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General Abstract

Copepods of the genus Calanus dominate the zooplankton biomass in the North
Atlantic, Arctic, and Northern Pacific regions (Northern seas) and play a key role in
marine ecosystems. Calanus species have been the focus of numerous ecological
research, especially climate change related studies because of their sensitivity to
environmental changes. Indeed, Calanus species are among the fastest organisms to
respond to climate variations by shifting their distributions, potentially impacting the
whole ecosystem. Therefore, these species are often used as indicators of climate
change. Despite their popularity, species-level identification remains a challenge within
the genus because of their morphological similarities and overlapping distributions.
Molecular species identification using limited numbers of mitochondrial and nuclear
genes have been very useful but can also have limited resolution to fully discriminate all
the closely related species within the genus. Genome-wide molecular markers, such as
single nucleotide polymorphism (SNPs) are powerful tools to address taxonomic issues
compared to traditional molecular markers. However, generating genomic resources
for Calanus has been challenging mainly because of their huge and complex genomes
ranging between ~6 to 12 Gbps. Nonetheless, reduced-representation sequencing (RRS)
methods offer a solution to these problems by sequencing only portions of the whole
genome. Therefore, the overall goal of this thesis is to use RRS methods to generate
genome-wide polymorphism data to address taxonomical challenges related to the
species-level identification in the genus Calanus in the Northern seas (i.e., species

boundaries, putative hybridization, and species complex).

Phylogenetic relationships within the genus Calanus have only been partially
resolved. Fifteen new transcriptomes were generated and assembled for five Calanus
species. Single copy orthologs from transcriptome data were used to reappraise,
Calanus phylogeny and the resulting phylotranscriptome analysis resolved phylogenetic
relationships and revealing a tree topology similar to a previously proposed phylogeny

based on morphology. The functional annotation of protein families based on clusters



of orthologous genes (COG) and gene ontology (GO) annotations showed conserved and
analogous patterns of protein functions across species and also identified protein-
coding genes that are present in other Arthropods but are absent among all Calanus.
Both genes are related to sphingolipid metabolism, which has not yet been explored in
Calanus. Furthermore, the two new high-quality de novo transcriptomes generated (for
C. hyperboreus and C. marshallae) contributed to the existing transcriptomic resources

available for the genus Calanus.

The recent application of molecular tools has unveiled numerous areas of
sympatry among C. helgolandicus, C. finmarchicus, C. glacialis, and C. hyperboreus in the
North Atlantic and Arctic regions, raising questions about the porosity of species
boundaries within the genus Calanus. Using single nucleotide polymorphism markers
(SNPs) mined from both genome and transcriptome data, species boundaries were
assessed for the four species of Calanus. Our results indicated the presence of four
distinct genetic entities, with C. finmarchicus and C. glacialis genetically closer to each
other. Multiple molecular analyses support the lack of recent genetic introgression

among the four species included in the study.

The taxonomic status of C. glacialis / C. marshallae species complex has been
questioned by taxonomists for decades, because of the extreme similarity on their
morphology and mtDNA sequences. Here, genome-wide SNPs were used to characterize
the level of genetic variations within the C. glacialis / C. marshallae species complex.
Interestingly, specimens identified as C. glacialis and C. marshallae from the Northern
seas fell into three evolutionary distinct units. Individuals of C. glacialis from the North
Atlantic / Arctic locations diverged from Northern Pacific C. glacialis, representing two
distinct genetic lineages. Both lineages showed further localized sub-structuring within
the Arctic and North Atlantic regions. Meanwhile, individuals from the Puget Sound
identified as C. marshallae formed a highly divergent cluster compared to these two
evolutionary lineages, confirming the presence of three distinct lineages within the C.

glacialis / C. marshallae species complex.



Overall, this thesis has substantially increased our understanding about the
challenges related to species-level taxonomy in the genus Calanus. Here, the use of
recent and advanced molecular tools resolved some of the taxonomic/evolutionary
issues previously unanswered by morphology and the few existing mitochondrial and
nuclear molecular markers. The application of genome and transcriptome data is crucial
to generate the most accurate knowledge about hidden or cryptic diversity, species-
complex, species boundaries, and putative hybridization within the genus Calanus. The
new transcriptomic and genomic resources generated will open the way to new research
studies and allow a better understanding of the future impact of climate change in each

individual Calanus species, especially in the northern pelagic ecosystems.






Sammendrag pa Norsk

Copepoder av slekten Calanus dominerer dyreplanktonbiomassen i de nordlige
Atlanterhavet, arktiske og nordlige stillehavsregioner (nordlige hav) og spiller en
ngkkelrolle i marine gkosystemer. Calanus-arter har vaert i fokus for en rekke gkologiske
forskning, spesielt klimaendringer relaterte studier pa grunn av deres fglsomhet for
miljgendringer. Calanus-arter er faktisk blant de raskeste organismene som reagerer pa
klimavariasjoner ved a skifte distribusjon, noe som potensielt pavirker hele
gkosystemet. Derfor brukes disse artene ofte som indikatorer pa klimaendringer. Til
tross for deres popularitet, er identifikasjon pa artsniva fortsatt en utfordring innenfor
slekten pa grunn av deres morfologiske likheter og overlappende distribusjoner.
Identifikasjon av molekyleere arter ved bruk av begrenset antall mitokondrielle og
kjernefysiske gener har veaert veldig nyttig, men kan ogsa ha begrenset opplgsning for
fullt ut a diskriminere alle de nzert beslektede artene i slekten. Genomomfattende
molekylaere markgrer, som enkeltnukleotidpolymorfisme (SNP) er kraftige verktgy for a
Igse taksonomiske problemer sammenlignet med tradisjonelle molekylaere markgrer.
Generering av genomiske ressurser for Calanus har imidlertid veert utfordrende
hovedsakelig pa grunn av deres enorme og komplekse genomene som varierer mellom
~6 til 12 Gbps. lkke desto mindre tiloyr metoder for redusert representasjon
sekvensering (RRS) en Igsning pa disse problemene ved a sekvensere bare deler av hele
genomet. Derfor er det overordnede malet med denne oppgaven a bruke RRS-metoder
for & generere genomomfattende polymorfismedata for & adressere taksonomiske
utfordringer knyttet til artsnivaidentifikasjon i slekten Calanus i de nordlige hav (dvs.

artsgrenser, antatt hybridisering og arter kompleks).

Fylogenetiske forhold innen slekten Calanus er bare delvis Igst. Femten nye
transkriptomer ble generert og satt sammen for fem Calanus-arter. Enkeltkopiortologer
fra transkriptomdata ble brukt til & vurdere, Calanus-fylogeni og den resulterende
phylotranskriptomanalysen Igste fylogenetiske forhold og avslgrte en tretopologi som

ligner pa en tidligere foreslatt fylogeni basert pa morfologi. Den funksjonelle merknaden



av proteinfamilier basert pa klynger av ortologe gener (COG) og genontologi (GO)
merknader viste konserverte og analoge mgnstre av proteinfunksjoner pa tvers av arter
og identifiserte ogsd proteinkodende gener som er tilstede i andre leddyr, men er
fraveerende blant alle Calanus. Begge gener er relatert til sfingolipidmetabolisme, som
enna ikke har blitt utforsket i Calanus. Videre bidro de to nye hgykvalitets de novo-
transkriptomene generert (for C. hyperboreus og C. marshallae) til de eksisterende

transkriptomiske ressursene tilgjengelig for slekten Calanus.

Den nylige bruken av molekylaere verktgy har avslgrt mange omrader med
sympati blant C. helgolandicus, C. finmarchicus, C. glacialis og C. hyperboreus i de nord-
atlantiske og arktiske omradene, og har reist spgrsmal om porgsiteten til artsgrensene
innenfor slekten Calanus. Ved a bruke enkeltnukleotidpolymorfismemarkgrer (SNP)
utvunnet fra bade genom- og transkriptomdata, ble artsgrenser vurdert for de fire
artene av Calanus. Resultatene vare indikerte tilstedevaerelsen av fire distinkte
genetiske enheter, med C. finmarchicus og C. glacialis genetisk neermere hverandre.
Flere molekylzere analyser stgtter mangelen pa nylig genetisk introgresjon blant de fire

artene som er inkludert i studien.

Den taksonomiske statusen til C. glacialis / C. marshallae-artskomplekset har
blitt stilt spgrsmal ved av taksonomer i flere tiar, pa grunn av den ekstreme likheten i
deres morfologi og mtDNA-sekvenser. Her ble genomomfattende SNP-er brukt for a
karakterisere nivaet av genetiske variasjoner innenfor C. glacialis / C. marshallae-
artskomplekset. Interessant nok falt prgver identifisert som C. glacialis og C. marshallae
fra de nordlige havitre evolusjonaert distinkte enheter. Individer av C. glacialis fra steder
i Nord-Atlanteren/Arctic divergerte fra det nordlige Stillehavet C. glacialis, og
representerte to forskjellige genetiske linjer. Begge avstamningene viste ytterligere
lokalisert substrukturering innenfor de arktiske og nordatlantiske omradene. |
mellomtiden dannet individer fra Puget Sound identifisert som C. marshallae en sveert

divergerende klynge sammenlignet med disse to evolusjonzre linjene, noe som



bekrefter tilstedevarelsen av tre distinkte avstamninger innenfor C. glacialis / C.

marshallae-artkomplekset.

Samlet sett har denne oppgaven betydelig gkt var forstaelse av utfordringene
knyttet til taksonomi pa artsniva i slekten Calanus. Her lgste bruken av nyere og
avanserte molekylaere verktgy noen av de taksonomiske/evolusjonaere problemene
som tidligere ikke ble besvart av morfologi og de fa eksisterende mitokondrielle og
nukleaere molekyleere markgrene. Anvendelsen av genom- og transkriptomdata er
avgjgrende for & generere den mest ngyaktige kunnskapen om skjult eller kryptisk
mangfold, artskompleks, artsgrenser og antatt hybridisering innen slekten Calanus. De
nye transkriptomiske og genomiske ressursene som genereres vil dpne veien for nye
forskningsstudier og gi en bedre forstaelse av den fremtidige virkningen av

klimaendringer i hver enkelt Calanus-art, spesielt i de nordlige pelagiske gkosystemene






1. Introduction

1.1 Ecological importance of marine zooplankton and their role in climate
change

Marine zooplankton communities are comprised of a very diverse group of
organisms including ~6,800 described species across 15 phyla (Wiebe et al.,, 2010;
Bucklin et al., 2004; Bucklin et al., 2010). Due to their diversity, marine zooplankton
communities perform a wide variety of ecosystem functions (Richardson 2008; Hébert
et al., 2017), playing key roles in pelagic food webs, as crucial links between
phytoplankton and higher trophic levels (Alcaraz & Calbet 2007). Indeed, as major
grazers of the ocean, marine zooplankton enable the transfer of energy from primary
producers (i.e., phytoplankton) to higher tropic levels in marine pelagic ecosystems (Lee
et al.,, 1971; Lomartire et al., 2021). They are an important prey item for large predators
such as fish, marine birds, marine mammals, and marine invertebrates (Arnkvaern et al.,
2005; Bonnet & Frid 2004; Cleary et al., 2017); but are also vital for the microbial
community as a major source of nutrients (De Corte et al., 2018). Fecal pellets and
carcasses of marine zooplankton are rich sources of organic carbon for detritus feeders
(Lampert 1989; Steinberg et al., 2000). Furthermore, dead zooplankton slowly reach the
deeper parts of ocean, thereby contributing to nutrients needed to sustain diverse
benthic communities, such as sponges, echinoderms, anemones, crabs, fish, etc. (Ruhl
and Smith 2004). Without zooplankton, the oceans would be devoid of important
microorganisms thriving in the deep waters, large fish, and predator’s dependent on

them which entail, ecological, financial, and social values to the human communities.

Marine zooplankton communities also play a key role in the ocean carbon cycle. The
ocean’s ability to sequester carbon dioxide (CO;) relies partially on the biological pump,
a process where organic matter in the ocean descends from the surface layers to depth
by means of advection, vertical mixing, or transportation by animals such as zooplankton
(Turner 2015). CO; is absorbed into the ocean from the atmosphere and converted into

particulate organic matter (POC) through photosynthesis by the phytoplankton



(Steinberg et al., 2000). The POC is processed by microbes, zooplankton, and their
consumers into fecal pellets, organic aggregates (marine snow), and other forms of
dissolved organic matter, which are then transported into deeper layers of the ocean by
sinking and vertical migration of fish or zooplankton, usually ending up at the bottom of
the ocean (i.e., mesopelagic, and bathypelagic zones) (Passow and Carlson 2012). This
process continues and eventually reduces the amount of carbon in the atmosphere

available for the carbon cycle (Figure 1).
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Figure 1. Pathways of carbon export in the ocean involving marine zooplankton
communities (Image adapted from Turner 2015).

Marine zooplankton are also known as beacons of climate change due to their
short life cycles, sensitivity to temperature changes, and scarce exploitation (Richardson
2008; Benedetti et al., 2018). Indeed, most zooplankton have short life spans (<1 year),
so there can be a tight link between climate and population dynamics (Hays et al., 2005).
Also, their physiological processes are highly sensitive to temperature changes, with
metabolic rates doubling or tripling with every 10°C temperature rise (Mauchline 1998).

Finally, most marine zooplankton species are not commercially exploited, so long-term

10



studies relating to response to environmental changes are not affected with trends of
commercial exploitation (Richardson 2008). Marine zooplankton have been
conspicuously affected by climate change, responding by profound spatial relocations,
changes in size and abundance, shifts in their timing of occurrence, and/or extinction
events (Garzke et al., 2015; Brun et al., 2019). For example, contrasting long-term trends
in species abundance were found for two co-occurring congeneric copepods Calanus
finmarchicus and C. helgolandicus in the North Sea and Skagerrak (south of Norway)
(Falkenhaug et al., 2022). The analysis of a 26-year time-series (1994-2019) found a
significant shift in dominant zooplankton species from a C. finmarchicus dominated to a
C. helgolandicus dominated zooplankton community. The study also showed that the
timing of the annual peak in abundance in both species had advanced by about one
month, affecting the stability of predator populations feeding in the area, especially
among some commercially important fish species such as cods, herrings, and sand eels

(Munk and Nielsen 1994; Falkenhaug et al., 2022).

