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Environmental conditions are known to influence corals and their associated communities
of microorganisms. However, our insights into the impacts of seasonal changes in
ultraviolet radiation (UVR) on both coral physiology and microbiome remain very limited.
To address this challenge, we maintained the coral Acropora muricata shaded from
UVR or under ambient UVR levels during two contrasting seasons, i.e. summer
and winter, and assessed the impact of UVR on the coral holobiont at each
season. To this end, we analyzed the physiology (e.g., calcification, protein content,
photosynthesis-related parameters) and coral microbiota composition, as well as the
abundance and composition of the microbial communities and organic matter contents
of the surrounding seawater. Our results show major seasonal effects on coral phenotype:
(1) a lower host biomass and photosynthesizing, but fast calcifying phenotype in summer,
and (2) a higher host biomass and photosynthesizing, but slow calcifying phenotype in
winter. UVR had only a significant impact on Symbiodinium functioning. Specifically, high
UVR levels reduced photosynthesis efficiency in summer, but an increase in chlorophyll
a content may have compensated for this effect. The coral microbiota, which was
variable but generally dominated by Endozoicomonas, was not affected by UVR, but
its composition differed between seasons. In contrast, UVR had a major, but differential
impact on the seawater microbial communities at both seasons. Particularly in summer,
bacteria from the Alteromonadaceae were significantly more abundant (15-fold; up to
75%) in seawater under ambient UVR levels. Overall, our study suggests that UVR has
only a limited impact on coral holobiont composition and functioning, despite major
fluctuations in the surrounding seawater microbiome; seasonal changes in the holobiont
are thus mostly driven by other environmental factors.
Keywords: coral, holobiont, symbiosis, ultra-violet radiation, seasonality, bacteria, symbiodinium, physiology

INTRODUCTION
Population dynamics and reproductive cycles of many species are influenced by seasonal variations
in environmental factors (Clarke, 1988; Gooday et al., 1990; Coma et al., 2000), leading to a longstanding interest in the way organisms react to the changing of seasons. Although tropical corals
live in a relatively stable environment, they experience seasonal fluctuations in environmental
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conditions, such as seawater temperatures (up to 9◦ C, Dandan
et al., 2015) or photosynthetically active radiation (PAR; up to
5 times, Browne et al., 2015). Nutrient levels and water quality
can also vary by a factor 5 between seasons, through for example,
sediment loading, or metal and nutrient pollution (Browne et al.,
2015; Watson et al., 2017). Seasonality is reflected both in the
coral physiology (Crossland, 1984; Warner et al., 2002; Ulstrup
et al., 2008) and in the composition of coral-associated microbial
communities (Brown et al., 1999; Fitt et al., 2000; Littman et al.,
2010; Li et al., 2014). The symbiotic association of the coral
animal with its diverse assemblages of microorganisms consisting
in bacteria, archaea, fungi, viruses, and protists, including the
dinoflagellate algae Symbiodinium (Kelly et al., 2014; Apprill
et al., 2016), is termed the coral holobiont (Rohwer et al., 2002).
Most studies, which investigated seasonal changes in the
physiology and composition of the coral holobiont, have focused
on the effect of PAR intensities on Symbiodinium density
(Fitt et al., 2000) and photosynthetic capacities (Edmunds and
Davies, 1986; Warner et al., 2002; Ulstrup et al., 2008). The
effect of seawater temperature variations on coral physiology
has also received a lot of attention; in particular because
episodes of temperature extremes can induce coral bleaching
(loss in symbionts and photosynthetic pigments), resulting
in decreased photosynthesis and calcification rates (HoeghGuldberg, 1999; Hoegh-Guldberg et al., 2017; Hughes et al.,
2017; Wolff et al., 2018), as well as shifts in the composition
of coral-associated microbial communities (Littman et al., 2010,
2011; Ziegler et al., 2017). However, little is known about the
response of coral holobionts to seasonal changes in ultraviolet
radiation (UVR) levels. UVR is an important component
of the sunlight received by corals in shallow waters, where
high intensities prevail (Madronich et al., 1998). UVR levels
actually show depth and seasonal variations (Smith and Baker,
1981; Torres et al., 2007; Zepp et al., 2008), which may
contribute to the seasonal changes that have been observed in
coral physiology. For example, variations in tissue content of
mycosporine-like amino acids (MAAs), which protect corals
from the deleterious effects of UVR (Shick et al., 1996; Shick
and Dunlap, 2002) has been attributed to changes in UV
exposure (Lesser and Lewis, 1996; Lesser, 2000), and severe
bleaching has been linked to the concomitant increase in
seawater temperature and UVR levels (Lesser et al., 1990).
Despite these few studies, the seasonal changes in UVR levels
on Symbiodinium functioning, coral calcification, organic matter
release and coral microbiota need to be further studied. UVR
also affects the growth, metabolism, and viability of seawater
microorganisms (Korbee et al., 2010; Llabrés et al., 2010; Carrillo
et al., 2015), but the seasonal effect of UVR exposure on
reef bacterioplankton has been poorly studied (Lyons et al.,
1998; Conan et al., 2008; Häder et al., 2015). Changes in the
composition of bacterioplankton surrounding coral colonies can
affect the composition of coral-associated bacterial communities
(Wear and Thurber, 2015 and references therein); the contrary
may be true as well, as corals release microbes into the
environment, for example via mucus excretion (Allers et al., 2008;
Garren and Azam, 2012; Nelson et al., 2013; Taniguchi et al.,
2015).
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To better understand the impact of UV radiation on coral
holobiont functioning, we investigated the physiology and
microbiota of the holobiont of the scleractinian coral Acropora
muricata and its surrounding seawater during two seasons
(summer and winter) under ambient and reduced UVR levels.
A. muricata is a dominant coral species in New Caledonia,
whose populations have severely suffered from a mass bleaching
events in 2016. Such knowledge provides novel insights into
how environmental conditions influence the status of the
coral holobiont and its interactions with seawater microbial
communities.

