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ABSTRACT

Environmental DNA (eDNA) analysis depends critically on high-quality reference databases. However, widely used public re-
positories (e.g., NCBI) frequently suffer from annotation error, species misidentification, and sequence contamination, leading
to unreliable biodiversity assessments. To address these issues, we introduce PhyloRef, a Snakemake-based, semi-automated
phylogeny-guided workflow for reference library curation. PhyloRef improves scalability via taxonomic grouping, detects prob-
lematic records using clustering-based anomaly detection rather than rigid monophyly requirements, and conservatively flags
ambiguous cases using a “similar_to=" annotation. PhyloRef leverages complete mitochondrial genomes while flexibly incor-
porating single-gene sequences to maximize taxonomic coverage when complete genomes are scarce. The workflow catego-
rizes anomalies into three types: (1) single-sequence outliers, (2) inconsistent sequence pairs, and (3) minority deviations within
multi-sequence clusters, flagging them for manual review via convenient visualizations or deleting them automatically by op-
tion. Importantly, sequences with ambiguous phylogenetic placement are annotated with a “similar_to="label to alert users to
potential uncertainty. We validated PhyloRef using mitochondrial genome datasets for Chondrichthyes (cartilaginous fishes) and
Actinopterygii (ray-finned fishes) extracted from NCBI. The tool identified and removed nine anomalous chondrichthyan se-
quences and 401 Actinopterygian sequences (~2.3% and ~5.2% of the initial datasets, respectively), yielding curated databases of
380 sequences (266 species) and 7258 sequences (4887 species), respectively. In addition, nine sequences were flagged with “simi-
lar_to="label in chondrichthyan fishes and 597 in Actinopterygian fishes, to reduce the risk of misidentification in downstream
eDNA analyses. This resource enhances the reliability of eDNA-based biodiversity and ecological studies. Future directions
include integrating machine learning for anomaly detection, incorporating nuclear markers for improved taxonomic resolution,
and developing automated updating modules.

1 | Introduction composition and distribution in ecosystems. Compared with

traditional biological monitoring approaches, eDNA-based anal-

Environmental DNA (eDNA)-based approach has recently at-
tracted considerable attention due to its broad applicability in
biodiversity monitoring, invasive species detection, and con-
servation of endangered species (Duhamet et al. 2023; Hoban
et al. 2022; Jackman et al. 2021). By detecting and analyz-
ing trace DNA from environmental samples, such as air, soil,
or water, eDNA enables non-invasive assessments of species

yses offer several advantages: easy sampling, reduced cost, min-
imal ecological disturbance, and no requirement for specialized
taxonomic expertise (Xiong et al. 2022).

Despite these benefits, practical applications of eDNA still
face several challenges, especially regarding the quality con-
trol of reference databases (Keck and Altermatt 2023). Widely
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used public databases such as GenBank and BOLD often con-
tain misannotated sequences or entries with insufficient taxo-
nomic resolution (Keck, Brantschen, and Altermatt 2023; Keck,
Couton, and Altermatt 2023; Steinegger and Salzberg 2020),
including species misclassification, merging sequences from
distinct species, inconsistent nomenclature (e.g., use of ver-
nacular instead of standardized Latin names), and limited
discriminatory power of short sequence fragments (Dziedzic
et al. 2023; Ratnasingham and Hebert 2007; Steinegger and
Salzberg 2020). These problems may arise from misidentifi-
cation during sampling, data entry errors during submission,
PCR contamination, or the intrinsic limitations of certain
molecular markers (Dziedzic et al. 2023). Despite increasing
awareness, a practical gap remains: many QC approaches are
either rule-based filters that can miss phylogenetically incon-
sistent records or phylogeny-based checks that are difficult
to scale and challenging to reproduce across large datasets.
Consequently, there is a need for a scalable and transparent
workflow that integrates phylogenetic validation with stan-
dardized reporting of anomalies, while retaining informative
but ambiguous records when appropriate.

A striking example involves the European anchovy (Engraulis
encrassicolus), whose sequences have been erroneously assigned
to the Atlantic sailfish (Istiophorus albicans) in public databases
(Claver et al. 2023). These two species exhibit starkly different
distribution patterns in the Bay of Biscay; the European anchovy
maintains a large population and serves as a keystone species in
the local ecosystem, while the Atlantic sailfish is extremely rare
in this region. Such database errors can profoundly impact eco-
logical interpretations and fishery management, underscoring
the urgent need for robust quality control measures in reference
database curation.

Currently, quality control of reference databases in eDNA studies
primarily relies on sequence filtering tools such as BLAST-based
similarity searches, primer matching, and taxonomic annotation
validation. However, these approaches face notable limitations in
practice (Schenekar et al. 2020). For example, although BLAST-
based searches allow for thresholds such as maximum e-value
and minimum identity, short eDNA fragments often lack suffi-
cient interspecific variability and may exhibit substantial intra-
specific overlap, leading to inaccurate taxonomic assignments
(Claver et al. 2023; Curd et al. 2024). This limitation is intrin-
sic to the nature of short barcode sequences, rather than being
solely due to database curation. Primer matching approaches are
highly dependent on precise primer design and may miss valid
sequences due to mismatches at primer-binding sites. Allowing a
limited number of mismatches during in silico screening can al-
leviate this issue to some extent and improve the detection of se-
quence variants (Jeunen et al. 2023). Annotation validation tools
are often restricted to a single genetic region and rely on accurate
original species identification, making them less effective for
identifying complex issues such as hybridization, contamination,
or cryptic speciation (Keck and Altermatt 2023; Meglecz 2023).
As a result, these tools primarily function as preliminary filters
rather than comprehensive quality control frameworks.

Phylogeny-based strategies, which incorporate evolutionary
relationships among sequences, offer a more effective means

of detecting misclassifications and anomalies in reference
databases compared to simpler sequence similarity methods.
Existing tools such as Meta-Fish-Lib typically assess species
monophyly to flag problematic entries, improving the reliabil-
ity of fish reference databases (Collins et al. 2021). However,
these existing approaches face several critical drawbacks.
First, the construction of phylogenetic trees with all sequences
available for large-scale datasets is computationally demand-
ing and impractical for thousands of sequences, greatly lim-
iting scalability (Collins et al. 2021). Second, current methods
generally rely heavily on manual curation without standard-
ized or reproducible workflows, making the process subjec-
tive and potentially inconsistent. For example, some studies
manually exclude suspicious sequences based on expert judg-
ment or ad hoc taxonomic knowledge, without clearly defined
criteria or scalable procedures (Jeunen et al. 2023; Keck and
Altermatt 2023). This lack of structure limits reproducibility
and increases the risk of overlooking subtle but systematic
errors. Lastly, phylogeny-based approaches inherently strug-
gle with biological complexities such as gene flow, incomplete
lineage sorting, and hybridization events, as these phenomena
frequently violate monophyly assumptions and complicate the
interpretation of tree topologies, potentially leading to mis-
classification or removal of authentic sequences (Redmond
et al. 2023).

