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ABSTRACT 

A Survey into Taxonomic and Physiological Differences of Symbiodinium sp., 

the Photosynthetic Symbiont of Reef-building Corals 

Xianzhe Gong 

The dinoflagellate genus Symbiodinium is a popular research topic in the coral reef 

molecular biology field. Primarily because these organisms serve as the coral 

holobiont’s primary source of energy, carrying out photosynthesis, and providing 

hydrocarbons to the coral host. Previous studies have shown the difficulty of 

isolating Symbiodinium as well as the inherent problems in trying to quantify the 

diversity of this genus and to qualify the distinct reactions of different Symbiodinium 

sp. to changing environmental conditions. The main goals of this study are: (1) to 

detail the relationship between the genetic classification of the organism and its 

physiology in regard to photosynthesis with a number of established Symbiodinium 

cultures; and (2) to isolate Symbiodinium from coral of the central Red Sea. 

To evaluate the photosynthetic physiology of Symbiodinium, a microsensor was used 

to measure oxygen concentrations along with a phytoplankton analyzer system that 

used pulse-amplitude-modulation (Phyto-PAM) to measure fluorescence. In order to 

identify the particular clade that the isolates belonged to, denaturing gradient gel 

electrophoresis (PCR-DGGE) was used to identify Symbiodinium based on their 

internal transcribed spacer 2 (ITS2) region. These techniques helped us to achieve 

our goals in the following ways: Symbiodinium sp. from a culture collection were 
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classified to the subclade level; species-specific and clade-specific photosynthetic 

profiles were generated; and a Symbiodinium sp. was isolated from the central Red 

Sea. This study provided preliminary correlation between the photosynthetic 

difference and Symbiodinium genetic classification; showed the probable existence 

of a self-protection system inside the Symbiodinium cells by comparing the 

difference between the initial oxygen production at the beginning of each light step 

and the oxygen production after light adaptation; and confirmed the possibility of 

the isolation of Symbiodinium. 
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1. INTRODUCTION 

Coral reefs host a great number of organisms and are the largest ecosystems in 

tropical oceans. These unique habitats are home to more than 32 animal phyla 

(Sheppard, Davy et al. 2009). Spatial relationships, resulting from competition, 

predation, and symbiosis among the biotas in the reef system support extraordinary 

biodiversity (Pandolfi 2011). This biodiversity leads to a highly productive 

environment, which also provides food to a large number of people in tropical areas. 

The marvelous beauty of coral reefs originates from their diversity and this beauty 

serves to attract large numbers of tourists who engage in recreational activities that 

further support the economies of the countries in which the reefs are found. This is 

to say that despite the significance of coral reefs as biodiversity hotspots, a large 

number of humans depend on them too. 

The Red Sea is one of 18 identified geographic areas that contains exceptionally high 

levels of biodiversity (Veron, DeVantier et al. 2011). The Red Sea lies between Asia 

and Africa and was originally formed by the divergent movement of the African and 

Arabian tectonic plates (Whiteman 1968). The semi-closed water body, with high 

evaporation rates and no major fresh water injection is one of the hottest and 

saltiest marine bodies in the world (Mohamed and El-Nady 1999, Al-Sofyani 2007). 

The unique water body has high species richness and diversity in coral reefs. Coral 

reefs are found extending along the coastlines. 

The Scleractinia or stony corals belong to the subclass Anthozoa in the phylum 

Cnidaria. Stony corals are the main builder of coral reefs. As a heterotrophic animal, 
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corals have two main strategies for obtaining nutrients and energy. Either the coral 

polyps catch small organic particles and plankton using their tentacles during the 

night, or the photosynthetic Symbiodinium living inside coral cells provide energy 

directly to their hosts (Hatcher 1988), (Muscatine 1967, Grant, Remond et al. 2006, 

Stambler 2011). The main source of energy from corals is from photosynthetically 

fixed carbon produced by Symbiodinium. These algae can reach densities of up to 

5×106 cells cm-2 in coral (Hoegh-Guldberg and Smith 1989a, Hoegh-Guldberg and 

Smith 1989b). The CO2 from respiration in the host coral can be used as raw 

material for photosynthesis in the symbiotic algae (Furla, Richier et al. 2011).  

Symbiodinium, also known as zooxanthellae, are now recognized as a genus of 

unicellular dinoflagellate algae inhabiting marine animals, such as corals, jellyfish 

and sea anemones. Free-living Symbiodinium were documented recently (Reimer, 

Shah et al. 2010). The discovery of Symbiodinium in the marine environment 

followed the successful isolation of algae from a cnidarian host (Kawaguti 1944). All 

Symbiodinium were regarded as a single species Symbiodinium (= Gymnodinium) 

microadriaticum until the 1970s (Taylor 1974) due to the similarity in their 

morphology. Further studies on biochemical differences (Schoenberg and Trench 

1980a), morphological differences (Schoenberg and Trench 1980b), and specificity 

of the recognition mechanism between the Symbiodinium and coral host differences 

(Schoenberg and Trench 1980c) classified it into 12 strains based on isoenzyme 

patterns (Schoenberg and Trench 1980a). The application of molecular 

classification, especially identification derived from nuclear small ribosomal subunit 
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DNA (18S rDNA) assigned Symbiodinium to different clades (or ‘types’) (Rowan 

1991, Rowan and Powers 1991a, Rowan and Powers 1991b). The molecular 

identification is based on the sequence analysis of genetic markers that should vary 

enough to identify different alleles and be conserved enough to amplify with the 

same set of PCR primers. The nuclear ribosomal genes and spacer regions (the small 

subunit, large subunit, and internal spacer region), mitochondrial cytochrome b and 

DNA chloroplast 23S rDNA are the three major groups of genetic markers used for 

classification (Coffroth 2005). Symbiodinium are currently classified into nine main 

clades (A-I) (Pochon, LaJeunesse et al. 2004, Pochon and Gates 2010) with multiple 

subclades within each of these clades (Baker 2003, Pochon, Montoya-Burgos et al. 

2006, LaJeunesse, Bonilla et al. 2008). More than forty isolates of Symbiodinium 

have been isolated from different regions (LaJeunesse 2001) and out of these only 

few have been characterized with species description (Freudenthal 1962, Trench 

and Blank 1987, Banaszak, Iglestas‐Prieto et al. 1993, Trench and Thinh 1995, 

Trench 2000, Lajeunesse, Parkinson et al. 2012). Most of the Symbiodinium isolates 

have been classified to the subclade level by internal transcribed spacer 2 (ITS2) 

region (LaJeunesse 2001). 

Symbiodinium’s genome size was recorded by flow cytometric analysis of 

fluorescently labelled DNA. Symbiodinium sp. have consistent genome size which 

ranges from 1.9 to 4.8 pg DNA/cell comparing with other cultured dinoflagellates 

which ranges from 3.6 to 115.2 pg DNA/cell (LaJeunesse, Lambert et al. 2005). 

Expressed sequence tags (ESTs) from different Symbiodinium sp. were analyzed 
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(Leggat, Hoegh-Guldberg et al. 2007, Voolstra, Sunagawa et al. 2009, Bayer, Aranda 

et al. 2012) to understand the genomic content. The range of hosts and geographic 

distribution for eight clades of Symbiodinium were reviewed (Pochon, Montoya-

Burgos et al. 2006).  

