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ARTICLE INFO ABSTRACT

Edited by Andre van Wijnen Spiders (Araneae) are the most abundant terrestrial predators and megadiverse on earth. In recent years, the
mitochondrial genome of a great diversity of species has been sequenced, mainly for ecological and commercial
purposes. These studies have uncovered the existence of a variety of mitochondrial genome rearrangements.
However, there is poor genetic information in several taxonomic families of spiders. We have sequenced the
complete genome of Phoneutria depilata (Ctenidae) and, based on this, extract the mitogenomes of other ctenid
species from published transcriptomes to perform a comparative study among spider species to determine the
relationship between the level of mitochondrial rearrangements and its possible relationship with molecular
variability in spiders. Complete mitochondrial genomes of eighteen spiders (including eight Ctenidae species)
were obtained by two different methodologies (sequencing and transcriptome extraction). Fifty-eight spider
mitochondrial genomes were downloaded from the NCBI database for gene order analysis. After verifying the
annotation of each mitochondrial gene, a phylogenetic and a gene order analysis from 76 spider mitochondrial
genomes were carried out. Our results show a high rate of annotation error in the published spider mitochondrial
genomes, which could lead to errors in phylogenetic inference. Moreover, to provide new mitochondrial ge-
nomes in spiders by two different methodologies to obtain them, our analysis identifies six different mito-
chondrial architectures among all spiders. Translocation or tandem duplication random loss (TDRL) events in
tRNA genes were identified to explain the evolution of the spider mitochondrial genome. In addition, our
findings provide new insights into spider mitochondrial evolution.
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1. Introduction

Spiders (Araneae) are members of the ancient class Arachnida,
predatory arthropods that have inhabited Earth for approximately 400
million years and are among the most species rich animal groups (with
more than 50,000 species described so far) due to their broad diversity,
worldwide distribution and conspicuous synapomorphies (Wheeler
et al., 2017b; Catalog, 2022; Liiddecke et al., 2022). The order Araneae,
with 132 families, is classified into two infraorders, Mesothelae
(“primitive spiders”) and Opisthothelae (modern spiders). The infra-
order Opisthothelae is classified into two suborders Mygalomorphae and
Araneomorphae. The family Ctenidae belongs to the suborder

Araneomorphae, with 48 genera and 527 species (Kumar et al., 2020;
Catalog, 2021). Ctenids are essentially wandering, nocturnal spiders and
represent one of top generalist predators of invertebrates and small
vertebrates on tropical forest (Hazzi, 2014; Hazzi and Hormiga, 2021).
The highly venomous species of the genus Phoneutria are some of
thebest-known representatives of this family, commonly referred to as
“banana spiders,” because they often inhabit this crop. Due to their
defensive behavior, synanthropic habits, and potent venom, Phoneutria
species are considered among the most medically important spiders in
the world (Foelix, 2010). Phoneutria currently comprises nine large
(17-48 mm) nocturnal species that are widely distributed in Central
America and South America, having its highest species richness in Brazil

Abbreviations: TDRL, Translocation or tandem duplication random loss events; NCBI, National Center for Biotechnology Information; mt, mitochondria; rRNA,
ribosomal RNA; tRNA, transfer RNA; PCGs, protein-coding genes; ID, accession identifier; ML, maximum likelihood.
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(Sim¢6 and Brescovit, 2001; Martins and Bertani, 2007) and include
medically important species such as P. nigriventer, responsible for about
four thousand bites per year in Brazil (Bucaretchi et al., 2016). Despite
their medical and ecological importance, the phylogenetic relationships
of Ctenidae remain poorly understood. Phoneutria depilata is a wide-
spread species distributed from Central America to the Trans-Andean
region of Colombia and Ecuador. This species is mainly found in
disturbed habitats associated with both dry and humid tropical forests
(0-1700 m), usually on the ground with sparse litter and low vegetation
(Hazzi, 2014; Hazzi and Hormiga, 2021). There are human bite records
of this species reported in Costa Rica and in banana plantations in
Colombia (Florez et al., 2003). All the cases reported have occurred with
adults, and most of them have presented mild to moderate envenom-
ation symptoms, with only one patient presenting severe symptoms such
as renal failure (Trejos et al., 1971; Florez et al., 2003). Phoneutria
depilata has been deeply studied in works regarding its geographic dis-
tribution(Valerio, 1983; Hazzi et al., 2013), bite accidents to humans
(Trejos et al., 1971; Florez et al., 2003), venom toxicity and composition
(Estrada-Gomez et al., 2015; Valenzuela-Rojas et al., 2019), natural
history(Hazzi, 2014; Valenzuela-Rojas et al., 2020; Sierra Ramirez et al.,
2021), and introductions to Europe through banana shipments(Cathrine
and Longhorn, 2017; Rozwatka et al., 2017). The animal mitochondrial
genome (mitogenome) has been widely used as a source of data for
phylogenetic inference at several taxonomic levels due to its rich signal
from sequence information and gene arrangement, from populations to
phyla, and has been widely used for the resolution of taxonomic con-
troversies (Gissi et al., 2008; Cameron, 2014; Li et al., 2020). The
arthropod mitogenome is a compact circular molecule of usually 14-19
kb in size, with 37 genes (13 protein-coding genes, 22 tRNA genes, two
rRNA genes), and a noncoding D-loop region. The arrangement of the
genes within the arthropod mitogenome is also highly conserved;
however, there are some invertebrate lineages with radically rearranged
mitochondrial gene order, as in insects (Boore, 1999; Cameron, 2014).

