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Abstract  Exposure to more frequent ocean warming 
events is driving the loss of coral reef cover as the window 
of recovery between episodes of bleaching reduces. Coral 
propagation via in situ nurseries and subsequent outplanting 
have increased worldwide to support replenishing 
coral cover on degraded reefs. However, challenges in 
identifying fast-growing and bleaching-resistant target 
corals have limited how informative we can be regarding 
the resilience of outplanted corals. Here, we employed 
short-term thermal stress assays using the Coral Bleaching 
Automated Stress System (CBASS) to assess the thermal 
threshold of a fast-growing coral pre- and post-propagation 
on in situ nursery frames. We show that year-long nursery-
propagated corals exhibit a statistically significant reduction 
in thermal  thresholds  (i.e., ED50s) compared to their 
corresponding reef-based donor colonies based on dose–
response modelling of dark acclimated photosynthetic 
efficiency. RNA-Seq was then used to assess the underlying 

drivers of this thermotolerance reduction, identifying 
that processes involved in metabolic and oxidative stress 
management were disrupted in nursery versus donor heat-
treated corals. Whether trade-offs during potential growth-
focused phases (post-fragmentation), nursery conditions, 
and/or a consecutively high summer heat-load drove the 
lower thermal capacity remains to be determined. However, 
nursery corals expressed genes associated with telomere 
maintenance, which are typically expressed in stress-
sensitive fast-growing corals under seasonal environmental 
stress, suggesting consecutively high summer heat-loading 
contributed to the observed patterns. Our results highlight 
that thermal tolerance is (i)  variable and (ii) subject to 
acclimation to varying degrees across colonies. Thus, a path 
forward for reef practitioners to improve propagation efforts  
may entail the initial screening of a larger reef population 
from which thermally superior colonies can be selected for 
propagation.

Keywords  Heat stress · Climate change · Bleaching · 
Nursery propagation · Coral restoration · RNA-Seq

Introduction

In recent decades, ocean warming events and disease 
outbreaks have resulted in a rapid decline of coral reef 
populations worldwide at a rate at which natural recovery 
alone is likely ineffective in maintaining healthy-functioning 
reefs (Hughes et al. 2018; Kleypas et al. 2021; Ortiz et al. 
2018). Even under optimistic scenarios of ~ 1.5 °C global 
warming, only 10–30% of coral reefs are predicted to 
survive by the end of the century (Cheung et  al. 2021; 
Intergovernmental Panel on Climate Change (IPCC) 2022; 
Smale et al. 2019). Such a dire outlook for coral reefs has 
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motivated intensive efforts to implement active restoration 
interventions in a bid to enhance existing reef management 
towards rehabilitating damaged or degraded reef ecosystems 
(Anthony et al. 2017; Boström-Einarsson et al. 2020; Shaver 
et al. 2022; van Oppen et al. 2017).

Various active restorative approaches have been 
developed, spanning selective breeding, larval reseeding, 
artificial structure deployment, and transplantation of coral 
colonies (Bayraktarov et al. 2019; Boström-Einarsson et al. 
2020; van Oppen et al. 2017; Voolstra et al. 2021a, b). 
Among these methods, propagation-based techniques have 
gained widespread popularity as a means to generate coral 
biomass faster than natural recruitment allows (Boström-
Einarsson et al. 2020), including leveraging accelerated 
growth stimulated by micro-fragmentation (Forsman et al. 
2015; Rinkevich 2000) and by high-flow nurseries (e.g. 
(Nuñez Lendo et al. 2023). Typically during propagation, 
wild donor coral colonies are fragmented and grown either 
on an in situ nursery structure or in a land-based facility. 
Once fragments reach an optimal threshold size, they 
are outplanted onto sites that are degraded or areas with 
reduced coral cover (e.g. Hein et al. 2020; Howlett et al. 
2022). Propagation-based restoration has now been initiated 
in every reef bioregion to support diverse restoration 
goals (Boström-Einarsson et al. 2020), but only relatively 
recently on the Great Barrier Reef (GBR) where in situ 
nursery propagation of corals has been adopted by tourism 
operators across multiple ‘high value’ sites to support local 
stewardship of high-value reef sites (Howlett et al. 2022; 
Suggett et al. 2023) to accelerate reef recovery or retain site 
health (Roper et al. 2022).

Evidence to date suggests in  situ coral nurseries can 
yield relatively high survivorship on an annual basis, but 
variability in growth rates exist between coral species 
(Boström-Einarsson et al. 2020; Howlett et al. 2021; Suggett 
et al. 2019). Most nursery propagation programmes have 
predominantly focused on genera of fast-growing branching 
corals (including those with branchlet-forming plates) which 
also readily fragment, for example the genus Acropora 
(Boström-Einarsson et al. 2020; Madin et al. 2023). In some 
cases, such logistically desirable traits have been associated 
with a greater susceptibility to thermal stress (Lirman et al. 
2011; Loya et al. 2001; McClanahan 2004) where an enhanced 
growth rate can result in trade-offs, e.g. limited energy for 
processes related to stress mitigation (Carturan et al. 2022; 
Cornwell et al. 2021; Cunning et al. 2015; Hazraty-Kari et al. 
2023; Morikawa & Palumbi 2019). Prior stress-hardening, for 
example via thermal preconditioning (DeMerlis et al. 2022; 
Majerova et al. 2021; Martell 2022; Putnam and Gates 2015) 
or microbiome manipulation (Damjanovic et al. 2019; Peixoto 
et al. 2019, 2021), of such fast-growing corals is now under 
development. However, some naturally occurring individuals 
and populations have already been observed to exhibit greater 

thermal bleaching resistance irrespective of their relatively 
fast growth rates and represent an ideal genetic resource for 
immediate selective propagation or breeding (i.e. assisted gene 
flow methods; Cunning et al. 2021; Evensen et al. 2022; Lachs 
et al. 2023; Morikawa & Palumbi 2019; Palacio-Castro et al. 
2023; Riegl et al. 2011; Voolstra et al. 2021a, b). These corals 
are thought to grow and mature faster, and facilitate a more 
rapid adjustment of individuals to a changing environment. 
Tracking natural bleaching events can provide an opportunity 
to identify such bleaching-resistant individuals within a coral 
population (Barott et al. 2021); however, a more rapid means 
of screening for such individuals is required to drive more 
time-effective active restoration programmes and avoid cases 
when environmental conditions provide thermal refuge rather 
than enhanced tolerance (Gardner et al. 2019).

