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Abstract

Coral thermal tolerance is intimately linked to their symbiotic relationships with photosynthetic microorganisms. However,
the potential compensatory role of symbiotic photosynthetic bacteria in supporting Symbiodiniaceae photosynthesis under
extreme summer temperatures remains largely unexplored. Here, we examined the seasonal variations in Symbiodiniaceae
and photosynthetic bacterial community structures in Pavona decussata corals from Weizhou Island, Beibu Gulf, China,
with particular emphasis on the role of photosynthetic bacteria under elevated temperature conditions. Our results revealed
that Symbiodiniaceae density and Chlorophyll a concentration were lowest during the summer and highest in the winter.
Notably, the summer bacterial community was predominately composed of the proteorhodopsin bacterium BD 1-7 _clade,
alongside a significant increase in Cyanobacteria, particularly Synechococcus_CC9902 and Cyanobium_PCC-6307, which
represented 61.85% and 31.48% of the total Cyanobacterial community, respectively. In vitro experiments demonstrated that
Cyanobacteria significantly enhanced Symbiodiniaceae photosynthetic efficiency under high-temperature conditions. These
findings suggest that the increased abundance of photosynthetic bacteria during summer may mitigate the adverse physi-
ological effects of reduced Symbiodiniaceae density, thereby contributing to coral stability. Our study highlights a potential
synergistic interaction between Symbiodiniaceae and photosynthetic bacteria, emphasizing the importance of understanding
these dynamic interactions in sustaining coral resilience against environmental stress, although further research is necessary
to establish their role in preventing coral bleaching.
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Despite the well-studied relationship between corals and
Symbiodiniaceae, the roles of the photosynthetic bacteria
within corals remain largely unexplored[7, 8]. The break-
down of coral-Symbiodiniaceae symbiosis due to rising sea
surface temperature has led to global coral reef degrada-
tion [9, 10]. Within coral holobionts, Symbiodiniaceae and
bacteria engage in metabolic exchanges essential for ele-
ment cycling [11]. For instance, Symbiodiniaceae growth
is enhanced through metabolic interactions with associated
bacteria[12]. The co-localization of bacteria and Symbiod-
iniaceae within coral tissues suggests a mutualistic relation-
ship suggests a mutualistic relationship, essential for meta-
bolic cycling [13]. Cyanobacteria were observed adjacent to
Symbiodiniaceae and are often in high densities throughout
the gastrodermal tissues[6, 14]. Given this close association,
it is likely that Symbiodiniaceae preferentially uptake the
products from Cyanobacteria over those from host tissues
[15].

Understanding the interactions between Symbiodini-
aceae and photosynthetic bacteria is critical for advancing
coral reef recovery efforts [16]. Photosynthetic bacteria may
compensate for the photosynthesis of Symbiodiniaceae, and
there may be synergistic effects between them, which were
impacted by variations in temperature [17], light [18], pH
[19], or other environmental stresses [20]. However, mech-
anisms for such synergistic effects' environmental impact
were poorly understood. To gain a deeper understanding
of the role of photosynthetic bacteria in coral adaptation
to seasonal environmental fluctuations, especially in the
context of high-temperature conditions during the summer,
we focused on Pavona decussata in Weizhou Island, Beibu
Gulf. Weizhou Island exhibits clear seasonality, particularly
during the summer when the maximum sea water tempera-
ture exceeds 32 °C [21].

We aimed to verify the auxiliary role of photosynthetic
bacteria in supporting the photosynthesis of Symbiodini-
aceae under high-temperature conditions. The results ini-
tially revealed the compensatory effect of symbiotic photo-
synthetic bacteria on algae photosynthetic efficiency, which
should help us better understand the ecological resilience
and survival strategies of coral holobionts.

Material and Methods
Coral Sample Collection and Environmental Data

Coral samples of P. decussata were collected on Weizhou
Island (21°N8.27', 109°E12.6) in July and October 2019 and
in January and April 2020, respectively (Fig. 1a). A total of
20 samples were collected across four seasons, with 5 coral
fragments collected in each season. Sampling was conducted
at a depth range of 6—7 m. To avoid duplicate sampling
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and the collection of individuals involved in coral asexual
reproduction, the distance between sampling points for the
same specimen exceeded 6 m [22]. To minimize contamina-
tion by exogenous microorganisms, each coral fragment was
thoroughly rinsed three times with sterile seawater imme-
diately after retrieval. Subsequently, the coral samples were
immediately placed in sterile, airtight bags, flash-frozen in
liquid nitrogen, and then transported back to the laboratory
for further experimentation.