To overcome these limitations, we developed PhyloRef, which
introduces three key improvements. First, by grouping se-
quences taxonomically prior to tree building and automating
alignment and tree inference within a Snakemake workflow,
PhyloRef improves computational scalability and enables
large-scale application across thousands of sequences. Second,
by implementing structured anomaly classification and pro-
viding standardized visual outputs, PhyloRef reduces subjec-
tivity, improves reproducibility, and minimizes reliance on ad
hoc expert judgment. Third, instead of discarding sequences
that fail monophyly, PhyloRef adopts a conservative strategy
by flagging ambiguous cases with a “similar_to=" annotation
(a label indicating uncertain phylogenetic placement), allow-
ing users to recognize potential biological complexities, such
as introgression or incomplete lineage sorting, without losing
valuable evolutionary signal. Through these improvements,
PhyloRef retains the advantages of phylogeny-based validation
while addressing the key limitations of existing phylogeny-
based approaches, including limited computational scal-
ability, lack of standardized workflows, and difficulties in
handling biological complexity.

In addition, we summarize the distribution of flagged (includ-
ing “similar_to=" annotated) and removed records across taxa
and data sources and briefly discuss whether these patterns may
suggest taxon- or database-specific issues. Patterns in these re-
cords may reflect a combination of database-related issues (e.g.,
annotation inconsistencies, submission or formatting errors, con-
tamination) and biological processes that can blur phylogenetic
signal (e.g., introgression or incomplete lineage sorting). While
PhyloRef does not attempt to distinguish these causes automati-
cally, summarizing such patterns can help users prioritize man-
ual verification and interpret downstream eDNA assignments
more cautiously.
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2 | Materials and Methods
2.1 | Workflow Overview and Implementation

PhyloRef is a modular Snakemake (v7.32) (Koster and
Rahmann 2012) workflow that accepts two types of input
files: (1) a species name list or (2) a list of accession numbers
(Figure 1). The species list option is typically used when users
curate a reference database based on a checklist of target taxa
or local biodiversity records. In contrast, the accession num-
ber option is well suited for cases where researchers extract
data from NCBI using taxonomic identifiers (e.g., txid7777
for Chondrichthyes), which allows batch retrieval of all mi-
tochondrial genomes or specific genes (e.g., COX1) within a
clade. This input mode enables full reproducibility and precise
control over downloaded datasets. The workflow consists of
seven sequential modules: data acquisition, gene extraction,
sequence alignment, phylogenetic tree construction, anomaly
detection, manual curation, and final database assembly. Each
module is implemented as an independent Snakemake rule,
enabling reproducible execution on both local machines and
high-performance computing clusters. The full pipeline archi-
tecture is illustrated in Figure 1. Detailed documentation, ex-
ample datasets, and usage tutorials are available on the GitHub
repository: https://github.com/yannnnmai/PhyloRef. To fa-
cilitate reproducibility, the repository also provides a Conda
environment specification file (environment.yaml), which we
instantiate using Micromamba to manage software dependen-
cies. Using this environment, the workflow can be executed
via Snakemake, including the provided example dataset.

2.2 | Data Acquisition and Preprocessing

2.2.1 | Automated Retrieval
of Mitochondrial Sequences

PhyloRef supports two modes of data acquisition: retrieval based
on species names or on accession numbers. Users must provide
one of these files in plain-text format, either a species list or an
accession list. To specify outgroup sequences, it is highly recom-
mended to include accession numbers of designated outgroup
sequences in the first one or two lines, and define them under
the outgroup_ids field in the configuration file (configyaml).
These accession numbers are automatically recognized as out-
groups during tree rooting and anomaly detection, facilitating
consistent rooting and accurate phylogenetic interpretation in
subsequent analyses.

In species list mode, the workflow automatically constructs
standardized Entrez queries for each target species (e.g., species
name AND mitochondrion|[filter] AND complete genome(title])
to retrieve its corresponding complete mitochondrial genome re-
cords. This mode is particularly suited for large-scale database
construction. In accession list mode, if users intend to incorpo-
rate specific gene fragments (e.g., 12S) into the reference data-
base, they should prepare two separate accession lists, one for
complete mitogenomes and another for the target gene region.
These lists must be merged into a single file and deduplicated
locally before running the workflow. Subsequent steps apply

( Data Acquisition and Preprocessing ]
User Input: 1. Species list
2. Accession numbers (vrui genomes v Partial Gene )
i

- If complete genome count < threshold:
[ [Optional] — Supplement with gene fragments ]

Download
GenBank Files,

Multiple Sequence Alignment
and Phylogenetic Tree Construction

Filtering &
Gene Extraction

Alignment (MAFFT)

!

Phylogenetic Tree Inference (FastTree)

!

Clustering Anomaly Detection and Cleaning

Tree-Based Anomaly Detection

Cluster
Discordance

Pairwise
Conflict

Singleton

Anomaly

Automated Output:
clustering_anomalies.txt (anomaly list)
phylogenetic_tree.pdf (visual tree for review)

Manual Secondary Review
Confirmed errors — blacklist.txt
Indistinguishable species— similar.txt

!

Reference Database Construction

Final Outputs

Cleaned FASTA
with taxonomic labels
and similar_to=...

Cleaned GenBank
with full metadata

FIGURE1 | Overview of the PhyloRef pipeline. Schematic overview
of the PhyloRef workflow, showing seven sequential modules. (1) Data
acquisition: Bulk download of mitochondrial genomes from GenBank.
(2) Preprocessing: Filtering by completeness, redundancy, and taxo-
nomic annotation. (3) Gene extraction: Parsing protein-coding and
rRNA genes from GenBank files. (4) Grouping: Sequences clustered
by order for computational scalability. (5) Alignment & tree building:
MAFFT alignment and FastTree inference. (6) Anomaly detection:
Classification of green, blue, and red anomalies based on phylogenetic
placement. (7) Database construction: Removal of confirmed errors, an-
notation of ambiguous sequences, and compilation of curated reference
libraries.
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https://github.com/yannnnmai/PhyloRef

consistent filtering and subsampling procedures to all records,
ensuring coherence and representativeness of the final data-
base. This module outputs raw GenBank-format files down-
loaded from NCBI, which are passed to downstream filtering
and processing steps.

