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Introduction: Climate change has resulted in elevated sea surface temperature
as well as increased frequency of extreme weather events, e.g. cyclones and
rainstorms, which could lead to reduced seawater salinity. While temperature
effects on corals have been widely examined, the combined effects of both
temperature and salinity on corals, especially their early stages, remain poorly
known. This study aimed to examine how the larvae of Acropora pruinosa in a
marginal coral habitat, Hong Kong, respond to high temperature (+5°C ambient,
HT), low salinity (26 psu, LS), and the combined effects of both stressors (HTLS).

Methods: We recorded larval survival and settlement success under different
experimental treatments, and used RNA-Seq technique to compare the gene
expression patterns of these larvae to understand the underlying molecular
mechanism of stress responses.

Results: Our results showed that the survivorship of coral larvae was not affected
in all experimental treatments, with all larvae surviving through the 72-hour
period of the experiment. Yet, larval settlement was compromised under all
stress treatments. The settlement rates were 39.3%, 12%, and 0% for the elevated
temperature, reduced salinity, and the combined treatment, respectively, which
were all significantly lower than that under the control treatment (78%). We
demonstrated that low salinity (LS) triggered responsive gene sets with functions
in ATP production, protein translation, and receptor for neuroactive ligands. In
addition, high temperature (HT) treatment also triggered MAPK and NF-kB
signaling and apoptosis in these coral larvae. The combined stressor treatment
(HTLS) acted synergistically, resulting in the up-regulation of intracellular
transducers that could trigger the intrinsic apoptosis pathway. This may explain
the total failure in larval settlement under HTLS that could further increase larval
vulnerability in the natural environment.
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Discussion: Our results provide new insights into the molecular responses of
coral larvae and represent an essential first step in expanding ourunderstanding
of the mechanisms of tolerance that may be exhibited by coral larvae exposed to

multiple stressors.
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1 Introduction

The maintenance and persistence of coral reefs require a
continuous supply of larvae that would disperse, settle and recruit
successfully into the population and eventually become
reproductive individuals. Larval tolerance to multiple stressors in
every step of this recruitment process may therefore become a
bottleneck for the sustainability of the coral population (Ritson-
Williams et al., 2010; Byrne, 2011). Majority of spawning coral
species produce aposymbiotic larvae (Baird et al., 2009) that are
strongly dependent on the endogenous energy reserves within the
spawned eggs provided by the parent generation (Harii et al., 2007).
Due to this limited energetic reserve, larval responses to stressors
are expected to involve trade-offs, i.e., tolerance to one stressor
might affect sensitivity to another (Hofmann and Todgham, 2010),
and effective responses to stressors might eventually decrease larval
fitness to settle as energy stores are depleted. Therefore, it is
important to investigate not only the responses of coral larvae to
projected multiple stressors in the future oceans, but also to
understand the underlying mechanisms behind these responses.

Mean temperature of global surface has risen over the past 150
years and the trend is expected to continue by a further 2.6-4.8°C in
the 21* century (IPCC, 2013; Heron et al., 2016). As global warming
could also lead to an increased frequency of intense cyclones and
rainfall (Emanuel, 2005; Webster et al., 2005; Lee et al., 2011;
Knutson et al.,, 2015), additional stressors like lowering of salinity
could become a particular issue of concern. Under this scenario, co-
occurrence of elevated temperature and lowered salinity is expected
in the near future as a result of global climate change.

Studies have explored the effects of elevated temperature on
physiological performance of the early stages of coral. High
temperature has been shown to alter coral fertilization success
(Negri et al, 2007; Puisay et al, 2018), accelerate cell cleavage
and abnormal development during embryogenesis (Negri et al.,
2007; Randall and Szmant, 2009a; Chui and Ang, 2015; Chui et al.,
20165 Puisay et al., 2018), reduce survivorship (Randall and Szmant,
2009b; Heyward and Negri, 2010; Weeriyanun et al., 2022), and
alter larval settlement rate (Nozawa and Harrison, 2007; Randall
and Szmant, 2009a; Randall and Szmant, 2009b; Heyward and
Negri, 2010; Weeriyanun et al., 2022).

While the effects of temperature stress on early stages of coral
have been relatively well explored, there has been comparatively
little focus on examining the salinity effect (Mayfield and Gates,
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2007; Berkelmans et al., 2012). Reduction in salinity has been shown
to reduce fertilization success (Richmond, 1993; Humphrey et al.,
2008; Chui and Ang, 2015; Hédouin et al., 2015), increase
developmental abnormality (Humphrey et al, 2008; Chui and
Ang, 2015; Heédouin et al., 2015; Chui et al,, 2016), and increase
pre- and post-settlement mortality (Vermeij et al., 2006; Scott et al.,
2013; Chui and Ang, 2017). Corals are known as osmoconformers
(Hoegh-Guldberg and Smith, 1989). However, it is suggested that
cell-mediated responses of corals to salinity fluctuation are achieved
through the regulation of compatible organic osmolytes such as
glycerol, free amino acids, and a polyol (Mayfield and Gates, 2007).
Previous study on organic osmolytes in the coral Fungia scutaria
larvae has revealed that glycine betaine accounted for more than
90% of the identified organic osmolytes-type solutes, followed by
other amino acids (taurine and glycine) and myo-inositol
(Hagedorn et al., 2010).

