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Abstract

Experimental induction of coral bleaching is widely used to investigate the molecular and physiological
mechanisms underlying coral—algal symbiosis breakdown. However, a major challenge is achieving
controlled destabilization of coral—algal symbiosis without simultaneously inducing widespread
systemic damage in the coral holobiont. For example, thermal bleaching models often trigger extensive
secondary stress responses that can obscure molecular processes specifically associated with early
symbiosis destabilization. Chemical bleaching methods such as menthol exposure may provide a more
controlled framework for studying symbiosis destabilization, yet their transcriptomic consequences
remain poorly characterized. Here, we used dual RNA-seq to investigate the molecular responses of the
coral host Stylophora pistillata and its dominant symbiont Symbiodinium microadriaticum following
menthol-induced bleaching. Transcriptomic analyses were integrated with KEGG functional profiling and
oxygen respirometry measurements to characterize the molecular and physiological consequences of
controlled symbiosis disruption. Notably, functional enrichment analyses revealed opposing directional
shifts between host and symbiont, indicating marked functional decoupling following menthol exposure.
The host exhibited extensive transcriptional remodeling, including enrichment of pathways associated
with proteostasis, protein turnover, catabolism, and cellular remodeling, whereas the symbiont showed a
comparatively limited transcriptional response with substantially fewer differentially expressed genes
and weaker functional enrichment patterns. Despite extensive transcriptomic changes, oxygen
respirometry measurements remained relatively stable between control and menthol-treated nubbins,
indicating preserved short-term metabolic functionality. Consequently, menthol bleaching may provide a
useful experimental framework for investigating host-associated molecular mechanisms underlying
early coral—algal symbiosis destabilization, while potentially being less suitable for studying symbiont-
specific processes involved in natural bleaching responses.

Introduction

Coral reefs are sustained by the mutualistic endosymbiosis between scleractinian corals and
photosynthetic dinoflagellates of the family Symbiodiniaceae. This association supports reef
productivity in oligotrophic marine environments through the exchange of nutrients and
photosynthetically derived carbon between host and symbiont (Davy et al. 2012; LaJeunesse et al.
2018). Disruption of this symbiosis, commonly referred to as coral bleaching, results in the loss,
degradation, or dysfunction of symbiotic algae and represents one of the major drivers of coral reef
decline under climate change (Hughes et al. 2018; Grottoli et al. 2025). Consequently, understanding the
cellular and molecular mechanisms underlying coral—algal symbiosis destabilization has become a
central challenge in coral biology (Weis 2008; Helgoe et al. 2024). In this context, the ability to generate
aposymbiotic colonies reliably and reproducibly is a fundamental prerequisite for comparative studies of
symbiotic and non-symbiotic physiological states, and for investigating the molecular events associated
with symbiosis onset, maintenance, and collapse (Wang et al. 2012; Baumgarten et al. 2015; Matthews
et al. 2016). Nevertheless, achieving controlled destabilization of coral-algal symbiosis without
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simultaneously inducing widespread systemic damage remains a major challenge in experimental coral
bleaching research.

In this context, most experimental coral bleaching studies rely on thermal stress to induce symbiosis
breakdown. Although thermal bleaching has provided fundamental insights into oxidative stress,
photoinhibition, and host—symbiont interactions, the thermal tolerance thresholds of reef-building corals
are often extremely narrow and remain difficult to predict a priori, as they are highly context-dependent
and can vary among species, geographic locations, acclimatization histories, and experimental
conditions. (Hughes et al. 2017; Savary et al. 2021; Denis et al. 2024; Bubb et al. 2026). Consequently,
even relatively small increases in temperature or exposure time may rapidly shift coral responses from
symbiosis destabilization to widespread physiological impairment. Such responses include oxidative
imbalance, mitochondrial dysfunction, apoptosis, and tissue necrosis, complicating the identification of
molecular processes specifically associated with destabilization of the symbiotic state rather than
generalized cellular stress responses (Desalvo et al. 2010; Radecker et al. 2021; Savary et al. 2021).
Moreover, considerable variation exists among thermal bleaching protocols used across studies, and
sublethal thresholds capable of consistently inducing bleaching without severe host impairment remain
poorly defined (Grottoli et al. 2021; Bubb et al. 2026). Consequently, many experimental studies may
reflect late-stage stress responses rather than the early molecular mechanisms governing symbiosis
destabilization.

Chemical bleaching approaches offer an alternative strategy for investigating coral endosymbiosis
destabilization under more controlled and potentially less destructive conditions. Several chemical
agents have been employed for this purpose, including the photosystem Il inhibitor diuron (DCMU), the
herbicide glyphosate, and the monoterpene menthol (Wang et al. 2012; Scharfenstein et al. 2022; Zhou
et al. 2022). Among these, menthol has emerged as a particularly reproducible bleaching agent capable
of efficiently removing Symbiodiniaceae from coral tissues while maintaining relatively stable host
physiological performance and without inducing extensive tissue degeneration (Wang et al. 2012;
Matthews et al. 2016). Despite its increasing use as an experimental bleaching method, the
transcriptomic consequences of menthol exposure remain largely unexplored in reef-building corals. In
particular, the molecular processes associated with menthol-induced destabilization of coral-algal
symbiosis remain poorly understood. Accordingly, elucidating how coral hosts and their algal symbionts
respond to menthol exposure may help disentangle the early molecular events underlying symbiosis
disruption under controlled experimental conditions.

To investigate the molecular consequences of menthol-induced bleaching, we employed the Stylophora
pistillata—Symbiodinium microadriaticum holobiont as an experimental model system. S. pistillata has
been extensively used as a model organism in coral biology and represents one of the most studied reef-
building coral species in stress response experiments (Meziere et al. 2022). In addition, the availability of
a sequenced and annotated reference genome for S. pistillata (Voolstra et al. 2017), combined with the
published genome of its dominant symbiont S. microadriaticum (Aranda et al. 2016), makes this
holobiont particularly well-suited for dual transcriptomic investigations. Together, these genomic and
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transcriptomic resources position the S. pistillata—S. microadriaticum holobiont as a well-characterized
experimental system for investigating the molecular basis of coral endosymbiosis.

Using this experimental framework, we integrated dual RNA-seq, KEGG functional profiling,
superpathway-level transcriptomic organization, and oxygen respirometry measurements to characterize
the molecular and physiological consequences of menthol-induced destabilization of coral
endosymbiosis and to compare the responses of the coral host and its algal symbiont.

Materials and Methods

The experiment described below was conducted within the curatorial facilities of the Tropical
Department of the Aquarium of Genoa (Genoa, Liguria, Italy).

Molecular Identification of Donor Colonies and Symbionts

A total of six adult colonies of Stylophora pistillata maintained in six different indoor tanks (3 x 1 x 0.7 m;
2100 L) were used as donor colonies for all subsequent analyses. Molecular identification of both the
donor colonies and the associated dominant symbiont was performed using small coral fragments (~ 2
cm in length) excised from each donor colony (n = 6) and immediately preserved in molecular-grade
ethanol. Total genomic DNA was extracted from ethanol-fixed tissues using the DNeasy Blood & Tissue
Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions.