Remote sensing data for the Weizhou Island coral reef
area from July 2019 to July 2020 were obtained using the
Giovanni Ocean Color tool (https://giovanni.gsfc.nasa.gov/
giovanni). The data included Sea Surface Temperature (SST;
°C), Photosynthetically Active Radiation (PAR; E m~2d "),
Chlorophyll a concentration (mg m~>), 490 nm diffuse atten-
uation coefficient (Kd490; Kd m_l), and Particulate Organic
Carbon (POC; mg m™).

Determination of Symbiodiniaceae Density
and Chlorophyll a Concentration

The determination of Symbiodiniaceae density followed the
standard procedure [23]. To separate Symbiodiniaceae from
coral skeletons and tissues, we utilized a high-pressure water
jet (WaterPik irrigator) powered by sterile filtered seawater.
All rinse water was collected and measured. A 1 mL of rinse
water was centrifuged at 4000 X g for 10 min, and the super-
natant was discarded. The remaining cells were resuspended
in 1 mL of 4% formaldehyde fixative. This suspension was
placed on a hemocytometer, covered with a glass slide, and
counted under the optical microscope (Nikon, DS-Ri2). The
washed coral skeletons were dried in an oven at 60 °C for
72 h to remove moisture. Each coral skeleton fragment was
fully wrapped in aluminum foil. A 5 cm X5 cm piece of
aluminum foil was weighed to determine the coral surface
area based on the weight-to-area ratio [24]. The density of
Symbiodiniaceae per unit area of coral was calculated as
described in the previous study [25]. To determine Chlo-
rophyll a concentration, coral fragments were soaked in
90% acetone and extracted in the dark at 4 °C for 24 h. The
absorbance of 664 nm, 647 nm, and 630 nm was measured
using a spectrophotometer (Thermo Fisher), and the concen-
tration was calculated using the equations recommended by
Jeffery and Humphrey [26].

DNA Extraction, High Throughout Sequencing
and Bioinformatics Analysis

A fragment weighing about 90 mg, including calcium car-
bonate skeleton, tissue, and mucous components, was taken
from each coral sample to extract genomic DNA. DNA
extraction was performed using the Marine Animal Genomic
DNA Extraction Kit (TTANGEN, DP324), following the
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Fig. 1 The collection of coral samples and environmental data. (a) Sampling site in the coral reef area of Weizhou Island; (b) State of P. decus-
sata in summer; (¢) Environmental parameters of Weizhou Island coral reef area each month from 2019 to 2020

manufacturer’s instructions. After extraction, DNA qual-
ity was checked using agarose gel electrophoresis and UV
A260/A280 absorbance measurements to ensure it met the
required standards. Using high-quality DNA as a template,
the ITS2 region of Symbiodiniaceae and the V3-V4 region
of the bacterial 16S gene were amplified separately. The
PCR reactions were set up, and conditions followed as
described [17]. Qualified PCR products were sent on dry
ice to Shanghai Meiji Biomedical Technology Co., Ltd. for
MiSeq library construction and high-throughput sequencing.

To ensure the quality of the sequencing data, raw reads
from the Illumina MiSeq Platform were processed using
Trimmonmatic to filter out low-quality bases. High-qual-
ity reads were assembled and trimmed using PEAR, and
chimeras were detected and removed through MOTHUR.

Primer sequences were trimmed using CUTADAPT. The
data were cleaned using DADA?2 and Deblur to correct
sequencing errors, remove chimeric sequences, filter out
low-quality reads, and trim potential contaminants. This
process produced accurate ASV representative sequences
and abundance tables.

To analyze Symbiodiniaceae community composition,
we used a refined, non-duplicate ITS2 database to avoid
replicate sequences. This database was created by compil-
ing several published datasets and processing them with
the CD-HIT Suite at a 100% sequence identity cut-off, as
described in our previous study [27]. This method allowed
us to accurately identify representative sequences and gen-
erate abundance tables for Symbiodiniaceae subclades.
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Isolation and Cultivation of Coral-Associated
Photosynthetic Microorganisms

To facilitate the subsequent isolation of photosynthetic
microorganisms, the collected P. decussata were trans-
ported to the Coral Reef Research Center at Guangxi Uni-
versity and placed in an aquarium with stable conditions:
600 mm x 600 mm X 600 mm (length X width X height),
water flow at 6,500 L/h, color temperature at 15,000 K (12 h
of light daily from 6:00 to 18:00), salinity of 35 g/L, pH
between 7.5-8.0, Ca>* concentration of 380450 ppm, Mg>*
concentration of 1,200-1,320 ppm, and water temperature
at 25 °C.

