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Abstract

Marine sponges possess complex metabolic systems that support their growth, physiology,
and ecological interactions. However, the primary metabolic capacity of the sponge hosts
remains incompletely characterized at the molecular level. In this study, we performed de
novo transcriptome sequencing of a pooled sample of three individuals of Xestospongia sp.
collected in Vietnam, using a high-throughput Illumina sequencing system, to characterize
the host-derived metabolic pathways. A total of 43,278 unigenes were assembled, of which
69.15% were functionally annotated using multiple public databases. Functional annotation
revealed a broad repertoire of genes associated with core metabolic pathways, including
carbohydrate, lipid, and sterol metabolisms, as well as cofactor-related processes. Specifi-
cally, complete pathways involved in folate biosynthesis, terpenoid backbone biosynthesis,
ubiquinone (Coenzyme Q) metabolism, and steroid biosynthesis were identified, reflect-
ing the independent metabolic framework of the sponge host. Several highly expressed
genes related to these pathways, including COQ7, ERG6, NUDX1, QDPR, and PCBD, were
detected, and their expression patterns were confirmed by quantitative RT-PCR. Further-
more, protein-based phylogenetic analyses indicated that these genes are closely related to
homologous proteins from other sponge species, supporting their host origin. This study
provides the first comprehensive transcriptomic resource for Xestospongia sp. from Vietnam,
and offers baseline molecular insights into the primary metabolic capacity of the sponge
host. These data establish a foundation for future investigations of sponge physiology and
host-microbe metabolic partitioning.

Keywords: Xestospongia sp.; de novo transcriptome; host primary metabolism; sterol
biosynthesis; ubiquinone-related pathway; folate biosynthesis

Key Contribution: This study establishes the first comprehensive transcriptomic dataset for
Xestospongia sp. from Vietnam, revealing critical host-derived genes involved in sterol and
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cofactor biosynthesis, thereby providing a molecular baseline for understanding sponge
physiological adaptations.

1. Introduction

Marine sponges (phylum Porifera) represent one of the earliest diverging metazoan
lineages and play essential ecological roles in benthic ecosystems worldwide [1]. Among
the Demospongiae, which accounts for over 90% of all known sponge species, the genus
Xestospongia—commonly referred to as giant barrel sponges—stands out due to their large
biomass and longevity [2]. These sponges are widely distributed in coral reef environments,
where they function as efficient filter feeders, contributing significantly to nutrient cycling
(particularly carbon and nitrogen) and ecosystem stability [3,4]. All while managing
complex nutrient cycling, sponges exhibit diverse primary metabolic pathways that are
essential for normal cellular functions.

Xestospongia species, particularly those inhabiting Southeast Asian waters, are
renowned for their capacity to produce a number of metabolites, such as alkaloids, steroids,
fatty acids, and quinones [5]. Beyond their ecological dominance, the genus Xestospongia
are characterized as high-microbial-abundance (HMA) sponges, hosting diverse micro-
bial communities that can constitute up to 35% of the sponge biomass [6,7]. While these
complex symbiotic associations are known to influence the holobiont’s physiology [8],
the overwhelming presence of microbial DNA and RNA often obscures the genetic ma-
chinery of the sponge host itself. Consequently, the extent to which essential metabolic
functions—such as sterol biosynthesis and cofactor regulation—are host-derived or micro-
bially mediated remains a subject of ongoing debate [5,9]. Investigating the production
of metabolites by the host sponge and its microbial population enables us to determine
the source of these metabolites. Therefore, elucidating the host’s independent metabolic
framework is a necessary step towards shedding light on the biochemistry of the sponge
and its microbial community, and understanding how these ancient animals adapt and
survive in competitive marine environments.

Transcriptomic approaches provide a powerful tool for disentangling the functions of
the hosts from those of the microbiome in non-model marine organisms [10]. By utilizing
poly-A selection to capture actively expressed eukaryotic genes, it is possible to reconstruct
the core metabolic processes involved in cellular maintenance, membrane integrity, and
environmental signaling, such as clarifying the origin of specific alkylated sterols (“sponge
biomarkers”) and the regulation of signaling cofactors, which are crucial for validating
the host’s physiological autonomy. However, genomic resources for Xestospongia remain
limited. To date, transcriptomic studies have primarily focused on the Caribbean species
Xestospongia muta [4], leaving the genetic diversity and physiological adaptations of Indo-
Pacific populations largely unexplored.

