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Abstract

Dinoflagellates from the Symbiodiniaceae family and corals have an ecologically important

endosymbiotic relationship. Scleractinian corals cannot survive for long periods without their

symbionts. These algae, also known as zooxanthellae, on the other hand, thrives outside

the coral cells. The free-living populations of zooxanthellae are essential for the resilience of

the coral to environmental stressors such as temperature anomalies and ocean acidifica-

tion. Yet, little is known about how ocean acidification may affect the free-living zooxanthel-

lae. In this study we aimed to test morphological, physiological and biochemical responses

of zooxanthellae from the Symbiodinium genus isolated from the coral Mussismilia brazilien-

sis, endemic to the Brazilian coast, to acidification led by increased atmospheric CO2. We

tested whether photosynthetic yield, cell ultrastructure, cell density and lipid profile would

change after up to 16 days of exposure to pH 7.5 in an atmospheric pCO2 of 1633 μatm.

Photosynthetic yield and cell density were negatively affected and chloroplasts showed

vesiculated thylakoids, indicating morphological damage. Moreover, Symbiodinium fatty

acid profile drastically changed in acidified condition, showing lower polyunsaturated fatty

acids and higher saturated fatty acids contents, when compared to the control, non-acidified

condition. These results show that seawater acidification as an only stressor causes signifi-

cant changes in the physiology, biochemistry and ultrastructure of free-living Symbiodinium.

Introduction

Some marine invertebrates are known to host endosymbiotic dinoflagellates from the family

Symbiodiniaceae—also known as zooxanthellae [1–4]. This endosymbiotic relationship is par-

ticularly important for reef-building corals because they play a crucial role in the construction

of the reef ecosystem, whose maintenance depends on this symbiosis [2,3].
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This photosynthetic protist is responsible for providing up to 95% of the energy necessary

for the coral, by mediating the translocation of the photosynthetically fixed carbon to glucose,

glycerol and amino acids to the host [5,6]. In addition, the symbiont’s cells supply large

amounts of oxygen to the host, leading to a significant increase in the rates of mitochondrial

respiration, and ATP levels. In scleractinian corals this energy input allows the deposition of

calcium carbonate and consequently increases in biomineralization rates [7,8].

These zooxanthellae have two morphologically distinct life stages, one coccoid and one

motile [9]. When in hospite, they are kept in the cocoid stage and, when free-living, they can be

found in either one of these stages. Corals obtain their zooxanthellae either through horizontal

or vertical transmissions, depending on the reproduction type: brooders tend to get their sym-

bionts vertically from their progenitors and broadcast spawners tend to acquire the zooxan-

thellae from the environment [10, 11]. Thus, the availability of free-living populations of

zooxanthellae is crucial for both the establishment and the persistence of the symbiosis.

Environmental stressors led by global climate-changing scenarios, such as increased tem-

perature [12] and decreased seawater pH [13], can disrupt the coral-Symbiodiniaceae symbio-

sis, thus causing the coral bleaching phenomenon [9, 14–16], which can be explained as either

the loss of the zooxanthellae by the corals or the degradation of the photosynthetic pigments in

the symbiont’s cells [9, 17–19]. Coral colonies can survive bleaching events by reacquiring zoo-

xanthellae [20] and reestablishing their endosymbiosis, but in order to do so, there must be a

pool of healthy and viable Symbiodiniaceae cells available in the environment [21].

According to NOAA (National Oceanic and Atmospheric Administration), bleaching

events have been reported globally since 1998 due to increased seawater temperature caused

by thermal anomalies. The reduction of seawater pH values, caused by increased anthropo-

genic atmospheric pCO2 (see prediction scenarios by the Intergovernmental Panel on Climate

Change report–IPCC [22]), is also expected to affect negatively coral reefs [12].

In the South Atlantic Ocean (SAO), the Abrolhos Bank off the Brazilian coast represents

the largest and richest coralline ecosystem [23, 24] with a high degree of endemism of corals,

dominated by one of the oldest and most important genus of scleractinian corals, Mussismilia
[23, 25]. Mussismilia braziliensis is an endemic coral that should soon be listed as an endan-

gered species due to its rapid decline caused by coral diseases and environmental stressors [26,

27]. The Abrolhos Bank has experienced recurrent coral bleaching events and, although many

corals were able to recover [28], it is not known whether they would have the same resilience

to acidification.

Some studies suggest that the key to resilience in coral colonies lies in their ability to acquire

a diverse genotype of Symbiodiniaceae cells, including resistant strains [29–33]. According to

recent taxonomic review, the family Symbiodiniaceae now refers to several genera of algae that

were previously classified as specific clades of Symbiodinium sp.: The genera Symbiodinium
(formerly Clade A), Breviolum (formerly Clade B), Cladocopium (formerly Clade C), Durusdi-
nium (formerly Clade D) and Gerakladium (formerly Clade G) are known for maintaining

symbiosis with Cnidarian, like corals and sea anemone [4, 34–37] and are also the most domi-

nant in more severe environments, such as higher irradiance habitats, increased temperature

conditions and regions with greater coastal influence [36]

In this context it is known that M. braziliensis hosts at least two strains of Symbiodiniaceae,

corresponding to Symbiodinium and Cladocopium genera), which could have big implications

for the resilience of this species [38].

Many studies concern the effects of environmental stressors in the coral holobiont and,

despite knowing that the coral resistance to these stressors depends on the resistance of the

zooxanthellae itself, there are few studies related to the responses in a cellular and biochemical
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level on the symbiont separately. Besides, stressors like acidification could potentially reduce

the pool of free-living zooxanthellae on the reef environment for corals to uptake.

In this study we tested the cellular, physiological and biochemical responses of the Symbio-
dinium strain (previously known as clade A4) isolated from M. braziliensis to seawater acidifi-

cation caused by increased atmospheric CO2.

Methods

Isolation and culture establishment

Clonal Symbiodiniaceae cultures were established from populations of M. braziliensis tissue

from collected from Abrolhos Reefs, Brazil as described previously [38]. The strain

CCMR0100, which belongs to Symbiodinium genus (previously known as clade A4), was

obtained from the Culture Collection of Microorganisms at Federal University of Rio de

Janeiro (CCMR). Cultures have been kept in sterile f/2 medium [39, 40], prepared with syn-

thetic seawater (Red Sea fish farm LTD., Houston, TX, USA) in a culture chamber with con-

trolled irradiance (photon flux of ca. 80 μmol/m2/s, photoperiod of 14-h light/10-h dark) and

temperature (24 ± 1˚C).

Experimental design

An acidification assay was performed by exposing Symbiodinium cells to a CO2 saturated

atmosphere for several days. For this study, we tested the worst-case scenario for seawater pH

projected for 2100 and beyond [22, 41], 7.5, in comparison to the current seawater pH, 8.1, as

a control condition. The target pH for both the control and elevated pCO2 concentrations

were set using the methodology described previously [41], which calculates a seawater pCO2 of

1638 atm to reach a 7.50 pH and a seawater pCO2 of 464 atm to reach an 8.1 pH. we tested the

worst case scenario projected by the IPCC [22] for atmospheric pCO2 for the year 2100, which

corresponds to 1634 μatm pCO2 and a seawater pH of 7.5, in comparison to current conditions

(464 μatm pCO2 and seawater pH 8.2).