Previous studies showed that temperature (Iglesias-Prieto, Matta et al. 1992, 

Robison and Warner 2006) and light intensity (Iglesias-Prieto and Trench 1994, 

Iglesias-Prieto and Trench 1997) influence photosynthesis for Symbiodinium in 

culture or in hospite (Goulet, Cook et al. 2005). Studies investigating number and 

size of the photosynthetic unit, content of chlorophyll a, and the amount of D1 

proteins evaluate the influence of changes in environmental conditions. High 

temperature (more than 30 °C) impairs photosynthesis, and Symbiodinum acclimate 

to changing light intensity at low light intensity. While physiological differences 

have been mapped to different Symbiodinium species, they were not able to be 

mapped to higher order taxonomic groupings (e.g. subclades or clades). 

The ITS2 region, a multiple copy gene region, is a powerful genetic marker to 

classify Symbiodinium (LaJeunesse 2001). The application of DGGE to Symbiodinium 

with the ITS2 region can show the most abundant ITS2 copy, and hence the most 

abundant Symbiodinium type (LaJeunesse 2002). 

Many research studies have used oxygen microsensors to evaluate photosynthesis 

or respiration in aquatic organisms, such as scleractinian corals (Revsbech 1995, Al-

Horani, Al-Moghrabi et al. 2003, Al-Horani 2005), sponges (Hanna, Schönberg et al. 

2005), Symbiodinium (Suggett, Warner et al. 2008), and foraminifera (Rink, Kühl et 
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al. 1998, Köhler-Rink and Kühl 2000, Lombard, Erez et al. 2009). The biosensor’s 

tiny tip and rapid response make it possible to measure cellular response in 

controlled environments without the destruction of the sample during the 

measurement. 

PAM fluorometry is a tool that allows the estimation of gross photosynthesis based 

on saturation pulse quenching analysis and selective amplification of a fluorescence 

signal (Schreiber 1998). The selective amplification of the fluorescence signal is 

measured by the intense, but very short pulses of measuring light. Chlorophyll 

fluorescence created by light absorption is quantitatively related to the efficiency of 

the conversion of photosynthetic energy which can produce oxygen (Gilbert, 

Wilhelm et al. 2000). This sensitive and convenient technique can measure the 

fluorescence before and after the saturation pulse to determine the effective 

quantum yield of photosynthetic energy conversion in photosystem II (PSII). The 

saturation pulse can cause complete reduction of the PSII acceptor pool, and induce 

an increase of fluorescence yield (dF) from the current value (F=Ft) to the maximal 

level (Fm). The effective quantum yield can be determined by the formula: 

Yield = (Fm-F)/Fm = dF/Fm 

 The relative electron transport rate (rETR) is the product of quantum yield and 

quantum flux density of incident photosynthetic active radiation (PAR). The plot of 

rETR versus PAR gives valuable information on the gross photosynthetic 

performance. (Ralph and Gademann 2005, Ralph, Schreiber et al. 2005). 
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In this study, I phylogenetically described nine Symbiodinium species via DGGE-ITS2 

fingerprints. I subsequently analyzed photosynthetic performance via oxygen 

microsensor measurements and PAM fluorometry. 
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2. MATERIALS AND METHODS 

A. Symbiodinium microscopic and PCR-ITS2-DGGE classification 

Nine Symbiodinium cultures from different clades were typed via DGGE. 

Symbiodinium sp. Mf1.05b, RT 147(1), RT 064, MAC 04 201, and MAC AP were 

previously characterized and isolated by T. C. LaJeunesse from scleractinian corals. 

Symbiodinium sp. RT 013 is free-living and was characterized by T. C. LaJeunesse. 

Symbiodinium sp. CCMP 2467 was isolated by R. K. Trench, and identified by T. C. 

LaJeunesse (West Boothday Harbor, ME, USA; https://ccmp.bigelow.org/). 

Symbiodinium sp. CassKB8 was originally isolated and identified by R. A. Kenzie 

from Cassiopeia sp. (Bayer, Aranda et al. 2012). The remaining one was isolated 

from Astreopora sp. in the Red Sea during this study.  

Cultures were maintained in F/2 medium at 26 °C on a 12 hour light : dark cycle at 

60 to 80 PAR (μmol quanta m-2 s-1). For all experiments, single clonal colonies were 

used, i.e. three colonies were picked from agar plates and maintained as 

Symbiodinium culture replicates.  

Symbiodinium cell morphology was documented using a Leica DM3000 inverted 

microscope with a Leica DFC49 CCD camera and Leica Application Suite V3 software.  

DNA was extracted by a modified Chelex extraction method. Briefly, Symbiodinium 

cells were pelleted by centrifuging 1 ml of culture at 20,800 g for 5 minutes. A small 

portion of the pellet was added to Chelex (Sigma 143-3832) and mixed for 20 

seconds followed by heating at 99°C for 20 to 30 minutes. The sample was mixed 

https://ccmp.bigelow.org/
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again for 15 seconds and centrifuged at 20,800 g for 2 minutes. 80 μL of supernatant 

were transferred into a new Eppendorf tube with 9 μL of TE buffer for DNA 

extraction and sample storage at -20 °C. (See further details in Appendices). 

The ITS2 was amplified by the forward primer, “ITSintfor2" (5’-

GAATTGCAACTCCGTG-3’), and the highly conserved 3’ flank reverse primer, 

“ITS2CLAMP” (5’-CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGGGATCCATA 

TGCTTAAGTTCAGCGGGT-3’) which has a 39-bp GC-clamp (underlined) on the end 

(LaJeunesse and Trench 2000, LaJeunesse, Loh et al. 2003) in the PCR-DGGE 

analysis. The PCR program was designed as a “touchdown” amplification protocol to 

ensure specificity (Don, Cox et al. 1991). (See further details in Appendices). 

4 μL of PCR product were run on an agarose gel. The rest of the PCR product was 

mixed with 15 μl loading buffer. Twenty μL of the mixed product was loaded into 

the gel and the electrophoresis was run at 150 V constant current for 15 hours at 

60 °C. The gel was stained with SYBR Safe and photographed. The most prominent 

band was cut out and placed in TE buffer overnight to elute the DNA. The extracted 

DNA extraction was then used for a round of PCR re-amplification of ITS2. Here, the 

ITS2 region was amplified with the forward primer “ITSintfor2" (5’-

GAATTGCAACTCCGTG-3’), and the highly conserved reverse primer, “ITS2-reverse” 

(5’-GGGATCCATATGCTTAAGTTCAGCGGGT-3’), and according to the ITS2 

amplification protocol (Coleman, Suarez et al. 1994, LaJeunesse 2002). (See further 

details in Appendices). 
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PCR products were purified from primers, nucleotides, polymerases, and salts using 

the MinElute PCR purification kit (QIAGEN) in a microcentrifuge. (See further details 

in Appendices). 

The PCR product was sequenced on an ABI Prism XL3730. Sequence data were 

edited and analyzed with Codoncode Aligner software, and BLAST in NCBI. MEGA 

5.05 software was used to build a phylogenetic tree. (See further details in 

Appendices). 

B. Symbiodinium physiological measurement with a combination of Phyto-

PAM and microsensor 

The microsensor was calibrated in a 0% oxygen solution and 100% oxygen solution 

before measurements. The cultures were maintained under the same conditions as 

described above. The Symbiodinium cells used in this study were under the 

logarithmic growth phase. Cell counts were done using a hemocytometer, and 

diluted to a final concentration of 100,000 cells/ml for physiological measurements. 

