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is rapidly declining because of artisanal fisheries, bycatch, and 
habitat disruption (Kim et al., 2013). Its population decreased 
by approximately 70% in just 7 years (2004~2011) (Park et 
al., 2015), leading to its classification as endangered on the 
IUCN Red List in 2017. This status makes the East Asian fin-
less porpoise N. a. sunameri a top conservation priority.

N. a. sunameri, a critically endangered top predator in its 
habitat, primarily preys on small fish, gastropods, and shrimps 

(Yang et al., 2019). Understanding its feeding behavior is  
essential for developing effective conservation strategies. Pre-
vious research has indicated that the porpoise feeds on various 
prey species, including bottom- and middle-to-lower-layer fish 
species, such as Pelteobagrus fulvidraco, Cyprinus carpio, and  
Xenocypris davidi (Chen et al., 1980). High-throughput seq- 
uencing analyses have revealed that the diet of N. a. sunameri 
is diverse, with its stomach contents containing multiple prey 

Introduction

The coastal waters of the Korean Peninsula are a biodiver-
sity hotspot for cetaceans, hosting 35 species, including the 
East Asian finless porpoise Neophocaena asiaeorientalis suna-
meri (N. a. sunameri) (National Institute of Fisheries Science, 
2000; Sohn et al., 2012). This subspecies of N. asiaeorienta-
lis thrives in Korean waters and is abundant in this region. In 
contrast, the N. asiaeorientalis exclusively inhabits freshwater 
habitats in the Yangtze River and adjacent lakes (Rudolph and 
Smeenk, 2009). This distribution pattern highlights the unique 
ecological niches of these closely related porpoise subspecies. 
The East Asian finless porpoise is facing significant anthropo-
genic threats due to intense industrialization and high popula-
tion density in its coastal habitats (Park et al., 2015; Yoo et al., 
2019). Despite being abundant in Korean waters, its population 
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fish species (Yang et al., 2019). Traditional methods, such as 
gastric content analysis and trawling, have limitations in terms 
of sample degradation and efficiency (Gong et al., 2019). Al-
ternative approaches, such as passive acoustic studies, have 
revealed correlations between porpoise counts and fish densi-
ty; however, they cannot be used to detect small fish species 

(Kimura et al., 2012; Wang et al., 2019). A noninvasive and 
sensitive detection technique that is compliant with current 
regulations is urgently needed to enhance our understanding 
of the feeding habits of N. a. sunameri and its relationships 
with its prey. In recent years, various innovative methods, 
such as environmental DNA (eDNA) analysis, have emerged 
as powerful tools in ecological research. By analyzing  
the genetic material present in the environment, researchers 
have successfully identified aquatic species (Kimura et al., 
2012; Zhang et al., 2015). 

Molecular methods, including DNA-based techniques, pro-
vide a more precise and comprehensive overview of fish nutri- 
tion in freshwater ecosystems than conventional morphology- 
based methods (Pompanaon et al., 2012). Metabarcoding is a 
molecular methodology that can distinguish between taxa by 
amplifying distinct DNA sequences in samples through con-
served DNA regions (King et al., 2008). Molecular methods 
offer numerous benefits over morphological analyses. Unlike 
morphological analyses, molecular methods help identify prey 
items with a more excellent taxonomic resolution and for longer  
durations after consumption without the visual identification of 
partially digested items (Carreon-Martinez et al., 2011; Berry et  
al., 2015). Metabarcoding techniques help researchers under-
stand predator diets and determine how different species share 
resources (Jo et al., 2019; Kwak et al., 2021; Ji et al., 2022; 
Rangaswamy et al., 2022; Park et al., 2023). Researchers can 
use metabarcoding to uncover how predators allocate resources  
to reduce competition between different species (Katzinel et 
al., 2015; Leray et al., 2015; Albaina et al., 2016). Molecular 
methods, such as metabarcoding, can help researchers identify 
dietary overlap that may not be easily detected through tra-
ditional nonmolecular investigations. This is particularly true 
when predators primarily consume soft-bodied prey items that 
are challenging to identify based on their physical characteris-
tics alone (Ley et al., 2014; Soininen et al., 2015; Gebremedhin  
et al., 2016).

In this groundbreaking study conducted in the Korean coastal  
system, we employed metabarcoding analysis to investigate the  
dietary preferences of the endangered cetacean species N. a. 
sunameri. This is the first study to unravel the feeding habits 
of this remarkable marine species in this region. Through the 
integration of high-throughput sequencing technology and 
bioinformatic tools, we aimed to uncover the diversity of prey 

species consumed by this enigmatic species. Moreover, we 
sought to identify the key food sources that play a significant 
role in meeting the nutritional requirements of N. a. sunameri  
and elucidate its trophic relationships within the Korean coastal  
ecosystem. Our findings provide crucial insights into the feed-
ing ecology of N. a. sunameri and have important implications 
for its conservation and management in the face of ongoing  
environmental challenges. By shedding light on the dietary 
preferences and trophic interactions of this endangered cetacean 
species, our research provides valuable information that can 
guide conservation efforts and help develop management strat-
egies to safeguard the future of N. a. sunameri in the Korean  
coastal environment.