For the experimental design, we used a CO2 injection system that measured the atmo-

spheric pCO2 inside 2 different culture chambers: one corresponding to the control condition

and another corresponding to the acidified conditions. This system was projected to inject

more CO2 whenever the pCO2 was below the desired. In the control condition, soda lime

plates inside filter bags were also used to maintain the lower levels of CO2. Then, CO2 satu-

rated air inside the culture chambers was pumped into f/2 medium, for 7 days, until the pH

levels stabilized in 7.5.

Cells of Symbiodiniaceae strain CCMR0100, corresponding to the genus Symbiodinium
(previously known as Clade A4) were cultured on ten 24-well plates with round coverslips on

the bottom of every well for 10 days under normal conditions. Then, cultures were sampled

for photosynthetic potential analysis (n = 6), processed for ultrastructure analysis and for cell

density (n = 5) and bulked sampled for neutral lipids qualitative (more details and replicate

numbers on each specific topic for each analysis). These were considered the before-assay sam-

ples (T0).

The T0 cultures were then replicated on ten 24-well plates with the acidified f/2 medium

(for the acidified condition) and on ten 24-well plates with non-acidified f/2 medium (for the

control condition). Adhered cells were manually and continuously scraped until all visible cell

clumps were dissolved. Cultures were then placed in their respective culture chambers (acidi-

fied and control) for a total period of 16 days. Samples were collected at 4 different times,

depending on the analysis: T1 (after 4 days of incubation), T2 (after 8 days of incubation), T3

(after 12 days of incubation) and T4 (after 16 days of incubation). The photosynthetic potential
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analysis was done in the before-assay samples and in every one of the times within the assay

(T0, T1, T2, T3 and T4), the lipid profile analysis was done on samples collected at T0, T2 and

T4 and both ultrastructure and cell density analysis were done before and after the assay (T0

and T4).

To avoid pH elevation caused by photosynthetic CO2 uptake, the medium in the cultures

were changed every 2 days with the corresponding medium (non-acidified f/2 for control and

previously acidified f/2 for the treatment cultures).

Salinity, pH and temperature were measured every two days, before medium replacement,

using a multiparameter sensor YSI (YSI, Yellow Springs, OH, USA). The carbonate chemistry

of the medium was calculated using CO2SYS [42].

Photosynthetic potential analysis

The photosynthetic potential was evaluated by pulse-amplitude-modulated (PAM) fluorimetry

using an underwater fluorimeter (Diving-PAM, Heinz Walz Gmbh, Effeltrich, Germany) cou-

pled with a light emitting diode (LED, with emission peak at 470nm) and an 8mm fiber optic

probe.

Immediately after each collection (at T0, T1, T2, T3 and T4), stationary fluorescence (F)

from 6 replicates of each condition and each time point was estimated from the signal obtained

under the fluorimeter’s light modulation (pulsed light; intensity < 1μmol/.m2/s1) and the max-

imum fluorescence of the light-acclimated sample (Fm") was determined using a pulse of satu-

rating light of short duration (600 ms). The effective quantum yield was calculated by the

formula (Fm”—F)/ Fm”. Subsequently, the samples were acclimatized in the dark for 30 min-

utes, to obtain the maximum potential photosynthetic yield. The intrinsic fluorescence of the

dark-adapted sample (Fo) was determined from the signal obtained under the fluorescence

modulated light. The maximum fluorescence value (Fm) was measured in the presence of a

pulse of saturating light (600 ms, ~ 6000 μmol/m2/sin1) [43]. Variable fluorescence (Fv) was

obtained from the difference between Fm and Fo (Fm-Fo) and the maximum photosynthetic

yield calculated by the Fv / Fm ratio.

Cell density

To analyze cell density differences between the acidified condition and the control at the end

of the experiment, coverslips from before and after the experiment were processed for SEM as

follow: cells were post-fixed with 2% OsO4 (for 1 hour), washed in 0.1M cacodylate buffer and

dehydrated in series of ethanol (30, 50, 70, 90 and 3x100%) for 15 minutes each. Then, samples

were critical point dried in a Baltec CPD 030, mounted on stubs, sputter-coated with gold and

visualized in a Zeiss EVO 40. Ten images of random parts of five different stubs for each condi-

tion were taken at the same magnitude (800X). Each stub corresponded to one replicate and

each image to a sub-replicate. The images were used to count the number of cells on each cov-

erslip. Cell counting was made using SEM images of same magnitude. Considering that the

area of each field analyzed was 80000 μm2, total cell densities of each condition were calculated

by multiplying the number of cells per μm2 by the area of the coverslips. Cell densities were

then calculated for each sample of each treatment and for the before-assay samples (T0). The

intrinsic rate of increase of both conditions was further calculated according to Gotelli (1995)

[44].

Structural analyses

In order to evaluate structural and ultrastructural changes on Symbiodinium cells due to acidi-

fication treatment, we subjected the samples from T0 and T4 incubated in both acidified and
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non-acidified conditions to laser scanning confocal microscopy (LSCM) to access changes on

lipid storage and chlorophyll fluorescence, and to transmission electron microscopy (TEM) to

determine possible organelle changes.

Transmission electron microscopy. The samples from T0 and T4 of both conditions

were fixed as described by previous study [45].Here we added the volume of 6 wells (18ml),

per replica, to 18 ml of a fixation solution (0.1M sodium cacodylate buffer containing 2% glu-

taraldehyde and 0.3 M sucrose). In total, we used four replica for each treatment (before assay,

control and acidified). Samples were fixed for 1 hour at room temperature, and then washed in

four changes of 0.1 M sodium cacodylate buffer with decreasing sucrose concentration: 0.3 M,

0.15 M, 0.075 M (up to 0 M), 20 min in each step. Next, samples were post-fixed with 2% OsO4

with water for 1 hour; dehydration was then performed in acetone series (30%, 40%, 50%,

70%, 80%, 90% and 3x100% - 20 minutes each) and samples were embedded in Spurr resin.

Ultrathin sections (~70 nm) were obtained on a Leica EM UC7 ultramicrotome with a dia-

mond knife (Diatome, Hatfield, PA, USA) and collected on 300 mesh copper grids. After stain-

ing in uranyl acetate and lead citrate, sections were examined in the EM 900 Zeiss.

Confocal laser scanning microscopy. For LSCM analysis, cells adhered on coverslips

from T0 and T4 of both conditions were fixed with 4% formaldehyde in seawater for 1 hour

and incubated with 10 μg/ml Nile Red (Sigma-Aldrich, St. Louis, Missouri, USA) for 30 min-

utes, then washed twice in PBS (pH7.4). The coverslips were then mounted on slides with

FluoroshieldTM with DAPI (Sigma-Aldrich) and taken to a TCS SPE microscope (Leica Micro-

systems, Wetzlar, Germany). The excitation wavelengths were 405 nm and 488 nm and fluo-

rescence emission peaks were: 440 nm (DAPI), 535 nm (Nile Red) and 650 nm (Chlorophyll

a). Images acquisition resulting resolution was 2,048 x 2,048 and, to improve the image quality,

they were processed by 3D deconvolution with LAS AF software (Leica Microsystems

Company).

Lipid analysis

To access the effect of acidification on the lipid content produced by Symbiodinium cells, we

performed a qualitative lipid analysis on cells from both control and acidified conditions (T0,

T2 and T4), as followed:

Neutral lipid extraction—Lipids from Symbiodinium samples (T0, T2, and T4 from all con-

ditions) were extracted according to previous studies [46]. Then, samples were submitted to

gas chromatography with mass spectrometry (GC/MS) for fatty acid and sterol composition

analysis.

