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Human activities are causing unprecedented changes in the ocean environment,
which occupies 70% of the Earth’s surface and is the largest habitat on Earth.

Ocean temperatures are rising, while waters become less oxygenated and more
acidic due to the emission of greenhouse gases. Plastic pollution accumulates in
coastal regions and in ocean gyres, where they break down and enter the food
chain. Humans are exploiting marine fish populations to the point of extinction,
and are on the verge of exploiting the deepsea for minerals on the ocean floor. We
still know little about how these changes and impacts affect marine species and
ecosystems. In addition, much is unknown about the ecology and evolution of
many marine organisms. Will marine species be able to adapt to these changes and
continue thriving? What will ecosystems look like in the future as species distribu
tions and biodiversity patterns change? In this thesis, I focus on some key elements
of these broad questions, zooming in on the genomic variability and population
structure of shelled pteropods, a group of planktonic snails that inhabit the open
ocean and are thought to be extremely sensitive to ocean acidification.

Since Darwin published The Origin of Species (Darwin, 1859), there has been
much progress in our understanding of the factors and requirements influencing
speciation. Speciation can be defined as the evolutionary process by which popu
lations diverge and become reproductively isolated (i.e., are unable to interbreed
with each other). We now know that the process of speciation can be mediated by
a broad spectrum of mechanisms, depending on the extent of spatial separation
and heterogeneity, and subsequent opportunities for gene flow between popula
tions (Butlin et al., 2008; Mallet, 2008; Shaw and Mullen, 2014) (FIGURE 1). At one
end of the spectrum is genetic divergence due to an extrinsic barrier, i.e., allopa
try. In this case, populations are physically isolated from each other by an external
barrier to dispersal, such as land bridges or mountain ranges. This leads to inde
pendent genetic drift and the accumulation of genetic differences, which results in
the populations eventually being completely reproductively isolated. Allopatric
speciation is often regarded as the most common form of speciation (Mayr, 1963),
with most occurrences known from terrestrial examples where geographical barri
ers are easily identified. However, there are also examples of clear physical barri
ers in the marine environment, such as the Isthmus of Panama (Cowman and
Bellwood, 2013). At the other end of the spectrum is sympatric speciation, where
an initially interbreeding population splits into distinct species while still sharing
the same geographic space at the same time, with the potential for interbreeding.
Despite the theoretical support for this mode of speciation (Turelli et al., 2001; Via,
2001), there are relatively few wellsupported examples of sympatric speciation for
animals e.g., herbivorous insects (Bush, 1966), cichlid fish (Barluenga et al., 2006;
Gavrilets et al., 2007) and seabirds (Friesen et al., 2007). For sympatric speciation
to occur, genetic divergence has to proceed in the presence of homogenising gene
flow, through mechanisms such as ecological divergence or assortative mating
leading to reproductive isolation. Between the two ends of the spectrum, there are
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speciation scenarios with partial genetic isolation and variable potentials for inter
breeding and gene flow. Hence, it has been suggested that it is more appropriate
to talk about a speciation continuum (Butlin et al., 2008). Adding to this complex
ity, it is important to note that different modes of speciation can occur more than
once during the speciation process, which is not unidirectional or linear, but an
accumulation of genetic divergences that can eventually lead to complete repro
ductive isolation (Stankowski and Ravinet, 2021). Studies of speciation in the ocean
environment have been conducted on incipient or recently diverged species, most
ly across their benthic or intertidal habitats (e.g., Bowen et al., 2013; Johannesson,
2009; Potkamp and Fransen, 2019; Stankowski et al., 2020) (FIGURE 1). Recently,
with the increasing interest in the effects of climate change, researchers have also
looked into the effect of environmental selection on the evolutionary divergence
of marine species across their heterogeneous environment (Benestan et al., 2016;
Davis et al., 2016; Morales et al., 2018; Xuereb et al., 2018b).

S P E C I AT I O N I N T H E O P E N O C E A N
Holoplanktonic species provide an interesting group of organisms to understand the
process of marine speciation, because they drift with ocean currents their entire
lives, in an environment that is characterised by the absence of obvious physical
barriers and high connectivity across large distances. Previously, marine pelagic (i.e.,
open ocean) species were assumed to be panmictic, where all individuals of the
population are able to interbreed with each other, due to their high potential for
dispersal and gene flow (Norris, 2000; Palumbi, 1994; van der Spoel and Heyman,
1983). This was supported by the general finding of low genetic divergence in
species across extensive geographical ranges (e.g., Apolônio Silva De Oliveira et al.,
2017; Riginos et al., 2016; Selkoe et al., 2016). However, an increasing number of
studies across pelagic taxa have uncovered genetic divergence in populations across
a range of spatial scales (Andrews et al., 2014; Kulagin et al., 2021; Peijnenburg and
Goetze, 2013; Pfaller et al., 2019; Postel et al., 2020; Truelove et al., 2017; Weersing
and Toonen, 2009). This leads to an apparent paradox: speciation and population
divergence should be unlikely in the open ocean since there are no obvious barriers
to gene flow, but we still observe many populations that are in the process of diverg
ing or have diverged. How species arise in the open ocean is thus an important open
question (Filatov et al., 2021; Miglietta et al., 2011; Miya and Mishida, 1997;
Peijnenburg et al., 2006; Peijnenburg and Goetze, 2013).

Analyses of genetic data have revealed that many open ocean species are more
structured than would be expected based on their dispersal potential. Putative
drivers of genetic differentiation in the open ocean have been identified based on
case studies of pelagic organisms, although how these drivers interact depending
on the ecology and evolutionary history of the organism is still relatively unknown.
Population boundaries have been attributed to, for example, oceanographic barri
ers leading to limited connectivity and thus providing opportunities for allopatric
speciation (Filatov et al., 2021), environmental transitions that limit the geograph
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FFIIGGUURREE 11 A schematic of the speciation continuum with some recent marine studies, show
ing genetic differentiation along the axes of current geographic isolation and the degree of
gene flow. The degree of gene flow is indicated with the degree of grey shading from com
pletely reproductively isolated species (grey) to panmictic populations (white). 1. European
flounder in the Baltic Sea currently have an overlapping distribution, but are strongly repro
ductive isolated, likely due to ecological speciation resulting from different breeding behav
iours (Momigliano et al., 2017). 2. Coccolithophore speciation in the open ocean most like
ly occurred through geographic isolation, and segregation of ecological niches, followed by
presentday secondary contact (Bendif et al., 2019; Filatov et al., 2021). 3. Mutualistic inter
actions with host anemone species in clownfish can drive speciation through ecological
selection, even in the absence of physical barriers (Litsios et al., 2012). 4. California sea
cucumber exhibits local adaptation to environmental variables, which may play a role in spa
tially variable selection (Xuereb et al., 2018b). 5. Genetic differentiation in the American lob
ster is mediated by both thermal adaption and larval connectivity (Benestan et al., 2016). 6.
Rough periwinkle (Littorina saxatilis) ecotypes (Johannesson, 2009; Johannesson et al.,
2017) are partially reproductively isolated, with strong divergent selection, between shel
tered coastal habitats facing crab predation pressure and exposed surfaces subject to wave
action, keeping the ecotypes separate despite their physical proximity. 7. The Clymene dol
phin (Stenella clymene) is a hybrid species of two putative parental species, Stenella coeru‐
eloalba and Stenella longisrostris, all three of which occur in sympatry. 8. The Mytilus mus
sel species complex comprises multiple hybrid zones, with widespread local gene flow
(Simon et al., 2021). 9. Calanus finmarchicus exhibits genetic homogeneity and gene flow
across their broad geographic range in the northern North Atlantic, and hence are com
posed of panmictic populations (Choquet, 2017; Provan et al., 2009). 10. No population
structuring was observed for Antarctic krill (Euphausia superba) across their range in the
Southern Ocean (Deagle et al., 2015).
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ical range of a species (Stanley et al., 2018), or a combination of these factors
(LasoJadart et al., 2021). Complete geographic isolation is not necessary for the
formation of these barriers, as there are documented examples of marine specia
tion in the presence of gene flow, as long as selective forces are strong enough to
overcome the homogenising effect of gene flow (Bendif et al., 2019; Bierne et al.,
2003; Potkamp and Fransen, 2019). Population boundaries can also arise depend
ing on the interaction between the strength of environmental selection on dispers
ing plankton communities, and their rates of adaptation to nonoptimal habitats
(Ward et al., 2021). Given that marine plankton have enormous population sizes
and relatively short generation times, they should be sensitive to even mildly ben
eficial selective forces (Peijnenburg and Goetze, 2013), but their actual extent of
dispersal and selective pressure is still unknown.

Identifying and classifying species can be challenging in marine taxa, due to
their large spatial ranges across an interconnected but relatively inaccessible habi
tat and their limited morphological differentiation. This can be seen from the vari
ous examples of circumglobally distributed species that were originally identified as
a single species across their range due to morphological crypsis, only to be classified
as separate species later due to genetic differences (Bongaerts et al., 2021;
Hutchings and Kupriyanova, 2018; Knowlton, 1993, 2000). The problem is com
pounded when the organisms in question are small, relatively poorly studied, with
scarce genetic resources and information about their morphology and ecology.
Within the marine zooplankton, a large number of species have been reported as
cryptic, however, for a large majority of examples there is incomplete evidence to
ascertain that the species are actually reproductively isolated, and truly morpholog
ically indistinguishable (van der Sprong, 2019). To definitively conclude that species
exhibit cryptic diversity, a genomewide perspective to identify instances of repro
ductive isolation, as well as indepth analyses of morphological traits, are necessary.
Overcoming these challenges will allow us to produce a more accurate representa
tion of species ranges and their spatial genetic variability, which can then be used
to gain insight into their potential to evolve in response to future change.

E F F E C T S O F A N T H R O P O G E N I C C L I M AT E C H A N G E O N T H E O C E A N
The marine habitat has undergone multitudes of climatic changes in the past, with
fluctuations in sea surface temperature, sea level and changes in ocean chemistry
(e.g., Pelejero et al., 2010; Turney et al., 2020). The speed and extent of the cur
rent climate change is likely to be unmatched, however, with a rate of CO2 release
into the atmosphere that is unprecedented during past 66 million years (Zeebe et
al., 2016). The effects of current ocean change are already visible in wellstudied
coastal ecosystems, for example, the images of bleached corals from the tropics
are present in the public consciousness. Overall, ocean temperatures are expected
to rise by 14 °C during the 21st century (Alexander et al., 2018; Gruber, 2011),
while ocean waters become more acidic (Feely et al., 2004; Jiang et al., 2019) and
less oxygenated (Keeling et al., 2010), with wide ranging and variable impacts on
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different marine species and ecosystems (Doney et al., 2012, 2020; Fossheim et al.,
2015; Gattuso et al., 2015; Hofmann et al., 2010; Kroeker et al., 2013).

Ocean acidification is one of the major changes that are happening to the
ocean, and impacts a wide variety of marine taxa globally. The ocean absorbs about
30% of the anthropogenic carbon dioxide released annually into the atmosphere
(Feely et al., 2009). With an increase in carbon dioxide emissions, the amount of
carbon dioxide absorbed by the ocean will increase further. Carbon dioxide does not
only dissolve but also reacts with seawater, releasing hydrogen ions (H+), which
causes seawater to become more acidic and carbonate ions to be less abundant.
Carbonate ions are important building blocks for the calcium carbonate skeletons
and shells of corals, molluscs, crabs and calcareous algae, hence, ocean acidification
means that they will face difficulty in building and maintaining their shells and skele
tons (Doney et al., 2012). In extreme cases of ocean acidification, these calcifying
organisms face the prospect of dissolution (Bednaršek et al., 2012c; Hoegh
Guldberg et al., 2007; Riebesell et al., 2000). Hence, wide ranging habitats, from
coral reefs to the open ocean, including polar and coastal seas are going to be affect
ed, alongside other organisms within these ecosystems (Hofmann et al., 2010).

Marine species have shown various responses to climate change, such as range
shifts, phenotypic plasticity and genetic adaptation. Range shifts have occurred
across a wide range of species in response to changes in ocean temperature, with
an overall poleward shift in planktonic species distributions (Beaugrand et al.,
2009; Bedford et al., 2020; Benedetti et al., 2021; Garciá Molinos et al., 2016;
Pinsky et al., 2020; Poloczanska et al., 2016). However, not all taxa exhibit range
shifts that match the velocity of climate change, depending on whether they exhib
it niche plasticity or conservatism, leading to changes in plankton communities
over time (Chivers et al., 2017). Thus, range shifts can have wideranging impacts
on marine biomass, species richness and ecosystem structure across ocean basins
(Benedetti et al., 2021; BryndumBuchholz et al., 2019; Chaudhary et al., 2021).

Alternatively, species can also remain in their current geographic range and
either possess the phenotypic plasticity to cope with changing conditions
(Charmantier et al., 2008; Anderson et al., 2012; Barrett & Hendry, 2012), or adapt to
the changing conditions (Benestan et al., 2016; Sunday et al., 2014). Phenotypic plas
ticity and adaptive evolution can also act together, with plasticity providing a buffer
for the species to survive in the current environment, while selection acts on the
gene pool so that the population becomes better suited to the changing environment
(Chevin et al., 2010). A flipside of this is that plasticity can also slow down adaptive
evolution, because it reduces the strength of selection by maintaining genetic vari
ants that do not contribute to the adaptive phenotype (Sunday et al., 2014). There
may also be ecological and genetic constraints associated with the limits to adapta
tion, and whether a population can adapt to environmental stress depends on many
factors including population size, phenotypic variation, and demographic fluctuations
(Bell, 2013; Chevin et al., 2013; Orr and Unckless, 2008; Tomasini and Peischl, 2020).
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Marine zooplankton are key components of the marine food web, therefore,
their ability to cope with future changes has an impact on other marine organisms,
including phytoplankton, fish and marine mammals, as well as on biogeochemical
fluxes. What do we know about the evolutionary potential of marine zooplankton?
Theoretical arguments suggest that zooplankton should be able to adapt within
short timeframes and in the presence of weak selection (Peijnenburg and Goetze,
2013). To accurately predict their capacity to cope with rapid environmental
change, it is important to obtain information about their genetic variability and
evolutionary potential.

A DA P T I V E P O T E N T I A L
Adaptive potential is defined as the ability of species and populations to respond
to selection with phenotypic or genetic changes that improve their fitness
(Eizaguirre and BaltazarSoares, 2014). The adaptive potential of most marine
species is difficult to measure directly because it is not possible to conduct breed
ing and longterm experiments with most nonmodel species. However, adaptive
potential can also be indirectly inferred from sources of genomic information,
including standing genetic variation, gene flow between populations, the strength
of selection over time, and the demographic history of the species. Higher levels of
standing genetic variation and the geographic context over which genetic variation
is distributed is correlated with adaptive evolutionary responses (Miller et al.,
2019; Ørsted et al., 2019). The demographic history can also provide a perspective
into the levels of genetic variation across time, with a population bottleneck being
associated with reduced genetic variation in presentday populations and
enhanced susceptibility to the random, nonadaptive effects of genetic drift. For
local adaptation to occur in a population, the effect of selection should exceed the
homogenising effect of gene flow from adjacent populations, which can be
achieved by a large effective population size, strong selection over time, or weak
gene flow between populations (e.g., Attard et al., 2018). Local adaptation has
been recorded for many marine species with a broad range of life histories, and
understanding their spatial patterns of adaptation can give us insight into the
potential impact of climate change on these species (Sanford and Kelly, 2011).

P T E R O P O D B I O L O G Y A N D S I G N I F I C A N C E
This thesis focuses on shelled pteropods, a group of marine zooplankton that has
been identified as extremely vulnerable to ocean acidification and which plays cru
cial roles in the global carbon cycle. Pteropods are a globally distributed group of gas
tropods, which are uniquely adapted to the open ocean habitat (Bé and Gilmer,
1977; van der Spoel and Dadon, 1999). The name ‘pteropod’ means wingfoot, refer
ring to their foot, which has been modified into two winglike flaps used for swim
ming in the water column. They are composed of two orders that are ecologically dis
tinct, the Thecosomata (also known as sea butterflies), which graze on phytoplank
ton, bacteria and other microorganisms that are trapped in their mucus webs, and
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the Gymnosomata (also known as sea angels), which are active predators, usually on
the thecosomes (FIGURE 2). Within the Thecosomata, there are two groups, the
Euthecosomata and Pseudothecosomata (Meisenheimer, 1905; Peijnenburg et al.,
2020). The euthecosomes have either coiled or uncoiled calcium carbonate shells
throughout their lives, while the pseudothecosome species have either coiled shells
in both their larval and adult stages (the genus Peracle), or only a pseudoconch in
their adult stages after discarding their larval shells (van der Spoel and Dadon, 1999).
The gymnosomes lose their larval shells during metamorphosis into their naked
adult forms (Lalli and Conover, 1976). Pteropods range in size between a few millime
tres for the smallest thecosomes, to a few centimetres in the largest gymnosomes.

Despite their small size, shelled pteropods play pivotal ecological and biogeo
chemical roles. They are an important component of the pelagic food web global
ly, and are preyed upon by a wide range of taxa, including gymnosomes (Lalli and
Gilmer, 1989), heteropods (Böer et al., 2005), amphipods (Bernard, 2006),
cephalopods (Hanlon and Messenger, 1998), fishes (Hunt et al., 2008), and marine
mammals (Lalli and Gilmer, 1989). In the polar and subpolar oceans, the gymno
some Cliona limacina has been observed to feed solely on the euthecosomatous
pteropods Limacina helicina and L. retroversa (Hunt et al., 2008; Lalli and Gilmer,
1989). Pteropods also play a crucial role in the carbon flux across the global ocean
(Bednaršek et al., 2012a), by sequestering carbon through grazing on phytoplank
ton (Hunt et al., 2008), contributing to the downward flux of carbon with their fae
cal pellets (Manno et al., 2010), mucus webs (Conley et al., 2018; Noji et al., 1997)
and shells (Fabry et al., 2009; Steinberg and Landry, 2017; Tsurumi et al., 2005).
Shelled pteropods also contribute up to 89% of total calcification in pelagic waters
(Buitenhuis et al., 2019) and represent a major component of the calcium carbon
ate export from surface waters to the deep ocean (Sulpis et al., 2021).

The shells of euthecosomes are made of aragonite, a form of calcium carbonate
that is about 50% more soluble than the other form, calcite (Mucci, 1983; Sun et al.,
2015), and is thus more sensitive to dissolution under acidified conditions
(Bednaršek et al., 2012b; Fabry et al., 2009; Manno et al., 2017; Orr et al., 2005). In
addition, their shells are remarkably thin, ranging from a few μm in limaciniids to
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FFIIGGUURREE 22 Example specimens for different groups of pteropods. (A) Coiled shelled eutheco
some Limacina bulimoides, (B) Uncoiled shelled euthecosome Cavolinia uncinata, (C) Pseudo 
thecosome Peracle reticulata, (D) Gymnosome Clione limacina. Images AC by K.T.C.A.
Peijnenburg & E. Goetze. Image D by L.Q. Choo and L. Mekkes.
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100 μm in cavoliniids (Lalli and Gilmer, 1989). The shell morphology and size of the
cosomes directly impacts their swimming and sinking behaviour (Karakas et al.,
2020), which affects their efficiency in activities like feeding and predator avoidance
through diel vertical migration. Diel vertical migration in zooplankton typically
involves the movement of organisms to shallower waters of the ocean during the
night, with a return to deeper waters during the day, as a means of minimising pre
dation risk (Hays, 2003). This is not an insignificant migration, as pteropods ranging
up to a few millimetres in size can routinely migrate between 50200 m in depth
every night (Karakas et al., 2020; Maas et al., 2012). Incubation experiments in which
pteropods are exposed to future oceanic conditions and field observations in pres
entday acidified waters have both shown that the thin aragonitic shells of eutheco
somatous pteropods are directly affected by acidifying conditions, by decreases in
shell thickness and enhanced dissolution marks (Bednaršek et al., 2018; Busch et al.,
2014; Mekkes et al., 2021a, 2021b; Niemi et al., 2021). Therefore, shelled pteropods
are commonly regarded as important bioindicators for the effect of ocean acidifica
tion on marine calcifiers (Bednaršek et al., 2017b; Manno et al., 2017).

The presence of shelled pteropods in the fossil record also allows greater
insight into the study of marine evolutionary dynamics. Pteropods are the only liv
ing metazoan plankton that is found consistently in the fossil record (e.g., Janssen,
2007, 2012; WallPalmer et al., 2014), and are reliable fossils for dating rock forma
tions as their fragile nature means that they are rarely reworked from one sedi
ment layer into another (Janssen and Peijnenburg, 2017). When combined with
molecular phylogenetic inferences, the fossil record of pteropods can be used to
calibrate the time of divergence between taxa (Burridge et al., 2017b; Corse et al.,
2013; Peijnenburg et al., 2020).

L I M AC I N A G E N U S
The most abundant shelled pteropod genus is Limacina (Bosc, 1817), a globally dis
tributed genus spanning the polar to tropical oceans worldwide. The genus
Limacina belongs to the superfamily Limacinoidea and is sister to the monotypic
genus Heliconoides, which comprises the species Heliconoides inflatus (FIGURE 3).

Within the Limacina clade, five nominal species are currently accepted (FIGURE 4).
Three warmwater species with (sub)tropical distributions:
 Limacina bulimoides (d’Orbigny, 1835)
‐ Limacina trochiformis (d’Orbigny, 1835)
‐ Limacina lesueurii (d’Orbigny, 1836)

Two coldwater species with bipolar or antitropical distributions:
‐ Limacina helicina (Phipps, 1774)
‐ Limacina retroversa (J. Fleming, 1823)

The coldwater species can be split further into their respective subspecies.
Limacina helicina consists of four subspecies: L. helicina ochotensis Shkoldina, 1999,
L. helicina pacifica Dall, 1871, L. helicina rangii (d’Orbigny, 1835) and L. helicina
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helicina (Phipps, 1774). Two subspecies are recorded for L. retroversa: L. retroversa
australis (Eydoux & Souleyet, 1840) and L. retroversa retroversa (Fleming, 1823).

Limacina species are characterised by their thin, aragonitic and sinistrally coil
ing shell and paired parapodia, which they use for swimming. The sea butterflies
or ‘papillon de mer’ as coined by French fishermen in the eighteenth century (Lalli
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FFIIGGUURREE 44 The five nominal Limacina species: (A) L. retroversa, (B) L. bulimoides, (C) L. trochi‐
formis, (D) L. lesueurii, (E) L. helicina.

0.5 m
m

A B C D E

FFIIGGUURREE 33 Phylogenomic tree resolving evolutionary relationships within pteropods. Maximum
likelihood phylogeny of 25 pteropod taxa, plus 3 outgroups assuming an LG+Γ model. The
dataset comprises 2,654 genes, concatenated as 834,394 amino acid positions with 35.8%
missing data. Adapted from Figure 1 of Peijnenburg et al. (2020).
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and Gilmer, 1989), are unique in terms of zooplankton locomotion. Pteropods have
been shown to employ wing movements that are analogous to those used by many
small, flying insects (Murphy et al., 2016), in contrast to other zooplankton that use
their appendages as paddles (e.g., copepods and euphausiids). Their shell is nega
tively buoyant when wings are retracted, allowing them to sink rapidly for preda
tor avoidance (Bergan et al., 2017; Gilmer and Harbison, 1986), and they attain
neutral buoyancy when their wings are outstretched and parachutelike mucus
webs are deployed (Gilmer and Harbison, 1986). They produce these mucus webs
during feeding to capture planktonic organisms from the water column (Lalli and
Gilmer, 1989). Their diet consists of phytoplankton, small protists and other parti
cles trapped on their mucus webs, which they sort through with the use of ciliary
pathways on their wings, footlobes and mantle lining prior to ingestion (Conley et
al., 2018; Lalli and Gilmer, 1989). Species diversity in this genus is highest in the
tropical and subtropical waters, while population density is highest in the
(sub)polar waters (Burridge et al., 2017a; Lalli and Gilmer, 1989).

B I O G E O G R A P H Y O F L I M A C I N A S P E C I E S
Limacina bulimoides is an abundant species found in circumglobal tropical and sub
tropical waters between 45°N40°S, with the highest concentrations occurring in
the central water masses, while typically being less abundant in tropical waters and
boundary currents (Bé and Gilmer, 1977; FIGURE 5). In the Atlantic basin, L. bulimo‐
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FFIIGGUURREE 55 Global distribution of Limacina bulimoides, adapted from Bé and Gilmer (1977),
which is based on live and sediment records. Dotted areas indicate the regions where the
species has been recorded, while hatched areas indicate higher abundances of the species.
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ides is found in the entire warmwater region from 45°N40°S (Meisenheimer,
1905), and has been commonly recorded from the Sargasso Sea, the Gulf Stream
(Tesch, 1946) and the Benguela current (van der Spoel and Dadon, 1999). A study
along a meridional transect in the Atlantic Ocean by Burridge et al. (2017a) report
ed maximum peaks of abundance of ~100 individuals per 1000 m3. A similar tran
sect from three years later (in 2017) resulted in a maximum abundance of ~350 indi
viduals per 1000 m3 in the North Atlantic subtropical gyre (unpublished results).
Limacina bulimoides is found between 40°N and 40°S in the Pacific, with a wide dis
tribution across the Equatorial and Central water masses and in the Kuroshio
Current. In the Indian Ocean, the highest concentrations of the species were record
ed between 12°N and 10°S in the waters east of Somalia, and it was found to be
scarce south of 30°S (Bé and Gilmer, 1977). Limacina bulimoides has a preferred
depth range of 80120 m (Bé and Gilmer, 1977), and has been documented to
migrate vertically in the water column, to depths of 100200 m during the day, and
rising up to the upper 100 m of the water column at night (Wormuth, 1981).

Limacina lesueurii is a widespread and common subtropical species that is
found in oligotrophic central water masses from 40°N to 40°S (Bé and Gilmer, 1977;
Tesch, 1948; FIGURE 6). It is less abundant than its congener L. bulimoides, and
appears to decrease dramatically in abundance near the equator (Bé and Gilmer,
1977; Meisenheimer, 1905) although these generalisations should also take into

18

Introduction

FFIIGGUURREE 66 Global distribution of Limacina lesueurii, adapted from Bé and Gilmer (1977).
Dotted areas indicate the regions where the species has been recorded, while hatched areas
indicate higher abundances of the species.
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account the patchy and possibly fluctuating abundance of this species. Burridge et
al. (2017a) found a peak in abundance along an Atlantic meridional transect in the
North Atlantic subtropical gyre, during autumn, of ~120 individuals per 1000 m3.
Limacina lesueurii is common in the western basin of the North Atlantic, except for
the Gulf Stream (Bé and Gilmer, 1977). Limacina lesueurii is also abundant in the
South Atlantic subtropical gyre (van der Spoel and Dadon, 1999). Within the Indian
Ocean, this species is more common south of the equator, and especially in the
Mozambique Channel (Bé and Gilmer, 1977), while in the Pacific Ocean it has been
recorded from the upwelling region of the California current (McGowan, 1967,
1968), the Tasman Sea, as well as several sites off Pacific islands (Tesch, 1948).
Limacina lesueurii demonstrates diel vertical migration (Wormuth, 1981). While it is
considered an epipelagic species (usual depth range ~100 m), it has been recorded
to be occasionally present at much greater depths up to 600 m in the Florida
Current (Bé and Gilmer, 1977) and 1000 m in the Sargasso Sea (Wormuth, 1981).

Limacina trochiformis is a widespread warmwater species, and known to be
most common in tropical upwelling regions, and coastal regions in the lower lati
tudes, but also reaches the higher latitudes due to transport by the boundary cur
rents (Bé and Gilmer, 1977; FIGURE 7). In the Atlantic Ocean, L. trochiformis is most
abundant in the Brazil Current, Florida Current and the Gulf Stream (Bé and Gilmer,
1977; van der Spoel and Dadon, 1999). Though Burridge et al. (2017a) reported
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FFIIGGUURREE 77 Global distribution of Limacina trochiformis, adapted from Bé and Gilmer (1977).
Dotted areas indicate the regions where the species has been recorded, while hatched areas
indicate higher abundances of the species.
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low abundance of this species along the Atlantic meridional transect from 2014
(maximum abundance was 10 individuals per 1000 m3), L. trochiformis was the
most abundant Limacina species in the Brazil Current (OliveiraKoblitz and
Larrazábal, 2014). Limacina trochiformis is commonly found in the Indian Ocean,
with peak occurrences off the coast of Somali between 0° and 10°N (Bé and Gilmer,
1977). In the Pacific Ocean, L. trochiformis has been recorded in the California
Current, with fluctuating abundances through the year (McGowan, 1967, 1968).
The vertical migration habits of L. trochiformis appear spatially variable, with ver
tical migration recorded in the Florida Current, but not off Cape Hatteras (Bé and
Gilmer, 1977; Wormuth, 1981).

The nominal species Limacina helicina is present in the polar and subpolar
regions of the northern and southern hemispheres and shows a disjunct distribu
tion pattern (FIGURE 8). While the southern subspecies, L. helicina rangii is current
ly recognised as a distinct species (WoRMS Editorial Board, 2021), the two species
will be discussed together here as it is difficult to separate previous literature with
out additional genetic and taxonomic reviews. The L. helicina species complex
comprises the northern hemisphere residents: L. h. helicina, L. h. ochotensis, L. h.
pacifica, and the southern hemisphere L. h. rangii (McGowan, 1963; Shkoldina,
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FFIIGGUURREE 88 Global distribution of the Limacina helicina species complex, adapted from Bé and
Gilmer (1977). Dotted areas indicate the regions where the species has been recorded,
while hatched areas indicate higher abundances of the species. While the northern and
southern populations are currently accepted as distinct species (WoRMS Editorial Board,
2021), they are represented together here as it is difficult to separate previous literature
without additional genetic and taxonomic analysis.
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1999; Tesch, 1948; van der Spoel, 1967; van der Spoel and Dadon, 1999). The range
of L. helicina extends from the Arctic Ocean to subpolar waters, up to 40°N in the
Atlantic, and to temperate waters up to 25°N in the Pacific (Bé and Gilmer, 1977).
It is currently unclear whether L. rangii or L. h. rangii should be the proper classifi
cation for this species, but substantial genetic differentiation has been observed
between the Arctic L. h. helicina and Antarctic L. h. rangii, providing evidence that
they are distinct species (Hunt et al., 2010; Peijnenburg et al., unpublished data).
Limacina helicina can reach very high abundances averaging 165 individuals per m3

south of the polar front in the Southern Ocean (Hunt et al., 2008). The species has
been recorded as epipelagic, and was rarely found below depths of 300 m (Bé and
Gilmer, 1977), with observations of diel vertical migration in L. h. pacifica (McGo 
wan, 1963) but not in the southern hemisphere L. h. rangii (Foster, 1987).

Limacina retroversa is found in the subpolar and transitional waters in the
northern and southern hemispheres, but has not been recorded from the North
Pacific (Bé and Gilmer, 1977; FIGURE 9). Within this species there are currently two
accepted subspecies, L. retroversa retroversa, which inhabits the northern hemi
sphere and L. r. australis, which inhabits the southern hemisphere (van der Spoel,
1967). Both subspecies exhibit seasonal fluctuations in abundance and geographi
cal range (Bé and Gilmer, 1977; Dadon, 1990; van der Spoel, 1967) but can reach
very high abundances. For instance, in the Southern Ocean, the species was dom
inant north of the Polar Front, averaging 60 individuals per m3 with a maximum of
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FFIIGGUURREE 99 Global distribution of Limacina retroversa, adapted from Bé and Gilmer (1977).
Dotted areas indicate the regions where the species has been recorded, while hatched areas
indicate higher abundances of the species.
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800 individuals per m3 (Hunt et al., 2008). In the North Atlantic, L. r. retroversa can
be found as far north as 81°N (Simal Busto, 2019), and in dense swarms in the Gulf
Stream region between Newfoundland and the British Isles (Bé and Gilmer, 1977),
while it is found in lower abundances in the Labrador Current, down to 20°N in the
western Atlantic (Bé and Gilmer, 1977; Wormuth, 1985). This species has also been
occasionally recorded in the Mediterranean basin (Bé and Gilmer, 1977) during gla
cial times. In the southern hemisphere, L. r. australis is found in a continuous band
extending from the subtropical convergence at 38°S to a few degrees south of the
Antarctic convergence and is the most abundant pelagic mollusc in the region (Bé
and Gilmer, 1977; van der Spoel and Dadon, 1999). Limacina retroversa is an
epipelagic species, and is most frequently found in the upper 150 m of the water
column (Bé and Gilmer, 1977), although they seem to exhibit less pronounced diel
vertical migration (Bernard and Froneman, 2009).

K N O W L E D G E G A P A N D A I M S O F T H I S T H E S I S
As explained above, shelled pteropods are species of interest for climate change
research (Bednaršek et al., 2016, 2019; Keul et al., 2017; Manno et al., 2017). Many
experimental studies have assessed their immediate response to future stressors,
including warming, ocean acidification and reduction in food availability (Lischka et
al., 2011; Maas et al., 2018; Thibodeau et al., 2020). However, these shortterm
experiments only give us information about their phenotypic plasticity, i.e., changes
in behaviour, morphology or physiology that occur over their lifetime, but not of the
adaptive potential of the population or species to persist into the future with envi
ronmental change. Experimental observation of adaptive changes through changes
in allele frequency requires lab cultures across several generations. Such longterm
experiments are feasible with microbes but impossible with shelled pteropods,
because they are very challenging to maintain in the lab for a full life cycle (Howes et
al., 2014) and because of their relatively long generation time of about a year.
Therefore, information on shelled pteropods has to be obtained by studying natural
populations, through observing the amount and distribution of genetic variation,
population size, and degree of local adaptation. Based on these data, we can infer
whether gene flow occurs between populations and at what spatial scales, and iden
tify if local adaptation has occurred in the past, and is likely to occur in the future.

In this thesis, I focus on the shelled pteropod Limacina bulimoides, a highly abun
dant species with a widespread circumglobal warmwater distribution (FIGURE 5),
which is well placed to answer questions about genetic structuring at different spa
tial scales. As with most other zooplankton species, it is unknown if this species is
genetically homogeneous across its cosmopolitan distribution, or whether it may be
composed of several cryptic species. Since most historical taxonomic efforts have
categorised pteropods into species on the basis of shell shape or other identifiable
morphological traits and not on the basis of genetic information (Burridge et al.,
2015, 2019; Jennings et al., 2010), species boundaries may have well been over
looked. In fact, the genetic variability of Limacina species is largely unknown.
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This thesis aims to characterise the genetic variability patterns in shelled
pteropods of the Limacina genus, with the following objectives:
1. Design methods to assess genomic variability in Limacina species, including
functional genetic variation
2. Assess the spatial distribution of genetic variation in L. bulimoides across ocean
basins using DNA barcoding genes and genomewide markers
3. Assess how genetic variation in L. bulimoides is related to morphological, ecolog
ical and environmental variables
4. Infer the potential of shelled pteropods to adapt to future changes based on
presentday variability patterns

A P P R O A C H
Shelled pteropods are mostly collected through oceanographic research cruises. A
majority of pteropod samples used in this thesis are from the Atlantic Meridional
Transect (AMT), a multidisciplinary programme consisting of annual cruises between
the UK and destinations in the South Atlantic for the purpose of biological, chemical
and physical oceanographic research. These transects spanned a wide range of bio
geographic regions in the Atlantic Ocean, including the oligotrophic North and South
Atlantic subtropical gyres and the more nutrient rich (i.e., mesotrophic) equatorial
upwelling region. Samples from the 2012 and 2014 edition of the cruises formed the
bulk of material studied for CHAPTER 2 (AMT22) and CHAPTER 5 (AMT24), respectively.
In both these expeditions, bulk zooplankton samples were collected through night
time oblique tows using a bongo net of 0.71 m diameter and mesh sizes of 200 and
333 µm or a RMT1 midwater trawl (333 µm) mesh size. Station metadata, including
seawater temperature and chlorophyll concentration, were collected on site and
calibrated by the British Oceanographic Data Centre (BODC). All samples used were
preserved in 95% ethanol and stored at 20 °C to ensure optimal DNA preservation
for subsequent genomic analyses.

Since Limacina bulimoides is a nonmodel organism, there are few genetic
resources available. In pteropods, studies of genetic connectivity have been limit
ed so far to molecular barcoding markers such as the mitochondrial cytochrome
oxidase I (COI) and ribosomal 28S RNA genes (Burridge et al., 2015, 2019; Hunt et
al., 2010; Shimizu et al., 2018, 2021). These barcoding markers have been used
widely across zooplankton species (Bucklin et al., 2021b) and can provide easily
accessible information on population structure without prior knowledge on the
genome of the organism. However, the use of different markers can lead to discor
dant results, due to the haploid nature and uniparental inheritance of the mito
chondrial genome, which can result in differing evolutionary histories between the
mitochondrial and diploid nuclear genomes (Toews and Brelsford, 2012).

G E N O M E W I D E VA R I AT I O N
With the recent advances and reduced costs of Next Generation Sequencing (NGS),
it has become feasible to assess multiple regions across the genome (Allendorf et
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al., 2010; Ekblom and Galindo, 2011). Sampling more sites across the genome pro
vides greater resolution of the genetic population structure and barriers to disper
sal by virtue of multiple observations, each providing a snapshot of the evolution
ary history of the organism (Bucklin et al., 2018). For wild populations of non
model organisms, sampling large numbers of individuals across the entire
metapopulation to get insight into their demography is not feasible. However,
information into their demographic history can also be obtained with sampling
many loci across the genome of a few individuals (Maisano Delser et al., 2016).
Sequencing the whole genome of the organism is possible, especially for species
with small genome sizes (<1GB); however, for a population scale sampling design
of a zooplankton species with potentially large genome sizes (Bucklin et al., 2018),
the costs are still prohibitive and amount of genetic information may quickly
become intractable. Instead, it is more efficient to sample targeted loci across the
genome, and increase the sequencing coverage to detect polymorphisms at those
sites (Ekblom and Galindo, 2011).

Reduced representation sequencing (RRS) is an approach to generating
genomewide highthroughput sequencing data, by reducing the genomic data to
be sequenced and NGS of the resulting genomic fragments. Currently, there are
two main methods of RRS: restrictionsite associated sequencing (RADseq) and tar
geted capture enrichment (discussed in the next paragraph). In RADseq, one or
several restriction enzymes are used to cut DNA at predictable sites across the
genome, and the regions flanking those restriction sites are selectively sequenced
(Lowry et al., 2017). This method is attractive for nonmodel organisms, as no prior
information about the genome is required (e.g., BlancoBercial and Bucklin, 2016;
Deagle et al., 2015; Hirai, 2020). For RADseq, high amounts of DNA (up to 1 μg) are
recommended (Etter et al., 2011), which may not be routinely feasible in small zoo
plankton with limited genetic material, although more recent modifications to
RADseq protocols have shown that these methods can be implemented with much
less DNA (50100 ng) per individual (Andrews et al., 2016). Zooplankton typically
have large, repetitive genomes, and one major drawback of RADseq is the inclu
sion of many anonymous fragments from across the genome, and a costly
sequencing effort may be required to achieve sufficient coverage across all frag
mented regions (Choquet et al., 2018b). Multicopy regions, which are present at a
wide range of frequencies across the genome, are likely to be included and can
result in a wide variation in coverage. Standard single nucleotide polymorphism
(SNP) filtering protocols retain homologous SNPs with a minimum threshold cover
age to ensure a confident SNP call, and exclude SNPs with excessive coverage, since
they are likely to be highly repetitive regions. However, it can be difficult to distin
guish between SNPs from homologous and repetitive regions if overall sequencing
coverage of the RADseq dataset is low, e.g., because of a very large genome size
(Deagle et al., 2015).
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TA R G E T C A P T U R E A P P R O A C H
An alternative method to RADseq is target capture, which is also known as targeted
enrichment or hybridisation sequencing (HybSeq). Target capture refers to the
selective capture of genomic regions from a DNA sample before sequencing,
through the use of predesigned singlestranded DNA probes to bind with fragments
of DNA from a mechanically sheared library, which are then recovered and amplified
(Gnirke et al., 2009; Mamanova et al., 2010). Similar to RADseq, target capture has
the advantage of being more cost and timeeffective as compared to whole genome
sequencing, since less sequencing is needed, and the resulting datasets are less cum
bersome to analyse. However, prior knowledge of the transcriptome or genome of
the study organisms is required for the design of the target capture probes. Exon
capture is a subset of target capture approaches, where probes are designed based
on transcriptome assemblies of one or several species (e.g., Bi et al., 2012; Bragg et
al., 2016; Portik et al., 2016). Exon capture circumvents the need for a genomic
assembly, which may be complex and difficult to obtain in organisms with large and
complex genomes. However, another approach, which mapped transcriptomic data
to genomic data for producing genomebased target capture probes, resulted in bet
ter mapping quality than transcriptomebased capture probes, because of the inclu
sion of intron regions (Choquet et al., 2018b). While it requires additional effort to
design probes based on prior knowledge of the genome and transcriptome, the ben
efits of target capture compared to RADseq include a high coverage because all loci
across all individuals are the same, the ability to isolate specific sequences of inter
est, and a lower DNA input requirement (Chung et al., 2016; Jones and Good, 2016).
Based on these benefits, genomebased target capture enrichment was chosen as
the method for assessing genomewide variability in L. bulimoides.

