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Abstract 
Here we report the effects of elevated pCO2 on the model symbiotic anemone Exaiptasia pallida and how 

its association with three different strains of the endosymbiotic dinoflagellate Symbiodinium minutum (ITS2-
type B1) affects its response. Exposure to elevated pCO2 (70.9 Pa) for 28 d led to an increased effective quan-
tum yield of PSII in actinic light within two of the alga-anemone combinations. Autotrophic carbon fixation, 
along with the rate of carbon translocated to the animal, were significantly elevated with high pCO2. Ele-
vated pCO2 exposure also coincided with significantly greater asexual budding rates in all tested anemones. 
Further, differences in photochemistry and carbon translocation rates suggest subtle differences in the 
response to pCO2 among the three strains of S. minutum and their host anemones. This illustrates the poten-
tial for physiological diversity at the subspecies level for this ecologically important dinoflagellate. Positive 
alterations in photosynthesis, carbon utilization, and fitness within this model symbiosis suggest a potential 
benefit from ocean acidification (OA) not yet observed within corals, which may enable these anthozoans to 
gain a greater ecological presence under future OA conditions. 

Reductions in oceanic pH, along with changes in seawater 
carbonate chemistry are two major physical factors resulting 
from rising atmospheric CO2 concentrations that pose a 
threat to marine ecosystems worldwide (Guinotte and Fabry 
2008). Present day atmospheric partial CO2 pressure (pCO2) 
is already much higher than the previous 800,000 yr (Luthi 
et al. 2008), and under current CO2 emission rates, is pre-
dicted to double by the end of this century (IPCC 2013). 
These changes in pH and carbonate chemistry as a result of 
increasing pCO2, commonly referred to as ocean acidifica-
tion (abbreviated as OA hereafter), are especially important 
for marine organisms reliant on dissolved inorganic carbon 
(DIC) for photosynthesis and/or calcification (Iglesias-Rodri-
guez et al. 2008; Hurd et al. 2009; Hofmann et al. 2010). 
Understanding how such organisms respond to OA is critical 
toward predicting the future state of marine ecosystems. 

For many marine photosynthetic organisms the increase 
in DIC resulting from rising CO2 emissions may be benefi-
cial, promoting greater rates of primary productivity due to 
enhanced carbon availability (Koch et al. 2013). For exam-
ple, some seagrass species are positively affected by OA, with 
productivity rates and carbon sequestration increasing signif-
icantly (Zimmerman et al. 1997; Alexandre et al. 2012), 
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while increased productivity and growth have also been 
documented for several phytoplankton species as well (Xia 
and Gao 2005; Hutchins et al. 2007; Beardall et al. 2009). 
Conversely, reductions in pH and carbonate ions may pose a 
significant problem for marine organisms that produce cal-
cium carbonate skeletons or shells. With respect to OA, scler-
actinian corals are a unique group, as they contain both 
intracellular symbiotic dinoflagellates and produce a calcium 
carbonate skeleton, and hence possibly experience both neg-
ative and positive effects of OA. The importance of their car-
bonate skeleton, in particular to reef accretion, has led many 
researchers to focus on how calcifying corals respond to OA. 
Although research is ongoing, recent studies suggest that the 
response is species specific and for some species, no change 
or only small reductions in rates could be expected with ele-
vated pCO2 (Comeau et al. 2013; Edmunds et al. 2013; 
Schoepf et al. 2013). With respect to photophysiology, 
reductions in cell density and net photosynthesis due to 
elevated pCO2 have been reported for some calcifying coral 
species (Kaniewska et al. 2012) but not others (Crawley et al. 
2010; Wall et al. 2014). Importantly, increases in gross pho-
tosynthesis have also been reported (Suggett et al. 2012a) 
thereby illustrating the broad mix of photophysiological 
responses to pCO2 among different scleractinian coral 
species. 
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While the impacts of OA have been investigated in many 
species of reef-building coral, less attention has been given 
to non-calcifying soft-bodied anthozoans such as sea ane-
mones. In a natural experiment along a CO2 seep off the 
coast of Italy, the anemone Anemonia viridis significantly 
increased its growth, size and primary productivity rates near 
high CO2 seep locations (Suggett et al. 2012b), while labora-
tory experiments with Anthopleura elegantissima and Exaiptasia 
sp. (temperate and tropical, respectively) have noted in-
creased oxygen production with elevated pCO2 in both ane-
mones (Towanda and Thuesen 2012; Gibbin and Davy 2014). 
Together these studies suggest that anemones may, in fact, 
benefit significantly from OA. Disturbance induced commu-
nity phase-shifts from scleractinian corals toward other sym-
biotic cnidarians, such as anemones, have been noted 
(Norstrom et al. 2009; Dudgeon et al. 2010). In contrast, the 
prevalence of soft-bodied corals declined with proximity 
to natural CO2 seeps off the coast of Papau New Guinea 
(Fabricius et al. 2011). Whether or not soft-bodied symbiotic 
anthozoans are better able to acclimatize to climate change 
will become an increasingly important question as sea surface 
temperatures and pCO2 continue to rise. 

