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Abstract

Coral reefs are some of the most sensitive ecasgste environmental change. With
massive declines reported since the 1980s, therenany concerns that they could
disappear due to human activities. The most comstoess response in corals is
bleaching, the breakdown of the symbiosis, whidvés the coral without their main
energy source: their symbiotic algae. Without etoegergy, corals cannot afford to
invest in reef accretion, which creates the baslutht for reef ecosystems. Differential
bleaching severity and mortality has been largelgudnented, with high temperatures
being the main stress. During bleaching, some s@aitch symbiont types to a more
thermo-tolerant clade, although this might pressmhetabolic cost. Thermo-tolerant
symbionts have been reported as opportunistic gésts; suboptimal to most coral
species. A way to assess coral fitness is throingh monitoring of physiological
parameters such as the lipid content. In this stlidg content was analyzed in coral
tissue samples fromMontastrea annularisand Montastrea faveolatacollected
seasonally in the years 2000-2002 following the7t98 EIl Nifio catastrophic bleaching
in the Florida Keys. Seasonal variation was obskmemost samples. Recovery was
visible but slowed down after 2001, and the probatduses for that are discussed.
Lipid content was significantly correlated to plolegical parameters related to the
symbiotic algae, confirming zooxanthellae’s rolethe supply of lipids to the corall.
annularispresented about half the lipids per unit surfacel we suggest that this is due
to the many different types @ymbiodiniumit contained in contrast tM. faveolata

which presented only one type.
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Chapter 1 Introduction



1.1- Importance of coral reef ecosystems and current siaition

Coral reefs, covering just less than one tentthefdcean floor, are one of the
most biologically diverse ecosystems in our plaaed contain a number of species
which is greater than in any other shallow-wateringaecosystem (Spaldingt al.,
2001). The structural complexity created by reefildmg corals —also called
Scleractinian or stony corals- through calcificatigrovides habitat for a huge amount
of organisms that live and thrive, spawn, breeddfand grow within coral reefs. In
fact, 32 out of the 34 recognized animal Phylafatend on coral reefs, compared to
only nine Phyla in tropical rainforests (Wilkins@002). Over 25% of the world’s fish
biodiversity, or more than 4,000 species of fispalfinget al, 2001), together with a
number of macrofaunal species such as sharks dusgkss and countless invertebrates
(including over 800 hard coral species) are assagtiavith coral reefs. They either
spend their entire life cycles in them or use thenparticular ecological functions such
as hunting and foraging grounds, nursery groundgife@niles or spawning grounds for

adults.

Humans benefit from coral reefs through the ardfagamds and services they provide.
One estimate (Cesat al, 2003) gave the total net benefit of the worldal reef
ecosystems to be $29.8 billion/year. More than 4%lion people live within 60
kilometers of these ecosystems, with the majoritgatly or indirectly depending on
food and income from them through fisheries, digarism and coastal protection
among others (Pendleton, 1995). In many cases, dleyhe basic protein source for
island nations and coastal societies not to meritieninvaluable regulating ecological
services they provide in otherwise very unproductiggions. Figure 1 represents the

levels of dependence of countries on coral reedistlagir associated ecological services.
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Figure 1- Reef dependence, based on reef-assogiedation, reef fisheries
employment, nutritional dependence on fish and csehf reef-associated
export value, reef tourism, and shoreline protecfrom reefs (from Burket

al., 2011).

However, these ecosystems have experienced drdstines over the past few
decades, and 75% of the coral reefs of the woddcarrently degraded to some extent
(Burke et al. 2011). Coral reefs are in decline because of almmly warm sea
temperatures associated to climate change, wheckraring an increased frequency of
coral bleaching and mortality (Hoegh-Guldbetgal, 1999), and new disease outbreaks
due to host range shifts (Harvedt al 1999). This in turn results in a loss of
architectural complexity or flattening of the reets corals are not able to keep
renewing them through reef accretion. On top of,tlecal impacts such as nutrient
input, pesticides, heavy metals or pathogens bitandby polluted run-off, overfishing,
and habitat destruction, are responsible for weiakeand breaking ecological linkages,
promoting the appearance and proliferation of dissaand seriously impairing
ecosystem resilience or its ability to recover fromatural and anthropogenic
disturbances (Hughest al, 2003). As a result of all these pressures, cerpbral-
dominated reef ecosystems are likely to be rar2d®0 (Hoegh-Guldbergt al, 2010).

Figure 2 shows a map of the local threats on tfierdint reef systems of the world. It is



important to note that this representation exclutthes increasingly important global

threats, hence being an underestimation of thenpatesituation of coral reefs.

® Low © Medum @ High ® Very High (4

Figure 2- Reefs at Risk Revisited (2011) Coral seaff the world classified by
integrated local threat level. The index combinas threat from the local
activities (1) fishing, (2) coastal development), {&tershed-based pollution

and (4) marine-based pollution and damage (Batlad, 2011).

Bleaching occurs when corals lose their photosyitthenicroalgal endosymbionts
and/or their pigments, and it is usually associaté&th El Nifio Southern Oscillation
events and climate change (Hoegh-Guldbetgal 1999) as they drive protracted
periods of warm temperatures which the algae cawitbistand. Since corals receive
most of their energy from their symbionts (Muscatt al, 1981), losing them implies

a period of starvation or disease which may endhugeath unless they regain a large
enough number of zooxanthellae before exhaustieg #nergy reserves (Fidt al,
2001). Bleaching is typically triggered by elevasshwater temperatures and increased
UV radiation (Wilkinson, 2000), but there are otlstressors suspected of producing

this response from corals, such as sedimentatreshiater dilution, excess nutrient



input, and diseases (Glynn, 1996). So far, bleacfamd possibly disease) is the main
indicator used to estimate coral stress up to ndewever, bleaching severity and
mortality has been shown to vary among coral celem@nd species, and even colonies
of the same species in the same site were obsé&rveel differentially affected during
the same bleaching event (Fét al 1993). This phenomenon highlights the gap of
knowledge which exists regarding a detailed undadihg of the organismal responses

involved in bleaching.

