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Abstract

Assessing the impacts of the Deepwater Horizon oil spill (DWHOS) on deep-sea fish
assemblages of the Gulf of Mexico (GOM) has been hindered by an absence of baseline (pre-
spill) data concerning the population genetic dynamics of these fishes. The lanternfishes
(Myctophidae) are a speciose, yet understudied, taxonomic group, that comprise a significant
portion of the global deep-sea biomass, making them integral members of meso- and bathy-
pelagic food webs. Herein, we used a genomic approach (double digest restriction site associated
DNA sequencing) to investigate the temporal genetic dynamics of three species of lanternfishes
within the northern GOM in the region of the oil spill: Ceratoscopelus warmingii (N = 65, SNP
= 1804), Diaphus dumerilii (N =42, SNP = 2577), and Lepidophanes guentheri (N =44, SNP =
3462). Fishes were sampled in 2011, and then again in 2015, and 2016, and genotyped using
single nucleotide polymorphisms (SNP) markers. An additional 22 C. warmingii samples
collected in 2014 from the western North Atlantic were used to assess genetic connectivity
between these two regions. Overall, all three species were characterized by low levels of genetic
diversity and high inbreeding coefficients, and within two of the three species (C. warmingii and
L. guentheri), little (if any) evidence of population genetic structure was found within northern
GOM waters. Conversely, significant intra-GOM genetic population structure was found for D.
dumerilii, highlighting the need for a more robust population genetic survey of these fishes
within the GOM to understand how populations of these fishes may respond to future
environmental perturbations. In addition, significant genetic population structure was also found
between sub-populations of C. warmingii from the northern GOM and western North Atlantic;
with evidence of a mixture of two genetic populations co-occurring within the western North

Atlantic. Given the potential for future environmental perturbations caused by expanding oil and
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gas extraction and climate change on GOM mesopelagic communities, rigorous population
genetic assessments are required to understand the population dynamics of fishes and to
safeguard the genetic diversity and resilience of this functionally important group of deep-sea
fishes.

Keywords: Gulf of Mexico, single nucleotide polymorphism, genetic connectivity, genetic
diversity, Myctophid

1. Introduction

Eukaryotic taxa inhabiting the deep-pelagic ocean—earth’s largest ecosystem—represent
enormous biomass, high diversity, novel evolutionary adaptations, and play key functional roles
in food web dynamics of the global oceans (Turner et al., 2009; Widder, 2010; Irigoien et al.,
2014; Porter et al., 2016; Sutton et al., 2017; Gaither et al., 2018). These taxa, including the
mesopelagic fishes, have been historically understudied due to the high cost and logistical
difficulties of investigator access to these ecosystems (Robinson et al., 2009; Webb et al., 2010;
St. John et al., 2016). Consequently, despite the vast biomass and integral ecological importance
of mesopelagic fishes in oceanic food webs, major knowledge gaps and uncertainties persist
regarding the structure and state of their assemblages (St. John et al., 2016; Hidalgo and

Browman, 2019), including their genetic population dynamics and diversity.

The lanternfishes (Myctophiformes: Myctophidae) are a circumglobal family of
mesopelagic fishes known for the bioluminescent photophores that occur in species-specific
mosaics along their heads and bodies (de Busserolles and Marshall, 2017). This species rich
family (ca. 254 known species; Fricke et al., 2021) forms a dominant proportion of the world’s
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mesopelagic fish biomass (Gjgseter and Kawaguchi, 1980; Catul et al., 2011). In general,
lanternfishes are strong diel vertical migrators (Watanabe et al., 1999; D’Elia et al., 2016), and
coupled with their high biomass, form an essential driver of organic matter transport throughout
the water column via active (diel vertical migration) and passive (sinking of organic detritus)
processes (Davison et al., 2013; Sutton et al., 2013). Despite a central ecological role of
lanternfishes in marine ecosystems and the growing interest in commercial exploitation of these
and other mesopelagic fishes (Catul et al., 2011; Hidalgo and Browman, 2019), fewer than a
dozen investigations employing genetic techniques of any type have been performed on this
speciose group (e.g., Suneetha and Salvanes, 2001; Kojima et al., 2009; Florence et al., 2010;
Kristoffersen and Salvanes, 2009; Gordeeva, 2011; 2014; Van de Putte et al., 2012; Christiansen
et al., 2018; Denton, 2018; Martin et al., 2018; Batta-Lona et al. 2019). Of these studies, only a
handful have specifically assessed myctophid genetic diversity and connectivity, finding genetic
homogeneity across large, horizontal, oceanic distances in some species (Kojima et al., 2009;
Van de Putte et al., 2012), and significant genetic differentiation at much more reduced
horizontal spatial scales in others (Gordeeva, 2011; 2014). The limited information particularly
on the population genetic statuses and dynamics of lanternfishes leaves little insight into their
evolution and hinders assessment of impacts caused by anticipated future environmental

perturbations.

Anthropogenic stressors to the deep-pelagic oceans include climate change, ocean
acidification, noise, pollution, and chemical spills (Robinson et al., 2009; Ramirez-Llodra et al.,
2011; Choy et al., 2019; Drazen et al., 2020). The Deepwater Horizon Oil Spill (DWHOS) at
1500 m depth in the northern Gulf of Mexico (GOM) between April and July, 2010 presented a

major environmental perturbation to deep-ocean marine populations and potentially their genetic
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dynamics (Portnoy et al., 2020). However, quantifying the impacts of the DWHOS or any future
anthropogenic threats on mesopelagic fish populations is complicated by the fact that baseline (in
this case, pre-spill) data on genetic diversity, genetic population structure, and demographic
spatial linkages of these fishes (i.e., information directly allied to the resilience and evolutionary
potential and trajectory of species) does not exist. Since deep-water petroleum extraction
activities in this region are not only common but expanding (Murawski et al., 2020), knowledge
of the population genetic dynamics of mesopelagic fishes here will be useful for gaining a basic
understanding of the population biology of these understudied fishes generally and assessing

impacts of future anticipated anthropogenic events to the deep-pelagic ecosystem of the GOM.

In this study, we undertook analysis of the population genomic dynamics of three species
of deep-sea lanternfishes (Diaphus dumerilii, Lepidophanes guentheri, and Ceratoscopelus
warmingii) (Fig. 1A) that are numerically dominant in the northern GOM (Gartner et al., 1987).
While D. dumerilii and L. guentheri are widespread in the Atlantic, C. warmingii occurs
circumglobally. These lanternfish species possess short life spans (1-2 years; Gartner, 1991;
1993), relatively long larval durations of 20-35 days (Gartner, 1991; Takagi et al., 2006), and are
diel vertical migrators (Gartner et al., 1987; Milligan and Sutton, 2020). While in general, little is
known about the vertical diel migratory patterns of these fishes, surveys within the GOM and
Southwestern Tropical Atlantic indicate that C. warmingii and L. guentheri are predominant
between 400-1000 m in the day, while D. dumerili occurs at shallower depths (200-600 m)
(Gartner et al., 1987; Eduardo et al., 2021). At night, all three species occupy depths of 0-100 m.
However, some evidence of non-migrators, consisting mainly of juveniles, also exists within the
species C. warmingii and L. guentheri (Gartner et al., 1987). Their life history features, together

with inter-species variations in some other biological parameters, including frequency and
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duration of reproduction (Gartner, 1993) and relative primary depth distribution (Gartner et al.,
1987; Milligan and Sutton, 2020; Eduardo et al., 2021), make them potentially useful models for
studying the comparative, multi-generational, temporal population genetic dynamics of
mesopelagic fishes inhabiting the GOM. Here, we applied a genomics approach using single
nucleotide polymorphism (SNP) markers (which provide a high-resolution view of the genetic
properties of populations; see Helyar et al., 2011 for a review of SNP markers), to address the
following objectives: (1) establish a baseline of temporal and spatial genetic diversity and
population structure in these three species of lanternfishes within the northern GOM across
multiple generations and to test the hypothesis that genomic selection may be driving patterns of
any identified population genetic structure, and (2) investigate the genetic connectivity of C.
warmingii between the northern GOM and western North Atlantic (WNA) with the aim of
understanding population linkages and resilience of this important deep-sea community member

across large geographic scales.

