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ABSTRACT

In obligate symbioses, the host’s survival relies on the successful aocqussit maintenance of
symbionts, which can be transferred from parent to offspring via direct entnezi{vertical
transmission) or acquired anew each generation from the environment (horizostaigson).
Vertical transmission ensures progeny acquire their obligate symkbomisrogeny
encountering an environment that differs from that of their parent may be diszgke by
hosting a suboptimal symbiont. Conversely, horizontal symbiont acquisition providethieosts
benefit of acquiring symbionts well suited to the prevailing environment, but progey fail to
acquire their obligate symbionts. Here | show that the &ykaphora pistillata may garner the
benefits of both transmission modes by releasing progeny with materrmalgddgymbionts that
are also capable of subsequent horizontal symbiont acquisition. The algal symbionts
(Symbiodinium) present irSs. pistillata adults, juveniles, and larvae (planulae) were identified
using denaturing-gradient gel electrophoresis (DGGE) and real-time PGBE confirmed
previous reports that in the Gulf of Eilat, Red Sea, shallow water (Zqugtillata adult coral
colonies host clade Bymbiodinium, while deep-water (24-26m) colonies host clade C. Real-
time PCR uncovered previously undetecBgahbi odinium present at low-levels in some deep,
but no shallow water adult colonies. Planulae only inherited the dominant symagafrom
their maternal colony. While most shallow water juveniles hosted ordg @&ymbiodinium,
deep-water juveniles either hosted clade C, clade A, or a mixture of both chelall planulae

analyzed hosted only one symbiont clade, while some juvenile colonies
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hosted either multiple symbionts, or symbionts not characteristic of the depkiich they
occurred, these data support environme®aibi odinium acquisition, in addition to vertical
symbiont inheritance, in the cor@lpistillata. Reciprocal depth transplant experiments of
juvenile S pistillata colonies were executed to monitor potential changes i8ythiai odinium.
Hosting physiologically distincBymbiodinium may allow coral host survival under varied
environmental conditions. Therefore, horizontal symbiont acquisition may enaalspecies
with vertical transmission to acquire advantageous symbionts. In turn, thigrovége genetic
variation in the symbiosis on which natural selection can act, providing a mechansona

adaption to global climate change.
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|. MIXING IT UP: MULTIPLE SYMBIONT ACQUISITION
STRATEGIES AS AN ADAPTIVE MECHANISM IN THE
CORAL STYLOPHORA PISTILLATA

Introduction

Obligate Symbioses

In obligate symbioses, the host’s survival relies on the successful aocquasit
maintenance of symbionts. Symbionts can either be transferred from pardsptmgfvia
direct inheritance (vertical transmission) or acquired anew each gendram the environment
(horizontal transmission). Vertical transmission should promote obligate muatsddecause
the fitness of the symbiont is intrinsically correlated to the succesgidduction of the host
(Wilkinson & Sherratt 2001; Saclesal. 2011). Additionally, partner fidelity eliminates the risk
of cheating (Leigh 2010). In turn, the host benefits because vertical traiosneissures
offspring inherit their obligate symbionts, eliminating the risk of lack of sgnttacquisition
(Douglas 1998; Wilkinson & Sherratt 2001).

Horizontal symbiont transmission seems counterintuitive in obligate syrslbesause
host survival hinges on a potentially unpredictable symbiont source and the risktofgclsea
high (Leigh 2010; Douglas 1998). Despite these risks, obligate symbioses amnadinia

horizontal transmission in a variety of species (Bright & Bulgheresi 2018jn&fdn & Sherratt



2001; Leigh 2010; Sacles al. 2011), including most scleractinian corals (Batrdl. 2009). As
partner fidelity is not absolute in horizontal transmission, strong partner cavicdlow
mutualisms to persist in systems with horizontal transmission (Ruby &2%# Leigh 2010;
Sachset al. 2011). Partner sanctions can also promote stable mutualism through the
“punishment” of cheaters or nonperforming symbionts (Leigh 2010; $hehs2011). Corals
with horizontal transmission may use both partner choice and partner sanctionsténmai
stable symbioses with dinoflagellate algae (Leigh 2010).

Partner choice creates the opportunity for the host to acquire symbionts thatpraye
host fithess and allow for adaptation to environmental changes (Douglas 1998; Wilkins
Sherratt 2001). Vertical symbiont transmission, on the other hand, does not provide the
opportunity to acquire non-parental symbionts. Consequently, hosts may be disadviantage
changing environments by hosting a suboptimal symbiblaist species may therefore benefit
from employing both symbiont transmission modes. Phylogenetic analyseeheaked
predominant vertical transmission punctuated by relatively infrequent hotizgnthaiont
acquisition in some obligate prokaryote-ing8aldoet al. 2006; Allenet al. 2007; Kikuchi &
Fukatsu 2003; Hainet al. 2005), prokaryote-marine invertebrétan-Fonget al. 2008; Schmitt
et al. 2008; Stewarét al. 2008; Yanget al. 2011), prokaryote-earthworm (Schranstral. 2003),
and eukaryotic lichen symbioses (Dal Graetdal. 2012). As scleractinian corals host obligate

algal symbionts, it is possible that corals may also utilize both symbiontnismnsn strategies.

Symbiodinium Diversity and its Ramificationsfor Corals

Dinoflagellate algae in the gen8gmbiodinium form mutualistic symbioses with a wide

array of marine organisms including cnidarian hosts (e.g. scleractovals,coctocorals, sea



anemones) (Pochat al. 2007). In the obligatory relationship scleractinian corals form with
Symbiodinium, the host provides its unicellular tenants with protection and nutrients that aid
photosynthesis in oligotrophic tropical waters. In ret&mbiodinium translocate up to 95% of
their photosynthate, providing a nutritional foundation for host metabolism (Muscating 1990
and calcification (Allemanet al. 2011).