The Coral Bleaching Automated Stress System (CBASS) 
was recently developed to rapidly resolve fine-scale differences 
in the coral thermotolerance via short-term acute heat stress 
assays (Evensen et al. 2021; Voolstra et al. 2020; Voolstra et al. 
2021a, b). While CBASS can be used to screen coral colonies 
with superior thermal tolerance as targets for restoration, it is 
unclear whether corals actually retain their thermal tolerance 
after an in situ nursery propagation phase (Cunning et al. 
2021). In partnership with the Coral Nurture Program (CNP), a 
tourism-research restoration initiative on the GBR (Australia) 
we investigated whether any changes to the initial assessment 
of the coral thermal threshold occurred after propagation 
of a fast-growing key reef-building coral species, Acropora 
hyacinthus, on in situ nursery frames. Here, we applied the 
CBASS to coral fragments from donor colonies originating at 
Opal Reef (Northern GBR), a CNP site that has been the focus 
of intensive coral propagation and restoration (Howlett et al. 
2022, 2023; Suggett et al. 2023). A subset of fragments was 
then attached to a nursery frame adjacent to the collection site, 
i.e. an in situ coral nursery. After one year of propagation, the 
CBASS was performed on the nursery-propagated corals and 
the thermal threshold was compared to their donor colonies 
assessed the previous year. Notably, during the propagation 
phase, there was a consecutively high summer heat-load (> 4 
degrees heating weeks; DHW) and a cyclone. Measurements 
of maximum photosystem II quantum yield were used to show 
how the coral thermal threshold (by means of effective dose 50 
(ED50) scores, i.e. standardised thermal thresholds; (Evensen 
et al. 2021; Voolstra et al. 2020) significantly reduced after the 
nursery propagation phase despite survivorship and apparent 
growth. To elucidate these alternate thermal thresholds, RNA-
Seq analysis was performed to compare the differences in heat 
stress responses pre- and post-propagation.
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Materials and methods

Coral samples and site location

Opal reef on the great barrier reef (GBR) has been a ‘high-
value’ site of focus for coral restoration as part of the Coral 
Nurture Program (CNP) since 2018 (Howlett et al. 2021). 
The CNP has planted over 100,000 corals (https://​www.​
coral​nurtu​repro​gram.​org/​activ​ity-​to-​date), but to-date, 
preferential selection of corals based on differences in 
thermal resilience has not been done. To assess how such 
an approach could be integrated into restoration practitioner 
activities such as that of the CNP, we undertook a year-long 
study focusing on a fast-growing tabular coral species used 
within the CNP restoration activities, Acropora hyacinthus 
(Nuñez Lendo et al. 2023). In February 2021, five parent 
(i.e. donor) colonies of A. hyacinthus were sampled for 
partial colonies (< 30 cm in diameter) from a back reef site 
with a depth of 4–6 m named Mojo (16° 12.390’ S 145° 
53.892’ E; Fig. 1) on Opal Reef. Sample collection consisted 
of colonies at least 5 m apart to minimise the potential of 
sampling clonal genotypes (Baums et al. 2006). Partial 

colonies were further fragmented (5–8 cm in diameter), and 
a subset of these fragments (n = 5 genets per treatment tank, 
a total of 20) was used in thermal tolerance assessment using 
a rapid, acute heat stress assay (Evensen et al. 2023; Voolstra 
et al. 2020), while the remaining 20 fragments were attached 
to a CNP nursery frame (ca. 5 m depth) as described in 
Howlett et al. (2021) and tracked using tags and photographs 
(Olympus Tough TG-6). All fragmentation, assembly and 
deployment of coral nurseries were conducted under permit 
G18/40023.1 issued by the Great Barrier Reef Marine Park 
Authority. In February 2022, nursery fragments (i.e. new 
nursery partial colonies) were re-sampled and fragmented 
into a new subset of fragments (< 5 cm in diameter) for a 
repeat heat stress assay to compare the thermal tolerance 
threshold of the nursery-propagated (2022) and their 
corresponding donor (2021) colonies. Unfortunately, the 
tags identifying the donor colonies were lost as a result of a 
cyclone and re-sampling was not possible in 2022. As such, 
the comparison here is simply nursery material at time zero 
(donor 2021) versus a year-long propagation phase (nursery 
2022) without an on-reef (donor) control, which is discussed 
later.

Fig. 1   Map of study site on Mojo, Opal Reef, Great Barrier Reef, 
Australia. Red box indicates the study site (Opal Reef), and the 
yellow box shows photographs of an example Acropora hyacinthus 
donor colony and the corresponding partial colonies propagated on 
the in situ nursery frame located at the back reef site on Opal Reef. 