M O R P H O L O G I C A L VA R I AT I O N
While genetic and genomic markers provide a useful source of information about
the evolutionary history of a species, additional information can also be gleaned
from their morphological variation. Morphological variability provides a rich
source of information about the selective pressures and physiological constraints
acting on individuals, thereby yielding insights into patterns and processes leading
to the distribution of biodiversity (Fišer et al., 2018). As such, integrative taxonomy
approaches have been used in other shelled pteropod taxa to delineate species
boundaries (Burridge et al., 2015, 2019; Shimizu et al., 2018, 2021). Since shell
growth is accretionary, the shells of molluscs represent an ontogenic record of
their life history, and provides insight into the adaptive constraints throughout
their life (Vermeij, 2002). While shell shape variation can be captured by univariate
measurements of shell dimensions (van der Spoel et al., 1993), geometric morpho
metrics is a powerful method for summarising multivariate variation in shell shape
(Cruz et al., 2012; Roth and Mercer, 2000). In geometric morphometrics, shell
shape is compared across individuals by the placing of landmarks on each shell
image, followed by a Procrustes superimposition where landmarks are scaled and
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rotated to remove differences in size and orientation, leaving only shape differ
ences to be analysed by means of a principal components analysis (Rohlf and Slice,
1990). Since only a shell image is required as input for geometric morphometric
analyses, a photograph of each pteropod individual in a standardised orientation
was obtained before any destructive DNA extraction protocols.

T H E S I S O U T L I N E
My thesis is structured as follows:

CHAPTER 2 assesses the spatial population structure of the pteropod species
Limacina bulimoides in the Atlantic basin. For this purpose, we used two molecu
lar markers, partial DNA sequences of the mitochondrial COI and nuclear 28S ribo
somal barcoding genes, along with variation in shell shape using geometric mor
phometric analyses. The genetic and phenotypic variability was placed in an
oceanographic context and linked to population abundances obtained from a relat
ed AMT transect to gain insight into the nature of oceanic dispersal barriers.

CHAPTER 3 focuses on the design of genomewide target capture probes based
on a draft genome and transcriptome of L. bulimoides. The target capture probes
included putative biomineralisation genes, conserved pteropod orthologues, cod
ing and noncoding regions, as well as commonly used DNA barcoding genes. We
applied these genomewide probes to the target species, L. bulimoides, as well as
four related shelled pteropod species: L trochiformis, L. lesueurii, L. helicina, and
Heliconoides inflatus to assess the utility of these probes.

CHAPTER 4 elucidates the genomewide population structure of L. bulimoides
from the Atlantic, Indian and Pacific Ocean using the probes designed in CHAPTER 3.
In addition, phenotypic variation including shell shape, shell colour and other mor
phological characters were examined. We identified the geographic distribution of
different genetic lineages and gained insight into historical processes that could
have influenced their presentday population structure and abundance.

CHAPTER 5 builds upon Chapter 4 and investigates the finerscale population
structure of L. bulimoides in the Atlantic basin. We compared the inferences of
population structure in the Atlantic Ocean derived from genomewide markers ver
sus barcoding genes, to gain deeper insight into the drivers of spatial and tempo
ral population structure in this holoplanktonic species. In particular, we identify
three genetically distinct populations of L. bulimoides, inhabiting the North,
Equatorial, and South Atlantic, respectively.

Inspired by the COVID pandemic, CHAPTER 6 explored and recommends the use
of alcoholbased hand sanitiser as a medium for the morphometric and genetic
analyses of shelled pteropods, and potentially other small (planktonic) organisms.
Hand sanitiser increases positioning accuracy and efficiency in stacking microscope
photography. This facilitates the inclusion of such photographs for voucher speci
mens that are challenging to photograph in a standardised orientation due to their
small size, and enables their inclusion in reference databases.
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CHAPTER 7 integrates the findings from CHAPTERS 2 to 6 to address the concept of
genetic structuring in the open ocean, with the pteropod L. bulimoides as a focal
example. I show that, in comparison to traditional barcoding genes, genomic data
provide more detailed insight into the drivers of genetic structure between popu
lations and species. In the absence of clear hydrographic barriers, L. bulimoides
exhibits geographically separated, evolutionarily independent lineages and popu
lations between and within ocean basins.
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Oceanic dispersal barriers in a 

holoplanktonic gastropod
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A B S T R A C T
Pteropods, a group of holoplanktonic gastropods, are regarded as bioindica
tors of the effects of ocean acidification on open ocean ecosystems, because
their thin aragonitic shells are susceptible to dissolution. While there have
been recent efforts to address their capacity for physiological acclimation, it
is also important to gain predictive understanding of their ability to adapt to
future ocean conditions. However, little is known about the levels of genetic
variation and large scale population structuring of pteropods, key character
istics enabling local adaptation. We examined the spatial distribution of
genetic diversity in the mitochondrial cytochrome c oxidase I (COI) and
nuclear 28S gene fragments, as well as shell shape variation, across a latitu
dinal transect in the Atlantic Ocean (35°N36°S) for the pteropod Limacina
bulimoides. We observed high levels of genetic variability (COI π = 0.034, 28S
π = 0.0021) and strong spatial structuring (COI ΦST = 0.230, 28S ΦST = 0.255)
across this transect. Based on the congruence of mitochondrial and nuclear
differentiation, as well as differences in shell shape, we identified a primary
dispersal barrier in the southern Atlantic subtropical gyre (1518°S). This bar
rier is maintained despite the presence of expatriates, a gyral current system,
and in the absence of any distinct oceanographic gradients in this region,
suggesting that reproductive isolation between these populations must be
strong. A secondary dispersal barrier supported only by 28S pairwise ΦST

comparisons was identified in the equatorial upwelling region (between
15°N4°S), which is concordant with barriers observed in other zooplankton
species. Both oceanic dispersal barriers were congruent with regions of low
abundance reported for a similar basinscale transect that was sampled two
years later. Our finding supports the hypothesis that low abundance indicates
areas of suboptimal habitat that result in barriers to gene flow in widelydis
tributed zooplankton species. Such species may in fact consist of several pop
ulations or (sub)species that are adapted to local environmental conditions,
limiting their potential for adaptive responses to ocean changes. Future
analyses of genomewide diversity in pteropods could provide further insight
into the strength, formation and maintenance of oceanic dispersal barriers.

K E Y W O R D S
shelled pteropods, zooplankton, geometric morphometrics, phylogeography,
Atlantic Ocean

T H I S C H A P T E R I S P U B L I S H E D A S
Choo, L.Q., Bal, T.M.P., Goetze, E., Peijnenburg, K.T.C.A., 2021. Oceanic disper
sal barriers in a holoplanktonic gastropod. J. Evol. Biol. 34, 224–240. 
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I N T R O D UC T I O N
Anthropogenic carbon emissions are an important cause of perturbations in
marine ecosystems, including an overall increase in seawater temperature, ocean
deoxygenation and acidification (Gattuso et al., 2015; Gruber et al., 2019). These
perturbations are expected to have wideranging impacts on marine organisms
and may drive species range shifts and ecosystem regime shifts due to climate
driven invasions and extinctions (Doney et al., 2012; Kroeker et al., 2013;
Poloczanska et al., 2016). It is uncertain whether marine organisms have the short
term plasticity and/or longterm evolutionary potential to adapt, given the ongo
ing and expected rates of environmental change (Donelson et al., 2019; Miller et
al., 2018). To gain insight into the evolutionary potential of marine taxa, it is nec
essary to resolve their underlying genetic variation, population structure and con
nectivity (Bell, 2013; Harvey et al., 2014; Munday et al., 2013; Poloczanska et al.,
2016; Sunday et al., 2014).

Locally adapted populations are increasingly reported in marine systems,
showing that the apparent connectivity of the marine environment is often not
fully realised by organisms, and populations may be more spatially constrained
than once thought (Barth et al., 2017; Nielsen et al., 2009; Sanford and Kelly, 2011).
Several casestudies have illuminated the processes involved in local adaptation of
marine molluscs, e.g., habitat preference and partial spawning asynchrony in the
mussels Mytilus edulis and M. galloprovincialis (Bierne et al., 2003), ecological
selection across microhabitats in the ecotypes of the rocky shore gastropod
Littorina saxatilis (Butlin et al., 2014; Johannesson et al., 2017; Westram et al.,
2018), or variation in thermal stress tolerance in the intertidal gastropod
Chlorostoma funebralis (Gleason and Burton, 2016). Much of the existing literature
has focused on dispersal barriers in marine benthic taxa, some of which have
pelagic larval stages. However, little is known about evolutionary pressures acting
in the pelagic environment. One reason is that it is difficult to differentiate
between selection pressures acting on the larval pelagic and adult benthic life
stages on the same genome (Marshall and Morgan, 2011). Thus, it could be useful
to study wholly pelagic organisms, such as holozooplankton, to better understand
the selective forces acting upon organisms in the open ocean. 

Population structure in marine holozooplankton appears to be more influenced
by their ability to establish and maintain viable populations outside of their core
range, rather than dispersal limitations (De Vargas, Norris, Zaninetti, Gibb, &
Pawlowski, 1999; Norton and Goetze, 2013; Peijnenburg, Breeuwer, PierrotBults, &
Menken, 2004). Given the large population sizes, extensive distribution patterns,
high standing genetic diversity, and short generation times of marine zooplankton
in general, adaptive responses to even weak selection may be expected as the loss
of variation due to genetic drift should be negligible (Peijnenburg and Goetze,
2013). While some plankton communities show rapid range shifts and phenological
changes in response to ocean warming (Beaugrand, Goberville, Luczak, & Kirby,
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2014; Beaugrand, Luczak, & Edwards, 2009; Hays, Richardson, & Robinson, 2005),
we only have limited understanding of the potential for evolutionary responses of
marine zooplankton to future conditions (Dam, 2013; Peijnenburg and Goetze,
2013).

Pteropods are a group of holoplanktonic gastropods that play important roles in
planktonic food webs and ocean biogeochemistry, due to their high abundance and
production of calcium carbonate shells (Bé and Gilmer, 1977; Bednaršek et al.,
2012a; Buitenhuis et al., 2019; Hunt et al., 2008). Shelled pteropods are especially
vulnerable to global change, because of their thin aragonitic shells that are prone to
dissolution (Bednaršek et al., 2012c; Lischka et al., 2011; Manno et al., 2017), and
they have been suggested as bioindicators of the effects of ocean acidification
(Bednaršek et al., 2017). Several prior genetic studies on shelled pteropods have
focused on resolving species boundaries via an integrative approach, combining
genetic analyses and morphometric measurements of shells, to obtain a better
understanding of species distribution patterns (Burridge et al., 2015, 2019; Shimizu
et al., 2018). Other recent research efforts have addressed the response of shelled
pteropods to acidified conditions to evaluate their acclimation to rapid increases in
ocean acidity (Bednaršek et al., 2017a; Bogan et al., 2020; Maas et al., 2018; Moya
et al., 2016). Little is known, however, about the spatial distribution of natural genet
ic and phenotypic variability in pteropod species with widespread distributions.

Planktonic ecosystems in the Atlantic Ocean have been relatively wellsampled
owing to spatially extensive (~13,500 km) annual transects of the Atlantic
Meridional Transect programme (AMT, https://www.amtuk.org), and are thus
ideal for studying population structure and dispersal barriers in marine zooplank
ton. The AMT cruises traverse both the northern and southern subtropical gyres,
which are separated by the equatorial upwelling region. The subtropical gyres are
oligotrophic systems characterised by clear ocean waters with very low primary
productivity in the surface layer, high sea surface temperature, a deep thermo
cline, and the presence of a deep chlorophyll maximum. Conversely, the
mesotrophic equatorial province is characterised by upwelling of nutrientrich
deep waters that stimulate primary production. Several species of copepods show
spatial genetic structuring congruent with these Atlantic oceanic provinces. For
example, Pleuromamma abdominalis has clades that are endemic to the equatori
al province (Hirai et al., 2015). Other mesopelagic copepods, such as Haloptilus
longicornis (Andrews et al., 2014; Norton and Goetze, 2013) and Pleuromamma
xiphias (Goetze et al., 2017) show strong genetic breaks between the northern and
southern subtropical gyre populations. These dispersal barriers coincide with
regions of low abundance, which may represent areas of suboptimal habitat, sup
porting an ecological basis for these barriers (Goetze et al., 2015, 2017). However,
it is unclear whether other zooplankton groups show similar patterns of basin
scale genetic structuring. For holoplanktonic gastropods, DNA barcoding has
revealed intraspecific genetic differentiation between and within ocean basins,
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pointing towards undescribed diversity (Burridge et al., 2017b; Jennings et al.,
2010; WallPalmer et al., 2018). Using DNA barcoding, two closely related species
of Protatlanta (a genus of Atlantidae, commonly known as shelled heteropods)
were identified in the Atlantic Ocean: P. souleyeti, which is abundant in the sub
tropical gyres, and P. sculpta, which is most abundant in the equatorial upwelling
region (WallPalmer et al., 2016a). There is also some evidence that populations of
the straightshelled pteropod Cuvierina atlantica show genetic discontinuity across
the equatorial upwelling region in the Atlantic Ocean (Burridge et al., 2015).

In this study, we aim to identify barriers to dispersal and spatial population
structure in the coiledshelled pteropod Limacina bulimoides (d’Orbigny, 1835)
across a latitudinal transect in the Atlantic Ocean. This species has a circumglobal
warmwater distribution from ~45°N to ~40°S, a preferred depth range of 80 to 120
meters, and it performs diel vertical migration with higher abundance in surface
waters at night (Bé and Gilmer, 1977). In the Atlantic basin, the species is common
across several ocean provinces with peaks in abundance in the oligotrophic gyres
(Bé and Gilmer, 1977; Burridge et al., 2017a). By assessing the distribution of
genetic and phenotypic variability in L. bulimoides across a latitudinal Atlantic tran
sect, we aim to test the hypothesis that areas of low abundance mark regions of
suboptimal habitat that represent barriers to gene flow. To do this, we sequenced
fragments of the mitochondrial cytochrome c oxidase I (COI) and the nuclear 28S
genes and made geometric morphometric measurements of shell shape. Our
objectives were to (1) identify the location of dispersal barriers based on two
genetic markers, (2) test for congruence of genetic barriers with differences in shell
shape, and (3) assess whether the spatial structure was better explained by shifts
in abundance or oceanographic parameters. By identifying dispersal barriers and
the possible drivers of population structure in holoplanktonic gastropods, we can
better predict their capacity to respond to a rapidly acidifying ocean.

M AT E R I A L S A N D M E T H O D S

S P E C I E S E C O L O G Y A N D B I O L O G Y
Limacina bulimoides is a sinistrallycoiled holoplanktonic gastropod, welladapted to
life in the open ocean. It has a small (maximum shell length = 2 mm; van der Spoel et
al., 1997), thin, aragonitic shell and two parapodia, which it uses to swim through the
water column in analogous fashion to how insects fly through the air  a remarkable
example of convergent evolution (Murphy et al., 2016). For feeding, an external
mucous web traps particulate matter, including phytoplankton and small protists,
which is brought to the mouth by ciliary movement (Lalli and Gilmer, 1989). The radu
la, a typical molluscan structure used for feeding, has been described from a con
gener, L. helicina, and was reduced, with 10 rows of teeth (Gilmer and Harbison,
1986; Lalli and Gilmer, 1989; Meisenheimer, 1905; Ritcher, 1979). However, in a
recent detailed morphological study of the same species, only six rows of teeth were
found, which led the authors to suggest that the number of rows could be variable
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due to continuous regrowth (Laibl et al., 2019). Limacina bulimoides lay freefloating
egg strings (see FIGURE S1/SUPPLEMENTARY VIDEO 1), from which freeswimming veliger
larvae hatch (Lalli and Wells, 1978). Limacina spp. are protandrous hermaphrodites,
hence, the larvae sexually mature into males before transitioning into females (Lalli
and Gilmer, 1989). The generation time of L. bulimoides is estimated to be less than
a year, with larvae metamorphosing into juveniles after 2 months, juveniles reaching
sexual maturity as males after a subsequent 5 months, and reaching their maximum
size as females 2 months later (Wells, 1976). Reciprocal copulation has been observed
between males (Morton, 1954), or between individuals that are in transition between
male and female (Lalli and Gilmer, 1989). They possess a penis for internal fertiliza
tion (Lalli and Wells, 1978), and it is unknown whether selffertilisation is possible.

SA M P L I N G
Bulk plankton samples were collected on AMT cruise 22 (AMT22) in October and
November 2012 (TABLETT 1, FIGURE 1). The samples were collected at night by oblique
tows of a bongo net (200 and 333 µm mesh sizes) or RMT1 midwater trawl (333
µm) from a median depth of 323 m to the sea surface (depth range: 132  402 m).
Samples were preserved in 95% ethanol, stored at 20 °C, and subsequently sorted
in the laboratory. Seawater temperature and chlorophyll a concentration in the
upper 300 m of the water column were obtained using a SeaBird Electronics 3P
Temperature Sensor and Chelsea MKIII Aquatracka Fluorometer, with data cali
brated and archived by the British Oceanographic Data Centre (BODC,
https://www.bodc.ac.uk). The 14 samples included in this study were collected
between 35°N and 36°S in the following Longhurst biogeochemical provinces
(Longhurst, 2007; Reygondeau et al., 2013): North Atlantic Subtropical gyre (NAST),
North Atlantic Tropical gyre (NATR), Western Tropical Atlantic (WTRA), South
Atlantic gyre (SATL), South Subtropical Convergence (SSTL) (TABLETT 1). Additionally,
one sample site of L. bulimoides from the Pacific was included as an outgroup to
provide a broader perspective on the diversity found for the Atlantic individuals
(TABLE 1, FIGURE 1). For populationlevel analyses, the Longhurst province assign
ments were simplified to four major ocean provinces (North Gyre, Equatorial,
South Gyre and Convergence) (TABLETT 1), which also take into account previously
reported transitions in planktonic community composition along the AMT tran
sects (Burridge, Goetze, et al., 2017; Burridge, Tump, Vonk, Goetze, & Peijnenburg,
2017; Goetze et al., 2017).

Abundance of L. bulimoides was obtained from AMT24 (SeptemberOctober
2014) as quantitative samples from AMT22 were not available. For this equivalent
AMT transect, bulk plankton samples were collected using a bongo net (200 µm
mesh size) with a General Oceanics flowmeter (2030RC) mounted in the mouth to
quantify the volume of seawater filtered (Burridge et al., 2017). Based on the peaks
in abundance of L. bulimoides across the AMT24 transect and comparison of oceano
graphic measurements from both the AMT22 and AMT24 transects, the sampled sta
tions were split into three ‘population groups’ (North, Equatorial, South) (TABLETT 1). 
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M O L E C U L A R A N A LY S E S
To resolve spatial genetic structuring of L. bulimoides, 356 individuals were
sequenced for a 565 base pair (bp) fragment of the mitochondrial COI gene, and
344 individuals for a 938 bp fragment of the nuclear 28S gene (TABLETT 1). In total, 332
L. bulimoides specimens were sequenced for both COI and 28S (TABLETT S1). The aver
age number of individuals sampled per station for COI and 28S was 24 and 23,
respectively. Individuals from stations 62 and 64 were combined because of their
geographic proximity and low numbers of specimens. DNA was extracted with
either the NucleoMag 96 Tissue Kit (MachereyNagel GmbH & Co. KG) or the
DNeasy 96 Blood & Tissue Kit (Qiagen). DNA extracts were amplified in polymerase
chain reaction (PCR) using the primers jgLCO1490 (5’TITCIACIAAYCAYAARGAY
ATTGG3’) and jgHCO2198 (5’TAIACYTCIGGRTGICCRAARAAYCA3’) for COI (Geller
et al., 2013), and for 28S using C1F (5’ACCCGCTGAATTTAAGCAT3’) (Dayrat et al.,
2001) and D3R (5’GACGATTCGATTTGCACGTCA3’) (Vonnemann et al., 2005). PCR
was carried out with a reaction mix consisting of 1 μl template DNA, 17.8 μl milli
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FFIIGGUURREE 11 Sampling locations of Limacina bulimoides along the basinscale Atlantic Meridional
Transect (AMT22, left), as well as in the Pacific Ocean off Hawai’i (right). Numbers indicate
the station number for each site, and symbols indicate the type of data that was obtained
(see legend).
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Q H2O (Ultrapure), 2.5 μl PCR buffer CL (10X) (Qiagen), 0.5 μl MgCL2 (25 mM)
(Qiagen), 0.5 μl BSA (100 mM) (Promega), 1 μl of each primer (10 μM), 0.5 μl
dNTPs (2.5 mM) and 0.25 μl Taq polymerase (5 U/μl) (Qiagen). The initial denatu
ration step of 3 minutes at 96 °C was followed by 40 cycles of 15 seconds at 96 °C,
30 seconds at 50 °C and 40 seconds at 72 °C, ending with a final extension step of
5 minutes at 72 °C. Amplified products were sequenced in both directions at
Baseclear B.V. (Leiden, the Netherlands), combined and checked for errors in
Geneious v8.1.9 (Kearse et al., 2012) and the final sequences were aligned using
MAFFT v7.017 (Katoh and Standley, 2013).

Haplotype (Hd) and nucleotide diversity (π) were calculated using DnaSP
v6.12.01 (Rozas et al., 2017) and reported for each station for both COI and 28S
fragments. The 28S data were phased in DnaSP using PHASE (Stephens and
Donnelly, 2003) with default settings of 100 iterations, thinning interval of 1 and
burnin of 100. Stations were tested for adherence to neutrality assumptions, with
Tajima’s D (Tajima, 1989) calculated in Arlequin version 3.5.2.2 (Excoffier and
Lischer, 2010). Minimumspanning networks for both genes were calculated and
visualized in POPART (Leigh and Bryant, 2015). The phased allele alignment was
used to construct the 28S haplotype network.

To identify population subdivision, genetic diversity between populations from
different stations was quantified by pairwise ΦST (Holsinger and Weir, 2009), using
the pairwise difference method in Arlequin with 10,000 permutations, and signifi
cant comparisons were identified after strict Bonferroni correction (Rice, 1989).
Hierarchical Analysis of Molecular Variance (AMOVA) tests were conducted for
both genes separately with sampling sites partitioned into (1) four ‘ocean province’
groups and (2) three abundancebased ‘population’ groups (TABLETT 1). To test for iso
lationbydistance (IBD), Mantel tests with 10,000 permutations were conducted in
Arlequin to assess correlation between the COI or 28S pairwise ΦST matrices and
the geographic distance matrix. Pairwise geographic distance between stations
was calculated using the R package geodist with geodesic measures (Padgham and
Sumner, 2020). The distance between stations 62 and 64 was averaged since they
were analysed as a single site. The pairwise scatter plots were produced in R with
ggplot2 (Wickham, 2016).

M O R P H O M E T R I C A N A LY S E S
Variation in shell shape was assessed using geometric morphometric measurements
of 136 undamaged adult shells (shell length > 0.9mm). Specimens were positioned
in a standardised apertural orientation and photographed using a Zeiss V20 stack
ing stereomicroscope with Axiovision software, prior to destructive DNA extraction.
The resulting images were processed and digitised at eight (semi)landmarks in
TpsUtil and TpsDig (Rohlf, 2015) (FIGURE S2). The coordinates of the (semi)land
marks were analysed in TpsRelW (Rohlf, 2015), using a generalised leastsquares
Procrustes superimposition (Rohlf and Slice, 1990; Zelditch et al., 2004). To ensure
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that the digitisation process was repeatable, a subset of 30 individuals was pho
tographed and digitised twice, with eight landmarks placed on each image. Centroid
size and relative warp (RW) scores between the pairs of images per specimen after
Procrustes Fit were compared using intraclass coefficient (ICC) in PAST3.0 (Hammer
et al., 2001), and ICC values > 0.75 were considered sufficiently repeatable.

We tested for significant variation in shell shape across genetically distinct
groups with a nonparametric Permutational Multivariate Analysis of Variance
(oneway PERMANOVA) using Euclidean distances and 9999 permutations in R
with vegan (Oksanen et al., 2019). Only centroid size and repeatable RWs were
used in the oneway PERMANOVA, and strict Bonferroni corrections were applied
for the pairwise PERMANOVAs. The first two RW axes were plotted to visualise
shell shape variation for different groups of L. bulimoides. Additionally, a Canonical
Variates Analysis (CVA) was conducted in R (R Core Team, 2017) to discriminate
shell morphometric differences between groups. A oneway ANOVA with a post
hoc Tukey HSD test was also conducted in R to test if the means of the canonical
variate for each group were different from the other groups.

R E S U LT S

G E N E T I C VA R I A B I L I T Y
The COI locus was highly polymorphic with global haplotype diversity (Hd) of 0.9998
(range: 0.98201.000) and nucleotide diversity (π) of 0.05449 (range: 0.0283
0.0402) across all sites (TABLETT 2). In the COI minimumspanning network, 349 unique
haplotypes were observed across 356 individuals, and there was no shared central
haplotype (FIGURE 2). Instead, Atlantic individuals were clustered into two main hap
logroups that were separated by 15 substitutions (haplogroups 1 & 2). A third clus
ter was comprised of all Pacific individuals, which was separated from Atlantic hap
logroup 1 by 62 substitutions. Population samples from stations 13, 19, 25, 43 and
45 showed deviations from neutrality based on Tajima’s D (TABLETT 2).

The 28S gene was less polymorphic than COI, with a global Hd of 0.6740 (range:
0.37400.8550) and a π of 0.0027 (range: 0.00060.0035) across all sites (TABLETT 2). This
reduced polymorphism is visible in the 28S minimumspanning network (FIGURE 2),
with only 63 haplotypes observed across 344 individuals. The three most abundant
haplotypes comprised 369, 129 and 45 copies, respectively, and included represen
tatives from both Atlantic and Pacific samples. The second most abundant haplotype
was mainly comprised of individuals sampled from the equatorial upwelling region.
Only station 55 showed a deviation from neutrality based on Tajima’s D (TABLETT 2). 

S PAT I A L S T R UC T U R E
Overall ΦST calculated for both genes across the Atlantic supports the inference of
significant spatial population structure (COI ΦST = 0.230, p = 0.00000; 28S ΦST = 0.255
p = 0.00000). Pairwise ΦST values for COI ranged from 0.017 to 0.451 for compar
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isons along the Atlantic transect and from 0.724 to 0.783 for comparisons between
Atlantic and Pacific samples (TABLETT 3). All comparisons between stations 1349 (North
& Equatorial) and stations 5164 (South) were significant, with high ΦST values rang
ing from 0.250 to 0.451. We did not find any significant ΦST values in pairwise com
parisons between stations 1349. For nuclear 28S, pairwise ΦST values ranged from 
0.001 to 0.621 for comparisons along the Atlantic transect, and from 0.079 to 0.532
for comparisons between Atlantic and Pacific samples (TABLETT 3). The 28S pairwise ΦST

values show a similar genetic break as for COI, separating stations 1349 (North &
Equatorial) from 5164 (South), as 35 of the 40 pairwise ΦST values were significant
(ΦST ranging from 0.012 to 0.621). There is additional spatial structuring separating
samples from stations 1329 (North) and 4349 (Equatorial), as 13 out of 17 pairwise
ΦST comparisons were significant (ΦST ranging from 0.001 to 0.497, TABLETT 3).

Hierarchical analyses of molecular variance show that the spatial structure
based on the trimodal pattern of abundance of L. bulimoides across a similar
Atlantic transect (AMT24, FIGURE 3A) explains the distribution of genetic variation
better than partitioning based on oceanographic parameters (TABLETT 4). For both COI
and 28S fragments, the fixation index among groups was higher when partitioned
among three abundancebased ‘population groups’ (COI: ΦCT = 0.285, p = 0.00129;
28S: ΦCT = 0.280, p = 0.00010) than among four ‘ocean provinces’ (COI: ΦCT = 0.205,
p = 0.00446; 28S: ΦCT = 0.140, p = 0.0620). Thus, we find a strong primary disper
sal barrier separating stations 1349 (North & Equatorial) from stations 5164
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TTAABBLLEE 22 Diversity indices of Limacina bulimoides for both mitochondrial cytochrome c oxidase
I (COI) and nuclear 28S (28S) genes, including haplotype diversity (Hd), nucleotide diversity
(π), Tajima’s D (D). Significant Tajima’s D values (p < 0.05), are indicated by *. Individuals from
stations 62 and 64 were combined and analysed as one station due to the low numbers of
individuals per site.
Station Population COI 28S

groups Hd π D Hd π D
13 North 1 0.0283 1.65* 0.623 0.0019 1.12
19 North 1 0.0322 1.47* 0.698 0.0028 0.359
23 North 1 0.0295 1.44 0.855 0.0035 0.517
25 North 0.982 0.0315 1.57* 0.735 0.0024 0.475
29 North 1 0.0299 1.57 0.723 0.0031 1.46
43 Equatorial 1 0.0285 1.53* 0.847 0.0036 0.0628
45 Equatorial 1 0.0298 1.46* 0.666 0.0024 0.486
49 Equatorial 1 0.0379 1.30 0.729 0.0032 0.291
51 South 1 0.0356 1.26 0.474 0.0011 0.877
53 South 1 0.0372 1.16 0.433 0.0006 0.884
55 South 1 0.0402 1.30 0.374 0.0007 1.50*
60 South 1 0.0399 1.19 0.458 0.0014 1.10
62, 64 South 1 0.0382 1.03 0.627 0.0010 0.970
Pacific 1 0.0323 1.33 0.818 0.0021 0.728
Total 1 0.0545 1.37 0.674 0.0027 0.514
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(South) located at 1518°S that is supported by both genes (FIGURE 3A, B).
Surprisingly, this barrier is located in the core of the southern oligotrophic gyre and
appears incongruent with any strong oceanographic gradients (FIGURE 3C, D). A
more subtle secondary barrier is located in the region 15°N4°S, which corresponds
to the equatorial upwelling province and is mainly supported by 28S data. 

We did not find obvious patterns of IBD across the Atlantic transect (FIGURE S3).
Although there was a significant correlation between the pairwise ΦST and geo
graphic distance for COI along the complete Atlantic transect (r = 0.520, p =
0.00120, TABLETT S2), this relationship breaks down when population groups on either
side of the primary barrier at 1518°S were analysed separately (North +
Equatorial: r = 0.117, p = 0.269; South: r = 0.0968, p= 0.418, TABLETT S2). Pairwise ΦST

values were uniformly high regardless of geographic distance when comparing sta
tions on opposite sides of this dispersal barrier, and uniformly low when compar
ing stations within population groups (FIGURE S3A). This suggests that the significant
correlation along the entire transect can be explained by the inclusion of high
pairwise ΦST values between the stations across the barrier. For 28S, correlation of
genetic and geographic distance matrices was not observed for the entire Atlantic
transect (r = 0.0942, p = 0.770), but only for the North + Equatorial group (r =
0.759, p = 0.003, TABLETT S2; FIGURE S3B). Again, this correlation is likely driven by the
high ΦST values for comparisons between North and Equatorial samples on either
side of the secondary dispersal barrier. No IBD patterns were found when any of
the population groups were analysed separately.

The two mitochondrial haplogroups appear diagnostic for individuals on either
side of the primary dispersal barrier with most individuals from the North and
Equatorial stations belonging to COI haplogroup 1 and most individuals from the
South belonging to COI haplogroup 2 (FIGURE 3B). However, we found 13 exceptions
that are probably expatriates, or individuals sampled outside of their core range.
Seven expatriates from the South clustered within haplogroup 1, and six expatri
ates from the North + Equatorial groups clustered within haplogroup 2 (TABLETT S3;
FIGURE 3B). We could verify the life stage for nine of these expatriates, of which
three were adults (shell length >0.9 mm) and six were juveniles (TABLETT S3). We
assessed whether the 28S and mitochondrial haplotypes were congruent for 12 of
these expatriates, but these results were inconclusive due to a lack of variability in
the 28S fragment (FIGURE S4A). 
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FFIIGGUURREE 22 Minimum spanning networks of Limacina bulimoides gene fragments of mitochon
drial cytochrome c oxidase I (COI, top) and nuclear 28S rDNA (28S, bottom). The size of the
filled circles represents the number of individuals with each haplotype (COI, 28S), with the
smallest circles representing one individual with that haplotype, while colour represents
abundancebased population groups (see map insert and TABLETT 1). For the COI network, the
dashed lines around the haplotype clusters indicate the three main haplogroups. Hatch
marks on the branches represent the number of mutational steps, with large numbers of
mutations between the haplogroups indicated with numbers.
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P H E N O T Y P I C VA R I A B I L I T Y
The centroid size and RW axes 1, 2, 4, 6, and 7 were repeatable and included in the
final analyses. Based on the complete dataset of adult L. bulimoides, including
Pacific individuals (N = 136), the repeatable RWs accounted for 85.21% of the total
shell shape variation (TABLETT S4). Shell shape variation for all specimens (N = 136) and
Atlantic specimens only (N = 111) was visualised on the first two axes, which explain
the most variation: RW1 (All: 61.08%; Atlantic: 62.41%) and RW2 (All: 13.45%;
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FFIIGGUURREE 33 Environmental profile of two oceanic dispersal barriers for Limacina bulimoides in
the Atlantic Ocean. The primary dispersal barrier is located at 1518°S, while the secondary
barrier is located in the region between 15°N and 4°S. (A) Abundance of L. bulimoides per
1000 m3 seawater along the meridional transect sampled in 2014 (data from Burridge et al.
2017). Population groups are coloured as in FIGURE 2, supported by 28S genetic structuring
(see TABLETT 3) along the Atlantic Meridional Transect 22 (AMT22) sampled in 2012, locations
indicated by grey asterisks. (B) Piecharts showing mitochondrial cytochrome c oxidase I (COI)
haplogroup frequencies per sampling site with the division into two morphogroups super
imposed (see also FIGURE 4B). (C) Ocean section plots of chlorophyll a concentration and (D)
seawater temperature from the upper 300 meters of the water column with latitude.
Sampling locations are marked by vertical lines and major oceanographic provinces
(Convergence, South Gyre, Equatorial, and North Gyre) are indicated. Plots B, C and D derive
from material sampled in 2012 (AMT22 transect).
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Atlantic: 13.43%) (FIGURE 4). The thinplate spline reconstructions show that a posi
tive RW1 is associated with a taller spire, while a negative RW1 is associated with a
shorter, more rounded spire. Along RW2, larger values indicate wider shells.

We did not observe a significant difference in shell shape between Atlantic and
Pacific L. bulimoides individuals (N = 136, F(1,135) = 1.66, p = 0.204). Shell shapes of
the Pacific individuals (N = 25) fall within the variation observed for the Atlantic indi
viduals (N = 111, FIGURE 4A). When Atlantic individuals were classified according to
their spatial structure with North, Equatorial and South population groups, we
found a significant difference in shell shape between groups based on the oneway
PERMANOVA (F(2,110) = 14.53, p = 0.0001). Shell shape was different between the
North and South (F = 35.9, p = 0.003), whereas comparisons of shell shape between
the North and Equatorial or South and Equatorial groups were not significant (F =
2.74, p = 0.113 and F = 2.67, p = 0.116, respectively). This result could be due to the
low sample size of the Equatorial group (N = 9). Individuals from the North popula
tion group generally had a higher, narrower spire compared to individuals from the
South (FIGURE 4B). Similarly, there is a significant difference in shell shape across all
three groups (F(2,108) = 29.79, p = 0.00000) based on the CVA. Significant shell
shape differences were recorded for both NorthSouth (p = 0.00000) and
EquatorialSouth (p = 0.00003) comparisons, but not between North and Equatorial
groups (p = 0.889) based on Tukey HSD multiple pairwise comparisons (FIGURE S5,
TABLETT S5). Thus, the spatial structuring of samples in terms of shell shape matches
the partitioning based on mitochondrial genetic variation (FIGURE 3B).
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TTAABBLLEE 44 Results of hierarchical AMOVA for mitochondrial cytochrome c oxidase I (COI) (n =
334) and nuclear 28S (28S) (n = 324, 2n = 648) sequence variants in Atlantic individuals of
Limacina bulimoides, partitioned based on four ocean provinces or three abundancebased
population groups (TABLETT 1). Significance levels for fixation indices are indicated as follows:
n.s.: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001.
Gene Grouping df Variance components % variation Fixation indices
COI Ocean provinces 3 Among groups 20.49 ΦCT = 0.205**

9 Among populations 5.91 ΦSC = 0.0743***
within groups

321 Within populations 73.6 ΦST = 0.264***
Population groups 2 Among groups 28.51 ΦCT = 0.285**

10 Among populations 0.61 ΦSC = 0.00849*
within groups

321 Within populations 70.88 ΦST = 0.291***
28S Ocean provinces 3 Among groups 14.02 ΦCT = 0.140(n.s.)

9 Among populations 13.3 ΦSC = 0.155***
within groups

1283 Within populations 72.67 ΦST = 0.273***
Population groups 2 Among groups 27.98 ΦCT = 0.280***

10 Among populations 2.88 ΦSC = 0.0400***
within groups

1283 Within populations 69.13 ΦST = 0.309***
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FFIIGGUURREE 44 Shell shape variation in adult Limacina bulimoides visualised for the first two
Relative Warp axes for A) Atlantic and Pacific individuals (N = 136), and B) Atlantic individu
als (N = 111) coloured according to abundancebased population groups. Thin plate splines
of the most positive and negative deformations along the axes are indicated to depict the
variation in shell shape. Photographs of typical individuals from the Atlantic and Pacific (A)
and Atlantic North and South population groups (B) are also shown.
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D I S C U S S I O N
We found high levels of genetic variability and significant spatial population struc
ture in the pteropod Limacina bulimoides along a latitudinal transect (35°N36°S)
in the Atlantic Ocean. Specifically, we have evidence for a primary dispersal barri
er located in the southern subtropical gyre at 1518°S and a more subtle, second
ary barrier located in the region 15°N4°S. This finding is in stark contrast to the his
torical perception of the pelagic environment as a homogeneous habitat lacking
strong isolating barriers, and of holoplanktonic organisms as characterized by high
dispersal and broad biogeographic ranges (Norris, 2000; PierrotBults and van der
Spoel, 1979). Because shelled pteropods are regarded as sentinel species to assess
the impacts of ocean acidification (Bednaršek et al., 2017b), it is important to doc
ument their genetic variation and population structure, as these characteristics will
influence their response to natural selection and global change (Barrett and
Schluter, 2008; Donelson et al., 2019; Riebesell and Gattuso, 2015; Sanford and
Kelly, 2011). This is the first study examining genetic structuring of a shelled ptero
pod with rigorous sampling at an ocean basin scale. The presence of strong ocean
ic dispersal barriers may indicate that the potential for range shifts and adaptive
responses to a changing ocean could be more limited than expected, and that local
adaptation should also be taken into account, for instance when modelling (future)
species distribution patterns. Here, we discuss the nature and possible drivers of
the oceanic dispersal barriers reported here for L. bulimoides, and more generally
for pelagic taxa.

The primary dispersal barrier in the Atlantic Ocean probably represents a
species barrier, across which populations on either side are reproductively isolat
ed. This inference is supported by congruent differentiation at independently
inherited genetic loci (COI and 28S) and congruent genetic and shell shape differ
ences. Despite the significant IBD test for the COI gene across the Atlantic transect,
the disappearance of this result when populations across the primary barrier were
tested separately supports the inference that these populations are spatially dis
crete evolutionary lineages (Teske et al., 2018). Nevertheless, a direct test of repro
ductive isolation is not possible as the high mortality of pteropods under laborato
ry conditions precludes meaningful crossing experiments (Howes et al., 2014).
Genomewide data would be necessary to determine the strength of reproductive
isolation by quantifying divergence at many loci across the genome (Butlin and
Stankowski, 2020; Gagnaire, 2020). 

