
Abstract

Coral bleaching, the temperature-induced loss of dinoflagellate symbionts, is a major driver of
global coral reef decline. Although corals can regain symbionts through repopulation of residual
symbionts or via environmental acquisition, these processes are often too slow to prevent coral
mortality. Mechanisms that enable rapid and effective symbiont reintroduction leading to full
recovery remain largely unknown. Here, we demonstrate coral bleaching recovery through con-
tact-mediated transfer of symbionts from healthy corals using small coral fragments. We show
that symbiont transfer is rapid, occurring over days to weeks, and highly efficient, with only
brief physical contact with healthy corals required. A single week of contact, and in some cases
as few as 3 days, provides sufficient symbionts to initiate sustained and full self-recovery. By 1
week, symbiont population doubling time is approximately 4 days, up to an order of magnitude
faster than most recovery times for corals in the field. We identify tissue fusion as the mecha-
nism enabling directional symbiont transfer from healthy to bleached coral tissue. As a result,
contact-dependent recovery is restricted to corals of the same genet, whereas heterologous
genet pairings trigger antagonistic interactions. However, symbiont transfer via polyp uptake
occurs immediately upon contact in both same-genet and mixed-genet pairings, revealing an
additional, slower pathway for symbiont transfer that is insufficient on its own to support
colony recovery. Collectively, these findings reveal a previously unrecognized natural process
for efficiently reintroducing symbionts to bleached corals, providing a foundation for research
into potential recovery interventions.
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INTRODUCTION

Coral reefs are experiencing global declines as rising seawater temperatures cause widespread
bleaching (1). Thermal stress can induce coral bleaching by disrupting the symbiotic relationship
between corals and their dinoflagellate symbionts (Symbiodiniaceae), triggering symbiont expul-
sion from coral tissues (2). These symbionts supply most of the coral’s nutrients through photosyn-
thesis, and without symbionts, corals are vulnerable to starvation and overgrowth by external fila-
mentous algae on the coral surface, often resulting in mortality (1, 3–6). In some cases, however,
bleached corals can recover and return to a healthy state once heat stress subsides (7–9), yet there
have been very few studies on the processes that enable this recovery (7–11). Recovery can occur
through the repopulation of remaining symbionts in partially bleached corals. Alternatively,
bleached corals can recover through the acquisition of symbionts expelled at a slow rate by healthy
corals (11–15). Careful search of coral habitats has shown that indeed symbionts are present in reef
sediments and the water column, but occur at abundances several orders of magnitude lower than
in coral tissues (16–18), potentially limiting recovery through environmental acquisition. Both of
these natural recovery pathways are typically slow, occurring over months and contributing to the
high mortality rates observed during severe bleaching events (6, 7, 19).

There is an ongoing, urgent race for solutions to mitigate the catastrophic loss of coral due to
bleaching. With widespread impacts from four global bleaching events occurring in 1998, 2010, 2015
to 2016, and 2023 to 2025, and predictions of mass coral bleaching occurring annually by 2080, coral
reefs are approaching tipping points of collapse (20–22). Currently, most research is focused on un-
derstanding the heat tolerance of corals and their symbionts, and harnessing heat tolerance for
coral conservation and restoration. Recent approaches include acclimatization, assisted evolution,
genetic engineering, selective breeding, and manipulation of the coral holobiont through the intro-
duction of probiotics, microbiome transplants, and heat-evolved symbionts (23–30). Other inter-
ventions aimed at reducing bleaching and its impacts include shading, coral transplantation, assist-
ed gene flow, larval seeding, and coral nurseries (31–35). However, these solutions are largely pre-
ventative, designed to limit the effects of coral bleaching before or during thermal stress. While
bleaching recovery mechanisms have been studied at the organismal and molecular scale (8, 36–39),
comparatively little attention has been given to solutions for recovering corals that are already
bleached, in part due to their typically low survival rate. Moreover, natural processes for rapidly
reintroducing symbionts and enabling recovery remain largely unknown. Yet, many reefs can have
localized bleaching where healthy colonies with dense symbiont populations can persist adjacent to
bleached colonies, providing a natural reservoir of symbionts that could potentially be leveraged for
recovery (40). This raises the question of whether healthy, unbleached corals could promote the re-
covery of bleached corals through direct symbiont reintroduction.

Here, we report rapid coral bleaching recovery through direct contact with healthy corals. We show
that contact between healthy and bleached coral fragment (Pocillopora damicornis) leads to rapid
symbiont transfer, resulting in full recovery within weeks. In contrast, bleached corals that are not
in contact with healthy corals experience extensive algal overgrowth and mortality. Symbiont trans-
fer initiates at the contact interface and subsequently spreads throughout the bleached fragment.
Notably, just 1 week of contact provides sufficient symbionts for the bleached coral to fully recover
even after separation from the healthy coral. In same-genet pairings, separation revealed tissue rips
in identical locations on both healthy and bleached corals, and an accumulation of symbionts in the
bleached tissue, indicating that directional symbiont transfer is facilitated by rapid tissue fusion. We
find that this recovery is restricted to corals of the same genet, whereas pairings between different
genets trigger antagonistic interactions, with the healthy coral overtaking the bleached fragment. In
addition, we identify a secondary, less efficient mechanism of transfer in which symbionts are ex-
pelled from the healthy coral onto the bleached coral before fusion, a process observed in both
same-genet and mixed-genet pairings. Collectively, our experimental results demonstrate that
healthy corals can rapidly recover bleached corals through direct symbiont delivery.

