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ABSTRACT  
Some cladobranch sea slugs host algae (Symbiodiniaceae), forming stable or unstable 
photosymbiotic relationships. Although some benefits from retaining symbionts have been 
described in stable photosymbioses, unstable photosymbioses remain largely 
uninvestigated. We examined two potential benefits – nutrition and oxygen produced via 
photosynthesis – in the unstable cladobranch model species, Berghia stephanieae. To 
investigate potential nutritive benefits, we conducted transmission electron microscopy and 
observed both partially digested symbionts and lipid droplets, indicating that B. stephanieae 
benefits energetically from hosting zooxanthellae through digestion. Since increased 
temperatures can cause oxygen limitation, any oxygenic benefits B. stephanieae receives 
from photosynthesis could influence their thermal tolerance, allowing photosynthetic slugs 
to withstand higher temperatures than specimens where photosynthesis is limited or 
absent. To assess this, we measured the maximum temperature they can withstand before 
succumbing to heat-shock under three light intensities (0, 100 and 700 µmol m-2s-1). Oxygen 
uptake was measured before and after heat-shock to determine whether uptake was 
affected by thermal stress. Slugs exposed to high light displayed significantly lower thermal 
limits than those at zero or moderate light, indicating exposure to acute high light 
negatively impacts thermal tolerance. Lastly, we assessed if and how light affects juvenile 
development and survival. Juveniles exposed to moderate light survived longest, while both 
other light intensities reduced survival. These investigations demonstrate that unstable 
photosymbiosis provides B. stephanieae with nutritive benefits during different ontogenetic 
stages. Oxygenic benefits are less clear, as slugs exposed to thermal stress in dark and 
under moderate light did not display different thermal tolerances.
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Introduction

Numerous heterotrophic species form symbioses with 
single-celled algae allowing them to profit energeti
cally from the products of photosynthesis. Amongst 
metazoan taxa, these relationships, termed photosym
bioses, are most often formed with dinoflagellates 
belonging to the family Symbiodiniaceae (Stanley  
2006; Rumpho et al. 2011). Although corals are 
perhaps the most well-known photosymbiotic taxon, 
many other metazoan species also host Symbiodinia
ceae (Melo Clavijo et al. 2018), commonly referred to 
as zooxanthellae when in hospite (Kempf 1984; 
Weis et al. 2008; Sunagawa et al. 2009). To date, photo
symbiosis research has predominantly focused on cni
darians like corals and anemones, but lesser known 

photosymbioses, such as acoelomate flatworms and 
nudibranchs are garnering increasing attention 
(Arboleda et al. 2018; Rola et al. 2022).

Nudibranchia are a carnivorous order of sea slugs 
feeding on prey such as anemones, corals, sponges, 
tunicates, and bryozoans (Nybakken and McDonald  
1981). Some nudibranch species belonging to the sub
order Cladobranchia are capable of stealing zoox
anthellae from their cnidarian prey. The algae are 
incorporated into cells of the digestive gland system 
which runs transversally along the animal’s body and 
line their dorsal appendages, termed cerata (singular 
cera) (Kempf 1984; Rola et al. 2022). Different cat
egories of photosymbiosis are found among clado
branchs, depending on how long the zooxanthellae 
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remain active within their cells, and there is evidence 
for independent origins of photosymbiosis in these 
lineages (Rola et al. 2022). In unstable photosymbioses, 
zooxanthellae only remain in the animal for a few days 
or weeks before they are digested or expelled, while 
stable photosymbioses hold on to the active zoox
anthellae for several months (reviewed in Rola et al.  
2022).

Since the discovery of the nudibranch and zoox
anthellae relationship, researchers have debated 
whether or not these symbioses are mutualistic and 
sought to understand potential benefits for each 
partner. Benefits for the animal host could include sun
block against ultraviolet radiation (Watson et al. 2021) 
and camouflage provided by the photosynthetic pig
ments (Marín and Ros 1991; Di Marzo et al. 1993; 
Wägele 2004). The slug could also profit energetically, 
either via the production and immediate translocation 
of photosynthates to the animal (Burghardt and 
Wägele 2014) as observed in many cnidarian species 
(Davy et al. 2012), or by digestion of the symbiont 
itself as food including any photosynthates it has pro
duced and retained, which has been observed in some 
sacoglossan slugs harboring chloroplasts (Laetz et al.  
2017; Laetz and Wägele 2019). Energetic benefits, 
through either increased growth and/or reproductive 
capacity, have been observed in two species that can 
maintain stable photosymbioses under normal light
ing conditions, Melibeengeli Risbec, 1937 and Phyllo
desmiumbriareum (Bergh, 1896) (Kempf 1984; 
Burghardt and Wägele 2004; Burghardt et al. 2005).

