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Abstract 

Over the decades, a small number of model species, each representative of a larger taxa, have 

dominated the field of biological research. Amongst fishes, zebrafish (Danio rerio) has gained 

popularity over most other species and while their value as a model is well documented, their 

usefulness is limited in certain fields of research such as behavior. By embracing other, less 

conventional experimental organisms, opportunities arise to gain broader insights into 

evolution and development, as well as studying behavioral aspects not available in current 

popular model systems. The anabantoid paradise fish (Macropodus opercularis), an “air-

breather” species from Southeast Asia, has a highly complex behavioral repertoire and has 

been the subject of many ethological investigations, but lacks genomic resources. Here we 

report the reference genome assembly of Macropodus opercularis using long-read sequences 

at 150-fold coverage. The final assembly consisted of ≈483 Mb on 152 contigs. Within the 

assembled genome we identified and annotated 20,157 protein coding genes and assigned 

≈90% of them to orthogroups. Completeness analysis showed that 98.5% of the Actinopterygii 

core gene set (ODB10) was present as a complete ortholog in our reference genome with a 

further 1.2 % being present in a fragmented form. Additionally, we cloned multiple genes 

important during early development and using newly developed in situ hybridization 

protocols, we showed that they have conserved expression patterns.  
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Background 

During the 20th century experimental biology gained increased influence over descriptive 

biology and concomitantly most research efforts began to narrow into a small number of 

“model” species. These organisms were not only selected because they were considered to 

be representative models for the examined phenomena but were also easy and cheap to 

maintain in laboratory conditions [1, 2]. Working with these convenient experimental models 

had several advantages and made a rapid accumulation of knowledge possible. It enabled 

scientists to compare and build on each other’s findings efficiently as well as to share valuable 

data and resources that accelerated discovery. As a result of this, a handful of model species 

have dominated the field of biomedical studies. 

Despite their broad success, these models also brought limitations. As Bolker pointed out: 

“The extraordinary resolving power of core models comes with the same trade-off as a high-

magnification lens: a much-reduced field of view” [3]. In the case of zebrafish research this 

trade-off has been perhaps most apparent for behavioral studies. Zebrafish are an inherently 

social (shoaling) species, but most behavioral studies use them in solitary settings, which 

arguably is a non-natural environment for them. Therefore, the use of other teleost species 

with more solitary behavioral profiles is warranted for studies of individual behaviors. 

Paradise fish (Macropodus opercularis Linnaeus, 1758) is a relatively small (8-11 cm long) 

freshwater fish native to East Asia, where it is commonly found in shallow waters with dense 

vegetation and reduced dissolved oxygen [4]. Similar to all other members of the suborder 

Anabantoidae, they are characterized by the capacity to take up oxygen directly from the air 

through a highly vascularized structure covered with respiratory epithelium, the labyrinth 

organ (LO) [5]. The ability to ”air-breathe” allows anabantoids to inhabit swamps and small 
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ponds with low levels of dissolved oxygen that would be impossible for other fish species, 

therefore the LO can be considered an adaptation to hypoxic conditions [6]. The evolution of 

the LO has also improved hearing in some species [7, 8], and may have led to the emergence 

of novel and elaborate mating behaviors, including courtship, territorial display, and parental 

care [6, 9]. The intricate and complex behavior of these fish made them an important 

ethological model during the 1970-80s, which resulted in a detailed ethogram of the species 

[10, 11].  

We propose that with recently developed husbandry protocols [12] and the advent of novel 

molecular techniques for genome editing and transgenesis, paradise fish could become an 

important complementary model species for neurogenetic studies [13]. Furthermore, several 

genomes are now available for the Siamese fighting fish (Betta splendens), a sister species of 

paradise fish [14–16], so a good quality genome sequence of paradise fish would enable 

comparative ecological and evolutionary (eco-evo) studies. 

While the mitochondrial genome was already available for this species [17] a full genome 

sequence was lacking. Here, we provide a brief description and characterization of a high 

quality, de novo paradise fish reference genome and transcriptome assembly. We also 

validate our findings by establishing protocols to perform in situ hybridization experiments to 

detect the spatio-temporal expression of various transcripts and subsequently describing the 

gene expression patterns for several paradise fish orthologs of genes important in zebrafish 

development. 

