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Abstract

Polypodium hydriforme is an enigmatic parasite that belongs to the phylum Cnidaria. Its taxonomic position has been debated: 
whereas it was previously suggested to be part of Medusozoa, recent phylogenomic analyses based on nuclear genes support 
the view that P. hydriforme and Myxozoa form a clade called Endocnidozoa. Medusozoans have linear mitochondrial (mt) 
chromosomes, whereas myxozoans, as most metazoan species, have circular chromosomes. In this work, we determined 
the structure of the mt genome of P. hydriforme, using Illumina and Oxford Nanopore Technologies reads, and showed 
that it is circular. This suggests that P. hydriforme is not nested within Medusozoa, as this would entail linearization followed 
by recirculation. Instead, our results support the view that P. hydriforme is a sister clade to Myxozoa, and mt linearization in the 
lineage leading to medusozoans occurred after the divergence of Myxozoa + P. hydriforme. Detailed analyses of the assembled 
P. hydriforme mt genome show that: (1) it is encoded on a single circular chromosome with an estimated size of ∼93,000 base 
pairs, making it one of the largest metazoan mt genomes; (2) around 78% of the genome encompasses a noncoding region 
composed of several repeat types; (3) similar to Myxozoa, no mt tRNAs were identified; (4) the codon TGA is a stop codon and 
does not encode for tryptophan as in other cnidarians; (5) similar to myxozoan mt genomes, it is extremely fast evolving.
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Significance
Resolving the phylogenetic position of morphologically derived and fast-evolving organisms is often difficult. 
Polypodium hydriforme is a tiny cnidarian parasite of sturgeon eggs that has been previously classified as a member 
of Medusozoa (e.g., jellies and hydras), a lineage characterized by linear mitochondrial (mt) genome. We determined 
the mt genome sequence of this organism. Our results indicate that P. hydriforme encodes a circular mt genome, sup
porting previous molecular studies that grouped P. hydriforme with parasitic myxozoans rather than with medusozoans. 
Our study demonstrates that analyzing variations in mt genome structures can help decipher the evolutionary relation
ships among enigmatic and fast-evolving organisms.
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Introduction
Polypodium hydriforme is an intriguing organism that de
velops inside the oocytes of Acipenseridae (i.e., sturgeons 
and paddlefish) into an elongated inside-out stolon (the 
endoderm layer is outside, whereas the ectoderm is inside), 
which upon host spawning everts to reveal tentacles 
(Raikova 1994). Individuals subsequently emerge from the 
host oocytes, transitioning into medusoid-like forms, which 
develop reproductive organs. The gametophores then in
fect the larva of the host fish to restart the life cycle 
(Raikova 1980, 1994, 2002).

Polypodium hydriforme is a member of Cnidaria. It was 
historically classified based on morphology as a member 
of the Narcomedusae (subphylum Medusozoa, class 
Hydrozoa), which includes parasitic members (Berrill 
1950; Bouillon 1987). Nonetheless, P. hydriforme has sev
eral distinct characteristics that differentiate it from all 
hydrozoans. The latter convinced Raikova (1994) to erect 
a distinct cnidarian class, Polypodiozoa, to host 
P. hydriforme. The first molecular studies to include a 
P. hydriforme sequence in their analyses did not support a 
relationship of P. hydriforme with Hydrozoa (Siddall et al. 
1995; Siddall and Whiting 1999). Instead, these studies, 
which were based on rRNA sequences, supported a close 
relationship between P. hydriforme and Myxozoa. 
Myxozoa (Grassé 1970) is a large group of ∼2,600 species. 
They are microscopic organisms with a very simple struc
tural organization but with a complex life cycle, which in
volves two hosts, usually a fish and an annelid. They are 
the causative agents of significant fish diseases, such as 
whirling disease and proliferative kidney disease (reviewed 
in Okamura et al. 2015).

The putative sister-group relationship between 
P. hydriforme and Myxozoa prompted the suggestion of a 
new clade: Endocnidozoa Schuchert 1996 (Zrzavý and 
Hypša 2003). The presence of “cell-in-a-cell” early develop
mental stages, where a large primary cell contains second
ary and tertiary cells, has been suggested as a unifying 
synapomorphy for this clade (Zrzavý and Hypša 2003; 
Morris 2012).