2. Methods

2.1. Sample collection

To assess baseline population genetic dynamics of lanternfishes within the GOM and WNA,
specimens of the three lanternfish species—Diaphus dumerillii, Lepidophanes guentheri, and
Ceratoscopelus warmingii—were collected from the northern GOM and WNA between 2011
and 2016 as part of three research initiatives (Table 1, Fig. 1B): The 2011 samples were collected
as part of the NOAA supported Offshore Nekton Sampling and Analysis Program cruises
conducted one year after final capping of the DWHOS oil well (see Sutton et al. (2020) for

detailed sampling information). The 2015 and 2016 samples were collected by the Deep Pelagic
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Nekton Dynamics of the Gulf of Mexico (DEEPEND) Consortium in our effort to characterize
the deep (200-1500 m) oceanic ecosystem and dynamics of the northern GOM (see Cook et al.
(2020) for detailed sampling information). To assess lanternfish spatial linkages, an additional 24
samples (C. warmingii only) were collected in 2014 from the WNA in the vicinity of Bear
Seamount, a deep-sea, inactive volcano that is part of the New England Seamount Chain (NES)
(Moore et al., 2004), by the NOAA National Marine Fisheries Service (NMFS) Northeast
Fisheries Science Center as part of their Deepwater Systematics Survey (Table 1, Fig. 1B).
Following collection, all specimens were morphologically identified at sea and tissues stored in

95-99% ethanol.
2.2. Genomic DNA extraction and DNA Barcoding

Genomic DNA was extracted from preserved tissue by using either DNeasy Blood & Tissue Kits
(QIAGEN Inc.) or the modified lysis extraction method of Wilson et al. (2007). In-house
modifications to the latter extraction protocol included: (i) lysis of each tissue sample in 180-pL
of the QIAGEN Buffer ATL with 20-puL of Proteinase K, and (ii) final suspension of the DNA
pellet in 75-pL of the QIAGEN Buffer AE. Genomic DNA extractions obtained via the modified
lysis approach were subsequently purified using Agencourt AMPure XP beads (Beckman
Coulter Inc.) to remove contaminants and were eluted to a final volume of 75-uL (QIAGEN
Buffer EB). For both DNA isolation methods, 4-uL of RNAse A (QIAGEN) was added to each
sample following initial tissue lysis. All genomic DNA extracts were quantified using a Qubit 3

Fluorometer (Invitrogen Inc.).

To confirm the species identity of all samples, we sequenced the 5’ end of the

mitochondrial Cytochrome c¢ oxidase subunit I gene (COI) (i.e., the DNA barcode gene; see
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Steinke and Hanner (2010) for general methods and Suppl. Mat. A, and Tables S1 and S2).
Sequences were deposited in the Barcode of Life Data System (BOLD,

http://www.boldsystems.org) and the National Center for Biotechnology Information (NCBI)

databases. The overall species-level maximum pairwise distance between individual COI
sequences from each of the morphologically identified lanternfishes was estimated using the
BOLD v4 Sequence Analysis module (Distance Summary). Species-level (pooled temporal and
spatial samples for each species) haplotype (h) and nucleotide (r) diversity estimates were
generated using the program Arlequin 3.5 (Excoffier and Lischer, 2010) and input files generated

using Fabox 1.61 (Villesen, 2007).

2.3. Single nucleotide polymorphism laboratory methods

Double digest restriction-site associated DNA (ddRAD) libraries were generated following
Peterson et al.’s (2012) protocol. For each fish sample, 200-500 ng of genomic DNA was
digested with the restriction enzymes Sphl (Life Technologies Inc.) and MIuC1 (New England
Biolabs Inc.) in 50-pL reaction volumes. Samples were incubated for three hours at 37°C and
digests were purified using Agencourt AMPure XP beads. Following digestion, individual
barcode (P1; Sigma-Aldrich Inc.) and universal adapters (P2; Sigma-Aldrich Inc.) were ligated to
the Sphl and MIuC1 restriction enzyme cut sites, respectively. A total of eight unique P1
adapters were employed, allowing the pooling of eight samples per final indexed library. Adapter
ligation occurred in reaction volumes of 40-pL and contained: 4-pl of 10X T4 DNA Ligase
Buffer (Life Technologies Inc.), 0.3-pL of 5U/uL T4 DNA Ligase (Life Technologies Inc.), 2-
ML each of 4 uM P1 and P2 adapters, and equimolar amounts of digested samples. Reactions

were incubated in a Veriti thermal cycler (Applied Biosystems Inc.) at 23°C for 30 minutes


http://www.boldsystems.org/

(mins), 65°C for 10 mins, and 23°C for 1.5 mins. Final temperature ramping of samples from
65°C to 23°C did not exceed 2°C/1.5 mins. Following adapter ligation, samples were pooled
into groups of eight and purified using Agencourt AMPure XP beads. Size selection of fragments
was performed using a Pippin Prep DNA Size Selection System (Sage Science Inc.) targeting

fragments 300-400 bp in length.

Final library preparation for Illumina sequencing was performed in 20-pL reaction
volumes using New England Biolabs (NEB) Phusion® High-Fidelity PCR Kits, and contained:
4-uL 5X HF Buffer, 2-pL of 20 uM universal lllumina flow-cell adapter primers, 2-pL of 20 uM
[llumina Index primer, 0.4-uL of the dNTP Mix, 0.4-uL of Phusion High-Fidelity DNA Taq
Polymerase, and 20 ng of library-pooled DNA. Polymerase Chain Reactions (PCRs) were
performed in a Veriti thermal cycler using the following thermal profile: initial denaturation at
98°C for 30 seconds (sec), followed by 8-12 cycles of 98°C for 10 sec, 62°C for 30 sec, and
72°C for 30 sec, and a final extension of 72°C for 10 mins. Following thermal cycling,
amplifications were purified using Agencourt AMPure XP beads. To ensure quality and the
proper size distribution of resultant fragments of individual library pools, each library was
examined using an Agilent TapeStation 2200 (Agilent Technologies Inc.). Individual lllumina
Indexed libraries were pooled in equal molar ratios and normalized to 25 nM. Paired-end (PE)
sequencing (2 X 150 PE) was performed by GENEWIZ (GENEWIZ Inc.) on four lanes of an

[llumina HiSeq 4000.

2.4.1. Bioinformatic analysis: raw read quality filtering and Stacks parameter optimization

Prior to data analysis, the quality of raw sequence reads was assessed using the program FastQC

0.11.8 (Andrews, 2010). Processing, filtering and downstream de novo SNP discovery of
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Forward Illumina sequence reads was performed using Catchen et al.’s (2013) Stacks 1.48
pipeline. The Stacks module process_radtags was used to demultiplex raw Illumina sequences,
perform quality filtering [c, g, r (option: 2 nucleotides), E (option: phred33)], rescue barcodes
and rad tags, and trim sequences to a final read length of 141 bp. To optimize the de novo
assembly of loci using Stacks, we investigated a range of Stacks parameter values on a data
subset of each species (n = 12) (see Rochette and Catchen, 2017; Paris et al., 2017). Per Rochette
and Catchen (2017), we explored a range of values (1-9) for the parameters M (maximum
number of nucleotide distance allowed between stacks within a single individual) and n (the
number of nucleotide mismatches allowed between sample loci when building the locus catalog),
where M = n was fixed across runs, and the parameter m (minimum stack depth coverage) was
held at 3. Resultant loci were filtered as outlined in using the Stacks populations module to
include only those loci occurring in 80% of all sequenced individuals (r = 0.80) and those
possessing a minimum average sequence depth of 10X. The optimal Stacks parameters for each
species were identified as those values where both the number of loci shared by 80% of samples

and the number of SNPs per locus stabilized.

2.4.2. Bioinformatic analysis: Stacks de novo pipeline and SNP quality filtering

Following de novo assembly optimization, short read sequences were aligned and assembled
using the previously optimized set of species-specific Stacks parameter values (D. dumerilii; m =
3, M =n=5; L. guentheri, m = 3, M = n = 6; C. warmingii, m = 3, M = n = 6). Catalogs were
built using a subset of 24 samples per species and genotyping errors were corrected using the
module rxstacks (conf_lim 0.25, prune_haplo, model_type bounded, bounded_high 0.1, and

In_lim -20). Using the populations module, raw variant datasets were filtered to retain only those
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loci: (1) possessing a minimum read depth of 5X coverage; (2) that were genotyped within all a
priori defined temporal or spatial sample collections [D. dumerilii and L. guentheri (p = 3;
representing GOM temporal samples 2011, 2015, and 2016) or C. warmngii (p = 4; representing
GOM temporal samples 2011, 2015, and 2016 and the WNA sample)]; (3) that were genotyped
in a minimum of 70% of all individuals (r = 0.70); (4) possessed a minor allele frequency of at
least 5% (min_maf = 0.05); and (5) possessed a maximum observed heterozygosity of 70%
(max_obs_het = 0.7). To avoid the potential of linkage among loci, the ‘write_random_snp’
parameter was also employed to ensure only a single SNP was written per stack. Secondary
filtering to include only those individuals genotyped at a minimum of 70% of all loci was

performed using Tassel 5.2.28 (Bradbury et al., 2007).

Testing for conformation to Hardy-Weinberg equilibrium (HWE) within individual
temporal or spatial collections was performed using the R (3.5.0; R Core Team, 2018) package
pegas 0.11 (Paradis, 2010) and the ‘hw.test’ function. For each species, loci found to deviate

from HWE expectations at P < 0.01 in more than one sample collection were discarded.

