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H20014F 3845 55 — i s H B JU4% B B\(Hetero-
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61, GenBank## PEtLifieszmi i H B Bt 8 pi iR B PR 20
FPo1412%, &I H34RH3IR(RD). Hrh, R
FipREERIZH 7 a8 H 1946%, A5 5T H 16k A0k
HURERYEYI P, DA81MPS3 2% 58 B A b Ak ik R 2 1 47 (DN
JFr HLEE DR 5848 it Tt RiEAT e 850, W k6 H
12F}.
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A LR RS IR A 2 Ak o mi s H R ARBTL Rl AT
Lk N A T B ) 2 R AR R R 2H 2 B — HOIRDNA
AN, XA BN AR B\ A T DR 2L g —
FERATAZHRRAS . 2 NS m\ R DRI 20 56 il )7 s,
T A AR BN AR B2 R4 I R 42 f 201 K/ AS
LAY AR R, X R IRAE T RS A R I
Lok RS R 2H 2 2L 4.

1.2 R B s R A DRI 2 A /N B i PR 4

83 7F 5 BEmG L H B HL 4R A Ik R A e 4 KR AE
13656~40211 bp2 [8](F1), Ho &t KK AL /N8 I
(Haematopinus tuberculatus), Ft/NP) &M T E\(Liposce-
lis corrodens). Wik B & HUZ R A 3 DR 4H /N I
20000 bpy AR PAERH, S A ST A B
i 18.1%(E 1) AR, BARR BhL RS R 2 1)
IR GLEARLER/D, (HR ARG S X B N A FE AR S
FHUEA LR AR R 20 1) Bl A S BORGE I N, Zokifk
LD AR g 5 X A A B2 AR 7 AT BE 2 H AR IEFR R 45 2R,
R RESE BENL A 174, EAT TR B H R sd S ] R
A HEF.

AR W BB 2 K s AR R,
AT WS H B ORI 8 5T g i 2 DR 4G S
MR TR E. GRER, apSEERERR, 1)
KEN167 bp; nad5HEH K, FHKE N1666 bp
(K3A). HilF—&ERMNE, YA EEER,
SRR E SR T A g e, eyrbMnad2,
nad4, nad5VAFnad6FER, FACREAR FAREC T HAhE
F s A SR 2. AR — 3R, cyb R
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Table 1 Information for sequenced mitochondrial genomes in Psocodea
T H 4 LA K (bp) PRGNS SR
145 B (Lepidopsocidae) 1 16924 1 [22]
LG H BmiBL(Psyllipsocidae) 1 18512 1 [23]
(Trogiomorpha) HEmi R (Prionoglarididae) 3 15685~17244 1 [23]
Gimh L (Trogiidae) 2 15763~16299 1 [24,25]
5 B (Psocidae) 3 14442~15589 1 [23,26,27]
% BH Archipsocidae) 1 15349 1 [23]
Bemi BH(Stenopsocidae) 1 16991 1 [28]
15 &} (Peripsocidae) 1 15745 1 [29]
B 73 Wi BH(Lachesillidae) 24 15680~17797 1 [23,29]
(Ps;fi%ijipha) Ak EHEctopsocidae) 1 15586 1 [29]
YA FH(Elipsocidae) 2 15201~16088 1 [29]
HE FL G AL (Paracaeciliidae) 2 16130~16457 1 [29]
HLIE L (Caeciliusidae) 2 15753~15966 1 [29]
XU R Amphipsocidae) 2 16041-16480 1 [29]
M AL Asiopsocidae) 1 16612 1 [29]
s A= MRk Liposcelididae) 13 16430~17424 1~7 [30~35]
(Troctomorpha) M Bl (Amphientomidae) 1 14904 1 [23]
J& 411 P A FH(Menoponidae) 5 14683~17624 1~3 [36~38]
19 5 Bl (Ricinidae) 1 13841 1 [38]
B H £ 5 A BN Trimenoponidae) 1 16333 3 [38]
(Amblycera) 48 R 5 FH(Boopidae) 2 14670~14744 1 [38,39]
7K 5 B\ Bl (Laemobothriidae) 1 15052 3 [38]
FCF VB Gyropidae) 1 13632 7 [38]
457 H 43P &R Trichodectidae) 4 17757~23293 12,13 [36]
(Ischnocera) K #1 3 EFH(Philopteridae) 31 12631~38084 1~17 [36,40~45]
(Rhy%c%l‘pﬂhzt}? rina) % 9 5\ £} (Haematomyzidae) 1 25349 10 [46]
Z W &L (Polyplacidae) 3 18283~28490 11 [47,48]
FH i B\ L (Hoplopleuridae) 3 14294~27162 11,12 [47,49]
% w FH(Microthoraciidae) 1 30137 12 [50]
T H # E\ B (Haematopinidae) 4 19942~40211 9,10 [51~53]
(Anoplura) [ E B (Pthiridae) 2 25646~26746 15~17 [54~56]
N EEH(Pediculidae) 3 22426~25948 18~20 [54,57,58]
FREFH(Pedicinidae) 2 19760~37589 12~14 [55]
145 i FH(Echinophthiriidae) 5 15356~19496 9~12 [56]

