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Abstract

Dietary and predator-prey studies are more frequently relying on DNA metabarcod-
ing methods, typically achieving results that have a better taxonomic resolution (e.g.,
species-level) than previous methods. With the continuous advancement in sequenc-
ing technology, what was previously accessible only as a large, fixed structure in a
laboratory, which had a limited number of users, has now advanced to a small and
readily usable device. In this study, we used the gut (content and lining) from juvenile
lanternfish (Hygophum) specimens to compare the short-read sequencing capability of
the portable Nanopore MinlON with the Illumina MiSeq. Primers common in dietary
DNA metabarcoding work (COI “Leray primers” and 18S rRNA V4 “Zhan primers”)
were used, with an additional comparison of cost-effective COIl “Lobo primers” (tar-
geting the same COI fragment) for the proficiency in species detection of a broad
range of taxa. Our results indicate high congruency between sequencing machines
for, not only taxonomic assignments, but also relative read abundance of the main
dietary items. We also identified that Nanopore sequencing is more cost-effective.
The Lobo primers are comparable to that of Leray, but substantially reduce the primer
set price without compromising detection of taxa. Using both COIl and 18S broadened
the taxonomic scope, providing greater prey detection. Overall, this preliminary study
was successful in creating a foundation for future dietary work involving larvae and
transformation stage fishes whereby the content of the gut need not be separated
from the gut lining to detect prey. The Hygophum diet detected here aligns with pre-
vious research that suggests the main dietary items to be calanoid copepods, but
using molecular methods, soft prey was more readily identified compared to studies
using visual methods of identification of dietary items. Overall, this study found that
Nanopore sequencing is suitable for short-read DNA metabarcoding and can provide

rapid access to sequencing results.

KEYWORDS
18S rRNA, COl, diet analysis, DNA metabarcoding, Hygophum, Illumina, lanternfish, Nanopore

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. Environmental DNA published by John Wiley & Sons Ltd.

282 wileyonlinelibrary.com/journal/edn3

Environmental DNA. 2023;5:282-296.


www.wileyonlinelibrary.com/journal/edn3
mailto:
https://orcid.org/0000-0003-3054-284X
https://orcid.org/0000-0001-6872-7896
https://orcid.org/0000-0002-8887-9181
https://orcid.org/0000-0002-8504-1949
http://creativecommons.org/licenses/by/4.0/
mailto:avan398@aucklanduni.ac.nz
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fedn3.374&domain=pdf&date_stamp=2022-12-05

VAN DER REIS ET AL.

Environmental DNA

1 | INTRODUCTION

DNA metabarcoding is a molecular method that targets a conserved
gene region (e.g., COl and 18S rRNA V4) that also has adequate DNA
sequence variation to allow discrimination between closely related
taxa. Typically, this method is used in large-scale species identifica-
tion studies where the source material is composed of many species.
This technique has been increasingly used in dietary studies where
the primary samples are gut content, regurgitated and/or fecal mat-
ter (e.g., Berry et al., 2015; Carroll et al., 2019; De Barba et al., 2014;
Kartzinel et al., 2015; Oehm et al., 2017; van der Reis et al., 2018).
Moreover, it is a promising method to investigate predator-prey
interactions and thereby reveal potential trophic interactions in
complex food webs, as often these interactions cannot be directly
observed in the natural environment because of limited accessibility,
complex logistics and/or cost, for example, the deep sea (Compson
et al., 2019; van der Reis et al., 2020; Zamora-Terol et al., 2020).
Until recently, the most frequent way of analyzing gut contents
of predators has been manual and visual sorting using taxonomic
methods that rely on morphology to differentiate the identity of the
species that had been consumed. However, the species consumed
cannot always be identified from the gut content due to insufficient
remaining morphological structure as a result of mastication and/or
rapid digestion (e.g., soft bodied organisms such as gelatinous ani-
mals; Arai et al., 2003; O'Rorke, Lavery, Chow, et al., 2012), which
can often lead to the importance of certain dietary species being
under-estimated. Furthermore, the smaller the predator (e.g., larval
and transformation fish stages), the more difficult it is to identify its
increasingly small prey. This is one of the major advantages of DNA
metabarcoding, which can deliver taxonomic identification irrespec-
tive of the morphological state (or size) of the gut contents. Also,
this molecular method of identification does not require taxonomic
expertise and is relatively rapid, cost-effective, and accurate, but is
not without some limitations (e.g., reviewed in: O'Rorke, Lavery, &
Jeffs, 2012; Ruppert et al., 2019; van der Loos & Nijland, 2021).
Rapid initial DNA metabarcoding work (e.g., DNA extraction and
amplification), such as whilst working in the field, is challenging be-
cause it requires a translocation of fundamental laboratory equip-
ment. However, any subsequent work that follows this, such as DNA
sequencing, has been slowed or impractical in the field situation
because the sequencing devices were too expensive to risk trans-
location, and a trained technician was needed for their operation.
However, the advent of small and highly portable sequencing devices
(e.g., Oxford Nanopore Technologies—ONT—MinION devices; Jain
et al., 2016) has led to effective and efficient real-time sequencing,
which makes sequencing possible on-site with results available within
24-48h (Runtuwene et al., 2019). These devices are generally used for
whole genome sequencing and community metagenomics because in
these samples the DNA is intact and of relatively high quality, and thus
capitalizes on the ability of the device to reliably sequence very long
reads. DNA metabarcoding does feature in the Nanopore suite but is
targeted to the full-length 16S rRNA (i.e., EPI2ME 16S workflow). In
contrast, these devices were not designed to be a major sequencing
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platform for short-read environmental or dietary DNA where the DNA
is more likely to be in a degraded state (Deiner et al., 2017; Pompanon
et al., 2012). However, recent studies suggest that, despite the lower
recorded sequencing accuracy (Santos et al., 2020), these portable de-
vices are highly consistent compared to other sequencing devices that
have higher accuracy for shorter read lengths (e.g., lllumina MiSeq;
Chang, Ip, Ng, & Huang, 2020), when comparing molecular opera-
tional taxonomic units (MOTUs) (Chang, Ip, Bauman, & Huang, 2020).
Furthermore, Nanopore basecalling is continuously developing and
improving in accuracy (e.g., Zeng et al., 2020).