The sea anemone Exaiptasia pallida (formerly Aiptasia pal-
lida, see Grajales and Rodr!ıguez (2014)) is rapidly becoming 
an important model organism for the study of cnidarian-
Symbiodinium symbioses (Sunagawa et al. 2009; Lehnert et al. 
2012; Voolstra 2013). Associations with the same genera of 
dinoflagellates as reef corals, ease of culturing, and rapid rate 
of asexual reproduction make E. pallida an ideal system for 
studying symbiotic anthozoans. In nature, E. pallida is glob-
ally distributed and maintains natural symbioses with only a 
select subset of Symbiodinium species (Thornhill et al. 2013). 
However, these anemones are easily maintained in the labo-
ratory without symbionts (i.e., aposymbiotic) and subse-
quently “infected” with a genetically diverse set of 
Symbiodinium species (Schoenberg and Trench 1980). The 
ability to host divergent and specifically chosen symbionts 
provides a unique opportunity to understand the influence 
of symbiont identity on the host’s response to environmen-
tal stress such as OA. 

The genus Symbiodinium is a highly diverse group of pho-
tosynthetic dinoflagellates that form complex associations 
with a range of host taxa from multiple phyla (Trench 1993; 
Coffroth and Santos 2005; Sampayo et al. 2009). Although 
our understanding of the genetic diversity and biogeography 
of this genus has outpaced that of the comparative physiol-
ogy, their response to environmental stress can vary greatly 
among symbiont lineages or groups (Iglesias-Prieto and 
Trench 1997; Warner and Berry-Lowe 2006; Hennige et al. 
2011). Therefore, the dominant symbiont can dramatically 
affect the host’s response to environmental stress (e.g., 
Sampayo et al. 2008; Grottoli et al. 2014). Genetic characteri-
zation of Symbiodinium by nuclear, chloroplast and mito-
chondrial markers currently divides this genus into nine  

clades (designated by the letters A–I) with each clade con-
taining additional diversity that is resolved using more vari-
able markers such as the ribosomal internal transcribed 
spacer (ITS) regions (Santos et al. 2003; Coffroth and Santos 
2005; Sampayo et al. 2009). While, in some cases, diversity 
in the ITS regions equates approximately to a species-level 
designation, the recent use of microsatellite loci provide 
even finer resolution at the sub-species level, enabling the 
ability to distinguish different clonal variants or individuals 
(i.e., multilocus genotypes) within a species (Pettay and 
LaJeunesse 2007; Pettay and LaJeunesse 2009; Wham et al. 
2011). These loci have revealed substantial diversity within 
individual symbiont species and population patterns that 
mirror changes in the prevailing environmental conditions 
(e.g., sea surface temperature), suggesting important physio-
logical differences exist even at the sub-species level (Pettay 
and LaJeunesse 2013). However, few studies to date have 
attempted to characterize physiological differences among 
genetically distinct clonal variants of a Symbiodinium species 
(Leal et al. 2015), or how they interact with the host organ-
ism’s response to physical stress while in hospite. 

The aim of this study was to investigate the response of 
different anthozoan holobionts (used here to define the 
host 1 algal symbiont) to OA by utilizing the Exaiptasia 
model system. Throughout its global distribution E. pallida 
associates predominantly with the clade B symbiont, Symbio-
dinium minutum (LaJeunesse et al. 2012; Thornhill et al. 
2013). Therefore, three genetically distinct clonal variants of 
S. minutum were chosen to quantify within-species physio-
logical variability and the overall holobiont response to ele-
vated pCO2.  Subtle differences in photochemistry and 
physiology were detected and influenced how each host/ 
symbiont combination responded to ocean acidification. 
This work represents the first characterization of sub-species 
physiological differences in Symbiodinium and their influence 
on holobiont response to changes in pCO2. 

Materials and methods 
Development of host/symbiont combinations 

All anemone/symbiont combinations were maintained in 
stable symbiosis for approximately one year prior to use in 
this experiment. Aposymbiotic E. pallida (clone CC7, 
donated by J. Pringle, Stanford University) (Sunagawa et al. 
2009) were held in glass bowls and “infected” with one of 
two cultured strains of S. minutum (referred to as strains 1 
and 2, respectively; Table 2). In addition, a subset of aposym-
biotic anemones was maintained under 12 : 12 hour light : 
dark (100 lmol quanta m

-2 
 s
-1

) conditions to ensure that 
no remaining symbionts were present and could repopulate 
the host. After 3 months, microscopic visualization showed 
no signs of repopulation for any of the aposymbiotic ane-
mones tested. Algal isolates utilized for infection were origi-
nally isolated from E. pallida from Florida and from a 
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Caribbean gorgonian (Plexaura kuna) (isolates FLAp2 and 
Pk704, respectively from the BURR culture collection, 
donated by M. A. Coffroth, University of Buffalo). S. minu-
tum belongs to the clade B lineage and is also known as type 
B1 by characterization of the ITS2 sequence (LaJeunesse 
2001). The B1 lineage contains multiple genetic groupings 
that approximate species-level diversity and roughly corre-
spond to host associations (Finney et al. 2010; LaJeunesse 
et al. 2012). For initial infections, anemones were exposed to 
approximately 1 mL algal culture (10,000–100,000 cells 
mL

-1 
 in log-phase growth) for 48 h, followed by a 100% 

water change with filtered seawater. Anemones were 
inspected daily under a dissecting microscope, and all ane-
mones appeared to harbor symbionts within their tentacles 
in the first 24 h of algal exposure. Once symbiotic, each 
Exaiptasia/alga combination was held in separate 19 L flow 
through aquaria that received filtered (1 µm) and UV-treated 
seawater and 100 µmol quanta m

-2 s-1 photosynthetically 
active radiation (PAR) provided by cool-white fluorescent 
lights on a 12 : 12 light: dark cycle. All anemones were fed 
Artemia nauplii twice each week. In addition to the CC7 
Exaiptasia clone, a third, naturally occurring Exaiptasia/ 
S. minutum symbiosis (referred to as “strain 3”) was originally 
collected from Bermuda and also maintained under the same 
conditions. 