All subsequent microbial isolations were from P. decus-
sata. Once the coral’s tentacles had fully extended, a healthy
2 cm X2 cm fragment was excised and placed in sterile
cryovials. The fragment was rinsed three times with sterile
seawater to remove contaminants, then transferred to a ster-
ile shaker with grinding beads (Shanghai Jingxin, JXFST-
PRP-24) and 3 mL of sterile seawater. The shaker was set to
50 Hz for 1 min to disrupt the coral polyps and release the
Symbiodiniaceae cells.

The cultivation of Symbiodiniaceae was as previously
described [28]. Briefly, the Symbiodiniaceae were isolated
from coral fragments using micro-strainer filtration and den-
sity gradient centrifugation, then cultured in 96-well plates
with L1 medium. Single cells were isolated by dilution to
extinction, and species and phylogenetic relationships were
identified using ITS2 sequences. Culturing was conducted
in a light incubator (Yanghui Instruments, RDN-500D-CO2)
under the following conditions: 25 °C, 45 +5 pmol photons
m~2s~!, and a 14:10 h light—dark cycle for two weeks.

Cyanobacteria were released and isolated similarly.
Cyanobacteria were cultured on BG-11 plates under the
same conditions as the Symbiodiniaceae. Colonies with
significant morphological differences were selected for iso-
lation and purification. Morphological characteristics were
observed using optical and scanning electron microscopes,
as described previously [29].

Temperature Experiment of Coral-Associated
Photosynthetic Microorganisms

The temperature stress experiments were designed based
on remote sensing data from the Weizhou Island coral reef
area. High, ambient, and low temperatures were set at 32 °C,
25 °C, and 20 °C, respectively, representing the highest sum-
mer SST, the average spring and autumn SST, and the lowest
winter SST (Fig. 1c).

The experiments included four parts: individual cultiva-
tions of Cladocopium C1 and Cyanobium_PCC-6307 and
co-cultivation with a density ratio 100:1. Photosynthetic
microorganisms were synchronously cultured under different
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temperature conditions for 7 days. The temperature experi-
ment used isoclonal cultures, with three biological replicates
for each condition, and each biological replicate included
at least three technical replicates. After the temperature
experiment, the following photosynthetic physiological
parameters were measured. (1) Fv/Fm measurement: Fv/
Fm was measured using Pulse-Amplitude Modulation (Walz
Heinz GmbH, Effeltrich, Germany) to determine the PSII
photochemical efficiency of photosynthetic microorganisms
20 min after turning off the light. (2) Density measurement:
Symbiodiniaceae density was counted using a hemocytom-
eter under an optical microscope [30]. The density of indi-
vidually cultured cyanobacteria was measured by reading
the absorbance value at 730 nm to estimate the number of
cells [31]. The density of cyanobacteria in co-cultures was
measured using Real-Time Quantitative PCRs. (3) Chloro-
phyll @ measurement: Chlorophyll a was extracted using
90% acetone at 4 °C in the dark for 24 h. Absorbance values
were measured at 664 nm, 647 nm, and 630 nm using a
spectrophotometer (Varioskan LUX, Thermos Fisher Sci-
entific, USA), and the concentration was calculated using
the equations by Jeffery and Humphrey [26]. (4) Reducing
sugar measurement: Reducing sugar content was determined
using the phenol-sulfuric acid method[32].

Real-Time Quantitative PCR

To quantify changes in Cyanobacterial abundance in the
co-culture experiment, the primers BD16SF (5° CACACT
GGGACTGAGACAC —3’) and BD16SR (5 CTGCTGGCA
CGGAGTTAG —3’) were selected as Cyanobacteria-specific
primers for real-time quantitative PCR [33]. The reactions
mixture, with a total volume of 10 pL, consisted of 5 pL.
SYBR Premix EX Taq™, 0.2 pL of each primer (10 pmol/
pL), 1 pL DNA template, and 3.6 pL ddH,O. The reactions
were run on the QuantStudio™ 5 Real-Time PCR Instrument
(Thermos Fisher Scientific, USA), with the following condi-
tions: an initial denaturation at 95 °C for 30 s, followed by
35 cycles of 95 °C for 30 s, 56 °C for 30 s, 72 °C for 45 s,
with a final extension at 72 °C for 10 min.

