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Meta-organism gene expression reveals s

that the impact of nitrate enrichment on coral
larvae is mediated by their associated
Symbiodiniaceae and prokaryotic assemblages
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Abstract

Background Coral meta-organisms consist of the coral, and its associated Symbiodiniaceae (dinoflagellate algae),
bacteria, and other microbes. Corals can acquire photosynthates from Symbiodiniaceae, whilst Symbiodiniaceae uses
metabolites from corals. Prokaryotic microbes provide Symbiodiniaceae with nutrients and support the resilience

of corals as meta-organisms. Eutrophication is a major cause of coral reef degradation; however, its effects on the
transcriptomic response of coral meta-organisms remain unclear, particularly for prokaryotic microbes associated with
corals in the larval stage. To understand acclimation of the coral meta-organism to elevated nitrate conditions, we
analyzed the physiological and transcriptomic responses of Pocillopora damicornis larvae, an ecologically important
scleractinian coral, after 5 days of exposure to elevated nitrate levels (5, 10, 20, and 40 uM).

Results The major differentially expressed transcripts in coral, Symbiodiniaceae, and prokaryotic microbes included
those related to development, stress response, and transport. The development of Symbiodiniaceae was not affected
in the 5 and 20 uM groups but was downregulated in the 10 and 40 uM groups. In contrast, prokaryotic microbe
development was upregulated in the 10 and 40 uM groups and downregulated in the 5 and 20 uM groups. Mean-
while, coral larval development was less downregulated in the 10 and 40 uM groups than in the 5 and 20 uM groups.
In addition, multiple larval, Symbiodiniaceae, and prokaryotic transcripts were significantly correlated with each

other. The core transcripts in correlation networks were related to development, nutrient metabolism, and transport.
A generalized linear mixed model, using least absolute shrinkage and selection operator, demonstrated that the
Symbiodiniaceae could both benefit and cost coral larval development. Furthermore, the most significantly correlated
prokaryotic transcripts maintained negative correlations with the physiological functions of Symbiodiniaceae.

Conclusions Results suggested that Symbiodiniaceae tended to retain more nutrients under elevated nitrate
concentrations, thereby shifting the coral-algal association from mutualism towards parasitism. Prokaryotic microbes
provided Symbiodiniaceae with essential nutrients and may control Symbiodiniaceae growth through competition,
whereby prokaryotes can also restore coral larval development inhibited by Symbiodiniaceae overgrowth.
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Background

Coral reefs support high biodiversity and provide abun-
dant natural resources; however, they have rapidly
declined in recent years owing to anthropogenic impacts,
including global climate change, pollution from coastal
cities, overfishing, and other human activities [1, 2].
Excessive nitrate from anthropogenic activities is one of
the main stressors leading to coastal coral reef degrada-
tion by reducing coral resistance to environmental stress,
reproduction, and recruitment, as well as increasing
mass mortality [3—6]. High nitrate concentrations impair
coral growth and calcification, whilst ammonia has lesser
effects [7]. Meanwhile, enriched nutrients which main-
tained N to P ratios were less damaging to coral health
[8-10]. However, some evidence showed that nitrogen
with phosphate enrichment can lead to parasitism by the
symbiotic algae, Symbiodiniaceae, within the coral meta-
organism [11, 12]. Despite various studies on coral-algal
associations under nutrient enrichments, little is known
about the roles of prokaryotic microbes within the coral
meta-organisms under eutrophic conditions [13] even
though they are known for maintaining critical functions
in coral meta-organisms, including nitrogen and carbon
metabolism [14, 15].

The coral as a meta-organism consists of the coral and
associated Symbiodiniaceae, bacteria, archaea, and other
microbes which are fundamental in creating a thriv-
ing coral reef ecosystem within an oligotrophic ocean
[16, 17]. Corals acquire photosynthates from Symbio-
diniaceae, whereas Symbiodiniaceae and prokaryotic
microbes gain access to coral metabolites [18—20]. Sym-
biodiniaceae are known to provide the majority of a
coral’s energetic needs through photosynthesis and the
assimilation of dissolved inorganic nitrogen [21]. Mean-
while, various coral associated prokaryotic microbes also
maintain genetic machinery for nitrogen cycling and may
also provide important contributions to nitrogen cycling
within the coral meta-organisms. These intimate rela-
tionships result in complex coral responses to nutrient
pollution.

Several mechanisms have been proposed to explain
the decline in coral cover under nutrient pollution.
One common theory is that the mechanism of decline
is caused by macroalgal overgrowth [22-24], which
causes poor light penetration and results in an anoxic
environment that ultimately suffocates the coral [25-
27]. The dissolved organic carbon (DOC), disease,
algae, and microorganisms (DDAM) model predicts
that increasing DOC caused by macroalgal overgrowth

leads to heterotrophic microbial growth and coral dis-
ease [28]. Another widely accepted hypothesis is that
imbalanced nutrients destabilize the coral-algal sym-
biosis, making coral vulnerable under thermal stress
[29]. Symbiodiniaceae could retain more photosyn-
thates under high nitrogen concentrations [30], which
may limit CO, and eventually cause coral bleaching.
Furthermore, even though corals maintain Symbiodini-
aceae in a nitrogen-limited internal environment, high
nitrogen concentrations followed by elevated nitrate
assimilation in coral meta-organisms lead to phosphate
starvation and increased cell division rates [31]. In
turn, high nitrogen concentrations can affect Symbiod-
iniaceae susceptibility to thermal stress and thus impair
the coral-algal symbiosis [29]. However, the associa-
tions between nitrate concentration and Symbiodini-
aceae growth are not completely known. Some studies
also found that high nitrate concentrations inhibited
Symbiodiniaceae density in corals [7]. In addition,
nitrogen concentration affects the photosynthetic effi-
ciency of Symbiodiniaceae and thus may affect the
coral-algal symbiosis [4].

The mechanisms by which coral-associated prokary-
otic microbes may mediate the acclimation of coral
meta-organisms under nutrient stress are poorly
understood, particularly at the coral larval stage [13].
However, various contradictory findings have been
reported: some studies found that the prokaryotic com-
munity shifted into a dysbiotic state because of the lim-
ited DOC available under high N to P ratios [32], whilst
some demonstrated an inflexible prokaryotic commu-
nity under nutrient stress [33]. How prokaryotic micro-
bial functions are altered under nutrient stress has been
barely explored.

The dispersal and recruitment of coral larvae play
critical roles in establishing coral reefs [34, 35]; how-
ever, the effect of eutrophication on coral larvae is still
inconclusive. Coral larval performance under nutrient
stress depends on coral species, nutrient identity (such
as nitrate and ammonia) [7], N to P ratio [9], and nutri-
ent ecological source. High nitrate concentrations can
impair coral larval survivorship, particularly coral spe-
cies with horizontally transmitted Symbiodiniaceae
[36]. However, Porites astreoides larvae were found to
have increased settlement rates under nitrate enrich-
ment [37] whereas elevated ammonia decreased the
settlement of Diploria strigosa [38]. Enriched nutri-
ents with a balanced N to P ratio increased Montipora
capitata larval size but reduced Lobactis scutaria larval
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size [36]. Besides species-specific effects, larval nutri-
ent sensitivity is also related to life-history traits of
corals, including reproduction and symbiont transmis-
sion mode [36]. Furthermore, the context of the envi-
ronment, where corals are originally from, can affect a
coral’s responses to nutrient stress. Despite their criti-
cal role in nutrient cycling, however, the associations
amongst coral larval meta-organisms under nutrient
stress, particularly coral- and algal-prokaryotic rela-
tionships, remain largely unknown.

Pocillopora damicornis is a hermaphroditic brooder,
and it is one of the most widespread corals in the world
[34, 39]. In the present study, P damicornis larvae were
exposed to four different nitrate concentrations including
ambient seawater as the control. Therefore, photophysiol-
ogy and transcriptome changes in coral meta-organisms
were examined to explore the potential mechanism of
acclimation, particularly the role of associations amongst
coral meta-organisms under eutrophic conditions.

