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Abstract

For many coral species, the obligate association with phylogenetically diverse algal
endosymbiont species is dynamic in time and space. Here, we used controlledriaborato
inoculatiens of newly settled, aposymbiotic coral&ficella faveolaiawith two

cultured species of algal symbio&/nbiodinium microadriaticurend S. minutumyto
examinethe role of symbiont identity on growth, survivorship, and thermal tolerance of
the coral"holobiont. We evaluated these data in the conteSsrmabiodinium
photophysiology for nine months post-settlement and also durirdag period of

elevated temperature®ur data show thaecruitsthat were inoculated witls. minutum

grew significantlyslowerthan those inoculated with microadriaticurfoccasionally
co-occurring\withS. minutury, but that there was no difference in survivorshiof
raveolatapolyps infected withSymbiodiniuniHowever, photophysiological metrics, such
as effective quantum yieldFv/F’m, the efficiency with which available light is used to

drive phetosynthesis and o, the maximum light utilization coefficient) were higher in

those slower-growingecruitscontainingS. minutumThese findings suggest that light

use (ives, photophysiology) and carbon acquisition by the coral host (i.e., host growth) are
decoupled, but did not distinguish the source of this difference. Ne&gmebiodinium
treatment demonstrated a significant negative effect of alfiyeexposure to

temperatures as high as°32 under low light conditionsiilar to those measured at

settlementthabitats.

Keywards: symbiosis, stress, recruit¥,bicella faveolataphotophysiology
PAM - Pulse Amplitude Modulated

RLC - Rapid Light Curves

rETR - relative Electron Transport Rate

AFV/IF’ m=effective photochemicafficiency

a - maximum light utilization coefficient

Fv/Fm maximum photochemical efficiency

ITS —internal transcribed spacer

cp —chloroplast
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KML —Keys Marine Laboratory

FSW-filtered seawater

EtOH - Ethanol

CTAB - Cetyl trimethyl ammonium bromide

cp23S -.chloroplast large subunit

PSIl— photesystem I

rmANOVA™=repeated measures analysis of variance

SA —surface area

Introduetion

The symbiosis between scleractinian corals and their algal endosymbionts is a
two-way exchange of resources that higmaged coral reefs to dominate in high-light,
oligotrophic tropical oceans. With photosynthetically-derived energy, algal symbionts of
the genusSymbiodiniunprovide their host corals with both essential and engogy-
metabolites‘that drivgrowth, calcification and survival of reef building corals. The light-
rich hoest.tissue environment promotes photosynthes®rimbiodiniumwhich also
receivesrecycled inorganic nutrients from their host (reviewed in Sheppard et al. 2009).

Thegeneticallydiverse gensi Symbiodiniuncomprisest least ninaleeply
divergent “clades{Pochon et al. 2014) within and among which there is a high level of
speciesyphysiological, and ecological diversity (reviewed in Baker 2003), including taxa
that areshest generalists an@esialists, as well as free living strains (Pochoal 22010,
Thornhill et al. 2014). Much research has focused on how this diversity relates to
holobiont (coral and associated symbionts) fitness in the field (e.g., Glynn et al. 2001,
Little et.al..2004, Baker et al. 2004, Warner et al. 2006, Abrego et al. 2008, Putnam et al.
2012, Kemp et al. 2014, Edmunds et al. 20fpdjticularly thermal tolerancélorizontal
transmission of symbionts, in which aposymbiotic larvae or newly settled polypsptake u
a diveserset ofSymbiodiniunstrains from the enkdnment de novo each generati@n,
common in scleractinian corglsittle et al. 2004, Coffroth et al. 2006, Baird et al. 2009,
Cumbo et al. 2013, Poland et al. 2013). However, only a small portion avdiable
research has focused on coral juveniles in the first year(s) post settlement, the time period
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during which the symbiosis is first establisHedhorizontally transmitting coraksnd

can behighly flexible (Coffroth et al 2001L.ittle et al. 2004 Abrego et al. 2009, Poland

et al. 2013 While both hostmediatedVVoolstra et al. 2009, Dunn and Weis 2009,

Poland 2010) and environmentaltyediated Abrego et al. 20123hanges in the
dominant.symbiont type occur as corals develop into adults,omsnon that

representatives from2 Symbiodiniuntlades remain present within adult scleractinian
hosttissues at various levels of abundghRaeney etal. 2010, Silverstein et al. 2012),
thoughrusually with a particular symbiont phylotype (Rowan et al. 1997, Glynn et al.
2001, Goulet 2006, Kemp et al. 2008) or even isoclonal algal strain (Goulet and Coffroth
2003, Baums et al. 2014) dominating within the host or within a section of host tissue. In
adult colonies, changes in the dominant symbiont typeohance stress tolerance for

the coral host (Buddemeier and Fautin 1993, Cunning et al. 2015, Silverstein et al. 2015).