Note, the nursery frame was positioned within 30  m of the donor 
collection site at a similar depth. Blue points on map represent 
reference reefs from the Global Distribution of Coral Reefs dataset 
(UNEP-WCMC, WorldFish Centre, WRI, TNC 2021) and were 
plotted using reefMapMaker (Hume and Voolstra 2021)

https://www.coralnurtureprogram.org/activity-to-date
https://www.coralnurtureprogram.org/activity-to-date
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Coral Bleaching Automated Stress System (CBASS) 
experimental design and setup

We used the previously established Coral Bleaching 
Automated Stress System (CBASS) for the heat stress assays 
(Voolstra et al. 2020; Voolstra et al. 2021a, b). Fragments 
were transferred directly into the CBASS experimental tanks 
(n = 5 genets per tank) without any acclimatisation time 
and randomly assigned to 1 of 4 temperature treatments: 
baseline (ambient temperature; 30 °C) which was close to 
the local historical maximum monthly mean temperature 
(MMM; 29 °C, determined by averaging climatology data 
between 1985–2012 from the NOAA Coral Reef Watch 
5 km database for the Opal Reef site; (Liu et al. 2014)) and 
three heat treatments at + 3 °C, + 7 °C and + 9 °C above 
baseline. Note, baseline temperature was slightly higher 
than the historical MMM typically used for CBASS to 
take into consideration the much greater ‘Degrees Heating 
Weeks’ (DHW) experienced in the most recent decade 
and push the surviving corals to their thermal limit (Fig. 
S6a). In 2021, due to an overload of the power supply, only 
three temperature treatments were achieved: 30 °C, 33 °C 
and 37 °C. In 2022, the following four temperatures were 
selected to ensure comparability with 2021: 30 °C, 33 °C, 
37 °C and 39 °C. The additional temperature treatment 
(39 °C) in 2022 was important to use for more accurate 
modelling of the dose–response curves as described in 
following sections. A further modified ‘basic’ CBASS setup 
(i.e. lacking automatic temperature controllers and chillers) 
used for this project (across both years) was a portable 
and low-cost design created to be feasible for use by reef 
practitioners globally (Evensen et al. 2023). Each treatment 
tank consisted of a 21-L flow-through tank connected 
to an independent sump, supplied with native seawater 
(Eheim CompactON 5000 L/hr) and fitted with a 600 L/
hr powerhead (Aqua One Moray 360) to circulate water 
(Fig. S1). A standardised temperature profile coordinated to 
the local diel cycle was applied as per Voolstra et al. (2020). 
The 18-h profile consisted of a 3-h ramp up to the desired 
treatment temperature, 3-h hold, 1-h ramp down to baseline 
temperature and then maintained at baseline temperature for 
an overnight recovery phase (11 h; Fig. S2). The temperature 
of each sump was controlled with a custom-made titanium 
bar heater connected to a thermostat and temperature probe. 
During ramping and cool-down periods, temperature was 
also monitored manually with a handheld temperature 
probe (Multimeter 340 WTW, Weilheim, Germany), and 
manual water adjustments of the sump were performed 
to help maintain the targeted temperature. Seawater was 
supplied to the treatment tanks using a pump (Eheim 
CompactON 2500 L/hr) at a rate of approximately 0.6 L/
min (turnover ~ 1.7 h). Seawater was circulated within each 
tank using a submersible powerhead (Aqua One 320 lph), 

and temperature and light were continuously measured using 
inter-calibrated HOBO™ Pendant Data Loggers (5-min 
interval, Microdaq, USA). Across all tanks irradiance was 
set as 350 μmol quanta m−2 s−1 (white Hydra 52 HD LED, 
Aqua Illumination, Ames, IA, USA) as measured with a 4π 
LI-190SA Quantum Sensor (LI-COR, Lincoln, NE, USA).

Pulse amplitude modulated (PAM) f luorometry 
(Diving-PAM underwater f luorometer; Heinz Walz 
GmbH, Effeltrich Germany) was used to determine the 
dark acclimated maximum photosynthetic efficiency 
of PSII (Fv/Fm) of the coral symbiotic algae, typically 
used as a proxy of coral bleaching (Evensen et al. 2021; 
Ralph et al. 2015; Voolstra et al. 2021a, b; Warner et al. 
1996). All fragments were dark acclimated for at least 1 h 
prior to measurements post-ramp down, i.e. 7 h into the 
experiment. All measurements were standardised using a 
fibre optic adaptor at a constant distance from the coral 
(3 mm) and consisted of three replicates per fragment from 
the exposed tip to the base to capture the variation in light 
acclimation (Suggett et al. 2022). Optimised PAM settings 
were used as follows: measuring light intensity = 8, 
saturation pulse intensity = 11, saturating width = 0.8, 
damp = 2, and gain = 4. Fragments from baseline, + 3 °C 
and + 7 °C treatment were then sampled at 18 h (end of 
experiment) for gene expression (RNA-Seq) analyses by 
flash-freezing in liquid nitrogen. Due to the limited sample 
number for this project, destructive sampling for RNA-Seq 
was taken at the end of the experiment rather than directly 
after the heat stress exposure (7 h into profile). Therefore, 
the transcriptional response may miss some key transient 
heat stress gene regulation.

RNA extraction and sequencing

Total RNA was extracted using the Ambion PureLink RNA 
Mini kit (Thermo Fisher Scientific, Australia). Coral tissue 
was air-brushed from frozen fragments held in sterile zip-
lock bags on dry ice using 200 µl of ice-cold 0.2 µm filtered 
seawater. The tissue slurry was then added to 1 mL of TRIzol 
and homogenised using a bead beater at 50 Hz for 1 min. 
The homogenate was then processed through a QIAshredder 
tube (Qiagen, Germany), centrifuged at 12,000 g for 5 min 
and added to 160 µl bromochloropropane. This mixture 
was then processed through the Ambion PureLink RNA 
Mini Kit with PureLink DNase (Ambion, Texas) following 
manufacturer’s protocol. RNA quality and quantity was 
evaluated using gel electrophoresis (18S and 28S bands) and 
spectrophotometry (NanoDrop), respectively. Total RNA for 
each sample was shipped to generate 2 × 150 bp paired end 
mRNA libraries. Sequencing was performed on the NovaSeq 
6000 platform. RNA-Seq data are available under NCBI 
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BioProject PRJNA1011835 (available at https://​www.​ncbi.​
nlm.​nih.​gov/​biopr​oject/​PRJNA​10118​35).