2.5. SNP outlier identification

To test the hypothesis that genomic selection may be driving patterns of population genetic
structure across the three lanternfishes, we used the programs BayeScan 2.1 (Foll and Gaggiotti,
2008) and OutFLANK (Whitlock and Lotterhos, 2015) to detect candidate loci under selection.
BayeScan runs possessed a 50, 000 iteration chain length (+ 50, 000 iteration burn-in), assumed a
prior odds for the neutral model of 10, an FDR of 5%, and implemented the remaining default
program settings. OutFLANK analyses were performed assuming default settings and those loci

possessing g-values of less 0.05 were identified as candidates for selection. For each assessment
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method, analyses were performed by grouping each lanternfish species by collection year (2011,
2015, 2016) and/or location (for C. warmingii: GOM pooled and Bear Seamount). Only those
SNP loci identified by both outlier detection methods were deemed candidates for selection.
Where candidate outliers were detected, a subset of the population genetic analyses (Fst and
Principal Component Analysis; see section 2.6 below) were repeated in triplicate to allow for
analysis of: 1) the putatively neutral only SNP loci dataset (i.e., dataset with candidate outlier
SNP loci removed), 2) the candidate outlier only SNP loci dataset (i.e., dataset with putatively
neutral SNP loci removed), 3) all SNPs combined (putatively neutral and candidate outliers). All
other population genetics analyses were performed solely for the combined (putatively neutral

and candidate outliers) datasets.

2.6. Genetic diversity and population structure

Following HWE filtering and outlier identification, genetic diversity statistics of observed (Ho)
and expected heterozygosities (He), percent polymorphic loci, number of private alleles, and
population-level inbreeding coefficients (Fis) were estimated using the Stacks module

populations.

To assess the genetic population structure among the temporal collections (2011, 2015,
and 2016) of the three GOM myctophid species and the two C. warmingii spatial collections
(GOM pooled and Bear Seamount), we used the R packages strataG 2.0.2 (Archer et al., 2017;
function ‘pairwiseTest”) and diveRsity (function: ‘diffCalc’; Keenan et al., 2013) for estimating
overall and pairwise values of genetic differentiation [Fst (Weir and Cockerham, 1984)]. Using
strataG, statistical significance of Fst estimates was determined using 1000 permutations and all

P-values were adjusted using Benjamini and Hochberg’s (1995) False Discovery Rate (FDR)
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correction (implemented in R; ‘p.adjust’ function). Significance of diveRsity estimates was
determined via the estimation of 95% confidence intervals (Cls) by generating 1000 bootstraps
across both loci and individuals. Population genetic structure was further assessed among
temporal (GOM: 2011, 2015, and 2016) and spatial [C. warmingii: GOM (pooled) vs. WNA]
collections by means of three different individual-based clustering methods: First, multivariate
species-level principal component analyses (PCAs) were performed for each lanternfish dataset
using the R package adegenet 2.1.2 (‘dudi.pca’; Jombart, 2008; Jombart and Ahmed, 2011), and
by retaining the first three principal components. Second, the Maximum Likelihood program
Admixture (Alexander et al., 2009) was adopted along with its cross-validation (CV) error
approach, to determine the most appropriate numbers of genetic clusters (i.e., K) for each
lanternfish dataset. Using default settings, values spanning K = 1-5 were assessed and the value
of K with the lowest comparative CV was determined to be the most appropriate number of
genetic clusters. And third, we used a K-means clustering approach, as implemented in the R
package adegenet (‘find.clusters”), to determine the optimal number of genetic clusters (K) de
novo in each lanternfish SNP dataset. The optimal K was selected by retaining all identified
principal components, assuming a maximum value of K = 10, and implementing the Bayesian
Information Criterion (BIC). The value of K with the lowest BIC was identified as the optimal
value of K. Multiple clustering approaches were adopted herein, given the varying model

assumptions and limitations of each method (see Alexander et al., 2009; Miller et al., 2020).

3. Results

3.1. COl barcodes and diversity
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Of those samples included in the downstream SNP analyses, the COI barcodes showed high
within species sequence similarity (GenBank Accession Numbers and sequence lengths in Suppl.
Mat. Tables S3-S5). All individuals within species shared the same Barcode Index Number
(BIN) (D. dumerilii, BIN = BOLD:AAF5612; L. guentheri, BIN = BOLD:AAD1806; C.
warmingii, BIN = BOLD:AAC3131; Ratnasingham and Hebert, 2013), and possessed a
maximum intraspecific pairwise distance of less than 2% (D. dumerilli = 0.78%, L. guentheri =
1.69%, C. warmingii = 1.69%). Overall species-level mitochondrial genetic diversity was high
for all three lanternfishes: D. dumerilii (h=10.9013, = =0.0122; N = 42, 610-652 bp), L.
guentheri (h=0.8858, = = 0.0087; N = 44; 631-652 bp), C. warmingii (h=0.9858; = = 0.0243;

N = 87; 597-663 bp).

3.2.1. Diaphus dumerilii: candidate outlier loci, genomic diversity, and temporal population

genetic structure

We obtained 275,472,213 PE reads across all 48 genotyped samples and used only Forward
reads for all downstream analyses. Four individuals were discarded from de novo assembly, as
the species identity of these samples could not be confirmed via DNA barcoding. De novo
assembly and filtering using Stacks and Tassel yielded a dataset containing 2617 genotyped
SNPs across 42 individuals (N2o11 = 14, N2o1s = 15, N2o16 = 13). An additional 40 SNPs were
removed due to deviations from HWE (P < 0.01), resulting in a final dataset containing 2577
SNPs. BayeScan and OutFLANK analyses of the D. dumerilii temporal SNP dataset yielded no
evidence of candidate outlier loci; thus, only a single dataset containing all SNP loci was utilized

for all downstream analyses.
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Small differences in genomic diversity metrics were found in D. dumerilii across the
three GOM temporal sample sets (2011, 2015, 2016), with the notable exception that the 2011
samples possessed more than three times the number of private alleles than found in 2015 or
2016 collections; however, 65% of the 2011-collection private alleles were restricted to just three
of the 14 genotyped 2011 fish (data not shown). All three temporal collections demonstrated low
levels of observed heterozygosity (Ho) compared to expected values (Ho = 0.144-0.152; Table

2), and high inbreeding coefficients (Fis = 0.241-0.336; Table 2).

The overall estimate of genomic differentiation across temporal D. dumerilii samples was
low (Fst = 0.011), but statistically significant across two of three assessment methods (Table 3).
Pairwise Fst estimates across sampling years were mostly low (Fst = 0.005-0.020) and showed
limited and inconsistent statistical significance across sampling years and assessment methods
(Table 3). The first three components of the D. dumerilii PCA represented 20.04% of the total
genetic variance in the SNP dataset, and visualization of the first two components showed two
distinct clusters of individuals (with separation along the x-axis or first component)—one cluster
containing four individuals (N = 3 from 2011 and N = 1 from 2015) and a second cluster
containing the remaining 38 D. dumerilii individuals, with only moderate separation along the
second component (y-axis) (Fig. 2A). Admixture’s CV method identified no population
structure, as the optimal value of K for the D. dumerilii SNP dataset was K = 1 (CV = 0.675)
(Suppl. Mat. Fig. S1A). Adegenet’s K-means clustering method indicated the likely presence of
two genetic clusters (adegenet: BIC = 219.95; Suppl. Mat. Fig. S2A)—one of these clusters
contained the bulk of all samples (N = 38), and the other contained the same four fish identified

as y-axis outliers by the PCA.
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3.2.2. Lepidophanes guentheri: candidate outlier loci, genomic diversity, and temporal

population genetic structure

We obtained 360,101,978 PE reads across all 48 genotyped samples and used only Forward
reads for all downstream analyses. Four individuals were discarded from de novo assembly, as
the species identity of these samples could not be confirmed via DNA barcoding. De novo
assembly and filtering using Stacks and Tassel yielded a dataset containing 3482 genotyped
SNPs across 44 individuals (N2o11 = 18, N2o15 = 13, N2o16 = 13). An additional 20 loci were
discarded due to deviations from HWE (P < 0.01), resulting in a final dataset containing 3462
SNPs. BayeScan and OutFLANK analyses of the L. guentheri temporal SNP dataset yielded no
evidence of candidate outlier loci; thus, only a single dataset containing all SNP loci was retained

for downstream analysis.

Genomic diversity metrics across the L. guentheri temporal sample collections (2011,
2015, 2016) were largely similar, and each collection demonstrated high Fis values (0.194-0.212)
and low observed heterozygosity estimates (0.185-0.186) (compared to Hg; Table 2). The
number of private alleles was highest within the 2011 sample set, as was the percent

polymorphic loci (Table 2).

The overall estimate of genomic differentiation across L. guentheri temporal samples was
low and not statistically significant (Fst = 0.002; Table 3), and pairwise tests showed largely
negligible differentiation between temporal samples (Table 3). The first three components of the
L. guentheri PCA represented 10.98% of the total variance in the SNP dataset and visualization
of the first two components showed no marked clustering of individuals, and high overlap of

temporal samples in multivariate space (Fig. 2B). Admixture’s CV method and adegenet’s K-
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means clustering algorithm identified the optimal value of K for the L. guentheri SNP dataset as

K =1 (Admixture: CV = 0.684; adegenet: BIC = 243.04) (Suppl. Mat. Fig. S1B and Fig. S2B).