Genetic analysis of symbionts and host 
Prior to the experiment and anemone infection, each cul-

tured symbiont was genetically characterized using PCR-
DGGE of the partial 5.8S and internal transcribed spacer 2 
(ITS2) region of the ribosomal array (LaJeunesse 2002). In 
addition, the flanker region sequence of the microsatellite 
locus B7Sym15 was sequenced to verify the placement of 
these algae within the species S. minutum (LaJeunesse et al. 
2012), and further genetic analyses using microsatellite loci 
for clade B Symbiodinium were conducted to delineate and 
verify strain identity in each symbiosis. Five haploid loci 
were analyzed (Table 2) according to Pettay and LaJeunesse 
(2007) to create a multilocus genotype (MLG) for each strain. 
Following the experiment, five replicate anemones for each 
symbiont combination from both the treatment and control 
(n = 10 total combination

-1
) were analyzed to confirm the 

stability of the symbioses at both the ITS2 and MLG level of 
resolution. 

In addition to the symbionts, both host anemone popula-
tions (CC7 and Bermuda strain) were genetically character-
ized using newly developed microsatellites for E. pallida to 
verify each line was genetically distinct (Table 3) (Pettay and 
Grajales unpubl.). Briefly, microsatellite loci were developed 
from EST sequences of E. pallida (Sunagawa et al. 2009) that 
were vectored screened (using VecScreen and the UniVec 
NCBI vector library) and assembled (CAP3; Huang and 
Madan 1999). Contigs and singlet sequences were screened 
for simple sequence repeats (SSRs) of di, tri, tetra, penta and  

hexanucleotides with more than six repeats (WebSat; Mar-
tins et al. 2009). Primers were designed for candidate loci 
(Primer3; Rozen and Skaletsky 1999) and the loci screened 
on E. pallida samples from the Florida Keys and Bermuda col-
lected in 2011. The loci were amplified following (Pettay and 
LaJeunesse 2007) and their descriptions are given in Table 3. 

Experimental design 
Small glass bowls (9 cm diameter, 130-mL volume) cov-

ered with 300 µm nitex mesh tops were used to hold differ-
ent anemone/symbiont combinations. Each glass bowl held 
four anemones, with five glass bowls per host/symbiont 
combination in each treatment. One glass bowl per host/ 
symbiont combination was placed in each of five replicate 
aquaria per treatment (described below). To lessen possible 
tank effects, the position of each bowl within each tank was 
changed every day, and bowls were moved to a different 
aquarium every 3

rd 
 day. After an initial 5 d of acclimation to 

the experimental systems, each treatment ran for 28 d. Ane-
mones were not fed during the 28-d experiment. All bowls 
and mesh tops were gently cleaned of any fouling debris two 
times each week. 

Each recirculating treatment system consisted of five, 15 L 
aquaria connected to a central 416 L sump with flow rates in 
each aquarium of ~ 567 L h

-1
. Anemones were maintained 

under a 12 : 12 h light :dark cycle, using a customized uni-
form LED array (Cree XPG-R5, cool white; 5000–8300 K) that 
simulated a diel light cycle by ramping light intensity from 
10 µmol photons m

-2 s-1 to 200 µmol photons m
-2 

s
-1 

each day using an Apex Junior AquaController (Neptune Sys-
tems). Lights were ramped up from 10 µmol photons m-2 

s-1 to 200 µmol photons m-2 s-1 over a 3 h period, main-
tained at 200 µmol photons m

-2 s-1 for 6 h and then 
ramped back down from 200 µmol photons m

-2 s-1 to 10 
µmol photons m-2 s-1 over 3 h before turning off for 12 h. 
Temperature was maintained at 26.5°C using titanium heat-
ers housed in each sump and also regulated using an Apex 
AquaController. Salinity was maintained at 32 psu using a 
float valve and RO water. Temperature (26.5°C) and salinity 
were manually confirmed every other day. To minimize vari-
ability in seawater chemistry, a 40% water change was per-
formed on each system every other day using filtered and 
UV sterilized natural seawater collected at the Delaware 
Indian River inlet during the incoming tide. 

CO2 treatments consisted of ambient (35 Pa) and elevated 
(70.9 Pa) pCO2 to represent the current (for the DE water) 
and predicted conditions expected by the mid to late 21

st  

century (IPCC 2013) and were maintained using a pH stat 
system for precise control of air and CO2 gas input (KSgrow-
stat, University of Essex). To ensure stability of carbonate 
chemistry throughout the experiment, pH measurements 
were taken within each treatment sump every 120 s with a 
glass microelectrode (Thermo Scientific, Orion Ross Ultra pH 
glass electrode) that was connected to a pH electrode 
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Table 1. Average conditions for each treatment. Mean ± 1 SE 
are shown. All seawater carbonate chemistry based on pH and 
Alkalinity measurements was calculated using the CO2SYS pro-
gram (Lewis et al. 1998). 

