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ABSTRACT The complex network of associations between corals and their dinoflagellates
(family Symbiodiniaceae) are the basis of coral reef ecosystems but are sensitive to increas-
ing global temperatures. Coral-symbiont interactions are restricted by ecological and evolu-
tionary determinants that constrain partner choice and influence holobiont response to
environmental stress; however, little is known about how these processes shape thermal
resilience of the holobiont. Here, we built a network of global coral-Symbiodiniaceae asso-
ciations, mapped species traits (e.g., symbiont transmission mode and biogeography) and
phylogenetic relationships of both partners onto the network, and assigned thermotoler-
ance to both host and symbiont nodes. Using network analysis and phylogenetic compara-
tive methods, we determined the contribution of species traits to thermal resilience of the
holobiont, while accounting for evolutionary patterns among species. We found that the
network shows nonrandom interactions among species, which are shaped by evolutionary
history, symbiont transmission mode (horizontally transmitted [HT] or vertically transmitted
[VT] corals) and biogeography. Coral phylogeny, but not Symbiodiniaceae phylogeny, sym-
biont transmission mode, or biogeography, was a good predictor of thermal resilience.
Closely related corals have similar Symbiodiniaceae interaction patterns and bleaching sus-
ceptibilities. Nevertheless, the association patterns that explain increased host thermal resil-
ience are not generalizable across the entire network but are instead unique to HT and VT
corals. Under nonstress conditions, thermally resilient VT coral species associate with ther-
motolerant phylotypes and limit their number of unique symbionts and overall symbiont
thermotolerance diversity, while thermally resilient HT coral species associate with a few
host-specific symbiont phylotypes.

IMPORTANCE Recent advances have revealed a complex network of interactions between
coral and Symbiodiniaceae. Specifically, nonrandom association patterns, which are deter-
mined in part by restrictions imposed by symbiont transmission mode, increase the sensi-
tivity of the overall network to thermal stress. However, little is known about the extent
to which coral-Symbiodiniaceae network resistance to thermal stress is shaped by host
and symbiont species phylogenetic relationships and host and symbiont species traits,
such as symbiont transmission mode. We built a frequency-weighted global coral-
Symbiodiniaceae network and used network analysis and phylogenetic comparative meth-
ods to show that evolutionary relatedness, but not transmission mode, predicts thermal
resilience of the coral-Symbiodiniaceae holobiont. Consequently, thermal stress events
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could result in nonrandom pruning of susceptible lineages and loss of taxonomic diversity
with catastrophic effects on community resilience to future events. Our results show that
inclusion of the contribution of evolutionary and ecological processes will further our
understanding of the fate of coral assemblages under climate change.

KEYWORDS coral bleaching, phylogeny, symbiotic network, transmission modes

Symbiotic associations between reef-building corals and dinoflagellate microalgae
(family Symbiodiniaceae) form the basis of the immense productivity and biodiver-

sity of coral reefs. High taxonomic diversity in both partners (1–3) allows multiple
coral-symbiont combinations with unique costs and benefits that may result in individ-
ual functional traits capable of determining fitness and the overall response of each
unique holobiont to environmental stressors. These associations can be affected differ-
entially by thermal stress through a variety of mechanisms determined by the traits of
both partner species and the characteristics of their interactions (4). Their disassocia-
tion (bleaching) results in a range of impairments that culminate in coral mass mortal-
ity and ecosystem collapse (5). Unprecedented climate change-induced mass coral
bleaching and death over the past decades (5) impart an urgency to understand how
the diversity of associations effect resilience to thermal stress.

Our current understanding of species and interaction traits that affect differential
bleaching are based on more than 20 years of observational and experimental data
collected from a few species of either partner (the reductionist approach), and the
detected patterns may or may not be generalizable across the ;840 extant reef coral
species (or some subset thereof) and their associated symbionts. Building data-
informed hypotheses on the broad-scale effects of associating with thermotolerant
Symbiodiniaceae (and correlates with any other species or interaction traits) can be
accomplished through a systems approach that relies on the network of coral-
Symbiodiniaceae interactions and simultaneously examines patterns across hundreds
of coral and Symbiodiniaceae species and thousands of their symbiotic interactions.
Coral-Symbiodiniaceae associations have been shown to form a complex network of
interactions (6–8), similar to other mutualistic associations across the tree of life (e.g.,
plant-animal or macroorganisms-microbes [9–11]). Coral-Symbiodiniaceae networks
are comprised of two types of nodes (coral species and symbiont phylotypes) which
are linked together if an interaction has been observed. Similar to other mutualistic
networks, such as plant-pollinator networks, coral-Symbiodiniaceae networks are very
heterogeneous; most nodes have few links (i.e., specialists that associate with one or
few partners [1, 2, 12, 13]), but some nodes have many links (i.e., generalists that asso-
ciate with numerous partners [1, 2, 6, 12, 13]), providing connectivity to the broader
network (7, 8).

Network analysis of coral-Symbiodiniaceae associations (6–8) has recently become
possible due to multiple advances in (i) large-scale assemblage of ecological data sets
with multiple species traits and biogeographic information (8, 14–16), (ii) higher-resolution
sequencing (4), (iii) population genetic analysis (cf. reference 13), (iv) standardization of
indices of thermal stress tolerance for both coral and Symbiodiniaceae partners (17, 18),
and (iv) minimization of sampling and evolutionary biases in the meta-analysis of species
interactions to reveal true dependences between partner association and holobiont traits
(8). These initial network-based studies have advanced our understanding of coral-symbiont
interactions and factors restricting their interactions (6, 8), and the effect of overall structure
on network stability under environmental perturbations (7). Coral-symbiont interactions are
constrained by both ecological and evolutionary processes, such as biogeographic distribu-
tions, locally adapted hosts and symbionts, and evolutionary constraints on partner choice
(1, 2, 13, 19). Restrictions on species interactions structure the symbiosis network with a
potential reduction in diversity of trait combinations and response strategies to environmen-
tal stress. For example, symbiont transmission mode (“vertical” if symbionts are packed in
propagules by the parent or “horizontal” if they are environmentally acquired by the planula;
reviewed in reference 20) has been found to structure the overall network into vertical or
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horizontal transmission subnetworks, each associated with a subset of unique phylotypes
and a few generalist types, with mixed-mode types interacting with both (6). Since vertically
transmitted (VT) Symbiodiniaceae appear to be more thermotolerant than horizontally trans-
mitted (HT) Symbiodiniaceae (21), vertical transmission symbioses could exhibit enhanced
resilience to thermal stress. The effect of overall structure of the network on its stability to
perturbations was evaluated by Williams and Paterson (7), who mapped thermotolerance of
both partners onto a global network of coral-Symbiodiniaceae associations and modeled
their likelihood of bleaching (i.e., node and link removals) under thermal stress (i.e., increas-
ing sea surface temperature thresholds known to cause bleaching). They found that local
and global association patterns and environmental stress restrict interactions between
coral and Symbiodiniaceae, resulting in increased sensitivity to thermal stress of the overall
network.

However, it is not known how evolutionary histories of host species constrain the
number or identity of the Symbiodiniaceae phylotypes they associate with and how
these resulting trait combinations influence holobiont resilience to thermal stress.
Coral-Symbiodiniaceae associations structured by phylogenetic relationships could
reveal coral species associated with similar numbers or types of Symbiodiniaceae part-
ners that are more closely related than expected by chance and exhibit similar bleach-
ing susceptibility and fate during a thermal stress event (8). Several coral traits have
shown phylogeny-associated patterns (e.g., coral coloniality and symbiosis, symbiont
acquisition mode, light scattering in the coral skeleton, and partner specificity [20–24]),
and phylogenetic structure has been observed in multiple networks with diverse eco-
logical interactions (i.e., antagonistic or mutualistic) across the tree of life (9, 10, 25).
Here, we ask to what extent coral-Symbiodiniaceae trait combinations determine ther-
mal resilience in corals, while accounting for the number and type of associations that
may be nonrandomly linked (i.e., phylogenetically related).

We compiled the largest data set of global coral-Symbiodinium associations yet
assembled, comprising 152 reef-building corals and their 385 associated Symbiodiniaceae
phylotypes observed under nonbleaching conditions, and built a frequency-weighted coral-
symbiont interaction network. Evaluating interaction frequency between partners assumes
that preferred and occasional interactions hold valuable ecological information that could
result in different physiological responses of the holobiont (26), as opposed to assessing the
presence or absence of interactions which assumes that all established associations are
equally important (e.g., references 6 and 7).

We started by examining the network structure imparted by four factors known to
restrict species interactions, namely symbiont transmission mode (6, 27), ocean bio-
geography (28, 29), life history strategy (competitive, weedy, stress tolerant, or general-
ist [14]), and shared ancestry (3, 29). We then evaluated whether the network structure
imparted by these factors could explain gains in holobiont thermal resilience that
result from associating with thermotolerant symbionts. We used recently standardized
indices of thermotolerance for both Symbiodiniaceae (18) and coral (17). Specifically,
we examined the effect of the number of potential symbiont partners (richness), their
interdependence given other interactions (specificity), and preference of association
with thermotolerant phylotypes (frequency of interaction) on the bleaching resilience of corals
in the network. Although the ability to associate with thermotolerant phylotypes may allow
corals to respond more effectively to thermal stress (adaptive bleaching hypothesis [30, 31]),
generalist coral species have shown greater susceptibility to environmental stress, including
thermal stress, than specialists (32, 33). Furthermore, the observed tradeoff between nutrition
provision and thermotolerance (34) could limit functional diversity in symbiont assemblages.
Therefore, we asked whether (i) corals with high richness or low specificity show lower thermal
resilience, (ii) Symbiodiniaceae assemblages with higher mean thermotolerance (interaction
frequency-weighted mean of thermotolerance scores [mean-TT]) and thermotolerance diver-
sity (standard error [stderror] mean-TT) reduce coral bleaching response, and (iii) frequency of
interaction with thermotolerant phylotypes under nonbleaching conditions, even if at low
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abundances (as a potential reservoir for future phylotype shifting), increase coral thermal resil-
ience (see Table S1 in reference 35).

