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Abstract

Received: 6 August 2025 We present a nearly complete mitochondrial genome (mitogenome) of Hymenolepis
Accepted: 1 September 2025 ¢fimjnuta from a Danish isolate, which was reassembled and comprehensively annotated
using whole-genome sequencing data retrieved from the Sequence Read Archive (ac-
*Correspondence  cession No. ERS056110). Although 2 mitogenomes of H. diminuta have previously been
wongiyoo@snuackr ¢ hmitted to GenBank (accession No. AP017664, Danish isolate; NC_002767, putative
German laboratory strain), the former lacks noncoding regions, while the latter harbors
Citation  re|atively short repeat units. Our newly reconstructed mitogenome is 14,090 bp long,
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Reconstruction of the nearly complete ~ COMPrising 12 protein-coding genes, 22 transfer RNA genes, 2 ribosomal RNA genes,
mitochondrial genome of a Danish  and a 643-bp noncoding region containing 7 tandem repeat units. The annotated se-
isolate of Hymenolepis diminuta o jance hag been deposited in the Third Party Annotation database in GenBank (acces-

(Cyclophyllidea: Hymenolepididae) with ] . ) . .

extension of the noncoding region. ~ sion No. BK071817). Phylogenetic analysis based on mitogenomic sequences con-
Parasites Hosts Dis 2025,63(4):364-370.  firmed a close relationship between H. diminuta and Hymenolepis nana. This improved
mitogenome sequence represents a valuable resource for comparative mitogenomic
and phylogenetic investigations within the families Hymenolepididae, Taeniidae, and Di-

phyllobothriidae.
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The rat tapeworm Hymenolepis diminuta (Cyclophyllidea: Hymenolepididae) is a widely
studied model organism in experimental parasitology due to its noninvasive lifestyle, im-
munomodulatory properties, and tractable life cycle involving beetles and rodents as inter-
mediate and definitive hosts, respectively [1]. Furthermore, it plays an important ecological
role as a common parasite in wild rodent populations [2]. Beyond its biomedical relevance,
H. diminuta has made significant contributions to understanding host-parasite interac-
tions, gastrointestinal immune responses, and helminth-induced microbiome modulation.
In particular, mitochondrial genome (mitogenome) data have provided valuable insights
into the phylogenetics and evolution of cestodes. Two mitogenome sequences for H.
diminuta were previously deposited in GenBank (AP017664, Danish isolate, 13,708 bp,
Hd-p; NC_002767, putative German laboratory strain, 13,900 bp, Hd-c2 [3]). However, the
© 2025 The Korean Society for
Parasitology and Tropical Medicine  Hd-p mitogenome lacks noncoding regions (NCRs), while the Hd-c2 mitogenome harbors
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sequencing technologies has become increasingly important [4]. AT-rich repeats in NCRs
not only regulate replication and transcription but also serve as valuable genetic markers
for intraspecific variability and infection dynamics. This study aimed to reconstruct and
analyze Hd-cl, a nearly complete mitogenome of H. diminuta from a Danish isolate, with a
focus on extending and characterizing the previously unresolved NCR.

Whole-genome sequencing (WGS) data of H. diminuta were obtained from the 50 Hel-
minth Genomes Project [5]. Illumina paired-end reads (2x 100 bp) were downloaded
from the Sequence Read Archive (accession No. ERS056110). Briefly, raw reads (37.11 Gb
per paired-end sample) with a Phred quality score threshold of 33 that had been generated
using an [llumina HiSeq 2000 platform were cleaned by adapter removal and quality trim-
ming using Trimmomatic v0.39 [6]. The resulting high-quality reads were used to recon-
struct a nearly complete mitogenome of H. diminuta. Among the genome assemblers eval-
uated in a benchmarking analysis [7], GetOrganelle v1.7.7.1 toolkit (https://github.com/
Kinggerm/GetOrganelle) [8] demonstrated the best performance and was therefore select-
ed for use in the genome assembly. Seed and label databases were customized using RefSeq
mitogenomes of the class Cestoda (NCBI taxonomy ID 6199). The final assembly was visu-
alized and manually validated in Bandage v0.8.1 [9] to assess any topological ambiguities.

