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1 | INTRODUCTION

Abstract

Interspecific hybridization events are on the rise in natural systems due to climate
change disrupting species barriers. Across taxa, microsatellites have long been the
molecular markers of choice to identify admixed individuals. However, with the ad-
vent of high-throughput sequencing easing the generation of genome-wide datasets,
incorrect reports of hybridization resulting from microsatellite technical artefacts
have been uncovered in a growing number of taxa. In the marine zooplankton genus
Calanus (Copepoda), whose species are used as climate change indicators, microsat-
ellite markers have suggested hybridization between C.finmarchicus and C.glacialis,
while other nuclear markers (InDels) never detected any admixed individuals, leaving
the scientific community divided. Here, for the first time, we investigated the po-
tential for hybridization among C.finmarchicus, C.glacialis, C.helgolandicus and C. hy-
perboreus using two large and independent SNP datasets. These were derived firstly
from a protocol of target-capture applied to 179 individuals collected from 17 sites
across the North Atlantic and Arctic Oceans, including sympatric areas, and second
from published RNA sequences. All SNP-based analyses were congruent in showing
that Calanus species are distinct and do not appear to hybridize. We then thoroughly
re-assessed the microsatellites showing hybrids, with the support of published tran-
scriptomes, and identified technical issues plaguing eight out of 10 microsatellites,
including size homoplasy, paralogy, potential for null alleles and even two primer pairs
targeting the same locus. Our study illustrates how deceptive microsatellites can be

when applied to the investigation of hybridization.
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the case of hybridizing species, reproductive barriers are more or

less permeable, allowing the transfer of genetic material between

The mechanisms of reproductive isolation and speciation are of cen- species. Interspecific hybridization appears to be on the rise in nat-

tral interest because of their role in determining gene flow between ural systems as a consequence of climate change disrupting species

formerly interbreeding populations (Coyne & Allen Orr, 1998). In barriers (Canestrelli et al., 2017; Chunco, 2014; Larson et al., 2019).
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Therefore, more than ever, accurately recording events of natural
hybridization and monitoring their consequences, both in the short-
and the long-term, are essential to understand the impacts of cli-
mate change on ecosystems.

Many reports of interspecific hybridization are based on results
from microsatellites. While microsatellites can effectively be used to
identify genetically introgressed individuals (i.e. hybrids), under the
condition of validating their reliability with simulations (e.g. Coyer
et al., 2007), it is important to exercise caution since microsatellites
can be misleading (Henriques et al., 2016; Miralles et al., 2023; Parejo
et al., 2018; Poelstra et al.,, 2022). Indeed, the high risk of homo-
plasy (Chambers & MacAvoy, 2000; Henriques et al., 2016), the fre-
quent occurrence of null alleles (Dakin & Avise, 2004), high mutation
rate and difficulties scoring alleles (Pompanon et al., 2005; Selkoe &
Toonen, 2006), are well-documented issues inherent to the nature of
microsatellites, but are often ignored, potentially leading to false re-
ports of hybridization (e.g. Cairns et al., 2023; Poelstra et al., 2022).

Genome-wide data have much greater power to detect inter-
specific hybrids compared to a few microsatellites (see examples in
Melville et al., 2017), and can provide direct evidence of hybridiza-
tion without necessary sampling recent hybrid individuals (Fraisse
et al., 2022; Le Moan et al., 2021; Stankowski et al., 2023). Rapid
developments in sequencing technologies and protocols now ease
the generation of large single nucleotide polymorphism (SNP) data-
sets for non-model organisms. With their higher resolution, SNPs
can estimate frequencies of hybridization more accurately (Cairns
et al., 2023; Parejo et al., 2018) and solve contradictory estimates
obtained from small numbers of short markers (Miralles et al., 2023).

Copepod species of the genus Calanus dominate the zooplankton
biomass in the North Atlantic and Arctic Oceans, and are extensively
used as climate change indicators (Hays et al., 2005; Jaschnov, 1972;
Kosobokova et al., 2011; Reid et al., 2003; Wassmann et al., 2015).
Associated with distinct habitats, four species play a key role in
marine pelagic food webs as links for energy transfer between pri-
mary producers and higher trophic levels (Bonnet et al., 2005; Falk-
Petersen et al., 2009). The pseudo-oceanic Calanus helgolandicus is
found in warmer temperate waters of the North Atlantic (Bonnet
et al, 2005; Helaouét & Beaugrand, 2007). The oceanic C.fin-
marchicus lives in colder temperate waters of the North Atlantic
(Falk-Petersen et al., 2009; Rees, 1957). Calanus glacialis is usually
associated with Arctic shelf environments (Conover, 1988), while
C.hyperboreus is defined as a sub-Arctic and Arctic oceanic species
(Broms et al., 2009; Conover, 1988). As marine zooplankton, Calanus
spp. are among the fastest organisms to respond to climate variations
by shifting their distribution range (Beaugrand et al., 2002; Chust
et al., 2013; Poloczanska et al., 2016; Villarino et al., 2015), which
can lead to dire consequences for local ecosystems (e.g. Beaugrand
et al., 2003). Closely monitoring changes in Calanus spp. distribu-
tions are therefore critical to detect the impacts of climate change.

However, this task has proved difficult due to the morphological
likeness among Calanus species, challenging the process of species
identification (Bucklin et al., 1995; Fleminger & Hulsemann, 1977).
Hence, increasingly, molecular markers have been used to reliably

identify Calanus species, revealing inaccuracies in traditional morphol-
ogy-based identification methods and helping to redraw the genus'
biogeography in the North Atlantic and Arctic Oceans (Choquet
et al., 2017, 2018; Gabrielsen et al., 2012; Lindeque et al., 2004, 2006;
Parent et al., 2011). By using six nuclear insertion-deletion markers
(InDels; Choquet et al., 2017; Smolina et al., 2014), multiple previously
overlooked areas of sympatry were unveiled, where up to four Calanus
species co-occur and reproduce locally (Choquet et al., 2017, 2020;
Schultz et al., 2023). Whether these newly found areas of sympatry
are ancient or resulted from recent climate change-induced species
range shifts remains to be determined. Regardless, these findings
raise questions about the potential for hybridization within the genus
Calanus. Indeed, earlier studies based on microsatellites concluded
that C.finmarchicus and C.glacialis can frequently interbreed and pro-
duce fertile hybrids in the East-Canadian Arctic (Parent et al., 2012,
2015). However, recent studies based on six InDel markers (Choquet
et al., 2017, 2020) examined over 4400 individuals from 83 locations,
including areas of sympatry, as well as 1126 individuals collected
monthly in two areas of sympatry on the Norwegian coast during
the main reproductive season, but no hybrid was ever detected. The
contrast between the results of microsatellites reporting high rates of
hybridization in one location and InDels detecting none despite exten-
sive spatio-temporal sampling is striking. The scientific community is
currently divided on the reliability of both sets of molecular markers
(see Choquet et al., 2021; Parent et al., 2021); hence, a genome-wide
approach is necessary to address this issue.

A protocol of genome-reduced representation, based on tar-
get-capture, was recently developed for C.finmarchicus and proved
useful in generating high numbers of SNPs in both C.finmarchicus
and C.glacialis (Choquet et al., 2019). In addition, whole transcrip-
tomes of several Calanus species were recently made available and
represent a valuable resource to mine for SNPs (Lizano et al., 2022).
Using both assets, we here generated two large and independent
SNP datasets to investigate the species boundaries of four Calanus
species collected in various regions of the North Atlantic and Arctic
Oceans, including areas of sympatry. We also re-investigated the mi-
crosatellite loci originally used to describe hybrids in Calanus in order

to estimate their power to do so.