For S. pistillata identification, the mitochondrial cytochrome c oxidase subunit | (COl) region was
amplified using primers LCO1490 and HC02198 (Folmer et al. 1994). PCR reactions were carried out in
25 pL volumes containing Phusion High-Fidelity PCR Master Mix 2X (Thermo Fisher Scientific), primers
at a final concentration of 10 pM, and 2.5 pL of genomic DNA. Thermal cycling conditions consisted of
an initial denaturation at 94°C for 3 min, followed by 30 cycles of 94°C for 30 s, 46°C for 1 min, and 72°C
for 1 min, with a final extension step at 72°C for 7 min (Folmer et al. 1994).

For Symbiodinium identification, the ITS2 region was amplified using primers SYM_VAR_5.8S2 and
SYM_VAR_REV (Hume et al. 2018) under similar reaction conditions. Thermal cycling consisted of an
initial denaturation at 94°C for 2 min, followed by 35 cycles of 94°C for 10 s, 56°C for 30 s, and 72°C for
30 s, followed by a final extension at 72°C for 5 min (Hume et al. 2018).

PCR products were verified by electrophoresis on 1.5% agarose gels and sequenced by Sanger
sequencing at BMR Genomics (Padua, Italy). Raw chromatograms were inspected and edited using
FinchTV (v1.4.0), aligned in MEGA11 (Tamura et al. 2021), and taxonomically assigned using
MEGABLAST searches against the NCBI database.

Nubbins Preparation and Experimental Design
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Coral nubbins were generated as previously described (Isa et al. 2026). Briefly, eighteen S. pistillata
nubbins (~ 7 cm in length) were obtained by fragmenting the aforementioned six donor colonies (three
nubbins per colony; n = 18). Each nubbin was affixed to a 12 mm screw anchor using a two-part epoxy
adhesive resin (Veneziani, ltaly; Isa et al., 2024) and transferred to an indoor recirculating tank system for
a four-week recovery period. The tank system consisted of a 2100 L tank connected to a recirculating
aquaculture system (RAS) and continuously supplied with seawater through a pump (AstralPool Victoria
Plus) operating at 10 m3 h-?, ensuring complete water turnover approximately every 30 min. Water was
recirculated into the tank after passing through a filtration system. The filtration system consisted of a
sand filter (Astralpool Artic), filled with coral sand as filtration medium, coupled with a UV sterilization
unit capable of filtering particles ranging from 0.4 to 2 mm, and a UV filter (Panaque 750 S AB equipped
with four 40 W lamps). Nubbins were fed daily according to the internal husbandry protocol of the
Aquarium of Genoa. Specifically, 2 L of a suspension composed of the marine algae Tetraselmis suecica
(3 x 10¢ cells mL-"), mixed with cultured rotifers Brachionus plicatilis at a density of approximately 600
ind mL-" (Martino et al. 2023), were directly administered to the recovery tank.

Water parameters of the tank were maintained at 25+ 0.5°C, 35+ 1 PSU salinity, and ~ 200 pmol photons
m-2s~" under a 12 h:12 h light—dark photoperiod.

Following the recovery period, nubbins were randomly assigned to two experimental groups: (i) 8
nubbins were subjected to menthol-induced bleaching, whereas (ii) 8 additional nubbins were
maintained under control conditions. The remaining two nubbins were retained as backup specimens
and were not included in downstream analyses.

Menthol-Induced Bleaching Procedure

Menthol bleaching was achieved following established protocols for corals (Wang et al. 2012; Matthews
et al. 2016). Briefly, menthol (M2772, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in sterile
seawater (UV-sterilized, sand-filtered, and boiled for 40 min) to a final concentration of 0.38 mM. The
eight nubbins assigned to the bleaching treatment were incubated for 8 hin 10L transparent
polycarbonate containers (Ferplast; 35 x 20 x 23 cm) filled with menthol-enriched seawater, followed by
a 16 h recovery period in fresh menthol-free sterile seawater. This cycle was repeated daily for three
consecutive days to induce the loss of more than 95% of resident algal symbionts (Isa et al. 2026).
Water quality parameters in the 10 L Ferplast, including salinity, pH, ammonium, and nitrite, were
monitored daily throughout the experiment. Water chemistry remained stable, with salinity ranging
between 35.5+ 1 PSU, pH ranging from 8.0 + 0.1, and ammonia and nitrite concentrations remaining
below 0.01 mg L.

Following the bleaching treatment, small coral fragments (~ 3 cm) five nubbins per treatment (bleached
and control; total n = 10) were immediately preserved in RNAlater solution (Thermo Fisher Scientific) for
subsequent RNA-seq analysis. Samples were maintained at 4°C for 24 h to facilitate tissue penetration
and subsequently stored at - 80°C until RNA extraction (Toniolo et al. 2026).
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Oxygen Respirometry Measurements

Following the three-day menthol exposure, the three nubbins per treatment that were not sampled for
RNA-seq analyses were used for oxygen respirometry measurements to assess net photosynthesis (Pn)
and dark respiration (R_Dark).

Measurements were performed using a FireStingO, oxygen respirometry system (PyroScience, Germany)
equipped with optical oxygen sensor spots (optodes) and a temperature probe. Sealed 330 mL glass
incubation chambers filled with sterile seawater (UV-sterilized, sand-filtered, and boiled for 40 min) were
partially submerged in a temperature-controlled water bath to minimize external thermal fluctuations.
Prior to each measurement, incubation chambers were maintained in the water bath for approximately
25 min to equilibrate internal and external temperatures. Following thermal equilibration, individual
nubbins were introduced into the chambers and subjected to a light—dark-light incubation sequence
consisting of three consecutive 15 min phases. Incubation times were selected based on preliminary
assays conducted prior to the experiment, which indicated rapid and reproducible oxygen responses
while minimizing prolonged confinement stress. lllumination during the light phases was provided by an
LED lamp (~ 20-30 W) corresponding to moderate reef-lighting conditions, whereas darkness during the
dark phase was achieved by covering chambers with black plastic bags.

Dissolved oxygen concentration (umol L-") and temperature (°C) were recorded at 1 s intervals using
FireSting0, software. Net photosynthesis and dark respiration were estimated as changes in dissolved
oxygen concentration measured between the beginning and the end of each incubation phase. Dissolved
oxygen fluxes were normalized to the total surface area of each nubbin. Coral surface area was
estimated using a cylindrical approximation based on height and diameter measurements, including
branch surfaces when present (Table 1; Isa et al., 2026). Blank incubations containing sterile seawater
only were performed under identical conditions to monitor background oxygen fluctuations unrelated to
coral—algal metabolism.

Differences in surface-normalized oxygen fluxes between healthy and menthol-bleached corals were
assessed using non-parametric Wilcoxon rank-sum tests (Mann—-Whitney tests). Statistical analyses
were performed in RStudio (R v4.4.2).

RNA Extraction, Library Preparation, and Sequencing

For transcriptomic analyses, five nubbins per treatment (menthol-bleached and control) were sampled
following the three-day experimental period. Coral tissues were removed using filtered compressed air
connected to a sterile 1000 pL pipette tip (Savary et al. 2021) and subsequently mechanically
homogenized using Tmm beads and the TissuelLyser Il instrument (Qiagen, Hilden, Germany).
Homogenization consisted of two disruption cycles at 30 Hz for 30 s separated by a 1 min incubation on
ice to minimize heat-induced RNA degradation and preserve RNA integrity. Total RNA was extracted
using the NucleoSpin miRNA kit (Macherey-Nagel) following the manufacturer’s protocol. RNA samples
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were shipped on dry ice to BMK (Germany) for library preparation using the Illumina TruSeq Stranded
mRNA kit. Libraries were multiplexed and sequenced on an Illumina NovaSeq6000 platform to generate
150 bp paired-end reads, targeting approximately 40 million paired-end reads (~ 6 Gb) per sample.