Materials and Methods

1. Sample collection and processing

In 2023, we discovered a single specimen of the narrow- 
ridged finless porpoise (Neophocaena asiaeorientalis) strand-
ed on the coast in Gamun-dong, Aewol-eup, Jeju, South Ko-
rea (33°29ʹ15.6ʺN 126°23ʹ33.3ʺE). Upon the carcass’s arrival 
at the Jeju office of the Korean Fisheries Resources Agency 

(FIRA; 23, Ongpo 7-gil, Hallim-eup, Jeju, Korea), we con-
ducted a necropsy and performed morphological and biologi-
cal examinations. We carefully collected pathological lesions 
and organ samples, storing them in 10% neutral-buffered 
formalin for further histological analysis and 70% ethanol 
for molecular analysis. Based on previous guideline studies, 
researchers assessed the condition of the carcass, indicating 
that it was in good health at the time of death. They assigned 
a body condition score (BCS) of 2 (Joblon et al., 2014), which 
represents a freshly deceased carcass with a time of death  
of less than 24 hours based on its appearance (Geraci and 
Lounsbury, 2005). We performed all sample collection proce-
dures under sterile conditions. We dissected the foregut, mid- 
gut, and hindgut samples and gently extracted and homo- 
genized the contents of each digestive segment individually. 
We promptly preserved all the samples in liquid nitrogen until 
we could extract the DNA.

2. Genomic DNA extraction and polymerase 
chain reaction (PCR) amplification

We extracted genomic DNA from fish stomach contents  
using the DNeasy Blood & Tissue Kit (QIAGEN, Germany) 
with modifications. We washed each sample with 1 ×Phos-
phate buffered saline (PBS), added it to a 1.75 mL tube with 
180 μL of ATL buffer and 20 μL of proteinase K, and incubated  
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it in a 56°C water bath for 1~2 h. We then extracted DNA 
from each sample following the DNeasy Blood & Tissue Kit 
protocol (Djurhuus et al., 2017). We stored the extracted DNA 
at -20°C and assessed its purity using a microplate reader 

(Thermo Fisher, USA) at 260 and 280 nm wavelengths. 
For 18s rRNA we used V9 primers used for gene amplifica-

tion were as follows: 1380F (forward primer), 5ʹ-CCCTGCCH 
TTTGTACACAC-3ʹ; 1510R (reverse primer), 5ʹ-CCTTCYGC 
AGGTTCACCTAC-3ʹ (Amaral-Zettler et al., 2009). The first 
PCR program consisted of an initial denaturation step for 3 min 
at 94°C; 35 cycles of denaturation for 30 s at 94°C, annealing 
for 60 s at 57°C, and extension for 90 s at 72°C; and a final  
extension step for 5 min at 72°C. The 16S rRNA primer seq- 
uences were as follows: 515F-Y (forward primer), 5ʹ-GTGY 
CAGCMGCCGCGGTAA-3ʹ; 926R (reverse primer), 5ʹ-CCG 
YCAATTYMTTTRAGTTT-3ʹ (Parada et al., 2016; Djurhuus 
et al., 2020). The second PCR program consisted of an initial 
denaturation step for 3 min at 95°C; 45 cycles of denaturation 
for 45 s at 95°C, annealing for 45 s at 50°C, and extension for 
90 s at 68°C; and a final extension step for 5 min at 68°C. We 
used the Nextera XT DNA Library Preparation Kit (Illumina, 
USA) and the Nextera XT Index Kit for the second PCR. Sub-
sequently, we visualized all PCR products by performing 1.5% 
agarose gel electrophoresis.

3. High-throughput sequencing and 
bioinformatic analysis

We performed next-generation sequencing on the MiSeq® 
platform from Illumina (USA). After quality control and data 
screening, we obtained valid sequences and clustered them 
using QIIME2 platform version 2023.9 (Edgar, 2010; Rognes 
et al., 2016; Bolyen et al., 2019) to generate representative 
sequences. We annotated the remaining sequences using the 
NCBI nt (Nucleotide) database. We performed bioinformatic 
analysis using the generated NGS library. We removed oligo  
sequences, PCR primers, and adapters from the original NGS 
data using Cutadapt v1.9.1 and eliminated reads with a length 
of 100 bp or less. We created amplicon sequence variants 

(ASVs) by clustering reads at a 97% similarity threshold and 
removed chimeric ASVs. We performed primary filtering to 
remove singleton ASVs. We determined the taxonomic posi- 
tion of each ASV up to the species level through a BLAST 
search in the NCBI database and filtered out ASVs that did not 
belong to eukaryotic nuclear 18S rRNA or eukaryotic mito- 
chondrial 16S rRNA. We conducted alpha diversity analysis 
based on the final ASV information, including ASV count per 
sample, species diversity, and taxonomic composition. We also 
performed beta diversity analysis using principal component/
coordinate analysis and the UPGMA tree algorithm. 

