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Dedicatoria

As cientistas brasileiras que apesar de todas as dificuldades, sociais, financeiras

e governamentais, continuam lutando para fazer do mundo um lugar melhor.



Epigrafe

But also when | am active scientifically, etc. — an activity which I can seldom perform
in direct community with others — then my activity is social, because | perform it as a man.
Not only is the material of my activity given to me as a social product (as is even the
language in which the thinker is active): my own existence is social activity, and therefore
that which I make of myself, | make of myself for society and with the consciousness of

myself as a social being.

Karl Marx, Reflections of a Young Man (1835)
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General Introduction

The marine biodiversity and their taxonomy

The marine environment is the Earth’s most extensive habitat. However, the
marine biodiversity is not equally distributed, being the coastal region more densely
populated and better known to science (APPELTANS et al., 2012; WEBB,;
BERGHE; O’DOR, 2010). The complete marine diversity, nonetheless, is still
unknown. The average number of named marine species is ~410,000, of which
~390,000 are animal species, being ~330,000 of these invertebrate species (“WoRMS
- World Register of Marine Species”, 2021/11/22). According to taxonomists, the
estimate number for the total of Eukaryote marine extant species is approximately
four times this number, reaching 700 — 970 thousand species (APPELTANS et al.,

2012).

Many of the unknown invertebrate species are part of cryptic species
complexes that are not yet recognized or delimitated. Nonetheless, the cryptic species
complexes have been more easily recognized due to the use of molecular tools that
can differentiate species of similar morphology, which helped clarify the real
distribution of many species believed to be cosmopolitan (JORGER et al., 2012;
PUILLANDRE et al.,, 2012; SUNDBERG; KVIST; STRAND, 2016). This is
especially important for animals of simpler morphology, and sometimes for animals
with more complex morphology, for which the morphological characterization
traditionally relays on histological preparations or other difficult to observe
characters, such as wormlike animals as nemerteans, nematodes, peanut worms,

among others (JOHNSON et al., 2016; JORGER et al., 2012; KAWAUCHI;
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GIRIBET, 2010; MENDES et al, 2018; STRAND; SUNDBERG, 2011;
SUNDBERG et al., 2009, 2016; SUNDBERG; KVIST; STRAND, 2016). However,
genetic data information use is better suited when coupled with morphological,
ecological, environmental and behavioral data. In addition, the utilization of a single
gene in species delimitation studies might bias the conclusions, since the gene history
might not be the same as the species history (KNOWLES; CARSTENS, 2007,
MURPHY et al., 2015). One of the important causes for this bias is the Incomplete
Lineage Sorting, when the lineages do not coalesce into a recent ancestor due to, e.g.,
a rapid diversification process (MADDISON, 1997; PAMILO; NEI, 1988). This can
have meaningful implications to phylogenetic studies, and the most common way to
overcame it is to add more or longer markers in the analysis (HODEL et al., 2020;
NICHOLS, 2001; WANG et al., 2018). The use of new genetic tools, such as the
fairly recent genomic approaches to understand the population structure can ensure
that the species delimitation will not be artificial or influenced by a single locus

unique or divergent history.

Gene flow in animal marine populations

The gene flow among marine populations is usually directly linked to the
species reproduction mode. Usually, species with direct development will have more
structured populations than species with indirect development. Among the indirect
developers, usually species with planktotrophic larva (i.e. larva that feeds in the
plankton, taking a longer time to settle) will have better connectivity than species
with lecithotrophic larva (i.e. larva that do not feed in the plankton, using only the
yolk already present in the egg, staying for shorter times in the water column until

settle) (BOHONAK, 1999; HELLBERG et al., 2002; KINLAN; GAINES; LESTER,
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2005; PALUMBI, 1994; RIESGO; TABOADA; AVILA, 2015). In addition to the
time that the larvae stay in the plankton, their behaviour in the water column also
affects the distance they can reach in this period. Most larvae cannot change their
horizontal position, but they can travel vertically in the water column, and some do
daily migrations to escape predators and UV-light. These movements can change the
speed and direction of their dispersion due to the different ocean currents in the
different depths (BECKER et al., 2007; COWEN; SPONAUGLE, 2009; LEVIN,

2006).

Other factors like adult dispersion, local population extinction and geographic
barriers also have an important influence in the population connectivity and might
explain possible pattern deviations (ANDRADE; NORENBURG; SOLFERINI, 2011;
FERNANDEZ et al., 2015). Another important factor to the population connectivity
is the natural selection, which can act very differently in distinct environments,
leading to differentiation between populations and limiting the gene flow. Such
process can happen even among species with high dispersion rates if the local
selection is strong enough (NOSIL; FUNK; ORTIZ-BARRIENTOS, 2009; VIA,
2002). Therefore, the study of patterns of connectivity between populations must take
into account all possible influences, like the species biology, recent and ancient
environmental changes, and possible geographic barriers (BANKS et al., 2007;

BERNATCHEZ et al., 2019; SELKOE; TOONEN, 2011).