Results and discussion 

Assembly quality and completeness 

We generated the de novo reference genome sequence for this species using 150X coverage 

of PacBio SMRT HiFi long-read sequencing and the HiFiasm genome assembly pipeline [18]. 
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The final assembly consisted of 483,077,705 base pairs (bp) on 152 contigs (Supplementary 

Table, S1). The assembled genome demonstrated a very high contiguity with an N50 of 19.2 

megabases (Mb) in 12 contigs. The largest contig was 24,022,457 bp and the shortest contig 

was 14,205 bp. More than 98% of the canonical k-mers were 1x copy number indicating that 

our genome assembly is of very good quality (Figure 1A). The paradise fish genome repeat 

content is estimated to be ~10.4%. The “trio binning” [19] mode of HiFiasm was attempted 

using single nucleotide variant (SNV) data collected from short read sequencing of the F0 

parents, however the heterozygosity rate from the lab raised fish was very low at ~0.07% 

making it impossible to efficiently separate maternal and paternal haplotypes. The resulting 

assembled reference genome is therefore a pseudohaplotype. The sequence of the 

mitochondrial genome (mtDNA) was essentially identical to the previously published mtDNA 

sequence for this species (16,495/16,496 identities) [17]. We performed a whole genome 

alignment to a recent Betta splendens assembly [20] and as expected most chromosomes had 

a 1 to 1 relationship with the exception of B. splendens chromosomes 4 and 9 aligning to two 

separate paradise fish contigs (Figure 1B). This is explained by the number of chromosomes 

for each species with B. splendens having 21 and M. opercularis reportedly having 23 

chromosomes [21]. We have not determined whether the B. splendens chromosomes fused 

or if the M. opercularis chromosomes split.  

The genome is relatively compressed in size compared to those of most sequenced teleosts. 

As expected, the small size of the paradise fish genome is partly due to the relatively small 

introns (mean paradise fish intron length = 566 bp, whereas mean average teleost intron size 

= 1,214 [22]) (Figure 1B) and shorter intergenic regions [21]. The N90 for our assembly 

consists of 23 contigs suggesting that most chromosomes are primarily represented by a 

single contig from the de novo assembly, even without any scaffolding performed. Searching 
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the contigs with telomeric sequences revealed “telomere-to-telomere" assemblies for contigs 

ptg000004l, ptg000010l, ptg000024l, ptg000026l, ptg000028l, and ptg000030l representing 

chromosomes 3, 8, 9, 15, 17 and 21, respectively (Supplementary Table S2). These contigs 

have vertebrate telomeres at both ends while the remaining contigs have one or no stretches 

of telomeric sequence at the end of the contig.  

Benchmarking Universal Single-Copy Orthologs (BUSCO) was used to evaluate the 

completeness of our reference genome assembly with the Actinopterygii_odb10 dataset [23, 

24]. The result showed that 98.5 % of the sequence in the reference dataset had a complete 

ortholog in our genome including 97.3% complete and single-copy genes and 1.2% complete 

and duplicate genes. Additionally, 1.2 % of the genes were reported as fragmented and 0.3 % 

of the genes were completely missing.  

Paradise fish genome assembly repeat content characterization 
 
Using repeatmasker [25], we analysed and characterized the repeat content in our reference 

genome assembly. By using a custom-built repeat prediction library, we identified 32,955,420 

bp (6.78 %) in retroelements and 11,076,209 bp (2.8 %) in DNA transposons (Supplementary 

Table, S3). The retroelements were further categorised into repeat families which were made 

up of short interspersed nuclear elements (SINEs), long interspersed nuclear elements (LINEs), 

or long terminal repeats (LTR) (supplementary Table, S3). The LINEs were the most abundant 

repetitive sequence in the retroelement family at 3.38 % (16,447,763 bp) followed by LTRs, 

3.19 % (15,490,642 bp), and SINEs occurred at a lowest frequency (0.21 %) (supplementary 

Table, S3). In the LINEs sub-family, we identified L2/CR1/Rex as the most abundant repetitive 

sequence (2.15 %) followed closely with the retroviral (1.73 %) LTR sub-family (Supplementary 

Table, S3). The proportion of the DNA transposons was estimated to be 11,076,209 bp (2.28 
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%). Overall, the proportion of retroelements (6.78 %) was much higher in the genome 

compared to that of DNA transposons (2.28 %).  

