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Abstract. The genus Symbiodinium is physiologically di-
verse and so may differentially influence symbiosis establish-
ment and function. To explore this, we inoculated aposymbiotic
individuals of the sea anemone Exaiptasia pallida (commonly
referred to as “Aiptasia’”), a model for coral symbiosis, with one
of five Symbiodinium species or types (S. microadriaticum,
S. minutum, phylotype C3, S. trenchii, or S. voratum). The
spatial pattern of colonization was monitored over time via
confocal microscopy, and various physiological parameters were
measured to assess symbiosis functionality. Anemones rapidly
formed a symbiosis with the homologous symbiont, S. minu-
tum, but struggled or failed to form a long-lasting symbiosis
with Symbiodinium C3 or S. voratum, respectively. Symbio-
dinium microadriaticum and S. trenchii were successful but
reached their peak density two weeks after S. minutum. The
spatial pattern of colonization was identical for all Symbio-
dinium taxa that were ultimately successful, starting in the oral
disk and progressing to the tentacles, before invading the col-
umn and, finally, the pedal disk. In all cases, proliferation
through the anemone’s tentacles was patchy, suggesting that
symbionts were being expelled into the gastrovascular cavity
and re-phagocytosed by the host. However, the timing of these
various spatial events differed between the different Symbio-
dinium taxa. Furthermore, S. microadriaticum and S. trenchii
were less beneficial to the host, as indicated by lower rates of
photosynthesis, anemone growth, and pedal laceration. This
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study enhances our understanding of the link between symbi-
ont identity and the performance of the overall symbiosis,
which is important for understanding the potential establish-
ment and persistence of novel host-symbiont pairings. Impor-
tantly, we also provide a baseline for further studies on this
topic with the globally adopted “Aiptasia” model system.

Introduction

Among the most significant marine mutualisms are those
between cnidarians and their photosynthetic dinoflagellate
symbionts (Roth, 2014). These interactions, in particular, be-
tween anthozoan cnidarians (e.g., corals and sea anemones)
and dinoflagellates of the genus Symbiodinium, underpin the
existence and success of coral reef ecosystems (Little et al.,
2004; Wang et al., 2012; Lesser et al., 2013).

The genus Symbiodinium is very diverse, consisting of nine
clades (A-I) and numerous subclades (types) and species (La-
Jeunesse, 2002; Pochon and Gates, 2010) that display consid-
erable physiological diversity (Schoenberg and Trench, 1980a;
Fitteral., 1981; Chang et al., 1983; Iglesias-Prieto et al., 2004;
Robison and Warner, 2006; Hennige et al., 2009). Given this,
different symbiont taxa can differentially affect host and, hence,
holobiont (i.e., the entire symbiotic entity) performance. For
example, in corals, some members of clades A and D can be
less beneficial to their hosts than members of clade C, with
lower rates of photosynthetic carbon fixation and translocation
to the host and reduced host fitness (Mieog et al., 2009; Leal
etal., 2015). Alongside host phylotype and the prevailing en-
vironmental conditions, symbiont identity may therefore de-
termine the fate of the symbiosis (Loram ez al., 2007; Yuyama
et al., 2016).

This content downloaded from 128.193.154.084 on June 06, 2018 13:21:51 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journal s.uchicago.edu/t-and-c).



2 Y. GABAY ET AL.

Such observations have led to the proposal that several Sym-
biodinium taxa might exhibit more opportunistic, and even
parasitic, traits than others (Stat and Gates, 2011; Lesser et al.,
2013; Pettay et al., 2015; Silverstein et al., 2015). Starzak
etal. (2014) tested this idea more broadly by modeling carbon
fluxes in the model symbiotic anemone Aiptasia when colo-
nized by a range of different Symbiodinium taxa. These mod-
els suggested that the usual homologous symbiont (S. minu-
tum, internal transcribed spacer region 2 [ITS2] type B1)
forms a more beneficial symbiosis with Aiptasia than do sev-
eral nonnative heterologous symbiont types, such as Al.4, E,
and F5.2; Symbiodinium E and F5.2 were, on occasion, even
observed to cause host mortality (Starzak et al., 2014). How-
ever, direct measures of host growth and reproductive output,
to corroborate the models of Starzak and coworkers, have not
been performed. Indeed, we still know relatively little about
the behavior and physiology of homologous and heterologous
Symbiodinium taxa, in general, during symbiosis establishment,
including whether they exhibit similar spatial patterns of uptake
and host colonization. Such information is important for under-
standing the events that might occur during the establishment of
novel host-symbiont pairings, such as after a coral bleaching
event. Furthermore, such details are important for understand-
ing the drivers of host-symbiont specificity, that is, the reasons
why many hosts are found in association with only one or a
few Symbiodinium taxa and vice versa (Baker, 2003; LaJeu-
nesse et al., 2004; Coffroth et al., 2010).

This study addressed these knowledge gaps using the sea
anemone Exaiptasia pallida (Agassiz in Verrill, 1864), com-
monly referred to as “Aiptasia,” a widely adopted model sys-
tem for the study of reef-building corals and the cnidarian-
dinoflagellate symbiosis (Weis et al., 2008; Baumgarten et al.,
2015). The current study measured the influence of symbiont
diversity on host colonization dynamics, as well as host per-
formance. We employed five different Symbiodinium species
or types, representing a wide range of clades (A-E) and phys-
iologies, including the free-living and relatively heterotrophic
S. voratum (type E; Jeong et al., 2012) and the thermally tol-
erant but opportunistic S. trenchii (type D1a; Pettay and Lajeu-
nesse, 2009). Specifically, we asked whether symbiont iden-
tity affects (1) symbiont cell proliferation, (2) colonization
pattern inside the host, (3) photosynthetic performance, and
(4) host fitness. In doing so, we provide not only further in-
sight into the cellular events that occur during host coloniza-
tion by symbiotic dinoflagellates and the physiological impli-
cations of symbiont diversity but also a baseline from which
to conduct more detailed studies of symbiosis establishment
and function with the Aiptasia model system.