Mitogenome annotation, including mitochondrial protein-coding genes (mPCGs) and
functional RNAs, such as transfer RNA (tRNA) and ribosomal RNA, was performed using
the MITOS2 pipeline through a GALAXY server v2.1.9 (https://usegalaxy.org/). The open
reading frames of the mPCGs were manually verified using open reading frame finder
from NCBI (https://www.ncbi.nlm.nih.gov/orftinder/), employing the invertebrate mito-
chondrial genetic code, and they were further identified by comparison with previously
published mitogenomes of the family Hymenolepididae. tRNA genes undetected by MI-
TOS2 were retrieved using BLASTn searches against the Rfam v15 database containing
Hymenolepididae sequences [10]. RUs were identified using Tandem Repeats Finder
v4.09.1 [11] with the default settings. The overall gene organization was visualized using
Proksee v6.0.2 [12].

A total of 12 mPCGs, along with the individual nadI and coxI genes, were retrieved
from GenBank for 11 platyhelminth species belonging to families Hymenolepididae, Tae-
niidae, and Diphyllobothriidae. The amino acid sequences were downloaded in FASTA
format, and the mPCGs were concatenated to construct a combined dataset. Each dataset,
including the concatenated mPCGs, nadl, and cox1, was aligned at the amino acid level
using MAFFT v7 (https://mafft.cbrc.jp/) with the default settings. Phylogenetic trees were
inferred using the maximum likelihood method and the Le_Gascuel_2008 model in
MEGAL11 [13]. Initial trees for the heuristic search were generated by applying the neigh-
bor-joining and BioN] algorithms to a matrix of pairwise distances estimated using the
Jones-Taylor-Thornton model and then selecting the topology with the superior log likeli-
hood value. A discrete gamma distribution was used to model differences in evolutionary
rates among sites (5 categories). Branch support was assessed by bootstrap analysis with
1,000 pseudoreplicates. Schistosoma mansoni and Schistosoma japonicum were designated
as outgroups.

We used the GetOrganelle v1.7.7.1 toolkit [8], which performs preassembly filtering
based on organelle-specific seed sequences, to facilitate mitogenome reconstruction from
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WGS data. The resulting well-annotated mitogenic circular sequence was 14,090 bp long
(Fig. 1; Table 1). The assemblage was visually confirmed using Bandage v0.8.1 [9], with a
sequencing depth ranging from 155.8-fold to 1,570.8-fold (Supplementary Fig. S1). The
nearly complete annotated mitogenome sequence was deposited in the Third Party Anno-
tation database of GenBank (accession No. BK071817).

Pairwise alignment of our nearly complete mitogenome (Hd-c1) with the previously de-
posited complete (Hd-c2) and partial (Hd-p) mitogenomes of H. diminuta revealed highly
conserved genomic content with minimal gene-level divergence. However, the 3 mitoge-
nomes did not show any sequence similarities in the NCR, as confirmed by BLASTn (Sup-
plementary Fig. S2). The lack of similarity between Hd-c1 and Hd-p (both of Danish ori-
gin) is attributable to the absence of RUs and a truncated NCR in Hd-p. In contrast, the di-
vergence between Hd-c1 (Danish isolate) and Hd-c2 (putative German laboratory isolate)
results from differences in both NCR length and RU composition. Accordingly, the im-
proved nearly complete mitogenome (Hd-c1) reported in this study provides a reliable and
valuable resource for future mitogenomic research in the family Hymenolepididae.

Consistent with the mitogenomes of the other H. diminuta strains, our nearly complete
H. diminuta mitogenome (Hd-c1) included 12 mPCGs (nadlI-6, nad4L, cox1-3, cytb, and
atp6), 2 ribosomal RNA genes (rrnL and rrnS), and 22 tRNA genes (Table 1). Notably, Hd-
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Fig. 1. Annotated map of the nearly complete circular mitogenome of Hymenolepis diminuta (Dan-
ish isolate). CDS, coding sequence; tRNA, transfer RNA; rRNA, ribosomal RNA; RU, repeat unit; GC,
guanine-cytosine.
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Table 1. Gene content, length, initiation and stop codons of Hymenolepis diminuta mitogenomes from different datasets, including 2 com-

plete mitogenomes (Hd-c1, BKO71817 and Hd-c2, NC_002767) and 1 partial mitogenome (Hd-p, AP017664)