Statistical Analysis and Data Visualization

For data following a normal distribution, a one-way analysis
of variance (ANOVA) was conducted to assess significant
differences, followed by Tukey's Honestly Significant Dif-
ference (HSD) post-hoc test for pairwise comparisons. The
non-parametric Kruskal-Wallis test was applied for data
not following a normal distribution, followed by pairwise
comparisons with the Bonferroni-Dunn adjustment for mul-
tiple comparisons. Statistical analyses were performed using
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SPSS 27.0. Data visualization was carried out using Origin
Pro 2023 and R 4.3.3.

Results

Seasonal Variation of Environmental Parameters
at Weizhou Island

The environmental parameters in the Weizhou Island coral
reef area show significant seasonal fluctuations, with the
most extreme values occurring in either summer or winter.
SST and PAR follow similar trends, with their lowest values
in winter and highest in summer and late spring. During
the sampling period, the highest values for SST and PAR
were 31.15 °C and 45.78 Em~2 d~!, respectively, occurring
in summer (July 2019). The lowest values were 20.99 °C
and 30.15 Em=2 47, respectively, in winter (July 2019,
February, and January 2020). The two parameters have a
strong positive correlation (Pearson correlation coefficient,
r=0.789, P<0.01, Table S1) and exhibit consistent, gradual
seasonal changes.

Chl a Kd490, and POC exhibit extreme values in either
summer or winter. The highest values for Chl a, Kd490,
and POC were 2.9 mg m~—>,0.201 Kd m~!, 391.783 mg m~3,
respectively, in the summer (July 2019). The lowest val-
ues were 1.17 mg m~>, 0.116 Kd m~!, 222.738 mg m~ in
autumn (December 2019) and winter (March 2020). These
three environmental parameters do not show a strong cor-
relation with seasonal changes. Overall, within the sampling
time frame, Weizhou Island exhibits experienced high tem-
peratures and strong sunlight in summer, as well as low tem-
peratures and weak sunlight in winter. Notably, P. decussata
showed no signs of bleaching (Fig. 1b).

Seasonal Variation of Coral-Associated
Photosynthetic Physiological State

The density of Symbiodiniaceae varied across the four
seasons, ranging from 0.32 x 10 cells-cm™2 to 1.47 x 10°
cells-cm~2 (Fig. 2a). The lowest density was in summer
(0.51x10° cells-cm™2), followed by spring and autumn.
The highest was in winter (0.84 x 10° cells-cm™2), about 1.64
times higher than in summer. Chlorophyll a concentration
ranged from 3.48 pg-cm~2 to 12.45 pg-cm™2 (Fig. 2b). Simi-
lar to Symbiodiniaceae density, Chlorophyll a concentration
was lowest in summer (5.20 +0.38 pug-cm™2), and highest in
winter (8.93 +1.79 pg-cm™2), approximately 1.72 times that
of summer. Statistic analysis showed that Symbiodiniaceae
density and Chlorophyll a concentration were significantly
higher in winter than in summer.

Molecular marker analysis based on ITS2 was performed
on P. decussata samples. After quality control and filtering,

117 ASVs were detected. All identified Symbiodiniaceae
belonged to the genus Cladocopium, with 115 subclade
sequences. At the subclade level, the Symbiodiniaceae com-
munity composition showed no significant variation across
the seasons. The dominant subclade was consistently C1,
with relative abundances ranging from 81.63% to 82.33%.
Other subclades, such as Clca, Clp, C72, and Cspc, had
relative abundances ranging from 2.57% to 3.06%, 3.30% to
3.11%, 2.45% to 2.77%, and 1.98% to 2.18%, respectively.
Overall, the Symbiodiniaceae community remained stable
throughout the four seasons.

Seasonal Variation of Coral-Associated Bacteria

At the phylum level, Proteobacteria and Bacteroidota domi-
nated the bacterial communities across all four seasons.
Proteobacteria had the highest relative abundance, ranging
from 65.21% to 88.52%. Bacteroidota was the second most
abundant phylum, with relative abundances from 1.48% to
21.07% (Fig. 3a). At the genus level, the dominant genera
were the BD1-7_clade and Endozoicomonas of the phylum
Proteobacteria. BD1-7_clade had relative abundances of
50.59%, 45.70%, 34.67%, and 21.25% in summer, autumn,
winter, and spring, respectively. Endozoicomonas had
relative abundances of 34.76%, 28.16%, and 24.84% in
autumn, winter, and spring but dropped to 0.13% in sum-
mer (Fig. 3b).