5751099 bp, H A R EERS (Lepinotus reticulatus) cytb
&K, 71194 bp; —M 5 8\(Trichophilopterus ba-
bakotophilus)f)cytb 5 K i i1, 1F 612 bp™+I([&]2). 44
M, A4 7 R cyeb B2 DR 5 HAd I Zob & EUAH EL, AH
AN Z930%. SR 5, RACERLAREL R H 13426
WL T B DR K BT B B AR TR R i, i
FER A LR T AR T gmhd SR 1K AR 5 (KI3B
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Figure 1 Mitochondrial genome sequence length from different
suborders in Psocodea

PRI, — b T 18 25 A B\(Falcolipeurus quadripustulatus)
1) B T R 2L 40 A T > cox 3BE [R5 DL, 19 5 AHABLRE
I8 99.6%0. BRI, 8 1T g it Jk R R R 0 A
RITLRARE AR | FIEERV . BRI 5 A
AREE A LU =R OL (1) RBP4 AR
A FELFPEVER R 20, (1) FRIERTRESF
FETREERMIA Gk b (i) FRIEE AT Retl
B ERIEER A .

L3 R B ORI 2 25 A S 5 i
K

AN ERLARIE N R AN M+ fR ST, A

Lepinotus reficulatus

............................... G c A TC CTWCG|
Trichophilopterus babakotophilus 1ATTTTTTTTTACAAAATTTTTTTTAATAAATC TGCGT

Lbidoecus bisignatus

Lepinotus reficulatus

Lepinotus reticulatus

Lepinotus reticulatus CATT CEEC|
Trichophilopterus babakotophilus 340 GTIRTTTAGGAREA
Lbldoecus bisignatiss; 295 n H FACC-GIT
Lepinotus reticulatus ¢

Lbidoecus bisignatus A [T G AG IA

B— A IIRDNAS 7. SR10, Wk H o B R 2Rk
IR R A R 2 I G, Biltn, i m g
PRI DR 20 A0 9 2~T N OA G A, T B AR L2 R
B ZH RN FR AR B i, — MO 9~ 201 A e £
. Bl B5UE AR EE B P 2R ik 5 K 4 1
RAERMIGR. (B, Fal. #r BEf SR ke
LRRIAARSE N A RIS T, m A R R kA
FERA T, JFIERRAEERE KR, B2
JE W Fh AT 22

BN RN A e [R) 2L i 2 2L e e e — e i DL
R, WK AT & B AAT i RHZ K 2 50 dL 28 b g
DR 2H ) S PR AR 00 s A 35 (R 21 e K P AT 45