EXPERIMENTAL PROCEDURES
Coral Collection and Experimental Setup
Twenty 3 cm-long nubbins of Acropora muricata were collected
from the 10 different parent colonies at 3 m depth on the reef
of Îlot Maître in the Nouméa lagoon (22◦ 19′ S, 166◦ 24′ E) in
January 2016 (Austral summer - before the mass bleaching
event of February 2016) (permit number: APA-NCPS-2016001). In June 2016 (Austral winter), nubbins were collected
from the same parental colonies. At both seasons, nubbins
were evenly distributed in four 100 L outdoor experimental
tanks continuously supplied with lagoon water at a rate of 72 L
h−1 . Corals were fed once a week with Artemia salina nauplii.
Photosynthetically active radiation (PAR) in the experimental
tanks was maintained at the same level as in situ using shade
cloths, and measured using a LI-1000 data logger connected to
a LI-193 spherical quantum sensor (LI-COR, Lincoln, NE, USA).
UVR levels were measured using an ILT1400 portable radiometer
connected to SEL033/UVA/TD UVA and SEL240/UVB-1/TD
UVB detectors (International Light Technologies, Peabody, MA,
USA). In summer, the maximal irradiance obtained at midday on
a sunny day was ∼900 µmole quanta m−2 s−1 PAR, ∼20 W m−2
ultraviolet A (UVA, 315–400 nm) and ∼1.2 W m−2 of ultraviolet
B (UVB, 280–315 nm) radiation. In winter, irradiance levels on
a sunny day at mid-day were ∼500 µmole quanta m−2 s−1 of
PAR, ∼9 W m2 of UVA, ∼0.7 W m2 of UVB. Two out of the four
tanks were shielded from UVR (condition hereafter called “no
UV”) using specific UVR filters (226 Lee U.V. filters), while the
two other tanks received the ambient dose of UVR (condition
hereafter called “UV”). Following collection, coral nubbins were
maintained under experimental UVR conditions for 1.5 months
prior to the assay incubations (described below) in summer and
winter. At both seasonal time points, five nubbins from each
condition (UV and no UV), were randomly sampled from the
two tanks per condition, and used to assess tissue parameters
(symbiont density, chlorophyll and protein concentrations),
calcification rates and photosynthetic efficiency (assay details
described below). Following experimental incubations, nubbins
were frozen at −20◦ C until further analyses. The remaining
five nubbins per condition were used to assess coral-associated
bacterial communities (see details below).
All incubations were performed under the same temperature
(29.3 ± 0.9◦ C in summer and 23.1 ± 0.6◦ C in winter) and light
regime as the experimental tanks. Symbiont density, chlorophyll
a and protein content, net and gross photosynthesis, respiration
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for the determination of the symbiont density of each sample
using a Neubauer cell, on five replicated counts. A second
sub-sample was used to assess the protein content according
to Hoogenboom et al. (2010), using BCA assay kit (Interchim
Protein Quantification Kit). For chl a measurements, another
subsample was centrifuged at 5,000 × g for 10 min at 4◦ C to
separate the symbionts (in the pellet) from the host tissue. The
pellet was then re-suspended in 10 mL acetone and kept in
the dark at 4◦ C for 24 h prior to measurements. Samples were
then centrifuged for 15 min at 10,000 × g and the absorbance
was measured at 630, 663, and 750 nm using an EVOLUTION
201 UV-Visible spectrophotometer (Thermo Fisher Scientific).
Chlorophyll concentrations were computed using the equations
of Jeffrey and Humphrey’s (1975).

and calcification rates were normalized to the nubbin surface area
(cm2 ) measured using the wax technique (Stimson and Kinzie,
1991).

Photochemical Efficiency
Five nubbins per condition were incubated in the dark for
10 min before the relative electron transport rate (rETR) versus
irradiance, or rapid light curves, were generated using a Pulse
Amplitude Modulation (PAM) fluorometer (Diving-PAM, Walz,
Germany) according to Ralph and Gademann (2005). For this
purpose, nubbins were illuminated for 10 s with seven different
light intensities (from 0 to 900 µmole quanta m−2 s−1 ) and the
rETRmax was deduced from the rapid light curves.