While the energetic benefits to stable photosym
bioses have been demonstrated in numerous species, 
including some cladobranch slugs, the energetic 
benefits of unstable photosymbiosis are unclear. Mul
tiple authors report that some cladobranchs with 
unstable photosymbioses excrete the symbionts they 
acquire (Parker 1984; Monteiro et al. 2019). This 
suggests that these species do not profit from sym
biont incorporation and may even shed the zoox
anthellae to avoid potential harm. Therefore, we 
must also consider if there are potential drawbacks 
that could explain why zooxanthellae are only retained 
for limited time spans in some species. Symbiodinia
ceae are capable of mixotrophy or heterotrophy if 
unable to support their metabolism via autotrophy 
alone (Jeong et al. 2012). Their ability to switch 
modes of energy acquisition could become a burden 
for the animal host if Symbiodiniaceae can successfully 
predate its host’s tissues (endoparasitism), which has 
been observed in cnidarians provided suboptimal 
light intensities and/or temperatures (Steen 1986; 
Douglas and Smith 2019).

Suboptimal light and temperatures could impact 
other potential photosynthetic benefits that have yet 
to be examined in cladobranchs capable of stable 
and unstable photosymbioses. Molecular oxygen (O2, 
hereafter referred to as oxygen) that is produced as a 
byproduct of photosynthesis could benefit photosym
biotic slugs, helping them meet their oxygenic 
demands in order to maintain aerobic respiration, 
especially for species inhabiting shallow, tropical 
waters, which already contain lower levels of dissolved 
oxygen than temperate, polar and deeper waters. 
Although it is still unknown exactly what determines 
thermal limits for marine organisms, oxygen avail
ability is increasingly indicated as a key factor for a 
few reasons. Increasing sea surface temperatures 
leads to deoxygenation for multiple reasons including, 
decreased solubility, increased stratification, and 
changes in water circulation, yet many ectotherms 
require more oxygen to maintain aerobic respiration 
at higher temperatures (Woods et al. 2022). This can 
cause a mismatch between the amount of oxygen 
that is available to the animal and the amount of 
oxygen it requires for sustaining aerobic metabolism 
(Pörtner 2002; Storch et al. 2014; Verberk et al. 2016). 
Therefore, oxygen that is produced as a byproduct of 
photosynthesis may give photosymbiotic slugs an 
advantage by reducing the amount of oxygen they 
need to obtain from their environments in order to 
maintain aerobic scope, particularly when oxygen 
becomes more limited as they approach their critical 
thermal maximum temperatures. These thermal 
maxima are often defined as the maximum tempera
ture an individual can withstand before it is no 
longer able to flee a stressor (Cowles and Bogert  
1944) or the temperature at which it enters a heat- 
induced coma (Lutterschmidt and Hutchison 1997).

Profiting energetically or oxygenically from photo
synthesis requires exposure to light, which depends 
on a wide variety of abiotic and biotic factors in 
nature, from depth and turbidity to a slug’s behaviour 
(i.e. does it demonstrate positive or negative phototaxis) 
and the location of its prey (detailed in Burgués Palau 
et al. 2024). Light can also be considered a stressor 
though, when light intensities that exceed an organ
isms’ photoacclimation state (the amount of light to 
which it is adapted) inhibit photosynthesis by damaging 
the photosynthetic machinery leading to photoinhibi
tion and photodamage (Hoegh-Guldberg and Jones  
1999; Ralph et al. 1999; Lesser 2006). Some coral hosts 
expel their symbionts when exposed to intense light 
exposure, which is amplified when they are subjected 
to thermal stress (Fitt et al. 2001; Bhagooli and Hidaka  
2004). Increased temperatures can also destabilize the 
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coral/zooxanthellae symbiosis by disrupting their 
mutually beneficial nutrient exchange (Rädecker et al.  
2021). Thermal stress can also cause hosts to reach a 
tipping point at which the presence of their photo
synthesizing symbionts becomes more costly for the 
host than beneficial, shifting a mutualistic interaction 
toward an endoparasitic interaction (Baker et al. 2017). 
Although it is not known if incorporated zooxanthellae 
can parasitize cladobranch sea slugs and under which 
environmental conditions this would occur, the draw
backs described above are plausible in sea slugs and 
could help explain why some cladobranchs have 
limited symbiont retention capacities.

To examine potential energetic and oxygenic 
benefits in a cladobranch slug capable of unstable 
photosymbiosis, we examined the cladobranch 
model species, Berghia stephanieae (Valdés, 2005). 
This species feeds solely on Exaiptasia diaphana 
(Rapp, 1829) sea anemones that host photosynthetic 
Symbiodiniaceae as endosymbionts in their endoder
mal cells (Garrett et al. 2013). Berghia stephanieae 
obtains these algae by feeding on E. diaphana and 
incorporating the algal cells into its digestive gland 
epithelial cells, where they can be retained for up to 
five days in an unstable photosymbiosis (Monteiro 
et al. 2019). While it is clear that photosynthesis does 
not provide enough energy for B. stephanieae to main
tain their biomass, i.e. these slugs are not photoauto
trophic (Monteiro et al. 2019), it is not clear if 
B. stephanieae receives any energetic benefits and 
how or when they receive these benefits. For 
example, juvenile B. stephanieae have been observed 
excreting intact symbionts (Monteiro et al. 2019) 
suggesting they do not energetically benefit from 
acquiring symbionts, yet Melo Clavijo et al. (2022) 
suggest that symbionts are digested based on the pro
duction of proteins related to lysosome maturation in 
specimens that were fed algae containing symbionts, 
which indicates that adult B. stephanieae may profit 
energetically from breaking down their symbionts 
during digestion, rather than the active translocation 
of photosynthates observed in some cnidarian photo
symbiosis. Additionally, anecdotal observations 
suggest that B. stephanieae prefers dark environments 
as it is most commonly found underneath objects or in 
dark crevices (Quinlan and Katz 2022). This could indi
cate that they avoid light and receive few if any ener
getic or oxygenic benefits due to a limited 
photosynthetic capacity, however the relationships 
between light, oxygen, and nutrient transfer from sym
biont to slug have not been thoroughly investigated.