The cells were placed into the microsensor chamber, and bubbled with nitrogen gas 

in order to adjust the oxygen concentrations to 40 - 80 μmol/L. A final concentration 

of 5mM NaHCO3 was used for all experiments. Since the Symbiodinum cells were 

relative heavy and would sink down to the bottom without disturbance, a glass 

coated magnetic stirrer was used to mix. The microsensor chamber was placed into 

the Phyto-PAM cone in the dark for 10 min. Oxygen concentrations were recorded 

upon the start of the MicOX software package. Light intensities for the 

measurements were 8, 16, 31, 63, 153, 246, 351, 454, 653, 853, 1046, and 1428 PAR 
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in 12 step increments with 10 seconds for each step of the rapid light curve 

measurement. The photosynthesis-irradiance curve was measured with the same 

light intensities as the rapid light curve but each step had increments of 8 minutes. 

(See further details in Appendices). 

The relative electron transport rate (rETR) was calculated by the product of light 

intensity, the yield under this light intensity, the rETR factor and 0.5: 

                   

The rETR factor was set as 1 (Ziegler and Uthicke 2011), and the factor of 0.5 

reflects that only the photosynthetic system II (PS II) is taken into account. The 

curve was derived by applying the Platt model (Platt, Gallegos et al. 1980), and the 

figure was characterized by the light intensity versus rETR. The rETR will increase 

with increasing light intensity.  

Gross photosynthesis data were plotted with Sigmaplot 11.0. Curves were derived 

by applying the Platt model (Platt, Gallegos et al. 1980), and fitted to the data using 

“Regression Wizard”, and choosing a Marquardt-Levenberg regression algorithm: 

    (    (
  

  
))    (

  

  
) 

P is the raw rETR, Ps is a scaling factor, which is the maximum potential for rETR, E 

is the light intensity, α and β are two parameters for the equation. In order to get a 

high regression coefficient for curve-fitting, the regression model was set as follows: 
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iterations=1000, stepsize=0.001, tolerance=0.0001, initial value for Ps>0, α>0, and 

β>0 (Ziegler and Uthicke 2011). 

The curve for the oxygen concentration was plotted with Sigmaplot 11.0, and the 

curve was fitted to the data using a three-parameter sigmoid model: 

  
 

   ( 
    

 
)
 

“a”, “b” and “X0” are three parameters derived from the model. “a” is the maximum 

oxygen concentration. X0 is the point where the Y value reaches a/2. X0 can derive 

the light intensity when the oxygen production rate is highest. 

The oxygen production rate at the beginning of each light step was plotted with 

Sigmaplot 11.0 and is shown in figures. 

C. Symbiodinium isolation from coral tissue. 

Coral samples were collected by SCUBA from August to December 2011 at 5 to 6 

meter depths on reefs close to Thuwal, Saudi Arabia. Sampling was done using 

hammer and chisel. Ten genera of coral were collected, and identified to the genus 

level by morphological characteristics (Veron and Stafford-Smith 2000). Coral 

fragments were put into sample bags filled with seawater for immediate transfer 

back to the laboratory. Symbiodinium and coral cells were separated from coral 

skeleton by airblowing each sample with F/2 medium. The resulting cell suspension 

was then homogenized several times with a homogenizer. Between 300 μL and 500 

μL of cell suspension was used to inoculate 25 ml of F/2 medium in separate culture 
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flasks. The flasks were grown at 60-80 PAR on a 12 hour light : dark cycle at 26 °C. 

They were checked under a dissection microscope every day after the third day for 

clusters of Symbiodinium. The clusters were then transferred onto 1.3% agar plates 

and left for 1 to 3 weeks. Single colonies were picked from the plates and 

transferred into F/2 medium. (See further details in Appendices). 
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3. RESULTS 

A. Symbiodinium identification via morphological characteristics through 

microscopy and identification via PCR-DGGE technique. 

The morphologies of the eight species were similar, and the sizes were similar 

(Figure 1). More specifically, all were coccoid-shaped, sizes of cells are about 10 μm. 

Within the same species, the size and the morphologies were variable between 

different cells in that the largest cell size could be twice of the smallest cell (Figure 

1A, and 1B). The nucleus could be recognized in most of the species, except in a few 

instances (Figure 1C). The location of the nucleus was found on one side of the cell, 

which was a common phenomenon in this study. The solitary cells and the doublet 

cells in the mitotic phase could be observed from all eight Symbiodinium sp., but the 

data for the doublet cells are not shown here. 
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Figure 1. Morphologies of the eight Symbiodinium sp.: (A) CCMP 2467; (B) CassKB8; 

(C) MAC 04 201; (D) MAC AP; (E) Mf1.05b; (F) RT 064; (G) RT 013; and (H) RT 147 

(1) under a light microscope with 400 × magnification. Scale bar indicates 50 μm. 

In order to classify Symbiodinium sp., the PCR-DGGE technique was used. The 

fingerprint profile of the ITS2 amplicon on the DGGE gel was recorded (Figure 2). 

The most prominent band from the bottom of the gel was cut out for re-PCR and 

subsequent sequencing. The ITS2 alignment of nine Symbiodinium sp. are shown in 

Figure 3. ITS2 sequences were BLASTed against GenBank nr from NCBI to identify 

the Symbiodinium type. The results of homology are shown in Table 1. The DGGE 

fingerprints of the three replicates for each species are not identical due to intra-

species differences, such as the different copy number of ITS2 genes, but the most 

prominent bands of the three replicates are identical. This indicates that while 

alleles and copy numbers of ITS2 genes can be different for a given species, the most 

prominent ITS2 band is conserved, and hence diagnostic for a species.  
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Figure 2. ITS2 DGGE fingerprint profiles for nine Symbiodinium sp. Each species is 

represented by three clones. 

Table 1. Classification of nine Symbiodinium sp. into subclades based on ITS2. 

Sample Name Sub-Clade 

MAC 04 201 B3 

RT 064 B1 

CCMP 2467 A1 

RT 013 B1 

Mf1.05b B1 

CassKB8 A1 

MAC AP B3 

RT 147(1)  B1 

New Isolation A1 
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Figure 3. ITS 2 sequences alignment of nine Symbiodinium sp.  
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CassKB8 and CCMP 2467 yielded the same ITS2 sequence, and they both belong to 

subclade A1. The forward primer (1-18 bp) and the reverse primer (278-305 bp) 

were included in the sequence results but the DGGE technique was not able to 

differentiate the two species. The ITS2 region sequences consist of three sub-

regions: the partial 5.8S ribosomal RNA (1-91 bp), the complete ITS2 (92-253 bp), 

and the partial 24S ribosomal RNA (254-305 bp). The ITS2 region sequences of RT 

064; RT 013; Mf1.05b and RT 147(1) were the same, and they all belong to sub-

clade B1. The forward primer (1-18 bp) and the reverse primer (312-339 bp) were 

included in the sequence results. The ITS2 region consists of three sub-regions: the 

partial 5.8S ribosomal RNA (1-89 bp), the complete ITS2 (90-287 bp), and the 

partial 24S ribosomal RNA (288-339 bp). 