Results

De novo assembly of reference transcriptomes for coral,
Symbiodiniaceae, and prokaryotic microbes

A reference transcriptome from a total of 122 GB of clean
reads was generated from all samples under all treat-
ments and the control with 47,805,710+ 3,779,866 pair
reads per sample (mean=+SD). A total of 677,207 tran-
scripts were assembled, with a sample alignment of over
98%. In addition, the statistics based on assembled tran-
scripts and the longest isoform per gene including N50,
median, and average contig length, are listed in Table S1
of Additional File 1. After blast to respective databases,
335,941 and 169,031 transcripts were identified as a pri-
mary reference transcriptome construction for coral and
Symbiodiniaceae, respectively. Kraken2 detected 68,020
prokaryotic transcripts to construct a primary reference
transcriptome for prokaryotes. Samples had around 27.1,
32.8, and 2.6 million read pairs on average for mapping
primary coral, Symbiodiniaceae, and prokaryotic refer-
ence transcriptome, respectively. After removing shared
transcripts among different reference transcriptomes,
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a total of 110,546 coral transcripts, 35,044 Symbiod-
iniaceae transcripts, and 33,122 prokaryotic transcripts
were retained for generating final reference transcrip-
tomes for downstream analysis. Detailed transcript sta-
tistics of each sample for mapping primary reference
transcriptome are shown in Table S2, Additional File 1.
The coral reference transcriptome displayed a BUSCO
transcriptome completeness of 89%.

Differentially expressed transcripts (DETs) in coral,
Symbiodiniaceae, and prokaryotic microbes

Different numbers of DETs were detected in coral
meta-organism, including coral, Symbiodiniaceae, and
prokaryotic microbes, respectively (Table 1). The over-
all differences in the comparisons amongst different
treatments and the control for coral, Symbiodiniaceae,
and prokaryotic microbes were illustrated by MA
(ratio density) plots (Supplementary Figure S1, Addi-
tional File 1). The Symbiodiniaceae communities (D1
and D1.3) and taxonomic classification of prokaryotic
transcripts (e.g., Janthinobacterium, Pseudomonas,
Acinetobacter, and Stenotrophomonas) showed simi-
lar structures in each treatment and the control (Sup-
plementary Table S3 and Figure S2, Additional File 1).
The main prokaryotic genera detected all maintained
features of nitrogen metabolism, including Janthino-
bacterium, Pseudomonas, and Acinetobacter, thereby
inferring a functional role of the prokaryotic microbi-
ome in the acclimation of the coral meta-organism to
nitrate enrichment. An individual transcript that was
differentially expressed in at least one treatment within
pairwise differential expression analysis was regarded
as a DET. Collectively, a total of 310 coral transcripts,
119 Symbiodiniaceae transcripts, and 46 prokaryotic
transcripts were retained as DETs for further analy-
sis. The Venn diagram illustrates the sharing of DETs
in coral, Symbiodiniaceae, and prokaryotic microbes
under nitrate enrichment (Fig. 1B, D, and F, respec-
tively). Twenty-one coral, one Symbiodiniaceae, and
one prokaryotic DETs were shared across all treatment
comparisons. The non-parametric multidimensional

Table 1 Numbers of differentially expressed transcripts in coral meta-organism under different treatments

Control-5 Control-10 Control-20 Control-40
Coral Upregulated 41 49 57 63
Downregulated 53 50 53 66
Symbiodiniaceae Upregulated 4 8 3 9
Downregulated 6 88 7 10
Prokaryotic microbes Upregulated 3 9 9 1
Downregulated 13 12 7 7
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Fig. 1 Differentially expressed transcripts (DETs) across treatments. nMDS plots display DETs of coral (A), Symbiodiniaceae (C), and prokaryotic
microbes (E) based on the square root transformed log base 2 of counts per million reads via Bray-Curtis measurement of dissimilarity. Each symbol
represents a replicate. Kruskal's stress values are 0.04, 0.03 and 0.11 for A, C, E, respectively. Venn diagrams show the comparison of DETs of coral (B),
Symbiodiniaceae (D), and prokaryotic microbes (F) in different treatments compared with the control

scaling (nMDS) indicates that the DETs of corals in dif-
ferent samples were well separated by nitrate concen-
tration (Fig. 1A). There was no significant difference
amongst samples from the same group. However, DETs
of Symbiodiniaceae and prokaryotes did not show a
clear gradient through varying nitrate concentrations
(Fig. 1Cand E).

Function partitioning and diversity of coral,
Symbiodiniaceae, and prokaryotic microbes

under different nitrate treatments

In coral, the shared transcripts were mainly related
to the development, including cell differentiation,
cell growth, and anatomical structure development;
stress response; and protein metabolism (Figure S3A,
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Additional File 1), thereby suggesting that coral larvae
development was affected by nutrient stress. Mean-
while in Symbiodiniaceae, the shared transcripts largely
belonged to DNA/RNA metabolism, transport of pro-
tein and ions, stress response, and development (Figure
S3B, Additional File 1). In prokaryotic microbes, tran-
scripts for DNA metabolism and the transport of lipid
and ion comprised most of the shared transcripts (Fig-
ure S3C, Additional File 1). When mapping the DETSs to
pathways in KEGG and Reactome databases, large num-
bers of coral DETs were assigned to SMAD2/3:SMAD4
transcriptional activity related to the development and
HSF1 regulation related to stress response (Table S4,
Additional File 1). Nitrogen metabolism was also found
to be related to coral DETs. In addition, Symbiodini-
aceae had DETs mainly related to development, includ-
ing pathways of brassinosteroid signalling and transport
and synthesis of PAPS, as well as symbiotic relationship,
such as pathways of neutrophil degranulation and str-
igolactone signaling. Nitrate and ammonia assimilation
pathways were also detected among Symbiodiniaceae
DETs (Table S5, Additional File 1). The DETs of prokar-
yotic microbes were related to carbon fixation, oxidative
phosphorylation, and amino/nucleotide sugar metabo-
lism (Table S6, Additional File 1).

Gene set enrichment analysis (GSEA) considered more
transcripts and thus could form a more complete picture
of the functional differences. Based on the GSEA of cor-
als, 9, 26, 22, and 15 transcript sets were upregulated and
1, 20, 41, and 0 transcript sets were downregulated in the
5, 10, 20, and 40 uM groups, respectively (FDR <0.05).
For Symbiodiniaceae transcripts, 48, 100, 50, and 70
transcript sets were upregulated and 1, 62, 8, and 50
transcript sets were downregulated in the 5, 10, 20, and
40 puM groups, respectively (FDR<0.05). Meanwhile
for prokaryotic transcripts, 2, 15, 2, and 10 transcript
sets were upregulated and 2, 0, 2, and 1 transcript sets
were downregulated in the 5, 10, 20, and 40 pM groups,
respectively (p <0.001).

The biological processes of enriched transcript sets in
coral showed that coral larvae development, including
pigmentation, cell development, and differentiation, was
downregulated in all treatments except 40 uM (Fig. 2A,
Table S7, Additional File 1). In particular, the 20 pM
group exhibited the largest numbers of downregulated
transcript sets related to development, which mostly
involves cell division and differentiation, with lowest NES
values, whilst coral transport of xenobiotics was shown
to be more upregulated than that in other treatments.
The transport-related transcript sets in Symbiodiniaceae
were less upregulated than those in the coral. Moreo-
ver, Symbiodiniaceae development (mainly comprising
cell division and growth) and carbohydrate metabolism
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were downregulated in the 10 and 40 uM groups (Fig. 2B,
Table S8, Additional File 1). In contrast to Symbiodini-
aceae development, prokaryotic microbe development,
including growth and cell division, was upregulated in
the 10 and 40 pM groups but decreased in the two other
treatments (Fig. 2C, Table S9, Additional File 1). Finally,
coral and Symbiodiniaceae enriched different sets of
stress response transcripts in all treatments, mainly
including immune and stimulus responses (Table S7, S8,
Additional File 1).

Associations amongst coral meta-organisms under different
nitrate enrichments
The co-expression network of DETs in coral meta-organ-
isms showed compact, organised networks represent-
ing coral-algal, algal-prokaryotic, and coral-prokaryotic
associations (Fig. 3). In total, 7,658 out of 36,890, 627 out
of 5,474, and 1,373 out of 14,260 significant correlations
(p <0.05) were detected in the coral-algal, algal-prokar-
yotic, and coral-prokaryotic networks, respectively. The
highest proportion of significant correlations was found
in the coral-algal network (20.76%); meanwhile, the pro-
portion of significant correlations in the algal-prokar-
yotic network (11.45%) was slightly higher than that in
the coral-prokaryotic network (9.63%). In the coral-algal
network, coral, and Symbiodiniaceae maintained simi-
lar values of the largest betweenness centralities of the
transcripts. In the algal-prokaryotic and coral-prokary-
otic networks, the prokaryotic transcripts had the larg-
est betweenness centralities amongst the transcripts of
the top values, particularly in the algal-prokaryotic net-
work. The top 20 transcripts with the highest between-
ness centrality in each network were regarded as core
transcripts. In the coral-algal network, the core tran-
scripts of coral mainly belonged to development and
transport, whereas the core transcripts of Symbiod-
iniaceae were mostly related to transport and nitrogen
compound metabolism (Figures S4A and B, Additional
File 1). In the algal-prokaryotic network, the Symbiod-
iniaceae core transcripts were principally associated with
defence response, substance metabolism, and symbiotic
interaction. In addition, the core transcripts belonging
to prokaryotic microbes were associated with transport
and nitrogen compound metabolism (Figures S4C and
D, Additional File 1). In the coral-prokaryotic network,
the coral core transcripts largely maintained substance
metabolism and stress response functions; meanwhile,
the core transcripts of prokaryotic microbes were mainly
related to transport and nitrogen compound metabolism
(Figures S4E and F, Additional File 1).