To understand potential nutritive and oxygenic 
benefits B. stephanieae could receive from incorporated 

zooxanthellae, we examine photosynthate production 
and symbiont digestion via transmission electron 
microscopy. To examine the potential oxygenic 
benefits of unstable photosymbiosis, we examined 
how dark (no photosynthesis), optimal light (matching 
the conditions to which they were photoacclimated) 
and high light intensity (inducing photoinhibition and 
photodamage) affect the rate of oxygen uptake and 
critical thermal limits in this species. We hypothesized 
that photosynthetic O2 production would offset a 
slug’s need to acquire oxygen from its environment 
(i.e. slugs kept in the light would display lower meta
bolic rates than those kept in darkness). We also 
expected that photoinhibition and photodamage 
would decrease photosynthetic oxygen production 
leading to higher rates of oxygen uptake from the 
slug’s environment in slugs exposed to high light inten
sities (700 µmol m−2s−1) when compared to slugs 
measured at the light intensity to which they were 
acclimated(100 µmol m−2s−1). Examining their critical 
thermal limits under each light intensity provided a 
performance test, allowing us to evaluate if the 
oxygen produced via photosynthesis could offset 
oxygen limitation in the environment, which would 
demonstrate a measurable advantage due to oxygen 
production. Lastly, we examined the survivorship and 
development of B. stephanieae juveniles under 
different light intensities, to determine if potential ener
getic or oxygenic benefits provided by photosynthesis 
increase a developing slug’s chance of survival.

Material and methods

Animal husbandry

Exaiptasia diaphana specimens containing Symbiodi
niaceae were donated by a local aquarium store 
(Frits Kuiper Aquarium store, Groningen, The Nether
lands) and cultured at a light intensity of 100 µmol 
m−2 s−1 provided by a full spectrum light (Superfish 
Slim LED 74) in the lab (the same average conditions 
they were exposed to in the store) under a 12 h light 
/ 12 h dark cycle each day and acclimated for a 
minimum of two weeks. They were kept in 25 L glass 
tanks filled with aerated artificial saltwater (Instant 
Ocean, Spectrum Brands, USA) with a salinity of 35 ±  
1 PPT. All tanks were placed in a climate controlled 
cabinet that provided a constant temperature of 25  
± 1°C (Clima Temperatur Systeme T600). Exaiptasia dia
phana were fed live Artemia sp. brine shrimp (HOBBY, 
DohseAquaristik GmbH & Co.) twice a week. Every 
week, one third of the water was replaced with fresh 
water and full water changes were done monthly.
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Berghia stephanieae specimens were also raised 
under a 12 h light / 12 h dark cycle under 25 µmol 
m−2s−1 (Daylight Sunrise, Sera, Germany) at 25°C in 
35 ml artificial seawater (35 PSU, pH 8.1, ABReef Salt, 
Aqua Medic, Germany) at the Bergische University in 
Wuppertal, Germany. Water was changed every other 
day and the slugs were fed twice a week with 
E. diaphana. Egg masses and adult specimens were 
shipped to the University of Groningen, the Nether
lands, for the following experiments. Adults were accli
mated for at least two weeks according to the same 
conditions described for E. diaphana. Each tank was 
provided live E. diaphana and allowed to feed ad 
libitum. Partial water changes were conducted each 
week, with full water changes monthly.

Berghia stephanieae egg masses were kept in small glass 
dishes filled with 50 mL of aerated artificial seawater, and 
were constantly supplied with either tentacles of or small 
E. diaphana individuals to facilitate hatching (Carroll and 
Kempf 1990; Monteiro et al. 2019). They were maintained 
at 25 ± 1°C and placed under 100 µmol m−2 s−1 of light 
(Superfish Slim LED 74) for 12 h each day. Water changes 
were conducted every two days.

Species names for all taxa used in this study were 
checked and updated using the World Register of 
Marine Species (WoRMS 2023). Exaiptasia diaphana is 
often reported in scientific literature under its former 
name Aiptasia pallida (Agassiz in Verrill, 1864) or 
under the name Exaiptasia pallida (Agassiz in Verrill, 
1864) (see Grajales and Rodríguez 2014, 2019). 
Pending the decision on ICZN Case 3790, E. diaphana 
takes priority over E. pallida and is therefore used here.