Calcification Rates
Nubbins were incubated 2 h in individual 100 mL beakers filled
with 0.45 µm filtered seawater, continuously stirred with stirring
bars and hermetically closed to avoid any oxygen exchange with
the ambient air. The incubation seawater in each beaker was
filtered through 0.2 µm and stored at 4◦ C for the subsequent
determination of the calcification rates using the alkalinity
anomaly method (Smith and Key, 1975). The measurement was
performed using a Titralab TIM865 titration manager (Hach,
Loveland, CO, USA). Data were expressed in µmol CaCO3 cm−2
d−1 and corrected against a blank (filtered seawater incubated for
the same period without nubbin).

Statistical Analysis
Effects of UVR and season on coral tissue parameters,
Symbiodinium photophysiology, and seawater organic matter
content and microbial abundances were assessed with twoway ANOVAs using UVR and season as factors. Normality of
the residuals and variance homoscedasticity were tested using
Shapiro and Bartlett tests, respectively. When needed, data were
log transformed in order to fulfill those criteria. A Tukey’s High
Significance Difference post hoc test was performed when results
of the ANOVAs were significant, with the a priori decision to
determine only the effects of UVR in winter and summer, as
well as the effects of season under ambient conditions (i.e., under
UVR).

Organic Matter and Planktonic Microbe
Concentrations in Seawater

Bacterial Community Analysis

Nubbins were incubated for 2 h in 200 mL of 0.45 µm filtered
seawater under each experimental condition. The total organic
carbon (TOC) and total nitrogen (TN) concentration was
assessed by sampling 20 mL seawater in triplicate from each
beaker with sterile syringes at the end of the incubation. Samples
were transferred to pre-combusted (450◦ C, 5 h) glass vials,
acidified with phosphoric acid (20%, 250 µL) and kept frozen
until subsequent analysis. For dissolved organic carbon (DOC)
and dissolved nitrogen (DN) concentration, 20 mL subsamples
were taken from each beaker in triplicate and filtered through
0.22 µm pore size filter (Millipore, Burlington, MA, USA).
Samples were analyzed using a TOC-L analyzer (Shimadzu,
Japan) and data were expressed in µg L−1 . To determine the
concentrations of planktonic microbes, 4.8 mL seawater were
sampled at the end of the incubation, fixed with 0.2 mL of
glutaraldehyde (25%) for 30 min in the dark and then stored at
−80◦ C. Samples were analyzed by flow cytometry as described
by Jacquet et al. (2013).

To assess the bacterial diversity, seawater from each experimental
condition was filtered sequentially through 10, 3, and 0.2 µm
Whatman Nuclepore Track-Etched filters (Sigma-Aldrich) and
the last filter was kept in RNAlater (ThermoFisher Scientific) at
−20◦ C. Five nubbins from each tank condition were preserved
in RNAlater at 4◦ C for 24 h before being stored at −20◦ C.
Reference samples of seawater and coral preserved directly after
fragment collection from the lagoon had not been collected, and
it should therefore be taken into account that the microbiota
in aquaria may differ slightly from the natural conditions as
previously observed (Kooperman et al., 2007; Mohamed et al.,
2008; Pratte et al., 2015; Röthig et al., 2017). RNAlater-preserved
coral nubbins were crushed frozen in liquid nitrogen. DNA
was extracted from crushed coral and from the filters using
the Genomic DNA Buffer Set and Genomic-tip 20/G columns
(QIAGEN, Hilden, Germany) according to the manufacturer’s
protocol. DNA concentrations were determined for each sample
and samples were sent to Molecular Research Laboratory (MR
DNA, Shallowater, Texas, USA) for 16S rRNA gene amplicon
library generation using the 515F/806R primer pair, which targets
the V4 region of the 16S rRNA gene, and paired-end (2 × 300 bp)
sequencing on the Illumina MiSeq platform.

Symbiont, Chlorophyll a, and Protein
Content
Five coral nubbins maintained under each experimental
condition were incubated in 1L of 0.45 µm filtered seawater,
continuously stirred with stirring bars, for 2 h, as described
above. After the incubations, nubbins were frozen at −20◦ C
for the subsequent determination of tissue parameters. Nubbin
tissue was airbrushed in filtrated seawater and homogenized
with a Potter-Elvejhem tissue grinder. A sub-sample was taken
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16S rRNA Gene Amplicon Data Analysis
The quality (.qual) and reads (.fasta) files were obtained from
MR DNA and contained a total of 5,163,731 reads. The QIIME
v1.9 pipeline (Caporaso et al., 2010) was used to process the
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(rETRmax ), which is a proxy for the photosynthetic efficiency of
the symbionts, was 54% lower in summer compared to winter
(Figure 1D). UVR shading significantly decreased the rETRmax
by 29% in winter (Table S1); however, it was increased by 48%
in summer, despite a lower chl a content in the tissues and per
Symbiodinium cell.
Protein content of coral tissue was 32% lower in summer
compared to winter, while calcification rate was 57% higher
(Figures 1E,F, Table S1). UVR did not have an effect on these
coral physiological parameters at either season.

