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ABSTRACT
Red Sea Acropora hemprichii Bacterial Population Dynamics under Adverse
Anthropogenic Conditions
Javier Felipe Villa Lizcano
Reef-building corals are cornerstones of life in the oceans. Understanding
their interactions with microorganisms and their surrounding physicochemical
conditions is important to comprehend reef functioning and ultimately
protect coral reef ecosystems. Corals associate with a complex and specific
array of microorganisms that supposedly affect their physiology and
therefore can significantly determine the condition of a coral ecosystem. As
environmental conditions may shape bacterial diversity and ecology in the
coral symbiosis, ecosystem changes might have unfavorable consequences
for the holobiont, to date poorly understood.
Here, we were studying microbial community changes in A. hemprichii as a
consequence of simulated eutrophication and overfishing over a period of
16 weeks by using in situ caging and slow release fertilizer treatments in an
undisturbed Red Sea reef (22.18ºN, 38.57ºW). We used 16S rDNA amplicon
sequencing to evaluate the individual and combined effects of overnutrification and fishing pressure, two of the most common local threats to
coral reefs.
With our data we hope to better understand bacterial population dynamics
under anthropogenic influences and its role in coral resilience. Projecting
further, this data will be useful to better predict the consequences of human
activity on reef ecosystems.
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CHAPTER I.
INTRODUCTION: State of Coral reefs
Coral reefs, supported by the structural complexity of scleractinian corals, are
among the most bio-diverse and productive ecosystems in the world,1,2
providing estimated economical benefits as high as US$375 billion per year3,
mostly from fishing (due to their ability to concentrate fish stocks), tourism
activities and costal development.

Coral reefs also play important roles in stabilizing shorelines and protecting
the land from rising seas and storms, but also providing global regulatory
services to changing climate and anthropogenically induced disturbances:
ecosystem services that are not fully considered in the commercial markets
for the impossibility of comparison with manufactured capital and
economical services3.

Several environmental changes today threat the survival of all species,
especially those endangered, which extinction rates are calculated to be as
high as 100-1000 times greater than the historical norm4. Not surprisingly, coral
reefs species are not the exception to this trend; at a global scale ocean
thermal stress and acidification, both driven by increased atmospheric CO2
levels, are causing massive bleaching events and theoretically can
enormously reduce skeleton formation in scleractinian corals5. On the other
hand, local scale overfishing, reef damage, watershed-based pollution,
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marine pollution and unrevised costal development are the main causes for
coral reef health detriment6 all around the globe (Figure 1).

Figure 1. Percentages
of coral reefs under
local threat by region
and globally. Picture
take from Reefs at risk
manual.6

Overfishing
As of today, anthropogenic pressures threat the majority of the world’s coral
reefs. More than 60% are under direct threat from one or more local sources
of damage, where overfishing and destructive fishing are the most pervasive
and imminent threats. Those local threats combined with global scale threats
like thermal stress (dramatically weakening corals and increasing mortality
and mass bleaching) and ocean acidification, are the main reasons why
approximately 75% of coral reefs in the world are under some degree of risk6.
Agriculture around the world is using more than 130 million tons of fertilizers
and pesticides to crops each year7, of which big proportions end up in
waterways that transport them directly to coastal areas.

Sediments also
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bring lots of nutrients into the ocean, which In high quantities can weaken
and even kill corals6; in lower amounts they can severely affect
zooxanthellae photosynthesis, slowing coral growth.8 Sediments, by the other
hand are well known for their negative impact on the coral holobiont
equilibrium by stimulating the exacerbated production of mucus to get rid of
it, as well as causing shading for photosynthesis8. Eutrophication, defined as
the induced increase of limiting nutrients including different forms of nitrogen
and phosphorous, can favor algal and/or phytoplankton blooms which in
turn

cause

shading,

competition,

hypoxia

and

even

poisoning

by

metabolites.
Eutrophication
Hypertrophication in the oceans has a wide repertoire of reasons, all related
to human development and settlement. Urbanization of coastal areas all
around the globe brings with it sewage discharges as well as recreational
activities that can cause the detriment of costal marine ecosystems.
Aquaculture discharges a huge number of waste types into the marine
environments, including nutrients (phosphorous and nitrogen) and organic
matter produced by fish feces. All the organic wastes produced are
degraded by bacteria, which rapidly consume the dissolved oxygen in the
water column from the surface to the sediments. In areas of intensive
aquaculture, these waste byproducts can significantly impact the whole
ecosystem9, leading even, to death zones in the ocean. (Figure 2)

13
A.

B.

Figure 2. A. Reefs at risk from water-shade based pollution. B. Reefs at risk from marine
pollution and damage. Picture taken from Reefs at risk manual.6

Overfishing and Eutrophication
Overfishing and eutrophication can lead to reduction in herbivory and
increases in algae growth10, factors that immensely compromise reef
resilience and, if not controlled in time, can even bring the whole ecosystems
to collapse11,12. If well managed, coral reefs can provide food in a
sustainable manner6. However, the disproportion of human population
growth rate and the increased efficiency of fishing methods are immensely
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increasing the anthropogenic pressures that ultimately impact the whole fish
stock6. When some species is extensively overfished, its absence can lead to
a cascading effect across the ecosystem13, which manifestations can be as
complex as unpredictable for the whole system; including corals, their
symbionts and the biological matrix they support. When catching practices
fish down the food chain, meaning: going down in fish size as the bigger fish
disappear, the grazing power of the ecosystem is significantly reduced and
that supposes a perfect scenario for macro algae to overgrow corals13,
making reefs less resilient to stressors and vulnerable to disease and other
human impacts. More than 55% of worlds reefs are under danger for
overfishing and destructive fishing (poison fishing, dynamite fishing & bottom
drag fishing) with nearly 30% considered to be highly threatened6. (Figure 3.)

Figure 3. Reefs at risk from overfishing and destructive fishing. Figure taken from Reefs at risk
manual.6
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HOLOBIONT ECOLOGICAL INTERACTIONS
The basic functional unit of coral reefs is the so called coral “holobiont”, a
complex and most of the times obligatory, symbiotic interaction between the
coral animal, its intracellular microalgae, and a wide spectrum of extra- &
intracellular Bacteria, Archaea, Eukaryotes and Viruses14,5,15. Understanding
the

