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Simple Summary: Copepods are important components of marine coastal food chains, supporting
fishery resources by providing prey items mainly for fish. Copepods interact with small microorgan-
isms via feeding on phytoplankton. DNA methods can determine the gut contents of copepods and
provide important information regarding how copepods interact with phytoplankton and bacteria.
In the present study, we designed a method for extracting the gut content DNA from small-sized
copepods that are important in coastal and brackish areas. Based on DNA analyses, Rhodobacter-
aceae, which is common in marine waters and sediments, was most abundant in the gut contents
of the three copepod species (Acartia hudsonica, Sinocalanus tenellus, and Pseudodiaptomus inopinus).
However, the detailed composition of bacteria was different among species and locations. The results
suggested that environmental variables and species-specific feeding behaviour can affect the gut
bacterial community. The bacteria play an important role in digestion and in the overall degradation
and release of metabolites to the outside water. Further analyses with advanced methods regarding
DNA isolation from small microorganisms and identification skills using a DNA library for better
understanding of biological interactions and matter cycling in marine food webs are required.

Abstract: The gut bacterial communities of copepods can affect metabolic processes, and conse-
quently, their activity can be related to the release of organic substances to the environment. Hence,
they are important for organic matter cycling in marine coast food webs. However, information
regarding the variation in gut bacterial communities based on copepod species and environmental
variations is limited. We analysed the differences in gut bacterial communities from dominant cope-
pod species, i.e., Acartia hudsonica, Sinocalanus tenellus, and Pseudodiaptomus inopinus, in a brackish
reservoir. The core bacteria among the copepod species and locations consisted of the following main
operational taxonomic units (OTUs): Novosphingobium capsulatum and the family Rhodobacteraceae
belonging to Alphaproteobacteria, which is abundant in seawater and freshwater aquatic ecosystems
as a zooplankton-associated bacterial community. The bacterial community composition of each
copepod (except the core species) showed high variability. The bacterial community diversity dif-
fered depending on the copepod species and the sites’ environmental conditions, especially salinity,
e.g., compositional variations in the bacterial community of P. inopinus were high at sites with low
salinity. Therefore, the gut bacterial community of each copepod species responds differently to
the environment.

Keywords: metabarcoding; gut bacterial composition; brackish reservoir; operational taxonomic unit
(OTU) assignment
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1. Introduction

Copepods are a dominant zooplankton community in coastal and marine waters and
play an important role in microbial and grazing food webs. From a bottom-up perspective,
copepods are closely related to ecosystem services as a critical food resource for fish [1].
Copepods release dissolved and particulate organic carbon when they feed and defecate,
which contribute nutrients to support microorganisms [2,3]. Copepod-associated bacterial
communities simultaneously influence copepod nutrient uptake efficiency by increasing the
absorptive area and degrading toxic substances released by cyanobacteria [4–6]. Bacterial
communities in the acidic and anaerobic environments in the copepod digestive system
(gut bacterial communities) are involved in the metabolic processing of nutrients ingested
by copepods, including denitrification, methanogenesis, iron circulation, and phosphorus
metabolism [7,8]. Interaction between copepods and gut bacteria affects the organic matter
cycling in aquatic ecosystems [9,10]. However, a comprehensive understanding of the
biological interaction between copepods and gut bacteria is elusive because of the low-
resolution information regarding bacteria related to the numerous copepod species, despite
the important ecological functions of these bacterial communities.

The introduction of DNA technology to microbiome analyses in both aquatic and
terrestrial ecosystems has been a driving force for the study of small-sized organisms and
their associated bacteria [11–15]. The copepod community and its associated bacterial
community was also more actively analysed through the application of DNA analysis
techniques; however, previous studies on copepod-associated bacteria have been primarily
conducted at the laboratory scale (e.g., incubation) [16–18]. Hence, there are limitations in
the understanding of copepod responses to natural habitats affected by various environ-
mental factors simultaneously. For copepod gut bacterial community analyses, a method of
dissecting the gut from individual specimens has been commonly used [19]. This method
has been used for large species such as Calanus (2–3 mm of prosomal length); however, it is
difficult to apply it to small-sized species [20,21]. Although the DNA analysis methods of
the gut contents of small zooplankton (rotifers, under 400 µm) have been proposed [22],
zooplankton species-specific differences, such as exoskeleton hardness, must be consid-
ered, and methods that can be applied to small-sized copepod species (700 µm–1 mm of
prosomal length) are still required [23].