Interestingly, changes in symbiont community structure unrelated to environmental
conditions occur during coral ontogeny, suggestingragd yet understudied,
differepeesiin the symbiosis of juveniles versus adult €Syatbiodiniuninteractions
that couldiinclude metabolic differences and/or immature endosymbiont recognition
capacity. Juveniles of the octocoareum asbestinuaredominated by one clade B
Symbioediniunmphylotype during the first 12-18 months but then transition to a different
clade BSymbiodiniumphylotype (Poland 20)@hat is the dominant symbiont found in
almostall adulBriareurrsampled from several parts of tBaribbean and Bermuda
(Poland2020)In the Pacific coralcropora tenuissymbiont populations also switch
from a‘deminant juvenile symbiont type to the adult homologous association after a
period of 3.5 years (Abrego et al. 2009).

Although.much research has focused on the ecological significance of symbiont
identity.in.adult colonies within established reefs (reviewed by Baker 2003, van Oppen et
al. 2009),.information on ho®ymbiodiniunstrainsaffect the ecology of newly settled
and juvenile corals is limited. Ind®acific Acroporahave been the focus of the majority
of these'studies, and that research has revealed that variation among juvenile host-
symbiont pairings leads to important differences in polyp budding (latts et al.

2004), host carbon acquisition (Cantin et al. 208K3)etal depositio(dones and
Berkelmans 2010, Yuyama and Higuchi 2014), energetics (Jones and Berkelmans 2011),
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and thermal stress respong@brego et al. 2008, Howells et al. 2012, Yuyama and
Higuchi 2014). Importantlyassociations of the sans&mbiodiniunspecies can have
differing effects on juvenile vs. adult hosts. For example, adtutbporamillepora
hosting SymbiodiniunD1a are less sensitive to thermally induced bleactamgpared to
those hosting C2 (Berkelmans and Van Oppen 2008 the opposités true for
juveniles of the closely relatedcroporatenuishostingSymbiodiniurrD1 or C2 (Abrego
et al’ 2008)."In the Caribbean, the coral juvenile life stage has been shown to be an
importantfactor in structuring reef communit{@iller et al. 2000)with growth within
the first one'to two years post-settlement having a critical influensareival
(Rylaarsden, 1983, Edmunds and Gates 2004). This emphasizes the importance of
understanding the ecology of newly settled and juvenile corals especially faradmi
Caribbean reef builders includir@bicellaspp.

To better understand the mechanisms underpinpimgiological differences among
coral individuals hosting differenSymbiodiniumspecies, analyses of photophysiology
have beecomeommonfor both cultured andn-hospiteSymbiodinium Most common is
the use of"PulséAmplitude Modulated (PAM) fluorometry to nasure chlorophyll
fluoreseence and infer pathways of ligitergy flow through the photosynthetic
machinery. Various components of photophysiology, particularly the rate and efficiency
with which light energy is used in photochemistry, can be assessed through PAM
fluorometry, but, due to the complexities of photosynthesis (i.e., the conversion of that
light energy. into fixed carbon), studies that employ PAM fluoromekglusively are
limited“instheir ability to predict the quality of a symbiontith regardto the algae’s
contribution of carbon to their hodExamining emergent properties of particular host
symbiont associations (e.g., photophysiology, growth, survivorship, and thermal
tolerance).in tandem with individual symbiont performance paramisterecessary to
evaluate the quality and potential stability of different catghl associations (Cantin et
al. 2009):

The'star coralQrbicella faveolatgpreviouslyMontastraeaBuddet al.2012), a
major constituent of Caribbean reefs, forms symbios#zeifield and laboratory with an
exceptionally diverse suite &ymbiodiniuntaxa,including representatives from at least
four differentSymbiodiniuntladegRowan and Knowlton 1995, Toller et al. 2001,
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Kemp et al. 2008, Finney et al. 2010, Kemp et al. 2015). Yet little is known about how
this diversity affects newly settled recruits and juvenites this experiment we used
laboratory inoculations to focus on the specific influence of two diffesemib/odinium
species S. microadriaticurand S. minuturion host growth and survivorship during the
first nine.months following settlement. To understand the contributi&ymabiodinium
photophysielogy to the host parameters measured, we employed PAM fluorometry, using
Rapid Light' Curves (RLCs) to quantif§fective photochemical efficiencAFv/F’m),

relative Electron Transport Rate through PSII (rETR), and the maximum light utilization
coefficient (o). Furthermore, we compared the thermal bleaching response of coral hosts
harboringddifferentSymbiodiniumand evaluated the maximum photochemical efficiency
(Fv/IFmYof Symbiodiniuma measure particularly sensitive to thermally induced loss of

photosynthetic function (reviewed in Warner et al. 2010).

