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FOREWORD

This thesis is the product of five years of research under the supervision of
France Dufresne (UQAR) and Bernard Sainte-Marie (Maurice-Lamontagne Institute,
DFO). My project began in 2006 as part of the Canadian Barcode of Life Network
(BOLNET), led by Paul Hebert (University of Guelph, ON), and ended in 2011 as
part of the Canadian Healthy Oceans Network (CHONe), led by Paul Snelgrove
(Memorial University, NL). Main funding was provided by the Natural Sciences and
Engineering Research Council (NSERC) through BOLNET, CHONe (F. Dufresne)
and a Discovery Grant awarded to B. Sainte-Marie. Additional funding was provided
by Fondation de 'UQAR (Bourse d'excellence en recherche, 2010-2011). Some of
my work had the financial support of the Marine Barcode of Life (MarBOL) and the
International Barcode of Life (iBOL) projects, Centre de recherche sur les milieux
insulaires et maritimes (CERMIM), EnviroNorth, and The Crustacean Society.
Additional sources have provided funding for presenting my research at various
international conferences: UQAR, Amphipod Newsletter, and The International

Biogeography Society.

The four chapters presented here correspond to published articles or
manuscripts in preparation. While the work was collaborative between multiple co-
authors, the first author was responsible for designing, writing, incorporating
comments from co-authors and submitting manuscripts to journals. These chapters
are linked by an introduction and general conclusions, while the appendices and

references for each chapter are presented at the end of this thesis.

The life of a PhD student is full of “major discoveries” and a lot of frustration.
In my case, this challenge would not have been met without the help of a few people
deserving credits.



| am grateful to my supervisors for trusting my decisions even when these
were not the wisest ones. Merci France for giving me complete freedom on this
project and a highly flexible schedule. Merci Bernard for taking this challenge, for
waking up early in the morning to write recommendation letters for me and for your
unbeatable energy and good mood. | thank the rest of my committee for reading this
thesis and giving very helpful feedback: Alison Derry (UQAM), Gary Saunders (UNB)
and Pierre Blier (UQAR).

My regular visits to the “Barcoding Mecca” in Guelph helped me gather a very
large dataset. | am grateful to the entire staff. technicians who showed me how to
use fancy equipment, people helping with various issues (Greg, Nataly, Claudia,
Jaclyn, Megan), the most helpful “liaison” person (Rick Turner), postdocs (the best
French team: Rodolphe & David), profs (Alex, Sally and Mehrdad) and Paul Hebert
who always took the time to listen to my ideas. | am grateful to Dirk Steinke (MarBOL
coordinator) for helping with samples, protocols, contacts, analyses and, in general,
facilitating barcoding of marine crustaceans. At UQAR/ISMER, | thank the
Archambault group and Gesche Winkler for providing valuable samples, Robert
Chabot for helping me start with amphipod collection and identification and Richard
Cloutier for letting me use his imaging set-up. The staff in the Biology Department
(Louise, Danny, Pauline) was very helpful when dealing with bureaucracy.

My close taxonomist coliaborators are truly exceptional. Dave Wildish
introduced me to the amazing world of “hopping” creatures. Thank you Dave for your
enormous patience and for your relaxing British accent! Sara LeCroy always took the
time to explain to me taxonomic issues. And Pierre Brunel shared some of his
exceptional knowledge on marine amphipods during our meetings at UdeM.
Fieldwork along the Eastern Canadian coast would not have been possible without
the help of Traian Brad and Fred French. Thank you both for supporting me!
Guglielmo Tita (CERMIM) helped with the Magdalen Islands project, grazie mille! In
Mexico, Manuel Elias-Gutiérrez and Martha Valdéz (ECOSUR) and their students
helped me reach Banco Chinchorro to collect amphipods, gracias!
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This past five years included travels around the world to present my work at
various conferences and to visit other labs. | thank all the people and organizations
who provided bits and pieces of funding to make me a well-traveled grad student. |
used desk space in a few labs during my travels: gracias José Guerra Garcia
(Sevilla), obrigada Filipe Costa (Braga), thanks Mike Hickerson (NY). Mersi Melania
Cristescu (Windsor) for your positive energy, danke Sebastian Klaus (Frankfurt) for
always offering your help (Carpathia is waiting!). Muchas gracias Marcos Pérez-
Losada (Vairao) for making everything seem so easy (“theses are never finished,
they are just presented’) and helping on the last stretch! | am grateful to everyone
who sent specimens (a very long list of nice people!), gave me ideas or feedback for
data analysis and... paid for food and drinks or gave me a place to sleep! Also, all
the free Wi-Fi areas in airports and cafés, greatly improved my work!

Thank you Sean & Marci for giving me a place to stay in Montreal, for
widening my culinary knowledge with “horse-food” and salads and for showing me
shoe-shops! Dr. Locke, thanks for all your good advices, from data analysis to proper
English, and for all the amphipods you collected for me. Noroc!

In Rimouski: | thank all my friends who helped during my difficult moments:
Marie & William, Aude, Aurélia, Irina, Magda, Arnaud, Samantha, Eva, JF &
Dominique, the C103 labs (surtout Roland!).... Merci les Cadieux pour votre désir

d'étudier le roumain et votre optimisme.

In Romania: my mentors (Vasile Cristea, loan Coroiu) with their encyclopedic
knowledge taught me from the beginning that science has to be interdisciplinary. My
friends back home (and wherever they migrated in the last decade) taught me that
distance (spatial and temporal) has nothing to do with friendship.

The last and most importantly, | thank the best mother in the world (mine!),
my sister and my big fat Romanian family for always supporting my crazy ideas that
make me be away for so long. | hope you are all proud of me as | am proud of you

and of being a multicultural hybrid from Transylvania and Banat!
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RESUME

La biodiversité est la variété de la vie et elle peut étre étudiée a différents niveaux
(génétique, especes, écosystémes) et a différents échelles (spatiale et temporelle).
Les derniéres décennies ont montré que la biodiversité marine avait été gravement
sous-estimée. Afin d'étudier les caractéristiques de la grande diversité des espéces
marines et les processus sous-jacents de I'évolution de ces derniéres, il est évident
et nécessaire de connaitre les espéces. Nous sommes aujourd’hui confrontés aux
taux les plus élevés d'extinction depuis la constitution de la société humaine («crise
de la biodiversité») et seule une fraction d’'espéces a été officiellement décrite (1,9
millions sur 11 millions), en raison, entre autres, d'une pénurie de taxonomistes
formés et disponibles pour cet immense travail. Tous ces facteurs ont conduit a la
proposition d'outils moléculaires pour permettre et faciliter l'identification des
especes et notamment le barcode moléculaire (le code-barres d'ADN). Il s’'agit de
séquencer un fragment d'ADN du géne mitochondrial cytochrome ¢ oxydase 1 (COI)
qui constitue alors un outil rapide, précis et rentable pour identifier les espéces.
Ainsi, chaque espéce peut étre définie par une étiquette d'identification unique et
permanente qui ne sera pas changée par une éventuelle modification taxonomique.
Outre l'attribution d’échantillons inconnus a des espéces identifi€es a priori, les
données fournies par le code-barres d'ADN seront trés utiles pour des études
phylogéographiques comparatives entre taxons multiples, pour clarifier les relations
phylogénétiques a différents niveaux taxonomiques et pour élaborer des patrons
évolutifs et de spéciation entre les groupes d'organismes.

Le Chapitre 1 présente une mise en contexte du code-barres d’ADN par une revue
des études qui ont été publiées sur le sujet, notamment en ce qui concerne
I'identification des espéces marines.

Le Chapitre 2 élabore une bibliothéque pour les crustacés marins de I'estuaire et du
goiffe du St. Laurent. Toutes les données (taxonomie, informations sur
I'échantillonnage, images, séquences d'/ADN et chromatogrammes), sont stockées
en ligne dans le Barcode of Life Data Systems (BOLD) et sont disponibles pour un
usage général. Les spécimens utilisés sont conservés comme ‘vouchers’ dans des
institutions publiques pour des vérifications futures. Les résultats ont montré la
présence d'un amphipode invasif dans |'estuaire (mentionné précédemment dans les
Grands Lacs et & Montréal, avec des effets sur la faune indigéne d'amphipodes), et
I'existence d’espéces cryptiques potentielles chez les amphipodes, mysidacés et
décapodes.

Le Chapitre 3 est axé sur I'utilisation des séquences COI fournies par le code-barres
d'ADN comme un outil complémentaire pour la taxonomie et la phylogénie des
amphipodes de la famille Talitridae dans I'Atlantique du Nord. En effet, la distribution
et la diversité actuelle des espéces est le résultat de processus d'évolution et
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d'interaction avec l'environnement a 'échelle d’'une région géographique. Les études
phylogénétiques permettent d’appréhender cette problématique en élaborant des
scenarios évolutifs des relations entre taxons. Les résultats montrent I'existence
d'espéces cryptiques chez trois espéces morphologiques. En outre, les genres
anciens ne semblent pas étre monophylétiques, suggérant la nécessité d'une
révision taxonomique chez cette famille.

Le Chapitre 4 aborde le théme de la diversité génétique qui permet la persistance
des populations et des espéces dans le temps en permettant une adaptation
continue aux changements environnementaux. A de grandes échelles spatiales, la
diversité intraspécifique peut étre structurée en généalogies en fonction de la
géographie, définissant alors des patrons phylogéographigues, qui peuvent
coincider ou pas avec les divisions biogéographiques. Les séquences COI générées
par le code-barres d'ADN ont été utilisées pour déduire des patrons
phylogéographiques chez une espéce d'amphipode avec une distribution amphi-
Atlantique, Gammarus oceanicus. Cette espéce est trés abondante et représente
une partie importante des communautés intertidales et des réseaux trophiques
cotiers. Les résultats ont montré une division profonde au sein de cette espéce avec
deux groupes ayant une séparation latitudinale (la région tempérée du Canada
Atlantique versus la région subarctique du Baie d'Hudson et I'Europe), indiquant la
présence des deux espéces cryptiques potentielles.

L'ensemble de ces travaux de recherche a montré que la biodiversité marine,
notamment chez les crustacés marins de I'Atlantigue du Nord, était sous-estimée.
Des espéces cryptiques potentielles ont été trouvées chez huit espéces
morphologiques, sachant que seulement les espéces les plus communes ont été
échantillonnées pour cette étude. Le taux de diversité augmentera certainement
avec l'ajout d'échantillonnes de différents taxons, de divers types d'habitat et de
régions marines distinctes.

Mots-clés : biodiversité marine; code-barres d'ADN; identification des espéces;
Crustacea; diversité cryptique; Atlantique du Nord




ABSTRACT

Biodiversity is the variety of life and can be studied at different levels (genetic,
species, ecosystems) and at different scales (spatial and temporal). The past
decades have shown that marine biodiversity has been severely underestimated. To
study the characteristics of the great diversity of marine species and the underlying
processes of formation and maintenance of marine biodiversity, it is obvious and
necessary to know what lives out there. We are now faced with the highest extinction
rates since the formation of the human society ("biodiversity crisis") and only a
fraction of species was formally described (1.9 million of 11 million), because of a
shortage of trained taxonomists available for this immense work, among other things.
All these factors have led to the proposal of molecular tools to enable and facilitate
the identification of species including DNA barcoding. This method uses a DNA
fragment of the mitochondrial gene cytochrome ¢ oxidase subunit 1 (COl) as a fast,
accurate and cost effective tool to identify species. Thus, each species can be
defined by a unique identification tag that will not be changed during taxonomic
revisions. In addition to the assignment of unknown specimens to species identified
a priori by taxonomists, data generated through barcoding studies will be very useful
for comparative phylogeographic studies of multiple taxa, phylogenetic studies at
different taxonomic levels and for studies on evolutionary patterns between groups of
organisms.

Chapter 1 provides some background on DNA barcoding with a review on studies
that were published on the subject, especially those focusing on the identification of
marine species.

Chapter 2 develops a reference library for marine crustaceans from the Estuary and
the Gulf of St. Lawrence. All data (taxonomy, collection information, images, DNA
sequences and chromatograms) are stored online in the Barcode of Life Data
Systems (BOLD) and are available for general use. Specimens used for barcoding
are kept as “vouchers” in public institutions for future use. The results showed the
presence of an invasive amphipod in the estuary (mentioned previously in the Great
Lakes and near Montreal, with impact on the native fauna of amphipods), and the
existence of potential cryptic species in amphipods, mysids and decapods.

Chapter 3 focuses on the use of COl sequences provided through DNA barcoding as
a complementary tool for taxonomy and phylogeny of the amphipod family Talitridae
in the North Atlantic. The current distribution and diversity of species is the result of
evolutionary processes and interaction with the environment across a geographic
region. Phylogenetic studies can investigate this issue by developing evolutionary
scenarios on the relationships between taxa. The results show the existence of
cryptic species in three morphological species. In addition, older genera do not
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cryptic species in three morphological species. In addition, older genera do not
appear to be monophyletic, suggesting the need for taxonomic revisions in this
family.

Chapter 4 addresses the issue of genetic diversity which enables the persistence of
populations and species over time, allowing continuous adaptation to environmental
changes. At large spatial scales, diversity within species can be structured in
genealogies according to geography, thus defining phylogeographic patterns, which
may coincide or not with biogeographic divisions. COIl sequences generated by DNA
barcoding were used to infer phylogeographic patterns in an amphipod species with
amphi-Atlantic distribution, Gammarus oceanicus. This species is very abundant and
an important part of the intertidal communities and coastal food webs. The results
showed a deep division within this species with two divergent groups corresponding
to a latitudinal segregation (temperate region of Atlantic Canada versus the subarctic
Hudson Bay and Europe), indicating the presence of two potential cryptic species.

This research showed that marine biodiversity, as seen in marine crustaceans from
North Atlantic, was underestimated. Potential cryptic species were found in eight
morphological species, knowing that only the most common species were sampled
for this study. The level of diversity will certainly increase with the addition of different
taxa, different types of habitat and distinct marine regions.

Keywords: marine biodiversity; DNA barcoding; species identification; Crustacea;
cryptic species; North Atlantic




GENERAL INTRODUCTION

“In all cultures, taxonomic classification means survival. The beginning of
wisdom, as the Chinese say, is calling things by their right names”
E.O. Wilson, The Diversity of Life

What’s in the “biodiversity” name?

“Biodiversity” is a heavily used term in science and very popular with the
general public (>48 million results on Google, March 2012). It is a shorthand form of
“biological diversity” and it was defined as “the variability among living organisms
from all sources including, inter alia, terrestrial, marine and other aquatic ecosystems
and the ecological complexes of which they are a part; this includes diversity within
species and of ecosystems” (Convention on Biological Diversity, CBD, 1992) or, in
simple words, “the variety of life”. Conventionally, three levels of biodiversity are
recognized (genetic, species, ecosystems) but only one is usually investigated,
namely the species level. Reasons for this trend probably include “ease of reach” of
species diversity (e.g., observations in nature or experiments, relatively cheap to
conduct) and the “ease of understanding” its more intuitive numbers (of species, of
individuals etc.). Generally, geographic areas with many species are considered
more interesting for conservation than species-poor areas. The species level is,
however, more than an easy-to-grasp category due to its practical value: it is a
check-list of extant species, a baseline against which to compare future changes
towards biodiversity gain or, more likely, biodiversity loss.

All biodiversity levels are interconnected and impacts on any level will trigger
responses from the other biodiversity components. For example, genetic variation,




considered to be related to population size (Frankham, 1996; but see Bazin, Glémin
and Galtier, 2006), can act as a buffer against environmental changes (natural and
anthropogenic), allowing the persistence of populations and species in time. Theory
predicts correlations between genetic and species diversity that are either positive
(due to environmental heterogeneity and/or time since disturbance) or negative
(species richness associated with reduced niche breadth per species, allowing fewer
genotypes to coexist) (Lankau, 2011). Ecosystem functioning (e.g., pelagic
ecosystem processes) is related to biodiversity in genes, species and functional
groups (e.g., richness of producers and consumers) (Duffy and Stachowicz, 2006).
Experiments have shown that intraspecific genetic diversity of foundation species
(i.e., dominant primary producers) may influence the community structure (i.e.,
species richness and abundance at higher trophic levels), ecosystem processes and
resistance to disturbance (Hughes and Stachowicz, 2004; Reusch ef al., 2005;
Crutsinger et al., 20086), although the spatial scale has to be considered as well
(Crutsinger, Cadotte and Sanders, 2009).

