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Host age is not a consistent
predictor of microbial diversity
in the coral Porites lutea

Benjamin J. Wainwright*™, Geoffrey L. Zahn?, Lutfi Afig-Rosli**, Jani T. I. Tanzil* &
Danwei Huang®*

Corals harbour diverse microbial communities that can change in composition as the host grows

in age and size. Larger and older colonies have been shown to host a higher diversity of microbial

taxa and this has been suggested to be a consequence of their more numerous, complex and varied
micro-niches available. However, the effects of host age on community structure and diversity of
microbial associates remain equivocal in the few studies performed to date. To test this relationship
more robustly, we use established techniques to accurately determine coral host age by quantifying
annual skeletal banding patterns, and utilise high-throughput sequencing to comprehensively
characterise the microbiome of the common reef-building coral, Porites lutea. Our results indicate

no clear link between coral age and microbial diversity or richness. Different sites display distinct
age-dependent diversity patterns, with more anthropogenically impacted reefs appearing to show a
winnowing of microbial diversity with host age, possibly a consequence of corals adapting to degraded
environments. Less impacted sites do not show a signature of winnowing, and we observe increases in
microbial richness and diversity as the host ages. Furthermore, we demonstrate that corals of a similar
age from the same reef can show very different microbial richness and diversity.

Corals contain diverse and complex microbial communities that play critical roles in maintaining and promoting
host fitness and survival'~>. They are involved in nutrient cycling?, and help prevent colonization by pathogenic
microbes through the occupation of potential niches® and the production of specific antibacterial compounds?®.
These communities can differ over space and time, among host species, and with environmental perturbations®.
Yet, some coral-associated bacterial communities remain constant with no discernible temporal changes'®!!.
These contrasting patterns demonstrate some of the challenges faced when attempting to understand the coral
microbiome.

Numerous studies show that host-associated microbes can and do differ over comparatively small spatial
scales”!?"*. However, few have explicitly examined how host age affects the microbial community, and those
that have are limited by colony size as a proxy to obtain a crude estimate of age'>'®. These studies show conflict-
ing patterns with one reporting a steady, yet significant decrease in bacterial diversity with increasing size',
while the other demonstrates a general stepwise increase in bacterial diversity with increasing size followed by a
slight decrease in diversity of the largest and assumed oldest corals'>. However, it should be noted that the latter
study by Williams et al.'® is limited by the young age of the assumed oldest corals, which have been estimated at
only 10-12 years old. Pollock et al.' suggest that early coral recruits and larvae have more diverse microbiomes
in comparison to later life stages, which is consistent with previous work suggesting that a ‘winnowing’ of the
microbial assemblage takes place with increasing host age. In other words, the microbiome slowly adjusts over
time until it is fine-tuned and adapted to local environmental conditions'”. Conversely, the pattern of increasing
microbial diversity with host age reported by Williams et al.!* is thought to follow a successional process similar
to patterns described within the human gut microbiome, specifically that diversity increases with age!*'$1°. For
a coral, this pattern could be a consequence of developmental changes that occur as it grows from a small larva
to a large adult colony, so that larger and older hosts are associated with more numerous, complex and varied
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Figure 1. Relationship of bacterial diversity (ASV richness and Shannon diversity) against coral age, with each
point representing a single colony. Fitted predictor lines determined by the optimal generalised linear model
(ASV richness and Shannon diversity as functions of coral age and site, including the interaction term). See
Supplementary Table S4 for a summary of the generalised linear models.

niches that can support more microbial species'®. A similar phenomenon is observed in birds, where bacterial
diversity increases with time from birth®. It is important to note that these previous attempts to investigate the
relationship between coral age and microbiomes have varied in terms of the range of coral ages studied and the
methods used to estimate age and microbial community diversity. Therefore, we seek to develop a more controlled
test of this relationship by directly observing a wide range of accurately-aged coral samples (over 93 year) and
by next-generation sequencing of bacterial 16S amplicons.

The reef-building coral Porites lutea is one of the most widespread and abundant corals throughout Southeast
Asia?®?22, This coral shows a massive growth form that is characteristically boulder shaped, the colony grows
via linear extension showing observable ‘tree ring’-like growth patterns that can be used to generate accurate
and relatively easy estimates of age?. These features make it especially useful as a model system to investigate
potential influences of coral age on microbial diversity.

Here, we aim to quantify the effects of P. lutea host age on the diversity, richness and structure of the associated
microbial community. For the first time in studies of this nature, coral host age was determined using established
and accurate methodology rather than using size as a proxy. Furthermore, we comprehensively characterise the
bacterial communities associated with P. lutea throughout Singapore and examine the extent to which these
communities vary spatially. More broadly, our results serve as a baseline allowing us to track temporal changes
in the microbiome of P, lutea, a ubiquitous and important member of Indo-Pacific reef communities.