Read Processing, Mapping, and Count Matrix Generation

Raw sequencing reads were quality-checked using FastQC (v0.11.9; Andrews, 2010), and summary
reports were generated using MultiQC (v1.27.1; Ewels et al., 2016). These analyses revealed the absence
of significant adapter contamination or quality deterioration; therefore, adapter trimming was not
performed, as previous studies have shown that aggressive trimming may introduce biases in RNA-seq
quantification and affect transcript abundance estimates (Williams et al. 2016; Liao and Shi 2020;
Mohamed et al. 2020).

Because RNA was extracted from intact coral tissue containing both coral host and algal symbiont
compartments, transcriptomic analyses were performed using a dual RNA-seq approach based on
simultaneous mapping against a combined Stylophora pistillata—Symbiodinium microadriaticum
reference genome. To enable host—symbiont read assignment, a custom chimeric reference genome
was generated by merging the S. pistillata (NCBI assembly accession: GCF_002571385.2) and S.
microadriaticum (NCBI assembly accession: GCA_001939145.1; see Results) reference genomes and
annotations. Host and symbiont genome assemblies (FASTA files) and corresponding annotations (GFF
files) were separately merged to generate a unified reference genome and annotation set for read
alignment and gene quantification.

High-quality reads (Phred score > 30) were simultaneously mapped against the chimeric host—symbiont
reference genome using STAR (v2.7.11b; Dobin et al., 2013) to reduce potential cross-mapping artifacts
compared to sequential mapping approaches, as recommended for dual RNA-seq analyses of
interacting biological systems (Aprianto et al. 2016; Wolf et al. 2018; Espindula et al. 2019). Gene-level
quantification was performed using featureCounts (Subread v2.0.6; Liao et al., 2014), with exon-level
features summarized at the gene level. Read pairs (from R1 and R2) were counted as single sequencing
fragments rather than as independent reads. Resulting count matrices were subsequently partitioned
into host and symbiont datasets based on gene identifiers and used for downstream analyses.

Transcriptomic and Functional Analyses

Transcriptomic analyses were conducted in R (v4.4.2) using DESeq2 (v1.46.0; Love et al., 2014), edgeR
(v4.4.2; Robinson et al., 2009), and vegan (v2.7.3; Oksanen, 2013). Differential expression analyses were
performed separately for host and symbiont datasets using DESeq2, fitting negative binomial
generalized linear models with condition as the sole explanatory variable (~ condition; control versus
menthol-treated samples). Genes with fewer than 10 counts in fewer than five samples were excluded
prior to analysis. Log2 fold changes were estimated and shrunk using the apeglm (v1.28.0; Zhu et al.,
2019) method. Genes with adjusted p-values < 0.05 were considered significantly differentially
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expressed. For selected downstream analyses and visualizations, an additional |log2 fold change| = 1
threshold was applied.

For exploratory multivariate analyses, genes with zero counts across all samples were removed and
implemented in edgeR to retain genes with sufficient counts across biological replicates for reliable
multivariate analyses. Variance stabilizing transformation (VST) implemented in DESeq2 was then
applied to normalized count data. Principal Component Analysis (PCA) was performed on the 500 most
variable genes using the prcomp function. Differences between control and menthol-treated
transcriptomes were assessed using PERMANOVA (adonis2, vegan package) based on Euclidean
distance matrices computed from variance-stabilized expression values. Statistical significance was
evaluated using 4,999 permutations. Homogeneity of multivariate dispersion was assessed using
betadisper followed by permutation testing (permutest, 4,999 permutations). To evaluate the robustness
of the symbiont response, supplementary analyses were repeated after temporary exclusion of one
extreme sample (M2) identified based on PCA clustering patterns.

Heatmaps were generated using pheatmap (v1.0.13; Kolde, 2019) based on variance-stabilized counts of
significantly differentially expressed genes. Expression values were scaled by gene (row-wise z-score),
and hierarchical clustering was performed using Euclidean distance.

Functional annotation was performed using KEGG Orthology (KO) assignments generated with
GhostKOALA. KO terms were mapped to KEGG pathways using a custom KO-to-pathway reference table
and grouped into higher-level KEGG functional categories and superpathways. For superpathway-level
profiling, only significantly differentially expressed genes (adjusted p-value < 0.05) were retained. Gene-
level log2 fold changes were aggregated within each superpathway to calculate summary statistics
including mean and median log2 fold changes. Superpathways represented by fewer than two genes
were excluded.

KEGG pathway over-representation analysis (ORA) was performed separately for up- and down-regulated
differentially expressed genes using a one-sided Fisher's exact test (alternative hypothesis: greater). The
background universe included all tested genes with at least one KEGG annotation. Only pathways with a
total annotated gene set size between 10 and 500 genes were considered for analysis. P-values were
corrected for multiple testing using the Benjamini—Hochberg method. Pathways with an adjusted p-
value < 0.05 and a minimum overlap of at least 3 differentially expressed genes were considered
significantly enriched. For visualization, up to 15 pathways per organism and direction were displayed,
ranked by adjusted p-value, gene count, and rich factor. Bubble plots were generated using ggplot2
(v4.0.2; Wickham, 2016), where point size represented the number of contributing differentially
expressed genes, point color represented the adjusted p-value, and the x-axis represented the rich factor,
calculated as the ratio of differentially expressed genes to the total number of annotated genes in each
pathway.

Results
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Molecular identification of Stylophora pistillata and Symbiodinium sp.

MEGABLAST analysis of the COIl consensus sequence generated from all individual coral sequences (n
= 6) revealed the highest similarity with sequences assigned to Stylophora pistillata. Top matches
showed 98-100% query coverage, sequence identities up to 99.85%, and E-value of 0.0, confirming the
taxonomic identity of the analyzed coral colonies. No nucleotide substitutions were detected among
individual coral sequences, indicating that all colonies belonged to the same mitochondrial lineage.

Similarly, MEGABLAST analysis of the ITS2 consensus sequence generated from all individual symbiont
sequences (n = 6) revealed the highest similarity with sequences assigned to Symbiodinium
microadriaticum. Top matches showed 100% query coverage, sequence identities up to 98.23% and, E-
value 4e” '®° indicating Symbiodinium microadriaticum as the dominant symbiont associated with the
analyzed coral colonies under the experimental conditions. Sequence alignment of individual ITS2
sequences revealed the presence of two closely related haplotypes differing by four nucleotide
substitutions. This intra-specific variability was not investigated further, as it was beyond the scope of

the present study.

Menthol-Induced Bleaching and Oxygen Respirometry

As expected, menthol treatment induced a pronounced bleaching phenotype in Stylophora pistillata
nubbins, characterized by a marked reduction in tissue pigmentation compared to control colonies
(Fig. 1). Although symbiont cell density was not directly quantified in the present experiment, the same
bleaching protocol previously resulted in approximately 95-98% loss of Symbiodiniaceae cells in S.
pistillata (Isa et al. 2026), supporting the effectiveness of the implemented bleaching procedure.

