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Abstract 

Oxford-Nanopor e Pr omethION sequencing is a PCR-fr ee method that r etains e pigenetic markers and pr ovides dir ect quantitati v e 
information about DNA methylation. Using this long-read sequencing tec hnology, w e successfull y assemb led 5 myxozoan genomes 
fr ee fr om discernib le host DNA contamination, surpassing previous studies in both quality and completeness. Genome assemb l y 
r ev ealed DNA methylation patterns within myxozoan genomes, particularly in GC-rich regions within gene bodies. The findings not 
onl y r efute the notion of m yxozoans lac king DN A methylation capability but also offer a new perspecti v e on gene regulation in these 
parasites. The high-quality genome assemblies lay a solid foundation for future resear c h on m yxozoans, including new str ate gies to 
control these commercially significant fish pathogens. 
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Introduction 

Epigenetic processes enable cells to control gene activity with- 
out altering DNA sequences [ 1 ]. Cytosine methylation is an epi- 
genetic mec hanism widel y found in eukaryotes and involves 
DNA methyltr ansfer ases (DNMTs) that transfer a methyl group 

from S-adenosylmethionine to the C5 position of cytosine of ge- 
nomic DNA [ 2 ]. Such cytosine methylations are subsequently 
recognized by methyl-CpG binding domain proteins (MeCP2 and 

MBD1–4), leading to transcriptional silencing and the subse- 
quent generation of phenotypic variation [ 3–6 ]. Together, DNMTs 
and MBDs, when complexed with other proteins, comprise the 
core metazoan DNA methylation system found in both verte- 
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rates and invertebrates [ 7 ]. The regulation of gene expression
c hie v ed b y c ytosine methylation is linked with many k e y pro-
esses in animals, including gametogenesis, embryonic de v elop- 
ent, cellular differ entiation, X-c hr omosome inactiv ation, and

r ansposon r epr ession [ 8 ]. Most inv estigations of cytosine methy-
ation have been conducted on free-living animals, but some 
ave focused on endoparasites, where they have been linked 

ith persistence in hosts. For example, cytosine methylation in 

he cestode, Taenia solium , is associated with k e y parasitism-
 elated genes (secr etory pr oteins), leading to the suggestion that
argeting DNA methylation processes may offer a therapeutic 
trategy [ 9 ]. 
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Cytosine methylation contributes to k e y biological processes
nd is viewed as highly conserved, occurring in viruses, prokary-
tes, and eukaryotes [ 5 , 10 , 11 ]. Ne v ertheless, cytosine methyla-
ion is absent in the nematode Caenorhabditis elegans [ 12 ]. There
s also evidence for loss in all dipterans and some hymenopter-
ns [ 13 ] and possibly in the helminth Schistosoma mansoni [ 14 , 15 ].
nowledge of distinct epigenetic processes will expand our under-
tanding of gene regulation and provide more nuanced views on
he r ele v ance of model or ganisms, suc h as C. elegans and Drosophila
elanogaster . Alternativ e mec hanisms of DNA modification, suc h

s adenine methylation [ 16 ], may act as a substitute in inverte-
rates ( C. elegans [ 12 ], D. melanogaster [ 17 ]), in mammals (mouse
mbryonic stem cells [ 18 ]), and in plants ( Arabidopsis thaliana [ 19 ]).
o w e v er, it is not always clear what replacement mechanisms
ay be operating for organisms that appear to have lost cytosine
ethylation [ 11 ]. 
Another epigenetic mechanism widely found in eukaryotes, in-

luding parasites , in volves modification of histone proteins [ 20 ].
ontrol of histone gene expression ensures that a fine balance

s maintained between histone abundance, corr ect pac ka ging of
NA into c hr omosomes, and r egulation of DNA tr anscription [ 21 ].
iffer ential expr ession of histones has been linked with endopar-
sitism, for example, in eukaryotic microbial organisms such as
lasmodium falciparum [ 22 ], Leishmania infantum [ 23 ], Trypanosoma
ruzi [ 24 ], and the myxozoan Myxobolus bejeranoi [ 25 ]. Transcrip-
omic analyses of M. bejeranoi infecting cultured tilapia hosts also
r ovided e vidence for r egulation of gene silencing by micr oRNA,
hich is a widely recognized epigenetic mechanism associated
ith host–parasite interactions [ 26 , 27 ]. 
Histone deacetylation and CpG methylation are interconnected

n se v er al wa ys , including acting in concert to effect one of the
ore important epigenetic processes—gene silencing [ 28 ]. When

istone deacetylases r emov e acetyl gr oups fr om histone pr o-
eins, it leads to a more condensed chromatin structure, mak-
ng DNA less accessible for transcription factors and RNA poly-

erase. Methylation of CpG islands in promoter regions or within
enes themselves (a process called gene body methylation) can
 epr ess gene tr anscription. Mor eov er, methylated CpG sites can
 ecruit pr oteins like methyl-CpG binding pr oteins [ 29 ]. These pr o-
eins can, in turn, recruit histone deacetylases to further com-
act c hr omatin and inhibit gene expr ession. These collectiv e pr o-
esses can create a reinforcing loop with histone deacetylation
nd DNA methylation working together to maintain gene silenc-
ng. Certain m ultipr otein complexes, suc h as the MeCP1 complex,
ontain both DNA methyltr ansfer ases (whic h add methyl groups
o CpG sites) and histone deacetylases [ 30 ], which indicates a di-
ect physical interaction that promotes these 2 epigenetic mecha-
isms [ 31 ]. The exact outcome of this interaction depends on the
pecific context, genomic location, and interacting proteins. 

Recently, Kyger et al. [ 10 ] proposed that most myxozoans lack
ytosine methylation based on analyses of 2 distant species of
yxosporeans—the clade comprising most myxozoan species [ 32 ,

3 ]. They first searched for methylation-associated proteins in
ranscriptomic and genomic data from 29 cnidarians, including 8

yxosporean species . T hey then conducted whole-genome bisul-
ate sequencing (WGBS) of 2 distantl y r elated myxospor eans to
etermine which cytosine residues were methylated. Neither ap-
r oac h pr ovided e vidence for cytosine methylation in myxospor e-
ns. Ho w e v er, they detected methyl-associated proteins in many
ree-living cnidarians, and the cytosine methylation-associated
rotein, MDB1/2/3, was identified in a limited EST library of the
alacospor ean myxozoan, Buddenbroc kia plumatellae . This collec-

iv e e vidence led Kyger et al. [ 10 ] to conclude that myxosporeans
re one of the few confirmed instances of animals that have sec-
ndarily lost cytosine methylation capability. They proposed that
ytosine methylation has been retained, or is in the process of be-
ng lost, in the taxon-poor sister clade—the Malacosporea. 

Although the WGBS method used by Kyger et al. [ 10 ] is a pow-
rful a ppr oac h, v arious associated pr ocesses can lead to false-
egativ e r esults . If the bisulfite con v ersion r eaction is incomplete,
ome unmethylated cytosines may not be converted to uracil,
eading to false-negativ e r esults [ 34 ]. DNA fr a gmentation or degr a-
ation can also result in the loss of methylated cytosines. Fur-
hermor e, PCR amplification can intr oduce biases in the r epr e-
entation of methylated and unmethylated DNA sequences. Crit-
call y, the pr esence of host DNA gr eatl y c hallenges c har acteriz-
ng endoparasites using untargeted next-generation sequencing
NGS) a ppr oac hes. In particular, untar geted DNA sequencing of
ll genomes within a sample produces highly complex datasets
ith millions of short reads representing different genome frag-
ents [ 35 ]. In this genomic mixture, host DNA may potentially

v erwhelm endopar asite signals during assembl y. T hus , if only a
imited fraction of the DNA derives from endoparasites, assem-
lies based on multiple samples and/or host DNA sequence filter-

ng may be r equir ed to obtain r easonable cov er a ge of endoparasite
enomes. Finally, DNA methylation patterns can also be variable
etween cell types (i.e., host vs. endosymbiont) or different en-
opar asite unicellular sta ges (i.e ., plasmodia vs . spores in the case
f myxospor eans), potentiall y leading to false-negativ e r esults if
he methylated regions are not well represented in the sample
 36 ]. To address these issues, it is important to sequence multiple
ndependent samples or to use alternative sequencing methods. 

Myxozoa comprise a bizarr e r adiation of extr emel y mor pholog-
call y simplified par asitic cnidarians whose extensiv e molecular
iv er gence long pr ecluded their phylogenetic placement [ 37 , 38 ].
o w e v er, it is now clear that they e volv ed within Cnidaria [ 39–
1 ] and comprise some 20% of all described cnidarian species in
he present day [ 33 ]. Furthermore, the speciose and diverse myx-
spor eans ar e highl y deriv ed and demonstr ate a unique conv er-
ence to eukaryotic micr opar asitic lifestyles by de v eloping exclu-
iv el y as plasmodia and various invasive unicellular stages [ 37 ,
2 ]. This e volutionary tr ajectory may ultimatel y hav e been facil-
tated by the diploblast nature of cnidarians [ 43 ]. The discovery
f vermiform plasmodia in gallbladders of Amazonian fishes, in
urn, demonstr ates conv er gence to metazoan worm-like forms
c hie v ed at the unicellular le v el by myxospor eans [ 44 ]. It is of con-
ider able inter est, ther efor e, to confirm whether pr oposed loss of
ytosine methylation may be associated with the r a pid e volution
nd the unique morphological trajectories involving miniaturiza-
ion displayed by myxozoans. Howe v er, as outlined abo ve , further
onfirmation of this loss is r equir ed in view of potential compli-
ations associated with bisulfite sequencing using the small read-
ength generating Illumina HiSeq platform adopted by Kyger et al.
 10 ]. Oxford-Nanopor e Pr omethION sequencing (ONT) is a PCR-
ree method that retains epigenetic markers and provides direct
uantitative information about DNA methylation [ 45 ]. The aim of
his study was to use ONT as an alternative method to ascertain
oss of cytosine methylation in myxosporeans and to generate the
rst long sequence reads for myxozoan genomes. 

ethods 

ish sampling 

ampling and access to genetic heritage were authorized by
he Brazilian Ministry of the Environment (SISBIO authorization
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Figure 1: Ov ervie w of the bioinformatics pipeline. Ste ps used to assemble m yxozoan genomes fr om Oxford Nanopor e long sequence r eads and to 
detect the exact location of methylated bases (5-methylcytosine in a CpG context) within each assembled genome. 
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#67616–2 and SisGen #A656D). The study was a ppr ov ed by the 
Ethics Committee on Animal Use of the Federal University of São 
Paulo-UNIFESP (CEUA #6549290920). Fish were caught during Jan- 
uary 2022 using gill nets in waters where the Tapajós and Ama- 
zon Riv ers mer ge, close to the city of Santar ém, P ará State, Br azil 
(2 ◦23 ′ 49.79 ′′ S 54 ◦43 ′ 53.33 ′′ W). The fish were transported live to a 
makeshift field laboratory, close to the sampling sites, and euth- 
anized prior to dissection. Our aim was to sample opportunisti- 
cally for myxozoans in Amazonian fish gallbladders, which have 
been commonl y r eported to be infected by these cnidarian par- 
asites [ 44 ]. After the dissection of each fish, the gallbladder was 
r emov ed, and a sterile scalpel blade was used to open the gallblad- 
der, pouring the bile dir ectl y into a sterile 1.5-mL Eppendorf tube.
With a sterile micro-pipette, a drop of the bile fluid was immedi- 
ately placed on a microscope slide and examined using a light mi- 
croscope (Carl Zeiss model Primo Star) at 20 × or 40 × to ascertain 

infection. When infection was confirmed, the bile fluid content 
of the Eppendorf tube was immediately preserved in DN A/RN A 

Shield r ea gent (Zymo Researc h Cor p) to giv e 50% (v/v) in a final 
sample volume of 900 μL. Pictures of parasites in bile were ob- 
tained using a digital camera (Sony CyberShot) coupled to the 
light microscope objective. Observations of plasmodia and, espe- 
ciall y, of dia gnostic myxospor es with polar ca psules enabled mi- 
croscopic identification of myxozoan infections. 