In this preliminary DNA metabarcoding study we explore the
proficiency of using the ONT MinlON Mk1B for diet analysis, target-
ing species-level resolution using short-read sequencing (e.g., COI
ca. 313bp; Leray et al., 2013), and compare it to the results from
standard Illumina MiSeq. In doing so, a rudimentary, yet adequate,
bioinformatics pipeline is assembled from existing bioinformatic
tools for the MinlON sequence filtering. We also assess the capa-
bility of two different primer pair sets, which target the same popu-
lar “mini” COl region differing only in the reverse primer, to identify
dietary components and, moreover, use an additional primer pair
targeting the 18S rRNA V4 region to broaden taxa detection. Here,
the diet of juvenile (ca. 2cm) lanternfish, Hygophum sp., sampled in
the eastern Indian Ocean were investigated. Additional objectives
of this work were to determine if there was a difference in the vari-
ety of identified taxa when comparing DNA from gut content versus
the gut lining they were extracted from, and to compare the cost-
effectiveness of both sequencing technologies. The first additional
objective was aimed at ensuring future work using molecular meth-
ods to identify prey that includes the gut lining of smaller mesope-
lagic fish samples will not be dominated by host DNA.

2 | METHODS AND MATERIALS
2.1 | Sample collection

Lanternfish samples were collected during the 2nd International
Indian Ocean Expedition (https://iioe-2.incois.gov.in/), on board a
94 m oceanographic research vessel (RV Investigator, CSRIO, Hobart,
Tasmania), which took place between 13 May 2019 and 14 June
2019. The expedition's sampling stations were along the 110° E me-
ridian off western Australia. The samples were collected either by
means of a neuston net surface tow (1 mm mesh size) or captured
during an EZ multinet tow (0.5mm mesh size). All lanternfish that
were caught were microscopically identified to the lowest possible
taxonomic level on board (pertinent species identification litera-
ture: Hulley & Paxton, 2016a, 2016b; Paxton et al., 1995; Paxton &
Williams, 2019). Fish specimens set aside for dietary analysis were
stored in 70% ethanol and subsequently placed into the -20°C
freezer on board. For this preliminary study of comparative tech-
niques a single lanternfish species, visually identified as a species of
Hygophum, was chosen and selected samples collected from stations
3, 12 and 13 were used (Table S1).
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2.2 | Sample dissection, DNA extraction, and
amplification

The total length of each lanternfish specimen was recorded before
microscopic dissection took place in a UV sterilized laminar flow cab-
inet. Using sterilized fine tweezers, for each sample, the foregut and
the hindgut, if possible, were carefully removed. Subsequently, any
gut content that could be separated from the gut lining was removed
and the gut lining and gut content were each stored separately in
80% ethanol at -20°C.

Shortly after dissection, the DNA was extracted from the gut
content and gut lining separately using the NucleoSpin XS Tissue
DNA extraction kit following the manufacturer's instructions
(Macherey-Nagel), in a UV sterilized laminar flow cabinet. The poly-
merase chain reactions (PCRs) were done in triplicate using MyTaq
Red Mix (Bioline; Meridian Bioscience) master mix; 12.5 ul MyTaq
Red Mix, 0.5 pl of each primer (10 pM), 8.5 pl UltraPure DNase/
RNase-Free Distilled Water (Invitrogen; Thermo Fisher Scientific),
1 ul DNA and 2 pl BSA (1%). Negative controls were included in the
DNA extractions (extraction blank - no tissue added) and subse-
quently in the PCRs, to check for possible contamination. Possible
contamination was also monitored by including a PCR blank (no DNA
added) in every PCR run.

For the recovery of dietary DNA three different universal primer
pairs were used, two targeting the mitochondrial DNA COI region
and another targeting the nuclear 185 rRNA V4 region (Table 1). The
COl primer sets targeted the same area of ~313 base pairs (bp) in
COI and only differed by the reverse primer. The reverse general
primer jgHCO2198 (Geller et al., 2013) contains the degenerate base
inosine (1), which has affinity to nucleotides, in the order of stability,
I-C>1-A>1-T=I-G and thus somewhat increases specificity (Case-
Green & Southern, 1994; Martin et al., 1985). This reverse primer is
often used in conjunction with M1COlintF (Leray et al., 2013) in DNA
metabarcoding studies since the versatility of this primer set was re-
vealed. This primer set has commonly become known as the “Leray
primers,” and thus will be referred to as such in this study. The second

COl reverse primer, LoboR1 (Lobo et al., 2013), replaces the first oc-
currence of | with an A and the remaining Is with W (W = A/T). Like
jgHCO2198, LoboR1 was designed to cover a wide variety of marine
taxa replacing the “Folmer primers” (Folmer et al., 1994) with more
universal ones, and the combination of M1COlintF and LoboR1 will
be referred to as the “Lobo primers.” The 185 rRNA V4 primer pair
targets ~425bp (referred to as “Zhan primers”; Zhan et al., 2013).
The PCR products were run on a 1.6% agarose gel, and visualized
using Gel Red (Biotium), in a Gel Doc XR+ (Bio-Rad).

