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Abstract. Coral bleaching, the loss of color due to loss of general term describing the loss of color in corals and
symbiotic zooxanthellae or their pigment, appears to beother symbiotic reef invertebrates, usually due to the loss
increasing in intensity and geographic extent, perhaps resf their intracellular dinoflagellate symbionts, colloquially
lated to increasing sea surface temperatures. The adaptivéermed zooxanthellae. A reduction in the density or pig-
bleaching hypothesis (ABH) posits that when environmenment content of symbiotic algae can be elicited by a variety
tal circumstances change, the loss of one or more kinds af environmental factors including low (Goreau, 1964)
zooxanthellae is rapidly, sometimes unnoticeably, followedand high (Nakanet al., 1997) salinity, low and high levels

by formation of a new symbiotic consortium with different of jllumination—especially ultraviolet radiation (Ban-
zooxanthellae that are more suited to the new conditions iRszak and Trench, 1995; Lesser and Shick, 1989), disease
the host's habitat. Fundamental assumptions of the ABHkshmaroet al., 1996; Rosenberg and Loya, 1999), and
include (1) different types of zooxanthellae respond differ-high (Iglesias-Prietoet al., 1992; Warneret al., 1996)
ently to environmental conditions, specifically temperature ;4 |ow (Steen and Muscatine, 1987; Kobluk and Ly-
and (2) bleached adults can secondarily acquire zooxanthely . 1994) temperatures, as well as combinations of these
lae from the environment. We present simple tests of theSFactors. Although any of these may act on a local scale,

assumptions and show that (1) genetically different Strain?videspread bleaching has generally been linked to high

of zooxanthellae exhibit different responses to elevated temv'vater temperatures at larger geographic scales, particu-

perature, (2) bleached adult hosts can acquire algal SymloI'élrly those associated with ElI NdrSouthern Oscillation
onts with an apparently dose-dependent relationship be-

tween the concentration of zooxanthellae and the rate o(fENSO) events (Glynn, 1984, 1991; Coffraehal., 1988).

establishment of the symbiosis, (3) and finally, bleachedvIOSt recently, the high sea surfa_ce temperatures (SSTS)
of the summer of 1998 resulted in massive mortality of

adult hosts can acquire symbionts from the water column.reefs in Okinawa, Tahiti, and Belau (ISRS, 1998: Hoegh-
Guldberg, 1999; Tsuchiya, 1999). Such events may be be-
coming more frequent, and it has been suggested that they

Coral bleaching has increased in frequency, intensity, anwill become even more common if global warming persists
geographical extent over the last two decades (Huppert ar@nd summer SSTs increase (Glynn, 1991). The loss, in
Stone, 1998). Concern is being expressed both by reefssociation with such events, of zooxanthellae from a host
scientists (Brown, 1990, 1997; Goreau and Hayes, 1994nay be partial or essentially complete. In the latter case
and the general public (Brown and Ogden, 1993; Wilsonyecovery frequently does not occur, and the subsequent
1999) about the future of the planet’s reefs. Bleaching is aleath of large numbers of symbiotic reef invertebrates

can drastically alter the composition of the reef commu-

Received 12 April 2000: accepted 14 November 2000. nity (Goreau, 1992). Thus, the potentigl for increased inci-
*To whom correspondence should be addressed. E-maildence of bleaching may have negative effects on these
kinzie@hawaii.edu ecosystems. Here we present results from experiments
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52 R. A. KINZIE ET AL.