The phylogenetic position of the P. hydriforme + 
Myxozoa clade was, however, unstable in subsequent 
rDNA studies even with a large taxonomic sampling repre
sentative of the cnidarian diversity (Evans et al. 2008). A 
larger-scale phylogenetic study based on hundreds of 
protein-coding genes provided strong support to the sister- 
clade relationship of P. hydriforme and Myxozoa (Chang 
et al. 2015). Chang et al. (2015) also placed the 
P. hydriforme + Myxozoa clade as sister to Medusozoa 
with high support. Holzer et al. (2018) reanalyzed the 
data of Chang et al. (2015) and obtained the same phylo
genetic results. However, they suggested instead that the 
grouping of P. hydriforme and Myxozoa could stem from 

a long-branch attraction artifact and that parasitism 
evolved convergently in these two clades. Thus, the phylo
genetic position of P. hydriforme is still debated (fig. 1).

Analysis of the mitochondrial (mt) genome structure may 
help resolve the phylogenetic position of P. hydriforme 
within Cnidaria. Typical animal mt genomes are composed 
of a single circular and compact chromosome, which en
codes 13 protein-coding genes and 22 tRNAs (Bernt et al. 
2013; Lavrov and Pett 2016). Cnidarians present numerous 
exceptions to this canonical mt genome organization. First, 
they have lost almost all tRNAs and only retain tRNAMet

CAU and 
tRNATrp

UCA, and in several groups noncanonical protein- 
coding genes have been identified (Pont-Kingdon et al. 
1998; Smith et al. 2012; Lavrov and Pett 2016). Second, 
medusozoans have a unique mt genome structure. In con
trast to a single circular mt genome found in other animals 
including anthozoan cnidarians, medusozoans possess lin
ear mt chromosomes (fig. 1), and their mt genome can 
be encoded on one or several chromosomes (Bridge et al. 
1992; Kayal et al. 2012, 2015). Recently, it was reported 
that the anthozoans belonging to Ceriantharia (tube ane
mones) may possess fragmented linear mt genomes 
(Stampar et al. 2019), suggesting that, in Cnidaria, 
mt-genome structures are more complex than previously 
understood. This finding is, however, debated (Smith 
2020). Mitochondrial genomes have been sequenced for 
five myxozoan species from three genera: Kudoa (three 
species), Enteromyxum (one species), and Myxobolus (one 
species) (Takeuchi et al. 2015; Yahalomi et al. 2017, 
2020). Two genera have unusual partitioned mt genomes, 
ranging from two circular chromosomes in Kudoa to eight 
mega-circular chromosomes in Enteromyxum (Yahalomi 
et al. 2017). The circular structure reported for Myxozoa 
(Takeuchi et al. 2015; Yahalomi et al. 2017, 2020) suggests 
that their position is outside of Medusozoa, which is in 
agreement with phylogenomic studies (Nesnidal et al. 
2013; Feng et al. 2014; Chang et al. 2015).

The determination of the mt genome structure of 
P. hydriforme could help resolve the phylogenetic position 
of this species within Cnidaria (fig. 1). In this study, we re
solve the sequence and structure of the P. hydriforme mt 
genome using various sequencing methods.

Results and Discussion

The Use of Long Oxford Nanopore Technology Reads

The groups of D.H., I.F., and P.C. have failed to determine 
the P. hydriforme mt genome using long-range PCR and 
Illumina sequencing for over a decade. It is now clear that 
sequences that contain large regions composed of re
peated elements, or large duplicated regions cannot be as
sembled using Illumina sequencing alone, due to the 
short-read lengths (100–300 bp) (Treangen and Salzberg 
2011). These problematic regions are at best not 
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assembled, or assembled into chimeric sequences leading 
to a misrepresentation of the sequence of origin (e.g., 
Treangen and Salzberg 2011; Tørresen et al. 2017; Gan, 
Grandjean, et al. 2019). In our specific case, we discovered 
a long noncoding region of over 70 kb, composed mainly of 
repeated elements. We could not PCR amplify this region 
because long PCR amplifications are limited to fragments 
below 40 kb, whereas our noncoding region is significantly 
longer. Moreover, the presence of numerous repeats ex
cluded the design of specific primers needed to perform 
primer-walking sequencing. In this work, we were able to 
determine the mt sequence using a hybrid approach com
bining Oxford Nanopore Technology (ONT) long-read se
quencing in conjunction with short-read next-generation 
sequencing (supplementary materials and methods, 
Supplementary Material online). This approach was previ
ously used in other studies to successfully determine se
quences harboring: (1) long-regions with multiple repeats 
(e.g., Tørresen et al. 2017; Ring et al. 2018; Gan, 
Grandjean, et al. 2019); (2) complicated structural variations 
(Wang et al. 2018); (3) large duplications (Gan, Grandjean, 
et al. 2019); (4) AT-rich regions (Gan, Linton, et al. 2019). 
However, in our case, we cannot exclude the possibility 
that our results underestimate the size of the large non
coding region. The number of repeated elements (fig. 2A) 
has been determined based on the assembly performed by 
the Canu (Koren et al. 2017) and Necat (Chen et al. 2021) 
assemblers (supplementary fig. S1 and materials and 
methods, Supplementary Material online). We found reads 
supporting the number of repeated elements present in all 
repeated regions except repeat region 4 (dark red color, 
fig. 2B). Consequently, some uncertainty remains regarding 
the exact number of repeats in this region.

