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ABSTRACT
Genetic differentiation across multiple spatial scales of the Red Sea of the corals
Stylophora pistillata and Pocillopora verrucosa
Alison A Monroe
Observing populations at different spatial scales gives greater insight into the
specific processes driving genetic differentiation and population structure. Here we
determined population connectivity across multiple spatial scales in the Red Sea to
determine the population structures of two reef building corals Stylophora pistillata and
Pocillopora verrucosa. The Red sea is a 2,250 km long body of water with extremely
variable latitudinal environmental gradients. Mitochondrial and microsatellite markers
were used to determine distinct lineages and to look for genetic differentiation among
sampling sites. No distinctive population structure across the latitudinal gradient was
discovered within this study suggesting a phenotypic plasticity of both these species to
various environments. Stylophora pistillata displayed a heterogeneous distribution of
three distinct genetic populations on both a fine and large scale. Fst, Gst, and Dest were all
significant (p-value<0.05) and showed moderate genetic differentiation between all
sampling sites. However this seems to be byproduct of the heterogeneous distribution, as
no distinct genetic population breaks were found. Stylophora pistillata showed greater
population structure on a fine scale suggesting genetic selection based on fine scale
environmental variations. However, further environmental and oceanographic data is
needed to make more inferences on this structure at small spatial scales. This study
highlights the deficits of knowledge of both the Red Sea and coral plasticity in regards to
local environmental conditions.
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1. Introduction
Genetic differentiation can be strongly influenced across spatial scales and the
underlying mechanisms that create them. Many factors, both biotic and abiotic, that
influence marine populations occur at variable spatial scales and studies conducted at
only one scale can fail to detect important processes that influence recruitment,
settlement, and survival (Gorospe and Karl 2013). Understanding how coral communities
are connected and what environmental factors influence their population structure can
help in identifying threats to coral health, and eventually aid in management and
conservation (Underwood et al. 2007; Gorospe and Karl 2013).
Corals create the fundamental structure of coral reef ecosystems, yet they only thrive
under specific environmental conditions. Coral populations can easily be altered by
changes in salinity, light attenuation, and temperature. The Red Sea has thriving coral
communities despite the presence of strong environmental gradients that create
conditions outside what is considered the normal coral survival range. They originate
from the seasonal circulation of water from the Indian Ocean through the Strait of Bab al
Mandeb, a lack freshwater input throughout the sea, and high evaporation rates (Sofianos
and Johns 2002; Raitsos et al. 2013). These processes create an average decreasing
salinity gradient, 41 to 37 PSUs, and an increasing yearly average temperature gradient,
21°C to 33.8°C, from north to south (Sofianos and Johns 2002, 2007; Raitsos et al. 2013;
Robitzch et al. 2015). Along with these conditions the southern Red Sea experiences
seasonal influxes of nutrients due to monsoons in Yemen that create a turbid marine
environment (Raitsos et al. 2013). Several studies have found links between these
environmental factors and population structure of marine species including sponges and
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coral reef fish (Nanninga et al. 2014; Giles et al. 2014). These studies show a distinct
genetic break in their respective populations at 19°N latitude, south of which is the water
primarily affected by both the monsoons and seasonal influxes of Indian Ocean seawater
(Nanninga et al. 2013). Except for a slight increase in the past decade, the Red Sea
continues to be understudied despite its unique oceanographic and environmental
characteristics and high endemism (Berumen et al. 2013; DiBattista et al. 2013; Raitsos et
al. 2013).
Stylophora pistillata and Pocillopora verrucosa are two hermatypic corals from
the Pocilloporidae family found in the Red Sea, the Indian Ocean, and the Pacific (Veron
and Pinchon 1976). Many studies have focused on their large-scale distributions and
genetic structure using allozyme, nuclear, and mitochondrial markers (Nishikawa et al.
2003; Takabayashi 2003; Klueter and Andreakis 2013). Only one has been conducted in
the Red Sea on P. verrucosa with microsatellites, but the most southern and northern
geographical regions were excluded (Robitzch et al. 2015). This study found a lack of
genetic variation in P. verrucosa suggesting acclimation to different environments
through phenotypic plasticity, which is corroborated by the Sawall et al. (2015) study
conducted on P. verrucosa along the entire Red Sea. Novel microsatellites for S. pistillata
were only recently described by Banguera-Hinestroza et al.. (2013). Past studies on S.
pistillata genetic variation used only nuclear and mitochondrial markers, and found
panmictic populations at large spatial scales (Takabayashi et al.. 2003; Klueter and
Andreakis 2013). Microsatellites are a useful tool for determining genetic population
structure and relatedness of organisms with complex reproductive strategies, and have
been underutilized with theses coral species (Selkoe and Toonen 2006).
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Stylophora pistillata is a brooding coral releasing fertilized planula larvae into the

water column for settlement while P. verrucosa uses broadcast spawning of gametes for
reproduction. Both are hermaphrodites with a history of using exclusively sexual means
of reproduction despite many species in the Pocilloporidae family displaying highly
asexual reproductive tendencies (Nishikawa et al. 2003; Maier et al. 2005; Pinzon et al.
2012; Gorospe and Karl 2013; Robitzch et al. 2015). Both species are highly abundant
throughout the Red Sea down to approximately 20m contributing majorly to the
community structure of the reef flat, crest, and slope. Despite being highly susceptible to
extreme environmental changes, especially those causing major bleaching events and
decreases in light availability, both continue to thrive (Marshall and Baird 2000; Furby et
al. 2013; Ziegler et al.. 2014).
In this study we used microsatellite markers to analyze the genetic population
structure of the coral species S. pistillata and P. verrucosa on a large scale spanning
approximately 2,000km and a fine scale ranging from 1m to 8km. We also looked for
clonal reproduction within both species and across both spatial scales due to lack of
evidence found by Robitzch et al.. (2015). Mitochondrial markers were used to ensure all
individuals came from one genetic lineage and to exclude any cryptic species that may
bias genetic analyses. On the large scale, genetic differentiation was observed over
different regions representing the latitudinal environmental gradient. We expect to find a
genetic break in both species at 19°N as found in other population genetic studies on the
Red Sea. We also hypothesize that S. pistillata will display a population break between
the northern sites of WAJ and MAQ due to its short dispersal distance before settlement
as a brooding coral. On the fine scale, populations were compared against environmental
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conditions with greater daily variance. Samples were purposely collected at a smaller
spatial scale (<1m) to discover any evidence of clonal reproduction in both species. We
hypothesized that no population structure would be found on such a small scale, but
clonality would be found in both species resulting from fragmentation. The study
provides greater insight into the population structure of both species on small and large
spatial scales. This combined with possible insight into dispersal of genetically
differentiated recruits based on multiple spatial scales of abiotic factors can provide
greater knowledge of coral recruitment in the Red Sea. Recruitment will become more
and more important if wide scale bleaching events such as those from 2010 and 2015
continue to devastate reef building corals (Furby et al. 2013).