relating zooxanthellar diversity to potential recovery from According to the ABH, as environmental conditions change,
loss of symbionts. the makeup of the symbiotic unit responds, tracking envi-
Our original view of the symbiotic system of reef inver- ronmental changes by shuffling the algal membership of the
tebrates and their algal symbionts was based on the idesymbiotic consortium. This hypothesis, presented 7 years
that, at least in cnidarians, there was a single algal partneggo, was explicitly stated so as to be experimentally test-
Symbiodinium microadriaticum(Freudenthal) (Taylor, able, but despite substantial work both in the field and in
1974). The elucidation of the complexities of coral andlaboratories around the world on causes and mechanisms of
zooxanthellar systematics and taxonomy has made the picoral bleaching, surprisingly little effort has been devoted to
ture more complex (Rowan and Powers 1991a; Knowdtion such tests. Here we present the results of experimental tests
al., 1992; Rowan, 1998). About a dozen named dinoflagelof some fundamental assumptions underlying the ABH.
late taxa are currently known to associate with temperate One assumption of the ABH is that the various algal types
and tropical invertebrates (Blank and Trench, 1985; Banhave physiological differences that are related to the etiol-
aszaket al.,1993; McNallyet al.,1994), but the diversity of ogy of bleaching. High temperatures are known to nega-
the algae is probably much higher than this (Rowan, 1998tively affect zooxanthellae through degradation of photo-
Dariuset al.,1998; Carlost al.,1999; Baillieet al.,2000).  system Il (Iglesias-Prietet al., 1992), but there has been
A broad classification of zooxanthellae, based on sequenddtle study of temperature effects on different zooxanthellar
differences in the small subunit of the ribosomal nucleartypes. It has been known for some time that different
genes (ssrDNA) has been proposed (Rowan and Powerspoxanthellae differ in their ability to grow in different
1991a). This region of the genome contains a range ofiosts (Schoenberg and Trench, 1980) and to support growth
domains that have evolved at different rates; these domairend reproduction of the animal hosts (Kinzie and Chee,
are useful in characterizing phylogenetic relationships and979; Fitt, 1985). Additionally, algae differ in their photo-
have been used to characterize populations of zooxanthellagnthetic abilities (Changt al.,1983) and in their produc-
(Rowan, 1991; Rowan and Powers, 1991a, b; Sastlal., tion of mycosporine-like amino acids in response to ultra-
1992; McNallyet al., 1994; Zardoyeet al.,1995; Carloet  violet irradiance (Banaszat al., 2000).
al., 1999). Analysis of restriction fragment length polymor- A second assumption of the ABH is that bleached adult
phism (RFLP) of the ssrDNA has shown that zooxanthellaghosts can obtain new symbionts from the reef habitat and
can be divided into at least four clades (Rowan and Powersgestablish a symbiosis; that is, secondary acquisition of
1991a, b; Rowan, 1998), each probably including manyalgae is possible. Many studies have demonstrated initial
species (Rowan, 1998). In addition, we now know thatacquisition of newly settled aposymbiotic juveniles (Kinzie,
although some invertebrates may host a single algal cladd,974; Fitt and Trench, 1981; Muller-Parker and D’Elia,
others can harbor at least three distinctly different types 0i996; Benayahet al., 1989) or freely swimming planulae
zooxanthellae (Rowan and Knowlton, 1995). When moreg(Schwarzet al., 1999). Numerous symbiotic reef inverte-
than one clade occurs, the balance among the populatidorates utilize horizontal transmission (i.e., each generation
densities and the location of the clades within a host corabbtains its algal symbionts from the environment rather than
colony can be altered by changes in microscale environmaternally), showing that there must be substantial popula-
mental conditions (Rowan and Powers, 1991a; Rowan antions of potential zooxanthellae partners in reef waters
Knowlton, 1995; Rowaret al., 1997; Buddemeier, 1997). (Goulet and Coffroth, 1997). These potential symbiotic
Furthermore, evidence suggests that the consortium mayartners exist outside of hosts and may occur in fish feces
readily alter membership (Dawt al., 1997; Hill and Wil-  (Muller-Parker, 1984), be released from corals (Stimson and
cox, 1998; Belda-Baillieet al., 1999; Bates, 2000). Thus, Kinzie, 1991; Hoegh-Guldbergt al., 1987), or occur free
this symbiosis, which—at least in scleractinians—has perliving (Carlos et al., 1999). Direct study of free-living
sisted since the late Triassic (Stanley and Swart, 1995)fooxanthellae on reefs is difficult because we currently have

appears to be both complex and mutable. very little data on their density, spatial distribution, or
This combination of persistence over geological timetemporal behavior. We wished to determine whether
scales (Kinzie and Buddemeier, 1996; Buddemeienl.,  bleached hosts could acquire symbiotic algae from popula-

1997) and the apparently multifaceted array of symbiotictions of zooxanthellae in more natural situations. Although
partnerships that may occur in some hosts (Rowan antleached adults have been shown to take up zooxanthellae
Powers, 1991a; Baker and Rowan, 1997; Rowan, 1998) hamder laboratory conditions, these experiments either used
given rise to the “adaptive bleaching hypothesis” (ABH) extremely high concentrations of zooxanthellae or the algae
(Buddemeier and Fautin, 1993). This hypothesis posits thavere injected into the coelenteron. The ability of adult
different algal partners within hosts shift in space—over acnidarians, once they have become bleached, to re-acquire
range of scales—and time, resulting in a symbiotic complexsymbionts from populations at concentrations likely to oc-
with many potential combinations, some being more func-cur in situ is less studied (Franzisket, 1970).

tional under certain environmental conditions than others. Because understanding of the symbiotic unit is based on
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ADAPTIVE BLEACHING HYPOTHESIS 53

knowledge about the individual partners (lglesias-Pragto The resultant RFLP groups were classified by comparison
al.,, 1992), we examined the algal partner under culturewith known zooxanthellad.€., Symbiodiniunclades A, B,
conditions to test the first assumption of the ABH. Althoughand C, Rowan and Powers, 1991b). Each stock culture
certain physiological traits of zooxanthellae can change ircontained a single algal cladeephsuRowan and Powers,
culture, (Stochaj and Grossman, 1997), use of well-charact991a; Table 1). In the analysis, algal DNA extraction
terized and controlled partners in isolation provides strondollowed the protocols of Coffrotlet al. (1992) and Goulet
experimental control. In testing the other assumptions weand Coffroth (1997), and RFLP analysis followed the pro-
used bleached hosts and naturally occurring populations dbcols of Rowan and Powers (1991b).
zooxanthellae. Stock cultures were grown in f/2 medium (Guillard and
Ryther, 1962) held at 25°C under 16E m 2 s * (160
Materials and Methods wmol m~2s7%) on a 12:12 light-dark cycle. Cultures were
transferred to new medium monthly. Periodically, cultures
were treated with antibiotics (Polne-Fuller, 1991) but were
We refer to the zooxanthellae used in our experiments agot axenic. As discussed below, even though some isolates
“isolates,” referencing the host from which they were iso-have been in culture for more than two decades, they retain
lated rather than a dinoflagellate species because the sytheir ability to infect their normal host.
tematics and nomenclature of the entire group are in forma-
tive stages (Leet al., 1995). The isolates used are from & tomperature sensitivity of different algal isolates
range of hosts (Table 1) and have been in culture for 4 to 20
years. Each culture was initiated with zooxanthellae from a Aliquots from each cultured isolate were diluted to<1
single host. Because some hosts may harbor more than1®* cells mi™* with sterile /2 medium and put into twelve
single zooxanthellar genotype (Rowan and Powers, 19914,50-ml culture tubes. Four tubes for each isolate were
Rowan and Knowlton, 1995; Rowaat al., 1997; Budde- randomly assigned to one of the three temperature treat-
meier, 1997; Goulet and Coffroth, 1997; Carles al., ments. Zooxanthellae were exposed to temperatures of 27,
2000), the isolates could have been initiated from more thag9, and 31°C over a 2-week period during which growth
a single genetic strain of zooxanthellae. In addition, therates of the cultures were determined fluorometrically. Tem-
culturing process itself may exert strong selection on whictperature treatments consisted of 28 tubes (4 per isolate and
genotypes thrive. To determine the number and types of isolates) in a test tube rack immersed in a 10-l water bath
clades present in the isolates as well as those that colonizedth an aquarium heater; an aquarium pump kept the water
bleached hosts, zooxanthellar genotypes were characterizetixed. The three water baths were placed by an east-facing
using RFLP analysis of zooxanthellar ssrtDNA (Rowan andwindow that provided natural light. Solar radiation within
Powers, 1991a). Cladal membership of the stock culturethe culture tubes (measured with a BioSpherical quantum
was determined before the start of the experiment and onmeter, model QS100 with ardsensor inserted into a tube)
month after the experiments were terminated. The experiranged from 80Q.E m~?s™*in the morning to 10.E m™ 2
mental cultures were analyzed at the end of the experimens™* (100 wmol m~2 s~ %) in the afternoon. Variability within
a tube, from the top of the culture medium to the bottom of
the tube, was about 30%. Each day, when tubes were read,

