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Abstract
Reef-building corals form nutritional symbioses with endosymbiotic dinoflagellates 
(Symbiodiniaceae), a relationship that facilitates the ecological success of coral reefs. 
These symbionts are mostly acquired anew each generation from the environment 
during early life stages (“horizontal transmission”). Symbiodiniaceae species exhibit 
trait variation that directly impacts the health and performance of the coral host 
under ocean warming. Here, we test the capacity for larvae of a horizontally trans-
mitting coral, Acropora tenuis, to establish symbioses with Symbiodiniaceae species 
in four genera that have varying thermal thresholds (the common symbiont genera, 
Cladocopium and Durusdinium, and the less common Fugacium and Gerakladium). Over 
a 2-week period in January 2018, a series of both no-choice and four-way choice 
experiments were conducted at three temperatures (27, 30, and 31°C). Symbiont 
acquisition success and cell proliferation were measured in individual larvae. Larvae 
successfully acquired and maintained symbionts of all four genera in no-choice exper-
iments, and >80% of larvae were infected with at least three genera when offered a 
four-way choice. Unexpectedly, Gerakladium symbionts increased in dominance over 
time, and at high temperatures outcompeted Durusdinium, which is regarded as ther-
mally tolerant. Although Fugacium displayed the highest thermal tolerance in culture 
and reached similar cell densities to the other three symbionts at 31°C, it remained 
a background symbiont in choice experiments, suggesting host preference for other 
symbiont species. Larval survivorship at 1 week was highest in larvae associated with 
Gerakladium and Fugacium symbionts at 27 and 30°C, however at 31°C, mortality 
was similar for all treatments. We hypothesize that symbionts that are currently rare 
in corals (e.g., Gerakladium) may become more common and widespread in early life 
stages under climate warming. Uptake of such symbionts may function as a survival 
strategy in the wild, and has implications for reef restoration practices that use sexu-
ally produced coral stock.
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1  |  INTRODUC TION

Coral bleaching events are increasing in severity, duration, and 
frequency globally with recovery windows shortening between 
heating events; for example, Australia's Great Barrier Reef in 2016, 
2017, and 2020 (Hughes et al., 2019; Thiault et al., 2020), Kāneʻohe 
Bay, O‘ahu, Hawai‘i in 2014, 2015, and 2019 (Matsuda et al., 2020; 
Ritson-Williams & Gates, 2020), Mo'orea, French Polynesia in 2002 
(Penin et al., 2007) and 2019 (Burgess et al., 2021), and the Florida 
Keys in 2014 and 2015 (Fisch et al., 2019). In order to replenish reefs 
following mortality events, the recovery and persistence of reefs 
depend on reproduction, recruitment, and survival of new coral off-
spring (Doropoulos et al., 2015). However, bleaching compromises 
the reproductive capacity of surviving corals (Baird & Marshall, 
2002; Howells et al., 2016; Johnston et al., 2020; Ward et al., 2002), 
making the survival of available offspring even more critical for reef 
persistence (Hughes et al., 2019; Ward et al., 2002). Growth and sur-
vival of early coral life stages through the recruitment bottleneck 
is contingent upon the successful establishment of symbiosis with 
algal endosymbionts (family: Symbiodiniaceae) that provide coral 
nutrition through photosynthetically fixed carbon (Aranda et al., 
2016; Harii et al., 2010). However, the influence of thermal stress 
on the timing and success of establishing symbiosis and subsequent 
proliferation of the symbiont population within the host is not well 
understood.

Corals acquire their algal symbionts through three strategies: ver-
tical transmission: directly from the parent colony; horizontal trans-
mission: from the surrounding environment (Cumbo et al., 2013); or 
mixed-mode transmission: a combination of the two (Quigley et al., 
2018). Horizontal transmission is the most widespread mode of ac-
quisition for reef-building corals (Baird et al., 2009; Fadlallah, 1983), 
and symbioses are established either in larval or post-settlement 
stages (i.e., recruits). Coral larvae primarily utilize endogenous en-
ergy reserves (i.e., lipids) during development, however, symbionts 
may provide an additional source of nutrition (Harii et al., 2007). 
Associating with algal symbionts at the larval stage can have fit-
ness consequences, such as a higher settlement rate in Lobactis scu-
taria (Schwarz et al., 1999) and greater survival in Acropora yongei 
(Suzuki et al., 2013). However, these effects are variable and species 
specific—for example, establishment of symbiosis had no effect on 
settlement in Platygyra acuta (Ng et al., 2019), and even reduced sur-
vival in Orbicella faveolata larvae (Hartmann et al., 2018).

Of the currently described genera of Symbiodiniaceae 
(LaJeunesse et al., 2018, 2021; Nitschke et al., 2020; Pochon & 
LaJeunesse, 2021), Symbiodinium, Breviolum, Cladocopium, and 
Durusdinium are most commonly associated with reef-building cor-
als (Baker, 2003). Although most corals associate with one or some-
times two dominant symbionts, additional species, in the same or 

different genera, may be present at background levels (<5%–10%). 
As molecular techniques have achieved higher resolution, sym-
bionts from less common genera have recently been identified in 
low proportions as subdominant or background coral symbionts in 
some species (Boulotte et al., 2016; Cunning et al., 2015; Qin et al., 
2019; Stat et al., 2013). For example, Gerakladium has been found 
with Stylophora pistillata (van Oppen et al., 2005), Merulina ampli-
ata (G3: 2.3% relative abundance), Platygyra daedalea (G3: 3.3% rel-
ative abundance), Porites lutea (G3: 1.9% relative abundance), and 
Hydnophora exesa (Qin et al., 2019). Fugacium is the dominant symbi-
ont in only a single hermatypic coral, Alveopora japonica (F-Ajap) (De 
Palmas et al., 2015), and has also been found in background symbio-
ses, for example, with P. lutea (<0.1% relative abundance; Qin et al., 
2019) (Teschima et al., 2019). However, the influence of background 
symbionts on holobiont performance is still largely unknown.

Symbiodiniaceae species display differential functional perfor-
mance and nutritional characteristics, and therefore it is critically 
important to understand how symbiosis dynamics impact survival 
during coral early life history. Symbiodiniaceae provide photosyn-
thetic products to the host (Muscatine & Cernichiari, 1969), but the 
quality and quantity of translocated photosynthates varies among 
symbiont species, which can have important implications for per-
formance (Cantin et al., 2009; Stat et al., 2008). Coral flexibility in 
algal symbiont association is a potentially beneficial trait, allowing 
the host to respond to the current environmental conditions by se-
lecting the most appropriate symbiont(s); however, there may also 
be negative impacts to the host. Association with Durusdinium could 
be an adaptive response to warming oceans because Durusdinium 
species often confer greater thermal tolerance to their hosts than 
Cladocopium (Berkelmans & van Oppen, 2006; Glynn et al., 2001; 
Manzello et al., 2019; Rowan, 2004; Silverstein et al., 2015; however, 
see Abrego et al., 2008). For example, Montipora capitata associates 
with both Cladocopium and Durusdinium symbionts (Stat et al., 2011) 
and exhibits physiological trade-offs between these partners (Wall 
et al., 2020). Durusdinium confers higher coral thermal tolerance on 
its host, but it is also known to provide less nutrition (carbon translo-
cation) to the host than Cladocopium (Cantin et al., 2009), which may 
affect host performance during ambient temperature conditions 
(Jones & Berkelmans, 2010, 2011; Wall et al., 2020).

There is evidence of symbiotic flexibility in larval and recruit 
stages, where early life stages have been found to associate with 
more or different types of symbionts than adults (Abrego et al., 
2009b; Gómez-Cabrera et al., 2008; Little et al., 2004). For ex-
ample, Acropora tenuis larvae and juveniles can be dominated by 
Durusdinium, Cladocopium, or a mixture, despite most adult colonies 
being dominated by Cladocopium (Little et al., 2004; Yamashita et al., 
2021). Recently, low levels of Fugacium sp. were found in A. tenuis 
juveniles, which has not yet been observed in adults (Quigley et al., 
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2016). After symbionts are incorporated into the host's gastroder-
mal cells (i.e., “infection”), there is a “winnowing” period during which 
the symbiont community stabilizes and reflects adult symbiotic as-
sociations (Gómez-Cabrera et al., 2008; Rodriguez-Lanetty et al., 
2006). Early life history symbiosis flexibility therefore provides a 
window of opportunity for symbiotic flexibility to provide survival 
advantages. It is critical to understand how symbiotic flexibility in 
early life stages is affected by, and mediates response to, climate 
change driven ocean warming, and whether rare symbionts may 
present benefits and/or trait trade-offs.

