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Abstract: We sequenced the complete mitochondrial genomes of Lycosa shansia, and Lycosa singoriensis
by combining Sanger and next-generation sequencing methods and analyzed the sequenced genomes
in order to explore the phylogenetic placement and the mitogenome composition and evolution of
these species. The mitochondrial genome of L. shansia was 14,638 bp, whereas that of L. singoriensis
was 13,686 bp. The type of genes and direction of the coding strand present in the mitogenomes
were the same as those in other species of Lycosoidea, including two ribosomal RNA genes (rRNAs),
22 transfer RNA genes (tRNAs), and 13 protein-coding genes (PCGs). The mitogenomes of the two
species exhibited negative AT and positive GC skews. This indicated that the nucleotide compositions
of the mitogenomes of L. singoriensis and L. shansia tended to be T and G. Both the mean and median
values of Ka/Ks of ATP8 were the highest among the 13 protein-coding genes, indicating that it
might have evolved more rapidly than the other protein-coding genes in both species. ATP8 may
have undergone more relaxed selection constraints and accumulated more mutations. In addition,
many tRNAs lacked T and D stem loops; a few had no acceptor stems. The assessed species were
recovered nested within Lycosidae with high support. The present findings will be useful for future
studies on the mitogenome evolution of spiders.

Keywords: Lycosoidea; Lycosa shansia; Lycosa singoriensis; mitogenome; Ka/Ks; phylogenetic analyses

1. Introduction

Mitochondria are important energy-supplying organelles that provide ATP to organ-
isms through oxidative phosphorylation and are closely related to the respiration process.
They are present in most eukaryotic cells [1]. In general, the mitogenome of arthropods is
a circular, double-stranded molecule, ranging in size from 14 to 20 kb, and typically con-
taining a standard set of 13 protein-coding genes (PCGs), 2 ribosomal RNA genes (rRNAs),
22 transfer RNA genes (tRNAs), and 1 control region (CR), also called the A + T-rich re-
gion. Mitochondria have their own genetic material and genetic system and have become
excellent targets for studying the origin and phylogeny of species owing to their high
evolutionary rate, matrilineal inheritance, and ease of amplification [2,3].

In recent years, spider mitogenome components, such as COI, rRNAs, and tRNAs,
have been sequenced and widely used in phylogenetic analyses [4–7]. However, these
mitochondrial sequences are much shorter than the complete mitogenome sequences
and typically have limited phylogenetic information [8,9]. Additional reliable datasets,
such as complete mitogenome sequences, can make phylogenetic reconstruction more
efficient [2,9,10]. In addition, researchers can better judge phylogenetic relationships
through complete mitogenome sequences because they can provide information that is
lacking in fragments, such as gene rearrangement, tRNA secondary structure [11], genetic
code changes, replication, and transcriptional regulation patterns.
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With the application of next-generation sequencing (NGS) technology, an increasing
amount of mitogenome data have been obtained. However, the publication of animal
mitogenomes in the National Center for Biotechnology Information (NCBI) database has
mostly focused on fish, mammals, and birds. Information on highly diverse groups such
as invertebrates is scarce [10]. Spiders are an example of such a group: with more than
50,105 species discovered to date the number of complete mitogenomes in GenBank is
only 53 (https://www.ncbi.nlm.nih.gov, (accessed on 7 August 2021), representing only
28 of 129 families. Filling the gaps in their mitogenome sequences could help us better
understand the phylogenetic relationships within Araneae [9,12].

Our study focused on two spider species belonging to the genus Lycosa. The spider
genus Lycosa is one of the most species-rich genera within the Lycosidae [13,14]. They
are wandering spiders that mostly live on forest grounds and are the major predators
of agricultural pests [15]. The purpose of this study was to investigate the structure of
the mitogenome of spiders of the Lycosidae family, including gene sequence, nucleotide
composition, genome size, codon usage, gene overlap, tRNA secondary structure, and
phylogenetic placement [16].

