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Loss of oxygen (O2) from the world’s oceans to physiologically-critical levels (“hypoxia™) is an important, yet
understudied stressor for coral reefs. However, extreme reef-neighbouring ecosystems such as mangrove lagoons
that are routinely subjected to frequent low-pO; exposure (i.e., low partial pressure of O3), high temperature
fluctuations, and low-pH, may be harbouring corals with a higher capacity for oxyregulation, rendering them
more resilient to adapt to life in low-pO, surroundings. We investigated differences in the hypoxic response of the
common reef-building coral Pocillopora acuta following 1-year transplantation between Low Isles reef flat (a
comparatively more stable O3 environment) and Woody Island mangrove lagoon (a more variable and oftentimes
low-pO; habitat), on the Great Barrier Reef. Analysing hypoxia response curves and metabolic function and
physiology, we found that mangrove P. acuta retained attributes for hypoxic tolerance when transferred between
habitats. These corals survived frequent low-pO, exposure (<1.77 mg O, L™1), and although total positive
regulation (Tpos) was similar between all coral populations, mangrove-to-reef transplants exerted their maximum
regulation capacity (Pcmax) at a lower pO; than all other groups, even after 1-year in a more typical Oy envi-
ronment. Gene expression analyses also revealed activation of non-hypoxia inducible factor target pathways in
mangrove corals as an alternative means of anaerobic respiration. The ability of coral populations from extreme
ecosystems to exert maximum regulation capacity at low-pO2 may therefore be a long-term conserved property,
based on greater O, metabolisation, highlighting tolerance of mangrove P. acuta to survive extreme O3 conditions
in this mangrove environment.

1. Introduction critical O3 levels below which a normal physiological state can no longer

be supported (Johnson et al., 2024; Solaini et al., 2010). The tolerance to

Anthropogenic pressures are driving ocean deoxygenation to critical
levels affecting important coastal and oceanic ecosystems. Besides
driving coral bleaching outcomes (Hoegh-Guldberg, 2011), ocean
warming is accelerating the physical loss of soluble oxygen (O3) via
increased water column stratification and Oy demand (Keeling et al.,
2010; Levin, 2018) deteriorating water quality in aquatic habitats (Leiva
et al., 2018; Levin and Breitburg, 2015). Coral reef ecosystems are
particularly at risk from deoxygenation events (Altieri et al., 2021;
Hughes et al., 2020). By 2100, corals are expected to experience up to a
30 % increase in severe exposure to “hypoxia” (Pezner et al., 2023), i.e.,
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acute and chronic hypoxia appears to vary widely between coral taxa (e.
g., Nelson and Altieri, 2019; Hughes et al., 2020; Alderdice et al., 2021;
Johnson et al., 2021; Alva Garcia et al.,, 2022), and in part reflects
different capacities to oxy-regulate under declining Oy conditions
(Dilernia et al., 2024; Hughes et al., 2022). However, the full extent to
which coral taxa can withstand deoxygenation exposure remains un-
clear, and in particular the capacity to acquire and retain greater
tolerance to conditions that are considered hypoxic (<2 mg L™1) (Deleja
et al., 2022; Haas et al., 2014; Hughes et al., 2022; Johnson et al., 2021).

Reef-neighbouring ecosystems such as mangrove lagoons are
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naturally subjected to frequent low-pO. exposure (i.e., low partial
pressure of Og), due to enhanced trapping of organic matter and reduced
water exchange intensifying O, drawdown (Altieri et al., 2021; Camp
et al., 2016, 2018; Scucchia et al., 2023), as well as strong temperature
and pH dynamics (Camp et al., 2016; Haydon et al., 2021) that can reach
values projected under future climate change scenarios (e.g., for the year
2100; IPCC et al., 2023). Recent studies on the Great Barrier Reef (GBR),
using the Woody Island mangrove lagoon as a model extreme habitat,
have shown that coral populations persisting in sub-optimal seawater
conditions exhibit greater resilience to stressors, e.g., via increased
physiological plasticity (Camp et al., 2019; Haydon et al., 2021, 2023;
Ros et al.,, 2021). Such corals appear to have adapted to the more
extreme mangrove lagoon conditions via i) a preferential switch to
heterotrophy, including a trade-off between increased respiration rates
and reduced net photosynthesis (Camp et al., 2019), ii) shifts in coral
microbiome composition with a greater diversity and richness in bac-
terial communities (Haydon et al., 2021), and iii) expression of unique
coral elementomes (Camp et al., 2025). Prior work by Haydon et al.
(2023) also revealed that corals from Woody Isles had higher bleaching
resistance than corals from Low Isles when exposed to a laboratory heat
stress experiment. Interestingly, previous transplantation studies of P.
acuta between the Woody Island mangroves and neighbouring Low Isles
reef flat have shown retention of thermal tolerance in P. acuta mangrove
populations (up to 37.6 °C) when moved from mangrove-to-reef (Roper
et al., 2025). Whether the capacity of specific tolerance to low oxygen
conditions is retained in the extreme corals of the GBR mangrove la-
goons remains to be examined.

In this study, we hypothesised that reef-neighbouring extreme hab-
itats harbour corals that could exhibit a higher capacity for oxy-
regulation — a beneficial trait to survive low-pO, seawater conditions
(Alderdice et al., 2021; Breitburg et al., 2018; Pezner et al., 2023) — with
the aim to understand whether retention of hypoxic tolerance traits are
evidence of a fixed response to surviving in an extreme coral habitat. We
therefore investigated the hypoxia response of the tropical coral P. acuta,
transplanted 1-year prior between the Low Isles reef flat (a compara-
tively more stable environmental system), and Woody Island mangrove
lagoon (routinely subjected to low-pO, conditions conventionally
considered hypoxic) on the GBR. Coral hypoxia tolerance capacity was
determined using hypoxia response curves (HRCs) (or performance
curves) — an assay historically used to parameterise the response of
aquatic organisms under declining O, (Cobbs and Alexander, 2018; De
Mutsert et al., 2015; Tremblay et al., 2020; Zhang et al., 2021) — of both
native and transplanted coral populations in these two habitats, where
we explored which attributes for hypoxia tolerance were retained in
translocated corals. Furthermore, we determined additional metrics of
coral metabolic function and physiology such as respiration rates rela-
tive to gross photosynthesis, as well as coral gene transcription, to
investigate mechanisms contributing to differences in the hypoxia
response of the P. acuta populations. We specifically hypothesised that
P. acuta from the mangrove lagoons would exhibit greater capacity for
oxyregulation and a lower hypoxic threshold relative to populations
originating from the adjoining reef, where O, availability remains
comparatively high.