Materials and Methods
SymbiediniumSource

Most ofitheSymbiodiniurmaturally found in adulO. faveo/ataolonies, including
the symbionts which commonly dominate, are exceedingly difficult to culture
(LaJeuness2001, Santos et al. 2001, Krueger and Gates 28&62he dominantr?
hospiteSymbiodiniunspecia are currently not in culture, we used two well-studied,
easilycultured speciesf Symbiodiniunthat are known to form viable symbioses with
juvenileO~aveolat4Coffroth unpublished)l) S. microadriaticumreudenthala clade
A specieg€ulture ID:CassKB8; cp-23S rDNA type A194; ITS type Al; Genbank:
AY035405.1) which was originally isolated frorf@assiopeap. but has not been
reported InO, faveolatadults and 2)S. minutuma clade B species (Culture ID:
Mf1.05b;.cp-23S rDNA type B184; ITS type B1; Genbank: JX21358&Hhich was
isolated. from tissueof O. faveolataS. minuturmeadily establishes a symbiosis wih
faveolatarecruits Yoolstra et al. 2009,) although it has never been found as a dominant
in-hospitespeciewithin O. faveolatadults(LaJeunesse et al. 2012\ Symbiodinium
cultures used in this study originated from highly concentrated, isoclonal referenc
cultures maintained at the University at BuffalBUNY (BURR Culture Collection:
http://www.nsm.buffalo.edu/Bio /burr/J.he cultures used in the experiments were
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maintained at the Keys Marine Lab (Florida) in f/2 med{@uillard 1975), at ~27C,
under a 14:10 h light:dark regime.
Collectionof Gametes, &aring of Coral Larvae, and Experimentat &

Gametes oD. faveolatanere collected during the mass spawning event Q.9
August 2011 from multiple colonies at two reef locations in the Middle and Lower, Keys
Alligator. Reef (24 48.771' N, 80° 40.167' W) and Looe Key Reef (24° 32.693' N, 81°
24.562"W), respeately. All eggs and sperm from a single site were mixechediately
after collectiorfor fertilization following protocols of Miller and Szmant (2006), and
transferred to Keys Marine Lakatory(KML), Long Key, FL. At KML, gametesand
later embryeg$rom al sites were mixed anghaintained in filtered seawat@¢SW, 1.0
um) fromthe time of collection and thereafter in ortleprevent exposure to exogenous
sources ofSymbiodiniunspp. The resulting aposymbiotic larvae were placed into a series
of six plastic tubsvith 18-20 L filtered seawater (1.0m) at a density of approximately
3,000 larvae L™. Thirty ceramic tiles (5 X 5 cm) that had been preconditioned for 10 d
in filteredrseawater were provided as settlement substrata.

Forlarval rearing, closed circulation tanks were maintained in a shaded outdoor
laboratery with full seawater change$ times. d*. Beginning five days after collection
and fertilization, when larvae began to settle and metamorphose, the frequeiatgrof w
changes decrease to ever$ 8, with each water change followed by inoculation with
either S.microadriaticunor S. minuturrcultures at 500 cellsmL™. A control tank
containingrandomly selecteites with recruitswere notinoculatedand thus thee
recruits'remained aposymbiatic
Experimental 8tup

When visible infection (i.e., golden coloration within polyp tissues) was confirmed
with 10X light microscopy (~2 weeks after settlement and 10 d following the start of
inoculations) the tiles wereansferred to the University of Miami Experimental Hatchery
(VirginiasKey, Miami, FL) where they were maintained tbe following nine months
withoutfurther exposure to culturesymbiodiniumFor eachSymbiodiniuntreatment,
10-20 tiles were randomly distributed among faeplicate tanks (480 tiles- treatment
1) with flow-through, 0.2um filtered, U\ttreated seawater from nearby Bear Cut

(Virginia Key Beach Park, FL). Seawater filtration prevented exposure to envintedme
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sources ofSymbiodiniumand allowed growth and survivorship to be monitored for
specific symbiont-host pairings. Regular maintenance included weekly feeding with
Zeigler ™ (Gardners, PAJSA) larval diet (<100 microns in size), regular tahdaning,
and random_rotation of treatments among tanks that ranged in light exposure between 5-
20 umalphetons m? - s*. Light levels were similar to the low light levels measured in
colony.erevices and under ledges in the field (14:4®| photons m? - s*; see Table
S1intheSupporting Informationthe preferred settlement substratebffaveolata
recruits (Szmant and Mille2006, Miller 2014), andecruitsremained visibly infected
throughout the experiment. Twengcruitsper month from each tank were sampled to
determineSymbiodiniumdentity in each inoculation treatment. The 8-month sampling
timepoint was omitted to ensure there were sufficient redaithe subsequettiermal
tolerance experimenivhich was conductesh 9month oldrecruits
SymbiontGenotyping

Samples,were preserved in 95% ethanol (EtOH$dbisequenDNA extraction
following a2X Cetyl trimethyl ammonium bromide (CTAB) protocol &wrmbiodinium
DNA isolation (Coffroth et al1999. This protocol was slightly modifielly the addition
of a “peadbeating” stepn whicha 56100uL volume ofglass beadss{ze: 425600 um;
Sigma)’per tube were added and shaken on high on a Vortex Genie (Scientific
Instruments) on the highest setting for 5 min to ruptiseesymbiont cell wal{Goule
and Coffroth 1997, Yuan et al. 2014). Symbispéciesvere distinguished via length
heteroplasmy in domain V of chloroplast large subunit (cp23S) ribosomal DNA (Santos
et al. 2003). The cp-23S gene was amplified with polgseechain reaction (PCR) and
the PCR product was then run on a 6.5% Long Ranger acrylamide gel usiQ@R's-
Long ReadlR 4200 DNA Sequencer along with size standards for fragment size analysis.
PCR fer-each sampleasrepeated at least twice for scorigrare cases replicates
differedsinstheir banding patterns and were repeated a third time. Very faintvearels
excluded If they occurred only once in three replicates, otherwise all bands from all
replicateswere included in the analysis.
Growth and Swivorship

