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Complete mitochondrial genome
of the world’s most endangered
tern, Thalasseus bernsteini, and a
mitogenomic phylogenetic study of
the Laridae family

Jun Seong Jeong?, Jiyoung Kim?, Kyung Jun Lee?, Yunkyoung Lee?™ & Jihoon Jo'**

Thalasseus bernsteini (Chinese crested tern), known as the rarest tern in the world, has become
critically endangered with a severely diminished population. Understanding its genetic diversity

is crucial for conservation efforts. However, no genomic resource has been publicly reported for

this species. In this study, we discuss the first complete mitochondrial genome (mitogenome) of T.
bernsteini assembled from an egg sample collected from a newly established breeding site on Yuksan
Island, South Korea. The 16,737 bp mitogenome contains 37 genes, including 13 protein-coding
genes, 22 tRNAs, and two rRNAs, exhibiting a typical gene order of avian mitogenomes. Phylogenetic
analyses based on mitogenomic data confirmed the phylogenetic relationships between T. bernsteini
within the Laridae family and other Charadriiformes species. Additionally, the divergence timeline of
the terns was estimated, highlighting the evolutionary events that shaped their lineage. Our findings
provide valuable genomic resources for future conservation genetic and phylogenetic studies of this
critically endangered species, aiding in efforts to protect and manage dwindling populations.
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Global climate change, human-driven habitat destruction, and illegal poaching of countless wildlife species are
driving numerous species toward extinction worldwide!?. To conserve the biodiversity of our planet in the
face of these threats, the genetic resources of species serve as the cornerstone of conservation biology>~>. The
genomes of many endangered species worldwide have been continuously decoded to document their genetic
material in preparation for their potential extinction®-®. Moreover, recent advances in sequencing technologies
have even made it possible to investigate the genomes of extinct species such as the woolly mammoth and the
Tasmanian tiger™!°.

Small organellar genomes (i.e., plastid and mitochondrial genomes) are invaluable resources that offer
better phylogenetic resolution than single-locus DNA barcodes and provide robust insights into genetic
diversity. Preserving global biodiversity is an urgent priority, and mitochondrial genomes (mitogenomes) play
a pivotal role in this challenge due to their unique characteristics. The mitogenome of vertebrates, typically
16-20 kb in length, is a compact, maternally inherited, non-recombining genome that evolves more rapidly
than nuclear DNA!! This makes it a powerful tool for studying genetic diversity, population structure, and
evolutionary relationships among species!>!%. The high conservation of mitochondrial genes, combined with
their faster mutation rates, allows for detailed phylogenetic analysis that can elucidate both recent and ancient
divergence!®!°. In avian research, the mitogenome has been extensively explored to reveal intra- and interspecies
evolutionary relationships. For example, studies on various bird species have demonstrated that mitogenomes
provide critical insights into the genetic diversity of species, aiding conservation efforts, and enhancing our
understanding of phylogenetic lineages'®~15.

Thalasseus bernsteini (Chinese crested tern), belonging to the Laridae family of the order Charadriiformes,
is a globally endangered species classified as Critically Endangered on the IUCN Red List BirdLife !°. It was
presumed extinct because of the lack of sighting records for 63 years, from 1937 until its rediscovery in July 2000
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in Matsu, East China Sea. Since then, its known breeding grounds have been limited to four uninhabited islands
in the East China Sea: Matsu, Jiushan, Wuzhishan, and Penghu®*!. However, in April 2016, two breeding pairs
were discovered for the first time on Yuksan Island in the Yellow Sea, off Korea?2. Since 2016, six to eight Chinese
crested terns have arrived at breeding grounds in Korea annually?®. The discovery of Korean breeding grounds
is significant for species conservation, as it marks an expansion of the Chinese crested tern breeding range by
approximately 700-1,100 km North.

Despite the demand for the conservation of this species, the mitochondrial genome of T. bernsteini has
not been reported. Furthermore, the phylogenetic relationships within the Laridae family remain unclear,
with only a handful of studies in terms of molecular phylogeny involving several mitochondrial and nuclear
genes?»%. Given its critically endangered status and severe population decline, mitogenomic studies are crucial
for conservation management and provide essential data for understanding its broader phylogenetic and
evolutionary context within the Charadriiformes!®2°. In this study, we report the first complete mitochondrial
genome of T. bernsteini and investigate its phylogenetic relationships with 18 complete mitogenomes within the
order Charadriiformes. The divergence timelines of Laridae have been inferred using relaxed molecular clock
analysis based on mitogenomes to demonstrate the divergence time of the terns.

