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Abstract

The article ‘No evidence for hybridization between Calanus finmarchicus and C. glacialis in a subarctic area of
sympatry’ (Choquet et al. 2020) concludes that “no evidence supports a potential for hybridization between
C. finmarchicus and C. glacialis”. We argue that the InDel markers used by Choquet et al. (2020) may have lim-
ited capacity to detect admixed genotypes between C. finmarchicus and C. glacialis due to an inappropriate
choice of reference sample for each species during the marker development. We first review terms and concepts
used in genetic classification using reference samples and describe problems associated with the selection of
genetic markers in the context of possible hybridization. We reanalyze InDel genotypes provided with Choquet
et al. (2017) and identified an admixed individual. We then contrast methods used by Choquet et al. (2017)
and Parent et al. (2012) and explain how Parent et al. (2012) developed microsatellite markers capable of dis-
criminating admixed genotypes from parental species. In this comment, we have identified a major issue that
must be considered when selecting reference samples in the context of testing for possible hybridization.

In their article “No evidence for hybridization between
Calanus finmarchicus and C. glacialis in a subarctic area of
sympatry,” Choquet et al. (2020) conclude that “no evidence
supports a potential for hybridization between C. finmarchicus
and C. glacialis” and they suggest that previous evidence of
hybridization between Calanus species (Parent et al. 2012)
may have resulted from the use of inadequate molecular tools.
They based their conclusions on genotyping of 1126 individ-
uals of these Calanus species using six insertion-deletion
(InDel) markers developed by Smolina et al. (2014). Those
same markers have also been used in two previous studies that
conclude that there is no evidence for hybridization between
Calanus species (Nielsen et al. 2014; Choquet et al. 2017). We
argue that the InDel markers used again by Choquet
et al. (2020), although appropriate for detecting first-
generation hybrids, may have limited capacity to detect
admixed genotypes between C. finmarchicus and C. glacialis
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due to an inappropriate choice of reference sample for each
species during the marker development. Therefore, although
their dataset indicates a general absence of F1 hybrids in the
examined samples, their conclusion that hybridization, and
consequently introgression, does not occur or has not
occurred between these two Calanus species is not as definitive
as they claim.

We will first review terms and concepts used in genetic clas-
sification of species based on reference samples, and then pre-
sent the problems associated with the selection of genetic
markers in the context of possible hybridization. We will also
reanalyze InDel genotypes provided with Choquet
et al. (2017) and contrast their results with those of Parent
et al. (2012) using microsatellite markers to screen for admixed
genotypes.

Species can be discriminated using allelic variants occurring
at different frequencies in each species. Choosing nuclear
genetic markers to discriminate species in the simplified case
presented in Fig. 1 is straightforward since the genetic compo-
sition of each species is completely distinct in some chromo-
somal sections. In reality, allele composition is frequently not
entirely different (i.e., alleles are not fixed) in related species.
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Fig. 1. Schematic representation of terms and concepts associated with nuclear genetic admixture between two species. The classification of each individual
is based on nuclear genomic markers and is summarized as colors and letters in the colored squares for parents and offspring. Blue and yellow indicate
genetic composition of species or parental species genotypes (A or B), whereas green indicates admixed genetic composition or admixed genotypes. F1
hybrids are issued from the first generation of interspecific breeding or hybridization, whereas backcrossed (BC) individuals are results from breeding between
F1 hybrids and a parental species leading to introgression in future generations. Note that the term hybrid may be used as a synonym for admixed individuals
(Parent et al. 2012, Harrison and Larson 2014) but it will be used specifically for F1 hybrids in this comment to avoid confusion. The nuclear genetic composi-
tion of offspring is represented with four pairs of chromosomes (diploid). Colors in the chromosomes indicate regions of the genome that allow species dis-
crimination (blue and yellow) and others that cannot due to sequence similarity (black). Discriminant and common chromosomal regions may be shorter
and more numerous but for clarity they are represented as large bands on chromosomes. For some taxa, BC individuals may reproduce with parental species
or admixed individuals generating offspring with nuclear genetic composition that is even more admixed than what is presented here.
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Fig. 2. Effect of sampling location on the genetic composition of refer-
ence samples in the presence of hybridization and introgression. We pre-
sent three distributions (A, B, C) differing in the geographic extent of the
hybrid zone (green line) and of the area where parental species are sym-
patric (orange line). Three sampling designs in five (1-5) regions are pres-
ented for each distribution; they are presented as full, dashed, and dotted
lines. For each sampling design, the genetic composition of reference
samples is presented as two squares using blue and yellow colors for
parental species genotypes and a gradient of greens for admixed geno-
types using possibly the most morphologically distinct specimens (Fig. 1).
Genotyping of all individuals from a sample is done in a first step and
selection of the most genetically distinct individuals as reference samples
in a second step.