Positions and size (bp) Initiation and termination codons Anticodon

Gene/region

Hd-c1? Hd-p Hd-c2 Hd-c1 Hd-p Hd-c2 Hd-c1
cox3 1-651 (651) 130-780 (651) 7,122-7,772 (651) ATG/TAG ATG/TAG ATG/TAG
tRNA-His (H) 660-731 (72) 789-860 (72) 7,781-7,852 (72) GTG
cytb 735-1,832(1,098) 864-1,961 (1,098) 7,856-8,953 (1,098) ATG/TAG ATG/TAG ATG/TAG
nad4L 1,836-2,096 (261) 1,965-2,225 (261) 8,957-9,217 (261) ATG/TAG ATG/TAG ATG/TAG
nad4 2,063-3,310(1,248) 2,192-3,439 (1,248) 9,202-10,431 (1,230) ATG/TAG ATG/TAG ATT/TAG
tRNA-GIn (Q) 3,312-3,377 (66) 3,441-3,505 (65) 10,433-10,498 (66) TG
tRNA-Phe (F) 3,377-3,439 (63) 3,506-3,568 (62) 10,498-10,560 (63) GAA
tRNA-Met (M) 3,436-3,499 (64) 3,565-3,628 (64) 10,577-10,620 (64) CAT
atp6 3,468-4,019 (552) 3,633-4,148 (516) 10,625-11,140 (516) ATG/TAG ATG/TAG ATG/TAG
nad2 4,026-4,907 (882) 4,155-5,036 (882) 11,147-12,028 (882) ATG/TAG ATG/TAG ATG/TAG
tRNA-Val (V) 4,908-4,973 (66) 5,037-5,102 (66) 12,029-12,093 (65) TAC
tRNA-Ala (A) 4,974-5,043 (70) 5,103-5,172 (70) 12,095-12,164 (70) TGC
tRNA-Asp (D) 5,048-5,109 (62) 5,177-5,238 (62) 12,169-12,230 (62) GTC
nad1 5,110-6,000 (891) 5,239-6,129 (891) 12,231-13,121 (891) ATG/TAG ATG/TAG ATG/TAG
tRNA-Asn (N) 6,009-6,072 (64) 6,138-6,201 (64) 13,130-13,193 (64) GTT
tRNA-Pro (P) 6,081-6,142 (62) 6,210-6,271 (62) 13,202-13,264 (63) TGG
tRNA-lle (1) 6,142-6,205 (64) 6,271-6,334 (64) 13,264-13,325 (62) GAT
tRNA-Lys (K) 6,206-6,269 (64) 6,335-6,398 (64) 13,327-13,390 (64) CTT
nad3 6,273-6,620 (348) 6,402-6,749 (348) 13,394-13,741 (348) ATG/TAG ATG/TAG ATG/TAG
tRNA-Ser (S1) 6,626-6,684 (59) 6,755-6,813 (59) 13,747-13,805 (59) GCT
tRNA-Trp (W) 6,685-6,750 (66) 6,814-6,879 (66) 13,806-13871 (66) TCA
cox1 6,754-8,346 (1,593) 6,883-8,475 (1,593) 4-1,555(1,552) ATG/TAG ATG/TAG TTT/ATT®
tRNA-Thr (T) 8,337-8,401 (65) 8,466-8,530 (65) 1,557-1,621 (65) TGT
rrnL 8,402-9,368 (967) 8,531-9,497 (967) 1,622-2,588 (967)
tRNA-Cys (C) 9,369-9,435 (67) 9,498-9,564 (67) 2,589-2,655 (67) GCA
S 9498-10,137 (640) 9,565-10,279 (715) 2,656-3,364 (709)
cox2 10,151-10,729 (579) 10,280-10,858 (579) 3,371-3,949 (579) ATG/TAA ATG/TAA ATG/TAA
tRNA-Glu (E) 10,730-10,794 (65) 10,859-10,923 (65) 3,950-4,014 (65)
nadé 10,798-11,256 (459) 10,927-11,385 (459) 4,018-4,476 (459) ATG/TAA ATG/TAA ATG/TAA GTA
tRNA-Tyr (Y) 11,260-11,325 (66) 11,389-11,454 (66) 4,480-4,545 (66) TAG
tRNA-Ser (S») 11,511-11,573 (63) 11,640-11,702 (63) 4,729-4,795 (67) NGA
tRNA-Leu (L) 11,588-11,655 (68) 11,717-11,784 (68) 4,808-4,875 (68) TAA
tRNA-Leu (Lo) 11,681-11,743 (63) 11,810-11,872 (63) 4,902-4,964 (63) TCG
tRNA-Arg (R) 11,754-11,813 (60) 11,883-11,942 (60) 4,975-5,034 (60)
nad5 11,808-13,391(1,584)  11,946-13,520(1,575) 5,038-6,612 (1,575) ATG/TAG ATG/TAG ATG/TAG TCC
tRNA-Gly (G) 14,025-14,087 (63) 74-134(61) 7,056-7,118 (63) TTC
Non-coding region  13,088-14,090 (643) 13,521-73 (261) 6,612-7,055 (444)
Repeat unit 13,495-14,007 (513) na 6,612-6,983 (372)

na, not available.

