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Environmental change, including global warming
and chemical pollution, can compromise cnidarian-
(e.g., coral-) dinoflagellate symbioses and cause
coral bleaching. Understanding the mechanisms that
regulate these symbioses will inform strategies for
sustaining healthy coral–reef communities. A model
system for corals is the symbiosis between the sea
anemone Exaiptasia pallida (common name Aiptasia)
and its dinoflagellate partners (family
Symbiodiniaceae). To complement existing studies
of the interactions between these organisms, we
examined the impact of menthol, a reagent often
used to render cnidarians aposymbiotic, on the
dinoflagellate Breviolum minutum, both in culture
and in hospite. In both environments, the growth
and photosynthesis of this alga were compromised
at either 100 or 300 µM menthol. We observed
reduction in PSII and PSI functions, the
abundances of reaction-center proteins, and, at
300 µM menthol, of total cellular proteins.
Interestingly, for free-living algae exposed to
100 µM menthol, an initial decline in growth,
photosynthetic activities, pigmentation, and protein
abundances reversed after 5–15 d, eventually
approaching control levels. This behavior was
observed in cells maintained in continuous light, but
not in cells experiencing a light–dark regimen,
suggesting that B. minutum can detoxify menthol or
acclimate and repair damaged photosynthetic
complexes in a light- and/or energy-dependent
manner. Extended exposures of cultured algae to
300 µM menthol ultimately resulted in algal death.
Most symbiotic anemones were also unable to
survive this menthol concentration for 30 d.
Additionally, cells impaired for photosynthesis by
pre-treatment with 300 µM menthol exhibited

reduced efficiency in re-populating the anemone
host.

Key index words: bleaching; cnidaria; Exaiptasia pall-
ida; holobiont; sea anemone; Symbiodinium; symbio-
sis

Abbreviations: ASW, artificial sea water; Cas, enzy-
matic digested casein hydrolysate; ddH2O, double
distilled water; DTT, 1, 4-dithio-DL-threitol; FWHM,
full width at half-maximum; F0, minimum fluores-
cence (QA fully oxidized); Fm, maximum fluores-
cence (QA fully reduced); Fv, maximum variable
chlorophyll fluorescence yield; Fv/Fm, maximum
photochemical quantum yield of photosystem II;
IMK, liquid medium of Daigo’s IMK dissolved in
artificial sea water; PVDF, polyvinylidene difluoride;
RGB, red-green-blue color space; ROS, reactive oxy-
gen species; TBST, Tris-buffered saline, pH 7.6 con-
taining 0.1% (v/v) Tween 20

The endosymbiosis between various cnidarian
hosts and dinoflagellates of the former genus Sym-
biodinium (Pochon and Gates 2010, Lesser et al.
2013), now divided into different genera within the
family Symbiodiniaceae (LaJeunesse et al. 2018),
represents an important biotic association and
serves as the foundation of coral–reef communities
(Hoegh-Guldberg 1999, Weis 2008). To understand
the symbiotic interactions between Symbiodiniaceae
algae and their cnidarian hosts including corals
(Stanley 2003), sea anemones (Trench 1993, Weis
2008, Davy et al. 2012, Voolstra 2013), and jellyfish
(Freudenthal 1962, Davy et al. 2012), it is critical to
develop model systems that allow for analyses of
uptake, maintenance, and breakdown of the interac-
tions between the algae and their animal partners.
One such model is the sea anemone Exaiptasia pall-
ida and its close relatives, collectively known as Aip-
tasia (Weis 2008, Davy et al. 2012). The advantages
of this system include rapid growth under laboratory
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conditions and the ability of the sea anemones to
survive in the aposymbiotic state. These features
enable studies of the loss of the algae from host tis-
sue under stress conditions, the initial interactions
of different algal strains with their hosts, and events
associated with colonization of the animal by the
alga and its maintenance in the host tissue. We and
others have been developing diverse biochemical,
genetic, and cell biological approaches to facilitate
the use of the cnidarian system for detailed analyses
of key aspects of this cnidarian symbiotic association
(e.g., Fitt and Warner 1995, Brown 1997, Douglas
2003, Lesser 2011, Xiang et al. 2020).

Several stresses can trigger the loss of algae from
the cells of their cnidarian hosts. This phenomenon
(often called "bleaching," but here "holobiont
bleaching" to distinguish it from "algal bleaching,"
which is the loss of pigmentation from the algal
cells themselves) is occurring at a global scale and is
seriously threatening the survival of coral ecosystems
(Hoegh-Guldberg et al. 2007, Hughes et al. 2018).
Among the environmental factors (natural or exper-
imentally administered) that provoke holobiont
bleaching are elevated water temperatures (Belda-
Baillie et al. 2002, Coffroth et al. 2010, Tolossa et al.
2011, Tolleter et al. 2013), strong UV radiation
(Treignier et al. 2008), extended dark exposure
(Yonge and Nicholls 1931, Schoenberg and Trench
1980, Hoegh-Guldberg and Smith 1989), and cold
treatment (Steen and Muscatine 1987, Gates et al.
1992, Wang and Douglas 1999, Bieri et al. 2016).
Furthermore, some chemical compounds, many
considered environmental pollutants, can elicit
bleaching; these include heavy metals and various
pesticides (Owen et al. 2002, R�aberg et al. 2003,
Cantin et al. 2007, Gallen et al. 2013, Kuzminov
et al. 2013, H�edouin et al. 2016), such as the com-
monly used herbicide 3-(3,4-dichlorophenyl)-1,1-
dimethylurea or DCMU (Jones 2004). Despite their
negative ecological impacts, reagents that induce
cnidarian bleaching can also be used to generate
aposymbiotic organisms under controlled condi-
tions, and those aposymbionts can then help eluci-
date the mechanisms critical for initial interactions,
establishment, and maintenance of the symbiotic
partnership.

