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Abstract

Symbiotic dinoflagellates from the family Symbiodiniaceae play a central role in coral reef
ecosystems by forming mutualistic relationships with reef invertebrates, particularly stony
corals. These relationships underpin reef productivity in nutrient-poor waters but are
vulnerable to disruption from marine heatwaves and climate change. While laboratory
culturing of symbionts has enabled controlled studies of thermal stress, prolonged culturing
may lead to physiological changes that do not reflect in hospite conditions. Here, we
examined the thermal stress responses of two axenic cultures of Symbiodinium A1, freshly
isolated and long-term cultured (2.5 years), originally from the jellyfish Cassiopea andromeda
in the Red Sea. Both cultures were exposed to a daily temperature increase of 1 ◦C, up to
37 ◦C. Freshly isolated symbionts consistently showed higher photochemical efficiency
(0.515 ± 0.007) and growth rates (1.68 ± 0.60 µ day−1) compared to long-term cultured
cells (0.401 ± 0.007; −2.25 ± 0.38 µ day−1), which collapsed at 37 ◦C. Heat stress also led to
decreases in O2 and increases in pCO2 across treatments. Long-term cultured symbionts
exhibited greater lipid body accumulation, suggesting a shift to anaerobic metabolism.
These findings demonstrate that extended batch culturing alters symbiont physiology and
stress responses, highlighting the need to consider culture history in experimental designs
to avoid bias in interpreting holobiont resilience.

Keywords: Symbiodiniaceae; symbiosis; algal culture; thermal stress; Symbiodinium;
Cassiopea andromeda; upside down jellyfish

1. Introduction
Symbiotic dinoflagellates belonging to the family Symbiodiniaceae [1] have under-

gone extensive investigation primarily due to their importance as mutualistic symbionts
in various reef invertebrates, particularly reef-building stony corals. This highly efficient
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symbiosis drives the remarkable primary productivity of coral reefs in nutrient-poor wa-
ters, supporting their complexity, rich biodiversity, and associated fisheries [2,3]. This
partnership involves a reciprocal nutrient exchange, with corals providing shelter and
nutrients to Symbiodiniaceae in return for photosynthates [2–4]. A recent discovery has
revealed that nitrogen recycling might be the central mechanism of symbiont control and
nutrient efficiency in this symbiosis [5].

The rapid degradation of coral reefs observed in recent years underscores their vulner-
ability to human-induced global changes, particularly rising sea surface temperatures [6]
and intensified marine heatwaves [7,8], which are among the most important current
drivers of coral reef degradation [9–11]. Ocean warming can disrupt the symbiotic rela-
tionship between coral hosts and Symbiodiniaceae, ultimately resulting in coral bleaching.
This process is characterized by the loss of Symbiodiniaceae and photosynthetic pigments,
which often leads to coral mortality [12]. Nevertheless, historical records demonstrate
that certain reef-forming corals and their obligate symbiotic associations have exhibited
resilience to substantial changes [13,14] persisting for more than 200 million years [1,15,16].
Particularly, it is well understood that symbionts play a key role in driving their thermal
resilience [17–20].

Symbiodiniaceae genera show different thermal resistance in hospite [21,22] and
in culture [23]. For instance, Symbiodinium (formerly clade A [1]) from Cassiopea xam-
achana displayed a reduced photosynthetic activity at 30 ◦C and complete disruption at
36–37 ◦C [24]. In contrast, other genera exhibited variable responses, rapidly adapting to
thermal stress [25]. This suggested that the holobiont’s resilience to thermal stress might be
primarily, but not uniquely [26,27], driven by different symbiont assemblages associated
with the host [2,17,18,28–30], leading to varied thermal tolerances among distinct colonies
and host species [19,20,31,32]. Thus, a thorough understanding of the physiological re-
sponses of these endosymbionts becomes imperative for predicting the potential reactions
of algal-cnidarian partnerships to rising ocean temperatures.

While the coral-Symbiodiniaceae relationship is naturally intricate, the symbionts can
also exist in free-living states [33–35] and have been cultivated under controlled conditions
since the 1950s [36]. This offers the opportunity to simplify the system, enabling detailed
investigations of the symbiosis itself. Culturing isolated symbionts has provided insights
into their metabolic interactions and responses [37], offering further understanding of
the physiological responses of Symbiodiniaceae spp. [37] and their role in symbioses [38]
and in mitigating climate change [24]. However, culturing these algae in isolation im-
poses conditions possibly deviating from those in hospite, and may induce physiological
changes [38–42]. Cultured Symbiodiniaceae adapt to non-optimal conditions, altering their
sensitivities to major environmental factors like pH, oxygen (O2), carbon dioxide (CO2),
temperature, and salinity [43]. During extended artificial cultivation, Symbiodiniaceae’s
rapid asexual reproduction rate [44] might cause spontaneous mutations [25], potentially
influencing experimental outcomes. As a consequence, many experimental studies relying
on long-term cultured Symbiodiniaceae implicitly assume that these cultures represent
reasonable physiological proxies for in hospite symbionts. However, if prolonged culturing
substantially alters stress responses, this assumption may bias interpretations of symbiont
performance and holobiont resilience to climate change. Despite its widespread relevance,
the influence of culture history on thermal stress responses remains poorly quantified.

Therefore, we hypothesize that freshly isolated Symbiodiniaceae cells may perform
differently under thermal stress than those maintained in culture for multiple generations,
and may, therefore, provide responses to experimental conditions better reflecting symbiont
populations within hosts. To test this hypothesis, we used Symbiodinium A1 cells extracted
from the oral arms of wild Cassiopea andromeda, the upside-down jellyfish, collected from
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the Red Sea. We first characterized growth and environmental conditions in standard
culture settings (pre-experimental phase). We tested the hypothesis that “freshly isolated”
and “long-term cultured” symbionts differ in responses by comparing the performance of
two Symbiodinium A1 axenic cultures, one isolated in 2018 (“long-term cultured”) and one
“freshly isolated” 5 months prior to the start of the assessment of responses to a ramping
temperature design experiment (conducted in March 2022). Responses to increasing tem-
peratures were assessed by measuring: (1) productivity-related factors (i.e., Symbiodinium
cells density, maximum photochemical efficiency [Fv/Fm], chlorophyll-a concentration,
photosynthesis rates, and thylakoid lipids unsaturation state), (2) metabolic responses
potentially driving acidification of the culturing medium (i.e., respiration rates and lactate
production), and (3) energy storage processes (i.e., neutral lipids accumulation).