data as detailed in van de Water et al. (2018b). Briefly, low
quality (Phred <20) sequences, and reads <200 bp in length
were removed and each read was assigned to its respective
sample using the split_libraries.py script. Chimeric sequences
were identified and removed using the UCHIME algorithm
(Edgar et al., 2011) and the SILVA v123 database (Quast et al.,
2013) as reference. The quality filtered sequence file contained
4,582,530 reads, with an average of 114.563 reads per sample
(range 55,679–170,361). Operational Taxonomic Units (OTUs)
were defined at the level of 97% similarity. Taxonomic identities
were assigned using the UCLUST algorithm (Edgar, 2010),
implemented in the assign_taxonomy.py script, against the
SILVA reference database (version 123). Singletons, and OTUs
classified as chloroplast or mitochondria were subsequently
removed from the dataset, resulting in an average of 98,189 reads
per sample (range 43,353–158,135). Alpha and beta diversity
metrics were generated from OTU tables rarified to 43.353
reads per sample using the QIIME pipeline. OTU tables, sample
metadata and representative sequences of each OTU are provided
in the Supplementary Data. Raw sequences were deposited
in the NCBI Sequence Read Archive (SRA) under BioProject
accession number PRJNA408048.
The phyloseq package (McMurdie and Holmes, 2013)
integrated in R was used to generate statistically relevant
graphical presentations of the microbiome data obtained,
including (1) abundance plots of relevant taxa, and (2) a nonmetric dimensional scaling (nMDS) on Bray-Curtis dissimilarity
matrices, to visualize differences in the beta diversity of seawater
and coral-associated bacterial communities under the different
experimental conditions. Permutational Analysis of Variance
(permANOVA) performed under Type III partial sums of
squares and 9,999 permutations under the reduced model was
used to statistically assess differences in bacterial community
diversity using PRIMER 6 & PERMANOVA+ (PRIMER-E Ltd,
Auckland, New Zealand) (Clarke and Gorley, 2006; Anderson
et al., 2008). Negative binomial modeling (likelihood ratio
tests for the effect of experimental factors and Wald tests for
pair-wise comparisons) implemented in the DESeq2 package
in R (Love et al., 2014), was used for differential abundance
analysis followed by Benjamini-Hochberg False Discovery Rate
corrections to test which bacterial OTUs were impacted by
UV radiation and/or season. Overall effects of UV radiation
and season on the seawater and coral-associated bacterial
communities, and potential differences in dispersion among
samples within treatment groups, were investigated using the
ADONIS and betadisper functions in the R-package vegan,
respectively (Oksanen et al., 2011).

Impact of Season and UVR on Seawater
Organic Matter
Significant differences in the concentrations of total organic
carbon (TOC) and total nitrogen (TN) as well as dissolved
organic carbon (DOC) and dissolved nitrogen (DN) were found
between summer and winter regardless of UVR level (Figure 2;
Table S1). Under ambient UVR levels, TOC and DOC were 33
and 43% higher in winter compared to summer, respectively.
Contrary, levels of TN were 62% higher in summer compared to
winter, while DN levels were 65% higher.

Impact of Season and UVR on
Coral-Associated Bacterial Communities
The bacterial communities associated with Acropora muricata
were highly distinct from those present in the surrounding
seawater (p < 0.001; Figure 3, File S1). The coral microbiota was
consistently dominated by members of the Hahellaceae genus
Endozoicomonas and to a lesser extent by Alteromonadaceae
and Flammeovirgaceae (Figure 4). These assemblages were
not impacted by UVR, but did change between the seasons
(Figure 3; Table S2; p = 0.0079). Alpha diversity and richness
were similarly impacted, but the evenness remained the same
between summer and winter (Table 1; Table S3; p = 0.0142).
The relative contribution of Rhodospirillaceae was high in a few
winter samples, while members of the Rhodobacteraceae were
increased in a few summer samples (Figure 4), which caused
a reduction in Endozoicomonas abundances in these samples.
Despite the apparent variability in microbiota composition
between samples, no differences in sample dispersion were
observed between the UVR and no UVR conditions at either
season. To assess which OTUs were primarily responsible for
the seasonal shift in microbiome composition, differential
abundance analysis was performed (output can be found in
File S1). Results showed significant effects on various bacteria,
particularly 25 OTUs varied significantly in abundance between
summer and winter (Figure 5, Table S4, and Figure S1). Overall,
the abundance of four Endozoicomonas OTUs, one Thalassospira
(Rhodospirillaceae) OTU, one cyanobacterium OTU and
two Unassigned OTUs were significantly reduced in summer
compared to winter. In contrast, four Cyanobacterium OTUs
and two Thalassotalea (Alteromonadales) OTUs along with
OTUs belonging to a range of bacterial taxa [e.g., Candidatus
Amoebophilus (Flammeovirgaceae), LWSR-14 (Rickettsiales),
Paracoccus (Rhodobacteraceae)] were significantly more
abundant in summer.