Transcriptome assembly and quality assessment 
 
The Trinity transcriptome assembler was used to assemble the Illumina short reads from the 

RNA-sequencing data [26] into predicted transcripts. The transcriptome assembly consisted 

of 366,029 contigs in 20,157 loci. The integrity of the transcriptome assembly was evaluated 

by mapping the Illumina short reads back to the assembled transcriptome using bowtie2 [27]; 

a 98.4 % overall alignment rate was achieved. The BUSCO analysis confirmed 99.6% 

completeness with 8.2% single copy orthologs and 91.4% duplicated genes (i.e. multiple 

isoforms). A total of 0.4% of the genes were fragmented and 0.0% were missing completely.  

Genome annotation 

We analyzed the predicted genes using OrthoFinder [28] compared to the Betta splendens 

[16], medaka [29] and zebrafish [30] genomes (Figure 2). Our analysis shows that 89.6% of 

the predicted genes (18,057/20,157) of paradise fish could be assigned to orthogroups (Figure 

2B), of which only a very low percentage – 2.5% (511/20,517) – were present in species-

specific orthogroups (Figure 2C). A vast majority of the annotated genes (17,546/20,517) had 

orthologs in at least one of the analyzed species, with 70% (14,067/20,517) having orthologs 

in all the other species (Figure 2D). The ratio of shared orthogroups also supports the 

expected phylogeny (Figure 2E).  

The Vertebrate Genome Project (VGP) [31] had performed short read sequencing on a single 

paradise fish purchased from a German pet shop (NCBI accession: PRJEB19273), and we 

captured 9 “wild” samples from the New Territories in Hong Kong. We performed short read 

sequencing to ≥20X coverage for each fish and used the data to establish the SNP rates within 

the paradise fish populations. From a single fish (VGP), we identified 2,356,443 variants 
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having a quality score of greater or equal to 30 (Table 1). The transition/transversion rate was 

1.35. Our analysis identified a total of 623,414 insertions or deletions ranging from 1 to 60 

bps. The rate of SNPs and the indels were 0.5% and 0.1%, respectively. 

Cloning and expressional analysis of developmentally important genes 

Finally, we selected the (predicted) orthologs of some genes known to be important for early 

zebrafish development and tested their larval expression by in situ hybridization. We 

successfully cloned fragments of the genes encoding germ plasm determinant Bucky ball (Buc) 

[32], the dorsally expressed BMP-antagonist Chordin (Chd) [33], the dorsal homeobox 

transcription factor Goosecoid (Gsc) [34], the axially expressed T-box homeobox transcription 

factor Tbxta [35, 36], the myogenic differentiation factor MyoD [37], the paired-box 

transcription factor Pax2a active in the embryonic brain [38] and the eye-fate specifier Retinal 

homebox 3 (Rx3) [39]. The expression of all these factors (Figure 3) was highly similar to the 

ones observed in zebrafish, highlighting their conserved role in teleost development. 

Conclusions 

We report here a high-quality reference genome assembly for Macropodus opercularis, 

commonly known as the paradise fish. Paradise fish have 23 chromosomes and 90% of the 

total assembly was contained in 23 contigs suggesting that for relatively small genomes a high 

depth of PacBio HiFi data appears to be sufficient for nearly complete assembly of the 

genome.  

We have generated a detailed transcriptome using RNA sequences from embryonic samples, 

regenerating fins and adult organs. Over 85.5% of the annotated genes in the M. opercularis 

genome have orthologs at least in one of the three other species (zebrafish, Japanese medaka 

and B. splendens) used in our comparative approach, demonstrating that paradise fish will 

compliment other model organism research. The in situ hybridization results indicate that the 
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spatiotemporal expression patterns of homologous genes are consistent with a conserved 

role in teleost development. Altogether, our results show that the paradise fish has a small 

genome with shorter than average intron sizes, as such this could be not only an excellent 

resource for future neurogenetic studies, but an attractive model organism for genomic 

research as well. 

 

Methods 

Animals and husbandry conditions  

The founder fish for our colony and the source of the transcriptome samples were purchased 

from a local pet store. Adult paradise fish were kept in aerated glass aquariums in the animal 

facility of the Institute of Biology at ELTE Eötvös Loránd University. Husbandry conditions 

were specified previously [12] Embryos were raised at 28.5°C and staged as described before 

[40] All experimental procedures were approved by the Hungarian National Food Chain Safety 

Office (Permit Number: PE/EA/406—7/2020). 

