies in such context (Xiong et al., 2016). As a
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result, a great number of ballast water related studies already use the advantages of
genetic tools to describe the in-tank biodiversity of ballast water (e.g. eukaryotes, (Zaiko
et al., 2015b) and viruses, (Kim et al., 2015)) and sediments (e.g. diapausing eggs of
invertebrates, (Briski et al., 2011) as well as to provide helpful biological data for assessing
the efficiency of ballast water managements (Briski et al., 2015; Hess-Erga et al., 2010). The
rapid development of genetic tools applied to ballast water management have prompted
the need for detailed assessments of their relevance and synthetic views of the available
tools, as emphasized by Darling and Frederick (Darling and Frederick, 2017). While their
work provides a comprehensive analysis of the genetic tools for ballast water monitoring
in a general context, here, we give a thorough assessment and analyze the suitability of
genetic tools to provide data for the BWM Convention and their feasibility in real
conditions. For that aim, we meticulously studied the BWM Convention to detect
opportunities where genetic tools could provide biological data while evaluating and
discussing their great promise as valuable alternatives or additions by early detecting

Harmful Aquatic Organisms and Pathogens introduced via ballast water.

2 The preventing actions of the BWM Convention and their
required biological analyses

The BWM Convention is based on regulations defining the specific legal preventive
actions to manage the introduction of Harmful Aquatic Organisms and Pathogens
(HAOP), and on Guidelines providing technical guidance for all stakeholders to help the

implementation of these regulations (Table 2).
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Table 2. Regulations and associated Guidelines of the BWM Convention;
shaded grey indicates Guidelines where genetic tools could provide
relevant biological data

Regulations (R) Guidelines (G)

Section A: General provisions

R. Al: Definitions

R. A2: General applicability

R. A3: Exceptions

R. A4: Exemptions G7: Guidelines for Ballast Water Risk Assessment

G3: Guidelines for Ballast Water Management Equivalent

R. A5: Equival li
5: Equivalent Compliance Compliance

Section B: Ballast Water Management and control requirements for ships

G4: Guidelines for Ballast Water Management and the

R. B1: Ballast Water M t Pl
aflast Yvater Vanagement tan Development of Ballast Water Management Plans

R. B2: Ballast Water Record Book

R. B3: Ballast Water Management for ships Gb5: Guidelines for Ballast Water Reception Facilities

G14: Guidelines on Designation of Areas for Ballast Water
Exchange
G6: Guidelines for Ballast Water Exchange

R. B4: Ballast Water Exchange

R. B5: Sediments Management for Ships G1: Guidelines for Sediment Reception Facilities

G12: Guidelines on Design and Construction to Facilitate
Sediment Control on Ships

R. B6: Duties of officers and crew

Section C: Special requirements in certain areas

R. C1: Additional measures

R. C2: Warning concerning Ballast Water G13: Guidelines for Additional Measures regarding Ballast Water

uptake in certain areas and related flag state Management including Emergency Situations
measures

R. C3: Communication of information

Section D: Standard for Ballast Water Management

R. D1: Ballast Water Exchange standard G2: Guidelines on Ballast Water Sampling
G6: Guidelines for Ballast Water Exchange

G11: Guidelines for Ballast Water Exchange Design and
Construction Standards

R. D2: Ballast Water performance standard G2: Guidelines on Ballast Water Sampling

R. D3: Approval requirements for Ballast G8: Guidelines for Approval of Ballast Water Management
Water Management Systems Systems
G9: Procedure for Approval of Ballast Water Management
Systems that Make Use of Active Substance

R. D4: Prototype of Ballast Water Treatment =~ G10: Guidelines for Approval and Oversight of Prototype Ballast
Technologies Water Treatment Technology Programs

R. D5: Review of standards by the organization

Section E: Survey and certification requirements for Ballast Water Management

R. E1: Surveys

R. E2: Issuance or Endorsement of a certificate

R. E3: Issuance or Endorsement of a certificate by another party

R. E4: Form of the certificate
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R. E5: Duration and validity of the certificate

Article Guidelines
. . . G15: Guidelines for Port State Control under the BWM
Article 9: Inspection of ships .
Convention

To understand the common requirements for ballast water monitoring and facilitate the

detection of opportunities where genetic tools could provide relevant biological data for

the BWM convention, all preventive actions are grouped in four main categories (

) and further described below. To prevent new introduction of HAOP, biological

analyses (in red in ) are required and the nature of the analyses and method

used will be different depending on the targeted action.

Actions related to “Testing the compliance with the BWM Convention

requirements”: Ships will be first inspected for compliance with the BWM

Convention by the port state control through an administrative control of the
documentations required on board (i.e. ballast water record book) (King and
Tamburri, 2010; Wright and Welschmeyer, 2015); then, if evidences of non-
appropriate management are found, ballast water may be sampled for a first and
quick indicative biological analysis, and for a more detailed one if additional
support for non-compliance is found. The biological methods to assess the
compliance must meet certain criteria to be applicable (David and Gollasch, 2015;
IMO, 2015); for example, they shall be designed to take into account organismal
minimum size, abundance and viability but also to be fast, applicable onboard, and
usable by a non-specialist (David and Gollasch, 2015; Wright and Welschmeyer,
2015). Regarding the type of analysis and organisms, the method can be qualitative,
semi-quantitative, and quantitative. For now, the recommended methods for
detailed analysis are visual counting including mobility test for zooplankton,
counting chamber with epifluorescence microscopy as well as machine counts
coupled with viability stains for phytoplankton, and grow of bacterial colonies for

indicator microbes (David and Gollasch, 2015).
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Actions related to “Development of Ballast Water Management strategies”: A
major concern of the BWM Convention is to test and approve the efficacy of the
two mains ballast water management actions, which are the interim Ballast Water
Exchange (BWE) in open sea, at least from 200 nautical miles from the nearest land
and at 200 meter depth, and the installation of on-board Ballast Water Treatment
Systems (BWTS) such as filtration combined with chemical (e.g. chlorination, use
of biocides) or physical treatments (e.g. UV radiation, deoxygenation) (David and
Gollasch, 2015; Stehouwer et al., 2015; Tsolaki and Diamadopoulos, 2010). When
the Ballast Water Exchange is not possible because the distance and depth
requirements cannot be met, alternative area to do the exchange needs to be
designate and biological assessment of the area should be performed to check the
presence of Harmful Aquatic Organisms and Pathogens (HAOP). To test the
performance of these measures, Regulations D-1 and D-2 standards (IMO, 2004)
were set; the former by exchanging ballast water in a rate enough that guarantees
“almost” clean waters, and the later by limiting the amount of viable individuals
(zooplankton and phytoplankton) and concentration of indicator microbes that can
be discharged (Albert et al., 2013). To assess the compliance with Regulation D-2,
Ballast Water Treatment Systems must be rigorously tested before approval with
similar biological methods as the one used “in real” for testing the compliance of a
vessel. During the land-based and ship-board tests for approval, biological
methods are used to detect, enumerate, identify viable organisms, and these
methods need to take into account the organisms’ rarity in treated water.

Actions related to “Risk assessment for granting exemptions”: Shipping companies

will likely seek exemptions from applying the BWM Convention to avoid the extra
time and investment required for BWE and BWTS. Regulation A-4 states that
granting exemptions for 5 years is possible if the process follows Guidelines G7,
which provides advice regarding scientifically robust risk assessments (IMO, 2007).
Three risk assessment approaches have been outlined based on comparison of
environmental factors such as temperature and salinity or distribution of HAOP,

to assess the likelihood of survival of a transferred species between recipient and
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donor regions: the environmental matching, the species biogeographical, and the
species-specific approaches (IMO, 2007). Biological methods are required for doing
such risk assessments and are based on comprehensive port baseline surveys and
identification of target species (HELCOM/OSPAR, 2013).

e Actions related to “Additional measures for warning concerns”: The BWM

Convention encourages monitoring ballast water uptake zones, especially in areas
known to contain populations of HAOP such as harmful algae bloom species near
sewage outfalls (IMO, 2004). Also, parties may develop a higher level of protection
against species introduction if they prove the nature of their concern (i.e. the
potential consequences of the introduction of harmful organisms in the concerned
area) and detail the additional measures required. If identification of species is
needed, it must be done following a scientific risk assessment at least to the same

level of rigor as in Guidelines G7.

Risk assessment for granting
exemptions

Regulation: A-4; Guidelines: G7

Aim: Scientifically robust risk assessment to
assess the feasibility of granting exemptions

Testing the compliance with the BWM
Convention requirements
Regulations: B1-D1-D2; Guidelines: G2-G4-G15

Aim: Conduct a port state control inspection to verify
compliance
Actions

Initial inspection: Check the presence of ballast water
documentation, inspection of the equipment, the training
of officer

- More detailed inspection: Check in detailed the

ballast water management operations

Additional measures for warning
concerns
Regulations: C1-C2-C3; Guidelines: G13

Aim: Parties may introduce additional measures and alert
regarding the ballast water uptake in non recommanded areas

Actions
Environmental matching risk assessment
Species biogeograhical risk assessment
Species specific risk assessment

Actions
Assess the need for and the nature of the measures:
-Identify harmful aquatic organisms and pathogens in the

- Sampling for indicative analysis: Quick direct or
indirect measurement of a representative
sample of ballast water

- S ling for d lysis: Direct
measurement to determine the viable
organism concentration

Had

area;
-Description of the cause of the identified concern;
-Identification of the potential aditional measures;
-Identification of the potential effects and consequences,
beneficial and detrimental, resulting from the
introductuction of the measure

Development of Ballast Water Management strategies:

= Ballast Water Treatment Systems (BWTS)
Regulations: D2-D3-D4; Guidelines: G3-G8-G9-G10

Aim: Provide the y fr k for app: I of BWTS (with and
without use of active sub es) to meet dards of Regulation D-2
Actions
ion of di for Pre-Test of the BWTS

-Land-based tests: Determine the biological efficacy of the BWTS
under defined challenge water conditions (different salinities range
and associated dissolved and particulate content, specific organism
concentration)

-Ship-board tests: Check the practicability and the biological efficacy
by comparing water from treated and non treated ballast tanks

-For BWTS using active substances: Check all the active substances,
characterize the associated risk for environmental and human safety

= Ballast Water Exchange (BWE)

Regulations: B4-B5-D1; Guidelines: G6-G11-G12-G14

Aim: Develop the best design for ballast water tank to meet standards of
Regulation D-1 and conduct BWE in required and specifc areas

Actions
-Design and construction of a ship:
Maximizing the efficiency of BWE, shortening the time of BWE, increasing
the range of sea conditions under which BWE may be conducted safely and
minimizing the accumulation of sediments
-Conduct BWE must be reported in the ballast water record book
-Design of BWE area when the distance from the nearest land and depth
required can not be met: Risk assessment of biological, oceanographic,
physico-chemical, environmental, important resources, ballast water
operations parameters

Figure 8. Highlights of the main actions with associated Regulations and
Guidelines proposed by the BWM Convention grouped in four categories to
prevent Harmful Aquatic Organisms and Pathogens (HAOP) introduction. The
actions requiring biological analyses are shown in red.
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3 Overview of the genetic tools and their application in
ballast water management

Genetic tools have been increasingly developed to screen ballast water biodiversity and,
tightly related, also for monitoring commercials ports (Table 3). In general, genetic tools
provide more accurate and cost-effective taxonomic identification compared to a visual
taxonomy approach at all life stages such as eggs, spores, larvae, resting stages, juveniles
and broken/incomplete adults; this is particularly relevant for Non-Indigenous Species
(NIS) planktonic life-history stages (Darling et al., 2008; Harvey et al., 2009; Mountfort et
al.,, 2012), benthic invertebrates and resting stages from ballast tanks sediments (Briski et
al., 2010, 2011). Besides, genetic tools proved to be highly sensitive to early detect
organisms in very low abundance (Pochon et al., 2013; Zhan et al., 2013). The workflow of
the genetic-based studies includes (1) sampling for target species, (2) extraction of the
molecule of interest (DNA or RNA), (3) amplification of a particular region of the genome

or transcriptome and analysis of the amplified product(s).

(I)  Genetic analyses have been performed on all types of samples retrieved from
ballast tanks or ports such as sorted individual specimens (Miralles et al., 2016), mixed
specimens (e.g. zooplankton Brown et al. (2016), filtered water (Zaiko et al., 2015b) or
sediment (Briski et al., 2011). From filtered water or sediment, it is possible to extract
environmental DNA (eDNA) which refers to the genetic material released in the
surrounding environment in form of feces, saliva, tissue, or simply free DNA (Lodge et
al., 2012). Analyzed eDNA isolated from several liters of water seems very promising as it
allows early identification of taxa present in low abundances such as recently introduced
NIS, which are not detectable by traditional means (Lodge et al., 2012; Valentini et al.,
2016).

(2)  Genetic tools target mostly DNA as a molecule for species identification because it
is stable, long-lived and can be easily preserved (Pereira et al., 2008). Yet, DNA is limited
when detecting living organisms is required, so RNA is usually targeted instead
(Cenciarini-Borde et al., 2009; Doblin et al., 2007).

(3)  Most genetic tools described in Table 2 are based on the Polymerase Chain Reaction

(PCR). This technique utilizes primers (short DNA fragments that bind to a specific region
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of the genome) to amplify a region of interest. Primers can be species-specific(Patil et al.,
2005), target a given taxonomic group (Stehouwer et al., 2013a) or even the whole diversity
(Zaiko et al., 2015b). In the conventional PCR, the amplified product is monitored at the
end of the reaction, and can be either analyzed by electrophoresis to check
presence/absence or to differentiate among closely related species (e.g. DGGE; see (Darling
and Blum, 2007), or sequenced. In the Quantitative PCR (qPCR), the amplified product is
measured in real time during the PCR allowing to quantify the copy number of the
targeted gene (Nathan et al., 2014; Wood et al., 2013). Amplicons from single species are
generally obtained using non-specific primers and directly sequenced by Sanger in a
process named barcoding (Hebert et al., 2003a). Mix of species can be amplified using
species-specific primers to look for a given species and sequenced by Sanger or amplified
using more generic primers to amplify several species at the same time and sequenced on
High-Throughput Sequencing (HTS) platforms (Shokralla et al., 2012) in a process called
metabarcoding (Taberlet et al., 2012), which has been described as a powerful tool to detect
invasive species (Comtet et al., 2015; Xiong et al.,, 2016). At the end of the process,
comparison of the sequences to a reference database such as BOLD

(www.barcodinglife.org) to assign barcodes to species or taxonomic groups is required.

The choice of the DNA barcode depends on the research question (e.g. species detection
level or broad biodiversity assessment) and the taxonomic group of interest. Traditionally,
the mitochondrial cytochrome c oxidase subunit I gene (COI) is used for metazoans
(Hebert et al., 2003b), the 185 RNA gene for protists (Forster et al., 2016) and the 165 RNA
for bacteria (Muyzer et al., 1993). The metabarcoding approach has been widely used in
ballast water biodiversity monitoring to screen zooplankton (Ghabooli et al., 2016) and
phytoplankton (Steichen and Quigg, 2015). Also, interestingly, the development of HTS is
opening opportunities to assess the biodiversity of usually under looked microorganisms
such as bacteria, virus (Kim et al., 2015; Ma et al., 2009; Xu et al., 2011) and eukaryotic
microorganisms also called protists (Lohan et al., 2015; Pagenkopp Lohan et al., 2017;
Steichen et al., 2014). Many protists are toxic and pathogen species and are considered to

be very abundant in ballast water, which underlines the importance of detecting them
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with a passive surveillance genetic approach such as developed in Lohan and

collaborators (2015).

Table 3. Examples of studies applying genetic tools to ballast water
management

Mole- Techniques Target Targef Objectives References
cule gene(s) organisms
DNA gPCR To develop molecular methods for  (Fykse et
rapid monitoring of V. cholerae in al., 2012)
groEL and iy .
RNA NASBA gl Vibrio cholerae ballast water according to the
detection levels set by the IMO
(1CFU/100 ml)
DNA gPCR 18S and ctxA  Vibrio cholerae To test the efficiency of qPCR for (Mountfort
and detecting V. cholerae and etal., 2012)
Potamocorbula P.amurensis in sediments, biofilm,
amurensis benthic assemblage and seawater
DNA gPCR 18S, 16S, Harmful To determine the tank variability (Burkholde
LSU, 23S, microalgae, resulting from ballast age, season, retal,
Metabarcoding ~ myg, hly, cyanobacteria, region, vessel characteristics, and ~ 2007)
(Cloning) himA, lpaH, Bacteria exchange status
hsp, ctxA,
vvhA
DNA gPCR Toxic To investigate harmful microalgae (Doblin et
RNA  Species-specific =~ 165 cyanobacteria: dynamics (viability and toxin al., 2007)
sequencing and Microcystis sp production) in ballast water and
mcyE and Anabaena sp  to provide data for port to-port
risk assessment
DNA  Species-specific ~ SSU and Harmful algae: To specifically detect G. catenatum  (Patil et al.,
sequencing LSU rDNA Gymnodinium in cultures, in heterogeneous 2005)
catenatum ballast water and environmental
samples
DNA  Species-specific ~ 18S, ITS, Nonnative To assess the presence of targeted  (Harvey et
sequencing 5.8S, 28S bivalves, species in ballast water and ocean  al., 2009)
Metabarcoding crustaceans and  environmental samples
(Cloning) algae
DNA  Metabarcoding 16S Cultivable To explore for the presence of (Xuetal.,
(Cloning) bacteria novel micro-organisms speciesin ~ 2011)
ballast water
DNA  RFLP CaOI Carcinus. maenas ~ To detect C. maenas and C. (Darling et
and C. aestuarii aestuarii larvae in environmental al., 2008)
samples
DNA  RFLP 16S Planktonic To compare bacterial community ~ (Maetal.,,
Metabarcoding bacterial structure of ballast water to the 2009)
(Cloning) community local seawater; and to use this
study as background information
to risk assessment
DNA DGGE COIand 185  Asterias larvae To specifically detect A. amurensis ~ (Deagle et
Species-specific larvae in ballast water samples al., 2003)
sequencing
DNA DGGE 16S Heterotrophic To study survival and succession (Hess-Erga
Barcoding bacterial of heterotrophic bacteria after et al., 2010)

communi isinfection by ultraviole
disinfection by ult let
irradiation or ozonation of
seawater
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DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DGGE
Barcoding

DGGE
Barcoding

DGGE
Barcoding

DGGE
Barcoding

Barcoding

Barcoding

Barcoding

Barcoding

Barcoding

Barcoding

Barcoding

Barcoding

Barcoding

Metabarcoding

16S

16S

18S

18S

COI and 16S

COI and 16S

COI and 16S

16S

COI and 16S

COI and 16S

COI

18 and COI

COQOlI, 12S and
16S

16S

Phytoplankton

Microbial
community

Eukaryotic
microorganisms
and
dinoflagellates
and diatoms
Dinoflagellates
and diatoms

Invertebrate
dormant stages

Diapausing eggs

Adult macro-
invertebrates

Pseudomonas sp
and Vibrio sp

Zooplankton

Mollusks

Zooplankton

Invertebrates

Zooplankton

Microbial
community
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To compare different analytical
techniques for phytoplankton
counting and identification

To study the environmental
impact of acetate compounds of
Peracleans@Ocean Ballast Water
Treatment System on microbial
dynamic

To examine the eukaryotic
microorganism diversity being
discharged into a port

To test the viability of
phytoplankton transiting via
ballast water

To assess the effect of the
saltwater flushing regulations on
the density and diversity of
invertebrate dormant stages in
ballast sediment

To test the accuracy of DNA
barcoding as a tool for species-
level identification of diapausing
eggs of invertebrates found in
ballast sediment

To explore the presence and
species diversity of adult
macroinvertebrates transported
by transoceanic and coastal
vessels

To evaluate a rapid and cost-
effective method for monitoring
bacteria in ballast water

To compare the efficiency of
ballast water exchange plus
ballast water treatment versus
ballast water treatment alone

To investigate exotic mollusks in 3
ports of different

intensities of maritime traffic in
the Cantabrian Sea

To examine the genetic
information of the known NIS
Acartia tonsa in estuaries including
the commercial port of Bilbao and
to discover any novel invasive
species

To inventory the fouling
invertebrate communities

from 8 ports in Northern Spain
To identify coastal NIS present in
the non-exchanged ballast water:
assessment of the effectiveness of
ballast water exchange

To determine the effectiveness of
NaOH treatment to reduce

(Stehouwe
retal,
2013a)
(Stehouwe
retal,
2013b)

(Steichen et
al., 2014)

(Steichen
and Quigg,
2015)
(Briski et
al.,, 2010)

(Briski et
al., 2011)

(Briski et
al., 2012)

(Emami et
al., 2012)

(Briski et
al., 2015)

(Pejovic et
al., 2016)

(Albaina et
al., 2016)

(Miralles et
al., 2016)

(Ware et

al.,, 2016)

(Fujimoto
et al., 2014)
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DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

Metabarcoding

Metabarcoding

Metabarcoding

Metabarcoding

Metabarcoding

Metabarcoding

Metabarcoding

Metabarcoding

Metabarcoding

Metabarcoding

Metabarcoding

COI

16S

V4 and V9
SSU
COI

RuBisCo and

COI

18S

18S

18S

V4 SSU

16S

165

Mollusk Peringia
ulvae

Viral
community

Protists

All organisms

All organisms

Zooplankton

Zooplankton

Eukaryotic from

early biofouling
communities

Protists

Bacteria

Bacteria
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microbial community structure in
ballast water

To detect mollusk species that
could have survived in ballast
water

To investigate the composition
and taxonomic diversity of viruses
in ballast water

To identify microbial eukaryotes
present in ballast water

To assess the performance of
metabarcoding for species
detection in ballast water and
assess consistency of different
sequencing platforms; and
possible biases due to DNA decay
and/or degradation in ballast
water

To assess the applicability of
metabarcoding for detection of
organisms in ballast waters
during en-route survey

To detect NIS with the application
of metabarcoding in 16 Canadian
ports

To assess community changes in
zooplankton transiting in ballast
water

To assess the potential of
metabarcoding to detect the
community structure of biofouling
eukaryotic assemblages and the
patterns of initial succession in
ports

To compare diversity and
community composition of
protists in ballast water among
and between ports

To analyze diversity and
community composition of
bacterial assemblages in ballast
water of commercial ships
following voyages in the North
Atlantic Ocean.

To characterize changes in
bacterial assemblages of ballast
water and assess the effects of
ballast water exchange, duration
time of the voyage as well as
season sampling

(Ardura et
al., 2015a)

(Kim et al.,
2015)

(Lohan et
al., 2015)
(Zaiko et
al., 2015a)

(Zaiko et
al., 2015b)

(Brown et
al., 2016;
Chain et
al., 2016)
(Ghabooli
et al., 2016)

(Zaiko et
al,, 2016)

Pagenkopp
Lohan et
al.,, 2017

(Lymperop
oulou and
Dobbs,
2017)

(Johansson
etal., 2017)



Chapter I

4 Genetic data for helping the implementation of the BWM
Convention

The potential of the most promising genetic tools for performing biological analyses
required by the Guidelines of the Convention are exposed in Table 4, and are further
described in sections 4.1 to 4.2. This analysis comes from crossing the biological analyses
required for each Guidelines and the review of the studies presented in Table 3, where a

genetic approach has been used to supply biological data relevant for BWM Convention.

Table 4. Main genetic techniques with their related characteristics for
ballast and port water monitoring and BWM Convention’s Guidelines where
they could be integrated (see also Table 2)

Monitoring application (and associated guidelines)

For ports and specific areas For ballast water discharges or in tank
Biological baseline Target species Assessing viable Target species
survey identification community identification
(G7 and G14) (G7, G13 and G14) | (G2, G8, G10 and G15) (G2, G8, G10 and G15)
i h
Genetic method Metabarcoding qPCR Metabarcoding qPCR
proposed
Key requirements
of the BWM
Convention:
RNA or DNA 1 ith idi
Bt o . N o NA coupled let propldlu.m
viabilit Not required monoazide: need experimental studies
Y (e.g. mock communities)
Estimation o Low: Low:
imation of relative abundance, Yes relative abundance, Yes
abundance I R
still limited still limited
Species le.vel Moderate to high High Moderate to high High
detection
Low abund@ce Moderate to high High Moderate to high High
detection
.. . . Portables machines: Portable gPCR:
Portability Not required Not required need further
PCR, sequencer
development
Weeks with
traditional Weeks with traditional
Time- sequencing platform sequencing platform
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4.1 Compliance inspection: Guidelines G2, G8, G100 and G15

Testing the compliance with the discharge standards of Regulation D-2 does not require
species identification (except for indicator microbes) and only relies on the number of
viable organisms. Nonetheless, the Article 6 of the BWM Convention asks to each Party to
promote relevant information on the effectiveness of ballast water management obtained
from any monitoring program (IMO, 2004). In this context, identification of organisms
discharged is beneficial to assess the efficiency of the ballast water management measures
and thus reduce the events of introduction of Harmful Aquatic Organisms and Pathogens,
at the same time, early detect introduction of a potential NIS.