2 | MATERIALS AND METHODS

2.1 | Zooplankton sampling and species
identification

Zooplankton samples were collected from 17 locations across the
North Atlantic and Arctic Oceans (Figure 1) by vertical towing of
WP2-type nets with mesh sizes varying from 150 to 200pM.
Samples were immediately preserved in 80%-90% undenatured
ethanol, with subsequent change of ethanol after 24 hours, and
placed in a freezer at —20°C. The proportion of each Calanus spe-
cies within these samples was assessed genetically in earlier stud-
ies (Choquet et al., 2017, 2020; species composition reported here
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FIGURE 1 Sampling map. Four species of Calanus were collected from 17 locations across the North Atlantic and Arctic Oceans to
cover various areas of each Calanus species distributional ranges, with an effort to include sympatric and allopatric areas for each species.
Coloured circles indicate sampling sites per species, in green for C. helgolandicus, in red for C.finmarchicus, in blue for C. glacialis, and in black

for C.hyperboreus.

in Table 1). In brief, individuals of Calanus spp. from developmental
stages CIV, CV and adult females were sorted out from each sample
and DNA was extracted from their antennas. Six InDel molecular
markers (Smolina et al., 2014) were amplified for each specimen and
analysed for species identification following the protocol described
in Choquet et al. (2017).

2.2 | Genomic DNA library preparation and
target-capture

In total, 179 genetically identified specimens were used in a proto-
col of target-capture for genomic analyses (Table 2; Supplementary

Material 1 in Data S1). For the first part of the study, involving four
species (C.helgolandicus, C.finmarchicus, C.glacialis and C.hyper-
boreus), we prepared 90 DNA libraries representing five individuals
of each occurring Calanus species from 11 locations (upper part of
Table 2). The second part of the study, focusing on the pair C. finmar-
chicus-C.glacialis, included 144 specimens of the targeted species,
with eight individuals per species from a total of 17 locations (lower
part of Table 2).

The 179 DNA libraries were prepared following the protocol de-
scribed in Choquet et al. (2019). First, genomic DNA was extracted
from genetically identified specimens using the E.Z.N.A. Insect
DNA Kit (Omega Bio-Tek). Secondly, DNA libraries were prepared
individually using the NEXTflex Rapid Pre-Capture Combo Kit (Bioo
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Location

Gulf of Maine
Loch Etive
Off Loch Ainort
Greenland Sea
Lenefjord
Lurefjord
Sognefjord
Labrador Sea
White Sea
Skjerstadfjord
Mistfjord
Chukchi Sea
Laptev Sea
Isfjord

Baffin Bay
Nansen Basin

North Pole

CHOQUET €T AL.

Lat.

42.98
56.45
56.85
66.7
58.08
60.72
61.18
62.22
66.55
67.18
67.45
76.41
77.31
78.32
78.7
87
89.89

Long. Date
-68.86 22.08.2012
-5.183 19.09.2016
-5.88 31.07.2008
-7.77 08.05.2013
7.16 18.07.2016
5.07 22.06.2016
6.58 22.06.2016
-57.35 26.05.2013
33.72 22.08.2016
15.43 26.02.2016
14.83 23.02.2017
-162.2 27.07.2016
114.59 10.09.2013
15.15 05.06.2016
-70.72 06.09.2013
55.78 04.10.2016
14.3 09.04.2012

TABLE 1 Sampling locations where
Calanus spp. were collected for the target-
capture part of this study.

Species
composition
CF

CF

Ch/CF
CF/CG/CH
Ch/CF/CH
CF/CG/CH
Ch/CF
CF/CG/CH

CG
Ch/CF/CG/CH
Ch/CF/CG/CH
CG/CH
CF/CG/CH
CF/CG/CH
CG/CH

CF/CG

CG/CH

Note: Information on latitude (‘Lat.’) and longitude (‘Long.’) of sampling sites are provided, together
with the date of collection and the name of the collaborator who collected the sample. Calanus
species composition was assessed genetically at these 17 specific sites in Choquet et al. (2017,
2020). ‘CF’ corresponds to C.finmarchicus, ‘Ch’ to C. helgolandicus, ‘CG’ to C.glacialis, ‘CH’ to

C.hyperboreus.

C.helgolandicus
Off Loch Ainort
Lenefjord
Sognefjord

C.finmarchicus
Loch Etive
Lurefjord

Skjerstadfjord

Isfjord

Gulf of Maine
Greenland Sea
Mistfjord

Nansen Basin

C.glacialis

Lurefjord
Labrador Sea
White Sea
Skjerstadfjord
Laptev Sea
Isfjord

Baffin Bay

Mistfjord
Chukchi Sea

North Pole

TABLE 2 Sampling sites where Calanus

C.h b
yperboreus spp. were collected for target-capture.

Lenefjord

Skjerstadfjord
Laptev Sea
Baffin Bay

Note:The upper half of the table displays locations included in the first part of the study, involving
four species, while the lower half of the table displays additional locations included for the second
part of the study, focusing exclusively on C. finmarchicus and C. glacialis.

Scientific) following the recommendations from the producer, with

a few adjustments detailed in Choquet et al. (2019). Individually

barcoded libraries were then pooled per species and a set of

target-capture probes, initially designed for C.finmarchicus and tar-
geting 2656 loci of sizes ranging from 302 to 1500bp (total length
2,106,591 bp—Choquet et al., 2019), was used to perform two
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successive capture reactions on the species-specific pools following
the Mycroarray Mybaits protocol v3 and modifications reported in
Choquet et al. (2019). Finally, captured library pools were sequenced
in paired-ends on a NextSeq 500 (lllumina), with NextSeq 500/550
2x 150 bp mid-output kits v2.5.

2.3 | SNP mining
2.3.1 | Target-capture data

Generated sequences were demultiplexed with bcl2fastq (Illumina)
v1.8.4, adapter trimmed with cutadapt v1.18 (Martin, 2011) and
mapped to the genomic assembly from which the capture probes
were designed (i.e. the MaSuRCA assembly in Choquet et al., 2019)
using BWA-MEM v0.7.16 (Li, 2013). We used samtools v1.9 (Li et al.,
2009) to only retain reads mapping back uniquely, concordantly and
in pairs to the reference. Duplicates were removed using Picard tools
v2.21.7 (Broad Institute, 2019).

Variants were called separately for each dataset (the 4-species
dataset with 90 individuals; and the 2-species dataset with 144
individuals), on all individuals and species together at once using
HaplotypeCaller from GATK v4.1.4.1 (Van der Auwera et al., 2013).
In each dataset, all variant genotypes were then combined with
CombineGVCFS and jointly genotyped with GenotypeGVCFS im-
plemented in GATK. To avoid a potential bias in our analyses if the
process of target-capture included mitochondrial regions (unsuit-
able for analyses of genetic introgression), we performed a BLAST
search (Johnson et al., 2008) of the 2656 unique contigs used to
design our target-capture probes (Choquet et al., 2019) against a
custom-made database comprising all known mitochondrial se-
quences of C.finmarchicus from NCBI (https://www.ncbi.nlm.nih.
gov). One 794-bp long contig was identified as potentially mito-
chondrial and variants identified along it were removed from our
datasets.