1.2. Calanus, the most important zooplankton genus in the Northern
hemisphere?

Copepods (phylum: Arthropoda; class: Maxillopoda; subclass Copepoda) are
zooplankton that consist of group of small crustaceans and can be found in almost all
aquatic ecosystems (Eyun et al., 2017; Bernot et al., 2021; Walter & Boxshall 2022).
There are approximately 15,000 described species of copepods with extremely diverse
morphology and lifestyle traits (Walter & Boxshall 2022). Of these, 6,000 species are
associated with marine metazoans, mostly as parasites (Kabata 1979; Huys & Boxshall
1991; Boxshall & Halsey 2004). The challenges in both morphological and molecular
identification have limited our understanding of the copepod phylogeny, taxonomy, and
systematics. Many copepodite samples were historically preserved in formalin, which
limits the availability of specimens for combined morphological evaluation and
molecular analysis (Bernot et al., 2021). Among the nine orders under the subclass

Copepoda, the order Calanoida shows the highest number of species with sequence
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data or phylogenetic information available (N=169/2,709, phylogenetic position shown
in Figure 2). It is followed by order Harpacticoida (N=30/4,771 species), and Cyclopodia
(N=141/4,500 species). These numbers indicate that many copepod taxa remain
unexplored in terms of their phylogenetic and taxonomic relationships (Bernot et al.,

2021).

The order Calanoida includes around 46 families containing ~1,800 described
species, in both marine and fresh water (Mauchline 1988; Walter & Boxshall 2022). They
are the most dominant marine zooplankton, making up to ~55% of known zooplanktonic
organisms (Suarez-Morales 2015). In the North Atlantic, Arctic, and the Northern Pacific
oceans (referred to as “Northern Seas” in the rest of this thesis), the genus Calanus is
the most dominant genera in terms of biomass (Blaxter et al., 1988; Conover 1988;
Fleminger & Hulsemann 1977; Kosobokova et al., 2011; Sgreide et al., 2008). Aside from
their importance as prey for fish, seabirds, and mammals, several Calanus species has
been extensively used as model organisms for climate change studies (Reid et al., 2001).
They are consequently among the most studied organisms, and there are numerous
reasons why they are often used for ecological research. These includes their abundance
and wide distributions in the higher latitudes, occupying key positions within their
respective food webs (Longhurst 2007). Each species also has high affinity to water
masses, making them good indicators of specific waters masses (Blachowiak-Samolyk
2008; Bonnet and Frid 2004; Conover 1998; Bucklin et al., 1995) and their relative short
life cycle makes them an ideal species for observing physiological changes in the marine

environment (Tarrant et al., 2019; Bailey et al., 2017; Payton et al., 2020).
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Figure 2. Phylogeny of 365 copepod taxa from 31 published phylogenies. Colors
represent the different taxonomic orders. Parasitic taxa are shown with red branches.
Dotted red branches show taxa that contains free-living and parasitic species. (Image
adapted from Bernot et al., 2021).

1.2.1 Biology / Ecology and life history

There are currently 16 species and two subspecies in the genus Calanus with a
valid taxonomic status according to WoRMs database (accessed March 2022), of which,
only nine species have both available sequence data online and validated literature (ITIS,
accessed March 2022). These nine species include: C. finmarchicus (Gunner, 1765), C.
helgolandicus (Claus, 1863), C. hyperboreus Krgyer, 1838, C. pacificus Brodsky, 1948, C.
propinquus Brady, 1883, C. similimus Giesbrecht 1902, C. sinicus Brodsky, 1962, C.
marshallae Frost, 1974, C. glacialis Jaschnov, 1955. Of these nine species, seven
dominate the Northern Seas. Four species are commonly found in the North Atlantic and
Arctic Oceans, namely: Calanus glacialis, C. helgolandicus, C. finmarchicus, and C.

hyperboreus (Conover 1988; Fleminger & Hulsemann 1977; Frost 1974). Three species
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are mostly found in the Northern and subarctic Pacific basins: Calanus pacificus, C.
sinicus, and C. marshallae (actual pictures of two Calanus species: C. glacialis and C.

finmarchicus are shown in Figure 3).

Figure 3. Actual images of two Calanus species collected from Skjerstadfjord. A. CIV stage
of C. glacialis B. Adult female of C. finmarchicus (Photos by Mads Schultz).
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Table 1. List of taxonomically valid Calanus species throughout the years.

Brodsky,
1959

Bradford and
Jilllet 1974

Bradford 1988

Worms database
based on. Leach,
1819 (accessed
March 2022,
Boxshall)

Valid taxa
under Calanus
Leach 1819
(accessed from
ITIS, March
2022)

Total
No. of
species
under
genus
Calanus

Genus Calanus
Species

C. finmarchicus

C.
helgolandicus

C. hyperboreus

C. pacificus

C. australis

C. chilensis

C. sinicus

C. cristatus

C. plumchrus

C. tonsius

10

Genus: Calanus
Species

C. finmarchicus

C. helgolandicus

C. hyperboreus

C. pacificus

C. australis

C. chilensis

C. sinicus

C. similimus

C. propinquus

C. minor

C. glacialis

11

Genus: Calanus
Species

C. finmarchicus

C. helgolandicus

C. hyperboreus

C. pacificus

C. australis

C. chilensis

C. sinicus

C. similimus

C. propinquus

C. glacialis

C. marshallae

11

Genus: Calanus
Species

C. aculeatus Brady,

1918

C. agulhensis De

Decker, Kaczmaruk &

Marska, 1991

C. chilensis Brodsky,

1959

C. dorsalis (Rafinesque,

1815)

C. euxinus Hulsemann,
1991

C.

finmarchicus (Gunnerus
,1770)

C. glacialis Jaschnov,
1955

C. helgolandicus (Claus,
1863)

C. hyperboreus Krgyer,
1838

C. jashnovi Hulsemann,
1994

C. marshallae Frost,
1974

C. pacificus Brodsky,
1948

C. propinquus Brady, 1883

Genus: Calanus
Species
C. finmarchicus
(Gunner, 1765)

C. helgolandicus
(Claus, 1863)

C. hyperboreus
Krgyer, 1838

C. pacificus
Brodsky, 1948
C. pacificus
californicus
Brodsky, 1965
C. pacificus
pacificus Brodsky
1948

C. propinquus
Brady, 1883

C. similimus
Giesbrecht 1902
C. sinicus
Brodsky, 1962
C. marshallae
Frost, 1974

C. glacialis
Jaschnov, 1955

C. similimus Giesbrecht 1902

C. sinicus Brodsky, 1962
C. torticornis (Brady,
1918)

16

9 species & 2
sub-genus
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Calanus species are mostly broadcast spawners and follow six naupliar and five
copepodite stages of development before molting and maturing to adulthood (Melle
and Skjoldal 1998; Falk-Petersen et al., 2009). The success of each Calanus species highly
depends on the accumulation of low-energy carbohydrates and in the conversion of
high-energy wax ester lipids, which they store in their lipid sacs for future energy
consumption (Lee et al., 2006; Vogedes et al., 2014). The size of this lipid storage is highly
variable depending on the species, which allows them to survive for a longer period
under starvation and with low availability of food resources (Wilson et al., 2016; Wang
et al.,, 2017). Some Calanus species can undergo a short or long-term period of
dormancy, called diapause, which is similar to hibernation (Aarflot et al., 2019), where
they migrate down to deeper layers of the water column and lower their metabolic

activity to the minimum (Hirche 1983; Hirche 1997).

Life cycle duration also varies between species. For instance, C. finmarchicus and
C. helgolandicus have a one-year life cycle, C. glacialis have a 1-3 years life cycle, C.
hyperboreus have a 1-5 years of life cycle (multi-year life cycle) (Vogedes et al., 2014;
Falk-Petersen 2009). Meanwhile, C. marshallae have a lifetime of least 1 year (Frost
1974; Peterson 1979) similar with C. sinicus and C. pacificus (Pu et al., 2004; Runge et
al., 1984).

1.2.2 Species identification challenges and advances

Traditionally, Calanus species have been identified using a set of morphological
characters (prosome length, length and width of caudal ramus, shape, and width of
cephalosome, etc.) (Brodsky 1988; Frost 1974), but several studies have shown that
morphological characters are not always reliable to distinguish different Calanus species
accurately, especially between C. glacialis and C. finmarchicus (e.g., Lindeque et al.,
1999; Gabrielsen et al., 2012; Choquet et al.,, 2018). Given the challenges with
morphological species identification, molecular methods have been developed to help

identify Calanus species without ambiguities.
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Molecular species identification in the genus Calanus started with allozymes
(Sywula et al., 1994), followed by sequencing of mtDNA, using fragments of the COIl and
16S rRNA genes (Bucklin et al., 1995). For rapid assessment and species identification,
species-specific PCR assays have been developed (Hill et al., 2001; Stupnikova et al.,
2013), together with restriction fragment length polymorphism to identify species (e.g.,
Lindeque et al., 1999; Lindeque et al., 2004), without resorting to sequencing. However,
this single locus mtDNA based taxonomy can have limited resolution due to uniparental
inheritance and relatively short sequence size (Hurst & Jiggins 2005; Sundt & Melle et
al., 1998; Ashijan et al., 2017). As hybridization has been suspected in the genus (Parent
et al., 2012), adequate co-dominant nuclear markers that are biparentally inherited,
have been developed. Smolina et al. (2014) generated a panel of 12 insertion/deletion
(InDels) markers, allowing for the identification of several Calanus species including: C.

hyperboreus, C. helgolandicus, C. glacialis, and C. finmarchicus.

1.2.3 Species distribution

The use of molecular tools for species identification allowed redrawing the
distributional ranges of Calanus species in the North Atlantic and Arctic Oceans,
revealing much wider and more overlapping distributions than previously described
(Choquet et al., 2017). Calanus glacialis, previously considered as an endemic Arctic
shelf species, was thereby detected in several fjords along the Norwegian coast, as far
south as 60°N where only C. finmarchicus was reported in the past (based on
morphological identification). Meanwhile, the Arctic C. hyperboreus, which had
previously been reported to occur in the Northern Norwegian Sea was recorded by
molecular tools in large proportions along the Norwegian coast, and as far south as 58°N,
in Oslofjord (Choquet et al., 2017). C. helgolandicus known as a pseudo-oceanic species
was known to occur from the Mediterranean Sea up to the North Sea (58°N). However,
recent genetic analyses identified individuals in several Norwegian fjords and in the
Norwegian Sea as far north as 70°N. C. finmarchicus originally considered to be an

indicator species of North Atlantic water masses are now confirmed to be found as far
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north as 87°N and as far east in the Arctic at the eastern border of the Laptev Sea (78°N,

113°E) (Choquet et al., 2017).

In the Northern Pacific region, three species of Calanus are commonly found: C.
pacificus, C. sinicus, and C. marshallae. Geographic distributions of these three species
are based solely on morphological identification, thus lacking species distribution data
based on molecular identification (Ocean Biodiversity Information System (OBIS)
database, accessed June 2022). Figure 4 illustrates the current available distribution
ranges of Pacific Calanus based on OBIS database. Calanus marshallae can be found
from the Northern Pacific extending through the Northern Arctic region (4,191
occurrence records identified at the species-level: 15-147 meters). C. pacificus is broadly
distributed across the Pacific with 3,623 documented observations, from 1906 to 2020.
C. sinicus, meanwhile, have the lowest number of reported sightings with only 1,664
occurrences recorded. Most of these sightings are reported in the South China Sea area,
including the Yellow Sea, which is located off the coast of Japan (Uye 2000; Pu et al.,
2004; Yang et al., 2014).
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Calanus marshallae Frost, 1974

4,191 records.

Calanus pacificus Brodsky, 1848
11,831 records

Calanus sinicus Brodsky, 1962

1,664 records.

Figure 4. Species distribution map of the three Calanus species from the Northern Pacific
region: C. marshallae, C. pacificus, and C. sinicus. The figure was created using OBIS
distribution map creator based on reported observations.

1.2.4 Unresolved taxonomical issues

Species of the copepod genus Calanus present several challenges for species-level
taxonomy as they contain numerous groups of sibling species, which are difficult or
nearly impossible to discriminate based on morphology alone (Bucklin et al., 1995;
Lindeque et al., 1999). The genus also shows overlapping geographical distributions
making discrimination of species a huge problem, especially in the regions of sympatry
(Bucklin et al., 1995; Choquet et al., 2017; Choquet et al., 2018). These resulted in
multiple questions and unresolved issues regarding the species-level taxonomy in the

genus Calanus.
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1.2.4.1 Phylogenetic relationships

Phylogenetic relationships in the genus Calanus have not yet been fully resolved.
A phylogeny based on several morphological characters (i.e., relative size of accessory
photoreceptor, caudal ramus, anal segment, genital pore, etc.) was proposed by Frost
in 1974. The morphology-based identification identified two different groups and a
separate C. hyperboreus clade. The C. finmarchicus group included two other species, C.
glacialis and C. marshallae, while the C. helgolandicus group included six other species
including C. pacificus and C. sinicus, and four other species not included in this study
(Figure 5A). Molecular phylogenies later emerged based on two genetic markers 16S
rRNA (Bucklin et al., 1995; Figure 5B) and 28S rRNA (Kozol et al., 2012; Figure 5C), both
phylogenies showed lack of congruence. Although the 28S-based phylogeny seemed to
agree with the morphology-based phylogeny on the clustering of species, some
branches were not well supported. In contrast, the 165-based phylogeny suggested a
different grouping of species, with several species from C. helgolandicus group
(identified by Frost 1974) not clustering together in a single clade and other clades only
supported by low bootstrap values. Contrasting tree topologies on both molecular
analyses can be due to the low resolution provided by a single molecular marker in both

instances.

finmarchicus r finmarchicus
laciali

L marshallae

helgolandicus
agulhensis

helgolandicus chilensis

p. californicus

p- oceanicus

p- pacificus
sinicus

hyperboreus
propinquus
simillimus

Figure 5. The three currently available phylogenetic trees for the genus Calanus. A. based
on morphology (Frost 1974) reported in Bucklin et al., 1995. B. based on the 16S rRNA
gene (Bucklin et al., 1995). C. based on the 28S rRNA gene (Kozol et al., 2012).
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1.2.5.2 Species boundaries and putative hybridization

A large-scale species biogeography study performed by Choquet et al., (2017)
using six InDels markers on more than 4,000 Calanus individuals collected from 83
locations across the North Atlantic and Arctic Oceans revealed broader and more
overlapping distributions among the four Calanus species: C. glacialis, C. finmarchicus,
C. helgolandicus, and C. hyperboreus. Numerous areas of sympatry were unveiled,
raising questions on the potential for inter-specific hybridization. A particular emphasis
was placed on C. glacialis and C. finmarchicus due to the earlier claim of putative
hybridization between the two species (Parent et al., 2012), and because of their vast
zone of sympatry identified in Choquet et al. (2017). After genotyping 684 individuals
using 10 microsatellite loci developed for C. finmarchicus, Parent et al., 2012 reported
the presence of hybrids in areas of sympatry in the East Canadian Arctic basin.
Meanwhile, Choquet et al., 2017 analyzed thousands of individuals across the North
Atlantic and Arctic Oceans. Notably, no hybrids were identified in this study using
nuclear, co-dominant InDels markers. In addition, Choquet et al., 2020 studied the
Calanus community specifically during the reproductive season in two newly uncovered
subarctic areas of sympatry, where C. glacialis and C. finmarchicus co-occur in similar
abundances. Genetic admixture tests of six InDels markers performed on all 1,126
individuals revealed no indications of hybridization, implying a strong reproductive
isolation mechanism even in sympatric areas. However, as of today, there has still been
no consensus agreement on the validity of the InDel markers to assess hybridization and
to whether there is, or not, hybridization happening between these two Calanus species
(Choquet et al. 2020; Parent et al. 2021; Choquet et al., 2021). Genome-wide molecular
markers and wide geographic sampling are necessary to resolve this question of putative

hybridization between C. glacialis and C. finmarchicus.