The BLAST result shows that MAC 04 201 and MAC AP belong to the same sub-clade: 

subclade B3.  Further analysis of the sequences showed that these two species have 

distinct ITS2 sequences. The length of MAC 04 201 ITS2 region sequence is 339 bp, 

and the length of MAC AP ITS2 region sequence is 335 bp. The forward primer (1-18 

bp) and the reverse primer (312-339 bp) were included in the sequence results in 

MAC 04 201 ITS2 region sequence. The ITS2 region sequence of MAC 04 201 

consists of three sub-regions: the partial 5.8S ribosomal RNA (1-89 bp), the 

complete ITS2 (90-287 bp), and the partial 24S ribosomal RNA (288-339 bp). The 

forward primer (1-18 bp) and the reverse primer (308-335 bp) were included in the 

sequence results in MAC AP ITS2 region sequence. The ITS2 region sequence of MAC 
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AP consists of three sub-regions: the partial 5.8S ribosomal RNA (1-89 bp), the 

complete ITS2 (90-283 bp), and the partial 24S ribosomal RNA (284-335 bp). 

The phylogeny tree based on ITS2 sequences have good resolution at the clade and 

sub-clade level, but cannot recognize the species, which have the same ITS2 region 

sequences within the same subclade (Figure 4). The tree was able to resolve 

Symbiodinium types to the subclade level. 

 

Figure 4. Phylogenetic tree of nine Symbiodinium sp. based on ITS2. The 

phylogenetic tree was built with MEGA 5.05 software (Tamura, Peterson et al. 2011). 

Numbers represent bootstrap supports. 

B. Photosynthetic performance differences based on fluorescence from Phyto-

PAM measurements. 

Four cultured Symbiodinium sp. CCMP 2467, CassKB8, Mf1.05b, and RT 013 were 

chosen to assess physiological differences. The background information of these 

four Symbiodinium sp. is shown in Table 2. The Phyto-PAM can measure the 

approximation of the rates electrons move through the photosynthetic chains, 

which reflects the gross photosynthesis. The results for the gross photosynthesis 
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from the short-term light exposure are shown in Figure 5. RT 013 performed 

differently under low and medium temperature, whereas the other three species 

performed similarly. Under high temperature, the four profiles seemed to be 

species-specific. In general, the rETR has a tendency to increase with the increasing 

temperature for the same species at the same light intensity. 

Table 2. Background information on the four Symbiodinium sp.  

Symbiodinium 

sp. 

Isolation 

Site 

Host Clade Other 

CCMP 2467 Red Sea S. pistillata Clade A 
Genome Sequencing in 

Voolstra’s lab 

CassKB8 Hawaii 
Cassiopeia 

sp. 
Clade A 

454 Transcriptome 
Available, Bayer et al. 

2012 
Mf1.05b Caribbean M. faveolata Clade B 

454 Transcriptome 
Available, Bayer et al. 

2012 RT 013 - Free living Clade B - 
 

 

   

A B 
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Figure 5. rETR of four Symbiodinium sp. with short-term light exposure (10 seconds 

for each light step) under different temperatures: (A) 22 °C; (B) 26 °C; and (C) 30 °C. 

The four colors represent four Symbiodinium sp. (Black: CCMP 2467; Red: CassKB8; 

Blue: Mf1.05b; Cyan: RT 013). 

The results for the rETR from long-term light exposure are shown in Figure 6. The 

four Symbiodinium sp. perform similarly at low light intensity, especially under high 

temperature (30°C). The difference between species becomes more obvious with 

increasing light intensity. The rETR have a tendency to increase with the increasing 

temperature for the same sample at the same light intensity, which is the same 

phenomenon in the short-term light exposure. The rETR from the photosynthetic 

irradiance curve is higher than that from the rapid light curve for the same sample 

at the same temperature and light intensity. 

 

 

C 
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Figure 6. rETR of four Symbiodinium sp. with long-term light exposure (8 minutes 

for each light step) under different temperatures: (A) 22 °C; (B) 26 °C; and (C) 30 °C. 

The four colors represented four Symbiodinium sp. (Black: CCMP 2467; Red: 

CassKB8; Blue: Mf1.05b; Cyan: RT 013). 

C. The photosynthetic performance difference based on oxygen production 

from the microsensor data. 

Figure 7 shows the increasing light intensity over time versus the oxygen 

concentration. The samples were exposed to twelve steps of increasing light 

intensity, and each step lasted for eight minutes. Under low temperature (22 °C), 

each species performed differently. While under the medium and high temperatures 

(26 °C and 30 °C), the clade seemed to be a good predictor of the curve shape with 

A B 

C 
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increasing light intensity since species in clade A performs consistently and species 

in clade B performs similarly. The four Symbiodinium sp. did not show any 

difference when light intensity was low, but the difference became obvious with 

increasing light intensity under low and medium temperatures (22 °C and 26 °C). 

Under high temperature (30 °C), the clade-specific differences were very obvious 

even at low light intensities. Species from clade A produced more oxygen than 

species from clade B. 

  

 

Figure 7. Oxygen concentration versus increasing light intensity over time for four 

Symbiodinium sp. under different temperatures: (A) 22 °C; (B) 26 °C; and (C) 30 °C. 

The four colors denote four Symbiodinium sp. (Black: CCMP 2467; Red: CassKB8; 

Blue: Mf1.05b; Cyan: RT 013). 

 

A B 

C 
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In order to evaluate the character of the sample in more detail, a sigmoid model (f = 

a/(1-e^(-(X-X0)/b)) was applied to derive two parameters: A and X0. A is the 

maximum oxygen concentration. Species from clade A had a higher maximum 

oxygen concentration than species from clade B (Figure 8A). Furthermore, the 

maximum oxygen concentration of the species in clade A had a tendency to increase, 

whereas the species in clade B had the tendency to decrease with increasing 

temperature. X0 allowed us to derive the light intensity at which the oxygen 

production rate is the highest. Mf1.05b reached the highest oxygen production rate 

at higher light intensities at both 22 °C and 30 °C compared to the other species 

(Figure 8B). 

 
Figure 8. Comparison of two parameters derived from the Sigmoid model (f = a/(1-

e^(-(x-x0)/b)). (A) y-axis denotes the maximum oxygen concentration. (B) y-axis 

indicates light intensity at which oxygen production rate was highest. The four 

colors represented four Symbiodinium sp. (Black: CCMP 2467; Red: CassKB8; Blue: 

Mf1.05b; and Cyan: RT 013). 

D. Symbiodinium sp. isolation from the central Red Sea. 

A B 
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A Symbiodinium sp. culture was isolated from the central Red Sea, from Astreopora 

sp.. The morphology of the new isolate was similar to other species. The coccoid cell 

contained a dark nucleus that was located off center inside of the cell. The diameter 

of the cell was about 10 μm (Figure 9). Figure 9 shows the solitary cells. The color of 

this newly isolated Symbiodinium sp. is different from the other species, and there 

were less doublet cells in the mitotic phase among all the cells. The culture was able 

to be maintained in liquid medium for longer compared to the other Symbiodinium 

species. 

  

Figure 9. Morphology of the newly isolated Symbiodinium sp.: (A) cell clusters at 400 

× magnification; and (B) single cell at 1000 × magnification. 

The classification of the new isolate was based on the ITS2 region via the PCR-DGGE 

technique. The sequence of the ITS2 region for the new isolation is shown in Table 3, 

and the BLAST result shows that the new isolate belongs to subclade A1. The 

forward primer (1-18 bp) and the reverse primer (278-305 bp) were included in the 

sequence analysis. The ITS2 region sequence consists of three sub-regions: the 

partial 5.8S ribosomal RNA (1-91 bp), the complete ITS2 (92-253 bp), and the 
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partial 24S ribosomal RNA (254-305 bp). The sequencing result shows that the 

newly isolated Symbiodinium sp. has the same ITS2 region sequence with CCMP 

2467 and CassKB8. 