The average Symbiodiniaceae density in P. damicornis
larvae, ranging from 1.6 x 10* to 1.9 x 10* cells per larvae,
increased in all treatments as compared with the control;
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Fig. 2 GSEA results of coral meta-organism transcriptome under different treatment conditions. GSEA present the major enriched transcript sets of
coral (A), Symbiodiniaceae (B), and prokaryotic microbes (C) transcriptome at varying nitrate concentrations. The node size represents numbers of
enriched transcript sets in certain functional category. The color represents the averaged NES values of enriched transcript sets
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Fig. 3 Correlations amongst differentially expressed transcripts (DETs) in coral meta-organism under nitrate enrichments. Organic correlation
network visualizing significant correlations between transcripts of coral and Symbiodiniaceae (A), Symbiodiniaceae, and prokaryotic microbes and
(B) those of coral and prokaryotic microbes (C). Red, green, and blue represent coral, Symbiodiniaceae and prokaryotic transcripts, respectively.
Node size reflects the adjusted betweenness centrality of the variable. Line types (solid = positive and dashed = negative) indicate the Spearman

correlation coefficient

Table 2 Statistics results of ANOVA

Comparisons F value Prob>F
Control-5 0.05 0.82
Control-10 0.69 041
Control-20 153 0.23
Control-40 0.06 0.81

however, the analysis of variance (ANOVA) showed it
did not significantly differ amongst treatment groups
(p=0.05, Table 2, Figure S5A, Additional File 1). Herein,
the P increased when larvae were exposed to nitrate

enrichment in general and it was the highest in the 5 uM
group, slightly increased in the 10 and 20 uM groups and
moderately increased in the 40 uM group (Figure S5B,
Additional File 1). In addition, the generalized linear
mixed model using least absolute shrinkage and selec-
tion operator (the GLMMLasso model) further simulated
the correlations between the physiological parameters
(density, photosynthesis, and respiration) of Symbiod-
iniaceae and the coral/prokaryotic-enriched transcripts
obtained from GSEA results (Fig. 4). The model showed
that Symbiodiniaceae density, photosynthesis, and res-
piration were all correlated with changes in coral devel-
opment transcripts including both positive and negative



Tong et al. Microbiome (2023) 11:89

Page 8 of 17

GAPs
Euth
Transcriptional regulator {
Fur 4
cap
Nirt.
AFTR
LTTR
Pona{
ExoT|
FimA <
DsdA |
Tats |

B o 020 o 020
7 HitA O 029 O 029
g Tmem1706 - <> -0.38 QO o038
HybE
g — <> 047 047
- O
e s
FriR +
cad |
BamA -
Trappos -
Uncharacterized protein _| IdcA +
coding gene_2
regr & 45 PldA-]
o e apera-| O o yipy
O os2 p 5
O os Apito 95 pinp 4
Om Mait1_1 | <>-n,55 UxaC -
96 97 98 99 100 y ; y y 0 T ! g ! g y !
% 97 %8 %9 100 70 75 80 85 90 95 100
-
O 034 o 025
O 02 O oss
O -0.51 O 0.50
.  pose 063
parpr2 -
airas -
parpta
Rpias |
Aol
Tt |
2Zine
- Wetaloproteinase-Dis .
s} B 2
o o4
O os3 Btkzsa |
O 061 Mtor 2 -
septz |
Oovss ot
o |
T T T T T T T T T T T T T T T T T T T
95 9 97 98 99 100 H 9% 9% 97 98 99 100 70 75 80 8 90 95 100
© -039 o 039
O 045 0 045
O 051 O ost
<>-n.57 Qosr

carbohydrate metabolism
development

O o © o030
gu g lipid metabolism
O Ous protein metabolism

T T T T T T v v v T T
95 96 97 98 99 100 » s 80 85 90

o

100

stress response
transcription
transport

other

Fig. 4 GLMMLasso fitting between coral/prokaryotic transcripts and Symbiodiniaceae physiology. GLMMLasso fitting indicates correlations
between the enriched coral transcript and Symbiodiniaceae density (A, B), photosynthesis (D, E), and respiration (G), similar to enriched prokaryotic
transcripts (C, F, and H). Herein, the symbol size demonstrates average estimates from total runs of identified significant correlated transcripts. The
circle and square represent positive and negative correlations, respectively. Different colors represent different functional categories. X and Y axes of

each panel represent transcripts and run numbers, respectively

relationships; Symbiodiniaceae respiration had the larg-
est number of negative correlations with coral devel-
opment transcripts. Furthermore, Symbiodiniaceae
respiration had the most negative correlations with coral
transcripts assigned to transport functions. Meanwhile,

unlike coral transcripts, prokaryotic transcripts mostly
exhibited negative correlations with the physiologi-
cal parameters of Symbiodiniaceae. There were three
prokaryotic transcripts related to the development found
to have positive correlations when Symbiodiniaceae
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photosynthesis was applied. The prokaryotic transcripts
positively correlated with the physiological parameters of
Symbiodiniaceae were mainly related to protein and lipid
metabolism. Detailed information on significantly cor-
related transcripts detected in the GLMMLasso model is
shown in Table S10 and S11, Additional File 1.

Based on previous genomic research on coral, Symbio-
diniaceae, and prokaryotic microbes [40—44], the present
study identified 17 kinds of transcript sets that poten-
tially maintain associations in coral meta-organisms.
This includes material transport and stress response,
which were identified from the total coral meta-organism
transcriptome. These transcript sets were used to pro-
pose a conceptual model to outline the nutrient path-
ways related to coral meta-organism associations under
nitrate enrichments (Fig. 5A). Herein, several transcripts
potentially contributing to algal-prokaryotic associations
were also detected, including the transport of metal ions,
amino acids, nitrogen compounds, Dimethysulfoniopro-
pionate (DMSP), and vitamin B,, (Fig. 5A) [42—-44].

Discussion

Transcriptomic response of coral under nitrate
enrichments

Previous studies revealed that eutrophication could cause
depressed coral reproduction and reduce calcification as
well as skeleton density [45, 46]. However, several stud-
ies argued that nutrient enrichment does not directly
affect coral physiology and that increased nutrients can
promote coral growth in certain circumstances [47-49].
Nitrogen identity, nutrient ecological source, N to P
ratio, and coral specie characteristics all affect coral per-
formance under eutrophication [7, 9, 13]. In the present
study, nitrate treatment did not affect larval survival,
whilst elevated nitrate concentration induced several
changes in protein metabolism and altered the stress
responses of coral larvae. Coral transcriptome com-
pleteness was similar to that of previous research, but
the completeness of the Symbiodiniaceae transcriptome
was not [50, 51]. It is because whole coral larvae, with
their associated microbiome, were used for RNA extrac-
tion. More complete transcripts are limited to Symbiod-
iniaceae in pure culture rather than the transcripts of an
in hospite Symbiodiniaceae community analysis. Herein,
the number of transcripts in the present study was much
greater than that of the predicted genes and transcripts
in a previous study [34] because of the potential for sin-
gle genes to generate different transcripts. In addition,
highly similar transcripts were retained in the present
study to avoid information loss. Overall, larval devel-
opment transcripts decreased in all treatments but the
decrease in the 40 M group was not significant. Given
this response in the short-term larval stage explored in
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this study, developmental inhibition under long-term
elevated nitrate concentrations may affect the resilience
of coral reefs.