Transmission electron microscopy of 
Symbiodiniaceaein B. stephanieae

To investigate symbiont digestion in B. stephanieae, an 
adult specimen was fixed in 2.5% glutaraldehyde 
buffered in 1 M sodium cacodylate at room temperature 
for an hour and then postfixed in a 1% OsO4 and 1 M 
sodium cacodylate buffer, dehydrated in an ascending 
ethanol series, and embedded in Epon (Laetz and 
Wägele 2019). Ultrathin sections (70 nm thick) were 
stained with 2% uranyl acetate for 3 min, rinsed and 
then transferred to 3% lead citrate for 3 min and sub
sequently rinsed again. Imaging was conducted using a 
CM120 Transmission Electron Microscope (Philips, Global).

Oxygen consumption and heat shock 
thresholds

To examine potential oxygenic benefits to having an 
unstable photosymbiosis, eight random B. stephanieae 

individuals were first massed by gently blotting each 
individual on a piece of aluminum foil and then 
using a fine glass pipette to remove as much water 
as possible around the individual before placing it in 
a pre-tared petri dish filled with sea water on a scale. 
They were then transferred to 2 mL vials (respiratory 
chambers) containing freshly aerated and filtered sea
water at 100% O2 saturation and a PSt3 oxygen sensor 
spot (PreSens Precision Sensing GmbH, Germany, 
detection range: 0–45 mg/L, precision: ±0.04 mg/L at 
9.1 mg/L as reported by the manufacturer), to deter
mine their rates of oxygen consumption (MO2). These 
vials were secured in a water bath to maintain the 
desired temperature (25°C). A light source was fixed 
above the water bath to provide either 100 µmol 
m−2s−1 or acute high light (700 µmol m−2s−1) to 
examine if light intensities far above the level to 
which our specimens were photoacclimated would 
induce light stress. A moderate light intensity of 
100 µmol m−2 s−1 was chosen for the slugs since it 
matches the light intensity at which the anemones 
and their zooxanthellae were cultured and therefore 
photoacclimated. The high light treatment (700 µmol 
m−2 s−1) was chosen as it is much higher than the 
light intensity to which these specimens were accli
mated so it could induce photodamage in the zoox
anthellae. Furthermore, 700 µmol m−2 s−1falls within 
the range of light intensities to which these species 
are likely exposed in nature (e.g. Grajales and Rodrí
guez 2014; Durán-Fuentes et al. 2022), which ranges 
from 600 to >2000 µmol m−2s−1 at 0–5 m depth (Man
telatto et al. 2020; Burgués Palau et al. 2024). The lamp 
was turned off for specimens to induce acute darkness 
(0 µmol m−2s−1) and a black-out box around the set up 
prevented exposure to ambient light. A Fibox 4 trace 
(PreSens Precision Sensing GmbH, Germany) with a 
polymer optical fibre was used to measure changes 
in oxygen saturation over time by holding the sensor 
on the oxygen sensor spot. Before the experiment, 
the Fibox was calibrated via two-point calibration 
(aerated seawater was used to define 100% O2 satur
ation and nitrogen gas was used to define 0% O2 sat
uration). The oxygen saturation values were recorded 
every 10 min. Each specimen was measured for a 
total of 1 h or until the oxygen saturation was recorded 
below ∼70% to avoid stressing the slugs with hypoxic 
conditions. Each respiratory chamber was manually 
rotated after each measurement to stir the water and 
ensure that oxygen gradients did not develop. A 
blank respirometry chamber containing the same sea
water was also measured throughout every measure
ment cycle to control for background oxygen 
consumption by microbes. Respiratory chambers 
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were sterilized with ethanol, and then washed and 
dried after each use.

Directly following the oxygen saturation experiment, 
each specimen’s tolerance to acute hyperthermal stress 
was measured to examine if photosynthetic activity 
affects a stressed slug’s physiological performance, i.e. 
if the oxygen produced via photosynthesis helps 
them withstand environmentally stressful conditions 
where oxygen is limited. Specimens were placed inindi
vidual 1 L transparent glass bottles filled with aerated 
and filtered seawater and kept under the same light 
intensity they were provided with while their metabolic 
rates were measured. The temperature was increased 
by 1°C every 15 min and each specimen’s ability to 
move around the bottle and climb its walls was 
closely monitored as outlined in Armstrong et al. 
(2019). The temperature at which a specimen was no 
longer able to freely move around its bottle, meaning 
it had lost voluntary muscle control, was recorded as 
CTfirst. The temperature increases continued and speci
mens were lightly prodded with a probe every few 
minutes until they no longer exhibited movement in 
response to this stimulus, a sign that they had lost invo
luntary muscle control (recorded as CTlast). To prevent 
further stress or mortality, the temperature was then 
decreased to 34°C (the average CTfirst) before each 
specimen was transferred back to a sterilized respiro
metry chamber. Oxygen consumption was measured 
again following recovery from heat shock to reveal 
the change in metabolic rate after exposure to 
hyperthermal and/or light stress (ΔMO2) (See Table SI, 
supplementary material). All experiments were per
formed one time for each specimen.