In the present study, we designed a DNA extraction method for the copepod gut
without dissection and analysed the composition of copepod gut bacterial communities
in a semi-closed estuarine ecosystem. Compared with open systems (e.g., the coast),
physicochemical properties such as seawater input, water current, and overall salinity dis-
tribution were regulated by the reservoir because of the construction of a dyke with sluice
gates. This regulated environment allowed the tracking of relatively stable environmental
gradients [24], and was suitable for monitoring copepod distribution, interaction with
different environments, and the responses of the gut bacterial community. We extracted
the gut contents from three copepod species (Acartia hudsonica, Sinocalanus tenellus, and
Pseudodiaptomus inopinus) that had different adaptations to salinity. Samples were collected
from three sites located along a salinity gradient (from near freshwater input to seawater
input through the sluice gate), and next-generation sequencing (NGS) was performed to
determine the bacterial composition differences.

2. Materials and Methods
2.1. Sampling Site and Period

The Saemangeum reservoir (35◦50′17.1” N, 126◦35′36.6” E) was constructed by block-
ing the Saemangeum coast with dykes. The dyke-side bay is a semi-closed coastal ecological
system, with the flux of seawater controlled by two sluice gates on the southern part of the
dykes [25]. Sluice gates are opened to allow seawater inflow because excessive nutrients
from agricultural and livestock sewage flowing from the Mangyeong and Dongjin rivers
adjacent to the Saemangeum reservoir contribute to eutrophication [26]. Simultaneous
inflows of freshwater and seawater create a salinity gradient in the reservoir and a brack-
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ish ecosystem [27]. We selected three different sites within the reservoir for study: the
Mangyeong River mouth (Site 1; 35◦51′29.74′ ′ N, 126◦41′04.04′ ′ E); the point of maximum
freshwater inflow to the reservoir (Site 2; 35◦51′04.07′ ′ N, 126◦38′00.55′ ′ E), and a site close
to the northernmost sluice gate (Site 3; 35◦49′08.07′ ′ N, 126◦30′11.27′ ′ E) (Figure 1).
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Figure 1. Study sites within the Saemangeum reservoir: the Mangyeong River mouth (Site 1), the
point of maximum freshwater inflow to the reservoir (Site 2), and a site close to the northernmost
sluice gate (Site 3).

On 11 May 2020, we analysed water quality and plankton composition to identify the
environmental conditions of each site and collected samples to be used in the gut bacterial
community analysis of each site’s dominant copepod species.

2.2. Environmental Characteristics: Water Quality and Plankton Compositions

We measured basic water quality parameters and analysed the plankton commu-
nity to understand the environmental characteristics of each site. The water quality was
measured from the surface layer (0–0.5 m) of each study site. Temperature (◦C), pH, elec-
trical conductivity (S/m), and salinity (‰) data were collected with a Horiba (u-20) on
site. Dissolved oxygen (mg/L), chemical oxygen demand (mg/L), total nitrogen (mg/L),
total phosphorus (mg/L), and chlorophyll-a (ug/L) were analysed in the laboratory fol-
lowing Water Pollution Process Test Standards [28] and Marine Environmental Process
Test Standards [29].

Phytoplankton samples were collected 1 L of raw water from the surface layer
(0–0.5 m) into polyethylene bottles and fixed at a final concentration of 4–5% Lugol’s
solution at the site. We prepared fixed samples as immersion specimens via sedimentation
for more than 24 h and the supernatant solution was removed with a siphon. Algae were
identified under 600–1000×magnification with an optical microscope (Zeiss Axio Imager
A2, Jena, Germany). Suspended diatoms were washed using the KMnO4 method [30] and
were then made into permanent samples. These specimens were identified at a magnifica-
tion of 1000–2500×.

Zooplankton samples were collected to identify and quantify the populations of brack-
ish copepod species at each study site. At shallow water Site 1, we towed a net three times,
3 m each with 60 µm pore size and 0.2 m diameter horizontally for zooplankton sampling
(filtered volume: 0.283 m3). In the case of the Sites 2 and 3 inside the Saemangeum reservoir,
we measured water depths of each site first, and then the net (Kitahara zooplankton net;
pore size 100 µm, diameter 0.3 m) were vertically towed from bottom to the surface based
on the water depths. We towed the net once at Site 2 and twice at Site 3, considering
the filtered volume according to the water depth of each site (filtered volume: 0.636 m3

and 1.590 m3 respectively). Zooplankton samples were fixed at a final concentration of
4–5% with formalin at the site. We extracted 5 mL of sub-sample from each specimen
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concentrated and identified under an optical microscope (Olympus CKX 41, Tokyo, Japan)
at 100×magnification in the laboratory.

2.3. Sample Collection and Treatment for DNA Analysis

We collected copepod samples for analysing copepod-associated bacterial communi-
ties, especially gut microorganisms. We repeated the zooplankton collection as described
above for each site until enough mass was collected for analysis. The collected samples
were transported to the laboratory in refrigerated storage and kept frozen until DNA
analysis was performed.