Coral-algal associations altered under nitrate enrichments
Coral-algal and coral-prokaryotic associations are funda-
mental in extending the capacity of the coral as a meta-
organism to face various environmental stressors [4]. The
current study also found that nitrate enrichment affected
the energy metabolism of the coral meta-organisms and
the associated groups could establish a response mech-
anism to environmental stress. The nutrient exchange
transcripts of coral, Symbiodiniaceae, and prokaryotic
microbes were closely correlated and associated with
coral development, thereby indicating that nutrient
exchange has a critical role in coral host acclimation to
nitrate enrichments. Although the nitrogen metabolism-
related pathway was detected to be related to coral DETs,
there was no core coral transcript related to nitrogen
metabolism. In contrast, Symbiodiniaceae and prokary-
otic microbes had nitrogen metabolism among their core
transcripts in the coral-algal and coral-prokaryotic net-
works. Consistent with the results of previous studies
[14, 20, 52], metabolising nitrogen compounds of Sym-
biodiniaceae and prokaryotic microbes appears to be of
central importance in coral-microbial relationships.

In the present study, correlation networks implied that
the associations between coral and Symbiodiniaceae
were much stronger than algal-prokaryotic and coral-
prokaryotic associations. Previous studies revealed that
coral control Symbiodiniaceae in three manners: (1) a set
of free amino acids in coral tissue stimulates Symbiod-
iniaceae to release their photosynthates [53, 54], (2) coral
digests/degrades Symbiodiniaceae to control Symbiodini-
aceae density [55], and (3) coral limits the nutrient uptake
of Symbiodiniaceae [31, 56]. Herein, in the 5 uM group,
the average Symbiodiniaceae density slightly increased
but Py and Py were the highest, thereby suggesting that
the photosynthetic efficiency of Symbiodiniaceae in the
5 pM group was substantially enhanced when nitrate
concentration was slightly elevated. However, further
increases in nitrate concentration led to Symbiodiniaceae
overgrowth without increased photosynthetic efficiency.
In addition to photophysiology, transcriptome results
showed the 5 uM group enhanced most ATP synthesis,
carbohydrate metabolism, and photosynthesis. These
findings indicated that the coral larvae may have regu-
lated its Symbiodiniaceae density by digesting the algae
or limiting the nitrogen availability to avoid Symbiod-
iniaceae overgrowth and to enhance the photosynthetic
rate to meet the high energy requirement under nitrate
enrichment. The 5 pM group showed less enriched
coral larval transcripts for protein regulation and larval
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development than the 20 uM group. At a nitrate concen-
tration of 10 uM, the Symbiodiniaceae density increased;
however, the photosynthetic rate decreased compared
with that at 5 uM. The Symbiodiniaceae density in the
20 uM group was the highest amongst all treatments,
whilst the photosynthetic rate was lower than that in the
5 uM group. Various coral protein regulation transcripts,
mostly involved in protein modification such as phospho-
rylation and trimethylation, and most stressor response
transcripts were enriched in the 20 uM group, thus sug-
gesting that the coral larvae were substantially impaired
under this concentration. Symbiodiniaceae tend to trans-
port less subsidy to the coral host and cheat the host with
nutrients when under stress [57, 58]. In this study, coral
larval development was largely downregulated in the
20 pM group, thus indicating a similar shift in the coral-
algal associations from mutualism towards parasitism
[59, 60]. When the nitrate concentration was increased to
40 pM, the Symbiodiniaceae density was lower than that
of the 20 uM group. Despite the high nitrate concentra-
tion, coral larvae development and stress response tran-
scripts were not significantly enriched, thereby suggesting
coral-algal associations were not harmfully affected in the
40 puM group and restored compared to the 20 M group.
Assigning Symbiodiniaceae DETs to pathways further
revealed alterations to the coral-algal symbiotic relation-
ship under different nutrient treatments.

In addition to mapping the functional roles of members
of the coral meta-organism, we developed an analytical
model based on the Lotka-Volterra model and symbiosis
model [61]. The application of this model demonstrates
how coral associations can be altered under nitrate
enrichments (Egs. 1- 3).

dH H
=7 1-—————— | —a1SH — ayBH
dt K+ 1S + 5B

(1)
das
= =@ HS(A+51B) —diS(1 +e1S + 1B) 2)
dB
= = @HB(+b:S) — daB(1+ esB+ 25) 3)

In these equations, H represents the biomass of coral;
S and B represent densities of Symbiodiniaceae com-
munity and prokaryotic community, respectively; r rep-
resents coral independent growth rate; K represents
environmental capacity; y; represents the benefits that
Symbiodiniaceae/prokaryotic microbes provide to the
coral host; a; represents the cost of Symbiodiniaceae/
prokaryotic microbes from the coral host; g; represents
the independent growth rate of Symbiodiniaceae and
prokaryotic microbes; b; represents the benefits that
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Symbiodiniaceae/prokaryotic microbes receive from
each other; d; and e; represent the independent/depend-
ent death rate of Symbiodiniaceae/prokaryotic microbes,
respectively; and ¢; represents the competition between
Symbiodiniaceae and prokaryotic microbes.

Our analytical model underpins the growth equilib-
riums of coral-algal associations presented in Fig. 5B.
The intersection of the coral and algae isocline (growth
equilibrium) defines the limit under which the coral-algal
association is in mutualism; otherwise, the association
is expected to shift to parasitism. Under nitrate enrich-
ment, Symbiodiniaceae can retain more nutrients for
cell division and growth pushing the association above
this intersection wherein symbionts retain nutrients for
their own replication, decrease their contributions to the
mutualism, and ultimately can become parasitic. This is
consistent with previous studies wherein environmental
stress, including thermal stress and nutrient enrichment
can drive unstable symbiosis or parasitism in coral-algal
associations [7, 13, 57, 58, 62].

Algal-prokaryotic associations participate in coral
meta-organism acclimation under nitrate enrichments
Free-living Symbiodiniaceae live in association with
prokaryotic microbes [63, 64], thus suggesting that
prokaryotic microbes can provide essential metabolic
resources for the survival of Symbiodiniaceae in the
oligotrophic environment. In this role, prokaryotic
microbes have been suggested to regulate the func-
tional diversity, competitive performance, and nutrient
acquisition of Symbiodiniaceae [63, 65, 66]. Beneficial
associations between Symbiodiniaceae and prokary-
otic microbes were also detected in the present study.
For example, genomic evidence showed that Symbio-
diniaceae acquire vitamin B,,, which is an essential
cofactor for algal growth, from associated prokaryotic
microbes [42].

Moreover, Symbiodiniaceae and prokaryotic microbes
are critical for maintaining and building up the resist-
ance of coral meta-organism health [14, 18, 33, 67] and
that algal-prokaryotic associations could be neces-
sary to nutrient cycling and competitive fitness of coral
meta-organisms [68]. In the present study, associations
amongst coral meta-organism were affected by eutrophi-
cation; meanwhile, correlations between Symbiodini-
aceae and prokaryotic microbes could contribute to coral
larval acclimation. Prokaryotic microbes take up DMSP
released by Symbiodiniaceae [69] or can directly produce
DMSP [70], which is crucial for antioxidant scaveng-
ing and pathogen defence via the synthesis of antibiotics
[71, 72]. Several prokaryotic microbes that generally co-
occurred with Symbiodiniaceae maintain the key func-
tions of nutrient metabolism; particularly, diazotrophs
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provide Symbiodiniaceae with fixed nitrogen for cell
division and growth [68, 69]. The present work consist-
ently showed that the core transcripts of prokaryotic
microbes involved in algal-prokaryotic interactions were
related to transport and nitrogen compound metabo-
lism, thereby suggesting an intimate nutrient exchange
between Symbiodiniaceae and prokaryotic microbes con-
tinues to occur within coral meta-organism under nitrate
enrichments.

Prokaryotic microbes are also capable of inhibiting
algal growth via lysis and nutrient competition [73]. Sev-
eral studies have found that prokaryotic microbes could
inhibit algae by releasing extracellular compounds, such
as biosurfactants and alkaloids [74, 75]. Limited studies
have considered algal-prokaryotic competition within
coral meta-organisms; though some demonstrated that
pathogen overgrowth would occur under certain condi-
tions that impaired Symbiodiniaceae and eventually led
to coral bleaching [76]. In the present study, Symbiod-
iniaceae in 10 and 40 pM groups showed downregula-
tion of many development related transcript sets, mainly
associated with cell development and division, with the
upregulation of prokaryotic microbial growth tran-
script sets. Meanwhile, Symbiodiniaceae development
was not affected with no related transcript set signifi-
cantly enriched in 5 and 20 uM groups as the growth of
prokaryotic microbes decreased. Similarly, the GLMML-
asso results showed that several prokaryotic transcripts,
including transcripts related to growth and transport,
were negatively correlated with Symbiodiniaceae den-
sity and respiration. In particular, all growth-related
prokaryotic transcripts were negatively correlated with
Symbiodiniaceae density. These findings could result
from competitive relationships between Symbiodini-
aceae and prokaryotic microbes for nitrate. Ultimately,
the coral larval development was more downregulated
in the 5 and 20 pM groups than in other groups but was
restored in the 40 pM group, thus inferring that the com-
petition between prokaryotic microbes and Symbiod-
iniaceae may control Symbiodiniaceae and benefit coral
larval development under high nitrate concentrations.
Therefore, a balanced coexistence of Symbiodiniaceae
and prokaryotic microbes is likely optimal for coral lar-
val acclimation under nitrate enrichments (Fig. 5C). Our
analytical model predicts that the competition between
Symbiodiniaceae and prokaryotic microbes should occur
within certain ranges for Symbiodiniaceae and prokary-
otic microbes to coexist (Fig. 5C), which could ensure
proper nutrient exchange between the two partners and
stable community densities. Within this model, coral-
algal associations will be mutualistic when growth rates
of Symbiodiniaceae and prokaryotic microbes are main-
tained at proper rates with a low equilibrium density of
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prokaryotic microbes (Fig. 5B, Table S12, Additional File
1).