Although studies have tested the effects of temperature or
salinity on early life stages of coral, the potential combined
impact of these multiple stressors on early developmental stages
of corals has only starting to attract increasing attention in the
recent decade (Chui and Ang, 2015; Chui et al., 2016; Chui and Ang,
2017; Dias et al., 2019; Ding et al., 2022). Responses to multiple
stressors are more complex than those elicited under single stressor
scenario, because the extent of effective response to single stressor
may change or be modified at the presence of other stressors, which
often resulted in an entirely new perspective on the capacity of
organisms to respond (Hofmann and Todgham, 2010). For
instance, lowered temperature together with reduced salinity (i.e.,
-3°C ambient, 28 psu) could synergistically increase the chances of
abnormal development in Acropora valida (Chui et al., 2016)
whereas elevated temperature reversed it (antagonistic effect, i.e.
+3°C ambient, 26 psu) in Platygyra acuta (Chui and Ang, 2015). At
the molecular level, it has been reported that sea urchin larval
development at low pH resulted in a compromised ability to express
genes involved in cellular defense under heat stress, indicating
synergistic effects of multiple stressors (O'Donnell et al., 2009).
Interestingly, warming could reverse the down-regulation of
proteins under low pH, resulting in an improved metamorphosis
in oyster larvae (Dineshram et al., 2016). Such complex interplay of
tolerance often makes consequences of environmental changes
unpredictable. In this context, RNA-Seq analyses have shed some
light on the overview of the transcriptomic changes of coral
embryos/larvae under thermal stress, bringing to light more
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information about the underlying mechanisms of the organisms’
response. For example, genes involved in processes such as
metabolism, translation, protein synthesis, protein degradation,
Ca®" ion transport, intracellular signal transduction, cytoskeleton
organization, apoptosis, heat shock, oxidative stress are shown to be
affected (Rodriguez-Lanetty et al., 2009; Voolstra et al., 2009;
Portune et al., 2010; Polato et al., 2013; Xiao et al., 2018). As
such, there is a pressing need to understand the capacity of coral
larvae to respond to multiple-stressors, as well as to obtain detailed
insights into the mechanism behind such responses at
molecular levels.

In the present study, we explored the responses of larvae from a
cosmopolitan coral species Acropora pruinosa from Hong Kong to
multi-stressors. Hong Kong is located in southern China at the
northern edge of the South China Sea. The large annual fluctuation
in seawater temperature from 13°C in winter to 30°C in summer
makes Hong Kong a marginal environmental for coral growth (Ang
et al., 2005). Furthermore, Hong Kong corals are also subjected to
large fluctuation in salinity because of the presence of large outflow
from the Pearl River to the west of its territorial water as well as the
monsoonal nature of its climate that brings in heavy seasonal
rainfall (Yin, 2002). Fluctuation of seawater salinity from ambient
33 psu to 26 psu that persisted for more than a day in coral
communities has been recorded after heavy rainfall during
spawning season (Chui and Ang, 2015). Hong Kong corals are
therefore periodically exposed to temperature and salinity stresses
and their responses and tolerances, especially those of their larvae,
could be quite unique when compared to those from more tropical
areas (Chui and Ang, 2015). The aim of this study was therefore to
identify changes in gene expression patterns in competent larvae of
A. pruinosa exposed to normal (control) and stressful conditions,
including (i) lowered salinity, (ii) elevated temperature, and (iii)
combined temperature and salinity stresses, using RNA-Seq
technique. Our results provide new insights into the
transcriptional profiles of coral larvae and represent an essential
first step in expanding our understanding of the mechanisms of
tolerance that may be exhibited by coral larvae exposed to
multiple stressors.

2 Materials and methods

2.1 Coral spawning, collection of gametes,
and larval rearing

Experiments were conducted on competent larvae of
hermaphroditic broadcasting A. pruinosa that spawned in the
summer of 2014. Expected spawning dates and timing were
determined according to its previously observed spawning pattern
(Chui et al., 2014). Egg-sperm bundles were collected from multiple
colonies from a depth of -1 to -2 m Chart Datum in A Ye Wan
(AYW), Tung Ping Chau Marine Park (TPCMP), Hong Kong (22°
32N, 114°25°E), and transferred to a make-shift laboratory on
shore. Subsequent embryonic and larval rearing procedures
followed those described in Chui et al. (2014) and Omori and
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Iwao (2014). Briefly, the collected egg-sperm bundles from different
colonies were mixed in a fertilization tank and left for an hour to
allow for fertilization. After sperm wash, embryos were reared in
culture tanks filled with freshly prepared 40-pum filtered seawater.
Seawater was changed every day in the culture tanks to keep the
larvae healthy until being transferred to the Marine Science
Laboratory, Chinese University of Hong Kong four days after
spawning. Larvae brought back were maintained in culture tanks
filled with freshly prepared 40-pum filtered seawater until
the experiment.

2.2 Stress experiment

A 72-h exposure period that tested the effects of temperature
and salinity stress on larvae of A. pruinosa was conducted 6.5 days
after spawning. Two levels of temperature (ambient 27 and high 32°
C) and salinity (ambient 33 and low 26 psu) treatments were
selected and arranged in the following factorial experimental
designs: (i) ambient temperature + ambient salinity (Control); (ii)
ambient temperature + low salinity (LS); (iii) high temperature +
ambient salinity (HT); and (iv) high temperature + low salinity
(HTLS). The temperature range used encompasses current and
future projected temperature conditions. Temperature of 27°C is
the mean ambient temperature of the spawning months in Hong
Kong, whereas the elevated temperature of 32°C represented the
highest projected increase (i.e. +5°C ambient) in sea surface
temperature (SST) under one of the worst-case scenarios by 2100
(i.e. RCP8.5 range 2.6 - 4.8°C, IPCC, 2013). Persistence of 26 psu
seawater for more than a day throughout the coastal water column
in the study area was recorded in May 2014 due to the continuous
discharge of underground seepage after a heavy downpour (Chui
and Ang, 2015). The frequency of such incident is likely to increase
given the projected increase in the occurrence of heavy precipitation
due to global climate change (IPCC, 2013). Increasing frequency of
coral larvae exposure to variation in salinity can therefore be
anticipated and examining coral larval exposure to salinity stress
is ecologically relevant.

The desired salinity level was prepared by diluting 0.22-pm
filtered natural seawater (FSW) with a volume of milli-Q water. For
control and treatments (each with three replicates), approximately
250 competent larvae were randomly allocated into Duran bottles
each containing 500 ml of seawater with specific salinity. Duran
bottles were placed in water baths equipped with thermostats
to maintain the respective stable temperatures throughout
the experiment. Seawater in each container was changed every
24-h with the seawater being pre-conditioned to the specific
temperature for each treatment accordingly. No noticeable
change in salinity was detected within each 24-h period. Much
care was taken not to disturb the larvae during replacement of fresh
seawater. After 72-h exposure, a sub-sample of 50 larvae was
removed from the replicate containers of each treatment to be
used for settlement assay, while the remaining larvae were flash
frozen with liquid nitrogen and stored at -80°C for later gene
expression analysis.
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2.3 Survival

A set of experiments that tested the effects of temperature and
salinity stress on larval survival was conducted in parallel with the
72-h exposure experiment. For control and treatments (each with
four replicates) in this survival experiment, 20 competent larvae
were randomly allocated into glass vials each containing 15 ml of
seawater of specific salinity. These glass vials were placed in the
same water baths with different temperatures as the stress exposure
experiment. The number of live larvae was counted daily for three
days thereafter. Seawater in each vial was refreshed after each
counting with new seawater that was pre-adjusted to respective
specific temperature and salinity.

