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Relative performance of three
phylogenetic methods based on
complete mitochondrial genomes
of barnacle

Seongjun Bae

Mitochondrial Genome analysis is essential for understanding phylogenetic relationships. However,
few studies have compared the performance of phylogenetic approaches for marine invertebrates,
which have a complex evolutionary history. This study compared three phylogenetic trees based on
34 complete mitochondrial genomes, including Amphibalanus eburneus, Fistulobalanus kondakovi,
and Megabalanus rosa, in terms of (1) gene order, (2) concatenated protein-coding genes, and (3)
universal cytochrome c oxidase subunit I (COX1) marker regions. Each phylogenetic tree exhibited
significant topological differences (Robinson-Foulds distance of 0.55-0.92). The protein-coding genes
(78.8%) performed significantly better in terms of monophyletic preservation than the COX1 marker
region (61.3%) and gene order (50.0%). Gene order analysis identified two genomic regions (I and Il)
as hotspots (regions with concentrated rearrangement activity) with significantly elevated breakpoint
densities (319 and 100 breakpoints, respectively; p<0.001), indicating concentrated genome
rearrangement activity. Although all three methods consistently preserved some families, they
strongly suggested that taxonomic re-evaluation is necessary for Balanidae. In conclusion, gene order
provides insights into genome evolution patterns, concatenated protein-coding genes are the most
suitable for phylogenetic studies, and COX1 markers are useful for rapid species identification rather
than phylogenic classification. This comparative analysis provides important insights into the effects
of method selection on mitochondrial phylogeny, especially when addressing complex phylogenetic
problems in marine invertebrates.
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Molecular systematics has greatly improved our understanding of evolutionary relationships, and mitochondrial
genomes have become essential for resolving taxonomic issues in various lineages'2. Complete mitochondrial
genomes provide information on various aspects, including the nucleotide sequences of protein-coding genes
(PCGs) and the physical arrangement of ribosomal RNA (rRNA) and transfer RNA (tRNA)?.

The various types of mitochondrial data have given rise to different phylogenetic approaches, each with its
own advantages and limitations. Gene order-based studies have utilized the rarity of genome rearrangements
in various marine invertebrate taxa (e.g., echinoderms*mollusks’ascidians®and barnacles”® to elucidate their
relationships. Combining the analysis of PCGs can provide relatively high phylogenetic resolution when utilizing
diverse taxa with diverse evolutionary rates’!!. Single-marker approaches use standardized regions, such as
cytochrome ¢ oxidase subunit I (COX1I), enabling relatively rapid and accurate identification of molecular
species based on extensive reference databases!'>13,

Although each method has its own advantages, few studies have systematically compared their performances
using the same dataset for marine invertebrates. Some studies have compared phylogenetic trees based on
the 13 PCGs and gene orders in Nemertea'* or the 13 PCGs and COX1 marker regions in ascidians'®. Direct
comparisons between methods are essential for determining the most effective method for mitochondrial
phylogenomics and identifying the potential causes of phylogenetic inconsistencies. Marine arthropods are
useful models for comparative methodological studies because of their long evolutionary histories and diverse
mitochondrial genome structures!®-18,
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Barnacles (Cirripedia) have particularly diverse mitochondrial gene arrangement patterns’!° and are relatively
well characterized in terms of complete mitochondrial genomes?*-3%. These characteristics make barnacles ideal
for comparing mitochondrial genomic information from various perspectives. Various phylogenetic methods
have been applied to barnacle mitochondrial genome data, yielding diverse results®. Gene order analysis has
revealed unique rearrangement patterns across barnacle phylogenies’. Phylogenetic tree analysis based on the 13
PCGs revealed potential conflicts with the traditional classification system™®. These results emphasize the need
for a systematic comparison using consistent datasets and diverse approaches.

This study describes the complete mitochondrial genomes of three barnacle species (Amphibalanus eburneus,
Fistulobalanus kondakovi, and Megabalanus rosa) and compares phylogenetic trees constructed from 34 complete
mitochondrial genomes with regards to (1) gene order, (2) concatenated PCGs, and (3) universal COXI marker
regions. To assess the relative reliability of each approach, their performance was quantitatively evaluated
based on the Robinson-Foulds (RF) distance metric and monophyletic preservation rate. This comparative
analysis provides insights into the methodological considerations that extend beyond barnacle phylogeny to
broader issues in mitochondrial phylogenetics. The study highlights the relevance of mitochondrial genome
data in evolutionary studies and emphasizes the importance of appropriate methods for addressing complex
phylogenetic problems.