Conclusion

P damicornis larvae, Symbiodiniaceae, and prokaryotic
microbes displayed various transcriptomic responses to
nitrate enrichments. Under nitrate enrichments, tran-
script sets relevant to the development of coral, Symbio-
diniaceae and prokaryotes were altered. GLMMLasso
model fitting detected significant correlations between
Symbiodiniaceae physiology and coral/prokaryotic tran-
scripts. These patterns are in line with a change in the
coral-algal associations, more specifically a shift from
mutualism towards parasitism wherein Symbiodini-
aceae retained more nutrients for self-growth under high
nitrate concentrations, leading to impaired coral larval
development. Meanwhile, prokaryotic microbes might
mediate this interaction by competitively restraining
Symbiodiniaceae growth and allowing for partial res-
toration of coral larval development. Whilst this study
focused on the early life stages of a coral, the results
highlight the potential significance of algal-prokaryotic
associations in coral meta-organisms under eutrophic
conditions. Future studies shall explore more charac-
teristics of prokaryotic microbes, particularly algal-
prokaryotic associations, and more directly assess the
dynamics of Symbiodiniaceae and prokaryote compe-
tition, which will fill the gap on the functional role of
prokaryotic microbes in coral larval health and settle-
ment and improve our understanding of the response of
coral meta-organisms to eutrophication more generally.
Overall, the present study provides a knowledge base
for coral reef conservation and suggested that nutrient
enrichment management could have a remarkable effect
on coral recruitment.

Methods

Study area and sample collection

Luhuitou fringing reef is located in southeast Sanya Bay
of Hainan Island in the South China Sea (Supplementary
Figure S6, Additional File 1). The reef is approximately
3 km long and 250-500 m wide. It receives sewage dis-
charge and runoff from Sanya Bay and Sanya River; thus,
it is largely influenced by anthropogenic activities. The
nutrient level in the Luhuitou fringing reef is enriched,
the concentrations of nitrate ranging from 1.68 pmol L™
to 5.74 pmol L™! in the wet seasons and dry seasons [77],
which is much higher than that in the typical oligotrophic
waters of Indo-Pacific coral reefs with only 0.03 pmol L™
[78]. The live coral coverage on the Luhuitou fringing reef
has extensively declined owing to anthropogenic effects
and global climate change from 85% in the 1960s to 10%
in 2014 [2, 79].
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A total of ten apparently healthy colonies of adult P
damicornis were randomly collected at a depth of ~2 m
from the Luhuitou fringing reef and immediately trans-
ferred to the nearby CAS-HKUST Sanya Joint Laboratory
of Marine Science Research. All colonies were individu-
ally placed in larval collection apparatuses, with running
sand-filtered seawater pumped from ~3 m depth in front
of the lab. Subsequently, planula larvae from different
colonies were released before the new moon. Then, they
were pooled and randomly assigned to each of the five
experimental treatments.

Experimental setup

The nitrate enrichment experiment consisted of five
treatments. The control aquaria were supplied with
0.5 pm filtered natural seawater, whilst the four nutrient-
enriched treatment aquaria were achieved through mix-
ing with potassium nitrate at target concentrations of 5,
10, 20, and 40 pM. The control nitrate concentration was
2.5 puM, reflecting the fringing reef environment from
which the corals were collected. Each treatment con-
tained four replicates of 350 mL aquaria, equipped with a
recirculating pump. To measure the seawater nitrate level
in each aquarium, 30 mL seawater samples were taken
daily from the aquaria, filtered through GFF filters, and
frozen before analysis. The seawater samples from the
experiment and the collection site were measured using
a nutrient autoanalyzer (Seal Analytical AA3, Germany).
The actual nitrate concentrations during the experiment
are given in Table S13 in Additional File 1. The aquaria
were illuminated with T5 fluorescent bulbs (Giesemann,
Germany) at a mean irradiance of 300 pmol photons m?*/s
during a 12:12-h light: dark cycle, which is similar to the
in situ light conditions from ~2 m depth on the Luhuitou
fringing reef, whereby the seawater temperature of the
system was kept constant at 29 °C by using temperature
controllers (WEIPRO, China). The experiment was kept
under control conditions for 5 days and ended just before
larval settlement.

A total of 20 larvae were randomly sampled for physi-
ological measurements from each aquarium, as described
below at the end of the experiment. The remaining larvae
were aliquoted (approximately 20 larvae per aliquot) and
preserved at — 80 °C for transcriptomic analyses.

Photosynthesis, respiration, and symbiont density

There was a total of 20 larvae from each aquarium that
were randomly chosen and transferred to a 2 mL glass
chamber containing seawater from the respective incuba-
tion aquarium. The rates of net photosynthesis (Py) and
dark respiration (Rp) of larvae in each treatment were
measured in the chambers. The chambers were equipped
with magnetic stir bars and a temperature-compensated
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oxygen mini-sensor (Ocean Optics, USA) connected to a
four-channel microsensor oxygen metre (PreSens, Ger-
many). In addition, the chambers with seawater were
used as blank controls for each treatment. Py was meas-
ured at midday whereas R, was measured in darkness
after 2 h of dark adaptation in the chambers. Both the
Py and R}, were calculated by regressing oxygen produc-
tion/consumption against 10-min measurement time and
expressed as nmol O, larvae™! min~!. The gross photo-
synthesis (P;) was obtained by adding R, and Py. Herein,
after the photosynthetic and respiratory measurements
were completed, the larvae were preserved at — 80 °C for
symbiont density measurements.

Algal symbiont density was determined following the
method described by Wiedenmann et al. [29]. Briefly,
the larvae were homogenised using a pestle and resus-
pended in 200 pL autoclaved filtered seawater. Each
40 pL homogenate was loaded onto a haemocytometer to
quantify the cell number. The algal symbiont density was
calculated as the number per larva.

Transcriptome sequencing

The total RNA was extracted from aliquots of 20 P
damicornis larvae from each replicate by using TRIzol
(Invitrogen) following the manufacturer’s instructions.
RNA quantity and integrity were assessed by 1% gel elec-
trophoresis and an Agilent 2100 bioanalyzer (Agilent
Technologies, USA), respectively. cDNA libraries were
prepared from 3 pg of RNA per sample by using NEB-
Next UltraTM RNA Library Prep Kit for Illumina (NEB,
USA) also following the manufacturer’s recommenda-
tions. The pooled and barcoded libraries were sequenced
on the HiSeq PE150 Illumina sequencing platform by
Novogene Bioinformatics Technology Co., Ltd., Beijing,
China (www.novogene.cn).

Transcriptome assembly

After low-quality reads were removed, the data from all
samples were used to generate a total coral meta-organ-
ism reference transcriptome with Trinity 2.8.5 [80]. The
coral meta-organism transcriptome was blasted using
BLASTn against the Symbiodiniaceae ITS2 database
[81], with E-values of 1e™*, to identify the Symbiodini-
aceae types in the coral larvae and generate ITS2 gene
references. Then, P damicornis and Symbiodiniaceae
transcriptomes were created by blasting the meta-organ-
ism transcriptome via BLASTx against the NCBI scle-
ractinia and Symbiodiniaceae databases, respectively,
with an E-value of 1e7° and a 33 bp amino acid cutoff
length. Furthermore, the resulting scleractinia refer-
ence transcriptome was blasted against the Symbiod-
iniaceae database with the same parameters and blasted
reads were removed to generate the final P damicornis


http://www.novogene.cn

Tong et al. Microbiome (2023) 11:89

transcriptome, thereby ensuring all transcripts were
from P damicornis. The final P damicornis transcrip-
tome completeness was assessed using BUSCO [82]. The
Symbiodiniaceae transcriptome was similarly treated
to remove ambiguous transcripts and establish a pure
Symbiodiniaceae transcriptome. The prokaryotic tran-
scriptome was firstly identified by Kraken 2 and then
using BLASTx against NCBI bacteria and archaea data-
base with an E-value of le™°, thus constituting the final
prokaryotic transcriptome. Prokaryotic community in
each sample was structured by Kraken2 with transcrip-
tome data. GO terms were retrieved by performing Inter-
Pro analysis, EggNOG mapper, and GO mapping and
annotation via Blast2GO under default parameters [83].
Enzyme codes were identified by mapping GO terms to
EC-codes using Gene Ontology Consortium. Related
pathways were retrieved by linking protein, GO IDs as
well as enzyme codes to KEGG and Reactome databases
[84-86].