In laboratory settings, inoculation experiments have evaluated 
the capacity for different symbionts to associate with and prolifer-
ate within coral larvae (Bay et al., 2011; Cumbo et al., 2013; Schwarz 
et al., 1999). The majority of these studies were no-choice exper-
iments where corals were exposed to a single symbiont species 
(Rodriguez-Lanetty et al., 2006; Schwarz et al., 1999; Weis et al., 
2001; Yakovleva et al., 2009) and demonstrated that symbionts 
found naturally in symbiosis with adult corals (i.e., homologous) have 
greater infectivity and proliferation than those that are not naturally 
dominant (i.e., heterologous). Multi-genus infections can provide 
further insights on symbiont infection under competition and have 
been studied in other cnidarian-Symbiodiniaceae models, including 
sea anemones (Gabay et al., 2019; Herrera et al., 2020) and an octo-
coral (McIlroy et al., 2019); however, no studies to date have exam-
ined infection dynamics of more than two Symbiodiniaceae genera 
in scleractinian corals.

Association with rare symbionts with enhanced thermal thresh-
olds could be a product of host adaptive responses, competition 
among symbionts, or early life history acquisition of symbionts that 
are maintained at low abundances. The use of next generation se-
quencing has resulted in an increase in our capacity to identify rare 
background symbionts in corals (Silverstein et al., 2012), and has 
provided evidence of symbiont assemblages changing (i.e., “switch-
ing” or “shuffling”) in response to heat stress (Boulotte et al., 2016; 
Cunning et al., 2018; Rouzé et al., 2017; but see Stat et al., 2009). 
Although rare, there is evidence that coral-Symbiodiniaceae partner-
ships change when a new symbiont becomes available. Durusdinium 
trenchii was recently introduced into the Caribbean and there has 
been an increase in dominance of this symbiont species over the 
past few decades in many coral species in the Caribbean (e.g., spe-
cies here; Pettay et al., 2015). Durusdinium trenchii confers increased 
bleaching resistance to the host over conspecifics associated with 
historic partners (Manzello et al., 2019; Rowan et al., 1997). Coral–
algal associations in adult corals also vary across environmental gra-
dients, including marginal and extreme environments. For example, 
Goniastrea aspera, which associates with Cladocopium in “optimal” 
sites, forms symbiosis with Durusdinium in mangroves, characterized 
by high temperature and light conditions as well as high turbidity 
(Hennige et al., 2010). These differences in symbiont assemblages by 
environment may also impact fitness and performance under future 
climate change related stressors. Given variation in symbiotic rela-
tionships across environmental conditions, it is critical to evaluate 
how the environment drives symbiosis formation in early life stages.

Here, we investigated symbiont infection dynamics in four-way 
choice and no-choice experiments and tracked implications for coral 
larval survival under thermal stress. We hypothesized that larvae 
exposed to higher temperatures would (1) associate with a greater 
proportion of thermally tolerant Durusdinium than thermally sen-
sitive Cladocopium, and (2) exhibit reduced algal cell proliferation 
over time accompanied by higher larval mortality. We exposed lar-
vae of A. tenuis, a broadcast spawner and horizontal transmitter, to 
four species of Symbiodiniaceae in no-choice and four-way choice 
experiments over a 14  day period at 27, 30, and 31°C. Acropora 
tenuis is a common reef-building coral on the Great Barrier Reef, 
whose adult colonies mostly associate with Symbiodiniaceae in the 
genus Cladocopium (van Oppen et al., 2001). Juveniles can associ-
ate with Symbiodinium, Cladocopium (C1 predominantly, and other 
C-types), and/or Durusdinium (D, D1, D1a, and other D-types) (Little 
et al., 2004; Quigley et al., 2017; Quigley, Alvarez Roa, et al., 2020; 
Quigley, Randall, et al., 2020); Fugacium and Gerakladium have also 
been detected at background levels in juveniles (Quigley et al., 2017; 
Quigley, Alvarez Roa, et al., 2020; Quigley, Randall, et al., 2020). The 
four genera used here vary in their thermal tolerance (Fugacium > 
Gerakladium > Durusdinium > Cladocopium; Chakravarti et al., 2017; 
Chakravarti & van Oppen, 2018), but whether resilience is also con-
ferred to the host after infection has not been studied previously. 
Our results demonstrate that, surprisingly, when all four symbionts 
were offered to larvae in equal proportions, rare heterologous sym-
bionts were as, or more, successful relative to the common, homol-
ogous species in infecting and proliferating in the coral host across 
temperatures.

2  |  METHODS

2.1  |  Larval collection and Symbiodiniaceae culture

Six colonies of A. tenuis (Figure 1a) were collected from Falcon 
Island (18°46′E 146°32′S) in November 2017 (GBRMPA permit 
# G12/35236.1) 3  days before the full moon and held in tanks at 
the Australian Institute for Marine Science's (AIMS) National Sea 
Simulator (SeaSim) research facility (Townsville, Australia). After 
spawning on the evening of the full moon, gametes were pooled 
and fertilized as described in Chakravarti et al. (2019). Larvae were 
reared in ten 420 L flow-through tanks (0.4 μm filtered sea water, 
FSW) at ambient temperature (27°C) for 10  weeks until the pre-
sent experiment commenced (Figure S1). Acropora tenuis larvae 
remained competent (e.g., swimming, not deformed) despite their 
extended maintenance in tanks. While coral larvae can begin to set-
tle days to weeks post-spawning, the upper length of duration they 
are able to remain in the water column is not well known. A study 
of another acroporid, Acropora latistella, and four other species on 
the Great Barrier Reef found that after an initial drop in survivor-
ship during the first month, there was low mortality until 100 days, 
with some surviving past 200 days (Graham et al., 2008). In A. tenuis 
specifically, Graham et al. (2013) observed a median survivorship of 
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57 days, at which point larvae were observed to successfully settle. 
Additionally, Nishikawa et al. (2003) observed that when provided 
substrate at 60  days post-spawning, settlement occurred up to 9 
days later, highlighting the long duration that A. tenuis larvae can 
survive and settle. Lastly, another study used larvae from the same 
pool as this experiment within the same time frame and observed 
high larval survival and symbiont acquisition (Buerger et al., 2020).

Four Symbiodiniaceae species in four genera were used in the 
experiment. These symbiont cultures were originally isolated from 

four coral species from the Great Barrier Reef and subsequently 
grown from a monoclonal culture and described in Chakravarti and 
van Oppen (2018) and Chakravarti et al. (2017) (Table 1). Cultures 
include Cladocopium C1acro (previously referred to as Cladocopium 
goreaui; Beltrán et al., 2021), Durusdinium sp., Fugacium kawagutii, 
and Gerakladium sp., formerly types C1, D1, F1, and G3, respec-
tively, and hereafter referred to solely by their generic epithets. In 
vitro tolerance for each culture was determined previously for tem-
peratures where cultures experienced positive growth and was as 

F I G U R E  1  Adult Acropora tenuis colony (a) fluorescent microscopy of an Acropora tenuis larva (b) (red: Symbiodiniaceae; green: green 
fluorescent protein). (c) Acropora tenuis larvae and algal cultures were acclimated at 27, 30, or 31°C. Symbiont acquisition treatments 
included no-choice (Cladocopium, Durusdinium, Fugacium, or Gerakladium; 3x per temperature) and four-way choice (equal mix of all four 
species). A single jar of aposymbiotic larvae was kept at each temperature. Photo: Hannah Epstein (a), S. Matsuda (b)

(c)(a)

(b)

TA B L E  1  Symbiodiniaceae cultures used in acquisition experiments from the Australian Institute of Marine Science (Chakravarti & van 
Oppen, 2018)

Species Strain ID
ITS2 
type

Years in 
culture Host species, location GenBank accession number

Cladocopium C1acro SCF 055–01.10 C1 7 Acropora tenuis, Nelly Bay, 
Magnetic Island, Australia

MK027323.1 (Alvarez-Roa,C. 
and van Oppen, M.J.)