2.2.2 | Filtering and Species-Level Subsampling

Sequence quality control is configured via the config.yaml file
and consists of two phases: record-level filtering and species-
level subsampling. In the record-level filtering phase, users
may select one of two mutually exclusive modes: The “com-
plete” mode retains records annotated as “complete mitochon-
drial genome”, “whole mitochondrion”, or similar phrases in
their GenBank definition lines, in order to capture a broader
set of potentially complete mitogenomes. In practice, this
filter performs a case-insensitive partial match against the
GenBank DEFINITION line, retaining records whose defi-
nitions contain any of these keywords (or close variants).
This setting is optimized for applications that require full-
length genomes, supporting downstream multi-gene concat-
enation and phylogenetic analysis (typically encompassing
13 protein-coding genes plus 12S and 16S rRNA). The “gene”
mode retains not only complete mitogenomes but also partial
sequences containing user-specified target genes (e.g., 128,
16S, CYTB) that exceed a user-defined length threshold (de-
fault: 400 bp). While this default value helps exclude extremely
short or low-quality fragments, users can adjust the threshold
accordingly if conducting eDNA analyses with short barcode
regions (e.g., <200bp, such as using the Teleo primers). To
identify gene-containing fragments, the workflow scans the
feature annotations of each GenBank record and searches for
gene names in the gene, product, and note fields using flex-
ible regular expressions. For example, 12S may be recorded
as “12S5”, “12S rRNA”, “s-rRNA”, or “small subunit ribosomal
RNA”, while COI may appear as “COI”, “CO1”, “COX1”, or
“cytochrome c oxidase subunit I”. If a target gene cannot be
reliably extracted due to incomplete or inconsistent annota-
tions, the entire sequence is retained to avoid unintentional
data loss. In some cases, records may contain the 12S region
but lack properly labeled features due to submission errors
or legacy formatting. This mode is ideal for applications fo-
cused on single-gene analysis or when complete genomes are
scarce and fragmentary data must be maximally utilized. To
ensure taxonomic accuracy, records containing ambiguous or
non-standard qualifiers such as “cf.”, “sp.”, “ssp.”, or “x” are
excluded by default. However, users can override this behav-
ior via specific parameters (e.g., keep_cf: true). In cases where
such sequences are retained, their phylogenetic placement can
be evaluated in later steps. Rather than being automatically
discarded, some of these sequences may prove useful if they
cluster consistently with confidently identified taxa. When
handling RefSeq data, the system prioritizes representative
records with an NC_ accession prefix and removes redundant
non-RefSeq submissions with identical sequence content, en-
suring that duplicate entries are discarded while all validated
records are retained.

In the species-level subsampling phase, the workflow aims
to balance taxonomic representation and dataset size by

retaining up to five sequences per species by default (adjust-
able via the max_sequences, default: 5). Only sequences that
pass record-level filtering, i.e., containing the target gene,
meeting the minimum length threshold, and lacking ambigu-
ous taxonomic qualifiers are considered for retention. To facil-
itate informed parameter tuning, the total number of available
sequences per species before subsampling is logged and sum-
marized in the output directory. In complete genome mode,
identical sequences are removed and then, if five or fewer
records are available for a given species, all are retained. If
more than five exist, redundant entries are removed based on
submitter identity and geographic sampling origin, with five
representative sequences randomly kept. This heuristic ap-
proach, based on submitter identity and geographic sampling
origin, may not fully capture intraspecific variation. While
it helps reduce redundancy from oversampled studies, users
should be aware that some genuine biological diversity may be
lost. If preserving population-level diversity is a priority, this
filtering step can be disabled or adjusted accordingly. In the
target gene mode, complete mitochondrial genomes are still
prioritized. If fewer than five complete genome records are
available for a given species, high-quality gene fragments (i.e.,
sequences containing clearly annotated target genes, mini-
mal ambiguous bases, and lengths exceeding the user-defined
threshold) are used to fill the remaining quota. During this
process, redundant records are first removed based on se-
quence identity, submitter and geographic origin. The re-
maining sequences are then ranked by the length of the target
gene region, with those containing the longest target gene
sequences retained preferentially. The output of this module
is a curated GenBank file containing subsampled sequences
across species, which serves as input for downstream align-
ment and phylogenetic tree construction.

2.2.3 | Gene Extraction

Target gene extraction is based on feature annotations pro-
vided in GenBank files. Specifically, the workflow extracts the
nucleotide sequences corresponding to user-specified genes
(e.g., 12S, CYTB, COI) by searching for gene names within
the gene, product, and note fields of annotated features. Users
can specify one or more mitochondrial gene regions via the
configuration file. If no target genes are explicitly defined, the
workflow will extract all annotated coding sequences (CDS)
and rRNA genes by default, including the 13 standard protein-
coding genes (ND1-6, ND4L, COX1-3, ATP6, ATPS, and
CYTB), as well as commonly used environmental DNA mark-
erssuch as 12S and 16S rRNA. The extracted output consists of
the full nucleotide sequences of the specified genes, ensuring
that complete gene regions are retrieved for downstream anal-
yses. To maximize compatibility with variable annotations,
gene identification is performed using regular expression
matching across the gene, product, and note fields, capturing
common synonyms and naming variants (e.g., “COI”, “COX1”,
“cytochrome c oxidase subunit I”).

Under the filter. mode= gene setting, it is recommended to main-
tain consistency in gene naming and extract only user-defined
target genes (e.g., 12S) to avoid inconsistencies across workflow
steps. In contrast, when filter. mode= complete, the workflow
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allows users to specify multiple target genes for simultaneous
extraction. The corresponding gene regions are retrieved from
each complete mitogenome and concatenated into a single
multi-locus sequence, enabling the construction of alignment
matrices for downstream phylogenetic analysis.

For records lacking complete annotations or missing target
genes, the workflow retains the full sequence to ensure down-
stream data continuity and coverage. All extracted sequences
are exported in three output formats to support diverse anal-
ysis goals: (1) Per-gene FASTA files: A separate FASTA file is
generated for each target gene, suitable for gene-level species
identification, primer evaluation, or simplified reference data-
base construction. These files also support the addition of sim-
ilar_to= tags to indicate phylogenetically indistinguishable but
taxonomically distinct sequences. (2) Concatenated multi-gene
FASTA file (concat.fa): This file is used as the default input for
multiple sequence alignment and phylogenetic tree construc-
tion. In gene mode, it is identical to the per-gene FASTA files. In
complete mode, the workflow extracts target gene regions from
each mitogenome based on annotated coordinates and concat-
enates them following the standard gene order typically found
in mitochondrial genomes. While these genes may not be phys-
ically adjacent in all species, they are joined in this canonical
order to generate a composite sequence for multi-locus phylo-
genetic analysis. If no target genes can be extracted for a given
record, the full sequence is retained instead to preserve data in-
tegrity. (3) Full-length sequence FASTA file: This includes the
complete sequence of every retained record, regardless of gene
extraction success. It serves both as the raw input for reference
database construction and as the source file for sequence clean-
ing after clustering-based anomaly detection. The similar_to=
tags are primarily added based on this file.

In addition to GenBank-derived records, users may incorporate
their own FASTA sequences into the workflow. We recommend
completing Steps 2.2.1-2.2.2 (data acquisition and preprocess-
ing) before manually adding the formatted sequences to the
FASTA files produced in the preprocessing directory. Each
record should follow the PhyloRef header format: Genus_spe-
cies|Accession_IDIRecordTypelo__Orderlf _Familylg__Genus
where Accession_ID represents a unique identifier (e.g., an ex-
perimental or date-based code) and RecordType indicates the
source type (e.g., “Complete”, “Partial”, or “User_sequence”).
For instance: Amblyraja_georgianal LOCAL_2025_001IUser_
sequencelo__Rajiformes/f__Rajidaelg__Amblyraja This stan-
dardized naming scheme facilitates consistent parsing and
accurate taxonomic grouping. Once added, the workflow can be
resumed from the grouping and alignment stage (§ 2.3), allow-
ing user-generated sequences to be integrated seamlessly into
downstream analyses and final database construction.