The breakdown of the association between the
endosymbionts and their hosts has previously been
linked to compromised algal photosynthesis,
although no direct causal relationship has been
established (Kleppel et al. 1989, Porter et al. 1989,
Fitt and Warner 1995, Jones et al. 1998, Warner
et al. 1999, Takahashi et al. 2004, Tchernov et al.
2004, Perez and Weis 2006, Venn et al. 2006).
Indeed, it has been difficult to determine whether
impaired photosynthetic activity directly elicits algal
expulsion from host tissue. For example, DCMU, a
specific inhibitor of photosystem II (PSII) that
blocks light-dependent, linear electron transport
and photophosphorylation via direct association

with a quinone binding site in PSII reaction centers,
has been employed to study the effects of the inhibi-
tion of photosynthesis on symbiosis (Vandermeulen
et al. 1972, Shick and Dykens 1984). However,
DCMU also more generally impacts intracellular
redox conditions (Joliot and Joliot 2002, Joliot et al.
2004), making interpretation of the results difficult.
Another chemical that can be used to elicit holo-

biont bleaching is menthol (Wang et al. 2012, Mat-
thews et al. 2016, Wang et al. 2017), a cyclic terpene
alcohol produced by some plants that shares the
first several reactions of its biosynthetic pathway with
that of carotenoids (Kirby and Keasling 2009, Kama-
tou et al. 2013). Menthol is well-known to impact
sensory pathways in vertebrates by acting as a local
anesthetic through activation of thermal receptors
localized to the tips of sensory neurons (Haeseler
et al. 2002, McKemy et al. 2002, Peier et al. 2002).
Specifically, it binds to the menthol-responsive tran-
sient receptor potential melastatin 8 (TRPM8),
which confers the sensation of cold (McKemy et al.
2002, Peier et al. 2002), and can interfere with neu-
ronal signaling by altering Ca2+ levels (Okazawa
et al. 2000, Tsuzuki et al. 2004). Interestingly, men-
thol also has a long history of use as an anesthetic
for coral or sea anemone polyps (Duerden 1904,
Waugh 1936, McCloskey 1970, Steele and Goreau
1977, Janes 2008) and has been evaluated for its
effects on other aquatic organisms such as fish and
clams (Norton et al. 1996, Kasai et al. 2014, Sykes
and Wilson 2015). Due to its widespread application
in agri-food and pharmaceutical products, menthol
might enter the marine ecosystem, especially after
insufficient treatment of wastewater (Richardson
and Bowron 1985, Levine et al. 2006, Aleksandra
et al. 2012), although studies are needed to system-
atically test the impacts of ecologically relevant men-
thol concentrations on marine life.
The experimental applications of menthol for

anesthesia and holobiont bleaching make it vital to
understand its effects both on the individual part-
ners in the cnidarian–dinoflagellate symbiosis and
on their interactions. Initial studies on the effects of
menthol on coral samples and cultured endosymbi-
otic algae indicated that it causes a loss of algal PSII
activity in hospite and has various other strain-speci-
fic effects (Wang et al. 2012, 2017). These experi-
ments have focused mainly either on host responses
or on the cultured, isolated algae. Yet, there is still
little known about the specific processes in the algae
that are impacted during menthol-induced bleach-
ing of the holobiont.
In this report, we examine the ways in which men-

thol impacts growth, photosynthesis, and survival of
the Symbiodiniaceae Breviolum minutum strain SSB01
(designated in the text as SSB01; Xiang et al. 2013),
a facultative endosymbiont that can grow in culture
both photoautotrophically and heterotrophically
(Xiang et al. 2017). Moreover, we examined how
menthol impacts the interactions of SSB01 with a
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compatible Aiptasia host with respect to both colo-
nization by, and maintenance of, the algal endosym-
biont.

MATERIALS AND METHODS

Symbiodiniaceae strain and growth conditions. We chose the
clonal, axenic Breviolum minutum strain SSB01 (Xiang et al.
2013, LaJeunesse et al. 2018) for this study to specifically
investigate the direct responses of B. minutum to menthol
and to eliminate potential effects (e.g., detoxification, meta-
bolic conversions) caused by microbes present in xenic cul-
tures. Stock axenic SSB01 cultures were grown in artificial sea
water (ASW), made by mixing Coral Pro Salt (Red Sea) with
deionized water to a concentration of 33.5, supplemented
with Daigo’s IMK and 0.4% (w/v) casein hydrolysate at 27°C
(Xiang et al. 2013) without agitation and under 12:12 h
light:dark diel illumination (10 µmol photons � m�2 � s�1