With the advent of DNA amplification and sequencing, these studies could
have a better resolution and, especially among marine populations, unravel patterns of
connectivity and differentiation rather unexpected (e.9. AMENT-VELASQUEZ et al.,

2016; ANDRADE; NORENBURG; SOLFERINI, 2011; BOWEN et al., 2006; CARD
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et al., 2016; MENDES et al., 2018; NUNES et al., 2021; SELKOE; TOONEN, 2011).
Most population genetic and phylogeography studies use mitochondrial markers, as
they are haploid, non-recombinant and probably neutral (HELLBERG et al., 2002).
However, some questions of fine scale structure still could not be resolved with the
use of only mitochondrial regions. Multiple genes, both nuclear and mitochondrial,
microsatellites and especially SNPs (Single Nucleotide Polymorphisms) can also be
used for population studies, showing a better resolution in most cases. The
cheapening of genomic scale sequencing enabled a broader use of SNPs, and a new
strategy combining SNPs and environmental features was developed (LIGGINS;
TREML,; RIGINOS, 2019). This approach is called landscape genomics when used to
understand the role of the environment and geography on the terrestrial populations
connectivity and seascape genomics, when focused on marine populations. In both
cases, the patterns of connectivity and differentiation among populations are studied
taking the environment effect into account, which allows for the discovery of possible
loci under selection due to environment adaptation (SELKOE et al., 2016). The
seascape genetics approach has allowed researchers to better understand connectivity
patterns and evolution of well-known species, like abalones, oysters, lobsters and
clown fish (BERNATCHEZ et al., 2019; SAENZ-AGUDELO et al., 2015;
SANDOVAL-CASTILLO et al., 2018; SINGH et al, 2018). However, the
application of seascape genetics approach in non-commercial and non-model species

is still scarce.

The studied species

To better understand how the reproductive mode can shape population

connectivity and local adaptation, one can compare species with different
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reproductive modes, but inhabiting the same environment. Along the Brazilian coast
oyster and barnacle beds are quite common, and many different animal groups inhabit
this environment. Among those, we have nemerteans and annelid polychaetes.
Nemerteans are mostly benthic marine worms that possess a muscular proboscis
housed in a coelomic cavity, the rhynchocoel, which characterizes the phylum. Three
classes compose the phylum Nemertea, Palaeonemertea, Pilidiophora and
Hoplonemertea (STRAND et al., 2019). They are morphologically distinguished by
the position of the mouth and armature of the proboscis. Among palaeonemerteans
and pilidiophorans the mouth opens ventrally, separately from the proboscis pore, and
the proboscis is unarmed. Among hoplonemerteans the mouth shares an opening with
the proboscis pore in the tip of the head, and the proboscis is armed with one or many
chitinous stylets (ANDRADE et al., 2012; THOLLESSON; NORENBURG, 2003).
The larval development is also different between these three classes; most
pilidiophorans have a hat-shaped planktotrophic larva that can stay up to several
weeks in the plankton, feeding upon microalgae; the palaeonemerteans also present a
planktotrophic larva, but these are planuliform and feed upon other invertebrate
larvae; the hoplonemerteans also have a planuliform larva, but their development is
only known for a few lecithotrophic species (BIRD; VON DASSOW;
MASLAKOVA, 2014; MASLAKOVA; HIEBERT, 2014; MASLAKOVA; VON
DOHREN, 2009). However, previous population genetic studies on Hoplonemertea
species indicate high connectivity between populations hundreds of kilometers apart,
indicating that these species might have a long lived larva (ANDRADE;
NORENBURG; SOLFERINI, 2011; LEASI; ANDRADE; NORENBURG, 2016;

MENDES et al., 2018; TULCHINSKY; NORENBURG; TURBEVILLE, 2012). In
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addition, these species have eggs smaller than 100um, a strong indicative of a

planktotrophic larva (MASLAKOVA; HIEBERT, 2014).

Polychaeta is paraphyletic class of the phylum Annelida characterized by the
presence of cephalic and locomotor appendages, the parapodia (AMARAL; RIZZO;
ARRUDA, 2005; ANDRADE et al., 2015; ZRZAVY et al., 2009). Based on current
knowledge Annelida is recognized as the two major clades of Errantia (polychaete
families) and Sedentaria (that includes the traditional Clitellata,and Echiura, and
polychete families). The two clades together form Pleistoannelida. Besides, there are
more five basal branching lineages Sipuncula, Amphinomida, Chaetopteridae,

Magelonidae, and Oweniidae (WEIGERT & BLEIDORN, 2016).

They have a well demarcated head, with a prostomium and peristomium, and
sensorial and feeding appendages, as antennae, tentacular cirri and palps, may be
present. Along the body they present parapodia and chaetae, that may show variation
in shape, development, and number, respectively. They can also present gills,
retractable or not (AMARAL; NONATO, 1996; ROUSE & PLEWNEL, 2001). These
animals are mainly free-living, and most species are benthic and solitary. Other few
species are planktonic and use their parapodia as paddles (AMARAL; NONATO,
1996; AMARAL; RIZZ0O; ARRUDA, 2005). The benthic polychaetes can live in
many environments, like algae mats, oyster, mussel and barnacle beds, beach rocks,
from the intertidal to the deep sea, etc. These species can be omnivorous, carnivores,
scavengers, suspensivorous or herbivores (FAUCHALD; JUMARS, 1979; JUMARS
et al., 2015). Some species are an important part of the diet of fishes and crustaceans
of commercial value (PAIVA, 2006). Polychaete species present both planktotrophic

and lecithotrophic larvae, and usually the larval types are consistent within each
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family, with a few exceptions (AMARAL; NONATO, 1996; PAIVA, 2006; ROUSE,

2000; ROUSE & PLENEL, 2001).