Durusdinium sp. SCF 086.01 D1 6 Porites lobata, Davies Reef, 
Australia

MH229353.1(Alvarez-Roa, C. 
and van Oppen, M.J.)

Fugacium kawagutii SCF 089.01 F1 12 Pocillopora damicornis, Heron 
Island; obtained from the 
University of Technology 
Sydney

MK007305.1 (Alvarez-Roa,C. 
and van Oppen, M.J.)

Gerakladium sp. SCF 097.01 G3 5 Diploastrea heliopora, Davies Reef, 
Australia

MH229354.1 (Alvarez-Roa,C. 
and van Oppen, M.J.)

Cladocopium C1acro (Beltrán et al., 2021) has previously been referred to as Cladocopium goreaui.
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follows: Cladocopium 27°C, Durusdinium 30°C, Fugacium 34°C, and 
Gerakladium 31°C (Chakravarti et al., 2017; Chakravarti & van Oppen, 
2018). They were selected for their varying in vitro thermal toler-
ances, with the higher in vitro thermal tolerance of the rare species 
compared to the common and homologous symbiont (Cladocopium) 
being an important selection criterion. Symbiodiniaceae used in 
this experiment have been maintained in culture (Daigo's IMK, 1% 
w/v; Nihon Pharmaceutical) at the AIMS Symbiont Culture Facility: 
Cultures were kept at 27°C in a Steridium E500 growth chamber on 
a 14:10 h light/dark cycle at 65 ± 10 μmol photons m−2 s−1 (Sylvania 
FHO24W/T5/865 fluorescent tubes). The Cladocopium C1acro symbi-
ont culture has been previously used successfully in infection stud-
ies of larval A. tenuis (Buerger et al., 2020), and Acropora spathula 
(Quigley, Alvarez Roa, et al., 2020; Quigley, Randall, et al., 2020), 
juvenile A. tenuis (Damjanovic et al., 2019), and adults of seven 
other non-acroporid species (unpublished; pers. comm. M. J. H. van 
Oppen).

2.2  |  Experimental design

Larvae in this experiment were exposed to Symbiodiniaceae cul-
tures under three temperature treatments (Figure 1c) (in Steridium 
E500 growth chambers). Prior to the start of larval inoculation ex-
periments, aliquots of both larvae and Symbiodiniaceae were accli-
mated for 4 days at 27 (ambient), 30 and 31°C under light conditions 
described above. Approximately 15,000 A. tenuis larvae were dis-
tributed across three 3 L glass jars (n = approx. 5000 larvae per jar) 
in 0.2 µm FSW with one jar incubated at each temperature. After 
acclimation, larvae in each temperature were transferred into 16 
transparent 500  ml plastic jars, which were preconditioned in re-
verse osmosis water for 72 h prior to the experiment, for inocula-
tion treatments (n = 225–250  larvae per jar). Treatments included 
no-choice exposures to each of the four species individually and a 
four-way choice exposure (mixture of all four species in equal pro-
portions). Each of these five treatments were replicated in three 
jars at each of the three temperatures, along with one jar per tem-
perature of aposymbiotic controls (N  =  48 jars). Symbiodiniaceae 
cell densities in each culture at each temperature treatment were 
counted on a hemocytometer and the algae were added to larval jars 
to achieve a final density of 3 × 104 cells/ml. To achieve high initial 
exposure densities, larvae were inoculated in 100 ml of 0.2 µm FSW 
for 72 h, thereafter the volume was increased to 400 ml with 50% 
water changes via pipette every 2–3  days for the duration of the 
experiment.

2.3  |  Sampling for in hospite Symbiodiniaceae 
cell density

Symbiodiniaceae cell densities in A. tenuis larvae were measured 
on days 3, 7, and 14 during the inoculation experiment; this time 
frame was chosen because previous A. tenuis acquisition studies 

have reported 100% infection rates by days 3–6 (Bay et al., 2011; 
Yamashita et al., 2014). Cell densities were measured by sampling 
20 larvae per jar, however, this sample size was reduced at later time 
points as numbers declined due to mortality, which is discussed 
below. Larvae were rinsed twice in 0.2  µm FSW and individually 
flash frozen in liquid nitrogen at each time point and stored at −80°C 
for measurement of cell density using Droplet Digital PCR (ddPCR, 
described below). Additionally, three larvae per jar were sampled 
and symbiont cells were immediately counted under a fluorescent 
microscope or by hemocytometer (3 replicates of 3 larvae per jar) 
(Figure 1b). The fluorescent microscope method was chosen for the 
initial time point (day 3) due to higher detection capacity at lower 
densities (larvae were placed under a coverslip with approximately 
200 µl of FSW and lightly depressed). Symbionts were visualized by 
red chlorophyll fluorescence and total cells were counted for each 
larva. Cell densities were measured using a hemocytometer on days 
7 and 14 of the experiment—larvae were pooled from each jar, son-
icated in 70  µl of FSW, and counted in two replicate counts on a 
hemocytometer. Fluorescent microscope and hemocytometer count 
data were used to analyze acquisition success (binary response) and 
cell density (cells per larvae) during the experiment. Relative abun-
dance comparisons were analyzed using ddPCR data (described 
below). Symbiont densities measured by hemocytometer and/or 
epifluorescence did not differ significantly from those measured by 
ddPCR (Figure S2; Table S1).

2.4  |  DNA extraction and ddPCR

Genomic DNA was extracted from individual larvae using the pro-
tocol outlined in (Wilson et al., 2002). Briefly, samples were placed 
in an extraction buffer (100 mm Tris pH 9.0, 100 mm EDTA, 100 mm 
NaCl, 1% SDS, and MilliQ water) with ProteinaseK (20 mg/ml), bead 
beaten (sterile glass beads, 710–1180 µm, Sigma-Aldrich G1152; MP 
Biomedicals FastPrep-24 4 m/s, 20 s), and incubated (55°C 2 h); 5 m 
KOAc was added and samples were incubated on ice (30 min) and 
subsequently centrifuged at 25,000 g-force for 15 min. Incubation 
was followed by an RNAse A treatment, ethanol cleanup, and resus-
pension in DNAse-free water. We used previously developed primers 
(Table S2). Primers for Cladocopium and Durusdinium were developed 
by Cunning and Baker (2012) and amplified the actin gene, and prim-
ers targeting ITS2 were used for Gerakladium (Meistertzheim et al., 
2019) and Fugacium (forward: Meistertzheim et al., 2019; reverse: 
this study, modified from Meistertzheim et al., 2019). ITS2 reverse 
primer for Fugacium were modified using ITS2 sequences (Table S2) 
from the cultures used in the present study. Target gene copy num-
ber (described below) is estimated and accounted for using DNA 
extracted from counted cells, which normalizes potential variation 
in copy number among taxa and between different marker genes. 
All primer pairs were tested on DNA extractions from cultures of 
all four species using ddPCR to ensure primers were specific to 
the target species. In these trials there was no evidence of cross-
amplification (Table S3).
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Digital droplet polymerase chain reaction (ddPCR) was used 
to quantify the number of symbiont cells per species per larva. 
ddPCR partitions reaction mixtures into thousands of nanoliter-
scale water–oil emulsion droplets. PCR amplification occurs within 
each of the individual droplets and a fluorescence threshold is 
used to evaluate target amplification in each droplet. Analyzing 
the fraction of positive and negative droplets on a Poisson distri-
bution is used to estimate the number of gene copies in the orig-
inal reaction. ddPCR reactions were run on the BioRad QX200 
Droplet Digital PCR System using EvaGreen Supermix and fol-
lowing the manufacturer's protocol. Briefly, for each 25 µl reac-
tion, 4 µl DNA template was added to 12.5 µl EvaGreen Supermix, 
0.6  µl of each Forward and Reverse Primers (10  µm), and 7.3  µl 
molecular grade water. For larvae from the four-way choice 
experiment, each primer set was run independently (not multi-
plexed). Twenty microliter of the PCR reaction mix was loaded 
into a sample well (DG8 Cartridge) with 70 µl of QX200 Droplet 
Generation Oil for EvaGreen and droplets generated on the 
QX200 Droplet Generator. PCRs were run on the C1000 Touch 
Thermal Cycler (95°C 5 min|95°C 30 s, 60°C 60 s (40 cycles)|4°C 
5 min, 90°C 5 min) and subsequently read on the QX200 Droplet 
Reader. Each plate contained negative controls (n = 1 per primer 
set). Fluorescence amplitude minima thresholds for droplets 
assigned as positive amplification for each primer set were set 
conservatively within manufacturer guidelines; relative fluores-
cence intensity thresholds were as follows: Cladocopium (13,500), 
Durusdinium (19,000), Fugacium (18,000), and Gerakladium 
(16,000). To evaluate false positives, we ran 52 no template con-
trol PCR assays (water blanks), ~14 per primer pair. Of these reac-
tions two had one positive droplet and the remaining 50 had zero 
positive droplets, ascribing an assay false positive rate of 4% at 
a droplet positivity proportion of 0.01%. We additionally ran 104 
control assays on DNA from nominally aposymbiotic larva (19–30 
assays per primer pair), which had a droplet positivity proportion 
<0.03%. Lastly, we evaluated each primer set for specificity by 
running 6–17 pairwise challenge assays for each combination of 
primer pair and symbiont (no-choice larva) for a total of 137 spec-
ificity tests: 8 of 14 assays of Gerakladium primers  ×  Fugacium 
larva had a droplet positivity proportion of <0.04%, and all other 
assays maintained a proportion positive <0.02% in less than 1/3 
of the tests.