from Philips ALTO II 25 W bulbs, hereafter 12:12 h L:D). All
manipulations of the cultures were performed following rig-
orous microbiological practices in a laminar flow cell-culture
hood in a positively pressurized "algal growth" room. Both
stock and experimental cultures were frequently checked
microscopically for health and/or any microbial contamina-
tion and regularly tested for the cp23S genotype of the Sym-
biodiniaceae by Sanger sequencing (Xiang et al. 2013).
Contamination could be detected visually as the microbes
would overgrow the algae in the nutrient-rich, casein hydroly-
sate-supplemented IMK medium. They also would become
apparent during microscopic examination, which was rou-
tinely performed, as well as by plating the cells on solid rich
medium (Difco Marine Broth). The cultures were checked
less frequently for microbial contamination by 16S-specific
PCR (Xiang et al. 2013). Cell numbers in the cultures were
quantified using a hemocytometer (Countess II FL Hemocy-
tometer, Life Technologies).

Colonization of Aiptasia and assessment of algal cell numbers in
hospite. Clonal aposymbiotic Aiptasia strain H2 sea anemones
(Xiang et al. 2013) were used for colonization studies. Ane-
mones were maintained in ASW at 25–27°C under 12:12 h L:
D diel illumination (20–30 µmol photons � m�2 � s�1), as
described previously (Xiang et al. 2013). After a 10-d expo-
sure of SSB01 cultures to various menthol concentrations
(see below) in continuous light, 8 9 106 cells in 1 mL were
added to 200 mL (4 9 104 cells � mL�1 final concentration)
of menthol-free ASW harboring 10 aposymbiotic sea ane-
mones. After incubation for 24 h, the medium was changed
to algal-free ASW without menthol. Anemones were then
maintained as above with a change in the ASW medium once
per week and no feeding over the course of the experiment.

Algal populations in the hosts were monitored using a
Leica MZ16 FA fluorescence stereomicroscope with images
captured by a Leica DFC7000T RGB-CCD camera; individual
symbiotic algae within the anemones were detected based on
their red chlorophyll fluorescence upon blue-light excitation
(Leica GFP Plus filter set; excitation at 480/40 nm), with the
detected emission selected by a long-pass filter that blocks
wavelengths < 510 nm. To quantify algal cell numbers in hos-
pite, anemones that had been stored at –20�C in 500 µL of
0.01% (w/v) SDS in ddH2O/Milli-Q water were homoge-
nized, and the numbers of algae were determined using a
Guava easyCyte HT 2 flow cytometer and InCyte v2.7 software
(Millipore) as described previously (Krediet et al. 2015); algal
numbers were then normalized to total soluble host protein
content as determined using a Pierce BCA assay (Thermo Sci-
entific) as described previously (Krediet et al. 2015).

Menthol treatments. For menthol treatment of free-living
algae in culture, stock cultures were diluted and grown for 20

d to a density of ~ 106 cells � mL�1, collected by centrifuga-
tion at 400g for 5 min at 27°C, and resuspended to a density
of 105 cells � mL�1 in 50 mL of IMK medium supplemented
with menthol (M2772, Sigma-Aldrich) from a 20% (w/v)
stock that was dissolved in ethanol (Wang et al. 2012, Mat-
thews et al. 2016) to the final menthol concentrations indi-
cated in the text (30, 100, or 300 µM). The cultures were
then grown either in continuous light (as above) or on a
12:12 h L:D regimen at 27°C. Control cultures were treated
identically, except that ethanol without the menthol was
added to the culture. The ethanol concentrations used (al-
ways less than 0.2%) had no detectable effect on algal growth
or photosynthesis.

For menthol treatment of holobionts, SSB01-populated
Aiptasia, strain H2 anemones were grown in 250 mL ASW
either without (control) or with various concentrations of
menthol (as above) added from the 20% stock solution. The
ASW medium and menthol were changed every 2 d, and the
sea anemones were fed once per week with freshly hatched
Artemia nauplii in plain ASW for 4 h and then placed back in
ASW containing menthol.

Assessment of cell viability. Aliquots of the cultured algae
that had been grown for 15 d in the absence or presence of
menthol were spread onto Difco Marine Broth agar (37.4 g �
L�1 in water) supplemented with 28 mM glucose, maintained
under a 12:12 h L:D regimen, and imaged after 2 weeks to
determine the numbers of colonies formed. Viabilities are
presented as the number of colonies on a plate divided by
the total number of cells plated and then normalized to the
number of colonies that grew on control plates (no menthol
treatment and the same number of cells spread on the
plate).

Assessment of photosynthetic function. Cultured cells grown at
various menthol concentrations were collected by centrifuga-
tion at 400g for 5 min; replicate 50 mL cultures were used
for each time point. To measure photosynthetic activity, algae
were resuspended to ~ 107 cells � mL�1 in ASW containing
20% (w/v) Ficoll 400 (to slow cell settling). Spectroscopic
measurements of PSII maximum quantum yield (Baker 2008)
and PSI (P700) activity (Joliot and Joliot 2005) were per-
formed on whole cells using a JTS-10 spectrophotometer
equipped with LED light sources (Bio-Logic). The maximal
PSII quantum yield was measured after 20 min of dark accli-
mation according to the formula Fv/Fm = (Fm–F0)/Fm, where
Fm values were determined using a 250 ms saturating light
flash of 2250 µmol photons � m�2 � s�1. Prior to measuring
PSI (P700) activity, cells were incubated for 15 min in the
dark with 20 µM DCMU to inhibit PSII. Samples were sub-
jected to 10 s of excitation with 156 µmol photons � m�2 �
s�1 illumination provided by orange LEDs (630 nm) followed
by a saturating pulse (200 ms at 705 nm) to fully oxidize P700
and then a period of dark relaxation. Over the time course,
absorbance changes were measured at 705 nm and corrected
for nonspecific absorbance at 735 nm (i.e., P700 oxidation/
reduction = DI/I 705 nm – DI/I 735 nm; Takahashi et al.
2013).

