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A transcriptome-wide analysis provides
novel insights into how Metabacillus indicus
promotes coral larvae metamorphosis

and settlement
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Abstract

Background Coral reefs experience frequent and severe disturbances that can overwhelm their natural resilience. In
such cases, ecological restoration is essential for coral reef recovery. Sexual reproduction has been reported to present
the simplest and most cost-effective means for coral reef restoration. However, larval settlement and post-settlement
survival represent bottlenecks for coral recruitment in sexual reproduction. While bacteria play a significant role in
triggering coral metamorphosis and settlement in many coral species, the underlying molecular mechanisms remain
largely unknown. In this study, we employed a transcriptome-level analysis to elucidate the intricate interactions
between bacteria and coral larvae that are crucial for the settlement process.

Results High Metabacillus indicus strain cBO7 inoculation densities resulted in the successful induction of
metamorphosis and settlement of coral Pocillopora damicoris larvae. Compared with controls, inoculated coral larvae
exhibited a pronounced increase in the abundance of strain cBO7 during metamorphosis and settlement, followed by
a significant decrease in total lipid contents during the settled stage. The differentially expressed genes (DEGs) during
metamorphosis were significantly enriched in amino acid, protein, fatty acid, and glucose related metabolic pathways.
In settled coral larvae induced by strain cBO7, there was a significant enrichment of DEGs with essential roles in the
establishment of a symbiotic relationship between coral larvae and their symbiotic partners. The photosynthetic
efficiency of strain cBO7 induced primary polyp holobionts was improved compared to those of the negative controls.
In addition, coral primary polyps induced by strain cB07 showed significant improvements in energy storage and
survival.
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Conclusions Our findings revealed that strain cB07 can promote coral larval settlement and enhance post-
settlement survival and fitness. Manipulating coral sexual reproduction with strain cBO7 can overcome the current
recruitment bottleneck. This innovative approach holds promise for future coral reef restoration efforts.

Keywords Bacteria, Coral, Metamorphosis, Settlement, Transcriptome

Background
Coral reefs are highly productive and diverse ecosys-
tems. They support the livelihoods of millions of people
worldwide by affording coastal protection and serving
as an important source of food and pharmaceuticals, in
addition to possessing substantial recreational and tour-
istic value [1, 2]. Globally, the biodiversity and function
of coral reefs have been declining due to both natural
and anthropogenic stressors [3-5]. However, natural
reef recovery is slow, even under optimal conditions [6,
7]. Over recent years, attempts at coral reef restoration
have focused on minimizing coral loss and enhancing
coral recovery by both asexual and sexual reproduction.
Regarding the former, it is common practice to fragment
or microfragment corals and then plant them in arti-
ficial nurseries to produce coral fragments that can be
outplanted onto degraded reefs [8, 9]. The latter, mean-
while, represents a sustainable and cost-effective ecologi-
cal approach for coral reef restoration [10, 11]. The use
of sexual propagation strategies can promote genetic
diversity and species evolution, thereby allowing corals to
adapt to a changing environment [12—14].
Metamorphisize from planktonic larvae into seden-
tary polyps represents a key life cycle event for corals.
Despite many larvae are releaed by coral parents, only
a small percentage of them develop into adult polyps
[10]. Stony corals undergo changes in their habitats and
morphology during metamorphosis and settlement. As
coral larvae grow, they transition from free-swimming,
noncalcified larvae into sessile and calcified sedentary
polyps [15]. The ability of coral larvae to metamorphose
and settlement is crucial to coral development. Environ-
mental degradation complicates coral larvae metamor-
phosis and settlement [10]. In contrast, crustose coralline
algae (CCA) and microbial biofilms have been shown to
facilitate these two processes [16—18]. There is increasing
recognition that microbes play a role in coral metamor-
phosis [19-21]. Indeed, studies have shown that bacteria
isolated from corals and their surrounding environments,
such as Pseudoalteromonas, Marinobacter, Cytophaga,
Thalassomonas, Roseivivax, Pseudovibrio, Acinetobacter,
Microbulbifer, and Metabacillus, can induce coral larvae
metamorphosis and settlement [22-25]. Additionally, it
has been reported that tetrabromopyrrole (TBP) from
Pseudoalteromonas can induce for settlement of mul-
tiple Caribbean corals [26, 27]. In Pacific acroporid coral
larvae, purified TBP induces metamorphosis without
settlement [28]. In addition to TBP, bacteria also produce

other factors that can promote coral larval metamorpho-
sis and settelment [22, 25, 29]; however, the underlying
mechanisms are unknown.

Free-swimming coral larvae receive settlement cues
through sensory neurons, and these cues are then con-
verted into metamorphic signals [30]. A variety of sen-
sory- and signal transduction-related genes, including
those coding for ion channels, neuropeptide receptors,
and G protein-coupled receptors, have been implicated in
coral larval metamorphosis and settlement [28, 30-33].
The metamorphosis and settlement of coral larvae are
complex processes that involve the development of coral
primary polyps and the establishment of a symbiosis
between the coral host and members of the Symbiodini-
aceae family of dinoflagellates. Despite the critical role of
bacteria in coral larval metamorphosis and settlement,
the associated mechanisms remain largely unclear. Given
the decline in coral reef ecosystems worldwide, elucidat-
ing these mechanisms is crucial for the conservation and
restoration of these vital marine habitats. The bacterium
Metabacillus indicus strain cBO7 was previously shown to
induce metamorphosis and settlement in larvae of Pocil-
lopora damicornis [22], a brooding branching scleractin-
ian coral prevalent in shallow-water habitats across the
Indian and Pacific Oceans. Its free-swimming larvae are
released with endosymbiotic Symbiodinium provided by
the parent coral via vertical transmission [34—36]. Nota-
bly, a single larva of P. damicornis was observed to con-
tain approximately 20,000 cells of the Symbiodiniaceae
family [37]. In this study, we sought to determine how
the transcriptomes of coral hosts and Symbiodiniaceae
respond to strain cBO7-triggered metamorphosis and
settlement of coral larvae and identify the key metabolic
pathways involved in these processes. Understanding the
molecular mechanisms involved in strain ¢cB07-induced
coral settlement opens the possibility of using bacteria as
enhancers of settlement in coral reef restoration.