Taking that into consideration, the polychaete species Perinereis ponteni
Kinberg, 1865, and the nemerteans Lineus sanguineus (Rathke, 1799) and
Nemertopsis bivittata (Delle Chiaje, 1841) seem to be a good choice for a comparison
study aiming to understand how the environmental conditions along the Brazilian
coast influence the intertidal invertebrate populations. All three species live in the
intertidal zone, usually among Brachidontes sp. mats, barnacle and oyster beds (Fig.
1), from Northeast to South Brazil. The polychaete P. ponteni (Fig. 2A) is an
important generalist in these communities. This species present epitoky with a
planktonic stage and might have a lecithotrophic larva, as most Nereididae do
(BAKKEN et al., 2018; ROUSE, 2000). The nemerteans L. sanguineus (Fig. 2B) and
N. bivittata (Fig. 2C) are predators. Lineus sanguineus usually preys upon syllid
polychaetes (CAPLINS; TURBEVILLE, 2011; RUNNELS, 2013), while N. bivittata
prefers acorn barnacles (CAPLINS; NORENBURG; TURBEVILLE, 2012). In both
cases, they use toxins to paralyze their prey, and can feed upon other invertebrates.
Their reproduction strategies, however, are quite dissimilar, as L. sanguineus is a
Pilidiophoran, which presents both sexual and asexual reproduction strategies. Some
authors observed gonads under development, but gamete spawn was never observed,
while asexual reproduction through fission is commonly observed (COE, 1899;
MORETTO; BRANCATO, 1997; RUNNELS, 2013). The reproduction of the
hoplonemertean N. bivittata is also not completely known, but their egg size smaller
than 100um. From the three studied species, this is the one with less information
about their development available, since we do not have information on the

development of any close related species.
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Figure 1. The environment where the species were collected. A: general view; B:
zoom in the cluster of barnacles and oysters in the lower half, and mussels in the
upper half.

10mm

Figure 2. The four studied species. A: Perinereis ponteni, detail of everted pharynx,
dorsal view. B: Nemertopsis bivittata. C: Lineus sanguineus, detail of the head in
lateral view. D: Emplectonema viride, detail of the head in dorsal view.
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Nemertopsis bivittata is a species of the family Emplectonematidae, being
closely related to Emplectonema viride Stimpson, 1857, a very common species in the
Northeastern Pacific ocean, present from Alaska to California, living in a similar
environment as N. bivittata in the Brazilian coast (MENDES et al., 2021). Therefore,
investigating E. viride larval development, one can have better insights about the
larval development of N. bivittata. The development of E. viride is also not well
known, but different sized larvae were observed in plankton samples along the
Oregon coast (HIEBERT, 2016; MENDES et al., 2021). These larvae were also
occasionally observed feeding upon barnacle nauplii (VON DASSOW et al. in prep).
Reproductive individuals of E. viride can be easily found among barnacle clusters in
the coast of Oregon in winter months, and can reproduce in captivity, being a good
choice as a model to understand the hoplonemerteans larval development and
behaviour. Our initial hypothesis is that E. viride and N. bivittata both have
planktotrophic larvae, being indirect developers. We also expect that the populations
of the indirect developers (N. bivittata and P. ponteni) will be better connected than

the populations of the partial asexual one (L. sanguineus).

This thesis is divided in four chapters: the first encompass the larval
development of E. viride with notes in its larval behaviour and feeding; the second
presents the taxonomic revision of N. bivittata along the Brazilian coast, with
descriptions of three new species; the third chapter deals with the seascape genomics
of P. ponteni populations in Brazil; and the fourth chapter comprehends a

comparative seascape genomics of the nemertean species present in this study.

Obijectives
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The main objective of this work is to understand if there are genomic regions
that might be involved with the response to environment in species with different
reproductive and development modes. In addition, to identify what are the most
important environmental variables influencing such response, and if there are
congruencies among these species. We compared three species, two with sexual
reproduction and indirect development (being one with lecithotrophic larva, and
another with possibly planktotrophic larva), and one with partially asexual

reproduction. To do so, we have the following specific objectives:

1. Describe the hoplonemertean larval development using Emplectonema
viride as a model;

2. Genetically characterize, evaluate and compare the populations of
Nemertopsis bivittata, Lineus sanguineus and Perinereis ponteni along
part of the Brazilian coast;

3. Estimate their migration patterns and demographic history along the
Brazilian coast;

4. Detect and identify potential loci associated with environmental factors

that might indicate local adaptation.

References

AMARAL, A. C. Z.; NONATO, E. F. Annelida polychaeta: caracteristicas,
glossario e chaves para familias e géneros da costa brasileira. Campinas, SP, Brasil:
Editora da Unicamp, 1996.

