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ABSTRACT

Crustacean zooplanktons are key secondary and tertiary producers in marine ecosys-
tems, yet their genomic resources remain poorly understood. To advance biodiversity
research on crustacean zooplankton, this study evaluated the effectiveness of genome
skimming, a method that assembles genetic regions, including mitogenome, from
shotgun genome sequencing data. Because the small amount of DNA available is
a limitation in zooplankton genetics, different input DNA amounts (1 pg-10 ng)
were prepared for library construction for genome skimming using two large species:
Euphausia pacifica (Euphausiacea) and Calanus glacialis (Copepoda). Additionally, de
novo assembly was used to obtain long contigs from short reads because reference-
guided assembly can not be applied to all crustacean zooplankton. Evaluation of the raw
sequence reads showed increased proportions of high-quality and distinct reads (low
duplication levels) for large DNA inputs. By contrast, low sequence quality and high
sequence duplication were observed for < 10 pg DNA samples, owing to increased DNA
amplification cycles. Complete mitogenomes, including all 37 genes, were successfully
retrieved for > 10 pg (E. pacifica) and > 100 pg (C. glacialis) of DNA. Despite the
large estimated genome sizes of these zooplankton species, only > 1 and > 3 M reads
were sufficient for mitogenome assembly for E. pacifica and C. glacialis, respectively.
Nuclear ribosomal repeats and histone 3 were identified in the assembled contigs. As
obtaining sufficient DNA amounts (> 100 pg) is feasible even from small crustacean
zooplankton, genome skimming is a powerful approach for robust phylogenetics and
population genetics in marine zooplankton.

Subjects Biodiversity, Genetics, Genomics, Marine Biology, Zoology
Keywords Zooplankton, Genome skimming, Euphausiacea, Copepoda, Mitogenome

INTRODUCTION

Marine zooplankton are key secondary and tertiary producers in pelagic ecosystems.
Crustacean zooplankton, including copepods and euphausiids, play a crucial role in the
ocean carbon cycle due to their large biomass, production of fecal pellets and vertical
migrations (Steinberg & Landry, 2017). Marine crustacean zooplankton also exhibit high
species richness, and molecular approaches have revealed cryptic diversity that conventional
morphological classifications cannot identify (Bucklin et al., 2007; Blanco-Bercial et al.,
2014). In addition, molecular approaches are effective tools for revealing intraspecific and
interspecific molecular phylogenetic relationships in crustacean zooplankton (Lee, 2000;
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Goetze, 2003; Vereshchaka, Kulagin & Lunina, 2019). These molecular-based zooplankton
studies have mainly been conducted using mitochondrial DNA sequences obtained by
Sanger sequencing, which require PCR amplification of specific genetic regions. However,
the high diversity of crustacean zooplankton frequently causes primer mismatches during
PCR, resulting in poor amplification of genetic markers of crustacean zooplankton,
especially for mitochondrial markers with high mutation rates such as the mitochondrial
cytochrome ¢ oxidase subunit I (COI) gene (Hirai, Shimode & Tsuda, 2013; Bucklin et
al., 2021). In addition, only a limited amount of total DNA is obtained from small
zooplankton species with small body sizes, leading to difficulties in PCR amplification.
A whole mitochondrial genome (mitogenome) sequence would provide a more robust
phylogenetic analysis of zooplankton (Machida et al., 2006); however, only a short fragment
of the target region can be obtained by single Sanger sequencing.

Considering the high species diversity of crustacean zooplankton, mitogenomes have
been deposited in public databases at a slower pace than those of other marine taxa (Bucklin
et al., 2018). Zooplankton have high mitogenome variability, and gene rearrangements are
common, making it difficult to amplify mitogenomes using long PCR methods (Machida
et al., 2004). To obtain mitogenome sequences and other useful genes, even in taxa with
complicated genomic structures, the genome skimming approach is a promising method
that does not incur high sequencing costs (Straub ef al., 2012). In genome skimming, the
DNA of the target species is extracted. Fragmented DNA is used for library construction
with an amplification step free from species- or region-specific PCR primers for shotgun
sequencing (Fig. 1). Massive sequence data are obtained using high-throughput sequencing
(HTS), and target genetic regions including mitogenome is retrieved through informatics
process. Because mitochondrial DNA is abundant in genomes, only small HTS sequence
reads are necessary for mitogenome assembly. A genome skimming approach has been
applied to marine crustacean zooplankton with medium and large body sizes, including
Eurytemora affinis (Choi et al., 2019), Calanus spp. (Choquet et al., 2017; Weydmann et al.,
2017; Smolina et al., 2022), and Euphausia crystallorophias (Kim et al., 2024), proving to
be an effective method for obtaining mitogenomes. However, genome skimming remains
largely unexplored for smaller crustacean zooplankton species, and few studies have
evaluated the effects of initial DNA amount on genome skimming in these organisms.
Additionally, the bait method, which uses reference data to assemble mitogenomes,
cannot be applied to all species because reference sequence data (e.g., COI) obtained by
conventional Sanger sequencing are unavailable for many species of crustacean zooplankton
(Bucklin et al., 2021).

The rapid development of HTS technology and lowering costs are expected to enhance
genome skimming, enabling a more efficient and cost-effective method for sequencing and
obtaining genomic resources, including mitochondrial and nuclear genes from various
crustacean zooplankton species. However, some zooplankton species’ low DNA amounts
and complex genomic structures can limit genome skimming. To evaluate the effectiveness
of genome skimming in crustacean zooplankton for future evolutional and ecological
studies, this study focused on the major species of euphausiids and copepods: Euphausia
pacifica and Calanus glacialis. The 16,898 bp mitogenome was reported for E. pacifica by
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Figure 1 Workflow for genome skimming in this study.