RESULTS

Direct contact with healthy coral drives full recovery of bleached coral

To test the hypothesis that bleached corals can be recovered through direct contact with a healthy
coral, we placed bleached coral fragments (1 to 1.5 cm in length) of P. damicornis in contact with
healthy fragments of the same genet (i.e., a clonal genotype). All bleached coral in direct contact
with healthy coral (n = 5) achieved complete recovery within 8 weeks. The bleached corals were
rapidly recolonized by symbionts from the healthy coral (Fig. 1A). Symbiont repopulation was first
observed at the contact interface and progressively expanded throughout the bleached coral, result-
ing in full recovery. Recovery was consistently observed across all bleached corals in contact with
healthy corals. To determine whether contact was required for recovery, bleached fragments were
positioned 5 to 7 mm away from healthy coral fragments (n = 5). These bleached corals held mil-
limeters from healthy corals remained fully bleached for several weeks, followed by severe over-
growth of filamentous red and green algae and diatoms, and subsequent tissue necrosis and polyp
mortality (Fig. 1B). We repeated the experiment with relatively larger coral fragments (2 to 3 cm in
length) and obtained similar results for both contacting and noncontacting bleached corals (fig. S1).

All bleached corals in contact with healthy corals achieved 100% polyp recovery after 8 weeks, with
one fragment reaching full polyp recovery after only 4 weeks (Fig. 1C). In addition, by the end of the
experiment, recovered bleached fragments had a greater number of polyps than initially present,
indicating a transition into active growth involving new tissue, skeletal growth, and polyp forma-
tion (fig. S2). For the noncontacting bleached corals, four of five fragments showed minimal polyp
recovery (5 to 20%) at the branching tip of the fragment during the final 3 weeks of the experiment
(Fig. 1C). This limited recovery likely arose from either acquisition of expelled symbionts from near-
by healthy corals or repopulation of residual symbionts in the tissue (41). At the end of 9 weeks, two
of the isolated bleached fragments were fully overgrown by algae and died, and the other three ex-
hibited algal overgrowth covering ≥87% of the fragment, outpacing symbiont repopulation (Fig. 1D).
In contrast, the contacting pairs exhibited limited algal overgrowth, which peaked by the second
week. By the end of the experiment, no algal overgrowth was observed on any of these contacting
fragments because new tissue had grown over areas covered in algae (Fig. 1D). Analysis of the im-
ages collected throughout the experiment revealed that the median pixel color values of bleached
corals progressively approached those of healthy corals, with minimal differences by the final
weeks, indicating recovery of pigmentation (Fig. 1E).

The corals were re-evaluated at week 20, and previously bleached fragments in contact with healthy
corals showed extensive additional polyp growth and produced new branches similar to those of
their healthy counterparts. (fig. S3). In contrast, recovery in noncontacting corals had further de-
clined relative to week 9, due to algal overgrowth and tissue death preventing further recovery (Fig.
1, C to E, and fig. S3).

Brief contact with healthy coral initiates self-sustained recovery of bleached coral

To test whether sustained physical contact with a healthy coral was required for complete bleaching
recovery, we separated bleached corals from healthy corals after varying contact durations ranging
from 1 day to 3 weeks (see Materials and Methods). All bleached corals with 1 week or longer con-
tact, and one coral with 5 days of contact, achieved complete polyp recovery within 7 weeks (n = 6)
(Fig. 2, A, B, and D). These experiments showed that 1 week of contact provides sufficient symbiont
transfer for bleached fragments to fully recover independently. At even shorter contact intervals, we
observed that all fragments in contact with healthy coral for ≥3 days exhibited symbiont transfer
and visible signs of recovery at separation (n = 10) (fig. S4), but were ultimately covered by algae
(Fig. 2C). By contrast, a limited sample of bleached corals in contact for only 1 day (n = 2) showed no
recovery at separation.

Monitoring recovery after separation allowed us to track key aspects of the recovery process. In pre-
vious experiments with continuous contact (Fig. 1), increases in symbiont density in bleached corals
could have resulted from both continued transfer from the healthy coral and replication of sym-
bionts within the bleached fragment. By contrast, in separated corals, all subsequent increases in
symbiont density must result from symbiont replication. In these separation experiments, bleached
corals that were in contact with a healthy coral for a week or longer achieved full recovery within 7
weeks, matching the recovery rate observed in the continuously contacting corals, with some sepa-
rated fragments exceeding this rate (Figs. 1C and 2B). This similar recovery rate following separa-
tion suggests that full recovery is largely driven by symbiont replication within the recipient
bleached coral.

Rapid directional symbiont transfer from healthy to bleached coral

We monitored bleached and healthy polyps using laser scanning confocal microscopy (LSCM) every
3 days over a 12-day period, to better understand the process of symbiont transfer. Symbionts were
visible in the Chlo-a channel, whereas corals produced a chromoprotein visible in the GFP channel
(Fig. 2, E and F). Symbiont density measurements were performed on polyps, which contain higher
symbiont densities than the coenosarc (the interpolyp tissue). On day 0, bleached polyps exhibited a
mean symbiont density of 7 cells/mm , with one fragment containing no detectable symbionts. The
healthy polyps exhibited a mean symbiont density of more than 6700 cells/mm , indicating that the
bleached corals had lost 99.9 to 100% of their symbionts (Fig. 2, E and F). Thus, substantial presence
of symbionts reflects reintroduction from external sources, not repopulation of remnant symbionts.
By day 3, symbionts were observed in polyps of bleached fragments (Fig. 2, F and G); however, sub-
stantial recovery in symbiont density began after day 3 (Fig. 2, F and G). Symbiont density contin-
ued increasing through day 12, with previously bleached polyps reaching 70.6 ± 24.2% (mean ± SD)
of the density of adjacent healthy polyps per coral pair (n = 4). The symbiont doubling time in these
contact experiments is 18.3 ± 5.8 hours (mean ± SD) in the first 6 days and 4.13 ± 1.7 days
(mean ± SD) in the following 6 days, reflecting immediate import of symbionts followed by steady,
rapid replication thereafter (table S1 and fig. S5).