3.2.3. Ceratoscopelus warmingii: candidate outlier loci, genomic diversity, and temporal and

spatial population genetic structure

We obtained 715,460,103 PE reads across all 96 genotyped samples with only the Forward reads
used for all downstream analyses. Four individuals were discarded from the de novo assembly to
assure taxonomic certainty. De novo assembly and filtering using Stacks and Tassel yielded a
dataset containing 1942 genotyped SNPs across the combined 87 individuals (N2o11 = 22, N2o15 =
19, N2o1s = 24, Neear = 22). An additional 138 SNPs were removed due to deviations from HWE
(P < 0.01), resulting in a final dataset containing 1804 SNPs. BayeScan and OutFLANK
analyses of the GOM C. warmingii temporal SNP dataset yielded no evidence of candidate
outlier loci; notably however, analysis of the pooled GOM (2011, 2015, 2016) and Bear
Seamount samples identified 20 and 52 candidate outlier SNP loci using the programs BayeScan
and OutFLANK, respectively, and 20 of these loci were identified as candidate outliers by both
methods. Thus, three C. warmingii GOM-Bear Seamount SNP datasets were generated: Cwar-
SNP-all, containing all 1804 SNPs, Cwar-SNP-outlier, containing only candidate outlier loci (20

SNPs), and Cwar-SNP-neutral, which contained only putatively neutral SNPs (1784 SNPs).

With respect to the C. warmingii GOM temporal (2011, 2015, 2016) samples only minor
differences were identified in genomic diversity indices among the three temporal sample
collections, and all temporal collections possessed observed heterozygosity deficits (compared to
He) and high associated inbreeding coefficients (Table 2). Comparison of the pooled GOM

(2011, 2015, 2016) vs. Bear Seamount samples (Cwar-SNP-all) showed similar levels of
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genomic diversity; however, the GOM samples (pooled, N = 65) possessed 71 private alleles

compared to the Bear Seamount samples (N = 22; private alleles = 17).

Across GOM temporal sample collections of C. warmingii, the overall (Fst = 0.001) and
pairwise estimates of differentiation had inconsistent statistical support and were largely
negligible and non-significant (Table 3). The first three principal components of the C.
warmingii GOM-only PCA represented 12.82% of the total variance in the SNP dataset and
visualization of the first two components showed no clustering of individual genotypes (Fig. 2C).
Likewise, Admixture and de novo K-means clustering (as implemented in adegenet) identified a
single genetic cluster in the C. warmingii GOM-only SNP dataset (Admixture: CV = 0.600;

adegenet: BIC = 318.60) (Suppl. Mat. Fig. S1C and Fig. S2C).

Comparison of pooled GOM C. warmingii samples to conspecifics collected from Bear
Seamount identified low (Fst = 0.022; Cwar-SNP-all), but statistically significant, genetic
differentiation using all three significance determination methods (i.e., permutation testing and
both 95% Cls; Table 3). Upon analysis of all 1804 SNPs generated from the C. warmingii
samples (i.e., Cwar-SNP-all), the first three principal components of the C. warmingii GOM-
Bear Seamount PCA represented 13.79% of the total variance in the genetic dataset, and
visualization of the first two components indicated the presence of two distinct genetic clusters:
one cluster containing eight Bear Seamount fish (separated along the first component; x-axis),
and a second genetic cluster comprising the remaining 79 fish which had a mixture of both Bear
Seamount and GOM individuals (Fig. 2D). Analysis of the C. warmingii GOM-Bear Seamount
samples (Cwar-SNP-all) using Admixture identified a single cluster as the optimal value of

genetic groupings (CV = 0.601; Suppl. Mat. Fig. S1D), whereas results of adegenet’s K-means
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clustering method mirrored those of the PCA and identified the same two distinct genetic clusters

(BIC = 427.48; Suppl. Mat. Fig. S2D).

Pairwise estimates of genetic differentiation using the C. warmingii candidate outlier (20
loci; Cwar-SNP-outlier) and neutral (1784 loci; Cwar-SNP-neutral) datasets each identified
highly significant genetic differentiation between the GOM and WNA sample collections (Fst-
ouTtLiEr = 0.357, P <0.001; Fst-neutraL = 0.018, P <0.001), with levels of differentiation ~20X
higher across candidate outliers. Patterns of differentiation identified via PCA of the neutral and
candidate outlier datasets were comparable to those identified through analysis of the overall
dataset—with separation of eight Bear Seamount C. warmingii individuals along the first
principal component, albeit the magnitude of this differentiation (Cwar-SNP-outlier vs. Cwar-

SNP-all dataset) was much more pronounced (Suppl. Mat. Fig. S3).

4. Discussion

Herein, we examined the population genomics of three numerically dominant, mesopelagic
lanternfish species within the GOM following one of the largest marine oil spills in history,
providing the first genome-scale view of the genetic diversity and population structure of this
ecologically key group of fishes. Overall, this work showed: (1) that all three lanternfish species
demonstrated low SNP genetic diversity (Ho) but high mitochondrial genetic diversity, large
heterozygosity deficits at SNP loci (Ho compared to He), and high inbreeding coefficients, (2)
mixed indications of temporal or spatial population genetic structure within species in the GOM,
and (3) statistically significant spatial genetic differentiation in C. warmingii between the

northern GOM and WNA.

4.1. Genetic diversity
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The high abundance and biomass of lanternfishes in the deep-sea in general and the GOM in
particular (Gartner et al., 1987; Ross et al., 2010; Catul et al., 2011; Davison et al., 2015;
Milligan and Sutton, 2020), coupled with our data indicating high levels of mitochondrial genetic
diversity in all three species, made the ubiquitous findings of low overall genetic diversity and
high inbreeding coefficients unexpected. This finding raised the possibility of a suboptimal RAD
loci assembly and/or the presence of genotyping errors within our SNP dataset (see Hendricks et
al., 2018); we suggest that the likelihood of such issues is low for the following reasons. First,
we used the program Stacks for our de novo RAD loci assembly and followed the
recommendations of Rochette and Catchen (2017) and Paris et al. (2017), abiding by established
guidelines for parameter optimization. Second, to directly test whether any of the observed
heterozygosity deficits across species might be due to SNP calling errors at low sequencing
coverage loci (i.e., the unintentional omission of heterozygotes due to low sequencing depth), we
re-filtered each dataset a posteriori to remove genotypes possessing less than 10X depth
coverage and re-analyzed the data. Estimation of Ho and Fis values following 10X coverage
filtering using the resultant slightly reduced SNP datasets (from the increased presence of
invariant sites), however, showed little change in either diversity metric [D. dumerilii, SNPs =
2610, Ho = 0.149-0.155, Fis = 0.203-0.322; L. guentheri, SNPs = 3467, Ho = 0.196-0.199, Fs =
0.159-0.175; C. warmingii (GOM only; SNPs = 1942), Ho = 0.202-207, Fis = 0.208-0.231],
indicating that insufficient sequencing depth was not likely driving the observed low diversity

values.

Findings of low observed heterozygosity (compared to expected heterozygosity) and/or
high inbreeding coefficients have been noted in studies of at least three other evolutionarily

divergent mesopelagic and bathypelagic species that used similar RADseq SNP discovery
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methods: hatchetfish (Rodriguez-Ezpeleta et al., 2017), cephalopods (Timm et al., 2020a) and
crustaceans (Timm et al., 2020b). Across these studies, it was suggested that cryptic genetic
population structure (the Wahlund effect), inadequate, uneven, or non-random sampling,
purifying selection, non-random mating or inbreeding, and/or population size declines may be
responsible for these values. Herein, akin to Rodriguez-Ezpeleta et al. (2017), we suggest that
given the apparent large census numbers of lanternfishes within the GOM and greater North
Atlantic, the hypothesis of inbreeding as an explanatory factor seems unlikely. We note,
however, lanternfishes are pelagic spawners with extended larval durations (>20 days), and some
species possess exceptionally low batch fecundities compared to other pelagic fishes (lanternfish
batch fecundity: 100 to 1000s; Catul et al., 2011), including the species of myctophids studied
herein (Gartner, 1993). We speculate that this combination of life history characters could lead to
high variance in reproductive success among individuals and thus low effective population sizes
despite high population census sizes (i.e., low Ne/Nc ratios), a characteristic often seen in marine
teleosts (Hauser et al., 2002; Hauser and Carvalho, 2008; Hare et al., 2011). Such life history
traits may also result in high levels of genetic drift and ultimately non-random mating between
individuals (i.e., Sweepstakes Reproductive Success hypothesis; Hedgecock and Pudovkin,
2011), which might explain the low observed heterozygosity and/or high inbreeding coefficients
seen here. As other factors such as selection, unknown population genetic structure, and non-
random or limited sampling may also yield similar signatures of high inbreeding coefficients
observed here, we recommend increased sampling (both in numerical abundance and geographic
distribution) of these lanternfishes to further test any and all the above biological hypotheses

about the genetic diversity statuses of these deep-sea fishes.
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Despite variations in some life history parameters among the three lanternfish species,
including frequency and duration of reproduction (Gartner, 1993) and relative depth of diel
vertical migrations (Gartner et al., 1987), genomic diversity estimates were comparable across
taxa. Furthermore, few (if any) temporal diversity differences were noted within species, albeit
the high number of private alleles in a subset of the D. dumerilii individuals sampled in 2011
excepted (see discussion below), and variations in sample size or location did not affect the
magnitude of observed Fis values. To date, little data exist concerning the genetic diversity of
lanternfishes to assess if our results are emblematic of this group in general, or a reflection of just
the species and region of our study. We note that high microsatellite marker-based allelic
variation was reported for the Southern Ocean lanternfish, Electrona antarctica (Van de Putte et
al., 2012), albeit this inference was based on a relatively small number (seven) of microsatellite

markers.