Shen et al. (2011). The 20,674 bp mitogenome sequence was first reported by Choquet et al.
(2017). However, Weydmann et al. (2017) obtained longer and more complete mitogenome
sequences, split into two contigs (9,686 bp and 17,656 bp). For shotgun metagenomics for
microbial communities, 1 pg DNA can be used for library construction, though data biases
using 1 pg DNA are larger than those using > 10 pg DNA (Hirai et al., 2017). Although
the optimal amount of DNA for genome skimming is unclear for crustacean zooplankton,
both E. pacifica and C. glacialis have large body sizes, which are useful for evaluating the

effects of input DNA amounts on library construction. In addition, large genome sizes
are estimated for the genus Euphausia (29.9-48.0 Gb; Jeffery, 2012; Shao et al., 2023) and

Calanus (6.3—12.2 Gb) including C. glacialis of 11.8 Gb estimated genome (McLaren,

Sevigny & Corkett, 1988). Large mitochondrial genomes were also reported especially for
Calanus spp. with large non-coding and highly repeated regions (Minxiao et al., 2011;
Choquet et al., 2017; Weydmann et al., 2017; Kim et al., 2024). These characteristics of
complex genome structures are suitable for investigating the effectiveness of mitogenome

assembly in crustacean zooplankton.

To evaluate optimal input DNA thresholds for genome skimming in marine crustacean
zooplankton, this study used diluted DNA samples (1 pg—10 ng) for each species, and long
contigs were assembled from shotgun sequencing data without mitochondrial reference
sequences. Sequence quality was investigated for each sample, and the relationship among

initial DNA amounts, sequencing depths, and genome skimming outcomes was assessed
using the assembled mitogenomes. Additionally, the presence of nuclear genes, including

ribosomal repeats, was investigated in the contigs.
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Table 1 Information about sampling events.

Species Cruise Station Date Lat. Lon. Depth
Euphausia pacifica Hakuho-maru KH-14-3 st. 12B Jul. 27,2014 53°70'N 170°55'W 0—549 m
Calanus glacialis 2020 Garinko II cruise st. A Mar. 17, 2020 44°24'N 143°25'E 0—51m

MATERIALS & METHODS

Library construction and high-throughput sequencing

This study used single individuals of E. pacifica (Euphausiacea) and C. glacialis (Copepoda),
collected from the Berring and Okhotsk Seas, respectively (Table 1). Bulk samples were
preserved in 99% ethanol at —20 °C. Specimens of E. pacifica and C. glacialis were
identified based on Baker, Boden ¢ Brinton (1990) and Chihara ¢ Murano (1997) and
confirmed through mitochondrial gene sequences, including COI obtained in this study,
distinguishing them from closely related species, including C. marshallae. The genome
skimming workflow is depicted in Fig. 1. Species were identified using a stereomicroscope.
Genomic DNA was extracted from an individual of each species using a DNeasy Blood
& Tissue Kit (Qiagen) and eluted in 50 wL of Buffer EB (Qiagen). Due to a large body
size, only part of the body was used for DNA extraction of E. pacifica. DNA concentration
was measured using a Qubit fluorometer (Invitrogen). DIN (DNA integrity number) was
measured using the Genomic DNA system on TapeStation 4200 (Agilent Technologies)
to evaluate the extracted DNA’s quality. Libraries for genome skimming were constructed
using the QIAseq FX DNA Library Kit (Qiagen) for five different amounts of DNA for
each species (10 and 1 ng and 100, 10, and 1 pg). These DNA amounts were selected to
evaluate the effects of DNA inputs on genome skimming data for zooplankton with small
DNA amounts. Although the QIAseq FX DNA Library Kit requires at least 20 pg DNA
in the original protocol, a small amount of DNA up to 1 pg was used in this study to
compare the different amounts of DNA inputs and to evaluate if the genome skimming
method can be applied to small zooplankton or part of the body of specimens. Libraries
were constructed basically according to the manufacturer’s protocol. Three additional
cycles were applied for the amplification step for 100 pg (17 cycles), 10 pg (20 cycles),
and 1 pg (23 cycles) samples based on the results of preliminary experiments, though 10
ng (10 cycles) and 1 ng (12 cycles) samples were followed by the protocol. The details
of the fragmentation time, adaptor dilution, and PCR cycles during the amplification
step are provided for each DNA input in Table S1. The quality and concentration of
the constructed libraries were measured using a D1000 system on TapeStation 4200 and
Qubit. Equal library DNA amounts were pooled for HTS, except for the 1 and 10 pg
samples of C. glacialis, for which sequence libraries were not successfully obtained. Raw
2 x 150-bp paired-end sequence reads were obtained using the Illumina HiSeq and
NovaSeq systems.
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Mitochondrial genome

Adaptor sequences were trimmed and low-quality reads were removed using Trimmomatic
v. 0.39 (Bolger, Lohse ¢» Usadel, 2014) with default settings (ILLUMINACLIP:TruSeq3-PE-
2. fa:2:30:10, LEADING:3, TRAILING:3, SLIDINGWINDOW:4:15, and MINLEN:36).
Sequence quality and duplication levels were evaluated using FastQC (http:/iwww.
bioinformatics.babraham.ac.uk/projects/fastqc/). Quality-filtered samples were assembled
using SPAdes (Bankevich et al., 2012). Contigs for mitogenomes were identified by a BLAST
search against the reference mitogenome of E. pacifica (GenBank accession: EU587005; Shen
etal., 2011) and C. glacialis (MG001883 and MG001884; (Weydmann et al., 2017) using
BLAST+ (Camacho et al., 2009). The mitogenome of C. glacialis was registered in two
separate contigs because of difficulties in assembly. This study investigated only contigs
with >1,500 bp for mitogenome. The obtained contigs were annotated using MITOS
version 2.1.9 (Arab et al., 2017; Donath et al., 2019). The results of de novo assembly using
SPAdes were compared to those obtained by mapping method against the mitochondrial
genome sequences of 1 ng samples in E. pacifica and C. glacialis using Geneious Prime
2019.0.4 (https:/www.geneious.com) with the option of ‘Medium-Low sensitivity’ and
up to five iterations. The lengths of the longest mitochondrial sequences were compared
with different read numbers to determine the number of reads necessary for mitogenome
assembly.

