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The first mitogenome

of the subfamily Stenoponiinae
(Siphonaptera: Ctenophthalmidae)
and implications for its
phylogenetic position

Xiaoxia Lin, Ju Pu & Wenge Dong**

Fleas are the most important insect vectors that parasitize warm-blooded animals and are known
vectors of zoonotic pathogens. A recent study showed that Stenoponia polyspina parasitizing
Eospalax baileyi in Zoige County have carried Bartonella spp. and Spotted fever group Rickettsia
(SFGR). Accurate identification and differentiation of fleas are essential for prevention and control
of zoonotic pathogens. To understand phylogenetic relationship of the subfamily Stenoponiinae,
we described morphological characteristics of S. polyspina and sequenced its mitogenome with
14,933 bp in size and high A +T content (~79%). The S. polyspina mitogenome retained the ancestral
pattern of mitochondrial gene arrangement of arthropods without rearrangement. The start
codons of 13 protein-coding genes (PCGs) are traditional ATN and the stop codons are TAA or TAG.
Anticodon loops of all tRNA genes were 7 bp except for trnL, and trnD had anticodon loops with

9 bp and the abnormal anticodon loops may be associated with frameshifting mutation. Genetic
distance and Ka/Ks ratios indicated that all 13 PCGs of S. polyspina were subjected to purifying
selection, with cox1 at the slowest rate and atp8 at the fastest rate. The mitogenomes of 24 species
representing 7 families in the order Siphonaptera were selected to reconstruct phylogenetic tree
based on concatenated nucleotide sequences of two datasets (PCGRNA matrix and PCG12RNA
matrix) using Bayesian inference (Bl) and Maximum likelihood (ML) methods. Phylogenetic tree
supported that the superfamilies Ceratophylloidea, Vermipsylloidea, Pulicoidea were monophyletic
and the superfamily Hystrichopsylloidea was paraphyletic. The family Ctenophthalmidae was
monophyleticin PCGRNA-ML (codon partition) and paraphyletic in the remain trees. S. polyspina
belongs to the subfamily Stenoponiinae was closely more related to the subfamily Rhadinopsyllinae.
This paper explored phylogenetic position of diverse clades within the order Siphonaptera based on
morphological and mitogenome data of S. polyspina. Our research enriched NCBI database of the
order Siphonaptera.
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Fleas (Arthropoda: Insecta: Siphonaptera) are holometabolous insects with body flattened, legs developed, climb
and jump well, prick-sucking mouthparts and generally parasitize birds and mammals!. Fleas are important
insect vectors that transmit a wide range of zoonotic agents by feeding on blood of host, including Bartonella
spp., Yersinia pestis, and Rickettsia spp>’. A recent study showed that S. polyspina parasitizing Eospalax baileyi
in Zoige County carried Bartonella spp. and Spotted fever group Rickettsia (SFGR)*. Fleas are highly sensitive to
host’s temperature. They will leave their original host and look for a new host when the host’s temperature is too
high or descend. It will increase new or recurring risk of plague and other infectious diseases®. With 16 species,
the subfamily Stenoponiinae is primarily found in the Palaearctic and is distinguished by its larger body size
and dark brown with striking genal comb spanning most lateral portion of head®. Accurate differentiation and
identification of fleas has been performed by morphological characteristics, such as the shape and structure of
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complex genitalia and distribution of setae, spines and ctenidia of body’~°. However, there are still challenges in
identifying related species and cryptic species with similar morphological characteristics. Therefore, Phylogenetic
position was inferred in diverse families within the order Siphonaptera based on morphological characteris-
tics and molecular data of S. polyspina. These results will provide technical support for accurate diagnosis and
improved prevention and treatment of zoonotic parasitic diseases.

Sampling locality was Zoige County in China, which was geographically unique in the intersection of Sichuan,
Qinghai, and Gansu Provinces. Some of its neighboring counties have been plagued by plague, i.e., Xiahe and
Luqu Counties in Gansu Province, Maqu and Jiuzhi Counties in Qinghai Province, as well as Chengdu in Sichuan
Province, which were listed as natural plague foci'®. Additionally, Zoige County is abundant in natural resources
and animals and frequent human-animal contact, so there was potential plague risk. Research on fleas in Zoige
County may provide some perspective for prevention and control of flea-borne diseases.