2. Materials and methods
2.1. Site details and coral fragment collection

Field work was carried out in the Low Isles reef system (~16.388° S,
145.566° E) on the GBR, (Australia), ~15 km from the mainland, with
all data collected between 19th — February 24, 2023. Woody Island
mangrove lagoon (WIML) is characterised as a vegetative mangrove
system, routinely subjected to more extreme temperature variations
(>7 °C) than on the adjoining Low Isles reef flat (LIRF), as well as lower
O, concentrations (<1 mg LY and low pH (<7.5 pH) (Camp et al.,
2019; Haydon et al., 2021). Light intensity between sites are similar,
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with generally only ~5 % higher photon irradiance (PAR; 400-700 nm)
recorded in the mangrove lagoons than on reef flat (Camp et al., 2019;
Ros et al.,, 2021). Additionally, prior genotyping work in Oct 2022
revealed two distinct populations of P. acuta between the two sites, with
strong genetic variation between the two lineages (Duijser et al., 2025).
ITS2 profiling has also revealed that each lineage associates with
different genera of Symbiodiniaceae. Predominantly, the reef popula-
tion associates with Cladocopium, whilst the mangrove P. acuta corals are
mostly associated with the genus Durusdinium (Camp et al., 2019;
Duijser et al., 2025; Ros et al., 2021).

One year prior to this study, colonies of the sub-tropical coral P. acuta
(Lamarck, 1816) had been reciprocally transplanted between WIML and
LIRF attached to aluminium racks using cable ties, which also held
corals from other genera that were not included in this work (see
Fig. 1b). However, an unprecedented heavy rainfall event one month
prior to sampling for this study caused reduced salinity in the northern
bay of the mangrove lagoon where the transplanted corals had been
(Fig. la(i)) (Bartels et al., 2023). Therefore, as none of the existing
“reef-mangrove” or “mangrove-mangrove” transplants could be used
due to evidence of freshwater bleaching, additional P. acuta in the
southern channel of the lagoon (Fig. 1a(ii)) which were unaffected by
this event — likely due to a greater influence from the open ocean cur-
rents (Bartels et al., 2023) — were selected instead. The four transplant
groups targeted were therefore: (i) mangrove-reef (M-R), (ii) wild
mangrove (WM), (iii) reef-reef (R-R), and (iv) wild reef (WR).

In both WIML and LIRF, six native colonies of P. acuta were randomly
selected at a depth of ca. 1.5 m, each at least 5 m apart. Coral fragments
(ca. 5-10 cm length) were collected via SCUBA using wire cutters, and
placed into Ziplock bags for immediate transport back to the surface
support research vessel (Wavelength Reef Cruises). In addition, on LIRF,
M-R transplants (n = 6) and R-R transplants (n = 6) were collected from
the transplantation racks in the same manner as the native fragments
(see Table 1 for full sampling index). Each fragment was further divided
into two, one for photosynthesis-to-respiration (P:R) incubations, and
one for recording of hypoxia response curves (HRCs), in order to
compare net Oy exchange rates and oxyregulatory capacity of trans-
planted corals (M-R and R-R), with origin population controls (WM and
WR). All fragments were inspected and cleared of additional debris prior
to any incubation.

To query differential expression of genes previously implicated in
coral hypoxic stress response (e.g., Alderdice et al., 2021), we took
advantage of an available RNA-Seq dataset from an upcoming study that
analysed coral thermotolerance following the same 1-year translocation
experiment between WIML and LIRF (Roper et al., 2025). Briefly, for
sampling context, the thermal tolerance of eight fragments from each
group (except for WR, n = 7 due to sampling limitations; Table 1) were
tested over 18 h via CBASS acute heat stress assays (sensu Voolstra et al.,
2020; Evensen et al., 2023), at experimental temperatures 30, 33, 36 and
39 °C (for full thermal ramping details, please see (Roper et al., 2025).
Following the final experimental temperature ramp-down, the corals
were removed from experimental tanks and immediately flash frozen for
RNA sequencing analysis. The dataset was comprised of n = 33,730
genes, and differential expression was determined for comparisons be-
tween each group (M-R, WM, R-R, WR), across each experimental
temperature. For expression of hypoxia response pathway genes of in-
terest (GOI) (described below), only samples held at the baseline tem-
perature (30 °C) were interpreted from the RNA-Seq dataset.

2.2. Abiotic characterization

Two in situ Oy loggers were deployed at each study site (WIML and
LIRF). Robust Oz probes (OXROB10-SUB, PyroScience, Germany) were
attached to the SUB-connector optical port of each data logger (Aqua-
pHOx-L-0O2, PyroScience GmbH, Germany) and positioned at relevant
coral depth (attached to the transplantation frames where applicable).
The sensors were cable-tied in position, while the main bodies of the
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Fig. 1. a) map of the study site for Woody Island mangrove lagoon (WIML), and Low Isles reef flat (LIRF) (16.388° S, 145.566° E) on the Great Barrier Reef,
Australia, with 1-year transplanted Pocillopora acuta groups (n = 6), including (i) mangrove-reef (M-R), (ii) wild mangrove (WM), (iii) reef-reef (R-R), and (iv) wild
reef (WR). Coloured dots and arrows denote groups. b) An image of the targeted P. acuta transplants (and other untargeted corals e.g., Acropora sp.) attached to an

aluminium transplantation rack, taken Feb 19, 2023 (P.C. Emma F. Camp).

