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Fontitrygon garouaensis (Smooth Freshwater Stingray) is an evolutionarily distinct and globally
endangered species and is currently the only stingray known to be strictly adapted to African freshwater
systems. Lack of a reference genome has limited studies of its adaptive evolution and genomic
architecture. Here, we present the first chromosome-level genome assembly of F. garouvaensis using
a hybrid approach that integrates PacBio HiFi long reads, lllumina short reads, and Hi-C chromatin
conformation capture. The assembly spans 4.19 Gb with 41 anchored chromosomes, a scaffold N50 of

. 86.49Mb, and a contig N50 of 16.58 Mb. Overall, 84.07% of the genome was assigned to chromosomes,

: with 65.27% repetitive elements. BUSCO analysis showed 93.3% completeness, confirming a highly

: contiguous genome. We annotated 29,804 protein-coding genes, with 98.28% functionally annotated.

. Repetitive elements comprised 65.27% of the genome, including lineage-specific expansions of DNA

. transposons (7.13%) and LTRs (19.31%). This genomic resource establishes a foundation for systematic,

. evolutionary, and conservation research on this threatened species.

Background & Summary
. Elasmobranchs, including sharks, skates, sawfishes and rays, are among the most ancient and evolutionarily dis-
© tinct vertebrates". They diverged from the lineage leading to bony fishes approximately 420-450 million years
. ago, retaining many primitive traits such as cartilaginous skeletons while also exhibiting unique adaptive mech-
anisms’. Despite their evolutionary significance and ecological roles, there is a paucity of genomic resources for
© this group*®. To date, whole-genome sequencing efforts have primarily focused on large marine elasmobranchs,
greatly enhancing our understanding of their biology, evolution, and ecological adaptations>>®. Despite this
recent surge in genomic resources, there are still limited genomic data for elasmobranchs, particularly those
. in African waterbodies. Thus, the availability of whole genome and transcriptome datasets for African elasmo-
© branchs will fill critical gaps in understanding their evolutionary history, population structure, and adaptive
mechanisms, as well as inform conservation and management strategies for these often-threatened taxa.
Among African elasmobranchs, Fontitrygon garouaensis (formerly Dasyatis garouaensis) stands out as the only
. stingray currently known to be fully adapted to freshwater, and it is endemic to West Africa”!. A defining mor-
. phological feature that distinguishes F. garouaensis from its congeners (E margarita and F. margaritella) is the
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Illumina PacBio HiFi | Hi-C
Insert size 350bp 10-20kb 200-350bp
Total raw bases (bp) 93,751,433,700 | — —
GC Content (%) 42.02 — —
Total data (Gb) 93.75 140.4 182
Read length (bp) 150 (PE) - -
Sequencing coverage (*) | 21.37 32.00 112.2

Table 1. Statistics of hybrid sequencing data for Fontitrygon garouaensis genome assembly.

pronounced reduction or complete absence of dorsal denticles””. This species holds considerable significance due
to its evolutionary distinctiveness and ecological specialization®'?, particularly given that freshwater colonization is
a rare phenomenon among elasmobranchs'. Nevertheless, there are fewer studies that investigate the mechanisms
enabling freshwater colonization and adaptation in elasmobranchs'*"'>. Within this framework, E garouaensis
serves as a valuable model for exploring evolutionary processes in elasmobranchs, providing insights into habitat
colonization, physiological adaptation, and factors shaping diversification within a predominantly marine lineage.

To date, no chromosome-level genome assembly or annotation are available for F. garouaensis, although par-
tial mitochondrial genomes have been reported”!®. Previous studies have demonstrated the broad potential of
reference genomes in advancing organismal biology'”*%. Therefore, generating a high-quality, chromosome-level
reference genome for F garouaensis would not only enable comparative genomics with other elasmobranchs
but also facilitate the identification of molecular mechanisms underlying freshwater adaptation and speciali-
zation, while providing essential genomic tools for effective conservation management. Considering its threat-
ened status, evolutionary significance, and documented population declines’, a complete genome assembly of
E garouaensis is urgently needed to advance evolutionary, ecological, and conservation genomic research.