Biodiversity and ecosystem functioning are directly connected to human well-
being through ecosystem services, thus the need to protect biodiversity for the
existence of the human society (Figure 1). Humans (Homo sapiens) should not be
considered an external factor but an intrinsic part of biodiversity as we are one
species among the ~8.7 million estimated to exist (Mora et al., 2011). Human
activities have large impacts on all levels of global diversity but they are also variable
across cultures (although differences between cultures might decrease due to
globalization). In this context, cultural diversity can be considered as an important
factor in biodiversity sensu stricto, and even as another level of biodiversity rather
than a research subject for a separate field (anthropology). As an index for this
diversity, ~7,000 languages are spoken worldwide (Davis, 2010), mostly by small
groups of indigenous people with livelihoods directly depending on natural
resources, thus involved in shaping local biodiversity and continuously evolving with

their environment.
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Figure 1 Relationship between biodiversity, ecosystem functioning and human well-
being. Species are represented in the center by black and white objects with various
shapes and sizes. (Source: Naeem et al., 2009)




Marine biodiversity: a few characteristics

Marine biodiversity has long been underestimated due to the general belief
that oceans are homogeneous with limited habitat diversity (compared to land),
hence limited species diversity and infrequent speciation events. About 250,000
marine eukaryote species have been described (First Census of Marine Life, CoML,
2010). The estimated numbers range, however, from 500,000 (Gray, 1997) to over
10 million (Grassle and Maciolek, 1992) with recent estimates reaching 2.2 million
species, which means that ~90% of marine species are still to be discovered (Mora
et al,, 2011). At higher taxonomic levels, marine diversity is much higher than the
terrestrial counterpart (35 marine phyla versus 11 terrestrial phyla) due to the fact
that life appeared in the sea, and hence has had a longer time for evolutionary
diversification (Gray, 1997). The differences in species humbers between land and
sea are believed to be quite recent (~110 million years ago, MYA), coinciding with
an increase in productivity on land, and explained by: i) higher primary productivity
on land, on average (although marine kelp forests have higher productivity per
surface unit); ii) narrower specialization of terrestrial species; iii) more effective
barriers to dispersal on land; iv) greater 3D complexity and niche availability on land;
and v) greater viability of low-density populations (and consequently rare species)
(Vermeij and Grosberg, 2010).

Biodiversity has a heterogeneous distribution on the planet, with some areas
being more diverse than others (Gaston, 2000). Some marine groups (e.g., bivalves)
show a latitudinal diversity gradient with tropics as centers of origin and
diversification and poles as species-poor areas (Gaston, 2000 and references
therein; Valentine and Jablonski, 2010). The Arctic regions are less diverse
compared to the Antarctic regions due to historical differences such as age and
glacial history (Gray, 1997). Other patterns include an increase of species richness
from shallow-waters to the deep-sea in soft sediments, higher diversity in the benthic




compared to the pelagic realm, a diversity peak for coastal species in the western
Pacific and for oceanic groups at mid-latitudes (Gray, 1997; Tittensor et al., 2010).

Both species and genes (within species) have a heterogeneous distribution in
nature, thus the importance of geography for biodiversity. Species-rich and endemic
species-rich areas are considered hotspots of biodiversity, in need of conservation.
Likewise, genetically diverse or evolutionary distinct populations (evolutionary
significant units, ESU) are hotspots of intraspecific diversity and should be
considered as such in conservation plans (Crandall et al., 2000; Rauch and Bar-
Yam, 2004).

Current status: threats and mitigation measures

Many species are currently going extinct (or are predicted to do so) leading
scientists to declare a state of emergency, or “biodiversity crisis”. The world is
dynamic with species being formed and lost through natural processes. Large
extinction events have occurred throughout Earth’s history (five mass extinctions
between 440 MYA - 65 MYA; Futuyma, 1998). The genus Homo has also caused
marked changes in ecosystems and species extinctions since the formation of
primitive human communities. There have been a number of recent calls for defining
a "sixth mass extinction” in the current era, in light of extinction rates between 100-
1,000 times higher than pre-human values and estimated future rates 10 times the
current rates (Figure 2) (Pimm et al., 1995; Pimm and Raven, 2000; Millennium
Ecosystem Assessment, MA, 2005). In the sea, humans have so far directly caused
the global extinction of more than 20 species including mammals, seabirds, fishes,
invertebrates and algae, along with many more local or regional extinctions (Sala
and Knowlton, 2006 and references therein). As species do not live in isolation but in
interactions, the extinction of one species triggers effects at other biodiversity levels.
However, the functional role might be more important than the number of species
going extinct per se (O'Connor and Crowe, 2005).
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Figure 2 Species extinction rates from fossil data, real data and predictions for the
future. (Source: MA, 2005)

The greatest threats for marine biodiversity include overharvesting, pollution
(partly due to agricultural run-off), habitat destruction, climate change (increasing
surface sea temperatures, acidification due to an increase in CO,) and invasive
species (UNEP report on marine biodiversity, 2010). Coastal systems are more
susceptible to be affected due to a growing human population concentrating on
coastlines (Gray, 1997). Indeed, it has been estimated that no pristine marine area is
left and that 41% of oceans are heavily impacted by humans (Figure 3; Halpern et
al., 2008). This view stands in opposition to the view of oceans as open systems,
less susceptible to be seriously affected by human activities (at least pollution)
compared to land (Gray, 1997; Boero, 2009). Marine fisheries are predicted to
collapse by the mid-21% century (Worm et al., 2006), while local collapses of small
fish species can have ecosystem-wide impacts by reducing food supply for larger
fish, seabirds, and marine mammals (Pinsky ef al., 2011).
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Figure 3 Anthropogenic impact on the world’s oceans (investigation performed in 20
ecosystem types). Colors correspond to impact intensity, see above. (Source:
Halpern et al., 2008)

The present-day extinction rates for species (but also for plant varieties and
for domestic animal breeds) are worrisome. One species, our own, has had an
enormous influence, directly and indirectly, on the rest of the biodiversity. Equally
impressive are changes in our own cultural diversity. About 50% of existing
languages are predicted to disappear within 1-2 human generations (Davis, 2010).
Since languages can be considered as markers of distinct cultures, this implies that
we stand to lose “half of humanity’s social, cultural and intellectual legacy” (Davis,
2010). Notably, the globalized, industrialized culture, which is in great ascension,

poses the greatest risk to biodiversity in the conventional sense.

In order to mitigate global biodiversity loss there is a need for sound

conservation measures which usually consist of creating protected areas based on




species level attributes (e.g., richness, endemism). However, genetic data should be
included as well when designing marine protected areas (MPA) due to its capability
to infer population connectivity in protected species (Palumbi, 2003) and to identify
populations with different evolutionary histories in need of protection (Crandall et al.,
2000).

The economics of biodiversity

Humans are an intrinsic part of global biodiversity and our very existence
depends heavily upon biodiversity preservation. We are living in a dynamic
environment and we are witnessing a shift in our perception on biodiversity and its
importance. Since the formal recognition of the term, biodiversity was considered
important and worthy of conservation measures due to its role in supplying food, raw
materials, biotechnological resources, ecosystem health and many other services
(Table 1), although the overall value was difficult to grasp. In this context, a new
approach focused on applying economic concepts to biodiversity valuation has been
proposed and a synthesis on the global economic benefits of biodiversity and the
costs of biodiversity loss has been published (TEEB, 2010). The overall goal of this
emerging direction is to provide a link between science, policy making and business,

thus a new vision for managing natural resources.

Ecosystem “goods and services” (provisioning, regulating, cultural and
supporting services; MA, 2005) have been valued at US$ 16-54 trillion per year
(average of US$ 33 trillion/year) for the entire biosphere while the global gross
domestic product was ~US$ 18 trillion per year (Costanza et al., 1997). The marine
environment contributes ~63% of the estimated value with most services coming
from coastal systems (US$ 10.6 trillion/year). For instance, half a billion people
depend on coral reefs for their livelihoods and the monetary value of reefs was
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estimated at US$ 6,000/halyear (Constanza et al., 1997) or US$ 360 million/year for
Hawaiian reefs alone (TEEB 2010).

Table 1 Ten economic, ecological, moral, and legal reasons why society needs to
protect and manage biodiversity (Modified from Costello, 1998)

Economic

1 It is essential for the assimilation and recycling of wastes derived from human
activity.

It is the source of food for humans and domestic animals.
It provides valuable recreational resources.
It contains biotechnological resources of increasing commercial importance.

g A W N

It produces nonliving resources of commercial importance. \

Ecological {

6 It supports economic resources through the food web and interaction between
species.

7 it maintains local-to-global ecosystem health through its interaction with the
physical and chemical environment (e.g., atmospheric carbon dioxide,
oxygenation) and can buffer the world against climate change.

Moral and Ethical

8 It is generally accepted that other life forms have a right to exist, and that
humans have a responsibility of stewardship to protect our natural inheritance
for future generations. Indeed, a review of history suggests that we can have
little idea of what uses and values future generations may discover in
biodiversity.

9 The production of unnecessary waste, and thus pollution, can be considered
immoral.

Legal

10 The Convention on Biological Diversity and other laws now place a legal
obligation on most countries and their citizens to protect and sustainably use
biodiversity. This is essential because some people will either not have the
ability or willingness to understand the importance of biodiversity, or their short-
term selfishness and greed will result in their activities reducing biodiversity.
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TEEB might be seen as giving a price to something priceless. However, it
might be an effective direction for sustainable development because the human mind
can deal better with numbers (e.g., US$ 19,580/halyear for swamp/floodplains) than
with ecological/ethical reasons when protecting nature. As global biodiversity and
services it provides are dynamic, there is a need to forecast modifications associated
with climate change and globalization, to update CBD to the current pace of global
change and to find viable solutions at local, regional and global levels (Bayon and
Jenkins, 2010; Mooney, 2010; TEEB 2010). However, a prerequisite for all
conservation plans is to know the extent of biodiversity, how it was developed and
what processes maintain it.

The origin of marine biodiversity — how do species arise?

Those people who believe that life is dynamic and continuously evolving have
wondered about the underlying mechanisms of diversification (an intrinsic part of
biodiversity). Marine organisms are not uniformly distributed but they are rather
grouped into local populations connected by dispersal. The ability to maintain
population connectivity in the sea will affect the genetic structure, which ranges from
lack of structure, indicating panmixia, to various degrees of differentiation, which will
eventually culminate in the formation of new species (Figure 4) (Hedgecock, 1986;
Palumbi, 1994; Bohonak, 1999). Dispersal capability in the sea is mainly determined
by biological factors such as the developmental mode of organisms and by
environmental factors such as the oceanographic features. Pelagic species (the less
diverse component of marine biodiversity; Gray, 1997) are usually highly dispersive
through ocean currents, and are therefore believed to be panmictic. Benthic species
(accounting for 98% of marine species; Brunel, 2005) usually have an adult benthic
phase and a larval pelagic phase. Larvae are released into the water column and
can disperse over large spatial scales via oceanographic currents depending on the
amount of time spent in the plankton, their behavior, the spawning season and the
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rate and direction of the currents (Scheltema, 1986; Hohenlohe, 2004). Other benthic
species are direct developers with eggs hatching into juveniles or non-dispersive
larval forms (often associated with maternal care), thus lacking a pelagic larval
phase and apparently being highly restricted in their dispersal. Alternative modes of
dispersal for benthic taxa include adult active dispersal (by swimming or crawling)
and passive dispersal through rafting on floating objects or transport by human
vectors (e.g., shipping) (Scheltema, 1986; Thiel and Gutow, 2005).

BIODIVERSITY
(species richness)

Genetic < | Gene flow | <t Dispersal

/ differentiation (active, passive)
|
|

1

/

SPECIATION

/
I /

- —_ -

Other factors: oceanographic
features, historical biogeography,
demographic history, behaviour,
natural selection

Figure 4 Factors affecting the genetic differentiation, and thus speciation and
biodiversity, in the sea. (Partially compiled from Palumbi, 1994 and Grosberg and
Cunningham, 2000)

Measuring dispersal in the marine environment is a difficult task but is crucial
in determining the size of spatial neighborhoods to be considered in management
plans (Palumbi, 2004). Historical patterns of dispersal can be indirectly inferred from
fossil data (when such data exist), while the present-day dispersal can be directly
measured by tagging organisms or indirectly inferred from genetic data. Tracking
individuals with various electronic devices is used mainly for marine vertebrates
(mammals, turtles, seabirds, fishes) (Block et al., 2011), less so for invertebrates
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(Freire and Gonzalez-Gurriaran, 1998; Gilly et al., 2006) and only for the adult or
late-juvenile phases. Therefore, genetic studies are widely employed to investigate
the influence of marine dispersal on gene flow and genetic structure with the
prediction that direct developers (or species with abbreviated larval development) will
show stronger genetic structure (potentially leading to isolation by distance and even
allopatric fragmentation) compared to species with dispersive larval phases. Indeed,
support for these theoretical expectations has been found in studies of bryozoans
(Watts and Thorpe, 2006), gastropods (Kyle and Boulding, 2000; Collin, 2001;
Johnson and Black, 2006) and crustaceans (Teske ef al., 2007). However, many
other genetic studies found various patterns not concordant with the developmental
mode — gene flow hypothesis (Costa ef al., 2004; Richards ef al., 2007; Weetman et
al., 2007; Luttikhuizen et al,, 2008). Based on genetic evidence, dispersal (i.e.,
successful movement to a new location) cannot be equalled with gene flow (i.e.,
successful reproduction of migrants in the new location), although direct developers
are obviously less connected at the geographic and genetic levels (Hedgecock,
1986; Scheltema, 1986; Bohonak, 1999). Genetic differentiation and marine
speciation are also influenced by environmental factors (e.g., oceanographic
features, climatic oscillations, plate tectonics, topography) as well as demographic
history, or behavioral, ecological and genetic factors (Figure 4) (review in Palumbi,
1994 and Grosberg and Cunningham, 2000).

The evolution of genetically divergent populations into closely related species
(i.e., reproductively isolated units) is based on the appearance of pre/post-zygotic
reproductive barriers (e.g., oceanographic features, environmental tolerance, habitat
specialization, mate preference and recognition, spawning synchrony, fertilization,
offspring viability) (Palumbi, 1994), even if some external barriers are temporary
(Hohenlohe, 2004). Depending on the spatial scale involved in the formation of
reproductive barriers, speciation can be allopatric, parapatric, peripatric and
sympatric (Figure 5) and while the allopatric mechanism seems more likely to occur
(reproductive isolation is "helped” by geographic separation), other mechanisms are
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also occurring in the sea and might be even more common than previously believed
(Malay and Paulay, 2010; Miglietta, Faucci and Santini, 2011 and references
therein).

Figure 5 Speciation models depend on the spatial scale involved. A: allopatric model
when reproductive isolation occurs between populations physically isolated; B:
peripatric model (founder effect) with a small population being physically separated
and evolving towards reproductive isolation; C: parapatric model with reproductive
barriers occurring between contiguous populations due to low dispersal; D: sympatric
model with reproductive barriers developing within the same geographic area.
(Source: Futuyma, 1998)

The application of molecular techniques to the study of marine biodiversity
and speciation has challenged the once widely-held view of oceans as homogenous
environments with few barriers to dispersal, and of marine species as truly panmictic
with large population sizes, high fecundity and high dispersal capability. In the light of
genetic evidence, speciation appears to be very common in the sea (review in
Palumbi, 1994 and Miglietta, Faucci and Santini, 2011). Dispersal in some groups is
more limited than theoretical predictions with adult movements of only a few km to
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up to 10-100 km (e.g., adult demersal fishes and invertebrates) and larval dispersal
of only 10-100 km in invertebrates and of only up to 50-200 km in fishes (review in
Palumbi, 2004). Cryptic speciation, due to ecological divergence of species without
morphological differentiation, is also common in the sea (Knowlton, 1993). The end
product of this process, namely cryptic species, cannot be identified based on
morphological characters but just by using molecular methods. Many taxa previously
considered cosmopolitan are actually complexes of cryptic species with geographical
separation. Other cryptic complexes followed a sympatric model of speciation with
reproductive barriers resulting from differences in habitat choice or resource use
(Miglietta, Faucci and Santini, 2011 and references therein). Cryptic species are a
hidden aspect of marine biodiversity and seem to occur across all marine groups,
therefore the extent of marine biodiversity (i.e., species richness) might eventually
rival that of the terrestrial realm after more detailed investigation. The identification of
cryptic species can be highly controversial (see the following sections) but genetic
data can reveal at least the existence of intraspecific genetic groups that are very
divergent from one another and, usually, separated geographically (i.e.,
phylogeographic groups) (Avise et al., 1987) according to marine biogeographic
divisions (Dawson, 2001). Whether or not a cryptic species is formally recognized,
the occurrence of such intraspecific divergent groups indicates a separate
evolutionary history (i.e., ESU), and hence of importance for biodiversity and for
management strategies.