2. Materials and Methods
2.1 Coral Sampling, Large Scale
Coral branches up to 10cm in length of P. verrucosa and S. pistillata were
collected from 2011 to 2013 at 12 reefs from 5 different geographical locations along the
Saudi Arabian coast of the Red Sea. These included from north to south: Maqnah
(MAQ), Al Wajh (WAJ), Jeddah (JED), Doga (DOG), and the Farasan Islands (FAR).
Between 1 and 3 reefs were sampled at each site with approximately 20-30 samples from
each reef (Table 1). All samples were fixed in DMSO solution and stored at -20°C
(Robitzch et al. 2015). Samples were collected at least 5m distance from each other to
reduce the likelihood of unintentionally collecting clones.
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Table 1. Sampling Sites, Coordinates, number of samples collected at each reef (nreef),
and number of P. verrucosa haplotype individuals at the large scale.
Stylophora
nreef

Pocillopora
nreef

Pocillopora
H3

Pocillopora
H7

Site

Reef

Latitude

Longitude

MAQ

M1

28°31'34.20"

34°48'14.30"

27

29

15

14

M2

28°,25´,36.48"

34°,45´,06.17"

30

30

22

8

W1

26°11'15.05"

36°20'57.21"

20

20

13

7

W3

26°14´28.3"

36°,26´,25.3"

20

20

14

6

W4

26°11´06.2"

36°, 22´, 58.9"

20

20

10

10

J1

21°45'11.40"

38°57'45.90"

20

20

13

7

J2

21°,46´,06.3"

38°,57´,47.7"

20

20

18

2

J3

21° 46' 26.2''

38° 13' 84.6''

20

20

14

6

D1

19°38'06.40''

40°34'31.30''

20

20

12

8

D2

19°36'50.50''

40°38'17.50''

20

20

14

6

D3

19°39'56.49"

40°37'21.59"

20

20

18

2

F4

16°31'38.5"

42°01'54.9"

30

30

27

3

267

269

190

79

WAJ

JED

DOG

FAR
Total

2.2 Coral Sampling, Fine Scale
Small coral fragments of P. verrucosa and S. pistillata were collected from a
midshelf reef off the shore from KAUST in the central Red Sea. In June 2015 40 samples
of each species were collected from each of the four locations: north exposed (N22°
17.261, E038° 57.546), south exposed (N22° 13.784, E038° 57.825), north sheltered
(N22° 18.279, E038° 57.885), and south sheltered (N22° 13.844, E038° 58.050). A total
of 157 P. verrucosa samples and 160 S. pistillata samples were collected from Al Fahal
reef. The North and South sites were separated by approximately 8km, while the exposed
and sheltered sides were approximately 1km apart, separated by the width of the reef flat.
These four within reef sites were sampled for their different environmental parameters
and their variable distances. At each site corals were collected from four 10x10m
quadrats. Random coordinate sampling within the quadrat was used when applicable to
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collect 10 corals of each species, a slight variation on the random sampling method
described in Baums et al. (2005) (Pinzon et al.. 2012). Random numbers were obtained
through the random number generator function in Microsoft Excel (Microsoft
Corporation, Redmond, Washington, USA) and used as coordinates in the square
quadrats (Baums et al. 2005). The colony under each coordinate was sampled until 10
samples of each species were collected. Then a new 10mx10m quadrat was created right
next to the previous sampling area and the process started anew. If there was no colony
under the coordinate then the next random coordinate was used. No colony was sampled
twice and in areas with limited species availability colonies were sampled haphazardly
(Baums et al. 2005). The sampling method ensured that within a site samples were
located no more than 50m distance apart. Samples were put in separate bags of seawater
underwater and stored on the boat. Upon returning to the lab the fragments were broken
into smaller pieces, which were stored in ethanol at 4°C.

2.3 DNA Extraction
Large Scale
DNA was extracted using the Qiagen DNeasy Mini Plant Kit following Robitzch
et al. (2015). Extraction deviated only slightly from the manufacturer’s protocols. Coral
pieces were first bead-beaten with 0.5mm glass beads (Biospecs) and Qiagen lysis buffer
AP1 at 30Hz frequency for 90s using the Qiagen Tissue Lyser II before following the
kit’s protocol (Robitzch et al. 2015). DNA concentrations were measured with the
NanoDrop 2000 (ThermoScientific). Diluted aliquots were used for both mitochondrial
(1:50) and microsatellite (10-50ng/µl) analysis.
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Fine Scale
DNA was extracted using the Qiagen Blood and Tissue extraction kit following
the protocols in the kit’s manual. Small fragments cut from the coral samples with bone
cutters were lysed in a hot water bath at 56°C for 3-5 hours. In the final step samples
were eluted twice with 100µl of Qiagen’s AE Buffer. Again DNA concentrations were
measured with the NanoDrop 2000 (ThermoScientific). Diluted aliquots were used for
both mitochondrial (1:50) and microsatellite (10-50ng/µl) analysis based on concentration
values.