Symbiodinium are divided into nine distinct phylogenetic clades named A-l (Pochon &
Gates 2010). Within cladeSymbiodinium exhibits substantial diversity, but as species limits
remain largely unresolved, subclades are referred to as types (Lsske@001; Baker 2003; van
Oppen 2004; LaJeunesteal. 2005; Correa & Baker 2009a; Sehtl. 2011). Specific
Symbiodinium types exhibit distinct physiologies and respond differently to variatioghi &nd
temperature (Warnet al. 1999; Iglesias-Prietet al. 2004; Rowan 2004; Tchernaval. 2004;
Loramet al. 2007; Reynoldst al. 2008; Sampayet al. 2008).

Given the genetic and physiological diversity of 8ymbiodinium genus, and the rapidly
declining health of coral reef ecosystems worldwide, there is a grabpinterest in
understanding whether corals are able to host mulBpibiodinium types, either sequentially or
simultaneously. Stress events that lead to a reducti®ymioi odinium numbers may provide an
opportunity for coral hosts to acquire novel symbionts from the environment (Buddemeier &
Fautin 1993; Buddemeiet al. 2004). Corals may be able to rapidly adapt to changing
environmental conditions by sequentially altering their symbionts sucBytmbaiodinium types
mal-adapted to current stressors are replaced with types well suitegtexthing environment
(Buddemeiegt al. 2004). Following stress events, the acquisition of n8ymbiodinium has

been documented in numerous coral species, but the relationship appears transient, as novel



symbionts do not persist after recovery (Baker 2004; Lewis & Coffroth 2004; THaeatrddi
2006b; Sampayet al. 2008; LaJeunesst al. 2009b; Coffrothet al. 2010).

In adult coral colonies, although not common, some species host m8jtdeodi nium
types within the same colony. Subsequent to a stress event, background, or low-level,
Symbiodinium populations may increase in abundance (Budderseatr2004; Silversteiret al.
2012). While some species do host multiple clades, at abundant or background levels sin the va
majority of coral species, adults feature extremely stable and reghbific symbioses with a
singleSymbiodinium clade (Goulet 2006), even during stress events (LaJewsteds2010; Stat
et al. 2009a; Thornhilkt al. 2006a,b; Thornhilét al. 2009). In general, coral species that
horizontally acquire symbionts may exhibit a greater capacity to hospla@gmbiodinium
types at either abundant or low-levels (®tatl. 2008a). Even still, low-levedymbiodinium
have been detected in adult colonies of several coral species with vertibasytransmission
(Mieog et al. 2007; LaJeunesstal. 2009b; Silversteimt al. 2012). In these vertical systems, if
a single adult colony hosts multigBgmbiodinium, progeny may inherit all or any one of the

Symbiodinium types present in the maternal colony.

I nitial Symbiont Acquisition in Corals

Deciphering symbiont acquisition strategies utilized by corals thi@utgontogenesis is
key to understanding corals’ ability, or lack thereof, to alter their symbi@stsd on the
environmental conditions of the habitat in which they grow. Scleractinian coitedly acquire
Symbiodinium through either horizontal or vertical symbiont transmission and, in general, each
symbiont transmission mode is associated with one of two distinct coral repveduodes.

The majority of coral species (~84-89%) broadcast spawn, whereby eggs enaspeecleased



into the water column where external fertilization and larval developmenptace (Bairdt al.

2009; Harrison 2011). The remaining 11-16% of coral species brood larvae (planulaeghin whi
fertilization and planula development occur internally (Bairdl. 2009; Harrison 2011). The

mode of symbiont transmission is not known for many species, but in general, ~90% ofdroodin
species display vertical symbiont transmission (Betia. 2009). In contrast, horizontal

acquisition is the predominant transmission mode in broadcast spawning cora, spiicienly
~25% of all spawners exhibiting vertical symbiont inheritance (Batiatl 2009).

Vertical transmission of symbionts results in stable, long-lasting syestbat are well
adapted to the prevailing environment (Wilkinson & Sherratt 2001). Thus, verticahisaien
ensures that coral planulae inherit an advantagBgeung odinium type while eliminating the risk
of death due to a lack of symbiont acquisition (Douglas 1998; &/ais2001). Symbiotic
planulae also benefit from energy resources of the photosyntheticallgdiautrients provided
by Symbiodinium (Richmond 1987; Isomura & Nishihira 2001; Bagtchal. 2009; Hariiet al.
2010). Most symbiotic planulae are competent to settle within hours to days sérelea
(Fadlallah 1983; Nishikawet al. 2003), but long competency periods (from 35-103 days) have
been documented in several brooding species with vertical transmission gRech887;
Rinkevich & Loya 1979a; Hargt al. 2002). Long competency periods coupled with nutritional
provisioning fromSymbiodinium, may allow for occasional long-distance dispersal, which
increases the probability of successful settlement in a favorable h#gotaufa & Nishihira
2001; Hariiet al. 2010) and allows for the colonization of new habitats (Richmond 1987; Baird
et al. 2009).

Although hostingSymbiodinium confers benefits to planulae, there are costs. First,

having symbionts at the planula stage can generate high levels of anti-oxidasedectivity



and increased oxidative cellular damage (Yakovetwh 2009). Further, high intensities of
photosynthetically active radiation (PAR, 400-700nm) and UV radiation (280-400nm) can
reduce chlorophyll concentration and consequently survivorship in symbiotic @g@iéason
& Wellington 1995). The negative effects associated with hoSyimipiodinium in the larval
stage can apply to species with either symbiont transmission mode, since sgeteispecies
with horizontal symbiont transmissioBymbiodinium acquisition can occur prior to settlement
(Harii et al. 2009).