2.5  |  Copy number

To calculate the number of actin or ITS2 gene copies per cell for each 
species of Symbiodiniaceae, cells from three replicate 300 µl sam-
ples of each culture were first counted by hemocytometer, and then 
DNA was extracted from the remaining 260 µl. Each extraction was 
serially diluted (1:10, 1:100, 1:1000, 1:10,000), and three replicates 
of each dilution were analyzed on the ddPCR machine. Copy number 
for each species was calculated by comparing the number of posi-
tive copies (ddPCR) to the number of counted cells (R2 > 0.98) and 

used to convert the number of copies per DNA extraction into the 
number of Symbiodiniaceae cells per larva.

2.6  |  Data analysis

2.6.1  |  Larval mortality

All analyses were conducted in R v. 3.6.1 (R Core Team, 2020) and 
RStudio (1.1.456). Percent survivorship was calculated as the num-
ber of larvae alive on days 7 and 14 relative to the total number of 
larvae in each treatment container at the start of the experiment 
(day 3); mortality was derived as 1—survivorship. We used binomial 
mixed effects models to test the effects of treatment, temperature, 
time, and their interactions on larval mortality using the lme4 pack-
age (Bates et al., 2015). In all mixed effect model analyses in this 
study, larval jar was included as a random intercept to account for 
repeated measures over the course of the experiment. Tukey hon-
est significant post hoc tests were used to test for significant pair-
wise differences. We used Sidak correction to control for familywise 
error rate conducted pairwise comparisons for each symbiont spe-
cies using the emmeans package (v. 1.4.4; Lenth et al., 2019) in this 
and all subsequent mixed effect models.

2.7  |  Acquisition success

We collected larval acquisition data (binary, acquisition, or no 
acquisition) in no-choice and four-way choice treatments; in the 
four-way choice experiments acquisition success was calculated 
for each symbiont species. We used binomial mixed effect models 
to test the effects of choice treatment (no-choice and four-way 
choice treatment), temperature, time, and their interactions on ac-
quisition success. Then, for each symbiont species, we compared 
acquisition success when offered alone (the no-choice treatments) 
and when offered in the presence of other species (four-way 
choice).

Treatment groups with n < 5, were not included in this, or any 
subsequent, analysis. These groups included: four-way choice 
treatment at 31°C on day 14 and no-choice Durusdinium at 31°C 
on day 14 across all analyses, as well as cell density in the no-
choice Fugacium and Cladocopium at 31°C on day 14 (further de-
scribed below). Due to low larval survivorship on day 14 and at 
31°C, models were additionally run on the following comparisons 
(1) 27 and 30°C, and (2) days 3 and 7, which can be found in the 
supplemental information.

2.8  |  Symbiont population proliferation

We examined symbiont cell density (cells per larva) for each sym-
biont species in larvae exposed to no-choice and four-way choice 
experiments that were successfully infected; larvae that were not 
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infected were removed. Cell densities were log10 transformed to 
meet normality assumptions. First, we used a linear mixed effect 
model to test the effects of treatment (no-choice and four-way 
choice treatment), temperature, time, and their interactions on cell 
densities. Then, for each species, we compared proliferation (in-
crease over time) when alone (the no-choice treatment) to prolifera-
tion when in competition (four-way choice).

2.9  |  Interspecies competitive dynamics

The four-way choice treatment allowed us to examine competitive 
dynamics between Symbiodiniaceae species. Because ddPCR reac-
tions for each species primer pair were run individually (not multi-
plexed), there were occasions when reactions for all species in a larva 
were not successful (i.e., a failed ddPCR, different from an instance 
of zero symbiont acquisition in a successful ddPCR). Therefore, for 
all relative abundance models, only larvae where ddPCR reactions 
were successful for all four species were included. We conducted 
Kruskal–Wallis non-parametric tests at each time point to examine 
the effects of temperature on the number of species that infected 
larvae. Next, we used linear mixed effects models to test the effects 
of Symbiodiniaceae species, temperature, time, and their interac-
tions on relative abundance, which was arcsine square root trans-
formed to meet normality assumptions of analyses.

2.10  |  Symbiont community structure

We used multivariate analysis to analyze the effect of temperature 
treatment and time on symbiont community structure in the four-
way choice treatment. Here, we visualized the variation in symbiont 
community relative abundance (arcsine square root transformed) 
among larvae using nonmetric multidimensional scaling (nMDS) 
based on a Bray–Curtis dissimilarity matrix and evaluation of main 
effects using a two-way PERMANOVA (999 permutations).

3  |  RESULTS

3.1  |  Acquisition success: How does temperature 
and symbiont treatment (no-choices and the four-way 
choice) influence symbiont cell densities within larvae 
over time?

Acquisition success (i.e., the presence of ≥1 cell in a larva) over the 
course of the experiment differed between symbiont treatments 
(p <  .01; Table S4; Figure 2a) but was not influenced by tempera-
ture (p  =  .72) or time (p  =  .33) or their interactions. Acquisition 
success in no-choice treatments was not uniformly higher in homol-
ogous Cladocopium than heterologous (Durusdinium, Fugacium, and 
Gerakladium) symbionts and was high in the four-way choice experi-
ment across temperature and time (>92%). Across all temperature 

treatments, larvae exposed to either Cladocopium or Fugacium 
symbionts only had the lowest mean acquisition success on day 3 
(Figure 2a). However, by day 14, >75% of the larvae at 27 and 30°C 
were infected in all treatments except the no-choice Fugacium, which 
was significantly lower with a mean of 47% (27°C) and 67% (30°C).

The only group that showed a difference in acquisition success 
over time was no-choice Cladocopium. In the no-choice Cladocopium 
treatment at 27°C, mean acquisition was 56% on day 3, which in-
creased to 100% after 14 days. A similar pattern occurred at 30°C, 
however, at 31°C, only 30% of larvae established symbioses by day 14.

To understand how infection dynamics change under competition, 
we compared acquisition success for each species in no-choice against 
their performance in the four-way choice (Figure S3). Acquisition suc-
cess was not influenced by competition in any temperature treatments 
or symbiont species (all species p > .05; Table S5).

3.2  |  Symbiont proliferation: How does symbiont 
cell proliferation in larvae differ with temperature?

