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The great cormorant (Phalacrocorax carbo) is a migratory, fish-eating bird that may act as a carrier for
various pathogens, raising potential ecological and public health concerns. This study investigated the
diversity of gastrointestinal parasites in great cormorants from the Republic of Korea using 18S rRNA
gene metabarcoding and conventional diagnostic methods. Fecal samples were collected from 10
great cormorants in Korea, and DNA was extracted for metabarcoding targeting the V4 and V9 regions
of the 18S rRNA gene using the MiSeq platform. Conventional PCR and microscopic examination

were used for validation. The V4 region of the 18S rRNA gene revealed the presence of Baruscapillaria
spiculata, Contracaecum sp., and Isospora lugensae. The V9 region analysis identified the following
parasites: Tetratrichomonas sp., Histomonas meleagridis, Trichomitus sp., Tetratrichomonas prowazekii,
B. obsignata, Monosiga ovata, and Fasciola gigantica. Furthermore, conventional PCR confirmed

the presence of Contracaecum sp., Isospora sp., and unspecified trichomonads, and microscopic
examination identified eggs of capillarid, Contracaecum, and Eustrongylides and trophozoites of
flagellated protozoa in the collected cormorant fecal samples. The findings underscored the potential
ecological role of great cormorants as hosts for diverse gastrointestinal parasites and the utility of 185
rRNA gene metabarcoding for screening the diversity of gastrointestinal parasites in great cormorants.
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Great cormorants (Phalacrocorax carbo) are piscivorous and migratory birds that consume a wide variety of fish
species'. The global population of great cormorants has increased significantly in recent years, which has led to
concerns about their potential role in the spread of diseases across regions>>. As these birds migrate between
different ecosystems, they may act as carriers of pathogens, thereby introducing and spreading infectious diseases
to new areas®. Research conducted previously has documented their role in the transmission of pathogens,
including Escherichia coli, avian influenza virus, and Vibrio cholerae'->-8. Furthermore, various gastrointestinal
parasites have been identified in great cormorants, including Clinostomum, Contracaecum, Eustrongylides,
Baruscapillaria, Sarcocystis, Blastocystis, Giardia, and Cryptosporidium®>°~'°. Given their diverse diet, which
encompasses a broad range of fish, they are susceptible to exposure to a variety of parasite species. Notably,
a paucity of comprehensive research on gastrointestinal parasites in great cormorants persists, particularly in
the Republic of Korea, underscoring the necessity for further investigation*16. Addressing this research gap is
imperative to develop effective management strategies that will protect both ecological and public health.
Next-generation sequencing (NGS) for metabarcoding expands the capabilities of traditional methods like
PCR, microscopy, and culture-based screening by enabling high-throughput, comprehensive, and detailed
analyses of diverse biological samples!’. This approach substantially reduces the labor, cost, and time required for
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comprehensive identification of microbial or eukaryotic communities by enabling the simultaneous detection
of a broad range of organisms'®!°. However, the technology also has limitations, such as PCR errors during the
metabarcoding process, short read length compared to Sanger sequencing, high computational requirements for
analyzing large amounts of data?®2!.

Moreover, metabarcoding has the potential to identify rare or novel pathogens that are often challenging
or impossible to identify using traditional methods, thereby enhancing the depth and accuracy of ecological
studies?>?*. While metabarcoding targeting the bacterial 16S rRNA gene has been established and is widely used
for bacterial community studies, the development of metabarcoding for eukaryotes based on the 185 rRNA
gene is still in its preliminary stages®*. The V4 and V9 regions of the 185 rRNA gene are of particular interest in
eukaryote metataxonomic studies?>. However, the results of metabarcoding can vary depending on the primer
sets, target regions, PCR conditions, and reference databases used. Therefore, it is necessary to confirm the
results through a traditional method such as conventional PCR or real-time PCR?.