The observed morphometric variation was associated with the primary genet
ic barrier and not with any strong environmental transitions. Hence, it is more like
ly that the shell shape differences are the result of accumulated genetic differences
than phenotypic plasticity resulting from distinct environments. Examples of strong
plasticity in shells of marine molluscs are generally found across heterogeneous
habitats, such as Littorina saxatilis with discrete ‘crab’ and ‘wave’ ecotypes (e.g.,
Hollander, Collyer, Adams, & Johannesson, 2006; Hollander and Butlin, 2010) or
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Nacella concinna with continuous morphological differentiation across a depth
gradient (Hoffman et al., 2010). Shell shape variation has also been shown to have
a large genetic component, with heritabilities ranging between 0.36 and 0.71 in
Littorina saxatilis (CondePadín et al., 2007) and between 0.16 and 0.56 in Nucella
lapillus (GuerraVarela et al., 2009). Furthermore, shell shape differences in con
junction with genetic differentiation have been used to identify species boundaries
in different genera of holoplanktonic gastropods (Burridge, Goetze, Raes, Huisman,
& Peijnenburg, 2015; Burridge et al., 2019; WallPalmer et al., 2018) using an inte
grative species concept (McManus and Katz, 2009; Padial et al., 2010). Hence,
strong reproductive isolation is probably involved in the maintenance of this pri
mary dispersal barrier in the southern Atlantic gyre. 

The secondary dispersal barrier across the equatorial upwelling province is
supported by limited evidence from the 28S gene (TABLETT 3), and is congruent with
known barriers in other pelagic taxa. The equatorial province has been suggested
as an ecological barrier in some nekton species, such as Atlantic bluefin tuna
(Briscoe et al., 2017) and whales (Holt et al., 2020), and as a barrier separating anti
tropical clades in planktonic foraminifers (Casteleyn et al., 2010). Dispersal barriers
across the equatorial upwelling region have also been observed for other zoo
plankton. For example, in the pteropod genus Cuvierina, two distinct morphotypes
are found in the Atlantic basin. One morphotype, ‘atlantica’, has disjunct popula
tions in the northern and southern subtropical gyres, which are genetically differ
entiated, while the morphotype ‘cancapae’ dominates in equatorial waters
(Burridge et al., 2015). Similar patterns of equatorial dispersal barriers were
observed in the epipelagic gastropods Protatlanta sculpta and P. souleyeti (Wall
Palmer et al., 2016) and the mesopelagic copepod Haloptilus longicornis (Andrews
et al., 2014; Norton and Goetze, 2013). We additionally observed a pattern of
unique diversity in the equatorial region for the 28S gene fragment. This trend of
higher equatorial diversity or equatorial endemics was also observed in popula
tions of the copepods Pleuromamma abdominalis (Hirai et al., 2015) and P. xiphi‐
as (Goetze et al., 2017). It was suggested that this unique diversity resulted from a
resident equatorial population, which was supplemented with expatriates by
advection from the neighbouring gyre populations (Goetze et al., 2017). It is as yet
unknown if expatriates in L. bulimoides survive to reproduce with the resident pop
ulation and contribute to gene flow, or whether expatriates represent evolutionary
deadends due to a mismatch of phenotype and environment (Marshall, Monro,
Bode, Keough, & Swearer, 2010). Increased sampling intensity in the equatorial
upwelling region, by having plankton tows with a greater amount of seawater fil
tered, would allow for the collection of more individuals in this region of low abun
dance for L. bulimoides, and a more thorough investigation into the prevalence and
genetic identity of expatriates.

We identified two dispersal barriers for L. bulimoides in the Atlantic Ocean, of
which one (the secondary barrier) appears more permeable than the other (the
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primary barrier). The locations of these barriers coincide with regions of low abun
dance, congruent with the hypothesis that areas of less suitable habitat contribute
to the maintenance of population structure in oceanic plankton (Goetze et al.,
2017; Norris, 2000; Peijnenburg et al., 2004). The presence of expatriates suggests
that Atlantic L. bulimoides populations could meet and potentially interbreed. This
raises the question: what are the possible isolating mechanisms? These may
include overlooked physical boundaries or ecological differences, including their
depth habitat, feeding strategy or reproductive biology. Interestingly, the primary
dispersal barrier is congruent with complex mesopelagic circulation patterns in the
South Atlantic (~20°S, Sutton et al., 2017) where a shift in shrimp species
(Acanthephyra kingsleyi to A. quadrispinosa) was observed at 18°S (Judkins, 2014).
Little is known, however, about the behaviour or depth habitat of L. bulimoides
across the Atlantic transect and thus it is possible that mesopelagic currents are
important. Since internal fertilisation is the reproductive mode in L. bulimoides,
assortative mate choice could also be a possible reproductive isolating mechanism,
with chemical cues facilitating mate location and communication, as observed in a
variety of marine gastropods (Ng et al., 2013). Other isolating mechanisms could
involve differences in reproductive timing (McClary and Barker, 1998), ecological
selection and community interactions (Whittaker and Rynearson, 2017), or post
zygotic barriers, such as reduced hybrid fitness (Lessios, 2007) or reduced hatching
success of offspring (Ellingson and Krug, 2015). A broader range of ecological
observations are required to determine the exact nature of dispersal barriers for L.
bulimoides. For instance, future research to reveal population differences in feed
ing ecology or depth habitat could include the metabarcoding of gut contents,
examination of the radula, or stable isotope analyses. Because we observe differ
ences in the locations of maximum abundance and genetic transitions in different
planktonic taxa sampled across similar Atlantic transects (Andrews et al., 2014;
Goetze et al., 2015, 2017; Hirai et al., 2015; Norton and Goetze, 2013), we expect
that dispersal barriers are speciesspecific and largely driven by the ecological
characteristics of the respective species.

Many circumglobally distributed marine species have distinct populations or
(sub)species in different ocean basins. These subdivisions generally result from
divergence in allopatry, i.e., separated by current systems or continental land
masses, and are often congruent with global biogeochemical provinces (Bowen et
al., 2016; Costello et al., 2017; Reygondeau et al., 2012). The significant genetic
divergence between Atlantic and Pacific L. bulimoides is in agreement with the pat
terns of divergence observed between ocean basins in other circumglobally dis
tributed marine taxa, including fish (e.g., Graves and McDowell, 2015), benthic
organisms (e.g., Fauvelot et al., 2020; Prazeres et al., 2020) and other zooplankton
(reviewed in Peijnenburg and Goetze 2013). Based on a strict COI molecular clock
rate of 2.4%/million years (MY) for gastropods (Hellberg and Vacquier, 1999), the
divergence between the Atlantic and Pacific mitochondrial clades is estimated at

48

Oceanic dispersal barriers

// De magenta omlijning geeft de netto maat aan en zal niet zichtbaar zijn in het eindproduct //
// Let op: Dit proef bestand is niet geschikt om correcties in te maken //



573815-L-bw-Bruin573815-L-bw-Bruin573815-L-bw-Bruin573815-L-bw-Bruin
Processed on: 18-2-2022Processed on: 18-2-2022Processed on: 18-2-2022Processed on: 18-2-2022 PDF page: 49PDF page: 49PDF page: 49PDF page: 49

~4.6 MY, which roughly coincides with the emergence of the Isthmus of Panama
(Bacon et al., 2015; O’Dea et al., 2016). The rise of the Isthmus of Panama has been
directly linked to allopatric divergence across various marine taxa, due to the
shoaling of the seaway, which reduced connectivity between mesopelagic popula
tions at about 7 MY. This was followed by a decrease in seasonal upwelling due to
the closing seaway at 4 MY, which cut off connectivity between plankton popula
tions and decreased the input of primary productivity into the Caribbean
(Knowlton, Weight, Solórzano, Mills, & Bermingham, 1993; Leigh, O’Dea, &
Vermeij, 2014). This major marine biogeographic barrier was also used to calibrate
the divergence between Atlantic and Pacific populations of three other pteropod
species in a phylogenetic analysis (Burridge, Hörnlein et al., 2017).

The population structure within the Atlantic basin could be the result of differ
ent, not mutually exclusive, evolutionary scenarios. Dispersal barriers could have
resulted from secondary contact following allopatric divergence in the past. The
divergence time of the two Atlantic haplogroups across the primary barrier is esti
mated at 1.10 million years (MY) using a strict COI molecular clock (Hellberg and
Vacquier, 1999). This estimate points to the potential effect of Pleistocene glacial
cycles on population divergence of L. bulimoides. The effect of Pleistocene cycles
as important drivers of phylogeographic structure has also been proposed for
many other marine molluscs (e.g., Luttikhuizen, Drent, & Baker, 2003; Marko,
2004; Reid et al., 2006), including polar Limacina species (Sromek, Lasota, &
Wolowicz, 2015). Another possible scenario is parapatric divergence, where semi
isolated populations living along an environmental cline diverged due to ecological
selection. This would be a more plausible scenario for the secondary dispersal bar
rier across the equatorial upwelling gradients. The populations would progressive
ly become more distinct, when the effect of divergent selection is greater than that
of homogenising gene flow (Crow et al., 2007; Luttikhuizen et al., 2003; Postel et
al., 2020; Schluter, 2009). In order to differentiate between historical divergence
followed by secondary contact, ecological selection or a combination of the two,
genomewide analyses are required to investigate if genetic differentiation is ran
domly distributed across the genome (suggesting a gradual process) or associated
with particular genes or environmental clines (indicative of ecological selection). 

Holoplanktonic organisms are useful to gain insight into global biogeographical
patterns in pelagic dispersal (ÁlvarezNoriega et al., 2020; Bradbury et al., 2008), as
their dispersal potential is not confounded by settlement processes that involve com
plex biophysical interactions with coastal or benthic habitats (Pineda et al., 2009;
Prairie et al., 2012; Weersing and Toonen, 2009). To gain further insight into the
nature and drivers of dispersal barriers in the open ocean, as well as to identify sig
nals of selection across the genome, a broader range of ecological observations and
indepth analyses of genomewide diversity in zooplankton will be necessary (Bucklin
et al., 2018; Choo et al., 2020; Choquet et al., 2019; Gagnaire et al., 2015). This is
important because marine zooplankton are key players in pelagic food webs and use
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ful indicators as rapid responders to environmental variation and climate change
(Beaugrand et al., 2009). Shelled pteropods could be particularly suitable model
organisms to gain insight into the evolutionary potential of marine zooplankton and
to deepen our understanding of speciation processes in the open ocean for a num
ber of reasons. First, there is growing interest in the group because of their vulnera
bility to ocean acidification and their potential use as bioindicators. Second, unlike
most holoplanktonic animals, they have shells, which provide a record of the ecolo
gy and life history of an individual that can be easily measured. Third, pteropods are
the only living planktonic animals with a good fossil record (Janssen and Peijnenburg,
2017; Peijnenburg et al., 2020), which allows for comparisons of morphological diver
sity in extant as well as extinct species and populations. We demonstrated significant
spatial population structuring across and within ocean basins in L. bulimoides, a pre
sumably circumglobal species. This underlying genetic variability and structure will
influence the response of populations to global change, and indepth study of their
lifehistory traits, ecology and historical demography, in combination with experi
mental exposure to future conditions, will be required to more accurately predict
their ability to adapt to a rapidly changing ocean.
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FFIIGGUURREE SS11 Two individuals of Limacina. bulimoides, with left individual laying freefloating egg
strings, sampled from the North Atlantic (32°52.92 N, 26° 53.94 W) during the AMT27 cruise
in 2017. See also SUPPLEMENTARY VIDEO 1 which shows an individual of L. bulimoides (separate
individual from this picture) in the process of laying egg strings.

FFIIGGUURREE SS22 Representation of (semi) landmark placement for 2D geometric morphometric
analysis of shell shape for Limacina bulimoides. (A) The position of eight (semi) landmarks
on a shell. (B) Consensus plot of the shell shape calculated by the (semi) landmark positions
on 136 shells.
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FFIIGGUURREE SS55 Canonical variate analysis of shell shape variation based on the repeatable Relative
Warps (RWs), consisting of centroid size, RW1, RW2, RW4, RW6 and RW7. Shell shape vari
ation between the Atlantic stations North (stations 1329), Equatorial (4345) and South (51
60) clades is maximised along the canonical variate 1 (CV1) axis. Group means for each
group are indicated by dotted lines with the respective colour on the CV1 axis. Results of
multiple pairwise comparisons of the means are reported in TABLETT S5.
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FIIGGUURREE SS33 Scatter plots of genetic differentiation between Atlantic samples of Limacina
bulimoides (pairwise ΦST) and geographic distance for (A) mitochondrial cytochrome c oxi
dase I (COI) and (B) nuclear 28S rDNA (28S). Comparisons within and between population
groups are indicated with the following colour scheme: within North: red, within Equatorial:
yellow, within South: blue, between North and Equatorial: orange, between North and
South: purple, between Equatorial and South: green (see legend).
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FFIIGGUURREE SS44 Information about the nuclear 28S haplotype (A) and morphotype (B) of the expa
triates identified based on mitochondrial haplogroups (see also TABLETT S3). 28S haplotype
data was available for 12 individuals (A) but only two individuals were included in the mor
phometric analysis (B).
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Oceanic dispersal barriers
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Oceanic dispersal barriers
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Oceanic dispersal barriers
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Oceanic dispersal barriers
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TTAABBLLEE SS22 Mantel tests for pairwise ΦST and geographic distance across the entire Atlantic
transect as well as different population groups. Significant ΦST values after Bonferroni
correction (α = 0.05, p < 0.005) are in bold. 
Group tested COI 28S

r p r p
Atlantic 0.52 00..00001122 0.0942 0.77
North + Equatorial 0.117 0.269 0.759 00..000033
South 0.0968 0.418 0.732 0.0494
North   0.359 0.202
Equatorial + South   0.428 0.0317
North + South   0.339 0.0301
Equatorial   0.814 0.832

TTAABBLLEE SS33 Details of 13 expatriate individuals of Limacina bulimoides based on mitochondrial
cytochrome c oxidase I (COI) haplogroup (see FIGURES 2 and 3), including information of
nuclear 28S haplotype and life stage (n.a. is not available). See also FIGURE S4.
Expatriate Site COI haplogroup 28S haplotype Life stage
Lbul_AMT22_19_44 19 (North) 2 most common juvenile
Lbul_AMT22_25_07 25 (North) 2 one step away from juvenile

most common
Lbul_AMT22_49_01 49 (Eq.) 2 most common adult
Lbul_AMT22_49_05 49 (Eq.) 2 most common n.a.
Lbul_AMT22_49_06 49 (Eq.) 2 most common n.a.
Lbul_AMT22_49_36 49 (Eq.) 2 most common juvenile
Lbul_AMT22_51_14 51 (South) 1 most common juvenile
Lbul_AMT22_53_01 53 (South) 1 most common adult
Lbul_AMT22_53_17 53 (South) 1 most common adult
Lbul_AMT22_55_08 55 (South) 1 most common n.a.
Lbul_AMT22_55_36 55 (South) 1 most common juvenile
Lbul_AMT22_55_41 55 (South) 1 most common juvenile
Lbul_AMT22_64A_07 64 (South) 1 n.a. n.a.

TTAABBLLEE SS44 Repeatability analysis (N = 30 Limacina bulimoides individuals x two images each)
by comparison of centroid size and relative warps (RW) through intraclass correlation coef
ficient (ICC). Repeatable parameters, defined as having an ICC of more than 0.75, are
labelled in bold.
Parameter ICC 95% CI % explained
CCeennttrrooiidd 0.9983 0.9962  0.9992 
RRWW11 0.9948 0.9891  0.9975 81.99
RRWW22 0.8581 0.7247  0.9297 5.3
RW3 0.6626 0.3994  0.8243 4.17
RRWW44 0.8537 0.7126  0.928 3.22
RW5 0.6917 0.4435  0.8408 2.26
RRWW66 0.8276 0.6715  0.9138 0.86
RRWW77 0.7906 0.6075  0.8942 0.71
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TTAABBLLEE SS55 Results of ANOVA and Tukey HSD multiple pairwise comparisons of Canonical
Variate 1 (see FIGURE S2) across the three Atlantic population groups of Limacina bulimoides
(North, Equatorial and South). Significant comparisons are indicated in bold.
Group n Mean SD Tukey HSD comparisons

North Equatorial South
North 70 3.19102 0.913883   
Equatorial 9 3.35496 1.255741 0.88871  
South 32 1.59519 1.103622 00..0000000000 00..0000000033 
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3
Novel genomic resources for shelled pteropods:

a draft genome and target capture probes 
for Limacina bulimoides, tested

for crossspecies relevance

L.Q. Choo*, T.M.P. Bal*, M. Choquet, I. Smolina, P. RamosSilva, 
F. Marlétaz, M. Kopp, G. Hoarau, K.T.C.A. Peijnenburg
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A B S T R A C T
Background: Pteropods are planktonic gastropods that are considered as bio
indicators to monitor impacts of ocean acidification on marine ecosystems. In
order to gain insight into their adaptive potential to future environmental
changes, it is critical to use adequate molecular tools to delimit species and
population boundaries and to assess their genetic connectivity. We developed
a set of target capture probes to investigate genetic variation across their
largesized genome using a population genomics approach. Target capture is
less limited by DNA amount and quality than other genomereduced represen
tation protocols, and has the potential for application on closely related
species based on probes designed from one species. 
Results: We generated the first draft genome of a pteropod, Limacina
bulimoides, resulting in a fragmented assembly of 2.9 Gbp. Using this assem
bly and a transcriptome as a reference, we designed a set of 2,899 genome
wide target capture probes for L. bulimoides. The set of probes includes
2,812 single copy nuclear targets, the 28S rDNA sequence, ten mitochondri
al genes, 35 candidate biomineralisation genes, and 41 noncoding regions.
The capture reaction performed with these probes was highly efficient with
97% of the targets recovered on the focal species. A total of 137,938 single
nucleotide polymorphism markers were obtained from the captured
sequences across a test panel of nine individuals. The probes set was also
tested on four related species: L. trochiformis, L. lesueurii, L. helicina, and
Heliconoides inflatus, showing an exponential decrease in capture efficiency
with increased genetic distance from the focal species. Sixtytwo targets
were sufficiently conserved to be recovered consistently across all five
species. 
Conclusion: The target capture protocol used in this study was effective in
capturing genomewide variation in the focal species L. bulimoides, suitable
for population genomic analyses, while providing insights into conserved
genomic regions in related species. The present study provides new genom
ic resources for pteropods and supports the use of target capturebased pro
tocols to efficiently characterise genomic variation in small nonmodel
organisms with large genomes.

K E Y W O R D S
targeted sequencing, exon capture, genome, nonmodel organism, marine
zooplankton

T H I S C H A P T E R I S P U B L I S H E D A S
Choo, L.Q., Bal, T.M.P., Choquet, M., Smolina, I., RamosSilva, P., Marlétaz, F.,
Kopp, M., Hoarau, G., Peijnenburg, K.T.C.A., 2020. Novel genomic resources
for shelled pteropods: A draft genome and target capture probes for Limacina
bulimoides, tested for crossspecies relevance. BMC Genomics 21, 11. 
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BA C K G R O U N D
Shelled pteropods are marine, holoplanktonic gastropods commonly known as ‘sea
butterflies’, with body size ranging from a few millimetres (most species) to 12
centimetres (Lalli and Gilmer, 1989). They constitute an important part of the glob
al marine zooplankton assemblage (e.g., Bednaršek et al., 2012a; Burridge et al.,
2017a) and are a dominant component of the zooplankton biomass in polar
regions (Hunt et al., 2008; Manno et al., 2017). Pteropods are also a key function
al group in marine biogeochemical models because of their high abundance and
dual role as planktonic consumers as well as calcifiers (e.g., Bé and Gilmer, 1977;
Buitenhuis et al., 2019). Shelled pteropods are highly sensitive to dissolution under
decreasing oceanic pH levels (Bednaršek et al., 2012a; Comeau et al., 2012; Lischka
et al., 2011) because their shells are made of aragonite, an easily soluble form of
calcium carbonate (Mucci, 1983). Hence, shelled pteropods may be the ‘canaries in
an oceanic coal mine’, signalling the early effects of ocean acidification on marine
organisms caused by anthropogenic releases of CO2 (Bednaršek et al., 2017b;
Manno et al., 2017). In spite of their vulnerability to ocean acidification and their
important trophic and biogeochemical roles in the global marine ecosystem, little
is known about their resilience towards changing conditions (Manno et al., 2017).

Given the large population sizes of marine zooplankton in general, including
shelled pteropods, adaptive responses to even weak selective forces may be
expected as the loss of variation due to genetic drift should be negligible
(Peijnenburg and Goetze, 2013). Furthermore, the geographic scale over which
gene flow occurs, between populations facing different environmental conditions,
may influence their evolutionary potential (Sanford and Kelly, 2011) and conse
quently needs to be accounted for. It is thus crucial to use adequate molecular
tools to delimit species and population boundaries in shelled pteropods.

So far, genetic connectivity studies in shelled pteropods have been limited to
the use of single molecular markers. Analyses using the mitochondrial cytochrome
oxidase subunit I (COI) and the nuclear 28S genes have revealed dispersal barriers
at basinwide scales in pteropod species belonging to the genera Cuvierina and
Diacavolinia (Burridge et al., 2015, 2019). For Limacina helicina, the Arctic and
Antarctic populations were discovered to be separate species through differences
in the COI gene (Hunt et al., 2010; Sromek et al., 2015). However, the use of a few
molecular markers has often been insufficient to detect subtle patterns of popula
tion structure expected in high gene flow species such as marine fish and zooplank
ton (Bucklin et al., 2018; Gaggiotti et al., 2009; Waples, 1998). In order to identify
potential barriers to dispersal, we need to sample a large number of loci across the
genome, which is possible due to recent developments in nextgeneration
sequencing (NGS) technologies (De Wit et al., 2015; McCormack et al., 2013).

Here, we chose a genome reducedrepresentation method to characterise
genomewide variation in pteropods because of their potentially large genome
sizes and small amount of input DNA per individual. In species with large genomes,
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as reported for several zooplankton groups (Bucklin et al., 2018), whole genome
sequencing may not be feasible for populationlevel studies. Reducedrepresenta
tion methods can overcome the difficulty of sequencing numerous large genomes.
Two common approaches are RADseq and target capture enrichment. RADseq
(Baird et al., 2008), which involves the enzymatic fragmentation of genomic DNA
followed by the selective sequencing of the regions flanking the restriction sites of
the used enzyme(s), is attractive for nonmodel organisms as no prior knowledge
of the genome is required. However, RADseq protocols require between 50 ng and
1 µg of highquality DNA, with higher amounts being recommended for better per
formance (Andrews et al., 2016), and has faced substantial challenges in other
planktonic organisms (e.g., Choquet et al., 2019; Deagle et al., 2015). Furthermore,
RADseq may not be cost efficient for species with large genomes (Choquet et al.,
2019). Target capture enrichment (Glenn and Faircloth, 2016; Jones and Good,
2016; Mamanova et al., 2010) overcomes this limitation in DNA starting amount
and quality, by using singlestranded DNA probes to selectively hybridise to specif
ic genomic regions that are then recovered and sequenced (Gnirke et al., 2009). It
has been successfully tested on large genomes with just 10 ng of input DNA (Chung
et al., 2016) as well as degraded DNA from museum specimens (Bi et al., 2013;
Blaimer et al., 2016; Kollias et al., 2015; McCormack et al., 2016). Additionally, the
high sequencing coverage of targeted regions allows rare alleles to be detected
(Chung et al., 2016).

Prior knowledge of the genome is required for probe design, however, this
information is usually limited for nonmodel organisms. Currently, there is no ptero
pod genome available that can be used for the design of genomewide target cap
ture probes. The closest genome available is from the sister group of pteropods,
Anaspidea (Aplysia californica, NCBI reference: PRJNA13635; Broad Institute, 2009),
but it is too distant to be a reference, as pteropods have diverged from other gas
tropods since at least the Late Cretaceous (Burridge et al., 2017b).

In this study, we designed target capture probes for the shelled pteropod
Limacina bulimoides based on the method developed in Choquet et al. (2019), to
address population genomic questions using a genomewide approach. We
obtained the draft genome of L. bulimoides to develop a set of target capture
probes, and tested the success of these probes through the number of single
nucleotide polymorphisms (SNPs) recovered in the focal species. L. bulimoides was
chosen as the probedesign species because it is an abundant species with a world
wide distribution across environmental gradients in subtropical and tropical
oceans. The probes were also tested on four related species within the
Limacinoidea superfamily (coiledshell pteropods) to assess their crossspecies
effectiveness. Limacinoid pteropods have a high abundance and biomass in the
world’s oceans (Bé and Gilmer, 1977; Bednaršek et al., 2012a; Burridge et al.,
2017b) and have been the focus of most ocean acidification research to date (e.g.,
Bednaršek et al., 2012a; Maas et al., 2018; Moya et al., 2016).
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R E S U LT S

D R A F T G E N O M E A S S E M B LY
We obtained a draft genome of L. bulimoides (NCBI: SWLX00000000) from 108 Gb of
Illumina data sequenced as 357 million pairs of 150 base pair (bp) reads. As a first pass
in assessing genomic data completeness, a kmer spectrum analysis was done with
JELLYFISH version 1.1.11 (Marçais and Kingsford, 2011). It did not show a clear cover
age peak, making it difficult to estimate total genome size with the available sequenc
ing data (APPENDIX S1). Because distinguishing sequencing error from a coverage peak
is difficult below 1015x coverage, it is likely that the genome coverage is below 10
15x, suggesting a genome size of at least 67 Gb. The reads were assembled using the
de novo assembler MaSuRCA (Zimin et al., 2013) into 3.86 million contigs with a total
assembly size of 2.9 Gbp (N50 = 851 bp, L50 = 1,059,429 contigs). The contigs were
further assembled into 3.7 million scaffolds with a GC content of 34.08% (TABLETT 1).
Scaffolding resulted in a slight improvement, with an increase in the N50 to 893 bp
and a decrease in the L50 to 994,289 contigs. Based on the hash of error corrected
reads in MaSuRCA, the total haploid genome size was estimated at 4,801,432,459 bp
(4.8 Gbp). Therefore, a predicted 60.4% of the complete genome was sequenced. 

Genome completeness based on the assembled draft genome was measured
in BUSCO version 3.0.1 (Simão et al., 2015) and resulted in the detection of 60.2%
of near universal orthologues that were either completely or partially present in
the draft genome of L. bulimoides (TABLETT 2). This suggests that around 40% of gene
information is missing or may be too divergent from the BUSCO sets (Simão et al.,
2015). Although the use of BUSCO on a fragmented genome may not give reliable
estimates as orthologues may be partially represented within scaffolds that are too
short for a positive gene prediction, this percentage of nearuniversal orthologues
coincides with the estimate of genome size by MaSuRCA.
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TTAABBLLEE 11 Summary of draft genome statistics for Limacina bulimoides.
Assembly statistics Value
Estimated total genome size 4,801,432,559 bp
Total assembly size 2,901,932,435 bp
Number of scaffolds

>= 0 bp 3,735,734
>= 1000 bp 802,059
>= 5000 bp 3,890
>= 10,000 bp 116
>= 25,000 bp 6
>= 50,000 bp 3

N50 893 bp
L50 994,289
Smallest scaffold 200 bp
Largest scaffold 197,255 bp
Percentage of N’s 0.3307
GC content, % 34.08
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We also compared the draft genome to a previously generated transcriptome
of L. bulimoides (NCBI: SRR10527256) (Peijnenburg et al., 2020) to assess the com
pleteness of the coding sequences and aid in the design of capture probes. The
transcriptome consisted of 116,995 transcripts, with an N50 of 555 bp. Even
though only ~60% of the genome was assembled, 79.8% (93,306) of the transcripts
could be mapped onto it using the spliceaware mapper GMAP version 20170503
(Wu and Watanabe, 2005). About half of the transcripts (46,701 transcripts) had
single mapping paths and the other half (46,605 transcripts) had multiple mapping
paths. These multiple mapping paths are most likely due to the fragmentation of
genes over at least two different scaffolds, but may also indicate multicopy genes
or transcripts with multiple spliced isoforms. Of the singly mapped transcripts,
8,374 mapped to a scaffold that contained two or more distinct exons separated by
introns. Across all the mapped transcripts, 73,719 were highly reliable with an
identity score of 95% or higher. 

TA R G E T C A P T U R E P R O B E S D E S I G N A N D E F F I C I E N C Y
A set of 2,899 genomewide probes, ranging from 105 to 1,095 bp, was designed
for L. bulimoides. This includes 2,812 single copy nuclear targets of which 643 tar
gets were previously identifed as conserved pteropod orthologs (Peijnenburg et
al., 2020), the 28S rDNA sequence, 10 known mitochondrial genes, 35 candidate
biomineralisation genes (Mann and Jackson, 2014; RamosSilva and Marin, 2016),
and 41 randomly selected noncoding regions (see Methods). The set of probes
worked very well on the focal species L. bulimoides. Of the targeted regions, 97%
(2,822 of 2,899 targets) were recovered across a test panel of nine individuals
(TABLETT 3) with 137,938 SNPs (TABLETT 4) identified across these targeted regions. Each
SNP was present in at least 80% of L. bulimoides individuals (also referred to as
genotyping rate) with a minimum read depth of 5x. Coverage was sufficiently high
for SNP calling (FIGURE 3) and 87% of the recovered targets (2,446 of the 2,822 tar
gets) had a sequence depth of 15x or more across at least 90% of their bases
(FIGURE 1A). Of the 2,822 targets, 643 targets accounted for 50% of the total aligned
reads in L. bulimoides (FIGURE S2A in APPENDIX S2). For L. bulimoides, SNPs were
found in all categories of targets, including candidate biomineralisation genes, non
coding regions, conserved pteropod orthologues, nuclear 28S and other coding
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TTAABBLLEE 22 Summary of BUSCO analysis showing the number of metazoan near universal ortho
logues that could be detected in the draft genome of Limacina bulimoides.

Present in draft genome
Complete 296 (30.3%)

Complete and singlecopy 262 (26.8%)
Complete and duplicated 34 (3.5%)

Fragmented 292 (29.9%)
Missing 390 (39.8%)
Total BUSCO groups searched 978
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FFIIGGUURREE 11 Number of recovered targets plotted against average proportion of bases in each
target, with at least 15x sequencing coverage averaged across nine individuals, for each for
the five shelled pteropod species (Limacina bulimoides, L. trochiformis, L. lesueurii, L. helic‐
ina, and Heliconoides inflatus). Bars on the right of the dashed vertical line represent the
number of targets where more than 90% of the bases in each target was sequenced with
≥15x depth. Note the differences in yaxes between the plots. There is no peak at one SNP
for L. bulimoides (APPENDIX S5).

L. bulimoides L. trochiformis

L. lesueurii L. helicina

H. inflatus

≥
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sequences (TABLETT 5). Of the 10 mitochondrial genes included in the capture, surpris
ingly, only the COI target was recovered.

The hybridisation of the probes and targeted resequencing worked much less
efficiently on the four related species. The percentage of targets covered by
sequenced reads ranged from 8.21% (83 out of 2,899 targets) in H. inflatus to
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TTAABBLLEE 33 Target capture efficiency statistics, averaged ± standard deviation across nine individ
uals, for each of five pteropod species, including raw reads, final mapped reads, % High
Quality reads (reads mapping uniquely to the targets with proper pairs), % targets covered
(percentage of bases across all targets covered by at least one read), average depth
(sequencing depth across all targets with reads mapped).
Species Raw reads Final mapped % HQ reads % targets Average 

(x1,000) reads (x1,000) covered depth
L. bulimoides 10,529±3,997 3,531±1,548 33.23±9.10 97.36±0.42 250±111
L. trochiformis 15,508±4,865 1,765±521 11.61±2.59 20.32±1.65 468±144
L. lesueurii 7,060±2,043 807±196 11.93±2.77 13.28±1.96 431±76.9
L. helicina 10,346±6,260 337±180 3.47±0.56 12.57±2.71 63.7±26.7
H. inflatus 3,089±1,126 66±30 2.07±0.30 8.21±3.34 31.9±14.9

TTAABBLLEE 44 Number of single nucleotide polymorphism (SNPs) recovered after various filtering
stages for five species of shelled pteropods. Hardfiltering was implemented in GATK3.8
VariantFiltration using the following settings: QualByDepth <2.0, FisherStrand >60.0,
RMSMappingQuality <5.0, MQRankSumTest <5.0 and ReadPositionRankSum <5.0. The
hardfiltered SNPs were subsequently filtered to keep those with a minimum site coverage
of 5x and present in at least 80% of the individuals. Other filtering options were less strin
gent, such as a minimum depth of 2x and site presence in at least 50% of individuals.

Hardfiltering 80% individuals, 80% individuals, 50% individuals,
5x depth 2x depth 5x depth

L. bulimoides 154,864 137,938 137,953 147,763
L. trochiformis 44,014 11,948 12,165 20,518
L. lesueurii 23,379 5,359 5,847 8,487
L. helicina 18,298 2,432 2,771 4,613
H. inflatus 13,041 1,371 1,559 2,092

TTAABBLLEE 55 Number of targets with at least one single nucleotide polymorphism (based on 80%
genotyping rate, 5x depth) was calculated according to category: candidate biomineralisa
tion genes (Biomin.), conserved pteropod orthologues, mitochondrial (Mt genes), nuclear
28S, and other coding and noncoding regions for each of five pteropod species. Numbers
in brackets represent the total number of targets in that category on the set of target probes
designed for Limacina bulimoides.
Species Biomin. Orthologues Mt genes 28S Coding Noncoding Total

(35) (643) (10) (1) (2,169) (41) (2,899)
L. bulimoides 32 635 1 1 2,140 13 2,822
L. trochiformis 7 169 3 1 436 4 620
L. lesueurii 0 90 2 1 209 0 302
L. helicina 0 52 3 1 121 0 177
H. inflatus 0 20 1 1 61 0 83
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20.32% (620 out of 2,899 targets) in L. trochiformis (TABLETT 3). Of these, only five (H.
inflatus) to 42 (L. trochiformis) targets were covered with a minimum of 15x depth
across 90% of the bases (TABLETT S1). The number of targets that accounted for 50%
of the total aligned reads varied across species, with 4 of 620 targets for L. trochi‐
fformis that accounted for 50% of reads, 2 of 302 targets for L. lesueurii, 14 of 177
targets for L. helicina and 5 of 83 targets for H. inflatus (FIGURE S2BE in APPENDIX S2).
In these four species, targeted regions corresponding to the nuclear 28S gene, con
served pteropod orthologues, mitochondrial genes and other coding sequences
were obtained (TABLETT 4). The number of mitochondrial targets recovered ranged
between one and three: ATP6, COB, 16S were obtained for L. trochiformis, ATP6,
COI for L. lesueurii, ATP6, COII, 16S for L. helicina, and only 16S for H. inflatus.
Additionally, for L. trochiformis, seven biomineralisation candidates and four non
coding targeted regions were recovered. The number of SNPs ranged between
1,371 (H. inflatus) and 12,165 SNPs (L. trochiformis) based on a gentoyping rate of
80% and a minimum read depth 5x (TABLETT 5). The maximum depth for SNPs ranged
from ~150x in H. inflatus, L. helicina and L. lesueurii to ~375x in L. trochiformis
(FIGURE 3). With less stringent filtering, such as a 50% genotyping rate, the total
number of SNPs obtained per species could be increased (TABLETT 5).
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FFIIGGUURREE 22 Number of single nucleotide polymorphisms (SNPs) per recovered target for the five
pteropod species of the superfamily Limacinoidea (see legend), based on filtering settings of
minimum presence in 80% of individuals with at least 5x read depth.

L. bulimoides

L. trochiformis

L. lesueurii

L. helicina

H. inflatus
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FFIIGGUURREE 33 Density of single nucleotide polymorphisms (SNPs, present in 80% of individuals)
plotted against coverage. The plots were truncated at coverage = 2000x for L. bulimoides
and coverage = 1000x for the other four species. Note that minimum coverage is 45x due to
filtering settings of a minimum 5x depth for nine individuals.

L. bulimoides L. trochiformis

L. lesueurii L. helicina

H. inflatus
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Across the five species of Limacinoidea, we found an exponential decrease in
the efficiency of the targeted resequencing congruent with the genetic distance
from the focal species L. bulimoides. Only 62 targets were found in common across
all five species, comprising 14 conserved pteropod orthologues, 47 coding regions,
and a 700 bp portion of the 28S nuclear gene. Based on the differences in profiles
of number of SNPs per target and total number of SNPs, the hybridisation worked
differently between the focal and nonfocal species. In L. bulimoides, the median
number of SNPs per target was 45, whereas in the remaining four species, most of
the targets had only one SNP and the median number of SNPs per target was much
lower: 11 for L. trochiformis, 10 for L. lesueurii, six for L. helicina, and seven for H.
inflatus. The number of SNPs per target varied between one and more than 200
across the targets (FIGURE 2). With an increase in genetic distance from L.
bulimoides, the total number of SNPs obtained across the five shelled pteropod
species decreased exponentially (FIGURE 4). There was an initial 10fold decrease in
number of SNPs between L. bulimoides and L. trochiformis with a maximum likeli
hood (ML) distance of 0.07 nucleotide substitutions per base between them. The
subsequent decrease in number of SNPs was smaller in L. lesueurii (ML distance
from L. bulimoides, subsequently ML dist = 0.11), L. helicina (ML dist = 0.18) and H.
inflatus (ML dist = 0.29).
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FFIIGGUURREE 44 Logscaled number of SNPs against genetic divergence from the focal species
Limacina bulimoides shows that there is a sharp reduction in the SNPs recovered with genet
ic distance.

●

●

●

●

●
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D I S C U S S I O N

F I R S T D R A F T G E N O M E F O R P T E R O P O D S
To assess the genetic variability and degree of population connectivity in coiled
shell pteropods, we designed a set of target capture probes based on partial
genomic and transcriptomic resources. As a first step, we de novo assembled a
draft genome for L. bulimoides, the first for a planktonic gastropod. We obtained
an assembly size of 2.9 Gbp but the prediction of genome size together with the
prediction of genome completeness suggest that only ~60% of the genome was
sequenced. Therefore, we postulate that the genome size of L. bulimoides is
indeed larger than the assembly size, and estimate it at 67 Gbp. In comparison,
previously sequenced molluscan genomes have shown a wide variation in size
across species, ranging from 412 Mbp in the giant owl limpet (Lottia gigantea)
(Simakov et al., 2013) to 2.7 Gbp in the Californian twospot octopus (Octopus
bimaculoides) (Albertin et al., 2015). The closest species to pteropods which has a
sequenced genome is Aplysia californica, with a genome size of 927 Mbp (Genbank
accession assembly: GCA_000002075.2) (Broad Institute, 2009; Sayers et al., 2019).
Further, when considering marine gastropod genome size estimates in the Animal
Genome Size Database (Gregory, 2019), genome sizes range from 430 Mbp to 5.88
Gbp with an average size of 1.86 Gbp. Hence, it appears that L. bulimoides has a
larger genome size than most other gastropods.

Despite moderate sequencing efforts, our genome is highly fragmented.
Increasing the sequencing depth could result in some improvements, although
other sequencing methods will be required to obtain a better genome. Roughly
350 million pairedend (PE) reads were used for the de novo assembly, but 50% of
the assembly is still largely unresolved with fragments smaller than 893 bp. The
absence of peaks in the kmer distribution histogram and low mean coverage of
the draft genome may indicate insufficient sequencing depth caused by a large
total genome size, and/or high heterozygosity which complicates the assembly. In
the 1.6 Gbp genome of another gastropod, the bigear radix, Radix auricularia,
approximately 70% of the content consisted of repeats (Schell et al., 2017). As far
as we know, high levels of repetitiveness within molluscan genomes are common
(Takeuchi, 2017), and also makes de novo assembly using only short reads chal
lenging (Treangen and Salzberg, 2012). In order to overcome this challenge,
genome sequencing projects should combine both short and long reads to resolve
repetitive regions that span across short reads (Koren et al., 2012; Rice and Green,
2018). Single molecule real time (SMRT) sequencing techniques which produce
long reads recommend substantial DNA input, although some recent develop
ments in library preparation techniques have lowered the required amount of DNA
(Kingan et al., 2018). These SMRT techniques also tend to be high in cost, which
may be a limiting factor when choosing between sequencing methods. Constant
new developments in sequencingrelated technologies may soon bring the tools
needed to achieve proper genome assembly even for smallsized organisms with
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large genomes. Potential methods to improve current shotgun assemblies include
10x Genomics linkedreads (10X Genomics, 2019) that uses microfluidics to lever
age barcoded subpopulations of genomic DNA or HiC (Belton et al., 2012), which
allow sequences in close physical proximity to be identified as linkage groups and
enable less fragmented assemblies.