The picture for corals is grim. With the alarmingciease in human population in
coastal areas, local stressors are being exacdrb@mrals bleach and lose tissue
biomass and therefore their resilience to cope futther stressing conditions, as they
must rely in energy reserves. Climate change, adsedop of that, is driving high

temperature events that occur more often and lasger, increased storminess,
increased hypoxic zones, and ocean acidificatiorclwheduces the ability of corals to
produce their calcium carbonate skeleton. Howeter,archeological record suggests
that Scleractinian corals have been around foriongl of years (Stanley Jr., 2003),
going through similarly stressful environmental dwions, but on a much extended
time scale. If so, corals must have mechanismsalav them to cope with stress,
concept which triggered the formulation of the coweérsial Adaptive Bleaching

Hypothesis (Buddemeier and Fautin, 1993). It hankshown that different clades of
the Symbiodiniunalgae have different degrees of tolerance to tempe, which allow

them to resist long periods of high water tempegt{Berkelsman & Van Oppen,

2006). Although it was initially seen as a nut opk for the survival of corals, evidence
shows that there are trade-offs to surviving blesghthrough increasing thermo-

tolerant symbiont concentrations (reviewed in SaGates, 2011), given that most
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corals show specifity in their symbiosis (LaJeupedsal, 2004), other symbionts not
being so functionally effective for a particularrabas the specific ones. Studying the
physiological changes in coral tissue during sfuésevents and through time is
essential to understand how the symbiosis works,hanv it is affected by such events

occurring in protracted periods of time.

In order to understand how climate change will effaese ecosystems it is necessary to
start small and scale up, starting by understantimg the symbiosis works and the
ways both the coral and the zooxanthellae, indaigtand combined, respond to stress.
Recent reviews (Knowltoet al, 2008; Sotkeet al, 2005) remark that understanding
the physiological or ecological mechanisms involwbd vulnerability of corals to
climate change, and a deeper knowledge of the basimgy underlying coral-symbiont
interactions are essential future steps. For ttere is a need for monitoring and
studying the evolution of physiological parametansl health status of corals through
time, which will allow elucidating what are the ‘imoal” and “abnormal” patterns in

such indicators.

1.2- The coral-algal symbiosis

Scleractinian or reef building corals establish atualistic relationship with
dinoflagellate endosymbionts from the genBSgmbiodinium commonly known as
zooxanthellae, which are photosynthetic microallgaated in vacuoles of the coral’s
gastrodermal cells (Wakefiekt al, 2000). This association is commonly known as the
holosymbiont or symbiosome. Through this relatigpshdinoflagellates receive
nutrients from the coral’s waste products, haverzeficial position in the water column

to obtain sunlight and are better protected fromzers. In return, they produce and
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translocate metabolic compounds such as sugarsioanids and lipids to the host
(Trench, 1971), providing up to 100% of its dailgtabolic requirements (Muscatieé

al., 1981). Although corals can also acquire carboterb&ophically by feeding on

zooplankton (Porter, 1974) or digesting particulatganic matter (Anthony, 1999)
captured by the polyps, in general they rely mosthythe energy and compounds
translocated from the zooxanthellae. This is tlasa@a why the highly productive coral
reef ecosystems are found in otherwise very unmtodiwaters (Muscatine & Porter,

1977).

Zooxanthellae can be acquired by maternal inhergguertically) or, more commonly,
anew with each generation from the surrounding agaw(horizontally), when they
must invade their host and form a functional paghip in order to persist (reviewed in
Davy et al, 2012). There are nine divergent lineages or edath the genus
Symbiodiniumnamed A-H, and each of them contains many subdigoes based on
rDNA (reviewed by Staet al, 2006). These are functionally distinct evolodoy
entities designed with alpha-numeric names, andtlaeequivalent of the species
classification (LaJeunesg¢ al, 2010). This genetic diversity is likely to coatd with

an equally diverse range of physiological propsrirethe host-symbiont assemblages,
some showing greater temperature resistance (tiypidade D), and some triggering
faster growth rates in juvenile coral hosts (&ta@l, 2008). Furthermore, symbiont
types explain and define niche specialization angsjgal distribution in many corals
(e.g. Iglesias-Prietet al, 2004). Corals can switch symbiont types if thei@nmental
conditions change, provided that different clades @esent. However, stability and
specificity has been observed in associations keiweral species and symbiont types,

especially in reefs less exposed to environmeritabs (LaJeunessa al, 2004). In
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fact, it is likely that each coral species has radly evolved with one or a few optimal

clades which make a more physiologically benefiagdociation.

1.3- Corals’ response to stress: bleaching, switching msyionts, and

heterotrophy

Beginning in the 1980s, the frequency and widespatribution of reported
coral reef bleaching events has increased (GlyB86)l Bleaching, or the paling of the
coral, usually occurs as a result of decreasingntimaber of symbiotic algae in coral
tissues from zooxanthellae deathhospite host cell apoptosis or necrosis, or sloughing
of host cells, among others (Gates, 1992). It dan happen as a result of reduced
photosynthetic pigment production by zooxanthellader stressful conditions (Kleppel
et al, 1989), typically when water temperature elevéegond the tolerance threshold

of the coralSymbiodiniunsymbiosis for a given region (Portral, 1989).

When corals bleach and rapidly lose their natialsont population, there are a few
mechanisms by which they may respond (reviewedate$& Edmunds, 1999). One of
these is by increasing heterotrophy as an altesmaghergy source (Grottoét al.,
2006). Another relevant response is corals’ abilityre-populate their tissues with a
species of symbiont that is more tolerant to thérama/or light stress (Buddemeiet

al., 1993). This is done in two ways: (1) by “shuffji- i.e. advantageous growth of a
background resident population-, or (2) by “switgfit i.e. uptaking a new symbiont
from the environment- (Berkelmans & van Oppen, 300Bhese thermo-tolerant
symbionts typically belong to clade D, and speaific species D1a oBymbiodinium
trenchi as named in LaJeunesseal. (2005). However, research on their biogeographic

distribution (reviewed by Stat & Gates, 2011) rdsethat they are uncommon in
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healthy reefs and only found in higher abundancethose exposed to local stressors or
with a history of bleaching. This pandemic-like tdlsution suggests that they may
actually be opportunistic and generalists, onlyeald outcompete more thermo-
sensitive clades in health-compromised corals pbodlucing a suboptimal relationship
otherwise. Furthermore, some authors have categbiszich association as parasitic
(Stat et al, 2008) rather than symbiotic or mutualistic. Tdpenetic identity of the
zooxanthellae has been shown to influence the bvpeaformance of the coral
holobiont, as different clades seem to have differvolutionary trajectories. Corals
that survived bleaching show a reduction in repotistea capacity, growth rates and
resistance to disease (Brurbal, 2007), and it is possible that this is due tless
physiologically beneficial symbiosis. If that isetltase, corals may not deteriorate as
quickly as initially expected, but changing symhitypes may just be one more phase

before the death of a coral.