RESULTS
The coral-Symbiodiniaceae network exhibits high heterogeneity and modularity.

We built a frequency of interaction matrix between 152 coral species and 385
Symbiodiniaceae phylotypes (see Tables S3 to S5 in reference 35), which was repre-
sented as a bipartite network in which a few generalist phylotypes and coral species
create a cohesive central core of interconnections, while most phylotypes and corals
are specialists located at the periphery of the network (Fig. 1B; see also Fig. S2 in the
supplemental material). This network exhibited high heterogeneity, with some species inter-
acting more often than expected by chance, few realized interactions (connectance=0.0145),

FIG 1 The coral-Symbiodiniaceae interaction network is significantly modular, highlighting the nonrandom interaction between hosts and their symbionts.
(A) We used a weighted hierarchical random graph algorithm to uncover highly connected subnetworks (“modules”) within our full association network.
These 7 modules, indicated by color blocks along the diagonal, were only weakly associated with coral transmission mode, geography, and life history
(indicated by colored bars along the row). Select phylotypes, which play important roles in structuring the network, are indicated by arrows, with text color
matched to module color. For a higher-resolution version of the heatmap, with all names included, see Fig. S3 in the supplemental material. (B) Module
membership mapped onto the full interaction network, with colors as in panel A. Gray phylotypes were not included in the modularity analysis (but were
included in all subsequent analyses) because they had less than 3 records in the data set. (C) The importance of individual phylotypes to the overall
network structure can be assessed in terms of their among-module connectivity (c) and their within-module degree (z). Because module calculation is
based on a random graph algorithm, we ran 100 different permutations, and points represent the average c and z values across those permutations. Error
bars indicate the standard deviation (SD). Points represent individual phylotypes and are sized by their raw richness. Color represents the ocean in which
the phylotypes are found (left) or the percentage of their associations that are with vertically transmitting corals (right). The many phylotypes with a c
score of,0.05 and a negative z score are excluded from the plot for clarity.
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more phylotypes than coral species (asymmetry =20.436), and no one-to-one exclusive asso-
ciations (see Fig. S1 in the supplemental material; see also Table S3 in reference 35). The net-
work was significantly modular (modularity index [Q]=0.568, 333 standard deviations above
random), comprising seven identified modules, which were structured to various degrees by
the mode of symbiont transmission, ocean basin, and life-history strategy (Fig. 1A; see also
Fig. S3 in the supplemental material. After assigning within-module degree (z) and among-
module connectance (c), the vast majority of phylotypes were identified as peripheral nodes
or specialists (low c and z scores) with very few overall links, predominantly to coral species
within their modules (e.g., Cladocopium C3z; Fig. 1C). A small number of generalist phylotypes
were identified as module hubs (low c and high z), which are highly connected within their
modules but are not often connected to other modules (e.g., Cladocopium C1 or Cladocopium
C15; Fig. 1C), and module connectors (high c and low z), which link modules together into a
cohesive network (e.g., Durusdinium trenchii or Durusdinium D1-4 and Cladocopium C21;
Fig. 1C). Only one phylotype was identified as a network hub or super-generalist, with com-
mon associations across modules (Cladocopium C3; Fig. 1C).

The coral-Symbiodiniaceae network is structured to various degrees by mode
of symbiont transmission, ocean biogeography, and life-history strategy. The con-
straints imposed by symbiont transmission mode and ocean biogeography resulted in
deeply partitioned subnetworks (ecologically defined sections of the global network
that are visibly isolated; Fig. 2A to H). HT corals and their uniquely associated sym-
bionts are highly connected in the center of the network (as measured by eigenvector
centrality) while VT corals and their uniquely associated symbionts were predomi-
nantly located toward the periphery (Fig. 2A to D, phylogenetic logistic regression
[PLR] no. 1, P=0.027; see also Table S6 in reference 35). Atlantic and Indo-Pacific subnet-
works, with their respective phylotypes, were not significantly different in centrality (Fig. 2E
to H, PLR no. 2, P=0.333; see also Table S6 in reference 35), possibly due to a smaller subset
of Atlantic coral species and phylotypes in our data set relative to the Indo-Pacific data (32
versus 120 coral species and 130 versus 265 phylotypes). Mixed-mode-transmitted (MMT)
phylotypes and phylotypes found in both oceans are the most central in the network and
connect both HT and VT subnetworks and Atlantic and Pacific subnetworks, respectively
(Fig. 2C and D and G and H, respectively, phylogenetic analysis of variance [PANOVA] no. 1
and 2, P=0.006 to 0.02; see also Table S7 in reference 35). Differences in life history strat-
egies did not have clear structural effects on the network (see Fig. S4 in the supplemental
material, PANOVA no. 3, P=0.703; see also Table S7 in reference 35).

Further characterization of species interactions within HT and VT subnetworks revealed
that the number of potential links (rarefied-richness; see Fig. S5 in the supplemental mate-
rial) and the relative strength of the link of a coral-phylotype pair relative to all link strengths
of that phylotype (specificity d9; Fig. S5) did not significantly differ between HT and VT corals
(PLR no. 3 and 4, P=0.556 to 0.783; see also Table S6 in reference 35), nor were they corre-
lated with each other for either subnetwork (phylogenetic generalized least-squares regres-
sion [PGLS] no. 1 and 2, P=0.071 to 0.061; see also Table S8 in reference 35).

The phylogenies of both corals and Symbiodiniaceae predict their interaction
patterns. We evaluated whether association patterns are partially dependent on phy-
logenetic relatedness (Fig. 2I), and we observed strong phylogenetic signals across
scales. Coral species in the same module are significantly more closely related than
species in different modules (nonparametric t test, P, 1024; see Fig. S6 in the supple-
mental material), and the same is true of phylotypes (nonparametric t test, P, 1024;
Fig. S6). At the network scale, coral species exhibiting the same transmission mode (in either
HT or VT subnetworks) are more closely related to each other than other corals, particularly
within VT corals nonparametric t test, P, 1024; see Fig. S7 in the supplemental material.

Furthermore, as phylogenetic distances between corals increases, Bray-Curtis (dissimilar-
ity in phylotype proportion and composition; Fig. 2J) and UniFrac (phylogenetic distance
between communities; Fig. 2J) indices become greater, especially in VT corals, indicating
that more closely related coral species associate with similar sets of phylotypes sampled
from similar regions of the Symbiodiniaceae phylogeny (i.e., phylosymbiosis). To confirm
that the rank ordering of diversity was independent of the rarefaction level, the estimates of
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richness and specificity were repeated using subsets of coral species with increasingly high
rarefaction levels (rarefaction depth of 10, 15, and 20 interaction records per coral [RD10,
RD15, and RD20] subsets), which yielded stable trends of Bray-Curtis and UniFrac dependence
on the phylogenies of both partners (Fig. 2K; see also “Robustness of our results”).

Coral phylogeny, but not Symbiodiniaceae phylogeny, symbiont transmission,
ocean biogeography, or life history strategies, is a good predictor of thermal
tolerance. Coral bleaching response index (taxon-specific bleaching response index
[taxon-BRI]) and phylotype thermotolerance (TT) scores showed high variability among
coral species (mean 6 standard deviation [SD], 26.86 17.4; n=152) and Symbiodiniaceae