Growth and survivorship of symbiot@. aveolataecruitswere recorded with

monthly, high-resolution photographs of one designated tile from each tank (n=4 per
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treatment over the course of the nine-month experiment. Each of the selected tiles
included 75-130ecruitsat the start of the experimeRecruits were considered as
individual settlers beginning as single polyps with limited budding occurring throughout
the duration of the experiment. For growth analysis, 20 indivigicatitswere initially
randomly.selected from the photographed tiles and the surface area daaih

‘footprint’ was measured by carefully tracing the base of the polyp using Adobe
Photoshop™ and then quantifying the area with ImageJ (http://imagej.net/). Bimonthly
measures of these sameeruitswere averaged for each tank replicate (n=4).
Assumptions of normality were tested with a Shaplfitk normality test, and the effects
of time.andsymbionttreatment (and their interaction) on the-tognsformed growth data
were tested with a-@ay repeated measures ANOVA.

Survivorship was calculated as the proportioregfuitsremaining at the end of the
nine-month growth experiment relative to the numbeeofuitsat the start. These
proportional data were arcsine transformed and survivorship among symbionéfresatm
was compared usinganeway ANOVA. All statistical analyses were runi(R Core
Development Tear2012).

Symbient Photophysiology

Measures of photophysiology fogcruitsharboring eithelS. microadriaticunor S.
minuturmwere determined using an imagiRgM (WALZ Mess und Regeltechnik,
Germany). All fluorescence parameters are described and abbreviatetirertmr
Cosgrove“and Borowitzka (2018pdEnriquez and Borowitzka (201@or the firstsix
monthsfellowing settlement (age in month6)lanalyses were run monthly on one
designated tile per tank (n=4 tiles). We meastine@ffective quantum yieldAFv/Fm’,
the efficiency of photochemistry in the lighttapted state) for six randomly selected
recruitsfrom.each tile repeated monthly for six monthatddvereanalyzedisinga 2-
way ANOVA, with symbionttreatment and time as factors and tile nested within
treatment:"Additionally, Rapid Light Curve (RLC) analysis was performed on two month
old recruits, RLC analysis measured'v/Fm’ as a function of increasing irradiance, in
this case across eight steps of increasing PAR (0, 11, 21, 36, 56, 81, 111, and 146 umol
photons m? - s%), each of which was followed by a saturating puRieC analysis

examines the way in which algae use light to drive photosynthesis, by converting
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AFV/FM into a measure of the rate of electron transport through the photosynthetic chain
(rETR). Using SigmaPlotSystat Software, San Jose, G4SA), we fitted ahyperbolic
tangent function (Platt et al. 1980) to the PAR vs. rETR data for eachretdsts(2
Symbiadiniumreatments X 4 replicate tanks X 6 polyps), and calcullednaximum
light utilization coefficient (o, the slope of the linear phase at subsaturating light). We
used a Zailed Student’'s-test to test for a significant effect 8y/mbiodiniumreatment
ona
Thermal-Tolerance

Tiles with nine-month old juvenileorals were transferred KML to assess the
photosynthetic response 8ymbiodiniunmexposed to elevated temperatuegospite
Tiles were selected from each of the symbiont treatments and randomly assigned to one
of three temperature treatments? £7(ambient, norstressful) 2% C, and 32 C. The
highest temperaturteeatmenf 32° C represents acute thermal stress that is expected to
elicit bleaching within days of exposure, while’Z9is expected to elicit bleaching only
when experienced over the long term (weeks to months; Manzello et al. 2007).
Temperature treatments were carried out in agwath 10 L of filtered seawater, a
submersible heater, a submersible pump for circulation, and a HOBO™ datalogger
(Onset«Computer Corporation, Cape Cods8hachusett&JSA) that collected
temperature datavery 30 min. Juvenileoralswere given 10 days to acclimate to
laboratery conditions where light level@re~20umol - photons m? - s*, which was
similar o the light levels that those polygsperienced at the UMH hatchery for the
preceding®® month§emperatures were then raised BYCl: d* until experimental
temperatures were reached (afial). Once temperatures had been established, pre
dawn (dark-acclimated) maximum quantum yield 8fIRFv/Fm) was measured daily
for 5 dte-assesthethermal stress response within egmbiodiniunreatment. A
diving PAM{(WALZ Mess und Regeltechnikzermany) was used to collect data fef 4
recruitsof eachSymbiodiniuntreatmenselected haphazdydwithin each of three
replicate aguaria (n=3). Since we were interested iphlb&physiological response of
eachSymbiodiniuntreatment individually to the temperature treatments, we used two

separate 2vay rmANOVAs to compare Fv/Fm readings for eaatktaveraged across
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five days at experimental temperature, with temperature and time as factors in the

analysis.