For each individual, the pre-heat shock and post- 
heat shock metabolic rates (MO2 in mgO2 g−1 h−1) 
were calculated using the following formula:

MO2 =
cv
wt 

where c is the amount of oxygen consumed in mgO2, v 
is the volume of the respirometry chamber in litres 
(minus the slug’s volume), w is the wet mass of the 
individual in grams, and t is the total time (duration) 
of the experiment in hours. The wet mass of the slug 
was also used to estimate their density, as their small 
size made it impossible to directly measure volume 
of B. stephanieae. The average density of a larger, 
and therefore more accurately measurable sea slug 
species, Elysia crispata Mörch, 1863 (n = 10), was com
puted by massing them and measuring their volume in 
a graduated cylinder, resulting in a density of 1.25 g/ 
ml. This value was then used to approximate the 
density of B. stephanieae, which allowed us to 

convert each specimen’s wet mass to its respective 
volume. This calculated volume was then subtracted 
from the total volume of each respiratory chamber, 
to determine how much water (and therefore dis
solved O2) was in the respirometry chamber when 
the experiment began. Oxygen saturation was then 
converted to concentration (mgO2 L−1) via an online 
lookup table from the United States Geological Survey 
(USGS 2011) for each test temperature. Then the 
amount of O2 in each chamber could be calculated 
using the actual amount of water (total volume minus 
slug volume) at the beginning and end of the exper
iment. The difference in these concentrations reveals 
the amount of O2 (in mg) that was taken up by the slug 
during the experiment (i.e. it’s oxygen consumption).

Juvenile survivorship under different light 
intensities

Egg masses and freshly hatched veligers of 
B. stephanieae were observed every other day until 
they metamorphosed into the slug phase of the life 
cycle and lost their veliger shell (Figure 1(C)). Once 
metamorphosed, each slug was individually placed 
into a small glass dish filled with 50 mL of aerated 
artificial seawater, randomly placed under either zero 
light (0 µmol m−2 s−1), moderate light (∼100 µmol 
m−2 s−1), or high light (∼400 µmol m−2 s−1) and 
given E. diaphana tentacles on which to feed. 
Twenty-eight individuals for each light treatment 
were followed through development. Partial water 
changes were done every 2–3 days.

Berghia stephanieae juveniles that originated from 
the cultivated egg masses and followed through devel
opment were photographed every 2–3 days using a 
Nikon Eclipse e800 epi-fluorescence microscope 
(Nikon, Ltd.) (Figure 1). Light microscope images were 
taken to track developmental progress and fluorescent 
images were used to monitor chlorophyll concen
trations within the slug’s digestive tract (detected via 
a custom filter cube with 400–440 nm peak excitation, 
a 515 nm dichroic and 610 nm long-pass emission 
(Chroma, USA)). The images containing chlorophyll 
were used to monitor symbiont acquisition and abun
dance. Juvenile longevity was measured by recording 
the number of days each post-metamorphic specimen 
survived or until it reached the late juvenile stage (as 
defined by Kristof and Klussmann-Kolb 2010) (Table 
SIII). Whether a post-metamorphic individual had fed 
or not was also noted in Table SIII, and the percentage 
of fed individuals under each light intensity was calcu
lated. A two proportion z-test (under the stats (ver. 
3.6.2) package (R Core Team 2022)) was then used to 
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assess differences between the proportions of fed indi
viduals under the three light intensities. Only the fed 
individuals were used for the later statistical analysis 
on juvenile survivorship described below.

Statistical analyses

To analyse differences in the metabolic rates calculated 
for each individual in each treatment, a linear mixed- 
effects model was generated in R Studio (ver. 1.3; R 
Studio Team 2020). Light intensity and heat-shock 
were used as predictor variables, the log of the body 
mass was considered a covariate, specimen identity 
was treated as a random factor since each specimen 
was measured pre- and post-heat shock, and the log 
of MO2 was the response variable. To assess normality, 
a Shapiro–Wilk test was performed (p = 0.088). Bar
tlett’s test was then performed to examine heterogen
eity of variances (p = 0.45). Both tests were from the 
stats package. A linear mixed-effects interaction 
model was created and refitted with restricted 
maximum likelihood (REML) using the lme4 package 
(Bates et al. 2015). Pairwise comparisons were done 
using the emmeans package (Lenth 2021).

Critical thermal limits were analysed using linear 
models with the predictors described above, but 
with CTfirst and CTlast as response variables. Specimen 
was excluded as a random factor since no repeat 
measurements were made. One-way ANOVA assump
tions were also tested via a Shapiro–Wilk normality 
test (p = 0.10) and Bartlett’s test (p = 0.81). Finally, a 
Tukey HSD test was used to determine differences 
amongst treatments. Heat-shock thresholds and criti
cal thermal limits were visualized via violin plots in R 
Studio using the ggplot2 package (Wickham 2016) to 
show distribution.

Juvenile survivorship of the fed slugs under each 
light intensity was analysed using a Shapiro–Wilk 
normality test, which revealed that the data was 
not normally distributed (p = 0.0033). Therefore, a 
Kruskal–Wallis rank sum test from the stats 
package was used to assess if one or more treat
ment differed from the others (p = 0.0036), and 
Dunn’s post-hoc testing (dunn.test package (ver. 
1.3.5) (Dinno 2017)) was used to assess which light 
intensities differed significantly. Violin plots were 
created in order to visualize the data and show 
the distribution.