To date, most researches on the order Siphonaptera have focused predominantly on morphology and single-
gene molecules, with the taxonomic status of the family Ctenophthalmidae remaining controversial. Medvedev,
1998 placed the family Ctenophthalmidae under the family Hystrichopsyllidae and assigned it a subfamily status
based on morphology'". This is the opposite of Lewis, 1993'% Whiting et al., 2008 first performed formal branch
analysis of the order Siphonaptera based on 28S, 18S, COII and EFI-a, and reported that the family Ctenoph-
thalmidae has highly paraphyletic'’. Acosta et al., 2013 performed phylogenetic analyses that placed the tribe
Phalacropsyllini based on 18S and 28S gene sequences. The taxonomic status of the genus Catallagia, previously
assigned to the tribe Phalacropsyllini, and now assigned to the tribe Neopsyllini'*. Zurita et al., 2015 assessed
the monophyly of the subfamily Stenoponiinae based on ITS1, ITS2, cox1, 18S gene sequences and suggested
promoted to the family level®. Therefore, the family Ctenophthalmidae is currently in a rather confused position
at the family, subfamily and genus levels. The S. polyspina mitogenome from the subfamily Stenoponiinae was
reported for the first time in this study, which fills gap in the subfamily Stenoponiinae mitogenomes. Additionally,
we selected the newly sequencing S. polyspina and twenty-three species of the order Siphonaptera mitogenomes
downloaded from the NCBI for phylogenetic analyses, based on concatenated nucleotide sequences of two
datasets (PCGRNA matrix and PCG12RNA matrix) to study the controversial phylogenetic status of the family
Ctenophthalmidae within the order Siphonaptera.

Materials and methods

Sample collection and morphological identification

Stenoponia polyspina was collected from Eospalax baileyi (No. 133; Date: October 2021; Sampling location: Zoige
County, Sichuan Province, China) for morphological and molecular data analysis. Collected specimens were
preserved in 95% ethanol and stored at — 80 °C refrigerator until use. Morphological identification at the species
level was performed and photographed using a SZ2-ILST dissecting microscope (Olympus, Tokyo, Japan) accord-
ing to the identifying features described in the Fauna Sinica Insecta Siphonaptera®. Specimens were deposited
at the Institute of Pathogen and Vector Biology, Dali University. This study was approved by the Animal Ethics
Committee of Dali University (Approval No. MECDU-201912-20).

Mitogenome sequencing, assembly and annotation

We extracted total genomic DNA from flea tissue using the DNeasy Tissue Kit (Qiagen, Germany), following
the manufacturer’s protocol. Total DNA was subsequently sent to Shanghai Winnerbio Technology Co., Ltd.
(Shanghai, China) for sequencing. All amplicons were sequenced with Illumina Novoseq 6000 platform'. To
make assembly sequence more accurate, raw data were quality controlled and spliced using Trimmomatic v.
0.35'° to remove low-quality and splice contaminated reads to obtain clean reads. Clean reads were assembled
de novo using MitoZ 2.3'”. To ensure accuracy of mitogenome, sequencing depth of assembled sequences should
generally be > 100x. The sequencing depth of S. polyspina was 206.157X, which ensured accuracy of single bases
in the S. polyspina mitogenome.

The MITOS server'® was used for initial annotation. However, the MITOS server often could not correctly
identify the start and stop codons, so these were manually annotated by aligning the sequences with the annotated
mitogenome data of the other fleas downloaded from GenBank. Annotation results were imported into Geneious
Prime, compared with the reference dataset, and the start codon and stop codon positions of protein-coding
genes were adjusted. Twenty-two tRNA genes were predicted using ARWEN", tRNAscan-SE 2.0%° and MITOS".
Two ribosomal RNA (rRNA) genes were confirmed by comparison with homologous genes from other published
flea species®?2. The S. polyspina mitogenome was deposited in GenBank under accession number OR834393.