Copepod individuals were selected before DNA extraction for pretreatment to elimi-
nate extracellular DNA attached to the exoskeleton. Individuals of A. hudsonica, S. tenellus,
and P. inopinus were sorted under a dissecting microscope and stored separately in glass
vials filled with 60% ethanol to prevent cross-contamination among individuals (n = 3,
respectively). The exoskeleton of each copepod individual was exposed to commercial
bleach diluted 2.5% for 2 min and then washed three times with distilled water to avoid
any effects from the bleach remaining on the skeleton [22]. Pre-treated copepod individuals
were stored individually in 2 mL microtubes.

When collecting copepod samples in the field, we simultaneously collected 500 mL of
raw water to verify the effectiveness of the pretreatment process. Raw water samples from
each site were filtered through a 20 µm net to remove suspended cells, and commercial
bleach was added at a final concentration of 2.5%. After 2 min, commercial samples
with bleach were filtered through GF/F paper (WhatmanTM, Little Chalfont, UK) and
washed three times with distilled water. All filter papers were stored in 2 mL microtube
individually. During these processes, including the pretreatment process, we used bleach
sterilised gloves and instruments sterilised with an autoclave and ethanol to minimise
contamination from the surrounding environment.

2.4. DNA Extraction and 16S rRNA Amplicon Library Generation

DNA analysis from extraction to the 1st polymerase chain reaction (PCR) was con-
ducted on a clean bench with bleach sterilised gloves and instruments sterilised with an
autoclave and ethanol. Genomic DNA was isolated from the copepods, and filter paper
samples were obtained using a DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions except for the following differences: (1) twice
the amount of buffer ATL (360 µL) and proteinase K (40 µL) was used on the filter paper
samples to increase DNA extraction, (2) the DNA eluting step was repeated, and (3) the
final amount of DNA extracted from each sample was 50 µL. The extracted DNA was
stored at −20 ◦C.

Extracted DNA for sequencing was prepared according to the Illumina 16S Metage-
nomic Sequencing Library protocols (San Diego, CA, USA). DNA quantity, quality, and
integrity were measured by PicoGreen (Thermo Fisher Scientific, Waltham, MA, USA)
and VICTOR Nivo Multimode Microplate Reader (PerkinElmer, Waltham, MA, USA).
Amplification used an AccuPower Hot Start PCR PreMix (Bioneer, Korea) with genomic
DNA and primers in a final volume of 20 µL. We used bacterial primers targeting the
V3/V4 region of 16S rRNA including an adapter sequence for Illunima. Forward: 5′-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′ and
reverse: 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGATCT
A ATCC-3′ [31]. A gradient PCR was performed with a thermal cycler (Bio-Rad, Hercules,
CA, USA) under the following conditions: initial denaturation at 95 ◦C for 3 min, followed
by 30 cycles of denaturation at 95 ◦C for 30 s, annealing at 55–65 ◦C for 30 s, elongation at
72 ◦C for 30 s, and a final extension at 72 ◦C for 5 min. After extension, the reactions were
held at 4 ◦C. Amplification products were separated in 1.5% gel electrophoresis.

After amplification, genomic DNA was pooled by site and sample type (copepods
A. hudsonica, S. tenellus, and P. inopinus, and commercial bleach-treated water samples).
As a second process, to produce indexing PCR, the first PCR product was subsequently
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amplified with one cycle of 3 min at 95 ◦C, 8 cycles of 30 s at 95 ◦C, 30 s at 55 ◦C, 30 s at
72 ◦C, and a final step of 5 min at 72 ◦C. A subsequent limited-cycle amplification step
is performed to add multiplexing indices. The final products are normalized and pooled
using the PicoGreen (Thermo Fisher Scientific, Waltham, MA, USA), and the size of libraries
are verified using the LabChip GX HT DNA High Sensitivity Kit (PerkinElmer, Waltham,
MA, USA) and NGS analysis, including index PCR, was completed by Macrogen Co.
(Seoul, Korea). The sequencing library is prepared by random fragmentation of the DNA
or cDNA sample, followed by 5’ and 3’ adapter ligation. Alternatively, “tagmentation”
combines the fragmentation and ligation reactions into a single step that greatly increases
the efficiency of the library preparation process. Adapter-ligated fragments are then PCR
amplified and gel purified. The PCR products were sequenced using the MiSeq™ platform
(Illumina, San Diego, CA, USA) from commercial service (Macrogen Inc., Seoul, Korea).
Obtained sequences were deposited in DRYAD.

