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Abstract The relationship between cnidarians and their

micro-algal symbionts is crucial for normal animal func-

tion and the formation of coral reefs. We used the sea

anemone Exaiptasia pallida (Aiptasia) as a model cnidar-

ian–dinoflagellate system to determine the effects of white,

blue and red light on photo-movement. In white light,

phototropism and phototaxis of Aiptasia were dependent on

the presence of symbionts; anemones with symbionts bent

and moved toward the light, whereas aposymbiotic ane-

mones (lacking algal symbionts) moved, but without strong

directionality. Phototaxis and phototropism also occurred

in blue light, but to a lesser extent than in white light, with

no apparent response to red light. Phototactic behavior was

also sensitive to the specific anemone–symbiont pairing.

The ability to sense and move in response to light would

presumably allow for selection of favorable habitats.

Overall, this study demonstrates that the algal symbiont is

required for photo-movement of the host and that the extent

of movement is influenced by the different anemone–

symbiont associations.

Keywords Aiptasia � Phototaxis � Cnidarian-dinoflagellate

symbiosis � Coral reefs

Introduction

The development and persistence of coral reefs depend on the

relationship between scleractinian corals and their photosyn-

thetic dinoflagellate symbionts. This symbiotic partnership is

highly susceptible to destabilization where the breakdown of

the symbiosis between the cnidarian host and the algae, ter-

med ‘‘bleaching,’’ represents a loss of algae from host tissue,

an event that is a major threat to the viability of coral reefs

worldwide (Anthony et al. 2007; Hoegh-Guldberg et al. 2007;

Roth 2014; Warner and Suggett 2016). Bleaching of symbi-

otic cnidarians can occur in response to pollution, disease, the

absorption of excess excitation energy and elevated temper-

ature (Brown 1997). Symbiotic cnidarians have adapted to a

wide range of photic environments, with exposure to different

light regimes that vary over seasons and with depth in the

water column (Gattuso et al. 1995). Furthermore, the holo-

biont has various photoreceptors (chromophore-associated

proteins) including the blue-green light-absorbing rhodopsins,

potentially the red/far red light-absorbing photoreversible

phytochromes and the blue light-absorbing cryptochromes

and phototropins (Duanmu et al. 2017). These photoreceptors

detect light signals and elicit downstream responses associ-

ated with circadian rhythms, photomorphogenesis and other

physiological responses (Somers et al. 1998; Delvin and Kay

2000; Christie et al. 2015; Kong and Okajima 2016).

Symbiotic cnidarians can show distinct behavioral

changes in response to light including positive phototaxis,
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expansion and contraction of tentacles (Sawyer et al. 1994;

Gorbunov and Falkowski 2002), and negative phototaxis in

high sunlight (Shick 1991). Light characteristics also have

a profound influence on cnidarian physiology (Su et al.

2014) with differential effects of light qualities on the

control of the circadian machinery and the photosynthetic

efficiency of its endosymbiotic alga (Hastings and Sweeny

1960; López-Figueroa et al. 2003). For the coral species

Porites lutea and Acropora variabilis, blue light enhanced

calcification rates (Cohen et al. 2016). For another coral,

Stylophora pistillata, exposure to red light caused a

decrease in survival and symbiont densities (Wijgerde et al.

2014). Additionally, photosynthetic rhythmicity in free-

living dinoflagellates in the family Symbiodiniaceae is

impacted by blue and red light through shortening and

lengthening of cycle times (Yacobovitch et al. 2004; Sorek

and Levy 2012), which suggests that the activities of the

algae can be controlled by light quality. Furthermore, the

light environment influences the distribution and structure

of Symbiodiniaceae communities where corals harbor

distinct algal types adapted to specific light regimes

(Iglesias-Prieto et al. 2004).

Phototropism (orientation of the organism toward or

away from light) and phototaxis (movement of the entire

organism toward or away from light) are important light-

driven movements that may allow cnidarians to favorably

position their endosymbiotic partners in the light environ-

ment. Previous research on phototaxis in cnidarians has

yielded contrasting results. Yamashiro and Nishihara

(1995) showed that symbiotic and aposymbiotic Fungiidae

corals moved toward light. However, another study with

the sea anemone Anthopleura elegantissima found that

only symbiotic anemones positioned themselves out of the

shade (Pearse 1974). It was unclear whether the host or

symbiont was responsible for detecting light and influ-

encing movement of the animal. One clear advantage of

using the sea anemone Exaiptasia pallida (Aiptasia) model

system for studies on photo-movement is the ability of the

aposymbiotic animal to thrive in the absence of its

endogenous endosymbiont, which will help establish the

origin and characteristics of the light cues and signaling

pathways.

