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ABSTRACT: Successful feeding on preferred prey could be important for the survival of fish larvae.
However, high taxonomic resolution of prey types from damaged gut contents is difficult to achieve
through morphological classification, especially for fragile organisms or immature stages. In this
study, <10 mm early post-larvae of Japanese sardine Sardinops melanostictus and Pacific round
herring Etrumeus teres were collected from Tosa Bay (Japan) during their main spawning periods.
Diet and plankton communities present in the environment were investigated using molecular
operational taxonomic units (MOTUs) clustered using eukaryotic metagenetic data from the 18S V9
region. There were no clear differences in the diets of the co-existing fish species. Fragile protists
and gelatinous metazoans occasionally represented large proportions of gut content; however,
copepods comprised the majority of the prey items. Among the copepods, the Calanidae MOTU
derived from the large copepod Calanus sinicus was most consumed, followed by the Paracalanidae
MOTU identified as small Paracalanus parvus s.l. The C. sinicus MOTU largely dominated inter-
mediate (0.5-1.0 mm) and large (1.0-2.0 mm) environmental mesoplankton communities, whereas
the P. parvus s.1. MOTU was the most dominant in small-sized (0.1-0.5 mm) communities. Early
post-larvae fish were considered to prefer eggs or nauplii of C. sinicus, which was the second-dom-
inant MOTU in small-sized communities. These results suggested that both food availability and
developmental stages of copepods determined prey preference.
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INTRODUCTION fish larvae (e.g. Beaugrand et al. 2003, Dower et al.

2009, Murphy et al. 2012, Robert et al. 2014a), inves-

The early post-larval stage is when fish larvae start
to replace yolk absorption with exogenous feeding.
Feeding success during this period is essential to the
survival of fish larvae (Hjort 1914), and growth and
nutrient condition are the major factors that allow
fish larvae to avoid predation (Anderson 1988, Bailey
& Houde 1989, Takasuka et al. 2003). As both quality
and quantity of prey significantly affect the growth of

*Corresponding author: hirai@aori.u-tokyo.ac.jp

tigating prey preference is important to understand
recruitment dynamics of fish. However, only a lim-
ited number of studies have acquired sufficient taxo-
nomic resolution of preferred prey (reviewed by
Robert et al. 2014b), as gut contents tend to be dam-
aged through feeding and digestion, preventing high
taxonomic resolution of prey in small fish larvae.
Soft-bodied zooplankton and protozoa are especially

© Inter-Research 2017 - www.int-res.com
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fragile and easily digested and therefore hard to
quantify visually, although they may be important
food sources for fish larvae (Montagnes et al. 2010,
Llopiz 2013). Many fish larvae feed on small, cryptic,
planktonic organisms that are highly diverse (e.g. de
Vargas et al. 2015), which further hinders morpho-
logical classification and prevents high taxonomic
resolution of the dietary analysis of fish larvae.

Japanese sardines Sardinops melanostictus are
commercially important fish in the northwestern
Pacific, and their population dynamics show major
long-term fluctuations (Kawasaki 1983). The main
spawning season of S. melanostictus is February and
March in the subtropical Pacific Ocean off Japan
(Watanabe et al. 1996), and their major spawning
ground is Tosa Bay. Tosa Bay is an open-type bay off
the southern coast of Japan, and the hydrography is
strongly affected by the Kuroshio Current (Kuroda et
al. 2008). During the spawning season of S. melano-
stictus, another commercially important clupeoid
species, the Pacific round herring Etrumeus teres,
also dominates the larval community (Djumanto et al.
2004). A previous morphological study on gut con-
tents showed that the larvae of both species mainly
select small copepods, although the compositions
varied depending on food availability in the environ-
ment (Nakata 1988, 1995, Yasue et al. 2011). How-
ever, details of the preferred prey of these 2 species
remain unclear, due to the difficulty involved in clas-
sifying the immature stage of copepods. A staining
method has been used to detect naked protozoan
zooplankton in the gut contents of E. teres larvae
collected from Tosa Bay (Fukami et al. 1999). The
importance of these taxa as food items might be
underestimated for sardine larvae (Nakata 1988),
and important prey for S. melanostictus and E. teres
may therefore not be sufficiently documented, espe-
cially for the early post-larval period.

Molecular approaches can achieve high taxonomic
resolutions, even from damaged samples or those
lacking morphological characteristics. For instance,
the metagenetic method — which amplifies a specific
genetic region from bulk DNA samples and recovers
taxonomic compositions by bioinformatic analysis of
mass sequence data (sequence reads) produced by a
high-throughput sequencer —is a potentially power-
ful tool for diet studies (Pompanon et al. 2012). The
V9 hyper-variable region in the nuclear gene coding
18S ribosomal RNA (18S rRNA) is a common genetic
maker for metagenetic analysis of Eukaryota (e.g.
Amaral-Zettler et al. 2009, de Vargas et al. 2015).
Registered sequences in public databases are rela-
tively large for the 18S rRNA gene across eukaryotic

taxa (e.g. SILVA; Quast et al. 2013), and a universal
PCR primer pair is available to amplify the short 18S
V9 region (approximately 130 bp) across eukaryotes
(Amaral-Zettler et al. 2009). Due to high taxonomic
coverage and resolution, metagenetic analysis of the
18S V9 region is frequently used in diet studies to
detect preferred prey items, including organisms that
cannot be detected by visual observation (O'Rorke et
al. 2012, 2014, 2015, Jarman et al. 2013, Albaina et al.
2016).

Here, we identified the major prey of early post-
larvae of S. melanostictus and E. teres during their
main spawning season in Tosa Bay, Japan, using
metagenetic analysis of 185 V9 to detect dominant
eukaryotic taxa present in gut contents. Results were
compared with prey availability in metagenetic data
from environmental plankton communities. To our
knowledge, this is the first study using metagenetic
analysis to determine the diet of S. melanostictus and
E. teres early post-larvae; our results contribute to-
wards revealing the details of preferred prey types of
both species.