Second, due to the fidelity of symbiont transfer, vertical symbiont trasemimay
preclude coral hosts from associating with ncehbiodinium during times of environmental
change (Benayahu & Schleyer 1998; Douglas 1998;etah 2001; Weiset al. 2001; Thornhill
et al. 2006a; Hariet al. 2009).In contrast to vertical transmission, horizor@gainbiodinium
acquisition may predominate in corals because it allows planulae or juvenileg i@ aew
symbionts each generation, increasing the probability of acqu8ymigiodinium well suited to
the environment in which the planulae settle (Rowan & Knowlton 1995). While planulae that
inherit theirSymbiodinium vertically may be incapable of acquiring symbionts from the
environment, planulae may still inherit a dive8yenbiodinium population if maternal colonies
host multipleSymbiodinium types. To my knowledge, no studies have assessed the
Symbiodinium types present in planulae that inherit symbionts directly from their mhterna
colony, and therefore it remains unclear whether planulae with verticatiynitted symbionts

can host multiple types &ymbiodinium.



Symbiont Promiscuity in Juvenile Corals

The Symbiodinium specificity exhibited by adult corals is thought to limit the possibility
of symbiont altering in the adult life stage (LaJeunesse 2002; Goulet & @atdO8; Goulet
2006). But, some coral species with horizontal transmission are capable oingcqoue!
Symbiodinium during the juvenile life stage (Coffrodhal. 2001; Gomez-Cabrerh al. 2008;
Abregoet al. 2009a,b; Weist al. 2001, Littleet al. 2004; Rodriguez-Lanettt al. 2006).

While the juvenile stage may be key in establishing novel symbioses, no studiestawia
demonstrated juveniles capable of successfully maintaining an exogenoyshed novel
symbiont into adulthood. The onsetSymbiodinium specificity has been shown to range from
as little as 21 hours iRungia scutaria planulae (Rodriguez-Lanet&yal. 2006) to up to 3.5
years in the case @icropora tenuis juveniles (Abregat al. 2009b), but the mechanisms of
specificity are not well understood (Hirogteal. 2008; Schnitzler and Weis 2010). Initial uptake
of symbionts by planulae and juveniles may be non-selective (#itlle 2004; Hariiet al.

2009), and infection may be dominated by opportunistic symbionts that are subsequently
removed from symbiosis (Abregal. 2009a). Furthermore, it is unclear whether selection
occurs at the holobiont (host and symbiont) level, whereby hosts with certain synpleiasits
the host level, whereby either the host retains or excludes certaityalgsl(Littleet al. 2004),

or the symbiont level, where algal types compete for dominance within thé3uysez-Cabrera
et al. 2008).

Vertical transmission is often regarded as a “closed” system th&t Bgmbiont diversity
in all life stages (Benayahu & Schleyer 1998; Douglas 1998t ah 2001; Weist al. 2001,
Thornhill et al. 2006a; Hariet al. 2009; but see van Oppen 2004). As such, corals with vertical

symbiont transmission may not acqusenbiodinium in early ontogeny because they are already



equipped with maternally derived symbionts and may be incapable of additional horizontal
acquisition. Studies to date have consequently focused on juvenile corals that Hiyrizonta

acquire symbionts. Although not tested, it has been suggested that horizontal acquagition m
occur in coral species with vertical symbiont transmission (van Oppen 2004 ;0degall.

2006; Stakt al. 2008a). To investigate this hypothesis, the present study sought to determine the
Symbiodinium identity in the planulae and juveniles of a species with vertical symbiont

transmission.

Stylophora pistillata in the Red Sea

The brooding cora®tylophora pistillata (family Pocilloporidae) is widely distributed
throughout the Indo-Pacific and Red Sea (Veron 2000), and is among the most abundant frame
building corals in the Gulf of Eilat, Red Sea (Figure 1; Rinkevich & Loya 1979 1676b).

As a sequential hermaphrodite, the developmeBt iktillata in the Red Sea is categorized into
four distinct life stages: 1) young, non-reproductive, 2) first year reprodumtlonies

(commonly male), 3) hermaphroditic mature colonies, and 4) hermaphroditic old colonies
(Rinkevich & Loya 1979b). Hermaphroditic mature and old colonies are distigesdb@cause

old colonies produce more female gonads per polyp compared to mature colonies (Rinkevich &
Loya 1979b). Reproductively mature hermaphroditic colonies have a long repredigzison

in shallow water, releasing planulae from December through July (Loya 19h&ayieh &

Loya 1979b; Zakagt al. 2006). The reproductive season is about two or three months shorter in

deep as compared to shallow water colonies (Rinkevich & Loya 1987).



Figure 1. Shallow water adultStylophora pistillata colony. Photograph taken on the reef in
front of the Interuniversity Institute for Marine Science in Eilat, El&gel.

Adult S pistillata in the Gulf of Eilat, host two distin@ymbiodinium clades. Shallow
water colonies (<17m) associate with clad8yfbiodinium (Lampert-Karakaet al. 2008;
Winterset al. 2009), specifically type A@LaJeunesse 2001; Daniel 2006; LaJeuneissie
2009a). Deep-water congeners harbor symbiont types in clade C (Veiraker2009). Deep-
water colonies ranging from 20-30m h&ginbiodinium type C72 (LaJeunesseal. 2005;
Daniel 2006). Mesophotic colonies (>30m) host sev@rabiodinium clade C types: C1s,
C21s, C21t, and C72s (Daniel 2006). Depth mediated patterns of symbiont variabilitynare see
in coral species around the world at both the cladal and subcladal level (Saatrgdag007;
Bongaertst al. 2010a,b; Fradet al. 2008; Coppeet al. 2011; Rowan & Knowlton 1995). To
my knowledge, no studies have assessed the potential presence of |d8ybietiniumin a

species that exhibits depth mediated symbiont variability.