1.4- Lipids and their potential as bioindicators of cord status

Corals tissues contain a high proportion of lipiaisgd values between 9 to 47%
of dry weight have been reported (Harlagidal, 1993). They are mainly originated
from excess photosynthetically fixed carbon thastared in the host tissue as lipids
(Pattonet al, 1977). Therefore, lipid levels are closely linkedzooxanthellae activity
within the host cells, and thus show variation aejreg on light intensity and water
temperature (and therefore with depth). For ingaiktarlandet al. (1992) found that
storage lipids increased when corals were expaséugher proportions of light level,

Oku et al. (2003) found that lipid content correlated bothhwlight intensity and sea
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surface temperature, and lipid-bodies within colelge been shown to vary even on a

daily basis according to the amount of solar im#idn (Cheret al, 2012).

Lipids can be classified according to their fuantin the organism. Polar lipids such as
phospholipids and sterols have structural functamming cell walls and membranes,
and non-polar lipids such as wax esters and tmgysgrols are storage lipids and
represent significant energy reserves (Harleindl, 1993). This is of special relevance
in case of bleaching because the primary rolepadidi is to serve as long-term energy
reserves (Grottolet al, 2004). Indeed, Grottoket al. (2004) and Yamashiret al.
(2005) found a lower proportion of triacylglycer@sd wax esters in bleached colonies
of two species of coral, suggesting that theirarele on those compounds when their
symbiotic algae stop or slow down their photosytthactivity. Lipid saturation in the
thylakoid membranes of zooxanthellae has also Baewn to define the algal thermal
tolerance, being a potential diagnostic of theedédhtial nature of thermally induced

bleaching (Tchernoet al, 2004).

Physiological parameters such as tissue biomasstogynthetic activity and algal
concentrations vary seasonally (Fettal, 2000; Thornhillet al, 2011). Lipid content
shows seasonal fluctuation too, which is consistettt the fact that most animals tend
to store more lipids in one season. However, thigation does not occur at the same
time across geographic locations. For instanc€anbbean reefs higher values occur in
winter and spring (Figure 3), while lower valueppen at the end of the summer and
fall (Fitt et al, 2000). In Hawaiian and Japanese corals, howaweopposite trend has
been reported (Stimson, 1987; Odual, 2003). Since lipid levels have been correlated
both with light intensity and water temperatureysh differences could be caused by the
combination of both parameters. In fact, a numbérother features such as

morphological differences between coral speciesh sas colony morphology, tissue
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thickness and polyp size (Alamaet al, 2009) can be involved in lipid utilization by
corals. Looking at lipid utilization allows exammg the host’s response to bleaching,
which may or may not be the same to that of thexanthellae, because about 90% of
the coral lipids pertain to the animal-host frasti(Pattonet al, 1977). It can also
provide insight on the stress-response physiolbgiezhanisms and recovery strategies
used by different species. A relevant coping stpais to increase the amount of carbon
acquired heterotrophically by the coral host. Dramacreases in CHAR (Contribution
of Heterotrophically acquired carbon to Animal Resfon) have been reported in
Montipora capitatain bleached and recovering corals (Grottdlial, 2006), and that
heterotrophic carbon is used for tissue buildingrdurecovery (Hughest al, 2010).
Furthermore,Montipora capitatarecovered much faster thdPorites compressan
artificial bleaching experiments even though itwbd a lower tolerance to increased
temperature, suggesting different coping strategRRedrigues & Grottoli, 2007).
Species without heterotrophic plasticity may beeabl withstand stress conditions for
longer periods of time, since they cannot repletiigir energy reserves once they lose
their photosynthetic source. Bleachktbntipora verrucosadid not show significant
changes in total lipids in opposition Rorites compressand the study (Grottoét al,
2004) proposed two explanations: either it re-ated lipid resources from non-
bleached to bleached portions of the colony, andésr a lower metabolic rate which
allows for the conservation of lipids irrespectigk bleaching condition. Using"*C
isotopic analyses, Almaret al. (2009) showed that a species changed its carbhaceso
for lipid synthesis from an autotrophic to a heteaphic source linearly with depth,
while another species used heterotrophically aequicarbon regardless of depth.
However, other studies have shown that there aexiep which remain fully

autotrophic under stress conditions (Edmunds & EpeDavies, 1989). Finally, despite
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triacylglycerols and wax esters are typically deggdeduring bleaching episodes, other
studies suggest that different corals may presdiferenhtial lipid class depletion

(Grottoli et al, 2004).

Lipid (mg/cm2)

Lipid (mg em-2)

—&—  Liold MAADH
—— LodMFLG

L] ~ T T T T

Figure 3- Seasonal lipid contentMontastrea faveolatandMontastrea annularis
colonies of the two reefs studied in this thesigld_Grecian and Admiral reef

respectively, during years 1995-1998 (provided hyRitt, unpublished data).

In natural systems, corals seem to recover théaraphyll a (chl a) levels and algal
symbiont concentrations within a couple of montbsatyear after bleaching, while
tissue biomass and energy reserves take longeath ipre-bleaching levels, typically
more than a year, even if chland algal concentrations are normal (Etttal, 2000).
Since lipids are directly dependent on zooxantkefleoductivity, it is expected that

corals with differenSymbiodiniuntlades show a differential recovery after bleaghin
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Cooperet al. (2011) showed that clade D types SYmbiodiniumhad more relative
lipids in shallow water than C types, contrary be texpected. These findings might
have to do with using the relative fraction rangtead of absolute amount of lipids, but
they may also be caused by the fact that coralsoniag clade DSymbiodiniumare

subjected to less thermal stress.