MATERIALS AND METHODS
Sampling

All samples were collected from 4 stations (L3250,
N3320, P3320, and Q3310) in Tosa Bay during the
SY-15-02 cruise aboard the FRV 'Soyo-Maru' (Fig. 1).
All sampling was performed during the day between
15 and 20 February 2015 (Table 1). Early post-larvae
were collected at 0 to 50 m depth with an oblique tow
using an ORI net (Omori 1965) with a 1.6 m mouth
diameter and 335 pm mesh size. A Norpac net
(Motoda et al. 1957) with 100 pm mesh size was de-
ployed using vertical tows to collect organisms com-
prised mainly of mesoplankton in the same depth
range (0 to 50 m). Samples collected using ORI and
Norpac nets were preserved in 99 % ethanol. Ethanol
was replaced within 24 h of initial preservation, and
samples were stored at —20°C. At Stn L3250, a forma-
lin-preserved sample was also collected for morpho-
logical analysis using the Norpac net. We also col-
lected water samples to collect microplankton at the
surface (0 m), 10 m, and 30 m using a plastic bucket
or Niskin bottles attached to the temperature and
depth (CTD) system (SBE-911 plus; Sea-Bird Elec-
tronics). A sample of 11 of seawater was immediately
filtered through 1 pm pore-sized polycarbonate filters
(Nuclepore membrane; GE Healthcare). All polycar-
bonate filters were preserved at —20°C.
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cluded denaturation at 94°C for 2 min,
followed by 35 cycles of 5 s denaturation
at 94°C, 5 s annealing at 50°C, and 10 s
extension at 72°C, with a final extension
at 72°C for 2 min. PCR products were
purified with ExoSap-IT (GE Health-
care), sequenced directly using dye-
labeled terminators, and analyzed on a
3130 DNA Sequencer (Applied Biosys-
tems). Sequencing reactions were per-
formed according to manufacturer proto-
cols using the same primer pair (16Sar
and 16Sbr). Consensus mt16S sequences
were manually confirmed and edited by

- 33°30°

- 33°00
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Fig. 1. Sampling locations in this study. Samples were collected from 4 sta-
tions during the SY-15-02 cruise in Tosa Bay (Japan). Detailed information

on sampling events is listed in Table 1

Identification of fish early post-larvae

Sixteen early post-larvae of clupeoid (<10 mm)
were separated from bulk samples at each station to
analyze gut contents. In total, 64 early post-larvae
were identified to species level by Sanger sequen-
cing of the mitochondrial 16S ribosomal RNA gene
(mt16S). Each larval specimen was dissected under a
microscope, and the whole gut was separated for
metagenetic analysis. Genomic DNA was extracted
from the other body parts of early post-larvae using
the DNeasy Blood & Tissue Kit (QIAGEN) and pre-
served in 100 pl of buffer AE. A fragment of mt16S
sequence (approximately 610 bp) was amplified by
PCR using the primer pair 16Sar and 16Sbr (Palumbi
1996; Table 2). PCR amplification was conducted
with TaKaRa Z-Taqg polymerase (Takara) in 15 pl
reaction mixtures containing 6.3 pl distilled water,
1.5 pl 10x buffer, 1.2 ul dNTPs (2.5 mM), 1.5 pl of

134°30° comparing aligned sequences for both
forward and reverse strands using Gene-
ious R7 (www.geneious.com; Kearse et
al. 2012). Each sequence was BLAST
searched against the NCBI database to

identify fish species.

Metagenetic analysis of gut contents and
environmental samples

Total genomic DNA was extracted using the
DNeasy Blood & Tissue Kit. The whole gut was used
to analyze the diet of each fish larva to avoid loss of
gut contents during dissection. Mesoplankton sam-
ples collected by the Norpac net were categorized
into 3 size fractions using 0.1, 0.5, 1.0, and 2.0 mm
Nitex meshes: small (0.1-0.5 mm), intermediate
(0.5-1.0 mm), and large (1.0-2.0 mm). Large frac-
tions at Stns P3320 and Q3310 were not analyzed due
to insufficient numbers of zooplankton in this size
fraction. DNA samples of fish guts were purified
using PowerClean DNA Clean-Up Kit (MO BIO).
DNA concentration of each sample was measured
with a Qubit 3.0 Fluorometer (Life Technologies).

Table 1. Sampling information collected at each station, including date, location, and sea surface temperature (SST). The num-
ber of individuals analyzed (left) and total length (right) are shown for Sardinops melanostictus and Etrumeus teres at each
sampling site. Numbers in parentheses indicate the average total length

Station Date Latitude Longitude SST (°C) No. of individuals / total length, mm

S. melanostictus E. teres
L3250 15 February 2015 32°49.8'N 133°10.2'E 16.4 7/4.3-9.1(5.9) 9/4.4-7.0 (5.5)
N3320 17 February 2015 33°20.1'N 133°29.9'E 16.0 5/5.0-6.7 (6.2) 11/4.3-52 (4.7)
P3320 19 February 2015 33°20.1'N 133°49.7'E 16.1 12/5.5-8.6 (6.6) 4/5.7-9.5 (7.5)
Q3310 20 February 2015 33°10.1'N 133°59.6'E 16.4 16/ 4.0-7.2 (4.9) 0
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Table 2. PCR primers used in this study. The third round of PCR primers contained an 8 bp index (represented by XXXXXXXX) to discriminate samples

Sequence

Primer name

Gene

5-CGC CTG TTT ATC AAA AAC AT-3

16Sar (Palumbi 1996)
16Sbr (Palumbi 1996)

mt16S

5-CCG GTC TGA ACT CAG ATC ACG T-3

5-TTG TAC ACA CCG CCC-3

1389F (Amaral-Zettler et al. 2009)

18S

5-CCT TCY GCA GGT TCA CCT AC-3

1510R (Amaral-Zettler et al. 2009)

Second primer for 1389F

5-ACA CTC TTT CCC TAC ACGACGCTCTTC CGA TCT TTG TAC ACA CCG CCC-3

5-GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC TCC TTC YGC AGG TTC ACC TAC-3