Methods

Coral colony and gamete collection

Twenty adult P. damicornis were collected from Luhuitou
fringing reefs, Sanya Bay (18°12" N, 109°28’ E), on August
28, 2019, and immediately transferred to the Tropical
Marine Biological Research Station in Hainan. They were
placed in individual 20-L containers with flow-through
seawater at ambient temperature (28.6+0.2 °C) within a
200-L tank under partially shading (approximately 250
umol photons m~2 s™!). On September 1, 2019, the coral
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began brooding, and larval collection was started 2 days
later (the brooding peak of P. damicornis in Sanya Bay is
usually between days 5 and 10 of the lunar calendar). The
outflow of each container was passed through a 180-pum
cup filter placed at the bottom to capture released larvae.
The larvae were collected at 06:30 h and pooled across
colonies. On September 6, 2019, the larval collection was
completed, and the newly released free-swimming larvae
were immediately used for experiments.

Experimental design and sampling

The bacterial c¢BO7 strain was previously isolated from
coral tissue and shown to induce metamorphosis and
settlement in Pocillopora damicornis larvae [22]. Strain
cB07 showed 99.93% similarity to M. indicus [22]. Two
treatment groups were set up, namely, a control group
(CK), in which the coral was not inoculated with strain
¢B07; and a strain cB07 inoculation group (Bac), in which
the coral was treated with strain cB07 at a final concen-
tration of 3.2x 107 cells mL™'. Seawater filtered through
0.2 um polypropylene filter bags was used for the bacte-
rial addition experiments. Six-well polystyrene culture
plates (Corning, Cat No 3536) were used for the deter-
mination of coral larval metamorphosis and settlement
proportions. Glass Petri dishes (¢$=20 cm, height=3 cm)
were used for sampling experiments. All plates and dishes
were incubated at 28+1 °C under a 12-h:12-h light/dark
cycle (light intensity: 250 pumol photons m~2 s™!, pro-
vided by an aquarium light). Every 24 h, coral larvae and
primary polyps were observed and details were recorded
under a dissecting microscope (Nikon SMZ800N, Tokyo,
Japan). In the Bac group, larval metamorphosis and set-
tlement were observed at 24 and 48 h post-bacterial addi-
tion, respectively. In the CK group, larval metamorphosis
and settlement were observed on days 6 and 7 after the
commencement of the experiment, respectively. To pre-
vent interference with the larval metamorphosis and
settlement processes, the culture water was not replaced
throughout the experiments. The metamorphosis and
settlement of free-swimming larvae and their subsequent
growth into primary polyps are shown in Fig. S1. In this
study, metamorphosis refers to flattened, buoyant, non-
attached juveniles displaying obvious septal mesenteries
radiating from the central mouth region, while settlement
refers to larvae that flatten on the surface of the substrate
and form primary mesentery filaments (Fig. S1).

After settlement, all free-swimming larvae and the
medium were removed. All settled coral primary pol-
yps were incubated in six aquaria each containing 12 L
of filtered (0.5 um) seawater (FSW) and a water pump
(AtmanAT-302 with 450 L h™! water flow; Zhongshan,
China), forming a 24-h circulating loop. Each aquarium
could exchange seawater with a sump containing FSW
(0.5 um). The seawater flow rate was 100 mL min~! for
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each aquarium, providing a half-fold volume replace-
ment every hour. Twenty primary polyps were randomly
selected for labeling. The survival and calcification rate
of coral primary polyps were determined after 15 days,
with a total of three repeats being performed for each
treatment.

Newly released free-swimming and metamorphosed
larvae were collected with disposable aseptic straws,
while primary polyps were collected with disposable
aseptic blades. Additionaly, 100 mL of seawater sur-
rounding each Petri dish was filtered through a 0.22-pm
aseptic membrane for the analysis of microbiomes in the
cultured water. All samples were frozen in liquid nitrogen
and stored at -80 °C for subsequent analysis.

Coral primary polyp survival and asexual reproduction
Daily visual inspections were conducted to monitor the
survival rate of coral primary polyps. In cases where the
survival status was indeterminate by the naked eye, a dis-
secting microscope (Nikon SMZ800N, Tokyo, Japan) was
utilized.

Budding, indicative of asexual reproduction in corals,
results in the formation of new polyps genetically iden-
tical to the primary polyp [10]. The budding rate refers
to the number of polyps budding as a proportion of the
total number of primary polyps. To determine the polyp
budding rate and the lateral area, a dissecting microscope
(Nikon SMZ800N, Tokyo, Japan) was used to count and
photograph the marked larvae every 5 days for 15 days.
Four repeats were performed for each group, and 10
coral polyps were selected from each repeat for analysis.
The lateral area of larvae was calculated using Photoshop
software to determine the horizontal growth area of pri-

mary polyps.