4.1.1Determine viability of organisms

Viability is the key criteria to assess if a vessel will comply with Regulation D-2 and the
universal method to detect only viable organisms is yet to be developed. Nonetheless,
genetic tools hold great potential if their targets are linked with viability such as using
RNA or if the technique used prevent the amplification of DNA from dead cells such as
with the application of propidium monoazide (PMA) (Fujimoto et al., 2014). Doblin et al
(2007) shows the potential of RNA analyses to reveal that harmful algae species could
synthesis active toxin after 11 days in a ballast water tank. To assess the living community
discharged with ballast water targeting RNA instead of DNA for metabarcoding has been
proposed as an appealing solution (Visco et al., 2015; Zaiko et al., 2015a, 2015b) since
studies already successfully developed protocols based on RNA metabarcoding to screen
living protists (Pawlowski et al., 2014; Visco et al., 2015). Yet, RNA is very difficult to
preserve, and thus working with RNA is more challenging when compared to DNA.
Nonetheless, several studies have proposed optimized protocols to extract high quality
RNA (Asai et al., 2015; Zhang et al., 2013). Concerning the use of propidium monoazide,
it seems well defined for microbes as Fujimito et al (2014) used it to show alkali ballast
water treatment efficacy to reduce alive microbial diversity. Nonetheless, its potential
remains unclear for multicellular organisms such as for zooplankton tested in compliance

(Lance and Carr, 2012; Zetsche and Meysman, 2012) and further research is needed.
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4.1.2Test the efficacy of ballast water management
Genetic methods have been successfully used to provide biological data on the effects of

ballast water management by identifying the community found in the tanks or at the
discharge line after the Ballast Water Exchange (Briski et al., 2010, 2015; Ware et al., 2016),
by assessing the efficacy of Ballast Water Treatment Systems to reduce bacteria and
phytoplankton diversity (Fujimoto et al., 2014; Stehouwer et al., 2013b, 2013b) and by
identifying the composition of “recolonizer” organisms after the application of a treatment
(Hess-Erga et al., 2010). A future interesting direction will be to develop RNA
metabarcoding (see 4.1.1) to provide a better depiction of “the living organisms” after the

application of the Ballast Water Treatment System.

4.1.3 Assess the representativeness of sampling to inspect
compliance
Sampling for compliance testing requires that samples must be representative of the whole

ballast water discharged (IMO, 2008). The large volumes of water, tank characteristics
(shape, size and number) and heterogeneous distribution along with low density of
organisms within tanks make very challenging to develop the best representative
approach for compliance sampling and research is still going on (Basurko and Mesbahi,
2011; Carney et al.,, 2013; Hernandez et al., 2017). To our knowledge, genetic tools have
never been applied to such use yet. Metabarcoding could be very useful to assess if there
is a significant difference in the communities inferred using alternative sampling
approaches. Indeed, the volume, number and frequency of samples, and the availability
to sample from the discharged lines or directly from the tank are factors that need to be

tested and optimized to get an accurate representation of the discharged community.

4.2 Target species detection and biological monitoring: Guidelines

G7, G13 and G14
4.2.1Risk assessment for granting exemptions
HELCOM/OSPAR Guidelines have been developed in line with the Guidelines G7 to
provide advice on risk assessment procedures for granting exemptions from the port
survey sampling to the decision support and administrative decisions (HELCOM/OSPAR,

2013). The biological methods proposed are based on considerable sampling effort of all
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types of organisms to detect Non-Indigenous Species (NIS) and native harmful species
and on checking the presence of potential pathogens. The analysis of NIS is done with a
visual taxonomic identification approach. The port of Rotterdam, for example, has
conducted such survey and 32 NIS were detected over 225 species identified to the species
level recorded in more than 250 samples taken from 118 different locations (Gittenberger
et al., 2014). The species accumulation curves indicated that more sampling would have
resulted in scoring more species for several habitats of the port. So, despite such important
sampling effort, the entire diversity of the habitats was not recovered. Genetic methods,
by enhancing detection sensitivity, increasing specificity of target identification and
reducing monitoring time and costs, hold great promise over traditional methods (Darling
and Mahon, 2011) and has been proposed as a cost-effective method in this context
(Comtet et al., 2015; Lehtiniemi et al., 2015).. Genetic-based background information to
assess the risk associated with Harmful Aquatic Organisms and Pathogens in ports are
numerous. Examples are (Ma et al., 2009) for pathogens, (Miralles et al., 2016; Pejovic et
al., 2016) for invasive mollusks, (Doblin et al., 2007) for harmful algae species, (Brown et
al., 2016) for zooplankton, (Hirst and Bott, 2016) for fouling organisms and zooplankton,
(Pochon et al., 2015; Zaiko et al., 2016) for early fouling organisms. One very interesting
study in Canadian ports shows that metabarcoding detected 24 NIS species of
zooplankton of which 11 were firstly reported in this regions (Brown et al., 2016). Also, the
combination of sampling artificial settlement plates with DNA metabarcoding based
species detection seems very promising to early detect potential invasive species in ports
where species are at very low densities and morphologically undistinguishable early life
stages occur (Pochon et al., 2015).

4.2.2Specific ballast water uptake zone

As described in section 2. The preventing actions of the BWM Convention and their
required biological analyses in Actions related to “Development of Ballast Water
Management Strategies” and “Additional measures for warning concerns”, biological
monitoring is required when there is a need to design alternative ballast water exchange
areas and when a Party shall warn about the uptake of ballast water in certain zones. In

both cases, metabarcoding appear as sensitive methods to perform such biological
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monitoring as they allow to detect sewage contamination environment by identifying
sewage-related bio-indicator microbial species (Tan et al., 2015). Also, qPCR has been
demonstrated to play a major role in identifying harmful algae bloom species,
understanding their ecology as well as facilitating the management of their outbreaks

(Antonella and Luca, 2013).

5 Future investments for the use of genetic tools in
ballast water management

5.1 Standardization and further development of genetic methods

Implementation of genetic methods for regular application in ballast water monitoring
requires benchmarking against traditional methods and standardization of procedures
(Aylagas et al., 2016a; Aylagas and Rodriguez-Ezpeleta, 2016). Each step, from sampling
to taxonomic assignment, can be performed using alternative protocols and the choice of
the most appropriate will depend on i) type of sample, e.g. water, sediment, fouling, ii)
taxonomic group tackled, e.g. bacteria, protists, metazoa, iii) pursued aim, e.g. to obtain a
comprehensive species inventory or look for a specific species, iv) and other specific
conditions such as the need to detect only living organisms. It is thus crucial that
reproducible protocols are defined, tested and broadly communicated so that results
obtained can be comparable and usable for regular monitoring purposes (Cristescu, 2014).
Also, to validate protocols, one key element is the use of artificial communities to i)
develop rigorous laboratory workflows (Port et al., 2016) and standard bioinformatic
pipelines (Brown et al., 2015; Flynn et al., 2015) and to ii) assess the sensitivity of genetic
tools such as metabarcoding to detect invasive species in complex environmental samples
(Pochon et al., 2013). Also, one important technical shortcoming of DNA metabarcoding
is the PCR bias (amplification success is not equal for all taxa present in a sample) which
can lead to false negatives and impede estimating taxa abundances based on sequences
(Elbrecht and Leese, 2015). To overcome PCR bias, community genome sequencing
(metagenomic) could be applied (Taberlet et al., 2012). Although this approach shows
promising results regarding their use to species identification and estimate relative

abundance (Gémez-Rodriguez et al., 2015; Srivathsan et al., 2015; Tang et al., 2014, 2015),
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it is much more expensive and requires more complicated data analyses that rely on the
availability of large numbers of complete genomes in databases, which is currently only

existing for bacteria.
5.2 Improvement of reference databases
Both DNA barcoding and metabarcoding rely on the availability of a well populated and

curated reference database that associates DNA sequences with species names (e.g. BOLD

www.barcodinglife.org, Silva www.arb-silva.de). Unfortunately, such databases are far

from being complete (Aylagas et al., 2014; Comtet et al., 2015) and are usually biased
towards certain organismal groups (Briski et al., 2016). Recently, significant effort has been
devoted to increase reference databases, and the number of sequences, especially from
eukaryotes, has notably increased during the past few years (Briski et al., 2016).

Additionally, the AquaNIS database (www.corpi.ku.lt/databases/aquanis)  which

constitutes the reference information system on aquatic non-indigenous and cryptogenic
species, is also gathering molecular information among all the information recorded for a
species and has undertaken a promising step forward action to integrate molecular data
into the management of NIS. Also, the metabarcoding research is moving forward to the
use of a multiple marker approach (e.g. COI and 18S) instead of a single marker which
help providing a better catalogue of biodiversity (Cowart et al., 2015; Marcelino and
Verbruggen, 2016; Zaiko et al., 2015b). This approach is thus, strongly encouraged for

future studies assessing the ballast water discharged community.

5.3 Increasing practicability of genetic tools in the field

The BWM Convention requires fast, portable and user-friendly sampling and analysis
protocols which appears difficult to achieve with genetic tools because most require
specialized equipment and training. Nonetheless, several alternatives have been designed
and could be considered for detecting species in ballast water samples such as combining
“minutes”-DNA/RNA extraction techniques with portable DNA/RNA amplification
devices such as portable PCR or Loop-mediated isothermal amplification (LAMP)

machine (Agrawal et al., 2007; Lee, 2017). LAMP is commonly used for food safety testing
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for pathogens and fungi as it has a very short reaction time, only requires a heating block
to perform the amplification and holds high sensitivity for species detection (Niessen et
al,, 2013). Also, in the context of passive surveillance (i.e. screening the biodiversity) of
ballast water, the development of the Oxford Nanopore Technologies® MinION device, a
miniaturized and portable real-time high-throughput sequencer, shows great promises to
reduce the time of samples processing and facilitate in situ monitoring for environmental
research (Edwards et al., 2016; Mitsuhashi et al., 2017; Ramgren et al., 2015). Mitsuhashi et
al (2017) shows the possibility of rapid sequencing and bacterial composition identification
within 2 hours. Nonetheless, the in-field preparation of samples (homogenization,
DNA/RNA extraction and library preparation) as well as the bioinformatic analyses still
needs optimized protocols and further adjustments to be used routinely in ballast water

monitoring.

5.4 Exploring alternative sampling strategies

eDNA appears very promising source from which to infer biodiversity that reduces
sampling effort especially in a context of port baseline survey or targeted species
identification where exhaustive sampling is usually required. The field of sampling eDNA
for detecting invasive species is of growing interest as numerous studies show its great
potential (Ardura et al., 2015b; Jerde et al., 2011; Simmons et al., 2015), and eDNA should
be a focal point of research efforts to apply its use in ports monitoring in a near future. Yet,
eDNA degradation appears to be influenced by environmental conditions and the
approximate time range can go from less than one day to a couple of weeks (Barnes et al.,
2014; Thomsen et al., 2012) challenging it use as a proxy for the living organisms present
in an environment such as a ballast water tank. Future work is needed to disentangle the
complex relationship between eDNA persistence in ballast tank and the actual presence of
organisms, especially in a context of ballast water sampling for compliance. But,
interestingly, monitoring eDNA in ballast water can detect species that survive the harsh
conditions of a ballast water tank by showing an increase in proportion of DNA signal
during the journey (Ardura et al., 2015a; Zaiko et al., 2015b). These studies show the

potential of eDNA sample to monitor ballast water biodiversity to potentially detect trend

70



Chapter I

in species that could need a special attention to be monitored in case of discharge of ballast

water into a port.

5.5 Efforts to integrate of genetic methods into monitoring programs

Despite the potential of genetic tools for ballast water monitoring and management, the
application of these tools by stakeholders remains still experimental, as it has associated
challenges (Bucklin et al., 2016; Darling, 2015; Darling and Mahon, 2011; Kelly et al., 2014;
Wood et al., 2013). Only very few countries such as New Zealand or Australia started to
integrate genetic tools to early detect invasive species and harmful algal blooms species
(Hirst and Bott, 2016; Wood et al., 2013). One major issue is the difficult communication
between researchers and stakeholders, which makes the former unaware of the real
problems and the latter unknowledgeable of the potential of genetic tools (Darling, 2015).
To provide an effective integration of genetic methods into monitoring programs,
geneticists, environmental monitoring agencies and ballast water policy stakeholders (e.g.
Port State Control) should together define standardized processes so that genetic methods
can provide reliable data for decision making (e.g. interdisciplinary theoretical and hands-

on workshops are encouraged).
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6 Conclusions and future directions

The analyze of the research studies using genetic tools for ballast water monitoring
exposed the great potentials of such tools to be applied from the risk assessment to the
early detection and monitoring of Non-Indigenous Species and so, provide valuable

information at all stages of the invasion process (Figure 9).

Given their potential in terms of accuracy and cost-effectiveness along with their fast-
growing evolution, genetic tools, with an emphasize on metabarcoding, should definitely
continue to be developed for ballast water monitoring. DNA metabarcoding and qPCR
standardized protocols need to be created for performing respectively, port baseline
surveys and target species detection required in the BWM Convention in Guidelines G7,
G13 and G14. Nonetheless, genetic tools are facing technical challenges associated to the
techniques itself (e.g. lack of completed reference database, standardized protocols) or
specific to ballast water monitoring. Indeed today, genetic tools do not fulfill all the key
criteria of the BWM Convention such as portability and rapidity of results or viability
assessment. Yet, extensive experimental research is needed to assess the potential of RNA
to detect the viable community discharged via ballast water (e.g. use of artificial
communities), as well as testing the feasibility for on-board genetic analyses. Also, the
evaluation of the number and minimum dimension of organisms discharged via ballast
water remains very limited with genetic tools alone and needs to be combined with other
appropriate tools. But we are confident that the worldwide burning development of
DNA/RNA-based environmental monitoring is leading to better refinement of these tools

for qualitative assessment of biodiversity discharged via ballast water.
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Figure 9. Stages of the ballast water induced invasion process with the
corresponding management actions (adapted from Lodge et al., 2006) and
usefulness of potential genetic tools

73



Chapter I

7 Acknowledgments

Anais Rey, Oihane C. Basurko and Naiara Rodriguez-Ezpeleta are funded by Aquainvad-
ED (AQUAtic INVADers: Early Detection, Control and Management - www.aquainvad-
ed.com/) project funded by the European Union (Horizon 2020 research and innovation
program under the Marie Sklodowska-Curie grant agreement no 642197). Naiara
Rodriguez-Ezpeleta is funded by DEVOTES (DEVelopment Of Innovative Tools for
understanding marine biodiversity and assessing good Environmental Status -
www.devotes-project.eu) project funded by the European Union (7th Framework
Program ‘“The Ocean of Tomorrow” Theme, grant agreement no. 308392). We would like
to thank members of the ICES Working Groups on Ballast and Other Ship Vectors
(WGBOSV) and on Introduction and Transfers of Marine Organisms (WGITMO) for
fruitful discussions and one anonymous reviewer for additional comments on our

manuscript.

74



CHAPTER II



Chapter II

Environmental DNA metabarcoding: a promising tool for ballast water

monitoring

Anais Rey!, K. Jenny Carney?, Luz E. Quinones?, Katrina M. Pagenkopp Lohan3, Gregory
M. Ruiz?, Oihane C. Basurko! and Naiara Rodriguez-Ezpeleta!

1 AZTI, Marine Research Division, Sukarrieta, Spain

2Marine Invasions Research Laboratory, Smithsonian Environmental Research Center,

Edgewater, USA

3Marine Disease Ecology Laboratory, Smithsonian Environmental Research Center,

Edgewater, USA

This chapter will be submitted in Environmental Science and Technology in March

2019.
Abstract:

Non-indigenous species are introduced worldwide with ballast water (BW). To prevent
further introductions, oceanic BW exchange and BW treatment systems are utilised, but
their efficiency needs to be monitored. To that aim, characterizing BW communities is
essential but usually relies on exhaustive sampling and morphological taxonomic
identification, which does not always allow a fine taxonomic resolution. The use of
environmental DNA (eDNA) metabarcoding holds great promise to circumvent the
drawbacks of BW conventional sampling. We evaluated its potential by 1) assessing
whether impact of BW management type could be identified, 2) analyzing the influence of
BW sampling points on communities, 3) comparing eDNA efficiency in taxa identification
with conventional monitoring and 4) identifying non-indigenous taxa. BW were sampled
from 11 vessels arriving to the Chesapeake Bay (USA). BW sampling points impacted the
communities, advocating that sampling should be performed from the same point to
ensure comparability. BW treated communities were distinct from BW exchange
communities and signals of source port and of ocean exchange were observed. More

diversity was identified with eDNA than with morphological taxonomy and the non-
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indigenous copepod Oithona davisae, not reported before in the Chesapeake Bay was
detected. Overall, this study highlights for the first time the potential of eDNA
metabarcoding for BW monitoring, but more comprehensive sampling will be needed to

optimize the approach.

Graphical abstract:
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Keywords:

environmental DNA; metabarcoding; ballast water; ballast water management; ballast
water exchange; ballast water treatment system; ballast water sampling point; non-
indigenous species
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1 Introduction

Merchant shipping is estimated to transport about 3500 million tons of ballast water
(BW) per year (Endresen et al., 2004), providing an opportunity for thousands of species
to be transported daily between bio-geographic regions as BW associated biota (Carlton,
1999). Consequently, BW has been described as one of the main vectors of Non-Indigenous
Species (NIS) dispersal worldwide (Davidson et al., 2018; Ruiz et al., 2015; Seebens et al.,
2013). Developed for preventing further introductions, the currently in force International
Convention for the Control and Management of Ships' Ballast Water and Sediments (IMO,
2004) recommends two main options for BW management: 1) BW exchange, i.e. replacing
coastal/brackish/fresh BW with oceanic BW or 2) BW treatment, i.e. killing organisms
collected during BW uptake with a designated, approved treatment technology (IMO,
2004).

Determining the diversity and condition of the biota discharged after BW exchange
or treatment is essential to assess their efficiency in reducing transfer of NIS and, therefore,
BW monitoring is an ongoing and active line of research (Briski et al., 2015; Carney et al.,
2017; Darling et al., 2018; Simard et al., 2011; Ware et al., 2014). In traditional surveys, BW
taxa are identified using morphological taxonomy (DiBacco et al., 2012; Gollasch et al.,
2000; Simard et al., 2011). However, this technique has limitations as the organisms found
in BW cover a wide range of taxa, can be degraded and damaged, and are often present at
early development stages (Ware et al., 2014). These limitations frequently translate into
only acquiring a coarse level taxonomic classification, such as phyla or class (Carney et al.,
2017). Additionally, BW monitoring requires the use of sampling gear, such as plankton
net (Carney et al., 2017; Chu et al., 1997; Darling et al., 2018), which necessitates time to set
up and to collect samples. Adequate time for these processes can be limited on board
commercial vessels as they attempt to spend minimal time in port and generally begin

discharging BW immediately upon docking.

There has been a growing interest in applying metabarcoding, the simultaneous
identification of taxa present in a complex environmental sample (Taberlet et al., 2012), for

BW monitoring to circumvent the limitations of morphological taxonomy and better
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characterize communities (Brinkmeyer, 2016; Darling et al., 2018; Gerhard and Gunsch,
2019; Johansson et al., 2017; Kim et al., 2015; Lymperopoulou and Dobbs, 2017; Ng et al.,
2015; Pagenkopp Lohan et al., 2017). Nevertheless, most of these studies have relied on
sampling large volumes of BW (e.g. 100L) to recover planktonic organisms (Zaiko et al.,
2015b), which is unrealistic for routine BW monitoring, or have focused only on
microorganisms (Brinkmeyer, 2016; Gerhard and Gunsch, 2019; Kim et al., 2015;
Lymperopoulou and Dobbs, 2017; Pagenkopp Lohan et al., 2016, 2017). With the recently
introduced environmental DNA (eDNA) metabarcoding method (Deiner et al., 2017), it is
now possible to recover signals of multicellular organisms from filtered water through the
recovery of traces of DNA released in the environment in the form of cells, feces, skin,
saliva and mucus, etc. (Shaw et al., 2017). Yet, although eDNA is burgeoning as a cost-
effective method to uncover biodiversity, to our knowledge, no study has fully explored

its potential for BW monitoring.

Hence, the aim of this study is to assess the potential of eDNA metabarcoding as
an easy tool for BW monitoring. For this purpose, we have characterized the eukaryote
communities found in only three liters of BW collected from eleven vessels entering
Baltimore and Norfolk ports (USA). First, we evaluated whether different BW sampling
points influenced the communities retrieved from eDNA by sampling ballast tanks of
commercial vessels and using an experimental tank. Secondly, we tested whether the
effect of common BW characteristics (i.e. BW age, type of BW management, location of BW
source) on BW communities could be identified with eDNA metabarcoding. Thirdly, we
assessed the capacity of eDNA to identify zooplankton taxa through comparisons with
plankton samples identified by morphological taxonomy. Fourthly, we identified taxa
with high propagule pressure that were discharged into the two studied ports to evaluate

the potential for introduction of NIS.
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2 Materials and methods

2.1 Sampling collection and processing

Ballast water (BW) samples (n=39) were collected from 11 bulk cargo vessels
arriving to Chesapeake Bay between mid-October and early December 2017 (Figure 10).
Vessels were sampled at two coal terminals in the Port of Baltimore (CNX Marine Terminal
and Curtis Bay) and three terminals in the Port of Hampton Roads Norfolk (Kinder
Morgan, Norfolk Southern, DTA). For each BW sample, the history of the ballast tank
sampled was recorded, including the source location and date of uptake, the type and date
of management measure (BW exchange or BW treatment) applied, and the location of the
BW exchange (Table S1). Triplicates of 1 L BW samples were collected from each vessel
using methods adjusted for the different BW sampling points. BW samples were collected
from one of three different sampling points: i) the manhole - obtained by lowering a
bleach-cleaned plastic bailer one meter below the surface, ii) the sounding pipe - water
was pumped to the deck using a bleach-cleaned hose connected to a hand pump, and iii)
the discharge line — accessed via the vessel “testing valve” (Figure 51). Each sample was
poured into a bleach-cleaned 1 L bottle. Immediately after collection (30-45min), samples
were filtered through 0.45 um mesh size nucleopore Whatman filters (VWR International,
Atlanta, GA, USA) placed with single-use sterile forceps on a single-use sterile filter
apparatus (Fisher Scientific, Inc., Pittsburgh, PA, USA) using a vacuum pump. Filtration
negative controls (1 L of distilled water) were included during the filtration process. Filters

were stored at —80°C until DNA extraction.