Table 3. ITS2 sequence of the newly isolated Symbiodinium sp. The ITS2 region has 

three parts: the partial 5.8S ribosomal RNA (1-91 bp), the complete ITS2 (92-253 bp) 

and the partial 24S ribosomal RNA (254-305 bp). 

 

 

 

  

5’-GAATTGCAGAACTCCGTGAACCAATGGCCTCTTGAACGTGCATTGCGCTCTTGGG 

ATATGCCTGAGAGCATGTCTGCTTCAGTGCTTCTACTTTCATTTTCTGCTGCTCTTGT

TATCAGGAGCAGTGTTGCTGCATGCTTCTGCAAGTGGCACTGGCATGCTAAATATCA

AGTTTTGCTTGCTGTTGTGACTGATCAACATCTCATGTCGTTTCAGTTGGCGAAACA

AAAGCTCATGTGTGTTCTTAACACTTCCTAGCATGAAGTCAGACAAGTGAACCCGCT

GAACTTAAGCATATGGATCCC-3’ 
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4. DISCUSSION 

A. Measurement difficulties 

Symbiodinium cells have a tendency to gather together even when stirred. The cells 

were even distributed before they were loaded into the chamber, but began to 

cluster after the measurement started. This might be one of the reasons for the 

fluctuation in the oxygen curve data. Since the curve for rETR shown here is a curve 

derived from a model, and the curves shown here are derived from a curve without 

original points. The raw data of the rETR also showed fluctuations. The cell clusters 

might be one of the reasons for the fluctuation in the raw data for the rETR. 

rETR is a parameter of the rates electrons move through the photosynthetic system 

for the assessment of gross photosynthesis. Comparing the rETR from long-term 

exposure and that from short-time exposure, the rETR from long-term exposure is 

higher than that from short-time exposure for the same species during the same 

conditions. In this study, the Symbiodinium were exposed to the light for 10 seconds 

or 8 minutes.  

rETR is not consistent with the oxygen production rate compared when comparing 

the curve of rETRs and the curves of oxygen concentrations for different 

Symbiodinium species. The microsensor assesses the net photosynthesis via the net 

oxygen production, while the Phyto-PAM evaluates the gross photosynthesis via 

fluorescence. The inconsistency of oxygen production and rETR is partly caused by 

the difference of respiration rates for different species. The respiration rates of 
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different Symbiodinium species are not the same even at the same condition 

(Suggett, Warner et al. 2008). 

B.  Oxygen production under varying light regimes 

The sample is only exposed to the light for ten seconds for each step, and all the 

samples are in a homogeneous state. That is the reason why there is no big 

difference between species in the curve for initial response from the rapid light 

curve under low and medium temperatures (22 °C and 26 °C) (Figure 10). The 

initial oxygen production rate is 0 and even negative for some light intensities, but 

that doesn’t mean that the oxygen concentration will stay stable or even decrease all 

of the time. The oxygen concentration increases all the way because it is only the 

initial response of the algae to the light intensity, which indicates that algae might 

have an inner system to adjust photosynthetic performance that responds very 

quickly. 
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Figure 9. Oxygen production rates at the beginning of each light step (two seconds 

after the light intensity change) from rapid light curves for four Symbiodinium sp. 

under different temperatures: (A) 22 °C; (B) 26 °C; and (C) 30 °C. The four colors 

represent four Symbiodinium sp. (Black: CCMP 2467; Red: CassKB8; Blue: Mf1.05b; 

and Cyan: RT 013). 

The samples were cultured at 60-80 PAR, and the peak in the initial oxygen 

production curve from the rapid light curve is also located near this light intensity. 

This could also indicate that the samples were in a homogeneous state if they are 

exposed to each light step only for 10 seconds. The clade-specific profile under high 

temperature (30 °C) indicates that at high temperature the response is clade-

specific. 

A B 

C 



32 
 
C. Symbiodinium isolation 

The changing living conditions may stress the Symbiodinium cells. There were 

several factors that may stress the Symbiodinium during the isolation procedure. 

Blowing the coral with air may stress the Symbiodinium, but observation under the 

microscope shows that almost all the cells in the field are Symbiodinium cells which 

means that there were many isolated Symbiodinium cells during this step. Though 

they were isolated freshly, but they may still suffer from potential stress. The 

purpose of culturing the cells in liquid medium before culturing them on an agar 

plate is to help in the recovery of the Symbiodinium cells from the mechanical stress.  

Considering that not a lot of other types of cells were observed after the recovery 

period, it seems that there is no need for the recovery period for the potential stress 

during the isolation period. However, the experimental results show that no 

Symbiodinium cells grow on the agar plate without the recovery period after 

blowing with air. This means that the recovery period after the air blowing step is 

necessary for Symbiodinium isolation. The reason for culturing on the agar plate was 

to be able to harvest a single colony for culturing. Even if there are some 

Symbiodinium colonies that grow on the plate, they are not easy to continue growing 

after picking into the liquid medium for amplification. A potential reason is that the 

colonies are contaminated with other types of cells that are growing faster than the 

Symbiodinium cells. The Symbiodinium colonies grow very slowly on the agar plate 

compared to other types of cells, and the colonies were not big enough to be picked 

which made it very difficult for picking Symbiodinium cells only. Once the culture is 
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transferred into the liquid medium, the Symbiodinium can be amplified and the 

isolation procedure is finished.  
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5. CONCLUSIONS 

In this study, a range of Symbiodinium sp. cultures were classified at the subclade 

level with the PCR-DGGE technique by ITS2 region sequencing. The ITS2 region was 

not able to resolve species for all samples tested since different species from the 

same subclade produced the same ITS2 sequence. Nevertheless, it was possible to 

correlate species/clade phylogeny with physiology to some degree. Especially the 

photosynthetic characteristics, which were evaluated by the rETR and oxygen 

production with the combination of Phyo-PAM and oxygen microsensor produced 

clade- and species-specific profiles. Hence, Symbiodinium might have species-

specific and clade-specific profiles. Projecting further this could provide a potential 

way to identify different Symbiodinium clades or species using physiological 

parameters. The initial responses to light during short light exposures were more 

similar for the different species then the initial responses to light under long light 

exposures. This might indicate the existence of a self-protection system in 

Symbiodinium. Last, one Symbiodinium sp. was isolated from the central Red Sea, 

characterized by morphology, and classified by ITS2 region sequence as belonging 

to the clade A1.  
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APPENDICES 

1. Symbiodinium isolation protocol 

(1). Filtered seawater using 0.2 μm mesh (Milipore), and autoclaved at 121°C 

for 15 minutes (Systec DCX-100) to make sterile sea water. 

(2). Filtered 50× F/2 medium (Sigma) by sterile syringe filter (Pall) and 

added to one liter of sterile sea water to make F/2 culture medium. 

(3). Collected coral samples with hammer and chisel by SCUBA during 

August-December 2011 at 5 to 6 meter depths off Thuwal, Saudi Arabia.  

(4). Put the coral fragments (surface area approximately 5 to 10 cm2) into 

sample bags with seawater and returned directly to the laboratory. 

(5). Transferred the samples into new sample bags with 1 to 2 ml of F/2 

culture medium. 

(6). Blew samples with canned air for 5 minutes to break the coral cells and 

release the Symbiodinium. 