Algal cultures

Table 1 the positions of the three water baths were rotated, and the
Isolates used in temperature tolerance experiments positions of the tubes in the racks within each bath were
shuffled. Aside from the temperature effects, growth was
Isolate designation  Clade Host Source probably light-limited (unpubl. data) because we wished to
Cassiopea xamachanah Scyphozoan  CaribbeaSymbiodinium reduce the po_tentlal for interaction between radiation str_ess
microadriaticun) and the experimental treatment. Growth was followed using
Montipora verrucosa C Scleractinian HawaiiSymbiodinium in vivo fluorescence with a Turner Designs model 10 fluor-
kawaguti) ometer. Fluorescence was measured daily starting at 0830.
Pocillopora. B Scleractinian - Hawaii Racks were held in the dark at the experimental temperature
damicornis ) for 30 min before fluorescence was read. Just before the
CassiopeeKB8 A Scyphozoan Hawaii . . . .
Zoanthus sociatus A Zoanthid CaribbeanSymbiodinium reading, cultures in the tubes were dispersed with a vortex
pilosu) mixer to ensure even suspensions. Readings were taken
Tridacna gigas A Giant clam  Central Pacific from day 0, when inoculation took place, until day 13, when
Aiptasia pulchella B Anemone Hsgggrﬁi’g“ng’i"di”i“m several of the cultures became difficult to disperse. At the

termination of the experiment, 1-ml samples were preserved

Specific names in parentheses are species names given to zooxanthellfeLUgOl's solution for cell enumeration with a Spiers-Levi
from these species (Blank and Trench, 1985, and Banaatzak, 1993).  eosinophil hemacytometer. Growth was measured as daily
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54 R. A. KINZIE ET AL.

increase in fluorescence. We used growth rate as a measure Table 2
of each strain’s ability to tolerate hlgh_temperatures beqausgxposure and infection of bleachédptasia pulchellapolyps
faster growing zooxanthellae would directly correlate with a

coral’s recovery from bleaching. Population growth rate is Time to infection (days)
generally considered to be a primary measure of fitness Number of  Number

(Cole, 1954). At the end of the experiment, the cell countsreatment  Aiptasia reinfected _Mean Range
were used to convert fluorescence to cell density. Specifigyater table 9 6 41.2 5-76
growth rate (cell celi* d~ ') was determined from regres Lagoon 3 3 54 41-61
sions of cell density over time. Growth rate was determined-oral reef 10 3 28 18-46

as the slope of the natural log of fluorescence over time.
Subsequent analysis indicated that growth was logarithmic

over this time period. on a seawater table in the laboratory, in the lagoon, and on
the coral reef (Table 2). The anemones used in these treat-
Ability of bleached hosts to acquire new symbionts ments were randomly selected from the set of bleached

i Aiptasia described above. In the laboratory, 9 anemones
To demonstrate that secondary acquisition of algal sym- S
, i ere placed in individual uncovered 50-ml beakers that

bionts by bleached adults can occur at low concentrations o : ) . :
. : were then immersed in running unfiltered seawater (from

zooxanthellae, we used the anemévigtasia pulchellaas a ,

. . o the laboratory’s system) on a water table that had a popu-
model organism. This symbiotic anthozoan can be bleachep

completely and maintained indefinitely in this condition, a“"r.‘ of naturally oceurring symblotIAIptaslapolyp_s. For
I . . . e the field exposuresAiptasia were placed in plastic tubes
making it particularly useful for reinfection studiesipta- . :
. R . . (ca.50 ml) with coarse (5-mm-mesh) netting over the ends.
sia polyps were held individually in 50-ml beakers with .
. . A tube with 3 anemones was suspended at a depth of 0.5 m
0.45um-filtered seawater (FSW) in the dark and fad . . o
. -~ . in the lagoon at a site that had moderate densities of sym-
temia nauplii once a week. After at least one year in the,_. ..~ = : .
. . ) biotic Aiptasia. A tube with 10 anemones was suspended
dark, bleachedhiptasia were moved to the light (natural . ) . e
! . . .1 m above the reef at a site where Aiptasiawere visible.
sunlight through north-facing windows), and held -in The anemones were held in these treatment conditions for 1
0.22um FSW with weekly feeding oArtemianauplii. No

. . . returned to O. FSW and kept in th
anemones were used in experiments unless they remamé%l 7 days, then retumed to 0.gin FSW and kep €

aposymbiotic in the light for at least 5 months. We havecorw“tlonS described in the previous section.
kept bleachediptasiafor more than a year with no signs of
zooxanthellae.