Figure 1. Life stages of Berghia stephanieae. (A) Close-up of egg mass strand. Early veliger stage larvae within egg capsules. (B) 
Hatched larvae with veliger shell. (C) Early vermiform juvenile that has lost its veliger shell but has not yet fed on Exaiptasia dia
phana, 4 days post metamorphosis. (D) Young juvenile with digested Symbiodiniaceae from Exaiptasia diaphana, 7 days post 
metamorphosis. (E) First few cerata begin to form, 14 days post metamorphosis. (F) Late juvenile stage nearly reached with 
additional sets of cerata forming, 18 days post metamorphosis. Scale bar A–C: 400 µm, D–F: 800 µm.
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Results

Energetic benefits to unstable photosymbiosis 
in B. stephanieae

Intact zooxanthellae containing large lipid reserves, as 
well as partially degraded symbionts, were observed in 
the ultrastructure images of unstarved adult 
B. stephanieae (Figure 2). We also observed that both 
juvenile and adult B. stephanieae ‘bleached’ quickly 
upon entering starvation, i.e. lost the brownish colour
ation they had from their incorporated zooxanthellae 
within 2–3 days after they were prevented from 
feeding on E. pallida (Figure 3).

Oxygenic benefits to unstable photosymbiosis 
(MO2 and CT)

Mature B. stephanieae specimens had a significantly 
lower metabolic rate after heat shock than before, at 
all light intensities (zero light p = 0.0037, moderate 
light p = 0.010, and high light p = 0.0004). Further
more, specimens that were exposed to high light con
ditions had significantly lower metabolic rates than 
those exposed to moderate light after the heat shock 
(p = 0.0096, Table SII). Specimens kept in darkness 
did not differ significantly from those kept under mod
erate light (p = 0.0722) (Figure 4(A)). The mean log 
metabolic rates before heat shock and after heat 
shock can be found in Table I.

The mean critical thermal limit at which specimens 
lost voluntary muscle control (CTfirst) did not differ 
across light intensities (Figure 4(B)). Specimens 
exposed to the high light intensity treatment lost invo
luntary muscle control (CTlast) at a lower temperature 
than specimens exposed to zero light (p = 0.0012) 

and moderate light (p = 0.0041) (Table I, Figure 4(B)). 
We also observed that a majority of the 
B. stephanieae individuals autotomized their cerata 
when exposed to acute heat stress, regardless of 
light intensity.

Effects of light stress on juvenile survivorship

Of the juvenile B. stephanieae kept under a moderate 
light intensity, 20/28 ± 2.39 (71.43%) individuals fed 
on anemones during these experiments, compared 
to those kept under zero light (16/28 ± 2.62 (57.14%)) 
and high light intensities (13/27 ± 2.64 (48.15%)), 
although these three groups did not differ significantly 
when assessed with a two-proportion z-test (each p >  
0.05). Fed juveniles exposed to moderate light also had 
the longest mean survival duration (mean ± std. dev. =  
18.75 ± 9.10 days), which differed significantly (p =  
0.0020) from specimens exposed to high light (9.77 ±  
4.78 days) (Figure 5). Juvenile survival when exposed 
to zero light had a mean of 12.19 ± 6.42 days and 
also differed significantly (p = 0.020) from specimens 
exposed to moderate light. Survivorship of juveniles 
kept under high light when compared to zero light 
were not significantly different (p = 0.14) (Figure 5).

Discussion

Energetic benefits to having an unstable 
photosymbiosis

The presence of large lipid droplets in the intact sym
bionts and partially degraded symbionts indicates that 
adult B. stephanieae do gain access to photosyntheti
cally produced energy reserves, but the bulk of this 
energy is likely made available upon symbiont 

Figure 2. TEM images of intact and digested zooxanthellae in Berghia stephanieae. The large black structures inside these zoox
anthellae are lipid droplets, made electron dense via OsO4 staining after fixation. (A) An intact zooxanthella located in Berghia 
stephanieae digestive cells. (B) Two partially degraded zooxanthellae in the same tissue.
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digestion. This was predicted by Melo Clavijo et al. 
(2022), based on the high recruitment of Rab7, a key 
protein involved in lysosome maturation, that was 
observed in symbiotic B. stephanieae. The microscopi
cal data presented here now confirms that adult 
B. stephanieae digest at least some of their incorpor
ated zooxanthellae (Figure 2(B)), receiving some 

energetic benefits from their unstable photosymbiosis, 
although these benefits are very short lived (Figure 3). 
This contrasts juvenile B. stephanieae, which have been 
observed excreting their symbionts and therefore, 
probably do not benefit energetically from the sym
bionts they acquire (Monteiro et al. 2019). Whether 
or not some photosynthetically-derived energy 

Figure 3. Comparison between starved/bleached and fed/unbleached Berghia stephanieae juveniles and adults. (A) A fed juvenile 
and thus full of symbionts as indicated by dark brown colouration in its digestive tract. Approximate total length: 1.22 mm. (B) A 
nearly bleached juvenile. Approximate total length: 1.24 mm. (C) A fed adult full of symbionts in its cerata. Approximate total 
length: 17.00 mm. (D) A nearly bleached adult. Approximate total length: 19.00 mm. White arrows point to cerata to accentuate 
the visual difference between fed and bleached individuals.

