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Abstract

DNA barcoding using mitochondrial DN A relies on accurate DNA databases. However, it is not uncommon
for these DNA databases to contain nucleotide sequences with erroneous species labels. Furthermore,
sequencing errors and nuclear mitochondrial DNA (NUMT) sequences may impact DNA barcoding. In the
present study, we applied phylogenetic, nucleotide sequence, and deduced amino-acid sequence analyses to
the 1,157 unique COI haplotypes of the 22 spiny lobster species of the genus Panulirus collected from the
GenBank database and from a published article. Based on the large number of amino-acid substitutions, large
nucleotide-sequence divergence, and odd phylogenetic placement, one haplotype was found to be
misidentified to species. Of 55 haplotypes determined to be problematic, 27 haplotypes obtained from cloned
amplicons were presumed to be NUMTs and 28 haplotypes obtained by direct nucleotide sequencing were
presumed to be NUMT-contaminated sequences. A small number of non-synonymous nucleotide
substitutions were observed in 96 other haplotypes, possibly caused by sequencing errors or slight NUMT-
contamination. The unnoticed inclusion of NUMTs or NUMT-contaminated sequences in nucleotide
sequence datasets may inadvertently inflate intraspecific genetic diversity and distort phylogenies.
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Introduction
The mitochondrial DNA (mtDNA) cytochrome ¢
oxidase subunit I (COI) gene, which has been
proposed as a universal DNA barcode for species
identification (Hebert et al. 2003a), is now the most
sequenced gene in animals (Pentinsaari et al. 2016).
Genetic information from accurately identified
specimens is essential to building a reliable DNA
barcode database (e. g. BOLD: Ratnasingham and
Hebert 2007; GenBank: Benson et al. 2017). However,
species misidentification is not rare, and species
entries in barcode databases may include distinct
species, cryptic or not (Meiklejohn et al. 2019;
Pentinsaari et al. 2020; Stein and Gailing 2025). Minor
errors in nucleotide sequencing generally do not have

a major impact on species identification but can bias

estimates of genetic diversity. MtDNA copies inserted
in the nuclear genome have been observed in a wide
variety of eukaryotes (Hazkani-Covo et al. 2010).
These mtDNA copies, coined as NUMTs (Lopez et al.
1994), may be co-amplified with authentic mtDNA,
which can complicate the process of DNA barcoding
and affect the outcomes of population genetic and
evolutionary studies. The unusual placement of
haplotypes with long branches in a phylogenetic tree
may thus indicate cryptic diversity, sequencing error,
NUMT

incorporation of

erroneous  species  identification, or

contamination. The unnoticed
NUMTs has led to erroneous conclusions regarding
species identity, population genetic structure, and
phylogenetic reconstruction (Song et al. 2008; Buhay

2009). Fukuda et al. (1985) have been the first to report
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several hundreds of NUMTs in the human nuclear
genome. NUMTs are now considered common in
animals (Bensasson et al. 2001; Song et al. 2008;
Hebert et al. 2023).

Buhay (2009) presented several nucleotide-sequence
chromatograms for the partial COI gene of crayfish, in
which NUMT contamination was thought to have
generated sloppiness. This author also reported
problematic crustacean COI-like sequences deposited
in the GenBank database that contained NUMT
signals. Using clone-library-based  nucleotide
sequence analysis, NUMTs of the COI gene were also
detected in the Japanese spiny lobster (Panulirus
slipper lobster
(Scyllarides haanii) (Chow et al. 2021, 2024b). In

these two species, chromatograms obtained by direct

Jjaponicus) and in the Aesop

nucleotide sequencing showed admixture of signals
from authentic mtDNA and NUMTs. Even when the
peaks of the chromatograms obtained through direct
NUMT

contamination occasionally impacted our ability to

nucleotide sequencing were readable,
obtain nucleotide sequences from authentic mtDNA
(Chow et al. 2021, 2024a, b).

The number of NUMTs differs considerably among
animal taxa and is strongly correlated with genome
size (Pamilo et al. 2007; Hazkani-Covo et al. 2010),
while the number of putative NUMTs detected can
also vary among conspecific individuals and with the
tissue from which the DNA is extracted (Bensasson et
al. 2001; Gislason et al. 2013; Chow et al. 2024a). In
many cases, the signal peaks of authentic mtDNA
largely dominate over those possibly contributed by
NUMTs. However, there are cases where the signal
peaks of both types of amplicons are comparable, and
sometimes the intensity of the peaks contributed by
NUMTs exceeds that of the authentic mtDNA
amplicon (e. g. Sorenson and Fleischer 1996; Parr et
al. 2006; Chow et al. 2021, 2024b). Contamination by
NUMTs with

chromatograms. It empirically seems that double

indels results in deteriorated

peaked or deteriorated chromatograms are more

frequently encountered in crustaceans than in fishes or
mollusks (Williams and Knowlton 2001; Buhay 2009;
Baeza and Fuentes 2013; Gislason et al. 2013; Iacchei
et al. 2014; Woodings et al. 2019; Chow et al. 2021,
2024a, b).

The amino-acid sequence provides several clues to
assess the quality of the nucleotide sequence. The
highly conserved COI gene encodes a key enzyme of
the respiratory chain of mitochondria (Castresana et al.
1994). At the COI locus, as for other conservative
protein-coding genes, there should be no stop codons
and indels should be rare, even among distantly related
animal taxa. One also expects few amino-acid
differences among conspecific individuals or even
among closely related taxa.

In this study, we critically examined publicly
available nucleotide sequences at the COI locus of all
spiny lobster species in the genus Panulirus. The
lobster genus Panulirus currently comprises 22
species (DecaNet eds. 2025), of which 16 are
distributed in the Indo-Pacific and the remaining six
in the Atlantic. We propose criteria to evaluate the
quality of COI-gene sequences and to eventually

detect NUMTs in this genus, chosen as a model case.