AT BE A L T S 004 (G R B IE (O T R, i mEnd
(A) R i Fi ez g (T)A% 1R 7 2L B D B kT B &
JRION, g R AR [N 4 AR B B B AT i
A1 (57.0%~79.7%), 1B [F SR A fr 22 7. Hodr, 2
AR EE R AT & B AR T FET1.1%~79.7% (8], 1M
i AN AT A B 2R R A AT & & 9 9 7£68.6%
~77.5%F157.0%~79.3% 8], TIN5 H(E4A). A5
MrR I, Wi B B R RE R AR R HAT S 7K
T70%, THRALZERARTE R ZHAT & 8 1E57.0%~78.6%
Z 8], Wi B W 7 e (B4B). EE IS H R
R LR AR IE R 21 5 AT & B DI e, R0
PETH LRI R A 5 RN S kR, L Re s k2

T CCCACC

A CTTT.A T AMTCCC - A u CT 80
T T C CGTATCAAGTA A A Al 113
A G A T clcEGTT TG 68
C T GA| AC A A Al C
Trichophilopterus babakotophilus 1 14 G T T l T TTENTHRTTAT
Lbidoecus bisignatus T Al G| { T
A CA e C-A TTHC 306
Trichophilopterus babakotophilus 227 G A T C T AA T GCT 339
Lbidoecus bisignatus 182 AT T T AATA] ACTHG) 294

TCAG CAC 193
CA/ 226
A GAT T 181

Lepinotus reficulatus 533 ABAT ATCTA-A_CC.CITiTT-C-C-C_TC-AT_C-A_TIAAAITTA-C 645
Trichophilopterus babakotophilus 555 .................................................................. 612
Lbidoecus bisignatus il T IAATCATA GG T ¢ 7 IAGTIRGAT AT 11T c CGii AT A R AGGAA Gl G CAATIGE T IICEGRART T CRCCTRAT 633

Lepinotus reficulatus
Trichophilopterus babakotophilus
Lbidoecus bisignatus

Lepinotus reficulatus
Trichophilopterus babakotophilus
Lbidoecus bisignatus

Lepinotus reficulatus
Trichophilopterus babakotophilus
Lbidoecus bisignatus

Lepinotus reficulatus
Trichophilopterus babakotophius
Lbidoecus bisignatus

Lepinotus reficulatus
Trichophilopterus babakotophilus
Lbidoecus bisignatus

B2 s H =M R Rl ey 3 K 2 7 41 E B

634 TGWT T ANAKAT T TCTTNTCATCCT NATTTTTGANATAAAGACGT TITGEGAT T TGN T GINGTATTAAT TAT TENTACEGTTACAT TAATT T THCTECCTGAT GTATTCATAGA 746
759 TCCAGATAACTIT CATTC C CGCAAACEET CTTHCCACACCAGT TICACATCCAACCAGAA TEGATATTT C CTATTTGE CTACGC CATT T TACGATCAAT CCCTAATAAACTAGGTE 871

747 WCCT GATAATITT T CTGT AGCAAAT CCTATATCAACTCCTGC CCAT AT T CAACCGGAGTGATATIT T T FATTTGC T FACGCAATT CT T CGGTCT AT T CCTACTAAATTAGGAG 859
872 GEGTATTGGEC CT C CTATTTTCAATTATAAT CTTATTTATTATACCATTNT CCAANTCC - - AAATTCCGCT CARCAT CATTTTAC CCAT T AAATANAACCCTGTTTTGATTAT 982

860 GEGTAGTAGEA T A G TATIITC T AT GIAAT T IFATITATIAT T COCTTTAT TAGKAGAGGARRAAAT AAAAGACT TARTIERT A TCATARAATAA - - - -
983 77 THATGAAT CTITIT AT C FATTAAC CTIGATIG (GGG ECA KA RCCAGTAGARA A TICCATIIT AT CAT A CAR CA CRAGTIATITIAAGAGT ACTT A CT CAG AT T C CERART 1095