Genome Architecture

The P. hydriforme mt genome is encoded on a single 
circular chromosome whose estimated size is ∼90 kb 
(fig. 2A). It is thus inferred to be the largest circular mt 
genome sequenced hitherto in animals, and the second 
largest mt genome after the partitioned genome of the 
myxozoan Enteromyxum leei ∼165,843 bp (Yahalomi 
et al. 2017). By comparison, the next largest animal mt 
genomes sequenced to this point are from cerianthids 
(tube anemone) ∼80 kb (Stampar et al. 2019); calcarean 
sponges ∼50 kb (Lavrov et al. 2016); bivalves ∼48 kb 
(Hou et al. 2016; Williams et al. 2017), and placozoans 
∼43 kb (Dellaporta et al. 2006). Interestingly, unlike 
Placozoa, the size increase in P. hydriforme does not ori
ginate from the presence of additional genes and introns, 
but from the presence of a large noncoding region of 
∼72 kb composed of six main repetitive regions (four of 
them composed from tandem repeats), ranging from 
∼2.5 to ∼23 kb, with different repeated elements. Most 
of the P. hydriforme mt genome is thus noncoding. 
Moreover, unlike Ceriantharia (Stampar et al. 2019) and 
Placozoa (Dellaporta et al. 2006), the noncoding part of 
the genome is not spread between genes (i.e., divided 
into several noncoding regions). Rather, most of the re
peats are encoded in a single noncoding region. 
Polypodium hydriforme shares with the myxozoan genus 
Kudoa a genome divided into two regions: a compact 
coding region, and a large noncoding region (Takeuchi 
et al. 2015; Yahalomi et al. 2017). Thus, such a large non
coding region within the mt-genome is a likely synapo
morphy of Endocnidozoa.

Additional support for the correctness of the above mt 
structure is provided by mapping the longest ONT reads 

FIG. 1.—Two main hypotheses regarding the phylogenetic position of Polypodium hydriforme among Cnidaria. (A) Morphological hypothesis: P. hydri
forme is a member of Hydrozoa and nested within Medusozoa (Berrill 1950; Bouillon 1987). (B) Molecular hypothesis P. hydriforme is the sister clade of 
Myxozoa, and P. hydriforme+Myxozoa are sister to Medusozoa (Chang et al. 2015). Circular and linear mitochondrial (mt) genome structures are indicated 
in the dotted box by circles and arrows, respectively.
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FIG. 2.—Deciphering the circular structure of the Polypodium hydriforme genome. (A) Organization of the mt genome. Dark blue—canonical mt 
genes (ATP6, COX1-3, CYTB, ND1-6); red—rRNA (rns, rnl); orange—unidentified putative proteins (ORF_126, ORF_146, ORF_281, ORF 510); 
gray rectange—noncoding region. All other arrows indicate repeated elements. Repeated elements with the same sequence have the same color. (B) 
Mapping of ONT reads longer than 25,000 bp to the mt genome. Genes and repeated elements were annotated for each read before mapping. The exact 
number of repeats could not be determined for the repeat region 4 (located between 39,947 to 63,093 bp) as indicated by the black box.
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onto the assembled genome (fig. 2B). This mapping shows 
the presence of reads that include each main repetitive re
gion and its flanking regions, except for the repeat region 
4 as indicated above. It also shows the presence of reads har
boring multiple repeats. In addition, support for the repeti
tive elements being of mt origin rather than of nuclear origin 
is provided by coverage analysis (supplementary fig. S2, 
Supplementary Material online). The noncoding region 
(e.g., the region around 70 kb) includes both repetitive 
and nonrepetitive regions, and the later were found to 
have the same level of coverage as the nonrepetitive mt re
gion, which includes the coding genes (supplementary fig. 
S2A, Supplementary Material online). This coverage is high
er than the nuclear genome coverage, suggesting that these 
regions are genuine mt regions. Moreover, it is worth noting 
that the P. hydriforme sequence does not contain inverted 
repeats, which could hint at the presence of telomeres. In 
contrast, all medusozoans studied thus far present inverted 
repeats as telomeric structures (Kayal et al. 2012). Finally, 
southern blot hybridizations failed to determine the size of 
the mt genome of P. hydriforme, whereas a control plasmid 
containing the cytb sequence of P. hydriforme successfully 
hybridized with our probe (supplementary materials and 
methods and fig. S3, Supplementary Material online). The 
large size of the mt genome could explain these results be
cause the agarose gel would only separate DNA molecules 
up to 30 kb (supplementary fig. S3, Supplementary 
Material online).