Calcification rate

Primary polyps were collected on day 15 and transferred
to an aseptic 2-mL centrifuge tube. A total of 10 coral
primary polyps from each sample were used to deter-
mine calcification rate. Three repetitions were carried
out for each treatment. To remove the organic matter
in the sample, the primary polyps in the centrifuge tube
were immersed in ~0.5 mL of 5% sodium hypochlorite,
shaken, mixed well, allowed to stand for 5 min, centri-
fuged at 4,000 rpm for 1 min, and the supernatant was
removed. After adding 0.5 mL of methanol, the primary
polyps were shaken and mixed evenly and then centri-
fuged at 4,000 rpm for 1 min. After removing the super-
natant, the precipitate was washed three times with
deionized water, allowed to dry naturally, and weighed.
The calcification rate of the primary polyps was calcu-
lated as their total weight / (the number of weighed lar-
vae X the growth time of the larvae).
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Determination of physiological parameters of coral larvae
and coral primary polyps

The maximum quantum yields of PSII photochemis-
try (Fv/Fm) were measured in primary polyps of living
coral using a diving-PAM fluorometer equipped with a
red-emitting diode (Walz, Germany). One-to-two pri-
mary polyps were measured per sample, with three
replications.

For the determination of chlorophyll a concentrations,
coral larvae (60 per sample) and coral primary polyps (20
per sample) were lysed in 1 mL of 90% acetone at 4 °C
and shaken three times for 10 s at 1-min intervals on ice.
After extraction for 2 h in the dark at 4 °C, the samples
were centrifuged for 2 min at 10,000 rpm to remove cel-
lular debris. To quantify the chlorophyll a concentration,
the absorbance of each sample was measured at 630, 647,
and 664 nm using an ELISA plate reader [38]. A 2:1 chlo-
roform/methanol solution was used to extract total lipids
from samples (120 coral larvae and 30 coral polyps) five
times. The solution was then sonicated (200 W, 1 min),
vortexed, and centrifuged at 10,000 rpm for 1 min. The
resulting supernatants were transferred to a 10-mL cen-
trifuge tube, washed in 2 mL of 0.88% KCI, centrifuged
again at 4,000 rpm for 5 min, and the precipitate was
washed three times in a 1:1 methanol/water solution. The
extract was dried to constant weight under a stream of
pure nitrogen gas at 37 °C [39].

Protein and carbohydrates in the sample were deter-
mined by colorimetry at 595 nm and 485 nm, respec-
tively. A 1-mL volume of radioimmunoprecipitation
assay (RIPA) buffer (Beyotime, PO013B, Shanghai, China)
containing 10 pL of phenylmethanesulfonyl fluoride
(100 mM) was added to each sample (60 coral larvae
and 20 coral polyps). Slurries were vortexed five times,
5 s each time, and centrifuged for 2 min at 10,000 rpm.
The supernatants were subsequently transferred to new
2-mL tubes and stored at —80 °C for further analysis.
The supernatants were used for protein extraction using
a bicinchoninic acid (BCA) Protein Assay Kit (Beyotime,
Shanghai, China) [40] with bovine serum albumin serv-
ing as a standard. In a second subsample, carbohydrates
were quantified using the phenol-sulfuric acid method
with D-glucose serving as a standard [41]. Following dilu-
tion with 0.9% NaCl 10 times, the supernatants were vor-
texed thoroughly. Following the transfer of the diluents
(200 pL) into a 10-mL tube, 10 pL of 80% phenol and 1
mL sulfuric acid were added rapidly. After shaking for
10 min, the samples were incubated in a temperature-
controlled oven for 30 min, cooled to room temperature,
and subjected to an ELISA (absorbance: 485 nm). The
chlorophyll a, carbohydrate, protein, and lipid concentra-
tions were standardized to the contents of each larva and

polyp.
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Assessment of strain cBO7 through 16 S rRNA gene
amplicon sequencing

Total DNA was extracted using the HiPure Soil DNA Kit
(Megen, Guangzhou, China) based on the manufacturer’s
instructions and the concentrations were determined
using the Qubit 3.0 Fluorometer High-Sensitivity DNA
Kit (Invitrogen, MA, USA). The hypervariable V3 and V4
regions of the bacterial 16 S rRNA gene were amplified
using primers 341 forward (5'-CCTACGGGNGGCWG-
CAG-3’) and 806 reverse (5'-GGACTACHVGGGTATC-
TAAT-3’). Each PCR run was performed in triplicate.
Each 50-pL reaction mixture contained 5 pL of 10x KOD
Reaction Buffer, 2 pL of 2 mM dNTPs, 3 pL of 25 mM
MgSO,, 1.5 uL of each primer (10 uM), 1 pL of KOD
DNA Polymerase (TOYOBO Co., Osaka, Japan), 100 ng
of template DNA, and ddH,O to 50 pL. As a negative
control, ddH,O was used instead of template DNA. The
PCR conditions were as follows: 94 °C for 2 min, followed
by 30 cycles of 98 °C for 10's, 62 °C for 30 s, and 68 °C for
30 s, with a final elongation at 68 °C for 5 min. The sizes
of the amplicons were assessed by agarose gel electro-
phoresis. The amplicons were purified with AMPure XP
Beads (Beckman Coulter, High Wycombe, UK) according
to the manufacturer’s instructions and quantified with
the ABI StepOnePlus Real-Time PCR System (Life Tech-
nologies, Foster City, USA). The purified amplicons were
pooled in equimolar amounts and sequenced using the
[llumina Hiseq 250 system by Gene Denovo Bio-tech Co.
(Guangzhou, China).