2.4 Mitochondrial open reading frames (mORFs)
All samples were diluted 1:50 with TE buffer prior to primer amplification with
mitochondrial open reading frames (mORFs). Pocillopora verrucosa was amplified with
FATP6 and RORF, primers developed by (Flot and Tillier 2007) for the genus
Pocillopora. Stylophora pistillata was amplified with RCOI3 and FNAD5 due to the
inability of FATP6 and RORF primers to distinguish between different Stylophora
lineages found in the Indo-Pacific and Red Sea (Flot et al.. 2008; Stefani et al. 2011). All
samples were amplified using a polymerase chain reaction (PCR) of 12µl, with 7.5µl of
Qiagen PCR mastermix, 1.5µl of each primer, 1µl of DNA aliquot, and 3.3µl of water.
Pocillopora verrucosa samples were run on the thermocycler on the following program:
95°C for 15 min, 40 cycles of 94°C for 30s, 53°C for 90s, and 72°C for 90s, with a final
elongation of 72°C for 10min. Stylophora pistillata was run on a similar program, except
with an annealing temperature in the middle at 54°C for 90s. Sequences were purified
using 7µl of PCR product combined with 1µl of Illustra ExoStar 1-step (Biotech) and run
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on the thermocycler at 37°C for 15min and 80°C for 15min. The resulting product was
then submitted to the Bioscience Core lab at KAUST for bidirectional Sanger
sequencing. Resulting forward and reverse sequences were combined into contigs using
CodonCodeAligner (Codon-Code Corporation, Centerville, MA, USA). Only high
quality, unambiguous contigs were exported into MEGA 5.1 for alignment, trimming,
and checking for indels (Tamura et al. 2011). Aligned sequences were combined with
mitochondrial sequences from GeneBank. Species in the genus Pocillopora have
extremely plastic morphological features that make it hard to distinguish between species
underwater making identification through genetic markers a necessity (Pinzon et al.
2013). Based on the findings by Pinzon et al. (2013) our P. verrucosa sequences were
compared against type 3 and type 7 mitochondrial sequences: two divergent lineages that
create a homogeneous population structure within the Red Sea discernable only through
genetic analysis. The genus Stylophora has a similar morphological plasticity and genetic
divergence across the Red Sea and Indo-Pacific (Stefani 2011). Stylophora pistillata was
compared to cryptic species A, B, and C found throughout the Indo-Pacific, and
sequences derived from confirmed Red Sea samples of S. pistillata (Stefani et al. 2011).
All sequences were imported into DNAsp (Librado and Rozas, 2009) to find distinct
haplotypes. The data was exported to network (Bandelt et al.. 1995) where a median
joining tree was created. Using samples from separate lineages could severely skew
results by creating separate populations based on the presence of two different species.
Therefore only haplotypes from the same lineage in each species were used in the
subsequent analyses. For P. verrucosa population structure analysis was run on only type
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3 samples based on Robitzch et al. (2015) and due to its greater abundance over type 7
samples.

2.5 Microsatellite PCRs and analysis
All samples were diluted to a DNA concentration of 10-50ng/µl prior to
microsatellite PCRs. 12 primer pairs developed by Magalon et al. (2004) and Starger et
al. (2008) and tested by Robitzch et al. (2015) were used on the P. verrucosa samples.
Forward primers were labeled with different fluorescence and primer pairs were
separated into 4 different multiplexes (Mlplx) for PCR amplification (Table 2). PCR
reactions consisted of 10µl with 5µl of Qiagen Master mix, 1µl of DNA, 0.125µl of each
primer, and the remaining amount was filled by water based on how many primer pairs in
each multiplex. The PCR conditions for Multiplexes 1,2,and 3 were 95°C for 15min, 10
cycles of 94°C at 60s, 57°C (-0.2°C/cycle), 72°C for 60s, followed by another 13 cycles
of 94°C for 60s, 55°C for 90s, 72°C for 60s, with a final elongation of 72°C for 30 min.
Multiplex 4 PCR thermocycler conditions were as follows: 95°C for 15min, 10 cycles of
94°C at 60s, 52°C (-0.2°C/cycle), 72°C for 60s, followed by another 13 cycles of 94°C
for 60s, 51°C for 90s, 72°C for 60s, with a final elongation of 72°C for 30 min. PCR
products were run through the QIAxcel DNA High Resolution kit to confirm
amplification. Based on strength of fragment amplification, samples were diluted either
1:50 or 1:30 with MilliQ water (EMD Millipore Corporation).
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Table 2. Microsatellites for Pocillopora used in this study including their number of
alleles (Na), observed (Ho) and expected heterozygosity (He), and reasons for exclusion
from final analysis
Name

Allele Length

Dye

Mlplx #

Na

Ho

He

Pd1

194-206

AT565

1

7

0.636

0.512

Pd2

159-202

AT550

1

8

0.67

0.644

Pd4

156-180

FAM

3

7

0.941

0.712

Pd5

189-237

FAM

2

19

0.963

0.797

Pd6

186-296

HEX

3

14

0.897

0.791

Pd7

162-352

AT565

4

17

0.734

0.695

Pd8

161-185

FAM

1

9

0.846

0.719

Pd9

329-344

HEX

4

6

Pv2

119-263

HEX

2

48

0.486
-

0.497
-

Pv5

231-239

AT550

2

6

Pv6

203-221

AT550

3

9

Pv7

231-239

AT565

1

6

0.686
-

Exclusion

null alleles, HW-deviations

-

null alleles, stuttering, HW-deviations

-

HW-deviations

0.6

17 primer pairs developed by Banguera-Hinestroza et al.. (2013) with S. pistillata
samples from the Red Sea were used for S. pistillata microsatellite analysis in this study.
These were also separated into four multiplex mixes based on size range and fluorescence
(Table 3). All mixes were run through the thermocycler with the program 95°C for
15min, 25 cycles of 94°C for 30s, 60°C for 90s, and 72°C for 60s, and ending with a final
extension of 60°C for 30min. Amplification of the PCR product was confirmed using the
Qiaxcel and PCR products were diluted either 1:50 or 1:30 with MilliQ water (EMD
Millipore Corporation) depending on amount of PCR amplification. These dilutions were
submitted to the Bioscience Core Lab at KAUST for microsatellite fragment analysis
using a Sanger ABI 3730XL to determine fragment length.
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Table 3. Microsatellites for Stylophora used in this study including their number of
alleles (Na), observed (Ho) and expected heterozygosity (He), and reasons for exclusion
from final analysis