The coding region includes 17 ORFs longer than 100 aa, 
all with transmembrane domains, and rnl and rns genes. No 
tRNA or self-splicing introns were detected. Among the 17 
ORFs, we identified 11 of the 13 canonical mt protein- 
coding genes (atp6, cox1-3, nad1-6, and cytb; fig. 2A). 
Neither of the two additional medusozoan-specific genes 
was identified (i.e., dnaB and orf324). Because of the fast 
rate of sequence evolution of the atp8, nad4L, dnaB, and 
orf324, these genes may still be present but not identifi
able, and indeed six unknown ORFs could be detected in 
the mt genome of P. hydriforme.

The organization of the genes is markedly different from 
other cnidarians, including myxozoans. The only similarity is 
the location of cox1 gene at the end of the coding region, 
which is similar to its location in Hydrozoa. Both canonical 
and unknown genes are oriented on the same strand. 
Interestingly, mt tRNA genes could not be identified. The ab
sence of tRNA genes is in agreement with previous studies 
on myxozoan species (Lavrov and Pett 2016; Yahalomi 
et al. 2017). This suggests that the loss of tRNAMet

CAU and 
tRNATrp

UCA is a characteristic of Endocnidozoa. Further, 
all mt aminoacyl-tRNA synthetase genes have been lost in 
P. hydriforme (supplementary table S1, Supplementary 
Material online), including the mt tryptophanyl-tRNA 
synthetase gene, which is present in most cnidarians (Pett 
and Lavrov 2015). Interestingly, the loss of tRNATrp

UCA is also 
accompanied by the transition of the TGA codon into a 
stop codon in P. hydriforme (see below).

FIG. 3.—Pairwise alignments of 3′ ends of mt genes from USA and Russian Polypodium hydriforme samples. The alignments support the observation that 
TGA encodes a termination signal rather than tryptophan. Gene CDSs are indicated by arrows labeled with gene names. DNA sequences are indicated above 
the corresponding protein translation. Bases that differ between the two sequences are indicated in color. TGA codons are indicated by black stars on red 
background while TAG and TAA codons are indicated by a white stars on black background.
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FIG. 4.—Phylogenetic analyses of cnidarian mt genomes. (A) Phylogenetic tree inferred from the concatenation of five mt proteins (cox1, cox2, cytb, nad1, 
nad5; 96 taxa and 1,700 amino-acid sites). Maximum-likelihood (ML) tree reconstructed under the LG+C60+F+G mixture model. ML bootstrap support/and 
Bayesian posterior probabilities computed under the CAT+Γ mixture model are only indicated for Endocnidozoa branches (for the other branches see 
supplementary fig. S5, Supplementary Material online). The branch lengths exemplify the fast evolutionary rate of P. hydriforme and Myxozoa. 
(B) Evolution of the mt genome structure in cnidarians (based on Yahalomi et al. 2017); the topology follows Kayal et al. (2018). Red and black branches 
indicate linear and circular mt genomes, respectively (as illustrated by the diagrams at the end of each branch).
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Polypodium Reverted to the Standard Genetic Code

In addition to the complete mt genome of a P. hydriforme 
individual from the US (described above), we have also ob
tained, using Sanger sequencing, a 6,675 bp mt genome 
fragment from a Russian P. hydriforme individual 
(supplementary materials and methods, Supplementary 
Material online). Protein-coding gene alignments between 
these two individuals reveal that stop codons in one individ
ual are often aligned with a TGA codon in the other, which 
in Cnidaria encodes tryptophan. In addition, the first ap
pearance of a TGA codon is always aligned to a stop codon 
in the other individual (fig. 3). Together, this suggests that 
TGA is a stop codon and that the P. hydriforme mt genome 
does not use the “The Mold, Protozoan, and Coelenterate” 
mt code (i.e., Translation Table 4) typically utilized by other 
cnidarians. Polypodium hydriforme has instead reverted to 
the standard genetic code because the only difference be
tween both genetic codes is the UGA codon assignment.

