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Survival of free-living and symbiotic dinoflagellates (Symbiodinium
spp.) in coral reefs is critical to the maintenance of a healthy coral
community. Most coral reefs exist in oligotrophic waters, and their
survival strategy in such nutrient-depleted waters remains largely
unknown. In this study, we found that two strains of Symbiodinium
spp. cultured from the environment and acquired from the tissues
of the coral Alveopora japonica had the ability to feed heterotrophi-
cally. Symbiodinium spp. fed on heterotrophic bacteria, cyanobacteria
(Synechococcus spp.), and small microalgae in both nutrient-replete
and nutrient-depleted conditions. Cultured free-living Symbiodinium
spp. displayed no autotrophic growth under nitrogen-depleted
conditions, but grewwhen provided with prey. Our results indicate
that Symbiodinium spp.’s mixotrophic activity greatly increases
their chance of survival and their population growth under nitro-
gen-depleted conditions, which tend to prevail in coral habitats. In
particular, free-living Symbiodinium cells acquired considerable ni-
trogen from algal prey, comparable to or greater than the direct
uptake of ammonium, nitrate, nitrite, or urea. In addition, free-
living Symbiodinium spp. can be a sink for planktonic cyanobacteria
(Synechococcus spp.) and remove substantial portions of Synecho-
coccus populations from coral reef waters. Our discovery of Sym-
biodinium’s feeding alters our conventional views of the survival
strategies of photosynthetic Symbiodinium and corals.
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Corals in the ocean have drawn much attention from scientists,
tourists, fishermen, and government officials (1–16). Free-

living and symbiotic dinoflagellates in the genus Symbiodinium
(also known as zooxanthellae) were once considered exclusively
photosynthetic, except for the uptake of dissolved organic materials
(17). Corals protect Symbiodinium in hospite and provide inorganic
nutrients and dissolved organic materials to their partner, whereas
Symbiodinium provide the products of photosynthesis to corals
(18). Surprisingly, corals acquire up to 90% of their nutrition from
Symbiodinium (19). Thus, Symbiodinium is a critical partner of
zooxanthellate corals. In sexual reproduction, adults or larvae of
corals must acquire Symbiodinium cells from environmental pools
(i.e., horizontal transmission) or from their parents (i.e., vertical
transmission) (18, 20). In addition, viable Symbiodinium cells re-
leased from a coral can infect other corals or larvae to create a new
association by horizontal transmission (18). Therefore, the survival
of free-living and symbiotic Symbiodinium cells in coral reefs is
crucial to the maintenance of a healthy coral community.
Concentrations of inorganic nutrients in coral reef waters are

typically low (8, 21, 22). High nutrient input, or eutrophication, is
known to cause macroalgae to overgrow and often kill corals
(23, 24). Thus, Symbiodinium cells in the water column (i.e., free-
living strains or motile symbiotic cells leaving corals) are likely to
experience low inorganic nutrient conditions that are unfavorable
for photosynthesis. Some corals reportedly take up dissolved or-
ganic materials, such as free amino acids and urea, as sources of
nitrogen (25, 26). Some critical questions arise. Do free-living or

symbiotic Symbiodinium survive only by conducting photosynthe-
sis? If not, do they have any alternative nutritional strategy? For
example, do they obtain materials through feeding? If so, what are
the prey items? Furthermore, does ingestion of prey cells enable
Symbiodinium to survive in nutrient-depleted conditions? In ad-
dition, do Symbiodinium acquire nitrogen from prey as much as
from inorganic or dissolved organic nitrogen? Can feeding by
Symbiodinium be an important source of mortality for prey? To
answer these questions, we explored feeding by two strains of
Symbiodinium spp. (clade E), one cultured from the environment
and the other acquired from the tissues of the coral Alveopora
japonica, originating from the coastal waters off Jeju Island, Korea.