968 AAGTTCTAAT TTTI C NI T WATTAACGTGATI T AGGA GC CATACCAGTAGAAT T TICCATIN T MAATAATAAGAARAAT TN T TET T CCATGTATINTA - - ERTTTATAATENTAT 1078
1096 CCTCMAATTANAAAAAGATGAGAT CTAATTATTTATACAACAATTAAGT CTAAAAAAAAATTAAAAATAAATAAATACCAATATAAAATAATATTATAA 1194

------------------------------------------------- 1089

646 ATGA TANAAT CCCATT CCATCCATT ITTTTC CAT TAAAGAT CTATTAGGATACCRATITTTCETCACTATICETATTEACCTTAAATTHGAATT CECETTACTTATTAGGAGA 758

Figure 2 Multiple sequence alignment of cytb gene of three representatives in Psocodea
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Figure 3 Statistics of the mitochondrial protein-coding gene length in Psocodea. A: Box plots of the lengths of 13 mitochondrial protein-coding
genes; B: comparison of the total length of mitochondrial protein-coding genes between fragmented and unfragmented mtDNA; C: comparison of the
length of mitochondrial complex I protein-coding genes between fragmented and unfragmented mtDNA. Note: “*” indicates significant difference.
“H** (Part B, P=0.0002, student’s ¢ test; part C, P=0.0001, student’s ¢ test)
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Figure 4 Different patterns of AT content in fragmented and unfragmented mtDNA in Psocodea. A: AT content of mitochondrial genomes from
different suborders in Psocodea; B: comparative of AT content between fragmented and unfragmented mtDNA. Note: “*” indicates significant
difference. “***” (P<0.001, student’s ¢ test)
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Figure 5 AT and GC skew scatter plot of mitochondrial genome in Psocodean insects (The calculation formulas of GC and AT skew: AT skew=(A

—T)(A+T); GC skew=(G—C)/(G+C))
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TIREEHAH G, AT 387 JE (R 4 Py 3 Bl 4 1] 1) J8 Ak
KA. Wik B B R ZORR S (5 G i 2 R 1) 4 2 6
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Evolutionary characteristics and origin of fragmented mitochondrial
genomes in Psocodea
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The mitochondrial genome (mtDNA) of insects exhibits high conservation in gene content, gene order, and topological structure.
However, Psocodean insects display notable variability in their mitochondrial genomes, including gene duplication and lost, extensive
gene rearrangement, and mtDNA fragmentation. In order to gain a deeper understanding of the evolutionary attributes and
fragmentation mechanism within Psocodea, comparative analyses of the complete mitochondrial genomes of 81 Psocodean species
were conducted in this paper. The results are listed as follows: (i) Twenty-seven species have fragmented mitochondrial genomes,
with parasitic lice exhibiting significantly higher fragmentation levels compared to booklice. (ii) The AT content of fragmented
mtDNA is significantly lower than that of unfragmented mtDNA. (iii) Mitochondrial genes in booklice underwent extensive
rearrangements, resulting in the absence of shared gene boundaries. However, the level of gene rearrangement was not directly related
to mtDNA fragmentation. (iv) Mitochondrial genomes of booklice often contain different types of mitochondrial pseudogenes. (v)
The fragmentation of mtDNA structure may be associated with the purification selection of relaxed mitochondrial protein-coding
genes. (vi) Phylogenetic analysis supported that booklice and parasitic lice are sister groups, suggesting that Psocoptera and
Phthiraptera should be merged into the Psocodea superorder. (vii) The mechanism of mtDNA fragmentation in Psocodea primarily
involves the loss of key genes responsible for mtDNA stability, mtDNA recombination, mitochondrial gene duplication and random
deletion events. (viii) mtDNA fragmentation occurred independently at least 18 times in Psocodea. Additionally, this paper
summarizes the application of mitochondrial genes in the study of Psocodean insects and proposes future research direction for
Psocodean mitochondrial genomes. In summary, this review provides a new perspective for understanding the evolutionary
characteristics and formation mechanism of fragmented mitochondrial genomes in animals.

Psocoptera, Phthiraptera, gene rearrangement, chromosome recombination, pseudogene
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