Materials and Methods
Experimental organisms

A clonal culture of the symbiotic sea anemone Aiptasia (cul-
ture ID: NZ1), originally from the Indo-Pacific region, was

grown in the lab at 25 °C and an irradiance of 100 pmol pho-
tons m 2 s~ ' (light/dark cycle of 12 h:12 h) and fed twice
weekly with freshly hatched Arfemia nauplii. To generate apo-
symbiotic (i.e., symbiont-free) anemones, animals were in-
cubated in a solution of 0.27 mmol I~ ' menthol in filtered sea-
water (FSW; 0.22 um-FSW) for 8 h, after which the menthol
in FSW was removed and the anemones were incubated in
5 umol 1™ 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)
in FSW overnight, as described by Matthews et al. (2015).
The treatment was repeated daily for four weeks or until no
symbionts were present, as determined by confocal micros-
copy (IX81, Olympus, Auckland, New Zealand; 635 nm laser,
655-755-nm emission filter).

Cultured Symbiodinium from five clades were used as in-
oculates (Table 1). Species names of these dinoflagellates are
used where available; otherwise, the ITS2 type is given. The al-
gae were subcultured from long-term (>5 y) laboratory stocks
and grown in silica-free f/2 medium (Sigma-Aldrich, Auck-
land, New Zealand) at 25 °C and an irradiance of 100 umol
photons m ™2 s~ ' on a light/dark cycle of 12 h:12 h. All cul-
tures were sampled for experimental use during the log phase
of growth.

Inoculation of aposymbiotic anemones with symbionts

Following 1 wk of starvation, a total of 312 aposymbiotic
anemones (n = 60 anemones for each Symbiodinium type
and/or species; n = 12 uninoculated anemones as a negative
control) of similar size (2-3-mm oral disk diameter) were
transferred to 400-ml clear plastic jars (one anemone per
jar) filled with FSW and allowed to settle for 3 days. Each al-
gal culture was diluted in 25 ml FSW and 1 drop of Artemia
nauplii suspension added, to give a final concentration of ~1 x
10° cells ml~'. The anemones were inoculated with one of the
five different symbiont cultures by pipetting with a glass pi-
pette 1 ml of this dinoflagellate suspension onto the oral disk
of each anemone. Colonization was then monitored over a
period of 8 weeks, with sampling at 1, 2, 4, 6, and 8 weeks
after inoculation. During this time, the anemones were fed
twice weekly with Artemia nauplii, with each feeding fol-
lowed by a water change. Seawater temperature was main-
tained at 25 °C in a controlled-temperature room, and irradi-
ance was held at ~100 pmol photons m~ 2 s~ " on a light/dark
cycle of 12 h:12 h.

Symbiont proliferation

Spatial pattern of colonization. To determine the effect of
symbiont identity on the spatial pattern of host colonization,
10 randomly selected anemones from each treatment were
chosen at each sampling point and assessed via chlorophyll
autofluorescence measured with a confocal microscope (de-
tails in Experimental organisms, above). A drop of relaxation
solution (50% 0.37 mol 1~ MgCl, in dH,O and 50% FSW)
containing 1.5% of agar was added to a subset of the sampled
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Table 1

Identity and geographical origin of Symbiodinium cultures and the original host species if known

Culture ID Original host source Geographical location Symbiodinium species Subclade
FlAp2 Exaiptasia pallida Long Key, Florida S. minutum B1
CCMP2467 Stylophora pistillata Gulf of Aqaba S. microadriaticum Al
Mp Mastigias papua Palau Symbiodinium sp. C3
Ap2 Unknown anemone sp. Okinawa S. trenchii Dla
CCMP421 Free living (host, if any, unknown) Wellington Harbour, New Zealand S. voratum E

anemones on a fluorodish (World Precision Instruments, Sar-
asota, FL) (n = 5 per treatment), and z-stack images were gen-
erated (section thickness < 10 um). The multiple z-stack sec-
tions were then summed into a single photo, regions of interest
were marked, and fluorescence was measured with Imagel
software (ver. 1.48; National Institutes of Health, Bethesda,
MD). The following equation was used to calculate fluores-
cence intensity as a proxy for algal number:

Correct Fluorescence = IntDens— (Areas—Meang),

where IntDen = fluorescence measured using Imagel, S =
sample, and B = background.

Quantification of symbionts during colonization. Following
confocal microscopy, each anemone was homogenized sep-
arately in 500 pl of FSW (IKA T-10 tissue lyser, Thermo-
Fisher Scientific) and the homogenate centrifuged (Sigma 3-
16k) for 5 min at 400 x g to separate algal cells from anemone
tissue. A 100-ul aliquot was removed from the supernatant
(host fraction) for protein determination and the remaining su-
pernatant discarded. The pellet containing the dinoflagellate
cells was re-suspended in 200 ul FSW. A 50-ul aliquot was
added to 50 ul of dimethyl sulfoxide buffer for DNA sequenc-
ing (see DNA sequencing, below), and the remaining 150 ul
was used for algal cell counts. The samples were stored at
—20 °C until further analysis. Host protein content was deter-
mined via the Bradford assay (Bradford, 1976), and cell count-
ing was performed with a hemocytometer (Improved Neubauer)
with six replicate counts per sample. Cell density (symbionts
per milligram protein) was then calculated.

Photophysiology and host performance

Photosynthesis and respiration of the host-symbiont partner-
ship. Maximum gross photosynthetic and dark respiratory
O, fluxes were measured for all host-symbiont partnerships
at the end of the 8-wk experiment (n = 4 for each treatment).
Individual anemones were placed at 25 °C in a 10-ml glass
chamber, fitted with a magnetic stir bar protected by nylon
mesh, filled with FSW, and sealed by a glass lid with a rubber
O-ring, into which an oxygen electrode (FIBOX 3 fiber-optic
oxygen meter; PreSens, Regensburg, Germany) was inserted.
Animals were allowed to settle for 30 min prior to the begin-

ning of the experiment, with the chamber remaining unsealed
and hence open to the air during this time. The respiration rate
(ml O, h™ ") was measured in darkness for an hour, followed
by 1 h of illumination by a 150-W Thorn parabolic aluminized
reflector lamp 38 at 400 pmol photons m ™% s~ '. Each anem-
one was then homogenized in 500 ul of FSW and host protein
content determined as described before. The rates of gross
photosynthesis and respiration were normalized to host pro-
tein, and the ratio of hourly gross photosynthesis to respiration
(P:R) was calculated as a proxy for the autotrophic potential
of the symbiosis.