Results

Using high-throughput sequencing, we characterised the bacterial communities associated with 160 Porites lutea
colonies collected from eight sampling sites in Singapore. A total of 14,374,065 sequences were generated on
the Illumina MiSeq platform, and after filtering to remove chimeric sequences and any sequences that did not
pass quality control a total of 12,582,075 sequences were retained for further analysis (for sequencing statistics
of each sample, see Supplementary Table S1). Rarefaction curves showed that the asymptote of the number of
amplicon sequence variants (ASVs; unique 16S rRNA gene sequences) was reached for each sample, indicating
sufficient sequencing depth was achieved; ASV richness was comparable to previous work in the region!%**
(Supplementary Fig. S1). Of the 160 samples, we successfully determined the age of 91 individual colonies;
logistical reasons prevented the coring of all 160 colonies. Corals ranged in age between 10 and 103 year, with
the majority (71%) 21-50 year (Supplementary Table S2).

Using the optimal generalised linear models as determined by Akaike information criterion (AIC) (Sup-
plementary Table S3)—Diversity ~ CoralAge * Location, and Richness ~ CoralAge * Location—we find site-
dependent patterns between host age and both bacterial ASV richness and diversity. Samples collected from
the islands of Kusu and Semakau both show significant predicted decreases in richness with increasing host age
(P=0.01 and P=0.03, respectively) (Fig. 1, Supplementary Table S4). Jong, Raffles Lighthouse and Sisters all
show predicted increases in richness that are not significant. Three of the islands (Raftles Lighthouse, Sisters and
Semakau) all show predicted increases in bacterial diversity with increasing colony age, while Jong and Kusu
show predicted decreases in diversity, though none of these are significant (Fig. 1, Supplementary Table S4). In
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Figure 2. Non-metric multidimensional scaling (NMDS) of bacterial communities based on Bray-Curtis
dissimilarity, coloured by location. Stress =0.244, Non-metric fit, R®*=0.94.

all cases, corals of similar ages can display very different levels of diversity and richness. For example, ten corals
aged 21-30 year at Raffles Lighthouse have Shannon diversity values of 1.7-3.7 (Fig. 1, Supplementary Fig. S2). In
general, ASV richness follows the same trend as Shannon diversity (i.e., when ASV richness increases, Shannon
diversity also increases), except at Jong where ASV richness increases as diversity decreases.

Permutational multivariate analysis of variance (PERMANOVA) performed on aged corals indicates that
sampling location is a significant factor determining bacterial community structure (R*=0.068; P=0.004), while
coral age is not significant (R*=0.011; P=0.438) (Supplementary Table S5, Fig. S3). Location remains a sig-
nificant factor when all 160 samples are analysed (R?=0.118; P=0.001) (Supplementary Table S5). Non-metric
multi-dimensional scaling (NMDS) suggests that samples collected from Tanah Merah are more similar to one
another in microbial community structure than all other locations (Fig. 2), and this uniqueness is supported by
the network plot showing Tanah Merah as a distinct group that shares more ASVs with itself than other sampled
locations (Supplementary Fig. S4).

Samples collected from all locations and age classes are dominated by Cyanobacteria and Proteobacteria
(Fig. 3). The relative abundances of both of these phyla are generally consistent throughout the first 90 year of
the corals’ life. The limited sampling of corals in the 91-100 year and 101-110 year age groups (n=2) requires
care in the interpretation of bacterial diversity. However, in both corals older than 90 year, the proportion of
Cyanobacteria relative to Proteobacteria is the lowest among all age classes. The single 91-100 year coral has the
highest proportions of Actinobacteria and Firmicutes, while the sample from the oldest age category, 101-110 yr,
has the highest proportion of Epsilonbacteraeota (Fig. 3). At the class level, all samples across all age groups are
dominated by Gammaproteobacteria. No one bacterial order, family, or genus appears to be dominant in any
age class (Supplementary Figs. S5-S7). Three families—Moraxellaceae, Pseudomonadaceae and the Burkholde-
riaceae—are differentially abundant in corals of different age classes based on beta-binomial regression models,
but these taxa are not specifically associated with older or younger corals, effect sizes are small, and there are no
significant differences in bacterial dispersion for any taxa (Supplementary Table S6).

Discussion

This work documents the complexities involved in assessing how host age influences microbial diversity and
richness. Some localities show positive patterns in diversity and richness as age increases, while others show the
opposite trend. It is likely that we are seeing evidence of both previously described hypotheses'>!®. For example,
winnowing of the microbiome appears to be occurring in some corals as they become adapted to specific local
environmental regimes'’, while the positive age-dependent diversity could be a result of increases in the age and
size of host along with the corresponding increase in microbial niches.