DN A isola tion and sequencing 

Metagenomic DN A w as extracted from each sample using the 
Quic k-DNA Fecal/Soil Micr obe DNA Minipr ep Kit (Zymo Researc h) 
in accordance with the manufacturer’s instructions . T he entire 
sample was added to a ZR BashingBead Lysis Tube and the first 
step of the extraction proceeded by bead bashing (Vortex-Genie 
2; USA Scientific) at 3,200 rpm for 2 minutes, follo w ed b y a rest 
on ice for 1 min ute, re peating these ste ps 3 times . T he concentra- 
tion of DN A w as measur ed using a NanoDr op 2000 spectr opho- 
tometer (Thermo Scientific). Metagenomic libraries were gener- 
ated using ∼200 ng DNA and sequenced at the Novogene Se- 
quencing Centr e. Cruciall y, the standar d w orkflo w de viated fr om 

the sequencing center’s proprietary methodology in 3 respects. 
First, DN A w as not fr a gmented or size selected. Second, the 1- 
dimensional libraries were not purified following end-polishing, 
nic k r epair, and ligation of sequencing ada ptors . T hird, the li- 
br aries wer e pooled and sequenced, irr espectiv e of the final li- 
br ary concentr ation, using an entir e ONT sequencing cell (Prome- 
hION FLO-PRO002; RRID:SCR _ 017987 ). The original nanopore sig- 
al was recorded in Fast5 format, and base calling was ac hie v ed
sing Guppy ( RRID:SCR _ 022353 ) [ 46 ] to produce FASTQ format.
uality control of the raw reads was conducted using NanoPlot
oftware ( RRID:SCR _ 024128 ) [ 47 ] to remove adapter contamina-
ion and low-quality r eads. Onl y r eads with Q7 > 7 were used in
ubsequent assemblies. An ov ervie w of the entire ONT data anal-
sis pipeline is given in Fig. 1 and is next described in detail below.

emo v al of fish host contamination and 

ssembly of Myxozoa reads 

he first step to r emov e fish host DNA fr om eac h meta genomic
N A sample w as to map reads onto a set of 21 complete refer-
nce genomes r epr esenting fish from the order Characiformes and
amily Sciaenidae ( Supplementary File 1 ). Minimap2 ( RRID:SCR _
18550 ) [ 48 ] was used since this softw are allo ws mapping of long
nd noisy DNA reads to reference genomes with the “map-ont” op- 
ion. All the reads that mapped to the fish reference genomes were
 emov ed as contaminants, leaving datasets comprising Myxozoa- 
nric hed r eads. After this first round of r ead filtering, the r e-
aining reads having av er a ge quality score > Q7 and with lengths
 3,000 bp used as inputs for Flye ( RRID:SCR _ 017016 ) [ 49 ]. Flye is a
e novo assembler for single-genome and metagenome sequenc- 
ng r eads, suc h as those pr oduced by the ONT sequencing [ 49 ]. It is
mportant to note that Flye works using uncorrected reads as in-
uts and produces error-corrected contigs as outputs without the 
eed to specify the expected genome size, which is very important
ince the expected genome sizes for Myxozoa are largely an un-
nown variable . T he quality of the assembled contigs was further
nhanced using Medaka [ 50 ], which has been specifically trained
o corr ect dr aft sequence outputs fr om the Fl ye assembler in a
rocess called polishing, which pushes the error correction close 
o that expected from an assembly if it were constructed using
llumina-gener ated r eads. Custom code was written to impr ov e
arallelism for this Medaka consensus-generating step. 

To eliminate any remaining host and other contaminating DNA 

hat might have evaded the first-stage minimap2-based filter- 
ng process (and thus might subsequently become erroneously 
ssembled into chimeric contigs), a second, more stringent fil- 
ering step was introduced that used BlobToolKit v4.2.0 ( RRID:
CR _ 025882 ) [ 51 ]. This is a tool designed to aid genome assem-
ly quality control, contaminant detection, and filtering. This 
econd-stage filtering process involved (i) pairwise BLAST [ 52 ]

https://scicrunch.org/resolver/RRID:SCR_017987
https://scicrunch.org/resolver/RRID:SCR_022353
https://scicrunch.org/resolver/RRID:SCR_024128
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_018550
https://scicrunch.org/resolver/RRID:SCR_017016
https://scicrunch.org/resolver/RRID:SCR_025882
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omparisons between the Medaka polished assembled contigs
or each Myxozoa sample against the entire GenBank Eukaryota
t (nt_euk) database and (ii) Diamond [ 53 ] BLASTx comparisons
 gainst the pr otein portion of the Tr anscriptome Shotgun Assem-
ly Sequence Database (tsa_nr). The hits from these 2 BLAST anal-
ses provided inputs that the BlobToolKit used, together with read
ov er a ge information, to obtain taxonomic assignments for the
ssembled DNA. Any contigs that provided the majority of hits
o host-related taxa (Actinopterygii) were remo ved. T he outputs ,
her efor e, wer e Medaka-polished contigs that r epr esented Myxo-
oa genomes clean of any detectable fish host DNA. 

Lastly, the genome size for each of the samples was predicted
y comparing each assembly total size (in bp) with the genome
ize estimated by k -mer count analysis using err or-corr ected ONT
eads . T his approach was taken because Myxozoa are highly vari-
ble in terms of genome size, and no true r efer ence genomes exist.
o estimate the genome sizes, all the Medaka polished contigs and
ll the err or-corr ected long r eads wer e separ atel y used for 21-mer
nd 25-mer frequency analyses . J ellyfish v2.1.3 ( RRID:SCR _ 005491 )
 54 ] was used to count k -mer frequency, and a histogram of k -

er distributions was gener ated. Jell yfish could be used on ONT
ead data because read trimming and error correction steps were
ompleted manually. Peak coverage was taken to be the average
 -mer cov er a ge, and genome size was estimated by the follow-
ng formula: G size = k -mer count /Peak position , where the k -mer count 

nd Peak position are the total number and the average depth of 21-
er and 25-mer combinations, r espectiv el y. ONT r ead err or cor-

ection was performed using Canu ( RRID:SCR _ 015880 ) correction
nd trimming modules [ 55 ]. 

ssigning taxonomic labels to reads 

o confirm Myxozoa identification based upon microscopic mor-
hology and to c hec k that the final datasets were free from host
nd other contaminating DNA, a search for both 16S rDNA and
8S rDNA taxonomic markers in raw and corrected reads was un-
ertaken using the SILVA Release 138.1 nonredundant Small Sub-
nit rRNA Database [ 56 ]. Hits to the dataset were assigned taxo-
omic labels using the all-species taxonomic fr ame work function
 57 ]. To assign taxonomic labels at a species le v el, a manual exam-
nation of alignment hits between the query reads and the SILVA
atabase was performed to extract sequences that corresponded
o 18S rDNA hyperv ariable r egions . T hese r egions wer e anal yzed
y BLASTn alignment against unpublished Myxozoa 18S rDNA se-
uences generated by our group and also against the entire nr
ucleotide database at NCBI [ 58 ] to further confirm r emov al of
ontaminating sequences. Phylogenetic analysis was conducted
n 678 Myxozoa 18S rRNA sequences, with 673 obtained from
he Silva database [ 56 ] and 5 extracted from our genomes . T he
nalysis was based on multiple sequence alignment, where all in-
ert columns have been removed, including any consensus col-
mn which had fewer than 95% of the sequences that are non-
aps and had a posterior probability of less than 0.95. This data
r epar atory pr ocess, whic h assumes all aligned nucleotides are
omologous, ensures that the resulting phylogeny is based on ro-
ust data. The alignment and v ariable r egion masking wer e per-
ormed using SSU-ALIGN [ 59 ], and the phylogenomic inference,
ncluding tr ee r econstruction, was accomplished using IQ-TREE
 RRID:SCR _ 017254 ) [ 60 ] installed on a Linux server. The built-in
ModelFinder” feature [ 61 ] has been used to determine the best-
t substitution model for 18S DNA multiple sequence alignment

nput. For the visualization of the resulting unrooted tree, iTol v6
 RRID:SCR _ 018174 ) was used [ 62 ]. 
ssessment of genome assembly completeness 

nd quality 

he completeness and quality of each individual genome assem-
ly was assessed separately and then compared against all 8
yxozoa genomes curr entl y av ailable ( Supplementary File 2 ) us-

ng QUAST ( RRID:SCR _ 001228 ) [ 63 ] and B USCO anal yses ( RRID:
CR _ 015008 ) [ 64 ]. The QUAST analyses provided technical met-
ics with which to compare the relative completeness of genomes,
or example, numbers and sizes of contigs, G + C content, num-
ers of base mismatches, and ov er all quality in terms of N50,
90, L50, and L90 values. Genome quality was also assessed by
easuring anticipated gene content using B USCO anal ysis with
 255 single-copy ortholog dataset (Eukaryota Odb10) that is con-
ider ed r epr esentativ e of genes that encode core biological func-
ions in eukaryotes [ 65 , 66 ]. To be included in the BUSCO set,
enes had to be present as single-copy orthologs in at least 90%
f the species within a major br anc h of the species phylogeny.
dditionall y, to ensur e a div erse distribution acr oss v arious taxa,

he BUSCO dataset does not contain a single subclade where all
he genes were missing. The BUSCO analyses were implemented
sing a docker container [ 67 ]. BUSCO analyses using the same
ukaryota Odb10 dataset provided standardized metrics that al-
o w ed compar ativ e genome quality to be determined between the
enomes assembled herein and those Myxozoa genomes already
vailable in public databases. 