For photosynthetic measurements from algae in hospite,
similar procedures were used with six replicate samples, each
comprised of a single symbiotic anemone. The anemones
were placed in the cuvettes and allowed to relax for 15 min
in the dark before measurements were begun.

Immunodetection of proteins involved in photosynthetic func-
tions. Samples of cultured algae were normalized for cell
number and then centrifuged at 400g for 5 min, the super-
natants were removed, and the cells were resuspended and
boiled (1 min) in an SDS-PAGE extraction buffer (3 mM
HEPES-KOH, pH 7.5, 60 mM DTT, 60 mM Na2CO3, 12%
[w/v] sucrose, 2% [w/v] SDS). Solubilized polypeptides were
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resolved by SDS-PAGE in 10% polyacrylamide gels and then
transferred from the gels to PVDF membranes (GE Health-
care) using a semidry blotting apparatus (Bio-Rad) at 0.8 mA
� cm-2 for 45 min. Blotted membranes were blocked for 1 h
in Tris-buffered saline, pH 7.6, containing 0.1% (v/v) Tween
20 (TBST) and 5% (w/v) powdered non-fat dry milk at room
temperature, and then incubated overnight at 4°C with rabbit
anti-a-tubulin (polyclonal; Agrisera AS10 680), rabbit anti-
PsbA (polyclonal; Agrisera AS05 084), or rabbit anti-PsaB
(polyclonal; Agrisera AS10 695) primary antibodies.
Immunoreactive proteins on the membranes were detected
by a chemiluminescence assay catalyzed by a horseradish per-
oxidase–linked goat anti-rabbit IgG secondary antibody
(Agrisera AS09 602) after a 1 h incubation at room tempera-
ture with the secondary antibody in TBST containing 5% (w/
v) powdered non-fat dry milk. After immunodetection, the
membranes were incubated for 1 min with 0.1% (w/v) Coo-
massie Brilliant Blue G-250 in 50% (v/v) methanol and 10%
(v/v) acetic acid; after removal of excess liquid, the gels were
air-dried to visualize the protein profiles.

RESULTS

Impact of menthol on growth and pigmentation of cul-
tured strain SSB01. To explore the impact of various
menthol concentrations on the growth and pigmen-
tation of SSB01 cells, we exposed algal cultures to
30, 100, or 300 µM menthol in continuous light and
monitored cell densities and chlorophyll levels;
menthol concentrations above 300 µM (e.g.,
600 µM) were lethal within a few days of exposure
(data not shown). Cells exposed to 30 µM menthol
grew nearly as fast as the control cells and showed
little or no reduction in pigmentation (Fig. 1, A
and B), whereas cells exposed to 100 or 300 µM
menthol exhibited significant growth reductions
and loss of pigmentation starting by day 5 (Fig. 1, A
and B). Interestingly, the cultures exposed to
100 µM menthol appeared to recover partially after
longer periods of treatment (30 d), whereas the cul-
tures exposed to 300 µM menthol showed no such
recovery. Growth inhibition and loss of pigmenta-
tion in algal cells maintained in 300 µM menthol
under continuous light were accompanied by a sig-
nificant decline in the pH of the culture medium
from 8.9 to 7.6 after 2 d and to 6.2 after 15 d
(Fig. S1 in the Supporting Information). For
100 µM menthol, an intermediate pH change was
observed that appeared to stabilize between 7.4 and
7.9. These differences in pH may reflect changes in
the health and/or metabolism of the cultures, as
addition of menthol in the absence of algae had no
effect on the pH of the medium. We also assayed
the viability of SSB01 cells following exposure to
menthol for 15 d under continuous light. There was
no detectable viability loss in 30 µM menthol, but
100 and 300 µM menthol caused decreases in viabil-
ity to 84% and 78%, respectively (Fig. S2 in the Sup-
porting Information).

The impact of menthol on SSB01 cells main-
tained on a diel regimen of 12:12 h L:D was also
examined. In either the absence or presence of