Nucleotide composition and codon usage were calculated using MEGA11%, and the Kimura-2-parameter
model was used to calculate genetic distance. KAKS_Calculator 2.0?* was used to calculate the non-synonymous
substitution rate (Ka) and synonymous substitution rate (Ks).

Phylogenetic analysis

Phylogenetic tree of 24 species representing 7 families of the order Siphonaptera was constructed and Boreus
elegans as the outgroup by combining the newly sequencing S. polyspina and twenty-three species of the order
Siphonaptera mitogenomes downloaded from the NCBI (Table $1)2%*2>-%, Sequences were aligned in batches
using MAFFT v7.313%. Ambiguously aligned positions were trimmed using Gblocks®” and alignment of indi-
vidual genes was concatenated into two datasets: (i) the PCGRNA matrix, which included thirteen PCGs and
two rRNA genes (13,025 bp in total) and (ii) the PCG12RNA matrix, which included the first and second codon
positions of the thirteen PCGs and two rRNA genes (9,269 bp in total). Using ModelFinder®, two datasets were
identified based on BIC criterion to construct best substitution model for ML tree and BI tree (Tables S2 and
$3). Maximum likelihood (ML) and Bayesian analyses (BI) were inferred using IQ-TREE* and MrBayes®’,
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respectively. The ML tree was selected by an ultrafast bootstrap approximation approach with 5,000 replicates.
The BI tree was inferred with four independent Markov chains (MCMC) run for 1,000,000 generations and
sampled every 1000 generations, with the first 25% discarded as burn-in. FigTree v.1.4.4 (http://tree.bio.ed.
ac.uk/ software/figtree/) was used to visualize the phylogenetic trees, in which PCG12RNA-ML (gene partition),
PCGI12RNA-ML (codon partition) and PCG12RNA-BI (gene partition) were used to obtain consensus trees,
and finally we obtained six phylogenetic trees.

Results

Morphological identification

Male: The genal comb with 14 spines, eyes vestigial, occipital row bristles in order 4, 6, 9, pronotal comb with
40 spines. The abdominal comb I 32 spines, tergum II-VI apical spinelet in order 4, 2, 5, 0, 0, four antepygidial
bristles. There are four long bristles and four short bristles on posterior margin of sternum VIII. The movable
process is longer, 4.5-5.0 times as long as wide. End of immovable process bluntly rounded almost as high as
movable process. The end of the apical arm of sternum IX extends distinctly posteriorly with bristles of approxi-
mately 40, and the proximal part of the anterior margin usually projects upward (Fig. 1A).

Female: The genal comb with 17 spines, eyes vestigial, occipital row in order 4, 6, 10, pronotal with comb 40
spines. The abdominal comb I 42 bristles, tergum II-VI apical spinelet in order 6, 4, 3, 4, 0. The tergum VIII has
a small inner concavity at the posterior margin, with coarse bristles in a row behind the six antepygidial bristles.
The posterior margin of sternum VII has a deeper and wider concavity forming a wide dorsal lobe and a narrower
ventral lobe, but there is greater variability in shape (Fig. 1B).

Mitogenome structure and organization

The S. polyspina mitogenome was 14,933 bp in size, except for non-coding region (incomplete sequenced in this
study). Gene arrangement patterns of S. polyspina are consistent with that of the putative arthropod ancestor
(Drosophila yakuba)*', which contained 37 typical mitochondrial genes (13 PCGs, 22 tRNAs and 2 rRNAs).
Among them, 23 genes were located on the majority strand (J-strand), including 9 protein-encoding genes and
14 transfer RNA genes, and the remaining 14 genes were located on the minority strand (N-strand) (Fig. 2,
Table 1). Nucleotide composition of S. polyspina was A (39.2%), T (39.6%), C (13.0%), G (8.1%), and AT content
(78.8%) was higher than GC content (21.2%) with significant AT bias. Additionally, the S. polyspina mitogenome
presented negative AT-skew (-0.005) and GC-skew (-0.231) (Table 2).

S. polyspina has an extremely compact mitochondrial (mt) genome with 37 genes on a single circular chro-
mosome. Overlapping regions and intergenic spacer regions with different sizes were found. There were 15 gene
overlaps ranging from 1-8 bp in size. The longest overlap sequence was 8 bp between trnW and trnC. There
were 10 gene intergenic sequences ranging from 1 to 10 bp in size. The longest intergenic sequence was 10 bp
between trnS, and nadl (Table 1).