1.5- Lipids in two Montastrea species in the Florida Keys: hypotheses of the

study

The northern Florida Keys (USA) are subjected tgdaseasonal variations in
temperature, typically ranging from 20-31°C. Asythige in their latitudinal threshold,
coral reefs in the area have been seasonally fabjgo temperature stress. For
instance, the El Niflo Southern Oscillation (ENS@gered massive bleaching events
in 1982, 87-88, 97-98, and 2005, and a massiveoffygras reported in 2010 in
Admiral Reef (one of the sites studied in this ihewhen extremely low temperatures
were reported for more than 2 weeks (Kesb@l, 2011). El Nifio 97-98 led to the loss
of about 16% of the world’s coral reefs (Wilkins@800) over 42 countries, being the

most widespread and severe bleaching known uptéo(Bdtet al, 2001).

Montastrea species (Figure 4) are boulder, structure buildoogals and morpho-
functional species, very important for creating toenplexity of the coral reef habitat.
In fact, they are the most important reef-buildisigecies of the Caribbean region
(Croquer & Weil, 2009). Their dominance has alserbeorrelated with the highest reef
architectural complexity in Caribbean sites, anelythre therefore expected to sustain

more biodiverse and functionally important ecosyst€Alvarez-Filipet al, 2011).
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Figure 4-Pictures ofthe two species studieith the Upper Florida Keys(A)
Montastreafaveolat: in the left, andMontastrea annularign the right; (B) ¢
closeup image of two differentM. faveolata colonies; (C) nd (D)

Montastrea faveola colonies within the reef environment.

Montastreacorals have beein decline due to a combination of theccessive massi\
bleaching eventsnentioned aboveand disease outbrealkssich as the Yellow Bar
Diseasefriggered mostly by increing annual measeawater temperatures (Harvet
al., 2009) affectingcorals when theare in the process of recoirgg from bleaching
(Bruckner 2012)In the 2010 extreme cold temperature evM.faveolat: was one of
the most negatively affected specicDuring mass bleaching events like the
triggered by the 19998 El Niio, Montastreacolonies tend to bleacin patches and
survive with partial mortality (Bruckner 2012), nimydue to the fact that they show
marked plasticity in harboring different symbiontpés Montastrea annulari and

M.faveolataare known to harbor more than one symbiont typd,tarpreser different
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symbiont clades during bleaching and recoveringsebgTolleret al, 2001). Even
within the same colony, Kempt al (2008) showed that there is a microhabitat
distribution of Symbiodiniuntypes inM.faveolataaccording to the level of exposure to
light. In the case of the 1998 El Nifio bleachindpofinhill et al. (2006) analyzed
symbiont genetic identity in samples from taggetbimwes in the years following a
bleaching event. As shown in Figure 5 for Admiradalittle Grecian reefsM.
faveolatadid not have a substantial change in symbiont fype 2000 on, whilé\.
annularisdid harbor four different symbiont types in charggiproportion. In order to
tackle the question of coral lipids recovery aftdeaching, total lipid content was
quantified in the same tissue samples with the gmepof testing the following

hypotheses:

1) In situ recovery after El Nifio 1998 bleaching occurs ovenwltiyear period,
with seasonal fluctuations producing higher valmesinter/spring and lower in
summer/fall.

2) Symbiotic algae influence on lipids: lipid contesfitould correlate to Symbiont-

related physiological factors and zooxanthellaestjendentity.

20



M. faveolata
Bahamas 1 I
North Norman's Patch (4 m) °'. . . . . . . . ‘ o e . . .
"
sanpery 2 @) 0000009000060000606|100
Florida Keys
anlPachl-?mo)“ . lv. . . . . . . . . . . . . . .
wenon P 00000 000000000000
Conch Reef (12 m) o 0 O 0 "0 0 0 0 Ll
Alligator Reef (12 m) . . . . .
AUG MAR MAY AUG NOV IMAR MAY AUG NOV IMAR MAY AUG NOV IMAR MAY AUG IMAR AUG
1998 2000 2001 2002 2003 2004
Bleaching Event No Bleaching Event
i B B B 0
81 810 (=] c12 Ota
a M. annularis
Bahamas 81
North Norman's Patch (4 m) c-z. . . . . . . . . . . . . . .
South Perry (12m) aa—“ . . . . . . . O . 0 . . . .
Florida Keys a0t
Admiral Patch (1-2 ms)t o B',OB,P . 'I. . . . . . ‘ . . . ‘
Little Grecian (3 m) O’ O @ @ @ @ @ @ @ O O O O O O O O
= [N —
Conch Reef (12 m) "~ Bf. . . . . ' . . .
AUG MAR MAY AUG NOV MAR MAY AUG NOV MAR MAY AUG NOV MAR MAY AUG MAR AUG
1998 2000 2001 2002 2003 2004
Bleaching Event No Bleac!lng Event

Figure 5-Montastrea faveola and Montastrea annularidTS 2 Symbiodiniur
types detected from the Bahamas and the Florida Keyn August 1998 t
August 2004 in six colonies (from Thornhillet al, 2005). Of particular
interest for this study are the ones highlighteded, as they belong to t

samples analyzed for total lipi
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2.1- Study site and sample collectic

Field collections and processing are explainedharihill et al (2005). In short,
coral tissue samples of two species of scleractig@as, Montastrea annulari and
Montastrea faveolatawere collected from six targeted colonies at sies off the
Upper Florida KeygUSA), the inshore Admiral reef (1-2 m depb.05°N, 80.39%)
and the offshore Little Grecian reet-4 m depth, 25.12°N, 80.309WFigure 6). The
colonies werddentified and tagged to ensure follow-up of the samdndividuals.
Samples were collected by SCUBA each season (MMaly, August and Novembe
during the years 2000, 2001 a2002 in the case dflontastrea annulari, and 2000 for
Montastrea faveolataApproximateh 5-cm diameter tissue samples were extracte(
hammer and chisel, making sure that the same velgosition (i.e. the unshad
colony tops) was sampled each time. Coral fragmemet® placed in seawa-filled,
pre-labeled plastic bags@ transported immediately to the laboratory inirsulated

cooler, were they were processed immedie

Upper Florida Keys, U.S.