Materials and methods
Sample collection and complete mitochondrial genome
From February to March 2023, A. eburneus, E. kondakovi, and M. rosa were collected from the coast of the
Republic of Korea. Amphibalanus eburneus was collected in Masan (35°12’00.05” N, 128°34°'41.23” E), F
kondakovi in Buan (35°35°09.46” N, 126°36’22.07” E), and M. rosa in Pohang (35°52°50.82” N, 129°31°41.70”
E; Table S1). Complete mitochondrial genome analysis was performed for all three species. Genomic DNA was
extracted from the samples using a DNeasy Blood & Tissue DNA Kit (Qiagen, Hilden, Germany) and a genomic
library was constructed using a QIAseq FX Single Cell DNA Library Kit (Qiagen) with paired-end reads. Next-
generation sequencing (NGS) was performed using a NovaSeq X Series 10B Reagent Kit (300 cycles; Illumina,
San Diego, CA, USA) on a NovaSeq 6000 system (Illumina). Sequencing yielded 48,694,468 paired-end raw
reads for A. eburneus, 48,537,090 for F. kondakovi, and 45,801,380 for M. rosa. After quality control with Trim_
Galore v0.6.1 (https://github.com/felixkrueger/TrimGalore) to remove adapter sequences and low-quality data,
48,194,603 clean reads were obtained for A. eburneus, 47,940,315 for F. kondakovi, and 44,767,988 for M. rosa.
Trimmed read data were used for mitochondrial genome assembly using de novo assembly combined with
reference-based mapping. Initial assembly was performed using MitoZ v3.5% with the parameters “genetic_
code 5” and “clade Arthropoda”. Amphibalanus eburneus, F. kondakovi, and M. rosa were assembled using A.
amphitrite (KF588709) as references, resulting in circular mitochondrial Genomes of 15,348 bp. After quality
correction using Polypolish v0.5.0%, no sequence errors were found in the assembly results, and the average
read depth was 223.0x for A. eburneus, 246.1x for E kondakovi, and 496.0x for M. rosa. The assembled complete
mitochondrial Genomes of the three species contained 13 PCGs, 22 tRNAs, and 2 rRNAs. Circular maps were

generated using CGView server®,

Dataset compilation and phylogenetic analysis

Different phylogenetic methods were compared using a dataset of 34 complete mitochondrial Genomes.
This included the three newly sequenced species in the present study and 31 previously published complete
mitochondrial genomes obtained from the National Center for Biotechnology Information (NCBI) GenBank
(accessed December 2024). The dataset included 31 species from the order Balanomorpha (ingroup) and three
species from the order Pollicipedomorpha (outgroup; Table 1).

Three phylogenetic approaches were used in this study. For gene order-based phylogenetic analysis, Maximum
Likelihood for Gene-Order*® (MLGO) analysis was used to construct a maximum likelihood tree based on the
arrangement and orientation of all mitochondrial genes, considering both gene position and strand orientation
(+or -) to capture the complete gene order information. Branch Support was assessed using 1,000 bootstrap
replicates. Two datasets were used for the nucleotide sequence-based phylogenetic analysis. One consisted of
the concatenated nucleotide sequences of the 13 PCGs, and the other consisted solely of the COX1 marker
region (LCO1490/HCO2198; 658 bp), as described by Folmer et al.!2, For both datasets, sequence alignment
was performed using CLUSTAL Omega4° in Geneious Prime software (version 2025.0; Biomatters, Auckland,
New Zealand). Phylogenetic trees were constructed using the maximum likelihood approach in raxmlGUI 2.0%!.
The best-fitting nucleotide Substitution model was determined using the GTR model for both datasets. Node
Support was assessed using 1,000 bootstrap replicates for both phylogenetic analyses.