*Hd-c1 mitogenome begins at 1 bp while Hd-p and Hd-c2 mitogenomes start at 130 bp and 7,122 bp, respectively; "non-canonical codons.

cl included a 643-bp NCR housing 7 RUs (each 73 bp) (Supplementary Fig. S3). The total
length of the mPCGs was 10,100 bp, accounting for 71.68% of the nearly complete mitoge-
nome. coxI (1,593 bp) was the longest and nad4L (261 bp) was the shortest mPCG. ATG
and TAG were the most common codons for initiation and termination, respectively. In all

3 mitogenomes, TAA was only used as a termination codon in cox2 and nadé6, while TTT/

ATT were observed exclusively as noncanonical codons in Hd-c2. The total length of the
tRNA genes was 1,422 bp, ranging from 59 nucleotides (tRNA-Serl) to 72 nucleotides
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Table 2. Estimation of pairwise distances rate (%) of individual and concatenated mPCGs and MRGs between Hymenolepis diminuta and
members of the families such as Hymenolepididae, Taeniidae, and Diphyllobothriidae

mPCGs MRGs

Species/strains’ con- con-

atp6 cox] cox2 cox3 «cytb nadl nad2 nad3 nad4l nad4 nad5 nadé mPCGs Ll rmS MRGs
H. diminuta 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(AP017664, Hd-p)
H. diminuta 039 019 035 015 009 011 011 000 077 024 025 066 023 010 0.16 0.12
(NC_002767, Hd-c2)
Hymenolepis nana 33.07 2399 3261 3850 26.62 2561 3295 30.84 2477 37.81 39.82 4216 32.05 2559 1644 21.80
(NC_029245)
Taenia saginata 39.03 2679 34.89 4032 3251 3062 39.73 46.18 3646 42.18 4534 53.04 37.38 3488 28.03 31.99
(NC_009938)
Taenia asiatica 40.02 2660 3374 4278 3148 30.71 4092 50.02 3452 4233 4551 4949 3744 33.84 2844 31.56
(NC_004826)
Taenia solium 4035 2576 34.87 43.62 3423 3242 4230 4945 3380 4197 4518 4991 37.89 35.73 2671 31.92
(NC_004022)
Echinococcus multilocularis  43.41 2525 37.39 43.09 3462 33.04 39.15 44.08 3637 44.05 4791 48.14 3836 3570 29.62 33.19
(NC_000928)
Echinococcus granulosus 4556 2641 3650 4299 3699 3444 4333 4206 37.64 4463 50.13 53.77 3994 3592 3234 3452
(AB786664)
Spirometra erinaceieuropaei 4446 32.70 4556 4879 4209 3443 51.00 3841 4172 49.03 5338 5790 4339 4130 31.17 37.07
(KJ599680)
Spirometra theileri 51.92 3270 43.95 5545 3935 3552 4532 3841 41.60 48.11 5351 51.59 43.89 4167 3096 37.19
(NC_056327)
Spirometra decipiens 4445 3256 4170 5045 41.87 3550 4747 3699 4376 49.19 51.28 51.94 4339 4354 31.15 3833
(KJ599679)

mPCG, mitochondrial protein-coding gene; MRG, mitoribosomal gene; con-mPCG, concatenation of 12 mPCG; con-MRG, concatenation of 2 MRG.
2H. diminuta (BKO71817, Hd-c1) served as the reference for pairwise distance rate calculations.

(tRNA-His) in the nearly complete mitogenome (Hd-c1). Hd-c1 had an overall gene length
pattern similar to Hd-p, with slight differences in atp6 (516 bp), rruS (715 bp), and nad5
(1,575 bp). Compared with Hd-c2, Hd-c1 showed slight differences with nad4 (1,230 bp),
atp6 (516 bp), coxI (1,552 bp), rrnS (709 bp), and nad5 (1,575 bp). The NCR (643 bp) of
the nearly complete mitogenome (Hd-c1) contained a 513-bp segment comprising 7 73-bp
RUs, whereas Hd-p included a shorter NCR (261 bp) lacking any RUs (Table 1; Supple-
mentary Fig. S3). In contrast, Hd-c2 harbored a 444-bp NCR that housed a relatively short
372-bp segment comprising 12 31-bp RUs [3]. The putative roles of the NCR suggest that
highly repetitive AT-rich regions may influence mitochondrial function by acting as initia-
tion or termination sites for DNA replication and transcription [4]. Such structural and
functional variability may potentially be linked to longevity, underscoring the need for
more comprehensive investigations into the biological significance of NCRs in parasitic
helminths [14].