Following demultiplexing, the amplicon sequences
were merged using FLASH (v.1.2.11) and quality-filtered
with FastP (0.19.6) [42, 43]. High-quality sequences were
then denoised using the DADA2 [44] plugin within the
QIIME 2 (version 2020.2) [45] pipeline, yielding amplicon
sequence variants (ASVs). Based on the 16 S rRNA gene
sequence from strain cB07, the ASVs obtained from coral
fragments were analyzed to confirm the presence and rel-
ative abundance of strain ¢cB07 in the coral microbiome.

RNA extraction, library construction, and transcriptome
sequencing

Total RNA was extracted using Trizol reagent (Invitro-
gen, Carlsbad, CA, USA) as instructed by the manufac-
turer. RNA quality was assessed using an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA).
Libraries were prepared using the Hieff NGS Ultima
Dual-mode mRNA library Prep Kit (Shanghai Yeasen
Biotechnology Co., Ltd, Shanghai, China) and then
sequenced on Illumina HiSeq™ 4000 system by Gene
Denovo Biotechnology Co. (Guangzhou, China).

Bioinformatics analysis
Reads were filtered by Fastp (version 0.18.0) [43] to
obtain high-quality clean reads. Specifically, reads
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containing adapters, those with more than 10% unknown
nucleotides (N), and those with a Q-value<20 (low-
quality reads) was removed. Subsequently, Bowtie2
(version 2.2.8) [46] was used to map reads to ribosome
RNA (rRNA) databases, and the rRNA-mapped reads
were removed. The remaining clean reads were used for
assembly and gene abundance calculation.

An index of the P. damicornis reference genome was
built, and paired-end clean reads were mapped to this
reference genome (Table S1) using HISAT2.2.4 soft-
ware [47] with the parameter “-rna-strandness RF”
The mapped reads of each sample were assembled with
StringTie v1.3.1 using a reference-based approach [48,
49]. For each transcription region, a fragment per kilo-
base of transcript per million mapped reads (FPKM)
value was calculated to quantify its expression abundance
and variation using RSEM software [50].

As P. damicornis forms symbiotic relationships with
several species within the Symbiodiniaceae family, a tran-
scriptome analysis of Symbiodiniaceae was conducted
using de novo assembly. An index of Symbiodiniaceae ref-
erence genome (Table S1) was created and the reads that
could not be aligned to the reference genome of P. dami-
cornis were used for the analysis of the Symbiodiniaceae
transcriptome. Symbiodiniaceae transcriptome de novo
assembly was carried out using the short-read assembling
program Trinity [51]. The unigenes obtained by assembly
were mapped to the indexed Symbiodiniaceae reference
genome using HISAT2.2.4 software [47]. The mapped
unigenes were calculated and normalized to RPKM [50].

DESeq?2 software was used to analyze differential RNA
expression between two groups [52]. Genes with a false
discovery rate (FDR)<0.05 and a fold change>2 were
considered to be differentially expressed. Principal com-
ponent analysis (PCA) and volcano plots were generated
with the R package “gmodels” (http://www.r-project.
org/).

A Weighted correlation network analysis (WGCNA)
provides evidence that gene expression differences
are driven by biological factors rather than stochastic-
ity. Genes that show similar patterns can be clustered
and analyzed for their associations with specific traits
or phenotypes. In this study, co-expression networks
were constructed with the WGCNA package (v1.47)
in R [53]. After gene filtering, gene expression values
were imported into WGCNA for the construction of
co-expression modules using the blockwiseModules
automatic network construction function with default
settings, except that the power was set to 8 and the
min-ModuleSize was set to 50 [54, 55]. Differentially
expressed genes (DEGs, with an FDR of <0.05) due to
the inoculation of cB07 were clustered into 17 correlated
modules. Eigengenes were used to calculate correlation
coefficients with metamorphosis and settlement traits to
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identify modules that were significantly associated with
metamorphosis and settlement. The intramodular con-
nectivity (function soft Connectivity) of each gene was
calculated, and genes with a high connectivity tended
to be hub genes (q. weighted<0.01 as a cutoff) [56], that
is, those that may act as key regulators of a large subset
of genes and work together to perform their biological
functions.

Kyoto Encyclopedia of Genes and Genomes (KEGG)
was employed for functional enrichment analysis (Bon-
ferroni-corrected P-values<0.05 compared with the
whole-transcriptome background) of genes showing dif-
ferential expression in the presence of strain ¢cB07. KEGG
pathway analysis was performed using GOATOOLS
(https://github.com/tanghaibao/Goatools) and KOBAS
(http://kobas.cbi.pku.edu.cn/home.do).

Statistical analysis

The microbiome and transcriptome bioinformatic analy-
sis was performed in the Omicsmart platform (https://
www.omicsmart.com), which provides real-time interac-
tive online data analysis. Statistical analysis of physiologi-
cal parameters was performed using the Student’s ¢-test
in SPSS (v.21), with P-values<0.05 considered statisti-
cally significant.

Results

Bacteria induced coral larvae metamorphosis and
settlement

Statistically significant differences in metamorphosis and
settlement proportions were observed between coral lar-
vae inoculated with M. indicus strain ¢cB07 (Bac group)
and those without inoculation (CK group) (Fig. 1). The
Bac group exhibited metamorphosis and settlement pro-
portions of 45% and 70%, respectively, whereas, in the
CK group, the respective proportions were only 17% and
20% (Fig. 1).