2.5. Data Analyses

Raw reads were trimmed with CD-HIT-OTU and chimeras were identified and re-
moved using rDNATools. For paired-end merging, FLASH (Fast Length Adjustment of
Short reads) version 1.2.11 was used. Merged reads were processed and were clustered
into OTUs using a bioinformatic algorithm, UCLUST [32], at a 97% OTU cut-off value
(352 OTUs in gamma-diversity). Taxonomy was assigned to the obtained representative
sequences with BLAST (Reference DB: NCBI—18S) [33] using UCLUST [32]. For the afore-
mentioned processes of BLAST and UCLUST, we used an open-source bioinformatics
pipeline for performing microbiome analysis, QIIME version 2 [34]. We classified each
OTU according to identity percentage (%): species level with ≥97%, genus level with
≥90%, and family level with ≥84% reads with less than 84% identity were excluded. OTUs
detected from commercial bleach-treated water samples were not included with copepod
samples because these OTUs made it difficult to identify gut bacterial communities from
pre-treated copepod samples (Table S1).

OTU data were statistically analysed based on the microbiome package in R Studio
(3.6.3 version) [35]. We selected the following alpha diversity indices: observed species:
count of OTUs in each sample; Chao-1 index: estimated diversity from abundance data;
Shannon’s diversity index, and Simpson’s dominance and evenness indices; low-abundance
index: the concentration of low-abundance taxa below the indicated detection thresholds.
These indices were used to compare the change tendencies of each copepod gut bacterial
community diversity by site. Principal coordinate analysis (PCoA) based on the Bray-Curtis
dissimilarity was conducted to show difference in microbial composition between samples
among copepod gut bacterial communities by species and study sites. Core bacterial
taxa shared between the sites were analysed to identify bacteria that played the role of
key species within the gut bacterial community of copepods collected at each site (with
0.001 detection probability in at least 90% of samples and 0.75 prevalence).

3. Results and Discussion
3.1. Environmental Conditions and the Copepod Community Composition by Microscopic Examination

The study sites in the Saemangeum reservoir showed differences in water quality
parameters, with increasing salinity and electrical conductivity from Sites 1 to 3. The
water temperature at Site 1 was high compared with that at Sites 2 and 3. No noticeable
differences in pH were observed among the sites. Dissolved oxygen and chlorophyll-a
(Chl-a) concentration were the highest at Site 2, and decreased in the order of Sites 2, 1,
and 3. Chemical oxygen demand (COD) showed concentrations from high to low for Sites
2, 3, and 1, while total phosphorus showed the opposite trends to COD. Total nitrogen
decreased from Sites 1 to 3, with Site 3 exhibiting a low concentration (Table 1). These
spatial gradients of water quality parameters seem to have been formed by the inflow of
freshwater with high nutrients from the Mangyeong River into the reservoir due to the
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semi-closed coastal characteristics. Bacillariophyta was dominant, particularly at Site 3,
where salinity was relatively high, showing a high proportion (~93%) (Table 1).

Table 1. Summary of environmental characteristics—water depths, water quality variables and
phytoplankton community composition—at each study site.

Factors Site 1 Site 2 Site 3

Water quality

Water depths (m) 2 4.5 22.5
Temperature ◦C 14.6 13.7 13.0

Salinity (‰) 4.1 5.1 12.9
pH 8.4 8.5 8.4

Dissolved Oxygen (mg/L) 10.7 11.1 9.2
Chemical Oxygen Demand (mg/L) 5.2 8.4 6.8

Electrical Conductivity (S/m) 5898 6795 15,665
Chlorophyll-a (µg/L) 5.4 7.0 4.9
Total Nitrogen (mg/L) 3.391 3.023 1.240

Total Phosphorus (mg/L) 0.084 0.039 0.045
Phytoplankton

composition
Chlorophyta (%) 38.75 24.82 7.32

Bacillariophyta (%) 61.25 75.08 92.68

Copepod community composition was different at Site 1, where the proportion of
copepods and nauplii (66.14%; 24.57 ind/L) was relatively higher than that of copepod
adults. S. tenellus showed the highest proportion among adults (22.05%; 8.19 ind/L)
and other copepod species contributed 7.87% (2.92 ind/L). A. hudsonica and P. inopinus
accounted for small proportions of less than 3% (1.57%; 0.58 ind/L and 2.36%; 0.88 ind/L,
respectively). The proportions of copepodids and nauplii were lower in Sites 2 and 3
compared with Site 1 (24.24%; 2.52 ind/L and 21.47%; 0.88 ind/L, respectively). A. hudsonica
was the dominant species among the copepod adults (53.03%; 5.50 ind/L). S. tenellus
(13.64%; 1.42 ind/L) and P. inopinus (6.06%; 0.63 ind/L) also made notable contributions at
Site 2. Other copepod species exhibited low abundance of 3.03% (0.31 ind/L). The copepod
community at Site 3 consisted primarily of A. hudsonica, accounting for 69.02% (2.83 ind/L)
of the copepod community followed by copepodids and nauplii. Other copepod species,
including Calanidae spp., Corycaeus spp., Centropages abdominals, C. tenuiremis, Oithona spp.,
and Paracalanus parvus s.l. contributed 7.06% (0.29 ind/L). S. tenellus and P. inopinus were
less abundant at 2% (0.92% and 1.53%, respectively) (Figure 2).
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Figure 2. Relative abundance of copepod communities (%) by microscopic examination.