AMARAL, A.; RIZZO, A.; ARRUDA, E. Manual de Identificacdo dos
Invertebrados Marinhos da Regido Sudeste-Sul do Brasil. 1. ed. S&o Paulo, SP:
EdUSP, 2005. v. 1

AMENT-VELASQUEZ, S. L. et al. Population genomics of sexual and
asexual lineages in fissiparous ribbon worms (Lineus, Nemertea): hybridization,
polyploidy and the Meselson effect. Molecular Ecology, v. 25, n. 14, p. 3356-3369,
jul. 2016.

ANDRADE, S. C. S.; NORENBURG, J. L.; SOLFERINI, V. N. Worms
without borders: genetic diversity patterns in four Brazilian Ototyphlonemertes

23



species (Nemertea, Hoplonemertea). Marine Biology, v. 158, n. 9, p. 2109-2124, set.
2011.

ANDRADE, S. C. S. et al. Disentangling ribbon worm relationships: multi-
locus analysis supports traditional classification of the phylum Nemertea. Cladistics,
v. 28, n. 2, p. 141-159, abr. 2012.

ANDRADE, S. C. S. et al. Articulating “Archiannelids”: Phylogenomics and
Annelid Relationships, with Emphasis on Meiofaunal Taxa. Molecular Biology and
Evolution, v. 32, n. 11, p. 2860-2875, nov. 2015.

APPELTANS, W. et al. The Magnitude of Global Marine Species Diversity.
Current Biology, v. 22, n. 23, p. 2189-2202, dez. 2012.

BAKKEN, T. et al. Nereididae Blainville, 1818. In: Westheide, G. Purschke
& M.Bdggemann (Eds.), Handbook of zoology online (pp. 1-43). Berlin, Germany:
DeGruyter.

BANKS, S. C. et al. Oceanic Variability and Coastal Topography Shape
Genetic Structure in a Long-Dispersing Sea Urchin. Ecology, v. 88, n. 12, p. 3055—
3064, 2007.

BECKER, B. J. et al. Complex larval connectivity patterns among marine
invertebrate populations. Proceedings of the National Academy of Sciences, v. 104, n.
9, p. 3267-3272, fev. 2007.

BERNATCHEZ, S. et al. Seascape genomics of eastern oyster ( Crassostrea
virginica ) along the Atlantic coast of Canada. Evolutionary Applications, v. 12, n. 3,
p. 587-609, mar. 2019.

BIRD, A. M.; VON DASSOW, G.; MASLAKOVA, S. A. How the pilidium
larva grows. EvoDevo, v. 5, n. 1, p. 13, 2014.

BOHONAK, A. J. Dispersal, Gene Flow, and Population Structure. The
Quarterly Review of Biology, v. 74, n. 1, p. 21-45, mar. 1999.

BOUCHET, P. THE MAGNITUDE OF MARINE BIODIVERSITY. In: The
Exploration of Marine Biodiversity: Scientific and Technological Challenges.
Fundacion BBVA, Madrid: C.M. Duarte, 2006. p. 31-62.

BOWEN, B. W. et al. Phylogeography of two Atlantic squirrelfishes (Family
Holocentridae): exploring links between pelagic larval duration and population
connectivity. Marine Biology, v. 149, n. 4, p. 899-913, jul. 2006.

CAPLINS, S. A.; TURBEVILLE, J. M. The Occurrence of Ramphogordius
sanguineus (Nemertea, Heteronemertea) in the Intertidal Zone of the Atlantic Coast of
Virginia and New Observations on its Feeding Behavior. n. 38, p. 6, 2011.

CAPLINS, S.; NORENBURG, J. L.; TURBEVILLE, J. M. Molecular and
morphological variation in the barnacle predator Nemertopsis bivitatta (Nemertea,
Hoplonemertea). Integrative and Comparative Biology, n. 52, p. E24, 2012.

CARD, D. C. et al. Phylogeographic and population genetic analyses reveal
multiple species of Boa and independent origins of insular dwarfism. Molecular
Phylogenetics and Evolution, v. 102, p. 104-116, set. 2016.

COE, W. R. Notes on the Times of Breeding of Some Common New
England Nemerteans. Science, v. 9, n. 214, p. 167-169, 1899.

CORTEZ, T. et al. Genome-wide assessment elucidates connectivity and the
evolutionary history of the highly dispersive marine invertebrate Littoraria flava
(Littorinidae: Gastropoda). Biological Journal of the Linnean Society, n. blab055,
maio 2021.

COWEN, R. K.; SPONAUGLE, S. Larval Dispersal and Marine Population
Connectivity. Annual Review of Marine Science, v. 1, n. 1, p. 443-466, 2009.

24



FAUCHALD, K.; JUMARS, P. A. The Diet of Worms: A Study of
Polychaete Feeding Guilds. Oceanography and marine Biology annual review, p. 92,
1979.

FERNANDEZ, R. et al. Comparative phylogeography and population
genetic structure of three widespread mollusc species in the Mediterranean and near
Atlantic. Marine Ecology, v. 36, n. 3, p. 701-715, 2015.

FONTANETO, D.; FLOT, J.-F.; TANG, C. Q. Guidelines for DNA
taxonomy, with a focus on the meiofauna. Marine Biodiversity, v. 45, n. 3, p. 433—
451, set. 2015.

HELLBERG, M. E. et al. Genetic assessment of connectivity among marine
populations. Bulletin of Marine Science, v. 70, n. 1, p. 18, 2002.