RNA‑Seq analysis

Demultiplexed reads were quality-checked using FASTQC 
(Andrews 2010) before and after read trimming with 
Trimmomatic v0.38 (Bolger et  al. 2014) to remove 
Illumina adapters, low-quality reads and reads shorter 
than 50 bp. Each read was scanned using a 4-base window 
and cut if the quality of Phred score dropped below 15 
(SLIDINGWINDOW: 4:15). Leading and trailing bases were 
removed if quality dropped below a score of 3 (LEADING:3 
TRAILING:3). Each sample retained > 89% of paired end 
read counts (Table S1). Trimmed reads were then mapped 
using STAR 2.7.10b (Dobin et al. 2013) to the reference 
genomic gene set (n = 23,148 genes) of A. hyacinthus 
(Shinzato et al. 2021; available at https://​marin​egeno​mics.​
oist.​jp/). Read counts were quantified using the STAR—
quantMode GeneCounts. Samples with < 5 million mapped 
reads, a typical read depth threshold for reliable statistical 
power in differential expression (Conesa et  al. 2016), 
were not considered for downstream analysis, resulting 
in the loss of one sample from + 3 °C and most of + 7 °C 
(therefore, all + 7 °C samples were not considered) as given 
in Table S1. Aligned reads were assembled into transcripts, 
and the abundance estimates of transcripts associated with 
genes were calculated using StringTie (Pertea et al. 2015). 
Count data were considered the coral host as the reference 
genome was sequenced from samples of aposymbiotic coral 
sperm (Shinzato et al. 2021); therefore, no further taxonomic 
filtering was applied. To visualise general patterns of gene 
expression, variance-stabilising transformed counts were 
used for principal component analysis (PCA) and plotted 
using the R package ggplot2 (Wickham 2016). Differential 
gene expression analysis based on the raw count data was 
performed using the R package DESeq2 (Love et al. 2014). 
Normalisation for sequencing depth was applied through the 
DESeq2 dispersion function. Wald testing for significance 
difference of coefficients with a negative binomial general 
linear model (GLM) was applied in DESeq2. P values were 
corrected using Benjamini–Hochberg (BH) at a default 
false discovery rate (FDR) cut-off of 0.05 (Table S2). Gene 
ontology (GO) enrichment analyses for all differentially 
expressed gene (DEG) lists were performed using the 
R package TopGO (Alexa & Rahnenführer 2019) with a 
recommended weighted Fisher p value cut-off of < 0.001. 
Venn diagrams of the common and unique DEGs 
between comparisons were created using the R package 
ggVennDiagram (Gao et  al. 2021). The EggNOG v5.0 
ortholog database by EMBL Data Library was used to 
annotate the reference genomic gene set (Huerta-Cepas 
et al. 2019) on the coding sequence level and infer functional 

annotation of DEGs. Heatmap table of GO-enriched terms 
across comparison groups was created using the R package 
ggplot2 (Wickham 2016), displaying manually curated 
categories. Note that the more general GO-enriched terms 
were not included, see Data S1 for the complete list. All 
scripts can be accessed on GitHub at https://​github.​com/​
Rache​lCAld​erdice/​CBASS_​Nurse​ry.

DNA extractions and Symbiodiniaceae ITS2 
amplification

Frozen coral fragments were processed as per (Grima et al. 
2022), by air-picking with 10 mL of phosphate-buffered 
saline (PBS; using 3 tablets/100 mL) to remove the tissue 
from the skeleton. Resulting slurry was poured into 15-mL 
tubes and centrifuged for 5 min at 4 °C with 3500 RPM to 
separate the symbiont and host fractions. Algal symbiont 
pellets were stored at -80 °C until DNA extraction was 
performed. Total DNA was extracted from a fragment of 
each donor colony (n = 5 genets, independent fragments 
from RNA samples) using the DNeasy PowerPlant Kit 
(Qiagen, Germany) following manufacturer’s instructions 
with modifications as per (Camp et al. 2019). Polymerase 
chain reaction (PCR) amplification of the internal 
transcribed spacer 2 (ITS2) region was performed using the 
primers ITSintfor2 and ITS2-reverse and following the PCR 
conditions of (Arif et al. 2014). For individual reactions, 
1 μL of DNA was added to 12.5 μL Qiagen Mix, 0.4 μM 
each forward and reverse primers, and volume adjusted 
to 25 μL with DNase-free water. To visualise successful 
amplification, 3 μL of each PCR product was run on a 1% 
agarose gel for 40 min at 80 V. Samples were sequenced 
by the Australian Genome Research Facility using 250 bp 
paired end sequencing on a MiSeq instrument (Illumina).

ITS2‑based Symbiodiniaceae profiling

ITS2 sequences were submitted to SymPortal for quality 
control and ITS2-type profile analysis (https://​sympo​
rtal.​org) as described in Hume et  al. (2019). In brief, 
Symbiodiniaceae genera were identified through BLAST 
querying a database containing representatives of each 
Symbiodiniaceae genus;    subgeneric ITS2-type profiles 
were designated by SymPortal based on the presence and 
abundance of the ITS2 sequences across samples and within 
the SymPortal database. These profiles were characterised 
by unique combinations of defining intragenomic variants 
(DIVs). Refer to Data S2 for SymPortal ITS2-type profiles 
output file;  all other output files are available at https://​
zenodo.​org/​record/​84316​68.

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1011835
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1011835
https://marinegenomics.oist.jp/
https://marinegenomics.oist.jp/
https://github.com/RachelCAlderdice/CBASS_Nursery
https://github.com/RachelCAlderdice/CBASS_Nursery
https://symportal.org
https://symportal.org
https://zenodo.org/record/8431668
https://zenodo.org/record/8431668
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Thermal threshold assessment

Temperature tolerance thresholds were determined, for 
both nursery-propagated fragments (2022) and their 
corresponding donor colonies (2021), as the mean 
temperature (across all genets) at which Fv/Fm dropped to 
50% of the value measured at baseline temperature, here 
defined as the Effective Dose 50 or ED50 (Evensen et al. 
2021) using the DRC package in R (Ritz et al. 2015). Note 
that the average holding temperatures were rounded for 
simplicity in reporting, while the more accurate values were 
used for modelling: 30.3 °C, 33.2 °C, 36.7 °C, and 39.1 °C. 
Given failure to achieve the highest temperature treatment 
of the heat stress assay in 2021, the corresponding colony 
data from the highest temperature in 2022 was used to model 
the 2021 data. In the case of hypothetically higher Fv/Fm 
values for this temperature in 2021, we also modelled the 
Fv/Fm data using 0.15 (an arbitrary value) rather than values 
closer to zero to assess how conservative the approach was 
(Fig. S3). Using Fv/Fm values closer to zero was a more 
conservative modelling approach regarding the extent 
in which the mean ED50 differed between donor versus 
nursery-propagated corals. In both cases, mean ED50s were 
significantly different between donor and nursery corals. 
Statistical differences of ED50s were assessed via Welch’s 
unequal variances (two-tailed) t test with genotype-based 
ED50s as the response variable and treatment (i.e. one year 
in nursery) as the respective factor (Table S3). The script and 
data are available at https://​github.​com/​Rache​lCAld​erdice/​
CBASS_​Nurse​ry.