Ambient CO2 High CO2 

Temp. (°C) 26.81 ± 0.1108 26.78 ± 0.1437 
pHT 8.22 ± 0.018 7.95 ± 0.013 
pCO2 (Pa) 35 ± 0.1 70.9 ± 0.15 
TA (µmol kg

-1
) 2164 ± 44 2073 ± 3 

Xarag 3.37 ± 0.01 1.97 ± 0.005 
Salinity (ppt) 33.36 ± 1.2 33.09 ± 1.3 

amplifier (PH 02, Technologica Ltd., U.K.). The pH signals 
were then processed by computer, which then controlled a 
series of solenoids designed to deliver CO2, air or CO

2
-free 

air. The microelectrodes were recalibrated each day using 
NBS calibration buffers and confirmed through independent 
measurements of pH using a Fischer Scientific A815 Plus pH 
meter. In addition, pH and total alkalinity (TA) was moni-
tored over several daily cycles and representative data are 
shown (Table 1). TA was measured using a bromocresol pur-
ple based colorimetric assay according to (Yao and Byrne 
1998) with a spectrometer set in absorbance mode (Ocean 
Optics, USB4000-ES) and a titrator (Metrohm 876 Dosimat 
plus, Switzerland). Parameters for seawater carbonate chemis-
try based on pH and alkalinity measurements were calcu-
lated using the CO2SYS program (Lewis et al. 1998) and are 
reported in Table 1. 

Host and symbiont physiology 
Chlorophyll a fluorescence 
Dark acclimated maximum quantum yield of photosys-

tem II (Fv  : Fm) was measured every 3 d, 1 h after the light 
period by pulse amplitude modulation fluorometry (Diving 
PAM, Waltz, Germany). In addition, the effective quantum 
yield, (F

0

q  : F
0

m, also known as the operating efficiency of 
PSII) was also measured on the final day, during midday 
under the LED lights. 

Anemone preservation and processing 
Asexual reproduction, (budding) rates, were calculated by 

counting the total number of new recruits within each bowl 
each week and were then combined to represent the collec-
tive reproductive effort of the four original anemones placed 
within each bowl (number of buds per month). After physi-
ology measurements at the end of the experiment, all ane-
mones were flash frozen in liquid nitrogen and then stored 
at -80°C until further processing. For processing, anemones 
were ground in 1 mL of seawater using a 1.5 mL tenbroeck 
glass tissue grinder, and then centrifuged (5000 x g) for 5 
min. Soluble animal protein (mg mL

-1
) was determined 

from two replicate 50 µL samples of the animal supernatant, 
using a BCA Protein kit (Thermo Scientific Pierce), with  

bovine serum albumin used for standards (Smith et al. 
1985). The algal cell pellet was re-suspended in 400 µL of 
seawater and separated into two 200 µL aliquots, for algal 
cell density and chlorophyll a (Chl a) quantification. Sam-
ples for algal cell counting were preserved with 10 µL 1% 
glyceraldehyde and manually counted by light microscopy, 
using a hemocytometer (six independent replicate counts) 
under 100X magnification. Total protein concentrations for 
each anemone/symbiont combination were not significantly 
different between treatments or among host/symbiont com-
binations (not shown). Therefore any differences observed in 
algal cell density are not likely influenced by CO2 induced 
changes in animal protein concentration. Chl a was 
extracted by bead beating cells (BioSpec) using 0.5 mm glass 
beads for 60 s in chilled 90% methanol. Samples were then 
incubated at -20°C overnight, followed by centrifugation to 
remove remaining debris. Chl a concentration was then 
determined spectrophotometrically (Porra et al. 1989). 

Carbon uptake and translocation 
Individual anemones were placed in separate 7 mL scintil-

lation vials containing 2 mL of seawater spiked with 15 µL 
of 

14
C-labeled bicarbonate (specific activity 17 µCi µmol

-1
). 

Five anemones were used for each host/symbiont combina-
tion and treatment. Vials were placed on a LED light-table 
(Cool White Cree XPG-R5; 600 µmol photons m

-2 
 s
-1

; 28°C) 
for 90 min. Short-term exposure to this light level resulted 
in no significant change in maximal photosynthesis in con-
trol anemones grown at 200 µmol photons m

-2 s-1 (data 
not shown). An additional two anemones from each treat-
ment and host/symbiont combination were placed in vials 
with 

14
C-spiked seawater and held in the dark for 90 min to 

account for carbon uptake in the dark. Three additional vials 
containing only the spiked seawater were also included for 
measurement of total activity. 

After 
14

C incubations, the total organic carbon (TOC) 
released, which is comprised of both particulate and dis-
solved organic carbon (POC and DOC) released by each hol-
obiont, was calculated by first mixing each vial to ensure a 
homogenous sample, and then removing 200 µL of seawater 
for TOC calculations. Each anemone was then removed from 
the vial and ground in 1mL of seawater in a 1.5 mL glass 
tenbroeck tissue grinder. A 100 µL sample of the resulting 
homogenate was removed and fixed with 10 µL 1% glutaral-
dehyde and used for algal cell counts as described above. 
The remaining homogenate was centrifuged (5000 x g) for 5 
min to separate the host and symbiont portions. The super-
natant was completely removed, and a 500 µL subsample 
was utilized for measuring carbon translocated to the host 
(Hs), while the remaining supernatant was used for calculat-
ing host protein content. The remaining algal cell pellet was 
resuspended in 500 µL of FSW, vortexed, and then centri-
fuged again to extract any remaining host supernatant (RHs) 
from the algal pellet. The algal pellet (S)  was then 
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Table 2. Description of the Symbiodinium minutum cultures, including their host of origin, host used and their five-locus genotypes. 
Strain identify for each anemone host used here is provided in parentheses. 

