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Abstract

Understanding the drivers of evolutionary innovation provides a crucial perspec-
tive of how evolutionary processes unfold across taxa and ecological systems. It has
been hypothesised that the Southern Ocean provided ecological opportunities for
novelty in the past. However, the drivers of innovation are challenging to pinpoint
as the evolutionary genetics of Southern Ocean fauna are influenced by Quaternary
glacial-interglacial cycles, oceanic currents and species ecology. Here we examined
the genome-wide single nucleotide polymorphisms of the Southern Ocean brittle
stars Ophionotus victoriae (five arms, broadcaster) and O. hexactis (six arms, brooder).
We found that O. victoriae and O. hexactis are closely-related species with interspe-
cific gene flow. During the late Pleistocene, O. victoriae likely persisted in a connected
deep water refugium and in situ refugia on the Antarctic continental shelf and around
Antarctic islands; O. hexactis persisted exclusively within in situ island refugia. Within
O. victoriae, contemporary gene flow linking to the Antarctic Circumpolar Current,
regional gyres and other local oceanographic regimes was observed. Gene flow con-
necting West and East Antarctic islands near the Polar Front was also detected in
O. hexactis. A strong association was detected between outlier loci and salinity in O.
hexactis. Both O. victoriae and O. hexactis are associated with genome-wide increase
in alleles at intermediate-frequencies; the alleles associated with this peak appear to
be species specific, and these intermediate-frequency variants are far more excessive
in O. hexactis. We hypothesise that the peak in alleles at intermediate frequencies
could be related to adaptation in the recent past, linked to evolutionary innovations

of increase in arm number and a switch to brooding from broadcasting, in O. hexactis.
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1 | INTRODUCTION

Evolutionary innovation fuels the complexity among species differ-
ences and the overall diversity in the global ecosystem (Arnold &
Kunte, 2017; McGee et al., 2015). Innovations can be defined as the
impacts of novelties (Erwin, 2021). While the definition of novelty
can be broad, it is commonly defined as trait expression or novel
function across a broad range of behavioural, physiological and
morphological characteristics (Love, 2003; Moczek et al., 2011).
Although innovations can be found everywhere in the natural world,
the drivers of these are often unclear, as processes differ among
taxa and ecological systems (Wagner, 2011). Understanding evo-
lutionary changes between closely-related species offers valuable
opportunities to pinpoint past demographic events and genotypic
signatures linked to novelties, which in turn can reveal the unique
environmental and biological ‘building blocks’ of innovative evolu-
tionary processes.

Evolutionary innovation among specific closely-related species
has been discussed within environmental and/or ecological contexts
in the marine realm outside the Southern Ocean. In echinoderms,
contrasting reproductive strategies (brooding vs broadcasting)
have been observed in closely-related brittle stars in the genus
Ophioderma from the Mediterranean (Boissin et al., 2011). Divergent
life histories (planktotrophy vs lecithotrophy) have also been exam-
ined within Heliocidaris sea urchins (Davidson et al., 2022). There
is also evidence that the Southern Ocean could have provided
ecological opportunities for evolutionary innovation in the past,
with cases linked to the onset of polar conditions ~33Ma (Daane
et al., 2019) and the recent Quaternary glacial-interglacial cycles
(~2.58 Ma-now) (Lau et al., 2021; Wilson et al., 2013). The Southern
Ocean contains a high diversity of marine benthic fauna (~88% of
total Antarctic marine species, De Broyer et al., 2011), with most
modern taxa have diversified and persisted in situ since the Mid-
Miocene (c. 14 Mya, Crame, 2018). The apparent ecological suc-
cess of the Southern Ocean benthic fauna has been structured
by Quaternary glacial-interglacial cycles when the Antarctic ice
sheet (AIS) repeatedly expanded and contracted over time. At ex-
treme glacial cycles in the late Pleistocene, the AIS expanded with
grounded ice (i.e. resting on the seafloor) reaching the edge of the
Antarctic continental shelf (Anderson et al., 2002), which eroded
most of the continental shelf seafloor habitat. Throughout extreme
glacial maxima, Southern Ocean benthic fauna could have remained
within in situ small-scale ice-free refugia on the shelf, migrated to
the deep sea or to Antarctic islands off the shelf (Brey et al., 1996;
Convey et al., 2009; Crame, 1997; Kott, 1969; Thatje et al., 2005).
Nonetheless, evidence regarding where and how benthic taxa sur-
vived the Pleistocene glacial period remains limited (Lau et al., 2020).
Over time, species diversification and gene flow have also been in-
fluenced by regional oceanography (Mufioz-Ramirez et al., 2020) and
the broader Antarctic Circumpolar Current (ACC, Gonzalez-Wevar
et al., 2017; Moore et al., 2018). More importantly, how these dif-
ferent events and processes (e.g. glacial survival + oceanic currents
+ species dispersal and adaptation) structured genetic patterns

simultaneously over time and across spatial scales are unclear (Lau
& Strugnell, 2022).

Only species with a circum-Antarctic distribution can offer com-
prehensive phylogeographic patterns to answer broad evolutionary
questions specific to the Southern Ocean. These questions have
rarely been investigated thoroughly due to limited sample availabil-
ity from the region, and a lack of prior knowledge of species ecol-
ogy and evolutionary history. Many key Southern Ocean regions,
particularly East Antarctica (two-thirds of the Antarctic continent),
Antarctic islands and the deep sea, are scarcely sampled as they are
located away from national research stations (Griffiths et al., 2014).
Compounding this issue, biological samples are often stored at
room temperature in long-term museum collections (De Broyer
etal., 2011), leading to DNA degradation. Investigation of innovation
also requires comprehensive surveys of closely-related species. This
presents additional challenges as it requires knowledge of species'
taxonomy, phylogeny and life history, examined for a few Southern
Ocean benthic taxa (Riesgo et al., 2015; Xavier et al., 2016).

The Southern Ocean brittle stars Ophionotus victoriae and
O.hexactis are excellent candidates to test for explanatory evo-
lutionary processes across the Southern Ocean. The brittle
star Ophionotus victoriae Bell, 1902 is commonly found on the
Antarctic continental shelf and around Antarctic islands south of
the Polar Front (PF) (Sands et al., 2013). It has a circumpolar dis-
tribution and has been collected from shallow depths to deep sea
(Lau et al., 2021). Furthermore, a close phylogenetic relationship
between O. victoriae and O.hexactis E. A. Smith, 1876, has been
proposed by multiple genetic studies (cytochrome c oxidase sub-
unit | (COI) and exon genomic data, Galaska et al., 2017; Hugall
et al., 2016), with incomplete lineage sorting suggested between
them (Lau et al.,, 2021). Ophionotus hexactis is commonly found
around Antarctic islands near the PF and is mainly distributed at
shallow depths (0-302m) (McClintock, 1994; this study). The ge-
netic closeness between O. victoriae and O.hexactis is striking, as
the two species have different morphological and functional traits;
O.victoriae is characterized by five arms and pelagic planktotrophic
larvae (Grange et al., 2004), and O. hexactis by six arms and brood-
ing juveniles (Turner & Dearborn, 1979). Given that the phylotypic
characters of extant echinoderms (including brittle stars) are pen-
tameral symmetry (Arnone et al., 2015) and pelagic planktotrophic
larvae (Gillespie & McClintock, 2007), it has been hypothesized
that the divergent characteristics of O.hexactis could be innova-
tions linked to survival within glacial refugia around Antarctic is-
lands throughout the Pleistocene (Lau et al., 2021).

Here, we investigate the evolutionary histories of O.victoriae and
O.hexactis with double-digest restriction-associated DNA (ddRAD)
loci, using samples collected throughout most of their distributional
range between scuba diving depths and 1750 m. We utilized a target
capture approach to sequence ddRAD-identified loci in degraded
samples from museum collections, which enabled comprehensive
sampling. Specifically, we examined the genealogical relationship
between O.victoriae and O.hexactis, signatures of Pleistocene gla-
cial refugia (deep-sea refugia, in situ continental shelf and Antarctic

85Ue0|7 SUoWLLIOD BAeaID 3|qedt|dde aup Aq peusenob a1e sejonfe YO ‘8sn Jo s8N 10} Areiq18UIIUO AB]IM UO (SUOIPUOD-PUR-SLLBYW0D" A3 IM A e1q | [Bu 1 JUO//Sd1Y) SUORIPUOD Pue S L 8U3 89S *[£202/90/0€] U0 Ariqiauliuo A8]IM ‘19 L Aq TS69T 98W/TTTT OT/I0p/L00 A8 | AReIq Ul juo//SANY WO14 papeo|umMoq ‘€T ‘€20C ‘XY6ZS9ET



LAU ET AL.

3384
—I—WI |l A& MOLECULAR ECOLOGY

island refugia) in O.victoriae and O.hexactis, and the evolutionary

context behind innovations in O. hexactis.