Putative Cryptic Polypodium Species

The complete US and partial Russian mt sequences present 
the same gene order over the region in which they over
lap. The genetic distance between the nucleotide se
quences of the six shared protein-coding genes of the 
US and partial Russian mt sequences was relatively large: 
the p-distances ranged from 10.5% to 14.0%, and the 
K2P distance for the barcoding region (i.e., between the 
HCO 1490 and the LCO primers) is 11.7%. This distance 
exceeds the generally accepted 2% nucleotide sequence 
difference cutoff in COI barcoding region for being differ
ent species (Hebert et al. 2003, 2004; Hajibabaei et al. 
2006). However, given the fast evolutionary rate in 
Endocnidozoa, the threshold of 2% is likely irrelevant for 
detecting cryptic species within this group. Nevertheless, 
this cutoff threshold seems to be below 10% even in 
fast-evolving myxozoans. As a case in point, the distance 
between two Kudoa sequences, which belong to different 
species, can be as low as 3–5% (Sakai et al. 2018; Sakai 
et al. 2019). However, it should be noted that in this 
case, the comparison involves a different COI region 
than the barcoding one. This suggests that the Russian 
and US populations of P. hydriforme could represent cryp
tic species. Sampling additional Polypodium specimens 
would help resolve this issue.

Phylogenetic Reconstruction

Myxozoa and P. hydriforme mt DNA show an extremely fast 
rate of evolution in agreement with previous studies (Lavrov 
and Pett 2016; Yahalomi et al. 2017). Based on branch lengths 
and the low number of mt genes that we were able to identify 
(five genes previously identified in Myxozoa and eleven in 
P. hydriforme in this study), it appears that myxozoans evolve 

faster than P. hydriforme. This high evolutionary rate re
sulted in a lack of similarity between the endocnidozoan se
quences and those of the other cnidarians analyzed. Thus, 
the phylogenetic reconstructions based on mt sequences 
did not resolve the phylogenetic position of Endocnidozoa 
among cnidarians (fig. 4A and supplementary figs. S4 and 
S5, Supplementary Material online). Even when myxozoans 
are excluded, the long P. hydriforme branch precludes accur
ate phylogenetic inferences and the phylogenetic position of 
P. hydriforme within Cnidaria is uncertain (supplementary 
fig. S6, Supplementary Material online). Nevertheless, 
Endocnidozoa were recovered as a monophyletic group, be
cause P. hydriforme mt sequences formed a well-supported 
clade with Myxozoa (bootstrap percentage; BP = 100, 
Bayesian posterior probabilities PP = 0.98). The reconstruc
tions also supported the monophyly of Myxozoa (BP = 80/ 
PP = 0.95).

Implications for Classification Within Cnidaria

The circular structure of the mt chromosome of P. hydriforme 
supports the view that the ancestor of Endocnidozoa har
bored a circular mt genome and that linearization of the me
dusozoan mt genome occurred after the divergence of 
Endocnidozoa from Medusozoa (figs. 1B and 4B). These re
sults are in agreement with previous studies that showed a cir
cular structure of Myxozoa mt genome (Takeuchi et al. 2015; 
Yahalomi et al. 2017, 2020). Furthermore, among cnidarians, 
myxozoans and P. hydriforme have lost all mt tRNA genes and 
share a unique organization (in having compact coding region 
and a large noncoding region). These discrete molecular char
acters, defining the mt genome architecture, provide strong 
evidence in support of the positioning of the Myxozoa and 
P. hydriforme as sister taxa outside Medusozoa (Siddall et al. 
1995; Chang et al. 2015). The monophyly of Endocnidozoa 
is also supported by: (1) these two taxa being endoparasites; 
(2) the presence of cell within a cell early developmental stages 
(Morris 2012); (3) shared distinct minicollagens gene struc
tures (Shpirer et al. 2014; Kyslík et al. 2021).