Sample collection, library preparation and sequencing 

RNA samples were collected from a mix of embryonic stages (stage 9 – 5 days post 

fertilization), from caudal tail blastema taken at 3- and 5-days post amputation, from the 

kidney, heart, brain, ovaries of an adult female, and the brain and testis of an adult male 

paradise fish, respectively. Total RNA was isolated using TRIzol (Invitrogen, 15596026), 

following the manufacturer’s protocol. Samples were purified twice with ethanol and eluted 

in water. Quality and integrity of the samples was tested on an agarose gel, by Nanodrop, and 

using an Agilent 2100. Ribosomal RNA (rRNA) was removed using the Illumina Ribo-Zero kit 

and paired-end (PE) libraries were prepared using standard Illumina protocols. Samples were 
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processed on an Illumina NovaSeq PE150 platform, and a total of 218,715,409 PE reads (2x 

150 bp) were sequenced, resulting in ~65 Gbp of raw transcriptomic data . 

Genomic DNA samples were isolated from the tail fin of the parental F0 male and female 

paradise fish using the Qiagen DNeasy Blood and Tissue Kit (cat no: 69504). Samples were 

eluted in TE and sent for library preparation and sequencing. Sample quality-checks were 

performed using standard agarose gel electrophoresis and with a Qubit 2.0 instrument. For 

Illumina short-read sequencing a size-selected 150 bp insert DNA library was prepared and 

processed on the Illumina NovaSeq 5000 platform. Approximately 100 million PE reads (2x150 

bp) were sequenced for each parent, resulting in approximately 60X coverage for each 

genome. For PacBio HiFi long-read single molecule real-time (SMRT) sequencing libraries, 

genomic DNA was prepared using whole tissue from the F1 offspring and the Circulomics 

Nanobind tissue kit. Sequence libraries were prepared using the PacBio SMRTbell Template 

Preparation Kit and HiFi sequenced on a Sequel II platform. A total of 4,885,238 reads 

(average length: 15.5 kbp) resulted in ≈73 Gbp of raw genomic sequence data. 

Genome assembly 

All software versions used are listed in Supplementary Table S4. The raw data pre-processing 

was conducted by doing quality control, adapter trimming, and filtration of the low-quality 

reads using time_galore!, wrapper around FASTQC and Cutadapt [41]. The genome assembly 

was generated with the hifiasm genome assembler [18] using the High-Performance 

Computing facility at the National Institute of Health. For the assembly, 32 cores processing 

units and 512 Gb of memory was used. The lower and the upper bound binned K-mers was 

set to 25 and 75, respectively. The estimated haploid genome size used for inferring reads 

depth was set to 0.5Gbp. The rest of the hifiasm default settings were used to assemble the 

homozygous genome with the build-in duplication purging parameter set to -l1. The primary 
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assembly Graphical Fragment Assembly (GFA) file was converted to FASTA file format using 

the awk command.  

 
Genome annotation 

The Trinity assembler [26] was used to create a set of RNA transcripts from the bulk RNA-seq 

data. To aid in gene prediction, we downloaded the reviewed Swissprot/Uniprot vertebrate 

proteins (Download date 12/01/2022; entries 97,804 proteins) for homology comparisons in 

annotation pipelines. Gene prediction was done using the AUGUSTUS [42] and GeneMark-ES 

[43] softwares as part of the BRAKER pipeline [44] to train the AUGUSTUS parameters. Final 

annotation using the assembled transcripts and the vertebrate proteins database was done 

using the MAKER pipeline [45] with the EvidenceModeller [46] tool switched-on to improve 

gene structure annotation. 

 

Data for comparative statistics 

Sources for the reference data used to create Figure 1B: Refs.  [22], [47], [48], [49], [50]. 

OrthoFinder analysis 

We performed OrthoFinder analysis [28, 51] with default parameters, using predicted 

peptides (including all alternative splice versions) of the zebrafish genome assembly GRCz11, 

medaka genome assembly ASM223467v1 and B. splendens genome assembly fBetSpl5.3. 

Sequences were downloaded from the ENSEMBL and NIH/NCBI Assembly homepages, 

respectively. 

cDNA synthesis, primers, antisense probe synthesis and in situ hybridization 

cDNA was synthetized using Invitrogen™ Second Strand cDNA Synthesis Kit (A48570) from the 

total RNA sample mixtures. Selected genes were amplified with DreamTaq™ DNA polymerase 
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(Thermo Scientific, A48571). Primer sequences for each gene were designed based on the in 

silico predictions. PCR amplified fragments were cloned into the pGEMT-Easy vector. For 

probe synthesis, plasmids were digested and transcribed with either T7 or SP6 RNA 

polymerases (Thermo Scientific, EP0111 and EP0131, respectively). RNA probes were labeled 

using digoxigenin labelled dNTPs (Sigma-Aldrich, 11277073910). 