Second primer for 1510R

5-AGA CCG ATA GCA AAC AAGTAC-3
5-GTC CGT GTT TCA AGA CGG-3

LSU Cop-D2F (Hirai et al. 2015)

28S

LSU Cop-D2R (Hirai et al. 2015)

5-ACA CTC TTT CCC TAC ACG ACG CTC TTC CGA TCT AGA CCG ATA GCA AAC AAG TAC-3
5-GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC TGT CCG TGT TTC AAG ACG G-3

Second primer for LSU Cop-D2F
Second primer for LSU Cop-D2R

5-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACX XXX XXX XAC ACT CTT TCC CTA CAC GAC GC-3

5-CAA GCA GAA GAC GGC ATA CGA GAT XXX XXX XXG TGA CTG GAG TTC AGA CGT GTG-3

18S & 28S  Third forward primer

Third reverse primer

Eukaryotic universal primers 1389F and 1510R
(Amaral-Zettler et al. 2009; Table 2) were used to
amplify the 18S rRNA V9 region. Each PCR sample
using the KOD Plus version 2 (Toyobo) was pre-
pared as a 25 pl reaction volume that contained
13 pl distilled water, 2.5 pl10x buffer, 2.5 pl dNTPs
(2 mM), 1.5 pl MgSO, (25 mM), 1.5 pul of each
primer (5 pM), 0.5 pl KOD Plus polymerase, and 2 pl
template DNA (1 ng pl™!). When the concentrations
of template DNA were low (<1 ng pl™!), we used
5 pl of template DNA and 10 pl distilled water. PCR
cycling included initial denaturation at 94°C for
2 min, followed by 30 cycles of 10 s denaturation at
98°C, 30 s annealing at 56°C, and 1 min extension at
68°C, with a final extension step at 68°C for 7 min.
PCR products of the target region were confirmed
by electrophoresis on a 2.0% Tris-borate-EDTA
(TBE) agarose gel (Takara).

Second and third PCRs were conducted to attach
adaptors for sequencing on MiSeq and dual-index
target sequences to discriminate samples (primers
listed in Table 2). PCR products of environmental
plankton communities were diluted (1/20) before the
second PCR. First PCR products were not diluted as
the target region of electrophoresis for samples of
fish was not as clearly visible as those of environmen-
tal plankton communities. All second PCR products
were diluted (1/20) and used for the third PCR. PCR
cycles were set at 8 cycles with annealing tempera-
ture at 50°C for second PCR and 59°C for the third
PCR. Final PCR products were purified with the
QIAquick PCR Purification Kit (QIAGEN), and the
concentration of purified PCR products was meas-
ured with a Qubit 3.0 Fluorometer. The final PCR
products were transferred to FASMAC Co., where a
single sequencing run was performed using MiSeq
Reagent Kit v2 on an Illumina MiSeq to obtain 2 x
250 bp paired-end sequence reads (accession num-
ber in the NCBI/EBI/DDBJ, sequence read archive:
DRA004678).

28S D2 (approximately 400 bp) metagenetic analy-
sis for the copepod community (Hirai et al. 2015) was
also applied to mesoplankton samples. Because 28S
analysis was performed to confirm the validity of the
18S V9 analysis, metagenetic data of 28S were only
obtained at Stn L3250. As well as 18S metagenetics,
the final PCR products of 28S were prepared using
primer pairs listed in Table 2, with an annealing tem-
perature of 58°C for the first PCR. A sequencing run
was performed using MiSeq Reagent Kit v3 on an
Mlumina MiSeq to obtain 2 x 300 bp paired-end se-
quence reads of 28S (same accession number as 18S
analysis). Note: this sequencing run contained ap-
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proximately 200 amplicon samples, and not all
sequence reads in a single MiSeq run were obtained
in this study.

Bioinformatic analysis

Raw 18S paired-end reads were initially quality-
filtered using Trimmomatic (Bolger et al. 2014) based
on the following settings: CROP:135 MINLEN:50
LEADING:20 TRAILING:20 SLIDINGWINDOW:30:
30. We merged paired-end reads and performed a
bioinformatic analysis in MOTHUR (Schloss et al.
2009). Both primer sites were eliminated, with crite-
ria of 1 mismatch for 1389F and 3 mismatches for
1510R. Merged sequence reads were further quality-
filtered and discarded if they did not meet the follow-
ing criteria: (1) containing no ambiguous bases (Ns);
(2) containing 100-200 bp; and (3) containing <6
homopolymers. All quality-filtered sequence reads
were aligned against SILVA 119 databases (Quast et
al. 2013) in MOTHUR. The aligned sequences were
also filtered using single linkage preclustering (Huse
et al. 2010). Possible chimeras were removed by both
methods, with and without a reference dataset in
UCHIME (Edgar et al. 2011). We used the V9_PR2
reference database provided by the Tara Oceans
project (de Vargas et al. 2015; available at http://
taraoceans.sb-roscoff.fr/EukDiv/). Using the same
V9_PR2 reference database, we classified sequence
reads into taxonomic groups using a naive Bayesian
classifier (Wang et al. 2007) with a threshold greater
than 70%. As this study focused on eukaryotic
organisms, only sequences classified as '‘Eukaryota’
were selected. The taxonomic group ‘Craniata’, in-
cluding vertebrates, was removed from gut contents
data to avoid sequence reads from the host or other
contamination. The final quality-filtered sequences
were clustered into molecular operational taxonomic
units (MOTUs). We used the 99 % similarity thresh-
old for high taxonomic resolution based on the aver-
age neighbor algorithm. As this study focused on
dominant taxonomic groups, rare MOTUs with less
than 0.01 % of total sequence reads were eliminated
to avoid erroneous inflation of MOTUs.

Raw 28S sequence reads were also quality-filtered
and merged according to the method for 18S metage-
netics, except for CROP:300 and MINLEN:100 in
Trimmomatic. Other bioinformatic analyses for the
28S metagenetic analysis of copepods followed those
in previous studies (Hirai et al. 2015, Hirai & Tsuda
2015). As in the 18S analysis, a 99 % similarity thresh-
old was used for MOTUs clustering.