Despite the pronounced symbiont loss, dissolved oxygen fluxes did not significantly differ between
healthy and menthol-bleached S. pistillata nubbins during either light or dark incubations (Wilcoxon rank-
sum tests, p > 0.05 for all comparisons). Both net photosynthesis and dark respiration showed
substantial overlap between treatments (Table 1), indicating that menthol-induced bleaching did not
produce detectable short-term alterations in surface-normalized oxygen dynamics under the
experimental conditions tested. These observations are consistent with previous studies reporting
limited physiological differences between symbiotic and menthol-induced aposymbiotic S. pistillata
colonies despite effective disruption of the symbiotic state (Wang et al. 2012).

Read Mapping and Transcriptomic Responses to Menthol
Treatment

Dual RNA-seq mapping against the combined Stylophora pistillata—Symbiodinium microadriaticum
reference genome revealed a marked shift in host—symbiont read composition following menthol
treatment (Table 2). Control samples exhibited a relatively balanced distribution of reads between host
and symbiont (~ 48% host and ~ 52% symbiont of total mapped reads), whereas menthol-treated
samples were dominated by host-derived reads (~ 90%), with a corresponding reduction in symbiont-
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derived reads (~10%). Despite this substantial decrease in symbiont representation, each menthol-
treated sample retained between 3.1 and 4.6 million reads assigned to S. microadriaticum, enabling
independent transcriptomic analyses of both partners.

Menthol treatment strongly affected the host S. pistillata transcriptome, resulting in a clear separation
between control and treated samples along PC1, which explained 89.8% of the total variance (Fig. 2A).
PERMANOVA analysis confirmed a highly significant effect of treatment on host transcriptomic profiles
(R2=0.886, p=0.0072). In contrast, S. microadriaticum exhibited a weaker but still significant
transcriptomic response to menthol treatment (PERMANOVA: R2 = 0.212, p = 0.0238), characterized by
greater within-group variability and partial overlap between conditions (Fig. 2B). PC1 explained 45% of
the total variance in the symbiont dataset, indicating a less coordinated and more heterogeneous
response compared to the coral host. Notably, the treatment effect remained significant even after
removal of the most extreme sample (M2; PERMANOVA: R2 = 0.285, p = 0.018), indicating that the
observed transcriptomic shift was not driven by a single outlier.

No significant differences in multivariate dispersion were detected between host treatment groups
(PERMDISP: F =0.76, p = 0.504), indicating comparable within-group variability. In contrast, multivariate
dispersion differed significantly between symbiont treatment groups (PERMDISP: F =6.77, p =0.015),
indicating greater transcriptomic heterogeneity among menthol-treated S. microadriaticum
transcriptomes.

Differential expression analysis further highlighted the contrasting transcriptomic responses of the coral
host and its symbiont. In the host S. pistillata, a total of 4,073 genes were significantly differentially
expressed between control and menthol-treated samples (adjusted p-value < 0.05, |log2FC| = 1),
indicating extensive and coordinated transcriptional reprogramming. Hierarchical clustering and
heatmap visualization of differentially expressed genes revealed a clear separation between
experimental conditions, with highly consistent expression profiles among biological replicates (Fig. 3A).
In contrast, the symbiont S. microadriaticum exhibited a markedly weaker transcriptional response. Only
128 genes were significantly differentially expressed at an adjusted p-value < 0.05, of which 111 also
satisfied the additional [log2FC| = 1 threshold. Consistent with PCA analyses, heatmap visualization
showed weaker clustering patterns and greater variability among menthol-treated symbiont samples,
indicating a less coordinated and more heterogeneous transcriptional response (Fig. 3B).

Functional Profiling of Host and Symbiont Responses

Functional profiling analyses further highlighted the contrasting biological responses of the coral host
and its algal symbiont following menthol-induced bleaching (Figs. 4-5). Differentially expressed genes
were functionally annotated using KEGG and summarized at two levels: broad KEGG functional
categories/superpathways and individual KEGG pathways by over-representation analysis (ORA). Across
nearly all major KEGG functional categories, the directional shifts observed in S. pistillata were opposite
to those detected in S. microadriaticum (Fig. 4). For example, pathways associated with Genetic
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Information Processing, including Translation and Folding, sorting and degradation, showed strong
positive shifts in the host but negative shifts in the symbiont. A similar opposing pattern was observed
across most remaining KEGG categories. Within Metabolism, notable exceptions included Carbohydrate
metabolism, which showed a positive shift in the host but a negative shift in the symbiont, and Glycan
biosynthesis and metabolism, for which the opposite pattern was observed (Fig. 4). Membrane transport
and Lipid metabolism represented a further exception, showing negative shifts in both organisms.

In S. pistillata, functional analyses revealed extensive transcriptional reorganization across multiple
biological categories. Among up-regulated genes, ORA identified significant enrichment of pathways
associated with protein turnover and energy metabolism, including Proteasome (> 100 genes), Ribosome
(~ 100 genes), Protein processing in the endoplasmic reticulum (~ 50 genes), Oxidative phosphorylation,
and Citrate cycle (TCA cycle) (Fig. 5A). Consistently, superpathway-level profiling showed strong positive
shifts in Translation and Folding, sorting and degradation categories, together with increased
representation of Energy metabolism-related functions (Fig. 4A). Conversely, several pathways
associated with signaling, lipid metabolism, extracellular interactions, and nitrogen metabolism were
significantly enriched among down-regulated genes, including Neuroactive ligand—receptor interaction
(> 100 genes), ECM~-receptor interaction, Biosynthesis of unsaturated fatty acids, Steroid hormone
biosynthesis, Nitrogen metabolism, and multiple amino acid metabolism pathways including Arginine
and proline metabolism, Glycine, serine and threonine metabolism, and Tryptophan metabolism

(Fig. 5A). Superpathway-level analyses similarly revealed pronounced negative shifts in Lipid
metabolism, Signaling molecules and interaction, and Membrane transport categories (Fig. 4A). Notably,
despite an overall positive mean delta at the Amino acid metabolism superpathway level, specific sub-
pathways within this category were significantly enriched among down-regulated genes, reflecting
heterogeneous directional changes within this functional category.

In contrast, S. microadriaticum exhibited a substantially weaker functional response (Figs. 4B, 5B). Only
two pathways remained significantly enriched after multiple-testing correction: Nitrogen metabolism
among up-regulated genes and Fructose and mannose metabolism among down-regulated genes, both
involving a limited number of genes (Fig. 5B). Despite the reduced statistical signal, superpathway-level
profiling revealed functional shifts in several metabolic categories. In contrast to the coral host,
metabolic superpathways including Energy metabolism, Carbohydrate metabolism, and Amino acid
metabolism showed predominantly positive pathway-level shifts, whereas Translation and Folding,
sorting and degradation displayed negative shifts relative to controls (Fig. 4B). The strongest functional
signal detected in the symbiont corresponded to the Environmental adaptation superpathway, which
showed the largest positive mean pathway delta across all categories (Fig. 4B).