RESULTS
Impact of Season and UVR on Coral
Holobiont Physiology
Under ambient UVR exposure (reef conditions), there was
no difference in symbiont density and chlorophyll a content
in the tissues of A. muricata between seasons (Table S1,
Figures 1A,B,C), but the maximal relative electron transport rate
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Impact of Season and UVR on Seawater
Microbial Communities

observed (Figures 6A,B; Table S1). Bacterial abundances showed
a seasonal trend, increasing in summer, but our condition
comparisons did not show this effect under ambient UVR
conditions (Figure 6C; Table S1). The ratio between VLPs
and bacteria was approximately 2.7-fold higher in summer
(Figure 6D; Table S1).

Flow cytometry analyses of the seawater surrounding the
coral fragments revealed that the abundances of algae and
virus-like particles (VLP) were significantly increased in
summer compared to winter, but no effect of UVR level was
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Seasonality Has Higher Impact on Coral
Holobiont Than UV Radiation
In the Acropora muricata holobiont, the coral host and
associated bacterial communities were only affected by seasonal
changes, whereas the algal endosymbiont Symbiodinium was also
impacted by UVR exposure. The effect of UVR exposure on
Symbiodinium was, however, in part seasonally dependent and
limited to changes in the cellular concentration of chlorophyll
a and in the photosynthetic efficiency (rETRmax ). In winter,
exposure to naturally moderate levels of UVR enhanced the
rETRmax of A. muricata. Utilization of moderate doses of
UVR (mostly UV-A) as a source of energy for photosynthesis
has been previously observed in phytoplankton species (Gao
et al., 2007; Wu et al., 2009), and our results suggest this
may also be applicable to Symbiodinium in corals. On the
contrary, in summer, exposure to naturally high UVR levels
led to a significant reduction in Symbiodinium photosynthetic
efficiency, which may have been compensated for through an
increase in chlorophyll content, as previously observed (Cardini
et al., 2015). Previous studies have also shown that the lowest
photosynthetic yield (Fv /Fm ) or rETRmax values of diverse
scleractinian coral species coincide with the highest irradiance
and temperature levels on the reef, and are caused by damage to
the photosystems (Fitt et al., 2000; Warner et al., 2002; Winter
et al., 2016). The impairment of the photosynthetic capacities of
Symbiodinium, and thereby energy acquisition by A. muricata in
summer, may explain the lower coral tissue biomass (i.e., protein
concentration) observed compared to winter. However, this
effect may also have been exacerbated by enhanced respiratory
metabolism at high temperatures as previously observed in
various coral species (Fitt et al., 2000).
Despite having reduced energy reserves, calcification rates
were enhanced in A. muricata in summer, which corresponds
with reports on a positive linear relation between coral
calcification and seawater temperature between 23◦ and 28◦ C

The diversity of the seawater microbial communities (Table 1
– alpha diversity metrics), however, was highly influenced
by both season and UVR level, showing interactive effects
of these two factors (Figure 3; Table S5—beta diversity:
p = 0.0001; Table S6—alpha diversity: p = 0.0001). Interestingly,
alpha diversity (richness, evenness and diversity indices) was
significantly reduced by UVR in summer (Table S6; p = 0.0017),
but increased in winter (Table S6; p = 0.0002). Similarly, the
alpha diversity under natural UVR conditions was reduced
in summer compared to winter (Table S6; p = 0.0001). No
significant differences in the dispersion of samples within
treatment groups were observed between the UVR and no UVR
conditions at either season. Several bacterial taxa made up the
vast majority of the community in both seasons and under
UVR treatments (Figure 4), but obvious changes were observed.
Differential abundance analysis was used to assess which
taxa contributed significantly to these differences in seawater
community structure between (1) UVR and no UVR exposure
in winter, (2) UVR and no UVR exposure in summer, and (3)
UVR exposure in winter and summer (output can be found
in Table S7 and File S1). In winter, UVR exposure increased
members of the Flavobacteriales and SAR11 clade, while
reducing Bdellovibrionales, Alteromonadales, Caulobacterales,
Cytophagales and DB1-14 (Figure 4; Figure S2). Interestingly,
the abundance of various Oceanospirillales, Rhodospirillales,
Rhodobacterales, and Rickettsiales OTUs were inversely
impacted by UVR [i.e., the abundance of some OTUs was
reduced under UVR, resulting in an increase in relative
abundance of other OTUs (Figure S2)]. In summer, members
of the order Alteromonadales (particularly genera Marinobacter
and Alteromonas) were highly abundant under UVR, which
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FIGURE 4 | Relative abundance of the major bacterial families present in the A. muricata holobiont and the surrounding seawater (>1% of the total community) under
ambient or no UV radiation at two contrasting seasons (summer and winter).