FIG 2 Transmission mode and geography structure the coral-Symbiodiniaceae interaction network. (A to D) Corals which transmit their symbionts
horizontally, and phylotypes which are transmitted horizontally, are significantly more central in the interaction network. (A) Coral nodes, sized by rarefied
richness (RD10), colored by their phylotype transmission mode. (B) Density plots of eigenvector centrality for coral species, grouped by transmission mode.
Individual data points are indicated by tick marks along the x axis. (C) Phylotype nodes are colored by their transmission mode and sized by their raw
richness (see section S.7 in reference 35). (D) Density plots of the eigenvector centrality of Symbiodiniaceae phylotypes, grouped by their transmission
mode. (E to H) Indo-Pacific corals, and symbionts which occur in both ocean basins, are the most central within the interaction network. Panels are as in
panels A to D, grouped by ocean rather than by transmission mode. (I) There is no strong association between the phylogeny of corals and that of their
phylotypes. Tanglegram of the Symbiodiniaceae (top) and coral (bottom) phylogenies for vertically transmitting corals and their associated phylotypes.
Edges connect phylotypes to the corals they share associations within the data set. (J) Transmission mode has little effect on the similarity of symbiont
partners between coral species. Density plots of the beta diversity between coral species, grouped by whether the comparison is between two corals of
the same transmission mode or of different transmission mode. Beta diversity is calculated as Bray Curtis dissimilarity (top), which is a weighted but
nonphylogenetic metric, or unweighted UniFrac distance (bottom), which is phylogeny based. (K) Closely related corals are more likely to have similar
symbiont partners than more distantly related corals, but this trend is driven almost entirely by vertically transmitting corals. Heatmap of the Pearson
correlations between beta diversity and phylogenetic distance, with a darker color indicating a higher correlation. The top heatmap uses Bray-Curtis as the
beta diversity metric, and the bottom uses UniFrac. Within each heatmap, three rarefaction depths are represented by the rows, and three species groups
(all corals, only HT corals, and only VT corals) are represented by columns.
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phylotypes (28.86 18.2; n=73; Fig. 3A and B; see also Tables S2 and S3 in reference 35).
However, they were not significantly structured across the entire network (PGLS no. 3 and 4,
P=0.152 and 0.905; see Table S8 in reference 35), nor could we detect different bleaching
responses between VT and HT corals (Fig. 3C, PLR no. 5 P=0.5; see also Table S6 in reference
35) or different thermotolerance between VT and HT phylotypes (Fig. 3C, PANOVA no. 4,
P=0.935; see also Table S7 in reference 35). In addition, no significant differences in taxon-
BRI were found among the four life history strategies (PANOVA no. 5, P=0.7; see also Table
S7 in reference 35), nor among corals across ocean basins (PLR no. 22, P=0.988; see also
Table S6 in reference 35), nor was thermotolerance of their symbionts different across ocean
basins (PLR no. 23, P=0.972; see also Table S6 in reference 35). These results demonstrate a
uniform distribution of susceptible and resilient coral species and phylotypes across both
the network and mode-of-transmission-defined subnetworks.

Coral phylogeny was found to be a good predictor of bleaching susceptibility; it was
able to explain 64% of the variation in bleaching susceptibility in the overall network (phylo-
genetic signal [Pagel’s l] no. 1, P=0.005; see also Table S9 in reference 35), and 42% and
58% in the VT and HT subnetworks (Pagel’s l no. 2 and 3, VT P=0.048 and HT P=0.019; see
also Table S9 in reference 35). However, thermotolerance could not be inferred from the
Symbiodiniaceae phylogeny either across the network (Pagel’s l no. 4, P=0.148; see also
Table S9 in reference 35) or transmission subnetworks (Pagel’s l no. 5 and 6, VT P=0.34
and HT P =1; see also Table S9 in reference 35). Furthermore, VT corals with similar bleaching
susceptibility were more likely than HT corals to associate with Symbiodiniaceae assemb-
lages of similar composition and phylogenetic relatedness (Bray-Curtis and UniFrac; Fig. 3D).
Significant, but weak, correlations were observed for HT corals only when subsets of species
with greater sampling intensity (i.e., RD20) were tested.

Symbiodiniaceae assemblages with higher mean thermotolerance do not reduce
coral bleaching susceptibility; thermotolerance diversity increases susceptibility only
in VT corals. Mean thermotolerance (mean-TT) of the Symbiodiniaceae assemblage
was not structured across the network (PGLS no. 5, P = 0.434; see also Table S8 in refer-
ence 35), did not differ between HT and VT corals (Fig. 4B, PLR no. 6, P = 0.997; see also
Table S6 in reference 35) and showed no correlation with taxon-BRI for either of the
transmission subnetworks (Fig. 4A, PGLS no. 6 and 7, P = 0.796 and 0.909; see also
Table S8 in reference 35). Importantly, the mean-TT of high-BRI corals did not differ
from that of low-BRI corals (PLR no. 7, P = 0.06; see also Table S6 in reference 35).

Thermotolerance diversity (stderror mean-TT) was not structured across the net-
work (PGLS no. 8, P = 0.776; see also Table S8 in reference 35), and, although higher in

FIG 3 Network of coral bleaching index (taxon-BRI) and Symbiodiniaceae thermal tolerance (TT). (A) Coral nodes, sized by rarefied richness (RD10) and
colored by taxon-BRI. (B) Phylotype nodes, sized by raw richness and colored by TT. Phylotypes indicated by name in Fig. 1A are labeled. (C) Density plots
of coral taxon-BRI (left) and phylotype TT (right), grouped by transmission mode. Individual data points are indicated by tick marks along the x axis. (D)
Heatmap of the Pearson correlation between beta diversity and DBRI, with organization identical to that of Fig. 2J. Correlations of ,0.01 are reduced to 0.
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high-BRI corals (PLR no. 8, P = 0.009; see also Table S6 in reference 35), it was not signif-
icantly different between HT and VT subnetworks (Fig. 4B, PLR no. 9, P = 0.556; see also
Table S8 in reference 35). Nevertheless, taxon-BRI was positively correlated with the di-
versity of thermotolerance of Symbiodiniaceae assemblages across the VT subnetwork
(Fig. 4A, PGLS no. 9, P = 0.019; see also Table S8 in reference 35) but not the HT subnet-
work (Fig. 4A, PGLS no. 10, P = 0.713; see also Table S8 in reference 35).

Frequency of interaction with thermotolerant phylotypes under nonbleaching con-
ditions is correlated with coral thermal resilience in VT corals but not in HT corals. No
differences in frequency of interaction with phylotypes in any of the thermotolerance
groups, nor with thermotolerant D. trenchii, were observed between VT and HT corals
(Fig. 4A and B and Fig. S8, PLR no. 10 to 15, P=0.732 to 0.775; see also Table S6 in reference
35) and for the most part between high-BRI and low-BRI corals (PLR no. 16 to 21, P=0.063
to 0.179; see also Table S6 in reference 35). However, taxon-BRI of VT corals was positively
related to the frequency of interaction with low thermotolerance Symbiodiniaceae (Fig. 4C,
TT , 10, PGLS no. 11 and 12, Pvalues =0.006; see also Tables S8 and S10 in reference 35)
and negatively correlated with the frequency of interaction with high thermotolerance
Symbiodiniaceae (Fig. 4C, TT . 40, PGLS no. 13 and 14, P=0.035 and 0.039; see also Table
S8 in reference 35), but were not significantly affected by the frequency of interaction with
moderate thermotolerance phylotypes (Fig. 4C, 10 , TT # 40, PGLS no. 15 to 20, P=0.406
to 0.398; see also Table S8 in reference 35). The correlation between frequency of interaction
with individual phylotypes of known thermotolerance and taxon-BRI followed the trend of
the overall correlation (Fig. 4C, PGLS no. 21 to 31, P=0.178 to 0.25; see also Table S8 in refer-
ence 35). Unexpectedly, frequency of interaction with thermotolerant phylotypes was not
correlated with the bleaching response of HT corals (Fig. 4D, PGLS no. 32 and 33, P=0.873
and 0.908; see also Tables S8 and S10 in reference 35), nor was frequency of interaction with
thermosensitive phylotypes (Fig. 4D, PGLS no. 34 and 35, P=0.758 and 0.639; see Table S8
in reference 35). In fact, the overall trend across all thermotolerance groups and individual

FIG 4 Effect of transmission mode on Symbiodiniaceae associations. (A) Heatmap of phylogenetic generalized least-squares regression coefficients (PGLS R)
between coral metrics (“Freq D1-4” means frequency of association with Durusdinium trenchii or Durusdinium D1-4) and taxon-BRI within the VT (left) and
HT (right) subnetworks. Positive values (purple) indicate that larger values of that variable are associated with higher bleaching risk (taxon-BRI). Significant
regressions are indicated by black borders around the heatmap cell. (B) Bar chart of phylogenetic logistic regression values for traits against transmission
mode. Values indicate the extent to which variance in the trait is associated with transmission mode, and bar color indicates whether higher values of the
trait are more associated with HT corals (pink) or VT corals (green). Significant associations (centrality only) are indicated by a thicker black border around
the bar. (C) Associating with phylotypes in different thermotolerance groups has variable effects on taxon-BRI in VT corals. Phylotypes were grouped into 5
TT bins, whose boundaries are indicated by the blue color blocks. Points represent the average TT of phylotypes in each bin (x axis) and the PGLS R
between the percentage of coral associations that are with phylotypes in that bin against taxon-BRI (y axis). Values for select individual phylotypes are
indicated by the phylotype name, and the orange line is the correlation between the x and y axes for the five individual points. (D) As in panel C, but for
HT corals.
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phylotypes associated with HT corals was weak and not significant (Fig. 4D, PGLS no. 36 to
56, P=0.691 to 0.422; see also Tables S8 and S10 in reference 35). Taken together, these
results demonstrate that vertically transmitting corals draw clear benefits to cope with ther-
mal stress from associating with thermotolerant phylotypes during nonbleaching conditions,
while horizontally transmitting corals do not.

High symbiont richness increases bleaching susceptibility in VT but not HT
corals; symbiont specificity does not affect bleaching susceptibility in corals.
Phylotype rarefied richness did not differ significantly between HT and VT subnetworks
(Fig. 4B, PLR no. 3, P = 0.556; see also Table S6 in reference 35). However, taxon-BRI of
VT corals was positively correlated with rarefied richness (Fig. 4A, PGLS no. 57,
P, 0.001; see also Table S8 in reference 35) but taxon-BRI of HT corals was not
(Fig. 4A, PGLS no. 58, P = 0.604; see also Table S8 in reference 35), indicating that resil-
ient VT corals limit the number of symbiont partners they associate with.