Name

Allele Length

Dye

Mlplx #

Na

Ho

He

Exclusion

Stylo17

161-179

6-FAM

3

27

-

-

HW-deviations

Stylo19

165-179

PET

1

13

-

-

HW-deviations

Stylo26

179-203

VIC

4

20

-

-

Null alleles, few amplifications, HW-deviations

Stylo32

197-209

NED

1

12

-

-

HW-deviations

Stylo39

232-244

6-FAM

2

23

Stylo41

254-258

6-FAM

4

5

0.779
-

0.799
-

HW-deviations

Stylo43

253-263

6-FAM

3

11

Stylo45

260-290

PET

4

21

0.855
-

0.773
-

Null alleles, HW-deviaitons

Stylo48

261-283

PET

3

18

0.866

0.865

Stylo55

286-302

VIC

3

9

0.747

0.819

Stylo59

284-288

NED

2

9

0.882

0.729

Stylo72

89-137

6-FAM

2

19

0.899

0.89

Stylo73

154-226

6-FAM

4

26

0.948

0.919

Stylo78

165-177

PET

2

17

0.899

0.79

Stylo80

190-214

VIC

2

14

0.948

0.863

Stylo82

228-240

6-FAM

1

16

Stylo95

284-308

VIC

4

14

0.931
-

0.881
-

Null alleles, HW-deviaitons

ABI files received from the Bioscience Core Lab were imported into Geneious
version 8.1.7 (Kearse et al. 2012) for microsatellite analysis. Alleles were manually
scored at least three times. Samples with little to no amplification were removed from the
dataset. Alleles were exported into Excel and clones with up to 4 loci mismatches were
identified using the Microsatellite Toolkit 3.1.1(Park 2001). Clones were removed from
the dataset so that only one of each multi-locus genotype (MLG) remained. The dataset
was then converted to Microchecker format using GenAlEx 6.5 (Peakall and Smouse,
2012). Null alleles, errors in scoring due to stuttering, and large allele dropouts were
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discovered using Microchecker 2.2.3 (Van Oosterhout et al. 2004). The file was imported
back into GenAlEx, which was used for all file format conversions. Hardy Weinberg
equilibrium (HWE), Linkage Disequilibrium (LD), and genetic differentiation were all
calculated using the web version of GENEPOP (Raymond and Rousset 1995). All other
measurements of population differentiation were calculated using GenAlEx 6.5 (Peakall
and Smouse, 2012) including an AMOVA to determine population wide fixation indices,
and pairwise Dest, Gst, and Fst. The GenAlEx file was then converted using PDG Spider
2.0 (Lischer and Excoffier 2012) to STRUCTURE format. STRUCTURE 2.2.3 (Pritchard
et al. 2000; Falush et al. 2003,2007; Hubisz et al. 2009) was used as another assessment
of population structure, this time using Bayesian multi-locus clustering. The preliminary
run was performed with 5000 burn in and 10,000 MCMC steps for K=1 to K=6 for the
large scale and K=1 to K=5 for the large scale with 3 iterations for all species and
sampling scales. STRUCTURE HARVESTER’s (Earl and VonHoldt 2012) Evanno
method was used to determine the number of subpopulations, or K in this case. Based on
the preliminary results a final calculation with 50,000 burn ins, 100,000 MCMC, K=1-5,
and 5 iterations was run. Based on the K provided by STRUCTURE HARVESTER (Earl
and VonHoldt 2012) for each species and sampling scale the iterations for that K were
combined using CLUMPAK (Kopelman et al., 2015) to create a graphical output.

3. Results
3.1 mORF lineages
All samples were tested using mitochondrial markers based on the findings of
multiple lineages creating cryptic species in both P. verrucosa by Pinzon et al. (2013),
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and S. pistillata by Stefani et al. (2011). All S. pistillata samples were compared against
four sequences representative as lineages identified as those from the Red Sea, Species A,
Species B, and Species C. These species all exhibit morphologically similar appearance
yet cannot interbreed and therefore are from separate phylogenetic lineages. Only one
sample across all our studies was found to be species A, and therefore from a separate
lineage. This sample was removed for subsequent analysis to prevent skewed data. The
sample was found within the Maqnah reef sites, the furthest distance from the normal
distribution of species A, which is found in the Indian Ocean.
P. verrucosa samples were tested against all haplotypes found in GeneBank
described by Pinzon et al. (2013) and Robitzch et al. (2015). As described in Robitzch et
al. (2015) 6 distinct haplotypes were found spread evenly across sample sites from both
the fine scale and large scale sites of the Red Sea. Type 3 haplotypes were grouped
together into one haplotype based on lineage placement by Network (Bandelt et al..
1995). Type 3 consisted of haplotypes previously identified by Pinzon et al. (2013) and
Robitzch et al. (2015) (GenBank accession numbers: Pinzon et al.: JX994083; JX994080;
and JX994075; Robitzch et al.: KP238127; KP238128). The type 7 haplotype also
described by Pinzon et al. (2013) was identified in all our sampling sites (GenBank
accession number: JX994084). Based on Network analysis the tree showed a divergent
lineage between type 7 and type 3, similar to the tree found in Pinzon et al. (2013). Out of
the 269 P. verrucosa samples 190 were considered type 3, while a smaller amount of 79
individuals were attributed to the type 7 lineage (Table 1). In order to prevent bias based
on cryptic species all samples from the type 7 lineage, in both spatial scales, were
removed from the main dataset (Robitzch et al. 2015).

	
  

20	
  

3.2 Clonality
Following mitochondrial analysis, all remaining samples were tested for identical
multi-locus genets (MLG). On the large scale clones were found only at the Jeddah reef
sites. For P. verrucosa two sets of clones (J3P17,J3P15 and J3P3, J3P2) were collected.
The first set had 21/24 matching loci while the second had 20/24 matching loci. For S.
pistillata two sets of clones were again found (J3S15, J3S13, J3S10 and J1S9, J1S8) with
100% matching at all 24 loci. On the fine scale we found slightly more clones in a
smaller population, but not a significant number for the amount of samples collected at
Al Fahal reef. Eight clonal colonies were found for both species and all clones were
collected from the sheltered sites. Three sets of P. verrucosa clones (P50, P43, P49, P48
and P88, P91 and P69, P59) were collected from the southern sheltered side of the reef.
Four sets of S. pistillata clones (S113, S111 and S108, S104 and S94, S83 and S99, S84)
were collected from the northern sheltered site. Copies of each clone were removed for
further analysis so that only one representative of that MLG was present.