In this study, we performed de novo transcriptome sequencing of Xestospongia sp. col-
lected from Vietnamese waters using high-throughput Illumina RNA sequencing. Unlike
previous studies that emphasized on the secondary metabolite production, our analysis
targets the characterization of the sponge host primary metabolic capacity, specifically
its ability to supply essential metabolites such as lipids, and cofactors. We focused on
the identification and functional annotation of genes involved in key biosynthetic path-
ways, including sterol 24-C-methylation (e.g., ERG6), cofactor recycling (e.g., QDPR), and
ubiquinone-mediated respiration. The expression profiles of selected genes were further
validated using quantitative RT-PCR. This work represents the first comprehensive tran-
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scriptomic resource for Xestospongia sp. from Vietnam, providing a molecular baseline for
future investigations into sponge physiology and host-microbe metabolic partitioning.

2. Materials and Methods
2.1. Total DNA Extraction

For this study, three individuals of the Xestospongia species were collected in August
2024 from natural habitats at a depth of 89 m, with the coordinates 20°46'02.2"” N and
107°07'42.3" E, in the Gulf of Tonkin near Cat Ba island, which is well known for being
rich in nutrients [11]. The water temperature was around 30 °C, and salinity was approx-
imately 18 ppt [12]. Sponge tissues were cleaned carefully 2-3 times using free RNAse
water (Thermo Fisher Scientific, Waltham, MA, USA) and cut into small pieces using
No. 10 razor blades. To avoid RNA degeneration, all procedures were carried out quickly
on ice. Tissues were immersed in at least ten volumes of RN Alater (Thermo Fisher Scientific,
Waltham, MA, USA) at 4 °C for 1 h, incubated overnight at —20 °C, then transported back
to the laboratory and stored at —80 °C until RNA was extracted [10]. A total of 50 mg
of each sample was used for total DNA extraction and amplification of the cytochrome
oxidase subunit 1 (COI) region. Briefly, the sponge tissue was thoroughly homogenized
in liquid nitrogen. The cell wall and membrane were degraded via suspension in a buffer
composed of 1.4 M NaCl (Scharlau, Sentmenat, Barcelona, Spain), 0.1 M Tris-HCl (Bio Basic,
Markham, ON, Canada) pH 8.0, 20 mM EDTA (Bio Basic, Markham, ON, Canada) pH
8.0, 2% CTAB (Affymetrix, Santa Clara, CA, USA), 1% PVP (Sigma-Aldrich, Burlington,
MA, USA), and 0.1% {3-mercaptoethanol (Sigma-Aldrich, Burlington, MA, USA) for 35 min
at 65 °C. The treatments were applied at room temperature for 5 min. Cell fragments
and pellets were removed by adding one volume of chloroform—-isoamyl alcohol (Merck,
Darmstadt, Germany) (C:I, 24:1, v:v) and centrifuging at 6000 rpm for 15 min at 4 °C. The
supernatants were transferred to new test tubes, 1 uL RNAse (Thermo Fisher Scientific,
Waltham, MA, USA) was added, and incubation was carried out for 15 min at 37 °C. The
supernatants were purified by adding C:I (24:1, v:v), centrifuging at 6000 rpm for 15 min
at 4 °C, transferring to clean Eppendorf tubes, and adding a half-volume of NaCl 5 M.
DNA was then precipitated using two volumes of absolute ethanol for 20 min at 4 °C and
centrifuged at 3000 rpm for 3 min and at 8000 rpm for 5 min at 4 °C. The precipitated DNA
was washed with 70% ethanol and dried. Finally, the DNA was resuspended in sterilized
deionized water.

2.2. RNA Extraction, cDNA Library Construction, and Sequencing

For RNA isolation, each sample was immediately frozen in liquid nitrogen. Total
RNA was subsequently extracted using Trizol reagent (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. To eliminate genomic DNA
contamination, the extracted RN A was treated with RNase-free DNase I (Thermo Fisher
Scientific, Waltham, MA, USA). Quality control checks were performed using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) to assess purity and
an Agilent Technologies 4200 TapeStation system to determine the RNA integrity number
(RIN). Only samples exhibiting an RIN value exceeding 8.0 were deemed suitable for
downstream applications.

