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Abstract

Antarctic krill (Euphausia superba Dana) is a keystone species in the Southern Ocean
ecosystem, with ecological and commercial significance. However, its vulnerability
to climate change requires an urgent investigation of its adaptive potential to future
environmental conditions. Historical museum collections of krill from the early 20th
century represent an ideal opportunity to investigate how krill have changed over
time due to predation, fishing and climate change. However, there is currently no
cost-effective method for implementing population scale collection genomics for krill
given its genome size (48 Gbp). Here, we assessed the utility of two inexpensive meth-
ods for population genetics using historical krill samples, specifically low-coverage
shotgun sequencing (i.e. ‘genome-skimming’) and exome capture. Two full-length
transcriptomes were generated and used to identify 166 putative gene targets for
exome capture bait design. A total of 20 historical krill samples were sequenced using
shotgun and exome capture. Mitochondrial and nuclear ribosomal sequences were
assembled from both low-coverage shotgun and off-target of exome capture data
demonstrating that endogenous DNA sequences could be assembled from histori-
cal collections. Although, mitochondrial and ribosomal sequences are variable across
individuals from different populations, phylogenetic analysis does not identify any
population structure. We find exome capture provides approximately 4500-fold en-
richment of sequencing targeted genes, suggesting this approach can generate the
sequencing depth required to call identify a significant number of variants. Unlocking
historical collections for genomic analyses using exome capture, will provide valuable
insights into past and present biodiversity, resilience and adaptability of krill popula-

tions to climate change.
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1 | INTRODUCTION

Antarctic krill (Euphausia superba, hereafter krill) is the most suc-
cessful wild living animal species on the planet in terms of popu-
lation biomass (300-500 million tonnes; Atkinson et al., 2009) and
a keystone species in the Southern Ocean ecosystem. Krill has a
circumpolar distribution covering the entire Southern Ocean, with
krill swarms forming some of the largest aggregations of animal life
recorded to date. Kirill's significance extends far beyond its abun-
dance. It plays a pivotal role in the food web of the Southern Ocean,
as a consumer of phytoplankton and prey for charismatic mega-
fauna including penguins, seals and whales. The Southern Ocean
is one of the largest carbon sinks in the world, and krill plays a key
role in the carbon cycle, removing up to 40 million tonnes annually
(Cavan et al., 2019). In addition, it has become increasingly commer-
cially important, supporting the krill industry's catch of >$200M
annually for omega-3 dietary supplements and aquaculture feed
(Tou et al., 2007).

The polar regions are thought to be most at risk from climatic
warming, with Southern Ocean temperature increases of more than
double the global average (Meredith et al., 2019), especially around
the sub-Antarctic Islands and along the Antarctic Peninsula. Rapid
warming is likely to have profound implications for marine species
distributions and ocean ecosystem functioning, especially polar spe-
cies, which are cold-adapted and have a low tolerance to fluctuat-
ing temperatures (Peck et al., 2004; Portner, 2002). Critically, krill
is a stenothermic species, adapted to a narrow temperature range
between -2 and 5°C (McBride et al., 2021), making it particularly
sensitive to climate change. Indeed, over the past 90years, the range
of Antarctic krill has contracted southward towards colder waters
(Atkinson et al., 2019). Recent models suggest a temporal shift in
habitat quality for krill in the Antarctic peninsula, with habitat qual-
ity improving in spring and declining in summer and autumn (Veytia
et al., 2020). Such temporal shifts in habitat quality may affect krill
population dynamics, by creating a disjunction between the annual
cycle of the Antarctic environment and current krill life cycles, with
knock on effects in other species (Veytia et al., 2020).

Thus, determining the population genetics of krill, and how this
species will respond to future climate change, is crucial for both
ecosystem functioning and fisheries management. For example,
there may be distinct sub-populations of krill, with varying suscep-
tibility or adaptation to rapidly changing environmental conditions
(Tarling, 2020), such as the retreat of sea ice. An understanding of
population structure would aid stock management through rotating
fishing quotas across populations, allowing genetic diversity and
resilience to be maintained, and avoiding overfishing of subpopu-
lations. Indeed, a key aim of the Commission for the Conservation
of Antarctic Marine Living Resources (CCAMLR) and the SCAR Krill
Expert Group (SKEG) is developing a ‘krill stock hypothesis’. For
example, fisheries may be targeting populations of krill living away
from ice in warmer waters that are more easily fished, but these
could be the populations with the greatest potential to adapt to
climate change. However, to date, we do not fully understand krill

population structure, to what degree sub-populations are inter-
connected and able to replenish spatial regions adversely affected
by climatic anomalies such as Southern Annular Modes and El Nino/
La Nina. Without this understanding, we cannot fully determine how
krill will cope with environmental change in combination with fishing
and other human impacts on the Southern Ocean.