2. Materials and Methods
2.1. Isolation of Symbiodiniaceae

Details about the host species employed in this study can be found in the Supplemen-
tary Materials. This study utilized two distinct axenic cultures of Symbiodiniaceae derived
from the oral arms of the jellyfish C. andromeda collected during separate years. The first
culture, denoted as “long-term cultured”, comprised Symbiodinium A1 cells [1] isolated
from Cassiopea sp. specimens gathered from the KAEC lagoon (Latitude: 22.38979◦ N,
Longitude: 39.135547◦ E) in November 2017 [27]. The axenic culture was isolated in
November 2018 and was thereafter maintained under specific environmental conditions,
namely, a temperature of 29 ◦C (coinciding with the minimum summer temperature in the
Red Sea; [45]), light intensity ~100 µmol photons m−2 s−1, and a consistent 12 h/12 h light
cycle, over 2.5 years. The culturing medium was refreshed monthly [23]. Conversely, the
second culture, designated as the “freshly isolated”, contained Symbiodinium cells isolated
from Cassiopea sp. specimens at the KAEC lagoon in March 2021 (Figures S1 and S2). The
axenic “freshly isolated” culture was obtained in September 2021. These “freshly isolated”
cells were subjected to identical conditions as the “long-term cultured” throughout the ex-
pansion period. At the time of the experiment conducted here, the axenic “freshly isolated
culture” had been grown in laboratory conditions for 5 months, compared to 2.5 years for
the “long-term cultured” strain.

For the isolation of Symbiodinium (Clade A1), selected oral arms of four C. andromeda
individuals were ground using a Dounce homogenizer (Wheaton Science Products, Mil-
lville, NJ, USA) until no tissue chunks were visible. The homogenates were subsequently
centrifuged (300 rpm × 5 min), rinsed with ultrapure water, and resuspended three times.
The pellet was concentrated by centrifugation and resuspended in 600 µL of F/2 medium
(20 mL in 1 L of 0.45-µm-filtered and autoclaved seawater; Sigma-Aldrich, St. Louis, MA,
USA). Two aliquots (300 µL) of this suspension were used for (1) growth in 1.5 mL Ep-
pendorf tubes in F/2 medium, and (2) growth in 75 cm2 culture flasks equipped with
vented caps (Corning®, Corning, NY, USA) with 100 mL of F/2 medium and germanium
(12.5 mg in 5 mL of ultrapure water; Sigma-Aldrich, 483702-5G) for approximately a month.
Part of the first aliquot was used for clade characterization via ITS2 sequencing. The cell
concentration of the culture obtained from the second aliquot was measured and adjusted
to approximately 100 cells per plate. The resulting suspension was grown for 1 month in a
Petri dish on a solid culture medium, prepared by combining seawater (1 L), F/2 medium
(25 mL), agarose (10 g; Sigma-Aldrich, A9539-250G), and germanium (2 mL). Five single
colonies grown on plates (Figure S3) were gently scraped with a sterile micropipette tip for
each plate: half of the scraped material was used for clade characterization, while the other
half was grown in a 1.5 mL Eppendorf tube containing 500 µL of F/2 medium. Every single
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colony was considered to have originated from a single cell. After a month of growth in the
Eppendorf tubes, the symbionts were transferred into culture flasks for expansion.

2.2. DNA Extraction, PCR, and ITS2 Sequencing

The Symbiodiniaceae clades initially isolated from the medusae were characterized
using Illumina sequencing of the Internal Transcribed Spacer 2 (ITS2) region, following
a modified protocol outlined by Herrera and colleagues [46]. Details can be found in the
Supplementary Materials. The resulting sequences were analyzed and resolved using the
online database SymPortal (SymPortal, version 0.0.3; [47]).

Confirmation of isolation of Symbiodinium A1 from colony picking was performed
by DNA extraction using DNeasy® Plant Mini Kit (Qiagen, Venlo, The Netherlands).
Verification and quantification of DNA extraction were conducted using the Nan-
odrop. PCR amplification of the 28S rRNA was performed as described above, em-
ploying the primers SYMA28S-R (5′CTCTGAGAGCAAGTACCGTGC3′) and SYMA28S-F
(5′GATTGTGGCCTTTAGACATACTA3′; [48]). Each PCR reaction was performed as de-
scribed in the Supplementary Materials. See Figures S1–S4 for a summary of the protocols.

2.3. Experimental Design

Symbiont cells were cultured in 126 flasks per culture type, with a working volume of
100 mL and a cell density of 1–2 × 104 cells mL−1. The flasks were placed in incubators
(Percival Scientific Inc., Perry, IA, USA) and maintained at 29 ◦C, with a 12 h/12 h dark/light
cycle and a light intensity of ~100 µmol photons m−2 s−1. Prior to the main experiment,
24 flasks were utilized for preliminary monitoring to estimate when cells were in the
exponential phase and to assess whether in vitro conditions mimic in vivo conditions
(details in Figures S5 and S6 and Table S1). Throughout this phase, weekly assessments
of environmental conditions (O2, pH, and temperature) and growth (cell density) were
conducted at 05:00 (night) and 17:00 (day) hours local time. The selected timepoints were
strategically chosen to capture the most extreme conditions, such as before the lights
turned on in the morning at 07:00 and just before 19:00 after 12 h of light exposure. At
each timepoint for each symbiont type, three flasks were utilized. Dissolved O2 levels
were measured using a FiveGOTM DO (Mettler Toledo, Columbus, OH, USA) meter,
with a one-point calibration for 100% air saturation. pH measurements were performed
using a Mettler Toledo portable meter (Mettler Toledo, SevenGOTM Duo, Columbus, OH,
USA) calibrated for the National Institute of Standards and Technology (NIST) scale using
commercial standard solutions (pH 4.0, 7.0, and 10.0). Symbiont suspension samples (1
mL) were collected and stored at −20 ◦C until further analysis. Symbiont density was
measured using a hemocytometer in a 10 µL volume (n = 3) under a fluorescent microscope
(Leica DM6000 B, Leica, Wetzlar, Germany). Following the measurements, the flasks were
discarded to maintain sterility and prevent any potential bacterial contamination.

The main experiment comprised six treatments (Figure S7): (1) “long-term cultured”
symbionts maintained at 29 ◦C, (2) “freshly isolated” symbionts maintained at 29 ◦C,
(3) “long-term cultured” symbionts subjected to heat stress, (4) “freshly isolated” sym-
bionts subjected to heat stress, (5) “Blank” with F/2 medium only maintained at 29 ◦C,
and (6) “Blank” with F/2 medium only subjected to heat stress. The experiment com-
menced when the cells were at the beginning of the exponential phase (i.e., symbionts
exhibited consistent growth rates, optimal physiological state, and uniform populations)
and lasted for 9 days. The “long-term cultured” symbionts, “freshly isolated” symbionts,
and “Blanks” were randomly distributed among four incubators. Two of these incu-
bators were used as temperature controls, set at 29 ◦C with a 12 h/12 h photoperiod
and a light intensity of ~100 µmol photons m−2 s−1. The remaining two incubators
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served as heat-stress treatments, with a 12 h/12 h photoperiod and a light intensity
of ~100 µmol photons m−2 s−1, with the temperature increased at a rate of +1 ◦C per
day. The temperature increase (+8 ◦C) aligns with the Red Sea’s inherent variability [49],
and the rate (+1 ◦C per day) aligns with the rate for the mitigation of severe bleaching
in the models by Safaie et al. [50] and prior research [51]. “Blank” flasks containing only
100 mL of F/2 medium were utilized as controls for both temperature ramping and control
conditions to account for potential background respiration/production.