Even in cases of allele sharing between species (i.e., shared
allele polymorphism), differences in allele frequencies at mul-
tiple loci make it possible to identify species.

If hybridization or introgression occurs, F1 hybrids and bac-
kcrossed individuals have admixed genetic composition com-
pared to that of parental species and the level of this
admixture is variable (see Fig. 1 and its caption for more defi-
nitions). Discriminating if allele sharing is due to incomplete
lineage sorting (i.e., species share alleles jointly inherited from
their last common ancestor) and introgression is a difficult
task. To achieve it in the context of possible hybridization,
the choice of representatives for parental species (i.e., refer-
ence samples) and of nuclear genetic markers is crucial. Those
two factors, important to determine the capacity of a set of
nuclear genomic markers to discriminate between incomplete
lineage sorting and introgression, are explained in the follow-
ing paragraphs.

Avoiding admixed individuals in reference samples is essential
to study hybridization and introgression. In the presence of inter-
specific gene flow, the probability of selecting admixed individ-
uals as reference samples for parental species may vary in a
sympatric zone (Fig. 2; Table 1). If the hybrid zone is narrow, the
probability is low that reference samples will contain admixed
genotypes (distribution A, Fig. 2). In contrast, this probability is
high if pure parental species are rare or absent from some regions
of the taxon distribution (distributions B and C, Fig. 2). In the lat-
ter case, allele frequencies will be more similar on average over all
loci between reference samples (i.e., two different greens in refer-
ence samples, Fig. 2). Discriminating between incomplete lineage
sorting and introgression would be an impossible task using unbi-
ased genome wide markers.
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Table 1. Effect of genetic admixture on marker selection to discriminate parental species and admixed genotypes. Each line represents
a reference individual that was morphologically identified and genotyped at four nuclear loci (L1-L4). For each locus, F or G indicates
the alleles of the diploid species. The last two columns show the classification results (F or G for parental species individuals; A for
admixed individuals) when reference samples were collected in regions with parental species genotypes (PSG, e.g., distribution A in
Fig. 2) or admixed genotypes (ADG, e.g., distributions B or C, Fig. 2). The gray highlight indicates the nuclear loci (L2 and L3) that
would not be selected for species discrimination in reference samples using admixed-types. Classification of individuals is based on either
four or two loci for parental species genotypes (reference samples PSG) and admixed genotypes (reference samples ADG), respectively.

Using admixed genotypes in reference samples impede or restrain the classification of individuals as admixed genotypes.

Loci selection

Classification

Morphological identification L1 L2

GG
GG
GG
GG
GG
FF
FF
FF
FF
FF

The choice of genetic markers used to discriminate species
will vary with the “purity” of reference samples for a small set
or genome wide markers (Table 1). For example, in reference
samples parental species genotype (Table 1), the nuclear loci
used to discriminate between species are selected from paren-
tal species genotypes. In contrast, in reference samples
admixed genotype (ADG), the nuclear loci used to discrimi-
nate between species are selected from the most different
admixed genotypes (Table 1; Fig. 2). Some regions of the
genome may be substantially more differentiated than others,
as genetic drift or introgression tend to be variable across the
genome (reviewed in Harrison and Larson 2014). Genetic
markers in those differentiated regions could then be preferen-
tially selected as the presumed species-specific ones since
genomic regions affected by admixture would be considered
uninformative. In the latter case, even strongly admixed geno-
types (except F1 hybrids) might be identified as pure parental
species genotypes since markers indicating admixture would
not be used for genotyping. In the given example, real paren-
tal species as well as admixed genotypes would be identified as
parental species genotypes if the reference samples ADG were
used to select markers for species discrimination. To summa-
rize, genotyping with markers issued from reference samples
ADG will impede the ability to appropriately detect admixed
genotypes.