Host growth and asexual reproduction. Host growth be-
tween the start and the end of the experiment (i.e., 8 weeks af-
ter inoculation) was estimated via the change in oral disk di-
ameter, assuming a starting diameter of 2-3 mm (n = 10 for
each treatment). At the final time point, anemones were incu-
bated in their containers in MgCl, relaxation solution (see
Spatial pattern of colonization, above) until they were not re-
sponsive to disturbance, and then the containers were placed
onto millimetric graph paper for measurement of the oral disk
diameter. Throughout the duration of the experiment, asexual
reproduction was measured as the number of pedal lacerates
generated by each anemone between the start of the experi-
ment and the sampling point (n = 10 for each treatment and
time point).

DNA sequencing

To confirm that symbiont populations in animals matched
the populations used for inoculation, symbiont identity was
verified for each culture and a subset of inoculated anemone
samples (n = 3 samples per culture or sample). Symbiodinium
samples containing dimethyl sulfoxide (see Quantification of
symbionts during colonization, above) were re-suspended, and
10 pl of each sample was added to a new tube containing
50 mg of glass beads (G1152-10G, Sigma-Aldrich) and placed
in a TissueLyser (Qiagen, Bio-Strategy, Auckland, New Zea-
land) bead beater for 1 min at 50 Hz. Ninety microliters of
ddH,O was added, and lysed cell material was pelleted at
16,100 x g for 10 min at 4 °C. A 50-ul aliquot of the resulting
supernatant was transferred to a new tube containing 50 ul
of cold molecular-grade isopropanol, and samples were re-
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pelleted as described above. Samples were washed twice in
200 pl of 70% ethanol, centrifuged, and then dried at room
temperature. Fifty microliters of 1 mol 1" Tris (pH 8) were
added to each tube, and samples were further extracted by
bead beating at 30 Hz for 1 min and then stored at —20 °C
until further analysis. Polymerase chain reaction (PCR) was
performed using the following Symbiodinium-specific ITS2
primers: forward primer (ITS2infor) 5-GAATTGCAGA AC
TCCGTG-3' and reverse primer (ITS2CLAMP) 5'-CGCCC
GCCGC GCCCCGCGCC CGTCCCaeeG ceceeaece
GGGATCCATA TGCTTAAGTT CAGCGGGT-3'. Reactions
were performed using the MyTaq Mix (Bioline, London) in a
total volume of 25 ul with an amplification profile consisting
of 1 cycle of 3 min at 95 °C; 40 cycles of 15 sat 95 °C, 15 s at
56 °C, and 10 s at 72 °C; and a final hold temperature of 4 °C.
PCR products were sequenced by Macrogen (Seoul, South
Korea). Sequences were aligned using Geneious Pro, ver-
sion 4.8.5 (Biomatters, Auckland, New Zealand), and a BLAST
search was performed in the National Centre for Biotechnol-
ogy Information (NCBI) database to identify the sequences.
In all cases, the expected genotypes were present at both the
beginning and the end of the experiment. Multiple genotypes
were never detected in any sample.

Statistical analysis

ANOVA followed by either Tukey or Bonferroni post hoc
tests was performed on the data by using STATISTICA, ver-
sion 10 (StatSoft, Tulsa, OK), and SPSS (IBM, Armonk, NY),
except in the following cases. Log transformation was con-
ducted on symbiont density data to achieve a normal distribu-
tion, followed by Welch’s ANOV A, because constant variance
could not be assumed. Welch’s ANOV A was also performed
on dark respiration data for the same reason. This test was fol-
lowed by Games-Howell post hoc analysis. A chi-square test
was conducted on asexual reproduction data to test the effect
of time X algal identity. Results are expressed as mean + stan-
dard error (SE).

Results

All Symbiodinium taxa initially colonized Aiptasia. There was
no cross-contamination of symbionts between treatments (data
not shown), and aposymbiotic anemones remained symbiont-
free throughout the experiment.

Symbiont proliferation in hosts

Symbiont cell density (algal cells per mg host protein) was
significantly different between anemones inoculated with dif-
ferent Symbiodinium taxa (Fig. 1; Welch’s ANOVA, Fig sg =
130.087, P < 0.0001). The homologous S. minutum was the
most successful at colonizing hosts, reaching its peak density
2 weeks after inoculation and achieving a maximum density
that was 13-fold higher than that of S. trenchii, the second

1.5x1079 —— Sm ‘°"°]: . c3
i Sv
- St R o
-=- Smic i

Algal density
(symbiont cells * mg host protein™)

0 1 2 4 6
Weeks after inoculation

Figure 1. Colonization success in host Aiptasia varied with symbiont
identity. Symbiont density (symbiont cells per mg host protein) in host anem-
ones was quantified for 8 weeks after inoculation (» = 10 anemones per treat-
ment per time point). Points are means =+ SE. C3, Symbiodinium phylotype
C3; Sm, S. minutum; Smic, S. microadriaticum;, St, S. trenchiti; Sv, S. voratum.

most successful symbiont, at that same time point (Games-
Howell post hoc, P < 0.0001). Between weeks 2 and 8§, the
density of S. minutum decreased by 62% to 3.35 x 10° £
3.18 x 10° cells per mg protein, which was still significantly
higher than that of all other symbionts (Games-Howell post
hoc, P < 0.006). Symbiodinium microadriaticum and S.
trenchii populations exhibited a slower initial increase in den-
sity than S. minutum, but by week 4 their densities peaked at
levels similar to those of S. minutum (Games-Howell post hoc,
P> 0.05 for both comparisons; Fig. 1); their densities then de-
clined during the remainder of the experiment by 71% and
58%, respectively, so that they were again significantly lower
than the density of S. minutum (Games-Howell post hoc, P <
0.001). Symbiodinium C3 and S. voratum were the least suc-
cessful at colonization. The population density of C3 was sig-
nificantly less than that of S. minutum and S. trenchii (Games-
Howell post hoc, P < 0.05) throughout the experiment and
significantly less than S. microadriaticum from week 4 on-
ward. In comparison, S. voratum initially colonized the host,
but after 2 weeks its density declined dramatically, such that by
week 4 and thereafter, no symbionts were observed (Fig. 1).

