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Abstract

The Japanese spiny lobster Panulirus japonicus has been reported to harbor a numbers of nuclear
mitochondrial pseudogenes (NUMTs) and heteroplasmy. However, distinguishing phylogenetically young
NUMTs, heteroplasmy, and PCR-cloning artefacts may be challenging. In addition, greater degradation for
mtDNA than nuclear DNA in elderly tissue specimens may promote amplification of NUMTSs. In this study,
we performed clone library-based nucleotide sequence analysis of the partial mtDNA COI gene using
genomic DNA and cDNA obtained from fresh tissues of the Japanese spiny lobster and genomic DNA
obtained from three crustacean and three fish species. Minor nucleotide substitutions between clones in an
individual were ubiquitously observed in all species examined including the lobster cDNA, suggesting that
most of these were artefacts. Rarely, a few clones were most likely to have originated from heteroplasmic
copies, as they had skewed nucleotide substitutions at the third codon. The Japanese spiny lobster is more
likely than others to detect NUMTs, while the detection of NUMTs may be somewhat suppressed using

genomic DNA obtained from fresh tissue.
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Introduction

The number of reports on nuclear mitochondrial pseudogenes (NUMTs) and mitochondrial heteroplasmy
in eukaryotes is drastically increasing (Lopez et al. 1994; Sorenson and Quinn 1998; Bensasson et al. 2001;
Frey and Frey 2004; Kmiec et al. 2006; Pamilo et al. 2007; Song et al. 2008; Hazkani-Covo et al. 2010;
Rodriguez-Pena et al. 2020; Tan et al. 2020; Wei et al. 2022). Co-amplification of these “noises” with
genuin mtDNA can not only complicate the interpretation of mtDNA data, but also have a significant
negative impact on the quality of the chromatogram obtained by direct nucleotide sequencing (Song et al.
2008; Buhay 2009). Chow et al. (2021) performed clone library-based nucleotide sequence analysis for
PCR amplified mtDNA fragments of the Japanese spiny lobster Panulirus japonicus and found that
approximately 20 % of the COI clones examined were NUMTs. They also claimed that some variant copies
were heteroplasmy, but the criteria for distinguishing phylogenetically young NUMTSs, heteroplasmic
copies, and PCR-cloning artefacts were ambiguous. Since Chow et al. (2021) used relatively old samples
(leg muscle preserved in ethanol for 24 years), amplification of NUMTs may be enhanced in older tissues
with degraded mtDNA. DNA degradation depends on temperature and time of storage and tissue type, but
in general the half-life of nuclear DNA is longer than that of mtDNA (Higgins et al. 2015). In addition, Tag
polymerase errors may become more obvious when the amplified products are cloned and sequenced
(Pagbo and Wilson 1988), strongly suggesting that the variant copies with minor nucleotide substitutions
from the genuine haplotype may be artefacts.

This study aims to re-evaluate the presence and distribution of NUMTs and heteroplasmy in the Japanese
spiny lobster Panulirus japonicus. Here, we report the results of clone library-based nucleotide sequence
analysis on partial mtDNA COI gene using genomic DNA and cDNA obtained from fresh tissues of the

Japanese spiny lobster and genomic DNA obtained from other crustacean and fish species.

Materials and Methods

Four crustacean and three fish species used in the present study are presented in Table 1. Genomic DNA
was extracted from the muscle or gonad using a DNA extraction kit (QuickGene DNA tissue kit, DT-S,
KURABO). Nucleotide sequences of family or genus specific primers to amplify partial mitochondrial
DNA COl regions (c. a. 900 bp) of these species are presented in Table 2. PCR amplification was performed
in 12 pL reaction mixture containing 1 pL of template DNA (1-10 ng/uL), 1.2 uL of 10xreaction bufer, 1.2
pL of ANTP (2.5 mM each), 0.7 uL of each primer (10 uM), 0.3 pL of EX Taq HS polymerase (5 units)
(Takara Bio, Inc.), and 7.6 pL of distilled water. The reaction mixtures were preheated at 94 °C for 5 min,
followed by 35 amplification cycles (denaturation at 94 °C for 0.5 min, annealing at 58 °C for 0.5 min and
extension at 72 °C for 1 min), with a final extension at 72 °C for 7 min. The PCR products were treated

with ExoSAP-IT (GE Healthcare) to remove PCR primers, and direct nucleotide sequencing was performed