30 µM menthol, the growth rate appeared slightly
reduced relative to that in continuous light, but
only the differences in cell densities between the
two light regimens in the control at 15 d and in
30 µM menthol for 10, 15, and 30 d were statisti-
cally significant (Fig. 1, B and C and Table S1 in
the Supporting Information). In 100 or 300 µM
menthol, growth stopped after 10 d, and no recov-
ery was observed in these cultures at later time
points (Fig. 1C), unlike what was seen in 100 µM
menthol under continuous light (Fig. 1, B and C).
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FIG. 1. Impact of menthol on growth and pigmentation of
strain SSB01 in culture. Menthol was added to the medium to the
indicated concentrations, and cultures were examined over 30 d of
growth. (A) Images showing pigmentation of cell cultures and (B)
changes in the cell densities of those cultures during growth under
continuous light. (C) Changes in cell numbers during growth
under a 12:12 h L:D regimen. In (B) and (C), means � SEMs
(n = 6) are shown, and statistical significances of the indicated dif-
ferences in unpaired, two-tailed Student’s t tests are shown for 30 d
(*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001); see Table S1 for detailed
analysis.
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The impact of menthol on chlorophyll levels in
SSB01 cells cultured in continuous light was
assessed by flow cytometry (Fig. 2). Within 5 d of
exposure to menthol, a large proportion of SSB01
cells dropped below the normal lower limit of red
chlorophyll fluorescence (broken line) at all con-
centrations of menthol tested. In 30 or 100 µM
menthol, considerable recovery was observed by 15
or 30 d, respectively, but in 300 µM menthol, no
recovery was observed and nearly all cells exhibited
chlorophyll fluorescence that was well below the
normal lower threshold (Fig. 2). These observations
are consistent with the changes in pigmentation
observed visually in the cultures (Fig. 1A).
Effect of menthol on PSI and PSII activities. Because

bleaching of holobiont corals exposed to menthol
has been associated with altered photosynthetic
function (see Introduction), we examined the
impact of menthol on photosynthetic activity in cul-
tured SSB01 cells. In continuous light, 30 µM men-
thol had little effect on PSII maximal efficiency (Fv/
Fm; Fig. 3A) or PSI activity (oxidation and reduction
of P700; Fig. 3, B–E), but 100 and 300 µM menthol
elicited strong decreases in both parameters during
the first 5 d of exposure (Fig. 3, A and B and
Fig. S3 in the Supporting Information). In 100 µM
menthol, both PSI and PSII activities began to
recover by 10 d of menthol exposure, reaching con-
trol levels after 30 d of treatment; no such recovery
was observed for cells in 300 µM menthol (Fig. 3,
A–E).

When the menthol-treated SSB01 cells were
grown on a 12:12 h L:D regimen, treatment with
30 µM menthol resulted in a reduction in Fv/Fm
of ~ 0.1 compared to the control cells at 2 and 5 d,
after which Fv/Fm recovered (exceeding control
levels by 30 d; Fig. 4A), but had no prominent
effect on PSI activity (Fig. 4B). In contrast, 100 or
300 µM menthol strongly inhibited both PSII and
PSI activities, with no substantial recovery of either,
even after 30 d (Fig. 4, A–E).
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used in (A).
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Losses of PSI and PSII core proteins correlated with the
changes in photosynthetic activity. We examined the
levels of PSI (represented by PsaB) and PSII (repre-
sented by PsbA) proteins in cells grown for various
times in either the absence or presence of menthol
under continuous light. We sought to use a-tubulin
as a loading control but noted a strong reduction in
the amount of a-tubulin in the cells maintained in
100 µM menthol at days 5 and 15 and in 300 µM
menthol at days 5, 15, and 30 (Fig. 5). To assess
whether this effect was specific or if general protein
homeostasis was impacted by menthol, we used Coo-
massie Brilliant Blue to stain the total proteins trans-
ferred to the membrane. The decline in total
protein levels was similar to that of a-tubulin

(Fig. 5), even though cell viability was still ~ 80%
after 15 d in either 100 or 300 µM menthol
(Fig. S2), suggesting that the higher menthol con-
centrations had a global impact on general protein
accumulation in the cells. For PsaB, under all condi-
tions, there were changes in protein abundance that
approximately resembled those of total proteins
(Fig. 5). The losses in PsaB and total protein by 5 d
in cells grown in 100 or 300 lM menthol paralleled
the reduction of photosynthetic function (compare
Fig. 5 with Fig. 3). Furthermore, the initial losses of
total proteins and PsaB in 100 lM menthol were
partially reversed by 15 d and fully so by 30 d (and
maybe somewhat higher than at 0 d), again correlat-
ing with changes in photosynthetic activities (com-
pare Fig. 5 with Fig. 3). In contrast, in 300 µM
menthol, both PsaB and total protein levels contin-
ued to drop and were barely detectable by 30 d.
Based on microscopy, by 30 d in 300 lM menthol,
most of the cells were distorted and potentially lysed
(as judged by their mostly transparent appearance),
even though we were still able to count them (data
not shown).
The behavior of PsbA differed from that of PsaB.

PsbA levels generally declined over the entire time
course even when the cells were cultured in 0 or
30 µM menthol (Fig. 5). At 100 µM menthol, the
abundance of PsbA diminished at 5 d, but then
increased by 15 d and eventually decreased again by
30 d to a level slightly higher than that observed for
untreated cells at the same time point. At 300 µM
menthol, a decline and then a transient increase
were observed, similar to those in 100 µM menthol,
with the notable exception that after 30 d, we were
unable to detect any PsbA protein, similar to the
results with other individual proteins and with total
protein (Fig. 5); as mentioned above, the cells were
distorted and may have lysed by this time.
Loss of algae and photosynthetic function in menthol-