Nuclear genes

Contigs containing nuclear rRNA genes (18S and 28S) were analyzed using BLAST+. In
addition to the 18S and 28S sequences of E. pacifica and C. glacialis, internal transcribed
spacer (ITS) sequences were added to the reference sequence sets. Histone 3 (H3),
commonly used for phylogenetic analysis of crustacean zooplankton (Cornils ¢ Blanco-
Bercial, 2013; Vereshchaka, Kulagin ¢ Lunina, 2019), was also investigated. Because there
were no ITS sequences for E. pacifica and H3 for C. glacialis, the sequence data of species
in the same genus were used as reference data for the BLAST search.

RESULTS

Sequence quality

The DNA concentrations were 15.0 ng/wL (E. pacifica) and 14.7 ng/nL (C. glacialis), and
these extracted DNA showed DIN of 5.7 and 6.5 for E. pacifica and C. glacialis, respectively
(Fig. S1). Libraries were successfully prepared for genome skimming of E. pacifica, and
2.77—9.98 M reads were obtained (Table 52). In C. glacialis, >6.96 M reads were obtained
for samples with >100 pg DNA inputs. However, only 1.58 M and 419 reads were obtained
for samples of 10 and 1 pg, respectively, owing to difficulties in preparing sequencing
libraries for C. glacialis with low DNA amounts. The proportion of high-quality reads was
60.4—77.6% for E. pacifica and 25.3—79.9% for C. glacialis (Fig. 2A). These values tended
to decrease from 100 to 1 pg, and the lowest quality reads were observed in the 1 pg samples
for both species. The proportions of distinct reads, which are sequences after removing
duplicate reads, were 87.9—88.2% for >100 pg DNA samples in E. pacifica (Fig. 2B) and
decreased to 71.5% (10 pg) and 23.0% (1 pg). In C. glacialis, the proportion of distinct
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Figure 2 Quality of sequence reads. (A) Proportions of high-quality sequence reads after the quality-
filtering step. (B) Proportions of sequence reads that remained if duplicated reads are removed (distinct
reads). The numbers of reads used for analyses are listed in Table S2.
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reads decreased from 10 ng (88.0%) to 100 pg (70.4%), and only a small proportion of
distinct reads remained in the 10 pg (8.7%) and 1 pg (14.6%) samples.

Mitogenome sequences

In E. pacifica, almost full-length mitogenomes were obtained as a single contig for samples
using 10 ng, 1 ng, 100 pg, and 10 pg of DNA (Fig. 3A). These sequences were identical
to the mitogenome sequences mapped to the reference sequence, with high sequence
coverage. All 37 genes were successfully annotated in the mitogenome contigs of E. pacifica.
The terminal ends of the contigs were observed in the control region of E. pacifica, and
overlapping regions were not detected at either end. In the sample using 1 pg of DNA,
the longest contig identified as a mitochondrial sequence was only 1,869 bp, and the full
genome sequence was not obtained.

Because the reference mitochondrial genome was separated into two parts in C. glacialis,
two contigs were obtained for the mitochondrial sequences of C. glacialis in samples
containing 10 ng and 1 ng of input DNA (Fig. 3B). As observed in E. pacifica, overlapping
regions of the mitogenome with sufficient sequence coverage were identical between the
de novo assembly and mapping methods. The annotation detected 37 genes in the contigs.

Hirai (2025), PeerJ, DOI 10.7717/peerj.19054 6/16


https://peerj.com
http://dx.doi.org/10.7717/peerj.19054#supp-1
https://doi.org/10.7717/peerj.19054/fig-2
http://dx.doi.org/10.7717/peerj.19054

Peer

A tmL1  apt8 tnG tmARN,S1EF tmH nad4L nadé tmnS2 trmL2 tmV IrnlE,M “,L'WC'Y'W

E ac,ﬂca | 1 | | | | | | Il
. pacifica [ eod[fweleoa] [ wees [ ot | [ T o [ oaer [ e o =]

trnK tmD nad3 tnT tmP

Mapping O Contig 1
10 ng

1ng
100 pg
10 pg
1pg

tmHAYEQL1,
B tmV naddL tms2 nadé tmG  tmFl PMKRWSTN apt8

C. glacialis | [Tal[ T e 1 Teo [ 1T e[ e 2] Toolwel] ]
MG001883 T T

Mapping
10 ng
1ng
100 pg

1,000 bp

STRNA nad3

tmL2 tmC,T tmR

C. glacialis
MG001884

| &
[ragt o] [ ] |
trnD
Mapping —_— O Contig 1
10ng 1,000bp [ Contig 2
1ng
100 pg

Figure 3 Mitochondrial genome sequences for different DNA inputs. (A) Euphausia pacifica. (B)
Calanus glacialis. Note that no >1,500 bp mitochondrial contigs were obtained for 10 and 1 pg samples
of C. glacialis. Note that start and end points are different between reference sequences and assembled
contigs.

Full-size &l DOL: 10.7717/peerj.19054/fig-3

However, the two copies of trnL2 reported by Weydmann et al. (2017) were not detected
in this study’s mitochondrial contigs of C. glacialis. In the sample of 100 pg with large
sequence reads, two contigs were merged into a long contig of >30,000 bp, although the
accuracy of the merged sites of the two contigs could not be evaluated. The terminal ends
of the contigs were observed in the control regions, which were difficult to merge to recover
a circular mitogenome. Sequence libraries were not successfully constructed for the 10 and
1 pg DNA samples from C. glacialis; no mitochondrial contigs >1,500 bp were obtained.

Sequencing depth

To evaluate the sufficient number of sequence reads for mitogenome assembly, 100 pg
samples with the maximum number of sequence reads were used for each species. In E.
pacifica, almost the same length of the longest mitochondrial sequences were observed for
>1 M reads (16,642—16,709 bp; Fig. 4), and these sequences were identical. The longest
mitochondrial contig was below 8,000 bp in the case of 0.5 M reads for assembly. Larger
sequence reads were necessary to assemble mitochondrial sequences in C. glacialis, which
has a longer mitochondrial genome than E. pacifica. The longest mitochondrial contig
increased to 23,469 bp from 1 M to 3 M reads. Mitochondrial sequences of almost the same
length were observed in 3—6 M reads. The separated mitochondrial contigs (Fig. 3) were
merged, and the longest contig of 30,310 bp was retrieved using the maximum number of
6.38 M reads for assembly.
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Table 2 The longest contigs for nuclear rRNA genes of 18S and 28S in each sample are listed.