Microscopic inspection during recovery revealed that symbionts initially transferred at the contact
interface subsequently spread throughout the fragment until full recovery (Fig. 2E). In fragments
separated after 1 week, symbiont densities did not visibly differ from the previously contacting side
and the opposite side of the fragment, indicating that the rapid increase in symbiont density in the
bleached fragment was additionally associated with intracolony transport (Fig. 2A).

Coral bleaching recovery requires same-genet pairing

Experiments shown in Figs. 1 and 2 were performed using coral fragments from a single genet
(genotype R). To assess whether this recovery pattern occurred in other genets, we repeated the
contact versus no contact experiment using a different genet (genotype G; n = 3 contact, n = 3 non-
contact) and observed the same robust and reproducible bleaching recovery (fig. S6). We then tested
bleaching recovery across genets by pairing bleached corals of genotype G with healthy corals of
genotype R (n = 3) and vice versa (n = 3).

We then tested bleaching recovery across genets by pairing bleached corals of genotype G with
healthy corals of genotype R (n = 3) and vice versa (n = 3). In contrast to R-R and G-G pairings, with-
in hours of mixed pairings, we observed mesenterial filaments at the interface between corals (Fig.
3A). These filaments, ejected from coral polyps and lined with stinging nematocysts, suggest antag-
onistic interactions consistent with biological warfare (42). Filaments remained extended at the
contact interface for several weeks and were absent in same-genet contacts. We observed limited
symbiont transfer in bleached polyps, consistent with symbionts expelled by adjacent healthy corals
and subsequently acquired by nearby bleached polyps (12, 43). However, this transfer did not result
in large-scale recovery thereafter (fig. S7). Instead, all bleached fragments in mixed genotype pair-
ing were extensively overgrown by healthy coral, with four of six bleached fragments fully over-
grown at 9 weeks (Fig. 3, B and C). Overgrowth likely resulted from the weakened state of bleached
fragments due to heat stress and symbiont loss, reducing energy and competitive defenses. Regions
not overgrown by healthy coral were instead overgrown by algae. Across the experiment, none of
the bleached fragments showed signs of recovery (Fig. 3D).

To explore mixed-genet interactions without bleached fragments, we paired healthy fragments from
both genets (n = 4) and observed mesenterial filaments and a clear tissue boundary, consistent with
previous descriptions of P. damicornis (44) (Fig. 3E). At the contact interface, we observed a zone of
symbiont-free tissue, indicating absence of symbiont exchange between genets. This explains the
lack of mass symbiont transfer in bleached-healthy mixed-genet pairings.

Together, these results suggest that coral bleaching recovery we describe here is limited to corals of
the same genet. Although symbiont transfer via polyp uptake occurred in mixed-genet pairings, it
was insufficient to support fragment-wide recovery. Thus, the bleaching recovery observed in Figs. 1
and 2 is not due merely to proximity or physical contact, but involves active, contact-mediated sym-
biont transfer between a healthy and bleached coral fragment of the same genet.

Tissue fusion enables direct symbiont transfer driving bleaching recovery

To gain insight into the mechanism of symbiont transfer, we tracked the spatiotemporal spread of
symbionts from healthy to bleached corals using larger coral fragments (2 to 3 cm) in both R-R and
G-G pairings (n = 3 per treatment). We observed that symbiont transfer from healthy to bleached
corals initiated at localized points of contact between fragments rather than uniformly across the
entire contact interface. Initial transfer sites occurred at different positions along the bleached frag-
ment among replicates (Fig. 4, A to C, and fig. S8). Following initial transfer, symbionts spread out-
ward from the transfer site, progressively recolonizing the entire bleached fragment. Recolonization
proceeded top-down when transfer initiated at the fragment tip, bottom-up when transfer initiated
at the base, and bidirectionally when transfer was initiated at the midpoint (Fig. 4, A to C, and fig.
S8). In all fragments examined (n = 6), recolonization expanded from localized transfer sites and
spread throughout the fragment. One fragment exhibited two transfer sites, at the tip and midpoint
of the fragment, from which recolonization proceeded simultaneously from both transfer sites (fig.
S8A). The directional pattern of symbiont recolonization observed at the fragment level was also
evident within individual polyps (fig. S9). In fragments exhibiting top-down recovery, symbionts
first appeared in the upper tentacles of individual polyps before spreading to lower tentacles (fig.
S9A). Conversely, in fragments exhibiting bottom-up recovery, symbionts first appeared in lower
tentacles and subsequently spread to the upper tentacles (fig. S9B). These observations show that
symbiont transfer initiates at localized contact sites, followed by directional, fragment-wide recolo-
nization.

The pattern of symbiont spread at local contact points and its radial propagation throughout the
fragment, coupled with its restriction to same-genet pairings, suggest that this contact-mediated
transfer involves same-genet tissue recognition and fusion. This mechanism is consistent with ob-
servations of fusion between same-genet corals and formation of continuous tissue across contact
interfaces (44–49). To test this hypothesis, we set up additional contacting pairs (n = 12), monitored
recovery over several weeks, and identified the focal points of symbiont reintroduction before sepa-
rating the two fragments.