There were significant effects of symbiont choice treatment 
(no-choices or four-way choice), temperature, time, and their in-
teractions on symbiont cell densities in larvae that had acquired 
symbionts (p ≤ .01; Table 2 and Table S6). Temperature did not affect 
cell densities within any symbiont choice treatment on day 3 (post 
hoc, p  >  .05; Figure S4). Between days 3 and 7, mean cell densi-
ties increased in all symbiont choice treatments at both ambient and 
30°C (Figure 2b). At 27°C, no-choice Cladocopium exhibited the low-
est mean cell densities on day 3 (26 cells per larva) but proliferated 
to the highest mean cell densities of all choice treatments on day 14 
(2060 cells per larva). We did not find evidence of a negative effect of 
30°C on mean cell density or proliferation in no-choice Cladocopium 
(Figure S4). However, at 31°C, cell density was significantly reduced 
and no-choice Cladocopium had the lowest cell densities of all sym-
biont choice treatments (Figure 2b). No-choice Durusdinium had high 
cell densities over time and was not negatively impacted by 30°C 
(post hoc, p >  .05), however, there were significantly reduced cell 
densities on day 7 at 31°C (post hoc, p =  .01). Although there was 
no difference in cell densities on day 3 in no-choice Durusdinium be-
tween temperature treatments (post hoc, p > .05), there was signifi-
cant increase in symbiont cells at 27°C (post hoc, p < .01). No-choice 
Fugacium had lower cell densities than all other choice groups on 
day 14 at both 27 and 30°C. However, elevated temperature did not 
negatively affect no-choice Fugacium cell densities at any time point 
(post hoc, p >  .05; Figure S4). Interestingly, no-choice Gerakladium 
was the only treatment to display significant increases in cell den-
sity between days 3 and 7 at all temperature treatments (post hoc, 
p < .01; Figure S4).

To understand how symbiont choice influenced cell prolifera-
tion, we compared cell densities over the course of the experiment 
for each symbiont species between no-choice and four-way choice 
treatments across the range of temperatures (Table S7; Figure S5). 
There were higher mean cell densities in no-choice Cladocopium at 
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27°C on day 7 and day 14 (post hoc, p < .01) compared to the four-
way choice. There were also higher cell densities in the no-choice 
Durusdinium as compared to the four-way choice on day 7 at 27°C. 

There was a significant interaction of choice and time (p  <  .01, 
Table S7) on cell proliferation in Fugacium and Gerakladium species. 
Gerakladium was the only species that had higher cell densities on 

F I G U R E  2  (a) Mean acquisition success (percent of larvae associating with at least one symbiont cell) (±SE) of each species over 
time (days 3, 7, and 14) at 27, 30, and 31ºC. (b) Mean cell densities (±S.E.) of infected larva, by symbiont infection treatment (no-choice 
Cladocopium, Durusdinium, Fugacium, and Gerakladium, and the four-way choice treatment) in Acropora tenuis larvae over time at each 
temperature. Data points on day 14 at 31ºC for no-choice Cladocopium, Fugacium, and Gerakladium are only included here for visualization 
purposes

(b)

(a)

Main effects SS
Num 
df Den df F p

Acquisition treatment 83.53 4 47.03 68.44 <0.01

Day 67.23 2 631.14 110.17 <0.01

Temp 6.58 2 56.06 10.79 <0.01

Acquisition treatment:Day 10.72 8 631.03 4.39 <0.01

Acquisition 
treatment:Temperature

11.05 8 45.39 4.53 <0.01

Day:Temperature 3.40 3 630.20 3.71 0.01

Acquisition 
treatment:Day:Temperature

7.88 12 630.19 2.15 0.01

Bold indicates statistical significance.
Abbreviation: SS, sums of squares.

TA B L E  2  ANOVA table of mixed 
effects model analysis of the effect of 
infection treatment (single-choices and 
four-way choice), temperature, time, and 
their interactions on larval symbiont cell 
density (cells per larvae)
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day 3 in the four-way treatment than the no-choice at all three tem-
peratures (post hoc, p <  .01), however, there was no difference by 
day 7 (post hoc, p  >  .05), and no-choice groups for these species 
were higher than the four-way treatment at 27°C by the end of the 
experiment (647 vs. 299 cells larva−; post hoc, p = .01).

3.3  |  Relative Abundance of species and mixed 
assemblage dynamics

To understand the competitive dynamics of symbiont acquisition in 
mixed assemblages we examined the symbiont community compo-
sition and species abundances in larvae from the four-way choice 
treatments. The majority of larvae in the experiment were infected 
with three (41%) or four species (40%) (Figure S6), and there was 
a positive correlation between total symbiont cell density and the 
number of species a larva was associated with (p <  .01; Table S8, 
Figure S6). Elevated temperatures significantly reduced the number 
of species per larva only on day 3 (Kruskal–Wallis, p < .01), and re-
duced the percent of larvae infected with four species at all time 
points (Figure 3a).

Infectivity and dominance in a larva varied by species. Every 
symbiotic larva (98.5%) in the four-way choice experiment (N = 208; 
Table S9) across all temperatures and time points was associated 
with Gerakladium—except for two individuals at 27°C and one 

individual at 30°C on day 3 (Figure 4). Durusdinium infectivity was 
also high, as it was present in 79% of larvae at 30°C and 72% at 31°C, 
on day 3. Despite this, at each time point, the number of larvae har-
boring Durusdinium declined with increasing temperatures. Fugacium 
had high infectivity at 27°C (80%), 30°C (53%), and 31°C (78%) on 
day 3. Despite high infectivity, Fugacium was only dominant in a sin-
gle larva at 30°C and three larvae at 31°C. Elevated temperatures 
negatively affected the presence and dominance of Cladocopium. At 
27°C, Cladocopium was present in 75% of the three-species larvae 
on day 3, despite only being the dominant species in 6%. The infec-
tivity of Cladocopium increased over time at this temperature and it 
was present in 100% of the larvae on day 14 and was the dominant 
species in 48%. At both elevated temperatures, Cladocopium was 
present in fewer larvae as compared to those at 27°C.

Larval symbiont community structure was influenced by both 
temperature (PERMANOVA, p < .01; Table 3) and time (PERMANOVA, 
p <  .01; Table 3) (Figure 5) and there was no difference in disper-
sion between groups (Table S10). There was a species-specific pat-
tern of relative abundance (p <  .01), which was further modulated 
by temperature (p < .01) and time (p < .01; Table 4 and Table S11). 
Specifically, at 27°C, Durusdinium and Gerakladium had the highest 
mean relative abundances on day 3 (34%: 39%, Figure 3b), which did 
not change over time (post hoc, p > .05). Cladocopium, initially at 13%, 
was the only species to significantly proliferate over time (post hoc, 
p <  .01), increasing to 36% by day 14, at which point Durusdinium, 

F I G U R E  3  (a) Proportion of four-way choice larva infected (infection success) by number of symbiont species (zero to four species) across 
time and temperature treatments. (b) Mean proportion of each symbiont species per larva with successful infection in the four-way choice 
treatment over time at each temperature treatment. Number of larvae in each temperature–time point: 27ºC D3: n = 41, D7: n = 23, D14: 
n = 22; 30ºC D3: n = 38, D7: n = 27, D14 n = 14; 31ºC D3: n = 36, D7: n = 7

(a)

(b)
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Gerakladium, and Cladocopium each represented approximately one 
third of the relative abundances (Figure 2b). On day 3, the relative 
abundance of Fugacium (14%) was similar to Cladocopium, however, 
over time it was outcompeted (day 14, 3%) by the other three spe-
cies, and was the only symbiont to significantly decrease in relative 
abundance over time (27°C, post hoc, p = .02).

At elevated temperatures, Gerakladium's dominance increased 
relative to other species. At 30°C, Gerakladium outcompeted 
Durusdinium and was the most dominant symbiont on day 3 (56%) 
and day 7 (59%); however, there was no difference between the 
two by day 14 (post hoc, p >  .05). At 31°C, Gerakladium was again 
the most abundant symbiont on day 3 (66%) and day 7 (62%), and 
there was a greater difference in mean relative abundances between 
Gerakladium and Durusdinium at 31°C compared to 30°C. Relative 
abundance of Durusdinium on day 3 did not differ between tempera-
ture treatments (post hoc, p > .05). Cladocopium was less competitive 
as temperatures increased. Cladocopium and Fugacium represented 
low mean relative abundance on day 3 (both 6%); however, unlike 
Cladocopium at 27°C, neither increased over time at 30°C (post hoc, 
Cladocopium: p =  .99/0.81; Fugacium: 0.99/0.99) or 31°C (post hoc, 
p = 1/1).

3.4  |  Larval survival: How did symbiont choice 
treatment and temperature influence larval survival 
over time?