18S 28S

Euphausia pacifica 10 ng 3,679 bp 4,426 bp
1ng 5,369 bp’ 3,967 bp
100 pg 1,400 bp 1,346 bp
10 pg 1,400 bp 1,346 bp
1pg 1,028 bp 1,090 bp

Calanus glacialis 10 ng 1,289 bp 1,927 bp
1 ng 2,075 bp’ 3,266 bp’
100 pg 2,457 bp’ 3,921 bp’
10 pg 1,930 bp’ 1,060 bp
1 pg no data

Notes.

“Contigs including internal transcribed spacer (ITS) regions.

Nuclear genes

All samples, except for 1 pg of C. glacialis, contained nuclear 18S and 28S contigs (Table 2).

Contigs including 18S and 28S were separated from all samples. Both 10 and 1 ng samples
showed relatively long contigs for 18S and 28S in E. pacifica. The ITS sequences were
included in the 18S rRNA contigs of these samples. In C. glacialis, relatively large contigs,
including 18S and 28S, were detected in the 1 ng and 100 pg samples. In these samples,
both the 18S and 28S contigs contained ITS regions. The 10 pg sample of C. glacialis had
contigs of 18S and 28S, and ITS regions were included in the 18S contig. H3 was detected
in all samples of E. pacifica; however, only samples of 10, 1 ng, and 100 pg contained H3

contigs in C. glacialis.
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DISCUSSION

Genomic resources, including mitogenomes and useful nuclear genes obtained by genome
skimming, are useful for evolutionary and ecological studies. However, this approach has
not been widely used in marine crustacean zooplankton. In this study, two major crustacean
zooplankton species, E. pacifica and C. glacialis were selected to evaluate the effects of input
DNA amounts on genome skimming, using diluted DNA from 1 pg to 10 ng. One of the
goals of this study was to construct a simple workflow for genome skimming methods in
marine zooplankton, including small crustaceans, without relying on reference sequence
data. In the shotgun genome sequencing library construction, physical fragmentation
and linker ligation methods tend to perform better than enzymatic approaches (Knierim
et al., 2011; Hirai et al., 2017). Physical fragmentation of DNA is commonly used in
zooplankton genome skimming (Smolina et al., 2022); however, not all laboratories have
access to equipment for physical fragmentation, such as a Covaris focused-ultrasonicator.
Enzymatic DNA fragmentation was used for library construction using a commercially
available kit in this study. In addition, this study used the de novo assembly method
(SPAdes) to construct contigs, although there are other useful methods, such as the bait
method (e.g., NOVOplasty; Dierckxsens, Mardulyn ¢ Smits, 2017) and detections of target
genes based on amino acid sequences (e.g., MitoGeneExtractor; Brasseur et al., 2023). This
study selected de novo assembly to target various regions including mitogenome and nuclear
rRNA genes, because reference sequence data are not always available for various crustacean
zooplankton species. The mitogenome sequences of E. pacifica and C. glacialis in this study
were identical to those obtained by mapping to reference mitogenome sequences using
different methods (Shen et al., 2011; Weydmann et al., 2017). As molecular-based methods
are still being developed in marine zooplankton (Bucklin et al., 2018), the workflow in
this study is effective for accumulating future mitogenome data for marine zooplankton.
However, complete mitogenome data were not obtained in this study for E. pacifica or
C. glacialis because control regions with repeat sequences (Shen et al., 2011; Weydmann et
al., 2017) were difficult to assemble. Two contigs of C. glacialis reported by Weydmann et
al. (2017) were merged into one contig in the 100 pg sample; however, the accuracy of the
sequences in this merged region should also be confirmed. Although genome skimming
retrieved all mitochondrial genes of E. pacifica and C. glacialis, combining this method
with conventional Sanger sequencing is expected to yield complete mitogenome sequences,
including control regions. Although large non-coding and highly repetitive regions are
difficult to assemble based on shotgun sequencing data, complex regions can also be
retrieved if long-read sequencers are used. Technical replicates were not analyzed for each
DNA input in this study. However, identical sequences were observed among contigs of
different DNA inputs, suggesting that the results of genome skimming are consistent.
This study implied that at least 100 pg DNA should be used for high-quality genome
skimming data in crustacean zooplankton. Although some crustacean zooplankton are
small, the total extracted DNA ranged from 600 pg to 2.4 x 10> ng in 90 species of
small/large copepods in the Kuroshio Current regions off the coast of Japan. The DNA
amount per nucleus ranges from 4.32 to 24.92 pg for marine calanoids, although smaller
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values of 0.28-1.8 pg DNA per nucleus have been reported for Cyclopoida (Wyngaard
¢ Rasch, 2000). A sufficient amount of DNA was extracted from adult females of small
copepods in the genus Paracalanus (4.9-7.3 ng/uL) and Spinocalanus (2.3-8.3 ng/uL)
(Cornils, 2015). Thus, the extraction method to obtain sufficient amounts of DNA is not
a severe limitation for genome skimming in crustacean zooplankton. The necessary DNA
input for shotgun sequencing depends on a library construction kit. For example, the
NEBNext Ultra DNA Library Prep Kit (New England Biolabs) required five ng DNA (Liu et
al., 2012) but was updated for as low as 100 pg DNA in the version I kit. The present study
also showed that genome skimming data could be obtained by adding the amplification
step for library construction using 1 and 10 pg of DNA inputs, below the minimum DNA
amount (20 pg) in the original protocol using the QIAseq FX DNA Library Kit. The same
result was also obtained for shotgun metagenome sequencing of microbial communities
using different library construction kits of the KAPA Hyper Prep Kit and Nextera XT
DNA Library Preparation Kit, and 10 pg was reported as a limit for low-biases library
construction (Hirai et al., 2017). Sequence quality and diversity of sequences decreased in
genome skimming data using a small amount of DNA input because of the high duplication
levels induced by increased PCR cycles to obtain sufficient library concentration. However,
sequence data obtained from a small amount of DNA can also be used for ecological studies
of zooplankton in case of difficulty in accessing high concentrations of DNA for target
species.