3.3 Population Structure
Pocillopora verrucosa, Large-Scale
12 microsatellites were used to assess the population structure of P. verrucosa
samples collected from the length of the Red Sea and, on a finer scale, from around the
centrally located reef Fahal. Out of the 12 only 9 were selected for subsequent analysis.
Two were removed due to null alleles and stuttering errors. One displayed strong
deviations from HWE and was therefore removed (Table 2). Significant linkage
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disequilibrium (LD) was observed between the loci Pd8 and Pv6, and Pv6 and Pd4. This
LD was only found in the Jeddah region of sampling out of all 5 regions. No other studies
on these markers for Pocillopora found significant LD between these markers so they
were not excluded. (Starger et al. 2008, 2010; Souter 2010; Combosch and Vollmer 2011;
Robitzch et al. 2015). No heterozygote deficiencies were found within the remaining loci.
Fixation indices to assess genetic variation within all sites of the large-scale study
were measured using the AMOVA by GenAlEx (Peakall and Smouse). Fst yielded the
highest value and the only significant p-value (subpopulation to total population=0.007,
p-value=0.002). Both Fis (Individual to subpopulation=-0.101) and Fit (Individual to
total=-0.093) yielded negative values and high p-values (p-value=1.000). Genic and
genotypic differentiation tests were run via GENEPOP web version (Raymond and
Rousset). Significant differences were found between DOG and all other sites. This also
occurred between FAR and WAJ, and FAR and JED.
Despite the common application of Fst values to determine genetic differentiation,
it is not the most reliable statistic and can often underestimate the true difference between
populations (Hedrick 1999; Jost 2008; Bird et al. 2011; Robitzch et al. 2015). Therefore
we included other indices of genetic differentiation to determine the magnitude of
divergence. Pairwise Gst (Hedrick 1999), Dest (Jost 2008), and Fst were calculated and
compared between each of the five sampling regions along the length of the Red Sea
(Table 4). All genetic differentiation tests found significant differences between DOG,
FAR, and the other regions (p-value<0.05). However the indices were still low, between
0.009 at the low end and .040(Dest for DOG vs FAR) at the highest end (Table 4).
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This suggests slight genetic differentiation between the southern regions and the rest of
the Red Sea, but doesn’t point to any clear population breaks. To further test this
hypothesis we used STRUCTURE analysis to determine the number of probable
populations. After several runs, it was determined using run K=1-5 and the Evanno
Method on STRUCTURE HARVESTER (Earl and Vonholdt 2012) that K=2 for the
sampled Red Sea P. verrucosa population (Figure 1). Slight differentiation between the
southernmost reefs and the rest of the Red Sea was again found using STRUCTURE
analysis, however P. verrucosa showed a primarily homogenous distribution along the
entire sampled area.
Table 4. Pairwise Fst, Gst, and Dest values below the diagonal, p-values above the
diagonal for the large scale study of P. verrucosa. Significant p-values (<0.05) noted with
a (*)

Fst
MAQ
WAJ
JED
DOG
FAR

MAQ
0.006
0.008
0.009
0.010

WAJ
0.368
0.007
0.009
0.013

JED
0.058
0.257
0.009
0.011

DOG
0.014*
0.013*
0.015*
0.017

FAR
0.091
0.007*
0.024*
0.001*
-

MAQ
WAJ
JED
DOG
FAR

MAQ
0.000
0.002
0.004
0.003

WAJ
0.368
0.001
0.004
0.006

JED
0.058
0.257
0.004
0.004

DOG
0.014*
0.013*
0.015*
0.010

FAR
0.090
0.007*
0.022*
0.001*
-

MAQ
WAJ
JED
DOG
FAR

MAQ
0.002
0.010
0.014
0.011

WAJ
0.368
0.004
0.014
0.025

JED
0.058
0.257
0.015
0.019

DOG
0.013*
0.013*
0.013*
0.040

FAR
0.090
0.007*
0.022*
0.001*
-

Gst

Dest
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Figure 1. Pocillopora verrucosa STRUCTURE plot for the large scale study, K=2
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WAJ

JED

DOG

FAR

Stylophora pistillata, Large-Scale
17 microsatellites were used to determine the genetic structure of S. pistillata on
both fine and large spatial scales in the Red Sea. Out of the 17 tested only 10 were used
in analysis of population structure and genetic differentiation. Three were removed due to
null alleles caused by heterozygote deficiencies and probable HWE deviations. Four
others were removed due to strong deviations from HWE and significant linkage
disequilibrium (Table 3). Linkage disequilibrium was also found between several other
loci including: Stylo82 and Stylo39, Stylo72 and stylo59, Stylo72 and Stylo78, Stylo39
and Stylo78, as well as Stylo78 and Stylo43. When broken down by site, linkage
disequilibrium was only found at one site per coupling. No significant LDs were found in
the above microsatellite markers by Banguera-Hinestroza et al.. (2013), and
consequently, the loci were retained for subsequent analysis. No significant heterozygote
deficiencies were found in the remaining loci.
Fixation indices were again tested using the GenAlEx AMOVA for all large scale
sites along the Red Sea. Both Fst (subpopulation to total=0.021, p-value= 0.001) and Fit
(individual to total=0.018, p-value=0.013) showed significant results. While Fis
(individual to subpopulation=-0.003, p-value=0.665) values were the lowest among the
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three. The individuals compared to the total population, and the subpopulations compared
to the total population were significantly varied. However, the individuals within the
subpopulation showed no significant genetic variation.
As explained above, pairwise Gst, Dest, and Fst values were employed to compare
genetic differentiation among the five sampling sites. All tests found significant genetic
divergence between all sampling sites (p-value<0.002) (Table 5). Dest values were again
the highest reaching values of 0.177, a pairwise comparison between JED and FAR
(Table 5). The low, yet significant Fst and Gst values suggest genetic differentiation
between all sites but no clear population breaks between regions. To confirm this
observation the data was run through STRUCTURE. Through several runs and analysis
using STRUCTURE HARVESTER it was determined that K=3 (Figure 2). However, all
3 populations showed a heterogeneous distribution among all 5 sites. Only WAJ
displayed a slight dominance of one population as compared to the other sites.
Table 5. Pairwise Fst, Gst, and Dest values below the diagonal, p-values above the
diagonal for the large scale study of S. pistillata. All p-values are significant (<0.05)
Fst

MAQ
MAQ
WAJ
JED
DOG
FAR

Gst
MAQ
WAJ
JED
DOG
FAR
Dest
MAQ
WAJ
JED
DOG
FAR

0.014
0.020
0.013
0.017
MAQ
0.009
0.015
0.008
0.010
MAQ
0.085
0.146
0.090
0.114

WAJ
0.001
0.021
0.013
0.020
WAJ
0.001
0.016
0.009
0.014
WAJ
0.001
0.149
0.094
0.149

JED
0.001
0.001
0.016
0.023
JED
0.001
0.001
0.012
0.016
JED
0.001
0.001
0.133
0.177

DOG
0.001
0.001
0.001
0.010
DOG
0.001
0.001
0.001
0.004
DOG
0.001
0.001
0.001
0.055

FAR
0.001
0.001
0.001
0.002
FAR
0.001
0.001
0.001
0.002
FAR
0.001
0.001
0.001
0.002
-
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Figure 2. Stylophora pistillata STRUCTURE plot for the large scale study, K=3

MAQ

WAJ

JED

DOG

FAR

3.4 Fine-Scale Analysis
All analyses described above were repeated for the fine-scale Al Fahal samples.
Loci were again cut down to 9 and 10 for P. verrucosa and S. pistillata respectively due
to null alleles, HWE deviations, and LD (Tables 2 and 3). Similar trends found in the
large-scale analysis were found at the smaller spatial scale using genetic differentiation
indices and STRUCTURE analysis.