TA R G E T C A P T U R E P R O B E S F O R L I M A C I N A B U L I M O I D E S
Our results show that generating a draft genome and transcriptome to serve as a
reference in the design of target capture probes is a promising and costeffective
approach to allow population genomics studies in nonmodel species of small
sizes. Despite the relatively low N50 of the assembled genome, we were able to
map 79.8% of the transcript sequences onto it. The combined use of the transcrip
tome and fragmented genome allowed us to identify the expressed genomic
regions reliably and include intronic regions, which may have contributed to the
probe hybridisation success (Suren et al., 2016). In addition, the draft genome was
useful in obtaining singlecopy regions. This allowed us to filter out multicopy
regions at the probe design step, and hence reducing the number of nontarget
matches during the capture procedure.

The target capture was highly successful in the focal species L. bulimoides, with
more than 130,000 SNPs recovered across nine individuals (FIGURE 3). Coverage of
reads across the recovered targets was somewhat variable (FIGURE S2A in APPENDIX

S2), although the SNPs were obtained from the large proportion of sufficiently
wellcovered targets (>15x, TABLETT 4; TABLETT S1) and thus, can provide reliable genom
ic information for downstream analyses, such as delimiting population structure.
The high number of SNPs may be indicative of high levels of genetic variation, con
gruent with predictions for marine zooplankton with large population sizes
(Peijnenburg and Goetze, 2013). The number of SNPs recovered (TABLETT 4) and per
centage of properly paired reads mapping uniquely to the targets (TABLETT 3) are com
parable to the results from a similar protocol on copepods (Choquet et al., 2019). 

Targets corresponding to candidate biomineralisation genes and mitochondri
al genes were less successfully recovered compared to conserved pteropod ortho
logues and other coding sequences (TABLETT 4). This could be because biomineralisa
tionrelated gene families in molluscs are known to evolve rapidly, with modular
proteins composed of repetitive, low complexity domains that are more likely to
accumulate mutations due to unequal crossover and replication slippage (Kocot et
al., 2016; McDougall and Degnan, 2018). Surprisingly, only the COI gene was recov
ered out of the 10 mitochondrial genes included in the set of probes. This is despite
the theoretically higher per cell copy number of mitochondrial than nuclear
genomes (Bi et al., 2012) and thus a higher expected coverage for mitochondrial
targets compared to nuclear targets. High levels of mitochondrial polymorphism
among individuals of L. bulimoides could have further complicated the capture,
resulting in low capture success of mitochondrial targets. Hyperdiversity in mito
chondrial genes, with more than 5% nucleotide diversity in synonymous sites has
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been reported for several animal clades, including gastropods (Fourdrilis et al.,
2016; Thomaz et al., 1996) and chaetognaths (Marlétaz et al., 2017). Only 13 of the
41 noncoding targeted regions were recovered, which may indicate that these
regions were also too divergent to be captured by the probes.

C R O S S S P E C I E S R E L E VA N C E O F TA R G E T C A P T U R E P R O B E S
The success of targeted resequencing of the four related pteropod species (L.
trochiformis, L. lesueuri, L. helicina and Heliconoides inflatus) decreased exponen
tially with increasing genetic distance from the focal species L. bulimoides. Even
within the same genus, divergence was sufficiently high to show an abrupt
decrease in coverage (FIGURE 3). The number of targets whose reads accounted for
50% of all reads for each species was low (FIGURE S2BE in APPENDIX S2), indicating
that representation across the targets could be highly uneven. The number of SNPs
recovered also decreased rapidly with genetic distance (FIGURE 4), leading to less
informative sites across the genome that can be used in downstream analyses for
these nonfocal species. While direct comparisons are not possible due to differ
ences in the probe design protocol and measurements used, we also see a decreas
ing trend in success of target capture applied with increasing levels of genetic
divergence in other studies (e.g., Förster et al., 2018; Portik et al., 2016). Genetic
divergence of 410% from the focal species resulted in an abrupt decline in cover
age (e.g., Bi et al., 2012; Bragg et al., 2016). Another possible reason for the
decrease in capture success is different genome sizes across the species. While we
used the same amount of DNA per individual in a capture reaction, pooling differ
ent species of unknown genome sizes into the same capture reaction may have
resulted in different genome copy numbers sequenced per species. Our results
may thus be attributed to high levels of polymorphism and/or possible differences
in genome size, both leading to ascertainment bias (Lachance and Tishkoff, 2013). 

The targets that hybridised successfully and were sequenced across species
were conserved genes with low levels of genetic variation. This probably indicates
that high levels of genetic diversity and divergence from the focal species resulted
in the targeted regions not being able to hybridise to the probes. Indeed, from the
four nonfocal pteropod species, most of the recovered targets had low diversity,
containing only a single SNP (FIGURE 2). As a general rule, slowly evolving genomic
regions are more likely to hybridise successfully to the probes (Bi et al., 2013;
Paijmans et al., 2016). This may vary across targeted regions, as a mismatch toler
ance of 40% between the baits and targeted region can still result in successful
enrichment in specific cases (Li et al., 2013). While it is possible to design probes
to be relevant across broader phylogenetic scales, by including conserved ortho
logues across the various target species (e.g., Quattrini et al., 2018; Teasdale et al.,
2016), these probes are unlikely to be suitable to study population structure and
estimate levels of gene flow in the focal species. Nonetheless, the low diversity tar
gets that were recovered can be useful in resolving relationships at a deeper phy
logenetic scale.
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CO N C LU S I O N
We show that using a combination of a draft genome and transcriptome is an effi
cient way to develop a database for capture probes design in species without prior
genomic resources. These probes can be useful for analyses in closely related
species, though crossspecies hybridisation was limited to conserved targets and
capture success decreased exponentially with increasing genetic distance from the
focal species. Since the target capture approach can be successfully applied with
low DNA input and even with poor quality or degraded DNA, this technique opens
the door to population genomics of zooplankton, from recent as well as historical
collections.

With more than 130,000 SNPs recovered in L. bulimoides and >10,000 SNPs in
L. trochiformis, our set of probes is suitable for genomewide genotyping in these
two globally distributed pteropod species. The high and consistent coverage across
targeted genomic regions increases the range of analyses that can be applied to
these organisms, such as identifying dispersal barriers, inferring ancestry and
demographic history, and detecting signatures of selection across the genome. The
statistical strength from analysing many genomic loci overcomes the limitation of
an incomplete sampling of the metapopulation (Maisano Delser et al., 2016) and
increases the capacity to detect even subtle patterns in population structure. This
is especially relevant in widespread marine zooplankton where there is likely to be
cryptic diversity and undiscovered species (Bucklin et al., 2018; Peijnenburg and
Goetze, 2013), which is essential information for species that are proposed as indi
cators of ocean change. 

M AT E R I A L S A N D M E T H O D S

D R A F T G E N O M E S E Q U E N C I N G A N D A S S E M B LY
A single adult L. bulimoides (1.27 mm total shell length) was used to generate a
draft genome (NCBI: SWLX00000000). This individual was collected from the
southern Atlantic subtropical gyre (25°44’S, 25°0’W) during the Atlantic Meridional
Transect (AMT) cruise 22 in November 2012 (APPENDIX S3 and TABLETT S3) and direct
ly preserved in 95% ethanol at 20°C. Back in the lab, 147.2 ng of genomic DNA was
extracted from the whole specimen using the E.Z.N.A. Insect DNA Kit (Omega Bio
Tek) with modifications to the manufacturer’s protocol regarding reagents vol
umes and centrifuge times (APPENDIX S3). The extracted DNA was randomly frag
mented via sonication on a S220 Focusedultrasonicator (Covaris) targeting a peak
length of approximately 350 bp. A genomic DNA library was prepared using the
NEXTflex Rapid PreCapture Combo Kit (Bioo Scientific) following the manufactur
er’s protocol. Subsequently, the library was sequenced in two runs of NextSeq500
(Illumina) using midoutput v2 chips producing 150 bp PE reads.

The resulting forward and reverse sequencing reads were concatenated in two
separate files and qualitychecked using FastQC version 0.11.4 (https://www.bioin
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formatics.babraham.ac.uk/projects/fastqc/). Duplicated reads were removed using
FastUniq version 0.11.5 (Xu et al., 2012). The remaining reads were then assembled
by the MaSuRCA genome assembler version 3.2.1 (Zimin et al., 2013) using a kmer
length of 105 as this produced the least fragmented assembly compared to other
assemblers (Platanus, SOAPdenovo2). Further contig extension and scaffolding
were carried out by running SSPACEBasic version 2 (Boetzer et al., 2011) requiring
a minimum of three linkers and a minimum overlap of 12 bp to merge adjacent
contigs (Boetzer et al., 2011). The total genome size was roughly estimated using
MaSuRCA (as a byproduct of calculating optimal assembly parameters), based on
the size of the hash table containing all error corrected reads. A second estimate of
the genome size was made by searching for kmer peaks in sequencing reads using
JELLYFISH version 1.1.11 (Marçais and Kingsford, 2011) with various kmer lengths
between 15 and 101. To assess the completeness of the generated draft genome,
the inbuilt BUSCO metazoan dataset containing 978 nearuniversal orthologues of
65 species was used to search for key orthologous genes with BUSCO version 3.0.1
(Simão et al., 2015). BUSCO made use of AUGUSTUS version 3.3 (Stanke and
Morgenstern, 2005) with the selftraining mode utilised to predict gene models.
Assembly quality was assessed with QUAST (Gurevich et al., 2013).

TA R G E T C A P T U R E P R O B E S D E S I G N
We designed the target capture probe set by using the draft genome and transcrip
tome as a reference, following the workflow recommended by Choquet et al.
(2019). Firstly, we aimed to select only singlecopy coding DNA sequences (CDS) in
order to achieve a high specificity of the target capture probes and to reduce false
positive SNPs from multicopy genes. We used the previously generated transcrip
tome of L. bulimoides (Peijnenburg et al., 2020) and mapped the transcript
sequences of L. bulimoides against themselves using the spliceaware mapper
GMAP version 20170503 (Wu and Watanabe, 2005) with a kmer length of 15 bp
and no splicing allowed. Only unique transcripts with one mapping path were
selected as potential target sequences. We then mapped these selected transcript
sequences (with splicing allowed) directly to the contigs of the genomic assembly to
identify expressed regions and their respective exonintron boundaries. We select
ed only the subset of genomic sequences that mapped to unique transcripts with
minimum pairwise identity scores of 90%. Using this approach, we selected 2,169
coding target sequences. Additionally, 643 transcripts that mapped to unique con
tigs in the draft genome were selected from a set of conserved orthologues from a
phylogenomic analysis of pteropods (Peijnenburg et al., 2020) to give a set of 2,812
single copy coding nuclear targets. Of the 63 transcripts that showed homology to
biomineralisation proteins (Mann and Jackson, 2014; RamosSilva and Marin, 2016),
we included 35 of these candidate biomineralisation genes in the final probe set as
they could be mapped to contigs in the draft genome (SUPPORTING FILE 1).

Secondly, sequences of mitochondrial genes, 28S and noncoding targets were
added to the baits design. A fragment of the COI gene (NCBI: MK642914), obtained
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by sanger sequencing as in (Burridge et al., 2017b) was added. The other nine tar
gets (COII, COIII, ATP6, ND2, ND3, ND6, CYB, 12S, 16S) were identified from the
draft genome assembly as described hereafter. We identified a 9,039 bp contig
from the fragmented assembly as a partially assembled mitochondrial genome
using BLAST+ version 2.6.0 (Camacho et al., 2009) and comparing the mitochondr
ial genes of three related mollusc species (NCBI Bioprojects: PRJNA10682,
PRJNA11892, PRJNA12057) to the draft genome. Gene annotation was then car
ried out on this contig using the MITOS webserver (Bernt et al., 2013) with the
invertebrate genetic code and the parameters ‘cutoff’, ‘fragment quality factor’
and ‘start/stop range’ set to 30, 12 and 10, respectively. From this, we identified
the seven proteincoding genes and the two rRNA genes as separate target
sequences which we added to the probe design. Finally, we added the commonly
used nuclear 28S Sangersequenced fragment (NCBI: MK635470) and randomly
chose 41 unique noncoding genomic regions. The final design comprised of 2,899
target sequences with a total size of 1,866,005 bp. Probe manufacturing was per
formed by Arbor Biosciences (MI, USA) using myBaits custom biotinylated probes
of 82mer with 2x tiling density. 

TA R G E T E D S E Q U E N C I N G O F F I V E P T E R O P O D S P E C I E S
We selected five shelled pteropod species from the genera Limacina and
Heliconoides (superfamily Limacinoidea), including the focal species L. bulimoides,
to evaluate the efficiency of the target capture probes on species of varying genet
ic relatedness. For each species, we aimed to test the capture efficiency across
three sampling locations with three individuals per location (TABLETT 6). Specimens
from each species (L. bulimoides, L. trochiformis, L. lesueurii, L. helicina, H. inflatus)
were collected across various sites during the AMT22 and AMT24 cruises in the
Atlantic and from two sites in the Pacific Ocean (TABLETT 6 and TABLETT S2). DNA was
extracted from each individual separately using either E.Z.N.A. insect or mollusc kit
(Omega BioTek) with modifications to the protocol (APPENDIX S3). The DNA was
then sheared by sonication, using a Covaris S220 ultrasonicator with the peak
length set to 300 bp. This fragmented DNA was used to prepare individual libraries
indexed using the NEXTflex Rapid PreCapture Combo Kit (Bioo Scientific). Libraries
were subsequently pooled into equimolar concentrations for the capture reaction
using the myBaits Custom Target Capture kit (Arbor Biosciences). Hybridisation
was carried out using the myBaits protocol with the following modifications. 27
libraries of L. bulimoides were pooled together for one capture reaction, of which
nine individuals were analysed in this study. The other four species were pooled in
groups of 2223 specimens per capture. We extended the hybridisation time to
three days and performed the whole protocol twice using 4 μl and 1.5 μl of probe
mix, respectively (APPENDIX S3). The captured library of the species L. bulimoides
was sequenced on the NextSeq500 (Illumina) using a highoutput v2 chip produc
ing 150 bp PE reads. The captured libraries of the other species were sequenced
together on the same NextSeq500 midoutput v2 chip.
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A S S E S S M E N T O F TA R G E T C A P T U R E P R O B E S E F F I C I E N C Y
The following pipeline of bioinformatic analyses was largely adapted from Choquet et
al. (2019). Raw sequencing reads were demultiplexed and mapped using BWA ver
sion 0.7.12 (Li, 2013) with default settings to targets concatenated with the perl script
concatFasta.pl (Matz, 2019). The resulting BAM files were then cleaned and sorted
using SAMtools version 1.4.1 (Li et al., 2009) to retain only the reads paired and
uniquely mapped in proper pairs. With Picard version 2.18.5 (Broad Institute, 2019),
duplicates were marked and removed. Coverage of targeted regions was assessed
with the GATK version 3.8 (McKenna et al., 2010) DepthOfCoverage tool. Next, SNP
calling was performed using GATK version 3.8 with GNU Parallel (Tange, 2011) follow
ing the recommended Variant Discovery pipeline (Auwera et al., 2013; Depristo et al.,
2011) as a first trial for SNP calling in pteropods. Variants were called per individual
using HaplotypeCaller with emitRefConfidence output, and the resulting gVCF files
were combined according to their species with CombineGVCFs. The combined gVCF
files for each species, with nine individuals each, were then genotyped in
GenotypeGVCFs. SNPs were extracted from the raw variants with SelectVariants
(SelectType SNP). Given the lack of a calibration set of SNPs, the hard filters were first
evaluated by plotting the density of annotation values and checking them against the
planned filtering parameters. The SNPs were then hardfiltered with VariantFiltration
using QualByDepth (QD) <2.0, FisherStrand (FS) >60.0, RMSMappingQuality <5.0,
MQRankSumTest (MQRankSum) <5.0, ReadPositionRankSum (ReadPosRankSum)
<5.0 to retain reliable SNPs. The processed SNPs were further filtered using VCFtools
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TTAABBLLEE 66 Collection details of specimens from five shelled pteropod species: Limacina
bulimoides, L. trochiformis, L. lesueurii, L. helicina and Heliconoides inflatus. Three individu
als per site were included from localities in the Atlantic and Pacific Oceans. Latitude and lon
gitude are presented in the decimal system, with positive values indicating North and East
and negative values, South and West, respectively. 
Species Location Latitude Longitude n Collection date
L. bulimoides South Atlantic 18.32 25.08 3 18/10/2014
L. bulimoides South Atlantic 24.45 25.05 3 21/10/2014
L. bulimoides South Atlantic 27.77 25.02 3 22/10/2014
L. trochiformis South Atlantic 14.67 25.07 3 17/10/2014
L. trochiformis South Atlantic 18.32 25.08 3 18/10/2014
L. trochiformis North Pacific 22.65 157.69 3 03/07/2017
L. lesueurii North Atlantic 20.40 38.61 3 24/10/2012
L. lesueurii South Atlantic 15.30 25.07 3 05/11/2012
L. lesueurii South Atlantic 24.13 25.00 3 09/11/2012
L. helicina South Atlantic 40.12 30.92 3 26/10/2014
L. helicina South Atlantic 41.48 33.87 3 27/10/2014
L. helicina North Pacific 48.36 126.31 3 06/03/2016
H. inflatus North Atlantic 25.48 39.00 3 22/10/2012
H. inflatus South Atlantic 8.08 25.04 3 03/11/2012
H. inflatus South Atlantic 38.08 39.31 3 16/11/2012
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version 0.1.13 (Danecek et al., 2011) to keep those with a minimum coverage of 5x
and represented in at least 80% of the individuals.

In order to investigate the relative effect of the different SNP filters, other less
conservative VCFtools filtering settings such as a reduced genotyping rate of 50%
or reduced depth requirement of 2x were used, and the relative increase in num
ber of SNPs recovered for each species was recorded. For each species, the result
ing VCF files were then annotated with the names and coordinates of the original
targets using retabvcf.pl (Matz, 2019). The targets represented in each species and
the number of SNPs per target were then extracted from the annotated VCF files
(APPENDIX S4).

To assess the applicability of probes designed from L. bulimoides and other relat
ed pteropod species, the relationship between sequence divergence and number of
SNPs recovered was investigated. The genetic divergence between L. bulimoides and
each of the four other species was calculated from the branch lengths of a maximum
likelihood (ML) phylogeny of pteropods based on transcriptome data (Peijnenburg et
al., 2020). The number of SNPs recovered per species using the most conservative fil
tering settings (80% genotyping rate and 5x depth) was plotted against sequence
divergence from L. bulimoides in R (R Core Team, 2017).

AVA I L A B I L I T Y O F DATA A N D M AT E R I A L S
The genomic assembly (NCBI accession: SWLX00000000, BioSample ID: SAMN11131519),
and raw sequencing data of the target capture are available in NCBI Genbank, under
BioProject PRJNA527191. The transcriptome is available in NCBI Genbank under the NCBI
accession SRR10527256 (BioSample ID: SAMN13352221, BioProject: PRJNA591100). The list
of L. bulimoides contigs with homology to biomineralisation proteins and set of 82mer
probes developed for L. bulimoides are included as SUPPORTING FILE 1 and 2 (https://doi.org/
10.1186/s1286 40196372z). The additional information supporting the conclusions of this
article are included as appendices within the Supplementary Information File.
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S U P P L E M E N TA R Y M AT E R I A L

A P P E N D I X S1 D R A F T G E N O M E S TAT I S T I C S

FFIIGGUURREE SS11 Histogram of kmer frequency distribution in the assembled Limacina bulimoides draft
genome for k = 31. The xaxis represents the number of times a kmer occurred and the yaxis repre
sents the number of distinct kmers for the given multiplicity.
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A P P E N D I X S2 D E N S I T Y O F C O V E R A G E P E R TA R G E T F O R E A C H S P E C I E S

FFIIGGUURREE SS22 Density plot of coverage for each target, averaged across nine individuals, for each of the five
shelled pteropod species (Limacina bulimoides, L. trochiformis, L. lesueurii, L. trochiformis, L. helicina
and H. inflatus).
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A P P E N D I X S3 S P E C I M E N C O L L E C T I O N A N D M O L E C U L A R A N A LY S E S

Draft  genome
The sequenced L. bulimoides individual, Lbul_AMT22_57_08 was collected during
the Atlantic Meridional Transect 22 (AMT22) cruise in November 2012 in the
southern gyre of the Atlantic Ocean (25°44’S, 25°0’W). The specimen was pho
tographed in a standardised orientation using a Zeiss V20 stacking microscope
(FIGURE S1). 

Modif ied DNA extract ion protocol  with  E .Z .N.A.  Insect  K i t
(Omega Biotek)  for  extract ing  DNA from shel led pteropods
1. Soak the complete individual in nucleasefree water for 30 minutes. 
2. Transfer individual into 2 ml screw cap grinding tube containing:

 bashing beads
 400 μl CTL buffer 
 28.5 μl proteinase K solution

3. Grind individual for 20 seconds at a frequency of 30 per second. 
4. Incubate sample at 60 °C for 20 minutes. 
5. Repeat step 3 and incubate sample at 60°C for 20 minutes.
6. Add 400 μl chloroform:isoamyl alcohol, vortex for 10 seconds. 
7. Centrifuge at 13,500 g for 18 minutes at room temperature. 
8. Prepare the HiBind DNA Mini Column: 
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FFIIGGUURREE SS33 Stacking microscopy photograph of the sequenced Limacina bulimoides specimen.
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 assemble to collection tube 
 add 100 μl 3 M NaOH (equilibration buffer) on filter
 incubate for 4 minutes and centrifuge at 17,000 g for 20 seconds. 

9. Transfer upper aqueous phase (~320 μl) from step 7 to a new 1.5 ml eppendorf
tube. Avoid the white milky surface.

10. Add one volume CBL buffer.
11. Add one volume 100% EtOH and vortex for 10 seconds. 
12. Transfer 750 μl of the mixture to the equilibrated HiBind DNA Mini Column and

centrifuge at 10,000 g for 1 minute. Discard the flowthrough.
13. Repeat step 12 until all of the mixture has been used. 
14. Warmup the Elution Buffer at 70 °C.
15. Add 500 μl HBC buffer and centrifuge at 10,000 g for 30 seconds. Discard the

flowthrough.
16. Add 500 μl DNA Wash Buffer and centrifuge at 10,000 g for 1 minute. Discard

the flowthrough.
17. Repeat step 15.
18. Reinsert HiBind DNA Mini Column into new collection tube, centrifuge at

15,000 g for 2 minutes.
19. Reinsert HiBind DNA minicolumn into new eppendorf tube.
20. Add 40 μl of preheated Elution Buffer directly to the center of the Mini Column

membrane without touching it.
21. Wait for 2 minutes and then centrifuge at 10,000 g for 1 minute.
22. Repeat steps 20 and 21 for a final elution volume of 80 μl.

Target  capture protocol
All DNA libraries were fragmented to an average size of 300 bp by sonication and
were prepared using the NEXTflex™ Rapid PreCapture Combo Kit (Bioo Scientific,
Austin, TX, USA), including a step of single adapter indexing of each library.
Libraries were cleanedup, amplified separately for 8 and pooled in the following
way: the nine L. bulimoides were part of a pooled capture that included 27 speci
mens of L. bulimoides in total. The four other species were amplified separately for
another 8 cycles to increase the amount of DNA, and then combined into two pools
that contained all four species with a total of 2223 specimens per pool.

We increased the efficiency of the hybridisation and aimed to maximise the
number of ontarget captured sequences by doing the capture reaction twice,
splitting the total amount of baits required for one reaction in two. The first round
of hybridisation was performed using 4 μl of baits for each reaction. The reaction
was performed over three days at a temperature of 60 °C in order to maximise the
specificity. Capture was performed consecutively using DYNAbeads MyOne
Streptavidin C1 beads (Invitrogen) to bind the hybridised targets during 30 min at
65 °C. The captured DNA was amplified by PCR for 8 cycles using KAPA HiFi HotStart
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ReadyMix (Kapa Biosystems). A second round of hybridisation was conducted using
1.5 μL of baits for each of the two pools, followed by a second capture and 6 more
cycles of postcapture PCR. Finally, the two mixedspecies pools were mixed
together in equal proportions and sequenced on a NextSeq 550 (Illumina) with a
2x150 bp midoutput kit v.2. The L. bulimoides pool was mixed equally with two
other L. bulimoides pools containing 27 individuals and sequenced on a NextSeq
550 (Illumina) with a 2x150 bp highoutput kit v.2.
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A P P E N D I X S4 CO M M A N D S U S E D F O R SNP C A L L I N G F R O M FA S T Q F I L E S

For manipulating targets fasta file: Used concatFasta.pl https://github.com/z0on/
2bRAD_denovo/blob/master/concatFasta.pl (concatenate fasta file into userspec
ified number of “chromosomes”) and retabvcf.pl from https://github.com/z0on/
2bRAD_denovo/blob/master/retabvcf.pl (reannotate .vcf file) to increase speed
and reduce memory requirements. This is done before mapping reads to the tar
gets.

(1)  Use mapping.sh on demul i tp lexed,  raw fastq. gz  f i les
Contents of mapping.sh:
## mapping (input: *_R1.fastq.gz, *_R2.fastq.gz, <draft_genome_concatenated>.
fasta)
## collect file names and place in file called names
ls *_R1.fastq.gz >names
sed e s/_R1.fastq.gz//g i names

## use parallel to run 24 threads of bwa mem, estimate two threads per specimen,
for computer with 48 threads, producing aligned bam file *_aln.bam per specimen
cat names | parallel —verbose j 24 “
bwa mem M Genomic_targets_Limacina_bulimoides_cc.fasta {}_R1.fastq.gz
{}_R2.fastq.gz | samtools view Sbh  o {}_aln.bam”

##cleaning initial bam files
cat names | parallel —verbose j 10 “
samtools view {}_aln.bam | fgrep XA | cut f 1 > bad_names_{}.txt
samtools view h {}_aln.bam  | fgrep vf bad_names_{}.txt | samtools view Sb  >
{}_aln2.bam
samtools view {}_aln2.bam | fgrep SA | cut f 1 > bad_names_{}.txt
samtools view h {}_aln2.bam | fgrep vf bad_names_{}.txt | samtools view Sb  >
{}_aln3.bam
samtools view b F 3332 f 3 {}_aln3.bam > {}_aln3_cleaned.bam”

##sort reads (3min)
chmod 755 *_aln3_cleaned.bam
cat names | parallel —verbose j 10 “
samtools sort {}_aln3_cleaned.bam o {}_sorted.bam”

##mark duplicates
cat names | parallel —verbose j 10 “
java jar picard.jar MarkDuplicates I={}_sorted.bam O={}_dedup.bam M={}_dedup
_metricsfile ASSUME_SORT_ORDER=coordinate VALIDATION_STRINGENCY=
SILENT REMOVE_DUPLICATES=true &>Log_{}_dedup.txt”
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##Add or replace read groups, most important is RGSM which allows GATK to call
genotypes by individuals
cat names | parallel —verbose j 15 “
java jar picard.jar AddOrReplaceReadGroups I={}_dedup.bam
O={}_dedup_RG.bam SORT_ORDER=coordinate RGLB=lib1 RGPL=illumina
RGPU=unit54 RGSM={}”

##index .bam file
for file in *_RG.bam; do
samtools index $file “${file}.bai”;
done

#end of mapping.sh

(2)  The steps  below fo l low Best  Pract ices  for  GATK3.8. ,  for
genotyping SNPs f rom bam f i les
##HaplotypeCaller, use gnuparallel to use multiple cores
cat names | parallel —verbose j 20 “java jar GenomeAnalysisTK.jar \
R Genomic_targets_Limacina_bulimoides_cc.fasta \
T HaplotypeCaller \
I {}_dedup_RG.bam \
—emitRefConfidence GVCF \
o $src/gvcf/{}.g.vcf”

##CombineGVCFs files are combined per population at this step, so parallel is no
longer needed.
java jar GenomeAnalysisTK.jar \
R ../Genomic_targets_Limacina_bulimoides_cc.fasta \
T CombineGVCFs \
—variant Ltro.list \
o Ltro.g.vcf

##GenotypeGVCFs
java jar GenomeAnalysisTK.jar
R ../Genomic_targets_Limacina_bulimoides_cc.fasta \
T GenotypeGVCFs \
—variant Ltro.g.vcf \
—max_alternate_alleles 18 \ #depends on organism (diploid) and number of indi
viduals (n=9)
o ../combined/Ltro_raw_snps.vcf

##SelectVariants
for file in *.vcf; do
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java jar GenomeAnalysisTK.jar \ 
 T SelectVariants \ 
 R ../Genomic_targets_Limacina_bulimoides_cc.fasta \
 V $file\ 
 selectType SNP \ 
 o ${file%_variants*}_snps.vcf;
done

##VariantFiltration
for file in *_raw_snps.vcf; do
java jar GenomeAnalysisTK.jar \
T VariantFiltration \
R  ../Genomic_targets_Limacina_bulimoides_cc.fasta \
V $file \
—filterExpression “QD < 2.0 || FS > 60.0 || MQ < 50.0 || MQRankSum < 5.0 ||
ReadPosRankSum < 5.0” \
—filterName “choquet2018” \
o ${file%raw*}filtered_snps.vcf &> ${file%raw*}filtered_snps.log ;
done

(3)  The steps  below use vcftools  to  f i l ter  the snps  with in
the vcf  f i le  and retabvcf.p l  to  rename coordinates  of  con
catenated cont igs  with  the names of  the targets
##Filter SNPs
for file in *filtered_snps.vcf; do
vcftools —vcf $file —maxmissing 0.8 —minmeanDP 5.0 —recode —recodeINFO
all —out ${file%filtered*}cleaned_80_minDP5;
done

##Rename “chromosomes” in vcf file with name of the targets
for file in *_cleaned_80_minDP5.recode.vcf; do
~/2bRAD_denovo/retabvcf.pl vcf=$file tab=../Genomic_targets_Limacina_
bulimoides_cc.tab >retab_$file;
done

##To count number of targets present in the vcf file
for file in retab_*; do
awk ‘/#CHROM/,0’ $file |cut f1 |uniq c > ${file%cleaned*}target_uniqc.list;
done
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A P P E N D I X S5 N U M B E R O F SNP S P E R TA R G E T ( I N D I V I D UA L P L O T S )

FFIIGGUURREE SS44 Number of SNPs per recovered target for each of the five shelled pteropod species
(Limacina bulimoides, L. trochiformis, L. lesueurii, L. helicina and Heliconoides inflatus),
based on filtering settings of minimum presence in 80% of individuals with at least 5x read
depth.

TTAABBLLEE SS11 Number of targets with a minimum coverage of 15x in at least one base, across the
five shelled pteropod species Limacina bulimoides, L. trochiformis, L. lesueurii, L. helicina
and Heliconoides inflatus. The number of targets with more than 90% or 50%, and less than
10% of bases with 15x coverage is also displayed for each species.
Species Total targets ≥90% bases ≥50% bases ≤10% bases

recovered at 15x recovered with 15x recovered with 15x recovered with 15x
depth or more depth or more depth or more depth or more

L. bulimoides 2822 2446 2768 5
L. trochiformis 620 42 206 88
L. lesueurii 302 16 72 77
L. helicina 177 6 15 64
H. inflatus 83 5 13 44
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4
Genomewide phylogeography reveals cryptic

speciation in a circumglobal planktonic calcifier:
Limacina bulimoides (Pteropoda)

L.Q. Choo, G. Spagliardi, M. Choquet, E. Goetze, G. Hoarau, 
K.T.C.A. Peijnenburg
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A B S T R A C T
One of the big questions in marine speciation is how species originate with
out apparent barriers to gene flow. By studying the phylogeography of plank
tonic species, we can uncover processes and evolutionary forces that facili
tate speciation in the open ocean. Shelled pteropods possess thin aragonitic
shells susceptible to dissolution and much research has focused on estimat
ing the sensitivity of Limacina species to ocean acidification. It is thus of high
priority to define their species boundaries, as distinct evolutionary units are
likely to respond differently to changing ocean conditions. In this first global
population genomics study of a marine zooplankton species, we assessed
spatial patterns of divergence across 161 individuals of the pteropod
Limacina bulimoides with 107,214 single nucleotide polymorphisms and
morphological variation, to identify evolutionary drivers of divergence.
Clustering and admixture analyses revealed three distinct genetic lineages
with at least 30% genetic differentiation (pairwise FSTFF ) between them: one
Atlantic lineage, sampled across the Atlantic Ocean, an IndoPacific lineage,
sampled in the North Pacific and Indian Ocean, and a Pacific lineage, sampled
in the North and South Pacific. No recent gene flow occurred among lineag
es, even in areas of sympatry in the North Pacific, and further geographic
structuring occurs within all three lineages. A timecalibrated phylogeny sug
gests that the Atlantic and the IndoPacific/ Pacific lineages diverged about
one million years (My) ago, with the highest effective population size (Ne)
reconstructed during predominantly glacial periods, and a decrease in Ne fol
lowing the start of the Holocene. The three main lineages are reproductively
isolated, yet morphologically cryptic, with subtly different shell shape distri
butions and variable shell colour. While the circumglobal L. bulimoides
species complex consists of smaller species ranges and Ne than initially
thought, these pteropods still possess high levels of genetic variability and
have thrived through repeated Pleistocene glacial transitions. Whether they
can cope with the anticipated rate of future ocean change, however, remains
to be seen.
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I N T R O D UC T I O N
We still know little about how species arise and persist in the open ocean, a seem
ingly interconnected habitat with few apparent barriers to dispersal. Allopatric spe
ciation was accepted as the dominant mode of speciation for a long time (Coyne
and Orr, 2004; Mayr, 1954; Norris, 2000), but it has been increasingly documented
that speciation can occur in the absence of barriers to gene flow, particularly in
marine systems (Bierne et al., 2003; Endler, 1977; Johannesson et al., 2010;
Potkamp and Fransen, 2019; Schluter, 2009). To gain insight into the mechanisms
of speciation in marine habitats, it is important to understand the factors that facil
itate or constrain divergence, rather than categorising case studies into allopatric,
parapatric or sympatric speciation (Butlin et al., 2008; Fitzpatrick et al., 2009).
Marine species have a wide variety of life history traits, dispersal potentials and
extent of gene flow between populations, and holoplanktonic species represent an
extreme end of this scale with high fecundities, enormous population sizes, and
huge potential for dispersal and gene flow.

Marine zooplankton are among the most abundant multicellular eukaryotes in
the world. With their unique life history traits, marine zooplankton are an interest
ing system to assess the impact of large population sizes and high dispersal poten
tial on speciation and divergence (Bucklin et al., 2021a; Faria et al., 2021). The large
effective population sizes in marine zooplankton can have varying effects on evo
lution depending on the relative effects of selection and stochastic demographic
effects. There can be higher levels of genetic diversity for selection to act upon and
more effective selection due to lower effects of random processes like genetic drift
(Barrio et al., 2016; Peijnenburg and Goetze, 2013). However, the relationship
between adaptation and population size may not be straightforward (Galtier,
2016), and the reduction of genetic drift can decrease opportunities for the accu
mulation of genetic differentiation between (partially) isolated populations, e.g., in
mutationorder speciation (Mani and Clarke, 1990; Schluter, 2009). 

With the increased availability of various powerful genetic tools, there has
been growing evidence for cryptic species complexes in the open ocean, contrary
to historical expectations that many marine pelagic species have circumglobal,
homogeneous populations (Norris, 2000; van der Spoel and Heyman, 1983).
Species with widespread geographical distributions can have slight morphological
variation across their range that may be insufficient to delimit sibling species
(Knowlton, 1993), or in some cases wellcharacterised differences are deemed as
the result of a highly variable morphospecies (e.g., Apolônio Silva De Oliveira et al.,
2017), resulting in an underestimation of ecologically relevant divergence with
conventional morphologybased taxonomy (Bongaerts et al., 2021). A majority of
circumglobal planktonic species have been found to harbour cryptic diversity
based on genetic evidence (e.g., Andrews, Norton, FernandezSilva, Portner, &
Goetze, 2014; Burridge, Van Der Hulst, Goetze, & Peijnenburg, 2019; Casteleyn et
al., 2010; Cornils, WendHeckmann, & Held, 2017; Halbert, Goetze, & Carlon,
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2013; Hirai, Tsuda, & Goetze, 2015; Miyamoto, Machida, & Nishida, 2012; Wall
Palmer et al., 2018; Whittaker and Rynearson, 2017). An integrative taxonomy
framework (Burridge et al., 2019; Padial, Miralles, De la Riva, & Vences, 2010)
would be beneficial to identify consistent morphological differences between
these lineages and support the current genetic findings (McManus and Katz, 2009).
Morphological variations congruent with genetic clines can indicate ecological
selection or phenotypic plasticity, while the absence of morphological divergence
between genetically distinct populations can result from recent colonisation, wide
spread gene flow or stabilising selection (Fišer et al., 2018; Milá et al., 2017).

Pteropods play important ecological and biogeochemical roles globally
(Buitenhuis et al., 2019; Fabry et al., 2009; Hunt et al., 2008; Manno et al., 2010;
Sulpis et al., 2021) and are commonly used as bioindicators for the effects of ocean
acidification on marine calcifiers (Bednaršek, Harvey, Kaplan, Feely, & Možina,
2016; Fabry, McClintock, Mathis, & Grebmeier, 2009; Manno et al., 2017).
However, little is known about their adaptive potential for future environmental
changes, including their levels of genetic diversity and functional genomic varia
tion. Pteropods possess thin aragonitic shells, which are vulnerable to dissolution
and harder to make in acidified waters as predicted for the future (Busch et al.,
2014; Mekkes et al., 2021b) and as observed along contemporary gradients of
ocean acidification (Bednaršek et al., 2018; Manno et al., 2018; Mekkes et al.,
2021a; Niemi et al., 2021). Shelled pteropods feed on phytoplankton and particu
late matter, including bacteria and small protists, by trapping them in external
mucous webs and ingesting the webs (Conley, Lombard, & Sutherland, 2018; Hunt
et al., 2008; Lalli and Gilmer, 1989). Pteropods constitute a significant part of the
diet of fish and other predators from higher trophic levels in the pelagic food web
(Groot and Margolis, 1991; Hunt et al., 2008; Lalli and Gilmer, 1989). An important
step for understanding the capacity of species to adapt to future environmental
changes is to assess the spatial distribution of genetic variation and potential for
gene flow across their species range (Bell, 2013; Harvey et al., 2014; Manno et al.,
2017; Munday et al., 2013; Poloczanska et al., 2016; Sunday et al., 2014).The arag
onitic shell of pteropods has traditionally been used to classify and identify species
of pteropods (Bé and Gilmer, 1977; Lalli and Gilmer, 1989; van der Spoel et al.,
1997). The use of shell shape as a diagnostic character for species identification has
allowed resolving ancient species boundaries due to their traceable morphology
preserved in fossils (Janssen and Peijnenburg, 2017). However, a solely morpholog
ical approach to extant pteropod taxonomy was shown to be inadequate, with the
identification of genetically distinct cryptic species within described morpho
species (Hunt et al., 2010; Jennings, Bucklin, Ossenbrügger, & Hopcroft, 2010;
Maas, BlancoBercial, & Lawson, 2013). More recent case studies have used both
genetic data from barcoding genes and geometric morphometrics of the shell
shape to assess species boundaries with good success (e.g., Burridge et al., 2015a,
2019; Choo et al., 2021; Shimizu et al., 2021).
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Among shelled pteropods, species of the Limacina genus are protandrous her
maphrodites, developing from larvae into males first, before transitioning into
females that lay free floating egg strings from which freeswimming veliger larvae
hatch (Lalli and Wells, 1978). Limacina bulimoides is the most common warm
water Limacina species worldwide, and is found in all tropical and subtropical
oceans from ~45°N to ~40°S (Bé and Gilmer, 1977). This species is estimated to
complete their life cycle in less than one year (Wells, 1976). Our prior work on L.
bulimoides based on two barcoding genes and shell shape differences (Choo et al.,
2021) revealed two dispersal barriers in the Atlantic Ocean: one in the southern
subtropical gyre and the other across the equatorial upwelling region (Choo et al.,
2021). However, genomewide loci and observations over a global spatial scale are
required to assess differences in genomic variation across globallydistributed zoo
plankton populations (Bucklin et al., 2018; Choquet et al., 2019) and to detect sig
nals of incipient speciation on multiple isolated and physically unlinked genes
(Feder and Nosil, 2010).

To identify the origins and drivers of dispersal barriers in the open ocean, we
conducted the first global population genomics study of a marine zooplankton
species. We investigated the evolutionary history and extent of reproductive isola
tion between independently diverging lineages within the pteropod species, L.
bulimoides, with genomewide single nucleotide polymorphisms (SNPs) from tar
get capture loci characterized in (Choo et al 2020). We also measured phenotypic
differences including shell shape and examined these within the geographic and
genetic context of L. bulimoides, and explored historical drivers of speciation in the
tropical and subtropical ocean.