Currently, there is a gap in our understanding of the

impact of light quality on the position and orientation of

cnidarian holobionts in aquatic habitats. Determination of

the specific effects of blue and red light is important for our

understanding of dinoflagellate rhythmicity and the inte-

gration of environmental cues with the physiology of corals

living in shallow and deepwater habitats, where underwater

light and specific spectral regions decrease exponentially

with depth (Sorek and Levy 2012). We use the sea ane-

mone Aiptasia as a model cnidarian–dinoflagellate symbi-

otic system (Weis et al. 2008; Tolleter et al. 2013;

Baumgarten et al. 2015) to characterize light-stimulated

movement of both aposymbiotic animals and holobionts

(anemone with endogenous algae plus associated bacteria).

Aiptasia harbors and becomes populated with endosymbi-

otic dinoflagellates that are similar to those that populate

reef-building corals (Rowan and Powers 1992; Weis et al.

2008). The objectives of our analyses were to determine

the behavioral responses of the anemone under various

illumination conditions, establish whether lights of differ-

ent wavelengths affect holobiont photo-responses, and

determine whether these responses are dependent on the

presence and type of symbiont harbored by the host. We

address the specific hypotheses: (1) Phototropism and

phototaxis are dependent on establishment of a holobiont,

with no response of aposymbiotic individuals; (2) These

photo-responses are affected by light wavelengths and

symbiont types.

Materials and methods

Organisms

Two Aiptasia types, H2 and CC7, were used with various

anemone–symbiont combinations: (1) H2 with its native

endosymbiont Breviolum minutum (ITS2 type B1) strain

SSB01 (designated H2-SSB01), (2) CC7 with its native

endosymbiont Symbiodinium A4 (ITS2 type A4) strain

SSA01 (designated CC7-SSA01), (3) CC7 with the

heterologous symbiont B. minutum strain SSB01 (desig-

nated CC7-SSB01), (4) aposymbiotic H2 anemones (des-

ignated H2-APO), (5) aposymbiotic CC7 anemones

(designated CC7-APO). H2-SSB01 is a clonal, female

population derived from a single animal collected in

Hawaii (Xiang et al. 2013; Wolfowicz et al. 2016). The

other type of Aiptasia, CC7, was male, and collected in

Florida. CC7-SSB01 was generated in the laboratory by

infecting aposymbiotic CC7 anemones with cultured,

axenic B. minutum, which has yielded long-term,

stable holobionts (Sunagawa, et al. 2009; Xiang et al. 2013;

Wolfowicz et al. 2016). The phylogenetic relationship

between these two organisms is unclear, although they

were isolated from different geographical locations.

Aposymbiotic H2 and CC7 anemones were examined by

fluorescence microscopy (Leica MZ16FA microscope with

Leica EL6000 light source) every week and before com-

mencement of each experiment to confirm the absence of

endosymbiotic algae.

Anemones were maintained at a density of 20 to 30

animals in translucent polycarbonate tanks

(10 9 16 9 26 cm, H 9 W 9 L, #44 CW; Cambro,

Huntington Beach, USA). The tanks were filled (2500 mL)

with artificial seawater (ASW) (Coral Pro Salt; Red Sea
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Aquatics Ltd, Houston, USA) at 31 to 34 ppt salinity. The

organisms were maintained at 26 �C on a diel 12-h

light:12-h dark cycle under white fluorescent bulbs at an

intensity of 20 to 25 lmol photons m-2 s-1 of photosyn-

thetically active radiation (PAR), measured with an Apo-

gee PAR quantum meter (MQ-200; Apogee, Logan, USA).