Materials and methods

Field research and ethical approval

The fieldwork was conducted on Yuksan Island (35° 19’ 22.3” N, 126° 16’ 38.4” E), one of the islands belonging
to the Chilsan Islands, located in Yeonggwang-gun, Jeollanam-do, Korea. Yuksan Island, which hosts a breeding
colony of crested Chinese terns, is an important breeding ground for black-tailed gulls (Larus crassirostris)
(Fig. 1A,B), with an estimated population of approximately 26,000 birds in Korea. We visited the island two
to four times a month from March to July 2023 to monitor the arrival and breeding status of Chinese crested
terns. To document bird behavior, egg-laying dates, and hatching dates during the breeding season, 24-h still
images and video data were collected using unmanned sensor cameras (HC600; Reconyx, Holmen, WI, USA)
and CCTV cameras (SCO-6020R and XNO-6090RH; Hanwha Techwin, Seongnam, South Korea). Unmanned
sensor cameras were programmed to capture one image per minute throughout the breeding period (March to
July) using a time-lapse function.

Fig. 1. Photographs of the breeding habitat of T. bernsteini on Yuksan Island and the collected egg sample. (A)
Overview of the breeding habitat on Yuksan Island. (B) Chinese crested terns (T. bernsteini) observed within
the breeding habitat. (C) Egg specimen (~ 5.5 cm in height) collected in this study. (D) Embryo specimen
preserved in alcohol.
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For fieldwork involving the capture and banding of birds, as well as the collection of biological samples
(including unhatched eggs that were confirmed to be non-viable), approval for animal research was obtained
from the Institutional Animal Care and Use Committee (IACUC) of the National Institute of Ecology (NIE),
Republic of Korea (NIEIACUC-2021-007-change-001). All field researchers completed the required animal
ethics training program (C02827-278969) at NIE. No experiments on live animals were performed as part of
this study, and efforts were made to minimize stress and reduce visiting time during fieldwork to minimize
potential harm to the birds.

Sample collection, DNA extraction, and sequencing

On May 23, 2023, an abandoned egg of T. bernsteini that had been left unincubated by the parent birds was
found within 2 m of the original nest on Yuksan Island. Based on our camera recordings, the egg was laid
on April 25, 2023, and therefore was collected 28 days after oviposition. The egg was carefully collected using
sterile forceps, and the embryo in the egg was preserved in 99% ethanol at —20 °C (Fig. 1C,D). To obtain the
genomic DNA of T. bernsteini, we fragmented the amniotic tissue of the alcohol-preserved embryo into tiny
pieces approximately 2-3 mm wide. Approximately 80 mg of the amnion pieces were lysed in 800 pL of 2%
CTARB lysis buffer (2% CTAB, 0.1 M Tris-HCI pH 8.0, 20 mM EDTA pH 8.0, 1.4 M sodium chloride, and 1%
beta-mercaptoethanol) and 50 pL of proteinase K (20 mg/mL) solution on a Thermomixer at 65 C, 750 rpm
for 16 h. Genomic DNA was extracted from the cell lysate using phenol/chloroform/isoamyl alcohol (25:24:1)
and ethanol precipitation. The resulting gDNA pellet was dissolved in a 10 mM Tris solution. The quantity of
gDNA was measured using a Qubit 4.0 fluorometer (Thermo Fisher, Waltham, MA, USA), and the DNA size
distribution was determined using a FEMTO Pulse system (Agilent, Santa Clara, CA). The Illumina sequencing
library was constructed using the TruSeq DNA PCR-Free Library Preparation Kit (Illumina, San Diego, CA,
USA) following the manufacturer’s protocol, with an insertion size of 350 bp. Finally, the sequence data were
generated on the Illumina NovaSeq6000 platform with 151 bp paired ends (PE150).

Mitogenome assembly and annotation

Raw reads of the Illumina sequencing were trimmed using Trimmomatic v0.36%” with a ‘MINLEN:36’ option. The
high-quality reads were used to assemble the T. bernsteini mitogenome (Table 1). To assemble the mitogenome,
we ran the MitoZ v3.6 assembler?® with default parameters, and the resultant assembly was then polished twice
using Pilon v1.24%. Mitogenome annotation was performed using the GeSeq web program® with the reference
genome of the closest species, Sterna hirundo (GenBank accession: NC_036345.1)3!. In detail, protein-coding
genes and rRNAs were searched using BLAT with 35% and 60% of minimum identity options, respectively.
All tRNAs were annotated using tRNAscan-SE v2.0.7>2 with a “vertebrate mitochondrial tRNAs” genetic code
option. Finally, non-typical stop codons (T-- or TA-) and other coding frames were manually checked by
comparison with Laridae reference mitogenomes™®.