Despite the rapidly increasing mitogenome sequences from diverse
invertebrate species, spider mitogenome are poorly studied in all ar-
thropods. To date, 58 mitogenomes of 23 spider families have been
accessible in the GenBank database (https://www.ncbi.nlm.nih.gov/),
although genome rearrangements are rare in the majority of sider spe-
cies (Masta and Boore, 2008; Fang et al., 2016; Wang et al., 2016; Zhu
and Zhang, 2017; Kumar et al., 2020; Yong et al., 2021). Due to the small
number of spiders mitogenomes sequenced, it is not clear both the
phylogenetic relationships and the types of rearrangements in this
genome. Previous studies have focused on studying phylogenetic re-
lationships from complete or partial mitogenomes in spiders and
arachnids; resolving key positions of some orders in the Arachnida and
new insights into their ancient evolution (Adrian-Serrano et al., 2021;
Ban et al.,, 2022) or through Genome-scale data sets of hundreds of
Araneae species (Kulkarni et al., 2021); providing robust phylogenetic
relationships, which allow to elucidate the evolution of this important
taxonomic group. However, in these studies there is a low number of
species analyzed in some taxa, as in the case of the family Ctenidae,
among others. In addition, there is the possibility of having annotation
errors in several spiders mitogenomes available in the database that
could significantly affect the phylogenetic relationships.

In the present study, we sequenced the complete mitogenome of
Phoneutria depilata using next-generation sequencing and assembled
other spider mitogenomes from transcriptome data available in NCBI
public database. Nine mitogenomes were obtained in the family Cteni-
dae and nine other spider mitogenomes of different taxonomic families.
Therefore, this study aims to compare these eighteen de novo with 58
spider mitogenomes previously reported to observe their phylogenetic
relationships, gene features, gene arrangements, and D-loop region
variation that occurred during spider evolution.
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2. Materials and Methods
2.1. Sample collection and DNA extraction.

A female adult specimen of Phoneutria depilata (initially classified as
P. boliviensis and reclassified by Hazzi and Hormiga 2021) was collected
in September 2019 from Ibague (4°32'22.3"N, 75°05'37.1"W), Tolima,
Colombia. The morphological identification of this specimen was per-
formed by previous taxonomic studies (Simé and Brescovit, 2001;
Martins and Bertani, 2007; Hazzi and Hormiga, 2021). The specimen
was stored in 96% ethyl alcohol at —80 °C in the Molecular Biology
Laboratory of the University of Ibague (Ibague, Colombia). The sample
was homogenized, and DNA extraction of tissues was performed using
the Qiagen DNEasy Tissue kit (Qiagen, Valencia, CA) under the manu-
facturer’s conditions. Genomic DNA concentration was quantified by a
dsDNA high-sensitivity kit (Thermo Fisher Scientific, MA, USA) using a
Qubit fluorometer.

2.2. Mitogenome sequencing and assembly of Phoneutria depilata

The AIM (Advanced Identification Methods GmbH) (http://www.
aimethods-lab.com/) carried out sequencing and assembly following
standard protocols. The whole genome library of genomic DNA was
sequenced using the Illumina HiSeq 2500 platform (2 x 150 base paired-
end reads) (Illumina, USA), which yielded ~ 1 million reads. The Illu-
mina DNA Flex kit was used for the construction of the paired-end li-
brary with standard protocols. The trimming and filtering of the raw
sequencing reads were performed by using NGS-Toolkit (Patel and Jain,
2012) to remove adapter contamination and low-quality reads with a
cutoff of Phred quality scores of Q20, following previous protocols
(Kumar et al., 2020). High-quality reads were assembled with Geneious
10 (Kearse et al., 2012) using the Pirata subpiraticus mitogenome
(NC_025523) as a reference.

2.3. Spider mitochondrial extraction from transcriptome

Fifty-one Araneae transcriptomes, classified by family, were down-
loaded from NCBI's SRA database (https://www.ncbi.nlm.nih.gov/sra/
?term = ). Homologous contigs in each transcriptome sequence were
extracted using the Trinity assembly program from a reference mitoge-
nome. For this analysis, the mitogenome of Phoneutria depilata (obtained
in this work) was used as a reference for obtaining mitogenomes from
the transcriptomes of the Ctenidae and Trechaleidae families. Likewise,
Loxosceles similis (NC_042902) was used as a reference from the tran-
scriptomes of the Leptonetidae family, Telamonia vlijmi (NC_024287)
was used as a reference from the transcriptomes of the Salticidae and
Desidae families, Cyriopagopus hainanus (MN877932) was used as a
reference from the transcriptomes of the Theraphosidae family and
Pardosa laura (NC_025223) was used as a reference from the tran-
scriptomes of the Lycosidae family. Mitogenome assembly was per-
formed with Bowtie2 mapper using the Geneious Prime platform using a
High-medium sensitivity setting. Only mitogenomes obtained with a
total coverage of 70% (>250X average on depth of coverage) and 13
protein-coding genes (PCGs) coverage of 95% or more were taken into
account for the analysis. The data on the transcriptomes used and the
process of mitogenome extraction are summarized in Table 1.