1.2.5.3 Cryptic species

Morphological similarity and overlapping geographical ranges among Calanus

species have resulted in persistent problems in their identification resulting in species
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complex— defined as a group of closely related organisms that are so similar in
appearance that species boundaries between them are often unclear (De Queiroz 2007).
Species complexes contain several “cryptic species”, which are genetically distinct
species, but are erroneously classified as a single species due to their superficial

morphological similarities.

One example of cryptic species in the genus Calanus is the species complex
comprising of C. glacialis and C. marshallae. Previously, only a single morphological
character (relative size of photoreceptors, Frost 1974) was used to distinguish between
these two recognized species. Both mitochondrial COl and 16S rRNA genes separated
them by only one-base pair resulting to taxonomic experts questioning their validity as
two separate taxa (Sundt & Melle 1998; Ashijan et al., 2003; Ashijan et al., 2017).
Interestingly, the InDel markers developed from C. finmarchicus and C. glacialis
transcriptome and genome data (Smolina et al.,, 2014), which have been shown to
reliably discriminate between C. finmarchicus, C. glacialis, C. hyperboreus and C.
helgolandicus (Smolina et al., 2014; Choquet et al., 2017), are not able to detect any
difference between individuals morphologically identified as C. glacialis versus
individuals morphologically identified as C. marshallae (Smolina, personal
communication). Another case of cryptic species is between C. agulhensis and C. sinicus.
A multi-gene analyses showed the lack of genetic divergence between these two closely
related taxa (Kozol et al., 2012). The large subunit of 28S revealed the absence of genetic
variation between these two species. The lack of genetic distinction between C. sinicus
and C. agulhensis raised questions of whether C. agulhensis warrants status of a distinct
species. Lastly, there has also been reports of species complex existing between C.
helgolandicus and C. euxinus. Calanus euxinus has recently been designated as a distinct
species, although it is known to be closely related to C. helgolandicus. Both species are
known to occur sympatrically in the Black Sea. Very subtle morphological differences
distinguish these two species (Unal et al., 2006). Sequence variation using mtDNA COI
resulted to only <0.5% sequence divergence, which is substantially low in comparison

with other congeneric pairs. In general, the lack of resolution among these species-
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complex, especially among closely related species indicate a clear need for more

intensive and extensive ecological and genetic analyses.

1.2.6 Genomic resources

There are currently no published whole-genome data for the genus Calanus and
only five mitochondrial genomes are found in public database (C. glacialis, C.
finmarchicus, C. sinicus, C. hyperboreus, and C. similimus) (NCBI genome database,
accessed June 2022). However, whole-genome data for several other species of
copepods have already been sequenced and assembled (Bucklin et al., 2018). These
species include: Acartia tonsa, Apocalypsi royi, Eurytemorra affinis, Oithona nana,
Tigriopus californicus, T. japonicus, and T. kinsinjogensis (Barreto et al., 2018; Eyun et

al., 2017; Jgrgensen et al., 2019; Choi et al., 2021; Madoui et al., 2017).

Advancements in sequencing technology now allows genome sequencing even for
non-model species (da Fonseca et al., 2016; Singhal 2013; Ning et al., 2013; reviewed at
Ellegren 2014). However, despite these technological advancements, generating
genomic information in the genus Calanus still remains challenging (Choquet et al.,
2019; reviewed in Bucklin et al., 2018). The main issues still precluding whole genome
sequencing of Calanus are genome size and complexity, as well as the limited amount
of high molecular weight DNA that can be extracted from a single individual. The
reported haploid genome sizes of Calanus species vary and are estimated to be ca. 6.5
Gbp for C. finmarchicus and C. pacificus, ca. 8.5 Gbp for C. sinicus, ca. 11 Gbp in C.
helgolandicus and C. marshallae, and 12.5 Gbp in C. glacialis to C. hyperboreus (McLaren
1988). These estimates are 6-10 folds larger than most mammalian genomes (Kapusta
et al., 2017). In addition to the large genome size, characterized genomes of other
copepod species appear to have low GC content and complex genome architecture with
the presence of many repetitive sequences (Bron et al., 2011; Grishanin 2014; Tarrant
et al., 2019), making them a challenge to assemble. The recent development in single

molecule —sequencing technologies generating longer reads (e.g., PacBio and Oxford
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Nanopore Technologies), may help to overcome the limitations of short NGS reads in
reconstructing repetitive regions and complex genome architectures (Thompson &
Milos 2011; Ameur 2019). Generating longer reads is essential for species with repeated
genomes and would be ideal for Calanus, but these single molecule sequencing
approaches still require large amount of high molecular weight (HMW) DNA, which is

clearly a limiting factor for small body sized species such as most zooplankton.

Contrasting to the lack of a genome for the genus Calanus in online databases,
several whole-transcriptome datasets are available, but only three species are
represented so far. In total, seventeen independent RNA-seq datasets are currently
available in the NCBI SRA database, of which, only three studies generated complete de
novo transcriptome assemblies for the following species: C. helgolandicus (Asai et al.,
2020), C. finmarchicus (Lenz et al., 2014; Tarrant et al., 2014), and C. sinicus (Ning et al.,
2013; Yang et al., 2014).

1.3. High-throughput Sequencing (HTS) / Reduced-representation
sequencing (RRS)

High-throughput sequencing technologies also known as next-generation
sequencing (NGS) can generate huge amount of data more rapidly and cost-efficiently
than ever before (Luikart et al., 2003; Schuster 2008; Metzker 2010). The rapid drop in
sequencing cost and large volume of sequencing output makes HTS a powerful tool for
phylogenomics, transcriptomics, population genomics, paleogenomics, etc. NGS now
allows the sequencing of whole genome for many non-model species at a reasonable
cost. Nonetheless, such approach remains challenging for certain taxa, in particular
crustaceans, because of their complex genome architecture containing a large number
of repetitive sequences, as mentioned earlier (Lenz et al., 2019; Bron et al., 2011).
Furthermore, most evolutionary studies require many individuals to be sequenced
making the use of whole genomes too costly and unpractical. Alternatively, reduced-
representation sequencing (RRS) approaches can be used to generate genome-wide

data and genotyping of large numbers of genetic polymorphisms (i.e., SNPs, inDels, SSR,
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etc.) without sequencing the entire genome (Van Tassell et al., 2008; Good 2012). This
is achieved by sequencing only homologous portions of the genome by either using
restriction enzyme digestion (RAD-seq, Figure 6A), sequencing only expressed genes
(transcriptome sequencing, Figure 6B), and/or by designing probes or microarrays to
target specific regions of the genome (target-capture sequencing, Figure 6C). These
approaches, which only look at the fraction of the genome (reduced genome
sequencing) give us an opportunity to study the diversity and evolution of many non-

model organisms, especially among marine zooplankton including the genus Calanus.
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Figure 6. Reduced-representation sequencing (RRS) strategies to generate genome-wide
SNPs. A. Restriction site associated DNA sequencing B. RNA or transcriptome sequencing
C. Target-capture sequencing. Figure adapted from Hirsch et al., 2014.

1.3.1 Restriction Site-Associated DNA sequencing (RAD-seq)

Restriction site-associated DNA sequencing (Baird et al., 2008) was developed
particularly for non-model organisms without a reference genome (Davey & Blaxter
2010) and the number of studies relying on this approach has increased exponentially
in the recent years (Andrews et al., 2016; Catchen et al., 2017). RAD-seq uses one or

several restriction enzymes to digest the genome, resulting in multiple fragments size
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selected to generate genomic libraries consisting of all the genomic regions adjacent to

restriction enzyme cut sites (Andrews et al., 2016; Peterson et al., 2012).

RAD-seq has been successfully used for some zooplankton species. For example,
Blanco-Bercial & Bucklin (2016) used the 2b RAD-seq variant protocol to yield SNPs and
investigate population structure patterns in the North Atlantic planktonic copepod
Centropyges typicus. RAD-seq has also been tested for genus Calanus, but with limited
success. Due to the high HMW DNA requirements of RAD-seq, several individuals had to
be pooled together in a protocol of double-digest RAD-seq (ddRAD), which involves the
use of two restriction enzymes. In the end, only 1,871 high-quality SNPs could be
genotyped with sufficient coverage in C. finmarchicus, with only 343 SNPs in common
among the different geographic sites included (Choquet et al., 2019). The somewhat low
success of the RAD-seq approach in Calanus finmarchicus can be attributed to the
combination of different factors such as the pooling of multiple individuals from the
same locations limiting the use of sequencing data generated, or the suboptimal choice
of restriction enzyme which could not be reliably guided by the simulation software (see
explanation on limitations of RAD-seq in Choquet 2021). In summary, the number of
SNPs identified for Calanus finmarchicus using a RAD-seq approach was not worth the

sequencing cost and efforts (Choquet et al., 2019).

1.3.2 Transcriptome Sequencing (RNA-seq)

Transcriptome sequencing is another type of reduced-representation sequencing
method which targets expressed genes (transcripts) of specific tissues or cells of a
particular species by converting mRNA fragments to cDNA sequences (Hrdlickova et al.,
2017; De Wit et al., 2012; Ozsolak et al., 2011). Transcriptome sequencing has become
the basis of most gene expression studies (Finotello & Camillo 2015; Spies et al., 2019),
transcriptional products, and transcription structure of genes (i.e., splicing patterns,

post-transcriptional modification).
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There has been a growing interest in utilizing RNA-seq approaches to answer
evolutionary questions for non-model species because of the ease in assembling and
analyzing transcriptome data compared to genomic data, and in the possibility of
obtaining additional information from exonic regions of multiple genes (see e.g., Bi et
al., 2012; Lenz et al., 2019; Lenz et al., 2021). Many zooplankton studies have embraced
transcriptomics as an alternative to genomics in assessing biodiversity, gene expression,
and for population studies (Roncalli et al., 2015; Pratlong et al., 2015; De Wit et al., 2012;
Andrews & Luikart 2014). Nonetheless, despite their growing numbers, studies
capitalizing on these advantages continue to be limited (Lenz et al., 2021). For the genus
Calanus, various RNA-seq studies have investigated, for example, the classification of
genes associated with developmental cycles from embryos to adult (Lenz et al., 2014)
and genes contributing to molecular mechanisms during diapause, diapause
termination, and starvation (Ohnishi et al., 2019; Skottene et al., 2019). In addition,
studies have also looked at patterns of daily gene expression changes at different
latitudes and sea-ice coverage (Payton et al., 2020), and the effects of ocean acidification
on the regulation of gene expression (Bailey et al., 2017). Yet, there have been no studies
utilizing RNA-seqg-based data to mine genes to resolve the phylogeny of the genus
Calanus, despite recent studies showing that phylotranscriptomes are as powerful as
phylogenies derived from whole or partial genome, regardless of the tissue origin

(Cheon et al., 2020; Zhao et al., 2021).

Lenz et al., 2021 have recently called to generate more transcriptome resources
for marine zooplankton including Calanus. This call, under the Ocean Zooplankton Open
‘Omics’ project. (Ocean Zoop), aims to generate a collection of more comparable de
novo transcriptomes for hundreds of zooplankton species, ultimately creating a new
framework for ecological and physiological studies based on transcriptomic resources
(Lenz et al., 2021). Defining species ecological niches, identifying optimal habitats,
assessing adaptive capacity, and predicting changes in phenology are just few examples
of how transcriptome data can transform our understanding about zooplankton

ecology. Moreover, the sequencing of additional transcriptome will enable the
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determination and identification of genetic variations from within and across species for

several hundreds of species including the genus Calanus.