The different Symbiodinium taxa showed similar spatial
patterns of colonization through host tissues, albeit at differ-
ent temporal rates (Fig. 2A—C). Colonization in the tentacles
did not progress smoothly from the tentacle base to the tip;
rather, it was patchier, with punctuated bursts of algal growth
in spatially disparate portions of the tentacle (Fig. 2A, B). Fur-
thermore, the timing of these various spatial events differed
substantially between the different Symbiodinium (Fig. 2C),
consistent with the strength of overall colonization, as shown
in Figure 1. Of particular note, the relatively unsuccessful
Symbiodinium C3 only ever colonized the oral disk and tenta-
cles and by week 8 appeared in the oral disk alone, suggesting
that colonization was failing.
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Figure 2. The spatial pattern of symbiont colonization in Aiptasia is similar for different symbionts. Spatial
pattern and colonization across four body sections in the anemone host—tentacles, oral disk, column, and pedal
disk—quantified for 8 weeks after inoculation (n = 2—-6 anemones per treatment and time point). (A) Schematic
representation: I. Symbionts taken up by the anemone and concentrated in the oral disk. Proliferation continues to
the tentacles and exhibits a patchy pattern, suggesting symbiont migration via the gastrovascular cavity. II. Col-
onization of the tentacles continues through mitotic division and gastrovascular migration. III. Tentacles are fully
colonized, and the symbiont cells begin to colonize the upper part of the column. IV. The symbionts continue to
colonize the column from top to bottom, ultimately reaching the pedal disk. (B) Confocal images of tentacle col-
onization by Symbiodinium trenchii over 4 weeks. Symbiodinium trenchii rather than S. minutum is shown here,
since S. trenchii was slower to colonize the host, and hence the spatial patterns are clearer across time. (C) Spatial
pattern of colonization by different symbionts, presented as the percentage of total symbiont chlorophyll fluores-
cence occurring in the four different body regions of the anemone over time. C3, Symbiodinium phylotype C3; Sm,
S. minutum; Smic, S. microadriaticum; St, S. trenchii; Sv, S. voratum.

Photophysiology and host performance

Photosynthesis and respiration of the host-symbiont partner-
ship.  Gross photosynthesis (mg O, per mg protein h ™) was
significantly different when Aiptasia formed a symbiosis with
the different Symbiodinium species or types (one-way ANOVA,
F, 13 = 12214, P <0.001; Fig. 3A). At the end of the exper-

iment, anemones containing S. minutum or S. trenchii photo-
synthesized at a similar rate, as did those anemones containing
S. microadriaticum or type C3; however, the photosynthetic
rate with the former two symbionts was faster than that with
the latter two (Tukey post hoc, P < 0.01 for all comparisons).
In contrast, dark respiration rate (mg O, per mg protein h™ ")
was not affected by symbiont identity (Fig. 3A; Welch’s
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Figure 3. Gross photosynthesis and dark respiration of the holobiont
varied with symbiont identity. Photophysiological performance (mg O, per
mg protein h™ ") of the holobiont was quantified 8 weeks after inoculation.
(A) Gross photosynthesis (white bars) and total symbiosis dark respiration
(gray bars). (B) Ratio of hourly gross photosynthesis to respiration (P:R ra-
tio). Bars represent means + SE; n = 3—4 anemones per treatment. Different
letters above bars indicate significant differences between treatments (P <
0.05). Apo, aposymbiotic; C3, Symbiodinium phylotype C3; Sm, S. minutum;
Smic, S. microadriaticum;, St, S. trenchii; Sv, S. voratum.

ANOVA, F, 55 = 3.043, P> 0.05). As a result, there was a
significant difference in the P : R ratio between anemones host-
ing the different symbionts at the end of the experiment (1-way
ANOVA, F3 1o = 11.420, P <0.05), with S. minutum-colonized
anemones having a significantly higher ratio than those con-
taining S. microadriaticum or C3 (Tukey post hoc, P < 0.05
for both comparisons) but not S. trenchii (Fig. 3B).

Host growth and asexual reproduction. Host growth, esti-
mated at the end of the experiment from the oral disk diam-
eter, was significantly impacted by Symbiodinium identity
(1I-way ANOVA, F5 44 = 19.820, P <0.0001). In particular,
anemones colonized by S. minutum were significantly larger

at week 8 than anemones colonized by any of the heterolo-
gous symbionts (Tukey post hoc, P <0.0001 for all compar-
isons; Fig. 4A), while anemones colonized by heterologous
symbionts were no larger than aposymbiotic anemones (Tukey
post hoc, P> 0.9 for all comparisons). Anemones containing
S. minutum grew by an average of 9.22% + 0.68% between
the beginning and the end of the experiment, while anemones
containing S. trenchii and S. microadriaticum grew by just
1.9% = 1.06% and 1.54% =+ 1.05%, respectively. Anemones
containing C3 and S. voratum showed, on average, negative
growth of (—1.91%) = 0.65% and (—1.71%) + 1.08%, respec-
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Figure 4. Host performance varied with symbiont identity. (A) Host
growth estimated from the change in oral disk diameter (mm), quantified
8 weeks after colonization (n = 10 for each treatment). (B) Asexual repro-
duction via pedal laceration measured by counting pedal lacerates quantified
over 8 weeks after inoculation (» = 10 anemones per treatment and time
point). Values are means += SE. Apo, aposymbiotic; C3, Symbiodinium
phylotype C3; Sm, S. minutum; Smic, S. microadriaticum; St, S. trenchii;
Sv, S. voratum.
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tively. By comparison, aposymbiotic anemones grew 0.28% =+
0.88%.

Consistent with the differences in size and growth, after
8 weeks anemones colonized by S. minutum had produced
significantly more pedal lacerates than did anemones colo-
nized by the other symbionts (chi-square, Bonferroni post
hoc, P < 0.0001 for all comparisons; Fig. 4B). Symbiodinium
minutum-colonized anemones produced an average of 25 +
0.58 pedal lacerates per anemone between the start of the ex-
periment and week 8, compared to 12 + 1.48, 11 + 1.20, 7 +
1.11, and 5 + 0.85 pedal lacerates when in symbiosis with
S. microadriaticum, S. trenchii, S. voratum, and type C3, re-
spectively. By week 8, S. microadriaticum-colonized anemo-
nes produced a number of pedal lacerates similar to that pro-
duced by S. trenchii-colonized anemones, and both produced
a higher number of pedal lacerates than anemones inoculated
with S. voratum or type C3 (chi-square, Bonferroni post hoc,
P <0.05). Aposymbiotic anemones produced 8 + 0.76 pedal
lacerates per anemone by week 8, a number similar to that
produced by anemones inoculated with S. microadriaticum,
S. trenchii, or S. voratum (chi-square, Bonferroni post hoc,
P > 0.05 for all comparisons) but a significantly higher num-
ber than for anemones inoculated with C3 (chi-square, Bon-
ferroni post hoc, P < 0.05).