(7). Transferred the mixture without coral reef skeleton to a homogenizer 

(Omni International) and ground several times. 

(8). Checked the homogenized mixture under the microscope (Carl Zeiss 

Scope. A1) to make sure the coral cells were broken and the Symbiodinium 

were present and even distributed. 

(9). Transferred 300 μL and 500 μL of Symbiodinium suspension into 25 ml of 

F/2 culture medium  into separated tissue culture flasks (Greiner Bio-one) 

for Symbiodinium recovery. 
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(10). Cultured Symbiodinium in an incubator (Peicival, E-41HO) under 60-80 

PAR light strength with a 12 hour light : dark cycle at 26 °C. 

(11). Checked cultures every day under the dissection microscope (Carl Zeiss 

Stemi 2000) after 3 days. 

(12). Picked a putative cell cluster with long-thin glass pipette (VWR Pasteur 

Pipet) onto a glass slide (Fisherbrand) and checked under the microscope to 

find out if the cluster was made up of Symbiodinium.  

(13). Added 1.3% agar to 0.2 um filtered sea water. 

(14). Autoclaved and added F/2 medium by 0.2 um syringe filter when the 

temperature of medium was below 65 °C. 

(15). Poured the medium onto 100 × 15 mm plates (Fisherbrand) to make 

F/2 solid medium. 

(16). Placed 50 μL, 200 μL and 500 μL of the cell cluster onto the solid to 3 

weeks. 

(17). Picked a single colony from plate under the dissection microscope, and 

checked under the microscope to identify Symbiodinium colonies. 

(18). Transferred the single colonies from the plate to liquid medium and 

amplified several times. 
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2. DNA extraction by Chelex protocol 

(1). Wrapped bleached spatulas with aluminium foil, and autoclaved to avoid 

external DNA contamination. 

(2). Weighed four grams of Chelex (Sigma 143-3832) with electronic balance 

(Mettler Toledo XS205) and transferred into a 50 ml sterile falcon tube 

(Fisherbrand) by using one of the previously sterilized spatulas. 

(3). Filled the tube to 40 ml with sterile RNAse/DNAse free water to make a 

10% slurry of Chelex 100 Resin. 

(4). Aliquoted 150 μL of Chelex slurry into sterile 1.5 ml eppendorf tubes 

mixing the slurry well. 

(5). Stored the aliquots at -20 °C (Thermo Scientific REVCO) until needed. 

(6). Turned on the heating block (Eppendorf Thermomixer Comfort), and set 

to 99°C. 

(7). Transferred 5 ml of each single colony into 15 ml sterile falcon tubes for 

centrifuging at 20,800 g for 5 minutes. 

(8). Discarded the medium and transferred as little of pellet as possible into a 

Chelex aliquot. 

(9). Mixed the sample with a Chelex slurry for 20 seconds and put it into a 

heating block for 20-30 minutes. 

(10). Mixed the sample again for 15 seconds. 

(11). Centrifuged the tube in a microcentrifuge (Eppendorf Centrifuge 5430 

R) at 20,800 g for 2 minutes. 



44 
 

(12). Transfer 80 μL of supernatant to a new sterile eppendorf tube without 

touching the Chelex in the bottom. 

(13). Added 9 μL of 10× TE buffer (Teknova) to the supernatant to make the 

DNA extraction with about 10% TE buffer which could be stored at -20 °C. 
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3. PCR for DGGE protocol 

(1). Treated the tips, tubes and pipette with UV light for 15 minutes before 

use. 

(2). Transferred 10 μL of forward primer stock “ITSintfor2" (100 ng), 10 μL 

of 3’ flank reverse primer stock “ITS2CLAMP” (100 ng), 10 μL of 10× TE 

buffer and 70 μL of water to 100 μL as the primer mix. 

(3). Used the typical PCR reaction with a final volume of 25 μL with the 

Qiagen Multiplex Kit: 12.5 μL of 2× Qiagen Multiplex Mix; 1 μL of Primer mix; 

5 μL of Template from the Chelex DNA extraction and 6.5 μL of water. 

(4). Calculated the total volume of PCR reaction including one negative 

control and one extra reaction. 

(5). Prepared the master mix without template with the same ratio of single 

PCR reaction. 

(6). Transferred 5 μL of template into each PCR reaction tube. 

(7). Transferred 20 μL of master mix into the PCR reaction tube, and mixed 

with the template. 

(8). Placed the PCR reaction tubes into the thermal cycler (eppendorf 

Vapo.protect), and started the DGGE program. 

(9). The DGGE program was designed as below: 

Initialized at 94 °C for 5 minutes; 

Denatured at 94 °C for 30 seconds, annealed at 60 °C for 45 seconds, 

extended at 72 °C for 30 seconds for 20 cycles, and decreased the annealing 
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temperature one degree every two cycles to reach 52 °C for annealing in the 

final cycle; 

Denatured at 94 °C for 30 seconds, annealed at 52 °C for 45 seconds, 

elongated at 72 °C for 30 seconds for 27 cycles, elongated at 72 °C for 10 

minutes and held at 12 °C. 
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4. DGGE protocol 

A. Plate cleaning and assembly 

(1). Each plate was scratched at the upper right corner, and side with the 

scratch was faced inside upon assembly. 

(2). Plates were cleaned with dish detergent using tight circular hand 

motions. 

(3). Plates were rinsed with diH2O, and let drip dry vertically and then wiped 

clean with Kim wipes (Kimtech) to make sure surfaces were without dust. 

(4). Plates were cleaned again with 70% ethanol (Sigma-Alorich), and wiped 

dry with Kim wipes. 

(5). Silicon spray was applied (Krylon) (3 to 4 sprays) to the plates but the 

upper 3 to 5 cm was left clear. 

(6). Silicon was spread on the plates evenly with Kim wipes by gentle circular 

movements. 

(7). Plates were cleaned again with 70% ethanol to remove excess silicon, 

and carefully wiped dry with Kim wipes without destroying the layer of 

silicon. 

(8). The yellow silicon gasket was placed tightly around the plate, with the 

incisions in the gasket placed around the corners on the outside of the plate. 

(9). The second notched plate was placed on top of the first plate without 

touching the surface with the marked surfaces facing each other on the inside. 

(10). Both plates were aligned, and the spacers were placed on each side 

between the glass plates. 
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(11). Nine small clamps were used to fasten the plates (3 at the bottom, and 3 

on either side), and one more small clamp was later used to attach each side. 

(12). The colored plastic stickers were placed on the corners of the gel plates, 

and different colors were used on the left and right corners to aid orientation 

for gel loading and taking pictures. 

B. Gel preparation 

(13). The heater and pump in the buffer chamber (C.B.S.Scientific) were 

turned on and programmed to 60 °C. 

(14). Prepared fresh 15 ml of 0% denaturing acrylamide solution and 15 ml 

of 100% denaturing acrylamide solution per gel. 

(15). Weighed out the 6.31 g urea (Sigma-Alorich) on an electronic balance, 

and placed 3 ml of acrylamide (Sigma-Alorich), 6 ml of formamide (J.T.Baker), 

0.75 ml of 20× TAE buffer and 2.25 ml of diH2O in a fume hood (Flores Valles) 

into the 100% denaturing acrylamide solution bottle. 

(16). Placed 3 ml of acrylamide, 0.75 ml of 20× TAE buffer and 11.25 ml of 

diH2O in a fume hood into the 0% denaturing acrylamide solution bottle. 