in all species except for the Japanese spiny lobster using PCR primers. The PCR products were cloned
using a DynaExpress TA PCR Cloning Kit (BioDynamics Laboratory Inc.). Colony-direct PCR was
performed using M13 primers, and clones having c. a. 1000 bp insert were selected using 1.5 % agarose
gel electrophoresis. The PCR products were treated with ExoSAP-IT (GE Healthcare) to remove PCR
primers and subjected to nucleotide sequence analysis using M 13 primers. Pieces of leg muscle and gonad
(testis) were dissected from two alive individuals of the Japanese spiny lobster (PJK10 and PJK11) and
preserved in RNAlater (ThermoFisher Scientific, Waltham, MA). Total RNA was extracted using Direct-
zol™ RNA MiniPrep (Zymo Research, Irvine, CA, USA). The quality and purity of the isolated total RNA
were measured by a Nanodrop™ One spectrophotometer (Thermo Scientific, Waltham, MA). First-strand
cDNA was synthesized from 500 ng total RNA with a PrimeScript II 1st Strand cDNA Synthesis kit (Takara
Bio Inc., Shiga, Japan) according to the manufacturer’s instruction. These cDNA samples were treated as
described above for genomic DNA to obtain nucleotide sequences. Electropherograms obtained from clone
libraries were carefully checked, and those with ambiguous peaks were discarded as they likely resulted
from picking multiple colonies. Most frequent haplotype in an individual or haplotype obtained by direct
nucleotide sequencing were determined to be genuine mtDNA of the individual. Translation to deduced
amino acid sequence and nucleotide sequence alignment using the Clustal W algorithm was performed by
GENETYX ver. 12 (GENETYX Co., Tokyo). Counting the number of nucleotide substitutions and
calculation of Kimura’s two-parameter distance (K2P) between variant haplotypes and the corresponding
genuine haplotypes, model selection for nucleotide substitutions, and construction of maximum likelihood
phylogenetic tree were performed using MEGA 6 (Tamura et al. 2013). MEGA files of aligned nucleotide
sequences are available upon request to the corresponding author. Nucleotide sequences of the genuine
haplotypes and NUMTs obtained in the present study were deposited to the International Nucleotide
Sequence Database under accession numbers of LC781989-LC782008. To date, complete mtDNA
sequences of 12 Panulirus species are available in the database, and COI sequences of these species were
included for phylogenetic tree construction. However, one sequence (NC_052750) registered as Panulirus
penicillatus was not used because the sequence of the COI region did not match many of the reported P.
penicillatus COI sequences. Instead, partial COI sequences of P. penicillatus from western and eastern
Pacific populations (Chow et al. 2011) were used.

Chi-square analysis was conducted using the monte carlo simulation of Roff and Bentzen (1989) with
1000 randomizations of the data to test the heterogeneity of haplotype distributions among samples, to
which the Bonferroni correction was applied to the multiple comparisons. G—test of goodness-of-fit was

used to test significant deviation from equal numbers of nucleotide differences (1:1:1) for each codon site.

Results



Japanese spiny lobster

Nucleotide sequences of the genuine haplotypes of the Japanese spiny lobster determined in the present
study were 807 bp, and those of the variant haplotypes ranged from 799 to 809 bp. All 95 variant haplotypes
were unique in nucleotide sequence. Fig. 1 is a phylogenetic tree constructed using genuine and variant
haplotype sequences of the Japanese spiny lobster obtained in the present (PJK 10 and 11) and previous
(PJK1 to 3) (Chow et al. 2021) studies and COI sequences of 12 Panulirus species derived from the database.
Variant haplotypes that differed by up to two nucleotides from the corresponding genuine haplotypes were
not involved for constructing phylogenetic tree, as these could be due to PCR-cloning error (Chow et al.
2021). Among the variant haplotypes, 25 haplotypes enclosed by the dotted rectangle were determined to
be obvious NUMTs of the Japanese spiny lobster. Of these 25 haplotypes, numerous stop and nonsense
codons were observed in 17 haplotypes and a number of nonsynonymous amino acid substitutions were
observed in the remaining eight haplotypes. The other 23 variants were determined to be minor variant
haplotypes, of which stop codons were observed in only two haplotypes. The K2P distances between the
NUMTs and the corresponding genuine haplotypes ranged from 6.13 to 23.91 %, and those between the
minor variant haplotypes and the corresponding genuine haplotypes ranged from 0.12 to 1.38 %. K2P
distances between the genuine haplotypes of P. japonicus and the closest relatives (P. longipes and P,
cygnus) ranged from 19.63 to 20.32 %. The clone numbers of genuine haplotypes, minor variant haplotypes
categorized by the number of nucleotide difference from the genuine haplotypes, and NUMTs observed in
the Japanese spiny lobster are summarized in Table 3. The number of nucleotide differences (including
indels) between NUMTs and the corresponding genuine haplotypes ranged from 47 to 169, and those
between the minor variant haplotypes and the corresponding genuine haplotypes ranged from one to 11.
NUMTs were observed in four out of five individuals, whereas these were not detected in clones obtained
from cDNA samples (PJK10 cDNA and PJKIl1 cDNA). There were significant differences in the
frequencies of genuine haplotypes, minor variant haplotypes, and NUMTs among several samples (chi-

square test, P < 0.002), to which presence of NUMTs may be responsible.