2 | METHODS
2.1 | Samples and sequencing

Target capture of ddRAD loci data was sequenced from degraded
tissue samples of O. victoriae (n=218) and O.hexactis (n=40,
Table S1-S9). Informative loci were first identified from ddRAD se-
quencing between eight mitochondrially divergent Ophionotus indi-
viduals (including both species) that possessed high-quality gDNA
(Appendix S1: Supplementary Information Note 1). All target capture
libraries were enriched in capture reactions using Arbor myBaits®
following the manufacturer's protocol and resulting capture reac-
tions were sequenced on lllumina NovaSeq S4 with 150 basepair
(bp) paired-end reads. See Appendix S1: Supplementary Information

Note 1 for further sequencing information.

2.2 | Target capture data processing, reads
mapping and variant calling

Raw data were demultiplexed with barcodes removed using pro-
cess_shortreads in Stacks v2.3d (Catchen et al., 2013). Reads with
phred quality less than 20 (Q < 20) and polyG in read tails discarded
using fastp v0.20 (Chen et al., 2018). Potential contaminants (human
and microorganisms) were identified using Kraken v1.0 (Wood &
Salzberg, 2014), and reads that matched those of the contaminant
database were removed. Reads were then truncated to a final read
length of 140bp. Cleaned and trimmed reads were checked for qual-
ity using fastQC v0.11.7 (Andrews, 2010) and mapped to the consen-
sus sequences of ddRAD loci used for bait design using bwa v0.7.17
mem with default parameters (Li & Durbin, 2009). Samtools v1.7 (Li
et al., 2009) was used to sort alignments by coordinates, and PCR du-
plicates were removed using picard v2.18.1 (Broad Institute, 2019).
Variants and short indels were called across all samples using bcftools
v1.7 mpileup (Li et al., 2009) for variant filtering.

2.3 | Variantfiltering

Three SNPs data sets were created for subsequent analyses, and
VCFtools was used to perform variant filtering on the raw vari-
ant calls. Prior to SNP filtering, the first data set included both
O. victoriae and O. hexactis, the second data set included only O.
victoriae and the third data set included only O. hexactis. Within all
three data sets, indels and samples with high missing data on an
individual basis (>80%) were first removed, and high-quality SNPs
were retained as follows. First, sites with Phred scaled site quality
score more than 30 were kept (-minQ 30). Then, sites with mean
read depth of less than 10x and greater than 32x (=2*average

depth (15.8x)) were removed (-min-meanDP 10, -max-meanDP
32). Sites were kept if they were biallelic (-min-alleles 2, -max-
alleles 2), and if present in 70% of all samples (-max-missing 0.7),
and with a minor allele frequency of at least 2% were kept (-maf
0.02). To remove sites that likely belonged to paralogous loci and
therefore artificial SNPs, only sites with a maximum observed
heterozygosity of 0.5 were kept (Gargiulo et al., 2020; Hohenlohe
et al., 2011) (identified via the R package adegenet v2.1.3, Jombart
& Ahmed, 2011). Lastly, only one site per locus was kept (-thin
140). The final data sets included O. victorige (n=155) and O. hex-
actis (n=40) with 1781 SNPs in data set 1, O. victoriae (n=158)
with 1653 SNPs in data set 2 and O. hexactis (n=40) with 2209
SNPs in data set 3.

2.4 | Genetic structure within and between species

The overall levels of genetic differentiation between species, and
among sample locations within species, were assessed via popu-
lation statistics. The inbreeding coefficient (F) was calculated
using GenoDive v3.0 (Meirmans, 2020). Neutrality tests, including
Tajima's D and Fu's Fg tests, were calculated using the R package
PopGenome v2.7.5 (Pfeifer et al., 2014). To gain a broader perspec-
tive of the relationship between species, Tajima's D and Fu's F¢ be-
tween species were also calculated excluding samples that exhibited
strong signatures of intraspecific admixture, that is O. victoriae from
South Georgia (n=2) and O. hexactis from Bransfield Mouth (n=10,
Figure 1).

Principal Component Analyses (PCA) and Discriminant Analysis
of Principal Components (DAPC) were performed using adegenet to
examine the species boundaries between O. victoriae and O. hexac-
tis (data set 1), whether genetically distinct clusters were present
within O. victoriae and O. hexactis (data sets 2 and 3), as well as how
genetic variation might be related to signatures of Pleistocene glacial
refugia in O. victorige (data set 2). PCA assumes overall variability
among samples that includes between- and within-group variations,
whereas DAPC assumes genetic differentiation between groups
while overlooking within-group variation (Balasko et al., 2022). As
the Antarctic continental shelf extends down to ~1000m due to the
weight of previous ice sheets, following Clarke and Johnston (2003),
we defined glacial refugia categories as follow: continental shelf lo-
calities >1000m and <1000 m to be related to deep-water refugia
and in situ continental shelf refugia, respectively; and Antarctic is-
land localities to be related to in situ island refugia. See Appendix S1:
Figure S1 for a map of the Southern Ocean with sample distribution
and bathymetry outlined.

For O. victoriae, a hierarchical analysis of molecular variance
(AMOVA) was also used to estimate variation at three hierarchical
subdivisions (among putative refugia types ‘deep water refugia/ in
situ continental shelf refugia/in situ Antarctic island refugia’,
among geographical locations within each putative refugia type,
and within the sampled locations). AMOVA was performed using
poppr (Kamvar et al., 2014) with 999 permutations to evaluate

85Ue0|7 SUoWLLIOD BAeaID 3|qedt|dde aup Aq peusenob a1e sejonfe YO ‘8sn Jo s8N 10} Areiq18UIIUO AB]IM UO (SUOIPUOD-PUR-SLLBYW0D" A3 IM A e1q | [Bu 1 JUO//Sd1Y) SUORIPUOD Pue S L 8U3 89S *[£202/90/0€] U0 Ariqiauliuo A8]IM ‘19 L Aq TS69T 98W/TTTT OT/I0p/L00 A8 | AReIq Ul juo//SANY WO14 papeo|umMoq ‘€T ‘€20C ‘XY6ZS9ET



LAU ET AL.

3385
MOLECULAR ECOLOGY W[ LEY

(a) O. victoriae (b) O. hexactis

K cluster . 3 . 2

3
Antarctica  Heardls.
Uy ;

Bouvet Is.

&
South GeorgiaJ l South SandwiL:h Is.

Discovery Bank I Herdman Bank

<R East Weddell Sea
\( EQé})hant Is. I lBransﬁeId Mouth |—‘ﬂ"*‘\~m\\
/\\ b ~ %

d

J
r Larsen Ice Shelf
~ /
> N South Weddell Sea

[V
)

~ Bransfield

{%%\ South Shetland Is.I :’

90°W 4

Amundsen Sea F :\1

2

ae i3 -
A A

Ross Sea I

| O. victoriae | O. hexactis |
[ |

0
S
| ;_!.,_J,;A_.uJ L i
Il | 1] | | | [ | | I | | | | | |
im| - o T T = T, T oo T oo, 1
wc o) c o © Cn 2 oun ¥ © £ o ceg 2 5 . x 2
08 ® s » o ke 22 235 3 & =882 3% 3 2 T 3
N @ c B 32 o3 $ oc = ® g5 c2@s 2 = ° g <]
oI5} 3 2 g 23 o £C = 08 o T 5 @ pc0 3 = ) 4 3
> © o 228 209 §bH m o= 2 T 025680 2 2T 0O > 2
=0 S e = w3 o 2 Q@ & n3Z 2 EL o o = @
oo < 5 % £ e g @ € 0 85E ¢ £ £
= £ ®© > %) c © S U283 c 5 »n
<LIJ o © =3 SIO © o
2] s O %) & a

FIGURE 1 Map of Southern Ocean with sampling locations and admixture proportions within Ophionotus victoriae with pelagic larvae

(@) (n=158) and O. hexactis with brooded juveniles (b) (n=40). (c) Admixture proportions between O. victoriae and O. hexactis (n=195). Each
vertical bar represents one individual sample, colours correspond to admixture proportion estimations derived from Structure analyses (only
optimal values of K are presented in the main figure).

significance levels. The alleles contributing the most to the dis- Genetic structure between species (using data set 1), and
criminant functions (at 0.999 quantile) between O. victoriae and among sample locations within species (using data sets 2 and 3)
O. hexactis (data set 1) were also examined using a DAPC loading were also examined via Structure v2.3.4 (Pritchard et al., 2000).
plot via adegenet. Structure was performed to assign individuals to genetic clusters
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(K). Structure was run for K=1-10 with 10 replicates per K via
Structure_threader (Pina-Martins et al., 2017). Each run was per-
formed with 500,000 iterations and a burn-in of 100,000. Prior
information of species information (data set 1) or sample location
(data sets 2 and 3) was utilized via LOCPRIOR 1 to assist clus-
tering without artificially inflating genetic structure (see Pritchard
etal., 2000). The meaningful K per data set was evaluated based on
the highest mean log-likelihood [mean LnP(K)] and deltaK statistics
using Structure Harvester v0.6.94 (Earl & Von Holdt, 2012). Each
population structure inference has its limitations, eg., Structure
may not produce reliable structure estimates when the uneven
sample size is involved (Puechmaille, 2016), and it could over- or
underestimate population genetic structure (Janes et al., 2017).
Therefore, we interpret population structure based on evaluating
the findings in the context of multiple analyses (PCA, DAPC and
Structure).