Table 1

Sampling index for Pocillopora acuta coral fragments collected from Woody Is-
land mangrove lagoon (WIML) and Low Isles reef flat (LIRF), for P:R In-
cubations, and hypoxia response curves (HRCs), as well as additional RNA-Seq
analysis for expression of hypoxia genes of interest (GOI). Table includes sample
ID, date and number of samples collected per analysis, origin of the coral pop-
ulation, location of the corals during sampling (between 2nd-24th February
2023), and coral specimen type (wild control sample or transplanted coral). NB:
n = 6 to 8 per experimental analysis.

ID Date No. of Origin Sample  Specimen
samples
i 22ndFeb n=6HRCs Mangrove LIRF Transplanted mangrove-
23 n=6PR reef (M-R)
2nd Feb n =8 GOI
23
ii 20th Feb n=6HRCs Mangrove WIML Wild mangrove (WM)
23 n=6PR
2nd Feb n =38 GOI
23
iii 19th Feb n=6HRCs Reef WIML Transplanted reef-reef
23 (R-R)
24th Feb n=6PR
23
2nd Feb n =8 GOI
23
iv 21st Feb n=6HRCs Reef LIRF Wild reef (WR)
23 n=6PR
2nd Feb n =7 GOI
23

loggers were secured to lead diving weights. Ambient dissolved oxygen
levels (DO, mg Oy L™Y) and seawater temperature (°C) were monitored
(measuring at 60 s intervals) for the duration of the field sampling. The
AquapHOx-L-O2 loggers were calibrated against 100 % air-saturated
seawater and a 0 % NaySOg solution prior to deployment. Welch’s T-
tests (assuming unequal variance) with Cohen’s d effect size were car-
ried out in RStudio version 4.1.0, Build 421 (R Core Team, 2021), using
installed package “rstatix” version 0.7.2 (Kassambara, 2023a) to eval-
uate differences in the means of the environmental Oy conditions and

temperature between WIML and LIRF. Additionally, histograms dis-
playing the accumulative time spent (%) at each DO level and temper-
ature (as per Camp et al., 2017) were used for inter-site comparisons.

2.3. P:R incubations (experiment 1)

Following fragmentation, corals (n = 6 per incubation, as outlined in
Table 1) were immediately moved to a 10 L tub of fresh seawater
collected from the respective sites. The holding tub was housed onboard
the research vessel, aerated with a submersible water pump (Aqua One
Maxi Water Pump 102, PUMAQU102), and maintained at 29 + 0.5 °C by
a 150 W bar heater (Aqua One Submersible Glass Heater, 230 V/50 Hz)
for ~15 min, to match the in situ temperature (see Section 3.1 for
environmental logger data). Each fragment was secured in a cylindrical,
clear acrylic purpose-made chamber (475 mL), held by expandable
plastic rings to allow space beneath for free-rotation of one 4 x 0.5 cm
magnetic stir bar per chamber (PTFE, ROWE Scientific Pty Ltd).
Chambers were placed inside a purpose-made acrylic incubation frame
with magnetic rotation capacity for each chamber, powered by two
rechargeable 12 V High Rate UPS batteries (9Ah 48W/Cell,
12SB45WHR, Drypower®©). The entire incubation frame and sealed, air-
tight chambers (with additional n = 1 blank seawater control per run)
were % submerged in a water bath, also maintained at 29 &+ 0.5 °C by a
150 W bar heater. Temperature of the water bath was constantly
monitored using an optical temperature sensor connected to an O, data
meter (FireSting-O2, PyroScience GmbH, Germany).

Blackout cloth was used for dark incubations (<5 pmol photons m 2
s_l), with an initial Oy concentration measurement (pmol Oz L™ from
each chamber using a robust oxygen probe (OXROB10-SUB, PyroS-
cience, Germany) connected to the FireSting-O2. Another O, measure-
ment was taken after 1.5 h, before starting the light incubation under a
photon irradiance of ~600 pmol photons m~2 s~!; 400-700 nm),
delivered via a Hydra® 64HD LED Light (Aqua Illumination, Aperture,
LLC). The chosen light level was ~2-3 times higher than the saturating
photon irradiance, Ex, which was determined to ~240 pmol photons
m~2 s~ via rapid light curve measurements for all corals using a Diving-
PAM fluorometer (Walz GmbH, Germany), ensuring measurements of
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O,-production under saturating light conditions (Suggett et al., 2022).
Photon irradiance (400-700 nm) was monitored using a miniature
irradiance sensor (MQS-B Mini Quantum Sensor, Heinz Walz GmbH,
Effeltrich, Germany) connected to alight meter (LI-250A; LI-COR©
Bioscience, Lincoln, USA). Final Oy concentration (pmol O, L™ 1) was
measured from each chamber after 1.5 h light incubation, before
termination of the experiment. Prior to use, robust oxygen probes were
calibrated via measurements in 100 % air-saturated seawater and a 0 %
O, solution of NaySOs3 following the manufacturers procedures.

Net photosynthesis (Py) and respiration (R) rates were determined
by calculated changes in Oy concentration during dark and light in-
cubations, whereas gross photosynthesis (Pg) was determined by the
addition of Py and R (e.g., Camp et al., 2019). All rates were corrected
for incubation volume and seawater controls to account for microbial
respiration, as well as coral surface area, which was determined using
the single paraffin-wax dipping method (Veal et al., 2010) (see Fig. S1
and Table S1 for coral surface area calculations). One-way ANOVAs with
post-hoc Tukey HSD, and additional pairwise comparisons with Benja-
mini-Hochberg (BH) adjustments, were conducted using the RStudio
package “dplyr” (Wickham et al., 2023) to compare differences in
physiological parameters between sites (WIML and LIRF). Tests of ho-
mogeneity of variance (Levene’s test) and normality (Shapiro-Wilk and
Q-Q plots) were passed.