Specificity d9 did not differ significantly between HT and VT subnetworks (Fig. 4B,
PLR no. 4, P = 0.783; see also Table S6 in reference 35), and taxon-BRI of VT corals
showed no relationship to specificity d9 (Fig. 4A, PGLS no. 59, P = 0.69; see also Table S8
in reference 35). However, taxon-BRI of HT corals tended to decrease with specificity
d9, but this trend was marginally significant (Fig. 4A, PGLS no. 60, P = 0.053; see also
Table S8 in reference 35), suggesting that resilient HT corals associate with a few host-
specific phylotypes. The thermal resilience acquired by corals from associating with
specialist phylotypes is not due to greater thermotolerance, since both richness and
specificity d9 of Symbiodiniaceae are unrelated to thermotolerance (PGLS no. 61 and
62, P = 0.828 and 0.766, respectively; see also Table S8 in reference 35).

Robustness of our results.We tested whether using the internal transcribed spacer
2 of the ribosomal RNA nuclear gene (ITS2 rDNA) with known limitations, such as intra-
genomic variation (IGV) and low sensitivity to resolve host-specific lineages, could
influence our findings. We built a new coral-Symbiodiniaceae matrix implementing the
“metahaplotype” concept with 184 host-specific sequences identified as putative IGVs
and ancestral phylotypes with seven or more IGVs and known thermotolerance
(Cladocopium C1, Cladocopium C3, Cladocopium C15, Cladocopium C21, Breviolum B1,
and Durusdinium D1), resulting in 293 unique coral-Symbiodiniaceae terminal nodes
(Fig. S9; see also supplemental methods and Tables S3 and S11 in reference 35). In this
modified network, we treated potential IGVs cooccurring with ancestral phylotypes in
a single host as a single host-specific Symbiodiniaceae lineage metaphylotype.
Although this approach eliminated about 25% of the unique associations from our net-
work, it had a negligible effect on the main findings regarding rarefied richness, speci-
ficity, and taxon-BRI (PGLS 1 to 4, P = 0.001 to 0.002; see also Table S12 in reference 35).
Removal of links and nodes under specific constraints allows evaluation of the robust-
ness of a network to extinction events or environmental attacks, such as thermal stress
(7, 9, 36). In particular, Williams and Patterson (7) observed a 20% reduction in robust-
ness of their coral-Symbiodiniaceae network when links were removed following their
bleaching model (i.e., coral-symbiont links of known thermotolerance were removed
as temperature thresholds were exceeded), but the network was robust to random link
removals, suggesting that the heterogenous structure of the coral-Symbiodiniaceae
network decreases its robustness to thermal stress. However, as more host-specific phy-
lotypes (isolated nodes) are identified (see references 1, 37, and 38; see references 39 and 40
on the flexibility of coral-Symbiodiniaceae associations), it will be important to reevaluate
the role of the coral-symbiont network of interactions on coral thermal resilience.

We further tested whether sampling intensity could be a confounding factor in our
analyses (8). We found that all metrics that correlated with taxon-BRI were independ-
ent of sampling intensity for both transmission subnetworks (PGLS no. 5 to 15,
P = 0.641 to 0.075; see also Table S13 in reference 35), except rarefied richness, which
showed a small dependence on sampling intensity in VT (but not HT) corals (PGLS no.
16 to 21, P = 0.013 to 0.997; see also Table S13 in reference 35). However, taxon-BRI
was independent of sampling intensity for both VT and HT corals, demonstrating that
the most densely sampled corals had both high and low thermal resilience (PGLS no.
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22 and 23, P = 0.116 and 0.916; see also Table S13 in reference 35). Furthermore, our
findings were also retained in data sets with progressively greater accuracy in types
and strength of interactions (subsets RD10, RD15, and RD20; PGLS no. 24 to 51, P = 0.0268
to 0.413; see also section S.7 and Table S13 in reference 35). These results support the
validity of the main findings and stress the need for evaluation of the biases involved
in determining richness of phylotypes in corals.

DISCUSSION

Here, we developed a systems approach to coral bleaching based upon network
and phylogenetic comparative analyses to examine the connection between coral and
Symbiodiniaceae species traits and thermal resilience.

We confirmed previous observations that most coral-symbiont interactions are specific,
with a few phylotype generalists creating a nonrandom network of interactions (6, 7, 36, 41)
that are structured by symbiont transmission mode (6) and ocean biogeography (7, 41). We
found that coral-Symbiodiniaceae interactions are also structured by evolutionary histories of
both coral and Symbiodiniaceae, indicating that more closely related coral species associate
with similar sets of phylotypes sampled from similar regions of the Symbiodiniaceae phylog-
eny. However, only coral phylogeny, and not Symbiodiniaceae phylogeny, symbiont transmis-
sion mode, or biogeography, was a strong predictor of coral thermal resilience. Coral phylog-
eny was able to explain 64% of the variation in bleaching susceptibility in the overall network,
which signifies that more closely related coral species exhibit similar bleaching susceptibility.
These results are congruent with previews observations that bleaching susceptibility is partially
determined by evolutionary relatedness (3, 21, 23). Conversely, Symbiodiniaceae thermotoler-
ance is not genus (i.e., clade) specific and apparently evolved multiple times independently
(24, 42). Our results underscore the importance of accounting for phylogenetic processes that
may influence coral-Symbiodiniaceae symbiosis and their response to environmental
stress. Standard phylogenetic comparative methods are widely applied to mutualistic net-
works (9, 10, 25), and are starting to be applied to coral-Symbiodiniaceae interactions (8),
as phylogenies of both partners are better understood (3, 29). As a consequence of phylo-
genetic forces shaping interaction patterns, increased magnitude in frequency and inten-
sity of thermal stress events could result in nonrandom pruning of susceptible lineages
and loss of taxonomic diversity (3), with catastrophic effects on community resilience to
future events. Similar fates were predicted for related species in a phylogenetically struc-
tured plant-animal mutualistic network when extinction events were simulated (9).

We examined the contribution of three ecological determinants to the holobiont
thermal resilience, regardless of whether they significantly restricted coral-Symbiodiniaceae
associations (ocean biogeography and symbiont transmission) or not (life history strategies).
Both bleaching susceptibility and thermotolerance indices assigned to coral and
Symbiodiniaceae nodes exhibited high variability among species (17, 18) and were not sig-
nificantly different among ocean basins, symbiont transmission modes, or life history strat-
egies. This uniform distribution of resilient and susceptible species across the network indi-
cates that although some ecological determinants restrict the interactions among partners,
they do not provide holobionts with increased benefits in thermal resilience.

To determine if specific interactions result in trait combinations that increase holo-
biont thermal resilience, we measured association with thermotolerant phylotypes (fre-
quency of interaction, or link strength), overall thermotolerance of the associated phy-
lotypes (both mean and diversity), richness of associations (number of unique partners
or links), and specificity of associations (relative dependence on a given partner, or rel-
ative link strength). While certain patterns of associations were found to increase holo-
biont thermal resilience, they were not generalizable across the entire network and
were instead constrained by symbiont transmission mode. However, the gains in ther-
mal resilience observed from specific patterns of coral-Symbiodiniaceae association
did not result in significant differences in thermal resilience between both groups, as
both HT and VT corals exhibited a similarly wide range of bleaching responses. We
show that under nonbleaching conditions, vertically transmitting corals may increase
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thermal resiliency by associating with thermotolerant phylotypes, reducing the ther-
motolerance diversity of their symbiont assemblage, or interacting with fewer phylo-
types. Conversely, horizontally transmitting corals do not seem to associate preferen-
tially with known thermotolerant phylotypes under normal conditions, but instead
associate with few phylotypes that are host specific. Differences in bleaching resilience
strategies might be due to contrasting symbiont acquisition strategies as predicted by
symbiosis theory. Corals with vertical transmission inherit symbiont genotypes; this fidelity
may better align the fitness interests of mutualist partners, but may be insufficiently flexible
to cope with variable environmental stressors (11, 30, 43, 44). Conversely, corals with hori-
zontal transmission acquire symbionts from the environment with every generation, and
this flexibility, which may increase competition between symbionts leading to exploitation
of hosts, may promote greater physiological fitness under environmental stress (11, 30, 43,
44). However, both modes of symbiont transmission may be less constrained than predicted,
as VT corals acquire novel phylotypes from the environment and HT corals inherit phylo-
types more frequently than expected (45–47), suggesting that both could both benefit from
dynamically adjusting phylotype concentrations within their tissues (symbiont shuffling) and
acquiring novel phylotypes (symbiont switching) to increase thermal resilience. We show
that higher specificity of association increases resilience in HT corals. This may be due to
stronger cooperation with host-specific phylotypes rather than to potentially weaker cooper-
ation with thermotolerant generalist phylotypes, whose interests may be poorly aligned
with those of their hosts (11). However, the thermal resilience benefit resulting from associa-
tions with host-specific phylotypes is not due to the greater thermotolerance of this group,
as the number of coral partners a phylotype associates with is unrelated to thermotolerance.
Among VT corals, but not HT corals, an increased number of phylotypes is correlated with a
greater bleaching response, similar to increased environmental susceptibility previously
observed among generalist corals (32, 33).