Figure 4. (A) Violin plot of log(MO2) of Berghia stephanieae individuals before and after heat shocking at the three different light 
intensities. Significant differences in A include moderate light to high light after heat shock (p = 0.0096) and when comparing 
each light treatment before and after heat shock (p = 0.0037 for zero light, 0.010 for moderate light, and 0.00040 for high 
light). (B) Violin plot of the mean heat tolerance (CTlast) (in °C) of all three light intensities (zero light, moderate light, high 
light). The significant differences in B between zero light and high light, and moderate light and high light are 0.0012 and 
0.0041, respectively.
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molecules are translocated to the slug before symbiont 
digestion will require further study. The eventual 
digestion of the symbionts makes this relationship 
more of a predator/prey interaction rather than a com
mensal or mutualistic symbiosis.

Oxygenic benefits to unstable photosymbiosis 
under light and temperature stress

Light and temperature are abiotic conditions that can 
become stressors when organisms are exposed to 
amounts that exceed the limits to which they are accli
mated and able to plastically withstand (Stenseng et al.  
2005; Cereja 2020). Photosymbioses are particularly 
susceptible to increased light intensities because 
excess light can induce photoinhibition and photo
damage, which impairs photosynthetic activity and 
can destabilize the symbiosis, impacting symbiont 

and host function (see review by Cruz et al. 2013; 
Christa et al. 2018). Exposure to light stress (our high 
light treatment) decreased critical thermal tolerance 
in B. stephanieae by about 1°C when compared to 
the specimens measured under the same light intensi
ties to which they were acclimated (100 µmol m−2s−1), 
meaning high light has a negative effect on thermal 
tolerance. We cannot, however, conclude that this 
effect is due to a reduced photosynthetic capacity 
from photodamage as we initially predicted, since 
slugs exposed to high light had a slightly lower rate 
of oxygen uptake from the seawater, meaning either 
more oxygen was produced via photosynthesis 
under high light conditions (suggesting there is no 
photodamage), or the slug reduced its aerobic 
demands when subjected to high light.

The high light value we used in this study (700 µmol 
m−2s−1) is toward the lower end of the maximum light 
intensities to which these specimens are exposed in 
nature, which regularly ranges from 600–2000 µmol 
m−2s−1 in the shallow (0–5 m deep) tropical waters 
where these species naturally occur (Mantelatto et al.  
2020; Burgués Palau et al. 2024). Light intensities 
have been reported to be even higher depending on 
season, weather, depth, location, etc. (Edmunds et al.  
2018; EMJL unpublished data). The decrease in 
thermal tolerance indicates that light stress can affect 
physiological function and thermal resistance in 
B. stephanieae. This is probably not due to 

Table I. The mean log metabolic rates in µmolO2g−1h−1 

before heat-shock and after heat-shock and the CTfirst and 
CTlast values in °C for each light intensity.

Acute zero light
Moderate 

light High light

MO2 before heat 
shock

3.12 ± 0.27 3.45 ± 0.23 3.37 ± 0.23

MO2 after heat 
shock

2.93 ± 0.19 3.40 ± 0.48 3.12 ± 0.30

CTfirst in °C 33.79 ± 1.24°C 35.19 ± 2.11 34.13 ± 1.19°C
CTlast in °C 38.80 ± 0.48 38.64 ± 0.47 37.75 ± 0.38

Figure 5. Violin plot of the longevity of juvenile Berghia stephanieae individuals, recorded as the number of days each post-meta
morphic specimen survived at the three light intensities (zero light, moderate light, high light). Significant differences are found 
between individuals kept under zero light and moderate like (p = 0.020) and between those kept under moderate light and high 
light (p = 0.0020).
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photosynthesis, as there was no significant difference 
between the critical thermal limit for specimens 
exposed to acute darkness and the specimens 
allowed to photosynthesize under the light intensity 
to which they were photoacclimated, although this 
may also be due to the relatively small sample sizes 
used in this study (n = 8/light intensity). Therefore, 
we conclude that the ability to photosynthesize does 
not lead to a higher thermal tolerance in 
B. stephanieae. While oxygen production due to photo
synthesis still benefits this species by contributing 
oxygen to aerobic respiration, we cannot infer that 
photosynthetically-derived oxygen helped these 
slugs overcome acute thermal stress and its accompa
nying oxygen limitation.

Since exposure to a high light intensity negatively 
impacts thermal tolerance in B. stephanieae, we must 
examine other reasons why these slugs were compro
mised under high light conditions. Exposure to light 
intensities above those to which they have been accli
mated (as in our high light treatment) is stressful for 
photosynthetic organisms. Numerous indicators of cel
lular stress such as reactive oxygen species have been 
observed in algae exposed to acute high light (Ledford 
and Niyogi 2005; Pospíšil 2016). Stress in the algae 
could certainly affect the slug cells in which they are 
housed, causing a decrease in thermal tolerance for 
the slug, but this will require further study. Decreased 
thermal tolerance could also be explained by factors 
unrelated to the algae. For example, exposure to 
high light could be stressful to B. stephanieae speci
mens because their increased visibility could lead to 
increased risk of predation in nature. Some anecdotal 
evidence suggests that B. stephanieae is nocturnal 
and only emerges at night to feed (Mies et al. 2017; 
Monteiro et al. 2019), but this contrasts the obser
vations we made during this study. Our 
B. stephanieae were observed feeding throughout the 
day when exposed to moderate light (100 µmol 
m−2s−1), indicating that our population is not 
nocturnal.