2.4. Mitochondrial genome annotation and gene rearrangement
confirmation

The annotation of PCGs and rRNAs for P. depilata and 17 other
Araneae mitogenomes (obtained by transcriptome extraction) were
initially identified via the MITOS web server (Bernt et al., 2013). The
annotation of the tRNA genes was performed using tRNAscan-SE 1.21
(Lowe and Eddy, 1997). The circular image of nine Ctenidae mitoge-
nomes was drawn by using the online server CGView (Grant and
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Table 1

Gene 850 (2023) 146925

The data of the spider transcriptomes used and the process of mitogenome extraction. NCBI Ref ID of each mitogenome is shown as Ref-Seq in the mitochondrial
ensemble proceeding. Molecular features such as base pairs (bp) size and percentage coverage of the assembled spider mitogenomes obtained in this work are shown.

*Not included in phylogenetic analyses.

Family Species SRA ID Mitogenome NCBI Ref Assembled/Ref- % total 13 PCGs % PCGs selected for
Ref-Seq ID Seq (bp) coverage (bp) coverage analysis
Theraphosidae Aphonopelma SRR13605914  Cyriopagopus MN877932 11167/13874 80.48 10716/ 100.05 Yes
1) hentzi hainanus 10710
Leptonetidae Appaleptoneta SRR13580909  Loxosceles similis NC_042902 13760/14683 93.71 10674/ 100.24 Yes
(20) fiskei 10648
Calileptoneta SRR13580908  Loxosceles similis NC_042903 13673/14683 93.1 10611/ 99.65 Yes
cokendolpheri 10648
Ozarkia georgia SRR13580910  Loxosceles similis NC_042904 12189/14683 83.01 10653/ 100.04 Yes
10648
Cataleptoneta SRR13580897 Loxosceles similis NC_042905 1809/14683 12.32 - - Not
aesculapii
Leptoneta comasi SRR13580898  Loxosceles similis NC_042906 2150/14683 14.64 - - Not
Leptonetela jiulong SRR13580899  Loxosceles similis NC_042907 1799/14683 12.25 - - Not
Cataleptoneta SRR13580901  Loxosceles similis NC_042908 1901/14683 12.94 - - Not
sengleti
Sulcia cretica SRR13580902  Loxosceles similis NC_042909 2202/14683 14.99 - - Not
Longileptoneta sp SRR13580904  Loxosceles similis NC_042910 1899/14683 12.93 - - Not
Falcileptoneta sp SRR13580907  Loxosceles similis NC_042911 1780/14683 12.12 - - Not
Ozarkia georgia SRR13580910  Loxosceles similis NC_042912 1699/14683 11.57 - - Not
Tayshaneta SRR13580911 Loxosceles similis NC_042913 1809/14683 12.32 - - Not
fawcetti
Tayshaneta SRR13580914  Loxosceles similis NC_042914 1809/14683 12.32 - - Not
myopica
Calileptoneta SRR13580915  Loxosceles similis NC_042915 1809/14683 12.32 - - Not
helferi
Chisoneta modica SRR13580917  Loxosceles similis NC_042916 1901/14683 12.94 - - Not
Protoleptoneta SRR13580919 Loxosceles similis NC_042917 2150/14683 14.64 - - Not
italica
Paraleptoneta SRR13580920  Loxosceles similis NC_042918 1454/14683 9.9 - - Not
spinimana
Leptoneta infuscata ~ SRR13580922  Loxosceles similis NC_042919 2150/14683 14.64 - - Not
Barusia laconica SRR13580923  Loxosceles similis NC_042920 2103/14683 14.32 - - Not
Barusia maheni SRR13580924 Loxosceles similis NC_042921 2103/14683 14.32 - - Not
Salticidae (17) Bavia aericeps SRR12832794 Telamonia vlijmi NC_024287 14270/14601 97.73 10707/ 99.86 Yes
10722
Maripanthus SRR12832802  Telamonia vlijmi NC_024287 14171/14601 97.04 10749/ 100.25 Yes
draconis 10722
Padillothorax SRR12832803  Telamonia vlijmi NC_024287 13997/14601 95.86 10785/ 100.58 Yes
badut 10722
Phidippus johnsoni SRR12832797 Telamonia vlijmi NC_024287 12059/14601 82.59 10740/ 100.16 Yes
10722
Piranthus SRR12832799  Telamonia vlijmi NC_024287 14592/14601 99.93 10695/ 99.74 Yes
planolancis 10722
Indopadilla SRR12832791 Telamonia vlijmi NC_024287 1452/14601 9.94 - - Not
kahariana
Bavia sexpunctata SRR12832792 Telamonia vlijmi NC_024287 3540/14601 24.24 - - Not
Bavia nessagyna SRR12832793 Telamonia vlijmi NC_024287 3540/14601 24.24 - - Not
Salticus scenicus SRR12832795 Telamonia vlijmi NC_024287 2711/14601 18.56 - - Not
Menemerus SRR12832796  Telamonia vlijmi NC_024287 4003/14601 27.41 - - Not
bivittatus
Ligurra latidens SRR12832798  Telamonia vlijmi NC_024287 3062/14601 20.97 - - Not
Maripanthus SRR12832801  Telamonia vlijmi NC_024287 1990/14601 13.62 - - Not
reinholdae
Stagetillus cf. SRR12832804 Telamonia vlijmi NC_024287 6009/14601 41.15 - - Not
opaciceps
Indopadilla redynis SRR12832805 Telamonia vlijmi NC_024287 1452/14601 9.94 - - Not
Indopadilla SRR12832806  Telamonia vlijmi NC_024287 1452/14601 9.94 - - Not
kodagura
Helpis minitabunda ~ SRR12832807  Telamonia vlijmi NC_024287 2711/14601 18.56 - - Not
Attulus floricola SRR12832808 Telamonia vlijmi NC_024287 2711/14601 18.56 - - Not
Desidae (2) Desis marina SRR12968639 Telamonia vlijmi NC_024287 1892/14601 12.95 - — Not
Badumna SRR12963054  Telamonia vlijmi NC_024287 1892/14601 12.95 - - Not
longinqua
Lycosidae (1) Schizocosa ocreata SRR13511132  Pardosa laura NC_025223 3701/14513 25.5 - - Not
Trechaleidae (2)  Cupiennius salei SRR880446 P. depilata MZ902035 11554/14734 78.41 9297/ 87.02 Yes
10683
Cupiennius SRR7028538 P. depilata MZ902035 3701/14734 25.11 - - Not
coccineus
Ctenidae (8) Leptoctenus SRR10413987  P. depilata MZ902035 14564/14734 99.31 10679/ 99.96 Yes
byrrhus 10683
Phoneutria SRR10413989  P. depilata MZ902035 14618/14734 98.88 10195/ 95.42 Yes
nigriventer 10683