Discussion

Opposing host and symbiont transcriptional responses
during menthol-induced bleaching
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In this study, dual RNA-seq analysis revealed that menthol-induced bleaching elicited markedly distinct
and largely opposing transcriptional responses in the coral host Stylophora pistillata and its dominant
algal symbiont Symbiodinium microadriaticum. Indeed, functional superpathways showing positive shifts
in the host generally showed negative shifts in the symbiont, and vice versa, highlighting a marked
functional decoupling between the two partners in response to menthol-induced bleaching. Opposing
transcriptional responses between coral hosts and algal symbionts have previously been documented at
the level of individual genes (Leggat et al. 2011). However, a near-systematic divergence across major
KEGG functional superpathway categories, as observed here, has not been previously reported and may
reflect fundamentally distinct physiological priorities adopted by each partner following destabilization
of the symbiotic state. In addition to this directional divergence, the two partners also differed in the
magnitude of their transcriptional response, with S. pistillata exhibiting 4,073 differentially expressed
genes compared to only 111 in S. microadriaticum.

Because RNA was extracted from intact coral tissues containing both host and symbiont compartments,
menthol-induced bleaching substantially altered the relative contribution of host- and symbiont-derived
reads. Indeed, dual RNA-seq analyses revealed a reduction in symbiont-assigned reads from
approximately 52% in control samples to approximately 10% in menthol-treated samples. Consequently,
the reduced representation of symbiont transcripts may have lowered statistical power for detecting
transcriptional responses in S. microadriaticum. However, host and symbiont datasets were analyzed
independently following organism-specific filtering, normalization, and differential expression
procedures, and each menthol-treated sample retained between 3.1 and 4.6 million reads assigned to S.
microadriaticum. Together, these observations suggest that the comparatively weaker symbiont
response is unlikely to be solely explained by reduced symbiont representation in menthol-treated
samples. Notably, the asymmetry observed in this study is consistent with accumulating evidence from
further studies showing that Symbiodiniaceae generally exhibit more limited transcriptional responses to
environmental stress than their coral hosts (Barshis et al. 2014; Savary et al. 2021; Yuyama et al. 2022).
More broadly, Symbiodinium and related genera have been suggested to rely on post-transcriptional
regulatory mechanisms rather than large-scale gene expression reprogramming to respond to
environmental perturbations (Gierz et al. 2017; Liew et al. 2017), which may partly explain the limited
number of genes exceeding the [log2FC| = 1 threshold in S. microadriaticum observed in the present
study. Accordingly, although reduced symbiont biomass following bleaching may have contributed to
lower statistical power and increased variability among treated samples, the overall pattern observed
here appears to reflect a genuine biological response.

Menthol-induced transcriptional reprogramming in the
coral host

The contrasting regulation of protein synthesis and pathways involved in protein folding and degradation
between host and symbiont was particularly pronounced. In S. pistillata, pathways associated with

proteostasis and translational activity, including Proteasome, Ribosome, and Protein processing in the
endoplasmic reticulum, were strongly enriched among upregulated genes, consistent with active cellular
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remodeling and stress-associated proteostasis (Ruiz-Jones and Palumbi 2017; Yuyama et al. 2022). At
the same time, enhanced representation of pathways related to transport and catabolism suggests
activation of recycling and resource-mobilization processes. These responses are potentially associated
with autophagy, lysosomal degradation, and intracellular turnover. Comparable activation of catabolic
and proteostatic pathways has been widely documented during coral stress responses and is often
interpreted as a compensatory mechanism supporting cellular maintenance under reduced symbiont-
derived nutrient availability (Weis 2008; Desalvo et al. 2010; Kvitt et al. 2016). In contrast, several
pathways associated with anabolic metabolism, including lipid metabolism, nucleotide metabolism, and
metabolism of cofactors and vitamins, showed predominantly negative shifts, suggesting metabolic
reprioritization away from biosynthetic investment and toward maintenance-associated functions
(Helgoe et al. 2024). Together, these patterns portray a host undergoing extensive physiological
restructuring following destabilization of the symbiotic relationship.

In addition, the strong downregulation of Glycan biosynthesis and metabolism pathways is particularly
noteworthy given their central role in host—symbiont recognition and maintenance. Glycans are known to
participate in adhesion, cell-cell recognition, and self/non-self-discrimination processes that contribute
to the establishment and persistence of coral—algal symbiosis (Wood-Charlson et al. 2006; Tortorelli et
al. 2021). The observed downregulation of glycan-associated pathways, together with reduced
representation of Signaling molecules and interaction and Membrane transport categories, suggests
disruption of the molecular communication networks required to sustain stable host—symbiont
interactions.

Collectively, these findings may support the hypothesis that menthol-induced bleaching primarily arises
through destabilization of host physiological and signaling processes rather than through direct
transcriptional collapse or destruction of the algal symbiont (Wang et al. 2012; Matthews et al. 2016).
This interpretation is further supported by the comparatively limited and heterogeneous transcriptional
response observed in S. microadriaticum, which lacked evidence of broad coordinated stress-associated
transcriptional remodeling.

Limited symbiont transcriptional responses to menthol-
induced bleaching

Previous studies have proposed that menthol-induced bleaching may partly involve inhibition of
Symbiodinium photosystem Il activity (Wang et al. 2012; Matthews et al. 2016). However, the relatively
limited and heterogeneous transcriptional response observed in S. microadriaticum in the present study,
together with the absence of strong enrichment of photosynthesis-associated stress pathways, did not
support widespread transcriptional disruption of photosynthesis-associated functions. Instead, our
results were more consistent with a progressive destabilization of host—symbiont regulatory interactions
preceding severe physiological degeneration of the symbiont. Nevertheless, future studies integrating
transcriptomic analyses with direct measurements of photosynthetic performance, such as chlorophyll
fluorescence and photosynthetic efficiency, will be necessary to determine whether the limited
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transcriptional response observed here is accompanied by subtle functional impairments of the
symbiont photosynthetic apparatus.

Although only a limited number of symbiont pathways reached significance in the ORA analysis, the
enrichment of Nitrogen metabolism among upregulated genes may be noteworthy given the central role
of nitrogen exchange in regulating coral—algal symbiosis (Radecker et al. 2015, 2021). Altered nitrogen-
associated metabolism in S. microadriaticum could therefore reflect changes in nutrient availability or
metabolic coordination following destabilization of the symbiotic state. Conversely, the downregulation
of Fructose and mannose metabolism may indicate localized alterations in carbohydrate-associated
metabolic functions (Burriesci et al. 2012). However, given the small number of differentially expressed
genes contributing to these enrichments, these pathway-level signals should be interpreted as
preliminary rather than conclusive.

Despite the overall limited transcriptional response observed in the symbiont, selected metabolic
superpathways, particularly Energy metabolism and Carbohydrate metabolism, together with the strong
positive shift in the Environmental adaptation superpathway, suggested that S. microadriaticum retained
evidence of active physiological adjustment under menthol exposure. These patterns may indicate that
the relatively weak transcriptional response of the symbiont did not necessarily reflect complete
physiological inactivity, but may have involved subtle and potentially heterogeneous adjustments in
metabolic and stress-associated functions during symbiosis destabilization. At the same time, pathways
associated with Translation and Folding, sorting and degradation showed predominantly negative shifts
in the symbiont, possibly suggesting suppression of biosynthetic and proteostatic activity. This pattern
was consistent with previous observations showing that in hospite Symbiodiniaceae often exhibit broad
transcriptional repression relative to free-living states (Mohamed et al. 2020; Savary et al. 2021). It is
therefore possible that under conditions of symbiosis collapse, this suppression could be further
amplified by altered host cellular conditions rather than reflecting a fully autonomous symbiont-specific
stress response.