Comparative assessment of phylogenetic methods
The performance of the three phylogenetic approaches was evaluated using two complementary methods in
R v4.0.2*? (http://www.R-project.org/). To assess topological similarities between the phylogenetic trees, RF
distances were calculated using “phangorn™? package. The RF distance quantifies the dissimilarity between two
trees based on the number of bipartitions (evolutionary splits) present in one but absent in the other. Raw RF
distances were calculated using the “REdist” function and normalized through division with the maximum
possible RF distance (2n-6, where n is the number of taxa), resulting in values ranging from 0 (identical
topologies) to 1 (maximally different topologies). This normalization allowed the direct comparison of tree
similarities, independent of the number of taxa. The resulting distance matrix was visualized as a heatmap using
“ggplot2”** package.

For the monophyletic preservation assessment, the “ape”® package was used to determine whether
established taxonomic groups formed monophyletic clades in each tree. Phylogenetic trees were imported in
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Group Order Family Species Accession no. | Total length (bp) | Reference
Acasta cyathus MN615272 15,251 Unpublished
Acasta sulcata KJ754818 15,326 Tsang et al., 2017
Amphibalanus amphitrite KF588709 15,683 Shen et al., 2015
Amphibalanus eburneus PV231789 15,348 This study
Amphibalanus improvisus MZ049958 15,336 Bae et al., 2021
Amphibalanus reticulatus 0K662945 15,062 Unpublished
Armatobalanus allium KJ754817 15,063 Tsang et al,, 2017
Balanus balanus KM660676 15,955 Unpublished
Balanus trigonus MW646099 15,560 Liu et al., 2021
Balanidac Fistulobalanus albicostatus MK617531 15,665 Song et al., 2020
Fistulobalanus kondakovi PV231790 16,447 This study
Megabalanus ajax KF501046 15,510 Shen et al., 2016
Megabalanus coccopoma OK631889 15,098 Zhang et al., 2023
Megabalanus rosa PV231791 15,133 This study
Megabalanus tintinnabulum MN481499 15,107 Feng et al., 2019
Ingroup | Balanomorpha Perforatus perforatus OR327030 15,536 Jeong et al., 2024
Semibalanus balanoides MG010647 15,119 Nunez et al,, 2021
Semibalanus cariosus MT528637 15,118 Nunez et al., 2021
Striatobalanus amaryllis KF493890 15,064 Tsang et al,, 2015
Striatobalanus tenuis 0OL979158 15,067 Mao et al,, 2024
Catophragmidae | Catomerus polymerus MH791045 15,446 Chan etal.,, 2018
Chelonibiidae Chelonibia testudinaria KJ754819 14,906 Tsang et al., 2017
Chionelasmatidae | Eochionelasmus ohtai MF939636 15,585 Kim etal, 2018
Chthamalidae Chthamalus challengeri KY865097 15,358 Chen etal.,, 2019
Chthamalus malayensis MWO076458 15,230 Mao et al., 2021
Tesseropora rosea KY865099 15,330 Caietal., 2018
Tetraclita japonica MH119183 15,192 Geetal, 2019
Tetraclitidas Tetraclita rufotincta KY865100 15,002 Song et al., 2017
Tetraclita serrata KJ434948 15,200 Shen et al., 2015
Tetraclita squamosa squamosa | MT232759 15,191 Feng et al., 2020
Tetraclitella divisa KJ754822 14,973 Tsang et al., 2017
Pollicipes polymerus AY456188 15,634 Lavrov et al., 2004
Out group | Pollicipedomorpha | Pollicipedidae Pollicipes pollicipes 0Q525896 15,148 Unpublished
Capitulum mitella AY514042 14,915 Lim and Hwang, 2006

Table 1. Details of complete mitochondrial genomes. Species analyzed in this study are highlighted in bold.

Newick’s format, and taxon labels were standardized to ensure consistent comparisons. For each taxonomic
group (18 Genera and 9 families), monophyly was assessed using the “is.monophyletic” function, which tests
whether all group members share an exclusive common ancestor. The percentage of preserved monophyletic
taxonomic groups was calculated for each method to quantify their relative performance in preserving the
established taxonomic relationships and elucidate how well each aligns with current classification systems.

Gene order breakpoints were quantified based on the concept of Blanchette et al.*°using pairwise comparisons
of gene adjacency across clades. Breakpoint densities were calculated for predefined genomic regions, and
enrichment ratios were obtained by comparing densities with entire genome expectations. Statistical significance
was evaluated via permutation testing (10,000 replicates), with effect sizes estimated using Cohen’s d and
deviations from uniformity tested via chi-square statistics. Breakpoint analysis was also performed using the
“ape” package.