With illumination from above, anemones showed no dis-

tinctive photo-movement and remained evenly distributed

among tanks. Before each experiment, anemones were fed

twice a week with freshly hatched Artemia nauplii with

water changes within 24 h of each feeding and complete

tank exchange every week. Anemones used for the exper-

iments were grown to a similar size, 0.5 cm body column

diameter. Anemones were not fed during the experimental

period due to possible confounding effects of chemical and

light cues. Only specific tanks housed the same anemone

strain with symbiont–genus associations confirmed through

isolation and characterization of DNA (PCR and

sequencing) (Xiang et al. 2013).

Phototropism and phototaxis experiments

Anemones were transferred to black polycarbonate tanks

(10 9 16 9 26 cm, H 9 W 9 L, #44 CW; Cambro,

Huntington Beach, USA) filled with 1000-mL ASW and a

LED strip light source (Super Bright LEDs Inc.) taped to

one end of the tank (Supplementary Figure 1), which cre-

ated a gradient of light intensity from the front (where the

LED strip was placed) to the back of the tank. Light

intensities were measured with a light meter (MQ-200;

Apogee, Logan, USA). White (Part Number: NFLS-X3-

LC2-DI-natural white), blue (Part Number: NFLS-X3-

LC2-DI-blue) and red (Part Number: NFLS-X3-LC2-DI-

red) LED strips (Super Bright LEDS Inc.) with spectra

measured with a radiometer (LI-COR Terrestrial Radiation

Sensor with a LI-210 Photometric Sensor) were the sources

of illumination. The spectral output for the white LED had

two peaks, one in blue at 450 nm with full width half

maximum (FWHM) of 45 nm and the second in the red at

650 nm with a FWHM of 175 nm. The peak for the blue

LED was 470 nm, FWHM of 62 nm, and the peak for the

red LED was 626 nm, FWHM of 36 nm, although there

might be low output in the near far red (680–700 nm),

which might impact the phototactic response. For each

light color, anemones were placed along a line at equal

distances from each other at the position in the tank that

received 2 lmol photons m-2s-1, which allowed for

movement both toward and away from the light source.

The light intensity used was chosen because it stimulated

directional movement in the experimental tanks (pilot

experiments) and was within the sensitivity threshold for

cnidarian photoperception (Gorbunov and Falkowski 2002;

Bessell-Browne et al. 2017). Several photoreceptors

encoded on the Symbiodiniaceae genome may be sensing

light quality in the holobiont (Xiang et al. 2015).

Anemones were continuously exposed to the light gra-

dient over 11 d, and the tanks were covered with lids to

prevent evaporation. The first measurements of anemone

positions were taken after 24 h of exposure to each light

treatment. Anemones in each tank were photographed

daily, as near to the same time as practicable to allow

tracking of individuals over time. Additionally, the number

of anemones that bent toward the light was scored daily

after 24 h of exposure to the light treatments. If more than

50% of the anemone’s tentacles and body length was

observed to be bent and within the 180� (first and second

quadrants) facing the light, it was considered ‘‘bent toward

the light.’’ At the conclusion of the experiment, the change

in distance (mm) on the y axis between the start and end

points for each anemone was quantified using Image J

(Supplementary Figure 1).

As the aim of the experiment was to determine the effect

of the symbiont on the host, the control treatment was the

response of aposymbiotic anemones to the same experi-

mental conditions. For each replicate trial of anemone

strain and light color, eight anemones were placed in the

experimental tank and were only housed with anemones of

the same type; the total number per anemone type and light

color used (including all replicates) are listed in the figures.

All experiments were performed in a temperature-con-

trolled growth chamber (HiPoint) at 25 �C, and the salinity

and depth of the ASW in the tank were monitored daily.

The experiments were repeated over five trials, randomiz-

ing the light color used, but always accompanied by the

appropriate control; symbiotic anemones were monitored

along with control aposymbiotic anemones of the same

type under identical light conditions, but in separate tanks.

We also attempted to maintain dark control tanks in which

anemones were placed in the same positions in the tank as

in the equivalent light trial positions. Lids were placed on

tanks to exclude the light. After 24 h in the dark, however,

the majority of the symbiotic anemones had detached from

the surface of the tank and appeared to be stressed. Thus,

dark controls were not meaningful (and not used).