Phylogenetic and molecular clock analyses

To construct the mitogenome phylogeny of the family Laridae, we collected 13 mitogenomes of Laridae and
five mitogenomes of Charadriiformes outgroups from the NCBI Organelle Genome and GenBank databases
(Supplementary Table S1). Nucleotide sequences of 13 protein-coding genes were extracted from the GenBank
files of each genome, and only these sequences were used in further analyses. The coding sequences were
aligned using the codon-aware alignment program MACSE v2.07°* with the vertebrate mitochondrial
genetic code option (-gc_def 2). To explore the mitogenomic species tree of Laridae, we inferred maximum
likelihood (ML) phylogenetic trees using IQ-TREE2 v2.0.7% from both a single concatenated alignment and
partitioned alignments based on individual genes. An adequate DNA substitution model for each alignment
was determined using the ModelFinder algorithm (-m MFP), and ultrafast bootstrapping was performed with
1,000 replicates (-bb 1000). Gene concordance factors (gCFs) were analyzed using IQ-TREE2 to assess gene tree
conflicts. In addition to the ML tree, we inferred a species tree based on the Bayesian inference (BI) method
and the multispecies coalescence (MSC) method using PhyloBayes v4.1% and ASTRAL-IIT*, respectively. For
the BI tree reconstruction using ‘pb’ script of PhyloBayes, we ran two independent MCMC (Markov Chain
Monte Carlo) chains for at least 20,000 cycles with the CAT-GTR substitution model (-cat -gtr) which is a
site-heterogeneous model accounting for variation in substitution patterns across sites. Convergence between
both chains was assessed using ‘bpcomp’ script sampling every 10 cycles after discarding the first 1,000 cycles
as burn-ins. The MSC tree was inferred using ASTRAL-III with 13 gene ML-tree inputs. All of best substitution
model information from ModelFinder analyses was listed in Supplementary Table S2. The phylogenetic distance
(i.e., Kendall-Colijn distance) between the species tree and each gene tree of Laridae was calculated using the
TREESPACE R package?®.

We further demonstrated the mitogenome-based diversification timeline of the Laridae family using fossil-
calibrated relaxed molecular clock analysis. To this end, we employed PhyloBayes utilizing the CAT model (the
default option for nucleotides) for relative rates of substitution, and the log-normal (-In) relaxed molecular-clock
model. Two independent MCMC chains were run for at least 10,000 cycles. The assessment of chain convergence

Data Number of reads | Number of sequences (bp) | GC content (%) | Q20 (%) | Q30 (%)
Raw reads 723,387,602 109,231,527,902 43.4 97.3 92.8
High—quality reads | 713,347,596 106,116,392,652 432 98.3 94.5

Table 1. General information on sequencing raw data of this study.
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and tree sampling followed the same method as described above. Two fossil calibration points were adopted from
previous studies®®>*°, which were P. impennis-S. maccormicki (34.2-36.0 mya) and L. dominicanus-S. albifrons
(23.6-24.1 mya). The ML tree in Fig. 2 was imported as a backbone species tree.

Results and discussion

Field research and sample collection on an inhabited island

To determine the causes of nesting failure and egg-laying dates in Chinese crested terns, we collected data using
unmanned sensor cameras during the breeding season and analyzed the photographic data in July after the
breeding season concluded (see Methods). We observed two pairs of eggs laid among seven Chinese crested
terns that arrived on Yuksan Island in 2023. The first nesting pair (male banding label “PA” and female no-
banding, hereafter referred to as the “PA pair”) laid egg on April 25, whereas the second nesting pair (hereafter
the “no-banding pair”) laid egg on May 2, resulting in a seven-day difference in laying dates. Their nests were
within 0.5 m of each other.

On May 9, a confrontation occurred between incubating and non-breeding individuals in the nest of the no-
banding pair, causing the egg of the no-banding pair to move closer to the nest of the PA pair (11:18 AM, May 9).
The egg of the PA pair was later displaced and abandoned approximately 2 m away at 9:36 PM. The egg was left
unattended for approximately 3 h before it disappeared. On May 10, no Chinese crested tern egg was observed.
It appears that the egg was pulled into the nest of a nearby black-tailed gull that was incubating in an area where
the egg had rolled. The abandoned egg of the PA pair was later reported on May 23, approximately 2 m from the
original nest on the ground. We collected the embryo sample from the abandoned egg and extracted genomic
DNA from the amniotic tissue (Fig. 1C,D).