Previous population genetics studies of krill have largely relied
upon a small selection of markers from allozyme variation (Fevolden
& Schneppenheim, 1989) and mitochondrial DNA (Goodall-
Copestake et al., 2010; Zane et al., 1998), but these only consider
single mitochondrial genes and were not informative of variation
at the genomic level. A reduced representation approach (RAD-
seq) has been employed to investigate population structure of krill
(Meyer et al., 2015), but this study has significant limitations because
most genetic data were from multicopy genomic regions. However,
recently, a chromosome level assembly of the krill genome has been
generated (Shao et al., 2023), and resequencing of 75 individuals
from multiple populations confirmed limited population structure
but identified 387 sites associated with environmental variables.

There are limited molecular markers available for krill, likely due
to the lack of genomic resources until recently (Shao et al., 2023).
Genome resequencing for population genetics studies is becom-
ing increasingly plausible as the cost of sequencing continues to
fall. However, for species with large genomes such as krill (48 Gbp;
Jeffery, 2012), resequencing is cost-prohibitive due to the amount of
sequence data required to identify variants confidently. Thus, there
is a need for cost-effective sequencing options to study populations
genetics such as (1) low coverage shotgun sequencing that is “ge-
nomes skims” or (2) exome capture. Low coverage genome skims are
used to assemble multicopy components of the genome including
organelle genomes or ribosomal genes which are sequenced at a
higher coverage (Straub et al., 2012). Low coverage genome skims
have been widely employed to assemble organelle and/or ribosomal
genes from museum collections, including marine Solariellid gas-
tropods (White et al., 2024) and Eurepini crickets (He et al., 2024).
Exome capture uses probe sequences to enrich for specific tar-
gets which are typically expressed genes that is exons (Mascher
et al., 2013). Exome capture has been applied successfully to other
large repetitive genomes, notably barley (Mascher et al., 2013;
Hordeum vulgare 5Gb) and conifers (Suren et al., 2016; Pinus; 18-35
Gb). However, to date, there is no cost-effective method for imple-
menting population genetics at the scale required for krill.

Natural history collections offer an invaluable resource to un-
derstand how krill will respond to climate change. Historical collec-
tions allow research to look back in time, investigating population
change and adaptation, which is invaluable for forecasting future
change. For example, the Natural History Museum London is
home to c. 20,000 krill spirit preserved (ethanol) accessions, with
trawl-net samples suitable for population studies covering the last
130vyears. The collections are also home to samples of great histor-
ical importance, including those collected during Scott's Discovery
expedition in 1901-1904. These represent potential flagship collec-
tions with which to investigate the impact of climate change in a
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keystone species in the Southern Ocean ecosystem. Working with
high throughput sequencing data from museum specimens has until
recently been challenging since DNA is typically fragmented and
contaminated with non-endogenous sequences, restricting their
use in genomics studies. However, advances in DNA isolation, a
reduction in cost of DNA sequencing and the availability of novel
bioinformatics tools means it is increasingly possible to use museum
samples for genomic analyses (Burrell et al., 2015).

This study investigates the relative utility of (1) low coverage
shotgun sequencing and (2) exome capture for population genetic
analyses with historical collections of krill. Target sequences for
exome capture are identified using two full-length transcriptomes
for krill, generated using PacBio IsoSeq data from recently collected
samples. We hypothesize (1) shotgun sequencing will allow the as-
sembly of mitochondrial genomes, which are present in high copy
number, and (2) exome capture will enable nuclear gene assembly
with sufficient depth for population genetic analyses.

2 | METHODS
2.1 | PacBiolsoSeq sequencing

Samples were collected using an RMT8 net (Baker et al., 1973)
in the vicinity of South Georgia on 11th December 2019 (Cruise
JR19001, Event 65 Net 1, maximum depth) on board the RRS James
Clark Ross. Samples were immediately flash frozen within liquid ni-
trogen and stored at -80°C. Two samples, one male (29659_1) and
one female (29659_4) were shipped to NERC Environmental Omics
Facility (Sheffield, UK). Samples were dissected for muscle tissue
before isolating RNA using a QIAGEN RNeasy Mini kit (QIAGEN,
Manchester, UK). RNA quality and integrity was checked before li-
brary construction and sequencing using four Sequel Il SMRT Cells.
High quality transcripts were generated from raw data for each
sample using the manufacturer's (PacBio, California, United States)
SMRTIlink pipeline.

2.2 | Target selection and bait design

The high-quality transcripts generated from PacBio IsoSeq data
were used to identify putative target sequences. For high-quality
transcripts recovered from each sample, the following analyses
were performed: (1) BUSCO search against core Eukaryotic genes
(eukaryota_odb10; 10/09/2020 using the transcriptome mode), (2)
BLASTN (Camacho et al., 2009) search against annotated transcript
sequences downloaded from KrillDB? (Urso et al., 2022) and (3)
Blobtools (Laetsch et al., 2017) analysis to define transcript taxonomy
based on a BLASTN search against the NCBI nucleotide database (nt,
downloaded June 2022) and the taxrule “bestsumorder”. Transcripts
were prioritized for exome capture if they had a (1) BUSCO hit to a
core eukaryotic gene, (2) blast hit description from KrillDB? suggest-
ing a role in environmental responses (i.e. heat, cold, temperature
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sensitive) or core homeobox genes, and finally (3) a sequence identi-
fied as being from Euphuasia superba based on the blobtools output.
Putative targets from each sample were combined and redundant se-
quences were identified and removed using cd-hit-est with a similar-
ity threshold of 0.8 (Fu et al., 2012). Note we also avoided targeting
sequences with annotations suggesting they originated from the mi-
tochondrial genome or genes with putative repetitive elements (e.g.
microsatellites) as these are expected to occur at a higher frequency
and will bias the sequencing of these targets.