The objective of this study was to evaluate the diversity of gastrointestinal parasites in great cormorants in
the Republic of Korea (Korea) through the use of metabarcoding of the V4 and V9 regions of the 185 rRNA
gene. Furthermore, the findings were compared with those obtained through the use of conventional PCR and
microscopy.

Methods

Collection of great cormorant fecal samples and DNA extraction

A total of 10 great cormorants (without sex information) hunted by professional hunters in Paroho Lake, Yanggu,
Gangwon Province, Korea were used in the study. The hunted great cormorants were individually wrapped
in plastic bags and transported to the Department of Parasitology, School of Medicine, Chungbuk National
University, Cheongju, Korea.

The great cormorants in Korea are classified as noxious wild animals by the Korean government and can
be hunted by authorized hunters. The animals in this study were hunted for regular hunting by the authorized
hunters, not for the experiment.

For the purpose of DNA extraction, fecal samples were collected from each great cormorant cloaca using a
cotton swab. The DNA was extracted from all samples on the day of collection using the QIAamp® Fast DNA
Stool Mini Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions. The extracted DNA was
stored at—20 °C until further use.

Microscopic examination

The collected fecal samples were examined by the direct smear method and the saturated saline flotation method.
The samples were observed using a BX53 light microscope (Olympus, Tokyo, Japan). The parasite species
were classified based on their morphological characteristics, and the overall parasitic composition within the
population was described and compared with the NGS results.

Library construction and 185 rRNA gene amplicon sequencing

The 10 DNA samples extracted from the feces were pooled as a single sample and the pooled DNA was sent to
Macrogen (Daejeon, Korea) for NGS running. For the metataxonomicstudies, the V4and V9 hypervariable regions
of the 18S rRNA gene was amplified by PCR using the universal primer sets: 18S V4F (5-CCAGCAGCCGCGG
TAATTCC-3’) and 18S V4R (5°-ACTTTCGTTCTTGATTAA-3’) targeting the V4 variable region of 185 rRNA
gene, and 1380F (5-CCCTGCCHTTTGTACACAC-3’) and 1510R (5-CCTTCYGCAGGTTCACCTAC-3)
targeting the V9 variable region of 18S rRNA gene. The PCR conditions for both regions were as follows: an
initial denaturation at 95 °C for 3 min, followed by 25 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30s,
with a final extension at 72 °C for 5 min. DNA purification was performed using AMPure beads (Agencourt
Bioscience, Beverly, MA, USA). The PCR products were amplified for final library construction containing the
index using NexteraXT Indexed primer. Library quantification was then performed using qPCR according to the
qPCR Quantification Protocol Guide (KAPA Library Quantification kits for Illumina Sequencing platforms) and
qualified using the TapeStation D1000 ScreenTape (Agilent Technologies, Waldbronn, Germany). Paired-end
sequencing was carried out on the Illumina Miseq™ platform (Illumina, San Diego, USA).

Bioinformatic analysis

Paired-end raw reads of V4 and V9 regions obtained from Illumina sequencing were processed using the DADA2
pipeline (v1.18.0) for metataxonomic analysis?’. Adapter and primer sequences were removed, with forward and
reverse reads truncated to 250 bp and 200 bp, respectively, using Cutadapt (v3.2)8. The reads were performed
error correction, merging, denoising, and removal of chimeric sequences to generate amplicon sequence variants
(ASVs)¥. Chimeric sequences were identified and removed using the consensus method implemented in the
remove BimeraDenovo function within DADA2. ASVs with lengths shorter than 350 bp were filtered out using
R (v4.0.3). Taxonomic classification was conducted using QIIME (v1.9.0). The reference database employed was
the 18S rRNA dataset from the National Center for Biotechnology Information (NCBI_NT_20231204). Each
ASV was aligned to the closest matching organism in the reference database utilizing the BLAST +algorithm
(v2.9.0), with alignment criteria set to query coverage >85% and identity > 85%%.