Larval survivorship decreased over the course of the experiment 
(p < .01) with the lowest survivorship in larvae exposed to the high 
temperature treatments (p  <  .01; Table S12; Figure 6). Larvae in 
all symbiont treatments suffered >50% mortality by day 7 of the 
experiment and by day 14, there was <13% survivorship across all 
treatments (Figure 6). At 31°C on day 14, there was 100% mortality 
of larvae exposed to no-choice Durusdinium and the four-way choice 
treatments. Survivorship in the aposymbiotic control treatments 
was lower than or equal to survivorship in the symbiont acquisition 
treatments (Figure 6, Table S13). The decrease in survivorship across 
symbiont choice treatments as well as the aposymbiotic control 
is consistent with other symbiont infection and larval studies that 
demonstrate high larval mortality (Graham et al., 2008; Randall & 
Szmant, 2009a; Schnitzler et al., 2012).

Symbiont choice treatments responded differently to elevated 
temperature (p  <  .01; Table S12). On day 7, larvae in no-choice 
Fugacium had the highest mean survivorship at 27°C (35%) and 30°C 

F I G U R E  4  Relative abundance (%) of each symbiont species in an individual larva across time and temperature treatments, ordered by 
the number of species a larva was infected by (gray scale)
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(31%), followed by no-choice Gerakladium (31%, 24%). Larvae in 
the no-choice Fugacium and Gerakladium treatments were the only 
groups to not experience significantly increased mortality on day 7 
at 30°C compared to 27°C (post hoc, p = .75, p = .16, respectively). 
Survivorship across all choice treatments dropped significantly 

between days 7 and 14 (post hoc, p <  .05), and larvae in all choice 
treatments had higher survivorship at 27°C than at either of the two 
elevated temperatures.

Survivorship was not significantly different between the four-way 
choice treatment and any of the no-choice acquisition treatments 

df SS s F p

Full model

Temperature 2 2.69 0.14 16.86 <0.01

Day 2 0.65 0.03 4.05 <0.01

Temperature:Day 3 0.10 0.01 0.82 0.55

Residual 200 15.97 0.82

Total 207 19.51 1

Day 3

Temperature 2 1.23 0.11 6.38 <0.01

Residual 112 9.70 0.89

Total 114 10.92 1

Day 7

Temperature 2 0.65 0.17 5.62 <0.01

Residual 54 3.17 0.92

Total 56 3.75 1

Day 14a

Temperature 1 0.29 0.1 3.08 0.05

Residual 34 3.17 0.9

Total 35 3.46 1

Bold indicates statistical significance.
aDay 14 includes 27 and 30°C only due to mortality at 31°C.

TA B L E  3  Two-way PERMANOVA 
comparing Symbiodiniaceae diversity 
between temperature treatments, time, 
and their interaction

F I G U R E  5  Non-metric 
multidimensional scaling (NMDS) plot 
representing symbiont assemblages in 
the four-way choice treatment with 75% 
ellipses by temperature treatment and 
ellipses by day in the right top corner 
insert
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(post hoc, p > .06; Table S12) with the exception of higher survival 
as compared to Durusdinium (post hoc, p < .01) and lower survival as 
compared to Fugacium (post hoc, p = .01) at 30°C on day 7. At 30°C, 
however, larvae had higher survivorship in the four-way choice 
treatment than those in no-choice Durusdinium treatment (post hoc, 
p < .01), and lower survivorship than the no-choice Fugacium treat-
ment (post hoc, p = .01), although these differences were no longer 
significant by day 14 (post hoc, p > .05).

4  |  DISCUSSION

In this study, we examined acquisition dynamics of thermally 
tolerant heterologous symbionts (Durusdinium, Fugacium, and 
Gerakladium species) and a homologous thermally sensitive sym-
biont (Cladocopium species) in a no-choice setting contrasted with 
acquisition dynamics under four-way choice in A. tenuis larvae. We 
found that Gerakladium, which is normally a background symbiont, 
achieved similar cell densities to Cladocopium and Durusdinium at 

27°C, and had even higher acquisition and abundance at elevated 
temperatures (30 and 31°C). These findings show that A. tenuis 
larvae can establish symbiosis with Gerakladium when symbionts 
are available at high densities and that Gerakladium can infect lar-
vae when Cladocopium and Durusdinium symbionts are present. 
We found that the number of algal symbiont species simultane-
ously acquired by A. tenuis larvae decreased with temperature, 
which may be due to the negative effect of elevated temperatures 
on some of the symbiont species, or possibly, an increased selec-
tivity of A. tenuis larvae for certain symbiont species at elevated 
temperatures. Our findings further demonstrate that symbiont 
identity matters for larval survival under high temperature (Table 
S12; Figure 6). Here, larvae infected with heterologous Fugacium 
and Gerakladium species consistently displayed higher mean sur-
vivorship than those infected with Cladocopium and Durusdinium 
species, which are common symbionts of A. tenuis at the larval 
and juvenile stages (Little et al., 2004; Quigley, Alvarez Roa, et al., 
2020; Quigley, Randall, et al., 2020; Yorifuji et al., 2017). Under 
warming oceans, symbionts normally present at low relative 

Main effects SS df Num df Den F p

Symbiont species 26.73 3 800 106.65 <0.01

Day 0 2 800 0.02 0.98

Temperature 0.16 2 800 0.93 0.40

Symbiont species:Day 2.49 6 800 4.96 <0.01

Symbiont species:Temperature 6.06 6 800 12.08 <0.01

Day:Temperature 0.02 3 800 0.06 0.98

Symbiont 
species:Day:Temperature

0.88 9 800 1.16 0.31

Bold indicates statistical significance.
Abbreviation: SS, sums of squares.

TA B L E  4  ANOVA table of mixed effect 
model analysis for the four-way choice 
larvae of the effect of Symbiodiniaceae 
genus (Cladocopium, Durusdinium, 
Fugacium, or Gerakladium), time (days), 
temperature (27, 30, and 31°C), and their 
interactions on the relative abundances of 
symbiont cells per larva

F I G U R E  6  Mean larval survivorship (%) 
(±SE) in each of the symbiont infection 
treatments after 7 and 14 days across 
the experimental temperature (27, 30, 
and 31ºC) treatments (n = 3 jars per 
temperature treatment). Aposymbiotic 
controls (gray) included here but not in 
statistical models due to a single jar per 
temperature
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abundances, such as Gerakladium and Fugacium, may become more 
abundant symbionts at the larval stage, and if maintained into the 
juvenile or adult stages may provide benefits. However, this re-
quires experimental testing.

4.1  |  Larval survivorship and symbiont recognition

Summer heat waves occurring during the larval stage will further 
reduce larval stock and subsequently reduce recruitment (Randall & 
Szmant, 2009b). Our observations confirm that larvae are negatively 
impacted by ocean warming; after 2 weeks, elevated temperatures 
of 30°C moderately reduced survival, with severe mortality at 31°C. 
These findings suggest that like adult and juvenile A. tenuis (Shitaoka 
et al., 2021; Yorifuji et al., 2017), larvae cannot tolerate elevated 
temperatures beyond 30°C (Shitaoka et al., 2021; Yorifuji et al., 
2017). Furthermore, the majority of larvae in the four-way choice 
acquisition treatment were infected with a mixed symbiont commu-
nity (≥3 species per larva) and had a higher mean survivorship after 
1 week at 27 and 30°C than those from the no-choice Cladocopium 
or Durusdinium treatments.

Symbiont identity had the most influence on survivorship 1 week 
after inoculation at 27 and 30°C. Interestingly, larvae inoculated with 
Fugacium under no-choice had the highest survival, but the lowest 
cell densities compared to all other treatments. It is possible that the 
combination of Fugacium's high thermal tolerance and low cell densi-
ties led to increased larval survivorship, because adult coral colonies 
with lower symbiont densities have also been observed to have lower 
bleaching susceptibility (Cunning & Baker, 2012). Other studies have 
shown increased mortality in symbiotic as compared to aposymbiotic 
larva at both ambient (Hartmann et al., 2018) and elevated tempera-
tures (Hartmann et al., 2018; Schnitzler et al., 2012), which could be 
attributed to an increase in oxidative stress (Hartmann et al., 2018), 
but this may come with other developmental costs (i.e., reduced set-
tlement; Schwarz et al., 1999). Here, we found that survival was not 
reduced with acquisition of Cladocopium and Durusdinium symbionts, 
but there was a trade-off between acquisition and survival in larvae 
infected with rare symbionts. Previous work has demonstrated the 
complexity in the relationship between symbiont acquisition and 
coral fitness in A. tenuis; for example, Abrego et al. (2008) found that 
inoculation with Cladocopium resulted in higher thermal tolerance 
while others (Yorifuji et al., 2017; Yuyama & Higuchi, 2014) found 
that Durusdinium conferred enhanced tolerance. However, there is 
evidence suggesting that the A. tenuis population studied in Abrego 
et al. (2008) from Magnetic Island, GBR, could be a distinct species 
(Cooke et al., 2020). Therefore, it is possible that associations with 
other symbiont species or combinations of symbiont species may be 
more beneficial at the larval life stage.