The putative target sequences were shared with Daciel Arbor
Biosciences and tested for bait design suitability. Specifically, tar-
gets were softmasked for simple and low complexity repeats and
baits were designed using 80 nucleotide (nt) probes and 4x tiling
(i.e. one probe every ~20nt). Note that the krill reference genome
(Shao et al., 2023; CNGB CNP0001930; accessed March 2023) was
published shortly after our baits were designed. Therefore, our baits
design was from cDNA sequences and could not account for intron-
exon boundaries and genome mappability (i.e. genome uniqueness
and the likelihood of mapping short 80nt baits to genomic regions).
All target sequences and bait sequences were later mapped to the
E.superba reference genome using minimap and bwa mem respec-
tively. To investigate the impact of mappability for bait design,
genome mappability was quantified using GenMap (Pockrandt
et al., 2020) with a kmer size of 36 and no sequence errors for the
krill genome and a pre-indexed human genome (GRCh38) provided

with GenMap for comparison.

2.3 | Shotgun and exome capture sequencing

A total of 27 samples were collected from the NHM spirit-
preserved collection with the aim of sampling different station
numbers from the early historical samples collected from 1926 to
1979 (Table 1; Figure 1). DNA was isolated in a BSC hood cleaned
with 5% bleach (w/v) and UV sterilization. Krill were rinsed in ster-
ile molecular grade water for 12-24h, and the lower abdominal
segments were dissected using a sterile scalpel and prepared for
overnight lysis (Ruane & Austin, 2017). After lysis, any remaining
tissues were ground with a sterile micro pestle. DNA was isolated
using a modified method from Ruane and Austin (2017) with dou-
ble quantities of binding buffer. DNA samples were shipped to
Daicel Arbor BioSciences (Ann Arbor, United States) where total
DNA was re-quantified via a spectrofluorimetric assay and visual-
ized using the TapeStation 4200 (Agilent) platform with a High
Sensitivity D1000 tape. Samples containing high molecular weight
DNA or no visible DNA were sonicated to generate an average in-
sert size of approximately 300nt before taking up to 80% of the
available mass (up to 5ng) to a single-stranded library preparation
protocol that produces dual-indexed lllumina-compatible librar-
ies. A total of 20 samples were selected for downstream shotgun
and exome capture sequencing based on total genomic DNA mass
(Table 1) and TapeStation plots were visualized. For the shotgun
sequence data, 20 libraries (Table 1) were pooled in equimolar
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TABLE 1 Historical samples from the NHM spirit-preserved collection used for shotgun and exome capture with information for collection station number, source (Discovery/William
Scoresby), year, net type, depth (start-end depth), location, total genomic DNA mass and if the sample was used for sequencing.

Ref.

K1
K2

K3

K4

K5

Ké

K7

K8

K9

K10
K11
K12
K13
K14
K15
K16
K17
K18
K19
K20
K21
K22
K23
K24
K25
K26
K27
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Station

1311
539
2365
125
9968
2139
539
1404
538
1405
542
1297
42
622
643
NA
568
53
39
30
36
542
43
1309
53H
530
658

Collection

Discovery
Discovery
Discovery
Discovery
Discovery
Discovery
WS
Discovery
WS
Discovery
WS
Discovery
Discovery
Discovery
Discovery
Discovery
WS
WS
WS
WS
WS
WS
WS
Discovery
WS
WS

Discovery

Year

1934
1930
1938
1926
1979
1937
1931
1934
1931
1934
1931
1934
1926
1931
1931
1926
1931
1927
1926
1926
1926
1927
1927
1934
1927
1927
1931

Net

N100H
n70B
TYFB
N100H
RMT8M-3
N100H
N100B
N100B
N100B
N100B
N100B
N100H
N7-T
N100-B
N100B
HN
N100B
N100H
N100H
100H
N100H
N100H
N100H
N100B
N100H
N100H
N100B

Depth (m)
5-0
137-0
350-200
70
980-1990
5-0
100-0
117-0
97-0
110-0
77-0

5-0
120-204
155-0
93-0

0-1
106-0
0-5

87

0-5

77

70
106-0
0-5
0-5
120-0

Location

Bellingshausen sea
South Shetland Islands
South Atlantic
South Georgia

NA

Prydz bay

South Georgia
South Georgia
South Georgia
South Georgia
South Georgia
Amunden sea
South Georgia
South Georgia
South Shetland Islands
NA