Environmental data

Seawater temperature was monitored at both the nursery 
(~ 80 m away from nursery corals, ca. 5 m depth) and the 
reef collection site using HOBO™ Pendant Data Loggers 
(30-min interval, Microdaq, USA) during only the last three 
months of propagation given failure of HOBO™ loggers 
(Fig. S4). Thus, remotely sensed sea surface temperature 
(SST) from the GIOVANNI online system for satellite-
derived data maintained by NASA (http://​disc.​sci.​gsfc.​
nasa.​gov/​giova​nni) was extracted to provide a time-series 
of monthly area-averaging SST bound to 145.92E, 16.36S, 
145.96E, and 16.32S (and hence capturing the entire study 
area around Opal Reef of ca. 30 km2) between October 
2020 and April 2022 (Fig. S5) to include months prior to 
stress testing in both years. Degrees Heating Weeks (DHW) 
determined from the NOAA Coral Reef Watch daily global 
5 km satellite database as a product of accumulating coral 
bleaching hotspots greater than 1 °C over a 12-week window 
was also extracted to support the consecutively high summer 
heat-load in 2020–2021 and 2021–2022 (Liu et al. 2014).

Results

Reduced coral  bleaching thermal thresholds  after one 
year in situ propagation with a consecutively high 
summer heat‑load

To assess a putative effect of the nursery propagation phase 
on their thermal threshold, we ran short-term heat stress 
assays using the CBASS on Acropora hyacinthus colonies 
collected from a Northern GBR reef site in 2021 (donors) 
and compared their values to corresponding nursery-
propagated fragments in 2022 (i.e. the same colonies which 
had been propagated on an in situ coral nursery frame for 
one year). We subsequently determined the effective dose 
50 (ED50) thermal threshold to obtain a standardised 
measure of coral thermal tolerance based on photosynthetic 
efficiency (Fv/Fm) of the coral symbiotic algae. Despite 
growth and no visible paling of the nursery coral tissue 
(Fig. S7), ED50Fv/Fm thresholds were notably lower after one 
year on the in situ nursery frames (donor = 37.26 °C ± 0.09 
versus nursery = 36.44 °C ± 0.24 [mean ± SE]; Fig. 2c). 
This difference was significant despite the small sample 
size (n = 5 genets; t = 3.24, df = 5.08, p value = 0.02). The 
variance in Fv/Fm values along the slope (specifically 
at 37 °C) of the dose–response curve was greater for the 
nursery versus donor corals (Fig. 2b). The mean colony-
based ED50 values did not maintain a similar ranking 
after one year of propagation, i.e. the donor colony with 
the highest ED50 was not the colony that had the highest 
ED50 after propagation (Fig. S8). Notably, average monthly 
sea surface temperatures for both years (2021 and 2022) 
exceeded the historical MMM for this site during the summer 
months. This was also reflected by the ‘Degrees Heating 
Weeks’ (DHW, i.e. accumulation of greater than 1 °C over a 
12-week window) reported for the Northern GBR exceeding 
4 DHW, a threshold which typically induces heat stress and 
coral bleaching, in January and February for both years (Fig. 
S5 and S6). ITS2-based Symbiodiniaceae profiling using 
the SymPortal analytical framework (Hume et al. 2019) 
identified uniform symbiont algal assemblage across donor 
corals, with samples associated with Cladocopium (C3k/
C50a-C3-C3ba-C50q-C50f-C3dq). However, whether the 
nursery corals maintained the same profile post-propagation 
remains undetermined.

To further explore differences between the heat stress 
responses of in situ pre- and post-nursery-propagated coral, 
we evaluated the expression profiles of transcripts mapped 
to A. hyacinthus genomic gene set (n = 23,148) for baseline 
and + 3 °C samples (+ 7 °C samples were not analysed given 
the low number of mapped reads) using RNA-Seq data. 
Principal component analysis (PCA) revealed that samples 
were separated by genotype, with PC1 explaining 32% of 
the variation, and also whether the sample was a donor or 

https://github.com/RachelCAlderdice/CBASS_Nursery
https://github.com/RachelCAlderdice/CBASS_Nursery
http://disc.sci.gsfc.nasa.gov/giovanni
http://disc.sci.gsfc.nasa.gov/giovanni
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nursery coral, with PC2 explaining 15% of the variation 
(Fig. 2d). In general, the heat treatment of + 3 °C did not have 
a strong effect on the gene expression (as typically found in 
CBASS studies; Savary et al. 2021). However, the heat stress 
response for the nursery corals was more pronounced than 
for the donors as baseline and + 3 °C treated samples from 

the same colony consistently clustered closer together for the 
donors compared to the nursery corals.