For subsequent analyses, only high-quality SNPs were kept. Thus,
relevant filtering thresholds were determined for each dataset after
examination of a subsample of data. Based on this initial analysis,
one C.glacialis individual from the Baffin Bay location (CG_WGr_92)
was excluded from both datasets, due to very low sequencing depth
leading to excessive amount of missing data. Two additional C.gla-
cialis individuals were excluded from the 2-species dataset, namely
‘Chuk_79’ from Chukchi Sea, for very low sequencing depth, and
‘CG_Mis_652" from Mistfjord for large proportion of missing data
compared to other individuals (Supplementary Materials 1 & 2 in
Data S1). The 4-species dataset was filtered, using vcftools v0.1.15
(Danecek et al., 2011), as to include only SNPs present in at least
75% of genotypes, with a quality score above 30 and a sequencing
depth comprised between 5x and 56x (corresponding to mean +std
dev. * 2 of the sequencing depth distribution). The 2-species data-
set, focusing on C.finmarchicus and C.glacialis, was filtered as to in-
clude only bi-allelic SNPs present in at least 80% of genotypes, with
a quality score above 30, and covered at least 5x and no more than

89x (again, corresponding to mean+std dev. * 2 of the sequencing
depth distribution). True multi-allelic SNPs are not expected to be
observed frequently, even less when comparing only two species,
hence we considered it safer to remove multi-allelic sites from the
2-species dataset as these may reflect sequencing artefacts.

To assess the usefulness of the target-capture protocol devel-
oped initially for C.finmarchicus and hereby applied on three other
species, we counted the number of raw SNPs yielded specifically
for each species (using the 4-species dataset) and compared these
numbers to the level of identity between each species and the ref-
erence. We used vcftools v0.1.15 (Danecek et al., 2011) to split the
SNP dataset per species and count SNPs. To estimate the genetic
distances between each species and the reference (C.finmarchicus
draft genomic assembly) to which their sequences were aligned, we
used the alignment tool NextGenMap v0.5.0 (Sedlazeck et al., 2013)
to map our trimmed FASTQ sequences against the assembly.
NextGenMap outputs a score of pairwise identity for each align-
ment that we averaged per species.

2.3.2 | RNA-seqdata

RNA-seq raw reads were retrieved from the NCBI database
(https://www.ncbi.nlm.nih.gov) for three individuals of each of
the four focal species (Table 3). These were adapter and qual-
ity trimmed with cutadapt v1.18 (Martin, 2011). Then, reads
were aligned to the same genomic assembly as mentioned above
using the splice-aware mapper STAR v2.5.4 (Dobin et al., 2013).
Alignment files were cleaned using samtools v1.9. (Li et al., 2009)
to keep only reads mapping uniquely, concordantly and in pairs to
the reference. Duplicates were removed using Picard tools v2.21.7
(Broad Institute, 2019). Variant calling was performed on all 12
individuals together at once following the GATK pipeline of best
practices for identification of short variants from RNA-seq data
(https://gatk.broadinstitute.org/hc/en-us/articles/3600355311
92-RNAseq-short-variant-discovery-SNPs-Indels-). The result-
ing variant dataset was filtered with vcftools v0.1.15 (Danecek
et al., 2011), as to only include SNPs present in at least 80% of
genotypes, with a quality score above 30 and covered at least 5x
and no more than 172x. These filtering thresholds were deter-
mined based on an empirical analysis of the generated set of SNPs
(Supplementary Material 2 in Data S1).

2.4 | Species boundaries analyses across four
Calanus species

The 4-species SNP dataset obtained from target-capture was used
to reconstruct a neighbour-joining (NJ) tree. All SNPs with a minor
allele count of at least two were pruned for linkage disequilibrium
(LD) using Plink v1.90 (https://www.cog-genomics.org/plink/;
Chang et al., 2015) to generate sets of independent markers of vari-
ation. Pruning was performed in sliding windows of 50 SNPs, with
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TABLE 3 Information on Calanus spp. samples from which RNA-seq data was downloaded from NCBI.
Sampling site
NCBI ref. ID Developmental stage Lat./long. Sampling date Reference
C.helgolandicus SRR17245869 cv 56.95/-2.12 04/2019 Lizano et al. (2022)
SRR17245870 cv 56.95/-2.12 04/2019
SRR17245871 cv 56.95/-2.12 04/2019
C.finmarchicus SRR1153468 (&Y 44.03/-68.05 07/2011 Lenz et al. (2014)
SRR1141107 cv NA 05/2012 Tarrant et al. (2014)
SRR1141110 (&Y NA 05/2012 Tarrant et al. (2014)
C.glacialis SRR17240410 cv 67.23/-14.73 06/2019 Lizano et al. (2022)
SRR17240411 cVv 67.23/-14.73 06/2019
SRR17240412 cv 67.23/-14.73 06/2019
C.hyperboreus SRR17307980 Ad. female 74.57/-11.3 09/2018 Lizano et al. (2022)
SRR17307981 Ad. female 74.57/-11.3 09/2018
SRR17307982 Ad. female 74.57/-11.3 09/2018

a 10-SNPs increment between windows and a r? maximum thresh-
old value set at .8. The remaining SNPs were concatenated into one
single nucleotide sequence per individual by randomly drawing one
of the two alleles at each locus. Jukes-Cantor genetic distances
were estimated among these using the R (v4.0.5) package Phangorn
v2.11.1 (Schliep, 2011; R Core Team, 2021) and represented in a
bootstrapped NJ tree.

Principal component analyses (PCA) and ancestry analyses
were performed separately for the target-capture and RNA-seq
SNPs. The two datasets were filtered to exclude SNPs with a mi-
nor-allele count of less than three (as recommended by Linck and
Battey (2019) for population structure analyses as rare variants
may confound model-based and multivariate analyses), and subse-
quently LD-pruned as detailed above. PCAs were performed with
Plink (Chang et al., 2015), while ancestry analyses were performed
with ADMIXTURE v1.3.0 (Alexander et al., 2009), ran with a five-
fold cross-validation and a K number of clusters set at values com-
prised between two and six.

2.5 | Testing for hybrids between
C.finmarchicus and C. glacialis

We further explored the variation in species trees inferred between
the most recently diverged species, that is, C. finmarchicus and C. gla-
cialis, with SNAPP (Bryant et al., 2012) using C.hyperboreus as an
outgroup. Genotypes shared among C.finmarchicus, C.glacialis and
C.hyperboreus were then extracted from the 4-species target-cap-
ture SNP dataset and only LD-pruned SNPs with a minor allele count
of at least two were analysed. SNAPP relies on a coalescent model
and uses Markov chain Monte Carlo (MCMC) to infer multiple spe-
cies trees from a set of unlinked SNPs. SNAPP was run with 10,000
burn-in steps followed by 100,000 iterations. All the generated trees
were represented graphically on top of each other with DensiTree 2
v2.2.7 (Bouckaert & Heled, 2014).

The 2-species SNP dataset obtained from target-capture on C.fin-
marchicus and C.glacialis was used to perform a PCA using Plink (Chang
etal., 2015), after removing SNPs with a minor-allele count of less than
three (Linck & Battey, 2019) and subsequent LD-pruning. The same
dataset was also used in an ancestry analysis with ADMIXTURE 1.3.0
(Alexander et al., 2009), ran with a five-fold cross-validation, with K
number of clusters set at values from two to three.