Each day, three flasks per type were utilized at 05:00 and 17:00 h local time for moni-
toring environmental conditions (O2, pH, and temperature) and biological responses. The
contents of each “long-term cultured” and “freshly isolated” replicate flask were allocated
as follows: (a) 500 µL of symbiont suspension was stored at −20 ◦C and used for cell
count, (b) 3 mL were utilized to measure the maximum Fv/Fm of photosystem II (PSII),
(c) 500 µL were stored at −20 ◦C and used for estimating the chlorophyll content, (d) 1 mL
was stored at −80 ◦C and used for measuring lactate production, (e) 15 mL were imme-
diately utilized for dark respiration/photosynthesis rates, and (f) 1 mL was snap-frozen
in liquid nitrogen and stored at −80 ◦C for lipid analysis. Symbiont density, maximum
Fv/Fm, chlorophyll, and lactate analyses were conducted daily, while samples for lipids
and respiration/production analyses were collected on days 1, 3, 5, 7, and 9, corresponding
to temperatures 29 ◦C, 31 ◦C, 33 ◦C, 35 ◦C, and 37 ◦C. Samples for analysis of lipid unsatura-
tion in the thylakoid membrane were collected at 29 ◦C and 37 ◦C. The “Blank” flasks were
employed for measuring environmental conditions and were then used as blanks during
the oxygen fluxes. The collection of samples and measurement of environmental conditions
were randomized each day. Additionally, the flasks were rotated every three days to avoid
potential bias due to their position within the incubator. Environmental values were also
calculated as deviations from blank values (displayed in the Supplementary Materials).

2.4. Symbiont Density, Maximum Photochemical Efficiency (Fv/Fm), Chlorophyll, and Lactate

Symbiont density was assessed using a hemocytometer in a 10 µL volume (n = 3)
under a fluorescent microscope (Leica DM6000 B, Leica, Wetzlar, Germany). Growth rates
(µ day−1) in the pre-experimental phase were calculated with the following equation:

Growth rate
(
µ day−1) = (

1
t
× ln

(
Ne

Ns

))
(1)

where Ns indicates the symbiont density at the start, Ne indicates the density at the end,
and t is the duration (i.e., one day; [52]).

To determine the dark-adapted maximum Fv/Fm, symbionts were subjected to a 15-min
dark-acclimation (except for those sampled at night), and then samples were analyzed using a
Phyto-PAM II (PAM, Compact version, Walz GmbH, Effeltrich, Germany). For measurements
of chlorophyll-a (chl-a) content, aliquots of the samples were centrifuged at 3000× g at 4 ◦C for
10 min, and the supernatant was discarded. The pelleted symbionts were then resuspended
in 1 mL of 100% ethanol, and chl-a was extracted overnight in darkness at 4 ◦C. Subsequently,
the samples were centrifuged at 13,000× g for 5 min, and the supernatant was transferred to
a 96-well plate for spectrophotometric measurement at 629 and 665 nm using a microplate
reader spectrophotometer (SpectraMax® Paradigm®, Molecular Devices, San Jose, CA, USA).
Blanks (100% ethanol) were included as controls, and the total chlorophyll concentration
was determined using the coefficients from the spectrophotometric equation for chlorophyll-
a (µg mL−1) (−2.6094 × A629 + 12.4380 × A665) for dinoflagellates in ethanol [53]. The
chlorophyll-a content was then standardized to the symbiont density (cells × 104 mL−1),
providing measurements of chlorophyll-a per cell.

https://doi.org/10.3390/microorganisms14020455

https://doi.org/10.3390/microorganisms14020455


Microorganisms 2026, 14, 455 6 of 22

Lactate production was assessed following the manufacturer’s instructions using the
Lactate Assay Kit (Sigma-Aldrich, MAK064). The samples were homogenized in four
volumes of lactate assay buffer, and after centrifugation at 13,000× g for 10 min, insolu-
ble materials were removed. The samples were then filtered through a 10 KDa MWCO
spin filter. Subsequently, 50 µL of the filtered samples were added to a 96-well clear
plate, and 50 µL of master reaction mix was added to each well. A blank was used to
account for any potential autofluorescence of the medium. After thorough mixing, the
plate was incubated in the dark at room temperature. Finally, the fluorescence intensity at
λexcitation = 535/λemission = 587 nm was determined using a microplate reader spec-
trophotometer (SpectraMax® Paradigm®, Molecular Devices, San Jose, CA, USA). The final
values were calculated using standard curve readings. Lactate production was standardized
to the cell count (ng cell−1).

2.5. Respiration and Photosynthesis Rates

Rates of photosynthesis and dark respiration were measured each day at 05:00 and
17:00 h local time through O2 flux incubations. The measurements were conducted using a
four-channel FireSting-O2 system (PyroScience, Aachen, Germany) connected to fiber-optic
sensors, with O2 readings taken at 15-s intervals. The sensors were calibrated for each
treatment temperature using a two-point calibration method, which involved calibrating
at 0% and 100% air saturation. On Days 1, 3, 5, 7, and 9, corresponding to temperatures
29 ◦C, 31 ◦C, 33 ◦C, 35 ◦C, and 37 ◦C, O2 flux incubations were performed in two rounds
within a spare incubator set at the respective treatment temperature. To avoid potential
biases associated with their position in the incubators, the samples were randomized for
each round. The sample groups consisted of “long-term cultured” symbionts, “freshly
isolated” symbionts, and seawater blanks (n = 3). The O2 flux incubations were conducted
in 12 mL incubation chambers fitted with an Oxygen Sensor Spot SP-PSt6-YAU (PreSens,
Regensburg, Germany) and stir bars. Before the incubations, the samples were exposed to
the same light conditions they experienced before the measurements, with day samples
exposed to light followed by darkness, and vice versa for night samples. To ensure proper
mixing inside the chambers, an IKA RT 15 magnetic stir plate (IKA-Werke GmbH & Co.
KG, Staufen, Germany) was used. The incubation process lasted approximately 45 min.
Subsequently, rates of photosynthesis and dark respiration were calculated by subtracting
the blank values from the corresponding sample rates and normalized using the symbiont
density in the sample (µmol O2 cell−1 h−1).

2.6. Total Alkalinity

Total Alkalinity (TA) of the F/2 medium was measured at low (1.76± 1.41× 104 cells mL−1)
and high (9.97 ± 2.15 × 104 cells mL−1) density of Symbiodinium in the culture to account for
eventual variability. pCO2 values based on levels throughout the experiment using the mean TA
levels, pH, dissolved O2, temperature, and salinity using the CO2SYS software (Lewis et al., 1998,
version 2.1).