Results 

1. Taxonomic classification

1) Taxonomic classification of prey species based on 
genetic information obtained from the 18S rRNA marker

(1) Phylum level

Fig. 1a presents the distribution percentages of different 
phyla obtained from the foregut, midgut, and hindgut of N. 
a. sunameri. The stacked columns in Fig. 1a display the per-
centage of each phylum in the foregut, midgut, and hindgut 
of N. a. sunameri. For example, in the foregut, Ochrophyta 
was the predominant phylum at 61.19%. Other phyla, such 
as Chordata and Bacillariophyta, were also present, albeit in 
different proportions. In the midgut, the phylum distribution 
varied, with Chordata and Cryptophyta being the predominant 
phyla at 28.05% and 37.80%, respectively. Other phyla, such 
as Arthropoda and Bacillariophyta, were also present, albeit in 
smaller proportions. The hindgut exhibited a different distribu-
tion pattern, with Bacillariophyta being the most prevalent phy-
lum at 28.42%. Cryptophyta and Dinophyta were also present  
in this region.

(2) Family level

Fig. 1b presents the distribution percentages of various fam-
ilies in the foregut, midgut, and hindgut of N. a. sunameri. 
The stacked columns in Fig. 1b display the percentage of each 
family in the foregut, midgut, and hindgut. For example, in the 
foregut, Sargassaceae was the predominant family at 61.19%. 
Other families, such as Pempheridae and Thalassiosiraceae, 
were also present, albeit in different proportions (Fig. 1b).  
In the midgut, the distribution of families varied, with Katable- 
pharidae being the predominant family at 38.75%, followed by 
Oikopleuridae and Thalassiosiraceae at 26.25% and 17.5%, 
respectively. Other families, such as Chlorococcaceae and 
Stominoporellidae, were also present, albeit in smaller propor-
tions (Fig. 1b). The hindgut exhibited a different distribution 
pattern, with Acanthamoebidae, Katablepharidae, and Thalas-
siosiraceae significantly contributing to the family distribution 
in this region (Fig. 1b).

(3) Genus level

Fig. 1c shows the percentage of each genus in the foregut, 
midgut, and hindgut of N. a. sunameri. For example, in the 
foregut, Sargassum was the predominant genus at 61.19%. 
Other genera, such as Pempheris and Thalassiosira, were also 
present, albeit in different proportions. In the midgut, the distri-
bution of genera varied, with Katablepharis being the predomi- 
nant genus at 37.80%, followed by Oikopleura and Thalassi-
osira at 28.05% and 17.07%, respectively. Other genera, such 
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as Acanthamoeba and Oithona, were also present, albeit in 
smaller proportions. The hindgut exhibited a different distri-
bution pattern, with Skeletonema being the most prevalent at 
25.26%, followed by Acanthamoeba and Katablepharis. 

2) Taxonomic classification of prey species based on 
genetic information obtained from the 16S rRNA marker

(1) Phylum level

Fig. 2a presents the distribution percentages of different 
phyla obtained based on 16S rRNA from the foregut, midgut, 
and hindgut of N. a. sunameri. In the foregut, the phylum Fir-
micutes was predominant at 40.43%, followed by Fusobacte- 
riota at 53.08%. Bacteroidota and Proteobacteria were present 
in smaller proportions (Fig. 2a). In the midgut, a significant 
presence of Fusobacteriota was noted at 62.27%, followed by  
Firmicutes at 37.40%. Bacteroidota and Proteobacteria were 
present in smaller proportions (Fig. 2a). In the hindgut, the phy-
lum Fusobacteriota was predominant at 92.11%, with Firmi- 
cutes, Bacteroidota, and Proteobacteria being present in smaller  
proportions (Fig. 2a).

(2) Family level

The most prevalent family in the foregut was Fusobacteria- 
ceae at 53.05%, followed by Clostridiaceae at 37.79% (Fig. 
2b). Other families, such as Bacteroidaceae, Marinifilaceae,  
and Pasteurellaceae, were also present, albeit in smaller propor-
tions (Fig. 2b). The midgut exhibited a predominant presence  
of Fusobacteriaceae at 62.27%, followed by Clostridiaceae at 
34.84% (Fig. 2b). Other families, such as Peptostreptococcaceae  
and Mycoplasmataceae, were also present, albeit in smaller 
proportions (Fig. 2b). The hindgut showed a significantly differ- 
ent distribution pattern, with Fusobacteriaceae being the most 
prevalent family at 92.11% (Fig. 2b). Other families, such as 
Clostridiaceae and Peptostreptococcaceae, also contributed to 
the family distribution in this region (Fig. 2b).