Towards a global inventory

The need to have a global inventory of extant species is not provoked only by
our curiosity and ambition to organize nature in a professional way (e.g., a stamp
collection). Such a checklist will act as a baseline for assessing future biodiversity
changes with implications on ecosystem services and, consequently, on human well-
being. Moreover, it will help us understand the ecological and evolutionary processes
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which are generating and maintaining biodiversity. Surprisingly for the general public,
the number of world extant species (or even described species) is unknown. Not
surprisingly for scientists, the difficulty in adding up numbers comes from the
weakness of extrapolation methods to estimate richness, the scarce sampling of the
Earth, the multitude of synonyms (2 million names for 1.6 million described species;
Stork, 1997) and taxonomic splitting (i.e., division of one species into two or more). It
has been suggested that the number of species on Earth lies anywhere between 3
and 100 million species (Wilson, 2003 and references therein), but most likely
around 11 million species inhabit the planet (Chapman, 2009). The latest estimate is
a bit lower, ~8.7 million species, but still indicates a large amount of species awaiting
discovery (Mora et al., 2011). In addition, we lack sound information on most species
that do have names (e.g., distribution ranges, threat of extinction; Stork, 1997).

Traditionally, species have been classified, named and described according
to their morphological characteristics within the field of taxonomy (i.e., alpha-
taxonomy). This procedure follows a strict protocol according to the International
Codes of Nomenclature by which species have unique binomial scientific names
(genus and species) and are linked to type specimens (from type localities)
preserved in museum collections. Establishing this Linnaean taxonomic system is a
very laborious task, which involves the analysis of, ideally, hundreds or thousands of
specimens per species in order to assess the extent of intraspecific morphological
variation. Consequently, only a fraction of presumed species richness has been
described in 250 years. About 6,000 taxonomists are believed to practise worldwide
(Wilson, 2003) and their number is rapidly decreasing due to shortage in funding and
to the lack of interest in pursuing a “dead” specialization on the job market. The
resulting “taxonomic impediment”’ and the current progress in classifying life (~1,600
species described every year; Bouchet, 2006) predict a timeframe of >1,000 years
for an inventory of marine biodiversity alone. Considering also the rates of
biodiversity loss, it is evident that many species will go extinct before we even know
they existed (Mora et al., 2011).
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With the lack of trained personnel and the inherent difficulties to identify many
invertebrate groups (especially the various life history phases of species with
complex life histories and groups with highly plastic morphology such as corals), it is
no wonder that marine faunal inventories usually fail to identify one third of
specimens to the species level (Schander and Willassen, 2005). In addition, cryptic
species will add to the species level of biodiversity (once they are validated) but also
to the difficulty in compiling such lists as they are almost impossible to detect by
morphological characters. Therefore, molecular methods have been proposed for
species identification (DNA barcoding) as well as for a new taxonomic system (DNA-
taxonomy; Tautz et al., 2003).

A new tool: DNA barcoding

The term “DNA barcoding” was coined by analogy with the Universal Product
Codes, in which every product has a unique barcode, and it was proposed as a fast,
reliable and cost-effective identification tool that uses DNA sequences unique to
each species (Hebert et al., 2003). In most animals, this approach uses a fragment
of the mitochondrial (mt) gene cytochrome ¢ oxidase subunit 1 (COI) to assign
unidentified specimens to known species (previously identified by experts and stored
in a reference DNA library). The choice of mtDNA over nuclear DNA is based on a
few characteristics: i) large copy numbers in each cell, therefore easier to amplify
from small amounts of tissue or when DNA is degraded; ii) maternal inheritance,
therefore no recombination (but see Galtier et al., 2009); iii) higher evolutionary rate;
and iv) lack of introns (Hebert et al., 2003). In most animals, the circular mt genome
includes 24 genes for mtDNA translation (2 ribosomal RNAs: 128, 16S; 22 transfer
RNAs) and 13 protein-coding genes for the electron transport chain (Figure 6).
These 37 genes interact with ;1,500 genes encoded by nuclear DNA (nDNA)
(Gershoni, Templeton and Mishmar, 2009).
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Figure 6 Mitochondrial genome of the Arctic amphipod Onisimus nanseni. The
position of COl is indicated by an arrow. (Modified from Ki ef al., 2010)

Protein-coding genes have the advantage of lacking insertions and deletions
and COI was selected due to its slow mutation rate (relative to other mt genes), thus
a higher probability of being amplified in a wide range of species with standard
protocols, while previous research found this gene to distinguish between closely
related species and to identify intraspecific phylogeographic groups (Hebert,
Ratnasingham and deWaard, 2003; Hebert et al., 2003). Mitochondria are the
“powerhouse” of cells generating energy through the electron transport chain which
consists of multiple protein complexes situated in the inner mitochondrial membrane.
The protein coded by COI has a functional role as part of the Complex IV of the
respiratory chain (Figure 7). The mitochondrial respiratory chain is more efficient in
producing energy than the nuclear-controlled glycolysis for instance (30 versus 2
ATP molecules per molecule of glucose oxidized), but it also generates toxic
products (reactive oxygen species, ROS), which can have a negative effect on DNA,
protein and lipids (Ballard and Whitlock, 2004).
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Figure 7 Mitochondrial respiratory chain in the nematode Caenorhabditis elegans
with five complexes of proteins encoded by mtDNA (red) and nDNA (green). IMM:
inner mitochondrial membrane; IMS: intermembrane space; Q: ubiquinone; Cyt c:
cytochrome c. (Note: in C. elegans there are only 12 protein-coding mt genes).
(Source: Lemire, 2005)

This molecular identification method has stirred an unprecedented debate
since its inception, with opponents constructing a long list of shortcomings for COI,
the use of only one diagnostic character, taxonomic inflation by over-splitting
traditional species, potential loss of interest for morphological taxonomy, and alleged
anti-intellectualism or competition for funding with other biology fields (Ebach and de
Carvalho, 2010; Will and Rubinoff, 2004; Will, Mishler and Wheeler, 2005; Rubinoff,
2006; Rubinoff, Cameron and Will, 2006). However, almost one decade of research
has shown that DNA barcoding did not cause the extinction of classical taxonomy
and that many advantages can arise from its use. The capacity to identify anything
that contains DNA has multiple practical applications: food traceability (Marko et al.,
2004; Wong and Hanner, 2008; Barbuto et al., 2010); detection of pests, disease
vectors, parasites (Locke et al., 2010), endangered species traded illegally, and
invasive species (Radulovici, Sainte-Marie and Dufresne, 2009; Saunders, 2009);
diet analysis (gut content or feces) (Deagle et al., 2010; Stech et al., 2011; Zeale et
al., 2011). DNA extraction protocols are evolving towards non-invasiveness by

swabbing bird eggs (Schmaltz et al., 2006), using cetacean blows (Frére et al.,
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2010), amplifying DNA leaked into the water (Ficetola et al., 2008) or ethanol
(mescal “worms”; Shokralla, Singer and Hajibabaei, 2010). New protocols also allow
for the recovery of small specimens after DNA isolation in order to preserve the
vouchers (Porco ef al., 2010).

DNA barcoding is more than just another method of molecular identification in
that, as its name implies, it involves standardization. In practice, in any given
taxonomic group, there are always markers that are as good as or even better for
resolving species than the COIl barcode. However, the issue is not which marker is
best for each particular group. By sequencing optimal markers for each group, there
will be a vast, diverse, but non-comparable array of genetic data. The issue is
whether the COIl barcode performs sufficiently well across the broadest possible
range of taxa. In addition, barcoding fosters links to various non-genetic data such as
collection information, specimen images, accessions for vouchers stored in public
institutions. All data are uploaded on-line (Barcode of Life Data Systems, BOLD;
Ratnasingham and Hebert, 2007) and publicly available following project publication.
The importance of DNA barcoding for marine biodiversity will be discussed at length
in Chapter I.

Goals of this thesis

The general goal of my PhD thesis was to use molecular methods
(specifically DNA barcodes represented by COl sequences) as @ means to assess
biodiversity in the marine environment. As it is impossible to investigate the entire
extent of marine biodiversity at the global scale, a case-study was chosen: shallow-
water crustaceans from the northwest Atlantic (NWA). Two biodiversity levels were
tackled: genes and species.
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As DNA barcoding is an emerging tool, the first step in any study of this kind
consists of building a reference library of DNA sequences. A reliable database has to
be built by performing COIl sequencing on specimens previously identified by a
taxonomist. Therefore, a pre-requisite for genetic investigations in this study was the
technical step of building a database for crustaceans from NWA.

Species level

An intrinsic part of DNA barcoding is species-hypothesis testing (i.e., does
any given morphologically defined species consist of one or multiple barcode
clusters?) and for this purpose | used various taxa with different potential for
dispersal (hence different potential for genetic divergence and speciation; Figure 4).
Results of DNA barcoding usually include detection of cryptic species, which will
translate into higher species richness once validated by taxonomists.

Besides species richness, another important aspect in biodiversity is the
phylogenetic diversity, involved in calculating the taxonomic distinctness index
(Warwick and Clarke, 1995). Underestimating this type of genetic variation will affect
diversity indices and, consequently, biodiversity assessments. Phylogenetic
analyses were conducted within one crustacean family, the semi-terrestrial
Talitridae, in order to investigate the monophyly of genera (i.e., all congeneric
species are descending from one common ancestor). Non-monophyly, implying
different evolutionary histories, will lead to taxonomic spiitting into multiple genera
which will translate into higher diversity above the species level (higher taxonomic
distinctness), once validated by taxonomists.

Specific questions at the species level:

)] How common are cryptic species among NWA crustaceans?
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ii) How many cryptic species exist within one crustacean family, the
Talitridae?

iii) What are the phylogenetic relationships within Talitridae? Are talitrid
genera monophyletic or not?

Genetic level

Focusing on individual species, DNA sequences ‘can be used to infer
phylogeographic patterns at large spatial scales and/or genetic structure at smaller
spatial scales. Strong population differentiation will have reverberations at the
superior (species) level on an evolutionary time scale (Figure 4). Phylogeographic
patterns were investigated in one littoral amphipod species, Gammarus oceanicus,
with amphi-Atlantic distribution (Steele and Steele, 1972), and most likely affected by
the glacial history of the North Atlantic. Besides genetic differentiation, the goal was
to explain the present-day distribution pattern (survival on both coasts or on only one

with subsequent colonization of the other coast).

Study area: North Atlantic

The North Atlantic originated in the Jurassic period during the break-up of
Pangaea and it was influenced by climatic oscillations with rapid cooling in the late
Eocene (from subtropical to temperate and cold). These changes lead to biological
diversification in the marine environment in relation to emerging environmental
conditions (Golikov and Tzvetkova, 1972). During the Pliocene, the North Atlantic
was invaded by Pacific taxa via the Arctic due to the opening of the Bering Strait
(Vermeij, 1991). More recently the North Atlantic corﬁmunities were influenced by the
Pleistocene glaciations, during their glacial and interglacial phases. At the last glacial
maximum (LGM), North America and Europe were covered by massive ice sheets
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(Figure 8) while the sea level decreased to -130 m (Mix, Bard and Schneider, 2001)
uncovering the continental shelves and forcing organisms to migrate south or survive

in glacial refugia.

Ice sheet Permanent sea ice E Seasonal sea ice

Ny Permafrost Desert

-  Sea level!

Tropical rain forest

Figure 8 The extent of ice and sea level retreat during LGM. (Source: Hewitt, 2000)

The present-day North Atlantic communities are the result of the above-
mentioned historical events. Moreover, the ocean circulation (Figure 9) is one of the

main factors influencing genetic differentiation, and therefore biodiversity (Figure 4).
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Figure 9 Present-day circulation in the North Atlantic. Currents: red — warm, blue —
cold. GIN — Greenland/Iceland/Norway. Black rectangle: Atlantic Canada. (Source:
www.planetastronomy.com)

Figure 10 Circulation patterns within the Estuary and the Gulf of St. Lawrence.
(Source: DFO)
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In Atlantic Canada, special focus was oriented towards the Estuary (ESL) and
the Gulf of St. Lawrence (GSL), a region with complex physiographic, oceanographic
and bathymetric characteristics, which has been divided into 20 biogeographical
zones (Figure 10) (Brunel, Bossé and Lamarche, 1998).

Study group: Malacostraca, Crustacea

Crustacea is a subphylum currently composed of six classes, 42 orders, 849
families and ~52,000 described species but estimated to be much more diverse
(Martin and Davis, 2001 and references therein). Living in marine, freshwater and
terrestrial systems, crustaceans are an ancient group, dating back to the Cambrian,
and from a morphological and ecological point of view, it is the most diverse
metazoan group (Martin and Davis, 2001). Recent phylogenies based on multiple
genetic markers (62 single-copy nuclear protein-coding genes) have shown the non-
monophyletic character of crustaceans, placed together with terrestrial insects
(Hexapoda) in a Pancrustacea phylum (Regier et al., 2010).

Marine crustaceans exhibit a wide variety of body shapes, sizes and life
styles (from free-living to tube-dwelling, sessile, commensal or parasites on
invertebrates or vertebrates), and biological and ecological characteristics.
Crustaceans occupy diverse habitats in both the pelagic and benthic realm, at all
latitudes and depths. As a result, they play an important role in marine ecosystems,
often being a key part of food webs (e.g., copepods in the Northern Oceans, krill in
the Southern Oceans) or being harvested as a food source on large spatial scales.
For this study, crustaceans were chosen as a target group for the following reasons:
i) taxonomic difficulty, often requiring the help of highly-trained personnel for
identification; ii) unsettled systematic; and iii) importance (ecological and economic).
The use of DNA barcoding for crustacean identification has multiple practical
applications: identification of eggs and larvae (consequent use in stock assessment
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of harvested species), invasive species, parasites, cryptic species or fraudulent

substitutions in processed seafood.

This study focused on two superorders of malacostracan crustaceans from
shallow-water North Atlantic: Peracarida and Eucarida (Figure 11). Peracarids are
generally short-lived organisms with low fecundity and they are characterized by
direct development (eggs hatch directly into juveniles within the maternal brooding
pouch with no larval phases), and hence limited capabilities for large-scale dispersal
(with implications at the genetic level, see Figure 4). Among peracarids, amphipods
are a species-rich order that is also an important component of the marine food
webs. Other peracarids targeted in this thesis include isopods and mysids. Eucarids
are generally long-lived organisms with high-fecundity and larval development, with
larvae usually spending various amounts of time in the plankton, hence their
potential for large-scale dispersal. Among eucarids, decapods are the most
important group. They include species with economic importance (e.g., lobsters,
shrimps, and crabs) which bring high revenues to Atlantic Canada. Decapods are
also ecologically important as top predators in marine benthic ecosystem. Genetic
studies for North Atlantic crustaceans have shown various degrees of population
connectivity and genetic structure (Sévigny, Savard and Parsons, 2000; Martinez et
al., 2006; Puebla et al., 2008) culminating with cryptic speciation (Kelly, Maclsaac
and Heath, 2006), which might be a frequent phenomenon in crustaceans (Knowlton,
1993, 2000).
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Figure 11 Representatives of the main crustacean groups targeted in this study. A-
D: peracarids (A, B: amphipods, C: isopod, D: mysid), E-H: eucarids (E: euphausiid,
F-H: decapods).
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Methodology

DNA barcoding is a unique and rapidly expanding method for the molecular
identification of organisms. The workflow includes a few mandatory steps required
for “true” DNA barcoding studies as opposed to other methods of molecular
identification: vouchers stored as reference in public institutions, taxonomy, images
and collection details uploaded on BOLD and publicly available. This study followed
the barcoding workflow as closely as possible. Crustaceans were collected at low-
tide in multiple habitat types (rocky shores, mudflats, sandy beaches, salt marshes,
seagrass beds) or during research surveys of Fisheries and Oceans Canada (DFOQ)
and stored in a DNA-friendly manner (e.g., fixed and stored in 95% ethanol).
Metadata included collection details (date, GPS coordinates, locality name for low-
tide sampling, and depth for DFO missions) and taxonomic data. Specimens were
photographed, identified by qualified personnel (at least one specimen per species)
and stored as vouchers for future reference. All data were uploaded to BOLD and
they are publicly available (published projects, see Chapter Il) or will become so after
publication (Chapter Il and 1V) (Figure 12).