Acropora tenuis larvae exhibit the capacity to host mixed symbi-
ont assemblages (≥2 species) (Cumbo et al., 2013), and we provide 
evidence that A. tenuis can form symbioses that can include rare 
symbiont species in high proportions. Scleractinian corals, includ-
ing A. tenuis, exhibit greater flexibility in algal partnerships in early 

life stages than adults (Abrego et al., 2009a; Gómez-Cabrera et al., 
2008; Coffroth et al., 2001; Little et al., 2004). This flexibility has 
been linked to host selectivity, availability of a diversity of symbionts, 
environment factors, and symbiont opportunism during acquisition 
periods. However, the benefits of hosting different mixed assem-
blages may be variable (Howe-Kerr et al., 2020; Putnam et al., 2012). 
For example, Quigley et al. (2016) found higher mortality in groups 
of A. tenuis juveniles with greater symbiont diversity after 25 days, 
and attributed this to both the low abundance of specific taxa (i.e., 
A3 and D1) and the negative consequences of random uptake, re-
sulting in suboptimal taxa (i.e., F) that may outcompete higher per-
formers. In contrast, our results in larvae show higher survivorship 
in the four-way choice treatment at 14 days, where larvae had high 
relative abundances of Fugacium and Gerakladium. This difference 
could be related to symbiont competition resulting in a trade-off 
in juveniles that may not occur in the comparatively shorter larval 
stage. Although survival benefits were small, these differences were 
significant and as climate change stressors increase, even marginal 
gains in survival are important to consider. Here, survivorship after 1 
week is influenced the most, and as temperatures and time increase, 
this effect becomes smaller. However, even the small but significant 
differences, for example in no-choice Fugacium on day 7 at 30°C, 
could make the difference for more larvae surviving long enough to 
settle, which would need to be tested, along with if those symbionts 
are beneficial at the juvenile stage or not. With the growing trend of 
annual bleaching on the reef, and the huge impact those events are 
having on recruitment (Hughes et al., 2019), differences of 5%–10% 
could make difference or provide a conservation strategy, if also 
found to be beneficial at later life stages, for those working in man-
agement. The winnowing period for A. tenuis closes on the scale of 
days (Bay et al., 2011) to years (Abrego et al., 2009a; Gómez-Cabrera 
et al., 2008; Rodriguez-Lanetty et al., 2006). Host requirements may 
best be met by a mixed assemblage of symbionts during the larval 
stage that then may be winnowed out as a strategy to maintain the 
species that best match the environment and host genotype down-
stream. However, it is important to note that despite evidence for 
a longer length of the symbiont winnowing period observed in A. 
tenuis juveniles, it is possible that the long aposymbiotic larval du-
ration here could influence symbiont specificity, although there are 
currently no studies testing whether specificity changes over time 
in larvae.

4.2  |  Background symbionts may be more 
competitive in warming oceans, if available

Gerakladium was a successful and common symbiont partner when 
available to A. tenuis larvae in a laboratory setting. Gerakladium 
(subclade G3: MH229354.1) is not a known dominant symbiont in 
any reef-building coral, and therefore, less is known about its func-
tional traits in hospite (e.g., nutritional translocation, micronutrient 
requirements). While Gerakladium is found predominantly in symbio-
sis with sponges (Strehlow et al., 2021) and Foraminifera (Pochon & 
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Gates, 2010), and has been observed in soft coral (van Oppen et al., 
2005) and black coral (Bo et al., 2011), it has also been detected at 
background levels in symbiosis with a variety of reef-building corals 
(Boulotte et al., 2016; Chakravarti & van Oppen, 2018; LaJeunesse 
et al., 2010; van Oppen et al., 2005; Quigley et al., 2017; Stat et al., 
2013; Thomas et al., 2014). Gerakladium is also found in the water 
column (Cunning et al., 2015; Fujise et al., 2020) and in sediments 
(Cunning et al., 2015; Fujise et al., 2020) and on macroalgae (Fujise 
et al., 2020), suggesting it could be an available partner for A. tenuis 
larvae on the GBR; however, it is usually present at low abundances 
(including G3; Quigley, Alvarez Roa, et al., 2020; Quigley, Randall, 
et al., 2020). However, selectivity is not related to symbiont abun-
dance in the environmental pool (Quigley et al., 2017). A study in 
the Central West Coast of India, which experienced multiple years 
of bleaching temperatures, found that despite the symbiont popula-
tion in the surrounding water containing high abundances of both 
Durusdinium and Gerakladium, corals had higher relative abundances 
of Durusdinium (Mote et al., 2021). Despite symbiont assemblages 
in corals being dominated by Durusdinium, Gerakladium was also 
present in higher abundances (10.2  ±  11.7%) than typically found 
as a background symbiont (Mote et al., 2021). The growing number 
of observations of Gerakladium as a background coral symbiont in 
a variety of coral species could be a result of increased sampling 
and molecular methods, or due to an increase in the frequency 
Gerakladium is taken up by corals that might relate to environmental 
change or stress. Continued monitoring of symbiont assemblages at 
all life stages, especially on highly impacted reefs, will be necessary 
to elucidate the degree to which corals are associating with more 
rare symbiont types.

Like Gerakladium, Fugacium is not a common dominant coral 
symbiont. It is predominantly found in symbiosis with Foraminifera 
(Pochon et al., 2001) and has also been reported at background 
levels in reef-building corals (De Palmas et al., 2015; LaJeunesse, 
2001; Rodriguez-Lanetty et al., 2003), and only as the dominant 
symbiont in A. japonica, which is found in temperate environments 
(De Palmas et al., 2015; LaJeunesse, 2001; Rodriguez-Lanetty 
et al., 2003). It has been detected in very low abundance on the 
GBR (F1; Quigley, Alvarez Roa, et al., 2020; Quigley, Randall, et al., 
2020). Fugacium is a thermally tolerant symbiont that we now know 
can also form symbiosis with A. tenuis larvae. However, Fugacium 
remained at generally low cell densities in larvae at all three tem-
peratures in this study. Chakravarti and van Oppen (2018) tested 
Fugacium culture growth rate and photophysiology and found that 
cultures exhibited no differences in growth and exhibited the same 
or higher photosynthetic efficiency at elevated temperature. In 
this study, no-choice Fugacium had moderate acquisition success at 
ambient temperature (~50%), with increasing infectivity and com-
petitive capacity at warmer temperatures. The low cell densities 
could be the result of A. tenuis not actively attracting Fugacium, 
which could be due to a mismatch in symbiont attraction mecha-
nisms. For example, a recent study by Takeuchi et al. (2021) demon-
strated that two different Fugacium sp. strains were not attracted 
to N-acetyl-d-glucosamine-binding lectin on the cell surface of A. 

tenuis juveniles, which did attract other species, including D. tren-
chii, which may have driven the lower abundances here. Studies 
have also observed variation in Symbiodiniaceae species attraction 
towards green fluorescence of A. tenuis larvae, for example, with 
Durusdinium (Yamashita et al., 2021). In addition, cell surface rec-
ognition mechanisms, such as a glycan–lectin interactions, could 
limit the uptake of specific symbiont types (Kuniya et al., 2015; 
Wood-Charlson et al., 2006) or their persistence in the symbiosis 
(Parkinson et al., 2018).