We adapted a well-established zebrafish in situ hybridization protocol [52], with some specific 

modifications. Most of these modifications are related to the presence of an oil droplet within 

paradise fish embryos that keeps them afloat in the bubble nest during early phases of 

development. Early embryos (before the end of the epiboly) were fixed using Bouin solution, 

whereas for later stage embryos we used 4% formaldehyde. After 24 hours at 4°C the fixative 

was washed away, and the chorion was removed using Proteinase K digestion. Early and later 

stage embryos were stored at -20°C in 75% ethanol and 100% methanol, respectively. The 

embryos were quite fragile so they were kept in specialized baskets during probe 

hybridization.  

 

Variant calling  
The Illumina short read files (accession number ERR3332352) were downloaded from the 

Vertebrate Genome Project (VGP) database (https://vertebrategenomesproject.org/). Trim 

galore version 0.6.10 (https://github.com/FelixKrueger/TrimGalore), a wrapper around 

cutadapt and fastqc was then used to trim the illumina adapter sequences and to discard 

reads less than 25bps. DRAGMAP version 1.3.0 (https://github.com/Illumina/DRAGMAP) was 

used to map the reads to the reference genome. The resultant sequence alignment map 

(SAM) file was then converted to binary alignment map (BAM), sorted, and indexed using 

samtools. The Picard was then used to add the read groups information in BAM file. The 
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genome analysis tool kit (GATK) was then used in calling the variants by turning on the dragen 

mode. The bamtools stats and the plot-vcfstats was used in the downstream analysis and 

visualization of the genomic variants in the variant call file (VCF).  

 

Availability of data and materials 

The assembly and all DNA and RNA raw reads have been deposited in the NCBI under the 

BioProject study accession PRJNA824432. The sequence of amplified cDNA fragments used in 

the in-situ hybridization experiments are available at Zenodo [53]. 

Competing interests 

The authors declare no competing interests. 

Funding 

The research project was part of the ELTE Thematic Excellence Programme 2020 supported 

by the National Research, Development, and Innovation Office (TKP2020-IKA-05) and by the 

ÚNKP-22-5 New National Excellence Program of the Ministry of Culture and Innovation from 

the source of the National Research, Development and Innovation Fund. This research was 

supported in part by the Intramural Research Program of the National Human Genome 

Research Institute (ZIAHG000183-22) for SB. LO and ISz were supported by the Frontline 

Research Excellence Grant of the NRDI (KKP 140353). MV is a János Bolyai fellow of the 

Hungarian Academy of Sciences. 

Authors' contributions 

Conceptualization: ÁM, LO, SB, MV.  

Data curation: JO, MV, SB. 

Funding acquisition: ÁM, SB, MV.  

Investigation: EF, JO, NS, KS, DC, AR, SK, AR.  

USC 105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 

The copyright holder for this preprintthis version posted August 10, 2023. ; https://doi.org/10.1101/2023.08.10.552018doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.10.552018


Methodology: EF, JO, NS, DC, ISz, LO, MV, SK, AR.  

Project administration and supervision: SB, MV.  

Writing – original and revised text: EF, JO, SB, MV. 

Acknowledgements 

The authors thank Lars Martin Jakt and his team for early access to their unpublished data. 

This work utilized the computational resources of the NIH HPC Biowulf cluster 

(http://hpc.nih.gov). We would like to thank Adam Phillippy and Brandon Pickett for helpful 

discussions.  

Competing interests 

None of the authors have any competing interests in the manuscript. 

References 

 

1. Ankeny RA, Leonelli S (2011) What’s so special about model organisms? Stud Hist 
Philosophy Sci Part 42:313–323 

2. Farris SM (2020) The rise to dominance of genetic model organisms and the decline of 
curiosity-driven organismal research. Plos One 15:e0243088 

3. Bolker J (2012) There’s more to life than rats and flies. Nature 491:31–33 

4. Ward RW (1967) Ethology of the Paradise Fish, Macropodus opercularis I. Differences 
between Domestic and Wild Fish. Copeia 1967:809 

5. Peters HM (1978) On the mechanism of air ventilaton in anabantoids (Pisces: Teleostei). 
Zoomorphologie 89:93–123 

6. Tate M, McGoran RE, White CR, Portugal SJ (2017) Life in a bubble: the role of the 
labyrinth organ in determining territory, mating and aggressive behaviours in anabantoids. J 
Fish Biol 91:723–749 