2.4 Settlement assay

After 72-h of stress exposure period, beakers containing 50 ml
of seawater with specific salinity, each housing a ceramic tile (pre-
conditioned for approximately 1.5 months in situ), were deployed at
the same water baths as the stress exposure experiment. The sub-
samples of 50 competent A. pruinosa larvae that were removed from
stress exposure culture were then added to each of the beakers for
settlement assay. The number of settlers was examined after 24-h of
settlement induction under dissecting microscope. A larva was
quantified as a settler only when it had formed flattened disks of
tissue or single polyps that were attached to the settlement
tiles provided.

Statistical analyses were conducted with IBM SPSS version 19
for Windows (SPSS Inc., USA). Settlement results were given as
mean + standard error. Data were arcsine transformed and tested
for normality using One-Sample Kolmogorov-Smirnov Test and for
homogeneity of variances using Levene’s test. A two-factor analysis
of variance (ANOVA) was then used to evaluate significant
differences (p-value < 0.05) of the combined effects of seawater
temperature and salinity on percent settlement. Pairwise
comparisons were used to compare the treatment effects of either
temperature or salinity alone at each level of the other factor.
Bonferroni correction to the p-value was used to adjust the
probability of type I error in multiple comparisons (Dunne, 2010).

2.5 Total RNA preparation and Illumina
library preparation

Total RNA was extracted from approximately 200 flash frozen
larvae from each treatment. These larvae were pulverized with a
clean pre-chilled glass tissue grinder in 1 ml TRIzol® Reagent
(Invitrogen, USA). Total RNAs were extracted following the
manufacturer’s protocol, with modification in the RNA
precipitation step where % volume of high salt solution (1.2M
sodium chloride and 0.8M sodium citrate) and % volume of pre-
chilled isopropanol were added to the retrieved aqueous phase
solution. Following isolation, RNA pellets were re-suspended in
diethylpyrocarbonate (DEPC)-treated water and stored in -80°C
until cDNA synthesis. RNA concentration (ng/pL) and purity
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(A260/A280 ratio) were estimated using a NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific, USA), and its
integrity was confirmed through agarose gel electrophoresis.

In ¢cDNA library preparation for Illumina sequencing, a total of
12 separated libraries were constructed using total RNA (5 ug) from
individual replicates of the four treatment samples. RNAs were re-
precipitated by adding 1/5 volume of 10M lithium chloride at -20°C
for an hour. RNA pellets were then re-suspended in DEPC-treated
water. cDNA libraries were prepared using Illumina Truseq RNA
Sample Preparation kit v2 (Illumina, USA). Briefly, poly(A) mRNA
was isolated with Oligo (dT) attached magnetic beads and heat-
fragmented into small pieces to avoid priming bias. Using these
short fragments as templates, double-stranded cDNA was
synthesized using random hexamer primers with the
SuperScript® Double-Stranded cDNA Synthesis Kit (Invitrogen,
USA). The synthesized cDNA fragments were then subjected to an
end-repair process, addition of single ‘A’ base, and ligation of the
sequencing adapters according to Truseq RNA Sample Preparation
kit v2 protocol.

2.6 lllumina sequencing, de novo assembly,
and functional annotation

Mumina sequencing, transcriptome de novo assemblies and
functional annotations were performed by the Novogene.
Ilumina sequencing was carried out using a HiSeqTM 2000
(lumina, USA) in paired-end mode with a read length of 125
bp. cDNA libraries from the 12 samples were sequenced separately
and 2.5-3 Gbp clean data (~20 million clean reads) was targeted for
each individual library. Prior to assembly, sequence data (raw reads)
that contain adaptor sequences, more than 5% unknown
nucleotides, or more than 20% low quality bases (base quality
value < 10) were discarded using the NGS QC toolkit package
(version 2.3) (Patel and Jain, 2012). The reference transcriptome
assembly was generated from de novo assembling of all the clean
reads from each sample with the short reads assembling program
Trinity (release-20130225) (Grabherr et al,, 2011). All the resulting
transcript sequences from all 12 sample transcriptomes were then
further processed, considering sequence splicing and redundancy
removing with sequence clustering software to acquire non-
redundant transcripts as long as possible. Transcripts with
similarities exceeding 70% were assigned into one gene family
cluster, with the assigned prefix “CL” followed by cluster id.
Other transcripts that remain to be singletons were assigned with
the prefix “Unigene”.

Gene annotations of unigenes were performed with NCBI non-
redundant (nr) protein database (NR), Swiss-Prot, KEGG, and
COG protein databases using Blastx alignment, with the
minimum e-value score set to 0.00001. The best alignment results
were used to decide the coding region sequences and to further
decide the frame direction of the unigenes. ESTScan 2 (Iseli et al.,
1999; Lottaz et al., 2003) was applied to unigenes that could not be
oriented by Blastx alignments. cDNA sequences with reading frame
that translated to < 20 amino acids were discarded. To check the
completeness of the translated protein database, BUSCO v. 5.2.2.
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(Simédo et al., 2015) was performed. The database
“metazoan_odb10” (as of 2020-09-10) was selected as the
reference base. With NR annotations, the Blast2GO program
(Conesa et al., 2005) was applied to assign Gene Ontology (GO)
of the annotated transcripts. Taxonomical assignment of annotated
transcripts was performed using the LCA assignment algorithm in
MEGAN v5.10.5 (Huson et al., 2011) based on the top 20 hits for
each transcript in the nr database.