Principal Coordinates Analysis (PCoA) based on the
Bray—Curtis algorithm at the ASV level showed significant
differences in the bacterial community structure among the
seasons (PERMANOVA, R2=0.26, P <0.05, Fig. 3c). While
there was some overlap in the bacterial communities across
all seasons, the structure in summer was significantly dif-
ferent from the others. The relative abundance of the pho-
tosynthetic bacterium BD1-7_clade peaked in summer at
50.59%, compared to 21.25%—45.70% in other seasons.
In contrast, the relative abundance of Endozoicomonas in
summer dropped to 0.13% (Fig. 3b), much lower than that
in the other three seasons (24.84%—34.76%). This shift
indicates that BD1-7_clade dominates the bacterial com-
munity composition in summer, while in other seasons, both
BD1-7_clade and Endozoicomonas co-dominate.

Seasonal Variation of Coral-Associated
Photosynthetic Bacteria

Among the top 20 species at the genus level by relative
abundance, we identified three photosynthetic bacteria:
the proteorhodopsin bacterium BD1-7_clade, Synechoc-
occus_CC9902, and Cyanobium_PCC-6307. The relative
abundance of all three photosynthetic bacteria peaked in the
summer. BD1-7_clade, the dominant genus in all four sea-
sons, had a relative abundance of 50.59% in summer, 45.70%
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Fig.2 Seasonal variation differences in the photosynthetic physiolog-
ical state of P. decussata. (a) Seasonal variation differences in Symbi-
odiniaceae density of P. decussata; (b) Seasonal variation differences
in Chlorophyll a concentration of P. decussata. (c) Seasonal variation

in autumn, 34.67% in winter, and 21.25% in spring. Despite
showing no significant seasonal differences in relative abun-
dance, BD1-7_clade reached its highest levels in summer
(Figs. 3b and 4c¢). The relative abundance of Synechococ-
cus_CC9902 was 1.08% in summer, 0.60% in autumn, 0.05%
in winter, and 0.27% in spring, showing significant differ-
ences across the seasons. Similarly, the relative abundance
of Cyanobium_PCC-6307 was 0.55% in summer, 0.17% in
autumn, 0.009% in winter, and 0.01% in spring, demonstrat-
ing significant seasonal variation (Fig. 4a).

Based on 16S amplicon sequencing data, the community
composition and ASVs of Cyanobacteria at the phylum level
were obtained for each sample. 381 Cyanobacteria ASVs
were detected across the coral samples in all four seasons,
belonging to 3 orders, 11 families, 21 genera, and 36 species
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differences in Symbiodiniaceae community composition of P. decus-
sata. Data in Fig. 2c are mean values, and the number of samples for
each season is 5

(Table S2). In summer and autumn, Synechococcus_CC9902
and Cyanobium_PCC-6307 were dominant, with their rela-
tive abundance peaking in summer, at 61.85% and 31.48%,
respectively (Fig. 4b).

Effect of High Temperatures on Coral-Associated
Photosynthetic Microorganisms

We successfully isolated Cladocopium C1 and Cyano-
bium_PCC-6307 from P. decussata, but could not isolate
BD1-7_clade and Synechococcus_CC9902. Symbiodini-
aceae cultures are known to harbor their own microbiomes,
which may include Synechococcus and Cyanobium [34]. To
account for this, we sequenced the in vitro microbiomes of
the isolated Cladocopium C1 cultures. The results showed
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that the associated bacterial community of Cladocopium C1
did not contain any Cyanobacteria (Table S3 and Fig. S2).
Under different temperature conditions, the photo-
synthetic physiological indicators of Cladocopium Cl1
changed significantly. At 20 °C, 25 °C, and 32 °C, the
Symbiodiniaceae density was (1.20 +0.05) x 10° cells cm?,
(3.25+0.22) X 10° cells cm?, and (1.15+0.12) X 10° cells
cm?, respectively (Fig. 5¢). At 20 °C, 25 °C, and 32 °C, the
Fv/Fm was 0.57 £0.05, 0.68 +£0.04, and 0.46 +0.03, respec-
tively (Fig. 5d). The Chlorophyll a concentrations at 20 °C,

tance matrix representing differences in community structure at the
ASV level; (d) The distribution dispersion of samples on the PC1 axis
under different seasons. Data in the Fig. 3 are mean values, and the
number of samples for each season is 5

25 °C and 32 °C were 0.50+0.04 pg/mL, 1.33+0.23 pg/
mL, and 0.42+0.03 pg/mL, respectively (Fig. Se). Statistic
analysis showed that both high and low temperatures led to a
significant decrease in cell density, Fv/Fm, and Chlorophyll
a concentration, with a more pronounced reduction at high
temperatures.