(Lough and Barnes, 2000; Silverman et al., 2007). Although
UVR has been shown to decrease calcification rates in several
coral species (Jokiel and York, 1982; Gleason and Wellington,
1993; Torres-Pérez and Armstrong, 2012), calcification rates of
Acropora muricata in this study as well as Acropora validata and
Porites compressa in previous studies (Glynn et al., 1993; Kuffner,
2002) were not impacted by UVR. The different effects of UVR
on coral skeletal growth may be linked to the amount of energy

Frontiers in Marine Science | www.frontiersin.org

acquired by the coral via its algal endosymbiont Symbiodinium,
and dedicated to calcification (Courtial et al., 2017). Overall,
our data suggest that A. muricata has two seasonally driven
phenotypes: thin tissue holobionts with faster calcification rates
in summer, and thicker tissue but slower calcifying holobionts in
winter.
Seasonal effects were also observed in the coral-associated
bacterial communities, but these were not impacted by UVR
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FIGURE 5 | Heatmap overview of bacterial OTUs associated with A. muricata that are differentially abundant between the summer and winter season under ambient
UVR conditions.

FIGURE 6 | Concentrations of (A) algae, (B) viruse-like particles (VLP) and (C) bacteria and (D) the ratio VLP:bacteria in the seawater under ambient and no UVR
conditions at two contrasting seasons (summer and winter). Data are the mean and standard deviations of five biological replicates. Comparisons indicated with ***are
significantly different (p < 0.05).
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TABLE 1 | Overview of alpha diversity metrics and indices for richness, evenness, and diversity.
Richness
A muricata

Observed OTUs
Summer
Winter

Seawater

1,242 ± 113

117.63 ± 10.61

6.04 ± 0.54

UVR

1,206 ± 114

114.73 ± 10.69

5.89 ± 0.55

no UVR

969 ± 61

91.83 ± 5.81

4.71 ± 0.30

UVR

776 ± 62

73.78 ± 5.74

3.79 ± 0.29

1,488 ± 43

139.87 ± 4.08

7.18 ± 0.21

Summer

no UVR
UVR

1,130 ± 20

106.42 ± 1.86

5.46 ± 0.10

Winter

no UVR

1,790 ± 16

168.96 ± 1.37

8.67 ± 0.07

UVR

2,254 ± 64

212.94 ± 6.17

10.92 ± 0.32

Gini index

Simpson evenness

McIntosh evenness

Summer
Winter

Seawater

Summer
Winter

no UVR

0.995 ± 0.001

0.003 ± 0.000

0.53 ± 0.03

UVR

0.993 ± 0.001

0.013 ± 0.006

0.39 ± 0.09

no UVR

0.997 ± 0.000

0.004 ± 0.001

0.54 ± 0.03

UVR

0.998 ± 0.000

0.005 ± 0.001

0.54 ± 0.07

no UVR

0.994 ± 0.000

0.010 ± 0.000

0.27 ± 0.01

UVR

0.996 ± 0.000

0.006 ± 0.000

0.41 ± 0.00

no UVR

0.987 ± 0.000

0.022 ± 0.001

0.17 ± 0.00

UVR

0.984 ± 0.001

0.008 ± 0.001

0.25 ± 0.02

Shannon-wiener H

Simpson index

Fisher’s alpha

2.53 ± 0.19

0.73 ± 0.03

240.12 ± 26.97

Diversity
A muricata

Seawater

Menhinick

no UVR

Evenness
A muricata

Margalef

Summer

no UVR
UVR

3.30 ± 0.59

0.82 ± 0.07

231.66 ± 27.13

Winter

no UVR

2.31 ± 0.08

0.71 ± 0.03

176.18 ± 13.58

UVR

2.26 ± 0.28

0.69 ± 0.07

135.16 ± 12.90

no UVR

3.73 , 0.04

0.93 ± 0.00

298.73 ± 10.70

UVR

2.80 ± 0.04

0.84 ± 0.00

212.16 ± 4.60

no UVR

4.87 ± 0.01

0.97 ± 0.00

377.75 ± 4.19

UVR

4.64 ± 0.15

0.94 ± 0.01

505.53 ± 18.51

Summer
Winter

Analyses were performed on an OTU table rarefied to 43,353 reads per sample.

a role in providing new nitrogen to the coral holobiont (Bednarz
et al., 2017), since many cyanobacteria are capable of fixing
nitrogen (i.e., diazotrophs). Fixation of dinitrogen by these
bacteria is an important functional process for corals thriving
in oligotrophic tropical environments as they can provide up to
15% of new nitrogen to corals (Bednarz et al., 2017). Increases in
the abundance and diversity of nitrogen-fixing bacteria in coral
tissue has been observed previously under elevated temperatures
(Santos et al., 2014; Cardini et al., 2015, 2016) and between
winter and summer (Cai et al., 2018). We also observed a higher
abundance of a Candidatus Amoebophilus bacterium in summer
compared to winter. Previously, bacteria belonging to this taxon
were reported to be part of the core microbiome of 3 coral species
(Apprill et al., 2016). This bacterium is a Bacteroidetes-affiliated
intracellular symbionts of amoebae and may be an endosymbiont
of a protist host within coral tissues (Apprill et al., 2016).
In summer, the coral-associated microbial community also
contained a higher abundance of bacteria belonging to the genus
Thalassotalea (previously Thalassomonas), which have previously
been found in increased numbers in diseased and stressed corals
(Sunagawa et al., 2009; Weynberg et al., 2016). In fact, T. loyana
has been identified as the causative agent of a white plaguelike disease (Thompson, 2006). Such a shift toward a potentially