Fatty acid composition–For FA analysis, the neutral lipid extracts were subjected to the

same protocol used previously (see [47]) and modified by (see [48]). The analysis was per-

formed with a Shimadzu QP2010 Plus instrument equipped with a mass spectrometry detector

(Shimadzu Corporation, Kyoto, KR, Japan) and a Hewlett-Packard Ultra 2 polysiloxane capil-

lary column (Hewlett-Packard Company, Palo Alto, CA, USA) (25 m x 0.20 mm i.d. x

0.33 μm). The injector was maintained at 250˚C with a gas split flow rate of 1:1. The column

oven temperature was programmed to increase from 40˚C to 160˚C (rate: 30˚C min-1); from

160˚C to 233˚C (rate: 1˚C min-1) and from 233˚C to 300˚C (rate: 30˚C min-1), and, at the end,

the temperature was maintained at 300˚C for 10 min. Helium was used as a carrier gas at a

flow rate of 20.5 mL.min-1. Electron impact spectra were recorded at 70 eV with a scan time of

1 s. The FA species were identified by comparing their mass spectra with the mass spectra of

FAME 37-methylated FA mix standards (Supelco, Sigma-Aldrich Company, Saint Louis, MO,

USA). GC-MS solution software version 2.53 (Shimadzu Corporation, Kyoto, KR, Japan) was

used for data processing.

Acidification-induced cellular changes in Symbiodinium
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Sterol Composition—The sterol content was evaluated by Gas chromatography–mass spec-

trometry analysis (GC/MS). Extracts were submitted prior to saponification according to

Arthington-Skaggs and co-workers [49], and then to GC-MS as described in previous study by

our group [48]: The GC-MS was equipped with a polysiloxane capillary column RTX-1 MS

(30 m x 0.25 mm i.d. x film thickness 0.25 μm) (Restek Corporation, Bellefonte, PA, USA).

The injector was maintained at 250˚C with a gas split flow rate of 1:1. The column oven tem-

perature was programmed to increase from 120˚C to 250˚C (rate; 20˚C min-1), from 250˚C to

280˚C (rate; 5˚C min-1) and from 280˚C to 300˚C (rate; 10˚C min-1), and, at the end, the tem-

perature was maintained at 300˚C for 6 min. Helium was used as a carrier gas at a flow rate of

15.6 mL.min-1. Electron impact spectra were recorded at 70 eV with a scan time of 1 s. The ste-

rol species were identified by comparing their mass spectra with the mass spectra of a specific

standard mix (Supelco, Sigma-Aldrich). In addition, for some specific Symbiodinium sterols

identification, the retention times of the present data and from literature (CS-155; [50]) were

used to identify sterol species.

Lipid droplets saturation. Images of TEM were used to comparatively analyze the satura-

tion levels on lipids inside lipid droplets. Osmium tetroxide (OsO4) is widely used to fix lipid

molecules, and it is known to react with unsaturated lipids [51]. Compartments with high elec-

tron density usually present more unsaturated fatty acids, whereas electron lucent subcellular

structures are related to low levels of unsaturated lipids. All TEM images were obtained using

similar acquisition conditions, as e.g. time exposure, camera sensitivity, image gamma correc-

tion. Sections thickness of all samples analyzed was ~60nm and, to reduce the effect of section

thickness variations on image contrast, each image was obtained from a different section. To

the normalization of the gray values measurement, resin section regions near cells, without

any biological material visible, where used as white reference, i.e. corresponding to gray values

near zero. Eighteen LD’s from five different cells from each condition were analyzed. There-

fore, lipid droplets gray values were measured using Image J [52, 53] to compare the degree of

unsaturation inside lipid droplets from Symbiodinium cells under acidified and control condi-

tions. We analyzed all the lipid droplets observed in 5 cells in each one of the four replicates

(n = 4).

Statistical analysis

Results for the photosynthetic potential were submitted to permutational analysis of variance

(PERMANOVA) to check if the factors pH and time, interacted and post hoc t-tests used to

evaluate differences in conditions and time. These analyses were done using the software

PRIMER-E.

Cell density and lipid droplets saturation level data were submitted to one-way ANOVA fol-

lowed by Tukey’s multiple comparisons test using GraphPad Prism version 8.0.0 for windows

(GraphPad Software, San Diego, California USA). Since the fatty acids and sterol profiles show

qualitative results, they were submitted to independent Bray-Curtis Similarity analysis (cluster)

using the software PRIMER-E.

Results

Acidification affects carbonate chemistry in seawater

Salinity, temperature and total alkalinity did not vary significantly between the control and

acidified conditions along the experiment. However, the atmospheric pCO2 influenced not

only the water pCO2, but also the HCO3 and the CO3 concentrations, as well as the aragonite

and calcite saturation states (Table 1).

Acidification-induced cellular changes in Symbiodinium
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Photosynthetic potential is affected by changes in pH according to time

Samples acclimatized in the acidified condition had a decrease on their maximum potential

photosynthetic yield (Fv/Fm) starting from 8 days (T2) until 12 days (T3) of incubation (Fig

1). The 16 days, i.e., T4 samples from the acidified condition had no significant difference

when compared with T3. Samples from control condition showed no significant differences

along all the experiment time. Moreover, the PERMANOVA test pointed to a significant inter-

action between pH and time (p<0.001) (S1 Table). Data for the effective quantum yield (ΔF/

Fm’) showed similar pattern, with a decrease from 8 days of acidification (p<0.0001; S1 Fig).

Acidification influences the Symbiodinium cell proliferation

At the beginning of the incubation (T0), total cell density was around 2.4 x 104 cells for each con-

dition. At the end of the assay, the acidified condition presented a cell density of 0.8 x 104 cells,

representing a decrease of 66.6%. On the other hand, in control assays, it was found 9.0 x 104

cells, and the input of cell population was estimated in 3.75 fold (Fig 2A). Although our statistical

analysis did not point significant difference between T0 and acidified samples, our calculations

showed that the intrinsic rate of increase where significantly different between conditions: con-

trol samples had ~ 0.084 rate, and the acidified samples had ~ -0.082 rate (Fig 2B).

Moreover, in the CLSM images we could observe the localization of neutral lipids stocks by

NR (Nile Red) staining. There was a clear difference between both before the assay and control

comparing to acidified samples (Fig 3). Control and cells before the assay showed intense chlo-

rophyll fluorescence and its regular distribution, in addition to individualized intracellular NR

fluorescence. On the other hand, acidified cells presented weak chlorophyll fluorescence and a

diffuse, extracellular and less individualized NR staining, which can indicate a beginning of

cell death process.

Acidification of seawater causes ultrastructural damages in Symbiodinium
cells

The analysis of Symbiodinium cells by electron microscope revealed damaged chloroplasts

with vesiculated thylakoids on acidification samples, after 16 days of seawater acidification

Table 1. Carbonate chemistry from control and acidified conditions. Average levels of pCO2 from air and water,

pH, HCO3, CO3, aragonite saturation state (Oarag), calcite saturation state (Ocalc), total alkalinity (TA), temperature

and salinity from control and acidified conditions throughout the experiment.