M AT E R I A L A N D M E T H O D S

SA M P L E C O L L E C T I O N
Bulk plankton samples were collected in the Atlantic, Pacific and Indian Oceans dur
ing several cruises (TABLETT 1). Specimens were collected by using either oblique or
horizontal tows with ring nets or bongo nets (mesh size 200505µm). Tows were
conducted for 20 minutes to 1 hour, at approximate depths ranging between 60 and
370 m. Samples were immediately preserved in 96% ethanol and stored at 20 °C.
The ethanol was replaced after 24 hours of preservation. Limacina bulimoides spec
imens were subsequently sorted in the laboratory and photographed in a standard
orientation prior to destructive genetic work.

L I B R A R Y P R E P A N D S E Q U E N C I N G
Specimens were prepared for sequencing as described in (Choo et al., 2020). In
brief, genomic DNA was extracted from each individual with either the E.Z.N.A mol
lusc or insect DNA extraction kit (Omega BioTek) (SUPPLEMENTARY MATERIAL 2.1). The
DNA was sheared by sonication to attain a peak length of 300 bp with a Covaris
S220 or ME220 focused ultrasonicator. After sonication, the fragmented DNA was
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prepared into individual libraries using the NEXTflex Rapid PreCapture Combo Kit
(Bioo Scientific). Individually barcoded libraries were subsequently pooled at
equimolar concentrations with 26 to 27 libraries per pool. The target capture reac
tion was then performed on each pool using the myBaits Custom Target Capture
kit (Arbor Biosciences), with a capture probe set specifically designed for L.
bulimoides, as described in Choo et al. (2020). The baits target 2890 nuclear
regions as well as the mitochondrial cytochrome c oxidase subunit I (COI) and nine
other mitochondrial gene regions. To maximize the specificity of the capture reac
tion, the hybridisation time of the probes with the libraries was extended to three
days, and the capture was performed twice, with 4 μl and 1.5 μl of probe mix,
respectively (Choo et al., 2020) (SUPPLEMENTARY MATERIAL 2.2). Captured library pools
were sequenced in pairedend on the Illumina NextSeq 500 platform using three
highoutput v2 chips (150 cycles).

Q UA L I T Y F I LT E R I N G
Raw sequences were demultiplexed (Genbank accessions: SAMN1113147779,
SAMN1113148082, SAMN20293115269), and then mapped with BWA mem
0.7.12 (Li, 2013) to the reduced contig set of the genomic assembly (Genbank acces
sion: SWLX00000000). This reduced genomic assembly contains all the contigs that
were included for the probe design. The resulting alignments were cleaned and fil
tered with SAMtools version 1.4.1 (Li et al., 2009) to retain only properly and
uniquely mapped pairs. Duplicates were marked and removed with Picard version
2.18.5 (http://broadinstitute.github.io/picard). Variant calling was done using GATK
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TTAABBLLEE 11 Collection details of specimens of Limacina bulimoides from the global ocean.
Number of specimens per sampling location used in target capture and geometric morpho
metric analyses are indicated. The collection dates are in the format DD/MM/YYYY. See also
map in FIGURE 1a.
Cruise and Latitude Longitude Date collected Ocean basin Target Morphometrics
station capture
NIC2_S1C3 21°16’N 21°01’W 31/12/2017 N. Atlantic 11 11
NIC8_S5C3 38°45’N 56°18’ W 14/4/2018 N. Atlantic 11 11
AMT24_17 7°28’S 25°07’W 15/10/2014 Eq. Atlantic 11 11
NIC2_S9C3 5°58’N 47°50’W 13/1/2018 Eq. Atlantic 10 10
AMT24_22 24°27’S 25°03’W 21/10/2014 S. Atlantic 10 10
AMT24_23 27°46’S 25°01’W 22/10/2014 S. Atlantic 10 10
SN105_08 4°23’E 67°00’E 10/12/2015 Indian 11 10
KOK1703_03 22°39’N 157°41’W 3/7/2017 N. Pacific 10 10
KH1110_02 23°00’N 160°00’E 7/12/2011 N. Pacific 11 11
KH1110_05 23°00’N 179°59’E 14/12/2011 N. Pacific 11 11
KH1110_08 22°47’N 158°06’W 19/12/2011 N. Pacific 11 10
KH1110_15 23°00’S 119°15’W 8/1/2012 S. Pacific 11 11
KH1110_18 29°59’S 107°00’W 13/1/2012 S. Pacific 11 11
KH1110_21 23°00’S 100°00’W 18/1/2012 S. Pacific 11 11
SO255_143 32°52’S 179°46’W 3/4/2017 S. Pacific 11 11
Total 161 159
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4.1.7.0, following the Variant Discovery Pipeline (Auwera et al., 2013; Depristo et al.,
2011) with GNU parallel utility (Tange, 2011). Haplotypes were called individually
using HaplotypeCaller with emitRefConfidence output with and without the setting
EMIT_ALL_CONFIDENT_SITES in two separate instances. The resulting gVCF files for
each setting were combined with CombineGVCFs. The combined gVCF files were
then genotyped using GenotypeGVCFs. Single nucleotide polymorphisms (SNPs)
were then extracted from the total variants using SelectVariants (SelectType SNP).
SNPs were hardfiltered with VariantFiltration using QualByDepth (QD) <2.0,
FisherStrand (FS) >60.0, RMSMappingQuality <5.0, MQRankSumTest (MQRankSum)
<5.0, ReadPositionRankSum (ReadPosRankSum) <5.0 to retain reliable SNPs. The
SNPs were subsequently processed in BCFtools version 1.7 (https://github.com/
samtools/bcftools) to retain only highquality SNPs (with Phred score >20) covered
at least three times and present in at least 80% of the genotypes (SUPPLEMENTARY

MATERIAL 3.1).

P O P U L AT I O N S T R UC T U R E
Patterns of population structure were assessed on the filtered dataset using only
nuclear SNPs, after removing SNPs mapped to known mitochondrial contigs from
the dataset. This was done to ensure that there was no conflict between the
nuclear and mitochondrial SNPs, which could have distinct evolutionary histories.
To visualise population structure, we conducted a Principal Component Analysis
(PCA) in PLINK v1.90b6.17 (Chang et al., 2015), on a subset of independent SNPs,
using linkage pruning settings of window size of 50 genetic variants, window shift
of 10 variant counts and r2 of 0.2. In addition, we used Admixture (Alexander et al.,
2009) to infer populations and ancestries, with the same filtered and unlinked SNP
dataset as used for PLINK. The analysis was conducted for values of K ranging
between 2 and 7, and the cross validation error for each K value was calculated to
determine the number of putative lineages.

In addition to clustering analyses, we investigated population structure based
on nearest neighbour haplotype coancestry with fineRADstructure v.0.3.2
(Malinsky et al., 2018). We used the hapsFromVCF function of RADpainter to con
vert a biallelic filtered dataset of 96,355 nuclear SNPs into input format with SNPs
from each of the 2609 contigs condensed into haplotypes. A locus was considered
missing if not sequenced in more than half of the individuals. Of the 161 individu
als, five were excluded as they had a higher proportion (>4%) of loci which were
marked as missing. After excluding these individuals, we used the paint function of
RADpainter to calculate a coancestry matrix, which summarises the nearest neigh
bour haplotype relationships in the dataset. Next, a clustering dendrogram of
shared ancestry was inferred from the coancestry matrix using the
fineSTRUCTURE Markov chain Monte Carlo clustering algorithm, with 100,000
burnin iterations, 100,000 sample iterations, and thinning of 1000. The inferred
clusters were arranged with a simple tree building algorithm in fineSTRUCTURE
with 10,000 hillclimbing iterations.
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To estimate the extent of population substructure, global weighted FSTFF esti
mates for each lineage was calculated from the SNPs previously filtered for quality
and with an additional filter of minor allele frequency (MAF) <0.01. To avoid bias
due to genetic linkage of some loci, distribution of global weighted FSTFF was estimat
ed for each lineage with thinned SNP datasets, where one SNP is randomly chosen
per contig and weighted FSTFF is calculated for each thinning iteration for 1000 itera
tions (achieved using a custom script from Choquet et al., 2019). The resulting dis
tributions for each lineage were plotted in R (R Core Team, 2017).

Genetic signals from the targeted mitochondrial COI fragments were separate
ly analysed in a haplotype network after mapping and de novo assembly in
Geneious Prime 2021.1.1 (https://www.geneious.com). First, all raw Illumina
NextSeq reads of each of the 161 individuals were mapped to a reference database
containing 355 unique L. bulimoides COI sequences of 564 base pairs sequenced
from the Atlantic and Pacific Ocean (NCBI: MN952611MN952965), using the
Geneious assembler with mediumlow sensitivity. The mapped reads were extract
ed and de novo assembled per individual using the Geneious assembler with medi
um sensitivity. The resulting contigs were annotated for the COI region, and the
COI annotation (564 bp) with the highest coverage for each individual was translat
ed to check that there were no stop codons or frameshift mutations before being
extracted. The 161 COI annotations (Genbank accessions: MZ542566  MZ542726)
were combined with one representative from each known haplogroup from (Choo
et al., 2021): the Atlantic haplogroups 1 and 2, and the Pacific haplogroup
(Genbank accessions: MN952611, MN952937, MN952944), and used to create a
multiple sequence alignment using MAFFT v7.222 (Katoh and Standley, 2013). A
minimum spanning network was calculated from the alignment and visualised in
POPART (Leigh and Bryant, 2015).

G E N E T I C D I V E R S I T Y
To estimate genetic diversity within lineages, we calculated heterozygosity and
nucleotide diversity. Heterozygosity was calculated from the previously filtered
SNP dataset in VCFtools 0.1.15 (Danecek et al., 2011) with the setting –het, which
outputs a measure of heterozygosity on a perindividual basis.  We plotted these
values according to their lineage to obtain the lineagespecific distribution of het
erozygosity. 

For nucleotide diversity, equivalent filtering settings were used on a VCF
dataset including both variant and nonvariant sites (HaplotypeCaller —output
mode EMIT_ALL_CONFIDENT_SITES). Nucleotide diversity was calculated in
VCFtools 0.1.15 (Danecek et al., 2011) for each genetic lineage, with the SNPs par
titioned into their respective lineages, in windows of 2865 bp corresponding to the
average contig size. Distributions of heterozygosity and nucleotide diversity for
each genetic lineage were plotted in R version 4.0.3 (R Core Team, 2017) and a
oneway ANOVA was used to test for significant differences between lineages.
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P H Y L O G E N E T I C A N D D E M O G R A P H I C A N A LY S E S
To infer a timecalibrated Bayesian tree, we generated a new SNP dataset. SNP call
ing was performed with all 161 L. bulimoides individuals and 11 L. trochiformis indi
viduals (NCBI: SAMN11113150109, SAMN20293270, SAMN20293271 from Choo et
al., 2020). The L. trochiformis individuals were included to root the phylogeny and
calibrate the age of divergence. SNP calling was followed by quality filtering using
settings described in section 2.3 to obtain a dataset of biallelic nuclear SNPs. To
reduce computational effort, we randomly selected two L. trochiformis individuals
and 10 individuals from each of the L. bulimoides genetic lineages to include in our
analyses. SNPs corresponding to these 32 selected individuals were refiltered to
retain only biallelic nuclear SNPs. This resulting SNP dataset was thinned with
VCFtools 0.1.15 (Danecek et al., 2011) to select 1 SNP every 100 bp to reduce link
age between the SNPs, resulting in a final dataset of 19,669 thinned, biallelic
nuclear SNPs. A SNAPP (Bryant et al., 2012) species tree was inferred in BEAST2
v2.6.2 (Bouckaert et al., 2019), using the approach demonstrated in (Stange et al.,
2018). We used a custom ruby script (https://github.com/mmatschiner/snapp_
prep/blob/master/snapp_prep.rb), with a strict clock substitution rate calibrated
with an a priori age constraint of divergence between L. trochiformis and L.
bulimoides (Peijnenburg et al., 2020). The script was modified to allow for unlinked
population sizes between the three lineages. The divergence time between L.
trochiformis and L. bulimoides was estimated at 13.57 Ma (95% confidence interval
(CI) = 9.280420.9182 Ma), which was approximated to a lognormal distribution of
(0, 13.57, 0.2), with a 95% CI of 8.9919.7. The generation time of L. bulimoides was
assumed to be one year in order to calibrate the estimated effective population size.
We used Tracer (Rambaut et al., 2018) to observe that all Effective Sample Size (ESS)
parameters converged to stationarity with values above 200 after 1,500,000 MCMC
iterations, for three independent trials. The maximum clade credibility trees with
mean heights were produced in TreeAnnotator v2.6.0 (Bouckaert et al., 2014). The
effective population size (Ne) and their 95% highest posterior density (HPD) confi
dence intervals for each of the three genetic lineages were calculated with θ from
the SNAPP analysis, according to the following formula: Ne = θ/4μ, where μ, the
mutation rate was given as the log_clock_rate divided by 1x106 with a generation
time of 1 year. 

Demographic changes for each lineage were reconstructed using Stairway Plot
v2.1.1 (Liu and Fu, 2020).  We used biallelic SNPs covered at least ten times and
with a missingness of less than 50%, and subsequently applied a perindividual
sequencing depth filter, where all SNPs within 0.5 to 2 times the mean depth were
retained. Using VCFtools 0.1.15 (Danecek et al., 2011), we removed sites that
showed a heterozygosity excess across all individuals (P_HET_EXCESS<0.01). In
order to perform a site frequency spectrum (SFS) analysis, which assumes unlinked
sites, we pruned the dataset for linkage disequilibrium, with PLINK v1.90b6.17
(Chang et al., 2015),  in windows of 50 genetic variants, with a window shift of 10
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variants and a value of r2 set to 0.2. The resulting VCF file was used to calculate the
SFS for each lineage with easySFS (https://github.com/isaacovercast/easySFS) with
downsampling of sequences to maximise the number of SNPs. After downsam
pling, the number of surveyed haploid sequences for each lineage was 56, 40 and
64 for the Atlantic, IndoPacific and Pacific lineages, respectively. The total number
of confidently called sites (variable and fixed) included in the SFS for each lineage
was 2,064,717. The mutation rate, μ, was estimated to be 0.00599 from the SNAPP
analysis. For each SFS, 200 subsampling iterations were conducted, as in the
default recommendations. Population size estimates were truncated at 100 years
as there were insufficient samples to reconstruct demographic changes in more
recent time. The timing of demographic changes was compared to the Marine
Isotope Stages derived from Lisiecki and Raymo (2005).

S H E L L M O R P H O L O G Y
All 161 L. bulimoides individuals used for the genetic analyses above were pho
tographed in a standardised apertural orientation using a Zeiss V20 stacking stere
omicroscope with Axiovision software prior to destructive DNA extraction. The
shell images were digitised at 11 (semi) landmarks (SUPPLEMENTARY MATERIAL 3.2)
using TpsUtil and TpsDig (Rohlf, 2015). 159 of the 161 L. bulimoides individuals had
the complete set of landmarks and could be included in the geometric morphome
tric analysis. Coordinates of the (semi) landmarks were analysed in TpsRelW
(Rohlf, 2015), using a generalised leastsquares Procrustes superimposition (Rohlf
and Slice, 1990; Zelditch, Swiderski, Sheets, & Fink, 2004).

A repeatability analysis was conducted with a subset of 30 individuals, com
prising two individuals from each of the 15 locations. Images of these individuals
were landmarked at the 11 (semi)landmarks by two independent researchers.
Centroid size and relative warp (RW) scores between the pairs of images per spec
imen after Procrustes Fit were compared using intraclass coefficient (ICC) in
PAST3.0 (Hammer et al., 2001), and ICC values greater than 0.75 were considered
sufficiently repeatable.

We tested for significant variation in shell shape across genetic lineages with a
nonparametric Permutational Multivariate Analysis of Variance (oneway PER
MANOVA) using Euclidean distances and 9999 permutations with the vegan pack
age in R (Oksanen et al., 2019). Only the six repeatable RWs were used in the one
way PERMANOVA. The first two RW axes were plotted to visualise shell shape vari
ation for different genetic lineages of L. bulimoides. Additionally, a Canonical
Variates Analysis (CVA) was conducted in R (R Core Team, 2017) to discriminate
shell morphometric differences between genetic lineages. A oneway ANOVA with
a posthoc Tukey HSD test was also conducted in R to test if the means of the
canonical variate for each genetic lineage were different from the other groups.
We also examined the effect of sampling location on shell shape, by conducting the
above analyses with the four ocean basins (Atlantic, Indian, N. Pacific and S. Pacific)
instead of the three genetic lineages. 
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We also assessed shell colour variation by qualitatively scoring aperture colour
as either transparent, pink, tan or redbrown. We chose to score the colour of the
aperture as it was not obscured by the tissue, which could interfere with colour
identification. Scoring was done by two independent researchers to ensure
repeatability of the colour scores. We tested then whether aperture colour was
randomly distributed across location using a Fisher’s exact test of independence.

R E S U LT S

DATA P R O C E S S I N G
Across 161 Limacina bulimoides individuals, a mean of 10,122,331 raw reads were
obtained per individual after sequencing. On average, 3,961,477 reads per individ
ual were available for variant calling, after mapping. 39.8% of the reads were
mapped with high quality, and 94.4% of these reads were on target, resulting in a
global readsontarget of 37.6% (SUPPLEMENTARY MATERIAL 1). The total number of
SNPs obtained for all 161 individuals was 1,790,328, which was slightly reduced to
1,629,382 upon hard filtering. Most of the SNPs (1,246,720 and 328,298, respec
tively) could be located back to 2,089 of the 2169 targeted coding regions and the
633 of the 643 conserved protein coding orthologous regions, respectively
(SUPPLEMENTARY MATERIAL 4.1.1). There were 262 SNPs that could be mapped to two
mitochondrial gene regions, the COI and 12S gene. Further quality filtering, which
involved removing SNPs with a read depth less than three, genotype quality below
20, and sites with a missingness of more than 20%, resulted in 235,300 SNPs ready
for exploratory analyses and further analysisdependent filtering steps. To ensure
similar evolutionary history across all SNPs, we removed the mitochondrial SNPs
(10 SNPs), which left a set of 235,290 nuclear SNPs. These SNPs were further
pruned to remove sites in linkage disequilibrium (r2 > 0.2). Hence, 107,214 SNPs
were available for further analyses.

G L O B A L P O P U L AT I O N S T R UC T U R E
Overall, we observed three highly divergent genetic lineages that exhibited no evi
dence of recent admixture, namely, the Atlantic, IndoPacific and Pacific lineages
(FIGURE 1). The Atlantic lineage was comprised of all 63 individuals sampled in the
Atlantic basin, the IndoPacific lineage comprised 38 individuals sampled from the
North Pacific and the Indian Ocean site, and the Pacific lineage was comprised of
60 individuals sampled from both the North and South Pacific. The IndoPacific and
Pacific lineages were sympatric at three sites in the North Pacific, namely
KH1110_02, KH1110_05 and KOK1703_03, with an even distribution of 16 animals
representing the IndoPacific lineage and 16 animals representing the Pacific line
age (SUPPLEMENTARY MATERIAL 1.2). Based on the Principal Component Analysis (PCA)
plot on the linkagepruned set of 107,214 SNPs, we observed three genetic clusters
with no intermediates between them (FIGURE 1B). The first two Principal
Component (PC) axes comprised 39.7% of the total genetic variation, and PC1 sep
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arated the Atlantic from the IndoPacific and Pacific lineages, whereas PC2 separat
ed the IndoPacific and Pacific lineages. Congruently, three ancestral populations
were the best supported (FIGURE 1C) as K=3 gave the lowest crossvalidation error
of 0.232. 

The same three genetic clusters were also recovered from the nearest neigh
bour haplotype coancestry matrix generated by fineRADstructure (FIGURE 2). The
Atlantic lineage showed three further subpopulations corresponding geographi
cally to North, Equatorial and South Atlantic sampling sites (TABLETT 1). Within the
IndoPacific and Pacific lineages, there were also clusters of higher shared co
ancestry, which were geographically localised. These corresponded to individuals
from the Indian Ocean within the IndoPacific lineage, and individuals from North
Pacific sites within the Pacific lineage (FIGURE 2).

The global weighted FSTFF of the Atlantic lineage (mean = 0.127) was much high
er compared to the IndoPacific (mean = 0.0321) and Pacific (mean = 0.0429) line
ages, and in all three lineages, global weighted FSTFF was significantly higher than
zero (p < 0.0000). This indicates significant population substructure across all line
ages, with greater population substructure within the Atlantic compared to the
IndoPacific and Pacific lineages (FIGURE 3C).
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FFIIGGUURREE 11 (A) Geographic locations of the 14 sampling sites of Limacina bulimoides, coloured
according to ocean basin: Atlantic, Indian, North (N.) and South (S.) Pacific Ocean (see leg
end). (B) Principal Component Analysis (PCA) plot based on 107,214 nuclear SNPs from 161
individuals, illustrating the genetic structure at large scale within this species. The three
main genetic lineages are indicated with coloured circles: Atlantic (blue), IndoPacific
(green), Pacific (orange). (C) Admixture plot of L. bulimoides populations from the Atlantic,
Indian and Pacific Ocean for three putative ancestral populations (K=3) that had the lowest
crossvalidation error. Each line represents one individual, while colour represents admix
ture proportion corresponding to the ancestral population (Atlantic lineage in blue, Indo
Pacific lineage in green, and Pacific lineage in orange).
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The mitochondrial COI haplotype network (SUPPLEMENTARY MATERIAL 4.1.2)
showed that the COI sequences are unique across all individuals, with the exception
of one shared sequence between two individuals from the Atlantic Ocean.
Specimens of the Atlantic lineage could be distinguished readily from the Indo
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FFIIGGUURREE 22 Coancestry matrix showing numbers of singlenucleotide polymorphism (SNP) loci
with estimated shared coancestry for 156 individuals, coloured according to their coances
try value (see legend: black/blue colours indicate more relatedness while yellow indicates
less relatedness). The three main genetic lineages (Atlantic, IndoPacific and Pacific) can be
identified, along with finer scale structure within each lineage. The Atlantic lineage (blue)
can be further subdivided into three geographic regions with higher coancestry: North,
Equatorial and South Atlantic. Within the IndoPacific lineage (green), there is higher co
ancestry within the Indian Ocean locality compared to the North Pacific sampling sites.
Within the Pacific lineage (orange), the North Pacific individuals have a higher coancestry
than with the South Pacific lineages.
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Pacific and Pacific lineages with at least 62 nucleotide substitutions. Congruent with
our previous study (Choo et al. 2021), specimens from the North and Equatorial
Atlantic (stations NIC2_S1C3, NIC2_S9C3, NIC8_S5C3 and AMT24_17) could be sep
arated from specimens from the South Atlantic (stations AMT24_22 and
AMT24_23) by 17 nucleotide substitutions. However, there are exceptions, namely
five individuals that were sampled in the South Atlantic grouped with the North and
Equatorial haplotype cluster in the mitochondrial network. Interestingly, these indi
viduals appeared on the outside of the ‘wrong’ haplotype cluster (SUPPLEMENTARY

MATERIAL 4.1.2) but grouped according to their geographic sampling location using
the nuclear SNP dataset (FIGURE 2). This indicates that these individuals are not
recent migrants or expatriates, transported across dispersal barriers in the Atlantic
Ocean, but could represent examples of introgression of mitochondrial DNA. The
IndoPacific and Pacific lineages could not be clearly distinguished in the mitochon
drial COI network. We observe a central cluster of individuals belonging to the
Pacific lineage, composed mostly of individuals sampled from the South Pacific.
From this central cluster, there are different haplotype groups consisting of individ
uals belonging to either the Pacific or the IndoPacific lineage.

G E N E T I C D I V E R S I T Y
Individual heterozygosity varied across the three genetic lineages (F(2,158) = 258.7,
p < 2.00e16), with the lowest mean heterozygosity of 0.0238 for the Atlantic line
age (N = 63), followed by 0.0240 for the IndoPacific lineage (N = 38), and the high
est mean heterozygosity of 0.0311 in the Pacific lineage (N = 60). The Pacific line
age had significantly higher heterozygosity compared to the other two lineages
(Tukey HSD: Atlantic – IndoPacific: p = 0.915, Atlantic – Pacific: p < 0.0000, Indo
Pacific – Pacific: p < 0.0000) (FIGURE 3A). The IndoPacific lineage had the lowest
nucleotide diversity (mean = 0.00492), followed by the Atlantic lineage (mean =
0.00529) and the Pacific lineage (mean = 0.00658). Nucleotide diversity distribu
tions differed significantly between the lineages (F(2,8353) = 145.2, p < 2.00e16,
Tukey HSD: Atlantic – IndoPacific: p = 0.000945, Atlantic – Pacific: p < 0.0000,
IndoPacific – Pacific: p < 0.0000) (FIGURE 3B). 

D I V E R G E N C E T I M E A N D P O P U L AT I O N S I Z E
The SNAPP tree including three L. bulimoides genetic lineages and the L. trochi‐
fformis outgroup supported a split of the ancestral L. bulimoides population into the
Atlantic and the Pacific/IndoPacific lineages (FIGURE 4). The total number of biallel
ic loci accepted by SNAPP for the analysis was 1,279, instead of the whole dataset
containing 19,669 loci, because SNAPP only accepts alleles that are shared across all
four taxa, including the outgroup. The tree supported the monophyly of the Atlantic
lineage and the IndoPacific/Pacific lineage, with their divergence estimated at 1.20
million years ago (Mya) (95% Highest Posterior Density (HPD) = 0.737 1.76 My). The
IndoPacific and Pacific lineages split from one another with a mean age of 0.978 My
(95% HPD = 0.6031.43 My). The average estimated effective population size (Ne)
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was the highest for the Pacific lineage (Ne = 6.36 x106, 95% HPD = 4.178.56 x106),
followed by the Atlantic lineage (Ne = 3.02 x106, 95% HPD = 2.123.86 x106) and was
lowest for the IndoPacific lineage (Ne = 1.61 x106, 95% HPD = 1.232.02 x106).

113

Chapter 4

FFIIGGUURREE 33 Distribution of heterozygosity (A), nucleotide diversity (π) (B) and global weighted
FSTF (C) for each of the three genetic lineages of Limacina bulimoides: Atlantic (N= 63), Indo
Pacific (N=38) and Pacific (N=60). The lower and upper hinges of the boxplots represent the
first and third quartile and span in the interquartile range (IQR), while median is indicated
by the line in between the hinges of the boxplot. The whiskers of the plot extend to values
no further than 1.5*IQR.

π

// De magenta omlijning geeft de netto maat aan en zal niet zichtbaar zijn in het eindproduct //
// Let op: Dit proef bestand is niet geschikt om correcties in te maken //



573815-L-bw-Bruin573815-L-bw-Bruin573815-L-bw-Bruin573815-L-bw-Bruin
Processed on: 18-2-2022Processed on: 18-2-2022Processed on: 18-2-2022Processed on: 18-2-2022 PDF page: 114PDF page: 114PDF page: 114PDF page: 114

We found that all three lineages had roughly similar demographic histories
using stairway plot analyses (FIGURE 5). Up until 200,000 years ago, there was a
steep increase in effective population size (Ne) to ~8 million, which roughly coincid
ed with Marine Isotope Stage (MIS) 6, a period with global glacial conditions. This
was followed by subsequent stabilisation in Ne during MIS 5, which had warmer
conditions, and MIS 24, which is also known as the Last Glacial Period. From MIS
1, the start of the Holocene interglacial at 10,000 years ago, Ne across the three lin
eages decreased. The Ne of the IndoPacific lineage remained stable in population
size from 3,000 years ago to the present (Ne = 1.28 x106, 95% confidence interval
(CI) = 2.564.91 x106), whereas the Ne of the Atlantic and Pacific lineages continued
to decrease to the present (Atlantic: Ne = 5.61 x104, 95% CI = 2.34 x1041.99 x105;
Pacific: Ne = 5.62 x104, 95% CI = 1.38 x1041.31 x105).

M O R P H O L O G I C A L VA R I AT I O N
Based on the repeatability analysis with 30 individuals landmarked independently
by two observers, the relative warps (RWs) 1, 2, 3, 5, 10 and 11 were selected as
repeatable parameters to be used in the geometric morphometric analyses of shell
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FFIIGGUURREE 44 Maximum clade credibility tree of the SNAPP phylogeny traces divergence age of
three genetic lineages of Limacina bulimoides to ~1 Mya. The phylogeny of the Atlantic,
IndoPacific and Pacific L. bulimoides and L. trochiformis was based on 1,279 thinned, bial
lelic nuclear SNPs. Two individuals of L. trochiformis and ten individuals per lineage of L.
bulimoides were included in this tree. The long branches at the root were truncated to allow
for better visualisation of the recent divergences. The mean age of each node is labelled
above the node, and the bars indicate the 95% highest posterior densities. The scale at the
bottom represents time in million years ago (Mya).
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shape. Of the 161 L. bulimoides individuals, 159 individuals had the complete set
of 11 (semi)landmarks and were included in the analysis. The six repeatable RWs
explained 83.75% of shell shape variation (SUPPLEMENTARY MATERIAL 4.2.1). Most of
the geometric morphometric variation was due to changes in shell width as shown
in RW1 accounting for 51.05% of the total variation, and relative size of the aper
ture as shown in RW2 explaining 18.16% of the total variation (FIGURE 6A). Though
the shells shapes of the three genetic lineages overlapped to a large extent, the
distributions were significantly different (PERMANOVA: F(2,156) = 18.99, R2 = 0.196,
p  = 1e04, TABLETT 2). Likewise, shell shape was significantly different between the
three genetic lineages in a canonical variate analysis (Oneway ANOVA: F(2,156) =
41.16, p = 4.42e15) (SUPPLEMENTARY MATERIAL 4.2.2, TABLETT 2). Grouping specimens
according to their sampling location also resulted in significant differences in shell
shape (SUPPLEMENTARY MATERIAL 4.2.3 and 4.2.4), but this is to be expected because
sampling locations are strongly correlated with genetic lineages.
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FFIIGGUURREE 55 Effective population size (Ne) of the three Limacina bulimoides lineages through
time as reconstructed by a stairway plot. The xaxis is the number of years before present,
assuming a generation time of one year. Estimates of Ne are coloured per lineage, with the
line in bold showing the median and the lighter coloured area representing the 95% confi
dence intervals. Axes are logscaled for clearer visualisation of recent histories. Plot was
truncated from 0 to 100 years ago as sample sizes are not sufficient for reconstructing very
recent events as in (Liu and Fu, 2020). Dotted lines indicate the temporal boundaries
between Marine Isotope Stages 1 (Holocene), 24 (the Last Glacial Period), 5 and 6.
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We observed large variability in shell colour within our samples. The L.
bulimoides specimens ranged in colour from almost completely white to beige to
reddishbrown (FIGURE 6B, SUPPLEMENTARY MATERIAL 4.3.1). In most coloured individu
als, pale beige or red pigmentation was found on the inner aperture, lower half of
the aperture, and sometimes on the sutures of the shell. Tissue pigmentation also
varied widely, with dark grey tissue that is visible through the somewhat transpar
ent shell observed in specimens from the North Atlantic and Indian Ocean, while
almost completely white tissue (and shell) was mostly recorded from the South
Pacific (SUPPLEMENTARY MATERIAL 4.3.1). Since the colours of the shell and tissue are
confounded with each other and difficult to distinguish, we limited the statistical
analyses to shell aperture colour, which is not affected by tissue pigmentation. 
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FFIIGGUURREE 66 Variation in shell shape and aperture colour across the three lineages of Limacina
bulimoides. (A) Shell shape variation of 159 L. bulimoides specimens, categorised into the
three genetic lineages (Atlantic, IndoPacific and Pacific). Shell shape variation is visualised
with relative warp axes 1 and 2, explaining 51.05% and 18.16% of total shell shape variation,
respectively. Extremes of both relative warp axes are shown with the thin plate spline
images, with each black dot corresponding to a shell landmark. Line drawings of example
individuals from each genetic lineage are shown: Atlantic (Lbul_NIC2_S9C3_04), IndoPacific
(Lbul_SN105_08_02), and Pacific (Lbul_KH1110_18_03). (B) Illustration of the intensity of
aperture colour observed, arranged from light, medium to dark apertures in each of the
three lineages (see also SUPPLEMENTARY MATERIAL 4.3.1).

TTAABBLLEE 22 Pairwise PERMANOVA and Tukey HSD of canonical variate results for comparisons of
shell shape variation between genetic lineages of Limacina bulimoides (Atlantic, IndoPacific
and Pacific). All pairwise comparisons are significant, after strict Bonferroni corrections (α =
0.05, p < 0.0167). Significant pvalues are indicated in bold.

PERMANOVA Tukey HSD
Pairwise comparison df F R2 p Difference Lower Upper p
Atlantic  IndoPacific (1,97) 13.1 0.119 66..0000ee0044 1.35 0.647 2.05 33..1111ee0066
Atlantic  Pacific (1,121) 6.49 0.0509 00..00113399 2.30 1.70 2.91 00
IndoPacific  Pacific (1,94) 59.6 0.388 11..0000ee0044 0.959 0.253 1.66 44..4488ee0044
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Aperture colour was not randomly distributed with respect to genetic lineage
(p = 0.0005, twosided), nor sampling location (p = 0.0005, twosided)
(SUPPLEMENTARY MATERIAL 4.3.1). Atlantic specimens had mainly pink and redbrown
apertures while North Pacific specimens were highly pigmented with mainly tan
and redbrown apertures. Specimens from the South Pacific had less pigmented
apertures, with either transparent or pink apertures, and Indian Ocean specimens
had highly pigmented shells with redbrown apertures. Aperture colour was often
consistent within sampling station (six of the 15 stations) but could also vary (e.g.,
KH1110_05 from the North Pacific had all four aperture colours represented
(SUPPLEMENTARY MATERIAL 4.3.2). 

We closely examined morphological variation in the individuals of the two lin
eages that cooccur in the North Pacific, namely the IndoPacific lineage (n = 16)
and Pacific lineage (n = 16) (FIGURE 7). We found that there were no significant dif
ferences in shell shape between the two lineages despite their distinct genetic
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FFIIGGUURREE 77 Distribution (A) and morphological variation (B, C) of the sympatric genetic lineages
of Limacina bulimoides in the North Pacific with 16 individuals from the IndoPacific lineage
(green) and 16 individuals from the Pacific lineage (orange). (B) Shell shape variation as visu
alised with relative warps 1 and 2, which explain 51.05% and 18.16% of total shell shape
variation, respectively. (C) Photographs of an example individual from each genetic lineage
are shown, with dark pigmented spots on the tissue, visible through the transparent shell,
of the specimen from the Pacific lineage (see also SUPPLEMENTARY MATERIAL 4.3.1 and 4.3.3).
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backgrounds (FIGURE 7B; PERMANOVA: F(1,30) = 3.75, R2 = 0.111, p = 0.0612). From
visual observations of the individual photographs, we noticed that the IndoPacific
and Pacific lineages could potentially be differentiated by the presence of dark pig
mented spots on the tissue of Pacific lineage individuals only, which is visible
through their transparent shell (FIGURE 7C). Dissection of additional individuals
from the same samples showed that these pigmented spots were localised on the
margin of their ‘wingfeet’ or parapodia (SUPPLEMENTARY MATERIAL 4.3.3). These pig
mented spots were not observed in the photographs of other individuals belong
ing to the Pacific lineage but sampled in a different location, in the South Pacific
(SUPPLEMENTARY MATERIAL 4.3.1). 

D I S C U S S I O N
The shelled pteropod Limacina bulimoides is composed of three main genetic line
ages (Atlantic, IndoPacific and Pacific) that could be considered as distinct biolog
ical species since they appear reproductively isolated with no evidence of recent
gene flow or hybridisation. These three lineages diverged approximately one mil
lion years ago (Mya) during the midPleistocene, and we observed further geo
graphical structuring within each of the three lineages.

While there are subtle morphological differences between the three main line
ages, we are unable to disentangle the relative effects of genetics, environment and
ecology on shell morphological characters in L. bulimoides. The three lineages can
not be separated on the basis of morphological traits such as shell shape or colour
due to the overlapping, albeit significantly different, shell shape distributions and
highly variable shell colour across sampling locations (FIGURE 6, SUPPLEMENTARY

MATERIAL 4.3.2). Shell shape in molluscs is unlikely to be solely affected by genetic
variation, especially in taxa that have high dispersal potential and occupy heteroge
neous habitats. Instead, shell shape may have a phenotypically plastic component
linked with life history and environmental conditions (Hoffman et al., 2010;
Hollander et al., 2006; Mariani et al., 2012; Zieritz et al., 2010). Pteropod shell shape
is an important trait that directly affects their sinking and swimming speeds,
manoeuvrability, and their resulting ability to navigate the water column for food
and evade predators (Karakas et al., 2020). In other molluscs, shell shape has been
shown to be correlated with environment, either as genetically inherited differences
or phenotypically plastic traits. For instance, in various species of intertidal snails
with a ‘crab’ or ‘wave’ ecotype, e.g., Littorina and Nucella (GuerraVarela et al.,
2009; Hollander and Butlin, 2010; Johannesson, 2003; Rolán et al., 2004), or in
Mytilus which exhibits shell shape plasticity as a response to environmental param
eters like temperature and food (Telesca et al., 2018).

The nonrandom variation in shell colour across sampling locations
(SUPPLEMENTARY MATERIAL 4.3.1) may be due to pigments incorporated from their diet,
which is composed of phytoplankton, microbes and particulate matter trapped
with their mucous web (Conley et al., 2018). Limacina can feed selectively by mov
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ing the cilia on their wings and mantle lining to sort and reject food particles (Lalli
and Gilmer, 1989) and can control their vertical distribution through diel vertical
migration. These differences in food choice and vertical habitat may lead to vari
able shell colour among individuals from the same sampling station. Production of
shell colour has been suggested to be energetically costly across molluscs
(Williams, 2017), but pteropods, with their unique planktonic life style, may be
subject to other selective tradeoffs such as being transparent to remain inconspic
uous to visual predators in the water column (Johnsen, 2001) or possessing red pig
ment for protection against UV radiation (Hansson, 2000).

Since the IndoPacific and Pacific lineages are sympatric in the North Pacific, and
yet have remained genetically distinct with no sign of recent gene flow, they are
probably reproductively isolated. The possible modes of reproductive isolation in L.
bulimoides include prezygotic, such as habitat, temporal, and behavioural isolation,
and postzygotic means, such as gamete isolation and nonviability of hybrids.
Specimens from these three stations (KH110_02, KH1110_05, and KOK1703_03)
were collected from oblique tows in surface waters (maximum depth was 370
meters), therefore it is unclear if the two lineages may have distinct depth habitats
and/or corresponding diet preferences, and thus could experience habitat or eco
logical isolation. Limacina bulimoides have internal fertilisation and it is likely that
they have evolved mate recognition mechanisms in order to locate each other in the
pelagic environment. While they are cryptic in terms of their shell shape, the two
sympatric lineages in the North Pacific could potentially be visually differentiated by
the presence of tissue pigmentation on their parapodia (SUPPLEMENTARY MATERIAL

4.3.3). These ‘wing’ spots seem analogous to wing pigmentation found on butter
flies and flies, which could be a distinguishing trait that mediates species recogni
tion (Gompel et al., 2005; Wiernasz and Kingsolver, 1992). However, it is question
able whether Limacina, which are also commonly referred to as ‘seabutterflies’, can
actually see such spots, and the extent to which they rely on their sight for possible
mate recognition. Limacina possess eyes and optic nerves (Laibl et al., 2019), and
are capable of detecting changes in light levels to trigger diel vertical migration
(Cohen and Forward Jr, 2016) but there is a lack of information on the types of cues
used by pteropods to recognise conspecifics. In other planktonic species, such as
copepods, pheromone trails and swimming patterns are used for mate finding
(Bagøien and Kiørboe, 2005; Kiørboe, 2007), which may also serve to mediate the
reproductive isolation between sibling species, as seen in other marine organisms
like isopods, stomatopods and amphipods (Palumbi, 1994). 

There is insufficient evidence to conclude whether the Pacific and IndoPacific
lineages evolved in sympatry or have arrived at their presentday distribution
through secondary contact. We do not see a signal of recent range expansion and
increased Ne in either of the two lineages, which would suggest stable population
sizes and divergence in sympatry, although additional sampling locations should be
included for more reliable demographic inferences. The absence of the Pacific lin
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eage from the Indian Ocean, despite potential connectivity with the North Pacific,
where both lineages are present, could be the result of either incomplete sam
pling, niche incumbency effects, where a new species is prevented from expanding
into a suitable habitat due to competitive exclusion by an existing species with sim
ilar niche (e.g., Weiner et al., 2014), or recent extinction in the Indian Ocean, which
has been recorded in the fossil record of another pteropod species (WallPalmer et
al., 2014, 2016). More detailed sampling, in the Indian and Pacific Oceans, will be
needed to resolve the geographical boundaries and extent of overlap between the
two lineages and understand the causes behind their modernday distribution.
Sampling of L. bulimoides with depth stratified collection techniques, metabarcod
ing of microbiome and gut contents, examination of their radula, transcriptome
sequencing and observations of their reproductive timings will be also be needed
to gain more insight into the possible modes of current reproductive isolation
between the two lineages.