2.4. Hypoxia response curves (HRCs) (experiment 2)

Following fragmentation, corals were transported (~60 min) in fresh
seawater collected from sampling sites, in an insulated 40 L cooler box
onboard the research vessel back to a provisional laboratory setup
onshore. The seawater was aerated during transfer with air-stones
connected to battery-operated air pumps (Aqua One Battery Air 250),
maintaining O levels at > 90 % air saturation and a temperature of 29
+ 0.5 °C, as monitored using a FireSting®-GO2 (Pocket Oxygen Meter,
PyroScience GmbH, Germany). Measurements of the maximum photo-
chemical efficiency of Photosystem II (F,/Fp) were used to assess the
initial overall health of each coral sample following fragmentation, and
prior to closed-system respirometry. Corals were acclimated under dark
conditions (<5 pmol photons m~2s™) for 15 min, then a Diving-PAM
fluorometer (Walz GmbH, Germany) with attached fibreoptic cable
was used to make three replicate measurements of each coral fragment
(as per Hughes et al., 2022) using the following instrument settings:
measuring light and saturating intensity 8, saturating pulse width 0.8 s,
signal damping 3, and signal gain 2-4. Following ~30 min of travel, a
seawater change of the cooler box was made, replacing 90 % of the
volume with fresh seawater from the sampling site, before being trans-
ported from the boat for respirometry assessment.

Briefly, fragments were acclimated for 60 min in individual glass
chambers (400 mL), maintaining DO at > 90 % of air saturation using
air-stones connected to an air pump (Marina 200 Aquarium Air Pump),
prior to airtight sealing and full submersion in a water bath maintained
at 29 + 0.5 °C by a heating immersion circulator (EH, JULABO, Julabo
USA, Inc.). Fragments were placed on mesh platforms inside the
chambers, allowing free rotation of a 30 x 7 mm magnetic stirring bar
beneath (~500 rpm; PTFE, ROWE Scientific Pty Ltd), as controlled by a
multi-station stirring plate (iStir HP 10M, Neuation Technologies Pty
Ltd). Each chamber was fitted with an optical O sensor spot (OXSP5,
PyroScience, Germany) for contactless readout via a fibreoptic O3 probe
(SPFIB-BARE, PyroScience, Germany) connected to a FireSting-Oo
(PyroScience, Germany). Oxygen in the chambers (pO,, % air sat) was
continuously monitored (every 60 s) as the concentration changed from
100 % air saturation to 0 % O, until incubations were terminated, and
mean O consumption rates for each fragment were calculated (VO3, mg
05 h™1). All rates were normalised to incubation volume using seawater
displacement calculations, and seawater controls to account for micro-
bial respiration. All Oy probes and sensor spots were calibrated by
measurements in 100 % air-saturated seawater and a 0 % O solution
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with NaySOs solution prior to use. For more details on the closed-system
respirometry methodology, see Dilernia et al. (2024).

All HRCs generated were fit with a 2-parameter Michaelis-Menten
function as per Dilernia et al. (2024) using the RStudio packages “drc”
v. 3.0.1 (Ritz et al., 2015) and “ggplot2” (Wickham, 2016). Relevant
oxyregulatory descriptive parameters were then extracted from the
fitted functions, including (i) the total positive or “average” regulation,
Tpos (relative units), and (ii) the minimum/maximum pO- level at which
oxyregulatory capacity is achieved, Pcmin/Pemax (Units in % air sat).
Here, Pcmax also describes a hypoxic threshold, where O, regulation
capacity can no longer increase past this point (Dilernia et al., 2024;
Hughes et al., 2022). Since data did not pass parametric assumptions and
subsequent data transformations failed, significant differences across
site (WIML and LIRF) between the extracted parameters from each HRC
fit were analysed via an Aligned Ranks Transform (ART) ANOVA with
post-hoc interaction pairwise comparisons with Tukey’s p-value adjust-
ment method using RStudio installed packages “ARTool” (Kay et al.,
2021; Wobbrock et al., 2011), “multcomp” (Hothorn et al., 2025), and
“ggplot2” (Kassambara, 2023b; Wickham, 2016). We confirmed ART
ANOVA assumptions by performing a Residual Alignment Check with
QQ plots.

2.5. Gene expression analysis

Flash frozen coral samples (n = 4-5 fragments per treatment) were
collected following CBASS experiments at 30, 33 and 36 °C, as per
(Roper et al., 2025). For the current study, only samples in the 30 °C
treatment were assessed, as the influence of thermal stress was not the
intended focus of the work. Samples underwent total RNA extraction
following the QIAGEN RNeasy mini kit protocol (QIAGEN, Germany).
Prior to RNA extraction, coral tissue was removed from the holobiont
samples via airbrushing, followed by tissue sample homogenisation and
centrifugation steps. RNA quality was controlled via spectrophotometry
(NanoDrop, 2000; ThermoFisher Scientific, Massachusetts, USA).
Extracted RNA samples were sent to the Australian Genome Research
Facility (AGRF, Melbourne, Aust.) for whole transcriptome sequencing,
returning 2 x 150 bp paired-end mRNA libraries (of which, only specific
GOIs related to the hypoxic response pathway from the 30 °C treatment
were of interest for this particular study). The Illumina NovaSeq X 10B
flow cell (300 cycles, with five additional lanes) was utilised for RNA
sequencing. Full RNA extraction and sequencing details are given else-
where (Roper et al., 2025).