Materials and Methods

The nucleotide sequences of the COI gene of all 22
Panulirus species were obtained from the GenBank
database (https://www.ncbi.nlm.nih.gov/nucleotide/;
last accessed 09 September 2025) and from a
published article (Table S1). These sequences included
the 5” end of the gene, corresponding to the “Folmer
region” (Folmer et al. 1994) used for DNA barcoding.
Alignments of nucleotide sequences and their
translation into amino-acid sequences using the
invertebrate mitochondrial code were performed using
GENETYX ver. 12 (GENETYX Co., Tokyo). The
most Common Amino-acid Sequence within a species
was abbreviated as “CAS”. In the case of identical
nucleotide sequences in a species, only the longest

sequence was retained as the sequence defining the
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corresponding haplotype. COI-gene sequences shorter
than 400 bp and those containing ambiguous
nucleotides were not used. The Kimura 2-parameter
(K2P) distance between nucleotide sequences and the
number of residue differences and the p-distance
between deduced amino-acid sequences were
calculated using MEGA 6 (Tamura et al. 2013). Model
selection and the construction of phylogenetic trees
were also done using MEGA 6.

Buhay (2009) flagged problematic COI nucleotide
sequences of decapod crustaceans in the GenBank
database. Here, we separated these flagged sequences
into two categories. The first category, symbolized by
one red flag, included haplotypes that differed by one
or two amino-acid residues from the CAS and/or that
showed comparable or slightly larger K2P distance
than the lowest threshold (2% to 3%) reported
between congeneric animal species (Hebert et al.
2003a, b). This K2P threshold is reasonable for
lobster, as the COI nucleotide sequence divergence
between putative subspecies of Panulirus homarus
ranges from 1.3 % to 9.3 % and that within subspecies
is smaller than 2.0 % (Lavery et al. 2014). Ptacek et
al. (2001) reported the COI nucleotide sequence
divergence between the two subspecies of Panulirus
longipes (P. longipes longipes and P. I bispinosus) to
be 6.0 % and those between good species of the genus
Panulirus to be larger than 12.4 %. The second
category, symbolized by two red flags, included
haplotypes that differed by three or more amino-acid
residues from the CAS and/or that were separated by
much larger K2P distances than the 2 % to 3 %
threshold. It cannot be known whether the haplotypes
of the first category represent true sequences, or have
sequencing errors, or suffer from slight contamination
by NUMTs. The haplotypes of the second category
may either be NUMTs, or sequences heavily
contaminated by NUMTs including chimera
formation, or cryptic species, or they may represent
misidentified individuals from another species. Since

most of the nucleotide sequences were obtained by

direct sequencing, the sequences identified as
problematic may contain sequencing errors, signals
from non-specific PCR products, or contamination by
NUMTs, but cannot represent a single NUMT.
Haplotype sequences with two red flags were entered
as queries into a BLAST search in GenBank
(https://blast.ncbi.nlm.nih.gov/) to find the most
similar homologous sequences present in the database

while excluding self-matches.

Results and Discussion
Of 2,049 COI-gene sequences examined, 1,157 were

retained after initial screening (Table S1).

Indo-Pacific Panulirus species
Panulirus japonicus (Fig. 1)

This species is confined to subtropical to temperate
regions in the western North Pacific, including Japan,
Korea, China, and Taiwan (Holthuis 1991), and no
genetic population structuring has been reported
(Inoue et al. 2007; Chang et al. 2019).

Of 146 sequences collected from GenBank and a
published article, 108 unique haplotypes were retained
for phylogenetic analysis (Table S1). Most of the
haplotypes (n=81) belonged to one large haplogroup
(coined “PJ-I”), in which the K2P distance between
haplotypes ranged from 0.2 % to 3.5 %. The deduced
amino-acid sequences of 73 out of the 81 haplotypes
in PJ-I were identical: they represented the CAS (“PJ-
CAS”) in this species. The deduced amino-acid
sequences of the remaining eight haplotypes in PJ-I
differed from the PJ-CAS by one to three amino-acid
residues and differed from one another. Two red flags
were given to one haplotype (AF339461) in PJ-I, as
the K2P distance between this and the other haplotypes
in PJ-I ranged from 1.3 % to 3.5 % and the amino-acid
sequence deduced from this haplotype differed from
the PJ-CAS by three residues.

All remaining 27 haplotypes strongly diverged from
PJ-1 were given two red flags. Twenty five were

previously presumed to be NUMTs (Chow et al. 2021,
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Fig. 1. Panulirus japonicus. Neighbor-joining phylogenetic
tree of 108 unique COI nucleotide sequences (526—816 bp)
constructed with the pairwise deletion option using T92+G
as the best fit model. Panulirus longipes was used as
outgroup. The number carried by red flag is the number of
amino-acid residue differences from the most Common
Amino-acid Sequence (PJ-CAS) of this species. Haplotypes
marked by an asterisk contain stop codon. Haplotypes
determined as NUMTs in previous studies (Chow et al. 2021,
2024a) are shown in red. Bootstrap scores >70 % (out of
1,050 replicates) are shown at the nodes. Essentially the same
tree topology was obtained with the complete deletion
option. One red flag: haplotypes that differ by one or two
amino-acid residues from the CAS and/or that show
comparable or slightly larger K2P distances than the lowest
threshold (2 % to 3 %) reported between congeneric animal
species in general. Two red flags: haplotypes that differ by
three or more amino-acid residues from the PJ-CAS and/or
are separated from the majority of haplotypes by much larger
K2P distances than the above threshold.
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2024a) and are shown in red. Of these putative
NUMTs, 17 haplotypes contained one or more stop
codons, and the amino-acid sequences deduced from
the eight others differed from the PJ-CAS by one to 12
amino-acid residues and also differed from one
another. The K2P distance between these putative
NUMTs and haplotypes in PJ-I ranged from 3.2 % to
25.3 %. Two red flags were also given to two strongly
diverged haplotypes (OKO037050, MZ203547)
produced by Hettiarachchi et al. (2022). The deduced
amino-acid sequences of these two haplotypes differed
from the PJ-CAS by six and 22 amino-acid residues,
respectively. The K2P distance between OK037050
and haplotypes in PJ-1 ranged from 7.6 % to 11.0 %,
and that between MZ203547 and haplotypes in PJ-I
ranged from 15.4 % to 17.6 %. A BLAST search for
OK037050 pointed to COI-gene sequences of P
Japonicus but homology scores were lower than
95.0 %, and that for MZ203547 nominated putative
NUMTSs of P, japonicus with relatively high homology
score (98.1 %). All these 27 haplotypes were obtained
from cloned PCR amplicons (Chow et al. 2021, 2024a;
Hettiarachchi et al. 2022), suggesting these were
NUMTs or chimeric molecules. Hettiarachchi et al.
(2022) unknowingly included these problematic
sequences in their analysis, thereby inadvertently

inflating intraspecific genetic diversity in this species.