To prepare for sequencing, 1 ug of the total RNA of each sample was used to pool and
construct a cDNA library using a TruSeq® Stranded mRNA Library Prep Kit for Illlumina®
(IIlumina, San Diego, CA, USA), strictly following the manufacturer’s instructions. The
process began by isolating poly-A-containing mRNAs from total RNA using poly-T oligo-
attached magnetic beads, followed by random fragmentation. The fragmented RNA was
reverse-transcribed into first-strand cDNA using a SensiFAST cDNA Synthesis Kit (Bioline,
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London, UK). Next, second-strand cDNA was synthesized, and adapters were ligated to
both ends. The resulting double-stranded DNA fragments were enriched through PCR, and
fragments in the range from 200 to 400 bp were selected, yielding the final cDNA library.
The library’s quality was confirmed with an Agilent D1000 Screen Tape system (Agilent
Technologies, Santa Clara, CA, USA). Ultimately, the transcriptome libraries were subjected
to paired-end (2 x 101 bp) sequencing on an Illumina NovaSeq 6000 platform (Illumina,
San Diego, CA, USA).

2.3. De Novo Transcriptome Assembly and Annotation

Our bioinformatics pipeline began with cleaning the raw sequencing reads. We used
Trimmomatic 0.38 to filter out adaptor sequences and low-quality reads (bases with a
quality score below 3 at both ends and a window size of 4 bases with an average quality
score below 15 were trimmed, and reads with a length shorter than 36 were removed),
yielding high-quality data. Next, these trimmed reads were subjected to de novo assembly
with Trinity software (version trinityrnaseq r20140717). To ensure that only non-redundant
gene sequences (unigenes) were obtained, the resulting contigs were processed using CD-
HIT-EST with a cut-off value of 90% sequence identity. For quantification, contigs were
aligned using Bowtie 1.1.2, and their abundance was estimated with RSEM [13]. Unigene
expression levels were then determined utilizing the Fragments Per Kilobase of transcript
per Million mapped reads (FPKM) method [14].

For functional annotation of the unigenes, all assembled unigene sequences were
subjected to a similarity search against major public databases, including the National
Center for Biotechnology Information (NCBI) non-redundant protein database (NR) (https:
/ /www.ncbinlm.nih.gov/protein/, accessed on 2 December 2024) [15], the Swiss Prot
database (https://www.uniprot.org/uniprot/; accessed on 5 December 2024) [16], and
Pfam (https:/ /pfam.xfam.org, accessed on 10 December 2024) [17]. Groups of orthologous
proteins were identified using BLASTX in DIAMOND on the Evolutionary Genealogy of
Genes (EggNOG) database (http://eggnog6.embl.de/, accessed on 16 December 2024) [18].
The blast algorithm was used to identify homologous sequences with a threshold E-value
less than 10~° for all databases. The Gene Ontology (GO) (http:/ /www.geneontology.org/,
accessed on 20 December 2024) [19] database was further used to categorize the function of
the unigenes into three main classes: biological process (BP), cellular component (CC), and
molecular function (MF). To determine gene networks, the KO (reference pathway) number
was obtained for each unigene based on similarity to the Kyoto Encyclopedia of Genes and
Genomes (KEGG) (http:/ /www.genome.jp/kegg/, accessed on 25 December 2024) [20]
database. Finally, KOBAS version 3.0 was used for an enrichment analysis to identify genes
related to biologically active compounds synthesis in the KEGG pathway annotation [21]
using default parameters (corrected p-value < 0.05). For the taxonomic classification of the
contigs, the MMseqs2 taxonomic assignment tool (available in galaxy serve) was used to
compare the contigs to the taxonomic reference database using default parameters [22].

2.4. Phylogenetic Analyses

For species identification, the COI encoding genes were amplified using the universal
primers LCO1490 and HCO2198, as published elsewhere [23]. Other primers for the PCR of
this specific DNA region were designed based on GenBank sequences, as shown in Table S1.
DNA material from each individual sample was used as a template for the PCR. The target
DNA region was amplified in a PCR volume of 20 pL containing 1x DreamTaq buffer,
200 uM of each dNTP, 2.5 uM of each primer, 1.5 mM MgCl,, 0.75 units of Dream Taq
DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA), and 50 ng of template
DNA. The PCR was performed using a Thermo Fisher Veriti 96-Well (Applied Biosystems,
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Waltham, MA, USA) as follows: denaturation for 2 min at 94 °C, 35 amplification cycles
(denaturation for 30 s at 94 °C, annealing for 20 s at 50 °C, and extension for 1 min at 72 °C),
extension for 5 min at 72 °C, and holding at 4 °C. The amplified product was purified
using a Gene]ET™ PCR Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA),
as described by the manufacturer, and then sequenced in both directions on an ABI 3500
Genetic Analyzer using a BigDye® Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific, Waltham, MA, USA). The obtained sequences were manually manipulated via
BioEdit ver 7.2.5 [24].