Strain Culture name Original host Host used 

Microsatellite fragment sizes (bp)* 

B7Sym15 B7Sym34 B7Sym36 CA4.86 CA6.38 

1 FLAp2 Exaiptasia pallida Exaiptasia pallida (CC7) 263 281 196 182 101 
2 PK704 Plexaura kuna Exaiptasia pallida (CC7) 263 267 163 199 103 
3 N/A Exaiptasia pallida Exaiptasia pallida (Bermuda) 259 271 169 182 101 

*Loci B7Sym15, B7Sym34 and B7Sym36 from Pettay and LaJeunesse (2007), while loci CA4.86 and CA6.38 from Santos and Coffroth (2003). 

resuspended a final time in 400 lL of FSW. All samples meas-
ured for radioactivity were acidified with an equal volume of 
0.1 mol L

-1 
 HCl, placed in 7 mL scintillation vials for 24 h 

and then combined with 5 mL of scintillation cocktail 
(Ultima Gold, Perkin Elmer) prior to reading with a liquid 
scintillation counter (Beckman LS-6500). Samples were cor-
rected for background activity and dark incorporation. All 
sample measurements and calculations follow previously 
established methods for E. pallida (Davy and Cook 2001). 
Translocation and photosynthesis rates were determined by 
the average specific activity (g C dpm

-1
) and the duration of 

the incubation. The fraction of carbon translocated (TL) was 
calculated as, 

TL = TOC +Hs + RHs  

and then normalized algal cell number and to host protein, 
where TOC is the total organic carbon and Hs  and RHs  are 
the host supernatant and remaining host supernatant, 
respectively. 

The fraction of carbon produced from net photosynthesis 
(Pnet) was normalized to algal cells anemone

-1 
 and calcu-

lated as, 

Pnet = TOC +Hs+ RHs +S 

where S is the algal pellet described above. 
Using the ratio of the portions described above, the frac-

tion of photosynthate translocated to the host was calcu-
lated as, 

TL=Pnet = (TOC +Hs+RHs)=( TOC +Hs + RHs +S) 

Statistical analysis 
All datasets were tested for assumptions of homogeneity 

of variance and normality of distribution using the Levene 
and Shapiro–Wilk tests, respectively. If either test invalidated 
these assumptions, the data was log transformed and 
retested to ensure normality prior to further analysis. A two-
way analysis of variance (ANOVA) was used to test for signif-
icant effects of the main variables pCO2 and symbiont type 
and the interactive effects between the two (a = 0.05). If sig-
nificant differences in host: symbiont combination was 
observed, a Tukey post hoc test was utilized to distinguish  

significant difference among the three types. If interactive 
effects were observed, all other main effects were ignored 
and the analysis was followed up with a pairwise analysis of 
all six groups. Budding rate data were non-normal after 
transformation and samples were tested by a Kruskal–Wallis 
test with multiple comparisons. For maximum quantum 
yield of PSII (Fv  : Fm), separate two-way repeated measures 
ANOVAs were utilized to test for significant differences 
among treatments within each symbiont type. A mauchly’s 
test was also performed to check and correct for violations of 
sphericity. If significant differences were observed, the analy-
sis was followed up with a paired t-test on each day. All sta-
tistical analyses were performed using the open source 
software R with “car” and “pgirmess” packages installed 
(http://www.R-project.org/).  

Results 
Host/symbiont identity and stability 

All three strains of symbionts were verified as ITS2-type 
B1 and S. minutum, as defined by the ITS2 sequence that 
dominates their ribosomal array (Genbank# AF333511) and 
flanker region sequence of B7Sym15 (Genbank# JX263427), 
respectively. The clonal lines of E. pallida maintained stable 
associations with each S. minutum strain for the duration of 
culturing and exposure to experimental conditions. The 
three different strains of S. minutum were genetically distinct 
and differed by as many as five alleles for pairwise compari-
sons of their microsatellite derived haploid MLGs and were 
designated as strains 1, 2, or 3 (Table 2). The two E. pallida 
clonal lines were distinct and differed by at least one allele 
at all six loci except AIPT14 (Table 3). These genetic lineages 
led to holobiont combinations of the E. pallida clone CC7 
with S. minutum strains 1 and 2, and the Bermuda E. pallida 
clone with S. minutum strain 3. 

Photosynthesis, carbon uptake and symbiont physiology 
Elevated CO2 significantly affected anemone/algal sym-

bioses, with changes occurring at the photochemical, cellular 
and organismal level. Significant time effects were observed 
for anemones with strain 1 (p = 0.003) and 3 (p = 0.003) as 
maximum quantum yields (Fv  : Fm) varied throughout the 
experiment but no significant treatment effect was observed 
by the end of the experiment in two of the holobionts 
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Table 3. Description of the six Exaiptasia pallida microsatellite loci and MLGs of the two E. pallida clones. 

Locus Primer Repeat AT Accession # CC7 Clone Bermuda Clone 

AIP6 F-(HEX)GAATCAGGAATCAACCCAACAT (TGA)7 59°C GH577343 302 302 
R-TAAGTGCCAGACCAACAACAAC 302 318 

AIP8 F-(FAM)AAAAGATTCGTGAGCAGAAAGG (TA)6 59°C GH574595 293 293 
R-GAGCTGAAATAAGGTGAATACAAGG 295 293 

AIP14 F-(FAM)AAAAGATTGAAGACGAACCAGC (GCA)7 59°C GH578373 188 188 
R-ATAACTGGGCATTCCACCATAC 191 191 

AIP15 F-(HEX)TCAGCAGTACGGAGGAATGAAC (CCA)7 59°C GH578373 319 319 
R-AGGAGGGCACGGTTGTTG 322 319 

AIP17 F-(HEX)GCTACTTTACCCGAACCCAAG (TA)6 59°C GH573936 292 294 
R-TAGACGACTTGCGAGATCAAAA 292 296 

AIP20 F-(FAM)GACTGGCACATTACCATCTATAACA (AT)7 59°C GH578509 334 339 
R-AGTTAGTTTGTGTGGTTGCCCT 334 341 

Fig. 1. Maximum quantum yield of PSII in three different Exaiptasia- Symbiodinium combinations under ambient and elevated CO2 (a–c). Mean ± 1 
SE are shown for ambient and elevated pCO2 (35 Pa = light symbols, 70.9 Pa = dark symbols). Asterisks represent significant differences (*p < 0.05: 
**p < 0.01) between the ambient and high CO2 treatments on that day. 