Panulirus longipes group (Fig. 2)

Six species (P brumneiflagellum, P. cygnus, P.
femoristriga, P. longipes, P. marginatus, and P
pascuensis) are now considered to belong to this group
(Holthuis 1991; Chang and Ng 2001; Ravago and
Juinio-Mefiez 2003; Sekiguchi and George 2005).
Panulirus brunneiflagellum, P. cygnus, P. marginatus,
and P pascuensis are endemic in the Ogasawara
Islands, Western Australia, the Hawaiian Islands, and
Easter Island, respectively, whereas P. femoristriga
and P. longipes show Indo-Central Pacific wide
distribution. Panulirus longipes is further subdivided

into two subspecies, P. I longipes and P. . bispinosus

(Ravago and Juinio-Mefiez 2003).

Of 70 sequences collected from GenBank, 51 unique
haplotypes (with two to 31 haplotypes per species)
were retained for phylogenetic analysis (Table S1).

Two main lineages were observed in P. longipes,
corresponding to the two subspecies (P. I. longipes and
P [ bispinosus), and two sub-lineages (I and II) were
The K2P distance
between haplotypes ranged from 0.2 % to 8.1 % in P,

observed within P. I longipes.

1. longipes and from 0.2 % t0 9.5 % in P. . bispinosus.
The haplotypes with red flags appeared to be
responsible for the inflated genetic diversity in both
subspecies. The CAS of P. I longipes (PLL-CAS)
differed from that of P. [ bispinosus (PLB-CAS) by
one residue. The deduced amino-acid sequences of
two haplotypes in P. [ longipes (AF339464,
KF548580) differed from the PLL-CAS by one
residue and also differed from one another. Two red
flags were given to two other haplotypes in P I
longipes (AB237602, MZ203549), as these two
differed from the PLL-CAS by 11 residues, and the
K2P distance between these and the other haplotypes
in P. [ longipes ranged from 2.0 % to 8.1 %. A BLAST
search for these haplotypes nominated COI-gene
sequences of P. longipes but homology scores were
lower than 95 % for AB237602 and lower than 98 %
for MZ203549. MZ203549 was obtained from cloned
PCR amplicon (Hettiarachchi et al. 2022), suggesting
this was a NUMT or chimeric molecule. Three
haplotypes in P. . bispinosus (AB237603, AB237606,
MK371328) differed from the PLB-CAS by one or
two residues and also differed from one another. Two
red flags were given to three haplotypes (AB237598—
AB237600) in P. I. bispinosus, as these differed from
the PLB-CAS by one to 17 residues and the K2P
distance between these and the other haplotypes in P
L. bispinosus ranged from 2.3 % to 6.2 %. A BLAST
search for these haplotypes nominated COI-gene
sequences of P. longipes but homology scores were
lower than 98 %. These five haplotypes with two red
flags were determined to be problematic sequences,
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Fig. 2. Panulirus longipes group. Neighbor-joining
phylogenetic tree of 50 unique COI nucleotide
sequences (405-695 bp) of six species and subspecies
(P brunneiflagellum, P. cygnus, P. femoristriga, P.
longipes bispinosus, P. longies longipes, and P.
pascuensis) constructed with the pairwise deletion
option using T92+G as the best fit model. Panulirus
ornatus was used as outgroup. The number in exponent
to a red flag is the number of amino-acid residue
differences from the most common amino-acid
sequences of the corresponding species and subspecies
(PBr-CAS, PC-CAS, PF-CAS, PLB-CAS, PLL-CAS,
and PPa-CAS). Bootstrap values of > 70 % (out of 1,050
replicates) are shown at the nodes. Essentially the same
tree topology was obtained with the complete deletion
option. See the caption of Fig. 1 for the red flags.
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identical with PLB-CAS. As two haplotypes in the P
marginatus-A lineage differed from the PMaB-CAS
by four and seven amino-acid residues, respectively,
two red flags were given to these. Since no highly
homologous sequence for P. marginatus-A haplotypes
was nominated following a BLAST search, these two
haplotypes were determined to be problematic
sequences, possibly contaminated by NUMTs. lacchei
et al. (2014) reported slight genetic structuring in P,
marginatus, but this was smaller than the divergence
between the A and B lineages.

No haplotype was given two red flags in the other
species of the P. longipes group.

Panulirus penicillatus (Fig. 3)

Panulirus penicillatus is the only spiny lobster
species distributed throughout the Indo-Pacific Ocean
(Holthuis 1991), but the recent molecular analyses
have revealed substantial genetic differentiation
between Indo-central Pacific and Eastern Pacific
populations (Chow et al. 2011; Abdulah et al. 2014a;
TIacchei et al. 2016).

Of 468 sequences collected from GenBank, 277
unique haplotypes were retained for phylogenetic
analysis (Table S1). Two main lineages (I and II) with
a distinct sub-lineage (Ia) within lineage 1 were
observed, corresponding to the Indo-West Pacific, the
Eastern Pacific, and the Red Sea populations,
respectively (see Chow et al. 2011; Abdulah et al.
2014a, b; lacchei et al. 2016). The Indo-central and
Eastern Pacific populations shared the same CAS
(PPe-CAS). All five haplotypes (KT954881—
KT9548885) from the Red Sea population shared the
same amino-acid sequence (PPer-CAS) but differed
from the PPe-CAS by one residue. The deduced
amino-acid sequences of the nine haplotypes that were
given one red flag in lineage I (excluding lineage Ia)
differed from the PPe-CAS by one residue. Eight of
these differed from one another. The deduced amino-
acid sequences of the 15 haplotypes that were given
one red flag in lineage II differed from the PPe-CAS

by one or two residues, which were assigned to four
groups. The K2P distance ranged from 0.1 % to 2.9 %
between haplotypes in lineage I (excluding lineage Ia)
and from 0.1 % to 2.3 % between haplotypes in linecage
II. One haplotype (MT750276)

Indonesia was

sampled from
placed at a phylogenetically
intermediate position between the two main lineages.
The K2P distance between MT750276 and the
haplotypes in lineages I and II ranged from 1.3 % to
2.9 %, and one red flag was given to this haplotype.
Two red flags were given to two highly divergent
haplotypes (KT954772, MT533488), which differed
from the PPe-CAS by two and nine residues,
respectively. The K2P distance between KT954772
and the haplotypes in lineages I and II ranged from
8.9 % to 10.4 %. A BLAST search for this haplotype
returned the COI gene of P. penicillatus as the closest
match, but the homology score was lower than 92 %.
This haplotype was therefore determined to be a
problematic sequence, possibly contaminated by
NUMTs. The K2P distance between MT533488 and
the haplotypes in lineages I and II ranged from 22.1 %
t026.3 %. A BLAST search for this haplotype returned
a COlI-gene of  Panulirus
(OR612314) as the closest match with a 99 %

homology score. On the other hand, the two other

sequence inflatus

haplotypes of Panulirus inflatus in the database
(AF339459, FJ174964) substantially diverged from
MT533488 (13.6 to 14.0 % in K2P). Both Jeena et al.
(2024) and Chow and Borsa (2024) questioned
whether MT533488 was P. penicillatus.