2.3 | Multiple Sequence Alignment
and Phylogenetic Analysis

To construct a robust phylogenetic framework, PhyloRef groups
the concatenated sequences (from concat.fa) by taxonomic rank
prior to alignment and tree building. By default, sequences
are grouped by their order-level classification, with a maxi-
mum threshold of 2000 sequences per file (configurable via

max_per_file). Orders are first sorted in descending order based
on their sequence counts. The remaining orders are then se-
quentially combined into groups, ensuring each group's total se-
quence count does not surpass the set threshold. If an individual
order exceeds this threshold, it is automatically placed into its
own group without further combination. Each resulting group
is output as a separate file for phylogenetic reconstruction to in-
crease tractability. Users may also specify one or more outgroup
sequences via the outgroup_ids parameter. These sequences are
forcibly retained in all subsets to ensure consistent rooting of the
resulting trees.

Each subset data undergo multiple sequence alignment using
MAFFT v7.520 (Katoh and Standley 2013), with customizable
execution path and number of threads (30 threads were used
in this study). The resulting alignments are then passed to
FastTree v2.1.10 (Price et al. 2010) to infer maximum likelihood
phylogenies. The tree construction is performed with the -nt and
-fastest options enabled to accelerate nucleotide-based topology
reconstruction, making the process suitable for large-scale data-
sets. This step outputs both the alignment files (.aln) and corre-
sponding phylogenetic trees (.nwk) for each subset, which serve
as the foundation for downstream anomaly detection and data-
base curation.

2.4 | Phylogenetic Anomaly Detection
and Manual Review

2.4.1 | Automated Detection and Classification
of Anomalies

After constructing order-level phylogenetic trees, PhyloRef per-
forms automated topological anomaly detection for each subtree
to identify potential misannotations or phylogenetic inconsis-
tencies. The classification is based on the consistency between
phylogenetic topology and taxonomic annotations. The work-
flow first groups sequences by species and classifies them into
three categories based on their count: species with only one se-
quence, with two sequences, and with three or more sequences.
Each category is then evaluated using a specific set of tree-based
criteria to detect phylogenetic anomalies. Based on this, flagged
sequences are assigned to one of three types: Type I (Singleton
anomaly-green): A species represented by a single sequence
that clusters far from its expected genus-, family-, or order-level
clade. Such outliers are likely due to annotation errors or isolated
misentries. Type II (Pairwise conflict-blue): A species with two
sequences that fail to cluster together. If one sequence clusters
with other members of the same genus, family, or order while
the other does not, the latter is flagged as an anomaly (blue). If
both sequences are interspersed with other species and exhibit
unclear clustering patterns, both are flagged, indicating poten-
tial taxonomic ambiguity. Type III (Cluster discordance-red): A
species represented by three or more sequences, with at least
one sequence clearly diverging from the main clade. This may
reflect intraspecific divergence, data contamination, or poorly
defined species boundaries. All detected anomalies are recorded
in a clustering_anomalies.txt file. Corresponding rooted phylo-
genetic trees are rendered as PDF files, using the user-defined
outgroup sequences specified in the configuration file to aid in
manual inspection.
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2.4.2 | Manual Review and Tag Assignment

Users can manually review all flagged sequences based on the
PDF tree and anomaly types, and curate the clustering_anoma-
lies.txt file accordingly. During this process, sequences should
be visually inspected according to the color-coded markers
in the PDF tree and evaluated in conjunction with their taxo-
nomic information. To improve transparency and consistency,
manual review follows a predefined checklist focusing on (i)
concordance between the taxonomic label and tree placement,
(ii) inspection of GenBank metadata (e.g., DEFINITION and
source qualifiers), (iii) basic sequence-level sanity checks (e.g.,
unexpected length or excessive ambiguous bases), and (iv) con-
firmation of expected phylogenetic affinity based on taxonomic
resources and relevant literature for the focal group. The specific
operations are as follows: if a sequence is confirmed to be er-
roneous, its corresponding entry in the clustering_anomalies.txt
file should remain unchanged; if the sequence is determined
to be correct (a false positive), the corresponding entry should
be removed from the clustering_anomalies.txt file; if sequences
cannot be distinguished on the phylogenetic tree, their entries
should be deleted from the clustering anomalies.txt file, and
their accession numbers should be recorded in the similar.txt
file, with each line representing one group of indistinguishable
sequences. The results of this manual review directly affect
the accuracy of subsequent database cleaning and annotation
standardization. These indistinguishable groups recorded in
similar.txt are subsequently used to generate the similar_to=
annotations in the curated FASTA outputs.

2.5 | Database Construction and Version Control

Following anomaly detection and gene extraction, the finalized
database is compiled by consolidating all retained sequences
and applying standardized annotations. Clean and blacklisted
records are organized into separate directories, with accompa-
nying summary files (e.g., cleanlist.txt, blacklist.txt) document-
ing filtering outcomes for traceability.

To accommodate various downstream applications, the da-
tabase is exported in both GenBank and FASTA formats.
GenBank files preserve all original annotation fields. In the
curated FASTA outputs, we append a similar_to= tag to the
sequence header when it belongs to an indistinguishable group
curated in similar.txt. Each line in similar.txt represents an ac-
cession group that is indistinguishable on the phylogenetic tree.
When writing the FASTA header, we summarize this group at
the species level by retaining a single representative accession
per species, prioritizing RefSeq accessions (i.e., those starting
with “NC_"). If no “NC_” record is available for a species, we
select the first accession in alphanumeric (lexicographic) order
among the retained records for that species. The similar_to=
field lists these representative accessions as a comma-separated
set. For each retained record, similar_to= summarizes the
representative accessions from its corresponding indistin-
guishable group; therefore, multiple accessions appearing in
similar_to= indicate that this sequence cannot be reliably dis-
tinguished from multiple species in subsequent taxonomic as-
signment, given the sequence markers used in this study and
the current dataset coverage. For example: Microphysogobio_

linghensisINC_086468.1IConcatlo__Cypriniformes|f__
Gobionidaelg__Microphysogobiolsimilar_to=  NC_051965.1,
NC_086467.1l.  Here, @ NC_051965.1 corresponds to
Microphysogobio tungtingensis and NC_086467.1 corresponds to
Microphysogobio microstomus, indicating that the M. linghensis
record above cannot be reliably separated from these species
under the current marker set and dataset coverage.

Each release is versioned using the format MitoDB_vYYMMDD
and archived with a summary report that includes sequence
counts, taxonomic coverage, and processing statistics. This
structure supports reproducibility, long-term maintenance, and
comparative analyses across database versions.

2.6 | Case Study: Mitogenomic
Database Construction for Ray-Finned
and Cartilaginous Fishes

As a proof of concept, we applied PhyloRef to two major verte-
brate lineages: ray-finned fishes (Actinopterygii) and cartilagi-
nous fishes (Chondrichthyes). These two groups were selected
as representative test cases because they exhibit broad taxo-
nomic diversity, ecological importance across both marine and
freshwater environments, and extensive coverage in publicly
available sequence repositories. Specifically, we included all
complete mitochondrial genome sequences available for these
two classes in NCBI (as of February 2025), ensuring comprehen-
sive taxonomic representation and enabling a robust validation
of PhyloRef’s anomaly-detection capabilities.

All retrieved mitogenomic records were processed through the
PhyloRef workflow, which encompasses sequence filtering,
anomaly detection, and database curation. This case study was
designed to evaluate the workflow's scalability, accuracy, and
cross-taxonomic applicability under highly divergent evolution-
ary contexts. Detailed retrieval statistics, filtering results, and
anomaly-detection outcomes are presented in the Results sec-
tion. All curated datasets and intermediate outputs generated in
this case study have been publicly deposited in Zenodo (DOI:
https://doi.org/10.5281/zenodo.17285318).