biological

interactions

between

them

and

their

surrounding

physicochemical conditions is important to comprehend reef functioning
and ultimately protect coral reef ecosystems. As it is known for a long time,
symbiotic algae supply up to 95% of host carbon requirements and thus
directly contribute to coral skeletal formation16. However, little is known about
the biological roles that Bacteria and Achaea are involved in on coral
biology. Nonetheless, prokaryotic populations are known to shape every
marine environment on earth17 including corals reefs.
Metagenomic studies have revealed the presence of different coral
associated bacteria genes, implicated in biogeochemical cycling and
pathogen resistance. Taxonomical approaches based on 16S rDNA gene
sequencing have shown the presence of bacteria ribotypes conserved
through different stages of coral life. Those and many other examples are
increasing thank to cora reef microbiology giving insights about the
importance of this symbionts.5
Unlike most zooxanthellae, bacteria seem to be stochastically and
horizontally transmitted into the coral. Their establishment depends on the
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variables associated with the environment and their genetic capability to
succeed and colonize the coral niche under those specific conditions18.
The effects of today’s environmental stressors include the loss or reduction of
mucus from the coral surface layer, changes in nutrient availability, unpaired
dinoflagellate function, and host tissue breakdown; physiological changes
that ultimately impact holobiont microbial associated assemblages19,5.
Some studies have shown that r-selected pathogenic bacteria (organisms
fallowing ecological model of population growth/time, where the r value,
dependent on the environmental conditions, is responsible for affecting the
growth rate. r-selected organisms are supposed to grow at their maximum
possible rate) like many Vibrio sp. are favored by the nutrients released during
host tissue breakdown, allowing them to overgrow and outcompete normally
occurring bacterial in the coral and thus potentially causing disease5.
Mucus supposes a rich carbon and nutrients matrix that many coral
associated bacteria use as energy source and that in many cases contains
antibacterial substances that help protecting the coral from pathogens. Its
decrease on the coral surface causes both, changes in composition of
associated bacterial ribotypes as increases the chance for pathogenic
bacteria to invade5; examples of how important and delicate this kind of
interactions are.
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TRENDS IN MARINE MICROBIOLOGY
Next generation sequencing technologies enable an unprecedented view
on the diversity of microbes associated with corals. 454 pyrosequencing, for
instance, is a sequencing technology that from single stranded templates of
DNA isolated from a metagenomic samples, can generate individual libraries
that can be sequenced-by-synthesis. This method allows throughputs as high
as 1 million sequences per run and has enabled for example, the
reconstruction of complex taxonomic microbial profiles of many coral
species, the seasonal variability in bacterial communities in association with
corals, the discovery of 17 metallo-protease genes potentially involved in
Vibrio coralliitycus coral pathogenesis19,20, as well as the identification of
some bacterial species associated with algae showing their potential role as
reservoirs for coral pathogenic bacteria21. Using these new techniques give
us more insights, necessary to understand the resilience and functioning of
coral reef ecosystems. Further advances in marine microbiology should focus
on uncovering the core functionality expressed in genes on different
environments, to fully understand the microbial roles on coral reef
ecosystems.
The aim of this study was to analyze the possible changes of associated
bacteria in Acropora hempricchi, a common reef building coral present only
in the Red Sea and the Indian ocean22, under the effect of artificially induced
anthropogenic pressures.
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Our Microbial diversity study focused on the taxonomical diversity of coral
bacterial population derived from its richness (number of different OTU’s
found on the sample) and its evenness (relative abundance of each OTU to
the total count)31.
Here we calculate these values and did statistical evaluations to see which of
our variables (treatment, genotype, and time) were responsible for the major
observed changes in the associated bacterial communities. With our findings
we were able to show that time and genotype were the most important
factors driving changes. As well as identify different bacteria that might be
determining the state of the coral physiology under adverse conditions.
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CHAPTER II.
MATERIAL AND METHODS: Geographical site and biological model
The study site of this project is Al-Fahal reef, a patch like coral reef system
about 13 km off the central Saudi Arabian coast at N22.18.333, E38.57.768
(Figure 4). The study was conducted over 4 months from June to September
2011.

Figure 4. Geographical position of study site, GPS coordinates N22.18.333, E38.57.768. A.
Geographical position of the Red Sea. B. Close up to the Red sea. C. Al-fahal Reef. D,E.
Northern tip of Al-fahal & collected specimen.

The coral used in this study was A. hempricchi, a ubiquitous hermatypic coral
which colonies are usually upright bushes with short compact branches. Its
axial coralites are large and dome-shaped while the radial coralites might
vary in size but their shape is identical to the axial ones (figure 5). Its color
ranges from bright blue to purple depending on the depth. This species
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inhabits upper reef slopes at our study site in the Red Sea, the eastern African
coast and a band surrounding Madagascar until the southern Maldives.23

Figure 5. Model organism, A. Side of an A hemprichii colony, Saudi Arabia - picture from
Michael Berumen

Experimental design and sampling
The experimental setup included 9 frames equipped with stainless steel
screws for coral attachment and temperature loggers. Frames were
deployed at 5-6 m depth along a 40 m transect on a reef slight slope and
separated from each other approximately every 4 m. Treatments included:
Caging (CA), with mesh size of 3 cm to simulate overfishing; fertilizer (FE), with
3% agarose tubes with nutrients to simulate eutrophication and fertilizer +
caging (CF) to simulate the combined effect (figure. 6). 3 different A
hemprichii colonies/genotypes named A, B and C, found at the same depth,
were collected for attachment to the frames; a single colony/genotype
served for all treatments applied, and the remaining 2 for the consecutive
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replicates. Coral fragments were attached with cable ties to screws and left
to acclimatize for a week before applying any kind of treatment. Once the
experiment began, sampling was conducted at 2 different times, after 1 & 16
weeks. Coral fragments were collected in sterile plastic bags and brought to
the surface, where they were rinsed with filtered seawater (FSW) and
subsequently shock-frozen in liquid nitrogen. Samples were kept at -80°C until
laboratory processing.

A.

B.

C.

Figure 6. Treatments scheme. A: Cage (CA) treatment imitating overfishing pressures, frame
with coral fragments attached and cage on top. B: Cage & Fertilizer (CF) treatment, as in A,
with the addition of slow releasing fertilizer represented by the red bars. C: Fertilizer (FE)
treatment imitating eutrophication pressures.
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Water samples were taken above each frame prior to coral fragment
collection during both sampling times.

These samples were subsequently

filtered on 0.2 μm Millipore® filters for microbial analysis. Filters were also stored
at -80°C.

50 mL of Water were filtered using Whatman-GF/F filters and

subsequently used for physicochemical analysis and nutrient content
measurements using a continuous flow analyzer from FlowSys Alliance
Instruments®.
DNA processing & Pyrosequencing
Total DNA from coral fragments and filters was extracted using the Qiagen®
plant mini kit. Coral mucus and tissue were separated from skeleton using
high-pressure sterile air and extraction buffer, while DNA from filters was
obtained by bead beating the filters with buffer for 1 minute. Further
processing was done according to manufacturer’s instructions (see protocols
in the appendix section). Total coral and filter DNA extractions of all samples
were quantified by NanoDrop® to ensure sufficient amounts and quality. To
know the amount of double stranded DNA (dsDNA) suitable for PCR,
extractions were additionally quantified using the Qubit® 2.0 fluorometer.
The used primer pair for PCR in this study (784_F and 1061_R) amplifies E. coli
position 981 to 1.060 of the 16S region, as it includes the highly variable
regions V5 and V6 that enables discrimination between closely related taxa,
is present in a large proportion of the 16S rRNA and does not yield substantial
PCR products when using human DNA as template24.
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The primer features detailed above and the facts that it exclusively targets
bacteria and Achaea in marine environmental samples are the reasons why
we picked this primer pair designed by Anderson et al. for this study. The
reverse primers consist of a 454-adaptor that facilitates attaching the
amplicon to beads when the clone libraries for sequencing will be made prior
to pyrosequencing reaction, a sample specific barcode that enables further
sample identification of sequences corresponding to each treatment, a
spacer to avoid influence of the barcode on the amplification reaction and
finally the specific annealing primer that targets the specific genomic region
of interest previously discussed. The forward primer also has a 454 bead
adaptor but does not have a barcode and was the same for all samples24.
(Figure. 7, Table. 1)
Table 1. Primer, adaptor and sample-specific barcode sequences24

Figure 7. Sketch of the reverse primer designed for pyrosequencing. Barcodes in this
experiment are different for each sample. The amplified zone contains the hyper-variable V5
and V6 regions.