4.2. Temporal genetic dynamics

Given the short life span of our three lanternfish species (1-2 years), which allowed for two to
four generations to pass between the 2011 and 2016 sampling events, some variation in allele
frequencies due to genetic drift, variance in reproductive success and/or finite sampling is
expected. Within species, the largest temporal change in allele frequencies, as measured by
pairwise Fst, was between the 2011 and 2015/2016 collections of D. dumerilii; however, these
comparisons were not consistently statistically significant across metrics. Likewise, little
variation was noted across GOM temporal replicates of L. guentheri and C. warmingii (Fst <
0.004), indicating that allele frequencies were relatively stable over the time period and

generations assessed for these species.
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Within the GOM, physical oceanography is largely dominated by the Loop Current, a
warm water mass that originates south as the Caribbean Current and flows north into the Gulf via
the Yucatan Channel, as reviewed in Lindo-Atichati et al. (2012). Once in the GOM, the Loop
Current flows eastward or northward. When moving northward, it periodically sheds large anti-
cyclonic eddies as it flows clockwise and southward, passing through the Florida Straits as the
Florida Current and exiting into the Atlantic proper as the Gulf Stream Current. As lanternfishes
are small, pelagic spawners with buoyant eggs (Catul et al., 2011) and possess extended larval
durations, the circulation in the WNA, including the GOM, has the potential to facilitate
lanternfish dispersal across large horizontal distances. Consistent with this expected wide
dispersal, the GOM populations of lanternfishes appeared to be largely panmictic. However, the
D. dumerilii diversity metrics, PCA and the K-means cluster analyses, indicated the likely
presence of at least two genetic clusters, which may be reflected in the allelic variation seen
across temporal samples. Given that the D. dumerilii novel genotypes were found in only four of
42 sequenced individuals (N = 3, 2011; N =1, 2015) and that the species identity of these
individuals was confirmed via DNA barcoding, we offer two competing hypotheses to explain
their occurrence. First, these novel genotypes may in fact be endemic to the GOM, but are
comparatively rare, and our 2016 sample size (N = 13) was simply insufficient to capture all the
variation present within this region. Second, these novel D. dumerilii genotypes may have been
the result of a rare dispersal event from an up-stream and genetically diverse source. As D.
dumerilii’s range extends broadly throughout the Atlantic, dispersal of this species via larval
entrainment in the Caribbean Current or some other downstream source from the Loop Current
may have occurred. Such dispersal may have allowed for the transient introduction of genetically
diverse migrants into GOM waters, thereby increasing its local genetic diversity. Past surveys
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have demonstrated that all three studied lanternfish species are found within the Gulf Loop,
albeit it at a reduced magnitude compared to the surrounding Gulf Common Water (Gartner et
al., 1987; Milligan and Sutton, 2020). Thus, GOM mesoscale oceanography supports the
hypothesis that the Loop Current may serve to facilitate the dispersal, and ultimately, shape the

genetic connectivity of lanternfishes in this region.

4.3. Ceratoscopelus warmingii spatial genetic connectivity

Our ability to draw inferences about the extent of genetic connectivity between GOM and WNA
lanternfishes (and mesopelagic fishes in general) is limited to results from C. warmingii, since
tissue samples from Bear Seamount were available for only this species. The lanternfish C.
warmingii exhibits a circumglobal distribution (Gaither et al., 2016), and previous work has
indicated the presence of population genetic structure across relatively limited geographic scales
(Gordeeva et al., 2011; 2014). Here, we found statistically significant genetic differentiation
between C. warmingii from the GOM and Bear Seamount, when the entire SNP dataset (Cwar-
SNP-all) was analyzed. Notably, this partitioning of genetic variation was not exclusive to the
geographic capture location of individuals, indicating that asymmetric gene flow between
geographic sites may have occurred. For instance, while a single genetically homogeneous
population of C. warmingii was found within the GOM, individuals collected from Bear
Seamount comprised two distinct genetic groups: one whose genotypes clustered with those from
the GOM and a second that consisted of eight lone Bear Seamount individual genotypes (see Fig.
2D and Suppl. Mat. Fig. S2D). Per other regional faunal (Markle et al., 1980; Moore et al.,
2003) and population genetic surveys (Timm et al., 2020a; 2020b), we offer that the Loop

Current/Gulf Stream complex, in conjunction with the strong diel, vertical migratory propensity
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of C. warmingii (Gartner et al., 1987; Eduardo et al., 2021) may help facilitate larval and/or adult
dispersal of this species from low (subtropical/tropical) to high WNA latitudinal habitats (Timm
et al., 2020b). Alternatively, findings of an ancillary, differentiated genetic cluster of novel
genotypes found exclusively at Bear Seamount, indicate the presence of a second genetic
population of C. warmingii in the Atlantic, which (1) may be endemic and perhaps locally
adapted to Bear Seamount, or (2) may be a result of past and/or ongoing gene flow from one or
more distant sources (Moore et al., 2004). The identification of a set of candidate outlier SNP
loci differentiating fish inhabiting the GOM and the WNA is consistent with both above
hypotheses and suggests that despite the high dispersal potential of C. warmingii, local
adaptation may potentially be serving to differentiate populations of this circumglobally
distributed species. Additional sampling, including the collection of temporal replicates at Bear
Seamount, is needed to better resolve the connectivity dynamics and the potential for adaptive

differentiation between these two highly environmentally diverse western Atlantic habitats.

5. Conclusions

Characterizing the population genetic dynamics of mesopelagic species is an increasing
conservation management priority given the growing exploitation of hydrocarbon resources and
imminent extraction of mineral deposits (Cuyvers et al., 2018). Herein, we present the first
perspective on the genomic diversity of three dominant lanternfishes within the GOM, and for
lanternfishes anywhere. We also provide preliminary data concerning the genomic connectivity
and diversity of C. warmingii, a highly abundant, circumglobal lanternfish species, in the
western Atlantic. These data serve as baseline genetic knowledge for these species, which could

prove useful in future assessments of anthropogenic impacts in a region with large-scale ongoing
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and increasing hydrocarbon industrial exploration activities. These data also provide some of the
earliest views of the population genomics of mesopelagic fishes (we are only aware of one other
published population genomics study on a mesopelagic fish: the sternoptychid, Maurolicus
muelleri; Rodriguez-Ezpeleta et al. 2017). It will be of interest to determine if the unexpected
findings of low genetic diversity and high inbreeding in the three lanternfishes (this study) and
Maurolicus muelleri is a general feature of mesopelagic fishes, despite their presumed large,
regional population sizes. These findings suggest that there remain many unknown factors

shaping the evolutionary history of deep-ocean fishes.
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1

2

Table 1. Lanternfish species, sample number genotyped (N; prior to bioinformatic filtering), sample collection dates, sampling region,

and collection location GPS (°N, °W) range.

Species

N

Collection Date

Sampling Region

GPS Location (°N, °W)
(Decimal Degrees)

Diaphus
dumerilii

Lepidophanes
guentheri

Ceratoscopelus
warmingii

17
16
15
20
14
14
24
24
24
24

07/26/2011 — 09/28/2011
05/01/2015 — 05/07/2015
05/01/2016 — 05/13/2016
07/20/2011 — 09/28/2011
05/01/2015 — 05/07/2015
05/01/2016 — 08/18/2016
07/12/2011 — 09/25/2011
05/01/2015 — 05/07/2015
08/05/2016 — 08/18/2016
10/20/2014 — 10/21/2014

Northern Gulf of Mexico
Northern Gulf of Mexico
Northern Gulf of Mexico
Northern Gulf of Mexico
Northern Gulf of Mexico
Northern Gulf of Mexico
Northern Gulf of Mexico
Northern Gulf of Mexico
Northern Gulf of Mexico

Bear Seamount, Western North Atlantic

26.98-27.85, 85.44-90.86
27.00-29.00, 86.00-90.00
27.00-29.00, 86.00-90.00
26.85-28.06, 85.47-92.56
27.00-29.00, 86.00-90.00
27.00-29.00, 86.00-90.00
27.32-27.84, 89.45-92.46
27.00-29.00, 86.00-90.00
27.00-29.00, 86.00-90.00
39.94-39.95, 67.23-67.27
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4  Table 2. Summary sample and genetic diversity statistics of three lanternfish species (Diaphus dumerilii, Lepidophanes guentheri, and
5  Ceratoscopelus warmingii) for single nucleotide polymorphisms (SNPs) across temporal sample collections from the northern Gulf of Mexico

6 (2011, 2015, and 2016) and Bear Seamount (C. warmingii only).