BleachedAiptasia polyps were exposed to algal symbi- Temperature sensitivity of different algal isolates
onts isolated fromA. pulchellaat concentrations that ranged
from 10 to 1P cells mI™*. Stock culture of thé. pulchella
isolate (in culture for>20 years) was diluted to X 10°
cells mI* (verified by direct hemacytometer counts), then
diluted to the different experimental concentrations with

Results

All seven isolates showed positive growth at all three
temperatures, even at 31°C, which is often associated with
bleaching events (Hoegh-Guldberg and Salvat, 1995; Da-
vieset al.,1997; Drolletet al.,1995) (Fig. 1). Although all
0.22um FSW. The seawater in the beakers with Aipta- the zooxanthellae were _able tq grow at these three t_emper-

atures, there were significant differences among the isolates

sia was replaced with the a_\lgal _suspensmnsz(_ 3 per ﬁTabIe 3). Clade B zooxanthellae showed decreasing growth
treatment). Anemones remained in the suspension for 48 I,

. ) -at higher temperatures, whereas the single clade C isolate
after which the suspension was removed and replaced WltS owed increasing arowth rates at hiaher temperatures
0.22um FSW. Anemones were maintained in 022 g9 9 P )

FSW with the same light and feeding conditions, and WereAmOng the clade A isolates tested, the response to temper-
checked daily. We measured the time required f(;r the Zooxz_alture was variable. Clade A isolates included the fastest
anthellae to proliferate to the point that the first brown colord"oWINg isolate, which showed increasing growth rates with

was visible. We termed this “visible infection.” None of the mc_reasing temperatures, and the slowest groyving isolate,
controls ever showed signs of establishment of symbiosigvhICh showed decregsed growth rates at the higher temper-
with algae atures. RFLP analysis of ss_rDNA of th_e_stock cultures both
' before and after the experiments verified that each stock
culture contained a single algal clade. RFLP analysis of the
experimental cultures at the termination of the experiment
revealed that several of the treatments showed low levels of
To test the possibility that bleached adult hosts can aceontamination with a second clade. Because the cladal type
quire algal symbionts from natural waters, we exposedf the stock cultures did not change during this time and the

bleachedAiptasiato unfiltered seawater in three situations: growth rates of replicate isolates were similar, we conclude

Existence of suitable strains of zooxanthellae in natural
waters
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Figure 1. Growth rates of zooxanthellae isolated from 7 hosts at three

temperatures. Points represent means; error bars repre$&d (n = 4).

Data were obtained as increase in fluorescence over the 13-day growth Figure 2. Time to infection of bleachediptasia pulchellapolypsvs.

period. Growth was logarithmic during this time. Fluorescence units wereconcentration of zooxanthellae isolated fr@xiptasia pulchella.
converted to cell density at the end of the growth period. Host: zs—

Zoanthus sociatus,mv—Montipora verrucosa, cx—Cassiopea xam-
achana,KB8 —Cassiope&B8, pd—Pocillopora damicornisap—Aipta- . .
sia pulchellatg—Tridacna gigasThe dotted lines represent algae in clade "€€f waters, the minimum effective dose we demonstrated of

A, the solid lines algae in clade B, and the dashed line the alga in strain C10 cells mI"* implies that the concentrations of zooxanthel
lae repopulating bleached hosts could be almost undetect-

ably low, yet still be sufficient for the bleached host to
that the contamination was introduced at the termination ofecover.

the experiments when samples were being processed for

chlorophyll a measurements, cell counts, and photosynExistence of infective forms of zooxanthellae in natural
thetic rate studies, which was also when samples were takegaters

for cladal identification of the experimental cultures.

In (Zooxanthella Concentration)

Two-thirds of the bleached anemones exposed to unfil-
Ability of bleached hosts to acquire new symbionts at lowtered ;eawater in the water table became infected, as did
zooxanthellae concentrations one-third of the bleached anemones suspended aboye the
reef and all of the bleached anemones suspended in the
Symbiosis was successfully established at concentrationggoon (Table 2). AllAiptasiathat became infected when
as low as 10 cells mI" (Fig. 2). Anemones exposed t0 exposed to natural seawater were found to harbor clade B
higher concentrations became visibly infected sooner thaggoxanthellae, which is the zooxanthellar clade normally
those exposed to lower concentrations, suggesting that rgound in this anemone. We emphasize that in both experi-
population was due to multiple infection events during thements, in whichAiptasiadid regain zooxanthellae, none of
48-h exposure period and that the time to visible infection Iahe control anemones showed any Sign of infection at the
dose-dependent. Although it is not known whether recoveryermination of the experiments, and the same polyps remain
following natural bleaching events comes from a residuakposymbiotic 10 months later. There was no correlation
population within the host or from free-living populations in hetween the time in the treatment and the time to infection.