To discriminate species, Smolina et al. (2014) selected
12 InDel markers from 6 individuals collected in a zone of
sympatry between C. finmarchicus and C. glacialis. Reference
samples were selected in two steps from a total of three
regions. In a first step, massive parallel sequencing was per-
formed on a single individual for each species sampled from
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Fig. 3. Principal component analysis (PCA) for 3807 individuals gen-
otyped at six InDel markers (Choquet et al. 2017). C. glacialis,
C. finmarchicus, and admixed-type individuals, are presented as blue, yel-
low, and green, respectively. Classification is based on Choquet
et al. (2017) except for the admixed genotype individual, which was origi-
nally identified as C. glacialis. For the PCA analysis, we used the dudi.pca
function of the adegenet package in R (Core Team 2019) with default
parameters. Missing data were replaced using the tab function (mean
method) and species classification was used to simulate mean alleles.

what they have identified as “an area of minimal sympatry,”
where one species is much more abundant (Svinoy Island for
C. finmarchicus and Rijpfjorden for C. glacialis; Smolina
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et al. 2014). That single individual was used for an in silico
selection of InDel markers (involving bioinformatics). In a sec-
ond step, InDel markers were selected after in vitro testing
using two reference individuals for each species from an area
of sympatry where both species are almost equally abundant
(Disco Bay, Greenland). This last step selected for 12 InDel
markers that were able to discriminate species, which was the
main objective of that study. In selecting for markers that dis-
criminate Calanus species from reference samples collected
from an area of sympatry, Smolina et al. (2014) could not
eliminate the possibility that they inadvertently excluded
markers that affected by admixture between the species (refer-
ence samples ADG, Table 1). Loci less introgressed would have
been preferentially selected among the 12 InDel markers used
by Smolina et al. (2014) and, if this were the case, admixed
genotypes would be then classified as parental species geno-
types using these InDel markers.

Nonetheless, the InDel markers selected by Smolina
et al. (2014) should identify F1 hybrids, and possibly admixed
genotypes that possess a combination of both parental species
alleles at most loci. To assess whether there is any evidence for
such individuals, we reran a principal component analysis
(methods provided in the caption of Fig. 3) on 3807 individ-
uals genotyped at six InDel markers from Choquet
et al. (2017). While the InDel markers clearly split the dataset
into two clusters representing the two species, there is also an
individual identified in Choquet et al. (2017) as a C. glacialis that
has an admixed genotype (i.e.,, heterozygous for presumably
parental species-specific alleles at two loci, homozygous for dif-
ferent parental species alleles at two loci). No F1 hybrid, how-
ever, was detected among these individuals, indicating that
contemporary hybridization was not detectable in this sample.
However, even these InDel markers may indicate that some
introgression between C. finmarchicus and C. glacialis occurs or
has occurred in the past. Past introgression with limited—or
even absent—contemporary hybridization might be a plausible
alternative explanation of the discordance between Parent et al.
(2012) and the subsequent publications based on InDel markers.

Choquet et al. (2020) claim that microsatellites from Parent
et al. (2012) “were initially developed for C. finmarchicus only,
for studying genetic differentiation among populations and
were therefore not reliable tools to be applied to C. glacialis or
to characterize hybrids.” They argue that “microsatellites are
generally not the most suited molecular markers for species
identification and hybrid detection because of frequent occur-
rences of null alleles (Dakin and Avise 2004), possible homo-
plasy when comparing two species (Chambers and
MacAvoy 2000), high mutation rate, and difficulties to score
alleles (Pompanon et al. 2005; Selkoe and Toonen 2006).” We
argue that the 10 microsatellite markers used by Parent et al.
(2012) could legitimately discriminate parental species and
admixed genotypes. Six of these 10 microsatellite markers
were indeed originally developed for C. finmarchicus (Provan
et al. 2007). Cross-amplification in other species may result in

