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The availability and stoichiometry of dissolved nutrients are known to have a significant effect on coral 
growth, biomineralisation, and stress tolerance. However, previous mechanistic studies have focused 
primarily on the photosynthetic symbionts. Here we studied the physiological and transcriptomic 
responses of the coral Stylophora pistillata exposed to four different concentration combinations 
of dissolved inorganic nitrogen (N) and phosphorus (P) over a period of eight weeks. Despite no 
significant effects on coral growth or calcification, corals from low P conditions bleached and had 
significantly fewer symbionts than those from high-phosphate treatments. Low P concentrations 
induced upregulation of ion transmembrane transporter activity, and downregulation of transcripts 
involved in phospholipid biosynthesis, protein processing, and protein maturation. Further, all 
enriched biological processes were related to phosphate metabolism. Our results suggest that S. 
pistillata controls a variety of molecular pathways to counteract the negative effects of insufficient 
nutrient supply.
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Stony corals support the structure and functioning of shallow water tropical coral reefs by building skeletons made 
of the aragonite polymorph of calcium carbonate (CaCO3)1–3through a process known as biomineralisation. 
Consequently, corals are vital ecosystem engineers, providing the majority of the three-dimensional structure to 
coral reef ecosystems, which in turn supports millions of marine species globally4,5. The growth, energy budget, 
and construction of their aragonite skeleton in many reef building corals is aided by the symbiotic relationship 
they maintain with dinoflagellate symbionts belonging to the family Symbiodiniaceae6. These symbionts within 
the coral host tissue facilitate the uptake and assimilation of dissolved inorganic nutrients including nitrate 
(NO3

−) and phosphate (PO4
3−)7,8, which are crucial for the biological and physiological functioning of corals 

and, by extension, the reefs they construct9.
Nutrient levels in waters surrounding coral reefs are typically relatively low, with concentrations below 1 

µmol L−1 and 0.30 µmol L−1 for dissolved inorganic nitrogen and phosphorus, respectively10,11. Anthropogenic 
activities9,12,13 and natural processes14–16 (for review Ferrier-Pagés et al., 200017) drive changes in the nutrient 
contents of the waters that bathe coral reefs, promoting variable responses, particularly via the enrichment of 
nitrogen and/or phosphorus18,19. Natural biological and oceanographic nutrient enrichment processes can render 
dissolved inorganic N or P locally or temporarily the most significant sources of N or P to symbiotic corals20with 
nitrate reaching concentrations of up to 11.5 µM in reef waters close to seabird colonies16. Extended exposure 
to limited nutrient availability and altered nutrient stoichiometry can affect the linear extension, growth, and 
overall skeleton building of corals, potentially making them more prone to bleaching, breakage, and other 
negative impacts from environmental stressors18,21,22. Species-specific differences may exist, for instance, growth 
of Stylophora pistillata declined with phosphorus enrichment17. In contrast, increased phosphate (+ 0.11–0.41 
mg L−1) concentrations accelerated the growth of Acropora murica23. When both NO3

− and PO4
3− concentration 

were depleted, a broad range of species exhibited lower linear growth18,20,24. Similarly, lower linear extension 
and calcification, along with higher skeletal density and lower porosity, have also been observed under depleted 
nutrient or high N: P ratio conditions18. Balanced concentrations of PO4

3− and NO3
− enrichment following the 

Redfield stoichiometry for N: P25 of 16:1, however, led to faster linear skeletal extension, resulting in thinner, 
more porous, and less dense skeletons18.
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Imbalanced ratios and limited availability of dissolved inorganic N and P have been found to rapidly 
reduce symbiont number in < 60 days20with a reduction in photosynthetic efficiency of the symbiont after just 
14 days22. Furthermore, low availability of dissolved inorganic nutrients results in changes in the symbiont 
ultrastructure21,26with phosphate starvation causing the substitution of phospholipids for sulpholipids in 
symbionts and associated malfunctioning of photosynthesis21,22. Importantly, the latter was shown to have 
negative implications for heat and light stress tolerance22. Despite these rapid impacts on the symbionts, the 
coral host is able to maintain growth and calcification for up to ~ 7 weeks under continuous nutrient, nitrate 
and phosphate, limitation even without access to particulate food20. During this period, it has recently been 
shown that the host acquires nutrients through the continued digestion of the symbionts until their population is 
strongly depleted and the corals appear bleached20. This mechanism allows the holobiont to survive short-term 
disturbances in dissolved nutrient environment that can affect many coral reef systems around the world9. The 
reliance on the consumption of their vital symbionts can be considered an emergency response to insufficient 
nutrient supply that represents a major stress for the coral host. At the moment, the molecular basis of the 
response of the coral host to low nutrient stress is unclear.

As with many organisms, in corals several fitness-related trade-offs in response to stressful environments 
have been previously documented27–30. For instance, corals under stress may prioritise survival27biomass 
accumulation and energy storage31or photoprotection30 over (skeletal) growth. At the transcriptome level, 
stress responses often involve upregulation of genes related to chaperone activity and phosphorylation, while 
downregulating ribosome and mRNA processing genes32. Transcriptomic responses can also precede other 
physiological or biological changes33,34. For example, gene expression shifts induced by thermal stress in corals 
have been identified before bleaching occurs33thereby offering an early warning signal that can be exploited by 
conservation efforts35.

To build a deeper mechanistic understanding of the impact of nutrient availability and stoichiometry on 
coral host responses and physiological maintenance, we studied changes in the gene expression of Stylophora 
pistillata coral when provided with defined amounts of NO3

- and PO4
3–20. The model coral S. pistillata was 

chosen for this experiment due to the availability of genome data36–38 and because of its known responses to low 
nutrient stress20. Specifically, our aim was to investigate gene expression and examine the initial responses of 
the coral host to the early phase of nutrient stress prior to any significant differences in growth or calcification. 
Throughout the 58-day study, we monitored symbiont health and function through zooxanthellae concentration 
and photosynthetic efficiency, as well as coral host metrics such as growth and calcification. In order to identify 
the genes and processes that play a role in how the coral host responds to changes in their nutrient environment, 
we then conducted differential gene expression analysis on the coral hosts to identify and quantify gene changes 
in response to nutrient treatments.

Materials and methods
Experimental design
Coral fragments (n = 36, ~ 2.5 cm in length) of Stylophora pistallata were removed from mother colonies grown 
in a ~ 2000 L experimental coral mesocosm system maintained by the Coral Reef Laboratory at the University 
of Southampton39,40. After fragmentation, 36 fragments were suspended on fishing line ~ 11 cm below the water 
surface and allowed to recover in a tank system with elevated nutrient levels (NO3− ~ 15 µM; PO4

3− ~ 5 µM) for 
4 months. Temperature, maintained with titanium stick heaters (Titanium Heater, D-D The Aquarium Solution 
Ltd, UK) attached to a controller (Dual Heating & Cooling Controller, D-D The Aquarium Solution Ltd, UK), 
was held at 26 ºC (± 0.2). Light, 12 h light: dark cycle, was provided from LED overhead lamps (Reef Pulsar, 
TMC, UK) at an intensity of ~ 150 µmol quanta m−2s−1 at the depth of coral.