Discussion
Table 3

Analysis of variance of growth rates by temperature for the seven Temperature sensitivity of different algal isolates

zooxanthella isolates

The algal isolates we studied responded differently to the

different temperatures. Some showed lowered growth rate
Source DF SS MS F P L .
with increasing temperature, some showed the same growth
Isolate 6 0.089 0.015 101.03 <0.0001 rate at all three temperatures, and two showed higher growth
Temperature 2 0.001 0.000 3.32 0.043 rates with increasing temperatures. Given that temperatures
Isolate X Temperature 12 0.006  0.000 3.31

0.0009 of 30°C, even when applied for short periods (2 days), can
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cause breakdown in the photosynthetic machinery of somgreater at sites where zooxanthellae are abundant in the
zooxanthellae (lglesias-Priett al., 1992; Iglesias-Prieto, waters overlying the reef (and presumably their hosts). This
1997; Warneet al., 1996, 1999), the ability of these isolates implies an effect of spatial scale and community composi-
to grow at 31°C, and for some to apparently show theirtion in the probability of recovery from different sorts of
highest growth rate at this temperature, is surprising. Alsdleaching events. The experiments described here were
unexpected is the apparent lack of relationship between théone in closed containers, so the concentration at which a
habitat of the host and the temperature tolerance of thd8-h exposure results in infection may not easily translate to
zooxanthellae. For example, algae frdviontipora verru-  concentrations in the water overlying the reef.
cosa, isolated from a coral from Hawaii, from relatively
cool waters, showed increased growth rates at higher tenyistence of infective forms of zooxanthellae in natural
peratures, whereas an isolate from the giant claidacna |, oters
gigas, typically found in shallow, more equatorial waters,
was one of the most sensitive to high temperatures. On the reef, water motion is an important factor in
When the data are examined in terms of zooxanthellaameliorating the effects of low concentration of nutrients on
clade, several trends are apparent. First, clade A zooxamgal growth (Larned and Atkinson, 1997). The same phe-
thellae, for which we tested the largest number of isolatespnomenon is likely to be important in exposing bleached
had the widest range of growth rates. This is consistent witlanimals to free-living zooxanthellae, potentially resulting in
previous characterizations of clade A zooxanthellae aseestablishing the symbiosis even when zooxanthellae are at
“weedy” (Rowan, 1998). Some clade A zooxanthellaevery low concentrations. It is noteworthy that on the reef at
showed increased growth with increasing temperaturethe Hawaii Institute of Marine Biology pier where water
(e.g., Zoanthus sociatysothers showed decreasing growth motion is greatest, the density dfiptasiais much lower
(Tridacna giga$, and isolates from the two species of than in the calm lagoon, and yet the mean time to estab-
Cassiopeashowed little change in growth rate over the lishment of the symbiosis was the shortest in this location.
experimental temperature range. Clade B zooxanthellae, fddowever, the percentage of polyps that secondarily ac-
which we tested only two isolates, showed less variability inquired zooxanthellae was lowest at the reef site. These
response to temperature, with both isolates growing sloweapparently conflicting results could mean that in open wa-
at higher temperatures. Growth rates in the single clade @rs, free-living zooxanthellae are sometimes at very low
isolate tested showed a slightly higher growth rate at highedensities and perhaps patchily distributed. Because all 10
temperatures and was the second fastest growing of all trenemones were within the same tube, it is also possible that
isolates we tested. The results from clade A zooxanthellaenly one took up algae from the water column and the rest
demonstrate that, at least in some algal groups, the variabisomehow obtained their zooxanthellae from this individual.
ity in physiological response within a clade may be as great
as or greater than between clades. Further, these data sy§snclusion
gest that the potential for selection for the most ecologically
suitable taxon or genotype could occur within a clade. Ifthis In summary, we have provided experimental tests of
proves to be generally true, it might be impossible to detecfundamental assumptions of the ABH. The differential
ecologically significant shifts in the algal complement of angrowth rates of the isolates in response to increasing tem-
animal host by using the identification techniques we emyperatures suggest that different responses to a factor sus-
ployed in this study. pected as a cause of recent large-scale bleaching events do
exist among zooxanthellae. Furthermore, the variability in
Ability of bleached hosts to reestablish symbiosis at low thiS response can be as great within a clade as between
zooxanthellae concentrations zooxanthellae from different clades. The uptake of zooxan-
thellaein situ by bleached hosts demonstrates that second-
Even though the isolate used in these experiments haay acquisition can occur, and the results of the laboratory
been in culture for more than two decades, it retained thetudies show that new symbionts can be acquired when the
ability to successfully reestablish a symbiosis with its nor-alga concentrations are very low. These findings address
mal host, even when at exceedingly low densities. Thusimportant aspects of the ABH. The assumptions tested here
although some physiological changes may occur in there necessary but not sufficient conditions of the ABH. In
course of the culturing process (Stochaj and Grossmargddition, the lack of clear cladal patterns in the temperature
1997), the basic mechanisms of recognition and entry toesponse demonstrates that the ability to withstand high
host cells appear to remain intact. The dose-response releemperatures is not correlated with membership in a specific
tionship demonstrated here is ecologically important be<clade and implies that finer genetic differentiation will be
cause it suggests that the chances of secondary acquisitioiequired to understand the dynamics of these symbionts. A
such as may occur during recovery from bleaching, will beclearer understanding of the significance of the different
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temperature responses and the bearing these differencesPhylogenetic position oBymbiodinium(Dinophyceae) isolates from

have on the ABH will require studies of intact symbioses. Tridacnids (Bivalvia), Cardids (Bivalvia), a sponge (Porifera), a soft
coral (Anthozoa), and a free-living straid. Phycol.35: 1054-1062.

Carlos, A. A, B. K. Baillie, and T. Maruyama. 2000. Diversity of
dinoflagellate symbionts (zooxanthellae) in a host individddar.

Ecol. Prog. Serl195: 93-100.
We thank H. Lasker and E. F. Cox for comments on thechang, s. 5., B. B. Preelin, and R. K. Trench. 1983. Mechanisms of

manuscript. This study was partly supported by Grants-in- photoadaptation in three strains of the symbiotic dinoflagetyten-
Aid for Scientific Research from the Ministry of Education,  biodinium microadriaticum. Mar. Biol76: 219-229.