Discussion
Colonization success varies with symbiont identity

Colonization success varied with symbiont identity, with
the homologous Symbiodinium minutum being fastest to pro-
liferate and invade host tissues. Consistent with our results,
previous colonization studies have shown that symbiotic algae
are more immediately successful when originally isolated from
the same host species (Kinzie and Chee, 1979; Schoenberg and
Trench, 1980b; Davy et al., 1997; Belda-Baillie ef al., 2002;
Harii et al., 2009; Starzak et al., 2014). For example, Weis
et al. (2001) showed that homologous symbionts were able
to colonize nearly all Fungia scutaria larvae inoculated and
reach higher densities inside each larva than were heterolo-
gous symbionts, while some of these heterologous symbionts
could not colonize the larvae at all.

In contrast, some of the other symbionts in our study failed
or struggled to form a symbiosis with Aiptasia. In particular,
C3 was taken up by the host, but there was no evidence of
symbiont proliferation, while S. voratum did not persist in-
side the host beyond four weeks. Previous studies have like-
wise shown differential success of heterologous symbionts in
Aiptasia. For example, Belda-Baillie er al. (2002) reported
that adult Aiptasia could form only a limited symbiosis with
cultured Symbiodinium A and was unable to form a symbiosis
with a C-type and a free-living A-type, even after three months.
Furthermore, S. voratum has previously been reported to be
incapable of forming a symbiosis with both larval and adult
Aiptasia, a finding that is consistent with our observations here

(Xiang et al., 2013; Wolfowicz et al., 2016). Our results are,
however, somewhat different from those of Starzak et al.
(2014), who reported that S. voratum (culture ID CCMP421)
was, on occasion, able to proliferate rapidly and reach high
densities inside Aiptasia. The reason for the difference be-
tween this study and the current study is unclear—not least
given that the same cultures of Symbiodinium (CCMP421)
and Aiptasia (NZ1) were used in both studies—though it is
important to note that Starzak and coworkers also reported a
relatively low percentage of colonization success and a high
incidence of host mortality when anemones were inoculated
with S. voratum.

The failure of Symbiodinium C3 and S. voratum to prolifer-
ate and persist in Aiptasia, respectively, despite uptake from the
external environment, highlights the role of post-phagocytotic
events in the establishment of a successful symbiosis, includ-
ing the initiation of a functional molecular cross-talk between
the host and the symbiont. Exactly what this molecular cross-
talk involves remains unclear, though it is likely that mo-
lecular signals and/or nutritional interplay have a role in the
evasion of host immunity by the invading symbiont and the
prevention of symbiont loss via events such as host expulsion
or host-cell apoptosis (reviewed by Davy et al., 2012). The
failure of S. voratum to persist is not surprising given its free-
living origin, as well as the fact that this species is relatively
large compared to other symbiont species. We did not measure
cell size here; however, a recent paper by Biquand et al. (2017)
suggests that the colonization success of Symbiodinium in
Aiptasia is negatively correlated with symbiont cell size. Our
results, where different symbiont species or types had very dif-
ferent fates in symbiosis with Aiptasia, provide a baseline for
further study of the molecular signals and events that dictate
symbiosis success in this important model system.

While there were marked differences between the coloni-
zation success of the different symbionts, the spatial patterns
of colonization were very similar, with algae first appearing
in the oral disk before spreading to the tentacles, then the col-
umn, and, finally, the pedal disk. This pattern is perhaps not
surprising given that the oral disk is likely the first point of
contact between host and symbiont. The patchy pattern of sym-
biont proliferation in host tentacles (Fig. 2A) suggests that
algal clusters arise from mitotic division of a single invading
cell, with the algal symbionts moving either through the anem-
one’s tissue or via transport in the gastrovascular cavity.
Symbionts have been shown to pass between host cellular com-
partments during host oogenesis or in larvae in a range of cni-
darians (Benayahu et al., 1992; Benayahu and Schleyer, 1998;
Hirose et al., 2000, 2001; Davy and Turner, 2003; Marlow and
Martindale, 2007); however, the putative migration distances
to generate the patterns seen in our study, even in small adult
Aiptasia, would be much greater, and, hence, this mechanism
of proliferation seems implausible here. It is more likely that
the symbionts exit host cells, move through the gastrovascu-
lar cavity via ciliary water currents, and invade other host cells
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elsewhere in the animal. While as a result of the technical
limitations of our confocal method we could not confirm the
presence of symbiont cells in the gastrovascular cavity of the
tentacles, Parrin ef al. (2012, 2016) observed within-colony sym-
biont migration in soft corals as a response to thermal stress,
providing support for this proposed mechanism. This topic
warrants detailed investigation.