First complete mitochondrial genome of T. bernsteini

We sequenced approximately 109 gigabases of T. bernsteini DNA using the Illumina NovaSeq 6000 platform
and retained 97.1% of the reads after low-quality trimming (Table 1). From these high-throughput DNA reads,
we successfully assembled the complete mitochondrial genome, which was 16,737 bp in length and included 13
protein-coding, two rRNA, and 22 tRNA genes (Fig. 2A). Most genes were located on the heavy strand, whereas
only one protein-coding gene and eight tRNA genes were found on the light strand. The gene arrangement
was consistent with that of a typical avian mitogenome, without any structural or compositional deviations
(Supplementary Table S1). The A/T content was 58.8% for PCGs, 50.7% for tRNA genes, 58.8% for the srRNA
gene, 57.8% for the IrRNA gene, 57.9% for the control region, and 60.3% for the T. bernsteini mitogenome
(Supplementary Table S1). The start codons for the 13 protein-coding genes in T. bernsteini included typical ATN,
with a few exceptions, such as GTG for COX1. The stop codons were primarily TAA and TAG, although some
genes exhibited an incomplete stop codon (T--). This genomic structure aligned with previously documented
patterns in Charadriiformes species (Table 2 and Supplementary Table S1).
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Fig. 2. Mitogenome map of T. bernsteini and mitogenomic species-tree of the Laridae family. (A) Circular map
of the mitogenome. (B) Maximum likelihood phylogenetic tree of the Laridae family. This tree was inferred
from the partitioned nucleotide alignments of 13 protein-coding genes. Nodes without numerical labels
represent fully supported ultrafast-bootstrapping values, and scale bar indicates the substitution rate.
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Gene Direction | Nucleotide number | Size (bp) | Anticodon | Start codon | Stop codon
trnF F 1-72 72 GAA

rrnS (stRNA) | F 73-1039 967

trnV F 1040-1111 72 UAC

rrnL (IrRNA) | F 1112-2707 1596

trnL F 2708-2781 74 UAA

NDI F 2790-3767* 978 ATG TAG
trnl F *3766-3837 72 GAU

trnQ R 3847-3917 71 UuuG

trnM F 3917-3985 69 CAU

ND2 F 3986-5024 1039 ATG T
trnW F 5025-5096 72 UCA

trnA R 5098-5166 69 UGC

trnN R 5169-5241 73 GUU

trnC R 5244-5310 67 GCA

trnY R 5311-5381 71 GUA

COX1 F 5383-6933 1551 GTG AGG
trnS R 6925-6998 74 UGA

trnD F 7001-7069 69 GUC

cox2 F 7071-7754 684 ATG TAA
trnK F 7756-7825 70 Uuuu

ATP8 F 7827-7994* 168 ATG TAA
ATP6 F *7985-8668* 684 ATG TAA
COX3 F *8668-9451 784 ATG T
trnG F 9452-9520 69 ucc

ND3 F 9521-9872 351 ATC TAA
trnR F 9877-9945 69 UCG

ND4L F 9947-10,243 297 ATG TAA
ND4 F 10,237-11,614 1378 ATG T
trnH F 11,615-11,684 70 GUG

trnS F 11,685-11,750* 66 GCU

trnL F *11,750-11,820 71 UAG

ND5 F 11,821-13,635 1815 ATG AGA
CYTB F 13,650-14,792 1143 ATG TAA
trnT F 14,797-14,865 69 UGU

trnP R 14,873-14,942 70 UGG

ND6 R 14,956-15,477 522 ATG TAA
trnE R 15,481-15,553 73 uucC

Table 2. Detailed gene information of T. bernsteini mitogenome. *Asterisks indicate overlaps at the ends with
preceding or following sequences.