2.3 | PCR product clean-up

The PCR triplicates were pooled together by sample before pro-
ceeding with DNA clean-up using Agencourt AMPure XP (Beckman
Coulter). The clean-up followed the lllumina protocol for PCR clean-
up (lllumina, 2013) for all gene regions. The concentration of the pu-
rified PCR products was determined using Qubit dsDNA HS Assay

Kit (Invitrogen) following the manufacturer's instructions.

2.4 | Nanopore preparation, sequencing,
bioinformatics, and filtering

The Nanopore native barcoding amplicons protocol was followed as
per the manufacturer's instructions with minor changes (Table S2).
The reaction volume was halved for all PCR amplicons and reagent
volumes for “end-prep” and “native barcode ligation” steps, to make
the sequencing more cost-effective. However, for the “adapter liga-
tion and clean-up” and “priming and loading the SpotON flow cell”
steps the volumes were kept as per the manufacturer's instructions.
Two barcodes were used per sample so that each barcode repre-
sented a different COI primer set, which otherwise would not be
able to be called out separately when demultiplexing. A 2 h sequenc-
ing trial run on a MinlON Mk1b, using R9.4.1 flow cell technology,
with sample 47F was done to ensure that halving reagent volumes

TABLE 1 Primer pairs, gene targeted, expected amplicon size and PCR protocols followed. The differences in the COIl reverse primers
have been indicated by underlining relevant bases. For lllumina sequencing, Nextera adapters were added to the 5’ end of the primers

(Nlumina, 2013).

Gene region Primer pair

COI (313bp) F: M1COlintF (Leray et al., 2013)
GGWACWGGWTGAACWGTWTAYCCYCC
R: jgHCO2198 (Geller et al., 2013)
TAIACYTCIGGRTGICCRAARAAYCA

R: LoboR1 (Lobo et al., 2013)

TAAACYTCWGGRTGWCCRAARAAYCA

F: Uni18SF (Zhan et al., 2013)
AGGGCAAKYCTGGTGCCAGC
R: Uni18SR (Zhan et al., 2013)
GRCGGTATCTRATCGYCTT

18S V4 (425bp)

Nextera adapters

PCR protocol

Lobo et al. (2013) (modified)

94°C 60s

35x%x[94°C 30s; 54°C 90s; 72°C 605s]
72°C 5 min

Clarke et al. (2017)

98°C 30s

30x[98°C 5's; 53°C 20s; 72°C 205]
72°C 5 min

F: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG

R: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
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and amplicon volumes worked adequately. The trial was successful
and thus the remaining samples were sequenced over a 24 h period.
The flow cell was washed at the end of each run following the manu-
facturer's instructions.

The raw data (fast5 file format) bases were called using ONT
sequencing software Guppy v4.2.2. The resulting fastq files, per
barcode, were concatenated into a single fastq file. Cutadapt v3.3
(Martin, 2011) was used to search for primer matches against the
sequences (allowing for a 10% error, but ensuring a full overlap
between primer and sequence). Once matched, the primers were
trimmed in two steps. The first step was done using the data in
the original read direction and the second was using the remaining
untrimmed sequences and reverse complementing them (SegKit
v0.15.0; Shen et al., 2016), then searching for the primers again.
These trimmed reads were then concatenated by their respective
barcodes. It was noted what the total number of reads retained were
and if the reads were trimmed based on the forward or the reverse
primer. Furthermore, all trimmed reads then underwent quality fil-
tering whereby the 3’ end of the read was truncated when a base
was identified with a quality score < 10. The reads were then filtered
for length (COI>263bp and<363bp; 185 V4 >375bp and<475bp)
and converted to fasta format.

VSEARCH (Rognes et al., 2016) in Qiime2 (v2021.2; Bolyen
et al., 2019) was used to dereplicate sequences, cluster the se-
qguences de novo and perform chimera detection on the consensus
sequences. Research has indicated that VSEARCH is appropriate
for clustering Nanopore data when using shorter sequences that
are similar to the read length used in this study (Calus et al., 2018).
Clustering at 95% was done to account for the suggested 5% error
rate (Santos et al., 2020). The consensus sequences were then run
through scikit-learn (within Qiime2; Pedregosa et al., 2011), which
assigned taxonomy with the greatest possible resolution to every
consensus read at a minimum confidence threshold of 80% using
SILVA v138.1 (18S rRNA; Quast et al., 2013), MetaZooGene v2.2
(MZG; COlI; Bucklin et al., 2021) and MIDORI v239 (COI; Machida
et al., 2017). However, it was found that MIDORI was not satisfac-
tory for COIl assignments and OTUs with high numbers of reads
were not being assigned when using MZG (when sequences were
“blasted” using GenBank they were assigned to zooplankton), and
poor resolution was achieved when using SILVA for 18S. It was
also found that when doing taxonomic assignments using these cu-
rated databases (i.e., MIDORI, MZG and SILVA), the reads extracted
in reverse orientation were rarely assigned. Thus, GenBank's
MegaBLAST option in the BLASTn suite (Morgulis et al., 2008) was
used for assignments using the BLAST v2021-05 database (Benson
et al., 2013), minimum E-value threshold of 0.001 and percentage
identity of 280%.