(Fig. 1a,c). However there was a significant interactive affect 
for strain 2 (p = 0.013), as maximum quantum yields also 
varied throughout the experiment, with significant CO2-
induced decreases on day 5 (p = 0.008) followed by a signifi-
cant increase by day 25 (p = 0.04) (Fig. 1b). Exposure to ele-
vated CO2 resulted in a small yet significant increase in the 
effective quantum yield of PSII in the light (F

0

q  : F
0

m) 
(p = 0.001) in anemones hosting strains 1 and 2 (Fig. 2a). 
Additionally, differences among the host: symbiont combi-
nations were also observed as anemones hosting strain 3 
were significantly elevated over strain 1 (p = 0.0001) and 
strain 2 (p < 0.0001). Although the difference was minimal, 
strain 1 F

0

q  : F
0

m  was significantly higher than strain 2 
(p = 0.001). In addition to these changes in PSII photochem-
istry, net photosynthesis algal cell

-1 
 significantly increased 

with elevated pCO2 in all anemones (p < 0.001) (Fig. 2b). 
While there was no significant main effect of elevated 

CO2 exposure on symbiont density, a significant interactive 
effect (p = 0.016) was noted, as patterns in algal cell density  

differed among the anemone/algal combinations, with sym-
biont density declining in strains 2 and 3 and rising margin-
ally for strain 1 under the high CO2 treatment. Symbiont 
density for the strain 3 holobiont were also significantly 
higher than strain 1 under ambient but not elevated pCO2 
(Fig. 2c). At ambient CO2, Chl a content also varied signifi-
cantly with symbiont type (p < 0.001), with strain 1 having a 
greater concentration of Chl a algal cell

-1 
 than strain 2 

(p < 0.001) and strain 3 (p = 0.002). However, there was no 
significant change in cellular Chl a under elevated CO2 
(Fig. 2d). 

Translocation and host reproduction 
The percent of carbon translocated to the host differed 

significantly among holobionts under the ambient CO2 
treatment (p = 0.002), with anemones hosting strain 3 receiv-
ing a significantly lower portion of photosynthate than ani-
mals hosting strain 1 or strain 2 algae (p = 0.028, p = 0.001, 
respectively) (Fig. 3a). Meanwhile, the simple means effect of 
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Fig. 2. Effective quantum yield (a), Net photosynthesis (b), symbiont 
cell density (c), and Chl a cell

-1 
 (d). Mean ± 1 SE are shown for ambient 

and elevated pCO2 (35 Pa = light bars, 70.9 Pa = dark bars). The abbrevia-
tions (sym), (pCO2) and (Int) in the top right corner of each plot indicate 
significant differences between symbiont strain, pCO2 or interactive effects 
resulting from a two-way ANOVA (n = 5). If a pCO2 effect was observed, 
the letters indicate significant differences between pCO2 groups 
(n = 5 ± SE). If an interactive effect was observed, the letters above each 
bar indicate significant differences among the six treatments. 

Fig. 3. Percent of photosynthate translocated to the host (a), carbon 
translocation rate normalized to the host protein (b), carbon translocation 
rate normalized to algal cell number (c), and the number of asexual anem-
one buds produced month

-1 
 (d). Mean ± 1 SE are shown for ambient and 

elevated pCO2 (35 Pa = light bars, 70.9 Pa = dark bars). The abbreviations 
(sym), (pCO2) and (Int) in the top right of each plot indicate significant dif-
ferences between symbiont, pCO2 or interactive effects resulting from a 
two-way ANOVA (n = 5). Significant differences among strains are 
denoted by the letters above each treatment group (n = 5 ± SE). 
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the two way ANOVA found a significant increase with pCO2 
(p < 0.001) for translocation rates to the host (expressed as 
lg carbon lg host protein

-1 
 h

-1
),  driven primarily by 

increases within strains 1 and 2 (Fig. 3b). The host: symbiont 
combination was also a factor, as strain 3 translocation rates 
were significantly elevated over strains 1 (p = 0.003) and 2 
(p = 0.027) and most notably at ambient pCO2. A significant 
(p = 0.030) CO2 induced increase in carbon translocation was 
also observed when rates were normalized to symbiont cell 
density (lg carbon released cell

-1 
 h

-1
) (Fig. 3c). Lastly, ele-

vated pCO2 exposure led to a significant increase in the rate 
of asexual reproduction (p < 0.05) in all strains. 

Discussion 
Elevated pCO2 designed to mimic mid to late 21

st 
 century 

conditions over 28 d (70.9 Pa pCO2) resulted in substantially 
increased photosynthetic carbon uptake for all three strains 
of S. minutum. Similar increases in photosynthesis (as meas-
ured by respirometry) were observed for the temperate sym-
biotic anemone Anthopleura elegantissima during a 6-week 
exposure to pCO2 of 230.9 Pa (Towanda and Thuesen 2012) 
and Exaiptasia sp. exposed to pCO2 of 69.6 Pa and 147.8 Pa 
(Gibbin and Davy 2014). In the natural environment, 
growth and abundance of the symbiotic sea anemone Ane-
monia viridis increased along a natural volcanic CO2 seep in 
Italy, suggesting a significant benefit from elevated pCO2 for 
this species as well (Suggett et al. 2012b). Together, these 
studies suggest a beneficial effect of elevated pCO2 on sea 
anemones, and further that their photosynthetic symbionts 
may be carbon limited under ambient pCO2 conditions. 

