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Abstract
This study presents the first draft genome for the Amazonian manatee (Trichechus inunguis), the only
exclusively freshwater sirenian species, contributing to the understanding of genomic evolution,
adaptation to the freshwater environment and species conservation. The genome was sequenced using
Illumina technology, employing 151 bp paired-end reads and achieving approximately 37× coverage.
Initial assemblies were highly fragmented; however, reference-guided scaffolding with RagTag using the
chromosome-level genome of T. senegalensis increased BUSCO completeness to 98.8% for the female
and 96.7% for the male. The genome sizes were 2.89 Gb (female) and 2.75 Gb (male), smaller than those
of T. manatus (3.10 Gb) and T. senegalensis (3.19 Gb). A total of 19,001 protein-coding genes were
identified in T. inunguis, with 89.1% of BUSCO genes annotated as complete. Repetitive elements
accounted for 48.52% of the female genome and 46.54% of the male genome, with a predominance of
retroelements and LINE-1/L1-CIN4, which corresponded to 13.46% of the genome. Comparative analysis
revealed an expansion of gene families associated with G-protein-coupled receptor signaling, ion
channels, oxidative metabolism and transport, potentially linked to adaptation to the Amazonian
environment. This genome serves as a fundamental resource for evolutionary, population and
conservation studies.

INTRODUCTION
Sirenians (Order Sirenia) constitute a unique group of herbivorous aquatic mammals comprising only
four living species: the dugong (Dugong dugon), the African manatee (Trichechus senegalaensis), the
West Indian manatee (Trichechus manatus) and the Amazonian manatee (Trichechus inunguis). The
evolutionary history of this group is marked by a successful transition to aquatic environment, involving
profound morphological, physiological and behavioral modifications associated with locomotion, feeding
and thermoregulation (Marsh et al. 2011).

Among the current species of sirenians, the Amazonian manatee occupies a unique ecological position.
This is the only exclusively freshwater species in the group, distributed throughout the Amazon basin,
where it inhabits rivers, floodplain lakes and other seasonally flooded environments (Best 1984;
Marmontel et al. 2016). Unlike its congeners, which exploit marine and estuarine environments, the
Amazonian manatee is subject to intense hydrological fluctuations resulting from the annual Amazonian
flood pulse, one of the most striking ecological phenomena in tropical ecosystems (Junk et al. 1989).
These variations directly affect food availability, the physicochemical conditions of the water, and the
connectivity between habitats, imposing particular selective pressures on the populations of this
species.

In addition to its ecological uniqueness, T. inunguis has high relevance for conservation. The species is
classified as vulnerable by the International Union for Conservation of Nature (IUCN) due to historical
hunting, incidental capture in fishing activities, habitat degradation and increasing anthropogenic
pressure on Amazonian ecosystems (Marmontel et al. 2016). Additionally, molecular and cytogenetic
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studies have revealed the occurrence of natural hybridization between T. inunguis and T. manatus in the
Amazonian estuary region, resulting in the formation of fertile hybrid populations and raising important
questions related to evolution, species delimitation and conservation management (Vianna et al. 2006;
Lima et al. 2019; De Oliveira et al. 2022; Noronha et al. 2022).

Although significant advances have been made in understanding the biology and ecology of the
Amazonian manatee, the absence of a reference genome for this species has limited the understanding
of its genomic architecture, evolutionary history, and the molecular basis of its adaptations to the
freshwater environment. High-quality genomes for other species of the genus, such as T. manatus and T.
senegalensis, have already been made available, allowing comparative studies that reveal patterns of
genomic evolution in sirenians. However, the Amazonian manatee, due to its unique ecological
characteristics, remained an important gap in the genomic knowledge of the group.

This study presents the first reference genome of the Amazonian manatee and performs a
comprehensive comparative analysis among the three current species of the genus Trichechus.
Specifically, we investigated the composition and evolutionary dynamics of repetitive DNA, characterized
the gene repertoire and assessed patterns of gene family expansion potentially associated with
environmental adaptation. The results provide new insights into the genomic evolution of sirenians, the
mechanisms associated with adaptation to the Amazonian freshwater environment, and the
development of genomic tools for the conservation of one of the most emblematic and threatened
species of South American aquatic megafauna.