Data analysis

All statistical analyses were performed using R for Win-

dows (version 3.4.3). For all sets of data, normality was

tested with a Shapiro–Wilk test, with residuals plotted and

visually inspected. Homogeneity of variance was checked

with Levene’s test. The assumptions of analysis of variance

(ANOVA) were not met as these tests were significant, and

thus the nonparametric Kruskal-Wallis test was used. This

test relies on the rank ordering of data rather than means

and variances; thus, plots show the median and standard
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error of the median determined through bootstrapping data

derived from 10,000 trials.

Given the possibility that the algal strains differ in their

absorption characteristics in the holobiont, the various

anemone–symbiont combinations may not have received

an equal intensity of light across the different LEDs, and

thus, each anemone–algal association was analyzed sepa-

rately in each light color. For phototropism experiments, to

determine the effect of the symbiont on bending behavior

of the anemone, the proportion of anemones that were bent

toward the light per day was analyzed with a binomial

regression comparing symbiotic type (H2-SSA01, CC7-

SSA01, CC7-SSB01) versus aposymbiotic (H2-APO, CC7-

APO) individuals with respect to each light color.

For phototaxis experiments, the distance between the

start and end points in the y dimension (i.e., toward or away

from the side of the tank with the light; Supplementary

Figure 1) for individual anemones was calculated to

determine if the directional light caused biased movement.

Distances were analyzed with Kruskal–Wallis rank tests

separately for each light color, with the anemone type used

as the single, fixed factor. Conover pairwise post hoc tests

were used to distinguish performances among the different

anemone types. Where phototaxis was significant, the

probability that the movement toward light significantly

deviated from expected outcomes (i.e., 50%) was com-

pared for symbiotic and aposymbiotic types using a Chi-

square analysis.

Results and discussion

Phototropism under white, blue and red light

A significantly higher proportion of symbiotic relative to

aposymbiotic anemones were bent toward white and blue

light after day 1 of the experiment (p = 0.007, p = 0.017;

Fig. 1a, b; Supplementary Figure 2, Supplementary

Table 1). Under white light, there was bending of a large

proportion of the population and the bending was sustained

in the symbiotic organisms over the 11-d treatment period.

In blue light, there was a slightly more gradual increase in

the proportion of anemones facing the light, although the

population of organisms that were bent toward the light

also attained near 90% (for CC7-SSB01 and CC7-SSA01)

by the end of the 11-d treatment period. Furthermore,

bending toward white and blue light was sustained and

more extensive for symbiotic than for aposymbiotic ane-

mones (for the latter, the bending appeared to be direc-

tionally random). In contrast, under red light, the

proportion of symbiotic and aposymbiotic anemones that

were bent toward the light was similar (p = 0.514; Fig. 1c,

Supplementary Table 1) with the majority of the anemones

either bent away from the light or facing directly upwards.

These results suggest that sustained phototropism in white

and blue light is dependent on the presence of an

endosymbiont.

Phototaxis under white light

In unidirectional white light, the distances that the symbi-

otic and aposymbiotic anemones moved toward the light

were significantly different (H = 21.118, p = 0.0003;

Fig. 1 Proportion of anemones bent toward the light on each day of

the experiment. The plots show the proportion of anemones for the

aposymbiotic (empty symbols) and the different symbiont associa-

tions (filled symbols) that bent toward white (a), blue (b) and red

(c) light. See Figs. 2 and 3 for the number of anemones examined for

each light color and anemone strain
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Fig. 2). Comparing the distances moved between different

anemone types showed that both CC7-SSA01 and CC7-

SSB01 moved significantly more toward the light than

CC7-APO (p = 0.034, p = 0.000025, respectively) and H2-

APO (p = 0.0326, p = 0.0006, respectively). H2-SSB01

also exhibited greater movement toward the light than H2-

APO, although this difference was not significant

(p = 0.0682) (Fig. 2). CC7-SSB01 moved a significantly

different distance than H2-SSB01 (p = 0.0268), indicating

that phototaxis of the holobiont appeared to be dependent

on both the anemone and symbiont types.

A significantly higher proportion (82%) of symbiotic

than aposymbiotic anemones moved toward white light,

indicating that white light not only influenced the distance

moved but also the direction of movement. The proportion

of aposymbiotic anemones that exhibited directed move-

ment toward white light did not differ significantly from

50%, even though aposymbiotic anemones were observed

to move large distances. These results suggest that the

direction of movement for the aposymbiotic anemones was

random. Since the animals only display phototaxis when

populated with the algae, the response of the holobiont to

light is likely driven by the symbiont.