(3) Genus level

The most prevalent genera in the foregut were Cetobacterium  

(53.05%), Clostridium sensu stricto 1 (37.49%), and Actino-
bacillus (2.02%). Bacteroides and Paraclostridium were also 
present, albeit in smaller proportions (Fig. 2c). In the midgut,  
Cetobacterium was predominant at 62.27%, followed by Para-
clostridium at 2.55% and Clostridium sensu stricto 1 at 34.85%  

(Fig. 2c). Other genera, such as Moritella and uncultured bacte-
rial genera, were also present, albeit in smaller proportions (Fig. 
2c). The hindgut exhibited a markedly different distribution pat-
tern, with Cetobacterium being the most prevalent at 92.11%, 
followed by Paraclostridium at 0.25% and Actinobacillus at  
0.06% (Fig. 2c). 

2. Diversity analysis

1) Diversity of prey species based on 18S rRNA analysis

The Shannon diversity index of the foregut (NP1-01, NP1-02,  
NP1-03) microbiome was consistently low across data points, 
with the values ranging from 0 to 0.994 (Fig. 3a). These results  

Fig. 1. Stacked bar plot showing the relative frequencies (%) at the (a) 
phylum, (b) family, and (c) genus levels based on the mitochondrial 
18S rRNA sequences from the foregut, midgut, and hindgut of N. a. 
sunameri.

a

b

c
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suggest the presence of lower species richness and/or lesser  
even species distribution within this anatomical region. In con- 
trast, the Shannon diversity index of the hindgut (NP3-01, NP3-
02, NP3-03) microbiome was consistently higher (between  
1.253 and 1.725), indicating greater species richness and relative  
evenness in species abundance (Fig. 3a). The Shannon diversity  
index of the midgut (NP2-01, NP2-02, NP2-03) microbiome 

was within an intermediate range (between 0 and 1.382). The 
Simpson index of the foregut microbiome (NP1-01, NP1-02, 
NP1-03) steadily increased from 0 to 0.905 and then decreased 
to 0.790 (Fig. 3b). In the midgut (NP2-01, NP2-02, NP2-03), 
the Simpson index increased from 0 to 0.858 and then further 
increased to 0.941 in the recorded measurements, indicating a  
progressive increase in species diversity and evenness (Fig. 3b).  

Fig. 2. Stacked bar plot showing the relative frequencies (%) at the (a) phylum, (b) family, and (c) genus levels based on the mitochondrial 18S rRNA 
sequences from the foregut, midgut, and hindgut of N. a. sunameri.

a

b

c
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In the hindgut (NP3-01, NP3-02, NP3-03), the Simpson index 
values were 0.962, 0.921, and 0.903 across measurements, indi- 
cating consistently high levels of species diversity and evenness  

(Fig. 3b). These distinct trends in Shannon diversity and Simp-
son indices across the foregut, midgut, and hindgut underscore 
the dynamic nature of species composition and evenness within  
each anatomical region of the gastrointestinal tract. This infor-
mation is crucial for understanding the ecological dynamics of 
microbial communities and their functional significance within  
different gut compartments. 

2) Diversity and abundance of prey species based on 
16S rRNA analysis

We calculated the Shannon diversity indices to evaluate the 
diversity of microbes and other organisms within the gut sec-
tions of N. a. sunameri. Our analysis revealed varying levels of  
diversity across the foregut, midgut, and hindgut regions. In 
the foregut, the Shannon diversity index ranged from 1.521 to 
1.554, indicating a relatively high level of species diversity in  

this region (Fig. 4a). In the midgut, the Shannon diversity index  
was between 1.163 and 1.204, indicating slightly lower diver- 
sity than that in the foregut (Fig. 4a). In contrast, in the hindgut,  
the Shannon diversity index ranged from 0.671 to 0.740, sug-
gesting a lower level of species diversity in this region (Fig. 4a).  
The Simpson diversity indices demonstrated varying levels of 
species diversity across different gut sections. In the foregut, the 
Simpson index ranged from 0.435 to 0.466, indicating the rich-
ness of species diversity in this region (Fig. 4b). In the midgut,  
the Simpson index was between 0.395 and 0.473, suggesting a 
moderate level of diversity compared with that in the other gut 
sections (Fig. 4b). In contrast, in the hindgut, the Simpson index  
ranged from 0.337 to 0.375, indicating the lowest diversity in 
this region (Fig. 4b). These data provide insights into the eco-
logical complexity and species richness within the gut of N. a. 
sunameri, with distinct diversity patterns being noted across the  
foregut, midgut, and hindgut. The variations in Shannon diver-
sity and Simpson indices among the gut sections highlight the  
unique ecological niches and community structures in the diges- 

Fig. 3. Assessment of Shannon (a) and Simpson (b) indices using the 
mitochondrial 18S rRNA sequences from the foregut, midgut, and 
hindgut of N. a. sunameri.

a

b

Fig. 4. Assessment of Shannon (a) and Simpson (b) indices using the 
mitochondrial 16 S rRNA sequences from the foregut, midgut, and hind- 
gut of N. a. sunameri.

a

b
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tive system of this marine mammal.