Control Acidified

pCO2 air (μatm) 483.87 ±0.90 1633.25 ±1.00

pCO2 water (μatm) 244.13 ±34.78 1403.81 ±111.11

CO2 water (μmol kg -1) 7.18 ±1.05 40.83 ±3.16

pH

(total hydrogen scale)

8.24 ±0.04 7.59 ±0.03

HCO3
-

(μmol kg -1)

1718.40 ±100.61 2210.10 ±44.30

CO3
-

(μmol kg -1)

313.70 ±16.41 92.70 ±9.01

Oarag 4.86 ±0.27 1.43 ±0.12

Ocalc 7.41 ±0.41 2.17 ±0.19

TA

(μmol kg -1)

2487.5 ±65.62 2437.5 ±46.87

Temperature (oC) 23.03 ±0.44 23.34 ±0.48

Salinity (PSU) 36.87 ±1.9 37.50 ±2.12

https://doi.org/10.1371/journal.pone.0220130.t001
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(Fig 4D–4F). Cell membrane was frequently observed detached from cell wall. Moreover, we

found cells highly vesiculated indicating cell death and lipid droplets with lower electron den-

sity when compared to control. Other structures such as nucleus, condensed chromosomes

and pyrenoid did not suffer any significant structural changes. Control cells and cells from

before the assay showed regular shaped organelles (Fig 4A–4C), such chloroplast with orga-

nized thylakoid membranes (Fig 4C) and darker lipid droplets (indicating more unsaturated

lipids in the core).

Acidification of seawater alters the fatty acid saturation in Symbiodinium
cells

We performed GC-MS analysis in order to determine the qualitative profile of fatty acids and

sterols of Symbiodinium cells under control and acidified conditions before the assay and after

8 and 16 days of assay (Figs 5–7). In total we identified 8 different sterol species (Fig 5) and 16

different fatty acids (FA) species, which of 10 saturated (SFA), two monounsaturated (MUFA)

and four polyunsaturated (PUFA) (Figs 6 and 7).

Regarding the sterol analysis, on the before the assay (T0) samples, the Symbiodinium cells

presented 8 sterol species, with 4a,24-dimethyl-5a-cholestan-3β-ol and 24-methylcholest-5-en-

3β-ol (campesterol) as the more abundant sterols (36.4% and 21.23%, respectively) (Fig 5).

After 8 days, acidified samples presented similar sterol profile regarding both species number

and proportion. Samples after 16 days of acidification did not show three of the eight sterol

species that were present in the T0 samples, including Dinosterol. Although cells from control

condition after 8 days also did not present Dinosterol, samples from the control condition

after 16 days showed this sterol species at a similar proportion as samples from the T0. Bray-

Curtis analysis showed no similarity pattern between conditions (S1 Fig).

In relation to the fatty acid (FA) analysis, we found a difference in PUFA (polyunsaturated

fatty acids) number amongst the conditions: before-assay samples (T0) and control samples

Fig 1. Maximum potential photosynthetic yield of Symbiodinium cells. Measurements were made on control and

acidified samples after 4, 8, 12 and 16 days of incubation. Photosynthetic yield starts dropping henceforth 8 days of

incubation and continues to diminish until the T3 (12 days), comparing to the control conditions. Besides,

photosynthetic yield on control samples remains the same throughout the whole experiment. (n = 6).

https://doi.org/10.1371/journal.pone.0220130.g001
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Fig 2. Symbiodinium cell proliferation according to pH environment. A–Symbiodinium density: Samples incubated in the acidified

condition after 16 days showed no significant difference in comparison to T0 (grey squares) (p = 0.1875). On the other hand, cells from

Acidification-induced cellular changes in Symbiodinium
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after 8 and 16 days (T2 and T4) showed four PUFA species (C18:3 n-6, C22:6 n-3, C18:2 n-6

and C18:4 n-3), and acidified samples after 16 days (T4) showed only two PUFA species

(C18:4 n-3 and C22:6 n-3) (Fig 6A). In addition, acidified cells after 8 days showed more spe-

cies of FA, with an increase of SFA species (Fig 6A). After 16 days, samples from the acidified

condition showed a decrease of both PUFA and SFA species; however the percentage of SFA

seemed higher in comparison to control conditions (T0, T2 and T4).

Moreover, the lipid droplets’ (LD) analysis showed that after 16 days, cells from acidified

condition had more electron-lucent LD’s (Fig 6B), indicating a more saturated content and

corroborating with the FA qualitative profile.

The FA profile analysis revealed that, in addition to increasing the saturation levels of the

FA, the acidified condition also decreased the number of total FA species from 10 species on

the T0 samples to 7 species on the T4 samples (Fig 7). However, on the T2 samples, we found

control (black squares) had an increase of cell density after 16 days of incubation (p< 0.0001). Different letters above the points show

significant difference. B–Intrinsic Rate of Increase of Symbiodinium populations submitted to control and acidified conditions after 16 days.

The asterisk represents significant difference (p = 0.0011) (n = 5).

https://doi.org/10.1371/journal.pone.0220130.g002

Fig 3. Confocal laser scanning micrographs. A—Cells before the acidification assay showed typical intensity of chlorophyll autofluorescence

and distribution of neutral lipids (marked with Nile Red in yellow). B—Cells from control samples after 16 days of incubation showed similar

pattern of chlorophyll autofluorescence (red) and neutral lipids intensity and distribution, comparing to the T0 samples. C—Cells from acidified

samples after 16 days showed low-intensity autofluorescence from the chlorophyll and diffuse and extracellular Nile Red labeling.

Red = chlorophyll; Blue = nuclei marked with DAPI; Yellow = Neutral lipids marked with Nile Red. Bars = 5μm.

https://doi.org/10.1371/journal.pone.0220130.g003
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not only the highest FA diversity (with 15 species), but also FA species that we did not find in

any other samples: C13:0, C15:0 and C22:0 (Fig 7).

Despite of the decrease of FA diversity in the acidified samples after 16 days, there was an

apparent percentage increase in saturated FA, such as C14:0 (57.1%), C16:0 (32.7%) and C18:0

(11.82%), which could be responsible for the more electron-lucent lipid droplets seen on the

LD’s saturation analysis (Fig 6). Interestingly, C18:1 cis-9 increased 70.42% in control and

reduced 16% in acidified condition. The long-chain fatty acid C20:4 and C18:3 were absent in

the samples from the acidified condition after 16 days. C22:6 reduced 20.6% in control and

42.6% in acidified condition. Although some SFA species only occurred in the samples from

the acidified condition after 8 days incubation (C13:0, C15:0 and C22:0), they had little contri-

bution to the total FA composition with 0.09%, 0.85% and 2.16% respectively.

Moreover, Bray-Curtis analysis showed a high similarity (>85%) between samples from the

T0 and from the control conditions (T2 and T4). While samples from the acidified condition

were grouped apart from control samples (S2 Fig).

These results led us to assume that the fatty acid metabolism is affected by changes in pH

environment.

Fig 4. Ultrastructure of Symbiodinium cells under different pHs. A–Cells before the acidification assay presented typical organelles, such as nucleus (with condensed

chromosomes), electron dense lipid droplets and reticulated chloroplast as normally described in Symbiodinium cells. B and C—control condition samples had cells

similar to those before the beginning of experiment with typical nucleus, chloroplast, lipid droplets, pyrenoid and vesicles with uric acid deposits from the eyespot (B). C–

Higher magnification to show an intact chloroplast. D—F–Ultrathin sections of Symbiodinium cells after acidification. Alterations in electron density of lipid droplets

indicate a lower content of unsaturated fatty acids (D, F) and damaged chloroplasts with disorganized thylakoid membranes were also observed (D and E). N = nucleus;

Ch = chloroplast; LD = lipid droplets; Py = pyrenoid; V = vesicles; S = starch grain; CW = cell wall; Asterisk = condensed chromosomes.

https://doi.org/10.1371/journal.pone.0220130.g004
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Discussion

In this study we could reproduce the seawater acidification by the increase of atmospheric

CO2 leading to several changes in ultrastructure, biochemical and physiological conditions of

free-living Symbiodinium cells. The assay performed here mimicked the most drastic scenario

predicted by the IPCC for atmospheric pCO2 for the year 2100, by constant injection of atmo-

spheric CO2, which dissolved into the water decreasing its pH similarly to what is expected to

happen in situ.