(17). Stir bars were added into the bottles and they were placed onto 

magnetic stirrers (Fisher Scientific) to dissolve urea completely before the 

next step. 

(18). Prepared 200 μL of 10% ammonium persulfate solution (APS) (Sigma-

Alorich) solution per gel. 

(19). Prepared final denaturing solutions of 45% and 80% by mixing the 0% 

and 100% solutions in 50 ml falcon tubes: transferred 6.3 ml of 0% 
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denaturing acrylamide solution and 5.2 ml of 100% denaturing acrylamide 

solution as 45% denaturing acrylamide solution; transferred 2.3 ml of 0% 

denaturing acrylamide solution and 9.2 ml of 100% denaturing acrylamide 

solution as 80% denaturing acrylamide solution. 

(20). Checked to make sure the pump was in place, with butterfly needle 

between the two glass plates, and valves of the pump were closed. 

(21). Turned on the magnetic stirrer and turned to setting 2. 

(22). Added 5 μL of TEMED (Sigma-Alorich) to the 45% and the 80% 

denaturing acrylamide solution tube and swirled to mix. 

(23). Added 95 μL 10% APS solution to the 80% denaturing acrylamide 

solution tube and mixed by swirling. 

(24). Poured the 80% solution into the (right) chamber of the gradient maker 

nearest to the outport containing the stir bar immediately after adding APS 

solution to the 80% denaturing acrylamide solution tube. 

(25). Opened the flood connection between both chambers and closed it 

immediately to avoid any bubbles being trapped in the channel, and pipetted 

any 80% solution from the left chamber back into the right chamber. 

(26). Added 95 μL 10% APS solution to the 45% denaturing acrylamide 

solution tube and mixed by swirling. 

(27). Poured the 45% solution into the left (remaining) chamber immediately. 

(28). Opened the connection to the gel plate assembly and then opened the 

connector between the high and low chambers. 
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(29). Turned  the pump on in forward direction, and set the pumping speed 

at 2 to let gel gradient pour for 5 minutes to fill until the edge was 

overflowing. 

(30). Removed needle and carefully set the gel comb. 

(31). Used the small clamps and attached them to sides of the gel plate at the 

height of the comb. 

(32). Left the gel for polymerization for at least 1 hour. 

(33). Cleaned the pumping station, columns and needle with diH2O. 

C. Setting up gel for electrophoresis 

(34). Gel plate was laid flat on a pipette tip rack. 

(35). Comb was carefully removed to avoid distorting the well walls. 

(36). Clamps were removed and supported. 

(37). The excess polymerized acrylamide was removed by razor blade so that 

it would not interfere with sample loading. 

(38). Gel plates were washed with diH2O with the wells facing down. 

(39). The silicon gasket was removed at the bottom of the plates and the 

sides were left on. 

(40). The support plate was placed face down on gel plates to form a small 

chamber with openings between the notches. 

(41). Plates were aligned, and 4 wide mouthed clamps were used per side to 

the support the stand leaving 1 cm between the base of the stand and the 

bottom of the plates. 
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(42). Placed the gel into the buffer tank at an angle to avoid trapping air 

bubbles in the space between the plates and the gel. 

(43). Connected tubing from the peristaltic pump into lower port of the 

chamber created by the walls of the electrophoresis stand and the gel plates. 

(44). Turned on peristaltic pump and let chamber fill. 

(45). Thoroughly rinsed the wells three times with narrow tip pipettes to 

remove the residual urea. 

D. Loading and running the gel. 

(46). Mixed 20 μL of the PCR product with 15 μL of loading buffer (see recipe 

at the end of this protocol). 

(47). Loaded 15 to 20 μL of the mixed product to each well. 

(48). Plugged gel rigs into the power supply, and checked all connections. 

(49). Ran the gel at a constant 150 V for about 15 hours. 

D. Gel staining 

(50). Turned off the power supply, immersion heater, and peristaltic pump. 

Disconnected tubing from gel rigs. 

(51). Removed plates from buffer chamber aquarium, poured back residual 

buffer back into the tank, and transferred plates to dry paper towels. 

(52). Dried them off and removed clamps. 

(53). Took off the supporting stand and removed silicon gaskets. 

(54). Noted which gel plate was at the bottom. 

(55). Inserted fingers between two gel plates, and carefully removed upper 

gel plate. 
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(56). Removed any wrinkles in the gel by injecting a little diH2O under the 

gel, and carefully rolling a glass tube over the wrinkled places. 

(57). Placed the entire gel plate with gel, facing up in a container. 

(58). Placed pipet box plastic frame on a central area, where the bands were 

suspected to be. 

(59). Mixed 10 ml 1x TAE buffer and 10 µl of SYBR Safe DNA gel Stain 

(Invitrogen), and poured the mixture into the frame on the gel. 

(60). Stored for at least 15 minutes in dark at room temperature. 

(61). Cleaned the transilluminator (Clear Chemical Research) with 70% 

ethanol. 

(62). Placed the gel plate with the gel facing down on the transilluminator. 

(63). Lifted the glass plate off slowly, and kept the gel on the transilluminator.  

(64). Used a plastic spacer to lift the corner of the gel off the plate. 

(65). Removed all the air bubbles by injecting diH2O under the gel and rolling 

it flat. 

(66). Wiped the edges around gel to remove liquid from the surface of the 

transilluminator. 
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5. Taking pictures and annotation 

(1). Lifted the camera stand onto the orange filter plate. 

(2). Started the program FOTO/Analyst @ PC Image. 

(3). Acquired images by turning on the exposure view. 

(4). Increased the lightness to a level around 130. 

(5). Adjusted aperture opening and focused the camera manually, and 

adjusted the position of the camera. 

(6). Took a picture and save it in a folder. 

(7). Inverted the picture and printed it out on the printer (Sony digital 

graphic printer UP-D897). 

(8). Labeled the gel picture and choose the bands to cut. 

(9). Cut the bands with needles and cleaned all gear with 70% ethanol 

between cutting each band. 

(10). Used blunt tweezers to remove the bands with as little excess gel as 

possible. 

(11). Put the gel in eppendorf tubes with 200 μL of 0.5× TE buffer and PCR 

grade water at 4°C for 24 hours to extract the DNA. 

(12). Removed the gel from the transilluminator with paper towels 

(Kimberly-Clark). Wrapped it up and disposed of it in the biohazard waste. 

(13). Cleaned the transilluminator with 70% ethanol. 

(14). Cleaned the used gel rigs, dishes, and DGGE area. 

The running buffer in the tank is 1× TAE buffer, and the stock buffer is 20× 

TAE buffer. For 1 liter of 20× TAE buffer: 95 g Tris; 7.5 g EDTA; 55 g NaAc 
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(3H2O) brought up to about 900 ml with deionized water; where the pH was 

adjusted to 7.4 with Acetic Acid; and then topped off with deionized water to 

1 liter. 

The recipe for 10 ml loading buffer: 2g Ficoll 400; 100 µl 1 M Tris-HCL; 20 µl 

0.5 M EDTA pH 8; 10 mg bromophenol blue and filled up to 10 ml with MiliQ 

water. 
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6. ITS-2 re-amplification protocol 

(1). The tips, tubes and pipettes were UV treated for 15 minutes before use. 

(2). Transferred 10 μL of forward primer stock “ITSintfor2" (100 ng), 10 μL 

of 3’ highly conserved reverse primer stock “ITS2-reverse” (100 ng), 10 μL of 

10× TE buffer and 70 μL of water into 100 μL as the primer mix. 