2. Materials and Methods
2.1. Sample Collection and DNA Extraction

The samples were collected from Zibo, Shandong (117.958◦ E, 36.640◦ N), and Urumqi,
Xinjiang (87.501◦ E, 43.775◦ N). Individuals of L. shansia and L. singoriensis were identified
morphologically. The experimental samples did not include endangered or protected
species and were treated following animal welfare guidelines. Genomic DNA was extracted
using DNAiso reagent (Takara, Beijing, China). All samples were stored in a cryogenic
freezer at −80 ◦C in the Zoology Laboratory of Nanjing Forestry University.

2.2. Splicing and Annotation of Mitogenome Sequences

The library was constructed via end repair, A-tailing, adapter ligation, and PCR. The
library of mitogenome DNA was sequenced using the Illumina platform (2 × 150 bp
read pair) (Novogene, Beijing, China). The mitogenomes of Wadicosa fidelis (Accession:
KP100666.1), Pardosa laura (Accession: KM272948.1), and L. shansia (Accession: MW776434.1
marked as unverified) were used as templates for the two Lycosa samples. Sequence contigs
were assembled and trimmed using the medium sensitivity/fast option in the Geneious
Prime 2021 software [17,18]. Consensus sequences were constructed in Geneious using
a 99% base call threshold. The complete mitogenome of L. shansia was obtained while in
L. singoriensis it was incomplete. To complete the mitochondrial sequences of L. singoriensis,
PCR primers were designed (Table 1). Target fragments were amplified in a volume of
30 µL, including 1 µL template DNA, 15 µL 2 × Rapid Taq Master Mix (Vazyme, Nanjing,
China), 0.5 µL of each primer, and 13 µL H2O. The PCR program included pre-denaturation
at 95 ◦C for 3 min, denaturation at 95 ◦C for 15 s, 35 cycles of 50–60 ◦C for 15 s each, 72 ◦C
for 2 min, and finally 72 ◦C for 10 min. PCR products were separated by electrophoresis on
a 1.2% agarose gel and sent to TSINGKE Biological Technology (Nanjing, China) for Sanger
sequencing. The mitogenome was assembled using the DNAStar v7.1. software (Madison,
WI, USA).

MITOS WebServer (http://mitos.bioinf.uni-leipzig.de/index.py, (accessed on
30 August 2021) [19] was used for sequence annotation. The positions of the start and stop
codons or intron/exon junctions of the PCGs were manually corrected using BLAST with
NCBI non-redundant protein sequence database. To determine the RNA secondary struc-
ture, we compared the predictions of the MITOS WebServetRNAs cancan-SE 2.0 [20–22],
and ARWE [23], based on the cloverleaf secondary structure information. For undetectable
tRNAs, we used the tRNA sequences of other spiders in GenBank to detect the location
and boundary of each tRNA, and manually checked the anticodon arm motifs. Two rRNAs
were predicted by comparison with the reference mitogenome and their boundaries were
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determined using adjacent tRNAs. A map of the mitogenome was constructed using
CGView [24].

Table 1. Primers used for completing the mitogenome of L. singoriensis.

Primer Region Forward Primer Sequence (5′→3′) Reverse Primer Sequence (5′→3′)

Lysi-1 trnM-COI AGGTCAGCTAATAAAGCTAA AACCAATTACAAACCCACC
Lysi-2 trnK-ATP6 AGGTGTTAGTCTCTTAAATT GCYATTATATTAGCAGCYAA
Lysi-3 COIII-ND5 GGATTTGAAGCAGCAGCTTG GGATTACCATTCACATCAGG
Lysi-4 ND5 CCTGATGTGAATGGTAATCC ATTATAGACTGAATCTCATC
Lysi-5 ND5-ND4 ATGAGATTCAGTCTATAATG CCTTAATCGCTTATTCATCA
Lysi-6 ND4-CYTB GGTAGGTGATATTAAGATTA ATWCTAGCWCCATTACATG
Lysi-7 CYTB-ND1 TRTTCATATTCAACCTGAAT ATYGGATGATCWACTAATTC
Lysi-8 rrnL-rrnS AGTTCGATAGGGTCTTATCG CCTATTTATAATGGCGGCAT
Lysi-9 rrnS-ND2 AGGTTCCTCTAATAAGATGA CATGAACCAATCATCTCTAC