MATERIAL AND METHODS

Samples
Blood of a male named “Buriti” and a female named “Neguinha” of T. inunguis that live in captivity at
ZooUnama (Santarém, PA, Brazil) and Bioparque da Amazônia (Macapá, AP, Brazil), respectively, were
collected with authorization of Chico Mendes Institute for Biodiversity Conservation (SISBIO 44915-1,
92853-1). The procedures were conducted in accordance with the Research Ethics Committee of the
Universidade Federal do Pará (Protocol 8803211223). These samples were used for whole genome
sequencing.

Assembled genomes of a T. manatus female named "Lorelei” (GCA_000243295.1; Foote et al. 2015) and
of a T. senegalensis female named "Xixi” (GWHERCE00000000; Huang et al. 2024) were downloaded
from NCBI/GenBank (USA) and National Genomics Data Center (China), respectively.

Karyotyping
Metaphase chromosome preparations from T. inunguis samples were obtained with temporary
lymphocyte culture, according to the protocol developed by Moorhead et al. (1960) with modifications.
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Whole blood (0,5 mL) was seeded in a flask with 5 mL of RPMI-1640 medium supplemented with
phytohemagglutinin (2%) and fetal bovine serum (10%) and maintained for 72 hours at 37ºC. After, N-
desacetyl-N-methylocolchicine (0.01 µg/mL; KaryoMAX™ Colcemid™ Solution in PBS, Gibco™) was added
and treated for 1h. The samples were submitted to hypotonic treatment with 0.075 M potassium chloride
(KCl) for 20 minutes and fixed in Carnoy solution (3 methanol: 1 acetic acid). Cell suspensions were
dropped onto slides to chromosome analysis. Chromosomes were stained with Giemsa and visualized in
a microscopy.

Sequencing, assembly and annotation of nuclear genome
DNA from T. inunguis samples was purified with the PureLink Genomic DNA Mini Kit (Invitrogen,
Waltham, MA, United States of America), following the manufacturer's protocol. DNA quality and size
was checked by electrophoresis on 1% agarose gel and 2100 Bioanalyzer (Santa Clara, CA, United States
of America). DNA quantification was done by picogreen method using Victor 3 fluorometry (Norwalk, CT,
United States of America). Libraries were constructed with TruSeq Nano DNA Kit (Illumina, San Diego,
CA, United States of America). Sequencing processes were performed in NovaSeq 6000 Sequencing
System (Illumina, San Diego, CA, United States of America). For each sample were generated fragments
of 151 base pairs which cover about 37x the genome. The read quality of raw data was checked by the
software FastQC (Andrews, 2010). Reads with low quality were discarded and the Illumina adapters were
trimmed using Trimmomatic-0.39 (Bolger et al., 2014) and BBMap-38.49 (Bushnell et al. 2017) tools. The
first 10 bases of the read were cut off, and reads shorter than 95 base pairs were dropped off.

De novo nuclear genome assemblies were performed using Meraculous-v2.2.6 (Chapman et al. 2011),
which performed several trial runs of assemblies with Kmer values in a range from 31 to 121. The final
assembly was chosen based on the metrics values of the software QUAST-v5.0.2 (Gurevich et al. 2013)
and Assembly-Stats (https://github.com/rjchallis/assembly-stats). T. inunguis and T. manatus
(GCA_000243295.1) assemblies were scaffolded with RagTag-v2.1.0 (Alonge et al. 2022) using the
assembled genome of T. senegalensis (Huang et al. 2024) as a reference. The results were evaluated
with QUAST-v5.0.2 and BUSCO-v6.0.0 (Simão et al. 2015). Protein coding genes were annotated in T.
inunguis, T. manatus and T. senegalensis assemblies with Helixer-v0.3.5 (Holst et al. 2026) and the
annotation completeness was assessed with BUSCO-v6.0.0 with mammalia_odb10 gene sets. For
repeat annotation, first custom repeat libraries were created with RepeatModeler for each genome (Smit
and Hubley 2015), using the default parameters. Then, we use these libraries as input for the
RepeatMasker-4.1.1 (Smit et al. 2013).