Numerous studies have documented reduced bacterial diversity in degraded environments or in stressed
hosts!>*-%%, and the more stressful environmental conditions faced by corals at Jong and Kusu could be respon-
sible for the observed microbial winnowing. In support of this idea, these sites are freely accessible to the public,
whereas access to the reefs where we see the clearest increases in diversity (Raffles Lighthouse and Sisters) is
regulated. In particular, Raffles Lighthouse is off limits to recreational and commercial uses, and research access
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Figure 3. Stacked bar plots of relative bacterial abundance: (a) for samples in each age class. There are no corals
in the 71-80 year age class, with only 91 corals aged in total; and (b) bacterial abundance for each sample site
(all 160 corals).

is strictly controlled by the Maritime and Port Authority of Singapore. It is also the farthest from the influence
of the urbanised mainland and consistently has the highest hard coral cover (>50% of the benthos) among sites
over several decades®*-*?, indicating an environment where stress is low in comparison to other reefs in Singapore.
Correspondingly we see a clear pattern of increasing bacterial diversity with increasing host age here. Similarly,
use of the waters surrounding the Sisters Islands, part of Singapore’s first and only marine park, is governed by
a set of rules that include prohibitions against fishing and anchoring. Conceivably, these regulations reduce
anthropogenic impacts at Raffles Lighthouse and Sisters, and thus we observe no winnowing effect but rather
an increase in microbial diversity with increasing host age. The positive age-dependent diversity pattern seen on
these two islands is congruent with those observed for microbiomes of humans and other complex organisms!®'’.
It might simply be the case that older corals have had more time to acquire a greater diversity of bacterial types
from less-disturbed environments. This coupled with the larger size and developmental changes as a larva grows
into an adult colony with complex and varied niches contribute to the higher microbial diversity in older corals'.

Senescence has been suggested as a process that reduces bacterial diversity in the microbiome of higher
organisms®~*°. The oldest coral aged in our work came from Kusu and are estimated at 103 year. To put this in
context, Porites corals have been documented as healthy and still growing at more than 1,000 years old?®, and
200 year-old P, lutea have been recorded in this region®”. There is even debate on whether corals actually senesce
and age at all*®. We note that P. lutea older than 103 year have not been examined here as they are not known
to exist in Singapore, so the full effects of senescence on bacterial diversity is not tested. Therefore, whether
senescence can explain the reduction in observed bacterial diversity with increasing host age of corals at Jong
and Kusu remains uncertain. Furthermore, our results show that older corals collected from Raffles Lighthouse
and Sisters tend to harbour the most diverse bacterial communities, suggesting that either corals do not undergo
senescence, that the corals we analysed are too young to be senescing, or that senescence does not affect the coral
microbiome in the same way as seen in other animal hosts. Additional work could be performed in regions where
much larger and consequently older P. lutea corals are found in order to investigate the effects of senescence on
host-associated microbial diversity.

Like other studies examining microbial diversity and coral-associated bacteria throughout Singapore and
the region, we show significant differences in microbial community structure among sampling locations!®24340,
All samples are generally dominated by Proteobacteria and Cyanobacteria, and samples collected from Tanah
Merah appear most distinct in comparison to other sites. Tanah Merah is the easternmost location and is closest
to the mainland; the land immediately adjacent to the study site has been undergoing extensive development and
coastal reclamation®!. These major disturbances may be a contributing factor to the coral-associated bacterial
community structure found here, especially since similar community responses and differences driven by coastal
change have been reported in marine environments®. Salinity fluctuations are also much more likely at the Tanah
Merah site—a consequence of its proximity to the mainland where freshwater runoff is more prevalent—and
these can drive changes in bacterial communities associated with corals*!. Such fluctuations are much less likely
at the other locations where the environment is reported to be homogeneous'*#>*.

The high prevalence of Proteobacteria in all samples is in agreement with findings from the Gulf of Thailand
and Andaman Sea on the same species?*. However, we report a much higher occurrence of Cyanobacteria in
Singapore, this bacterial phylum is approximately five times more abundant in comparison to those sampled
from Thailand?*%. Cyanobacteria, while an essential component of functioning coral reefs, can be an indicator of
degraded marine ecosystems at high abundances****. The much higher prevalence of Cyanobacteria associated
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Site Date collected | Sample size | Samples aged | GPS coordinates

Hantu 20-Sep-17 20 0 1.227835° N | 103.746328° E
Jong 20-Sep-17 20 20 1.215304° N | 103.785751° E
Kusu 29-Aug-17 20 11 1.224963° N | 103.861880° E
Raffles lighthouse 31-Aug-17 20 20 1.160165° N | 103.740344° E
Semakau 11-Oct-17 20 20 1.200136° N | 103.755956° E
Sisters 15-Nov-17 20 20 1.212573°N | 103.836138° E
Sultan Shoal 14-Feb-18 20 0 1.239384° N | 103.648806° E
Tanah Merah 20-Jun-17 20 0 1.312095° N | 103.986767° E

Table 1. Details of coral sampling date, sample sizes and GPS coordinates for each location.

with P, lutea in Singapore when compared to other Southeast Asian regions is likely indicative of the many pres-
sures faced by the coral reef environment of Singapore (e.g., proximity to a large urban population, major global
shipping and petrochemical processing hub etc.).