Then, we evaluated the power of admixture analyses to detect
hybrids between C.finmarchicus and C.glacialis with our 2-species
SNP dataset by simulations following Coyer et al. (2007). Individuals
from two geographical areas of allopatry per species were used as
references (Loch Etive and Gulf of Maine for C. finmarchicus, Chukchi
Sea and North Pole for C. glacialis). We calculated pairwise Fer (Weir
& Cockerham, 1984) for each SNP between C.finmarchicus and
C.glacialis reference individuals using vcftools v0.1.15 (Danecek
et al,, 2011). Then, we extracted the SNPs fixed between C.finmar-
chicus and C.glacialis (i.e. SNPs with a pairwise F;=1). This step left
us with a set of 182 ancestry-informative SNPs suitable for simu-
lating hybrids between C.finmarchicus and C.glacialis. Genotypes
from reference individuals from both species, at these 182 loci, were
used to simulate 40 first-generation (F1) hybrids using HYBRIDLAB
v1.0 (Nielsen et al., 2006). Then, 20 backcross hybrids between F1
and C. finmarchicus reference individuals were simulated, as well as
20 backcross hybrids between F1 and C.glacialis reference individ-
uals. In addition, 20 hybrids of second generation (F2) were simu-
lated based on the 40 F1 genotypes (F1xF1). Genotypes at the 182
loci from the reference individuals, the 100 simulated hybrids and
the other sequenced individuals were then used all together in an
ancestry analysis with ADMIXTURE, ran with a five-fold cross-val-
idation and K set at two. Numbers of heterozygous sites across the
182 loci were counted per individual, including reference individu-
als, simulated hybrids and sequenced individuals from areas of sym-
patry. We represented the admixture index against the individual
heterozygosity in a triangle-plot with the R package ggplot2 v3.3.5
(Wickham, 2016).
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2.6 | Assessment of microsatellite power to detect
putative hybrids

Following the recent public release of the microsatellite genotype
datasets from Parent et al. (2012, 2015; dataset: Parent, 2021), from
which hybridization between C.finmarchicus and C.glacialis in the
East Canadian Arctic was inferred, we have re-examined these re-
sults. The power of admixture analyses to detect hybridization in
Calanus with the 10 microsatellites was evaluated by simulations
using HYBRIDLAB v1.0 (Nielsen et al., 2006), as described in Coyer
et al. (2007) and Hoarau et al. (2015). We used the genotypes from
the reference stations ‘St. 1’ (for C. glacialis) and ‘St. 14’ (for C. finmar-
chicus), as defined in Parent et al. (2012), in a Bayesian analysis with
STRUCTURE v2.3.4 (Pritchard et al., 2000) inferring K=2 clusters,
to evaluate the ability of the dataset to distinguish between the two
pure species (following a strict assignment model with no admixture
and independent allelic frequencies, initial burn-in of 50,000 MCMC
steps followed by 250,000 iterations). The analysis revealed at least
one admixed individual, which we excluded from our next analyses.
The remaining ‘pure’ individuals were used to simulate four hybrid
classes, using HYBRIDLAB v1.0 (Nielsen et al., 2006), as follows:
100 hybrids of first generation (F1), 100 hybrids of second genera-
tion (F1x F1), 100 backcrosses between ‘pure’ C.finmarchicus and F1
and 100 backcrosses between ‘pure’ C.glacialis and F1. Admixture
analyses of the four simulated hybrid classes were used to define
the boundaries of the admixture coefficient for ‘pure’ C.finmarchi-
cus, ‘pure’ C.glacialis, F1 hybrids and F2 hybrids in STRUCTURE with
K=2. Then, all the genotypes from Parent (2021) were analysed in
STRUCTURE with K=2. Four different evolutionary scenarios were
tested per admixture analysis, following Henriques et al. (2016): (1)
No interbreeding and two independently evolving species (no ad-
mixture and independent allelic frequencies); (2) No interbreeding
but species sharing a recent common ancestor (no admixture and
correlated allelic frequencies); (3) Interbreeding but two distantly
related species (admixture and independent allelic frequencies); (4)
Interbreeding between recently evolved species (admixture and cor-

related allelic frequencies).

2.7 | Assessment of microsatellite genotyping bias

The microsatellites used by Parent et al. (2012, 2015) were de-
rived from a C.finmarchicus expressed sequence tag library (Parent
et al., 2012; Provan et al., 2007). We took advantage of the recent
publication of several Calanus transcriptomes (Lenz et al., 2014;
Lizano et al., 2022) to re-evaluate the original microsatellite loci in
a newly available extensive genomic landscape. Thus, we mapped
the sequences of each of the 10 microsatellite primer pairs to both
C.finmarchicus and C.glacialis transcriptomes. We used BLASTN
(https://blast.ncbi.nlm.nih.gov/) against the transcriptome shotgun
assembly BioProjects 236,528 (C.finmarchicus) and 744,376 (C.gla-
cialis) and kept matches with E-values <2 (i.e. expected number of
matches by chance; Altschul et al., 1990, 1997). For each primer

pairs, matching sequences were retrieved, aligned with the Geneious
Aligner (Geneious Prime v2023.1.2, https://www.geneious.com) and
primer sequences were mapped with Primer3 (Kéressaar et al., 2018)
implemented in Geneious. Only retrieved sequences including both
forward and reverse primers were considered. The resulting align-
ments were then each checked manually.

3 | RESULTS

3.1 | Target-capture performance in four species of
Calanus

In total, 179 individual libraries were prepared with the target-cap-
ture protocol and sequenced, including 15 individuals of C. helgolan-
dicus, 64 individuals of C.finmarchicus, 80 individuals of C.glacialis
and 20 individuals of C.hyperboreus (Supplementary Material 1 in
Data S1).

On average, nine million paired-end (PE) reads per individ-
ual were yielded for C.finmarchicus, with about 48% of these
mapping back concordantly and in pair to the reference used
(Supplementary Material 1 in Data S1), and thereby useful for
subsequent analyses. In C.glacialis, an average of 19 million PE
reads were yielded per individual, with an average of 23% of
these mapping back with high quality to the reference used. For
two C.glacialis individuals, CG_WGr_92 (from West Greenland)
and Chuk_79 (from the Chukchi Sea), capture and / or sequenc-
ing failed as only very few reads were recovered (Supplementary
Material 1 in Data S1). In C. helgolandicus, about 11 million PE
reads per individual were yielded, with an average of nearly 14%
of these mapping back to the reference (Supplementary Material
1 in Data S1). In C. hyperboreus, an average of nine million PE reads
per individual were yielded and about 12% of these were mapped
to the reference (Supplementary Material 1 in Data S1). The large
difference in number of reads sequenced among species resulted
from deeper sequencing depth allocated to libraries of C. glacialis,
C.hyperboreus and C. helgolandicus to compensate for their larger
genome size (compared to C.finmarchicus) and to account for the
fact that the capture probe set was developed originally for C. fin-
marchicus (Choquet et al., 2019).

Variant calling from 90 target-capture libraries including four
Calanus species yielded 788,407 ‘raw’ SNPs in C.finmarchicus, the
focal species of the target-capture probes, 1,168,120 SNPs in C.gla-
cialis, 450,195 SNPs in C.helgolandicus and 195,147 SNPs in C.hy-
perboreus. We observed relatively high levels of missing data in our
target-capture datasets (Supplementary Material 2 in Data S1), even
for the focal species C.finmarchicus, which do not appear to result
from low sequencing depth. One possible explanation is that there
is a very high proportion of inter-individual structural variation, such
as deletion events, within each species (as suggested by unpublished
whole-genome preliminary data). Averaged pairwise identity score
reported by NextGenMap between each species and the C.fin-
marchicus' genomic reference used for the capture probes was the
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highest for C. finmarchicus, followed by C.glacialis, C.helgolandicus
and C.hyperboreus (Figure S1), in line with the proportions of reads
mapping to the C.finmarchicus genomic reference in each species

(Supplementary Material 1 in Data S1).