Phototaxis under blue light

In unidirectional blue light, the various anemone types

moved significantly differently from each other

(H = 11.081, p = 0.02566; Fig. 3), but did not move as far

as that observed in white light. Pairwise post hoc tests

showed that the influence of B. minutum strain SSB01 on

anemone behavior was different depending on the holo-

biont, where CC7-SSB01 moved closer to the blue light

than H2-SSB01 (p = 0.0117; Fig. 3). On the other hand,

H2-SSB01 moved somewhat less in comparison with the

respective aposymbiotic strain (H2-APO, p = 0.0047;

Fig. 3).

In blue light, the response for the two anemone types

differed, where B. minutum strain SSB01 performed dif-

ferently depending on whether it was associated with the

CC7 or H2 host. When paired with the heterologous host

CC7, there was somewhat greater phototaxis toward blue

light (although the response was weak), similar to the

response that was observed in white light (which was

stronger). The stronger response in white light might be a

consequence of the requirement for multiple photoreceptor

types to induce a strong phototactic response (Häder et al.

1988; Ng et al. 2003). When B. minutum strain SSB01 was

paired with its natural host H2, there was little directed

movement of either the holobiont or aposymbiotic animals

toward blue light. This could be explained if the system is

Fig. 2 Phototactic movement of symbiotic (filled symbols) and

aposymbiotic (empty symbols) anemones in unidirectional white

light. The plot shows the median distance travelled in mm ± SE in

the direction of the light for each anemone–symbiont combination

Fig. 3 Phototactic movement of symbiotic (filled symbols) and

aposymbiotic (empty symbols) anemones in unidirectional light of

different wavelengths. The plot shows the median distance travelled

toward the light in mm ± SE of the median for blue (blue points) and

red (red points) light for each anemone–symbiont combination

Coral Reefs (2020) 39:47–54 51

123



responding to the need for increased light intensity to

maximize photosynthetic efficiency for the heterologous

symbiont (but not for the homologous symbiont; SSB01

with H2 and SSA01 with CC7), although even the holo-

biont with homologous symbionts did show movement

toward white light (Fig. 2). Detailed analysis of photo-

synthetic efficiencies at different light intensities and

qualities would be required to examine this issue.

Phototaxis under red light

In unidirectional red light, none of the anemone types

performed significantly different from any of the others

(H = 0.6026, p = 0.9628; Fig. 3); there was no directional

phototaxis displayed. Hence, a red light photoreceptor

might not be involved in the control of phototaxis

(although it is possible that movement is impacted by a low

level of output from the LED in the 680–700-nm region of

the spectrum). Also, phototaxis can involve multiple pho-

toreceptors and considerable amplification in its sensory

transduction chain (Häder 1986; Bhaya 2004), which

would make white light more effective than individual

narrow spectrum light qualities (e.g., blue or red). It is also

possible that higher intensity blue or red light would

stimulate stronger phototactic movement (Sineschchekov

et al. 2002). Finally, the action spectrum of the algae (light-

driven photosynthesis) is mostly due to chlorophylls, which

absorb in the red and blue regions of the spectrum, and the

xanthophylls, which absorb at * 470 nm (Venn, et al.

2006; Wangpraseurt et al. 2014). Thus, although anemones

were placed at the position receiving 2-lmol photons

m-2 s-1, this may have not been equivalent across the

different colored light sources due to the absorption char-

acteristics of the two different algae. However, the pig-

mentation of the two algal types is very similar, and

therefore, the different responses to light among the ane-

mone–symbiont combinations are more likely a conse-

quence of different interactions between the animal and the

symbiont.

Both SSA01 and SSB01 possess putative rhodopsins,

phytochrome-like and cryptochrome proteins, although

other or unusual photoreceptors might also be responsible

for sensing the light signal (Duanmu et al. 2017). There are

a higher number of putative cryptochrome encoding genes

in SSA01 and SSB01 (20 in A4: Xiang, T. unpublished

data; 18 in B1: Xiang, et al. 2015) than genes encoding

other identified photoreceptors, which could reflect an

increased number of algal responses to blue light. Fur-

thermore, the importance of cryptochrome photoreceptors

in dinoflagellates is suggested by the finding that changes

in blue light controlled photosynthetic rhythms in the

Symbiodiniaceae correspond to changes in cryptochrome

gene expression (Sorek and Levy 2012).