South Georgia
South Georgia
South Georgia
South Georgia
South Georgia
South Georgia
South Georgia
Bellingshausen sea
South Georgia
South Georgia
South Georgia

Latitude

-67.313
-61.8
-53.39
-53.475
-58.872
-56.58
-57.692
-53.997
-57.058
-54.002
-58.65
-70.42
NA
-59.092
-61.742
NA
-53.621
NA
-54.133
-53.571
-55.338
-58.65
-54.9
-67.765
NA

NA
-53.638

Longitude

-82.9
-54.858
4.842
-36.342
20.347
95.057
-23.2
-39.465
-24.533
-40.123
-18.217
-129.262
NA
-36.417
-56.117
NA
-37.3
NA
-35.717
-38.604
-34.775
-18.217
-36.833
-89.392
NA

NA
-40.454

gDNA (ng)

13.5
18.5
38
261

177.1

501.8

111.8
37.1

100.1
99.2

115.4
87.1
28.1
459
44.6

171
25
14.8

6.2

5.3
49.3
11
11
14.6

9.9

39.2

Sequenced
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FIGURE 1 (a)Location of krill
(Euphausia superba) sampling locations
with points coloured by collection year
and (b) the Southern Ocean surface
temperature relative to 1961-1990

mean, annotated with the minimum and
maximum collection years of samples used
in this study (1926-1979). The sea surface
temperature data were downloaded

from the Met Office Hadley Centre
observations datasets (accessed April
2023).

(b)
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ratios and sequenced on a partial NovaSeq 6000 S4 PE150 lane,
targeting approximately 1M read pairs per sample. Capture pools
were prepared from up to 250ng of 6 libraries per reaction for
the historical samples. Each capture pool was dried down to 7 pL
by vacuum centrifugation. Captures were performed following
the myBaits v5.02 protocol using myBaits custom design (myBaits
design ID: D10573KRILL) with an overnight hybridization and
washes at 62°C. The captures were pooled in approximately equi-
molar ratios. For the exome capture sequence data, 20 samples
(Table 1) were sequenced on the Illumina NovaSeq 6000 platform

on a partial S4 PE150 lane to approximately 2M read pairs per

library.
2.4 | Assembly of mitochondrial and ribosomal
sequences

To evaluate the utility of shotgun and exome capture data for the
assembly multi-copy sequences, custom bioinformatic pipelines
skim2mito 0.0.1 and skim2rrna 0.0.1 were used to assemble and
annotate mitochondrial genomes and ribosomal genes respec-
tively (White et al., 2024). In addition to the 20 samples sequenced
for this study, we also analysed a subset (1M reads per FTP file;
Table S1) of publicly available data for 78 individuals sampled by

1950 2000

Year

1900

Shao et al. (2023). This additional data includes 75 E.superba and
three outgroup samples E. pacifica.

The skim2mito and skim2rrna pipelines each follow a simi-
lar methodology, with adapter removal and quality control with
fastp 3.3.6 (Chen et al., 2018), target sequence assembly using
GetOrganelle 1.7.7.0 (Jin et al., 2020) with custom seed and gene
reference databases downloaded and formatted using go_fetch.py
(https://github.com/o-william-white/go_fetch). Assembly quality
was evaluated by a BLASTN search (2.13.0 Camacho et al., 2009)
against custom databases. For mitochondrial sequences, a custom
blast database was generated from the NCBI mitochondrion RefSeq
database (https://ftp.ncbi.nlm.nih.gov/refseq/release/mitochondr
ion/), and for ribosomal sequences, the blast database was gener-
ated from the SILVA 138 database (Quast et al., 2013). Assembly
quality was also evaluated by mapping quality filtered reads to the
assembled sequence using minimap 2.24 (Li, 2018). Blast hits and
mapped reads were summarized with blobtools (Laetsch et al., 2017)
with the most likely taxonomy of the assembled sequence esti-
mated using the taxrule “bestsumorder”. Assembled mitochondrial
sequences were annotated using MITOS2 2.1.0 (Bernt et al., 2013),
and assembled ribosomal sequences were annotated using barrnap
0.9 (https://github.com/tseemann/barrnap). Annotated genes were
extracted and aligned with mafft 7.508 (Katoh & Standley, 2013).
Note that only protein coding genes mitochondrial genes were
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extracted by skim2mito for downstream analyses. Individual se-
guences with 250% missing data in gene alignments were removed,
and poorly aligned regions were trimmed with gblocks 0.91b
(Castresana, 2000). Phylogenetic analysis was implemented for
each gene using IQTREE 2 2.2.0.3 (Minh et al., 2020) with 1000 ul-
trafast bootstrap replicates. Note that IQTREE 2 uses ModelFinder
(Kalyaanamoorthy et al., 2017) by default to optimize model selec-
tion on individual genes. Phylogenetic trees were visualized with the
R package ggtree (R Core team, 2020; Yu et al., 2017).