For three vessels (V3, V5, V7), zooplankton samples were collected for
morphological taxonomic identification. A plankton net (30 cm-diameter conical net, 35
um mesh size) was used to collect approximatively 2 m? per tank (+ 0.2 m®) by completing
multiple vertical tows from the bottom of the tank. Each sample was preserved in
formaldehyde. All organisms were morphologically identified to the lowest taxonomic

level possible.
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Baltimore port water held in a 300 m? tank for two days in a BW treatment system
test facility was sampled through the tank (in-tank sampling) and through the discharge
line (in-line sampling; Figure 52). In-tank sampling was conducted via the manhole using
bleached bailers to sample 4 x 1 L samples one meter below the surface, 1 L sample at mid-
depth, and 1 L sample at the bottom. In-line sequential sampling was conducted by
collecting 1 L samples after discharge of 90, 150 and 210 m?® to have the most accurate
representation of the discharge event (Bailey and Rajakaruna, 2017). In-line integrated
sampling was conducted by collecting 3 x 1 L samples from a cistern that collected 90 L of
water (aerated to prevent settling and ensure homogenization of the sample) throughout

the discharge sequence.
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Figure 10. Location of BW uptake and exchange. For each vessel
(represented by one color), port source (colored stars) and BW exchange
location (circles) when performed are indicated. Only vessels V1 and V10
did not perform BW exchange. Black stars represent the two destination
ports. Start and end are the locations of the beginning and end of the
BW exchange performed with empty-refill method (with the flow-through BW
exchange method, the exchange is done in one location only).
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2.2 DNA extraction, library preparation and sequencing

Genomic DNA was extracted from each filter with the DNeasy blood & tissue kit
(QIAGEN) following the protocol for filtered samples without preservation buffer (Spens
et al., 2017). For each set of extractions, a negative control (i.e. empty tube) was added and
processed as the other samples. DNA concentration was measured with the Quant-iT
dsDNA HS assay kit using a Qubit 2.0 Fluorometer (Life Technologies), purity was
inferred from 260/280 and 260/230 absorbance ratios with the ND-1000 Nanodrop (Thermo
Scientific), and integrity was assessed by electrophoresis on a 0.7% (w/v) agarose gel. The
following primer pairs were used: mlCOIlintF/dgHCO2198 (COI primers) targeting a 313
bp fragment of the cytochrome oxidase I (COI) gene (Leray et al., 2013) and the
Unil85/Unil8SR (18S primers) targeting a fragment (400 to 600 bp) of the hypervariable
V4 region of the 185 rRNA gene (Zhan et al,, 2013, 2014). For both primer sets, PCR
amplifications were performed in two rounds. For the first PCR, 1 pl of genomic DNA (5
ng/ul) was added to a mix consisting in 5 pl of 1X Phusion High-Fidelity PCR Master Mix
(Thermo Scientific), 0.2 ul of each primer (0.2 uM) and 3.6 ul of MilliQ water. For the COI
primers, PCR conditions consisted on an initial 3 min denaturation step at 98 °C; followed
by 35 cycles of 10 s at 98 °C, 30 s at 46 °C and 45 s at 72 °C and finally 5 min at 72 °C. For
the 18S primers, PCR conditions consisted of an initial 3 min denaturation step at 98 °C;
followed by 25 cycles of 10 s at 98 °C, 30 s at 50 °C and 45 s at 72 °C and finally 10 min at
72 °C. Negative controls were included within each set of PCRs. Once purified using
AMPure XP beads (Beckman Coulter), the PCR products were used as a template for the
generation of the dual-indexed amplicons in a second PCR round following the “16S
Metagenomic Sequence Library Preparation” protocol (Illumina) using the Nextera XT
Index Kit (Illumina). Multiplexed PCR products were purified a second time using the
AMPure XP beads, quantified using Quant-iT dsDNA HS assay kit and a Qubit 2.0
Fluorometer, then normalized and pooled at equal concentrations and sequenced using
the 2 x 300 paired-end MiSeq (Illumina). Reads were demultiplexed based on their barcode

sequences.
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2.3 Raw read preprocessing, clustering and taxonomic assignment

Forward and reverse primers were removed using Cutadapt (Martin, 2011) using the
anchored 5" adapter and for paired end reads options for both barcodes. For the COI
sequences, forward and reverse reads were merged using PEAR (Zhang et al., 2014) with
a minimum overlap of 217 bp (Aylagas and Rodriguez-Ezpeleta, 2016). For the 18S
sequences, forward and reverse reads were merged with a minimum overlap of 49 bp and
the forward and reverse non-merged reads were trimmed respectively at 230 and 201 bp
(below this threshold, bases quality score was decreasing) and pasted introducing a N in
between (Jeraldo et al., 2014). Merged reads with average Phred quality score above 20
were retained using Trimmomatic (Bolger et al., 2014). Sequences with no ambiguous

bases were aligned to BOLD (https://www.boldsystems.org) or SILVA (https://www.arb-

silva.de/documentation/release-132/) for COI and 18S barcodes respectively using Mothur

(Schloss et al., 2009) and only sequences aligning to the barcode region were kept.
Chimeras were detected with the de novo mode of UCHIME (Edgar et al., 2011) and
removed. The remaining reads were clustered into OTUs using Swarm with defaut
settings (Mahé et al, 2014) and singleton OTUs were removed. To account for
contamination, we subtracted the number of reads of each OTU present in the negative
control samples from each sample where these OTUs were present and the resulting
number became the total number of sequences of this OTU in each biological sample,
following Nguyen et al. (2015) and used in environmental DNA studies (Grey et al., 2018;
Port et al., 2016). The remaining OTUs were taxonomically assigned following the Wang
method (Wang et al., 2007) using BOLD (accessed in May 2018) and PR2 (release 4.10.0)
for COI and 18S barcodes respectively. Samples with less than 100 reads (n=1) after quality
filtering were removed from subsequent analyses. Taxonomic assignment was further
tested with maximum Likelihood phylogenies. Sequences belonging to the same order to
the assigned species were aligned with MAFFT (Katoh and Standley, 2013) and used for
building trees using the unpartitioned GTRCAT model as implemented in RAXxML

(Stamatakis, 2014) assessing branch support by a 100 replicate bootstrap analysis.
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2.4 Community analyses

All community analyses were performed on Hellinger-transformed OTU abundances
(square root of relative abundance; (Legendre and Gallagher, 2001)). Statistical analyses
were conducted using RStudio (Team, 2015) with phyloseq (McMurdie and Holmes, 2013),
vegan (Oksanen et al, 2013) and dendextend (Galili, 2015) libraries. Non-metric
dimensional scaling (nMDS) was conducted using Euclidean distances among all BW
sample pairs. For samples taken from the manhole, redundancy analyses (RDA) were
performed to test the relationship between community variation and BW characteristics
(i.e. geographic coordinates of BW uptake source port and of BW exchange, BW age after
exchange and BW temperature). Significance was tested using 999 permutations. Variance
partitioning (Borcard et al., 1992) was conducted to assess whether the different sets of BW
characteristics explained similar fractions of community variation. Linear regression was
performed to test and quantify the relationship between BW age after exchange and
Shannon index. The impact of sampling points (in-tank versus in-line sampling) on
community from the experimental tank was firstly identified with hierarchical clustering
on Euclidean distances using the Ward clustering algorithm (R function “hclust” with
option Ward D.2), and then tested for significance using a permutational multivariate
analysis of variance (PERMANOVA) after checking for multivariate homogeneity of

group dispersions (betadisper).

3 Results

3.1 Overview of ballast water communities

None of the samples collected from vessel V1 could be amplified with either
barcode and two samples from V10 and two samples from V8 were not amplified or
resulted in less than 100 reads with 18S. The rest of the samples were successfully
amplified for both barcodes (Table 52). Overall, after quality filtering, a total of 1,491,281
and 2,462,059 reads with an average of 41,424 and 76,939 reads per sample were retained
respectively for COI and 185 (Table 52). For 18S, a large fraction of the reads (93 %) was

assigned to phylum, whereas for COI, only 9 % were assigned to phylum. This difference
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was probably due to a large presence of non-metazoan taxa (Figure 53), which are
underrepresented in the BOLD database. The communities obtained with COI and 18S are
different (Figure 11). Oomycota, Arthropoda and Cnidaria dominated the communities in
number of reads with COI whereas Dinoflagellata, Ciliophora and Arthropoda were the
dominant phyla with 18S. Among these abundant phyla, Arthropoda, Cnidaria and
Ciliophora were always identified in the vessels where morphological taxonomy on
zooplankton was performed (Figure S4). More zooplankton phyla were retrieved with
eDNA than by morphological identification and, except for one vessel, all phyla identified
with morphology were also found with eDNA. Larvae, copepod nauplii and eggs were

common in samples identified with morphology.

Telonemia
Arthropoda i

Cercozoa

Arthropoda

Oomycota

Ciliophora
Ascomycota

rotrich
Gastrotricha Dinoflagellata

Cnidaria

Chordata

Cnidaria

COI 18S

Figure 11. Relative abundance of reads classified to at least the Phylum
level for all BW samples retrieved with both barcodes. Only Phyla
representing more than 1% of the total abundance are shown.

3.2 Variability in ballast water communities among vessels

Important variability in taxonomic composition was observed among vessels with both

barcodes (Figure 12), and whereas replicates were very similar, samples from the same
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vessel but collected at different sampling points resulted in different communities (Figure
12 and 13). Manhole samples from vessels performing BW exchange in the North Atlantic
Ocean (V2 to V8) group together separated from manhole samples from V9, which
performed BW exchange in the North Pacific Ocean (Figure 13). Interestingly, manhole
samples from V8 are more similar to manhole samples from other vessels of the North
Atlantic than to sounding pipe samples from the same vessels. This can be explained by
the presence of Oomycota (COI) and Dinoflagellata (18S) in the manhole, which are also
generally abundant in samples of other vessels taken from manhole and are less present
in V8 samples taken at the sounding pipe. Also, Ascomycota taxa (COI and 18S) were
present in great abundance in the sounding pipe and were rare in samples taken at the
manhole from V8 or other vessels. Communities of vessel V10, operating in the Atlantic
but with BW treatment instead of BW exchange, were different to the other Atlantic vessels
and mainly dominated by Oomycota (COI) and Ciliophora (18S). Also, in this vessel,
different sampling points provided different communities: samples from the sounding
pipe of V10 were characterized by the chrysophyte Pedospumella sinomuralis and the
ciliophoran Miamiensis sp. whereas the discharge line samples were characterized by the
phytoplankton Stephanodiscus sp. and Picomonas judraskeda for COI and 18S respectively.
Within the same vessel, communities retrieved at the sounding pipe were less rich and

diverse than those retrieved from either the manhole or the discharge line (Figure S5).
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Figure 12. Relative abundance of reads classified to at least Phylum
level for the 5 most abundant Phyla per barcode, per replicate of each
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87



Chapter II

A) coI B) 18S
%813p stress = 0.17 ~ 2D stress = 0.13 @
V9 V9
0.4 ) 0:5] o o
, % s . | w A
8., &® 8
E e QD w % A % 0.0 @.’3.@ .
P o0 Vi A
@ v Ve A\/11
0.4
Vi1 m © ﬁ
= 0.5 =
05 0.0 05 0.0 05 1.0
NMDS1 NMDS1

W discharge line . manhole A sounding pipe

Figure 13. Nonmetric dimensional scaling plots in two dimensions of
Hellinger-transformed OTU abundances for all BW samples for COI (A) and
18S (B). Samples of each vessel are differently colored, and the vessel
identity is written on the plot. Symbols represent the type of sampling
point.

3.3 Impact of sampling point in the experimental tank communities

The experimental tank samples collected from the manhole were generally distinct
from the ones collected at the discharge line (Figure 14). Indeed, we found significant
differences in terms of composition and structure between the communities of the
experimental tank retrieved through the manhole and through the discharge line (COI:
betadisper P=0.87; permanova R?=0.56, P=0.002 and 18S: betadisper P=0.87; permanova
R?=0.37, P=0.003). In this experiment, the main difference in taxa composition between the
two sampling points was explained by variation in the abundance of Acartia tonsa OTUs
for both barcodes (Figure 14). Acartia tonsa dominated samples collected through the
manhole but did not dominate samples taken at the discharge line. For 18S, the abundance
of OTUs identified as Rotifera taxa and Gymnodinium sp. also varied between sampling
points and were more abundant at the discharge line than from the manhole. Alpha
diversity was significantly different between sampling points for both barcodes (COI:
Wilcoxon-Mann-Whitney test based on Shannon diversity index, P= 0.002; 18S: Student t-
test based on Shannon diversity, P= 0.033), but contrasting patterns were observed. With

COJ, samples taken at the discharge line were more diverse and richer (mean of Shannon
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index = 3.61) than manhole samples (mean of Shannon index = 1.43), whereas for 18S less

difference between sampling points was observed (mean of Shannon Index for in-line =

2.89 and for in-tank = 3.03).
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Figure 14. Hierarchical cluster analyses of Hellinger-transformed OTU
abundances for the samples of the experimental tank taken at the discharge
line (in-line integrated and in-line sequential) and from the manhole;
followed by bars representing the taxonomic composition of each sample
for COI (A) and 18S (B). Each bar is the relative abundance of reads
classified to a taxon where we represented only the 5 most abundant taxa
per barcode.
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3.4 Effects of ballast water exchange location, source port location

and ballast water ages

Among vessels which exchanged BW, we explored the impact of location of BW exchange,
location of BW source port, BW temperature and BW age (i.e. age since exchange). All
explained a significant proportion of community variation (Table 5). For both barcodes,
more than 50% of community variation was explained when taking all these explanatory
variables into account. The effect of location of BW exchange was stronger than the three
other explanatory factors and explained 23% of community variation for COI and 27% for
18S. Nonetheless, the structure and composition of communities still exhibited a
significant signature of source port location, the latter explaining 12 and 15% of
community variation for COI and 18S respectively. BW age also appeared as an important
factor governing community composition and we observed that older BW was less rich
and diverse than younger BW (Figure 56). This negative relationship holds when the
outlier V9 is omitted for COI (R2=0.72, P=9.93e-07) but not for 185 (R?=0.14, P=0.0906).
Temperature also had a significant influence but of minor extent compared to the other
factors (9% for COI and 8% for 18S). Overall, each set of explanatory variables explained

different fractions of community variation (Figure 57).
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Table 5. Effect of BW characteristics on communities tested and quantified
using redundancy analysis?®

Barcode  Explanatory variables D.f.  Adjusted R*? Pvalue
BWE location 2 0.234 0.001
BW source location 1 0.121 0.001
COI BW age 1 0.127 0.001
Temperature 1 0.092 0.002
All 5 0.511 0.001
BWE location 2 0.270 0.001
BW source location 1 0.149 0.001
18S BW age 1 0.149 0.001
Temperature 1 0.082 0.003
All 5 0.541 0.001

* BWE location: coordinates of BW exchange location, BW source location: coordinates
of BW uptake in source port, BW age: days since the BW exchange was performed,

Temperature: Temperature of the BW at the sampling event, D.f.: degrees of freedom
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3.5 Detection of zooplankton taxa with high propagule pressure

We found 30 zooplankton species present in at least 5 vessels for one of the barcodes (Table
53). Among these species, the majority (22) were cosmopolitan or semi-cosmopolitan and
were not considered as potential taxa of interest due to their global distribution.
Interestingly, among these species, five species inhabit coastal, estuarine or brackish
environment, suggesting that these species may have not been removed after the BW
exchange in open sea. The remaining eight species were not cosmopolitan and were
distributed in restricted regions of the world, which did not include the Chesapeake Bay.
Among these species, only Oithona davisae was described as a non-indigenous species in
AquaNIS (AquaNIS. Editorial board., 2015), Nemesis (Fofonoff et al., 2019) or WiRMS
(Ahyong et al., 2019) databases. The phylogenetic placement of the OTU identified as
Oithona davisae in the study with other sequences of this species retrieved from BOLD

database supports the taxonomic assignment (Figure S8).

4 Discussion

4.1 BW communities are different in function of sampling points

Our study shows for the first time that BW collected from the same tank using
different sampling points results in different communities, and that samples collected
from the sounding pipe are less rich and diverse compared to manhole and discharge line
samples. In-tank sampling via the sounding pipe is often used due its practicability on-
board in comparison to accessing the manhole (Gollasch et al., 2003; Mitchell et al., 2014).
However, its structure (either perforated along the pipe meaning sampling across the
whole tank, or only open at the bottom) may alter the representativeness of this sampling
method (Pazouki et al., 2009; Taylor and Rigby, 2001). Indeed, it was observed that
samples taken at the sounding pipe only retrieved between 0 and 60% of the plankton
retrieved from net samples taken from the manhole of the same tank (David and Gollasch,

2015; Sutton et al., 1998). Despite being based on a limited number of vessels, our results
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confirm previous observations that highlight the low representativeness of sounding pipe

sampling compared to manhole sampling.

Although BW monitoring is currently performed through in-tank sampling, either
via manholes or sounding pipes (Darling et al., 2018; Kim et al., 2015; Lymperopoulou and
Dobbs, 2017), in-line sampling (from the discharge line) is considered less biased (Bailey
and Rajakaruna, 2017). In-line sampling allows the continued sampling of entrained
organisms throughout the entire tank discharge, whereas in-tank sampling may be
affected by the patchiness of organisms inside the tank (Murphy et al., 2002; Rajakaruna
et al., 2018; Sutherland et al., 2001). The experimental tank results presented here confirm
this observation as manhole samples were dominated by the copepod Acartia tonsa,
whereas in-line samples were not, suggesting that the manhole sampling may have
collected “patches” of A. tonsa. This may have increased the detectability of this species
with eDNA. Overall, significant differences in community composition were observed
between the two sampling points for both barcodes. Manhole samples were significantly
less rich and diverse than in-line samples, although this was only detected with COL
Altogether, our results on actual BW samples and in the experimental tank stress the need
for careful consideration of sampling methodology when comparing BW communities of

vessels sampled via different points.

4.2 BW characteristics are retrieved with eDNA metabarcoding

This study demonstrates that eDNA metabarcoding can differentiate vessels based on
their BW characteristics, encouraging its future use for ballast water monitoring. We
recovered signals of both BW exchange and source port location, the former being
responsible for the most important fraction of community variation. Dinoflagellata and
Arthropoda (mainly copepods) dominated exchanged BW samples, which is consistent
with previous findings associating these groups to exchange in open sea (Briski et al., 2013;
Darling et al., 2018; Hallegraeff, 2015; Paolucci et al., 2017). Source port location was also

an important factor for explaining community variation, which is congruent with the
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detection of few species inhabiting coastal, estuary or brackish environments in the taxa
observed in at least 5 vessels. It is acknowledged that BW exchange is not 100% efficient
in removing coastal taxa (Briski et al., 2012; Chan et al., 2015; Simard et al., 2011; Ware et
al.,, 2016), and our results confirmed previous observations that metabarcoding can track
signals of source ports even after BW exchange was performed (Darling et al., 2018;
Lymperopoulou and Dobbs, 2017).

We also observed that BW age influenced, to some degree, the alpha diversity.
Indeed, the negative relationship observed was affected by the outlier vessel V9, which
was carrying older BW sourced in another ocean. However, the relationship remained
strongly significant for COI (not for 185) when this vessel was excluded, and only vessels
carrying BW from the same ocean region were considered. Overall, among vessels
sampled through the manhole that had performed BW exchange, vessels V6 and V9 had
the oldest BW (19 and 55 days respectively), which coincided with the smallest Shannon
indices. A negative relationship between diversity and BW age has been previously
observed for phytoplankton (Burkholder et al., 2007) and zooplankton (Ghabooli et al.,
2016). Particularly Burkholder et al. (2007) observed no culturable phytoplankton after 33
days. Interestingly, V9 was characterized by a chrysophyte species for which cyst
formation is a key feature of the group in order to survive harsh conditions (Findenig et
al., 2010), stressing that some species can endure long voyages. Nonetheless, the difference
in community structure and alpha diversity for V9 in comparison to other samples might
not be solely explained by its old BW, but also because it is the only vessel coming from
another ocean region (for source port and BW exchange). Although these different factors
are confounded for this vessel, this highlights again the power of eDNA metabarcoding to

differentiate BW with distinct characteristics.
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As BW exchange will be soon phased out as a management method and replaced
by the use of BW treatment systems to meet the D2-standard (IMO, 2017), the development
of methods to assess the efficiency of BW treatment systems on communities is logically
gaining more attention (Briski et al., 2015; Fujimoto et al., 2014; Paolucci et al., 2017). The
use of metabarcoding has been proposed as a major tool to characterize the difference
between communities (Fujimoto et al., 2014; Johansson et al., 2017; Rey et al., 2018). Using
metabarcoding, Fujimoto et al. (2014) have shown that BW treatment systems can reduce
the diversity of microorganisms. Here, although we had only 2 vessels with treated BW,
we also highlight an important effect of the BW treatment system. Indeed, DNA
amplification failed for vessel V1, which was treated with filtration and chlorination.
Whereas, for V10 (treated with filtration and electro-catalysis oxidation process) DNA
amplification was successful, for some samples, but among the amplified samples, some
resulted in low number of reads. This difference observed between V1 and V10 could
suggest a discrepancy in efficiency of BW treatment system, but this would require further
sampling to determine whether it is indicative of a more general tendency. Also, the
samples of V10 were found to be markedly different from samples originating from vessels
without BW treatment system. This could suggest the possibility of differentiating vessels
implementing different BW management techniques (exchange or treated) using eDNA
metabarcoding. Finally, V10 was characterized by the phytoplankton Stephanodiscus sp.,
which belongs to the order Thalassiosirales. Taxa of Thalassiosirales have been observed
to regrow after treatment with UV light (Liebich et al., 2012) and are also known to form
resting stages in sediment (Grigorszky et al., 2017; Shikata et al., 2008). Further studies will
be needed to assess the efficiency of treatment systems to prevent regrowth of
phytoplankton as it is an important phenomenon (Garcia-Garay et al., 2018; Grob and

Pollet, 2016).
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4.3 eDNA metabarcoding has potential to detect BW taxa

Our BW monitoring based on eDNA metabarcoding detected the non-indigenous
copepod Oithona davisae, thought to be native to Japan and Korea and known to have
spread with BW (Fofonoff et al., 2019). The confidence in taxonomic assignment was
strong as it was found with both barcodes, phylogenetic placement for COI and
morphological taxonomy. This copepod has invaded several locations in Europe,
including the North Sea (Cornils and Wend-Heckmann, 2015), and we found it
particularly abundant in the two vessels coming from this area (Dunkerque). This species
inhabits coastal and estuarine habitats (Ferrari and Orsi, 1984), suggesting that BW
exchange was not entirely efficient in removing coastal organisms, as described in the
above section. To our knowledge, O. davisae has not yet been introduced in the Chesapeake
Bay (Fofonoff et al., 2019). However, European ports are the main source region of BW for
bulk carriers entering in the Chesapeake Bay (Carney et al., 2017), which suggests that O.
davisae may have a high propagule pressure in this bay, increasing its chance of
colonization. Hence, future monitoring should be particularly cautious toward this
species. In addition, seven other species not already detected in the Chesapeake Bay were
found in at least 5 vessels. However, while for O. davisae the confidence in taxonomic
assignment was strong, we cannot be as confident for these seven species. With the
exception of the polychaeta Mysta picta, common in European coastal waters (main source
of BW in the study), the remaining species are restricted to other specific areas in the
world, suggesting that either they have been introduced in European waters and remain
yet unreported or the taxonomic assignment is inaccurate. These records therefore

demand further confirmation.

When comparing zooplankton diversity retrieved by eDNA metabarcoding with
morphological identification, we observed that i) abundant phyla identified with eDNA
were also retrieved with taxonomy and ii) more phyla were detected with eDNA
metabarcoding than with morphology. The identification based on morphology also
showed common characteristics of BW composed of larvae, nauplii and eggs, and due to

the difficulty in identifying these groups using morphological traits, these taxa remained
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assigned to coarse taxonomic level (Carney et al., 2017; Chu et al., 1997; Ware et al., 2016;
Wonham et al., 2001). This highlights the tremendous potential of eDNA metabarcoding
to characterize BW taxa at a finer taxonomic level (genus or species), which is essential to
detect taxa of concern, in comparison to traditional monitoring. Importantly, our study
shows the advantage of this technique to detect taxa spreading globally with BW, but that
are overlooked with traditional sampling methods. For example, Oomycota were detected
in every vessel, as was also observed in another BW eDNA study (Zaiko et al., 2015b).
More than 60 % of the known species belonging to this Phylum are plant pathogens (Choi
et al., 2015; Thines and Kamoun, 2010), among which pathogens such as Albugo candida,
Phytophthora sp. and Pythium sp. were found in our survey. Nonetheless, with eDNA
metabarcoding it is not possible to distinguish between live and dead organisms, which
limits its use as a compliance tool for enforcing IMO and USCG discharge regulations
where viability is a key component (Darling et al., 2017; Rey et al., 2018). Emerging studies
considered the use of eRNA in complement to eDNA to better depict the “live”
biodiversity in a similar environment , the bilge water of boats (Pochon et al., 2017; Zaiko
et al., 2018), but experimental analyses still need to be developed to validate this

hypothesis.

Finally, in this study we used two barcodes (COI and 18S) that are usually chosen
to study eukaryotes, and showed that both detected distinct taxa, not only in terms of
species but also at the phyla level. Thereby, we highlight their complementarity and
further emphasize the need for coupling barcodes for invasive species detection (Ammon
et al.,, 2018; Borrell et al., 2017; Grey et al., 2018). Our study contributes to a growing
number of BW monitoring studies using filtered water with examples spanning from
bacteria (Brinkmeyer, 2016; Lymperopoulou and Dobbs, 2017; Ng et al., 2015) and viruses
(Kim et al., 2015), to eukaryotes (Pagenkopp Lohan et al., 2016, 2017; Steichen et al., 2014;
Zaiko et al., 2015b). Collectively, these studies highlight the capacity of filtered water
sampling to become a very cost-effective approach for BW monitoring, especially when
considering the use of multiple barcodes as developed in other environments (Drummond
et al., 2015; Stat et al., 2017). From a single BW sample, it could be possible to target the
whole biodiversity and hence better characterize the discharged communities into ports.
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6 Supplementary figures

Cargo hold

Ballast tank starboard side Ballast tank port side

Figure S1. Schematic representation of the three sampling points used in
the study to sample ballast water from tank of bulk cargo vessels.
Sampling through manhole is represented in A, through sounding pipe 1is
represented in B and at the discharge line in C.
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Figure S2. Schematic representation of the sampling in the experimental
tank. In-tank sampling with each 1 L sample represented by a black bottle
(A), in-line sequential sampling with each 1 L sample represented by a
red bottle and in-line integrated sampling with each 1 L sample
represented by a green bottle taken from the 90 L cistern at the end of
the discharge (B).
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Figure S3. Relative abundance of filtered water reads assigned to each
phylum for four percent identity ranges when blasting against NCBI the
unclassified reads (i.e. reads not classified below the phylum level)
found with COI barcode. The 5 most abundant phyla per percent identity
range are represented, the remaining being grouped under “other”. Above
each bar is indicated the percentage of reads for each percent identity
range.
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Figure S4. Comparison of taxonomic composition obtained from eDNA
metabarcoding of filtered water samples and morphological taxonomy of
plankton net samples for vessels V3, V5 and V7. Venn diagrams represent
the number of phyla unique and shared between both methods. Phyla found
at larval, nauplii or egg stages with morphological taxonomy are in bold.
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Figure S5. Shannon index for the samples taken from two sampling points
for vessels V8 and V10 with COI and 18S.
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A) coI B) 18S
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Figure S6. Linear regressions of Shannon index against BW age after BW
exchange for COI (A) and 18S (B). R? is the coefficient of determination

and P is the P-value associated to the test.
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Figure S7. Venn diagrams representing the variance partitioning among the
4 sets of explanatory variables for COI (A) and 18S (B).
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Oithona davisae GBCX4525-15
190! Githona davisae GBCX4520-15
Oithona davisae GBCX4519-15
Oithona davisae GBCX4527-15

Figure S8. Phylogenetic tree obtained with the representative sequence
of the OTU identified in the study as Oithona davisae (0TUG459 in orange)

and all sequences of Cyclopoida order in BOLD database. Sequences from
Oithona genus are in yellow.