Conventional PCR and phylogenetic analysis

To corroborate the identification of parasites derived from the metabarcoding analysis and microscopic
examination, a conventional PCR was conducted. To identify the genera Histomonas, Isospora, Tetratrichomonas,
and Trichomitus, the 18S rRNA of each parasite was amplified using PCR with the AccuPower HotStart PCR
Premix Kit (Bioneer, Daejeon, Korea) (Table 1)*-33. Furthermore, the ITS-1 region was amplified for the purpose
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Targets Primer | Sequences (5’-3’) PCR condition References
Histomomas 18S-F GCAGTTAAAACGCTCGTAGTC 95 °C/15 m; 40 cycles: 95 °C/30's, 53 °C/30's, 72 °C/60 5; 72 °C/10 m | *°
18S-R AACGCTAGACAGGTCAACCC
Fasciola FascF ACCGGTGCTGAGAAGACG 95 °C/5 m; 30 cycles: 95 °C/45 s, 60 °C/45 s, 72 °C/60 s; 72 °C/7 m 34
FascR CGACGTACGTGCAGTCCA
Isospora ExCycF | AATGTAAAACCCTTCCAGAGTAAC | 94 °C/15 m; 35 cycles: 94 °C/45 s, 55 °C/45's, 72 °C/60 s; 72 °C/10 m | 3!

ExCycR | GCAATAATCTATCCCCATCACG

NesCycF | AATTCCAGCTCCAATAGTGTAT 94 °C/15 m; 35 cycles: 94 °C/45 s, 55 °C/45 s, 72 °C/60 s; 72 °C/10 m
NesCycR | CAGGAGAAGCCAAGGTAGGCRTTT

Tetratrichomonas Tgf GCAATTGTTTCTCCAGAAGTG 95 °C/15 m; 40 cycles: 94 °C/30's, 60 °C/30's, 72 °C/60s; 72 °C/10 m | 2
Tgr GATGGCTCTCTTTGAGCTTG

Trichomitus T18SF GGAAGCACACTTCGGTCATAG 94 °C/5 m; 30 cycles: 94 °C/60 s, 56 °C/60's, 72 °C/120's; 72°C/7 m | »
T18SRi | CCTTCCGTCAATTCCTTCAA
T18SFi AGGGTTTCTGTCGATCAAGG 94 °C/5 m; 30 cycles: 94 °C/60 s, 56 °C/60 s, 72 °C/120 s; 72 °C/7 m

T18SR CGTTACCTTGTTACGACTTCTCC

Nematode common

N18SF CGCGAAYRGCTCATTAYAACAGC 95 °C/5 m; 35 cycles: 95 °C/30 s, 54 °C/30 s; 72 °C/60 s; 72 °C/5 m 7

N18SR GGGCGGTATCTGATCGCC

V4 region of 185 rRNA | 185 V4F | CCAGCAGCCGCGGTAATTCC 95 °C/3 m; 25 cycles: 95 °C/30 s, 55 °C/30 s, 72 °C/30 s; 72 °C/5 m 76

18S V4R | ACTTTCGTTCTTGATTAA

V9 region of 185 rRNA | 1380F CCCTGCCHTTTGTACACAC 95 °C/3 m; 25 cycles: 95 °C/30 s, 55 °C/30 s, 72 °C/30 s; 72 °C/5 m 7

1510R CCTTCYGCAGGTTCACCTAC

Table 1. Primers used to identify eukaryotes and parasites in great cormorants’ feces.

of identifying the genus Fasciola®®. To identify the genera Baruscapillaria, Contracaecum, and Eustrongylides,
a nematode-specific primer set targeting the 18S rRNA gene was employed. All positive PCR products were
submitted to Macrogen for direct sequencing.

The resulting sequences were aligned using MEGA 11 and compared with sequences deposited in the NCBI
GenBank database. Additionally, phylogenetic trees were constructed using the maximum likelihood method
with 500 bootstrap replications in MEGA 11 to analyze the molecular characteristics of the obtained sequences.