Statistical analysis

Each sample was mapped and counts against ITS2, P
damicornis, Symbiodiniaceae, and prokaryotic final
transcriptomes were calculated by RSEM (RNA-Seq by
Expectation-Maximization) to estimate the Symbiodini-
aceae community and functional response of coral meta-
organisms to nutrient stress [87]. Pairwise differential
expression analysis of each treatment against the control
was established using edgeR, with a logFC of more than
1 or less than—1 and p values of 1.0 E-4 and 1.0 E-3 to
identify differentially expressed coral/Symbiodiniaceae
and prokaryotic transcripts, respectively. MA plots were
created to visualize pairwise analysis for coral, Symbiod-
iniaceae, and prokaryotic microbes. The counts per mil-
lion reads for each transcript differentially expressed in at
least one pairwise analysis were used to perform nMDS in
Primer-e and generate Venn diagrams. Gene set enrich-
ment analysis was performed for each pairwise differen-
tial expression to measure the coral, Symbiodiniaceae,
and prokaryotic microbial functional alterations in each
treatment compared with the control [88]. The numbers
and averaged normalized enriched values for each main
category of enriched functions in coral, Symbiodiniaceae,
and prokaryotic microbes were used to establish bubble
plots in OriginLab 2021 (OriginLab, USA) by measuring
the functional performance of the coral meta-organisms
in the treatments and control. Variations in Symbiodini-
aceae density, net photosynthesis, and gross photosynthe-
sis were analyzed in OriginLab. In addition, the Spearman
coefficient was used to estimate the correlations amongst
the DETs in coral meta-organism. Co-expression net-
works were profiled with significant correlations
amongst coral meta-organisms (p <0.05) and analyzed in
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Cytoscape to visualize the correlations. The betweenness
centrality of the transcript was amended by the numbers
of included transcripts in each network, thus avoiding the
effects of different transcript quantities on the between-
ness centrality calculation. The transcripts with top 20
highest betweenness centrality were used to create GO
graphs for visualization of function annotations. The core-
enriched transcripts in coral and prokaryotic microbes
from GSEA analysis were fitted with the GLMMLasso
model [89] containing the physiological data of Sym-
biodiniaceae (including density, photosynthesis, and
respiration rate). For each physiological parameter of
Symbiodiniaceae, the transcripts were randomly ranked
and fitted into the model by using 10 transcripts in order
each time. The above process was repeated for 100 times.
The coral and prokaryotic transcripts with estimates
greater than the averaged random effects in more than
95 and 70 runs, respectively, were retained as significant
interaction transcripts for graph generation in OriginLab.
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respectively. Figure S4. Functions of core transcripts in correlation
networks. Representing coral (A) and Symbiodiniaceae (B) core transcripts
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(D) core transcripts in algal-microbial network; coral (E) and prokaryotic
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quartile, and SD is the standard deviation. The line in each box repre-
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S6. Location of sampling area. Star indicates the sampling and researching
area, CAS-HKUST Sanya Joint Laboratory of Marine Science Research. HN,

Hainan Island.



https://doi.org/10.1186/s40168-023-01495-0
https://doi.org/10.1186/s40168-023-01495-0

Tong et al. Microbiome (2023) 11:89

Acknowledgements
The authors wish to thank the Administration of Sanya Coral Reef National
Nature Reserve for providing the sampling permits.

Authors’ contributions

HYT, FZ, WY, HH, GWZ and PYQ contributed to the study design, culture exper-
iments, bioinformatics analysis, data interpretation, and manuscript prepara-
tion/revisions. JS, SEM, WPZ helped with data interpretation and manuscript
preparation/revisions. All authors read and approved the manuscript.

Funding

This work was supported by the grants from the Southern Marine Science and Engi-
neering Guangdong Laboratory (Guangzhou) [2021HJ01, SMSEGL20SCO1], the Major
Basic and Applied Research Projects of Guangdong Province [20198030302004-04],
and a GRF of HKSAR government [16101822] to PY. Qian; and the National Natural
Science Foundation of China (41876192) and the National Key Research and Devel-
opment Program (2021YFF0502804) to GW. Zhou.

Availability of data and materials
All raw sequence data have been submitted to NCBI under SRA accession
number PRINAG11041.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Southern Marine Science and Engineering Guangdong Laboratory (Guang-
zhou), Nansha, Guangzhou, China. 2Depar‘[ment of Ocean Science, The Hong
Kong University of Science and Technology, Hong Kong SAR, China. >CAS

Key Laboratory of Tropical Marine Bio-Resources and Ecology, South China
Sea Institute of Oceanology, Institute of South China Sea Ecology and Envi-
ronmental Engineering, Chinese Academy of Sciences, Guangzhou, China.
4CAS-HKUST Sanya Joint Laboratory of Marine Science Research and Hainan
Key Laboratory of Tropical Marine Biotechnology, Tropical Marine Biological
Research Station in Hainan, Chinese Academy of Sciences, Sanya, China. *Insti-
tute of Evolution and Marine Biodiversity, Ocean University of China, Qingdao,
China. °The Swire Institute of Marine Science, School of Biological Sciences,
The University of Hong Kong, Hong Kong SAR, China. ’College of Marine Life
Sciences, Ocean University of China, Qingdao, China.

Received: 31 August 2022 Accepted: 16 February 2023
Published online: 26 April 2023

References

1. Bellwood DR, Hughes TP, Folke C, Nystrom M. Confronting the coral
reef crisis. Nature. 2004,429:827-33.

2. Hughes TP, Huang H, Young MA. The wicked problem of China’s disap-
pearing coral reefs. Conserv Biol. 2013;27:261-9.

3. Fabricius KE. Effects of terrestrial runoff on the ecology of corals and
coral reefs: review and synthesis. Mar Pollut Bull. 2005;50:125-46.

4. D'Angelo C, Wiedenmann J. Impacts of nutrient enrichment on coral
reefs: new perspectives and implications for coastal management and
reef survival. Curr Opin Environ Sustain. 2014;7:82-93.

5. Duprey NN, Yasuhara M, Baker DM. Reefs of tomorrow: eutrophication
reduces coral biodiversity in an urbanized seascape. Glob Chang Biol.
2016;22:3550-65.

6. Vega Thurber RL, Burkepile DE, Fuchs C, Shantz AA, McMinds R, Zaneveld
JR. Chronic nutrient enrichment increases prevalence and severity of
coral disease and bleaching. Glob Chang Biol. 2014;20:544-54.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Page 150f 17

Shantz AA, Burkepile DE. Context-dependent effects of nutrient loading
on the coral-algal mutualism. Ecology. 2014;95:1995-2005.

Beraud E, Gevaert F, Rottier C, Ferrier-Pagés C. The response of the
scleractinian coral Turbinaria reniformis to thermal stress depends on the
nitrogen status of the coral holobiont. J Exp Biol. 2013;216:2665-74.
Ezzat L, Maguer J-F, Grover R, Ferrier-Pages C. Limited phosphorus avail-
ability is the Achilles heel of tropical reef corals in a warming ocean. Sci
Rep. 2016;,6:31768.

Ezzat L, Maguer J-F, Grover R, Rottier C, Tremblay P, Ferrier-Pagés C. Nutri-
ent starvation impairs the trophic plasticity of reef-building corals under
ocean warming. Funct Ecol. 2019;33:643-53.

. Anthony KRN, Hoogenboom MO, Maynard JA, Grottoli AG, Middlebrook

R. Energetics approach to predicting mortality risk from environmental
stress: a case study of coral bleaching. Funct Ecol. 2009;23:539-50.
Hoogenboom M, Beraud E, Ferrier-Pages C. Relationship between sym-
biont density and photosynthetic carbon acquisition in the temperate
coral Cladocora caespitosa. Coral Reefs. 2010,29:21-9.