H 25.40°
A Key
‘/Largo o
' o
. AR H 2520° 3
Al - "
. =1
- Nite | P
e Grecian [| 25:00° 'g
Reef ya
Admiral 24.80°
| 1 X
Reef 10 km

81.00° 80.80° 80.60° 80.40° 80.20° 80.00°
West Longitude

Figure 6-Geographic location of thtwo research sites off Key Largo in the Flor
Keys, USA.Admiral reef is more shallow -2m) and protectedyhile Little

Grecian is an offshore, deeper ree-4m).
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Coral tissue was removed from 5 to 25°@hcoral skeleton with a recirculating Water
Pik™ using filtered (0.45um) seawater. This salt-watestate was pulsed briefly (1-
4s) using a Brinkmann Instruments Polytron KinegmtTissue HomogeniZet to

disperse mucopolysacharides and freeze dried. Tepeate aliquots of about 10 mg

tissue were combusted to determine ash-free drghiei

2.2-  Lipid extraction

Absolute lipid content was determined by the grastic method. Lipids were
extracted from the freeze-dried samples using @&twam of the Folch method (Folch et
al., 1957; complete protocol can be accessed imfipendix). In a nutshell, around
10mg of tissue sample were extracted using Chlomfdethanol (2:1) and a salt
(CaCb) and then dried under Nitrogen to proceed to theghtings. After the
gravimetric determination of the lipid contentwias standardize to coral tissue surface
area. A blank was made for every set of sampledingfubtracting its value to the

respective batch of samples.

It is worth mentioning that the present method wrfraction does not discriminate
between symbiotic algae and animal. However, it banassumed that the measures
reflect mostly the host’s response because abdvt &0Othe coral lipids pertain to the

animal-host fraction (Pattcet al, 1977).

2.3- Data and statistical analysis

Average lipid content was calculated by averagimg weights from the three

replicates of each tissue sample, and then divijethe surface area which had been
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waterpiked during sample processing in the fielea Surface temperature (SST)
monthly average data for the 1° Lat x 1° Long sguagarest to the study sites was
obtained from the International Comprehensive Ogsamosphere Data Set (ICOADS)
online database (http://dss.ucar.edu/pub/coaddz ®lual., 1985; 23.07.2012), and a
seasonal average was calculated as the mean ahtbe months previous to the
seasonal sampling, i.e. winter (Dec-Jan-Feb), gp(larch-April-May), summer
(June- July,-Aug), and fall (Sept-Oct-Nov), afterifying that the particular monthly
means pertaining to the sampling were not corréla@mplementary physiological
data (i.e. symbiont cell densities, fluorescenaddyiFv/Fm ratio-, and zooxanthellae
types) for the studied samples was kindly providgdr. William Fitt (some of which

has been published in Thorntell al., 2005; 2011).

Statistical analyses were performed using SPSSSAAITISTICA 7.0 software, and
significance was considered when p-values < 0.0&. @ different colonies studied did
not show significant differences among them, andeweonsequently treated as

replicates in all statistical analyses.

Before the statistical tests, the assumptions ofmabty and homogeneity in the data
were verified by the Kolmogorov-Smirnov and Battketest, respectively. A t-test was
performed to determine whether the two speciegmiff in lipid content, and a one-way
ANOVA was performed to determine whether the ligldta significantly differed
between the two sites. A General Linear Model (GLWds used to test for statistical
differences in each of the species among lipidglation to season, year, zooxanthellae
type, and site (year and zooxanthellae type wete msted forM. annularisdue to
limitations of M. faveolatasample representation). Afterwards, the post haey test

was applied to further assess differences betweasoss and years. The statistical
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analyses between different years could only be domeM.annularis data, since

M.faveolatasamples only covered one single year (2000).

Finally, the data was separated according to @itd,then Pearson correlation tests were
performed to evaluate the influence of each offdwors on lipid content (previous

confirmation of the normality and homogeneity asptiams).
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3.1- Patterns of lipids in relation with temperature

Figure 7shows the calculated seasoisea surface temperaturSST) for the

area of studyHigher mean summer temperatures are clearly ndieeturing the year

1997 ad 1998, corresponding to El Po events Mean SST in summer of 2005 w

higher as well, and it correspondsmassive bleaching event in the Caribbean that

not related tolte ENSO (Eakiret al, 2010). It is worth noticinghat summer of 200

presented a mean SST higher than the rest «-bleaching years.

Regardinglow temperature extremes, the lowest mean wintér ®8s that of 20C.

The two lowest faltemperatureoccurred in bleaching years (1997 and z, Figure 7).

Spring means were the ones presenting the mosechadciability

Figure 7-Seasonal mean SST between 1995 and; highlighted are the period
El Niflo bleaching event and the sampling pe The horizontal line
represents the average SST in the area calculaigdthe 3-year monthly

averages (1972005)
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In Figure 8 total lipids are represented together with mesassnal SST for the studi
time period The general visual trend suggests that lipidev@ver when temperatur
were higher for eackthree-month period, and vice versélowever, esults from the
GLM indicate thathis does not happen in all case total lipids were not correlated

sea surface temperatunesthe case oM.annularis On the other han they were for
M.faveolata(F (1,43 7.410, p= 0.00! and his correlation was robust, becausnce
separated by sit&, was still significanffor both Admiral reef (fr.43= 9,32¢, p= 0.007),

and Little Grecian (fr 3= 8.10, p= 0.011
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Figure 8-Total lipids in the two reefs of the study and S@#r the samplin

period for (A)M. annularis and (B)M. faveolata
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3.2- Patterns of lipids from different coral species

The lowest lipid content was reported fot. annularis in Admiral Reef in
winter of 2000 (0.3048 +0.20 mg/émthe highest value belonged kb faveolatain
Little Grecian in spring of 2000 (6.1679 +2.054 omyf). All the other values fell in
between the two extremes. Lipid data is presenseshean + SD throughout the entire

document.

M.faveolata had about twice the lipid content ®.annularis (Figure 9), and the
differences were significant for all seasons in year 2000 (Table I) once they were

separated by site.