The laboratory operations were carried out at the Canadian Center for DNA
Barcoding (University of Guelph, Canada). Specific protocols are explained in
greater detail in Chapter Il. COI sequences and trace files were uploaded to BOLD
and in some cases data were analyzed directly in BOLD (Chapter ll) by calculating
genetic distances and building neighbor-joining trees. Genetic distances are usually
calculated by incorporating the Kimura-two-parameter (K2P; Kimura 1980), which
takes into account multiple substitutions per site and different rates for transitions (A-
G, C-T) versus ftransversions (A/G-C/T), but invariable substitution rate between
sites and equal frequency for the four nucleotides. Although there are multiple
models of molecular evolution, K2P has been proposed for DNA barcoding studies
involving the COI gene as the best metric for low distances (Hebert et al., 2003). By
using these standard methods, large-scale comparisons across taxa will be easily
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conducted in future studies. Neighbor-joining trees based on K2P distances are
usually built in order to rapidly visualize large datasets of DNA barcodes and the
assortment of individuals into clusters (Hebert et al., 2003). Genetic distances are
used for species delimitation based on a threshold of 3% (seen to deliver 98%
success for species delimitation in Lepidoptera; Hebert et al., 2003) or 10x the mean
intraspecific value (Hebert et al., 2004). However, cut-off approaches have to be
carefully considered due to variable mutation rates across taxa (Galtier ef al., 2009)
or incomplete taxonomic sampling (Meyer and Paulay, 2005). Another method for
species delimitation in crustaceans takes into account the number of substitutions
per site (0.16 substitutions per site; patristic distances) but requires an a priori
phylogeny (Lefébure et al., 2006), therefore it was not used in this thesis. Partial
datasets of COl sequences generated for barcoding purposes were used in
phylogenetic and phylogeographic analyses and methodological details are given in
Chapters Il and IV,

Figure 12 (page 29) Example of data and metadata related to a DNA barcoding
project in BOLD. All data can be downloaded. A: Project page (code: WWTAL) with a
list of specimens included in the project, links to specimen and sequence details, and
to various analyses that can be conducted directly in BOLD. B: Specimen page with
metadata for a specimen of Uhlorchestia uhleri (voucher details, taxonomy, image,
and collection details with GPS coordinates and site map). C: Sequence page for the
same U. uhleri specimen with details about the sequencing step (primers used, DNA
sequence and amino acid translation). D: Chromatogram (forward reaction) for the
same U. uhleri specimen.
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Thesis outline

This thesis includes an introduction to the basic principles explored, a review
of past and current literature (Chapter 1), three research chapters (Chapter I-1V) and

general conclusions.

Chapter | gives a partial introduction to molecular methods for marine
biodiversity assessments. The focus of this chapter is on the species level of
biodiversity and it reviews muitiple studies involving DNA barcoding of various
marine groups, from seaweeds and diatoms, to invertebrates and ending with
mammals. This chapter provides also a philosophical view on the importance of
species and future directions for collaborative work between taxonomists and

barcoders.

Chapter Il begins the research part of this thesis at a medium spatial scale,
namely GSL, and its malacostracan fauna (amphipods, isopods, mysids, decapods,
and euphausiids). The most common species and those with economic importance
(shrimps, crabs, and lobster) were included. While it can be considered a technical
chapter in which sequences were generated for a regional database, it includes an
intrinsic goal of testing species boundaries (a universal theme in barcoding studies).
Therefore, routine barcoding studies reveal cases of cryptic species (species-
splitting) or taxonomic synonymy (species-lumping).

Chapter Ill increases the spatial scale southward by including the east coast
of Canada and the US, the Gulf of Mexico (GOM), and eastward by including a few
localities from Europe. The focus of this chapter is still on the species level but with
investigations at higher taxonomic levels (within and between genera). The
investigation of species boundaries (DNA barcoding) and phylogenetic relationships
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(maximum-likelihood, Bayesian inference) were conducted within one family,

Talitridae, a unique amphipod family with semi-terrestrial distribution.

The last chapter extends the spatial scale northward by including amphi-
Atlantic localities (GSL, open Atlantic coast in Canada, Iceland, Norway, Poland) as
well as the Arctic (Hudson Bay, Hudson Strait). This chapter specifically targets the
genetic (intraspecific) level by conducting large phylogeographic analyses in one
amphipod species, Gammarus oceanicus, a very common and abundant species in
intertidal and subtidal communities.

The general conclusions review the main findings of my thesis on barcoding
marine crustaceans from North Atlantic. This final component includes a broad
discussion on possible limitations of the present study and future directions in
understanding and protecting marine biodiversity.
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11 Résumé

Le terme «Biodiversité» désigne la diversité du vivant. Elle peut étre étudiée a
différents niveaux (génétique, espéces, écosystémes) et a différentes échelles
(spatiale et temporelle). Les derniéres décennies ont montré qu’a tous les niveaux,
la biodiversitt marine a été gravement sous-estimée. Afin d'étudier plusieurs
modeles représentatifs de cette biodiversité marine et les mécanismes de
spéciation, il est nécessaire d'identifier les espéces présentes dans ['écosystéme
marin. Un nouvel outil d'identification des espeéces, le code-barres d’ADN, peut
attribuer sans ambiguité des échantillons inconnus a des espéces connues, révélant
aussi le potentiel cryptigue de certaines espéces ou la présence de populations
génétiquement éloignées. Ce chapitre passe en revue le réle du code-barres d’ADN
dans I'étude de la biodiversité marine au niveau des espéces.

Mots-clés: biodiversité; marine; code-barres d’ADN; identification des espéces

1.2 Abstract

“Biodiversity” means the variety of life and it can be studied at different levels
(genetic, species, ecosystem) and scales (spatial and temporal). Recent decades
showed that marine biodiversity has been severely underestimated at all levels. In
order to investigate diversity patterns and their underlying processes, there is a need
to know what species live in the marine environment. An emerging tool for species
identification, DNA barcoding, can reliably assign unknown specimens to known
species, also flagging potential cryptic species and genetically distant popuiations.
This paper will review the role of DNA barcoding for the study of marine biodiversity
at the species level.

Keywords: biodiversity; marine; DNA barcoding; species identification
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1.3 introduction

“Biodiversity” is a broad and abstract concept, widely used by the scientific
world but with reverberations at the economic, political and social levels. With more
than 17,000,000 hits on the Google search engine (February 2010), the concept of
biodiversity is becoming a commonplace name, even more so in 2010 — The
International Year of Biodiversity as proposed by the United Nations. But what does
“biodiversity” mean? Shorthand form of “biological diversity®, it literally means the
“variety of life” (Gk. “bios”, Lat. “diversitas”). It was officially mentioned for the first
time at the National Forum on Biodiversity held in 1986 at Washington D.C. (Wilson,
1988) and it became a funded research field in 1992 through the Convention on
Biological Diversity (http://www.cbd.int). With three main levels accepted and usually
investigated (genes, species, ecosystems), biodiversity must be conserved in order
for our society to prosper, even more so that a “biodiversity crisis” (highest human-
induced extinction rates ever) was shown to occur (Pimm et al., 1995). However, a
required step prior to protection is biodiversity assessment, usually conducted at the
species level of biodiversity. Therefore, species identification has a paramount

importance.

How many species are there and how do we recognize them? No precise
species humber can be provided but it is believed to approximate 1.9 million
described species out of 11 million estimated (Chapman, 2009). Traditionally,
morphology was a key factor in describing and naming species within the field of
taxonomy. This long-standing approach, starting with Aristotle and becoming
organized due to Linnaeus, can be very tedious and a matter of subjectivity since it is
up to the taxonomist to choose those morphological characters believed to delineate
species (whatever “species” meant according to different views; Coyne and Orr,
2004). As a result, it took 250 years for traditional taxonomy to provide descriptions
for less than a quarter of the world species using as tools a variety of morphological
keys, sometimes “written by those who don’'t need them for those who can’t use
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them” (Packer et al., 2009a). After centuries of acquiring knowledge, taxonomy
started to lose popularity to other fields resulting in a worldwide shortage of trained
personnel. Paradoxically enough, every biological study requires some taxonomic
knowledge.

At the turn of the last century, the original blend of “biodiversity crisis” and
“taxonomic impediment” brought a stringent flavour to biodiversity studies. Although
a solution is not envisaged yet, new approaches based on molecular markers might
be of great help in advancing our knowledge of biodiversity. As opposed to
morphological identifications and their “mediocrity” in some cases (Packer et al,
2009a), molecular methods are better tools for the identification of early life stages or
partial specimens. One method in particular, DNA barcoding, was the incentive for a
large debate on the current and future status of taxonomy. Here, we review the role
of DNA barcoding for marine biodiversity studies at the species level. For this goal,
we searched the Web of Science by using “DNA barcod*” and “marine” as keywords
and we retained only those papers that specifically dealt with species diversity and
reference libraries of DNA barcodes. We provide an update regarding the progress
in barcoding various marine groups and some future directions, as well as a plea for

collaboration between barcoders and classical taxonomists.

1.4  Marine biodiversity

By numbers, biodiversity in the sea seems to be quite low, varying between
167,817 valid species (or 318,004 taxa, species to phyla) according to the World
Register of Marine Species (WoRMS; http://www.marinespecies.org) (February
2010), and 229,602 marine species described (Bouchet, 2006) (Table 1.1), but
estimated to exceed 10 million (Grassle and Maciolek, 1992).
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Table 1.1 Global numbers of marine species per taxon according to Bouchet (2006)
and WoRMS. Only taxa present on both lists were included

Marine group Bouchet (2006) WOoRMS (February 2010)
Valid species
Bacteria 4,800 625
Fungi 500 1,061
Rhodophyta 6,200 6,302
Acanthocephala 600 410
Annelida 12,148° 12,631
Arthropoda 47,217° 44,591
Brachiopoda 550 386
Bryozoa 5,700° 1,525
Chaetognatha 121 208
Cnidaria 9,795 11,071
Ctenophora 166 170
Cycliophora 1 2
Echinodermata 7,000 5,764
Echiura 170 203
Entoprocta 165-170 161
Gastrotricha 390-400 524
Gnathostomulida 97 97
Hemichordata 106 106
Mesozoa 106° 115
Mollusca 52,525 23,689
Nematoda 12,000 5,889
Nemertea 1,180-1,230 1,371
Phoronida 10 11
Platyhelminthes 15,000 3,348
Porifera 5,500 8,174
Rotifera 50 185
Sipuncula 144 158
Tardigrada 212 170
Chordata 21,517° 21,944
Total 203,887 150,891

%includes Pogonophora (separate taxon in Bouchet, 2006)

Pas two taxa, Crustacea and Chelicerata

®as Ectoprocta

=5

as two taxa, Rhombozoa and Orthonectida

°includes Urochordata, Cephalochordata, Pisces and Mammalia (no reptiles)




37

The belief that oceans are a homogeneous environment in which speciation
is not a common process resulted in only a fraction of the scientific attention being
oriented towards marine compared to terrestrial biodiversity (Figure 1.1).

4500 =
4000 o
3500 -+
3000 +
2500 +
2000 -
1500 +

1000 + Biodiversity &
500 » marine

s Biodiversity

Number of publications

Figure 1.1 The amount of articles focusing on marine biodiversity since 1988
(“biodiversity” and “marine” used as keywords in Web of Science).

However, oceans cover more than 70% of our planet and it was a matter of
improving technologies until new explorations of new habitats, especially deep-sea,
allowed the discovery of new species (Vrijenhoek, 2009), while cryptic species
(morphologically similar but genetically distinct) were shown to be a common
presence in marine systems (Knowlton, 1993). Consequently, a more careful look at
the world oceans might show, even by numbers, that biodiversity in the sea is as
great as on land. On the other hand, an opposite situation occurs at higher
taxonomic levels. Of the 35 animal phyla that have been described so far, all but one
has living representatives in the oceans, while 14 phyla are marine endemics
(Briggs, 1994; Gray, 1997). Within marine ecosystems, most diversity is benthic,
consisting of invertebrates residing in (infauna) and on (epifauna) sediments. Brunel
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(2005) mentioned that benthic animals, seaweeds and protists account for 98% of
marine species diversity and the remaining 2% is pelagic. Other patterns of marine
biodiversity include an increase in species diversity from Arctic to tropics and from
coastal waters to deep-sea (Gray, 1997).

The importance of marine biodiversity can be translated at the economic or
ecological level: source of food, biotechnological and non-living resources, as well as
indicator of environmental health and ecosystem functioning (food webs). Major
threats to marine biodiversity include overharvesting, habitat degradation, pollution,
global warming, biological invasions and other anthropogenic stressors, most of
them impacting coastal areas rather than the open ocean (Gray, 1997). For instance,
overfishing is predicted to cause a collapse of all fished taxa within the next 50 years
(Worm et al., 2006), while marine invaders have already increased their ranges and
are present in at least 84% of marine ecoregions worldwide (Molnar et al., 2008).
Given these major concerns, it becomes more important than ever to know how
many species are present in an ecosystem in order to understand and conserve

species diversity.

There are significant disparities across marine taxa in terms of knowledge
and status of taxonomic inventory. Larger organisms (e.g., fishes, mammals) are
represented by fewer taxa in the world oceans and are usually well-studied groups.
However, surprising findings can sometimes emerge, challenging our views on
current knowledge. For instance, the number of marine mammals from Canadian
waters currently reaches 52 species (Archambault ef al., 2010) compared to 10
species listed in 1995 (Mosquin, Whiting and McAllister, 1995). Considering how
comparatively well known marine mammals are relative to most marine
invertebrates, the inferred gaps in knowledge are particularly disconcerting when
attempting to estimate the biodiversity of smaller organisms in poorly-sampled
taxonomic groups, such as benthic and pelagic invertebrates, phytoplankton, and
microbes. For marine invertebrates, the extent of taxonomic knowledge, including
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the number of species described every year, depends on the size of the taxonomic
community studying various groups (Figure 1.2) (Bouchet, 2006). For instance,
molluscs and crustaceans are the largest groups but probably due to large
communities of malacologists and carcinologists, while polychaetes, believed to be
one of the most abundant and species-rich macrobenthic taxa (Grassle and
Maciolek, 1992), are in great need of taxonomic work. With so many difficulties for
biodiversity assessment, there is no wonder that marine faunal inventories usually
fail to identify one third of specimens to the species level when using morphological
methods (Schander and Willassen, 2005).
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Figure 1.2 Average number of marine animal species per taxon described every
year. (Modified from Bouchet, 2006)
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1.5 Molecular methods for species diversity

Given that morphological diagnosis poses a problem for the identification of all
life stages (e.g., eggs, larvae), for sexually dimorphic species or those with large
phenotypic plasticity and considering that cryptic species are widely distributed in
marine systems (Knowlton, 1993), it is no surprise that scientists took the opportunity
provided by the development of molecular methods to clarify many ambiguities in
traditional taxonomy. Allozymes, alternative forms of enzymes coded by alleles at
the same locus, were the first molecular markers widely used in population genetics
to document patterns of genetic diversity in populations and also served as a useful
tool in early molecular systematic studies (Avise, 1975). For instance, Sévigny et al.
(1989) used the information provided by glucose phosphate isomerase to distinguish
between closely related species of the planktonic copepod Pseudocalanus. Although
electrophoretic patterns were not useful for species discrimination due to shared
alleles, genetic analyses (heterozygosity, allele frequency, private alleles) showed
that organisms previously grouped into species based on subtle morphological
differences were also genetically isolated. Better resolution was found for larval
identification of three oyster species (Hu, Lutz and Vrijenhoek, 1992). However,
protein-based approaches soon lost popularity in systematic studies due to several
drawbacks such as the need to work with tissues that were either fresh or frozen and
available in relatively large quantity (i.e., very small eggs or larvae could not be
analyzed). Furthermore, as this technique only detects nonsynonymous
substitutions, the revealed polymorphism was often low. Consequently, the advent of
polymerase chain reaction (PCR) allowing the amplification of various genes from
small amounts of tissue, either fresh or preserved in ethanol, led to a boost in
molecular-based identification of organisms. Various methods have been developed,
including DNA hybridization, species-specific PCR, random amplified polymorphic
DNA, restriction fragment length polymorphism, single strand conformational
polymorphic DNA and sequencing of PCR products, with their advantages and
disadvantages (see Table 1 in Wong and Hanner, 2008). Of all these, sequencing
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methods, providing access to the most accurate genetic information (i.e., the string

of nucleotides), were soon to become the method of choice for species identification.

One of the early sequencing-based studies in marine species looked at a
mitochondrial gene, cytochrome b oxidase (cyt-b), and found that four species of
tuna could be distinguished based on these sequences (Bartlett and Davidson,
1991), while Medeiros-Bergen et al. (1995) successfully identified three holothurian
species with other mitochondrial sequences (16S). Bucklin et al. (1999) sequenced
yet another mitochondrial gene, cytochrome c¢ oxidase subunit | (COIl), in eight
species from three genera of planktonic copepods and found the method to reliably
discriminate even among sibling species. The authors acknowledged the need for a
“rapid, simple, inexpensive and reliable” molecular protocol for marine species

identification.