104



Chapter II

7 Supplementary tables

Table S1. Sampling information of the 11 vessels sampled in the study

Ballast Water history
Sample | Sampling Salinit Tempe BW Management Tm;; “a]fter
name date .': 1nt1) Y rature Source port (BWE=BW exchange; Management
PP () BWTS=BW treatment) 8
(days)
Port Talbot BWTS (filtration and
Vi LA &/ 22 (United Kingdom) chlorination) 12
V2 | 13/10/2017 | 37.6 238 ( si‘z}z iria) BWE (Flow-Through) 8
g J OoOwW- rou
V3 | 13/10/2017 | 368 23.6 Hamburg BWE (Flow-Through 8
(Germany) &
Amsterdam
4 | 14/10/2017 7 24. BWE (Flow-Through
V /10/20 36 3 (Netherlands) WE (Flow-Through) 9
D
V5 | 14/10/2017 | 362 229 éﬁ:ﬁiﬂ?e BWE (Flow-Through) 8
Port Talbot .
V6 | 16/10/2017 | 362 236 United Kingdom) BWE (Empty-Refill) 19
V7 | 16/10/2017 | 369 2.8 ‘ﬁﬁiﬁﬂiﬁ? BWE (Flow-Through) 16
V8 | 22/11/2017 | na na D&?ﬁiﬁ?e BWE (Flow-Through) 12
Ko Si Ch
Vo | 28/11/2017 | 33 143 (‘;:;ifa;;)g BWE (Empty-Refill) 55
V10 29/11/2017 na na San Ciprian BWTS (filtration and electro- 23
(Spain) catalysis oxidation process)
Aughinish
V11 | 02/12/2017 | 369 104 (Ez;xf) BWE (Empty-Refill) 22
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Table S2. Sample information and number of sequences remaining after each
"na" under reads indicates that DNA amplification

pre-processing step.

failed.
-
5 5 g »E s : g
i 2 £ g = % g 5 Z
£ S £ g 4 2 £ - &8 = S £
g g 2 & s £ 0% &g &f  F® S E Sy EO gs
s kS v o0 < S 8 2 I 5 5 = 8 5 £ 2 g =
] o - S = = = 2 = 2 £ 8 L= L o = O o=}
a 5 S | ) S, H " § = E 52 e & g % =i
g & g S 3 ) g w @ P w & ~ g g T o o B
g a £ § = < g7 £% % £t % 25 Bk
@ 3 > ] 8 5 5] 5] S8 ]
= * kS i - & oy
= O A - =
- =
V1-R1 COr vessel manhole Vi 1 na na na na na na na na
V1-R2 CO1 vessel manhole V1 2 na na na na na na na na
V1-R3 CO1 vessel manhole Vi 3 na na na na na na na na
V2-R1 Ccor1 vessel manhole V2 1 68297 67201 41480 41480 36685 31326 29108 28836
V2-R2 Ccor1 vessel manhole V2 2 51016 50253 35568 35568 31712 26771 25058 24753
V2-R3 Ccor1 vessel manhole V2 3 70479 69669 47325 47325 41689 36048 33543 33160
V3-R1 Ccor1 vessel manhole V3 1 79225 78542 57365 57365 51632 46903 44804 44426
V3-R2 CO1 vessel manhole V3 2 51719 51293 39453 39453 35803 28644 25577 25329
V3-R3 Ccor1 vessel manhole V3 3 79093 78474 59271 59271 54856 47780 45006 44488
V4-R1 Ccor1 vessel manhole V4 1 69289 68728 62074 62074 38860 30383 27730 26667
V4-R2 Ccor1 vessel manhole V4 2 75060 74510 64311 64311 39401 34409 32352 31164
V4-R3 Ccor1 vessel manhole V4 3 62646 62084 55125 55125 35464 28823 26686 25703
V5-R1 Ccor1 vessel manhole V5 1 79226 78500 71292 71292 67598 59906 56323 55529
V5-R2 Ccor1 vessel manhole V5 2 81191 80340 71566 71566 66996 58533 55319 54367
V5-R3 Ccor1 vessel manhole V5 3 73882 73031 60406 60406 55108 49959 47613 46494
V6-R1 (€0 vessel manhole Vo6 1 73957 73253 59278 59278 48346 46386 44843 44441
V6-R2 Ccor1 vessel manhole V6 2 70550 69819 59322 59322 45773 42359 40681 40117
V6-R3 Ccor1 vessel manhole V6 3 68342 67752 58364 58364 45632 42666 41037 40521
V7-R1 Ccor1 vessel manhole v7 1 73191 72636 54818 54818 47879 45254 43743 42753
V7-R2 Ccor1 vessel manhole v7 2 75209 74644 61142 61142 53034 49188 47415 46513
V7-R3 Ccor1 vessel manhole v7 3 71896 71419 57608 57608 50140 47075 45447 44585
V8-M-R1 (€0 vessel manhole V8 1 51126 50723 34248 34248 28027 24839 22896 21826
V8-M-R2 Ccor1 vessel manhole V8 2 90144 89501 58084 58084 45975 43798 41749 40636
V8-M-R3 CO1 vessel manhole V8 3 76044 75538 52489 52489 44371 41625 39433 38121
V8-SP-R1 COr vessel sounding pipe V8 1 82890 82298 71443 71443 63389 59914 57954 56490
V8-SP-R2 CO1 vessel sounding pipe V8 2 137743 136673 110636 110636 98778 95875 93420 92127
V8-SP-R3 COr vessel sounding pipe V8 & 111705 110842 85765 85765 77436 74200 72163 71305
V9-R1 CO1 vessel manhole V9 1 85383 84682 76880 76880 73465 73330 71402 70558
V9-R2 COr vessel manhole V9 2 87153 86356 77149 77149 71974 71723 69628 69194
V9-R3 CO1 vessel manhole V9 3 97205 96473 85492 85492 81594 81271 79289 77970
V10-DL-R1 COr vessel discharge line V10 1 67712 67234 53349 53349 45973 44688 43464 36607
V10-DL-R2 CO1 vessel discharge line V10 2 88593 87429 69631 69631 53681 52650 51040 43067
V10-DL-R3  COI vessel discharge line V10 3 106925 106112 89070 89070 75173 73317 71432 60391
V10-SP-R1 CO1 vessel sounding pipe V10 1 53315 52581 13914 13914 390 387 360 269
V10-SP-R2 COr vessel sounding pipe V10 2 57936 57116 16467 16467 762 755 705 486
V10-SP-R3 CO1 vessel sounding pipe V10 3 62569 61794 12532 12532 865 821 764 585
V11-SP-R1 CO1 vessel sounding pipe Vi1 1 80853 80298 63787 63787 54498 51666 49843 43994
V11-SP-R2 CO1 vessel sounding pipe Vil 2 60654 60203 44320 44320 40187 37851 35168 31475
V11-SP-R3 COr vessel sounding pipe Vi1 & 71248 70610 49274 49274 45694 41268 39086 36334
B-eDNA_1 (€ experimental manhole-surface na 1 52302 51876 46607 46607 35723 33968 32819 21646
tank
B-eDNA_2  COI experimental manhole-surface na 2 55418 54962 52280 52280 46862 45574 44500 34233
tank
B-eDNA_ 3  COI experimental manhole-surface na 3 49059 48679 45567 45567 40465 39381 38383 27588
tank
B-eDNA_ 4 COI experimental manhole-surface na 4 59287 58893 55504 55504 47185 46313 45221 34990
tank
B-eDNA_5 COr experimental manhole-middle na 1 41678 41332 39510 39510 33606 32900 32041 23108
tank depth
B-eDNA_6  COI experimental manhole-bottom na 1 47688 47188 45031 45031 37632 36523 35383 25089
tank
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IT

B-eDNA_7

B-eDNA_8

B-eDNA_9

B-
eDNA_10
B-
eDNA_11
B-
eDNA_12
C1

Cc2

C4

C5

Cé

C7

Cext_n°2

Cext_n°3

Cext_n4

Cext_n°

Ctr_PCR

V1-R1
V1-R2
V1-R3
V2-R1
V2-R2
V2-R3
V3-R1
V3-R2
V3-R3
V4-R1
V4-R2
V4-R3
V5-R1
V5-R2
V5-R3
V6-R1
V6-R2
V6-R3
V7-R1
V7-R2
V7-R3
V8-M-R1
V8-M-R2
V8-M-R3
V8-SP-R1
'V8-SP-R2
'V8-SP-R3
V9-R1
V9-R2
V9-R3
V10-DL-R1
V10-DL-R2
V10-DL-R3
V10-SP-R1
V10-SP-R2

CO1

(€0

CO1

(€0

Cor

COr

Cor

CO1

Cor

COr

Cor

CO1

Cor

CO1

COI

CO1

(€0

18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
18S
185
185
185
185
185
185
185
185
185

experimental
tank
experimental
tank
experimental
tank
experimental
tank
experimental
tank
experimental
tank
Negative control
of filtration
Negative control
of filtration
Negative control
of filtration
Negative control
of filtration
Negative control
of filtration
Negative control
of filtration
Negative control
of extraction
Negative control
of extraction
Negative control
of extraction
Negative control
of extraction
Negative control
of PCR
vessel

vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel
vessel

vessel

discharge line-
sequential-90m?
discharge line-
sequential-150m?®
discharge line-
sequential-210m?
discharge line-
integrated
discharge line-
integrated
discharge line-
integrated
na

na
na
na
na
na
na
na
na
na
na

manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
manhole
sounding pipe
sounding pipe
sounding pipe
manhole
manhole
manhole
discharge line
discharge line
discharge line
sounding pipe

sounding pipe

na

na

na

na

na

na

na

na

na

na

na

A%t
V1
A%t
V2
V2
V2
V3
V3
V3
V4
V4
V4
V5
V5
V5
Ve
Ve
Ve
v7
v7
v7
\%:]
A%:]
\%:]
A%:]
\%:]
A%:]
V9
A%
V9
V10
V10
V10
V10
V10

=W N = W N [SSEEN N [SSEENN) [SSEEN N [SSEENN) WON = WN = W N = W N

[SSREN N

53631
51533
42345
64611
54567
53969
10928
8101
44224
16741
13071
39838
1647
9425
16690
7421
2358

na
na
na
104255
103728
162012
216410
130649
26255
89936
134758
145657
110416
121400
122204
127287
100903
113260
126274
142000
94147
118621
130878
129092
139853
404
na
64753
96067
95806
na
43712
na
157477
130523

107

53214

51059

41977

64088

54185

53534

10749

7886

43627

16495

12798

39385

1588

9243

16454

7198

1992

na
na
na
99915
98595
159394
213412
128947
25766
88356
132565
143235
108604
119427
120217
122409
98028
110381
123509
138466
91997
116581
128518
126945
137741
366
na
58797
85450
88834
na
43102
na
153742
128120

47153

45146

37334

57883

49874

47856

10560

7646

33698

16415

12773

37279

1578

9043

15521

6706

1949

na
na
na
95821
93970
154004
211480
128285
25316
87575
131507
142420
107962
118741
119576
120586
96512
108495
121429
137109
91083
115796
127695
125929
133579
288
na
51493
74219
80693
na
42837
na
152168
126732

47153

45146

37334

57883

49874

47856

10560

7646

33698

16415

12773

37279

1578

9043

15521

6706

1949

na
na
na
95821
93970
154004
211479
128285
25316
87575
131506
142420
107962
118741
119576
120585
96512
108495
121429
137109
91083
115796
127695
125929
133579
288
na
51493
74218
80693
na
42837
na
152168
126731

27868

28239

22661

37075

28203

31909

2350

3954

21322

2805

8636

29387

1192

8104

10134

5106

1865

na
na
na
89607
86314
148556
209439
126119
24922
85535
128728
138354
103522
114746
115126
113890
92332
105333
118116
132131
87955
112342
123444
122895
130511
279
na
45436
63964
73174
na
42728
na
148431
124541

27044

27318

21910

35468

27121

30513

2346

3951

20928

2804

8636

29381

1191

8104

10053

5033

1865

na
na
na
75621
71307
124613
205771
110079
24465
69687
102714
107369
78515
89861
89982
101650
82011
97429
114850
115263
74139
85726
92578
104194
111914
266
na
45340
63065
72409
na
39864
na
144772
122306

26312

26536

21258

34287

26293

29449

2256

3784

20177

2664

8363

28606

1147

7794

9658

4937

1787

na
na
na
60985
58006
104923
177118
91925
20460
54411
82228
87002
59085
68096
68520
84104
66947
79534
97225
95930
59829
66597
71270
84150
88948
94
na
40025
54607
62149
na
33527
na
125661
105146

15179

15513

11238

22953

15124

18142

na
na
na
60287
57445
104246
176432
91642
19871
54069
81704
86642
58318
67463
67801
83739
66480
79046
96245
95140
58929
65586
70450
83469
88298
79
na
38936
53240
60536
na
31384
na
125295
104854
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IT

V10-SP-R3
V11-SP-R1
V11-SP-R2
V11-SP-R3
B-eDNA_1
B-eDNA_2
B-eDNA_3
B-eDNA_4
B-eDNA_5
B-eDNA_6
B-eDNA_7
B-eDNA_8
B-eDNA_9
B-
eDNA_10
B-
eDNA_11
B-
eDNA_12
C1
C2
C4
C5
Cé
(e/4
Cext_n°2
Cext_n°3
Cext_n%4

Cext_n°5

Ctr_PCR

185
185
185
185
185

185

185

185

185

185

185

185

185

185

18S

185

18S

185

18S

185

185

185

185

185

185

185

18s

vessel
vessel
vessel
vessel

experimental
tank
experimental
tank
experimental
tank
experimental
tank
experimental
tank
experimental
tank
experimental
tank
experimental
tank
experimental
tank
experimental
tank
experimental
tank
experimental
tank
Negative control
of filtration
Negative control
of filtration
Negative control
of filtration
Negative control
of filtration
Negative control
of filtration
Negative control
of filtration
Negative control
of extraction
Negative control
of extraction
Negative control
of extraction
Negative control
of extraction
Negative control
of PCR

sounding pipe
sounding pipe
sounding pipe
sounding pipe
manhole-surface
manhole-surface
manhole-surface
manhole-surface
manhole-middle
depth
manhole-bottom
discharge line-
sequential-90m?
discharge line-
sequential-150m?®
discharge line-
sequential-210m?
discharge line-
integrated
discharge line-
integrated
discharge line-
integrated
na
na
na
na
na
na
na
na
na

na

na

V10
Vi1
Vi1
Vi1

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

140205
62283
105357
175515
142722

164714
151877
113908
175155
134597
158454
159749
149213
190055
220795
212283
1217
1351
688
2917
1490
575
347
949
848
7823

588

108

137553
61603
103821
173300
141157

162540

150150

112719

172873

133000

156578

157830

147464

187801

218331

209755

1170

959

660

2854

1439

544

329

886

800

7704

556

136477
59521
102611
168924
140378

161354

149376

112198

171994

132134

155901

157200

146791

187201

217782

208997

1127

891

624

2823

1391

509

293

823

774

7674

548

136477
59521
102610
168924
140378

161354

149376

112198

171994

132134

155901

157200

146791

187201

217782

208997

1127

891

624

2823

1391

509

293

823

774

7674

548

134014
57039
99193

164948

139579

160526

148489

111518

171272

131478

155426

156684

146246

186533

217123

208247

1106

662

617

2793

1355

498

281

816

767

7664

541

128339
44357
79523
150900
109479

132538

115716

88193

152982

114975

129901

121489

116876

136291

175957

170214

1085

625

610

2777

1031

388

278

729

764

5872

479

111287
35683
65729

129770
90618

108936

95900

73094

129834

94653

109301

101619

97125

113590

150251

142433

746

458

434

2294

679

239

171

521

598

4840

355

111136
33738
62814
126824
85876

103745

91108

68364

125010

89848

104405

96585

92267

108205

145244

137375
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Table S3. List of zooplankton species identified with at least one of 2
barcodes in at least 5 of the vessels

5 g g
ks E o' E 5 g s g
o 2 PR 2 ) & g9
"] = 731 b= = by x c
& a 3 2 T g = 8
- A "=
Acartia
10 (18S) - Neritic and Razouls et al.
(Acanthacartia) Arthropoda 7 (( C OI)) Cosmopolitan bes;:liizi ( azggoss)e tals No
tonsa
Acartia (Acartiura) 5(18S) - . Neritic and (Razouls et al.
Arth d C lit ’ N
clausi reropoda g oy osmopotitan brackish 2005) ©
WoRMS
0(185)-  New England t (
Eteone heteropoda Annelida (185) ew Engrand 1o Neritic Editorial Board, No
5 (COI) Gulf of Mexico 2019)
North West " (WoRMS
6 (18S) - Nerit d
Limecola balthica Mollusca (185) Atlantic, Notrh Sea, en IC, an Editorial Board, No
0 (CQOIJ) . esturine
Baltic Sea 2019)
5 (189) North Atlantic from Neritic, (CABI, 2019a;
Muytilus edulis Mollusca 2 (CON) Arctic Ocean to estuarine ~ WoRMS Editorial No
South Carolina and oceanic Board, 2019)
North East Atlantic,
. .. . 0 (18S) - Hawai, West Coast ~ Neritic and (Fofonoff et al.,
Annel
Streblospio benedicti nnelida 5 (COI) of North America esturine 2019) No
and Europe
5 i Neritic but (llonrancss,
] emi-cosmopolitan M.L.D and Pauly,
Oikopl 6 (18S) - )\
.l 0’.’ eurfz , Chordata (185) in temperate to rare}{ 2018; WoRMS No
(Vexillaria) dioica 0 (CQ1) . found in .
troplcal waters Editorial Board,
open sea 2019)
(Palomares,
. , . iy M.L.D and Pauly,
Htp'popodms Cnidaria 7 (18S) Clrcum. Neritic efmd 2018; WoRMS No
hippopus 0 (COI) (sub)tropical oceanic Editorial Board,
2019)
(Palomares,
5 o M.L.D and Pauly,
7 (18S) - - ¢
Liriope tetraphylla Cnidaria (185) Clrcum. Neritic Efmd 2018; WoRMS No
0 (COI) (sub)tropical oceanic Editorial Board,
2019)
5(18S) - Neritic and Razoul 1,
Lucicutia flavicornis ~ Arthropoda 1 (( C O)I) Cosmopolitan Z?ela;?: ( aZ%OSS)e ta No
, 0 (18S) - . Neritic and (Razouls et al.,
Nannocalanus minor  Arthropoda 5 (COI) Cosmopolitan oceanic 2005) No
o WoRMS
6 (189) - Neritic and (
Nanomia bijuga Cnidaria (185) Cosmopolitan ertcan Editorial Board, No
2 (CQOJ) oceanic 2019)
(Palomares,
: o M.L.D and Pauly,
5 (18S) - C - Nerit d !
Aglaura hemistoma Cnidaria (185) frewm ercan 2018; WoRMS No
3 (COI) (sub)tropical oceanic Editorial Board,
2019)
(Mazzocchi and
Clausocalanus 7 (18S) - . Neriticand  Paffenhofer, 1998;
furcatus Arthropoda 4 (COI) Cosmopolitan oceanic Razouls et al., No
2005)
) Semi-cosmopolitan - (Palomares
Doliol 5(18S) - Nerit d ’
ottofum Chordata (185) in temperate to erHene  MLDand Pauly, No
denticulatum 0 (CQIJ) oceanic 2018; WoRMS

tropical waters

109



Chapter II

Oithona similis

Paracalanus parvus
parvus

Pelagia noctiluca

Sphaeronectes
gracilis

Sulculeolaria
quadrivalvis

Undinula vulgaris

Delibus nudus

Bestiolina similis

Calocalanus minutus

Cordagalma
ordinatum
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Abstract:
Monitoring introduction and spread of non-indigenous species via maritime transport
requires performing port biological baseline surveys. Yet, the comprehensiveness of these
surveys is often compromised by the large number of habitats present in a port, the
seasonal variability of the inhabiting communities and the time-consuming morphological
approach used for taxonomic classification. Metabarcoding represents a promising
alternative for rapid comprehensive port biological baseline surveys, but, before this
technique can be routinely applied in this context, standardized protocols should be
developed. We applied metabarcoding using two alternative barcodes (based on the
Cytochrome Oxidase I or the 18S ribosomal RNA gene) to about two hundred port
samples collected i) from diverse habitats (water column —including environmental DNA
and zooplankton, sediment and fouling structures), ii) at different sites within the port
(from inner to outer estuary), and iii) during the four seasons of the year. Comparing the
biodiversity metrics and taxonomic composition derived from each sample group, we
investigated the impact of the different strategies for metabarcoding-based port
biodiversity baseline surveys. Each sampling method resulted in a distinct community
profile and water samples alone did not produce comprehensive macroorganismal
biodiversity to substitute traditional sampling. Sampling at different seasons and locations
resulted in higher observed biodiversity, but nestedness analyses suggested that sampling

could be reduced to two seasons. Metabarcoding also allowed to detect previously
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recorded non-indigenous species as well as to reveal presence of new ones, even if in low
abundance. We provide the first comprehensive evaluation of metabarcoding for port
biodiversity baseline surveys from which we have derived guidelines for how, when and
where samples should be collected. These guidelines are key to develop the cost-effective
and standardizable approach needed for monitoring non-invasive species introduction to
ports via ballast water and hull fouling, particularly relevant with the recent entry into
force of the International Convention for the Control and Management of Ships' Ballast

Water and Sediments.

Key-words:

ballast water; environmental DNA; environmental monitoring; invasive species;
metabarcoding; non-indigenous species; port biological baseline surveys
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1 Introduction

Globalization has led to an increased maritime transportation, with more and
larger ships transferring species into ports via ballast water and hull fouling (Seebens et
al., 2013). Among the thousands species arriving daily (Carlton, 1999), some are Non-
Indigenous Species (NIS) and can become invasive, unbalancing the equilibrium of the
recipient ecosystem (Bax et al., 2003). Thus, being important gateways for introduction of
NIS, ports need to be monitored for supporting legal frameworks aiming at controlling
biological invasions (Lehtiniemi et al., 2015).

One of these legal frameworks is the International Convention for the Control and
Management of Ships' Ballast Water and Sediments (IMO, 2004), currently in force. This
convention requires that ships treat their ballast water before its release to port, unless
they show that the risk of transferring NIS between the donor and recipient ports is limited
(David et al., 2013). Such risk assessment relies on the combination of port environmental
(temperature and salinity) and biological information. The obtention of biological
information is done by cataloguing biodiversity through Port Biological Baseline Surveys
(PBBS). Given the diverse range of habitats (such as soft sediment, water column, or
exposed and sheltered artificial structures) allowing presence of distinct organismal
groups (such as benthic macrofauna, fouling organisms or planktonic organisms),
comprehensive PBBS require collecting samples using various methods (Kraus et al., 2018)
and at different spatial and temporal scales (Lehtiniemi et al., 2015).

Global initiatives have been initiated to standardize sampling for PBBS (Awad et
al., 2014, HELCOM/OSPAR, 2013; Kraus et al., 2018), and are based on morphological
taxonomic identification of the species found. Yet, this method lacks accuracy for
identification of larvae and eggs, developmental stages at which many NIS are transported
(Gittenberger et al., 2014), and relies on taxonomists who are often specialized on the local
biota, but who have limited knowledge of alien taxa (Pysek et al., 2013) and/or on specific
taxonomic groups coexisting in a port (Bishop and Hutchings, 2011). Moreover
morphological identification is time-consuming (Mandelik et al., 2010), especially when

considering the several tens of samples required to characterize a port. These limitations
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translate into PBBS being completed several years after sample collection (Bott, 2015),
reducing the effectiveness of prevention of NIS introduction and spread control strategies.