Once OTUs were assigned, the taxonomic identity was run
through the World Register of Marine Species (WoRMS; Horton
et al., 2022) and only the assignments taxonomically classified
within the marine database were retained (i.e., removing any
non-marine assignments/terrestrial contamination). OTUs were
further filtered out if they did not meet the minimum thresholds
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of 90% query coverage alignment and 90% percentage identity.
Percentage identity was a parameter previously set to 80% for
BLAST assignment, but subsequent analyses provided confi-
dence that sufficient data would be retained if increased. OTUs
were only retained if they were classed as not being chimeric and
to combat sequencing error only those OTUs that had formed
clusters with >10 reads were retained (per sample). To avoid
any host contamination, all OTUs assigned to ray-finned fishes
(class Actinopteri) were removed. Any influence of possible
(cross-)contamination or PCR artifacts was reduced by propor-
tional subtraction of the negative control from the respective
assignments.

2.5 | llumina preparation, sequencing,
bioinformatics, and filtering

The PCR products were brought to equal molarity, 2 ng pl'1 where
possible. Sequencing was done through Auckland Genomics (New
Zealand) where indexing, using the Nextera DNA Library Prep
Kit and the second round of PCR clean-up occurred before se-
quencing on an lllumina MiSeq System (2x 300 paired-end; sin-
gle lane). It must be noted that these PCR products were pooled
into a larger sampling run, but as our research aim was to com-
pare the accuracy of the assignments with the greater relative
read abundance and not the presence of rarer assignments (which
may also be influenced by PCR stochasticity), a greater sequenc-
ing depth would only have potentially benefitted identifying rarer
taxa.

Demultiplexed data were received from Auckland Genomics
and Cutadapt was used to trim the forward and reverse primers
from the sequences. Primers were removed if an exact sequence
match could be found anchored at the beginning of the sequence,
and no indels or errors were allowed in the primer sequence. All
untrimmed sequences were discarded. Qiime 2 (version 2021.2;
Bolyen et al.,, 2019) was used to visualize the initial sequence
quality. DADA2 (within Qiime 2; Callahan et al., 2016) was used
for sequence filtering based on quality scores, denoising, merg-
ing and chimera formation to ensure only high quality paired-end
sequences were retained. Similar attempts to use the curated da-
tabases for sequences were made, but using the RDP classifier
(Wang et al., 2007). However, this resulted in the same issues
experienced previously with OTUs, that is, amplicon sequence
variants (ASVs; Callahan et al., 2017) with high read numbers not
being assigned a taxonomic identity or poor taxonomic resolution
was achieved. Therefore, the resulting ASVs were run through
the BLAST database using the parameters as described for the
Nanopore MinlON data and further filtering followed the same
steps as outlined previously. The only step that differed was the
omission of filtering for a minimum read depth because Illumina
sequencing is extremely accurate (99.9%; Santos et al., 2020) and
when investigating those assignments that were singletons, iden-
tified in the content of samples 46A (18S) and 46B (18S and COl),
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their occurrence was confirmed by being present in the gut lining

in higher numbers.

2.6 | Dataanalyses and sequencing
price comparison

All data analyses was done using R v4.1.0 (R Core Team, 2021)
and plots were made using ggplot2 v3.3.3 (Wickham, 2016). To
determine the cost-effectiveness of the two different sequencing
technologies, the per plate costs for Nanopore and lllumina MiSeq
sequencing were investigated and contrasted.

3 | RESULTS
3.1 | Nanopore quality filtering

In total 17,021,907 reads were sequenced from the seven fish speci-
mens from a 24 h run (Table S3). Primer removal, Phred quality score
(Q score) and length filtering resulted in 2,998,265 reads retained
for Leray, 2,865,143 for Lobo and 2,906,050 for Zhan primers.
Forward and reverse primer removal from the original and reverse
complement reads had an approximate 1:1 ratio for all primer pairs
except Leray, which had an approximate 2:1 ratio (forward:reverse)
(Figure S1).

Clustering at 95% sequence similarity produced 2,019,624,
1,936,704 and 2,263,944 OTUs for Leray, Lobo and Zhan, re-
spectively. BLAST assigned taxonomic identities to 98% OTUs
for Leray (1,963,030 OTUs; 2,928,921 reads), 97% for Lobo
(1,873,809; 2,787,351) and ~100% for Zhan primers (2,262,665;
2,904,771). OTUs were retained if they were identified as non-
chimeric and met the minimum thresholds of OTU clustering,
query coverage alignment and percentage identity. After filtering,
a total of 12% (3629 OTUs; 361,963 reads), 12% (3317; 331,425)
and 10% (4232; 299,057) of reads remained for Leray, Lobo and
Zhan primers, respectively. OTUs that could not be taxonomically
classified through the WoRMs database or were identified as fish
were removed (Leray: 3312 OTUs and 350,439 reads; Lobo: 2778
and 310,457; Zhan: 1270 and 131,686) (Tables S4 and S5). While
Leray and Lobo remained above 10% for reads retained, the re-
moval of fish assignments decreased Zhan reads by ~5%. The rel-
ative read abundances were similar within fish samples for both
the reads classified as forward and reverse (Figures S2 and S3).
Regarding negative controls, there were no reads detected in the
18S (Zhan) control and only one species (Labidocera detruncata)
was detected in the COIl (Lobo and Leray) controls. Proportional
subtraction highlighted some taxa, which had “low” read num-
bers that warranted further investigation to determine if doing
only proportional subtraction was adequate. Taking samples that
had data for both gut content and lining, a substantial difference

was seen in read numbers for L. detruncata (e.g., 47F content

had 61,143 reads versus lining with 165 reads; Table S6). Thus,
the low read numbers were not false positives and proportional
subtraction was found to be adequate to control the possible

contamination.