Following acclimatisation, the 36 coral fragments were moved into a 614 L recirculating deplete nutrient 
system (NO3−: ~ 0.15 µM PO4

3−: not detectable µM, method detection limit = 0.21 µM). Corals were hung across 4 
experimental tanks (55 L each) fed from the larger, 614 L system. Temperature, salinity, and pH were continuously 
monitored in each tank through an Apex System (Apex A3, Neptune Systems, Netherlands). Temperature was 
controlled through titanium stick heaters attached to a controller (described above) and kept at 26 ºC (± 0.3). 
Salinity was maintained at 34.5 ± 0.61 psu. Light was maintained at 150 ± 15 µmol quanta m−2s−1 at depth of coral 
on a 12 h light: dark cycle. Circulation was provided within each tank by a wavemaker pump (Jecod Wavemaker 
Pump). Corals were moved daily across and within the 4 tanks to limit any differences in coral response due 
to position and tank. pH was measured twice daily using a portable pH meter (Mettler Toledo, SevenGo Duo 
SG98) paired with a pH electrode with integrated temperature probe (Mettler Toledo, InLab Pro) calibrated 
to the total scale (pHT) using Tris-HCl buffers41 across five temperatures ranging from 24 to 28 ºC. pHT was 
8.00 ± 0.05 throughout the duration of the experiment. Total alkalinity (AT) was measured every other day for the 
first 3 weeks of the experiment, and then every other week for the remainder of the experiment using open-cell 
potentiometric titrations (Apollo SciTech) following standard practices 3b41. Dissolved inorganic carbon was 
also measured weekly during the initial 4 weeks of the experiment, and then every 2–3 weeks following. pHT, 
AT, temperature, and salinity were used to calculate the remaining carbonate chemistry parameters using the 
Seacarb package version 3.3.142 in the statistical computing program R, version 4.2.2 (Table S1). A 40 L water 
change was preformed daily and 4–8 g of reef foundation ABC+ (RedSea®) were added.

After corals were moved into the nutrient deplete system, defined nutrient pulses were administered 
immediately and over the following 58 days, as previously described20. Corals were exposed to one of the 
following four nutrient treatments for 3 h day−1 on five days per week: (1) a replete nutrient treatment (HNHP, 
NO3−: ~4.5 µM; PO4

3−: ~0.3 µM; N:P = ~ 15); (2) a deplete nutrient treatment (LNLP, NO3−: not detectable; 
PO4

3−: not detectable); (3) a skewed stoichiometry, high nitrate, low-phosphate treatment (HNLP, NO3−: ~8.0 
µM; PO4

3−: not detectable); and (4) an skewed stoichiometry low nitrate, high-phosphate treatment (LNHP, 
NO3−: not detectable; PO4

3−: ~0.5 µM). Nutrient stoichiometry was chosen to follow Redfield stoichiometry 
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(N: P = 16)25, in the replete, balanced treatment. Skewed N: P treatments deviated from the standard Redfield 
ratio21. Nutrient concentrations were manipulated in 2.5 L tanks that were placed within the larger 55 L tanks 
of the deplete nutrient holding system for the time of the treatment. Treatment tanks were run in triplicate with 
2 or 3 coral fragments suspended within each 2.5 L tank. Each treatment tank served as a technical replicate, 
where nutrient treatments were mixed and controlled within each tank. Nutrient concentrations were monitored 
through colorimetric detection methods (DR900, Hach®), described in Rosset et al.21 throughout the 3 h pulses 
and specified nutrient levels were maintained throughout the pulse period by spiking with additional nutrient 
standards at 1.5 h to maintain intended nutrient treatment levels. Each treatment tank was equipped with an 
air stone connected to an air source to provide circulation during the pulse treatments. Care was taken so no 
water from the experimental treatment tanks entered the holding system. After each treatment, the treatment 
tanks were removed so that the corals experienced all the same recirculated water of the holding system. pH 
and temperature were monitored throughout and were maintained at 8.01 ± 0.02 and 26 ºC ± 0.02 respectively.

Symbiont photosynthetic efficiency and density
Maximum quantum efficiency of photosystem II (Fv/Fm) of zooxanthellae was measured twice a week using a 
submersible pulse amplitude modulated fluorometer (Diving-PAM, Walz, Germany) after 11 h dark acclimation 
with minimal background light levels. At the end of the experiment, symbionts were separated from host tissue 
and then counted with a haemocytometer to determine density43.

Growth and calcification
Measurements for growth were taken weekly. Linear extension and total area of all cultured corals were 
determined using standardized digital photography (Olympus TG-4) following published protocols20.

Coral skeletal dry weight was determined using the buoyant weight technique44,45. Buoyant weight 
measurements were made weekly. A Mettler Toledo XPR204 Analytical Balance outfitted with a weigh-below-
hook was used to weigh corals. Temperature was kept constant at 26 ºC throughout weighing and salinity 
was recorded periodically. Seawater temperature and salinity were used to calculate seawater density and an 
aragonite density of 2.93 g cm3 was used to calculate skeletal dry weight. Skeletal dry weight was then used to 
estimate calcification rate.

Total RNA extraction and sequencing
Corals were sampled after 58 days in the nutrient treatments. Corals were removed from experimental nutrient 
tanks around midday and quickly flash frozen in liquid N2. Frozen corals were then transferred and stored at 
−80 ºC until further processing.

Approximately 75 mg of frozen tissue was removed from each sample and placed into 700 µl of lysis solution 
provided in the RNAqueous™ Total RNA Isolation Kit (Invitrogen™). Samples were homogenised in the lysis 
solution and then RNA was extracted from the homogenate following the RNAqueous™ Total RNA Isolation 
Kit (Invitrogen™) manufacturer’s protocol. RNA was resuspended in 50 µl of DNAse/RNAse-free distilled water. 
All RNA samples were cleared of potential DNA contamination using Invitrogen TURBO DNA-free™ Kit. 
Total RNA quantity and quality were tested using Qubit® (Invitrogen) and Bioanalyzer (Agilent Technologies), 
respectively. Samples (n = 32) were sent to Novogene (Cambridge, UK) for Illumina stranded mRNA library 
preparation using polyA enrichment and sequencing. Libraries were sequenced using 150 bp paired-end reads 
on an Illumina NovaSeq 6000 System. Raw reads were de-multiplexed, trimmed, and adapters removed prior to 
releasing data. On average, total reads were 38 ± 1 million reads per sample (reported as mean ± standard error).

Bioinformatic analyses
Bioinformatic analyses were conducted on the University of Southampton’s High Performance Computer 
Cluster “Iridis”. Raw sequence reads were filtered to remove reads containing adapter contamination, those in 
which uncertain nucleotides (N) comprised more than 10% of either read, and those with over 50% of bases 
having a quality score below 5, following the approach from Yan et al.46. Quality control was performed on 
the resulting cleaned and trimmed sequence data using FastQC (v 0.12.0 Babraham Bioinformatics). Reads 
were aligned to the S. pistillata host genome assembly38 using HISAT2 (v 2.2.1)47 in the stranded paired-end 
mode and assembled using StringTie (v 2.2.1)48. Mapping precision of the generated, merged GFF files to the S. 
pistillata reference assembly was assessed using GFFcompare (v 0.12.6)49. A gene count matrix was generated 
using the StringTie python script prepDE48. S. pistillata protein sequences were annotated using Diamond (v 
2.1.8)50 Uniprot51 and eggNOG52. FastQ files have been deposited on NCBI at BioProject PRJNA1156634.