Host photophysiology and performance

Host photophysiology and performance were clearly influ-
enced by Symbiodinium identity, consistent with previous obser-
vations of differential photosynthetic performance in differ-
ent Symbiodinium types (Rowan, 2004; Goulet et al., 2005;
Berkelmans and van Oppen, 2006; Loram et al., 2007; Cantin
et al., 2009). The homologous S. minutum was the most pro-
ductive at the whole-symbiosis level and most beneficial with
respect to host growth and pedal laceration, consistent with the
carbon flux model of Starzak et al. (2014) for this same host-
symbiont combination. In contrast, S. microadriaticum and
S. trenchii successfully colonized Aiptasia, reaching relatively
high population densities (though not as high as S. minutum),
but did not contribute substantially to host growth and prolif-
eration. As expected, given the inverse relationship between
symbiont density and CO, availability for photosynthesis (Davy
and Cook, 2001), the lower density of these two heterologous
symbionts relative to the homologous S. minutum elevated
their photosynthetic rates per cell (data not shown); but this
partial (with S. microadriaticum) or total (with S. trenchii) oft-
set of total symbiosis photosynthesis was insufficient to gen-
erate comparable rates of host growth and asexual reproduc-
tion. In the case of S. microadriaticum, the low symbiont
density may partially explain the relatively low photosynthetic
rate of anemones colonized by this species compared to that of
those colonized by S. minutum. However, the situation in the
S. trenchii-colonized anemones was different, as their photo-
synthetic rate was similar to that of the S. minutum-colonized
anemones. It therefore seems likely that S. trenchii released
less of its photosynthate to the host, consistent with previous
observations for some members of clade D (Cantin et al.,
2009; Jones and Berkelmans, 2010). A further possibility is
that S. frenchii is more energetically costly to maintain than
S. minutum, though this is not supported by the respiration
rates measured in our study, which were unaffected by symbi-
ont identity. Previous evidence that some heterologous Sym-
biodinium taxa are energetically costly when in symbiosis with
Aiptasia comes from Starzak et al. (2014), who found that
S. voratum and type F5.1 induced high rates of host respiration
that countered any photosynthetic benefits and ultimately led
to a low P: R ratio and little scope for host growth and repro-
duction; these authors did not study the impacts of S. trenchii,
however. The disadvantages of harboring some members of
Symbiodinium clade D on host fitness have been reported pre-
viously. For example, when adult and juvenile Acropora sp.

associated with Symbiodinium from clade D, they exhibited a
decrease in lipid storage, egg size, and overall colony growth,
compared to when they hosted Symbiodinium C2/1 (Little et al.,
2004; Jones and Berkelmans, 2011).

The behavior of S. microadriaticum and S. trenchii is in-
teresting because it is consistent with the cheater strategy ex-
hibited by many parasites, as well as strains of the typically
mutualistic Rhizobium in plants, where colonization is not as-
sociated with any discernible benefit for the host (Herre et al.,
1999; Sachs and Simms, 2006; Sachs et al., 2010, 2011). Pre-
vious studies have similarly suggested that several members of
Symbiodinium clades A and D are less beneficial than those of,
for example, clades B and C (Cantin et al., 2009; Mieog et al.,
2009; Jones and Berkelmans, 2010; Stat and Gates, 2011; Les-
seretal.,2013). How these symbiont species persisted in Aipta-
sia is currently unknown, but they might somehow evade the
host’s immune responses and regulatory pathways and draw re-
serves from the host to support their metabolism and growth
while providing little or no photosynthetically fixed carbon to
the host in return. Further research on the differential regula-
tion of these symbiont populations and the exchange of metab-
olites between the partners will help shed light on this matter.
Ultimately, this information will enable us to better under-
stand the long-term implications of harboring more versus
fewer beneficial symbionts, especially in terms of the ability
of coral reefs to recover from bleaching events and adapt, as
our climate warms.

Acknowledgments

This work was supported by a Victoria University of Wel-
lington postgraduate scholarship to YG. This project was funded
by the Marsden Fund of the Royal Society of New Zealand,
grant 1202, to SKD and VMW. We thank Dr. Mark Warner
and another anonymous reviewer for their helpful comments.

Literature Cited

Baker, A. C.2003. Flexibility and specificity in coral-algal symbiosis: di-
versity, ecology, and biogeography of Symbiodinium. Annu. Rev. Ecol.
Evol. Syst. 34: 661-689.

Baumgarten, S., O. Simakov, L. Y. Esherick, Y. J. Liew, E. M. Lehnert,
C. T. Michell, Y. Li, E. A. Hambleton, A. Guse, M. E. Oates ef al.
2015. The genome of Aiptasia, a sea anemone model for coral symbi-
osis. | NG 112: 11893-11898.

Belda-Baillie, C. A., B. K. Baillie, and T. Maruyama. 2002. Specificity
of a model cnidarian-dinoflagellate symbiosis. RigleRul. 202: 74-85.

Benayahu, Y., and M. H. Schleyer. 1998. Reproduction in Anthelia
glauca (Octocorallia: Xeniidae). I. Gametogenesis and larval brooding.
Mar. Biol. 131: 423-432.

Benayahu, Y., D. Weil, and Z. Malik. 1992. Entry of algal symbionts into
oocytes of the coral Litophyton arboreum. jossidgatmgld 24: 473—482.
Berkelmans, R., and M. J. H. van Oppen. 2006. The role of zooxanthel-
lae in the thermal tolerance of corals: a “nugget of hope” for coral reefs in

an era of climate change. || N NN 273: 2305-2312.

Biquand, E., N. Okubo, Y. Aihara, V. Rolland, D. C. Hayward,

M. Hatta, J. Minagawa, T. Maruyama, and S. Takahashi. 2017.

This content downloaded from 128.193.154.084 on June 06, 2018 13:21:51 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journal s.uchicago.edu/t-and-c).


https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=18621218&citationId=p_6
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=26324906&citationId=p_3
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=16928632&citationId=p_7
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&system=10.2307%2F1543224&citationId=p_4

SYMBIOSIS ESTABLISHMENT IN AIPTASIA 9

Acceptable symbiont cell size differs among cnidarian species and may
limit symbiont diversity. [SMEJL 11: 1702-1712.

Bradford, M. M. 1976. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-dye
binding. gusslmisasis. 72: 248-254.

Cantin, N. E., M. J. H. van Oppen, B. L. Willis, J. C. Mieog, and
A. P. Negri. 2009. Juvenile corals can acquire more carbon from high-
performance algal symbiosis. Coral Reefs 28: 405-414.

Chang, S. S., B. B. Prézelin, and R. K. Trench. 1983. Mechanisms of
photoadaptation in three strains of the symbiotic dinoflagellate Symbio-
dinium microadriaticum. Mar. Biol. 76: 219-229.

Coffroth, M. A., D. M. Poland, E. L. Petrou, D. A. Brazeau, and J. C.
Holmberg. 2010. Environmental symbiont acquisition may not be the
solution to warming seas for reef-building corals. QLgSsQug 5: €13258.

Davy, S., and C. Cook. 2001. The relationship between nutritional status
and carbon flux in the zooxanthellate sea anemone Aiptasia pallida.
Mar. Biol. 139: 999-1005.