Separation consistently revealed paired tissue rips exposing the skeleton at identical locations on
both healthy and bleached corals, corresponding to the sites of initial symbiont spread (Fig. 4D, fig.
S10, and movie S1). These localized, paired rips indicate the presence of tissue bridges between
fragments at the point of symbiont transfer, which were torn upon separation. Across all replicates,
the tissue rips were confined to the transfer sites; fragments exhibited no additional damage be-
yond these rips. In cases where two distinct transfer sites were observed, two corresponding sets of
matching tissue rips were present on both fragments (fig. S10C). To test whether tissue rips resulted
from mechanical damage during contact and separation, we set up contacting pairs for 1 day before
separation (n = 6). No ripping was observed, indicating that the rips are not attributable to contact
alone but consistent with disruption of fused tissue (fig. S11).

To resolve the early dynamics of symbiont transfer, we monitored contacting pairs over the first 72
hours of contact (n = 6). Within hours, small numbers of symbionts accumulated in bleached polyps,
consistent with the limited polyp uptake observed in mixed-genet pairings (fig. S12A). Between 36
and 60 hours after contact, symbiont transfer rapidly increased at localized sites along the contact
interface (fig. S12B). Symbionts subsequently spread from the transfer sites to adjacent bleached
polyps (fig. S12B). Separation of the fragments at 72 hours revealed matching tissue tears at the
transfer sites, with no additional visible tissue damage (fig. S12C). Together, these observations sug-
gest that rapid mass transfer begins approximately 36 to 60 hours after contact, coinciding with lo-
calized tissue bridges formation between fragments, leading to directional symbiont spread that
recolonizes the bleached fragment.

DISCUSSION

This study provides a repeatable demonstration of coral bleaching recovery through direct contact
with same-genet, healthy, unbleached corals, resulting in complete recovery of bleached fragments
in as little as 4 weeks. Thus, we document symbiont transfer from a healthy coral as a robust, natur-
al mechanism for rapid symbiont reintroduction to a bleached coral mediated by physical contact.
In the absence of contact with healthy coral, bleached corals exhibited high mortality rates similar
to those commonly observed on bleached reefs. We also found that, following rapid mass transfer,
symbionts were distributed throughout the fragment, emphasizing the role of coral’s gastrovascular
circulation in recovery. These results advance our understanding of the physiological and cellular
processes that enable coral recovery following bleaching.

Recent work has explored the use of healthy corals as donors of heat-tolerant symbionts to
bleached corals, with transfer occurring through the water column (19, 41). However, this process
resulted in limited uptake of heat-tolerant symbionts by bleached corals: after 55 days of exposure,
only 5 of 45 recipient fragments contained even low levels (≤0.06%) of the donor symbiont (41).
Consistent with these findings, we observed that even when bleached corals were positioned just a
few millimeters from healthy corals, symbiont transfer and environmental acquisition remained
limited. Expanding on this work on recovery of original symbiont populations, contact-dependent
symbiont transfer could also provide an efficient means of replacing original symbionts with natu-
rally occurring heat-tolerant symbionts (e.g., Durusdinium) or even heat-evolved symbionts (30, 50,
51), promoting rapid recovery while potentially enhancing thermal tolerance.

Our surveys indicate a symbiont doubling rate of approximately 4 days within bleached fragments
during the second week of contact with healthy corals, which is substantially faster than the recov-
ery rate of bleached corals in other studies. For example, on the Great Barrier Reef, symbiont loads
in Acropora corals were documented to double over 3 months during bleaching recovery (52). In
Samoa, symbionts in recovering Montipora corals doubled within 16 to 24 days, although a subset
showed faster rates of 6 to 8 days (14). Rapid proliferation of newly acquired symbionts has also
been documented in other cnidarian hosts, including Aiptasia, consistent with rapid symbiont ex-
pansion during early colonization of unpopulated host tissue (53). Slow recovery in corals may re-
flect host-imposed regulation of symbiont growth via nutrient or space constraints (54, 55), which,
in established coral colonies, limits proliferation through restricted host supply of nutrients, includ-
ing nitrate and phosphate (56). Notably, the symbiont doubling rates observed here are consistent
with reduced host-imposed constraints during the early stages of repopulation in bleached corals.
The mechanisms by which transferred symbionts increase replication in bleached corals remain un-
clear, but the accelerated recovery rates observed in our study may reflect the absence of prior ther-
mal stress in transferred symbionts. This possibility is supported by experiments showing that heat
stress can impair symbiont replication and reduce metabolic support to the host (57–59). In addi-
tion, given the central role of host regulation of nutrient availability in symbiont population growth
(54, 56), nutrient transfer between healthy and bleached corals may have occurred during symbiont
transfer and could therefore have contributed to rapid population expansion (60). Further work is
needed to better understand these dynamics.

Symbiont transfer from healthy to bleached corals began at points of contact but spread rapidly
throughout the entire fragment, suggesting transport through the gastrovascular network followed
by proliferation within recipient tissues. Such rapid symbiont transport has been documented dur-
ing new tissue growth (61). Similarly, when Montipora colonies were overturned, pale bottom tissues
exhibited a rapid threefold increase in symbiont density, consistent with transport from the previ-
ously upper colony surface (62). In soft corals, ciliated gastrovascular canals transport symbiont-
containing host cells throughout the colony, providing a mechanism for long-distance intracolonial
movement (63–66). Evidence from Aiptasia supports a model in which colony-wide colonization
involves both local proliferation and symbiont migration through host tissues (67). Many corals
host distinct symbiont taxa in different regions of the colony, suggesting that intracolony transport
is not unrestricted (68). Nevertheless, our data indicate that this intracolony transport during rapid
symbiont population expansion may facilitate recovery and potentially drive colony-wide and reef-
wide shifts in symbiont dominance following bleaching events (69–71). The cellular mechanisms of
these processes in our system remain unresolved, and further work is needed to determine whether
transferred symbionts are transported within host cells or as free-floating symbionts.