1.6 DNA barcoding for species identification and discovery

1.6.1 The concept: advantages and limitations

A ground-breaking approach to species identification was brought by Hebert
et al. (2003) who proposed the use of a small fragment from the mitochondrial
genome for species identification across phyla from the entire animal kingdom and
coined the term “DNA barcoding” for this approach. Reasons for choosing
mitochondrial (mtDNA) over nuclear DNA include uniparental inheritance (in a
majority of animal phyla, but see Breton et al., 2007), high evolutionary rate, lack of
introns, large copy numbers in every cell, and limited recombination (but see Galtier
et al., 2009). The proposal of COIl as the target gene for DNA barcoding was not an
arbitrary choice since decades of research showed a useful phylogenetic signal for
both above- and below-species level and that “universal” primers could recover the
5'end of COIl in most animal phyla. According to the barcoding approach, species
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could be identified based on a “barcoding gap” between intra- and interspecific
genetic distances by using a threshold value of 23% (Hebert et al., 2003) or a 10-
fold value of mean intraspecific distance (Hebert et al, 2004) for species

delimitation.

Although numerous studies used molecular methods for species identification
prior to the DNA barcoding era, it is still a unique concept with manifold attributes.
Initially proposed only for animal taxa, a DNA-based identification system was soon
found to be successful in land plants (Hollingsworth et al., 2009), aigae (Saunders,
2005), fungi (Seifert et al., 2007), whether using only COI and/or other DNA regions
{mitochondrial, plastid, nuclear) for better resolution. Besides the global scale
involved, DNA barcoding brings a few major assets. It implies standardization (i.e.,
the same DNA fragment(s) used within a taxon), which allows comparisons between
datasets of various researchers, revealing cases of synonymy, potential cryptic
species or genetically distinct populations. Vouchers are permanently stored, ideally
in a DNA-friendly manner, in museum collections, publicly accessible for future
reference. This step is in contrast to most molecular studies conducted so far, which
lack the possibility of specimen retrieval for sequences deposited in public databases
(GenBank), therefore resulting in impossible taxonomic verifications and growing
concerns about the documentation of scientific data (Pleijel et al., 2008 and
references therein). Vouchers can be stored under different forms (specimens,
tissue, detailed photographs or stained slides for microscopy) and preservation
methods (frozen, ethanol-preserved or dried specimens). DNA extracted from these
vouchers is permanently stored in DNA banks available for future usage (e.g.,
inferring evolutionary patterns in different genes or proteins among taxa or habitats).
The DNA Barcode of Life Data Systems (BOLD; http://www.boldsystems.org
Ratnasingham and Hebert, 2007) provides a unifying protocol for data acquisition,
storage and analysis. Data stored in BOLD include sampling details with GPS
coordinates, images, taxonomic information, DNA barcodes, primer sequences,
electropherogram ‘“trace” files, and even detailed laboratory operations (with
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protocols for each step and gel images) for specimens processed at the Biodiversity
Institute of Ontario (BIO, http://www.biodiversity.uoguelph.ca). Above all, this
database if freely accessible and all data can be downloaded after publication or
analyzed directly in BOLD with distance-based methods. Future taxonomic updates
are possible. These attributes make BOLD a more advantageous tool to use when
dealing with DNA barcodes than GenBank (notorious for hosting erroneous data;
Harris, 2003), proved by an eight-fold greater amount of barcodes produced at BIO
and directly stored in BOLD (>650,000 barcodes) compared to GenBank (>90,000
barcodes) (February 2010).

Data scrutiny is vital since errors can occur at every step of the DNA
barcoding protocol, from sampling in the field to COl amplification, leading to
surprising results such as amphipods identified as decapods according to DNA
barcodes (A. Radulovici, unpublished). Any evidence of misidentification,
mislabelling, cross-contamination between samples due to leaked DNA in ethanol
jars with mixed samples (Shokralla, Singer and Hajibabaei, 2010) or during COI
amplification, other contaminations (e.g., human, mouse, bacteria) or pseudogenes
(nuclear copies of CQl), is routinely investigated in barcoding studies. Once through

the cleansing step, DNA barcodes can be used in various analyses.

DNA barcoding was initially faced with great criticism (Will and Rubinoff,
2004; Will, Mishler and Wheeler, 2005; Rubinoff, 2006; Rubinoff, Cameron and Will
2006) by people who feared that a universal DNA-based approach for species
identification would gain exclusivity over traditional methods and taxonomists would
go extinct while funding would be vacuumed by high-throughput facilities in order to
provide “barcode-species” (i.e., species seen as strings of nucleotides). As with any
other method, DNA barcoding has limitations, acknowledged by barcoders: low
resolution in some cases (hybrids, recently diverged species, species complexes or
slow evolving groups); the presence of pseudogenes (Song et al, 2008);
contaminants amplified with “universal” primers (Siddall et al., 2009); or cases of
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mitochondrial introgression (Kemppainen et al., 2009) (see barcoding reviews,
Frézal and Leblois, 2008 and Mitchell, 2008). Also, the functional group of many
organisms is impossible to identify with DNA-barcodes. Thresholds have to be
carefully considered due to variable mutation rate across taxa (Galtier et al., 2009) or
incomplete sampling of taxa (Meyer and Paulay, 2005; Ekrem, Willassen and Stur,
2007). Distance-based methods have been criticized and they are sometimes used
in combination with character-based ones, but analytical tools are constantly being
developed to incorporate the large body of information produced by DNA barcoding
(Nielsen and Matz, 2006). Moreover, critics have been oriented towards a new
“barcode-species” concept which will lead to an extreme amount of divergent
clusters being arbitrarily raised to the species level (taxon over-splitting). On the
other hand, reproductive isolation, the requirement for the popular biological species
concept, is a very difficult investigation in marine systems. However, Gémez et al.
(2007) tested this case in a cosmopolitan marine bryozoan and showed that
divergent barcode clusters might indeed correspond to reproductively isolated
groups, providing a link between DNA barcoding and the biological species concept.

Despite its limitations, DNA barcoding has become an appealing tool for
biodiversity investigations, by identifying specimens during all life stages, from fresh
or preserved material, and cases of sexual dimorphism or potential cryptic species.
Non-specialists are able to have a fast (express-barcoding in less than two hours;
Ivanova, Borisenko and Hebert, 2009), cheap and reliable identification tool with
many practical and fundamental applications. Moreover, there is an international
Consortium for the Barcode of Life (CBOL; http://www.barcoding.si.edu) dedicated to
establish DNA barcoding as a standard tool for species identification. The largest
project currently envisaged is the International Barcode of Life Project (iBOL,
http://www.ibol.org), launched in October 2010, with the goal of acquiring DNA
barcodes for 500,000 species by 2015.
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1.6.2 Practical applications for the marine environment

In recent years, DNA barcodes have proved to be a valuable asset in
identifying marine organisms, especially in the obvious cases where morphological
identification is not possible, namely processed seafood. The famous example of fish
sold as “red-snapper” in the US and actually consisting of other species in 77% of
cases (cyt-b sequences; Marko et al., 2004) was soon followed by other studies,
which proved that seafood substitutions are common. The extent of this
phenomenon on the global market of fresh, smoked or dried fish products varies
across continents (Smith, McVeagh and Steinke, 2008; Wong and Hanner, 2008;
Holmes, Steinke and Ward, 2009; Barbuto et al, 2010) and the possible
explanations include genuine mislabelling due to morphological similarities between
closely related species or fraudulent substitution of expensive species with cheaper
variants. An extreme case of fish substitution had drastic consequences for public
health, leading to food poisoning due to puffer fish toxin and the consequent recall of
products (Cohen et al.,, 2009). With its power to reveal misiabelled products, DNA
barcoding will have multiple implications from food safety and public health, to
fisheries management (depletion of fish stocks) and conservation (protected species

caught illegally).

Most marine organisms have larval stages difficult to identify based on
morphological characters and DNA barcoding could have a great impact in this field,
provided that a complete reference library for adults is developed (Barber and
Boyce, 2006; Pegg et al., 2006; Webb et al., 2006,). Reliable identification of adults
could have economic implications, for instance in aquarium fish trade regulations
since many species originate in coral reefs (Steinke, Zemlak and Hebert, 2009), a
highly threatened ecosystem. Moreover, routine DNA barcoding of marine organisms
could identify invasive species (Saunders, 2009), with special importance in cases of
partial specimens which lost their key diagnostic characters (Radulovici, Sainte-
Marie and Dufresne, 2009).
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1.6.3 Progress in DNA-based inventories of marine groups

Many marine taxa represent an ideal target for DNA barcoding due to a lack
of reliable morphological characters for easy diagnosis. Marine algae represent such
a group due to simple morphology, phenotypic plasticity and alternative
heteromorphic generations, among other factors (Saunders, 2005). The same
standard marker as for animals (COI) proved to work well in red algae and revealed
the presence of an invasive species in Canadian waters (Saunders, 2009) as well as
a large proportion of cryptic species (Saunders, 2008). Other invasive red algae with
a negative impact on coral reefs were identified in Hawaii based on a multi-gene
approach including COI (Conklin, Kurihara and Sherwood, 2009). Successful results
with COIl were shown in brown algae (McDevit and Saunders, 2009) but less so in
green algae where other markers are being tested (G. Saunders, pers. comm.).

Diatoms represent a large component of the marine microbiota and another
group where COIl was not successful on large scale. A recent study including 114
diatom species found the internal transcribed spacer (ITS) to have 99.5%
identification success (Moniz and Kaczmarska, 2010), a result that will surely lead to
an increase in DNA-based inventories for this important marine group.

Due to low substitution rate in mtDNA, plant barcoding had a lower success
rate compared to barcoding the animal kingdom. Alternative regions have been
proposed and a final recommendation for a two-locus approach (plastid coding
genes: matK and rcblL) has recently been made (Hollingsworth et al, 2009).
Consequently, seagrass species (e.g., Zostera spp., Posidonia spp.) with no
reference in BOLD yet (February 2010), will soon be targeted by barcoding studies.

Sponges are an ancestral metazoan group with simple morphology but
complex and important roles in marine ecosystems and pharmaceutical industry
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(Worheide and Erpenbeck, 2007). Currently, this is the only invertebrate phylum to
be barcoded through a global campaign (Sponge Barcoding Project,
http://www.spongebarcoding.org), although a COIl fragment downstream of the
‘Folmer” region was found to be more variable, and hence more appropriate for
species identification in sponges (Erpenbeck, Hooper and Worheide, 2006).

Cnidarians (e.g., corals, sea anemones) and sponges constitute the most
important components of coral reefs. COl seems to evolve too slowly in both groups,
therefore lacking the power to reliably identify species. And while in sponges another
COl fragment than the standard 5’'end might be useful, cnidarian barcoding might
need another gene (<2% interspecific divergences in scleractinian corals (Shearer
and Coffroth, 2008) (Table 1.2). Moura et al. (2008) assessed the efficacy of 16S
and showed that this gene could be a useful marker at the species and even
population, genus and family levels in hydrozoans. Combining their own sequences
with public ones from GenBank, the authors flagged problematic issues for hydroid
systematics: potential cryptic species, conspecificity (low divergence between
species) or cosmopolitan species consisting of species complexes. However, recent
advances involving planktonic hydrozoans (Bucklin et al., 2010) indicate that this
group might actually be successfully COI barcoded.
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Table 1.2 Levels of genetic divergence in marine taxa. Only studies using the 5' end

of COI and giving average K2P genetic divergences were included. NoS: number of

species barcoded; Intra: mean genetic distances within species; Inter: mean genetic
distances between species

Marine group NoS Intra (%) Inter (%) Reference
Crustaceans
Malacostracans 80 0.91% 13.6 Radulovici ef al., 2009
Decapods 54 0.46 17.16 Costa et al., 2007
Copepods 24 0.75° 27.05 Bucklin et al., 2010
Molluscs
Heteropods 9 3.28 21.7 Jennings et al., 2010
Pteropods 31 3.02 17.6 Jennings et al., 2010
Corals 30 0.05 1.90 Shearer and Coffroth 2008
Chaetognaths 14 1.45 34.5 Jennings, Bucklin and
Pierrot-Buits, 2010
Echinoderms 191 0.62 15.33 Ward, Holmes and
O'Hara, 2008
Fishes 207 0.39 9.93 Ward et al., 2005

%it deeply divergent clusters are removed, the mean value becomes 0.51%.
®mean intraspecific for the entire dataset (crustaceans, cnidarians, chaetognaths, one
nemertean).

Molluscs represent the largest marine group with more than 50,000 described
species (Table 1.1). One of the early studies to draw attention on the risks of using
thresholds and incomplete sampling in barcoding approaches was tested on cowries,
a very diverse and well-studied group of marine gastropods (Meyer and Paulay,
2005). Results showed that overlap between intra- and interspecific divergences
might lead to large errors in species identification when a taxon is undersampled.
Two species of intertidal gastropods were found to share haplotypes in NE Atlantic,
potentially due to introgression or incomplete lineage sorting (Kemppainen et al.,
2009), while gastropod eggs from Philippines could not be identified to the species
level due to a lack of comprehensive barcode databases (Puillandre et al., 2009).

Local-scale barcoding of species from four genera of Norwegian bivalves was a
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successful case, although larger datasets are needed to prove the applicability of
barcodes in identifying bivalves (Mikkelsen, Schander and Willassen, 2007). A
barcoding study of planktonic gastropods (pteropods and heteropods) from six
oceans revealed the highest average values (> 3%) for genetic distances between
individuals of the same species reported to date (Table 1.2) (Jennings et al., 2010).
This is a strong indication that divisions below the species level (e.g., subspecies)

might represent valid species and a taxonomic revision should be conducted.

Crustaceans are one of the largest (Table 1.1) and most diverse,
morphologically and ecologically, marine groups. Playing important roles in marine
food webs, crustaceans have representatives in all marine habitats. Costa ef al.
(2007) used their own sequence data and public data from GenBank to perform a
large-scale analysis in crustaceans (150 species from 23 orders). Besides
successful species identification (Table 1.2), their study revealed cases of potentially
overlooked species and the need for taxonomic revisions (e.g., valid species that
should be Iumped). Taxon-specific barcoding studies were conducted on
euphausiids (Bucklin et al., 2007) and stomatopod larvae (Barber and Boyce, 2006).
While the former could identify all specimens to the species level, the latter showed
that a large part of stomatopod species from Indo-Pacific coral reefs is unknown as
adults. Reef-associated crustaceans, mainly decapods, stomatopods and
peracarids, from French Polynesia have been recently barcoded, revealing a large
proportion of singletons (i.e., species represented by one specimen) living in
Pocillopora dead heads (Plaisance et al., 2009). While undersampling is usually the
cause for a bias towards singletons, this study used a semi-quantitative sampling
design to show that associated fauna in coral reefs is largely composed of low-
abundance species. In addition, no species barcoded in this study had a match in
GenBank, highlighting once more the need for comprehensive reference libraries.
Radulovici, Sainte-Marie and Dufresne (2009) used a regional approach in barcoding
malacostracan crustaceans from the Gulf of St. Lawrence and revealed the
existence of an invasive amphipod species, Echinogammarus ischnus, which
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expanded its distribution since previous studies. Cryptic speciation was not found to
be common (6% of cases) but it might be a result of incomplete taxon sampling (80
species representing only 20% of the regional malacostracan fauna) or geographical

scale.

A large barcoding study was conducted on echinoderms (191 species from
five classes) by including also public data from GenBank (70% of the final dataset)
(Ward, Holmes and O'Hara, 2008). Based on shallow intraspecific versus deep
congeneric divergences (Table 1.2), a large amount of specimens (97.9%) could be
assigned to known species. Those specimens that could not be assigned belonged
to one genus, Amblypneustes, known to include morphologically and genetically
similar species. Additionally, a few cases of potential cryptic species were recorded.

Smaller groups are also targeted in barcoding studies. For instance, sea
spiders (Pycnogonida) were recently sampled as part of a marine inventory of the
Ross Sea, Antarctica, and 25 species were identified based on morphological and
molecular data (18S, 12S, 16S, COI) (Nielsen, Lavery and Lorz, 2009). Although
statistics related to the level of genetic divergence were not provided by this study, a
general concordance between barcode clusters and morphospecies was reported
(only one case of misidentification or potential cryptic species) and no new species
was revealed during the survey. However, with a larger geographic sampling for an
abundant and circumpolar species, Krabbe et al. (2010) found multiple cryptic
mitochondrial lineages, geographically restricted, within one nominal species. A
much smaller group than sea spiders (see Table 2.1 in Bouchet, 2006),
chaetognaths are mostly planktonic invertebrates with simple morphology but
complex roles in the pelagic realm together with large distribution areas at the global
scale. Successful identification can be performed with standard COIl barcodes, even
though the level of intraspecific variation is slightly higher than in other marine
groups (Table 1.2) (Jennings, Bucklin and Pierrot-Bults, 2010).
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A large and morphologically difficult group, therefore with underestimated
diversity, but with potential roles as indicators of anthropogenic impact on marine
systems, nematodes could greatly benefit from DNA barcoding (Table 1.1). So far,
the 18S gene was found to amplify across many taxa and with 97% identification
success (Bhadury et al., 2006).