Fig. 2   Loss of coral thermotolerance following year-long in  situ 
nursery propagation. a Short-term thermal stress assay profiles 
(CBASS) with respective 3  h heat-hold temperatures at 30  °C 
(baseline/ambient), 33  °C, 37  °C, and 39  °C. Measurements of 
maximum photosynthetic efficiency of PSII (Fv/Fm) of the fragments 
were taken following 1-h dark acclimation as indicated by the grey 
shading, and samples for RNA-Seq analysis were taken at the end of 
the night-time recovery phase. b Log-logistic regression of maximum 
photosynthetic efficiency of PSII (Fv/Fm) in relation to temperature 
for donor and nursery corals with n = 5 genets for each and 

determined ED50 thermal tolerance thresholds as a proxy for coral 
bleaching susceptibility (sensu (Evensen et  al. 2022; Voolstra et  al. 
2020). Solid lines reflect the log-logistic model with 95% confidence 
intervals represented by the shaded areas. c Boxplots of colony-level 
ED50s with asterisks representing significance of p value < 0.05. 
d Principal component analysis (PCA) of 23,148 genes comparing 
all donor (D) and nursery (N) samples across baseline temperature 
and + 3 °C (n = 5 per group, except for 33_D with one less). The x- 
and y-axes indicate the per cent of the variance explained by the first 
and second principal component, respectively
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Corals exhibit a greater stress response 
to heating after year‑long nursery propagation 
with a consecutively high summer heat‑load

To elucidate how the heat stress response of donor corals 
differs following one-year propagation on an in situ nursery, 
we assessed differential gene expression between baseline 
temperature and + 3 °C samples for donor colonies from year 

2021 and corresponding nursery fragments propagated for 
a year in 2022 in which a consecutively high summer heat-
load was experienced (Fig. 3; Fig. S6). In agreement with 
the PCA clustering (Fig. 1d), a greater heat stress response 
was exhibited in the nursery corals compared to the donors 
with 918 and only 42 DEGs  (FDR < 0.05), respectively 
(Fig. 3a, Table S2). When comparing the same temperature 
treatments between donor and nursery-propagated corals, 

Fig. 3   Corals exhibit a different response to heat stress after the 
nursery propagation phase. a Number of differentially expressed 
genes that were up- (white) and down- (grey) regulated for each 
group comparison (30/33 = temperature treatment, D/N = donors 
or nursery-propagated colonies, respectively). b Number (and 
percentage) of differentially expressed (DE) genes at FDR < 0.05 
that were common to or unique between donor and nursery corals 
when comparing heating temperatures (30  °C and 33  °C). c Heat 

map of gene ontology (GO)-enriched terms of differentially 
expressed genes (p value < 0.001). Comparisons (top panel) represent 
30/33 = temperature treatment, D/N = donors or nursery-propagated 
colonies. Categories (left) manually curated for the GO terms (right). 
The colour gradient indicates P values. The smaller the P value is, 
the less likely the observed annotation of the particular GO term to 
a group of genes occurred by chance. White space indicates no GO 
enrichment.



927Coral Reefs (2024) 43:919–933	

1 3

the number of DEGs is more than double that, with the 
highest number of DEGs found expressed between baseline 
temperatures (2391, 47% of total; Fig. 3b), highlighting 
how the greatest difference is between donor and nursery 
corals on a whole as suggested by the PCA analysis. 
Within the baseline temperature comparison, nursery 
corals upregulated functionally annotated genes involved 
in processes associated with histone modifications and 
chromatin remodelling (Table S4).

Examination of DEGs via gene ontology (GO) 
enrichment analysis revealed categorical expression 
patterns for groups comparing the heat treatments between 
and within donor versus nursery corals to assess the 
baseline differences in the response to an in situ nursery 
propagation phase as well as their heat stress response 
(Fig. 3c). Samples at baseline temperature (30 °C) exhibited 
a difference in mitochondrial activity, an immune response, 
iron homeostasis, and the response to starvation with most 
of these DEGs upregulated in donor colonies. Examples of 
gene regulation associated with starvation involved glucose 
sensing via Glucokinase (GCK FClog2 = 1.09, FDR < 0.05; 
Table  S5), gluconeogenesis via phosphoenolpyruvate 
carboxykinase (PCK1 FClog2 = 1.13, FDR < 0.05) and 
nitrogen level signalling via Gamma-aminobutyric acid 
A receptors (GABARAP FClog2 = 1.36, FDR < 0.05), 
whereas samples exposed to + 3 °C were characterised by 
differences in responses to reactive oxygen species (ROS; 
predominantly hydrogen peroxide) and DNA repair. Such 
genes were mostly upregulated in donor colonies and 
included a suite of different antioxidants (e.g. superoxide 
dismutase, glutathione peroxidase, and peroxiredoxin; 
donor vs nursery SOD1, GSHPX, PRDX5 FClog2 = 1.30, 
1.66, 1.93, respectively, FDR < 0.05) and Bcl-2 adenovirus 
E1B (BNIP3 FClog2 = 1.96, FDR < 0.05), which is involved 
in mitophagy (i.e. programmed death of ROS-producing 
mitochondria). No GO enrichment was found in the heat 
stress comparison within donor corals, while for the nursery 
corals, DEGs associated with glycolysis, immunity, and 
different stress responses including protein chaperoning 
and telomere regulation were enriched. Examples of gene 
regulation involved upregulation of Alpha-crystallin B 
chain protein belonging to the small heat shock protein 20 
family (CRYAB FClog2 = 1.71, FDR < 0.05; Table S5) and 
telomere maintaining dyskerin protein (DKC1 FClog2 = 1.13, 
FDR < 0.05) in samples exposed to + 3 °C.