Taxonomic compositions of metagenetic data

For 18S metagenetics, proportions of all eukaryotic
reads in the gut contents were calculated for each
individual and for environmental planktonic commu-
nities to examine whether protozoans represent
major food sources for early post-larvae of Sardinops
melanostictus and Etrumeus teres. Proportions of
sequence reads were investigated within taxonomic
groups of Metazoa to evaluate the importance of
non-copepod metazoans, including gelatinous zoo-
plankton. Dominant MOTUs were also investigated
within Copepoda. The representative sequence of
each copepod MOTU was obtained based on the
most abundant sequence reads. Then, each se-
quence was taxonomically assigned to Family level
based on the BLAST search against the NCBI data-
base, as not all 18S sequences of copepods were
included in the V9_PR2 reference database. These
analyses were also performed for environmental
samples of microplankton and mesoplankton, with
prey availability at each station being compared
against the average taxonomic compositions of gut
contents at each station. As the main prey size of lar-
vae in this study was less than 0.5 mm in length
(Nakata 1988), the averages of water samples (0, 10,
and 30 m) were used to determine prey availability
for Eukaryota and small mesoplankton (0.1-0.5 mm)
for Metazoa and Copepoda.

To investigate the effects of species and sampling
stations on diets, differences in gut contents among
all individuals were investigated using proportions of
sequence reads of all MOTUs. The degree of similar-
ity among gut contents was evaluated using Bray-
Curtis similarity, compared among all individuals by
multidimensional scaling (MDS). The homogeneity
of dispersion was tested using permutational analysis
of multivariate dispersions (PERMDISP) and the
differences among groups (species or station) were
tested using permutational analysis of variance
(PERMANOVA). PERMANOVAs were conducted
using Type III sums of squares and the unrestricted
model. All permutation-based tests were conducted
using 999 permutations. Analyses of similarity, MDS,
PERMDISP, and PERMANOVA were run in PRIMER
version 7 (Clarke & Gorley 2015) with the PERM-
ANOVA+ add-on (Anderson et al. 2008).

Food selection index and trophic niche breadth

The food selection index and trophic niche breadth
were calculated following Roura et al. (2012, 2016).


https://www.researchgate.net/publication/288558513_Naive_Bayesian_classifier_for_rapid_assignment_of_rRNA_sequences_into_the_new_bacterial_taxonomy?el=1_x_8&enrichId=rgreq-554e01d09132b1088cc93cabcd877dfd-XXX&enrichSource=Y292ZXJQYWdlOzMxMTUyMjk4ODtBUzo0NTg3MjMwOTg0MDI4MTZAMTQ4NjM3OTUxNzg1OQ==
https://www.researchgate.net/publication/277012489_Ocean_plankton_Eukaryotic_plankton_diversity_in_the_sunlit_ocean?el=1_x_8&enrichId=rgreq-554e01d09132b1088cc93cabcd877dfd-XXX&enrichSource=Y292ZXJQYWdlOzMxMTUyMjk4ODtBUzo0NTg3MjMwOTg0MDI4MTZAMTQ4NjM3OTUxNzg1OQ==
https://www.researchgate.net/publication/51245492_UCHIIME_improves_sensitivity_and_speed_of_chimera_detection?el=1_x_8&enrichId=rgreq-554e01d09132b1088cc93cabcd877dfd-XXX&enrichSource=Y292ZXJQYWdlOzMxMTUyMjk4ODtBUzo0NTg3MjMwOTg0MDI4MTZAMTQ4NjM3OTUxNzg1OQ==

Author copy

104 Mar Ecol Prog Ser 564: 99-113, 2017

The food selection index was calculated to compare
selectivity of major copepod prey using the linear
index of food selection (L) (Strauss 1979), which was
calculated as:

L=r;-p; (1)

where 1; is the proportion of copepod MOTUs in the
gut and p; is the proportion in the environment. The
values ranged from -1 to +1, with prey preference
indicated by a positive value and prey avoidance or
inaccessibility by a negative value. Trophic niche
breadth was calculated using Czekanowski's Index
(CI) (Feinsinger et al. 1981):

CI=1-0.5Y|p; - qi 2)

where p; is the proportion of prey in the individual
gut contents and g; is the proportion in the environ-
mental communities. This index was calculated for
each of the 2 fish species at each sampling site using
environmental data of Eukaryota, Metazoa, and
Copepoda. The value ranged from [min g;] (special-
ization to the rarest resources) to +1 (utilization of
resources in proportion to their availability). Statisti-
cal analysis of the CI and L was performed using Stu-
dent's t-test.

Comparisons between 18S and 28S analyses

Only copepod sequences at Stn L3250 were used to
compare between 18S and 28S metagenetics, as the
28S metagenetic method (Hirai et al. 2015) was opti-
mized for copepods. MOTUs with less than 0.1 % of
total sequence reads were eliminated to focus on
dominant taxa and avoid inflating MOTUs. The
‘best-hit" species were identified using 28S MOTUs
based on the BLAST search against the NCBI data-
base, which was shown as the most useful method to
detect dominant species in the Kuroshio region off
Japan (Hirai et al. 2015). Sequence proportions of
MOTUs were compared between 18S and 28S meta-
genetic analyses for each size fraction of environ-
mental copepods (0.1-0.5 mm, 0.5-1.0 mm, and 1.0-
2.0 mm) at Stn L3250.

Developmental stages of Calanus sinicus

Metagenetic analyses provided no information on
the developmental stages of prey; therefore, we
investigated developmental stages of the large dom-
inant copepod Calanus sinicus at Stn L3250 to sup-

port metagenetic analyses. The formalin-preserved
sample was size-fractioned, and small (0.1-0.5 mm)
and middle (0.5-1.0 mm) size fractions were split into
1/32 and 1/4 respectively. C. sinicus in each size frac-
tion were classified as egg, nauplii (NI-NVI), early
copepodite (CI-CIV), fifth copepodite (CV), or adult
(CVI Female/Male) stages. Middle-size fractions of
Calanus-shaped specimens were classified as nauplii
and egg of C. sinicus (Koga 1984). The abundance of
each developmental stage was counted for each size
fraction, and compositions of developmental stages
were investigated.