Elevated dissolved inorganic carbon (DIC) associated with 
OA is hypothesized to enhance photosynthetic rates for car-
bon limited endosymbionts (Langdon and Atkinson 2005; 
Cohen and Holcomb 2009). Similar to early work with free-
living phytoplankton where it was assumed that carbon limi-
tation did not play a role, subsequent studies have observed 
increases in productivity associated with elevated DIC within 
a number of free-living phytoplankton, suggesting that car-
bon limitation may play an important role in productivity 
rates within the open-ocean as well (Xia and Gao 2005; Fu 
et al. 2007; Hutchins et al. 2007; Beardall et al. 2009). Earlier 
work with E. pallida by Davy and Cook (2001) observed an 
increase in net photosynthesis and photosynthate transloca-
tion (normalized to algal cell number) after 20–30 d of star-
vation. During this time, there was a notable decline in 
symbiont densities in these starved anemones, and the noted 
increase in net photosynthesis and carbon translocation was 
thought to result from greater carbon availability per algal 
cell (Davy and Cook 2001; Wooldridge 2009). These changes 
in carbon incorporation point toward DIC limitation within 
Symbiodinium as previously described by (Weis 1993), where 
net photosynthesis also increased with elevated DIC concen-
trations within Aiptasia pulchella. The substantial rise in net  

photosynthesis for all three strains of S. minutum noted here 
also supports this hypothesis. Interestingly, Symbiodinium B1 
isolates in culture (presumably closely related to S. minutum) 
(Brading et al. 2011) showed no increase in net photosynthe-
sis in response to elevated pCO2. This discrepancy among 
closely related symbionts grown in culture vs. in hospite 
may indicate a greater reliance on host carbon concentrating 
mechanisms (Leggat et al. 1999) and:or that free-living Sym-
biodinium minutum strains are not DIC limited (Brading et al. 
2011). 

Along with a major increase in carbon uptake cell
-1

, PSII 
photosynthetic efficiency remained relatively stable under 
high pCO2 conditions within strains 1 and 3, with only a 
slight increase toward the end of the experiment in strain 2 
(Fig. 1). In contrast the effective quantum yield (i.e., operat-
ing efficiency of PSII in the light) did increase significantly 
(although only slightly in strain 2 and 3) under elevated 
CO2 conditions. Photosynthesis in E. pallida tends to satu-
rate at light levels near 200 lmol photons m-2 s-1 (Muller-
Parker 1984; Goulet et al. 2005). Therefore, it is likely that 
anemones used here were light saturated and well poised to 
take advantage of the greater electron sink provided by ele-
vated carbon availability. As with other marine phytoplank-
ton, the photosynthetic response to elevated pCO2 may 
differ significantly under low light conditions where photo-
synthetic electron flow rather than carbon availability is the 
rate-limiting step in photosynthesis (Li and Campbell 2013). 
Reductions in calcification and photosynthesis were greater 
under low as opposed to high light conditions under ele-
vated pCO2 for the corals A. horrida and P. cylindrica and sug-
gest that OA alleviated pCO2 limitation under high light 
conditions (Suggett et al. 2012a). It is therefore possible that 
under lower light levels, the S. minutum response to elevated 
pCO2 could differ significantly than presented here. 

Despite increased photosynthetic productivity and in con-
trast to the work of Gibbin and Davy (2014) and Suggett 
et al. (2012b), there was no significant change in the S. minu-
tum density in any anemone/algal pairing in response to ele-
vated pCO2. A drop within strain 3 was apparent, however 
this was not significant. Towanda and Thuesen (2012) also 
noted no change in symbiont density for the temperate 
anemone, A. elegantissima, held under two OA scenarios for 
approximately double the time period used here (Towanda 
and Thuesen 2012). This may reflect some decoupling 
between increased productivity and cell density, as Symbiodi-
nium spp. are typically in severe unbalanced growth in hos-
pite  and release a significant portion of their 
photosynthetically fixed carbon to the host (Dubinsky and 
Berman-Frank 2001). Such changes in symbiont density 
under excess CO2 could reflect a change in the balance of 
carbon and nitrogen supply to the alga and the host, similar 
to patterns noted for nitrogen limitation in these symbioses. 
For example, Marubini and Davies (1996) noted a significant 
increase in algal density after exposure to excess nitrogen. 
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While Gibbin and Davy (2014) did note higher algal density 
with increased pCO2, this was at a CO2 concentration double 
that utilized here (~ 147 Pa). Additionally, natural CO2 lev-
els yielding the largest response in Suggett et al. (2012b) 
were also considerably higher (144.7 Pa). 

An increase in net photosynthesis led to a similar rise in 
translocation rates (per algal cell) at elevated pCO2 for all 
three symbiont strains. From the host perspective, however, 
greater carbon translocation rates (per host protein) only 
occurred for anemones hosting algal strains 1 and 2 (Fig. 
3b), with a loss in cell density by strain 3 counteracting any 
potential gain in photosynthate contributed to the host. 
Higher percent of translocated carbon, but lower photosyn-
thetic rates, were observed under extremely high CO2 con-
centrations (394.9 Pa) in the scleractinian coral Stylophora 
pistillata (Tremblay et al. 2013). Unlike our findings for E. 
pallida, the increase in percent translocation to S. pistillata, 
despite a decline in photosynthesis, may indicate an impor-
tant change in the symbiosis that is not conducive toward 
sustained growth and health or represent an important dif-
ference between calcifying and non-calcifying cnidarians. 
Alternatively, the differences may be attributed to the large 
difference in the pCO2 treatments used in these two studies 
(70.9 vs. 394.9 Pa). 