1.3.3 Target-capture sequencing (TCS or Capture-seq)

Target capture sequencing (TCS) or target capture enrichment is a method where
only a specific and a priori selected subset of genes or regions of the genome are isolated
and sequenced. It works by capturing genomic regions of interest by using PCR,
microarray chips, or hybridization using target-specific biotinylated probes, which are
later recovered by magnetic beads (Meyer & Kircher 2010; Rohland & Reich 2012). With
the use of TCS, researchers can sequence up to 100s to millions of genomic regions
giving the users the ability to choose which samples to process and sequence in parallel
(Manthey et al., 2016; Jones & Good 2016; Andrews et al., 2016). Recent advancement
in TCS technology includes genotyping in thousands (Campbell et al., 2015), anchored
hybrid enrichment (Lemmon et al., 2012), and target-capture of ultra-conserved
element, (Faircloth et al., 2012). Newer approaches also include the target capture of
mitochondrial genomes (e.g., Li et al., 2015), overcoming the need for a reference
genome to infer historical relationship between species (Jensen et al., 2021). The main
difference with RAD-seq is that TCS requires a genomic reference to allow the design of
specific capture probes, hence RAD-seq has often been considered more suitable for
non-model species with no pre-existing reference. However, even RAD-seq presents
challenges and limitations with non-model species, and in particular for species with
large and complex genomes, such as Calanus (see perspective in Choquet 2021 Choquet
et al,, 2019). Alternatively, the reference of a sole transcriptome can be used in exome
capture sequencing and represent a promising approach to generate large SNP datasets

for population structure analyses (Oliveira et al., 2017).
For Calanus, no reference genome is available, but several transcriptomes exist. A

first attempt at classic exome capture sequencing for C. finmarchicus did not lead to

promising results in terms of number of SNPs yielded (see Choquet et al., 2019).
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However, a fine-tuned protocol using the reference of transcripts mapped into genomic
reads, including but not limited to gene regions (illustrated in Figure 7), led to high
success for C. finmarchicus (Choquet et al.,, 2019), opening for the first time the
possibilities to conduct population genomic studies in the genus. Indeed, the capture
enrichment protocol based on 2,656 single-copy genes of C. finmarchicus yielded more
than 100,000s high-quality SNPs, greatly surpassing the RAD-seq approach. Moreover,
the set of capture probes developed by Choquet et al., 2019 originally developed for C.
finmarchicus was also successfully applied to the congeneric species C. glacialis. The
optimization of this same protocol (Figure 7) later led to success in other taxa such as
the pelagic gastropod Limacina bulimoides (Choo et al., 2020), marine algae (Juterbock

et al., in prep) and sharks (Wagner et al., unpublished).
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I map transcripts to genomic assembly I of desired regions
|probes design — capture and scquencingl

I data analyses — SNP discovery I

<+ possible starting point

workflow used in the present study

- recommended workflow
other possible option

Figure 7. Target capture workflows for SNP discovery in non-model species with large
genomes proposed in Choquet et al. (2019). Figure extracted from Choquet et al. (2019).
The original workflow shown by green arrow is the process followed by Choquet et al.,
2019 to generate capture-seq data for C. finmarchicus. The optimized workflow in blue
was used for pteropods (Choo et al., 2020), sharks (Wagner et al., in prep) and brown
algae (Jiiterbock et al., in prep).
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2. Knowledge gaps and aims of this thesis

The overall goal of this thesis is to use both genomic and transcriptomic data to
examine some of the issues related to the species-level taxonomy in the genus Calanus
from the Northern seas (North Atlantic, Arctic, and Northern Pacific). This was

accomplished through the following specific objectives:
1. Reconstruct the phylogeny and gain insight into the evolutionary relationships among
Calanus species in the Northern seas based on genome-wide SNPs and transcriptome

data (Paper 1)

2. Address the long withstanding claims of putative hybridization between C. glacialis

and C. finmarchicus species using genome-wide SNPs and transcriptome data (Paper Il)

3. Characterize the genetic divergence and the taxonomic status between C. glacialis

and C. marshallae species-complex using genome-wide SNPs (Paper lll)
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3. Conceptual framework

Genus Calanus

Reduced Representation

RNA-sequencing
(Transcriptome)

Species Phylogeny (Paper
C. glacialis C. marshallae
C. finmarchicus. C. pacificus
C. helgolandicus C. sinicus
C. hyperboreus

Target-capture sequencing
(genomic SNPs)

Sequencing
[}

Species Complex (Paper Iil)
C. glacialis & C. marshallae

RNA-sequencing
(Transcriptome)

\

Target-capture sequencing
(genomic SNPs)

Species boundary (Paper I1)
C. glacialis, C. finmarchicus. C. helgolandicus.
C. hyperboreus
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4. Main results

4.1 Species phylogeny and evolutionary relationships among the genus
Calanusin the Northern Seas (Paper )

RNA-sequencing was used to reconstruct the species phylogeny of seven species
of the genus Calanus commonly found in the North Atlantic, Arctic, and Northern Pacific
regions (Northern Seas). Results showed a fully resolved species tree with a topology
concordant with the earlier tree topology based on morphology proposed by Frost 1974.
Maximum-likelihood tree showed that the seven species were clustered into three well-
supported clades (C. sinicus) (C. helgolandicus + C. pacificus); (C. finmarchicus (C.
glacialis+C. marshallae); (C. hyperboreus). The monophyly of the C. helgolandicus group
consisting of C. helgolandicus, C. pacificus, and C. sinicus was supported by high
bootstrap values, in contrast with all the previously proposed molecular phylogenies.
The highest duplication events were identified for the C. helgolandicus group followed
by C. hyperboreus, and eventually in the C. finmarchicus group: C. finmarchicus, C.
glacialis, and C. marshallae. Interestingly, the number of duplication events was not
correlated with the genome size of the species. However, the data only showed gene
duplication events among expressed genes, and therefore do not reflect other genomic
regions. Only whole genome data will unequivocally confirm this result. Gene functional
annotation across the seven species of the genus Calanus was also performed and
showed conserved protein functions across the seven species, which is similar with
other Arthropods. However, two gene orthologs involved in sphingolipid metabolism
appear to be missing from the seven Calanus species but are present in other

Arthropods.
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4.2 Absence of hybridization between the sympatric Calanus species in the
North Atlantic (Paper Il)

Genome-wide and transcriptome derived SNPs were used to estimate genetic
divergence and to examine species boundaries between the four Calanus species from
the North Atlantic and Arctic regions, C. glacialis, C. finmarchicus, C. helgolandicus, and
C. hyperboreus. The two independent SNP datasets congruently revealed four clear
genetic clusters corresponding to the four Calanus species included in this study with no
apparent genetic admixture. This study also showed clear genetic differentiation and
lack of gene flow between C. finmarchicus and C. glacialis supporting the absence of
introgression and hybridization among sympatric and allopatric populations of these

two species.

4.3 Characterization of C glacialis| C. marshallae species complex using
genome-wide SNPs (Paper Ill)

Hundreds of gene orthologs derived from RNA-seq data showed high genetic
divergence between C. glacialis from Norway and C. marshallae from Puget Sound.
However, the lack of geographic coverage limits the interpretation of this dataset (Paper
1). In the 3™ chapter of this thesis, analyses of genome-wide SNPs obtained by target
capture sequencing from individuals sampled from nine locations (including Pacific,
Arctic, and Atlantic) recovered three distinct genetic lineages. These three lineages
included both the Arctic/North Atlantic, and Pacific populations of C. glacialis and the
highly divergent C. marshallae lineage from Puget Sound. Lastly, this study also
identified possible significant genetic structuring among the North Atlantic/Arctic
populations of C. glacialis, which can be interesting for future population genomics
study of this copepod taxa. The level of genetic differentiation identified using genome-
wide SNPs markers demonstrated the importance of large genome-wide datasets in

resolving species complex of closely related or sibling species.
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5. General discussion

Species taxonomy of the genus Calanus have undergone significant revisions in the
past, but the taxonomic status of some key species remains in question. In this PhD
project, | investigated some of the taxonomic challenges in the genus Calanus that were
unresolved by traditional morphology and molecular studies based on single or few
mitochondrial or nuclear markers. Here, | used two reduced-representation sequencing
methods: RNA sequencing (transcriptome) and target-capture sequencing (genome-
wide SNPs) to generate powerful datasets of molecular markers, which resulted in an
improvement of the species-level taxonomy of the genus Calanus and contributed to
expanding the limited genomic and transcriptomic resources available for this group of
marine organisms. First, | examined de novo transcriptomes of seven species of the
genus Calanus from the Northern hemisphere and gathered some insights about their
species evolution (Paper 1). Then, | explored the species boundaries of four Calanus
species in the North Atlantic and Artic Oceans, focusing mainly on the putative
hybridization between C. glacialis and C. finmarchicus in both allopatric and sympatric
locations (Paper ll). Lastly, | examined the species complex of two closely related
Calanus copepods, C. glacialis and C. marshallae using genome-wide SNP datasets based

on a broader geographic range (Paper Ill).

5.1 Huge genomes? The promise of reduced-representation sequencing

By generating transcriptomic and genomic data for the genus Calanus, | was able
to identify genetic differences and characterize genome-wide patterns of variation for
several species of the genus Calanus found in the North Atlantic, Arctic, and Northern

Pacific.
Phylotranscriptomics were a less costly, but effective alternative to phylogenomics

for species with huge and complex genome architecture, such as Calanus. Given the

relatively low cost of transcriptome and ease in data analysis compared to genome
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sequencing, the phylotranscriptomic approach is expected to stimulate wider uses for
challenging taxa especially among non-model species. Generating transcriptomic data
for multiple species will not only give information that can be useful for phylogenetic
reconstruction (Paper 1), but it can also provide information which can be valuable for
comparative analyses (Paper 1) and for delimiting species boundaries (Paper II).
Nonetheless, RNA-seq also faces many challenges especially from organisms with many
repetitive sequences, unavailable reference genome, high sequence similarity between
alternative spliced isoforms, and paralogous gene families (Tarrant et al., 2019). In
addition, as RNAs are much less stable than DNA, sampling for RNA-seq requires more
precautions. Despite these challenges, the current applications and information
provided by RNA-seq make it a very valuable tool for determination of gene expression
profiles, gene fusions, SNPs (Paper Il), alternative splicing events, improvement of gene
annotation (Paper 1), and finding novel gene and transcripts (Paper 1), expressed gene
catalogs, gene orthologs (Paper 1).Overall, transcriptomics in general is highly relevant
and offers robust information related to zooplankton ecology and evolution, provided
that necessary experiments are established to validate gene expression data with
traditional and non-traditional methods for ecological measurements (Lenz et al., 2021),
and that the issue of scope, focusing mostly on a single species, is taken into
consideration (Tarrant et al., 2014; Roncalli et al., 2016; Roncalli et al., 2019; Piccolin et

al. 2020; Payton et al., 2021; Lenz et al., 2021).

DNA barcoding studies have unveiled an unforeseeable high number of
morphologically cryptic species. However, if speciation has occurred relatively recently
and rapidly, the use of single genetic markers, especially the exclusive use of
mitochondrial markers, may have limited power in delimiting species, thereby,
underestimating the true number of biological species (Moritz & Cicero 2004). The
present thesis demonstrated the success and reliability of RRS (RNA-seq and TCS) in
generating SNP datasets capable of addressing and examining species-level taxonomic
problems in the genus Calanus. It also demonstrated the strength of TCS in identifying

genome-wide variation/diversity in the focal species C. finmarchicus, but also in other
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closely related species in the genus Calanus (C. helgolandicus, C. hyperboreus, C. glacialis
and C. marshallae). These genome-wide SNPs are also suitable for future population
genomics studies (Choquet et al., unpublished; Lizano et al., unpublished). However, it
requires initial investments, careful optimization, and fine-tuning to deliver high-quality
marker density with little cost. Despite the success demonstrated by RRS methods, these
approaches can still be limited to fully understand speciation events for the genus

Calanus (i.e., whole genome duplication, selection, mutation, etc.).

Target-capture sequencing in Calanus is useful for both inter-specific (Paper Il) and
intra-specific population studies (C. finmarchicus; Choquet et al., unpublished, C.
glacialis; Lizano et al., unpublished), but deeper understanding about speciation and
demographic history in Calanus will require whole genomes. In recent years, the number
of marine zooplankton species sequenced for whole genome studies has been growing,
including species from Cnidaria to the Urochordata (Bucklin et al., 2018; Bucklin et al.,
2021). There are currently 13 genomes available for the order Copepoda (NCBI genome
database, accessed June 27, 2022). None of these are from the genus Calanus. One of
the significant criteria considered by researchers in sequencing the whole genome is the
estimated genome size. Notably, most of the genomes of marine zooplankton uploaded
in public databases have a size of <1GB. This is mainly because of the sequencing efforts
needed and the total cost of generating such output. Single molecule sequencing
(Oxford Nanopore Technology, Pacific Biosciences) offers a jump in sequencing
technology allowing much longer reads, higher throughput, and improved quantitative
accuracy (Thompson & M 2011). Longer reads are crucial for resolving complex and
repetitive genomes, but still a challenge for Calanus given the limited amount of HMW
DNA that can be obtained from a single individual. Interestingly, synthetic long-read
sequencing (SLR) coupled with Tell-seq library preparation method offers a promise of
producing long sequencing reads of around 10kb with significantly shorter library
preparation time and only requiring small quantity of DNA input (as low as 0.1 ng),
suitable for WGS (Chen et al.,, unpublished; Universal Sequencing Technology

Corporation). The method was only tested and validated for genomes comparable to
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human genome size (~3.5 Gbp). How useful this new method will be for Calanus species

genomes remains to be explored.

5.2. Revisiting morphology according to genome-wide species identification

Traditionally, Calanus species have been identified based on morphology alone
(Frost 1974; Conover, 1988; Bucklin et al., 1995). However, examination of all
morphological characters requires performing demanding preparations on each
specimen and is therefore seldom applied during routine zooplankton samples analyses.
In the North Atlantic/Arctic oceans, body size and geographical location are commonly
used for rapid sorting between species, but this has been proven to be inconsistent and
unreliable (Lindeque et al., 1999; Choquet et al., 2017; Choquet et al., 2018). The rise of
molecular markers for species ID in the genus Calanus has shown the problem caused
by morphological-based species ID to differentiate between species. A recent
reappraisal of Calanus species distribution in the North Atlantic/Arctic Oceans using
molecular technique coupled with large scale sampling showed that misidentification is
widespread leading to erroneous conclusions about Calanus distribution and

biogeography (Choquet et al., 2017).