Results

Microscopic examination

On the basis of the microscopic examination using the direct smear method and the fecal flotation method, a total
of three helminths and trophozoites of protozoa were identified (Fig. 1A-D). The direct smear method identified
eggs of capillarid and Contracaecum sp. as well as a large number of trophozoites of flagellated protozoa with
different sizes and morphological characteristics. The flotation method did not detect any protozoa, but revealed
the presence of eggs of capillarid, Contracaecum sp., and Eustrongylides sp. However, while the morphological
characteristics of the eggs and trophozoites allowed classification of the parasites by type, identification to species
level was not possible.

18S rRNA gene sequencing data

A total of 227,100 and 254,640 reads were generated in the V4 and V9 regions, respectively, through the NGS.
Following filtering, 103,104 read pairs for the V4 region and 123,773 read pairs for the V9 region were retained.
The mean length of the V4 sequence fragments was 388 base pairs (ranging from 375 to 401 bp), while the mean
length of the V9 sequence fragments was 130 base pairs (ranging from 110 to 147 bp).

Taxonomic compositions of the V4 and V9 regions

A bioinformatics analysis identified 20 and 18 distinct amplicon sequence variants (ASVs) in the V4 and V9
regions, respectively. These ASVs were assigned to 12 and 16 species, respectively. The assigned species included
eukaryotes belonging to diverse taxonomic groups, including parasites, birds, and fishes. Furthermore, the V4
region analysis revealed the presence of fungal and algal species, whereas the V9 region analysis identified a
water mold.

At the phylum level, the V4 region identified Chordata, Nematoda, and Apicomplexa, with relative
abundances of 98.394%, 1.538%, and 0.006%, respectively. Additionally, an unclassified phylum was identified
with a relative abundance of 0.062%. In the V9 region analysis, the following phyla were identified: Parabasalia,
Chordata, Nematoda, Oomycota, and Platyhelminthes, with relative abundances of 82.642%, 9.890%, 0.152%,
0.002%, and 0.002%, respectively. The unclassified phylum constituted 7.312% of the total.

At the species level, the V4 region analysis identified Baruscapillaria spiculata, Contracaecum sp., and Isospora
lugensae as parasites, Melopsittacus undulatus as a bird, Hypomesus transpacificus, Gobio gobio, Cyprinus carpio,
Hypophthalmichthys molitrix, and Tachysurus fulvidraco as fishes, and Cryptomonas rostratiformis as algae.
The V9 region analysis revealed the presence of several parasites, including Tetratrichomonas sp., Histomonas
meleagridis, Trichomitus sp., Tetratrichomonas prowazekii, Baruscapillaria obsignata, Monosiga ovata, and
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Fig. 1. Parasites detected in the feces of great cormorants (Phalacrocorax carbo) captured in Yanggu, Gangwon
Province, Republic of Korea. (A) Trophozoites of flagellate protozoans (red arrows), (B) Egg of a capillarid
parasite, (C) Egg of Contracaecum sp., and (D) Egg of Eustrongylides sp. Scale bar =25 pm.

Fasciola gigantica. Additionally, the following organisms were identified: Calypte anna (bird), Osmerus mordax,
Carassius auratus, Ctenopharyngodon idella, Hemibarbus labeo, and Culter alburnus (fish), and Saprolegnia
parasitica (water mold).

In the V4 region analysis, Melopsittacus undulatus (98.155%), a bird, exhibited the highest proportion
of abundance, followed by Baruscapillaria spiculata (1.402%), which is a parasite. In the V9 region analysis,
Tetratrichomonas sp. exhibited the highest abundance (42.405%), followed by Histomonas meleagridis (14.829%)
(Table S1). The relative abundance of each species is presented in Fig. 2A,B.