(continued on next page)
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Table 1 (continued)

Gene 850 (2023) 146925

Family Species SRA ID Mitogenome NCBI Ref Assembled/Ref- % total 13 PCGs % PCGs selected for
Ref-Seq ID Seq (bp) coverage (bp) coverage analysis

Anahita punctulata SRR10414003 P. depilata MZ902035 12041/14734 81.72 10347/ 96.85 Yes
10683

Isoctenus ordinario SRR10413992  P. depilata MZ902035 11890/14734 80.69 10275/ 96.18 Yes
10683

Ctenus hibernalis SRR10413993 P. depilata MZ902035 11108/14734 75.39 10041/ 93.99 Yes*
10683

Ctenus exlineae SRR10414004  P. depilata MZ902035 10862/14734 73.72 10143/ 94.99 Yes*
10683

Ctenus captiosus SRR10413998  P. depilata MZ902035 10470/14734 71.06 10104/ 94.58 Yes
10683

Ctenus corniger SRR6360557 P. depilata MZ902035 2418/14734 16.41 - - Not

Stothard, 2008) (http://stothard.afns.ualberta.ca/cgview_server/). We
retrieved the sequences and gene annotations of the 58 complete spider
mitogenomes that are available at the organelle genome resources
database from NCBI (https://www.ncbi.nlm.nih.gov/genome/br
owse#!/organelles/) as of January 20, 2021.

Gene annotation verification analysis was based on three previously
postulated methodologies (Prada and Boore, 2019): a) All gene anno-
tations were refined using other spider mitochondrial sequences from
GenBank using the program Muscle (Edgar, 2004) with Geneious 10
(Kearse et al., 2012) to confirm the locations and boundaries of each
gene. Nucleotide identity greater than 80% was used to confirm the
orientation of each gene with possible rearrangement. b) The NCBI-
BLAST2 sequence comparison program (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) was used to confirm rearrangements in the spider mito-
genome by comparing nucleotide sequences of orthologous regions from
evolutionarily close species. ¢) Putative tRNA inversions were verified
by tRNAscan-SE 1.21. The orientation of tRNAs was taken as positive
when it coincides in two of the three methodologies used.

After confirming each genetic annotation, numerical gene order was
determined (from 1 to 38, considering 1 as the trnM and 2 as nad2 gene;
and so on) and their gene orientation (plus/plus as + plus/minus as — ).
A list of spider species, arranged taxonomically and provided with their
GenBank IDs, reported gene rearrangements (color-coded to the results
of these analyses), of each mitochondrial gene and genome, as annotated
in these GenBank records, is given in Supplementary Table S1.

The D-loop regions were extracted, and their number of base pairs
(bp) and CG and AT contents were identified using Geneious Prime
(Kearse et al., 2012). To calculate the skewness, we used the formula AT
skew=(A — T)/(A + T) and GC skew=(G — C)/(G + C) (Perna and
Kocher, 1995). Multiple alignment was performed by the Clustal Omega
program (Sievers and Higgins, 2021). Inverted repeats or palindromes in
the D-loop region were checked using Tandem Repeats Finder (http
://tandem.bu.edu/trf/trf.html).