Research Objectives

Given thatS pistillata in the Gulf of Eilat hosts two differeymbiodinium clades as a
function of depth, | determined if shallow and deep-water adult colonies hosted previousl
undetectedbymbiodinium at low-levels. Sinc& pistillata vertically transmits its symbionts, |
further analyzed planulae released from both shallow and deep-water matkmigscto
determine thé&ymbiodinium clade(s) inherited. Which symbiont(s) progeny inherit may affect
their survivorship in different habitats due to physiological differenc&spistillata symbionts
(Winterset al. 2009). Finally, by examining tHgymbiodinium genetic identity at both depths in
juvenile colonies, | determined whether juveniles are capable of acquiring@lymum from
the environment. Understanding tBanbiodinium present througho& pistillata ontogenesis
may lend insight into the symbiont depth distribution observed in adult colonies and whisther it
a consequence of host differential mortality or symbiont succession. Additiatetiphering
whetherS pistillata juvenile colonies are capable of both vertical and horizontal symbiont
transmission has important implications concerning corals’ ability to adlgtalhal climate

change.

Methods

Sample Collection

Samples were collected from a reef in front of the Interuniversitytubstior Marine
Sciences in Eilat (IUl), Gulf of Eilat (Agaba), Red Sea (29° 30’ N, 34° 56Sf)ophora
pistillata colonies were haphazardly collected from both shallow (2-6m) and deep (24-26m)
water habitats in May, June, and/or July of 2009-2011 using SC\3Bgistillata were

collected from three distinct age classes: adult colonies (~15-30cm widtil¢sveolonies

10



(~0.5-2.8cm width), and pelagic planulae. All samples were immediatebnfiadz80°C or

preserved in 95-100% ethanol for DNA analysis. From each adult colony, a brarebfpiec
approximately 2cm in length was collected. In total, samples wdexied from 14 shallow

and 21 deep-water colonies in July of 2009; from 10 shallow and 11 deep-water colonies in May-
July of 2010; and from 10 shallow and 14 deep-water adult colonies in June of 2011.

From each adult colony sampled in 2009 and 2010, spawned planulae were also collected
using planula collection nets as described by Zetkali (2006; Figure 2). No planulae were
collected in 2011. Planula collecting nets consisted of a mesh plankton net topped with a
positively buoyant plastic collection container and a drawstring thatexkthe net around the
base of the maternal colony. As planulae are positively buoyant, upon releasgyaheinto
the collection container. The collection nets were placed at dusk and left on thescoloni
overnight for approximately 12 hours. The following morning, the nets were eallantd
immediately moved to an outdoor flowing seawater table, and the contents obbacton
container were emptied into a bucket. Planulae were then collected witlear Pgsttte and
preserved in 95-100% ethand. pistillata colonies were less fecund in 2010 compared to the
2009 sampling period. Therefore, while an adequate number of planulae were coltenteld fr
adult colonies over a single collection night in 2009, adult colonies were repeataglgdan

2010 in order to obtain a sufficient sample size.

11



Figure 2. Planula collection net. Net is placed over a shallow water adiiji ophora pistillata
colony.

JuvenileS pistillata colonies were haphazardly collected from both depths only in July
of 2010. Entire juvenile colonies were removed from both natural and artificiateelssising
a hammer and chisel. Juveniles were immediately transferred to an olndoog Seawater
table under shading equivalent to the irradiance levels present at the depthicbntihey were
collected. All collected colonies appeared healthy with no visible signgathihg. AsSS
pistillata colonies are approximately spherical, the lenbthwidth (), and heightl) of all
juvenile colonies were recorded. The geometric mean ragdiungag then calculated (Loya
19764, Loya 1976b) using the following formula:

7= ((L*w*h)/3)/2.

An approximate age was then extrapolated for each juvenile colony based on gtewth r
estimates for shallow wat&r pistillata colonies in the Gulf of Eilat (Loya 1976a, Loya 1976b).
A small chip (~4-7mm) was removed from each juvenile and preserved in 100% ethanol for

subsequent DNA analysis.
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DNA Extraction

Genomic DNA was extracted from each adult and juvenile coral fragmenidividual
planula using either a phenol:chloroform protocol or a Wizard Genomic DNA Pudfidéii
(Promega). Most of the 2009 adult samples were extracted using a phenol:chlexdfaction
protocol as described by Gougttal. (2003). An adult coral branch piece, approximately 4mm
by 4mm, was added to a 1.5ml microcentrifuge tube with 600l of digestion bufferNILOOmM
Tris, 5mM EDTA, 200mM NacCl, 0.2% sodium dodecyl sulfate (SDS)). Coral tissue was
disrupted with a plastic pestle before 3.6l of proteinase K (20mg/ml) was addedib@se t
were then incubated at 65°C for one hour. 600ul of chloroform-isoamyl alcohol (24:1) was
added and tubes were left on a shaker for five minutes. Samples were thémgeehtar five
minutes. The top aqueous phase was removed and placed into a fresh 1.5ml microcentrifuge
tube with 600ul of phenol:.chloroform:isoamyl alcohol (25:24:1). Once again, the samples were
left to shake for five minutes prior to a five-minute centrifugation. The top aqueous\pass
removed and placed into a fresh 1.5ml microcentrifuge tube with 1ml of 95% ethanol. Samples
were then left to precipitate overnight at -20°C. Next, samples were ceadrifioig30 minutes
and the resulting supernatant was decanted. The pellet was then washed in 500p8tbhii0%
and centrifuged for five minutes, two separate times. After the second washaiidgagion,
the ethanol was removed and the pellet was dried prior to re-suspension in 20-30ul deE buf
This protocol was also used for most of the 2009 planula samples, but reagent volumes were
reduced ten-fold according to Coffraghal. (2001). As multiple planulae released from a single
parent were stored in the same microcentrifuge tube, clumps of multiplegaamelle separated
using a dissecting microscope such that entire individual planulae wererireohsbenew

microcentrifuge tubes for DNA extraction.
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In an effort to eliminate the extra source of error associated with the laderofde
reagents in the phenol:chloroform extraction protocol (an important consideratrealftime
PCR analysis, S. Baerson pers. comm.), | extracted some of the 2009 and all of theu010 a
and planula samples using the Wizard DNA (Promega) extraction protocaliagctar
LaJeunesset al. (2003). All juveniles and 2011 adult colonies were extracted using the Wizard
DNA protocaol.