2.3. Sequence Analysis

Using MEGA v7.0 [25], we calculated the base composition and relative synony-
mous codon use (RSCU) of the mitogenomes of the two Lycosa species and calculated
the nucleotide composition. The relative numbers of A to T (AT-skew) and G to C (GC-
skew) were calculated using the following formulas: AT-skew = (A − T)/(A + T) and
GC skew = (G − C)/(G + C) [26], which were used to measure the differences in nu-
cleotide composition between genes. The rate of non-synonymous substitutions (Ka), rate
of synonymous substitutions (Ks), and the Ka/Ks ratio were generated graphically using
DnaSP5 [27]. A tandem repeat finder (http://tandem.bu.edu/trf/trf.html, (accessed on
10 September 2021) was used to predict tandem repeat sequences in the CR.

2.4. Phylogenetic Analysis

To study the phylogenetic placement of the Lycosa species, we constructed a phyloge-
netic tree based on a concatenated set of base sequences of 13 PCGs and two rRNAs from
the 53 spider mitogenomes available at NCBI GenBank and the two new mitogenomes
obtained in this study (Table 2). We used PhyloSuitev1.2.1 [28] to analyze the phylogeny of
the dataset using the maximum likelihood (ML) and Bayesian methods (BI). The model
(GTR + F + R6) was selected automatically using ModelFinder wrapped in IQ-TREE [29].
An alternate ML tree was also constructed with 5000 bootstraps using IQ-TREE [30,31].
We also used ModelFinder to select the best partition model for BI analysis. The selected
parameters, GTR + F + I + G4, were fed to MrBayes, allowing four chains to run simultane-
ously, two chains running independently for two million generations, sampling trees every
1000 generations, and a burn-in of 25% tree.

Table 2. Summary of the mitogenomes used in the analyses.

Order Family Species Accession
Number

Total Length
(bp) Total A + T (%)

Araneomorphae Araneidae Araneus angulatus KU365988.1 14,205 75.1
Araneidae Araneus ventricosus KM588668.1 14,617 73.4
Araneidae Argiope amoena KJ607907.1 14121 72.1
Araneidae Argiope bruennichi KJ594561.1 14,063 73.4
Araneidae Argiope perforata MK512574.1 14,032 74.2
Araneidae Cyclosa argenteoalba KP862583.1 14,575 73.7
Araneidae Cyclosa japonica MK512575.1 14,687 73.0
Araneidae Cyrtarachne nagasakiensis KR259802.1 14,402 75.7
Araneidae Hypsosinga pygmaea KR259803.1 14,193 76.1
Araneidae Neoscona adianta KR259805.1 14,161 74.6

http://tandem.bu.edu/trf/trf.html
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Table 2. Cont.

Order Family Species Accession
Number

Total Length
(bp) Total A + T (%)

Araneidae Neoscona multiplicans MK052682.1 14,074 74.8
Araneidae Neoscona nautica KR259804.1 14,049 78.8
Araneidae Neoscona scylla MK086023.1 14,092 74.6
Araneidae Neoscona theisi KP100667.1 14,156 75.2
Agelenidae Agelena silvatica KX290739.1 14,776 74.5

Tetragnathidae Tetragnatha maxillosa KP306789.1 14,578 74.5
Tetragnathidae Tetragnatha nitens KP306790.1 14,639 74.3

Nephilidae Trichonephila clavata AY452691.1 14,436 76.0
Nephilidae Trichonephila clavipes LC619787.1 14,902 77.2
Dictynidae Argyroneta aquatica KJ907736.1 16,000 72.2
Thomisidae Ebrechtella tricuspidata KU852748.1 14,532 76.2
Thomisidae Oxytate striatipes KM507783.1 14,407 78.2
Salticidae Carrhotus xanthogramma KP402247.1 14,563 75.1
Salticidae Epeus alboguttatus MH922026.1 14,625 77.6
Salticidae Cheliceroides longipalpis MH891570.1 14,334 79.0
Salticidae Habronattus oregonensis AY571145.1 14,381 74.4
Salticidae Phanuelus gladstone MT773150.1 14,458 75.1
Salticidae Phintella cavaleriei MW540530.1 14,325 78.1
Salticidae Plexippus paykulli KM114572.1 14,316 73.5
Salticidae Telamonia vlijmi KJ598073.1 14,601 77.3
Desidae Desis jiaxiangi MW178198.1 14,610 77.0