In the present study, we employed a hybrid sequencing approach that integrates PacBio HiFi long reads,
Mlumina short reads, and Hi-C chromatin conformation capture to generate a high-quality, chromosome-level
genome assembly of F. garouaensis. This genomic resource not only provides critical insights into the genomics
of FE garouaensis but also establishes a foundation for future investigations of the molecular mechanisms driving
adaptive evolution in elasmobranchs across salinity gradients. Furthermore, this study lays an important foun-
dation for genomic research on other endangered African elasmobranch species.

Methods

Sample acquisition and DNA extraction. On November 15, 2023, an adult female F. garouaensis spec-
imen with a disc length of approximately 308 mm, which is within the average length (748.9 mm) reported by
Oladipo et al.?, was collected from local fishermen on the River Niger at Jebba, Kwara State, Nigeria (N 9.149356,
E 4.865930). The specimen was initially identified based on morphological characteristics following the identifi-
cation guide by Olaosebikan and Raji'. Muscle tissue was subsequently sampled for whole-genome sequencing
(Ilumina short reads, PacBio HiFi long reads, and Hi-C). For the transcriptome sequencing, assembly, and anno-
tation, five tissues (liver, eye, gill, body tissue, and spleen) were sampled. All tissue samples were preserved in
RNAlater™ Stabilization Solution (Thermo Fisher Scientific, USA) and stored at —80°C in Dr Nneji’s Laboratory,
Department of Biology, Howard University, USA. Samples were later shipped to Novogene Inc. for hybrid genome
sequencing and transcriptomic analyses.

Genomic DNA extraction, library preparation and sequencing. High-quality, high-molecular-weight
genomic DNA (gDNA) was extracted from muscle tissue using a combination of cetyltrimethylammonium bro-
mide (CTAB) and sodium dodecyl sulfate (SDS) protocols, following Healey et al.?’. The quality of the extracted
gDNA was quantified using a Qubit 4.0 fluorometer (Invitrogen, USA), and DNA purity was assessed with 1%
agarose gel electrophoresis. The gDNA was randomly sheared into shorter fragments using a Covaris M220 sys-
tem (Covaris, Woburn, MA), after which fragments were end-repaired and A-tailed, followed by ligation with
Mlumina adapters. Adapter-ligated products were size-selected, PCR-amplified, and purified. Each library was
quantified using a Qubit 4.0 fluorometer and qPCR, and the fragment size distribution was analyzed with a
Fragment Analyzer (Agilent, CA, USA) to assess DNA integrity. Thereafter, pooling was done based on quantified
library concentrations and the required sequencing amount.

A hybrid sequencing strategy was employed to construct the genome survey and assembly using three
sequencing libraries. First, for [llumina short-read sequencing, quantified libraries were pooled and sequenced
on the Illumina HiSeq 2000 platform (San Diego, CA, USA) with an average insert size of 350 bp and a read
length of 2 x 150bp paired-end (PE150) reads (Table 1). Second, the PacBio HiFi long-read library was prepared
using the SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences, USA) according to the manufacturer’s
protocol and sequenced on the PacBio Sequel II platform (Pacific Biosciences, USA) across two independent
runs. Contigs were de novo assembled using Hifiasm with PacBio HiFi reads. Third, the high-throughput chro-
mosome conformation capture (Hi-C) library was constructed using the Frasergen Hi-C Kit (Frasergen, China)
according to the manufacturer’s protocol. For Hi-C, muscle tissue was processed by cell cross-linking, DNA
digestion and fragmentation with the restriction enzyme DpnlI, biotin labeling of repaired sticky ends, ligation,
enrichment of biotin-labeled fragments, and purification. The genome was fragmented at 6-bp recognition sites
(approximately every 4,000 bp). Ligation was performed at low DNA concentration in permeabilized nuclei using
T4 DNA ligase, and interacting loci were subsequently quantified by PCR amplification of ligated junctions.
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RNA extraction and transcriptome sequencing. Total RNA was extracted from the tissues (liver, eye,
gill, body tissue, and spleen) using the TRIzol reagent kit (Thermo Fisher Scientific Inc., USA). Messenger RNA
(mRNA) was purified from total RNA using poly-T oligo-attached magnetic beads (Illumina, San Diego, CA,
USA). Following fragmentation, first-strand cDNA was synthesized using random hexamer primers with frag-
mented mRNA as the template, and second-strand cDNA was synthesized incorporating deoxyuridine triphos-
phate (dUTP). The resulting double-stranded cDNA was subjected to end repair, A-tailing, adapter ligation, size
selection, USER enzyme digestion, amplification, and purification with AMPure XP beads (Beckman Coulter
Inc., USA). Libraries were initially quantified with a Qubit 4.0 fluorometer, and size distributions as well as the
absence of adapter dimers were confirmed using an Agilent 2100 Bioanalyzer (Agilent Technologies, USA). Final
library concentrations were determined by quantitative real-time PCR (qPCR) following the manufacturer’s pro-
tocols. After quality control, libraries were pooled and sequenced on the Illumina HiSeq platform (Illumina Inc.,
USA). Among the five tissues sampled, only the brain and gill tissues yielded high-integrity RNA with sufficient
concentration, passed quality profiling, and were used in our study.