3.2 | Two independent SNP datasets support
distinct species boundaries among four Calanus
species

For the first part of the study, including all four species, two inde-
pendent SNP datasets were generated, one from target-capture
(Table 2) and one from published RNA-seq data (Table 3). Our proto-
col of target-capture applied on 90 individuals including 15 individu-
als of C. helgolandicus, 20 individuals of C.finmarchicus, 35 individuals
of C.glacialis and 20 individuals of C.hyperboreus resulted, after fil-
tering, in 2138 independent (unlinked) SNPs located on 276 distinct
contigs, in 89 individuals (one individual was removed). From the
downloaded RNA-seq reads, variant calling in 12 individuals from
four species resulted in 9199 independent SNPs, post-filtering, lo-
cated along 1659 contigs.

The target-capture dataset was used to reconstruct a neigh-
bour-joining tree (Figure 2). The NJ tree separated all four species
without ambiguity. Bootstrap values of the branches supported by
more than 60% of the trees are displayed and show a full support
for the branches leading to C.hyperboreus and C.helgolandicus. The
lowest bootstrap value of 64 was observed for the branch leading to

C.glacialis (Figure 2).

g

//27// | \ _
=

FIGURE 2 Unrooted neighbour-joining tree of four species

of Calanus based on Jukes-Cantor genetic distances estimated

from 2138 unlinked target-capture SNPs. Bootstrap values of the
branches supported by more than 60% of the trees generated are
displayed on each branch. Species are distinguished by colour:
green for C. helgolandicus, red for C. finmarchicus, blue for C.glacialis,
and black for C. hyperboreus.

A slightly different filtering of the target-capture SNP dataset,
aimed for PCA and ancestry analyses, resulted in 1535 indepen-
dent (unlinked) SNPs located on 256 contigs. The PCA performed
with the target-capture dataset revealed a clear separation of
C. hyperboreus from the other three species on the first axis, which
represents 26.2% of the variability (Figure 3a). The second axis,
explaining 18.5% of the variability, differentiates the remaining
three species. Overall, three main clusters are distinguished from
this analysis, corresponding to C. hyperboreus, C. helgolandicus and
the pair C. finmarchicus-C. glacialis clustering more closely. Calanus
finmarchicus and C.glacialis differentiate on the PC2 (Figure 3a),
while one C.glacialis individual (‘176-34’ from Labrador Sea—see
Table S1) appears intermediate between the two species. This
specific individual had the lowest mean sequencing depth of all
sequenced C.glacialis individuals (Supplementary Material 2 in
Data S1), which likely explains its ambiguity. The PCA with the
RNA-seq dataset shows a clear separation between the four spe-
cies on the two first axes representing 36.3% and 33.2% of the
variability respectively (Figure 3b).

Results from ancestry analyses of genetic admixture are pre-
sented as bar plots for both datasets: target-capture (Figure 3c) and
RNA-seq (Figure 3d). Each individual genotype is represented as
a vertical column filled with colour(s). Each colour corresponds to
one genetically distinct cluster identified by ADMIXTURE and each
vertical column represents the proportion of each cluster/species in
the genotype of one individual. In case of gene flow among species,
admixed individuals are expected to appear as columns containing a
mixture of several colours (i.e. a mixture between different species).
An ancestry coefficient of zero or one corresponds to a non-geneti-
cally admixed or ‘pure’ individual. An ancestry coefficient comprised
between but not including 0 and 1 corresponds to an individual ge-
netically admixed and potentially hybrid between two genetic clus-
ters. The most strongly supported value for K, numbers of genetic
clusters in our datasets, was identified as the value with the lowest
cross-validation error allowed. For the target-capture SNPs, the most
statistically supported number of K clusters was four (Figure S2a).
These four clusters correspond to the four species of Calanus with
no apparent genetic admixture among them (Figure 3c). Four indi-
viduals of C. glacialis show a very low level of genetic admixture with
C.helgolandicus (less than 3%). For the RNA-seq SNPs, the most sta-
tistically supported number of K clusters was again four (Figure S2b).
Here, absolutely no admixture was found (Figure 3d).

3.3 | No evidence for gene flow between C.
finmarchicus and C. glacialis

The phylogenetic tree generated by SNAPP using 1346 independent
SNPs from C.finmarchicus, C.glacialis and C.hyperboreus (used here
as the outgroup) shows a perfect overlap of all trees with no ap-
parent ambiguities in the phylogeny of the three species (Figure 4).
A single split separates C.finmarchicus and C.glacialis, with no sign
of gene flow occurring after that initial split. Here, in the scenario
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FIGURE 3 Interspecific genetic structure among Calanus helgolandicus, C.finmarchicus, C.glacialis and C. hyperboreus revealed by SNPs
from target-capture (a, c) and RNA-seq (b, d). (a) Principal component analysis (plot of the two first components) performed with 1535 SNPs
obtained from the target-capture protocol, for the four species of Calanus. Eighty-nine individuals from four species and from 11 locations
were used. Each symbol represents the genotype of one individual, with its shape corresponding to the location and its colour corresponding
to the species. (b) Principal component analysis (plot of the two first components) performed with 9199 SNPs mined from published RNA-
seq data from 12 Calanus spp. individuals, with three individuals per species. (c) Admixture analysis performed with same dataset as (a).

(d) Admixture analysis performed with same dataset as (b). For both (c) and (d), the number of inferred clusters K was set from two to six.
Each individual genotype is represented as a vertical column. The most supported scenario, with the lowest value of cross-validation error,
corresponds to K=4 for both datasets. The four distinct genetic clusters, in four colours, correspond to the four different species.

where the two species started diverging from a single event and did
not hybridize later, we would expect all the trees to converge with
the species tree, showing a single split between C.finmarchicus and
C.glacialis. In a scenario where the two species would have diverged
after a first event of speciation, and then shared gene flow later, we
would expect some parts of the genome, and thus some trees, to
show a connection between C.finmarchicus and C.glacialis branches
after the first split of speciation.

For the second part of the study, focusing exclusively on C.fin-
marchicus and C. glacialis, 89 additional specimens were added to the
previous C.finmarchicus and C.glacialis for target-capture, resulting
in 144 individuals (64 C.finmarchicus and 80 C.glacialisTable 2). A
total of 3,309,961 SNPs were initially yielded from these individu-
als. After quality filtering, the dataset consisted of 141 individuals
and 6030 independent SNPs located along 1266 contigs. The sep-
aration between C.finmarchicus and C.glacialis was evident with

individual-based analyses (PCA and admixture), with a clear sepa-
ration of the two species on the first axis of the PCA representing
17.1% of the variability, and no apparent admixture found between
them (Figure 5; Figure S2c: best K=2). A greater genetic structure
was found within C.glacialis compared to C.finmarchicus, as ob-
served along PC2 explaining 1.49% of the variability (Figure 5a) and
by the admixture analyses for K=3 (Figure 5b).

The simulated hybrids between C.finmarchicus and C.glacialis
showed clear differences in hybrid index and observed heterozy-
gosity (Figure 6), as expected from the clear divergence between
the two species. Here, F1 and F2 hybrids are expected to show a
coefficient of genetic admixture around 50%, with heterozygosity
levels at 100% and 50%, respectively, while backcrosses between
a given parental species and F1 or F2 hybrids should show around
75% of ancestry for the given parental species and a heterozygosity
level of 50%. All sequenced individuals clustered together with the
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allopatric reference individuals (Figure 6). The only notable outlier
was found in one individual of C. glacialis (‘176-34’ from the Labrador
Sea) showing relatively high value of hybrid index (~10%). This is the
same individual that appeared intermediate between C. finmarchicus
and C. glacialis in the first PCA (Figure 3a). This individual has, how-
ever, the lowest mean sequencing depth (Supplementary Material 2
in Data S1) and a very low heterozygosity, suggesting that its posi-
tion on the triangle plot is not reliable. Altogether, this supports the

absence of recent hybrids in our samples.