Expanded gene families
Orthologous were identified with OrthoFinder-v.2.5.5 (Emms & Kelly 2015, 2019). Gene family expansion
analyses were conducted with CAFE-v5.1.0 (Mendes et al. 2021) based on the results from OrthoFinder
and only gene families with a p-value < 0.05 were considered as having undergone significant change.
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Gene Ontology (GO) enrichment analyses were performed on the expanded gene families using
clusterProfiler package (Yu et al. 2012). A statistical significance threshold of a p-value < 0.05 was
considered to identify significantly enriched GO terms.

RESULTS
Genome assembly of Trichechus species

The female and male samples of T. inunguis showed a karyotype with diploid number (2n) of 56
chromosomes and autosomal fundamental number (NFa) of 92. A homomorphic sex chromosome pair
(XX) was observed in the female, while the male showed a heteromorphic sex chromosome pair (XY)
(Supplementary Fig. 1).

After Illumina sequencing, a total of 756,028,680 and 916,133,222 of paired-end reads (151 bp) were
generated for the female and male of T. inunguis, respectively. After filtering, 755,885,870 and
915,905,042 pair-end reads with length of 95–141 bp were retained for female and male, respectively.
The assemblies showed very similar metrics but remained highly fragmented, with 243,856 and 241,005
scaffolds for female and male, respectively, and recovering 60.2% and 59.8% of the conserved
mammalian genes in the mammalia_odb10 dataset, respectively (Supplementary Table 1).

Due to the high number of scaffolds in the genome assemblies of T. inunguis (generated in this study)
and T. manatus (generated by Foote et al. 2015), rescaffolding and patching were performed using the
software RagTag with T. senegalensis chromosome-level genome (Huang et al. 2024) as a reference. The
benchmarking universal single-copy orthologs (BUSCO) analysis showed that 98.8%, 96.7% and 97.8% of
the conserved mammalian genes dataset were identified as complete in the new versions of T. inunguis
female, T. inunguis male and T. manatus, respectively. Overall, RagTag substantially improved the
assembly metrics and the assessment results showed a high completeness of the assemblies
(Supplementary Table 1). The genome size of T. inunguis female is 2,889.21 Mb, while the male is
2,752.79 Mb; T. manatus is 3,103.92 Mb, and T. senegalensis is 3,185.65 Mb (Table 1; Fig. 1a-c).
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Table 1
Statistics of the Trichechus genomes.

Features T. inunguis T. manatus T. senegalensis

Genome size (Mb) 2,889.21 3,103.92 3,185.65

Contig N50 (Mb) 59 37 118

Scaffold N50 (Mb) 121 129 136

Number of contigs 622,658 166,490 47

Number of scaffolds 5,850 5,186 39

GC content (%) 40.68 40.73 40.74

Repeat content (%) 48.52 44.94 55.01

Annotated protein-
coding genes

19,001 19,129 19,418

BUSCO results for
assembly

C: 98.8% [S: 98.3%, D:
0.5%]

F: 0.3%

M: 0.9%

n: 9226

C: 97.8% [S: 97.2%, D:
0.6%]

F: 0.7%

M: 1.5%

n: 9226

C: 99.4% [S: 98.7%, D:
0.7%]

F: 0.1%

M: 0.5%

n: 9226

BUSCO results for
annotation

C: 89.1% [S: 88.8%, D:
0.3%]

F: 4.3%

M: 6.6%

n: 9226

C: 87.1% [S: 86.8%, D:
0.3%]

F: 5.5%

M: 7.4%

n: 9226

C: 90.1% [S: 89.7%, D:
0.4%]