7. Ladich F, Yan HY (1998) Correlation between auditory sensitivity and vocalization in 
anabantoid fishes. J Comp Physiology 182:737–746 

8. Schneider H (1942) Die Bedeutung der Atemhöhle der Labyrinthfische für ihr 
Hörvermögen. Zeitschrift Für Vergleichende Physiologie 29:172–194 

USC 105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 

The copyright holder for this preprintthis version posted August 10, 2023. ; https://doi.org/10.1101/2023.08.10.552018doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.10.552018


9. Rüber L, Britz R, Zardoya R (2006) Molecular Phylogenetics and Evolutionary 
Diversification of Labyrinth Fishes (Perciformes: Anabantoidei). Systematic Biol 55:374–397 

10. Hall DD (1968) A Qualitative Analysis of Courtship and Reproductive Behavior in the 
Paradise Fish, Macropodus opercularis (Linnaeus). Zeitschrift Für Tierpsychologie 25:834–
842 

11. Csányi V, Tóth P, Altbacker V, Dóka A, Gerlai J (1985) Behavioral elements of the 
paradise fish (Macropodus opercularis). I. Regularities of defensive behaviour. Acta biologica 
Hungarica 36:93–114 

12. Rácz A, Adorján G, Fodor E, Sellyei B, Tolba M, Miklósi Á, Varga M (2021) Housing, 
Husbandry and Welfare of a “Classic” Fish Model, the Paradise Fish (Macropodus 
opercularis). Animals 11:786 

13. Matthews BJ, Vosshall LB, Dickinson MH, Dow JAT (2020) How to turn an organism into a 
model organism in 10 ‘easy’ steps. J Exp Biol 223:jeb218198 

14. Fan G, Chan J, Ma K, et al (2018) Chromosome-level reference genome of the Siamese 
fighting fish Betta splendens, a model species for the study of aggression. Gigascience 
7:giy087 

15. Wang L, Sun F, Wan ZY, et al (2021) Genomic Basis of Striking Fin Shapes and Colors in 
the Fighting Fish. Mol Biol Evol 38:msab110 

16. Kwon YM, Vranken N, Hoge C, et al (2022) Genomic consequences of domestication of 
the Siamese fighting fish. Sci Adv 8:eabm4950 

17. Wang M, Zhong L, Bian W, Qin Q, Chen X (2015) Complete mitochondrial genome of 
paradise fish Macropodus opercularis (Perciformes: Macropodusinae). Mitochondr Dna 
27:1–3 

18. Cheng H, Concepcion GT, Feng X, Zhang H, Li H (2021) Haplotype-resolved de novo 
assembly using phased assembly graphs with hifiasm. Nat Methods 18:170–175 

19. Koren S, Rhie A, Walenz BP, Dilthey AT, Bickhart DM, Kingan SB, Hiendleder S, Williams 
JL, Smith TPL, Phillippy AM (2018) De novo assembly of haplotype-resolved genomes with 
trio binning. Nat Biotechnol 36:1174–1182 

20. Zhang W, Wang H, Brandt DYC, et al (2022) The genetic architecture of phenotypic 
diversity in the Betta fish (Betta splendens). Sci Adv 8:eabm4955 

21. Abe S (1975) Karyotypes of 6 species of anabantoid fishes. CIS 5–7 

22. Moss SP, Joyce DA, Humphries S, Tindall KJ, Lunt DH (2011) Comparative Analysis of 
Teleost Genome Sequences Reveals an Ancient Intron Size Expansion in the Zebrafish 
Lineage. Genome Biol Evol 3:1187–1196 

USC 105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 

The copyright holder for this preprintthis version posted August 10, 2023. ; https://doi.org/10.1101/2023.08.10.552018doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.10.552018


23. Manni M, Berkeley MR, Seppey M, Simão FA, Zdobnov EM (2021) BUSCO Update: Novel 
and Streamlined Workflows along with Broader and Deeper Phylogenetic Coverage for 
Scoring of Eukaryotic, Prokaryotic, and Viral Genomes. Mol Biol Evol 38:4647–4654 

24. Seppey M, Manni M, Zdobnov EM (2019) BUSCO: Assessing Genome Assembly and 
Annotation Completeness. Methods Mol Biol (Clifton, NJ) 1962:227–245 