Panulirus homarus (Fig. 4)

This species is widely distributed in the Indo-West
Pacific (Holthuis 1991). Based on the morphology,
coloration, and geographic distribution, three
subspecies (P. h. homarus, P. h. megasculpta, and P. h.
rubellus) have been described (Berry 1974; Holthuis
1991; George 2006).

Of 483 sequences collected from GenBank, 169

unique haplotypes were retained for phylogenetic
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Fig. 3. Panulirus penicillatus. Neighbor-joining
phylogenetic tree of 277 unique COI nucleotide
sequences (460—-673 bp) constructed with the pairwise
deletion option using TN93+G as the best fit model.
Panulirus japonicus was used as outgroup. The number
in exponent to a red flag is the number of amino-acid
residue differences from the most common amino acid
sequence of this species (PPe-CAS). Bootstrap scores of
> 70 % (out of 1,050 replicates) are shown at the nodes.
Essentially the same tree topology was obtained with the
complete deletion option. See the caption of Fig. 1 for
the red flags. Phylogenetic tree with accession numbers
of all haplotypes used can be obtained here.
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Fig. 4. Panulirus  homarus. Neighbor-joining
phylogenetic tree of 167 unique COI nucleotide
sequences (462—702 bp) constructed with the pairwise
deletion option using T92+G+I as the best fit model.
Panulirus japonicus was used as outgroup. The number
in exponent to a red flag is the number of amino-acid
residue differences from the most common amino acid
sequences of corresponding subspecies (Phh-CAS and
Phr-CAS). Bootstrap values of > 70 % (out of 1,050
replicates) are shown at the nodes. Essentially the same
tree topology was obtained with the complete deletion
option. See the caption of Fig. 1 for the red flags.
Phylogenetic tree with accession numbers of all
haplotypes used can be obtained here.
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analysis (Table S1). COIl-like sequences (KJ671893—
KJ672073) reported by Reddy et al. (2014) possessing
numerous indels and stop codons were not included in
this study. Two main lineages (I and IT) were observed.
Lineage I represented P. A. rubellus. No segregation
for the two other subspecies was observed within
lineage II, as previously reported (Lavery et al. 2014).
The CAS of P. h. rubellus (PHr-CAS) differed by one
residue from that of P h. homarus and P h.
megasculpta (PHh-CAS). Five haplotypes in lineage |
were given one red flag as their deduced amino-acid
sequences differed from PHr-CAS by one or two
residues and also differed from one another. Two red
flags were given to two haplotypes (KY860551,
MH622291) in lineage I, which differed from PHr-
CAS by three and one residues, respectively. The K2P
distance ranged from 1.4 % to 3.6 % between
KY860551 and the other haplotypes in lineage I, and
from 3.7 % to 5.4 % between MH622291 and the other
haplotypes in lineage I. A BLAST search for these
haplotypes nominated COI-gene sequences of P
homarus as the best matches, but the homology scores
were lower than 98.6 %. The deduced amino-acid
sequences of 13 haplotypes in lineage II differed from
the PHh-CAS by one or two residues and also differed
from one another. One red flag was given to each of
these 13 haplotypes. Two red flags were given to four
haplotypes (KX275311, KX275312, KX275376,
KY860543) in lineage II, which differed from PHh-
CAS by three to six residues. A BLAST search for
these four haplotypes nominated COI-gene sequences
of P. homarus as the best matches, with homology
scores lower than 99.1 %. These four haplotypes with
two red flags were determined to be problematic
sequences, possibly contaminated by NUMTs. The
deduced amino-acid sequences for two divergent
haplotypes (MZ203548, AF339457) differed from the
PHr-CAS and PHh-CAS by five and 10 residues,
respectively. The K2P distance between these two
haplotypes and all the other haplotypes in the lineages
I'and II ranged from 10.5 % to 16.1 % and from 12.8 %
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to 18. 6 %, respectively. A BLAST search for these two
haplotypes detected no highly homologous sequence.
These two haplotypes were determined to be
problematic sequences. MZ203548 was obtained from
a cloned PCR amplicon (Hettiarachchi et al. 2022),
suggesting this was a NUMT or a chimeric molecule,
whereas AF339457 obtained by direct nucleotide
sequencing is possibly contaminated by NUMTs.
Lavery et al. (2014) suspected AF339457 to be a
NUMT.

Panulirus ornatus and P. versicolor (Fig. 5)

These species are distributed in the Indo-West
Pacific region (Holthuis 1991). Molecular analyses
have revealed significant population structuring in P,
ornatus (Yellapu et al. 2017; Farhadi et al. 2022).