For species identification, a COI amplified sequence with a size of 709 bp and similar
sequences available in GenBank were aligned using the ClustalX method available in
BioEdit ver 7.2.5 [24]. A neighbor-joining phylogeny tree was constructed using Kimura
2 parameters and 1000 bootstrap replications with MEGA ver 11.0.35 [25]. The phylogenetic
tree was visualized using Figtree ver 1.4.4.

To construct a protein-based phylogeny tree, the redundant protein sequences were
searched to identify similar proteins in other sponges available in GenBank using the
BLASTP method. The protein sequences of the samples and those of other sponge species
were aligned using the Multiple Sequence Comparison by Log-Expectation (MUSCLE)
method in MEGA [25]. A neighbor-joining tree was constructed using the Poisson model
with 1000 bootstrap replications in MEGA [25].

2.5. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) Validation

We performed qRT-PCR using the total RNA extracted from the individuals of the
Xestospongia species. For each reaction, 1 pg of total RNA was reverse-transcribed and
quantified using an SYBR™ Green qPCR Kit (Thermo Fisher Scientific, Waltham, MA,
USA), as per the manufacturer’s guidelines. A RevertAid First-strand cDNA Synthesis
Kit (Thermo Fisher Scientific, Waltham, MA, USA) was employed for first-strand cDNA
synthesis. The thermocycling conditions were as follows: initial denaturation at 95 °C for
60 s; 40 cycles of 95 °C for 20 s, 56 °C for 20 s, and 72 °C for 20 s; and a high-resolution
melt curve involving 95 °C for 5 s, 65 °C for 60 s, and 97 °C for 15 s. Gene expression levels
were quantified using a LightCycler® 96 system (Roche, Basel, Switzerland) in 96-well
plates. The primer sequences are listed in Table S1. We normalized gene expression to
the 18S rRNA reference gene and calculated relative expression levels using the 274A¢T
method [26,27]. All experiments were rigorously conducted with three technical replicates
per gene.

3. Results
3.1. Morphological and Molecular Identification of Xestospongia Species

The collected specimens exhibited the characteristic morphology of the giant barrel
sponge, featuring a large, erect, and barrel-shaped structure with a thick, hard consistency
(Figure 1a). Molecular identification based on the cytochrome c oxidase subunit I (COI) gene
revealed a high degree of sequence similarity (99.5-99.6% identity) with Xestospongia sp.
sequences available in GenBank (Table S2). Furthermore, phylogenetic analysis based on
the COI marker confirmed that these specimens clustered within the Xestospongia genus
clade with high bootstrap support (Figure 1b). Collectively, the morphological features and
molecular evidence confirm the identity of the samples as Xestospongia sp.
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Figure 1. General characteristics and transcriptomic features of the Xestospongia sp. samples.
(a) Morphological features of the sponge specimens showing the characteristic barrel shape.
(b) Phylogenetic tree based on COI mitochondrial sequences showing the relationship between
collected samples and other sponge species. The tree was constructed using the Neighbor-Joining
method with the Kimura 2-parameter model; bootstrap support values are indicated by node size and
color. (c) Venn diagram displaying the overlap of unigenes annotated by different public databases.
(d) Percentage of unigenes successfully annotated against specific databases. Abbreviations: KEGG,
Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology; NR, NCBI Non-redundant protein
sequences; EggNOG, Evolutionary Genealogy of Genes: Non-supervised Orthologous Groups. X1,
X2, X3 correspond to the three biological replicates.

3.2. lllumina Sequencing and De Novo Assembly

Transcriptome sequencing was performed on a pooled cDNA library derived from
three Xestospongia sp. individuals. The sequencing run generated over 40 million raw
reads. Following strict quality filtering, we obtained approximately 5.48 Gb of high-quality
clean bases. The sequencing quality was robust, with 94.01% of bases achieving a Q30
quality score. De novo assembly using Trinity yielded an initial set of 45,667 contigs with a
total length of 41.1 Mb. To reduce redundancy and generate a non-redundant reference
dataset, clustering was performed using CD-HIT-EST, resulting in a final assembly of
43,278 unigenes with an average length of 626.1 bp. The assembly quality was high, with
more than 50% of the unigenes exceeding 1000 bp in length (Table S3).