Results
Complete mitochondrial genomes
The three mitochondrial genomes showed similar nucleotide compositions. Amphibalanus eburneus contained
37.2% A, 15.9% C, 11.4% G, and 35.5% T. Fistulobalanus kondakovi had 38.2% A, 17.2% C, 10.8% G, and 33.8%
T. Megabalanus rosa had 31.6% A, 17.5% C, 13.8% G, and 37.0% T. All three species had AT contents of 72.7%,
72.0%, and 68.6%, respectively (Fig. 1).

The start and stop codon patterns differed among the species. ATG was the most common start codon (eight
in A. eburneus, seven in E kondakovi, and eight in M. rosa), followed by ATT (two in A. eburneus, two in F
kondakovi, and three in M. rosa) and GTG codons (two in A. eburneus, two in E kondakovi, and one in M. rosa).
Some start codons occurred rarely, such as ATA and ATC in F. kondakovi and TTG in M. rosa. Notably, the ACA
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Fig. 1. Circular maps of complete mitochondrial genomes. (a) Amphibalanus eburneus (15,348 bp), (b)
Fistulobalanus kondakovi (16,447 bp), and (c) Megabalanus rosa (15,133 bp). Protein-coding genes, rRNAs, and
tRNAs are shown in purple, red, and green, respectively, with the inner circle displaying GC content.
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Fig. 2. Gene order-based phylogenetic analysis. (a) Phylogenetic tree revealing 10 distinct clades (C1-C10).
(b) Comparative gene order patterns across clades with three major rearrangement regions (I, II, and III;
highlighted with cyan dotted boxes). Protein-coding genes, rRNAs, and tRNAs are shown in purple, red,
and green, respectively. Gene arrows indicate transcriptional orientation. Species analyzed in this study are
highlighted in bold.

of A. eburneus COX1 is a nonstandard start codon rarely observed in the mitochondrial genome. TAA was the
most common stop codon (eight in A. eburneus, ten in E kondakovi, and eight in M. rosa); only M. rosa exhibited
a TAG stop codon. The incomplete stop codon “T—” was present in all three species (five in A. eburneus, three in
E kondakovi, and four in M. rosa). The transcriptional orientation of the PCGs varied among the species. In A.
eburneus and F. kondakovi, most Genes were in the 5'-3’ (+) orientation, while ND1, ND4, ND4L, and ND5 were
in the 3’-5’ (-) orientation. In M. rosa, all PCGs except NDI were in the 5'-3’ direction (Table S2).

Gene order-based phylogenetic analysis
The gene order-based phylogenetic tree revealed an unexpected pattern in which the outgroup taxa
(Pollicipedomorpha) did not form a distinct clade from the ingroup taxa (Balanomorpha; Fig. 2). The tree
exhibited 10 distinct clades that were only partially aligned with conventional taxonomic groupings. The three
species of outgroup were included in clades seven and eight. Pollicipes polymerus and Pollicipes pollicipes formed
C8 together with Catomerus polymerus, and Capitulum mitella formed C7. These results contradict the traditional
taxonomic classification in which Balanomorpha and Pollicipedomorpha are considered distinct orders.

In the case of Balanomorpha, which was set as an ingroup, the two Chthamalidae species formed independent
clusters. The 25 species of the Balanidae family were divided into four clades. The seven species of the genera
Megabalanus, Perforatus, and Acasta were grouped into C2, and 11 species of the genera Balanus, Armatobalanus,
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Amphibalanus, Fistulobalanus, Striatobalanus, and Semibalanus were grouped into C4. Notably, Balanus trigonus
and Semibalanus balanoides were separated into the distinct clades C3 and C5, respectively. Eochionelasmus ohtai
(Chionelasmatidae) and Chelonibia testudinaria (Chelonibiidae) diverged at C6 and C9, respectively, and three
species of the genera Pollicipes and Catomerus were grouped into C8. All six species included in Tetraclitidae
were grouped as C10 (Fig. 2a).