The strategy of VT corals resembles frontloading of genes in thermally resilient cor-
als, where greater transcription levels for several genes prior to stressful conditions
seem to confer tolerance to thermal stress (48). It may not increase resiliency of HT cor-
als to associate a priori with thermotolerant phylotypes, due to a greater flexibility in
symbiont switching or symbiont shifting under elevated temperatures (30, 31). These
distinct strategies could be due to contrasting physiological mechanisms involved in
the response of the coral to heat stress. For example, Acropora millepora (horizontally
transmitting) and Stylophora pistillata (vertically transmitting) experimentally exposed
to temperature anomalies showed similar stress responses regarding breakdown of
symbiont photosynthetic efficiency and symbiont loss, but differ significantly in the
regulation and production of oxidative stress compounds (49).

We evaluated increased thermal resilience of hosts that could be correlated with
specific association patterns by examining the global coral-Symbiodiniaceae network
of associations during normal, nonstress, conditions. Coral-Symbiodiniaceae interac-
tions are known to change, even if only temporarily, during bleaching and recovery
periods (50–52) and may originate from acclimation or adaptation processes related to
environmental stress (30, 53, 54), so analysis of these interactions would reveal valua-
ble insights into the thermal resilience of the holobiont. However, these interactions
are known for only a fraction of the species and seem to depend on the severity of
stress (34, 55) making cross-species comparisons under thermal stress extremely chal-
lenging. Furthermore, our analysis should be interpreted within the limitations of the
ITS2 Symbiodiniaceae marker, which, due to high intragenomic variability (IGV), has
shown poor resolution to distinguish multiple host-specific Symbiodiniaceae lineages
recently identified by higher-resolution genetic markers (1, 2, 16, 56). Nevertheless, the
ITS2 marker is the most widely used and has the most extensively characterized ther-
motolerance of any available data, allowing us to build the most comprehensive data
set currently possible. We examined the effects of intragenomic diversity and host
specificity on our conclusions by creating a modified network where Symbiodiniaceae
potential IGVs were considered host specific, which eliminated about 25% of the
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unique associations from our network but did not change the main conclusions of our
study. Therefore, our results provide a robust starting point to evaluate the potential
benefits in thermal resilience to the holobiont that result from specific association
patterns.

Our findings indicate that the potential benefit of increased frequency of interac-
tion with thermotolerant phylotypes it is not universally extensible to all coral species,
but it is a strategy that can only be used by VT corals to increase thermal resilience.
Adding bleaching and recovery symbiont assemblage data should further illuminate
strategies used by HT and VT corals under thermal stress. However, this current work
has the potential to inform strategies for conservation and restoration of reef ecosys-
tems under climate change, particularly for approaches that look to increase bleaching
resilience through greater symbiont thermal tolerance prior to thermal stress.

MATERIALS ANDMETHODS
Frequency-weighted bipartite network analysis. A frequency-of-interaction matrix was built

between 152 coral species and 385 Symbiodiniaceae phylotypes, encompassing 1,283 unique interac-
tions and 15,915 total interaction records observed under nonbleaching conditions following Swain et
al. (8) (see Tables S2 andS3 and section S.1 in reference 35). Species traits were assigned to both part-
ners, namely symbiont mode of transmission (horizontally transmitted [HT] or vertically transmitted
[VT]), ocean biogeography (Atlantic or Indo-Pacific) and coral life history strategy (competitive, weedy,
stress tolerant, or generalist; see Tables S4 and S5 in reference 35). Each record of association is one ob-
servation of a single Symbiodiniaceae phylotype in hospite (characterized using the internal transcribed
spacer 2 of the ribosomal RNA nuclear gene [ITS2 rDNA]; see section S.1 in reference 35) with an individ-
ual coral colony and does not include repeated sampling of the same phylotype within the same coral
colony. However, different phylotypes cooccurring in the same coral colony are recorded as unique asso-
ciation observations. Recently, the ITS2 rDNA marker has been found to be limited in its ability to resolve
Symbiodiniaceae species because its multiple copies per genome may not be completely homogenized
by concerted evolution, resulting in intragenomic diversity, which convolutes species delineations and
provides limited resolution of high-level host specificity (1, 2, 16, 56). Nevertheless, ITS2 is the most
widely used Symbiodiniaceae genetic marker, and functional characterizations of Symbiodiniaceae line-
ages, such as thermotolerance, have been performed for ITS2 symbiont types (18). We examined the
effects of intragenomic diversity and host specificity on our conclusions by creating a modified network
where Symbiodiniaceae potential intragenomic variants were considered host specific, which affected
symbiont nodes and their links to other coral hosts (see “Sensitivity analysis”). The coral-symbiont matrix
of interactions was represented as a bipartite network, which comprises two types of nodes (coral spe-
cies and symbiont phylotypes), and only connections (edges or links) between different types of nodes
are allowed. We include interaction frequency between partners (frequency-weighted node connec-
tions) to evaluate which associations are more significant to the symbiosis, instead of assuming that all
associations are equally important, by assessing presence or absence of interactions. Therefore, link
strength, a measure of the frequency of interaction with each symbiont, was weighted by proportion
rather than by the absolute number of associations in the data set (which differed significantly between
coral species), such that the weights of all links originating from a coral node summed to one. Networks
were visualized in Cytoscape using a link-weighted, force-directed algorithm that positions highly con-
nected nodes together such that the distance between nodes decreases as the relative frequency of ob-
servation increases (see section S.2 in reference 35).

We assessed network structural heterogeneity and patterns of interaction between corals and their
symbionts through metrics of connectance, asymmetry, centrality, modularity, and beta diversity (see
section S.3 in reference 35). Centrality (scaled to a maximum of 1) measures the influence of each node
within the network, capturing how highly connected each node is and how closely connected it is to
high-centrality nodes. Because there is no well-established centrality algorithm suited to bipartite net-
works, our eigenvector centrality calculations were based on a one-mode projection of the network and
weighted by link strength (implemented in the igraph R package [57]). Network modularity (calculated
using the bipartite R package [58]) was used to evaluate whether coral-symbiont interactions are struc-
tured into groups or modules, (i.e., do within-module species share a higher proportion of interactions
than species in different modules?) and to assess whether phylotypes establish strong links mostly
within or across modules. Each phylotype was assigned two scores after Olesen et al. (59), a “within-
module degree,” z (the standardized number of links to other corals within the same module), and their
“among-module connectance,” c (the level to which the phylotype is linked to species in other modules)
(59). Boundaries indicating significantly high c and z scores were based on 1,000 random permutations
of the network, with the 95th percentile used to establish significance (0.6 for c, 2 for z [59]). Finally, we
calculated the beta diversity between each pair of coral species to characterize differences in phylotype
composition and phylogenetic relatedness between coral species, using two metrics, Bray-Curtis dissimi-
larity and UniFrac distance (60) (see also section S.3 in reference 35).

Phylogenetic analyses. Phylogenies for coral species and Symbiodiniaceae phylotypes were created
by adapting previously published trees to the taxon sets in this study (see section S.4 in reference 35).
Correlations between node traits were assessed using phylogenetic comparative methods to evaluate
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the effects of nonindependence among species and phylotypes due to evolutionary relatedness (61).
Three types of analysis were used, namely phylogenetic logistic regression (PLR; correlates binary and
continuous characters; see Table S6 in reference 35), phylogenetic analysis of variance (PANOVA; corre-
lates continuous characters across multiple groups; see also Table S7 in reference 35), or phylogenetic
generalized least-squares regression (PGLS; correlates continuous characters within two groups; see also
Table S8 in reference 35). The extent to which phylogenetic relatedness structures the network for differ-
ent traits was evaluated by calculating phylogenetic signal, Pagel’s l, which is a measure of phyloge-
netic dependence of the data (62) that ranges between 0 (phylogenetic independence) and 1 (traits
covary in direct proportion to their shared evolutionary history; see Table S9 in reference 35). We also
tested the distributions of within-module and between-module phylogenetic distances for both coral
and Symbiodiniaceae nodes. Significance was assessed via a nonparametric t test with comparison to
10,000 permutations of the randomized data set.

Richness, frequency of interaction, and specificity. Frequency-weighted networks can be charac-
terized by (i) the number of links between different partners (richness), (ii) the strength of the link
between each coral-phylotype pair (frequency of interaction), and (iii) the relative strength of the link of
a coral-phylotype pair relative to all link strengths of that phylotype (specificity d9) (see section S.5 in ref-
erence 35). Briefly, coral node richness was calculated following Swain et al. (8), who identified biases
when determining richness from direct counting of the number of unique phylotypes due to highly
uneven sampling across coral species and demonstrated that those biases could be mitigated through
rarefaction. We used this approach to calculate rarefied richness for coral species with at least 10 associa-
tion records, as their Symbiodiniaceae assemblages are likely to be better sampled. Because the rank
ordering of richness between Symbiodiniaceae assemblages may differ depending on the sample size
chosen for rarefaction, we calculated rarefied richness at different sampling sizes, namely, rarefaction
depths of 10, 15, and 20 interaction records per coral (RD10, RD15, and RD20, respectively), resulting in
data subsets with 152, 123, and 105 coral species, respectively. Frequency of interaction was calculated
as the number of interactions of a coral-phylotype pair relative to all the interactions between that coral
and other phylotypes. Finally, specificity d9, which ranges between 0 (generalist coral interacting with
generalist phylotypes) and 1 (specialist coral interacting with a specialist phylotype) was calculated for
each partner individually as in Blüthgen (26).