Parasites are very often excluded from marine faunal inventories. However,
they are very common and play important roles in marine ecosystems by affecting
population dynamics of their hosts. Therefore, a reliable identification system would
be of great utility in community ecology (e.g., identifying all life cycles in different
hosts) as weli as for public health (e.g., human parasites). In the marine realm, a
recent attempt to barcode parasites of intertidal species from New Zealand targeted
a group of trematode species, all of which could be distinguished based on DNA
sequences (Leung et al., 2009). Although the authors chose to amplify a short DNA
fragment downstream of the “Folmer” region, while the standard 5’end can generally
be amplified in this group (Locke et al, 2010), the study provided important
ecological data on the trematode species analyzed with notes on new host-parasite

interactions in intertidal mudflats.

Fishes are among the most studied marine groups and are currently
barcoded within two global campaigns, FISH-BOL (http://www fishbol.org) and
SHARK-BOL (http://www.sharkbol.org) (Ward, Hanner and Hebert, 2009). One of the
early studies on barcoding marine life looked at 207 fish species from Australia and
showed that all could be discriminated based on their COl sequence, including five
species of Squalus previously described but not formally named (Ward ef al., 2005).
Other studies found barcoding to be useful in identifying fishes from Pacific Canada
(Steinke et al., 2009), North Atlantic (Ward et al., 2008) or fish larvae from the Great
Barrier Reef (Pegg et al., 2006). When including shared species between distant
geographical areas, DNA barcodes could be useful to test the relationship between
distance and intraspecific variation. For instance, Ward et al. (2008) found only two
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out of 15 species shared between North Atlantic and Australasia with deep
intraspecific divergence (2.75% and 7.44%). On the other hand, Zemlak et al. (2009)
showed that populations of commercial fish with inshore distribution in South Africa
and Australia have high levels of genetic divergence (mean within species: 5.10%)
and estimated that one third of the 1,000 shared species between these two regions
are cryptic taxa. As a general remark, DNA barcodes were shown to be a powerful
tool in discriminating marine fishes (98% success). Rare cases of incongruence were
due to potential cryptic species or species complexes (deeply divergent intraspecific
clusters), or to cases of hybrids, recent radiation, taxonomic over-splitting or

morphological misidentification (shared haplotypes) (Ward et al., 2009).

Sea turtles are represented by only seven species worldwide but are
threatened across their entire distribution range, therefore DNA barcodes could be
very useful in species conservation and wildlife forensics by identifying turtle meat
and eggs illegally traded or carcasses stranded on beaches (Vargas, Araujo and
Santos, 2009). Although sea turtles represent an ancient group with slow mutation
rate, all species were successfully identified and no cryptic species was revealed
based on genetic distances and character-based methods (Naro-Maciel et al., 2009).
Two recently radiated species showed the only interspecific distance below the
threshold of 2-3% but even so, there was no overlap between intra- and interspecific
values. Other marine reptiles, such as snakes, will be barcoded within a large iBOL
project targeting all vertebrates (A. Borisenko, pers. comm.), while birds connected
to the marine environment are already being barcoded within “All Birds Barcoding
Initiative” (http://www .barcodingbirds.org).

The most studied and charismatic marine vertebrates (whales, dolphins and
the other cetaceans), lack a comprehensive library of DNA barcodes. However, a
newly established campaign, Mammalia Barcode of Life
(http://mwww.mammaliabol.org), has as goal to provide DNA barcodes for all
mammals by 2015, marine species as well.
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DNA barcoding is a tool for species identification and discovery (by flagging
divergent clusters) and modern taxonomy and systematics is increasingly
incorporating COIl sequences as additional data into their fields (Jarnegren et al.,
2007; Krug et al., 2007; Derycke et al., 2008; Cardenas et al., 2009; De Wit, Rota
and Erseus, 2009). DNA barcodes might become a standard character to be
included with species description and low sequencing prices will soon make this tool
widely available to researchers from economically poor but biodiversity rich
countries. Although we saw a multitude of cases arguing for potential cryptic species
(“taxon-splitting”), there will definitely be cases of “taxon-lumping” revealed with a
DNA-based approach. For instance, two lumpsucker species with different
morphology were found to have identical sequences for multiple genes and to
actually represent one sexually dimorphic species (Byrkjedal, Rees and Willassen,
2007). Moreover, DNA barcodes could be incorporated into large phylogenies
(Kappner and Bieler, 20086; Larsson, Ahmadzadeh and Jondelius, 2008) or used for
inferring preliminary phylogeographic patterns (Costa et al., 2009).

1.7  Current status

1.7.1 How many marine barcodes?

We attempted to make a synopsis of marine groups that have been targeted
by DNA barcoding by focusing on published data. Some of the papers reviewed here
were contributions to the Marine Barcode of Life Project (MarBOL,
http://lwww.marinebarcoding.org), a joint effort of CBOL and Census of Marine Life
(CoML; hitp://lwww.coml.org) to provide 50,000 barcodes for marine species by mid-
2010. Since the project is still in progress, only preliminary results are available at
this moment. However, with more than 37,000 barcodes produced (MarBOL website,
February 2010), the project is moving fast forward confirming the usefulness of such
an approach for marine systems (Figure 1.3).
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Figure 1.3 Proportion of barcoded species across marine animal taxa. (Data
provided by D. Steinke, MarBOL coordinator)

There is a wealth of on-going case-studies in the marine realm that will be
published in the near future (http://www.bolinfonet.org/casestudy; Taxonomy
Browser in BOLD). Whether taxon-oriented (FISH-BOL, SharkBOL, Sponge
Barcoding Project), nationwide (Canada, Australia, Norway, India) or locally focused
on entire biota (Churchill, Moorea), targeting ecosystems (ReefBOL), ecoregions
(Polar Barcode of Life) or multiple taxa from the entire marine environment
(MarBOL), large-scale barcoding campaigns will provide a vast amount of
information in need for accurate treatment and analysis.

A first glimpse at the Canadian case-study might suggest that marine
biodiversity has been severely underestimated even in a marine non-hotspot area.
First, there is an enormous amount of marine species, mostly invertebrates,
collected in the past and still awaiting formal description and naming (only 48% of
marine species classified; Mosquin et al., 1995; Archambault et al., 2010). Second,
the opening of the Northwest Passage due to climate change will lead to new Arctic
explorations, most likely ending with new faunal discoveries, especially in less-
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known groups (e.g., polychaetes). Third, DNA barcodes indicate that cryptic
speciation might take place even in well-known marine taxa (though to less extent)
and geographical areas. For instance, DNA barcodes showed that one quarter of
polychaete identified morphospecies actually consists of potential cryptic species
when considering a nationwide scale with all three oceans, Atlantic, Arctic and
Pacific, included (C. Carr, pers. comm.). Based on this resuit and knowing that there
are at least 673 infaunal polychaetes for the three oceans (Archambault ef al., 2010),
this would mean that around 840 species of polychaetes are present in Canadian
waters alone. Cryptic speciation seems to be common in different groups of marine
algae (G. Saunders, pers. comm.) but less so in fish (Steinke et al., 2009) or marine
crustaceans (Radulovici, Sainte-Marie and Dufresne, 2009). However, marine
crustaceans include a wide variety of groups with different potential for dispersal
(hence different potential to speciate) and once a nationwide scale is included and
taxonomic input provided, crustaceans might likely exhibit various extents of cryptic
speciation (Radulovici et al., unpublished).

1.7.2 Special issues with marine taxa

Where are we now? Recent developments provide non-invasive DNA
extraction with total voucher recovery (Porco ef al., 2010), as well as extraction of
DNA leaked into the aquatic environment (Ficetola et al., 2008) or ethanol
(Shokraila, Singer and Hajibabaei, 2010). Primers are being developed for various
taxa and additional markers or larger COIl fragments used in cases of slow mutation
rate (e.g., sponges, cnidarians). The BIO high-throughput facilities provide around
250,000 barcodes per year and that amount will double in the future (G. Singer, pers.
comm.). We have the technological capacity to barcode the entire life, yet marine
barcoding lags far behind the terrestrial counterpart (Figure 1.4). Why? The long-
standing tradition of preserving marine material by using formalin, which prevents
DNA amplification, represents a serious impediment in using museum specimens for
DNA barcoding, in contrast to terrestrial taxa. Therefore, fresh material stored in
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ethanol must be collected during sampling cruises, which are very expensive and
usually focused on one or a few particular groups of marine organisms. These
specimens have to be identified by trained taxonomists who are drastically
decreasing in number. Moreover, most marine groups do not benefit from the help of
amateurs, in contrast to terrestrial groups such as birds or butterflies. Consequently,
a greater effort is inevitable when barcoding marine taxa.

1.7.3 Taxonomy and barcoding

At the moment we are unable to assess the impact of DNA barcoding on
species diversity in terms of number of new species described as a result of this
approach. The reason is simple: barcoding studies have the role to screen large
sample sizes and flag cases of intraspecific deep divergence (“cryptic species”).
However, the task of investigating further the extent of this phenomenon (additional
genetic, ecological, behavioral data) culminating in a new species description does
not belong to a barcoder but to a taxonomist. And since the number of taxonomists is
rapidly decreasing (Packer et al, 2009b) while marine barcodes are rapidly
accumulating, the majority of flagged cases stop at the level of “potential cryptic
species”. Without a larger interest and involvement of highly trained taxonomists in
marine barcoding studies, the advancement of the understanding of marine
speciation will not be very rapid, potentially leading to another “tale of stupidity”
(Boero, 2010).
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Figure 1.4 The amount of barcoding studies targeting marine systems (‘DNA
barcod* and “marine” as keywords in Web of Science) relative to barcoding studies
in general (‘DNA barcod*”).

1.7.4 Future directions

Most of the studies reviewed here did not flag a high amount of cryptic
speciation but this discovery is contingent upon the scale of the studies. An
increased geographic scale and the inclusion of groups with lower potential for
dispersal will surely bring interesting results. Since a few cases of deep divergence
have been found in fishes, the most popular marine group for barcoding, surveys of
similar scales in understudied groups will be promising for species discovery.

New methods for sampling the deep-sea will lead to the discovery of many
new species. Sampling expeditions with on-board laboratories might become
commonplace. While most barcoding studies are still taxon-oriented, there are a few
others opening new directions by targeting marine communities (e.g., zooplankton,
Machida et al., 2009; Bucklin et al., 2010). DNA microarrays (“chips”) will be
developed for certain marine groups (Kochzius et al., 2008), allowing reliable
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identification of known species. Once reference libraries are completed, next
generation sequencing will allow reliable identification of environmental samples
(e.g., water, sediment) or species diet, with reverberations for studying the
ecosystem level of biodiversity.

1.7.5 Species as currency for biodiversity

This review looked at reliable methods for biological identifications. But do we
need species names? The idea that species might not represent equal parts of the
global diversity (“some animals are more equal than others”; Warwick and
Somerfield, 2008), resulted in alternative approaches for biodiversity assessments,
for instance including the diversity of higher taxa (e.g., taxonomic distinctness rather
than species diversity; Warwick and Clarke, 1995). Moreover, in functional ecology
species names are not important but just the functional group (e.g., predator, prey).
In this case, one might argue that barcodes are useless because they do not offer
any functional information, while morphological characters (e.g., mouthparts in
crustaceans) could be an indication of specimens’ functional group and their role in
ecosystems. Alternatively, at the genetic level of biodiversity, species names are not
crucial. Clusters of DNA barcodes might be used in biodiversity surveys by using a
phylogenetic diversity analysis (Faith, 1994; Faith and Baker, 2006). Therefore, we
should take advantage of various methods, including classical taxonomy, for a

holistic approach to biodiversity.

1.8 Conclusions

DNA barcoding is a unique concept with many innovative attributes undergoing
continuous improvement. It is not the goal but the tool to be used in order to improve
our understanding of the surrounding world. It is a fast, reliable and cheap method
for species identification and discovery. It provides permanent tags unchanged
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during taxonomic revisions. It will have muitiple applications for marine life:
identification of larvae, invasive species, cryptic species, new species, illegal trade of
protected species, stock management, biodiversity assessments, ecosystem
monitoring, revisions of certain taxa, inference of phylogenetic relationships, and
phylogeographic and speciation patterns. Most of the studies reviewed here were
published within the last two-three years and there was no sign that traditional
taxonomy is being replaced by DNA barcoding, as once feared, but that they are
complementary approaches. Not only that species are not seen as merely strings of
nucleotides, but we are witnessing a renaissance of taxonomy due to the need (and
curiosity) to understand how and why divergent barcode clusters are (if really)
morphologically identical. As seen above, the apparent “failure” of DNA barcoding to
identify species is mainly due to a lack of comprehensive reference libraries and
taxonomists will play a vital role in completing such a global database. Millions of
barcodes will soon be generated and new species revealed, in need for proper
taxonomic description. Furthermore, as marine inventories are not carried out by
taxonomist experts at museums but by trained personnel at university or
governmental institutions, there is a pressing need to make a concordance between
taxonomy and DNA barcoding. Therefore, taxonomy is far from being extinct.

Whether DNA barcoding with the plethora of global and local campaigns will
succeed in meeting close deadlines (500,000 species by 2015) or not, remains an
open question. During the last ten years, CoML had the objective to assess and
explain the diversity, distribution, and abundance of marine life, contributing
significantly to an understanding of the marine environment and the inhabitants of
the global oceans. However, even with the amount of new information generated by
CoML, it is only the beginning. DNA barcoding might be of great help in this
direction, leading to a shift in our view of marine biodiversity, patterns and processes
included. But above all, DNA barcoding provides data freely accessible to everyone.
And even if computers and Internet access, needed to browse data in BOLD, are not
yet a commodity in many countries, DNA barcoding represents the largest
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experiment of open-access data sharing which could help decision making to

preserve and protect marine biodiversity now and into the future.
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2.1 Résumé

Les crustacés marins représentent un groupe taxonomique qui se caractérise par
une forte diversité morphologique et écologique. lls sont difficiles a identifier par les
approches traditionnelles et nécessitent généralement l'aide de taxonomistes
hautement qualifiés pour une identification certaine. La méthode rapide
d'identification par le code-barres d’ADN, s'est révélée un outil trés efficace pour
I'identification des espéces, notamment pour de nombreux groupes de Métazoaires,
y compris certains groupes de crustacés. Notre travail consiste ici a élargir la base
de données d’ADN barcode par I'étude de 80 espéces de malacostracés provenant
de l'estuaire et du golfe du Saint-Laurent. Les séquences d'ADN pour 460
spécimens ont été regroupées en groupements correspondant a des espeéces
morphologiquement connues dans 95% des cas. Les distances génétiques entre les
espéces étaient en moyenne 25 fois plus élevées qu'au sein de chaque espéce. Une
divergence intraspécifique élevée (de 3,78 a 13,6%) a été observée chez des
spécimens appartenant a quatre espéces morphologiques, suggérant la présence
d'espéces cryptiques. Par ailleurs, nous avons révélé la présence d'une espéce
envahissante d’amphipode présente dans l'estuaire du Saint-Laurent. Cette étude
confirme I'utilité de 'ADN barcode pour l'identification des crustacés marins.

Mots-clés: Crustacea; code-barres d’ADN; Golfe du St. Laurent; diversité d’espéces
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2.2 Abstract

Marine crustaceans are known as a group with a high level of morphological and
ecological diversity but are difficult to identify by traditional approaches and usually
require the help of highly trained taxonomists. A faster identification method, DNA
barcoding, was found to be an effective tool for species identification in many
metazoan groups including some crustaceans. Here we expand the DNA barcode
database with a case study involving 80 malacostracan species from the Estuary
and Gulf of St Lawrence. DNA sequences for 460 specimens grouped into clusters
corresponding to known morphological species in 95% of cases. Genetic distances
between species were on average 25 times higher than within species. Intraspecific
divergence was high (3.78-13.6%) in specimens belonging to four morphological
species, suggesting the occurrence of cryptic species. Moreover, we detected the
presence of an invasive amphipod species in the St. Lawrence Estuary. This study
reconfirms the usefulness of DNA barcoding for the identification of marine
crustaceans.