Results and Discussion
Feeding of Cultured Free-Living Symbiodinium sp. We found that
free-living Symbiodinium sp. cells ingested 0.5- to 2-μm micro-
beads, heterotrophic bacteria, fluorescently labeled bacteria, and
Synechococcus cells (Fig. 1 A–I and Table S1). Among the algal
prey provided, free-living Symbiodinium ingested small algal spe-
cies (equivalent spherical diameters of ≤11.5 μm) except the di-
atom Skeletonema costatum using a peduncle (feeding tube) (Fig.
1 J–O, Fig. S1 A–E, and Table S1). Symbiodinium sp. deployed
a tow filament to anchor the raphidophyte Heterosigma akashiwo
cell (Fig. 1K) and then attached a peduncle to the prey cell.
Symbiodinium then sucked the contents out of theH. akashiwo cell
through the peduncle (Fig. 1 L–N). Predator cells first sucked the
liquid materials, followed by the chloroplasts (Fig. 1 L andM), and
several prey chloroplasts were observed inside the protoplasm of
predator cells (Fig. 1N). Occasionally, two or three Symbiodinium
cells fed on a prey cell simultaneously (Fig. 1O). The bacteria and
small algal prey are always present in coral reefs (27, 28); thus,
Symbiodinium in coral reefs likely encounter prey cells on a con-
tinuous basis.
Transmission electron micrographs clearly showed a free-liv-

ing Symbiodinium cell feeding on a H. akashiwo prey cell using
a peduncle (Fig. 2A). The Symbiodinium cell contained ingested
prey chloroplasts that had less-dense thylakoids (most likely
being semidigested compared with dense thylakoids of intact
prey chloroplasts) and were clearly different from the predator
chloroplasts (Fig. 2). Some of the remaining chloroplasts inside
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the protoplasm of the prey cell also had less-dense thylakoids,
suggesting that digestive enzymes of predator cells may be in-
troduced to the protoplasm of prey cells.
The entire feeding process of free-living Symbiodinium cells on

H. akashiwo prey was recorded by video microscopy (Fig. 3). The
H. akashiwo cells contained 20–35 chloroplasts per cell (Fig. 3A).
Symbiodinium cells anchored to the H. akashiwo cells using tow
filaments, after which the predator cells deployed and attached
peduncles to the prey (stage 1; Fig. 1 K–M). The time lag between
the deployment of tow filaments and peduncles was 2–4 s (Table
S2). Stage 2 was associated with spinning motions in the feeding
Symbiodinium cells accompanied by use of a peduncle to suck
chloroplasts (>10) from the algal prey (Fig. 3 B–D). This stage
took 540–1,140 s. In stage 3, the Symbiodinium cells stopped
spinning but continued to suck additional chloroplasts from the

H. akashiwo cells. Subsequently, the prey cells collapsed and burst
(Fig. 3 E–G). Approximately 8–10 chloroplasts remained within
each burst prey cell. The time interval between the cessation of
predator cell spinning and the bursting of prey cells was 50–470 s.
In the final stage (stage 4), the Symbiodinium cells sucked addi-
tional chloroplasts from the burst H. akashiwo cells, leaving only
one or two remaining chloroplasts by the end of the feeding
process (Fig. 3 H and I). Stage 4 continued for 185–520 s. Other
Symbiodinium cells fed similarly on H. akashiwo prey. The pattern
shown in Fig. 3 is representative of the regular feeding process of
free-living Symbiodinium cells on H. akashiwo prey.

Feeding of Cultured Symbiodinium Acquired from Tissues of A. japonica.
Cells of Symbiodinium isolated from A. japonica became motile
(Fig. S2 A–D). Similar to free-living Symbiodinium cells, these