Selenopidae Selenops bursarius KM114573.1 14,272 74.4
Pisauridae Dolomedes angustivirgatus KU354434.1 14,783 76.8
Oxyopidae Oxyopes hupingensis MK518391.1 15,078 77.9
Oxyopidae Oxyopes licenti MT741489.1 14,431 78.1
Oxyopidae Oxyopes sertatus KM272950.1 14,442 75.9
Lycosidae Pardosa laura KM272948.1 14,513 77.4
Lycosidae Pirata subpiraticus KM486623.1 14,528 75.6
Lycosidae Wadicosa fidelis KP100666.1 14,741 76.0
Lycosidae Lycosa shansia OK032619 14,638 79.3
Lycosidae Lycosa singoriensis OK032620 13,686 75.1

Hypochilidae Hypochilus thorelli EU523753.1 13,991 70.3
Cheiracanthiidae Cheiracanthium triviale MN334527.1 14,595 77.9

Sicariidae Loxosceles similis MK425700.1 14,683 72.8
Pholcidae Mesabolivar sp MH643812.1 14,941 70.6
Pholcidae Pholcus sp KJ782458.1 14,279 65.8
Pholcidae Pholcus phalangioides JQ407804.1 14,459 65.9

Dysderidae Parachtes romandiolae MN052923.1 14,220 71.4
Mygalomorphae Dipluridae Phyxioschema suthepium JQ407802.1 13,931 67.4

Atypidae Atypus karschi MT832081.1 14,149 73.7
Nemesiidae Calisoga longitarsis EU523754.1 14,070 64.0

Theraphosidae Cyriopagopus hainanus MN877932.1 13,874 69.6
Theraphosidae Ornithoctonus huwena AY309259.1 13,874 69.8

Mesothelae Liphistiidae Songthela hangzhouensis AY309258.1 14,215 72.2
Liphistiidae Liphistius erawan JQ407803.1 14,197 67.7

3. Results and Discussion
3.1. Mitogenome Composition

The mitogenomes of L. shansia and L. singoriensis were closed circular double-stranded
DNA molecules with lengths of 14,638 bp and 13,686 bp, respectively (Figure 1). These two
mitogenomes were submitted to GenBank (accession numbers: OK032619 and OK032620).
We compared the data from the two species with eight closely related spiders and found
high sequence similarity (Figures 1 and 2). Both species had the typical genetic composition
of most spiders: 22 genes including 9 PCGs and 13 tRNAs, were located in the major strand



Diversity 2022, 14, 538 5 of 14

(J-chain). The other 15 genes included 4 PCGs, 9 tRNAs, and 2 rRNAs located in the minor
strand (N-chain) (Figure 1, Table 3).
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Table 3. Mitochondrial composition of the L. shansia (on the left) and L. Singoriensis (on the right).

Name
Location

Size (bp) Intergenic
Nucleotides

Codon
Strand

From To Start Stop

trnM 1\1 66\63 66\63 0\0 J
ND2 66\67 1013\1009 948\943 −1\3 ATA\ATT TAA\T J
trnW 1012\1010 1058\1068 47\59 −2\0 J
trnY 1045\1041 1103\1097 59\57 −14\28 N
trnC 1109\1086 1150\1140 42\55 5\−12 N
COI 1160\1142 2701\2680 1542\1539 9\1 ATA\ATA TAA\TAA J
COII 2728\2689 3375\3355 648\667 26\8 ATA\TTG TAA\T J
trnK 3376\3356 3422\3415 47\60 0\0 J
trnD 3422\3399 3486\3455 65\57 −1\−17 J
ATP8 3472\3448 3622\3606 151\159 −15\−8 ATA\ATT T\TAA J
ATP6 3624\3606 4289\4268 666\663 1\−1 ATA\ATA TAA\TAA J
COIII 4293\4272 5078\5057 786\786 3\3 TTG\TTG TAA\TAG J
trnG 5096\5071 5146\5125 51\55 17\13 J
ND3 5150\5129 5503\5473 354\345 3\3 ATT\ATT TAA\TAG J