2.5. Phylogenetic analysis

A total of 58 Araneae mitogenomes available in GenBank and 18
obtained in this work were included in the phylogenetic analysis. The
complete scorpion mitogenome Buthus occitanus (NC_010765) was
selected as an outgroup of Araneae (Supplementary Table S1), because
of the few scorpion mitogenomes sequenced, their gene order repre-
sentative of the family Buthidae (Scorpiones) is closest to that observed
in spiders of the family Liphistiidae (Ban et al. 2022). The 13 PCGs of all
75 spiders and the out-group were aligned with the MAFFT program
(Katoh and Standley, 2013) and subsequently concatenated (the gene
order in plus/plus orientation is as follows: atp6, atp8, cox1, cox2, cox3,
cob, nadl, nad2, nad3, nad4, nad4 L, nad5 and nad6). The phylogenetic
tree of Kulkarni et al. (2021), based on the analysis of ultraconserved
elements (UCEs) was used as to to construct a backbone constraint tree
in our phylogenetic analysis. Substitution models were explored using
ModelFinder implemented in IQTREE (Nguyen, 2015;

Kalyaanamoorthy, 2017) using the corrected Akaike information crite-
rion (AICc). ML analysis was made using IQ-tree (Nguyen et al., 2015)
implemented on CIPRES platform (https://www.phylo.org/). The
robustness of the maximum likelihood tree topology was tested by 1000
bootstrap pseudoreplicates of the tree search. The phylogenetic tree was
visualized and edited using FigTree v1. 4.2 (http://tree.bio.ed.ac.
uk/software/figtree/).

2.6. Gene arrangement analysis

Common interval analysis was performed using CREx (Bernt et al.,
2007) for pairwise comparisons for inference of ancestral genome states.
Pairwise comparisons were conducted for each spider mitogenome
against the scorpion (Buthus occitanus) mitochondrial genome to deter-
mine the minimum number of genome rearrangement events separating
each genic order from the inferred ancestral state.

3. Results and discussion
3.1. Mitogenome features

The complete mitogenome sequences of nine Ctenidae species range
from 13,035 bp in Ctenus hibernalis to 14,724 bp in Phoneutria depilata.
Comparison of the genetic characteristics and molecular composition of
the mitogenome of P. depilata with the other mitogenomes obtained in
this work are summarized in Table 2 and supplementary table S1.

Likewise, from the 51 transcriptomes analyzed in this work, only 18
mitogenomes satisfied our inclusion criteria; in some of them, small gaps
in the previously mentioned mitochondrial regions were found
(Table 1). The map of the eight Ctenid mitogenomes is summarized in
Fig. 1. This size variation was due to the process of extraction and as-
sembly from transcriptomes available in databases. For example, in
Ctenidae species, our results show the nucleotide sequence absence of
several tRNAs, identifying between 9 and 20 genes (out of a total of 22
tRNAs). In addition, the absence of the sequence corresponding to the
nad4 L gene (in Ctenus hibernalis, and Ctenus exlineae and the nad3 gene
(Anahita punctulata) was also detected. Similar molecular features were
observed in Cupiennius salei corresponding to Trechaleidae family.

According to Forni et al. (Forni et al., 2019), although the procedure
to reconstruct complete mitogenomes from RNA-Seq sequence reads is
efficient, certain mitochondrial regions, such as tRNAs, D-loops and a
fragment of the atp6 gene, have low read representation and therefore
often generate small gaps during the assembly process. In this same
work, the authors indicate that the percentage of reads reached during
the process of extraction and assembly of mitogenomes from tran-
scriptomes varies from 16 to 57% using both intrafamilial and conge-
neric starting references, filtering for possible contaminants and nuclear
gene matches (Forni et al., 2019).

Previous studies showed that, in addition to the low coverage (<4x)
in the aforementioned mitochondrial regions, other characteristics of
the RNA-Seq sequence data (such as depth of coverage or platform type)
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Features of the eighteen spider mitochondrial genomes obtained in this work. *The total size in bp was calculated based on the reference genome and the missing gaps

in the sequence were filled with N.