A. hudsonia is a common estuarine calanoid copepod and its optimal salinity is from
11 to 36‰ [36–38]. S. tenellus and P. inopinus are representative brackish calanoid copepod
species and their optimal salinities are approximately 10‰ [39,40]. Therefore, the distribu-
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tion patterns of targeted copepod species in Saemangeum reservoir were closely related to
the preferred habitat environment, especially salinity.

3.2. Comparison of Copepod Gut Bacterial Communities Based on the NGS Analysis

Amplicon sequencing produced an average of 57,352 ± 12,348 reads per sample.
A total of 106 high-abundance operational taxonomic units (OTUs) were identified after
the removal of OTUs with <100 reads. The final number of reads was 56,943 ± 12,560.

3.2.1. Community Composition and Diversity Indices

The gut bacterial community of A. hudsonica displayed the highest proportion of
phylum Proteobacteria (more than 98%), regardless of habitat. The phyla Firmicutes at
Site 1 (1.6%) and Bacteroides at Sites 2 and 3 (0.9% and 1.3%, respectively) were also
identified; however, they accounted for very little of each bacterial community (Figure 3A).
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For S. tenellus, species in the phylum Proteobacteria were highly abundant at Sites
1 and 2 (87.6% and 92.9%, respectively). Species in the phyla Bacteroidetes (11.9%) and
Firmicutes (0.5%) accounted for the remaining community; the phylum Planctomycetes
(7.1%) accounted for the remaining bacteria at Site 2. The gut bacterial community of
S. tenellus at Site 3 consisted of species in the phyla Proteobacteria (38.3%) and Bacteroidetes
(37.5%), with a relatively lower contribution from Firmicutes (24.2%) (Figure 3B).

No bacterial species outside the phylum Proteobacteria were identified in the gut
bacterial community of P. inopinus at Site 1. Conversely, their gut bacterial community
at Site 2 showed a predominance of Bacteroidetes (62.7%), followed by Proteobacteria
(35.8%) and Planctomycetes (1.5%). The phylum Proteobacteria was again dominant
at Site 3, accounting for 95.1% of bacterial species; the phyla Bacteroidetes (3.5%) and
Planctomycetes (1.4%) made small contributions (Figure 3C).

The habitat environment changed, the composition of the copepod gut bacterial
community and the community diversity changed, which showed different tendencies
depending on the copepod species. The number of observed species in the copepod gut
bacterial communities showed noticeable differences at Site 2, and tendencies differed for
copepod species: increasing abundance from Sites 1 to 3 of A. hudsonica and P. inopinus, and
a decreasing trend for S. tenellus. The Chao-1 index was mostly the same as the number of
observed species, except for relatively higher richness for P. inopinus (Figure 4A), which
is unlikely to indicate that any of the bacterial species present in the copepod gut will
remain undetected.
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The gut bacterial communities of A. hudsonica did not show notable differences in
diversity, dominance, and evenness indices among study sites despite environmental
changes such as salinity. As the suitability of the surrounding environment for S. tenellus
decreased (based on salinity), its diversity index increased from Sites 1 to 3; however, the
dominance index showed the opposite trend. The evenness index was highest for Site 2.
The gut bacteria of P. inopinus showed the lowest diversity and evenness indices and highest
dominance index at Site 1, which had the lowest salinity (Figure 4B). The differences in
the gut bacterial community and diversity occurring within/between copepod species
support that copepod species habitat environment and life history regulate gut bacterial
community composition, playing a beneficial role in assisting the adsorption of bacteria for
adaptation of continuously changing habitat environment [41–43].