exposure. The presence of UVR-filtering “sunscreen” molecules
(e.g., mycosporine-like amino acids (MAAs), fluorescent
proteins) in coral tissue and/or mucus (Shick and Dunlap,
2002) may protect the microbial community from the damaging
effects of UVR. However, we cannot exclude that the bacteria
were affected in their physiology, as observed in the algal
symbiont Symbiodinium. Few studies have assessed seasonal
changes in coral-associated microbial communities thus far,
but have generally reported highly different profiles between
winter and summer in scleractinian corals (Hong et al., 2009;
Ceh et al., 2011; Chen et al., 2011; Kimes et al., 2013; Sharp
et al., 2017; Cai et al., 2018), but not in octocorals (van de
Water et al., 2018a). Changes in the coral microbiota may
be caused by fluctuations in seawater temperature, rainfall
and sunlight intensity (Chen et al., 2011) as well as nutrient
availability in seawater (Hernández-Zulueta et al., 2016). A
recent study that investigated the effects of temperature, nutrient
pollution and algal cover on the microbiomes of three coral
species, however, found that temperature variation explained
differences in microbial community structure over time better
than other measured seasonal parameters (Zaneveld et al.,
2016). In summer, A. muricata harbored a significantly higher
abundance of several Cyanobacterium OTUs, which might play
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seawater. Only the abundances of bacteria didn’t significantly
change between summer and winter. As the number of VLPs,
and concomitantly the ratio VLP:bacteria, was also higher in
summer and most viruses in seawater are bacteriophages, our
results suggest ongoing lytic infections of bacterioplankton
and likely higher temporal dynamics within seawater microbial
communities in summer (Parikka et al., 2017). Higher levels of
UVR and seawater temperatures have previously been found to
induce VLP production (42 and 33% of the cases examined,
respectively) (Jiang and Paul, 1996). As we did not find an effect of
UVR on VLP abundances or the ratio VLP:bacteria, this suggests
that the seasonal differences observed here are likely related
to seawater temperatures. VLPs have indeed been coupled to
the dynamics of the coral reef bacterioplankton community on
spatial scales (Seymour et al., 2005) and viral predation has been
shown to remove 24–367% of the bacterial standing stock on
coral reefs every day, releasing up to 62 micrograms of organic
carbon per liter of seawater (Payet et al., 2014). As such, viral
lytic infections may also explain the lower organic carbon content
of the seawater in summer, and reflects the high abundant and
dynamic microbial community within coral reefs.
Seawater bacterial communities were dominated by bacterial
taxa known to degrade and/or grow on dissolved and particulate
organic matter, or transparent exopolymeric particles released by
phytoplankton, including Flavobacteriales and Rhodobacterales
(Taylor et al., 2014), as well as SAR11, Alteromonadales and
Oceanospirillales (Bergauer et al., 2018). It should, however,
be noted that SAR11 may have been underrepresented in our
dataset because of the 806r reverse primer used to construct the
sequencing libraries, rather than the 806rb primer which better
reflects SAR11 abundances (Apprill et al., 2015). The higher
nitrogen levels and temperatures in summer may have in part
driven the differences in seawater bacterial community diversity
between the two seasons. Interestingly, however, the effect of
UVR level was different between the seasons. This observation
suggests that seawater bacterioplankton communities is very
dynamic and may change within a few hours depending on the
environmental conditions. Overall, UVR significantly reduced
the bacterial community diversity, possibly due to UVR-induced
inhibition of bacterial growth (Llabrés and Agustí, 2010; Korbee
et al., 2012; Carrillo et al., 2015) linked to DNA photodamage
(Jeffrey et al., 2000; Alonso-Sáez et al., 2006), However, patterns
appeared to be relatively consistent, showing various bacterial
taxa consistently increase or decrease in relative abundance
under UVR exposure conditions at both seasons as well as
between summer (high UVR levels) and winter (low UVR
levels). Although the abundance of most of the main bacterial
groups decreased in response to UVR, members of the order
Alteromonadales (genera Marinobacter and Alteromonas) were
significantly higher, particularly in summer, which may explain
the reduced community diversity and suggests that these bacteria
may be more resistant to the high summer UVR levels on
the reef than other species. UVR resistance of Altermonadales
bacteria has indeed been shown in experimental sterilization
trails, showing rapid recolonization of the seawater and surfaces
by bacteria from this order (particularly Marinobacter) after
UVR sterilization treatment (Hess-Erga et al., 2010). As such,