In contrast, the photosynthetic physiological indicators of
the Cyanobium_PCC-6307 improved with increasing temper-
ature. At 32 °C, OD,;, was 1.36+0.07, representing a signifi-
cant increase of 25.93% and 49.45% compared to 25 °C and
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Multiple comparisons of the top 20 species with significant differ-
ences in relative abundance at the genus level. * 0.01 <P <0.05, **
0.001<P<0.01, *** P<0.001. (b) Seasonal variation differences

20 °C, respectively (Fig. Sh). Similarly, at 32 °C, Fv/Fm was
0.52+0.15, showing a significant increase of 10.64% and
44.44% compared to 25 °C and 20 °C, respectively (Fig. 51).

The photosynthetic indicators exhibited distinct patterns
under different temperature conditions in Cladocopium
C1 and Cyanobium_PCC-6307 co-culture. The density
of Cladocopium C1 and Cyanobium_PCC-6307 at 25 °C
were significantly higher than at 20 °C and 32 °C (Figs. 6a
and 6b). The density of Cladocopium C1 at 25 °C was
(8.39+2.22)x 10° cells/mL. At 20 °C and 32 °C, it decreased
to (4.61 +1.19) x 10° cells/mL and (4.78 +1.33) x 10° cells/
mL, respectively. The density of Cyanobium_PCC-6307
at 25 °C was (1.53+0.39)x 107 copies/mL. At 20 °C and
32 °C, it decreased to (1.06 +0.43) x 107 copies/mL and
(0.65 +0.54) x 107 copies/mL. However, Fv/Fm increased
significantly with rising temperature, reaching 0.64 +0.02,
0.70+0.02, 0.72+£0.03 at 20 °C, 25 °C, and 32 °C, respec-
tively (Fig. 6¢). Additionally, the concentration of reducing
sugar and Chlorophyll a did not show significant differences
with temperature changes. The reducing sugar concentra-
tion at 20 °C, 25 °C, and 32 °C were 0.81 +0.07 pg/mL,
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0.81+0.03 pg/mL, and 0.79 +0.04 pg/mL, respectively. The
Chlorophyll a concentration at 20 °C, 25 °C, and 32 °C were
0.42+0.06 pg/mL, 0.43 +0.05 pg/mL, and 0.39 +0.02 pg/
mL, respectively.

Discussion

Seasonal Variation Pattern of Coral-Associated
Photosynthetic Physiological State

Symbiodiniaceae plays a crucial role in the health and resilience
of corals, with its density and community composition com-
monly used to characterize coral photosynthetic performance
and assess environmental adaptability [35]. Higher Symbiodini-
aceae density is generally associated with better stress resistance
in corals [23]. Corals can also adjust the relative abundance of
symbiotic Symbiodiniaceae or acquire new types from the envi-
ronment through processes known as reshuffling or replacement
to adapt to changing environmental conditions [36].
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Fig.5 The photophysical status of coral-associated photosynthetic
microorganisms under different temperature conditions. (a) L1
medium showing growth of Cladocopium C1. (b) Morphological
characteristic of Cladocopium C1 in vitro under optical microscopy.
(c) The density of Cladocopium C1 under different temperatures. (d)
The Fv/Fm of Cladocopium C1 under different temperatures. (e) The

Our results showed that Cladocopium C1 stably sym-
bioses with P. decussata, remaining the dominant species
(81.63% ~ 82.33%), with a stable Symbiodiniaceae commu-
nity composition (Fig. 2c). The Symbiodiniaceae density
and Chlorophyll a concentration followed a seasonal pat-
tern, being lowest in summer and highest in winter (Figs. 2a
and 2b), consistent with previous studies [37]. In summer,
high temperatures and intense light can damage the pho-
tosystem II of Symbiodiniaceae chloroplasts [38], reduc-
ing photosynthetic efficiency, generating excess electrons,
leading to the overproduction of reactive oxygen species,
which can damage coral tissue and DNA, ultimately causing

Cyanobium_PCC-6307

Chlorophyll a concentration of Cladocopium C1 under different tem-
peratures. (f) BG-11 medium showing growth of Cyanobium_PCC-
6307. (g) Morphological characteristic of Cyanobium_PCC-6307
in vitro under scanning electron microscopy. (h) Changes in OD,3, of
Cyanobium_PCC-6307 under different temperatures. (i) Changes in
Fv/Fm of Cyanobium_PCC-6307 under different temperatures