Discussion

Continued degradation of coral reefs worldwide 
and a narrowing window of natural recovery under 
intensifying climate warming calls for the use of active 
restoration approaches, such as coral nursery propagation 

(Boström-Einarsson et  al. 2020; Kleypas et  al. 2021; 
Rinkevich 2008; Smale et  al. 2019). However, nursery 
propagation programmes focusing on fast-growing corals 
have been subject to critique, with many concluding that 
efforts should also consider sexual propagation and how 
stress tolerant the nursery-propagated corals are in order 
to achieve long-lasting reefs rather than only ephemeral 
recovery phases (Côté & Darling 2010; Rinkevich 2015; 
Shaver et al. 2022; Voolstra et al. 2021a, b). The challenges 
in identifying corals which are fast-growing and bleaching-
resistant in an efficient manner at scale has limited our 
ability to predict the resilience of outplants used in 
restoration programmes. Recently, the Coral Bleaching 
Automated Stress System (CBASS; Voolstra et al. 2020), 
a standardised rapid heat stress assay, was applied in coral 
nurseries to explicitly test thermal thresholds of propagated 
colonies in search for those which are more thermally 
tolerant within a population and therefore, more likely to 
sustain a reef (Cunning et al. 2021). The efficiency of coral 
propagation programmes could be improved by preselecting 
coral colonies with known higher thermal tolerance to 
grow in the nursery (Caruso et al. 2021; Lachs et al. 2023; 
Klepac et al. 2024); however, it is unclear whether and to 
what extent thermotolerance varies post-propagation phase. 
Therefore, here we used CBASS to test whether the initial 
thermal threshold assessment of donor corals of the fast-
growing Acropora hyacinthus is retained after a year-long 
nursery propagation phase on in situ reef frames. We found 
the thermal threshold reduced by 0.8 °C after one year of 
growing through consecutive years of high summer heat-
load (> 4 DHW), where the propagated corals expressed 
genes suggestive of a greater sensitivity to even ‘mild’ heat 
stress (i.e. + 3 °C above baseline temperature).

Loss of coral thermotolerance after year‑long 
propagation on in situ nursery frame

Although mostly limited to one or two years of monitoring, 
evidence so far suggests that corals propagated on in situ 
coral nurseries have a relatively high chance of survival 
(> 70%; (Boström-Einarsson et al. 2020), with recorded 
losses often occurring due to detachment, as opposed 
to disease or predation (Bongiorni et  al. 2011; Shafir 
et al. 2006). In agreement, we observed all A. hyacinthus 
nursery corals to survive and exhibit a ‘healthy’ state after 
one year based on their brown coloration and absence of 
paling tissue (Siebeck et al. 2006), and also increase in 
size (diameter; Fig. S5). In terms of heat tolerance, only 
a few recent studies have incorporated heat stress testing 
into their nursery assessments and implied that the heat 
stress response of propagated (Morikawa & Palumbi 
2019) or transplanted (Barott et al. 2021) corals could 
be a relatively fixed trait. For example, donor colonies 
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were subjected to a 3-h heat stress performance test 
and those designated as more heat-tolerant corals were 
reported to propagate seemingly more bleaching-resistant 
nursery corals than less heat-tolerant donors during 
natural bleaching events (Morikawa & Palumbi 2019). 
However, as similar performance tests were not conducted 
on the nursery corals it remained unclear whether their 
capacity to resist thermal bleaching was altered. Here, 
we performed repeated CBASS threshold testing pre- and 
post-propagation and found the thermal threshold of A. 
hyacinthus nursery-propagated corals to be significantly 
reduced by 0.8  °C according to ED50Fv/Fm over the 
propagation process of one year in which a consecutively 
high summer of heat-loading was endured (Fig. 2, Fig. S5 
and Fig. S6).

In general, corals do not cope well with changes in their 
environment (Chen 2021); however, changes in conditions 
created by adjacent in situ coral nursery frames have been 
reported to be minimal or even beneficial to the propagated 
corals (Nuñez Lendo et al. 2023). For example, a multi-trait 
analysis of A. hyacinthus propagated in Opal coral nursery 
frame environments (Nuñez Lendo et al. 2023) identified 
a high growth rate in association with conditions that 
likely promote heterotrophic feeding which is conducive 
to enhancing coral energy reserves (Levy et  al. 2006; 
Wooldridge 2014). Whether such energy would then be 
made available for a coral’s heat stress response remained 
undetermined. However, DEGs associated with a starvation 
response were only upregulated in the donor corals (Fig. 3c) 
suggesting that energy reserves may have been higher in 
the nursery corals or that glucose sensing was dysregulated. 
Many different environmental factors not typically recorded 
in studies, including our study, can impact growth and stress 
tolerance (Suggett et  al. 2019). Temperature is a well-
established determining factor, and even though the nursery 
in question was adjacent to the reef collection site (within 
30 m) arguably exhibiting similar thermal conditions (Fig. 
S4), the overall accumulative warming exceeded 4 DHW in 
both years (Fig. S5 and S6). Notably, such seasonal warming 
did not result in observations of coral bleaching (by the 
CNP tourist operator, John Edmondson, on a weekly basis) 
on the reef or nursery within the year of propagation but 
non-fatal bleaching was observed on the reef after stress 
testing in 2022. Such consecutive years exceeding 4 DHW 
were only ever reported for this reef in 2016–2017 (Fig. 
S6). While we cannot currently verify the specific cause of 
the lowered thermal threshold, it is conceivable that such 
accumulative stress is able to reduce a coral’s capacity to 
manage the acute heat stress during the CBASS stress testing 
(Spady et al. 2022; Travesso et al. 2023). There is evidence 
of lowered thresholds in the form of legacy effects, e.g. 
following episodes of heat stress (Dörr et al. 2023; Evensen 
et al. 2022), highlighting the importance of considering 

more recent as well as historical (1985–2012) local climatic 
data when modelling the heat stress tolerance of nursery-
propagated corals. To better understand whether the change 
in thermal threshold is a result of growth-focused coral 
functioning (post-fragmentation), nursery frame conditions, 
and/or recurrently high annual heat-loading—parallel stress 
testing of the nursery and donor colonies would be an 
important reference to establish in future studies.

Not only was the mean thermal threshold lower after 
propagation, but the individual colony thermal threshold 
ED50s also did not maintain their ranking across tested 
years indicating how the heat stress response can vary 
after a propagation phase and/or high heat-loading when 
energy resource strategies are likely altered (Fig. S8). This 
is in contrast with previous work using a larger sample 
size (n = 27) which reported a strong correlation between 
repeated ED50Fv/Fm values for Acropora cervicornis across 
different seasons within the same year (Cunning et al. 2021). 
Therefore, it would be worthwhile to expand the sample size 
of our study to assess whether it is possible to consistently 
rank groups of corals by their ED50Fv/Fm on an annual basis.