ethylation calling 

NA methylation signals were present in the fast5 files, which
riginated dir ectl y fr om the ONT sequencing cell (Pr omethION
LO-PRO002 [ RRID:SCR _ 017987 ] with the SQK-LSK110 sequencing
it) and were also used for base-calling. We adopted Nanopolish
.0.14.0 ( RRID:SCR _ 016157 ) [ 68 ], an analytic tool that uses a hid-
en Markov model to distinguish 5-mC from unmethylated cyto-
ine dir ectl y fr om fast5 files, for 2 reasons. First, it uses an ag-
ostic model a ppr oac h to detect DNA methylation that does not
 equir e tr aining data, whic h is a constr aint when dealing with r el-
tiv el y unknown genomes. Second, the method has been shown
o either outperform or provide equivalent results for methy-
ation calling offered by other approaches [ 69 ] that are highly
ependent on the training data. Since Nanopolish needs to ac-
ess the signal-le v el data measur ed by the ONT sequencer, in-
ex files were created that linked long-read identifiers with the
orr esponding signal-le v el data in the fast5 files. Next, the base-
alled reads were aligned to each assembled genome contig, using
he ONT specific “map-ont” option of minimap2. Nanopolish was
hen used to detect methylated bases (5-methylcytosine in CpG
ontext) using the internal “call-methylation” function. The orig-
nal Nanopolish output file contained m uc h information, includ-
ng identifiers, the position of the CG dinucleotide on genome con-
igs, and the log-likelihood ratio calculated by the model. A posi-
iv e v alue in the log_lik_r atio column of the output files indicated
upport for methylation. By using a helper script called “calcu-
ate_methylation_frequenc y.p y” accessible within the Nanopolish
nstallation files, the methylation frequency for all detected CpG
ites on each assembly contig could be calculated. These methy-
ation frequency values range from 0 to 1, with zero indicating no
upport for methylation whatsoe v er and 1 indicating that all the
equence data covering a particular CpG site had the methylation
ignal. Eac h v alue placed between 0 and 1 boundaries r epr esents
he ratio of mapped sequence data giving a positive methylation
ignal for a particular CpG site. 

https://scicrunch.org/resolver/RRID:SCR_005491
https://scicrunch.org/resolver/RRID:SCR_015880
https://scicrunch.org/resolver/RRID:SCR_017254
https://scicrunch.org/resolver/RRID:SCR_018174
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_001228
https://scicrunch.org/resolver/RRID:SCR_015008
https://scicrunch.org/resolver/RRID:SCR_017987
https://scicrunch.org/resolver/RRID:SCR_016157
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Gene finding, annotation, and genome 

comparisons 

Because DNA material was isolated fr om endopar asites living 
within their hosts, MetaEuk v.6.a5d39d9 was used for gene dis- 
covery and annotation [ 70 ]. This toolset is designed specifically 
to handle large-scale datasets reflecting eukaryotic metagenomic 
contigs. It also integrates the rapid and sensitive homology search 

functionalities offered by MMseqs2 with a dynamic pr ogr am- 
ming a ppr oac h tailor ed for the r etrie v al of optimal exon sets [ 71 ].
For both gene annotation and taxonomic assignment, the lat- 
est UniProtKB database was used. The entire set of UniProtKB 

protein sequences w as do wnloaded locally in FASTA format and 

converted to become our own customized baseline annotation 

database using the MMseqs2 “mmseqs” command. This proce- 
dure enabled us to augment the sequence database with addi- 
tional taxonomic information using the sequence accession de- 
scriptions, thus linking our sequence data with taxonomic iden- 
tity using an a ppr opriate ma pping file . T he “easy-predict” MetaEuk 
w orkflo w w as used on all assembled genome contigs and scaffolds 
to pr edict pr otein coding sequences and r espectiv e pr oteins in a 
nonredundant manner. To complement the customized UniPro- 
tKB r efer ence database, the entir e curr ent r elease of PANTHER 

HMM library (v.18) was also downloaded and installed locally for 
functional classification of proteins [ 72 ]. After obtaining gene pre- 
dictions, the “taxtocontig” w orkflo w in MetaEuk w as used to as- 
sign taxonomic labels to the predicted proteins . T he parameter 
“–majority” was used with this w orkflo w, so that at least 50% of 
labeled pr edictions wer e used for positiv e taxonomic assignment.
To integrate this w orkflo w into our Myxozoa genomic pipeline 
(Fig. 1 ), se v er al Python scripts were written for more efficient par- 
allelization of search tasks, for PANTHER search output parsing,
and for further downstream analysis. For example, the PANTHER 

HMM scoring tool was used to screen a hidden Markov model 
(HMM) libr ary specificall y for all protein families related to the 
nucleus-based Gene Ontology (GO) biological processes of base- 
excision repair (BER), DNMT, and DNA demethylation (ten-eleven 

translocation methylcytosine dioxygenase [TET]). 
Word cloud analysis of GO terms linked to genes was used 

as a visualization strategy and aimed to enhance the inter pr eta- 
tion of the vast and complex information the genome annotations 
yielded. Keyw or ds and key phr ases wer e extr acted fr om the tex- 
tual descriptions of gene functions using a state-of-the-art k e y- 
w or d extraction tool KeyBERT [ 73 ]. The extracted terms were next 
visualized using w or d cloud, whic h pr ovides a po w erful tool for 
r epr esenting the r elativ e importance of terms through graphical 
r epr esentation [ 74 ]. 

Determining cytosine methylation at CpG sites 

within and outside protein coding sequences 

(CDSs) 
The “taxtocontig” and “–lca-mode” function of MetaEuk was used 

to predict the taxonomy of CDS and non-CDS sequences . T he ad- 
ditional parameter “–majority” was also used with this w orkflo w.
All pr edictions wer e based on candidate sequence alignment to 
the UniProtKB database used for genome annotation. Alongside 
this pipeline, a set of Python scripts and pr ogr ams was written 

utilizing BioPython ( RRID:SCR _ 007173 ) [ 75 ] modules to parse the 
gene prediction output files and to link these predictions to other 
layers of information. The av er a ge G + C content of CDS and non- 
CDS sequences was then calculated based on predicted sequence 
boundaries within each genome assembly. Knowing the G + C con- 
tent, the observed/expected CpG ratio (CpG O/E) for each CDS and 
on-CDS sequence in each genome could be calculated using the
ollowing equation: 

C pG O/E = 

C G x l 
C x G 

here “l” is the sequence length, “C” denotes the number of cyto-
ine residues, and “G” is the number of guanine residues within a
equence. A Python implementation of a Gaussian mixture model 
GMM) called “MethMod” [ 76 ] was used to predict the presence
f DNA methylation based on observed differences between CpG 

ates in CDSs extracted from genome annotations [ 70 ]. The GMM
ad 2 components and calculated the Akaike information crite- 
ion (AIC) alongside the statistical mean of each component. The
istance between the statistical mean of each component and 

he r elativ e amount of data points in eac h component wer e also
alculated (i.e., the percentage). To characterize the distributions 
f each Myxozoa genome CDS CpG O/E values, the distribution
eans, sample standard deviations, and the skewness were also 

alculated. To report only the reliable “MethMod” calculations,
huffled data were used as a control. The most informative “Meth-
od” value calculated is the distance between the component 
eans, whic h serv es as an indicator for DNA methylation. If the

istance is greater than or equal to 0.25, it can be assumed that
NA methylation is present; otherwise, it is mor e likel y that DNA
ethylation is absent [ 77 ]. 

tatistics used for validation 

o determine if the number of CpG sites within a CDS was cor-
elated to the length of the CDS (in bp), the “Matplotlib” and
NumPy” modules in BioPython were used to calculate a Pearson 

orrelation coefficient. The lengths and the observed number of 
pGs for each CDS in the 3 genome assemblies were plotted, and
 linear least squares regression was used to model the relation-
hip between the number of CpG sites and CDS length. A kernel
ensity estimation (KDE) was used to further validate the “Meth-
od” results and to justify the application of this method on our
yxozoa assemblies. It is important to notice that the GMM used

n MethMod is a parametric probability density function repre- 
ented as a weighted sum of Gaussian component densities. As
uch, it has to make an underlying assumption on the number
f components. In the case of DNA methylation, 2 components
re a natural choice accounting for methylated and unmethylated 

enes. Ho w e v er, in vie w of the r a pid e volution that c har acterizes
 yxozoans, the non uniform m yxozoan genome assemblies, and

he Kyger et al. [ 10 ] results indicating absence of methylation, an
dditional nonparametric method (KDE) was used to validate the 
arametric GMM test results. 

KDE applies kernel smoothing for probability density estima- 
ion and r epr esents a nonpar ametric method often used to esti-

ate the probability density function of a random variable based
n kernels as weights. Testing different kernels for KDE is im-
ortant because the choice of kernel can have a significant im-
act on the estimated probability density function. Three were 
elected, and they were the “Epanechnikov, ” “tophat, ” and “Gaus- 
ian” kernels, with Gaussian providing the closest estimate. A code 
o generate KDE was written using “NumPy, ” “Matplotlib , ” “SciPy, ”
nd “scikit-learn” modules of BioPython. The code resulted in bi- 
odal distributions based upon the kernel density estimates, fit- 

ed to the ONT Nanopor e pr edicted myxozoan CDS CpG O/E data.
o determine the exact location of each methylated base (i.e., 5-
ethylcytosine in a CpG context) for each assembled Myxozoa 

enome, the fast5 datasets were processed using the same Na-

https://scicrunch.org/resolver/RRID:SCR_007173
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Table 1: Putative identification of Myxozoa. Identification was made using sequencing read comparison against an 18S rDNA database 
(SILVA) and visual analysis of morphological features using light microscopy. 