Physiological parameters of coral larvae and primary
polyps

To investigated the effects of strain ¢B07 on coral lar-
vae and primary polyps, we determined total carbohy-
drate, total protein, total lipid, and chlorophyll a after the
concentrations after inoculation (Fig. 2). No significant
differences in total carbohydrate, total protein, and chlo-
rophyll a contents were detected between newly released
larvae and metamorphosed larvae in both the CK and Bac
groups (Fig. 2). In the CK group, the total protein content
of coral larvae remained stable from the metamorpho-
sis to the settlement phase, while the chlorophyll a level
notably decreased, accompanied by a significant increase
in total carbohydrates and lipids concentrations (Fig. 2).
In the Bac group, meanwhile the chlorophyll 4 level also
underwent a substantial decline from metamorphosis to
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settlement, whereas the total carbohydrate, protein, and
lipid levels remained relatively unchanged (Fig. 2). In the
Bac group, metamorphosed coral larvae exhibited a sig-
nificantly reduced carbohydrate content compared with
those in the CK group. However, no significant differ-
ences in total protein, total lipid, and chlorophyll & con-
tents were observed between metamorphosed larvae
of the two groups (Fig. 2). Following settlement, total

carbohydrate and total lipid levels remained lower in lar-
vae of the Bac group than in those of the CK group. Nev-
ertheless, no significant differences in total protein and
chlorophyll a contents were observed between settled
larvae of the two groups (Fig. 2).

Coral primary polyps were cultured 15 days for the
assessment of their total carbohydrates, total protein
contents, total lipid contents, chlorophyll a contents,



Zhang et al. BMC Genomics (2024) 25:840

Page 7 of 15

(@ (b) ©
~ 7 ~ 1.0
o 6—- * % o E = | I cx
& °7 T 2 4- & g%
on 5_ —_— p * % >
3; 4 ]} 8 7 * % * %
8 4 — 3 34 S 0.6 - %% *
g "] = - -
§ 3] £ 2+ g 0.4
g5 27 5 ] 2 7
z 1] T 1 £ 02
£, g, £
0 T T T 0 T T T 3:? 0.0 -
CK Bac CK Bac 0 5 10 15
Time (d)

Fig. 3 Physiological profiles of coral primary polyps. (a) Total carbohydrate levels, (b) total protein levels, and (c) photosynthetic efficiency. CK, control
group; Bac, bacteria inoculation group. Error bars represent means + SE (n =3 replicates, 20 primary coral polyps per replicate) (**P <0.01, Student’s t-test)

—~
(e
<
—_
o

(a) 20 (b)5
< 4 *% ~ | cK
S 60 n g 4| BB
o . Z
.S 50 ST
%’ - n 3
2. 40+ g
&. 30 =2
£ 204 -§1_
2 40 5
a i Mm Q-

0 T T T '

CK Bac 0

5

Time (d)

41 ECK
I Bac

Lateral area (mm? larva')

10 15 0 5 10

Time (d)

15

Fig. 4 The survival proportions (a), budding rates (b), and lateral areas (c) of coral primary polyps in the CK and Bac groups. CK, control group; Bac, bacte-
ria inoculation group. Error bars represent means + SE (n =3 replicates for survival proportion, 20 primary polyps per replicate; n=4 replicates for budding
rate and lateral area, 10 coral polys per replicate) (**P<0.01, Student’s t-test)

and calcification rates, as well as the determination of
the photosynthetic efficiency of Symbiodiniaceae. Com-
pared with CK group, the Bac group had significantly
higher carbohydrate and protein contents (Fig. 3a, b). In
contrast, the total lipid content, the chlorophyll a con-
tent, and the calcification rate did not differ significantly
between the two groups (Fig. S2a-c). The Fv/Fm was
measured on days 0, 5, 10, and 15 of culture. At all four
sampling time points, the Bac group exhibited signifi-
cantly higher Fv/Fm values than the CK group (Fig. 3c).

Primary polyp survival and asexual reproduction

In total, 59.5% of the primary polyps survived after 15
days of culture in the Bac group, significantly exceed-
ing (P<0.01) the 20% survival observed in the CK group
(Fig. 4a, Fig. S3, P<0.01). However, the budding rates
and lateral areas of coral primary polyps were not signifi-
cantly different between the Bac and CK groups across
the four post-settlement time points (Fig. 4b, c, Fig. S4).

Bacterial community variation

A comparative analysis of bacterial communities between
the CK and Bac groups revealed that bacterial inocula-
tion exerted a pronounced impact on the community
structure of coral larvae at the metamorphosis stage
(P<0.01; Table S2). In contrast, no significant varia-
tions in the bacterial community structure of larvae were
detected between the two groups at the settlement stage
(P>0.05; Table S2). Analogous results were obtained
when comparing the bacterial community structures in
coral culture water for both stages (P>0.05; Table S2). To
confirm the presence of the c¢B07 strain, both Bac and
CK samples were analyzed for ASVs during the meta-
morphosis and settlement phases. In addition to strains
added during the experiment, strain cB07 was detected
among coral microorganisms and those in the surround-
ing water in samples of the CK group during both phases
(Table S3). Meanwhile, the relative abundance of strain
cB07 was significantly higher in the Bac group than that
in the CK group both in metamorphosed larvae and pri-
mary polyps. Similarly, during the metamorphosis stage,
the relative abundance of strain cB07 in the culture water
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of strain cB07-inoculated coral larvae was significantly
increased compared with that in the CK group. However,
at the settlement stage, no significant differences in the
relative abundance of strain cB07 were observed between
the water samples of the two groups. The inoculated
strain cB0O7 was detected in the surrounding water during
the metamorphosis and within primary coral polyps dur-
ing the settlement stage in the Bac group (Table S3).