3.3. Gene Functional Annotation and Classification

Functional annotation was performed by aligning the assembled unigenes against
six public databases: NR [15], Swiss Prot [16], Pfam [17], EggNOG [18], GO [19], and
KEGG [20]. This process successfully assigned functional information to 29,927 unigenes,
representing 69.15% of the total assembly in at least one database. Among the databases, NR
provided the highest coverage, annotating 66.99% of the unigenes, followed by EggNOG
(63.02%) and KEGG (approximately 43%) (Figure 1c,d). The remaining uncharacterized
unigenes (30.85%) likely represent sponge-specific lineage genes, or transcripts lacking
homology in current public repositories.
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Gene Ontology (GO) analysis classified the annotated unigenes into three major cate-
gories: Biological Process (BP), Molecular Function (MF), and Cellular Component (CC)
(Figure 2a). Within the BP category, terms associated with “cellular processes” (11,169 uni-
genes) and “metabolic processes” (8771 unigenes) were highly represented, reflecting
the active physiological state of the sponge host. In the MF category, “catalytic activity”
(8503 unigenes) and “binding” (8480 unigenes) were the predominant terms. For the CC
category, “cell part” (12,082 unigenes), “organelle” (5667 unigenes), and “organelle part”
(5272 unigenes) were the most enriched classifications.

To further characterize protein function and evolutionary orthology, 27,274 unigenes
were mapped to the EggNOG database and classified into 23 Clusters of Orthologous
Groups (COG) categories (Figure 2b). These categories were grouped into three primary
functional classes: cellular processes and signaling, information storage and processing,
and metabolism. Notably, the most abundant functional groups included “posttranslational
modification, protein turnover, chaperones” (9.66%) and “signal transduction mechanisms”
(8.07%). The high representation of these categories underscores the complexity of the
sponge’s cellular machinery in regulating protein stability and environmental signaling.
Other major categories included “replication, recombination and repair” (6%), “transcrip-
tion” (5.7%), and “translation, ribosomal structure and biogenesis” (5.25%).

To systematically interpret gene functions within a pathway-based context, we mapped
the assembled unigenes against the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database [20]. This analysis successfully assigned 18,724 unigenes (43.26%) to 325 metabolic
and signaling pathways. These unigenes were classified into seven major categories, includ-
ing metabolism, genetic information processing, environmental information processing,
and cellular processes.

Notably, “Metabolism” emerged as the most represented category, comprising
3859 unigenes (20.61% of the total assignments). A detailed examination of the metabolic
hierarchy revealed extensive coverage of core physiological processes (Figure 3). The
“Global and overview maps” subcategory contained 565 unigenes associated with funda-
mental pathways such as carbon metabolism, fatty acid metabolism, and the biosynthesis
of amino acids. Specifically, amino acid metabolism was highly represented (919 unigenes
across 18 pathways), followed closely by lipid metabolism (714 unigenes) and carbohydrate
metabolism (690 unigenes).

Crucially for sponge physiology, the “Metabolism of cofactors and vitamins” subcate-
gory was well-represented, with significant transcript abundance mapped to folate biosyn-
thesis (46 unigenes), pantothenate and CoA biosynthesis (20 unigenes), and ubiquinone and
other terpenoid-quinone biosynthesis (17 unigenes). Furthermore, within the “Metabolism
of terpenoids and polyketides” group, 46 unigenes were linked to terpenoid backbone
biosynthesis. These pathways provide the essential building blocks for structural lipids
and respiratory cofactors required for the sponge’s cellular maintenance.

Finally, to assess the taxonomic purity of the eukaryotic transcriptome, we performed
a classification analysis using MMseqs2. We detected only a negligible number of non-host
sequences, including 72 prokaryotic-like and 28 viral-like contigs, which were present
at very low abundance. This result is consistent with previous transcriptomic studies of
the Amphimedon queenslandica holobiont [28], confirming that our dataset predominantly
captures the active transcriptional landscape of the sponge host with minimal microbial
interference (Table S4).
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Figure 2. Functional classification of assembled unigenes. (a) Gene Ontology (GO) classifica-
tion. Unigenes were categorized into three main domains: Biological Process, Molecular Function,
and Cellular Component. The y-axis represents the number of unigenes assigned to each term.
(b) EggNOG functional classification. Unigenes were assigned to 23 COG categories grouped into
three primary classes: Information storage and processing, Cellular processes and signaling, and
Metabolism. The x-axis indicates the percentage of unigenes associated with each functional category.
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Figure 3. KEGG pathway classification of assembled unigenes. The bar chart displays the number of
unigenes assigned to specific metabolic subcategories. The x-axis indicates the number of unigenes,
and the y-axis lists the functional subcategories within the primary “Metabolism” class (red bars) and
“Biosynthetic processes” (blue bars).

3.4. Identification of Genes Involved in Various Biosynthetic Pathways

To reconstruct the metabolic capacity of the sponge host, we performed pathway
enrichment analysis using the KEGG database [20]. This analysis highlighted active tran-

"o

scription in critical metabolic networks, specifically “folate biosynthesis,” “one carbon pool

” o e

by folate,” “terpenoid backbone biosynthesis,” “ubiquinone and other terpenoid-quinone
biosynthesis,” and “steroid biosynthesis” (Figures 4-7).