Gene expression analysis
The StringTie48 generated gene count matrix was imported into R (v. 4.2.2)53 and filtered to remove transcripts 
that had more than 50% of counts under 10, which removed roughly 20% of transcripts with very low mean 
expression. Filtered and edgeR54 normalised counts for each sample were initially analysed using permutational 
multivariate analysis of variance (PERMANOVA) to identify if experimental nutrient treatments (NO3

− and 
PO4

3−) were affecting gene expression patterns in the coral fragments. PERMANOVAs were conducted using 
the adonis2 function within the R package vegan55 with 9,999 permutations and calculated with Euclidean 
distance. Gene expression analysis was performed using edgeR54. Differential expression was determined using 
quasi-likelihood F-tests with default settings and the parameter ‘robust = TRUE’ to identify genes that were 
outliers from the mean-NB dispersion trend. Pairwise comparisons were performed on treatments, and genes 
that exhibited positive or negative log-fold changes were identified. Significantly differentially expressed genes 
(DEGs) were identified based on a false discovery rate (FDR) cut-off of 5% calculated using Benjamini-Hochberg 
method56. Heatmaps of gene expression patterns were made using the package pheatmaps57.
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Enrichment analysis
Functional overrepresentation analysis of DEGs was performed in the Cytoscape58 plugin BiNGO59. The 
hypergeometric test of gene ontology (GO) category used were “biological process” and “molecular function” 
with the annotated genome of S. pistillata as background, and Benjamini-Hochberg FDR corrected p-value with 
a cutoff of 0.05 was used. REVIGO was used to summarise visualise GO terms60.

Statistical analysis
All statistical analyses on growth parameters (i.e., area, linear extension, changes in skeletal weight, and 
calcification) and symbiont related measurements were conducted using R (v. 4.2.2). Data were tested for 
normality through the Shapiro-Wilk test and graphical analyses, all data met normality. To test significance after 
8 weeks, one-way ANOVAs were run. If significance was found, ANOVAs were followed by Tukey’s post hoc test 
for pairwise comparisons. Linear models were built to test for significance of linear regressions using the lm() 
function in R.

Results
Consequences of short-term nutrient treatments to the coral host and symbionts
Photographs of the corals after 58 days (8 weeks) in nutrient treatments revealed that bleaching was restricted to 
the phosphate limited (LNLP, NO3−: not detectable & PO4

3−: not detectable) and the phosphate starved (HNLP, 
NO3−: ~8.0 µM & PO4

3−: not detectable) treatments (Fig. 1a). Growth of corals in all treatments was measured 
through changes in linear extension, area, and skeletal weight (Fig. 1), quantified through using standardised 
digital photography20 and the buoyant weight technique44,45. Although coral area was significantly impacted 
by treatment (ANOVA, F3,4 = 4.205, p < 0.05, Table S4, Fig. 1b), with corals from LNHP (NO3

−: not detectable 
& PO4

3−: ~0.5 µM) being slightly (< 40%) but significantly larger in area than corals from the LNLP treatment 
(Tukey, p < 0.05), no other skeleton growth-related parameter was significantly affected by nutrient treatment 
(Fig. 1, Table S5).

To analyse the density of symbionts (zooxanthellae) after 58 days in the nutrient treatments, symbionts were 
separated from the coral host tissue and then counted to determine density43. There was a significant effect 
of treatment (ANOVA, F3,4 = 6.073, p = 0.011) on zooxanthellae density in S. pistillata after 58 days (Table S2, 

Fig. 1.  Effect of nutrient availability and stoichiometry on coral host physiology after 8 weeks (58 days) in 
treatment. (a) Representative fragments of Stylophora pistillata imaged through digital photography on day 1 of 
week 1, and at the end of the experiment (week 8). Colour loss is observed primarily in corals belonging to the 
LNLP and HNLP treatments. 8 replicate samples were analysed for each treatment. HNHP = high nitrate + high 
phosphate, LNHP = low nitrate + high phosphate, HNLP = high nitrate + low phosphate, and LNLP = low 
nitrate + low phosphate. (b, c, d, e) show relative percent change in average area, linear extension, skeletal 
weight (calculated from buoyant weight measurements of each coral fragment), and calcification rate as mg of 
CaCO3 d−1 g−1 for coral. Calcification rate was normalised to initial skeletal dry weight for each coral. Panels 
show measured physiological parameters as a function of nutrient treatment. Blue boxes correspond to HNHP 
(high nitrate + high phosphate), pink boxes correspond to LNHP (low nitrate + high phosphate), dark green 
boxes correspond to HNLP (high nitrate + low phosphate), and light green boxes correspond to LNLP (low 
nitrate + low phosphate). Lower case letters indicate significantly different treatments.
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Fig. 1a, Fig. S1a), with the zooxanthellae density of LNHP being > 60% higher than the zooxanthellae density of 
the HNLP and LNLP treatments (Tukey, p < 0.01 and p < 0.05, respectively). Despite these changes in symbiont 
density, there were no significant differences in photosynthetic efficiency, measured through maximum quantum 
efficiency of photosystem II (Fv/Fm) of zooxanthellae (ANOVA, F3,4 = 3.401, p > 0.05, Table S4, Fig. S1b). This 
suggests that although there were fewer symbionts, the functioning of their photosynthetic machinery was 
unaffected by the nutrient treatments.

Differential transcriptomic response of the coral host is driven by phosphate
To compare differentially expressed genes across nutrient treatments, we analysed the transcriptomic profiles of 
the coral hosts via RNA sequencing (RNA-seq). We mapped our transcriptomic data to the publicly available 
genome of S. pistillata38. On average, 70% of the sequence reads mapped successfully to the reference genome 
of S. pistillata. 28,498 genes were generated for differential expression analysis. Transcriptomic data were 
initially assessed using a permutation multivariate analysis of variance (PERMANOVA) and partial least square 
discriminant analysis (PLS-DA) (Fig. S2 and Table  1). PERMANOVA run on the 28,498 genes showed the 
transcriptome-wide gene expression of host S. pistillata was significantly affected by the factor PO4

3− (present 
vs. absent PO4

3−; PERMANOVA, p < 0.05, Table 1). Further, the PLS-DA showed clustering of treatments based 
on high or low PO4

3− concentration, with some treatments having greater within-group variability (Fig. S2). 
Following the finding of transcriptome-wide gene expression of the host S. pistillata to be significantly affected 
by PO4

3− independently, we focus hereon the effect of PO4
3−. 