De novo genome assembly and Hi-C scaffolding. Read preprocessing was performed using
Trimmomatic v0.39%! to remove adapter sequences and low-quality reads (N > 10%; Q-score < 5). Read qual-
ity was further assessed with FastQC? prior to alignment against the Atlantic stingray (Hypanus sabinus,
GCA_030144855.1)* reference genome using BWA-MEM (http://bio-bwa.sourceforge.net/) with default param-
eters. An initial 17-mer frequency analysis was conducted with Jellyfish v2.3.0%, and the resulting frequency
table was analyzed with the SOAPdenovo package?*. SAMTools (Danecek et al.?%; available from http://samtools.
sourceforge.net/) was used to convert SAM to BAM format, sort and deduplicate reads, and subsequently call sin-
gle nucleotide polymorphisms (SNPs). Assembly accuracy was assessed using three complementary approaches:
(1) mapping rates and sequencing coverage; (2) a 10-kb sliding window analysis to calculate GC content and
average sequencing depth, thereby detecting potential GC bias or contamination (a uniform GC distribution
indicating clean sequencing); and (3) genome completeness assessment with BUSCO (Benchmarking Universal
Single-Copy Orthologs; Siméo et al.?’; http://busco.ezlab.org/) in combination with tblastn, Augustus, and
HMMER.

The genome size of F. garouaensis was estimated through k-mer analysis of Illumina clean reads, revealing
a total genome size of 4,342.44 Mbp, a heterozygosity rate of 0.23%, and a repeat sequence content of 72.69%
(Supplementary Table 1a). The quality and coverage of the Illumina reads were further evaluated using 17-mer
analysis (Fig. 1A). A major peak was observed at approximately 32 x sequencing depth, indicating sufficient and
relatively uniform coverage. A minor peak at low depths (1-5 x ) likely represents low-coverage regions, while
the extended tail at higher depths suggests the presence of genomic regions with unusually high coverage. The
estimated genome size of F. garouaensis is consistent with patterns observed in other elasmobranchs. Specifically,
the Smooth Freshwater Stingray genome (4.19 Gb, this study) is larger than that of the whale shark (Rhincodon
typus, 3.44 Gb*®) and the white-blotched river stingray (P. leopoldi, 4.11 Gb®), but smaller than that of the white
shark (Carcharodon carcharias, 4.63 Gb%).

The genome assembly integrated multiple sequencing strategies, including Illumina whole-genome shotgun
(WGS; 93.75 Gb) for genome survey, PacBio Revio sequencing (2 SMRT cells; 140.4 Gb) for de novo assem-
bly, Hi-C sequencing (182 Gb) for chromosome scaffolding (Table 1), and mRNA-seq (6 Gb) for gene annota-
tion (Fig. 1). The initial contig-level assembly was generated from PacBio HiFi reads using Hifiasm v0.19.5°%%!,
resulting in a ~4.19 Gb draft genome comprising 2,688 contigs. This assembly exhibited high contiguity, with a
contig N50 of 16.58 Mb and a maximum contig length of 128.46 Mb (Table 2). Illumina short reads were sub-
sequently used for base-level polishing and downstream assembly evaluation. To achieve chromosome-level
resolution, draft contigs were scaffolded using Hi-C data with the ALLHIC pipeline®.