Qiagen® HotStarTaq Master mix was used for PCR reactions; triplicate
reactions with a total volume of 30 μl per sample were performed. Extracted
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DNA volume was adjusted on a sample basis (1-3 μl) to reach a
concentration of 30 ng/μl of dsDN for further amplification. Polymerase chain
reaction was carried out in an Eppendorf® Thermocycler using the following
protocol: Activation of TaqPol for 15 min at 95°C, followed by 27 cycles of
denaturation at 95°C for 40 s, annealing at 55°C for 40 s, extension at 72°C for
40 s.

A final extension of 10 min at 72°C was allowed at the end. PCR

products were run on 1% Agarose gel to visualize amplification. Product band
length was corroborated running random samples on Agilent® DNA chips in
an Agilent® bioanalyzer 2100. Sample triplicates were pooled and then
purified using PALL® multi-well filter plates and a Millipore® multiscreen HTS
vacuum manifold. Final dsDNA concentration was measured using Qubit®
fluorometric quantification.
The surrounding water microbial community was additionally analyzed to
investigate whether increased levels in nutrients and/or the overfishing
experimental design have any effect on their composition, and to have them
as a control, as it is known that spatially distinct communities in the same
habitat are more similar to each other that those in adjacent habitats5. We
do not intend to compare between coral and seawater bacterial
composition, but are interested in sea water associated bacterial along the
reef transect during the study time frame, as it is one of the main sources for
new diversity to the coral. To do so, DNA extracted from FSW from each of
the 9 fames for both sampling times was pooled together, resulting in 2 water
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samples that represent the reef water microbial composition from weeks 1
and 16. These samples were also processed as mentioned above.
Finally, PCR purification product concentration for all coral and water
samples was adjusted to 30 ng/μl, to further pool them together and obtain
an equimolar ratio of all samples.

The final bacterial 16S metagenomic

sample was run in a 1% agarose gel to separate/remove primer dimers and
nucleotides. Subsequently, the expected band was cut from the gel and
DNA was extracted from it using Qiagen® gel extraction kit. The purified PCR
products consisting of 18 coral samples and 2 water samples were sent for
454 pyrosequencing in the Genomics Core Lab at the King Abdullah
University of Science and Technology.
Bioinformatics analysis
Raw pyrosequencing sequences were processed using open source software
Mothur v.1.25.038 for error correcting, taxonomical classification using the RDP
database and calculation of α-diversity and β-diversity indices. A detailed
pipeline of the way the data was analyzed is indicated in the workflow in
section B of the appendix.
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CHAPTER III
RESULTS: Identification of Suitable 16S Amplicon Primers
Since DNA extracted from the A. hemprichii holobiont was used, it was
pertinent to make sure that the PCR primers amplified only bacterial genes.
To test this, 4 different primer pairs used in different studies25,26,27,24 were tested
for PCR and their products were used to construct clone libraries whose
products were then sequenced via Sanger sequencing. Although all tested
primers were designed to amplify bacteria, 4 primers out of 5 amplified other
genetic material, including marine eukaryotic microbes and coral 12S
ribosomal subunits as BLASTn against the NCBI “nt” database showed. Only
the primers published by Anderson et al.
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(Table 1) amplified exclusively

bacterial and archaeal DNA, and thus were used in this study.
Alpha Diversity
The bacterial α-diversity (diversity within communities) calculated, estimates
the total number of Operational Taxonomic Units (OTU) present in a confined
habitat at a specific point in time; as for this study, to the bacterial species
diversity associated with A. hemprichii under the different treatments at
weeks 1 and 16. Species richness and diversity might be biased by
pyrosequencing errors28 and uneven sampling efforts29,30, reasons why all
sequences in the dataset were subsampled to the lowest number of reads
(1,584) between all of our samples and clustered to the 97% similarity level to
obtain OTU’s and thus to ensure that samples can be legitimately compared
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with each other (Table 2). From a total of 183,240 tags, 67,722 were left after
error correcting, chimera detection and undesirable mitochondrial and
chloroplast removal. Although water samples were in general the samples
with the higher number of reads suitable for analysis, all samples were
randomly subsampled to the same size, corresponding to the lowest number
of reads, in this case 1584 found in genotype C for CF treatment in week 16.
Table 2. Sequencing statistics and samples richness, evenness & diversity indices.

Treatment

Week 1

Week 16

All Tags

Processed
Reads

Subsample
Tags
# OTU 0.03

Chao

Simpson

Simpson
Evenness

FE

A

9610

4092

1584

63

199.67

1.895

0.030

CA
CF
FE

A
A
B

8164
7167
5840

3477
2879
2240

1584
1584
1584

90
86
123

148.80
223.80
368.55

2.155
2.098
4.741

0.024
0.024
0.039

CA
CF
FE
CA
CF
Water

B
B
C
C
C

11470
9812
8640
5528
6954
32694

3826
2704
2838
1795
2101
15629

1584
1584
1584
1584
1584
1584

104
83
80
119
69
173

195.87
286.33
158.27
475.00
222.13
829.63

4.242
1.388
3.839
1.438
1.230
21.642

0.041
0.017
0.048
0.012
0.018
0.125

FE
CA
CF
FE

A
A
A*
B

6839
8380
5282
11670

2579
2753
1718
4014

1584
1584
1584
1584

406
239
238*
427

1019.04
625.67
3887.7*
1227.89

23.083
4.753
369.80*
5.222

0.057
0.020
0.383*
0.012

CA
CF

B
B

8968
6046

2983
2093

1584
1584

491
505

1106.25
1245.56

7.927
8.322

0.016
0.016

FE
CA

C
C

7737
5576

2359
1794

1584
1584

220
274

693.20
919.44

1.990
1.836

0.009
0.007

CF

C

6214

1584

1584

93

227.40

1.311

0.014

10649

4264

1584

274

967.37

23.194

0.085

183240

67722

Water
Total

Coral
Genotype

3919

* Corresponds to a sample of genotype A that died in the treatment cage and fertilizer in
week 16. The coral fragment was overgrown by algae and tissue was completely absent.