We observed many B. stephanieae specimens auto
tomizing their cerata when exposed to acute heat 
stress. The cerata play an important role in increasing 
the surface area of both the slugs’ respiratory and 
digestive tracts (Clark 1975). While not all species of 
nudibranch are capable of autotomizing their cerata, 
autotomy can be a useful defensive strategy to distract 
predators when under stress in species that are 
capable of autotomy (Furfaro and Mariottini 2020). Dis
carding their cerata causes a significant decrease in 
mass and surface area for gas exchange, both of 
which decrease a slug’s metabolic rate (Clark 1975). It 

also means they lose most of their algal symbionts, 
and reduce the energetic benefits they could get 
from digesting these symbionts. Therefore, autotomy 
could explain a decrease in metabolic rate for some 
cerata-bearing nudibranchs following exposure to 
acute thermal stress, including the specimens 
observed in this study. Another explanation for the 
lower metabolic rate observed in B. stephanieae follow
ing exposure to hyperthermal stress is that the slug 
enters metabolic depression, i.e. the suppression of 
non-critical metabolic processes to conserve energy. 
Metabolic depression has been observed in numerous 
gastropod species following exposure to extreme 
temperatures (Sokolova and Pörtner 2001, 2003; Mar
shall et al. 2011; Marshall and McQuaid 2011).

Although B. stephanieae had a lower metabolic rate 
after exposure to heat shock, multiple previous studies 
showed an increase in metabolic rate for adult (non- 
photosymbiotic) sea slugs when exposed to increased 
temperature (Potts 1983; Smith and Sebens 1983; 
Havenhand and Todd 1988). Armstrong et al. (2019) 
found that some species of nudibranchs had a lower 
metabolic rate after heat exposure (such as Doriopsil
laalbopunctata and Doris odhneri), but the three nudi
branch species they surveyed that are most closely 
related to B. stephanieae (Hermissendaopalescens, 
Phidiana hiltoni, and Dironapicta) all showed an 
increase in metabolic rate. None of these species are 
known to host zooxanthellae though, so photosymbio
sis could explain these differing responses to thermal 
stress. Since this study is the first to examine oxygen 
dynamics in a photosymbiotic nudibranch under 
heat stress, it can therefore serve as a reference for 
future studies that compare photosymbiotic nudi
branch species.

Light stress affecting juvenile survivorship

Light exposure after hatching had a demonstrable 
effect on the survival rate of B. stephanieae (Figure 5). 
The complete absence of light as well as exposure to 
a high light intensity resulted in a reduced feeding 
potential as well as survivorship when compared to 
juveniles kept under moderate lighting conditions. 
Although the percentages of individuals that fed 
were not significantly different from one another, a 
trend is still visible in favour of individuals kept 
under moderate light intensity. Out of all the fed 
juveniles observed during development, only two indi
viduals survived into the late juvenile/adult stage, both 
of which were kept under moderate light. The overall 
high mortality rate is unsurprising considering sea 
slugs can lay hundreds of eggs at a time and multiple 
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egg masses per week to make up for the low percen
tage of individuals that successfully reach adulthood 
(Carroll and Kempf 1990).

High light intensity has shown to cause a higher 
mortality rate in egg masses of multiple molluscan 
species (Biermann et al. 1992), and some have even 
observed particular species of nudibranchs exclusively 
laying their eggs in shaded habitats as if to avoid direct 
solar radiation, although this could be for reasons 
other than light avoidance, i.e. reduced predation. 
Egg masses laid in the shade also had a slower hatch 
rate (and therefore developmental rate) when com
pared to egg masses laid in the light (Przeslawski 
et al. 2004). In our study, exposure to high light as 
well as darkness demonstrated a trend of decreased 
feeding potential of young B. stephanieae. Considering 
the slugs are not born with their symbionts but rather 
acquire them after feeding, it is probable that light 
intensity plays a role on the survivorship of the 
animal itself. After feeding and thus acquiring sym
bionts, light continues to show an effect, but this 
time on the animal host as well as its symbiont. 
When kept in darkness, fed B. stephanieae juveniles 
can no longer obtain photosynthetically-derived ener
getic benefits, which may explain why those juveniles 
also had a lower survivorship than the juveniles kept in 
moderate light. The lower mean survival duration of 
fed juveniles kept in darkness could be due to the 
zooxanthellae switching to heterotrophy or to other 
fitness consequences caused by continued exposure 
to darkness.

This study has shown that B. stephanieae can be an 
ideal model species when looking into the potential 
benefits of unstable photosymbiosis and for providing 
possible insight into the reasoning behind the evol
utionary drive for unstable photosymbiosis in 
Cladobranchia.
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