Following quality control and trimming steps (FastQC v0.12.1 and
Trimmomatic v0.39), demultiplexed reads were mapped to the refer-
ence genomic gene set (n = 33,730 predicted protein-coding genes) of
Hawaiian Pocillopora acuta (Stephens et al., 2022). Read counts were
quantified using the function ’quantMode GeneCounts’ in STAR
(v2.7.11b). HTSeq (v0.12.3) was used to estimate abundances of gene
transcripts to generate count data (Anders et al., 2015). For the 30 °C
treatment, normalised FPKMs (i.e., fragments per kilobase per million
mapped reads) were estimated from: 1) HTSeq counts, and 2) fragment
length calculated from ‘CollectInsertSizeMetricsmodule’ in Picard (v
3.1.1) (Broad Institute, 2019), using the R package countToFPKM
(Alhendi, 2019). Functional gene annotation was inferred using the
EggNOG v5.0 ortholog database by EMBL (Huerta-Cepas et al., 2019)
annotation of the reference genome (Roper et al.,, 2025). Highly
conserved metazoan genes associated with the hypoxia stress response
in corals (Alderdice et al., 2021, 2022a, 2022b, 2022c) were selected
based on their EggNOG description or gene name depending on avail-
ability, and their corresponding FPKM expression was plotted using the
R package “ggplot2” (Wickham, 2016) to assess expression patterns
across groups (M-R, WM, R-R, WR). FPKM expression estimates were
summed for genes that shared the same functional annotation (e.g.
PCK1) sensu Alderdice et al. (2021, 2022a). However, in the case that not
all genes with the same functional annotation were differentially
expressed (e.g. ODH), only those which were differentially expressed
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were presented (e.g. only one transcript of ODH was plotted; see
Table S2, Fig. S2). Patterns of the differentially expressed genes (DEGs)
of the GOIs were indicated in plots in accordance to the differential
expression analysis using DESeq2 (p-value cut-off <0.05) (Love et al.,
2014) performed by (Roper et al., 2025) (see results for GOI in Table S2).
The R-script and a full gene expression matrix are available at https://
github.com/RachelCAlderdice/FPKM analysis-Nikki, and the RNASeq
data (FastQC) can be found at: http://www.ncbi.nlm.nih.gov/bioprojec
t/1189141,

3. Results
3.1. Abiotic characterisation

Temperature and Oy profiles measured at Woody Island mangrove
lagoon (WIML) and Low Isles reef flat (LIRF) during the time of sampling
generally appeared to reflect changes in tidal height, rather than diel
cycles (i.e., time of day), specifically in the mangroves (Fig. 2a). DO
content (mg Oy LY in WIML from 22nd — Feb 24, 2023 spanned
1.77-10.08 mg O, L7, reaching <2 mg O, Lt daily (Fig. 2) i.e., below
the widely accepted hypoxic threshold (Hughes et al., 2020) 3 % more of
the time than in the reef habitat (Fig. 2b). From 2017 to 2023, the mean
recorded DO measured in WIML ranged from ~3.36 to 6.85 mg Oy L™}
+ SE 0.05 (averaged from historical and current logging data; see
Table S3 for full sampling index and deployment date range; (Camp
et al., 2019; Haydon et al., 2021; Ros et al., 2021). In comparison, LIRF
exhibited a greater daily range of DO (>11 mg L™!) from 3.96 to 15.03
mg Oy Lt (Fig. 2a), significantly higher than WIML (t;5752.24 = —19.85,
p < 0.01; Table S3), accumulating to 80 % of time spent >6 mg O L™}
(Fig. 2b). Although LIRF had a higher mean temperature (28.82 °C + SE
0.01) compared to WIML (27.95 °C + SE 0.02; ty278 p < 0.01;
Table S3), ambient temperature was much more variable in the man-
groves than reef, with almost a three-fold higher range (>7 °C), span-
ning 23.85-31.20 °C, compared to LIRF, with 100 % of time logged
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between 28 and 29 °C; Fig. 2b).
3.2. P:R incubations (experiment 1)

Overall rates of gross photosynthesis and respiration were similar
between groups, with the exception of wild mangrove (WM) corals,
which exhibited significantly higher respiration rates than all other
groups (F 3 20 = 8.15, p < 0.01; Table S4). Consequently, WM corals
exhibited the lowest gross photosynthesis-to-respiration ratio (Pg:R
3.67) significantly different to all other groups (F 3 20 = 57.69, p < 0.01;
Fig. 3b; Table S4). Notably, the mangrove-reef (M-R) coral transplant
group did not show the same enhanced respiration as the WM (0.16 + SE
0.02 pmol em~2 h™!; Fig. 3a). All of the P:R ratios measured across
WIML and LIRF remained above one (Fig. 3b).

3.3. Hypoxia response curves (HRCs) (experiment 2)

Maximum photochemical efficiency (F,/F,) of Photosystem II
measured in P. acuta fragments — following fragmentation and prior to
incubation for HRCs in order to assess the initial overall health of each
coral sample - ranged from 0.63 (WM) to 0.69 (M-R), with a mean F,/F;,
of 0.65 across all groups (seeFig. S3 for all F,/F, measurements).
Overall, total average positive regulation (Tpos, relative) was similar
between the four treatment groups (Fig. 4b). Values were marginally
highest in the wild mangrove (WM) corals (Tpos = 1.69 + SE 0.33)
compared to all other groups, and 1.3 times greater than for the wild reef
(WR) corals specifically (Tpos = 1.30 & SE 0.19; Fig. 4b), albeit non-
significant likely due to the high standard error (Fig. 4b; Table S5).
Notably, fragments of P. acuta from all four groups exhibited values for
the hypoxic threshold for upregulation (P¢max, % air sat) at relatively
low pOs levels, i.e., all below 13 % air saturation (~1 mg O, LY, with
significant differences across the groups (F3 20 = 16.80, p < 0.01; Fig. 4c;
Table S5). Specifically, M-R coral transplants yielded a considerably
lower Pcmax (2.50 % air saturation + SE 0.56), as compared to both the
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R-R transplant (9.17 % air saturation + SE 1.08; ty9 = —4.70, p < 0.01)
and WR corals (12.67 % air saturation + SE 1.41; typ = —6.83,p < 0.01)
(Table S5). The WR control was also almost two-fold higher than the
WM control (tz9 = —3.90, p < 0.01), with the WM Pp,x value of 6.40 %
air saturation + SE 1.29 (~0.49 mg O, L™1), which interestingly was
similar to the R-R transplant P.pay (Fig. 4c).