F: 4.0%

M: 5.9%

n: 9226

Genome annotation of Trichechus species
To comprehensively understand the genome composition of the genus Trichechus, genome annotations
were performed across all three species (Fig. 1). A total of 1,401.82 Mb (48.52%), 1,281.20 Mb (46.54%),
1,394.98 Mb (44.94%), and 1,752.57 Mb (55.01%) of repetitive sequences were predicted in T. inunguis
female, T. inunguis male, T. manatus and T. senegalensis, respectively. Retroelements represent the most
abundant class of repetitive sequences in all genomes analyzed. Specifically, the element L1/CIN4 is the
most abundant sequence representing 13.46% of T. inunguis, 13.84% of T. manatus and 22.86% of T.
senegalensis genomes. DNA transposons constitute 0.55%, 0.5% and 0.66% of the genome of these
species, respectively. Unclassified elements account for 23.51%, 17.65% and 21.37% of the genomes,
respectively (Fig. 1d-f). The genomes of Trichechus species showed a widely shared evolutionary
pattern, marked by a relatively recent expansion of transposable elements of the LINE class, with
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emphasis on the L1 family. However, the chronology of this expansion differed between species: while
the expansion of LINEs appears to have expired earlier in T. inunguis and T. manatus, in T. senegalensis it
persisted longer (Fig. 1g-i).

A total of 19,001, 19,129 and 19,418 protein coding genes were annotated in T. inunguis, T. manatus and
T. senegalensis, respectively. The BUSCO analysis showed that 89.1%, 87.1% and 90.1% of the conserved
mammalian genes were annotated to be complete in these genomes, respectively (Table 1).

Environmental adaptation in Trichechus genomes
Functional enrichment analyses of expanded gene families revealed both shared and species-specific
patterns among the three Trichechus species. Gene Ontology (GO) enrichment analyses identified
distinct functional categories associated with the expanded gene repertoires of each species (Fig. 2a-c).
In T. inunguis, the most significantly enriched GO terms included G protein-coupled receptor (GPCR)
signaling pathway, proteolysis, olfactory receptor activity, ion channel activity, monooxygenase activity,
oxidoreductase activity, iron ion binding, serine-type exopeptidase activity, vitamin transport, and voltage-
gated sodium channel activity (Fig. 2a). In T. manatus, enriched categories were mainly related to
olfactory receptor activity, nucleosome organization, transcription regulator complex, protein
heterodimerization activity, proteolysis, serine-type exopeptidase activity, protein tyrosine kinase activity,
antigen processing and presentation, protein glycosylation, and MHC class II protein complex (Fig. 2b).
Similarly, T. senegalensis showed significant enrichment for olfactory receptor activity, serine-type
exopeptidase activity, transcription regulator complex, nucleosome organization, protein
heterodimerization activity, transferase activity transferring hexosyl groups, carbohydrate metabolic
process, motor activity, mRNA export from nucleus, and ferric iron binding (Fig. 2c).

DISCUSSION
In the present work we sequenced, assembled and annotated the first draft genome of the Amazonian
manatee (Trichechus inunguis), providing a critical genome resource for the only extant sirenian species
that inhabits exclusively freshwater ecosystems. Like other manatee species, T. inunguis is threatened
with extinction (International Union for Conservation of Nature’s Red List of Threatened Species) and this
first genome description represents a fundamental tool for understanding its biology, adaptive evolution
and for supporting management and conservation strategies.