2.5 | Population tree with admixture

TreeMix v1.13 (Pickrell & Pritchard, 2012) was performed to infer a
maximum likelihood (ML) tree topology within each species, as well
as to calculate a covariance matrix to infer historical splits and mix-
ture between populations, using data set 1 (1781 SNPs). For TreeMix
analysis within O. victoriae, all individuals of O. hexactis were assigned
as an outgroup for tree rooting. From Thom et al. (2020), populations
within O. victoriae were manually classified by clustering individuals
from neighbouring sample locations with similar admixture propor-
tions based on the Structure analysis (optimal K=4 in data set 1). For
TreeMix analysis within O. hexactis, all individuals of O. victoriae were
assigned as an outgroup. Populations within O. hexactis were manu-
ally classified by sample sites, as the genetic structure of O. hexactis
can be defined by geographical locations (based on Structure analysis
of data set 1).

Migration edges (m) were modelled between 0 and 10 in O. vic-
toriae and between 0 and 5 in O. hexactis; fewer m was explored
in O. hexactis since only four localities were sampled for this spe-
cies. Ten replicates per each migrant edge were generated following
Fitak (2021), and the bootstrap option with a block size of 1 enabled.
The best TreeMix model with the optimal number of migration edges
for each species was evaluated based on residuals of the covari-
ance matrix as well as the simple exponential and nonlinear least
square model (threshold=0.05) using the R package OptM v0.1.3
(Fitak, 2021). Confidence of migration events was evaluated using

jackknife p values, f, and f, statistics implemented within TreeMix.
2.6 | Gene flow within and between species
Genetic differentiation between species (data set 1) and among lo-

cations within species (data set 2 and 3) was examined with pair-

wise Fq; values, which were calculated using GenoDive with 10,000

permutations to test for significance. Post hoc Bonferroni correction
was applied to account for multiple pairwise comparisons. When cal-
culating pairwise F¢; between locations within O. victoriae, samples
from South Georgia were excluded due to low sample size (n=2).
Samples of O. victoriae from Tressler Bank (n=3) and Prydz Bay
(n=2) were also pooled together and defined as ‘East Antarctica’
in order to increase overall sample size and to evaluate the genetic
differentiation between East Antarctica versus West Antarctic and

Antarctic island localities.

2.7 | Genotype environmental association analysis

Redundancy analyses (RDA) were performed to detect genome-
wide adaptations to environmental variables in the Southern
Ocean, specifically the proportion of genetic variation explained
by each identified environmental predictor within a multivari-
ate environment, as well as the putative outlier SNPs with sig-
nificant statistical associations with environmental predictors.
Environmental data from each sample location (sea surface tem-
perature and salinity, water bottom temperature and salinity) were
extracted from World Ocean Atlas 2018 (Locarnini et al., 2018;
Zweng et al., 2018), using QGIS (QGIS Development Team, 2019),
following Lau et al. (2021).

RDA were performed using the R package vegan v2.5-6
(Oksanen et al., 2013), and separate RDA were performed (a) be-
tween samples of O. victoriae and O. hexactis (data set 1), (b) among
samples within O. victoriae with samples separated by deep conti-
nental shelf (>1000m), shallow continental shelf (<1000m) and
Antarctic islands (data set 2) and (c) among sample locations within
O. hexactis (data set 3). Within each RDA, multicollinearity between
environmental predictors was assessed using the R package psych
v1.9.12 (Revelle, 2020, cut-off threshold at r=0.7). In the RDA be-
tween O. victoriae and O. hexactis and within O. victoriae, variables of
sea surface temperature and salinity, water bottom temperature and
salinity, water depths and longitudes were retained. For O. hexac-
tis, only the variables of water bottom temperature and salinity, and
water depths were retained.

The significance (at a=0.05) of each full RDA model was as-
sessed via ANOVA with 999 permutations, and Variance Inflation
Factors were assessed for further evidence of multicollinearity
between environmental predictors within each RDA model. RDA
was also used to identify the SNP loadings in the ordination space
to assess whether SNPs are associated with environmental predic-
tors (i.e. SNPs under selection as a function of environmental pre-
dictors). Outlier SNPs were identified through the distribution of
SNP loadings on each significant RDA axis. SNPs that exhibit more
than +3 standard deviation from the mean loading were identified
as outliers, a threshold that minimizes type | and Il error (Forester
et al., 2018). Associations between putative outlier SNPs and envi-
ronmental variables were evaluated using the Pearson correlation

coefficient.
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2.8 | Outlier loci detection and gene ontology

Loci under putative selection within and between species were iden-
tified using genetic differentiation outlier analyses; OutFLANK v.02
(Whitlock & Lotterhos, 2015), BayeScan v2.1 (Foll & Gaggiotti, 2008),
PCAdapt v4.3.2 (Privé et al., 2020) and RDA. For OutFLANK and
BayeScan, individuals can be pre-defined in different populations
and thus samples were grouped between species (data set 1) and
within species (data sets 2 and 3). Between species (data set 1), sam-
ples for O. victoriae from South Georgia (n=2) were categorized as O.
hexactis due to their limited genetic differentiation from O. hexactis.
Within O. victoriae (data set 2), samples were separated among those
collected from the deep continental shelf (>1000 m), shallow conti-
nental shelf (<1000m) and around Antarctic islands (glacial refugia
categories). Within the O. hexactis (data set 3), samples were sepa-
rated among sample locations.

For BayeScan analyses, prior odds were set to 100, followed by
20 pilot runs and 100,000 iterations with 5000 samples, a burn-in
length of 50,000 and a thinning interval of 10. OutFLANK analyses
were performed using default parameters and a g-value threshold
of 0.01. PCAdapt analyses were performed with scree plots used to
select the optimal principal component (K), and outlier SNPs were
determined via the Benjamini-Hochberg Procedure with a p-value
threshold (alpha) of 0.01.

Loci that were identified as outliers by two or more tests
(OutFLANK, BayeScan, PCAdapt, RDA) were considered to be pu-
tatively under selection. The consensus sequences (140bp) of all
putative outlier loci were compared within the National Center for
Biotechnology Information (NCBI) database (Agarwala et al., 2018)
using the BLASTx (Altschul et al., 1990) search tool to determine their
identities. Hits returned with a maximum E value of 1x107° and a per
cent identity of at least 80% were considered significant matches. The
consensus sequences of outlier loci were also translated to protein
sequences in all six reading frames (standard code) and were searched
against the InterPro (Blum et al., 2021) protein database using
InterProScan (Jones et al., 2014) in Geneious (https://www.geneious.

com). InterProScan results were also used to infer gene ontology IDs.

2.9 | ANGSD filtering for SFS-based inferences

For past demographic inference (dadiv2.1.1, Gutenkunst et al., 2009)
and StairwayPlot v2.1.1 (Liu & Fu, 2015, 2020) analyses, we gener-
ated site frequency spectrum (SFS) using genotype-likelihood esti-
mations via ANGSD. For SFS-based inferences, genotype-likelihood
estimation was used instead of genotype calling as our data are char-
acterized by low-medium coverage. Genotype-likelihood estimation
approach enables us to retain low-frequency variants that are highly
valuable for SFS-based inferences, while accounting for potential
errors associated with low coverage (Korneliussen et al., 2014).
Following Lesturgie et al. (2021), we first generated site frequency
likelihood files with genotype likelihoods computed with the sam-
tools method (-GL =1). We applied the following filters: (1) removed
sites with coverage <3 (-minindDepth =3), (2) removed poor quality

bases and poorly aligning reads (-minQ 20 and -minMapQ 30 and
-C 50), (3) removed poor quality sites based on the per-base align-
ment quality (-baq =1), (4) removed SNPs in the last 5bp of each
locus, (5) SNPs heterozygous in at least 80% of individuals and (6)
sites must be present in at least 80% of individuals. We first used
RealSFS to generate unfolded SFS and then used dadi to fold and
down-project SFS for downstream analyses. Separate estimations of
genotype-likelihood were applied to different data sets depending
on the analytical approaches (see below).

For all SFS-based inferences, a generation time of 9years was
assumed based on information about minimum disc size at sexual
maturity (based on females) (Grange et al., 2004) and average disc
size across the age of O. victoriae (Dahm & Brey, 1998). A mutation
rate of 1.43x 1078 per site per generation was used based on the tip
substitution rate of the O. victoriae and O. hexactis branch among
global ophiuroid species (0.0015924; substitution/site/myr) (O'Hara
etal,, 2019). It should be noted that estimates of mutation rates from
phylogenies are likely not representative of germline mutation ratesin
shorter times due to heterotachy (Phillips, 2009). However, currently,
there is no genome-wide mutation rate estimated for echinoderms to
our knowledge, the mutation rate calculated from phylogenies is the

only meaningful rate that can be incorporated at present.