RESULTS

Diet analysis of Sardinops melanostictus and
Etrumeus teres

Mt16S sequences were obtained from all 64 early
post-larvae, which were classified as Sardinops me-
lanostictus or Etrumeus teres. The proportions of the
2 species varied with respect to sampling stations. Of
16 individuals sampled at each station, the number of
S. melanostictus was 7 (Stn L3250), 5 (Stn N3320), 12
(Stn P3320), and 16 (Stn Q3310) (Table 1). The total
length of early post-larvae (mm) at each station was
4.3t09.1 (Stn L3250), 4.3 to 6.7 (Stn N3320), 5.5t0 9.5
(Stn P3320), and 4.0 to 7.2 (Stn Q3310). The average
total length (mm) of S. melanostictus was 5.9 (Stn
L3250), 6.2 (Stn N3320), 6.6 (Stn P3320), and 4.9 (Stn
Q3310). Average total length (mm) of E. teres was 5.5
(Stn L3250), 4.7 (Stn N3320), and 7.5 (Stn P3320).

High proportions of Craniata sequences, which are
mainly teleosts, were observed in the gut content
metagenetic analysis. The percentages of Craniata
ranged from 23.7 to 98.0% (average 78.5%) in all 64
early post-larvae (see Fig. S1 in the Supplement at
www.int-res.com/articles/suppl/m564p099_supp.pdf).
Final sequence reads for data analysis were 1092 to
60264 for fish guts, 15642 to 42658 for microplank-
ton, and 44699 to 61573 for mesoplankton. These
sequence reads were clustered into 430 MOTUs,
with >0.01% total sequence reads at the 99 % simi-
larity threshold.

18S metagenetic analysis of Eukaryota

Various taxonomic groups of Eukaryota were de-
tected in the metagenetic analysis of gut contents.
However, most sequence reads were Metazoa in
Opisthokonta, with averages of 64.4 to 77.5% (S.
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melanostictus) and 66.8 to 75.8 % (E. teres) at a single
site (Fig. 2). Several individuals contained high per-
centages of Radiolaria (£82.0%), however, on aver-
age, the percentage of Radiolaria was low, with 5.2 %
(S. melanostictus) and 4.8 % (E. teres) in the gut con-
tents across all stations. Other major taxonomic
groups detected in the gut contents included fungi
(average 11.9% in S. melanostictus and 11.2% in
E. teres), Streptophyta (average 3.7 % in S. melano-
stictus and 6.2 % in E. teres), and Dinophyta (average
3.9% in S. melanostictus and 2.7 % in E. teres). Meta-
zoa comprised most sequence reads in mesoplankton
communities collected by plankton nets, with an
average of 89.2% in the 0.1-0.5 mm class, 95.0% in
the 0.5-1.0 mm class, and 99.1 % in the 1.0-2.0 mm
class. Microplankton communities also had high per-
centages of sequence reads of Metazoa (49.3 %);
however, the percentages of other taxonomic groups
were also high: Dinophyta (22.1%), Chlorophyta
(11.0%), and Bacillariophyta (6.9 %). Comparison of
the average gut contents and prey availability of
microplankton communities showed high predation

on Metazoa, which had high availability in the envi-
ronment (Fig. 3a). Radiolaria, fungi, and Strepto-
phyta were detected in the gut contents, but were
minimal in the microplankton communities, with
averages of 0.4, 0.2, and 0.4 % respectively.

18S metagenetic analysis of Metazoa

As Metazoa were the most prevalent taxonomic
group within the Eukaryota, taxonomy within Meta-
zoa was further investigated. Copepoda was the pri-
mary prey item for both S. melanostictus and E. teres
(Fig. 4). The small mesoplankton communities (0.1 to
0.5 mm) mainly comprised Copepoda (86.3 to
93.5 %), while all other taxonomic groups were minor
with respect to both the gut contents and prey avail-
ability of small mesoplankton communities (Fig. 3b).
The average percentage of Copepoda in the gut con-
tents was 86.9 to 94.9 % (S. melanostictus) and 84.0 to
94.2% (E. teres) at a single station. High percentages
of other metazoan groups were occasionally ob-
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Fig. 2. Taxonomic percentages of sequence reads in Eukaryota, represented by the gut contents, microplankton (water), and
mesoplankton (net) at each sampling station. ‘Others’ include Amoebozoa, Excavata, and Hacrobia. ND: no data
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served, including Ostracoda (£61.7%), Appendicu-
laria (£14.0 %), Chaetognatha (£25.3 %), and Hydro-
zoa (£19.4%). However, these groups represented
small percentages in the average gut contents of all
early post-larvae; namely, 3.2% (Ostracoda), 1.6%
(Appendicularia), 0.7% (Chaetognatha), and 2.9%
(Hydrozoa). High percentages of Copepoda were
also observed in the intermediate (0.5-1.0 mm) and
large (1.0-2.0 mm) mesoplankton communities,
although other taxonomic groups, including Hydro-
zoa (£29.4%) and Appendicularia (<14.0%) were
occasionally present in these size fractions.