treated, SSB01-containing sea anemones. To explore
the effects of menthol on SSB01 cells living as
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men. Algal cultures from the experiment shown in Figure 1C
were analyzed as described in the legend for Figure 3. In (A)
means � SEMs of six replicates are shown except for 30 d at
100 µM and 15 and 30 d at 300 µM, where n = 4 (of n = 6, the
cells in two of the cultures appeared dead). Statistical signifi-
cances of the differences between measurements for the indi-
cated samples in unpaired, two-tailed Student’s t tests are shown
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endosymbionts, we subjected strain H2 polyps that
were stably populated by SSB01 to various menthol
concentrations. In one experiment, the sea ane-
mones were examined at intervals using both fluo-
rescence (Fig. 6A) and dark-field (Fig. S4 in the
Supporting Information) microscopy. In a parallel
experiment under identical conditions, anemones
were sacrificed at intervals, and the numbers of
endosymbiotic algae were determined by flow
cytometry (Fig. 6B). Both approaches showed that
30 µM menthol had no significant effect on the
algal numbers in hospite relative to the controls
without menthol, and both fluorescence microscopy
(Fig. 6A) and flow cytometry (data not shown) indi-
cated that their chlorophyll fluorescence was not
impacted. Moreover, some algal cell proliferation
occurred in both these and control sea anemones
over the first 6 d of the experiment. In contrast,
exposure to either 100 or 300 µM menthol led to a
rapid loss of algae from the hosts during the first 6
d, and the algal populations did not recover
(Figs. 6B, S4). After 15 d at 300 µM menthol, the
animals displayed severe tentacle retraction and
shrinkage (Fig. S4), and by day 30, most were dead.

We also examined PSII function of SSB01 cells in
hospite during exposure of the anemones to men-
thol and compared the results to those obtained in
parallel for SSB01 cultured cells under identical
light conditions (Fig. 7). The maximum PSII effi-
ciency was about 8% higher in the untreated cul-
tured cells compared to the cells in hospite (0.61 vs.
0.53), and both remained high over the 30 d incu-
bation period in the absence of menthol or in the
presence of 30 µM menthol (Fig. 7 and Fig. S5 in
the Supporting Information). In contrast, after 5 d
in 100 µM menthol or 3 d in 300 µM menthol, Fv/
Fm for the algae in hospite dropped markedly. The
algae in culture showed a strong decrease in Fv/Fm
after 3 d in either 100 or 300 µM menthol,
although the decline in 300 µM menthol was less
pronounced than that of the algae in hospite. By 5
d, Fv/Fm was drastically reduced under either of
these concentrations, with no significant differences
in PSII efficiencies between cultured and in hospite
algae.
Colonization of aposymbiotic sea anemones by SSB01

cells pre-treated with menthol. Because treatment of
cultured SSB01 cells with 100 or 300 µM menthol
led to a pronounced loss of chlorophyll and photo-
synthetic function, we assessed whether these
changes altered the ability of the algae to colonize a
host. We incubated aposymbiotic anemones for
24 h with either untreated algae or algae that had
been pre-treated with menthol for 10 d (see Fig. 3
for changes in PSI and PSII activities associated with
these treatments of the algae) and monitored colo-
nization by fluorescence microscopy. Pre-treatment
with 30 µM menthol had no detectable effect, but
pre-treatment with 100 µM menthol markedly slo-
wed colonization (Fig. 8; 15 d), with full

colonization only apparent later. Moreover, pre-
treatment with 300 µM menthol severely inhibited
colonization during the first 15 d, and even at 30 d,
only four of the 10 anemones were detectably colo-
nized, and the algal density in these four was very
low (Fig. 8).

DISCUSSION

Our understanding of coral biology should bene-
fit greatly from the availability of a versatile and
accessible model system for cnidarian symbiosis,
such as that provided by Aiptasia in combination
with different strains of Symbiodiniaceae. This sys-
tem facilitates rigorous examination of the cnidar-
ian and its dinoflagellate symbionts, and,
importantly, also allows studies of the partner organ-
isms independently (Weis 2008, Davy et al. 2012).
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FIG. 6. Loss of algae from sea anemone hosts during exposure
to menthol. Anemones of strain H2 containing SSB01 algae were
exposed to the indicated concentrations of menthol in ASW, and
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tored by fluorescence stereomicroscopy (A) or (in a separate
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Methods). (A) Images show only fluorescence recorded by the
red camera channel (chlorophyll fluorescence) and were
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are means � SEMs for algal counts relative to total host protein
on six (0 and 3 d) or three (all other time points) animals, nor-
malized to the 0 d value. The statistical significance of the differ-
ence between the control and the sample treated with 100 µM
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dent’s t test; ***P ≤ 0.001; see Table S1 for detailed analysis). No
data are shown for 300 µM menthol at 30 d because all of the
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Furthermore, the ability to generate and maintain
aposymbiotic Aiptasia facilitates the exploration of
host–symbiont interactions through re-population of
the sea anemone with both native and non-native
algal strains (Hambleton et al. 2014, Matthews et al.
2018, R€adecker et al. 2018, Gabay et al. 2019, Tivey
et al. 2020, Xiang et al. 2020). One effective method
to elicit algal loss from both coral and sea anemone
hosts, and thus establish aposymbiotic animals, is
through the administration of menthol (Wang et al.
2012, 2017, Matthews et al. 2016).