Coral thermal resilience (taxon-BRI) and phylotype thermotolerance (TT). All 152 coral species
nodes were assigned thermal resilience scores measured as the species-specific bleaching response
index (taxon-BRI [17]; see also Table S4 in reference 35). Taxon-BRI ranges from 0 to 100, where 0 corre-
sponds to absence of bleaching response under thermal stress (high thermal resilience), and 100 corre-
sponds to high bleaching and mortality (low thermal resilience). Several traits were tested against
taxon-BRI of corals in the entire network or between corals with bleaching susceptibility in the top third
(high BRI, n= 56 species, 39 HT and 17 VT) and the bottom third (low BRI, n= 56 species, 40 HT and 16
VT) of species (see section S.6 in reference 35).

Thermotolerance (TT) of Symbiodiniaceae (ITS2 phylotype-specific thermotolerance index [18]) was
known for only a subset of phylotype nodes (73 out of 385), which nevertheless were responsible for 75.7%
(12,049 out of 15,915) of all interaction records. Phylotypes with missing TT data were not included in TT-focused
analyses. TT was measured as phylotype-specific thermotolerance scores describing a percentile consensus rank-
ing of relative thermotolerance ranging from 0 to 100 (thermosensitive to thermotolerant [18]; see also Table S5
in reference 35). The thermotolerance of Symbiodiniaceae assemblages of individual coral species was calculated
as the interaction frequency-weighted mean of thermotolerance scores (mean-TT), and thermotolerance diversity
of that assemblage was calculated as the standard error of the frequency-weighted mean of thermotolerance
scores (stderror mean-TT). Frequency of interaction with phylotypes with known thermotolerance was calculated
for prominent phylotypes (e.g., thermotolerant D1-4 and thermosensitive C3) and for phylotypes grouped by
their relative thermotolerance (5 bins with increasing thermotolerance percentile cutoffs, as follows: TT# 10,
10, TT# 20, 20, TT# 30, 30, TT# 40, and TT. 40; see section S.6 and Table S10 in reference 35).

Sensitivity analysis. We evaluated the sensitivity of our results to the diversity of symbiont phylo-
types characterized using ITS2, which may artificially affect our analyses due to intragenomic variants
(IGVs) and low resolution in distinguishing host-specific lineages (1). We constructed a new matrix of
coral-phylotype interactions implementing the concept of metahaplotypes (sensu Smith et al. [56]),
where potential IGVs cooccurring with ancestral phylotypes in a single host were treated as a single
host-specific Symbiodiniaceae lineage metahaplotype. Potential IGVs without evidence of ancestral
cooccurrence were eliminated from the data set. We used this modified data set to recalculate rarefied
richness and specificity d9, and to construct a new bipartite network to reexamine the critical findings of
the main analysis (see section S.7 and Tables S11 and S12 in reference 35). Furthermore, we ran analyses
to evaluate the effect of unequal sampling intensity across coral species (measured as number of inter-
action records for each species). We first tested the possibility that the metrics used in this study (in par-
ticular rarefied richness) could be confounded by sampling intensity by running phylogenetically cor-
rected analysis between sampling intensity and different metrics, including taxon-BRI. We then repeated
the phylogenetically corrected analyses in this study using three subsets of the main data set with
increasing sampling accuracy (RD10, RD15, and RD20; see section S.7 and Table S13 in reference 35).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.04 MB.
FIG S2, PDF file, 3.3 MB.

Phylogenetic Systems Approach to Coral Bleaching

May/June 2021 Volume 6 Issue 3 e00266-21 msystems.asm.org 13

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 0

5 
M

ay
 2

02
2 

by
 1

65
.1

24
.8

5.
33

.

https://msystems.asm.org


FIG S3, PDF file, 0.8 MB.
FIG S4, PDF file, 0.8 MB.
FIG S5, PDF file, 1.8 MB.
FIG S6, PDF file, 0.7 MB.
FIG S7, PDF file, 0.3 MB.
FIG S8, PDF file, 0.1 MB.
FIG S9, PDF file, 2 MB.
FIG S10, PDF file, 0.1 MB.

ACKNOWLEDGMENTS
We are grateful to the Field Museum and to R. Bieler for research space and support.
This work was supported by NSF grants EFMA-1240416 and EFMA-1830961.
L. Marcelino, T. Swain, V. Backman, and S. Lax conceived the project; L. Marcelino

and T. Swain drafted the manuscript; T. Swain and S. Lax compiled and analyzed the
data. All authors commented on and contributed to the final manuscript.

We declare that we have no conflicts of interest.

REFERENCES
1. Thornhill DJ, Lewis AM, Wham DC, LaJeunesse TC. 2014. Host-specialist

lineages dominate the adaptive radiation of reef coral endosymbionts.
Evolution 68:352–367. https://doi.org/10.1111/evo.12270.

2. Thornhill DJ, Howells EJ, Wham DC, Steury TD, Santos SR. 2017. Popula-
tion genetics of reef coral endosymbionts (Symbiodinium, Dinophyceae).
Mol Ecol 26:2640–2659. https://doi.org/10.1111/mec.14055.

3. Huang DW. 2012. Threatened reef corals of the world. PLoS One 7:
e34459. https://doi.org/10.1371/journal.pone.0034459.

4. Quigley K, Baker A, Coffroth M, Willis B, van Oppen M. 2018. Bleaching re-
sistance and the role of algal endosymbionts, p 111–151. In van Oppen
MJH, Lough J (ed), Coral bleaching: patterns, processes, causes and con-
sequences, 2nd ed. Springer-Verlag, Berlin, Germany.

5. Hughes TP, Kerry JT, Álvarez-Noriega M, Álvarez-Romero JG, Anderson
KD, Baird AH, Babcock RC, Beger M, Bellwood DR, Berkelmans R, Bridge
TC, Butler IR, Byrne M, Cantin NE, Comeau S, Connolly SR, Cumming GS,
Dalton SJ, Diaz-Pulido G, Eakin CM, Figueira WF, Gilmour JP, Harrison HB,
Heron SF, Hoey AS, Hobbs J-PA, Hoogenboom MO, Kennedy EV, Kuo C-y,
Lough JM, Lowe RJ, Liu G, McCulloch MT, Malcolm HA, McWilliam MJ,
Pandolfi JM, Pears RJ, Pratchett MS, Schoepf V, Simpson T, Skirving WJ,
Sommer B, Torda G, Wachenfeld DR, Willis BL, Wilson SK. 2017. Global
warming and recurrent mass bleaching of corals. Nature 543:373–377.
https://doi.org/10.1038/nature21707.

6. Fabina NS, Putnam HM, Franklin EC, Stat M, Gates RD. 2012. Transmission
mode predicts specificity and interaction patterns in coral-Symbiodinium net-
works. PLoS One 7:e44970. https://doi.org/10.1371/journal.pone.0044970.

7. Williams SD, Patterson MR. 2020. Resistance and robustness of the global
coral–symbiont network. Ecology 101:e02990. https://doi.org/10.1002/ecy
.2990.

8. Swain TD, Lax S, Backman V, Marcelino LA. 2020. Uncovering the role of
Symbiodiniaceae assemblage composition and abundance in coral
bleaching response by minimizing sampling and evolutionary biases.
BMC Microbiol 20:124. https://doi.org/10.1186/s12866-020-01765-z.

9. Rezende EL, Lavabre JE, Guimaraes PR, Jordano P, Bascompte J. 2007.
Non-random coextinctions in phylogenetically structured mutualistic net-
works. Nature 448:925–U926. https://doi.org/10.1038/nature05956.

10. Gómez JM, Verdú M, Perfectti F. 2010. Ecological interactions are evolu-
tionarily conserved across the entire tree of life. Nature 465:918–922.
https://doi.org/10.1038/nature09113.

11. Fisher RM, Henry LM, Cornwallis CK, Kiers ET, West SA. 2017. The evolution
of host-symbiont dependence. Nat Commun 8:15973. https://doi.org/10
.1038/ncomms15973.

12. Finney JC, Pettay DT, Sampayo EM, Warner ME, Oxenford HA, LaJeunesse
TC. 2010. The relative significance of host-habitat, depth, and geography
on the ecology, endemism, and speciation of coral endosymbionts in the
genus Symbiodinium. Microb Ecol 60:250–263. https://doi.org/10.1007/
s00248-010-9681-y.

13. Lewis AM, Chan AN, LaJeunesse TC. 2019. New species of closely related
endosymbiotic dinoflagellates in the greater Caribbean have niches

corresponding to host coral phylogeny. J Eukaryot Microbiol 66:469–482.
https://doi.org/10.1111/jeu.12692.

14. Darling ES, Alvarez-Filip L, Oliver TA, McClanahan TR, Côté IM, Bellwood D.
2012. Evaluating life-history strategies of reef corals from species traits. Ecol
Lett 15:1378–1386. https://doi.org/10.1111/j.1461-0248.2012.01861.x.

15. Franklin EC, Stat M, Pochon X, Putnam HM, Gates RD. 2012. GeoSymbio: a
hybrid, cloud-based web application of global geospatial bioinformatics
and ecoinformatics for Symbiodinium-host symbioses. Mol Ecol Resour
12:369–373. https://doi.org/10.1111/j.1755-0998.2011.03081.x.

16. Hume BCC, Smith EG, Ziegler M, Warrington HJM, Burt JA, LaJeunesse TC,
Wiedenmann J, Voolstra CR. 2019. SymPortal: a novel analytical frame-
work and platform for coral algal symbiont next-generation sequencing ITS2
profiling. Mol Ecol Resour 19:1063–1080. https://doi.org/10.1111/1755-0998
.13004.