Using a differential gene expression analysis across the four nutrient treatment groups, we identified 36 
significantly differentially expressed genes (DEGs; Bejamini-Hochberg corrected p < 0.05) linked to presence 
or absence of phosphate (HP or LP; Fig. 2), 16 transcripts were upregulated in the low-phosphate treatments 
(HNLP and LNLP) and 20 were downregulated (Fig. 2a; Table S3). Following differential expression analysis, 
gene ontology enrichment analysis was conducted on the DEGs. We found significantly enriched (p < 0.05, 
Hypergeometric Test with Benjamini-Hochberg’s False Discovery Rate correction) molecular function 
categories relating to transmembrane transport activity were upregulated in the phosphate limited treatments 
(Fig.  2b). Significantly enriched biological process categories that were downregulated in the low phosphate 
corals related primarily to metabolic and biosynthetic processes (Fig. 2c). Molecular function categories that 
were downregulated significantly in the low phosphate corals included carboxylase activity and ammonium 
transport activity (Fig. 2d).

Enrichment analysis revealed significantly enriched GO categories (p < 0.05, Hypergeometric Test with 
Benjamini-Hochberg’s False Discovery Rate correction) for biological processes, molecular functions, and 
cellular components relating to transport of phosphate ion, inorganic cation, sodium ion, ammonium, and 
organic cation (Table 2). Enrichment analysis was viewed through network visualisation of biological processes, 
molecular functions, and cellular components for all DEGs (36) found in all treatment groups showing 
enrichment for global transcriptome modulation (Fig.  3). Although most GO descriptions only contained a 
single transcript, the GO descriptions containing 2 or more transcripts were inorganic cation transmembrane 
transporter activity, phosphoric ester hydrolase activity, transmembrane transporter activity, and transporter 
activity (Table 2; Fig. 3).

Discussion
Healthy corals obtain the energy and nutrients needed to grow and calcify through the symbiotic relationship 
with their algal symbionts and from feeding on particulate or dissolved organic matter7,61. In the current study, 
S. pistillata were not fed during the experiment and were cultured in filtered seawater, therefore the coral host 
had minimized access to particulate food as source of organic N or P. Nevertheless, across all treatments, corals 
continued to grow and calcify at similar rates for the duration of the experiment (58 days; Fig. 1b-e). In line with 
previous studies, we found that P limitation (LNLP) and P starvation (HNLP) resulted in a loss of symbionts 
and a bleached appearance of the corals (Fig. 1a20,21;), confirming previous findings that the continued growth 
and calcification was sustained by the consumption of the symbionts20. Here, we present evidence that the 
early response of the coral host to low nutrient stress is underpinned by significant changes in gene expression 
patterns. Specifically, S. pistillata from low-phosphate treatments showed a pronounced restructuring of their 
transcriptomes in response to stress associated with low-levels of nutrients (Figs. 1, 2 and 3).

Corals from the low-phosphate treatments upregulated transcripts relating to ion transport, such as 
inorganic anion transmembrane transporters, sodium ion transmembrane transport, and phosphoric ion 
transmembrane transport. The upregulation of ion transport related genes in corals has also been observed in 

Factor df SS R2 Pseudo-F Pr (> F)

NO3
− 1 1.4241e + 11 0.0660 2.2432 0.0989

PO4
3− 1 1.9336e + 11 0.0897 3.0456 0.0492

NO3
−: PO4

3− 1 4.2527e + 10 0.0197 0.6699 0.5187

Residuals 28 1.7776e + 12 0.8245

Total 31 2.1559e + 12 1.0000

Table 1.  Summary of results from the PERMANOVA test used to investigate the effects of nitrate (NO3
−) 

and phosphate (PO4
3−) on the transcriptome-wide expression of Stylophora pistillata.. Text in bold indicate 

statistically significant differences (p ≤ 0.05).
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response to temperature stress62 and pH stress63,64. In some cases, the upregulation of ion transport related genes 
has been suggested to counteract the negative effects of lowered pH on the calcification process. For instances, 
in a symbiotic coral, Pocillopora damicornis, lowered pH (7.8 and 7.4 pH) induced an upregulation of transport 
related genes, which could aid in sustaining calcification64. In the deep sea coral Lophelia pertusa (synonymised 
with Desmophyllum pertusa), a non-symbiotic coral, calcification was maintained at low pH by the upregulation 
of ion transport but this was coincident with the downregulation of genes involved in metabolic processes63. 
The upregulation of phosphoric diester hydrolase activity and the enrichment of phosphoric ester hydrolase 
and alkaline phosphatase activities during phosphate limitation could point toward a metabolic shift in corals 
that enables the utilisation of dissolved organic phosphorus when inorganic phosphate is limited. Alkaline 
phosphatases have been found to be higher in bleached corals than in symbiotic colonies, suggesting the loss 
of symbionts, and corresponding reduction of inorganic phosphate uptake, may lead to the reliance of the 

Fig. 2.  Nutrient treatments resulted in transcriptome modulation where clustering of up- and downregulated 
genes were apparent based on phosphate absence (HNLP and LNLP) or presence (HNHP and LNHP) in 
Stylophora pistillata after 8 weeks in treatment. (a) Heatmap of z-scored log2-counts per million (logCPM) 
values for differentially expressed genes (FDR < 0.05). Genes were identified as differentially expressed using 
edgeR’s54 generalised linear model framework with pairwise contrasts across all treatment combinations. Red 
indicates higher expression and blue indicates lower expression relative to the mean expression of each gene 
across all samples. (b) REVIGO visualisation of molecular function categories in differentially expressed genes 
(DEGs) belonging to the upregulated gene group from the low-phosphate treatments (HNLP and LNLP). 
(c) REVIGO visualisation of downregulated biological process categories in the low-phosphate treatments. 
(d) REVIGO visualisation of downregulated molecular function categories in the low-phosphate treatments. 
The axes in the plots have no intrinsic meaning, however, semantically similar gene ontological terms should 
be close together in a plot. The colour of the bubbles reflects the adjusted p-value obtained from the BiNGO 
enrichment analysis. The size of the spheres corresponds to the number of annotations for submitted gene 
ontological term IDs in the UniProt database, specifically a larger sphere indicates a more common GO term 
in the dataset. HNHP = high nitrate + high phosphate, LNHP = low nitrate + high phosphate, HNLP = high 
nitrate + low phosphate, and LNLP = low nitrate + low phosphate.
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coral host on organic phosphate65. In the current study, the upregulation of transcripts in S. pistillata may have 
contributed to the sustained growth and calcification levels in corals from low-phosphate treatments by partially 
compensating for the reduced P-availability to the symbionts. Both, transcriptomic restructuring, leading to 
molecular trade-offs (e.g., upregulation of ion transport with a downregulation of metabolic processes), and 
the consumption of symbionts are likely energetically costly emergency measures of the coral host employs to 
maintain crucial physiological processes in the absence of phosphate.