Differences in richness and diversity indexes were statistically assessed for the
different times (week 1 and week 16), the three different genotypes (A, B,
and C) and treatments (CA, CF, and FE). As shown in table 3, time and
genotype appear to be highly significant factors determining changes in

28
Chao and Simpson diversity indices while treatment is not. Genotype
dependent diversity differences were post hoc tested by Fisher LSD and
results are displayed in the section C of the appendix.
For Simpson diversity index, genotypes A and B were significantly different
from each other in week 16 and each of them was also significantly different
when compared with its initial bacterial composition at week 1. Contrastingly,
genotype C associated bacteria in week 16 was not significantly different
when compared to itself and all the other genotypes in week 1, while it was
only different against genotypes A and B in week 16.
The associated bacterial richness estimated by Chao index showed that
genotypes A and B in week 16 were highly significantly different when
compared against genotypes A, B and C in week 1. Again, genotype C did
not show significant differences to any of the genotypes in week 1, and was
only different to genotype B in week 16. Note that genotype A in week 16
only had 2 replicates since the coral fragment on the cage and fertilizer (CF)
treatment died during the experiment, and its diversity was different in both
abundances and taxonomical composition resembling better that of water,
reasons why it was excluded of the statistical analysis.
However, as determined by the t-test, time seems to be the strongest factor
driving microbial community changes in both Chao and Inverse Simpson
indices, as it is also depicted in the Spearman tree, which besides ranking the
data by time also shows some strong association with the genotype (Figure
10).
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ANOVA was conducted for genotype and treatment comparisons for all the
different indices while a t-test was conducted to evaluate the differences
between week 1 and 16.
Table 3. Tests of significance.
Univariate Tests of Significance. ANOVA and t-test
Sigma-restricted parameterization
Effective hypothesis decomposition
Chao
Simpson
Simpson evenness
Significance
Significance
Significance
Time 0,00006***
0,000001***
0,136857 NS
Genotype 0,02648**
0,000004***
0,080813 NS
Treatment 0,09556 NS
0,5598 NS
0,227316 NS
Significance for Chao Richness Index, Invsimpson Diversity Index & Simpson Sample Evenness.
Interpretation key. NS: No Statistical Significance, Significance: * Significant; ** Very Significant;
***Highly Significant. Significance probabilities within Genotypes A, B and C was Post hoc tested
by Fisher LSD

The question of how much of the diversity in the sample our analysis covered
was resolved by rarefaction curves that highlight the fraction of total diversity
on which the data of our study is based on. Rarefaction curves plot the
cumulative number of OTU’s recorded as a function of sampling effort32, and
thus is a good tool to visualize the captured diversity of A. hemprichii under
the effect of the different treatments. This curve-fitting method gives an idea,
based on its slope, of the total richness and gives an estimate limit of diversity
as the curves reach a plateau33. Figure 8 shows rarefaction curves for each of
the treatments applied for both time points. It is worth mentioning that
rarefaction curves were constructed with the total number of processed
reads and don’t include water samples.
As displayed in figure 8, no coral sample reached a plateau in the
rarefaction curves, indicating that the depth of sampling was lower than

30
required for capturing the complete bacterial diversity present in the coral.
Bacterial population diversity in A. hemprichii increased from week 1 to week
16 regardless of the treatment, furthermore, none of the applied treatments
appeared to have a stronger effect than the others, other than that, all
genotypes in week 1 had less than 173 associated OTU’s, while the number
increases as high as 505 OTU’s at week 16.
Figure 8. Rarefaction curves to visualize species richness and depth of sampling. Red plots
correspond to week 1 while blue plots to week 16. Collector curves are displayed for each of
the applied treatments, circle for cage, triangle for cage and fertilizer and square for
fertilizer.
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Beta Diversity and Taxonomy
The seawater-associated bacteria were on average nine-fold more diverse
when compared with that from A. hemprichii in week 1, but decrease their
average diversity to seven-fold in week 16 (table 2), suggesting a diversity
increase on the coral fragments having taken into account that water
microbial composition was quite stable from week 1 to week 16 and the
major changes are present only in the appearance of rare bacteria (Figure
9). The much higher diversity is also clearly displayed in the rarefaction curves
for the different treatments comparing for genotypes A and B, but not so
clear for genotype C. The lack of significance for sample evenness is due to
the dominance of one OTU detected in association with healthy A.
hemprichii regardless treatment, genotype and time. This OTU represents the
genus Endozoicomonas; bacteria first isolated from the gastrointestinal tract
of the sea slug Elysia ornate and further from the tentacular epidermis of an
anemone in the Northern Sea.
Different studies have found that a single clade of Oceanospirillaceae
(genus Endozoicomonas) occurs in different hermatypic corals from Australia,
the Caribbean and Hawaii; results that also coincides with our findings in the
Red Sea and reinforce the idea of the strict and vital association that may
exist between these gram negative bacteria, the corals and the organisms
that interact with them36
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Figure 9. Bacterial taxonomy stacked plot to the family level. Each color represents each of
the 12 most abundant OTU’s in all samples. The rare bacteria represented by sequences that
appear in smaller amounts are found as “other” on the graph. The four different grouping
bars represent each of the genotypes and the water samples respectively. Bars are
chronologically positioned according to treatment. Key: W1(week 1), W 16 (week 16); CA
(Cage), CF (cage and fertilizer), FE (fertilizer). A, B and C are the 3 different genotypes.
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Figure 10.Spearman tree for sample similarity. Samples consider OTUs that contain at least 10
sequences over all samples (water not included). CA: Cage treatment, FE: Fertilizer
treatment, CF: Cage and fertilizer treatment. W1: week 1, W16: week 16. A, B and C
correspond to each of the different genotypes. Red and blue lines for week 1 and week 16
respectively.

In general, samples collected from genotype A in week 1 were very similar to
each other in their bacterial composition regardless of treatment, despite of
slight differences in the evenness of commonly shared OTUs and the so called
“other” bacteria; which represent the sequences that where present in the
sample under considerably lower numbers when compared to the more
abundant OTU’s showed in figure 9. On the other hand, samples collected in
week 16 were much more diverse than those collected in week 1 and
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distinctively different on their Bacterial evenness when compared to each
other.
It becomes apparent that Cage and Fertilizer (CF) in week 16 has a
completely different taxonomic structure that mimics better that of water,
which is due to the sample that was a dead coral covered by algae.
Interestingly genotypes B and C displayed the same increasing trend of
diversity from week 1 to week 16, moreover, they also exemplify how a single
colony can harbor coral fingers with very high proportions of a given OTU, in
this particular case, Alteromonadacea and Ferrimonadacea family members
respectively, that are completely absent in other sampled fingers collected
at the same time. These findings show that despite the core microbiome a
coral species has there are different OTUs found in considerable big
proportions associated with some parts of the coral colony that are absent in
other parts.
Increased diversity of newly acquired OTUs seems to be random in the sense
that no bacteria appear to be favored more than others, it is clear anyway,
that in almost 90% of the cases the increased diversity from week 1 to week
16 compromises the abundances of Flavobacteraceae which numbers
decreased in 66% of the cases and Hahellaceae family that decreases in
100% of the cases. Suggesting that space might be a limiting factor
determining the total number of bacteria that a coral can have.
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It is also evident that some bacteria completely absent or present in very low
numbers in week 1 increased considerably their numbers on week 16. That is
the case of the Rhodospirillaceae family which was completely absent in 88%
of the samples in week 1 and present in 100% of the samples in week 16, with
OTU abundances varying from a couple of tenths in some samples to more
than 200 of this OTU in others.
One Gamaproteobacteria was the second most abundant OTU found in
both coral and water samples, but its sequence was pretty much unknown in
the ribosomal database as its deepest possible taxonomical classification
was to the level of phylum. Although this microbe was found in all coral
samples, it was present in higher abundances within Genotypes A and B and
in a lower number in genotype C, which interestingly was more stable on its
bacterial community over time and also accounted for the higher
proportions of Endozoicomonas compared with all the other OTU’s between
all samples.
The distinctive abundances of this “rare” Gamaproteobacteria when
compare genotypes A and B with genotype C raises the question of whether
this unclassified microbe might somehow be destabilizing the coral
associated bacteria bringing it to a more unstable/diverse state that
resembles better that of water, besides, the prevalence of Endozoicomonas
on coral samples highlights the importance of this genus in the maintenance
of a stable and healthy coral bacterial population.
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Despite the dominance of the Endozoicomonas (dark blue bar Figure 9) in
total microbial composition, the rare or less common bacteria, that account
for a couple of hundreds of different OTUs represented some of the most
obvious changes in diversity. Rare bacteria can potentially overgrow under
specific but still unclear circumstances, hence influencing the core metabolic
functionality of the coral holobiont. The same trend was evident in the water
samples when compare week 1 and week 16, as many OTU’s belonging to
uncommon bacteria appear towards the end of the experimental time
frame.
UniFrac - Principal Coordinate Analysis
Additional to the OTU based analysis, a tree with all sequences associated
with the coral samples was constructed to analyze the differences in
community composition between them. Here, we used unweighted UniFrac38
to calculate a distance matrix between all samples to further run principal
coordinate analysis (PCoA) and visualize the main variables driving the
clustering of the data.
This statistical visualization method allows the identification of the main
factors (axes) responsible for the changes in community variation (Genotype,
time and/or treatment). Figure 11 displays the two principals axes explaining
the distribution of the data. Axis X, accounts for almost 18% of the variations,
and clearly clusters the sequences in the samples according to time (weeks
1& 16), as figure 10 also corroborates. Even though is not completely clear for
all of the genotypes in both times, there is a tight clustering according to
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some of them (genotypes A and B in week 1 and genotype B in week 16) but
not for any treatment nor genotype C, more evidence to see that the
applied treatments were not strong enough to impose an effect on the
community variation.
Furthermore, water samples (data displayed in appendix section) were also
included in a weighted Unifrac PCoA showing that they have a different
bacterial composition that resembles so much better that of coral associated
bacteria in week 16 only (more diverse).