In this study, we focused on the impact of men-
thol on Breviolum minutum strain SSB01, either
grown as a free-living organism in culture or main-
tained in hospite within Aiptasia. At a concentration
of 30 µM menthol, the lowest concentration used,
in continuous light, there was little effect on the
cultured algae except for a slight reduction in pig-
ment/chlorophyll content (Figs. 1, A and B, and 2).
In contrast, in the cultures exposed to 300 µM men-
thol, the highest concentration used, there was a
dramatic impact over a 30 d period that resulted in
an almost complete loss of pigmentation and photo-
synthetic functions and a marked decline in the
levels of total proteins, including PsaB and PsbA;
this concentration of menthol was toxic to the algae
over the 30 d growth period (Figs. 1, A and B, 2, 3,
5, S2; and data not shown). Exposure of the cul-
tures to 100 µM menthol had a detectable but less
pronounced impact: By 5 d, there was a loss of pig-
mentation, decreased PSI and PSII activities, and a
reduction in both total protein and the individual
proteins analyzed (Figs. 1, 2, 3 and 5); by 15 d,
there was also a slight effect on cell viability
(Fig. S2). Interestingly, the cells treated with
100 µM menthol showed recovery of protein levels

at 15 d in continuous light, with the PsbA abun-
dance even exceeding that of the control (Fig. 5).
This recovery was sustained over the 30 d growth
period and was congruent with the reversal of the
negative effects of 100 µM menthol on photosyn-
thetic activities and pigmentation (Figs. 1, A and B,
2 and 3).
Interpretation of the variations in the abundance

of the PSII reaction-center protein PsbA at the dif-
ferent menthol concentrations is complicated
because the variations may reflect multiple factors.
First, there is a menthol-independent, steady
decrease in PsbA levels as the cultures become den-
ser over time (note the changes at 0 µM menthol).
Such a shift in the stoichiometry of PSI and PSII
and in PsbA abundance frequently occurs in photo-
synthetic organisms in response to changes in light
intensity (e.g., as the density of algal cultures
changes; Murakami et al. 1997, Tullberg et al. 2000,
Trebitsh and Danon 2001, Mulo et al. 2012, Sharpe
et al. 2012, Einbinder et al. 2016). This general
acclimation response is also reflected by an increase
in F0/Fm in untreated cells, mostly due to a
decrease in Fm, which is potentially a consequence
of quenching of chlorophyll fluorescence (Fig. S6
in the Supporting Information). Second, the toxicity
of 100 or 300 µM menthol accelerated the decline
within the first 5 d. Third, the cells appeared to
develop a tolerance to menthol, resulting in an
increase in PsbA levels between 5 and 15 d, slightly
surpassing the levels in the untreated cells
(although the Fv/Fm was still significantly depressed
in the presence of menthol; see Fig. 3). Finally,
PsbA levels dropped again by 30 d at 100 µM men-
thol, which is probably a consequence of both the
acclimation response and the establishment of
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menthol tolerance; at this point, Fv/Fm was similar
to that of the control cells and those treated with
30 µM menthol (Fig. 3). In contrast, 300 µM men-
thol exceeded the concentration that the algal cells
could tolerate. Although the cells maintained a visi-
ble outline for 30 d, they appeared potentially lysed,
in agreement with the marked loss of detectable
protein and pigmentation (see Figs. 1A and 2).

Our initial experiments on cultured cells were
performed in continuous light, but we also exam-
ined the impact of menthol on cells maintained
under a 12:12 h L:D regimen to better compare the
results in culture with those observed in hospite
(the symbiotic sea anemones were maintained on a
12:12 h L:D regimen). Unlike cultures in continu-
ous light, those maintained under the light–dark

regimen were unable to recover photosynthetic
activity in medium containing 100 µM menthol
(Fig. 4). Even 30 µM menthol caused a decrease in
PSII efficiency in these cultures during the first 10
d, although we observed no impact on PSI activity.
These results suggest that sustaining a continuous
light input throughout the menthol treatment may
facilitate detoxification/degradation of the menthol
by the algae or allow the cells to acclimate and
attain a state of high menthol tolerance.
Menthol is known for its antibiotic properties