HERRERA, S.; SHANK, T. M. RAD sequencing enables unprecedented
phylogenetic resolution and objective species delimitation in recalcitrant divergent
taxa. Molecular Phylogenetics and Evolution, v. 100, p. 70-79, jul. 2016.

HIEBERT, T. C. NEW NEMERTEAN DIVERSITY DISCOVERED IN
THE NORTHEAST PACIFIC, USING SURVEYS OF BOTH PLANKTONIC
LARVAE AND BENTHIC ADULTS. University of Oregon, 2016.

HODEL, R. G. J. et al. When species trees disagree: an approach consistent
with the coalescent that quantifies phylogenomic support for contentious
relationships. Disponivel em:
<https://www.biorxiv.org/content/10.1101/2020.03.27.012237v1>. Acesso em: 26
ago. 2021.

JOHNSON, N. D. et al. Cryptic species in Pacific sipunculans (Sipuncula:
Phascolosomatidae): east-west divergence between non-sister taxa. Zoologica Scripta,
v. 45, n. 4, p. 455-463, 2016.

JORGER, K. M. et al. Barcoding against a paradox? Combined molecular
species delineations reveal multiple cryptic lineages in elusive meiofaunal sea slugs.
BMC Evolutionary Biology, v. 12, n. 1, p. 245, dez. 2012.

KAWAUCHI, G. Y.; GIRIBET, G. Are there true cosmopolitan sipunculan
worms? A genetic variation study within Phascolosoma perlucens (Sipuncula,
Phascolosomatidae). Marine Biology, v. 157, n. 7, p. 1417-1431, jul. 2010.

KINLAN, B. P.; GAINES, S. D.; LESTER, S. E. Propagule dispersal and the
scales of marine community process: Marine dispersal scales. Diversity and
Distributions, v. 11, n. 2, p. 139-148, mar. 2005.

KNOWLES, L. L.; CARSTENS, B. C. Delimiting Species without
Monophyletic Gene Trees. Systematic Biology, v. 56, n. 6, p. 887-895, dez. 2007.

LEASI, F.; ANDRADE, S. C. DA S.; NORENBURG, J. At least some
meiofaunal species are not everywhere. Indication of geographic, ecological and
geological barriers affecting the dispersion of species of Ototyphlonemertes
(Nemertea, Hoplonemertea). Molecular Ecology, v. 25, n. 6, p. 1381-1397, 2016.

LEVIN, L. A. Recent progress in understanding larval dispersal: new
directions and digressions. Integrative and Comparative Biology, v. 46, n. 3, p. 282—
297, jun. 2006.

LIGGINS, L., TREML, E. A.; RIGINOS, C. Seascape Genomics:
Contextualizing Adaptive and Neutral Genomic Variation in the Ocean Environment.
In: OLEKSIAK, M. F.; RAJORA, O. P. (Eds.). . Population Genomics: Marine
Organisms. Population Genomics. Cham: Springer International Publishing, 2019. p.
171-218.

MADDISON, W. P. Gene Trees In Species Trees. Systematic Biology, v. 46,
n. 3, p. 523-536, 1997.

25



MASLAKOVA, S. A.; VON DOHREN, J. Larval Development with
Transitory Epidermis in Paranemertes peregrina and Other Hoplonemerteans. The
Biological Bulletin, v. 216, n. 3, p. 273-292, jun. 2009.

MASLAKOVA, S. A.; HIEBERT, T. C. From trochophore to pilidium and
back again - a larva’s journey. The International Journal of Developmental Biology,
v. 58, n. 6-7-8, p. 585-591, 2014.

MATHEWS, L. M.; ANKER, A. Molecular phylogeny reveals extensive
ancient and ongoing radiations in a snapping shrimp species complex (Crustacea,
Alpheidae, Alpheus armillatus). Molecular Phylogenetics and Evolution, v. 50, n. 2,
p. 268-281, fev. 2009.

MENDES, C. B. et al. Hidden diversity: Phylogeography of genus
Ototyphlonemertes Diesing, 1863 (Ototyphlonemertidae: Hoplonemertea) reveals
cryptic species and high diversity in Chilean populations. PLOS ONE, v. 13, n. 4, p.
e0195833, abr. 2018.

MENDES, C. B. et al. Redescription of Emplectonema viride — a ubiquitous
intertidal hoplonemertean found along the West Coast of North America. ZooKeys, v.
1031, p. 1-17, abr. 2021.

MORETTO, H. J. A.;; BRANCATO, C. L. The ovaries of a fissiparous
heteronemertean, Lineus bonaerensis, from Argentina. Hydrobiologia, v. 365, n. 1/3,
p. 129-134, 1997.

MURPHY, N. P. et al. Species, ESUs or populations? Delimiting and
describing morphologically cryptic diversity in Australian desert spring amphipods.
Invertebrate Systematics, v. 29, n. 5, p. 457467, out. 2015.

NICHOLS, R. Gene trees and species trees are not the same. Trends in
Ecology & Evolution, v. 16, n. 7, p. 358-364, jul. 2001.

NOSIL, P.; FUNK, D. J.; ORTIZ-BARRIENTOS, D. Divergent selection
and heterogeneous genomic divergence. Molecular Ecology, v. 18, n. 3, p. 375-402,
20009.