Figure 11. Unweight Unifrac. Principal component analysis displays treatments and sampling
times. T1: Week 1, T5: Week 16. Circle represents cage treatment, triangle, cage and fertilizer
and square fertilizer. Axis x and y represent the two most important variables determining the
distribution of the data.
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Key Bacterial Species.

Different studies have use shot gun sequencing to reconstruct the functional
genetic profile of different associated microbial communities, allowing the
study of genes, metabolic pathways and protein families functionality on
given microbial community; showing further, that despite the phylogenetic
bacterial structure, communities encode a core functional metagenome
that is consistent with the ecological role of the organisms they are
associated to18.
Protein phylogeny studies have also shown that core functions are widely
distributed across major bacterial groups while unique proteins are usually
found in rare bacteria20 conferring

unique functions to the core

metagenome, which effects could be either positive or negative to the
whole symbiotic relation.
A statistical package that provides a set of functions that can assess the
strength of site species composition as the statistical significance of such
associations38

was used

to trace specific bacteria/OTUs

that

were

significantly more abundant between week 1 and week 16, genotype and
treatments.
It is important to note that even whereas the overall results presented until
now are not conclusive respect to treatments, the Indicspecies software
identifies coral associated OTUs that are significantly different between
groups of samples. A closer look at those bacteria is useful in the attempt of
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understand their ecological role as components of the A. hemprichii
holobiont.
As showed before the variables genotype and time accounts for the major
differences in bacterial abundances and taxonomic composition. Table 4B
depicts significant OTUs associated to the coral and shows how some
bacteria are exclusively associated to only one genotype, one time or on the
other hand are ubiquitous to both times and the different genotypes. From
the table is clear that week 16 samles have more rare associated OTUs than
week 1, as well as it is evident that some bacteria disappear or appear over
time specially in genotypes A and B.
Genotype

A

hosts

exclusively

in

week

1

members

of

the

family

Flavobacteriaceae as well as bacteria from the genus Marinobacterium,
Simkania and one unique genus of Endozoicomonas. Additionally the genera
Thalosomanas

and

an

unclassified

member

of

the

Class

gamaproteobacteria were also shared with genotype B, which at the same
time hosts exclusively members of the genus Vibrio, of which some species
have been characterized as coral pathogens39,20.
Two

ubiquitous

genera,

Endozoicomonas

and

Tenacibaculum

were

associated with all of the genotypes in week 1; while the second completely
disappeared from the coral in week 16 the first genus significantly decreased
its

numbers

excluding

genotype

Endozoicomonas was stable over time.

C,

where

the

abundance

of
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When analyzing week 16 it is possible to see a more diverse scenario where
19 unique OTUs are significant, 10 exclusively associated with all replicas of
genotype A, 8 associated with genotype B, of which 7, were also associated
with one colony of genotype C. A bacterium completely unknown in the RDP
database appeared also in week 16 and is associated with all samples of
genotypes A and B, as well as a bacterium belonging to the class
Gamaproteobacteria that was present in all of the coral genotypes; on the
other hand the genus Simkania and the unique Endozoicomonas present
also in week 1 in genotype A appeared consistently in week 16 (Figure 4BWeek 16)
Table 4A. Time to treatment significant OTU’s associations as calculated with the Indicspecies
package. A. hemprichiisamples are grouped according to time and treatment. Rows indicate the
taxonomical classification of the significant OTU with its p value, significance and number of reads for
each of the different treatments for both Week 1 and 16; columns show treatments and significant
OTU’s associated to them.
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Table 4B. Time to genotype significant OTU’s associations as calculated with the Indicspecies
package. A. hemprichii samples are grouped according time and genotype. Rows indicate the
taxonomical classification of the significant OTU with its p value, significance and number of reads for
each of the different genotypes for both Week 1 and 16; columns show each genotype and its replicas
with its associated OTU’s.

Despite no treatment strongly determined the coral associated bacterial
dynamics, different OTU’s significantly appeared under the effect of different
treatments in the different times (figure 4A). It is hard to tell if significance in
OTU’s numbers in week 1 were really the product of the treatments applied or
they were naturally occurring in such proportions in the coral. Despite of this,
a member of the family Rhodobacteraceae is associated in very high
numbers with the corals under cage (CA) and fertilizer (FE) treatments, but
not on the combinational treatment of cage and fertilizer (CF).
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After sixteen weeks, the cage treatment significantly favors the emergence
of an unknown bacterium for which taxonomical classification was only
possible to the level of domain, as well as 2 different bacteria belonging to
the

Class

Gamaproteobacteria

and

one

members

of

the

Order

Rhodospilillales. Cage and fertilizer on the other side share a member of the
order Rhodospilillales and the class Gamaproteobacteria but additionally
have other unique organism in the bacteria domain as well as members of
the genus Roseovarious. Finally, the fertilizer treatment accounts the biggest
changes in microbial composition among which is worth mentioning, for its
high numbers, the family Flavobacteraceae, which interestingly was
completely absent in all the other treatments in both times.
Shared bacterial assemblage - “Core Microbiome”
The term microbiome refers to the whole microbial population, its genetic
material and its ecological interactions on a given environment45. For this
study it means the bacteria associated with the different genotypes of A.
hemprichii at a given time and under a given treatment. So far is being
shown that this hermatypic coral harbors a vast ensemble of microorganisms
that in theory confer important metabolic and physiologic advantages
including, for example, the biofilm construction ability of Endozoicmonas that
might enable the interaction with many other microorganisms.
Notwithstanding the substantial diversity found in A. hempricchi, as measured
by sequencing 16S rRNA genes, only a small microbiome is shared among the
different treatments and genotypes when compared to the total number of
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OTUs, nonetheless all the shared microbiomes become more diverse
overtime (Table 5). It is important to state also, that the number of shared
OTU’s across time points for a single treatment or a single genotype is
generally small, meaning that there is a vast number of different bacteria
being acquired overtime and those not only weight for increased diversity
but to changes that might determine the resilience and physiology of the
coral holobiont.
Table 5. Total number of OTU’s associated with each treatment and each genotype. Rows indicate
the number of sequences in Week 1, Week 5 and the time overlap. Columns represent the number of
sequences affiliated to each of the treatments and genotypes in the different weeks and the time
overlap.