We found S. pistillata in the low-phosphate treatments downregulate transcripts relating to processes 
involving phospholipid biosynthesis, In zooxanthellae, high levels of dissolved inorganic nitrogen combined 
with low levels of phosphate result in a substitution of phospholipids with sulpholipids22. This substitution results 
in a malfunction in the photosynthetic apparatus of the symbiont and in turn increases the coral susceptibility 
to temperature- and light-induced bleaching22,66. The results of this study suggest that the coral host cells also 
experience changes to the phospholipid content, as indicated by the downregulation of phospholipid biosynthetic 
processes. This may be the consequence of the low P availability or a mitigation measure to minimise the use of 
phosphorus. Future research should be performed to determine whether this response affects the integrity and 
functionality of biological membranes in the coral host cells. Transcripts related to protein processing were also 
downregulated in coral exposed to low phosphate. Protein processing is essential for maintaining cell membrane 
structure during heat adaptation, with upregulation of these transcripts suggested to play a role in heat stress 
adaptation67. In a study examining the effects of severe heat stress on the Red Sea S. pistillata, the upregulation 
of a large cluster of genes relating to protein processing was attributed to the relative resistance of the Red Sea 
S. pistillata to bleaching and its relatively low mortality rates68. The downregulation of transcripts relating to 
protein processing in our study therefore provides a potential mechanism for previous findings that P-limited 
corals have increased susceptibility to thermal stress21,22,69.

In addition to the upregulation of phosphate and inorganic anion transporter activities, other transcripts 
relating to transport processes are downregulated. Specifically, transcripts relating to the molecular function 
categories such as organic cation and ammonium transporter activity were downregulated significantly in the 
phosphate-limited corals. In our low-phosphate treatments, ammonium transport activity was downregulated, 
suggesting that phosphate limited S. pistillata lack the ability to take advantage of inorganic nitrogen compounds, 
specifically ammonium, dissolved in the surrounding seawater70. This deficiency could negatively affect the 
synthesis of amino acids and proteins. Any change to processes such as the synthesis of proteins or protein 
maturation can indicate significant shifts in cellular homeostasis and metabolism71. S. pistillata from the low-
phosphate treatments also downregulated transcripts relating to protein maturation, indicating a shift in protein 

GO ID GO Description Corrected p-val Accession ID

Biological Process

 0044341 Sodium-dependent phosphate transport 3.20E-02 XP_022794503

 0046337 Phosphatidylethanolamine metabolic process 3.20E-02 XP_022785767

 0006817 Phosphate ion transport 3.20E-02 XP_022794503

 0006646 Phosphatidylethanolamine biosynthetic process 3.20E-02 XP_022785767

Molecular function

 0022890 Inorganic cation transmembrane transporter activity 1.46E-02 XP_022793815 XP_022794503

 0004609 Phosphatidylserine decarboxylase activity 1.46E-02 XP_022785767

 0004035 Alkaline phosphatase activity 1.46E-02 XP_022794921

 0015081 Sodium ion transmembrane transporter activity 1.46E-02 XP_022794503

 0005436 Sodium: phosphate symporter activity 1.46E-02 XP_022794503

 0015114 Phosphate transmembrane transporter activity 2.21E-02 XP_022794503

 0015296 Anion: cation symporter activity 2.21E-02 XP_022794503

 0015294 Solute: cation symporter activity 2.21E-02 XP_022794503

 0015103 Inorganic anion transmembrane transporter activity 2.21E-02 XP_022794503

 0042578 Phosphoric ester hydrolase activity 2.21E-02 XP_022794921 XP_022779363

 0016831 Carboxy-lyase activity 4.64E-02 XP_022785767

 0022857 Transmembrane transporter activity 4.68E-02 XP_022793815 XP_022794503 XP_022803467

 0008519 Ammonium transmembrane transporter activity 4.68E-02 XP_022793815

 0015101 Organic cation transmembrane transporter activity 4.68E-02 XP_022793815

 0005215 Transporter activity 4.68E-02 XP_022793815 XP_022794503 XP_022803467

Cellular component

 0016324 Apical plasma membrane 3.35E-02 XP_022794503

 0045177 Apical part of cell 3.35E-02 XP_022794503

Table 2.  Summary of significantly enriched gene ontology (GO) categories (p < 0.05, hypergeometric test 
with Benjamini-Hochberg’s false discovery rate correction) for biological processes, molecular functions, and 
cellular components. GO identification number, description, corrected p-value, and encoded protein accession 
IDs within each category are given.
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metabolic condition that may lead to potentially malfunctioning proteins and altered protein activity71. As 
with protein processing, this would impact how S. pistillata manages other environmental stressors, such as 
temperature, light, pollutant exposure, and disease, where molecular chaperone protein activity, such as heat 
shock proteins, play a crucial role72,73.

Similar GO categories relating to ion transport that were enriched in the upregulated transcripts of S. pistillata 
when phosphate was limited, were previously found to be enriched in calicoblastic cells and mesenterial filaments 
in a settling polyp of S. pistillata74. This suggests they may be crucial for biomineralisation due to their presence 
during this stage of development when coral polyps are beginning to develop their skeleton74. Furthermore, 
previous studies have linked ion transport to calcification1,62,63,75. Although we did find upregulation in 
transcripts relating to ion transport in corals under limited phosphate treatments, we did not identify differential 
regulation of any transcripts that have previously been suggested to be part of the biomineralisation toolkit that 
play a role in skeleton production in S. pistillata, such as carbonic anhydrases, which are involved in carbon 
supply for calcification76and acid-rich proteins, which have been suggested to be involved in calcium carbonate 
precipitation77. Of the 36 biomineralisation proteins identified in the skeletal organic matrix in Drake et al.78. 
none were significantly differentially expressed across our nutrient treatments, although all were found in our 
transcriptome datasets (Table S8). Our study did not find any significant differences caused by nutrient stress 
(e.g., limited phosphate) in calcification rates after 8 weeks in treatment, however, certain genes and pathways 
possibly relating to biomineralisation were differentially regulated, for example the upregulation of phosphoric 
ion transport. Phosphate ions are known to play critical roles in controlling crystallisation pathways of amorphous 
calcium carbonate79. Coral skeletons form via amorphous calcium carbonate precursors80; therefore, if the 
transport of phosphate ions is impacted, although we see no change in overall calcification rates, differences in 
the skeleton of phosphate limited and phosphate available corals may be expected. On the other hand, P in high 
concentrations has been considered a crystal poison and could be responsible for reduced skeletal density and 
calcification81,82. At present, it is not clear through which mechanism the upregulation of sodium-dependent 
phosphate transport, as found in the current study, could have aided in maintaining calcification rates in corals. 

Fig. 3.  Network visualisation of enriched gene ontology (GO) categories within (a) biological processes, (b) 
molecular function, and (c) cellular component of differentially expressed genes (DEGs) in the coral host 
Stylophora pistillata. Network visualises entire transcriptome modulation (all DEGs) across all treatment 
groups. Each ellipse/node contains GO category that is enriched within the DEGs. Ellipses in yellow are 
significantly (p < 0.05, Hypergeometric Test with Benjamini-Hochberg’s False Discovery Rate correction) 
enriched (Table 2). The size of the node is related to the number of DEGs belonging to the GO category.
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In corals under phosphate limitation, the upregulation of sodium-dependent phosphate transport could have 
increased the uptake of phosphate across the coral host membrane83.