8
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B Montastrea faveolata Montastrea annularis

Figure 9- Average lipid content M. faveolataandM. annularisfor each season in

the year 2000; (*) represent significant differembetween species (p < 0.05).
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Table I- Results of the t-tests to assess differghetween species in each season.

T-test Mean Mean p-value F-ratio

M.faveolata M.annularis

Winter 3.353645 0.698147 0.000000 2.486586
Spring 5.039993 2.778010 0.004292 2.336235
Summer 4.759989 2.172037 0.000462 1.294624

Fall 3.489910 1.411236 0.000022 1.811793

Both the lowest and highest lipids fief. annulariswere reported in Admiral Reef, the
lowest being those of winter 2000 (0.3048 +0.20amg), and the highest during fall of
2002 (4.5395 +1.5088 mg/én For M. faveolata the two extremes were found in
samples from Little Grecian Reef; the lowest vadaeurred in the fall of 2000 (2.7853

+ 0.5629 mg/crf), and the highest in spring of 2000 (6.1679 + 2.6%/cnf).

3.3- Lipid patterns over time

All factors tested in the GLM were highly signifitdy correlated with lipids in
M. annularis with p-values in the order of<p0.0001 except for year: site {fio5=
14.087), year (1197 6.528, p= 0.002), and seasonsfo= 6.981). However, an

interaction between year and season was detectetksted together {195 7.990).

The Tukey post-hoc test showed that the differefedseen months (seasons) were
strongly significant between winter and all the eyth (p= 0.000), while the other
seasons were not significantly different among thémally, the Tukey test showed
that year 2000 was significantly lower than 200d 2602 (p= 0.000 in both cases), but

those were not significantly different among thgm 0.688). In the GLM, only season
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was carelated with lipid conterfor M. faveolata(Fs 43~ 3.932, p= 0.014), but month
differences were later revealed by the Tukey @&kt only significantly between wint

and spring (p= 0.043Y.he year could not be tested as only one was repres

Admiral Little Grecian
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Figure 10-M. annulari¢ (a) andM. faveolatas (b) lipids over time for Admiral an

for Little Grecian reefs. Arrow bars represent #é6 confidence interv:
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Total lipids did not show a solid seasonal pattgfigure 10). In fact, different years
showed different patterns in the caseMuf annularis Of particular interest are years
2001 and 2002 in Admiral and Little Grecian reedspectively, where summer values
increase instead of presenting the decrease tlaahdatbrizes the rest of the years.
Furthermore, for 2002 in Little Grecian lipid conteloes not show any fluctuation but
rather a steady increase with no apparent influefiseason whatsoevé. faveolatés
lipids seem to be more consistent in both reethpabh data represent only one year,
and differences observed M. annularis are noticeable when comparing between

different years. For both species, there is areame in lipids in spring in all cases.

3.4- Patterns of lipids from different sites

Total lipids from coral tissues significantly difeel between the two sites (F=

12.50, p=0.001), and are represented in Figure 10.

At Admiral Reef,M. annularislipids showed a yearly (fa3= 6.607, p= 0.013) and
seasonal correlation ¢fs= 4.478, p= 0.039), and seasonal KMifaveolata (Fq, 43~
5.945, p= 0.025). Samples from Little Grecian Reedwed a correlation with year for
M. annularis (Fu 437 4.487, p= 0.038) but not with season, which wias found in
M.faveolata(F 43~ 11.31, p= 0.003). Differences in the symbionated physiological

parameters were also found.

3.5- Lipids in relation to their symbiotic algae

In the GLM, total lipids were found to be signifitly correlated to the clade of

Symbiodiniumdetermined for theM. annularis samples (1107 2.469, p= 0.016).
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However, a more detailed analysis after separatiteg data by site yielded non-
significant results (417~ 0.261; p=0.771), largely because the presendecomany
types of Symbiodiniumand a not large enough sample size prevented pro@mte
representationM. annularissamples from Admiral reef were the only ones irnciwh
lipid content was significantly correlated with z@mthellae type (Fa3= 2.789, p=

0.025).

Nevertheless, the other symbiont-related physicklgrarameters were strongly linked
to lipid content as shown by the GLM. Fluorescengeld - Fv/Fm ratio- was
significantly correlated with lipids in the overahalysis (f1,1107 4.30, p= 0.040), and
so was zooxanthellae cell density(z=6.183, p= 0.017). When testing sites
separately, Fv/Fm was correlated to lipid contenMifaveolatafrom Admiral Reef
(Faa3= 6.397, p= 0.021) and Little Grecian (lz= 7.39, p= 0.014), and iM.
annularisfrom Little Grecian (k.43 5.633, p= 0.021), but not féd. annularisfrom
Admiral Reef. Symbiont cell density was always figantly correlated with total
lipids in M. faveolata— Admiral reef (k43= 5.108, p= 0.036) and Little Grecian

(Fa.43= 5.11, p= 0.036)-, but not M. annularis
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4.1- Variations in lipid content with environmental conditions

4.1.1- Temperature, season and years

There was a significant recovery of lipids betw#en years 2000 to 2002 in the
samples of coral tissue analyzed in this study.uRessuggest that lipid content
decreased when temperatures were higher for eagd-thonth period, and vice versa.
However, this visual trend was not confirmed statdly for M.annularis mainly
because seasonal patterns were not consistenigtioouthe years. This unpredicted
trend indicates that there are other parameteestaff) lipid content, either in the way it
is produced or in its utilization, or both. Looking more detail at the inconsistencies
when comparing the seasonal pattern to that repdajeFitt et al (2000), one can
notice that the increase of lipids in summer 2@followed by a subsequent decrease
in the fall. Also, lipid content increases in thaieg rather than in winter (Fitt al,
2000) for all cases despite spring seasonal mean @&senting the most marked
variability. Possibly, this might suggest a delayhie changes in lipid content as a result

of being a metabolic response to environmental gbsin

Corals at Little Grecian in 2002 were noticeablffaltent because they did not
show the usual seasonal fluctuation but just adgteacrease in lipid content. Statistical
analyses indicate that lipid content did not sigaifitly increase between 2001 and
2002, which could be explained by the slightly eglseasonal mean SST detected in
summer of 2001 as compared to the rest of non-blegcyears. Potentially, the
cumulative effect of an extended period of tempeeastress impaired lipid production.
Besides, year 2002 had a mild winter and warmeangm@nd this change in the typical