2.10 | Past population size changes within species

Past effective population size (N,) changes within O. victoriae and
O. hexactis were reconstructed using StairwayPlot. StairwayPlot is a
model-flexible method that infers past population size changes over
specific points in genealogy through one-dimensional site frequency
spectrum (1d SFS). Stairway plot was chosen to further explore past
population size changes within species instead of demographic mod-
els (e.g. dadi) as it is not constrained by a priori information, which
can in turn explore a larger model space than parametrised demo-
graphic models (Liu & Fu, 2015). For StairwayPlot, down projection
was performed in order to maximize the number of segregating
sites. Within O. victoriae, we explored 1d SFS in samples collected
from deep water (>1000m), continental shelf (<1000m) and around
Antarctic islands. Down projection was achieved at 18, 92 and 80
haploid samples, respectively. Within O. hexactis, we explored 1d
SFS in samples from Bransfield Mouth and other localities (Shag
Rocks, South Georgia, Heard Island pooled together). Down projec-
tion was achieved at 14 and 40 haploid samples, respectively.

Each run was performed with a random starting seed. The
percentage of sites used for training was 67% and the number of
random breakpoints for each run were (nseq-2)/4, (nseq-2)/2, (nseq-
2)*3/4, nseq-2 based on default values.

2.11 | Demographic modelling between
O. victoriae and O. hexactis

The divergence and connectivity between O. victoriae and O. hex-
actis were investigated via the diffusion approximation framework
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within dadi. We explored the relationship between O. victoriae and
O. hexactis using all samples from both species, but excluded sam-
ples with signals of strong interspecific admixture, that is O. victoriae
from South Georgia (n=2) and O. hexactis from Bransfield Mouth
(n=10), thus the total sample size was n=183. A total of nine demo-
graphic models (Appendix S1: Supplementary Note 2) were fitted
against the folded two-dimensional joint site frequency spectrum
(2d jSFS) between O. victoriae and O. hexactis. The examined demo-
graphic models ranged from simple (three parameters) to complex
(10 parameters) biologically-relevant scenarios, including divergence
followed by strict isolation, continuous migration, ancient migration,
secondary contact and past population size changes (Appendix S1:
Figure S2).

Input dataset was 50% down projected to (haploid n=153 in
O. victoriae, =30 in O. hexactis) in order to maximize the num-
ber of segregating sites for dadi, as recommended by Gutenkunst
et al. (2009). Each dadi model was run with four consecutive rounds
of optimization using the dadi_pipeline v3.1.6 with default features
(Portik et al., 2017). Parameters of the best-fit model were converted
into biologically meaningful units. For a detailed description of dadi
inference and model evaluations, see Appendix S1: Supplementary

Information Note 2.

3 | RESULTS
3.1 | Read quality

A total of 83,789,628 raw reads were obtained from the eight
Ophionotus samples during ddRAD loci discovery, with an average
of 10,473,704 reads +2,042,156 SD per sample. After SNP filter-
ing for no missing data and maf of at least 1%, the loci discovery
dataset included 8113 ddRAD loci for target capture bait design
(see Appendix S1: Supplementary Note 1). After target capture se-
quencing of all Ophionotus samples (n=258), a total of 847,967,674
raw reads were obtained, with an average of 4,583,609 reads
+2,543,496 SD per sample, as well as an average depth of 15.8x

(across sites per sample).

3.2 | Genetic diversity and population structure

Overall, both O. victoriae and O. hexactis exhibited negative inbreed-
ing coefficients (Table 1). Both species and all their respective sample
localities were associated with negative Tajima's D values (Table 1).
Negative Fu's Fs values were also observed across O. victoriae (all
sequences pooled together) as well as in O. victoriae from Ross Sea,
Adélie Land, east Weddell Sea, south Weddell Sea, Bransfield Mouth
and Bouvet Island (Table 1). Positive Fu's Fs values were observed
across O. hexactis and within collected localities.

PCA indicated an overall separation between O. victoriae and
O. hexactis, with 4.35% of the total genetic variance explained by
the first two PCs (Figure 2a). DAPC results are also in agreement

with PCA, which demonstrated two broad genetic clusters observed
between species (Appendix S1: Figures S3, S4). From PCA, two O.
victoriae samples (ID: SIOBICE6508 and SIOBICE6420) from South
Georgia were observed within the O. hexactis cluster (Figure 2a).
On PC1 and PC2 axes, individuals of O. victoriae from Scott Island,
Bouvet Island and Bransfield Mouth also showed close proximity to
O. hexactis from Bransfield Mouth (Appendix S1: Figure S5).

Genotypic clustering using Structure suggested that K=2 and
K=4 are useful indications of admixture proportions across O. victo-
riae and O. hexactis samples (Figure 1, Appendix S1: Figure S6), and
the PCA and DAPC results also supported the K=4 model. Structure
also suggested that at K=4, O. hexactis was represented overall by a
distinct genetic cluster, but O. victoriae from South Georgia cannot
be differentiated from O. hexactis (Figure 1). Individuals of O. hexactis
from Bransfield Mouth were distinct from O. hexactis from other lo-
cations by displaying genetic admixture with O. victoriae (most nota-
bly from Bransfield Mouth, Bransfield Strait, Elephant Island, South
Shetland Islands and Balleny Islands). Three loci (CLocus-61907,
ClLocus-137845 and ClLocus-172167) were identified as the most
contributing variables to the discriminant functions at 0.999 quan-
tiles (Appendix S1: Figure S7). Major and minor allele frequency at
these three loci were also examined between species, with O. vic-
toriae from South Georgia and O. hexactis from Bransfield Mouth
also visualized as separate clusters. At CLocus-61907, O. victoriae
from South Georgia shares similar allele frequencies with O. hexactis
samples. At CLocus-137845 and ClLocus-172167, major and minor
allele frequencies were similar between O. victoriae (overall) and O.
hexactis from Bransfield Mouth as well as O. hexactis (overall) and O.
victoriae from South Georgia (Appendix S1: Figure S7).

Within O. victoriae, when samples are grouped by geograph-
ical locations, PCA indicated an overall limited genetic variation
across localities, while South Sandwich Islands, Discovery Bank
and Herdman Bank are slightly separated from the rest of sam-
pled localities (Appendix S1: Figure S5b). Pairwise F¢; analysis sup-
ported no significant differentiation was observed between most
areas (Table S1-S9). Structure suggested that at K=3, O. victoriae
individuals from the continental shelf and Antarctic islands were
generally separated by distinct genetic clusters (Figure 1). This is
congruent with DAPC, where three clusters were observed along
the PC1 axis and mostly correspond to the distributions of the
three K clusters detected within Structure (Appendix S1: Figure
$9-S10). When samples were grouped based on glacial refugia
categories, PCA showed clear divergence within shallow conti-
nental shelf (i.e. the signature of persistence within in situ con-
tinental shelf refugia) and Antarctic islands (i.e. the signature of
persistence within island refugia), while also exhibiting connec-
tivity between these two habitats which is expected for species
with pelagic larvae (Figure 2b). Samples from the deep continental
shelf (>1000 m) are uniquely similar on both PC axes, despite being
collected around the vast Antarctic continent (Figure 2b), indicat-
ing a preliminary signature of connectivity within in situ deep-
water refuge. Structure further indicated samples from the deep
continental shelf (>1000m) exhibit a higher level of admixture
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TABLE 1 Geneticdiversity and
neutrality test results of Ophionotus
victoriae and O. hexactis across
geographical locations based on target
capture sequencing of ddRAD loci.