18S metagenetic analysis of Copepoda

Copepods were the most prevalent taxonomic
group within the Metazoa, therefore detailed taxon-
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Fig. 3. Prey availability versus gut contents in (a) Eukary-
ota, (b) Metazoa, and (c) Copepoda. Each plot presents the
average taxonomic percentages of sequence reads for the
gut contents at each station, presented in Fig. 2 (Eukary-
ota), Fig. 4 (Metazoa), and Fig. 5 (Copepoda). Averaged
microplankton in environmental water samples was used
for the prey availability of Eukaryota, and small (0.1-0.5
mm) mesoplankton for Metazoa and Copepoda. Sardinops
melanostictus (@) and Etrumeus teres (<) are presented
separately. Calanidae 1 and Paracalanidae 1 correspond to
Fig. 5. Average Czekanowski's Index at each station is
presented for S. melanostictus (Cls) and E. teres (Clg)

omy within Copepoda was investigated further. In
the MOTU-based analysis of Copepoda, 2 MOTUs
(Calanidae 1 and Paracalanidae 1) were the major
prey items for the early post-larvae of both S. mela-
nostictus and E. teres (Figs. 3c & 5). BLAST results
showed 100 % identity for Paracalanidae 1 to Para-
calanus parvus s.l. However, Calanidae 1 showed
100 % identity to several Calanidae species, includ-
ing Calanus sinicus and Cosmocalanus darwini, both
of which are common in Tosa Bay. Calanidae 1 was
the most dominant MOTU in the intermediate (0.5—
1.0 mm) and large (1.0-2.0 mm) mesoplankton com-
munities, with 69.4 to 83.4% and 77.2 to 92.9%
sequence reads, respectively. Paracalanidae 1 was
the most dominant in small (0.1-0.5 mm) mesoplank-
ton communities, with 47.9 to 60.1 % sequence reads,
followed by Calanidae 1 (11.8 to 26.4% sequence
reads). Despite Paracalanidae 1 having higher avail-
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Fig. 4. Taxonomic percentages of sequence reads in Metazoa, represented by the gut contents, microplankton (water), and
mesoplankton (net) at each sampling station. ND: no data

ability than Calanidae 1 in small mesoplankton com-
munities, a greater average percentage of Calanidae
1(36.8t048.9% in S. melanostictus and 45.1 to 53.6 %
in E. teres) than Paracalanidae 1 (10.3 to 33.4% in S.
melanostictus and 12.9 to 22.8 % in E. teres) (Fig. 3c)
was detected in the gut contents at each sampling
station. The linear indexes of food selection (i.e. L)
were all positive for Calanidae 1 (0.12 to 0.37 in S.
melanostictus and 0.24 to 0.33 in E. teres) and all neg-
ative for Paracalanidae 1 (-0.38 to —0.21 in S. melano-
stictus and —0.35 to —0.31 in E. teres). The value of L
was significantly larger for Calanidae 1 than Para-
calanidae 1 at Stns L3250, N3320, and P3320 (p <
0.01). Water samples also typically showed high per-
centages of Paracalanidae 1 and Calanidae 1 MOTUs,
although a high percentage of other copepod MOTUs
(e.g. Eucalanidae) was occasionally detected. Four-
teen MOTUs with >10% reads in any sample
belonged to the Eucalanidae, Oithonidae, Oncaeidae,
Clausocalanidae, Paracalanidae, Candaciidae, and
Euchaetidae families.

Dietary differences by species and sampling stations

No clear differences were observed between S.
melanostictus and E. teres in the taxonomic composi-
tions Eukaryota, Metazoa, and Copepoda in se-
quence reads (Figs. 2-5). The MDS analysis based on
all MOTSs also showed no clear dietary difference by
species or sampling stations (Fig. S2 in the Supple-
ment). PERMDISP showed no significant (p > 0.05)
differences in dispersions between S. melanostictus
and E. teres at Stns L3250, N3320, and P3320
(Table S1 in the Supplement). In addition, PERM-
ANOVA indicated no significant (p > 0.05) differ-
ences in gut contents between each species at each
sampling station. The PERMDISP and PERMANOVA
analyses also indicated no significant (p > 0.05) dis-
persions or differences in gut contents among sam-
pling stations in either S. melanostictus or E. teres
(Table S1).

Trophic niche breadth was estimated using CI for
S. melanostictus and E. teres (Fig. 3). Modest values
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Fig. 5. Taxonomic percentages of sequence reads in Copepoda. Molecular operational taxonomic units (MOTUs) are classi-
fied to Family level based on BLAST searches against the NCBI database. Only MOTUs with >10% sequence reads in any
sample were selected. All other MOTUs were included as ‘other Copepoda.’ Percentages of sequence reads in Copepoda are
represented by the gut contents, microplankton (water), and mesoplankton (net) in each sampling station. ND: no data

were observed for Eukaryota (0.45 to 0.56 in S. mela-
nostictus and 0.56 to 0.60 in E. teres) and Copepoda
(0.39 to 0.61 in S. melanostictus and 0.49 to 0.60 in
E. teres), but higher values were observed for Meta-
zoa (0.87 to 0.93 in S. melanostictus and 0.86 to 0.91
in E. teres). There were no significant (p > 0.05) dif-
ferences in CI between S. melanostictus and E. teres
at Stn 13250, N3320, or P3320.

Comparison between 18S and 28S metagenetic
analyses of copepods

A total of 5864 sequence reads from 28S regions
was obtained for each size fraction of copepods at
Stn L3250. Major MOTUs in the 28S metagenetic
analysis showed high identity (99 to 100 %) to partic-
ular copepod species based on BLAST results
(Fig. 6a). Metagenetic analysis of 28S showed high
dominance (39.2 % sequence reads) of a MOTU with

100 % identity to P. parvus s.l. (family Paracalanidae)
in the 0.1-0.5 mm copepod community. A MOTU
with 100 % identity to C. sinicus (family Calanidae)
was dominant in the 0.5-1.0 mm (55.1 %) and 1.0-2.0
mm (79.9 %) communities. This MOTU was discrimi-
nated from the other Calanidae MOTU that had
100 % identity to C. darwini and much smaller se-
quence proportions. Therefore, the dominance of
Calanidae 1 and Paracalanidae 1 in the 18S metage-
netic analysis (Fig. 6b) almost corresponded with the
C. sinicus MOTU and P. parvus s.1. MOTU in the 28S
analysis. Other major MOTUs in 18S (e.g. Candaci-
idae, Clausocalanidae, and Oithonidae) were also
represented in the 28S analysis.