Specimen Host 
Identification based on best hit to the 

SILVA database 
Identification based on microscopic 

morphology 

57 PIagioscion squamosissimus Ceratomyxa Ceratomyxa 
58 PIagioscion squamosissimus Ceratomyxa Ceratomyxa 
70 Curimata inornata Ceratomyxa Ellipsomyxa 
108 Rhaphiodon vulpinus Ellipsomyxa and Myxidium Ceratomyxa 
115 Hemiodus unimaculatus Ellipsomyxa Ellipsomyxa and Ceratomyxa 
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opolish, Guppy, and minimap2 pipelines described previously. To
emonstrate the inverse correlation between calculated CDS CpG
/E and experimentally recorded CpG methylation frequencies
ithin the r espectiv e CDS gene bodies, a scatter plot was dr awn.
his scatterplot included a group of 1,000 CDSs c har acterized by
ighest calculated CpG O/E ratios and another group consisting of
he same number of CDSs with the lo w est CpG O/E ratios in the
ataset. On the y-axis for eac h CDS gr oup, a cum ulativ e methyla-
ion frequency (expressed as an average) was calculated by sum-

ing all r espectiv e CpG site methylation fr equencies and divid-
ng this sum by the number of CpG sites for each of the selected
DSs. To smooth the methylation frequency plot and to make a
or e informativ e figur e , a Sa vitzky–Gola y filter was implemented

rom the “SciPy” module of BioPython. An elbow method was ad-
itionally emplo y ed to independently assess the optimal number
f clusters (e .g., distributions , number of components) according
o CDS CpG O/E v alues. To go e v en further and v alidate these ex-
ectations using experimental data obtained by ONT sequenc-

ng, the KDE analysis was repeated and ONT Nanopolish-derived
ethylation frequencies were introduced, which were calculated

or each CpG site within CDSs in its full range (floating point value
rom 0–1 range) as function weights . T hus , in this weighted KDE
 ppr oac h, an entir e methylation fr equency floating point scale
rom 0 to 1 w as utilized, allo wing us to pinpoint CpG O/E val-
es that are best at separating methylated versus nonmethylated
DSs. Since CpG O/E v alues can be calculated solel y based on ge-
omic sequences, this is a very useful method for proving the exis-
ence of methylation in genes and to provide the accurate bound-
ries separating methylated from nonmethylated genes within
enomes. All figur es wer e dr awn using “matplotlib” within the
naconda environment ( RRID:SCR _ 025572 ) [ 78 ] and using Jupyter-
ab ( RRID:SCR _ 023339 ) [ 79 ]. 

esults 

dentification of Myxozoa 

e detected myxozoan infections in 102 of 189 fish gallblad-
ers (54%). The DNA of myxozoans collected from the bile of 5
sh specimens was isolated in sufficient concentration and pu-
ity r equir ed for ONT sequencing. J ust o v er 9 ter abytes of se-
uencing data wer e gener ated. To assign taxonomic labels to the
yxozoa, both raw and corrected reads were used as inputs for

dentification of 16S and 18S rDNA sequences by comparison to
ILV A Release 138.1. T able 1 summarizes the material studied
FASTA sequences ar e pr ovided in Supplementary File 3 ). Light

icroscopy at low magnification without oil (typically 20 × or
0 ×) was also used to identify myxozoan infections and to ten-
ativ el y identify the myxozoans to the genus le v el based on mor-
hology (Table 1 ). Photogr a phs of the Myxozoa and host fish are
rovided in Supplementary File 4 for 4 of the 5 bile samples

isted in Table 1 . Closer inspection of the Ceratomyxa spp. iso-
ated from fish samples 57 and 58 ( Plagioscion squamosissimus ) re-
 ealed cell mor phologies r eflecting differ ent sta ges of de v elop-
ent ( Supplementary File 4 , Fig. S1 ). These r anged fr om imma-

ur e to matur e plasmodia, the latter containing numer ous spor es.
dv anced spor ogenesis sta ges wer e pr edominant. The identifica-

ion of plasmodia and myxospores was associated with hits to
8S sequences of myxozoans in the genus Ceratomyxa in the SILVA
atabase . T he inferred identification of Myxozoa found in the bile
rom fish sample 70 ( Curimata inornata ) was inconsistent between
he molecular and microscopic data. Molecular data indicated a
losest database match to Ceratomyxa. Ho w ever, the morpholo-
ies of parasite stages in the bile (man y immatur e plasmodia,
ome mature plasmodia with myxospores, and some free myx-
spor es) wer e clearl y those of Ellipsom yxa ( Supplementary File 4 ,
ig. S2 ). Two morphological types of Myxozoa wer e observ ed in
he bile collected from sample 115 ( Hemiodus unimaculatus ). These
er e mainl y Ceratom yxa plasmodia at differ ent le v els of spor oge-
esis and free myxospores but also some stages consistent with
he morphology of immature Ellipsomyxa plasmodia without myx-
spores ( Supplementary File 4, Fig. S3 ). It would appear that Ellip-
omyxa DN A w as sequenced from sample 115 as only sequences
omologous to Ellipsomyxa were matched in the SILVA database.
equences homologous to infection by Ellipsomyxa and Myxidium
er e r etrie v ed in the SILVA database for sample 108 ( Rhaphiodon
ulpinus ; a photo of the fish is given in Supplementary File 4,
ig. S4 ). Photogr a phic e vidence was not obtained for Myxozoa in
his sample, but Ceratomyxa sp. was identified by microscopic ex-
mination and recorded in the field notebook. 

To confirm species identification, the identified 18S FASTA se-
uences ( Supplementary File 3 ) were analyzed manually for hy-
erv ariable r egions ( Supplementary File 5 ). Subsequent phyloge-
etic anal ysis r e v ealed no ov erla p of 18S sequences with those
f existing myxozoan sequences deposited in the SILVA database
 Supplementary File 6 A provides a phylogenetic tree where our
amples are labeled in red. The phylogeny is also represented in
e wic k format in Supplementary File 6 B). Very r ecentl y published
anu built-in methods that handle the typically high read error
ates linked with nanopore sequencing were emplo y ed for error
orrection and read trimming to provide more reliable 18S rRNA
ene analysis [ 80 ]. Ho w ever, no convincing homology alignments
ould be made with known myxozoan species. In addition, a pair-
ise assessment of genome synteny was performed using ONT-

enerated polished assemblies to determine if any of the sam-
les shared identity. Using standalone D-Genies [ 81 ] to display the
ynteny outputs, it was possible to globally align samples 57 to
8 (Fig. 2 A) and samples 108 to 115 (Fig. 2 B). Such synteny fur-
her strengthened the previous 18S rDNA-based taxonomic as-
ignments (Table 1 ), which, together with the annotation results
 eported below, str ongl y support the identity of myxozoans in
amples 57 and 58. These were likely the same Ceratomyxa species
solated fr om differ ent specimens of the same fish species . T he
ynten y r esult also supported the identity of myxozoans in sam-

https://scicrunch.org/resolver/RRID:SCR_025572
https://scicrunch.org/resolver/RRID:SCR_023339
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
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Figure 2: Whole-genome dot-plot comparisons of (A) samples 57 and 58 
and (B) samples 108 and 115. Linearity implied a common ancestry with 
breaks in the plot indicative of genome fragmentation or deletions. More 
fr a gmented dia gonal with a higher density of lines off the main dia gonal 
suggests that samples 108 and 115 (B) are less related in comparison 
with samples 57 and 58 (A), which we believe to represent the same 
species. 
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ples 108 and 115, these being Ellipsomyxa isolated from 2 different 
fish species. Ho w e v er, later comparisons between the functional 
annotations of genes would suggest a clear taxonomic difference 
between samples 108 and 115. In the absence of photogr a phic e v- 
idence, sample 108 was considered a myxosporean species and is 
r eferr ed to as Myxosporea sp. 

Myxozoa assembly comparisons 

Ceratomyxa sp. sample 57 and Ceratomyxa sp. sample 58 both 

contained large numbers of myxospores ( Supplementary File 4 ,
ig. S1 ) but only provided partial genome assemblies and were dis-
ounted from further genomic comparisons. ONT read assembly 
rovided 3 high-quality draft Myxozoa genomes: for Ellipsomyxa 
p . sample 70, Myxosporea sp . sample 108, and Ellipsomyxa sp .
ample 115. Ov er all, this pr oduced satisfactory r esults despite
he initial imbalance of r eads r anging fr om 10 to 1 in favor of
ost DNA in Ellipsomyxa sp. sample 115 and up to 4 to 1 in fa-
or of host DNA in Ceratomyxa sp. sample 58. The only sample
hat had r elativ el y mor e par asite r eads compar ed to the host was
llipsomyxa sp. sample 70, which revealed an approximately 2 to
 ratio in favor of parasite DNA reads . T hese calculations were
ased on ratios between excluded reads (i.e., ones that mapped
nto r efer ence fish genomes) and r eads that ma pped onto con-
amination pruned assemblies . T he 8 Myxozoa genome assem- 
lies curr entl y av ailable in public databases wer e all assembled
r om r eads gener ated using v arious Illumina sequencing plat-
orms ( Supplementary File 2 ). QUAST analysis clearly demon-
trated that the 3 genomes generated from samples Ellipsomyxa sp.
ample 70, Myxosporea sp. sample 108, and Ellipsomyxa sp. sam-
le 115 had superior ov er all quality to the 8 published genomes

n terms of best N50, N90, L50, and L90 values and were also com-
letel y fr ee of mismatc hes ( Supplementary File 7 ). The estimated
enome sizes were in the 20 to 30 Mbp range . T hese estimated
enome sizes were further confirmed by Jellyfish k -mer analysis,
hic h r e v ealed total genome lengths for Ellipsomyxa sp. sample
0, Myxosporea sp. sample 108, and sample 115 as 24.26, 26.97,
nd 30.22 Mbp, r espectiv el y. Our estimated total genome sizes
r e compar able to the 31.2 Mbp genome size estimated for Ku-
oa iwatai but far smaller than the predicted genome sizes for the
ther 7 pr e viousl y sequenced myxozoans, which range from 61.44
o 234.48 Mbp ( Supplementary File 7 ). 

The QUAST comparison only provided a technical assessment 
f the genome assemblies, with no regard to functional aspects
r genome completeness. To compare the ONT assembly more 
hor oughl y to the pr e viousl y gener ated Myxozoa assemblies that
ere all generated by Illumina platforms, a BUSCO-based as- 

essment was performed (Fig. 3 ). This assessment included the
ntire dataset of 11 Myxozoa genome assemblies . T here were
63 complete and unique BUSCOs identified from a total of 255
ukaryotic genes that comprised the BUSCO Eukaryota Odb10 
ataset (63.9%). A reduced set of BUSCO genes is expected given
he observed trend in parasite genome reduction. Ho w ever, there
er e onl y 6 (2.4%) B USCOs shar ed by all the genomes assessed.
he highest-quality genome assembly belonged to Ellipsomyxa sp.
ample 70, which scored a total of 123 complete and duplicated
USCOs . T his represented 75.5% of the overall 163 BUSCOs iden-
ified. All other assemblies shared a majority of identified com-
lete BUSCOs with this assembled sample 70 genome (ranging 
r om a minim um of 68% shar ed with Myxobolus honghuensis to 90%
har ed with Myxospor ea sp. sample 108 and with Enteromyxium
eei ). When the initial ONT fastq reads of Ellipsomyxa sp. sample
0 were mapped onto the final polished version of the assembly
 Supplementary File 8 A), the median genome cov er a ge was 1,424.
sing both complete and duplicated single-copy genes (BUSCOs) 

o assess the expected cov er a ge mor e pr ecisel y, an ov er all suffi-
ient le v el of cov er a ge has been confirmed, and a r elativ el y high
e v el of gene duplication indicated by B USCO anal ysis has fur-
her been emphasized when av er a ge B USCO gene cov er a ge has
een calculated ( Supplementary File 8 B). Regarding the expected
enome cov er a ge, a histogr am accompanied by probability den-
ity function that summarizes distribution of this genome assem- 
l y cov er a ge has r e v ealed 2 distinct peaks that completel y cor-
 elate with B USCO gene cov er a ge, indicating lar ge-scale genome
uplications ( Supplementary File 8 C). It was ther efor e r easonable