3.2 | lllumina quality filtering

The raw number of Illumina reads for the fish samples were 226,520,
312,018 and 147,242 for Leray, Lobo and Zhan primers, respectively
(Table S7). After filtering via DADA?2 (including denoising, merging
and chimera removal) there were 52% (118,573 reads; 376 ASVs),
50% (154,598; 414) and 45% (66,575; 125) reads remaining for
Leray, Lobo and Zhan primers, respectively. BLAST assigned identi-
ties to 96% of Leray (360 ASVs; 117,552 reads), 93% of Lobo (383;
152,748) and 100% of Zhan (125; 66,575) ASVs.

After the removal of ASVs that (1) did not meet the minimum
thresholds of query coverage alignment and percentage identity, (2)
were assigned to host DNA (all fish ASVs removed), or (3) could not
be taxonomically classified by the WoRMs database, 32% (173 ASVs;
73,541 reads), 30% (197; 92,531) and 21% (58; 30,750) of reads re-
mained for Leray, Lobo and Zhan primers, respectively (Tables S4
and S5). Again, it was possible to mitigate possible contamination
using proportional subtraction from the results obtained from the
negative controls. As above, the lower read numbers after subtrac-
tion were typically retained as the comparison of the gut content
and lining data indicated the detection of the taxa were true posi-
tives (Table Sé6).

3.3 | Comparison of lllumina and Nanopore

For Leray, Lobo and Zhan primers there were 69, 69 and 70 unique
BLAST assignments (i.e., typically species-level assignments;
Tables S4 and S5) post filtering for the Nanopore OTUs, respec-
tively. In comparison, for Leray, Lobo and Zhan primers, among
the Illumina ASVs there were 67, 72 and 40 unique assignments,
respectively.

Overall, the assignments made, as well as their respective
frequencies were mirrored more closely between Nanopore
and lllumina in COI (66 assignments in common, 10 unique to
Nanopore and eight unique to lllumina) than 18S (33 assignments
common, 37 unique to Nanopore and seven unique to Illlumina).
The percentage identity was typically lower for the Nanopore
assignments, with ~2% difference (standard error of +0.8). At
genus-level there were 41 genera in common for COI, five gen-
era were unique to Nanopore and one was unique to lllumina
(Figure 1). For 18S there were 27 genera in common between the
sequencing platforms and Nanopore had 24 unique genera and
lllumina had four (Figure 2). The relative read abundance was sim-
ilar between Nanopore and Illumina for the major dietary genera
(Figures 1 and 2).
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Illumina and Nanopore COI BLAST assignments for genera identified from the gut of seven Hygophum fish specimens, sampled

from the eastern Indian Ocean. Fish samples are individually grouped in columns. Genera are grouped by higher taxonomic classification
using common names, genera listed on the left y-axis and common names on the right y-axis. The relative read abundance (RRA) percentage
is shown in relation to the area of the circle (i.e., the smaller the circle size, the lower the RRA). Copepods have been split as calanoids and

non-calanoids.
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Illumina and Nanopore 18S rRNA V4 BLAST assignments for genera identified from the gut of seven Hygophum fish

specimens, sampled from the eastern Indian Ocean. Fish samples are individually grouped in columns. Genera are grouped by higher
taxonomic classification using common names, genera listed on the left y-axis and common names on the right y-axis. The relative read
abundance (RRA) percentage is shown in relation to the area of the circle (i.e., the smaller the circle size, the lower the RRA). Copepods have

been split as calanoids and non-calanoids.
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FIGURE 3 Comparison of COI primer pair sets targeting the same gene region, which differ only by their reverse primer. BLAST
assignments are shown at genus-level. The relative read abundance (%) is shown on the y-axis and the different primer set results are shown
on the x-axis. The results are grouped in columns by their respective samples, shown on top. Any genera with a relative read abundance <2%

are represented by “other”.

TABLE 2 The number of BLAST assignments at genus-level that
were identified from the lanternfish samples and categorized into
either being identified from the gut content and gut lining, unique
to the content or unique to the lining. The total number of genera
identified from the gut per sample is provided.

Fish ID Content and lining Content only Liningonly  Total

46A 22 3 11 36
46B 10 3 30 43
47F 15 1 9 25
48B 27 7 7 41

3.4 | COIl primer pair comparison: Leray

versus Lobo

Based on the agarose gel results the Lobo primers amplified more
readily compared to the Leray primers. There were 62 assignments
in common between Leray and Lobo for the Nanopore OTUs, and
seven assignments unique to both Leray and Lobo. For lllumina ASVs
there were 65 assignments in common between Leray and Lobo, and
two and seven assignments unique to Leray and Lobo, respectively.
Irrespective of the sequencing device used, there were 45 genera
identified in common between primer pairs (Figure 3). Only Lobo de-
tected unique genera (Scrippsiella and Gonyaulax - dinoflagellates), but
the genera were very low with respect to relative read abundance and
were only detected in one individual.

3.5 | Lining versus content

Four fish specimens had enough gut content that it could be re-
moved from the gut lining. In general, there were a lower number
of organisms that could be assigned from the content compared to
the lining. Organisms that were identified in both the content and
the lining were generally higher in number than organisms found to
be unique to the content or lining alone (Table 2). Fish 46B was an
exception where there were 30 unique genera identified in the lin-

ing alone and three unique to the content, with only 10 in common.