Fragment-wide recovery occurred only in same-genet pairings after tissue fusion. By contrast, het-
erologous pairings resulted in the rapid appearance of mesenterial filaments. Originally, mesenteri-
al filaments were primarily viewed as defense mechanisms in interspecific competition (72, 73) but
were then found to also be induced in some intraspecific interactions (74). These responses are gov-
erned by coral allorecognition systems that distinguish self from nonself tissues, triggering cellular
responses that lead to tissue fusion or antagonistic rejection (75). Our findings indicate that in P.
damicornis, this recognition system rapidly determines the outcome of contact between healthy and
bleached fragments. If the genetic basis of this antagonistic response could be identified and modu-
lated, it may be possible to promote fusion between corals of different genets, enabling mass sym-
biont transfer and recovery.

We also observed symbiont transfer from healthy to bleached corals within hours of contact, before
fusion (fig. S12). This limited transfer likely occurred through the expulsion of symbionts from the
healthy coral onto the bleached coral, with most symbionts accumulating in nearby bleached
polyps. This pattern suggests that this symbiont uptake occurs via polyp ingestion followed by in-
corporation into gastrodermal cells, consistent with established mechanisms of environmental ac-
quisition (76). Initial polyp uptake occurred in both same- and mixed-genet pairings, whereas the
subsequent mass transfer was restricted to same-genet pairings, suggesting these represent mecha-
nistically distinct modes of symbiont transfer. In mixed-genet pairings, the limited transfer was in-
sufficient to promote recovery or prevent overgrowth by the healthy coral tissue, suggesting that
the rapid symbiont doubling time we saw in same-genet interactions did not occur in this case. This
cross-genet transfer indicates that the limitations of mass transfer and recovery observed in our ex-
periments (Fig. 3) are driven by the coral host rather than the symbionts (fig. S7). Accordingly, en-
hancing the efficiency and scale of environmental acquisition could provide a strategy for reintro-
ducing symbionts to bleached corals from healthy corals of different genets or even different
species.

Our study reveals previously unrecognized dynamics both between coral hosts and their symbionts
and among interacting corals. Open questions remain regarding the mechanisms responsible for
rapid population expansion and the rapid colony transport we document, as well as the generality
and scalability of our findings of coral bleaching recovery. In particular, future research should ex-
plore how consistently these recovery phenomena occur across coral species, symbiont taxa, and
colony morphologies; evaluate the role of heterotrophic feeding in contact-mediated recovery; fur-
ther investigate the mechanisms of symbiont transfer; and assess whether these transfer processes
can be modified to facilitate universal symbiont transfer from healthy corals to bleached corals. The
areal extent over which contact-mediated symbiont transfer can promote recovery within a colony
remains unknown and may constrain recovery at larger scales. Extending these findings into eco-
logically relevant field contexts will be essential for evaluating coral bleaching recovery at the scale
of natural coral reef systems.

Fig. 1. Coral bleaching recovery through contact with healthy coral.
(A) Example stereoscopic images of a bleached and healthy coral fragment (P. damicornis) in direct contact, showing week-
ly progression of coral bleaching recovery from week 0 to week 9. Scale bars, 1 mm. (B) Example stereoscopic images of a
bleached and healthy coral fragment (P. damicornis) without contact, showing weekly progression from week 0 to week 9 of
external algal overgrowth composed of filamentous red and green algae and diatoms. Overgrowth is characterized by a
greenish hue and typically initiates from the base, leading to mortality and minimal recovery. Scale bars, 1 mm. (C) Polyp
recovery of bleached coral fragments with and without contact with healthy coral fragments from week 0 to week 9. Polyp
recovery was normalized to the total number of polyps per fragment, n = 5 (contact) and n = 5 (noncontact). (D) Area of al-
gal overgrowth on bleached coral fragments with and without contact with healthy coral fragments from week 0 to week 9.
Algal overgrowth area was normalized to fragment size, n = 5 (contact) and n = 5 (noncontact). (E) Differences in median
pixel color of bleached coral fragments in contact with healthy coral fragments from week 0 to week 9, n = 5. Coral frag-
ments shown in (A) and (B) are represented by triangles. Scale bars, 1 mm.
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Fig. 2. Rapid symbiont transfer facilitates recovery.
(A) Example stereoscopic images of a bleached coral fragment in contact with a healthy coral fragment at weeks 0 and 1,
followed by separation at week 1 and full recovery by week 9. Scale bars, 1 mm. (B) Polyp recovery of bleached coral frag-
ments following contact with and subsequent separation from healthy coral fragments from week 0 to week 9. Polyp recov-
ery was normalized to the total number of polyps per fragment, n = 2 (per condition). (C) Area of algal overgrowth on
bleached coral fragments following contact with and separation from healthy coral fragments from week 0 to week 9. Algal
overgrowth area was normalized to fragment size, n = 2 (per condition). (D) Differences in median pixel color of bleached
coral fragments following contact with and separation from healthy coral fragments from week 0 through week 9, n = 2 (per
condition). Coral fragments shown in (A) are represented by triangles. (E) Example confocal images of healthy and
bleached polyps taken on days 0, 3, 6, 9, and 12. Chl-a channel shown in magenta and GFP channel shown in cyan. Scale
bars, 200 μm. (F) Symbiont cell densities for healthy and bleached polyps depicted in box plots, with each point represent-
ing the mean density of an individual fragment throughout recovery from day 0 to 12 (three polyps per fragment; n = 4 for
both healthy and bleached). (G) Symbiont densities in bleached corals relative to healthy corals. Symbiont densities wereExpand for more 