3. Prey species identification

1) Specific prey species identified using  
the 18S rRNA marker

Pempheris cf., a species in the genus Pempheris, had a 
substantial prevalence of 17.95% in the foregut (Fig. 5a). S. 
truncata, a marine bryozoan species, was found in the midgut 

(Fig. 5a). O. longicauda, a planktonic tunicate in the genus 
Oikopleura, had a notable prevalence of 5.13% in the foregut.  
O. fusiformis, a pelagic tunicate, was found in the midgut at 
10.98% (Fig. 5a). Moreover, O. gorskyi was significantly pre- 
sent in both the midgut (17.07%) and hindgut (3.89%) (Fig. 5a).  
Uronemella parafilificum, a type of ciliate, had a prevalence of  
2.56% in the foregut. A. polyphaga, a type of amoeba, account- 
ed for 3.66% of the midgut microbiota (Fig. 5a). Furthermore, 
O. atlantica, a marine copepod in the genus Oithona, accounted  
for 1.67% of the hindgut microbiota (Fig. 5a). Parvocalanus  
crassirostris, another marine copepod, was present in the mid-
gut (Fig. 5a). A. pearcei, an Acanthamoeba species, had a pre- 
valence of 7.22% in the hindgut (Fig. 5a). Clonorchis sinensis,  
a parasitic flatworm known as the Chinese liver fluke, was sig-
nificantly prevalent in both the foregut (10.26%) and hindgut 

(51.11%) (Fig. 5a). Tetradesmus obliquus, a type of green algae,  
was found in the hindgut at 1.11% (Fig. 5a). Rhaphoneis sp. 
belongs to the genus Rhaphoneis, with the “sp.” classification 
denoting an unspecified species prevalence in hindgut (Fig. 5a).  
Our analysis revealed the presence of the diatom Tetracystis sp. 
in the hindgut of N. a. sunameri. A type of green algae Tetra-
cystis sp. was detected in the midgut at 3.66%. Thalassiosira  
sp., a diatom, had a notable prevalence of 7.69% in the foregut 

(Fig. 5a). Peridinium inconspicuum, a dinoflagellate species, 
was detected in the hindgut at 4.44% (Fig. 5a). T. pacifica had a 
prevalence of 17.07% in the midgut. Our analysis revealed the 
active presence of S. pseudocostatum, a diatom in the genus  
Skeletonema, in the hindgut of N. a. sunameri; its prevalence 
was 13.33% (Fig. 5a). S. wightii, a brown seaweed species in the  
genus Sargassum, was predominant at 52.56% in the foregut 

(Fig. 5a). K. japonica, a marine flagellate species, was also 
prevalent in the midgut (37.80%) and significantly present in 
the hindgut (8.33%) (Fig. 5a).

2) Specific microbial species identified using  
the 16S rRNA marker

Uncultured bacterial species were predominant at 97.11% in 
the foregut, 99.76% in the midgut, and 99.92% in the hindgut 

(Fig. 5b). Fusobacteriaceae sp. was also present at 1.86% in the 
foregut, 0.05% in the midgut, and 0.02% in the hindgut (Fig. 
5b). Similarly, Bacteroides sp. was present at 0.46% in the fore-

gut and 0.01% in the midgut. Unclassified bacteria accounted  
for 0.16% of the foregut microbiome, 0.14% of the midgut  
microbiome, and 0.05% of the hindgut microbiome (Fig. 5b).
The analysis of 16S and 18S rRNA sequences from the gut 
of N. a. sunameri revealed a complex community of micro- 
organisms, with significant correlations observed between the 
detection of specific organisms using both primer sets (Fig. 6). 
A number of organisms displayed strong positive correlations 

(values close to 1.0), suggesting a high degree of co-occurrence  
in the gut microbiome. This was particularly evident for Pem-
pheris cf., Oikopleura longicauda, Uronemella parafilificum, 
Thalassiosira sp., Sargassum wightii, and Katablepharis japon- 
ica. These consistent detections across both 16S and 18S prim-
ers point to a potential close association or ecological linkage 
between these organisms within the gut environment. Conver- 
sely, some organisms showed negative correlations (values close  
to -1.0), indicating a less likely co-occurrence in the same 

Fig. 5. Stacked bar plot showing the relative frequencies (%) of species 
based on the mitochondrial 18S rRNA (a) and 16S rRNA (b) sequences 
from the foregut, midgut, and hindgut of N. a. sunameri.

a

b
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individual. The most notable example was Oithona atlantica, 
suggesting potential niche segregation or antagonistic inter- 
actions between this organism and others detected by 16S and 
18S primers. Several organisms exhibited limited or no correla-
tion (values close to 0) between 16S and 18S detection. This  
suggests that these organisms might be less abundant, have spe-
cific microhabitats within the gut, or potentially exhibit vari-
able responses to the different primers. This analysis provides  
a preliminary overview of potential relationships within the gut 
microbiome of N. a. sunameri. Further research is necessary to 
confirm these findings, elucidate the ecological and functional 
implications, and investigate the specific mechanisms driving 
the observed correlations.