Of 105 sequences collected from GenBank, 63
unique haplotypes (43 for P. ornatus and 20 for P
versicolor) were retained for phylogenetic analysis
(Table S1). The CAS of P. ornatus (PO-CAS) differed
by two residues from that of P. versicolor (PV-CAS).
One haplotype in P. ornatus (MN810265), which
differed from the PO-CAS by one residue, was given
one red flag. Two red flags were given to two
haplotypes in P. ornatus (AF339467, KF827964),
which differed from the PO-CAS by four and two
residues, respectively. The K2P distance between
AF339467 and the other haplotypes of P. ornatus
ranged from 5.7 % to 7.2 %. A BLAST search for this
haplotype nominated COI-gene sequences of P
ornatus as the most similar, but homology scores were
lower than 95 %. Therefore, this haplotype was
determined to be a problematic sequence. The K2P
distance between KF827964 and the other haplotypes
in P. ornatus ranged from 23.5 % to 25.5 %. No highly
homologous sequence for KF827964 was retrieved
from the BLAST search. This haplotype was
determined to be a problematic sequence, possibly
contaminated by NUMTs. Ng et al. (2024) suspected
AF339467 to be a NUMT. No haplotype with red flag

was observed in P, versicolor.
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Fig. 5. Panulirus ornatus and P. versicolor.
Neighbor-joining phylogenetic tree of 63
unique COI nucleotide sequences (565-695
bp) with the pairwise deletion option using
T92+G as the best fit model. Panulirus
Japonicus was used as outgroup. The number
in exponent to a red flag is the number of
amino-acid residue differences from the most
common amino-acid sequences of
corresponding species (PO-CAS and PV-
CAS). Bootstrap values of > 70 % (out of 1,050
replicates) are shown at the nodes. Essentially
the same tree topology was obtained with the
complete deletion option. See the caption of
Fig. 1 for the red flags.
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NC_004251 Panulirus japonicus
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Fig. 6. Panulirus interruptus. Neighbor-
joining phylogenetic tree of 240 unique COI
nucleotide  sequences  (494-720  bp)
constructed with the pairwise deletion option
using T92+G+I as the best fit model. Panulirus
Japonicus was used as outgroup. The number
in exponent to a red flag is the number of
amino-acid residue differences from the most
common amino-acid sequence of this species
(PIt-CAS). Bootstrap values of > 70 % (out of
1,050 replicates) are shown at the nodes.
Essentially the same tree topology was
obtained with the complete deletion option.

KC775631 P!

KC775459 P 1
KC775688 P!
KC775613 P!

OR612311 P

AF339460 > P 14

12

See the caption of Fig. 1 for the red flags.
Phylogenetic tree with accession numbers of
all haplotypes used can be obtained here.
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KC775681 P!
KC775461 P!
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0.02

1

NC_004251 Panulirus japonicus

Panulirus interruptus (Fig. 6) Bay to Baja California (Holthuis 1991). No apparent
This species is confined to subtropical to temperate genetic structuring has been reported throughout its

regions in the Eastern North Pacific, from Monterey range (acchei et al. 2013).
I ———
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Of 245 sequences collected from GenBank, 240
unique haplotypes were retained for phylogenetic
(Table S1). Of 240 haplotypes, 225

haplotypes shared the same deduced amino-acid

analysis

sequence (designated as PIt-CAS). The amino-acid
sequences of 14 haplotypes differed from PIt-CAS by
one residue and also differed from one another. Two
red flags were given to one haplotype (AF339460),
which had two 12-nucleotide indels and differed from
the PIt-CAS by 17 amino-acid residues. The K2P
distance between AF339460 and the other haplotypes
ranged from 6.5 % to 9.7 %. These values are likely
underestimated due to the presence of indels. A
BLAST search for this haplotype nominated COI-gene
sequences of P, interruptus as the best matches, but the
homology scores were lower than 95 %. This
haplotype was determined to be a problematic

sequence, possibly contaminated by NUMTs.

Panulirus gracilis, P. inflatus, P. polyphagus, and P.
stimpsoni (Fig. 7)

Panulirus gracilis and P. inflatus are distributed in
the tropical to subtropical region of the Eastern Pacific,
whereas P. polyphagus and P. stimpsoni are distributed
in the tropical to subtropical regions of the Indo-West
Pacific (Holthuis 1991).

Of 127 sequences collected from GenBank, 74
unique haplotypes (two to 62 per species) were
retained for phylogenetic analysis (Table S1).

Two major lineages (L1 and L2) were observed in P,
polyphagus, as determined by Jeena et al. (2024). The
respective CAS of these two lineages were identical
and designated as PPo-CAS. The deduced amino-acid
sequences of two haplotypes (JN418939, MW514206)
differed from the PPo-CAS by one residue and also
differed from each other. These two haplotypes were
given one red flag. The placement of two other
haplotypes (LC536749, MW514205) was external to
the two lineages. The deduced amino-acid sequence of
LC536749 differed from the PPo-CAS by two residues,
and the K2P distance between LC536749 and the other

13

haplotypes in lineage L1 ranged from 2.3 % to 3.1 %.
The deduced amino-acid sequence of MW514205 was
identical to the PPo-CAS and the K2P distance
between MWS514205 and the other haplotypes in
lineage L2 ranged from 2.2 % to 3.8 %. The amino-
acid sequences of two other highly divergent
haplotypes (MW514209, MK503959) differed from
the PPo-CAS by nine and five residues, respectively.
The K2P distance between these two divergent
haplotypes and the other haplotypes in the L1 and L2
lineages ranged from 3.3 % to 11.7 %. A BLAST
search for MW514209 and MK503959 nominated
COl-gene sequences of P. polyphagus as the best
matches, but the homology scores were lower than
97 % and 91 %, respectively. These two haplotypes
were determined to be problematic sequences,
possibly contaminated by NUMTs.

No haplotype in P. stimpsoni was given two red flags.

Three haplotypes of P. gracilis were assigned to two
distinct lineages. The deduced amino-acid sequences
of two haplotypes (AF339455, PQ225963) were
identical and designated as PGr-CAS. The PGr-CAS
differed from the amino-acid sequence of OR612307
by 10 residues and two deletions. The K2P distance
between OR612307 and the other two haplotypes
ranged from 19.7 % to 19.8 %. A BLAST search for
OR612307 nominated a haplotype of P ornatus
(KF827964) with a relatively high homology score
(98.5 %), but this haplotype of P ornatus was
determined to possess a problematic sequence (see Fig.
5). The K2P distance between OR612307 and the other
P. ornatus haplotypes ranged from 20.8 % to 23.9 %.
Therefore, we determined OR612307 to be a
problematic sequence, possibly contaminated by
NUMTs.