Davy, S. K., and J. R. Turner. 2003. Early development and acquisition
of zooxanthellae in the temperate symbiotic sea anemone Anthopleura
ballii (Cocks). RigleRild. 205: 66-72.

Davy, S. K., I. A. N. Lucas, and J. R. Turner. 1997. Uptake and persis-
tence of homologous and heterologous zooxanthellae in the temperate
sea anemone Cereus pedunculatus (Pennant). RigleBuld 192: 208-216.

Davy, S. K., D. Allemand, and V. M. Weis. 2012.  Cell biology of cnidarian-
dinoflagellate symbiosis. || N [ N SN 76: 229-261.

Fitt, W. K., S. S. Chang, and R. K. Trench. 1981. Motility patterns of differ-
ent strains of the symbiotic dinoflagellate Symbiodinium (=Gymnodinium)
microadriaticum (Freudenthal) in culture. Bull. Mar. Sci. 31: 436—443.

Goulet, T. L., C. B. Cook, and D. Goulet. 2005. Effect of short-term ex-
posure to elevated temperatures and light levels on photosynthesis of dif-
ferent host-symbiont combinations in the Aiptasia pallida-Symbiodinium
symbiosis. Limnol. Oceanogr. 50: 1490-1498.

Harii, S., N. Yasuda, M. Rodriguez-Lanetty, T. Irie, and M. Hidaka.
2009. Onset of symbiosis and distribution patterns of symbiotic dino-
flagellates in the larvae of scleractinian corals. Mar. Biol. 156: 1203—1212.

Hennige, S. J., D. J. Suggett, M. E. Warner, K. E. McDougall, and D. J.
Smith. 2009. Photobiology of Symbiodinium revisited: bio-physical
and bio-optical signatures. Coral Reefs 28: 179-195.

Herre, E. A., N. Knowlton, U. G. Mueller, and S. A. Rehner. 1999. The
evolution of mutualisms: exploring the paths between conflict and coop-
eration. [T 14: 40-53.

Hirose, M., R. A. Kinzie III, and M. Hidaka. 2000. Early development
of zooxanthella-containing eggs of the corals Pocillopora verrucosa and
P. eydouxi with special reference to the distribution of zooxanthellae.
BigleBull. 199: 68-75.

Hirose, M., R. Kinzie, and M. Hidaka. 2001. Timing and process of en-
try of zooxanthellae into oocytes of hermatypic corals. Coral Reefs 20:
273-280.

Iglesias-Prieto, R., V. H. Beltran, T. C. LaJeunesse, H. Reyes-Bonilla,
and P. E. Thome. 2004. Different algal symbionts explain the vertical
distribution of dominant reef corals in the eastern Pacific. ity
Bislcinl 271: 1757-1763.

Jeong, H. J., Y. Du Yoo, N. S. Kang, A. S. Lim, K. A. Seong, S. Y. Lee,
M. J. Lee, K. H. Lee, H. S. Kim, W. Shin et al. 2012. Heterotrophic
feeding as a newly identified survival strategy of the dinoflagellate Sym-
biodinium. || G 109: 12604-12609.

Jones, A., and R. Berkelmans. 2010. Potential costs of acclimatization to
a warmer climate: growth of a reef coral with heat tolerant vs. sensitive
symbiont types. gl 5: ¢10437.

Jones, A. M., and R. Berkelmans. 2011. Tradeoffs to thermal acclima-
tion: energetics and reproduction of a reef coral with heat tolerant
Symbiodinium type-D. J. Mar. Biol. 2011: 1-12.

Kinzie, R. A., II1, and G. S. Chee. 1979. The effect of different zooxan-
thellae on the growth of experimentally reinfected hosts. RigleRl 156:
315-327.

LaJeunesse, T. C. 2002. Diversity and community structure of symbiotic
dinoflagellates from Caribbean coral reefs. Mar. Biol. 141: 387-400.

LaJeunesse, T. C., D. J. Thornhill, E. F. Cox, F. G. Stanton, W. K. Fitt,
and G. W. Schmidt. 2004. High diversity and host specificity ob-
served among symbiotic dinoflagellates in reef coral communities from
Hawaii. Coral Reefs 23: 596-603.

Leal, M. C., K. Hoadley, D. T. Pettay, A. Grajales, R. Calado, and M. E.
Warner. 2015. Symbiont type influences trophic plasticity of a model
cnidarian-dinoflagellate symbiosis. Josknsieiiad 218: 858-863.

Lesser, M. P., M. Stat, and R. D. Gates. 2013. The endosymbiotic dino-
flagellates (Symbiodinium sp.) of corals are parasites and mutualists.
Coral Reefs 32: 603-611.

Little, A. F., M. J. H. van Oppen, and B. L. Willis. 2004.  Flexibility in al-
gal endosymbioses shapes growth in reef corals. Sgiguce 304: 1492-1494.

Loram, J. E., H. G. Trapido-Rosenthal, and A. E. Douglas. 2007.
Functional significance of genetically different symbiotic algae Symbio-
dinium in a coral reef symbiosis. ddgbefaggd 16: 4849-4857.

Marlow, H. Q., and M. Q. Martindale. 2007. Embryonic development
in two species of scleractinian coral embryos: Symbiodinium localization
and mode of gastrulation. fugkellgy. 9: 355-367.

Matthews, J. L., A. E. Sproles, C. A. Oakley, A. R. Grossman, V. M.
Weis, and S. K. Davy. 2015. Menthol-induced bleaching rapidly
and effectively provides experimental aposymbiotic sea anemones (Aip-
tasia sp.) for symbiosis investigations. Josksiekigd. 219: 306-310.

Mieog, J. C., J. L. Olsen, R. Berkelmans, S. A. Bleuler-Martinez, B. L.
Willis, and M. J. H. van Oppen. 2009. The roles and interactions of
symbiont, host and environment in defining coral fitness. Shgaeiliag 4:
e6364.

Parrin, A. P., K. L. Harmata, S. E. Netherton, M. A. Yaeger, L. S. Bross,
and N. W. Blackstone. 2012. Within-colony migration of symbionts
during bleaching of octocorals. RigleBuld. 223: 245-256.

Parrin, A. P., T. L. Goulet, M. A. Yaeger, L. S. Bross, C. S. McFad-
den, and N. W. Blackstone. 2016. Symbiodinium migration miti-
gates bleaching in three octocoral species. J. Exp. Mar. Biol. Ecol. 474:
73-80.