Rarity based on the low-abundance index, which means the relative proportion of
rare species based on the entire bacterial species detected, appeared in the gut flora of
A. hudsonica at Site 2 and in S. tenellus at Sites 1 and 3 (relatively higher at Site 3). The
species specifically detected in A. hudsonica at Site 2 and in S. tenellus at Sites 1 were
Muribaculaceae. For S. tenellus at Sites 3, Sporocytophaga sp. and Phaselicystis sp. were
specifically detected. There have been no studies on species that affect the rarity of gut
bacterial communities in A. hudsonica and S. tenellus, with future studies looking at these
species regarding copepod-associated bacteria required. For P. inopinus, the index value was
calculated as zero, indicating that no rare species appeared in the gut bacterial community,
regardless of the site (Figure 4C).

Novosphingobium capsultum was the dominant species in the gut bacteria of A. hudsonica
at Sites 1 and 2. Subdominant bacteria were classified into the family Rhodobacteraceae.
Conversely, the gut bacterial community at Site 3 was dominated by the family Rhodobac-
teraceae, with N. capsultum making a smaller contribution. These species belong to the class
Alphaproteobacteria and accounted for most gut bacteria in A. hudsonica at approximately
95% or more regardless of study sites (Table 2A).
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Table 2. Dominant and subdominant species of copepod gut bacterial communities based on the proportion of the
operational taxonomic units (OTUs)—(A) Acartia hudsonica, (B) Sinocalanus tenellus, and (C) Pseudodiaptomus inopinus.

Sample Dominant and Subdominant Bacterial Species

Phylum Class Family/Genus/Species OTUs (%)

(A)
A. hudsonica

Site 1 Proteobacteria Alphaproteobacteria Novosphingobium capsulatum 752 (48.9)
Rhodobacteraceae 725 (47.1)

Site 2 Proteobacteria Alphaproteobacteria N. capsulatum 6813 (51.1)
Rhodobacteraceae 5799 (43.5)

Site 3 Proteobacteria Alphaproteobacteria Rhodobacteraceae 671 (54.1)
N. capsulatum 524 (42.2)

(B)
S. tenellus

Site 1
Proteobacteria Gammaproteobacteria Aeromonas hydrophila 13,024 (86.7)
Bacteroidetes Bacteroidia Muribaculum sp. 1366 (9.1)

Site 2 Proteobacteria Alphaproteobacteria Rhodobacteraceae 54 (54.5)
N. capsulatum 36 (36.4)

Site 3 Bacteroidetes
Firmicutes

Cytophagia
Bacilli

Sporocytophaga sp. 1546 (37.3)
Bacillus velezensis 1005 (24.2)

(C)
P. inopinus

Site 1
Bacteroidetes Flavobacteriia Polaribacter sp. 41 (61.2)

Proteobacteria Alphaproteobacteria Rhodobacteraceae
12 (17.9)N. capsulatum

Site 2 Proteobacteria Alphaproteobacteria Brevundimonas denitrificans 373 (89.2)
Rhodobacteraceae 25 (6.0)

Site 3 Proteobacteria Alphaproteobacteria Rhodobacteraceae 1131 (48.6)
N. capsulatum 958 (41.2)

Different dominant/subdominant species were identified in S. tenellus. Aeromonas hy-
drophila belonging to the class Gammaproteobacteria of the phylum Proteobacteria was the
dominant species at Site 1, and Muribaculum spp. belonging to the class Bacteroidia of the
phylum Bacteroidetes was subdominant. Dominant/subdominant species at Site 2 were
from the class Alphaproteobacteria of the phylum Proteobacteria (the family Rhodobac-
teraceae > N. capsultum). Sporocytophaga spp. in the class Cytophagia of the phylum
Bacteroidetes were predominant at Site 3, and the subdominant species was Bacillus velezen-
sis in the class Bacilli of the phylum Firmicutes. The dominant and subdominant species at
Sites 1 and 2 accounted for most of the S. tenellus gut bacteria, over approximately 90%, but
made up a relatively smaller proportion at Site 3 (61.5%) (Table 2B).

Except for the dominant species, Polaribacter sp. belonging to the class Flavobacteriia
of the phylum Bacteroidetes made the largest contribution to gut bacteria from P. inopinus at
Site 1, with other dominant or subdominant species belonging to class Alphaproteobacteria
of the phylum Proteobacteria. The family Rhodobacteraceae and N. capsulatum were
the subdominant bacterial species at Site 1 and were also identified as dominant and
subdominant species at Site 3. Brevundimonas denitrificans was the dominant species at
Site 3, followed by Rhodobacteraceae. These species accounted for more than 90% of the
bacterial communities in P. inopinus at all sites (Table 2C).

In summary, there were some differences in the dominant/subdominant species in
the copepod gut bacterial community depending on the copepod species and study sites;
however, there were common trends, such as the abundance of Rhodobacteraceae in all
three species (except Site 1, where the salinity level was lower than 10‰).