The analysis presented here provides evidence of transcriptomic reshuffling before changes in coral growth 
and calcification occur in response to low P availability. In particular, we observed stress-mitigation responses 
in S. pistillata when phosphate was limited. This was evident from S. pistillata maintaining similar levels of 
growth and calcification across treatments and the differential regulation of transcripts, with upregulation of 
transcripts relating to transport of phosphate and inorganic anion ions. The observed bleaching of S. pistillata 
under low-nutrient stress in the current study is in line with measurements of this species under comparable 
conditions, indicating that S. pistillata consumes their symbionts for nutrient supply when P is limited20. This 
suggests the transcriptomic response of the coral host is an attempt to mitigate the stress experienced due to 
the phosphate undersupply. However, this compensation may come at a cost to membrane stability and cellular 
metabolism and homeostasis67,71which would impact the overall tolerance of the coral holobiont to thermal and 
other environmental stress. Previous studies have found that after 60 days in phosphate limitation (i.e., limited 
phosphate availability in combination with low or excess nitrate availability), the coral host significantly decreases 
in overall fitness, growth, and calcification17,18,20,24 (Fig. S3). Therefore, transcriptomic or gene expression 
changes we observe here can serve as early warning signs, along with coral bleaching, of coral hosts response 
to environmental and anthropogenic nutrient stress, potentially helping to develop novel reef monitoring and 
conservation approaches.

Data availability
All data used to construct the principal figures of this manuscript have been uploaded to pure.soton.ac.uk 
(https://doi.org/10.5258/SOTON.D3238). All sequencing data and corresponding metadata were deposited to 
NCBI and can be found at BioProject: PRJNA1156634  “Changes in host gene expression patterns underpin 
responses of the coral Stylophora pistillata to nutrient stress”. All bioinformatic scripts used for analyses are ac-
cessible through Github (https://github.com/tessamp/Spistillata_nutrients). The data that support the findings 
of this study are available through the provided BioProject number, or can be made available from the corre-
sponding author, TM Page, upon request.

Received: 12 March 2025; Accepted: 15 July 2025

References
	 1.	 Allemand, D. et al. Biomineralisation in reef-building corals: From molecular mechanisms to environmental control. C. R. 

Palevol. 3, 453–467 (2004).
	 2.	 Foster, T. & Clode, P. L. Skeletal mineralogy of coral recruits under high temperature and high temperature and pCO2. 

Biogeosciences 13, 1717–1722 (2016).
	 3.	 Tambutté, S. et al. Coral biomineralization: from the gene to the environment. J. Exp. Mar. Biol. Ecol. 408, 58–78 (2011).
	 4.	 Fisher, R. et al. Species richness on coral reefs and the pursuit of convergent global estimates. Curr. Biol. 25, 500–505 (2015).
	 5.	 Knowlton, N. The future of coral reefs. Proc. Natl. Acad. Sci. 98, 5419–5425 (2001).
	 6.	 LaJeunesse, T. C. et al. Systematic revision of symbiodiniaceae highlights the antiquity and diversity of coral endosymbionts. Curr. 

Biol. 28, 2570–2580e6 (2018).
	 7.	 Ferrier-Pagès, C., Godinot, C., D’Angelo, C., Wiedenmann, J. & Grover, R. Phosphorus metabolism of reef organisms with algal 

symbionts. Ecol. Monogr. 86, 262–277 (2016).
	 8.	 Rädecker, N., Pogoreutz, C., Voolstra, C. R., Wiedenmann, J. & Wild, C. Nitrogen cycling in corals: The key to understanding 

holobiont functioning?. Trends Microbiol. 23, 490–497 (2015).
	 9.	 D’Angelo, C. & Wiedenmann, J. Impacts of nutrient enrichment on coral reefs: New perspectives and implications for coastal 

management and reef survival. Curr. Opin. Environ. Sustain. 7, 82–93 (2014).
	10.	 Bristow, L. A., Mohr, W., Ahmerkamp, S. & Kuypers, M. M. M. Nutrients that limit growth in the ocean. Curr. Biol. 27, R474–R478 

(2017).
	11.	 Atkinson, M. & Falter, J. Coral reefs. Biogeochemistry Mar. Systems 40–64 (2003).
	12.	 Donovan, M. et al. (ed, K.) Nitrogen pollution interacts with heat stress to increase coral bleaching across the seascape. Proc. Natl. 

Acad. Sci. 117 5351–5357 (2020).
	13.	 Fabricius, K. E. Effects of terrestrial runoff on the ecology of corals and coral reefs: Review and synthesis. Mar. Pollut. Bull. 50, 

125–146 (2005).
	14.	 Benkwitt, C. E. et al. Seabirds boost coral reef resilience. Sci. Adv. 9, eadj0390 (2023).
	15.	 DeCarlo, T. M. et al. Nutrient-supplying ocean currents modulate coral bleaching susceptibility. Sci. Adv. 6, eabc5493 (2020).
	16.	 Savage, C. Seabird nutrients are assimilated by corals and enhance coral growth rates. Sci. Rep. 9, 4284 (2019).
	17.	 Ferrier-Pagès, C., Gattuso, J. P., Dallot, S. & Jaubert, J. Effect of nutrient enrichment on growth and photosynthesis of the 

zooxanthellate coral Stylophora pistillata. Coral Reefs 19, 103–113 (2000).
	18.	 Buckingham, M. C. et al. Impact of nitrogen (N) and phosphorus (P) enrichment and skewed N:P stoichiometry on the skeletal 

formation and microstructure of symbiotic reef corals. Coral Reefs. (2022).
	19.	 Nalley, E. M. et al. A systematic review and meta-analysis of the direct effects of nutrients on corals. Sci. Total Environ. 856, 159093 

(2023).
	20.	 Wiedenmann, J. et al. Reef-building corals farm and feed on their photosynthetic symbionts. Nature 620, 1018–1024 (2023).
	21.	 Rosset, S., Wiedenmann, J., Reed, A. J. & D’Angelo, C. Phosphate deficiency promotes coral bleaching and is reflected by the 

ultrastructure of symbiotic dinoflagellates. Mar. Pollut. Bull. 118, 180–187 (2017).
	22.	 Wiedenmann, J. et al. Nutrient enrichment can increase the susceptibility of reef corals to bleaching. Nat. Clim. Change. 3, 160–164 

(2013).
	23.	 Dunn, J. G., Sammarco, P. W. & LaFleur, G. Effects of phosphate on growth and skeletal density in the scleractinian coral Acropora 

muricata: A controlled experimental approach. J. Exp. Mar. Biol. Ecol. 411, 34–44 (2012).
	24.	 Standish, C. D. et al. Geochemical responses of scleractinian corals to nutrient stress. Geochim. Cosmochim. Acta 351, 108–124 

(2023).
	25.	 Redfield, A. C. The biological control of chemical factors in the environment. Am. Sci. 46, 205–221 (1958).
	26.	 Rosset, S., D’Angelo, C. & Wiedenmann, J. Ultrastructural biomarkers in symbiotic algae reflect the availability of dissolved 

inorganic nutrients and particulate food to the reef coral holobiont. Front Mar. Sci. 2, (2015).