In a previous study of genome skimming, deep sequence data of approximately 178
and 175 M paired-end reads of 150 bp were used for the mitogenome and nuclear
ribosomal repeats of C. finmarchicus and C. glacialis, respectively (Weydmann et al., 2017).
Other genome skimming studies in marine crustacean zooplankton also used a massive
amount of raw sequence reads: 52 M for C. simillimus (Smolina et al., 2022), 37.2 M for E.
crystallorophias (Kim et al., 2024), and 46.9 M for Tigriopus kingsejongenesis (Hwang et al.,
2019). However, deep-sequencing efforts are not always necessary for genome skimming,
as mitogenomes and nuclear ribosomal repeats have been successfully assembled using
2-3 M reads for marine fish (Hoban et al., 2022). The comparison of different sequence
reads for assembly in this study indicated that >1 and >3 M reads were enough to
obtain mitogenomes for E. pacifica and C. glacialis, respectively. The minimum number of
sequence reads required for mitogenome assembly may be associated with different sizes.
The mitogenome size of C. glacialis is >27,342 bp (Weydmann et al., 2017), which is longer
than that of other crustaceans, including E. pacifica, which has a 16,898 bp mitogenome
(Shen et al., 2011). Although the genome size of E. pacifica has not been estimated, a large
estimated genome size of >10 Gb was reported for species in Euphausiacea (Jeffery, 2012),
and an 11.8 Gb genome size was estimated for C. glacialis (McLaren, Sevigny ¢ Corkett,
1988). These genome sizes were larger than those of other zooplankton (Gregory, 2024),
except for some crustacean species with uniquely large genome sizes, such as the 63.2
Gb genome of the Amphipoda Ampelisca macrocephala (Rees et al., 2007). The variation
in copepod genome size is large, especially in Copepoda (Wyngaard ¢» Rasch, 2000), and
the minimum sequencing depth for genome skimming among species may differ. The
amount of sequence data for assembly depends on the target genetic region and sequencing
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methods such as sequence length. However, the results obtained using species with large
genome sizes in this study suggest that several million sequence data of shotgun sequencing
can be assembled for almost full mitogenome sequences and other nuclear genes, including
ribosomal repeats.

In addition to mitogenome sequences obtained by genome skimming, sequences
obtained from transcriptome data are useful for robust phylogenetic analysis of crustacean
zooplankton, including euphausiids and copepods (Lizano et al., 2022; Choquet et al., 2023;
Iwanicki et al., 2024). Whole-genome sequencing data have also been obtained for a
limited number of crustacean zooplankton, including copepods and euphausiids, using
long-read sequencers (Choi et al., 2021; Shao et al., 2023; Du et al., 20245 Unneberg et al.,
2024). However, transcriptome and whole-genome analyses require high-quality DNA or
RNA, and the costs of these analyses are higher than those of genome skimming. In this
study, samples were collected almost 10 years ago (Table 1), and degradations of DNA were
observed to some extent based on the results of DIN (Kong et al., 2014). Although the DNA
quality of ethanol-preserved samples decreases over time (Goetze ¢ Jungbluth, 2013), this
study showed that DNA amount is an important factor for low-bias library construction of
shotgun sequencing in case of moderate DNA quality. As the genome skimming approach
can be applied to old zooplankton samples, it is also useful for specimens previously used
for DNA barcoding (Bucklin et al., 2021). According to Hoban et al. (2022), the total cost
of genome skimming, including library construction, quantitation, and sequencing, is
only approximately $31 per sample when multiplexed and sequenced using the Illumina
NovaSeq system. Because sequencing technology is developing rapidly, genome skimming
costs are expected to decrease further. Genome skimming data have advantages over
conventional DNA barcoding with limited sequence length and primer mismatches. Thus,
this method is expected to be widely used for future ecological and evolutionary studies of
marine zooplankton.

CONCLUSIONS

This study demonstrated that genome skimming can be a powerful approach for robust
phylogenetics and population genetics in crustacean zooplankton. In genome skimming,
it addressed the challenge of low total genomic DNA quantities in marine zooplankton
using diluted DNA from the large zooplankton E. pacifica and C. glacialis. Although
previous studies mainly focused on medium and large crustacean zooplankton, this study
showed that at least 100 pg of DNA is required for genome skimming, and 1 ng is the
optimal amount of DNA for obtaining robust data on mitogenome and nuclear genes.
Understanding the interplay of DNA inputs and genome skimming techniques is expected
to be crucial in future conservation and biodiversity studies for diverse organisms, including
marine zooplankton.

Hirai (2025), PeerJ, DOI 10.7717/peerj.19054 11/16


https://peerj.com
http://dx.doi.org/10.7717/peerj.19054

Peer

ACKNOWLEDGEMENTS

I thank all the members of the cruises on RV Hakuho-maru and Garinko II for their
assistance with sample collection. I also thank M. Noda for assistance with laboratory
works.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by a research project grant from the grants provided by the
Environmental Research and Technology Development Fund (JPMEERF20224R03) of
the Environmental Restoration and Conservation Agency provided by the Ministry of
the Environment of Japan. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the author:

The Environmental Research and Technology Development Fund of the Environmental
Restoration and Conservation Agency provided by the Ministry of the Environment of
Japan: JPMEERF20224R03.

Competing Interests
The author declares there are no competing interests.

Author Contributions

e Junya Hirai conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

DNA Deposition
The following information was supplied regarding the deposition of DNA sequences:

The raw sequence data for genome skimming are available at NCBI/EBI/DDBJ Sequence
Read Archive: PRJDB19046.

Data Availability
The following information was supplied regarding data availability:

The data on the main results, including all assembled contigs, contigs for the mitogenome
obtained by de novo assembly and mapping methods, contigs for nuclear rRNA repeats, and
results of annotations, are available at Figshare: Hirai, Junya (2024). Effects of input DNA
amounts on genome skimming in marine crustacean zooplankton. figshare. Collection.
https:/doi.org/10.6084/m9.figshare.c.7502001.v1.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/

peerj.19054#supplemental-information.