Acidification reduces photosynthetic efficiency and growth of

Symbiodinium
Photosynthetic potential of free living Symbiodinium decreased drastically when organisms

were submitted to the acidified condition, indicating physiological damage of the photosyn-

thetic machinery. This result combined with the TEM images showing damaged chloroplasts

indicates that seawater acidification causes cellular damage in a level that can affect essential

physiological functions. Although it is well known that high temperatures cause physiological

changes in different genera of Symbiodiniaceae [54, 55], our study showed that low pH due to

high pCO2 alone also causes changes on the physiology of free-living Symbiodinium.

It is known that dinoflagellates like Symbiodinium have the RuBisCO enzyme type II, which

is less efficient to fix carbon than other types of the same enzyme [56]. Therefore, these cells

have carbon concentration mechanisms (CCM) which are essential for a high photosynthetic

yield [57–58]. A previous study [59] has shown that free-living Symbiodinium cells (formerly

Fig 5. Sterol qualitative profile in Symbiodinium cells submitted or not to seawater acidification. Sterol species detected in cells during 0, 8 and 16 days in control

(pH 8.1) or acidified (pH 7.5) conditions. No major differences were seen between T0, control and acidified conditions.

https://doi.org/10.1371/journal.pone.0220130.g005
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Fig 6. Proportion of different FAs classes in Symbiodinium cells before the assay and control and acidified conditions after 8 (T2) and 16 (T4)

days. (A) Distribution of MUFAs, PUFAs and SFAs in cells before assay and during 8 and 16 days of control or acidified conditions. Numbers of
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known as clade A2) had a higher photosynthetic yield on pH 7.7, suggesting that a higher

pCO2 could be beneficial to Symbiodinium cells. However, our study showed that after 16 days

at pH 7.5 there are enough structural damage on the chloroplast to make the photosynthetic

yield to decrease drastically on Symbiodinium. This could be due to less RuBisCO available or

even to a less efficient CCM on this particular strain. Concerning the response of in hospite
Symbiodiniaceae to an acidic condition, It has been previously demonstrated that the low pH

of symbiosome lumen can be beneficial as it promotes the conversion of HCO3
- to CO2, which

occurs almost instantaneously in the presence of carbonic anhydrases [60]. This process

increases the local concentration of CO2 surrounding the algal cell (in symbiosome lumen),

which then diffuses across the cell wall and plasma membrane of the symbiont. Therefore, a

low pH condition may not be the unique stressing factor to free-living zooxanthellae. Maybe,

the negative response to acidification treatment can be also attributed to other changes in sea-

water chemistry, to the uncontrolled increase of dissolved CO2 and to the absence of cellular

modifications like those allowing the survival inside host cells and induced by the symbiotic

process.

chemical FA species of each class are presented within pie charts. The increase of SFA in acidified seawater is correlated to increase of electron lucent

LDs. (B). Lipid Bodies saturation levels in samples from before the assay and 16 days after acidified and control conditions. Pixel values refers to

brightness in LD’s, 255 corresponds to white and 0 corresponds to black. Cells cultivated in acidified seawater present more saturated LDs than ones

kept in control pH. Asterisk represents significant difference (p<0.001; n = 4).

https://doi.org/10.1371/journal.pone.0220130.g006

Fig 7. Fatty acid qualitative profile in Symbiodinium cells submitted or not to seawater acidification. Fatty acid species detected in cells during 0, 8 and 16 days in

control (pH 8.1) or acidified (pH 7.5) conditions. The decrease of species number was evident in the acidified condition after 16 days (T4), in comparison to T0 and T4

of control condition.

https://doi.org/10.1371/journal.pone.0220130.g007
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A recent study showed that treatment with high pCO2 after 12 days reduced 35% of the

division rates of symbionts in Seriatopora caliendrum corals [61]. Here we found a clear

growth inhibition on free living Symbiodinium submitted to acidified condition. Moreover,

our data showed a negative intrinsic rate of increase on the acidified condition, indicating a

population decline. Similarly, previous study showed that the cell cycle dynamics of cultured

Symbiodiniaceae also was influenced by heat stress, which specifically caused the cell cycle

arrest in G1 phase [62]. Apart from that, membrane debris observed on CMLS images with NR

staining and highly vesiculated cells seen on TEM images also indicate cell death. These results

suggest that longstanding exposure to high pCO2 and low pH inhibits cell proliferation and,

possibly, induces cell death processes on Symbiodinium.

Changes in chloroplast ultrastructure and lipid content and profile

The chloroplast is known to play an important role on FA biosynthesis in microalgae, where

the elongation and desaturation of the carbon chain of fatty acids occurs [63, 64]. Here we

found that, after 16 days, the samples from the acidified condition had a decrease of PUFA

diversity and content. This, combined with the damaged chloroplasts seen on TEM images,

suggests that high pCO2 atmospheric level affected the chloroplasts to the point of impair the

normal FA synthesis. Moreover, some PUFA play important roles in plant cells by protecting

and helping the fluidity of the thylakoids membranes and the electron flow between electron

acceptors of photosystem II [65–67]. This could explain the apparent increased percentage of

PUFA in the acidified samples from 8 days as an initial response of the cell that might have

resulted in the protection of the chloroplast from the cell stress caused by the acidification.

Thus, we show that, at least in this particular strain, free-living Symbiodiniaceae could resist a

lower pH in a short-term period. Furthermore, the LD’s saturation analysis showed a higher

saturated content on acidified samples after 16 days, which corroborates to the decrease in

PUFA percentage and diversity and the increase in SFA.

The n-6 FA C18:2n-6 and C18:3n-6 are known to be important precursors of the long-

chained FA C22:4n-6 (Arachdonic acid), which is responsible for water transport across mem-

branes and an important component of the immune response in the host’s cells [68, 69]. More-

over, these n-6 FA, as well as n-3 FA (such as C18:4n-3 and C22:6n-3) are known to be

translocated from symbionts to hosts [70, 71]. Therefore, it has been recently suggested that an

appropriate balance of n-3 and n-6 is crucial for the coral holobiont health [68, 69] and, hence,

the n-3:n-6 ratio could be a good putative FA indicator [72]. Our data showed that both of the

n-6 PUFA that were present in all samples disappeared after 16 days on the acidified condition.

This indicates that acidification might interfere not only in the synthesis of essential FA, but

also in the free-living symbiont’s health as a hole. Moreover, these results, combined with the

lipid droplets saturation analysis suggest that, at lower PH, Symbiodiniaceae from the genus

Symbiodinium reduce their capacity of producing unsaturated FA.

A previous study [73] has shown that high temperature enhances photodamage of the pho-

tosynthetic machinery of Symbiodinium and inhibits its repair, which requires de novo PUFA

synthesis [74]. We hypothesize that this also happens with Symbiodinium cells under low pH,

i.e. the ability of Symbiodinium to synthesize new PUFA is reduced due to damage in the thyla-

koid membranes. Therefore, the photosynthetic machinery cannot be repaired leading photo-

synthetic yield to drop.