Upon comparison of the identified ASVs with sequences from the NCBI_NT database, it was determined
that the percentage of identity for some parasite sequences was insufficient to ascertain the exact species. For
instance, in the V4 region, the ASV assigned to I. lugensae exhibited a sequence with only 95.607% identity. In
the V9 region, ASVs assigned to Tetratrichomonas sp., Histomonas meleagridis, and Baruscapillaria obsignata
exhibited 85.586-90.826%, 85.965%, and 94.000%, respectively (Table S1).

Identification of parasites by conventional PCR

To confirm the presence of parasites identified in metabarcoding results, conventional PCR was performed. The
results indicated the presence of Contracaecum sp., Isospora sp., and unspecified trichomonads, with the highest
prevalence observed in unspecified trichomonads in great cormorants (Table 2). However, attempts to identify
Baruscapillaria spp., Histomonas meleagridis, and Fasciola gigantica by conventional PCR were not successful.

Molecular characteristics and phylogenetic analysis

The 18S rRNA gene fragment of Contracaecum sp. obtained by conventional PCR was compared with the
sequences in the GenBank database using the BLAST algorithm. The results revealed that Contracaecum
in this study exhibited 100% identity with C. eudyptulae (EF180072) from Eudyptula minor in Australia, as
well as with C. rudolphii (OP467579) from Diomedea sanfordi in New Zealand, and 99.89% identity with C.
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Fig. 2. Taxonomic composition of eukaryotes in great cormorants’ feces by (A) V4 and (B) V9 regions of the
18S rRNA gene. Detailed species and relative abundances are described in Table SI.

Parasites
Sample ID Contre I a | Trich ds*

Cormorant-1 - -

Cormorant-2 | — -

Cormorant-3 | — -

Cormorant-4 | — +

Cormorant-5 | — -

Cormorant-6 | — +

R e o I A N

Cormorant-7 | — -

Cormorant-8 | — -

Cormorant-9 | + -

+

Cormorant-10 | — - +

Total (n)

—_
8]
o

Table 2. Conventional PCR results for parasites in great cormorants. *If one of the PCRs for Tetratrichomonas,
Trichomitus, and Histomomas was positive, the results are reported as positive. The PCR results were confirmed
by sequencing.

australe (PP739191) from Phalacrocorax brasilianus in Brazil. A phylogenetic analysis also demonstrated a close
relationship between Contracaecum sp. in this study and previously reported Contracaecum spp. (Fig. 3).

With regard to Isospora, two samples were identified as positive by conventional PCR. The BLAST results
demonstrated that the two sequences exhibited the highest degree of identity with I. lugensae (MW287753) from
the Kerguelen petrel in Australia, with a percentage identity range of 95.82-95.92%. The phylogenetic analysis
revealed that the sequences in this study exhibited the closest relationship with I. lugensae, yet they were clearly
diverged (Fig. 4). In light of the identity and phylogenetic relationships, the Isospora identified in this study were
designated as Isospora sp.

Of the 10 great cormorant samples, a total of nine samples tested positive for trichomonads by conventional
PCR (Table 2). The utilization of different primer sets in conventional PCR yielded varying results, with distinct
trichomonads being identified upon analysis of the PCR products, as opposed to the intended target pathogen
for which the primers were originally designed. For example, primer sets for Tetratrichomonas, Trichomitus,
and Histomonas yielded DNA fragments of unspecified trichomonads (Fig. 5 and S1, Table S2). Furthermore,
the majority of the trichomonads identified in this study exhibited low identity with any of Tetratrichomonas,
Trichomitus, and Histomonas in the GenBank database. However, the phylogenetic analysis demonstrated that
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71 OP467579.1 Contracaecum rudolphii sensu lato

PP739191.1 Contracaecum australe

AY702702.1 Contracaecum microcephalum

41| EF180072.1 Contracaecum eudyptulae

0OL470521.1 Contracaecum ovale

— U94370.1 Contracaecum multipapillatum

JX486103.1 Anisakis nascettii

9§ MFQ72711.1 Anisakis simplex

MFQ72697.1 Anisakis pegreffii

0.050

EU344798.1 Ancylostoma duodenale

Fig. 3. Phylogenetic analysis of 18S rRNA of Contracaecum. To construct the phylogenetic tree, the maximum-
likelihood method was used with 500 bootstrap replications. The sequences obtained in this study are indicated
with bold and arrows.

the identified trichomonads belonged to the family Trichomonadidae. Consequently, the authors designated the
sequences as unspecified trichomonads.