Family Species Size (bp)* %CG Annotated genes (%CG)
PCGs tRNA rRNA D-loop
Theraphosidae Aphonopelma hentzi 12,991 31.3 13 (31.5) 22 (30.6) 2(30.5) 0
Leptonetidae Appaleptoneta fiskei 13,945 33.4 13 (34.9) 22 (30.1) 2(27.1) 1(30.2)
Calileptoneta cokendolpheri 14,022 34.7 13 (36.3) 22(28.1) 2(29.5) 1(34.5)
Ozarkia georgia 13,654 30.3 13 (30.4) 22 (26.9) 2(29.2) 0
Salticidae Bavia aericeps 14,270 22.7 13 (23.4) 22 (22.4) 2(19.1) 1(18.6)
Maripanthus draconis 14,371 24.1 13 (25.2) 22 (24.4) 2 (19.5) 1(17.2)
Padillothorax badut 14,058 23.0 13 (23.6) 22 (21.5) 2(20.0) 1(21.1)
Phidippus johnsoni 14,749 23.6 13 (24.2) 22 (22.7) 2 (20.0) 1(19.9)
Piranthus planolancis 14,592 24.2 13 (25.2) 22 (22.4) 2 (18.7) 1(21.2)
Trechaleidae Cupiennius salei 13,826 21.6 12 (22.3) 17 (21.8) 2(18.9) 0
Ctenidae Anahita punctulata 14,022 25.1 12 (25.9) 10 (21.8) 2 (21.6) 1(24.4)
Ctenus hibernalis 13,035 25.9 12 (26.6) 9(27.1) 2 (21.8) 0
Ctenus captiosus 13,110 24.9 13 (24.9) 14 (28.9) 2 (22.3) 0
Ctenus exlineae 13,505 26.8 12 (27.6) 10 (30.4) 2(21.5) 0
Isoctenus ordinario 13,434 24.5 13 (25.1) 14 (24.6) 2 (20.3) 0
Leptoctenus byrrhus 14,192 27.7 13 (29.3) 20 (24.8) 2 (21.0) 1(25.7)
Phoneutria depilata 14,724 28.4 13 (29.7) 22 (25.6) 2(22.6) 1(28.3)
Phoneutria nigriventer 14,186 26.3 13 (27.5) 19 (24.5) 2 (21.3) 1(24.8)
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Fig. 1. Circular representation of the complete mitogenome of nine Ctenidae spiders. The direction of 37 genes (PCGs, tRNAs and rRNAs) and the Dloop region are
indicated by arrows in the entire complete genome. PCGs are shown as purple arrows, tRNA genes as pink color arrows, rRNA genes as green arrows, and Dloop
regions as orange rectangles. The GC content is plotted using a black sliding window. The GC skew is plotted using a colored sliding window (green and orchid color)
as the deviation from the average GC skew of the entire sequence. The figure was made using CGView online server (http://stothard.afns.ualberta.ca/cgview_serve
/). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

or the use of reference mitogenomes (closest evolutionary) are deter-
mining factors in obtaining the most complete mitogenome possible
(Moreira et al., 2015; Forni et al., 2019).

Nine spider mitogenomes of an additional three families were ob-
tained in this work, ranging in size from 12,991 bp (Aphonopelma hentzi,
Theraphosidae) to 14,749 bp (Phidippus johnsoni, Salticidae) (Supple-
mentary Table S1). The difference in size between these mitogenomes is
mainly due to the absence of the D-loop region sequence not only in
those obtained in this work but also in those deposited in the databases.

Despite this, the relatively small mitogenome sizes (less than15 kb) are
well within the observed range of other Araneae mitogenomes available
from the GenBank database (Fang et al., 2016; Wang et al., 2016; Zhu
and Zhang, 2017; Kumar et al., 2020; Yong et al., 2021) compared to
those of other Arthropod species (Cameron, 2014). In addition, trun-
cated tRNA genes may explain why spider mitogenomes are smaller than
those of other arthropods (Pons et al., 2019)

The GC content of nucleotides was between 21.6% (Cupiennius salei,
Trechaleidae) and 34.7% (Calileptoneta cokendolpheri, Leptonetidae).
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The highest GC content was observed in the PCG (22.3-36.3%), fol-
lowed by tRNAs (21.8-30.6%), rRNAs (18.9-30.5%), and D-loops
(17.2-34.5%). All eighteen spider mitogenomes presented the structure
of 37 genes (13 PCGs, 22 tRNAs and two rRNAs) and an A + T-rich D-
loop region, where a total of 573 genes were annotated. However, some
of these species did not have this complete gene set. The features of the
eighteen spider mitogenomes obtained in this work are summarized in
Table 2 and Supplementary Table S1.

As in most Araneae mitogenomes, the nucleotide composition shows
a low G + C, with contents of less than 35% and small variations be-
tween species (Wang et al., 2016; Yong et al., 2021), similar to those
observed in Metazoan mitogenomes (Hassanin et al., 2005). In addition,
the majority strand contains 22 genes and a minority contains 15 genes,
similar features to those presented in other spider mitogenomes (Kumar
et al., 2020; Yong et al., 2021).

3.2. Variation in the D-loop region in spiders

The D-loop region was detected and annotated in 11 of the 18
mitogenomes obtained in this work. Similarly, this region was observed
in 66 of the 76 spiders, located between trnM and trnQ in all Opistho-
thelae spiders and between rrnS and trnl in Mesothelae spiders (Sup-
plementary Table S1). The position of the D-loop region is consistent
with that observed in previous work in several spider species (Kumar
et al., 2020; Yong et al., 2021). In addition, previous studies indicate
that the D-loop region remained totally or partially assembled, mainly
because it is composed of tandem repeats, which are very difficult to
sequence and de novo assemble properly; likewise, their expression in
RNA-Seq experiments is low or completely lacking (Forni et al., 2019).
Moreover, we obtained complete or partial D-loop regions in 61% of
them when mitogenomes of congeneric species were used as reference.