Symbiodiniaceae cell death or expulsion from the coral host
[39]. Consequently, in the high-temperature, intense-light
environment of summer, Symbiodiniaceae density and
Chlorophyll a concentration significantly decrease, photo-
synthetic efficiency drops, and the ability to fix carbon may
decrease [40], leading to a significant reduction in organic
carbon transferred to the coral host. This suggests that the
energy supply of P. decussata may be compromised. How-
ever, field observations in summer showed that P. decus-
sata on Weizhou Island did not exhibit apparent bleaching
(Fig. 1b), indicating that other microorganisms may help
maintain the stability of P. decussata.
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Fig.6 The photophysical status of Cladocopium C1 and Cyanobium_
PCC-6307 co-cultured under different temperatures. (a) The density
of co-cultured Cladocopium C1 under different temperatures. (b) The
copies of co-cultured Cyanobium_PCC-6307 under different tempera-
tures. (¢) The Fv/Fm of Cladocopium C1 and Cyanobium_PCC-6307

Seasonal Variation Pattern of Coral-Associated
Photosynthetic Microorganisms

Symbiotic bacteria are integral to coral adaptation to envi-
ronmental changes, playing critical roles in nutrient cycling,
energy provision, and immune responses [41]. Our results
showed that the bacterial structure during the summer sig-
nificantly differed from other seasons, shifting from the co-
dominance of BD1-7_clade and Endozoicomonas to the sole
dominance of BD1-7_clade. Additionally, the relative abun-
dance of Synechococcus_CC9902 and Cyanobium_PCC-
6307 peaked during the summer.

BD1-7_clade is an oligotrophic bacteria adapted to extreme
carbon source limitation and nutrient depletion conditions
[42]. Tts genome contains genes encoding rhodopsin, carot-
enoids, and polyketide synthase, allowing it to perform pho-
tosynthesis via proteorhodopsin even in environments with
low organic matter [43]. This reduces the energy demands
on P. decussata and likely explains the peak abundance of
BD1-7_clade in summer. BD1-7_clade’s ability to perform
photoheterotrophy through rhodopsins may also help mitigate
the impact of high light conditions on P. decussata and offset
the reduced photosynthesis by Symbiodiniaceae.
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co-cultured under different temperatures. (d) The reducing sugar con-
centration of Cladocopium C1 and Cyanobium_PCC-6307 co-cul-
tured under different temperatures. (e) The Chlorophyll a concentra-
tion of Cladocopium C1 and Cyanobium_PCC-6307, was co-cultured
under different temperatures

Similarly, Cyanobacteria displayed a comparable seasonal
variation pattern. Synechococcus_CC9902 and Cyanobium_
PCC-6307 had the highest abundance in summer under high
temperatures and intense light, while they were lowest in win-
ter under low temperatures and weak light (Fig. 4b). These
Cyanobacteria are small, distributed in marine environments
globally [44], and have evolved highly efficient photosynthetic
apparatuses [45]. They also tolerate high temperatures and can
uptake nutrients at low concentrations [46, 47]. For instance,
Synechococcus_WH7803 prefers high temperatures, with an
optimal growth temperature of up to 33 °C, and maintains high
photosynthetic efficiency even at elevated temperatures [48,
49]. Synechococcales are well adapted to oligotrophic envi-
ronments, with cyanobacterial densities reaching up to 4 x 10°
cells/mL [50]. Given their high photosynthetic efficiency under
low nutrient concentration, Synechococcus_CC9902 and
Cyanobium_PCC-6307 may potentially supply photosynthetic
products to Symbiodiniaceae during summer.

Response Pattern of Cultured Coral-Associated
Photosynthetic Microorganisms
to High-temperature Conditions

The in vitro cultivation of coral-associated microorgan-
isms is crucial for understanding how coral responds to



The Dynamics of Symbiodiniaceae and Photosynthetic Bacteria Under High-Temperature...

Page110f13 169

environmental changes [51]. To explore whether photosyn-
thetic bacteria can compensate for the decreased photosyn-
thetic efficiency of Symbiodiniaceae under high-temperature
conditions, we studied Cladocopium C1 and Cyanobium_
PCC-6307, both individually and in co-culture, under dif-
ferent temperature conditions.

After 7 days of single culturing, the physiological indica-
tors of Cladocopium C1 declined under high and low tem-
peratures. Fv/Fm and Chlorophyll a concentration, which
reflect the photosynthetic efficiency of Symbiodiniaceae[52],
showed significant decreases. This suggests that extreme
temperatures, particularly high temperatures, impair the
photosynthetic efficiency of Symbiodiniaceae, supporting
previous research indicating that Cladocopium C1 is ther-
mally sensitive [53]. Abnormal temperatures can lead to the
accumulation of reactive oxygen species (ROS) [54], damag-
ing to the photosystem that absorbs excitation energy [55].
In contrast, Cyanobium_PCC-6307 demonstrated strong
adaptability to high temperatures. After 7 days of 32°C, the
Fv/Fm of and OD,3, of Cyanobium_PCC-6307 significantly
increased compared to routine and low-temperature condi-
tions (Figs. 5h and 5i), indicating enhanced photosynthetic
efficiency under high-temperature conditions. This is con-
sistent with previous reports that certain Cyanobacterial
strains prefer high temperatures, showing maximal growth
rates, cell density, and Fv/Fm [48].