Metabarcoding (Taberlet et al., 2012), the simultaneous identification of taxa
present in a complex environmental sample based on a conserved DNA fragment, is
revolutionizing traditional biodiversity monitoring (Creer et al., 2016; Elbrecht et al.,
2017b), and could represent the cost-effective and possible to standardize alternative
required for PBBS (Lehtiniemi et al.,, 2015). Metabarcoding can be applied to DNA
extracted from bulk samples (e.g. zooplankton) or to environmental DNA (eDNA), defined
as traces of DNA released in the environment in form of cells, feces, skin, saliva, mucus,
etc. (Shaw et al., 2017). Metabarcoding has been described as a promising tool for NIS
monitoring (Comtet et al., 2015) and has been applied to port zooplankton (Brown et al.,
2016) and eDNA samples (Borrell et al., 2017; Grey et al., 2018; Lacoursiere-Roussel et al.,
2018). Yet, no previous study has developed a standardized sampling and data analysis
protocol that allows comparable comprehensive overviews of ports” biodiversity
considering different substrates and spatial and temporal variability.

In order to provide guidelines for performing standardized, comprehensive,
accurate and cost-effective metabarcoding-based PBBS, we evaluated the effect of i) using
various sampling methods to capture biodiversity found in different substrates, ii)
sampling at different sites from outer to inner estuary, iii) sampling during different

seasons of the year, and iv) using alternative genetic markers.

2 Materials and methods

2.1 Sampling

Zooplankton, sediment, fouling and water samples were collected from the port of Bilbao
in autumn 2016, winter 2017, spring 2017, and late summer 2017 at four sites (Figures 15
and 59). Sites 1, 2 and 3 depict the outer parts of the port with busy berths and are
characterized by high water depth (10-30 m) and salinity (>30 PSU); site 4 depicts the inner,
less busy part of the port and is characterized by low water depth (6-9 m) and lower
salinity (>20 PSU). Zooplankton, sediment and fouling sampling was based on the

protocol designed by Helcom/Ospar (HELCOM/OSPAR, 2013). Zooplankton samples
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were collected in vertical tows using Pairovet nets (mesh sizes of 60 and 280 um) at three
points per site, mixing the collected material to have one sample per mesh size per site.
The collected zooplankton was grinded with a mortar until no integer organism could be
appreciated and was stored in 96% ethanol at -20 °C. Sediment samples were collected by
sieving material collected from a Van Veen grab (0.07-0.1 m?) with a 1 mm mesh size sieve.
Retained material was processed following Aylagas et al. (2016b), and retrieved benthic
macroinvertebrates were stored in 96% ethanol at -20 °C. Fouling samples were collected
by placing 15 x 15 cm polyvinyl chloride plates at 1, 3 and 7 m depth in each site. Plates
were deployed in winter and spring and recovered in spring and late summer respectively
(see Table 54). At recovery, plates were placed in individual sterile plastic bags, soaked in
96% ethanol and thoroughly scrapped with a scalpel to retrieve fouling organisms
attached to it. The detached organisms were then homogenized with a blender and stored
in 96% ethanol at -20 °C. At each sampling site, 1 L surface water sample was collected
from each sampling point with a bottle. Samples from the same site were combined into a
single sample by site. In sites 1 and 3, three additional samples were taken at maximum
depth using a Niskin bottle and combined. Each 3 L combined water sample was filtered
using a 0.45 um Sterivex filter unit (Merck Chemicals & Life Science), which was stored at
-80 °C until further use. Additionally, surface water samples from three sampling sites
from the ports of Vigo and A Corufia, located in Galicia, Northwestern Spain, were

collected in March 2017 and filtered as described above.
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Figure 15. Sampling protocol depicting sampling location (Port of
Bilbao), sites (1, 2, 3 and 4) and points per site (dots); and
illustrating the sampling methods used and the targeted biological
communities.

2.2 DNA extraction, library preparation and sequencing

Total genomic DNA was isolated from zooplankton samples with the DNeasy blood &
tissue kit (QIAGEN), benthic macroinvertebrate and fouling organism samples with,
respectively, PowerMax and PowerSoil DNA Isolation Kits (MOBIO) replacing the initial
bead-beating step by an overnight incubation at 56°C with proteinase K (0.4 mg/ml), and
filter samples with the DNeasy blood & tissue kit (QIAGEN) following the “SX filters
without preservation buffer” developed by Spens et al. (2017). Negative controls were
included in each batch of DNA extraction and followed the whole process. DNA
concentration was measured with the Quant-iT dsDNA HS assay kit (Thermo Scientific)
using a Qubit 2.0 Fluorometer (Life Technologies), purity was inferred from 260/280 and
260/230 absorbance ratios with the ND-1000 Nanodrop (Thermo Scientific), and integrity
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was assessed by electrophoresis in 0.7% agarose. Two primer pairs were used:
mlCOlintF/dgHCO2198 (“COI primers”), targeting a 313 bp fragment of the cytochrome
oxidase I (COI) gene (Leray et al., 2013) and 1389F/1510R (“18S primers”), targeting a
variable length fragment (87 to 186 bp) of the V9 hypervariable region of the 185 rRNA
gene (Amaral-Zettler et al., 2009). DNA extracted from zooplankton, fouling organism and
filter samples were amplified with both primer pairs, whereas DNA from sediment was
only amplified with the “COI primers”. PCR amplifications were performed in two
rounds. For the first PCR, 1 ul of genomic DNA (5 ng/ul) was added to a mix consisting in
5 ul of 1X Phusion Master Mix (Thermo Scientific), 0.2 ul of each primer (0.2 uM) and 3.6
ul of MilliQQ water. For the “18S primers”, PCR conditions consisted on an initial 3 min
denaturation step at 98 °C; followed by 25 cycles of 10 s at 98 °C, 30 s at 57 °C and 30 s at
72 °C and finally 10 min at 72 °C. For the “CQOI primers”, PCR conditions consisted on an
initial 3 min denaturation step at 98 °C; followed by 35 cycles of 10 s at 98 °C, 30 s at 46 °C
and 45 s at 72 °C and finally 5 min at 72 °C. Negative controls were included within each
set of PCRs. For each DNA extract, three PCR amplifications were performed and pooled.
Once purified using AMPure XP beads (Beckman Coulter), the mixed PCR products were
used as template for the generation of dual-indexed amplicons in a second PCR round
following the “16S Metagenomic Sequence Library Preparation” protocol (Illumina) using
the Nextera XT Index Kit (Illumina). Multiplexed PCR products were purified again using
the AMPure XP beads, quantified using Quant-iT dsDNA HS assay kit and a Qubit 2.0
Fluorometer (Life Technologies), normalized to equal concentration and sequenced using
the 2 x 300 paired-end MiSeq (Illumina). Reads were demultiplexed based on their barcode

sequences.

2.3 Raw read preprocessing, clustering and taxonomic assignment

After quality checking of demultiplexed paired-end reads with FASTQC (Andrews, 2010),
forward and reverse primers were removed using Cutadapt (Martin, 2011) with the
“anchored 5 adapter” and for “paired end reads” options and with the “linked adapter”

option for COI and 18S respectively. Forward and reverse reads were merged using PEAR

118



Chapter III

(Zhang et al., 2014) with a minimum sequence overlap of 217 bp and maximum amplicon
length of 313 bp and of 80 and 190 bp for COI and 18S barcodes respectively. Merged reads
with average Phred quality score lower than 20 were removed with Trimmomatic (Bolger
et al., 2014). Using Mothur (Schloss et al., 2009), sequences without ambiguous bases were

aligned to BOLD (https://www.boldsystems.org) or SILVA (https://www.arb-

silva.de/documentation/release-132/) for COI and 18S respectively, and only those
covering the barcode region were kept. Chimeras, detected using de novo mode of
UCHIME (Edgar et al., 2011) , were removed, and remaining reads were clustered into
OTUs using Swarm 2.2.1 with defaut settings (Mahé et al., 2014). “Singleton” OTUs,
composed by a single read, were removed, and the remaining OTUs were taxonomically
assigned using the Naive Bayes Classifier (Wang et al., 2007) using BOLD (accessed in
May 2018) or PR2 (release 4.10.0) databases for COI and 18S respectively.

2.4 Community analyses

Apart from the complete dataset, we created two subsets: a PBBS-targeted taxa dataset,
including only reads classified to the class level and excluding those matching to non-
targeted groups for PBBS such as Mammalia, Aves, Insecta, Collembola, Arachnida and
all classes of Fungi; and a NICS dataset, including only reads matching either the Non-
Indigenous and Cryptogenic Species (NICS) previously detected in the port of Bilbao
(Adarraga and Martinez, 2011, 2012; Butrdn et al., 2011; Martinez and Adarraga, 2006;
Tajadura et al., 2016; Zorita et al., 2013) or the AquaNIS database (AquaNIS. Editorial
board., 2015). Most analyses were conducted using RStudio (Team, 2015) with vegan
(Oksanen et al., 2013), adespatial (Dray et al., 2018) and indicspecies (De Caceres and
Legendre, 2009) libraries. Indicator species analyses (Dufrene and Legendre, 1997) were
performed on 1) the PBBS targeted taxa dataset to identify indicator taxa of each sampling
method and 2) the NICS dataset to identify non-indigenous indicator taxa of each
sampling site. These analyses were based on the IndVal index calculated as the product of
the degree of specificity (measuring the uniqueness to a sampling method or site) and the

degree of fidelity (measuring the frequency of occurrence within a sampling method or
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site) of an OTU to a given sampling condition. Statistical significance of associations was
assessed by performing 10,000 permutations. The effects of season and locality on PBBS
targeted taxa communities were tested for significance using a permutational multivariate
analysis of variance (PERMANOVA) after checking for multivariate homogeneity of
group dispersions (betadisper). PERMANOVA and betadisper were performed on OTU
abundance (Hellinger distance) and presence/absence (Jaccard dissimilarities). The
contribution of replacement (changes in OTU identity) and nestedness (richness
differences where one sample is a subset of a richer sample) to beta diversity of PBBS
targeted taxa between seasons and between sites was computed using the relativized
nestedness index of Podani & Schmera (2011) based on Jaccard dissimilarities matrix. For
each sampling method, replacement and nestedness were calculated between pairwise
comparisons of 1) samples belonging to the same site but sampled at different seasons
(season variation of beta diversity), and 2) samples belonging to the same season but
sampled at different sites (spatial variation of beta diversity). The mean proportion of
nestedness and replacement contribution to beta-diversity between sites and between

seasons was then calculated.

3 Results

3.1 Communities retrieved by each sampling method and genetic marker

A total of 5,718,639 and 7,055,675 COI and 18S barcode reads were kept for analysis
(Table 54). The reads corresponding to the 192 samples collected at the port of Bilbao
resulted in 40,318 and 20,473 OTUs for COI and 18S respectively. For all sampling
methods, rarefaction curves of OTUs against reads approached saturation, indicating
enough sequencing effort (Figures 16A and 510). The majority of the OTUs, 89% for COI
and 73% for 18S, were unique to one sampling method (Figure 16B), and, for both
barcodes, but particularly for 18S, filtered water resulted in higher OTU richness and
unique OTUs than other sampling methods (Figures 16A, B and 510). Different sampling

methods retrieved distinct biological communities as observed with the PCA (Figure 16C)
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and confirmed with PERMANOVA analyses (COI: R?=0.28, p-value= 9.99e-05; 18S:
R>=0.30, p-value=9.99e-05).
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Figure 16. Overall description of community detected per barcode. A: OTU
accumulation curves per sampling method. B: Venn diagrams of the number
and percentage of OTUs shared between sampling methods. C: Principal
Component Analyses of the Hellinger-transformed abundances of OTUs.
Sample scores are displayed in scaling 1 with ellipses representing the
95% confidence dispersion of each sampling method.

The percentage of reads assigned to species or higher taxonomic levels differed
between sampling methods and barcodes. The majority of the reads were assigned to
species level for zooplankton nets (COIL: 84% and 18S: 75%), settlement plates (COI: 69%
and 18S: 69%) and sediment grabs (COL: 64%); for filtered water, although 51% of reads
were assigned to species level with 18S, only 8% could be assigned to a species with COI
(Figure 17A). Filtered water analyzed with COI had also the largest proportion of reads
that could not be assigned to phylum (87%). This is possibly due to the amplification of
non-metazoan taxa, which are underrepresented in the BOLD database (Figure 511),

which was confirmed with BLAST searches against GenBank (data not shown).
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Both barcodes detected a wide range of eukaryotic groups (Figure 17B). With CQOI,
the greatest majority of reads belonged to metazoans, with Arthropoda dominating all
sampling methods except sediment grabs, dominated by Annelida. With 18S, a more
diverse spectrum of taxa was retrieved, including phytoplankton and macroalgae; as
expected, the number of reads assigned to these phyla in zooplankton nets and settlement

plates was very low in comparison to filtered water.
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Figure 17. Taxonomic assignment per barcode and per sampling method. A:
Percentage of reads assigned to each taxonomic level. B: Relative
abundance of reads classified to at least Phylum level for the 10 most
abundant phyla.

3.2 Distribution of port biological baseline survey targeted taxa

A total of 16,828 and 9,091 OTUs were kept as PBBS targeted taxa for COI and 18S
respectively. From those, indicator analysis identified respectively 2,600 (15%) and 1,700
(19%) OTUs significantly associated to one of the sampling methods. Settlement plates
were associated with 1,268 (COI) and 808 (185) OTUs, zooplankton nets with 1,001 (COI)
and 315 (18S) OTUs, and sediment grabs with 238 (COI) OTUs. Only 12 OTUs (9 of which
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were metazoans) were indicators of filtered water with COI while 580 (3 of which were
metazoans), were associated to this sampling method with 18S. We observed expected
strong associations of some taxa to one particular sampling method: fouling bivalves
(Ostreoida, Mytilida) with settlement plates, copepods (Calanoida, Cyclopoida) with
zooplankton nets and sea urchins (Spatangoida) with sediment grabs (Figure 18). Yet, less
obvious associations were also observed such as barnacles (Sessilia) and two polychaeta
orders (Spionida, Phyllodocida) with zooplankton nets or dinoflagellates (Peridiniales and
Gymnodiniales) with settlement plates, illustrating the advantages of a complementary

sampling approach to recover the diversity of these taxonomic groups.
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Figure 18. Distribution of indicator OTUs associated to each sampling
method at the order level (in log scale) for COI and 18S. Only orders
with at least 10 indicator OTUs are shown.
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The need for complementarity of sampling methods was further confirmed by PCA
on PBBS target taxa (Figure 19). For both barcodes, expected taxonomic differences were
found between the sampling methods: sediment grabs were characterized by the
polychaeta Maldane glebifex (Figure 198), zooplankton nets were distinguished by several
copepods (Figure 198, D) and settlement plates, by the encrusting Semibalanus balanoides
(Figure 19D). Filtered water communities were characterized differently according to each
barcode. For COl], filtered water samples were not differentiated as a distinct group and
were in general close to those retrieved with zooplankton samples collected at the same
season (Figure 19A). In contrast, for 18S, filtered water was different due to the presence
of the phytoplankton species Phaeocystis globosa (Figure 19D); yet, when targeting only
metazoan taxa, the patterns observed with COI were similarly to the ones retrieved with
18S (Figure S12A). Concerning filtered samples, when looking only at metazoan taxa, the
proportion of OTUs detected was largely different compared to the other methods (Figure
513). For instance, Decapoda orders had a low OTU diversity with filtered water (COI:
0,7%; 18S: 7%), whereas more OTU diversity could be detected for Calanoida (COL: 8%;
18S: 35%), Sabellida (COI: 15%; 18S: 28%) and Leptothecata (COI: 13%; 18S: 58%). In

general, filtered water recovered the smallest metazoan OTU diversity.
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3.3 Influence of sampling seasonality and locality on detected

biodiversity

Seasonal variations contributed significantly to differences in community
composition of zooplankton nets and filtered water but not of sediment grabs (Table S5).
Total OTU richness and unique OTU richness varied between seasons for all sampling
methods (Figure 20A, B). Spring and late summer were generally richer than autumn and
winter, excepted for filtered water communities depicted with 18S. For sediment grabs
and zooplankton nets with 18S, a strong proportion of OTUs found in autumn and winter
were a subset of OTUs retrieved in late summer and spring. Indeed, the nestedness
component of sediment grab assemblages represented between 60 to 70% of total
compositional variations among these pairs of seasons (Figure 20D). For zooplankton net
assemblages, 63 and 72% of nestedness was observed between late summer and spring
and between late summer and autumn respectively, suggesting that late summer
recovered a majority of spring and autumn diversity (Figure 20D). Thus, the combination
of spring and late summer for sediment grabs retrieved 85% of the total OTU richness over
the four seasons, while for zooplankton nets, in late summer alone 71% was retrieved
(Figure 20C, E). For filtered water and settlement plates, seasonal community changes
were driven by both OTU replacement and nestedness, with similar relative contributions
(Figure 20D). The seasonal influence observed in intra-port samples was also observed
between ports (Figure 514). The differences in communities between Bilbao, A Coruna and
Vigo (ports belonging to the same ecoregion but separated by over 500 km) during the
same season was generally smaller than that between seasons in the same port, indicating
that communities were driven by seasonality rather than location (Figure 514 and Table

56). This pattern was more pronounced with 185 than with COL
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Figure 20. Seasonal variation of alpha and beta diversity for each
sampling method with COI and 18S. A: Total OTU richness recovered at each
season. B: OTU richness unique to each season. C: Proportion of the total
OTU richness detected with one season. D: Decomposition of between-season
beta diversity into replacement and nestedness components. E: Proportion
of the total OTU richness detected with two seasons.

Locality within the Bilbao port appeared to impact on benthic assemblages (Table
55), since sites outside the estuary (sites 1 to 3) were different from site 4 inside the estuary;
mainly, the polychaete Maldane glebifex was less abundant in site 4 (Figure 19B). Regarding
zooplankton nets, site 4 was the main driver of difference in communities as, when not
considered, no significant differences between sites were observed (Table S5). Each site
harbored a similar proportion of the total OTU richness found by each sampling method
(Figure 21C). This proportion did not exceed 60%. Indeed, OTU replacement contributed
more to community variation among sites than nestedness, especially with sediment grab

and settlement plates (Figure 21D). OTU replacement was more important when
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comparing sites from outside the estuary (sites 1, 2 and S) with site 4 inside the estuary,
while it contributed less to community variation among sites 1,2 and 3. This is congruent
with site 4 having generally more unique OTUs than the other sites (Figure 21B). An
exception was observed for filtered water with COI, where site 4 had the lowest OTU
richness and unique OTU richness, and where nestedness contributed more to the

variation in community composition in comparison to sites 1 and 2 (Figure 21A, B, D).
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Figure 21. Spatial variation of alpha and beta diversity for each sampling
method with COI and 18S. A: Total OTU richness recovered at each site.
B: OTU richness unique to each site. C: Proportion of the total OTU
richness detected with one site. D: Decomposition of between-site beta
diversity into replacement and nestedness components
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3.4 Detection of Non-Indigenous and Cryptogenic Species (NICS)

Our port baseline biodiversity survey detected 79 NICS, among which 29 were
previously recorded in the port Bilbao (Table S57). Most of the other species (43) were
previously detected NICS inside the port’s Large Marine Ecoregion (LME) but, for 7 of
them (Ammothea hilgendorfi, Bugulina fulva, Grandidierella japonica, Melita nitida,
Neodexiospira brasiliensis, Pseudochattonella verruculosa, Tubificoides pseudogaster), it was, to
our knowledge, the first report in the LME. The indicator species analysis performed on
non-indigenous OTU revealed that site 4 was associated to the highest non-indigenous
and cryptogenic diversity with, for COI, 603 OTU indicators, and for 18S, 24 OTU
indicators. These OTUs belonged to 10 NICS with Oithona davisae, Acartia tonsa and Allita
succinea, found by both barcodes, Ficopomatus enigmaticus, with 185 and Amphibalanus
eburneus, Grandidierella japonica, Polydora cornuta, Austrominius modestus, Monocorophium
acherusicum, Xenostrobus securis, with COL Regarding the three other sites, for COI, site 1
was associated to one Clytia hemisphaerica OTU and to one Balanus trigonus OTU, site 2, to
three Clytia hemisphaerica and four Mytilus edulis OTUs and site 3, to one Balanus trigonus

OTU. For 188, only site 1 was associated to one OTU, assigned to Gymnodinium aureolum.

4 Discussion

In order to be comprehensive, port baseline surveys need to have an extensive spatial and
temporal coverage so that most biodiversity is captured by the collected samples. Unlike
morphological taxonomic identification, metabarcoding allows the analysis of hundreds
of samples is a cost-effective manner (Aylagas et al., 2018), enabling for comprehensive
PBBS. Metabarcoding-based PBBS can follow a taxonomy dependent or independent
approach. The first approach requires comparing the sequences against reference
databases for taxonomic assignment, whose accuracy strongly depends on the
completeness of the reference database; this reference database is particularly relevant for
detection of NICS. The second approach consists on inferring diversity metrics from
sequences to compare across samples for which the development of standardized
procedures is mandatory so that comparisons are possible. Here we have focused on

developing such procedures by evaluating alternative strategies.
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4.1 A comprehensive metabarcoding-based port baseline survey should

rely on a combination of sampling methods

Past attempts on using metabarcoding for port monitoring have relied on a unique
sampling method (Borrell et al., 2017; Brown et al., 2016; Grey et al., 2018; Lacoursiere-
Roussel et al., 2018; Zaiko et al., 2016) and all have neglected sediment. Here, in order to
develop a comprehensive port sampling protocol, we have adapted the HELCOM/OSPAR
guidelines to collect zooplankton, fouling, and sediment samples for genetic analyses. The
metabarcoding analysis of the collected samples has shown that each sampling method
recovered a distinct subset of the port community, and that, despite some taxa being
expectedly associated to a given sampling method, the total diversity, even within specific

taxonomic groups, was only recovered by combining different methods.

4.2 eDNA cannot be used as an alternative to conventional sampling

methods for macroorganism detection

As an attempt to find a sampling method that would capture a large fraction of the
diversity with limited effort, we also explored metabarcoding on eDNA extracted from
filtered water samples. Recent applications of this technique have shown its potential to
recover spatial and temporal variation of macroorganismal communities (Bista et al., 2017;
O’Donnell et al., 2017), including detection of non-indigenous taxa (Klymus et al., 2017).
Consequently, recent studies have considered eDNA for port surveys (Borrell et al., 2017;
Grey et al., 2018; Lacoursiere-Roussel et al., 2018); yet, none of them has evaluated the
macroorganismal biodiversity assessments obtained with eDNA in comparison to that
obtained by other more conventional sampling methods. As suggested by other studies
(Djurhuus et al. (2018) and Macher et al. (2018)), our analyses show that, compared to
conventional sampling methods, eDNA recovered only a subset of the metazoan diversity
and did not provide additional information on targeted groups. This suggests that, for
PBBS, eDNA for macroorganismal detection does not provide additional benefits

compared to conventional sampling for PBBS taxa detection. Yet, additional tests using
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group specific markers (e.g. 125 rRNA for chordates) could provide more insights into the
benefits of including eDNA for PBBS. Importantly, these tests will be possible with little
additional effort because filtered water still needs to be collected for assessing

phytoplankton diversity.

4.3 A comprehensive metabarcoding-based port baseline survey should

include spatiotemporal sampling

While it is expected that increased temporal coverage will retrieve more taxa, the
costs associated to extensive sampling demands an evaluation of the benefits gained by
sampling at each season. Indeed, the HELCOM/OSPAR protocol limits sampling to late
summer for sediment and fouling, and to spring and late summer for plankton. Here we
show that for sediment and fouling, spring sampling provides higher diversity than late
summer. Although sampling in late summer could be appropriate for morphological
taxonomy because of the more abundance of adult individuals, for metabarcoding,
sampling in spring is preferable because during this season i) sizes of organisms are less
variable and thus metabarcoding is less likely to under detect small organisms (Elbrecht
et al., 2017a) and ii) species diversity is at its maxima due to being a high recruitment
period with abundant organisms at early life stages (Bijleveld et al., 2018). For zooplankton
diversity, our results show that the HELCOM/OSPAR approach of sampling in spring and
late summer produces the highest diversity. However, the data obtained from filtered
water were inconclusive. Although spring was the most diverse season for CO], this was
not the case for 185, and, overall, other combinations of seasons appeared to perform
better. Previous studies have already shown that seasonal variations are important
considerations for eDNA studies (Lacoursiere-Roussel et al., 2018), but further
characterizations are needed over multiple years to design an adequate protocol for
maximizing biodiversity recovery with eDNA. Our study also highlights the influence of
sampling site in recovered biodiversity, although only one of the four sites sampled, the
less saline one located at the inner part of the estuary, showed a significantly different

community composition.
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Concerning spatial sampling, we observed no significant differences between sites
when using eDNA, except between the only site located in the inner estuary, and the
others and only when using zooplankton, and significant differences overall when using
sediment grabs. The proportion of the total OTUs found in a single site was low,
suggesting that spatially comprehensive sampling is crucial to recover the port’s
biodiversity. Interestingly, site 4 was not only the most different from all four sites but was
also the one that recorded the largest number of NIS. In coherence with our findings, it
has been observed that brackish environments favors NIS settlement (Zorita et al., 2013)
because these species usually support wider range of salinity (Cardeccia et al., 2018). Thus,
samples for port monitoring should include those with a wide range of abiotic conditions
and covering priority sampling, such as highly active ship berths, potential reservoirs of

newly arrived NIS (Hewitt and Martin, 2001).