Hirai (2025), PeerJ, DOI 10.7717/peerj.19054 12/16


https://peerj.com
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJDB19046
https://doi.org/10.6084/m9.figshare.c.7502001.v1
http://dx.doi.org/10.7717/peerj.19054#supplemental-information
http://dx.doi.org/10.7717/peerj.19054#supplemental-information
http://dx.doi.org/10.7717/peerj.19054

Peer

REFERENCES

Arab MA, zu Siederdissen CH, Tout K, Sahyoun AH, Stadler PF, Bernt M. 2017.
Accurate annotation of protein-coding genes in mitochondrial genomes. Molecular
Phylogenetics and Evolution 106:209-216 DOI 10.1016/j.ympev.2016.09.024.

Baker ADC, Boden BP, Brinton E. 1990. Practical guide to the euphausiids of the world.
London: British Museum (Natural History).

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, Lesin VM,
Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV, Vyahhi N, Tesler
G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new genome assembly algorithm
and its applications to single-cell sequencing. Journal of Computational Biology
19:455-477 DOI 10.1089/cmb.2012.0021.

Blanco-Bercial L, Cornils A, Copley N, Bucklin A. 2014. DNA barcoding of
marine copepods: assessment of analytical approaches to species identifica-
tion. PLOS Current 6: ecurrents.tol.cdf8b74881f87e3b01d56b43791626d2
DOI 10.1371/currents.tol.cdf8b74881f87e3b01d56b43791626d2.

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 30:2114-2120 DOI 10.1093/bioinformatics/btu170.

Brasseur MV, Astrin JJ, Geiger MF, Mayer C. 2023. MitoGeneExtractor: efficient
extraction of mitochondrial genes from next-generation sequencing libraries.
Methods in Ecology and Evolution 14:1017-1024 DOI 10.1111/2041-210X.14075.

Bucklin A, Di Vito KR, Smolina I, Choquet M, Questel JM, Hoarau G, O’Neill R]. 2018.
Population genomics of marine zooplankton. In: Oleksiak MF, Rajora OP, eds.
Population genomics: marine organisms. Cham: Springer, 61-102.

Bucklin A, Peijnenburg KTCA, Kosobokova KN, O’Brien TD, Blanco-Bercial L, Cornils
A, Falkenhaug T, Hopcroft RR, Hosia A, Laakmann S, Li C, Martell L, Questel JM,
Wall-Palmer D, Wang M, Wiebe PH, Weydmann-Zwolicka A. 2021. Toward a
global reference database of COI barcodes for marine zooplankton. Marine Biology
168:78 DOI 10.1007/5s00227-021-03887-y.

Bucklin A, Wiebe PH, Smolenack SB, Copley NJ, Beaudet JG, Bonner KG, Firber-
Lorda]J, Pierson JJ. 2007. DNA barcodes for species identification of euphausi-
ids (Euphausiacea, Crustacea). Journal of Plankton Research 29(6):483—493
DOI 10.1093/plankt/fbm031.

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, Madden
TL. 2009. BLAST+: architecture and applications. BMC Bioinformatics 10:421
DOI10.1186/1471-2105-10-421.

Chihara M, Murano M. 1997. An illustrated guide to marine plankton in Japan. Tokyo:
Tokai University Press.

Choi BS, Han J, Hwang DS, Souissi S, Hagiwara A, Lee JS. 2019. Complete mitochon-
drial genome of the calanoid copepod Eurytemora affinis (Calanoida, Temoridae).
Mitochondrial DNA Part B Resources 4:2731-2733
DOI10.1080/23802359.2019.1644558.

Hirai (2025), PeerJ, DOI 10.7717/peerj.19054 13/16


https://peerj.com
http://dx.doi.org/10.1016/j.ympev.2016.09.024
http://dx.doi.org/10.1089/cmb.2012.0021
http://dx.doi.org/10.1371/currents.tol.cdf8b74881f87e3b01d56b43791626d2
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1111/2041-210X.14075
http://dx.doi.org/10.1007/s00227-021-03887-y
http://dx.doi.org/10.1093/plankt/fbm031
http://dx.doi.org/10.1186/1471-2105-10-421
http://dx.doi.org/10.1080/23802359.2019.1644558
http://dx.doi.org/10.7717/peerj.19054

Peer

Choi BS, Kim DH, Kim MS, Park JC, Lee YH, Kim HJ, Jeong CB, Hagiwara A, Souissi
S, Lee JS. 2021. The genome of the European estuarine calanoid copepod Eury-
temora affinis: potential use in molecular ecotoxicology. Marine Pollution Bulletin
166:112190 DOI 10.1016/j.marpolbul.2021.112190.

Choquet M, Alves Monteiro HJ, Bengtsson-Palme J, Hoarau G. 2017. The complete
mitochondrial genome of the copepod Calanus glacialis. Mitochondrial DNA Part
B Resources 2:506-507 DOI 10.1080/23802359.2017.1361357.

Choquet M, Lenner F, Cocco A, Toullec G, Corre E, Toullec JY, Wallberg A. 2023.
Comparative population transcriptomics provide new insight into the evolutionary
history and adaptive potential of world ocean krill. Molecular Biology and Evolution
40:msad225 DOT 10.1093/molbev/msad225.

Cornils A. 2015. Non-destructive DNA extraction for small pelagic copepods to perform
integrative taxonomy. Journal of Plankton Research 37:6—10
DOI 10.1093/plankt/fbul05.

Cornils A, Blanco-Bercial L. 2013. Phylogeny of the Paracalanidae Giesbrecht,

1888 (Crustacea: Copepoda: Calanoida). Molecular Phylogenetics and Evolution
69:861-872 DOI 10.1016/j.ympev.2013.06.018.

Dierckxsens N, Mardulyn P, Smits G. 2017. NOVOPlasty: de novo assembly of
organelle genomes from whole genome data. Nucleic Acids Research 45:e18
DOI 10.1093/nar/gkw955.