Keywords: Crustacea; DNA barcoding; Gulf of St. Lawrence; species diversity




64

2.3 Introduction

A biodiversity crisis has emerged in the last decades and we are confronted
with the highest extinction rates since the formation of human society (Pimm et al.,
1995). Mitigation measures are needed but difficulties arise due to the unknown
extent of biodiversity and spatial distribution of species assemblages. At the species
level, the most investigated of biodiversity levels, it is generally agreed that only a
small fraction of all species has been formally described, between 1.5-1.8 million out
of an estimated 10 million (Wilson 2003). In the face of dwindling numbers of trained
taxonomists, a fast identification method was needed to assist in species inventories.
In this context, Hebert et al. (2003) proposed the use of a small fragment of
mitochondrial DNA from the 5-end of the cytochrome ¢ oxidase subunit 1 (COI) gene
as a reliable, quick and cost-effective identification system for the whole animal
kingdom. Although the method faces strong criticism (Will and Rubinoff, 2004; Ebach
and Holdrege, 2005; Will, Mishler and Wheeler, 2005), it has nonetheless proven
effective in a variety of animal groups in both terrestrial and aquatic environments
(Hebert et al., 2004; Hajibabaei et al., 2006; Clare et al., 2007; Hubert et al., 2008).
However, the proposed threshold value of 3% COI sequence divergence for species
delineation (Hebert et al., 2003) may be problematic in some cases (Barber and
Boyce, 2006; Burns et al., 2008).

Diversity in the sea includes about 300 000 described species, a much smaller
number than documented for the terrestrial realm (Gray 1997). However, marine
faunal inventories fail to identify about one-third of specimens to the species level
{Schander and Willassen, 2005) and the existence of cryptic species (Knowliton
1993, 2000; Etter et al., 1999) creates another difficulty for biodiversity assessments.
Crustaceans are an interesting target for DNA barcoding because they represent
one of the most diverse metazoan groups from a morphological and ecological point
of view. The subphylum Crustacea includes 52 000 described species divided into
849 families, 48 orders and six classes, but their estimated number is much higher
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(Martin and Davis, 2001). There is no general agreement on crustacean systematics
at higher classification levels (e.g. class) (Boxshall, 2007), and recent molecular
phylogenies have challenged systematics at the family and genus levels (Englisch,
Coleman and Wagele, 2003; Browne, Haddock and Martindale, 2007; Hou, Fu and
Li, 2007). Morphological identification of crustaceans can be difficult, time-consuming
and very often requires highly trained taxonomists. Previous work on crustaceans
found DNA barcoding to be a useful tool for specimen identification in both marine
and freshwater species (Bucklin et al., 2007; Costa et al., 2007).

This study builds on previous barcoding work on crustaceans by focusing on
marine species from the Estuary and Gulf of the St. Lawrence River. This geographic
region of Atlantic Canada is known for its complexity, having such a wide range of
physiographic, oceanographic and bathymetric characteristics that Brunel, Bossé
and Lamarche (1998) divided it into 20 biogeographical zones. Although some 770
crustacean species are known from the Estuary and Gulf (Brunel, Bosse and
Lamarche 1998), we chose to focus mainly on amphipods and decapods. The former
represents the most speciose crustacean order and is an important component of
marine food webs. The latter includes species (lobster, shrimp and crabs) that are
important economically in providing large harvests and high income to Atlantic
Canada, and ecologically as top predators in the marine benthic ecosystem. Our
study adds to existing databases a large number of specimens sampled across a
vast geographical area for a better representation of intraspecific variation. DNA
barcodes reported in this study represent permanent species tags that will not
change during taxonomic revisions.
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2.4 Material and methods

2.41 Samples

We used 507 crustacean specimens collected in the Estuary and Gulf of the
St. Lawrence River in 2000 (7 specimens) and between 2005 and 2008 (500
specimens) (Figure 2.1). The specimens represented 87 described species in 60
genera, 39 families and 5 orders (Amphipoda, Decapoda, Euphausiacea, Isopoda,
Mysida) of a single class (Malacostraca). Deep-water specimens were collected
during trawl surveys conducted by Fisheries and Oceans Canada (DFO), while
littoral specimens were collected at low tide using dip nets and baited traps. Samples
were stored in 100% ethanol (2005-2008) or in 70% ethanol (2000). Morphological
identifications were done by experts or followed available keys for North Atlantic
amphipods (Bousfield 1973), decapods (Squires, 1990), isopods (Schultz, 1969),
mysids (Brunel, 1960) and euphausiids (Mauchline, 1971). Scientific names followed
the Integrated Taxonomic Information System (www.itis.gov) and the list of
McLaughlin et al. (2005). In most cases, the whole specimen was stored as a
morphological voucher for future reference. For a few large decapod species, we
obtained only tissue (legs or abdominal muscle) for barcoding and we stored these
samples as tissue vouchers. However, additional specimens of each of these
decapod species have been stored as proper morphological vouchers. In a few
juvenile amphipods and crab larvae, no voucher could be preserved due to their very
small body size, but photographs were taken prior to DNA extraction. All details
regarding taxonomy, vouchers and collection sites with geographical coordinates can
be found on the Barcode of Life Data System website (BOLD,
www.barcodinglife.org) under the “Crustaceans of the St. Lawrence Gulf’ project
(WWGSL) by following “View all records” — “Specimen Page” (Ratnasingham and
Hebert, 2007). In order to ensure geographical coverage for DNA barcodes, when
possible, we included multiple specimens (at least two per site) from different
geographical areas of the Gulf of St Lawrence (e.g. North Shore vs. Southern Gulf).




Figure 2.1 Distribution map for all sampling sites within the Estuary and Gulf of the
St. Lawrence River. Canadian provinces surrounding the study area: Québec (QC),
New Brunswick (NB), Nova Scotia (NS), Prince Edward Island (PEI), Newfoundland

and Labrador (NFL).
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2.4.2 DNA extraction, amplification, sequencing

Laboratory operations were carried out at the Canadian Centre for DNA
Barcoding (CCDB), University of Guelph. Total genomic DNA was extracted from
small amounts of tissue (1-mm?® muscle tissue or whole legs for small specimens) by
using an automated silica-based protocol with glass fibre filtration plates (lvanova,
Dewaard and Hebert, 2006). The barcode region was amplified with alternative sets
of primers depending on the reaction success: LCO1490/HCQO2198 (Folmer et al.,
1994) with M13 tails, CrustDF1' (5-GGTCWACAAA YCATAAAGAYATTGG-3) —
CrustDR1 (5-TAAACYTC AGGRTGACCRAARAAYCA-3') (D. Steinke, University of
Guelph, in preparation) and CrustF1/HCO (Costa et al., 2007). All primer sequences
can be found on the BOLD website within the project WWGSL (“View all records” —
“Sequence Page” for each specimen). The polymerase chain reaction (PCR) was
performed in 12.5 pL volume containing 2 pL H;O, 6.25 pL 10% trehalose, 1.25 pL
10x PCR buffer, 0.6251L MgCI2 (50 mm), 0.0625 pL dNTPs (10 mm), 0.06 pL
Platinum Taq polymerase (Invitrogen), 0.125 uL of each primer (10 pm) and 2 pL
DNA template. PCR thermal conditions included: 1 min at 94°C, five cycles of 94°C
for 40 s, 45°C for 40 s and 72°C for 1 min, followed by 35 cycles of 94°C for 40 s,
51°C for 40 s and 72°C for 1 min, and a final step of 72°C for 5 min. PCR products
were visualized on 96-well precast 2% agarose gels (Invitrogen E-Gel 96 system)
and bidirectionally sequenced with BigDye version 3.1 on an AB| 3730xI DNA
Analyser (Applied Biosystems). Primers used for sequencing depended on those
used for amplification, namely M13F/M13R, CrustDF1/CrustDR1 or CrustF1/HCO.
Additional details about laboratory protocols for each step are available from the
CCDB website (www.dnabarcoding.ca).
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2.4.3 Data analysis

DNA sequences were aligned with SeqScape version 2.1.1 (Applied
Biosystems) and manually checked for ambiguities. DNA sequences, as well as
trace files, are available on the BOLD website within the project WWGSL (“View all
records” — “Sequence Page” for each specimen) and on GenBank (Accession nos
FJ581463 — FJ581922). A BLAST search including one sequence per species was
performed on GenBank (megablast algorithm). The Kimura 2-parameter (K2P)
model for base substitution (Kimura, 1980) was used in analyses on the BOLD
website to obtain pairwise genetic distances. A neighbor-joining tree (NJ) based on
K2P distances was also built in BOLD for a graphic representation of intraspecific
distances. MEGA 4 (Tamura et al., 2007) was used to test the NJ tree by bootstrap
analysis with 1000 replications. Genetic distances between specimens were
calculated for each taxonomic level with the “Distance Summary” command
implemented by BOLD. Cases of intraspecific divergence higher than 3% were
considered as potential cryptic species.

2.5 Results

Amplification failed in the seven specimens stored in 70% ethanol,
representing the amphipods Dyopedos monacanthus (n = 1), Gammarellus homari
(n = 1), Gammarus fasciatus (n = 1), Gammarus lacustris (n = 2), and Jassa
marmorata (n = 2). Consequently, successful amplification of the barcode region was
not obtained for five of the 87 species studied here. The remaining 500 specimens
yielded a positive amplification of COIl. Short or low-quality sequences (double
peaks, background noise) obtained from 36 specimens and possibly representing
pseudogenes were discarded. Only 25% of our sequences had matches in GenBank
due to the fact that most species in our study had not been COl-sequenced before.
Additionally, the amphipod Stegocephalus inflatus (n = 2) and the isopod Calathura
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brachiata (n = 2) did not match crustacean COIl sequences, possibly due to
contamination. One discrepancy appeared between our morphological identifications
and GenBank: COI sequences of amphipod specimens in poor condition that we
morphologically identified as Marinogammarus obtusatus matched those of the
invasive species Echinogammarus ischnus from GenBank.

The database resulting from this study includes DNA sequences for 460
specimens belonging to 80 species in 56 genera. The number of COl sequences per
species varied between 1 and 29 with a mean of 5.75. The 658-bp COIl fragment had
432 variable sites and 226 conserved sites, while 419 sites were parsimony-
informative. Ambiguities were present in a few cases but they did not change the
final result. The mean intraspecific divergence was 0.91% while the maximum
reached 13.6% (Appendix A). By contrast, the minimum interspecific distance was
2.81%, between Hyas araneus and H. coarctatus (Apendix 2.1). The two levels of
variation, namely within and between species, showed a small overlap (Figure 2.2).
Morphological species were represented by individual clusters containing highly
similar sequences in 95% of cases. However, four cases of deep intraspecific
divergence, greater than 3%, were observed and the respective clusters were
considered to be potential cryptic species (Table 2.1; Figure 2.3). With these clusters
removed, the mean intraspecific divergence is 0.51%. The crab larvae sequenced in
this study matched Chionoecetes opilio sequences, a result confirmed by rearing a
few larvae in the laboratory.
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Figure 2.2 Frequency distribution of mean divergences for COIl sequences for 80
species of malacostracan crustaceans from the Gulf of St. Lawrence. Two taxonomic
levels are represented: species (solid bars) and genus (shaded bars). For maximum
intraspecific divergences higher than 3%, see Table 2.1.

Table 2.1 Crustacean species with maximum intraspecific COl sequence
divergences higher than 3%

Species name Maximum Putative Maximum Bootstrap
intraspecific number intra-lineage support for
divergence of cryptic divergence each cryptic

(%) lineages (%) lineage
Ampelisca eschrichtii 13.6 2 0; 0.61 99; 99
Ischyrocerus anguipes 4.24 2 1.39;2.17 94; 99
Neomysis americana 3.78 2 0: 045 99; 99
Spirontocaris spinus* 6.91 3 0.5;1.07; — 98; 99; —

*This species has three lineages, one represented by a single specimen (therefore, no
pairwise comparison and no bootstrap support).
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Figure 2.3 Branches of the neighbor-joining tree highlighting the four species
complexes (and related species) found for malacostracan crustaceans from the St.
Lawrence Gulf. Bootstrap values based on 1000 replications are included.
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2.6 Discussion

This study further supports the validity of DNA barcoding for species
identification in marine crustaceans. The ratio of interspecific to intraspecific variation
(25%) was much higher than the threshold (10x) proposed by Hebert et al. (2004) as
a species boundary. Therefore, assigning specimens to species was usually
straightforward with no overlap between intra- and interspecific distances (95% of

cases).

In four morphological species COI sequences grouped into 2-3 clusters that
diverged by at least 3% (Table 2.1; Figure 2.3), suggesting either the presence of
cryptic species or nuclear mitochondrial pseudogenes (numts). A growing concern
regarding numts and DNA barcoding is that, if undetected, numts might lead to an
overestimation of species richness (Song et al., 2008). In crustaceans, numts have
been found to diverge from the COIl gene by up to 18.8% (Williams and Knowlton,
2001). To investigate the possibility of having amplified numts, we used a few steps
suggested by Song et al. (2008). We found no stop-codons (quality control tool on
BOLD) or indels, the sequences were of high quality, had the expected length (658
bp), matched COI sequences in GenBank, and the proportion of adenine-thymine did
not differ strikingly among lineages. Moreover, intraspecific clusters were not related
to geography. Consequently, we suggest that the amphipods Ampelisca eschrichtii
and Ischyrocerus anguipes, the mysid Neomysis americana and the decapod
Spirontocaris spinus represent species complexes. Classical taxonomy has already
inferred the existence of species complexes in North American Ampelisca spp. and /.
anguipes based on the existence of size morphs or subtle differences in morphology
(Kaim-Malka, 2000; King and Holmes, 2004; references therein). Additional
taxonomic, ecological and molecular work is required to investigate the full extent of
cryptic speciation in crustaceans from the Gulf of St. Lawrence, as DNA barcoding

can only serve to flag such cases.
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The smallest divergence between species was 2.81% in Hyas araneus and
H. coarctatus, two species that are morphologically distinct from the larval stages to
adulthood but genetically close (Hultgren and Stachowicz, 2008). This finding is in
agreement with other cases of DNA barcoding difficulties for arthropod identification
(Barber and Boyce, 2006; Burns ef al., 2008), suggesting once more that the 3% cut-
off in sequence divergence is not always applicable and that caution must be

exercised in cases of incomplete lineage sorting.

Practical applications of DNA barcoding of crustaceans include detection of
invasive species, substitution in processed seafood and estimation of stock size of
harvested species based on larval abundances (Costa et al., 2007). We report here
the presence of an invasive amphipod, Echinogammarus ischnus, in the St.
Lawrence Estuary near Berthier-sur-Mer. This species has spread from its native
Ponto-Caspian region into Western Europe and the Great Lakes of North America. In
Canada, it has been previously reported along the St. Lawrence River upstream from
Montréal (Paimer and Ricciardi, 2004) and the present study confirms its north-
eastern expansion. This species was identified as the morphologically similar
Marinogammarus obtusatus based on specimens in poor condition, but all
sequences matched those of E. ischnus determined in a previous phylogeographical
study (Cristescu et al., 2004). Without these reference sequences, our error might
have gone unnoticed, thus emphasizing the importance of classical taxonomy to
barcoding. Reciprocally, this example also stresses the success of DNA barcoding in
rapidly detecting invasive species.