Fig. 1. Images of free-living Symbiodinium cells feeding on diverse prey. (A–C) Micrographs of Symbiodinium sp. cells without added prey observed under
a light microscope (A) and bacterium-sized fluorescent beads (1 μm in diameter) (B) and three beads (arrows) inside the protoplasm of Symbiodinium cells
observed under an epifluorescent microscope (C). (D–F) Micrographs of Symbiodinium sp. cells without added prey (D), fluorescently labeled bacteria (E), and
three fluorescently labeled bacteria (arrows) inside the protoplasm of Symbiodinium cells observed under an epifluorescent microscope (F). (G–I) Transmission
electron microscope images showing Symbiodinium sp. with ingested Synechococcus sp. cells (arrows or inside a circle). Uningested Synechococcus cells were
observed outside the predator cell (G and H). H is enlarged from G. (J–O) Images of feeding by Symbiodinium cells on H. akashiwo prey. (J) Scanning electron
micrograph of a Symbiodinium cell showing a peduncle (PE; feeding tube, arrow). (K) Light microscope image showing a Symbiodinium cell (Sm) deploying
a tow filament and anchored on an H. akashiwo (Ha) (arrow). (L) A Symbiodinium cell (Sm) sucking materials from an H. akashiwo (Ha) cell through a pe-
duncle (arrow). (M) A chloroplast of H. akashiwo (Ha) sucked by Symbiodinium cell (Sm) through a peduncle (arrow). (N) Several chloroplasts of the prey cell
(greenish) were observed inside the protoplasm of the predator cell. (O) Two Symbiodinium cells (Sm 1 and Sm 2) simultaneously sucking materials (arrows)
from an H. akashiwo (Ha) cell. (Scale bars: 5 μm for J–O, 2 μm for D–G, 1 μm for A–C, and 0.5 μm for H and I.)
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Symbiodinium cells were able to feed on 1-μm microbeads, het-
erotrophic bacteria, fluorescently labeled bacteria, Synecho-
coccus cells, and H. akashiwo cells (Fig. S2 E–O). This evidence
suggests that Symbiodinium cells leaving (or expelled from) hosts
become motile and are able to feed. It is likely that swimming
Symbiodinium cells acquire carbon, nitrogen, and phosphorus
from bacteria and/or small algal prey while planktonic.

Growth and/or Ingestion Rate of Free-Living Symbiodinium Feeding
on Prey. With increasing Synechococcus concentrations, the in-
gestion rate of free-living Symbiodinium on Synechococcus sp.
under nutrient-replete conditions increased but eventually
reached saturation (Fig. 4A). The maximum ingestion rate was
5.3 cells Symbiodinium−1 h−1. Assuming the nitrogen content per
Synechococcus and Symbiodinium cell is 0.05 pg N and 21 pg N,
respectively (29, 30). Symbiodinium is able to acquire up to 6.4 pg
N from Synechococcus daily. This amount is equivalent to
a Symbiodinium sp. acquiring 30% of its body nitrogen in a day
(Tables S3 and S4). Thus, if Symbiodinium feeds on Synecho-
coccus, it could acquire sufficient N from prey cells in nitrogen-
depleted waters. This value was comparable to that for nitrate,

nitrite, or ammonium (1.1–24.2 pg N Symbiodinium−1d−1, or
6–115% of body nitrogen in a day) but greater than that from
urea (0.034 pg N Symbiodinium−1d−1, or 0.2% of its body ni-
trogen in a day) (26, 30–32). This indicates that Synechococcus
spp. can serve as an important nitrogen source for Symbiodinium.
We estimated the portion of Synechococcus cells removed by

Symbiodinium spp. in 1 h relative to the initial prey density by
combining field data on the densities of Symbiodinium spp. and
Synechococcus spp. (33, 34) with the ingestion rates of the
predator on Synechococcus spp. obtained in the present study
(Table S5). The estimated hourly removal rates of Synechococcus
spp. attributable to Symbiodinium spp. in Lizard Island, Australia
were 0.04–3% h−1 using a matrix of the densities of Symbiodi-
nium spp. and Synechococcus spp. (Table S5). Thus, free-living
Symbiodinium spp. may consume large numbers of Synecho-
coccus cells through heterotrophic feeding in coral reefs.
With increasing concentrations of the microalga H. akashiwo,

the ingestion rate of free-living Symbiodinium on H. akashiwo
under nutrient-replete conditions increased but soon reached
saturation (Fig. 4B). Each Symbiodinium cell was able to ingest
a maximum of 1.2 H. akashiwo cells per day (Fig. 4B). Feeding
on H. akashiwo increased the growth rate of Symbiodinium by
up to 57% (mixotrophic growth rate, 0.47 d−1) compared with
the growth rate without added prey (i.e., autotrophic growth
rate, 0.30 d−1) (Fig. 4C). This finding indicates that free-living