Results
SymbiodiniumGenotyping

Although S. microadriaticurrand S. minuturmhave not been detecteddh faveolata
the new'recruitsapidly acquired these symbionts and maintained the symbiosis for the
duration"of'the study (Fig. 1)The uninoculated controlsad rare occurrences of each
inoculum (2 withS. microadriaticurrand 3 withS. minuturout of 123 polypsampled
over 7 months; Fig. 1A). Polyps inoculated w&hmicroadriaticunoftenhad S.
minutunmin @addition to the inoculurepecies (FiglB). This occurred more frequently in
some months than others. In contrast, polyps that were inoculate&.withvtumvere
found to_harbotS. minuturmalmost exclusively throughout the experiment (Fig).1C
Though.our method of chloroplast genotyping does not resfWwwbiodiniunspecies
present-atwvery low levels, the occurrence of onlySprabiodiniuntp23Stypes in
contaminated samples from inoculated and controimeats suggests that the source of
contamination was likely our laboratory inoculather than environmental sources.
Unfortunately, the small size of recruits meant that entire individuals were sampled fo
genotyping. Thus, we could not incorporate genotype information through time to
specific, physiological metrics of either the coral or symbiont, neither couttbns&der
the mixed'state separately. Rather we assume that all recruits within a treatirent ha
similar frequency of symbiont types as recorded from 20 randomly sampled redraits. T
assumptions and limitations of this approach are considered within the Discussion.
Survivorship
The mean proportional survivorship of symbiafic /aveo/ataecruitsover nine months
was relatively high (0.93 +.029037 for S. microadriaticum0.91 +0.0270.032 forS.
minutump0.79 +0.112/-0.141 for controls; average +/- 95% Confidence Interval) and
there was,a significant effect of inoculation treatmergwmwivorship (ANOVA
(F,09=4.42, p=0.047). A Tukeys post hoc test indicatedrdauitswith S.
microadriaticurmnad significantly higher survivorship than the controls (p=0.046).
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Pairwise comparisons & microadriaticunvs. S. minutumandS. minutunvs. controls
were not significantly different (p= 0.81 and p=0.12, respectively).
Growth
The small size and clear tissues of aposymbreticuitsprohibited accurate area
measures.within the control treatmghbtographs thus growth was only compared
between the'two infected treatmenBecruitsurface areaneasurementshowed thaO.
faveolatapolyp growth over the nine-month experiment Wwastfit by an exponential
growthrmedel(R’= 0.998 and 0.948 faf. microadriaticunand S. minutumyespectively;
Fig. 2), though this model may not be appropriate for long term growth studies.
Consegquently, growth data were transformed to the log&*-1) for each time point
(T) relativerto the previous time point-). The ShapiraVilk test showed no violations
of normalityfor the transformed distribution (p>0.05) or within the residuals (p=0.05)
There was a significant effect 8y/mbiodiniumnoculation treatment on the transformed
growthrate 2-way rmANOVA,; Tablel), with no effect of timeTale 1), and no
interaction-fable 1).
Symbiont Photophysiology
Symbiedin/umacclimatedo low light (20umol photons m™ - s%) differed significantly
in theirquantum yield AFv/Fm’). Symbiodiniunof the S. minutumreatmentdirecteda
higher proportion of available light to drive photochemistry comparesymabiodinium
of the S.microadriaticumreatmen{ANOVA, Table 2; Fig. 3). This pattern was
consistentas time progressed., there was no effect of time (ANOVA, TableRzy. 3),
even whenS. minutumvere occasionally detected 8 microadriaticunmoculation
treatment polyps. There were no data for polyps at one montA skparate-test on
data calculated fronwo month old poly@RLCs revealed that a values were significantly
higher(p=0:024) ithe S. minutumreatmen{o =0.506 + 0.02, mean + SD) relative to
the S. microadriaticumreatmen{a =0.444 + 0.04, mean + SD), indicating that S.
minutunis more efficient at higher irradiance th&wnbiodiniumof the S.
microadriaticurmreatment
Thermal blerance

Temperature data collected every 30 min with HOBO™ dataloggers (Onset

Computer Corporation, Cape Cod, Massachusetts) showed that the low and high
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temperature treatments were maintained at their target vaRf&s {{2atment: 28.€ +
0.62, 32T treatment: 32°LC + 0.60; mean + SD). Howeveas a consequence of
experimental limitationsambient temperatures were slightly lovtleanthe target
temperaturé27°C treatment: 25.4°C % 1.5; mean + SD) likely due to laboratory
conditions:,.Changes in Fv/Fof Symbiodiniumvere relatively small for both symbiont
treatmentscross all temperature treatments over the five days aitperiment. The
data“conformed to assumptions of homogeneity of variance inSothiodiniundata
sets (Bartlett test, +squared=16.29, 15.55(microadriaticunand S. minutum
respectively), df=14, p>0.05) and we confirmed graphically that the distribution of
residuals did not violate normality for either data set. Separate ANOMAges! that
time was assignificant factor in the analyses of tsmbiodiniunreatmentswith a
slight decrease in Fv/Fm over time at all temperatures (Balblg. 4). There was no
effect of temperature, nor any interaction with time, on Fv/Fm for e8wewiodinium
treatmentS. microadriaticunor SymbiodiniunreatmentS, minutun{Table 3. Despite
an effeetjofitime, the magnitude of the change in Fv/Fm over the course of the
experiment{a maximum change of ~0.05 for bSgmbiodiniumreatments) suggest
photoacclimationRobison and Warner 2006), rather than photodamage (significant
impairment of photosystem Il accompanied by decreases in Fv/Fm > 0.1; Robison and
Warner 2006, Warner et al. 2006).