 OPEN IN VIEWER

2

2

Fig. 3. Bleaching recovery requires same-genet pairing.
(A) Example stereoscopic image of mesenterial filaments deployed at the contact interface between healthy and bleached
coral fragments; the bleached fragment is genotype G and the healthy fragment is genotype R. Scale bars, 1 mm. (B) Exam-
ple stereoscopic image of a bleached and healthy coral fragment of different genets in contact, showing weekly progression
of competitive overgrowth from week 0 to week 9; the bleached fragment is genotype G and the healthy fragment is geno-
type R. Scale bar, 1 mm. (C) Area of overtake of bleached coral fragments by healthy coral fragments in different-genet pair-
ings. Overtake area was normalized to fragment size, n = 3 (R-G) and n = 3 (G-R). Excludes one pair (healthy G + bleached R)
that did not maintain contact. Coral fragment shown in (B) is represented by triangles. (D) Example stereoscopic images of
recovery in same-genet pairings at week 2 (left; genotype R) with overgrowth in different-genet pairings at week 5 (right;
bleached fragment genotype R, healthy fragment genotype G). Scale bars, 1 mm. (E) Example stereoscopic images of sym-
biont-free tissue boundary between healthy coral fragments of genotype R (left) and genotype G (right). Scale bar, 1 mm.
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Fig. 4. Directional symbiont spread during recovery originates from localized tissue fusion sites.
(A to C) Example stereoscopic images showing symbiont transfer initiating from tissue bridges (red ovals) located at the
fragment tip (A), base (B), or midpoint (C), resulting in top-down, bottom-up, or bidirectional recolonization of the bleached
fragment, respectively (blue arrows). Images show recovery from week 0 to week 4. Scale bars, 1 mm. (D) Example stereo-
scopic images showing symbiont transfer initiating from a tissue bridge (red oval) near the base of the bleached coral, re-
sulting in bottom-up recolonization (blue arrows). After 2 weeks of contact, the fragments were separated, revealing corre-
sponding tissue rips at the site of initial symbiont transfer on both the healthy (left) and bleached (right) corals. The paired
tissue rips are indicated by red ovals. Labeled polyps on each coral provide reference points for comparing orientation be-
fore and after separation. Scale bars, 1 mm.
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Although the mechanism of coral bleaching recovery reported here is currently limited to same-
genet pairing and sustained contact, our results establish a foundational framework for using
healthy corals to rapidly reintroduce symbionts through contact and promote recovery in bleached
corals. These findings may inspire a new class of responsive, postbleaching interventions aimed at
accelerating coral bleaching recovery following bleaching events.

MATERIALS AND METHODS

Coral sampling and husbandry

Fragments of P. damicornis were derived from aquarium-maintained colonies originally obtained
from aquarium suppliers; collection location and depth were not available. Colonies were main-
tained in aquaria at the Hopkins Marine Station, in Pacific Grove, CA, USA, for 3.5 years. Parental
colonies before fragmentation were approximately 40 cm by 40 cm in size for each genotype. The
two genotypes were distinguished by fluorescence under blue excitation light, used as a visual
marker for genotype identification: genotype R fluoresced red and genotype G fluoresced green.
The molecular basis of this variation was not investigated in this study. Corals were maintained in
flow-through aquaria at temperatures ranging 27° to 28°C and fed a mixture of Restor Liquid Coral
Tissue Nutritional Supplement, Zooplanktos-M (500 to 1000 µm), Reef Snow, and Reef Blizzard-XC
(all from Brightwell Aquatics, Fort Payne, AL), at final concentrations of 100, 100, and 50 µl/liter,
respectively. Small invertebrates present in the aquaria included snails, amphipods, Xenia octoco-
rals, Aiptasia, small brooding sea stars, and annelids. These organisms were not detrimental to the
corals or experimentally manipulated, and all treatments were maintained under identical condi-
tions. The colonies hosted Cladocopium spp. symbionts. P. damicornis was selected due to its ecolog-
ical relevance on Indo-Pacific reefs and its widespread use in experimental studies of coral-sym-
biont interactions and stress responses.

Coral bleaching

Coral branches (3 to 4 cm in length) were placed in a 50-liter tank illuminated by LED lamps (4200
K, 16 W) on a 12-hour photoperiod (0600 to 1800). Temperature was controlled using an Inkbird
Temperature and Humidity Controller (Model ITC-608T) paired with a 500-W Titanium Aquarium
Heater (Hygger, Model BUS-HG902-500W). Water flow was maintained with a Hygger Circulation
and Wave Pump (792 GPH, Model HG017-4W). For the bleaching treatment, one tank underwent a
30-min stepwise +0.9°C temperature ramp from 28.3° to 34.4°C, followed by a 4-hour peak hold at
34.5°C, then a return to 27.6°C for 16 hours. The tank was illuminated by a single floodlight provid-
ing photosynthetically active radiation of 150 to 300 µmol m  s . Coral branches remained in the
bleaching tanks for 12 to 16 days until all visible symbiont coloration was lost. As the corals became
increasingly pale (approximately day 10), they were shaded to reduce algal growth. Light levels dur-
ing shading were not quantitatively measured. The floodlight was blocked, but corals remained ex-
posed to indirect ambient room light during daylight hours. Once fully bleached, the corals were
transferred to a separate holding tank maintained at 27.4°C with an identical setup. Bleached corals
remained shaded in this tank until fragmentation for experimentation. All coral branches were
bleached simultaneously in a single tank before fragmentation and assignment to subsequent ex-
perimental treatments (fig. S13). Bleached corals were fed four to five times per week, and frag-
mented corals were fed twice a week during the experiment, with identical feeding across all treat-
ments. Feeding levels were likely elevated compared to natural reef conditions.