Fig. 2. Transmission electron micrographs of free-living Symbiodinium
feeding on H. akashiwo prey. (A) Micrograph showing a Symbiodinium cell
(Sm) sucking materials from H. akashiwo (Ha) through a peduncle (PE). (B
and D–F) Images enlarged from A. The predator cell contains ingested prey
chloroplasts (PCs) (B), which have less-dense thylakoids (T), most likely owing
to semidigestion, compared with intact prey chloroplasts (C) and different
from the chloroplasts of the predator (PDC) (D). (E) A prey chloroplast
moving through a peduncle. (F) Enlarged image showing prey thylakoids (T)
inside a prey chloroplast (PC). (Scale bars: 1 μm.)

Fig. 3. Feeding processes of free-living Symbiodinium cells on H. akashiwo
prey, observed under an inverted microscope and recorded by video mi-
croscopy. (A) An unfed H. akashiwo (Ha) cell containing many chloroplasts
(20–35 chloroplasts per cell). A Symbiodinium cell (Sm) feeding on an H.
akashiwo (Ha) prey after deploying a tow filament and then a peduncle
(stage 1), as shown in Fig. 1 K–M. (B–D) A Symbiodinium cell (Sm) feeding on
an H. akashiwo (Ha) prey with spinning (stage 2). In stage 2, several prey
chloroplasts were sucked by the predator. (E–G) A Symbiodinium cell (Sm)
feeding on an H. akashiwo prey (Ha) after it had stopped rotating (stage 3).
In stage 3, additional prey chloroplasts (blue and red arrows indicate dif-
ferent chloroplasts) were sucked by the predator again, after which the prey
chloroplasts collapsed and burst, most likely owing to large empty spaces
where prey chloroplasts occurred previously. Approximately 8–10 chloroplasts
were observed within the burst prey cell. (H and I) Additional prey chloroplasts
(yellow arrows) were sucked again by the predator from the burst prey cell
(stage 4). At the end of stage 4, several empty (i.e., completely digested, white
arrows) and one or two thylakoid-retained (green arrows) chloroplasts were
observed inside the prey cell (I). (Scale bars: 5 μm.)
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Symbiodinium can increase their populations through by
a combination of feeding and photosynthesis.

Effects of Nutrient Conditions on Feeding of Free-Living Symbiodinium
sp. We found that the ingestion rates of free-living Symbiodinium
sp. on H. akashiwo under nitrate-depleted (F-N) conditions were
significantly higher than those under nutrient-enriched (F) or
phosphate-depleted conditions (F-P) for similar mean prey con-
centrations (3.7 cells Symbiodinium−1d−1 vs. 1.2 cells Symbiodi-
nium−1d−1 under both conditions; P < 0.01, one-tailed t test) (Fig.
4D). Thus, nitrate depletion stimulates feeding by Symbiodinium
on H. akashiwo cells. In addition, under F-N or F-NP conditions,
the growth rates of Symbiodinium without added prey were neg-
ative (−0.02 d−1 or −0.13 d−1), whereas the growth rates of those
fed on H. akashiwo were positive (0.11 d−1 for both conditions)
(Fig. 4E). Assuming N content of 13 pg per H. akashiwo cell and
21 pg per Symbiodinium cell (30), Symbiodinium sp. can acquire
229% and 105% of its body nitrogen from H. akashiwo in 1 d
under F-N and F-NP conditions, respectively (Table S3). Our
findings indicate that feeding may enable free-living Symbiodinium
to increase its population in the nitrogen-depleted environments

typical of coral reefs (Fig. 4D). The high density of free-living
Symbiodinium cells on reefs may aid the maintenance of healthy
coral populations, because newly settled polyps of many corals
need to acquire Symbiodinium symbionts to prosper (35).
Our results can be used to resolve the paradox of how Sym-