The arrangement from C1 to C10 was inconsistent with some major differences. Noticeable changes in the
gene order tree were observed in regions I, II, and III (cyan dotted lines in Fig. 2b). Regions I and II showed
exceptionally high breakpoint concentrations of 319 and 100, respectively, higher than the entire genome (87),
confirming their status as hotspots (regions with concentrated rearrangement activity). Region III exhibited
minimal breakpoint activity, with only two breakpoints, but demonstrated broad distribution across five clades
from C6 to C10. Statistical analysis confirmed significant rearrangement patterns in all regions (p <0.001, Table
S3).

In region I, C1 showed significant variation across tRNA-CDS-rRNA. Compared to C6-C10, the overall
order of trnK, rrnS, trnV, rrnL, trnL2, NDI, trnC, trnY, trnS2, CYTB, ND6, trnT, trnP, ND4L, ND4, trnH, and
ND5 was inverted. In region II, the order of C2 and C3 was also reversed compared to that of C4-C10, with
trnP, ND4L, ND4n, trnH, ND5, and trnF appearing in the reverse order. C6-C9 in region III differed from
C2-C5 in positions trnK and trnQ. In C2-C5, they were located between trnY and trnC, whereas in C6-C9
they were located between rrnS and trnl. Excluding regions I, II, and III, trnC and trnQ had a different order in
C3 compared to C2 and C4-C5, and C4 and C5 had opposite orientations of trnQ and trnC. For C6-C10, the
orientation of trnS1 and the orientations and positions of trnS2, trnY, and trnC differed (Fig. 2b).

Phylogenetic analysis based on 13 protein-coding genes
The phylogenetic tree constructed using the concatenated sequences of the 13 PCGs showed a different
topology than the gene order-based tree. The outgroup (Pollicipedomorpha) formed a monophyletic group
that was clearly separated (>95% bootstrap support) from the ingroup (Balanomorpha), consistent with the
traditional taxonomic classification. Within Balanomorpha, most families except Balanidae were consistent with
a previously established phylogenetic classification system (Fig. 3).

Balanidae does not form a monophyletic group due to the nested position of Chthamalidae, forming
two distinct clades. The first clade included species from the genera Semibalanus, Balanus, Striatobalanus,
Fistulobalanus, Amphibalanus, and Armatobalanus. The second clade comprised species from the genera
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Fig. 3. Maximum likelihood phylogenetic tree based on 13 protein-coding genes. Bootstrap values>50% are
shown at nodes. Species analyzed in this study are highlighted in bold. Scale bar represents substitutions per
site.
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Perforatus, Acasta, Balanus, and Megabalanus, with Chthamalus nested within this clade. The three species
whose mitochondrial genomes are newly reported in this study, formed identical clades within their respective
genera. Notably, despite belonging to the same genus Balanus, B. balanus and B. trigonus were located in the first
and second clades, respectively. The families Catophragmidae, Chionelasmatidae, Tetraclitidae, Chelonibiidae,
and Chthamalidae each exhibited robust monophyly and were distinctly divergent from both Balanidae clades.
Chthamalus challengeri and Chthamalus malayensis (Chthamalidae) formed a clade (100% bootstrap support)
nested within Balanidae (Fig. 3).

Phylogenetic analysis based on COX1 marker region

The phylogenetic tree based on the COXI universal primers (658 bp, LCO/HCO) differed from the 13 PCG
phylogenetic tree in that the ingroups and outgroups were not clearly separated, and E. ohtai (Balanidae) formed
a clade with the outgroup (C. mitella). The ingroups did not form a single clade in some families, and some
mixing occurred between taxonomic groups. Balanidae was dispersed across two clades, and Chthamalidae was
also fragmented. Within Balanidae, only Megabalanus formed a relatively consistent group (72-100% bootstrap
support), including M. ajax, M. tintinnabulum, M. rosa, and M. coccopoma. The target species of this study, A.
eburneus and M. rosa, formed clades with A. improvisus and M. coccopoma, respectively, while E kondakovi
formed an independent clade (Fig. 4).