17. Swain TD, Vega-Perkins JB, Oestreich WK, Triebold C, DuBois E, Henss J,
Baird A, Siple M, Backman V, Marcelino L. 2016. Coral bleaching response
index: a new tool to standardize and compare susceptibility to thermal
bleaching. Glob Chang Biol 22:2475–2488. https://doi.org/10.1111/gcb
.13276.

18. Swain TD, Chandler J, Backman V, Marcelino L. 2017. Consensus thermo-
tolerance ranking for 110 Symbiodinium phylotypes: an exemplar utilization
of a novel iterative partial-rank aggregation tool with broad application
potential. Funct Ecol 31:172–183. https://doi.org/10.1111/1365-2435.12694.

19. Parkinson JE, Baums IB. 2014. The extended phenotypes of marine sym-
bioses: ecological and evolutionary consequences of intraspecific genetic
diversity in coral-algal associations. Front Microbiol 5:445. https://doi.org/
10.3389/fmicb.2014.00445.

20. Hartmann AC, Baird AH, Knowlton N, Huang D. 2017. The paradox of environ-
mental symbiont acquisition in obligate mutualisms. Curr Biol 27:3711–3716.
https://doi.org/10.1016/j.cub.2017.10.036.

21. Swain TD, Bold EC, Osborn PC, Baird AH, Westneat MW, Backman V,
Marcelino LA. 2018. Physiological integration of coral colonies is corre-
lated with bleaching resistance. Mar Ecol Prog Ser 586:1–10. https://doi
.org/10.3354/meps12445.

22. Barbeitos MS, Romano SL, Lasker HR. 2010. Repeated loss of coloniality
and symbiosis in scleractinian corals. Proc Natl Acad Sci U S A 107:11877–11882.
https://doi.org/10.1073/pnas.0914380107.

23. Marcelino LA, Westneat MW, Stoyneva V, Henss J, Rogers JD, Radosevich
A, Turzhitsky V, Siple M, Fang A, Swain TD, Fung J, Backman V. 2013. Mod-
ulation of light-enhancement to symbiotic algae by light-scattering in
corals and evolutionary trends in bleaching. PLoS One 8:e61492. https://
doi.org/10.1371/journal.pone.0061492.

24. Swain TD, Westneat MW, Backman V, Marcelino LA. 2018. Phylogenetic
analysis of symbiont transmission mechanisms reveal evolutionary patterns in
thermotolerance and host specificity that enhance bleaching resistance among
vertically transmitted Symbiodinium. European J Phycology 53:443–459.
https://doi.org/10.1080/09670262.2018.1466200.

25. Ivens ABF, von Beeren C, Blüthgen N, Kronauer DJC. 2016. Studying the
complex communities of ants and their symbionts using ecological

Swain et al.

May/June 2021 Volume 6 Issue 3 e00266-21 msystems.asm.org 14

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 0

5 
M

ay
 2

02
2 

by
 1

65
.1

24
.8

5.
33

.

https://doi.org/10.1111/evo.12270
https://doi.org/10.1111/mec.14055
https://doi.org/10.1371/journal.pone.0034459
https://doi.org/10.1038/nature21707
https://doi.org/10.1371/journal.pone.0044970
https://doi.org/10.1002/ecy.2990
https://doi.org/10.1002/ecy.2990
https://doi.org/10.1186/s12866-020-01765-z
https://doi.org/10.1038/nature05956
https://doi.org/10.1038/nature09113
https://doi.org/10.1038/ncomms15973
https://doi.org/10.1038/ncomms15973
https://doi.org/10.1007/s00248-010-9681-y
https://doi.org/10.1007/s00248-010-9681-y
https://doi.org/10.1111/jeu.12692
https://doi.org/10.1111/j.1461-0248.2012.01861.x
https://doi.org/10.1111/j.1755-0998.2011.03081.x
https://doi.org/10.1111/1755-0998.13004
https://doi.org/10.1111/1755-0998.13004
https://doi.org/10.1111/gcb.13276
https://doi.org/10.1111/gcb.13276
https://doi.org/10.1111/1365-2435.12694
https://doi.org/10.3389/fmicb.2014.00445
https://doi.org/10.3389/fmicb.2014.00445
https://doi.org/10.1016/j.cub.2017.10.036
https://doi.org/10.3354/meps12445
https://doi.org/10.3354/meps12445
https://doi.org/10.1073/pnas.0914380107
https://doi.org/10.1371/journal.pone.0061492
https://doi.org/10.1371/journal.pone.0061492
https://doi.org/10.1080/09670262.2018.1466200
https://msystems.asm.org


network analysis. Annu Rev Entomol 61:353–371. https://doi.org/10
.1146/annurev-ento-010715-023719.

26. Blüthgen N, Menzel F, Blüthgen N. 2006. Measuring specialization in species
interaction networks. BMC Ecol 6:9. https://doi.org/10.1186/1472-6785-6-9.

27. Baird AH, Bhagooli R, Ralph PJ, Takahashi S. 2009. Coral bleaching: the
role of the host. Trends Ecol Evol 24:16–20. https://doi.org/10.1016/j.tree
.2008.09.005.

28. LaJeunesse TC, Pettay DT, Sampayo EM, Phongsuwan N, Brown B, Obura
DO, Hoegh-Guldberg O, Fitt WK. 2010. Long-standing environmental con-
ditions, geographic isolation and host-symbiont specificity influence the
relative ecological dominance and genetic diversification of coral endo-
symbionts in the genus Symbiodinium. J Biogeogr 37:785–800. https://doi
.org/10.1111/j.1365-2699.2010.02273.x.

29. LaJeunesse TC, Parkinson JE, Gabrielson PW, Jeong HJ, Reimer JD,
Voolstra CR, Santos SR. 2018. Systematic revision of Symbiodiniaceae
highlights the antiquity and diversity of coral endosymbionts. Curr Biol
28:2570–2580.e6. https://doi.org/10.1016/j.cub.2018.07.008.

30. Buddemeier RW, Fautin DG. 1993. Coral bleaching as an adaptive mecha-
nism. Bioscience 43:320–326. https://doi.org/10.2307/1312064.

31. Baker AC. 2001. Reef corals bleach to survive change. Nature 411:765–766.
https://doi.org/10.1038/35081151.

32. Putnam HM, Stat M, Pochon X, Gates RD. 2012. Endosymbiotic flexibility
associates with environmental sensitivity in scleractinian corals. Proc Biol
Sci 279:4352–4361. https://doi.org/10.1098/rspb.2012.1454.

33. Howe-Kerr LI, Bachelot B, Wright RM, Kenkel CD, Bay LK, Correa AMS.
2020. Symbiont community diversity is more variable in corals that
respond poorly to stress. Glob Change Biol 26:2220–2234. https://doi.org/
10.1111/gcb.14999.

34. Cunning R, Silverstein RN, Baker AC. 2015. Investigating the causes and
consequences of symbiont shuffling in a multi-partner reef coral symbio-
sis under environmental change. Proc Biol Sci 282:20141725. https://doi
.org/10.1098/rspb.2014.1725.

35. Swain TD, Lax S. 2021. A phylogeny informed analysis of the global coral-
Symbiodiniaceae interaction network reveals traits correlated with ther-
mal bleaching are specific to symbiont transmission mode. figshare
https://doi.org/10.6084/m9.figshare.14208251.v1.

36. Fabina NS, Putnam HM, Franklin EC, Stat M, Gates RD. 2013. Symbiotic
specificity, association patterns, and function determine community
responses to global changes: defining critical research areas for coral-
Symbiodinium symbioses. Glob Chang Biol 19:3306–3316.

37. Hume BCC, Mejia-Restrepo A, Voolstra CR, Berumen ML. 2020. Fine-scale
delineation of Symbiodiniaceae genotypes on a previously bleached cen-
tral Red Sea reef system demonstrates a prevalence of coral host-specific
associations. Coral Reefs 39:583–601. https://doi.org/10.1007/s00338-020
-01917-7.

38. Parkinson JE, Banaszak AT, Altman NS, LaJeunesse TC, Baums IB. 2015.
Intraspecific diversity among partners drives functional variation in coral
symbioses. Sci Rep 5:15667. https://doi.org/10.1038/srep15667.

39. Kennedy EV, Tonk L, Foster NL, Chollett I, Ortiz J-C, Dove S, Hoegh-
Guldberg O, Mumby PJ, Stevens JR. 2016. Symbiodinium biogeography
tracks environmental patterns rather than host genetics in a key Carib-
bean reef-builder, Orbicella annularis. Proc R Soc B 283:20161938. https://
doi.org/10.1098/rspb.2016.1938.

40. Gong S, Chai G, Xiao Y, Xu L, Yu K, Li J, Liu F, Cheng H, Zhang F, Liao B, Li
Z. 2018. Flexible symbiotic associations of Symbiodinium with five typical
coral species in tropical and subtropical reef regions of the northern
South China Sea. Front Microbiol 9:2485. https://doi.org/10.3389/fmicb
.2018.02485.

41. Bernasconi R, Stat M, Koenders A, Huggett MJ. 2019. Global networks
of Symbiodinium-bacteria within the coral holobiont. Microb Ecol
77:794–807. https://doi.org/10.1007/s00248-018-1255-4.