SST seasonal average may be the reason for thenggesasonal pattern.
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M. faveolatés lipid content data seemed more consistent i beiefs, although
representing only one year, and differences inedgrends observed M. annularis
are noticeable when comparing between differentsyeldeverthelessM. faveolata
lipid content was strongly correlated with SST, tcary to M. annularis and this and
other differences may be indicative of differenpidi biological controls. Field
observations and several reports indicate that annularis percent cover is
conspicuously declining as a result of bleachinigeake, predation and increased
competition by other benthic organisms, and thatrédduced colony sizes are below the
threshold for successful reproduction (reviewedrackner 2012). If so, it is possible
that M. annularis’ energy allocation and lipid utilization has chashgend is being

invested in building and repairing coral tissue.

4.1.2- Differences in lipid content between speciesd sites

M.faveolata had, in average, about twice the lipid contentMxinnularis
According to the initial hypothesis, this is indiza of the fact thatM.annularis had
changes in the type of symbiotic algae reportedilegly, almost in every sampling
point. This is supported by Coopetr al. (2011) and Jones & Berkelmans (2011), who
found that differentSymbiodiniunclades significantly affect the quality of the alst

energy reserves.

Lipid content significantly differed between sitesyd there was a higher variability in
their response in the samples from Admiral Reefs & probably explained by the
physical location of both sites; Admiral is clogershore, in Hawk Channel (3 miles
offshore), while Little Grecian is located on theter reef (5 miles offshore). Besides,

Admiral is a shallower reef (colonies located & feters depth vs. 3-4 meters in Little
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Grecian), and is probably more exposed to short land-term environmental and
atmospheric fluctuations such as temperature, wiragges, etc. In fact, both species had
lipid levels strongly correlated with season in AdihReef, while onlyM. annularis

correlated significantly with season at Little Geac

4.1.3- Symbiont-related parameters

The relationship betweeéBymbiodiniuntype and lipid content could not be established
due to a lack of sample representation. Howeveg tther symbiont-related
physiological parameters were strongly correlatetth Wpid content, as was expected
since most of the lipids are translocated from shmmbiotic algae to the coral tissues
(Harlandet al, 1993). The density of symbiotic algae was sigaiftly correlated with
lipids for M. faveolata but not forM. annularis Zooxanthellae density is typically
correlated with tissue biomass (Fettal, 1993, Thornhillet al, 2011), which has been
shown to be a strong indicator of coral status (mhtl et al, 2011). A strong
correlation was also found regarding fluoresceneklyagain with the exception ™.
annularisfrom Admiral Reef, indicative of the algae’s phdtemical capacity. Given
that Yamashiret al (2005) also found that lipid content was poslinverrelated with
zooxanthellae density in bleached Okinawan corat$ thatM. annularis showed a
large variability in this study, it could be arguhct this correlation is not present when

switching to non-specific symbiont types.
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4.2- Back to the hypotheses

4.2.1- In situ recovery after El Nifio 1998 bleachig

Regarding the hypothesis that recovery of lipiderathe 1997-98 bleaching event
would occur over a multiyear period, it was nositéd because there was a significant
increase in total lipids along the three yearshaf study. However, this assessment
could only be done in relative terms, since thee reot many studies tackling lipid
recovery in corals after a bleaching event in teom®tal lipids. Acceptable lipid levels
for healthy corals in the Caribbean have not beeterthined, being in fact a
challenging endeavor due to the many bleachingtswée corals have been subjected
to in the past decades. Fettal (1993) sampledl.annulariscorals at random after the
1987 bleaching event in the Florida Keys and fouhat lipids had significantly
increased over a two year period. Yet, the survegeldnies were not the same
throughout the study period and it also lacked Ibaselata. Besides, results show that
only the first year was significantly lower tharetbecond and third, although a trend of
increase was still noticeable. This could indicHtat recovery slows down after a
certain concentration of lipids is attained, pagdht indicating that lipid levels may be
restored in two years, or that small differencesaasonal SST did affect the recovery.
Together with the fact that there is a one yearbleigveen the bleaching event and the
initial data (i.e. missing data for 1999), thessuits may imply that recovery takes

considerably more than a year (fttal, 2000).

Finally, seasonality was observed but with a casidle variability, suggesting that
there are numerous factors driving lipid contenviontastreacorals. This is supported
by the fact that basically all the environmentattéas tested were significantly

correlated to lipid content.
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4.2.2- Symbiotic algae influence on lipids

Zooxanthellae genetic identity could not be cotedato lipids in this study.
Nonetheless, the fact that samples containing réifte symbiont types were always
significantly poorer in lipids than the ones peartag to a species that did not change
symbiont type after the bleaching is indicativeitefimportant role in lipid production
and/or utilization, and the recovery of storagedspafter a bleaching event (Jones &
Berkelmans, 2011). The other symbiont-related piggical factors were also
correlated with lipid content, confirming the imgemmce of zooxanthellae for the supply

of lipids to the host.

The coral and the zooxanthellae are affected byr@mwental factors; zooxanthellae
are the main source of lipids, so if they are urgtezss, or if the coral changes to a
more thermo-tolerant but less metabolically bernaficlade of Symbiodinium lipid
production may be reduced or halted. The coral ahiralso affected by stressful
environmental conditions, needs to use these enasgprves at a greater rate. These
two phenomena may occur at the same time or nbg®n when the stress conditions
stop and bleached corals regain their zooxanthdhaeanimal still needs to use energy
stored in lipids to rebuild its tissue, thereforelaying full recovery of lipid levels.
Moreover, even during the same bleaching Yamastied (2005) reported differential

reduction in the lipid content in different spectlepending on coral morphology.