Discussion

Most research on the effects of different algal symbionts on Caribbean scleractinian
corals has=examined the differences in fithess of adult corals with natestdlylished
symbionts(e:g., Rowan 2004, LaJeunesse and Thornhill 28&inp et al 2014). This
study“is“the first to focus on juvenile coral recruits from Caribbean taxa uketeitaa
controlled laboratory environment in which the physiological contribution of symbionts
can be assessed in isolatidin. determine whethetifferences insymbiont composition
might,help corals compensate for changing environments, a condition éiddive
Bleaching HypothesigBuddemeier and Fautin 199Baker et al. 2004)he potentially
different physiologicalresponses of eactievelopmentaktage of the symbiosis to the
thermal environment may be important. Our data show that Spebiodinium

composition of O. faveolatarecruits may influence its recruitment success, and that
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critical holobiont characteristics (i.e., polyp growth) were not well predidigd
Symbiodiniumphotophysiology for theSymbiodiniumspecies studied. Although some
crosscontamination betweesymbiodiniumtreatments was observed, the majority of
polyps_ within the first four months sampled (polyps up to 5 months old) were found with
only theintendednoculum (combined datiom months 25 excluding polyps in which

no symbionts were detected: 55 of 65 and 75 of 76Somicroadriaticumand S.
mintrtumyrespectively) The frequency with which the nemoculum Symbiodinium
species'was detected in ti& microadriaticurminoculaed polyps increased over time.
However, neither growtlpatternsnor photophysiological data collected throughout the
experimentywere significantly affected by timMdixed symbiont communities oO.
faveolata adults with SymbiodiniumB1 and Dla had photophysiological measures
intermediate to single strain-lospite communities (Cunnirgg al. 201%. Assuming that
symbiont frequencies found necruitssampled for genotyping are reflective of symbiont
communities within recruits monitored fgrowth and physiologyver time, the stality

of the mean and variance of photophysiology measured through time (Fsggg8est

that S."“mieroadriaticumcontinued to dominate in abundance (although our methods
cannot.confirm this directly). Thus, althougle wiscuss the data in terms of differences
betweenSymbiodiniurrinoculumspeciesit is notpossible here to determine the potential
influence of a mixed infection state (tw&/mbjodiniumspecies presengs we cannot
assign.symbiont genotyping data to specific physiology metrics. Hadeee able to
genotypethe symbionts of those recruits used for physiology at the end of the experiment
we wouldsstill lack the temporal resolution of determining when those polyps may have
entered a mixed symbiont state.

High juvenile coral growth rates are an essential life history trait because juveniles
need to_quickly move to larger size classes to escape the risks of overgrowth and
predation_resulting in sizéependent mortalityRylaarsdam 1983 dmunds and Gates
2004) Settlement tiles placed in the field showed hataveo/ataecruits preferentially
settled on,the undersides of tiles as well as in cracks and crevices of t{f&zreeft and
Miller 2006, Miller 2014). Our experiment found that, under low light atinds similar
to those measured in preferred settlement habitats in our field site, polyph grawt
significantly influenced by the particular heSgmbiodiniumpairing, with polypsfrom
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the S. microadriaticumreatmentgrowing more quickly than thodeom the S. minutum
treatment There was no difference in survivorship between the Symbiodinium
treatments which both remained well above survivorship rates reported from the field
(~90%in the present study vs. ~20%the field at twemonths post s#ement;Sznmant
and Miller,2006,Miller 2014). Such high survivorship iBkely due tothe controlled
laboratery settingeliminaing the risks of predation and overgrowth.