Menthol bleaching as a controlled model of symbiosis
destabilization

One of the most notable findings of the present study is that extensive transcriptomic remodeling
occurred despite the apparent preservation of short-term metabolic performance. Menthol treatment
induced a pronounced bleaching phenotype and extensive transcriptional reprogramming in the coral
host, yet oxygen respirometry measurements remained largely unchanged between control and treated
nubbins. At the same time, the algal symbiont exhibited only a comparatively limited and heterogeneous
transcriptional response. Together, these observations suggest that substantial molecular reorganization
can occur during menthol-induced bleaching without immediate collapse of bulk physiological functions.

This apparent decoupling between transcriptomic remodeling and physiological performance may
provide important insights into the nature of menthol-induced bleaching. Rather than reflecting
widespread degeneration of both partners, the observed responses are more consistent with a
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progressive destabilization of the regulatory interactions sustaining coral—algal symbiosis. In particular,
the strong host response, coupled with the comparatively limited transcriptional disruption detected in S.
microadriaticum, suggests that menthol-induced bleaching may primarily affect host-associated
processes involved in the maintenance and regulation of coral—-algal symbiosis.

These observations further support the use of menthol bleaching as a useful experimental framework
for generating aposymbiotic corals under controlled laboratory conditions. By effectively disrupting the
symbiotic state while preserving short-term physiological functionality, menthol treatment may facilitate
investigations of the molecular mechanisms associated with symbiosis maintenance and breakdown
without the extensive secondary damage frequently associated with severe thermal stress.
Nevertheless, menthol-induced bleaching should not be regarded as a direct proxy for natural bleaching
events. Future studies integrating transcriptomic analyses with direct measurements of symbiont
physiology, including photosynthetic efficiency and chlorophyll fluorescence, will be important to
determine the extent to which menthol-induced bleaching recapitulates the functional responses
observed during environmentally relevant bleaching processes.

An additional limitation of the present study is the relatively small number of biological replicates used
for transcriptomic analyses. The number of coral nubbins was intentionally constrained to minimize
damage to donor colonies and to comply with animal husbandry and conservation requirements
established by the Aquarium of Genoa. Accordingly, the primary objective of this study was to identify
the major molecular trajectories associated with menthol-induced bleaching rather than to fully
characterize inter-colony variability. Despite this limitation, transcriptomic responses were highly
consistent among host replicates and revealed robust treatment effects across multiple analytical
approaches. Future studies employing larger numbers of biological replicates and donor colonies will be
valuable for further evaluating the generality of the patterns observed here.

Declarations

Competing interests
The authors declare that they have no competing financial or non-financial interests.
Ethics approval

Coral fragments were obtained and maintained in accordance with institutional and aquarium
regulations. No field collection requiring governmental permits was conducted.

Funding

This research was funded by the Italian Ministry of University and Research (MUR) under the National
Recovery and Resilience Plan (PNRR), Mission 4, Component 2, Investment 1.2, Project
Page 16/25



SOE2024_0000074, funded by the European Union — NextGenerationEU. Additional support was
provided by the National Biodiversity Future Center (NBFC), funded by the European Union -
NextGenerationEU (Project code CN_00000033, CUP H43C22000530001).

Author Contribution

Experimental work was conducted by V.I.,, AM., D.M,,LM.T,,L.B,,E/M.,G.D.R.,, A.C., F.S. and F.C. Provision
of infrastructure, aquarium facilities, and coral biological material was ensured by P.G.,D.S., Y.D.L., M.M.
and S.L. The first draft of the manuscript was written by V.I., A.M., and F.C. Funding acquisition was
secured by D.M. and F.C. All authors contributed to the revision process, provided critical feedback, and
approved the final version of the manuscript.

Data Availability

Data availabilityThe raw RNA-Seq data generated in this study have been deposited in the NCBI
Sequence Read Archive (SRA) under BioProject accession number PRINA1467703. Sanger sequences
used for taxonomic validation have been deposited in GenBank under accession numbers PZ477849
(Symbiodinium microadriaticum ITS2) and PZ477851 (Stylophora pistillata COI).

References

1. Andrews S (2010) FastQC: a quality control tool for high throughput sequence data.

2. Aprianto R, Slager J, Holsappel S, Veening JW (2016) Time-resolved dual RNA-seq reveals extensive
rewiring of lung epithelial and pneumococcal transcriptomes during early infection. Genome Biol 17:

3. Aranda M, Li Y, Liew YJ, Baumgarten S, Simakov O, Wilson MC, Piel J, Ashoor H, Bougouffa S, Bajic
VB, Ryu T, Ravasi T, Bayer T, Micklem G, Kim H, Bhak J, LaJeunesse TC, Voolstra CR (2016) Genomes
of coral dinoflagellate symbionts highlight evolutionary adaptations conducive to a symbiotic
lifestyle. Sci Rep 6:

4. Barshis DJ, Ladner JT, Oliver TA, Palumbi SR (2014) Lineage-specific transcriptional profiles of
Symbiodinium spp. Unaltered by heat stress in a coral host. Mol Biol Evol 31:1343-1352

5. Baumgarten S, Simakov O, Esherick LY, Liew YJ, Lehnert EM, Michell CT, Li Y, Hambleton EA, Guse A,
Oates ME, Gough J, Weis VM, Aranda M, Pringle JR, Voolstra CR, Knowlton N (2015) The genome of
Aiptasia, a sea anemone model for coral symbiosis. Proc Natl Acad Sci US A 112:11893-11898

6. Bubb IE, Watty K, Johnston L, Schoepf V (2026) Acute heat-stress testing in coral bleaching
research: a review of research using the Coral Bleaching Automated Stress System (CBASS). Coral
Reefs

7. Burriesci MS, Raab TK, Pringle JR (2012) Evidence that glucose is the major transferred metabolite
in dinoflagellate-cnidarian symbiosis. Journal of Experimental Biology 215:3467-3477

Page 17/25



8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Davy SK, Allemand D, Weis VM (2012) Cell Biology of Cnidarian-Dinoflagellate Symbiosis.
Microbiology and Molecular Biology Reviews 76:229-261

. Denis H, Bay LK, Mocellin VJL, Naugle MS, Lecellier G, Purcell SW, Berteaux-Lecellier V, Howells EJ

(2024) Thermal tolerance traits of individual corals are widely distributed across the Great Barrier
Reef. Proceedings of the Royal Society B: Biological Sciences 291:

Desalvo MK, Sunagawa S, Voolstra CR, Medina M (2010) Transcriptomic responses to heat stress
and bleaching in the elkhorn coral Acropora palmata. Mar Ecol Prog Ser 402:97-113

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras TR
(2013) STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29:15-21

Espindula E, Sperb ER, Bach E, Passaglia LMP (2019) The combined analysis as the best strategy for
dual RNA-seq mapping. Genet Mol Biol 42:

Ewels P, Magnusson M, Lundin S, Kéller M (2016) MultiQC: Summarize analysis results for multiple
tools and samples in a single report. Bioinformatics 32:3047-3048