Pettay, D. T., and T. C. Lajeunesse. 2009. Microsatellite loci for assess-
ing genetic diversity, dispersal and clonality of coral symbionts in “stress-
tolerant” . 9:1022-1025.

Pettay, D. T., D. C. Wham, R. T. Smith, R. Iglesias-Prieto, and T. C.
LaJeunesse. 2015. Microbial invasion of the Caribbean by an Indo-
Pacific coral zooxanthella. || | | N N NN 112: 7513-7518.

Pochon, X., and R. D. Gates. 2010. A new Symbiodinium clade (Dino-
phyceae) from soritid foraminifera in Hawai‘i. || SR
56: 492-497.

Robison, J. D., and M. E. Warner. 2006. Differential impacts of pho-
toacclimation and thermal stress on the photobiology of four different
phylotypes of Symbiodinium (Pyrrhophyta). J. Phycol. 42: 568-579.

Roth, M. S. 2014. The engine of the reef: photobiology of the coral-algal
symbiosis. | 5: 422.

Rowan, R. 2004. Coral bleaching: thermal adaptation in reef coral symbi-
onts. Nature 430: 742.

Sachs, J. L., and E. L. Simms. 2006. Pathways to mutualism breakdown.
I 21: 585-592.

Sachs, J. L., M. Ehinger, and E. L. Simms. 2010.  Origins of cheating and
loss of symbiosis in wild Bradyrhizobium. juigligd 23: 1075-1089.

Sachs, J. L., C. J. Essenberg, and M. M. Turcotte. 2011. New para-
digms for the evolution of beneficial infections. ji—— 26:
202-2009.

Schoenberg, D. A., and R. K. Trench. 1980a. Genetic variation in
Symbiodinium (= Gymnodinium) microadriaticum Freudenthal, and spec-
ificity in its symbiosis with marine invertebrates. I. Isoenzyme and soluble
protein patterns of axenic cultures of Symbiodinium microadriaticum.
Proc. R. Soc. Biol. Sci. B 207: 405-427.

Schoenberg, D. A., and R. K. Trench. 1980b. Genetic variation in Sym-
biodinium (=Gymnodinium) microadriaticum Freudenthal, and specificity

This content downloaded from 128.193.154.084 on June 06, 2018 13:21:51 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journal s.uchicago.edu/t-and-c).


https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&system=10.2307%2F1542715&citationId=p_15
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=25202301&citationId=p_45
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=15178799&citationId=p_34
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&system=10.2307%2F1542708&citationId=p_23
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=21371775&citationId=p_49
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=20949064&citationId=p_12
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=19629182&citationId=p_38
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=26034268&citationId=p_42
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=20454653&citationId=p_27
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=942051&citationId=p_9
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=22688813&citationId=p_16
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=15306800&citationId=p_46
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=17868294&citationId=p_35
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&system=10.1086%2FBBLv223n2p245&citationId=p_39
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=20371383&citationId=p_43
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=25617454&citationId=p_32
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=16828927&citationId=p_47
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=17651360&citationId=p_36
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=15306298&citationId=p_25
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=15306298&citationId=p_25
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&system=10.2307%2F1543446&citationId=p_14
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&system=10.2307%2F1540920&citationId=p_29
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=10234251&citationId=p_22
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=20345811&citationId=p_48
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=26596538&citationId=p_37
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=21564826&citationId=p_41
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=22814379&citationId=p_26
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=28323278&citationId=p_8

10 Y. GABAY ET AL.

in its symbiosis with marine invertebrates. III. Specificity and infectivity of
Symbiodinium microadriaticum. Proc. R. Soc. Biol. Sci. B 207: 445-460.

Silverstein, R. N., R. Cunning, and A. C. Baker. 2015. Change in algal
symbiont communities after bleaching, not prior heat exposure, increases
heat tolerance of reef corals. | uiunS—————. 21: 236-249.

Starzak, D. E., R. G. Quinnell, M. R. Nitschke, and S. K. Davy.
2014. The influence of symbiont type on photosynthetic carbon flux
in a model cnidarian-dinoflagellate symbiosis. Mar. Biol. 161: 711-724.

Stat, M., and R. D. Gates. 2011. Clade D Symbiodinium in scleractinian
corals: a “nugget” of hope, a selfish opportunist, an ominous sign, or all
of the above? J. Mar. Biol. 2011: 1-9.

Wang, J.-T., Y.-Y. Chen, K. S. Tew, P.-J. Meng, and C. A. Chen.
2012. Physiological and biochemical performances of menthol-induced
aposymbiotic corals. ShgsGig 7: e46406.

Weis, V. M., W. S. Reynolds, M. D. deBoer, and D. A. Krupp. 2001.
Host-symbiont specificity during onset of symbiosis between the dino-

flagellates Symbiodinium spp. and planula larvae of the scleractinian coral
Fungia scutaria. Coral Reefs 20: 301-308.

Weis, V. M, S. K. Davy, O. Hoegh-Guldberg, M. Rodriguez-Lanetty,
and J. R. Pringle. 2008. Cell biology in model systems as the key
to understanding corals. [u———— 23: 369-376.

Wolfowicz, 1., S. Baumgarten, P. A. Voss, E. A. Hambleton, C. R.
Voolstra, M. Hatta, and A. Guse. 2016. Aiptasia sp. larvae as amodel
to reveal mechanisms of symbiont selection in cnidarians. Sci. Rep. 6:
32366.

Xiang, T., E. A. Hambleton, J. C. Denofrio, J. R. Pringle, and A. R.
Grossman. 2013.  Isolation of clonal axenic strains of the symbiotic dino-
flagellate Symbiodinium and their growth and host specificity. Jolalaaad
49: 447-458.

Yuyama, 1., T. Nakamura, T. Higuchi, and M. Hidaka. 2016. Different
stress tolerances of juveniles of the coral Acropora tenuis associated with
clades C1 and D Symbiodinium. Zool. Stud. 55: 1-9.

This content downloaded from 128.193.154.084 on June 06, 2018 13:21:51 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journal s.uchicago.edu/t-and-c).


https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=23029512&citationId=p_57
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=27007034&citationId=p_61
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=18501991&citationId=p_59
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F696365&pmid=25099991&citationId=p_52