Following LaJeunesseat al. (2003), an approximately 4mm by 4mm adult or juvenile
coral fragment was placed in a 1.5ml microcentrifuge tube with 600ul of nusikeblyffer
(Promega) and 100-200ul volume of glass disruption beads (0.25-0.05mm). Samples were
incubated at 65°C with 3ul of proteinase K (20mg/ml) for one hour and briefly vortexed every
20 minutes. The samples were next incubated for 20 minutes at 37°C with 1pl ofeRNAas
(4mg/ml; Promega). After incubation, 260ul of protein precipitation solution (Promega)
added, gently mixed, and the tubes were placed on ice for 15 minutes. The samples were
centrifuged for five minutes (12,000rpm) and 600ul of the resulting supernatamiaced into
a new 1.5ml microcentrifuge tube with 700ul of 100% isopropanol and 25ul of sodium acetate
(3M). The precipitate was then placed on ice for an additional 20 minutes. The DNA was
centrifuged for five minutes (12,500rpm) and the resulting pellet washed in 800046
ethanol. After a final centrifugation, the supernatant was decanted and thevasltiried
before re-suspension in 10-20ul of DNA rehydration solution (Promega).

In order to extract planula DNA, | modified the LaJeunessé (2003) Wizard DNA
protocol to accommodate the small sample volume. Planula samples were prbgdbge
same protocol as the adults and juveniles, but all reagent volumes were reduded\iQH the

exception of final DNA pellets, which were re-suspended in 10ul of DNA rehgdrsdgilution

14



(Promega)). As planulae have no calcified structures, no glass beads etcamdisnstead a

planula was crushed against the side of the microcentrifuge tube using @ fgipett

Amplification of the Hypervariable I nternal Transcribed Spacer 2 (I TS2) Region of the

Ribosomal Array

The rapidly evolving internal transcribed spacer 2 (ITS2) region of theaibal array
(Figure 3) is the most extensively utilized marker for differentigBymbiodinium due to its
ability to resolve sub-cladal diversity. Owing to the widespread use of this mniude is
extensive DNA sequence data available, allowing for the rapid charattarinf Symbiodinium
types present within a host. While other markers are available and stilanedseing
developed (LaJeunesse & Thornhill 2011; Pockiat. 2012), to date, ITS2 is the best available

marker for type level resolution in ti8gmbiodinium genus.

ITS1 ITS2
188 5.85| 285
ssu LSU LSU

Figure 3. Schematic of the ribosomal subunit consisting of tandemly repted copies of the
rDNA operon. Each cistron consists of the highly variable ITS1 and ITS2 regions surrounded
by the highly conserved 18S, 5.8S, and 28S regions of the large (LSU) and small (SSU
ribosomal subunits.

The ITS2 region of the ribosomal gene was amplified usin@tmbiodinium specific
primer set developed by LaJeunesse and Trench (2000; Table 1). The forward prim
(ITSintfor2) anneals to a highly conserved region of the 5.8S ribosomal gene. The revers

primer (ITS2CLAMP) is equipped with a 39bp GC-clamp on the 5’ end and anneals to the

conserved 28S region (Figure 3).
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To ensure PCR specificity, a “touchdown” amplification protocol was used aslbes
by LaJeunesse (2002). Following an initial denaturation step of 92°C for threesnisaunples
were run for two sets of 20 cycles with the following conditions: 92°C for 30 secondsf@0°C
45 seconds, and 72°C for 30 seconds. For the first round of 20 cycles, annealing conditions were
set at 60°C and were dropped by 0.5°C each cycle until a final annealing tenepeir&0°C
was reached. With a constant annealing temperature of 52°C, another 20 cyclesware r

final 10 minute annealing step was run at 72°C.

Denaturing-Gradient Gel Electrophoresis (DGGE)

Denaturing-gradient gel electrophoresis (DGGE) of ITS2 has been xteedieely to
investigateSymbiodinium diversity within coral hosts. DGGE fingerprinting of ITS2, coupled
with the sequencing of diagnostic bands, has resulted in the identification of hundradgief
Symbiodiniumtypes (LaJeunesstal. 2002; Correa & Baker 2009a; Sehial. 2011).

DGGE takes advantage of the fact that double stranded DNA exhibits unique melting
temperatures based on the length and G/C content of the sequence. Therefore, as double-
stranded DNA migrates through a gradient of increasing denaturant clerdiaghostic
banding profiles are created through differences in the dissociation, or melting ponid s
DNA sequences. Even a single base-pair change will alter the dissopiaint such that DNA
fragments with low melting temperatures will quickly denature and migrdsea short distance
into the gel relative to fragments with high melting temperatures (Ladsi2002, Sampayb
al. 2009).

The PCR amplified ITS2 product was electrophoresed on an 8% polyacrylamide

denaturing gradient gel (45-80% urea-formamide gradient) at a constget&tuane (60°C) for
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13 hours at 120V (CBS Scientific DGGE system; Thorréhidll. 2006b). Gels were stained

with SYBR Green | nucleic acid gel stain (Invitrogen) for at least 2iutes. The most distinct
and dominant bands were excised and placed into individual 1.5ml microcentrifuge tiibes wit
500ul of nuclease-free water. The tubes were vortexed for two minutes andrettiiate at

4°C for at least two days before the elute was PCR amplified for directhsetgasing the
ITSintfor2 primer and the ITS2Rev primer without the GC-clamp (LaJear®$2, Sampayet

al. 2007). The PCR reaction products were sequenced, in the forward direction only, on an
Applied Biosystems 3730 capillary sequencer (Core DNA Laboratory at Argata

University, Tempe, AZ). Sequence chromatographs were analyzed manuddl{seseious
(version 5.3.6) and compared to GenBank submissior8ymasiodinium type identification.