Protein-coding genes and codon usage

The total length of 13 PCGs was 11,124 bp, accounting for 74.5% of the S. polyspina mitogenome. AT content
of 13 PCGs with ranging from cox1 (71.3%) to nadé6 (86.5%) (Table 2). The start codons of all PCGs are ATN.
The stop codons are TAA or TAG (Table 1). The relative synonymous codon usage (RSCU) of the S. polyspina
mitogenome was calculated. The most frequently used codons were UUA (4.76). Twenty-eight codons were
preference codons (RSCU > 1). Three GC-rich codons, CUG, ACG, and GUG, were unused among 64 codons
encoded invertebrate mitochondrion (Fig. 3). Most codons with high RSCU values ending with A or T and had
significant AT preference (Fig. 3). Leucine (16.2%), Isoleucine (11.6%), Serine (10.0%), Phenylalanine (9.7%),
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Figure 1. Morphological characteristics of 1(A) male and 1(B) female of the Stenoponia polyspina.

Scientific Reports |  (2024) 14:18179 | https://doi.org/10.1038/s41598-024-69203-y nature portfolio


http://tree.bio.ed

www.nature.com/scientificreports/

T

Sy
14
o ”ad2
Q
- < 0, \
Stenoponia polyspina 7 L2\
14, 933b
CR »720P X\

\ Eospalax baileyi 7 ¥
RS2 o4 P E,

© )
NS¢ oo
R nad4 ol

==

Tvpey

Figure 2. The circular map of the Stenoponia polyspina mitogenome (note: The morphological figure of
Eospalax baileyi from Handbook of the mammals of the world: vol. 7: rodents II)*%

Methionine (9.3%), and Asparagine (6.5%) were more abundant than the other amino acids and accounted for
more than half of all amino acids (63.3%) (Fig. 4).

Ka/Ks and genetic distance

The evolutionary rates of 13 PCGs of S. polyspina were analyzed. Ka/Ks ratios ranged from 0.0220 to 0.2315. Ka/
Ks ratios were less than 1. It indicated that purifying selection was dominant in the S. polyspina mitogenome. The
lowest Ka/Ks ratios for coxI gene indicated that the gene has been subjected to stronger functional constraints
during evolution and had the lowest mutation. The highest Ka/Ks ratios for atp8 gene indicated that the gene
has been subjected to relatively weaker selection pressure and has stronger non-synonymous mutation (Fig. 5).
Additionally, Kimura-2 parameter (K2P) distances among 13 PCGs in the S. polyspina mitogenome was cal-
culated, indicating that coxI gene had the smallest distance, and afp8 gene had the largest distance (Fig. 5). In
conclusion, atp8 was the most variable gene, while cox1 was the most conserved gene.

tRNA and rRNA genes
We identified 22 tRNA genes typical of bilateral animals in the S. polyspina mitogenome. These genes ranged
from 61 to 69 bp in length, with a total length 1405 bp (Table 1). The inferred tRNA genes all presented typical
cloverleaf secondary structure, except for trnS; which lacked the D-arm (Fig. 6). A total of 18 G-U mismatches
were showed in 22 tRNA genes. The anticodon loops were 7 bp for all tRNAs except for the 9 bp anticodon loops
of trnL, and trnD (Fig. 6).

Both the large subunits rRNA gene (rrnL) and small subunits rRNA gene (rrnS) were on the N-strand. The
rrnL gene with 1,299 bp was located between trnL; and trnV, while the rrnS gene with 782 bp was located between
trnV and control region (CR). Total length of two rRNA genes in S. polyspina mitogenome was 2081 bp, with an
AT content of 81.9% and strong AT bias (Table 2).