2.7. Thylakoid Lipids Unsaturation and Lipid Bodies Quantification and Analyses

Thylakoid membrane lipid unsaturation was evaluated at 29 ◦C and 37 ◦C in “long-
term cultured” and “freshly isolated” cultures. Samples were prepared following a modi-
fied protocol from [54]. Briefly, 1 mL samples were snap frozen in liquid nitrogen, stored at
−80 ◦C, thawed on ice, and Symbiodinum were collected via centrifugation (300× g, 4 ◦C,
10 min). Fixation involved 10% trichloroacetic acid (TCA) at 4 ◦C for 30 min. Subsequently,
samples were centrifuged (300× g, 5 min), washed with MilliQ water, and adjusted to a
concentration of 2.5 × 106 cells mL−1. Samples (100 µL) were prepared for Raman analyses
via cytospin (5 min at 250 rpm). Unsaturation was assessed at the single-cell level using
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stimulated Raman scattering (SRS) microspectroscopy, as outlined in [54]. The system is
based on a dual-beam femtosecond pulsed laser (Chameleon Discovery, Coherent Inc.,
Santa Clara, CA, USA). The first beam (Stokes) has a fixed wavelength of 1040 nm, is
spectrally filtered to a 0.9 nm bandwidth using a 4-f spectral shaper, and its intensity is
modulated at high frequency using an acousto-optic modulator. The second beam (pump)
is tunable and filtered by an acousto-optic-tunable filter (AOTF) to a 0.5 nm bandwidth.
This configuration provides a spectral resolution of 8 cm-1, enabling the resolution of the
Raman bands of most biomolecules. The two beams are guided to an inverted microscope
(Nikon Eclipse Ti-E, Nikon Corporation, Tokyo, Japan) and focused into the sample by
a high numerical aperture objective (Nikon CFI Plan Apo IR SR 60XWI, Nikon Corpo-
ration, Tokyo, Japan, NA = 1.27). A water dipping microscope objective lens (Olympus
LUMPLFLN 60XW, Olympus Corporation, Tokyo, Japan, NA = 1) collects the beams in
the forward direction, where a photodiode measures the pump beam to retrieve the SRS
signal. This system allows simultaneous SRS and two-photon excited fluorescence (TPEF)
acquisitions. In fact, a dichroic mirror placed before the high-NA objective allows the detec-
tion of the TPEF signal in epi-detection mode with a hybrid photodetector (R11322U-40-01,
Hamamatsu Photonics K.K., Hamamatsu, Japan).

Label-free mapping of the lipid-rich organelles—mainly thylakoid membranes and
lipid droplets—inside the algae was obtained by collecting SRS images at 2855 cm−1, a
vibrational frequency assigned to the CH2 stretching vibration. The TPEF signal from the
chlorophyll in the thylakoid membranes was used to distinguish the chloroplasts from
the lipid droplets contained inside the cell bodies. This distinction was possible because
the chloroplasts contain chlorophyll and produce a detectable TPEF signal, while the lipid
droplets lack chlorophyll and do not appear in the TPEF image. The unsaturation level
of the thylakoid membranes was obtained following the protocol described in [54]: the
SRS spectrum was normalized using the CH2 bending signal at 1445 cm−1, and the C=C
stretch signal at 1660 cm−1 was used to evaluate the unsaturation level of the thylakoid
membranes. For each cell, we computed the mean of the unsaturation levels of all the
measured chloroplasts.

Besides this label-free imaging approach, neutral lipids (Triolein equivalents mg cell−1)
were quantified using a modified version of the method by [55] at temperatures ranging
from 29 ◦C to 37 ◦C every other day (days 1, 3, 5, 7, and 9, corresponding to temperatures
29 ◦C, 31 ◦C, 33 ◦C, 35 ◦C, and 37 ◦C). Samples underwent centrifugation at 3000× g for
10 min at 4 ◦C, followed by staining with 50 µL of 10 µg mL−1 Nile Red solution for 30 min
at 40 ◦C. The efficacy of the staining procedure was verified under a fluorescent inverted
confocal microscope (Leica SP8, Leica, Wetzlar, Germany). Post-staining, 1950 µL of 25%
dimethyl sulfoxide (DMSO) solution was introduced to achieve a final volume of 2 mL.
A two-point standard curve was established with 30 mg mL−1 triolein solution [56] and
0 mg mL−1. Triolein was selected as a calibration standard because it is a representative
neutral triacylglycerol commonly used in Nile Red–based assays to quantify total neutral
lipid pools; neutral lipid content is therefore expressed as triolein equivalents and does
not imply measurement or synthesis of triolein as a specific lipid species. Fluorescence
emissions were measured using a Varian spectrophotometer (λexcitation = 530 nm, scan
rate = 120 nm minute−1, high PMT at 80 Volts). Emissions from 580 to 635 nm [57] were
averaged and employed for neutral lipid quantification, accounting for dilution factor and
symbiont density in final calculations.

2.8. Statistical Analysis

Linear mixed-effects models (LMMs) were used to analyze each dependent variable
separately, including multiple fixed predictors and random effects, using IBM® SPSS®
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Statistics software (Version 27.0.1.0; see details in the Supplementary Materials). This
approach was selected because the experimental design included both fixed effects of
interest and random effects associated with repeated measurements and experimental
units. Prior to analysis, all datasets were assessed for normality and homoscedasticity
by inspecting standardized residual plots, Q–Q plots, and performing Shapiro–Wilk tests
(p > 0.05; [58,59]). When model assumptions were not met, appropriate transformations
were applied (see Supplementary Materials for details on the transformations used for each
variable). Statistical inferences were conducted on the transformed scale when required,
while figures display untransformed data to facilitate biological interpretation. Differences
in total alkalinity (TA; dependent variable) were assessed using a paired t-test conducted
in Excel, which revealed no significant differences (p = 0.23, df = 4, t = 1.39). Similarly,
initial cell density was tested for potential differences between treatments (p = 0.003, df = 4,
t = −6.27). When appropriate, post hoc analyses with multiple pairwise comparisons were
performed using IBM® SPSS® Statistics software. All graphical outputs were generated
using non-transformed data. Results were evaluated and presented based on the highest-
order significant terms identified in the LMMs. When no significant effects were detected,
response variables are reported as mean ± 1 standard error (SE) across all replicates.
The Supplementary Materials provide full statistical details supporting the main results,
including figures illustrating significant terms and interactions not directly related to the
primary objective of this study (i.e., comparing the performance of “freshly isolated” versus
“long-term cultured” symbionts under thermal stress).

3. Results
3.1. Microenvironmental Dynamics

During the experiment, we assessed environmental conditions daily at 05:00 and
17:00 h local time (Figure 1 and Table S2). As described in the Methods, results are reported
as mean ± 1 standard error (SE) unless otherwise indicated. All considered factors sig-
nificantly impacted dissolved O2 values, resulting in multiple significant interactions
(LMMs; AR(1) heterogeneous, non-transformed Timepoint: p < 0.001, df = 1, Denominator
df = 19.140, F = 642.538; Temperature: p < 0.001, df = 7, Denominator df = 26.162, F = 111.441;
Culture type: p = 0.005, df = 1, Denominator df = 19.140, F = 10.083; Temperature regime:
p = 0.005, df = 1, Denominator df = 19.140, F = 9.998). In particular, at 37 ◦C, daytime O2

levels under heat stress decreased relative to 36 ◦C (−3.52% and −1.75% from 36 ◦C values
in “freshly isolated” and “long-term cultured”, respectively; Figure 1A), while differences
between culture types at this temperature were not statistically sig-nificant (pairwise,
p = 0.782, df = 62.348). Across temperatures, the pattern of dissolved O2 depended on
culture type (LMMs; AR(1) heterogeneous, p < 0.001, df = 7, Denominator df = 26.126,
F = 5.360).