Adult corals were run on the same gel with a maximum of 17 of their released elanula
(some colonies released more than 17 planulae, but due to well restrictions, no more than 17
planulae were run per adult colony). In total, from the 2009 samples, 11 shallow and 19 deep-
water colonies were run in addition to 131 shallow and 143 deep-water planulae. From the 2010
samples, nine shallow and 10 deep-water adults were run along with 115 shallow argt 96 dee
water planulae. Of the juveniles collected in 2010, 26 shallow and 22 deep-water codyries w
analyzed with DGGE.

Several limitations inherent to the ITS2 marker and DGGE can confound the
interpretation oBymbiodinium diversity. While the ITS2 primers used &gnbiodinium
specific, they are capable of occasionally amplifying host coral DM8gunesse 2002),
resulting in additional, confounding bands in the DGGE profile. In addition, ribosones gen
eukaryotic organisms consist of multiple tandem repeats, or cistronsgBigu8ymbiodinium

and other dinoflagellate algae are estimated to contain anywhere from 200 to 1200ytandeml|
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repeated copies of the rDNA operon (Maroteetuad. 1985; Galluzzet al. 2004). Through
concerted evolution rDNA cistrons are homogenized, resulting in intragenomicseque
variation (reviewed in Sampaybal. 2009). The multi-copy nature of the ITS2 region has made
it difficult to differentiate intragenomic from intergenomic variation ansl ¢@ntributed to the
large number oSymbiodinium types that are characterized as unique based on single base pair
changes in the ITS2 region. In other words, when multiple bands are seen on ayBIGIGEan
be difficult to determine if each band represents a dis8ymbiodinium type or multiple, rare,
intragenomic variants of the sar@gmbiodinium type.

DGGE often produces multi-band profiles making it challenging to diffexenti
diagnostic bands. Many of these additional bands represent heteroduplexes, avRICRar
artifacts formed when heterologous DNA strands anneal (LaJeunesse 20@2hdijadexes, as
well as pseudogenes, result in relatively unstable DNA strands that iegaickly, leaving
multiple uninformative bands that migrate only a short distance into the geluh@sse 2002).
Additionally, Symbiodinium types with unique DNA sequences will co-migrate to the same
distance in the gel if they happen to have the same melting temperature (Bath2007;
Sampayat al. 2009). Consequently, to validate DGGE analysis, one must start by sequencing
all bands in a given profile to differentiate diagnostic from erroneous band&d@hill pers.
comm.). Further, even after validating a given DGGE profile, any unique bands dbserste
be excised and sequenced.

Despite these limitations, DGGE is still favored over cloning, which is ter atost
widely used technique for determiniBgmbiodinium diversity with the ITS2 marker (Apprill &
Gates 2007; Winterat al. 2009; Statt al. 2009b; Pochon and Gates 2010; Stal. 2011).

Studies have shown that DGGE, in conjunction with direct sequencing of the dominant bands,
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provides a more accurate representatioByotoiodinium diversity compared to cloning
(Thornhill et al. 2007, Sampayet al. 2009). DistinctSymbiodinium types contain fixed
sequence variation that allows for a diagnostic, and repeatable DGGE profiieimtiae
dominant band corresponds to the most dominant intragenomic variant (LaJeunesse 2002,
Thornhill et al. 2007, Sampayet al. 2009). As such, excising and sequencing the dominant
DGGE band(s) allows for the accurate characterization ditibiodinium type(s) present in a

given sample.
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Real-time PCR

Most coral species maintain stable symbioses with a s8ygieiodinium type
(LaJeunesse 2002; Goulet & Coffroth 2003; Goulet 2006; Thomtlall 2006a,b; Stadt al.
2009a; Thornhilkt al. 2009; LaJeunesstal. 2010). HoweverSymbiodinium types present in
proportions below five to ten percent of the total symbiont population cannot be deteaged usin
DGGE and other gel techniques (Thornkilal. 2006b; Mieoget al. 2007). This has led some
to hypothesize that while most corals dominantly associate with a simgkeasyt type, coral
species may host a highly diverse symbiont population that cannot be detected viidmaladi
gel techniques (LaJeunesse 2002; Ulstrup & van Oppen 2003; Buddenagi@004; van
Oppen & Gates 2006; Silverstagnal. 2012). In response, there has been a relatively recent
increase in the number of studies utilizing real-time PCR technology (Ulstuam &ppen
2003; Loramet al. 2007; Mieoget al. 2007; Ulstrupet al. 2007; Smith 2008; Correst al.
2009b; LaJeunesstal. 2009b; Mieoget al. 2009; Coffrothet al. 2010; Yamashitat al. 2011,
Silversteinet al. 2012). Real-time PCR provides a nearly 100-fold increase in detection
sensitivity compared to DGGE (Mie@yal. 2007; Loramet al. 2007), and has been successful
in identifying previously undetectegymbiodinium types present at low-levels within a variety of
host species (Mieog al. 2007, LaJeunesstal. 2009; Silversteirgt al. 2012).

Unlike traditional end-point PCR, real-time PCR monitors target aicgdiibn through
the detection of a fluorescent reporter molecule. The fluorescencetgdrerdirectly
proportional to the amount of PCR product present in a given PCR cycle. Diffenetices i
initial DNA template concentration will be reflected in the number ofesyokeeded for sample
fluorescence to reach a set threshold value, which is referred to as the thrgsleotd G value

(Kubistaet al. 2006; Smith 2008).
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As real-time PCR monitors the fluorescent signal generated dwaaihgRCR cycle,
software accompanying the real-time instrument creates acafilvin plots (Figure 4). During
the initial stages of PCR (e.g. cycles 1-16 in Figure 4) very little fleeree is detected, as
amplicon copy numbers remain low; these initial stages are referred tobeséiae (Kubistat
al. 2006). Included in each PCR reaction are a reporter dye and an internal passveeef
dye. The reporter dye produces the fluorescent signal from the target DNA. $ive pas
reference dye generates an internal fluorescence upon which the repodan dgenormalized.
Therefore, fluorescence fluctuations are corrected in the normalzedee(R) value, which is
defined as the ratio between the fluorescence intensities of the reportertiggassive
reference dye. The deltg R\R,) value can then be calculated based on the signal magnitude
generated following the formula:

AR,, = R, — baseline.