We note the usefulness of genomewide data, as compared to mitochondrial
DNA or barcoding genes, in detecting population structure and assessing species
boundaries in nonmodel organisms. With the data from genomewide SNPs, we
can conclude that there has not been recent hybridisation or introgression between
the three main lineages, which points towards them being reproductively isolated.
If we were to solely rely on the mitochondrial COI barcoding region in L. bulimoides
as an indicator of overall genomic divergence, we would have underestimated the
levels of genomic divergence between the IndoPacific and Pacific lineages and the
substructure within the Atlantic lineage, even though it is, in fact, a highly diverse
marker (8.69% nucleotide diversity). In other studies using barcode regions, species
delimitations have been made based on taxonspecific thresholds of levels of diver
gence beyond which reproductive isolation is expected (Krug et al., 2013; Lefébure
et al., 2006; Young et al., 2017). While this method is highly effective for detecting
species in broadscale barcoding studies without prior information, the COI gene
may not evolve at a constant rate over time across all taxa (Thomas et al., 2006). In
addition, using only one or a few barcoding genes to delimit species based on their
divergence distances may not indicate reproductive isolation or lead to further
understanding on the process of speciation (Freeman and Pennell, 2021). Speciation
with gene flow can occur via selection on many unlinked genes, leading to genom
ic islands and barriers to gene flow (Feder and Nosil, 2010), and can be detected
with genomewide analyses. With reductions in costs for sequencing and increased
availability of genetic resources, whole genome data can be used to provide addi
tional information to identify trends and changes in genome architecture, a key fac
tor facilitating rapid adaptive phenotypic shifts (Koch et al., 2021; Therkildsen et al.,
2019). The additional genomic and recombination rate information can also be used
to identify if the traits under selection have a polygenic architecture, which is asso
ciated with the maintenance of reproductive isolation in sympatry and promotion
of speciation in the presence gene flow (Kautt et al., 2020; Martin et al., 2019).
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While we have only focused on SNPs in this study, further analyses of structural vari
ants across the genome can allow us to identify genomic architecture that may play
a role in reproductive isolation between the lineages. For this to be possible, we
would require a more contiguous reference genome for L. bulimoides as compared
to what is currently available (Choo et al., 2020).

At the global scale, the spatial genetic structuring of the L. bulimoides lineages
is congruent with an allopatric model of speciation, with the timing of lineage diver
gence being roughly concordant with glacial events. The divergence of L. bulimoides
lineages at around 1 Mya (FIGURE 4) coincides with the timing of divergence in a
mesopelagic copepod species (Andrews et al., 2014) during the midPleistocene
transition (0.61.2 Mya). This period was characterised by global cooling, lengthen
ing of glacial stages from 41k year cycles to 100k year cycles, changing ocean circu
lation and productivity, and the evolution of many terrestrial and marine biota
(Clark et al., 2006; Elderfield et al., 2012; Kender et al., 2016; McClymont et al.,
2013). Changes in ocean circulation during the midPleistocene transition could
have facilitated the physical separation and subsequent divergence of the three lin
eages across the various ocean basins. These changes include the reduced exchange
between the Indian and Atlantic Oceans via the Agulhas leakage due to the north
ward migration of the Subtropical Front towards the Agulhas Plateau (Caley et al.,
2012; Cartagena‐Sierra et al., 2021), and the connection between the Pacific and
Indian Ocean due to the weakening of the Indonesian Throughflow (Petrick et al.,
2019). Similar geographical structuring across ocean basins for other circumglobal
warmwater plankton species has been attributed to both physical (e.g., ocean cur
rents or continental landmasses) and ecological (speciesspecific interactions with
oceanographic gradients) barriers (e.g., Burridge et al., 2019; Goetze et al., 2015;
Hirai et al., 2015), although it is unknown if these structured populations arose at
the same time.  Within the Pacific and Atlantic basins, habitat discontinuities like the
mesotrophic equatorial upwelling waters, have been described as ecological disper
sal barriers for subtropical copepods (Goetze, 2005; Goetze et al., 2017) and the
pteropod genus Cuvierina (Burridge et al., 2015). Further genomewide studies in
other circumglobal species should be conducted to identify if there are congruent
drivers of historical divergence among holoplanktonic organisms. 

The L. bulimoides species complex is likely to be resilient to ocean changes,
based on their high genomic variability and the absence of population bottlenecks
throughout their evolutionary history across multiple Pleistocene glacialinterglacial
transitions. Stable population sizes in L. bulimoides were associated with the Last
Glacial Period (MIS24), as well as MIS5. While the MIS 5 includes the Eemian / Last
Interglacial Period (129116k years), which was characterised by global tempera
tures that were warmer than the present day, there was little to no increase in sea
surface temperatures (SST) in the tropics based on reconstructions of sea surface
temperatures derived from faunal and floral assemblages, foramineral and
alkenone proxies (Turney et al., 2020). Stable abundances of L. bulimoides were also
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recorded with sediment core data in the Caribbean Sea, which had low variation in
SST across both glacial and interglacial periods (WallPalmer et al., 2014). At the
beginning of the Holocene, between 197 k years ago (boundary of MIS1/2), tem
peratures increased and global sea levels rose rapidly (Lambeck and Chappell,
2001), which was associated with a decrease in Ne. In the stairway plot, Ne is calcu
lated as a function of coalescent time (Liu and Fu, 2020), and a decrease in time to
coalescence can indicate either a decrease in population size or a decrease in pop
ulation connectivity due to population divergence (Foote et al., 2016; Mazet et al.,
2016). It is possible that the increase of temperature and sealevels have facilitated
further population divergence to result in the geographically separated population
substructure we observe in the present day. A major caveat is that the timings of
divergence and demographic changes are a function of generation time, which was
set to one year, and may vary if a more accurate value of generation time is obtained
for this species. Since the stairway plot reconstructions for the IndoPacific lineage
used fewer haploid sequences (40 sequences) than the Atlantic (56 sequences) and
Pacific (64 sequences) lineages, there is less resolution in reconstructing more
recent demographic events for the IndoPacific lineage, which may explain its differ
ence in trend in Ne compared to the other two lineages. Given that most of our tar
geted regions are coding regions in the genome, we expect that these demography
inferences may be affected by background selection (Ewing and Jensen, 2016) lead
ing to a lower than expected recent Ne for the lineages as compared to estimates
from the conceptually different SNAPP analysis, because of purifying selection
against mutations at linked sites leading to a loss of diversity. The relative Ne esti
mates from the stairway plot are also sensitive to population substructure, which is
lower within the IndoPacific lineage compared to the Atlantic and Pacific lineages
(FIGURE 3C). This can result in an inflation of IndoPacific Ne based on the stairway
plot whereas the SNAPP Ne estimates showed that the IndoPacific had the lowest
effective population size among all three lineages. 

Despite the potential for global dispersal in L. bulimoides, we observed diver
sification of lineages across oceanic basins that likely originated from the mid
Pleistocene transition. These lineages are probably distinct species with strong
reproductive isolation between them, and have survived through periods of gla
cialinterglacial transitions representing a wide range of oceanographic conditions.
There are slight differences in shell shape between the lineages, but shell shape
alone cannot be used as a taxonomic character, and it is unclear whether environ
mental or genetic factors have a greater impact on shell morphology. Even though
their effective population sizes have decreased since the start of the Holocene, the
three lineages still possess high levels of standing genetic variation and nucleotide
diversity, which should be useful for adaptation to future changes (Bernatchez,
2016; Bitter et al., 2019; Schluter and Conte, 2009). However, it is unclear whether
pteropods and other planktonic calcifiers can cope with the rate of ongoing ocean
changes, including anthropogenic carbon emission rates that are unprecedented
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since at least 66 million years, leading to increasing ocean acidification (Zeebe et
al., 2016). Further genomewide analyses of L. bulimoides in the currently under
sampled Indian and Pacific oceans should be conducted to improve understanding
into the drivers of divergence in this holoplanktonic species and estimate their
capacity to adapt to future conditions. 
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Cryptic speciation in a circumglobal planktonic calcifier
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Cryptic speciation in a circumglobal planktonic calcifier
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1.2.  G E N E T I C L I N E A G E A S S I G N M E N T F O R N O R T H PA C I F I C S I T E S
Specimen Station Population
Lbul_KH1110_02_09 KH1110_02 IndoPacific
Lbul_KH1110_02_10 KH1110_02 IndoPacific
Lbul_KH1110_02_13 KH1110_02 IndoPacific
Lbul_KH1110_05_02 KH1110_05 IndoPacific
Lbul_KH1110_05_04 KH1110_05 IndoPacific
Lbul_KH1110_05_05 KH1110_05 IndoPacific
Lbul_KH1110_05_06 KH1110_05 IndoPacific
Lbul_KH1110_05_07 KH1110_05 IndoPacific
Lbul_KH1110_05_08 KH1110_05 IndoPacific
Lbul_KH1110_05_10 KH1110_05 IndoPacific
Lbul_KH1110_05_12 KH1110_05 IndoPacific
Lbul_KOK1703_03_08 KOK1703_03 IndoPacific
Lbul_KOK1703_03_09 KOK1703_03 IndoPacific
Lbul_KOK1703_03_10 KOK1703_03 IndoPacific
Lbul_KOK1703_03_13 KOK1703_03 IndoPacific
Lbul_KOK1703_03_15 KOK1703_03 IndoPacific
Lbul_KH1110_02_03 KH1110_02 Pacific
Lbul_KH1110_02_05 KH1110_02 Pacific
Lbul_KH1110_02_06 KH1110_02 Pacific
Lbul_KH1110_02_07 KH1110_02 Pacific
Lbul_KH1110_02_08 KH1110_02 Pacific
Lbul_KH1110_02_11 KH1110_02 Pacific
Lbul_KH1110_02_12 KH1110_02 Pacific
Lbul_KH1110_02_14 KH1110_02 Pacific
Lbul_KH1110_05_01 KH1110_05 Pacific
Lbul_KH1110_05_09 KH1110_05 Pacific
Lbul_KH1110_05_11 KH1110_05 Pacific
Lbul_KOK1703_03_05 KOK1703_03 Pacific
Lbul_KOK1703_03_06 KOK1703_03 Pacific
Lbul_KOK1703_03_07 KOK1703_03 Pacific
Lbul_KOK1703_03_11 KOK1703_03 Pacific
Lbul_KOK1703_03_14 KOK1703_03 Pacific

2.  M E T H O D S P R O T O C O L S

2.1.  M O D I F I C AT I O N S T O DNA E X T R A C T I O N P R O T O C O L
Modified DNA extraction protocol with E.Z.N.A Insect Kit (Omega Biotek) for
extracting DNA from shelled pteropods
1. Soak the complete individual in nucleasefree water for 30 minutes.
2. Transfer individual into 2 ml screw cap grinding tube containing:

 Precellys 1.4mm zirconium oxide bashing beads 
 400 μl CTL buffer 
 28.5 μl Proteinase K solution 

3. Grind individual for 20 seconds at a frequency of 30 per second. 
4. Incubate sample at 60 °C for 20 minutes. 
5. Repeat step 3 and incubate sample at 60°C for 20 minutes.
6. Add 400 μl chloroform:isoamyl alcohol, vortex for 10 seconds. 
7. Centrifuge at 13,500 g for 18 minutes at room temperature. 
8. Prepare the HiBind DNA Mini Column: 
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 Assemble to collection tube 
 Add 100 μl 3 M NaOH (equilibration buffer) on filter
 Incubate for 4 minutes and centrifuge at 17,000 g for 20 seconds. 

9. Transfer upper aqueous phase (~320 μl) from step 7 to a new 1.5 ml eppendorf
tube. Avoid the white milky surface. 

10. Add one volume CBL buffer. 
11. Add one volume 100% EtOH and vortex for 10 seconds.
12. Transfer 750 μl of the mixture to the equilibrated HiBind DNA Mini Column and

centrifuge at 10,000 g for 1 minute. Discard the flowthrough. 
13. Repeat step 12 until all of the mixture has been used and insert DNA Mini

Column in a new collection tube
14. Warmup the Elution Buffer at 70 °C.
15. Add 500 μl HBC buffer and centrifuge at 10,000 g for 30 seconds. Discard the

flowthrough. 
16. Add 500 μl DNA Wash Buffer and centrifuge at 10,000 g for 1 minute. Discard

the flowthrough. 
17. Repeat step 16. 
18. Reinsert HiBind DNA Mini Column into new collection tube, centrifuge at

15,000 g for 2 minutes. 
19. Reinsert HiBind DNA minicolumn into new eppendorf tube.
20. Add 40 μl of preheated Elution Buffer directly to the center of the Mini Column

membrane without touching it.
21. Wait for 2 minutes and then centrifuge at 10,000 g for 1 minute.
22. Repeat steps 20 and 21 for a final elution volume of 80 μl.

2.2.  TA R G E T C A P T U R E P R O T O C O L
All DNA libraries were fragmented to an average size of 300 bp by sonication and
were prepared using the NEXTflex™ Rapid PreCapture Combo Kit (Bioo Scientific,
Austin, TX, USA), including a step of single adapter indexing of each library. Libraries
were cleanedup and amplified separately for 8 cycles. 26 to 27 libraries were pooled
in equimolar ratios for each capture reaction. We increased the efficiency of the
hybridisation and aimed to maximise the number of ontarget captured sequences
by performing the capture reaction twice, splitting the total amount of baits required
for one reaction in two. The first round of hybridisation was performed using 4 μl of
baits for each reaction. The reaction was performed over three days at a tempera
ture of 60 °C in order to maximise the specificity. Capture was performed consecu
tively using DYNAbeads MyOne Streptavidin C1 beads (Invitrogen) to bind the
hybridised targets during 30 min at 65°C. The captured DNA was amplified by PCR for
8 cycles using KAPA HiFi HotStart ReadyMix (Kapa Biosystems). A second round of
hybridisation was conducted using 1.5 μl of baits for each of the two pools, followed
by a second capture and 6 or 7 more cycles of postcapture PCR. Finally, three pools
each were mixed together in equimolar concentrations and sequenced on one
NextSeq 550 (Illumina) 2x150 bp highoutput kit v.2.
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3.  DATA P R O C E S S I N G S T E P S

3.1.  F L O W C H A R T O F F I LT E R I N G P R O T O C O L S U S E D F O R A N A LY S E S

132
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FFIIGGUURREE SS11 Single nucleotide polymorphism (SNP) calling pipeline and settings for downstream
genetic analyses.
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3.2.  L A N D M A R K P O S I T I O N S O N S H E L L I M A G E

FFIIGGUURREE SS22 Eleven landmarks used to quantify shell shape variation in Limacina bulimoides. 1:
On the apex. 2: On the left border of the profile of the shell at the end of the upper suture
of the penultimate whorl. 3: On the left border of the profile of the shell at the end of the
upper suture of the last whorl. 4: On the left border of the profile of the shell at the end of
the suture of the last whorl. 5: On the left outermost point of the apertural lip. 6: On the
lowest point of the whole shell. 7: Where the parietal wall meets the columellar whorl. 8:
Where the right outline of the last whorl meets the inner aperture. 9: On the outermost
point on the right outline of the last whorl. 10: On the right outline of the shell at the end
of the upper suture of the last whorl. 11: On the right border of the outline of the shell at
the end of the upper suture of the penultimate whorl.
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4.  A D D I T I O N A L R E S U LT S P L O T S / TA B L E S

4.1.  G E N E T I C A N A LY S E S

4.1.1.  Recovered s ing le  nucleot ide polymorphisms and con
t igs  f rom each l ineage
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TTAABBLLEE SS22 Number of single nucleotide polymorphism (SNPs) and contigs recovered after hard
filtering implemented in GATK4.1.7.0 VariantFiltration using the following settings:
QualByDepth <2.0, FisherStrand >60.0, RMSMappingQuality <5.0, MQRankSumTest <5.0
and ReadPositionRankSum <5.0. The SNPs were identified to their corresponding category
of targeted regions, namely candidate biomineralisation genes (Biomin.), conserved ptero
pod orthologues (Ortholog.), mitochondrial (Mt genes), nuclear 28S, and other coding and
noncoding regions. Numbers in brackets represent the total number of targets in that cat
egory on the set of target probes designed for Limacina bulimoides. SNPs in common were
calculated for all three lineages, or for the intersection (∩) between the different pairs of lin
eages.
Category Biomin. Ortholog. Mt genes 28S Coding Noncoding Total

(35) (643) (10) (1) (2169) (42) (2900)
SNPs

Global 18,716 328,298 262 23 1,246,720 35,363 1,629,382
Atlantic 13,168 212,689 249 18 779,546 25,619 1,031,289
IndoPacific 8,596 129,211 142 7 461,335 14,267 613,558
Pacific 13,509 225,332 176 10 838,466 20,693 1,098,186

Contigs
Global 35 633 2 1 2,089 42 2,802
Atlantic 35 633 2 1 2,089 42 2,802
IndoPacific 33 629 2 1 2,072 32 2,769
Pacific 33 630 2 1 2,071 36 2,773

Unique SNPs
Atlantic 10,134 165,263 228 11 599,126 19,104 793,866
IndoPacific 5,851 86,468 51 3 299,521 8,508 400,402
Pacific 10,389 175,068 81 5 645,308 14,248 845,099

Common SNPs
3 lineages 633 10,541 11 2 42,952 2,057 56,196
Atlantic∩IndoPacific 1,013 14,682 3 0 53,062 1,886 70,646
Atlantic∩Pacific 1,388 22,203 7 1 84,406 2,572 110,577
IndoPacific∩Pacific 1,099 17,520 77 3 65,800 1,816 86,315
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4.1.2.  COI  haplotype network
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FFIIGGUURREE SS33 Minimum spanning network for the mitochondrial cytochrome c oxidase I (COI)
gene fragment obtained from 161 individuals of Limacina bulimoides. The size of the filled
circles represents the number of individuals with each haplotype, with the smallest circles
representing one individual with that haplotype, while colour represents previously docu
mented COI haplogroups in the Atlantic (Haplogroup 1 and 2 in the North/Equatorial and
South Atlantic, respectively) as well as the IndoPacific and Pacific lineages. The three
sequences from (Choo et al., 2021) are indicated with a red highlight around their haplotype
(Genbank accessions: MN952611, MN952937, MN952944).

Atlantic: Haplogroup 1 (North and Equatorial)
Atlantic: Haplogroup 2 (South)
Indo-Pacific
Pacific

1

10
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4.2.  M O R P H O M E T R I C A N A LY S E S

4.2.1.  Var iat ion expla ined by  re lat ive  warps

4.2.2.  Canonica l  var iate analys is  by  l ineage
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FFIIGGUURREE SS44 Canonical variate analysis for differences in mean shell shape based on the six
repeatable relative warps calculated for 159 Limacina bulimoides individuals that were
assigned to three lineages: Atlantic, IndoPacific and Pacific. The 95% confidence regions for
the mean of each lineage and the canonical variate space occupied by each lineage are rep
resented by the circled regions and coloured polygons, respectively.

TTAABBLLEE SS33 Singular values and percentage of shell shape variation explained by each of the six
repeatable relative warps.
RW Singular values Variation explained (%)
1 0.44584 51.05
2 0.26593 18.16
3 0.17783 8.12
5 0.13241 4.50
10 0.06717 1.16
11 0.05433 0.76
Total 83.75

// De magenta omlijning geeft de netto maat aan en zal niet zichtbaar zijn in het eindproduct //
// Let op: Dit proef bestand is niet geschikt om correcties in te maken //



573815-L-bw-Bruin573815-L-bw-Bruin573815-L-bw-Bruin573815-L-bw-Bruin
Processed on: 18-2-2022Processed on: 18-2-2022Processed on: 18-2-2022Processed on: 18-2-2022 PDF page: 137PDF page: 137PDF page: 137PDF page: 137

4.2.3.  Relat ive  warp analys is  by  locat ion 

4.2.4 .  Canonica l  var iate  analys is  by  locat ion 
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FFIIGGUURREE SS55 Shell shape variation of 159 Limacina bulimoides, categorised into four ocean
basins (Atlantic, Indian, North Pacific and South Pacific). Shell shape variation is visualised
with relative warps 1 and 2, which explain 51.05% and 18.16% of shell shape variation,
respectively. 

FFIIGGUURREE SS66 Canonical variate analysis for differences in mean shell shape based on the six
repeatable relative warps calculated for 159 Limacina bulimoides individuals that were
assigned into four locations: Atlantic, IndoPacific and Pacific. The 95% confidence regions
for the mean of each location and the canonical variate space occupied by each location are
represented by the circled regions and coloured polygons, respectively.
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4.3.  S H E L L I M A G E S

4.3.1.  Overv iew of  a l l  shel l  images
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c

c

FFIIGGUURREE SS77 Shell images of all Limacina bulimoides included in this study. Shells are arranged
according to sampling location and their genetic lineage. Specimens from the locations
AMT24_17, AMT24_22, AMT24_23 and KOK1703_03 were photographed against a dark
background, compared to the specimens from the other locations which were pho
tographed against a light background. Higher resolution images are available on the
Naturalis BioPortal database: https://bioportal.naturalis.nl/.
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TTAABBLLEE SS44 Aperture colour of each specimen of Limacina bulimoides per station, qualitatively
assigned to the four colours: transparent, pink, tan and redbrown.
Station Transparent Pink Tan Redbrown
NIC2_S1C3 0 0 3 8
NIC8_S5C3 0 0 6 5
AMT24_17 0 11 0 0
NIC2_S9C3 0 0 0 10
AMT24_22 0 10 0 0
AMT24_23 4 3 0 3
SN105_08 0 0 0 10
KH1110_02 0 1 4 6
KH1110_05 1 2 4 4
KH1110_08 0 0 10 0
KH1110_15 4 7 0 0
KH1110_18 9 2 0 0
KH1110_21 10 1 0 0
KOK1703_03 1 4 0 5
SO255_143 0 11 0 0

TTAABBLLEE SS55 Aperture colour of each specimen of Limacina bulimoides per ocean basin, qualita
tively assigned to the four colours: transparent, pink, tan and redbrown.
Location Transparent Pink Tan Redbrown
Atlantic 4 24 9 26
Indian 0 0 0 10
N. Pacific 2 7 18 15
S. Pacific 23 21 0 0

TTAABBLLEE SS66 Aperture colour of each specimen of Limacina bulimoides per lineage, qualitatively
assigned to the four colours: transparent, pink, tan and redbrown.
Lineage Transparent Pink Tan Redbrown
Atlantic 4 24 9 26
IndoPacific 2 3 15 16
Pacific 23 25 3 9
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4.3.3.  T issue p igmentat ion on L imacina bul imoides  

FFIIGGUURREE SS88 Images of two Limacina bulimoides individuals from the KOK1703_03 site that
were not sequenced, but they possess the dark pigmented spots on their parapodia that are
similar to those observed in the 16 Pacific lineage individuals (FIGURE S7). The shells were
gently cracked to reveal the pigmentation on their tissue. (A, C) Four pigmented spots can
be seen at the edges of the parapodia or ‘wing feet’. There are two pigmented spots on each
‘wing’. (B, D) The gap between the two parapodia is indicated by the white arrow.
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A B S T R A C T
To date, there are many examples of population divergence in the open
ocean, however, it is still unclear how divergence is maintained without obvi
ous physical barriers between the populations. This is especially so for holo
planktonic organisms, which live in the water column for their entire lives
and have high fecundities, leading to high potentials for gene flow and pop
ulation connectivity. Knowledge of dispersal barriers in the open ocean can
give us insight into speciation processes as well as information on how differ
ent populations and species can evolve in response to climate change.
Previously, population structure was identified in the subtropical pteropod
Limacina bulimoides collected from the Atlantic Ocean between 34°N35°S,
albeit with conflicting signals between the two barcoding genes used. To gain
a clearer understanding of their population structure, we obtained genome
wide singlenucleotide polymorphisms across an Atlantic dataset of 142
L. bulimoides individuals collected in 2014 and 2017/2018, with the targeted
enrichment of 2900 genomic regions. We observed that there was no recent
gene flow between the North, Equatorial and South Atlantic populations,
with narrow geographic barriers between these three populations at 14
15°N and 1518°S. For six individuals, the mitochondrial COI haplotypes were
incongruent with nuclear genetic variation, which is indicative of mitochon
drial introgression during their evolutionary history, rather than the presence
of expatriates which have traversed the dispersal barriers. The three popula
tions were bounded by distinct ocean currents and productivity gradients,
with the North and South populations found within the oligotrophic North
and South Atlantic Gyre, while the Equatorial population was located within
the more eutrophic boundaries of the North and South Equatorial Current.
Additional demographic history and seascape genomics analyses could be
conducted to further elucidate the drivers of this strong population structure
in the Atlantic basin for L. bulimoides, and assess their ability to cope with
future ocean changes.
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I N T R O D UC T I O N
Genetic studies have uncovered unexpected population divergence in the open
ocean (Bowen et al., 2016; Bucklin et al., 2018; Knowlton, 2000; Peijnenburg and
Goetze, 2013). With no obvious barriers to dispersal and the constant movement of
water masses, the dispersal potential of marine plankton populations in the open
ocean was assumed to be unlimited (Norris, 2000; van der Spoel and Heyman,
1983). Geographically distant populations could still be connected by gene flow,
especially in circumglobal species with longlived pelagic durations or holoplankton
ic species with large effective population sizes and high fecundity. While divergence
by vicariance or geographic separation has been widely regarded as the most com
mon form of speciation, examples of such allopatric modes of speciation from the
open ocean are rare (but see Filatov et al., 2021). Most instances are recognised
from wellknown marine biogeographical barriers, such as the Isthmus of Panama
(Knowlton et al., 1993), or wellcharacterised hybrid zones with opportunities for
historical vicariance followed by secondary contact (Laakkonen et al., 2021; Simon
et al., 2021). Yet, with the advent of genetic analyses, distinct populations and
reproductive barriers have been identified in circumglobal species previously
assumed to be homogeneous or panmictic (e.g., Addamo et al., 2020; Andrews et
al., 2014; Cornils et al., 2017; Hirai et al., 2015; PérezPortela et al., 2013; Wall
Palmer et al., 2018). Their genetic divergence may be attributed to speciation in the
presence of gene flow (Bierne et al., 2003; Johannesson, 2009, 2016; Peijnenburg
and Goetze, 2013; Potkamp and Fransen, 2019) or the presence of dispersal barri
ers that have not yet been identified (Bowen et al., 2016; Faria et al., 2021), such as
temperature, currents or a combination of other abiotic and biotic factors.

The potential drivers of genetic structuring in the open ocean can vary across
scales. Currents can contribute to the dispersal of individuals and partitioning of
populations from small spatial scales at tens of kilometres (White et al., 2010) to
regional scales, like seas (Bertola et al., 2020; Hu et al., 2013) and ocean basin
scales (Goetze, 2005; Richter et al., 2019; Xuereb et al., 2018a). Environmental gra
dients have also been shown to function as speciesspecific barriers to gene flow
(Benestan et al., 2016; Bernatchez et al., 2019; Burridge et al., 2015; Saenz
Agudelo et al., 2015; SandovalCastillo et al., 2018) and drivers of general biogeo
graphic patterns across taxa (Costello et al., 2017; Holman et al., 2021; Rombouts
et al., 2009; Stanley et al., 2018). Within the Atlantic Ocean, the two oligotrophic
subtropical gyres and the mesotrophic equatorial upwelling system form distinct
habitats with characteristic environmental conditions, that have been identified as
distinct ‘ocean provinces’ in the surface waters (Longhurst, 2007) and in the
mesopelagic zone (Sutton et al., 2017). These gyres and the equatorial upwelling
system are subject to seasonal and interannual environmental variation
(Reygondeau et al., 2013), leading to changes in current direction, such as the pres
ence of the eastflowing North Equatorial Current in the western tropical Atlantic
only between the months July to September (Philander, 2001), and variation in the
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location of the gyre boundaries over decadal scales (Drouin et al., 2021). Yet, for
several holoplanktonic species in the Atlantic basin, spatial genetic structuring was
found congruent with the gyre systems and environmental gradients (Goetze et al.,
2015; Hirai et al., 2015; Kulagin et al., 2021; Norton and Goetze, 2013; WallPalmer
et al., 2016a), and was shown to be temporally stable (Goetze et al., 2015).

Pteropods play important roles in the marine pelagic ecosystem. Pteropods are
responsible for a biomass production of ~500 Tg of organic carbon per year across
the global ocean (Bednaršek, Možina, Vogt, O’Brien, & Tarling, 2012), and con
tribute up to 89% of total calcification in pelagic waters (Buitenhuis et al., 2019). In
addition, they form a significant part of the diet of fish and other predators in the
pelagic food web (Groot and Margolis, 1991; Hunt et al., 2008; Lalli and Gilmer,
1989). Shelled pteropods possess thin aragonitic shells, which have been found to
be vulnerable to dissolution. Pteropods show difficulties in maintaining shell thick
ness in presentday acidified waters (Busch et al., 2014; Mekkes et al., 2021a) and
when exposed to predicted future conditions generated by ocean acidification sce
narios (Bednaršek et al., 2018; Gardner et al., 2018; Manno et al., 2018; Mekkes et
al., 2021b; Niemi et al., 2021). Understanding the spatial genetic structure of ptero
pod populations can allow us to detect evidence of local adaptation (Sanford and
Kelly, 2011; Sgrò et al., 2011), and reconstruct the past evolutionary trajectories of
species to understand their history of adaptation and speciation in marine environ
ments (von der Heyden, 2017). With this knowledge, it is possible to gain insight
into their adaptive potential and resilience to changing ocean conditions (Munday
et al., 2013; Sanford and Kelly, 2011; Sgrò et al., 2011; Sunday et al., 2014)

Here, we investigate the population structure of the most abundant Limacina
species in the tropical and subtropical ocean, Limacina bulimoides. We previously
identified a primary dispersal barrier across a meridional Atlantic transect sampled
in 2012 at 1518°S based on shell shape, mitochondrial cytochrome oxidase I (COI)
and nuclear ribosomal RNA 28S variation, as well as a secondary, more tentative
barrier across the equatorial upwelling region supported only by 28S variation
(Choo et al., 2021). In this study, we aim to characterise genomewide variation in
L. bulimoides within the Atlantic basin, with increased resolution based on addi
tional sampling and by using 2900 previously designed genomewide target cap
ture probes from Choo et al. (2020). This allowed for a much more detailed insight
into the population structure of this abundant pteropod in the Atlantic basin.

M AT E R I A L S A N D M E T H O D S

SA M P L E C O L L E C T I O N
Plankton samples were collected in the Atlantic Ocean from two research expedi
tions, the Atlantic Meridional Transect (AMT) 24 cruise in 2014 and the Netherlands
Initiative Changing Oceans (NICO) legs 2 and 8 in 2017 and 2018, respectively (TABLETT
1, FIGURE 1). Specimens were collected via oblique tows to the surface using a 0.7 m
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TTAABBLLEE 11 Collection details of specimens of Limacina bulimoides from the Atlantic Ocean.
Specimens were collected on Atlantic Meridional Transect cruise 24 (AMT24) in 2014 and
during the Netherlands Initiative Changing Oceans (NICO) legs 2 and 8 in 2017 and 2018,
respectively. The collection dates are in the format DD/MM/YYYY. Number of individuals
used in genomic analyses using target capture are given in the last column.
No. Latitude Longitude Station Cruise Max. sampling Date collected Target

depth (m) capture
1 38°45′N 56°18′W NIC8_S5 NICO8 120 14/4/2018 11
2 35°58′N 69°50′W NIC8_S4 NICO8 125 10/4/2018 11
3 30°43′N 74°32′W NIC8_S2 NICO8 110 8/4/2018 10
4 27°30′N 28°53′W AMT24_07 AMT24 328 5/10/2014 11
5 21°16′N 21°01′W NIC2_S1 NICO2 60 31/12/2017 11
6 20°27′N 29°16′W AMT24_09 AMT24 274 7/10/2014 10
7 14°12′N 27°56′W AMT24_11 AMT24 305 9/10/2014 9
8 5°58′N 47°50′W NIC2_S9 NICO2 80 13/1/2018 10
9 0°05′N 25°01′W AMT24_15 AMT24 341 13/10/2014 9
10 7°28′S 25°07′W AMT24_17 AMT24 266 15/10/2014 11
11 11°02′S 25°03′W AMT24_18 AMT24 292 16/10/2014 10
12 18°19′S 25°05′W AMT24_20 AMT24 283 18/10/2014 9
13 24°27′S 25°03′W AMT24_22 AMT24 323 21/10/2014 10
14 27°46′S 25°01′W AMT24_23 AMT24 260 22/10/2014 10

FFIIGGUURREE 11 Sampling locations of Limacina bulimoides from the Atlantic Ocean. The sampling
locations are labelled in order of descending latitude, according to TABLETT 1.
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diameter bongo net with a mesh size of 200 µm or a 1 m diameter ring net with a
mesh size of 350 µm, with a tow duration of 14 to 50 minutes and a maximum depth
range between 60 and 341 m. Samples were immediately preserved on board in
96% ethanol and stored at 20 °C, with replacement of the ethanol after 24 h of
preservation. Limacina bulimoides specimens were subsequently sorted in the lab
oratory and photographed prior to destructive genetic work.

L I B R A R Y P R E P,  S E Q U E N C I N G A N D Q UA L I T Y F I LT E R I N G
Genomic DNA was separately extracted from each of the 142 individuals with
either the E.Z.N.A mollusc or insect kit (Omega BioTek). The DNA was sheared by
sonication to attain a peak length of 300bp with a Covaris S220 or ME220 focused
ultrasonicator. After sonication, the fragmented DNA was prepared into individual
libraries using the NEXTflex Rapid PreCapture Combo Kit (Bioo Scientific).
Individually barcoded libraries were subsequently pooled at equimolar concentra
tions with 2627 libraries per pool. The target capture reaction was then performed
on each pool using the myBaits Custom Target Capture kit (Arbor Biosciences),
with a capture probe set specifically designed for L. bulimoides, as described in
Choo et al. (2020). Captured library pools were sequenced on the Illumina NextSeq
500 platform using highoutput v2 chips (150 cycles). 

Raw sequences were demultiplexed (Genbank accessions: SAMN1113147482,
SAMN20293115247, SAMN21503552627) and then mapped with BWA 0.7.12 (Li,
2013) to a reduced contig set of the genomic assembly (Genbank accession:
SWLX00000000). The resulting alignments were cleaned and filtered with SAMtools
version 1.4.1 (Li et al., 2009) to retain only properly and uniquely mapped paired
reads. Duplicates were marked and removed with Picard version 2.18.5
(http://broadinstitute.github.io/picard). Variant calling was done using GATK
4.1.7.0, following the Variant Discovery Pipeline (Auwera et al., 2013; Depristo et al.,
2011) with GNU parallel utility (Tange, 2011) for executing commands in parallel.
Haplotypes were called individually using HaplotypeCaller with emitRefConfidence
output with and without the setting EMIT_ALL_CONFIDENT_SITES in two separate
instances. The resulting gVCF files for each setting were combined with
CombineGVCFs. The combined gVCF files were then genotyped using Genotype 
GVCFs. Single nucleotide polymorphisms (SNP) were then extracted from the total
variants using SelectVariants (SelectType SNP). SNPs were hardfiltered with
VariantFiltration using QualByDepth (QD) <2.0, FisherStrand (FS) >60.0, RMS 
Mapping Quality <5.0, MQRankSumTest (MQRankSum) <5.0, ReadPositionRank 
Sum (ReadPosRankSum) <5.0 to retain reliable SNPs. The SNPs were subsequently
processed in BCFtools version 1.7 (https://github.com/samtools/bcftools) to retain
only highquality SNPs (Phred score >20) that had a coverage of at least three. 

P O P U L AT I O N S T R UC T U R E
We assessed population structure using the filtered SNP dataset, with additional
filters to retain only SNPs present in at least 80% of the genotypes, with a minor
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allele frequency (MAF) <0.01 and without excess heterozygosity that can indicate
badly mapped regions. From those filtering settings, we retained 223,058 nuclear
SNPs, after removing the three SNPs that were mapped to two known contigs of
mitochondrial origin. This was done to avoid conflicting signals between the
nuclear and mitochondrial SNPs, which could have distinct evolutionary histories.
To visualise population structure, we conducted a Principal Component Analysis
(PCA) in PLINK v1.90b6.17 (Chang et al., 2015), using linkage pruning settings of
window size of 50 variant counts, window shift of 10 variant counts and r2 of 0.2
to retain 97,425 SNPs in linkage equilibrium. In addition, we used Admixture
(Alexander et al., 2009) to infer populations and ancestries, with the same linkage
pruned SNP dataset for PLINK. The analysis was conducted for values of K between
1 and 7, and the cross validation error for each K value was calculated to determine
the number of putative ancestral populations.

In addition to clustering analyses, we investigated population structure based
on nearest neighbour haplotype coancestry with fineRADstructure v.0.3.2
(Malinsky et al., 2018). We used the hapsFromVCF function of RADpainter to con
vert the filtered nuclear SNP dataset used above, without linkage pruning, into
input format with SNPs from each of the 2641 contigs condensed into haplotypes.
A locus was considered missing if more than half of the SNPs were missing. Of the
142 individuals, two were excluded as they had a higher proportion (>4%) of loci
which were marked as missing. After excluding these individuals, we used the paint
function of RADpainter to calculate a coancestry matrix, which summarises the
nearest neighbour haplotype relationships in the data set. Next, a clustering den
drogram of shared ancestry was inferred from the coancestry matrix using the
fineSTRUCTURE Markov chain Monte Carlo clustering algorithm, with 100,000
burnin iterations, 100,000 sample iterations, and thinning of 1000. The inferred
clusters were arranged with a simple tree building algorithm in fineSTRUCTURE
with 10,000 hillclimbing iterations.

Genetic signals from the targeted mitochondrial COI fragments were separate
ly analyzed in a haplotype network after mapping and de novo assembly in
Geneious Prime 2021.1.1 (https://www.geneious.com). First, all raw Illumina
NextSeq reads of each of the 142 individuals were mapped to a reference database
of L. bulimoides COI sequences (NCBI: MN952611MN952965), using the Geneious
assembler with mediumlow sensitivity. The mapped reads were extracted and de
novo assembled per individual using the Geneious assembler with medium sensitiv
ity. The resulting contigs were annotated for the COI region, and the COI annotation
(564 bp) with the highest coverage was extracted for each individual, and subse
quently translated (Translation TABLE 5) to check that no stop codons or gaps were
present. The 142 COI annotations (Genbank accessions: MZ542566596,
MZ542673704, OK185211289) were combined with one representative each of
the known Atlantic haplogroups 1 and 2 from Choo et al. (2021) (Genbank acces
sions: MN952611, MN952937), and used to create a multiple sequence alignment
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using MAFFT v7.222 (Katoh and Standley, 2013). A minimum spanning network was
calculated from the alignment and visualised in POPART (Leigh and Bryant, 2015).

D I V E R S I T Y I N D I C E S
To estimate genetic diversity and the extent of genetic structuring within popula
tions, we calculated heterozygosity, nucleotide diversity, global weighted FSTFF and
pairwise FSTFF . Heterozygosity and nucleotide diversity were calculated with the
same filters of retaining only SNPs present in at least 80% of the genotypes, and
removing sites with excess heterozygosity for vcf files containing SNPs (n =
661,912) and all confidently called variant sites (n = 788,818), respectively. Global
weighted FSTFF and pairwise FSTFF were calculated from filtered vcf files above with an
additional filter for MAF < 0.01 with 223,061SNPs. 

Heterozygosity was calculated in VCFtools 0.1.15 (Danecek et al., 2011) with
the setting –het, which outputs a measure of heterozygosity on a perindividual
basis. We plotted these values per population to obtain the populationspecific
distribution of heterozygosity. Nucleotide diversity was calculated in VCFtools
0.1.15 (Danecek et al., 2011) for each population, with the SNPs partitioned into
their respective populations and a window size of 2865 bp corresponding to the
average contig size. Distributions of heterozygosity and nucleotide diversity for
each population were plotted in R v.4.0.3 (R Core Team, 2017) and a oneway
ANOVA was used to test for significant differences between populations. Global
weighted FSTFF for each population was calculated with the MAFfiltered SNP dataset
for each population, by having one SNP randomly chosen per contig according to a
custom script (Choquet et al., 2019), and calculating the weighted FSTFF in PLINK
v1.90b6.17 (Chang et al., 2015) for each thinning iteration for 1000 iterations. The
resulting distributions for each population were plotted in R (R Core Team, 2017).
Pairwise FSTFF was similarly calculated with one SNP per contig in VCFtools 0.1.15
(Danecek et al., 2011), with the –weirfstpop setting and averaged over 1000 iter
ations for each pairwise comparison of sampling stations within populations.