against a variety of bacteria and fungi (Pattnaik
et al. 1997, Is�can et al. 2002, Trombetta et al. 2005,
Sokovi�c et al. 2009), but it has also been shown to
be toxic to some invertebrate animals (Erler and
Tunc� 2005, Samarasekera et al. 2008). Due to its
hydrophobicity, menthol can insert into the lipid
bilayers of biological membranes, change their
physicochemical properties, and disrupt their integ-
rity (Sikkema et al. 1994, Trombetta et al. 2005,
Turina et al. 2006). Similarly, menthol might dis-
rupt vital, membrane-dependent photosynthetic
reactions by compromising thylakoid membrane
structure. On the other hand, some microorganisms
are not only resistant to high concentrations of
menthol but are also able to use it as their sole car-
bon source during growth and metabolize it to car-
bon dioxide (Williams and Trudgill 1994, Harder
and Probian 1995, Foss and Harder 1998). The
menthol-dependent pH changes observed in the
media in which the algae were grown might reflect
menthol detoxification and/or its metabolic break-
down by the algae but could also be an indirect
result of an effect on various metabolic processes in
the cells including photosynthesis, fermentation, or
even cell lysis. Attempts to assess the menthol con-
centrations in the growth medium after 30 d of
algal growth using UV-Vis spectroscopy and a colori-
metric assay (Safronova et al. 1982) were unsuccess-
ful, probably because the concentrations of menthol
used in this study were below the detection limits of
the assays. In animal and human studies, menthol
was shown to be eliminated from the system mainly
by glucuronosylation and/or hydroxylation followed
by excretion of the respective products (Madyastha
and Srivatsan 1988, Yamaguchi et al. 1994, Gelal
et al. 1999, Miyazawa et al. 1999, 2011). In plant cell
cultures, biotransformation of menthol to products
that have a higher solubility in water might reduce
its toxicity (Suga et al. 1987, Furuya et al. 1989). It
is possible that Breviolum minutum can use similar
mechanisms for detoxification of menthol if pro-
vided with sufficient energy/ATP and reductant
through photosynthesis. Another route for detoxifi-
cation of menthol may directly involve photosyn-
thetic electron transport and the generation of
ROS, which could potentially react with menthol
and result in less toxic products. These possibilities
could account for the differential menthol sensitivity
of the algae in continuous light compared to a
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FIG. 8. Colonization of sea anemones by SSB01 cells pre-trea-
ted with menthol. SSB01 cells were grown for 10 d in continuous
light in the indicated concentrations of menthol and then incu-
bated with aposymbiotic anemones of strain H2 for 24 h. The
anemones were then washed and grown for an additional 14 or
29 d, and algal chlorophyll was then visualized by fluorescence
microscopy. Images are merges of the red (chlorophyll fluores-
cence) and green (unknown fluorescing species from the host)
camera channels at varying acquisition settings. The animals
shown are representative of 10 individuals examined per treat-
ment. The white arrow marks the presence of a few algae in the
tissue of one anemone among the 10 in this group.
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light–dark regimen. However, the experiments con-
ducted to date do not allow direct conclusions
about the underlying mechanisms for menthol toler-
ance in SSB01. Importantly, by using axenic cultures
we can conclude that the observed menthol toler-
ance was directly related to algal cellular functions
and not caused by metabolic processes of any associ-
ated microbes, as would be possible if xenic algal
cultures were used. Yet, the effects of menthol on
Symbiodiniaceae in the context of their micro-
biomes (as found in nature) could be an interesting
aspect for future studies.

The cnidarian–dinoflagellate mutualism is com-
plex and relies on the controlled exchange of nutri-
ents between the partner organisms (Muscatine 1990,
Davy et al. 2012, Matthews et al. 2018), which proba-
bly demands marked physiologic accommodations.
Changes in photosynthetic activity elicited in the
endosymbiotic algae by menthol may result in subop-
timal interactions, aberrant metabolite exchange,
and/or potential accumulation of ROS (e.g., Lesser
and Farrell 2004, Schieber and Chandel 2014, Mat-
thews et al. 2016). The finding that exposure to
300 µM menthol for 30 d impacts total protein con-
tent, cell integrity, and algal as well as host viability
suggests that high levels of menthol can directly or
indirectly disrupt critical cellular processes such as
protein synthesis, especially during an extended
exposure to the compound, which could ultimately
result in the death of both the algae and the animal.

The loss of Symbiodiniaceae algae from host tis-
sue has been associated with impaired PSII function
(Warner et al. 1999, Hill et al. 2004, Tolleter et al.
2013). However, in the presence of 100 or 300 µM
menthol, we observed a marked decrease in the
SSB01 population in hospite even after 1 d
(Fig. 6B), although PSII activity remained relatively
high at this time (Figs. 7 and Figure S5). Interest-
ingly, residence in the host tissue may have pro-
vided some short-term protection against the effects
of 100 or 300 µM menthol, as the decline in PSII
function appeared to be somewhat delayed com-
pared to that in the cultured algae. Moreover, colo-
nization of aposymbiotic sea anemones by SSB01
cells pre-treated with 100 or 300 µM menthol
showed that even when PSI and PSII functions of
the cultured algae were impaired (Fig. 3C), the
algae were still able to populate the host (Fig. 8),
although less effectively. Taken together, our results
suggest that full photosynthetic function may not be
required for the maintenance of the association or
initial colonization of the host, although it might
favor more rapid colonization and higher final cell
density within the host.

In this study, we have shown that menthol elicits
a loss of pigmentation in cultured SSB01 cells, has
inhibitory effects on both PSI and PSII activities,
and can impact protein abundances and algal cell
viability, especially at 300 µM. Surprisingly, the algae
can abrogate the impact of an intermediate

menthol concentration (100 µM) when maintained
in continuous light. Furthermore, although menthol
also causes a decrease in photosynthetic activity in
the algae in hospite, this reduction does not corre-
late closely with the loss of algae from the host tis-
sue. The results of this initial analysis of how
menthol affects the complex interactions between a
model cnidarian and its dinoflagellate symbiont sug-
gest that menthol may impact a number of different
biological and/or metabolic processes, which even-
tually leads to a decline in endosymbiont photosyn-
thetic activity and to holobiont bleaching.
Furthermore, the information provided here should
allow researchers to make more informed decisions
concerning the concentrations and duration of
incubation with menthol that would be required to
generate aposymbiotic organisms and to select the
most suitable parameters to monitor when examin-
ing the impact of menthol on the physiology of the
endosymbiotic alga.
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