3.4 | Microsatellites cannot distinguish
between ‘pure’ C. finmarchicus/C. glacialis and their
putative hybrids

Admixture analyses of four simulated hybrid classes were used to
define the boundaries of the admixture coefficient for pure C.fin-
marchicus, pure C.glacialis, F1 and F2 hybrids. Subsequent analysis
of the dataset from Parent et al. (2021) revealed the inability of
the microsatellites to accurately distinguish between the different
hybrid classes simulated but also, and more importantly, in some
cases between parental species and hybrids (overlapping ‘boxes’ in
Figure S3).

FIGURE 4 Overlap of species trees
inferred from SNAPP for Calanus
finmarchicus, C. glacialis and C. hyperboreus
as the outgroup, represented with
DensiTree. Calculations are based on
1346 unlinked SNPs obtained from the
protocol of target-capture applied to 74
individuals. SNAPP was run with 10,000
initial burn-in steps followed by 100,000
iterations. The dark line represents the
consensus tree.

Calanus_glacialis

3.5 | The majority of the microsatellite loci suffer
from ‘fatal’ flaws

Mapping of the microsatellite primer sequences to available tran-
scriptomes of C.finmarchicus and C.glacialis revealed major issues
for at least seven of the 10 loci (Table 4, Figure 7). Locus FK868270,
developed by Parent et al. (2012) appears to be targeting the exact
same locus as locus EH666474 (Provan et al., 2007; Figure 7a) and
is therefore redundant and should be completely discarded. As the
transcriptome BioProjects used were based on several individuals of
each species, we could investigate the possibility of size homoplasy.
Indication of size homoplasy was found in four of the remaining nine
loci (FG632811, FK867682, EH666870 and EH666474). Sequence
variation in the primer binding area (potentially leading to null al-
leles) was found in three loci (FG632811, FK867682 and EH666870).
Locus FK670364 mapped to two clearly different genes (paralogues)
with similar expected PCR product sizes. Locus EL585922 mapped
to several transcripts, with multiple binding sites for the reverse
primer at 20bp intervals, potentially leading to multiple PCR prod-
ucts in the size range of interest.

In addition, PCR amplification of locus EL773519 (for which map-
ping did not reveal any issues) clearly showed multiple peaks, thus
challenging the validity of these genotypes (Figure S4).
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These results impair the validity of the microsatellite genotypes
from the majority of the loci previously used and indicate that these
genotypes should be discarded or at least treated with extreme

caution.

4 | DISCUSSION

All our analyses converge towards the same conclusion, that the four
Calanus species investigated here do not hybridize, nor do they ap-
pear to have in the recent past. This confirms previously published
results of InDel markers that never detected any hybrids across
thousands of individuals (Choquet et al., 2017, 2020), and contrasts

Calanus
finmarchicus

[ 1
Calanus

glacialis

substantially with microsatellite results, which suggested hybridi-
zation between C.finmarchicus and C.glacialis (Parent et al., 2012,
2015).

4.1 | Microsatellites: 99 problems but a hybrid
ain't one

Putman and Carbone (2014) emphasize the critical need to test the
power of microsatellites to detect hybrids by analysing simulated
datasets, both prior to and following data collection and analyses.
Our simulations based on the microsatellite data newly released
by Parent et al. (2021) revealed that, even if we assumed their
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FIGURE 6 Triangle plot representing the level of genetic admixture (‘Hybrid_index’) and observed heterozygosity (‘Heterozygosity_
obs’) per individual, including sequenced and simulated genotypes, at 182 loci diagnostic between Calanus finmarchicus and C. glacialis.
Genotypes of individuals from allopatric areas were selected for each species and used as reference to simulate 100 hybrid genotypes
with HYBRIDLAB. These included: 40 first-generation hybrids (‘Simulated_F1’), 20 backcrosses between F1 and C. finmarchicus reference
individuals (‘Simulated_BC_F1/Cfin’), 20 backcrosses between F1 and C.glacialis reference individuals (‘Simulated_BC_F1/Cgla’) and
20second generation hybrids (‘Simulated_F2’) generated by crossing F1 with F1. Simulated hybrid genotypes and sequenced genotypes,
including reference individuals (‘Sequenced_Cfin_ref’; ‘Sequenced_Cgla_ref’) plus the rest of the dataset (‘Sequenced_Cfin’; ‘Sequenced_

Cgla’) are represented.

genotypes were not biased by technical issues, these 10 microsat-
ellite loci were unable to accurately distinguish between different
hybrid classes simulated but also between parental species and
hybrids. However, and perhaps more concerning were the poten-
tial genotyping artefacts for these loci, which we detected in the
light of recently published transcriptomes (Table 4). The artefacts
we identified in eight out of 10 Calanus microsatellite loci include
size homoplasy, null alleles, paralogous loci, locus duplication and
multiple reverse primer sites within the same locus (Figure 7).
Therefore, previous conclusions related to hybridization in Calanus
spp. based solely on these microsatellites must be dismissed. Such
genotyping artefacts inherent to the nature of microsatellites
are well documented (e.g. Chambers & MacAvoy, 2000; Dakin &
Avise, 2004; Pompanon et al., 2005; Sarhanova et al., 2018; Selkoe
& Toonen, 2006). Regrettably, although well known, these impor-
tant limitations are often ignored and can lead to false reports of
hybridization.

Erroneous reports of hybridization from microsatellites
have been found in a wide range of organisms including newts
(Miralles et al., 2023), lemurs (Poelstra et al., 2022), dingoes (Cairns
et al, 2023), polecats (Szatmari et al., 2021) and Cape hakes

(Henriques et al., 2016). These false reports of hybridization were
mainly attributed to the lack of power resulting from the use of a
(very) small number of hyper-variable loci. Unfortunately, only a
few studies have investigated the effect of genotyping artefacts by
either cloning and sequencing alleles or high-throughput sequenc-
ing (see, e.g. Germain-Aubrey et al., 2016). Size homoplasy appears
nonetheless to be very common. In plants, for example, considering
only the amplicon size can lead to the misidentification of % to 2/3
of the alleles (Sarhanova et al., 2018; Viruel et al., 2018). Similar lev-
els of homoplasy were also found in fish (Shirai et al., 2009; Vartia
et al., 2016) and in Calanus (4/9 loci, present study - Table 4). In
their study of Cape hakes, Henriques et al. (2016) sequenced the
flanking regions of the most divergent microsatellite markers and
subsequently performed phylogenetic analyses, showing that the
reported ‘hybrids’ were in fact the result of microsatellite homo-
plasy mimicking the effect of hybridization. As another example on
the challenges of using microsatellites for studying hybridization,
Hoffman and Amos (2005) reported the high error rate in their re-
sults due to the difficulty of interpreting microsatellite data, with
situations where homozygous and heterozygous individuals were
confounded by the reader.
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TABLE 4 Results from the investigation of the 10 microsatellite loci from which hybrids between Calanus finmarchicus and C. glacialis were

detected.