Three haplotypes of P. inflatus were assigned to two
highly divergent lineages. The deduced amino-acid
sequences of two haplotypes (AF339459, FJ174964)
were identical and designated as PIf-CAS. The
deduced amino-acid sequence of OR612314 differed
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Fig. 7. Remaining four Pacific Panulirus species.
Neighbor-joining phylogenetic tree of 74 unique COI
nucleotide sequences of Panulirus gracilis, P.
inflatus, P. polyphagus, and P. stimpsoni (409-687 bp)
constructed with the pairwise deletion option using
T92+G as the best fit model. Panulirus japonicus was
used as an outgroup. The number in exponent to a red
flag is the number of amino-acid residue differences
from the most common amino-acid sequence of
corresponding species (PGr-CAS, PIf-CAS, PPo-
CAS, and PS-CAS). Bootstrap values of > 70 % (out
of 1,050 replicates) are shown at the nodes.
Essentially the same tree topology was obtained with
the complete deletion option. See the caption of Fig.
1 for the red flags. Phylogenetic tree with accession
numbers of all haplotypes used can be obtained here.
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from the PIf-CAS by one residue. The K2P distance
between OR612314 and the other two haplotypes
ranged from 13.6 % to 14.0 %. A BLAST search for
OR612314 nominated a haplotype of P. penicillatus
(MT533488) with a high homology score (99.1 %), but
this haplotype (MT533488) of P. penicillatus was
determined to be a problematic sequence (see Fig. 3).

Therefore, we presumed OR612314 as well as

OR612307F P 1° P, gracilis

NC_004251 Panulirus japonicus

MT533488 of P penicillatus
contaminated by NUMTs.

to be possibly

Atlantic species

Panulirus argus, P. echinatus, P. guttatus, P.

laevicauda, P. meripurpuratus, and P. regius (Fig. 8)
Of six Panulirus species described in the Atlantic,

only one species, P. regius, is distributed in the coast
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Fig. 8. Six Atlantic Panulirus species. Neighbor-
joining phylogenetic tree of 208 unique COI
nucleotide sequences of six Atlantic Panulirus species
(P. argus, P. echinatus, P. guttatus, P. larvicauda, P.
meripurpuratus, and P regius) (493-662 bp)
constructed with the pairwise deletion option using
T92+G as the best fit model. Scyllarides squammosus
(NC_044425) was used as outgroup. The number in
exponent to a red flag is the number of amino-acid
residue differences from the most common amino-
acid sequence of corresponding species (PA-CAS, PE-
CAS, PGu-CAS, PLv-CAS, PMe-CAS, and PR-
CAS). Bootstrap values of > 70 % (out of 1,050
replicates) are shown at the nodes. Essentially the
same tree topology was obtained with the complete
deletion option. See the caption of Fig. 1 for the red
flags. Phylogenetic tree with accession numbers of all
haplotypes used can be obtained here.
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of Africa including the Mediterranean Sea (Holthuis
1991).

Of 405 sequences collected from GenBank, 175
unique haplotypes (three to 127 per species) were
retained for phylogenetic analysis (Table S1).

Sarver et al. (1998, 2000) found substantial genetic

differentiation between Caribbean and Brazilian

101

P. regius

Z5E JF928154 P 1

Scyllarides squammosus

samples of P. argus and proposed two subspecies (P,
argus argus for the Caribbean form and P. argus
westoni for the Brazilian form). This finding was
further corroborated by Diniz et al. (2005) and Naro-
Maciel et al. (2011), and finally Giraldes and Smyth
(2016) described the Brazilian form as P.

meripurpuratus. Two lineages (I and IT) were observed
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in P. argus, corresponding to the previous genetic
studies (Silberman et al. 1994; Diniz et al. 2005; Naro-
Maciel et al. 2011; Tourinho et al. 2012). Despite
substantial nucleotide sequence divergence, the CAS
of P. argus and P. meripurpuratus (designated as PA-
CAS and PMe-CAS, respectively) were identical. The
deduced amino-acid sequences of nine haplotypes in
P argus differed from the PA-CAS by one residue, of
which eight differed from one another. Deduced
amino-acid sequences of three haplotypes in P.
meripurpuratus differed from the PMe-CAS by one
residue and also differed from one another. Naro-
Maciel et al. (2011) determined a COI-gene sequence
of P. argus westoni provided by J. D. Silberman, but
this sequence (JF921860) considerably differed from
both P argus (average K2P distance: 11.6 = 1.5 %)
and P. meripurpuratus (average K2P distance: 12.0 +
1.73 %). Because the deduced amino-acid sequence of
JF921860 differed from PA-CAS by eight residues, it
was determined that JF921860 was a problematic
sequence possibly contaminated by NUMTs.
Of eight haplotypes labelled P. guttatus, seven were
closely clustered together. Six of these seven
haplotypes shared the same amino-acid sequence,
which was designated as PGu-CAS. The deduced
amino-acid sequence of a highly divergent haplotype
(OR612312) differed from the PGu-CAS by two
residues. The K2P distance between the OR612312
and the other haplotypes of P. guttatus ranged from
22.7 % to 24.5 %. All sequences nominated for
OR612312 by a BLAST search were of P. penicillatus,
in which sequences showing over 99 % homology
score were COI-gene sequences of P. penicillatus from
the Eastern Pacific (lineage II in Fig. 3). This result
indicates that OR612312 is P. penicillatus and not P.
guttatus.
No haplotype with two red flags was observed in the

other species.

Amino-acid sequence divergence between species

The CAS from all species and subspecies were
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aligned (Fig. 9), and the amino-acid residue
differences between them are presented in Table 1.
Species were assigned to four morphological groups (I
to IV). Previous molecular phylogenetic analyses
using nucleotide sequences of mtDNA have supported
two main groups (I+II and III+IV), but the
relationships among species within each main group
were not well resolved (Ptacek et al. 2001; Chow et al.
2006; Davis et al. 2015). The number of different
residues between CAS ranged from 0 to four (0.0 % to
1.8 % in p-distance) in the I+II group and from 0 to 11
(0.0 % to 5.2 % in p-distance) in the III+IV group,
while that between the I+II and ITI+IV groups ranged
from seven to 20 (3.5 % to 10.0 % in p-distance). The
phylogenetic tree based on the p-distance (Fig. 10) was
consistent with the results of the previous molecular
studies but showed a considerably divergent status for
the CAS of P. gracilis (PGr-CAS). The number of
residue differences between the PGr-CAS and the I+1
group ranged from 15 to 20 (9.0 % to 10.0 % in p-
distance), and those between the PGr-CAS and the
HI+IV group ranged from nine to 11 (4.7 % to 5.2 %
in p-distance). Furthermore, the deletion of two
residues was observed only in the PGr-CAS (Fig. 9).
Indels are very rare in the COI gene in most animal
groups (Hebert et al. 2003b). The number of residue
differences between the Panulirus CAS, except for
PGr-CAS, and the amino-acid sequence of the other
family member Scyllarides squammosus, which was
used as outgroup, ranged from seven to 14 (3.0 to
7.2 % in p-distance). These differences were
comparable to, or even smaller than those between the
PGr-CAS and the other species of the genus Panulirus.
These observations strongly suggest that the two
haplotypes (AF339455, PQ225963) of P. gracilis are
problematic, possibly contaminated by NUMTs.
Excluding the PGr-CAS, the number of residue
differences between species in the ITI+IV group ranged
from 0 to three (0.0 % to 1.4 % in p-distance) and that
between the I+1I and III+IV groups ranged from seven
to 11 (3.5 % to 6.6 % in p-distance).
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Fig. 9. Alignment of the most common amino-acid sequences (CAS) in Panulirus species and subspecies. Deduced
amino-acid sequence of Scyllarides squammosus (Ssquamosus) (NC_044425) was used as outgroup. Amino-acids
identical with those of the top sequence are shown by dots, gaps are shown by dash, and undetermined residues
are shown by question mark. I-IV: morphological groups determined by George and Main (1967).