Our results show that the D-loop of the 66-spider region is charac-
terized by an average size of 766 bp, an average AT % of 75.1% and a
low nucleotide identity of 18.7%, showing high variation in this species
(Supplementary Table S3). For example, the two Mesothelae (Liphistii-
dae species) and the five Mygalomorphae species (Nemesiidae (1),
Theraphosidae (3), Dipluridae (1)) have a D-loop region with an average
of 388 bp, while the Araneomorphae species have a D-loop region with
an average of 800 bp. The largest D-loop region was observed in
Argyroneta aquatica (Cybaeidae) at 2047 bp, where both 5 and 3’ AT
tandem repeat expansions were detected. Likewise, the AT content was
variable in all species, ranging from 66.3% to 82.6% (Supplementary
Table S2). However, most of the D-loop regions of Liphistiidae, Ther-
aphosidae, Dipluridae, Dysderidae, Hypochilidae, Sicariidae, Pholcidae,
Oecobiidae, Araneidae, Eutichuridae and Selenopidae showed positive
AT/GC skews, indicating an obvious bias toward the use of A and G,
similar to those reported in Lyrognathus crotalus (Theraphosidae (Kumar
et al., 2020) and other spiders (Pons et al., 2019). In contrast, our an-
alyses show that mainly Entelegynae spiders have a negative AT/GC
skew, indicating a bias toward the use of T and G.

Regarding the presence of repetitive regions, our results show three
categories of D-loop regions: a) sequences with a size in bp of < 500 bp
(n = 14) that do not have tandem repeat elements; b) D-loop regions
between 500 and 740 bp (n = 25), that do not have tandem repeats or
that are of low complexity (AT-rich regions with less than 20 nucleotides
and less than 2 copies); and c) D-loop regions above 740 bp (n = 27),
that have tandem repeats of higher complexity (AT-rich regions with
more than 20 nucleotides and more than 3 copies). The molecular
characteristics of the D-loop region in the spider species analyzed are
summarized in Supplementary Table S2.

Although variation in these molecular features (AT/GC skew and
presence of tandem repeat elements) seem to differentiate Synspermiata
from Entelegynae, a larger number of complete D-loop regions needs to
be analyzed to corroborate this hypothesis.
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3.3. Gene annotation errors and rearrangement level in the Araneae
mitogenome

According to the annotation of the 58 spider mitogenomes found in
the NCBI database, there were a total of 203 cases of 2,166 genes an-
notated to be in arrangements differing from the gene order of the
scorpion mitogenome Buthus occitanus. Of all these reorganizations, 17
were identified as gene annotation errors, which means an error rate of
8.4% (17/203), indicating that 21% (12/57) of mitogenomes have at
least one gene mistakenly annotated (Supplementary Table S1). For
example, the mitogenome with the highest number of annotation errors
(5) was that of Amaurobius fenestralis (Amaurobiidae), in which the
order trnS, trnR, trnE, -trnL and -trnF, without annotation of trnA and trnN
genes, was reported. Our analysis indicates that the -trnL2, trnN, trnA,
trnS1, trnR, trnE and -trnF genes are found in this region, confirming the
annotation error. In addition to false inversions, our analyses indicate a
high number (40) of unannotated genes, but our results confirm their
presence position in the genome. Most of these unannotated genes were
tRNAs (21), followed by the D-loop region (19) (Supplementary
Table S1). Examples of false inversions and deletions in the spider
mitogenome are shown in Supplementary Figure S1.

Previously, it has been reported that thousands of mitogenomes
deposited in the database have shown a high rate of annotation errors,
most of which are easily detectable (Boore, 2006; Donath et al., 2019).
Earlier studies indicate that such errors are frequent in the Hexapoda
mitogenomes, with an annotation error rate of 5.5% concentrated
mainly in tRNA genes (Moreno-Carmona et al., 2021). Although our
results confirm that annotation errors in the spider mitogenome are
concentrated in tRNAs, the error rate is almost double of that observed
in Hexapoda, generating false gene orders in this taxonomic group.

3.4. Phylogenetic analysis

We reconstructed phylogenomic trees based on the mitogenomes of
76 spider species and an outgroup species based on the nucleotide
sequence of 13 mitochondrial protein-coding genes using maximum
likelihood (ML) (Fig. 2). In this phylogenetic reconstruction, the Ara-
neae species follow the same backbone topology of the tree of Kulkarni
et al. (2021); where the monophyly of Araneae was confirmed in the
tree. Our findings provide strong support for the monophyly of Opis-
thothelae and Mesothelae with high supporting values. In addition, the
subdivision of Opisthothelae into two monophyletic groups, Mygalo-
morphae and Araneomorphae infraorders, was supported in the phylo-
genetic tree; however, Araneomorphae species are grouped in a
monophyletic group. The estimated tree in this study also supports the
monophyly of Synspermiata and Entelegynae. For example, within
Entelegynae, there is a monophyletic group composed of the species of
the families Tetragnhatidae and Araneidae, which represent the Ara-
neoidea clade. Similarly, Uroctea compactilis (Oecobiidae, UDOH
grade) is sister to the RTA clade. Likewise, the estimated ML tree from
the mitogenome is consistent with those observed in previous analyses
of 13 PCG mitochondrial genes (Pons et al., 2019; Kumar et al., 2020)
and a multilocus phylogeny (Wheeler et al., 2017a). However, more
mitogenome data of Mesothelae, Mygalomorphae and Aranemorphae
taxa would cover the consistent sign of deep phylogenetic relationship
between all Araneae species.