Scientific Reports |        (2025) 15:28065 9| https://doi.org/10.1038/s41598-025-12130-3

www.nature.com/scientificreports/

https://doi.org/10.5258/SOTON.D3238
https://github.com/tessamp/Spistillata_nutrients
http://www.nature.com/scientificreports


	27.	 Bay, R. A. & Palumbi, S. R. Transcriptome predictors of coral survival and growth in a highly variable environment. Ecol. Evol. 7, 
4794–4803 (2017).

	28.	 Kenkel, C. D., Moya, A., Strahl, J., Humphrey, C. & Bay, L. K. Functional genomic analysis of corals from natural CO2-seeps reveals 
core molecular responses involved in acclimatization to ocean acidification. Glob. Change Biol. 24, 158–171 (2018).

	29.	 Pörtner, H. O. et al. Trade-offs in thermal adaptation: the need for a molecular to ecological integration. Physiol. Biochem. Zool. 79, 
295–313 (2006).

	30.	 Quick, C., D’Angelo, C. & Wiedenmann, J. Trade-offs associated with pPhotoprotective green fluorescent protein expression as 
potential drivers of balancing selection for color polymorphism in reef corals. Front Mar. Sci.  5, (2018).

	31.	 Roik, A. et al. Trade-offs in a reef-building coral after six years of thermal acclimation. Sci. Total Environ. 949, 174589 (2024).
	32.	 Seneca, F. O. & Palumbi, S. R. The role of transcriptome resilience in resistance of corals to bleaching. Mol. Ecol. 24, 1467–1484 

(2015).
	33.	 DeSalvo, M., Sunagawa, S., Voolstra, C. & Medina, M. Transcriptomic responses to heat stress and bleaching in the Elkhorn coral 

Acropora palmata. Mar. Ecol. Prog. Ser. 402, 97–113 (2010).
	34.	 Goncalves, P. et al. Transcriptomic profiling of adaptive responses to ocean acidification. Mol. Ecol. 26, 5974–5988 (2017).
	35.	 Cleves, P. A., Krediet, C. J., Lehnert, E. M., Onishi, M. & Pringle, J. R. Insights into coral bleaching under heat stress from analysis 

of gene expression in a sea anemone model system. Proc. Natl. Acad. Sci. 117, 28906–28917 (2020).
	36.	 Banguera-Hinestroza, E., Saenz-Agudelo, P., Bayer, T., Berumen, M. L. & Voolstra, C. R. Characterization of new microsatellite loci 

for population genetic studies in the smooth cauliflower coral (Stylophora sp). Conserv. Genet. Resour. 5, 561–563 (2013).
	37.	 Shefy, D. & Rinkevich, B. Stylophora pistillata—A Model Colonial Species in Basic and Applied Studies. In Handbook of Marine 

Model Organisms in Experimental Biology (CRC, 2021).
	38.	 Voolstra, C. R. et al. Comparative analysis of the genomes of Stylophora pistillata and Acropora digitifera provides evidence for 

extensive differences between species of corals. Sci. Rep. 7, 17583 (2017).
	39.	 D’Angelo, C. et al. Locally accelerated growth is part of the innate immune response and repair mechanisms in reef-building corals 

as detected by green fluorescent protein (GFP)-like pigments. Coral Reefs. 31, 1045–1056 (2012).
	40.	 D’Angelo, C. & Wiedenmann, J. An experimental mesocosm for long-term studies of reef corals. J. Mar. Biol. Assoc. U. K. 92, 

769–775 (2012).
	41.	 Dickson, A. G., Sabine, C. L. & Christian, J. R. Guide to Best Practices for Ocean CO2 Measurements (North Pacific Marine Science 

Organization, 2007).
	42.	 Gattuso, J. P. et al. Seacarb: Seawater carbonate chemistry with R. (2019).
	43.	 Jones, R. Zooxanthellae loss as a bioassay for assessing stress in corals. Mar. Ecol. Prog. Ser. 149, 163–171 (1997).
	44.	 Dodge, R. E. et al. Coral calcification rates by the buoyant weight technique: Effects of Alizarin staining. J. Exp. Mar. Biol. Ecol. 75, 

217–232 (1984).
	45.	 Jokiel, P. L. & Maragos, J. E. Coral growth buoyant weight technique. Coral Reefs: Res. Methods 529–541 (1978).
	46.	 Yan, L. et al. Single-cell RNA-Seq profiling of human preimplantation embryos and embryonic stem cells. Nat. Struct. Mol. Biol. 20, 

1131–1139 (2013).
	47.	 Kim, D., Paggi, J. M., Park, C., Bennett, C. & Salzberg, S. L. Graph-based genome alignment and genotyping with HISAT2 and 

HISAT-genotype. Nat. Biotechnol. 37, 907–915 (2019).
	48.	 Pertea, M. et al. StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33, 290–295 

(2015).
	49.	 Pertea, G., Pertea, M. G. F. F. & Utilities GffRead and GffCompare. Preprint at (2020). https://doi.org/10.12688/f1000research.23297.1
	50.	 Buchfink, B., Xie, C. & Huson, D. H. Fast and sensitive protein alignment using Diamond. Nat. Methods. 12, 59–60 (2015).
	51.	 Apweiler, R. et al. UniProt: the universal protein knowledgebase. Nucleic Acids Res. 32, D158–D169 (2004).
	52.	 Cantalapiedra, C. P., Hernández-Plaza, A., Letunic, I., Bork, P. & Huerta-Cepas, J. eggNOG-mapper v2: Functional Annotation, 

Orthology Assignments, and Domain Prediction at the Metagenomic Scale. 06.03.446934 Preprint at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​0​1​/​2​0​2​
1​.​0​6​.​0​3​.​4​4​6​9​3​4​​​​ (2021).

	53.	 R Core Team. R: A language and environment for statistical computing (R Foundation for Statistical Computing, 2017).
	54.	 Robinson, M. D., McCarthy, D. J. & Smyth, G. K. EdgeR: A bioconductor package for differential expression analysis of digital gene 

expression data. Bioinformatics 26, 139–140 (2010).
	55.	 Oksanen, J. et al. Vegan: Community Ecology Package. (2022).
	56.	 Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. Roy. 