Since nucleotide substitutions occurred during PCR-cloning and those observed in NUMTs are expected
to be independent of codon position, nucleotide substitutions between the variant and the corresponding
genuine haplotypes were investigated in terms of the codon position. In the minor variant haplotypes, a
significant bias in nucleotide substitution at the third codon was observed in three samples (PJK1, PJK3
and PJK11) (Fig. 2) (G-test, P < 0.05). All 10 nucleotide substitutions in a clone PJK1 (LC571547) were
at the third codon. All three nucleotide substitutions in a clone PJK3 (OK429342), three out of four in a
clone PJK3 (LC571559), and three out of five in a clone PJK3 (LC571571) were at the third codon. Five
out of seven nucleotide substitutions in a clone PJ11M-C3-1-5, all 11 in a clone PJ11M-C3-2-12, and nine
out of 11 in a clone PJ11-G-C4-2-12 were at the third codon. These clones, with the exception of PJK3,

were outliers from the corresponding genuine haplotype and may have originated from heteroplasmic



copies, while no outlier clone was obtained from cDNA samples (Fig. 1). Surprisingly, a highly significant
bias of nucleotide substitutions toward the third codon was observed in NUMTs of all four samples (Fig.

3) (G-test, P < 0.001).

Other aquatic animals

The number of clones having genuine haplotypes and variant haplotypes categorized by the number of
nucleotide difference from the genuine haplotypes in six aquatic animals are summarized in Table 4. The
number of nucleotide difference (including indels) between the variant haplotypes and the corresponding
genuine haplotypes was at most five. Obvious NUMTSs, as observed in the Japanese spiny lobster, were not
detected in these samples. Individual data within a species were merged for statistical analysis, and no
significant difference in the frequencies of the genuine and variant haplotypes was observed among species
(chi-square test, P > 0.009). The number of clones examined in these species is not large enough to
investigate codon position and nucleotide substitution. Although very preliminary and not significant (G-
test, P> 0.05), four out of five nucleotide substitutions in a clone of the Japanese Kuruma shrimp (Penaeus

Japonicus) and all three in a clone of the Japanese mitten crab (Eriocheir japonica) were at the third codon.

Discussion

Given that Nuclear Mitochondrial DNA Segments (NUMTSs) are not expressed, the occurrence of variant
haplotypes in the cDNA of the Japanese spiny lobster is likely attributed to erroneous nucleotide
incorporation during PCR-cloning or the presence of heteroplasmic copies. In previous studies on Alpheus
spp., which employed similar methodologies as in this study, variant haplotypes differing by up to five
nucleotides from their genuine counterparts were attributed to 7ag polymerase errors (Williams et al. 2001;
Williams and Knowlton 2001). Since the sequences analyzed in this study are longer compared to those in
Alpheus spp., we must apply a slightly higher error threshold. Therefore, our previous threshold of up to
two nucleotide differences (Chow et al. 2021) is insufficient. Most of the minor variant haplotypes in the
Japanese spiny lobster, as well as all variant haplotypes in the six aquatic species examined in this study,
fall within this error threshold. We have proposed that some of the minor variants in the Japanese spiny
lobster might be derived from heteroplasmic copies, but this remains inconclusive. Nonetheless, even if
these variants are of heteroplasmic origin, their frequency appears to be quite low and has minimal impact

on direct nucleotide sequencing.



In a study by Williams et al. (2017), double peaks in sequence chromatograms of the blue crab Callinectes
sapidus mitochondrial DNA were attributed to extensive heteroplasmy. However, the nucleotide sequence
differences between many variant haplotypes and the dominant (genuine) haplotype in the blue crab fell
within the error threshold, and some variant haplotypes even exhibited greater differences than those
between different individuals, suggesting the presence of NUMTs in the blue crab. While heteroplasmy
cannot be ruled out, the contribution of NUMTs to the double peaks in the sequence chromatograms of the

blue crab, as demonstrated in the Japanese spiny lobster (Chow et al. 2021), is plausible.