Phylogenetic analysis of the family Laridae including T. bernsteini
To reconstruct a mitogenome phylogenetic tree for the family Laridae, we collected 18 complete mitogenomes
from the NCBI GenBank database (see Methods and Supplementary Table S3). The genome set was comprised
by five outgroup species (two Alcidae, two Scolopacidae, and one Stercorariidae) and 13 Laridae species (eight
Larinae and five Sterninae). We aligned the nucleotide sequences of 13 protein-coding genes from these
mitogenomes, including the newly sequenced T. bernsteini mitogenome, resulting in a concatenated alignment
0f 11,400 bp. The resultant ML species tree with gene-wise partitioning scheme showed that T. bernsteini grouped
with the Sterna genus within the Sterninae subfamily with full support (Fig. 2B). There was no phylogenetic
conflict in the gene concordance analysis, and the result was consistent to partitioning schemes (Supplementary
Figure S1). The phylogenetic relationships across the Sterninae and Larinae were consistent with previously
reported phylogenetic trees based on mitochondrial markers?. Therefore, our phylogenetic inference provides
the Laridae’s most robustly supported species tree with mitogenome-level phylogenetic resolution. This tree
topology was strongly supported by other species tree inference methods the multispecies coalescent method,
and Bayesian inference method (Supplementary Figure S2). The ML tree with amino-acid alignments showed
a few topological changes, but with weak phylogenetic supports (Supplementary Figure S2). Therefore, we used
nucleotide alignments for further analyses.

We investigated the phylogenetic distances between the species tree and each mitochondrial gene tree to
identify the gene that provided the highest phylogenetic resolution in the family Laridae®®. The MDS plot of
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Fig. 3. Phylogenetic distances and relaxed molecular-clock analysis of Laridae. (A) MDS (multidimensional
scaling) plot of TREESPACE landscape analysis result among the species and each gene tree. “SPECIES” with
red text indicates the mitogenome species tree. (B) Estimated divergence timelines of the Laridae family. Blue
bar on each node indicates the 95% confidence interval of the estimated divergence time with “million years
ago” unit, and the nodes with an asterisk indicate the fossil calibration points.

phylogenetic distance showed that the ATP6 and ND4L genes exhibited no phylogenetic distance from the
species tree, and the COX1I, ND1, and ND2 genes showed subsequently short distances (Fig. 3A), suggesting
that these five mitochondrial genes are the most suitable phylogenetic marker genes within the Laridae family.
In particular, COXI and ND2 were more suitable as markers because of their sufficient coding sequence lengths
of 1,551 and 1,039 bp, respectively. These results indicate that these genes are the most informative markers
when the complete mitogenome is not available. In terms of phylogenetic support, the complete mitogenome
consistently outperforms individual genes despite showing the same tree topology.

To infer the divergence time of the Laridae, we performed a relaxed molecular clock analysis with fossil
calibration using our mitogenome datasets (see Methods section). The resultant chronogram shows that Laridae
diverged from its sister groups 34.4-37.0 million years ago during the late Eocene epoch. Moreover, T. bernsteini
species diverged within the Sterninae subfamily 4.2 to 7.2 million years ago (Fig. 3B). The inference results were
comparable to the estimates from TimeTree5 (Supplementary Figure $S3)*! and previous study?’, but we consider
our findings more robust because of the use of mitogenome-scale genetic data. This inference suggests that the
black-crested head, a unique morphological trait of the Thalasseus genus, emerged 4.2-7.2 million years ago.

Genetic studies of the world’s most endangered tern

The Chinese crested tern, recognized as the world’s most endangered tern, has been observed breeding on several
islands in China, Taiwan, South Korea, and Japan?»*'*2. Despite its critically endangered status and increasing
conservation importance, its genomic background remains largely unexplored owing to constraints on the
collection of genetic resources. Previous studies have suggested genetic introgression between T. bernsteini
and the great crested tern (Thalasseus bergii), based on the haplotype networks of three genes (ND2, NHS, and
RP2)®. Gu et al. developed microsatellite markers for T. bernsteini genotyping using a draft genome of T. bergii
and reported low genetic diversity alongside evidence of introgression*!. A whole-genome study analyzing the
population genomics of both species has been reported in a preprint archive*’. However, a major limitation of
these previous studies is the lack of publicly available genomic data, which restricts further genomic research on
conservation.

The complete mitochondrial genome of T. bernsteini or any other species within the Thalasseus genus had
not yet been reported. By successfully sequencing and assembling the complete mitochondrial genome of T.
bernsteini, this study fills a critical gap in genomic research on this species. Our findings provide new insights
into the phylogenetic placement within Laridae and offer a valuable genetic resource for future conservation
efforts. Furthermore, the availability of this mitochondrial genome allows comparative analyses with other
seabirds, facilitating studies on genetic diversity, adaptation, and population structure. Future studies should
integrate nuclear genomic data to elucidate the evolutionary dynamics and conservation requirements of T.
bernsteini.
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Data availability

The complete mitochondrial genome of T. bernsteini was deposited in GenBank database with an accession
number PV440435. Due to the critically endangered status of this species, the raw Illumina sequencing data are
not publicly available. However, the data may be made available upon reasonable request to the corresponding
author, particularly for bona fide academic or conservation-related research purposes.
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