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
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Figure 3: BUSCO assessment of genome assembly and annotation completeness for the 11 myxozoan genomes presently a vailable . Despite a low level 
of shared BUSCOs overall, there was a small consensus of core proteins shared between the genomes. 
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o consider Ellipsomyxa sp. sample 70 as the best-quality myxo-
oan genome assembly reported to date . T he o verall low num-
er of shared BUSCOs between Ellipsomyxa sp. sample 70 and
he other assembled genomes could be attributed to incomplete-
ess, excessiv e fr a gmentation, contamination (including coinfec-
ions of myxozoan species, a scenario that may partly explain
ur identification incongruities and could contribute to varia-
ion in qualities of assemblies), or a combination of these fac-
ors ( Supplementary File 7 ). Even though a high-le v el eukaryote
USCO set was used, a notable proportion of BUSCOs detected
er e duplicates, whic h was also reflected at the level of total
enome cov er a ge ( Supplementary File 8 ). The e volutionary sig-
ificance of a ppar ent nonr andom, order ed, and r egular gene du-
lication could have significant implications beyond the scope
f this article but warrants future experimental investigation
 Supplementary File 8 ). These r anged fr om 0% to 72% of all identi-
ed complete BUSCOs in the assembled genomes (Fig. 3 ). This re-
ult is striking given the ubiquitous underlying basis of the BUSCO
et (Eukaryota Odb10) and that the genomes are reduced in size
 Supplementary File 7 ). The unusually low le v el of B USCOs shar ed
mong these myxozoan taxa also suggests that a small consensus
f core proteins may be essential for endoparasites with reduced
enomes . T his was explored further when the genomes were an-
otated and is described below. 

ene annotation and genome analysis 

omparisons of the gene annotations for ONT sequenced Ellip-
omyxa sp. sample 70, Myxosporea sp. sample 108, and Ellipsomyxa
p. sample 115 are shown in Fig. 4 . The Euler–Venn dia gr ams r e-
eal that most genes are common to all 3 genomes, irrespective
f the le v el of GO annotation used (molecular function, biologi-
al process, or cellular component). Although the level of unique
unctions , processes , or components shared between Myxosporea
p. sample 108 and Ellipsomyxa sp. sample 115 was rather small
between 4% and 10%), the genome annotations were not com-
letely identical. This further supported variation in 18S rDNA se-
uences, genome synten y, micr oscopic mor phology, and B USCO
nalyses that suggested Myxosporea sp. sample 108 and Ellip-
omyxa sp. sample 115 were different taxa. A genome analysis
 e v ealed a core gene repertoire that contained 39,140 gene vari-
nts (76.83% of all genes in the top 20 GO terms) falling within
olecular function GO process, 8,339 genes annotated with a bi-

logical function (43.80% of all genes in the top 20 GO terms),
nd 23,186 genes assigned to a cellular component (92.60% of all
enes in the top 20 GO terms). Given the large number of genes
hat shar e pr edicted coding functions among all 11 myxozoan
enomes, w e used w or d cloud anal ysis to decipher what pr otein
unctions wer e ov err epr esented within the cor e gene r epertoir e
 Supplementary File 9 ). Key w or ds and k e y terms could then be

or e easil y distinguished fr om the w or d clouds (see Methods),
nd these are shown in Table 2 . In summary, when Ellipsomyxa sp.
ample 70 was used as a r efer ence genome, both B USCO (Fig. 3 )
nd genome analysis (Fig. 5 , Table 2 ) concurred that the same 20
ost abundant GO terms were common to Ellipsomyxa sp. sample

0 and all the other 10 assemblies (i.e., Myxosporea sp. sample
08 and Ellipsomyxa sp. sample 115, as well as the 8 pr e viousl y
ublished myxozoan genomes). These data support that myxo-
oans possess a conserv ed cor e function gene r epertoir e, perha ps
ssential for endoparasites with reduced genomes, which was not
mmediatel y e vident when r el ying solel y on gene homology. 

NT nanopore methylation calling 

he sequencing reads for Ceratomyxa spp. isolated from fish sam-
les 57 and 58 could only be assembled as partial genomes. How-
 v er, these genomes displayed close to total synteny (Fig. 2 A).
 his , along with similar gene annotation results, indicated the
ame Ceratomyxa species was present in the bile of individuals of
he same fish species that were caught at the same time . T hese
artial genomes can thus be considered independent biologi-
al replicates with which the Nanopolish DNA methylation call-
ng can be assessed. The sample methylation cross-comparison

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
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Figure 4: Comparison of the number of annotated genes shared 
between samples 70, 108, and 115. Euler–Venn dia gr ams display the 
number of unique genes annotated by GO terms for (A) molecular 
function, (B) biological process, and (C) cellular component. 

(

Table 2: Pr edicted pr otein functions by GO pr ocess encoded by a 
cor e r epertoir e of genes shar ed among 11 myxozoan genomes. Use 
of Named Entity Recognition (NER) in terms of k e yw or d recogni- 
tion and GO term analysis visualized using w or d cloud methods 
enabled initial identification of gene categories with further anal- 
yses as described in the Methods section. The terms being shared 

are not necessarily the most abundant GO categories in each in- 
dividual genome annotation and w or d cloud depictions. 

GO Process Shared GO terms 

Molecular Function GTP binding, nucleic acid binding, RNA 

binding, metal ion binding, hydrolase 
activity, ATP binding, DNA binding, ATP 
hydr ol ysis activity, zinc ion binding 

Biological Process DNA r epair, pr oteol ysis, pr otein 
phosphorylation, mRNA splicing via 
spliceosome, regulation of DNA-templated 
tr anscription, DNA r eplication, tr anslation, 
phosphorylation 

Cellular Component mitochondrial inner membrane, Golgi 
membr ane, DNA-dir ected RNA pol ymer ase 
complex, endoplasmic reticulum 

membrane , nucleolus , plasma membrane , 
ribosome , microtubule , nucleus , 
spliceosomal complex, ribonucleoprotein 
complex, cytoplasm, cytosol, membrane 
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bidirectional methylation calling) of Ceratomyxa sp. sample 57 and 

Ceratomyxa sp. sample 58 in both directions validated the ONT 

methylation calling results obtained using Nanopolish for each 

sample independentl y. These anal yses also pr ovided further sup- 
g  
ort for the same species of Ceratomyxa in samples 57 and 58.
ig. 6 A is a heatmap for the results of such a cross-comparison
nal ysis using Ceratom yxa sp. sample 57 signal-le v el data ma pped
 gainst Ceratom yxa sp. sample 58 genome assembl y data as the
iological replicate. Fig. 6 B is the reverse result whereby sample
eratomyxa sp. sample 58 signal-level data were mapped against 
eratomyxa sp. sample 57 genome assembly data as the biological
eplicate . T he heatmaps obtained by grouping comparable methy-
ation fr equencies acr oss all CpG sites in the 2 sample assemblies
ndicated 2 things. First, the correlation was very strong (Pearson 

orrelation coefficient as a measure of the linear relationship be-
ween 2 variables = 0.764 in both sample comparisons), validat-
ng the ONT methylation calling without the necessity of employ- 
ng bisulfite sequencing. Second, most of the recorded methyla- 
ion frequencies fell in the range between 0.8 and 1. This pro-
ides strong evidence that most of the assembled genome CpG
ites were methylated and thus that most of the genes in these
enomes were likely to be transcriptionally silenced at the time
f sampling. 

The cr oss-comparison additionall y pr ovided a pr ocedur e to de-
ermine the quality and accuracy of the sequence assemblies and
o identify conserved regions or orthologous genes between the 
amples . T he methylation frequencies and associated gene counts
or assemblies (genome size estimates) of Ceratomyxa sp. sam- 
le 57, Ceratomyxa sp. sample 58, Ellipsomyxa sp. sample 70, Myx-
sporea sp. sample 108, and Ellipsomyxa sp. sample 115 are dis-
layed as a bar chart (Fig. 7 ). The methylation frequencies for as-
emblies obtained from Ellipsomyxa sp. sample 70, Myxosporea sp.
ample 108, and Ellipsomyxa sp. sample 115 are in striking contrast
o those from samples Ceratomyxa sp. sample 57 and Ceratomyxa
p. sample 58. This surprising result indicates that most of the
enes in the assemblies deriving fr om Ellipsom yxa sp. sample 70,
yxosporea sp. sample 108, and Ellipsomyxa sp. sample 115 were 

ikely not methylated. Figure 7 also illustrates that the Ellipsomyxa 
p. sample 70 assembly is arguably the cleanest and most accu-
ate myxozoan genome yet described. This is supported by the
enome assembl y anal yses (the QUAST tec hnical assessment of
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Figure 5: Pangenome annotation comparison between the 8 Myxozoa genomes publicly available and the 3 assemblies produced in this study. This 
pangenonne comparison shows that on the top le v el of GO annotations, Myxozoa do possess a conserved core gene repertoire (demarcated within the 
red lines). 
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he genome assemblies [ Supplementary File 7 ] and B USCO e v alu-
tion of genome completeness [Fig. 3 ]). 

istribution of DNA cytosine methylation 

roteins 

o rigor ousl y assess the feasibility of CpG methylation ca pabil-
ties of myxozoans, all 8 Myxozoa genomes curr entl y av ailable
nd the additional 5 ONT-based assemblies produced herein were
ll annotated using the same bioinformatics pipeline (Fig. 1 ). Ta-
le 3 summarizes the presence of the most r ele v ant mec hanisms
upporting molecular methylation in these various myxozoan
enomes identified by the results of this uniform annotation pro-
edure . T hese include DNMT , TET , and BER enzymes. Fi ve m yx-
zoan genomes encoded all 3 k e y methylation components nec-
ssary for successful CpG meth ylation/demeth ylation and subse-
uent base excision r epair ( M. honghuensis , Ceratonov a shasta , Ellip-
om yxa sp. sample 70, Ellipsom yxa sp. sample 115, and Henneguya
alminicola ). The remaining 7 genomes were missing either TET
r DNMT components. BER was the dominant methylation en-
yme in all the genomes, and more than 1 copy was present in all
enomes analyzed. BER was absent in the partial genome assem-
lies of Ceratomyxa sp. sample 57 and Ceratomyxa sp. sample 58,
oth of whic h wer e also c har acterized by missing genetic informa-
ion. The most important enzyme class for inferring CpG methy-
ation is DNMT. DNMT was the second most abundant methy-
ation mechanism, being present in 8 genomes, including Cerato-
yxa sp. sample 57, which provided strong evidence for extensive
pG methylation (Fig. 7 ). TET was the third most abundant methy-
ation enzyme and had protein family re presentati ves in over 50%
f analyzed genomes. 