Concluding remarks

Hebert et al. (2023) have suggested that indels or stop
codons might be useful for diagnosing NUMTs.
However, as indicated in this and in previous studies
(Chow et al. 2021, 2024a; Schultz and Hebert 2022),
NUMTs or NUMT-contaminated sequences may lack

Stop codons and indels. Therefore, besides indels and
stop codons, the amino-acid sequence divergence
criterion adopted in the present study can also be used
NUMTs or NUMT-contaminated
The present study indicates that a

to uncover
sequences.

comprehensive approach involving phylogenetic tree
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reconstruction, nucleotide sequence analysis, and
deduced amino-acid sequence analysis is useful for
identifying questionable COI-gene sequences in
Panulirus spiny lobsters. However, it should be noted
that this approach cannot distinguish between young
NUMTs, sequencing errors, and heteroplasmy.

As the cytochrome ¢ oxidase is involved in the cell
respiration process and the COI barcode region

encodes a core region of this enzyme, any mutation

affecting its function or its structure may be lethal
(Pentinsaari et al. 2016). Since evolutionary plasticity
is known to be greater in loop regions than in core
regions of proteins (Panchenko et al. 2005), it is
necessary to further investigate nonsynonymous
nucleotide substitutions in relation to region.
Nevertheless, it is possible that COI subunits with
different amino-acid sequences may not be able to

coexist within a species, suggesting that nonsynony-
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Table 1. Number of amino-acid residue differences (below diagonal) and percent p-distance (upper diagonal) between
the most common amino-acid sequences (CAS) of Panulirus species and subspecies. Deduced amino-acid sequence
of Scyllarides squammosus (NC_044425) was used as out group.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

I 1.PJ-CAS 0.0 00 00 00 04 00 00 09 00 00 05 00 05 09 44 50 47 44 48 45 35 41 51 90 6.0

I 2.PMaB-CAS 0 0.0 00 00 04 00 00 09 00 00 05 00 05 09 45 50 47 45 48 45 36 41 52 90 63

I 3.PPa-CAS 0 0 00 0.0 05 00 00 1.0 00 00 05 0.0 05 09 47 51 47 47 48 47 37 42 51 90 6.5

I 4.PC-CAS 0o 0 0 00 04 00 00 09 00 00 05 00 05 09 44 50 47 44 48 45 35 41 51 90 6.2

I 5.PLB-CAS 0 0 0 0 05 0.0 00 1.0 0.0 00 05 00 05 09 46 50 47 46 48 46 37 41 52 90 64

I 6.PLL-CAS 1 1 1 1 1 05 05 1.4 05 05 00 07 09 13 40 45 42 39 53 39 39 45 47 90 55

I 7.PBr-CAS 0O 0 o0 0 o0 1 00 09 00 00 05 00 05 09 45 51 48 45 48 46 36 42 52 91 6.1

I 8 PF-CAS o o o o o0 1 0 1.0 00 00 05 00 00 1.0 51 56 51 51 51 51 41 46 51 93 6.2

I 9.PIt-CAS 2 2. 2 2 2 3 2 2 1.0 1.0 15 13 10 1.8 46 52 49 46 50 47 3.7 43 49 94 54

I 10. PA-CAS o o o0 o0 0 1 0o 0 2 00 05 00 05 09 46 50 47 46 48 46 37 41 52 90 64

I 11. PMe-CAS o o o o o I 0 0 2 0 05 00 05 09 46 50 47 46 48 46 37 41 52 90 64

I 12. PPe-CAS 1 1 1 1 1 0 1 1 3 1 1 07 1.0 1.4 43 48 43 42 53 41 42 48 48 91 59
IT 13. PPer-CAS o 0 o0 o0 o0 1 o o0 2 0 0 1 00 0.7 59 66 59 59 53 59 46 53 59 100 7.2
I 14. PGu-CAS 1 1 1 1 L 2 1 0 2 1 1 2 0 14 50 55 52 50 53 50 41 46 52 95 59
I 15. PE-CAS 2 2 2 2 2 3 2 2 4 2 2 3 1 3 44 50 47 44 43 45 35 41 51 90 6.0
III 16. PPo-CAS 100 10 10 10 10 9 10 10 10 10 10 9 9 11 10 0.5 00 00 05 00 09 05 05 47 3.1
II 17. PLv-CAS o1 1 11 o1 1 o1r 11110 10 12 11 1 05 05 1.1 05 14 09 09 52 3.6
III 18. PR-CAS 10 10 10 10 10 9 10 10 10 10 10 9 9 11 10 0 1 00 05 00 09 05 05 47 33
IV 19. PHh-CAS 100 10 10 10 10 9 10 10 10 10 10 9 9 11 10 0 1 0 05 00 09 05 05 47 3.0
IV 20. PHr-CAS 9 9 9 9 9 10 9 9 9 9 9 10 8 10 8 1 2 1 1 05 05 00 1.1 48 43
IV 21. PO-CAS 0 10 10 10 10 9 10 10 10 10 10 9 9 11 10 0 1 0o 0 1 09 05 05 47 3.0
IV 22.PV-CAS § 8 8 8 8 9 8 8 8 8 8 9 9 8 2 3 2 2 1 2 05 14 52 3.0
IV 23. PS-CAS 9 9 9 9 9 10 9 9 9 9 9 10 8 10 9 1 2 1 1 0 1 1 09 47 3.6
IV 24. PIf-CAS m o1 o111 11w 10 1119 11 111 2 1 1 2 1 3 2 §2 33
IV 25. PGr-CAS 19 19 19 19 19 19 19 18 19 19 19 19 15 20 19 10 11 10 10 9 10 1 10 11 8.0