It is thus very interesting that morphological-based (Frost 1974) and
transcriptome-based phylogenies (Paper 1) showed concordant topology, suggesting
that some of the morphological characters selected by Frost 1974 may reflect the
evolutionary history of the genus, especially those that are related with secondary
sexual structures (i.e., relative size of accessory photoreceptor, caudal ramus, anal
segment, and genital pore —see Frost 1974). These morphological characters need to be
revisited in the light of molecular species ID as potential candidates for investigations of
morphological transitions between species and their putative roles as barriers for inter-
species copulation (Bucklin et al., 1995). Furthermore, proper taxonomic analyses are
needed for pre-identified individuals using genome-wide markers to find useful
morphological landmarks that could be used routinely for species ID and are consistent

with molecular species identification
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5.3 Unresolved taxonomic issues among Calanus spp. in the Northern Seas

This thesis identified clear genetic clustering of individuals per species and the
lack of putative hybridization between species in the genus Calanus is consistent in both
genomic and transcriptomic datasets (Paper I, Paper Il, and Paper lll). Delimiting species
boundaries is important for understanding evolutionary mechanisms and processes. For
instance, knowing the species boundary will help define limits within or across, which
evolutionary process operates and at what level (Barton & Gale 1993). Over- or under-
resolving species boundaries can confound studies aimed at understanding higher

functional system such as population or ecosystem level processes.

A species can be defined as two individuals interbreeding via natural
reproduction resulting to viable offspring (Wright 1940; Mayr 1942; Dobzhansky &
Pavan 1950). However, the ‘species concept’ does not have a simple definition because
of the several alternative contemporary species concepts that obscure a single general
concept of a species (i.e., isolation (Mayr 1942; Dobzhansky & Pavan 1950, recognition
Paterson & Vrba 1985; Lambert 1995; ecological, Van Valen 1976; Andersson 1990;
evolutionary, Simpson 1951; Wiley 1978; Mayden 1997, de Quiroz 2007). De Quiroz
(1998; 2007) proposed a unified species concept mostly based on these alternative
species concepts. The contemporary unified species concept can be defined as
separately evolving metapopulation lineages, where metapopulations are populations
made up of connected subpopulations (de Quiroz 1998). The ‘species concept’ has been
used as a fundamental unit of diversity for many analyses in biology, ecology,
macroevolution, and conservation biology (Brown et al., 1996; Blackburn and Gaston
1998; Barraclough & Nee 2001). Erroneous species identification can confound
conservation measures and strategies leading to over or under exploitation of the
natural resources especially in the marine waters. In Norway, small scale fishery of
harvesting C. finmarchicus started in 2013, with a yearly quota of up to 1000 tons. The
most efficient method of harvesting C. finmarchicus is using a pelagic trawl with the
largest catch during summer/spring months when it forms loose aggregations in the

upper water column (0-50m, from 62°N up to 24°E). Depth, timing, and range plays an
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important role for determining the optimum measures in harvesting C. finmarchicus in
Norway. For instance, it was suggested that harvesting of C. finmarchicus should be
between 62°N up to 24°E (quota is based on NEZ and Jan Mayen zone) with up to 1000
m depth to generate up to 165,000 tons harvest (Langard, 2016 Norwegian
management plan for harvesting Calanus finmarchicus). Molecular species identification
of Calanus within this geographic range showed overlapping distribution across four
species (C. glacialis, C. helgolandicus, C. finmarchicus, and C. hyperboreus). Future
management plans should take into consideration the existence of multiple species
within a geographic area where Calanus fisheries are planned. Selective harvesting
based on species could have a negative impact on fish populations due to reduced food
availability during seasonal feeding, which can have indirect effect on genetic diversity
(when several species of Calanus becomes a bycatch). Species-level taxonomy plays an
important role to determine the accurate number of species existing in the locality,
which can be the basis of conservation strategies for managing biodiversity to avoid

exploitation of other non-targeted species.

Molecular studies have shown in the recent years the high prevalence of cryptic
species in marine zooplankton, specifically among copepods (reviewed in van der Sprong
2021). However, turning DNA-based discoveries into robustly and formally named
taxonomic entities remains challenging (Satler et al., 2013). Consequently, the literature
includes a large number of undescribed and unnamed cryptic or pseudo-cryptic species
for which identification from one study to another is challenging or nearly impossible to
identify (Bucklin et al., 2016, van der Sprong 2021). With large uncertainties about the
taxonomy of many marine zooplankton, current management suffers from the lack of
expertise and knowledge to properly address these issues related to taxonomy,
especially on cryptic species. For instance, while recent oceanographic efforts such as
Tara Oceans (Pesant et al., 2015) and Malaspina (Duarte 2015) expeditions have
generated staggering wealth of novel observational data on plankton distribution and
diversity (Chust et al., 2017), these same data have revealed the extent of our limited

knowledge with proper taxonomy and the challenges brought about by cryptic species
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in marine zooplankton. Data coming from these expeditions showed that a large fraction
of plankton recorded and sampled cannot be assigned to known taxonomic groups (de
Vargas et al., 2015; Chust et al., 2017). Furthermore, the effects of climate change in C.
glacialis, specifically the atlantification of the Arctic is currently being monitored by
various programs (Choquet, personal communications, Daase & Sgreide 2021; Ershova
etal., 2021; Hop et al., 2021). The two possible populations or genetic entities identified
for C. glacialis should be taken into account, as this may result in wrong interpretation
of data and possible confusion, which can affect our understanding of the changing
climate in the Northern seas. These examples highlight profoundly the need to examine
species-level taxonomy in marine zooplankton groups using more advanced molecular

techniques such as methods demonstrated in this PhD thesis.
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6. Conclusions: Present day challenges & future perspectives

Reduced representation sequencing (RRS) approach using RNA-seq and Capture-
seq was successful in examining species-level taxonomy questions in marine

zooplankton with large and complex genomes, specifically in the genus Calanus.

With almost all phylogenetics/population genetics investigations, more samples
are better. This is also the case for the present thesis. For example, including all the
Calanus species in the phylotranscriptomic analysis would be very informative.
Regarding the C. glacialis/ C. marshallae complex, a much finer-scale sampling will be
required to further understand the distribution and dynamics of the three genetic

entities identified.

Despite the success of RRS, developing target capture probes and performing TCS
remains tedious and relatively costly especially for 100s or 1000s of samples. Developing
practical methods for routine, high throughput, and accurate species-level identification
is necessary moving forward. Single nucleotide polymorphism chip set containing useful
SNPs to differentiate across several species (derived from TCS) are now being used for
the genus Limacina (Choo et al., 2020; Choo et al., unpublished). This method can also
be developed for the genus Calanus based on the genome-wide and transcriptome SNPs
that we have generated in this study, to increase the number of individuals that can be

analyzed without comprising the efficiency and accuracy of species identification.

The genus Calanus is gaining popularity as a commercial species for their potential
source of Omega-3 fatty acid for both human and aquaculture demands (Pedersen et
al., 2014). Examining the species-level taxonomy and resolving taxonomical issues in the
genus Calanus, such as species boundaries and species complex will help for their proper

management and for our understanding of their fate under climate change.
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1 | INTRODUCTION

Recent developments of next-generation sequencing (NGS) tech-
nologies for nucleotide sequencing have revolutionized the field
of molecular biology (Metzker, 2010; Schuster, 2008) by allowing
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Abstract

Copepods of the zooplankton genus Calanus play a key role in marine ecosystems in
the northern seas. Although being among the most studied organisms on Earth, due to
their ecological importance, genomic resources for Calanus spp. remain scarce, mostly
due to their large genome size (from 6 to 12 Gbps). As an alternative to whole-genome
sequencing in Calanus spp., we sequenced and de novo assembled transcriptomes of
five Calanus species: Calanus glacialis, C. hyperboreus, C. marshallae, C. pacificus, and
C. helgolandicus. Functional assignment of protein families based on clusters of orthol-
ogous genes (COG) and gene ontology (GO) annotations showed analogous patterns
of protein functions across species. Phylogenetic analyses using maximum likelihood
(ML) of 191 protein-coding genes mined from RNA-seq data fully resolved evolution-
ary relationships among seven Calanus species investigated (five species sequenced
for this study and two species with published datasets), with gene and site concord-
ance factors showing that 109 out of 191 protein-coding genes support a separation
between three groups: the C. finmarchicus group (including C. finmarchicus, C. glacialis,
and C. marshallae), the C. helgolandicus group (including C. helgolandicus, C. sinicus, and
C. pacificus) and the monophyletic C. hyperboreus group. The tree topology obtained in
ML analyses was similar to a previously proposed phylogeny based on morphological
criteria and cleared certain ambiguities from past studies on evolutionary relation-
ships among Calanus species.

KEYWORDS
Calanus, concordance factor, de novo transcriptome, phylotranscriptomics, RNA-seq

TAXONOMY CLASSIFICATION
Ecological genetics

the generation of massive amounts of data more rapidly and cost-
efficiently than ever before (Luikart et al., 2003). Nonetheless,
generating whole-genome data can still be challenging for many
zooplankton groups, due to their typically small body size yielding
only small amounts of DNA, usually not enough for whole-genome
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sequencing, exacerbated by their often large and complex genome
architecture characterized by the presence of many repetitive se-
quences (Bucklin et al., 2018; Tarrant et al., 2019). Copepod species
of the marine zooplankton genus Calanus, although morphologi-
cally very similar (Choquet et al., 2018; Fleminger & Hulsemann,
1977; Frost, 1974), have large genomes that differ greatly in size
(from nearly 6 Gbps in C. finmarchicus to 12 Gbps in C. hyperboreus,
McLaren et al., 1988). Calanus species play a key role in energy trans-
fer in marine food webs, both as primary consumers and as prey for
fish, seabirds, and other marine predators (Arnkveern et al., 2005;
Bonnet & Frid, 2004; Cleary et al., 2017). Despite their ecological
importance, genomic resources currently available for Calanus spp.
remain limited, which has led to poor understanding of phylogenetic
relationships within the Calanus genus so far.

Before development of genetic tools, a phylogeny based on the
analysis of morphological characteristics (i.e., relative size of acces-
sory photoreceptor, caudal ramus, anal segment, and genital pore—
see Frost, 1974) was proposed for species of the genus Calanus
(Frost, 1974 and reported in Bucklin et al., 1995). The morphology-
based phylogeny identified two distinct groups: the C. finmarchi-
cus group, including C. finmarchicus, C. glacialis, and C. marshallae;
and the C. helgolandicus group, including C. helgolandicus, C. pacifi-
cus, C. sinicus, and four other species not investigated in the pres-
ent study. Calanus hyperboreus was considered as a separate clade,
distinct from the C. finmarchicus and C. helgolandicus groups. Later,
new phylogenies emerged from analyses of the two genetic markers
16S rRNA (Bucklin et al., 1995) and 28S rRNA (Kozol et al., 2012),
but showed a lack of congruence. Although the 28S-based phy-
logeny proposed by Kozol et al. (2012) seemed to agree with the
morphology-based phylogeny on the clustering of species, some
branches were not well supported. In contrast, the 16S-based phy-
logeny suggested a different grouping of species, with several spe-
cies from the “C. helgolandicus group” identified by Frost (1974) not
clustering together (i.e., C. pacificus separated from C. sinicus and
C. helgolandicus; Bucklin et al., 1995). The discrepancy observed
between the two different molecular phylogenies may be explained
by the potentially limited resolution of using only a single molecular
marker. The use of NGS approaches to obtain larger numbers of mo-
lecular markers from genome-wide data can overcome this problem
and provide more powerful datasets, needed to accurately charac-
terize species relationships (Leaché & Oaks, 2017).

There has been a growing interest in utilizing RNA-seq ap-
proaches to answer evolutionary questions for non-model species
because of the ease in assembling and analyzing transcriptome data
compared to genomic data and of the possibility to obtain additional
information from exonic regions of multiple genes (see e.g., Bi et al.,
2012; Tarrant et al., 2019). Transcriptomics studies are on the rise
in non-model marine organisms (Eldem et al., 2017; Marlétaz et al.,
2019; Pai et al., 2018; Tarrant et al., 2019; Ungaro et al., 2017), but
are still too limited to understand zooplankton species ecology and
evolution (Lenz et al., 2021). For the genus Calanus, various RNA-seq
studies have investigated, for example, the classification of genes
associated with developmental cycles from embryos to adult (Lenz

et al., 2014) and genes contributing to molecular mechanisms during
diapause, diapause termination, and starvation (Ohnishi et al., 2019;
Skottene et al., 2019). In addition, studies have also looked at pat-
terns of daily gene expression changes at different latitudes and
sea-ice coverage (Payton et al., 2020) and the effects of ocean acidi-
fication on the regulation of gene expression (Bailey et al., 2017). Yet,
there have been no studies utilizing RNA-seq-based data to mine
genes to resolve the phylogeny of the genus Calanus. Recent studies
have validated the use of transcriptomes in phylogenetic analyses,
showing virtually identical results with phylogenies derived from
whole or partial genome, regardless of the tissue origin and whether
the same tissue was used across species (Cheon et al., 2020; Zhao
et al., 2021). Multiple studies have already used transcriptomics for
phylogenetics of various marine organisms, including dinoflagellates
(Annenkova et al., 2018), pteropods (Peijnenburg et al., 2020), bi-
valves (Li et al., 2020), and crustaceans (Gan et al., 2020).

For the genus Calanus, there are currently 17 independent RNA-
seq datasets available in the NCBI SRA database (Appendix Table
S1, accessed November 2020) representing five Calanus species
(C. helgolandicus, C. finmarchicus, C. sinicus, C. pacificus, and C. gla-
cialis), of which only three species have a complete transcriptome
assembly: C. helgolandicus (Asai et al., 2020), C. finmarchicus (Lenz
et al., 2014; Tarrant et al., 2014); and C. sinicus (Ning et al., 2013;
Yang et al., 2014). For Calanus species living in the northern seas
(covered by the North Atlantic, Arctic, and North Pacific oceans),
where they dominate the zooplankton biomass, RNA-seq studies
have targeted mostly four species (i.e., Calanus helgolandicus, C. fin-
marchicus, C. sinicus, and C. glacialis), while other species have been
mostly ignored (C. pacificus, C. marshallae, and C. hyperboreus).

Our objective is to contribute and improve the currently available
transcriptomic resources for Calanus spp. and explore the suitability
of de novo transcriptome data to infer evolutionary relationships
within the genus Calanus. To achieve this, we sequenced, assembled,
and annotated de novo transcriptomes of two Calanus species for
the first time (C. hyperboreus and C. marshallae) and of three species
with limited transcriptomic data available (C. glacialis, C. helgolandi-
cus, and C. pacificus). We also investigated hundreds of single-copy
orthologs present among the seven species of Calanus derived from
RNA-seq data and updated the phylogeny of the genus Calanus.