Previous molecular and cytogenetic studies demonstrated that the Amazonian manatee (T. inunguis) and
the marine West Indian manatee (T. manatus) hybridize in the Amazonian estuary, generating naturally
fertile hybrid individuals (Vianna et al. 2006; Lima et al. 2019; De Oliveira et al. 2022; Noronha et al.
2022). Therefore, karyotype analysis is essential to accurate species identification and for distinguishing
pure individuals from hybrids. The two individuals analysed in the present study exhibited the
chromosomal characteristics previously described for T. inunguis, confirming their taxonomic identity
and excluding the possibility of hybrid origin.
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The genome assemblies revealed sex-associated variation in genome size, with the female genome
(2.88 Gb) being slightly larger than the male genome (2.75 Gb), consistent with the presence of two X
chromosomes in females versus one X chromosome and a small Y chromosome in males (Assis et al.,
1988; De Oliveira et al., 2022; Noronha et al., 2022). Interspecifically, T. inunguis had the smallest genome
among the three congeners, followed by T. manatus (3.10 Gb) (Foote et al. 2015)d senegalensis (3.18 Gb)
(Huang et al. 2024). This smaller genome size of T. inunguis correlates with a lower proportion of
repetitive DNA (46.54–48.52%) compared to T. senegalensis (55.01%), suggesting that lineage-specific
differences in transposable element dynamics contributed to the genomic contraction in the Amazonian
lineage. This pattern is evolutionarily significant, given that T. inunguis diverged from T. manatus relatively
recently (approximately 1.34 million years ago) during the Plio-Pleistocene, a period of intense
geological and climatic changes in the Amazon Basin (De Souza et al. 2019) Thus, the smaller genome
and reduced repetitive content in T. inunguis may reflect more recent genomic compaction associated
with its adaptation to the peculiarities of the Amazonian freshwater environment.

The predominance of retroelements, particularly LINE-1 (L1/CIN4), in the three species is consistent with
the general pattern observed in mammals (Kazazian 2004; Kapusta et al. 2017). However, a striking
difference was observed: T. senegalensis presented a substantially higher L1/CIN4 content (22.86%)
compared to T. inunguis (13.46%) and T. manatus (13.84%). Divergence analyses indicated that LINE
expansion persisted more recently in T. senegalensis, while its activity ceased earlier in the American
species. This earlier interruption in T. inunguis may have limited copy accumulation, contributing to its
smaller genome size. The differential dynamics of LINE elements among these closely related species
may result from multiple factors, including epigenetic silencing, demographic history and the efficiency
of purifying selection (Lynch & Conery 2003; Bourque et al. 2018). For T. inunguis, which inhabits a highly
seasonal and relatively isolated freshwater system, population bottlenecks or founder effects during the
Pleistocene may have accelerated the removal or reduced the fixation of new transposable element
insertions. Another relevant aspect is the high proportion of unclassified repetitive elements − 23.51% in
T. inunguis, 17.65% in T. manatus and 21.37% in T. senegalensis. This suggests the existence of specific
or highly divergent Sirenia repeat families not represented in current databases, emphasizing the need
for further characterization.

Annotation of protein-coding genes revealed remarkably similar numbers among the three species of the
genus Trichechus: 19,001 (T. inunguis), 19,129 (T. manatus) and 19,418 (T. senegalensis). These values
fall within the expected range for placental mammals, whose typical gene content varies between 19,000
and 22,000 genes (Frankish et al. 2019; Amaral et al. 2023). The numerical proximity suggests that,
despite the ecological and geographic differences between lineages, the core gene repertoire has
remained stable throughout the diversification of the genus, consistent with the pattern of gene
conservation observed in other groups of aquatic mammals, such as cetaceans (Yim et al. 2014; Foote
et al. 2015).

Completeness analyses using BUSCO (Benchmarking Universal Single-Copy Orthologs) indicated that
89.1% (T. inunguis), 87.1% (T. manatus) and 90.1% (T. senegalensis) of the conserved genes in the
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mammalia_odb10 set were annotated as complete. These percentages are substantially higher than the
completeness of the initial version of assemblies, which recovered only 59.8–60.2% of the same genes,
demonstrating that the annotation process, combined with rescaffolding using RagTag, was effective in
recovering coding regions from fragmented assemblies (Alonge et al. 2022). These values are
comparable to other non-model mammalian draft genomes such as Andean Bear (Tremarctos ornatus)
(Seremi et al. 2021), indicating that the annotation quality is compatible with the state-of-the-art for
reference genomes of threatened mammals.