Interestingly, the carbon translocation rate of the anem-
one hosting the strain 3 alga was significantly higher than 
the other two host/symbiont combinations despite a smaller 
percentage of the total photosynthate produced being shared 
with the host anemone (Fig. 3a,b). As data presented here 
were normalized to host protein, it is possible that changes 
in total protein concentration could influence our under-
standing of carbon translocation to the host and bias such 
results. However, no significant differences in total protein 
per anemone were observed between treatments or among 
host/symbiont combinations (data not shown). Furthermore, 
the anemones hosting strains 1 and 2 were from the same 
clonal line whereas the anemone with strain 3 was a differ-
ent host genotype, and the differences in photosynthate 
allocation likely reflect distinct differences in the overall 
symbioses among the three anemone : symbiont combina-
tions tested here (Leal et al. 2015). These differences in the 
symbioses may play an even greater role under more severe 
stressors such as elevated temperature and underscore the 
need to assess the genetic identity of the alga and animal in 
such studies. In addition, the use of 

14
C to measure carbon 

translocation cannot account for rapidly respired autotrophi-
cally derived carbon (Tremblay et al. 2013). It is therefore 
possible that changes in respiration rates could also underes-
timate differences in rates of carbon translocation observed 
here. 

While the percentage of photosynthate translocated by 
the symbionts remained the same, host budding rates 
increased significantly with elevated pCO2. Previous work by 
Clayton (1985) and Clayton and Lasker (1985) showed that  

asexual budding rates by Aiptasia sp. lead to greater rates of 
biomass accumulation than host tissue growth, allowing for 
a clonal population to quickly increase. This is likely due to 
the relatively cheap reproductive effort required for pedal 
laceration (asexual budding) whereas sexual reproductive 
effort can be considerably higher (Hunter 1984). Asexual 
reproduction can be an advantageous strategy under condi-
tions of frequent environmental disturbance and or high 
mortality of small sized colonies (Nakamaru et al. 2007). The 
small reproductive effort required for asexual budding in 
anemones, along with environmental disturbances could 
help explain the shifts from scleractinian species to more 
soft-bodied cnidarian species noted by Norstrom et al. (2009) 
and Dudgeon et al. (2010). 

The additional energy needed to support increased bud-
ding rates for anemones hosting strains 1 and 2 (Fig. 3d) 
may be explained by the higher translocation rates of these 
symbionts with increased carbon availability. Interestingly, 
for the strain 3 holobiont, the rate of photosynthate received 
by the host did not vary, suggesting that the energetic 
requirement for the increase in budding rates observed at 
high pCO2 may have had a different origin. Host carbonic 
anhydrases, a central component of the carbon concentrat-
ing mechanism (CCM), are important for supplying inor-
ganic carbon to the symbiont for photosynthesis (Weis et al. 
1989; Weis and Reynolds 1999). A change in available DIC 
may reduce the need for actively maintaining energetically 
costly CCMs within the host and symbiont (Weis et al. 
1989; Weis and Reynolds 1999; Leggat et al. 2002) and could 
represent significant energetic savings with elevated pCO2, 
particularly to the host. Such down-regulation of animal 
derived CCM’s may have occurred in the strain 3 holobiont 
combination used here, with the energetic surplus being 
reallocated toward greater budding rates as well. Similarly, 
reallocation of energetic savings may have played a role in 
the other two host: symbiont combinations. The benefits of 
energy reallocation have been reported for the alga Chlorella 
pyrenoidosa and Chlamydomonas reinhardtii, where reductions 
in CA activity due to elevated pCO2 occurred in concert with 
increases in protein and carbohydrate concentrations, thus 
boosting energetic reserves within the cell (Xia and Gao 
2005). Reductions in host CAs have been observed for some 
scleractinian coral species under high CO2 conditions as well 
(Moya and Miller 2012). In this regard, further studies that 
incorporate total carbon budgets (sensu Tremblay et al. 
2013), respiratory demand, and quantify specific biomass 
from protein, lipids and carbohydrates could contribute sub-
stantially to future investigations of how elevated pCO2 will 
impact different Symbiodinium-based symbioses. 

Interestingly, despite the close genetic relationship among 
the three symbiont strains and two host populations, unique 
differences were nevertheless observed among the three 
host/symbiont combinations. Differences in cell density, 
within the ambient treatments, were segregated between the 
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two host anemone populations as the strain 3-host: sym-
biont combination (collected from Bermuda) was signifi-
cantly higher than strains 1 and 2 (in the CC7 clone). As 
discussed previously, this likely influenced differences in 
translocation to the host, and may suggest the host as a 
major driving factor with respect to changes in physiology 
in response to elevated pCO2. However, differences in sym-
biont physiology were also observed both with respect to 
chlorophyll content and photosynthetic yields, indicating 
that significant physiological differences can exist even 
among clonal variants and that these differences may also 
influence the holobiont response to climate change. How 
anemones, along with other sessile marine invertebrates, 
respond to elevated CO2 and the potential ecological impli-
cations of greater asexual budding rates within these clonal 
organisms will become increasingly important toward under-
standing future corals reefs under high atmospheric CO2 
conditions. Likewise, whether host vs. symbiont physiologi-
cal changes can be ranked differently in terms of importance 
to the overall holobiont response to climate change will 
become an increasingly important area of Symbiodinium sym-
biosis biology. 
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