4. Food web

1) Potential predator-prey interactions

The network analysis revealed intricate ecological and taxo-
nomic relationships involving N. a. sunameri within the studied  
ecosystem (Fig. 7). Notably, the strong connections between N. 
a. sunameri and Pempheris cf. and Sargassum wightii indicate 
that these organisms are likely dietary components for the host. 
Similarly, the high connection strengths between N. a. sunameri 
and the tunicates Oikopleura fusiformis and Oikopleura gorskyi  
suggest a predator-prey relationship, particularly in the midgut. 
Furthermore, the strong connection to Steginoporella truncata 
in the midgut points to a potential dietary interaction. Lastly, 
the high connection strength between the host and Clonorchis 
sinensis in the hindgut hints at a potential parasite-host relation- 
ship, where N. a. sunameri may consume or host this parasite.

2) Potential symbiotic relationships

Uncultured Bacteria have high connection strengths through-
out the gut, suggesting they likely engage in symbiotic relation- 
ships with various other organisms (Fig. 7). They may play 
key roles in digestion, nutrient cycling, and potentially provide  
essential metabolites or protection for other species. Cetobacte- 
rium ceti consistent presence throughout the gut, with moderate 
connection strengths, suggests potential symbiotic interactions  
with other gut inhabitants. It could contribute to nutrient pro-
cessing, participate in metabolic exchanges, or offer protection 
to other bacteria. Katablepharis japonica increasing connection  
strength from the foregut to the hindgut suggests a possible 
mutualistic relationship with the host, potentially involved in 
nutrient cycling or other beneficial interactions.

3) Potential parasite-host associations

Acanthamoeba polyphaga and Acanthamoeba pearcei moder-
ate connections in the midgut and hindgut, respectively, suggest  
that these amoebas may be commensal or opportunistic para-
sites within the host’s gut.

Discussion

1. Feeding habits of N. a. sunameri based on 
18S rRNA metabarcoding analysis

Research on the diet of finless porpoises in Japanese waters 
has revealed that they are generalist feeders that consume vari-
ous marine animals (Shirakihara et al., 2008). Our study is the  
first to use DNA barcoding methods to assess the diet of finless  
porpoises in South Korean coastal waters. Our analysis identi-
fied fewer prey items at the species level than expected, possi- 

Fig. 6. Correlation between marine species detected in 18S primer and 
microorgansim detected in 16S primer. The abbreviations for micro- 
organsim (A) and marine species (B) are as follows: A1: uncultured bac-
terium, A2: Fusobacteriaceae bacterium, A3: Bacteroides sp., A4: un-
classified bacteria, A5: uncultured marine, A6: uncultured Gram positive,  
A7: Fusobacterium sp., A8: Cetobacterium ceti, A9: Clostridiales bacte-
rium, A10: Shewanella woodyi, A11: uncultured Eubacterium, A12: un-
cultured Bacteroidetes, A13: Pasteurella skyensis, A14: uncultured Clos-
tridium, A15: uncultured Prolixibacter, A16: Photobacterium sp. B1:  
Steginoporella truncate, B2: Pempheris cf., B3: Oikopleura longicauda,  
B4: Oikopleura fusiformis, B5: Oikopleura gorskyi, B6: Uronemella 
parafilificum, B7: Acanthamoeba polyphaga, B8: Oithona atlantica, 
B9: Parvocalanus crassirostris, B10: Pseudotontonia simplicidens, 
B11: Strombidium sp., B12: Acanthamoeba pearcei, B13: Clonorchis 
sinensis, B14: Tetradesmus obliquus, B15: Rhaphoneis sp., B16: Tetra-
cystis sp., B17: Thalassiosira sp., B18: Peridinium inconspicuum, B19: 
Thalassiosira pacifica, B20: Skeletonema pseudocostatum, B21: Sar-
gassum wightii, B22: Katablepharis japonica.
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bly because of the high degree of digestion of these top preda-
tors. A study by Park et al. (2005) and our study revealed that 
finless porpoises feed on various fish and invertebrate species in 
Korean waters. However, the specific composition of prey spe-
cies differed in both studies. Identifying a wide range of prey  
species across different gut sections can shed light on the com-
plex feeding ecology of finless porpoises within their marine 
habitat. The substantial prevalence of Pempheris cf., a species 
within the genus Pempheris, in the foregut indicates its impor- 
tance as a prey item. Pempheris species, commonly known as  
sweepers or glassy sweepers, are a small group of marine fish 
belonging to the family Pempheridae (Koeda et al., 2014). They  
are native to tropical and subtropical waters of the Indo-Pacific 
region, including Korea (Kim and Sasaki, 2004). Pempheris 
species in Korean waters exhibit diverse behaviors and feeding 
strategies. Pempheris sp., feed on crustaceans and plankton 