Phylogenetic analysis

The ML and BI trees constructed using nucleotide sequences in this study;, it revealed that the superfamilies Cera-
tophylloidea, Vermipsylloidea and Pulicoidea were monophyletic, but the superfamily Hystrichopsylloidea was
paraphyletic (Figs. 7 and 8). The family Ctenophthalmidae was monophyletic in PCGRNA-ML (codon partition)
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Gene Strand | Location Size Anticodon | Start/stop codon | Intergenic Nucleotides
tRNA-Ile(T) H 150-212 63 GAU

tRNA-GIn(Q) | L 212-280 69 UUG -1
tRNA-Met(M) H 284-347 64 CAU 3
nad2 H 351-1364 1014 ATT/TAA 3
tRNA-Trp(W) | H 1363-1427 65 UCA -2
tRNA-Cys(C) L 1420-1480 61 GCA -8
tRNA-Tyr(Y) L 1481-1543 63 GUA

coxl H 1541-3076 1536 ATC/TAA -3
tRNA-Leu(L2) H 3079-3142 64 UAA 2
cox2 H 3143-3823 681 ATG/TAA
tRNA-Lys(K) H 3825-3893 69 CTT 1
tRNA-Asp(D) H 3894-3956 63 GUC

atp8 H 3957-4118 162 ATT/TAA

atp6 H 4112-4786 675 ATG/TAA -7
cox3 H 4786-5568 783 ATG/TAA -1
tRNA-Gly(G) H 5569-5633 65 UcCC

nad3 H 5634-5984 351 ATT/TAG
tRNA-Ala(A) H 5983-6045 63 UGC -2
tRNA-Arg(R) H 6045-6105 61 UCG -1
tRNA-Asn(N) H 6110-6174 65 GUU 4
tRNA-Ser(S1) H 6175-6242 68 UCcu

tRNA-Glu(E) H 6243-6304 62 uucC

tRNA-Phe(F) L 6303-6365 63 GAA -2
nad5 L 6365-8080 1716 ATG/TAA -1
tRNA-His(H) L 8082-8142 61 GUG 1
nad4 L 8142-9479 1338 ATG/TAA -1
nad4L L 9473-9760 288 ATG/TAG -7
tRNA-Thr(T) H 9763-9825 63 UGU 2
tRNA-Pro(P) L 9826-9889 64 UGG

nadé H 9892-10,398 507 ATC/TAA 2
Cytb H 10,398-11,531 1134 ATG/TAG -1
tRNA-Ser(S2) H 11,530-11,592 63 UGA -2
nadl L 11,603-12,541 939 ATG/TAA 10
tRNA-Leu(L1) L 12,543-12,605 63 UAG 1
rrnL L 12,606-13,904 1299

tRNA-Val(V) L 13,905-13,967 63 UAC

rrn$ L 13,967-14,748 782 -1
incomplete CR 1-149;14,749-14,933 | 149; 185

Table 1. Organization of the Stenoponia polyspina mitogenome.

and was paraphyletic in the remaining trees, including the subfamilies Rhadinopsyllinae, Ctenophthalminae,
Neopsyllinae and Stenoponiinae, but was poorly supported (Boot=23-65; Bpp=0.507-0.857). The subfamily
Stenoponiinae was closely related to the subfamily Rhadinopsyllinae, with strongly support for both the ML and
BI trees (Boot=94-97; Bpp=0.857-1).

Discussion
The order Siphonaptera (fleas) are extremely specialized insects. To adapt to their hosts, fleas developed a variety
of combs and backward-facing bristles that made it difficult for the hosts to get rid of it. Some research showed
the adaptive characteristics of fleas and suggested that the super-heightened development of setae, spines and
combs was often related to host characteristics—these structures were related to life and death of parasitic fleas®.
In addition, some researchers have studied the number, thickness, length, position, and size of inter-spine spaces
of pronotal comb, as well as the overlapping of certain combs, and thought that they were not only related to the
nature of host’s plumage and the size of diameter, but also to ecological habits and environment of host and flea
species itself, which could be categorized as adaptive features**. Although E. baileyi has a large amount of hair,
it is short, thin and soft. S. polyspina has developed abundant combs to grasp its host.