In the pathways governing folate biosynthesis (KEGG map 00790) and the one-carbon
pool (KEGG map 00670), we identified 32 putative genes. Notably, three unigenes en-
coding gamma-glutamyl hydrolase (GGH), pterin-4-alpha-carbinolamine dehydratase
(PCBD), and dihydropteridine reductase (QDPR) exhibited exceptionally high transcrip-
tional abundance, with FPKM values exceeding 100 (Figure 4). These highly expressed
genes are responsible for the regeneration of 5,6,7,8-Tetrahydrofolate (THF) and 5,6,7,8-
Tetrahydrobiopterin (BH4), which serve as obligatory cofactors for amino acid metabolism
and signaling processes such as nitric oxide synthesis.

Within the terpenoid backbone biosynthesis pathway (KEGG map 00900), 12 unigenes
were annotated to enzymes catalyzing the formation of (E,E)-Farnesyl-PP and Decaprenyl-
PP, which serve as precursors for downstream steroid and ubiquinone synthesis, respec-
tively. Transcriptional analysis indicated a predominant reliance on the mevalonate path-

way over the MEP/DOXP pathway (Figure 5).
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Figure 4. Analysis of folate biosynthesis and one-carbon pool pathways. (a) KEGG pathway maps for
“Folate biosynthesis” (map 00790) and “One carbon pool by folate” (map 00670). Enzymes identified
in the Xestospongia sp. transcriptome are highlighted in red. (b) Heatmap showing the relative
expression levels (FPKM) of genes annotated to folate-related pathways. Red and blue colors indicate
high and low expression levels, respectively.
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Figure 5. Analysis of terpenoid backbone biosynthesis. (a) KEGG pathway map of “Terpenoid
backbone biosynthesis” (map 00900), illustrating the Mevalonate (MVA) and MEP/DOXP pathways.
Identified enzymes are highlighted in red. (b) Heatmap showing the relative expression profiles of

genes involved in terpenoid backbone synthesis across the three samples.
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Figure 6. Analysis of ubiquinone and quinone biosynthesis. (a) KEGG pathway map of “Ubiquinone
and other terpenoid-quinone biosynthesis” (map 00130). Enzymes involved in the eukaryotic
ubiquinone pathway identified in this study are highlighted in red. (b) Heatmap showing rela-
tive expression levels of the identified biosynthetic genes. Note the high expression of COQ?7 and the
absence of prokaryotic menaquinone-specific enzymes (e.g., MenA).
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Figure 7. Analysis of steroid biosynthesis. (a) KEGG pathway map of “Steroid biosynthesis” (map
00100), showing the conversion of farnesyl-PP to downstream sterols. Identified enzymes are
highlighted in red. (b) Heatmap showing the relative expression levels of steroidogenic genes.
Key enzymes such as ERG6, ERG25, and EBP exhibit high transcriptional abundance.

Regarding quinone metabolism (KEGG map 00130), we identified a complete biosyn-
thetic pathway for Ubiquinone (Coenzyme Q), represented by six enzymes from COQ?2
to COQY. The gene encoding COQ7 (3-demethoxyubiquinone 3-hydroxylase) showed the
highest expression level (Figure 6). In contrast, the pathway for Menaquinone (Vitamin K2)
biosynthesis appeared incomplete; essential enzymes such as 1,4-dihydroxy-2-naphthoate
polyprenyltransferase (MenA) and vitamin K-dependent gamma-carboxylase (GGCX) were
not detected. This absence is consistent with the poly-A selection method, which enriches
for eukaryotic host transcripts while minimizing prokaryotic signatures.
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Analysis of the steroid biosynthesis pathway (KEGG map 00100) identified 18 unigenes
involved in the conversion of (E,E)-farnesyl-PP into downstream metabolites, including
vitamin D precursors and phytosterols.

The transcriptional landscape of this pathway was dominated by three highly ex-
pressed genes: cholestenol delta-isomerase (EBP), methylsterol monooxygenase (ERG25),
and sterol 24-C-methyltransferase (ERG6), with FPKM values of 128.45, 140.64, and
230.59, respectively (Figure 7). The high abundance of ERG6 suggests that the methy-
lation of zymosterol to produce C-24 alkylated sterols is a major metabolic activity in

the Xestospongia host.