2.7 Mapping of sequence reads

Clean sequence reads from each sample specific read library
were mapped (aligned) against the reference transcriptome (the
annotated assembly of transcriptome derived from all samples) with
the alignment program Bowtie2 (Langmead and Salzberg, 2012) to
produce the raw gene expression count data for further analysis.
The number of aligned reads per transcript was counted using
SAMtools (v2.0.1) (Quinlan and Hall, 2010). The gene expression
levels in each sample are presented as FPKM (fragments per
kilobase of transcript per million mapped reads) (Mortazavi et al.,
2008). The FPKM method normalized the raw reads of each
transcript to eliminate biases of different transcript length and
sequencing level on the calculation of gene expression.

2.8 Differential expression gene (DEG)
analysis

To test for DEGs, all calculations and statistical tests were
conducted using the R statistical software. As quantification
accuracy is positively correlated with sequence coverage (Garber
etal., 2011), only the transcripts that have at least five mapped reads
in at least one sample were selected for differential expression
analysis (Sun et al, 2013). Differential expression analysis was
conducted using edgeR (Robinson et al., 2010). The three
replicate samples from each treatment were used to generate
mean expression levels with associated variances. Expression
differences in three pairwise comparisons between larval cultured
under control and three treatments were performed (using student’s
t-test): (i) Control vs. LS; (ii) Control vs. HT, and (iii) Control vs.
HTLS. In each comparison, the mean and standard deviation of the
log2-fold change of expression of each transcript (TPM ratio) was
calculated. To ensure a high accuracy in identification of DEGs,
false discovery rate (FDR) was controlled at 0.01% (FDR < 0.001)
(Benjamini and Yekutieli, 2001).

2.9 Enrichment analyses and protein-
protein interaction network reconstruction

The quality of sequence annotation is limited by the accuracy of
information provided in any database used. KEGG database, a
collection of proteins from well-characterized and ubiquitous
biochemical pathways, is used as the most accurate database for
functional annotation (Dunlap et al., 2013). To investigate the
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dominant gene function involved in the responses, enrichment of
particular KEGG pathways among the DEGs was tested. To avoid
any biological contaminants affecting the analysis, only DEGs with
blast annotation under Metazoa were selected for enrichment
analysis. Cumulative hypergeometric distribution tests were
conducted in BLAST2GO to extract significantly over-represented
KEGG terms in DEGs shortlisted in each treatment compared to
the reference transcriptome dataset. Enrichment for KEGG
pathway was determined based on the p-value < 0.005 to evaluate
whether any processes were more highly represented than expected
by chance. Enrichment analyses were carried out for the set of DEGs
shortlisted (significantly up and down-regulated transcripts) in
each treatment.

Annotated DEGs were selected for reconstruction of protein-
protein interaction network. Human annotation (gene symbol) of
the DEG was submitted to STRING (Szklarczyk et al., 2015) and the
human PPI database was used as the reference for PPI network
reconstruction. The reconstructed PPI networks were exported and
downloaded as a tab separated values (tsv) file. Network
visualization and graph optimization was conducted in cytoscape
v.3.9.0 (Shannon et al., 2003).

3 Results
3.1 Larval survival and settlement

No larval mortality was observed in the control and treatment
sets at either the larval survival experiment or during the larval
settlement experiment. Highest settlement rate was achieved under
control (78.0 = 3.5%), followed by 39.3 + 7.9% under HT, 12.0 +
4.2% under LS, and total failure (0%) under HTLS (Figure 1).
Results of two-way ANOVA (Table 1) demonstrated a statistically
significant main effect of temperature [F(1,8) = 41.00, p < 0.001], a

*%

*kk N 33 psu (ambient)
80 4 [ 26 psu
o
£ 601 *k
ﬁ *kk
12
)
g 404
K
R
20 A
0
27 (ambient) 32
Temperature (°C)
FIGURE 1

Mean (+ SE) percentage (%) of settlers of the coral Acropora
pruinosa in response to different temperature (27 and 32°C) and
salinity (33 and 26 psu) treatments (n = 3 replicates per treatment).
Results from Two-way ANOVA demonstrate a significant effect of
temperature (p < 0.001) and salinity (p < 0.001), with no significant
interaction among stressors (p = 0.569). Pairwise comparisons with
Bonferroni corrections showed significant differences between
temperature and salinity treatments (**p < 0.05, ***p < 0.001).
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TABLE 1 Results of two-way ANOVA on differences in mean settlement (%) of Acropora pruinosa larvae under different temperature (27 and 32°C) and

salinity (33 and 26 psu) treatments.

df MS [F p-value
Temperature 1 1391.649 41.002 < 0.001
Salinity 1 4952.215 145.907 < 0.001
Temperature x Salinity 1 12.000 0.354 0.569
Error 8 33.941

main effect of salinity [F(1,8) = 14591, p < 0.001], but the
interactive effect between temperature and salinity was not
significant [F(1,8) = 0.35, p = 0.57].

3.2 De novo assembly and functional
annotation of Acropora pruinosa
transcriptome

Ilumina HiSeq sequencing yielded an average of 73 million raw
reads from the triplicated samples from each of the control and
treatment conditions (see Supplementary Table 1 for summary of
Iumina sequencing). Over 91% (average of 67 million) of which
remained after filtering. The reference transcriptome assembly
consisted of 123,968 transcripts, which included a total of 45,649
clusters (group of transcripts representing the same gene or
homologous gene) and 78,319 singletons (single gene). The
average length of transcripts is 1061 bp and N50 value is 2087 bp.

TABLE 2 Summary of De novo assembling and functional annotation of
Acropora pruinosa transcriptome.

De novo assembly by Trinity

Total length (nt) 131,542,146
Total number of transcripts 123,968
Number of singletons 78,319
Number of gene clusters 45,649
Mean length of transcripts (nt) 1,061
N50 (nt) 2,087
Functional annotation
Total number of transcripts annotated by public databases 50,447
NR 46,948
NT 16,754
Swiss-Prot 35,052
KEGG 31,795
COG 16,928
GO 17,710
Total number of protein coding transcripts 52,888
CDS predicted from BLAST results 47,177
CDS predicted by ESTScan 5,711
Frontiers in Marine Science

The length distribution of all transcripts is shown in Supplementary
Figure 1. In total, 50,447 (40.69%) transcripts had at least one
significant hit in the NR, Swiss-Prot, KEGG or COG protein
database. The functional annotation results are shown in Table 2.
The full annotation information is provided in Supplementary File
1. There were 17,710 NR-annotated transcripts assigned to major
Gene Ontology (GO) categories, which included three categories:
molecular function, cellular component, and biological process. The
COG and GO functional categories for the annotated transcripts are
shown in Supplementary Figure 2. BLAST and ESTscan search of all
the aforementioned protein databases resulted in the prediction of
52,888 protein coding transcripts (Table 2). The translated protein
database has a completeness of 90.4%, according to assessment by
BUSCO (see full BUSCO report in Supplementary Table 2).