Corals exhibit a greater molecular stress response 
to heating after one year in nursery

In agreement with the overall gene expression patterns 
(Fig. 2d), the largest proportion of differentially expressed 
genes (DEGs) was observed when comparing corals exposed 
to baseline temperature or heat stress (+ 3 °C) between 
donors and the corresponding year-long nursery-propagated 
corals (Fig. 3a). For baseline temperature corals, differences 
were associated with genes involved in mitochondrial 
activity, iron homeostasis and the response to starvation 
(e.g. glucose sensing and gluconeogenesis; Fig. 3c). These 
genes were upregulated in the donor colonies suggesting 
that fundamental processes for survival under metabolic 
pressures were disrupted following the propagation 
phase. In the heat-stressed corals, genes associated with 
oxidative stress, such as antioxidants (e.g. superoxide 
dismutase, glutathione peroxidase, and peroxiredoxin), 
were significantly upregulated in the donor colonies which 
are typically reported in corals under thermal stress (Dias 
et al. 2019; Majerová & Drury 2022). This is not surprising 
given that corals typically express antioxidants under heat 
stress (Cziesielski et al. 2019) and more heat-tolerant corals 
tend to express a higher level of antioxidants (Howells et al. 
2016; Jin et al. 2016; Majerová & Drury 2022). Notably, at 
baseline temperature nursery-propagated corals, compared 
to donor, upregulated DEGs involved in epigenetic processes 
such as histone modifications and chromatin remodelling 
which typically occur in corals in an attempt to respond 
and adapt quickly to environmental stress (Liew et al. 2018; 
Rinkevich 2021). These findings provide evidence for 
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relatively heat stress susceptible nursery-propagated corals 
in terms of metabolic and oxidative stress management. 
However, given that these corals were observed to survive 
and grow in the nursery, resist bleaching (absence of tissue 
paling) under consecutive years of high summer heating (> 4 
DHW) and express genes involved in epigenetic mechanisms 
at baseline temperature indicate a level of heat stress 
resilience in the propagated corals. Therefore, it is important 
to also consider possible non-fatal phenotypic plasticity 
of coral thermal tolerance, i.e. thermal acclimation, when 
tracking the thermal threshold of corals on an annual basis 
in which there is exposure to repeatedly high but not too 
high DHW of 4–8. Such DHW conventional thresholds also 
require further investigation given the changes in heat stress 
frequency and intensity in recent decades. Retesting of the 
donor colonies after the propagation phase would be critical 
to exclude the loss in thermal tolerance to be associated with 
the restoration procedures or setting.

The large difference in the transcriptional response 
between donor and nursery corals was accompanied by 
a greater number of DEGs between baseline temperature 
and heat stress (+ 3 °C) treated nursery corals compared 
to their donors. Such DEGs were functionally annotated 
for genes associated with commonly reported coral stress 
responses including glycolysis, immune signalling and 
protein chaperoning (Alderdice et al. 2022; Barshis et al. 
2013; Cziesielski et  al. 2019), highlighting how even 
under relatively minor heating (+ 3  °C) in the CBASS, 
the nursery corals already elicited a stress response. Of 
particular interest, we also found genes associated with 
the maintenance of telomeres, repeat regions of DNA that 
function to protect chromosomes from damage, which can 
be detrimentally shortened under environmental stress 
(Blackburn et al. 2015). Recent work has reported telomere 
length regulation in more stress-sensitive corals in response 
to seasonal stress (Rouan et  al. 2023). Therefore, such 
telomere regulation in the nursery corals (between baseline 
and during their heat stress response) could support the 
reduction in the ED50Fv/Fm-derived thermal threshold 
between the propagated corals and their donors to be 
greatly influenced by a consecutively high summer heat-
loading stress. Further investigations should more explicitly 
examine the relationship between the extent of telomere 
length regulation, ED50Fv/Fm-derived thermal thresholds, 
and longer-term survival of nursery corals.

Notably, coral genotype appears to be an overall 
consistent driver of the gene expression profiles (Fig. 2d) 
where baseline and heat stress corals cluster relatively 
close together in the PCA analysis. This agrees with many 
previous studies reporting genotype-specific responses to 
different stressors (Barott et al. 2021; Klepac et al. 2023; 
Maneval et al. 2021) and emphasises the need to screen 
a larger number of individuals to identify the individuals 

within coral populations, which will be fast-growing and 
more bleaching-tolerant to thermal stress, serving as the 
most ideal candidates for nursery propagation programmes.

Conclusions

In partnership with the Coral Nurture Program (CNP), 
we used the Coral Bleaching Automated Stress System 
(CBASS) to show that after a year-long in situ nursery 
propagation during a consecutively high summer heat-
load, the fast-growing Acropora hyacinthus can exhibit 
a lower thermal threshold. Subsequent RNA-Seq 
analysis suggests that processes involved in metabolic 
and oxidative stress management were disrupted in the 
nursery versus donor corals, likely attributing to the 
increased thermal sensitivity. Whether trade-offs during 
potential growth-focused phases, nursery condition, and/or 
the consecutive years of high summer heat-loading drove 
the lower thermal capacity remains to be determined. 
However, the nursery corals expressed genes associated 
with telomere maintenance, which are typically expressed 
in stress-sensitive fast-growing corals under seasonal 
environmental stress, suggesting the support of seasonal 
heat-loading to be a key contributing factor in this case. 
Future investigations should consider how telomere length 
and coral thermal thresholds differ across different stages 
of nursery propagation and outplanting. In addition, more 
thorough characterisation of the nursery conditions, 
parallel tracking of donor colonies as well as long-term 
monitoring of nursery-propagated coral transplanted back 
to the field in future studies will help to better understand 
the impact of the in situ nursery propagation process on 
the extent of thermal tolerance. This study ultimately 
emphasises the need for the pre-screening of a larger 
coral population for the most ideal propagation candidates 
which are both fast-growing and more thermally tolerant to 
improve the success rate of rebuilding long-lasting reefs.
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