After 7 days of co-culturing, Fv/Fm increased signifi-
cantly with rising temperature, reaching the highest value
at 32 °C, which was higher than that observed in the single
cultures of Cladocopium C1 and Cyanobium_PCC-6307,
reflecting a synergistic effect. However, further studies are
needed to quantify the individual contributions to overall
photosynthetic performance. The concentrations of reducing
sugar and Chlorophyll a were unaffected by temperature,
showing no significant differences across the temperature
gradients. Surprisingly, Cladocopium C1 and Cyanobium_
PCC-6307 exhibited the same responses to temperature
changes. The Symbiodiniaceae density in the co-culture
system was highest at 25 °C and significantly decreased at
20 °C and 32 °C, consistent with the results from the single
cultures. However, the Cyanobacteria copies were lowest
at 32 °C, contrary to the results observed in the single cul-
tures. This discrepancy may be due to interactions between
the symbiotic bacterial community of Symbiodiniaceae and
Cyanobacteria [16]. Despite this, the Cyanobacteria den-
sity still reached 10° copies/mL, sufficient to maintain the
photosynthesis efficiency of the co-culture system. Results
from the co-culture experiment indicated that high tempera-
tures had minimal impact on the photosynthesis efficiency
of Cladocopium C1 and Cyanobium_PCC-6307 co-culture
system. Previous research has shown that Symbiodiniaceae
can benefit from metabolic exchanges with bacteria. For
example, the co-culture of Symbiodiniaceae and Ruegeria

sp. thrives in nitrogen-free conditions, with '’N-stable iso-
tope probing-single cell Raman spectroscopy verifying Rue-
geria sp.’s role as a nitrogen supplier to Symbiodiniaceae
[56]. Furthermore, Labrenzia alexandrii and Marinobacter
sp. synthesize indole-3-acetic acid (IAA), a phytohormone
that enhances the growth of Symbiodiniaceae [12].

Our results show that Cyanobium_PCC-6307 can help
Symbiodiniaceae improve photosynthetic efficiency and may
offer metabolic benefits under high-temperature conditions.
Further research is needed to establish a direct link between
these findings and the prevention of coral bleaching in hos-
pite. Overall, our results highlight the significant role of pho-
tosynthetic bacteria, particularly Cyanobium_PCC-6307, in
enhancing the photosynthetic efficiency of Symbiodiniaceae
under high-temperature conditions. By boosting Symbiod-
iniaceae photosynthesis, Cyanobium_PCC-6307 indirectly
contributes to maintaining coral health and aiding adaptation
to environmental changes. This knowledge provides new
insights into the potential role of photosynthetic bacteria
within the coral holobiont and is essential for developing
strategies to protect and restore coral reefs.

Conclusion

We employed a comprehensive approach utilizing ampli-
con sequencing, microbiological isolation, and cultivation
to analyze the dynamic changes in symbiotic Symbiodini-
aceae and photosynthetic bacteria in P. decussata across four
seasons on Weizhou Island. Additionally, we examined the
physiological states of Cladocopium C1, Cyanobium_PCC-
6307, and their co-culture under varying temperature condi-
tions in the laboratory. Our findings suggest that symbiotic
Symbiodiniaceae and photosynthetic bacteria may collec-
tively contribute to the energy supply of P. decussata symbi-
otic consortia in response to seasonal changes. Furthermore,
the results indicate a potential compensatory effect of photo-
synthetic bacteria on the photosynthesis of Symbiodiniaceae
under high-temperature conditions. However, while our
results highlight the possible synergistic interaction between
photosynthetic microorganisms in maintaining coral pho-
tosynthetic physiology under high-temperature conditions,
the direct impact of these interactions on the coral host, par-
ticularly in maintaining healthy photosynthate translocation,
requires further investigation. These findings underscore the
potential role of photosynthetic bacteria in supporting coral
adaptation to high-temperature environments, particularly
during the summer. It provides valuable insights into the
environmental adaptability of coral symbiotic consortia.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00248-024-02470-4.
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