42. Tchernov D, Gorbunov MY, de Vargas C, Narayan Yadav S, Milligan AJ,
Haggblom M, Falkowski PG. 2004. Membrane lipids of symbiotic algae
are diagnostic of sensitivity to thermal bleaching in corals. Proc Natl Acad
Sci U S A 101:13531–13535. https://doi.org/10.1073/pnas.0402907101.

43. Sachs JL, Wilcox TP. 2006. A shift to parasitism in the jellyfish symbiont
Symbiodinium microadriaticum. Proc Biol Sci 273:425–429. https://doi.org/
10.1098/rspb.2005.3346.

44. Leigh EG. 2010. The evolution of mutualism. J Evol Biol 23:2507–2528.
https://doi.org/10.1111/j.1420-9101.2010.02114.x.

45. Boulotte NM, Dalton SJ, Carroll AG, Harrison PL, Putnam HM, Peplow LM,
van Oppen MJH. 2016. Exploring the Symbiodinium rare biosphere pro-
vides evidence for symbiont switching in reef-building corals. ISME J
10:2693–2701. https://doi.org/10.1038/ismej.2016.54.

46. Quigley KM, Willis BL, Bay LK. 2017. Heritability of the Symbiodinium com-
munity in vertically- and horizontally-transmitting broadcast spawning
corals. Sci Rep 7:8219. https://doi.org/10.1038/s41598-017-08179-4.

47. Quigley KM, Warner PA, Bay LK, Willis BL. 2018. Unexpected mixed-mode
transmission and moderate genetic regulation of Symbiodinium com-
munities in a brooding coral. Heredity (Edinb) 121:524–536. ) https://doi
.org/10.1038/s41437-018-0059-0.

48. Barshis DJ, Ladner JT, Oliver TA, Seneca FO, Traylor-Knowles N, Palumbi
SR. 2013. Genomic basis for coral resilience to climate change. Proc Natl
Acad Sci U S A 110:1387–1392. https://doi.org/10.1073/pnas.1210224110.

49. Gardner SG, Raina JB, Nitschke MR, Nielsen DA, Stat M, Motti CA, Ralph PJ,
Petrou K. 2017. A multi-trait systems approach reveals a response cascade
to bleaching in corals. BMC Biol 15:117. https://doi.org/10.1186/s12915
-017-0459-2.

50. Baker AC, Starger CJ, McClanahan TR, Glynn PW. 2004. Coral reefs: corals’
adaptive response to climate change. Nature 430:741. https://doi.org/10
.1038/430741a.

51. Berkelmans R, van Oppen MJH. 2006. The role of zooxanthellae in the
thermal tolerance of corals: a ‘nugget of hope’ for coral reefs in an era of
climate change. Proc Biol Sci 273:2305–2312. https://doi.org/10.1098/
rspb.2006.3567.

52. Sampayo EM, Ridgway T, Franceschinis L, Roff G, Hoegh-Guldberg O,
Dove S. 2016. Coral symbioses under prolonged environmental change:
living near tolerance range limits. Sci Rep 6:36271. https://doi.org/10
.1038/srep36271.

53. Baker AC. 2003. Flexibility and specificity in coral-algal symbiosis: diversity,
ecology, and biogeography of Symbiodinium. Annu Rev Ecol Evol Syst
34:661–689. https://doi.org/10.1146/annurev.ecolsys.34.011802.132417.

54. van Oppen MJH, Oliver JK, Putnam HM, Gates RD. 2015. Building coral
reef resilience through assisted evolution. Proc Natl Acad Sci U S A
112:2307–2313. https://doi.org/10.1073/pnas.1422301112.

55. Mieog JC, Olsen JL, Berkelmans R, Bleuler-Martinez SA, Willis BL, van Oppen
MJH. 2009. The roles and interactions of symbiont, host and environment in
defining coral fitness. PLoS One 4:e6364. https://doi.org/10.1371/journal.pone
.0006364.

56. Smith EG, Ketchum RN, Burt JA. 2017. Host specificity of Symbiodinium
variants revealed by an ITS2 metahaplotype approach. ISME J
11:1500–1503. https://doi.org/10.1038/ismej.2016.206.

57. Csárdi G, Nepusz T. 2006. The igraph software package for complex net-
work research. InterJournal Complex Syst 1695:1–9.

58. Dormann C, Gruber B, Fründ J. 2008. Introducing the bipartite package:
analysing ecological networks. R News 8/2:8–11.

59. Olesen JM, Bascompte J, Dupont YL, Jordano P. 2007. The modularity of
pollination networks. Proc Natl Acad Sci U S A 104:19891–19896. https://
doi.org/10.1073/pnas.0706375104.

60. Lozupone C, Knight R. 2005. UniFrac: a new phylogenetic method for
comparing microbial communities. Appl Environ Microbiol 71:8228–8235.
https://doi.org/10.1128/AEM.71.12.8228-8235.2005.

61. Revell LJ. 2010. Phylogenetic signal and linear regression on species data.
Methods Ecol Evol 1:319–329. https://doi.org/10.1111/j.2041-210X.2010
.00044.x.

62. Freckleton RP, Harvey PH, Pagel M. 2002. Phylogenetic analysis and com-
parative data: a test and review of evidence. Am Nat 160:712–726.
https://doi.org/10.2307/3078855.

Phylogenetic Systems Approach to Coral Bleaching

May/June 2021 Volume 6 Issue 3 e00266-21 msystems.asm.org 15

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 0

5 
M

ay
 2

02
2 

by
 1

65
.1

24
.8

5.
33

.

https://doi.org/10.1146/annurev-ento-010715-023719
https://doi.org/10.1146/annurev-ento-010715-023719
https://doi.org/10.1186/1472-6785-6-9
https://doi.org/10.1016/j.tree.2008.09.005
https://doi.org/10.1016/j.tree.2008.09.005
https://doi.org/10.1111/j.1365-2699.2010.02273.x
https://doi.org/10.1111/j.1365-2699.2010.02273.x
https://doi.org/10.1016/j.cub.2018.07.008
https://doi.org/10.2307/1312064
https://doi.org/10.1038/35081151
https://doi.org/10.1098/rspb.2012.1454
https://doi.org/10.1111/gcb.14999
https://doi.org/10.1111/gcb.14999
https://doi.org/10.1098/rspb.2014.1725
https://doi.org/10.1098/rspb.2014.1725
https://doi.org/10.6084/m9.figshare.14208251.v1
https://doi.org/10.1007/s00338-020-01917-7
https://doi.org/10.1007/s00338-020-01917-7
https://doi.org/10.1038/srep15667
https://doi.org/10.1098/rspb.2016.1938
https://doi.org/10.1098/rspb.2016.1938
https://doi.org/10.3389/fmicb.2018.02485
https://doi.org/10.3389/fmicb.2018.02485
https://doi.org/10.1007/s00248-018-1255-4
https://doi.org/10.1073/pnas.0402907101
https://doi.org/10.1098/rspb.2005.3346
https://doi.org/10.1098/rspb.2005.3346
https://doi.org/10.1111/j.1420-9101.2010.02114.x
https://doi.org/10.1038/ismej.2016.54
https://doi.org/10.1038/s41598-017-08179-4
https://doi.org/10.1038/s41437-018-0059-0
https://doi.org/10.1038/s41437-018-0059-0
https://doi.org/10.1073/pnas.1210224110
https://doi.org/10.1186/s12915-017-0459-2
https://doi.org/10.1186/s12915-017-0459-2
https://doi.org/10.1038/430741a
https://doi.org/10.1038/430741a
https://doi.org/10.1098/rspb.2006.3567
https://doi.org/10.1098/rspb.2006.3567
https://doi.org/10.1038/srep36271
https://doi.org/10.1038/srep36271
https://doi.org/10.1146/annurev.ecolsys.34.011802.132417
https://doi.org/10.1073/pnas.1422301112
https://doi.org/10.1371/journal.pone.0006364
https://doi.org/10.1371/journal.pone.0006364
https://doi.org/10.1038/ismej.2016.206
https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.1128/AEM.71.12.8228-8235.2005
https://doi.org/10.1111/j.2041-210X.2010.00044.x
https://doi.org/10.1111/j.2041-210X.2010.00044.x
https://doi.org/10.2307/3078855
https://msystems.asm.org

	RESULTS
	The coral-Symbiodiniaceae network exhibits high heterogeneity and modularity.
	The coral-Symbiodiniaceae network is structured to various degrees by mode of symbiont transmission, ocean biogeography, and life-history strategy.
	The phylogenies of both corals and Symbiodiniaceae predict their interaction patterns.
	Coral phylogeny, but not Symbiodiniaceae phylogeny, symbiont transmission, ocean biogeography, or life history strategies, is a good predictor of thermal tolerance.
	Symbiodiniaceae assemblages with higher mean thermotolerance do not reduce coral bleaching susceptibility; thermotolerance diversity increases susceptibility only in VT co ...
	High symbiont richness increases bleaching susceptibility in VT but not HT corals; symbiont specificity does not affect bleaching susceptibility in corals.
	Robustness of our results.

	DISCUSSION
	MATERIALS AND METHODS
	Frequency-weighted bipartite network analysis.
	Phylogenetic analyses.
	Richness, frequency of interaction, and specificity.
	Coral thermal resilience (taxon-BRI) and phylotype thermotolerance (TT).
	Sensitivity analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