Transcriptomics analysis of the coral host

In this study, RNA-seq was used to investigate the dif-
ferential gene expression linked to cB07-induced meta-
morphosis and settlement. A total of 709,316,050 reads
were generated from total coral larvae and primary polyp
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samples, yielding 703,180,042 clean, high-quality reads
after quality control. Of these clean reads, 329,569,925
were mapped to the coral host genome and were used for
the transcriptomics analysis of the coral host (Table S4).
PCA was used to visualize global patterns of gene expres-
sion and confirmed the separation of groups based on
gene expression. In metamorphosed larvae, there was a
significant difference in transcript levels between the Bac
and CK groups; however, no significant differences in
primary polyp transcript levels were found between the
two groups (Fig. 5a). The differentially expressed genes
(DEGs; FDR<0.05) resulting from strain ¢B0O7 inocula-
tion are displayed in volcano plots in Fig. 5¢, d. During
the metamorphosis stage, RNA-seq results revealed that
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Fig. 5 Differential analysis of mRNA expression levels between the control group and strain cB07 inoculated group. (a) Principal component analysis
of RNA-seq data. The points represent biological replicates, (b) A histogram of differential gene expression among different groups, (¢, d) Volcano plots
showing the relative abundance of transcripts. The transcripts were considered differentially expressed between groups at fold change>2 and with a
false discovery rate <0.05. The black dots represent genes for which no statistically significant differences were observed. The blue dots represent signifi-
cantly downregulated genes and the orange dots represent significantly upregulated genes. (CF, Newly released larvae; CM, Metamorphosis, control (CK)
group; BM, Metamorphosis, bacteria inoculation (Bac) group; CP, Settlement, CK group; BP, Settlement, Bac group)
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3,149 genes were differentially expressed between the CK
and Bac groups. Of these genes, 956 exhibited upregula-
tion in the Bac group, while 2,193 genes showed down-
regulation (Fig. 5b). During the settlement stage, a total
of 582 DEGs were identified between the Bac and CK
groups, 361 of which were upregulated in the Bac group,
while 221 were downregulated (Fig. 5b).

The DEGs (FDR<0.05) at different stages of coral lar-
vae development were displayed in Venn diagram (Fig.
S5). Compared to the CK group, we identified 2,591
DEGs in the Bac group that exhibited significant differ-
ential expression as the coral larvae transitioned from
the newly released stage to the metamorphosis stage (Fig.
S5a). Between the newly released stage and the settle-
ment stage, a subset of 1,869 genes in the Bac group dis-
played pronounced changes relative to the CK group (Fig.
S5b). Furthermore, during the progression from meta-
morphosis to the settlement stage, 2,696 genes showed
differential expression between the two groups (Fig.
S5¢). The merging of these expression profiles showed
that the expression of a total of 5,721 genes was influ-
enced by strain ¢B07, underscoring the profound impact
of this bacterium on the coral larval transcriptome. We
next conducted a WGCNA to delve deeper into the asso-
ciations between the observed DEGs and quantitative
traits. The 5,721 DEGs were assigned to 17 coexpression

(@)

Page 9 of 15

modules and further categorized into three clusters,
namely, Clusters A, B, and C (Fig. 6a). Cluster A com-
prised black (782), blue (842), pink (225), magenta (211),
dark red (73), and dark turquoise (53) modules. Within
this cluster, the expression patterns of the DEGs showed
a trend for upregulation in newly released larvae, con-
trasting with a trend for downregulation observed during
metamorphosis and the settlement phase. Cluster B was
composed of six modules, including purple (193), dark
green (56), red (423), green-yellow (170), salmon (144),
and royal blue (74). The DEG expression patterns in this
cluster exhibited a characteristic trajectory, with low lev-
els of expression observed in newly released larvae, sub-
sequently increasing during metamorphosis, and then
decreasing in primary polyps. Cluster C encompassed
five modules, namely, cyan (134), light yellow (93), green
(850), light green (572), and turquoise (826). The DEGs
in this cluster displayed minimal expression during the
newly released and metamorphosis stages, followed by
a marked upregulation in the settlement stage. In sum-
mary, these observations confirmed that the three clus-
ters contributed significantly to coral larval development.
A module-trait correlation analysis revealed that the
metamorphosis proportion was positively correlated with
modules within Cluster B, while the settlement propor-
tion was significantly correlated with modules in Cluster
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C (Fig. 6b). Additionally, the dark turquoise and cyan
modules demonstrated notable correlations with total
carbohydrate and lipid contents, respectively (Fig. 6b).

Genes within Cluster B modules displayed significant
enrichment in 11 KEGG pathways (FDR<0.05), includ-
ing those associated with genetic information process-
ing, metabolism, organismal systems, and environmental
information processing (Table S5). Notable among these
pathways were those involved in proteasome; valine, leu-
cine, and isoleucine degradation; protein digestion and
absorption; extracellular matrix (ECM)-receptor inter-
action; fatty acid degradation; porphyrin metabolism;
metabolic pathways; fructose and mannose metabolism;
carbohydrate absorption and digestion; glyoxylate and
dicarboxylate metabolism, and fatty acid metabolism
(Fig. 7a). In contrast, genes in Cluster C modules were
significantly enriched in 25 KEGG pathways (FDR <0.05),
including those associated with signal transduction, the
immune system, and cellular processes (Table S5). Sev-
eral signaling pathways were identified, including the
phospholipase D, Ras, NOD-like receptor, RIG-I, MAPK,
TNE, PI3K-Akt, Rapl, and C-type lectin receptor signal-
ing pathways (Fig. 7b).