Among the adaptations distinguishing T. inunguis, a notable feature is the significant expansion of gene
families linked to G-protein-coupled receptor (GPCR) signaling and voltage-gated ion channels
(particularly sodium channels). These neuromuscular and electrophysiological regulatory pathways are
crucial for maintaining osmotic homeostasis and water-salt balance in an exclusively freshwater
ecosystem, where osmotic challenges differ drastically from those faced by marine or estuarine species
(Marsh et al. 2011). Furthermore, the genomic profile of T. inunguis reflects marked specialization in
redox physiology and substance transport, evidenced by the enrichment of genes associated with
monooxygenase and oxidoreductase activity, iron-ion binding, and vitamin transport. These pathways
suggest refined metabolic adaptations for coping with oxidative stress and fluctuations in partial oxygen
pressure during diving within the dynamic and variable waters of the Amazon River system (Junk et al.
1989; Yim et al. 2014).

Although T. inunguis exhibits this unique set of metabolic and ionic specializations, the species shares
an expansion of olfactory receptors and proteolytic enzymes (such as serine-type exopeptidases) with
its congeners. This chemosensory expansion underscores the importance of olfaction for navigation
and foraging by T. inunguis in the low-visibility waters of the Amazon Basin, while the proteolytic
machinery meets the demands of a strictly herbivorous diet based on aquatic macrophytes (Best 1984;
Marsh et al. 2011). In contrast to the osmotic and redox adaptations dominant in the Amazonian
manatee, marine and estuarine species expanded their gene repertoires in other directions: T. manatus
invested heavily in adaptive immunity (via MHC class II and antigen processing) to combat the diversity
of marine pathogens, whereas T. senegalensis prioritized carbohydrate metabolism and cellular transport
dynamics. Thus, the Amazonian manatee genome stands as an exemplary model of evolutionary
divergence centered on survival, osmotic regulation and metabolic efficiency within the planet's largest
river system.

From a conservation standpoint, the first T. inunguis genome provides a powerful tool for addressing
pressing issues. Given the occurrence of natural hybridization with T. manatus in the Amazon estuary
(Vianna et al. 2006; De Oliveira et al. 2022. Noronha et al. 2022), this genome will allow the development
of high-resolution molecular markers for the identification of pure and hybrid individuals, which is
essential for defining conservation units and management strategies. Furthermore, the genome serves
as a basis for population genomics studies, allowing the assessment of genetic diversity, inbreeding
levels and population structure throughout the species' fragmented distribution in the Amazon Basin
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(Marmontel et al. 2016). This is particularly urgent considering the ongoing threats of habitat loss,
waterway pollution and incidental capture in fishing gear (Cantanhede et al. 2005; White et al. 2026).

In conclusion, this first draft of the Trichechus inunguis genome not only provides a high-quality genomic
resource for comparative studies within the genus Trichechys, but, more importantly, establishes a basis
for understanding freshwater adaptation in an exclusively riverine sirenian. The observed genomic
signatures (smaller genome size, reduced repetitive content, early cessation of LINE activity and
expansions of gene families related to metabolism, sensory perception, and environmental response)
collectively suggest that T. inunguis has undergone unique evolutionary trajectories shaped by the
Amazonian freshwater ecosystem. This genome represents a crucial step for the conservation genomics
of this vulnerable species and opens new avenues for research on the evolution of aquatic mammals in
extreme and seasonal environments.
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Figure 1

Genome characteristics of Trichechusspecies: genomic metrics of T. inunguis (a), T. manatus (b) and T.
senegalensis (c); compositions of repetitive DNAs of T. inunguis (d), T. manatus (e) and T. senegalensis
(f); genomics landscape of transposable elements in T. inunguis (g), T. manatus (h) and T. senegalensis
(i).
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Figure 2

Functional enrichment GO of expanded gene families of T. inunguis (a), T. manatus (b) and T.
senegalensis (c).

Supplementary Files

Page 16/17



This is a list of supplementary files associated with this preprint. Click to download.

SupplementaryMaterial.docx

Page 17/17

https://assets-eu.researchsquare.com/files/rs-10542503/v1/3a7c2907239952d8df9af935.docx