2 | MATERIALS AND METHODS

2.1 | Specimen collection and molecular species
identification

Three individual copepodites of five species of Calanus (C. helgo-
landicus, C. pacificus, C. glacialis, C. marshallae, and C. hyperboreus)
were sourced from various collaborators (see details in Table 1).
These specimens originated from zooplankton samples collected
between March 2018 and June 2019 at different sites across the
North Atlantic, the North Pacific, and the Arctic Oceans (Figure 1),
from different depth ranges (Table 1) by vertically towing a plankton
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net (WP3, Juday or multinet). For each sample, Calanus spp. indi-
viduals were pre-sorted from the rest of the zooplankton and sub-
sequently preserved at -20°C in RNAlater. Individuals of C. pacificus
and C. marshallae were morphologically identified as such by the
taxonomist B. Frost. Molecular species identification was performed
to confirm the species identity of C. helgolandicus, C. glacialis, and
C. hyperboreus using six InDel (Insertion-Deletion) molecular mark-
ers (Smolina et al., 2014), with DNA extracted from antennules sepa-
rately, following the optimized protocol from Choquet et al. (2017).

2.2 | RNA extraction, library
preparation, and sequencing

Total RNA was extracted from the 15 pre-identified (using anten-
nules DNA or morphology) Calanus individuals using the Tri(Qia)zol
from Qiagen RNeasy mini kit with minor modifications to the man-
ufacturer's protocol and was concentrated using the RNA Clean &
Concentrator™ kit (Zymo Research). RNA quality was assessed using
an Agilent Bioanalyzer 2100 (Agilent Technologies) and showed integ-
rity numbers (RIN values) between 9.6 and 10.0, indicating high quality
of extracted RNA. Aside from RIN values, we did not observe evi-
dence of DNA contamination and limited smearing in small size range.

Individual RNA libraries were prepared using the NEBNext®
Ultra™ Il Directional RNA Library Prep Kit for lllumina® (New England

Calanus hyperboreus pramsesesraneeaes -® Calanus glacialis

Skjerstadfjord
300-500m
CV adults
June 2019

West Greenlzid Seas
0-350 m H
Female

Sept 2018

North
Atlantic

Biolabs) following the manufacturer’s protocol. Libraries were quan-
tified using an Agilent Bioanalyzer 2100 (Agilent Technologies)
and pooled in equimolar concentrations before sequencing on
an lllumina NextSeq 500 platform with a 2 x 150 bp high-output
NextSeq 500/550 v. 2.5. kit.

2.3 | De novo transcriptome assembly and
transcript filtering

Raw sequencing reads, generated from the 15 individuals, were de-
multiplexed using bcl2fastq v. 2.2 (https://support.illumina.com/
sequencing/sequencing_software/bcl2fastg-conversion-software.
html) and quality checked using FastQC v. 0.11.5 (http://www.bioin
formatics.babraham.ac.uk/projects/fastqc/). Low-quality reads (see
Appendix S1) and adapter sequences were trimmed using cutadapt
v. 1.18 (Martin, 2011).

RNA-seq reads from transcriptomes of two additional Calanus
species (C. finmarchicus and C. sinicus) with three individuals per
species, and two closely related taxa (Acartia tonsa and Eurytemora
affinis) with one individual per species, were downloaded from the
NCBI SRA database and included in the subsequent analyses (see
Table 1 for more information). We chose to sequence new individu-
als for both C. glacialis and C. helgolandicus as most of the transcrip-
tome assemblies available online are either incomplete or limited

Puget Sound
i 0-140 m depth
Calanus pacificus +  CVadults
°® *  March 2018
Puget Sound ’ @ Calanus
0-140 m depth
CV adults : R
March 2018 H g

North
Pacific )
Ocean .. Calanus finmarchicus
i Sy
b Gulf of Maine
CV adults

Jul 2011
Lenz etal. 2014

I ]
Balanus sinicus

Off the coast of
Japan

+ p-100m depth
+, #Female & CV

1 4 / adults

Oct 2015

; Calanus finmarchicus
° Trondheimsfjord,
: Cultured samples
Calanus helgolandicus VS
May 2012 :
;‘g:"::;‘hsm"a”d Tarrant et al. 2014 ®
CV adults Calanus sinicus
April 2019
Yellow Sea
CV adults
May 2013
Y — A cslanus heigolandicus
/\ calanus A cesnus (NCBI)
A cotonus marsnatoe A\ Colonus sineus (NCe))
A Calanus pacificus

FIGURE 1 Sampling locations for the seven species of Calanus analyzed in this study
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to certain species-specific stages. In order to compare across spe-
cies, we aimed for only CV or adult females. We selected Acartia
tonsa and E. affinis as outgroups since they are among the closest
extant species to Calanus spp. within the order Calanoida to have
complete transcriptomes available online (Tarrant et al., 2019), and
importantly because both species have been used as outgroups in a
previous study where divergence time was estimated (Eyun, 2017).
Individual de novo transcriptome assemblies were performed
for all individuals of seven species using Trinity v. 2.9.1. (Grabherr
et al., 2011). Assembly statistics were computed using the Perl
script TrinityStats.pl contained in the Trinity software package.
Based on the lengths of assembled transcriptome contigs, we com-
puted for N50 based on the single longest isoform per gene (Nx50)
and ExN50 statistics, which are limited to the topmost highly ex-
pressed genes. N50 values can often be exaggerated due to Trinity
program generating too many transcript isoforms. To attenuate the
probability of including false and redundant transcripts, contigs
were filtered in five steps: (1) cross-species contamination of con-
tigs in assembled transcriptome was removed using CroCo v. 1.1
(Simion et al., 2018); (2) weakly expressed transcript isoforms or
isoforms which are not expressed as much as other isoforms were
removed and only the most highly expressed isoform per gene
were retained using Trinity perl scripts align_and_estimate_abun-

«

dance.pl and filter_low_expr_transcripts.pl with the “--highest_iso_
only” parameter included; (3) redundant transcripts with 295%
identity were filtered out using cd-hit-est v. 4.7 (Fu et al.,, 2012;
Li & Godzik, 2006); (4) misassembled or incomplete contigs were
filtered out based on read mapping metrics using TransRate v. 1.0.3
(Smith-Unna et al., 2016); and lastly, (5) only transcripts containing
open-reading frames (ORFs) with a length of at least 100 amino
acids were retained using Transdecoder v. 5.5 (Haas et al., 2013,
Figure S1). Then, transcriptome assembly completeness was as-
sessed using BUSCO v. 4.0.2 (Benchmarking Universal Single-Copy
Orthologs, Seppey et al., 2019) to obtain the overview of all single-
copy, duplicated, and missing orthologs represented in the ar-
thropod dataset (arthropoda_odb10). Downstream analyses were
performed using the resulting 23 filtered transcriptomes.

2.4 | Identification of coding regions and
functional annotation

Candidate coding regions within the transcriptome assemblies
were identified using TransDecoder v. 5.5 (Haas et al., 2013).
Functional annotation was performed using eggNOG-mapper v.
2.0 (Huerta-cepas et al., 2017) based on fast orthology assignment
using precomputed eggNOG v. 5.0 (Huerta-Cepas et al., 2019)
clusters and phylogenies. Protein families were assigned to known
functional class using gene ontology (GO) terms and the database
of clusters of orthologous genes (COG, Galperin et al., 2021). Two
COG groups “Cell motility, N” and “Nuclear Structure, Y” showed
very low protein counts across the seven Calanus species, and
the reason behind it was investigated in detail using eggNOG

,Wl LEYﬂ

database for Arthropoda (6656 single-copy orthologs, downloaded
on 25.04.2021). Proteins in the Arthropoda database for N and Y
categories that were not identified by eggNOG-mapper in C. hy-

perboreus (species with the lowest number of obtained matches to
N and Y category) were manually searched using HHMER v3.1b2
(Johnson et al., 2010). The created hidden Markov models were
used to mine predicted ORFs from C. hyperboreus. Best significant
hits (with the lowest E-value) were searched against NCBI nonre-
dundant protein database using BLASTp to further confirm their
identity and relatedness to COG functional categories. In addi-
tion, annotated transcripts were also classified to three GOSlim
functional categories (biological process, cellular component, and
molecular function) using the webserver “PANTHER Classification
System” (Mi et al., 2019, 2021) with Drosophila melanogaster chosen
as the reference organism.

2.5 | Ortholog identification and
phylogenetic analyses

Orthofinderv. 2.3.1 (Emms & Kelly, 2019) was used to prepare a data-
set containing only single-copy orthologs for phylogenetic inference
using all 23 transcriptomes, while for estimation of gene duplica-
tion events along the phylogeny only representative individuals per
species were used. A phylogenetic tree was constructed by aligning
protein-coding sequences of single-copy orthologs using clustalo-
mega v. 1.2.4 (Sievers & Higgins, 2014). A customized Python script
(convert.py,
r/ml_species_tree_inference) was used to remove sequences con-

https://github.com/mmatschiner/tutorials/tree/maste

taining missing information from all the alignments and to translate
each sequence alignment into a Nexus format, needed for 1Q-tree.
Maximum likelihood (ML) phylogenetic trees were generated for
each single-copy orthogroup using both the bootstrap method (with
1000 replicates) and the maximum-likelihood method with branch
lengths calculation using IQ-tree ver. 1.6.1 (Nguyen et al., 2015).
Substitution models were not specified, allowing |Q-tree to choose
the best-fitting model for each orthogroup. A single species tree
with maximum number of quartets shared among gene trees based
on ML was inferred among individual species trees using ASTRAL v.
5.7.3 (Zhang et al., 2018). Gene and site concordance factors (sCF)
were also computed to determine which branches show concordant
and disconcordant genes and to calculate site variances to the refer-
ence ML tree.

3 | RESULTS

3.1 | Sequencing

We sequenced 15 individual transcriptomes, with three individu-
als for each of five Calanus species (C. helgolandicus, C. pacificus,
C. glacialis, C. marshallae, and C. hyperboreus). The mean sequencing
output per individual was 47.6 million reads (ranging from 10.8 to
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102 million, Table S2). All raw reads were uploaded to NCBI SRA
database under BioProject PRINA744376 and all de novo transcrip-
tome assemblies generated in this project has been deposited at
DDBJ/EMBL/GenBank TSA database and DRYAD server (https://
doi.org/10.5061/dryad.n8pkOp2ww, see Table S4).

3.2 | De novo transcriptome assembly and
quality assessment

De novo transcriptome assembly using Trinity was performed
for each Calanus individual sequenced in addition to six datasets
publicly available, generating a total of 21 transcriptome assem-
blies. Quality metrics for each assembly are presented in Table 2.
Mapping of quality trimmed reads to their corresponding de novo
transcriptome assemblies generated alignment rates from 95.62%
to 99.13% with a mean alignment rate of 96.69%. Based on 1013
conserved arthropod orthologs, our BUSCO analysis identified
93.57% (mean among three individuals) complete single-copy and
complete duplicated BUSCO's in C. glacialis, (91.33%) in C. hy-
perboreus, (88.43%) in C. marshallae, (91.80%) in C. pacificus, and
(92.10%) in C. helgolandicus. These parameters indicated that the
15 de novo transcriptomes were well assembled and relatively
complete (Table 2; Figure S2). Moreover, we investigated or-
thologs identified by BUSCO as missing and found eight orthologs
that are common among all the 21 Calanus transcriptomes (Table
S3). However, further manual BLAST of these proteins against the
translated transcriptome of C. hyperboreus revealed query hits
>50% for six proteins, and the absence of significant hits for the
two other proteins: 3-ketodihydrosphingosine reductase (Plutella
xylostella, XP_037969682.1) and serine palmitoyltransferase 1
(Plutella xylostella, XP_037971886.1), both reportedly involved in
sphingolipid metabolism.

We tested for cross-species contamination among the 15 new
transcriptomes that were sequenced on the same flow-cell, and
none was detected. After filtering out weakly expressed isoforms,
a total of 332,489 transcripts (representing 66.44% of all the gen-
erated transcripts) were retained for all individuals of C. glacialis,
58.56% for C. hyperboreus, 66.99% for C. marshallae, 58.37% for
C. pacificus, 58.94% for C. helgolandicus, 44.73% for C. finmarchi-
cus, and 43.75% for C. sinicus. The final number of peptides with
ORF meeting the minimum criteria set by Transdecoder-v.5.5 (Haas
et al., 2013) ranged from 33,135 peptide sequences for C. finmar-
chicus_SRR1141110 to 72,916 for C. pacificus_008. The mean num-
ber of remaining peptides among the seven species was 53,265
(Table 2).

3.3 | Functional classification of protein families

Functional annotation of orthologous protein families was based
on GO terms and COG databases implemented in eggNOG-mapper

v.2.0 (Huerta-Cepas et al., 2017). Functional classification of
protein-coding sequences based on COG yielded different numbers
of protein queries from one species to another. For A. tonsa, we were
able to functionally assign 5947 protein queries, 10,925 for C. mar-
shallae, 12,435 for C. hyperboreus, 16,057 for C. finmarchicus, 16,308
for C. glacialis, 16,971 for C. pacificus, 17,349 for C. helgolandicus,
and 17,706 for C. sinicus. The orthologous protein families were
subdivided into 25 COG classifications (Figure 2a). Among them,
the category “Unknown Function, S” represented the largest group
with a cumulative query hit comprising of 24.62% of the total protein
assignments for all the Calanus species. It was followed by “Signal
transduction mechanisms, T” (12.48%), “Post-translational modifica-
tion, protein turn-over, and chaperon, O” (10.27%). Groups with the
lowest protein count were linked to functions related to “Cell motil-
ity, N” (0.05%), “Nuclear Structure, Y” (0.04%), and “General func-
tion prediction only, R” (0,0%). In-depth look into N and Y categories
using Arthropoda eggNOG database showed that this database
only contains 15 and 10 proteins in N and Y categories respectively,
thus explaining general low numbers of these categories in Calanus
transcriptomes (from 5 to 10 proteins per species in N category and
from 5 to 8 proteins per species in Y category). Furthermore, manual
search with HHMER reduced the number of unfound proteins from
the Arthropoda database in C. hyperboreus from 10 to 5 in N cat-
egory, and from 5 to 1in 'Y category.