Conclusions
Our study suggests that the evolution of mt genomes in cni
darians is more complex than previously thought. The circu
lar structure of the mt DNA, the loss of mt tRNAs, and the 
unexpected insertion of a large, noncoding region within 
the mt genome of P. hydriforme provide additional evi
dence uniting P. hydriforme with Myxozoa.

Supplementary Material
Supplementary data are available at Genome Biology and 
Evolution online.

Genome Biol. Evol. 14(8) https://doi.org/10.1093/gbe/evac112 Advance Access publication 22 July 2022                                          7

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/article/14/8/evac112/6648524 by U

niversity of Kansas user on 26 O
ctober 2022

http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac112#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac112#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac112#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac112#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac112#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac112#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac112#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac112#supplementary-data
https://doi.org/10.1093/gbe/evac112


Novosolov et al.                                                                                                                                                               GBE

Acknowledgments
We would like to thank the Oklahoma Paddlefish Research 
Center for help with collecting P. hydriforme, Dr. Nitsan 
Fourier at the Technion Genomics Center for her help 
with the sequencing, and A.G. Collins for discussions on 
classification. This work was supported by the United 
States-Israel Binational Science Foundation (Grant No. 
2015010 to D.H. and P.C.), the Israel Science Foundation 
(Grant No. 652/20 to D.H.), and the Czech Science 
Foundation (project# 21-29370S to I.F.).

Data Availability
The ONT reads and the annotated mt genome sequence of 
US P. hydriforme were deposited at the National Center for 
Biotechnology Information (NCBI) under accession numbers 
PRJNA558922 and MN794187, respectively. The partial mt 
sequence from the Russian P. hydriforme was submitted un
der accession MN714000. Gene annotations based on hid
den Markov models were not accepted by NCBI. ATP6, 
COX3, and ND6 are hence annotated as ORFs in NCBI.

Literature Cited
Bernt M, Braband A, Schierwater B, Stadler PF. 2013. Genetic aspects 

of mitochondrial genome evolution. Mol Phylogenet Evol. 69(2): 
328–338.

Berrill NJ. 1950. Development and medusa-bud formation in the 
hydromedusae. Quart Rev Biol. 25(3):292–316.

Bouillon J. 1987. Considérations sur le développement des 
Narcoméduses et sur leur position phylogénétique. Indo-Malayan 
Zool. 4:189–278.

Bridge D, Cunningham CW, Schierwater B, DeSalle R, Buss LW. 1992. 
Class-level relationships in the phylum Cnidaria: evidence from 
mitochondrial genome structure. Proc Natl Acad Sci U S A. 89
(18):8750–8753.

Chang ES, et al. 2015. Genomic insights into the evolutionary origin of 
Myxozoa within Cnidaria. Proc Natl Acad Sci U S A. 112(48): 
14912–14917.

Chen Y, et al. 2021. Efficient assembly of nanopore reads via highly ac
curate and intact error correction. Nat Commun. 12(1):60.

Dellaporta SL, et al. 2006. Mitochondrial genome of Trichoplax adhae
rens supports Placozoa as the basal lower metazoan phylum. Proc 
Natl Acad Sci U S A. 103(23):8751–8756.

Evans NM, Lindner A, Raikova EV, Collins AG, Cartwright P. 
2008. Phylogenetic placement of the enigmatic parasite, 
Polypodium hydriforme, within the phylum Cnidaria. BMC 
Evol Biol. 8:139.

Feng J-M, et al. 2014. New phylogenomic and comparative analyses 
provide corroborating evidence that Myxozoa is Cnidaria. Mol 
Phylogenet Evol. 81:10–18.

Gan HM, Grandjean F, Jenkins TL, Austin CM. 2019. Absence of evi
dence is not evidence of absence: Nanopore sequencing and com
plete assembly of the European lobster (Homarus gammarus) 
mitogenome uncovers the missing nad2 and a new major gene 
cluster duplication. BMC Genomics 20:335.

Gan HM, Linton SM, Austin CM. 2019. Two reads to rule them all: na
nopore long read-guided assembly of the iconic Christmas Island 
red crab, Gecarcoidea natalis (Pocock, 1888), mitochondrial 

genome and the challenges of AT-rich mitogenomes. Mar 
Genomics. 45:64–71.

Hajibabaei M, Janzen DH, Burns JM, Hallwachs W, Hebert PDN. 2006. 
DNA barcodes distinguish species of tropical Lepidoptera. Proc Natl 
Acad Sci U S A. 103(4):968–971.