The final assembly retained the estimated genome size (~4.19 Gb) and exhibited high contiguity, with a
scaffold N50 of 86.49 Mb (Table 2). A total of 1,379 scaffolds were generated, of which 41 large scaffolds were
anchored to putative chromosomes, collectively representing 84.07% of the genome (Supplementary Table 1b).
This anchoring proportion likely reflects the absence of species-specific chromosomal data and structural
divergence from the closest chromosome-level reference, Hypanus sabinus (GCA_030144855.1)%, which limits
synteny-based placement. The remaining 1,338 unplaced scaffolds were retained in the final assembly to ensure
completeness. Hi-C paired-end reads were subsequently mapped to construct a 3D chromatin interaction
model for genome validation and organization (Fig. 1B). Chromosome-scale sequences ranged from 42.3 Mb to
157.8 Mb, consistent with the 41-chromosome karyotype reported for the first time in this species, though closely
related taxa, Hypanus sabinus (GCA_030144855.1)%, containing 35 chromosomes with the chromosome-level
genome, have been reported (Fig. 2; Supplementary Table 2). This high-quality, chromosome-scale genome
assembly of F. garouaensis provides a foundational reference for advancing evolutionary, ecological, and func-
tional genomic research in African cartilaginous fishes and across the broader elasmobranch lineage.

Phylogenetic analyses. To confirm the identity of our species within the genus Fontitrygon, we extracted
the standard DNA barcode marker (COI gene sequence) from the newly assembled F. garouaensis genome using
Geneious Prime v2025.1.1%. We queried it against the National Center for Biotechnology Information (NCBI)
database using BLASTn to verify species identity. For the whole mitochondrial genome phylogenetic analysis,
12 publicly available whole mitochondrial genome sequences from closely related species within the subfam-
ily Urogymninae (family Dasyatidae) were downloaded, with Neotrygon kuhlii designated as the outgroup.
Sequences were aligned with MAFFT v7.450* in Geneious Prime. A maximum-likelihood (ML) phylogenetic
tree was constructed using IQ-TREE2%**¢ with the “-m MFP” option to automatically select the best-fit substitu-
tion model®. Node support was assessed with 1,000 ultrafast bootstrap replicates using the “-bb 1000” option™.
The resulting consensus tree was visualized in FigTree v1.4.3%. A BLAST search of the COI sequence from our
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Fig. 1 Genome survey and Hi-C interaction map of Fontitrygon garouaensis. (A) K-mer frequency distribution

of cleaned PacBio HiFi reads using 17-mers. Spe-Frequency indicates specific frequency, and Ne-Frequency
indicates number of frequency. (B) Hi-C chromosomal contact heatmap generated using the 3D-DNA pipeline.

specimen revealed 100% identity with F. garouaensis (GenBank accession: PP865962), a specimen previously

collected from Jebba, Kwara State, Nigeriam. In the ML phylogenetic tree, our specimen clustered within a mono-
cies within the subfamily Urogymninae, with strong nodal support (100% bootstrap confidence; Supplementary

Fig. 1). These results provide robust molecular phylogenetic confirmation of our sample as F. garouaensis within

phyletic group containing other F. garouaensis sequences and formed a sister clade to all other Fontitrygon spe-
Urogymninae (family Dasyatidae), consistent with previous studies®!®.
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Assembly Statistics | Contiglength | Scaffold length | Contig number | GC content (%) | Number of chr
Total 4,185,027,496 | 4,185,158,396 2,688 41.98 41

Max 128,460,713 157,764,182 —

Number > 2000 — — 2,687

N50 16,576,105 86,485,802 58

N60 12,679,680 77,506,048 87

N70 8,644,714 69,283,552 127

N80 4,237,787 52,219,673 195

N90 1,243,743 11,232,548 387

Table 2. Summary statistics of Fontitrygon garouaensis genome assembly.

BUSCO Assessment Results
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Fig. 2 Features of Fontitrygon garouaensis genome. (A) Circos plot showing genome features from inside to
outside: (a) DNA-TE content, (b) LINE content, (c) LTR content, (d) repeat content, (e) gene density, (f) GC
content, and (g) the 41 pseudo-chromosomes, and (B) BUSCO analysis of genome assembly completeness.