3.3 Differentially expressed gene analysis

We compared gene expression profiles between the control and the
three treatment conditions (LS, HT and HTLS). Of the 123,968
transcript sequences detected, 89,786 (72.42%) transcripts have at
least five clean reads mapped to at least one of the samples and were
considered in the differential expression analysis. Applying such
stringent filter can ensure high quantification accuracy among the
abundantly expressed genes. By applying a 1-fold (or two times)
differential expression and a g-value cutoff at 0.001, 3,997, 4,371, and
9,306 DEGs were identified in LS, HT and HTLS treatments,
respectively. The majority of these DEGs were not annotated by nr.
In the LS treatment stressor group, 2,670 up-regulated and 1,327 down-
regulated DEGs were identified; in the HT single stressor treatment
group, 3,430 up-regulated and 941 down-regulated DEGs were
identified; in the HTLS double stressor treatment group, 7,050 up-
regulated and 2,256 down-regulated DEGs were identified (Figure 2A).
A complete list of up- and down-regulated DEGs of each treatment is
provided in Files 2, 3, 4 of the Supplementary Information.

The overall up- and down-regulated DEGs between treatments
are presented in Venn diagrams (Figures 2B, C). When DEGs in HT
and LS treatments were compared, 1,559 differentially expressed
transcripts were detected only in LS but not in HT nor in HTLS
treatments (Figure 2B). Among these 1,559 DEGs, 972 were nr-
annotated (Figure 2C). On the other hand, 1,515 differentially
expressed transcripts were detected only in HT but not in LS nor
in HTLS treatments (Figure 2B); and among these 1,515 DEGs, 469
were nr-annotated (Figure 2C). Over ca. 45% or 4,678 DEGs were
detected only in HTLS treatment (Figure 2B), among which 1,575
DEGs were nr-annotated (Figure 2C). Only 310 or around 3% of the
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total DEGs were shared by LS, HT and HTLS treatments; 629 or
slightly more than 6% of the total DEGs were shared by LS and
HTLS treatments; but 1,433 or almost 14% of the total DEGs were
shared by HT and HTLS treatments. KEGG annotation based
functional enrichment analysis of DEGs in LS, HT, and HTLS
treatments revealed similarity and distinctiveness of different single
and double stressor effects on A. pruinosa larvae (Figure 2D).
Ribosomal protein genes (KEGG pathway “Ribosome”) were
enriched in the up regulated DEGs in all three treatments;
“Calcium signaling pathway” genes were enriched in up-regulated
DEGs in all three treatments and down-regulated DEGs in HT and
HTLS treatments; “Apoptosis”, “MAPK signaling pathway” and
“Ras signaling pathway” genes were enriched in the DEGs in both
HT and HTLS treatments. Structural component genes such as
those involved in “Regulation of actin cytoskeleton”, “Focal
adhesion”, “Gap junction” were enriched in up-regulated DEGs in
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HTLS treatment, or in both HT and HTLS treatments. Interestingly,
genes involved in “Neuroactive ligand interaction” and “Metabolic
pathways” were enriched in down-regulated DEGs in all
three treatments.

3.4 The impact of single and double
stressors treatments on the coral larval
metabolic genes

KEGG functional enrichment analysis revealed “Ribosome”
genes, genes involved in “Neuroactive ligand interaction” and
“Metabolic pathway” genes were differentially expressed
exclusively in both single stressors and the double stressor
treatments. We anticipated that the most crucial influence of the
stressor on coral larvae was perhaps on metabolism. To visualize the
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influence of the stressor on the coral larval metabolism, we firstly
mapped DEGs from LS, HT and HTLS treatment to the KEGG
“Metabolic pathway” map and compared the metabolic pathway
affected by the single and double stressor treatments. Based on the
KEGG map, HTLS double stressors treatment resulted in
differential expression of genes involved in oxidative
phosphorylation, fatty acid metabolism, lipid metabolism,
nucleotide metabolism, carbohydrate metabolism (Figure 3A); LS
and HT single stressor treatments resulted in differential expression
of genes involved in abovementioned metabolic reactions with
subtle variations (Figures 3B, C). Overall, HTLS double stressor
treatment resulted in 213 differentially expressed metabolic genes
and hence, according to the KEGG map, the highest number of
metabolic reactions were affected. HT treatment resulted in mainly
up- and down- regulation of 82 and 48 metabolic genes while 68
and 79 up- and down-regulated metabolic genes were observed in
LS treatment (Figure 3D).

We focused on the expression of genes involved in oxidative
phosphorylation, fatty acid metabolism, glycolysis as genes involved

HTLS_DEGs

Fatty acid
metabolism

Fatty acid
metabolism

Oxidative phosphorylation

FIGURE 3

———— Down-regulated genes
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in these essential metabolic processes were affected differently by
HT, LS and HTLS double stressor treatments (Figure 3E). Several
genes, including fatty acid synthase (fasn) involved in the
elongation of fatty acid carbon chain and multiple F-type H
+-transporting ATPase subunits (atpefOc, atpevOc, atpefod,
atpeflb) involved in oxidative phosphorylation were up-regulated
in HT and HTLS treatments but not in LS treatment. On the other
hand, ubiquinol-cytochrome ¢ reductase core subunit 2 (gcr2) was
up-regulated only in LS and HTLS treatments but not in HT
treatment. Genes involved in glycolysis include aldehyde
dehydrogenase (aldh), triosephosphate isomerase (tpi), enolase
(eno) and aldehyde dehydrogenase 3 (aldh3). For TCA cycle,
genes were differentially expressed in HT and HTLS but not in LS
treatment. Succinate dehydrogenase (ubiquinone) iron-sulfur
subunit (sdhb) and isocitrate dehydrogenase (NAD+) (idh) were
down-regulated; phosphoenolpyruvate carboxykinase (GTP)
(E4.1.1.32), succinate dehydrogenase (ubiquinone) flavoprotein
subunit (sdha) and succinyl-CoA synthetase alpha subunit (IscI)
were up-regulated (Supplementary File 5 and Figure 3E).
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3.5 Gene response exclusively to both
single and double stressors

Ribosomal proteins are important protein translation
machineries in the de novo synthesis system. There were in
total 255 ribosomal protein transcripts differentially expressed
in at least one of the stressor treatments (Figure 4A
and Supplementary File 5). These ribosomal transcripts
encoded either small or large ribosomal protein subunits
(Figure 4B). It is worth noting that a remarkable number of these
transcripts were not expressed in the normal larval samples
(Supplementary File 5).