Hebert PDN, Ratnasingham S, de Waard JR. 2003. Barcoding animal 
life: cytochrome c oxidase subunit 1 divergences among closely re
lated species. Proc Biol Sci. 270 (suppl 1):S96–S99.

Hebert PDN, Stoeckle MY, Zemlak TS, Francis CM. 2004. Identification 
of birds through DNA barcodes. PLoS Biol. 2(10):e312.

Holzer AS, et al. 2018. The joint evolution of the Myxozoa and their al
ternate hosts: a cnidarian recipe for success and vast biodiversity. 
Mol Ecol. 27(7):1651–1666.

Hou Y, et al. 2016. Complete mitochondrial genome of ark shell 
Scapharca subcrenata. Mitochondrial DNA A DNA: Mapp Seq 
Anal. 27(2):939–940.

Kayal E, et al. 2012. Evolution of linear mitochondrial genomes in me
dusozoan cnidarians. Genome Biol Evol. 4(1):1–12.

Kayal E, et al. 2015. Phylogenetic analysis of higher-level relationships 
within Hydroidolina (Cnidaria: Hydrozoa) using mitochondrial gen
ome data and insight into their mitochondrial transcription. PeerJ. 
3:e1403.

Kayal E, et al. 2018. Phylogenomics provides a robust topology of the 
major cnidarian lineages and insights on the origins of key organ
ismal traits. BMC Evol Biol. 18:68.

Koren S, et al. 2017. Canu: scalable and accurate long-read assembly 
via adaptive k-mer weighting and repeat separation. Genome Res. 
27(5):722–736.

Kyslík J, Kosakyan A, Nenarokov S, Holzer AS, Fiala I. 2021. The myx
ozoan minicollagen gene repertoire was not simplified by the para
sitic lifestyle: computational identification of a novel myxozoan 
minicollagen gene. BMC Genomics. 22:198.

Lavrov DV, Adamski M, Chevaldonné P, Adamska M. 2016. 
Extensive mitochondrial mRNA editing and unusual mitochon
drial genome organization in calcaronean sponges. Curr Biol. 
26(1):86–92.

Lavrov DV, Pett W. 2016. Animal mitochondrial DNA as we do not 
know it: mt-genome organization and evolution in nonbilaterian 
lineages. Genome Biol Evol. 8(9):2896–2913.

Morris DJ. 2012. A new model for Myxosporean (Myxozoa) develop
ment explains the endogenous budding phenomenon, the nature 
of cell within cell life stages and evolution of parasitism from a cni
darian ancestor. Int J Parasitol. 49(9):829–840.

Nesnidal MP, Helmkampf M, Bruchhaus I, El-Matbouli M, Hausdorf B. 
2013. Agent of whirling disease meets orphan worm: 
Phylogenomic analyses firmly place Myxozoa in Cnidaria. PLoS 
One. 8(1):e54576.

Okamura B, Gruhl A, Bartholomew JL. 2015. An introduction to 
myxozoan evolution, ecology and development. In: Okamura B 
Gruhl A and Bartholomew JL, editors. Myxozoan evolution, ecology 
and development. Cham: Springer International Publishing. p. 1–20.

Pett W, Lavrov DV. 2015. Cytonuclear interactions in the evolution of 
animal mitochondrial tRNA metabolism. Genome Biol Evol. 7(8): 
2089–2101.

Pont-Kingdon G, et al. 1998. Mitochondrial DNA of the coral 
Sarcophyton glaucum contains a gene for a homologue of bacter
ial mutS: a possible case of gene transfer from the nucleus to the 
mitochondrion. J Mol Evol. 46(4):419–431.

Raikova EV. 1980. Morphology, ultrastructure, and development of the 
parasitic larva and its surrounding trophamnion of Polypodium hy
driforme Ussov (Coelenterata). Cell Tissue Res. 206(3):487–500.

Raikova EV. 1994. Life cycle, cytology, and morphology of Polypodium 
hydriforme, a coelenterate parasite of the eggs of acipenseriform 
fishes. J Parasitol. 80(1):1–22.

8 Genome Biol. Evol. 14(8) https://doi.org/10.1093/gbe/evac112 Advance Access publication 22 July 2022

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/article/14/8/evac112/6648524 by U

niversity of Kansas user on 26 O
ctober 2022

https://doi.org/10.1093/gbe/evac112


The mitochondrial genome of the enigmatic Polypodium hydriforme                                                                                GBE

Raikova EV. 2002. Polypodium hydriforme infection in the eggs of aci
penseriform fishes. J Appl Ichthyol. 18(4–6):405–415.