Genome annotation and gene prediction. Structural annotation of the F. garouaensis genome
was conducted using an integrative approach that combined ab initio prediction, homology-based predic-
tion, and RNA-Seq-assisted prediction. Ab initio gene models were predicted using Augustus v3.5 (http://
bioinf.uni-greifswald.de/augustus/) and SNAP (http://homepage.mac.com/iankorf/) with default param-
eters. For homology-based prediction, protein sequences from closely related species [Potamotrygon leop-
oldi (PRJCA003510)*, Hypanus sabinus (GCF_030144855.1)%, Oreochromis niloticus (GCF_001858045.2)*!,
Gasterosteus aculeatus (GCF_016920845.1)*> and Danio rerio (GCF_049306965.1)*’] were obtained from the
NGDC and NCBI databases. These sequences were aligned to the F. garouaensis genome using TBLASTN v2.2.26
(E-value < 1e—5), and the resulting hits were refined with GeneWise v2.4.1 to produce accurate spliced align-
ments and gene models within protein-matching regions.

For transcript-based gene prediction, paired-end (PE) RNA-Seq reads from brain and gill tissues were pro-
cessed with fastp to remove adapter sequences, poly-N regions, and low-quality reads. Clean reads were de novo
assembled using Trinity v2.8.5*, and quality metrics (Q20, Q30, and GC content) were calculated to ensure
high sequencing quality. All downstream analyses were conducted using these high-quality reads. The reference
genome (H. sabinus) was indexed with HISAT2 v2.2.1%, and cleaned PE reads were aligned to the genome.
Resulting alignments were used as input for StringTie v2.2.1%%, which performed genome-guided transcript
assembly under default parameters.

Prior to gene prediction, repetitive elements were identified using RepeatMasker (http://www.repeatmasker.org/)
with the RepBase repeat sequence database (http://www.girinst.org/repbase/). Predictions from all three
approaches, along with transcriptome alignments, were integrated using EVidenceModeler (EVM v1.1.1 (Haas
et al.*’; Available from: http://evidencemodeler.sourceforge.net/)) to produce a non-redundant reference gene
set. This process incorporated terminal exon support from the Program to Assemble Spliced Alignments (PASA;
Haas et al.*’) and masked transposable elements during gene prediction. To ensure robust transcript support
during evidence integration and improve the reliability of the final gene models, we removed low-abundance or
potentially spurious transcripts and retained only transcripts with reads per kilobase of exon model per million
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Fig. 3 Genome annotations and differential expression analysis. (A) Venn diagram showing gene set evidence
support. De novo indicates genes supported by ab initio prediction at EVM integration; Homolog indicates genes
supported by homology-based prediction at EVM integration; RNA indicates genes supported by RNA-Seq

at EVM integration. Each evidence category is based on gene overlap >50%, and numbers indicate the total
number of genes supported. (B) Shared and unique gene annotations across functional databases. (C) Volcano
plot of differentially expressed genes in gill tissue relative to brain tissue of F. garouaensis.

mapped reads (RPKM) > 148, Finally, transcriptome data were used to refine annotations by adding untranslated
regions (UTRs) and alternative splicing information, resulting in a high-confidence final gene set.

A total of 29,804 protein-coding genes were predicted in the E garouaensis genome (Supplementary Table 3).
Of these, 29,291 genes (~98.28%) were successfully annotated across multiple databases, with 23,217 genes
(77.90%) receiving comprehensive support from all four databases (Fig. 3A,B). In addition, we identified 872
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Type Database | Gene Number | Gene Percent (%)
Total 29,804 100
Annotated 29,291 98.28

NR 28,637 96.08

Swissprot | 25,683 86.17

KEGG 25,143 84.36

InterPro 28,130 94.38

Pfam 22,143 74.3

GO 21,965 73.7
Unannotated 513 1.72

Table 3. Functional annotation statistics of Fontitrygon garounensis.

miRNAs, 7,380 rRNAs, 16,380 tRNAs, and 870 snRNAs (Supplementary Table 4). Detailed statistical informa-
tion is presented in Fig. 3, Table 3, and Supplementary Tables 3-4.

Functional annotation of predicted genes was conducted by aligning protein sequences to the Swiss-Prot
database using BLASTp (E-value < le—5). Protein motifs and domains were identified with InterProScan
v5.39* across multiple databases, including ProDom, PRINTS, Pfam, SMART, PANTHER, and PROSITE. Gene
Ontology (GO) terms were assigned based on corresponding InterPro entries. Protein function was further
inferred by transferring annotations from homologous sequences in Swiss-Prot™ and the non-redundant pro-
tein (NR) database using DIAMOND v0.8.22°! and BLASTp with an E-value cutoff of 1e—5. Additionally, KEGG
pathway mapping was performed to assign genes to relevant biological pathways.