In addition to including new spider mitogenomes from different
Araneae species, the phylogenetic relationships of the family Ctenidae
were evaluated. In this case, Isoctenus ordinarius is ancestral sequence of
the family Ctenidae as monophyletic group; where the mitogenome
sequence of Phoneutria depilata clustered with P. fera, forming a mono-
phyletic clade and paraphyletics of Anahita punctulata. Likewise, Lep-
toctenus byrrhus and the species of the genus Ctenus form a monophyletic
group, sister to the genus Phoneutria (Fig. 2). after the dot, include the
following sentence: Our P. depilata mitogenome was placed within the
family Ctenidae closely related to P. nirgiventer with high support. The
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Fig. 2. Maximum likelihood phylogenetic tree inferred by 13 PCGs and CREX analyses of the 76 Araneae mitogenomes. The complete scorpion mitogenome Buthus
occitanus (NC_010765) was selected as an outgroup. The phylogenetic tree was visualized and edited using FigTree v1. 4.2 (http://tree.bio.ed.ac.uk/software/figtree
/). In the CREX analyses (right), PCGs are shown as yellow arrows, tRNA genes as purple color arrows, and D-loop regions as orange rectangles. The dotted boxes with
numbers represent conserved blocks of genes: 1 (coxI-cox2-trnK-trnD-atp8-atp6-cox3-trnG-nad3), 2 (nad5-trnH-nad4-nad4 L) and 3 (rrnL-trnV-rrnS). The letters T are
shown as translocation events, and the TDRL is shown as tandem duplication and random loss events. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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family Ctenidae was a sister group of a clade comprising the families
Oxyopidae and Thomisidae with high support. Although our study has
few representatives of Ctenidae, the phylogenetic relationships obtained
using only mitogenomes were congruent with a recent multilocus phy-
logeny of Ctenidae (Hazzi and Hormiga, 2022)

3.5. Spider mitogenome architectures and CREX analysis

By comparing the mitochondrial gene order rearrangement scenario
in Araneae with the scorpions (Buthus occitanus) inferred by CREx
analysis, three tRNAs (trnY, trnL2, and trnl) and a Dloop region were
found to transposition and one TDRL event in block trnN-trnA-trnS1-trnR
(Fig. 2). According to Ban et al., (2022), the genetic order in Buthus
occitanus is conserved throughout the family Buthidae as well as in other
scorpion species. However, the low number of species analyzed (8
mitogenomes available so far) could lead to a bias in identifying the
ancestral order of all scorpions.

Compared to the putative gene order scorpion architecture of Buthus
occitanus (A), \ Mesothelae (“primitive spiders”) present only one
translocation of the trnY gene in the trnW-trnY-trnC region (architecture
B). Mygalomorphae and Synspermiata species differ from Mesothelae by
a tandem duplication and random loss (TDRL) event in the &rnN-trnA-
trnS1-trnR region, a trnL2 gene translocation event in the same region, a
trnT gene translocation event in the cob-trnS2 region and a translocation
of the D-loop region (architecture C). Only the three Dysderidae species
differ from Hypochilidae, Sicaridae, Pholcidae and Leptonetidae fam-
ilies by translocation of the &rnl gene in the trnM-nad2 region (archi-
tecture D). In addition, all Entelegynae differ from most Synspermiata
(architecture C) by translocation of the trnl gene in the nad6-cob region
(architecture E and F). However, two of the three Tetragnathidae species
have a different architecture. Tetragnatha maxillosa varies in architec-
ture F by translocation of the rnG gene in the trnQ-D loop region (ar-
chitecture E1). In addition, Tetragnatha nitens (architecture E2) has a
new translocation of the trmW gene in the trnQ-Dloop region, evidencing
a generic order trnQ-trnW-trnG-Dloop. Our analysis indicates that
Leucauge celebesiana has the gene order of architecture F (Supplementary
table S1 and Fig. 2).

Mitogenomes have been recently used to study the phylogeny and
evolution of spiders (Tyagi et al., 2020; Yong et al., 2021). The different
gene orders or architectures observed in spider mitogenomes available
in public databases, displaying an accelerated gene rearrangement in
Araneomorphae compared to Mygalomorphae (Wang et al., 2016; Pons
etal., 2019; Kumar et al., 2020; Tyagi et al., 2020). However, despite the
low number of species analyzed, these gene rearrangements are over-
represented due to the large number of annotation errors, generating up
to nineteen mitochondrial gene rearrangement types and 12 architec-
tures among 44 spiders (Tyagi et al., 2020), while in our analysis of 76
spider species, nine mitochondrial gene rearrangement types (8 trans-
location and one TDRL event) and six architectures were confirmed (see
Supplementary Table S1 and Fig. 2).

4. Conclusion

The complete mitogenome of Phoneutria depilata was characterized,
which allowed the extraction from transcriptomes of an additional seven
ctenid mitogenomes, as well as ten other species of different families and
comparison with other members of Araneae. The analysis of the spider
mitogenomes available in the database shows that a significant rate of
gene annotation error in this taxonomic group significantly, over-
expressing the rate of gene rearrangement in this group. In addition to
expanding the number of s available spiders mitogenomes, our analyses
report a phylogenetic position of the families Ctenidae and Lep-
tonetidae, which provides a potentially more robust phylogeny and
systematics of Araneae. Most importantly, the findings from this study
provide new evidence of a low rate of rearrangement among spider
mitogenomes, with divergences observed at the phylogenetic and
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genetic levels between Mesothelae and Opisthothelae spiders.
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