Phototaxis in Aiptasia, the role of the algae and its

impact in nature

In white light, only symbiotic anemones displayed photo-

taxis and phototropism. The lack of bending or movement

of aposymbiotic anemones toward the light suggests the

loss of a signal responsible for the movement. As ane-

mones lack specialized, visual structures, it is uncertain if

they can perceive the direction of light, although they do

harbor opsins, a group of light-sensitive proteins important

for vision in other organisms (Baumgarten et al. 2015).

Given our results, it seems more likely that the algae are

responsible for the light perception that drives movement

of the animal. In addition to having multiple photorecep-

tors, as mentioned above, crystalline deposits of uric acid

in the Symbiodiniaceae may function as eyespots that

perceive the light vector (Yamashita et al. 2009).

The algae also translocate glucose and other metabolites

(Burriesci et al. 2012), which could influence phototaxis

and phototropism of the anemone; in turn, the ability to

move and orient toward the light could stimulate photo-

synthesis and continued production and translocation of

sugars from the algae to the host. The rapid transfer of

synthesized glucose from the symbiont to the anemone is

different between anemone–symbiont combinations (Bur-

riesci et al. 2012), which may reflect differences in the

integration of the metabolisms of the specific symbiont–

host partners (Matthews et al. 2018). These findings could

help explain differences in the light responses of CC7 and

H2 anemone types.

For anemones, phototaxis in the field could allow for

significant relocation and spreading, which is congruent

with our findings that anemones can move whole tank

distances (226 mm) within 24 h. The slow, sliding pedal

disk movement displayed by Aiptasia would also likely

remain steady in turbulent environments. Advantages

associated with phototactic behavior would involve escape

from shaded cavities and selection of favorable habitats

and light conditions for growth and reproduction. Addi-

tionally, when symbiotic anemones are placed in the shade

or dark, the number of algae within the host tissue and total

chlorophyll continually decrease (Buchsbaum 1968). Thus,

the ability to phototax would allow sustained maintenance

of a robust symbiotic association and the production of

fixed carbon.

Differential responses of different host and symbiont

types to light would presumably impact the overall distri-

butions of these organisms on both local and larger scales

and be important for niche habitation for anemones, as well

as for scleractinian coral planulae, which can show light-

dependent settlement (Mundy and Babcock 1998). There-

fore, while phototaxis may not be a relevant trait for adult

scleractinian corals, the differential responses of host types
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and the effect of symbiont type on animal behavior could

affect the overall distributions of these cnidarians on a

global scale.

Conclusions

Our results show that aspects of phototropism and photo-

taxis in the sea anemone Aiptasia under white and blue

light are dependent on a functional symbiosis, with the

symbiont likely influencing a sustained, directed behavioral

response of the anemone to light. The effect of the sym-

biont on the phototropic and phototactic responses differed

depending on the host; thus it cannot be assumed that the

same phenotype will be elicited when different symbionts

are paired with various host animals. As enhancing the

genome of coral symbionts and assisted evolution have

been suggested as potential ways to increase reef resilience

in the face of climate change (van Oppen et al. 2015; Levin

et al. 2017), it will be critical to better understand host–

symbiont interactions. Aiptasia provides a strong model

system to explore these interactions.

The sensing of light quality may be associated with

specific photoreceptors, synthesized by the symbiont, that

elicit signaling resulting in directional photo-movement, a

response that does not occur in aposymbiotic animals.

Other factors that might impact the light responses are the

intensity of the illumination and the synthesis and

translocation of photosynthetically-derived molecules. The

ability to perform phototropism and phototaxis provides

the anemones with the capacity to seek out favorable

habitats, allowing the holobiont to better exploit environ-

mental light conditions; this process does appear to depend

on the type of anemone, the genus/strain of the symbiont

and the wavelength of light. Overall, these results enhance

our understanding of the influence of photosynthetic sym-

bionts on the direction and amount of movement of its

animal partner in response to light signals.
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