3 | Results
3.1 | Data Acquisition and Initial Filtering

The analyses presented here are based exclusively on complete
mitochondrial genome datasets, which provide the most com-
plete basis for applying all mitochondrial eDNA markers and
more reliable large-scale phylogenetic validation. Although par-
tial gene fragments (e.g., COX1 in Chondrichthyes and 12S in
Actinopterygii) were not included in this analysis, the workflow
is fully compatible with fragmentary datasets, and step-by-step
guidance for such applications is provided in the GitHub docu-
mentation (see Data Availability).

Bulk retrieval from GenBank yielded 2234 chondrichthyan
accessions (retrieved on February 13, 2025) and 16,795
Actinopterygian accessions (retrieved on February 26, 2025).
After applying the filtering criteria described above—including
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the removal of incomplete entries, hybrids, and records anno-
tated with “cf.” or “sp.” and retaining a maximum of five rep-
resentative sequences per species—the curated chondrichthyan
dataset comprised 389 sequences spanning 269 species. With
the addition of two outgroup sequences, the final dataset con-
tained 391 records. For Actinopterygii, 7570 sequences repre-
senting 4957 species were retained, yielding a final total of 7572
with two outgroups included.

3.2 | Phylogenetic Analysis and Anomaly
Detection

The resulting tree topology showed that most species clustered
clearly and consistently at the order or family level. However,
a subset of sequences exhibited marked clustering deviations,
which served as critical references for downstream anomaly de-
tection (File S1).

Detected anomalies were classified into three categories based on
their clustering patterns within phylogenetic trees (Figures 2-4).
For example, a Type I anomaly involved sequence NC_026237
(Pempheris schwenkii), which clustered separately from other
Pempheridae species (Figure 2). A representative Type II anom-
aly was NC_026451 (Centropyge interrupta), which incorrectly

clustered with Genicanthus rather than with its conspecific se-
quence KU365899 (Figure 3). Lastly, Type III anomalies were
exemplified by NC_028167 (Maccullochella macquariensis),
which displayed aberrant clustering despite being a RefSeq
entry (Figure 4). Although RefSeq records undergo additional
curation compared to other entries in GenBank, they are not
fully error-free. Previous studies have identified erroneous en-
tries in RefSeq that have not yet been removed from the data-
base(Goudey et al. 2022).

For the chondrichthyan dataset, PhyloRef flagged seven Type I
(green) anomalies. Manual inspection confirmed two as genu-
ine phylogenetically inconsistent sequences that were removed,
while five were retained due to insufficient phylogenetic resolu-
tion to justify exclusion. Ten Type II (blue) anomalies were de-
tected, with four excluded after validation and six retained, and
three Type III (red) anomalies were identified, all of which were
excluded. In total, nine anomalous sequences were removed
from the chondrichthyan dataset.

In Actinopterygii, 102 green anomalies were identified, of
which 75 (73.5%) were validated as misassigned sequences and
excluded, while 27 were retained because they maintained ap-
propriate order-level placement despite unresolved genus- or
family-level assignment. A total of 363 blue anomalies were

—e Acanthocepola_indica |PP962409|Concat|o__Priacanthiformes|f__Cepolidae|g__Acanthocepola

Acanthocepola_krusensternii INC_034333|Concat|o__ Priacanthiformes|f__Cepolidae|g__Acanthocepola
'_{ Acanthocepola_krusensternii |AP006812|Concat|o__ Priacanthiformes|f__Cepolidae|g__Acanthocepola
— Cepola_schlegelii INC_063676|Concat|o__Priacanthiformes|f__Cepolidae|g__Cepola

—————— Pempheris_schwenkii [NC_026237|Concat|o__Acropomatiformes|f__Pempheridae|g__Pempheris

FIGURE2 | TypeI(green) anomaly in Pempheris schwenkii: One sequence (NC_026237, highlighted in green) clusters within Cepolidae instead

of grouping with its conspecifics in Pempheridae, indicating a misplacement.

Centropyge_loriculus |OP035062|Concat|o__NA|f__Pomacanthidae|g__Centropyge
_{ Centropyge_loriculus [INC_009872|Concat|o__NA|f__Pomacanthidae|g__Centropyge
Centropyge_bispinosa [NC_028287|Concat|o__NA|f__Pomacanthidae|g__Centropyge
Centropyge_interrupta |KU365899|Concat|o__NA|f__Pomacanthidae|g__Centropyge
Centropyge_joculator [INC_027652|Concat|o__NA|f__Pomacanthidae|g__Centropyge
Centropyge_multicolor INC_027651|Concat|lo__NA|f__Pomacanthidae|g__Centropyge
Centropyge_potteri |OP035287|Concat|o__NA|f__Pomacanthidae|g__Centropyge
Genicanthus_lamarck [NC_027972|Concat|o__NA|f__Pomacanthidae|g__Genicanthus
|_' Genicanthus_melanospilos INC_027967|Concat|o__NA|f__Pomacanthidae|g__Genicanthus
Genicanthus_semifasciatus [NC_027596|Concatlo__NA|f__Pomacanthidae|g__Genicanthus
Centropyge_interrupta |[NC_026451|Concat|o__NA|f__Pomacanthidae|g__Centropyge
Genicanthus_bellus INC_027597|Concat|o__NA|f__Pomacanthidae|g__Genicanthus
Centropyge_argi |OP056894|Concatlo__NA|f__Pomacanthidae|g__Centropyge

Centropyge_acanthops [NC_028717|Concat|o__NA|f__Pomacanthidae|g__Centropyge

Centropyge_fisheri |OP035115|Concat|o__NA|f__Pomacanthidae|g__Centropyge

Centropyge_flavicauda |[NC_028716|Concat|o__NA|f__Pomacanthidae|g__Centropyge

FIGURE 3 | Type II (blue) anomaly in Centropyge interrupta: One sequence (NC_026451, highlighted in blue) clusters with Genicanthus species

instead of grouping with its conspecific sequence (KU365899), demonstrating an incongruent phylogenetic placement.

Ecology and Evolution, 2026

7 of 14

- 17 Buoyuweyd Aq 65TEL '€808/200T OT/10p/W0D" A8 | 1M AReiq 1 UIIUO//SANY WO} papeojumod '€ *920¢ ‘85LLSHOZ

35UB0| 7 SUOWILLOD BAIIR.1D a|qedi|dde a3 Aq pauenob ae sajoie YO ‘SN Jo Sa|ni Joj Akelq13uluQ AS|IAA UO (SUORIPUOD-pUR-SWBIW00 S| 1M A RIq 1 BU1|UO//STNY) SUORIPUOD pue SWid | 8Yl 89S *[9202/S0/T0] Uo ARiqiTauluo A8|im ' ABojouyos | puy 80usids Jo4 ybueys JO AlseAlun



identified, with 78 (21.5%) excluded as confirmed inconsisten-
cies and 285 retained. Finally, 317 red anomalies were detected;
248 were removed as demonstrably discordant, while 69 were
retained for further study due to persistent topological uncer-
tainty despite systematic evaluation. In total, 401 anomalous se-
quences were excluded from the Actinopterygian dataset.