Minimum regulation capacity (Pemin, % air sat) spanned pO, values
of 95.17-98.50 % air saturation across the groups (Fig. 4d). The R-R
transplant P.p,in value (95.17 % air saturation) was lower than both the
M-R (Pemin = 98.50 % air saturation; typ = 3.81, p = 0.01) and WM
(Pemin = 97.83 % air saturation; typ = —2.88, p = 0.04), exhibiting the
lowest threshold for minimum regulation capacity (Fig. 4d; Table S5).
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To further compare metabolic functioning and physiology with oxy-
regulatory capacity under low-pO, conditions, we next examined for any
correspondence between the gross photosynthesis-to-respiration ratio
(Pg:R) and the HRC extracted oxyregulatory parameters (Tpos, Pemax,
Pcmin), across each of the four groups (Fig. S4). A moderate negative
correlation was evident between Tpos and the Pg:R ratio with a coeffi-
cient of determination (R?) of 0.45, and Pearson’s correlation coefficient
(R) of —0.67. In general, a higher Pg:R ratio correlated to a lower Tpos
(Fig. S4a) — for example, WM corals exhibited the lowest Pg:R ratio
(3.67) and highest Tpos (1.69). That said, no statistically significant
differences were evident between the means of the groups for the linear
regression (F1, o = 1.68, p = 0.32).

3.4. Gene expression analysis

Expression patterns for genes previously associated with coral hyp-
oxic stress response were examined across the four transplant groups to
identify potential mechanisms governing any differences in hypoxic
responses between reef and mangrove corals (pre- and post-
transplantation). Gene expression based on FPKM of the hypoxia-
inducible factor alpha subunit (HIFIA) was significantly highest in the
wild reef (WR) corals (Fig. 5a) compared to corals transplanted onto the
reef (R-R and M-R; WR vs R-R Log fold change (FCyog2) = 0.57, p < 0.05;
WR vs M-R FCpg2 = 0.59, p < 0.05), and yet similar to the wild
mangrove controls (WM; Table S2). The increase of HIF1A in WR cor-
responded to significantly higher expression of HIF-targets Lactate De-
hydrogenase (LDHB) (WR FCjpg2 vs M-R = 1.67; R-R = 1.00; WM =
1.22), Pyruvate Dehydrogenase Kinase (PDK2) (WR FCjog2 vs M-R =
0.92; R-R = 1.00; WM = 0.80), and Phosphoenolpyruvate Carbox-
ykinase (PCK1) (WR FCiogz vs M-R = 1.18; R-R = 1.34; WM = 1.55) in
this group (Fig. 5d-f, all p < 0.05; see also Table S2), suggesting
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induction of the HIF hypoxia response pathway in WR. However, Prolyl
Hydroxylase Domain 2 (PHD2/EGLN1) — a HIF transcriptional inhibitor
known to suppress the HIF1A gene under low-pO, conditions (Kaelin and
Ratcliffe, 2008), in corals (Alderdice et al., 2022a) — was overexpressed
in the wild mangrove (WM), and significantly higher than all other
groups (p < 0.05; Fig. 5b-Table S2). Similarly, WM was also charac-
terised by upregulation of the non-HIF targeted GOI Octopine Dehy-
drogenase (ODH; Fig. 5¢) — an alternative means of anaerobic respiration
found in invertebrates (Harcet et al., 2013; Murphy and Richmond,
2016) - and differentially expressed from M-R (FCjog2 = - 1.15, p <
0.05). Additionally, expression of ODH was also found to differ between
M-R and WR corals (FCjog2 = - 0.88, p < 0.05; Table S2). Other GOIs,
including Heat shock protein 90 (HSP90BI) and Heme oxygenase
(HMOX1) - related to formation of the ‘active HIF complex’, and another
HIF-target, respectively (Alderdice et al., 2021, 2022a) — were highest in
the mangrove corals (M-R and WM), but were not differentially
expressed (see Fig. S2).

To further compare the expression of key hypoxia response genes
with coral oxyregulatory capacity under low-pO; conditions, we exam-
ined for any correlation between the targeted GOI's (e.g., HIF1A etc) and
the HRC extracted oxyregulatory parameters (Tpos, Pemax, Pemin), across
each of the four coral groups (Fig. S5). In all relationships between gene
expression counts (FPKMs) and Pyax value (% air sat) — except for
PHD2/EGLN1, which more closely followed the pattern of Ty (relative)
— there was a positive correlation where a higher gene expression
generally correlated to a higher P.pax value (i.e., higher threshold for O
upregulation). The strongest correlation was found between LDBH and
Pcmax — where the WR group had the highest LDBH expression and
highest Pemax (while the M-R had the lowest of both) — with a Pearson’s
correlation coefficient (R) of 0.92 (R? = 0.85), albeit not significant (Fy,
2 = 11.12, p = 0.08; Fig. S5). Opposingly for T,os, majority of
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Fig. 5. (a-f) Expression patterns of key hypoxia stress response genes, based on fragments per kilobase of transcript per million mapped reads (FPKM) for genes of
interest; a) Hypoxia-Inducible Factor alpha subunit (HIF1A), b) Prolyl Hydroxylase domain 2 (PHD2/EGLN1), c) Octopine Dehydrogenase (ODH), and HIF targets
including d) Lactate Dehydrogenase (LDHB), e) Pyruvate Dehydrogenase Kinase (PDK2), and f) Phosphoenolpyruvate Carboxykinase (PCK1). Error bars denote
standard error with n = 4 to 5). Groups include mangrove-reef (M-R), wild mangrove (WM), reef-reef (R-R), and wild reef (WR). Significant differential expression
(p-value cut-off <0.05) are indicated with lowercase letters (e.g., “a”), where significant differences are denoted by different letters.
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relationships with GOI's were negatively correlated, where an increase
in the gene expression led to a decrease in Tpos — again, except for PHD2/
EGLN1 and ODH, which both showed strong positive correlations (R =
0.94 and 0.77, respectively; Fig. S5).