Donath A, Jithling F, Al-Arab M, Bernhart SH, Reinhardt F, Stadler PF, Middendorf
M, Bernt M. 2019. Improved annotation of protein-coding genes boundaries
in metazoan mitochondrial genomes. Nucleic Acids Research 47:10543—10552
DOI 10.1093/nar/gkz833.

Du Z, Gelembiuk G, Moss W, Tritt A, Lee CE. 2024. The genome architecture of
the copepod Eurytemora carolleeae, the highly invasive Atlantic clade of the
E. affinis species complex. Genomics, Proteomics ¢ Bioinformatics 22:qzac066
DOI 10.1093/gpbjnl/qzae066.

Goetze E. 2003. Cryptic speciation on the high seas; global phylogenetics of the
copepod family Eucalanidae. Proceedings of the Royal Society B 270:2321-2331
DOI 10.1098/rspb.2003.2505.

Goetze E, Jungbluth MJ. 2013. Acetone preservation for zooplankton molecular studies.
Journal of Plankton Research 35:972-981 DOI 10.1093/plankt/tbt035.

Gregory TR. 2024. Animal Genome Size Database. Available at http://www.genomesize.
com (accessed on 15 October 2024).

Hirai M, Nishi S, Tsuda M, Sunamura M, Takaki Y, Nunoura T. 2017. Library construc-
tion from subnanogram DNA for pelagic sea water and deep-sea sediments. Microbes
and Environments 32:336-343 DOI 10.1264/jsme2.ME17132.

Hirai J, Shimode S, Tsuda A. 2013. Evaluation of ITS2-28S as a molecular marker for
identification of calanoid copepods in the subtropical western North Pacific. Journal
of Plankton Research 35:644—656 DOI 10.1093/plankt/fbt016.

Hoban ML, Whitney J, Collins AG, Meyer C, Murphy KR, Reft AJ, Bemis KE. 2022.
Skimming for barcodes: rapid production of mitochondrial genome and nuclear

Hirai (2025), PeerJ, DOI 10.7717/peerj.19054 14/16


https://peerj.com
http://dx.doi.org/10.1016/j.marpolbul.2021.112190
http://dx.doi.org/10.1080/23802359.2017.1361357
http://dx.doi.org/10.1093/molbev/msad225
http://dx.doi.org/10.1093/plankt/fbu105
http://dx.doi.org/10.1016/j.ympev.2013.06.018
http://dx.doi.org/10.1093/nar/gkw955
http://dx.doi.org/10.1093/nar/gkz833
http://dx.doi.org/10.1093/gpbjnl/qzae066
http://dx.doi.org/10.1098/rspb.2003.2505
http://dx.doi.org/10.1093/plankt/fbt035
http://www.genomesize.com
http://www.genomesize.com
http://dx.doi.org/10.1264/jsme2.ME17132
http://dx.doi.org/10.1093/plankt/fbt016
http://dx.doi.org/10.7717/peerj.19054

Peer

ribosomal repeat reference markers through shallow shotgun sequencing. Peer]
10:13790 DOI 10.7717/peerj.13790.

Hwang DS, Choi BS, Lee MC, Han J, Kim S, Lee JS. 2019. Complete mitochon-
drial genome of the Antarctic copepod Tigriopus Kingsejongenesis (Harpacti-
coida, Harpacticidae). Mitochondrial DNA Part B Resources 4:1470-1471
DOI10.1080/23802359.2019.1601042.

Iwanicki T, Chen JW, Hirai ], De Turk H, Steck M, Goetze E, Porter M. 2024. Shining
new light on naupliar eyes: a novel molecular phylogeny for Pleuromamma (Family:
Metridinidae) and the characterization of luciferase and opsin expression. Molecular
Phylogenetics and Evolution 201:108200 DOI 10.1016/j.ympev.2024.108200.

Jeffery NW. 2012. The first genome size estimates for six species of krill (MalacostracaE-
uphausiidae): large genomes at the north and south poles. Polar Biology 35:959—-962
DOI 10.1007/s00300-011-1137-4.

Kim SH, Kim T, Son W, Kim JH, La HS. 2024. The complete mitochondrial genome
of the ice krill Euphausia crystallorophias Holt & Tattersall, 1906 (Euphausiacea,
Euphausiidae), from the Ross Sea, Antarctica. Mitochondrial DNA Part B Resources
9:500-505 DOI 10.1080/23802359.2024.2337775.

Knierim E, Lucke B, Schwarz JM, Schuelke M, Seelow D. 2011. Systematic comparison
of three methods for fragmentation of long-range PCR products for next generation
sequencing. PLOS ONE 6:28240 DOI 10.1371/journal.pone.0028240.

Kong N, Ng W, Cai L, Leonardo A, Kelly L, Weimer BC. 2014. Integrating the DNA
integrity number (DIN) to assess genomic DNA (§DNA) quality control using the
Agilent 2200 TapeStation system. Santa Clara, CA: Agilent Technologies.

Lee CE. 2000. Global phylogeography of a cryptic copepod species complex and
reproductive isolation between genetically proximate populations. Evolution
54:2014-2027 DOI 10.1111/j.0014-3820.2000.tb01245.x.

Liu P, Lohman GJS, Cantor E, Langhorst BW, Yigit E, Apone LM, Munafo DB,
Sumner C, Stewart FJ, Evans Jr TC, Nichols NM, Dimalanta ET, Davis TB. 2012.
A fast solution to NGS library preparation with low nanogram DNA input. BMC
Proceedings 6:P26 DOI 10.1186/1753-6561-6-56-P26.

Lizano AM, Smolina I, Choquet M, Kopp M, Hoarau G. 2022. Insights into the species
evolution of Calanus copepods in the northern seas revealed by de novo transcrip-
tome sequencing. Ecology and Evolution 12:e8606 DOI 10.1002/ece3.8606.

Machida RJ, Miya MU, Nishida M, Nishida S. 2004. Large-scale gene rearrangements
in the mitochondrial genomes of two calanoid copepods Eucalanus bungii and
Neocalanus cristatus (Crustacea), with notes on new versatile primers for the srRNA
and COI genes. Gene 332:71-78 DOI 10.1016/j.gene.2004.01.019.