3.5. Phylogenetic Tree Analysis of Several High Expressed Proteins

To confirm the evolutionary origin and orthology of the identified high-expression
enzymes, we reconstructed protein-based phylogenetic trees for QDPR, ERG6, NUDX1,
and COQ7 using homologous sequences retrieved from GenBank. The results demonstrate
that these enzymes share a close evolutionary relationship with orthologs from the model
demosponge Amphimedon queenslandica, strongly supporting their eukaryotic host origin.

Specifically, the QDPR, ERG6, and COQ7 sequences from Xestospongia sp. formed well-
supported monophyletic clades with their counterparts from A. queenslandica (Figure 8a,c,d).
In the case of NUDX]1, the protein clustered with phosphatase enzymes from A. queenslandica
and Halichondria panicea, as well as a predicted protein from the freshwater sponge Ephydatia
muelleri (Figure 8b). Evolutionary divergence analysis based on amino acid substitution rates
per site revealed varying degrees of sequence conservation, with values ranging from 0.334 to
0.608 for QDPR (most conserved) to 0.576-1.742 for ERGS, reflecting different evolutionary

pressures acting on these metabolic genes.
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Figure 8. Protein-based phylogenetic analysis of key metabolic enzymes. Phylogenetic trees were
constructed for (a) QDPR (Dihydropteridine reductase), (b) NUDX1 (Nudix hydrolase), (c) ERG6
(Sterol 24-C-methyltransferase), and (d) COQ7 (Ubiquinone biosynthesis protein). The sequences from
Xestospongia sp. (this study) are marked with red squares. The analysis highlights the clustering of
these enzymes with orthologs from other sponge species (e.g., Amphimedon queenslandica), supporting
their host origin. X1, X2, X3 correspond to the three sponge individuals.

https:/ /doi.org/10.3390/ fishes11010023


https://doi.org/10.3390/fishes11010023

Fishes 2026, 11, 23

14 of 18

3.6. qRT-PCR Validation

To technically validate the quantification accuracy of the RNA-seq data, we selected
representative genes from the identified biosynthetic pathways for qRT-PCR analysis.
Primers were designed based on the specific unigene sequences with the highest FPKM
values (Table S5), and relative expression levels were normalized against the internal control
gene (185 rRNA).

As shown in Figure 9, the expression trends observed via qRT-PCR were generally
consistent with the transcriptomic FPKM profiles, confirming the reliability of our assembly
and abundance estimation. While the overall patterns matched, quantitative variations
were observed among the biological replicates (X1-X3). These differences likely reflect the
physiological plasticity of individual sponges in response to distinct micro-environmental
conditions or developmental stages, rather than technical inconsistencies.
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Figure 9. Validation of gene expression via quantitative RT-PCR (qRT-PCR). Comparison of expression
patterns for selected metabolic genes between RNA-seq data (FPKM) and qRT-PCR results. Relative
expression levels were normalized to the 185 rRNA internal control gene. Error bars represent the
standard deviation of technical replicates. X1, X2, X3 correspond to the three sponge individuals.

4. Discussion
4.1. Characterization of the Host-Derived Transcriptomic Landscape

In this study, we present the first comprehensive de novo transcriptome of Xestospon-
gia sp., which was collected from Vietnamese waters. Previous sponge transcriptomics
investigations have often been complicated by the significant presence of microbial sym-
bionts, which can account for up to 35% of the sponge biomass [7]. However, we suc-
cessfully enriched for eukaryotic transcripts using poly-A selection sequencing. This
strategy has been employed effectively to separate host expression from the microbiome in
other demosponges [10].

Our assembly yielded 43,278 unigenes with a high annotation rate (69.15%). This level
of transcriptomic complexity is comparable to datasets reported for the closely related
Caribbean giant barrel sponge Xestospongia muta [4]. To ensure the reliability of our quan-
tification, we validated the expression profiles of key metabolic genes via qRT-PCR. The
results showed consistent trends with the RNA-seq data (Figure 9). Though quantitative
variations were observed among biological replicates (X1-X3), they likely reflect the sponge
host’s physiological plasticity in response to specific micro-environmental conditions rather
than technical artifacts.

Crucially, identifying of complete pathways for core carbohydrate and lipid metabolism
confirms that the sponge host has a robust primary metabolic capacity that is independent
of the functions provided by its microbiome. This dataset provides a validated baseline for
investigating sponge physiology.
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4.2. Sterol Metabolism: Elucidating the Host’s Biosynthetic Capacity

A central debate in sponge biology concerns the origin of “sponge-specific” sterols,
which are membrane lipids with unique alkylation patterns that are often used as chemo-
taxonomic markers [29]. While early hypotheses suggested that these special sterols might
have been accumulated from the diet or symbionts, recent genomic studies have suggested
a host origin [9]. Our data provide clear transcriptional evidence in support of the latter
hypothesis in Xestospongia sp.