TREATMENT
Time
Week 1
Week 16
Time overlap

Core
Microbiome

3

GENOTYPE

CA

CF

FE

A

B

C

21
31
6

10
34
8

18
44
6

18
77
8

21
57
10

12
23
6

TOTAL OTU's
2208

Finally, it is worth mentioning that the Red Sea A. hemprichii microbiome
found in this study was tiny and represented by 3 different OTU’s all belonging
to the genus Endozoicomonas that prevail from week 1 to week 16 for all
different genotypes under all treatments applied, highlighting thus, the
importance of this bacterium for the holobiont.
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CHAPTER IV
DISCUSSION & CONCLUSIONS
Bacterial pyrosequencing taxonomic surveys, with the huge amounts of data
that embraces and the limitations attached to the classification concepts
that apply to prokaryotic organisms, is a complex and some times confusing
task. Discoveries on this field help to unveil a previously unknown and
unexpected diversity of organisms associated/present to basically, any
imaginable environment on planet earth, including of course corals reefs.
Our results, in accordance with previous estimates of diversity30 show that A.
hemprichiiharbors harbors thousands of different OTUs, as shown for the total
number of associated bacteria spotted and the lack of a plateau in the
rarefaction curves. Indication that there is still many bacteria to be captured
in order to the complete the total diversity associated with the coral; In total,
8503 distinct OTUs were detected from water and coral samples, 2208 of
which were associated exclusively with the coral holobiont.
Regarding community composition, the neutral hypothesis states that
assembly and structure depends on neutral and stochastical processes18, in
which genetically capable bacteria randomly occupy an empty space,
and, subjected to its genetic and metabolic features, establish a population
to become an active ecological unit in a given environment. The fact that a
member of the family Rhodobacteraceae was associated in very high
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numbers with the corals under cage (CA) and fertilizer (FE) treatments but not
in the cage and fertilizer treatment supports this idea40.
Rhodospirillaceae family is known for its photoheterotrophic ability (where
light is the energy source and an organic compound is the carbon source),
which accounts for their competitive success in nature. Purple nonsulfur
bacteria, as they are known are very versatile in their nutrition, using fatty,
organic, or amino acids; sugars; alcohols; and even aromatic compounds
like benzoate as carbon sources37, metabolic diversity is likely related to its
high abundance and increased numbers on the coral samples.
As shown in this study and other related publications, community composition
can dramatically vary from host individual to host individual46, despite a core
set of microorganisms always being present25. An example of this can be
visualize in the taxonomy plots of genotype C, somehow more “resistant” to
change over time and thus significantly different to genotypes A and B.
Species genotype, understood as each of the 3 different individuals
collected to conduct this study, interestingly and previously not reported,
accounted for some of the biggest differences on the A. hemprichii microbial
composition.
Differences between genotypes where evident in both initial composition
and progress of the population dynamics from week 1 to week 16; genotype
C was more stable over time on its microbial diversity and OTUs abundance
when compared with genotypes A and B, which hosted considerably high
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numbers of an unclassified Gamaproteobacteria, opening the question of
whether this unclassified organism could contributed to the more unstable
profile of the genotypes where it was present; further studies should be made
to elucidate insights about the role that abundant and stable present OTUs.
Variations in microbial composition are dependent but not exclusive of
genotype, differences in microhabitat within the coral and the reef itself,
external

abiotic

factors

as

water

chemistry,

light

penetration

and

temperature as well as the ecological interactions of the coral with other
organisms46 are factor also shaping those differences.
Still, the means by which those factors directly affect the composition of the
microbial ecology and its manifestations in the coral physiology and
performance of the coral reef is yet to be studied.
In general, treatments did not have a major effect shaping bacterial
population; likely, for example, because of the amounts and way of
administration of fertilizer, that were not optimal to realistically mimic sea
eutrophication.
Nonetheless, one OTU was significantly overrepresented by week 16 in the
fertilizer treatment as determined by Indicspecies, corresponding to a
member of the family Flavobacteraceae, which perhaps was boosted by the
slightly augmented levels of nutrients. Yet the results were not comparable to
other samples under to the same treatment, according to the lottery
hypothesis of community assemblage18.
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However, fertilizer was the treatment where the majority of statistically
significant OTUs appeared, leaving arguments to hypothesize that nutrients in
the cage and fertilizer treatment were rapidly consumed by the algae
growing inside the cage, leaving non or very little nutrients for symbiotic
bacteria to utilize and thus significantly grow. Accordingly, all the other
treatment specific increased OTUs may be the result of random colonization
processes boosted by sample specific conditions.
The family Flavobacteriaceae is a wide spread environmental family which
representatives are mainly present in soil, fresh and salty waters. Members in
the marine environments cluster together in 16S rRNA genes sequences in a
well-defined marine clade41, reported to play important roles in the natural
carbon cycle42, especially in surface waters, were members strongly
participate in the mineralization of primary-produced organic matter and
degradation of detritus as it sinks, giving them an important biological role in
the ocean.
Members of the Flavobacteracea family also converge around or inhabiting
the surfaces of different marine organisms, where it principally act as
commensals, opportunistic pathogens, such the case of Tenacibaculum
species43 or potentially exacerbate existing disease44.

Its metabolic

capability together with the high numbers found exclusively in the fertilizer
treatment in week 16 let me hypothesized that this member can infringe
harm or weaken A. hemprichii by the degradation of the carbon rich matrix

48
of mucus released by the coral, living it more exposed to harmful pathogens
and environmental factors as sedimentation.
Dissimilar bacterial communities associated to different genotypes of the
same coral species can provide up to 70% core genetic functionality to their
animal host18, results that agree with our observations, since differences in the
bacterial composition of the 3 different genotypes always yield healthy coral
fragments by week 16; reason to speculate that the bacterial core
metagenome was consistent with the insitu ecology of A. hemprichii and
hence helped in the maintenance of a healthy coral physiology. Three
different OTUs all belonging to the Endozoicomonas genus are part of the
core microbiome, nonetheless one of them was much more abundant than
the other two.
Water