Machida RJ, Miya MU, Nishida M, Nishida S. 2006. Molecular phylogeny and evolution
of the pelagic copepod genus Neocalanus (Crustacea: Copepoda). Marine Biology
148:1071-1079 DOI 10.1007/500227-005-0140-0.

McLaren IA, Sevigny JM, Corkett CJ. 1988. Body sizes, development rates, and genome
sizes among Calanus species. Hydrobiologia 167:275-284 DOI 10.1007/BF00026315.

Hirai (2025), PeerJ, DOI 10.7717/peerj.19054 15/16


https://peerj.com
http://dx.doi.org/10.7717/peerj.13790
http://dx.doi.org/10.1080/23802359.2019.1601042
http://dx.doi.org/10.1016/j.ympev.2024.108200
http://dx.doi.org/10.1007/s00300-011-1137-4
http://dx.doi.org/10.1080/23802359.2024.2337775
http://dx.doi.org/10.1371/journal.pone.0028240
http://dx.doi.org/10.1111/j.0014-3820.2000.tb01245.x
http://dx.doi.org/10.1186/1753-6561-6-S6-P26
http://dx.doi.org/10.1002/ece3.8606
http://dx.doi.org/10.1016/j.gene.2004.01.019
http://dx.doi.org/10.1007/s00227-005-0140-0
http://dx.doi.org/10.1007/BF00026315
http://dx.doi.org/10.7717/peerj.19054

Peer

Minxiao W, Song S, Chaolun L, Xin S. 2011. Distinctive mitochondrial genome of
Calanoid copepod Calanus sinicus with multiple large non-coding regions and
reshuffled gene order: Useful molecular markers for phylogenetic and population
studies. BMC Genomics 12:73 DOI 10.1186/1471-2164-12-73.

Rees DJ, Dufresne F, Glémet H, Belzile C. 2007. Amphipod genome sizes: first estimates
for Arctic species reveal genomic giants. Genome 50:151-158 DOI 10.1139/g06-155.

Shao C, Sun S, Liu K, WangJ, Li S, Liu Q, Deagle BE, Seim I, Biscontin A, Wang Q, Liu
X, Kawaguchi S, Liu Y, Jarman S, Wang Y, Wang HY, Huang G, Hu J, Feng B, De
Pitta C, Liu S, Wang R, Ma K, Ying Y, Sales G, Sun T, Wang X, Zhang Y, Zhao Y,
Pan S, Hao X, Wang Y, Xu ], Yue B, Sun Y, Zhang H, Xu M, Liu Y, Jia X, Zhu J, Liu
S, Ruan J, Zhang G, Yang H, Xu X, Wang J, Zhao X, Meyer B, Fan G. 2023. The
enormous repetitive Antarctic krill genome reveals environmental adaptations and
population insights. Cell 186:1279-1294 €19 DOI 10.1016/j.cell.2023.02.005.

Shen X, Wang H, Wang M, Liu B. 2011. The complete mitochondrial genome sequence
of Euphausia pacifica (Malacostraca: Euphausiacea) reveals a novel gene order and
unusual tandem repeats. Genorme 54:911-922 DOI 10.1139/g11-053.

Smolina I, Espinasse M, Amundsen CR, Espinasse B. 2022. The complete mitochondrial
genome of the southern calanoid copepod Calanus simillimus Giesbrecht, 1902. Mi-
tochondrial DNA Part B Resources 7:1260-1262 DOI 10.1080/23802359.2022.2093678.

Steinberg DK, Landry MR. 2017. Zooplankton and the ocean carbon cycle. Annual
Review of Marine Science 9:413—444 DOI 10.1146/annurev-marine-010814-015924.

Straub SC, Parks M, Weitemier K, Fishbein M, Cronn RC, Liston A. 2012. Navigating
the tip of the genomic iceberg: next-generation sequencing for plant systematics.
American Journal of Botany 99:349-364 DOI 10.3732/ajb.1100335.

Unneberg P, Larsson M, Olsson A, Wallerman O, Petri A, Bunikis I, Vinnere Petters-
son O, Papetti C, Gislason A, Glenner H, Cartes JE, Blanco-Bercial L, Eriksen E,
Meyer B, Wallberg A. 2024. Ecological genomics in the Northern krill uncovers
loci for local adaptation across ocean basins. Nature Communications 15:6297
DOI 10.1038/s41467-024-50239-7.

Vereshchaka AL, Kulagin DN, Lunina AA. 2019. A phylogenetic study of krill (Crus-
tacea: Euphausiacea) reveals new taxa and co-evolution of morphological characters.
Cladistics 35:150-172 DOI 10.1111/cla.12239.

Weydmann A, Przylucka A, Lubosny M, Walczyniska KS, Serrao EA, Pearson GA,
Burzynski A. 2017. Mitochondrial genomes of the key zooplankton copepods Arctic
Calanus glacialis and North Atlantic Calanus finmarchicus with the longest crustacean
non-coding regions. Scientific Reports 7:13702 DOI 10.1038/s41598-017-13807-0.

Wyngaard GA, Rasch EM. 2000. Patterns of genome size in the copepoda. Hydrobiologia
417:43-56 DOI 10.1023/A:1003855322358.

Hirai (2025), PeerJ, DOI 10.7717/peerj.19054 16/16


https://peerj.com
http://dx.doi.org/10.1186/1471-2164-12-73
http://dx.doi.org/10.1139/g06-155
http://dx.doi.org/10.1016/j.cell.2023.02.005
http://dx.doi.org/10.1139/g11-053
http://dx.doi.org/10.1080/23802359.2022.2093678
http://dx.doi.org/10.1146/annurev-marine-010814-015924
http://dx.doi.org/10.3732/ajb.1100335
http://dx.doi.org/10.1038/s41467-024-50239-7
http://dx.doi.org/10.1111/cla.12239
http://dx.doi.org/10.1038/s41598-017-13807-0
http://dx.doi.org/10.1023/A:1003855322358
http://dx.doi.org/10.7717/peerj.19054