Pocillopora verrucosa, Fine Scale
Pocillopora verrucosa samples from Al Fahal showed significant genetic
difference for Fis (individual to subpopulation=0.049, p-value=0.017) and Fit (individual
to total= 0.050, p-value=0.013). Fst (subpopulation to total=0.001, p-value=0.341) values
were not significant for the whole population measured here. This shows high individual
genetic divergence but not one grouped into recognized patterns. Pairwise indices Gst,
Dest, and Fst were also measured, and similarly found no significant difference between
the four populations (p-values>0.1) (Table 6). STRUCTURE analysis was used and the
results were run through STRUCTURE HARVESTER (Figure 3). This served to confirm
a K of 2 with a homogeneous population through all subpopulations and a lack of genetic
differentiation on a small spatial scale.
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Table 6. Pairwise Fst, Gst, and Dest values below the diagonal, p-values above the
diagonal for the fine scale study of P. verrucosa. No significant p-values
Fst
N Exposed
N Sheltered
S Sheltered
S Exposed
Gst
N Exposed
N Sheltered
S Sheltered
S Exposed
Dest
N Exposed
N Sheltered
S Sheltered
S Exposed

N Exposed
0.014
0.012
0.009
N Exposed
0.001
0.000
-0.003
N Exposed
0.004
0.001
-0.009

N Sheltered
0.315
0.016
0.014
N Sheltered
0.313
0.005
0.003
N Sheltered
0.313
0.016
0.008

S Sheltered
0.424
0.109
0.009
S Sheltered
0.430
0.109
-0.001
S Sheltered
0.430
0.109
-0.004

S Exposed
0.819
0.219
0.625
S Exposed
0.817
0.211
0.619
S Exposed
0.812
0.208
0.621
-

Figure 3. Pocillopora verrucosa STRUCTURE plot for the fine scale study, K=2

N exposed

N sheltered

S sheltered

S exposed

Stylophora pistillata, Fine Scale
Fixation indices for S. pistillata showed significance at every scale. Fis (0.118, pvalue=0.001) values were slightly lower than Fit (0.151, p-value=0.001). Fst (0.038, pvalue=0.001) values were the lowest of all three indices, yet still significant. This
suggests a higher individual genetic differentiation than one between our grouped
populations in accordance with the large-scale data. Again pairwise genetic
differentiation indices were run using Gst, Dest, and Fst. All values were found to be
significant, yet Dest showed the highest values as described in the large-scale data
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analysis (Table 7). These population differences were furthered analyzed using
STRUCTURE and STRUCTURE HARVESTER, and again K=3 according to the
Evanno Method (Figure 4). However the STRUCTURE analysis showed slightly greater
homogeneity in the southern exposed samples than seen across all collected Stylophora
samples. In the other three areas there was again a heterogeneous structure to the three
populations, as seen in the large-scale samples.

Table 7. Pairwise Fst, Gst, and Dest values below the diagonal, p-values above the
diagonal for the fine scale study of S. pistillata. All p-values are significant (<0.05)
Fst
N Exposed