Species Collection Year N Ho He # private % poly Fis
(# SNPs) and Region
Diaphus GOM 2011 14 0.144 0.244 81 89.7 0.336
dumerilii GOM 2015 15 0.152 0.226 21 89.6 0.298
(2577) GOM 2016 13 0.147 0.211 25 80.5 0.241
Lepidophanes GOM 2011 18 0.186 0.241 26 94.8 0.212
guentheri GOM 2015 13 0.185 0.237 16 90.3 0.201
(3462) GOM 2016 13 0.186 0.236 11 89.9 0.194
Ceratoscopelus GOM 2011 22 0.206 0.260 8 94.9 0.208
warmingii GOM 2015 19 0.202 0.255 7 93.3 0.209
(Cwar-SNP-all; 1804) GOM 2016 24 0.202 0.261 19 96.6 0.230
GOM Pooled
(2011, 2015, 2016) 65 0.201 0.263 71 99.1 0.252
Bear (2014) 22 0.181 0.259 17 96.1 0.264
7  Abbreviations: # SNPs = number of single nucleotide polymorphisms; N = sample size in final filtered SNP data set; Ho = observed
8 heterozygosity; He = expected heterozygosity; # private = number of private alleles per collection; % poly = percentage of polymorphic loci; Fis
9  =inbreeding coefficient; GOM = northern Gulf of Mexico; Bear = Bear Seamount.
10
11
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12 Table 3. Overall and pairwise estimates of temporal and spatial genetic differentiation (Fst) and associated significance (P-values) and 95%
13  confidence intervals (CIs) for three lanternfish species: Diaphus dumerilii, Lepidophanes guentheri, and Ceratoscopelus warmingii. Temporal

14 and spatial (Gulf of Mexico (GOM) vs. Bear Seamount, C. warmingii only) samples were genotyped using single nucleotide polymorphisms

15  (SNPs).
Species Temporal-Spatial Comparison  Fst P-value 95% ClI [bs loci] 95% CI [bs ind]
(# SNPs)
D. dumerilii GOM Overall 0.011 0.036 (0.0078, 0.0135) (-0.0149, 0.0549)
(2577) GOM 2011 vs. GOM 2015 0.008 0.104 (0.0042, 0.0116) (-0.0250, 0.0644)
GOM 2011 vs. GOM 2016 0.020 0.101 (0.0196, 0.0153) (-0.0168, 0.0866)
GOM 2015 vs. GOM 2016 0.005 0.050 (0.0013, 0.0090) (-0.0207, 0.0409)
L. guentheri GOM Overall 0.002 0.100 (0.0000, 0.0039) (-0.0173, 0.0246)
(3462) GOM 2011 vs. GOM 2015 0.002 0.176 (-0.0010, 0.0044)  (-0.0191, 0.0292)
GOM 2011 vs. GOM 2016 0.001 0.241 (-0.0014, 0.0037)  (-0.0202, 0.0297)
GOM 2015 vs. GOM 2016 0.003 0.100 (0.0004, 0.0105) (-0.0227, 0.0354)
C. warmingii GOM Overall 0.001 0.218 (-0.0004, 0.0032)  (-0.0096, 0.0161)
(1804) GOM 2011 vs. GOM 2015 0.004 0.077 (0.0013, 0.0072) (-0.0111, 0.0252)
GOM 2011 vs. GOM 2016 0.003 0.128 (0.0007, 0.0053) (-0.0094, 0.0194)
GOM 2015 vs. GOM 2016 -0.003 0.944 (-0.0058, -0.0011) (-0.0171, 0.0156)
(Cwar-SNP-all;  GOM (2011, 2015, 2016) 0.022 0.001 (0.0179, 0.0254) (0.0018, 0.0520)
1804) vs. Bear Seamount (2014)
16  Abbreviations: # SNPs = number of single nucleotide polymorphisms; bs loci = bootstrapping over loci; bs ind = bootstrapping over individuals.
17  Bold values indicate significant differentiation at P<0.05 or 95% confidence intervals that do not overlap zero.
18
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Fig. 1. A. The three myctophid study species sampled in the Gulf of Mexico (© 2022 Danté
Fenolio / DEEPEND-RESTORE) from top to bottom in photograph: Diaphus dumerilii, Ddum;
Ceratoscopelus warmingii, Cwar; Lepidophanes guentheri, Lguen. B. Map of sampling locations
of three lanternfish species. x, represents the location of the Deepwater Horizon Oil Rig, e,
represents the location of Bear Seamount, western North Atlantic. The rectangle represents the
area of sampling in the northern Gulf of Mexico. Bioinformatics post-filtering final sample sizes

of each lanternfish species shown in brackets.
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Fig. 2. Biplot displaying the first two principal components (x-axis = component 1, y-axis =
component 2) of a Principal Component Analysis of: (A) 42 samples of Diaphus dumerilii
collected from the Gulf of Mexico (GOM) during three temporal periods (2011, 2015, and 2016)
and genotyped at 2577 SNPs; (B) 44 samples of Lepidophanes guentheri collected from the

GOM during 2011, 2015, and 2016 and genotyped at 3462 SNPs; (C) 65 samples of
45



Ceratoscopelus warmingii collected from the GOM during 2011, 2015, and 2016 and genotyped
at 1804 SNPs; and (D) a total 87 samples of C. warmingii (Cwar-SNP-all) collected from the
GOM (N = 65; red circles) and Bear Seamount (Bear), western North Atlantic (N = 22; blue

circles) at 1804 SNPs (Cwar-SNP-all).

Appendix A. Supplemental Materials: Cytochrome c oxidase subunit | gene (COIl) DNA
Barcoding

The 5’ end of the mitochondrial Cytochrome ¢ oxidase subunit I gene (COI; i.e., the DNA
barcode gene, ~650 base pairs (bp)) was sequenced from all individuals included in the final
filtered SNP datasets (Diaphus dumerilli, N = 42; Lepidophanes guentheri, N = 44;
Ceratoscopelus warmingii, N = 87). Genomic DNA extraction, polymerase chain amplification
(PCR), and Sanger Sequencing was performed for most samples (n = 151) by the Canadian
Centre for DNA Barcoding (CCDB) (Steinke and Hanner, 2010) and deposited in the Barcode of
Life Data System (BOLD, http://www.boldsystems.org). An additional three D. dumerilii (Set 1)
and 15 C. warmingii (Set 2) samples were DNA barcoded in-house (see amplification reaction,

thermal cycling, and sequencing conditions below, Table S1 and Table S2).

Table S1. PCR conditions for amplification of the mitochondrial Cytochrome c oxidase subunit |
gene for three D. dumerilii samples.

Reactant [conc] Volume (uL)
dH20 34.3

dNTP [10mM] 8.0

10X Buffer 5.0

Forward primer [10uM] 1.25

Reverse primer [10uM] 1.25

HotStar Taq Polymerase 0.2
Template DNA 1.0

The COI gene of three D. dumerilii individuals (MX0640-5, MX0640-6, DPND 3294) were

amplified in a final volume of 50-uL, per the reaction conditions outlined in Table S1 (Forward

46



primer: 5’-TCAACCAACCACAAAGACATTGGCAC-3’; Reverse primer: 5°-
TAGACTTCTGGGTGGCCAAAGAATCA-3’; Ward et al., 2005) and with the following
thermal profile: 15 minute (min) denaturation at 95°C, followed by 35 cycles of 94°C for 1 min,
50°C for 1 min, and 72°C for 2 min, with a final extension of at 72°C for 5 min. Following
amplification, electrophoresis of PCR products was performed using a 1.2% TBE agarose gel to
check for successful amplification and proper sizing of resultant amplicons. Following
amplification, PCR products were purified in-house using QIAquick PCR purification Kits
(Qiagen Inc.) or sent to GENEWIZ, Inc. (South Plainfield, NJ) for enzymatic PCR clean-up. All
resultant products were sequenced by GENEWIZ using BigDye Terminator v3.1 cycle
sequencing reactions on an ABI 3730xI. Sequences were checked for errors and trimmed using

the program CLC Sequence Viewer 8.0 (http://www.qiagenbioinformatics.com/).

Table S2. PCR conditions for amplification of the mitochondrial Cytochrome c oxidase subunit |
gene for 15 C. warmingii samples.