Despite these obvious pressures, the coral reefs of Singapore continue to persist and support nearly 200 spe-
cies each of corals and fishes within the 13 km? of coral reef habitat in Singapore®. The marine environment
of Singapore provides a unique and important opportunity to study coral reefs that are in close proximity to a
dense and highly urbanised human population. As the world’s population undergoes rapid urbanisation and
mass migration towards coastal areas occurs®, the present-day reefs of Singapore may prove useful and relevant
as case studies for the reefs of the near future.

The work we perform here, based on the direct measurements of coral age rather than crude estimation
by proxy, shows that host age is not a consistent predictor of coral-associated microbial diversity or richness,
at least in Porites lutea. Host-associated microbial diversity and richness can even vary considerably between
colonies of the same age, and communities are structured significantly by location but not coral age. We do not
conclude this generally for the relationship between coral age and microbial diversity, but the results are based
on accurate rather than crudely estimated measurements of coral age. Our analysis of differential bacterial
abundance shows that three families (and two genera) have significantly different associations with corals in
varying age classes, although these associations are not specific to older or younger age classes. In other words,
a certain bacterial family is not more likely to associate preferentially with, for example, older corals. None of
the collected corals showed any visible or obvious signs of degraded health, but had we collected corals with
signs of disease, bleaching or algal overgrowth, we may be able to find bacteria that were associated with these
degraded or stressed conditions.

More broadly, our study reveals multiple factors that can affect bacterial diversity and underscores the needs
to perform controlled experiments aimed at understanding the mechanisms underlying these drivers of micro-
bial diversity.

Methods

Field sampling. Bacterial sample collection. A total of 160 Porites lutea colonies were sampled from eight
reef sites in Singapore (Table 1, Supplementary Fig. S8). All samples were collected at depths between 2 and 4 m,
and all appeared healthy, showing no visible signs of bleaching, disease or algal overgrowth. An approximately
3 cm? tissue fragment was removed from each colony. Following Wainwright et al.'’, tissues were placed in
separate sealed containers, immersed in water and placed in the shade until further processing. Samples were
preserved in 100% molecular grade ethanol within six hours of collection and stored at—80 °C**-%. Species
identification of each colony was confirmed via a combination of in situ colony and corallite photographs, as
well as observations of the ventral triplet septal arrangement performed under a stereo microscope according
to Veron® and Forsman et al.>>. Analyses indicated that all collected specimens were of one species putatively
identified as Porites lutea>>™*.

Coral coring and aging. Of the 160 colonies sampled for bacterial analysis, 91 were cored following fragment
collection to determine colony age. Cores were taken with a 3-cm diameter core drill bit using a Nemo Divers
edition submersible drill (Oxfordshire, UK). Logistical reasons prevented the collection of cores from all 160
colonies. All cores were drilled along the main growth axis of the coral, and age was determined using standard
methodology®. Briefly, 7-mm thick longitudinal slices were taken from each core to resolve growth chronology,
and linear extension rates were established from annual skeletal banding patterns visualised under ultraviolet
light. Measurements were cross-validated with alizarin staining over a 2-year period (see Table 1, Supplementary
Table S7 for details of aged corals).

DNA extraction and 16S rRNA gene community profiling. Genomic DNA was extracted with the
abGenix automated nucleic acid extraction system (AITbiotech, Singapore) following the manufacturer’s ani-
mal tissue DNA extraction protocol. PCR amplification of the 16S rRNA gene V4 region was performed with
the 515F and 806R primers (515F: 5'-GTG CCA GCM GCC GCG GTA A-3'; 806R: 5'-GGA CTA CHV GGG
TWT CTA AT-3'). Primers were modified to include Illumina adaptors, a linker and unique barcode®™. We
included peptide nucleic acids (PNAs) to prevent preferential plastid and mitochondrial amplification (mPNA:
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GGC AAG TGT TCT TCG GA; pPNA: GGC TCA ACC CTG GAC AG) (PNAGENE, Daejeon, South Korea)®.
Each reaction was performed in a total volume of 25 pl, containing 1 ul of undiluted template, 0.1 pl of KAPA
3G Enzyme (Kapa Biosystems, Inc, Wilmington, MA, USA), 0.75 pl of each primer at 10 pM, 2.5 pl of mPNA
and 2.5 ul pPNA at 50 uM, 1.5 ul of 1.5 mg/ml BSA, 12.5 ul KAPA PCR buffer and 3.4 pl of water. PCR cycling
protocol was 94 °C for 180 s, followed by 35 cycles of 94 °C for 45 s, 75 °C for 10 s, 50 °C for 60 s and 72 °C for
90 s, with a final extension at 72 °C for 10 min. Negative extraction and PCR controls were included to identify
possible contamination issues.