N Exposed
-

N Sheltered

S Sheltered

N Sheltered

0.019

0.001
-

S Sheltered

0.023

0.023

0.001
-

S Exposed

0.039

0.027

0.032

N Exposed

N Exposed
-

Gst

N Sheltered

N Sheltered

0.012

0.001
-

S Sheltered

0.016

S Exposed

0.032

N Exposed

N Exposed
-

Dest

S Exposed

0.001

0.001
0.001

S Sheltered

0.001
S Exposed

0.001

0.001
0.001

0.015

0.001
-

0.019

0.025

N Sheltered

N Sheltered

0.082

0.001
-

S Sheltered
S Exposed

0.130
0.219

0.124
0.131

S Sheltered

0.001
S Exposed

0.001

0.001

0.001
-

0.001

0.194

0.001
-

Figure 4. Stylophora pistillata STRUCTURE plot for the fine scale study, K=3

N exposed

N sheltered

S sheltered

S exposed
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4. Discussion
In this study we looked at population structure and clonality over two spatial
scales, expecting to find differences between two Pocilloporidae corals with different life
history strategies. In regards to clonality we found no difference between P. verrucosa
and S. pistillata suggesting a reliance on sexual reproduction of both species and lack of
large disturbances causing fragmentation throughout the Red Sea. Population structure on
both scales yielded unexpected results. Pocillopora verrucosa showed slight genetic
differentiation in samples from Doga and the Farasan Islands but nothing suggesting an
isolated population due to distance or environmental factors. This is different from other
studies on organisms spanning the length of the Red Sea where genetic isolation was
found in both reef fish and sponges in the southern Red Sea (Nanninga et al. 2013; Giles
et al. 2015). This lack of difference could be due to the coral’s phenotypic plasticity
allowing it to acclimate to several different environments without changing its genetic
makeup. The strong currents in the Red Sea could easily disperse coral larvae long
distances, preventing gene flow restriction due to reproductive isolation. It’s the
settlement survival that most likely determines the population structure here and there
seems to be no genetic bias for settlement success. Stylophora pistillata showed an
unexpected mix of three different populations as demonstrated by the Bayesian clustering
analysis across the entire Red Sea and at the fine scale. Slightly greater population
differentiation was found at a small scale rather than the large scale. Similarly the study
by Underwood et al. (2007) found high levels of genetic differentiation at a fine scale in
Seriatopora hystrix. The study also looked at different spatial scales, but only went as far
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as 60km on the Great Barrier Reef, a much smaller distance than the 2,000km between
the north and south of the Red Sea. However they still found lower genetic differentiation
as the distances grew larger. This study provides greater insight into the reproduction of
both corals and creates lots of questions about their larval dispersal abilities.
4.1 Clonality
In the large-scale component of this study colonies were collected 5m distance
from each other to avoid the collection of clones. However, on the smaller spatial scale
around Al Fahal samples were selected based on random coordinates, a system that
allows for colonies sampled less than 1m apart (Baums et al.. 2005; Pinzon et al.. 2012).
Despite looking for clones in the fine scale study, neither sampling strategy revealed a
significant number of clones in relation to the overall samples collected. This is similar to
the findings by Robitzch et al. (2015) for P. verrucosa where no clones were found over
850km of the Red Sea. The study by Douek et al. (2011) found evidence for only sexual
reproduction in genetically distinct larvae of S. pistillata in the northern Red Sea. No
evidence of asexual reproduction or fragmentation creating clones has been found
previously for the two species P. verrucosa or S. pistillata. Other species however have
found strong patterns of clonality in small spatial scale sampling and in similar species
including Seriatopora hystrix and Pocillopora damicornis which have extensive record of
clonality in the Red Sea and the Indo-Pacific regions (Baums et al. 2006; Gorospe and
Karl 2013; Pinzon et al. 2012; Maier et al. 2005; Souter et al. 2009; Combosch and
Vollmer 2011; Pinzon et al.. 2012). These results indicate that both our study species rely
on sexual reproduction in the Red Sea to maintain their populations. The small numbers
of clones were most likely results of fragmentation due to small-scale disturbances based
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on the occurrence of the clonal individuals in the same sampling sites. Despite their
differences in reproduction and a strong record of clonal reproduction in the
Pocilloporidae family neither species showed a higher occurrence of clones.