NUNES, F. L. D. et al. Looking for diversity in all the right places? Genetic
diversity is highest in peripheral populations of the reef-building polychaete
Sabellaria alveolata. Marine Biology, v. 168, n. 5, p. 63, maio 2021.

PAIVA, P. C. Capitulo 7 Filo Annelida Classe Polychaeta. Biodiversidade
bentonica da regido central da Zona Econémica Exclusiva brasileira, v. 18, p. 261—
298, 2006.

PALUMBI, S. R. Genetic Divergence, Reproductive Isolation, and Marine
Speciation. Annual review of ecology and systematics, v. 25, n. 1, p. 547-572, 1994.

PAMILO, P.; NEI, M. Relationships between Gene Trees and Species Trees.
Molecular biology and evolution, v. 5, n. 5 p. 568-583, 1988.

PONS, J. et al. Sequence-Based Species Delimitation for the DNA
Taxonomy of Undescribed Insects. Systematic Biology, v. 55, n. 4, p. 595-609, 1
ago. 2006.

PUILLANDRE, N. et al. ABGD, Automatic Barcode Gap Discovery for
primary species delimitation. Molecular Ecology, v. 21, n. 8, p. 1864-1877, abr.
2012.

RIESGO, A.; TABOADA, S.; AVILA, C. Evolutionary patterns in Antarctic
marine invertebrates: An update on molecular studies. Marine Genomics, v. 23, p. 1-
13, out. 2015.

ROUSE, G. W. Polychaetes have evolved feeding larvae numerous times.
Bulletin of MArine Science, v. 67, n. 1, p. 19, 2000.

26



RUNNELS, C. Phylogeography and Species Status of Ramphogordius
sanguineus. Theses and Dissertations, 23 jul. 2013. Virginia Commonwealth
University.

SAENZ-AGUDELO, P. et al. Seascape genetics along environmental
gradients in the Arabian Peninsula: insights from ddRAD sequencing of
anemonefishes. Molecular Ecology, v. 24, n. 24, p. 6241-6255, dez. 2015.

SANDOVAL-CASTILLO, J. et al. Seascape genomics reveals adaptive
divergence in a connected and commercially important mollusc, the greenlip abalone
(Haliotis laevigata), along a longitudinal environmental gradient. Molecular Ecology,
v.27,n.7,p.1603-1620, 2018.

SELKOE, K. et al. A decade of seascape genetics: contributions to basic and
applied marine connectivity. Marine Ecology Progress Series, v. 554, p. 1-19, jul.
2016.

SELKOE, K.; TOONEN, R. Marine connectivity: a new look at pelagic
larval duration and genetic metrics of dispersal. Marine Ecology Progress Series, v.
436, p. 291-305, ago. 2011.

SINGH, S. P. et al. Seascape genetics of the spiny lobster Panulirus homarus
in the Western Indian Ocean: Understanding how oceanographic features shape the
genetic structure of species with high larval dispersal potential. Ecology and
Evolution, v. 8, n. 23, p. 12221-12237, 2018.

STRAND, M. et al. Nemertean taxonomy-Implementing changes in the
higher ranks, dismissing Anopla and Enopla. Zoologica Scripta, v. 48, n. 1, p. 118-
119, jan. 2019.

STRAND, M.; SUNDBERG, P. A DNA-based description of a new
nemertean (phylum Nemertea) species. Marine Biology Research, v. 7, n. 1, p. 63-70,
jan. 2011.

SUNDBERG, P. et al. Polymorphism hides cryptic species in Oerstedia
dorsalis (Nemertea, Hoplonemertea): CRYPTIC SPECIES IN O. DORSALIS.
Biological Journal of the Linnean Society, v. 98, n. 3, p. 556-567, out. 2009.

SUNDBERG, P. et al. The future of nemertean taxonomy (phylum
Nemertea) - a proposal. Zoologica Scripta, v. 45, n. 6, p. 579-582, nov. 2016.

SUNDBERG, P.; KVIST, S.; STRAND, M. Evaluating the Utility of Single-
Locus DNA Barcoding for the Identification of Ribbon Worms (Phylum Nemertea).
PLOS ONE, v. 11, n. 5, p. e0155541, maio 2016.

TABOADA, S.; PEREZ-PORTELA, R. Contrasted phylogeographic
patterns on mitochondrial DNA of shallow and deep brittle stars across the Atlantic-
Mediterranean area. Scientific Reports, v. 6, n. 1, p. 32425, set. 2016.

THOLLESSON, M.; NORENBURG, J. L. Ribbon worm relationships: a
phylogeny of the phylum Nemertea. Proceedings of the Royal Society of London.
Series B: Biological Sciences, v. 270, n. 1513, p. 407-415, fev. 2003.

TULCHINSKY, A. Y.; NORENBURG, J. L.; TURBEVILLE, J. M.
Phylogeography of the marine interstitial nemertean Ototyphlonemertes parmula
(Nemertea, Hoplonemertea) reveals cryptic diversity and high dispersal potential.
Marine Biology, v. 159, n. 3, p. 661-674, mar. 2012.

VIA, S. The Ecological Genetics of Speciation. The American Naturalist, v.
159, n. S3, p. S1-S7, mar. 2002.