Notably, PhyloRef also flagged inconsistencies in RefSeq (NC_)
entries (O'Leary et al. 2016; Schenekar et al. 2020). Among 3788
Actinopterygian NC_ sequences, 128 (3.38%) were removed,
while 6 out of 229 (2.62%) chondrichthyan NC_ sequences were
excluded due to phylogenetic conflicts. These findings highlight
that metadata-driven validation alone is insufficient, under-
scoring the value of integrating topology-based methods such as
PhyloRef into reference database construction.

The comparison between automated and manually confirmed
anomalies is summarized in Figure 5. Across both datasets,
most anomalies detected by PhyloRef were confirmed upon
manual inspection, demonstrating good agreement between
automated and manual evaluation. Type III (red) anomalies
showed the highest consistency between automated and man-
ual results, indicating strong reliability of PhyloRef's cluster-
level detection. Type I (green) anomalies were also frequently
validated, though with moderate variation between taxa. In
contrast, Type II (blue) anomalies displayed the largest dis-
crepancy, suggesting that many of these pairwise conflicts re-
flect genuine phylogenetic uncertainty among closely related
species rather than clear misannotation. Beyond these detec-
tion statistics, we next evaluated how annotation quality and
potential taxonomic inconsistencies were distributed across

Maccullochella_macquariensis |OP882654|Concat|o__Centrarchiformes|f__Percichthyidae|g__Maccullochella

Maccullochella_macquariensis |KT337338|Concat|o__Centrarchiformes|f__Percichthyidae|g__Maccullochella

Maccullochella_macquariensis |OR263619|Concat|o__Centrarchiformes|f__Percichthyidae|g__Maccullochella

Maccullochella_macquariensis |KT337335|Concat|o__Centrarchiformes|f__Percichthyidae|g__Maccullochella

Maccullochella_macquariensis |NC_028167|Concat|o__Centrarchiformes|f__Percichthyidae|g__Maccullochella

Maccullochella_mariensis INC_037076|Concat|o__Centrarchiformes|f__Percichthyidae|g__Maccullochella

Maccullochella_ikei INC_028166|Concat|o__Centrarchiformes|f__Percichthyidae|g__Maccullochella

Maccullochella_ikei |KT337325|Concat|o__Centrarchiformes|f__Percichthyidae|g__Maccullochella

Maccullochella_ikei |[KT337326|Concat|o__Centrarchiformes|f__Percichthyidae|g__Maccullochella
Maccullochella_peelii |[KT337332|Concat|o__Centrarchiformes|f__Percichthyidae|g__Maccullochella

[Maccullochella _peelii INC_023807|Concat|o__Centrarchiformes|f__Percichthyidae|g__Maccullochella

p Maccullochella_peelii [MN842722|Concat|o__ Centrarchiformes|f__Percichthyidae|g__Maccullochella

[Maccullochella _peelii |KT337334|Concat|o__Centrarchiformes|f__Percichthyidae|g__Maccullochella

Maccullochella_peelii |[AP014532|Concat|o__Centrarchiformes|f__Percichthyidae|g__Maccullochella

FIGURE 4 | Type III (red) anomaly in Maccullochella macquariensis: One RefSeq sequence (NC_028167, highlighted in red) shows discordant
clustering relative to other conspecific sequences, representing a multi-sequence inconsistency within the species-level clade.
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FIGURE 5 | Phylogenetic anomaly detection outcomes: Automated flagging versus manual curation. Bars show the number of phylogenetic
anomalies detected by PhyloRef in (a) Chondrichthyes (txid7777) and (b) Actinopterygii (txid7898). Green, blue, and red categories correspond re-

spectively to Type I (singleton anomaly), Type II (pairwise conflict), and Type III (cluster discordance). Green bars represent sequences automatically

flagged by PhyloRef, while gray bars indicate those manually confirmed and removed after visual inspection of phylogenetic trees.
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FIGURE6 | Annotation quality assessment across the top 10 Actinopterygian families. (a) Log-scaled sequence counts categorized into error_seq
(confirmed erroneous sequences), similar_seq (phylogenetically ambiguous sequences flagged with similar_to), and others_seq (all remaining se-

quences). (b) Proportional distribution of the same categories normalized to 1.0 per family.

major fish families to identify clade-specific patterns of error
and ambiguity.

3.3 | Taxonomic Distribution and Quality
Assessment

As part of the reference database evaluation, we assessed the
taxonomic distribution and annotation quality of curated mi-
tochondrial sequences across the top 10 most represented fam-
ilies of Actinopterygii (Figure 6). The results are summarized
using two complementary stacked bar charts: first, a stacked
bar chart displays log-transformed absolute sequence counts per
family, categorized as either erroneous sequences (error_seq),

ambiguous/indistinguishable sequences (similar_seq), or reli-
able sequences (others_seq), with exact counts numerically la-
beled within each bar. Second, a proportional stacked bar chart
normalizes these categories to a total of 1.0 per family, empha-
sizing taxonomic groups where problematic annotations (error_
seq and similar_seq) represent an unusually high proportion of
sequences. Together, these visualizations enable simultaneous
evaluation of both the magnitude and relative severity of anno-
tation issues across major fish lineages.

Our analyses revealed considerable variation in sequence quan-
tity and quality across families, with total sequence counts
ranging from 143 to 552 per family. The proportion of con-
firmed erroneous sequences (error_seq) showed a 1.40%-12.26%

Ecology and Evolution, 2026
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range, while ambiguous sequences (similar_seq) accounted for
4.50%-24.70% at family level. Notably, while Cyprinidae pos-
sessed the largest absolute sequence count (>500), families
such as Gobionidae, Xenocyprididae, and Nemacheilidae ex-
hibited substantially higher proportions of problematic annota-
tions—reaching approximately 32%, 27%, and 25%, respectively.
These results indicate that the proportion of problematic records
(error_seq and similar_seq) can vary markedly among fami-
lies, including those with only moderate total sequence counts.
Accordingly, family-level summaries of error_seq and simi-
lar_seq provide a practical overview of where reference records
may warrant closer scrutiny in downstream eDNA analyses
(Weigand et al. 2019).

Additionally, sequences that exhibited ambiguous phylogenetic
placements without definitive evidence of error were retained in
the final database but explicitly annotated with a “similar_to="
label. This included 9 sequences from Chondrichthyes and 597
from Actinopterygii, thereby indicating potential taxonomic un-
certainty and supporting conservative downstream interpreta-
tion in subsequent eDNA and phylogenetic analyses (Table S1).

3.4 | Ambiguous Phylogenetic Placements

In addition to clearly misassigned sequences, our analyses also
revealed phylogenetically ambiguous cases where mitochondrial
genomes showed insufficient resolution to distinguish closely
related taxa. Three representative patterns were observed. First,
recently diverged sister species such as Epinephelus bruneus
(NC_013820, JQ518289) and E. moara (NC_017891, KP009977)
exhibited near-identical mitochondrial sequences, resulting in
unresolved clustering (Figure 7). Second, overlapping place-
ments were observed in Somniosus microcephalus (KY513709,
NC_049864) and S. pacificus (NC_022734), which did not form
distinct monophyletic groups (Figure 8). Third, members of
the genus Carassius (C. carassius, C. cuvieri, C. langsdorfii, C.
auratus, and C. gibelio) showed minimal differentiation and
broad topological overlap, consistent with a recent radiation
(Figure 9). These ambiguous cases were not treated as errors but

retained with explicit similar_to annotations for downstream
applications.