Photophysiology also differed between the anbiodiniunreatments, particulayl
the efficiency with which available light is used to drive photosynthesis, as edlioat
the significant difference INFv/F’m and a between the two Symbiodiniuntreatments
While these,parameters do not measure photosynthetic efficiency in terrosladtpn,
they have been used as a measure of adaptation to low or higiiRbdpt and
Gademann 2005). In this study, the highBv/F’m and o of the Symbiodiniunof the S.
minutumtreatmenindicates that this symbiont species is able to use more of the
available light to drive photosynthesis relativehie S. microadriaticumreatment
(considering the contamination in part§his suggests tha&8 minuturrmay be better
adapted toslow lightelativeto S. microadriaticum While clade ASymbiodiniums rare
in O. faveo/atan Florida (Kemp et al. 2015), in adult colonies@f/aveolatan the
lower.CaribbeanSymbiodiniunof clades AITS-type A3)and B(ITS-type B17) have
similar distributions (Rowan et al. 1997, Kemp et al. 2014), ofteaamoxring within the
tops and upper parts of the colonies. However, within the most shaded areas of the colony
and at deeper depths, both Clade A and B are displac8ghtyodiniunot Clade C
(ITS-type«€7). In those colonies, measures of photophysiology undestress-
conditionswere similar across the colony despite differences in light availability and
Symbiodiniundistributions (Kemp et al. 2014). While light use efficiency may have been
maximized.across the variations in light microenvironment across a colony surface via
changes.inSymbiodiniuncommunities, irour study anincreased efficiency ihght use
by S. minutumelative toS. microadriaticumdid not translate to increased growttlee
coral polyp. Thusn our laboratory setting with low light and regular feeding, it may be
thatpolyps containing mainhb. microadriaticunsymbiontsare able tautilize additional
sources of carbon metabolically for growth though how symbiont photophysiology and
coral growth are linked in the field remains understudied.
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Mixed results were found when the relationship between photophysiology and energy
acquisition by the host was assessed in juvedgiteporaspeciesJuvenileA tenuis
containingSymbiodiniumC1 have been found to grow significantly faster than those with
SymbiodiniumD (Little et al. 2004), despite the fact that there is no difference in gross
photosynthesis (as measured bymicroprofiles) between these same hegnbiont
pairings.at their combl (26°C) and intermediate (2€) temperatures (Abrego et al.
2008)."HoweverA milleporacontainingSymbiodiniumC1 exhibit higher rETRax and
increased carbon assimilation to the host in comparison to conspecifics iognEain
(Cantinet al. 2009).

Thesmany steps between photophysiology and carbon production (i.e.,
photosynthesis) are complex, including both assimilatory andchasimilatory electron
flow (Jones'et al. 1998). As a result, the efficiency with which light energy isaised t
assimilate and then translocate carbon is not necessarily equal among different
Symbiodiniumwhich may decouple the link between light use (i.e., photophysiology)
and carbongfixation and eventual carbon acquisition by the coral host (i.e., host growth).
Thereforealthough light usdficiency may be greater in one species than another as
measured,by o, the efficiency with which that energy is used to fix and/or translocate
carbonsmay be lower, leading to differences in host growth (all other factors beihg equa
Thus, althougtsSymbiodinium microadriaticumses a lower proportion of the available
light to'drive photosynthesis, it may be able to use that energy to generatelyetatire
carbon<based sugars via more efficient pathways and/or by harboring higher defisities
symbionts«(Hoogenboom et al. 2010). Unfortunately, the low absolute number of cells in
a single polyp inhibited our ability to accurately quantify symbiont abundance with
standard hemocytometer based protocols (e.g., Edmunds et al. 2001, Goulet and Coffroth
2003, Coffroth et al. 2010). However, sugar compositions were shown to differ
significantly betweers. microadriaticunand S. minuturrand also varied with changes in
light levels and temperature, with significant changesaasitol (Klueter et al2015).A
comparison of the genomesAfropora digitiferaand S. kawagutisuggests that the
proportion of the photosynthetically derived resources translocated to the hoxiglepe
the match between what the host can import amak the symbiont can expdttin et al.

2015). Thusthe more efficient light use &. mvnuturmay in fact result in a higher
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amount of carbon per cell but a lower proportion of that carbon mayalable to the
host.

From our results, individuasymbodiniumtypes or a combinatiociearly has an
effect on both photosynthesis and host growth, consistent with other studies (e.g., Little et
al. 2004, Abrego et al. 2009) and further supporting the importance of biochemical
complementation between the cdnakt and symbiotic dinoflagellate as critical for the
success of'the symbiotic relationshiprtRer studies thatan relatgphotophysiology,
photochemistry, and biochemistgych as measures of respiromgtgrbon fixation
and/or.metabolomicare needa to understand how photophysiology relates to host
resource aequisition and thus holobiont fitness.

Short-term exposure (5 tY) elevated temperatures of 29and 32 C did not elicit a
visible bleaching response in hosts from either symitieatment, nor did it instigate a
biologically significant change in Fv/Fm (dark-adapted maximum quantum yield), a
commonly used metric of thermal stress (B&ener et al. 2000 One factor that might
have contributed to these results is the low light level untiezh these experiments
were conducted. The synergistic role of temperature and light in the disruptiSh of P
(Joneswet al. 1998) suggests ihateased temperatures may be less inhibitorgdeal
polyps-growing in low light environments, such astiacks and crevices within the reef
This is consistent with findings of Robison et al. (2006) who found no damage to PSII in
cultured isolates at low light levels (but higher than thadsmur experiment:100 vs. ~20
umol phetons m? - s?). However, ahigher light levels§00umol photons m? - s,
damageto’PSII machinery (corresponding to decreases in Fv/Fm) was sigmfiSant
minutumatfter five days of heat stress. In our study, temperature alone may have caused
some impairment of the PSipparatus, but if so, it does not seem to have exceeded the
repair ef.resynthesis capacity, such that it did ebtit a significant biological #ect on
overallphetosynthetic function. Prolonged exposure to thermal stress may alsseincrea
the likelihoal of seeing a stress response in these corals, as has been seen in other studies
(e.g., Abrego et al. 2008). Data collected at NOAA’s Long Key Buoy
(http://www.ndbc.noaa.gov/station_history.php?station=lonfl) near our study site

indicate the sea surfacaripaatures in 2011 reached over 32 (with daily fluctuations)
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for a period of 10 days approximately one month following spawning. Tthagossible
that corals subjected to field conditions would be more negatively affected.