WANG, K. et al. Incomplete lineage sorting rather than hybridization
explains the inconsistent phylogeny of the wisent. Communications Biology, v. 1, n.
1, p. 1-9, out. 2018.

27



WEBB, T. J.; BERGHE, E. V.; O’DOR, R. Biodiversity’s Big Wet Secret:
The Global Distribution of Marine Biological Records Reveals Chronic Under-
Exploration of the Deep Pelagic Ocean. PLOS ONE, v. 5, n. 8, p. 10223, ago. 2010.

WORMS - World Register of Marine Species. Disponivel em:
<http://www.marinespecies.org/aphia.php?p=stats>. Acesso em: 22 nov. 2021.

ZRZAVY, J. et al. Phylogeny of Annelida (Lophotrochozoa): total-evidence
analysis of morphology and six genes. BMC Evolutionary Biology, v. 9, n. 1, p. 189,
ago. 2009.

28



General Conclusions

In the present study we evaluated the validity of the three selected species
(Lineus sanguineus, Nemertopsis bivittata and Perinereis ponteni), their populational
structure along the Brazilian coast, as well as their past demography and possible
responses to their environment.

Our first results show that N. bivittata is a complex of cryptic species
comprehending three different species in Brazil, N. berthalutzae, N. caete and N.
pamelaroeae. From those three species, only two seem to be present along the entire
sampling range, N. berthalutzae and N. pamelaroeae, being N. caete restrict to the
coast of Alagoas state.

The hoplonemertean larval development was not yet well known, except for a
few species with direct development. However, many populational results, as well as
some anecdotal observations of larval growth in the plankton, indicated indirect
development. Therefore, we investigated the hoplonemertean development using
Emplectonema viride as a model species. The observation of E. viride larval
development indicated a long planktonic stage of around 120 days, with feeding
starting as soon as the stylet developed, at four days old. These results, as well as the
ones described in von Dassow et al. (in press) indicated that planktonic larval
development is well spread among the hoplonemerteans. The long planktonic stage
observed is compatible to the populational results found for other hoplonemertean
species that have very well connected populations, despite the low motile adults.

The population results from all four species (P. ponteni, L. sanguineus, N.
berthalutzae and N. pamelaroeae) reaffirm the importance of developmental modes

to the population dynamics. Species with longer larval stage (i.e. the two
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planktotrophic Nemertopsis species) have more connected populations than species
with shorter larval stage (i.e. the two lecithotrophic L. sanguineus and P. ponteni),
despite having similar habits during the adult life. Nonetheless, our results also shed
light in other factors that also shape the population dynamics, particularly the past
demography and the present environment.

The demography results for the Nemertopsis species are not informative, due
to the uneven sampling. However, both our results for P. ponteni and L. sanguineus
suggest a demographic expansion from the Southeast region, where the populations
show higher levels of diversity. These levels of diversity are most likely consequence
of this area being a refugee for the species during the Last Glacial Maximum (~
20ky), when the Brazilian coast was more exposed than nowadays and the suitable
habitats for coastal species were rarer.

Currently, the temperature seems to be main environmental factor that
influence all studied species. They all show SNPs candidates to be under selection
related directly or indirectly to temperature variation. The SNPs are related to many
different genes in the different species. Nevertheless, genes related to DNA repair and
immunity are present in all cases — ZBRAN3 and PARPY9 among P. ponteni
populations; TMP2L, NRDE2, USP9X, SACS, CRHBP, CD9 and BLNK in L.
sanguineus; T184B, TENSI, MACFI and DYH7 amongst N. berthalutzae populations
— suggesting a common response to the challenging environment in all studied
species, despite their differences. The increase in temperature favors primary
production and microorganism proliferation, which can increase the likelihood of
disease in environments already highly impacted by human interventions. In addition,
fouling communities provide a propitious microhabitat for accumulation of organic

matter that also favors such microorganisms. Besides the local effect of temperature
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increase, the changing in the ocean temperature can also have a long term effect in
these populations, due to the alteration in the oceanic circulation. We cannot yet
affirm how this alteration will affect the populations. However, the temperature
difference is a very important factor to the direction and velocity of ocean currents,
and a warmer ocean is likely to have slower currents, isolating the animal populations
that use the present ocean circulation for connection. It is interesting to note that even
a species with such a high gene flow still responds to biogeographic barriers,
highlighting the importance of biotic and abiotic factors shaping population
connectivity. It is also worth noting the importance of temperature in shaping these
populations, indicating that future climate change and ocean warming can have huge

impacts on coastal communities.
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Resumo