3.5 | Final Database Construction

The curated database comprises 380 high-quality mitochondrial
genomes representing 266 chondrichthyan species and 7258 ge-
nomes from 4887 actinopterygian species (excluding outgroups).
These sequences were retained following standardized filtering,
alignment, and anomaly removal steps. The database is pro-
vided in two complementary formats to accommodate different
analytical purposes. The GenBank (GB) version preserves full
annotation metadata, including references, genomic features,
and gene boundaries, making it suitable for detailed molecular
and comparative studies. In contrast, the FASTA (FA) version
offers streamlined sequence data with standardized taxonomic
labels (order, family, and genus), facilitating rapid comparative
analyses, visualization, and phylogenetic applications. All cu-
rated sequences and corresponding phylogenetic trees are pub-
licly accessible on Zenodo (DOI: https://doi.org/10.5281/zenodo.
17285318). By removing confirmed anomalous references and
flagging phylogenetically ambiguous records with “similar_
to=", the curated outputs provide a more conservative basis for
downstream eDNA taxonomic assignment by alerting users to
residual phylogenetic ambiguity.

4 | Discussion

4.1 | Management of Phylogenetically Ambiguous
Sequences

Beyond clearly identifiable anomalies, our analysis revealed
cases where mitochondrial genomes showed insufficient differ-
entiation to reliably distinguish certain closely related species
or groups. Such ambiguous placements, often resulting from
recent speciation, mitochondrial introgression, or rapid evolu-
tionary radiation, reflect intrinsic limitations of mitochondrial
markers rather than database errors. To address this, sequences

Epinephelus_bruneus [NC_013820|Concat|o__ Perciformes|f __Serranidae|g__Epinephelus
Epinephelus_moara [NC_017891|Concat|o__Perciformes|f __Serranidae|g__Epinephelus
Epinephelus_bruneus |JQ518289|Concat|o__Perciformes|f__Serranidae|g__Epinephelus

Epinephelus_moara |KP009977|Concat|o__ Perciformes|f__Serranidae|g__ Epinephelus

FIGURE7 | Phylogenetic ambiguity between Epinephelus bruneus and E. moara. Recently diverged sister species show nearly identical mitochon-

drial genomes, preventing clear phylogenetic separation.

Somniosus_microcephalus |[KY513709|Concat|o__ Squaliformes|f _Somniosidae|g__Somniosus
Somniosus_microcephalus [INC_049864|Concat|o__Squaliformes|f __Somniosidae|g___Somniosus

Somniosus_pacificus|NC_022734|Concat|o__Squaliformes|f _Somniosidae|g__Somniosus

FIGURES8 | Phylogenetic ambiguity between Somniosus microcephalus and S. pacificus. Mitochondrial haplotypes overlap, indicating unresolved

species boundaries.
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p Carassius_gibelio|PP928735|Concat|o__ Cypriniformes|f__Cyprinidae|g__Carassius
Carassius_auratus |OP882628|Concat|o__Cypriniformes|f__Cyprinidae|g__Carassius
Carassius_carassius|KX781320|Concat|o__Cypriniformes|f__Cyprinidae|g__Carassius
Carassius_auratus |OR950752|Concat|o__Cypriniformes|f__Cyprinidae|g__Carassius
Carassius_auratus |PQ516716|Concat|o__Cypriniformes|f__Cyprinidae|g__Carassius
o Carassius_carassius|NC_006291|Concat|o__Cypriniformes|f__Cyprinidae|g__Carassius
Carassius_gibelio|KU668576|Concat|o__Cypriniformes|f__Cyprinidae|g__Carassius
Carassius_langsdorfiilNC_002079|Concat|o__Cypriniformes|f__Cyprinidae|g__Carassius
— Carassius_carassius|JQ911695|Concat|o__ Cypriniformes|f__Cyprinidae|g__Carassius
[ Carassius_cuvieri|AP011237|Concat|o__Cypriniformes|f__Cyprinidae|g__Carassius
Carassius_cuvierilNC_010768|Concat|o__Cypriniformes|f__Cyprinidae|g__Carassius
Carassius_auratus |[KX505165|Concat|o__Cypriniformes|f__Cyprinidae|g__Carassius
Carassius_gibelio|GU138989|Concat|o__Cypriniformes|f__Cyprinidae|g__Carassius
Carassius_auratus |KM659025|Concat|o__ Cypriniformes|f__Cyprinidae|g__Carassius
Carassius_gibelio|KU896992|Concat|o__Cypriniformes|f__Cyprinidae|g__Carassius

Carassius_gibelio[NC_014177|Concat|o__Cypriniformes|f__Cyprinidae|lg__Carassius

FIGURE 9 | Phylogenetic ambiguity within Carassius species. Mitochondrial sequences of multiple species show extensive overlap, indicating

limited differentiation.

were retained but explicitly flagged with similar_to annotations.
This approach ensures transparency and enables accurate inter-
pretation in downstream analyses (Figures 7-9).

Our analysis identified cases where recently diverged sister spe-
cies showed minimal mitochondrial differentiation, as exem-
plified by Epinephelus bruneus (NC_013820, JQ518289) and E.
moara (NC_017891, KP009977) (Figure 7). These taxa exhibited
near-identical nucleotide profiles that precluded clear phyloge-
netic separation, likely reflecting insufficient evolutionary time
for accumulation of diagnostic mitochondrial mutations since
their speciation event (Amorim et al. 2021).

Our analysis also revealed a distinct category of phylogenetically
ambiguous sequences resulting from historical introgression
events or incomplete speciation processes, where persistent gene
flow obscures clear species boundaries. A representative case in-
volves the mitochondrial sequences of Somniosus microcephalus
(KY513709, NC_049864) and S. pacificus (NC_022734), which
showed overlapping clustering patterns without forming dis-
tinct monophyletic groups. These findings, visually documented
in Figure 8, are consistent with either mitochondrial introgres-
sion following secondary contact or incomplete establishment of
reproductive barriers during early divergence phases. Such pat-
terns challenge conventional species delimitation approaches
based solely on mitochondrial data and highlight the need for
complementary nuclear markers to accurately reconstruct com-
plex evolutionary histories involving hybridization or nascent
speciation events (Timm et al. 2023).

The genus Carassius exemplifies a third major category of
phylogenetic complexity, where rapid evolutionary radiation
has resulted in minimal mitochondrial differentiation among
descendant species. Our analysis of C. carassius, C. cuvieri,
C. langsdorfii, C. auratus, and C. gibelio revealed extensively

overlapping clustering patterns (Figure 9), consistent with a re-
cent and explosive diversification event (Gu et al. 2022). Such
phylogenetic blurring, characteristic of adaptive radiations
across multiple taxa, poses significant challenges for species
delineation using mitochondrial markers alone. These find-
ings underscore the necessity of incorporating nuclear genomic
data and morphological evidence when working with rapidly
radiating groups, where conventional molecular barcoding ap-
proaches often prove inadequate for resolving complex evolu-
tionary relationships.