3.2.2. Community Similarity and Core Bacterial Taxa

We confirmed the different tendencies of composition, dominant/subdominant species,
and diversity indices of copepod gut bacterial communities depending on the different sites
and copepod species. Similarity analysis was performed to estimate the similarity between
inter- and intra-species-specific impacts on copepod gut bacterial communities. A clear
distinction between copepod gut bacterial communities was observed in a PCoA biplot
with the first coordinate accounting for 31.6% and the second for 19.7% of the variance.
Bacterial communities were clustered according to the sampling sites and the copepod
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species. Therefore, similarity showed differences caused by inter- and intra-species-specific
impacts (Figure 5).
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Based on Axis 1, the similarity of bacterial community has been shown to be high be-
tween S. tenellus and P. inopinus compared to A. hudsonica. These differences in gut bacterial
community composition among the target copepod species are considered as the results
due to phylogenetic relationship. The gut bacterial communities of aquatic organisms,
including invertebrates such as Bivalvia, as well as vertebrates, are strongly related to
phylogeography and can be changed or maintained during the evolutionary process [12,44].
In the case of target copepod species in this study, Acartiidae (A. hudsonica) received rela-
tively low nodal support on trees with Centropagidae (S. tenellus) and Pseudodiaptomidae
(P. inopinus) using morphological data and parsimony-based phylogeny [45].

Meanwhile, even the same/phylogenetically similar copepod species differed in
the similarity of the gut bacterial community composition depending on their habitat
environment. The bacterial community of A. hudsonica displayed the highest similarity,
except for Site 2 where Muribaculum sp. was specifically detected. In contrast, S. tenellus had
relatively low similarity because Bacillus velezensis, Aeromonas hydrophila, and Muribaculum
sp. identified at other sites were not detected at Site 2. P. inopinus showed high variability
because Rhodobacteraceae and Bradyrhizobium cytisi were detected in greater quantities at
Site 3 compared with at the other sites. A. hudsonica is omnivorous and mainly feeds on
phytoplankton, rotifers, and ciliates [46]. S. tenellus is also omnivorous and a suspension
feeder, preferring small-sized plankton [47]. In contrast, P. inopinus is a detritivore which
prefers small particles [48]. Based on these feeding characteristics, target copepod species
can influence the composition of gut bacterial community through their feeding activities.
However, the composition of food environment may vary depending on the water quality
factors such as salinity at each habitat [24], so if the food sources are changed, even if it is
the same copepod species, the gut bacterial community can be also changed.

On the contrary, some results showed that different copepod species had relatively
similar patterns in the same habitat environment (S. tenellus–P. inopinus at Site 1; A. hud-
sonica–P. inopinus at Site 3). These tendencies may be the results that the gut bacterial
community of copepod species was also affected by the free-living bacterial community
in surrounding water, which is similar to the results of a previous study on zooplankton-
associated bacterial communities in estuarine ecosystems [44].
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3.2.3. Core Bacterial Species in Copepod Gut and Free-Living Bacterial Communities

Analysis of the bacterial taxa in the gut of copepods uniquely identified at each
site/copepod or at more than two sites/copepod species’ two core bacteria, Novosphingob-
ium capsulatum and the family Rhodobacteraceae, which were shared among the targeted
copepod species A. hudsonica, S. tenellus, and P. inopinus and all sites (Figure 6). These
species are classified as Alphaproteobacteria of the phylum Proteobacteria and were iden-
tified as dominant or subdominant species with a high proportion of the entire bacterial
community at almost all sites (Table 2, Table S2 and Table S3).

Animals 2021, 11, 542 12 of 15 
 

 

Novosphingobium sp. were mainly the perspective of the aquatic free-living bacterial com-

munity, further research is required to understand the role of N. capsulatum as a core spe-

cies in the copepod gut bacterial community. 

 

Figure 6. Shared and unique core taxa in the gut bacterial communities among (A) copepods (Acartia hudsonica, Sinocalanus 

tenellus, and Pseudodiaptomus inopinus) and (B) sites using Venn diagrams; core taxa were selected based on 0.001 detection 

probability in at least 90% samples and prevalence = 0.75. 

4. Conclusions 

We detected the gut bacterial communities of brackish copepods, A. hudsonica, S. ten-

ellus, and P. inopinus, among different sites in the Saemangeum reservoir using NGS tech-

nology. To extract bacterial DNA from small-sized copepod species, we designed a pre-

treatment method using whole copepod individuals without dissection. The core species 

were N. capsulatum and the family Rhodobacteraceae belonging to Alphaproteobacteria. 