Moreover, it has been shown that lipid content varies with the cell cycle of the dinoflagellate

Crypthecodinium cohnii [75] while another study has shown that FA inhibition causes G1

arrest or a transition delay from S to G2/M and G2/M to G1 on Symbiodiniaceae [76]. These

works are in agreement with the G1 arrest caused by heat stress observed in cultured
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Symbiodinium [62]. Considering our results that revealed severe photosynthesis impairment

and a decrease of important FA species, the inhibition of population growth on the acidified

condition could be related to cell cycle arrest. On the other hand, a broad programmed cell

death event cannot be disconsidered once diverse environmental stress can lead to this cell

condition [77] and also because of the altered chloroplast morphology, considered a hint of

this process [78], in Symbiodinium cells submitted to water acidification. Finally, although

Bray-Curtis analysis showed no similarity patterns amongst the samples regarding sterol com-

position, Dinosterol was not found in samples from acidified condition after 16 days. Dinos-

terol is considered a dinoflagellate biomarker [79] and the inability to produce it by cells

submitted to low pH for a longer period of time may suggest a change in sterol metabolism.

Conclusion

The present study gave first evidence of how free-living zooxanthellae may respond to future

ocean acidification due to increase of atmospheric CO2. Our results showed that high pCO2

atmospheric level and low pH levels alone can cause significant changes in the physiology, bio-

chemistry and ultrastructure of free-living Symbiodiniaceae from the Symbiodinium genus.

Thus, potentially affecting free-living populations of these symbionts, which are crucial for

coral reefs resilience.

Despite the new insights our results have brought, further studies are necessary to fully

understand biochemical changes in Symbiodiniaceae submitted to the conditions climate

change may lead to.
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for the pre-processing of TEM samples. This article is dedicated to the memory of Professor

Gilberto M. Amado-Filho.

Author Contributions

Conceptualization: Lilian J. Hill, Leonardo T. Salgado.

Data curation: Lilian J. Hill.

Formal analysis: Lilian J. Hill, Wladimir C. Paradas, Maria Julia Willemes, Miria G. Pereira,

Rodrigo Mariath.

Funding acquisition: Paulo S. Salomon, Rodrigo L. Moura, Georgia C. Atella, Marcos Farina,

Gilberto M. Amado-Filho, Leonardo T. Salgado.

Investigation: Lilian J. Hill.

Methodology: Lilian J. Hill, Wladimir C. Paradas, Maria Julia Willemes, Paulo S. Salomon,

Georgia C. Atella, Leonardo T. Salgado.

Project administration: Leonardo T. Salgado.

Resources: Georgia C. Atella, Gilberto M. Amado-Filho, Leonardo T. Salgado.

Supervision: Marcos Farina, Leonardo T. Salgado.

Validation: Lilian J. Hill, Miria G. Pereira, Leonardo T. Salgado.

Visualization: Lilian J. Hill.

Writing – original draft: Lilian J. Hill.

Writing – review & editing: Lilian J. Hill, Wladimir C. Paradas, Maria Julia Willemes, Miria

G. Pereira, Paulo S. Salomon, Rodrigo Mariath, Rodrigo L. Moura, Georgia C. Atella, Mar-

cos Farina, Gilberto M. Amado-Filho, Leonardo T. Salgado.

References

1. Trench, RK, 1997. Diversity of symbiotic dinoflagellates and the evolution of microalgal–invertebrate

symbioses. In: Proceedings of the Eighth International Coral Reef Sumposium, vol. 2, pp. 1275–1286.

2. Blank RJ, Trench RK. Symbiodinium microadriaticum: a single species? Proceedings of the Fifth Inter-

national Coral Reef Conference. 1985; 6:113–117.

Acidification-induced cellular changes in Symbiodinium

PLOS ONE | https://doi.org/10.1371/journal.pone.0220130 August 5, 2019 17 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220130.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220130.s009
https://doi.org/10.1371/journal.pone.0220130


3. Banaszak AT, Iglesias-Prieto R, Trench RK. Scrippsiella velellae sp. nov. (Peridiniales) and Gloeodi-

nium viscum sp. nov. (Phytodiniales), dinoflagellate symbionts of two hydrozoans (Cnidaria). J. Phycol.

1993; 29:517–28.

4. LaJeunesse TC, Parkinson JE, Gabrielson PW, Jeong HJ, Reimer JD, Voolstra CR, et al. 2018. Sys-

tematic revision of Symbiodiniaceae highlights the antiquity and diversity of coral endosymbionts. Curr

Biol 28:2570–2580. https://doi.org/10.1016/j.cub.2018.07.008 PMID: 30100341

5. Muscatine L. The role of symbiotic algae in carbon and energy flux in reef corals. In: Dubinsky Z. (ed.)

Ecosystems of the world. 1990. Vol 25, Coral reefs. Elsevier, Amsterdam. p. 75–87

6. Kleypas W, Archer D, Gattuso P, Langdon C, Opdyke N. Geochemical consequences of increased

atmospheric carbon dioxide on coral reefs. Science. 1999; 284(5411): 118–120. https://doi.org/10.

1126/science.284.5411.118 PMID: 10102806

7. Colombo-Pallotta M, Rodrı́guez-Román A, Iglesias-Prieto R. Calcification in bleached and unbleached

Montastraea faveolata: evaluating the role of oxygen and glycerol. Coral Reefs. 2010; 29(4): 899–907.

8. Jokiel L. The reef coral two compartment proton flux model: a new approach relating tissue-level physio-

logical processes to gross corallum morphology. J Exp Mar Bio Ecol. 2011; 409(1–2): 1–12.

9. Fitt WK, Brown BE, Warner ME, Dunne RP. Coral bleaching: interpretation of thermal tolerance limits

and thermal thresholds in tropical corals. Coral Reefs. 2001; 20: 51–65.

10. Baird AH, Guest JR, Willis BL. Systematic and Biogeographical Patterns in the Reproductive Biology of

Scleractinian Corals. Annu. Rev. Ecol. Evol. Syst. 2009; 40: 551–71.

11. Fabina NS, Putnam HM, Franklin EC, Stat M, Gates RD. Transmission Mode Predicts Specificity and

Interaction Patterns in Coral-Symbiodinium Networks. PLOS ONE. 2012; 7(9): e44970. https://doi.org/

10.1371/journal.pone.0044970 PMID: 23028711

12. Hoegh-Guldberg O, Mumby PJ, Hooten AJ, Steneck RS, Greenfield P, Gomez E, et al. Coral reefs

under rapid climate change and ocean acidification. Science. 2007; 318(5857):1737–42. https://doi.

org/10.1126/science.1152509 PMID: 18079392

13. Orr JC, Fabry VJ, Aumont O, Bopp L, Doney SC, Feely RA, et al. Anthropogenic ocean acidification

over the twenty-first century and its impact on calcifying organisms. Nature. 2005; 437:681–86 https://

doi.org/10.1038/nature04095 PMID: 16193043

14. Glynn PW. Coral reef bleaching: facts, hypotheses and implications. Glob Change Biol. 1996; 2: 495–

509

15. Hoegh-Guldberg O. Climate change, coral bleaching and the future of the world’s coral reefs. Mar.

Freshwat. Res.1999; 50: 839–866.

16. Coles SL, Brown BE. Coral bleaching: capacity for acclimatization and adaptation. Adv Mar Biol. 2003;

46: 183–223. PMID: 14601413

17. Kleppel GS, Dodge RE, Reese CJ. Changes in pigmentation associated with the bleaching of stony cor-

als. Limnol Oceanogr 1989; 34: 1331–1335.