Discussion

This study employed metabarcoding to analyze the V4 and V9 regions of the 18S rRNA gene, with the objective
of characterizing the intestinal parasites of great cormorants and elucidating their role as a host for various
parasites. This advanced approach has been demonstrated to be highly sensitive in identifying a wide range of
parasites in comparison to conventional methods such as PCR and microscopy?*. While the metabarcoding
analysis yielded the most diverse array of parasite species in this study, some of the results did not align with
those obtained through conventional PCR or microscopic examination. Nevertheless, the findings indicated the
presence of comparable parasites at the family or genus level.

The genus Contracaecum is a nematode belonging to the family Anisakidae, which is distributed globally,
including Japan, Australia, China, and New Zealand**-*°. Contracaecum has been documented in both
freshwater and marine ecosystems, utilizing fish as intermediate and/or paratenic hosts, while aquatic mammals
and piscivorous birds, including great cormorants, serve as definitive hosts*. Furthermore, in humans, ingestion
of the L3 stage larvae of Contracaecum sp. with fish can result in penetration of the gastric and intestinal walls,
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Fig. 4. Phylogenetic analysis of 18S ribosomal RNA of Isospora. To construct the phylogenetic tree, the
maximum-likelihood method was used with 500 bootstrap replications. The sequences obtained in this study
are indicated with bold and arrows.

leading to abdominal pain, fever, diarrhea, and vomiting*'. Among the species within the genus Contracaecum, C.
rudolphii sensu lato is a cosmopolitan nematode that is commonly found in great cormorants and is occasionally
associated with severe gastric lesions. Recent molecular analyses have identified six sibling species within the C.
rudolphii complex (C. rudolphii A-F)*#*~%>_ The BLAST result and phylogenetic analysis demonstrated that the
sequence obtained in the present study is closely related to the C. rudolphii s.1. that has been deposited in GenBank
(OP467579). However, the precise species could not be identified due to the 18S region being highly conserved
among all ascarid nematodes, including Contracaecum spp*®. To address this issue, additional molecular markers
(ITS-1, ITS-2, and cox1) were amplified as previously described*”*°. However, all results were negative for the
genus (data not shown). Nevertheless, this finding lends support to the hypothesis that great cormorants may
acquire Contracaecum through the consumption of fish, consistent with the findings of previous studies on the
feeding habits of great cormorants'. This novel identification contributes to our understanding of host-parasite
interactions within aquatic ecosystems and the role of piscivorous birds in the transmission of parasites.

Isospora is a genus of apicomplexan protozoa in the family Eimeriidae, known for causing diarrhea in various
vertebrates®. In contrast with the results obtained by metabarcoding, the conventional PCR results revealed that
the Isospora sp. identified in this study shared only 95.82-95.92% identity with I. lugensae from the Kerguelen
petrel in Australia (MW287753)°L. The study of Isospora in birds is a relatively underexplored field, and the
available reference databases are limited. As a result, the authors were unable to definitively identify the species.
These findings indicate that metabarcoding is a sensitive and effective method for detecting novel eukaryotes,
including parasites.