samples

support

previous

observations

that

spatially

distinct

communities in the same habitat are more similar to each other that those in
adjacent habitats5, as they exhibit a completely different microbial profile
much more diverse than even that of coral fragments. Furthermore, from their
profile and the one coral fragment that died during the experiment was also
possible to determine that dead/dying corals imitate better microbial
composition of water and thus, as reported for some algae21, can be
reservoirs of bacteria potentially pathogenic to the healthy coral.
Time is a very complex factor, in the sense that what is displayed in the results
might or not be its real outcome but the result of uncountable and unknown
pressures affecting the coral associated microbial population; sea water
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temperature (appendix section E) which dramatically changed over the
study time frame could potentially be the “real” responsible for the reported
changes.
Time was the most important factor driving bacterial population dynamics on
A. hemprichii as evident on the taxonomy and PCoA plots, where
phylogenetic composition and abundance of OTUs were significantly
different between the initial coral state and the 16th week.
The allelopathic interactions of different coral associated bacteria and their
host has been described in some corals; with the majority of those reports
showing the negative effects that some bacteria cause over coral mucus by
releasing metabolic by-products that can severely affect the coral health. 47
Fortunately not all this interaction are negative, in fact many might have a
beneficial effect on coral physiology47,48 as many bacteria are actively
participating in biogeochemical cycles and therefore affecting coral
symbionts photosynthesis and/or coral metabolism. The ubiquitous distribution
of Endozoicomonas genus among wide spectrum of benthic marine
organisms and even corallivorous fish guts36, gives strong support to the
importance of its role as healthy coral symbionts, yet to be completely
understood.
Different members

of

the

Oceanospirillales

order include obligatory

heterotrophic rod like bacteria known for biofilm production that permit other
bacteria to colonize surfaces.36 In our results its ubiquity along coral samples
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together with its high proportions compared with other OTU’s, suggests it may
play a key symbiotic role as “architect microbe” providing a biofilm matrix
that can enable coral interactions with other microorganisms.
The consistent finding of this bacterial group intracellularly in sea slugs,
anemones, reef building corals and sponges suggests that these bacteria
occur globally in symbiotic association with different benthic marine
invertebrates34. Further studies are required to elucidate the importance of
this interaction.
Endozoicomonas belong to the halotolerant and/or halophilic order
Oceanospirillaceae (family Hahellaceae), whose members are, with only one
reported exception, entirely marine microorganisms; some, reported to
actively participate in the sulfur cycle by reoxidizing the sulfide formed by
microbial sulfate or sulfur reduction35.
Our results stimulate targeted cultivation efforts of representatives of this
clade to further investigate the interaction of heterotrophic bacteria with the
coral and like this better understand, for example the mechanisms
commanding the effective competition of pathogenic bacteria upon
mutualistic ones, the ecological and genomic information leading to
allelopathic interactions that results beneficial to the coral or the mechanisms
responsible for the successful establishment of a beneficial bacterial
symbiosis.
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APPENDICES

Appendix A.
Purification of Total DNA from Coral Tissue/ Filter (Mini Protocol)
Things to do/note before starting
●
●
●

●

●

Buffer AP1 may develop a yellow color upon storage. This does not affect
the procedure.
All centrifugation steps are carried out at room temperature (15-25˚C) in a
microcentrifuge.
Buffer AP1 and Buffer AP3/E concentrate may form precipitates upon
storage. If necessary, warm to 65˚C to redissolve (before adding ethanol
to Buffer AP3/E). Do not heat Buffer AP3/E after ethanol has been added.
Buffer AW and Buffer AP3/E are supplied as concentrates. Before using for
the first time, add the appropriate amount of ethanol (96-100%) as
indicated on the bottle to obtain a working solution.
Preheat a water bath or heating block to 65˚C.

Procedure
1.

Crush, blow, bead bit or scrape the tissue/skeleton in the sample.
Generally: crush massive corals after removing as much skeleton as
possible; blow or scrape tissue/skeleton from complex corals.
Note: Using too much skeleton for DNA isolation prevents the PCR from
working, even if you get excellent nanodrop readings. Remember, LESS IS
MORE!!

2.

Add 400µl Buffer AP1 and 4µl RNase A stock solution (100g/ml) to ~5080mg of tissue/skeleton and vortex vigorously.
Important: No tissue clumps should be visible. Vortex or pipet further to
remove any clumps!! clumps of tissue will not lyse properly and will
therefore result in a lower yield of DNA. In rare cases, where clumps
cannot be removed by pipetting and vortexing, a disposable micropestle
may be used.

3.

Incubate the mixture for 10min at 65˚C. Mix every 2min during incubation
by inverting the tube.
This step lyses the cells.

4.

Add 130µl Buffer AP2 to the lysate, mix, and incubate for 5min on ice.
This step precipitated detergent, proteins, and polysaccharides.

5.

Centrifuge the lysate for 5min at 20 000 rcf.
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6.

Pipet the lysate into the QIAshredder Mini spin column (lilac) placed in a
2ml collection tube, and centrifuge for 2min at 20 000 rcf.
The QIAshredder Mini spin column removes most precipitates and cell
debris, but a small amount will pass through and form a pellet in the
collection tube. Be careful not to disturb this pellet in step

7.

Transfer the flow-through fraction from step 6 into a new tube (not
supplied) without disturbing the cell-debris pellet.
Typically 450µl of lysate is recovered. If less lysate is recovered, determine
the volume for the next step.

8.

Add 1.5 volumes of Buffer AP3/E to the cleared lysate, and mix by
pipetting.
For example, to 450µl lysate, add 675µl Buffer AP3/E. Reduce the amount
of Buffer AP3/E accordingly if the volume of lysate is smaller. A precipitate
may form after the addition of Buffer AP3/E, but this will not affect the
DNeasy procedure.
Note: Ensure that ethanol has been added to Buffer AP3/E.
Note: It is important to pipet Buffer AP3/E directly onto the cleared lysate
and to mix immediately.

9.

Pipet 650µl of the mixture from step 8, including any precipitate that may
have formed, into the DNeasy Mini spin column placed in a 2ml collection
tube (supplied). Centrifuge for 1min at 7000 rcf and discard the flowthrough. Reuse the collection tube in step 10.

10.

Repeat step 9 with remaining sample. Discard flow-through and collection
tube.

11.

Place the DNeasy Mini spin column into a new 2ml collection tube
(supplied), add 500µl Buffer AW, and centrifuge for 1min at 7000 rcf.
Discard the flow-through and reuse the collection tube in step 12.
Note: Ensure that ethanol is added to Buffer AW.

12.

Add 500µl Buffer AW to DNeasy Mini Spin column, and centrifuge for 2min
at 20,000 rcf to dry membrane. Discard flow-through and collection tube.
It is important to dry the membrane of the DNeasy Mini Spin column since
residual ethanol may
interfere with subsequent reactions. This
centrifugation step ensures that no residual ethanol will be
carried
over during elution. After washing with Buffer AW, the DNeasy Mini spin
column membrane is usually only slightly colored. In the rare case that the
membrane remains significantly colored after washing with Buffer AW,
refer to “darkly colored membrane of green/yellow eluate after washing
with Buffer AW” in the Troubleshooting Guide on page 45 of DNeasy Plant
Handbook.
Note: Following the centrifugation, remove the DNeasy Mini Column does
not come into contact with the flow-through, as this will result in a
carryover of ethanol.
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13.

Transfer the DNeasy Mini Spin column to a 1.5mL or 2mL microcentrifuge
tube (not supplied). Open the DNeasy Mini Spin column and let sit for
5min.
This step ensures that any residual ethanol evaporates.

14.