Real-time PCR software creates amplification plots of eitherRR,, versus the PCR
cycle number (Figure 4) and allows for the monitoring of PCR amplification ktinez In
order to either quantify samples or determine positive versus negativemeagialitatively, a
threshold value must be set to determine thedlue (Figure 4). Samples with low €alues
indicate the target DNA is of higher abundance compared to samples withrhighu€s. The
threshold can be manually set or automatically determined using reahimement software.
Regardless, it is important that threshold values are set above the basealinéoluas possible

within the exponential growth phase of the amplification curve (Lariehak 2005; Figure 4).
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R+

Threshold

Baseline

Cycle Number
Figure 4. Annotated example of a real-time PCR amplification plot.Each point within the

amplification curves represents the fluorescence signal generated alix@ig cycle (40 cycles)
as measured by,R Circle points represent sample amplification while triangle pointssepra
no template negative control. The dotted red line represents a set threshold vasugldlcad
above the baseline, but as low as possible within the exponential growth phase of ths sample
amplification curve. The £value indicates the cycle number at which sample fluorescence
exceeds the threshold; in this example, the sample hasaue of 18. (Image modeled after
the Applied Biosystems Real-time SDS software (see “Absolute QGoatdn...”).)

There are several different chemistries used for the detection of PCRtgrbyueal-
time PCR instruments including intercalating dyes, duel labeled probesy, gnoove binding
probes, molecular beacons, fluorescence energy transfer, and fluoresdeidg brimers
(Gunsoret al. 2006; Kubistaet al. 2006; VanGuildeet al. 2008). In the present study | used the
SYBR green (Applied Biosystems) detection chemistry, which is an irdirgablye that is
widely used for many real-time PCR applications. The SYBR green digeiminately binds
to all double-stranded DNA (VanGuildetral. 2008; Kubistaet al. 2006). During PCR, the
denaturing step creates single stranded DNA fragments that do not fluorebeej s ¢annot

properly bind. However, upon PCR extension, the SYBR green dye binds to the newly created

double-stranded DNA fragments and fluoresces. Consequently, as the number cddgh@ts
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increases with each PCR cycle, the net fluorescence detected by timeaattrument
proportionally increases. The chief limitation of SYBR green chemistityat all double-
stranded DNA, even non-target DNA, creates a fluorescent signal (VanGaigdle2008). This
limitation can be circumvented with the use of a dissociation-curve analysis

With SYBR green chemistry, real-time instruments record the dedreflserescence
that occurs each cycle when double-stranded DNA denatures. As denaturationtaimgirdya
different temperatures according to the unique DNA sequences of each taidetcause
deceased fluorescence only occurs after denaturation, dissociation-clgstsacan determine
diagnostic melting temperatures for each target. Dissociation-curlysiaraan easily identify
primer dimers, which display characteristically low melting tenipeea relative to target DNA.
Dissociation curves are typically plotted as the “first derivative ofdteeof change in

fluorescence as a function of temperature” (see “Absolute Quantificat).

Real-time PCR Assay
Real-time PCR was used to evaluate possible low-levé&gndiiodinium that fell below
the detection limit of DGGES pistillata in the Red Sea has only been reported to associate with
clade A in shallow water and clade C in deep water (Daniel 2006; Lampekerahia. 2008;
Winterset al. 2009). Consequently, only clade A (SymA28S) and C (SymC3a8&)iodinium
specific primer pairs, designed by Yamaskital. (2011; see Table 1 for primer sequences),
were used to target the 28S ribosomal region (Figure 3).
All of the adults, juveniles, and planulae collected in 2010 were analyzed witinreal-
PCR, while only a subset of samples collected in 2009 and 2011 were run. In total, nine shallow

water adults and 134 of their released planulae were analyzed from the 2010 s&noplethe
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2010 deep-water samples, 10 adults and 107 planulae were run. Of the samples collected in
2009 and 2011, 10 adults from each depth and year were analyzed. Additionally, | ran 28
shallow and nine deep-water planulae released from adults in 2009. Finally, 25 juveniles
each depth were run with real-time PCR.

For real-time PCR, the amount of DNA in any given sample was quantified
spectrophotometrically using a NanoDrop (Thermo Scientific, ND-1000 Spectroptetdand
DNA concentrations were normalized to 0.1-2.0ng/ul. All samples were run inatgpbn an
Applied Biosystems 7300 real-time PCR system. A total reaction volume of 25ulsed, but
due to differences in primer concentrations, the reactions varied slightlyedoeprimer pairs.
The clade A primer pair reaction contained 12.5ul 2x Power SYBR green PC&mast
(Applied Biosystems), 7.75ul nuclease-free water, 450nM of each primer, and 2g@mnbaofic
DNA at a concentration of 0.1-2ng/ul. The clade C primer pair reaction caht2rteul 2x
Power SYBR green PCR mastermix (Applied Biosystems), 9.25ul nuclesserdter, 150nM
of each primer, and 2.5ul of genomic DNA at a concentration of 0.1-2ng/ul. All platesume
under the same thermal conditions: 2 minutes at 50°C, 10 minutes at 95°C, and 40 cycles of 15
seconds at 95°C and 1 minute at 60°C. A dissociation curve was also run on each plate, which
consisted of one cycle at 95 for 15 seconds, 60°C for 30 seconds, and 95°C for 15 seconds.
The dissociation curve was used to determine the melting temperaturé oéacton to
identify non-specific fluorescence characteristic of primer dgmédditionally, clade A and C
Symbiodinium exhibited diagnostic melting temperatures allowing for confirmationtfigeclade
of interest was in fact amplified.