Science, Sports and Culture of Japan, and the A. Y. YoshiCoffroth, M. A., H. R. Lasker, and J. Oliver. 1988. Coral mortality
naga foundation (to RAKIII); REU support from NSF OCE- outside of the Eastern Pacific during 1982—-83: Relationship to E.Nin

Acknowledgments

) - . . Pp. 141-182 irSome Ecological Consequences of the 1982/1983 El
96-22782 (tO MT)’ an NSF minority fellowsh|p (tO SRS)’ Nifio Event to Marine LifeP. W. Glynn, ed. Elsevier, Amsterdam.

and NSF OCE-95-30057 (to MAC). Heather Reed assiste@ffroth, M. A., H. R. Lasker, M. E. Diamond, J. A. Bruenn, and E.

with both laboratory and field aspects of the study.

Literature Cited

Baillie, B. K., C. A. Belda-Baillie, V. Silvestre, M. Sisin, A. V. Gomez,
E. D. Gomez, V. Monje. 2000. Genetic variation inSymbiodinium

isolates from giant clams based on random-amplified-polymorphic

DNA (RAPID) patternsMar. Biol. 136: 829—-836.
Baker, A. C., and R. Rowan. 1997. Diversity of symbiotic dinoflagel-

Bermingham. 1992. DNA fingerprints of a gorgonian coral: a
method for detecting clonal structure in a vegetative speblas. Biol.
114:317-325.

Cole, L. C. 1954. The population consequences of life history phenom-
ena. ke .29: 103-135.

Darius, H. T., C. Dauga, P. A. D. Grimont, E. Chungue, and P. V.
Martin. 1998. Diversity in symbiotic dinoflagellates (Pyrrophyta)
from seven scleractinian coral species: Restriction enzyme analysis of
small subunit ribosomal RNA genes. Eukaryot. Microbiol 45: 619—

lates (zooxanthellae) in scleractinian corals of the Caribbean and east- 627.
ern Pacific.Proceedings of the Eighth International Coral Reef Symp. Davies, J. M., R. P. Dunne, and B. E. Brown. 1997. Coral bleaching

(Panama)2: 1301-1306.
Banaszak, A. T., and R. K. Trench. 1995. Effects of ultraviolet (UV)

and elevated sea-water temperature in Milne Bay Province, Papua New

Guinea, 1996Mar. Freshw. Res48: 513-516.

radiation on marine microalgal-invertebrate symbioses. I. Response dbavy, S. K., I. A. N. Lucas, and J. R. Turner. 1997. Uptake and

the algal symbionts in culture arid hospite. J. Exp. Mar. Biol. Ecol.
194: 213-232.

Banaszak, A. T., T. R. Iglesias-Prieto, and R. K. Trench. 1993.
Scrippsiella velellasp. nov. (Peridiniales) an@loeodinium viscursp.

nov. (Phytodiniales), dinoflagellate symbionts of two hydrozoans (Cni-

daria).J. Phycol.29: 517-528.
Banaszak, A. T., T. C. LaJeunesse, and R. K. Trench. 2000.The

persistance of homologous and heterologous zooxanthellae in the tem-

perate sea anemortgereus pedunculatu@ennant) RigleRall. 192:
208-216.

Drollet, J., H. M. Faucou, and P. M. V. Martin. 1995. Elevated
sea-water temperature and solar UV-B flux associated with two suc-
cessive coral mass bleaching events in TaMtr. Freshw. Res46:
1153-1157.

synthesis of mycosporine-like amino acids (MAAs) by cultured, sym- it . K. 1985. Effect of different strains of the zooxanthefymbio-

biotic dinoflagellates| G >49: 219-233.

Bates, A. 2000. The intertidal distribution of two algal symbionts hosted
by Anthopleura xanthogrammicéBrandt 1935). R
Ecol. 249: 249-262.

Belda-Baillie, C. A., M. Sison, V. Silvestre, K. Villamor, V. Monje,
E. D. Gomez, and B. K. Baillie. 1999. Evidence for changing
symbiotic algae in juvenile tridacnids. Exp. Mar. Biol. Ecol.241:
207-221.

Benayahu, Y., Y. Achituv, and T. Berner. 1989. Metamorphosis of an
octocoral primary polyp and its infection by algal symbioSigmbiosis
7: 159-169.

Blank, R. J., and R. K. Trench. 1985. Speciation and symbiotic
dinoflagellatesggience??29: 656 —658.

Brown, B. E. (Ed). 1990. Coral bleaching: special issuéoral Reefs3:
153-232.

Brown, B. E. 1997. Coral bleaching: causes and consequenCesal
Reefsl6 Suppl.: S129-S138.

Brown, B. E., and J. C. Ogden. 1993. Coral bleachingSci. Am.268:
64-70.

Buddemeier, R. W. 1997. Making light work of adaptatioriNature388:
65-73.

Buddemeier, R. W., and D. G. Fautin. 1993. Coral bleaching as an
adaptive mechanisnBioScience43: 320-326.

Buddemeier, R. W., D. G. Fautin, and J. R. Ware. 1997. Acclimation,

dinium microadriaticumon growth and survival of their coelenterate
and molluscan host®roceedings of the Fifth International Coral Reef
CongresgTahiti) 6: 131-136.

Fitt, W. K., and R. K. Trench. 1981. Spawning, development, and
acquisition of zooxanthellae byridacna squamosgMollusca, Bi-
valvia). Rigleiill. 161: 213-235.

Franzisket, L. 1970. The atrophy of hermatypic reef corals maintained
in darkness and their subsequent regeneration in lightRev. Gesam-
ten Hydrobiol.55: 1-12.