Sampled Number Inbreeding
depth of coefficient  Tajima's
range (m) samples (Fis) D Fu's Fs
O. victoriae
Continental shelf
All 0-1750 158 -0.157 -1.272 -1.459
Prydz Bay 213-270 2 -0.109 NA 2.866
Tressler Bank 758-779 3 -0.140 -1.106 2.718
Ross Sea 0-1376 27 -0.141 -1.169 -5.905
Adélie Land 22-1204 17 -0.138 -1.284 -2.335
Amundsen Sea 998-1208 6 -0.196 -0.150 1.269
East Weddell Sea 250-615 10 -0.152 -1.077 -0.143
South Weddell Sea 282-1750 14 -0.133 -1.272 -1.459
Larsen Ice Shelf 320-682 9 -0.133 -1.276 0.076
Antarctic islands
Balleny Islands 85-350 8 -0.146 -1.113 0.425
Scott Island 144-403 4 -0.194 NA 1.904
South Shetland Islands 183 5 -0.148 -0.940 1.524
Bransfield Mouth 302-349 10 -0.150 -0.893 -0.164
Bransfield Strait 213-292 8 -0.142 -1.162 0.375
South Sandwich Islands ~ 116-230 8 -0.164 -1.047 0.340
Elephant Island 143-202 5 -0.134 -1.183 1.500
Discovery Bank 439 5 -0.185 -0.876 1.510
Herdman Bank 600 5 -0.182 -0.512 1.502
South Georgia 167-190 2 -0.195 NA 3.489
Bouvet Island 300 10 -0.164 -0.872 -0.319
O. hexactis
Antarctic islands
All 131-302 40 -0.144 -1.188 0.260
Bransfield Mouth 302 10 -0.168 -0.969 0.257
South Georgia 119 10 -0.132 -1.244 0.286
Shag Rocks 131-180 10 -0.138 -1.169 0.313
Heard Island 203 10 -0.137 -1.188 0.260

with Antarctic islands, bypassing the shallow continental shelf
(<1000 m, Appendix S1: Figure S8). Focusing on O. victoriae sam-
ples, AMOVA results further indicated significant molecular vari-
ances derived from all tested hierarchical subdivisions (among
putative refugia types [1.91%, p <.001]), among geographical lo-
cations within each putative refugia type [2.71%, p<.001], and
within geographical locations [95.38%, p <.001] (Table S1-59).
Within O. hexactis, PCA indicated an overall difference be-
tween samples from Bransfield Mouth and other locations (South
Georgia, Shag Rocks and Heard Island) (Figure 2c). One sample
from South Georgia was found within the Bransfield Mouth cluster.
A lack of genetic differentiation was observed between samples
from South Georgia and Shag Rocks. Samples from South Georgia
and Shag Rocks also showed limited differentiation from those
from Heard Island. Pairwise F¢; values suggested significant dif-
ference between individual sample localities (p <.001; Table $1-59).

Structure suggested that at K= 2, samples from Bransfield Mouth (+
one sample from South Georgia) were characterized by a distinct
genetic cluster, with no differentiation observed between sam-
ples from South Georgia, Shag Rocks and Heard Island (Figure 1).
DAPC also indicated congruent results to PCA, Pairwise F¢; and
Structure; DAPC recovered 5 genetic clusters in O. hexactis, with
samples from the mouth of the Bransfield Straight being distinctly
different from other locations, and samples from other locations
exhibiting clear gene flow between them (Appendix S1: Figure
$11-512).

3.3 | Population tree with admixture within species

Within O. victoriae, TreeMix (explained 90.2% of the total variance)
revealed samples from South Georgia were closely related to O.
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FIGURE 2 Principal component analysis (PCA) results on the first two axes including (a) samples of Ophionotus victoriae and O. hexactis;
(b) within O. victoriae with samples grouped by glacial refugia categories, those collected on the deep Antarctic continental shelf (>1000m),
shallow Antarctic continental shelf (<1000m) and around Antarctic islands (off the Antarctic continental shelf, south of Polar Front); (c)

within O. hexactis with samples grouped by geographical locations.
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FIGURE 3 TreeMix maximum likelihood (ML) tree of (a) Ophionotus victoriae rooted with O. hexactis and (b) O. hexactis rooted with O.
victoriae. Terminal nodes are subdivided based on neighbouring geographical locations with similar admixture proportions estimated by
Structure (preferred K=4). Horizontal branch lengths are proportional to the amount of genetic drift occurred on each branch. In the

bar plots, each vertical bar represents one individual sample from the corresponding geographic location(s), with colours correspond to
admixture proportion estimations. (a) Optimal migration edge of 1 (Amundsen Sea ->South Weddell Sea) was inferred by simple exponential
and nonlinear least squares model and was also supported by f, statistic and jackknife significance test (p=.0005). Migration edge was
coloured based on migration weight, which corresponds to the % ancestry in the sink population originated from the source population. (b)
Optimal migration edge of O was inferred by simple exponential and nonlinear least square model and was also supported by f, statistic and
jackknife significance test.

hexactis (Figure 3a). A migration edge of one significantly improved
the model fit to the observed allele frequency data. Overall, on
the ML population tree of O. victoriae, short internal branches with
limited genetic drift were observed at each locality (Figure 3a,
Appendix S1: Figure S5). Stepwise population splits were observed
between Scott Island, Discovery Bank + Herdman Bank + South

Sandwich Islands (grouped together) and Bouvet Island. Samples
from the Ross Sea, east Weddell Sea and Amundsen Sea formed a
distinct cluster, with migration detected from the Amundsen Sea
to the south Weddell Sea. Gene flow between the Amundsen Sea
and the south Weddell Sea was further supported by f, statistics
(Z-score <-3) (Table S1-S9).
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Within O. hexactis, TreeMix (explained 96.7% of the total variance)
revealed that this species formed two separate clades, with individ-
uals from Bransfield Mouth grouped in a single clade, and individuals
from Shag Rocks, South Georgia and Heard Island grouped in a sep-
arate clade. Overall, O. hexactis from Bransfield Mouth were most
closely related to O. victoriae on the ML tree (Figure 3b, Appendix S1:
Figure S13). No significant migration edge was detected within
TreeMix. Although no admixture between populations was detected
in f, statistics, f, statistics indicated gene flow either between O. vic-
toriae and O. hexactis from Bransfield Mouth, or between Shag Rocks,
South Georgia and Heard Island within O. hexactis (Table $1-S9).

3.4 | Environmental association analyses

When comparing O. victoriae and O. hexactis (while considering the two
O. victoriae samples from South Georgia as O. hexactis) in the RDA, con-
strained ordination significantly explained 2.17% (adjusted R? p<.001)
of the overall genetic variation with all six environmental variables. The
first three constrained PC axes significantly explained 39.0%, 16.3%
and 13.3% of the total adjusted R? (p<.001). On PC1 and 2, between
species, O. hexactis showed a generally positive association with water
temperature (Figure 4a). Within the RDA of O. victoriae, constrained
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ordination significantly explained 0.88% (adjusted R?, p<.001) of the
overall genetic variation with five environmental variables. The first
two constrained PC axes significantly explained 27.3 and 19.7% of the
total adjusted R? (p<.001). On PC1 and 2, within O. victoriae, samples
from the deep continental shelf (>1000m) exhibited a positive associa-
tion with water depth, and those collected around Antarctic islands ex-
hibited a positive association with sea surface temperature (Figure 4b).
Within the RDA of O. hexactis, constrained ordination significantly ex-
plained 2.26% (adjusted R?, p<.001) of the overall genetic variation
with three environmental variables. The first three constrained PC
significantly explained 40.9%, 31.1% and 28.0% of the total adjusted
R? (p<.05). On PC1 and 2, samples of O. hexactis from the Bransfield
Mouth showed a positive association with water depth, but negative
associations with bottom water salinity were observed in samples from

Heard Island (Figure 4c).

3.5 | Outlier loci

Based on the outlier loci detected by at least two methods (PCAdapt,
OutFLANK, RDA and BayeScan), a total of 30, 25 and 11 loci were iden-
tified as putative outliers between species, within O. victoriae, and
within O. hexactis, respectively (Appendix S1: Figure S14, Table S1-S9).
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FIGURE 4 Redundancy analysis (RDA) showing genotype-environment association in Ophionotus victoriae and O. hexactis on the first two
constrained axes. Grey dots represent SNPs, and coloured circles represent individual sample defined by assigned labels. Vectors represent
environmental predictors, including surface water salinity (sal_surface), bottom water salinity (sal_bottom), surface water temperature
(temp_surface), bottom water temperature (temp_bottom), water depth (depth). (a) Samples of O. victoriae and O. hexactis defined by species
(n=195, 1781 loci). (b) Samples of O. victoriae grouped by deep continental shelf (>~1000m), shallow continental shelf (<1000 m) or Antarctic

islands. (c) Samples of O. hexactis are defined by geographical locations.
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No outlier loci were matched with the BLASTx database under the
search criteria. One outlier locus (Clocus-186281) detected between
species was a positive match to the InterPro database with GO an-
notations (lonotropic glutamate receptor, InterPro ID: IPR0O01320,
Table $1-59). RDA also predicted outlier loci correlated with selected
environment variables on the significant constrained axes. When
comparing O. victoriae and O. hexactis samples, outlier loci were cor-
related with bottom water salinity (n=22), surface water salinity
(n=16), water depth (n=14), sea bottom temperature (n=7) and lon-
gitude (n=3, Table $1-S9). Within O. victoriae, outlier loci were cor-
related with water depth (n=14), sea surface temperature (n=8) and
sea surface salinity (n=>5, Table S1-59). Within O. hexactis, outlier loci
were correlated with bottom water temperature (n=9), bottom water
salinity (n=7) and water depth (n=4, Table 51-59).

3.6 | Demographic modelling between species

Upon inspecting the observed 1d SFS from O. victoriae and O. hex-
actis (excluding samples with strong interspecific admixture), both
species are characterized by a W-shaped SFS with internal peak at
intermediate frequencies; a stronger peak was observed within O.
hexactis (Figure 5a). The observed 2d SFS between O. victoriae and
O. hexactis also indicated a lack of intermediate frequencies SNPs
shared between O. victoriae and O. hexactis (Figure 5a, b). However,
these putative missing SNPs were modelled using dadi, leading to
high residual values at sites with intermediate frequencies between
observed and expected 2d SFS (Figure 5b).