istribution of CpG sites within and outside 

DSs (protein coding sequences) 
n gener al, ther e is a positiv e corr elation between gene GC content
nd the number of CpG sites in a gene . T his means that genes with
igher GC content tend to have more CpG sites and vice versa.
 calculation of G + C content of the genomes pr esented her ein

Table 4 ) shows that myxozoan species have genomes ranging in
 + C content as low as 16.71% in the case of M. honghuensis to
1.19% in Ellipsomyxa sp. sample 70. The myxozoan genome as-
emblies were divided into CDS and non-CDS sequences. Table 4
hows that consistently in all genomes anal yzed, the CDS r egions
r e c har acterized by incr eased GC content accompanied by more
pG sites when compared to non-CDS regions. For illustration pur-
oses , we ha ve made a visualization of this using 2 sample 70
ontigs, where one can clearly observe higher levels of GC con-
ent in CDS regions of the genome ( Supplementary File 10 A). The
 atio of observ ed/expected number of CpG sites serv es as an in-
irect indicator of DNA methylation (this ratio is often used as a
easure of CpG density where values < 1 indicate a depletion of

pG dinucleotides commonly associated with active methylation
nd values > 1 suggest an enrichment associated with genomic re-
ions that are typically unmethylated). Based upon this assump-
ion, Python-implemented GMM was conducted on all assembly
DS-calculated CpG O/E data. Component mean distances ≥0.25
er e inter pr eted as indicativ e of DNA methylation in the model-

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
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Figure 6: Bidirectional methylation calling comparing samples 57 and 
58 to validate the ONT methylation calling. Heatmap (A) compares 
sample 57 as the signal-le v el data against sample 58 as the biological 
replicate; (B) is the reverse. 
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ing results [ 70 ]. This stringent threshold was selected to exclude 
false positives . T he analysis indicated that 9 of 13 myxozoans 
ar e pr edicted to hav e methylation ca pabilities (Tables 3 and 4 ).
Ther e wer e 2 borderline cases, with component mean distances 
of 0.247 and 0.2316. Ellipsomyxa sp. sample 70, Ellipsomyxa sp. sam- 
ple 115, and Myxosporea sp. sample 108 and Thelohanellus kitauei 
genomes have a value below 0.25 but still display slightly smaller 
av er a ge CpG O/E v alues in CDS genome sequences in compari- 
son to non-CDS sequences, although the opposite was r e v ealed 

for GC content. This indicated that e v en in these genomes asso- 
ciated with a very low degree of experimentally recorded methy- 
lation (e.g., Ellipsomyxa sp. sample 70; Fig. 7 ), there was depletion 

of CpG in coding sequences, and this could also be an indicator of 
methylation. 

Our Python implementation of a nonparametric KDE method 

r e v ealed a striking pattern of bimodal methylation distribution 

across the myxozoan CDSs, further confirming the existence of 
2 distinct groups of CDSs with differential methylation patterns 
(Fig. 8 A) and MethMod results already indicated. These results 
confirm the parametric MethMod results . T his bimodality sug- 
gested the presence of 2 distinct populations of coding sequences 
ased on CpG O/E v alues, potentiall y r eflecting differ ent methy-
ation states and/or biological processes (Fig. 8 B). The resulting
robability density function curve (Fig. 8 B, shown in blue) clearly

ndicates 2 distinct peaks corresponding to the underlying distri- 
utions of CDSs: 1 peak with an CpG O/E of 0.60 and another of
.04. The lo w er CpG O/E peak was expected to r epr esent a methy-
ated cluster of CDSs based upon the presumption that methyla-
ion causes CpG depletion, while the higher CpG O/E value repre-
ented the unmethylated cluster of CDSs . T he weighted KDE prob-
bility density function curve (Fig. 8 B, shown in orange) also shows
hat the nonmethylated portion of myxozoan genomes is not be-
ng affected by the addition of ONT weights, since the peak of this
luster c hanges onl y mar ginall y (fr om 1.04 to 0.98 CpG O/E). How-
 v er, since genes that experimentally show signs of methylation
av e cum ulativ e CpG site methylation frequencies that add sig-
ificantl y mor e weight, a m uc h mor e dr amatic effect on this clus-
er peak is observed (CpG O/E peak drops from 0.60 to 0.40). The
nderl ying pr obability density function curve displays a r ecipr o-
al relationship between CpG O/E and ONT recorded methyla- 
ion frequency when the weighted (orange) and unweighted (blue) 
urv es ar e compar ed (Fig. 8 B), with a clear increase in density of
he methylated cluster and a proportional decrease in the non-

ethylated cluster. 
The cum ulativ e methylation fr equencies (based on experimen- 

al data obtained by ONT-based Nanopolish methylation calling 
esults) of the 1,000 most extreme CDSs with abo ve-a verage CpG
/E (marked “high” and shown in blue in Fig. 9 ) and 1,000 most
xtr eme below-av er a ge CpG O/E CDSs (marked “lo w” and sho wn
n red in Fig. 9 ) are displayed on a smoothed plot (Fig. 9 ). The
,000 below-av er a ge CpG O/E CDSs had a distinctly higher aver-
ge methylation frequenc y (avg_lo w = 0.52), while the 1,000 CDSs
ith higher av er a ge CpG O/E had 11.2 times lo w er methylation

requency (avg_high = 0.05). These results appear to be consis-
ent and suggest that methylation causes CpG site depletion in
he CDSs (which translates to smaller CpG O/E values for more
r equentl y methylated genes). 

Pearson correlation analysis indicated a moderate negative lin- 
ar relationship between the CpG O/E values for the CDSs and
he recorded ONT Nanopore methylation frequencies ( r = −0.5028
nd p = 0.0). Our anal yses collectiv el y indicate that CDS regions
n Myxozoa are less variable and markedly more GC-rich com-
ared to non-CDS regions . T he fact that CDS regions of all the
nalyzed genomes also have a higher degree of CpG regions com-
ar ed to non-CDS r egions pr ovides str ong support that myxozoan
DS r egions ar e mor e likel y to be sites for CpG methylation. The
pG content in the context of myxozoan gene length was also
nalyzed and a linear relationship was found, further support- 
ng this (Fig. 10 A). The CDS group with CpG O/E below the r egr es-
ion line r epr esented the genes that ar e mor e likel y to be methy-
ated, while the group with CpG O/E above this line represented
he genes most likely to be unmethylated (Fig. 10 A). This was per-
ormed on the myxozoan genome assemblies with MetaEuk pre- 
icted CDS sequences . T he partial genome assembly of Cerato-
yxa sp. sample 58 is provided to demonstrate the observation of
C content depletion in methylated CpG across coding sequences 
 Supplementary File 10 B). This partial assembly benefits from the
pecimen having been sequenced in a highly methylated state,
ighlighting comparison between methylated and unmethylated 

DS regions and the corresponding GC content. 
When myxozoan gene annotations were grouped based on 

orresponding CDS CpG O/E values (using the weighted KDE 
pG O/E peaks as thresholds [Fig. 8 B] for selecting methy-

ated/unmethylated CDSs), ontologies could be linked to the an- 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
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Figure 7: Methylated versus unmethylated gene frequencies for the 5 assemblies r elativ e to genome size (according to number of genes). Most genes in 
samples 57 and 58 were methylated and hence transcriptionally inactive. In samples 70, 108, and 115, most genes were not methylated (i.e., the 
unmethylated frequencies fell below 0.3) and hence being expressed. 
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otations within each group. Using k e yw or d extraction methods,
00 k e yw or ds w ere selected that w er e able to ca ptur e and r epr e-
ent the GO inferred terms related to functions , processes , and
ellular compartments that best r epr esent eac h gr oup of CDSs
Fig. 10 B). When the intersecting terms common to all myxozoan
enomes within eac h gr oup wer e anal yzed, it was discov er ed that
enes at the low end of CpG O/E (the ones with high probability of
eing methylated—i.e., tr anscriptionall y silenced) form a smaller

ntersection c har acterized by terms link ed to acti vity (Fig. 10 B).
n the opposite end, the high CpG O/E genes (most likely not
eing methylated—i.e., tr anscriptionall y activ e) formed a lar ger

ntersection linked to tr anscription, tr anslation, and other activi-
ies that fit a description of housek ee ping genes, notably including
enes encoding methylation mechanisms. 

iscussion 

ew high-quality myxozoan genome assemblies 

er ein, we pr esent the first compr ehensiv e anal ysis of myxozoan
NA using ONT. This long-read sequencing technology, coupled
ith downstream bioinformatic processing, generated assemblies
f 5 myxozoan genomes, all fr ee fr om detectable host DNA con-
amination. The sequences of the 5 species did not match any
vailable myxozoan sequences deposited in the SILVA Release
38.1 nonredundant Small Subunit rRNA Database [ 56 ]. We have
her efor e designated the 5 myxozoan assemblies deposited in the
CBI database as Ceratomyxa sp. sample 57-BR2022, Ceratomyxa sp.

ample 58-BR2022, Ellipsomyxa sp. sample 70-BR2022, Myxosporea
p. sample 108-BR2022, and Ellipsomyxa sp. sample 115-BR2022. 