Glynn, P. W. 1984. Widespread coral mortality and the 1982-1983 El
Nifio warming eventEnviron. Conservll: 133-146.

Glynn, P. W. 1991. Coral reef bleaching in the 1980’s and possible
connections with global warmin G '6: 175-179.

Goreau, T. F. 1964. Mass expulsion of zooxanthellae from Jamaican
reef communities after Hurricane Floiggiencel45: 383—-386.

Goreau, T. J. 1992. Bleaching and reef community change in Jamaica:
1951-1991Am. Zool.32: 683—-695.

Goreau, T. J.,, and R. L. Hayes. 1994. Coral bleaching and ocean “hot
spots.”Ambio23: 176—-180.

Goulet, T. L., and M. A. Coffroth. 1997. A within colony comparison
of zooxanthella genotypes in the Caribbean gorgoRkxaura kuna.
Proceedings of the Eighth International Coral Reef Symposium (Pan-
ama)2: 1331-1334.

adaptation and algal symbiosis in reef-building scleractinian coralsGuillard, R. R. L., and J. H. Ryther. 1962. Studies of marine plank-

Proceedings of the Sixth International Conference on Coelenterate

Biology, Noordwijkerhout, The Netherlands. 1995 3-10.
Carlos, A. A, B. K. Balllie, M. Kawachi, and T. Maruyama. 1999.

tonic diatoms. I|:Cyclotella nanaHustedt andDetonula confervacea

(Cleve) Gran Suminhinmsing 8 229-239.

Hill, M., and T. Wilcox. 1998. Unusual mode of symbiont repopulation

This content downloaded from 131.204.254.086 on May 09, 2019 14:17:26 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journal s.uchicago.edu/t-and-c).


https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=21232450&citationId=p_30
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=10841936&citationId=p_5
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&system=10.2307%2F1540800&citationId=p_27
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=17739379&citationId=p_9
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=17816975&citationId=p_31
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=13902807&citationId=p_35
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&system=10.2307%2F1542715&citationId=p_24
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=10841938&citationId=p_6
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=10841938&citationId=p_6
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&system=10.1086%2F400074&citationId=p_21

58

after bleaching irAnthosigmella variansacquisition of different zoox-
anthellae strainsSymbiosi25: 279-289.
Hoegh-Guldberg, O. 1999. Climate Change, Coral Bleaching and the
Future of the World’s Coral Reef§reenpeace, Washington DC.
Hoegh-Guldberg, O., and B. Salvat. 1995. Periodic mass-bleaching and

R. A. KINZIE ET AL.

(causative) agent dDculina patagonicableaching: General implica-
tions. Reef Encounte25: 8-10.

Rowan, R. 1991. Molecular systematics of symbiotic algak.Phycol.
27:661-666.

Rowan, R. 1998. Diversity and ecology of zooxanthellae on coral reefs.

elevated sea temperatures: bleaching of outer reef slope communities in  J. Phycol.34: 407-417.

Moorea, French PolynesiMar. Ecol. Prog. Ser121: 181-190.
Hoegh-Guldberg, O., L. R. McCloskey, and L. Muscatine. 1987. Ex-

pulsion of zooxanthellae by symbiotic cnidarians from the Red Sea.

Coral Reefss: 201-204.

Huppert, A., and L. Stone. 1998. Chaos in the Pacific’'s coral reef
bleaching cycle Amhat.152: 447—-459.

Iglesias-Prieto, R. 1997. Temperature-dependent inactivation of photo-
system Il in symbiotic dinoflagellate®roceedings of the Eighth In-
ternational Coral Reef Symposium (Panan2aj1313-1318.

Iglesias-Prieto, R., J. L. Matta, W. A. Robis, and R. K. Trench. 1992.

Rowan, R., and N. Knowlton. 1995. Intraspecific diversity and ecolog-
ical zonation in coral-algal symbios iR CP?2: 2850
2853.

Rowan, R., and J. D. Powers. 1991a. A molecular genetic classification
of zooxanthellae and the evolution of animal-algal symbioSgignge
251:1348-1351.

Rowan, R., and J. D. Powers. 1991b. Molecular genetic identification
of symbiotic dinoflagellates (zooxanthella®)ar. Ecol. Prog. Ser71:
65-73.

Rowan, R., N. Knowlton, A. Baker, and J. Jara. 1997. Landscape

Photosynthetic response to elevated temperature in the symbiotic ecology of algal symbionts creates variation in episodes of coral

dinoflagellate Symbiodinium microadriaticunn culture. RigGehiad-
aetintin /89 10302-10305.

ISRS (International Society for Reef Studies). 1998. Statement on
bleaching.Reef Encountep4: 19-20.

Kinzie, R. A. 1974. Experimental infection of aposymbiotic gorgonian
polyps with zooxanthellagl. Exp. Mar. Biol. Ecol15: 335-345.

Kinzie, R. A. lll, and R. W. Buddemeier. 1996. Reefs HapperGlobal
Change Biol.2: 479—-494.

Kinzie, R. A. lll, and G. S. Chee. 1979. The effect of different zoo-
xanthellae on the growth of experimentally reinfected higlaRul-
156: 315-327.

Knowlton, N., E. Weil, L. A. Weight, and H. M. Guzman. 1992.
Sibling species iMontastrea annularisgoral bleaching, and the coral
climate record ggience?55: 330-333.

Kobluk, D. R., and M. A. Lysenko. 1994. “Ring” bleaching in southern
CaribbeanAgaricia agaricitesduring rapid water coolingBull. Mar.
Sci.54: 142-150.

Kushmaro, A., Y. Loya, M. Fine, and E. Rosenberg. 1996. Bacterial
infection and coral bleachingNature 380: 396.