Of all nine models that examined the divergence and gene flow
between O. victoriae and O. hexactis, all of them returned strong and
autocorrelated residuals (Figure S15). These suggest bad fits between
models and observed data, therefore, we did not interpret parame-
ter estimates further. Additionally, the optimized parameters of the
model ‘Sl_size’ returned unrealistic chi-squared values, indicating a
breakdown when modelling the expected number of variants against
observed data. Model ranking indicated all models involving gene flow
between O. victoriae and O. hexactis were a better fit to observed data

relative to models with no gene flow between species (Table $1-S9).

3.7 | Pastchanges in effective population size
within species

Given O. victoriae is characterized by metapopulation structure,
its rate of coalescent events would be confounded by the pres-
ence of population structure and the migration rate (Lesturgie
et al., 2021; Mazet et al., 2016). Therefore, while the results of
StairwayPlot would still be related to demographic events, care
should be considered when interpreting them. In O. victoriae, when
samples were grouped by deep-water refugia, in situ continental
shelf refugia or in situ Antarctic island refugia (glacial refugia catego-
ries), a signature that resembled a ‘population expansion followed by
a bottleneck’ was observed in the latter two categories (Figure 6a).
Samples of O. victoriae from the deep continental shelf (deep-water
refugia) were associated with a signature that resembled a ‘stable
population size followed by a bottleneck’ (Figure 6a).

Because O. hexactis is characterized by panmixia, the distribu-
tion of coalescence times should be directly related to changes in
population size, and therefore, results of StairwayPlot can be directly
interpreted as realistic signals of past population size change over
time (Lesturgie et al., 2021). Within O. hexactis, for samples from the
Bransfield Mouth, Stairwayplot indicated a stable population size
followed by a bottleneck (Figure 6b). However, a population expan-
sion followed by a bottleneck was observed in samples from South
Georgia + Shag Rocks + Heard Island (grouped together) (Figure 6b).

4 | DISCUSSION

4.1 | Genetic connectivity within O. victoriae
(pelagic larvae)

A previous study based on mitochondrial (COI) and 2b-RAD data
focusing on samples from West Antarctica suggested O. victoriae
contains up to four distinct lineages, possibly representing multiple
cryptic species (Galaska et al., 2017). A later study based on COI
data focusing on samples from both West and East Antarctica sug-

gested O. victoriae constitutes a single species with a circumpolar
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FIGURE 5 Summary of the observed frequency spectrum (SFS) of Ophionotus victoriae and O. hexactis. (a, b) One-dimensional (1d) SFS
within O. victoriae and O. hexactis. (c) Folded (i.e. no outgroup data) two-dimensional (2d) SFS between O. victoriae and O. hexactis, excluding
samples of O. victoriae from South Georgia and O. hexactis from Bransfield Mouth with strong interspecific admixture.
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FIGURE 6 Stairwayplot estimates of past effective population size (N,) changes over multiple epochs in (a) Ophionotusvictoriae with
samples grouped by deep continental shelf (>1000m), shallow continental shelf (<1000m) and Antarctic islands and in (b) O. hexactis with
samples grouped by geographical locations. Estimates were based on folded site frequency spectra, as well as the assumption of a mutation
rate of 1.43x 1078 per site per generation (O'Hara et al., 2019) and a generation time of 9 years (Dahm & Brey, 1998; Grange et al., 2011).

Shaded areas represent 95% confidence intervals.

distribution (Lau et al., 2021). The genomic data here also support O.
victoriae as a single species with a circumpolar distribution contain-
ing three intraspecific admixed lineages. These lineages do not rep-
resent cryptic species as there is no disjunct differentiation within O.
victoriae based on additional analyses (e.g. PCA and TreeMix).
Individual admixture proportions showed both connectivity
and structure across geographical locations in O. victoriae, pos-
sibly linked to current dynamics and biogeography. Individual ad-
mixture proportions showed three distinct genetic clusters in O.
victoriae, with clear isolation of genetic clusters 1, 2 and 3 (of K=3)
observed across the vast Southern Ocean. Specifically, Antarctic
island locations near the Polar Front (South Georgia, Discovery
Bank, Herdman Bank, South Sandwich Islands and Bouvet Island)
are distinctly associated with cluster 3 (of K=3), with some indi-
viduals from Bouvet Island also exhibiting admixture with cluster
2. Cluster 2 (of K=3) reflects circumpolar connectivity between
the Antarctic continental shelf, Scotia Sea and Antarctic islands.
Many of the island locations of cluster 2 coincide with the south-
ern boundary of the ACC (sbACC) (Sokolov & Rintoul, 2009). The
biogeography of cluster 2 in the central Scotia Sea, Larsen Ice

shelf and south Weddell Sea also coincides with the circulation

pattern of Antarctic coastal current that connects these locations
(Collares et al., 2018). Similar gene flow patterns related to the
Antarctic coastal current has been reported in the Antarctic bi-
valve Aequiyoldia eightsii (Mufoz-Ramirez et al., 2020). The pres-
ence of cluster 2 in the Ross Sea also suggests a relationship
between sbACC and the Ross Gyre in larval dispersal. Although
the sbACC does not penetrate through the Ross Sea, it connects
to the contours of the Ross Gyre (Dotto et al., 2018). The Ross
Gyre is a cyclonic regional gyre in the Southern Ocean that con-
nects the ACC to the Ross Sea continental shelf, which would ex-
plain the presence of cluster 2 connecting Adélie Land, the Balleny
Islands, Scott Island and the Ross Sea.

Finally, cluster 3 (of K= 3) is mostly observed around the Antarctic
continental shelf (with one exception individual in Bransfield Mouth),
suggesting genetic homogeneity around the shelf. Connectivity
around the Antarctic continental shelf has also been observed in
other Southern Ocean benthic species linking to the ACC (Hemery
et al., 2012; Matschiner et al., 2009; Raupach et al., 2010; Sands
et al., 2015; Sands et al., 2021). Alternatively, such circularity could
also be linked to the eastward-flowing Antarctic Slope Current
(Thompson et al., 2018).
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4.2 | Genetic connectivity within O. hexactis
(brooded juveniles)

For O. hexactis, a distinct population structure was observed in
Bransfield Mouth, and panmixia was observed across other locali-
ties (South Georgia, Shag Rocks and Heard Island). Significant differ-
entiation was also detected between all locations, however, strong
gene flow (inferred from panmixia) was also observed among South
Georgia, Shag Rocks and Heard Island, even though some of these
locations are separated by the long geographical distance around the
Southern Ocean. Signatures of panmixia in O. hexactis is likely linked
to gene flow rather than asexual reproduction. While asexual repro-
duction (via fission) is common among hexamerous ophiuroids, it is
understood that brooding (sexual reproduction) does not co-occur
with fissiparity in ophiuroids (Stéhr et al., 2012). A previous study
also reported that O. hexactis is an intraovarian brooder (Turner
& Dearborn, 1979). Together, the evidence suggests both long-
distance dispersal and genetic isolation are possible for Southern
Ocean benthic species with a brooding strategy.

Previous studies have highlighted that Southern Ocean benthic
brooders can be characterized by geographic structure due to their
limited dispersal ability across the vast Southern Ocean (Moreau
et al., 2017, 2019). However, most of the existing genetic evidence
outlining distinct segregated population structures in Southern
Ocean brooding species or species with benthic hatchings are linked
to the islands within the Scotia Sea (Hoffman et al.,, 2011; Linse
et al., 2007; Strugnell et al., 2017). Additionally, it has been argued
that some brooding species exhibit genetic connectivity across the
Southern Ocean (reviewed by Halanych and Mahon (2018)). For O.
hexactis around West Antarctica, it appears that locations across the
Scotia Arc are highly separated, indicating that the Scotia Arc sys-
tem could promote genetic isolation and diversification, as suggested
for other Southern Ocean species (Demarchi et al., 2010; Hoffman
et al., 2011; Linse et al., 2007; Verheye et al., 2016). However, the
barriers across the Scotia Arc are permeable, as one O. hexactis sam-
ple from South Georgia also falls within the genetic cluster distinct to
Bransfield Mouth.

Beyond the Bransfield Strait, individuals sampled around South
Georgia, Shag Rocks and Heard Island were associated with long-
distance connectivity. To date, the only proposed pathway for long-
distance dispersal in Antarctic benthic invertebrates with a brooding
strategy is via a kelp raft along the ACC (e.g. Nikula et al., 2010). The
maximum disc diameter of Ophionotus hexactis is ~39 mm (Grange
et al., 2004), and the size of O. hexactis suggests that it can possi-
bly reside within the holdfast of a kelp raft. However, this species is
mostly found in a flat muddy bottom, between ~0 and 300m, which
is not the habitat for kelp. They do not typically wrap their arms
around substrates that may raft, and this species has never been
found on kelp rafts before. More importantly, the O. hexactis sam-
ples that were collected in this study were from 119 to 302m that
are out of reach by algal rafts. Nonetheless, long-distance dispersal
signals are apparent, although the mechanism by which they disperse
is not yet identified.