Members of the protozoan family Trichomonadidae, which includes genera such as Tritrichomonas,
Trichomonas, Tetratrichomonas, Trichomitus, and Pentatrichomonas, are called trichomonads®2. Trichomonads
are characterized by the presence of three to five flagella and mainly are found in the cecum and colon of a wide
range of vertebrates and invertebrates, including mammals and birds*>**, Among trichomonads, Tritrichomonas
foetus, which causes abortion in cattle, and Trichomonas vaginalis, a sexually transmitted disease in humans,
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Fig. 5. Phylogenetic analysis of 18S ribosomal RNA of trichomonads. To construct the phylogenetic tree, the
maximum-likelihood method was used with 500 bootstrap replications. The sequences obtained in this study
are indicated with bold and arrows.

are well-studied. However, the pathogenicity of many other trichomonads remains poorly understood>>*¢. The
family Dientamoebidae, genus Histomonas, is closely related to the family Trichomonadidae. The latter is known
to cause blackhead disease in birds, with H. meleagridis representing a particularly well-studied example®’.

In this study, the results of the metabarcoding identified the presence of Tetratrichomonas, Trichomitus, and
Histomonas, albeit with a low identity of 85.586-95.495%. To validate the results, conventional PCR targeting
each genus was performed; however, all were identified as unspecified trichomonads. The primer sets employed
targeted different genera, yet due to genetic relatedness, the authors hypothesize that all primer sets amplified
unspecified trichomonads. Furthermore, BLAST results demonstrated a low identity of 85.71-98.24% with
sequences affiliated with the genera Tetratrichomonas, Trichomitus, and Histomonas within the GenBank database.
Phylogenetic analysis indicated that the unspecified trichomonads belong to the family Trichomonadidae, yet
are distinct from the known genus. This represents one of the most significant advantages of metataxonomic
analysis, namely its capacity to reveal previously uncharacterized biodiversity.

The genus Baruscapillaria is a parasitic nematode belonging to the family Capillariidae. This nematode has
been documented to infect the intestines and stomachs of birds and mammals®. The genus Baruscapillaria
is distinguished by a well-developed membranous bursa with small lobes exhibiting minute projections and
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a long, sclerotized spicule with a smooth spicular sheath®. B. obsignata has been documented in a variety
of avian species, including chickens in Japan, turkeys in India and Brazil, and rock partridges in Korea®-%.
Furthermore, a previous study indicated that this parasite is associated with high mortality rates and severe
enteritis in turkeys®. In this study, Baruscapillaria obsignata and B. spiculata were identified through 185 rRNA
gene metabarcoding. It is noteworthy that this study represents the first detection of both B. obsignata and B.
spiculata in great cormorants using metabarcoding. Furthermore, although the eggs of Baruscapillaria were
identified through light microscopy, they were not corroborated by conventional PCR. For more accurate species
identification, adult worms need to be collected and morphologically analyzed, and their role as natural hosts of
great cormorants needs to be further investigated.

The genus Eustrongylides (family Dioctophymatidae) is a nematode that infects various fish species and
piscivorous birds in freshwater ecosystems, causing a disease that is commonly referred to as big red worm
disease®®. Mortality due to infection has been documented in both fish and bird hosts, and Eustrongylides is also of
zoonotic importance. A previous study reported the mortality of an Australian darter (Anhinga novaehollandiae)
associated with severe diffuse verminous coelomitis resulting from Eustrongylides infection®. In humans, the
consumption of raw or undercooked fish harboring the parasite’s larval stages can lead to gastritis, enteritis,
intestinal perforation, and cutaneous lesions®®-%8. Currently, three species of Eustrongylides are recognized: E.
tubifex, E. ignotus, and E. excisus®*%. These parasites are distributed globally, with reports from Korea, Australia,
Japan, India, and China®’!. In the present study, the presence of Eustrongylides sp. eggs was identified using
microscopic analysis. Conventionally, species identification of Eustrongylides has been primarily based on the
morphology of eggs and adult parasites®#%%72, though the utility of this approach in distinguishing among
different species based solely on egg morphology was not optimal in the present study.