3.6 | Items detected from the gut

Nanopore results detected 22 genera in common between COI and
18S, with 24 and 29 genera being unique, respectively. For lllumina
there were 16 genera in common between COI and 18S, with 26
and 15 genera being unique, respectively. Irrespective of sequenc-
ing device used, there were only 23 genera in common between the
two gene regions (more than half from the order Calanoida), with a
further 24 genera unique to COIl and 32 unique to 18S. Some taxa
were only identified by a single gene, for example, chaetognath gen-
era were only identified by COl and tunicates only by 18S (Table S8).
There were also instances where genera could be identified by
both genes, but were only identified by one gene within a sample
(Table S8). For example, the calanoid Lucicutia could be identified by
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both COIl and 18S and was identified in six samples, but not always
by both genes. In three of the samples Lucicutia was identified by
18S, in another two by COl and in one by both COIl and 18S.

The most prevalent genera identified from the gut were calanoid
copepods. In total 26 genera were identified, but only three were iden-
tified in all fish (Acartia, Clausocalanus and Labidocera; Table S8). Other
common genera identified included Lucifer (prawn), Oikopleura (tuni-
cate), Thysanopoda (krill) and Cylindrotheca (diatom). Detected to lesser
extents were amphipods, ostracods, gastropods and radiolarians (e.g.,
Collosphaera). Organisms that were detected, but were unlikely to be
dietary items, included parasites such as Hematodinium (dinoflagellate).

3.7 | Sequencing price comparison

Sequencing per plate costs were identified from reputable sources
(Table 3). Nanopore sequencing (~$2100; all prices stated in USD)
was cheaper than a standard Illlumina MiSeq run (~$2600), when
based on a sequencing run of 96 indexed samples. However,
Nanopore reagents would need to be bought in bulk and, thus, the
cost was higher if reagents were only purchased for once-off se-
quencing (~$4400). A nano lllumina MiSeq run was the cheapest op-
tion (~$900), but would be constrained by sequencing depth (1.6-2
million reads, which is <10% of reads delivered in a standard run;
Illumina, 2017) making it suitable for preliminary work where low

read depth is sufficient or sample size is small.

4 | DISCUSSION

The Nanopore MinlON has recently been of interest to researchers

due to its user-friendly operation, its ability to sequence long-read

lengths, rapid real-time sequencing capability and portability. A
primary concern is its reported sequencing accuracy, which could
subsequently impact taxa determination from short reads. In this
study we demonstrated that Nanopore sequencing is a suitable,
cost-effective, and rapid alternative for short-read DNA metabar-
coding, with the high relative read abundance results aligning closely
to those of Illumina.

41 | Comparison of lllumina and Nanopore

There is a notable difference in the clustering capabilities between
the two sequencing technologies, which was expected given the
higher error rate of Nanopore (at the time of this study). lllumina
had greater clustering capabilities with on average >4x reads clus-
tered per ASV compared to Nanopore OTUs (post-WoRMS filter-
ing). However, the congruency between the results indicates that
the error rate and clustering does not greatly impact species deter-
mination when using conservative filtering methods for Nanopore
data. The basecalling technology for Nanopore is continuously im-
proving (e.g., Zeng et al., 2020), and thus as the error rate improves,
increasing the read accuracy, so too will the clustering capabilities.
However, despite the error rate, research has shown that partition-
ing long reads to shorter lengths, such as the read length used in
this study, improves clustering capabilities when dealing with errors
(Calus et al., 2018). Furthermore, filtering for taxonomic identity
and coverage helped to mitigate the sequencing error present in the
Nanopore data to ensure correct taxonomic assignment that was
comparable to Illlumina data. It must be noted that other Nanopore
pipelines have been constructed for bulk DNA metabarcoding (e.g.,
Baloglu et al., 2021; Maestri et al., 2019), but reference-free iden-

tification and distinguishing between closely related species was

TABLE 3 Cost calculation (USD) comparison of sequencing for DNA metabarcoding using Nanopore or lllumina technology.

Company Item Price (USD) Library of 96 (USD) Quantity

Nanopore Flow Cell 900 900 When stored correctly can be reused
Ligation Sequencing Kit 599 100 6 libraries
Flow Cell Wash Kit 99 17 6 washes
Native Barcoding Expansion*® 1200 100 12 libraries
NEBNext Ultra Il End Repair/dA-Tailing 795 795 96 rxns

Module**

NEB Blunt/TA Ligase Master Mix** 410 158 250 rxns
NEBNext® Quick Ligation Module** 328 17 20 libraries
Total 4331 2087

lllumina MiSeq (standard) v3 2x 300" 3252 -
MiSeq (standard) v2 2x250" 2603 -
MiSeq (nano) v2 2x 250" 901 -

Note: Items were priced in March 2022. Not included in the pricing are costs that would be fixed regardless of the sequencing method chosen, for
example, DNA extraction kits, PCR reagents and DNA concentration quantification. ltems marked with *, **, 1+ and % had their prices sourced from
reputable and publicly available listings, Oxford Nanopore Technologies (https://www.nanoporetech.com), New England BioLabs (https://www.
neb.com), Cornell University (https://www.biotech.cornell.edu/brc/genomics/services/price-list#miseq) and lllumina (https://www.illumina.com),
respectively. Please note that the total cost for an lllumina MiSeq run is including the Nextera index kit (24 indexes, 96 samples; $270)*.
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essential to this dietary DNA metabarcoding study. Thus, for com-
parison purposes, a pipeline needed to be developed that followed a
similar framework to that implemented for the lllumina data.