In the complete mitogenome of Ctenocephalides felis felis, we found that the CR region is very long (up to
6 Kb), and there are many repeated sequences”. This study based on next-generation sequencing (NGS) with
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nadl 323 463 |6.8 146 |78.6 |-0.179 0.363
nad2 356 | 463 |11.7 |64 819 |[-0.13 -0.293
nad3 325 484 |11.7 |74 80.9 | -0.197 -0.224
nad4 339 457 |72 132 |79.6 |-0.147 0.289
nad4L 36.1 |47.6 |42 122 837 |-0.137 0.489
nad5 352 |45 6.8 13 80.2 | -0.123 0.316
nad6 39.6 | 469 |8.7 4.7 86.5 | —0.084 —-0.294
cox1 317 1396 |156 |132 [713 |-0.111 —-0.084
cox2 351 |40.2 | 148 |9.8 75.3 | -0.068 -0.202
cox3 305 (421 (153 |12 72.6 | -0.16 -0.121
atp6 347 421 138 |95 76.8 | —0.097 -0.185
atp8 383 |438 |142 |37 82.1 —0.068 -0.586
cob 32,6 (425 |145 |104 |75.1 -0.131 -0.163
PCGs 339 (439 |111 |11.1 |77.8 |-0.128 0.002
rRNAs 40.5 | 414 |6.1 12.1 | 819 |-0.011 0.328
tRNAs 41 386 |83 12 79.6 |0.029 0.182
‘Whole genome 39.2 396 |13 8.1 78.8 | —-0.005 —-0.231

Table 2. Nucleotide composition and skewness of the Stenoponia polyspina mitogenome.
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Figure 3. Codon distribution and RSCU of the Stenoponia polyspina mitogenome.

a short reading length. The presence of repeated sequences, stem-loop structure and AT-rich motifs in the CR
region makes it difficult to obtain the complete mitogenome of S. polyspina. We sequenced only the partial
control region of the S. polyspina mitogenome, and AT content reached 78.8%. If control region of the S. poly-
spina mitogenome was sequenced completely, the AT content would have been greater than 80%. A study of
holometabolous insects has indicated that sequences of the orders Lepidoptera, Trichoptera, and Siphonaptera
were more A + T rich than those of the orders Diptera and Mecoptera®. We speculated that fleas require more
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Figure 4. The proportion of each amino acid of the Stenoponia polyspina mitogenome.
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Figure 5. Ratios of Ka/Ks and K2P distances of each protein-coding gene among Stenoponia polyspina.

energy for jumping, and that fleas specialize in sucking blood and must have adenosine triphosphate (ATP) in
their blood to do so', which result in their high AT content.

We found that the S. polyspina mitogenome is highly conserved and its gene arrangement patterns are consist-
ent with that of the putative arthropod ancestor (D. yakuba)*!. There are 28 codons with RSCU values > 1, which
is consistent with other holometabolous insects*. The 22 tRNA genes all presented typical cloverleaf second-
ary structure except for trnS; which lacked the D-arm, which is typical feature of the metazoan mitogenome®’.
Additionally, we calculated Ka/Ks ratios for 13 PCGs of S. polyspina, and all ratios < 1, indicating that they were
subjected to purifying selection and had the slower evolutionary rate. The slower evolutionary rate of S. polyspina
might be the following reasons: (1) Due to long-term interactions between parasites and hosts, some features
of parasites are closely related to biological characteristics of their hosts*. The slower evolutionary rate of S.
polyspina might be related to its hosts. S. polyspina only parasitize E. baileyi as a single host and has a small range
of activity, mostly living in burrows and activity time was shorter outside the nest, lasting only a few minutes to
a few tens of minutes®. Like the lazy behavior of the E. baileyi, it may make the S. polyspina relatively conserva-
tive in genetics and slow in evolution. (2) Some research indicated that the evolutionary rate of the bilaterian
mitogenome was: endoparasites > ectoparasites with reduced locomotory capacity > free-living lineages with low
locomotory capacity > parasitoids > ectoparasites with high locomotory capacity > micropredators and strongly
locomotor free-living animals®. Compared with suck lice, which parasitized on rodents, S. polyspina with high
locomotory capacity (jumps well), parasitized only adult, while suck lice are ectoparasites with lower locomotory
capacity permanently parasitized host. Therefore, differences in life history and locomotor capacity may lead
to a conserved mitogenome of S. polyspina and extensive fragmented mitogenomes of suck lice. (3) Generally,
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Figure 6. Secondary structure of 22 tRNA genes from the Stenoponia polyspina mitogenome.