Entender quais sdo os principais fatores que influenciam a conectividade entre
populacbes animais marinhas tem sido objeto de diversos estudos ha décadas, sendo o a
mobilidade dos individuos reconhecida como um dos fatores determinantes. Espécies
com longo desenvolvimento larval (e.g. planctotroficas) usualmente apresentam
populacdes melhor conectadas que espécies com desenvolvimento direto ou curto
desenvolvimento larval (e.g. lecitotréficas), devido sua maior capacidade de dispersao.
Entretanto, outras caracteristicas biondmicas e o ambiente também tem grande
influéncia na conectividade. Além disso, a percepcdo da conectividade populacional
também sofre interferéncia devido a presenca de espécies cripticas, uma vez que tais
espécies podem ter extrema semelhanca morfoldgica. Assim, o presente trabalho
avaliou como a heterogeneidade ambiental influencia a conectividade de espécies com
diferentes modos reprodutivos, através de técnicas de gendmica de paisagem
comparativa. Para tanto, utilizamos as espécies Perinereis ponteni (Polychaeta, de
reproducdo sexuada e larva lecitotrofica), Lineus sanguineus (Heteronemertea, de
reproducdo assexuada e sexuada, e larva lecitotrofica) e Nemertopsis bivittata
(Hoplonemertea, de reproducdo sexuada, com desenvolvimento larval ndo
completamente conhecido, mas presumidamente planctotréfica). De forma a garantir a
monofilia das espécies, as populacdes estudadas foram avaliadas taxonomicamente.
Nesse sentido, amostramos populacdes ao longo da costa brasileira. Os animais
coletados foram utilizados na extragcdo de DNA para prospecgdo de SNPs, a partir da
técnica de Genotyping by Sequencing (GBS). Ainda, acompanhamos 0 comportamento
e desenvolvimento larval do hoplonemertineo Emplectonema viride como proxy para o
desenvolvimento de N. bivittata, uma vez que ambas sdo da familia Emplectonematidae
e vivem em ambientes extremamente similares. Contudo, a espécie N. bivittata é na
verdade um complexo de espécies, com trés unidades evolutivas distintas na costa
brasileira. Essas foram descritas como, Nemertopsis berthalutzae, Nemertopsis
pamelaroeae e Nemertopsis caete, a Ultima estando presente apenas na costa de
Alagoas. A observacdo do desenvolvimento larval de E. viride indicou a presenca de
larvas planctotroficas, com longo desenvolvimento, levando em média 120 dias para
metamorfose bastante sutil (notada principalmente pela mudanca na ciliagdo e no
comportamento). As larvas se alimentam primariamente de nauplius e ciprides de
cracas. Nossas analises de paleodistribuicdo e demografia de P. ponteni apontaram a
presenca de um refligio na regifo Sudeste durante o Ultimo Méaximo Glacial, de onde as
populagcbes expandiram. Quanto as analises de gendmica de paisagem, observamos que
as especies com desenvolvimento larval mais curto tendem a apresentar populacdes
mais estruturadas, porém ainda com significativo fluxo génico. Entretanto, fatores
ambientais semelhantes afetam a conectividade em todas as espécies, sendo a
temperatura e precipitacdo os mais comuns. Esses fatores estdo associados a presenca de
SNPs candidatos a selecdo natural em trés das quatro espécies estudadas. Tal achado
reforca qudo influente as condigdes ambientais locais e globais sdo na conectividade e,
por conseguinte, na diversidade genética das especies.
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Abstract

Understanding the main factors influencing connectivity among marine animal
populations has been the subject of several studies for decades, with the mobility of
individuals being recognized as one of the determining factors. Species with long larval
development (e.g. planktotrophic) usually have better connected populations than
species with direct or short larval development (e.g. lecithotrophic), due to their greater
dispersal capacity. However, other bionomic features and the environment also have a
major influence on connectivity. In addition, the perception of population connectivity
can also be affected by the presence of cryptic species, since such species can have
extreme morphological similarity. Thus, the present work evaluated how environmental
heterogeneity influences the connectivity of species with different reproductive modes,
through comparative landscape genomics techniques. For this purpose, we used the
species Perinereis ponteni (Polychaeta, with sexual reproduction and lecithotrophic
larvae), Lineus sanguineus (Heteronemertea, with asexual and sexual reproduction, and
lecithotrophic larvae) and Nemertopsis bivittata (Hoplonemertea, with sexual
reproduction, and presumably planktotrophic larvae). In order to guarantee the
monophyly of all species, the populations studied were taxonomically assessed. In this
sense, we sampled populations along the Brazilian coast. The collected animals were
used in DNA extraction for SNPs prospection, using the Genotyping by Sequencing
(GBS) technique. Furthermore, we followed the behavior and larval development of the
hoplonemertean Emplectonema viride as a proxy for the development of N. bivittata,
since both are from the Emplectonematidae family and live in extremely similar
environments. However, the species N. bivittata is actually a complex of species, with
three distinct evolutionary units on the Brazilian coast. These were described as,
Nemertopsis berthalutzae, Nemertopsis pamelaroeae and Nemertopsis caete, the latter
being present only on the coast of Alagoas. The observation of E. viride larval
development indicated the presence of planktotrophic larvae, with long development,
taking an average of 120 days for quite subtle metamorphosis (noticed mainly by
changes in ciliation and behavior). The larvae feed primarily on barnacle nauplius and
cyprids. Our palaeodistribution and demography analyzes indicate the presence of a
refuge in the Southeast region during the Last Glacial Maximum, from where the
populations expanded. As for landscape genomic analyses, we observed that species
with shorter larval development tend to have more structured populations, but still with
significant gene flow. However, similar environmental factors affect connectivity in all
species, with temperature and precipitation being the most common. These factors are
associated with the presence of SNPs candidates for natural selection in three of the four
species studied. These findings reinforces how important local and global
environmental conditions are for animal connectivity and, therefore, for the genetic
diversity of species.
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