PCR products were visualised on a 1% TBE buffer agarose gel. Normalisation and cleaning of PCR products
were performed in SequalPrep normalisation plates (Invitrogen, Frederick, Maryland, USA) and submitted for
sequencing on the Illumina MiSeq platform (600 cycles, V3 chemistry, 300-bp paired-end reads) with a 15%
PhiX spike (Macrogen, Inc).

Bioinformatics, sequence processing and analysis. Our bioinformatics workflow involved adap-
tor removal, quality filtering and trimming, error correction, inference of amplicon sequence variants (ASVs),
removal of chimeras, and taxonomic assignment.

First, barcodes and adaptors were removed from demultiplexed sequences with Cutadapt®’. Reads were filtered
based on quality scores and trimmed using the DADA?2 package version 1.9.0°® in R version 3.4.1 (R Core Team
2013). Forward reads were truncated at 260 bp, and reverse reads at 200 bp. Both forward and reverse reads were
filtered based on a max EE (expected error) of 2, and reads were additionally truncated at the end of ‘a good
quality sequence’ with the parameter truncQ =2 (see https://benjjneb.github.io/dada2/ for a detailed explanation
of filtering parameters). We then estimated error rates from all quality-filtered reads and merged forward and
reverse reads to obtain ASVs. Chimeras were removed with de novo detection in the DADA2 package. Sequenced
extraction negatives were used to identify possible contaminants using the prevalence method applied within the
decontam R package®. Remaining ASVs were assigned taxonomy with the RDP classifier® against a training set
based on the Silva v132 16S database®'. ASVs assigned to mitochondrial or chloroplast genomes were removed.

Rarefaction curves were produced using the rarecurve() function implemented in the vegan R package version
2.5-2%2, Raw sequence counts were then converted to relative abundance data. Shannon diversity and richness
for each sample were calculated, and non-metric multi-dimensional scaling (NMDS) was performed on the
Bray-Curtis dissimilarity matrix of samples using the phyloseq R package version 1.25.2%. Permutational mul-
tivariate analysis of variance (Supplementary Table S5) was performed on the ASV table in two ways, one for all
160 corals and the other only on the 91 corals that were aged, using the adonis() function of the vegan R package
version 2.5-2%% Generalised linear models (GLMs) using coral age, location and their interaction as predictors
of ASV richness and Shannon diversity were performed, and the predictor lines for each were fitted on Fig. 1.

Differential bacterial abundance and dispersion of taxa at all ranks were assessed using the corncob R
package®, which used a beta-binomial regression to quantify relative abundance and overdispersion simul-
taneously. This technique can detect increased variability and decreased taxon stability (or dysbiosis) in host-
associated bacteria, and can accommodate taxon absences and high variability in relative abundances. We built
our models using coral age class and location as separate predictors of both abundance and dispersion with a
Wald test and a false discovery threshold of 0.05.

Data availability

All sequences associated with this work have been deposited at the National Center for Biotechnology Informa-
tion under BioProject ID: PRJNA563869. The code for reproducing the analyses can be found at https://githu
b.com/gzahn/Porites_Coral_Ages, and is archived at https://doi.org/10.5281/zenodo.3827957.

Received: 5 February 2020; Accepted: 7 August 2020
Published online: 01 September 2020

References

1. Pootakham, W. et al. Dynamics of coral-associated microbiomes during a thermal bleaching event. Microbiologyopen 7, e00604
(2018).

2. Krediet, C. ], Ritchie, K. B., Paul Valerie, J. & Max, T. Coral-associated micro-organisms and their roles in promoting coral health
and thwarting diseases. Proc. R. Soc. B Biol. Sci. 280, 20122328 (2013).

3. Ziegler, M., Seneca, F. O., Yum, L. K., Palumbi, S. R. & Voolstra, C. R. Bacterial community dynamics are linked to patterns of
coral heat tolerance. Nat. Commun. 8, 14213 (2017).