For both COIl and 18S the majority of high relative read abun-
dance lllumina BLAST assignments were also assigned to Nanopore
with similar abundance. A noticeable difference though was for
Thysanoessa (krill; 18S), which was filtered out when using the >10
reads per OTU threshold for the Nanopore data. The assignments
unique to either Nanopore or lllumina generally had low relative
read abundance. It is probable that PCR stochasticity accounts for
some of the unique assignments. It is also possible that sequenc-
ing accuracy or differences in bioinformatic sequence filtering
played a role and may account for the somewhat larger number of
unique Nanopore assignments. However, in many cases the unique
Nanopore assignments were identified in more than one individual.
Furthermore, if Nanopore sequencing inaccuracy was prevalent
it would be expected that “random” assignments would occur in a
more inconsistent manner across groups and not within a single sam-
ple for a specific group (e.g., diversity seen in dinoflagellates for COI
and polychaetes for 188S). It would also not be expected that both of
the COI primers used would detect the unique assignments if there
was sequencing error.

The number of unique 18S assignments for lllumina was ~2x
lower than for Nanopore, and although precautions were taken to
ensure final pooling was equal in molarity for the lllumina run, it
was clear that this was not reflected in the raw read ratios (Leray
and Lobo had >1.5x raw reads than Zhan). Having a lower read
depth would have affected the detection of those 18S sequences
with lower abundance (i.e., low DNA template), making it more
difficult to directly compare with the Nanopore results. The as-
signments in common for both sequencing devices, for COIl and
18S, tended to have high relative read abundance percentages.
This likely reflects items that would have passed through the gut
more recently. The congruency between sequencing devices high-
lights the accuracy of the assignments and increases the confi-
dence in the Nanopore results, despite the ~2% lower percentage
identity than the lllumina results and the poorer clustering results
(OTUs:reads vs ASVs:reads). Nanopore's sequencing depth capa-
bilities also promotes its use for dietary analyses, as the high cov-
erage increases the probability of diversity discovery/detection,
although new taxa detection has been shown to plateau after a
certain depth (Alberdi et al., 2018).

Undertaking a short-read DNA metabarcoding study (plate of
96 samples) proved to be more cost-effective on the Nanopore
MinlON (~$2100; all prices stated in USD) compared to doing a stan-
dard lllumina MiSeq sequencing run (starting at ~$2600) (Table 3).
However, the upfront costs of reagents for Nanopore need to be taken
into consideration if the laboratory does not frequently run DNA me-
tabarcoding experiments. A way to “extend” Nanopore reagents, as
done in this study, is to halve reaction volumes (e.g., NEBNext Ultra
Il End Repair/dA-Tailing Module and NEB Blunt/TA Ligase Master
Mix) until the final library is pooled—reducing the price by $477.
Besides the cost-saving and high coverage, a mixture of long and

Open Access
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short amplicons can be sequenced in a single run. A current disad-
vantage is that barcodes are only available for 96 samples, compared
to lllumina, which offers 384 samples to be barcoded. This can be
mitigated by adding 5’ primer tags (<10 nucleotides long; Binladen
et al., 2007; Carge & Bohmann, 2020; Coissac, 2012), but multiple
primers would need to be purchased. The greatest advantages for
the use of Nanopore is the size, portability and the rapid return of
sequencing results in real-time or, alternatively, as soon as the run
has been completed (~24-48h). It must be noted that an lllumina
MiSeq nano run may be a suitable and potentially a more feasible
option for DNA metabarcoding studies, but this is dependent on am-
plicon size, and the desired quality (i.e., Illumina's v3 chemistry being
better than v2 chemistry) and read depth (v2 nano: ~1.6-2 million
reads; v2 standard: 24-30 million reads; v3 standard: 44-50 million
reads) (lllumina, 2017). An advantage of the lllumina runs is that the
sequencing is done by trained individuals, where a minimum number
of reads is often guaranteed, promoting the safe handling of pre-
cious samples.

4.2 | Leray versus Lobo primer pairs

The decision to trial both Leray and Lobo primers was that Leray
has previously proved to be more difficult to amplify (van der Reis
et al., 2018) and agarose gel results had indicated amplification was
better when the Lobo primers were used. In addition, the Lobo prim-
ers are specifically designed for marine organisms (Lobo et al., 2013),
and the reverse primer has been incorporated in COIl studies when
wanting to amplify particularly challenging marine organisms (Ip
et al., 2019). Furthermore, the replacement of the inosine base
(Table 1) with other degenerate primers makes it about four times
cheaper to purchase (pricing from Integrated DNA Technologies,
March 2022). The results in this study indicated little difference be-
tween the results of the two COI primer sets (Figure 3) and utilizing
the Lobo reverse primer is an effective and cheaper alternative to
the Leray reverse primer.

4.3 | General diet

The ocean's mesopelagic zone (200-1000m) is host to an abun-
dance of mesopelagic fishes and, specifically, lanternfish (family
Myctophidae) species are estimated to be the highest in abundance
(biomass and quantity) and diversity, and thus play a crucial eco-
logical role in oceanic food webs (Gjgesaeter & Kawaguchi, 1980;
Olivar et al., 2019). Their daily diel vertical migration through the
water column creates an important carbon transport link between
the more productive surface layers at night (feeding opportuni-
ties) and the mesopelagic depths during the day (predator refuge),
which also ensures a well-connected food web (Bernal et al., 2015;
Hudson et al., 2014; Mehner & Kasprzak, 2011; Raes et al., 2022;
Saunders et al., 2019). Studies have identified that these fish mainly
consume zooplankton (e.g., Bernal et al., 2020; Clarke, 1980; Clarke
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et al., 2020; Cohen & Beckley, 2021; McClain-Counts et al., 2017).
They are preyed on by many marine predators (e.g., squid—Merten
et al,, 2017; predatory fishes—Connell et al., 2010; dolphins—
Giménez et al., 2018; and seabirds—Cherel et al., 2002; Orben
et al.,, 2018; Watanuki & Thiebot, 2018).