more pathogenic coral microbiota in summer may affect coral
health and increase the susceptibility of the host to disease
(Bourne and Munn, 2005; Ritchie, 2006; Bourne et al., 2008).
Higher temperatures may directly affect bacterial growth and
metabolism, or indirectly alter bacterial antibiotic production
and bacteria–bacteria interactions (Rypien et al., 2010). Elevated
temperatures may also impair a coral’s defense capability (van de
Water et al., 2015), leading to a reduced ability of the coral host
to regulate its microbiome, or require the coral to invest in its
innate immune system (van de Water et al., 2018a) and protective
surface mucosal layer (Pratte and Richardson, 2014) to maintain
a healthy microbiome, thereby potentially depleting its energy
stores. As the immunocompetence of an animal largely depends
on its energy reserves, the higher occurrence of potentially
pathogenic OTUs in A. muricata in summer may be linked to a
reduced fitness of the holobiont, as evidenced by the lower tissue
biomass (proteins), and Symbiodinium photosynthetic efficiency
compared to winter. In summer, we also observed a lower
abundance of Thalassospira, known as potential symbionts of
ctenophores (Hao, 2014), and four OTUs of Endozoicomonas, a
genus commonly found in healthy corals (Bayer et al., 2013a,b;
Neave et al., 2017; van de Water et al., 2017, 2018b), as
well as in a wide range of other marine invertebrates (Forget
and Juniper, 2013; Fiore et al., 2015; Katharios et al., 2015).
Although their exact functions are unknown, both Thalassospira
and Endozoicomonas may be involved in host health through
nutrient acquisition and provision, and in structuring of the
host microbial community (Hao, 2014; reviewed by Neave et al.,
2016). Our results on the abundance of Endozoicomonas, and
the observed changes in host physiology between summer and
winter, however, do not appear to provide additional insights into
the potential role of Endozoicomonas in corals.

Seawater Bacterial Communities Are
Impacted by Both Season and UVR
Exposure
Most of the organic carbon and nitrogen in seawater of Nouméa
lagoon was in the dissolved form, attesting the oligotrophic
nature of these tropical waters, with few large size suspended
particles in the water (Biddanda et al., 2001). However, increased
rainfall as well as higher diazotroph abundance and activity
(Berthelot et al., 2015) may have been responsible for the
higher amount of dissolved nitrogen in seawater in summer.
Combined with the increased seawater temperatures, this may
have driven the increased microbial abundances observed in
summer (Moriarty et al., 1985). For example, when more
dissolved inorganic nitrogen (DIN) is available, autotrophs tend
to retain the photosynthetically-acquired carbon for their growth
and proliferation, rather than releasing it in seawater as organic
carbon (Naumann et al., 2010; Mueller et al., 2016). However,
these DIN-repleted autotrophs may have released excess nitrogen
(Naumann et al., 2010; Wymore et al., 2015). In addition, high
temperatures and microbial abundances may have increased
microbial respiration rates, leading to lower DOC levels in the
water in summer. Taken together, these observations may explain
the observed inverse relationship between DOC and DN in
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microbial communities in the seawater surrounding the coral.
Overall, our study suggests that UVR has a limited impact on
coral holobiont composition and functioning, and that seasonal
changes in the holobiont are thus mostly driven by other
environmental factors.

this may explain why Altermonadales dominated the seawater
microbial community under natural summer UVR levels, while
other main groups such as Flavobacteriales, Rhodobacterales
and SAR11, increased in abundance, and likely outcompeted
Alteromonadales, when UVR levels were reduced experimentally
or in winter. Alphaproteobacteria (Rhodobacterales and SAR11)
are indeed known to be relatively sensitive to UVR, even
in temperate environments (Alonso-Sáez et al., 2006) where
UVR levels are lower than in tropical environments. In
winter, however, the abundance of SAR11 was higher under
ambient UVR conditions. This additional light in winter
may be required for the activity of the ATP-generating
proton pump proteorhodopsin in SAR11 (Lami and Kirchman,
2014), and may provide these bacteria an energetic advantage
under moderate/low UVR levels. In general, our results
confirm significant seasonal differences in the abundances and
composition of the bacterioplankton communities of seawater,
and that both UVR and organic matter concentrations are
important determinants of the community structure.
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CONCLUDING REMARKS
In this study, we provide an overview of the seasonal impact
of UVR on the physiology and microbiome of the scleractinian
coral Acropora muricata. In general, we observed two seasonal
coral holobiont phenotypes: (1) a fast calcifying, but lower
photosynthesizing and animal tissue biomass phenotype in
summer, and (2) a slow calcifying, but higher photosynthesizing
and biomass phenotype in winter. The impact of ambient UVR
levels on the coral holobiont was limited, however, and affected
only the photosynthetic process in Symbiodinium, particularly
in summer. Although the coral microbiota showed seasonal
differences, it was shielded from UVR impacts, unlike the
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