Nucleotide sequence differences between NUMTs and their corresponding genuine haplotypes in the
Japanese spiny lobster significantly exceed the range of erroneous nucleotide incorporation during PCR-
cloning. The minimum K2P distance between NUMTs and genuine haplotypes was 6.13%, while the
maximum K2P distance between minor variant haplotypes and their corresponding genuine haplotypes was
1.38%. Interestingly, no NUMTs have been identified that bridge this gap, despite the ongoing integration
of mitochondrial DNA into the nuclear genome (Gaziev and Shaikhaev 2010; Wei et al. 2022). After
integration events, NUMTs are typically amplified in tandem fashion, requiring time to form a large tandem
array (Lopez et al. 1994). Therefore, the most likely explanation for this gap is that phylogenetically very
young NUMTs are too few in number to be detected by the methods used in this study. Conversely, since
NUMTs generally become progressively shorter in length and less similar to the original mtDNA sequences
(Pamilo et al. 2007; Hlaing et al. 2009), older and shorter NUMTs may have been eliminated during the
initial size screening or could have been poorly amplified due to priming site degeneration. According to
Li et al. (1981), time since divergence (f) between and mtDNA and a nuclear pseudogene is estimated as ¢
= &/(+ n2), where 8 is nucleotide sequence divergence between mtDNA and a nuclear pseudogene and p
is substitutions per site per year. Given pi = 2.5 x 10°® for mtDNA (Hasegawa et al. 1985) and p2=4.7 x
10 for nuclear pseudogene (Li et al. 1981), the time elapsed since integration is estimated to be 2 to 8 Myr.
The maximum estimate is close to the divergence between Panulirus japonicus and its closest relatives (P
longipes and P. cygnus) in mid-Miocene (George 2006), suggesting that the oldest NUMTs observed in the
present study were integrated during speciation events of these species. A highly significant bias of
nucleotide substitutions toward the third codon was observed in all NUMTs regardless the age, although
mitochondrial genes should cease to function once integrated into the nuclear genome. Explanations for

this result are rather difficult and await further study.

Although the Japanese spiny lobster is more likely to detect NUMTs than the other aquatic animals
examined in the present study, it remains unclear whether this is due to the choice of primers or the diverse
nature of NUMTs among taxa. It is worth noting that difficulties in obtaining high-quality chromatograms
are more common in crustaceans, where NUMTs are suspected to play a role. Buhay (2009) presented
crustacean "COI-like" sequences, many of which are suspected to originate from NUMTs. NUMTs have

been identified in various crustaceans, including crayfish (Nguyen et al. 2002; Song et al. 2008; Tan et al.



2020), spiny lobster (Chow et al. 2021; this study), snapping shrimp (Williams and Knowlton 2001;
Williams et al. 2001), vent crabs (Kim et al. 2013), stone crabs (Schneider-Broussard and Neigel 1997),
kelp crabs (unpublished data from this study), water fleas (Kowai et al. 2020), and copepods (Bucklin et al.
1999; Suyama et al. 2019, 2021). Moreover, as previously mentioned, the blue crabs studied by Williams
et al. (2017) may also be included in this list.

If direct nucleotide sequencing proves successful for one taxon but not for another, a likely cause is
significant co-amplification of NUMTs in the latter. To mitigate this issue, Song et al. (2008) and Calvignac
et al. (2011) have proposed several strategies, including the use of mitochondria-rich tissues, mtDNA
enrichment, taxon-specific primers, amplification of longer fragments, pre-PCR dilution, and RT-PCR. The
results of this study indicate that using fresh tissue may provide some degree of NUMT avoidance, although
this method is not entirely efficient. Techniques such as long PCR, mtDNA enrichment, and RT-PCR, while
effective, are tedious, time-consuming and expensive, and co-amplification of NUMTs cannot be avoided
using mtDNA rich tissue and mtDNA enrichment (Song et al. 2008). On the other hand, the use of taxon-
specific primers designed to circumvent amplification of NUMTs is a convenient and cost-effective

approach, that may be feasible, especially for the Japanese spiny lobster.
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Figure legends

Fig. 1. Maximum likelihood phylogenetic tree showing relationships among the variant haplotypes of COI



from the Japanese spiny lobster (Panulirus japonicus) and COI sequences of 12 congeneric species derived
from the database. T92+G was selected as the optimal substitution model. Bootstrap values of > 60 % (from
1000 replicates) are shown at each node. Genuine haplotypes of five Japanese spiny lobsters are shown in
bold. Haplotypes obtained from cDNA are marked with dagger, and those with stop and/or nonsense codons
are marked with asterisk. Haplotypes determined to be obvious NUMTs are surrounded by dotted squares.
The number of nucleotide differences in variant haplotypes from the corresponding genuine haplotypes is

shown in square brackets. GenBank accession numbers are shown in parenthesis.

Fig. 2. Percentage of nucleotide substitutions at first (shaded bar), second (closed bar), and third (open bar)
codons of minor variant haplotypes against the corresponding genuine haplotypes in the Japanese spiny
lobster (Panulirus japonicus). n: total number of nucleotide substitutions. Asterisk indicates significant

deviation from equal number of nucleotide differences (1:1:1) for each codon site.

Fig. 3. Percentage of nucleotide substitutions at first (shaded bar), second (closed bar), and third (open bar)
codons of NUMTs against the corresponding genuine haplotypes in the Japanese spiny lobster (Panulirus
Japonicus). n: total number of nucleotide substitutions. Asterisk indicates significant deviation from equal

number of nucleotide differences (1:1:1) for each codon site.