Morris LA, Voolstra CR, Quigley KM, Bourne DG, Bay LK. Nutrient avail-
ability and metabolism affect the stability of coral-Symbiodiniaceae
symbioses. Trends Microbiol. 2019,27:678-89.

Benavides M, Bednarz VN, Ferrier-Pagés C. Diazotrophs: overlooked key
players within the coral symbiosis and tropical reef ecosystems? Front
Mar Sci. 2017;4:10.

Tong H, Cai L, Zhou G, Zhang W, Huang H, Qian P-Y. Correlations
between prokaryotic microbes and stress-resistant algae in different
corals subjected to environmental stress in Hong Kong. Front Microbiol.
2020;11:686.

Cunning R, Baker AC. Excess algal symbionts increase the susceptibility of
reef corals to bleaching. Nat Clim Chang. 2012;3:259.

Bourne DG, Morrow KM, Webster NS. Insights into the coral microbiome:
underpinning the health and resilience of reef ecosystems. Annu Rev
Microbiol. 2016;70:317-40.

. Ainsworth TD, Thurber RV, Gates RD. The future of coral reefs: a microbial

perspective. Trends Ecol Evol. 2010;25:233-40.

Hillyer KE, Dias D, Lutz A, Roessner U, Davy SK. '3C metabolomics reveals
widespread change in carbon fate during coral bleaching. Metabolomics.
2017,14:12.

Radecker N, Pogoreutz C, Voolstra CR, Wiedenmann J, Wild C. Nitrogen
cycling in corals: the key to understanding holobiont functioning? Trends
Microbiol. 2015;23:490-7.

Pernice M, Meibom A, Van Den Heuvel A, Kopp C, Domart-Coulon |,
Hoegh-Guldberg O, et al. A single-cell view of ammonium assimilation in
coral-dinoflagellate symbiosis. ISME J. 2012;6:1314-24.

Lapointe BE. Nutrient thresholds for bottom-up control of macroalgal
blooms on coral reefs in Jamaica and southeast Florida. Limnol Oceanogr.
1997;42:1119-31.

Schaffelke B, Klumpp DW. Nutrient-limited growth of the coral reef
macroalga Sargassum baccularia and experimental growth enhance-
ment by nutrient addition in continuous flow culture. Mar Ecol Prog Ser.
1998;164:199-211.

Fabricius KE, Cooper TF, Humphrey C, Uthicke S, De'ath G, Davidson J,

et al. A bioindicator system for water quality on inshore coral reefs of the
Great Barrier Reef. Mar Pollut Bull. 2012;65:320-32.

Hallock P, Schlager W. Nutrient excess and the demise of coral reefs and
carbonate platforms. Palaios. 1986;1:389-98.

Bruno JF, Petes LE, Harvell CD, Hettinger A. Nutrient enrichment can
increase the severity of coral diseases. Ecol Lett. 2003;6:1056-61.

Voss JD, Richardson LL. Nutrient enrichment enhances black band
disease progression in corals. Coral Reefs. 2006;25:569-76.

Haas AF, Fairoz MFM, Kelly LW, Nelson CE, Dinsdale EA, Edwards RA, et al.
Global microbialization of coral reefs. Nat Microbiol. 2016;1:16042.
Wiedenmann J, D'’Angelo C, Smith EG, Hunt AN, Legiret FE, Postle AD,

et al. Nutrient enrichment can increase the susceptibility of reef corals to
bleaching. Nat Clim Chang. 2013;3:160-4.

Wooldridge SA. Breakdown of the coral-algae symbiosis: towards
formalising a linkage between warm-water bleaching thresholds and
the growth rate of the intracellular zooxanthellae. Biogeosciences.
2013;10:1647-58.

Falkowski PG, Dubinsky Z, Muscatine L, McCloskey L. Population control
in symbiotic corals. Bioscience. 1993;43.606-11.



Tong et al. Microbiome

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

(2023) 11:89

Thurber RV, Willner-Hall D, Rodriguez-Mueller B, Desnues C, Edwards RA,
Angly F, et al. Metagenomic analysis of stressed coral holobionts. Environ
Microbiol. 2009;11:2148-63.

Pogoreutz C, Radecker N, Cardenas A, Gardes A, Wild C, Voolstra CR.
Dominance of Endozoicomonas bacteria throughout coral bleaching
and mortality suggests structural inflexibility of the Pocillopora verrucosa
microbiome. Ecol Evol. 2018;8:2240-52.

Rivest EB, Kelly MW, DeBiasse MB, Hofmann GE. Host and symbionts in
Pocillopora damicornis larvae display different transcriptomic responses to
ocean acidification and warming. Front Mar Sci. 2018;5:186.

Hughes TP, Graham NAJ, Jackson JBC, Mumby PJ, Steneck RS. Rising

to the challenge of sustaining coral reef resilience. Trends Ecol Evol.
2010;25:633-42.

Kitchen RM, Piscetta M, de Souza MR, Lenz EA, Schar DWH, Gates RD, et al.
Symbiont transmission and reproductive mode influence responses of
three Hawaiian coral larvae to elevated temperature and nutrients. Coral
Reefs. 2020,39:419-31.

Serrano XM, Miller MW, Hendee JC, Jensen BA, Gapayao JZ, Pasparakis
C, et al. Effects of thermal stress and nitrate enrichment on the larval
performance of two Caribbean reef corals. Coral Reefs. 2018;37:173-82.
Bassim K, Sammarco P. Effects of temperature and ammonium on larval
development and survivorship in a scleractinian coral (Diploria strigosa).
Mar Biol. 2003;142:241-52.

FanTY, Li JJ, le SX, Fang LS. Lunar periodicity of larval release by pocil-
loporid corals in southern Taiwan. Zool Stud. 2002;41:288-94.

Lin SJ, Cheng SF, Song B, Zhong X, Lin X, Li WJ, et al. The Symbiodinium
kawagutii genome illuminates dinoflagellate gene expression and coral
symbiosis. Science. 2015;350:691-4.

Shinzato C, Shoguchi E, Kawashima T, Hamada M, Hisata K, Tanaka M,

et al. Using the Acropora digitifera genome to understand coral responses
to environmental change. Nature. 2011;476:320-U382.

Croft MT, Lawrence AD, Raux-Deery E, Warren MJ, Smith AG. Algae
acquire vitamin B, through a symbiotic relationship with bacteria.
Nature. 2005;438:90-3.

Amin SA, Hmelo LR, van Tol HM, Durham BP, Carlson LT, Heal KR, et al.
Interaction and signalling between a cosmopolitan phytoplankton and
associated bacteria. Nature. 2015;522:98-101.

Seyedsayamdost MR, Case RJ, Kolter R, Clardy J. The Jekyll-and-Hyde
chemistry of Phaeobacter gallaeciensis. Nat Chem. 2011;3:331-5.

Noga Stambler NP, Zvy Dubinsky, and John Stimson. Effects of nutrient
enrichment and water motion on the coral Pocillopora damicornis. Pac
Sci. 1991,45:299-307.

Loya Y, Lubinevsky H, Rosenfeld M, Kramarsky-Winter E. Nutrient enrich-
ment caused by in situ fish farms at Eilat, Red Sea is detrimental to coral
reproduction. Mar Pollut Bull. 2004;49:344-53.

Szmant AM. Nutrient enrichment on coral reefs: Is it a major cause of
coral reef decline? Estuaries. 2002,25:743-66.

Dunn JG, Sammarco PW, LaFleur G. Effects of phosphate on growth and
skeletal density in the scleractinian coral Acropora muricata: a controlled
experimental approach. J Exp Mar Biol Ecol. 2012;411:34-44.

Bongiorni L, Shafir S, Angel D, Rinkevich B. Survival, growth and gonad
development of two hermatypic corals subjected to in situ fish-farm
nutrient enrichment. Mar Ecol Prog Ser. 2003;253:137-44.

Maor-Landaw K, van Oppen MJH, McFadden Gl. Symbiotic lifestyle trig-
gers drastic changes in the gene expression of the algal endosymbiont
Breviolum minutum (Symbiodiniaceae). Ecol Evol. 2020;10:451-66.
Kenkel CD, Bay LK. Novel transcriptome resources for three scleractinian
coral species from the Indo-Pacific. GigaScience. 2017,6:gix074.

Tanaka Y, Suzuki A, Sakai K. The stoichiometry of coral-dinoflagellate
symbiosis: carbon and nitrogen cycles are balanced in the recycling and
double translocation system. ISME J. 2018;12:860-8.