4. Discussion

Assessing the hypoxia tolerance of corals using long-term trans-
plantation between a relatively extreme reef-neighbouring habitat and
comparatively more stable reef environment (e.g., Haydon et al., 2021)
provides a means to advance insight into capacity for corals enduring
low-pOy conditions. Our results demonstrate that P. acuta from the
mangrove lagoons and reef flat employ a relatively similar average
oxyregulation capacity while surviving in these contrasting environ-
ments, and yet the mangrove corals exert a maximum capacity for
oxyregulation at a significantly lower hypoxic threshold that is retained
after being translocated to the neighbouring reef for a 1-year period.
Retention of a lower hypoxic threshold for O, upregulation (where
maintenance of a constant VO3 ceases, and regulation capacity can no
longer increase past this point), may speak to a conserved property
attributed to their frequent exposure to periodic hypoxia (Oz < 2 mg
L’l; see Hughes et al., 2020) in this extreme mangrove habitat (Scucchia
et al., 2023). Moreover, these oxyregulation trends coincide with the
differential expression of hypoxia response GOIs consistent with “pre--
conditioning” for low-O3 thresholds, where thermal pre-conditioning in
P. acuta has also been shown to increase gene expression to alleviate
oxidative damage (Majerova and Drury, 2022). Our study shows that the
inherent exposure to hypoxic conditions and temperature fluctuations in
the extreme mangrove lagoon, has indeed selected for more a resistant
P. acuta population, able to persist under variable and low-pO, seawater
conditions, even after being moved to a new environment.

4.1. Inherent environmental characteristics of extreme environments

In accordance with prior studies conducted at Woody Island
mangrove lagoon (WIML), we documented extreme low-pO, and highly
variable seawater temperatures. DO concentrations at WIML dropped
below 1.77 mg O, L™! on a daily basis (Fig. 2), i.e., below the hypoxic
threshold widely referred to in the literature (<2 mg L™}; e.g., Diaz and
Rosenberg, 1995; Rabalais et al., 2001; Vaquer-Sunyer and Duarte,
2008; Steckbauer et al., 2011; Altieri et al., 2017; Hughes et al., 2020),
subjecting native mangrove P. acuta to frequent low-pOy exposure.
Historically, the daily DO in WIML has averaged just 3.36 mg Oy L™! +
SE 0.05 (Camp et al., 2019; Haydon et al., 2021), as compared to ~6.50
mg L~ on Low Isles reef flat (LIRF) (Haydon et al., 2021), and mangrove
seawater temperatures reached >29 °C on a daily basis (Table S3). Prior
studies have shown that exposure to extreme and/or highly variable
environmental conditions can pre-condition corals to low pH and vari-
able temperatures (e.g., Camp et al., 2016). Here we reveal that frequent
low-pO5 exposure and temperature fluctuations in this extreme envi-
ronment appears to have influenced the mangrove corals retention of a
low maximum regulation capacity (Pcmay), i-€., the ability to continue to
oxyregulate at a significantly lower hypoxic threshold, where inherent
extreme environmental conditions have over time pre-conditioned
mangrove corals to higher temperatures (see Roper et al., 2025) and
low-pO, availability.

4.2. Retention of low coral Pymay following transplantation

In terms of broad range oxyregulatory capacity, our data showed
similar average Tpos values across all corals (including transplants).
Although the wild mangrove (WM) fragments did have a ~30 % higher
Tpos in comparison to corals native to the adjacent reef (wild reef; WR),
this was not statistically significant, and the mangrove-reef (M-R)
transplants more closely followed the reef corals (Fig. 4b). Additional
longer-term monitoring (i.e., > 1-year) may further elucidate any
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conserved properties of the transplanted P. acuta population over time.
Nonetheless, average oxyregulatory capacity ranged from 1.30 to 1.69
(Tpos, relative) for all corals from both the mangrove and reef (Fig. 4b), i.
e., higher than values obtained for diverse species of Acropora (from
Opal Reef in Feb 2022, ~40 km NE of Low Isles on the GBR), which
exhibited a more variable range of hypoxic tolerance, from 0.60 to 1.03
(Tpos) (Dilernia et al., 2024). Furthermore, P. acuta has previously
demonstrated a particularly high Tpes (>2.00) (Hughes et al., 2022),
with fragments of this particular species collected and analysed from
Opal Reef (GBR, Aug 2018).

The WM corals also appeared to induce a non-HIF target pathway as
an alternative means of anaerobic respiration by stimulating ODH
expression (Alderdice et al., 2022a; Harcet et al., 2013) and down-
regulating LDH (Fig. 5c and d). Indeed, ODH has been a favored pathway
across marine invertebrates in helping to support corals under pro-
longed hypoxia or hypometabolism (Alderdice et al., 2022a; Murphy
and Richmond, 2016). In addition, an overexpression of PHD2/EGLN1
(WM; Fig. 5b) can imply vulnerability to low-pO2 conditions (Alderdice
et al., 2022b), however the specific induction of this GOI due to pro-
longed hypoxia exposure can alternatively indicate a certain level of
hypoxia tolerance, as PHD2/EGLN1 overexpression activates negative
feedback in the HIF-hypoxia response pathway using available
intra-cellular O to prevent cell death by HIFIA proteolysis (Alderdice
et al., 2022b). Expression of these GOI's (ODH and PHD2/EGLN1)
closely followed the trends of the Ty, values (with strong positive cor-
relations; Fig. S5), where corals from the mangroves behaved more
similarly to reef corals following transplantation.