An overall increase in pCO2 values was observed, with patterns dependent on both
temperature and culture type (LMMs; AR(1) heterogeneous, non-transformed, Temper-
ature: p < 0.001, df = 7, Denominator df = 21.161, F = 21.578; Culture type: p < 0.001,
df = 1, Denominator df = 46.817, F = 25.914). From 36 ◦C onwards, cultures under heat
stress exhibited increasing pCO2, peaking at 37 ◦C (pairwise Control vs. Heat-stress at 36 ◦C:
p = 0.002, df = 80.487; at 37 ◦C: p < 0.001, df = 80.487). At 37 ◦C, “freshly isolated” cultures
showed the highest pCO2 values at night and during the day (1752.80 ± 441.77 µatm and
928.30 ± 373.93 µatm, respectively) compared to “long-term cultured” ones
(1011.80 ± 778.43 µatm and 560.90 ± 44.35 µatm, respectively), although differences be-
tween culture types at this temperature were not statistically significant (pairwise Freshly
Isolated vs. Long-term Cultured: p = 0.080, df = 47.666).
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Figure 1. Temporal variations in environmental parameters for “long-term cultured” and “freshly
isolated” Symbiodinium cultures under thermal stress and control temperature. Temporal changes in
(A) dissolved oxygen (mg L−1), (B) pCO2 (µatm), and (C) pH in Symbiodinium cultures. Day values
are indicated by unfilled markers, while night values are shown with filled markers. Control samples
(kept at 29 ◦C throughout) are denoted in red, ramping samples (subjected to +1 ◦C per day) in
blue, and initial values in gray. Circles represent “long-term cultured” cultures; (“LT cultured” in
the figure) triangles represent “freshly isolated” cultures (“fresh” in the figure). Error bars are not
reported (see Supplementary Materials). Significant differences at p < 0.05 are represented as “*”.
In all figures, the control group was maintained at a constant temperature of 29 ◦C throughout the
entire experiment. However, on the x-axis, different temperatures are indicated to represent the
conditions under which the ramping samples were exposed on specific days. This implies that the
control group maintained a consistent temperature regardless of the temperature variations depicted
on the x-axis for the ramping samples.
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This increase in pCO2 under heat stress was reflected by the trends in pH. Overall, pH
was significantly affected by timepoint, temperature, culture type, and temperature regime
(LMMs; AR(1), non transformed, Timepoint: p < 0.001, df = 1, Denominator df = 61.659,
F = 149.387; Temperature: p < 0.001, df = 7, Denominator df = 76.546, F = 9.234; Culture
type: p < 0.001, df = 1, Denominator df = 50.602, F = 71.703; Temperature regime: p < 0.001,
df = 1, Denominator df = 36.082, F = 106.802), and pH responses depended on both culture
type and temperature regime (LMMs, Culture type × Temperature regime: p < 0.001,
df = 1, Denominator df = 36.082, F = 31.028). Overall, pH levels diverged between “freshly
isolated” and “long-term cultured” at 37 ◦C, with both cultures under the heat-stress
regime showing significant medium acidification (−1.05% and −1.02% from 36 ◦C values,
respectively; Figure 1C). These variations in O2 and CO2 levels during heat stress suggest
differential productivity and metabolic responses of “freshly isolated” and “long-term
cultured” Symbiodinium A1.

3.2. Cellular Productivity-Related Responses

Symbiodinium A1 density significantly varied with temperature, temperature regime,
and culture type (LMMs; AR(1), Sqrt, Temperature: p < 0.001, df = 7, Denominator
df = 28.030, F = 19.665; Temperature regime: p < 0.001; Culture type: p < 0.001,
df = 1, Denominator df = 54.388, F = 138.814; Tables S22–S25). “Freshly isolated”
cultures generally exhibited higher symbiont density compared to “long-term cul-
tured” ones under both temperature regimes (41.60 ± 0.93 × 104 cells mL−1 and
22.19 ± 0.89 × 104 cells mL−1, respectively; Figure 2A,B), with pairwise comparisons indi-
cating significant differences between culture types from 30 to 37 ◦C (p < 0.05; Table S24),
but not at the start of the experiment (29 ◦C; Table S24). This was likely due to the different
growth rates in the two cultures, as “freshly isolated” cultures exhibited two-fold higher
growth rates (0.055 ± 0.039 µ day−1) than “long-term cultured” (0.029 ± 0.030 µ day−1)
Symbiodinium A1 in the pre-experimental phase. Similarly, during the thermal stress ex-
periment, growth rates were negative in “long-term cultured” symbionts (−2.25 ± 0.38 and
−0.99 ± 0.57 µ day−1 under thermal stress and control conditions, respectively) and posi-
tive in “freshly isolated” cultures (0.87 ± 0.78 and 1.68 ± 0.60 µ day−1 under thermal stress
and control conditions, respectively).

Maximum photochemical efficiency (Fv/Fm) significantly differed among tempera-
tures, temperature regimes, and culture types (LMMs; CS, non-transformed, Temperature:
p < 0.001; Temperature regime: p < 0.001; Culture type: p < 0.001; Tables S22 and S26–S28;
Figure S10). Maximum Fv/Fm levels were initially consistent across “freshly isolated” and
“long-term cultured” cultures under control and heat stress conditions, with differences
emerging as temperature increased (Figure 2C,D). “Freshly isolated” symbionts maintained
higher maximum Fv/Fm under heat stress than “long-term cultured” (0.515 ± 0.007 and
0.401 ± 0.007, respectively), although pairwise differences between culture types were
temperature-dependent (Table S28). However, at the highest temperature tested (37 ◦C),
maximum Fv/Fm was entirely disrupted in both culture types under the heat stress regime
(0.28 ± 0.04; Figure 2C), reflecting a strong negative effect of thermal stress (pairwise control
vs. heat stress at 37 ◦C: p < 0.001; Table S28). Temperature effects on maximum Fv/Fm
varied with the temperature regime, with control samples exhibiting higher maximum
Fv/Fm compared to those under heat stress conditions (Figure S10B).

Chlorophyll-a concentration was significantly affected by temperature, tempera-
ture regime, and their interaction, while no main effect of culture type was detected
(LMMs; AR(1) heterogeneous, Ln, Temperature: p < 0.001; Temperature regime: p < 0.001;
Temperature × Temperature regime: p < 0.001; Culture type: p > 0.05; Tables S29–S32;
Figures S11 and 2D). “Freshly isolated” cultures exhibited higher chlorophyll-a con-
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centrations under control conditions than under heat stress (0.0200 ± 0.0017 and
0.0200 ± 0.0014 µg cell−1, respectively). In contrast, “long-term cultured” symbionts
showed higher chlorophyll-a concentrations under heat stress compared to control condi-
tions (0.0284 ± 0.0032 and 0.0185 ± 0.0012 µg cell−1, respectively; Figure 2E). Despite these
contrasting trends, no significant differences between culture types were detected.