18. Porter JW, Fitt WK, Spero HJ, Rogers CS, White MW. Bleaching in reef corals: physiological and stable

isotopic responses. Proc Natl Acad Sci USA. 1989; 86: 9342–9346. https://doi.org/10.1073/pnas.86.

23.9342 PMID: 16594090

19. Takahashi S, Whitney SM, Badger MR. Different thermal sensitivity of the repair of photodamaged pho-

tosynthetic machinery in cultured Symbiodinium species. Proc Natl Acad Sci USA 2009; 106: 3237–

3242 https://doi.org/10.1073/pnas.0808363106 PMID: 19202067

20. Harrison PL. Sexual reproduction of scleractinian corals. In: Zubinsky Z, Stambler N, editors. Coral

Reefs: an Ecosystem in Transition. 2011. pp 59–85.

21. Littman RA, Van Oppen MJH, Willis BL. Methods for sampling free-living Symbiodinium (zooxanthellae)

and their distribution and abundance at Lizard Island (Great Barrier Reef). J Exp Mar Biol Ecol. 2008;

364(1):48–53.

22. IPCC, 2007. Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the

Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon S, Qin D,

Manning M, Marquis M, Averyt K, Tignor MMB, Miller Jr HLR, Chen Z (eds.)]. Cambridge University

Press, Cambridge, United Kingdom and New York, NY, USA, 996 pp.

23. Moura RL, Secchin NA, Amado-Filho GM, Francini-Filho RB, Freitas MO, Minte-Vera CV, et al. Spatial

patterns of benthic megahabitats and conservation planning in the Abrolhos Bank. Cont Shelf Res.

2013; 70: 109–117.

24. Francini-Filho RB, Coni EOC, Meirelles PM, Amado-Filho GM, Thompson FL, Pereira-Filho GH, et al.

Dynamics of coral reef benthic assemblages of the Abrolhos Bank, Eastern Brazil: inferences on natural

and anthropogenic drivers. PLoS One. 2013; 8(1):e54260 https://doi.org/10.1371/journal.pone.

0054260 PMID: 23365655

Acidification-induced cellular changes in Symbiodinium

PLOS ONE | https://doi.org/10.1371/journal.pone.0220130 August 5, 2019 18 / 21

https://doi.org/10.1016/j.cub.2018.07.008
http://www.ncbi.nlm.nih.gov/pubmed/30100341
https://doi.org/10.1126/science.284.5411.118
https://doi.org/10.1126/science.284.5411.118
http://www.ncbi.nlm.nih.gov/pubmed/10102806
https://doi.org/10.1371/journal.pone.0044970
https://doi.org/10.1371/journal.pone.0044970
http://www.ncbi.nlm.nih.gov/pubmed/23028711
https://doi.org/10.1126/science.1152509
https://doi.org/10.1126/science.1152509
http://www.ncbi.nlm.nih.gov/pubmed/18079392
https://doi.org/10.1038/nature04095
https://doi.org/10.1038/nature04095
http://www.ncbi.nlm.nih.gov/pubmed/16193043
http://www.ncbi.nlm.nih.gov/pubmed/14601413
https://doi.org/10.1073/pnas.86.23.9342
https://doi.org/10.1073/pnas.86.23.9342
http://www.ncbi.nlm.nih.gov/pubmed/16594090
https://doi.org/10.1073/pnas.0808363106
http://www.ncbi.nlm.nih.gov/pubmed/19202067
https://doi.org/10.1371/journal.pone.0054260
https://doi.org/10.1371/journal.pone.0054260
http://www.ncbi.nlm.nih.gov/pubmed/23365655
https://doi.org/10.1371/journal.pone.0220130


25. Leão ZMAN Kikuchi RKP. A relic coral fauna threatened by global changes and human activities, East-

ern Brazil. Mar. Pollut. Bull. 2005; 51: 599–611 https://doi.org/10.1016/j.marpolbul.2005.04.024 PMID:

15913660

26. Francini-Filho RB, Moura RL, Thompson FL, Reis RM, Kaufman L, Kikuchi RKP, et al. Diseases leading

to accelerated decline of reef corals in the largest South Atlantic reef complex (Abrolhos Bank, eastern

Brazil). Mar Pollut Bull. 2008; 56 (5): 1008–1014. https://doi.org/10.1016/j.marpolbul.2008.02.013

PMID: 18348890

27. Garcia GD, Gregoracci GB, Santos EO, Meirelles PM, Silva GG, Edwards R, et al. Metagenomic analy-

sis of healthy and white plague-affected Mussismilia braziliensis corals. Microb Ecol. 2013; 65(4):

1076–1086 https://doi.org/10.1007/s00248-012-0161-4 PMID: 23314124

28. Castro CB, Pires DO. A bleaching event on an brazilian coral reef. Revista Brasileira de Oceanografia.

1999; 47: 87–90.

29. Baker AC. Flexibility and specificity in coral-algal symbiosis: diversity, ecology, and biogeography of

Symbiodinium. Annu Rev Ecol Syst. 2003; 34: 661–689.

30. Berkelmans R, van Oppen MJH. The role of zooxanthellae in the thermal tolerance of corals: a “nugget

of hope” for coral reefs in an era of climate change. Proc Royal Soc B. 2006; 273: 2305–2312.

31. LaJeunesse TC, Smith R, Walther M, Pinzón J, Pettay DT, McGinley M, et al. Host–symbiont recombi-

nation versus natural selection in the response of coral–dinoflagellate symbioses to environmental dis-

turbance. Proc Royal Soc B. 2010; 277(1696): 2925–2934.

32. Putnam HM, Stat M, Pochon X, Gates RD. Endosymbiotic flexibility associates with environmental sen-

sitivity in scleractinian corals. Proc Royal Soc B. 2012; 279(1746): 4352–4361

33. Rowan R, Knowlton N. Intraspecific diversity and ecological zonation in coral-algal symbiosis. PNAS,

1995; 92: 2850–2853. https://doi.org/10.1073/pnas.92.7.2850 PMID: 7708736

34. Carlos AA, Baillie BK, Kawachi M, Maruyama T. Phylogenetic position of Symbiodinium (Dinophyceae)

isolates from tridacnids (Bivalvia), cardiids (Bivalvia), a sponge (Porifera), a soft coral (Anthozoa), and a

free-living strain. J Phycol. 1999; 35:1054–1062.

35. Pochon X, Pawlowski J, Zaninetti L, Rowan R. High genetic diversity and relative specificity among

Symbiodinium-like endosymbiotic dinoflagellates in soritid foraminiferans. Mar Biol. 2001; 139: 1069–

1078.

36. LaJeunesse TC. “Species” radiations of symbiotic dinoflagellates in the Atlantic and Indo-Pacific since

the Miocene-Pliocene transition. Mol Biol Evol. 2005; 22(3):570–581 https://doi.org/10.1093/molbev/

msi042 PMID: 15537807

37. Franklin EC, Stat M, Pochon X, Putnam HM, Gates RD. GeoSymbio: a hybrid, cloud-based web appli-

cation of global geospatial bioinformatics and ecoinformatics for Symbiodinium–host symbioses. Mol

Ecol Resour. 2012; 12(2):369–373 https://doi.org/10.1111/j.1755-0998.2011.03081.x PMID:

22018222

38. Silva-Lima AW, Walter JM, Garcia GD, Ramires N, Ank G, Meirelles PM, et al. Multiple Symbiodinium

strains are hosted by the Brazilian endemic corals Mussismilia spp. Microb Ecol. 2015; 70: 301–310.

https://doi.org/10.1007/s00248-015-0573-z PMID: 25666537

39. Guillard RRL. Culture of phytoplankton for feeding marine invertebrates. In: Smith WL, Chanley MH,

editors. Culture of Marine Invertebrate Animals. Plenum Press, New York, USA. 1975. pp 26–60.