4.2 Population Structure
Pocillopora verrucosa
Pocillopora verrucosa samples from both the large and small spatial scales
showed a mostly homogeneous population structure throughout all of the sampled sites.
Slight genetic differentiation between those samples located below the distinctive 19°N
latitude (DOG and FAR) and the central and northern samples was observed using
genetic differentiation indices. This seems to match the results found in Giles et al.
(2015) and Nanninga et al. (2014) who found genetic breaks in fish and sponge
populations at 19°N in the Red Sea. However, even though all pairwise indices had
significant p-values for differentiation between DOG and FAR and the other three
populations, all indices were less than 0.05 suggesting very little genetic differentiation
(Hedrick 1999; Balloux and Lugon-Moulin 2002). The low statistical indices can be due
to high within-population diversity for both Fst and Gst (Meirmans and Hedrick 2011).
However, Dest is independent of population size and therefore is unaffected by within
population diversity and can show a better measure of differentiation between
populations (Meirmans and Hedrick 2011). The low differentiation between P. verrucosa
populations is further observed in analyses detailing Bayesian clustering via graphical
representations (Figures 1 and 3). The two populations show a completely homogenized
structure across all spatial scales. There are slight peaks in one of the populations in the
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southern regions, identifying the slight genetic differentiation found in the other statistical
analyses. This suggests a far ranging larval dispersal pattern that creates significant gene
flow across environmental barriers to create panmixia along the spread of the Red Sea.
This could be a combined product of P. verrucosa’s larvae ability to survive for long
periods before settlement and the strong oceanic currents found in the Sea.
Fine scale structuring at the population level showed a similar pattern to the largescale results as predicted. Again two populations were found through Bayesian clustering
as shown in Figure 3. Both these populations were homogenous across all four sites
around Al Fahal. No genetic differentiation was found using pairwise indices. As
described earlier this population is dominated by sexual reproduction via broadcast
spawning most likely leading to panmixia.
The Red Sea is a 2,250 Km long body of water with a strong latitudinal
environmental gradient and several strong oceanic currents throughout its length (Raitsos
et al. 2013). Unlike other organisms in the Red Sea, P. verrucosa has managed to
homogenize its population across all environmental and spatial barriers, which could be
due to its use of broadcast spawning for reproduction. Nishikawa et al. (2003) found
considerable evidence for the longer dispersal distance possibilities of broadcast
spawning corals versus those of brooding corals. Spawners had longer competency
periods following gamete dispersal and tended to settle several days later (Nishikawa et
al. 2003). This leads to longer distances of gene flow and greater genetic connectivity
between populations separated by great distances (Ayre et al. 1997; Ridgway et al. 2001;
Miller and Ayre 2008). The lack of population structure also suggests acclimation by P.
verrucosa to survival in different environments, unseen in a couple other Red Sea reef
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organisms. This corroborates the results found by Sawall et al. (2014) who discovered
one Symbiodinium species predominantly inhabiting P. verrucosa along the same
sampling sites of our study. Along with having only one predominant species, the
symbiodinium did not show varying physiological characteristics across the latitudinal
environmental gradient (Sawall et al. 2014). This suggests an acclimation of both P.
verrucosa and its predominant Symbiodinium to the different conditions found in the
regions of the Red Sea.
Stylophora pistillata
The largest diversity of Stylophora species occurs in the Red Sea, suggesting
either adaptive radiation or a historic endemic relationship between this genus and the
Red Sea. Stylophora pistillata is one of the most abundant hermatypic corals found on
Red Sea reefs, mostly dominating the shallow, constantly disturbed reef flat. Some factor
in the Red Sea supports this dominant and diverse genus.
Population structure of S. pistillata showed a relatively heterogeneous pattern of
three genetically different populations across the length of the Red Sea and across the
four sites of Fahal reef. Genetic differentiation was significant among all samples from
all sites. Only Dest showed any moderate genetic differentiation (>0.1) while Fst and Gst
were both less than 0.05 between all sites. The results of these indices suggest a
population break between every sampled region. Yet as shown in Figures 2 and 4, K is
considered 3 and the plot showed a mix of all three populations across the Red Sea and
across the four sites of Fahal. This could be a result of S. pistillata’s brooding
reproduction strategy. The planula larvae produced by brooding corals tend to settle
quickly and therefore closer to their parent colony (Nishikawa et al. 2003). The three
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populations distinguished in Figures 2 and 4 could be ecologically ancient, and their life
history strategy could just be perpetuating these three genetically distinct groupings.
Takabayashi et al. (2003) found similar results on their study of S. pistillata in the
western Pacific. Using ITS-1 markers they discovered greater genetic variability within
populations than between populations suggesting panmixia but with high individual
genetic divergence (Takabayashi et al. 2003). This similar pattern has been found among
other scleractinian populations of both reproductive strategies (Yu et al. 1999; Ayre and
Hughes 2004; Ridgway et al. 2001). Takabayashi et al. (2003) suggests this phenomenon
of large range panmixia is due to historic oceanographic circulation patterns, those found
in the present day, or both assisting with the gene flow between populations (Williams
and Benzie 1998; Yu et al. 1999). Another study by Klueter and Andreakis (2013) using
nuclear and mitochondrial markers again found one panmitic population of S. pistillata
across the central GBR and Coral Sea; however genetic diversity within populations was
absent.
Current oceanographic patterns can give some suggestions on the results of this
population structure analysis. In the Northern Red Sea around the Al Wajh area there is a
cyclonic eddy (Sofianos and Johns 2007; Raitsos et al. 2013). In Figure 2 WAJ is the
only region to show a clear dominance of one population. This could be due to the
cyclonic eddy transporting the larval planula around but not beyond the range of the eddy
(Lobel and Robinson 1986; Sammarco and Andrews 1989; Wolanski et al. 1989). The
continuation of this heterogeneous population structure could be due to the migration of
larvae between regions. Several eddys through the Sea could assist in this transport along
with the dominant southward wind (Sofianos et al. 2002; Sofianos and Johns 2002;
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Raitsos 2013). Planula larvae resulting from brooding reproduction have been shown to
travel longer distances than spawning coral larvae (Miller and Ayre 2008).
Similar population structure was found on a finer spatial scale around the four
corners of Fahal suggesting something more than large-scale oceanographic occurrences
delineating the genetic differences. Looking at Figure 4 there is a clear difference
between the North and South populations, yet the South exposed individuals are what
stand out the most. This subpopulation shows a clear divergence from the rest of the
population, including the south sheltered side that consists of individuals only about 1 km
away. Rocha et al. (2005) discovered intense speciation of fish at the fine scale of an
offshore and inshore reef while the large-scale distribution remained panmictic; these
genetic differences were caused by environmental factors on a microhabitat scale rather
than geographic ones. No differentiation was found at the large scale based on
environmental factors, but that could be attributed to adaptation over a longer ecological
time scale (Rocha et al. 2005). A more recent study on the panmictic American eel
population using single nucleotide polymorphisms (SNPs) again found individuals
exhibiting different genetically distinct ecotypes based on their rearing habitat (Pavey et
al.. 2015). All individuals returned to the same area to spawn but their genetic differences
were based on the environments where the juveniles settle and remain for most of their
lives. This could be what we are seeing with the S. pistillata populations: the individuals’
genetic differences are coming from acclimation to the microhabitats where they settle or
the planula larvae that survive post settlement.
The four sites of Al Fahal have varying visible differences in habitat caused by
mostly unknown oceanographic conditions. The southern exposed side of Fahal is in a
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much more sheltered area of the Thuwal coast, yet because it is exposed receives some
wave action. The south sheltered is a patchy, sandy, shallow, and extremely calm
environment as compared to the other three positions. Both North sites are relatively
exposed. There is no protection between it and the open sea and the sheltered side
consists of many rocky, coral filled bommies with lots of wave action. These
differentiated microhabitat environmental conditions show a clear trend in the dominating
populations in Figure 4. Unfortunately information on the location of the large-scale
individuals only states they were collected at 5m and above on the exposed side of the
offshore reefs. The microhabitats at each reef could be impacting the population
structure even at this large scale and therefore creating the heterogeneous mix across
2,000 km of Sea. More environmental data, including fine scale oceanic currents, is
needed to understand what is occurring with the population structure of S. pistillata
around Al Fahal.
Unfortunately microsatellites are only one measurement of genetic differentiation.
These samples could be exhibiting extreme differentiation at other loci without any
detection on the neutral loci level (Nosil et al. 2009). Further studies on different parts of
the genome and with different techniques could yield further insight. Recent studies using
next generation sequencing including single nucleotide polymorphisms found much
greater accuracy predicting genetic differentiation than with microsatellites (Bradbury et
al. 2015). Studies on the Symbiodinium type of P. verrucosa by Sawall et al. (2014)
showed slight differentiation in clade association among different regions and different
seasonal scales. Although this was not corroborated in the above study, a similar study on
the symbiodinium associated with S. pistillata could give some insight on the interesting
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population structure found in this study. A further investigation into the fine scale
structure of S. pistillata on the inshore to offshore reef gradient could yield greater
congruence with Rocha et al. (2005) findings of ecological speciation. This study
continues to highlight the lack of knowledge on the extremely variable and unique Red
Sea (Berumen et al. 2013).

5. Conclusion
The Red Sea provides a unique environment for marine organisms and one that
could be important for the future of coral reefs. These ecosystems already survive at
temperatures above the proposed threshold for healthy corals and at temperatures that
reefs around the world may experience soon due to climate change. Therefore it is
important to gather as much information about corals that thrive within these
environmentally distinct waters. This study provides further information on the
reproductive strategies, dispersal abilities and population structures of two important
reef-building corals found throughout the Red Sea and Indo-Pacific. Both species seem to
demonstrate wide dispersal ranges, indicating strong abilities to repopulate reefs even
after anthropogenic and natural disasters. Further investigation into the heterogeneous
population structure of S. pistillata is still needed. Although the three genetic populations
of this species seem to be part of the same genetic lineage they could be separate
genotypes that have evolved and mixed along the Red Sea due to strong oceanic currents
and eddies. However, fine scale population breaks suggest some sort of environmental
acclimation that leads to microhabitat selection in planula larval settlement. The
homogeneity of P. verrucosa reinforces its status as an abundant hermatypic coral in the
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Red Sea and suggests phenotypic plasticity aiding with acclimation to variable
environmental conditions. This is important for the future of coral reefs as acclimation
ability will determine the survivors due to climate change affecting the environmental
and chemical conditions of the world’s oceans. Further studies are still needed to
understand the dispersal ranges and limitations of both these corals, especially those
focused on non-neutral loci.
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APPENDIX I

Figure 5. STRUCTURE plot of all Stylophora pistillata samples from all sampling sites.
KAUST samples inserted geographically between WAJ and JED, K=3
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