The genetic differences of 12 mPCGs in the mitogenomes of 11 representative species of
the subclass Eucestoda were compared at the nucleotide level (Table 2). Although the
lengths of nad4L and nad6 were identical between Hd-c1 and Hd-c2, they showed a nucle-
otide sequence divergence of 0.77% and 0.66%, respectively. The sequence differences be-
tween the nearly complete mitogenome (Hd-c1) of H. diminuta and one Hymenolepididae
species, 5 Taeniidae species, and 3 Diphyllobothriidae species ranged from 16.44% (Hyme-
nolepis nana) to 57.90% (Spirometa erinaceieuropaei). Substantial sequence differences
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con-mPCGs cox1 nad1
Echinococcus granulosus E. multilocularis T. asiatica
(AB786664) | (NC_000928) %[ (NC_004826)
Echinococcus multilocularis E. granulosus 97 T. saginata
. (NC_000928) " (AB786664) (NC_009938)
Taenia asiatica T. asiatica - T. solium
(NC_004826) [ (NC_004826) (NC_004022)
Taenia saginata T saginata E. multilocularis
(NC_009938) (NC_009938) (NC_000928)
e Taenia solium & T. solium 81 w|__E. granulosus
(NC_004022) % (NC_004022) (AB786664)
Hy lepis dimi (Hd-c2) H. diminuta (Hd-c2) H.nana
100 (NC_002767) 100 (NC_002767) (NC_029245)
H. diminuta (Hd-p) H. diminuta (Hd-p) H. diminuta (Hd-c1) @
(AP017664) (AP017664) o (BK071817)
100 H. diminuta (Hd-c1) ¢ 76 H. diminuta (Hd-c1) ¢ — ] H. diminuta (Hd-c2)
— 10 (BK071817) — 97 (BK071817) 100 (NC_002767)
Hymenolepis nana H. nana 44| H. diminuta (Hd-p)
(NC_029245) (NC_029245) (AP017664)
Spirometra decipiens S. decipiens S. erinaceieuropaei
59 (KJ599679) 81 (KJ599679) (KJ599680)
Spirometra erinaceieuropaei S. erinaceieuropaei S. decipi
(KJ599680) (KJ599680) o (KJ599679)
0 Spirometra theileri 100 S. theileri 5| S. theileri
(NC_056327) (NC_056327) (NC_056327)
Schistosoma japonicum S. japonicum S. japonicum
(KU196417) (KU196417) (KU196417)
100 Schistosoma mansoni 100 S. mansoni 10| S. mansoni
(NC_002545) (NC_002545) (NC_002545)

Fig. 2. Phylogenetic tree showing the position of Hymenolepis diminuta. The mitogenome generated in this study is indicated by a blue dia-
mond. The tree is based on amino acid sequences derived from the concatenation of 12 mitochondrial protein-coding genes (mPCGs), cox1,
and nad1. Schistosoma mansoni and Schistosoma japonicum were used as outgroups. Nodal support values, estimated from 1,000 bootstrap
pseudoreplicates, are indicated at each node. GenBank accession numbers are listed alongside the corresponding species names.

were detected in nad6 (57.90%), cox3 (55.45%), nad5 (53.51%), and apt6 (51.92%).

The phylogeny among Hymenolepis species was well-resolved, with strong nodal support
(Fig. 2). The H. diminuta mitogenomes (Hd-c1, Hd-p, and Hd-c2) clustered together as a
distinct clade, showing a close relationship with H. nana. Similar phylogenetic topologies
were consistently recovered across trees constructed from the 12 concatenated mPCGs, as
well as from individual coxI and nadl sequences.

To summarize, we present Hd-c1, an improved and nearly complete mitogenome of H.
diminuta, which includes a fully resolved NCR containing 7 RUs. This represents a sub-
stantial improvement over previously deposited sequences (AP017664 and NC_002767),
in which the RU was either absent or only comprised short segments. Our study under-
scores the value of recently developed mitochondria-specific assembly pipelines, which are
expected to facilitate the generation of high-quality mitogenomes from cestode-derived
WGS datasets. This newly assembled H. diminuta mitogenome is a reliable resource for fu-
ture comparative mitogenomic and phylomitogenomic investigations within Hymenolepi-
didae and related cestode families.
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