Stat. Soc.: Ser. B (Methodol.). 57, 289–300 (1995).
	57.	 Kolde, R. Pheatmap: Pretty heatmaps. (2015).
	58.	 Shannon, P. et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 

2498–2504 (2003).
	59.	 Heymans, K., Kuiper, M. & Maere, S. BiNGO: A cytoscape plugin to assess overrepresentation of gene ontology categories in 

biological networks. Bioinformatics 21, 3448–3449 (2005).
	60.	 Supek, F., Bošnjak, M., Škunca, N. & Šmuc, T. R. E. V. I. G. O. Summarizes and visualizes long lists of gene ontology terms. PLOS 

ONE. 6, e21800 (2011).
	61.	 Houlbrèque, F. & Ferrier-Pagès, C. Heterotrophy in tropical scleractinian corals. Biol. Rev. 84, 1–17 (2009).
	62.	 Bernardet, C., Tambutté, E., Techer, N., Tambutté, S. & Venn, A. A. Ion transporter gene expression is linked to the thermal 

sensitivity of calcification in the reef coral Stylophora pistillata. Sci. Rep. 9, 18676 (2019).
	63.	 Glazier, A. et al. Regulation of ion transport and energy metabolism enables certain coral genotypes to maintain calcification under 

experimental ocean acidification. Mol. Ecol. 29, 1657-1673 (2020).
	64.	 Vidal-Dupiol, J. et al. Genes related to ion-transport and energy production are upregulated in response to CO2-driven pH 

decrease in corals: New insights from transcriptome analysis. PLoS One 8, e58652 (2013).
	65.	 Godinot, C., Ferrier-Pagès, C., Sikorski, S. & Grover, R. Alkaline phosphatase activity of reef-building corals. Limnol. Oceanogr. 58, 

227–234 (2013).
	66.	 Warner, M. E., Fitt, W. K. & Schmidt, G. W. Damage to photosystem II in symbiotic dinoflagellates: A determinant of coral 

bleaching. Proc. Natl. Acad. Sci. U. S. A. 96, 8007–8012 (1999).
	67.	 Jing, H. et al. Transcriptomics and metabolomics reveal the molecular and metabolic adaptation to heat stress in Manila clam 

ruditapes philippinarum. Front. Mar. Sci. 10, 1204598 (2023).
	68.	 Maor-Landaw, K. et al. Gene expression profiles during short-term heat stress in the red sea coral Stylophora pistillata. Glob. 

Change Biol. 20, 3026–3035 (2014).
	69.	 Ezzat, L., Towle, E., Irisson, J. O., Langdon, C. & Ferrier-Pagès, C. The relationship between heterotrophic feeding and inorganic 

nutrient availability in the scleractinian coral. Reniformis under a short-term temperature increase. Limnol. Oceanogr. 61, 89–102 
(2016).

	70.	 Grover, R., Maguer, J. F., Allemand, D. & Ferrier-Pagés, C. Nitrate uptake in the scleractinian coral Stylophora pistillata. Limnol. 
Oceanogr. 48, 2266–2274 (2003).

	71.	 Downs, C. A. Cellular diagnostics and its application to aquatic and marine toxicology. Techniques Aquat. Toxicology 2, (2005).
	72.	 Louis, Y. D. et al. Local acclimatisation-driven differential gene and protein expression patterns of Hsp70 in Acropora muricata: 

implications for coral tolerance to bleaching. Mol. Ecol. 29, 4382–4394 (2020).

Scientific Reports |        (2025) 15:28065 10| https://doi.org/10.1038/s41598-025-12130-3

www.nature.com/scientificreports/

https://doi.org/10.12688/f1000research.23297.1
https://doi.org/10.1101/2021.06.03.446934
https://doi.org/10.1101/2021.06.03.446934
http://www.nature.com/scientificreports


	73.	 Rosenzweig, R., Nillegoda, N. B., Mayer, M. P. & Bukau, B. The Hsp70 chaperone network. Nat. Rev. Mol. Cell Biol. 20, 665–680 
(2019).

	74.	 Levy, S. et al. A stony coral cell atlas illuminates the molecular and cellular basis of coral symbiosis, calcification, and immunity. 
Cell 184, 2973–2987e18 (2021).

	75.	 Barott, K. L., Perez, S. O., Linsmayer, L. B. & Tresguerres, M. Differential localization of ion transporters suggests distinct cellular 
mechanisms for calcification and photosynthesis between two coral species. American Journal of Physiology-Regulatory, Integrative 
and Comparative Physiology 309, R235–R246 (2015).

	76.	 Zoccola, D. et al. Coral carbonic anhydrases: regulation by ocean acidification. Mar. Drugs. 14, 109 (2016).
	77.	 Mass, T. et al. Cloning and characterization of four novel coral acid-rich proteins that precipitate carbonates in vitro. Curr. Biol. 23, 

1126–1131 (2013).
	78.	 Drake, J. L. et al. Proteomic analysis of skeletal organic matrix from the stony coral Stylophora pistillata. Proc. Natl. Acad. Sci. U S 

A. 110, 3788–3793 (2013).
	79.	 Zou, Z., Xie, J., Macías-Sánchez, E. & Fu, Z. Nonclassical crystallization of amorphous calcium carbonate in the presence of 

phosphate ions. Cryst. Growth Des. 21, 414–423 (2021).
	80.	 Mass, T. et al. Amorphous calcium carbonate particles form coral skeletons. Proc. Natl. Acad. Sci. 114, E7670–E7678 (2017).
	81.	 Kinsey, D. W. & Davies, P. J. Effects of elevated nitrogen and phosphorus on coral reef growth. Limnol. Oceanogr. 24, 935–940 

(1979).
	82.	 Simkiss, K. Phosphates as crystal poisons of calcification. Biol. Rev. 39, 487–504 (1964).
	83.	 Godinot, C., Grover, R., Allemand, D. & Ferrier-Pagès, C. High phosphate uptake requirements of the scleractinian coral Stylophora 

pistillata. J. Exp. Biol. 214, 2749–2754 (2011).

Acknowledgements
We thank George Clarke and Robbie Robinson for their assistance with the aquarium system and measurement 
of nutrients during the duration of this experiment. Additionally, we thank M. Loreto Mardones for her aid with 
initial coral measurements and Jack Wells for his aid with physiological measurements and basic husbandry dur-
ing the experiment. We acknowledge the use of the IRIDIS High Performance Computing Facility, and associat-
ed support services at the University of Southampton, in the completion of this work. This work was funded by 
the European Research Council grant 884650 (to GLF) and the Natural Environment Research Council (NERC) 
NE/T001364/1 (to JW & CDA).

Author contributions
Experimental and conceptual designs: CD, JW, GLF, TMP. Methodology: TMP, CD, JW, GLF. Data analyses: 
TMP, CD, JW, GLF. Supervision: CD, JW, GLF. Writing—original draft: TMP. Writing—review & editing: TMP, 
CD, JW, GLF.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​1​2​1​3​0​-​3​​​​​.​​

Correspondence and requests for materials should be addressed to T.M.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |        (2025) 15:28065 11| https://doi.org/10.1038/s41598-025-12130-3

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-025-12130-3
https://doi.org/10.1038/s41598-025-12130-3
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Changes in host gene expression patterns underpin responses of the coral ﻿Stylophora pistillata﻿ to nutrient stress
	﻿Materials and methods
	﻿Experimental design
	﻿Symbiont photosynthetic efficiency and density
	﻿Growth and calcification
	﻿Total RNA extraction and sequencing
	﻿Bioinformatic analyses
	﻿Gene expression analysis


	﻿Enrichment analysis
	﻿Statistical analysis

	﻿Results
	﻿Consequences of short-term nutrient treatments to the coral host and symbionts
	﻿Differential transcriptomic response of the coral host is driven by phosphate

	﻿Discussion
	﻿References