The outputs of skim2mito and skim2rrna were evaluated man-
ually to remove samples and/or genes with excessive missing data
and evidence of contamination from non-target species. Specifically,
samples with more than 50% missing data across all annotated genes
were identified and removed. In addition, any individual gene align-
ments with more than 50% of missing data across samples were re-
moved. Finally, assembled sequences from non-target contaminant
species were identified based on visual inspection of gene trees and
blobtools taxonomy identification. With the final selection of an-
notated gene sequences, gene2phylo 0.0.1 (White et al., 2024) was
implemented for phylogenetic analysis with all annotated mitochon-
drial and ribosomal genes using a partitioned analysis by individual
genes with IQTREE 2 with 1000 ultrafast bootstrap replicates and
an analysis of gene trees using ASTRAL-III (Zhang et al., 2018).

Using the final set of genes, the number and percentage of
parsimony informative sites was calculated with phykit (Steenwyk
et al., 2021). The similarity of assembled shotgun and exome data
from the same samples was measured to ensure that the results were
consistent, using percentage similarity of the best blast hit (Camacho
et al., 2009). Mitochondrial assembles were visualized using Circos
0.69-8 and a custom python script (https://github.com/o-william-
white/circos_plot_organelle) to check gene order, read coverage, GC

content and repeat content.

2.5 | Targeted gene sequencing

The utility of shotgun and exome capture for targeted gene se-
guencing was also compared using the sequence data generated by
the present study. Specifically, raw sequence data generated from
shotgun and exome capture were initially processed with adapterre-
moval2 2.3.3, to remove adapter sequences, trim low-quality bases
and merge overlapping reads. Trimmed pairs of reads which were not
collapsed, trimmed singleton reads where one mate was discarded,
merged reads and merged reads that have been trimmed were con-
catenated into single file. Concatenated reads were mapped to the
E.superba reference genome (CNGB: CNP0001930) using BWA-
mem 0.7.17-r1188. SAMtools 1.14 (Danecek et al., 2021) was used to
filter primary mapped reads (-F 2308). Duplicate reads were tagged
using picard MarkDuplicates 3.1.0 before collecting hybrid-selection
metrics using picard CollectHsMetrics (Broad Institute, 2019). The
output of CollectHsMetrics was used to compare fold enrichment
and mean coverage of targeted sequences. The number of reads that
mapped to on or off-target regions were quantified using bedtools

mutlicov 2.30.0. SNP calling was implemented using bcftools mpi-
leup 1.16 (Danecek et al., 2021) for shotgun and exome capture
bam files, before filtering for sites with a minimum quality of 30 and
depth of 5. Note that SNP calling was implemented using all shotgun
or all exome capture BAM files, rather than per individual BAM file.

To estimate insert size across sampled collections, adapterre-
moval2 was repeated without collapsing reads, and paired reads
were mapped with BWA-mem as above, before estimating mean in-
sert size with SAMtools. To investigate the extent and composition
of any contaminants, kraken2 2.1.2 was used to identify unmapped
reads using the NCBI non-redundant nucleotide database (accessed
14/11/2022). To understand where sequence data were retained or
lost throughout each step of the pipeline, Sankey plots were gener-
ated for each sample using the R package networkD3.

To investigate the sequencing effort required for accurate vari-
ant calling with exome capture data, a single pool of four samples
(Table 1; K8, K10, K21 and K24) was sequenced again to approxi-
mately 160M read pairs. Note that sample K21 was poorly repre-
sented within this pool with a low proportion of reads and was not
presented in the results. The sequence data from each sample were
randomly subsampled at regular proportions (1%, 5%, 10%-100%) to
investigate the effect of sequencing effort and processed as above.

3 | RESULTS
3.1 | PacBio IsoSeq sequencing

The number of high-quality isoforms generated using the SMRTIink
pipeline were 115,591 and 248,047 for the male (29659_1) and fe-
male (29659_4) sample respectively. The number of low-quality iso-
forms was 18 and 40 for the male (29659_1) and female (29659 _4)
sample respectively. The transcript N50 ranged from 2115 (29659 _1)
to 2018 (29659_4). Each sample exhibited a similar proportion of
BUSCO gene categories (Figure 2a), with 60.4% and 70.9% of com-
plete BUSCO genes recovered for the male and female sample re-
spectively. The majority of BUSCO genes identified as “complete and
single copy” or “complete and duplicated” (61%) that were unique to
the female sample was 61% (29659_4; Figure 2b), with 36% shared
and 3% unique to the male sample (29659 _1; Figure 2b). The se-
quence taxonomy as defined by blobtools was most frequently iden-
tified as the class Malacostraca (Figure 2c).