Microsatellite locus

FK868270

FG632811

FK670364

FK867682

EL696609
EL585922

EH666870

EL773519

EH666474

EL773359

Matching sequences accession number

GAXK01014110.1
GJQS01464451.1

GJQS01052751.1
GJQS01431533.1
GJQS01052751.1

GAXKO01066661.1
GJQS01261638.1
GJQS01058844.1
GJQS01396414.1

GAXK01062764.1
GJQS01537761.1
GJQS01368927.1
GJQS01123245.1

GAXK01187596.1
GJQS01521200.1
GJQS01223321.1
GJQS01027808.1

GJQS01109021.1
GJQS01324418.1
GJQS01531887.1
GJQS01109021.1

GAXK01097658.1
GJQS01424031.1
GJQS01345254.1
GJQS01050050.1

GAXK01014110.1
GJQS01464451.1

GAXK01109269.1

Issues

Primers target the same locus as EH666474;
Size homoplasy (Figure 7a)

Sequence variation included in the primer binding areas: potential for null
alleles;
Size homoplasy (Figure 7b)

Both forward and reverse primers match two completely distinct transcripts
with similar expected PCR product size (i.e. paralogues) (Figure 7c)

Sequence variation in the primer binding areas: potential for null alleles;
Size homoplasy (Figure 7d)

None detected

Multiple binding sites for the reverse primers within the same transcript.
Multiple expected PCR products with 20bp intervals (Figure 7e)

Sequence variation included in the primer binding areas: potential for null
alleles;
Size homoplasy (Figure 7f)

Multiple peaks on the trace file (Figure S4)

Primers target the same locus as FK868270;
Size homoplasy

None detected

Note: Matching sequences with accession numbers starting with ‘GA’ correspond to C. finmarchicus transcript sequences, while the ones starting with

‘GJ’ correspond to C. glacialis.

Altogether, these studies, including ours, indicate that without
proper assessment of power, homoplasy and the possibility of null
alleles, extreme caution should be used with microsatellites when
reporting hybridization.

4.2 | Scaling up the exploration of hybridization in
Calanus spp. with SNPs

Genome-wide markers such as SNPs are powerful tools in the
field of population genomics to assess species boundaries (Arias
et al., 2016; Loureiro et al., 2020; Wagner et al., 2013). They allow
much higher resolution compared to traditional molecular markers
(such as microsatellites and InDels) to address questions related
to hybridization (Harrison & Larson, 2014; Melville et al., 2017).
However, generating a sufficient number of SNPs randomly spread
across a genome may be a challenge in non-model organisms (da
Fonseca et al., 2016; Davey et al., 2011; Helyar et al., 2011), espe-
cially when the genome is large and complex (Deagle et al., 2015).
Thus, population genomics studies have long been prohibitive in

Calanus species as the small amount of DNA available per individual,
the large genome size ranging from 6.3 Gb in C.finmarchicus to 12.2
Gb in C.glacialis and C.hyperboreus (McLaren et al., 1988) and the
potential complexity of the genome (e.g. repeats and duplications)
limit the success of certain genome-reduced representation proto-
cols such as RAD-seq (Choquet et al., 2019). In the present study, we
made use of the latest techniques and data available for the genus
Calanus to generate two powerful SNP datasets.

Our protocol of target-capture was successfully applied to all
four species of Calanus. As expected, the success of target-capture
(assessed from on-target mapping rates) decreased with increas-
ing genetic distance from the reference species C.finmarchicus
(Choquet et al., 2019), with C. hyperboreus (presumably the most ge-
netically divergent species) having the lowest number of sequences
captured, behind C. helgolandicus. This trend is typical of target-cap-
ture-based methods (Barto$ et al., 2023) and was also reported in
Choo et al. (2020) using a similar protocol, with capture probes de-
signed for the pteropod Limacina bulimoides and applied to conge-
neric species. We were able to yield 1535 high-quality SNPs across
four Calanus species, and 6030 SNPs for the investigation focused
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FIGURE 7 Overview of the different technical issues revealed by mappings of microsatellite primer pairs to transcripts of Calanus
finmarchicus and C. glacialis. Primer pairs are displayed in green, dark green for the Forward primer sequences and light green for the Reverse
primer sequences. Sequences starting with ‘GA’ correspond to C. finmarchicus transcripts, and with ‘GJ’ correspond to C.glacialis transcripts.
(a) Same locus targeted by primer pairs for loci FK868270 and EH666474, plus size homoplasy; (b) size homoplasy and sequence variation

in the primer binding area, potentially leading to null alleles, in locus FG632811; (c) paralogues identified for locus FK670364; (d) same
problems as (b) for locus FK867682; (e) multiple binding sites for the reverse primer of locus EL585922 at 20bp intervals, which may lead to
multiple amplified fragments of different sizes; (f) same problems as (b) and (d).

on C.finmarchicus and C.glacialis. In complement to the target-cap-
ture approach, the recently released transcriptome data from C. hel-
golandicus, C.finmarchicus, C.glacialis and C.hyperboreus (Lizano
et al., 2022) allowed us to yield a second independent dataset of
9199 SNPs.

4.3 | Zero hybridization detected: Harnessing the
power of target-capture and RNA-seq

Analyses of the target-capture and RNA-seq SNP datasets revealed
the lack of genetic introgression (i.e. incorporation of genetic mate-
rial from one species in the genome of another) among the four spe-
cies, including C.finmarchicus and C.glacialis. Species boundaries

analyses performed on both SNP datasets are very clear in clus-
tering C. hyperboreus and C.helgolandicus well apart from the two
sister species C.finmarchicus and C. glacialis, which appear closer to
each other, as expected considering the recently published phylog-
eny of the genus Calanus based on whole transcriptomes (Lizano
et al., 2022). Regardless of whether they came from areas of sym-
patry or allopatry, individuals clustered per species in very simi-
lar patterns in both PCAs with greater distinction obtained from
the RNA-seq-based analysis. Simulations revealed that the few
‘noisy’ individuals identified in our target-capture SNP results were
not real introgressed individuals as their heterozygosity level did
not match such hypothesis, but better explained by missing data
linked to the nature of the target-capture protocol. Likewise, the
very low level of admixture (<3%) detected between C. glacialis and
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C.helgolandicus was an indication of ‘noise’ in the target-capture
SNP dataset and reflected the higher levels of missing data and
overall lower sequencing depth compared to the RNA-seqg-based
dataset (Supplementary Material 2 in Data S1), as the C. glacialis in-
dividuals showing these signs of admixture (from the Labrador Sea
and Isfjord, Svalbard) do not occur anywhere near C. helgolandicus
distribution range. The higher number of SNPs yielded from RNA-
seq data, as well as overall higher sequencing depth and lesser pro-
portion of missing data (Supplementary Material 2 in Data S1) are
expected to provide higher resolution in clustering analyses, which
we clearly observed here.

Our phylogenetic analysis supports a clear speciation history
among C.finmarchicus, C.glacialis and C.hyperboreus without any
sign of secondary gene flow between C.finmarchicus and C.glacia-
lis. All trees calculated for that analysis support the same scenario
of a single split between C.finmarchicus and C.glacialis, indicating
that signatures of divergence are homogeneously distributed across
the sampled regions of the genomes. Our second target-capture
dataset focusing with more power on C.finmarchicus and C.glacialis
showed a clearer picture of the separation between the two species.
Interestingly, we detected a greater intra-specific genetic diversity
in C.glacialis compared to C.finmarchicus, with a higher number of
SNPs detected despite a slightly lower mapping rate. These results
are in line with earlier findings based on microsatellites and SNPs
suggesting higher levels of genetic diversity in C.glacialis compared
to C.finmarchicus (Choquet et al., 2017, 2019). It is noteworthy that
the variant datasets used in our analyses are not suitable for investi-
gating patterns of population structure within species as SNPs were
called on several species together at once and thus only the loci con-
served across species were retained.