Reactant [conc] Volume (uL)
dHz0 10.2

100X BSA 0.1

MgCL2 [25mM] 2.0

dNTP [10mM] 1.5

5X GoTaq Green PCR buffer 4.0

Forward primer [10puM] 0.5

Reverse primer [10uM] 0.5

GoTaq Green Polymerase 0.2
Template DNA 1.0

The COI gene of 15 C. warmingii individuals (RIE 0129, RIE 0198, RIE 0607, RIE 0616, RIE
0629, RIE 0630, RIE 0631, RIE 0632, RIE 0666, RIE 0667, RIE 0669, RIE 0714, RIE 0759, RIE
0768, RIE 0801) were amplified in a final volume of 20-pL, per the reaction conditions outlined
in Table S2 (Forward primer: 5’-TTCTCCACCAACCACAARGAYATYGG-3’; Reverse

primer: 5’-CACCTCAGGGTGTCCGAARAATCARAA-3’) and with the following thermal
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profile: 2 min denaturation at 94°C, followed by 30 cycles of 94°C for 1 min, 50°C for 1 min,

and 72°C for 1 min, with a final extension of at 72°C for 5 min. Following amplification,

electrophoresis of PCR products was performed using a 1% TBE agarose gel to check for

successful amplification and proper sizing of resultant amplicons. PCR clean-up was performed

using a standard PEG protocol. Purified PCR products were double-strand sequenced using the

BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Inc), followed by

sequencing on a ABI 3730 at the Yale Keck School of Medicine. Sequences were checked for

errors and trimmed using the program Sequencher 5.1.

Table S3. Diaphus dumerillii specimen identification number (#), NCBI GenBank Accession
Number (#), and DNA sequence length in base pairs (bp) of the mitochondrial Cytochrome ¢
oxidase subunit I gene.

Specimen ID #  GenBank Accession # Length (bp)
MX0609_1 MN621521 652
MX0609 2 MN621515 652
MX0609_3 MN621531 652
MX0611 1 MN621518 652
MX0611 4 MN621532 652
MX0611 5 MN621517 652
MX0613 1 MN621511 652
MX0619_2 MN621530 652
MX0636_2 MN621525 652
MX0640_1 MN621513 652
MX0640 2 MN621533 652
MX0640_3 MN621527 610
MX0640 5 MN621512 626
MX0640_6 MN621524 626
RIE_1027 MNG621516 652
RIE_1028 MN621535 652
RIE_1029 MN621514 652
RIE_1030 MN621528 652
RIE_1031 MN621529 652
RIE_109 MN621509 650
RIE_110 MN621534 652
RIE_111 MN621510 652
RIE 112 MN621522 652
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http://www.ncbi.nlm.nih.gov/nuccore/MN621521
http://www.ncbi.nlm.nih.gov/nuccore/MN621515
http://www.ncbi.nlm.nih.gov/nuccore/MN621531
http://www.ncbi.nlm.nih.gov/nuccore/MN621518
http://www.ncbi.nlm.nih.gov/nuccore/MN621532
http://www.ncbi.nlm.nih.gov/nuccore/MN621517
http://www.ncbi.nlm.nih.gov/nuccore/MN621511
http://www.ncbi.nlm.nih.gov/nuccore/MN621530
http://www.ncbi.nlm.nih.gov/nuccore/MN621525
http://www.ncbi.nlm.nih.gov/nuccore/MN621513
http://www.ncbi.nlm.nih.gov/nuccore/MN621533
http://www.ncbi.nlm.nih.gov/nuccore/MN621527
http://www.ncbi.nlm.nih.gov/nuccore/MN621512
http://www.ncbi.nlm.nih.gov/nuccore/MN621524
http://www.ncbi.nlm.nih.gov/nuccore/MN621516
http://www.ncbi.nlm.nih.gov/nuccore/MN621535
http://www.ncbi.nlm.nih.gov/nuccore/MN621514
http://www.ncbi.nlm.nih.gov/nuccore/MN621528
http://www.ncbi.nlm.nih.gov/nuccore/MN621529
http://www.ncbi.nlm.nih.gov/nuccore/MN621509
http://www.ncbi.nlm.nih.gov/nuccore/MN621534
http://www.ncbi.nlm.nih.gov/nuccore/MN621510
http://www.ncbi.nlm.nih.gov/nuccore/MN621522

RIE_587 MF041178 652
RIE_608 MF041514 652
RIE_711 MF041495 652
RIE_664 MF041263 652
RIE_808 MN621520 652
RIE_995 MN621519 652
DPND_2571 MG856556 652
DPND_2572 MG856739 652
DPND_3294 MN621526 622
DPND_3297 MG856395 640
DPND_3333 MG856741 652
DPND_3334 MG856780 652
DPND_3335 MG856695 652
DPND_3336 MG856627 652
DPND_3337 MG856769 652
DPND_3382 MG856536 652
DPND_3383 MG856602 652
DPND_3464 MG856534 652
DPND_3532 MG856870 652

Table S4. Lepidophanes guentheri specimen identification number (#), NCBI GenBank
Accession Number (#), and DNA sequence length in base pairs (bp) of the mitochondrial
Cytochrome c oxidase subunit | gene.

Specimen ID #  GenBank Accession # Length (bp)

MX0614_1 MN621492 652
MX0614_2 MN621489 651
MX0617_4 MN621503 652
MX0631_1 MN621494 652
MX0631_2 MN621485 652
MX0631_3 MN621505 631
MX0631_4 MN621487 652
MX0631_5 MN621491 648
MX0649_1 MN621501 652
MX0654_1 MN621499 652
MX0659_1 MN621484 652
MX0659_2 MN621508 652
MX0664_1 MN621502 652
MX0664_2 MN621486 652
MX0664_3 MN621490 652
MX0696_1 MN621506 652
MX0696_2 MN621507 652
MX0697_1 MN621496 652
RIE_227 MF041063 652
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http://www.ncbi.nlm.nih.gov/nuccore/MF041495
http://www.ncbi.nlm.nih.gov/nuccore/MN621520
http://www.ncbi.nlm.nih.gov/nuccore/MN621519
http://www.ncbi.nlm.nih.gov/nuccore/MN621526
http://www.ncbi.nlm.nih.gov/nuccore/MN621492
http://www.ncbi.nlm.nih.gov/nuccore/MN621489
http://www.ncbi.nlm.nih.gov/nuccore/MN621503
http://www.ncbi.nlm.nih.gov/nuccore/MN621494
http://www.ncbi.nlm.nih.gov/nuccore/MN621485
http://www.ncbi.nlm.nih.gov/nuccore/MN621505
http://www.ncbi.nlm.nih.gov/nuccore/MN621487
http://www.ncbi.nlm.nih.gov/nuccore/MN621491
http://www.ncbi.nlm.nih.gov/nuccore/MN621501
http://www.ncbi.nlm.nih.gov/nuccore/MN621499
http://www.ncbi.nlm.nih.gov/nuccore/MN621484
http://www.ncbi.nlm.nih.gov/nuccore/MN621508
http://www.ncbi.nlm.nih.gov/nuccore/MN621502
http://www.ncbi.nlm.nih.gov/nuccore/MN621486
http://www.ncbi.nlm.nih.gov/nuccore/MN621490
http://www.ncbi.nlm.nih.gov/nuccore/MN621506
http://www.ncbi.nlm.nih.gov/nuccore/MN621507
http://www.ncbi.nlm.nih.gov/nuccore/MN621496

RIE_228
RIE_250
RIE_318
RIE_319
RIE_320
RIE_321
RIE_565
RIE_600
RIE_601
RIE_640
RIE_641
RIE_710
DPND_3414
DPND_3415
DPND_3416
DPND_3417
DPND_3418
DPND_3419
DPND_3420
DPND_3421
DPND_3535
DPND_3561
DPND_3562
DPND_3563
DPND_3726

MF041427
MF040975
MF041403
MF041575
MF041473
MF041278
MF041483
MF041508
MF041103
MN621488
MN621495
MN621493
MG856460
MG856724
MG856793
MG856902
MG856784
MG856773
MG856591
MG856683
MG856436
MG856443
MG856607
MG856652
MG856524

652
652
652
652
641
652
652
643
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652

Table S5. Ceratoscopelus warmingii specimen identification number (#), NCBI GenBank
Accession Number (#), and DNA sequence length in base pairs (bp), and field identification (ID;
if different than the specimen ID) of the mitochondrial gene Cytochrome c¢ oxidase subunit |
gene.