These findings are consistent with the higher rates of respiration
measured in the WM corals (0.31 + SE 0.05 pmol em2h7Y Fig. 3), and
mirror trends in WIML corals previously analysed (Camp et al., 2016,
2019). Enhanced respiration rates followed a reduction in net photo-
synthesis (Camp et al.,, 2017, 2019; Ros et al.,, 2021), suggesting
increased heterotrophy to facilitate coral survival in the extreme
ecosystem (Camp et al., 2019; Simancas-Giraldo et al., 2021). Although
the coral populations of the mangrove lagoons generally carry greater
densities of Symbiodiniaceae — associating with the thermally-tolerant
genus Durusdinium (Camp et al.,, 2019; Ros et al., 2021) - the
mangrove-reef (M-R) transplant corals did not show the same trend in
photosynthesis-to-respiration as the WM coral, rather corresponding
more closely with the metabolic signatures of the reef-reef (R-R) trans-
plants (Fig. 3). However, all Pg:R ratios calculated here were above the
“compensation threshold” (P:R > 1.00; see Fig. 3b) (Simancas-Giraldo
et al., 2021).

All measured P,y values were <1 mg O, L7 indicating a low
threshold for hypoxic upregulation in corals across both the WIML and
LIRF environments. Most notably, the transplanted mangrove corals in
our current study (M-R) returned the lowest P« value on average (<3
% air sat; Fig. 4c). Generally, a lower Pepax (Or “Peri”; i-€., the critical Oy
tension (Cobbs and Alexander, 2018; Seibel et al., 2021)), enables or-
ganisms to maintain oxyregulation for longer under decreasing O,
conditions, lowering the threshold for hypoxic upregulation which is
considered most advantageous for surviving low-pO, periods (Mandic
et al., 2020; Pontes et al., 2023). Specific retention of a low P¢nax in the
M-R coral transplant aligns with retention of increased thermal toler-
ance properties (Roper et al., 2025), where corals retained an average
thermal tolerance up to ~37.45 °C (£ SE 0.30) over a year after being
transplanted from mangrove-to-reef (Roper et al., 2025). Indeed, local
adaptation and/or acclimation can occur following frequent exposure of
corals to stressful conditions (Palumbi et al., 2014; Scucchia et al.,
2023), including increasingly high temperatures (e.g., Silbiger et al.,
2019; Banc-Prandi et al., 2022; Haydon et al., 2023), low-pH (e.g.,
Golbuu et al., 2016; Camp et al., 2017), and low, albeit not hypoxic, O
levels (3 mg Lh (Maggioni et al., 2021). The retention of a favourable
low Pemax (in addition to thermotolerance (Roper et al., 2025) highlights
the capacity of the mangrove P. acuta corals to survive in extreme Oy
coral habitats following transplantation (Schoepf et al., 2023; Scucchia



N.J. Dilernia et al.

et al., 2023).

Surprisingly, expression of the hypoxia-inducible factor (HIFIA) was
similar across the treatment groups, with only the WR corals showing
greater upregulation in comparison to both transplant groups (M-R, R-R;
Fig. 5a). This, coupled with a significantly higher P . than all corals
originating from the mangroves (Fig. 4c), may suggest that hypoxic
stress triggered an upregulation of the HIF-hypoxia response pathway in
corals native to the reef (WR), activating an increase in the supply of O,
to the corals tissues for survival (Roning et al., 2022). Although transient
upregulation of HIF1A under hypoxic conditions is generally beneficial
for short-term stress by reducing energy-consumption, prolonged upre-
gulation could have negative long-term effects on coral metabolism
causing energy imbalance and inefficiency, e.g., under prolonged
glycolysis (Murphy and Richmond, 2016). Activation of HIF1A can also
increase production of reactive oxygen species (ROS) and oxidative
stress (Bae et al., 2024; Qutub and Popel, 2008). Heat shock protein 90
(HSP90B1) and HIF-target Heme oxygenase (HMOX1) were other GOIs
found to have increased expression in the mangrove corals (Fig. S2).
However, they did not follow patterns similar to the other HIF genes,
despite HSP90 has been proposed to be a cofactor of HIF1A, regulating
HIF target genes (Alderdice et al., 2021). The genetic findings in this
study most interestingly suggest that there’s quite a lot of similarity
between the transplanted reef and mangrove corals, but that the wild
reef and wild mangrove corals behave differently. Given the observed
physiological and gene expression differences here, further exploration
of the distinct genetic patterns exhibited across these different envi-
ronments would provide deeper insight into the adaptive and/or accli-
matory properties of the P. acuta coral populations.

4.3. Conclusion

Extreme reef-neighbouring mangrove systems are harbouring corals
exhibiting an increased capacity to retain a lower threshold for hypoxic
upregulation, due to routine exposure to low-pO; conditions conven-
tionally considered hypoxic. These attributes could be considered ad-
vantageous against the continued loss of dissolved O, concentrations in
the global oceans (Altieri et al., 2021; Hughes et al., 2020; Levin, 2018).
Following a 1-year long transplantation of P. acuta between Low Isles
reef flat and Woody Island mangrove lagoon to analyse coral hypoxia
tolerance, we have shown: (1) significant differences in the hypoxic
response of this tropical coral, specifically (2) higher oxyregulation ca-
pacity of native mangrove corals, (3) with transplanted
mangrove-to-reef corals exerting a maximum regulation capacity at a
significantly lower hypoxic threshold that is retained after a 1-year
translocation period, and (4) diverse photosynthesis:respiration
trade-offs and patterns of non-HIF-hypoxia response pathway upregu-
lation facilitating coral survival in the extreme ecosystem, in contrast to
habitats where dissolved O content remains comparatively high. We
acknowledge that the gene expression patterns of the HIF-mediated
hypoxia response systems observed here cannot entirely explain the
specific cellular mechanisms underlying the physiological acclimatisa-
tion of these extreme corals without accompanying proteomics. How-
ever, based solely on the physiological data and gene expression patterns
observed here, we conclude that these results collectively highlight the
potential tolerance of mangrove P. acuta as an oxyregulator to survive
low-pO, conditions across habitats, indicating that hypoxic tolerance
may be a long-term conserved response to surviving in an extreme coral
habitat, which appears advantageous both now and under future pro-
jected climate change conditions.
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