(3). Used the typical PCR reaction with a final volume of 25 μL with the 

Qiagen Multiplex Kit: 12.5 μL of 2× Qiagen Multiplex Mix; 1 μL of Primer mix; 

2 μL of Template from gel extraction and 9.5 μL of water. 

(4). Calculated the total volume of PCR reactions including one negative 

control and one extra reaction. 

(5). Prepared the master mix without template by the same ratio of a single 

PCR reaction. 

(6). Transferred 2 μL of template into each PCR reaction tube. 

(7). Transferred 23 μL of master mix into the PCR reaction tube, and mixed 

with template. 

(8). Placed the PCR reaction tubes in the thermal cycler and started the DGGE 

program. 

(9). The DGGE program was designed as below: 

Initialized at 94 °C for 15 minutes; 

Denatured at 94 °C for 60 seconds, annealed at 55 °C for 90 seconds, 

elongated at 72 °C for 90 seconds for 30 cycles; 

Elongated at 72 °C for 10 minutes; and held at 4 °C. 
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7. MinElute OCR Purification Kit Protocol 

(1). Transferred 100 μL of Buffer PBI to 20 μL PCR product and mixed. 

(2). Placed a MinElute column in a suitable rack. 

(3). Applied the sample to the MinElute column and centrifuged (Eppendorf 

Centrifuge 5430 R) at 17900 g for 1 minute to bind the DNA. 

(4). Discarded the flow through, and placed the MinElute column back into 

the same tube. 

(5). Added 750 μL PE Buffer to the MinElute column and centrifuged at 

17900 g for 1 minute to wash. 

(6). Discarded the flow-through and placed the MinElute column back into 

the same tube. 

(7). Centrifuged the column for an additional 1 minute at maximum speed to 

completely remove the residual ethanol from the PE Buffer. 

(8). Place the MinElute column in a clean 1.5 ml microcentrifuge tube, with 

the lid open for 5 minutes to dry the residual ethanol. 

(9). Transferred 10 μL EB Buffer(10 mM Tris·Cl, pH 8.5) to the center of the 

membrane, let the column stand for 1 minute, and then centrifuged at 17900 

g for 1 minute to elute the DNA. 

(10). Placed  a 1 μL drop of the product onto a spectrophotometer (Nanodrop 

2000C) with the Nanodrop 2000 software to test the DNA concentration and 

then sent the samples to the Boisciences Core Laboratory for sequencing. 
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8. Sequence assembly, BLAST and phylogeny tree built-up protocol 

(1). Displayed “AB1” type results in Codoncode Aligner software. 

(2). Clipped the ends of the sequences with the default setting. 

(3). Assembled all the forward and reverse sequences from one sample. 

(4). Found the forward primer and reverse primer in the assembled contig. 

(5). Cut off the two ends from the 5’ end of forward primer and 5’ end of 

reverse primer. 

(6). Checked the sequences manually by looking into the chromatogram to 

avoid the low quality and inconsistent base calling by the software. 

(7). Exported the samples to a text file. 

(8). BLASTed from NCBI to find out which clade the sample belongs to. 

(9). Started MEGA 5.05 software, and created a new alignment file for DNA. 

(10). Imported the assemble result from the file. 

(11). Aligned selected samples with MUSCLE, and saved this session as an 

MAS file. 

(12). Constructed the maximum likelihood tree with 100 boostrap 

replications method. 

(13). Exported the phylogeny tree as a PDF file. 
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9. Physiological measurement protocol 

A. Sample preparation 

(1). Maintained Symbiodinium cultures in the incubator (Peicival, E-41HO) 

under 60-80 PAR light strength with a 12 hour light: dark cycle at 26 °C. 

(2). Transferred the Symbiodinium cultures to fresh F/2 culture medium 

every 1 to 2 weeks to make sure that the Symbiodinium had enough time to 

adapt to the new medium as well as stayed in logarithmic phase. 

(3). Mixed the Symbiodinium cultures in the Erlenmeyer flask (Fisherbrand). 

(4). Transferred 10 ml of culture into 15 ml Falcon tubes (Fisherbrand). 

(5). Centrifuged the cultures at 1000 g (eppendorf centrifuge 5810 R) for 10 

minutes. 

(6). Discarded the supernatant, and diluted the cultures with fresh F/2 

culture medium up to 10 ml. 

(7). Counted cell numbers with a hemocytometer (Hausser Scientific) under 

the light microscope (Carl Zeiss Scope. A1). 

(8). Diluted the sample to the right concentration (100000 cells/ml) with F/2 

culture medium. 

(9). Transferred 1.5 ml of the diluted culture into the microsensor 

respiration chamber (Unisense). 

(10). Put the glass coated magnetic stirrer into the chamber. 

(11). Bubbled the culture with 1 Pa nitrogen pressure for 12 to 14 seconds to 

adjust the oxygen concentration to about 40 to 80 μmol/L avoiding any 

spraying of the culture. 
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(12). Added 7.5 μL of 1M NaHCO3 to the bottom of the culture. 

(13). Closed the lid on the chamber. 

(14). Cleaned the outside of the chamber with Kim wipes (Kimtech), and then 

placed the chamber into the Phyto-PAM (Walz). 

(15). Repeated the same procedure with all of the cultures. 

B. Microsensor preparation 

(16). Put the microsensor into MiliQ water for pre-polarization for at least 10 

minutes until the signal became stable. 

(17). Prepared 0% oxygen solution: 0.1 M sodium ascorbate and 0.1 M NaOH 

dissolved in the medium.  

(18). Put 0% oxygen solution in the 0-calibration chamber and F/2 culture 

medium into the attached silicone tube without adding any air bubbles. 

(19). Placed the microsensor into the silicone tubing and calibrated it for 1.5 

to 2 hours until the signal dropped below 20 mV and stabilized for at least 10 

minutes. 

(20). Bubbled the F/2 culture medium in the calibration chamber CAL300 for 

at least 1 hour for a 100% oxygen saturated solution. 

(21). Calibrated the microsensor in 100% oxygen saturated F/2 culture 

medium until the signal was stable for at least 10 minutes. 

C. Physiological measurement 

(22). Turned the microsensor amplifier on, start the MicOX software, and 

used the previous calibration. 
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(23). Placed the calibrated microsensor into the chamber, and kept the tip of 

the microsensor in the bottom of the lid to avoid disturbing the Phyto-PAM 

measurement. 

(24). Started to measure the oxygen concentration. 

(25). Waited for 10 minutes in the dark for a stable signal. 

(26). Started the Phyto-Win software and clicked auto-gain which should be 

10 for this cell concentration. Used 10 as the standard gain value in each 

measurement. 

(27). Started the rapid light curve program. The light strengths were 8, 16, 31, 

63, 153, 246, 351, 454, 653, 853, 1046, 1428 PAR. There should be 12 steps 

and each step should be for 10 seconds. 

(28). Waited for 30 minutes in the dark to give the sample some time to rest. 

(29). Started the photosynthesis-irradiance curve measurement. Light 

strengths were 8, 16, 31, 63, 153, 246, 351, 454, 653, 853, 1046, 1428 PAR. 

There should be 12 steps and each step should be 8 minutes. 

(30). Placed the sample with 7.5 μL of 1M NaHCO3 without bubbling nitrogen 

into chamber at 6 pm, and left it in the dark overnight until 6 am for the 

respiration curve. 

 