Folmer M, Black M, Hoeh W, Lutz R, Vrijenhoek R (1994) DNA primers for amplification of
mitochondrial cytochrome c oxidase subunit | from diverse metazoan invertebrates. Mol Mar Biol
Biotechnol 3:

Gierz SL, Forét S, Leggat W (2017) Transcriptomic analysis of thermally stressed Symbiodinium
reveals differential expression of stress and metabolism genes. Front Plant Sci 8:

Grottoli AG, Hulver AM, Thurber RV, Toonen RJ, Schmeltzer ER, Kuffner IB, Barott KL, Baums IB,
Castillo KD, Chapron L, Coffroth MA, Combosch DJ, Correa AMS, Crandall ED, Donahue M, Eirin-
Lopez JM, Felis T, Ferrier-Pagés C, Harrison HB, Heron SF, Huang D, Humanes A, Kenkel CD, Krueger
T, Madin J, Matz M V., McManus LC, Medina M, Muller EM, Padilla-Gamino JL, Putham HM, Sawall Y,
Shlesinger T, Sweet MJ, Voolstra CR, Weis VM, Wild C, Wu HC (2025) Future of coral bleaching
research. Bioscience 75:585-598

Grottoli AG, Toonen RJ, van Woesik R, Vega Thurber R, Warner ME, McLachlan RH, Price JT, Bahr KD,
Baums IB, Castillo KD, Coffroth MA, Cunning R, Dobson KL, Donahue MJ, Hench JL, Iglesias-Prieto R,
Kemp DW, Kenkel CD, Kline DI, Kuffner IB, Matthews JL, Mayfield AB, Padilla-Gamifio JL, Palumbi S,
Voolstra CR, Weis VM, Wu HC (2021) Increasing comparability among coral bleaching experiments.
Ecological Applications 31:

Helgoe J, Davy SK, Weis VM, Rodriguez-Lanetty M (2024) Triggers, cascades, and endpoints:
connecting the dots of coral bleaching mechanisms. Biological Reviews 99:715-752

Hughes TP, Kerry JT, Alvarez-Noriega M, Alvarez-Romero JG, Anderson KD, Baird AH, Babcock RC,
Beger M, Bellwood DR, Berkelmans R, Bridge TC, Butler IR, Byrne M, Cantin NE, Comeau S, Connolly
SR, Cumming GS, Dalton SJ, Diaz-Pulido G, Eakin CM, Figueira WF, Gilmour JP, Harrison HB, Heron
SF, Hoey AS, Hobbs JPA, Hoogenboom MO, Kennedy E V., Kuo CY, Lough JM, Lowe RJ, Liu G,
McCulloch MT, Malcolm HA, McWilliam MJ, Pandolfi JM, Pears RJ, Pratchett MS, Schoepf V,
Simpson T, Skirving WJ, Sommer B, Torda G, Wachenfeld DR, Willis BL, Wilson SK (2017) Global
warming and recurrent mass bleaching of corals. Nature 543:373-377

Page 18/25



20. Hughes TP, Kerry JT, Baird AH, Connolly SR, Dietzel A, Eakin CM, Heron SF, Hoey AS, Hoogenboom
MO, Liu G, McWilliam MJ, Pears RJ, Pratchett MS, Skirving WJ, Stella JS, Torda G (2018) Global
warming transforms coral reef assemblages. Nature 556:492-496

21. Hume BCC, Ziegler M, Poulain J, Pochon X, Romac S, Boissin E, de Vargas C, Planes S, Wincker P,
Voolstra CR (2018) An improved primer set and amplification protocol with increased specificity and
sensitivity targeting the Symbiodinium ITS2 region. Peerd 2018:

22.1sa V, Martino A, Montalbetti E, Toniolo LM, Rovere GD, Casati A, Seveso D, Louis YD, Saliu F, Galli B,
Milan M, Martino ME, Lavorano S, Cicala F (2026) Early experimental comparison of natural and
assisted symbiont acquisition in Stylophora pistillata. Symbiosis

23.Isa V, Seveso D, Diamante L, Montalbetti E, Montano S, Gobbato J, Lavorano S, Galli P, Louis YD
(2024) Physical and cellular impact of environmentally relevant microplastic exposure on thermally
challenged Pocillopora damicornis (Cnidaria, Scleractinia). Science of the Total Environment 918:1-
14

24. Kolde R (2019) pheatmap: Pretty Heatmaps.

25. Kvitt H, Rosenfeld H, Tchernov D (2016) The regulation of thermal stress induced apoptosis in corals
reveals high similarities in gene expression and function to higher animals. Sci Rep 6:

26. LaJeunesse TC, Parkinson JE, Gabrielson PW, Jeong HJ, Reimer JD, Voolstra CR, Santos SR (2018)
Systematic Revision of Symbiodiniaceae Highlights the Antiquity and Diversity of Coral
Endosymbionts. Current Biology 28:2570-2580.e6

27. Leggat W, Seneca F, Wasmund K, Ukani L, Yellowlees D, Ainsworth TD (2011) Differential responses
of the coral host and their algal symbiont to thermal stress. PLoS One 6:

28. Liao Y, Shi W (2020) Read trimming is not required for mapping and quantification of RNA-seq reads
at the gene level. NAR Genom Bioinform 2:

29. Liao Y, Smyth GK, Shi W (2014) FeatureCounts: An efficient general purpose program for assigning
sequence reads to genomic features. Bioinformatics 30:923-930

30. Liew YJ, Li Y, Baumgarten S, Voolstra CR, Aranda M (2017) Condition-specific RNA editing in the
coral symbiont Symbiodinium microadriaticum. PLoS Genet 13:

31. Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and dispersion for RNA-
seq data with DESeq2. Genome Biol 15:

32. Martino A, Montero D, Roo J, Holt WV, Lavorano S, Narizzano R, Otero Ferrer F (2023) Live
Microalgae-Based Diets as Enrichment to Improve the Nutritional Profile of the Calanoid Copepod
Acartia tonsa (Dana, 1849) Nauplii. Aquac Res 2023:1-12

33. Matthews JL, Sproles AE, Oakley CA, Grossman AR, Weis VM, Davy SK (2016) Menthol-induced
bleaching rapidly and effectively provides experimental aposymbiotic sea anemones (Aiptasia sp.)
for symbiosis investigations. Journal of Experimental Biology 219:306-310

34. Meziere Z, Rich WA, Carvalho S, Benzoni F, Moran XAG, Berumen ML (2022) Stylophora under stress:
A review of research trends and impacts of stressors on a model coral species. Science of the Total
Environment 816:

Page 19/25



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Mohamed AR, Andrade N, Moya A, Chan CX, Negri AP, Bourne DG, Ying H, Ball EE, Miller DJ (2020)
Dual RNA-sequencing analyses of a coral and its native symbiont during the establishment of
symbiosis. Mol Ecol 29:3921-3937

Oksanen J (2013) Multivariate Analysis of Ecological Communities in R: vegan tutorial.