trnL2(UUR) 5504\5473 5561\5532 58\60 0\−1 N
trnN 5563\5532 5622\5584 60\53 1\−1 J
trnA 5600\5567 5658\5633 59\67 −23\−18 J

trnS1(AGN) 5653\5631 5706\5683 54\53 −6\−3 J
trnR 5709\5679 5776\5733 68\55 2\−5 J
trnE 5754\5721 5812\5775 59\55 −23\−13 J
trnF 5788\5768 5845\5812 58\45 −25\−8 N
ND5 5844\5813 7475\7436 1632\1624 −2\0 ATA\ATA TAA\T N
trnH 7481\7438 7535\7502 55\65 5\1 N
ND4 7536\7503 8817\8726 1282\1224 0\0 TTG\ATT T\TAA N

ND4L 8818\8724 9085\9048 268\325 0\−3 ATT\ATA T\T N
trnP 9078\9052 9134\9103 57\52 −8\3 N
ND6 9138\9109 9569\9538 432\430 3\5 TTG\TTG TAA\T J
trnI 9568\9539 9632\9604 65\66 −2\0 J

CYTB 9624\9620 10754\10721 1131\1102 −9\15 ATT\ATT TAA\T J
trnS2(UCN) 10755\10722 10806\10775 52\54 0\0 J

trnT 10814\10781 10854\10824 41\44 7\5 J
ND1 10856\10833 11765\11733 910\901 1\8 ATA\ATA T\T N

trnL1(CUN) 11756\11737 11821\11788 66\52 10\3 N
rrnL 11822\11789 12836\12806 1015\1018 0\0 N
trnV 12837\12807 12897\12862 61\56 0\0 N
rrnS 12898\12861 13590\13566 693\706 0\2 N
trnQ 13591\13567 13654\13613 64\47 0\0 N
CR 13655\13614 14638\13686 984\73 0\0 J

3.2. Nucleotide Composition

Similar to the mitogenomes of most arthropods [32], the nucleotide compositions of the
mitogenomes of the two species exhibited a high A + T bias. (Table 2) In the mitogenome of
L. singoriensis, the A + T content was 75.1% (A = 31.1%, T = 44.0%, G = 16.7%, and C = 8.2%)
while in L. shansia, it was higher accounting for 79.3% (A = 35.5%, T = 43.7%, G = 12.7%,
and C = 8.0%) (Table 2). Most metazoan mitogenomes generally have a significant strand-
specific bias, which can be determined by calculating the AT and GC skew [33]. The
mitogenomes of the two species exhibited negative AT and positive GC skews. This indi-
cated that the nucleotide compositions of the mitogenomes of L. singoriensis and L. shansia
tended to be T and G, respectively. A difference between the two suborders was detected
by comparing the nucleotide skew of the mitogenome of previously sequenced spiders.
In Opisthothelae, the average value of the AT skew was −0.094, ranging from −0.191 for
Pholcus phalangioides to −0.015 for Cyclosa argenteoalba. The value of the GC skew ranged
from 0.171 for C. argenteoalba to 0.472 for Phyxioschema suthepium, with an average of 0.277.
In contrast, the GC skews of Liphistius erawan and Songthela hangzhouensis, in Mesothelae,
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were−0.235, and−0.361, respectively, showing a nucleotide composition skewed toward C
in this suborder (Figure 3). In addition, a difference in nucleotide skew appeared to exist in
the Opisthothelae suborder. For example, the GC-skew of Mygalomorphae was relatively
higher than that of Araneoidea; however, the AT-skew of Araneoidea was relatively higher
than that of the RTA clade (thus named for the retrolateral tibial apophysis of the male
copulatory organs). The results are consistent with previous studies [9,34].
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Figure 3. The AT-skew (grey squares) and GC-skew (red circles) of 55 species of the Araneae.
The species names are as follows: 1. Araneus angulatus 2. Araneus ventricosus 3. Argiope amoena
4. Argiope bruennichi 5. Argiope perforata 6. Cyclosa argenteoalba 7. Cyclosa japonica 8. Cyrtarachne
nagasakiensis 9. Hypsosinga pygmaea 10. Neoscona adianta 11. Neoscona multiplicans 12. Neoscona nautica
13. Neoscona scylla 14. Neoscona theisi 15. Agelena silvatica 16. Tetragnatha maxillosa 17. Tetragnatha nitens
18. Trichonephila clavata 19. Trichonephila clavipes 20. Argyroneta aquatica 21. Ebrechtella tricuspidata
22. Carrhotus xanthogramma 23. Epeus alboguttatus 24. Cheliceroides longipalpis 25. Habronattus oregonensis
26. Phanuelus gladstone 27. Phintella cavaleriei 28. Plexippus paykulli 29. Telamonia vlijmi 30. Desis
jiaxiangi 31. Selenops bursarius 32. Dolomedes angustivirgatus 33. Oxyopes hupingensis 34. Oxyopes
licenti 35. Oxyopes sertatus 36. Oxytate striatipes 37. Pardosa laura 38. Pirata subpiraticus 39. Wadicosa
fidelis 40. Lycosa shansia 41. Lycosa singoriensis 42. Cheiracanthium triviale 43. Hypochilus thorelli
44. Loxosceles similis 45. Mesabolivar sp 46. Pholcus sp 47. Pholcus phalangioides 48. Parachtes romandiolae
49. Phyxioschema suthepium 50. Atypus karschi 51. Calisoga longitarsis 52. Cyriopagopus hainanus
53. Ornithoctonus huwena 54. Songthela hangzhouensis 55. Liphistius erawan.