4.4 Metabarcoding provides valuable information on Non-Indigenous

Species

Our metabarcoding port biodiversity baseline survey detects species previously recorded
in the port of Bilbao and species known to be present in the port’s large marine ecoregion.
Importantly, it also detects presence of seven species for which no records exist so far in
this ecoregion, highlighting the potential of metabarcoding for early NICS detection.
Nonetheless, not all NICS species previously recorded in Bilbao were found by our
analyses. This might be due to these species not being present in the port at the time of our
survey, to database incompleteness or to biases of the metabarcoding process such as
differential DNA extraction, primer non-specificity, etc (Xiong et al., 2016). Database
incompleteness and primer bias could also explain why 35 and 42% of NICS were uniquely
detected with COI and 18S respectively and stresses the need of increasing reference
databases and of using multiple universal primers for species detection (Grey et al., 2018).
Importantly, our study confirmed that metabarcoding can detect species occurring at low

abundance (Pochon et al., 2013) as we found the non-indigenous amphipod Melita nitida
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with only 18 reads while it took intensive surveys in 2013, 2014 and 2016 in 3 distinct

sampling regions of the Bay of Biscay to record 76 individuals (Gouillieux et al., 2016).

5 Conclusions
Based on the comparative analysis of more than two hundred samples assessing the use

of alternative sampling methods, and of sampling at different seasons of the year and at
different port locations, we have demonstrated the suitability of metabarcoding for port
biodiversity surveys and NIS monitoring and settled the guidelines for future studies. We
show that i) combining two pairs of universal primers provides a more holistic view of the
port biodiversity, ii) a combination of sampling methods is necessary to recover the
different taxonomic groups, iii) environmental DNA cannot replace traditional sampling;
vi) sampling should take place in spring and late summer preferably and v) spatial
coverage should cover the port’s salinity gradient. These guidelines and considerations
are particularly relevant due to the recent entry into force of the International Convention

for the Control and Management of Ships' Ballast Water and Sediments.
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7 Supplementary figures

Figure S9. Picture of the port depicting location of each site sampled.
A: Examples of the different types of structures at each site. B: Fouling
communities settled on plates after 3 months. Picture frames are colored
according to the site they were taken at.
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Figure S11. Number of filtered water reads assigned to each phylum for
three percent identity ranges when blasting the unclassified reads
(i.e. reads not classified below the phylum level) against NCBI. The
5 most abundant phyla per percent identity range are represented, the

remaining being grouped under “other”.

135



Chapter III

A B

0.4 .
Neoc leolaria quadrivalvis
S2eiESd . crists Oithona davisae
= 0.2 Jii!r’ 545‘;c4 ]
b o S %ISA <+
« 2 4 5483 2 00
- S1 AR GRES 4 51 ~ Semibal
T 0.0 (SESEEIRN A e | | T S
2) STAdS1S2 T84 O 05
n'-O 2 525 7‘;@_‘;3@23 Qithona/sp.|Mytilus edulis
-1.0
-0.41 Paracalanus parvus
-0.25 0.00 0.25 0.50 -0.5 0.0 05 1.0 1.5
PC1: 198 % PC1: 198 %
Zooplankton nets Filtered water

Sampling methods:
. Settlement plates

Season: .Autumn A Spring - Summer -+ Winter
Sites: S1: Site 1; S2: Site 2; S3: Site 3; S4: Site 4

Figure S12. Principal Component Analyses of the Hellinger-transformed
abundances of OTU included in the PBBS targeted metazoan taxa dataset
for 18S. A: Samples scores in scaling 1 with ellipses representing the
95% confidence dispersion of each sampling method. B: OTU scores in
scaling 1 with the circle of equilibrium contribution. Only OTUs whose
projected length in these two principal component axes exceeding the
value of equilibrium contribution are represented.
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8 Supplementary tables

Table S4. Sample information and number of sequences remaining after each
pre-processing step. Note that sediment grabs and settlement plates
recovered in the first week of October (labelled with an asterisk) are
grouped with the "late summer" samples in the text; this is because,
although sampling was planned in late September, bad meteorological
conditions delayed the sampling for 10 days.
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COo1 COIL filtered water Bilbao surface 22/11/ site 1 31778 31291 29495 29495 29406 27253 24277

Wo1 2016 2

CO1 COL filtered water Bilbao surface 22/11/ site 1 39265 38581 36117 36117 36052 33630 30221

W02 2016 3

COI1 COI filtered water Bilbao surface 22/11/ site 1 40691 39952 7551 7551 7468 7257 6476

W03 2016 4

Co1 COI filtered water Bilbao bottom 22/11/ site 1 46432 45530 42036 42036 41898 38340 34655

Wo04 2016 1

CO1 COL filtered water Bilbao bottom 22/11/ site 1 48876 48042 44234 44234 43965 39650 35952

W05 2016 B

Co1 COI filtered water Bilbao surface 03/02/ site 1 51695 50720 43101 43101 42948 37566 33997

Wo6 2017 1

COI1 COI filtered water Bilbao surface 03/02/ site 1 45931 44755 39443 39443 39282 36247 33434

Wo7 2017 2

Co1 COI filtered water Bilbao surface 03/02/ site 1 36893 36325 30898 30898 30801 28944 26826

Wo8 2017 3

COI1 COI filtered water Bilbao surface 03/02/ site 1 39568 38854 8377 8377 8128 7868 7098

W09 2017 4

COI COI filtered water Bilbao bottom 03/02/ site 1 49050 48225 39525 39525 39272 34280 30918

W10 2017 1

Co1 COI filtered water Bilbao bottom 03/02/ site 1 40098 39391 32466 32466 32293 28331 25502

Wi1 2017 B

CO1 COL filtered water A surface 22/03/ site 1 62036 60537 32103 32103 31223 30053 27831

W12 Corufa 2017 1

Co1 COI filtered water Bilbao surface 22/11/ site 1 44746 43989 41784 41784 41664 39155 35496

W13 2016 1

COI COI filtered water Bilbao surface 31/05/ site 1 69927 68366 60020 60020 59858 56948 52897

W15 2017 1

Co1 COI filtered water Bilbao surface 31/05/ site 1 80837 79761 68935 68935 68213 65129 60438

Wie 2017 2

COI COI filtered water Bilbao surface 31/05/ site 1 41673 40822 32222 32222 32076 30195 28199

W17 2017 3

Co1 (o)} filtered water Bilbao surface 31/05/ site 1 56885 56301 16874 16874 16745 16083 14935

W18 2017 4

COI1 CO1 filtered water Bilbao bottom 31/05/ site 1 74522 73562 68857 68857 68633 65466 60992

W19 2017 1

Co1 (o)} filtered water Bilbao bottom 31/05/ site 1 60165 59553 52623 52623 52471 49654 46077

W20 2017 )

COI COI filtered water Bilbao surface 05/09/ site 1 81573 80638 69396 69396 68672 61801 57458

W21 2017 1

Co1 (o)} filtered water Bilbao surface 05/09/ site 1 77006 76094 55950 55950 21303 19753 18398

W22 2017 2

COI COI filtered water Bilbao surface 05/09/ site 1 82201 81045 47265 47265 46670 44508 41788

W23 2017 3

COI COI filtered water Bilbao surface 05/09/ site 1 60620 60075 27504 27504 26988 25621 24136

W24 2017 4

Co1 COI filtered water A surface 22/03/ site 1 54498 53616 35677 35677 35419 34060 32042

W25 Coruna 2017 2

COI COI filtered water A surface 22/03/ site 1 51630 51040 36659 36659 36470 34364 31628

W26 Coruna 2017 3

Co1 COI filtered water Vigo surface 13/03/ site 1 45098 44341 34555 34555 34504 31536 29348

W27 2017 1

COI COI filtered water Vigo surface 13/03/ site 1 54052 53065 50096 50096 49261 48400 44830

W28 2017 2

Co1 COI filtered water Vigo surface 13/03/ site 1 62377 61623 50636 50636 50356 47294 43896

W29 2017 3

COI COI filtered water Bilbao bottom 05/09/ site 1 100345 99330 91182 91182 90585 83566 78355

W30 2017 1

Co1 COI filtered water Bilbao bottom 05/09/ site 1 128427 126986 117786 117786 117391 113863 107656

W31 2017 3

B01 COI1 sediment grab Bilbao bottom 20/12/ site 1 36493 35692 34252 34252 15804 15540 14806
2016 1

B02 COI sediment grab Bilbao bottom 20/12/ site 2 43012 41995 37201 37201 36571 36212 34782
2016 1
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B03 COI sediment grab Bilbao bottom 20/12/ site 3 29374 28796 27926 27926 27855 26156 24645
2016 1

B04 COI sediment grab Bilbao bottom 20/12/ site 1 38286 37575 35837 35837 35742 34849 33386
2016 2

B05 COIL sediment grab Bilbao bottom 20/12/ site 2 34207 33072 30750 30750 28947 28621 27104
2016 2

B06 CO1L sediment grab Bilbao bottom 20/12/ site 3 25205 24268 23389 23389 23289 22778 21599
2016 2

B07 COI sediment grab Bilbao bottom 20/12/ site 1 52491 51745 48711 48711 48084 48001 46189
2016 3

B08 COL sediment grab Bilbao bottom 20/12/ site 2 45142 43000 38373 38373 37703 37489 36090
2016 3

B09 COI sediment grab Bilbao bottom 20/12/ site 3 31974 30843 29662 29662 29502 29240 28092
2016 3

B10 COL sediment grab Bilbao bottom 20/12/ site 1 46438 45722 44154 44154 43214 42811 40604
2016 4

B11 COI sediment grab Bilbao bottom 20/12/ site 2 25920 25530 24655 24655 12165 12123 11511
2016 4

B12 COL sediment grab Bilbao bottom 20/12/ site 3 38941 37978 36482 36482 36425 36339 34601
2016 4

B13 COI sediment grab Bilbao bottom 27/02/ site 1 54226 49500 42867 42867 42607 42447 40635
2017 1

B14 COL sediment grab Bilbao bottom 27/02/ site 2 50443 47957 41232 41232 41041 40975 39295
2017 1

B15 COI sediment grab Bilbao bottom 27/02/ site 3 19360 18845 13107 13107 11226 11099 10500
2017 1

B16 COI sediment grab Bilbao bottom 27/02/ site 1 22100 21112 19339 19339 19266 19040 18304
2017 2

B17 COI sediment grab Bilbao bottom 27/02/ site 2 42278 41350 36426 36426 36358 36039 34419
2017 2

B18 COI sediment grab Bilbao bottom 27/02/ site 3 17913 17559 17061 17061 9769 9526 9061
2017 2

B19 COI sediment grab Bilbao bottom 27/02/ site 1 54040 46479 26367 26367 26323 26314 25371
2017 3

B20 COI sediment grab Bilbao bottom 27/02/ site 2 36804 35641 32899 32899 32826 30859 29353
2017 3

B21 COI sediment grab Bilbao bottom 27/02/ site 3 32119 30961 27573 27573 27224 27026 25972
2017 3

B22 CO1 sediment grab Bilbao bottom 03/02/ site 1 32145 30517 26630 26630 18274 17920 17126
2017 4

B23 COI sediment grab Bilbao bottom 03/02/ site 2 31322 30714 28847 28847 28751 28652 27612
2017 4

B24 CO1 sediment grab Bilbao bottom 03/02/ site 3 30156 28410 24451 24451 24321 23978 22768
2017 4

COIB COI sediment grab Bilbao bottom 01/06/ site 1 91717 89304 84857 84857 64845 64257 60320
25 2017 1

COIB COI sediment grab Bilbao bottom 01/06/ site 2 109492 107474 106805 106805 103434 102239 97454
26 2017 1

COIB COI sediment grab Bilbao bottom 01/06/ site 3 80984 79293 68276 68276 44576 43613 40241
27 2017 1

COIB COI sediment grab Bilbao bottom 01/06/ site 1 102907 101388 93349 93349 90585 90071 85710
28 2017 2

COIB COI sediment grab Bilbao bottom 01/06/ site 2 76830 75703 73909 73909 73479 72646 67870
29 2017 2

COIB CO1 sediment grab Bilbao bottom 01/06/ site 3 77884 76865 74139 74139 73829 72772 69183
30 2017 2

COIB (o)} sediment grab Bilbao bottom 01/06/ site 1 82121 80935 79550 79550 79090 78737 72528
31 2017 8]

COIB COI1 sediment grab Bilbao bottom 01/06/ site 2 103992 102384 100279 100279 80871 80230 75691
32 2017 3

COIB (o)} sediment grab Bilbao bottom 01/06/ site 3 105460 104323 102994 102994 101043 99718 94070
33 2017 8]

COIB COI1 sediment grab Bilbao bottom 01/06/ site 1 112028 110473 104945 104945 103440 98466 92261
34 2017 4

COIB COI sediment grab Bilbao bottom 01/06/ site 2 97456 96268 94722 94722 92543 91921 85606
35 2017 4

COIB COI1 sediment grab Bilbao bottom 01/06/ site 3 101578 100180 98328 98328 96204 91685 84947
36 2017 4

COIB (o)} sediment grab Bilbao bottom 04/10/ site 1 75321 73480 72395 72395 53123 52555 49604
37 2017* 1

COIB COI1 sediment grab Bilbao bottom 04/10/ site 2 77083 73161 70897 70897 70185 69296 65629
38 2017* 1

COIB COI1 sediment grab Bilbao bottom 04/10/ site ] 68123 67141 49709 49709 48971 48197 44108
39 2017* 1

COIB COI1 sediment grab Bilbao bottom 04/10/ site 1 115044 112979 111580 111580 99213 96522 91025
40 2017* 2

COIB COI sediment grab Bilbao bottom 04/10/ site 2 91015 87724 79827 79827 78418 77643 73017
41 2017* 2

COIB COI sediment grab Bilbao bottom 04/10/ site 3 80526 79280 78000 78000 77837 75563 70885
42 2017* 2

COIB COI sediment grab Bilbao bottom 04/10/ site 1 78492 77379 76149 76149 42070 41643 38065
43 2017* &

COIB COI sediment grab Bilbao bottom 04/10/ site 2 77397 75746 74146 74146 73331 71437 66908
44 2017* 3

COIB COI1 sediment grab Bilbao bottom 04/10/ site B, 42359 41443 40175 40175 36023 35500 32752
45 2017* &
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COIB COI sediment grab Bilbao bottom 04/10/ site 1 83168 81828 79206 79206 73402 71389 66028
46 2017* 4

COIB COI sediment grab Bilbao bottom 04/10/ site 2 79472 78302 74878 74878 73599 71470 66869
47 2017* 4

COIB COL sediment grab Bilbao bottom 04/10/ site 3 70208 68455 61788 61788 54137 52480 48555
48 2017* 4

corp COI settlement Bilbao 1m 27/06/ site 1 85134 84243 83453 83453 83304 71283 65353
vco1 plates 2017 1

corp CO1 settlement Bilbao 3m 27/06/ site 1 100539 99215 96421 96421 95491 93730 88153
vCo2 plates 2017 1

corp COIL settlement Bilbao 7m 27/06/ site 1 95052 93342 92113 92113 91900 87598 82228
vcCo3 plates 2017 1

corp CO1L settlement Bilbao Im 27/06/ site 1 99834 97478 66467 66467 65705 63271 59445
VvC14 plates 2017 3

corp COIL settlement Bilbao 3m 27/06/ site 1 88047 86628 75145 75145 74994 72172 67115
VCi15 plates 2017 3

corp CO1L settlement Bilbao 7m 27/06/ site 1 100915 99051 96893 96893 94214 91043 85223
VC16 plates 2017 3

corp COIL settlement Bilbao Im 27/06/ site 1 150591 148618 143863 143863 143266 141954 134296
vCi17 plates 2017 4

corp CO1L settlement Bilbao 3m 27/06/ site 1 94730 93368 91495 91495 91324 88646 82627
VCi18 plates 2017 4

corp COIL settlement Bilbao 7m 27/06/ site 1 92957 91627 91352 91352 89763 86237 82207
VvC19 plates 2017 4

corp CO1 settlement Bilbao 1m 04/10/ site 1 72143 70904 64376 64376 32715 31746 29181
veCag plates 2017* 1

corp COL settlement Bilbao 3m 04/10/ site 1 53001 51942 51289 51289 51220 48404 44535
vC29 plates 2017* 1

corp COI settlement Bilbao 7m 04/10/ site 1 44359 43581 42953 42953 42088 38848 36501
VvC30 plates 2017* 1

corp COL settlement Bilbao Im 04/10/ site 1 64929 63894 45400 45400 44406 42279 39706
VvC37 plates 2017* 3

corp COL settlement Bilbao 3m 04/10/ site 1 42316 41760 40774 40774 40651 39942 37108
V(38 plates 2017* 3

corp COI settlement Bilbao 7m 04/10/ site 1 73037 71825 70449 70449 70054 69372 65805
V(39 plates 2017* 3

corp COI settlement Bilbao 3m 04/10/ site 1 51549 50767 50195 50195 49844 47640 44788
VC41 plates 2017* 4

corp COI settlement Bilbao 7m 04/10/ site 1 54630 53884 52570 52570 52398 51852 48198
vC42 plates 2017* 4

CO1Z COI zooplankton Bilbao water 05/09/ site 1 56513 55050 54021 54021 53377 51013 72858
26 net (280 um) column 2017 1

co1zZ COI zooplankton Bilbao water 05/09/ site 1 62452 61237 60174 60174 57337 56383 46913
28 net (280 um) column 2017 2

CO1Z COI zooplankton Bilbao water 05/09/ site 1 69231 67760 66330 66330 65642 63722 52478
30 net (280 um) column 2017 3

co1zZ COI zooplankton Bilbao water 05/09/ site 1 81349 80328 75528 75528 75172 75137 52979
32 net (280 um) column 2017 4

Z02A COI zooplankton Bilbao water 22/11/ site 1 40893 40531 39764 39764 38643 38390 54818
net (280 pum) column 2016 1

Z04A (o)} zooplankton Bilbao water 22/11/ site 1 39521 39074 38130 38130 37748 37457 60324
net (280 um) column 2016 2

Z06A COI zooplankton Bilbao water 22/11/ site 1 23872 23549 22908 22908 22402 22322 58606
net (280 pm) column 2016 3

Z0SA COI zooplankton Bilbao water 22/11/ site 1 43546 43202 42460 42460 41146 40893 65093
net (280 um) column 2016 4

Z10A COI zooplankton Bilbao water 03/02/ site 1 37677 37305 36840 36840 36716 35958 40559
net (280 pum) column 2017 1

Z12A COI zooplankton Bilbao water 03/02/ site 1 37951 37564 36717 36717 36630 36246 35755
net (280 um) column 2017 2

Z14A CO1 zooplankton Bilbao water 03/02/ site 1 28614 28202 27517 27517 27433 27123 33806
net (280 pum) column 2017 3

Z16A COI zooplankton Bilbao water 03/02/ site 1 42491 42149 41376 41376 41339 41038 39492
net (280 um) column 2017 4

Z18A COI zooplankton Bilbao water 31/05/ site 1 36918 36533 30606 30606 30140 29276 18195
net (280 um) column 2017 1

Z20A COI zooplankton Bilbao water 31/05/ site 1 31607 31243 26001 26001 25652 25055 34544
net (280 pum) column 2017 2

Z22A COI zooplankton Bilbao water 31/05/ site 1 29304 29018 26092 26092 25905 25228 37019
net (280 um) column 2017 3

Z24A COI zooplankton Bilbao water 31/05/ site 1 42635 42236 41318 41318 41236 40992 36786
net (280 pum) column 2017 4

co1z COI zooplankton Bilbao water 05/09/ site 1 86368 85564 79973 79973 77273 76888 34349
25 net (60 pm) column 2017 1

CoI1Z COI zooplankton Bilbao water 05/09/ site 1 61130 60078 58739 58739 56998 55811 33929
27 net (60 pm) column 2017 2

CcoI1Z COI zooplankton Bilbao water 05/09/ site 1 63009 61771 60722 60722 60250 58777 33423
29 net (60 pm) column 2017 3

coI1zZ COI zooplankton Bilbao water 05/09/ site 1 72011 70453 67052 67052 66948 66682 43190
31 net (60 pm) column 2017 4

Z01A COI zooplankton Bilbao water 22/11/ site 1 47554 47005 45309 45309 44046 43574 25110
net (60 pm) column 2016 1

Z05A COI zooplankton Bilbao water 22/11/ site 1 43554 43132 42351 42351 42165 41843 39090
net (60 pm) column 2016 3

Z07A COI zooplankton Bilbao water 22/11/ site 1 38312 38044 37653 37653 37623 37555 35392
net (60 pm) column 2016 4
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Z09A COI zooplankton Bilbao water 03/02/ site 1 40710 40354 39865 39865 39460 38866 27452
net (60 pm) column 2017 1
Z11A COI zooplankton Bilbao water 03/02/ site 1 36790 36440 35891 35891 35657 35177 25043
net (60 um) column 2017 2
Z13A COIL zooplankton Bilbao water 03/02/ site 1 47959 47503 47005 47005 46862 45632 29902
net (60 pum) column 2017 3
Z15A CO1L zooplankton Bilbao water 03/02/ site 1 44259 43876 43252 43252 43194 43069 21837
net (60 um) column 2017 4
Z17A COIL zooplankton Bilbao water 31/05/ site 1 37020 36657 32598 32598 32229 31683 25080
net (60 pum) column 2017 1
Z19A COL zooplankton Bilbao water 31/05/ site 1 37991 37652 34037 34037 33634 33169 22113
net (60 um) column 2017 2
Z21A COI zooplankton Bilbao water 31/05/ site 1 35512 35194 28849 28849 28646 28139 34879
net (60 pum) column 2017 3
Z23A COL zooplankton Bilbao water 31/05/ site 1 38518 38166 37626 37626 37599 37451 36249
net (60 um) column 2017 4
COI1 COI filtered water na na na na 1 3479 3117 169 169 166 164 132
W32 (extraction
negative
control)
CoI1 COI filtered water na na na na 2 163 91 69 69 67 66 49
W14 (extraction
negative
control)
CoIC COI filtered water na na na na 1 811 228 215 215 213 213 178
tr (PCR negative
control)
18SP 185 settlement Bilbao Im 27/06/ site 1 123041 114368 114354 114354 109034 109017 108565
VCo1 plates 2017 1
18SP 18S settlement Bilbao 3m 27/06/ site 1 78447 72550 72538 72538 68992 68956 68607
vCo2 plates 2017 1
18SP 185 settlement Bilbao 7m 27/06/ site 1 60778 55546 55536 55536 54686 54629 54375
VvcCo3 plates 2017 1
18SP 18S settlement Bilbao Im 27/06/ site 1 145381 136801 136757 136757 129806 129796 128858
VC14 plates 2017 3
18SP 185 settlement Bilbao 3m 27/06/ site 1 95286 89386 89363 89363 86783 86766 86226
VC15 plates 2017 3
18SP 18S settlement Bilbao 7m 27/06/ site 1 80079 73552 73542 73542 72423 72379 71834
VCie6 plates 2017 B
18SP 185 settlement Bilbao Im 27/06/ site 1 129830 121250 121223 121223 117756 117745 116990
vcC17 plates 2017 4
18SP 185 settlement Bilbao 3m 27/06/ site 1 101684 95396 95374 95374 93138 93122 92699
VCi18 plates 2017 4
18SP 18S settlement Bilbao 7m 27/06/ site 1 103742 95369 95364 95364 92095 91983 91230
VC19 plates 2017 4
18SP 185 settlement Bilbao 1m 04/10/ site 1 157551 146503 146460 146460 143976 143879 143073
vz plates 2017* 1
18SP 185 settlement Bilbao 3m 04/10/ site 1 123901 114741 114735 114735 111304 111294 110864
vC29 plates 2017* 1
18SP 185 settlement Bilbao 7m 04/10/ site 1 102975 95971 95966 95966 94201 94166 93865
VC30 plates 2017* 1
18SP 18S settlement Bilbao Im 04/10/ site 1 133517 126613 126591 126591 123331 123298 122588
VvC37 plates 2017* 3
18SP 185 settlement Bilbao 3m 04/10/ site 1 105133 97121 97107 97107 95348 95086 94472
V(38 plates 2017* )
18SP 18S settlement Bilbao 7m 04/10/ site 1 111897 103978 103976 103976 101987 101908 101553
VC39 plates 2017* 3
18SP 185 settlement Bilbao 3m 04/10/ site 1 103154 95596 95587 95587 93584 93192 92766
VvcC41 plates 2017* 4
18SP 18S settlement Bilbao 7m 04/10/ site 1 124552 112761 112747 112747 111691 111257 110340
VC42 plates 2017* 4
18SW 18S filtered water Bilbao surface 22/11/ site 1 135513 127580 127552 127552 123342 123191 121889
01 2016 2
18SW 18S filtered water Bilbao surface 22/11/ site 1 166710 156214 156165 156165 152813 152672 150559
02 2016 3
18SW 18S filtered water Bilbao surface 22/11/ site 1 169264 160261 160195 160195 156733 156668 154495
03 2016 4
18SW 185 filtered water Bilbao bottom 22/11/ site 1 130338 122981 122936 122936 119618 119603 118705
04 2016 1
18SW 18S filtered water Bilbao surface 03/02/ site 1 168156 158881 158833 158833 134650 134453 133008
06 2017 1
18SW 185 filtered water Bilbao surface 03/02/ site 1 153522 144650 144601 144601 141390 141234 139762
07 2017 2
18SW 18S filtered water Bilbao surface 03/02/ site 1 72513 65390 65374 65374 63875 63787 62971
08 2017 8
18SW 185 filtered water Bilbao surface 03/02/ site 1 176785 166863 166841 166841 160743 160678 158594
09 2017 4
18SW 18S filtered water Bilbao bottom 03/02/ site 1 39670 22069 22045 22045 19869 19869 19433
10 2017 1
18SW 185 filtered water Bilbao bottom 03/02/ site 1 163562 152885 152823 152823 138592 138556 137323
11 2017 3
18SW 18S filtered water A surface 22/03/ site 1 142600 134795 134774 134774 86045 85983 85139
12 Coruna 2017 1
18SW 185 filtered water Bilbao surface 22/11/ site 1 161269 152433 152395 152395 150389 150119 148458
13 2016 1
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18SW 185 filtered water Bilbao surface 31/05/ site 1 130753 124635 124614 124614 95162 94568 93579
15 2017 1