Transcriptomics analysis of symbiodiniaceae

A total of 373, 610, 117 reads were used for Symbio-
diniaceae transcriptomics analysis (Table S4). PCA was
subsequently employed to evaluate the transcriptome
clustering between groups, revealing that strain cB07
inoculation resulted in minimal variation in gene expres-
sion during the coral larval metamorphosis and settle-
ment phases (Fig. 8a). Volcano plots were constructed
to delineate the DEGs (FDR<0.05) in Symbiodiniaceae
in response to c¢B07 inoculation (Fig. 8¢, d). A total of
254 and 25 DEGs were detected between the CK and
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the Bac groups at the metamorphosis and settlement
stages, respectively. During metamorphosis, compared
with the CK group, 227 Symbiodiniaceae-related genes
were upregulated in the Bac group, while 27 were down-
regulated. When compared with the CK group at the
settlement stage, 17 Symbiodiniaceae-related genes were
upregulated in the Bac group, and 8 were downregulated
(Fig. 8b). In the metamorphosis stage, the upregulated
Symbiodiniaceae DEGs were significantly (FDR<0.05)
associated with the Photosynthesis and Peroxisome path-
ways (Table S6). During the settlement stage, Symbiodin-
iaceae DEGs were only enriched in the ribosome pathway
(FDR<0.05) (Table S6).

Discussion

The recruitment of coral larvae to benthic marine com-
munities is essential for the sustenance of coral popula-
tions. However, this process is intricately influenced by
a combination of exogenous and endogenous factors.
Using settlement cues as a strategy for engineering coral
reef restoration can increase coral reef settlement pro-
portion. Several cues, such as crustose coralline algae
(CCA) and reef microbial biofilms [20, 57, 58], are known
to promote coral larval metamorphosis and settlement.
In the absence of such cues, settlement in many marine
invertebrate propagules is delayed or even interrupted.
These observations emphasize the importance of these
signals for establishing and maintaining marine ben-
thic communities. However, a link between exogenous
cues and endogenous factors has yet to be established.
Throughout coral larval metamorphosis and settlement,
the expression levels of genes involved in general cellular
processes, such as macromolecular binding and trans-
port, intracellular and extracellular signal transduction,
the regulation of metabolic function, and environmental
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analysis of RNA-seq data. The points represent biological replicates. (b) A histogram of differential gene expression among different groups. (¢, d) Volcano
plots showing the relative abundance of transcripts. The transcripts were considered differentially expressed between groups at fold change > 2 and with
a FDR<0.05.The black points represent genes for which no statistically significant differences were observed. The blue dots represent significantly down-
regulated genes and the orange dots represent significantly upregulated genes. CM, Metamorphosis, control (CK) group; BM, Metamorphosis, bacteria

inoculation (Bac) group; CP, Settlement, CK group; BP, Settlement, Bac group

sensing, undergo dynamic changes [15, 30, 31, 33, 57, 59—
61]. The expression levels of sensory and signal transduc-
tion genes involved in the detection of induction clues,
such as those encoding ion channels, neuropeptide signal
transduction molecules, and G protein-coupled recep-
tors, are elevated during coral larval development [33].
In corals, different induction clues lead to differences in
gene expression [33]. In this study, by integrating tran-
scriptome and phenotypic data analyses, we explored
the role of M. indicus strain cB07 in inducing coral larval
metamorphosis and settlement as well as the subsequent
effects on larval development and growth.

The manipulation of beneficial microorganisms for cor-
als (BMCs) has recently been suggested as a promising
strategy for promoting resilience and resistance in coral

populations [62]. BMCs are known to enhance coral fit-
ness through symbiotic relationships [63, 64]. In this
study, the inoculation with strain cB07 led to a signifi-
cant increase in metamorphosis and settlement propor-
tion in coral larvae. Notably, although strain c¢B07 was
detected among both coral microorganisms and micro-
organisms in the surrounding water in the CK group, we
found that a higher inoculation density was required to
effectively induce metamorphosis and settlement in coral
larvae relative to that in the Bac group (Fig. S6). The rela-
tive high abundance of strain ¢B07 sequences in inocu-
lated corals indicated the successful establishment of the
added strain. Under induction by strain ¢cB07, metamor-
phosed larvae exhibited significantly reduced total car-
bohydrate levels compared to control larvae WGCNA
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demonstrated that gene modules within Cluster B were
significantly positively correlated with the metamor-
phosis proportion. These modules contained genes that
were enriched in metabolic pathways such as amino acid
metabolism, protein digestion, fatty acid metabolism,
and glucose metabolism. Specifically, genes related to
the metabolism of carbohydrates such as fructose, man-
nose, glyoxylate, and dicarboxylate may account for the
observed decrease in carbohydrate content in meta-
morphosed larvae induced by strain ¢cB07. Furthermore,
genes involved in the ECM-receptor interaction pathway
were significantly upregulated in metamorphosed larvae
of the Bac group. The ECM is known to play a pivotal role
in processes such as cell migration, differentiation, tissue
morphogenesis, repair, regeneration, and calcium car-
bonate precipitation in corals [65-67].