Experimental design

Corals were fragmented using diagonal cutting pliers (Milwaukee 6″ Diagonal Cutting Pliers) and
affixed to ceramic plugs (Saricho Ceramic White Coraline Coral Frag Plugs 24 mm) using super glue
[Bulk Reef Supply, 10 oz. (295.73 ml) Bottle BRS Extra Thick Gel Super Glue]. For contacting pairs,
fragments were positioned to maximize contact area. In all experiments, “contact” refers to direct
visible tissue-tissue contact between paired coral fragments. For “noncontact” pairs, fragments
were affixed to the plug 5 to 7 mm apart. The separation distance was selected to prevent contact
between the fragments when their polyps were extended while maintaining proximity. The frag-
ment plugs for all experiments described below were then placed in an experimental 50-liter tank,
maintained at 27.4°C with an identical setup to the bleaching and control tanks described above. All
experiments and controls were conducted in the same tank.

Contact (n = 5) and noncontact (n = 5) coral pairs shown in Fig. 1 were maintained concurrently and
arranged in adjacent rows of five plugs, with coral fragments trimmed to 1 to 1.5 cm in length. Larg-
er coral fragments shown in fig. S1 were 2 to 3 cm in length. All coral pairs were imaged and moni-
tored weekly over a 9-week period. For the separation experiment in Fig. 2, coral pairs were main-
tained in contact for 3 weeks, 2 weeks, 1 week, 5 days, 3 days, and 1 day (n = 2 per time duration). At
the end of each contact period, the healthy corals were manually separated from the bleached coral
and detached from the base and then immediately reaffixed to the same plug 5 to 7 mm from the
bleached fragment. Coral pairs were imaged immediately before and immediately after separation.
Two sequential sets of coral pairs were monitored for 9 weeks: The first set consisted of six pairs
with contact durations of 1, 2, and 3 weeks with two pairs per duration and the second set consisted
of six pairs with contact durations of 1, 3, and 5 days with two pairs per duration. All coral pairs
were imaged and monitored weekly over a 9-week period. Coral pairs imaged using laser scanning
microscopy in Fig. 2 were affixed to 2 × 1 LEGO bricks. Straight branches were selected for both
healthy and bleached corals and arranged perpendicular to the edge of the flat, long face of the
brick to minimize the distance between the objective lens and the coral fragment (fig. S14). The
LEGO-mounted corals were temporarily affixed to coral plugs for added weight when not being im-
aged and were detached and reaffixed for each imaging session. The LEGO-mounted corals were
maintained concurrently and arranged in a single row of four. All coral pairs (n = 4) had three
bleached polyps and three healthy polyps imaged and monitored every 3 days over a 12-day period.
Coral pairs of different genets (R-G, n = 3; G-R, n = 3) in Fig. 3 were maintained concurrently and
arranged in adjacent rows of three. All coral pairs were imaged and monitored weekly over a 9-week
period. For monitoring symbiont flow during recolonization in Fig. 4, coral pairs (n = 6) were main-
tained concurrently and arranged in adjacent rows of three plugs. All coral pairs were imaged and
monitored weekly over a 5-week period. For the separation of recovering coral pairs to investigate
the disruption of fused tissue bridges, coral pairs (n = 12) were maintained concurrently and
arranged in adjacent rows of six plugs. All coral pairs were imaged and monitored weekly for 2 to 3
weeks. At the end of the contact period, coral pairs were manually separated. For determining
whether tissue damage resulted from contact and separation alone (fig. S11), coral pairs (n = 6) were
maintained in contact for 24 hours. All coral pairs were manually separated. For early-stage sym-
biont transfer dynamics (fig. S12), coral pairs (n = 6) were imaged every 12 hours over a 72-hour pe-
riod and manually separated. All separated coral pairs were imaged immediately before and imme-
diately after separation. We developed a three-dimensional (3D)–printed coral slider in which coral
fragments were affixed to opposing sides of a movable platform, enabling controlled transition be-
tween contact and separation (fig. S15). STL files for the platform are available as a Zenodo record
at DOI: https://doi.org/10.5281/zenodo.21128851. Design summaries for all experiments are provid-
ed in table S2.

Microscope images

Coral fragments were imaged weekly using a smartphone (iPhone 14) coupled to a LEICA S6D
Trinocular Stereo Microscope illuminated with a Fiber-Lite Series 180 high-intensity illuminator set
to level 8 intensity. The smartphone was mounted in a custom 3D-printed holder to ensure align-
ment of the camera lens and microscope eyepiece. Images were captured at 1.5× digital magnifica-
tion in “Live Photo” mode with the stereomicroscope set to 0.63× magnification.

For coral pairs in contact, images were captured from three orientations: both lateral interface
views and a frontal view of the bleached fragment. For coral pairs not in contact, the same three ori-
entations were captured along with two views focused on the bleached fragment with the stereo-
scope set to 1.0× magnification. Noncontact pairs were imaged at 1× to 1.5× digital magnification,
depending on fragment size and spacing. All fragments were removed from the water for imaging
and returned immediately afterwards.