Chthamalidae did not form a single clade, with C. challengeri positioned at the base of the phylogenetic
tree near C. polymerus (Catophragmidae), whereas C. malayensis formed a group with Acasta (Balanidae).
Tetraclitidae formed a relatively consistent group (83-91% bootstrap support) in the lower part of the tree,
but Tetraclitella divisa was positioned outside the main clade and clustered with Chelonibia testudinaria
(Chelonibiidae). Overall, the COXI marker region-based phylogenetic tree had lower resolution, and there were
numerous cases in which multiple taxonomic groups belonging to the same family did not form a monophyletic
group (Fig. 4).

Comparative assessment of phylogenetic methods

The three phylogenetic methods showed significant differences in terms of RF distances and monophyletic
preservation. The RF distance matrix revealed significant topological differences among the approaches. The
gene order tree showed the highest difference compared to the other methods (0.82 and 0.92 versus the 13 PCG
and COX1 marker region tree, respectively). In contrast, the 13 PCG and COXI marker region trees showed
relatively close topological similarities (RF distance of 0.55; Fig. 5a). The 13 PCG tree performed well in terms of
monophyletic preservation, preserving 78.8% of the expected single lineages based on taxonomic classification.
The COX1 marker region tree showed moderate performance, preserving 61.3% of the expected monophyletic
groups. The Gene order trees showed the lowest performance, preserving only 50.0% of the expected
monophyletic groups (Fig. 5b). The COX1 marker region and gene order tree had large RF distances (0.92), but
were relatively similar in terms of monophyletic preservation (50.0% and 61.3%, respectively). Conversely, the
13 PCG and COX1I marker region trees had low RF distances (0.55), but differed relatively widely in terms of
monophyletic preservation (78.8% and 61.3%, respectively).

Discussion

Complete mitochondrial genome characteristics

The complete mitochondrial genome characteristics of (A) eburneus, E kondakovi, and M. rosa were largely
consistent with those of other barnacle species. The full genome size (15,348, 16,447, and 15,133 bp, respectively)
was within the minimum-maximum range (14,906-17,374 bp) for previously reported barnacle genomes’. All
three species showed the typical 37 genes (13 PCGs, 22 tRNAs, and 2 rRNAs) found in barnacles, with a nucleic
acid composition of 68.6-72.7% AT. These results are consistent with the patterns observed in other barnacle
studies, such as M. tintinnabulum (67.3%)*°P. perforatus (71.1%)**and (B) improvisus (72.8%)>°.

The start and stop codons of the PCG had unique features, especially the start codon of M. rosa, which
differed from that in previous studies. Most start codons were the standard ATG, whereas ATP8 and ND4L had
the alternative invertebrate start codons ATT and GTG (NCBI Gene code 5)*”*8consistent with other barnacle
studies on five species of Tetraclita®>3-3**° and three species of Acasta’. The exceptional alternative start codons
ACA and TTG occurred in the COXI genes of A. eburneus and M. rosa, respectively. The ACA codon may occur
in some COX1 genes of the Cirripedia subclass, as evidenced from its detection in Capitulum mitella®.

Although methodological verification (depth of the COX1 start codon: 414-423x; Fig. Slc) was performed
during assembly, this is the first mitochondrial genome study to identify TTG as the start codon in barnacles,
which has otherwise been reported in marine invertebrates such as nematodes and roundworms®!; thus, further
research is needed. Most stop codons were TAA and the incomplete “T—". The exclusive use of TAG in CYTB
of M. rosa is consistent with previous studies on numerous species including four Megabalanus species®2%2°.
Therefore, TAG is considered an important termination codon in the mitochondrial CYTB of barnacles.

Patterns and limitations of gene order phylogenetics
Gene order-based phylogenetic analysis revealed unexpected patterns that sharply contrasted with those of
the traditional classification system. The outgroup (Pollicipedomorpha) and ingroup (Balanomorpha) did not
form a distinct clade; instead, Tetraclitidae formed an independent clade. These results highlight the limitations
of gene order-based phylogenetics. Despite frequent gene order in barnacle mitochondrial genomes®**the
phylogenetic tree topology showed the lowest monophyletic preservation performance (50.0%). This suggests
that mitochondrial gene order alone may not accurately reflect the evolutionary relationships of barnacles.