The 80 species sequenced in the present study represent only 20% of about
400 species inventoried within the Estuary and Gulf of the St Lawrence River
(Brunel, Bossé and Lamarche, 1998) for the five malacostracan orders represented
here. Some 20 other amphipod species were not included due to uncertain
morphological identifications. Full taxonomic coverage of the known crustacean
species from the Estuary and Gulf is hampered by sampling difficulties. Indeed,
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except for decapods of economic importance (60% sequenced), other mala-
costracan species are not targeted by regular sampling surveys and seldom show up
as by-catch. Moreover, for some taxa (e.g. amphipods), the use of dip nets, baited
traps or bottom trawls will lead to a sampling bias towards highly mobile species.
Therefore, the fraction of species diversity representing the most common (Brunel,
Bossé and Lamarche, 1998) and most mobile (Sainte-Marie and Brunel, 1985) forms
was explored in this study. There are two avenues to create a comprehensive
database for the Gulf crustaceans in the future: fund research cruises targeting rarer
crustaceans; and/or technological advances for high-throughput DNA extraction from
formalin-preserved crustaceans. Exploiting museum collections, one of the goals of
DNA barcoding, is a difficult task when working with crustaceans due to the
traditional use of formalin which negatively affects DNA recovery. Consequently,
barcoding studies are most successful when performed on groups that can make
use of museum “dry” collections (e.g. insects, birds, mammals). There is no global
campaign yet to barcode all crustacean species (or at least Malacostraca) as exists
for other animal groups (e.g. fish, birds, lepidopterans); however, building regional
databases throughout the world will bring us closer to understanding crustacean
diversity. In summary, DNA barcoding is a very useful tool for the identification of
malacostracan crustaceans by assigning unknown specimens to known species,
insofar as species assignations in GenBank are reliable. DNA barcoding may lead to
species discovery by flagging cryptic species, although more data than COI
sequences are necessary for describing new species. However, based on DNA
barcoding of the most common species at the regional scale of the Estuary and Gulf
of St. Lawrence, cryptic species do not appear to be very common.
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3.1 Résumé

Les Talitridae représentent une grande famille d'amphipodes (plus de 200 espéces
décrites et plus de 2,000 espéces estimées), répartis le long des rives de la plupart
des continents. lIs appartiennent a la seule famille d’amphipodes qui ait colonisé la
terre. lls sont artificiellement divisés en plusieurs groupes écologiques sans aucun
soutien phylogénétique (espéces qui s'enfouissent sous du varech échoué, espéces
palustres, espéces qui s’enfouissent sous le sable, espéces terrestres). Nous
élaborons dans ce chapitre, une bibliothéque de référence de code-barres d’ADN
(séquences de cytochrome ¢ oxydase 1, COIl) pour les Talitridae de I'Atlantique du
Nord, principalement présents le long de la céte nord-américaine (Golfe du Mexique
et Golfe du Saint-Laurent) ainsi que pour quelques espéces européennes. L'analyse
phylogénétique (inférence bayésienne, maximum de vraisemblance) de 218
séquences d'ADN a révélé la présence d'espéces cryptiques nord-américaines. De
plus, certains genres semblent non monophylétiques et le caractére polyphylétique
des groupes écologiques est renforcé. La liste initiale de 15 especes
morphologiquement définies a été étendue a 24 espéces supposées, principalement
par la découverte de trois complexes d'espéces (Platorchestia platensis, Orchestia
grillus, Tethorchestia sp. B). La spéciation cryptique suit essentiellement un modéle
allopatrique (sauf pour O. grillus) et certains de ces groupes sont soutenus comme
‘espéces nouvelles’ par des preuves morphologiques. Des recherches a venir
devront inclure du matériel des localités types, afin de clarifier la position
phylogénétique des "vraies" espéces morphologiques. Le séquengage d'autres
génes mitochondriaux et nucléaires ainsi que I'ajout de taxons supplémentaires
seront nécessaires pour une analyse compléte des relations phylogénétiques au
sein des Talitridae.

Mots-clés: diversité cryptique; code-barres d’ADN; évolution; Atlantique du Nord;
Talitridae
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3.2 Abstract

Talitridae represents a large family of amphipods (>200 species described, >2,000
species estimated) distributed along the shores of most continents and the only
amphipod family that has colonized the land. They are artificially divided into
ecological groups (wrack, palustral, sand-burrower, land-hopper) with no
phylogenetic support. Here we build a reference library of DNA barcodes
(cytochrome ¢ oxidase 1, COl) for talitrids from the North Atlantic, mainly from the
North American coast (Gulf of Mexico, open-Atlantic coast, Gulf of St. Lawrence),
together with a few species from Europe. A total of 218 DNA sequences indicated
the presence of cryptic species in North American talitrids while phylogenetic
analyses (Bayesian inference, maximum likelihood) showed some genera to be non-
monophyletic and reinforced the polyphyletic character of the ecological groups. The
initial list of 15 morphologically defined species was extended to 24 putative species
mainly by discovering three species complexes (Platorchestia platensis, Orchestia
grillus, Tethorchestia sp. B). Cryptic species were geographically separated (except
for O. grillus) and some of these clusters were supported as new species by
morphological evidence. Further directions should include barcoding of material from
type localities, in order to clarify which cluster is the “real” morphological species.
Additional mitochondrial and nuclear genes, as well as more taxa, are needed for in-
depth analysis of phylogenetic relationships within Talitridae.

Keywords: cryptic diversity; DNA barcoding; evolution; North Atlantic; Talitridae
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3.3 Introduction

Amphipods represent a highly diverse crustacean order but only one family,
the Talitridae Rafinesque, 1815, was successful in colonizing the terrestrial
environment. Talitrids are distributed worldwide along coastiines, in freshwater,
brackish and marine habitats, as well as on land, in grassland and wet forests at low
and high altitudes. Due to their body modifications for hopping, they are commonly
known as “hoppers”. Presumably evolving from aquatic ancestors during the
Cretaceous (Bousfield, 1984, but see Conceig¢éo, Bishop and Thorpe, 1998), talitrid
diversification was probably stimulated by the appearance of long coastlines
following the break-up of the supercontinents, and it was more accentuated in
tropical and temperate regions of Tethyan and Gondwanan origin than in Laurasian

SUCCessors.

Current amphipod taxonomy at higher levels (e.g., subfamily, family, and
superfamily) is unsatisfactory and without a phylogenetic basis. Families are usually
presented alphabetically and higher taxonomic levels are under continuous revision
with talitrid systematics following the same dynamic trend. Currently, taxonomic
levels above Talitridae include superfamily Talitroidea (consisting of four families:
Talitridae, Hyalidae, Chiltoniidae and Dogielinotidae), infraorder Talitrida and
suborder Gammaridea (Serejo, 2004). Within talitrids, genera are frequently being
split into multiple taxa and currently amount to 52 genera (Serejo and Lowry, 2008).
As a proxy for talitrid classification, Bousfield (1984) proposed the use of four
“systematic-ecological (polyphyletic and overlapping, but pragmatically useful) units”:
1) palustral species (marsh-hoppers) with primitive morphology, semi-aquatic in
marine, estuarine (salt marshes, swamps) and freshwater habitats in tropical and
temperate regions; 2) beach fleas (beach-hoppers) with more advanced morphology
but no capability to engineer their substrate, mostly semi-terrestrial, supralittoral in
rocky and sedimentary habitats but terrestrial in coastal rain forests, from tropical to
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boreal shores; 3) sand-hoppers with highly specialized morphology for substrate
engineering (i.e., burrowing in sand), semi-terrestrial, supralittoral on sandy beaches,
from tropical to boreal shores; 4) land-hoppers with advanced morphology for
terrestrial life, that usually do not engineer substrate, present in forest leaf litter of
coastal and high-altitude rain forests, in tropical and temperate regions. Although
widely used in the literature, these lumped non-monophyletic groups create
difficulties in inferring talitrid evolutionary history. For this reason we have followed
the strictly ecological classification in Wildish (1988). Believed to have undergone
strong adaptive radiation due to their high species richness and endemicity (Serejo,
2004), land-hoppers are of unknown origin and several scenarios have been
proposed, including evolution from primitive beach fleas (Bousfield, 1984) to
palustral ancestors (Lindeman, 1991). Moreover, the process of colonizing land
probably included multiple events (Wildish, 1988). In addition to the previous
morphology-based phylogenies, restricted in taxa and geographic coverage, limited
effort has been put into resolving genetic relationships of talitrids. Focused on
European fauna, mainly UK and the Mediterranean basin, genetic investigations
have been conducted on a total of nine species using both allozymes (Conceigdo,
Bishop and Thorpe, 1998; De Matthaeis, Davolos and Cobolli, 1998) and DNA
sequences (Tafani et al., 2004; Davolos and Maclean, 2005).

Aguatic talitrids play important ecological roles by decomposing plant material
cast up on shores and provide a food source for other invertebrates (e.g., insects,
spiders, crabs) and vertebrates (e.g., shore birds, mammals), although their narrow
zonal distribution might limit their role at the ecosystem scale (review in Wildish,
1988). Many species reach high densities and biomass, representing a dominant
component of wrack in the supralittoral zone, the ecotone between marine and
terrestrial environments. Moreover, some species have been proposed as biological
indicators for heavy metal contamination (Ugolini et al., 2004) and quality of sandy
beaches suffering from anthropogenic activities such as tourism (Ketmaier, Scapini
and De Matthaeis, 2003). Amphipods (as all peracarid crustaceans) are direct
developers, with eggs hatching into juveniles inside the brood pouch of females.
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Lacking larval stages (which are usually highly dispersive) and inhabiting a narrow
supralittoral zone with patches of suitable and unsuitable habitat, talitrids are
believed to use passive dispersal (rafting, phoretic associations with birds or
mammals, and human-mediated transport in ballast water) more than active
methods (e.g., hopping, swimming) for dispersing at various spatial scales (Wildish,
1988).

The total number of extant talitrids is unknown although estimates as high as
1,000 land-hopper species have been mentioned (Bousfield, 1984). If the estimated
number of land-hoppers represents half of all talitrid species, as the current ratio for
described species suggests, it follows that around 2,000 talitrid species might exist
on Earth, a number an order of magnitude higher than all currently described species
(>200; Bousfield, 1984; Serejo and Lowry, 2008). Regardless of the precision of
these estimates, there is definitely a large number of talitrid species still to be
discovered and described.

As with many other amphipods, talitrids are difficult to identify based on
morphological characters, especially in juvenile and immature stages. In the field,
some hoppers can be identified based on their epidermal pigment pattern,
considered to be less variable within than among species, although parasitic
infestation can affect the color (LeCroy, 2010). Moreover, the pigmentation is not
preserved in some storage liquids (e.g., alcohol). Such a diverse and taxonomically
difficult group would benefit greatly from DNA barcoding. This method has been
proposed as a fast, reliable and cost-effective method for animal species
identification by using a fragment of the mitochondrial gene cytochrome ¢ oxidase 1
(COl) (Hebert et al., 2003). DNA barcoding has been successfully tested in a variety
of marine groups (reviewed in Radulovici, Archambault and Dufresne, 2010),
including crustaceans (Costa et al., 2007; Radulovici, Sainte-Marie and Dufresne,
2009; da Silva et al, 2011), and it has been used together with morphological
characters to detect and describe a new talitrid species from Taiwan (Cheng ef al.,
2011). However, taxonomic or regional inventories of talitrids based on DNA
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barcoding are still lacking.

Here we focus on talitrid fauna from the East Coast of North America, from
the Gulf of St. Lawrence (GSL) to the Gulf of Mexico (GOM), including also selected
species from the Caribbean and Europe (UK), spanning various biogeographical
provinces, each with a different glaciation history. There is an increase in species
and genus richness from North to South, with three genera and five species currently
recognized for Atlantic Canada (Brunel, Bossé and Lamarche, 1998; Bousfield,
1973), increasing to six genera and eight species in GOM (LeCroy et al., 2009),
while many more species occur in the Caribbean, some of which have been
collected decades ago and still await formal description (Bousfield, 1984). In
addition, a decrease in body size from north to south has been documented in two
talitrid species (Wildish et al., 2011). The known North Atlantic talitrid checklist
includes generalists and specialists, endemic and cosmopolitan species, good and
poor dispersers, species with various habitat requirements and salinity tolerances.
Because there are no native land-hoppers in North America (Bousfield, 1982), this
group has been excluded from our study, while the term “talitrid hoppers” is
employed as a general label for the other three ecological groups (wrack, sand-
burrowing and palustral species). Our goals were to: i) establish a barcode reference
library for North-Western Atlantic (NWA) talitrid hoppers; ii) uncover the level of
cryptic diversity; and iii) infer phylogenetic relationships among North Atiantic
talitrids.

3.4 Material and methods

3.4.1 Sample collection

Talitrids were collected on various sandy beaches, rocky shores and marshes
along the East Coast of North America, from GSL to GOM and the Caribbean (Table
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3.1). A few species from Europe (UK) were included as well in order to infer
phylogenetic relationships within the genus Orchestia Leach, 1814 (Figure 3.1). As
outgroup to talitrids, we chose Parhyale fascigera Stebbing, 1897 from the closely
related family Hyalidae Bulycheva, 1957. Samples were collected with pitfall traps or
by hand and immediately fixed and then stored in 95% ethanol. Whenever possible,
we tried to collect multiple specimens per species (to reveal the intra- versus
interspecific genetic variation) and from muitiple geographic localities (to gain
insights into the geographic variation of DNA barcodes).

Regarding the salinity tolerance and ecological habitats occupied by talitrids
(Table 3.2), we included species with a wide range of salinity tolerance from
freshwater to brackish and marine species, and species representing three out of
four “systematic-ecological” groups of Bousfield (1984). All specimens were
identified to the species level based on morphological characters according to
available taxonomic keys for North America (LeCroy, 2010; Bousfield, 1973) and the
nomenclature followed the “World Amphipoda Database” (Lowry, 2010) available in
the World Register of Marine Species (WoRMS; http://www.marinespecies.org).
Voucher specimens were stored for future reference. Details regarding collection,
including geographic coordinates, taxonomic identification and images can be found
in the Barcode of Life data Systems (BOLD, Ratnasingham and Hebert, 2007) within
two projects: WWTAL (“Barcoding Amphipoda — Talitridae”) and WWGSL
(“Crustaceans of the St. Lawrence Gulf’) under the “Specimen Page”.
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Table 3.1 Species name, taxonomic authority, sample size (N) and geographic origin

of taxa included in this study

Species name N Geographic region*
Americorchestia heardi Bousfield, 1991 5 USA (FL)
Americorchestia longicornis (Say, 1818) 15  Canada (NS, QC)

Americorchestia megalophthalma (Bate, 1862) 16

Canada (NB, NS, PEl,
QC)

Chelorchestia forceps Smith & Heard, 2001 2 USA (FL)

Orchestia aestuariensis Wildish, 1987 5 UK

Orchestia cavimana Heller, 1865 5 UK

Orchestia gammarellus (Pallas, 1766) 25 UK, Canada (NL)

Orchestia grillus (Bosc, 1802) 35 USA (FL, ME, MS, SC),
Canada (NB)

Orchestia mediterranea Costa, 1853 9 UK

Platorchestia platensis (Krayer, 1845) 39 Canada (NB), USA (FL,
MS)

Talitrus saltator (Montagu, 1808) 9 UK

Tethorchestia antillensis Bousfield, 1984 8 USA (FL)

Tethorchestia sp. B Bousfield, 1984 30 USA (FL), Belize, Mexico
(QR)

Uhlorchestia uhleri (Shoemaker, 1930) 2 USA (MS)

Parhyale fascigera Stebbing, 1897 13 Mexico (QR), USA (FL)

Total 218

* Abbreviations: FL — Florida, ME — Maine, MS — Mississippi, NB — New Brunswick, NS —
Nova Scotia, NL — Newfoundland and Labrador, PEl — Prince Edward Island, QC — Quebec,

QR - Quintana Roo, SC - South Carolina.
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Table 3.2 Salinity tolerance and ecological habitat (Wildish, 1988) of talitrids
included in this study

Species name Salinity tolerance Ecological habitat
Americorchestia heardi Brackish Sand-burrower
Americorchestia longicornis Marine Sand-burrower
Americorchestia megalophthalma Marine Sand-burrower
Chelorchestia forceps Marine Palustral
Orchestia aestuariensis Estuarine Wrack
Orchestia cavimana Freshwater, brackish Wrack
Orchestia gammarellus Marine, brackish Wrack
Orchestia grillus Marine, brackish Wrack
Orchestia mediterranea Marine, brackish Wrack
Platorchestia platensis Marine Wrack
Talitrus saltator Marine Sand-burrower
Tethorchestia antillensis Marine Wrack
Tethorchestia sp. B Marine Wrack

Uhlorchestia uhleri Marine Palustral
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Figure 3.1 Map with sampling localities for supralittoral amphipod species barcoded
in this study.
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3.4.2 DNA extraction, amplification, sequencing

Genomic DNA was extracted from a small amount of muscle tissue, usually
from one pereopod, preserving the rest of the organism as voucher. However, small-
size specimens were used entirely for lysis and the exoskeleton recovered
afterwards and stored in ethanol for future reference. A glass fibre protocol was used
for extraction (Ilvanova, Dewaard and Hebert, 2006) and the barcode region, a 658bp
fragment at the 5’-end of the COI gene, was amplified and sequenced with standard
protocols (Radulovici, Sainte-Marie and Dufresne, 2009). Two alternative sets of
primers were used and their sequences are available in BOLD: LCO1490 -
HCO02198 (Folmer et al.,, 1994) with M13 tails and CrustDF1 — CrustDR1 (Steinke,
unpublished).

3.4.3 Data analysis: genetic diversity and phylogenetic relationships

DNA sequences were manually edited in Sequencher 4.9 (Gene Codes
Corporation, Ann Arbor, MI) and aligned with the MUSCLE algorithm and default
settings in MEGA 5 (Tamura et al., 2011). Trace files and edited sequences are
available in BOLD within WWTAL and WWGSL projects under the “Sequence Page”.
As a routine test for detecting pseudogenes, we checked the quality of COI
sequences, their length, and the presence of STOP codons or indels in the reading
frame. Sequences were also checked for contamination by using BLAST searches in
GenBank at the National Center for Biotechnology Information website
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Pairwise genetic distances withi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>