FIGURE 5

The KEGG pathway “Neuroactive ligand interaction” is mainly
composed of G-protein coupled receptors (GPCRs) and channel-
gate receptors, which are important cell surface receptors for
perceiving cellular signals and mediating downstream signal
transduction. According to the KEGG annotation, many of the
differentially expressed receptors genes (Supplementary File 5) are
either GPCRs or channel receptors which could bind to
neurotransmitters such as dopamine, serotonin, gamma-
aminobutyric acid (GABA) and different amino acids such as
beta-alanine, glycine (Supplementary Figure 3). Some of them
were annotated as neuropeptide receptor family. These results
suggested coral larvae were highly sensitive to both low salinity
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Differential expression of components involved in MAPK and NF-kB signaling pathways in HT and HTLS treatments. The KEGG map of DEGs mapped
to KEGG (A) "MAPK signaling pathway” and (B) “NF kappa B signaling pathway” are shown. DEGs detected in HT and HTLS treatment are highlighted
in blue and red respectively. The heatmap in (C) provides the expression patterns of DEGs mapped to MAPK and NF-kB signaling pathways in each
replicate of each treatment. Note that the expression patterns of DEGs annotated as the molecular chaperone protein HSP70, which is also a

component of MAPK pathway, are also shown in the heatmap.
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and high temperature when these stressors were applied
individually or concomitantly.

3.6 Impact of single (high temperature) and
double (high temperature+low salinity)
stressors on MAPK, NF-xB signaling

MAPK signaling pathway is a highly conserved intracellular
signaling pathway that is well implicated in stress response in
animal cells (Gehart et al, 2010). MAPK signaling interact with
signaling of NF-kB (nuclear factor kappa light chain enhancer of
activated B cells), which is a family of highly conserved
transcription factors that regulate many important cellular
processes (Oeckinghaus et al, 2011). As shown in Figure 2D,
both MAPK and NF-xB signaling were enriched among DEGs
from HT and HTLS treatments but not LS treatment. KEGG
pathway mapping of DEGs showed that while most of the
mapped components in MAPK and NF-xB signaling pathway
were differentially expressed in both HT and HTLS treatments,
certain transcription factors were differentially expressed only in
HT or HTLS treatment (Figures 5A, B).

As shown in the expression heatmap (Figure 5C), the majority
of the mapped components in MAPK and NF-«B signaling pathway
were up-regulated in both HT and HTLS treatments (see expression
data in Supplementary File 5), including transmembrane receptors
fibroblast growth factor receptors (fgfr4), key intracellular signal
transducers TNF receptor-associated factors (traf2/3/6), mitogen-
activated protein kinase kinase kinase (MAP3K-1/2/3), myeloid
differentiation primary response protein (myd88) and down-
stream transcription factors AP-1 (ap-1/jun) and IKBKG
(inhibitor of nuclear factor kappa-B kinase subunit gamma,
denoted as “IKK” in Figure 5A and “NEMO” in Figure 5B), the
regulator of the key transcription factor in NF-xB signaling.

10.3389/fmars.2023.1096407

However, transcription factors, including nuclear factor NEF-
kappa-B pl05 subunit (nfkbl, denoted as “NF-kB” in Figure 5A
and “p50” in Figure 5B) and ETS domain-containing protein Elk-1
(elkI) were up-regulated only in the HTLS treatment. MYC was
down-regulated only in the HT treatment.

3.7 Single and double stressors treatment
and apoptosis pathways

In the functional enrichment analysis, apoptosis pathway was
enriched in the DEGs from HT and HTLS treatments (Figure 2D).
Detail analysis of the gene expression pattern of the apoptosis
pathway components revealed that most of the mapped
components were up-regulated in both HT and HTLS treatments
(Figure 5B and Supplementary Figure 5), including the death
receptor associated signaling cascade, including FADD, Fas,
TRAIL (denoted as TNFSF10 in Figure 6), were all up-regulated
in both HT and HTLS treatments (Figure 6A). Yet, caspase 8, which
could be triggered by the extrinsic FAS receptor mediated pathway
and plays a central role in the execution-phase of cell apoptosis
(Kruidering and Evan, 2000), was down-regulated in both HT and
HTLS treatments. However, the pro-apoptotic gene Bcl-2
homologous antagonist/killer (Bak), which is a key apoptotic
regulator of the intrinsic pathway and could induce apoptosis by
promoting permeabilization of the mitochondria outer membrane
(Pefia-Blanco and Garcla-Saez, 2018), was found to be up-regulated
only in the double stressor HTLS treatment. The intrinsic pathway
of apoptosis could be triggered by a number of intracellular changes
such as DNA damage. We found that p53 (denoted as TP53 in
Figure 6), which could be triggered by DNA damage and could
serve as an upstream regulator of Bak, was also up-regulated only in
the HTLS treatment. Interestingly, in the reconstructed PPI
network of differentially expressed apoptotic genes, components
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Differential expression of components involved in apoptosis pathways in HT and HTLS treatments. The heatmap in (A) provides the expression
patterns of DEGs mapped to the KEGG apoptosis map. (B) Reconstructed based on STRING human PPI database, a protein-protein interaction
network of the DEGs involved in apoptosis is illustrated. Components involved in the extrinsic (receptor-mediated) and intrinsic (caspase-

independent) pathways of apoptosis were also highlighted.
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involved in the intrinsic pathway of apoptosis were differentially
expressed only in the HTLS treatment, while the components
involved in the extrinsic pathway were differentially expressed
only in the HT treatment (Figure 6B).