Comment on Choquet et al. 2020

null alleles, impeding the identification of hybridization or
introgression. However, null alleles would not lead to the
identification of false admixed genotypes, but rather underes-
timate the admixture rates. Further, Parent et al. (2012) used
46 and 48 reference individuals from allopatric zones to esti-
mate allelic frequency for each parental species. Shared poly-
morphism was identified at all loci but some of them had
private alleles that should allow discrimination of incomplete
lineage sorting from introgression (Parent et al. 2012). Estimates
of allele frequencies for microsatellite markers based on samples
of at least 25 individuals are usually similar to that obtained
from larger sample sizes (Hale et al. 2012). Parent et al. (2012)
then simulated F1 hybrids using reference samples from allopat-
ric zones and performed assignment to parental and admixed
genotypes using two methods to validate the reliability of their
classification as suggested by Manel et al. (2005). Thus, Parent
et al. (2012) used adequate reference samples (i.e., sourced from
allopatric zones and large sample sizes) to select genetic markers
and provided robust analyses to discriminate not only parental
species genotypes but also parental species genotypes from
admixed genotypes.

We recommend that hybridization and introgression in
Calanus species be studied using not only adequate reference sam-
ples for genetic marker selection but also new sets of genome wide
makers. The markers so far used do not have the power to pre-
cisely detect gene flow or variable levels of introgression among
genomic regions. Ancestral introgression may affect a limited por-
tion of the genome, which would be difficult to detect with a small
number of molecular markers, especially in case their selection
might have been biased towards the unaffected genomic regions.
Markers used by Parent et al. (2012) could not reliably discriminate
F1 hybrids and backcrossed individuals using only the 10 micro-
satellites due to poor assignment results (Parent et al. 2012). To
characterize the extent of gene flow between C. finmarchicus and
C. glacialis, new sets of large numbers of markers (single nucleotide
polymorphisms, SNPs) using appropriate reference individuals for
each species should be used.

Future studies using genomic markers in Calanus species
should also consider that hybridization and/or introgression
may be spatially heterogeneous, being more frequent in some
areas than others, and that admixed genotypes may be more
abundant at some specific depths and during some periods of
the year. There is little geographic overlap among Choquet
et al. (2017), Choquet et al. (2020), and Parent et al. (2012),
which may also explain the inconsistencies in the abundance of
admixed genotypes between the two studies. Admixed individ-
uals may also have an intermediate phenotype to that of paren-
tal species (reviewed in Goulet et al. 2017). Parent et al. (2015)
observed that the reproductive phenology of admixed individ-
uals was intermediate to that of C. finmarchicus and C. glacialis.
Sampling active reproductive females between the peaks of
species-specific spawning may help to target admixed genotypes.

Recent articles that used InDel markers and concluded that
hybridization does not occur in Calanus species risk reducing
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the already very limited interest in hybridization in marine
pelagic zooplankton. We argue that we should not “throw the
baby out with the bathwater”: despite the apparent absence of
F1 hybrids in these samples, admixture between Calanus spe-
cies cannot be yet dismissed and the phenomenon should be
studied further. Interspecific hybridization occurs across a
wide taxonomic range and at relatively high frequencies
between some taxonomic groups (Schwenk et al. 2008).
Hybridization and introgression are observed in some inter-
tidal copepods (Pritchard et al. 2011) and freshwater zooplank-
ton (Petrusek et al. 2008; Vergilino et al. 2011; Xu et al. 2011;
Liu et al. 2018). Importantly, hybridization may play a role in
influencing the evolution of a species’ range (Lewontin and
Birch 1966; Pfennig et al. 2016). Marine pelagic zooplankton
would be interesting species to test this hypothesis due to
their wide distribution, high potential for dispersal and poten-
tially limited zones of genetic admixture. Admixed genetic
composition may underlie the resilience of the species to past
and recent changes in environmental conditions and may
contribute to the success of Calanus species.
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