Developmental stages of C. sinicus

Morphological analysis showed compositions of
developmental stages of C. sinicus in each size frac-

Clausocalanidae 1
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Fig. 6. (a) 28S and (b) 18S sequence percentages of the copepod community at Stn L.3250. Taxonomy of molecular operational
taxonomic units (MOTUs) is based on BLAST searches against the NCBI database. The best BLAST-hit species and identities
are presented for the MOTUs of 28S (a). MOTUs of 18S (b) correspond to data presented in Fig. 5

tion (Fig. 7). Adult stages were only observed in the
large size fraction (1.0-2.0 mm) and occupied 19.0 %
(female) and 11.2% (male) of total abundance in this
fraction. Individuals of CI-CIV and CV were found
both in the 1.0-2.0 mm and 0.5-1.0 mm size frac-
tions, but not in the small (0.1-0.5 mm) size fraction.
In the 0.5-1.0 mm fraction, 83.3% was CI-CIV. No
NI-NVI were observed in communities >0.5 mm.
Only eggs (15.6%) and NI-NVI (84.4 %) occupied
this small size fraction.
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Fig. 7. Compositions of developmental stages of Calanus
sinicus at Stn L3250. Calanus sinicus were classified into
eggs, nauplii (N1-NVI), early copepodite (CI-CIV), fifth
copepodite (CV), or adult (CVI Female/Male) stages. Abun-
dances of each stage were counted, and compositions of
developmental stages are shown for each size fraction

DISCUSSION
Validity of the metagenetic method for diet studies

Our study validated the metagenetic approach to
molecular-based diet analysis, which provided a
good snapshot of gut contents in early post-larvae of
Sardinops melanostictus and Etrumeus teres. As 18S
V9 includes all eukaryotic organisms, both taxonomic
coverage and resolution of preferred prey were supe-
rior to previous morphological and stable isotope
analyses (e.g. Nakata 1988, 1995, Yasue et al. 2011,
2014). However, species-level analysis is more diffi-
cult with the slow-evolving 18S rRNA gene compared
with the mitochondrial gene (Tang et al. 2012, Zhan
et al. 2014, Mohrbeck et al. 2015, Wu et al. 2015).
Although previous metagenetic studies of the 18S
region normally used a 97 % similarity threshold for
MOTU clustering (e.g. O'Rorke et al. 2012, Pearman
et al. 2014), we used a more strict cutoff value of 99 %
to obtain higher taxonomic resolution of MOTUs.
Comparison with the more variable 28S marker
showed that dominant species were successfully re-
flected in the 18S metagenetic analysis of Copepoda
in the study area. Quantitative aspects of the 18S V9
metagenetic analysis have been previously evaluated
in environmental eukaryotic communities (de Vargas
et al. 2015) and the dietary analysis of fish (Albaina et
al. 2016). Despite possible methodological biases (e.g.
copy number of the TRNA gene), metagenetic data
tend to be correlated with biomass, providing a useful
semi-quantitative method (Hirai et al. 2015, Albaina
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et al. 2016). This study also showed concordance be-
tween 18S and 28S metagenetic analyses of dominant
copepods, validating the 18S V9 metagenetic method
as a means to investigate the quantity of preferred
prey type in the diets of early post-larvae of S. mela-
nostictus and E. teres.

In this study, whole guts were used for DNA extrac-
tion and no blocking primer to avoid amplification of
predator sequences was applied. Despite small per-
centages of prey sequence reads (average 21.5 %),
deep-sequencing depth by Illumina MiSeq revealed
the dominant taxonomic groups. Variations in per-
centages of prey sequence reads among individuals
might derive from differences in gut fullness and
phase of digestion. Although an empty gut is fre-
quently observed in the morphological-based diet
analysis of clupeoid larvae (Morote et al. 2010), prey
information was obtained from all early post-larvae
examined in this study. This phenomenon might
have been due to metagenetic methods that can
recover taxonomic information from degraded or di-
gested material, such as feces (Deagle et al. 2009,
Murray et al. 2011).

Importance of protozoa and gelatinous plankton
as potential prey

As expected, various eukaryotic groups, including
fragile protozoa and gelatinous zooplankton, were
detected as potential prey from the gut contents of
early post-larvae of S. melanostictus and E. teres.
High percentages of protozoa were occasionally de-
tected in the gut contents (Radiolaria and Dinophyta,
including MOTUs identified as unarmored dinofla-
gellates), and the niche breadth of Eukaryota was
modest both for S. melanostictus and E. teres. Thus,
these taxa cannot be excluded as prey, although their
overall contribution to diet was low compared to
copepods. This is consistent with previous studies
using morphological classifications (Nakata 1995) or
staining methods (Fukami et al. 1999) that reported
low abundances of protozoa in the gut contents of S.
melanostictus and E. teres early post-larvae. Despite
low availability in the environments, we detected
some eukaryotic groups such as fungi in the gut con-
tents. Previous metagenetic analyses of gut contents
in marine zooplankton also detected possible para-
sitic organisms, secondary predations, or even con-
tamination during experiments (O'Rorke et al. 2012,
Pompanon et al. 2012, Cleary et al. 2016). Thus, both
gut contents and the environmental plankton com-
munity should be investigated in metagenetic diet

analysis of fish larvae. Abundance of prey and envi-
ronmental plankton communities by morphological
analysis would also help to support the accuracy and
utility of metagenetic analysis.

The soft-bodied chaetognaths, appendicularians,
and hydrozoans were not previously considered as
potential prey of S. melanostictus and E. teres early
post-larvae (e.g. Yasue et al. 2011). Although these
taxa were detected as potential prey in this study, the
overall contributions of these taxa, as well as protists,
were lower than copepods. Although digestion rates
might differ for different prey items (Deagle & Tollit
2007), metagenetic methods presented a robust snap-
shot of gut contents; therefore, this study highlighted
the importance of copepods in the main diet of these 2
fish species. This was also supported by a high value
of CI in the Metazoa analyses, suggesting preference
on copepods of high abundance in the environment.
At a study site in central Chile, early-stage sardine
Sardinops sagax larvae preferred mollusk larvae in
their diets (Llanos-Rivera et al. 2004), while in the
northwest Mediterranean, Sardina pilchardus se-
lected tintinnids (Morote et al. 2010). Therefore, the
importance of protozoa and non-copepod zooplank-
ton might vary both spatially and temporally, de-
pending on predator species, location, and season.