4.3 | Genomic signatures of Southern Ocean glacial
cycle survival

431 | Deep-water refugiain O. victoriae

During Pleistocene glacial maxima, the deep seafloor of the
Southern Ocean was not impacted by the continentally grounded
ice sheets. The large deep-sea habitable area was hypothesized to
enable refugial populations to persist, maintain and/or expand in
size and diversify (Allcock & Strugnell, 2012). In O. victoriae, a strong
genotype-environmental association with depth was observed in
deep-water samples (>1000m), suggesting isolation-by-water depth.
Isolation-by-depth is expected when populations have been stable
over time, spatially neighbouring populations are more genetically
similar to each other than distant neighbours, and diverging popula-
tions are isolated by selective forces on ecology and reproductive
barriers (Wright, 1943). The strong genotype association with depth
is likely linked to long-term diversification within deep-water refugi.
Stairwayplot indicates deep-water samples (>1000m) exhibit a
distinctly different demographic history compared to shallow con-
tinental shelf (<1000m) and Antarctic island samples. O. victoriae is
characterized by a metapopulation structure, meaning that demo-
graphic signatures captured by Stairwayplot would be confounded by
population structure and migration rate. Even when considering the
impact of metapopulation on coalescence times, the signature that re-
sembles a ‘stable population size followed by a bottleneck’ observed
in deep-water samples (>1000m) would likely be driven by a low mi-
gration rate or time of recent colonization associated with a high mi-
gration rate (Lesturgie et al., 2021). Either explanation fits within the
hypothesis of deep-sea refugia for O. victorige. The scenario of a low
migration rate would indicate a signature of an independent deep-sea
refuge; alternatively, the time of recent colonization associated with a
high migration rate would indicate retreat into deep-sea refugia only if
it occurred in recent time, likely the Last Glacial Maximum.
Signatures of deep-water refugia likely represent a single con-
nected refugium. Samples of O. victoriae from the deep continen-
tal shelf (>1000m) are observed in sites that are separated by long
distances (Ross Sea, Adélie Land, Amundsen Sea, south Weddell
Sea). If deep-water refugia were geographically structured within O.
victoriae, isolation-by-distance and subsequent genetic drift would
be expected to create a distinct structure. When samples of O. vic-
toriae from >1000m were analysed together, limited genetic dif-
ferentiation was observed between them (PCA). Strong signals of
deep-water refugia characteristics were also highlighted by separate
analyses (RDA, Stairway Plot). So far, the evidence supports a single

connected deep refugium.
4.3.2 | Insitushelf and island refugia
Even during the most extreme glacial maxima (e.g. LGM), where

the grounded ice from the AIS eroded most of the continental shelf
habitat, pockets of ice-free areas have been proposed to exist along
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the continental shelf edge as well as around some Antarctic islands
(Thatje et al., 2005). In situ refugia in the Southern Ocean were hy-
pothesized to enable small populations to persist throughout glacial
cycles and would be characterized by signatures of bottlenecks fol-
lowed by population expansion (Allcock & Strugnell, 2012). For O.
victoriae, the overall negative neutrality tests (all sequences pooled)
suggest that this species experienced a population bottleneck fol-
lowed by expansion.

Genetic structure distinct to either the continental shelf or
Antarctic islands was observed within O. victoriae, likely further
supporting the hypothesis of independent continental shelf and
Antarcticisland in situ glacial refugia. However, the location-specific
structure was not detected, likely due to the low and uneven sample
size between locations. Therefore, the exact locations of in situ gla-
cial refugia cannot yet be pinpointed.

Incorporating the influence of metapopulation structure
on StairwayPlot results, following simulations within Lesturgie
et al. (2021), StairwayPlot further supported the scenario of histor-
ical colonization with high gene flow between locations in samples
from shallow continental shelf sites (<1000 m) and around Antarctic
islands. The concept of historical colonization further supports
the hypothesis of in situ refugia; as grounded ice sheets retreated
following the end of glacial maxima (e.g. LGM), refugial popula-
tions likely recolonized ice-free areas after deglaciation (Thatje
et al., 2005). Given the confounding factors linked to metapopula-
tion structure, the dating of demographic histories would not reflect
the exact dates of recolonization and in situ refugia, however, the re-
trieved timing of events should be consistent relative to each other
(Lesturgie et al., 2021). At least in O. victoriae, a signature of ‘popu-
lation expansion’ and the most recent common ancestor (TMRCA)
was observed to be older in samples from shallow continental shelf
sites (<1000 m), suggesting demographic processes associated with
in situ refugia likely emerged around the Antarctic continental shelf
first, followed by habitats around Antarctic islands.

After the LGM, refugial populations likely recolonized ice-free
areas after deglaciation (Thatje et al.,, 2005) but the extent and
pathways of recolonization remain unclear. In O. victoriae, the clear
gene flow and some admixture observed between locations, suggest
recolonization could have been widespread across the continental
shelf and Antarctic islands. The pathways of recolonization could
have been driven by oceanic currents leading to present-day genetic
patterns (see above), and each location could have received migrants
from refugial populations.

For O. hexactis, signatures of in situ refugia were detected
around Antarctic Islands. Negative neutrality tests and StairwayPlot
indicate population bottlenecks at all sampled locations, suggesting
signatures of in situ refugial survival. Samples from the Bransfield
Mouth were characterized by stable population structure between
~60 and~10 kya, followed by population bottlenecks at ~10 kya,
as well as association with water depth. Samples from Shag Rocks,
South Georgia and Heard Island were characterized by an increase

in population size since ~80 kya, followed by population bottlenecks

at ~18 kya. The distinctly different demographic histories observed
between Bransfield Mouth vs Shag Rocks, South Georgia and Heard
Island suggest independent in situ glacial refugia associated with re-
spective environments. Ice sheet reconstructions also indicate areas
where O. hexactis could have found refuge (Bransfield Mouth, Shag
Rocks and Heard Island) that were not (or only partially) impacted
by grounded ice (Hodgson et al., 2014; Simms et al., 2011), further

supporting the case of in situ refugia in these areas.

4.4 | Inferring demographic histories from alleles
shared between O. victoriae and O. hexactis

The overall genomic data suggest apparent gene flow between O.
victoriae and O. hexactis, despite clear morphological, life history and
allelic differences between them. Some O. victoriae individuals from
Bransfield Mouth, and all individuals from South Georgia, show evi-
dence of admixture with O. hexactis where their distribution over-
laps. The sequenced O. victoriae specimens from South Georgia are
unlikely to be O. hexactis as they exhibit typical taxonomic features
(5 arms) of this species (examined by Lau et al., 2021). At each of the
three most differentiated loci contributing to the discriminant func-
tions, O. victoriae from South Georgia shared similar major and minor
allele frequencies with O. hexactis, and O. hexactis from Bransfield
Mouth also shared similar major and minor allele frequencies with
O. victoriae. Distinctly different interspecific admixture signals were
observed at the Bransfield Mouth and South Georgia, possibly indi-
cating independent occasions (over time and/or across spatial scale)
of gene flow between species in areas where they overlap.

To explore the broad relationship between species, we excluded
samples with interspecific admixture (O. victoriae from South Georgia
and O. hexactis from Bransfield Mouth) for SFS-based demographic
analyses. First, the observed 2d SFS indicated limited alleles at inter-
mediate frequencies were shared between O. victoriae and O. hexac-
tis. This is likely a true biological signal, as our target capture method
captures nonvariable ddRAD loci that would be present across
Ophiontous victoriae and O. hexactis (which rules out ascertainment
bias), and we also examined our dataset with a genotype likelihood
estimation approach (which excludes potential sequencing errors due
to low coverage). However, it is possible that bioinformatic errors may
exist and that we are unable to identify them. Due to such extreme
allelic differences between species, dadi residuals of fitted models
were strong and autocorrelated, suggesting all tested models were
a poor fit to the observed data. Additionally, a more complex popula-
tion structure may exist between and within O. victoriae and O. hex-
actis that could have contributed to the poor fit of dadi-modelled data
against observed data. Instead of focusing on interpreting parameter
estimates recovered, we discuss the broadly concordant patterns ob-
served from tested models to explore species relationships.

Among the tested demographic models, all models involving gene
flow between O. victoriae and O. hexactis were ranked higher than

the models involving strict isolation between species. Furthermore,
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all models involving gene flow between species suggested a higher
number of migrants per generation from O. victoriae to O. hexactis,
suggesting opportunities for admixture could be greater in one di-
rection than the other. Sperm chemotaxis (sperm attraction towards
eggs) is generally species specific in ophiuroids and has been linked to
reproductive isolation in closely-related ophiuroid species with con-
trasting reproductive strategies (brooding vs broadcasting) (Weber
et al., 2017). Even though sperm chemotaxis has not been examined
in Antarctic ophiuroids, it is unlikely that there is a species-specific
barrier between O. victoriae and O. hexactis, given the apparent gene
flow and admixture observed. The higher proportion of gene flow
from O. victoriae to O. hexactis could be related to a higher number
of gametes (sperm and eggs) associated with O. victoriae compared
to O. hexactis being made available for cross-fertilization. For exam-
ple, in a reproductive season, a single female O. victoriae releases
100,000-160,000 eggs (a broadcast spawner) (Grange et al., 2004),
whereas a single O. hexactis female releases an average brood size of
24 juveniles (Turner & Dearborn, 1979).