Figure 2. Variations in productivity-related responses of Symbiodinium during a thermal stress
experiment (non-transformed data). (A) Symbiont density (cells × 104 mL−1) plotted by temperature
regime and culture type (“freshly isolated” in gray and “long-term cultured” in dark gray; see
Table S23 for statistical details). (B) Symbiont density (cells × 104 mL−1) plotted by temperature
and culture type (“freshly isolated” in gray and “long-term cultured” in black; see Table S24 for
statistical details). (C) Average maximum photochemical efficiency (Fv/Fm) plotted by temperature
and conditions (unlinked points with gray bars: start; dark green: “freshly isolated” control; purple:
“freshly isolated” under heat stress; orange: “long-term cultured” control; dark blue: “long-term
cultured” under heat stress). (D) Chlorophyll-a (µg cell−1) plotted by timepoint and culture type
(“freshly isolated” in gray and “long-term cultured” in dark gray). (E) Chlorophyll-a (µg cell−1)
plotted by culture type (“freshly isolated” and “long-term cultured”) and temperature regime (start
in gray, control in red, heat stress in dark blue). (F) Unsaturation levels (a.u.) of thylakoid membrane
lipids plotted by culture type (“freshly isolated” and “long-term cultured”) and temperature (29 ◦C
in gray and 37 ◦C in blue). Different letters indicate significant pairwise differences (post hoc tests,
p < 0.05). In all panels, whiskers indicate the full range (minimum to maximum), boxes represent
the interquartile range, and the horizontal line indicates the median. Circles represent outliers.
In all graphs, “long-term cultured” is abbreviated as “LT cultured” to shorten labels. Significant
differences identified on transformed data are indicated by asterisks (*, p < 0.05); asterisks represent
pairwise comparisons between culture types within temperature regimes (panel (A); Table S23) or
at individual temperatures (panel (B); Table S24). In panels where responses are plotted against
temperature, control cultures were maintained at a constant temperature of 29 ◦C throughout the
experiment, and temperatures shown on the x-axis represent the conditions experienced by ramping
samples on specific days; thus, control cultures remained at 29 ◦C despite the temperature values
shown for ramping treatments.

Production rates (µmol O2 cell−1 h−1) were significantly influenced by temperature
in a timepoint-dependent manner, with a significant timepoint × temperature interaction
detected only at the start of the experiment (LMMs; AR(1), non-transformed, Timepoint:
p < 0.001; Temperature × Timepoint: p < 0.001; Tables S29 and S33). No significant
temperature effects were observed at later timepoints. These responses were consistent
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across culture types, with no significant culture-type-specific effects detected (p > 0.05).
Lipid thylakoid membrane unsaturation increased significantly with temperature and
differed between culture types (Table S34). “Long-term cultured” symbionts exhibited a
more pronounced increase under heat stress (from 2.77 ± 0.38 at 29 ◦C to 3.77 ± 0.46 a.u. at
37 ◦C) compared to “freshly isolated” cultures (from 2.67 ± 0.06 at 29 ◦C to 2.77 ± 0.29 a.u.
at 37 ◦C; Figure 2F).

3.3. Metabolic Responses

Respiration rates were significantly affected by timepoint and temperature, with
addi-tional temperature-dependent differences between culture types (LMMs; AR(1),
non-transformed Timepoint: p < 0.001, df = 1, Denominator df = 32.91, F = 24.04; Tem-
perature: p < 0.001, df = 4, Denominator df = 49.64, F = 13.03; Timepoint × Temperature:
p < 0.001, df = 4, Denominator df = 59.13, F = 13.01; Temperature × Culture type: p < 0.001,
df = 4, Denominator df = 69.23, F = 5.56; Tables S35–S38). Respiration rates differed be-
tween “freshly isolated” and “long-term cultured” cultures at 29 ◦C (−0.0084 ± 0.0135 and
−0.0253 ± 0.0307 µmol O2 cell−1 h−1, respectively), while values converged at higher
temperatures (−0.0016 ± 0.0064 µmol O2 cell−1 h−1; Figure 3A). Pairwise comparisons
confirmed a significant difference between culture types at 29 ◦C (p < 0.001), whereas
no significant differences were detected at subsequent temperatures. Night respiration
rates followed a similar pattern (Figure 3B), with significant day–night differences at 29 ◦C
(p < 0.001), but not at higher temperatures. Accordingly, differences in respiration rates
between “freshly isolated” and “long-term cultured” symbionts were restricted to pre-stress
conditions and disappeared once thermal stress progressed (Figure S12).

Figure 3. Cont.
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Figure 3. Variations in metabolic and energy storage responses of Symbiodinium during a thermal stress
experiment (non-transformed data). (A) Respiration (µmol cell−1 h−1) plotted by temperature and culture
type (“freshly isolated” in gray and “long-term cultured” in black; see Tables S35 and S36 for statistical
details). (B) Respiration (µmol cell−1 h−1) plotted by temperature and conditions (“freshly isolated”
day in light blue, “freshly isolated” night in dark green, “long-term cultured” day in dark red, and
“long-term cultured” night in light red; see Tables S35 and S38 for statistical details). (C) Neutral lipid
content (triolein equivalents cell−1) plotted by temperature and culture type (“freshly isolated” in
gray and “long-term cultured” in black; see Tables S41 and S42 for statistical details). In all panels,
whiskers indicate the full range (minimum to maximum), boxes represent the inter-quartile range,
and the horizontal line indicates the median. Circles represent outliers. In all graphs, “long-term
cultured” is abbreviated as “LT cultured” or “LT” to shorten labels. Significant differences identified
on transformed data are indicated by asterisks (*, p < 0.05). In panels where responses are plotted
against temperature, control cultures were maintained at a constant temperature of 29 ◦C throughout
the experiment, and temperatures shown on the x-axis represent the conditions experienced by
ramping samples on specific days; thus, control cultures remained at 29 ◦C despite the temperature
values shown for ramping treatments.

Lactate production varied significantly with timepoint, culture type, and temperature
regime (LMMs; AR(1), Ln, Timepoint: p = 0.011, df = 1, Denominator df = 73.66, F = 6.88;
Culture type: p = 0.001, df = 1, Denominator df = 61.35, F = 11.36; Temperature regime:
p = 0.033, df = 1, Denominator df = 54.45, F = 4.78; Table S35), with temperature-related
patterns primarily driven by interactions involving timepoint (Timepoint × Temperature:
p < 0.001, df = 7, Denominator df = 93.28, F = 4.48; Timepoint × Culture type: p = 0.044,
df = 1, Denominator df = 75.35, F = 4.19; Timepoint × Temperature × Temperature regime:
p = 0.007, df = 7, Denominator df = 92.79, F = 2.99). Under heat stress, significant
day–night differences in lactate production were observed at 30 ◦C and 32 ◦C, while
at 36 ◦C, day–night differences were detected under both control and heat-stress regimes
(Tables S39 and S40; Figure S13).