Their OTU proportions were 24.2% and 22.5% in the bacterial species detected from all 

copepod species at all points, respectively. The core bacterial species have a common 

property of decomposing organic substrates; therefore, they are important species for met-

abolic activities such as digestion. We found inter- and intra-species-specific differences 

in the various compositions among species and sites. These results support that environ-

mental variables and feeding behaviour of the target brackish copepods affect their gut 

bacterial communities. In the present study, we briefly examined the brackish bacterial 

compositions of the dominant brackish copepods. Through our approach, further studies 

regarding the interactions among gut-dwelling bacteria and consumed food items (e.g., 

phytoplankton) and environmental factors are important topics to be considered for a bet-

ter understanding of copepod-associated microbial food web dynamics. 

Supplementary Materials: The following are available online at www.mdpi.com/2076-

2615/11/2/542/s1, Table S1: Summary of copepods gut bacterial communities identified from Acartia 

hudsonica, Sinocalanus tenellus, and Pseudodiaptomus inopinus at each site, Table S2: Summary of (A) 

common species and (B) unique species of the gut bacterial communities among/in the copepod 

species (Acartia hudsonica, Sinocalanus tenellus, and Pseudodiaptomus inopinus). Composition (%) was 

calculated based on all species comprising the gut bacterial community identified from the targeted 

copepods, Table S3: Summary of (A) common species and (B) unique species of the copepod gut 

bacterial communities among/in Sites 1, 2, and 3. Composition (%) was calculated based on all spe-

cies comprising the copepod gut bacterial community identified from the studied sites. 

  

Figure 6. Shared and unique core taxa in the gut bacterial communities among (A) copepods (Acartia hudsonica, Sinocalanus
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probability in at least 90% samples and prevalence = 0.75.

The interaction of the bacterial class Alphaproteobacteria, which is abundant in sea-
water and freshwater aquatic ecosystems as a zooplankton-associated bacterial commu-
nity, with copepods has been known for its relatively high resolution [41,49]. The family
Rhodobacteraceae, which is one of the most common marine bacterial groups and is highly
abundant in marine pelagic and sediments, is the species that forms algae-associated
biofilm [50,51]. Based on the characteristics of Rhodobacteraceae, they were identified
as a core species of the gut bacterial community in relation to phytoplankton feeding of
copepods. We could not identify these further to the genus or species level. The bacterial
genus Novosphingobium is often associated with the biodegradation of aromatic compounds
and is distributed over estuarine and coastal sediments, and marine aquatic environments
exposed to high levels of anthropogenic impacts [52]. As previous findings on Novosph-
ingobium sp. were mainly the perspective of the aquatic free-living bacterial community,
further research is required to understand the role of N. capsulatum as a core species in the
copepod gut bacterial community.

4. Conclusions

We detected the gut bacterial communities of brackish copepods, A. hudsonica, S. tenel-
lus, and P. inopinus, among different sites in the Saemangeum reservoir using NGS technol-
ogy. To extract bacterial DNA from small-sized copepod species, we designed a pretreat-
ment method using whole copepod individuals without dissection. The core species were
N. capsulatum and the family Rhodobacteraceae belonging to Alphaproteobacteria. Their
OTU proportions were 24.2% and 22.5% in the bacterial species detected from all copepod
species at all points, respectively. The core bacterial species have a common property
of decomposing organic substrates; therefore, they are important species for metabolic
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activities such as digestion. We found inter- and intra-species-specific differences in the
various compositions among species and sites. These results support that environmental
variables and feeding behaviour of the target brackish copepods affect their gut bacterial
communities. In the present study, we briefly examined the brackish bacterial compositions
of the dominant brackish copepods. Through our approach, further studies regarding the
interactions among gut-dwelling bacteria and consumed food items (e.g., phytoplankton)
and environmental factors are important topics to be considered for a better understanding
of copepod-associated microbial food web dynamics.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-261
5/11/2/542/s1, Table S1: Summary of copepods gut bacterial communities identified from Acartia
hudsonica, Sinocalanus tenellus, and Pseudodiaptomus inopinus at each site, Table S2: Summary of (A)
common species and (B) unique species of the gut bacterial communities among/in the copepod
species (Acartia hudsonica, Sinocalanus tenellus, and Pseudodiaptomus inopinus). Composition (%) was
calculated based on all species comprising the gut bacterial community identified from the targeted
copepods, Table S3: Summary of (A) common species and (B) unique species of the copepod gut
bacterial communities among/in Sites 1, 2, and 3. Composition (%) was calculated based on all
species comprising the copepod gut bacterial community identified from the studied sites.
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4. Chevalier, C.; Stojanović, O.; Colin, D.J.; Suarez-Zamorano, N.; Tarallo, V.; Veyrat-Durebex, C.; Rigo, D.; Fabbiano, S.; Ste-
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