Here we have demonstrated the importanc8yaib/odiniumdentity on the growth
of O. faveolataolyps at a critical life history stage. Although derived from cultures, both
of the Symbiodiniunspecies used in this study are found in Caribbean cnidarian
symbioses §. microadriaticumCassiopea xamachaméellas et al. 2014S. minutum
Ajptasiasp.,LaJeunesse et al. 201@nd readilyform asymbiosis withO. faveolat4as
opposedto'some species which are unable to associate with thigduaistra et al.
2009) Natural (field) growth rate data f@p. faveolataacquiring environmental
symbiontsarelacking, but research on coral recruits suggests that polyps <3 mm in
diameter after the first-2 months of growth have a low (<20%) chance of survival when
predators are presefRylaarsdam 1983). Thus, while our thermal tolerance experiments
indicate these experimental co@mbiodiniunmpairings may survive at higher
temperatures, both pairings exhibited growth rates in the laboratory, where light was
limitedgthatfall short of those that promote survivorship in the fildr{croadriaticum
0.94 +£0.33'mmS. minutun®.66 = 0.19 mm, mean diameter after nine months + SD).

Altheugh much attention has been paid to shiftSymbiodiniuncommunities in
colonies'exposed to various stressors, there remain several aspects of the symbiosis that
are poorly understood, particularly the early stages of the symbiosis. The mcpavta
post-settlement bottlenecks in structuring reef communities (Miller 20@0) andhe
implications,of partner flexibility at this stage for adaptation to climate change emphasize
the needsto’better understand the patterns and processes that shegdgaioral
partnerships in the early stagegfadir life history.
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Tablel. Analysis of Variance (R@vay) investigating the effects &ymbiodinium
treatment-and time on surface area changes in footprid@stte//a faveolataolyps.

Sourceof Variation df Mean Square F-ratio P-value

Symbiont 1 0.05111 10.81 0.012 *
Time 3 0.00127 0.507 0.682
Symbiont X Time 3 0.00344 1.373 0.283

*Significant at the p<0.05 level
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Table2. Analysis of Variance (Rvay) investigating the effects &ymbiodinium
treatment and time oftFv/F’'m.

Source of Variation df  Mean Square F-ratio P-value

Symbiont 1 0.037 16.79 0.006 *
Month 4 0.002 1.043 0.406
Symbiont X Month 4 0.001 0.669 0.620

*Significant atthe p<0.05 level

Table3:Analysis of Variance (Rvay) investigating the effects of temperature (27, 29, or
32° C) andtime (5 days) on Fv/IFm (n$®@) Orbicella faveolatgolyps inoculated with

Symbiodiniunmicroadriaticurmor with S. minutum

S. microadriaticum

Sourceof Variation df Mean Square F-ratio P-value

Temperature 2 0.003 0.576 0.59
Time 4 0.001 5.964 <0.005*
Temperature X Time 8  0.0004 2.087 0.08

S. minutum

Sourceof Variation df Mean Square F-ratio P-value

Temperature 2 0.008 5.112 0.051
Time 4  0.002 9.177 <0.005*
Temperature X Time 8  0.0002 1.046 0.37

*Significant at the p<0.05 level

FigureLegends
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Figure 1.Symbiodiniumdentity in Orbicella faveolataolyps inoculated witl\ no

symbionts BBSymbiodiniummicroadriaticumor € S. minutuntultures.

Figure 2. Growth oDrbicella faveolataolyps as measured by surface area of a polyp’s
footprint'determined through images collected over nine months (n=4). Grey and black
markers'show data for polyps initially inoculated w&yrnbiodiniummicroadriaticurmor

S minutum, respectively, with error bars indicating 95% CI. Lines represent exponential
growthfunetions fit to data R 0.998 and 0.948 fa$. microadriaticunor S. minutum,

respectively).

Figure 3. Effective quantum yield¥v/Fm’) of Orbicella faveolatpolyps measured

over nine months (n=4). Grey and black markers show data for polyps initially inoculated
with Symbiodiniummicroadriaticunor S. minuturmespectively with error bars
indicating,95% CI.

Figure4=Maximum quantum yield (Fv/Fm) &Fbicellafaveolatapolyps exposed to
three different temperatures (27, 29, or 32° C) prior to and over a period of fivatdays
temperaturén=3). A measurements for polyps initially inoculated w&wnbiodinium
microadriaticurrandBmeasurements for polyps initially inoculatedh S. mvinutum

Error bars.indicate 95% CI.
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Figure 2
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