3.4. Energy Storage Responses

Changes in neutral lipid content (triolein equivalents cell−1) were significantly in-
fluenced by temperature and culture type, with a significant temperature × culture type
interaction (LMMs; AR(1) heterogeneous, Ln, Temperature: p = 0.003, df = 4, Denomi-
nator df = 17.189, F = 6.373; Culture type: p < 0.001, df = 1, Denominator df = 14.150,
F = 57.610; Temperature × Culture type: p < 0.001, df = 4, Denominator df = 16.685,
F = 13.167; Tables S41 and S42). Temperature regime did not significantly affect neutral
lipid content (p = 0.091, df = 1, Denominator df = 12.494, F = 3.360; Table S41). Neutral lipid
content in “freshly isolated” cultures remained relatively constant across temperatures
(0.96 × 10−4 ± 0.067 × 10−4 triolein equivalents cell−1), whereas “long-term cul-
tured” symbionts exhibited a pronounced temperature-dependent increase, rising from
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1.0 × 10−4 ± 0.015 × 10−4 at 29 ◦C to 2.8 × 10−4 ± 0.05 × 10−4 triolein equivalents cell−1

at 37 ◦C (Figure 3C).

4. Discussion
Our study highlights the differential thermal performance of “freshly isolated” and

“long-term cultured” Symbiodnium A1. This is consistent with previous results on a different
stressor type (i.e., oxidative stress), which showed that “freshly isolated” and “long-term
cultured” Symbiodinium have differential responses, with the “freshly isolated” ones being
more stress-tolerant [60]. In our study, “freshly isolated” symbionts showed higher photo-
chemical efficiency and symbiont density within the tested temperature range, whereas
“long-term cultured” symbionts exhibited increased neutral lipid accumulation with rising
temperatures, consistent with stress-induced metabolic reallocation and altered carbon
partitioning. This confirms that “freshly isolated” Symbiodinium tend to be more stress-
tolerant than “long-term cultured”. By using isogenic Symbiodinium A1 derived from the
same host species and location, and by integrating photophysiological, metabolic, biochem-
ical, and energy storage metrics, our experimental design isolates the effects of culture
history and provides a holistic framework for interpreting symbiont stress responses within
the broader context of coral bleaching physiology.

Furthermore, in this study, we also observed significant deviations in pH, dO2, and
dCO2 in the culture environment from in hospite conditions (see data in [61]), confirming the
hypothesis that in vitro (i.e., cultured in artificial settings) conditions are not representative
of in hospite conditions [38,43,62]. Hence, Symbidinium cells maintained in culture for
multiple generations, as the long-term cultured ones in our experiment, may adapt to these
conditions and progressively depart from the performance of freshly isolated cells. These
findings are consistent with previous investigations about circadian rhythm in Stylophora
pistillata, which measured O2 in hospite and in vitro [63,64]. Hence, controlling symbiont
culture environments is essential to closely mimic in hospite conditions and to consider this
factor when planning experiments.

Limited research has investigated the differentiating attributes of “freshly isolated”
and “long-term cultured” Symbiodiniaceae, encompassing properties such as theca [40],
protein profiles [41,65], metabolic modulation [42], energy storage [39] (Wang et al., 2015),
morphology [65], and genetic traits [66]. However, even scarcer attention has been ded-
icated to comprehending their differences in responses to environmental stressors (e.g.,
thylakoid thermostability; [67] or thermal tolerance; [60]). In our study, differences in the
responses of “freshly isolated” and “long-term cultured” symbionts to heat stress man-
ifested in their divergent O2, pH, and pCO2 trends, besides other physiological effects.
Notably, when temperatures reached 36–37 ◦C, both cultures witnessed marked declines
in O2 and pH levels, albeit more pronounced in “freshly isolated” samples. Below this
thermal threshold, “freshly isolated” symbionts exhibited slightly, but not significantly,
higher oxygen production. Conversely, pCO2 levels exhibited an increase within the same
temperature range, with “freshly isolated” Symbiodinium showing higher pCO2 at 37 ◦C
than “long-term cultured”. These trends in O2 levels were mirrored by Fv/Fm patterns.
In fact, “freshly isolated” Symbiodinium exhibited a higher Fv/Fm under heat stress than
their “long-term cultured” counterparts. When the temperature reached the highest level
tested (37 ◦C), Fv/Fm halved in both culture types. A comparative analysis involving
“cultured” and freshly isolated Symbiodinium from sea anemones indicated that Fv/Fm
remained unaltered by thermal stress in freshly isolated symbionts, contrary to a significant
reduction observed in “cultured” counterparts [60], consistent with our results. In the pre-
experimental phase, we also noted higher symbiont growth rates in “freshly isolated” cells
than in “long-term cultured” counterparts, a finding contrary to previous studies [68,69],
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and an overall higher symbiont density was observed during the ramping experiment,
regardless of the temperature regime. This stems from “freshly isolated” Symbiodinium
exhibiting positive growth rates, whereas their “long-term cultured” counterparts showed
negative growth rates. This difference might partially explain the above-described patterns.

Both “freshly isolated” and “long-term cultured” Symbiodinium exhibited consistent
chlorophyll-a concentration and production rates under the applied thermal stress. Thy-
lakoid unsaturation state, assessed only in symbionts subjected to heat stress at 29 and
37 ◦C, exhibited different patterns in the two cultures, showing a striking increase, particu-
larly in “long-term cultured” Symbiodinium. The thylakoid membrane lipid composition
has been suggested as a diagnostic factor for coral bleaching, with a focus on unsaturation
regulation [70]. Previous studies showed that elevated temperatures induce shifts in mem-
brane saturation, reducing lipid unsaturation for greater rigidity [71]. Such changes have
been shown to enhance PSII activity under thermal stress in specific species (e.g., Chlamy-
domonas reinhardtii and Arabidopsis thaliana; [72,73]). However, our investigation revealed
an overall increase in thylakoid membrane unsaturation state under heat stress, more
pronounced in “long-term cultured” Symbiodinium. This result aligns with prior research
demonstrating high variability in thylakoid lipid responses to thermal stress, including
increases in unsaturation under short-term heat exposure [74]. Importantly, changes in
lipid unsaturation may reflect both regulated membrane remodeling and stress-related
processes, such as oxidative damage and lipid peroxidation, rather than a purely adaptive
response. This dual interpretation further emphasizes the limited reliability of thylakoid
lipid unsaturation as a standalone indicator of photosystem efficiency in Symbiodiniaceae
exposed to heat stress [74].

Thermal stress affected the metabolism of the symbionts, resulting in differences in
respiration rates between “freshly isolated” and “long-term cultured” symbionts only
at 29 ◦C. This outcome aligns with the observations by [75] who documented distinct
oxygen fluxes between in hospite (Aiptasia pulchella) and freshly isolated symbionts. Con-
sequently, the “freshly isolated” symbionts may maintain different physiological statuses
in comparison to “long-term cultured” counterparts. As thermal stress commences, these
differences attenuate.