3.3. Protein-Coding Genes and Codon Usage Patterns

The RSCU of the mitogenomes of L. shansia and L. singoriensis was consistent with the
tendency of A + T in the genetic coding of most invertebrate mitogenomes (Figure 4). The
three most commonly used codons were AUU (encoding Ile), UAA (encoding Leu2), and
UUU (encoding Phe), all of which were composed of A and U. The three most commonly
used amino acids in L. shansia accounted for 43.04% of the total amino acids: Ile (20.57%),
Leu2 (12.1%), and Phe (10.37%). In L. singoriensis the three most commonly used amino
acids accounted for 38.59% of the total: Ile (17.65%), Leu2 (10.83%), and Phe (10.11%).
Codons rich in GC might have been abandoned in the process of evolution; for example,
CCG does not appear in L. singoriensis and appears only once in L. shansia.
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The lengths of the PCGs detected in the two newly sequenced mitogenomes ranged
from 151 bp to 1632 bp (Table 3). The AT-skew of the L. shansia PCGs ranged from −0.42 to
0.01, while that of L. singoriensis ranged from −0.22 to 0.05. Most PCGs used the standard
starting codon of invertebrate mitochondria (ATN), except for COIII, which started from
TTG (Table 3). Most PCGs in both mitogenomes terminated with a TAA or TAG codon,
whereas the remaining PCGs terminated at a single T codon (Table 3). This incomplete
termination codon is also present in other spider species (Araneae) and can be accomplished
by post-transcriptional polyadenylation [11,35].

We calculated the Ka/Ks values using 13 PCGs from 55 spider species (Figure 5) and
found that the mean and median values of Ka/Ks of ATP8 were the highest. This means
that ATP8 had more amino acid diversity and might have evolved more rapidly than other
PCGs in both species, for example it might have undergone looser selection constraints and
accumulated more mutations. In another study, ATP8 was found to be more likely to lose
its function [33], thus, ATP8 may be an effective marker for classifying a species into several
sub-populations. The mean and median values of Ka/Ks for COI were the lowest. This
indicates that COI was under greater evolutionary pressure and had the slowest rate of
evolution among these genes. The Ka/Ks values for all 13 PCGs were less than 1 (Figure 5),
suggesting that purification selection might dominate the evolution of mitogenomes [36,37].
This is similar to the findings of other studies [38].
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3.4. Ribosomal and Transfer RNA Genes and Control Regions