Pipet 50µl of Buffer AE directly onto the DNeasy membrane. Incubate for
5min at room temperature (15-25˚C), and then centrifuge for 1min at 7000
rcf to elute.
Buffer AE can be heated to 65˚C before application to the DNeasy
membrane to increase yield.
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Appendix B

Bioinformatics analysis. Mothur v.1.25.0 workflow
1. mothur > trim.flows(flow=combined.flow, oligos=samples.oligos.txt, pdiffs=2,
bdiffs=1, processors=8)
2. mothur > shhh.flows(file=combined.flow.files, processors=8)
3. mothur > trim.seqs(fasta=combined.shhh.fasta.ptrim,
name=combined.shhh.names, oligos=../samples.oligos.txt, pdiffs=2, bdiffs=1,
maxhomop=8, minlength=200, flip=T, processors=8)
4. mothur > unique.seqs(fasta=current, name=current)
5. mothur > align.seqs(fasta=current, reference=silva/silva.bacteria.fasta,
processors=8)
6. mothur > screen.seqs(fasta=combined.shhh.fasta.trim.unique.align,
name=combined.shhh.fasta.trim.names, group=combined.shhh.fasta.groups,
end=34113, optimize=minlength, criteria=98, processors=8)
7. mothur > filter.seqs(fasta=current, vertical=T, trump=., processors=8)
mothur > unique.seqs(fasta=current, name=current)
8. mothur > pre.cluster(fasta=current, name=current, group=current, diffs=2)
9. mothur > chimera.uchime(fasta=current, name=current, group=current,
processors=8)
10. mothur >
remove.seqs(accnos=combined.shhh.fasta.trim.unique.good.filter.unique.precluster.
uchime.accnos, fasta=current, name=current, group=current)
11. mothur >
classify.seqs(fasta=combined.shhh.fasta.trim.unique.good.filter.unique.precluster.pic
k.fasta, template=trainset7_112011.rdp.fasta, taxonomy=trainset7_112011.rdp.tax,
cutoff=80, processors=8)
12.
remove.lineage(fasta=combined.shhh.fasta.trim.unique.good.filter.unique.precluster
.pick.fasta,
name=combined.shhh.fasta.trim.unique.good.filter.unique.precluster.pick.names,
group=combined.shhh.fasta.good.pick.groups, taxonomy=trainset7_112011.rdp.tax,
taxon=Mitochondria-Chloroplast)
13. system(cp
combined.shhh.fasta.trim.unique.good.filter.unique.precluster.pick.pick.fasta
final.fasta)
14. system(cp combined.shhh.fasta.good.pick.pick.groups final.groups)
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15. system(cp
combined.shhh.fasta.trim.unique.good.filter.unique.precluster.pick.pick.names
final.names)
16. dist.seqs(fasta=final.fasta, cutoff=0.15, processors=8)
17. cluster(column=final.dist, name=final.names)
18. make.shared(list=final.an.list, group=final.groups, label=0.03)
19. classify.seqs(fasta=final.fasta, template=trainset7_112011.rdp.fasta,
taxonomy=trainset7_112011.rdp.tax, group=final.groups, name=final.names,
cutoff=60, processors=8)
20. classify.otu(list=final.an.list, name=final.names, taxonomy=final.rdp.taxonomy,
label=0.03, cutoff=60)
21. sub.sample(shared=final.an.shared, persample=T, size=1583, fasta=final.fasta,
name=final.names, group=final.groups)
22. dist.seqs(fasta=final.subsample.unique.fasta, output=lt, processors=8)
23. clearcut(phylip=final.subsample.unique.phylip.dist)
24. collect.single(shared=final.an.shared, calc=sobs-chao-shannon-shannoneveninvsimpson-ace-simpsoneven, freq=100)
25. summary.single(shared=final.an.0.03.subsample.shared, calc=sobs-chaoshannon-shannoneven-invsimpson-ace-simpsoneven)
26. cluster(phylip=final.subsample.unique.phylip.dist, cutoff=0.10)
27. make.shared(list=final.an.list, group=final.groups, label=0.03)
28. tree.shared(shared=final.an.shared, calc=thetayc-jclass)
29. unifrac.unweighted(tree=final.subsample.unique.phylip.tre,
name=final.subsample.names, group=final.subsample.groups, distance=lt,
processors=7, random=F)
30. system(mv final.subsample.unique.phylip.tre1.unweighted.phylip.dist
unifrac.unweighted.ALL-SAMPLES.txt)
31. unifrac.weighted(tree=final.subsample.unique.phylip.tre,
name=final.subsample.names, group=final.subsample.groups, distance=lt,
processors=8, random=F)
32. system(mv final.subsample.unique.phylip.tre1.weighted.phylip.dist
unifrac.weighted.ALL-SAMPLES.txt)
33. pcoa(phylip=unifrac.unweighted.ALL-SAMPLES.txt)
34. pcoa(phylip=unifrac.weighted.ALL-SAMPLES.txt)
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Appendix C
Post hoc Fish LDS test results for genotypes

Fisher LSD. Inverse Simpson Diversity (one way in parametric statistics ANOVA)
Time

Genotype

1

2

3

4

5

1

T1

A

2

T1

B

NS

3

T1

C

NS

NS

4

T5

A

***

***

***

5

T5

B

***

*

***

***

6

T5

C

NS

NS

NS

***

6

***

NS: No statistical significance ; * < 0,05 Barely Significant ; ** < 0,001 Significant ; *** <0,0001 Highly Significant

1
2
3
4
5
6

Fisher LSD. Simpson Eveness (one way in parametric statistics ANOVA)
Time
Genotype
1
2
3
4
5
T1
A
T1
B
NS
T1
C
NS
NS
T5
A
NS
NS
NS
T5
B
NS
*
NS
*
T5
C
NS
*
NS
**

6

NS

NS: No statistical significance ; * < 0,05 Barely Significant ; ** < 0,001 Significant ; *** <0,0001 Highly Significant

1
2
3
4
5
6

Fisher LSD. Chao1 Index (one way in parametric statistics ANOVA)
Time
Genotype
1
2
3
4
5
T1
A
T1
B
NS
T1
C
NS
NS
T5
A
**
**
**
T5
B
***
***
***
NS
T5
C
NS
NS
NS
NS
***

6

NS: No statistical significance ; * < 0,05 Barely Significant ; ** < 0,001 Significant ; *** <0,0001 Highly Significant
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Appendix D
Principal component analysis. Weighted and unweighted Unifact, with and without water
samples.

1. weighted Unifrac, Coral samples only.

weighted Unifrac. Principal component analysis displays treatments and sampling times. T1:
Week 1, T5: Week 16. Circle represents cage treatment, triangle, cage and fertilizer and
square fertilizer. Axis x and y represent the two most important variables determining the
distribution of the data.
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2. Weighted Unifrac. Coral samples and water

weight Unifrac. Principal component analysis displays treatments and sampling times. T1:
Week 1, T5: Week 16. Circle represents cage treatment, triangle, cage and fertilizer and
square fertilizer. Axis x and y represent the two most important variables determining the
distribution of the data.
3. Unweight Unifrac. Coral samples and water.
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Unweight Unifrac. Principal component analysis displays treatments and sampling times.
T1: Week 1, T5: Week 16. Circle represents cage treatment, triangle, cage and fertilizer
and square fertilizer. Axis x and y represent the two most important variables determining
the distribution of the data.
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Appendix E
Temperature
Sea water temperature was measured with loggers attached to each of the frames utilized
in the study, average temperatures from 4 months was calculated to the entire reef making
the average value from all the different loggers.

CENTIGRADES

Average Temperature study site
33.00
32.00
31.00
30.00
29.00
28.00
27.00
26.00

Day

1 2

4

8
WEEKS

1
6