18SW 18S filtered water Bilbao surface 31/05/ site 1 150067 140251 140157 140157 109333 108740 107433
16 2017 2

18SW 185 filtered water Bilbao surface 31/05/ site 1 138331 131569 131544 131544 125239 123155 121885
17 2017 B]

18SW 18S filtered water Bilbao surface 31/05/ site 1 193079 177884 177836 177836 175487 175261 172864
18 2017 4

18SW 18S filtered water Bilbao bottom 31/05/ site 1 199122 188039 187942 187942 141626 141338 139502
19 2017 1

18SW 185 filtered water Bilbao bottom 31/05/ site 1 131180 125133 125114 125114 98839 98092 97235
20 2017 3

18SW 18S filtered water Bilbao surface 05/09/ site 1 160997 150667 150619 150619 148336 147549 145691
21 2017 1

18SW 185 filtered water Bilbao surface 05/09/ site 1 169008 159037 159014 159014 156945 156357 154725
22 2017 2

18SW 18S filtered water Bilbao surface 05/09/ site 1 125704 117946 117937 117937 117496 113985 112661
23 2017 8

18SW 185 filtered water Bilbao surface 05/09/ site 1 145936 137923 137912 137912 137472 133719 132432
24 2017 4

18SW 18S filtered water A surface 22/03/ site 1 177256 165771 165738 165738 137226 137111 135698
25 Coruna 2017 2

18SW 185 filtered water A surface 22/03/ site 1 174510 163866 163836 163836 140913 140759 139259
26 Corunia 2017 3

18SW 18S filtered water Vigo surface 13/03/ site 1 133990 124010 123963 123963 119933 119773 118421
27 2017 1

18SW 185 filtered water Vigo surface 13/03/ site 1 149793 139808 139792 139792 119383 119245 117915
28 2017 2

18SW 185 filtered water Vigo surface 13/03/ site 1 139203 130624 130586 130586 121174 120981 119215
29 2017 3

18SW 188 filtered water Bilbao bottom 05/09/ site 1 158556 148412 148133 148133 144176 143728 141639
30 2017 1

18SW 18S filtered water Bilbao bottom 05/09/ site 1 132628 123767 123759 123759 122961 121389 119994
31 2017 3

18SZ2 185 zooplankton Bilbao water 05/09/ site 1 147197 137017 136857 136857 123960 123511 121971
5 net (60 pum) column 2017 1

18SZ2 18S zooplankton Bilbao water 05/09/ site 1 126885 118546 118531 118531 104893 104302 103173
6 net (280 um) column 2017 1

18SZ2 185 zooplankton Bilbao water 05/09/ site 1 109496 100920 100885 100885 95828 95509 94368
7 net (60 pum) column 2017 2

18SZ2 185 zooplankton Bilbao water 05/09/ site 1 139925 131083 131067 131067 120936 120603 119469
8 net (280 um) column 2017 2

18SZ2 185 zooplankton Bilbao water 05/09/ site 1 144972 134980 134959 134959 126774 126464 125431
9 net (60 um) column 2017 3

18SZ3 18S zooplankton Bilbao water 05/09/ site 1 123031 115826 115812 115812 98166 97837 96986
0 net (280 um) column 2017 ]

18SZ3 185 zooplankton Bilbao water 05/09/ site 1 111717 104574 104561 104561 102696 102342 101644
1 net (60 um) column 2017 4

18SZ3 18S zooplankton Bilbao water 05/09/ site 1 114319 106507 106497 106497 98096 97907 97147
2 net (280 pum) column 2017 4

Z01D 185 zooplankton Bilbao water 22/11/ site 1 54103 52839 52837 52837 43740 43460 43325
net (60 um) column 2016 1

702D 18S zooplankton Bilbao water 22/11/ site 1 80572 78575 78571 78571 57291 56780 56584
net (280 pum) column 2016 1

Z03D 18S zooplankton Bilbao water 22/11/ site 1 72464 70735 70718 70718 48609 48241 48081
net (60 um) column 2016 2

Z04D 18S zooplankton Bilbao water 22/11/ site 1 40804 39862 39861 39861 30370 30018 29932
net (280 pum) column 2016 2

Z05D 18S zooplankton Bilbao water 22/11/ site 1 64179 62656 62654 62654 23539 23461 23392
net (60 um) column 2016 3

Z06D 185 zooplankton Bilbao water 22/11/ site 1 48966 47862 47859 47859 16179 16103 16049
net (280 pm) column 2016 B

Z07D 18S zooplankton Bilbao water 22/11/ site 1 45630 44359 44356 44356 38116 37973 37903
net (60 um) column 2016 4

Z08D 185 zooplankton Bilbao water 22/11/ site 1 64440 62884 62881 62881 35452 35129 35045
net (280 um) column 2016 4

Z09D 18S zooplankton Bilbao water 03/02/ site 1 65744 64088 64077 64077 50466 49936 49755
net (60 pum) column 2017 1

Z10D 185 zooplankton Bilbao water 03/02/  site 1 50234 49118 49112 49112 39177 38733 38631
net (280 um) column 2017 1

Z11D 18S zooplankton Bilbao water 03/02/ site 1 47823 46673 46671 46671 29030 28813 28702
net (60 pum) column 2017 2

Z12D 18S zooplankton Bilbao water 03/02/ site 1 39279 38234 38229 38229 21425 21167 21099
net (280 um) column 2017 2

Z13D 18S zooplankton Bilbao water 03/02/ site 1 64380 62855 62851 62851 24116 24054 23970
net (60 pm) column 2017 3

714D 18S zooplankton Bilbao water 03/02/ site 1 74376 72631 72629 72629 19180 19118 19060
net (280 um) column 2017 9

715D 185 zooplankton Bilbao water 03/02/ site 1 74614 72487 72481 72481 60752 60406 60282
net (60 pm) column 2017 4

Z16D 18S zooplankton Bilbao water 03/02/ site 1 94402 92295 92287 92287 52355 52288 52200
net (280 um) column 2017 4

717D 185 zooplankton Bilbao water 31/05/ site 1 85035 83080 83042 83042 46539 46199 46075
net (60 pm) column 2017 1

Z18D 18S zooplankton Bilbao water 31/05/ site 1 44722 43681 43679 43679 26433 26122 26029
net (280 um) column 2017 1
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719D 185 zooplankton Bilbao water 31/05/  site 1 71073 68987 68948 68948 34167 33999 33881
net (60 pm) column 2017 2
720D 185 zooplankton Bilbao water 31/05/  site 1 84134 81974 81970 81970 49093 48710 48553
net (280 um) column 2017 2
721D 185 zooplankton Bilbao water 31/05/  site 1 92830 90613 90507 90507 33615 33506 33411
net (60 pum) column 2017 3
722D 185 zooplankton Bilbao water 31/05/  site 1 68448 66667 66665 66665 24926 24815 24751
net (280 um) column 2017 8]
723D 185 zooplankton Bilbao water 31/05/  site 1 75573 73284 73227 73227 66321 65997 65880
net (60 pum) column 2017 4
724D 185 zooplankton Bilbao water 31/05/  site 1 96181 94030 94024 94024 43702 43608 43507
net (280 um) column 2017 4
18SW 18S filtered water na na na na 1 2755 2229 2221 2221 2039 2039 1972
14 (extraction
negative
control)
18SW 185 filtered water na na na na 2 359 164 164 164 163 163 160
32R (extraction
negative
control)
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Table S5. Results of the PERMANOVA test for the effects of seasonality
and locality for the port of Bilbao. Values represent the degree of
freedom (Df), the test value (F value), the amount of explained variation

(R2). In significance column, “*” indicates significant and "ns" non-
significant at P value= 0.05 respectively. An asterisk in the F column
indicates group dispersions are significantly non-homogeneous at P
value=0.05.
Sam.pllng Sampling Barcode Metric Df F R? Significance
variable type
Sediment cor Abundance 3 0.54 0.12 ns
grab Presence/Absence 3 1.05 0.21 ns
oI Abundance 3 35.5 0.47 *
Zooplankton Presence/Absence 3 16.3 0.29 *
nets Abundance 3 45.7 0.53 *
Season 18S
Presence/Absence 3 31.1 0.44 *
cor Abundance 3 1.8 0.31 *
Filtered Presence/Absence 3 14 0.26 *
water 185 Abundance 3 49 0.55 *
Presence/Absence 3 2.3 0.36 *
Sediment oI Abundance 3 4.81 0.55 *
grab Presence/Absence 3 1.41 0.26 *
cor Abundance 3 20.6 0.34 *
Zooplankton Presence/Absence 3 14.5* 0.27 *
. . nets Abundance 3 19.7 0.33 *
Sites (all sites) 185 Presence/Absence 3 0.9 0.18 ns
oI Abundance 3 1.1 0.21 ns
Filtered Presence/Absence 3 1.1 0.21 ns
water 185 Abundance 3 1 0.2 ns
Presence/Absence 3 1.2 0.24 ns
Sediment cor Abundance 2 3.9 0.46 *
grab Presence/Absence 2 1.19 0.21 *
cor Abundance 3 0.4 0.08 ns
Zooplankton Presence/Absence 2 0.8 0.15 ns
Sites (sites 1,2 nets 185 Abundance 2 0.5 0.09 ns
& 3) Presence/Absence 2 0.6 0.12 ns
coI Abundance 2 0.8 0.15 ns
Filtered Presence/Absence 2 0.9 0.17 ns
water Abundance 2 0.5 0.1 ns
185 Presence/Absence 2 0.7 0.13 ns
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Table S6. Results of the PERMANOVA test for the effects of seasonality
and port locality for the filtered water samples from the 3 ports (Bilbao,
A Corufa, Vigo). Tests are based on Hellinger-transformed abundances of
OTUs. Values represent the degree of freedom (Df), the test value (F
value), the amount of explained variation (R2). In significance column,

€k n n

indicates significant and "ns" non-significant at P value= 0.05
respectively. An asterisk in the F column indicates group dispersions are
significantly non-homogeneous at P value=0.05.

I
Sam'p ng Dataset Barcode Df F R? Significance
variable

PBBS targeted taxa Cal 2 1.56* 0.10 *

Port PBBS targeted taxa 2 2.18* 0.22 *

PBBS targeted taxa 185 2 1 44% 0.10 ns

metazoan only
PBBS targeted taxa CaI 3 2.37 0.21 *
PBBS targeted taxa 3 4.54* 0.49 *
Season PBBS targeted taxa 189
& 3 3.63 0.30 »

metazoan only
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Table S7.

List of non-indigenous and cryptogenic species found in the

port of Bilbao (Large Marine Ecoregion (LME) numbers are 22 for North
Sea, 23 for Baltic sea, 24 for Celtic Biscay Shelf, 26 for Mediterranean

Sea and Al for Macaronesia)

2 = < 2 .5
e ] 3 3 I = 9
S = 2 $5% 8 & @
@ e e Tg B2z - g
g ° g = 2 TgEeS 3 E £
o ] Sl > = > = 9 ol ‘a‘ 8
o 9 °© ) AR — T R =S 13}
o £ = - 5 5 = T B - O wn ~
@ = ¥ o & e R 28 93 3
E T ET fgegge” a
z E 8§ EEFES
z R M5 F
X no but present in . (Fofonoff et al., 2019; Porter et al.,
Bugulina fulva 101 11 no 22 24 and Al cryptogenic 2017)
Pseudochattonella no but present in (Katsanevakis Stylianos et al.
0 7486 ) introduced !
verruculosa n LMEs 22 and 23 mntroduce 2014)
Tubificoides no but present in ’
21 0 t i Kvist and ErsEus, 2018
pseudogaster ne LMEs22and 23  C/PHOBEMIC (Kvist and ErsEus )
no but present in
Melita nitida 18 0 no LMEs 22,23 and  Introduced (Gouillieux et al., 2016)
24
. no but present in
Grandidierella
. ) 15081 18 no LMEs 23,24,25 Introduced (Droual et al., 2017)
japonica
and 26
Ammothea no, but present in
. X 0 3 introd AquaNIS. Editorial board., 2015
hilgendorfi noe LMEs22and24 0 uced  (Aqua trorial boar )
Neodexiospira no, but present in
I 0 37396 ’ introduced  (AquaNIS. Editorial board., 2015
brasiliensis ne LMEs22and 24  OCHCE (Aqua roratboar )
B di
occur' “ 0 3 yes yes introduced  (AquaNIS. Editorial board., 2015)
proboscidea
Sabella
.. 0 7 yes yes introduced  (AquaNIS. Editorial board., 2015)
spallanzanii
Styela plicata 0 3 yes yes introduced  (AquaNIS. Editorial board., 2015)
Col j
0 pom.e a 0 13 yes yes introduced  (AquaNIS. Editorial board., 2015)
peregrina
Fi t
lcf)pom? us 0 1114 yes yes introduced  (AquaNIS. Editorial board., 2015)
enigmaticus
Pseudo-nitzschia 0 544 es es cryptogenic (Butrén et al., 2011)
utron et al.,
australis y y YPog
Heterosigma 0 3793 es es cryptogenic (Butron et al., 2011)
utron et al.,
akashiwo y y M
Fibrocaps
. 'P “ 0 6 yes yes introduced (Butrén et al., 2011)
japonica
Prorocent
e 0 691 yes yes introduced (Butrén et al., 2011)
cordatum
Antith jonell
" l, ummo‘n e. g 0 175 yes yes introduced (Martinez and Adarraga, 2006)
spirographidis
Asparagopsis
paragop 110 48 yes yes introduced (Martinez and Adarraga, 2006)
armata
Bonnemaisoni
¢ 'a ? 13 22 yes yes introduced (Martinez and Adarraga, 2006)
hamifera
Magallana gigas 15738 103 yes yes introduced (Martinez and Adarraga, 2006)
Spongoclonium
P g ¢ 0 6 yes yes introduced (Martinez and Adarraga, 2006)
caribaeum
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Xenostrobus
securis
Muytilus
galloprovincialis
Obelia geniculata
Orthopyxis
integra
Amphibalanus
amphitrite
Austrominius
modestus
Clytia
hemisphaerica
Oithona davisae
Pseudodiaptomus
marinus
Acartia
Acanthacartia
tonsa
Balanus trigonus
Momnocorophium
acherusicum
Momnocorophium
sextonae
Petricolaria
pholadiformis
Ruditapes
philippinarum
Polydora websteri
Ostrea stentina
Bugula neritina
Amphibalanus
eburneus
Amphibalanus
improvisus
Blackfordia
virginica
Botryllus
schlosseri
Crepidula
fornicata
Dasysiphonia
japonica
Gymnodinium
microreticulatum
Hemigrapsus
penicillatus
Microcosmus
squamiger
Ostreopsis
siamensis
Paracaprella
pusilla
Polydora cornuta
Tenellia adspersa
Watersipora
subtorquata
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(Tajadura et al., 2016)
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(Uriarte et al., 2016)

(Uriarte et al., 2016)

(Zorita et al., 2013)
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(Zorita et al., 2013)

(Agencia Vasca del Agua, 2014)
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Chapter III

Cordylophora

. 0 514 no yes introduced  (AquaNIS. Editorial board., 2015)
caspia
Corella eumyota 0 3191 no yes introduced  (AquaNIS. Editorial board., 2015)
Mercenari
ﬂ.a 0 43 no yes introduced  (AquaNIS. Editorial board., 2015)
mercenaria
Hemigrapsus
srap ) 19185 0 no yes Introduced (CABI, 2019Db)
takanoi
Monocorophium
i E te et al., 2011
insidiosum 71 0 no yes cryptogenic (Esquete et al., )
Phallusia
mammillata 2 38 no yes cryptogenic (Goulletquer, 2016)
Mytilicol
, yH l co ‘,1 33 22 no yes Introduced (Goulletquer, 2016)
intestinalis
Pseudopfiesteria
shum’Z ayae 0 7 no yes cryptogenic (Guiry and Guiry, 2019)
Leathesia marina 0 43 no yes cryptogenic (Guiry and Guiry, 2019)
Pach
ygrapsus 21 0 no yes Introduced  http://www.nonnativespecies.org/
marmoratus
Terebella
lapidatia 3614 0 no yes cryptogenic (Miralles et al., 2016)
Sternaspis scutata 14475 370 no yes cryptogenic (Moreira and Troncoso, 2007)
Gymnodinium
0 14163 t i OBIS, 2019
aureolum no yes cryptogenic ( )
Chaetoceros
0 170 no yes Introduced (OBIS, 2019)
rostratus
Coscinodiscus
o s 0 596 no yes Introduced (OBIS, 2019)
wailesii
Diadumene 0 4 no introduced (OBIS, 2019; WoRMS Editorial
lineata yes oduce Board, 2019)
Diplosoma
lis fe ianum 91 0 no yes cryptogenic (Pérez-Portela et al., 2013)
Pfiesteria
pJ:scici Aa 0 8 no yes cryptogenic (Rublee et al., 2005)
Stephanopyxis . . s
, 0 104 no yes cryptogenic  (Urrutia and Casamitjana, 1981)
palmeriana
Electra pilosa 10 40 no yes cryptogenic  (WoRMS Editorial Board, 2019)
Gymnodinium
Za tenatum 0 87 no yes cryptogenic  (WoRMS Editorial Board, 2019)
Prot t
rorotnonostroma 0 164 no yes introduced (WoRMS Editorial Board, 2019)
undulatum
C t
r(?ss?sl rea 0 67793 no yes introduced (WoRMS Editorial Board, 2019)
virginica
Magallana . L
17 0 no yes introduced (WoRMS Editorial Board, 2019)
angulata
Karlodinium
. 0 2847 t i Zh t al., 2008
veneficum no yes cryptogenic (Zhang et a )
Caulacanthus 9 0 n es t i (V4 Ilo et al., 2002)
uccarello et al.,
ustulatus © Y cryptogenic
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General discussion

The burgeoning number of studies relying on genetic tools to detect harmful
organisms (including harmful algae blooms, non-indigenous, cryptogenic and invasive
species) and pathogens from ships and ports prompts the need to assess their applicability
to monitoring actions taken to prevent further ship-borne introduction. This last part of
the thesis gives an overview of new insights we have gained into the use of genetic tools
to provide reliable data for ship-borne biodiversity monitoring. In particular, we discuss
about the potential of using environmental DNA to perform rapid port and ballast water
surveys, challenges of using DNA metabarcoding in species detection and potential ways
forwards to improve it. We finish by discussing future applications for DNA

metabarcoding for ship-borne biodiversity monitoring.

1 Feedback on the potential of eDNA for ship-borne
biodiversity monitoring

Based on recommendations of Chapter I, we assessed the potential of using eDNA as the

most rapid and cost-effective method to perform baseline surveys of biodiversity in ballast

water (Chapter I1) and port (Chapter I11). Three main findings about eDNA were observed

in this thesis.

First, we confirmed the current observations from the literature that eDNA
metabarcoding from water can be used to retrieve patterns of community variation (e.g.
temporal variation in freshwater macroinvertebrates communities with Bista et al. (2017),
spatial variation of coastal taxa with Jeunen et al. (2018)). In our case, we showed that
eDNA is a reliable technique to depict patterns of plankton communities. Indeed, in
Chapter 111, it was proved that eDNA samples were closer to plankton net communities
than to communities collected with other sampling methods. Besides, eDNA also
exhibited similar seasonal patterns than plankton communities. In Chapter II, impact of
ballast water management was retrieved with eDNA indicating its capacity to depict
plankton responses. These outcomes strongly encourage the development of eDNA as
cost-effective sampling method allowing researchers to characterize and depict
communities” changes and responses, with application such as understanding the impacts

of ballast water management on the communities discharged into ports. In this respect, an
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appealing perspective may be to use eDNA coupled to machine learning algorithms to
find biomarkers that could allow to differentiate between ballast water that performed
ocean exchange from those that were treated with different types of treatment systems.
Such approaches are under development and have been for example tested with bacteria
by comparing port, ballast and ocean waters (Gerhard and Gunsch, 2019). A logical follow-
up of would be to develop similar approaches focused on finding markers

associated to each type of ballast water management to compare their efficiency.

Second, in eDNA outperformed morphological identification of ballast
water planktonic taxa by retrieving a wider diversity in general. This was also reported by
Slijkerman et al. (2017) who found that in the ballast water of three vessels only 20 species
were identified to the species level with morphology whereas 66 species were identified
with eDNA. Yet, when comparison was done with plankton net instead of with eDNA
sampling, and subsequently analyzed with metabarcoding ( ), eDNA identified
only a subset of the port’s taxa retrieved by plankton net samples. While such comparison
between plankton net and eDNA metabarcoding remains to be further tested for ballast
water, eDNA remains as a promising candidate for ballast water monitoring in
comparison to plankton net for two main reasons. (1) We observed that time, space and
accessibility on board can be very limited, which can make complicated the use of
plankton net. (2) In a near future all vessels in international routes will have to treat their
ballast water instead of performing oceanic exchange (IMO, 2017). Treated water will
contain organisms in low abundance and more volumes will need to be sampled to find
enough organisms (Frazier et al., 2013). In such cases, plankton net will require many tows
or big volume of water in comparison to eDNA sampling. Yet, results from the
experimental tank in suggested that eDNA detected patchiness of organisms,
which can have an impact on the retrieved community. More in-depth studies are
therefore needed to understand if the eDNA signals are homogenously distributed inside

the tank or if sampling at different tank’s depth will be needed.

Third, we observed that eDNA was able to detect dominant taxa but had a limited

capacity to recover all metazoan taxa present in the diverse habitats of the port (
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)- Hence, we concluded that used alone, eDNA may underestimate metazoan diversity,
as suggested by Koziol et al. (2018). Koziol et al. (2018) found that water eDNA detected
only 34 %-38 % of the overall eukaryotic families found across all substrates (including
sediment, settlement plates and zooplankton nets). Many factors can influence the amount
of eDNA released by organisms in the environment but more importantly the amount of
eDNA present in the environment in not homogenous among species and even among life
stages of a same species (Barnes and Turner, 2016; Goldberg et al., 2016). This phenomenon
might limit the use of eDNA to detect all species from a multiple habitat environment. For
instance, the potential limitation of DNA shedding rates for invertebrates with
exoskeleton may impede their detection from eDNA. Indeed, we found in that
82 % (COI) and 100 % (18S) of the total Decapoda OTUs diversity retrieved in the study
was detected in plankton nets (proving their organismal presence in the water column)
whereas only 0.7 % (COI) and 7 % (18S) was recorded with eDNA. Decapoda present an
exoskeleton since the larval stage (Gao et al., 2017) which may diminish the release of DNA
in water and prevent their detection with eDNA (Walsh et al., 2018). However, this
limitation remains scarcely studied in the literature and warrants further research
(Cristescu and Hebert, 2018; Tréguier et al.,, 2014), specifically for ship-borne taxa
monitoring as invertebrates are common NIS ( , Levings et al. (2004); Walsh
et al., (2018)). Also, in this thesis, most of reads obtained with COI were assigned to
Bacteria or phytoplankton taxa. This is a common phenomenon with COI (Borrell et al.,
2017; Kelly et al., 2017; Stat et al., 2017). Hence, the combination of eDNA which by
principle recovers all taxa present in the water (targeted or not by conventional sampling
for PBBS such as Bacteria) with “universal” primers can lead to the preferential stochastic
amplification of some taxa, which might limit the detection of taxa targeted by
conventional sampling methods. For instance, Macher et al. (2018) performed comparisons
between bulk-sample metabarcoding and eDNA metabarcoding for benthic
macroinvertebrates in river. They concluded that using bulk-sample would be more
reliable than eDNA to recover benthic macroinvertebrates taxa because eDNA sampling
captures a wider biodiversity of organisms, which then outcompetes target-taxon DNA

during PCR and sequencing. Developing group specific primers to ensure representative
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amplification across all taxa will be one way forward to optimize eDNA method for whole
port’s community detection (Berry et al., 2019; Clarke et al., 2017; Jeunen et al., 2019;
Klymus et al., 2017). As an example, Jeunen et al. (2019) showed that using two group
specific primers with 16S, one for fish and for crustacean, 42 taxa were identified and

among these taxa, only four were retrieved with “universal” COI primers.