Although some species have been observed to ircréeesr heterotrophic carbon
acquisition under energy compromising conditionso(li et al, 2006), and a marked
heterotrophic behavior has been reported for thepeledwelling coral species
Montrastrea cavernosdPorter 1974) andV. franksi (Mills and Sebens, 2004), the

species in this study appear to employ more photdt@aphic than heterotrophic
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strategies to cope with environmental stress (lresseal 2000), going back to the

fundamental role of their symbiotic dinoflagellates

4 .3- Other remarks

The marked variability in the results of total pi could be partly explained by
potential errors derived from the gravimetric methparticularly the high sensitivity to
small losses of mass during the analyses and thedadization to surface area.
Saunder®t al (2005) proposed a method based on lipid functiraations, in which
the ratio of storage to structural lipids it detered by means of thin layer
chromatography. This method might become a usefillifor monitoring coral health in
the future, but the lack of an absolute measuremeduces considerably the
information provided about coral status. The gagraiwledge regarding how different
lipid classes are depleted over time and environaheronditions and which are the
eco-physiological mechanisms affecting lipid forimatand utilization in corals needs
to be covered before this method is feasible. Glebleaching and symbiont loss plays
a significant role in determining resource partiti@ in corals (Thorhillet al, 2011),
but the damaging effects of thermal stress depenthe time of exposure. This has
been demonstrated by lipids not being affectedhiortsterm experimental bleaching

(Fitt et al, 2009).

By combining a number of powerful climate modelspegh-Guldberg (1999)
concluded that future ENSO events are likely teindaigher sea temperature thresholds
and that the frequency of bleaching will rise répiith the rate being highest in the
Caribbean. Furthermore, the same study predicts rtfwst regions will experience

bleaching conditions every year within 30-50 ye&wsgular exposure to bleaching will
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surely devastate coral species which, Nkeannularis are unable to adapt to the new
conditions, and the Caribbean seems a naturald&tygrto document how coral reefs
disappear. The order appears to be: (1) Thermedsteducing the density of symbiotic
algae in coral tissues, (2) lipid reserves beinigaested and (3) colony biomass being
reduced steadily until eventual colony death (Thdkret al, 2011). In fact, not only
increased SST but also lower extremes are likebyctmr on a more regular basis, such
as the Admiral Reef catastrophic die-off reportad2D10 in which virtually all the
Montastreacolonies died after two weeks of sustained lowperatures (Kemget al,
2011). Finally, a different picture has recentlyebereported in some indo-pacific
corals, in which even corals which are normallyhihygsusceptible to bleaching showed
rates of adaptation and survivorship in reefs tzat been exposed to previous thermal
stress episodes (Guetal, 2012). Whether this has happened in the Caribbegion,
and in what temperature ranges can adaptationalimetion occur for different coral

species has yet to be determined.

4 .4- Conclusions and future directions

This study is relevant because the use of taggthies allowed a follow-up of the
lipid content and other physiological parametersrdime in the same coral, giving the
chance to assess the evolution of total lipids diree after the 1997-98 bleaching
event. Lipids have been regarded as a potentiabuneaent of sub-lethal coral stress,
needed in the present environmental scenario tardeot human and natural stressors
responsible for the disappearance of corals orsra@dfe very impacted Caribbean coral
reef ecosystems provide the perfect testing grounddevelop such a coral health
indicator. Studies on lipid content have been tgibyemade on randomly selected coral

colonies or on corals brought into the laboratary $hort-term experiments (days to
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weeks) without consideration to the seasonal varniah seawater temperature. For this
reason, many more studies and long-term monitasfrigpids are necessary in order to
establish lipid level thresholds in order to depelipid measures as a reliable indicator
of coral health. With this objective as a goalsibf paramount importance to study the
lipids of different coral species in order to etiatie the stress-coping mechanisms they
use, and then understand their effect on lipidl&vEhis way, case-specific quantitative
baselines can be established. Understanding whittrs determine lipid content, and
ultimately coral fitness, can inform managers tketdhe appropriate conservation

measures to minimize the effect of global warming.
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l. Protocol for the ash-free dry weight

1- Waterpik the coral with fresh-water (distilled wate

N
1

Freeze the “blastate”.

w
1

Lyophilize the frozen samples (= freeze dry).

4- Weigh the ppt

For each coral:

a1
1

Take 3 replicate samples of about 10 mg (weigh &atie 0.00000g).

6- Dry them in a 60C oven, then reweigh.

7- Ash the sample by putting them in a S@oven for at least 5h (overnight).

8- Cool, keep in a 66C until the final weight is obtained (weigh to th©0000g).

9- Ash-free dry weight is calculated form the diffecerbetween dry weight and

ash weight.

Il. Protocol for lipid analysis (total lipids)

Materials

1. Chloroform : Methanol (2:1 volume), with additi of 0.2% BHT (2,6-Di-

tert-butyl-4-methylphenol) to prevent lipid oxidani during analysis.

2. Folch wash (for approximately 100 ml of Foleash). Preparation:

240 ml chloroform

120 ml methanol

90 ml 0.4% CacCl2 solution (4 g/1 L DIW)
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Mix well in a separation funnel and discard lineer phase.

3. Aluminum foil, burnt in oven at 500°C for aa&t 6h.

4. All tubes, pipettes and laboratory material mhestrom glass. No plastic can

be involved in the process of extraction.

Method

Weigh replicate test tubes to 0.00001 g (n =&dheplicates per sample).
Weigh freeze dried samples to 0.00001 g. (~10 nufp)eimto preweighed test
tubes, and make one blank (with no coral tissua) #ill go through all the
process explain below.

Grind each sample with 1-3 ml of Chloroform:Methbk(ib1).

Millipore filter and rinse well with Chloroform:Maanol.

Place filtrate back into original test tube andhgriotal volume to about 6 ml
with Chloroform:Methanol.

Add 2 ml of the Folch wash and gently invert 3 taneemoving aluminium fold
cap each time to release pressure.

Let separate (~ 5 minutes) and then remove andrdishe upper phase.

Repeat steps 6 and 7 one more time.

Evaporate under nitrogen to constant weight inwenat 6@ C. Do this step
under a gas hood. Use one pipette to direct theodgéh flow to each tube,

without touching the liquid.

10-Reweigh the test tubes to determine the lipid wieigleach replicate.

11-Resuspend in 5 ml of Chloroform and keep in freeze#d0°C for future lipid

class analyses.
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