25. Smit A, Hubley R, Green P RepeatMasker Open-4.0. 

26. Grabherr MG, Haas BJ, Yassour M, et al (2011) Full-length transcriptome assembly from 
RNA-Seq data without a reference genome. Nat Biotechnol 29:644–652 

27. Langmead B, Salzberg SL (2012) Fast gapped-read alignment with Bowtie 2. Nat Methods 
9:357–359 

28. Emms DM, Kelly S (2019) OrthoFinder: phylogenetic orthology inference for comparative 
genomics. Genome Biol 20:238 

29. Ichikawa K, Tomioka S, Suzuki Y, et al (2017) Centromere evolution and CpG methylation 
during vertebrate speciation. Nat Commun 8:1833 

30. Howe K, Clark MD, Torroja CF, et al (2013) The zebrafish reference genome sequence 
and its relationship to the human genome. Nature 496:498–503 

31. Rhie A, McCarthy SA, Fedrigo O, et al (2021) Towards complete and error-free genome 
assemblies of all vertebrate species. Nature 592:737–746 

32. Bontems F, Stein A, Marlow F, Lyautey J, Gupta T, Mullins MC, Dosch R (2009) Bucky Ball 
Organizes Germ Plasm Assembly in Zebrafish. Curr Biol 19:414–422 

33. Miller-Bertoglio VE, Fisher S, Sánchez A, Mullins MC, Halpern ME (1997) Differential 
regulation of chordin expression domains in mutant zebrafish. Dev Biol 192:537–550 

34. Stachel SE, Grunwald DJ, Myers PZ (1993) Lithium perturbation and goosecoid 
expression identify a dorsal specification pathway in the pregastrula zebrafish. Development 
117:1261–1274 

35. Schulte-Merker S, Eeden FJ van, Halpern ME, Kimmel CB, Nusslein-Volhard C (1994) no 
tail (ntl) is the zebrafish homologue of the mouse T (Brachyury) gene. Development 
120:1009–1015 

36. Schulte-Merker S, Ho RK, Herrmann BG, Nusslein-Volhard C (1992) The protein product 
of the zebrafish homologue of the mouse T gene is expressed in nuclei of the germ ring and 
the notochord of the early embryo. Development 116:1021–1032 

37. Weinberg ES, Allende ML, Kelly CS, Abdelhamid A, Murakami T, Andermann P, Doerre 
OG, Grunwald DJ, Riggleman B (1996) Developmental regulation of zebrafish MyoD in wild-
type, no tail and spadetail embryos. Development 122:271–280 

USC 105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 

The copyright holder for this preprintthis version posted August 10, 2023. ; https://doi.org/10.1101/2023.08.10.552018doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.10.552018


38. Krauss S, Johansen T, Korzh V, Fjose A (1991) Expression of the zebrafish paired box gene 
pax[zf-b] during early neurogenesis. Development 113:1193–1206 

39. Chuang JC, Mathers PH, Raymond PA (1999) Expression of three Rx homeobox genes in 
embryonic and adult zebrafish. Mechanisms of development 84:195–198 

40. Yu T, Guo Y (2018) Early Normal Development of the Paradise Fish Macropodus 
opercularis. Russ J Dev Biol 49:240–244 

41. Martin M (2011) Cutadapt removes adapter sequences from high-throughput 
sequencing reads. Embnet J 17:10–12 

42. Stanke M, Diekhans M, Baertsch R, Haussler D (2008) Using native and syntenically 
mapped cDNA alignments to improve de novo gene finding. Bioinformatics 24:637–644 

43. Borodovsky M, Lomsadze A (2011) Eukaryotic Gene Prediction Using GeneMark.hmm-E 
and GeneMark-ES. Curr Protoc Bioinform 35:4.6.1-4.6.10 

44. Brůna T, Hoff KJ, Lomsadze A, Stanke M, Borodovsky M (2021) BRAKER2: automatic 
eukaryotic genome annotation with GeneMark-EP+ and AUGUSTUS supported by a protein 
database. NAR Genom Bioinform 3:lqaa108- 

45. Cantarel BL, Korf I, Robb SMC, Parra G, Ross E, Moore B, Holt C, Alvarado AS, Yandell M 
(2008) MAKER: An easy-to-use annotation pipeline designed for emerging model organism 
genomes. Genome Res 18:188–196 

46. Haas BJ, Salzberg SL, Zhu W, Pertea M, Allen JE, Orvis J, White O, Buell CR, Wortman JR 
(2008) Automated eukaryotic gene structure annotation using EVidenceModeler and the 
Program to Assemble Spliced Alignments. Genome Biol 9:R7 