To address cases of indistinguishable sequences identified
through mitochondrial analysis, PhyloRef employs a conserva-
tive annotation strategy by marking these sequences with a sim-
ilar_to= tag in FASTA headers while retaining representative
entries. This approach yields multiple scientific benefits. First, it
preserves biologically significant variation that may reflect im-
portant evolutionary processes such as ongoing speciation, in-
trogressive hybridization, or recent adaptive radiation, thereby
preventing the loss of valuable phylogenetic signal that might
occur with outright removal. Second, the explicit annotation
serves as a critical warning for downstream applications, partic-
ularly in sensitive environmental DNA (eDNA) metabarcoding
studies, prompting researchers to incorporate supporting evi-
dence from nuclear genomic data or morphological character-
istics when definitive taxonomic assignment is required. This
methodological framework proves particularly valuable for an-
alyzing complex environmental samples, where it significantly
reduces false positive identifications while maintaining compre-
hensive sequence representation, ultimately strengthening the
reliability of biodiversity assessments in ecological monitoring
and conservation planning.

These findings underscore the limitations of relying solely
on database curation status and highlight the importance of
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incorporating topology-based validation into routine reference
library construction workflows. Furthermore, some retained
anomalies, particularly those showing minor divergence or am-
biguous placements, may represent genuine biological phenom-
ena including mitochondrial introgression, incomplete lineage
sorting, or undetected cryptic speciation. Such cases highlight
the need for follow-up studies incorporating nuclear genetic
markers, morphological characterization, and expanded geo-
graphic sampling to enhance taxonomic resolution and improve
reference database quality. This highlights the need to move
beyond purely metadata-based assessments and embrace inte-
grated phylogenetic validation (Toews and Brelsford 2012).

4.2 | Strengths and Current Limitations
of PhyloRef

PhyloRef addresses critical challenges in reference database
curation by integrating phylogeny-based validation into a re-
producible workflow. Its main strength lies in leveraging full
mitochondrial genomes (13 protein-coding and 2 rRNA genes),
which improves phylogenetic resolution compared to traditional
single-marker approaches such as COI or 12S (Brys et al. 2023).
Another key innovation is the structured anomaly classification
(Types I-1II) together with the similar to annotation, which
enables systematic handling of both obvious errors and biologi-
cally ambiguous cases. This dual strategy helps improve trans-
parency and reduces subjective manual curation, a limitation in
earlier frameworks.

Compared with existing tools, PhyloRef provides a complemen-
tary workflow-level solution for reference-library curation.
Sequence-similarity methods (e.g., BLAST-based pipelines)
allow rapid screening but often fail to detect misassignments
among closely related taxa (Claver et al. 2023; Curd et al. 2024).
Primer-based pipelines such as CRABS (Jeunen et al. 2023) are
efficient for targeted recovery but limited by primer specificity.
Taxonomy-dependent systems, including refdb and COInr (Keck
and Altermatt 2023; Meglecz 2023), may propagate pre-existing
annotation errors due to their reliance on metadata accuracy.
Phylogeny-aware frameworks such as Meta-Fish-Lib (Collins
et al. 2021) improve detection of non-monophyletic taxa but
generally require extensive manual work and face scalability
issues with large datasets. Related tree-based approaches such
as SATIVA (Kozlov et al. 2016) use phylogenetic placement on
a reference tree to detect putative taxonomic mislabels; how-
ever, their performance depends on the quality and taxonomic
representativeness of the underlying reference alignment and
tree, and they can be computationally demanding for very large
datasets. By contrast, PhyloRef combines automated anomaly
detection with manual visualization support, providing both
efficiency and precision. In addition, PhyloRef adopts a divide-
and-conquer strategy by partitioning sequences into taxonomic
groups before alignment and tree inference, which allows mul-
tiple trees to be computed in parallel and avoids the cost of
constructing a single, extremely large phylogeny. This design
improves scalability for large reference libraries. Moreover, in-
stead of removing all non-monophyletic cases, PhyloRef retains
ambiguous records and annotates them with a similar_to= tag,
thereby providing a conservative reference set while explicitly
signaling uncertainty to downstream eDNA analyses.

Nevertheless, several limitations remain. The current focus on
mitochondrial genomes restricts detection of discordances aris-
ing from nuclear introgression or incomplete lineage sorting
(Breton and Stewart 2015). Sparse sampling in certain groups
(e.g., deep-sea chondrichthyans) reduces inference reliabil-
ity, while the short amplicons typical of eDNA metabarcoding
(~200-300bp) may yield ambiguous phylogenetic signal, po-
tentially inflating anomaly detection (Hending 2025). Finally,
although PhyloRef reduces manual effort, expert review is still
required to interpret ambiguous cases, particularly those involv-
ing hybridization or cryptic species complexes. Taken together,
PhyloRef provides a scalable and transparent solution that com-
plements existing curation methods, supporting more reliable
applications ranging from eDNA metabarcoding to evolutionary
studies.

4.3 | Future Development Priorities

While PhyloRef successfully overcomes numerous challenges in
reference database construction, we identify four critical areas
for future development to enhance its scalability, accuracy,
and versatility. First, implementing machine-learning models
(e.g., random forests or deep-learning classifiers) may improve
anomaly-detection performance. These advanced analytical
approaches would minimize manual verification requirements
while better identifying complex evolutionary patterns like hy-
bridization events, genetic introgression, and rapid radiation
scenarios that often elude conventional phylogenetic methods
(Cordier et al. 2019; Keck, Brantschen, and Altermatt 2023;
Keck, Couton, and Altermatt 2023).

Second, expanding beyond mitochondrial markers represents a
crucial advancement. Incorporating nuclear genomic loci (e.g.,
ITS, 18S, and other conserved nuclear genes) would address
current limitations in resolving intricate evolutionary histo-
ries involving gene flow or hybridization. This multi-marker
framework would provide substantially improved taxonomic
resolution for closely related species and introgressed lineages
(Dietz et al. 2022). Third, developing an automated updating
system would ensure long-term database relevance. This mod-
ule would systematically retrieve new sequences from public
repositories (e.g., NCBI), apply quality control protocols, and
maintain version control to support data traceability. Such con-
tinuous integration would maintain database currency amidst
the exponential growth of genomic data while standardizing
data management practices. Finally, addressing computational
constraints through algorithm optimization for parallel process-
ing and distributed computing architectures would further en-
hance performance for large-scale datasets. Coupled with these
improvements, an intuitive web interface would increase acces-
sibility for non-specialists, streamlining submission, customiza-
tion, and interpretation.

5 | Conclusion

We introduce PhyloRef, a semi-automated workflow for ref-
erence database curation that integrates phylogenetic topol-
ogy analysis into a reproducible Snakemake framework. By
leveraging complete mitochondrial genomes and supporting
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structured anomaly detection and similarity-based annotation,
PhyloRef improves the reliability of sequence data used in en-
vironmental DNA (eDNA) studies. Validation on datasets from
Chondrichthyes and Actinopterygii demonstrates its capacity
to detect misannotations, ambiguous placements, and potential
biological signals such as introgression or incomplete lineage
sorting. Overall, PhyloRef offers a practical and scalable tool for
improving reference sequence quality, helping researchers re-
duce annotation errors and interpret taxonomic uncertainties
with greater confidence.
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