biodinium cells can survive or even prosper in nitrogen-deficient
coral reefs (14). Even under nutrient-replete conditions, the
growth rate of Symbiodinium sp. that fed on prey was consider-
ably higher than that of unfed cells. Thus, feeding can be a crit-
ical survival strategy for Symbiodinium spp. in all nutrient
conditions. In addition to previously known inorganic nutrients
and dissolved organic materials, prey (i.e., particulate organic
materials) should be included as major carbon and nitrogen
sources for Symbiodinium cells.
There are many strains in many clades of Symbiodinium (20),

not all of which behave the same way. Thus, evaluating the
mixotrophic ability of each strain is warranted. In addition to
corals, other marine life are known to contain Symbiodinium
spp., including sponges, anemones, jellyfish, nudibranchs, clams,
and protists such as ciliates and foraminifera (36, 37). Our results
may stimulate exploration of the heterotrophic feeding ability

Fig. 4. Feeding rates of free-living Symbiodinium sp. on Synechococcus sp. and H.akashiwo prey. (A) Ingestion rate of Symbiodinium on Synechococcus as
a function of the initial prey concentration (x, cells mL−1). Symbols represent treatment mean ±1 SE. The curves are fitted to the Michaelis–Menten equations
using all of the treatments. Ingestion rate: (cells Symbiodinium−1 h−1) = 5.3 [x/(3.9 × 105 + x)], R2 = 0.581. (B and C) Ingestion (B) and growth rates (C) of
Symbiodinium sp. on H. akashiwo as a function of the mean prey concentration (x, cells mL−1). Ingestion rate: (cells Symbiodinium−1 d−1) = 1.2 [x/(2,280 + x)];
R2 = 0.838. Growth rate: (d−1) = 0.467 [(x + 1,720)/(880 + (x + 1,720))]; R2 = 0.608. (D and E) Effects of inorganic nutrients on feeding rates of free-living
Symbiodinium sp. Ingestion (D) and growth rates (E) of Symbiodinium sp. on H. akashiwo under different nutrient conditions; Red bars indicate no added
prey; blue bars, mean prey concentrations = 15,200–19,600 cells mL−1. F, f/2 medium (see Materials and Methods for concentrations); F-N, N-depleted f/2
medium; F-P, P-depleted f/2 medium; F-NP, N- and P- depleted f/2 medium. Symbols represent treatment mean ±1 SE.
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of Symbiodinium spp. related to these diverse planktonic and
benthic organisms and protists.

Materials and Methods
Preparation of Organisms. A. japonica, a scleractinian coral, was collected by
divers off Jeju Island, Korea in August 2011. The water temperature and sa-
linity at the time of collection were 26.7 °C and 31.9, respectively. Symbiodi-
nium obtained from inside the detached tentacles of two different polyps of
the corals were transferred to six-well tissue culture plates, and three clonal
cultures were established by two serial single-cell isolations. These cultures
were maintained at an illumination of 20 μE m−2 s−1 at 20 °C with a 14-h light/
10-h dark cycle. The small and/or large subunit rDNA sequences of these three
symbiotic strains (GenBank accession no. HE653239) were almost identical to
that of Symbiodinium californium or Symbiodinium varians belonging to the
Symbiodinium clade E (38). Using DNA sequence specific primers and quanti-
tative PCR, we confirmed the presence of Symbiodinium clade E inside A. ja-
ponica polyps, which were collected by divers off Jeju Island in early June 2012.
These coral polyps also contained Symbiodinium clade F.

Free-living Symbiodinium spp. were isolated from water samples col-
lected off Jeju Island in May 2008 at a water temperature of 18.6 °C and
salinity of 31.2. Five clonal cultures were established. The small and large
subunit rDNA sequences of these free-living strains (GenBank accession no.
HE653238) were identical to those of the symbiotic Symbiodinium strains.