3.2 | Target selection and bait design

A total of 175 transcripts were initially selected as putative target
sequences, identified as core BUSCO eukaryotic genes (64), hav-
ing a blast description suggesting a role in environmental responses
or core homeobox genes (65) or being identified as a gene from
Euphuasia superba (46). Nine transcripts were removed for having
a high similarity to other putative target sequences or being a puta-
tive repetitive sequence. A final set of 166 target sequences with a
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FIGURE 2 Summary of high-quality (a)
isoforms generated for the male (29659 _1)
and female (29659_4) krill samples.
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total target size of 395,924 nt were selected and tested for bait deign
suitability.

A total of 18,468 baits were designed using 80nt probes and a
maximum of 4x tiling. Of these, 8228 baits passed filters based on
softmasking for repeats. Following bait design and filtering, 43 tar-
get sequences were completely covered by baits, 120 targets were
covered by baits with gaps up to 100nt and three targets had no
baits. With this bait design, 301,711 nt from a total of 395,924 nt
(~75%) in the target sequences could be targeted.

All 166 target sequences mapped to the E.superba reference ge-
nome (CNGB: CNP0001930). Of the 8228 of filtered baits, a total
of 6411 baits mapped to the reference genome. Of these, 3241
mapped to a target sequence. Mean target coverage (i.e. proportion
of bases covered by a least one bait) was 38.8%.

Genome mappability was quantified for the krill genome (CNGB:
CNPO0001930) and a pre-indexed human genome (GRCh38) provided
with GenMap to investigate the impact of mapping short DNA frag-
ments. A mappability value of 1 indicates that the k-mer sequence
occurs only once whereas a low mappability value indicates that this
k-mer belongs to a repetitive region. Our analysis highlighted that
57.61% of the krill genome has a mappability <0.5, for comparison
only 14.79% of the human genome has a mappability <0.5 (Figure S1).

3.3 | Assembly of mitochondrial and ribosomal
sequences

Of the 20 samples newly sequenced for this study, GetOrganelle
assembled mitochondrial sequences from 12 (60%) and 11 (55%)

Count

samples for shotgun and exome capture data respectively. Of these,
six assemblies (30%,; Figure S2; Table S2) were circular for the shot-
gun data, whereas only one sample was circular for the exome cap-
ture data (5%). GetOrganelle assembled ribosomal sequences from
14 (70%) and 10 (50%) samples for shotgun and exome capture data
respectively (Table S2). Of the 78 samples previously sequenced by
Shao et al. (2023), we were able to assemble mitochondrial and ribo-
somal sequences from all samples.

Following manual inspection of the outputs of skim2mito and
skim2rrna, a total of 10 shotgun and 13 exome capture samples were
removed for having more 50% missing data across annotated mito-
chondrial and ribosomal genes. In addition, the nuclear 5.8S gene was
removed as it had more than 50% missing sequences across samples.
Two contigs assembled from the sample “SSIO3_South_Shetland_
Islands” with cox1 annotations were identified as likely human contam-
inants and removed. In addition, eight nuclear contigs with ribosomal
18S and 28S annotations were removed due to likely contaminations
from non-target species. This resulted in a final set of 17 genes includ-
ing 13 mitochondrial protein-coding genes, two mitochondrial ribo-
somal genes and two nuclear ribosomal.

Analysis of number and percentage of parsimony informative
sites (Table S3) shows that most genes show some degree of varia-
tion. For example, cox1 had 261 (17%) parsimony informative sites.
However, the partitioned phylogenetic analysis using IQ-TREE2
(Figure S3) and an analysis of gene trees using ASTRAL-III (Figure S4)
suggested there was little evidence of population structure based on
these genes.

The shotgun and exome capture data from the same samples gen-
erated assemblies with high BLASTN sequence similarity (Table S2;
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>98%). The high similarity of assemblies generated by shotgun and
or exome capture data from the same samples is confirmed by our
phylogenetic analyses, where samples sequenced using shotgun
data and exome capture were identified as sister species with maxi-
mum bootstrap support values (Figures S3 and S4).

3.4 | Targeted gene sequencing

A total of 154M and 58M raw paired reads were generated for shot-
gun and exome capture sequencing respectively (Table S4). After
processing raw reads with adapterremoval2 to remove adapter
sequences, trim low-quality bases and merge overlapping reads, a
total of 146M and 63M reads were retained for downstream analysis
of shotgun and exome capture sequencing respectively. Note that
trimmed pairs of reads which were not collapsed, trimmed single-
ton reads where one mate was discarded, merged reads and merged
reads that have been trimmed were concatenated into single file. As
a result, the number of quality filtered reads produced by adapter-
removal2 can be higher than the number of raw paired reads which
is the case for exome capture. The mean number of quality filtered
reads per sample was 7.3M and 3.2M for shotgun and exome cap-
ture respectively. A mean of 2.6M (35.64%) and 1.23M (38.91%) of
quality filter reads mapped accurately to the krill reference genome
for the shotgun and exome capture data respectively.