The discrepancy between the phylogenetic tree based on gene order and traditional taxonomy indicates
complex evolutionary patterns in mitochondrial gene order. This has been confirmed in barnacle species
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Fig. 4. Maximum likelihood phylogenetic tree based on the universal COI marker region (658 bp). Bootstrap
values >50% are shown at nodes. Species analyzed in this study are highlighted in bold. The scale bar
represents substitutions per site.

belonging to different families that are phylogenetically distant but share the same gene order’and in crustaceans,
where similar gene translocations occur independently in unrelated lineages!”. The Gene order patterns across 10
different barnacle clades provide valuable insights into mitochondrial genome evolution, despite the limitations
of phylogenetic reconstructions based solely on gene order.

In regions I and II, recombination-induced inversions occurred from trnK to ND5 and from trnP to trnF,
respectively, with approximately 58% (8,863-8,885) of the total sequence length (15,230-15,358 bp) inverted in
region 1. This large-scale gene inversion (>50%) likely resulted from mitochondrial recombination mechanisms
involving double-strand breaks, similar to the patterns observed by Uda et al.*® in Octocorallia and Sun et
al.* in Holothuroidea. Additionally, the breakpoints in regions I and II (319 and 100, respectively) are highly
elevated compared to the entire genome (87), confirming them as hotspots with a high likelihood of genomic
restructuring. These hotspots may arise from tandem duplication events followed by random gene loss, where
structural instabilities in regions with high tRNA density promote recombination mediated rearrangements®>%.
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Fig. 5. Comparative analysis of phylogenetic approaches. (A) Robinson-Foulds distance heatmap showing
topological differences between phylogenetic methods. (B) Monophyletic preservation rates across methods
(Gene order: 50.0%, 13 PCGs: 78.8%, COI marker region: 61.3%).

In region III, the trnK and trnQ blocks were located in the intergenic space between rrnS and trnl, whereas
in C4-C5, they were located between trnY and trnC. These distant differences in tRNA positions are likely
related to targeted tRNA remodeling events, rather than simple transpositions. This phenomenon, in which
tRNAs change their identity through mutations in the anticodon region while maintaining their secondary
structure®*has been reported in the mitochondrial genomes of amphipods®® and sessile marine gastropods®.
Although Region III does not meet traditional hotspot criteria based on breakpoint density, its widespread
occurrence across multiple clades (C6-C10) indicates that this region represents an evolutionarily significant
region for genome reorganization events.

Evolutionary patterns from genomic rearrangement regions

These hotspots provide insights into mitochondrial genome evolution patterns across barnacle lineages. Previous
studies have demonstrated a correlation between rearrangement rates and nucleotide sequence evolution rates
in animal mitochondrial genomes™. Significant mitochondrial gene rearrangements have also been observed
in other marine invertebrates (annelids), showing an association with differential evolutionary patterns®. In
the case of bivalves, differences in ecological habitats were associated with mitochondrial gene arrangement,
supporting the hotspots are key points for observing differential evolutionary patterns®.

Although region III does not meet traditional hotspot criteria based on breakpoint density, its consistent
occurrence across phylogenetically diverse clades (C6-C10) suggests a different evolutionary significance.
Unlike regions I and II, which show extensive rearrangement activity, region III appears to represent a shared
genomic feature maintained across taxonomically distinct barnacle families. Previous studies have demonstrated
that barnacle species from different families can share identical gene rearrangements’and such shared genomic
features can provide valuable phylogenetic information within Cirripedia®. This suggests that region III may
represent a rare genomic event that reflects shared evolutionary relationships rather than an active rearrangement
zone.

Despite the limitations in gene order phylogenetics observed in this study, the identification of these hotspot
regions demonstrates that gene order analysis can reveal meaningful evolutionary patterns. In particular,
gene order data showed significant phylogenetic signals within Tetraclitidae (C10) and certain genera, such as
Megabalanus, suggesting that gene order data can provide useful phylogenetic information for closely related
species where rearrangements are unlikely’. These limitations highlight the need for caution when applying gene
order analysis to deep phylogenetic relationships in barnacles, where rearrangement patterns may obscure true
evolutionary relationships.

Comparative analysis of PCG and COX1 marker region phylogenetic approaches

The PCG-based analysis performed best in distinguishing between the phylogenetic relationships of barnacles:
Monophyletic preservation was greater using the 13 PCGs (78.8%) than the gene order (50.0%) and COX1
marker region (61.3%). The tree based on 13 PCGs preserved each family, except Balanidae, as a single clade,
whereas the COXI marker region showed inconsistent performance among the families. The consistent results
obtained using these methods, which did not clearly distinguish between Balanidae and Chthamalidae, suggested
that this was an evolutionary pattern rather than a methodological error. This is in contrast with previous studies
supporting the monophyly of Balanidae’>>.