We identified high expression of the ERG6 gene, which encodes sterol 24-C-
methyltransferase (also known as sterol methyltransferase, SMT), (FPKM > 140), alongside
ERG25 and EBP. The ERG6 enzyme catalyzes the methylation of the sterol side chain at
the C-24 position, which is a crucial step in the production of unconventional sterols, such
as fucosterol and xestosterol, that have been chemically isolated from this genus [29]. Our
findings support the “sponge biomarker hypothesis” proposed by Gold et al. (2016) [9],
who demonstrated that sponges retain ancient duplicates of SMT genes for synthesizing
these lipids. By confirming the active transcription of ERG6, we demonstrate that Xestospon-
gia sp. actively modifies sterols rather than passively rely on environmental sterols to
maintain specific membrane properties, which is a critical adaptation for cellular integrity
in the marine environment [9].

4.3. Cofactor Recycling and Host-Driven Signaling Mechanisms

Beyond lipids, our analysis reveals that the host has the ability to manage essential cofactors,
arole that was previously largely attributed to symbionts [7]. We observed significant expression
of dihydropteridine reductase (QDPR) and pterin-4-alpha-carbinolamine dehydratase (PCBD).
These enzymes are responsible for regenerating tetrahydrobiopterin (BH4).

Maintaining the BH4 pool is particularly significant because BH4 is an essential
cofactor for nitric oxide synthase (NOS) [30]. Although NOS genes are structurally complex
and difficult to assemble in short-read datasets, the high activity of the BH4 recycling
pathway strongly suggests the existence of functional nitric oxide (NO) signaling in the
host. NO is a fundamental signaling molecule in invertebrates that regulates defense
mechanisms and water filtration coordination [30,31]. Furthermore, recent single-cell RNA-
seq studies have highlighted the complexity of signaling in sponge “neuroid” cells, which
utilize similar molecular machineries [32]. These finding suggest that Xestospongia sp.
possesses a sophisticated, host-controlled signaling network that regulates its physiology,
rather than relying solely on microbial cues.

4.4. Validating the “Host” Status via Metabolic Partitioning

The distinction between the host and the symbiont metabolism is supported by the
respiratory pathways. We detected a complete, highly expressed pathway for ubiquinone
(Coenzyme Q) biosynthesis (e.g., COQ7), which is a characteristic of eukaryotic aero-
bic respiration. In contrast, the menaquinone (Vitamin K2) pathway, which is typical of
prokaryotic anaerobic respiration, was incomplete. This observation highlights a critical
methodological consideration. Since our library construction used poly-A selection to
target eukaryotic mRNA, the absence of complete prokaryotic pathways, such as those
involved in menaquinone biosynthesis or bacterial secondary metabolite clusters, is ex-
pected. This absence confirms the efficacy of our enrichment strategy [10]. Consequently,
the metabolic features described herein, specifically the sterol and the cofactor pathways,
can be confidently assigned to the Xestospongia host genome. This aligns with the metabolic
partitioning model proposed by Hentschel et al. (2012) [7], in which the host manages
aerobic respiration and structural lipid synthesis, while the symbiont community likely
handles functions not captured by the poly-A enriched dataset.
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4.5. Methodological Considerations and Limitations

This study has certain limitations that should be acknowledged. The RNA-seq anal-
ysis was conducted on a pooled sample of three individuals. This approach provides a
representative consensus profile for the species, but it precludes a statistical comparison
of individual variation at the whole-transcriptome level. To address this limitation, we
validated the expression of key metabolic genes using qRT-PCR on separate individuals
(X1-X3), confirming the consistency of our transcriptional data. Additional, since sponges
are complex holobionts, our methodology primarily captures the host-derived transcrip-
tome. Therefore, these results represent the sponge host’s intrinsic metabolic capacity of
the sponge host rather than the integrated metabolic activity of the entire symbiotic system.

5. Conclusions

In summary, this study characterizes the primary metabolic capacity of the Xestospongia
sp. host. By focusing on the host-derived transcriptome, we present molecular evidence of
the active biosynthesis of alkylated sterols via ERG6 and the regulation of cofactor pools
via QDPR. These findings clarify the physiological independence of the sponge host in
maintaining its cellular structure and signaling systems, establishing a rigorous molecular
framework for future holobiont studies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/fishes11010023/s1, Supplementary information includes Table S1: PCR and
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