4. Radecker, N., Pogoreutz, C., Voolstra, C. R., Wiedenmann, J. & Wild, C. Nitrogen cycling in corals: The key to understanding
holobiont functioning?. Trends Microbiol. 23, 490-497 (2015).

5. Ritchie, K. B. & Smith, G. W. Microbial communities of coral surface mucopolysaccharide layers. In Coral Health and Disease (eds
Rosenberg, E. & Loya, Y.) 259-264 (Springer, Berlin Heidelberg, 2004).

6. Holm, J. B. & Heidelberg, K. B. Microbiomes of Muricea californica and M. fruticosa: Comparative analyses of two co-occurring
eastern pacific octocorals. Front. Microbiol. 7,917 (2016).

7. Sweet, M. ], Brown, B. E,, Dunne, R. P, Singleton, I. & Bulling, M. Evidence for rapid, tide-related shifts in the microbiome of the
coral Coelastrea aspera. Coral Reefs 36, 815-828 (2017).

8. Ziegler, M. et al. Coral microbial community dynamics in response to anthropogenic impacts near a major city in the central Red
Sea. Mar. Pollut. Bull. 105, 629-640 (2016).

9. Archer, S. D. . et al. Air mass source determines airborne microbial diversity at the ocean-atmosphere interface of the Great Bar-
rier Reef marine ecosystem. ISME J. https://doi.org/10.1038/s41396-019-0555-0 (2019).

10. Wainwright, B. J., Afig-Rosli, L., Zahn, G. L. & Huang, D. Characterisation of coral-associated bacterial communities in an

urbanised marine environment shows strong divergence over small geographic scales. Coral Reefs https://doi.org/10.1007/s0033
8-019-01837-1 (2019).

SCIENTIFIC REPORTS |

(2020) 10:14376 | https://doi.org/10.1038/s41598-020-71117-4


https://benjjneb.github.io/dada2/
https://github.com/gzahn/Porites_Coral_Ages
https://github.com/gzahn/Porites_Coral_Ages
https://doi.org/10.5281/zenodo.3827957
https://doi.org/10.1038/s41396-019-0555-0
https://doi.org/10.1007/s00338-019-01837-1
https://doi.org/10.1007/s00338-019-01837-1

www.nature.com/scientificreports/

11.

12.

13.
14.
15.

16.
17.

18.
19.
20.
. Toda, T. et al. Community structures of coral reefs around Peninsular Malaysia. J. Oceanogr. 63, 113-123 (2007).
22.
23.
24.

25.

31.
32.
33.

34.
35.

36.
. Goodkin, N. et al. Coral communities of Hong Kong: Long-lived corals in a marginal reef environment. Mar. Ecol. Prog. Ser. 426,

38.
39.

40.
41.

42.
. Chénard, C. et al. Temporal and spatial dynamics of bacteria, Archaea and protists in equatorial coastal waters. Sci. Rep. 9, 1-13

44.
45.
46.
47.
48.

49.

50.

51.
52.

53.
54.

55.

Chu, N. D. & Vollmer, S. V. Caribbean corals house shared and host-specific microbial symbionts over time and space. Environ.
Microbiol. Rep. 8, 493-500 (2016).

Wainwright, B. J., Bauman, A. G., Zahn, G. L., Todd, P. A. & Huang, D. Characterization of fungal biodiversity and communities
associated with the reef macroalga Sargassum ilicifolium reveals fungal community differentiation according to geographic locality
and algal structure. Mar. Biodivers. https://doi.org/10.1007/s12526-019-00992-6 (2019).

Wainwright, B. J., Zahn, G. L., Arlyza, I. S. & Amend, A. S. Seagrass-associated fungal communities follow Wallace’s line, but host
genotype does not structure fungal community. J. Biogeogr. 45, 762-770 (2018).

Hernandez-Agreda, A., Leggat, W, Bongaerts, P., Herrera, C. & Ainsworth, T. D. Rethinking the coral microbiome: Simplicity
exists within a diverse microbial biosphere. mBio 9, €00812 (2018).

Williams, A. D., Brown, B. E., Putchim, L. & Sweet, M. J. Age-related shifts in bacterial diversity in a reef coral. PLoS ONE 10,
€0144902 (2015).

Pollock, E. J. et al. Coral-associated bacteria demonstrate phylosymbiosis and cophylogeny. Nat. Commun. 9, 4921 (2018).
Epstein, H. E., Torda, G., Munday, P. L. & van Oppen, M. J. H. Parental and early life stage environments drive establishment of
bacterial and dinoflagellate communities in a common coral. ISME J. 13, 1635-1638 (2019).

Yatsunenko, T. et al. Human gut microbiome viewed across age and geography. Nature 486, 222-227 (2012).

van Dongen, W. F. et al. Age-related differences in the cloacal microbiota of a wild bird species. BMC Ecol. 13, 11 (2013).