The good performance of the 13 PCGs approach is attributed to the following advantages. The relatively
diverse taxa effectively capture patterns in gene loci with varying evolutionary rates®® and mitigate potential
biases affecting individual genes®?. Strong conservation was observed at all the classification levels, from deep
divergences to recent relationships. In contrast, the poor performance of the COXI marker region is attributed
to its relatively short nucleotide sequence length (658 bp), functional constraints that increase the likelihood of
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convergent evolution®3and rapid evolutionary rates that make it more prone to reaching replacement saturation
at deeper divergence points®.

Comparative assessment of phylogenetic methods

This study provides new insights that complement existing reports on barnacle phylogeny. Tsang et al.”
examined barnacle mitochondrial genomes using gene order and sequence analysis and discovered that,
although both approaches were useful, they may yield different phylogenetic results. My study builds on their
work by empirically confirming the performances of these methods. The results of this study are consistent with
several key taxonomic findings. Notably, Balanidae did not form a monophyletic group across all three methods,
highlighting the need for taxonomic revision. The discrepancy between traditional classification and molecular
evidence is particularly intriguing, given that Balanidae have primarily been defined based on shell morphology
and plate structure®. The allocation of B. trigonus and B. balanus to different clades in all phylogenetic trees was
consistent with previous studies?®*°suggesting a taxonomic inconsistency at the genus level that necessitates
further review.

This study highlights the similarities and differences between the phylogenetic approaches in barnacle
classification. In particular, all approaches consistently maintain Tetraclitidae as a single monophyletic group,
supporting morphological taxonomic classification. In contrast, Chthamalidae showed conflicting phylogenetic
placements, contributing to the non-monophyletic status of Balanidae®. These complementary approaches are
likely to enrich our understanding of barnacle evolution through multiple lines of evidence.

Overall, the comparative results of the phylogenetic trees emphasize the importance of method selection
in barnacle phylogenetics. Although gene order analysis has limitations in inferring the overall phylogeny, it
revealed interesting patterns of mitochondrial genome evolution. In particular, the differential distribution
of gene rearrangements in regions I, II, and III may provide homomorphic phylogenetic features for specific
barnacle groups. Although the complete mitochondrial genome approach provides excellent resolution and
monophyletic preservation for comprehensive evolutionary studies, the COXI marker region is considered
more valuable for rapid species identification than for phylogenetic studies because of its extensive reference
database®”-%8, Finally, the findings highlight the relevance of comparative analyses using multifaceted molecular
data for developing classification systems that accurately reflect evolutionary history.

Conclusion

In the mitochondrial phylogenetics of barnacles, the use of 13 PCGs is demonstrated higher monophyletic
preservation rates than the gene order or COXI marker region. A comprehensive comparison of the three
phylogenetic approaches using complete mitochondrial Genomes of three newly and 39 previously sequenced
species revealed that the 13 PCGs-based method demonstrated higher monophyletic preservation ability
compared with COXI marker region and gene order analysis. Gene rearrangements are theoretically useful
for phylogenetics; however, owing to the apparent homogeneity of mitochondrial structures, they perform
surprisingly poorly in restoring established relationships. Nevertheless, the identified hotspots provide insights
into genomic evolutionary mechanisms and highlight the potential influence of molecular and potential
ecological factors on rearrangement patterns. The consistent non-monophyly of Balanidae across all three
methods provides evidence that this family requires a taxonomic reevaluation, though these findings are
based on mitochondrial data alone and may not be generalizable to other marine invertebrate lineages. Future
studies should focus on incorporating nuclear genome data and morphological characteristics to resolve these
taxonomic inconsistencies.

Data availability

The datasets used and analyzed during the current study available from the corresponding author on reason-
able request. The complete mitochondrial genome supporting the results of this study is available in the NCBI
GenBank database under accession number PV231789 (Amphibalanus eburneus), PV231790 (Fistulobalanus
kondakovi), and PV231791 (Megabalanus rosa **).**.
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