As a result of a combination of a decrease in Fv/Fm and disruption of oxygen pro-
duction, a shift in metabolism was expected and confirmed lipid bodies accumulation in
“long-term” cultured symbionts. Such accumulation of neutral lipids (e.g., triacylglycerols
stored in lipid droplets) has been widely reported as a cellular response to environmen-
tal stress in Symbiodiniaceae and other microalgae, reflecting stress-induced metabolic
reallocation and energy storage strategies rather than direct evidence of classic anaerobic
energy metabolism [76]. This finding indicates a shift from aerobic to anaerobic energy
production under thermal stress [76]. Variations in symbiont nutrient uptake under di-
verse temperatures have been documented [77] and might be explained by the fact that
nutrient acquisition and storage capacity are compromised under thermal stress, leading
to lipid droplet (LD) accumulation. This was observed in Nannochloropsis oculata [78]
and Symbiodnium [79]. In the latter case, all high-temperature treatments induced neutral
lipid (triacylglycerols [TAG]) accumulation in LDs after 5 days of thermal stress (low and
high; [79]). Our study confirmed that LDs accumulation in Symbiodinium was similar in
the two culture types at control temperature 29 ◦C, whereas when exposed to thermal
stress, LDs accumulation was particularly pronounced in “long-term cultured” symbionts
compared to “freshly isolated”.

In the pre-experimental phase, we monitored abiotic conditions in the culture medium
to assess how closely in vitro conditions approximate those experienced by symbionts in
hospite (Supplementary Materials). Although the “freshly isolated” symbionts used in
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this study had a substantially shorter culture history than the long-term cultures, they
still represent an axenic in vitro system and therefore cannot be considered a true in hos-
pite control. Notably, our comparison shows that in hospite conditions generally exhibit
slightly greater environmental extremes than in vitro conditions (Table 1), consistent with
previous findings that artificial culturing does not fully replicate host-associated micro-
environments [38]. This insight is derived from our use of Symbiodinium A1 isolated from
Cassiopea andromeda, the same species and collection area as studied in [61]. Their investiga-
tion of the internal microenvironment of Cassiopea sp. oral arms (the symbiont hosting site)
provides a basis for comparison with in vitro values (i.e., collected in the pre-experimental
phase) in Table 1. This table offers a comprehensive overview of in hospite versus in vitro
condition comparisons for symbionts isolated from cnidarian species obtained from the
available peer-reviewed literature. Although numerous studies have investigated the mod-
ifications that freshly isolated and cultured endosymbionts undergo in artificial conditions,
there is limited understanding of the drivers underlying these changes. Variations in ionic
conditions and adaptation to a non-intracellular life [43], lack of host-symbiont interac-
tions [62], and differences between in hospite and in vitro conditions might partially drive
these changes. Considering the differences shown in Table 1, we postulate that Symbiodini-
aceae can rapidly adapt to artificial settings and changes in environmental conditions [21].
The observed changes in sensitivity, as identified in our study and corroborated by [43],
can stem from their cultivation in artificial settings that fail to mimic in hospite conditions.
Notably, culture in artificial conditions has also been demonstrated to alter gene and protein
expression [41]. This phenomenon is likely exacerbated by prolonged artificial cultivation
that can facilitate the appearance of spontaneous mutations over a short period of time [25],
due to the rapid asexual reproduction in Symbiodiniaceae [44].

Although this study focused on a single Symbiodinium clade (A1) isolated from a
single host species, this reductionist approach allowed us to isolate the effects of prolonged
in vitro culture from host- and clade-specific variability. Our findings, therefore, provide
a mechanistic case study illustrating how artificial culturing alone can substantially alter
symbiont physiology and stress responses. Extending these comparisons across additional
Symbiodiniaceae clades and host taxa will be essential to determine how general these
patterns are across coral–symbiont associations. The direction and magnitude of culture-
driven physiological drift may differ among thermally tolerant or ubiquitous lineages, and
symbionts originating from hosts with different degrees of environmental tolerance and
symbiosis regulation, such as Cassiopea, compared to reef-building corals, may respond
differently to prolonged in vitro culture, underscoring the need for comparative studies
across clades and host types.

An important question arising from our results is whether prolonged in vitro culturing
may act as a form of unintentional “domestication”, selecting for traits optimized for
stable laboratory conditions while potentially reducing stress resilience relevant in hospite,
thereby influencing estimates of symbiont thermal tolerance. Although our experimental
design was not intended to test artificial selection, the contrasting responses observed
between “freshly isolated” and “long-term cultured” symbionts indicate that prolonged
maintenance under in vitro conditions can substantially alter physiological performance
and stress responses. Importantly, these changes do not necessarily reflect enhanced
thermal tolerance, but rather acclimation or adaptation to artificial culture environments
that differ markedly from in hospite conditions. Whether targeted selection under controlled
thermal regimes could yield symbiont strains with stable and ecologically relevant heat
tolerance remains an open question and warrants dedicated experimental investigation.
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Table 1. Comparison of oxygen (mg L−1) and pH levels in hospite and in vitro (i.e., grown in artificial conditions) in several species of Cnidarians.

Source
Species

Symbiodiniaceae
Type Location Temperature

(◦C)

Light Conditions
Night–Day or
Mean (µmol

Photons m−1 s−1)

Oxygen
Night–Day
(mg L−1)

pH
Night–Day Reference

In Hospite In Vitro In Hospite In Vitro In Hospite In Vitro

Cassiopea
andromeda Symbiodnium A1 KAEC, Red Sea 28–29 0–1091.0 1.98–17.47 ** 4.49–10.15 * 7.93–8.61 ** 8.49–8.73 * [61] This

study
Stylophora
pistillata Clade A Eliat,

Israel 24 200.0 7.52–9.21 *** 11.43–16.73 *** - - [63,64] [63,64]

Clade C Eliat,
Israel 24 200.0 7.52–9.21 *** 8.45–17.19 *** - - [63,64] [63,64]

Clade D Eliat,
Israel 24 200.0 7.52–9.21 *** 8.71–20.65 *** - - [63,64] [63,64]

* Mean of “freshly isolated” and “long-term cultured”. ** Measured internally with microsensors. *** Not measured with microsensors, but with external OPTODs under artificial light.
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5. Conclusions
In conclusion, prudent consideration is advised when using cultured symbionts for

experimental studies. Although various factors could contribute to the differences observed
between “freshly isolated” and “long-term cultured” symbionts, their distinct responses
in this study are primarily attributed to being cultured under artificial conditions and
the pre-experiment conditions. Post the inherently stressful isolation process, numerous
environmental factors change, encompassing light intensity, temperature regime, O2, pH,
and pCO2, potentially underpinning these physiological shifts. Additionally, the ‘long-term
cultured’ symbionts were maintained under stable conditions for 2.5 years, which coincides
with the threshold for stable phenotypic changes observed in vitro (see [25]). In contrast,
‘freshly isolated’ symbionts, having recently experienced environmental variability prior
to artificial culturing, displayed greater resilience in terms of photochemical efficiency
and symbiont density stability during thermal stress. Exposure to environmental vari-
ability has previously been linked to enhanced organismal performance under thermal
stress [80]. Hence, these findings underscore the importance of incorporating environmen-
tal variability into laboratory experiments [81]. Consequently, all these factors warrant
careful consideration when devising experiments to gauge the impact of climate change on
cnidarian holobionts.
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