R E S U LT S

DATA P R O C E S S I N G
For the 142 L. bulimoides individuals sampled, 10,564,661 mean raw reads per
individual were sequenced. To retain only confidently called SNPs, we filtered the
dataset for reads that could be mapped to the reduced genome assembly with high
quality and in proper pairs. An average of 4,228,701 reads per individual could be
mapped to the reduced genomic assembly (TABLETT S1). Of these reads, 40.9% were
mapped with high quality and 93.3% of high quality reads were on target, indicat
ing that the remaining 6.7% most likely mapped to regions in the contig adjacent
to the target. The total number of confidently called SNPs obtained for the 142 indi
viduals before and after hard filtering were 1,776,923 and 1,434,869, respectively,
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while the average sequencing depth across all individuals after hard filtering was
288x. Quality filtering was used to retain sites with a depth of more than or equal
to three and a minimum genotype quality of 20. Downstream filtering settings
were adjusted according to the type of analysis to be performed (FIGURE S1).

G E N O M E W I D E P O P U L AT I O N S T R UC T U R E
Within the Atlantic basin, we found evidence supporting three geographically sep
arate populations, located in the North, Equatorial and South Atlantic (FIGURE 2).
The North Atlantic population was comprised of 64 individuals from six sampling
locations distributed along the Gulf Stream and the Canary Current. The Equatorial
Atlantic population consisted of 49 individuals from five locations in the Atlantic
equatorial upwelling region, while the South Atlantic population was comprised of
29 individuals from three locations in the South Atlantic Gyre. Based on the
Principal Component Analysis, no intermediates or expatriate individuals were
observed between any of the populations (FIGURE 2B). On PC1, which comprised
14% of total genetic variation, the Equatorial population was mainly separated
from the North and South Atlantic population, while PC2, which comprised 12.4%
of total genetic variation, separated the South population from the North and
Equatorial populations. The same three populations were also recovered in the
fineRADstructure coancestry matrix showing the absence of any mixing of individ
uals between populations (FIGURE 3). The largest amount of genetic divergence was
between the Equatorial and South Atlantic (FSTFF = 0.197), followed by North and
South Atlantic (FSTFF = 0.126) and North and Equatorial Atlantic (FSTFF = 0.122).
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FFIIGGUURREE 22 (A) Location of the 14 sampling sites of Limacina bulimoides labelled according to
TABLETT 1 and coloured according to their genomewide population structure, which revealed
distinct populations in the North Atlantic (red), Equatorial Atlantic (yellow) and South Atlantic
(blue). (B) Principal Component Analysis (PCA) plot based on 97,425 nuclear single nucleotide
polymorphisms across142 individuals, coloured according to their population structure. 
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M I T O C H O N D R I A L P O P U L AT I O N S T R UC T U R E
The mitochondrial COI fragment was characterised by high variability, with all but
two individuals having unique haplotypes (FIGURE 4). The two individuals with the
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FFIIGGUURREE 33 Coancestry matrix generated using fineRADstructure, which clusters the 142 indi
viduals of Limacina bulimoides according to their nearest neighbour relatedness. Plot is
coloured according to the coancestry value between pairs of individuals (see legend:
black/blue colours indicate more relatedness while yellow indicates less relatedness). The
three clusters identified correspond with the three geographicallydistributed populations in
the North, Equatorial and South Atlantic (see also FIGURE 1). Note the presence of two high
ly related individuals (two black squares adjacent to diagonal line) within the Equatorial
Atlantic cluster, identified as Lbul_AMT24_11_05 and Lbul_AMT24_11_09. 
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same COI haplotype were from the North Atlantic, with one being the reference
Haplogroup 1 sequence from Choo et al. (2021). Two main haplogroups separated
by at least 17 nucleotide substitutions were recovered; they corresponded to
Haplogroup 1 (composed of mostly North and Equatorial Atlantic individuals) and
Haplogroup 2 (composed of South Atlantic individuals) previously identified in a
different dataset sampled in 2012 (Choo et al., 2021). Six individuals possessed a
COI haplotype that grouped with Haplogroup 1 (North and Equatorial Atlantic)
while originating from the South Atlantic (blue dots in FIGURE 4). These individuals
were mostly located on long branches and on the outside of the network.
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FFIIGGUURREE 44 Minimum spanning network of the mitochondrial cytochrome oxidase I (COI) gene
fragment. The size of the dots represents the number of individuals with each haplotype,
with most dots representing one individual. The colour of the dots indicates the populations
identified in the North Atlantic (red), Equatorial Atlantic (yellow) and South Atlantic (blue).
Two representative sequences from the previously documented Haplogroup 1 and 2 in the
Atlantic that were sequenced in Choo et al. (2021) are included in this network; they are
indicated with an arrow pointing to these haplotypes (Genbank accessions: MN952611,
MN952937). Haplogroup 1 was located in the North and Equatorial Atlantic, while
Haplogroup 2 was located in the South Atlantic.
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VA R I A B I L I T Y W I T H I N P O P U L AT I O N S
Withinpopulation structure was relatively low compared to betweenpopulation
comparisons, based on pairwise FSTFF values (withinpopulation comparison range:
0.00139 to 0.00347; betweenpopulation comparison range: 0.1220.197), indicat
ing a high level of shared genetic variation within populations. The South Atlantic
seemed to be relatively homogeneous across the three sampling locations, with rel
atively low pairwise FSTFF comparisons between stations (TABLETT 2) and the highest
amount of withinpopulation relatedness given by the coancestry matrix (FIGURE 3).
However, this could be an artefact of the limited geographic sampling for the South
population as compared to the North and Equatorial populations. The North and
Equatorial populations had lower relatedness overall and higher variability in related
ness between individuals (FIGURE 3). Within the North Atlantic population, individuals
from station AMT24_09 (nr. 6) had a larger genetic distance to individuals from the
other stations in the population; while within the Equatorial population, individuals
from station AMT24_11 (nr. 7) had a larger genetic distance to those from the other
stations in the population (TABLETT 2). Interestingly, two closelyrelated individuals were
detected in the Equatorial population based on their high amount of pairwise co
ancestry, as indicated by the black boxes adjacent to the diagonal line (FIGURE 3).

G E N E T I C D I V E R S I T Y
Mean heterozygosity was not significantly different between the North Atlantic,
Equatorial and South Atlantic population (FIGURE 5A; Oneway ANOVA: F(2,139) = 0.914,
p = 0.403). The South Atlantic population had the highest nucleotide diversity

154

Genome‐based population structure in the Atlantic

TTAABBLLEE 22 Pairwise FSTF comparisons across sampling stations within each of the three popula
tions of Limacina bulimoides: North, Equatorial and South Atlantic. Pairwise FSTF values were
averaged over 1000 iterations for each pairwise comparison, with each iteration including
one randomly selected single nucleotide polymorphism per contig. 
North 1 2 3 4 5

1. NIC8_S5
2. NIC8_S4 0.00163
3.NIC8_S2 0.00015 9.77E07
4. AMT24_07 0.00191 0.00193 0.00164
5. NIC2_S1 0.00121 0.0024 0.00029 0.00161
6. AMT24_09 0.00218 0.00347 0.00303 0.00119 0.00217

Equatorial 7 8 9 10
7. AMT24_11
8. NIC2_S9 0.00265
9. AMT24_15 0.00173 0.0009
10. AMT24_17 0.0034 0.00146 0.00203
11. AMT24_18 0.00316 0.00097 0.00188 0.00073

South 12 13
12. AMT24_20
13. AMT24_22 0.00139
14. AMT24_23 0.00145 0.000356
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FFIIGGUURREE 55 Distribution of heterozygosity, nucleotide diversity (π) and global weighted FSTF for
each of the three populations of Limacina bulimoides distributed in the North (N = 64),
Equatorial (N = 49) and South (N= 29) Atlantic. The analysis is based on filtered single
nucleotide polymorphism (SNP) datasets for heterozygosity and global weighted FSTF , while a
dataset of all confidently called sites was used to calculate nucleotide diversity. The lower
and upper hinges of the boxplots represent the first and third quartile and span the inter
quartile range (IQR), while the median is indicated by the horizontal line between the hinges
of the boxplot. (A) Individual heterozygosity. (B) Nucleotide diversity (π) of SNPs in each pop
ulation calculated across a window size of 2865 base pairs. (C) Global weighted FSTF calculat
ed across 1000 iterations for each population, with each iteration including one randomly
chosen single nucleotide polymorphism per contig.

π
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(π = 0.00529), followed by the Equatorial Atlantic (π = 0.00520) and North Atlantic
(π = 0.00503) populations (FIGURE 5B), with a significant difference (oneway ANOVA:
F(2,8563)= 3.983, p = 0.0187) in nucleotide diversity between the North and South
Atlantic (Tukey HSD: North – South: padjusted = 0.0153, North – Equatorial: padjust
ed = 0.157, Equatorial – South: padjusted = 0.615). Global weighted FSTFF was signifi
cantly larger than zero for both the North Atlantic (mean = 0.00161, t = 49.398,
df = 999, p < 2.2e16) and Equatorial Atlantic (mean = 0.00167, t = 34.053, df = 999,
p < 2.2e16), indicating the presence of population substructure. For the South Atlantic
population, the distribution of global weighted FSTFF was not significantly different from
zero (mean = 0.000323, t = 5.51, df = 999, p = 1) (FIGURE 5C, see also TABLETT 2).

D I S C U S S I O N
We identified three distinct populations of Limacina bulimoides within the Atlantic
basin, with no evidence of mixing between populations despite the continuous
pelagic environment. The three populations identified, the North, Equatorial and
South Atlantic (FIGURE 2), correspond with the populations identified across two
dispersal barriers based on the 28S gene in a previous barcoding study (Choo et al.,
2021). The consistent population structure in the Atlantic from 2012 (Choo et al.,
2021) to 2014, 2017 and 2018 (present study) indicates the temporal persistence
of this pattern of genetic partitioning. 

Migration across the two dispersal barriers is unlikely to have occurred in recent
times, instead, the cases of incongruence observed between the mitochondrial hap
logroups and their sampling location are probably the result of introgression.
Genomewide variation showed clearly that there are no hybrids between popula
tions (FIGURE 2). However, the COI gene paints a conflicting picture, with the pres
ence of six individuals that have a conflicting mitochondrial haplogroup compared
to their nuclear genomic variation which is congruent with their sampling location
(FIGURE 4). We previously suggested from a dataset containing only COI and 28S bar
coding genes that such individuals represent expatriates that had dispersed across
the population barrier (Choo et al., 2021). However, with the added perspective
from genomewide SNPs, it is more likely that the six individuals (FIGURE 4) are not
recent migrants or expatriates. Rather, the mismatch between their COI haplogroup
and nuclear genomic variation represents the legacy of mitochondrial introgression
during their evolutionary history. These discordant mitochondrial haplogroups
seem to occur at a roughly consistent rate across our two datasets, with 3.65% dis
cordant individuals in 2012 (Choo et al., 2021) and 4.22% in the present dataset con
sisting of individuals sampled across 2014 and 2017/2018. While we observed only
introgression of Haplogroup 1 (North and Equatorial) into South Atlantic individuals
in the current dataset of 142 individuals, we detected bidirectional introgression
between Haplogroups 1 and 2 in our previous, larger dataset of 356 individuals in
Choo et al. (2021). Hence it is likely that the introgression occurs in both ways across
the dispersal barrier. Examples of bidirectional movement of mtDNA are less com
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mon than instances of asymmetric introgression (Sloan et al., 2017; Toews and
Brelsford, 2012). The few documented instances of bidirectional introgression have
been attributed to mtDNA heteroplasmy and paternal leakage (Mastrantonio et al.,
2019) or the presence of weaker barriers to introgression in mtDNA compared to
nuclear DNA (Colliard et al., 2010). A possible scenario for bidirectional mitochon
drial introgression may be historical isolation followed by secondary contact (Toews
and Brelsford, 2012) between genetically distinct and hybridising populations
(North + Equatorial and South) across the dispersal barrier in the South Atlantic sub
tropical gyre. This may have occurred during the climatic oscillations associated with
glacialinterglacial periods in the late Pleistocene, resulting in range shifts, tempo
rary separation and subsequent remixing of populations (Hewitt, 2011).
Alternatively, mitochondrial introgression could also occur in the absence of geo
graphical isolation, as a consequence of selective advantages associated with envi
ronmental characteristics (Toews and Brelsford, 2012). We would require addition
al and more indepth studies into introgressed individuals to determine the evolu
tionary mechanisms which resulted in this pattern of discordance. Here, we empha
sise the importance of using genomewide markers in addition to mitochondrial
barcoding genes for understanding the complete evolutionary history of L.
bulimoides, given their mitonuclear discordance (Rubinoff and Holland, 2005).

The dispersal barriers separating the three populations could be attributed to
ocean currents separating the populations, ecological selection across the oceanic
environmental clines, or both of these factors acting in concert. The geographic
boundaries of the three populations are broadly demarcated by the major ocean
currents (FIGURE 1) as well as transitions in ocean primary production (represented
by the chlorophyll a concentration; FIGURE 6). The North Atlantic population is
bounded by the Gulf Stream and North Atlantic Gyre, and characterised by olig
otrophic surface conditions, while the South Atlantic population is located in the
oligotrophic South Atlantic Gyre and extending into the Subtropical Convergence
Zone with colder waters and more eutrophic conditions. The Equatorial Atlantic
population occupies slightly more eutrophic, warm waters in the equatorial region,
including both the North Equatorial Current and the South Equatorial Current.
Additional sampling at the boundary regions and connected current systems, such
as the Florida and Brazil currents, as well as comprehensive genomewide genotyp
ing of both juveniles and adults across the dispersal barriers will be needed to
accurately determine the spatial ranges of these Atlantic populations and assess
whether these dispersal barriers are indeed nonpermeable.

When taken together with the location of dispersal barriers identified in a pre
vious latitudinal dataset of L. bulimoides, and assuming that the locations of the bar
riers are stable across the years from autumn 2012 and autumn 2014, we find that
the northern Atlantic subtropical barrier is located within a narrow region at 14
15°N and the southern Atlantic subtropical barrier is located between 1518°S along
the transects sampled. The presence of narrow barriers between the three distinct
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populations suggests that isolationbydistance is not the primary driver behind
Atlantic population structure of L. bulimoides. Instead the narrow latitudinal barri
ers we observed may be due to historical isolation following glacialinterglacial
cycles in the Pleistocene, followed by secondary contact of the reproductively iso
lated populations (Filatov et al., 2021), or ecological selection, where barriers rep
resent regions of suboptimal habitat within which there are insufficient individuals
for maintenance of a stable population (Goetze et al., 2017). In other holoplankton
ic species, physical retention in gyre systems could play a role in population struc
turing as they show distinct boundaries linked to gyre systems (Andrews et al., 2014;
Goetze et al., 2015, 2017) and North and South Atlantic subtropical gyral popula
tions separated by an equatorial dispersal barrier (Norton and Goetze, 2013). The
northern Atlantic subtropical barrier for L. bulimoides coincides with a mesopelagic
boundary at ~1422°N, identified in three species of Atlantic krill (Kulagin et al.,
2021) and the northernmost population boundary for a mesopelagic copepod
(Goetze et al., 2017), which suggests the presence of a hydrological barrier or phy
logeographic break. The south Atlantic subtropical barrier at 1518°S is also identi
fied as a species boundary between two mesopelagic shrimp species (Judkins, 2014)
and a mesopelagic boundary between two ecoregions (Sutton et al., 2017). Both
boundaries seem to affect other pelagic taxa in addition to L. bulimoides, which may
indicate the contribution of subtle shifts in multiple environmental factors as a taxa
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FFIIGGUURREE 66 Spatial genetic structure of three populations of Limacina bulimoides in the Atlantic
basin (North Atlantic: red, Equatorial Atlantic: yellow, South Atlantic: blue) based on the
2012 data from Choo et al. (2021) and the 2014 data of the present study superimposed on
composite satellite images of chlorophyll a concentrations during the AMT22 (OctDec
2012) and AMT24 (OctDec 2014) cruises, respectively.

2012 2014

Oct Jan AprMonth collected
Population N. Atlantic S. AtlanticEq. Atlantic
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wide structuring force for divergence in the open ocean (Kulagin et al., 2021).
Environmental conditions are known to fluctuate seasonally and interannually in
the tropical and subtropical Atlantic leading to changes in levels of primary produc
tivity (Barton et al., 2015; Franco et al., 2020; Pastor et al., 2013; Pérez et al., 2005),
however, projected climatedriven oceanographic changes may still impact the sta
bility of the population boundaries in L. bulimoides (Wilson et al., 2016).

Within the three populations, subtle genetic variability indicates that despite
the high dispersal potential of L. bulimoides in a pelagic environment, populations
still show some degree of further structuring. The slight genetic differences (TABLETT 2)
could indicate either small scale genetic patchiness or the influence of dispersal
due to mixing of ocean currents and temporal effects. Genetic structure was
detected within the North and Equatorial Atlantic populations but not in the South
Atlantic population (FIGURE 2, 4C), which is likely to be a result of the limited geo
graphic area sampled for the South population. In the North Atlantic population,
higher FSTFF values (TABLETT 2) were found between the AMT sites, sampled in October
2014, and the NICO sites, sampled in December 2017/April 2018, regardless of
their physical proximity. Hence, genetic variability within the three populations
may be more related to seasonal or interannual variation rather than isolationby
distance effects. Within the Equatorial Atlantic population, specimens from the
boundary location AMT24_11 (nr. 7), were more genetically distinct from the other
sampling locations further south (TABLETT 2). Repeated sampling across environmen
tal clines and different seasons will be needed to elucidate the finescale drivers
affecting variability within populations.

In conclusion, there are three distinct populations of L. bulimoides within the
Atlantic basin, distributed across the two subtropical gyres and the equatorial
region. The absence of hybrids indicates that there has not been any recent gene
flow between these populations, although the mitochondrial introgression detect
ed across the southern barrier hints at admixture during their evolutionary histo
ry. This genomewide study lends itself to further analyses including demographic
inferences to determine the order and timing of divergence between North,
Equatorial and South Atlantic populations, as well as their population size variation
across time. In particular, seascape analyses combining genetic data, environmen
tal variables and oceanographic distances could provide further insight into the
drivers of population structure in the Atlantic Ocean.
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6
Creativity in times of COVID19: 

Using handsanitiser for morphometric and
genetic analysis of zooplankton

L.Q. Choo, G. Spagliardi, K.T.C.A. Peijnenburg
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A B S T R A C T
There is a lack of standardized photography methods for marine zooplankton
and other small organisms due to the difficulty in manipulating such small
and often fragile specimens. Yet, standardized photographs provide impor
tant morphological information to accompany DNAbarcoded specimens,
and allow for indepth morphometric analyses. We used alcoholbased hand
sanitiser, which became widely available during the COVID19 crisis, as a
medium for photographing pteropods of the genus Limacina prior to micro
CT scanning and destructive DNA analysis. The high viscosity and transparen
cy of the hand sanitiser enabled easy handling of the specimens so that they
could be positioned in a standardised orientation and photographed with a
stacking microscope. The high quality photographs provide a record of mor
phology and allow for subsequent geometric morphometric analyses. This
method did not impact the downstream microCT and molecular analyses
and resulted in ten reference DNA barcodes. When alcoholbased hand sani
tiser entered our daily lives due to the COVID19 pandemic, we learned that
we could make use of it as a cheap and easily available resource to make high
quality voucher photographs of zooplankton. This serves as a record of the
morphology of the organism for taxonomic identification and facilitates fur
ther studies involving morphology, growth and ontogeny.
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N E E D F O R H I G H Q UA L I T Y V O UC H E R P H O T O G R A P H S
The COVID19 crisis has disrupted laboratory work globally with severe restrictions to
working in the lab, as well as shortages in reagents and disposables. In spite of that,
it has also provided opportunities for change and innovation. Alcoholbased hand
sanitiser became increasingly more common since the start of the pandemic as a con
venient replacement for soap and water to maintain hand hygiene. Because of the
availability of alcoholbased hand sanitiser, we were inspired to include it as part of
our integrative taxonomy workflow to facilitate the photography of small pteropods.

Shelled pteropods are holoplanktonic gastropods that are a common subject
of global change research, due to their important ecological and biogeochemical
roles and susceptibility to ocean acidification. Shelled pteropods have been regard
ed as bioindicators of ocean acidification, because their thin aragonitic shell is sen
sitive to dissolution under acidified conditions (Bednaršek et al., 2017b; Orr et al.,
2005). Pteropods contribute to the oceanic carbon flux by producing biomass and
sequestering carbon through high phytoplankton grazing (Hunt et al., 2008) and
large downward fluxes of faecal pellets (Manno et al., 2010), mucus nets (Conley
et al., 2018; Noji et al., 1997), and shells (Fabry et al., 2009; Tsurumi et al., 2005).
Pteropods are also prey for heteropods (Böer et al., 2005), amphipods (Bernard,
2006), cephalopods (Hanlon and Messenger, 1998), and, in polar systems, fishes,
seabirds (Hunt et al., 2008) and marine mammals (Lalli and Gilmer, 1989). Their
species diversity and population structure is commonly assessed with DNA bar
codes (e.g., Burridge et al., 2017b; Choo et al., 2021; Hunt et al., 2010; Jennings et
al., 2010; Kohnert et al., 2020), which contributes to a global zooplankton DNA bar
coding reference database.

There is an urgent need for more high quality voucher photographs of speci
mens to complement DNA barcode reference databases of marine zooplankton
(Bucklin et al., 2021b). This allows for the morphological identification of speci
mens, and validation of their DNA barcodes (Bucklin et al., 2016; Laakmann et al.,
2020). The preservation of morphological characters of the specimen, in addition to
sequencing of DNA barcodes, and collection of associated georeferencing, environ
mental and ecological metadata, are important components of an integrative taxon
omy pipeline (Padial et al., 2010). With the aid of these multiple sources of informa
tion, we can successfully assess species boundaries within the zooplankton (Bode et
al., 2017; Burridge et al., 2019; Hirai et al., 2015), and in some cases, resolve (pseu
do)cryptic species identified through DNA barcodes with more thorough inspection
of their morphology (e.g., WallPalmer et al., 2018). While nondestructive DNA
extraction is possible in some zooplankton taxa by subsampling (e.g., Choquet et al.,
2018), or by leaching DNA without damage to calcite shells or chitinous exoskele
tons (e.g., Cornils, 2015; Weiner et al., 2016), in most cases, the small size of zoo
plankton means that they are destroyed during DNA extraction protocols. In these
cases, high quality voucher photographs play a critical role as the only remaining
record of the morphological traits of the barcoded specimen.
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There is a lack of methodological detail as to how zooplankton can be prepared
for taking a high quality stacking photograph. Ideally, these specimens should be
positioned in a standardised orientation to facilitate measurements of body parts,
or to highlight a particular aspect of their anatomy. In coiled gastropods especial
ly, the positioning of the specimen is important to standardise the turn and tilt of
the shell (Callomon, 2019), which directly impacts the suitability of the photo
graphs in geometric morphometrics analyses. Known methods for positioning
small invertebrates for photography vary from malleable tack for dry specimens to
glass slides, wax cradles and stainless steel nuts for wet specimens (Geiger et al.,
2007). Microcomputed tomography (microCT) scanning is a method where spec
imens do not need to be placed in a standardised orientation because 3D recon
structions of their shell morphology are obtained (Shimizu et al., 2018, 2021), but
it is expensive and timeconsuming to have 3D scans for all specimens that are
included in the DNA barcoding pipeline.

As part of our integrative taxonomy pipeline for planktonic gastropods, we
needed to find a reproducible way to image specimens in a standardised orienta
tion before destructive DNA extraction. Alcoholbased hand sanitiser has been
commonly used in positioning and stabilising spiders (e.g., Bilton, 2018; LeMay and
Agnarsson, 2020; ValdezMondragón, 2010) and other macroinvertebrates
(http://www.gigamacro.com/blog/wetspecimenholdermacroinvertebrates) for
photography, as well as in suspending preserved macroinvertebrates in glass vials
for display and outreach activities (https://thedragonflywoman.com/2011/02/21/
handsanitizerpreservation/). The jellylike texture of hand sanitiser allows for
manipulation of the specimen while simultaneously providing enough viscosity for
the specimen to remain in the desired position. To the best of our knowledge, this
is the first documentation of alcoholbased hand sanitiser in zooplankton photog
raphy as part of a DNA barcoding pipeline.

U S E O F H A N D  S A N I T I S E R T O O R I E N T A N D P H O T O G R A P H S M A L L

O R G A N I S M S
We used alcoholbased hand sanitiser in the photography of ten shelled pteropods
belonging to the Limacina genus, representing five nominal species: L. helicina, L.
retroversa, L. bulimoides, L. trochiformis, L. lesueuerii. Alcoholbased hand sanitis
er was used as a positioning medium for photographing the specimen in a stan
dardised apertural orientation. The storebought hand sanitiser we used (‘Dr.
Original’ brand) contained the following ingredients: Denatured alcohol, Water,
Polyacrylamide, C1314 Isoparaffin and Laureth7.

Under the microscope, we prepared the setup for imaging, which consisted of
a watch glass with a small volume of hand sanitiser, atop on a black velvet cloth
which provided a dark background (FIGURE 1A). Each specimen was gently placed on
the blob of hand sanitiser in a watch glass. The specimen was then manipulated
carefully into a standard orientation with a thin brush or stick, to ensure the shell
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axis was parallel to the plane of the camera (FIGURE 1B). The specimen and hand
sanitiser were then covered with a thin layer of 96% ethanol to reduce glare (FIGURE

1C). Subsequently, the shells were photographed using a Zeiss V20 stacking stere
omicroscope with Axiovision software (Zeiss, Germany). Once photographed, each
specimen was rinsed in 96% ethanol and stored in 96% ethanol at 20 °C.

After the photograph was obtained for each specimen, a subset of five individ
uals were used for microCT scanning. Specimens were prepared and scanned
according to the protocol described in (Mekkes et al., 2021a). We also obtained the
mitochondrial Cytochrome Oxidase I (COI) barcode of the 10 individuals. DNA was
extracted and barcoded according to the protocol in Choo et al. (2021). The shells
were washed in 96% ethanol before microCT scanning to prevent possible artefacts
from the gel, and in water before being placed in lysis buffer for DNA extraction to
prevent possible inhibition of the polymerase chain reaction (PCR) due to any
remaining (denatured) alcohol. Sequences were checked and edited in Geneious
Prime 2021.1.1 (https://www.geneious.com) to produce the final sequences that
were submitted to the BOLD database (Ratnasingham and Hebert, 2007, 2013).

I N T E G R AT I V E TA XO N O M Y O F S H E L L E D P T E R O P O D S
Alcoholbased hand sanitiser facilitates the imaging process of ethanolpreserved
shelled pteropods and does not interfere with their downstream microCT scan
ning, DNA extraction, and barcoding. We experienced that orienting the specimens
for stacking photography was efficient with alcohol gel and the transparent shells
contrasted well against the clean dark background provided by the black velvet
cloth. These high quality images can be used for publication and geometric mor
phometric analyses and were included as digital vouchers in a reference database
with minimal editing needed (FIGURE 2).

The DNA extraction and COI barcoding of the 10 specimens were successful,
including those that had the additional step of microCT scanning prior to DNA
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FFIIGGUURREE 11 Imaging setup for Limacina specimens. (A) A glass watch glass was placed on a sheet
on black velvet under the microscope, and hand sanitiser was added within the watch glass.
(B) The specimen was placed within the hand sanitiser and manipulated into position. (C) A
small volume of 96% ethanol was added to completely cover the hand sanitiser.
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extraction. This adds further evidence to initial exploratory experiments (Hall et al.,
2014) that DNA barcoding is compatible with microCT scanning and barcodes can
be reliably amplified despite the radiation from the microCT. The DNA vouchers of
these specimens are stored and accessible through Naturalis Biodiversity Center
(RMNH.MOL347126, 347129, 347279280, 347361, 347363, 34736768, 347375,
347382), and their 2D photographs, 3D microCT reconstructions (where applica
ble) and COI barcodes were submitted to BOLD (BOLD accessions: LPCOI00121
LPCOI01021).

T O WA R D S B E T T E R R E F E R E N C E DATA B A S E S F O R M A R I N E Z O O 
P L A N K T O N
This method of pteropod photography with alcoholbased hand sanitiser has the
potential to be more broadly applied to the barcoding pipelines of other marine
zooplankton taxa. We expect that the increased flexibility in positioning specimens
with hand sanitiser can allow for more accurate measurements of appendages in
planktonic animals such as copepods, euphausiids and other crustaceans, as well
as facilitate the orientation of specimens for observation of diagnostic traits or the
reassembly of fragile species that fall apart upon collection, e.g., siphonophores
for photography. The gelatinous medium also prevents any friction of the speci
mens against a solid surface, substantially decreasing the risk of damaging the frag
ile organisms while orienting them.
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FFIIGGUURREE 22 Stacking photographs (top row) and microCT 3D reconstructions (bottom row) of
one specimen from each of the five nominal Limacina species. (A, F) L. retroversa, (B, G) L.
bulimoides, (C, H) L. trochiformis, (D, I) L. lesueurii, (E, J) L. helicina. The stacking photographs
and microCT reconstructions for each species are of the same individual. The species name
and collection locality are stated beneath each individual.
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We have only tested one brand of hand sanitiser in our protocol. Hand sanitis
er typically contains the active ingredients ethanol, isopropyl alcohol or niso
propanol, and inert ingredients like water, humectants, and stabilisers (Golin et al.,
2020), although the exact compositions may vary by brand. The different composi
tions of ingredients may affect their viscosity and transparency to a large degree
(Berardi et al., 2020). Both viscosity and transparency are important traits that
impact the stability of the specimen after manipulating it into position, and the
image quality of the photograph. We note that the viscosity of the gel can be
increased by decreasing its temperature (e.g., by keeping the hand sanitiser in the
fridge). Trial and error for testing the suitability of different storebought hand
sanitiser brands is necessary. Alcoholbased hand sanitisers also vary in terms of
their alcohol concentrations, between the range of 6095% (Boyce and Pittet,
2002; Edmonds et al., 2012). We have not tested the effect of differing alcohol con
centrations in hand sanitiser, but expect that the exact ethanol concentration of
the alcohol gel matters less than the initial fixation quality of the specimen when
it comes to subsequent DNA extraction and PCR (Stein et al., 2013).

We hope the described methodology can increase the efficiency and quality of
2D stacking photography and encourage the inclusion of digital vouchers in DNA
barcode reference databases of marine zooplankton. It is important to have such
voucher photographs of specimens, especially if specimens have to be destroyed for
DNA extraction (Bucklin et al., 2021b). In this way, although the specimen is no
longer available after barcoding, it is still possible to link genetic information with
phenotypic characters through high quality photographs and 3D reconstructions.
The ease of positioning specimens in a standard orientation also facilitates the chal
lenging photography of younger life stages, such as veliger larvae in gastropods and
nauplii in copepods, prior to DNA extraction. This is necessary to provide a complete
overview of morphology across the life history of the species, facilitate species iden
tifications and resolve cryptic species complexes (Bode et al., 2017). While alcohol
based hand sanitiser entered our daily lives due to a distressing pandemic, we
learned that we can make use of it as a cheap and easily available resource as part
of an integrative DNA barcoding pipeline of marine zooplankton.
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(RMNH.MOL347126, 347129, 347279280, 347361, 347363, 34736768, 347375, 347382) are
accessioned at Naturalis Biodiversity Center, the Netherlands, and available upon request.
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To gain insight into the population structure, biogeographical distribution and
evolutionary potential of pteropods, I studied the circumglobal pteropod

Limacina bulimoides using barcoding genes and genomewide markers. The rela
tive lack of hard physical barriers in the marine realm has led to previous expecta
tions of genetically homogeneous populations across the wide geographical ranges
of marine species, especially in holoplankton that are characterized by large effec
tive population sizes and high dispersal potentials (Allendorf et al., 2010; Norris,
2000; Palumbi, 1994; Peijnenburg and Goetze, 2013; van der Spoel and Heyman,
1983). However, I found genetically distinct and geographically separated lineages
located in the Atlantic, IndoPacific and Pacific Ocean (CHAPTER 4) and populations
separated by dispersal barriers within the Atlantic basin (CHAPTERS 3, 5). This is con
sistent with numerous other studies of marine species where populations are
more structured than expected (e.g. Levin, 2006; Palumbi, 2004; Peijnenburg and
Goetze, 2013), or where cryptic species hiding in plain sight are uncovered with the
aid of genetic techniques (Bucklin et al., 2018; Halbert et al., 2013; Leray and
Knowlton, 2016). 

In my thesis, the observed genetic structure of L. bulimoides was assessed in
relation to their ecology, as well as their morphological variation, which can be
studied more easily through improvements in microscopic imaging techniques
(CHAPTER 6). The results enabled characterisation of species boundaries and disper
sal barriers in L. bulimoides and point to potential drivers of speciation in shelled
pteropods. This contributes to our understanding of their ability to respond to
future ocean changes.

In the following discussion, I summarise my findings from across the different
chapters and point to future research directions, based on the following themes:
1. Added perspectives from genomewide variability
2. Reliability of the COI barcode
3. Assessing barriers to dispersal using genetic and morphometric variation
4. Towards identifying the nature of dispersal barriers in the Atlantic Ocean
5. Species boundaries in the open ocean
6. Potential to adapt to future ocean conditions

A D D E D P E R S P E C T I V E S F R O M G E N O M E W I D E VA R I A B I L I T Y
With the additional information obtained from genomewide probes, a broader
perspective of the evolutionary history of organisms is now possible as compared
to earlier approaches based on the use of a limited number of barcoding genes.
Genomewide target capture probes can provide multiple independent observa
tions of the evolutionary history of an organism, as diploid nuclear genomes are
subject to crossing over and recombination during replication. With these multiple
observations (1000s to 100 000s of single nucleotide polymorphisms, SNPs), the
statistical strength of analyses increases, which facilitates the detection of subtle
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population structure across organisms with high potential for gene flow (Waples,
1998). Hence, genomewide analyses are more suitable for detecting population
structure in oceanic circumglobal species, where genetic differentiation can occur
over a range of spatial scales (Hellberg, 2009; Weersing and Toonen, 2009).

With genomewide probes, we can also better determine whether hybridisa
tion and gene flow have occurred between populations. In CHAPTER 2, discordant
signals between the sequenced fragments of the mitochondrial COI gene and their
sampling locations were recorded, which were identified as expatriates. However,
with genomewide data, I could ascertain that it was likely to be mitochondrial
introgression as these individuals showed nuclear genomic variation that matched
with their sampling location (CHAPTER 5). The introgression appears to be bidirec
tional across the South Atlantic subtropical gyre, as identified with more compre
hensive sampling across individuals in CHAPTER 2. Introgression across the dispersal
barrier in the South Atlantic subtropical gyre could indicate historical hybridisation
of both populations adjacent to the barrier. Introgression is more commonly found
to be unidirectional (Toews and Brelsford, 2012), and the occurrence of bidirec
tional introgression in L. bulimoides may indicate distinct selective pressures or
environmental preferences. We would require more information on their ecology,
behaviour and demography to identify the factors responsible for this pattern of
introgression. 

The multiple regions that are studied across the genome can also be used to
avoid confounding effects when barcoding genes from mitochondrial and nuclear
genomes (e.g., COI and 28S) have discordant histories and it is unclear which gives
a more accurate representation of the species’ evolutionary history (CHAPTER 2).
Discordance between mitochondrial and nuclear genomes can indicate complex
demographic and evolutionary scenarios, because the two genomes do not
respond equally to demographic fluctuations (Després, 2019; Hinojosa et al.,
2019). Hence, it is important to take information from both genomes into account.
Genomewide regions also provide more detail on the population structure in
comparison to barcoding genes, because barcoding genes are often functionally
constrained (Stoeckle and Thaler, 2014). One example is the 28S gene in L.
bulimoides that did not distinguish between the three major genetic lineages
(CHAPTER 2), which could be identified with confidence based on genomewide SNPs
(CHAPTER 4). 

While the genomewide probes provided more insight compared to barcoding
genes, the success of the target capture method varied according to the different
types of probes that were designed. On the whole, the most successful probes
were those of the nuclear coding regions, while probes of the noncoding and
mitochondrial regions did not fare so well. The sole mitochondrial region that was
recovered consistently across individuals with high coverage was the COI barcode
region designed from a Sanger sequenced region instead of a putative mitochon
drial contig from the draft genome (CHAPTER 3). Mixed probe designs combining
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both nuclear and organelle regions may encounter problems in recovering mito
chondrial DNA reliably (Choquet, 2017). Nonetheless, it is also possible that the
putative mitochondrial contig identified from the draft L. bulimoides genome was
incorrect. The mitogenome is usually recovered without much difficulty, as evi
denced in metazoan mitogenome skimming methods (CramptonPlatt et al.,
2016), as there are usually numerous copies of mitochondrial genomes within a
cell for the two copies of autosomal nuclear DNA, providing a natural enrichment
for mitochondrial DNA. However, the L. bulimoides mitogenome appears to be dif
ficult to assemble from a whole genome sequencing effort (CHAPTER 3). Similar dif
ficulties were also encountered with the mitogenome recovery efforts for Calanus
spp., which are also characterized by large and complex genomes (G. Hoarau, per
sonal communication 2021). Additional studies will be needed on the mitochondr
ial genome of L. bulimoides to inform future efforts for assembly and target cap
ture design in other pteropod species.

R E L I A B I L I T Y O F T H E COI  B A R C O D E
The mitochondrial cytochrome oxidase I (COI) gene fragment is the most common
ly used barcode for species identification and delimitation in animals (Pentinsaari
et al., 2016), as it can be reliably amplified with universal primers (Folmer et al.,
1994; Geller et al., 2013; Leray et al., 2013). It is also the most frequently used bar
coding region for the identification of marine zooplankton species, with ongoing
efforts to set up a wellcurated reference database for zooplankton (Bucklin et al.,
2021; see also https://metazoogene.org). The COI barcoding gene fragment has
been shown to resolve population structure in zooplankton species (Burridge et al.,
2017b; Goetze et al., 2017; Miyamoto et al., 2012). Across a wide range of taxa, the
COI region has also been calibrated as a molecular clock, to allow for estimations
of the time of divergence between reproductively isolated populations and species
(Hellberg and Vacquier, 1999; Knowlton and Weigt, 1998; Luttikhuizen et al., 2003;
WallPalmer et al., 2020; Wilke et al., 2009). 

In some cases, the COI gene can have peculiarities which cause it to deviate
from commonly held expectations of its evolution. For example, the COI gene is usu
ally maternally inherited as a haploid copy. However, in some molluscs, specifically
bivalves, doubly uniparental inheritance (i.e., transmission of mitochondria from
both parents) can occur, allowing for recombination (Becking et al., 2016; Ghiselli et
al., 2021; Hoeh et al., 1991; Zouros et al., 1994). There are also cases of nuclear
mitochondrial fragments (numts) across a wide range of eukaryote clades (Song et
al., 2008), where degenerate sequences of the mitochondrial genes are embedded
in the nuclear genome. These nonfunctional sequences accumulate mutations at a
much faster rate than the functional mitochondrial copy, potentially leading to over
estimations of species diversity. Additionally, selection on the mitochondrial
genome and the potential bias caused by introgression can lead to wrong inferences
about demography and evolutionary history (Ballard and Whitlock, 2004).
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My work further illustrates that while the COI barcode is often used in charac
terising species diversity, it should not be the only marker used for phylogenetic or
phylogeographic studies. In L. bulimoides, the patterns of differentiation in the COI
gene do not match completely with genomewide divergence. While I could use
COI to delimit between the Atlantic Ocean and IndoPacific/Pacific lineages, I was
unable to use it to distinguish between the IndoPacific and Pacific lineages, which
show clear nuclear genomewide differences (pairwise FSTFF = 0.300) (CHAPTER 4). I
also recovered only two populations in the Atlantic Ocean based on COI, compared
to three populations with genomewide variation (pairwise FSTFF = 0.1220.196)
(CHAPTERS 2, 5). Therefore, biologically meaningful information is lost if the analysis
relies on the COI gene as the sole marker of divergence. The COI marker is typical
ly expected to accumulate mutations at a faster rate due it its haploid inheritance
and faster mutation rates. However, molluscs are predicted to experience a mito
chondrial mutation rate similar to the nuclear mutation rate due to their high aver
age nuclear diversity (Allio et al., 2017). In L. bulimoides, the COI gene resolved less
population structure than the genomewide nuclear SNPs, despite the exception
ally variable COI fragment, where almost all individuals had a different haplotype
(CHAPTERS 2, 4, 5). Resequencing the whole mitochondrial genome would allow us
to resolve the evolutionary history of the mitochondrial introgression across the
south Atlantic dispersal barrier and complement a genomewide approach that is
needed to obtain the full picture of the evolution into the different lineages seen
today.