Since DGGE had already confirmed the presence of clade A in all shallewasalts,

juveniles, and planulae, only the clade C primer pair was used to detect the poesdssce
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of low-levels of clade Gymbiodinium. A subset of shallow samples was run on each plate with
the clade A primer pair as a positive control. Likewise, all deep-adtéts, juveniles, and
planulae were run with the clade A primer pair to detect low-levels o @e@ymbiodinium and
positive controls were run on each plate with the clade C primer pair. Due to amigbGES
profiles for many of the juveniles collected in deep-water, all deep-yuateniles were run with
both primer pairs. No template negative controls were run on each plate tandetspecific

fluorescence.

Primer Optimization and Standard Curves

Prior to running assays, primer optimizations and standard curves were run tmconfir
optimal primer and DNA concentrations. Both primer optimizations and standard cuemees w
run in duplicate in 25ul reactions. Primer optimization reactions contained 12.5aw2x P
SYBR green PCR mastermix (Applied Biosystems), 1ng DNA template, doeat 8i25ul,
0.75ul, or 2.25ul of each forward and reverse primer to obtain final primer concerstiaiti
50nM, 150nM, or 450nM, respectively. The clade A and C specific primer pairs were run at all
three primer concentrations using a DNA template from one shallow and oneatee@dult
colony known to contain clade A andSgmbiodinium, respectively. With both primer pairs,
amplifications run at a 450nM primer concentration only marginally outperformplifiaations
run at 150nM; both the 450nM and 150nM concentrations proved more efficient than 50nM
(Figure 5A). Therefore, 450nM was used as the primer concentration forcéitbmsaun with
the clade A primer pair. However, primer interactions in the clade C prigsrigad in primer

dimers that caused non-specific amplification at 450nM. The primer dimer&kveneated
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when the primer concentration was dropped to 150nM and therefore, all clade C reaeteons w
run with a 150nM primer concentration (Figure 5B).

Standard curves were initially run to determine an optimal DNA concentratiandestl
curves run with the clade A primers were created using genomic DNA c&late a shallow
water adult colony known to contain cladeSanbiodinium. Similarly, standard curves run with
the clade C primers were created from DNA isolated from a deep-aatkrcolony known to
contain clade Gymbiodinium. Initial standard curves were run in duplicate over six, three-fold
serial dilutions ranging from 1ng/ul to 0.004ng/pl. In both the clade A and C standaed, cur
0.33ng/ul amplified more strongly than the 1ng/ul concentration indicating that 1ng/u
overwhelmed the PCR reaction and that lower DNA concentrations were requiréctiente
amplification. Consequently, standard curves were run in duplicate over five,diteeial
dilution from 0.33ng/ul to 0.004ng/ul on all subsequent plates in order to monitor primer

efficiency.
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Figure 5. Real-time PCR results from primer optimization analysis. (A) At 450nM (black)

and 150nM (orange) primer concentrations, the amplification efficiency waarsibut the

450nM concentration was considered optimal for this primer due to the higher derivative see

the dissociation curve (inlay). Both concentrations performed better than 50z Xg(B)

Primer interactions with the clade C primer pair resulted in non-speci@icecence in the no
template control at 450nM primer concentration (black). At 150nM (orange) no non<specifi
fluorescence was detected. Target DNA amplified similarly at both ntnatiens for the clade

C primer.
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Data Analysis

Although real-time PCR has been used to quantify the number of algae present in coral
samples (Ulstrup & van Oppen 2003; Mieai@gl. 2007; Yamashitat al. 2011), the multi-copy
nature of rDNA complicates the analysis. As | was unable to determine thawoper for the
Symbiodinium types present in the samples, | chose a qualitative approach to detect theeprese
or absence dBymbiodinium clades not identified with DGGE (Smith 2008; LaJeunetak
2009b; Coffrothet al. 2010). In order to accurately compare samples, strict values were set to
consistently define a positive reaction.
Threshold Determination

The cycle-threshold (£ is a numerical value representing the PCR cycle at which
sample fluorescence surpasses a set threshold limit (Figure 6). Tégirefonder to compare
samples run on different plates, first a fixed threshold value had to be determimsodi& al.
2006; Smith 2008; Correat al. 2009b). The exact placement of the threshold value is somewhat
arbitrary as amplification curves are expected to be near paralleydhe exponential, or
growth phase, of the reaction (Kubistal. 2006). Still, the selected threshold value should be
set as low as possible within the exponential phase of growth and must produce an acceptabl
standard curve {values of 99%:; Larionogt al. 2005). The Applied Biosystems SDS software
uses machine set algorithms to automatically determine an optimal thrediieldovaeach well.
By comparing the standard curves run on each plate, | created a fixed thresiwlolagald on
the average automatic threshold setting for each primer pair. Each primeagaonsidered
individually and therefore, the clade C primer had a fixed threshold of 0.57 while dieeAcla
primer pair had a fixed threshold of 1.30 (Figure 6A-D). Set threshold valueplaeed as low

as possible within the exponential amplification phase (when plottegh@sdRs cycle number;
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Figure 6C-D) and each standard curve was checked to determine if an accegtfficiert of

determination was produced when plotted as cycle number versus the logarithm of DNA

concentration (Figure 6E-F). For both primer pairs, standard curves producedtdea&pta

values indicating optimal threshold settings (clade A N=24, nfea0.0930, SD = 0.0033;

clade C N=27, mearf F 0.9928, SD = 0.0031).
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Figure 6. Real-time PCR standard curve analysisAll standard curves were run in duplicate
over five, three-fold serial dilutions at the following concentrations: 0.33ng/plgur

0.11ng/ul (green), 0.04ng/ul (blue), 0.01ng/ul (orange), and 0.004ng/ul (black). Amplificat
plots are show aSR, versus cycle number for the clade A (A) and clade C (B) primers and as R
versus cycle number for the clade