Important species of copepods

This study demonstrated that copepods are a major
source of prey for early post-larvae stages of S. mela-
nostictus and E. teres, which is consistent with previ-
ous morphological-based analyses (e.g. Nakata 1988,
1995, Yasue et al. 2011). Two 18S MOTUs with 100 %
similarity to Calanus sinicus (Calanidae 1) and Para-
calanus parvus s.l. (Paracalanidae 1) were especially
dominant in both the gut contents and mesoplankton
communities. The 28S region showed higher variabil-
ities in sequences than the 18S region in copepods
(Blanco-Bercial et al. 2011), and concordance of
BLAST results between 18S and 28S showed that C.
sinicus and P. parvus s.l. were major food sources for
fish larvae. These 2 species are key in the coastal
areas associated with the Kuroshio Current off Japan,
and are important prey for planktivorous fish in this
region (Nakata & Hidaka 2003). Other MOTUs were
also intermittently abundant in gut contents, includ-
ing both small copepods (families Clausocalanidae,
Oithonidae, Oncaeidae, and Paracalanidae) and
large copepods (Eucalanidae and Euchaetidae).
These copepods comprised a small percentage of the
mesoplankton communities compared with C. sinicus
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and P. parvus s.l. The diet composition of early post-
larvae was mainly dependent on the composition of
copepods in the immediate environment, although
availability was not a significant factor, as suggested
by the modest niche breadth in Copepoda analysis.
Copepod eggs and nauplii represented major food
items for the early stages of clupeoid larvae in
regions associated with the Kuroshio Current (Naka-
ta 1988). However, taxonomic resolution in previous
studies was limited, and not fully resolved to the spe-
cies level. Species-level taxonomic resolutions are
presented in this study, and showed that C. sinicus
were the most prevalent in gut contents. The C. sini-
cus MOTU was dominant in intermediate (0.5-
1.0 mm) and large (1.0-2.0 mm) copepod communi-
ties, which were size-fractioned using Nitex meshes,
while P. parvus s.l. were dominant in small (0.1-
0.5 mm) copepod communities. These differences
may be linked to differences in the body sizes of
adult females of the 2 species (which were 2.1 to
3.3 mm in C. sinicus and 0.7 to 1.0 mm in P. parvus
s.l.) around the waters off Japan (Chihara & Murano
1997). According to Nakata (1988) and Morote et al.
(2010), the small size fraction (<0.5 mm) was the
main prey size for clupeoid larvae. In this study,
developmental stages of C. sinicus in this size frac-
tion were comprised of eggs and nauplii stages, and
copepodite stages of C. sinicus were observed only in
the >0.5 mm size fraction. Copepod nauplius is a suit-
able prey for the early larval period that has weak
swimming ability (Nakata 1995). The nauplii and
eggs of the dominant C. sinicus might be more pre-
ferred than the copepodids of the most dominant
small copepod P. parvus s.l., which fall into a similar
size range. The preference for C. sinicus was also
supported by the food selection index, with a positive
value for C. sinicus, and a negative value for P. par-
vus s.l. The egg production rate of C. sinicus peaks in
February and March in the Kuroshio region off Japan
(Shimode pers. comm), and might be important for
the survival of early post-larvae of both S. melano-
stictus and E. teres. Thus, metagenetic analysis sug-
gested that the eggs and nauplii of dominant large
copepods are important during the spawning period
of S. melanostictus and E. teres in Tosa Bay, Japan.

Differences in prey preferences between
S. melanostictus and E. teres

This study indicated no clear differences in pre-
ferred prey of Eukaryota, Metazoa, and Copepoda
between S. melanostictus and E. teres. PERMANOVA

also indicated no significant differences in gut con-
tents, and niche breadth was not significantly different
between the 2 species where they co-existed. These
results support previous studies of late larval stages
(Yasue et al. 2011, 2014) that reported no significant
difference in the larval diet between these 2 species.
The compositions of S. melanostictus and E. teres dif-
fered among sampling stations, indicating spatial sep-
aration in distributions, as highlighted by Oozeki et al.
(2007). However, these 2 fish species should be com-
petitive when they co-occur at a single station during
the early larval period. In addition, no significant
differences in gut contents of each species were ob-
served among sampling stations. This study collected
samples during a single cruise in the Tosa Bay, and
oceanographic conditions were not largely different
among sites. Further sampling efforts are necessary to
investigate spatial and temporal differences in diets of
both S. melanostictus and E. tereslarvae.

CONCLUSIONS

High-taxonomic resolution of the diet of early post-
larvae is particularly difficult to achieve. Here, we
used metagenetic methods to successfully detect
food sources of early post-larvae of Sardinops
melanostictus and Etrumeus teres, which had not
been shown in morphological analyses. The semi-
quantitative data of the metagenetic method pro-
vided a significant picture of the importance of quan-
tity (food availability) and quality (taxonomic groups
and developmental stages of prey) for early post-lar-
vae of S. melanostictus and E. teres. Various potential
food sources included fragile protists and gelatinous
zooplankton. However, the eggs and immature
stages of dominant large copepods were suggested
as important food items. Large Calanus sinicus was a
major prey source during the spawning period of S.
melanostictus and E. teres in Tosa Bay, followed by
small Paracalanus parvus s.l., both of which are dom-
inant copepods in these marine waters. This study
only provided a snapshot of preferred prey items dur-
ing a single spawning season. Thus, we could not dis-
cuss how changes in plankton communities affect the
spatial and temporal population dynamics of S. mela-
nostictus and E. teres. Although the mechanisms
controlling fish recruitment are complex, optimal for-
aging conditions are important to enhance survival
rates during the larval and fish recruitment stages.
Future molecular-based studies should be conducted
at various spatial and temporal scales to understand
how prey availability and preferred prey items
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change over time and space. If possible, morphologi-
cal data should be used to support molecular-based
analyses. Higher sampling coverage is becoming
more accessible as costs of high-throughput sequen-
cing become lower. These types of future studies
would provide novel insights into the population
dynamics of commercially important fish.
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