Of the unmapped reads, the most frequent (top five) contami-
nants as identified by kraken2 were the families Nitrobacteraceae
(39/44 samples), Burkholderiaceae (38/44), Sphingomonadaceae
(33/44), Hominidae (31/44) and Suidae (23/44) (Data Dryad https://
doi.org/10.5061/dryad.véwwpzh4p). Of the mapped reads, 0.43M
(16.52%) and 0.60M (48.81%) were identified as duplicates for shot-
gun and exome capture data respectively.

The mean insert size of mapped reads was 41.51 and 48.81bp
for shotgun and exome capture respectively. Insert size exhibited
a positive correlation with the year of sample collection (Figure 3a)
for both shotgun and exome capture sequence data, with the ex-
ception of a single sample (K5) which was collected more recently
in 1979. The mean fold enrichment was 0.76 and 3463 for shotgun
and exome capture sequencing respectively, representing mean fold
change of ~4500 for exome capture (Figure 3b). For the shotgun se-
quence data, increasing sequencing effort (i.e. total reads) did not
appreciably increase mean target coverage, whereas for the exome
capture data, mean target coverage increased with increasing se-
quencing effort (Figure 3c). However, sample age did not appear to
be correlated with mean target coverage. Sankey plots to visualize
where sequence data were retained or lost throughout each step of
the pipeline are presented on Data Drayd (https://doi.org/10.5061/
dryad.véwwpzh4p).

No SNPs were identified for the target sites using the shotgun
sequencing. For the exome data, an average of 34 SNPs were iden-
tified across samples (Figure 3d). However, the proportion of miss-
ing data was relatively high with an average of 66% of missing sites
across samples.

To investigate the sequencing effort required to call SNPs ac-
curately across samples, a single pool of three samples (Table 1; K8,
K10 and K24) was sequenced again and mapped reads were subsa-
mpled at regular intervals (1%, 5%, 10%-100%) using SAMtools view
--subsample. Increasing the sequencing effort increased the number
of on target SNPs, although the number of SNPs discovered starts
to plateau with increased sequencing effort (Figure 3e). It is notable
that mean target coverage was not uniform across samples, even
with all the additional sequence data generated (Figure S5). Indeed,
mean target coverage shows a strong correlation with bait coverage
(Figure 3f).

4 | DISCUSSION

Despite the ecological and commercial significance of Antarctic krill,
there are few genetic resources available for this species, and there-
fore there is only limited knowledge about krill population structure.
The availability of historical museum specimens offers the unique
opportunity to link changes in krill population structure with envi-
ronmental change, which may allow researchers to assess the fate
of this keystone species in the future. To meet this aim, our study
assessed the relative utility of two cost-effective methods for popu-
lation genetic analyses frequently adopted for historical museum
collections: low coverage genome skimming and exome capture. To
design our exome capture bait sequences, we generated full-length
transcriptomes sequenced from recently collected samples.

Mitochondrial and ribosomal sequences were assembled using
shotgun and exome capture. However, shotgun data were more
effective at recovering complete mitochondrial and ribosomal se-
quences, which is to be expected since targeted exome capture
has reduced the off-target sequencing. In addition, the number of
reads generated by shotgun sequencing (mean 7.3M per sample)
was higher than exome capture sequencing (mean 3.2M per sample).
Multicopy parts of the genome such as organelle genomes and ribo-
somal tandem repeats are common targets for “genome skimming”
studies because these regions are sequenced at a higher depth com-
pared to the rest of the genome (Straub et al., 2012). Although genes
were variable based on the proportion of parsimoniously informa-
tive sites, there was little evidence of population structure, corrob-
orating previous work based on the cox1 gene (Goodall-Copestake
et al., 2010).

Shao et al. (2023) identified some population structure based
on a large whole genome SNP dataset, suggesting that the identi-
fication of many nuclear genomic variants holds promise for future
studies. In addition, the identification of nuclear genomic variants
from museum collections may identify alleles associated with selec-
tion across time for environmental change. Although low-coverage
shotgun data may not hold utility for large scale population genomic
studies in this system, it is likely that shotgun sequencing will be
useful for pre-screening historical samples to confirm the presence
of endogenous sequence data from the target organism and levels
of DNA degradation.
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This study generated full length transcriptome sequences for
two recently collected samples, which were instrumental in the se-
lection of target sequences and subsequent bait design. The tran-
scriptome sequences were not complete, with only 60.4% and 70.9%
of complete BUSCO genes recovered, which may be explained by
our use of dissected muscle tissue for RNA sampling.

Exome capture sequencing resulted in 4500-fold increase of tar-
get sequence coverage relative to shotgun sequence data (Figure 3a).
As a result, it was possible to identify on-target variant SNPs using
exome capture data (Figure 3d), while shotgun data yielded no on
target SNPs. Although it was possible to call SNPs with the exome
capture data, there was a high proportion of missing data in the SNPs
initially identified. Additional sequencing of a single pool of samples
highlighted that increasing the sequencing effort increases the num-
ber of SNPs identified, although this starts to plateau with increasing
sequencing effort (Figure 3e). A plateau in sequence complexity and
subsequent SNPs is to be expected (Daley & Smith, 2013), especially
for historical sequence datasets.