Larned, S. T., and M. J. Atkinson. 1997. Effects of water velocity on
NH, and PQ uptake and nutrient-limited growth in the macroalga
Dictyosphaeria cavernosa. Mar. Ecol. Prog. S&h7: 295-302.

Lee, J. J., C. G. Wray, and C. Lawrence. 1995. Could foraminiferal

zooxanthellae be derived from environmental pools contributed by

different coelenterate hostg@ta Protozool34: 75—-85.
Lesser, M. P., and J. M. Shick. 1989. Effects of irradiance and ultra-
violet radiation on photoadaptation in the zooxanthellaeAiptasia

bleaching Nature 388: 265—-269.

Sadler, L. A., K. L. McNally, N. S. Govind, C. F. Brunk, and R. K.
Trench. 1992. The nucleotide sequence of the small subunit ribo-
somal RNA gene fronBymbiodinium pilosung symbiotic dinoflagel-
late. midkantagagt 21: 409-416.

Schoenberg, D. A., and R. K. Trench. 1980. Genetic variation in
Symbiodinium £Gymnodinium) microadriaticunfreudenthal, and
specificity in its symbiosis with marine invertebrates. Ill. Specificity
and infectivity of Symbiodinium microadriaticum. Proc. R. Soc. Lond.
B 207: 445-460.

Schwarz, J. A., D. A. Krupp, and V. M. Weis. 1999. Late larval
development and onset of symbiosis in the scleractinian ¢aragia
scutaria. gaigledl. 196: 70—79.

Stanley, G. D. Jr., and P. K. Swart. 1995. Evolution of the coral-
zooxanthellae symbiosis during the Triassic: A geochemical approach.
Paleobiology21: 179-199.

Steen, R. G., and L. Muscatine. 1987. Low temperature evokes rapid
exocytosis of symbiotic algae by a sea anemRiplesRidl- 172:
246-263.

Stimson, J., and R. A. Kinzie Ill. 1991. The temporal pattern and rate
of release of zooxanthellae from the reef cd?atillopora damicornis
(Linnaeus) under nitrogen-enrichment and control conditidn&xp.
Mar. Biol. Ecol. 153: 63-74.

Stochaj, W. R., and A. R. Grossman. 1997. Differences in the protein
profiles of cultured and endosymbio®ymbiodiniunsp. (Pyrrophyta)
from the anemondiptasia pallida(Anthozoa).J. Phycol.33: 44-58.

pallida: primary production, photo-inhibition, and enzymic defenses Taylor, D. L. 1974.  Symbiotic marine algae: taxonomy and biological

against oxygen toxicityMar. Biol. 102: 243-255.
McNally, K. L., N. S. Govind, P. E. Thomg and R. K. Trench. 1994.

fitness. Pp. 245-262 iBymbiosis in the Sedy. B. Vernberg, ed.
University of South Carolina Press, Columbia, SC.

Small-subunit ribosomal DNA sequence analysis and a reconstructior] Suchiya, M. 1999. Warning from the coral reef&alaxial: 27-29 (in

of the inferred phylogeny among symbiotic dinoflagellates (Pyrro-

phyta).J. Phycol.30: 316-329.

Muller-Parker, G. 1984. Dispersal of zooxanthellae on coral reefs by
predators on cnidarian8iol. Bull. 167: 159-167.

Muller-Parker, G., and C. F. D’Elia. 1996. Interactions between corals
and their symbiotic algae. Pp. 96—113.ife and Death of Coral Reefs,
C. Birkland, ed. Chapman and Hall, New York.

Nakano, Y., K. Yamazato, H. Masuhara, and S. Ito. 1997. Responses
of Okinawan reef-building corals to artificial high salinitgalaxia13:
181-195.

Polne-Fuller, M. 1991. A novel technique for preparation of axenic
cultures ofSymbiodinium(Pyrrophyta) through selective digestion by
amoebaelJ. Phycol.27: 552-554.

Rosenberg, E., and Y. Loya. 1999. Vibrio shiloi is the etiological

Japanese and English).

Warner, M. E., W. K. Fitt, and G. W. Schmidt. 1996. The effects of
elevated temperature on the photosynthetic efficiency of zooxanthellae
in hospitefrom four different species of reef coral: a novel approach.
Plant Cell Environ.19: 291-299.

Warner, M. E., W. K. Fitt, and G. W. Schmidt. 1999. Damage to
photosystem Il in symbiotic dinoflagellates: A determinant of coral
bleaching | C°6: 8007—-8012.

Wilson, A. D. 1999. Coral reefs: A threatened resour&ea TechnoH0:
10-15.

Zardoya, R., E. Costas, V. Lopez-Rodas, A. Garrido-Pertierra, and
J. M. Bautisa. 1995. Revised dinoflagellate phylogeny inferred from
molecular analysis of large-subunit ribosomal RNA gene sequedces.

MaleEyal. 41: 637—645.

This content downloaded from 131.204.254.086 on May 09, 2019 14:17:26 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journal s.uchicago.edu/t-and-c).


https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=10393938&citationId=p_75
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=9230434&citationId=p_64
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=11607337&citationId=p_42
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=11607337&citationId=p_42
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=7708736&citationId=p_61
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&system=10.2307%2F1540920&citationId=p_46
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=1525867&citationId=p_65
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&system=10.2307%2F1541797&citationId=p_69
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=17816191&citationId=p_62
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=17779583&citationId=p_47
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=7490778&citationId=p_77
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&pmid=7490778&citationId=p_77
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&system=10.1086%2F286181&citationId=p_40
https://www.journals.uchicago.edu/action/showLinks?doi=10.2307%2F1543084&system=10.2307%2F1543169&citationId=p_67