QUAST and BUSCO metrics confirmed the exceptional quality
f these 5 ne w assemblies, sur passing the assembl y statistics of
he 8 existing myxozoan genomes available in public databases.
unctional annotation of all 5 assembled genomes and reannota-
ion of the 8 existing myxozoan genomes using the same pipeline
r ovided uniforml y annotated datasets for comparison. Annota-
ions deriv ed fr om B USCO , P ANTHER HMM, and GO anal yses r e-
 ealed highl y heter ogeneous pr otein annotations. Likel y causes
f this heterogeneity include short, highly fragmented reads and
ignificant amounts of contaminant DNA in extant myxozoan as-
emblies. Our results suggest that such extant myxozoan genome
ssemblies should be resequenced using long-read technologies.
o this end, it is worth noting that in our experience, obtaining
onsistent high-quality long sequence reads depends critically on
he collection, stor a ge, and tr ansport of myxozoan infected ma-
erial and on DNA handling time. Future experimentation will fo-
us on an in-field DNA extraction procedure akin to that achieved
or microbial symbionts of marine inv ertebr ates [ 82 ]. We there-
ore plan an in-field extraction procedure optimized beyond a
rude template follo w ed immediately b y genome sequencing us-
ng Oxford Nanopore PromethION technology. This in-field ap-
r oac h has been used to c har acterize specific genes for other par-
sites (e.g., malaria parasites [ 83 ] and Blastocystis spp. [ 84 ]) and
hould also enable generating genome data. It is important to
ighlight that host DNA contamination is almost inevitable in all
enome sequencing attempts on myxozoans due to their endopar-
sitic lifestyles . T his can be at least partiall y addr essed/minimized
y mitigating the ratio of host to parasite reads. We found that fail-
r e to addr ess c hallenges r elating to r ead quality and contamina-
ion may lead to false inferences of myxozoan genome sizes and
hylogenetic r elationships. Our a ppr oac h to deal with this issue
as to use minimap2 in order to map all reads onto a large set of
 efer ence fish genomes and then assemble the nonmapping reads.
hese assembled contigs were then screened by BLAST compari-
on against comprehensive databases such as NT and tsa_NR in
rder to r emov e e v en the slightest remaining homologies to fish
osts. 

obust methylation detection 

he experimental a ppr oac hes we took to both determine and val-
date cytosine methylation at CpG sites across all available myx-
zoan genome assemblies counter the assertion that myxospore-
ns are among the few animals that have secondarily lost cytosine
ethylation capability [ 10 ]. Our analyses indicated that methyla-

ion is indeed present in most myxozoan genomes based on ex-
erimentall y obtained ONT Nanopor e methylation calling and by

n silico modeling component means distance criteria. The model-
btained observation was further validated and confirmed by a
onparametric method, kernel density estimation. The relation-
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Table 3: Distribution of GO biological processes of BER, DNMT, and TET across 13 myxozoan genome assemblies . T he pr esence of an y 
genes falling into these 3 categories is denoted with a different color: red (DNMT), blue (BER), and green (TET). Exact protein family mem- 
bers identified are labeled with Panther IDs in the third column, and taxonomic assignments of identified proteins based on homology 
ar e giv en in the fourth column. The fifth column provides the distribution of identified pr otein famil y members acr oss 12 Myxozoa 
genome annotations (ranging from 1 = unique to a genome to 12 = appearing in all genomes). 

Genome 
Methylation 
machinery 

Panther protein family 
identification Example with closest homology 

Number of gene 
copies 

Myxobolus honghuensis BER PTHR11264:SF0 Eumetazoa 10 
BER PTHR43286:SF1 Thelohanellus kitauei 11 

DNMT PTHR45875:SF1 Myxobolus squamalis 6 
DNMT PTHR10629 Aeromonas 1 
DNMT PTHR10629:SF52 Bacteria 3 

TET PTHR16557:SF2 Henneguya salminicola 6 
Sample 108 BER PTHR43286:SF1 Metazoa 11 

BER PTHR11264:SF0 Root 10 
TET PTHR16557:SF2 Eukaryota 6 

Ceratonova shasta BER PTHR43286:SF1 Opisthokonta 11 
BER PTHR11264:SF0 Cellular organisms 10 

DNMT PTHR45875:SF1 Eukaryota 6 
TET PTHR16557:SF2 Eumetazoa 6 

Sphaeromyxa zaharoni BER PTHR11264:SF0 Eumetazoa 10 
BER PTHR43286:SF1 Eumetazoa 11 
BER PTHR43286 Eumetazoa 3 

DNMT PTHR45875:SF1 Eukaryota 6 
Sample 70 BER PTHR11264 Opisthokonta 3 

BER PTHR43286:SF1 Eukaryota 11 
BER PTHR43286 Eukaryota 3 

DNMT PTHR12855 Eukaryota 3 
DNMT PTHR45875:SF1 Eukaryota 6 

TET PTHR16557:SF2 Opisthokonta 6 
Sample 57 DNMT PTHR10629:SF52 Root 3 
Sample 115 BER PTHR11264:SF0 Eumetazoa 10 

BER PTHR43286:SF1 Metazoa 11 
DNMT PTHR10629:SF52 Root 3 

TET PTHR16557:SF2 Eukaryota 6 
Thelohanellus kitauei BER PTHR43286:SF1 Thelohanellus kitauei 11 

BER PTHR11264 Cellular organisms 3 
BER PTHR42944 Thelohanellus kitauei 4 
BER PTHR11264:SF0 Candidatus Marinimicrobia 

bacterium 

10 

DNMT PTHR12855 Thelohanellus kitauei 3 
DNMT PTHR45875:SF1 Henneguya salminicola 6 
DNMT PTHR10815:SF5 Thelohanellus kitauei 1 

Enteromyxium leei BER PTHR43286:SF1 Metazoa 11 
BER PTHR11264:SF0 Sparus aurata 10 
BER PTHR43286 Metazoa 3 
TET PTHR16557 Cellular organisms 3 

Myxobolus squamalis BER PTHR42944 Myxobolus squamalis 4 
BER PTHR43286:SF1 Eumetazoa 11 
BER PTHR11264:SF0 Metazoa 10 
TET PTHR16557:SF2 Myxobolus squamalis 6 

Henneguya salminicola BER PTHR42944 Henneguya salminicola 4 
BER PTHR43286:SF1 Henneguya salminicola 11 
BER PTHR11264 Myxobolus squamalis 3 
BER PTHR11264:SF0 Metazoa 10 

DNMT PTHR45875:SF1 Henneguya salminicola 6 
DNMT PTHR12855 Myxobolus squamalis 3 

TET PTHR16557 Henneguya salminicola 3 
Kudoa iwatai BER PTHR43286:SF1 Eumetazoa 11 

BER PTHR11264:SF0 Cellular organisms 10 
BER PTHR42944 Eukaryota 4 
TET PTHR16557 Cellular organisms 3 
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Table 4: Av er a ge G + C content of genome, CDS, and non-CDS regions together with CpG sites calculated in 13 Myxozoa genome assem- 
blies. Final column contains the distance (d) between the component means obtained using the GMM of a CpG observed/expected value 
distribution. Values of d ≥ 0.25 can be used to infer the presence of DNA methylation (marked in red). 

Species genome GC CDS GC CDS CpG O/E Non-CDS GC 

Non-CDS CpG 

O/E 
CpG O/E means 

distance (d) 

Sample 58 42.17% 44.34% 0.36 42.01% 0.34 0.3116 
Sample 57 42.16% 44.54% 0.35 41.94% 0.39 0.3424 
Sample 70 39.39% 51.19% 1.04 35.86% 1.04 0.1359 
Enteromyxium leei 33.51% 42.29% 0.58 30.92% 0.49 0.3298 
Sample 108 29.95% 32.20% 0.63 29.64% 0.70 0.247 
Sample 115 29.95% 32.21% 0.65 29.44% 0.70 0.2535 
Henneguya salminicola 28.96% 33.25% 0.98 28.98% 1.07 0.2838 
Sphaeromyxa zaharoni 28.02% 35.09% 0.78 28.41% 0.91 0.2316 
Myxobolus squamalis 27.30% 34.21% 0.84 28.40% 0.88 0.2939 
Thelohanellus kitauei 25.50% 35.06% 1.00 23.45% 1.34 0.2098 
Ceratonova shasta 23.79% 31.08% 0.75 23.44% 0.87 0.3271 
Kudoa iwatai 23.64% 29.60% 0.54 23.08% 0.68 0.3073 
Myxobolus honghuensis 16.71% 31.49% 1.18 17.37% 1.68 0.4356 

Figure 8: Kernel density estimation of methylation of CpG sites in CDS regions. (A) The elbow method determines the optimal number of clusters in 
the dataset. The inertia curve starts to flatten at a position indicating there are 2 clusters in this dataset. (B) Unweighted (blue) and methylation 
frequenc y w eighted Gaussian KDE (or ange) pr obability density function curv es with distinct peaks denoting 2 clusters r epr esenting methylated and 
unmethylated portions of the genomes. 
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hip between methylation and genome defence in Cnidaria [ 85 ]
ould predict that methylated genes are significantly longer than
nmethylated genes. We ther efor e anal yzed CpG content in the
ontext of myxozoan gene length using Ellipsomyxa sp. sample 70
s the best available myxozoan assembly with limited to no con-
amination. Accor dingly, w e found a linear relationship between
ene length and number of methylation targets (i.e., the longer
he gene, the more methylation targets [CpG sites] it possessed) as
xpected for cnidarians . T he relationship was so straightforw ar d
hat it could be used to predict the number of CpG sites pur el y
ased on gene length. 

C content and DNA methylation 

t is known that GC-rich regions provide more targets for methy-
ation and show a gr eater fr equency of methylated sites than GC-
oor regions [ 86 ]. Usually, a telltale mark of genome methyla-
ion is loss of CpG dinucleotide sites, r eferr ed to as CpG deple-
ion (CpG O/E) [ 87 ], whic h r esults due to incr eased m utation in

ethylated CpGs . T he value is based on the observed frequency of
pG din ucleotides relati ve to the product of the frequency of the
ndi vidual n ucleotides (G and C) w eighted b y the length of a ge-
omic region [ 87 ]. This ratio is notably low in v ertebr ate genomes

e.g., < 0.20 in the human genome [ 88 ]). Inv ertebr ate genomes, on
he other hand, are known to be much less methylated overall.
heir methylation pattern is often described as “mosaic-like” [ 5 ,
9 ]—with some CDSs experiencing frequent methylation and oth-
rs none at all. Since the general invertebrate methylation pat-
ern includes gene bodies instead of non-CDS promoter sites, we
ivided the myxozoan genome assemblies accordingly and con-
rmed that Myxozoa are no exception to this. For all the myx-
zoan genomes analyzed, the CDS sequences are characterized
y increased GC content accompanied by more CpG sites when
ompared to non-CDS regions. Research on 2 sponges, a cnidar-
an and a ctenophor e, pr ovides e vidence that DNA methylation
as present in early metazoans and has lar gel y been conserv ed

 90 ]. Although the CpG methylation system has a ppar entl y been
ost in some inv ertebr ates, most notabl y C. elegans [ 91 ], for oth-
rs, like Drosophila , this has been disputed after the initial claims
 92 ]. We suggest that inv ertebr ates curr entl y belie v ed to possess
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Figure 9: Correlation between CpG O/E values for CDSs as an indicator for CpG methylation. Sa vitzky–Gola y filter smoothed plot displaying 1,000 
lo w est CpG O/E CDS cum ulativ e CpG methylation frequencies (red) and 1,000 highest calculated CpG O/E CDS cumulative methylation frequencies 
(blue). Av er a ge v alues for eac h set methylation fr equenc y is display ed with a dotted line, with the v alue r eported in the plot legend. 

Figur e 10: P ossible functions of meth ylated and unmeth ylated CDSs . (A) Linear relationship between gene/CDS size and number of a vailable CpG sites 
as shown by linear r egr ession anal ysis and measur ed using Pearson corr elation coefficient r = 0.86. (B) K e yBERT k e yw or d extraction set intersection 
between unmethylated and methylated genome portions of all complete Myxozoa genome assemblies . T he relationship between these 2 portions is 
displayed as a Venn dia gr am, in whic h the unmethylated portion is the bigger part, with a small number of shar ed k e yw or ds r elated to pr otein 
handling being the only similarity to the methylated portion. 