(Golani and Diamant, 1991). Their diet typically consists of 
worms, shrimps, and small fishes. They play an important role 
in the coastal ecosystem, serving as a food source for larger 
predators.

Previous research on the diet of marine mammals has consis-
tently highlighted the prevalence of fish species as the primary  
prey items (Deagle et al., 2009; Gosch et al., 2014; Méheust et 
al., 2014). Specifically, studies in Japanese waters have iden-

tified Sardinella zunasi, Sardinops melanostictus, Pennahia  
argentata, Konosirus punctatus, and various Gobiidae species 
as dominant prey species (Shirakihara et al., 2008). In contrast, 
our study in South Korean coastal waters revealed Pempheris to  
be the dominant prey species for finless porpoises. These find-
ings suggest that the dietary composition of finless porpoises 
varies depending on the abundance of native dominant species 
in their respective habitats. Therefore, conservation efforts for 
finless porpoises, such as the establishment of special conserva-
tion areas, should consider their dietary preferences for native  
dominant species.

The presence of Pempheris cf. in the foregut of finless por-
poises could potentially explain the occurrence of the parasitic 
flatworm C. sinensis in the gut contents. C. sinensis infects fish  
as an intermediate host in its life cycle (Wang et al., 2018). If an  
organism consumes Pempheris cf. infected with C. sinensis as  
part of its diet, the parasite can be present in the gut contents of  
the organism. The consumption of infected fish by the organism  
could lead to the ingestion of the parasite’s eggs or larvae, which  
may then develop and be detected in different gut sections (Butt 
et al., 2004). This scenario highlights the potential transmission  
of parasitic organisms through trophic interactions within the 
food web, wherein predators feeding on infected prey can serve 
as hosts for these parasites. Luo et al. (2022) found that certain 

Fig. 7. Network analysis reveals potential predator-prey interaction, symbiotic relationship, parasite host association in N. a. sunameri.
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large fish species actively target tunicates as a prey item. The  
presence of various tunicate species, including O. longicauda, 
O. fusiformis, and O. gorskyi, in different gut sections suggests 
a diverse dietary composition encompassing these filter-feeding  
organisms. The feeding strategy of finless porpoises may involve  
targeting tunicates as a food source because of their abundance 
in the environment and nutritional content. 

2. Microbiota composition of N. a. sunameri 
based on 16S rRNA metabarcoding analysis 

The specific microbial species identified using the 16S 
rRNA marker further unraveled the composition of the micro-
bial communities in each gut section. Firmicutes and Fuso-
bacteriota were predominant in the microbial community of 
the foregut at 40.43% and 53.08%, respectively. These results 
indicate a balanced presence of tunicates during the initial 
stages of digestion. In the midgut, the prevalence of Fusobac-
teriota (62.27%) was greater than that of Firmicutes (37.40%), 
indicating a shift toward Fusobacteriota-dominated microbial 
populations involved in further digestive processes. The hind-
gut showed a significant prevalence of Fusobacteriota (92.11%), 
highlighting the importance of this phylum in the final stages 
of digestion and nutrient absorption. A comparison between the 
microbiome composition of baleen whale porpoises in a pre-
vious study (Sanders et al., 2015) and that of N. a. sunameri in 
our study revealed that the predominance of Bacteroidetes and 
Firmicutes was a similarity, highlighting the influence of diet 
on gut microbial diversity in marine mammals. The reported  
association between disease progression and changes in the 
abundance of Bacteroidetes and Firmicutes underscores the po-
tential impact of health status on gut microbiome composition  
in marine mammals.

The prevalence of uncultured bacteria across gut sections 
suggests the presence of a common and abundant microbial 
species throughout the digestive tract. The detection of Fuso-
bacteriaceae sp. in varying proportions indicates the presence 
of a specific bacterial family contributing to microbial diversity  
in different gut regions. Moreover, the detection of Bacteroides  
sp. and unclassified bacteria underscores the presence of diverse  
microbial taxa that play roles in digestion and nutrient meta- 
bolism. On the other hand, the Indo-Pacific humpback dolphin  
exhibited a different microbial composition, with Firmicutes,  
Fusobacteriota, Proteobacteria, and Bacteroidetes being the pre- 
dominant phyla. The presence of Bacteroidetes in the hump-
back dolphin microbiome is noteworthy, as this phylum is 
known for its role in polysaccharide degradation and is consid-
ered an important marker of health status in mammals (Wan et  
al., 2021). Overall, the taxonomic classification of prey species  

based on genetic information obtained from the 16S rRNA 
marker provides a comprehensive understanding of the micro- 
bial diversity and composition in the foregut, midgut, and hind- 
gut of N. a. sunameri. These findings contribute to our knowl-
edge of the digestive processes and symbiotic relationships be-
tween marine mammals and their gut microbiota, highlighting  
the intricate interactions that shape nutrient utilization and over- 
all health in these animals.