While this preliminary study focused on a single species of
Hygophum using specimens captured in the south-east Indian
Ocean, one of its overarching goals was to ensure that the meth-
odology created a foundation for the study to be expanded to
other genera/species. Two main aspects were tested, namely, to
ensure dietary work on fish of early life stages would be successful
if the entire gut was used (i.e., no separation of the content from
the lining), and to confirm the suitability of the primers that were
selected.

The results indicated that the removal of the gut content from
the lining, and subsequently the extraction, only slightly improved
the detection of organisms from the gut content. This supports
the use of entire intestinal tracts for determining the diet from
transformation and/or larval lanternfish (i.e., smaller fish than the
ca. 2cm samples used in this study), as the host DNA does not pre-
clude dietary items from being detected. Despite the growing lit-
erature to support the selected primers, a recently published DNA
metabarcoding diet study investigating lanternfish (4.5-17.6 cm)
from the southern Kerguelen Axis region reported host DNA usu-
ally being assigned to 99% of reads for COI (Leray primers) and
that it was poorly suited for diet analysis in lanternfish (Clarke
et al., 2020). It was suggested 18S rRNA V9 (~100bp) had better
dietary recovery due to its short size, thus its ability to recover
degraded dietary DNA that is likely less than the 313 bp COl frag-
ment targeted (Clarke et al., 2020). However, preliminary in silico
primer pair tests against the SILVA database suggested taxonomic
coverage would be less for 185 rRNA V9 (e.g., >2x Copepoda en-
tries for V4 than V9), so therefore, we decided to use the Zhan
primers (425 bp) targeting V4 to broaden taxonomic coverage and/
or potentially obtain better the resolution (O'Rorke et al., 2022). In
this study, ~10% of total COIl and ~5% 18S reads were assigned to
dietary items for Nanopore (notably a greater percentage of reads
were assigned to dietary items, but were filtered out due to not
meeting the read number OTU clustering threshold) and, ~30%
and ~20% for COl and 18S for lllumina, respectively. This indicated
that host DNA did not prevent dietary detection and that these
amplicon sizes are suitable for use in future work without the use
of methods to block host DNA amplification (O'Rorke, Lavery,
Chow, et al., 2012; O'Rorke, Lavery, & Jeffs, 2012).

This preliminary work also provided an indication of Hygophum
spp. general diet. Calanoids were identified to be the main di-
etary item, which is in line with microscopic analysis done on a
Hygophum species (Kinzer et al., 1993) in the Arabian Sea, as well
as other Hygophum species collected in the western Mediterranean
Sea (Bernal et al., 2015). Other minor dietary groupings previously
identified, and in this study, included Euphausiacea (krill), Decapoda
(e.g., Lucifer), Amphipoda and Ostracoda (Bernal et al., 2015). The
majority of the genera identified in this study have also been

visually identified in the diets of three other myctophid species
(Ceratoscopelus warmingii, Diaphus effulgens and Symbolophorus
evermanni) collected across the southern tropical gyre in the
Indian Ocean, indicating an overlap in prey items, and possible
competition among myctophid species and size classes (Bernal
et al., 2020). Soft zooplankton prey, such as tunicates, particularly
Appendicularia (Oikopleura spp.) appear as relevant prey items from
our study, but previously only sporadic or null occurrences in the
microscope visual analyses of gut contents have been reported
(Bernal et al., 2015; Kinzer et al., 1993; Figure 2). Due to the con-
servative nature of filtering to ensure all host DNA was removed
and no cross-contamination occurred during DNA extraction (other
mesopelagic species gut contents were extracted and considered
for dietary work), all fish assignments identified were removed.
However, fish have been detected as a minor dietary component of
Hygophum in previous studies (using microscope visual gut content
identification methods; Bernal et al., 2015; Kinzer et al., 1993).
Unlike microscopic analysis, DNA metabarcoding provides a
wealth of information without the need for taxonomic expertise and
can identify species present when partially/fully digested (e.g., gelat-
inous items and content in the hindgut). It also has the ability to iden-
tify the residue from organisms that have passed through the gut
content previously by amplifying any tissue/DNA that may remain,
increasing the timeline in which organisms can be detected. The use
of 18S and COIl was complementary, providing a more informative

investigation into the diet.

5 | CONCLUSION

This study, to our best knowledge, is the first to compare short-read
DNA metabarcoding dietary results between Nanopore MinlON
and lllumina MiSeq. The Nanopore BLAST assignment results were
comparable to that of Illumina MiSeq. Using COI and 18S rRNA V4
gene regions proved to be beneficial in widening the taxonomic
breadth detected, revealing a greater dietary composition. Savings
can be made on COI universal primers by pairing the Lobo reverse
primer with the Leray forward, with no decrease in taxa discovery.
Nanopore is typically more cost-effective than lllumina MiSeq, with
substantial cost reduction possible by halving specific volumes in the
protocol. The assessment of the diet of juvenile Hygophum sp. speci-
mens relying on extraction from the gut (inclusive of lining and con-
tent) was successful. Our results highlight that Nanopore, despite its
lower reported sequencing accuracy, is suitable for short-read DNA
metabarcoding, which can also aid in more rapid availability of mo-

lecular results.
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