40. Guillard RRL, Ryther JH. Studies of marine planktonic diatoms. I. Cyclotella nana Hustedt and Detonula

confervacea Cleve. Can. J. Microbiol. 1962; 8: 229–239. https://doi.org/10.1139/m62-029 PMID:

13902807

41. Webster NS, Uthicke S, Bott ES, Flores F, Negri AP. Ocean acidification reduces induction of coral set-

tlement by crustose coralline algae. 2013. Global Change Biology, 19, 303–315. https://doi.org/10.

1111/gcb.12008 PMID: 23504741

42. Pierrot D, Lewis E, Wallace DWR. MS Excel Program Developed for CO2 System Calculations, Tech.

rep., Carbon Dioxide Inf. Anal. Cent., Oak Ridge Natl Lab. US DOE, Oak Ridge, Tenn. 2006.

43. Schreiber U, Endo T, Mi HL, Asada K. Quenching analysis of chlorophyll fluorescence by the saturation

pulse method-particular aspects relating to the study of eukaryotic algae and cyanobacteria. Plant Cell

Physiol. 1995; 36: 873–882.

44. Gotelli NJ. A Primer of Ecology. 4th ed. Sunderland, Massachusetts: Sinauer Associates Inc; 1995.

45. Hansen G, Daugbjerg N. Symbiodinium natans sp. nov.: a "free-living" dinoflagellate from Tenerife

(Northeast-Atlantic Ocean). J Phycol. 2009; 45: 251–265. https://doi.org/10.1111/j.1529-8817.2008.

00621.x PMID: 27033661

46. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol.

1959; 37: 911–917. https://doi.org/10.1139/o59-099 PMID: 13671378

Acidification-induced cellular changes in Symbiodinium

PLOS ONE | https://doi.org/10.1371/journal.pone.0220130 August 5, 2019 19 / 21

https://doi.org/10.1016/j.marpolbul.2005.04.024
http://www.ncbi.nlm.nih.gov/pubmed/15913660
https://doi.org/10.1016/j.marpolbul.2008.02.013
http://www.ncbi.nlm.nih.gov/pubmed/18348890
https://doi.org/10.1007/s00248-012-0161-4
http://www.ncbi.nlm.nih.gov/pubmed/23314124
https://doi.org/10.1073/pnas.92.7.2850
http://www.ncbi.nlm.nih.gov/pubmed/7708736
https://doi.org/10.1093/molbev/msi042
https://doi.org/10.1093/molbev/msi042
http://www.ncbi.nlm.nih.gov/pubmed/15537807
https://doi.org/10.1111/j.1755-0998.2011.03081.x
http://www.ncbi.nlm.nih.gov/pubmed/22018222
https://doi.org/10.1007/s00248-015-0573-z
http://www.ncbi.nlm.nih.gov/pubmed/25666537
https://doi.org/10.1139/m62-029
http://www.ncbi.nlm.nih.gov/pubmed/13902807
https://doi.org/10.1111/gcb.12008
https://doi.org/10.1111/gcb.12008
http://www.ncbi.nlm.nih.gov/pubmed/23504741
https://doi.org/10.1111/j.1529-8817.2008.00621.x
https://doi.org/10.1111/j.1529-8817.2008.00621.x
http://www.ncbi.nlm.nih.gov/pubmed/27033661
https://doi.org/10.1139/o59-099
http://www.ncbi.nlm.nih.gov/pubmed/13671378
https://doi.org/10.1371/journal.pone.0220130


47. Frenz JLC, Casadevall E, Kollerup F, Daugulis AJ. Hydrocarbon recovery and biocompatibility of sol-

vents for extraction from cultures of Botryococcus braunii. Biotechnol. Bioeng. 1989; 34: 755–762.

https://doi.org/10.1002/bit.260340605 PMID: 18588162

48. Paradas WC, Salgado LT, Pereira RC, Hellio C, Atella GC, Moreira DL, et al. A novel antifouling

defense strategy from red seaweed: fatty acid derivatives exocytosis and deposition at the cell wall sur-

face. Plant Cell Physiol. 2016; 57(5):1008–19 https://doi.org/10.1093/pcp/pcw039 PMID: 26936789

49. Arthington-Skaggs BA, Jradi H, Desai T, Morrison CJ. Quantitation of ergosterol content: novel method

for determination of fluconazole susceptibility of Candida albicans. JCM. 1999; 37: 3332–3337

50. Mansour MP, Volkman JK, Jackson AE, Blackburn SI. The fatty acid and sterol composition of five

marine dinoflagellates. J. Phycol. 1999; 35:710–720.

51. Korn EW. A chromatographic and spectrophotometric study of the products of the reaction of osmium

tetroxide with unsaturated lipids. J Cell Biol. 1967; 34(2): 627–638. https://doi.org/10.1083/jcb.34.2.627

PMID: 6035650

52. Cheng J, Fujita A, Ohsaki Y, Suzuki M, Shinohara Y, Fujimoto T. Quantitative electron microscopy

shows uniform incorporation of triglycerides into existing lipid droplets. Histochem Cell Biol. 2009; 132

(3): 281–91. https://doi.org/10.1007/s00418-009-0615-z PMID: 19557427

53. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nature

Methods. 2012; 9: 671–675. https://doi.org/10.1038/nmeth.2089 PMID: 22930834

54. McGinley MP, Aschaffenburg MD, Pettay DT, Smith RT, LaJeunesse TC, Warner ME. Transcriptional

Response of Two Core Photosystem Genes in Symbiodinium spp. Exposed to Thermal Stress. PLoS

ONE 2012; 7(12): e50439. https://doi.org/10.1371/journal.pone.0050439 PMID: 23236373

55. McGinty ES, Pieczonka J, Mydlarz LD. Variations in reactive oxygen release and antioxidant activity in

multiple Symbiodinium types in response to elevated temperature. Microb Ecol. 2012. 64(4):1000–7

https://doi.org/10.1007/s00248-012-0085-z PMID: 22767124

56. Whitney S, Shaw D, Yellowlees D. Evidence that some dinoflagellates contain a ribulose-1,5-bispho-

sphate carboxylase/oxygenase related to that of the a- roteobacteria. Proc Royal Soc B. Sci. 1995;

259: 271–275.

57. Leggat W, Badger M, Yellowlees D. Evidence for an inorganic carbon-concentrating mechanism in the

symbiotic dinoflagellate Symbiodinium sp. Plant Physiol 1999; 121:1247–1255. https://doi.org/10.

1104/pp.121.4.1247 PMID: 10594111

58. Tortell P. Evolutionary and ecological perspectives on carbon acquisition in phytoplankton. Limnol

Oceanogr. 2000; 45: 744–750.

59. Brading P, Warner ME, Davey P, Smith DJ, Achterberg EP, Suggetta DJ. Differential effects of ocean

acidification on growth and photosynthesis among phylotypes of Symbiodinium (Dinophyceae). Limnol

Oceanogr. 2011; 56(3): 927–938.
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