4.5 | Lack of alleles at intermediate frequencies
shared between O. victoriae and O. hexactis

The observed 1d SFS of both species are associated with a peak at
intermediate frequencies across genome-wide data (W-shaped SFS).
The alleles associated with this peak appear to be species specific,
and the intermediate-frequency variants are far more excessive
in O. hexactis. W-shaped SFS could be linked to a high admixture
rate (>0.2) with more than one ancestral allele being introduced at
previously fixed sites (Marchi & Excoffier, 2020). This is unlikely as
the overall genomic data so far do not suggest such strong recent
admixture between species. W-shaped SFS could also be linked to
a recent bottleneck (discussed within Charlesworth & Jain, 2014).
However, both O. victoriae and O. hexactis persisted in in situ
Antarctic islands refugia with bottlenecks, yet O. hexactis is charac-
terized with far more excessive number of intermediate-frequency
variants. Additionally, O. hexactis persisted in in situ Antarctic island
refugia that are near the Polar Front, and these islands were not (or
only partially) impacted by grounded ice during the LGM (Hodgson
et al., 2014; Simms et al., 2011). Therefore, O. hexactis would not
have experienced an extreme bottleneck in the recent past, and
overall, a bottleneck does not seem to explain the W-shaped SFS
in O. hexactis.

Alternative explanations of a W-shaped SFS in O. hexactis in-
clude balancing selection (Cheng & Degiorgio, 2020) and asso-
ciative overdominance (heterozygous advantage at neutral loci)
(Gilbert et al., 2020) on standing genetic variation, both of which
could be linked to recent adaptation (Dragh & Whilock, 2014; Kelly
& Hughes, 2019). For the case of O. hexactis, the observed genome-
wide excess of intermediate-frequency alleles clearly departs from
neutrality, and we hypothesize that it could too be driven by recent
adaptation, and the most apparent adaptation in O. hexactis is the
switch to brooding and an increase in arm number.

4.6 | What drove evolutionary innovation in O.
hexactis (switch to brooding and an increase in arm
number)?

Within O. hexactis, StairwayPlot indicated that TMRCA could be
traced back to ~78 ka. This time estimate is unlikely to reflect the di-
vergence time of O. hexactis, as previous exon data suggested O. vic-
toriae and O. hexactis diverged at ~1.64 mya (95% confidence interval
0.53-5.79 mya) (O'Hara et al., 2017). Nonetheless, the TMRCA in O.
hexactis observed in this study could shed light on the events linked
to evolutionary innovations (i.e. potential drivers of the genome-wide
excess in intermediate-frequency alleles). For example, O. hexactis
likely persisted in situ around Antarctic islands at relatively shallow
depths throughout the late Pleistocene. The Antarctic Ice Sheet
likely retreated significantly in recent interglacials during the late
Pleistocene (Dutton et al., 2015), which would result in low-salinity
outflow towards the upper Southern Ocean (Jacobs et al., 1996).
Therefore, the innovation of six arms and brooding within O. hex-
actis could have been influenced by the low-salinity meltwater, given
that this species would have been directly exposed to glacial melt-
water. Supporting this concept, environmental association analysis
(RDA\) also detected 61% of the outlier loci as being linked to salinity.
However, we only sampled a few loci via a reduced representation
approach, and the W-shaped SFS in both species clearly indicates
that their demographic history deviates from expected neutrality;
ultimately, the possible associations of outliers with the phenotypic
differences remain to be tested further.

In brittle stars, increased arm numbers are related to water-
pumping motions of solid matter transport, escape strategies
and coordination (Clark, Fezzaa, et al., 2019; Clark, Kanauchi,
et al., 2019; Wakita et al., 2019, 2020). The decentralized nervous
system in brittle stars also means that any arm can act as the re-
sponsive leading arm upon stimulus, thus individuals with a higher
number of arms (six or seven) can lead to a more random escape
pattern compared to five arms (Wakita et al., 2020). Arm numbers
are also positively related to coordinated locomotion in brittle stars
(Clark, Kanauchi, et al., 2019). In this study, one of the outlier loci
identified between O. hexactis and O. victoriae matched with the
protein-coding gene of ionotropic glutamate receptors. Although
the function of the ionotropic glutamate receptors is not fully un-
derstood, in echinoderms, this receptor has been found to be a che-
moreceptor gene within the olfactory organs of a crown-of-thorns
starfish (Roberts et al., 2018), and responsible for arm autotomy in
the crinoid Antedon mediterranea (Wilkie et al., 2010). Arm autotomy
is a common defensive process in ophiuroids in response to threats
(Clark, Fezzaa, et al., 2019). Similarly, O. victoriae is also known to
exhibit a high degree of arm autotomy (as well as a lack of feeding
response) when under stress in captivity (Fratt & Dearborn, 1984).
Although only one annotated gene was found to be an outlier in O.
hexactis, the increase in arm number in this species, based on all
the benefits discussed above, could reflect ecological specialization
such as response and movement coordination, within the fluctuat-
ing environment throughout the late Pleistocene.
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Finally, in echinoderms, brooding has often emerged under stress-
ful environmental conditions during lineage transition over macroevo-
lutionary time frames (Lawrence & Herrera, 2000), even though this
strategy requires higher maternal investment compared with pelagic
larval development (Fernandez et al., 2000). There is an unusually
high proportion of echinoderms with brooding relative to broadcast
spawning strategies in the Southern Ocean (Poulin & Féral, 1996).
Brooding is also prevalent among ophiuroids in the Southern Ocean.
In particular, Mortensen (1936, in Pearse et al., 2009) estimated that
~50% of Antarctic and sub-Antarctic ophiuroids are brooders. The
prevalence of brooding in Southern Ocean echinoderms is likely not
an adaptation to current polar environmental conditions, but rather
linked to events in the past (Pearse et al., 2009). Brooding could also
reflect a general adaptation to the lack of primary productivity and
limited habitat availability for successful pelagic larval development
during glacial cycles (Poulin et al., 2002).

Emerging evidence has also highlighted that contrasting life his-
tories can be found between closely-related ophiuroid species in
the Southern Ocean, with brooding strategies mainly found around
Antarctic islands and broadcasting strategies mainly observed on
the Antarctic continental shelf (Jossart et al.,, 2019; Sands et al.,
2021; this study). For example, there are strong parallels in the case
of 5 vs 6 arms and brooding vs broadcasting between Ophiontous
and Ophiosabine (Sands et al., 2021). Brooding and broadcasting in
congeneric species have also been reported in other extant echi-
noderms in the Southern Ocean, including the Astrotoma agassizii
complex (Jossart et al., 2019). It is likely that some of the genomic
signatures observed in this study, such as an excess of intermediate-
frequency alleles could be extended to other ophiuroid species with
similar evolutionary histories as Ophionotus.

5 | CONCLUSION

We found that O. victoriae and O. hexactis are closely-related spe-
cies with interspecific gene flow detected in overlapping locations
of their distribution. The genome-wide data also revealed multiple
evolutionary forces likely influencing population genetic patterns in
the Southern Ocean. The genetic structure of O. victoriae indicate
the impact of glacial cycles, such as survival in in situ shelf refugia
and deep-water refugia, may have played a major role in shaping the
present-day distribution and genetic structure of O. victoriae. In ad-
dition, while the ACC is discussed as the main driver of circumpolar
genetic connectivity in O. victoriae, local current dynamics may also
structure the species' connectivity patterns regionally. The genetic
pattern of O. hexactis is likely driven by the combination of glacial
refugia survival and oceanic currents. Panmixia was observed be-
tween West and East Antarctica, with distinct genetic structure ob-
served within the Bransfield Mouth in the Scotia Arc.

Both O. victoriae and O. hexactis are associated with an SFS with
a W-shaped peak in alleles observed at intermediate frequencies;

the alleles associated with this peak appear to be species specific,

and these intermediate-frequency variants are far more excessive
in O. hexactis. We evaluate the ecological drivers behind the evo-
lutionary innovations in O. hexactis (increase in arm number and a
switch to brooding from broadcasting) and hypothesise that the
peak in alleles at an intermediate frequencies could be related to
recent adaptation, linked to evolutionary innovations. There are
strong parallels in the case of 5 vs 6 arms and brooding vs broad-
casting between closely-related ophiuroid species in the Southern
Ocean, and further whole-genome studies should focus on examin-
ing the relationship between evolutionary innovation and genome-

wide selection.
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