47. Xu P, Zhang X, Wang X, et al (2014) Genome sequence and genetic diversity of the 
common carp, Cyprinus carpio. Nat Genet 46:1212–1219 

48. Cheng P, Huang Y, Lv Y, et al (2020) The American Paddlefish Genome Provides Novel 
Insights into Chromosomal Evolution and Bone Mineralization in Early Vertebrates. Mol Biol 
Evol 38:1595–1607 

49. Gregory TR, Nicol JA, Tamm H, Kullman B, Kullman K, Leitch IJ, Murray BG, Kapraun DF, 
Greilhuber J, Bennett MD (2007) Eukaryotic genome size databases. Nucleic Acids Res 
35:D332–D338 

50. Jakt LM, Dubin A, Johansen SD (2022) Intron size minimisation in teleosts. BMC Genom 
23:628 

51. Emms DM, Kelly S (2015) OrthoFinder: solving fundamental biases in whole genome 
comparisons dramatically improves orthogroup inference accuracy. Genome Biol 16:157 

USC 105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 

The copyright holder for this preprintthis version posted August 10, 2023. ; https://doi.org/10.1101/2023.08.10.552018doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.10.552018


52. Thisse C, Thisse B (2008) High-resolution in situ hybridization to whole-mount zebrafish 
embryos. Nat Prot 3:59–69 

53. Fodor E, Patelunas A, Szabó N, et al (2023) Paradise fish (Macropodus opercularis) in situ 
probe sequences. https://doi.org/10.5281/zenodo.6814503 

  

  

USC 105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 

The copyright holder for this preprintthis version posted August 10, 2023. ; https://doi.org/10.1101/2023.08.10.552018doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.10.552018


Figures 

A 

 

B 

 

  

Betta_splendens
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 19 21 22 24

m
acOp2

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

17
18

19
20

21
22

24

USC 105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 

The copyright holder for this preprintthis version posted August 10, 2023. ; https://doi.org/10.1101/2023.08.10.552018doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.10.552018


C 

       

Figure 1: Basic genome assessment. A) K-mer comparison plot. It shows copy number of the 

k-mers as a stacked histogram colored by the copy numbers found in the paradise fish draft 

genome assembly. The y-axis shows the number of distinct k-mers, and the x-axis shows the 

k-mer multiplicity (coverage). Most k-mers are represented once (red peak) indicating high 

quality for the genomic assembly. B) Whole genome alignment of the B. splendens genome 

assembly to the M. opercularis assembly. B. splendens is on the X-axis and M. opercularis on 

the Y-axis. B. splendens chromosomes 4 and 9 appear to map to two separate M. opercularis 

chromosomes. Chromosome numbering is based on B. splendens alignment to medaka 

chromosomes [14,20]. C) Distribution of intron sizes for various species of fish showing that 

M. opercularis is at the extreme low end of the spectrum, similar to puffer fish species. The 

line denotes the linear regression line fitted over the data. Grey areas denote the 0.95 

confidence interval of the fit. The diameter of the circles correlates to the approximate gene 

count (20 to 50 thousand).  
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Figure 2: Comparison of predicted proteins across 4 species. A) Evolutionary relationship 

between paradise fish, Siamese fighting fish, zebrafish, and Japanese medaka. B) The number 

of genes per species that could be placed in an orthogroup (the set of genes descended from 

a single gene in the last common ancestor of all the species). This value is close to 90% for all 

four species. C) The number of orthogroups that are specific to each species. D) The total 

number of transcripts with orthologs in at least one other species. E) Heat map of the 

orthogroups for each species pair (top) and orthologs between each species (bottom).   
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Figure 3: Expression of developmentally important genes in paradise fish embryos visualized 

by whole-mount in situ hybridization. cDNAs of several genes known to regulate early 

development were isolated from M. opercularis and used to make probes for hybridization. 

A-O) Spatiotemporal expression patterns of all genes are consistent with the zebrafish 

homologs. Developmental stages (upper right) and gene symbols (lower right) are listed for 

each panel.  
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SNV indels 

n ts/tv n 
2,356,443 1.35 623,414 

 
Table 1: Paradise fish variants call summary statistics from one fish compared to the 
reference assembly. The single nucleotide variants, SNV, transitions/transversions, ts/tv, 
and insertions and deletions (indels).  
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