4 Discussion

We investigated the interactive effects of changes in temperature
and salinity on early life history processes of corals, including percent
larval survival and settlement success. Our results showed that all
competent A. pruinosa larvae survived well after 72-h of exposure to
the different salinity and temperature treatments. However, the
subsequent settlement success was significantly affected, posing a
major problem to the recruitment success of this coral species. This
has a significant implication suggesting how environmental stressors
could jeopardize the persistence of corals in a multi-stressor
environment. Given that the period of annual synchronous coral
spawning event in Hong Kong usually coincides with the start of
monsoon season (Chui and Ang, 2015), failure in the recruitment
process could be one of the reasons why A. pruinosa is not more
common in Hong Kong waters (Ang and Chui, 2022). From
organismal to molecular levels, our transcriptomic data of coral
larval response revealed the potential mechanisms that led to the
survival of the larvae but the subsequent compromise of larval
settlement ability under environmental stress. By working with
aposymbiotic larvae, we ensured that expression differences detected
in transcriptomic analysis were directly related only to the host-specific
stress responses.

We summarized our results in Figure 7 that provides an
overview on the impact of single and double stressor treatments
on the transcriptomic landscape of A. pruinosa larvae. Changes in
the expression of genes involved in carbohydrate metabolism and
the oxidative phosphorylation (ATP metabolism), ribosomal
proteins, molecular chaperone proteins (HSP70), GPCRs,
components of stress-induced signaling pathways such as MAPK
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and NF-xB signaling pathway, and apoptosis are rather typical, as
these functional proteins have been implicated in stress responses in
different animal systems. For instance, changes in oxidative
phosphorylation components is in line with the thermal stress
response in Acropora palmata after 48-h exposure (Polato et al.,
2013). Up-regulation of ribosomal proteins (RPs) was commonly
observed as molecular response of corals to heat stresses, bleaching,
virus infection, or disease conditions (Seneca et al., 2010; Libro and
Vollmer, 2016; Wong et al., 2021); In the Pacific oyster Crassostrea
gigas, distinctive gene expression patterns of GPCRs were observed
in response to high temperature, salinity, air exposure, heavy metal,
marine pathogens challenge (Fu et al., 2022). HSPs gene expression
in the coral Acropora millepora were subjected to progressive
changes in response to elevation of temperatures (Rosic et al.,
2011). In another coral Pocillopora damicornis, MAPK expression
increased in response to reduced osmotic pressure at night, as the
coral experienced reduced level of light-dependent fluxes of
dinoflagellate derived photosynthetic compounds (Mayfield et al.,
2010). Heat stress suppressed the NF-xB signaling pathway
component NLRC3-like protein in Acropora aculeus (Zhou et al.,
2017). All of these are well characterized mechanisms for cell
protection in corals under stressful conditions and might be a
typical stress response among metazoans. However, continuous
expression of these cell protection proteins may lead to detrimental
effects, as energy is needed for the proteins to function properly. In
addition, gene expression for routine metabolic processes such as
carbohydrate metabolisms and amino acid metabolisms could be
compromised in order to temporarily increase its tolerance limits to
environmental stress.

An important objective of this study is to determine if
concomitant heat and salinity stresses will result in synergistic
effect in coral larval internal environment, as larval settlement
bioassay demonstrated combined double stressor treatment
resulted in complete failure in larval settlement when compared
with single stressor treatment. There were substantially different
responses between coral larvae exposed to LS or HT alone and to

Transcriptomic
changes

Ambient temp
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+5°C High temp
Ambient salinity

Intrinsic (caspase independent)
pathway of apoptosis
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Summary of the major findings. HT, LS and HTLS treatments led to 39%, 12% and 0% settlement of A. pruinosa competent larvae, or 50, 85 and 100%
reduction in settlement success respectively, compared to 78% settlement rate of coral larvae in the control group. The Venn diagram on the right-
hand side summarizes the similarity and differences in DEGs expression in coral larvae under low salinity or high temperature single stressor
treatments, and low salinity + high temperature double stressor treatment.
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combined HTLS treatment, with over two times of DEGs involved
in HTLS and less than half of the DEGs overlapped between the
single stressor and combined stressor treatments. The DEG sets that
were involved in LS and HT alone but not in the combined HTLS
treatment might suggest a reduced ability of larvae to express genes
in the presence of another stressor. This result suggests that the two
stressors may act synergistically to reinforce the intensity of stress
and thereby the intensity of transcriptomic response, resulted in
failure in larval settlement.

To understand the molecular mechanism underlying the
synergistic effect of double stressor treatment, we focused on
MAPK and NF-kB signaling pathways, as these two stress-
induced pathways were highlighted by functional enrichment
analysis and are essential for controlling various physiological
processes, including programmed cell death (apoptosis), cellular
proliferation, immune responses, and stress responses (Seger and
Krebs, 1995; Perkins, 2007; Patterson et al., 2009; Son et al., 2011).
Although activation of these two pathways requires modification at
the protein level, we anticipate heat stress and concomitant heat and
salinity stress to have triggered the signaling cascade, as the up-
regulation of intracellular signaling molecules TNF receptor-
associated factors (TRAF2, TRAF3), mitogen-activated protein
kinase 1 (MEKK1) and transcription factor AP-1(c-JUN)
observed in our study were reportedly linked to the activation of
MAPK and NF-xB signal transduction pathways (Karin et al., 1997;
Dhanasekaran et al., 2007; Dhanasekaran and Reddy, 2008; Hacker
et al,, 2011; Bironaite et al., 2013). In addition, differential
expression of these key signaling genes is consistent with the heat
stress response in adult corals observed in previous studies, which
also showed up-regulation of TRAF2, TRAF3 in A. palmata
(DeSalvo et al., 2010; Barshis et al., 2013) and ¢-JUN in A. aspera
(van de Water et al., 2015).