Transcriptomics. Differentially expressed genes (DEGs) between gill and brain tissues of F. garouaensis were
identified using the Generalized Fold Change software GFOLD v1.1.4%2. Genes were considered significant when
GFOLD(0.01) > 1.045. To investigate the functional significance of the identified DEGs, Gene Set Enrichment
Analysis (GSEA) was performed using the easyGSEA module within the easy Visualization and Inference
Toolbox for Transcriptome Analysis (eVITTA) platform®®*!. The GSEA pre-ranked method was applied to genes
with GFOLD(0.01) > 1 to identify enriched pathways. Upregulated and downregulated genes were analyzed sep-
arately to capture direction-specific functional enrichment. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses were also conducted to identify significantly overrepresented
biological processes and molecular functions. A significance threshold of adjusted p < 0.05 was applied, with
multiple testing corrections performed using the Benjamini-Hochberg method to control the false discovery rate
(FDR). Enrichment results were visualized within eVITTA, and Manhattan plots were generated to illustrate the
distribution of enriched pathways across functional categories. Differential expression analysis revealed distinct
tissue-specific gene expression patterns between the brain and gills of E garouaensis, reflecting their specialized
physiological roles (Fig. 3). Gene Ontology (GO) enrichment analysis revealed that genes upregulated in the gill
were predominantly associated with metabolic processes, particularly fatty acid metabolism and gluconeogenesis
(Fig. 4; Supplementary Fig. 2).

Data Records

All sequencing reads have been deposited in the NCBI Sequence Read Archive (SRA) under the BioProject
accession number PRJNA1302590%. The DNA sequencing data from the PacBio HiFi library are available
under the SRA accession number SRR35772892%, the Illumina short-read genomic sequencing data used for
assembly polishing under SRR35557154%, the RNA-seq data used for genome annotation under SRR35772888
& SRR35772889°%%7. The chromosome-level genome assembly of F. garouaensis has been deposited in NCBI
GenBank under the Whole Genome Shotgun (WGS) accession number JBSTRW000000000.

Technical Validation

Gene annotation and repetitive elements. Our final de novo assembly produced a total contig length
of 4.18 Gb with a contig N50 of 16.58 Mb, yielding a highly contiguous chromosome-scale assembly with 99.90%
genome coverage across 41 chromosomes and strong concordance with the assembled genome. The GC content
was 41.98%, and the proportion of ambiguous bases (N) was 0.00%, well below the commonly accepted threshold
of < 10%, further supporting the high accuracy of the assembly. Genome completeness, assessed using BUSCO
with the vertebrata_odb10 database (3,354 conserved orthologs), revealed 93.3% completeness, comprising 90.5%
single-copy and 2.8% duplicated BUSCOs, with 3.4% fragmented and 3.3% missing genes, thereby confirming the
integrity of the genome assembly (Fig. 2).

Further validation by Illumina short-read alignment demonstrated uniform sequencing depth, with most
genomic regions exceeding 10 x and 20 x coverage thresholds, indicating even sequencing depth and robust
assembly reliability (Supplementary Table 5a). Variant calling identified 1,128,320 SNPs, of which 99.5% were
heterozygous. The homozygous SNP rate was extremely low (0.000137%; Supplementary Table 5b), further
supporting the high base-level accuracy of the assembly. GC content analysis showed a balanced composition
(~42%), with no evidence of abnormal base distribution or sequencing bias, suggesting the absence of contam-
ination or technical artifacts.

Collectively, these results confirm the integrity, completeness, and high fidelity of the E garouaensis genome
assembly (Table 2; Figs. 1-2 and 5 Supplementary Tables 1, 2 and 5). The assembly revealed that 65.27% of
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Fig. 4 Gene Ontology (GO) and KEGG pathway enrichment of differentially expressed genes in the gill
compared to the brain of Fontitrygon garouaensis. (A) GO biological process (BP) terms significantly enriched
among genes upregulated in the gill relative to the brain. (B) GO BP terms significantly enriched among
genes downregulated in the gill relative to the brain. (C) KEGG pathways significantly enriched among

genes upregulated in the gill relative to the brain. (D) KEGG pathways significantly enriched among genes
downregulated in the gill relative to the brain.