Given the highly repetitive nature of the krill genome (Shao
et al., 2023), it may not be possible to design short bait sequence

T

5’0 75

an bait depth

that map specifically to all protein coding genes. For example, we
were able to design baits for 76% of nucleotides in the original gene
target list. In addition, the mappability of short sequences in the
krill genome was found to be much lower than the human genome.
Specifically, our analysis highlighted that 57.61% of the krill genome
has a mappability <0.5, whereas only 14.79% of the human genome
has a mappability <0.5 (Figure S1).

Although our study highlights that exome capture can be suc-
cessfully applied to historical museum collections, there are clear
differences in DNA sample and sequence quality. Spirit (or wet)
collections are typically stored in liquid preservatives including
ethanol and may have been fixed with formalin prior to storage
which may damage DNA (Ruiz-Gartzia et al., 2022). Recent studies
investigating the utility of spirit-preserved collections for genomic
studies have highlighted that overall specimen condition had the
greatest impact on recovering high quality genomic DNA (Hahn
et al., 2022; O'Connell et al., 2022; Straube et al., 2021). In our
study, it is notable that insert size exhibited a positive correlation
with the year of sample collection (Figure 3a) for both shotgun
and exome capture sequence data, with the exception of a single
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sample (K5) collected in 1979. This sample had a shorter insert
size than expected (37.8 shotgun, 41.5 exome), which may have
been due to this sample being fixed in formalin instead of etha-
nol. Although formalin has been used in museum specimen pres-
ervation shortly after it became commercially available in the late
1890's/early 1900's, its use was primarily restricted to soft bodied
taxa until ~1950's when bulk formalin fixing of samples became
more frequently employed. The early Discovery Investigation col-
lections (1926-1939) making up the bulk of the material tested
in this study were entirely preserved in 75% ethanol (Kemp
et al., 1929). Therefore, it is plausible that the older historical col-
lections will have greater utility for the future population genetic
studies because more recent material is likely formalin fixed, re-
quiring more complex laboratory techniques due to DNA cross-
linking and damage (Hykin et al., 2015; Ruane & Austin, 2017).

4.1 | Future work

Future studies attempting to design bait sequences for exome cap-
ture and use for population genetics could build on the lessons
learned from this study. The most important developments would
be to improve the bait design, use knowledge from recently pub-
lished genome sequences, and to pre-screen samples with shotgun
sequencing prior to exome capture to identify libraries which are
most likely to be successful. Target sequence coverage was not
uniform across samples suggesting some targets were preferen-
tially sequenced over others (Figure S5). The variation in target se-
quence coverage may be explained by differences in bait coverage.
Indeed, there was a positive association between target coverage
and bait coverage (Figure 3f), suggesting that changing bait design
only to include targets with a minimum threshold of bait depth (e.g.
>4) would increase target recovery. At the time of bait design for
the present study, the version of the krill genome assembly avail-
able was a contig level assembly with 298,755 contigs, rather than
the 17-chromosome reference level assembly described by Shao
et al. (2023). Therefore, our baits design was from cDNA sequences
and could not account for intron-exon boundaries, which may have
negatively impacted bait specificity at intron-exon boundaries. In
addition, our investigation of genome mappability, highlighted that
a large proportion of the krill genome has low mappability due to
repetitive sequences (Figure S1). Where possible, target sequences
with low mappability of short bait sequences should be avoided.
Pre-screening historical samples with low-coverage genome-skims
will also allow researchers to identify which samples are most likely
to yield sequence libraires with sufficient complexity to call SNPs
effectively. For example, there was a strong correlation between the
number of uniquely mapped reads from shotgun and exome capture
libraries (Figure Sé). In addition, mitochondrial assembly status also
appeared to be associated the number of uniquely mapped exome
capture reads, except for a single sample. Specifically, samples with
contig and circular mitochondrial genomes, typically had a higher
number of uniquely mapped reads.

5 | CONCLUSION AND OUTLOOK

This study provides first evidence that it is possible to isolate DNA
from historical krill collections and that these samples can be used
for genomic and genetic analyses. In addition, lessons learn from
our analyses will improve the efficiency of future work through the
understanding of bait design and sample quality requirements. This
study has important implications for the utility of historical spirit-
preserved collections, including the Discovery collections of the
1920s and 30s. For example, future work could investigate (1) what
historical krill diversity looked like prior to the onset of anthropo-
genic climate change and widespread fishing, (2) how contemporary
krill diversity is being impacted by climate change and predation
pressure, (3) the relationship between the biological characteristics
of krill and temperature and (4) how adaptable krill are to climatic
change. Considering the central importance of krill in the food web
of the Southern Ocean and as the most dominant animal on Earth
considering its biomass, the implications for conservation and fish-
eries management are potentially profound. Although, our study
has focused on krill, the approach could also be applied to a broader

range of taxa.
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