There is evidence that smaller symbionts are more readily ac-
quired than larger ones, and therefore size differences between 
symbiont species here could have contributed to differences in 
acquisition in this study. While we did not measure symbiont size 
here, other Gerakladium species (Gerakladium endoclinonum and 
Gerakladium spongiolum) are, on average, smaller than Durusdinium, 
Cladocopium, and Fugacium species measured in LaJeunesse 
et al. (2018); of note, C. goreaui was larger than the others, while 
C. thermophilum was not. Once acquired by the host, symbiont 
growth rate (population doubles per day) also impacts prolifera-
tion within the host. Growth rate for the cultures used here was 
previously measured in Chakravarti et al. (2017) and Chakravarti 
and van Oppen (2018). At 27°C in these studies, Cladocopium had 
the highest mean growth rate, however at 31°C, only Gerakladium 
and Fugacium exhibited maintained or increased growth rates. 
Cladocopium, on the other hand, exhibited negative growth and 
Durusdinium did not survive (Chakravarti et al., 2017; Chakravarti & 
van Oppen, 2018). Therefore, enhanced Gerakladium and Fugacium 
growth at elevated temperatures could explain their competitive 
ability in this study under thermal stress and supports our find-
ings that Cladocopium exhibited higher proliferation under ambient 
conditions. This could explain the competitiveness of Fugacium and 
Gerakladium at elevated temperatures, and Cladocopium at ambi-
ent. Algal symbionts with high thermal tolerances could increase 
host tolerance to warming conditions. Chakravarti and van Oppen 
(2018) found that cultured wild type Gerakladium survived and 
exhibited population growth at 31°C and Fugacium at 34°C, while 
Durusdinium only grew at 30°C. It is possible that Gerakladium's 
thermal tolerance here contributed to the higher survival of lar-
vae with Gerakladium at 31°C as compared to Durusdinium. During 
thermal stress, there is a buildup of reactive oxygen species (ROS) 
in the symbiont, which leak into the host tissues and causes sig-
nificant damage to the host, leading to bleaching (Lesser, 1997). 
Cladocopium (C1) and Durusdinium produced significantly more 
ROS than Fugacium (F2) at ambient (26°C) in an ex situ experiment 
(McGinty et al., 2012). While we did not measure ROS here, there 
is evidence that thermal tolerance in vitro may be transferred to the 
holobiont (Buerger et al., 2020). Buerger et al. (2020) inoculated A. 
tenuis larvae with laboratory heat evolved strains (cultured at 31°C) 
of Cladocopium C1acro (as described in Chakravarti et al., 2017). At 
31°C, three of the 10 heat evolved strains conferred higher thermal 
tolerance to the holobiont (Buerger et al., 2020), and this may be 
the case for our rare species here. If true, then A. tenuis’ affinity 
for thermotolerant symbionts such as Durusdinium at the juvenile 
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stage may also translate to symbionts like Fugacium or Gerakladium, 
if available, under increasing severe and prolonged temperature 
stress. However, there may be trade-offs, as the contribution of 
background symbionts to the holobiont is still largely unknown, as 
is the abundance of background symbionts required to produce ei-
ther a benefit or a disadvantage (Lee et al., 2016). Regardless, there 
have been observations of novel background symbionts in adult 
colonies (Rouzé et al., 2017), and as seen here, at the larval stage, 
the presence of heterologous symbionts does have a positive ef-
fect on survivorship. Therefore, further research is warranted to 
examine nutritional exchange between the coral host and these 
heterologous symbionts and track implications for host physiology 
and persistence of these relationships after settlement.

Lastly, natural larval acquisition experiments under ocean 
warming are occurring on reefs around the world due to global 
climate change, yet we have not observed large symbiont shifts 
in adult or juvenile corals on reefs. The number of studies using 
genetic methods that reveal rare symbionts (e.g., DNA metabar-
coding) is still relatively low and recent studies have found that 
more coral species host diverse assemblages that include rare 
or background symbionts (Arif et al., 2014; Quigley et al., 2014; 
Thomas et al., 2014; Varasteh et al., 2021). However, it cannot be 
discerned whether these rare background symbionts are novel 
in symbiosis and increasing in presence possibly due to an envi-
ronmental stressor, or were simply previously undetected. There 
is evidence that thermally tolerant symbionts are found in symbi-
osis with corals that live in extreme thermal environments, such 
as the Red Sea, different from those in surrounding areas (Hume 
et al., 2016; Ziegler et al., 2017). In these extreme environments, 
symbiosis with thermotolerant Cladocopium thermophilum, only 
within ~6 ky, has contributed to coral survivorship under increas-
ing temperatures (Hume et al., 2016). While this timeline may not 
be enough to aid corals under climate change today, it highlights 
the possibility for coral symbionts to be selected for survival under 
environmental pressure (Hume et al., 2016). Coral symbiont stud-
ies have been predominantly conducted in adults and juveniles and 
it is difficult to assess symbiont acquisition at the larval stage in 
the field. Further compounding this is whether symbionts acquired 
at the larval stage are retained into the juvenile stage, when they 
would more likely be observed. Given that A. tenuis may switch 
from a mixed genera symbiont community at the juvenile stage to a 
single genus as adults (Abrego et al., 2009a), it is also possible that 
symbionts acquired at the larval stage differ from those in juve-
niles. While we may observe selection for thermotolerant homolo-
gous symbionts, we cannot rule out the possibility for heterologous 
symbionts to become more beneficial. Fugacium and Gerakladium 
have been found in environmental pools and, critically, our findings 
show that A. tenuis larvae can acquire these symbionts at high den-
sities even in the presence of the homologous Cladocopium and an-
other common heterologous symbiont (Durusdinium). This supports 
our hypothesis that shifts toward rare or background symbionts 
may occur in coral larvae under future climate change conditions 
and warrants further study.

4.3  |  Optimizing symbiosis manipulation strategies 
for assisted evolution

Symbiosis manipulation has been suggested as a possible mechanism of 
human assisted evolution to aid in coral restoration practices under in-
creasingly warmer conditions (van Oppen et al., 2015). If heterologous 
symbionts have the capacity to confer higher thermal tolerance than 
homologous partners, they may be beneficial partners given our rap-
idly warming climate. Furthermore, inoculating larvae with Fugacium 
and Gerakladium may provide phenotypic benefits, even over short pe-
riods of time if the symbionts will be replaced by homologous symbi-
onts at a later stage, which has relevance to reef restoration initiatives 
using sexually produced coral stock. In this context, both Fugacium and 
Gerakladium are worth consideration for enhancing climate resilience 
of coral early life stages in interventions that depend on the rearing 
of sexually produced coral stock, however, caution should be taken, 
and further experiments considered before any field implementation 
occurs. In the present study, there was higher survivorship of larvae 
infected with Fugacium and Gerakladium (Fugacium  >  Gerakladium) 
and in larvae offered a four-way symbiont choice. Our observations 
at the larval stage point to a new direction in evaluating approaches 
to symbiont optimization strategies. Acropora larvae typically become 
competent to settle after ~5  days (Graham et al., 2013; Harii et al., 
2007). Therefore, survival rates measured at 1 week are ecologically 
relevant as larvae that have not been swept off the reef or have been 
transported to another reef on ocean currents will have attached to 
the substratum and metamorphosed into a coral primary polyp. The 
impacts on survivorship here were small, but significant. Increasing 
survivorship under moderately elevated temperatures can enhance 
the pool of larvae available for settlement and recruitment, which is 
becoming more important as recruit stocks have shown signs of severe 
decline in the wake of repeat bleaching events (Hughes et al., 2019). 
Our results warrant further research to examine whether symbioses 
with these species can be established at a higher frequency in the labo-
ratory, whether they are temporally stable, and phenotypic implica-
tions beyond the larval stage. Considerations should include, first, the 
impact of mixed assemblages on larval settlement and post-settlement 
survival. Second, further research should examine whether winnow-
ing will remove these partners from the assemblage or, alternatively, 
whether symbiosis with heterologous symbionts, such as Gerakladium, 
could persist into the adult stage. Third, it is important to consider nu-
tritional properties of the symbiont and whether there is a trade-off 
between thermal tolerance and capacity to meet the host's energetic 
needs. Together, these considerations will improve our understand-
ing of the role of currently unusual symbionts in driving host thermal 
tolerance and fitness. Because both of the strains of Fugacium and 
Gerakladium tested here were isolated from cnidarians from the GBR 
and are present on the GBR (Fujise et al., 2020), this form of assisted 
evolution would not introduce foreign symbionts to the environment.
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