A S S E S S I N G B A R R I E R S T O D I S P E R S A L W I T H G E N E T I C A N D M O R
P H O M E T R I C VA R I AT I O N
Shell shape variation in L. bulimoides was not always congruent with genetic differ
entiation. This finding is noteworthy since pteropod shell characters are often used
as taxonomic information for delimiting clades and species (Bé and Gilmer, 1977;
Burridge et al., 2019; Rampal, 2017; van der Spoel, 1967; van der Spoel and Dadon,
1999). By obtaining standardised orientation photographs of all specimens used
for genetic analyses, I was able to compare shell shape variation and genetic diver
gence across a comprehensive dataset of L. bulimoides (CHAPTERS 2, 4, 6). I found
that while shell shape differences corresponded with COI haplogroups in the
Atlantic AMT22 dataset (CHAPTER 2), shell shape seemed to vary with sampling loca
tion rather than genomewide differences across broader spatial scales across the
Atlantic, Pacific and Indian Oceans (CHAPTER 4). This discrepancy may be due to the
different sets of landmarks used to quantify shell shape (8 landmarks in CHAPTER 2
and 11 landmarks in CHAPTER 4). Further investigations are required to determine to
what extent shell shape is correlated with genetic differences and/or environmen
tal factors in L. bulimoides. In addition, there are likely to be physiological and eco
logical constraints on shell shape, since shell shape in holoplanktonic gastropods is
important for locomotion and predator avoidance (Karakas et al., 2020). In other
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gastropods, selection pressures may result in shell shape variation that is incongru
ent with genetic variation. This could be caused by the maintenance of shell fea
tures that directly benefit fitness in the environment despite differing genetic
backgrounds (Dowle et al., 2015; Gemmell et al., 2018), or by phenotypic plastici
ty allowing organisms with similar genetic backgrounds to produce different shell
shapes depending on their environment (Hollander et al., 2006; Hollander and
Butlin, 2010; Mariani et al., 2012; Vermeij, 2002; Zieritz et al., 2010), or by a com
bination of both adaptive variation and plasticity.

Besides shell shape, I observed differences in colour of the shell and tissue of
L. bulimoides, which are correlated with sampling location. Shells with similar
colour from one sampling location may indicate that these individuals form part of
a swarm which have experienced similar environmental conditions, while sites
with specimens of different shell colour may represent individuals from the mixing
of swarms exposed to different environmental conditions, given that plankton are
often patchy in abundance across their distribution (Levin and Segel, 1976; Omori
and Hamner, 1982) and can control their vertical migration (Fossheim and
Primicerio, 2008; McLaren, 1963; Trudnowska et al., 2015). Shell pigments are dis
tributed in a phylogenetically relevant manner in most molluscs and the synthesis
of colour is energetically costly (Williams, 2017). In the plankton, there is a selec
tive advantage to being transparent to appear invisible in the water column so as
to avoid predators (Johnsen, 2001), but this has to be balanced with the protective
properties of pigmentation against UV radiation (Bashevkin et al., 2020; Hansson,
2000). It will be interesting to study how these opposing selection pressures play
out to result in the colour of the shell and tissue in L. bulimoides and other ptero
pod species. Common garden or reciprocal transplant experiments to investigate
the degree of phenotypic plasticity in shell and tissue colour would provide insight
into the potential evolutionary mechanisms behind pigmentation in shelled
pteropods. However, this remains an unlikely prospect until there are more reliable
ways of maintaining pteropods in laboratory culture over their entire life cycle
(Howes et al., 2014).

I identified wing spots as a potential distinguishing trait between the sympatric
IndoPacific and Pacific lineages in the North Pacific Ocean (CHAPTER 4). These spots
occur in pairs on the outer edge of each of the two parapodia (FIGURE 1A). When
the parapodia are retracted, the spots can be visible through the transparent shell
as a roughly vertical line of four dark spots (FIGURE 1B). Because the photos of the
specimens were only taken in one standardised (apertural) orientation before
destructive DNA extraction, I was not able to conclusively determine if those pig
mented spots were absent or not visible on the photographs (CHAPTER 4). Below, I
added additional observations of 29 specimens from a site (KOK1703_03) near
Hawaiʻi, where both IndoPacific and Pacific lineage specimens were identified
from the genomewide dataset. These specimens were photographed both in the
apertural orientation, as well as from the opposite side of the shell along its longest
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axis, to better be able to observe the presence or absence of the pigmented spots.
These specimens can be split into two groups based on their morphological
appearance: with pigmented spots (FIGURE 2A), and without pigmented spots
(FIGURE 2B). By grouping these specimens based on the presence or absence of
wing spots, I observed subtle differences in colour between the two groups.
Specimens with wing spots tend to have a bright orange tint to their shells and tis
sues compared to specimens without wing spots, and this may be related to their
respective diets and the production of pigment within the snail. Further genetic
investigation will be needed to determine if these morphological traits indeed cor
respond with the split into the IndoPacific and Pacific lineages, with the Pacific lin
eage individuals expected to possess the wing spots (CHAPTER 4).

For the photographs shown in FIGURES 1 and 2, and those in CHAPTER 5, orienting
of the shells was done with alcoholbased hand sanitiser. The hand sanitiser allowed
for more accurate and efficient positioning of the shells compared to previously
used media: fine black sand in CHAPTERS 2 and 4, or white putty in CHAPTER 4. The eas
ier positioning of the shells in a standardised orientation means that even juveniles,
which were previously considered as too challenging to photograph due to their
smaller size, can now be included in integrative taxonomy and barcoding pipelines,
and provide useful insight into the ontogeny of shelled pteropods. These photo
graphs were made against a black background to highlight shell outlines and tissue
colour, which is a standard approach used for scientific publication. However, a
white background (as in some specimens for CHAPTER 4) would be better for the visu
alisation of shell colour, especially of the aperture, as the mostly transparent aper
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FFIIGGUURREE 11 (A) Location of the pigmented spots on the outer edges of the wings of a Limacina
bulimoides individual, with its shell cracked to expose the tissue, from the sampling location
KOK1703_03 off Hawaiʻi. (B) Closeup of pigmented spots on dorsal view of the 12 individ
uals in FIGURE 2A. Scale bar indicates 0.5 mm.
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ture blends in against a dark background. With the use of the transparent alcohol
gel, the colour of the background can be easily switched, depending on the purpose
of the photographs. Hence, this method offers a versatile approach for imaging
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FFIIGGUURREE 22 Standardised apertural (left) and dorsal (right) views of Limacina bulimoides speci
mens collected from the sampling location KOK1703_03 off Hawaiʻi, where the IndoPacific
and Pacific lineages are sympatric. (A) Twelve specimens with wing spots that are visible
through their transparent shell on the dorsal view. (B) Seventeen specimens without wing
spots. Overall, specimens with wings spots have a brighter orange tint to their tissue and
shell compared to those without wing spots, which have paler tissue and shell pigmentation.
Scale bar indicates 0.5 mm.

0.5 m
m

A

0.5 m
m

B

// De magenta omlijning geeft de netto maat aan en zal niet zichtbaar zijn in het eindproduct //
// Let op: Dit proef bestand is niet geschikt om correcties in te maken //



573815-L-bw-Bruin573815-L-bw-Bruin573815-L-bw-Bruin573815-L-bw-Bruin
Processed on: 18-2-2022Processed on: 18-2-2022Processed on: 18-2-2022Processed on: 18-2-2022 PDF page: 181PDF page: 181PDF page: 181PDF page: 181

shelled pteropods and potentially other plankton species. A colour standard can
also be included in subsequent photographs to ensure that colour remains consis
tent across all images, so that colour can be quantified objectively for future analy
ses of shell and tissue colour in L. bulimoides.

T O WA R D S I D E N T I F Y I N G T H E N AT U R E O F D I S P E R S A L B A R R I E R S

I N T H E AT L A N T I C O C E A N
I identified two dispersal barriers in L. bulimoides at 1415°N and 1518°S in the
Atlantic (CHAPTERS 2, 5) that appear to be temporally stable, since they have been
recovered over two transects separated by two years and adjacent populations
show no signs of recent introgression, hybridisation or gene flow. Broadly similar
geographic dispersal barriers for other zooplankton across the equatorial region
(Andrews et al., 2014; Burridge et al., 2015; Casteleyn et al., 2010; Norton and
Goetze, 2013; WallPalmer et al., 2016b) and southern subtropical gyre (Judkins,
2014) have previously been identified. Zooplankton population structure has been
attributed to regions of suboptimal habitat leading to low population abundances
and inability to sustain a stable population across the unsuitable habitat (Goetze et
al., 2017; Norris, 2000; Peijnenburg et al., 2004). Population structure in zooplank
ton has also been shown to persist over time with sampling across repeated tran
sects (Goetze et al., 2017; Iacchei et al., 2017). It is still unknown whether the dis
tribution or abundance of populations varies in accordance with seasonal environ
mental fluctuations, and repeated sampling of the Atlantic transect, over different
seasons, will be needed to understand the effect of seasonal variability on the pop
ulation barriers. Additional studies of population genetic structure in other species
from the pelagic community can be used to detect if such barriers are species spe
cific, or form multispecies biogeographic breaks (Avise, 2009; Barber et al., 2000;
Johannesson et al., 2020; Stanley et al., 2018).

These putative dispersal barriers are surprisingly narrow given the large spatial
range of L. bulimoides and the seasonally variable and fluid marine environment.
This can be attributed to potential reproductive incompatibilities between the
Atlantic populations due to historical divergence followed by secondary contact
(elaborated upon in the next section). However, strong selection against hybrids or
immigrants may also be sufficient to maintain this pattern of genetic structuring
(Prada and Hellberg, 2014; Singhal and Moritz, 2012). For this to occur, there
should be steep ecological clines, across which selection pressures against the dif
ferent variants can act. Seascape genomics approaches, which study the associa
tion of genetic polymorphisms with particular environmental conditions (Riginos
et al., 2016) can be used to identify the physicalchemical parameters that are
responsible for the spatial partitioning of L. bulimoides populations in the pelagic
environment, such as ocean currents, temperature, salinity, carbonate chemistry
or food availability. When plotted against the chlorophyll a profiles of the AMT22
and AMT24 cruise tracks, the North and South Atlantic populations are located
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within oligotrophic subtropical gyre systems, while the Equatorial population is
mostly restricted to the more mesotrophic equatorial current system (CHAPTERS 2
and 5). The transitional zones between these habitats may function as barriers
mediated by ocean currents, which may lead to limited exchange between the dif
ferent currents where individuals passing through may still survive but fail to lead
to viable offspring reliably. We will need to screen more individuals, including both
juveniles and adults, from across these transitional zones to determine whether
such advected individuals exist and whether they contribute to gene flow across
these dispersal barriers. By including ocean current models to calculate the disper
sal distance between sampling locations, and correlating that with the extent of
gene flow, it can be determined if dispersal is indeed limiting for the species,
despite the commonly held assumption of boundless dispersal in the pelagic envi
ronment. This can be informative for predicting future distributions of the species
based on models of future climate projections to predict their ability to persist in
the face of environmental change. More in‐situ observations of the ecology of L.
bulimoides are needed for ecological niche modelling with predictive models of
future conditions to identify whether the three Atlantic populations can persist, or
whether genetic mixing, facilitated by increased connectivity, will occur due to
changes in the ocean environment.

S P E C I E S B O U N DA R I E S I N T H E O P E N O C E A N
Historical geographic isolation, followed by secondary contact, can be a possible
contributing mechanism to the divergence of L. bulimoides in the open ocean, given
the geographical separation between lineages in the Atlantic, Pacific and Indian
Ocean (CHAPTER 4). The divergence of the three main lineages, assuming a genera
tion time of one year, was dated to the mid–Pleistocene transition (CHAPTER 4), a
period characterised by global cooling, changing ocean circulation and lengthening
of glacial stages (Clark et al., 2006; Elderfield et al., 2012; McClymont et al., 2013).
The midPleistocene transition appears to be a driver of evolutionary change, as it
has been linked to allopatric speciation in coastal fauna (Yuasa et al., 2021) and
pelagic coccolithophores (Filatov et al., 2021) as well as drastic changes in marine
biota, such as a mass extinction event of benthic foraminifera coupled with phyto
plankton evolution (Kender et al., 2016). The fluctuations in temperature, sea level
and ocean currents from glacialinterglacial cycles during the Pleistocene, including
an estimated 5 °C decrease in tropical sea surface temperatures during the last gla
cial maximum (Shakun and Carlson, 2010), could have resulted in repeated oppor
tunities for genetic differentiation and hybridisation of marine plankton (Norris and
Hull, 2012; Peijnenburg et al., 2004). Such events can be recovered as genetic signa
tures of changes in population size (CHAPTER 4), even in pelagic species known to
have high effective population sizes in the modern ocean.

While the ocean is an environment where high dispersal and connectivity is
possible, most holoplanktonic species do not manage to colonise the entire ocean
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and appear to be locally adapted (Peijnenburg and Goetze, 2013). Ocean currents
are considered one of the main driving forces of the spatial structuring of zoo
plankton (LasoJadart et al., 2021; Richter et al., 2019; SommeriaKlein et al.,
2020). Especially for epipelagic plankton, winddriven surface currents influence
the bulk of their transport, with few organisms that survive when advected into the
thermohaline circulation of the deep ocean, although rare instances of long dis
tance deepsea transport have been documented (Banks et al., 2007; Bik et al.,
2010; Darling et al., 2000). In addition to ocean currents over large spatial scales,
seascape features like atolls, straits and shoals can also influence connectivity and
gene flow at local to regional scales (Lal et al., 2017) although these features are
probably less relevant to oceanic plankton. Plankton can also be organised into
their spatial niches via ecological selection (Ward et al., 2021). Even if locations are
connected by currents, not all individuals may survive to reproduce because of
exposure to environmental conditions outside their range of tolerance, or compe
tition with the resident species, leading to a reduction in population size and insuf
ficient numbers to sustain a population. Hence, despite the lack of apparent phys
ical barriers, most marine pelagic species can experience geographic isolation,
which can facilitate the accumulation of independent genetic divergences on the
road to speciation.

Do the genetic differences of the different L. bulimoides lineages and popula
tions indicate that they should be classified as different species? This depends on
the species concept used. Here I used the reproductive species concept, where
species are groups of actually or potentially interbreeding populations that are
reproductively isolated from other such groups. Despite genomic evidence point
ing towards reproductive isolation between the three main lineages, namely the
Atlantic, IndoPacific and Pacific lineages, as well as between the three Atlantic
populations, I prefer to err on the side of caution and refrain from assigning new
species names. By assessing the genomic variability in L. bulimoides, I observed
that in the Atlantic, IndoPacific and Pacific lineages, there was no recent gene flow
between any of the lineages (CHAPTER 4). The three Atlantic populations had a high
proportion of ancestry, but also did not show signs of gene flow (CHAPTER 5). For the
absence of gene flow to be maintained over time in a potentially interconnected
and fluctuating environment, it seems likely that reproductive isolation plays an
important role in separating these lineages and populations. However, I still do not
have conclusive data about morphological and ecological differences between the
lineages, and thus lack sufficient information for an integrative taxonomy frame
work to delimit new species (Dayrat, 2005; Padial et al., 2010). It is difficult to
recombine species after splitting them, especially in the scientific literature, where
naming inconsistencies can confuse and set back progress, hence it is not a deci
sion to be taken lightly to name new species. In addition, there is a matter of how
useful the new species boundaries are, when they cannot be identified by eye, and
genomic analyses are currently required to distinguish them. However, even with
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out distinct names, the different genetic lineages can and should be recognised as
such and be analysed as evolutionarily distinct units. Such units have different evo
lutionary trajectories and are likely to respond differently to global change stres
sors such as ocean acidification.

P O T E N T I A L T O A DA P T T O F U T U R E O C E A N C O N D I T I O N S
While additional functional genomic analyses will be required to determine
whether L. bulimoides has the capacity to adapt to changing conditions, their cur
rent high levels of standing genetic variation within lineages and populations
across their geographical range is a positive sign (CHAPTERS 4, 5; Bitter et al., 2019;
Ørsted et al., 2019; Peijnenburg and Goetze, 2013). The spatial genetic partitioning
of this circumglobal species complex and extent of genetic differentiation between
populations also suggest that they may be already locally adapted to regional
oceanic conditions. Since I used target capture to obtain the genomewide varia
tion where the probes were designed based on known genomic regions, it could be
possible to trace outlier loci and link them to their physiological function. Such loci
may be associated with environmental clines, and could be used to identify genes
under selection. When shelled pteropods are used as bioindicators to monitor the
impact of ocean acidification, it is important to account for differences among their
distinct evolutionary lineages, which are likely to have different environmental tol
erances. Niche conservatism, the hypothesis where a species’ niche remains con
stant through space and time, cannot be assumed across divergent populations
(McGinty et al., 2021). The absence of apparent bottlenecks in the recent demo
graphic history of L. bulimoides, as well as current genetic diversity estimates with
in lineages and populations, suggest that lineages have been relatively unaffected
by the repeated periods of glacialinterglacial transitions and increases the likeli
hood that they may be able to cope with environmental change. The rate of cur
rent ocean change, however, is likely to be unprecedented (Brierley and Kingsford,
2009; Zeebe et al., 2016), and it is unknown whether species and communities can
keep up with this rate of change (Bell, 2013). Full assessment of the potential of L.
bulimoides to adapt to future conditions would require an indepth study into the
genetic variation of the functional genes that could provide a selective advantage
in a changing ocean, as well as documentation of their rate of evolution.

It is unclear how anthropogenic climate change might affect the current dis
persal barriers of L. bulimoides in the Atlantic Ocean. The Atlantic Meridional
Overturning Circulation has been projected to decline, while gyre systems are
expanding polewards (Yang et al., 2020). The distribution ranges of L. bulimoides
and other subtropical zooplankton species are likely to move polewards as well
(Benedetti et al., 2021; Burrows et al., 2011; Poloczanska et al., 2016), assuming
the range shifts are within the physiological tolerances of the organisms (Kleypas,
2015). Changes in ocean circulation can severely disrupt oceanic conditions as we
know them today, resulting in changes in primary production, and subsequent
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trophic mismatches down the food chain (Benedetti et al., 2021; Ji et al., 2010).
This can result in shifts in the locations or even the disappearance of the dispersal
barriers of L. bulimoides. It is also worth noting that increased anthropogenic
movement via ballast water from shipping, may play a role in transferring individ
uals across dispersal barriers, a phenomenon known as cryptic dispersal (David and
Loveday, 2018). Over time, with a sufficient number of individuals transferred,
genetic homogenisation may occur if there is no selective pressure against
migrants, leading to an eventual loss of global genetic diversity. 

Overall, calcifying species in tropical and subtropical waters are unlikely to be
severely impacted by ocean acidification in the near future, as aragonite saturation
levels in the subtropical oceans are projected to decline but still remain well above
those needed for calcification during the next several decades (Hartin et al., 2016;
Jiang et al., 2015; Orr et al., 2005). Hence, L. bulimoides and other (sub)tropical
shelled pteropods will not be exposed to very strong selective pressures to main
tain their shell integrity, at least not within the next decades. The same cannot be
said for the polar and subpolar species of Limacina, including L. helicina and L.
retroversa (Magnan et al., 2021), as these species are already facing increasing
ocean acidification and temperatures leading to physiological stress (Maas et al.,
2018; Mekkes et al., 2021a), regime shifts within the community (Defriez et al.,
2016), and are predicted to experience even more drastic rates of change in the
near future (Hartin et al., 2016; Terhaar et al., 2020).

F U T U R E D I R E C T I O N S
In summary, I investigated genetic variation across the geographic distribution of
the circumglobal shelled pteropod Limacina bulimoides, as a first step towards an
improved understanding of the adaptive potential of pteropods. The aims of iden
tifying the extent of genetic structuring, evolutionary history and putative mode of
speciation in the open ocean were fulfilled, and a preliminary assessment of the
adaptability of populations to future ocean changes was made.

In terms of future directions, we can analyse outlier loci and their putative gene
functions based on the current genomewide probes, to gain further insight into the
adaptive significance of the observed genetic variation in shelled pteropods. With
the current dataset of genomewide variants across the Atlantic Ocean (CHAPTER 5),
we can detect signals of local adaptation between populations, through methods
such as OutFLANK to identify FSTFF outliers (Whitlock and Lotterhos, 2015) or the
Population Branch Statistic (PBS) which can detect populationspecific allele fre
quency deviations (Choudhury et al., 2014; Yi et al., 2010). Because such outlier loci
can be traced back to their target capture probes, we can obtain functional genetic
information about them, based on their respective categories such as putative bio
mineralisation genes or conserved pteropod coding regions in the genome (CHAPTER

3). These sequences can then be compared against online databases to identify
related proteins and possible functional annotations, and associate them with their
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possible physiological roles in L. bulimoides. Having a whole genome assembly avail
able for pteropods would greatly facilitate the detection of selected regions, as
physically linked regions such as genomic islands and structural variants, have been
commonly implicated in studies of adaptation and speciation (Feder and Nosil,
2010; Kess et al., 2021; Therkildsen et al., 2019; Wolf and Ellegren, 2017; Yeaman
and Whitlock, 2011). By combining population genomics and functional studies, it
may be possible to directly link past adaptation to selection pressures, and achieve
an understanding of their adaptive potential to future climate change.

I propose more sampling in the contact zones, where distinct lineages and pop
ulations meet (Johannesson et al., 2020), to gain more insight into the process of
genetic differentiation and speciation within L. bulimoides across time and space.
Additionally, depthstratified sampling is needed across more locations in the
North Pacific Gyre where the IndoPacific and Pacific lineages are sympatric, for a
better understanding of the mechanisms involved in their reproductive isolation. A
region that is currently severely undersampled is the IndoAustralian Archipelago,
which represents the area of highest marine diversity (Lohman et al., 2011; Obura,
2016). Sampling in this area could provide further insight into the distribution and
divergence between and within the IndoPacific and Pacific lineages. Depthstrati
fied sampling and metabarcoding of gut contents of L. bulimoides will be needed
to assess if distinct lineages or populations have different ecological niches, which
could provide support for ecological divergence. Morphological differences, such
as the wing spots between the two sympatric lineages of L. bulimoides, could also
provide clues for the mechanisms of reproductive isolation. 

More finescale sampling of L. bulimoides along gradients across the two dis
persal barriers in the Atlantic Ocean is also needed to characterise the strength of
these barriers, as well as the frequency of individuals exhibiting introgressed mito
chondrial signals. To be able to assay a much larger number of individuals, while
keeping costs down, an important next step is to design a genotyping panel of sev
eral candidate loci from the ~2900 loci that were included in the target capture
design (CHAPTER 3). By applying the genotyping panel to individuals collected from
the barrier regions, including both juveniles and adults, across different times of
the year, it will be possible to determine whether the dispersal barriers in the
Atlantic are porous, leading to expatriates or hybrids, or whether these barriers are
difficult to cross, lending support to an allopatric model of speciation. A historical
perspective with the pteropod fossil record or environmental DNA from deepsea
sediment, as in (Morard et al., 2017), could be useful as additional source of infor
mation about previous distributions, relative abundances and population connec
tivity of genetic lineages.

This thesis is a first effort to assess the genomic variation and population struc
ture of pteropods, which has revealed important information on their biogeograph
ical distribution, barriers to dispersal, and genetic and morphometric variability.
From conventional genetic barcoding methods to novel genomewide probes,

186

General discussion

// De magenta omlijning geeft de netto maat aan en zal niet zichtbaar zijn in het eindproduct //
// Let op: Dit proef bestand is niet geschikt om correcties in te maken //



573815-L-bw-Bruin573815-L-bw-Bruin573815-L-bw-Bruin573815-L-bw-Bruin
Processed on: 18-2-2022Processed on: 18-2-2022Processed on: 18-2-2022Processed on: 18-2-2022 PDF page: 187PDF page: 187PDF page: 187PDF page: 187

specifically designed for the circumglobal L. bulimoides, I found that this species is
composed of distinct, spatially separated lineages, with higher than expected spa
tial genetic structuring. Moving forward, additional sampling, indepth outlier
analyses, and seascape genomics are needed to gain further insight into the drivers
of genetic divergence and the evolutionary future of this genetically diverse and
ecologically important species complex. The successful application of genomewide
techniques on the nonmodel zooplankton species L. bulimoides paves the way for
the application of such techniques to other pteropod species, which are widely
studied and used as bioindicators of ocean acidification. This will provide much
needed genomic perspectives on their potential to adapt to ongoing and unprece
dented changes in oceanic conditions expected in the Anthropocene.
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Summary

Rising atmospheric CO2 concentrations cause ocean acidification, a decrease in
pH that threatens the existence of many marine calcifying organisms. Shelled

pteropods are marine planktonic snails that are regarded as bioindicators of ocean
acidification because their thin aragonitic shells are susceptible to dissolution.
Despite their small body size, shelled pteropods play an important role in the
ocean’s carbonate budget and in marine food webs worldwide. Experiments have
been conducted on shelled pteropods to assess their shortterm responses to
ocean acidification, but little is known about their evolutionary potential to adapt
to longterm environmental changes. It is not possible to directly observe the evo
lutionary process due to difficulties in maintaining pteropods in lab cultures and
their relatively long generation times. However, we can gain insight into factors
affecting their adaptive potential by analysing levels of standing genetic variation
within populations, gene flow between populations, and demographic fluctuations
during their evolutionary history from genomic data. 

While pteropods live in an open ocean environment and are hypothesised to
have high effective population sizes and dispersal potentials, it is unknown if ptero
pod species are genetically homogeneous across their broad spatial ranges, or
composed of several distinct populations. Given their roles as bioindicators, it is
necessary to accurately assess their species boundaries because different species
have different evolutionary trajectories and may have different sensitivities. In this
thesis, I aimed to assess the spatial distribution of genetic variation within the
shelled pteropod genus Limacina, to gain insight into the drivers of population
structure in the open ocean and to obtain a better understanding of their evolu
tionary history and adaptive potential. Limacina bulimoides was chosen as a focal
species because of its broad subtropical distribution and high abundance across
the globe. Hence, levels of genetic variability in this species could be assessed at a
population level across various spatial scales. 

In CHAPTER 2, we assessed the population structure of L. bulimoides across a lat
itudinal transect in the Atlantic Ocean using partial DNA sequences of two barcod
ing genes, namely the mitochondrial cytochrome oxidase I (COI) and nuclear ribo
somal 28S genes. Genetic differentiation of L. bulimoides across the sampling sites
was compared to their shell shape variation and placed within the context of their
abundance along an equivalent transect sampled two years later. We uncovered
two dispersal barriers, one across the equatorial upwelling region between 15°N
and 4°S, supported only by differentiation at the nuclear 28S locus, and the other
dispersal barrier in the southern subtropical gyre, at 1518°S, which was support
ed by both barcoding genes and shell shape variation. The locations of these dis
persal barriers were congruent with regions of low abundance, supporting the
hypothesis that areas of suboptimal habitat may function as barriers to dispersal in
holoplanktonic organisms.
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In CHAPTER 3, we developed a target capture approach to investigate genome
wide variation in the pteropod L. bulimoides, which was also tested on related
pteropod species L. trochiformis, L. lesueurii, L. helicina and Heliconoides inflatus.
A 2.9 gigabase draft genome of L. bulimoides was generated, and used in conjunc
tion with a draft transcriptome to develop a set of genomewide target capture
probes, comprising 2812 single copy nuclear genes, including conserved protein
coding regions, the 28S rDNA sequence, ten mitochondrial genes, 35 candidate
biomineralisation genes and 41 noncoding regions. These probes were successful
in obtaining detailed genomic information from the target species L. bulimoides
with 97% of the targets being recovered.

In CHAPTER 4, we applied the target capture probes developed in CHAPTER 3 to
analyse spatial patterns of divergence of L. bulimoides across the global ocean.
Genomic variation was studied with 107,214 single nucleotide polymorphisms
(SNPs) from across 161 individuals, while shell shape variation was analysed using
geometric morphometric analyses of shell images. We identified three distinct lin
eages, which we called the Atlantic, IndoPacific and Pacific lineage, based on their
geography. We found no evidence of recent gene flow between the three lineag
es, not even between the IndoPacific and Pacific lineages that occur sympatrical
ly in the North Pacific. The timing of divergence between the lineages was estimat
ed to be during the midPleistocene transition around 1 million years ago, while
the fluctuations in population size within lineages coincided with known glacial
interglacial transitions. Shell shape was subtly different but overlapping between
the lineages, and could not be used to distinguish them. However, we identified tis
sue pigmentation within the North Pacific individuals of the Pacific lineage as a
potential distinguishing trait from the sympatric IndoPacific lineage. Hence, the
circumglobal L. bulimoides is actually composed of three reproductively isolated
lineages with more restricted distribution patterns that partially overlap.

In CHAPTER 5, we focused on the genomewide diversity of 142 L. bulimoides
individuals of the Atlantic lineage, with 97,425 SNPs obtained using target capture
probes. The three populations that were tentatively identified in CHAPTER 2 were
confirmed by the genomewide analysis, namely the North, Equatorial and South
Atlantic populations, with no evidence of recent gene flow between them. The dis
persal barriers between the three populations were narrowed down to 1415°N
and 1518°S. The presence of narrow dispersal barriers and absence of genetic
mixing suggests that (bio)physical barriers, natural selection, or a combination of
both could be keeping populations apart, although more analyses are required to
identify the processes maintaining this population structure. The mitochondrial
and nuclear signals were incongruent for some individuals, which suggest (ancient)
mitochondrial introgression between populations.

In CHAPTER 6, we demonstrated a new method in which alcoholbased handgel,
which was widely distributed during the COVID19 crisis, was used to position
shelled pteropods under the microscope for standardised photographs and mor
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phometric analysis. The new method was more efficient than previous positioning
methods used. There is potential for broader application of this method for the
taxonomic identification, and the morphological and ontogenetic study of other
small molluscs and planktonic organisms. 

In CHAPTER 7, I summed up the findings from CHAPTERS 26 and point to future
research directions. My thesis has shown that genomewide markers provide addi
tional insights into the population structure and evolutionary history of L.
bulimoides compared to barcoding genes. I found that L. bulimoides is not geneti
cally homogeneous across its range, but is composed of at least three reproduc
tively isolated lineages across the Atlantic, Indian and Pacific Oceans. Detailed
analysis of the Atlantic lineage revealed further population structure, with three
distinct populations separated by narrow dispersal barriers. Looking forward, the
methods used to access genomic information in L. bulimoides can be applied to
other shelled pteropods, including species in (sub)polar regions, which are already
experiencing the effects of a rapidly acidifying ocean.
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Samenvatting

De toenemende hoeveelheid CO2 die door menselijke activiteiten in de atmos
feer wordt gebracht leidt tot verzuring van de oceaan. Dit is een proces waar

bij het zeewater geleidelijk zuurder wordt, waardoor het voor kalkvormende
organismen steeds moeilijker wordt om hun schaaltjes of schelpen te bouwen.
Pteropoden, ook wel zeevlinders genoemd, zijn een groep planktonslakken die
extreem gevoelig lijken te zijn voor oceaanverzuring vanwege hun dunne huisjes
gemaakt van aragoniet (een zeer oplosbare vorm van calciumcarbonaat). Ook al
zijn zeevlinders slechts enkele millimeters tot een centimeter groot, ze spelen een
belangrijke rol in de mariene voedselketen en het carbonaat budget van de oce
aan. Korte termijn experimenten hebben aangetoond dat zeevlinders te lijden heb
ben onder oceaanverzuring. Echter, we weten niet of zeevlinders zich kunnen aan
passen op de lange termijn. Het is niet mogelijk om het evolutionaire proces direct
te observeren want het is zeer moeilijk om zeevlinders in het lab te kweken en ze
hebben een relatief lange generatietijd (ongeveer een jaar). Maar we kunnen wel
inzicht krijgen in factoren die hun aanpassing op de lange termijn bepalen, zoals de
hoeveelheid genetische variatie binnen en tussen populaties, de mate van uitwis
seling tussen populaties, en fluctuaties in populatiegrootte gedurende hun evolu 
tionaire geschiedenis. Dit kan worden afgeleid uit het DNA.

Pteropoden leven in de open oceaan en algemeen wordt aangenomen dat ze
grote effectieve populaties hebben en zich zeer goed kunnen verspreiden. Echter,
we weten niet of soorten genetisch homogeen zijn over het hele gebied waarin ze
voorkomen, of dat ze uit verschillende populaties of (onder)soorten bestaan.
Omdat zeevlinders worden gezien als bioindicatoren of graadmeters van oceaan
verzuring is het belangrijk om de diversiteit aan soorten goed te kennen.
Verschillende soorten hebben namelijk een verschillende evolutionaire geschiede
nis en kunnen daarom verschillend reageren op veranderingen in hun leefomge
ving. In dit proefschrift heb ik gekeken naar de verspreiding van genetische varia
tie in het genus Limacina om meer inzicht te krijgen in de processen die een rol
spelen in het ontstaan van verschillende populaties en soorten in de open oceaan,
alsmede hun potentieel om zich te kunnen aanpassen aan een toekomstige oce
aan. Mijn onderzoek heeft zich met name gericht op Limacina bulimoides omdat
deze soort in grote aantallen voorkomt en een wereldwijde verspreiding heeft.
Hierdoor kon ik de genetische variatie goed bestuderen aan de hand van voldoen 
de individuen uit verschillende oceaanbekkens. 

In Hoofstuk 2 hebben we de populatiestructuur van L. bulimoides bestudeerd
langs een noordzuid transect in de Atlantische Oceaan aan de hand van twee bar
coding genen, namelijk het mitochondriale cytochroom oxidase I (COI) gen en het
nucleaire ribosomale 28S gen. We hebben genetische differentiatie tussen popu
laties vergeleken met morfologische variatie in schelpvorm, en ook gekeken naar
de abundantie langs een vergelijkbaar transect dat twee jaar later is bemonsterd.
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We ontdekten twee dispersie barrières: één barrière was gelegen in het gebied van
de equatoriale oceaanstromen tussen 15°N en 4°S en werd alleen ondersteund
door het nucleaire 28S gen. De tweede barrière was in de ZuidAtlantische gyre
tussen 15°S en 18°S, en werd ondersteund door beide genen en door verschillen in
schelpvorm. De locaties van deze barrières overlapten met een afname in popu
latie dichtheden. Dit ondersteunt de hypothese dat suboptimale gebieden
mogelijk leiden tot dispersie barrières in het plankton van de open oceaan.

In HOOFDSTUK 3 hebben we een ‘target capture’ methode ontwikkeld om vari
atie verspreid over het hele genoom van de pteropode L. bulimoides te onder
zoeken. Daarnaast hebben we deze methode getest op de verwante soorten L.
trochiformis, L. lesueurii, L. helicina en Heliconoides inflatus. Op basis van een
eerste gefragmenteerd genoom van 2.9 gigabase en een transcriptoom van L.
bulimoides zijn de capture probes ontwikkeld. Deze probes omvatten 2.812 ‘single
copy’ nucleaire genen, het 28S rDNA gen, tien mitochondriale genen, 35 kandidaat
biomineralisatie genen en 41 nietcoderende stukken. De probes waren succesvol
om variatie over het hele genoom van L. bulimoides te onderzoeken (97% van de
beoogde DNA sequenties zijn teruggevonden).

In HOOFDSTUK 4 zijn de ‘target capture probes’, die we hebben ontwikkeld in
HOOFDSTUK 3, gebruikt om de ruimtelijke verspreiding van genoom variatie in L. buli‐
moides over de wereldwijde oceaan te onderzoeken. Genoom variatie is bestu 
deerd aan de hand van 107.214 ‘single nucleotide polymorphisms’ (SNPs) van 161
individuen, terwijl hun schelpvorm werd onderzocht met een geometrische mor
fometrische analyse op basis van gestandardiseerde foto’s. We ontdekten drie
evolutionaire lijnen van verwantschap, die we de Atlantische, IndoPacifische en
Pacifische lijn hebben genoemd op basis van hun verspreidingen. We vonden geen
enkel bewijs van genetische uitwisseling tussen deze drie lijnen, zelfs niet tussen
de IndoPacifische en Pacifische takken welke samen voorkomen in de Noord
Pacifische Oceaan. Op basis van genetische differentiatie schatten we dat de lijnen
zijn gesplitst tijdens het middenPleistoceen, ongeveer 1 miljoen jaar geleden.
Fluctuaties in populatiegrootte van de lijnen lijken samen te vallen met transities
tussen ijstijden en interglacialen. De schelpvorm verschilde subtiel tussen de ver 
schillende lijnen maar vertoonde ook overlap, en kan daarom niet gebruikt worden
als een morfologisch kenmerk. Echter, we hebben pigmentvlekken op de ‘vleugels’
van pteropoden van de Pacifische lijn ontdekt, die een mogelijk kenmerk zijn om
de Pacifische lijn van de sympatrische IndoPacifische lijn te kunnen onderschei
den. Dus hoewel L. bulimoides een wereldwijde verspreiding heeft, bestaat deze
‘soort’ in feite uit drie reproductief geïsoleerde lijnen (wellicht zelfs drie afzonder
lijke soorten) met meer beperkte en deels overlappende verspreidingspatronen.

In HOOFDSTUK 5 hebben we de genoomwijde variatie van 142 L. bulimoides indi
viduen uit de Atlantische Oceaan onderzocht, op basis van 97.425 SNPs verkregen
middels de ‘target capture probes’ uit HOOFDSTUK 3. De resultaten van deze genoom
wijde studie bevestigen dat de Atlantische lijn bestaat uit drie verschillende popu
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laties, zoals eerder voorgesteld in HOOFDSTUK 2, namelijk een NoordAtlantische,
Equatoriale, en ZuidAtlantische populatie, zonder enige indicatie van recente
genetische uitwisseling tussen deze populaties. De twee dispersie barrières zijn
nader gespecificeerd en gelokaliseerd op 1415°N en 1518°S. Het bestaan van der
gelijke nauwe dispersie barrières in de open oceaan en het ontbreken van geneti 
sche uitwisseling, suggereert dat fysische barrières zoals oceaanstromingen, na 
tuur lijke selectie, of een combinatie hiervan heeft geleid tot het uit elkaar houden
van de populaties. Echter, verdere analyses zijn nodig om meer inzicht te krijgen in
de processes die verantwoordelijk zijn voor deze populatie structuur. De mitochon
driale en nucleaire signalen waren soms tegenstrijdig, wat betekent dat er waar 
schijnlijk (historische) introgressie tussen de populaties heeft plaatsgevonden.

In HOOFDSTUK 6 beschrijven we een nieuwe methode, gebruikmakend van de
alcoholhandgel die ruim voor handen was tijdens de COVID19 crisis, om zeevlin
ders te positioneren onder de microscoop en gestandardiseerde foto’s te maken
voor morfometrische analyses. De nieuwe methode bleek veel efficiënter dan de
eerder gebruikte methodes. Daarnaast zou deze methode kunnen worden toege
past voor morfologische identificatie en ontogenetische studies van andere kleine
mollusken en plankton.

In HOOFDSTUK 7 heb ik alle bevindingen van HOOFDSTUKKEN 26 samengevat en
richtingen voor toekomstig onderzoek aangegeven. Mijn proefschrift heeft laten
zien dat genoomwijde merkers meer inzicht geven in de populatiestructuur en
evolutionaire geschiedenis van L. bulimoides dan de barcoding genen die gewoon
lijk gebruikt worden. Ik heb gevonden dat L. bulimoides niet genetisch homogeen
is over het hele verspreidingsgebied, maar bestaat uit tenminste drie genetisch ge 
isoleerde evolutionaire lijnen in de Atlantische, Indische en Pacifische Oceaan.
Binnen de Atlantische lijn vonden we nog verdere ruimtelijke structuur met drie
populaties gescheiden middels twee nauwe dispersie barrières. Kijkend naar de
toekomst, zie ik dat de nieuwe methoden die ik heb gebruikt om te kijken naar
variatie binnen het genoom van L. bulimoides ook kunnen worden toepast op
andere zeevlinders, wat met name interessant zal kunnen zijn voor de (sub)polaire
pteropode soorten die op dit moment al te lijden hebben onder de steeds zuurder
wordende oceaan.
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