It was unexpected that one ASV was assigned to E gigantica, which is typically found in ruminants in
tropical regions’>. The ASV was observed only in the V9 region, with a relative abundance of 0.002% (Table
S1). Additionally, the evidence for F gigantica was not supported by either light microscopy or conventional
PCR. This result is probably due to two reasons. First, a parasite from the family Echinostomatidae, which
belongs to the same superfamily Echinostomatoidea as F. gigantica, was detected but may have been misassigned
due to lack of reference databases. In fact, parasites such as the genus Pestasiger, which belongs to the family
Echinostomatidae, have been found in great cormorants’. Second, the observed E gigantica DNA fragments
in the cormorant may have been incidental, indicating transient materials rather than evidence of an actual
infection. However, it is difficult to draw definitive conclusions from the current results.

The 18S rRNA gene metabarcoding approach proved effective in monitoring the dietary habits of great
cormorants. The results differed according to the target region, as evidenced by the analysis of parasites.
Metabarcoding revealed the presence of distinct ASVs, which are suspected to be the genes of fish ingested by
great cormorants. The identification of fish in fecal samples provides valuable insights into the feeding behavior
and ecological interactions of these animals within their natural habitats. This non-invasive method offers
insights into their role in aquatic ecosystems and facilitates the development of strategies to mitigate their impact
on fish populations. This approach facilitates a deeper comprehension of the dietary habits of great cormorants
and furnishes crucial data for the management of their impact on local ecosystems and fisheries.

In this study, an ASV assigned to birds was identified in each of the V4 and V9 regions. Each ASV was
subsequently assigned to Melopsittacus undulatus and Calypte anna, respectively, rather than to great cormorants.
Nevertheless, subsequent investigation via BLAST analysis demonstrated that both ASV's exhibited 99.74-100%
identity with the sequence of great cormorants (XR_010370890) present within the GenBank database. This
outcome is likely attributable to the absence of a reference database for the 18S rRNA gene utilized for taxonomic
assignment and the limited sequence length obtained through the V4 and V9 region metabarcoding, which may
impede the resolution and accuracy of taxonomic identification. The unexpected detection of avian sequences
in each region underscores the necessity for more comprehensive reference databases and longer sequence reads
to enhance the reliability of eukaryotic diversity studies using metabarcoding.

This study employed conventional PCR to validate the metabarcoding results; however, certain limitations
remained. Even after PCR, sequencing, BLAST, and phylogenetic analyses, the exact species of identified
parasites were not determined due to the high degree of genetic or absence of reference sequences in GenBank
database. Further studies on different molecular markers, including 18S rRNA, ITS-1, ITS-2, cox1, and others are
needed with longer and more comprehensive sequence data. These efforts will enhance the taxonomic resolution
and diagnostic accuracy of parasitic organisms.

The present study investigated gastrointestinal eukaryotes, with a focus on parasites, in great cormorants.
While this study identified some pathogenic parasites, including Baruscapillaria, the authors are unable to draw
conclusions about the pathogenicity of other parasites, including Isospora sp. and unspecified trichomonads,
identified in this study due to the lack of research on parasites in wild birds, including great cormorants. Further
studies are necessary to determine the pathogenicity, natural hosts, and transmission routes of individual
pathogens.

Conclusion

In conclusion, the use of metabarcoding of the 18S rRNA gene represents an effective approach for the
investigation of gastrointestinal parasites in great cormorants. This study identified a diverse range of taxa,
including Contracaecum, Isospora, Baruscapillaria, Eustronglyides, unspecified trichomonads, and other
eukaryotes. However, the limited availability of comprehensive reference databases indicates the necessity for
further research to enhance the accuracy and reliability of metabarcoding-based assessments of eukaryotic
diversity.
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Data availability

The raw sequence data were deposited in the NCBI GenBank database (Unspecified trichomoands PQ765749-
PQ765768; Contrcaecum sp., PQ765769; Isospora sp., PQ765770-PQ765771) or Sequence Read Archive (SRA)
under BioProject PRINA1198058.
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