In total, the number of transcripts with GO and KEGG annota-
tions were, respectively, 4161 and 4447 for A. tonsa; 10,869 and
12,106 for C. finmarchicus; 10,837 and 12,197 for C. glacialis; 7701
and 8305 for C. marshallae; 11,027 and 11,908 for C. helgolandicus;
11,231 and 12,313 for C. pacificus; 12,154 and 13,271 for C. sinicus;
and 8575 and 9220 for C. hyperboreus. Overall, the percentage of
annotated transcripts to major GO categories was similar, if not com-
parable among all examined species (Figure 2b). Within the GO cat-
egory Biological Process (BP), the largest proportion of transcripts
were assigned to cellular process (~33%), metabolic process (~24%),
and biological regulation (~15%). Within the GO category Molecular
Function (MF), binding and catalytic activities were the largest
terms with ~40% and ~34%, respectively, of all transcripts with GO
term hits. For Cellular Component (CC), within GO_Slim category in
Panther database, transcripts were assigned to only three groups
with cellular anatomical entity (~42%) and intracellular (~37%) as the
largest groups (Figure S3).

3.4 | Orthologidentification and
phylogenetic analyses

On average, Orthofinder assigned 32,446 (91%) genes to ortho-
groups in each Calanus species, while 11,610 (84%) genes were as-
signed to orthogroups in the two outgroup species, meaning that
taxon sampling was sufficient. The number of genes in species-
specific orthogroups ranged from 123 in C. marshallae to 898
in C. helgolandicus with a mean of 498 genes (1.3%). Estimated



7 of 15

-WILEY

Ecology and Evolution

*$80|0Y}0 4O OU SUISSIW = || pue ‘pajuawsely = 4 ‘pajedljdnp = g ‘9J8uls = § ‘932|dwod = J *(s80j0Y}I0 £QTT SulUIEIUOD QT qpo) dseqelep epodouy}Je uo paseq sem JUsWSSasse OISN Y 20N

%T 9T N ‘%LT A [%LT A '%Y'69S] %TTLD 950'vC L6€°LS €066 19'8E 189°0L1T 558°06 S98°C1'181 epew|ysiulyiey  siulo piowajhaing
%y’ 0% W ‘%8°C 4 [%9°0 :A ‘%C 9 :S] %89S :D vLT'9T 986'T€ 6L°86 6'LE LTL'YTT 6v1'8Y LY0'€0C'8TT UOSS|IN " esuoly bsuo} biLIY
%0'L W ‘%9°C 4 °[%0°08 :A ‘%01 :S] %106 D 99185 7€6'69 L9'V6  9T'9Y YOT'€9Z  T6L°90T 986'€0¥'8S  8/8Y¥TYYA UISD
%L'G W ‘%S°C 4 [%€08:A ‘%S TT :S] %816 D 158°'€9 6v6'LL 866 €T9V 0oTL'z8C 99€'€TT TIZOTT'E9  9/8YPTHIQ UISD
%8°G IN ‘%1'C 4 [%6'TL:A ‘%L 0T S %1'T6 D 1€0'T9 15929 866  v¥'ov SOV'SET  986'COT LLL9SL'T9  £6¥TE0YS UISD Snajuls snubjp)
89VESTTHYUS
%S°G W ‘%E Y 4 [%L°GE ‘A ‘%S VS :S] %06 D LTY'EY 6681€ 0C'96 TP 150'62C 15106 €5/'66E°C9 “uyo
%9'8 !N ‘%L Y ‘[%6'8S ‘A ‘%8'LT *S] %L'98 D SET'EE 862'ST €88 6£'Sy TOL'ETT €0L'€S SLT'T69'6E  OTTIYITYYS U4 snowyoapLLLY
%9°0T N ‘%18 4 [%T°6€ :A ‘% T :S] %E'T8 D 0L6'TS TSL'ES 68'88 8T'9V ¥0S'SL [ATA 54 STO'TL6'6Z  LOTTHTTYYS uld snupbjpy
%8°L W ‘%6'C 4 (%0 VY :A ‘%E 'SP 'S %E68 D €816y 6LL'YY ¥€'96 98'GY €€€'96 TLTT9 P91'859°SY 800 31PYD
%CL W '%T'T 4 (%06 :A ‘%9 T¥ S %9°06 :D rs'09 S69'7S 1€96 €T'SY ¥GSLET 096'€8 LTV'68Y'19 £007812YD snajpupjo8jay
%C'S N ‘%C'T 4 [%8°€S ' '%8'6€E S| %9°€6 1D 90T'L9 99 LTL6  OLYY 181661  0ZT'0TT 615'7EET8 €00 81PYD shupjp)
%E'9 N ‘%S'C 4 (%825 ‘A ‘%Y'8E :S] %TT6 D 9T6TL 12192 ¥€96 1€GY SYS'PrT €0v'L8 T9L'€91°29 800 2edd
%LV N ‘%8'T 4 [%T°€S :A ‘%Y 0 S %S €6 D 1295 0L'8Y 8996 0€'Sh T60'eST €01'S8 60€'TEE'S9 £0072edD
%E'L W ‘%0'C 4 [%S°CS *A ‘%C 8 Sl %L'06 D 68€°09 SSLLS €596 09'S¥ 8Y'EET LOT'6L 996'09C°LS 900 2edd snatiood snupjp)
%CTT W ‘%T°C 4 [%0°8C :A ‘%L'8S ‘S] %L'98 :D 0LL'€S 111'8% 98'G6  68'Gh 9T6'SS 8/£'6E 0L0'S0¥'0€ 800 ewd
%08 N ‘%C'T 4 [%¥'€€ 1A '%1'9G :S] %868 :D 62897 88E'CY LOL6  96VY 786'80T L6E°0L 76£'S0¥'ES £00 tew)
%Y'6 W ‘%8'T 4 [%E€6C A ‘%S 65 S] %8'88 1D TLS'VE S05°'0€ 1996 SE'SY 15898 89885 8TL0S6'EY SO0 JewD  avjjpysibw snupb[p)
%09 N ‘%9°T 4 ‘[%T T :A ‘%E"TS S| %¥'26 D 29219 STC6L G096 ETEY TCE'S9T VEEL6 628'VL1'69 0€0 2dAyd
%6L W ‘%S4 1%9°9€ :A ‘%0°ES S| %968 D 90129 901'SS [896 08%Y 8.7'86 T6LLS L9TOV9'VY 12072dAYD snasoqiadAy
%T'9 W ‘%8'T 4 [%E'€Y *A ‘%L '8Y S %0'CT6 D vLO'EY €L0'LS €166 98°EY 19CvST 98968 £19°298'79 210 2dAyd snupjp)
%Y'S ‘W ‘%Y'T 4 [%T° €Y A ‘%108 S] %C'€6 D 661°CL TL0'TY 29's6 €9y 79880C 096211 269'1/8'€8 110 €182
%'S N ‘%80 4 ‘[%0°2 A ‘%81 'S %8'€6 1D ELY'69 2628 ¥9'56  €9'Cv OET'T6T  S9TL0T T60°916°CS 010" eI8D
%T'S ‘W '%C'T 4 [%L°01 A ‘%0°ES S %L€6:D 050'SS £50'8S 01’86 19'Ch 608'T6T 689201 £8£'98£'08 £007®I8D SI|DI2D|E SnUD|)
oosng (ee 00T 2 440) syduosuesy  juswuSile  D9%  siduasuesy sauas saseq al |enpiAlpu| saads
sapndad JooN  pauiejas jo oN % jooujeo]  ouejol pajquiasse
Jo ou jejo)

LIZANO T AL.

s)insal 0JSNd pue ‘(ee 0OT = 430) sapidad Jo "ou ‘sydLIdsuel) paulelal Jo “ou ‘JusaWuSI|e % ‘JUSIU0D D% ‘S3dIISUBI] JO OU [BJO)} ‘SBUAS JO "OU [}0} ‘SASE( PI|qIISSE
40 "Ou €303 33 SUIMOYS 3SE]EIEP YYS [GDN W01} PIPEOJUMOP SIULD DIOWIIAINT PUE DSUO} DI3IDIY Sa193ds dnoiSino omy pue "dds snupjp) 104 soi3siiels Ajquiasse awoldudsuel] z 379VL



LIZANO ET AL.

MW] LEnycology and Evolution

(a)
<]
& 4000-
5]
<
£
3 3000
2
a
1
2
5 2000-
=
2
£
3 1000~
< |||| ‘ | ‘
|"| ||.\|| |||‘|| ll.lll ||Il|| ||.|I| 114 |||||| |||||| ||| I" ||,u| ] | 1
0
NP N NP NP SR N SR P NP S
FFFSFFFF T &P S
F T FTFFFEE S &S F
TR FEEEEEFTFT TR & F SO
o8 T T T T T T P E o8 7 P S
LSETFTEITLLLL LT EFTFE I L& EE
S TSI S E & & & q«a{* & o8 <& &
& & s & & @‘&Q & s e o‘(\& & & @‘\’}o’b
& X N & S @ &
AT P FE e T F S S
o (T TS S & FE o
¥l o & & [S; Py v S E T
& ¢ ¢ P 0N N N &
& et &° Ie; SR
g & S &
o <& & o &
& ¥ & & &
& o & &
8 & o
& 3
o e
o &
o e

e

duplication events inferred by Orthofinder showed that the largest
number of duplication events happened prior to the emergence of
the genus Calanus and after the split of C. hyperboreus (Figure 3).
The C. helgolandicus group had the most duplication events with the
most duplication (4970) inferred for C. helgolandicus itself. The low-
est number of duplications was observed in C. marshallae (988). We
also observed that species with the highest number of duplication
events are also the species with the highest number of peptides and
sequencing output (Tables 2 and S2). Notably, a strong positive cor-
relation is detected between the number of final peptides in each
species and the number of estimated duplications (Pearson's r = .82,
p value = .023).

Orthofinder identified 191 single-copy protein coding ortholo-
gous genes across seven species of Calanus and the two outgroup
taxa A. tonsa and E. dffinis. The generated ML trees for each gene
ortholog showed that the seven species were clustered into three
well-supported clades based on bootstrap support values (C. sinicus
(C. helgolandicus + C. pacificus); (C. finmarchicus (C. glacialis + C. mar-
shallae); (C. hyperboreus). Moreover, C. sinicus shared a recent com-
mon ancestor with the monophyletic species C. helgolandicus and
C. pacificus. C. finmarchicus shared a recent common ancestor
with C. glacialis and C. marshallae, and there was a consistent split

FIGURE 2 (a) Functional annotation

of protein-coding sequences based on
Clusters of Orthologous Groups (COG)
database. (b) Gene Ontology (GO)
annotation representing biological process
for seven species of Calanus and one
outgroup taxon Acartia tonsa

S & & S
& &
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W C. finmarchicus

M C. glacialis
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C. hyperbareus
C. marshallae

W C. pacificus

W C sinicus

between C. hyperboreus and the two other monophyletic groups
(C. helgolandicus and C. finmarchicus groups, Figure 4a).

Gene and site concordance analyses revealed branches that
show a concordant and disconcordant gene and site variations within
our reference ML tree (Figure 4b). The split between C. hyperboreus
group and the two other groups (C. finmarchicus and C. helgolandi-
cus group) showed a 100% maximum-likelihood value with a gCF
of 100% and sCF of 96.3%. This means that all 191 protein-coding
genes support this grouping, with most of the amino acid sites infor-
mative for this ML branch. Meanwhile, a gCF value of 57.3% or 109
out of 191 single-copy orthologous genes support the split between
C. finmarchicus and C. helgolandicus groups with most of the sites
(67.8%) informative of the branch topology. 36.7%
copy orthologs support the separation of C. sinicus from C. helgo-

or ~70 single-

landicus and C. pacificus. A third of all single-copy protein-coding
genes (30.9% gCF) indicate that C. helgolandicus and C. pacificus are
sister species and about 54.5% of the genes supported the split of
C. finmarchicus with C. glacialis and C. marshallae with 56.2% of these
protein-coding genes containing informative sites. Furthermore, the
scatter plot of gCF and sCF values for all branches shows that the
majority of single-copy orthologs used to reconstruct the species
tree contained informative gene and site information.
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FIGURE 3 Inferred number of gene duplication events along
Calanus species tree. Numbers on each branch are duplication
events of each respective branch that are retained in all descendant
species. Bar plots represent the number of gene duplication events
for each species. Black arrows indicate number of proteins per
species used for the inference

4 | DISCUSSION

4.1 | 15 new de novo transcriptome assemblies for
Calanus spp.

With the aim of contributing to and improving the existing tran-
scriptomic resources available for the genus Calanus, we analyzed
the transcriptomes of five species of Calanus together with two out-
groups and two Calanus species mined from NCBI database. Overall,
we were able to contribute to the existing online high-throughput
sequencing database with 15 new transcriptomes, including two
species never sequenced before (C. hyperboreus and C. marshal-
lae). The quality of our transcriptome assemblies was similar, if not
slightly higher, than previously assembled de novo transcriptomes
for Calanus spp. according to several metrics. For instance, the mean
percentage of alignment among the individuals generated from the
present study was 96.69%, while the mean percentage alignment
among the six de novo transcriptome assemblies that we down-
loaded from NCBI database is 93.08%. Our results satisfy the cur-
rently accepted criteria that a good Trinity transcriptome assembly
should have a high percentage alignment or that most of the reads
should map back to the assembly. This is also true with the Nx50
value where the mean Nx50 from our study is 1118.8, while the
mean Nx50 among database samples is 1007.83. Furthermore, we
also computed for the ExN50 (i.e., N50 based only on the topmost
highly expressed genes), considered to be one of the most appropri-
ate metrics to assess transcriptome data quality (Haas et al., 2013).
Our ExN50 ranged between 2257 and 2854 with a mean value of
2438 (Figure S4). Lastly, to complement the technical metrics of N50
statistics, we used BUSCO to indirectly assess our assembly com-
pleteness using a specific set of near-universal single-copy orthologs
based on the BUSCO Arthropoda database. Our results show a rela-
tively complete assembly among the 15 individuals with a mean

,Wl LEYﬂ

BUSCO completeness value of 90.55%. Both the summary statistics

and BUSCO measurements showed similar or higher values com-
pared to previously published studies related to de novo transcrip-
tome assemblies in Calanus spp. and other copepods (Berger et al.,
2021; Lenz et al., 2014; Tarrant et al., 2014, 2019; Yang et al., 2014).
Although the transcriptomes presented here are of high quality, they
remain partially incomplete because they only represent one or two
specific developmental stages of a species in a snapshot of natural
conditions and are likely lacking stage-specific, condition- or stress-
specific transcripts. More sequencing efforts are needed to further
improve transcriptomic resources for the genus Calanus.