 

 

D  

n  

C
l  

T  
no methylation may ne v ertheless employ this epigenetic process,
albeit not in the expected way. 

The most plausible explanation for the observ ed CpG O/E dr op 

in bimodally distributed CDS clusters that we identified in myxo- 
zoan genomes appears to relate to the DNA methylation process.
etermining the ov er all genomic CDS CpG O/E r atio is a v ery sig-
ificant indicator of DNA methylation for the following reasons.
DSs that are often methylated will inevitably display markedly 

o w er CpG O/E v alues than sequences that ar e not methylated.
his is due to an incr eased r ate of mutation in methylated CpG
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hat leads to GC content loss, with C-to-T transitions being the
ost common type of mutation at these sites . T his GC loss will

ead to a c har acteristic 2-peak bimodal distribution of CpG/OE val-
es, which has been observed in all invertebrate species known
o methylate DNA and herein (Fig. 8 ). Additionally, when the dis-
ributions of the ratio between CDS and non-CDS regions of the
enomes were compared, most suspected methylation events oc-
urr ed in CDS r egions as expected, since this is a tell-tale mark of
nv ertebr ate methylation (unlike in v ertebr ates, whic h skip non-
DS regions). The GC content has significant biological conse-
uences reflected in gene inactivation and genome instability that
ould explain reported variation in Myxozoa genome sizes. Ex-
ept for the partial genomes of Ceratomyxa sp. sample 57 and
eratomyxa sp. sample 58, myxozoan genomes are characterized
y a GC content of less than 40%. Although the ov er all genome
C content is highly variable, the CDS sequences are less vari-
ble and markedly more GC-rich than sequences in non-CDS
egions . T his CDS and non-CDS GC content dichotomy within

yxozoan genomes is likely a result of a complex interplay be-
ween functional r equir ements, m utational biases, r epair mec ha-
isms , recombination patterns , and evolutionary forces. Evidence
hat myxozoan CDS sequences ar e activ el y methylated in myx-
zoans includes their greater GC content, a higher frequency of
pG regions in CDS than in non-CDS sequences in all analyzed
enomes, and 2 distinct subpopulations with markedl y differ ent
pG O/E values. Another study has observed that methylated in-
 ertebr ate genes gener all y encode for housek ee ping functions re-
ated to transcription and translation, while nonmethylated genes
ener all y encode for functions including cellular signaling and re-
r oductiv e pr ocesses [ 93 ]. This observ ation was also indicated in
yxozoans based on our GO anal yses, whic h leads to new ques-

ions regarding the enzymatic machinery behind the methylation
rocess acting upon these distinct groups of CDSs. 

N A methyla tion mechanisms and pa tterns 

ur data have enabled us to demonstrate that there is extensive
ethylation in some genomes ( Ceratomyxa sp. samples 57 and 58)

nd low le v els of methylation in others (Myxosporea sp. sample
08, Ellipsomyxa sp. sample 115, and Ellipsomyxa sp. sample 70).
ur epigenetic data and the CpG O/E v alues calculated fr om the
enome assemblies in the form of a weighted KDE enabled us to
or e pr ecisel y define CpG O/E boundaries and mor e accur atel y

inpoint which CDSs were actively methylated. We believe this is
he first study to use epigenetic methylation frequency results in
ombination with genomic derived CpG O/E values to assess the
requency of methylation at specific genetic loci. This a ppr oac h
as potential as a pr eliminary scr eening method to identify genes
f interest for targeted studies to resolve epigenetic processes, in-
luding r egulatory mec hanisms. To further examine DNA methy-
ation mechanisms, we searched for the presence of DNMT -, TET -,
nd BER-related enzymes in the annotated genomes . T he pres-
nce of such enzymes would be a str ong function-r elated indica-
or for the potential to meth ylate/demeth ylate DNA. Both PAN-
HER HMM-based searches and MetaEuk protein annotation in-
icated that all 3 classes of methylation-r ele v ant enzymes wer e
r esent. Our r esults demonstr ate that BER is the most abundant
ethylation component, follo w ed b y DNMT and finally TET. Func-

ional annotation has thus r e v ealed the pr esence of k e y DNA
ethylation enzymes (DNMTs , TETs , BERs) in all analyzed myx-

zoan genomes. Ho w e v er, tr aces of contamination in some pr e-
iously sequenced myxozoan genomes were detected. This again
ighlights the importance of rigorous scrutiny and filtering when
erforming sequencing and assembly of myxozoans. 

Ov er all, our ONT-based experimental data r e v ealed a striking
eature—either the overwhelming presence or near-complete ab-
ence of methylation across 5 Myxozoa genomes, with samples
eratomyxa sp. sample 57 and Ceratomyxa sp. sample 58 exhibiting
xtr emel y high le v els of methylation, and Myxospor ea sp. sample
08, Ellipsomyxa sp. sample 115, and Ellipsomyxa sp. sample 70 only
arginal ones (Fig. 7 ). Ho w ever, all these genomes were strongly

redicted to have distinct populations of CDSs being methylated
y our in silico anal yses. To ensur e that the low methylation sig-
als were not false positives, the methylation pattern across the
ntire genome sequence of our most complete assembly ( Ellip-
omyxa sp. sample 70) was compared to the methylation patterns
n sequences pr e viousl y disc har ged during the r emov al of host
ontamination but annotated as fish sequences . T his comparison
onfirmed that the methylation patterns were completely differ-
nt ( Supplementary File 10 C). This observation might also explain
he conclusions r eac hed by Kyger et al. [ 10 ]. If the DNA templates
equenced in that study were obtained from specimens at a point
n a parasite life stage when most genes wer e upr egulated, then
ittle if any methylation would be detected. This might also ex-
lain our results for Ceratomyxa sp. sample 57 and Ceratomyxa sp.
ample 58. We note that high numbers of mature spores were par-
icularl y e vident micr oscopicall y for Ceratom yxa sp. sample 57 and
eratomyxa sp. sample 58 (Adriano, personal observ ation). Perha ps
xtensiv e downr egulation c har acterizes this period of de v elop-
ent. Future experimentation is warranted to examine whether

here may be some myxozoan life history stages when nearly uni-
ersal genome methylation is r equir ed (“switc hed on”). Examin-
ng patterns of genome methylation will provide valuable new in-
ights into the epigenetic regulation of myxozoan de v elopment
nd host–parasite interactions. 

onclusions 

ur compr ehensiv e anal yses of contiguous long sequence r eads
rovide the first evidence for gene body methylation in Myxozoa.
e found that DN A methylation w as gener all y either ov erwhelm-

ngl y pr esent or almost completel y absent in the material ana-
 yzed. In silico anal yses, based on GC content modeling and em-
iricall y deriv ed methylation fr equencies, consistentl y identified
ethylation as a factor in shaping genomic landscapes of myxo-

oans. Most analyzed genomes display clear signs of methylation
aking place within gene bodies, based on evidence in the form
f distinctly lo w er CpG O/E gene groups. Further examination
f the associated genomic arc hitectur e, mec hanisms, and tim-
ng of epigenetic control of gene transcription in myxozoans will
xpand our understanding of de v elopment and par asite–host–
nvir onment inter actions. It may also enable nov el contr ol str ate-
ies for these important fish pathogens. 

vailability of Source Code and 

equirements 

roject name: Myxozoa_supplementary 
r oject homepa ge: https:// github.com/ astarsky2016/
yxozoa _ supplementary [ 94 ] 
perating system(s): Platform independent 
r ogr amming langua ge: Jupyter Notebook and Python 

ther r equir ements: No 
icense: MIT license 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf014#supplementary-data
https://github.com/astarsky2016/Myxozoa_supplementary
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Additional Files 

Supplementary File 1: Reference fish genomes.xlsx. 
Supplementary File 2: Available myxozoa genomes.txt. 
Supplementary File 3: 18S rDNA sequences.txt. 
Supplementary File 4: Photos of parasites and fish hosts.pptx. 
Supplementary File 5: Myxozoa_SSU_annotated.docx. 
Supplementary File 6A: Myxozoa phylogenetic tree .eps . 
Supplementary File 6B: Ne wic k r epr esentation phylogen y.txt. 
Supplementary File 7: Assembly statistics.pdf. 
Supplementary File 8: Genome cov er a ge plot Sample 70.docx. 
Supplementary File 9: Word cloud analysis.docx. 
Supplementary File 10: GC content of CDS regions.docx. 
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AIC: Akaike information criterion; BER: base-excision repair; 
BLAST: Basic Local Alignment Search Tool; BUSCO: Benchmark- 
ing Universal Single-Copy Orthologs; CpG islands: DNA sequences 
rich in guanine and cytosine and contain clusters of CpG dinu- 
cleotides; CpG O/E: observed–expected CpG ratio; DNMTs: DNA 

methyltr ansfer ases; EST: expr essed sequence ta g; FASTA: text- 
based format r epr esenting either nucleotide or amino acid se- 
quences; FASTA5: format from Oxford Nanopore (ONT) for stor- 
ing and managing data that retains epigenetic information; Gb: 
gigabase pairs; GMM: Gaussian mixture model; GO: Gene Ontol- 
ogy; HMM: hidden Markov model, a statistical model that de- 
scribes evolution of observable events dependent on internal fac- 
tors, not dir ectl y observ able; KDE: kernel density estimation; 5- 
Mc: 5-methylcytosine; Mb: megabases pairs; MBDs: methyl-CpG 

binding domain proteins; N50, N90, L50, and L90: metrics to 
e v aluate quality of genome assembl y, specificall y indicating how 

contiguous the assembled sequences are, with “N” represent- 
ing a sequence length and “L” r epr esenting the number of se- 
quences needed to r eac h a certain percentage of the genome size; 
NCBI: National Center for Biotechnology Information; NGS: next- 
generation sequencing; ONT: Oxford-Nanopore PromethION se- 
quencing; Sa vitzky–Gola y filter: digital filter for smoothing data; 
SILVA: a compr ehensiv e online r esource for quality c hec ked and 

aligned ribosomal RNA sequence data; TET: DNA demethylation; 
UniPr ot: high-quality, compr ehensiv e pr otein r esource with ex- 
pert r e vie w and annotation of pr oteins; WGBS: whole-genome 
bisulfate sequencing. 

Da ta Av ailability 

The 5 myxozoan assemblies, clean from any detectable contami- 
nation, are deposited in the NCBI database as follows: 

All r ele v ant datasets, including the r aw data and mor e detailed 

outputs of genome assembly metrics comparison, protein anno- 
tations, and Gene Ontology Enric hment anal ysis , ha ve been up- 
loaded in the GigaScience repository, GigaDB [ 95–98 ], and are pub- 
licl y av ailable. The accompan ying r eadme.txt in GigaDB lists all 
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