Simulation analyses revealed the power of our target-capture
SNPs to identify putative hybrids between C. finmarchicus and C.gla-
cialis. While we can confidently reject the presence of hybrids in our
samples, we can never exclude to have missed rare hybridization
that would require much more samples to be detected. However,
Parent et al. (2012) estimated an average of 21% of hybrids in the
East-Canadian Arctic region. If we extrapolate this rate to our data
where we analysed 96 specimens from sympatric areas between
C.finmarchicus and C.glacialis, we would expect to find at least
20 hybrids. Thus, it is unlikely that we would have missed hybrids
if they would occur in similar proportions as suggested by Parent
et al. (2012). Furthermore, our previous extensive spatio-temporal
investigations using InDels, which should at the very least be able to
detect F1 hybrids (as endorsed by Parent et al., 2021), of nearly 6000
specimens including nauplii, never revealed any hybrid (Choquet
etal.,, 2017, 2020).

This study represents the first attempt to use a protocol of
target-capture to explore putative introgression in non-model or-
ganisms (Barto$ et al., 2023). Beyond simulations, the power of
our target-capture SNPs was further demonstrated by our parallel
analyses of an independent SNP dataset generated from RNA-seq,
which displayed the exact same patterns of clustering and differen-
tiation among species, only with better resolution, which is expected

from a higher number of markers. The high resolution achieved using
transcriptomic SNPs in our analyses also highlights the power of
transcriptomic datasets to solve evolutionary questions as proposed
by Lenz et al. (2021). The value of using the transcriptome as an al-
ternative when genomes are too challenging to sequence is particu-
larly well illustrated by Choquet et al. (2023), where transcriptomes
were used to explore genetic variation and local adaptation across

20 species of krill.

4.4 | Sympatric and morphologically similar, but
reproductively isolated

Interestingly, the four species of Calanus analysed here are mor-
phologically very similar (Choquet et al., 2018; Conover, 1988;
Gabrielsen et al., 2012; Nielsen et al., 2014), share multiple life-
history traits (Conover, 1988; Falk-Petersen et al., 2009) and often
occur in sympatry (Arnkveaern et al., 2005; Bucklin et al., 2000;
Choquet et al., 2017; Lindeque et al., 2004; Schultz et al., 2023)
where they may even mate in synchronicity (Choquet et al., 2020).
Nonetheless, they seem to have remained genetically isolated after
long periods of contact.

In fact, there has not been any report of natural inter-specific
hybridization in marine pelagic zooplankton (to our knowledge)
despite numerous documented cases of sympatry among mor-
phologically alike or cryptic species. The most likely explanation
for this apparent lack of hybridization in marine zooplankton is
that very few studies have applied powerful molecular methods
to investigate this question compared to, for instance, insects,
often seen as the terrestrial counterparts of marine copepods
(Schminke, 2007) and for which hybridization reports are on
the rise due to climate change (Sadnchez-Guillén et al.,, 2016).
Nonetheless, among the scarce studies on marine zooplankton
where genome-wide datasets were used, instances of reproduc-
tive isolation despite a lack of clear morphological differentiation
have been reported. For example, in the Indian Ocean, the cryptic
krill Euphausia similis and its variant form armata occur together
in sympatry and are so morphologically alike that their taxonomic
status has remained unresolved for long, but a recent assessment
with genome-wide data did not detect any sign of recent gene flow
between the two, and sufficient evidence was revealed to elevate
E.armata as a distinct species (Choquet et al., 2023). In pteropods,
a target-capture approach recently revealed the existence of three
genetically distinct lineages within Limacina bulimoides, originally
considered as a single circumglobal species. Among these, two ge-
netically distinct lineages, morphologically undistinguishable live
together in sympatry in the North Pacific Ocean without hybridiz-
ing (Choo et al., 2023).

Our understanding of which factors play a role in keeping
morphologically alike zooplankton reproductively isolated de-
spite living in sympatry is limited by a severe lack of data. Only
a limited number of studies have explored the mechanisms un-
derlying reproductive isolation in zooplankton. In the estuarine
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copepod Acartia tonsa, observations suggested that pre-zygotic
mechanisms, occurring pre- or during mating, may be responsi-
ble for reproductive isolation between cryptic lineages (Plough
et al., 2018). The authors recommended performing further anal-
yses of mating behaviour to advance the understanding of this
pre-zygotic isolation mechanism. In the hybridizing freshwater
copepods Daphnia galeata and D. hyalina, evidence of a reduced
sexual fitness of hybrids was inferred to be the main post-zygotic
determinant of reproductive isolation between the two parental
species (Keller et al., 2007). For the genus Calanus, potential mech-
anisms involved in maintaining reproductive isolation between
species have been discussed in Choquet et al. (2020) but data are
missing to determine which pre-zygotic or post-zygotic processes
are at work to keep species boundaries non-permeable. However,
the recent phylogeny of the genus Calanus based on whole tran-
scriptome analyses (Lizano et al., 2022), which displays the same
topology as an earlier morphology-based phylogeny reported
in Bucklin et al. (1995), (based on Frost, 1974 and unpubl. work
of A. Fleminger) brings a new light to this matter. The similarity
between the two phylogenies (morphology-based and transcrip-
tome-based) suggests that some of the morphological characters
selected may reflect the evolutionary history of the genus, in-
cluding variations in the structure of secondary sexual organs in
Calanus spp., supposedly playing a role of barrier to inter-species
copulation (Bucklin et al., 1995; Fleminger & Hulsemann, 1977).
Further investigations of reproductive isolation mechanisms, in-
cluding but not limited to morphological characters, are needed
to shed light on the history of speciation in the genus Calanus and
should be based on genetically identified specimens.

Finally, as the extent of sympatry among Calanus species is
expected to increase in the future due to climate change-induced
shifts (e.g. Freer et al., 2022), especially in the Arctic, the absence
of hybridization mechanisms raises a critical question. Will Calanus
species coexist in new areas of sympatry by occupying distinct
ecological niches, or will they be competing until one is excluded?
Recent studies suggest that the contrasting life-history traits of
C.finmarchicus and C.glacialis maintain their current cohabitation
in Arctic fjords where they co-occur, with differences in repro-
ductive timing reducing the competition (Hatlebakk et al., 2022).
However, as the Arctic continues to change rapidly, further mon-
itoring will be necessary to keep track of the emerging ecological
dynamics.

5 | CONCLUSIONS

We have identified a variety of technical issues associated with mi-
crosatellites that led to the initial claim of hybridization between
Calanus species. Furthermore, our comprehensive analysis of two in-
dependent powerful genome-wide datasets revealed no evidence of
hybridization among four Calanus species, resolving a long-standing
debate. Our results confirm the validity of the nuclear InDel mark-
ers previously used, and in the absence of hybridization suggested

by our data, species identification based on mitochondrial DNA can
be safely resumed in Calanus (e.g. with 16S as described in Lindeque
et al., 1999). Furthermore, the absence of genetic admixture among
Calanus species in our data provides a solid foundation for conduct-
ing physiological and ecological studies, especially relevant in light
of climate changes currently affecting their distributions (Freer
et al., 2022; Tarling et al., 2022). Our findings strongly advocate for
caution when relying solely on microsatellites and we therefore rec-
ommend the integration of genome-wide data to reassess previous
claims and thoroughly investigate the possibility of interspecific hy-
bridization. This is particularly crucial for key species such as Calanus
spp., which serve as indicators of climate change.
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