26. Ssqua 14 14 14 14 14 13 14 12 12 14 14 13 11 13 14 7 & 7 7 8 7 7 8 7 17

I to IV: morpholgical groups determined by George and Main (1967). PJ: Panulirus japonicus, PMaB: P. marginatus-
B, PPa: P. pascuensis, PC: P. cygnus, PLB: P. longipes bispinosus, PLL: P. longipes longipes, PBr: P. brunneiflagellum,
PF: P. femoristriga, PIt: P. interruptus, PA: P. argus, PMe: P. meripurpuratus, PPe: P. penicillatus, PPer: P. penicillatus
Red Sea population, PGu: P. guttatus, PE: P. echinatus, PPo: P. polyphagus, PLv: P. laevicauda, PR: P. regius, PHh: P,
homarus homarus, PHr: P. homarus rubellus, PO: P. ornatus, PV: P. versicolor, PS: P. stimpsoni, PIf: P. inflatus, PGr:

P

gracilis, Ssqua: Scyllarides squammosus.

mous nucleotide substitutions observed between
individuals of the same species are possibly to be
caused by either sequencing errors or NUMT
contamination.

In Panulirus lobsters, the among-species maximum
number of amino-acid residue differences in the
Folmer region was four (1.8 % in p-distance) in the
I+II group, and three (1.4 % in p-distance) in the
II+1IV group. This supports the proposed threshold at
which haplotypes differing by three or more amino-
acid residues from the CAS are given two red flags.
This also indicates that the haplotypes for which the
number of amino-acid residue differences with the
CAS is much larger are not of closely-related cryptic
species but possibly contaminated by NUMTs.
Haplotypes given two red flags and therefore
determined as problematic sequences are listed in

Table 2. These problematic sequences should not be
used for phylogenetic analysis or for species
identification. Haplotypes based on specimens with
incorrect species identification should be corrected or
deleted by the submitter. Haplotypes with one red flag
are not listed here, but these should be used with
caution.

Buhay (2009) observed that a number of COI-gene
sequences of decapod crustaceans deposited in
GenBank contained stop codons or indels. She
suggested these to be due to either sequence editing
errors or NUMTs.
occurrence of stop codons, Woodling et al. (2019)

detected potential NUMTs in up to 35 % of the

Furthermore, based on the

phyllosoma larvae of spiny and slipper lobsters.
Problematic sequences presumed NUMTs or to be

NUMT-contaminated sequences were also extensively
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observed in the present study. Thus, achelate lobsters
may be particularly prone to NUMT occurrence. The
relatively large genome size of large achelate lobsters
(3.0 to 5.5 picograms) (Jimines et al. 2010; Veldsman
et al. 2021; Baeza and Pirro 2024) comparable to, or
even larger than the human one (3.2 picograms)
(Piovesan et al. 2022) might provide an explanation to
this phenomenon.

The unnoticed inclusion of NUMTs or of sequences

0.005

929

PV-CAS (OR612308)
PHr-CAS (KX275344)
62 PS-CAS (NC_014339)

PBr-CAS (OR612309)
PJ-CAS (NC_004251)

20

contaminated with NUMTs may inflate intraspecific
genetic diversity and distort phylogenies as observed
in, e. g., Hettiarachchi et al. (2022). As the adverse
consequences of artefactual sequence data and biased
evolutionary analyses cannot be considered
negligible, authors, reviewers, and editors should be
aware of the risk of NUMT occurrence in nucleotide

sequence datasets.

PPer-CAS (KT954881)
I
{L PGu-CAS (MW 124884)

PF-CAS (MG062676)
PMe-CAS (GU476055)
PA-CAS (MW124936)
PPa-CAS (AF339466)
PLB-CAS (MK371329)
PMa-CAS (OR612310)
PC-CAS (OR612313)

PLL-CAS (NC_052749) _]
63 L pPe-CAS (AB610698)

11
PE-CAS (MT683852)

— PIt-CAS (OR493386) 1

v

PHh-CAS (JQ229883)
PPo-CAS (PP469690) 111

— PIf-CAS (AF339459)

{— PLv-CAS (OR612306)
PR-CAS (AF339470)

PO-CAS (HM446347) }

}III

Scyllarides squammosus (NC_044425)

PGr-CAS (AF339455)

Fig. 10. Neighbor-joining phylogenetic tree based on p-distance with the pairwise deletion option between
the most common amino-acid sequences (CAS) (152 to 234 residues) of Panulirus species and subspecies
shown in Fig. 9. Scyllarides squammosus was used as outgroup. Accession numbers are shown in the
parenthesis. Bootstrap values of > 50 % (out of 1,050 replicates) are shown at the nodes. I-IV: morphological
groups determined by George and Main (1967). Similar tree topologies were obtained using number of
different amino-acid residues and with the complete deletion option.
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Table 2. List of problematic COI haplotypes of spiny lobsters of the genus Panulirus deposited in GenBank.

Highly problematic Problematic misidentification of species
P. argus JF921860
P. gracilis AF339455, PQ225963, OR612307*
P. guttatus ORG612312* (=P. penicillatus)

P. homarus homarus

P. homarus megasculpta ~ KY860543
P. homarus rubellus MH622291
P. inflatus OR612314*
P. interruptus AF339460

LC571565-L.C571570, LC571572—
LC571577, LC654683-L.C654687,
LC782283-1.C782290, MZ203547,

P. japonicus
0OKO037050

AB237599, AB237600
AB237602, MZ203549
AF339465, PQ232563
AF339467, KF827964
KT954772, MT533488*
MK503959* MW514209

P. longipes bispinosus
P. longipes longipes
P. marginatus

P. ornatus

P. penicillatus

P. polyphagus

AF339457, KX275311, MZ203548

KX275312, KX275376

KY860551

AF339461

AB237598

*whole mtDNA sequence.
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