Coral primary polyps induced by strain ¢cB07 exhibited
significantly reduced total lipid levels compared to con-
trols, potentially due to increased energy expenditure
associated with the establishment of a symbiotic rela-
tionship and the consequent reduction in buoyancy [68].
This lipid storage loss could alter the displacement of
coral larvae through water flow, facilitating the advanced
exploration of the settlement substrate. Following the
addition of strain cB07, the DEGs in primary polyps were
significantly enriched in signal transduction and immune
system pathways. Interconnected pathways such as the
phosphatidylinositol 3’-kinase (PI3K)-Akt, Rapl, Ras,
and MAPK signaling pathways are hypothesized to com-
prise a meta-signaling pathway integral to cellular dif-
ferentiation [69]. The PI3K-Akt pathway, in particular, is
suggested to mediate the phosphorylation of substrates
involved in processes such as apoptosis, protein synthe-
sis, metabolism, and the cell cycle, potentially playing a
role in the maintenance and disruption of symbiotic rela-
tionships with Symbiodiniaceae [70]. Furthermore, the
phospholipase D pathway may be instrumental in the
dynamic regulation of Symbiodiniaceae-cnidarian inter-
actions [71].

The immune system, particularly the Nod-like recep-
tor complex, has been implicated in the establishment
of functional coral symbiosis [72], possibly by mediat-
ing the response to and recognition of algal endosym-
bionts by coral cells [69]. Additionally, genes associated
with C-type lectin receptors (CLRs) were significantly
upregulated during coral metamorphosis induced by
strain c¢BO7. Lectins are involved in the establishment
of endosymbiosis between corals and Symbiodini-
aceae, and these genes have previously been shown to
be upregulated in coral primary polyps [73]. It has also
been reported that genes involved in the CLRs pathway
were also significantly upregulated during coral settle-
ment induced by the CCA [59]. The higher abundance
of strain ¢B07 in coral primary polyps suggests that CLR
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pathway genes may be involved in detecting and acquir-
ing the bacterium from the environment during recruit-
ment, hinting at a link between settlement cues and the
initiation of symbiosis.

Coral recruitment is a multifaceted process depen-
dent on both larval settlement and the post-settlement
survival and growth of primary polyps [10]. In a 15-day
assessment of primary polyp vitality, we observed that
strain ¢B07 did not significantly influence the budding
rate, horizontal growth area, or calcification rate, sug-
gesting that the strain exerts a minimal impact on asexual
reproduction and calcification in coral polyps. However,
polyps inoculated with ¢cBO7 demonstrated a significantly
higher survival rate than uninoculated ones, along with
increased total carbohydrate and protein contents, and
enhanced maximum photochemical efficiency. These
outcomes indicate that strain c¢B07 bolsters the photo-
synthetic capacity of Symbiodiniaceae, thereby facilitat-
ing greater energy storage within primary polyps. The
heightened photosynthetic efficiency is crucial as Sym-
biodiniaceae, through photosynthesis, provide a sub-
stantial proportion of the host’s energy requirements
[74]. The establishment of symbiosis between coral lar-
vae and Symbiodiniaceae during larval metamorphosis
and settlement involves numerous endosymbiotic genes,
including those involved in transport, carbonic anhy-
drase activity, membrane protein function, metabolic
processes, peroxidase activity, apoptosis, and inflamma-
tion [60, 75—77]. Additionally, miRNA of endosymbiotic
algae was reported to be highly expressed during the
early stages of endosymbiosis, suggesting that it plays a
role in the regulation of the symbiotic relationship [60].
The brooded larvae of P damicornis, provisioned with
Symbiodiniaceae from the maternal colony, displayed
minimal changes in Symbiodiniaceae gene expression
during coral settlement induced by strain cB07. Despite
the subtlety of the changes, the detected DEGs were
significantly enriched in the photosynthesis and peroxi-
some pathways during coral larval metamorphosis, with
a notable upregulation of photosynthesis-related genes.
This upregulation indicates that inoculation with strain
cB07 enhances photosynthetic efficiency, aligning with
the recorded increase in photosynthetic efficiency values.
This enhanced photosynthesis may increase nutrient pro-
vision to coral primary polyps, thereby augmenting their
energy levels. During coral metamorphosis and settle-
ment induced by CCA, many genes associated with per-
oxisomes were also reported to be upregulated [59]. This
suggests that peroxisome-related genes must be upregu-
lated to neutralize the oxidative stress potentially caused
by an overabundance of reactive oxygen species. Dur-
ing the settlement process, the DEGs were significantly
enriched in ribosomal pathways, indicative of an increase
in protein synthesis, and further hinting at a potential
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mechanism by which strain ¢cBO7 may stimulate Symbio-
diniaceae growth rates. Furthermore, the upregulation of
endocytosis pathway-related genes in Symbiodiniaceae
indicates that these genes play a beneficial role in resum-
ing and maintaining the symbiotic relationship between
corals and their algal partners [60].

Conclusions

The establishment of strain ¢B07 in coral larvae induced
their metamorphosis and settlement, leading to the
generation of post-settlement polyps that exhibited
enhanced survival rates and improved health status. Dur-
ing this process, the genes and pathways pivotal to the
establishment of a symbiotic relationship between the
coral larvae and the bacteria were significantly upregu-
lated. In contrast to the coral larvae, the Symbiodiniaceae
endosymbionts were minimally impacted by the strain
¢B07-induced metamorphosis and settlement. However,
the upregulation of photosynthesis-related genes in the
Symbiodiniaceae suggests that inoculation with strain
cB07 promoted coral polyp photosynthesis, which is
advantageous for the health and vitality of the coral holo-
biont. The capacity of strain cB07 to effectively induce
coral larval metamorphosis and settlement, coupled with
its role in enhancing the symbiotic relationship, renders
it a promising candidate for applications in coral reef res-
toration efforts.
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