Radecker N, Pogoreutz C, Gegner HM, Cardenas A, Roth F, Bougoure J, Guagliardo P, Wild C, Pernice
M, Raina J-B, Meibom A, Voolstra CR (2021) Heat stress destabilizes symbiotic nutrient cycling in
corals. PNAS 118:1-11

Radecker N, Pogoreutz C, Voolstra CR, Wiedenmann J, Wild C (2015) Nitrogen cycling in corals: The
key to understanding holobiont functioning? Trends Microbiol 23:490-497

Robinson MD, McCarthy DJ, Smyth GK (2009) edgeR: A Bioconductor package for differential
expression analysis of digital gene expression data. Bioinformatics 26:139-140

Ruiz-Jones LJ, Palumbi SR (2017) Tidal heat pulses on a reef trigger a fine-tuned transcriptional
response in corals to maintain homeostasis. Sci Adv 3:e1601298

Savary R, Barshis DJ, Voolstra CR, Cardenas A, Evensen B. NR, Banc-Prandi G, Fine M, Meibom A
(2021) Fast and pervasive transcriptomic resilience and acclimation of extremely heat-tolerant coral
holobionts from the northern Red Sea. PNAS 118:€2023298118

Scharfenstein HJ, Chan WY, Buerger P, Humphrey C, van Oppen MJH (2022) Evidence for de novo
acquisition of microalgal symbionts by bleached adult corals. ISME Journal 16:1676-1679
Tamura K, Stecher G, Kumar S (2021) MEGA11: Molecular Evolutionary Genetics Analysis Version
11. Mol Biol Evol 38:3022-3027

Toniolo L, Seveso D, Cicala F, Montalbetti E, Galli P, Didier LY (2026) Unravelling the molecular
responses of Pachyseris speciosa to light deprivation. Manuscript under review at BMC Genomics

Tortorelli G, Rautengarten C, Bacic A, Segal G, Ebert B, Davy SK, van Oppen MJH, McFadden Gl
(2021) Cell surface carbohydrates of symbiotic dinoflagellates and their role in the establishment of
cnidarian—dinoflagellate symbiosis. ISME Journal 16:190-199

Voolstra CR, Li Y, Liew YJ, Baumgarten S, Zoccola D, Flot JF, Tambutté S, Allemand D, Aranda M
(2017) Comparative analysis of the genomes of Stylophora pistillata and Acropora digitifera provides
evidence for extensive differences between species of corals. Sci Rep 7:

Wang JT, Chen YY, Tew KS, Meng PJ, Chen CA (2012) Physiological and Biochemical Performances
of Menthol-Induced Aposymbiotic Corals. PLoS One 7:

Weis VM (2008) Cellular mechanisms of Cnidarian bleaching: Stress causes the collapse of
symbiosis. Journal of Experimental Biology 211:3059-3066

Wickham H (2016) ggplot2: Elegant Graphics for Data Analysis. Springer International Publishing,
Cham

Williams CR, Baccarella A, Parrish JZ, Kim CC (2016) Trimming of sequence reads alters RNA-Seq
gene expression estimates. BMC Bioinformatics 17:

Page 20/25



o1.

52.

53.

54.

55.

Wolf T, Kdmmer P, Brunke S, Linde J (2018) Two's company: studying interspecies relationships with
dual RNA-seq. Curr Opin Microbiol 42:7-12

Wood-Charlson EM, Hollingsworth LL, Krupp DA, Weis VM (2006) Lectin/glycan interactions play a
role in recognition in a coral/dinoflagellate symbiosis. Cell Microbiol 8:1985-1993

Yuyama |, Higuchi T, Mezaki T, Tashiro H, Ikeo K (2022) Metatranscriptomic Analysis of Corals
Inoculated With Tolerant and Non-Tolerant Symbiont Exposed to High Temperature and Light Stress.
Front Physiol 13:

Zhou Z, Ni X, Wu Z, Tang J (2022) Physiological and transcriptomic analyses reveal the threat of
herbicides glufosinate and glyphosate to the scleractinian coral Pocillopora damicornis. Ecotoxicol
Environ Saf 229:

Zhu A, Ibrahim JG, Love MI (2019) Heavy-Tailed prior distributions for sequence count data:
Removing the noise and preserving large differences. Bioinformatics 35:2084-2092

Figures

Unstressed & : : Bleached

Figure 1

Representative appearance of control and menthol-bleached nubbins following the three-day bleaching
treatment.
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Figure 2

PCA of host and symbiont transcriptomic responses to menthol-induced bleaching. (A) shows the
transcriptomic profiles between control (filled triangles) and menthol-treated (empty triangles) S.
pistillatasamples. (B) shows the transcriptomic response of control (filled circles) and menthol-treated
(empty circles) S. microadriaticum samples. Values on the axes represent the percentage of variance
explained by each principal component. PERMANOVA statistics are reported within each panel.
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Figure 3

Heatmap visualization of differentially expressed genes in the coral host and algal symbiont following
menthol-induced bleaching. Heatmap of significantly differentially expressed genes in (adjusted p-value
< 0.05, [log2FC| = 1), showing a clear separation between control and menthol-treated samples and
highly consistent expression patterns among biological replicates. Heatmap of significantly differentially
expressed genes in (adjusted p-value < 0.05), showing weaker clustering and greater variability among
menthol-treated samples. Expression values represent variance-stabilized counts scaled by gene (row-
wise z-scores). Hierarchical clustering was performed using Euclidean distance.

Page 23/25



A. Stylophora pistillata

Transport and catabolism 4

Cell growth and death

Signal transduction

Membrane transport

Signaling molecules and interaction

Folding, sorting and degradation {
Translation 4
Transcription

Replication and repair

Ca drate metabolism 4
nergy metabolism 4
Amino acid metabolism 4
Metabolism of terpenoids and polyketides
Biosynthesis of other secondary metabolites
Nucleotide metabolism 4
Metabolism of other amino acids
Metabolism of cofactors and vitamins
Glycan biosynthesis and metabolism 4

and
Lipid metabolism {

B. Symbiodinium microadriaticum

Cell growth and death

Transport and catabolism 4

Signaling molecules and interaction

Membrane transport:

Signal transduction

Replication and repair

Translation 1

Folding, sorting and degradation 4

Energy metabolism 4
Amino acid metabolism 1
Glycan biosynthesis and metabolism 4

Metabolism of cofactors and vitamins
Metabolism of other amino acids

Carbohydrate metabolism 4

and

Category
. Cellular Processes

B Envi on P
I Genetic Information Processing
B Metabolism

B o

Systems

Endocrine system
Immune system
Environmental adaptation

Digestive system

Figure 4

K >

Mean pathway delta (log2FC, Menthol = Control)

Nucleotide metabolism

Lipid

Environmental adaptation 4

Endocrine system

IS

S o N © S
& o S oF K

Mean pathway delta (log2FC, Menthol = Control)
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treatment. Bars represent the mean log2 fold change (menthol - control) of significantly differentially
expressed genes assigned to each KEGG superpathway. Positive values indicate a predominance of up-
regulated genes, whereas negative values indicate a predominance of down-regulated genes within each
superpathway. Numbers at the end of each bar indicate the number of DE genes contributing to each
superpathway. Colors denote KEGG functional categories.
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KEGG pathway enrichment analysis of differentially expressed genes in and following menthol
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treatment. Over-representation analysis (ORA) was performed separately for up- and down-regulated
genes using one-sided Fisher’s exact tests with Benjamini—Hochberg FDR correction. Bubble size
represents the number of differentially expressed genes overlapping each pathway, whereas the x-axis
indicates the rich factor (overlap/pathway size). Only significantly enriched pathways (FDR < 0.05) were
retained. For visualization, top 15 pathways per organism and regulation category were selected.
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