Specimen ID # GenBank Accession# Length (bp)  Additional

Field ID
BS_400 MN621545 652 P14-400
BS_401 MN621543 652 P14-401
BS_402 MN621595 645 P14-402
BS_403 MN621589 652 P14-403
BS_404 MN621602 652 P14-404
BS_405 MN621597 652 P14-405
BS_406 MN621569 652 P14-406
BS_411 MN621605 652 P14-411
BS_414 MNG621577 652 P14-414
BS_415 MN621549 652 P14-415
BS_416 MN621572 652 P14-416
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http://www.ncbi.nlm.nih.gov/nuccore/MN621488
http://www.ncbi.nlm.nih.gov/nuccore/MN621495
http://www.ncbi.nlm.nih.gov/nuccore/MN621493
http://www.ncbi.nlm.nih.gov/nuccore/MN621545
http://www.ncbi.nlm.nih.gov/nuccore/MN621543
http://www.ncbi.nlm.nih.gov/nuccore/MN621595
http://www.ncbi.nlm.nih.gov/nuccore/MN621589
http://www.ncbi.nlm.nih.gov/nuccore/MN621602
http://www.ncbi.nlm.nih.gov/nuccore/MN621597
http://www.ncbi.nlm.nih.gov/nuccore/MN621569
http://www.ncbi.nlm.nih.gov/nuccore/MN621605
http://www.ncbi.nlm.nih.gov/nuccore/MN621577
http://www.ncbi.nlm.nih.gov/nuccore/MN621549
http://www.ncbi.nlm.nih.gov/nuccore/MN621572

BS_417
BS_418
BS_420
BS_423
BS_424
BS_426
BS_429
BS_430
BS_431
BS_434
BS_435
DPND_3863
DPND_3879
DPND_3881
DPND_3918
DPND_4027
DPND_4028
DPND_4070
DPND_4071
DPND_4072
DPND_4073
DPND_4074
DPND_4089
DPND_4090
DPND_4095
DPND_4164
DPND_4165
DPND_4171
DPND_4217
DPND_4260
DPND_4261
DPND_4262
DPND_4288
DPND_4289
DPND_4290
PS_036
PS_041
PS_042
PS_043
PS_045
PS_049
PS_050
PS_051
PS_052
PS_053
PS_055

MN621598
MN621586
MN621564
MN621587
MN621551
MN621580
MN621568
MN621596
MN621600
MN621556
MN621609

MG856440
MG856757
MG856691
MG856728
MG856654
MG856862
MG856847
MG856637
MG856830
MG856822
MG856473
MG856467
MG856850
MG856833
MG856576
MG856493
MG856538
MG856422
MG856873
MG856854
MG856686
MG856514
MG856441
MG856727

MN621604
MN621608
MN621607
MN621566
MN621555
MN621599
MN621573
MN621576
MN621588
MN621550

MNG621557

652
652
652
652
652
621
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652
652

P14-417
P14-418
P14-420
P14-423
P14-424
P14-426
P14-429
P14-430
P14-431
P14-434
P14-435
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
PS0036
MX0579-01
MX0579-02
MX0581-01
MX0581-03
MX0583-01
MX0583-02
MX0583-03
MX0583-04
MX0583-05
MX0580-01
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http://www.ncbi.nlm.nih.gov/nuccore/MN621598
http://www.ncbi.nlm.nih.gov/nuccore/MN621586
http://www.ncbi.nlm.nih.gov/nuccore/MN621564
http://www.ncbi.nlm.nih.gov/nuccore/MN621587
http://www.ncbi.nlm.nih.gov/nuccore/MN621551
http://www.ncbi.nlm.nih.gov/nuccore/MN621580
http://www.ncbi.nlm.nih.gov/nuccore/MN621568
http://www.ncbi.nlm.nih.gov/nuccore/MN621596
http://www.ncbi.nlm.nih.gov/nuccore/MN621600
http://www.ncbi.nlm.nih.gov/nuccore/MN621556
http://www.ncbi.nlm.nih.gov/nuccore/MN621609
http://www.ncbi.nlm.nih.gov/nuccore/MN621604
http://www.ncbi.nlm.nih.gov/nuccore/MN621608
http://www.ncbi.nlm.nih.gov/nuccore/MN621607
http://www.ncbi.nlm.nih.gov/nuccore/MN621566
http://www.ncbi.nlm.nih.gov/nuccore/MN621555
http://www.ncbi.nlm.nih.gov/nuccore/MN621599
http://www.ncbi.nlm.nih.gov/nuccore/MN621573
http://www.ncbi.nlm.nih.gov/nuccore/MN621576
http://www.ncbi.nlm.nih.gov/nuccore/MN621588
http://www.ncbi.nlm.nih.gov/nuccore/MN621550
http://www.ncbi.nlm.nih.gov/nuccore/MN621557

PS_056
PS_057
PS_058
PS_059
PS_060
PS_061
PS_062
PS_063
PS_064
PS_065
PS_066
RIE_1020
RIE_1021
RIE_1022
RIE_129
RIE_198
RIE_496
RIE_607
RIE_616
RIE_629
RIE_630
RIE_631
RIE_632
RIE_666
RIE_667
RIE_669
RIE_759
RIE_768
RIE_801
RIE 933

MN621552
MN621547
MN621546
MN621553
MN621565
MN621562
MN621592
MN621571
MN621584
MN621575
MN621601
MN621603
MN621559
MN621544
MN621561
MN621583
MN621606
MN621563
MN621574
MN621539
MN621567
MN621591
MN621582
MN621593
MN621540
MN621585
MN621558

MN621579

MN621554

MN621581

652
652
652
652
652
652
652
652
652
652
652
652
652
652
663
597
652
597
597
597
597
663
597
597
597
597
663
663
663
652

MX0580-02
M2X0580-03
MX0580-04
MX0580-05
MX0580-06
MX0580-07
MX0580-08
M2X0580-09
MX0580-10
MX0580-11
MX0580-12
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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http://www.ncbi.nlm.nih.gov/nuccore/MN621552
http://www.ncbi.nlm.nih.gov/nuccore/MN621547
http://www.ncbi.nlm.nih.gov/nuccore/MN621546
http://www.ncbi.nlm.nih.gov/nuccore/MN621553
http://www.ncbi.nlm.nih.gov/nuccore/MN621565
http://www.ncbi.nlm.nih.gov/nuccore/MN621562
http://www.ncbi.nlm.nih.gov/nuccore/MN621592
http://www.ncbi.nlm.nih.gov/nuccore/MN621571
http://www.ncbi.nlm.nih.gov/nuccore/MN621584
http://www.ncbi.nlm.nih.gov/nuccore/MN621575
http://www.ncbi.nlm.nih.gov/nuccore/MN621601
http://www.ncbi.nlm.nih.gov/nuccore/MN621603
http://www.ncbi.nlm.nih.gov/nuccore/MN621559
http://www.ncbi.nlm.nih.gov/nuccore/MN621544
http://www.ncbi.nlm.nih.gov/nuccore/MN621561
http://www.ncbi.nlm.nih.gov/nuccore/MN621583
http://www.ncbi.nlm.nih.gov/nuccore/MN621606
http://www.ncbi.nlm.nih.gov/nuccore/MN621563
http://www.ncbi.nlm.nih.gov/nuccore/MN621574
http://www.ncbi.nlm.nih.gov/nuccore/MN621539
http://www.ncbi.nlm.nih.gov/nuccore/MN621567
http://www.ncbi.nlm.nih.gov/nuccore/MN621591
http://www.ncbi.nlm.nih.gov/nuccore/MN621582
http://www.ncbi.nlm.nih.gov/nuccore/MN621593
http://www.ncbi.nlm.nih.gov/nuccore/MN621540
http://www.ncbi.nlm.nih.gov/nuccore/MN621585
http://www.ncbi.nlm.nih.gov/nuccore/MN621558
http://www.ncbi.nlm.nih.gov/nuccore/MN621554
http://www.ncbi.nlm.nih.gov/nuccore/MN621581

Appendix B. Supplemental Materials: Single Nucleotide Polymorphism Results
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Fig. S1. Plot of Admixture’s cross-validation error values for K = 1-5 for: (A) 42 samples of
Diaphus dumerilii collected from the Gulf of Mexico during three temporal periods (2011, 2015,
and 2016) and genotyped at 2577 SNPs; (B) 44 samples of Lepidophanes guentheri collected
from the Gulf of Mexico during three temporal periods (2011, 2015, and 2016) and genotyped at
3462 SNPs; (C) 65 samples of Ceratoscopelus warmingii collected from the Gulf of Mexico
during three temporal periods (2011, 2015, and 2016) and genotyped at 1804 SNPs; (D) 87 total
samples of C. warmingii collected from the Gulf of Mexico (N = 65) and from Bear Seamount,
western North Atlantic (2014; N = 22) genotyped at 1804 SNPs (Cwar-SNP-all).
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Fig. S2. Plot of the Bayesian Information Criterion (BIC) vs. number of clusters (K) of: (A) 42
samples of Diaphus dumerilii collected from the Gulf of Mexico (GOM) during three temporal
periods (2011, 2015, and 2016) and genotyped at 2577 SNPs; (B) 44 samples of Lepidophanes
guentheri collected from the GOM during 2011, 2015, and 2016 and genotyped at 3462 SNPs;
(C) 65 samples of Ceratoscopelus warmingii collected from the GOM during 2011, 2015, and
2016 and genotyped at 1804 SNPs; and (D) 87 total samples of C. warmingii collected from the
GOM (N = 65) and Bear Seamount, western North Atlantic (N = 22) and genotyped at 1804
SNPs (Cwar-SNP-all).
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Fig. S3. Biplot displaying the first two principal components (x-axis = component 1, y-axis =

PC2 (4.18%)
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component 2) of a Principal Component Analysis of Ceratoscopelus warmingii samples

collected from the GOM (N = 65; red circles) and Bear Seamount, Western North Atlantic (N =
22; blue circles) at (A) 20 candidate outlier SNPs (Cwar-SNP-outlier), and (B)1784 putatively

neutral SNPs (Cwar-SNP-neutral).

Abbreviations: GOM: Gulf of Mexico; Bear: Bear Seamount, western North Atlantic.
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