Huang, D. et al. Extraordinary diversity of reef corals in the South China Sea. Mar. Biodivers. 45, 157-168 (2015).

Tanzil, J. T. I. et al. Regional decline in growth rates of massive Porites corals in Southeast Asia. Glob. Change Biol. 19, 3011-3023
(2013).

Tanzil, J. T. L. et al. Luminescence and density banding patterns in massive Porites corals around the Thai-Malay Peninsula, South-
east Asia. Limnol. Oceanogr. 61, 2003-2026 (2016).

Pootakham, W. et al. High resolution profiling of coral-associated bacterial communities using full-length 16S rRNA sequence
data from PacBio SMRT sequencing system. Sci. Rep. 7, 2774 (2017).

Qvreas, L., Daae, F. L., Torsvik, V. & Rodriguez-Valera, F. Characterization of microbial diversity in hypersaline environments by
melting profiles and reassociation kinetics in combination with terminal restriction fragment length polymorphism (T-RFLP).
Microb. Ecol. 46, 291-301 (2003).

. Baker, B. ]. & Banfield, J. E Microbial communities in acid mine drainage. FEMS Microbiol. Ecol. 44, 139-152 (2003).

. Li, S.-J. et al. Microbial communities evolve faster in extreme environments. Sci. Rep. 4, 6205 (2014).

. Peter, J. et al. A microbial signature of psychological distress in irritable bowel syndrome. Psychosom. Med. 80, 698-709 (2018).

. Karl, J. P. et al. Effects of psychological, environmental and physical stressors on the gut microbiota. Front. Microbiol. https://doi.

org/10.3389/fmicb.2018.02013 (2018).

. Guest, J. R. et al. 27 years of benthic and coral community dynamics on turbid, highly urbanised reefs off Singapore. Sci. Rep. 6,

36260 (2016).

Wong, J. S. Y. et al. Comparing patterns of taxonomic, functional and phylogenetic diversity in reef coral communities. Coral Reefs
37,737-750 (2018).

Chow, G. S. E,, Chan, Y. K. S,, Jain, S. S. & Huang, D. Light limitation selects for depth generalists in urbanised reef coral com-
munities. Mar. Environ. Res. 147, 101-112 (2019).

Calvani, R. et al. Of microbes and minds: A narrative review on the second brain aging. Front. Med. (Lausanne) https://doi.
org/10.3389/fmed.2018.00053 (2018).

Nagpal, R. et al. Gut microbiome and aging: Physiological and mechanistic insights. Nutr Healthy Aging 4, 267-285 (2018).
Choi, J., Hur, T.-Y. & Hong, Y. Influence of altered gut microbiota composition on aging and aging-related diseases. J. Lifestyle
Med. 8, 1-7 (2018).

Soong, K., Chen, C. A. & Chang, ].-C. A very large poritid colony at Green Island, Taiwan. Coral Reefs 18, 42-42 (1999).

185-196 (2011).

Bythell, J. C., Brown, B. E. & Kirkwood, T. B. L. Do reef corals age?. Biol. Rev. 93, 1192-1202 (2018).

Lee, N. L. Y., Huang, D., Quek, Z. B. R,, Lee, J. N. & Wainwright, B. J. Mangrove-associated fungal communities are differentiated
by geographic location and host structure. Front. Microbiol. https://doi.org/10.3389/fmicb.2019.02456 (2019).

Wainwright, B. ]. et al. Seagrass-associated fungal communities show distance decay of similarity that has implications for seagrass
management and restoration. Ecol. Evol. 9, 11288-11297 (2019).

Rothig, T., Ochsenkithn, M. A., Roik, A., van der Merwe, R. & Voolstra, C. R. Long-term salinity tolerance is accompanied by
major restructuring of the coral bacterial microbiome. Mol. Ecol. 25, 1308-1323 (2016).

Sin, T. M. et al. The urban marine environment of Singapore. Region. Stud. Mar. Sci. 8, 331-339 (2016).

(2019).

Ford, A. K. et al. Reefs under Siege—The rise, putative drivers, and consequences of benthic cyanobacterial mats. Front. Mar. Sci.
https://doi.org/10.3389/fmars.2018.00018 (2018).

Charpy, L., Casareto, B. E., Langlade, M. J. & Suzuki, Y. Cyanobacteria in coral reef ecosystems: A review. J. Mar. Biol. 2012, 1-9
(2012).

Huang, D., Tun, K., Chou, L. M. & Todd, P. A. An inventory of zooxanthellate scleractinian corals in Singapore, including 33 new
records. Raffles Bull. Zool. Suppl. 22, 69 (2009).