Gates RD, Hoegh-Guldberg O, McFall-Ngai MJ, Bil KY, Muscatine L. Free
amino acids exhibit anthozoan “host factor”activity: they induce the
release of photosynthate from symbiotic dinoflagellates in vitro. Proc Natl
Acad Sci USA. 1995;92:7430-4.

Cook CB, Davy SK. Are free amino acids responsible for the ‘host
factor’effects on symbiotic zooxanthellae in extract. Hydrobiologia.
2001;461:71-8.

Titlyanov EA, Titlyanova TV, Leletkin VA, Tsukahara J, van Woesik R,
Yamazato K. Degradation of zooxanthellae and regulation of their density
in hermatypic corals. Mar Ecol Prog Ser. 1996;139:167-78.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67

68.

69

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 16 of 17

Xiang T, Lehnert E, Jinkerson RE, Clowez S, Kim RG, DeNofrio JC, et al.
Symbiont population control by host-symbiont metabolic interaction in
Symbiodiniaceae-cnidarian associations. Nat Commun. 2020;11:108.
Baker DM, Freeman CJ, Wong JCY, Fogel ML, Knowlton N. Climate change
promotes parasitism in a coral symbiosis. ISME J. 2018;12:921-30.
Radecker N, Pogoreutz C, Gegner HM, Cérdenas A, Roth F, Bougoure J,

et al. Heat stress destabilizes symbiotic nutrient cycling in corals. Proc
Natl Acad Sci USA. 2021;118(5):e2022653118.

Johnson NC, Graham JH, Smith FA. Functioning of mycorrhizal asso-
ciations along the mutualism—parasitism continuum®. New Phytol.
1997;135:575-85.

Douglas AE. Conflict, cheats and the persistence of symbioses. New
Phytol. 2008;177:849-58.

Neuhauser C, Fargione JE. A mutualism—parasitism continuum model
and its application to plant-mycorrhizae interactions. Ecol Modell.
2004;177:337-52.

Ezzat L, Maguer JF, Grover R, Ferrier-Pages C. New insights into carbon
acquisition and exchanges within the coral - dinoflagellate symbiosis
under NH, ™ and NO;™ supply. Proc Royal Soc B. 2015;282:142-50.
Lawson CA, Raina J-B, Kahlke T, Seymour JR, Suggett DJ. Defining the
core microbiome of the symbiotic dinoflagellate, Symbiodinium. Environ
Microbiol Rep. 2018;10:7-11.

Frommlet JC, Sousa ML, Alves A, Vieira S, Suggett DJ, Serodio J. Coral
symbiotic algae calcify ex hospite in partnership with bacteria. Proc Natl
Acad Sci USA. 2015;112:6158-63.

Seymour JR, Amin SA, Raina J-B, Stocker R. Zooming in on the phyco-
sphere: the ecological interface for phytoplankton-bacteria relationships.
Nat Microbiol. 2017;2:17065.

Zhang X, Tian X, Ma L, Feng B, Liu Q, Yuan L, et al. Biodiversity of the sym-
biotic bacteria associated with toxic marine dinoflagellate Alexandrium
tamarense. J Biosci Med. 2015;3:6.

Peixoto RS, Rosado PM, Leite DCDA, Rosado AS, Bourne DG. Beneficial
microorganisms for corals (BMC): proposed mechanisms for coral health
and resilience. Front Microbiol. 2017;8:341.

Bernasconi R, Stat M, Koenders A, Huggett MJ. Global networks of
Symbiodinium-bacteria within the coral holobiont. Microb Ecol.
2019;77:794-807.

Raina J-B, Clode PL, Cheong S, Bougoure J, Kilburn MR, Reeder A, et al.
Subcellular tracking reveals the location of dimethylsulfoniopropion-

ate in microalgae and visualises its uptake by marine bacteria. eLife.
2017;6:223008.

Curson ARJ, Liu J, Martinez AB, Green RT, Chan YH, Carrion O, et al.
Dimethylsulfoniopropionate biosynthesis in marine bacteria and identifi-
cation of the key gene in this process. Nat Microbiol. 2017;2:17009.

Raina JB, Tapiolas D, Motti CA, Foret S, Seemann T, Tebben J, et al. Isolation
of an antimicrobial compound produced by bacteria associated with
reef-building corals. PeerJ. 2016,4:€2275.

Jones GB, King S. Dimethylsulphoniopropionate (DMSP) as an indicator of
bleaching tolerance in scleractinian corals. J Mar Sci Eng. 2015;3:444-65.
Cole JJ. Interactions between bacteria and algae in aquatic ecosystems.
Annu Rev Ecol Evol Syst. 1982;13:291-314.

Fuentes JL, Garbayo |, Cuaresma M, Montero Z, Gonzélez-Del-Valle M,
Vilchez C. Impact of microalgae-bacteria interactions on the production
of algal biomass and associated compounds. Mar Drugs. 2016;14:100.
He L, Lin Z,Wang Y, He X, Zhou J, Guan M, et al. Facilitating harmful algae
removal in fresh water via joint effects of multi-species algicidal bacteria.
J Hazard Mater. 2021;403:123662.

Littman RA, Bourne DG, Willis BL. Responses of coral-associated bacterial
communities to heat stress differ with Symbiodinium type on the same
coral host. Mol Ecol. 2010;19:1978-90.

Cao D, Cao W, Yu K, Wu G, Yang J, Su X, et al. Evaluation of anthropogenic
influences on the Luhuitou fringing reef via spatial and temporal analyses
(from isotopic values). J Geophys Res-Oceans. 2017;122:4431-43.

Roff G, Mumby PJ. Global disparity in the resilience of coral reefs. Trends
Ecol Evol. 2012;27:404-13.

Guo J, Yu KF, Wang YH, Xu DQ, Huang XY, Zhao MX; et al. Nutrient distribu-
tion in coral reef degraded areas within Sanya Bay, South China Sea. J
Coast Res. 2017,33:1148-60.

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit |, et al.
Full-length transcriptome assembly from RNA-Seq data without a refer-
ence genome. Nat Biotechnol. 2011;29:644-52.



Tong et al. Microbiome

81.

82.

83.

84.

85.

86.

87.

88.

89.

(2023) 11:89

Cunning R, Gates RD, Edmunds PJ. Using high-throughput sequencing
of ITS2 to describe Symbiodinium metacommunities in St. John, US Virgin
Islands. PeerJ. 2017,5:€3472.

Simao FA, Waterhouse RM, loannidis P, Kriventseva EV, Zdobnov EM.
BUSCO: assessing genome assembly and annotation completeness with
single-copy orthologs. Bioinformatics. 2015;31:3210-2.

Conesa A, Gotz S, Garcia-Gémez JM, Terol J, Talon M, Robles M. Blast2GO:
a universal tool for annotation, visualization and analysis in functional
genomics research. Bioinformatics. 2005;21:3674-6.

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28:27-30.

Fabregat A, Jupe S, Matthews L, Sidiropoulos K, Gillespie M, Garapati

P, et al. The reactome pathway knowledgebase. Nucleic Acids Res.
2018;46:D0649-55.

Naithani S, Gupta P, Preece J, D'Eustachio P, Elser JL, Garg P, et al. Plant
Reactome: a knowledgebase and resource for comparative pathway
analysis. Nucleic Acids Res. 2020;48:D01093-103.

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq
data with or without a reference genome. BMC Bioinform. 2011;12:323.
Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci USA.
2005;102:15545-50.

Groll A, Tutz G. Variable selection for generalized linear mixed models by
L,-penalized estimation. Stat Comput. 2014,24:137-54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Meta-organism gene expression reveals that the impact of nitrate enrichment on coral larvae is mediated by their associated Symbiodiniaceae and prokaryotic assemblages
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	De novo assembly of reference transcriptomes for coral, Symbiodiniaceae, and prokaryotic microbes
	Differentially expressed transcripts (DETs) in coral, Symbiodiniaceae, and prokaryotic microbes
	Function partitioning and diversity of coral, Symbiodiniaceae, and prokaryotic microbes under different nitrate treatments
	Associations amongst coral meta-organisms under different nitrate enrichments


	Discussion
	Transcriptomic response of coral under nitrate enrichments
	Coral-algal associations altered under nitrate enrichments
	Algal-prokaryotic associations participate in coral meta-organism acclimation under nitrate enrichments

	Conclusion
	Methods
	Study area and sample collection
	Experimental setup
	Photosynthesis, respiration, and symbiont density
	Transcriptome sequencing
	Transcriptome assembly
	Statistical analysis

	Anchor 24
	Acknowledgements
	References