Among the 22 tRNAs identified in L. shansia and L. singoriensis, serine and leucine
corresponded to 2 tRNAs, and the other 18 tRNAs corresponded to 1 amino acid each.
The longest tRNA of L. shansia was 68 bp trnR and the shortest was 41 bp trnT, with an
average length of 58 bp. Nine of the tRNAs overlapped with other genes with a maximum
number of overlapping bases of 25. In the sequence of L. singoriensis, the longest tRNA
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was 67 bp trnA and the shortest was trnT, with a length of 44 bp and an average length of
57 bp. Ten trnA-overlapping genes were also identified. The largest overlapping region
was of 28 bases, while the measured tRNA length was shorter than the average tRNA
length of arthropods (66 bp) [34] but similar to that of other arachnids. These truncated
tRNAs and the large area of gene overlap [11] might be factors contributing to the reduction
in spider mitogenome size. The lengths of rrnL were 1015 bp (L. shansia) and 1018 bp
(L. singoriensis) and were both located between trnL1 (CUN) and trnV. The lengths of rrnS
were 693 bp (L. shansia) and 706 bp (L. singoriensis) and were located between trnV and
trnQ. Both L. shansia and L. singoriensis exhibited only one CR between trnQ and trnM. The
CR of L. shansia was 984 bp, whereas that of L. singoriensis was very short (72 bp). Thus, this
sequence was the shortest of the 55 spider species used in this study, with only 13,686 bp
(Table 2). Although most mitogenomes were relatively stable, CR showed great variability
because it is a non-coding region. The CR region may vary greatly among different species
and even among individuals of the same species [2,39,40]. As shown in Figure 2, the
size of the CR also affected the size of the spider mitogenome [36]. After analyzing the
CR sequence, we found that there were many repetitive fragments in the L. singoriensis
sequence, but not in L. shansia’s, indicating that tandem repeats might be an important
factor affecting CR length. This conclusion has been confirmed in other animal studies [41].

Figure 6 shows the secondary structures of the 18 tRNAs successfully predicted in
the two mitogenomes. The other four tRNAs genes could not be predicted. Most of
these structures cannot fold into a typical cloverleaf structure. Metazoan tRNAs fold
into typical cloverleaf structures with an acceptor stem (acceptor), D stem-loop (DHU),
anticodon stem-loop (anticodon), and T stem-loop (TΨC). However, atypical tRNA struc-
tures have been observed in the mitogenomes of many arthropods [42], and their tR-
NAs typically lack TΨC. These atypical tRNAs can be functionally modified via post-
transcriptional editing [10,43,44]. In addition, some studies have reported that degenera-
tion of tRNAs might progress further, losing the TΨC-arm and DHU-arm to become armless
tRNAs [10,45]. For example, nine tRNAs of L. shansia and five tRNAs of L. singoriensis lost
the TΨC, while trnS1 and trnS2 of both spiders lost the DHU (Figure 6). Many examples
of mitochondrial tRNAs with one or both arms missing can also be found in several other
species of Araneae, such as the trnS of Tetragnatha maxillosa and T. nitens [34]. However,
when tagging and analyzing the tRNA structure of Lycosidae species, we found that the ac-
ceptors of some tRNAs were completely missing, forming an open-loop structure (L. shansia
trnC and trnT, L. singoriensis trnQ). This study is the first to predict the structure of tRNAs
in Lycosa spiders, although the results may be of limited accuracy due to the software used.
It is necessary to conduct further research on the tRNAs of Lycosa spiders by sequencing
more species.

3.5. Phylogenetic Analysis

Identical tree topologies were obtained by BI and ML methods (Figure 7). All
major branches in the tree were well supported by 0.526-1 BPP in BI analyses and 48–
100% BS in ML analyses. In addition, the topology was very similar to those of other
studies [11,34,46–50].

According to the phylogenetic tree, the Lycosidae family was divided into two groups:
the first group was recovered as (L. shanasia + L. singoriensis), and the second group was
recovered as (Pirata subpiraticus + (P. laura + W. fidelis)). This was well supported by both
the BI and ML analyses.
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4. Conclusions

The mitogenome structures of L. shansia and L. singoriensis were the same as those of
the other Lycosoidea species. In addition, many tRNAs lacked the T and D stem loops.
Noteworthy, a few tRNAs had no acceptor stems at all. We analyzed the nucleotide
composition and found that the mitogenomes of the two species exhibited negative AT
and positive GC skews. This is similar to other species in RTA clade. By analyzing the
Ka/Ks ratio for the 13 PCGs, we found that ATP8 may have undergone milder selection
constraints and accumulated more mutations. Furthermore, we reveal the position of two
Lycosidae species in the phylogenetic.
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