3. Advancements in DNA barcoding techniques 
for ecological dietary analysis

As more scientific investigations are employing DNA bar-
coding techniques to understand the evolution and ecology of 
natural ecosystems, this research field is entering a significant 
new phase. DNA-based techniques have demonstrated their 
worth and efficacy in the analysis of diets by enabling the eas-
ier identification of species from partial items. DNA barcoding 
has significantly improved the study of nutrition by providing  
a streamlined and uncomplicated methodology (Jo et al., 2013).  
These molecular techniques are increasingly being used to 
identify prey species in dietary studies of large mammals and 
animals (Alonso et al., 2014; Méheust et al., 2014). Neverthe-
less, molecular methodologies may have limitations, including 
amplification biases toward particular taxa (Pompanon et al., 
2012) and the formation of amplicons (Zarzoso-Lacoste et al., 
2013).

Researchers have investigated metabarcoding multiplexing  
and next-generation sequencing methods to overcome the chal-
lenges posed by various prey types and analyze complex dietary  
samples for distinct taxonomic groups (De Barba et al., 2014). 
DNA barcoding techniques are being increasingly used to anal- 
yze diets in ecological research. These methodologies will sig- 
nificantly enhance the efficacy of conservation and management 
initiatives. The application of DNA barcoding techniques to 
identify the prey species of finless porpoises has provided sig- 
nificant ecological insights. The results of our research empha-
size the increasing significance of incorporating DNA-based 
dietary analysis into ecological research as a conventional pro-
cedure. This integration can deepen our comprehension of the 
interplay between species’ diets and the environment in natural  
ecosystems. 

4. Consideration of ethical, conservation 
implications and limitation

1) Ethical considerations

Responsible data management: We maintained confidential-
ity and avoided any potential harm to the species or its habitat 
through responsible data management. 
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2) Conservation implications

Dietary preferences: Our findings inform conservation efforts  
by highlighting the importance of preserving habitats that sup-
port the species’ dietary needs.

Habitat preservation: Our results emphasize the need to main- 
tain a balanced ecosystem by preserving habitats that support 
the species’ prey populations.

Population management: Our research contributes to a better  
understanding of population dynamics, enabling informed man- 
agement decisions and reducing the risk of further decline.

Ecological role: Our study emphasizes the species’ ecolog-
ical importance, highlighting the need for conservation efforts 
to maintain ecosystem balance.

3) Study limitations

While this study provides valuable insights into the gut  
microbiome of N. a. sunameri, it is important to acknowledge 
its limitations. The sample size is relatively small, and the spe-
cific primer sets used might not have captured the full diversity 
of the microbial community. Additionally, the correlations ob-
served do not necessarily imply direct interactions between the 
organisms. Future research using high-throughput sequencing 
and metatranscriptomics will be critical for a more compre-
hensive understanding of the microbial community structure, 
functional potential, and ecological roles within the gut of N. a. 
sunameri. 

Conclusion

This study sheds light on the complex gastrointestinal micro- 
biome and dietary preferences of the N. a. sunameri. Our anal-
ysis revealed a clear spatial variation in microbiome composi-
tion and diversity across the gut sections, with the foregut and 
midgut exhibiting greater richness and evenness compared to 
the hindgut. The identification of diverse prey species, includ-
ing the parasitic flatworm Clonorchis sinensis, provides evi-
dence of the N. a. sunameri broad dietary niche and potential 
role as a host for parasites. The strong correlations observed 
between 16S and 18S sequences suggest ecological relation-
ships between specific organisms within the gut microbiome. 
Network analysis further revealed potential predator-prey inter- 
actions, symbiotic relationships, and parasite-host associations.  
Our findings highlight the importance of considering regional 
variations within the gut when studying marine mammal diet 
and microbiome dynamics. Further research is warranted to 
elucidate the ecological significance of the observed correla-
tions, the potential impact of Clonorchis sinensis on the N. a. 
sunameri and the ecosystem, and the functional roles of the 
microbiome in digestion and overall health. Understanding the 

complex interactions within the N. a. sunameri gastrointestinal 
tract is crucial for conservation efforts and for gaining a com-
prehensive understanding of this fascinating marine mammal. 
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