The recent Ocean ZOOP initiative (Ocean Zooplankton Open
‘Omics Project) has called for multispecies high-quality de novo
transcriptomes for zooplankton species spanning diverse taxa from
across the world's oceans, to generate a new framework for evolu-
tionary, ecological, and physiological studies (Lenz et al., 2021). Our
results on multiple Calanus species will thus contribute to such most
needed project. In addition, here we demonstrated how the use of
whole transcriptome data can help resolve evolutionary relation-
ships among closely related zooplankton species.

4.2 | Conserved protein functions across species

Functional assignment based on COG and GO term annotations
showed a conserved pattern of protein functions across different
Calanus species. In particular, we noticed that relatively few protein
families encode for functions relating to nuclear structure compared
to other eukaryotic species (i.e., Arabidopsis thaliana, Caenorhabditis
elegans, Drosophila melanogaster, Homo sapiens, and Saccharomyces
cerivisae Tatusov et al., 2003). This COG pattern is also distinct from
other distantly related marine organisms such as the fish Coilia nasus
(Du et al., 2014); the diatom Skeletonema costatum (Zhang et al.,
2016); and the crab Eriochier sinensis (Li et al., 2013). The results of
our COG annotation indicate a lack of protein families in functional
categories N (Cell motility) and Y (Nuclear structure). However, this
may be linked to their small numbers in the database compared to
protein families in other COG categories, and slightly lower effi-
ciency of automated annotation compared to manual, but not neces-
sarily to the absence of these proteins in Calanus transcriptomes.
We also found that 24.3% of the protein families among seven
Calanus species do not have a known function and that no proteins
were functionally assigned to the general function predictions (R)
category. Our results are almost similar with the COG annotation
performed by Yang et al., 2014 for C. sinicus except that we were
able to assign more protein families with functions related to extra-
cellular structures (393-677 protein queries vs. <100, for C. sinicus,
Yang et al., 2014). In general, the total number of protein families
assigned to known functions (based on COG annotation) was much
lower (~6383 out of 43,417 protein queries assigned) in the study of
Yang et al. (2014), due to the limited number of reference genomes
present in the COG database back in 2014. GO annotation also
showed that sequenced and assembled transcriptomes of Calanus
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FIGURE 4 (a) Maximum-likelihood (ML) phylogenetic tree of seven Calanus species and two outgroup taxa Acartia tonsa and Eurytemora
affinis based on 191 single-copy orthologs derived from transcriptomes. ML tree showing bootstrap support values that are at the maximum
on the majority of nodes (ML bootstrap = 100) except C. helgolandicus & C. pacificus (bootstrap = 92%). (b) Corresponding ML tree for the
Calanus spp. dataset including two outgroup taxa. Numbers on each branch represent maximum-likelihood support value, gCF, and sCF. The
inset shows the scatterplot of gCF and sCF values
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species have patterns of annotated transcripts similar to previously
sequenced and here re-assembled C. finmarchicus (Tarrant et al.,
2014), C. sinicus (Yang et al., 2014), and other recently investigated
copepods, for example, Labidocera madurae (Roncalli et al., 2017)
and Rhincalanus gigas (Lauritano et al., 2020).

4.3 | Orthologs and duplication events

According to Orthofinder, most protein-coding genes are conserved
among the seven Calanus species with only 1.3% of the genes being
species-specific. This percentage of species-specific genes is a bit
higher than what was reported for five species of bats in the recent
study of (Moreno-Santillan et al., 2019) and for five species of liz-
ards in (Maldonado et al., 2020). The number of duplication events
are expected to be high for Calanus copepods due to their large ge-
nomes (McLaren et al., 1988) and extended gene families (e.g., Lenz
et al., 2014). Surprisingly, the largest number of duplication events
was inferred in C. helgolandicus and other species of the C. helgolan-
dicus group (C. pacificus and C. sinicus). It was only intermediate in
C. hyperboreus and C. glacialis, despite them having the largest ge-
nome size estimations (McLaren et al., 1988). The lowest number of
duplication events was found in C. marshallae, which has a genome
size estimate comparable to that of C. helgolandicus. The strong posi-
tive correlation between duplication events and the number of pre-
dicted peptides used as input suggests that these results could be
biased by sequencing effort and completeness of species transcrip-
tomes. However, the positive correlation between the number of
peptides and duplication events does not shed light on this question
and only sequenced genomes of Calanus species will unequivocally
resolve this issue.

4.4 | Fully resolved phylogenetic relationships for
seven Calanus species

In the present study, we were able to reconstruct the phylogenetic
relationships of seven species of Calanus based on 191 single-copy
protein-coding orthologs from RNA-seq data. The results of our
maximum-likelihood tree indicated that these seven species clus-
ter into three well-supported clades. Our phylogenetic analysis also
showed a fully resolved C. helgolandicus group (C. sinicus as a sister
clade to the sister species C. helgolandicus and C. pacificus, clade A)
in comparison with the earlier study of Bucklin et al. (1995) using
16S rRNA, wherein several species of the C. helgolandicus group
(C. helgolandicus, C. pacificus, and C. sinicus) did not group together
well, largely because of the ambiguous position of C. pacificus. The
relationships within the C. helgolandicus group relied on a single mo-
lecular marker and were only loosely supported by the bootstraps
(Bucklin et al., 1995). Moreover, our phylogenetic results slightly
disagree with the phylogenetic tree from Kozol et al. (2012) based
on 658 bp region of the 28S rRNA gene, where the authors found
that C. helgolandicus is a sister species to C. pacificus and C. sinicus,
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while our ML tree suggests that C. helgolandicus and C. pacificus are
more related than C. pacificus and C. sinicus are. Our tree topology

was supported by high bootstrap values (bootstrap = 100, C. sini-
cus (C. pacificus + C. helgolandicus); and bootstrap = 92, C. pacifi-
cus + C. helgolandicus), with more individuals per species and higher
number of genes (~60 to 70 single-copy orthologs supporting these
branches) compared to earlier studies. Meanwhile, species relation-
ships in both Clade B and Clade C are consistent with all the pre-
viously proposed Calanus phylogenies (Bucklin et al., 1995; Frost,
1974; Kozol et al., 2012).

The topology of our ML tree was more concordant with the to-
pology found by Frost (1974) and by Fleminger (reported in Bucklin
etal.,, 1995) based on the examination of several morphological char-
acters. Our study demonstrates the power that can be obtained with
large molecular datasets to fully resolve phylogenies, in comparison
with using only a single genetic marker. The concordance between
morphology-based and well supported/confirmed molecular phy-
logenies is particularly interesting in the case of Calanus spp., as the
strong morphological similarity between species within the genus
has challenged the work of taxonomists for decades, especially for
species within Clade B. Recently, a thorough assessment of mor-
phological characters considered to be diagnostic for species dis-
crimination between C. finmarchicus and C. glacialis was made using
genetic tools and revealed that most if not all morphological charac-
ters were unreliable, depending on geographical location (Choquet
et al., 2018). To reconstruct the Calanus phylogeny, Frost (1974)
examined several morphological characters including: the fifth pair
of swimming legs, the relative size of accessory photoreceptor, the
length of caudal ramus, the size of genital pore, and the shape of
the ventral surface of the genital segment. Some of these taxonomic
characters have been re-investigated recently together with some
genetic information (mostly between C. glacialis and C. finmarchicus
species). No evident species-specific patterns were observed, and
results are shown to be species independent (e.g., 5th pair of swim-
ming legs Choquet et al., 2018; secondary sexual structures—K.
Kosobokova, personal communication) or significantly variable de-
pending on geography. However, the combined analysis of multiple
morphological traits, as performed in the study of Frost (1974) from
individuals sampled in regions where species-specific morphological
differences may be more distinct (see Choquet et al., 2018) could
have contributed to a more similar phylogenetic tree between the
phylogeny based on morphology and the phylogeny based on new
transcriptome datasets (this study).

The taxonomic status of C. marshallae has been in question due
to the extreme similarity of mtCOIl and mt16S sequences with that
of C. glacialis reported in GenBank. Minimal differences in barcode
sequences have raised doubts among experts about the current
taxonomic status of C. marshallae species. Ashjian et al. (2017) re-
ported a single base pair difference between species in the COI
mitochondrial gene across 1500 specimens of C. glacialis/C. marshal-
lae analyzed in their study. Their genetic analyses revealed three
genetically differentiated groups (Ashjian et al., 2017): C. marshal-
lae from Puget Sound (identified by B. Frost), the Arctic C. glacialis
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collected at SHEBA ice camp in Canadian basin (Ashjian et al., 2003),
and C. glacialis samples from the Bering Sea. Here, our data suggest
a strong genetic differentiation between C. glacialis (collected from
Skjerstadfjord) and C. marshallae (from Puget Sound c/o B. Frost)
and may indicate that they are two distinct species, notably because
of the high bootstrap support value and concordance factor ob-
served in the branch separating these taxa (ML bootstrap = 100%;
gCF = 80.3%; sCF = 85%), relative to the other species present in
our phylogenetic analysis. However, we could not investigate further
the taxonomic status of the three genetically differentiated clusters
reported by analyses of mtCOIl (Ashjian et al., 2017) since we did
not include samples of C. glacialis from the Bering Sea. More indi-
viduals identified as C. marshallae and C. glacialis from these three
localities must be analyzed to further assess the actual taxonomic
status of these three genetic clusters. Combining comprehensive
morphological examinations together with analyses of large num-
bers of genome-wide molecular markers such as single nucleotide
polymorphisms (SNPs), following the genome-reduced representa-
tion protocol developed by Choquet et al. (2019), will allow testing
for reproductive isolation among these three genetic entities.
Lastly, to get more insights on our ML tree, we quantified gene-
alogical concordance in our phylogenetic dataset. Gene concordance
factor (gCF) is defined as the percentage of decisive gene trees sup-
porting a branch, while sCF is the percentage of decisive alignment
sites supporting a branch in a reference tree (Minh et al., 2020). These
concepts are important for phylogenomics datasets because genes
that are from different chromosomes or from distant regions of the
genome tend to show different levels of resolution or phylogenetic
signals (see Minh et al., 2020; Rota et al., 2021). The results of our con-
cordance estimations fully supported the split between C. hyperboreus
and the two other Calanus groups: C. finmarchicus and C. helgolandicus
(gCF = 100%; sCF = 96.3%). We also found that 109/191 single-copy
protein-coding genes supported the separation between C. finmarchi-
cus and C. helgolandicus groups. Although we obtained the maximum
possible bootstrap support values for each branch of our ML tree, we
still observed low gCF and sCF values for branches splitting the three
species in the C. helgolandicus group and in the shallower splits in gen-
eral. High bootstrap values, but somewhat low concordance factors
between lineages are common and have also been observed in sev-
eral studies using gene orthologs derived from transcriptomes (i.e.,
in frogs, Chan et al., 2020; in spiders, Kallal et al., 2020; in butterflies
Rota et al., 2021; in ants van Elst et al., 2021). Low concordance val-
ues do not mean that the phylogenetic tree is unresolved, but rather
gives us further insights on how related or congruent the genes are
in resolving the species phylogeny (Minh et al., 2020). In addition, the
relatively low concordance factors in the shallower branches of our
phylogenetic tree may be attributed to conflicting signals among the
191 single-copy orthologs used to reconstruct our phylogenetic tree
(Minh et al., 2020). Unfortunately, this issue of concordance between
multiple genomic markers represents an obstacle for the calculation
of divergence time within the genus Calanus and needs to be resolved

by either clustering genes with similar phylogenetic signals or by using

a different set of genomic markers from transcriptome datasets such
as SNPs. Nevertheless, our study provides the most recent, well-
resolved and multigenic phylogenetic analysis for copepod species of
the genus Calanus in the northern seas.

5 | CONCLUSION

The use of RNA-sequencing enabled us to contribute and improve
the existing transcriptome database for the genus Calanus as well
as build a baseline information for future comparative transcriptom-
ics in evolutionary and eco-physiological contexts. Our study is the
first attempt to utilize phylotranscriptomics to resolve species re-
lationships among the Calanus species living in the North Atlantic,
North Pacific, and Arctic Oceans, and in copepods in general. This
resulted in the reconstruction of a much-improved phylogenetic tree
and clarification of certain ambiguities within the Calanus genus.
Moreover, the phylogenetic tree inferred in this study showed the
potential of using concordance factor to look at underlying varia-
tions in phylogenomics data beyond the limitations of bootstrapping
method. As phylotranscriptomic analyses are getting more accessi-
ble and popular, more robust and streamlined, improvements in the
ease of analyses and development of a consensus in interpretation
of data shall be expected in the near future.
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The copepod genus Calanus or "“Raudate” by Norwegian name is an
ecologically important marine species in the Northern Seas (North
Atlantic, Arctic, and Northern Pacific). Calanus species play a key role in
energy transfer in marine food webs, both as primary consumers and
as prey for fish, seabirds, and other marine predators. Commercially,
they have been a great source of Omega-3 fatty acid. Despite their
ecological and commercial importance, species-level taxonomy in

the genus Calanus remains challenging because of their identical
morphology, overlapping distribution, huge genome sizes, and limited
genomic and transcriptomics resources. Species-level identification in
the genus Calanus is very important for their proper conservation and
management. The current fisheries requlations in Norway only focuses
on a single species, C. finmarchicus. However, recent genetic analyses
using few molecular markers have shown overlapping distribution

for at least several species across the Northern Seas, including the
Norwegian fjords. This thesis addressed some of these species-level
taxonomy problems present in the genus Calanus using genomics and
transcriptomics approaches, which aides in the proper understanding
of their ecology and evolution. Results of these studies may also have
implications in the current fisheries regulations implemented in the
country.
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