MAPK and NF-kB signaling pathways are considered up-
stream regulatory mechanisms, as activation of the signaling
cascade results in increased expression of effector genes. These
include some important transcription factors such as c-JUN, ELK-1
and p53 that trigger expression of genes responsible for different
cellular events such as cell differentiation, proliferation and
apoptosis (Townsend et al., 1999; Hickman et al., 2002; Leu et al.,
2004). Of these transcription factors, the unique up-regulation of
p53 in the double stressor treatment should be noted. Activation of
p53 in response to DNA damage is a highly conserved mechanism
(Lakin and Jackson, 1999). The expression of p53 could rapidly
increase, leading to transcriptional activation of downstream
effector genes (Lakin and Jackson, 1999), one of which is the pro-
apoptotic gene Bcl-2 homologous antagonist/killer (Bak) (Leu et al.,
2004). Bak mediates the caspase-independent intrinsic pathway of
apoptosis (Leu et al., 2004). Since both p53 and Bak were up-
regulated only in the double stressor (HT+LS) treatment but not in
the single stressor (HT/LS) treatments, suggesting that apoptosis via
caspase-independent intrinsic pathway could be one of the major
reasons for the abrupt reduction of larval settlement success.

Yet, components involved in the extrinsic (receptor-mediated)
apoptosis including FADD, FAS receptor and TRAIL the death
ligand were also up-regulated in HT (single stressor) treatment.
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Why HT treatment did not result in a similar reduction in larval
settlement rate as in double stressor treatment? The answer may lie
in the down-regulation of caspase 8, a member of the cysteine-
aspartic acid protease (caspase) family that executes the major
degradation role during cellular apoptosis (Kruidering and Evan,
2000). Our data suggest that although the major components,
including the receptor and the death ligand, were up-regulated in
both single and double stressor treatments, the extrinsic pathway
was suppressed via an unexplored mechanism.

A very crucial role of MAPK and NF-kB signaling pathways is
their regulatory role on cellular apoptosis. To date, very little is
known about the expression dynamics of signal transduction
pathway genes in corals (DeSalvo et al., 2010; van de Water et al.,
2015). For example, dual specificity protein phosphatase (MKP),
which acts as a negative regulator of extracellular signal-regulated
kinase (ERK) and Jun N-terminal kinase (JNK) (Patterson et al.,
2009; Son et al, 2011), was found to be upregulated under HT
stress. These data suggest that while there is a general
transcriptional up-regulation of MAPK pathway components and
downstream transcription factor c-Jun, the pathway itself may also
be highly regulated. It has been suggested that the roles of reactive
oxygen species in MKP expression is concentration dependent (Son
et al., 2011). Activation of MAPK pathway is also cell-type
dependent and involves multiple layers of control, from
transcriptional control to post-translational modification
(Dhanasekaran and Reddy, 2008). Further investigation into gene
expressions and validation of expression profiles will be required to
gain more insight into these dynamics.

4.1 Limitations and future perspective

In the present study, we performed an exposure experiment on
larvae of mixed parentage. It is possible that the diverse genetic
backgrounds of these larvae led to high variance between replicates,
which was indeed observable in the current dataset as illustrated by
the 2D PCA plot based on the expression data of the 12 samples
(Supplementary Figure 4). Altogether, this high variance may mask
part of the DEGs detection and enriched KEGG pathways in the
experiments (Granados-Cifuentes et al., 2013). Nonetheless, more
specific experiments may be carried out in the future with larvae of
known parentages to address this possible complication.

While our analyses suggested activation of apoptosis via the
intrinsic pathway could be the reason behind the complete failure in
coral larval settlement under concomitant heat and salinity stresses,
there are still much questions to answer before we could understand
the full mechanism of such cellular molecular event. For instance,
what was the trigger of the apoptosis intrinsic pathway? Up-
regulation of p53 suggested DNA damage could be one of the
triggers, but what caused DNA damage? On the other hand,
components in NF-xB signaling pathway, especially NF-kB which
is commonly known as a pro-survival factor, were up-regulated in
larvae under double stressor treatment. How did NF-kB, MAPK
and apoptosis pathway interact in different coral larval cells? We
anticipate that there are both pro-survival signals and pro-cell death
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signals triggering differential responses in different coral larval cells,
and the outcome of which is that coral larvae could not settle but
could still survive the 3-day double stressor treatment period. Yet,
which cells received pro-survival signal and which, the pro-cell
death signals? As abovementioned, activation of MAPK pathway is
cell-type dependent. Cell signals received by different cell types and
their subsequent cellular dynamics could therefore be
physiologically important for the fate of the larva. These
questions could only be answered by a high-resolution single cell
transcriptomic study, which will allow us to acquire the spatial
expression information and thereby the expression levels of
intracellular pathway genes in different coral larval cells.

Furthermore, as we have shown in Figure 2, there were typically
more than 30% of the differentially expressed genes that were not
annotated. There is still much to be learned about the
comprehensive responses of coral larvae to heat, salinity or their
combined stresses. Our annotation-based results only revealed
mapped functions based on existing knowledge derived largely
from vertebrate model systems. Our results suggest that there are
many coral specific molecular responses that are lost during
evolution. From this perspective, our dataset provides a list of
genes of unknown functions that are sensitive to respective heat
or salinity stress, or heat and salinity double stress. Further studies
using gene manipulation experiments, such as gene knockdown or
over-expression, are essential in elucidating the roles of these stress
sensitive coral genes in coupling with environmental stresses in
adult and larval stages of corals.

4.2 Summary

Overall, the present study provided novel insights into the
molecular mechanisms behind coral larval responses to single and
combined stresses. Acropora pruinosa larvae were capable of
surviving a 3-day single or combined temperature and salinity
stress condition but their settlement was compromised. RNAseq
analyses revealed remarkable molecular responses relating to stress
induced signaling pathways including MAPK and NF-B. It is also
evident that these signaling genes as well as apoptotic genes were
more severely affected under double stress condition, in comparison
to that under single stresses. Such information is extremely
important to understand how coral larvae respond and cope with
the highly dynamic natural field conditions. Interestingly, previous
study on the larvae of another coral species in Hong Kong,
Platygyra acuta, has shown high tolerance to elevated
temperatures (+3 °C and +5 °C above ambient) that did not cause
any negative effects on larval settlement success and post-settlement
survival for up to 56 days of prolonged exposure (Chui and Ang,
2017). Further research is necessary to compare their molecular
responses which might reveal the possible underlying mechanisms
contributing to the difference in thermal tolerance among species.
In the face of climate change, these data are particularly valuable to
help understand the potential for success in coral recruitment
processes and hence, the potential for coral reef recovery
under stress.
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