Ring N, et al. 2018. Resolving the complex Bordetella pertussis genome 
using barcoded nanopore sequencing. Microb Genom. 4(11): 
e000234.

Sakai H, Kato E, Sakaguchi S, Setsuda A, Sato H. 2018. Morphological 
and molecular genetic characterization of Kudoa konishiae n. sp. 
Myxosporea: Multivalvulida) in the muscle of Japanese Spanish 
mackerel (Scomberomorus niphonius). Parasitol Res. 117(3): 
893–904.

Sakai H, Kawai T, Zhang J, Sato H. 2019. New host records of three 
Kudoa spp. (K. yasunagai, K. thalassomi, and K. igami) with not
able variation in the number of shell valves and polar capsules in 
spores. Parasitol Res. 118(1):143–157.

Shpirer E, et al. 2014. Diversity and evolution of myxozoan minicolla
gens and nematogalectins. BMC Evol Biol. 14:205.

Siddall ME, Martin DS, Bridge D, Desser SS, Cone DK. 1995. The de
mise of a phylum of protists: phylogeny of Myxozoa and other 
parasitic Cnidaria. J Parasitol. 81(6):961–967.

Siddall ME, Whiting MF. 1999. Long-branch abstractions. Cladistics. 
15(1):9–24.

Smith DR, et al. 2012. First complete mitochondrial genome sequence 
from a box jellyfish reveals a highly fragmented linear architecture 
and insights into telomere evolution. Genome Biol Evol. 4(1): 
52–58.

Smith DR. 2020. Revisiting ceriantharian (Anthozoa) mitochondrial 
genomes: casting doubts about their structure and size. Genome 
Biol Evol. 12(8):1440–1443.

Stampar SN, et al. 2019. Linear mitochondrial genome in Anthozoa 
(Cnidaria): a case study in Ceriantharia. Sci Rep. 9:6094.

Takeuchi F, et al. 2015. The mitochondrial genomes of a myxozoan 
genus Kudoa are extremely divergent in Metazoa. PLoS One. 
10(7):e0132030.

Tørresen OK, et al. 2017. An improved genome assembly uncovers 
prolific tandem repeats in Atlantic cod. BMC Genomics. 18:95.

Treangen TJ, Salzberg SL. 2011. Repetitive DNA and next-generation 
sequencing: computational challenges and solutions. Nat Rev 
Genet. 13(1):36–46.

Wang S, et al. 2018. Assembly of a complete mitogenome of 
Chrysanthemum nankingense using Oxford Nanopore long reads 
and the diversity and evolution of Asteraceae mitogenomes. 
Genes (Basel). 9(11):547.

Williams ST, et al. 2017. Curious bivalves: systematic utility and un
usual properties of anomalodesmatan mitochondrial genomes. 
Mol Phylogenet Evol. 110:60–72.

Yahalomi D, et al. 2017. The multipartite mitochondrial genome of 
Enteromyxum leei (Myxozoa): eight fast-evolving megacircles. 
Mol Biol Evol. 34(7):1551–1556.

Yahalomi D, et al. 2020. A cnidarian parasite of salmon (Myxozoa: 
Henneguya) lacks a mitochondrial genome. Proc Natl Acad Sci U 
S A. 117(10):5358–5363.

Zrzavý J, Hypša V. 2003. Myxozoa, Polypodium, and the origin of the 
Bilateria: the phylogenetic position of “Endocnidozoa” in light of 
the rediscovery of Buddenbrockia. Cladistics. 19(2):164–169.

Associate editor: Davide Pisani

Genome Biol. Evol. 14(8) https://doi.org/10.1093/gbe/evac112 Advance Access publication 22 July 2022                                          9

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/article/14/8/evac112/6648524 by U

niversity of Kansas user on 26 O
ctober 2022

https://doi.org/10.1093/gbe/evac112

	The Phylogenetic Position of the Enigmatic, Polypodium hydriforme (Cnidaria, Polypodiozoa): Insights from Mitochondrial Genomes
	Introduction
	Results and Discussion
	The Use of Long Oxford Nanopore Technology Reads
	Genome Architecture
	Polypodium Reverted to the Standard Genetic Code
	Putative Cryptic Polypodium Species
	Phylogenetic Reconstruction
	Implications for Classification Within Cnidaria

	Conclusions
	Supplementary Material
	Acknowledgments
	Data Availability
	Literature Cited