Type Number | Length(bp) Percentage (%)
SINE 55,888 9,349,036 0.22

LINE 4,060,165 | 1,531,154,672 | 36.59

LTR 1,958,803 | 808,020,844 19.31

DNA 1,778,819 | 298,567,069 7.13

Unknown | 215,539 52,966,089 1.27

Total 2,731,608,694 | 65.27

Table 4. Repetitive sequences in the genome of Fontitrygon garouaensis. SINE (Short Interspersed Nuclear
Elements): Repetitive elements typically shorter than 1,000 bp. LINE (Long Interspersed Nuclear Elements):
Repetitive elements usually longer than 1,000 bp. LTR (Long Terminal Repeats): Retrotransposons characterized
by the presence of long terminal repeats at both ends. DNA transposons: Mobile elements that transpose
directly via a DNA intermediate without involving RNA reverse transcription. Unknown: Repetitive sequences
that could not be classified by RepeatMasker. Total: Non-redundant results obtained after integrating all
classifications and removing overlapping regions.

the genome is composed of repetitive sequences (Table 4). This high repeat content is consistent with patterns
observed in other large elasmobranch genomes, such as the white shark, and highlights the challenge of assem-
bling repeat-rich, large genomes typical of cartilaginous fishes'*!>. Comparative studies have also emphasized the
slow evolutionary rates, gene family expansions, and elevated LINE content characteristic of shark genomes'>.

To investigate the genomic synteny between F. garouaensis and related elasmobranch species (H. sabinus, H. akajei,
L. erinacea, C. plagiosum), we conducted a comprehensive comparative genomic analysis. Initially, an all-versus-all
protein sequence alignment was performed using BLASTP v2.11.0 +*° with a stringent e-value cutoff of le-5. The
chromosomal location data and chromosome length information were extracted for syntenic block identification.
These data were analyzed with JCVI v1.1.22%, facilitating the interpretation of conserved genomic architecture across
the studied species.

We identified extensive chromosomal rearrangements in F. garouaensis at both the intragenomic level and
in comparisons with other sampled elasmobranch species (Fig. 5). Microchromosome synteny revealed dense
inter-chromosomal links (e.g., between chromosome 2 and chromosome 14), indicative of a history of large-scale
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Fig. 5 Chromosome-level genomic structure in the genomes of Fontitrygon garouaensis. (A) intragenomic
rearrangements and (B) Genomic synteny among the Elasmobranchs.

fissions, fusions, and translocations within the genome®"®? (Fig. 5A). Inter-species synteny comparisons showed
that while chromosomes are relatively conserved between F. garouaensis and closely related species, divergence
from more distantly related lineages was characterized by pervasive chromosomal fusions and fissions (Fig. 5B).
We also observed distinct chromosomal evolution within elasmobranchs, suggesting lineage-specific karyotype
remodeling driven by recurrent fusion and fission events. These findings are consistent with evolutionary scenar-
ios in which both chromosomal fragmentation and fusion contribute to genomic divergence®.

The combination of extensive intragenomic structural variation and non-conserved synteny across elasmo-
branchs underscores the rapid and dynamic nature of karyotype evolution in this lineage. While inter-synteny is
often conserved to maintain critical regulatory functions, disruptions that have been increasingly documented
in other taxa, such as bryozoans and cephalopods, are thought to contribute to speciation and adaptation®-®.
This genomic plasticity may therefore play an important role in shaping ecological adaptations and evolutionary
trajectories across sharks and rays®’.

Declarations. The specimen used in this study was obtained from a freshly deceased stingray provided by a
local fisherman. No animal experimentation was involved.

Ethics approval. All procedures in this study were conducted in accordance with Howard University’s
Institutional Animal Care and Use Committee (IACUC) guidelines (Protocol No. IACUC-2025-0003), and all aspects
of the research complied with approved protocols, relevant institutional guidelines, and applicable national regulations.

Data availability

All sequencing reads have been deposited in the NCBI Sequence Read Archive (SRA) under the BioProject
accession number PRJNA1302590. The DNA sequencing data from the PacBio HiFi library are available
under the SRA accession number SRR35772892, the Illumina short-read genomic sequencing data used for
assembly polishing under SRR35557154, the RNA-seq data used for genome annotation under SRR35772888 &
SRR35772889. The chromosome-level genome assembly of E garouaensis has been deposited in NCBI GenBank
under the Whole Genome Shotgun (WGS) accession number JBSTRW000000000.
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