2 Room for improvement of Non-Indigenous and Cryptogenic
Species detection with DNA metabarcoding

In this thesis, we showed that DNA metabarcoding could be a promising tool to confirm
the presence of NICS, with example in both the port of Bilbao and in ballast water (e.g.
Acartia tonsa; Chapters I & I1I). We also highlighted its great potential to early detect
potentially recent or overlooked species introduction, e.g. Melitida nitida in Bilbao (Chapter
I11) or Oithona davisae in ballast water discharged into the Chesapeake Bay (Chapter II).
Yet, we noticed that not all NICS recorded with previous monitoring in the port of Bilbao
(Chapter III) were detected with DNA metabarcoding. Also, taxonomic assignment
confidence was relatively low for some species present in ballast water (Chapter II). The
following sections discuss the challenges associated to species detection with DNA

metabarcoding and propose potential ways to overcome some of its limitations.

2.1 Increase the barcoding effort locally to fill global databases

One of the main limitations that DNA metabarcoding is usually facing for the
detection of species is linked to the completeness of genetic reference databases (Cristescu,
2014; Stefanni et al., 2018; Wangensteen and Turon, 2017). The incompleteness of databases
inherently leads to overlooking the NICS for which no barcodes are available.
Encouragingly, on the 68 NICS known to be present in the port of Bilbao (Chapter I1I), 70
% had a barcode in BOLD or PR2, the two databases used in this thesis. This pattern is
congruent with the general trend discussed in Chapter | regarding the improvement of
reference databases completeness. It is also in line with the current state of barcoding
efforts observed for aquatic NICS at the European level (Figure 22). Despite these positive
signs, barcoding effort must be continued to complete reference database for NICS,

especially as current coverage is highly heterogeneous among phyla. For instance, 70 % of

155



General discussion

Platyhelminthes NICS are not yet barcoded whereas only 12 % of Chordata NICS are not.
In the case of Platyhelminthes, the lack of barcodes could be due to technical problems
rather than lack in barcoding effort. Indeed, it was observed for this phylum that PCR
amplification failed with classical COI primers used in barcoding due to high nucleotide
variation at primers sites. However, the recent development of degenerated primers
designed specifically for this phylum (Van Steenkiste et al, 2015) could increase

amplification success, allowing more barcodes to be added in a near future.

In this respect, priority should be given to barcoding rare NICS, either defined as
established in only one Large Marine Ecoregion (LME), or as present in low abundance
inside a LME. An increased availability of barcodes for rare NICS would allow to monitor
and track the spread of these species early on rather than just barcoding (and hence
monitoring) them only when they have become abundant. This recommendation is
particularly important as most of the NICS not yet barcoded (78%) are only present in one
LME according to the data of the AqualNIS database used to create . For this
reason, we advocate that 1) join efforts are needed within each LME between taxonomists
and molecular biologists (Kvist, 2013), and 2) that future port surveys allocate part of their
funds to complete databases through barcoding efforts, as already implemented in pest-
monitoring programs (Dias et al., 2017). Furthermore, it has been proposed that relying on
local genetic reference databases could enhance species detection and remove potential
wrong assignment (Deiner et al., 2017). Successful application of the use of local databases
includes for example the use of a COI reference database for the North Sea metazoan by
Knebelsberger et al. (2014). However, while this is very useful for identifying local
biodiversity or to follow the dispersal of expected or important NICS in an area (Brown et
al., 2016), this approach may have limited use in a context of early detecting NICS
introduced via shipping. Indeed, the use of local reference database may impede the
recovery of species introduced from a very distinct part of the world. By increasing
barcoding effort locally and uploading these data on global curated databases such as
BOLD for COI it will confidently increase the detection of NICS whatever the region of

port or ballast water monitored.
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Barcode availability

M Barcode present in PR2
Barcode present in BOLD

W Barcode present in PR2 & BOLD
No barcode
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Figure 22. Barcode availability in PR2 and BOLD genetic reference
databases for all Non-Indigenous and Cryptogenic Species (NICS) present
in Europe presented by phylum and by Large Marine Ecoregion (LME). The
list of NICS was retrieved from the AquaNIS database
(http://www.corpi.ku.lt/databases/index.php/aquanis). Number below each
bar represent the percentage of NICS with no barcode in each category.

2.2 Rely on a multiple barcode approach

Many NICS found in this thesis were detected with only one barcode (either COI
or 18S), highlighting the need for combining several barcodes to increase species

detectability. Indeed, not all NICS have been barcoded with all barcodes (Figure 22). Also,
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biases can occur during PCR amplification, which may lead to favoring the amplification
of one taxon over another (Deiner et al., 2017; Elbrecht and Leese, 2015). The choice of
which barcode region, which primers and which databases are used inherently impacts
species detection and must be carefully defined. We chose to focus in the thesis on COI for
metazoan and on 18S for eukaryotes, based on the curated databases BOLD and PR2 for
COI and 18S respectively. It should be noted that PR2 is not specifically designed for
metazoan but was chosen, as in other studies (Ammon et al., 2018), to have a database that
goes down to species level for phytoplankton and metazoan. Indeed, the main other
curated database for 18S, SILVA, often does not provide species level detection. We did
not consider NCBI, even if more sequences are probably present, as it does not require
voucher species to prove species identification and sequences are not comprehensively
verified, which can lead to more common ambiguous or incorrect annotation (Ammon et
al., 2018; Djurhuus et al., 2018; Leray et al., 2018; Vilgalys, 2003). Recently, a curated
classification algorithm for COI sequences uploaded in NCBI was developed and should
be further tested to enhance species detection by allowing more confidence in the certainty

of the assignment (Heller et al., 2018).

Using “universal” primers is tempting to provide a more comprehensive view of
the community (Elbrecht et al., 2017b; Wangensteen et al., 2018a) and detect potentially a
broader range of NICS (Borrell et al., 2017; Grey et al., 2018). However, each “universal”
primers will not detect all taxa present in an environment (Deagle et al., 2014; Jeunen et
al., 2018). As mentioned in the discussion about environmental DNA, group-specific
primers could be an alternative. Because of these limitations, the field of metabarcoding is
consequently moving towards species detection via targeted multi-marker, as we
performed in the thesis, to take the advantage of each barcode or primers and increase
taxonomic breadth (Drummond et al., 2015; Giinther et al., 2018; Kelly et al., 2017; Stat et
al., 2017). However, it is worth mentioning that as more primers are used, the cost-
efficiency of metabarcoding as a monitoring tool also decreases (Jeunen et al., 2018). Given
this trade-off between biodiversity detection and cost-efficiency, the choice of how many
and which primers to use needs to be carefully considered and this will be an important

area of future research to standardize and optimize metabarcoding-based monitoring.
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2.3 Provide a level of confidence in taxonomic assignment

When detecting a new introduction of NICS in a particular environment, the degree
of certainty about the identification must be reliable. Indeed, false positives (i.e.
identifications of species not present in the area) are particularly problematic in the context
of the early detection of NICS as they may trigger the development of unnecessary
management actions (Comtet et al., 2015; Darling and Mahon, 2011; Xiong et al., 2016). In
Chapter 11I, we provided a list of NICS detected in the port of Bilbao with the DNA
metabarcoding approach, but we acknowledge that we did not investigate the confidence
in their taxonomic assignments. Some of these species were previously reported in the
port which strenghten the confidence we may have in their taxonomic assignment. For
other species not previously observed in the port such as Grandidierella japonica or Melitida
nitida however, the accuracy of their taxonomic assignment requires further investigation.
Consequently, the next step before providing this list of species to the Bilbao Port
Authority for the granting exemption procedure of the BWM Convention, will be to assess
the level of confidence for each newly detected species. Also, we showed in Chapter II that
the identity of some species detected in ballast water, remained doubtful. These species
were almost all identified with only 18S and their distribution did not match with the
source ports of ballast waters. Similarly to our case, Stefanni et al. (2018) considered
several taxa assigned with 18S were considered as “plausible misidentifications”. Hence,
taxonomic assignment based solely on 18S must be taken with caution due to its poor

taxonomic resolution (Clarke et al., 2017; Wangensteen et al., 2018b).

By combining independent and different approaches, we were able to confidently
identify the non-indigenous copepod Oithona davisae in Chapter I1. Indeed, we found this
species with two barcodes, COI and 18S, as well as with morphological identification and
confirmed its potential distribution in the source port of the ballast water. The combination
of multiple approaches is increasingly developed for NICS detection (Deiner et al., 2017;
Grey et al., 2018; Stefanni et al., 2018) and is recommended before informing managers
and starting preventive actions. Several ways forward may improve the certainty in

taxonomic assignment including working with local taxonomists to check the list of
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species found with metabarcoding to detect potential misidentification and considering
the distribution and ecology of the species in case of dubious detection. The use of
phylogenic trees could also be another independent approach to assess the strength of
taxonomic confidence and ensure adequate assignment (see Chapter II for Oithona davisae
but also Darling et al. (2018) and Hawlitscheck et al. (2018)). However, this approach is
dependent on the availability in genetic databases of closely related species (e.g. from the
same genus or family) along with the number of sequences of the species considered.
Finally, species-specific assays like quantitative PCR could be used to confirm the presence
of a NICS. In any case, it should be recommended to provide a level of certainty for each

record of new introduction of NICS.

3 The next steps for the future integration of genetic

tools into ship-borne biodiversity monitoring

We previously discussed the different challenges associated to the use of
metabarcoding for providing baseline species lists for ports and ballast water, and how to
enhance its sensitivity to detect NICS. While more work is still needed to optimize NICS
detection, another important parameter to think about is its applicability for current
preventive actions such as the BWM Convention. We showed the potential of DNA
metabarcoding to perform PBBS in Chapter Il and of eDNA metabarcoding for fast and
detailed analysis of ballast water communities in Chapter [I. However, we argue here that
there are still some adjustments and evaluations to be done before their routine

implementation.

3.1 DNA metabarcoding for PBBS performed for the BWM Convention: the

case of exemptions

We highlighted in Chapter [ that DNA metabarcoding could become a cost-
effective and standardized method to perform PBBS which were developed to support the
granting exemptions process under regulation A4 of the BWM Convention. An exemption
can only be granted if a scientific risk assessment, based on Guidelines G7 of the BWM

Convention, proves that there is no risk of introducing new harmful organisms between
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the ports of the specific route. To that aim, the Helcom/Ospar protocol was developed to
provide a standardize sampling and analysis framework in the countries in which these
conventions apply (HELCOM/OSPAR, 2013). In the objective of using DNA
metabarcoding to perform PBBS for exemption procedures, we adapted in Chapter 11l the
Helcom/Ospar protocol for the processing of samples with genetic analyses. The
guidelines proposed in Chapter III could be integrated in the Helcom/Ospar protocol
without critical changes to the original protocol. Indeed, the Helcom/Ospar protocol is
asking for sampling benthic and fouling organisms during late summer and zoo- and
phyto- plankton during both spring and late summer. We recommend including spring
and late summer for all type of communities when using DNA metabarcoding to take
advantage of its efficiency in detecting early stages of organisms during spring which are
difficulty identified with morphological taxonomy. The biological inventory performed
with DNA metabarcoding in the port of Bilbao may timely serve the Port Authority of

Bilbao if a ship owner is asking an exemption between Bilbao and another port.

While the Helcom/Ospar protocol asks for the identification of all species present
in a port, the risk assessment used for exemption is mostly based on evaluating the
presence of 70 important NICS for the Helcom/Ospar region, called “Target Species”. One
major question asked by the risk assessment is “Are target species equally common in both
ports?”. This question can be answered through abundance, biomass or occurrence data.
A major challenge of metabarcoding is its limitation to accurately estimate the number of
organisms or biomass for each species present in a sample based on the number of reads
of the species (Elbrecht and Leese, 2015; Saitoh et al., 2016). Yet, previous PBBS relying on
taxonomy recommended aborting the abundance measurement as being too time-
consuming, costly and not enough standardized (Gittenberger et al.,, 2014). This is
exemplified in the website gathering all data for exemptions on Helcom/Ospar where
abundance is only sporadically recorded

(http://jointbwmexemptions.org/ballast water RA/apex/f?p=104:12). Hence, Gittenberger

et al. (2014) propose the use of occurrence data (the percentage of species presence among
samples) instead for providing a cost-effective measure of species spreading into the port.
Such data could be also supplied by metabarcoding. In agreement with these authors, we
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recommend the use of occurrence data to facilitate the implementation and benefits from
the advantages of metabarcoding for the Helcom/Ospar procedure of exemption (e.g. cost-

effectiveness, standardization).

3.2 The applicability of metabarcoding for monitoring the impact of

ballast water management: evaluation of viability

We showed in Chapter Il the potential of using eDNA for ballast water monitoring.
However, we did not consider in this chapter the assessment of viability, which is yet a
focal point of ballast water monitoring (Chapter I, Darling and Frederik (2017)).
Specifically, in the context of the BWM Convention it is crucial to develop tools which can
determine the viability of organisms to provide relevant information on the efficiency of
ballast water management. While for now metabarcoding is limited in providing a number
of viable organisms to assess if a vessel complies with the discharge standards of
Regulation D-2, it could be used to compare the efficiency of the different ballast water
treatment systems. Indeed, metabarcoding could be developed to detect which taxa are
more likely to not be removed or killed and which taxa can regrowth after the application
of a particular type of ballast water treatment system. For instance, we observed in
Chapter Il that samples of ballast water treated were characterized by a phytoplankton
taxon of Thalassiosirales which were also observed by Liebich et al. (2012) as regrowth
taxa after the treatment of ballast water. Yet, we were not able to assure with eDNA
metabarcoding that this taxon was alive or dead at the time of the sampling. We already
highlighted the use of eRNA instead of eDNA as a potential solution because RNA is
considered as a better proxy of organismal activity than DNA as it degrades more rapidly
in the environment (Li et al., 2017; Xu et al., 2017; Zaiko et al., 2018). The comparison of
eDNA vs eRNA in bilge water of recreational boats by Pochon et al. (2017) showed that
each approach detected distinct communities, with potential legacy DNA from fungi.
However, it did not clearly show if eRNA was indeed better suited to detect alive or
recently alive organisms in comparison to eDNA. Pochon et al. (2017) concluded that using
only OTUs found with both eDNA and eRNA could improve the detection of the living

proportion of a community. Hitherto, eRNA has been usually used instead of eDNA in
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sediments, as it is known that relic of DNA can accumulate in sediment (Dowle et al., 2016;
Pawlowski et al., 2014). In marine water however, eDNA persistence seems to be quite
short (few days, Collins et al. (2018)) so that the advantages of using eRNA in water may
be less straightforward. Nonetheless, an appealing perspective of this thesis would be to
assess if eRNA is really the future of metabarcoding for ballast water by building artificial
communities where the exact state (alive, just killed, recently dead, dead for a long time)
of organisms could be controlled. In these mock communities, all organisms of one species
should be represented in only one state to test the hypothesis that organisms from a species
dead for a long time will still be detected with eDNA and not with eRNA (Figure 23).

Mock communities
Killed

Relative proportion of
reads from the mock
communities

SpA Killed
Sp B |3 days > death

3 Sp C | 3 days > death
Sp D | 3 days > death
SpA Killed

4 Sp B |9 days > death

Sp C |9 days > death
Sp D |9 days > death

Figure 23. Illustration of the hypothesis of the differences which could
be observed between community composition of mock communities with
different states of life based on DNA and on RNA. In this example, there
is 4 mock communities with the exact same species and number of organisms
per species but in each mock, we will change the state of life for some
species and for one species the state will always be the same (“killed”).
State “killed” means that the species will be added just after killing
it to have a baseline. Mock community 1 will be with alive organisms,
mock community 2 with organisms recently dead (for a day), mock community
3 with organisms dead for 3 days and mock community 4 with organisms dead
for 9 days. The relative proportion of reads of each species in the mock
community will be compared between eDNA and eRNA. We hypothesized that
eRNA will difficultly be detected for species dead for a long time 1in
contrary to eDNA.
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4 An integrative approach to better monitor Non-Indigenous

and Cryptogenic Species

We showed in the thesis that performing PBBS is essential to provide baseline
biodiversity data and detect new NICS introduced in the environment (Chapter I1I). One
step forward to improve the management of NICS and allow reliable risk-assessment
would be to also integrate the surveillance of potential introduction vectors (as for instance
Chapter II) into monitoring schemes. For this purpose, the integration of maritime traffic
data (e.g. frequency of traffic, volume of ballast water discharged) and environmental
parameters (e.g. salinity and temperature) could allow to prioritize the sampling of vessels
coming from a port with high propagule pressure and with similar environmental
conditions. Maritime traffic data have for example been used to predict and quantify the
probability of new invasions with ballast water in specific area such as Alaska (Verna et

al., 2016) but also worldwide (Seebens et al., 2013, 2016).

In the case of Bilbao, and to complement Chapter I1I, we performed an analysis of
ballast water discharge patterns, following the methodology presented by David et al.
(2012, 2018), to identify which ports Bilbao had the strongest connection with. The Port
Authority of Bilbao provided data on daily maritime traffic from 2007 to 2017 which
allowed us to update the study performed by Butrén et al. (2011) with the port’s data from
1997 to 2006. Thanks to the data gathered by the Port Authority of Bilbao for each vessel
such as its Dead Weight Tonnage, quantity of cargo, type of cargo and cargo operations
(i.e. cargo loading, unloading or both), we estimated the volume of ballast water
discharged for each vessel by following the ballast water discharge assessment model
developed by David et al. (2012). Over the 10 years of the data, 19,723,216 t of ballast water
were discharged into the port of Bilbao coming from more than 900 international ports,
but 40 % of the total volume discharged came from 10 European ports (Figure 24). It is
worth mentioning that the last port of call was considered as the source port in the ballast
water discharged model which is generally true for tankers but is not certain for containers
and general cargo that can contain ballast water taken in several ports (David et al., 2012).

For these “high risk” routes (Figure 24), it could be useful to integrate regular monitoring
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of the ballast water coming from these ports to early detect new introductions and monitor

the efficiency of ballast water managements required by the BWM Convention.

Ballast water
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Figure 24. Topl@ ports identified as source of ballast water discharged
into the port of Bilbao during 2007-2017

In this thesis, we focused on the monitoring of ballast water as the main vector of
introduction, but we acknowledge that biofouling and non-shipping related vectors
should be monitored as well (Lacoursiere-Roussel et al., 2016; Miller et al., 2018; Ojaveer
et al., 2018). Special attention should be paid to the biofouling of recreational vessels,
which often plays an important role in the secondary and coastwise spread of NICS
(OGjaveer et al., 2018; Zabin et al., 2014). For instance, sequences from the PBBS dataset of
the port of Bilbao in Chapter III matched with the non-indigenous amphipods
Grandidierella japonica and Melitida nitida, and the sea-spider Ammothea hilgendorfi. While
as mentioned in section 2.3., confidence in these taxonomic assignments must be further

assessed, these species could have been introduced with different vectors of shipping.
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Indeed, the dispersal of these species into new environments has been associated to ballast
water, hull fouling on both commercial and recreational vessels and as well as to
aquaculture dispersal vector (Droual et al., 2017; Faasse, 2013; Gouillieux et al., 2016;
Marchini et al., 2016). Interestingly, for the sea-spider Ammothea hilgendorfi, its currently
known distribution spans the north of Europe between Antwerp and Rotterdam in the
North Sea and in the UK near Poole Harbor (Faasse, 2013). As we showed in ,
Antwerp and Rotterdam present strong connection with the port of Bilbao, as does Poole
Harbor that has a ferry-connection with Bilbao serving twice a week. This suggests that
these maritime routes could potentially be involved with the transfer of this species either
via ballast water or hull fouling. As this species lives on sediment or in fouling
communities and does not have a larval phase, ballast water seems less likely than hull

fouling (Eno et al., 1997; Faasse, 2013; Krapp and Sconfietti, 1983).

Overall, this thesis has highlighted the potential of metabarcoding for ship-borne
biodiversity monitoring. The cost-efficiency of the technique allows to process many
samples simultaneously (Aylagas et al., 2018; Ji et al., 2013). Thanks to this advantage and
the use of maritime traffic data to understand shipping patterns, it is much recommended
to continue monitoring port waters and include the surveillance of vectors of introduction

to:

(1) inform the port authorities and environmental governmental agencies about the
distribution of NICS within a port and potential “high risk” ports for the

introduction of new NICS,
(2) provide biological baseline data against future changes in the environment and,

(3) provide biological data for the BWM Convention to support the exemption

process and evaluate the efficiency of ballast water management.
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Conclusions

Taking into account the objectives of this thesis, we conclude that:

(1) Genetic tools supported different monitoring actions of the BWM Convention, such
as Port Biological Baseline Survey and testing the efficiency of ballast water
management. Particularly, DNA metabarcoding for biodiversity assessment and
detection of potential NIS provided relevant biological data for the granting

exemption procedure of the BWM Convention.

(2) Guidelines for the future implementation of DNA metabarcoding for Port
Biological Baseline Survey had been developed. We recommend sampling during
spring and late summer to maximize the biodiversity recovery and always include
sites with a wide range of salinities to increase the detection of NICS. We also
suggest combining different conventional sampling methods (plankton nets,
sediment grab, settlement plates) as not a single method will recover all taxa

present in the diverse habitats of a port.

(3) The eDNA alone was not enough to recover the metazoan diversity present in the
different habitats of the port when comparing with the combination of
conventional sampling methods. More studies will be needed to increase the
reliability of eDNA metabarcoding by assessing the efficiency of relying of group-
specific primers (e.g. for crustacean) instead of universal primers as used in this

thesis.

(4) The use of eDNA was reliable to perform ballast water monitoring on board of
vessel as being a fast sampling method able to characterize a diverse range of taxa
of ballast water community and to distinguish between ballast water exchanged
and treated communities. The sampling point and method used impacted the
communities which requires further work to assess which sampling point may be
the most representative of the discharged communities detected with eDNA

metabarcoding.
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Conclusiones

Teniendo en cuenta los objetivos de esta tesis, concluimos que:

1

()

©)

(4)

Las herramientas genéticas pueden dar apoyo a diferentes acciones de monitoreo
requeridas por el Convenio BWM, tales como el estudio de referencia biologica de
puertos y la demostracion de la eficacia de la gestion de las aguas de lastre. En
particular, el ADN metabarcoding utilizado para la evaluacion de la biodiversidad y la
deteccion de posibles especies aloctonas proporcionan datos bioldgicos relevantes para

el procedimiento de exencién de concesion del Convenio BWM.

Se desarrollaron directrices para la futura implementacion del ADN metabarcoding para
el estudio de referencia bioldgica de los puertos. Con el fin de aumentar la deteccion
de las especies aloctonas y obtener la maxima biodiversidad posible, se recomienda
tomar muestras durante la primavera y finales del verano e incluir siempre sitios con
una amplia gama de salinidad. También se sugiere combinar diferentes métodos de
muestreo convencionales (redes de plancton, toma de sedimentos, placas de
asentamiento) ya que ningun método de forma individual detecta todos los taxones

presentes en los diversos hébitats de un puerto.

El ADN ambiental no fue suficiente por si solo de detectar la biodiversidad de metazoo
presente en los diferentes habitats del puerto en comparacion con la combinacion de
métodos de muestreo convencionales. Se necesitaran mas estudios para aumentar la
fiabilidad del ADN ambiental metabarcoding. Esto podra llevarse a cabo evaluando la
eficacia de primers especificos de grupo (por ejemplo, para crustdceos) en lugar de

primers universales como se usa en esta tesis.

Se ha demostrado la fiabilidad del ADN ambiental como un método de muestreo
rapido capaz de caracterizar una amplia gama de taxones de la comunidad presente
en las aguas de lastre a bordo de los buques, permitiendo, en funciéon de las
comunidades, diferenciar entre la gestion aplicada a las aguas (intercambio de agua de
lastre o tratamiento). El punto de muestreo y el método utilizado afecta a la deteccién
de la presencia de comunidades. Esto requiere un trabajo adicional para evaluar qué
punto de muestreo puede ser el mds representativo para detectar con el ADN

ambiental metabarcoding las comunidades presentes en las aguas de lastre descargadas.
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