Polyp recovery

Polyp recovery in bleached fragments was assessed weekly. At week 0, after fragments were glued
onto the plugs, the total number of visible polyps on each bleached fragment was recorded. Polyps
at the contact interface and not visible were excluded. Individual polyps were recorded as recovered
when symbiont repopulation was evident in all tentacles, appearing as a uniformly dark-brown ring.
We only monitored polyps that were present at week 0; newly formed polyps during coral growth
were not quantified, and skeletal growth rates were not measured in this study.

Image color analysis

Microscope images of coral pairs were manually segmented using MATLAB’s Image Processing
Toolbox (Reference MALTAB R2024b) using the draw polygon function. Polygons were then convert-
ed to image masks using the poly2mask function, and median pixel red, green, and blue values were
calculated. Pixel color distance between coral pairs was calculated as the Euclidean distance be-
tween the respective median pixel values in RGB space (Figs. 1E and 2D, and figs. S1E and S6E).

Area of algal overgrowth and overtake analysis

Algal overgrowth was estimated from the microscope images using the same polygon tracing
methodology as above. Because of slight misalignments in the orientation of the coral at different
time points, all algal overgrowth is reported as a fraction of the total visible coral surface (0 to 1),
including dead regions of the fragment (Figs. 1D and 2C and figs. S1D and S6D). Area of healthy
coral overgrowth in the mixed genet pairs was estimated from the microscope images following the
methodology for the algal overgrowth (Fig. 3D).

LSCM images

Confocal imaging was performed using a Zeiss LSM980 equipped with an EC Plan-Neofluar 10×/0.30
M27 objective in Airyscan SR mode, controlled via Zeiss ZEN software. Coral fragments mounted on
2 by 1 LEGO bricks were placed on 22 by 50 mm no. 1 glass coverslips (Avantor VWR 48393-059) and
maintained at room temperature (∼18°C). For each coral pair, z-stacks spanning the full visible coral
surface (30 to 100 µm, depending on the curvature of the coral fragment) were acquired from three
polyps on both healthy and bleached fragments. The z-step size was 10 µm, ensuring individual
symbionts were captured across at least two consecutive optical slices. Imaging was conducted in
two fluorescence channels: chlorophyll-a autofluorescence (excitation 639 nm, laser power 0.20%,
pinhole 5 AU) and GFP autofluorescence (excitation 488 nm, laser power 0.10%, pinhole 5.62 AU),
both detected over 380 to 735 nm for both channels. Images were acquired at a pixel size of 2.368
µm using a GaAsP-PMT detector. To minimize stress, corals were not exposed to air for longer than
30 min, and repeated laser exposure was limited; these procedures, together with occasional grazing
by invertebrates in the aquarium between time points, may have contributed to minor variation be-
tween imaging time points compared with corals imaged using stereoscopy.

LSCM image segmentation analysis

Z-stacks were processed in Fiji/ImageJ. For each stack, a maximum intensity projection was gener-
ated for both channels. The GFP channel was used to manually delineate the outer polyp boundary
and inner polyp cavity, and a donut-shaped region of interest (ROI) was then generated by subtract-
ing the inner boundary from the outer boundary, restricting analysis to only live coral polyp tissue.
The resulting ROI was applied to the chlorophyll-a channel to isolate symbiont-associated autoflu-
orescence. Images were then smoothed using a Gaussian filter (σ = 0.5) and thresholded to generate
a binary mask, and small artifacts were removed before analysis. Symbionts were identified as local
maxima within the masked tissue region using the Find Maxima function (noise threshold = 30).
Symbiont counts were normalized to ROI area to calculate symbiont density per square millimeter.
The quantified output was exported to a CSV summary file for downstream analysis in R. All ROI
selections and intermediate images were archived for quality control. See fig. S16 for a visual repre-
sentation of the image analysis pipeline.

Statistical analyses were performed in R (version 4.4.2). Symbiont density measurements from three
polyps per fragment were averaged to generate a single fragment-level value, which was treated as
the biological replicate (n = 4 fragments per condition). For comparisons of symbiont density be-
tween healthy and recovering fragments across time, fragment-level mean symbiont densities were
calculated for each sampling day. Healthy and recovering fragments originating from a contacting
pair were analyzed as paired biological replicates, where the number of symbionts in the recovering
fragment was expressed as a percentage of the number of symbionts in the paired healthy fragment.

To quantify symbiont population doubling time, symbiont density of recovering fragments was ana-
lyzed separately during early (days 0 to 6) and late (days 6 to 12) recovery windows. For each frag-
ment and time window, an exponential growth rate was estimated by fitting a linear model to log-
transformed symbiont density as a function of time: , where  is symbiont
density and  is the exponential growth rate. Doubling time was calculated as . Models
were fitted using fragment-level mean symbiont densities. For visualization, fitted model predic-
tions were plotted on a logarithmic y axis together with observed symbiont densities. Mean dou-
bling times are reported as mean ± SD across fragments, excluding cases with nonpositive growth
rates.

Symbiont densities were quantified from the visible tissue surface and therefore may not fully cap-
ture variation in symbiont abundance throughout the entire tissue depth. As confocal imaging relies
on light penetration, fluorescence from deeper tissue layers may be obscured by tissue opacity and
light scattering, potentially leading to underestimation of symbiont densities. In addition, in re-
gions of high symbiont density, closely adjacent cells may not be resolved as separate local maxima
during image analysis, which could further underestimate symbiont density. However, because all
coral fragments were imaged and analyzed using identical acquisition and quantification parame-
ters, these limitations are unlikely to affect comparisons between conditions over time.
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