Feeding of Cultured Free-Living Symbiodinium. In experiment1,we investigated
the feeding habits of free-living Symbiodinium sp. on bacteria and microalgal
species (Table S1). We examined the inclusion of these prey species within Sym-
biodinium sp. food vacuoles using a procedure similar to the methods described
by Jeong et al. (39). For single-cell transmission electron microscopy, free-living
Symbiodinium cells feeding onH. akashiwo cells were isolated under a dissecting
microscope and transferred to cold 2.5% (wt/vol) glutaraldehyde in distilled
water and fixed for 1 h at 4 °C. Glutaraldehyde-fixed cells were washed three
times in 0.2 M cacodylate buffer at pH 7.4. Before postfixation in 1% (vol/vol)
osmium tetroxide, the cells were embedded in 1% (wt/vol) agarose. The speci-
mens were then processed according to the methods of Jeong et al. (39, 40).

In experiment 2, we analyzed the feeding mechanisms of Symbiodinium
sp. when provided with an edible unialgal prey, H. akashiwo. Video mi-
croscopy was used to observe and document feeding mechanisms using
methods similar to those described by Jeong et al. (40).

Feeding of Cultured Symbiodinium Acquired from Tissues of A. japonica. In
experiment 3, we investigated the feeding occurrence and mechanisms of cul-
tured Symbiodinium sp. isolated from A. japonica on bacteria and H. akashiwo
using the same methods as for experiments 1 and 2.

Ingestion and Growth Rates of Free-Living Symbiodinium on Prey. Experiment
4 was designed to determine the ingestion rate of Symbiodinium sp. feeding

on Synechococcus sp. as a function of the prey concentration. The rates were
measured using the “prey-inclusion method” described by Jeong et al. (41).
Experiment 5 was designed to measure the growth and ingestion rates of
Symbiodinium sp. on H. akashiwo. The rates were measured as described by
Jeong et al. (39).

Nutrient Effects. Experiment 6 was designed to investigate the effects of
inorganic nutrients on ingestion and growth rates of free-living Symbiodi-
nium sp. feeding on H. akashiwo. Dense cultures of photosynthetically
growing Symbiodinium sp. were transferred to 1-L polycarbonate bottles
containing only filtered seawater [nitrate plus nitrite (N), <1 μM; phosphate
(P), <0.1 μM] and placed on a shelf under illumination and temperature
conditions similar to those described for experiment 1. After 2 wk, the dense
layer of cells in the upper third of the bottle was gently removed and dis-
tributed among four 1-L bottles containing 500 mL of the algal growth
medium f/2 (F), f/2 medium without N (F-N), f/2 medium without P (F-P), or f/
2 medium without N and P (F-NP). The dense layer of cells was also trans-
ferred to 1-L bottles containing only seawater and incubated for 2 wk.

Each day thereafter, subsamples were taken from each bottle and gently
filtered through glass fiber filters (GF/Fs), and the N and P concentrations
were measured using a Seal Analytical QuAAtro AutoAnalyzer. After 6 d, the
N and P concentrations were reduced to undetectable levels (F-NP bottle: N,
0.90 μM; P, 0.01–0.09 μM; F-N bottle: N, not detected; P, 12–38 μM; F-P bottle:
N, 102–247 μM; P, not detected; F bottle: N, 137–243 μM; P, 12–32 μM). The N
and P concentrations in the bottles containing H. akashiwo cells in seawater
also dropped, to <1 μM and <0.1 μM, respectively, within 6 d.

In this experiment, aliquots (2–3 mL) from each bottle containing accli-
mated cells of Symbiodinium sp. were transferred to twelve 42-mL poly-
carbonate bottles containing H. akashiwo cultures (ca. 6 mL) with very low N
and P concentrations and 16 mL of matching target nutrients or seawater.
Six of the 12 bottles were the experimental bottles (predator plus prey), 3
were the prey control bottles (only prey), and 3 were the predator control
bottles (only predator). Three of the six experimental bottles were used for
measuring the concentrations of N and P at the beginning of the experi-
ment. These bottles were incubated for 2 d, and the growth and ingestion
rates of Symbiodinium sp. feeding on H. akashiwo were measured as
described by Jeong et al. (39).
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