Todd, P. A. et al. Towards an urban marine ecology: Characterizing the drivers, patterns and processes of marine ecosystems in
coastal cities. Oikos https://doi.org/10.1111/0ik.05946 (2019).

Rubin, B. E. R. et al. Investigating the impact of storage conditions on microbial community composition in soil samples. PLoS
ONE 8, 70460 (2013).

Lauber, C. L., Zhou, N., Gordon, J. L, Knight, R. & Fierer, N. Effect of storage conditions on the assessment of bacterial community
structure in soil and human-associated samples: Influence of short-term storage conditions on microbiota. FEMS Microbiol. Lett.
307, 80-86 (2010).

Carruthers, L. V. et al. The impact of storage conditions on human stool 16S rRNA microbiome composition and diversity. Peer]
7, 8133 (2019).

Veron, J. Corals of the World (Australian Institute of Marine Science, Townsville, 2000).

Forsman, Z., Wellington, G. M., Fox, G. E. & Toonen, R. J. Clues to unraveling the coral species problem: Distinguishing species
from geographic variation in Porites across the Pacific with molecular markers and microskeletal traits. Peer] 3, €751 (2015).
Forsman, Z. H., Barshis, D. J., Hunter, C. L. & Toonen, R. J. Shape-shifting corals: Molecular markers show morphology is evolu-
tionarily plastic in Porites. BMC Evol. Biol. 9, 45 (2009).

Terraneo, T. I. et al. Environmental latitudinal gradients and host-specificity shape Symbiodiniaceae distribution in Red Sea Porites
corals. J. Biogeogr. https://doi.org/10.1111/jbi.13672 (2019).

Caporaso, J. G. et al. Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample. PNAS 108, 4516-4522
(2011).

SCIENTIFIC REPORTS |

(2020) 10:14376 | https://doi.org/10.1038/s41598-020-71117-4


https://doi.org/10.1007/s12526-019-00992-6
https://doi.org/10.3389/fmicb.2018.02013
https://doi.org/10.3389/fmicb.2018.02013
https://doi.org/10.3389/fmed.2018.00053
https://doi.org/10.3389/fmed.2018.00053
https://doi.org/10.3389/fmicb.2019.02456
https://doi.org/10.3389/fmars.2018.00018
https://doi.org/10.1111/oik.05946
https://doi.org/10.1111/jbi.13672

www.nature.com/scientificreports/

56. Lundberg, D. S., Yourstone, S., Mieczkowski, P., Jones, C. D. & Dangl, J. L. Practical innovations for high-throughput amplicon
sequencing. Nat. Methods 10, 999-1002 (2013).

57. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet.journal 17, 10-12 (2011).

58. Callahan, B. J. et al. DADAZ2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581-583 (2016).

59. Davis, N. M., Proctor, D. M., Holmes, S. P, Relman, D. A. & Callahan, B. J. Simple statistical identification and removal of con-
taminant sequences in marker-gene and metagenomics data. Microbiome 6, 226 (2018).

60. Cole, J. R. et al. The ribosomal database project (RDP-II): Introducing myRDP space and quality controlled public data. Nucleic
Acids Res. 35, D169-D172 (2007).

61. Quast, C. et al. The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids
Res. 41, D590-D596 (2013).

62. Oksanen, J. et al. vegan: Community Ecology Package (2019).

63. McMurdie, P. ]. & Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census
data. PLoS ONE 8, 61217 (2013).

64. Martin, B. D., Witten, D. & Willis, A. D. Modeling microbial abundances and dysbiosis with beta-binomial regression. Ann. Appl.
Stat. 14, 94-115 (2020).

Acknowledgements

This research is supported by the National Research Foundation, Prime Minister’s Office, Singapore under its
Marine Science R&D Programme (MSRDP-P03). All samples were collected under permit number NP/RP16-
156 issued by the National Parks Board of Singapore.

Author contributions

B.J.W. wrote the manuscript; B.J.W,, G.L.Z. and D.H. analysed and interpreted the findings. B.J.W. and J.T.L.T.
performed laboratory experiments. B.J.W,, ].T.I.T. and L.A. conducted field work. All authors read and approved
the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-71117-4.

Correspondence and requests for materials should be addressed to B.J.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:14376 | https://doi.org/10.1038/s41598-020-71117-4


https://doi.org/10.1038/s41598-020-71117-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Host age is not a consistent predictor of microbial diversity in the coral Porites lutea
	Anchor 2
	Anchor 3
	Results
	Discussion
	Methods
	Field sampling. 
	Bacterial sample collection. 
	Coral coring and aging. 

	DNA extraction and 16S rRNA gene community profiling. 
	Bioinformatics, sequence processing and analysis. 

	References
	Acknowledgements