the anticodon loops had 7 bases, whereas the anticodon loops of trnL, and trnD of S. polyspina were 9 bp. This
variant was also found in tRNAs of other arthropod mitogenomes, such as Dermatophagoides pteronyssinus
(trnL,)*" and Camelus bactrianus ferus (trnS,;)**. This indicate that tRNAs with 8-base or 9-base anticodon loops
were associated with frameshifting™. Therefore, mutation might be related to occasional frameshifting during
translation, resulting from defective in mitochondrial protein synthesis, which influenced on growth, develop-
ment and slow evolution of species.

Phylogenetic tree supported that the superfamilies Ceratophylloidea, Vermipsylloidea, Pulicoidea were mono-
phyletic, but the superfamily Hystrichopsylloidea was paraphyletic, consistent with previous studies??. The fam-
ily Ctenophthalmidae was rich encompassed nearly a quarter of flea species, and its taxonomic status remains
confused'***. The family Ctenophthalmidae comprises nine subfamilies, with mitogenomes sequencing for only
six species, representing four subfamilies (Ctenophthalminae, Stenoponiinae, Rhadinopsyllinae, Neopsyllinae).
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Figure 7. Phylogenetic tree of 24 species of the order Siphonaptera was constructed by maximum likelihood

(ML).

Notably, the family Ctenophthalmidae was monophyletic in the PCGRNA-ML (codon partition) phylogenetic
tree, which has never been proposed in previous studies. Moreover, the relationships of the family Ctenophthal-
midae with the families Vermipsyllidae, Hystrichopsyllidae and Pygiopsyllidae were inconsistent and poorly
supported in different datasets (PCGRNA matrix and PCG12RNA matrix) and different methods (ML and BI).
This implies that more research is necessary to fully understand the taxonomic status of the family Ctenophthal-
midae, as the current findings are insufficient. Additionally, some studies have assessed the monophyletic of the
subfamily Stenoponiinae based on cox1 and 18S genes and suggested that the subfamily Stenoponiinae should
be elevated to the family level. At present study, the only one mitogenomes of the subfamily Stenoponiinae was
sequenced, which is insufficiently rich in data. Therefore, more species mitogenomes from diverse families within
the order Siphonaptera will be sequenced in the future, and the phylogenetic position at the controversial family
level will be accurately assessed.
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Figure 8. Phylogenetic tree of 24 species of the order Siphonaptera was constructed by Bayesian inference (BI).

Conclusion

The S. polyspina mitogenome was reported for the first time in this study and retained ancestral mitogenome
organization of arthropods, which was in stark contrast to the extensive fragmented mitogenomes of parasitic
lice. This phenomenon might be closely related to host, life history and locomotory capacity. Phylogenetic tree
supported that the superfamilies Ceratophylloidea, Vermipsylloidea and Pulicoidea were monophyletic, but the
superfamily Hystrichopsylloidea was paraphyletic. The phylogenetic relationships among families Ctenoph-
thalmidae, Vermipsyllidae, Hystrichopsyllidae and Pygiopsyllidae have small variances in different datasets
(PCGRNA matrix and PCG12RNA matrix) and different methods (ML and BI). S. polyspina belongs to the
subfamily Stenoponiinae and was closely more related to the subfamily Rhadinopsyllinae. Due to insufficient
mitogenomes data of the order Siphonaptera, the taxonomic status of the family Ctenophthalmidae will need to
be explored in the future. Our results provide a significant advance in evolution process of the order Siphonaptera
and an important perspective for understanding evolution of the family Ctenophthalmidae. These mitogenomes
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will provide novel molecular markers for studying the taxonomy and phylogeny of the order Siphonaptera in
the future.

Statement
All methods were performed in accordance with the relevant guidelines and regulations.

Data availability
The nucleotide sequences of the S. polyspina mitogenome were deposited in GenBank (https://www.ncbi.nlm.
nih.gov/) under accession number OR834393.
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